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Abstract: Since hundreds of years ago, metals have been recognized as impacting our body’s physiol-
ogy. As a result, they have been studied as a potential cure for many ailments as well as a cause of
acute or chronic poisoning. However, the link between aberrant metal levels and neuropsychiatric ill-
nesses such as schizophrenia and neurodevelopmental disorders, such as autism spectrum disorders
(ASDs), is a relatively new finding, despite some evident ASD-related consequences of shortage or
excess of specific metals. In this review, we will summarize past and current results explaining the
pathomechanisms of toxic metals at the cellular and molecular levels that are still not fully under-
stood. While toxic metals may interfere with dozens of physiological processes concurrently, we will
focus on ASD-relevant activity such as inflammation/immune activation, mitochondrial malfunction,
increased oxidative stress, impairment of axonal myelination, and synapse formation and function.
In particular, we will highlight the competition with essential metals that may explain why both
the presence of certain toxic metals and the absence of certain essential metals have emerged as risk
factors for ASD. Although often investigated separately, through the agonistic and antagonistic effects
of metals, a common metal imbalance may result in relation to ASD.

Keywords: cadmium; lead; mercury; oxidative stress; lipid peroxidation; ASD; mitochondria;
inflammation; zinc; copper

1. Introduction

Difficulties in social communication, constrained and focused interests, speech deficits,
and language delays are the three main characteristics of ASD. The Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition, states that the first two characteristics
are utilized to identify ASD. Further signs and conditions in people with ASD include
intellectual disability, anxiety, depression, attention deficit disorder, hyperactivity, impulsiv-
ity, seizures, gastrointestinal issues, sensory dysfunction, aggression, metabolic disorders,
sleep disorders, motor dysfunction, and altered immune responses [1]. The intensity of
the symptoms and comorbidities varies, leading to significant variability in the clinical
characteristics of people with ASD.

ASD is officially recognized in 1 in 54 children in the United States, according to data
from the Centers for Disease Control and Prevention Agency. Due to changes in diagnostic
criteria, outcomes of European research have varied over time, and numbers vary from 1 in
210 to 1 in 32. In Asia, rates between 1 in 322 and 1 in 20 have been reported [1].

The history of ASD and the quest for potential explanations are closely related to the
history of metals as a risk factor for ASD. Since Leo Kanner and Hans Asperger, it has
been debated how much genetic and environmental variables contribute to ASD. Recent
developments in genetics, particularly in DNA sequencing technology, have brought more
attention to genetic aspects. The Simons Foundation Autism Research Initiative (SFARI)
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gene database lists 1095 identified ASD-related genes in several categories, reflecting the
strength of the evidence linking the gene to ASD as of October 2022. Notably, the encoded
proteins of some ASD candidate genes, such as Copper Metabolism Domain Containing
1 (COMMD1), Metal Regulatory Transcription Factor 1 (MTF1), and Zinc Transporter 5
(SLC30A5), play a role in metal transport [2].

Contrarily, throughout decades, only a small number of conclusive environmental
factors of ASD have been found [2]. Thus, these factors either account for the majority of
ASD cases without a known genetic cause or the identification of environmental factors is
slower because research tools and techniques are lacking. As a result, there is still conflicting
information regarding the role that hereditary and environmental variables play in ASD.
However, regardless of the underlying causes, people with ASD consistently exhibit the
three main symptoms. Therefore, it is likely that hereditary and environmental factors
contribute to ASD by impacting a single putative brain mechanism. According to the
available data, this neurological pathomechanism in ASD is linked to abnormal synaptic
processes [2].

Over the past ten years, many studies have reported increased ASD diagnosis. For
instance, research on autism conducted in the 1960s in Europe and the US suggested that
ASD was an uncommon condition with an incidence of 2 to 4 children per 10,000 [1]. Albeit
there may be a correlation between the increase in diagnoses and more awareness and a
shift in diagnostic standards, environmental factors, while poorly understood, may also
have a role.

In light of this, the link between ASD and heavy metal pollution was already discussed
in the late 1970s, with studies reporting elevated lead (Pb) levels in autistic children [3].
Heavy metal overload was among the first non-genetic factors investigated in ASD research.
However, few early studies considered the developmental time window of exposure
that appears crucial for an environmental factor to function as a risk factor for ASD.
Many non-genetic variables, if not all, act during in-utero exposure [4]. Epidemiological
studies on metals are affected by the difficulty of measuring lack or exposure to certain
metals retrospectively during pregnancy. This may also explain the mixed results of
studies measuring older individuals with ASD since a brief exposure or deficiency during
pregnancy may no longer be detected, and no biosamples (e.g., blood, urine) from the
mother during pregnancy are available.

However, early epidemiological data that suggested the involvement of toxic heavy
metals in the etiology of ASD provided the first supporting evidence for “heavy metal
pollution” as a contributing factor. While the definition of a “heavy metal” is not always
clear, concerning ASD and human health, “heavy metal” generally refers to the presence of
abnormally high concentrations of the toxic metals lead (Pb), nickel (Ni), cadmium (Cd),
and mercury (Hg). These studies formed the basis of the hypothesis that ASD may develop
due to prenatal exposure to heavy metals [5]. More recently, besides correlations between
elevated levels of copper, lead, mercury, and cadmium [6], circumstances associated with
increased exposure to those metals have been linked to ASD, such as living close to gas
stations or industrial facilities [7,8]. Thus, research data on metals in disease etiology
fit into the concept of an exposome, proposed by Wild, defining a broad approach to
the environmental component to improve and understand predictors and risk factors for
multifactorial pathologies such as ASD [9]. According to the literature, “the exposome
represents the totality of exposures from conception onwards, simultaneously identifying,
characterizing, and quantifying the exogenous and endogenous exposures and modifiable
risk factors that predispose to and predict diseases throughout a person’s life span” [10].
The combination of the biological effects of metals in tissues and biofluids with data from
multiple exposures is a complex task. However, it complements our genome, defining our
innate predisposition to certain diseases. Literature highlights that exposome studies may
create opportunities to prioritize the more relevant chemicals for risk assessment [11].

The increasing number of studies on ASD and metals uses classical exposure science
linking precise measurement of single or multiple exposures related to outcomes of disor-
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ders. However, more and more of them emphasize the importance of combining exposure
data with lifestyle and social factors [12]. Hair, nails, and tooth samples offer historical data
on metal exposure, whereas blood and urine samples measure acute exposure. Particularly
the enamel of baby teeth can provide evidence of prenatal and early postnatal exposure
as the formation of primary teeth begins during pregnancy, and they fully grow between
three months and a year after delivery [13]. Numerous investigations using different types
of samples have revealed that children with ASD have greater levels of toxic metals in their
bodies than neurotypical controls [14–39] (Table 1). In some studies, the degree of ASD
severity correlates with a heavy metal load. Table 1 provides examples of epidemiological
studies investigating the association of toxic metals with ASD. The studies listed utilize
different designs, methods of case determination, biomarkers, statistical analysis, and
biosamples and vary in participant numbers, resulting in variable evidence strength. For a
systematic review and meta-analysis with defined inclusion criteria, see [38,39].

Table 1. Overview of examples of epidemiological studies investigating the association of toxic
metals with ASD. The toxic metals discussed in this review are highlighted. Systematic reviews and
meta-analyses are highlighted.

Sample Participants Finding in ASD Participants Reference

Hair 32 autistic children and
32 controls (4.1 ± 0.8 years) Pb↑, Cu↑, Hg↓, Zn↓ [15]

Mercury intoxication-
associated urinary

porphyrins
28 individuals with ASD Hg↑ [17]

Hair 18 children with ASD
(3.5 ± 1.1 years)

Hg↑ levels significantly correlate
with CARS1 scores [19]

Urine
129 individuals with ASD

(14.1 ± 1.4 years) and
86 controls (14.7 ± 1.2 years)

Cd↑, Mn↑ significantly correlate
with CARS 1 scores [20]

Blood 48 children with ASD
(5.5 ± 2.1 years)

19% had a Pb level of concern
(greater than 0.1 µmol/L) [21]

Hair 40 ASD boys and 40 controls
(4.2 ± 2.2 years)

Sb↔, U↑, As↔, Be↔, Hg↑,
Cd↔, Pb↑, Al↔ [22]

Hair 1967 children with ASD Zn↓, Mg↓, Al↑, Cd↑, Pb↑, Hg↑,
As↑ [23,24]

Blood, urine, hair
17 ASD children

(11.5 ± 3.2 years) and
20 controls (10.4 ± 3.2 years)

Hg↔, Pb↔, Al↔, Cd↔ [25]

Teeth
15 ASD children

(6.1 ± 2.2 years) and
11 controls (7 ± 1.7 years)

Hg↑, Pb↔, Zn↔ [26]

Hair, urine
25 ASD children

(5.3 ± 1.9 years) and
25 controls (6.3 ± 2.3 years)

Hair: of 39 elements: As↑, Cd↑,
Ba↑, Ce↓, Hg↑, Pb↑, Zn↓, Mg↓

Urine: of 39 elements: Cd↓, Al↑,
Ba↑, Ce↓, Hg↑, Pb↑, Cu↑

[27]

Blood erythrocytes
83 ASD children

(7.3 ± 3.7 years) and
89 controls (11.4 ± 2.2 years)

Hg↑ [28]

Mercury intoxication-
associated urinary

porphyrins

106 ASD children (mean
6.4 years) and 12 controls

(mean 7.4 years)
Hg↑ [29]

Hair
65 ASD children

(8.8 ± 0.5 years) and
80 controls (7.2 ± 0.7 years)

of 20 metals: Hg↑, Pb↑, As↑,
Sb↑, Cd↑, Ca↓, Cu↓, Cr↓, Mn↓,

Mg↓, Fe↓, Co↓, Se↑
[30]

Hair
27 ASD children

(5.3 ± 1.5 years) and
27 controls (5.5 ± 1.4 years)

Pb↑, Al↑, Si↑, Mo↑, V↑, Cr↑,
Cd↑, Co↑, Ni↑, B↑, Ba↑, Mg↑,

Ca↓, Zn↓, Fe↑, Cu↓
[31]
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Table 1. Cont.

Sample Participants Finding in ASD Participants Reference

Hair
30 ASD children

(5.3 ± 1.6 years) and
30 controls (5.1 ± 1.5 years)

Ca↓, Pb↑, As↑ [32]

7 478 mother-child pairs Gestational As↔, Cd↑, Pb↑,
Mn↔, Hg↔ [33]

Teeth 80 ASD children and
113 controls (including twins) Altered Zn-Cu cycles [34]

Teeth
20 ASD discordant twin pairs,
12 ASD concordant twin pairs,

44 Non-ASD twin pairs

Pb↑, Mn↓, Zn↓, Mn and Pb
significantly correlate with
ADOS-2 and SRS-2 scores 2

[35]

Blood 2473 children Pb↑, at 7–8 years significantly
correlate with ASSQ and SRS 3 [36]

Hair 175 ASD children and
211 controls (including twins) Zn, Li, Cu dysregulation [37]

Hair, blood, urine,
teeth

Meta-analysis of 48 studies
with (ASD/control) samples:

Sb (181/185)
As (561/583)
Cd (628/645)

Pb (1508/1424)
Mn (598/656)

Hg (2246/2120)
Ni (271/305)

As↔, Cd↔, Ni↔, Pb↑ (hair,
blood, erythrocyte), Hg↑

(erythrocyte), Mn↔, Sb↑ (hair)
[38]

Hair, blood, urine

Meta-analysis of 18 studies for
Al, 18 for Cd, and 23 for Hg
with (ASD/control) samples:

Al (1246/1199)
Cd (1029/1030)
Hg (1347/1348)

Hg↑ (hair, blood, urine), Al↑
(hair, urine), Cd↓ (hair, urine) [39]

1 CARS: Childhood Autism Rating Scale. 2 ADOS-2: Autism Diagnostic Observation Schedule Second Edition,
SRS-2: Social Responsiveness Scale Second Edition. 3 ASSQ: Autism Spectrum Screening Questionnaire, SRS:
Social Responsiveness Scale.

2. Heavy Metal Overload and ASD
2.1. Lead

Prenatal lead exposure can result from lead that has built up in the mother’s bones from
previous exposures as well as acute maternal exposure. The main causes of lead exposure
in modern times include lead dust from deteriorated lead-based paint, lead in drinking
water due to leaching from lead-containing pipes in older buildings’ plumbing, polluted
soil near businesses where lead is or was utilized, and lead from exposure to cigarette
smoke. However, some commercial goods, such as jewelry, kid’s toys, and cosmetics, may
also contain lead [40]. Lead affects the central nervous system (CNS), even in trace amounts.
Its presence causes many clinical symptoms, including problems in cognition, attention,
memory, and behavior [41,42]. While the absolute levels of lead found in biosamples of
children have fallen over the recent years due to the ban on leaded fuel, children with ASD
are reported consistently to show higher blood levels of lead [15,16,21,22,38,43–45]. Given
that higher levels were found in the nail and hair but also in blood samples, the findings
imply that children with ASD had greater levels of both recent and long-term exposures.
However, a comprehensive metallomics investigation utilizing hair samples from children
with ASD indicated that the youngest group (infants aged 0–3 years) had the highest
lead burden, suggesting a link between early perinatal exposure and ASD [23]. However,
some studies failed to identify a connection between lead levels and the prevalence of
ASD [25,26]. A recent meta-analysis that included the findings of 48 independent research
studies discovered substantially higher lead hair concentrations in ASD patients compared
to controls [38].
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2.2. Mercury

Even though many nations have rules and procedures in place to reduce exposure to it,
mercury—which may exist as both inorganic (elemental) mercury and organic mercury—is
a metal that is prevalent in our environment. Mainly organic mercury, such as methylmer-
cury (MeHg), which humans often absorb through food, such as freshwater and marine
fish, is to blame for human exposure to mercury [46,47]. ASD has been linked to higher
mercury levels, according to many studies [16,19,22,27], with an emphasis again on the
pre-and early postnatal developmental period. For example, the primary teeth of children
with ASD show considerably greater mercury amounts [26]. However, no significant
differences were discovered when measuring enamel that is created later in life [48]. Ad-
ditional reports of elevated mercury levels and increased urine porphyrin excretion, a
biomarker of mercury poisoning, were published using blood samples from children with
ASD [17,18,28,29,49–51].

2.3. Cadmium

Several human activities, including the burning of garbage and the usage of phosphate
fertilizers, release cadmium into the environment [52], which may get enriched in meat,
fish, vegetables, and fruits as a result of high amounts of the metal in the soil and water
supplies [53]. Additionally, exposure to cigarette smoke may allow cadmium to enter the
body [54]. Several studies indicate a link between high cadmium levels and ASD [27,30,31].
For example, according to a metallomics investigation, 8.5% of ASD children aged 0 to
15 exhibited elevated cadmium loads in hair samples [24]. The largest body load was again
seen in babies aged 0–3 years [23,24].

It is important to remember that some toxic metals reach the environment through
similar processes, such as trash incineration. Thus, excessive mercury exposure, lead, and
cadmium are frequently co-occurring. Studies that measure multiple metals in parallel
confirm that, for instance, those with high levels of lead also have high amounts of cadmium.
Therefore, rather than each harmful metal by itself, the mixture of these metals could
increase the risk of ASD. The impacts of these metals may work cumulatively since co-
exposure may influence neurodevelopment through similar pathways.

3. Pathomechanisms of Heavy Metal Overload in ASD

Toxic metals may impact brain development directly, as they are able to reach the
brain tissue. For example, MeHg can readily pass through the placenta and the blood-
brain barrier (BBB). Therefore, it is more neurotoxic than inorganic mercury, which moves
through membranes more slowly [55]. Besides, inorganic mercury, such as lead, can
damage the BBB and thus allow entry into the brain parenchyma, for example, through the
dysregulation of astrocytes that are part of the BBB structure. Cadmium may circumvent
the BBB and enter the brain via the olfactory route, notably in cigarette smokers. However,
cadmium may also affect BBB integrity. In addition, transport proteins that regulate the
homeostasis of essential trace metals may be used by toxic metals. For instance, although
the divalent metal transporter (DMT)1 prefers iron as a substrate under physiological
conditions, it can bind and transport a variety of metals, including lead and cadmium,
across membranes [56].

It should be noted that during early brain development, the BBB is not fully functional
yet. Thus, a developing brain may be more susceptible to the crossing of toxic metals into
brain tissue. Besides, toxic metals such as lead may directly impede BBB formation [57].
Furthermore, toxic metals may not even have to reach the brain, as they might affect
brain development indirectly by causing an extracerebral pathology that affects the brain,
i.e., through gut-brain signaling, etc.

The consequences of the interferences of toxic metals for brain development, whether
as an effect of the metal’s acute presence in the brain or as a secondary effect of peripheral
pathologies affecting the brain, are difficult to model and investigate. Toxic metals may
interfere with dozens of physiological processes. Nevertheless, the pathomechanisms of



Int. J. Mol. Sci. 2023, 24, 308 6 of 19

toxic metals have been somewhat elucidated; those pertinent to ASD will be addressed in
this review.

There are several similarities between the cellular pathologies associated with ASD
and those caused by mercury, lead, and cadmium overdose: The competition with essential
metals, especially zinc, oxidative stress, lipid peroxidation, mitochondrial dysfunction,
neuroinflammation and gliosis, and axonal demyelination are generally the main patholo-
gies seen after exposure to high levels of toxic metals. The affected processes are highly
active in the developing brain (Figure 1). Toxic metals may interfere with normal brain
development through the abovementioned processes by various mechanisms, such as DNA
methylation, histone modifications, microRNA expression, changing protein properties, or
affecting gut-brain signaling by altering the microbiota composition [58]. The ASD-related
effects may only occur during a person’s prenatal period. However, certain consequences,
such as a gene or protein expression change, might not manifest until later in life [59].
Especially early development is a critical window of susceptibility since the placenta is inef-
fective at preventing the passage of several toxic metals to the fetus [57], and the embryo’s
blood-brain barrier (BBB) is still developing [60].
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Figure 1. Effects of toxic trace metals: One characteristic of high levels of mercury, lead, and cadmium
is that they compete with essential trace metals such as zinc, thereby affecting neurogenesis and
neural differentiation, synapses, myelination, and inflammatory processes. Additionally, toxic metals
worsen mitochondrial dysfunction and raise oxidative stress, resulting in lipid peroxidation, poor
energy, and cell death. By harming the blood-brain barrier or activating astrocytes and microglia,
toxic metals also have direct proinflammatory effects that may cause gliosis. Besides, an abnormal
metal profile will affect the gastrointestinal system and its microbiota, leading to abnormal gut-brain
signaling. Ultimately, the impacted processes will lead to an altered brain development through
similar mechanisms proposed for other genetic and non-genetic risk factors for ASD.

3.1. Oxidative Stress and Mitochondrial Dysfunction

Elevated levels of oxidative stress are a well-described feature of ASD [61–65]. The
actions in mitochondria that result in the synthesis of adenosine triphosphate (ATP) natu-
rally produce free radicals, also known as reactive oxygen species (ROS). Reactive nitrogen
species (RNS) and radicals with carbon and sulfur centers are also produced [66]. As a re-
sult, small amounts of ROS in brain tissue should be regarded as normal, but large amounts
that cause oxidative stress are harmful. Excessive free radical generation or insufficient
cellular mechanisms to alleviate oxidative stress can contribute to elevated oxidative stress
levels. The brain is particularly vulnerable to oxidative stress because of its high energy
(ATP) requirements.

The brain is a lipid-rich tissue. Lipid peroxidation thus poses a particular threat to
brain cells [66]. However, excess ROS also causes protein oxidation in addition to lipid
peroxidation. Together, the two processes might be responsible for aberrant neurogenesis,
synaptic signaling, plasticity, brain cell death, and functional deficits [67–70]. For example,
oxidative stress may change brain-derived neurotrophic factor levels (BDNF) [71]. BDNF is
a growth factor linked to the pathogenesis of ASD as a regulator of neurogenesis, neuron
survival, and synaptic plasticity [72].
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As underlying reasons for increased ROS in ASD, numerous studies implicate an
increase in BBB permeability that results in neuroinflammation [73,74]. For example, it has
been noted that exposure to mercury damages the BBB, exposing the CNS to undesired
substances that might cause processes such as neuroinflammation [75]. Additionally, it has
been suggested that excitotoxicity caused by aberrant glucocorticoid receptor signaling,
and altered N-methyl-d-aspartate (NMDA) receptor signaling contribute to ROS [76–78].

One defense mechanism that can lower ROS levels is the antioxidant response system.
It works by activating antioxidant enzymes such as catalase (CAT), glutathione peroxidase,
glutathione reductase, glyoxalase, and superoxide dismutase (SOD) [79]. Interestingly, SOD
enzymes require essential trace metals, for example, copper and zinc (Cu-Zn SOD). Low-
molecular-weight antioxidants such as glutathione, uric acid, ascorbic acid, and melatonin
are used in the second stage of the antioxidant response system. These primarily act
through scavenging metals [80].

Elevated levels of oxidative stress are also a well-described feature of heavy metal
exposure. Mercury is one of the toxic metals that raises oxidative stress levels and harms
mitochondria [81–83]. Mercury can inhibit sulfhydryl-containing enzymes by forming
a covalent bond with sulfhydryl (thiol) groups [84]. Similarly, other proteins and non-
protein molecules, such as glutathione (GSH), may be impacted by the direct chemical
interaction between MeHg and thiol [84]. Due to GSH’s function as an antioxidant, if GSH
levels fall, oxidative stress rises [85]. However, it has also been demonstrated that MeHg
directly interacts with nucleophilic protein groups to cause oxidative stress [79]. In addition,
mercury exposure also results in glutamate excitotoxicity [86]. MeHg increases glutamate
levels in the synaptic cleft by inhibiting glutamate re-uptake into synaptic vesicles and
promoting spontaneous release, according to in vitro and animal studies [86–89].

Abnormally high glutamate concentrations in the synaptic cleft can cause NMDA-
type glutamate receptor (R) overactivation. Apart from direct consequences on synapse
formation, stability, and function, this raises the amount of sodium and calcium that enters
neurons through NMDARs. In response, excessive intracellular calcium will again boost
oxidative stress (for example, by translocation into mitochondria) [90]. Because astrocytes
help remove the glutamate from the synaptic cleft, mercury injury to astrocytes exacerbates
excitotoxicity [91].

Excessive cadmium concentrations also result in oxidative stress. Due to its affinity
for thiol groups, cadmium may accumulate inside cells as cadmium-thiol complexes [92].
As a result, GSH levels fall, impacting cellular defenses against ROS [93]. Additionally,
cadmium interferes with cellular protein breakdown, which is demonstrated by an increase
in the number of ubiquitinated proteins. As a result, cadmium disrupts many cellular
functions, including the antioxidant response [94,95]. Besides, ROS production by lead
has been identified as a key mechanism underpinning lead poisoning. For example, the
δ-aminolevulinic acid (ALA) dehydrase (ALAD) is affected by the presence of lead, leading
to elevated ALA levels, which induces the production of ROS. The oxidation product of
ALA may, in turn, cause DNA damage [96]. In addition, lead impacts the antioxidant
defense mechanisms [97]. By blocking functional sulfhydryl groups in various enzymes,
including SOD, CAT, glutathione peroxidase, and glucose-6-phosphate dehydrogenase,
lead has been demonstrated to change antioxidant activity [97].

Oxidative stress and mitochondrial damage are intimately related. Thus, mitochon-
drial dysfunction may be linked to ASD [98–103]. Mitochondria oxidize glucose and fatty
acids to produce ATP. In addition, the mitochondria play critical roles in calcium homeosta-
sis and programmed cell death (apoptosis). They impact CNS neuronal functions such as
synaptic plasticity and neurotransmitter release [104]. Brain cells are cells with a high en-
ergy requirement. Therefore, they have more mitochondria and are particularly vulnerable.

Children with ASD may have mitochondrial (mt) damage, which manifests as mtDNA
over-replication, mtDNA deletions, and mitochondrial malfunction (lower mitochondrial-
dependent oxygen consumption and increased hydrogen peroxide (H2O2) generation) [98,105].
It was reported that symptoms discovered as a result of mitochondrial malfunction coincide
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with those of ASD, suggesting that mitochondrial damage may contribute to the phenotype of
ASD [106]. A reduced synaptic neurotransmitter release and improper calcium signaling due
to mitochondrial malfunction have been proposed as potential pathomechanisms. Notably,
plasma membrane calcium channels are impacted by mitochondria, which serve as calcium
reserves [107].

3.2. Neuroinflammation

Numerous immunological disorders can arise from toxic metal exposure. In epidemio-
logical research and mechanistic studies utilizing animal models, disorders of the immune
system and inflammation have been linked to ASD. It has been demonstrated that lead,
cadmium, and mercury directly influence gene expression. The altered genes included
those that encode proteins key to regulating oxidative stress and inflammation, among
others [108–110]. Furthermore, it was shown that lead and methylmercury could directly
trigger glial reactivity [111], and a rise in ROS and BBB permeability may be a component of
this. For example, mercury is concentrated in astrocytes and, to a lesser extent, in microglial
cells inside the CNS [112,113], which causes these cells to become dysfunctional [114].
Notably, activated glial cells such as microglia and astrocytes release the proinflammatory
cytokines Tumor Necrosis Factor (TNF), Interleukin (IL)-1, and IL-6 [115]. TNF, IL-1, and IL-
6 are elevated in biosamples of individuals with ASD, and their levels positively correlate
with ASD severity [116–118]. Animal studies have demonstrated that IL-6, in particular,
may change synapse formation and plasticity [119,120].

In susceptible people, elevated mercury and lead levels result in increased production
of proinflammatory cytokines and the development of autoantibodies even at low levels
of chronic exposure [121–123]. For instance, one study discovered a correlation between
increased blood levels of autoantibodies and increased mercury levels [124]. Neuronal
cytoskeletal proteins, neurofilaments, and myelin basic protein (MBP) are among the
proteins that lead and mercury-induced autoantibodies target [125].

3.3. Axonal Demyelination

Numerous studies have linked ASD to white matter abnormalities, including hy-
pomyelination [126–128]. Neuronal axons in the CNS are myelinated when oligodendro-
cytes create myelin, a multi-lamellar membrane rich in lipids. Myelination is important
in establishing connectivity in the developing brain. Toxic trace metals affect myelination.
For example, lead exposure has been connected to disrupted connectivity [129,130]. Glial
cells, including oligodendrocytes, take up lead [131,132]. A reduction in the activity of
2′,3′-Cyclic-nucleotide 3’-phosphodiesterase (CNPase) by lead, an enzyme that has been
demonstrated to be essential for myelin formation, might be a factor explaining reduced
myelinization [133]. The CNS white matter is also damaged by cadmium. It was shown that
oligodendrocytes, and more so oligodendrocyte progenitors, are susceptible to cadmium.
Cadmium toxicity was tied to excessive production of ROS, leading to oligodendrocyte
death or dysfunction. In addition, MeHg toxicity is linked to the downregulation of MBP
in pregnant and lactating rats [134]. MBP is essential for the construction and function of
the myelin sheaths by oligodendrocytes and Schwann cells.

3.4. Competition with Essential Metals, Especially Zinc

By competing with essential metals such as calcium and zinc for protein binding, toxic
metals can affect activities mediated by these metals. In particular, calcium and zinc are
critical intracellular signaling ions bound by many proteins. For example, around 10% of
the human genome encodes for zinc-binding proteins [135]. Zinc and lead may compete for
the same protein binding sites [136,137]. Zinc and mercury were also discovered to interact,
and cadmium can inhibit the transport of zinc and calcium, including the transfer of zinc to
the fetus [138]. In turn, this will influence the activity of enzymes and second messengers
and interfere with cellular signaling, transport, and metabolism. Additionally, cadmium
should compete somewhat with magnesium, copper, and iron [139]. The disturbance of
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physiological processes mediated by metals, such as calcium and zinc, may be a major
pathomechanism of toxic metals [140] and contribute to the abovementioned processes.

For example, myelination is a zinc-dependent process. A study on rhesus monkeys
showed that maternal zinc deficiency causes the offspring’s myelin protein profiles to
change [141]. Additionally, it was discovered that MBP, a target of autoantibodies gen-
erated by lead and mercury, is a zinc-binding protein, indicating a function for zinc in
myelin compaction [142,143]. Further, in addition to promoting the production of free
radicals, toxic metals, such as cadmium, lead, and mercury, may also compromise the
antioxidant system by displacing essential metals from antioxidant enzymes such as Cu-
Zn SOD. Lead also disrupts mitochondrial calcium and substitutes calcium in calcium
signaling systems, altering Calmodulin and numerous downstream protein kinases [144].
Thereby, lead impedes synaptic signaling and vital cellular processes, such as proliferation
and differentiation, for example, by changing the activity of the protein kinase C (PKC) en-
zyme. Lead also reduces the calcium-dependent release of neurotransmitter vesicles [145].
This can be a way that lead affects glutamatergic neurotransmission [146], which is also
dependent on critical zinc-regulated synaptic proteins [147].

Given that zinc can be replaced or the levels of zinc lowered by toxic metals, some
of the consequences of zinc deficiency may be imitated by toxic metal overload. Thus,
prenatal zinc deficiency and heavy metal overload may be two sides of the same coin.

4. Toxic Metals Causing a Zinc Deficiency—A Model for the Convergence of
Abnormal Trace Metal Levels in ASD

The essentiality of zinc—the second-most common trace metal present in our body—was
first established in 1963. Before zinc, all other and even less common essential trace metals
(i.e., iron in 1932, copper in 1928, manganese in the 1950s, and cobalt in 1948 when it was
discovered that it is a component of vitamin B-12) were identified. However, zinc is now
the main topic of discussion concerning ASD, as zinc insufficiency is a repeating theme
established in several meta-analyses [148–150]. Most research evaluating zinc in people with
ASD utilizes hair zinc levels; hair is the more dependable biosample for zinc than blood or
urine, given that zinc levels in plasma may fluctuate by as much as 20% over one day, creating
a challenge to detect mild zinc deficiencies in particular [151]. While few studies find no
changes between the zinc levels of the ASD group and controls, the majority report noticeably
lower zinc levels. Age and zinc levels were correlated, with the youngest participants with
ASD having the greatest incidence rate of zinc insufficiency (43.5% in males and 52.5% in
females), according to the perhaps most comprehensive study to date that examined 1967 hair
samples of children with ASD [152].

Zinc is essential for neurodevelopment, and altered zinc status is implicated in various
ASD animal models based on the manipulation of hereditary and non-genetic variables. For
example, maternal immune activation (MIA) in rats during pregnancy results in offspring
with ASD-like behavioral abnormalities and low zinc levels [153]. Therefore, MIA mice and
rats may behave similarly to prenatally zinc-deficient animals. Prenatal zinc therapy averted
these behavioral issues linked to ASD [154,155]. On the cellular level, the mammalian
target of rapamycin (mTOR) levels were abnormal in the striatum in response to MIA, and
elevated levels of BDNF were found. Zinc supplementation throughout pregnancy also
normalized mTOR and BDNF levels [154,155]. Further, rodents exposed to valproic acid
(VPA) during pregnancy have ASD-like characteristics [156]. Exposure to VPA may change
how zinc is metabolized, causing transient zinc deficiency [157]. Therefore, as was the
case with MIA mice, the changed zinc status of the pregnant mice may be what is causing
the ASD-like behavior. Indeed, prenatal zinc therapy decreased VPA-induced ASD-like
behaviors [157].

Zinc deficiency alone during pregnancy causes ASD-like behavior in mice [158]. This
is an important finding as it supports the hypothesis of metal imbalances being the cause
rather than a consequence of an ASD. Zinc supplementation reduced ASD symptoms in
humans and other ASD animal models such as SH3 And Multiple Ankyrin Repeat Domains
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3 (Shank3) and T-Box Brain Transcription Factor 1 (Tbr1) mice [159–161]. However, not all
zinc-dependent activities will be similarly impacted by zinc deprivation. The degree of the
zinc deficiency and the affinity of the proteins’ zinc-binding sites for zinc will determine
the consequences of the deficiency or the presence of toxic metals competing with zinc. For
example, only severe zinc deficiency or severe overload of toxic metals may impact high-
affinity zinc-binding sites (e.g., zinc-finger domains) frequently present in transcription
factors. This might explain why teratological effects are only seen in the case of severe zinc
deficiency during pregnancy [162].

Zinc is essential for many vital processes that, if they are compromised, may give rise
to the biological pathomechanism of ASDs. For example, free or weakly bound zinc ions
regulate synaptic SHANK2 and SHANK3, NMDAR, or mitogen-activated protein kinase
(MAPK). These proteins belong to the neurexin (NRXN)-neuroligin (NLGN)-SHANK and
the phosphatidylinositol-3-kinase (PI3K)/Akt and mTOR signaling pathways, which have
been linked to ASD [163]. Thus, both zinc status and genetic mutations affected the
pathways that seem critical in the etiology of ASD. In turn, any environmental risk factors
for ASD that impact zinc homeostasis, such as the presence of toxic metals, will also be
linked to these key synaptic ASD-associated signaling pathways.

There is an emerging concept where parallel changes in other metal ions accompany
changes in one metal. This connection between particular metals is also evident in the
resulting cellular and behavioral pathologies. It is, therefore, plausible that, rather than a
change in the one trace metal, a unique and possibly characteristic metal profile (metal-
lome) is linked to behavioral traits associated with ASD (Figure 2). By considering metal
profiles instead of isolated metals, the presence of heavy metals and zinc deficiency during
pregnancy can be consolidated into one non-genetic risk factor for ASD. Thus, studies
investigating metals in ASD should consider measuring specific toxic and essential metals.
For example, the presence of a toxic metal may be linked to ASD pathology without the
presence of measurable zinc deficiency by interfering with zinc signaling on the cellular
level. In contrast, zinc deficiency could exacerbate the effects of relatively normal levels of
toxic metals. Thus, there is a need for more metallomics studies in ASD research on the
organism, tissue, cellular, and subcellular levels.

In addition, studies in animals and concerning other diseases with complex etiologies
bring hope that identifying particular metal-ASD crosstalk may be improved with the
analytical strategies referred to as metallomics and ionomics supported by speciation
analyses [164]. Typically, studies into metal determinations in human tissues or fluids
concern the measurements of the total element concentration. However, clinical chemistry
and toxicology will benefit from understanding the actions and effects of the specific
species of elements. Chemical species have been defined as the “specific forms of an
element defined as to electronic or oxidation state, isotopic composition, and/or complex or
molecular structure.” In contrast, chemical speciation has been defined as the “distribution
of an element among defined chemical species in a system” [165]. The assessment of the
isotopic ratio may supply more information than the total metal contents. For instance, the
ratio of 207Pb to 208Pb in bone samples may be useful for identifying the sources of lead
exposure, whereas determining total Pb in bone samples characterizes body burden [166].
Findings from such speciation studies may support the implementation of public health
prevention and control measures.

In turn, the oxidation state of an element plays a vital role in determining the element’s
absorption, excretion, membrane transport, and, therefore, toxicity [167]. Speciation is
considered a significant determinant of the bioavailability of an element. The type of
inorganic metal complexes and organometallic species is linked to different solubility,
hydrophobicity, and lipophilicity, thus determining which substances can pass through
the blood-brain or blood-fetal barrier. It is well recognized that the brain and fetus are
particularly prone to toxic organometallic species, including organic derivatives of Hg, Pb,
and As [168,169]. Therefore, speciation analysis is a precious source of helpful information
in studying various pathologies [170–172]. Unfortunately, very little is known about
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metal speciation in ASD, and the detailed description of the molecular mechanisms of
single-species toxicity in ASD remains largely unknown. One reason for the limited
number of such studies may be the very low concentrations of the various chemical species.
Another reason is the stability problem of the metal-bioligand complexes present in clinical
samples [173]. Studying the composition of elemental species in the cell and their associated
proteins, as well as characterization of low molecular mass element species and elemental
concentrations, for instance, in individual neurons, are among the challenges of modern
biomedicine, which may provide novel insights into the role of toxic and essential elements
in ASD.
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Figure 2. A model for the effects of metals and their contribution to ASD pathology. By consid-
ering metal profiles instead of isolated metals, the presence of heavy metals and deficiency in the
essential metal zinc can be consolidated into one non-genetic risk factor for ASD. Together, these
metal abnormalities will affect many biological processes in the body. However, direct and indirect
effects (i.e., through altered gut-brain signaling, inflammatory cytokines, autoantibodies) on the
NLGN-NRXN-SHANK and mTOR/PI3K pathway have been reported, which links this non-genetic
risk factor to well-described pathomechanisms of genetic and other non-genetic factors, further con-
solidating multiple risk factors in one ASD-linked mechanism. Research has shown that both synaptic
NLGN-NRXN-SHANK and mTOR/PI3K pathway activation is modified by zinc and calcium and
affected through the interactions of toxic metals with NMDARs, mGluR5, and proteins mediating
presynaptic vesicle release. The possible interaction of the metals with pathway proteins is indicated
in the figure.

Furthermore, limited tools are available to study the levels or activity of some metals
in vivo. However, 63Zn-zinc citrate was developed as a positron emission tomography
(PET) imaging probe of zinc transport and used in a human study [174], and probes for



Int. J. Mol. Sci. 2023, 24, 308 12 of 19

less abundant essential metals such as 64Cu, and 52Mn may provide new tools to perform
“PET metallomics” in vivo in the future [175]. Besides, studies aiming at imaging metals
are frequently conducted in Alzheimer’s research but rarely in individuals with ASD.

5. Conclusions

ASD is identified by the occurrence of two defining characteristics present in people
with ASD, notably social deficits and repetitive and stereotypical behaviors, despite hun-
dreds of different candidate genes and several non-genetic factors related to ASD. Given
that neurological processes give rise to behaviors, it is likely that all potential causes disrupt
these underlying processes and that they exhibit convergence not only on a behavioral
level but also at the molecular level. As a result, the question of what neuronal mechanism
underlies the symptoms of ASD and how so many hereditary and non-genetic factors
might contribute to the same process arises. Intriguingly, metals affect the critical molecular
aspects of ASD, including oxidative stress, inflammation, synapse development, synaptic
communication, brain connectivity, and gut-brain signaling. As a result, one could spec-
ulate that a primary pathology of ASD may be a trace metal imbalance, characterized by
either the presence of toxic metals and/or the overload or lack of essential metals, partic-
ularly a lack of zinc during brain development (pregnancy). In turn, genetic mutations
and other non-genetic factors may recapitulate this trace metal imbalance fully or partially,
leading to similar symptoms. If this model holds true in future studies, research on the
etiology, prevention, and treatment needs to consider biometal physiology and pathology
much more than it currently does. In particular, zinc supplementation during pregnancy
may prevent toxic trace metal-associated ASD risks.

Furthermore, since metals exhibit varied effects on different molecular targets, there is
a continuous need for research on metals with particular reference to the speciation forms
and the concentration of metals, as well as routes and duration of exposure.
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20. Błażewicz, A.; Grywalska, E.; Macek, P.; Mertowska, P.; Mertowski, S.; Wojnicka, J.; Durante, N.; Makarewicz, A. Research into
the Association of Cadmium and Manganese Excretion with Thyroid Function and Behavioral Areas in Adolescents with Autism
Spectrum Disorders. J. Clin. Med. 2022, 11, 579. [CrossRef]

21. Clark, B.; Vandermeer, B.; Simonetti, A.; Buka, I. Is lead a concern in Canadian autistic children? Paediatr. Child. Health 2010, 15,
17–22. [CrossRef]

22. Fido, A.; Al-Saad, S. Toxic trace elements in the hair of children with autism. Autism 2005, 9, 290–298. [CrossRef]
23. Yasuda, H.; Tsutsui, T. Assessment of infantile mineral imbalances in autism spectrum disorders (ASDs). Int. J. Environ. Res.

Public Health 2013, 10, 6027–6043. [CrossRef] [PubMed]
24. Yasuda, H.; Kobayashi, M.; Yasuda, Y.; Tsutsui, T. Estimation of autistic children by metallomics analysis. Sci. Rep. 2013, 3, 1199.

[CrossRef] [PubMed]
25. Albizzati, A.; Morè, L.; Di Candia, D.; Saccani, M.; Lenti, C. Normal concentrations of heavy metals in autistic spectrum disorders.

Minerva Pediatr. 2012, 64, 27–31.
26. Adams, J.B.; Romdalvik, J.; Ramanujam, V.M.; Legator, M.S. Mercury, lead, and zinc in baby teeth of children with autism versus

controls. J. Toxicol. Environ. Health A 2007, 70, 1046–1051. [CrossRef] [PubMed]
27. Blaurock-Busch, E.; Amin, O.R.; Rabah, T. Heavy metals and trace elements in hair and urine of a sample of arab children with

autistic spectrum disorder. Maedica 2011, 6, 247–257. [PubMed]
28. Geier, D.A.; Audhya, T.; Kern, J.K.; Geier, M.R. Blood mercury levels in autism spectrum disorder: Is there a threshold level? Acta

Neurobiol. Exp. 2010, 70, 177–186.
29. Nataf, R.; Skorupka, C.; Amet, L.; Lam, A.; Springbett, A.; Lathe, R. Porphyrinuria in childhood autistic disorder: Implications for

environmental toxicity. Toxicol. Appl. Pharmacol. 2006, 214, 99–108. [CrossRef] [PubMed]
30. Al-Ayadhi, L.Y. Heavy metals and trace elements in hair samples of autistic children in central Saudi Arabia. Neurosciences 2005,

10, 213–218.
31. Al-Farsi, Y.M.; Waly, M.I.; Al-Sharbati, M.M.; Al-Shafaee, M.A.; Al-Farsi, O.A.; Al-Khaduri, M.M.; Gupta, I.; Ouhtit, A.; Al-Adawi,

S.; Al-Said, M.F.; et al. Levels of heavy metals and essential minerals in hair samples of children with autism in Oman: A
case-control study. Biol. Trace Elem. Res. 2013, 151, 181–186. [CrossRef]

32. Fiłon, J.; Ustymowicz-Farbiszewska, J.; Krajewska-Kułak, E. Analysis of lead, arsenic and calcium content in the hair of children
with autism spectrum disorder. BMC Public Health 2020, 20, 383. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2015.07.024
http://www.ncbi.nlm.nih.gov/pubmed/26218563
http://doi.org/10.1155/2015/545674
http://www.ncbi.nlm.nih.gov/pubmed/26508811
http://doi.org/10.1158/1055-9965.EPI-05-0456
http://doi.org/10.14573/altex.2001051
http://doi.org/10.1016/j.envint.2015.05.010
http://doi.org/10.1155/2009/532640
http://doi.org/10.1097/01.XME.0000392842.64112.64
http://doi.org/10.1016/j.cca.2011.02.021
http://www.ncbi.nlm.nih.gov/pubmed/21338594
http://doi.org/10.1016/j.jns.2008.08.021
http://www.ncbi.nlm.nih.gov/pubmed/18817931
http://doi.org/10.1080/15287390903232475
http://doi.org/10.3390/ijerph9124486
http://www.ncbi.nlm.nih.gov/pubmed/23222182
http://doi.org/10.3390/jcm11030579
http://doi.org/10.1093/pch/15.1.17
http://doi.org/10.1177/1362361305053255
http://doi.org/10.3390/ijerph10116027
http://www.ncbi.nlm.nih.gov/pubmed/24284360
http://doi.org/10.1038/srep01199
http://www.ncbi.nlm.nih.gov/pubmed/23383369
http://doi.org/10.1080/15287390601172080
http://www.ncbi.nlm.nih.gov/pubmed/17497416
http://www.ncbi.nlm.nih.gov/pubmed/22879836
http://doi.org/10.1016/j.taap.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16782144
http://doi.org/10.1007/s12011-012-9553-z
http://doi.org/10.1186/s12889-020-08496-w


Int. J. Mol. Sci. 2023, 24, 308 14 of 19

33. Alampi, J.D.; Lanphear, B.P.; Braun, J.M.; Chen, A.; Takaro, T.K.; Muckle, G.; Arbuckle, T.E.; McCandless, L.C. Association
Between Gestational Exposure to Toxicants and Autistic Behaviors Using Bayesian Quantile Regression. Am. J. Epidemiol. 2021,
190, 1803–1813. [CrossRef] [PubMed]

34. Curtin, P.; Austin, C.; Curtin, A.; Gennings, C.; Arora, M.; Tammimies, K.; Willfors, C.; Berggren, S.; Siper, P.; Rai, D.; et al.
Dynamical features in fetal and postnatal zinc-copper metabolic cycles predict the emergence of autism spectrum disorder. Sci.
Adv. 2018, 4, eaat1293. [CrossRef] [PubMed]

35. Arora, M.; Reichenberg, A.; Willfors, C.; Austin, C.; Gennings, C.; Berggren, S.; Lichtenstein, P.; Anckarsäter, H.; Tammimies, K.;
Bölte, S. Fetal and postnatal metal dysregulation in autism. Nat. Commun. 2017, 8, 15493. [CrossRef]

36. Kim, K.N.; Kwon, H.J.; Hong, Y.C. Low-level lead exposure and autistic behaviors in school-age children. Neurotoxicology 2016,
53, 193–200. [CrossRef] [PubMed]

37. Austin, C.; Curtin, P.; Arora, M.; Reichenberg, A.; Curtin, A.; Iwai-Shimada, M.; Wright, R.; Wright, R.; Remnelius, K.L.; Isaksson,
J.; et al. Elemental Dynamics in Hair Accurately Predict Future Autism Spectrum Disorder Diagnosis: An International Multi-
Center Study. 2022, preprint. (Version 1). Available at Research Square. Available online: https://www.researchsquare.com/
article/rs-1307805/v1 (accessed on 15 December 2022). [CrossRef]

38. Saghazadeh, A.; Rezaei, N. Systematic review and meta-analysis links autism and toxic metals and highlights the impact of
country development status: Higher blood and erythrocyte levels for mercury and lead, and higher hair antimony, cadmium,
lead, and mercury. Prog. Neuropsychopharmacol. Biol. Psychiatry 2017, 79 Pt B, 340–368. [CrossRef]

39. Sulaiman, R.; Wang, M.; Ren, X. Exposure to Aluminum, Cadmium, and Mercury and Autism Spectrum Disorder in Children: A
Systematic Review and Meta-Analysis. Chem. Res. Toxicol. 2020, 33, 2699–2718. [CrossRef]

40. Wani, A.L.; Ara, A.; Usmani, J.A. Lead toxicity: A review. Interdiscip. Toxicol. 2015, 8, 55–64. [CrossRef]
41. Landrigan, P.J.; Whitworth, R.H.; Baloh, R.W.; Staehling, N.W.; Barthel, W.F.; Rosenblum, B.F. Neuropsychological dysfunction in

children with chronic low-level lead absorption. Lancet 1975, 1, 708–712. [CrossRef]
42. Needleman, H.L. The persistent threat of lead: Medical and sociological issues. Curr. Probl. Pediatr. 1988, 18, 697–744. [CrossRef]
43. Cohen, D.J.; Paul, R.; Anderson, G.M.; Harcherik, D.F. Blood lead in autistic children. Lancet 1982, 2, 94–95. [CrossRef]
44. Eppright, T.D.; Sanfacon, J.A.; Horwitz, E.A. Attention deficit hyperactivity disorder, infantile autism, and elevated blood-lead: A

possible relationship. Mo. Med. 1996, 93, 136–138.
45. Filipek, P.A.; Accardo, P.J.; Baranek, G.T.; Cook, E.H.; Dawson, G.; Gordon, B.; Gravel, J.S.; Johnson, C.P.; Kallen, R.J.; Levy, S.E.;

et al. The screening and diagnosis of autistic spectrum disorders. J. Autism Dev. Disord. 1999, 29, 439–484. [CrossRef] [PubMed]
46. Huang, S.S.; Strathe, A.B.; Fadel, J.G.; Lin, P.; Liu, T.Y.; Hung, S.S. Absorption, distribution, and elimination of graded oral doses

of methylmercury in juvenile white sturgeon. Aquat. Toxicol. 2012, 122–123, 163–171. [CrossRef] [PubMed]
47. Višnjevec, A.M.; Kocman, D.; Horvat, M. Human mercury exposure and effects in Europe. Environ. Toxicol. Chem. 2014, 33,

1259–1270. [CrossRef] [PubMed]
48. Abdullah, M.M.; Ly, A.R.; Goldberg, W.A.; Clarke-Stewart, K.A.; Dudgeon, J.V.; Mull, C.G.; Chan, T.J.; Kent, E.E.; Mason, A.Z.;

Ericson, J.E. Heavy metal in children’s tooth enamel: Related to autism and disruptive behaviors? J. Autism Dev. Disord. 2012, 42,
929–936. [CrossRef]

49. Geier, D.A.; Geier, M.R. A prospective study of mercury toxicity biomarkers in autistic spectrum disorders. J. Toxicol. Environ.
Health A 2007, 70, 1723–1730. [CrossRef]

50. Desoto, M.C.; Hitlan, R.T. Sorting out the spinning of autism: Heavy metals and the question of incidence. Acta Neurobiol. Exp.
2010, 70, 165–176.

51. Austin, D.W.; Shandley, K. An investigation of porphyrinuria in Australian children with autism. J. Toxicol. Environ. Health A
2008, 71, 1349–1351. [CrossRef]

52. Ciesielski, T.; Weuve, J.; Bellinger, D.C.; Schwartz, J.; Lanphear, B.; Wright, R.O. Cadmium exposure and neurodevelopmental
outcomes in U.S. children. Environ. Health Perspect. 2012, 120, 758–763. [CrossRef]

53. Rafati Rahimzadeh, M.; Rafati Rahimzadeh, M.; Kazemi, S.; Moghadamnia, A.A. Cadmium toxicity and treatment: An update.
Casp. J. Intern. Med. 2017, 8, 135–145.

54. Fatima, G.; Raza, A.M.; Hadi, N.; Nigam, N.; Mahdi, A.A. Cadmium in Human Diseases: It’s More than Just a Mere Metal. Indian
J. Clin. Biochem. 2019, 34, 371–378. [CrossRef]

55. Balali-Mood, M.; Naseri, K.; Tahergorabi, Z.; Khazdair, M.R.; Sadeghi, M. Toxic Mechanisms of Five Heavy Metals: Mercury,
Lead, Chromium, Cadmium, and Arsenic. Front. Pharmacol. 2021, 12, 643972. [CrossRef]

56. Bannon, D.I.; Abounader, R.; Lees, P.S.; Bressler, J.P. Effect of DMT1 knockdown on iron, cadmium, and lead uptake in Caco-2
cells. Am. J. Physiol. Cell Physiol. 2003, 284, C44–C50. [CrossRef] [PubMed]

57. Zheng, W.; Aschner, M.; Ghersi-Egea, J.F. Brain barrier systems: A new frontier in metal neurotoxicological research. Toxicol. Appl.
Pharmacol. 2003, 192, 1–11. [CrossRef] [PubMed]

58. Zhai, Q.; Cen, S.; Jiang, J.; Zhao, J.; Zhang, H.; Chen, W. Disturbance of trace element and gut microbiota profiles as indicators of
autism spectrum disorder: A pilot study of Chinese children. Environ. Res. 2019, 171, 501–509. [CrossRef]

59. Dietert, R.R.; Dietert, J.M.; Dewitt, J.C. Environmental risk factors for autism. Emerg. Health Threats J. 2011, 4, 7111. [CrossRef]
[PubMed]

60. Rodier, P.M. Developing brain as a target of toxicity. Environ. Health Perspect. 1995, 103 (Suppl. 6), 73–76.

http://doi.org/10.1093/aje/kwab065
http://www.ncbi.nlm.nih.gov/pubmed/33779718
http://doi.org/10.1126/sciadv.aat1293
http://www.ncbi.nlm.nih.gov/pubmed/29854952
http://doi.org/10.1038/ncomms15493
http://doi.org/10.1016/j.neuro.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26877220
https://www.researchsquare.com/article/rs-1307805/v1
https://www.researchsquare.com/article/rs-1307805/v1
http://doi.org/10.21203/rs.3.rs-1307805/v1
http://doi.org/10.1016/j.pnpbp.2017.07.011
http://doi.org/10.1021/acs.chemrestox.0c00167
http://doi.org/10.1515/intox-2015-0009
http://doi.org/10.1016/S0140-6736(75)91627-X
http://doi.org/10.1016/0045-9380(88)90004-7
http://doi.org/10.1016/S0140-6736(82)91707-X
http://doi.org/10.1023/A:1021943802493
http://www.ncbi.nlm.nih.gov/pubmed/10638459
http://doi.org/10.1016/j.aquatox.2012.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22819805
http://doi.org/10.1002/etc.2482
http://www.ncbi.nlm.nih.gov/pubmed/24375779
http://doi.org/10.1007/s10803-011-1318-6
http://doi.org/10.1080/15287390701457712
http://doi.org/10.1080/15287390802271723
http://doi.org/10.1289/ehp.1104152
http://doi.org/10.1007/s12291-019-00839-8
http://doi.org/10.3389/fphar.2021.643972
http://doi.org/10.1152/ajpcell.00184.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388109
http://doi.org/10.1016/S0041-008X(03)00251-5
http://www.ncbi.nlm.nih.gov/pubmed/14554098
http://doi.org/10.1016/j.envres.2019.01.060
http://doi.org/10.3402/ehtj.v4i0.7111
http://www.ncbi.nlm.nih.gov/pubmed/24149029


Int. J. Mol. Sci. 2023, 24, 308 15 of 19

61. Kern, J.K.; Jones, A.M. Evidence of toxicity, oxidative stress, and neuronal insult in autism. J. Toxicol. Environ. Health B Crit. Rev.
2006, 9, 485–499. [CrossRef]

62. Chauhan, A.; Audhya, T.; Chauhan, V. Brain region-specific glutathione redox imbalance in autism. Neurochem. Res. 2012, 37,
1681–1689. [CrossRef]

63. Deth, R.; Muratore, C.; Benzecry, J.; Power-Charnitsky, V.A.; Waly, M. How environmental and genetic factors combine to cause
autism: A redox/methylation hypothesis. Neurotoxicology 2008, 29, 190–201. [CrossRef]

64. Bjørklund, G.; Meguid, N.A.; El-Bana, M.A.; Tinkov, A.A.; Saad, K.; Dadar, M.; Hemimi, M.; Skalny, A.V.; Hosnedlová, B.; Kizek,
R.; et al. Oxidative Stress in Autism Spectrum Disorder. Mol. Neurobiol. 2020, 57, 2314–2332. [CrossRef] [PubMed]

65. Manivasagam, T.; Arunadevi, S.; Essa, M.M.; SaravanaBabu, C.; Borah, A.; Thenmozhi, A.J.; Qoronfleh, M.W. Role of Oxidative
Stress and Antioxidants in Autism. Adv. Neurobiol. 2020, 24, 193–206. [PubMed]

66. Salim, S. Oxidative Stress and the Central Nervous System. J. Pharmacol. Exp. Ther. 2017, 360, 201–205. [CrossRef] [PubMed]
67. Knapp, L.T.; Klann, E. Role of reactive oxygen species in hippocampal long-term potentiation: Contributory or inhibitory?

J. Neurosci. Res. 2002, 70, 1–7. [CrossRef] [PubMed]
68. Massaad, C.A.; Klann, E. Reactive oxygen species in the regulation of synaptic plasticity and memory. Antioxid. Redox Signal.

2011, 14, 2013–2054. [CrossRef]
69. Park, H.R.; Park, M.; Choi, J.; Park, K.Y.; Chung, H.Y.; Lee, J. A high-fat diet impairs neurogenesis: Involvement of lipid

peroxidation and brain-derived neurotrophic factor. Neurosci. Lett. 2010, 482, 235–239. [CrossRef]
70. Gaschler, M.M.; Stockwell, B.R. Lipid peroxidation in cell death. Biochem. Biophys. Res. Commun. 2017, 482, 419–425. [CrossRef]
71. Ghanizadeh, A. Malondialdehyde, Bcl-2, superoxide dismutase and glutathione peroxidase may mediate the association of sonic

hedgehog protein and oxidative stress in autism. Neurochem. Res. 2012, 37, 899–901. [CrossRef]
72. Saghazadeh, A.; Rezaei, N. Brain-Derived Neurotrophic Factor Levels in Autism: A Systematic Review and Meta-Analysis.

J. Autism Dev. Disord. 2017, 47, 1018–1029. [CrossRef]
73. Pun, P.B.; Lu, J.; Moochhala, S. Involvement of ROS in BBB dysfunction. Free Radic. Res. 2009, 43, 348–364. [CrossRef]
74. Gu, Y.; Dee, C.M.; Shen, J. Interaction of free radicals, matrix metalloproteinases and caveolin-1 impacts blood-brain barrier

permeability. Front. Biosci. Schol. Ed. 2011, 3, 1216–1231. [CrossRef]
75. Takahashi, T.; Shimohata, T. Vascular Dysfunction Induced by Mercury Exposure. Int. J. Mol. Sci. 2019, 20, 2435. [CrossRef]

[PubMed]
76. Kasahara, E.; Inoue, M. Cross-talk between HPA-axis-increased glucocorticoids and mitochondrial stress determines immune

responses and clinical manifestations of patients with sepsis. Redox Rep. 2015, 20, 1–10. [CrossRef] [PubMed]
77. Forder, J.P.; Tymianski, M. Postsynaptic mechanisms of excitotoxicity: Involvement of postsynaptic density proteins, radicals, and

oxidant molecules. Neuroscience 2009, 158, 293–300. [CrossRef]
78. Bórquez, D.A.; Urrutia, P.J.; Wilson, C.; van Zundert, B.; Núñez, M.T.; González-Billault, C. Dissecting the role of redox signaling

in neuronal development. J. Neurochem. 2016, 137, 506–517. [CrossRef]
79. Morris, G.; Puri, B.K.; Walker, A.J.; Berk, M.; Walder, K.; Bortolasci, C.C.; Marx, W.; Carvalho, A.F.; Maes, M. The compensatory

antioxidant response system with a focus on neuroprogressive disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 95,
109708. [CrossRef] [PubMed]

80. Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense. World Allergy Organ J.
2012, 5, 9–19. [CrossRef]

81. Carocci, A.; Rovito, N.; Sinicropi, M.S.; Genchi, G. Mercury toxicity and neurodegenerative effects. Rev. Environ. Contam. Toxicol.
2014, 229, 1–18.

82. Yin, Z.; Milatovic, D.; Aschner, J.L.; Syversen, T.; Rocha, J.B.; Souza, D.O.; Sidoryk, M.; Albrecht, J.; Aschner, M. Methylmercury
induces oxidative injury, alterations in permeability and glutamine transport in cultured astrocytes. Brain Res. 2007, 1131, 1–10.
[CrossRef]

83. Farina, M.; Aschner, M. Glutathione antioxidant system and methylmercury-induced neurotoxicity: An intriguing interplay.
Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 129285. [CrossRef]

84. Farina, M.; Rocha, J.B.; Aschner, M. Mechanisms of methylmercury-induced neurotoxicity: Evidence from experimental studies.
Life Sci. 2011, 89, 555–563. [CrossRef]

85. Franco, J.L.; Posser, T.; Dunkley, P.R.; Dickson, P.W.; Mattos, J.J.; Martins, R.; Bainy, A.C.; Marques, M.R.; Dafre, A.L.; Farina, M.
Methylmercury neurotoxicity is associated with inhibition of the antioxidant enzyme glutathione peroxidase. Free Radic. Biol.
Med. 2009, 47, 449–457. [CrossRef] [PubMed]

86. Porciuncula, L.O.; Rocha, J.B.; Tavares, R.G.; Ghisleni, G.; Reis, M.; Souza, D.O. Methylmercury inhibits glutamate uptake by
synaptic vesicles from rat brain. Neuroreport 2003, 14, 577–580. [CrossRef] [PubMed]

87. Reynolds, J.N.; Racz, W.J. Effects of methylmercury on the spontaneous and potassium-evoked release of endogenous amino
acids from mouse cerebellar slices. Can. J. Physiol. Pharmacol. 1987, 65, 791–798. [CrossRef] [PubMed]

88. Moretto, M.B.; Funchal, C.; Santos, A.Q.; Gottfried, C.; Boff, B.; Zeni, G.; Pureur, R.P.; Souza, D.O.; Wofchuk, S.; Rocha, J.B. Ebselen
protects glutamate uptake inhibition caused by methyl mercury but does not by Hg2+. Toxicology 2005, 214, 57–66. [CrossRef]

89. Vendrell, I.; Carrascal, M.; Vilaro, M.T.; Abian, J.; Rodriguez-Farre, E.; Sunol, C. Cell viability and proteomic analysis in cultured
neurons exposed to methylmercury. Hum. Exp. Toxicol. 2007, 26, 263–272. [CrossRef]

http://doi.org/10.1080/10937400600882079
http://doi.org/10.1007/s11064-012-0775-4
http://doi.org/10.1016/j.neuro.2007.09.010
http://doi.org/10.1007/s12035-019-01742-2
http://www.ncbi.nlm.nih.gov/pubmed/32026227
http://www.ncbi.nlm.nih.gov/pubmed/32006361
http://doi.org/10.1124/jpet.116.237503
http://www.ncbi.nlm.nih.gov/pubmed/27754930
http://doi.org/10.1002/jnr.10371
http://www.ncbi.nlm.nih.gov/pubmed/12237859
http://doi.org/10.1089/ars.2010.3208
http://doi.org/10.1016/j.neulet.2010.07.046
http://doi.org/10.1016/j.bbrc.2016.10.086
http://doi.org/10.1007/s11064-011-0667-z
http://doi.org/10.1007/s10803-016-3024-x
http://doi.org/10.1080/10715760902751902
http://doi.org/10.2741/222
http://doi.org/10.3390/ijms20102435
http://www.ncbi.nlm.nih.gov/pubmed/31100949
http://doi.org/10.1179/1351000214Y.0000000107
http://www.ncbi.nlm.nih.gov/pubmed/25310535
http://doi.org/10.1016/j.neuroscience.2008.10.021
http://doi.org/10.1111/jnc.13581
http://doi.org/10.1016/j.pnpbp.2019.109708
http://www.ncbi.nlm.nih.gov/pubmed/31351160
http://doi.org/10.1097/WOX.0b013e3182439613
http://doi.org/10.1016/j.brainres.2006.10.070
http://doi.org/10.1016/j.bbagen.2019.01.007
http://doi.org/10.1016/j.lfs.2011.05.019
http://doi.org/10.1016/j.freeradbiomed.2009.05.013
http://www.ncbi.nlm.nih.gov/pubmed/19450679
http://doi.org/10.1097/00001756-200303240-00010
http://www.ncbi.nlm.nih.gov/pubmed/12657889
http://doi.org/10.1139/y87-127
http://www.ncbi.nlm.nih.gov/pubmed/3621041
http://doi.org/10.1016/j.tox.2005.05.022
http://doi.org/10.1177/0960327106070455


Int. J. Mol. Sci. 2023, 24, 308 16 of 19

90. Kritis, A.A.; Stamoula, E.G.; Paniskaki, K.A.; Vavilis, T.D. Researching glutamate-induced cytotoxicity in different cell lines: A
comparative/collective analysis/study. Front. Cell Neurosci. 2015, 9, 91. [CrossRef]

91. Aschner, M.; Yao, C.P.; Allen, J.W.; Tan, K.H. Methylmercury alters glutamate transport in astrocytes. Neurochem. Int. 2000, 37,
199–206. [CrossRef]

92. Figueiredo-Pereira, M.E.; Yakushin, S.; Cohen, G. Disruption of the intracellular sulfhydryl homeostasis by cadmium-induced
oxidative stress leads to protein thiolation and ubiquitination in neuronal cells. J. Biol. Chem. 1998, 273, 12703–12709. [CrossRef]

93. Bertin, G.; Averbeck, D. Cadmium: Cellular effects, modifications of biomolecules, modulation of DNA repair and genotoxic
consequences (a review). Biochimie 2006, 88, 1549–1559. [CrossRef]

94. Dong, S.; Shen, H.M.; Ong, C.N. Cadmium-induced apoptosis and phenotypic changes in mouse thymocytes. Mol. Cell Biochem.
2001, 222, 11–20. [CrossRef] [PubMed]

95. Yang, P.M.; Chiu, S.J.; Lin, K.A.; Lin, L.Y. Effect of cadmium on cell cycle progression in Chinese hamster ovary cells. Chem. Biol.
Interact. 2004, 149, 125–136. [CrossRef] [PubMed]

96. Lopes, A.C.; Peixe, T.S.; Mesas, A.E.; Paoliello, M.M. Lead Exposure and Oxidative Stress: A Systematic Review. Rev. Environ.
Contam. Toxicol. 2016, 236, 193–238.

97. Patra, R.C.; Rautray, A.K.; Swarup, D. Oxidative stress in lead and cadmium toxicity and its amelioration. Vet. Med. Int. 2011,
2011, 457327. [CrossRef]

98. Giulivi, C.; Zhang, Y.F.; Omanska-Klusek, A.; Ross-Inta, C.; Wong, S.; Hertz-Picciotto, I.; Tassone, F.; Pessah, I.N. Mitochondrial
dysfunction in autism. JAMA 2010, 304, 2389–2396. [CrossRef] [PubMed]

99. Dhillon, S.; Hellings, J.A.; Butler, M.G. Genetics and mitochondrial abnormalities in autism spectrum disorders: A review. Curr.
Genom. 2011, 12, 322–332. [CrossRef]

100. Castora, F.J. Mitochondrial function and abnormalities implicated in the pathogenesis of ASD. Prog. Neuropsychopharmacol. Biol.
Psychiatry 2019, 92, 83–108. [CrossRef]

101. Griffiths, K.K.; Levy, R.J. Evidence of Mitochondrial Dysfunction in Autism: Biochemical Links, Genetic-Based Associations, and
Non-Energy-Related Mechanisms. Oxid. Med. Cell Longev. 2017, 2017, 4314025. [CrossRef]

102. Valiente-Pallejà, A.; Torrell, H.; Muntané, G.; Cortés, M.J.; Martínez-Leal, R.; Abasolo, N.; Alonso, Y.; Vilella, E.; Martorell, L.
Genetic and clinical evidence of mitochondrial dysfunction in autism spectrum disorder and intellectual disability. Hum. Mol.
Genet. 2018, 27, 891–900. [CrossRef]

103. Rossignol, D.A.; Frye, R.E. Mitochondrial dysfunction in autism spectrum disorders: A systematic review and meta-analysis. Mol.
Psychiatry 2012, 17, 290–314. [CrossRef]

104. Devine, M.J.; Kittler, J.T. Mitochondria at the neuronal presynapse in health and disease. Nat. Rev. Neurosci. 2018, 19, 63–80.
[CrossRef] [PubMed]

105. Varga, N.Á.; Pentelényi, K.; Balicza, P.; Gézsi, A.; Reményi, V.; Hársfalvi, V.; Bencsik, R.; Illés, A.; Prekop, C.; Molnár, M.J.
Mitochondrial dysfunction and autism: Comprehensive genetic analyses of children with autism and mtDNA deletion. Behav.
Brain Funct. 2018, 14, 4. [CrossRef] [PubMed]

106. Frye, R.E.; Rossignol, D.A. Mitochondrial dysfunction can connect the diverse medical symptoms associated with autism
spectrum disorders. Pediatr. Res. 2011, 69, 41R–47R. [CrossRef] [PubMed]

107. Napolioni, V.; Persico, A.M.; Porcelli, V.; Palmieri, L. The mitochondrial aspartate/glutamate carrier AGC1 and calcium
homeostasis: Physiological links and abnormalities in autism. Mol. Neurobiol. 2011, 44, 83–92. [CrossRef]

108. Bartosiewicz, M.J.; Jenkins, D.; Penn, S.; Emery, J.; Buckpitt, A. Unique gene expression patterns in liver and kidney associated
with exposure to chemical toxicants. J. Pharmacol. Exp. Ther. 2001, 297, 895–905.

109. Eyssen-Hernandez, R.; Ladoux, A.; Frelin, C. Differential regulation of cardiac heme oxygenase-1 and vascular endothelial growth
factor mRNA expressions by hemin, heavy metals, heat shock and anoxia. FEBS Lett. 1996, 382, 229–233. [CrossRef]

110. Breton, J.; Le Clère, K.; Daniel, C.; Sauty, M.; Nakab, L.; Chassat, T.; Dewulf, J.; Penet, S.; Carnoy, C.; Thomas, P.; et al. Chronic
ingestion of cadmium and lead alters the bioavailability of essential and heavy metals, gene expression pathways and genotoxicity
in mouse intestine. Arch. Toxicol. 2013, 87, 1787–1795. [CrossRef]

111. Monnet-Tschudi, F.; Zurich, M.G.; Boschat, C.; Corbaz, A.; Honegger, P. Involvement of environmental mercury and lead in the
etiology of neurodegenerative diseases. Rev. Environ. Health 2006, 21, 105–117. [CrossRef]

112. Shanker, G.; Syversen, T.; Aschner, M. Astrocyte-mediated methylmercury neurotoxicity. Biol. Trace Elem. Res. 2003, 95, 1–10.
[CrossRef]

113. Tiffany-Castiglion, E.; Qian, Y. Astroglia as metal depots: Molecular mechanisms for metal accumulation, storage and release.
Neurotoxicology 2001, 22, 577–592. [CrossRef]

114. Pieper, I.; Wehe, C.A.; Bornhorst, J.; Ebert, F.; Leffers, L.; Holtkamp, M.; Höseler, P.; Weber, T.; Mangerich, A.; Bürkle, A.; et al.
Mechanisms of Hg species induced toxicity in cultured human astrocytes: Genotoxicity and DNA-damage response. Metallomics
2014, 6, 662–671. [CrossRef] [PubMed]

115. Vargas, D.L.; Nascimbene, C.; Krishnan, C.; Zimmerman, A.W.; Pardo, C.A. Neuroglial activation and neuroinflammation in the
brain of patients with autism. Ann. Neurol. 2005, 57, 67–81. [CrossRef] [PubMed]

116. Siniscalco, D.; Schultz, S.; Brigida, A.L.; Antonucci, N. Inflammation and Neuro-Immune Dysregulations in Autism Spectrum
Disorders. Pharmaceuticals 2018, 11, 56. [CrossRef] [PubMed]

http://doi.org/10.3389/fncel.2015.00091
http://doi.org/10.1016/S0197-0186(00)00023-1
http://doi.org/10.1074/jbc.273.21.12703
http://doi.org/10.1016/j.biochi.2006.10.001
http://doi.org/10.1023/A:1017970030131
http://www.ncbi.nlm.nih.gov/pubmed/11678592
http://doi.org/10.1016/j.cbi.2004.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15501434
http://doi.org/10.4061/2011/457327
http://doi.org/10.1001/jama.2010.1706
http://www.ncbi.nlm.nih.gov/pubmed/21119085
http://doi.org/10.2174/138920211796429745
http://doi.org/10.1016/j.pnpbp.2018.12.015
http://doi.org/10.1155/2017/4314025
http://doi.org/10.1093/hmg/ddy009
http://doi.org/10.1038/mp.2010.136
http://doi.org/10.1038/nrn.2017.170
http://www.ncbi.nlm.nih.gov/pubmed/29348666
http://doi.org/10.1186/s12993-018-0135-x
http://www.ncbi.nlm.nih.gov/pubmed/29458409
http://doi.org/10.1203/PDR.0b013e318212f16b
http://www.ncbi.nlm.nih.gov/pubmed/21289536
http://doi.org/10.1007/s12035-011-8192-2
http://doi.org/10.1016/0014-5793(96)00127-5
http://doi.org/10.1007/s00204-013-1032-6
http://doi.org/10.1515/REVEH.2006.21.2.105
http://doi.org/10.1385/BTER:95:1:1
http://doi.org/10.1016/S0161-813X(01)00050-X
http://doi.org/10.1039/C3MT00337J
http://www.ncbi.nlm.nih.gov/pubmed/24549367
http://doi.org/10.1002/ana.20315
http://www.ncbi.nlm.nih.gov/pubmed/15546155
http://doi.org/10.3390/ph11020056
http://www.ncbi.nlm.nih.gov/pubmed/29867038


Int. J. Mol. Sci. 2023, 24, 308 17 of 19

117. Theoharides, T.C.; Tsilioni, I.; Patel, A.B.; Doyle, R. Atopic diseases and inflammation of the brain in the pathogenesis of autism
spectrum disorders. Transl. Psychiatry 2016, 6, e844. [CrossRef] [PubMed]

118. Wei, H.; Alberts, I.; Li, X. Brain IL-6 and autism. Neuroscience 2013, 252, 320–325. [CrossRef] [PubMed]
119. Wei, H.; Chadman, K.K.; McCloskey, D.P.; Sheikh, A.M.; Malik, M.; Brown, W.T.; Li, X. Brain IL-6 elevation causes neuronal

circuitry imbalances and mediates autism-like behaviors. Biochim. Biophys. Acta 2012, 1822, 831–842. [CrossRef] [PubMed]
120. Wei, H.; Mori, S.; Hua, K.; Li, X. Alteration of brain volume in IL-6 overexpressing mice related to autism. Int. J. Dev. Neurosci.

2012, 30, 554–559. [CrossRef]
121. Pollard, K.M.; Cauvi, D.M.; Toomey, C.B.; Hultman, P.; Kono, D.H. Mercury-induced inflammation and autoimmunity. Biochim.

Biophys. Acta Gen. Subj. 2019, 1863, 129299. [CrossRef]
122. Mishra, K.P. Lead exposure and its impact on immune system: A review. Toxicol. In Vitro 2009, 23, 969–972. [CrossRef]
123. Bjørklund, G.; Peana, M.; Dadar, M.; Chirumbolo, S.; Aaseth, J.; Martins, N. Mercury-induced autoimmunity: Drifting from micro

to macro concerns on autoimmune disorders. Clin. Immunol. 2020, 213, 108352. [CrossRef]
124. Motts, J.A.; Shirley, D.L.; Silbergeld, E.K.; Nyland, J.F. Novel biomarkers of mercury-induced autoimmune dysfunction: A

cross-sectional study in Amazonian Brazil. Environ. Res. 2014, 132, 12–18. [CrossRef] [PubMed]
125. El-Fawal, H.A.; Waterman, S.J.; De Feo, A.; Shamy, M.Y. Neuroimmunotoxicology: Humoral assessment of neurotoxicity and

autoimmune mechanisms. Environ. Health Perspect. 1999, 107 (Suppl. 5), 767–775. [PubMed]
126. Lazar, M.; Miles, L.M.; Babb, J.S.; Donaldson, J.B. Axonal deficits in young adults with High Functioning Autism and their impact

on processing speed. Neuroimage Clin. 2014, 4, 417–425. [CrossRef] [PubMed]
127. Shen, H.Y.; Huang, N.; Reemmer, J.; Xiao, L. Adenosine Actions on Oligodendroglia and Myelination in Autism Spectrum

Disorder. Front. Cell Neurosci. 2018, 12, 482. [CrossRef]
128. Malara, M.; Lutz, A.K.; Incearap, B.; Bauer, H.F.; Cursano, S.; Volbracht, K.; Lerner, J.J.; Pandey, R.; Delling, J.P.; Ioannidis, V.;

et al. SHANK3 deficiency leads to myelin defects in the central and peripheral nervous system. Cell Mol. Life Sci. 2022, 79, 371.
[CrossRef]

129. Thomason, M.E.; Hect, J.L.; Rauh, V.A.; Trentacosta, C.; Wheelock, M.D.; Eggebrecht, A.T.; Espinoza-Heredia, C.; Burt, S.A.
Prenatal lead exposure impacts cross-hemispheric and long-range connectivity in the human fetal brain. Neuroimage 2019, 191,
186–192. [CrossRef]

130. Cecil, K.M.; Brubaker, C.J.; Adler, C.M.; Dietrich, K.N.; Altaye, M.; Egelhoff, J.C.; Wessel, S.; Elangovan, I.; Hornung, R.; Jarvis, K.;
et al. Decreased brain volume in adults with childhood lead exposure. PLoS Med. 2008, 5, e112. [CrossRef]

131. Lidsky, T.I.; Schneider, J.S. Lead neurotoxicity in children: Basic mechanisms and clinical correlates. Brain 2003, 126, 5–19.
[CrossRef]

132. Lindahl, L.S.; Bird, L.; Legare, M.E.; Mikeska, G.; Bratton, G.R.; Tiffany-Castiglioni, E. Differential ability of astroglia and neuronal
cells to accumulate lead: Dependence on cell type and on degree of differentiation. Toxicol. Sci. 1999, 50, 236–243. [CrossRef]
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