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Abstract

Purpose of review—This study aims to summarize the current body of literature on the
relationship between various toxic metals exposures (i.e., aluminum, antimony, arsenic, beryllium,
cadmium, chromium, lead, manganese, and nickel) and autism spectrum disorder (ASD), with a
focus on potential sex differences in these associations.

Recent findings—Sex differences in ASD diagnosis and mutagenic effects of toxic exposures
indicate that sex differences may play a major part in the causal relationship of any potential
associations seen; however, we were only able to find three studies that reported on sex differences
in observed associations with toxic metals exposure and ASD. We also found several studies
investigating associations between ASD and metals exposures, including 11 on aluminum, 6 on
antimony, 15 on arsenic, 5 on beryllium, 17 on cadmium, 11 on chromium, 25 on lead, 14 on
manganese, and 13 on nickel with markers of exposure in hair, urine, blood, teeth, fingernails, and
air pollution. Results for each metal were conflicting, but studies on cadmium and lead yielded the
highest proportion of studies with positive results (72% and 36%, respectively).
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Summary—Based on our examination of existing literature, the current evidence warrants a
considerable need for evaluations of sex differences in future studies assessing the association
between metals exposures and ASD. Additionally, failure to account for potential sex differences
could result in bias and misinterpretation of exposure-disease relationships.
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Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder that manifests
in early childhood or infancy and is characterized by impairments in communication and
social interaction [1]. Although the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-V) was released in2013 [1], recent research has used criteria based on
the DSM-IV-TR for diagnosis of ASD [2]. According to the most recent report from the
Centers for Disease Control and Prevention (CDC) surveillance, ASD prevalence estimates
have steadily increased from 1 in 150 in the year 2000 to a current 1 in 68 [3]; however,
these increases could be due to changes in diagnosis or familiarity of symptoms.

The skewed sex distribution in ASD is well documented with a 5:1 male to female ratio in
overall diagnosis [3], and less severe symptomology in females [4-6]. Because girls often
develop language skills earlier than boys [7] and exhibit better understanding of non-verbal
gestures [8], it has been hypothesized that girls possess a protective factor from developing
ASD. However, there has been a recognized potential sex bias in assessment of
neurodevelopmental disorders due to frequency of comorbidities in boys [9, 10].
Additionally, cerebral abnormalities and physical anomalies have been more commonly
observed in males with ASD [11], reflecting underlying genetic variances, and increasing
interest in potential reasons for sex differences in ASD.

Although the etiology of ASD is not well understood [12], one common hypothesis is that
this disorder is a result of interplaying genetic factors and environmental triggers [13, 14]. In
particular, due to prior documented associations between metals exposures and adverse
neurodevelopment [15], along with the ability of certain metals, including lead, iron,
manganese, and mercury, to easily cross the blood-brain barrier [16], metals have been an
exposure of interest in the investigation of risk factors for ASD [17-20, 21ee]. Exposures in
infancy and early childhood may also differ from other time periods in life, as well as by sex
due to exposure from parental-imposed gender roles, such as jewelry worn in the pierced
ears of girls.

Several studies have also investigated the ability of children with ASD to process metals and
have shown a reduced capacity to metabolize metals in children with ASD [22, 23]. There is
also a growing concern over differences in associations between metals and ASD for males
versus females. Research has indicated that exposure to various toxicants, including metals,
may elicit epigenetic changes with potential implication for ASD [24, 25]. Furthermore,
children with ASD have a higher rate of mutations in genes involved in preventing oxidative
stress [26, 27], potentially increasing the occurrence of oxidative stress resulting from
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environmental exposures. Sex-specific genetic mutation could be one underlying reason for
the sex-specific difference in ASD prevalence and severity [28].

Distinguishing the impact of biological and social differences between males and females
could assist in deciphering the mechanisms for potential associations between metals
exposures and ASD diagnosis. The purpose of this review is to (1) summarize the current
body of literature on the relationship between ASD and various toxic metals: aluminum,
antimony, arsenic, beryllium, cadmium, chromium, lead, manganese, and nickel, herein
referred to as “toxic metals”; (2) discuss the sex differences in absorption, metabolism, and
storage of metals; (3) summarize previous investigations of sex difference in metals
exposure and ASD; and (4) highlight the need for research investigating the influence of
effect modification by sex in studies of metals exposures and ASD. Although we will
present information from epidemiologic studies from the past 15 years, we will focus our
discussion on studies from the past 5 years. As there have been numerous previous reviews
of the association between mercury and ASD [29-31], we will not present information on
this particular metal exposure. We also do not include information on metals commonly
consumed as dietary supplements, such as iron and zinc.

We used the following summarized participants, exposures, comparator, and outcome
(PECO) guidelines: (1) participants were children (younger than 18 years of age); (2)
exposure to toxic metals was measured via biological samples (i.e., urine, blood, hair, teeth,
or nails) or estimated proxy measurements (i.e., air concentrations); (3) comparators were
children without an ASD diagnosis or designation; and (4) outcome was ASD diagnosis or
special education autism classification (based on DSM-1V criteria) on a dichotomous scale.

A literature search for manuscripts evaluating the association between exposures to toxic
metals was conducted using PubMed, Ovid Medline, and Web of Science for articles on
human subjects between January 2002 and March 2017. Queries of titles, abstracts, and key
words included “autism,” “autism spectrum disorder,” “neurodevelopmental disorder,”
“ASD,” AND “metals,” “trace elements,” “aluminum,” “antimony,” “arsenic,” “beryllium,”
“cadmium,” “chromium,” “lead,” “manganese,” or “nickel.” All non-human studies,
including animal and mode-of-action, were eliminated. Case reports, secondary studies (i.e.,
reviews and commentaries), preliminary studies analyzing the same sample using the same
biomarker, and studies not in English were removed from the review inclusion list. There
were a total of 32 original research articles that met these criteria.

Measures of Exposure and Outcome

In this review, we included case-control and cross-sectional studies, many of which
measured metal exposures using biomarkers obtained after ASD diagnosis or special
education ASD designation, including blood (i.e., red blood cells, whole blood, and serum),
urine, hair, teeth, fingernails, and area-based exposures (e.g., estimated air pollutant
concentrations during or prior to birth). Studies also used differing methods of ASD
classification. While most used DSM-1V classification either based on clinician observation
or medical records review, others used any questionnaire responses, special education

Curr Environ Health Rep. Author manuscript; available in PMC 2019 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dickerson et al.

Results

Page 4

designations of autism, or a myriad of ASD assessments: Autism Diagnostic Observation
Schedule (ADOS), Autism Diagnostic Interview-Revised (ADI-R), Childhood Autism
Rating Scale (CARS), Social Communication Questionnaire (SCQ), Modified Checklist for
Autism in Toddlers (M-CHAT), Autism Research Institute (ARI) Form E2, and Autism
Behavioral Checklist (ABC).

In this section, we will present results for studies assessing relationships between ASD and
the previously listed nine metals of interest according to the measurement of exposure used
in each study (i.e., hair, urine, blood, teeth and fingernails, and ambient air pollution). Each
Appendix table lists the metals measured in recent studies using said markers and
summarized results from each manuscript.

ASD and Hair Metal Concentrations

Human hair has been found to be a mode of excretion of metals, with 10 times higher
accumulated concentrations than levels seen in blood and urine [32]. Because it grows about
10 mm per month, it is considered to be more indicative of exposures over several months
[32]. However, for some metals, concentrations in hair, similar to toenail, do not necessarily
correlate with exposure levels, potentially limiting the utility of hair as a biomarker. For
instance, cadmium levels in hair and toenail do not correlate with smoking and tobacco
smoke exposure, which is one of the best-known sources of cadmium [33]. We included nine
studies reporting on ASD and aluminum in hair. There were two studies with slightly higher
hair aluminum concentrations that were not statistically significant (Appendix Table 1) [23,
34]. However, a study in Egypt reported significantly higher mean (SD) aluminum
concentrations in hair of cases compared to controls [59.19 (37.98) mg/kg in cases and 16.78
(17.31) mg/kg in controls; p=0.0001] [35], while a different study in Oman also reported
higher median (IQR) concentrations in cases compared to controls [2.3 (0.3) pg/g in cases;
1.2 (0.2) pg/g in controls; p=0.002] [36]. Conversely, five of the studies included in this
review reported slightly higher hair aluminum concentrations in controls than cases, though
none of these inverse results were statistically significant [37-41]. There were three studies
assessing ASD and hair antimony concentrations [39-41]. Although all reported higher hair
antimony concentrations in cases, only one reported statistically significant results [mean
(SD) = 0.02 (0.01) ppm in cases and 0.002 (0.007) ppm in controls; p < 0.05] [40].

Results for hair arsenic analyses varied greatly. Of the eight studies evaluating associations
between hair arsenic concentrations and ASD, over half reported higher hair concentrations
in ASD cases compared to controls [18, 23, 40, 41], and the other half reported lower hair
concentrations in cases compared to controls [34, 38, 39, 42]. Of those indicating higher
concentrations in cases, only two were significantly higher [18,40], while two contrasting
studies indicated significantly higher hair arsenic concentrations in controls [38, 42].
Regarding the four studies with beryllium concentrations in hair [23, 38, 39, 41], only
Skalny et al. (2017) reported statistically significant results, with concentrations higher in
controls compared to cases [23]. We included nine studies of cadmium exposures through
hair measurements [23, 34, 36—42]; four of which reported significantly higher hair
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concentrations in cases versus controls [36, 38, 40, 42]. All others reported null results, with
three having slightly higher hair cadmium concentrations in controls compared to cases [39,
41, 42].

There were five studies investigating ASD and hair chromium levels [23, 34, 36, 38, 39].
Although one study in Arizona showed slightly higher hair chromium concentrations in
cases than in controls [39], another in Oman reported a significantly higher median (IQR)
concentration in cases of 23.6 (2.3) pg/g compared to 9.9 (1.6) pg/g in controls (p= 0.001)
[36]. All other studies reported higher hair chromium concentrations in controls than in
cases [23, 34, 38], with Skalny et al. (2017) reporting statistically significant results [median
(IQR) = 0.155 (0.090-0.360) pg/g in controls and 0.110 (0.082-0.156) ug/g in cases; p=
0.003] [23].

Lead is one of the most recognized neurotoxicants associated with neurodevelopmental
impairment [43]. Due to its persistence, ability to cause adverse outcomes at even low levels,
and capacity to cross the blood-brain barrier, it has been of substantial interest to researchers
investigating environmental risk factors for ASD. This metal comprises the largest list of
manuscripts for our review, with 10 reporting results on hair concentrations [18, 23, 34, 35,
37, 39-42, 44]. Half of these studies reported null results [18, 23, 34, 37, 39], with three
being inverse [23, 37, 39], but four did report higher hair lead concentrations in ASD cases
[35, 40, 41, 44]. Kern et al. (2007) reported significantly higher hair lead concentrations in
controls than cases [mean (SD) = 0.20 (0.37) pg/g in controls and 0.19 (0.65) ug/g in cases;
p<0.05] [42].

A total of six studies looked at hair concentrations of manganese and ASD [18, 23, 34, 38—
40], with all but one producing null associations. Notably, Al-Ayadhi et al. (2005) was the
only study of hair concentrations to report statistically significant results, with higher
concentrations in controls than cases [mean (SD) = 0.6 (0.06) ppm in controls and 0.33
(0.04) ppm in cases; p< 0.05] [40]. There were also seven studies of hair nickel
concentrations [18, 34, 36, 38-40, 45], and three of those reported slightly higher hair nickel
concentrations in controls than in cases [38, 40, 45]. The study in Oman, however, reported
significantly higher hair nickel concentrations (p = 0.003) in cases compared to controls
[36].

Reviewing all of the studies of ASD and hair metals concentrations, we were only able to
find one that looked at sex differences in these associations. De Palma et al. (2012) reported
higher cadmium concentrations in boys with ASD in stratified analysis [median (IQR) =
0.0003 (0.0003-0.02) ug/g in controls; 0.01 (0.006-0.03) pg/g in cases, p= 0.006] [34].

ASD and Urine Metal Concentrations

As a biomarker, urine serves primarily as a reflection of relatively recent exposure levels,
although if exposure is continuous, urine can be useful to assess long-term exposure [46].
Urine itself is a typical elimination method for metals from the body, and thus serves as a
marker for general day to day exposure for most metals [32]. Cadmium is the exception,
where most of the accumulation in the body is in the kidney, which subsequently is highly
related to cadmium in urine [47]. Appendix Table 2 shows six studies investigating
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associations between ASD and urine concentrations of metals. Of the three with urine
aluminum concentrations, two studies indicated slightly higher concentrations in cases than
controls, but none of these results were statistically significant [38, 39]. There was only one
study of urine antimony concentrations, which found the same mean (SD) in cases and
controls of 0.17 (0.25) ug/g creatinine [17]. Although all studies assessing urinary arsenic
concentrations reported slightly higher levels in cases compared to controls, none of the
effect estimates reported were statistically significant [17, 38]. The study on Saudi Arabian
children was also the only to report on urine beryllium concentrations, producing null results
[mean (SD) = 0.28 (0.35) pg/g in controls and 0.67 (1.44) pg/g creatinine in cases; p=0.2]
[38]. Of the five studies with urinary cadmium concentrations, four reported slightly higher
concentrations incases [17, 37, 48,49], while one had slightly higher concentrations in
controls [38], but none of the results were statistically significant. Blaurock-Busch et al.
(2011) reported slightly higher urinary chromium concentrations in children in Saudi Arabia
[38], and Yorbik et al. (2010) reported significantly higher mean (SD) creatinine-adjusted
concentrations in cases of 26.4 (16.07) pg/g compared to controls with 11.27 (5.04) pg/g in
Turkish children (p < 0.001) [ 48]. Of the five studies with urinary lead concentrations
(which is not considered an established biomarker of lead exposure), two reported inverse
associations [37, 48], with one of these having statistically significant results [mean (SD) =
0.73 (0.29) ppb/mL in controls and 0.71 (0.29) ppb/mL cases; p = 0.446] [48]. Additionally,
of the three studies indicating higher urinary lead concentrations in cases than controls [17,
49, 50], both studies in Arizona reported statistically significant results [17, 50]. The higher
mean urinary manganese concentration seen in cases in the one study investigating this
metal in urine was not statically significant [mean (SD) = 4.81 (3.67) ug/g in controls and
7.32 (7.22) pg/g creatinine in cases; p= 0.13] [38]. Furthermore, results for two studies of
urinary nickel concentrations were similar [17, 38]. There were no studies that evaluated sex
differences in urine metals concentrations and ASD.

ASD and Blood Metal Concentrations

Blood metal concentrations are a more consistent biomarker of metals absorbed in the body,
especially for metals that are particularly found in red blood cells such as lead and cadmium.
As an essential mechanism of transporting metals, blood is commonly assumed to have a
direct correlation of measurement from the deposition in sensitive tissues. Blood is generally
thought to have a longer overall half-life than urine, except for cadmium for which urine
cadmium has a longer half-life than blood. Blood metals in general have a half-life of about
1 month [51]. The two studies of blood aluminum reported slightly higher concentrations in
controls compared to cases (Appendix Table 3) [37, 52]. Adams et al. (2013) investigated
arsenic concentrations in both whole blood and red blood cells, and found slightly higher
concentrations in controls for both biomarkers, though neither was significant [17]. A study
of children in Jamaica (2012) also observed significantly higher mean whole blood arsenic
concentrations in controls compared to ASD cases after adjusting for water source, parental
education, SES, maternal age, fruit and vegetable consumption, and frequency of seafood
consumption per week as potentially confounding factors (4.44 pg/L in controls and 4.01
ug/L in cases; p=0.01) [53]. In the same study samples, Adams et al. (2013) found
significantly higher mean (SD) blood cadmium concentrations in controls [0.79 (0.23) pg/L
in controls and 0.64 (0.23) ug/L in cases; p= 0.003] [17], while Rahbar et al. (2014)
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conversely found slightly higher blood cadmium concentrations in cases compared to
controls [54]. The one study of blood chromium concentrations and ASD showed only slight
differences between cases and controls [55]. There were five studies with either whole blood
or red blood cell lead concentrations [17, 37, 56-58]. Although most studies of blood lead
levels reported null results, the most recent study conducted in a small sample of children
ages 3-12 years in Saudi Arabia reported significantly higher mean blood concentrations in
cases versus controls [mean (SD) = 6.04 (1.11) pg/dL in cases and 3.89 (0.88) pg/dL in
controls, p< 0.001]. Adam et al. (2013) reported null results for the analysis of whole blood
concentrations, but analysis of red blood cells, which is the primary site of deposition of
blood lead, revealed a statistically significant positive association (p = 0.002) [17]. Neither
of the two studies reporting blood manganese concentrations showed strong differences
between cases and controls [55,59]. Although 7 of the 10 papers indicated null associations
between blood metals concentrations and ASD, none of the studies indicated additional
analyses to evaluate potential sex differences in these associations.

ASD and Metal Concentrations in Teeth and Fingernails

Nail and teeth biomarkers are typically used to assess cumulative exposure (Appendix Table
4). Metals in nails typically have a half-life of about 7-12 months [60]. However, dependent
upon the tooth and the area of the tooth sampled for the study, whole deciduous teeth can be
used as a reflection of exposure in the first few years of life and including prenatal exposures
[61]. Whole deciduous teeth typically provide average exposure measurements over the
years of growth of the teeth, but measuring only certain regions of the enamel or dentin
allows for more specific pre- or post-natal exposures [61]. There was only one study in India
that reported on potential associations of lead concentrations using fingernails as a
biomarker; however, results were only significant for the relationship seen in children with
lower functioning ASD [mean (SD) = 16.2 (1.94) pg/g in controls and 26.38 (3.16) pg/g in
low functioning cases; p < 0.00] [44]. Because lead can deposit in calcium-rich tissues,
deciduous teeth have been suggested as one of the most reliable biomarkers for determining
early-life lead exposures. Nevertheless, both studies of teeth lead concentrations reported
null results with minimally higher concentrations in controls than cases [62, 63].
Furthermore, Abdullah et al. (2012) also reported null associations with measures of teeth
manganese and ASD with higher concentrations in controls than cases [63]. None of the
studies included in this review evaluated sex differences in metals concentrations of
fingernails or teeth and ASD.

ASD and Ambient Metal Concentrations

The prior mentioned studies provide important contributions to ASD research; however, the
biomarkers of exposures may measure levels of exposures following ASD diagnosis. For
example, previous studies have demonstrated that food preferences and differences in diet
for children with ASD, including fruit, vegetable, and seafood consumption, could affect
blood metal levels [53, 54, 64, 65]. Though exposure assessment through perinatal air
concentrations may not be on an individual level, it provides a more temporal association for
measurement through physical environment, avoiding some of the potential reverse causality
and other limitations that biomarkers have [66]. For this reason, we included six studies
investigating the association between ASD and hazardous air pollutants in Appendix Table 5

Curr Environ Health Rep. Author manuscript; available in PMC 2019 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dickerson et al.

Page 8

[19, 20, 21+, 67-69]. Only two studies examined estimated ambient air exposures to
antimony on or around birth years [21ee, 69]. Of these, Roberts et al. (2013) found somewhat
increased odds of ASD in those living in areas with the highest quintile concentrations of
ambient antimony compared to those in the lowest quintile [odds ratio (OR) = 1.5, 95% ClI
1.0, 2.3]. Notably, there were five area-based studies of estimated ambient air arsenic
concentrations around pregnancy or infancy, with none reporting statistically significant
results [19, 20, 21e-, 67, 68]. Kalkbrenner et al. (2010) was the only study of pre-diagnostic
beryllium exposures in ambient air and reported inverse, yet not significant associations (OR
=0.9, 95% CI 0.4-2.1 for 80th vs. 20th percentile) [19]. Ambient cadmium exposure during
pregnancy or infancy was evaluated by four case-control studies [19, 20, 21, 68]. Both
Windham et al. (2006) and Roberts et al. (2013) reported approximated 50% increase in
odds for children born in areas with the highest percentile air cadmium concentrations
compared to those in the lowest percentile [20, 21e]. Of the four studies of ambient
chromium air concentrations, increase in odds of ASD ranged from 12 to 52%, with no
statistical significance [19, 20, 21+, 68]. Lead exposure also frequently occurs through
inhalation of ambient air, but only two of the six studies investigating ambient air
concentrations during pregnancy or infancy reported significant increases in odds (OR = 1.6,
95% CI 1.1-2.3 for highest vs. lowest quintile) [21e+] and prevalence [prevalence ratio (PR)
=1.36, 95% CI 1.18-1.57 for highest vs. lowest quartile] [67]. Additionally, Roberts et al.
(2013) was the only study out of five with ambient manganese air concentrations to report a
significant association between birth residence in areas with the highest quintile of ambient
manganese concentrations compared to those with the lowest quintile exposure (OR = 1.5,
95% CI 1.1, 2.2) [21++]. Most notable is results reported for the five studies of ambient
nickel concentrations in the USA [19, 20, 21+, 68, 69], with three of these reporting
significantly increased risk of ASD in children born in area with greater air nickel
concentrations [20, 21e, 69].

Two of the studies investigating ambient metal concentrations reported on sex-stratified
analyses of metals concentrations and ASD [19, 21e¢]. Kalkbrenner et al. (2010) reported
that point estimates were not consistently higher for either sex in their stratified analysis, but
some differences were seen in mercury compounds [19]. The most extensive and thorough
report of sex differences was seen in Roberts et al. (2013), who also reported a prominent
difference in significance of the relationship between highest quintile concentrations versus
lowest quintile concentrations of overall metals exposure in boys that was not seen in girls
(OR=1.7,95% CIl 1.1, 2.6 in boys and OR = 0.8, 95% CI 0.2, 2.4 in girls) [21ee].
Additionally, they found positive associations for ASD in boys for individual metals,
including antimony (OR = 1.7, 95% CI 1.1, 2.7), cadmium (OR= 1.6, 95% CI 1.1, 2.4), lead
(OR =1.7,95% CI 1.2, 2.6), manganese (OR = 1.5, 95% CI 1.0, 2.3), mercury (OR = 1.6,
95% Cl 1.0, 2.4), and nickel (OR = 1.9, 95% CI 1.2, 2.9) [21e¢]. Interestingly, in girls all
associations were null, with inverse ORs seen for cadmium, lead, mercury, and nickel [21e].
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Discussion

Sex Difference in Metals Exposures and ASD

During our literature search, we were only able to find three studies of ASD and metal
exposures that reported potential effect modification due to sex differences [19,21ee, 34]. A
study of hair metals concentrations found positive associations between ASD in boys, with
particularly higher lithium and cadmium concentrations in stratified analyses [34]. Two
studies of ambient metals concentrations and ASD reported on sex differences, with one
reporting no statistically significant sex differences [19]. However, the study utilizing
responses from the Nurses’ Health Study found effect modification by sex in the
investigation of ASD and ambient concentrations of all metals combined, as well as some
metals independently [21e¢].

Metals are broadly distributed in the environment with various sources and routes of
exposure. Each is processed, stored, and metabolized at its own rate, but most can
accumulate in the food we ingest and in our own tissues. For example, exposure to
chromium is predominantly via occupational inhalation. However, the primary source of
exposure to aluminum and beryllium is food consumption, and both are generally ubiquitous
in the environment and inhaled in small amounts each day [70, 71]. Although both
aluminum and beryllium can be absorbed in blood, most is expelled in feces and urine [70,
71]. In contrast, the most common exposure to arsenic and antimony is through drinking
water, which makes exposure to them particularly modifiable [70, 72]. Furthermore,
cadmium and nickel can settle in surface water and be absorbed into leafy greens, root
vegetables, and grains [73]. The most knowingly detrimental metal presented in this review
is lead, which can deposit in normally calcium-rich tissues, including bones, then release
slowly into the blood over decades [74]. This endogenous exposure can result in high levels
of lead during bodily processes that increase bone resorption, such as pregnancy and
lactation [75, 76].

It is important to note that most of the exposure measures in the studies included in this
review, such as hair, urine, and blood, reflect relatively short-term exposures and were
collected after ASD status was determined. Thus, with the exception of air and teeth
concentrations, no temporal association can be assumed and the reported results may
actually be an indicator of exposures due to differing diets, behaviors, or ability to process
and metabolize toxicants. The one study of teeth measures of metals reported null results,
but several results from the studies of ambient air metal concentrations showed positive
associations with ASD.

Sex Differences in Metabolism and Storage of Metals

Metals such as lead interact heavily with calcium in the body [77], and a recent study
looking at metal interactions via calcium pathways showed broader differences in body
stores of metals in children during puberty [78]. Several metals, including lead, cadmium,
arsenic, thallium, and copper, can also affect levels of free testosterone and estradiol [79-
81], Differential levels of sex hormones also result in sex-specific variation in development
of the brain. Studies have reported sex differences in prenatal testosterone levels and later
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development of behavioral disorders [82]. Furthermore, individuals with ASD had been
shown to have increased levels of testosterone, dehydroepiandrosterone, and
androstenedione [83]. Thus, it is plausible that sex-specific differences in hormone levels
could be a risk factor for ASD before birth and during infancy by further complicating the
interaction of hormones with metals, as accumulation and subsequent biological measures
for certain metals can be impacted by disruptions and differences in storage and metabolism.

With diet being a common source of metals exposure, the body burden of metals may be
inversely impacted by the uptake of nutritionally essential metals [84, 85], with differing
sex-dependent nutritional needs typically arising during different ages and increasing
absorption and remobilization from storage sites in the body [76, 86—88]. Sex differences in
absorption, metabolism, and accumulation from dietary sources are well-established [89—
91]. Additionally, general environmental exposure levels can be dependent upon sex and
gender-specific behaviors (i.e., wearing jewelry, cosmetics, nail polish, and personal care
products), even in children.

Regarding storage, metals such as lead interact heavily with calcium in the body [77]. A
recent study looking at strontium, which also interacts with the body via calcium pathways,
showed that this effect might translate into further differences in body stores of metals in
children based on puberty status [78]. Puberty would initiate many processes that play a role
in both the storage ofmetals, such as increased bone formation, and their action in the body.
Cadmium has also been shown to interact with sex hormones and cause an increase in
testosterone production in women [81]. Another study showed that several metals, including
cadmium, arsenic, thallium, and copper, have an impact on sexual maturation and hormone
levels [79]. Additionally, lead is well known to affect hormone levels of free testosterone and
estradiol [79, 80]. This further complicates the interaction of hormones with metals, as
accumulation and biomarkers for certain metals can be affected by disruptions in storage and
metabolism of other metals.

Sex-Specific Genetic Risk

There is also evidence of hereditary factors and sex-specific genetic effects, which could
lead to sex differences in metabolism or accumulation of metals. Potential effect
modification by genes involved in toxic metal metabolism is particularly interesting
considering that studies have shown differences in overall exposure levels, disposition,
immunotoxicity, and exposure-borne disease prevalence of arsenic, nickel, cadmium, lead,
and methyl mercury for males versus females [90]. Genes involved in hormone regulation,
including metabolism, transport, and synthesis, have been linked to exhibition of ASD
symptomology [92]. Additionally, research has shown that genes more frequently expressed
in males are also those involved in development of neurological disorders, such as ASD
[93]. Hence, observed sex differences in ASD may also be due to sex-specific locations of
genetic mutations during transcription on X or Y chromosomes, which may be more
frequently expressed in males who only carry one of each. For example, studies have shown
that males with Klinefelter syndrome, a genetic disorder resulting in an additional X
chromosome (47,XXY), exhibit social and emotional deficits [94] and communication
difficulties [95], and are frequently diagnosed with ASD [96, 97]. Additionally, males with
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47,XYY and 48,XXYY genotypes have an increased risk of ASD [96, 98-100]. Females
with a missing X chromosome (45,X) also have an increased rate of ASD [101] and females
with and extra X chromosome (47,XXX) exhibit communication problems [96]. Thus, the
addition, deletion, duplication, inactivation, or mutation of whole or parts of sex determining
chromosomes could plausibly influence ASD risk either directly through susceptibility or
indirectly through transcription of autosomal genes [28]. However, as these mechanisms are
not well understood, sex-specific genes could either contribute to vulnerability in males or
have some type of protective effect in females against de novo mutations [9, 102, 103].

Conclusion

To our knowledge, this is the first review presenting literature on associations between ASD
and several toxic metals. Because ASD is a rare disease, many studies of exposures to metals
are case-control studies collecting biological markers after ASD diagnosis. Considering the
high correlation and cooccurring nature of many of the toxic metals presented, it is difficult
to decipher which particular metal is the primary driver of any observed associations.
However, previous studies have indicated that simultaneous exposure to these toxicants
could potentially amplify detected effects [20, 67]. Furthermore, exposure to several toxic
metals could be associated with a greater number of mutagenic effects. Sex differences
further complicate an already complex picture of metal interactions in the body. Sex
differences could lead to differences in uptake of metals under similar exposures, observed
biomarker levels, and even toxicity in the body. Polymorphisms in transport proteins may
also alter metal deposition, metabolic detoxification, and subsequent oxidative stress,
influencing risk of ASD [22]. However, prior studies have overall not examined sex
differences, and failure to account for these differences, not just as a confounding factor of
analyses, but as an effect modifier, could lead to bias and misinterpretation of exposure-
disease relationships [104]. Based on our examination of existing literature, the current
evidence warrants a considerable need for evaluations of sex differences in future studies of
the relationship between metals exposures and ASD.
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Refer to Web version on PubMed Central for supplementary material.
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