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Metal ion dyshomeostasis and disparate levels of biometals like zinc (Zn), copper (Cu), and selenium (Se) have been implicated as a potential causative factor for Autism Spectrum Disorder (ASD). In this study, we have enrolled 129 children (aged 2–4 years) in North America, of which 64 children had a diagnosis of ASD and 65 were controls. Hair, nail, and blood samples were collected and quantitatively analyzed for Zn, Cu and Se using inductively coupled plasma mass spectrometry (ICP-MS). Of the analyzed biometals, serum Se (116.83 ± 14.84 ng/mL) was found to be significantly lower in male ASD cases compared to male healthy controls (128.21 ± 9.11 ng/mL; p < 0.005). A similar trend was found for nail Se levels in ASD (1.01 ± 0.15 mcg/g) versus that of controls (1.11 ± 0.17 mcg/g) with a p-value of 0.0132 using a stratified Wilcoxon rank sum testing. The level of Se in ASD cohort was co-analyzed for psychometric correlation and found a negative correlation between total ADOS score and serum Se levels. However, we did not observe any significant difference in Zn, Cu, and Zn/Cu ratio in ASD cases versus controls in this cohort of North American children. Further studies are recommended to better understand the biology of the relationship between Se and ASD status.
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INTRODUCTION

Autism spectrum disorder (ASD) is a heterogeneous disorder characterized by both impaired social interaction, communication, and restricted, repetitive patterns in behavior (Lord et al., 2018). US prevalence has increased steadily since 2000: in 2016, the Centers for Disease Control and Prevention estimated 1 in 54 children have been diagnosed (Maenner et al., 2020). While the degree of impairment individually differs, the disorder is invariably life-affecting for families, and is considered a major public health issue (Newschaffer et al., 2007).

The etiology of ASD remains largely unknown; the condition is complex and caused by multiple factors. Initially, genetic factors were predominantly implicated in ASD incidence. Hundreds of genes related to ASD incidence have been identified in the literature, ranging in relatedness and pathogenicity. Genetic influence over ASD is heterogeneous and is seen in the form of rare chromosomal variants to common single nucleotide polymorphisms. Genes associated with ASD tend to peak in transcription during early fetal development, around the second trimester (Parikshak et al., 2013; Willsey et al., 2013). While this information may be clinically relevant (Vorstman et al., 2017), genetic variants only account for a portion of ASD susceptibility (Tick et al., 2016).

Consequently, the role of environmental factors in ASD incidence is widely researched. Most commonly, maternal factors such as maternal immune activation (Bilbo et al., 2018), preeclampsia, and gestational hypertension (Kim et al., 2019) have been noted as causative factors. Parental age at time of conception (Durkin et al., 2008) and maternal prenatal stress (Varcin et al., 2017) have also been implicated. The gut microbiome has been recently researched in the setting of ASD, and dietary changes have been suggested as potential treatment (Rosenfeld, 2015). However, much more research is needed to better understand the etiology of ASD (The Lancet and Neurology, 2017).

Metal micronutrients have been introduced as a potential causative factor in ASD. Biometals such as Zn, Cu, and Se are involved in neurodevelopment. Specifically, Zn is essential in neurodevelopment, and functions in postsynaptic plasticity and neurogenesis (Nam et al., 2017). A gene ontology analysis found a significant enrichment of Zn-binding domains in proteins involved in several aspects of all neurodevelopmental processes, including neuronal migration and neurotransmitter release (Behl et al., 2020). There is also an association between Zn and metallothioneins in ASD development. Treatment of ASD children with a Zn supplement can lead to higher cognitive-motor performance and serum metallothionein concentration (Meguid et al., 2019). Cu is a co-factor of several enzymes essential to the central nervous system (Lutsenko et al., 2010). Dyshomeostasis of Cu, particularly an excess of Cu, is a causative factor in several neurodegenerative diseases (Scheiber et al., 2014).

Se is another trace element for which homeostasis is essential to brain function. For instance, low Se levels are associated with faster decline of intellectual capacity in elderly individuals (Steinbrenner and Sies, 2013). Selenoproteins have protective antioxidant properties that prevent oxidative brain damage (Alim et al., 2019), an observation seen in children with ASD. Further, three selenoproteins (DIO1, 2, and 3) play a role in thyroid hormone regulation, which are involved in healthy brain development (Raymond et al., 2014). Se is also likely involved in various signaling processes of the developed brain, including the dopamine and GABA pathways (Solovyev, 2015). Interestingly, seven of the 25 selenoproteins peak in transcription by 4 years of age in a healthy child, and one of the genes GPX1 is directly associated with ASD susceptibility (Table 1). Taken together, Zn, Cu, and Se are evident in neurodevelopment and brain function, and may be implicated in ASD.


TABLE 1. 25 selenoproteins and characteristics.
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Previous studies have compared levels of Zn, Cu, and Se in children with and without ASD (Faber et al., 2009; Lakshmi Priya and Geetha, 2011; Russo and Devito, 2011), which identified metal dyshomeostasis in children with autism. However, studies often only use one matrix (serum, hair, or nail samples), leading to incomparable results. Metal micronutrient level difference in the ASD setting can also be attributed to geography and social determinants of health, as well as age variability between studies. Many studies report relatively small sample sizes, leading to conflicting data. Lastly, results are rarely stratified by sex in previous studies, although there is a need for sex stratification in metal micronutrient analysis in ASD (Dickerson et al., 2017; Behl et al., 2020). Although the pathophysiology of ASD is heterogenous, differences in neural development are almost always apparent during the first years of life. A more comprehensive examination into metal micronutrient levels in young children with ASD is therefore needed to better understand ASD etiology and strategies for treatment. In the present study, the sex-specific levels of Zn, Cu, and Se are evaluated in a large cohort of young children in the United States diagnosed with ASD along with healthy controls.



MATERIALS AND METHODS


Patient Recruitment

Children aged 24–48 months newly diagnosed with ASD were recruited into the study from the Dana Neurodevelopmental Disorders program of Mayo Clinic (Rochester, Minnesota), along with age-matched controls seen in an outpatient community pediatrics clinic. All case and control samples were collected through informed consent approved by the local institutional review board (Mayo Clinic Institutional Review Board). Methods were carried out in accordance with relevant guidelines and regulations.



Sample Collection

Serum samples were collected using BD royal blue clot activator vacutainer tubes (Franklin Lakes, NJ), allowed to clot, centrifuged, poured over into metal-free specimen vials, and shipped at 4°C to the metals laboratory for analysis. Hair from the back of the head and all 10 fingernails were collected and put into metal-free specimen containers and also sent to the metals laboratory at ambient temperature.



Analytical Method and Chemicals


Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

All elemental analysis was performed in an ISO class 7 cleanroom laboratory to reduce the risk of potential metal contamination. All inductively coupled plasma mass spectrometry experiments were performed using PerkinElmer Elan or PerkinElmer NexION 350D ICP-MS spectrometers (Waltham MA) equipped with Elemental Scientific Inc. (ESI) SC2-DX autosamplers (Omaha NE). The mass spectrometers were equipped with ESI microflow PFA-ST nebulizers and quartz cyclonic spray chambers including a baffle. For the analysis of Se, Cu, and Zn in hair and nail samples, grade 5 helium, purchased from Praxair (Danbury, CT) was used as an inert gas in kinetic energy discrimination mode (KED). For the analysis of Se, Cu, and Zn in serum samples, grade 5 ammonia, purchased from Praxair was used as a reactant gas in dynamic reaction mode (DRC).



Hair and Nail Digestion

Within the laboratory, human hair and nail samples were first thoroughly washed with 0.1% Triton-X-100 (Dow Chemical Midland, MI), and then with reagent grade water in order to remove external contaminants. The samples were then allowed to completely dry in a 90°C oven. Dried hair and nail samples were then weighed and digested using 0.5 mL of trace metal grade 65% nitric acid (Fisher Scientific, Waltham, MA) on a dry bath incubator set to 80°C. The target sample weight of 0.05–0.10 g of hair or nails was used for sample digestion. After complete digestion, 0.5 mL of a 1% HNO3 solution was added to make a final volume of 1.0 mL. Finally, prior to analysis, an internal standard solution containing gallium was added to the sample.



Isotopes

For calibration and analysis of Se, Cu and Zn in serum the following isotopes were quantitated: 82Se, 65Cu, and 64Zn. 71Ga was used as an internal standard for this assay. For calibration and analysis of Se, Cu and Zn in hair and nail samples, the following isotopes were quantitated: 78Se, 65Cu, 64Zn. For the measurement of Se in hair and nail samples, 69Ga was used as an internal standard. For the measurement of Cu and Zn in hair and nail samples, 71Ga was used as an internal standard.



Reagents

Salt based calibration standards containing Se, Cu, and Zn were purchased from Inorganic Ventures (Christiansburg VA). Trace metals grade 65% nitric acid and trace metal grade 38% hydrochloric acid were purchased from Thermo Fisher Scientific and used in the creation of reagents. ACS grade tert-butanol was purchased from ACROS Organics (Fairlawn, NJ) and was used in the creation of reagents. Reagent quality water was purified using a Barnstead Nanopure Diamond water purification system purchased from Thermo Fisher Scientific.



Reference Material and Quality Control Samples

For the analysis of hair and nail samples, the National Institute for Standards and Technology Material 2976 Mussel Tissue Powder (Gaithersburg MD) and NCS ZC 81002b Human Hair (Beijing China) were analyzed with each calibration and with each sample run to monitor the accuracy of the methods. Reference materials were stored as recommended by the product inserts.

For the analysis of serum, Utak Trace Elements Serum Toxicology controls (Valencia, CA) were analyzed with each calibration and subsequent sample runs to monitor accuracy of the method. Utak control materials were stored as recommended by the product inserts.



Analysis

For the analysis of Se in serum, hair and nail, six calibration standards were used to establish an analytic measurement range of 0–500 ng/mL, whereas, for Cu and Zn analysis in serum, six calibration standards used were in the range of 0–5,000 ng/mL. Reagent grade water was analyzed as reagent blanks during the calibration process to establish instrument and reagent cleanliness.

For the analysis of Cu in hair and nails, seven calibration standards were used to establish an analytical measurement range of 0–1,000 ng/mL. For the analysis of Zn in hair and nails, seven calibration standards were used to establish an analytic measurement range of 0–10,000 ng/mL. Reagents blanks consisting of dilute nitric acid were analyzed during the calibration process to establish instrument and reagent cleanliness.

For all calibration curves, minimum linear regression acceptability was set at a regression coefficient of ≥ 0.998. All samples were diluted 1 × 25 using an assay specific diluent and vortexed before placement on the autosampler and subsequent analysis.

All assays were developed, and their performance characteristics determined in a manner consistent to meet Clinical Laboratory Improvement Amendments (CLIA) requirements. The laboratory developed tests were fully validated and correlated well with equivalent outside reference laboratory tests.




Statistical Analysis

Study data were recorded and managed using the Research Electronic Data Capture system (Harris et al., 2009). Quantitative variables were summarized by median ± standard deviation (SD), while categorical variables were summarized as counts and percentages. For comparisons of metal ion measurements by case-status, a stratified Wilcoxon rank sum test (stratified by sex) was performed, as well as sex-specific analyses using the standard Wilcoxon test. All hypothesis testing was conducted under a two-sided alternative. Correlations of metal levels with psychometric testing results and body mass index were evaluated using Kendall’s Tau rank correlations with a two-sided test of significance. For all hypothesis testing, a nominal p < 0.05 was considered statistically significant. No adjustments were made for multiple testing, given the correlated nature of the biomarkers. All analyses were performed using the R v3.6.2 statistical software package (R Core Team, Vienna, Austria) (R Core Team, 2017).




RESULTS


Patients and Samples

A total of 129 children were enrolled, 64 had a diagnosis of Autism Spectrum Disorder and 65 were controls (Table 2). There were a slightly higher proportion of females in the control group; though this was difference was not statistically significant. Ages in both groups ranged from 24 to 47 months (median = 36 months), with controls being younger (p = 0.04). Height and weight differed between groups, likely due to this difference in age. The majority of patients self-identified as White and not of Hispanic or Latinx ethnicity. The median height and weight across groups were 95.4 cm and 15.1 Kg, respectively, with a median body mass index (BMI) of 16.68 kg/m2 at around the time of sample collection.


TABLE 2. Characteristics of case and control study subjects.
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The ASD cohort had occasional co-diagnoses, such as attention-deficit/hyperactivity disorder (6%), intellectual disability (2%), speech delay (69%), disruptive behavior disorder (2%), and global developmental delay (6%).



Serum Analysis of Zn, Cu, and Se

Of the 129 children enrolled, 74 provided a blood sample (52 children with ASD and 22 controls). Overall and sex-stratified comparisons were made between cases and controls (Table 3). Of these comparisons, median serum Se levels were lower in cases than controls, with significant difference among males (p = 0.004). A Receiver Operating Characteristic (ROC) curve analysis Under Curve (AUC) of 0.760 (95% CI = [0.619–0.902]; Figure 1). Among controls, there was a significant difference in serum Se levels by sex (Table 3; 109.41 ng/mL in females vs. 128.21 ng/mL in males; p < 0.001).


TABLE 3. Median Cu, Zn, and Se levels for cases and controls, stratified by sex.

[image: Table 3]

[image: image]

FIGURE 1. ROC curve of serum Se values for cases vs. controls among males, along with confidence interval regions for sensitivity over a grid of specificities (indicated in shaded blue region). An estimate of the AUC and its 95% confidence interval (in parentheses) is also provided.


There were no significant differences in median serum Zn or Cu levels. The Zn/Cu ratio was similarly evaluated with no significant differences between cases and controls.



Hair and Nail Analysis of Se

A total of 66 participants provided hair samples (26 ASD, 40 controls), and 62 provided nail samples (23 ASD, 39 controls). Only one female with ASD provided hair and nail samples, therefore comparisons were made only between males (Table 4). Nail Se levels were significantly lower in ASD cases than in controls in males (p = 0.013). In hair samples, median Se levels were similarly higher among cases than controls, albeit no significant difference was observed (p = 0.299).


TABLE 4. Median Se levels between cases and controls, stratified by sex.
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Psychometric Testing Correlations

Among the 52 children with ASD who provided serum samples, correlation analyses were conducted between serum levels of Zn, Cu, and Se with psychometric testing scores (Vineland-3, ADOS-2, and the Preschool Language Scale). Significant correlations were not identified between psychometric testing and Zn or Cu levels. However, a significant negative correlation was seen between ADOS total score and serum Se levels (τ = −0.260, p = 0.02), particularly in males (τ = −0.404, p = 0.002; Table 5 and Figure 2). This was largely driven by a significant negative correlation between the Restrictive Repetitive Behavior portion of the ADOS test and serum Se levels in males (τ = −0.350, p = 0.008).


TABLE 5. Tau rank correlations between various psychometric test scores and serum Se levels, in all patients and males only.
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FIGURE 2. Scatterplots of ADOS Results and serum Se levels along with fitted linear trends, stratified by sex.




Analysis of Se and BMI

In both cases and controls, a positive correlation was seen between body mass index (BMI) and serum Se levels in males (τ = 0.24, p = 0.025; Table 6 and Figure 3). Females did not demonstrate a significant correlation between BMI and serum Se levels in sex-specific analyses.


TABLE 6. Kendall’s Tau rank correlation between serum Se levels and BMI, overall and stratified by sex and case-status.
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FIGURE 3. Scatterplots of BMI and serum Se levels along with fitted linear trends, stratified by sex.





DISCUSSION

The findings of this study indicate a significant association between lower Se levels and the presence of autism spectrum disorder. Se, along with their associated selenoproteins, are critical to the function of many biological processes such as formation of thyroid hormones, DNA synthesis, and fertility (Mehdi et al., 2013). Se is involved in immune function through activated T cells. Studies show that Se supplementation leads to faster and more effective immune response (Rayman, 2012). It remains evident that Se is also integral to brain function. Selenoprotein P (SEPP1) is responsible for delivery of Se to the brain and plays a neuroprotective role against oxidative stress. SEPP1-deficient mice exhibits clear neurological dysfunction. Lack of dietary Se in these mice led to brain injury and subsequent death (Hill et al., 2004).

A majority of selenoproteins are involved in response to oxidative stress (Raymond et al., 2014), and antioxidant response is critical to neurodevelopment. Increased oxidative stress has been frequently reported in children with ASD (Bjorklund et al., 2020), through reactive oxygen species (Yui et al., 2016), increased lipid peroxidation (Ming et al., 2005), and reduced levels of antioxidants (Sogut et al., 2003). Interestingly, one antioxidant consistently reduced in ASD children is glutathione peroxidase-1 (GPx1), a selenoprotein and known ASD-related gene (Ming et al., 2010). More recently, Se has been shown to block a programmed cell death pathway activated in response to oxidative stress called ferroptosis (Alim et al., 2019). Although ferroptosis has primarily been studied in adults with stroke, TBI, and Parkinson’s disease, it is possible this mechanism is involved in neural development as well. Thus, it is possible that insufficient Se increases neuronal sensitivity to oxidative stress in children with ASD.

Of note, this study found significantly lower levels of Se in serum and nail samples, but not in hair samples. While blood samples consistently demonstrate lower Se levels in ASD cases (Jory and McGinnis, 2008; Skalny et al., 2017a), hair samples vary in Se levels when compared in ASD and controls (Raymond et al., 2014). Blood Se levels are more indicative of tissue selenoenzyme activities and are considered more reliable than levels taken from other biospecimens (Raymond et al., 2014; Pozebon et al., 2017). Differences in variation suggest hair and nail samples are more susceptible to environmental factors such as consumer product use. For example, many anti-dandruff shampoos include high Se levels. Of note, this study recorded participants’ usage of consumer products high in Zn, Cu, or Se. Participants using such products were eliminated from hair and nail sample analysis.

An additional finding of this study is the sex-specific effects of Se levels, in both cases and controls. Credible arguments have been made to stratify metal micronutrient data by sex, as there are many key sex differences that could confound results if sexes are combined (Dickerson et al., 2017; Behl et al., 2020). One study found that stratifying metal micronutrient levels by both sex and age identified key findings. In particular, Se levels were significantly lower in young children (ages 2–5 years) with ASD when age was stratified, consistent with the results of this study. Further, stratifying results by sex identified several novel associations (Skalny et al., 2017b). While our study found key differences among males, very few female ASD patients were enrolled, and therefore more work should be done to evaluate female-specific Se levels between ASD cases and controls. Further, our study identified significant differences among controls between males and females, and should be examined further in the context of reference ranges.

This study also identified a correlation between BMI and Se levels within males. This is consistent with previous findings in older children; a negative correlation has been seen between Se levels and overweight or obese patients, particularly those with an ASD diagnosis (Blazewicz et al., 2020). The underlying mechanism behind this is not clear, though suggestions have been made that food selectivity is higher in children with ASD, therefore Se deficiency may be the result of differences in food consumption (No Author List, 2020). It is also possible that Se deficiency may contribute to obesity through altered thyroid function, although this hypothesis has not been examined directly to our knowledge.

Contrary to prior literature, we did not identify significance differences of Zn and Cu levels between ASD cases and controls. Both Zn deficiency and increased Cu levels have been implicated to affect the presence and severity of ASD. However, as previously noted, geographical differences are seen in Zn and Cu levels. Further, significant differences have not been seen in Zn or Cu between ASD cases and controls in the North American population (Behl et al., 2020). The cohort in this study may not have had sufficient power to identify similar effects. Much variability was seen among metal ion levels, and a larger cohort of both ASD cases and controls should be evaluated to reproduce these findings.

This study includes a large cohort (129 children) to evaluate the role of metal ions like Zn, Cu and Se in ASD. Further, our cohort was comprised of a more narrow age range of children that correspond to the symptom onset of ASD, in contrast to broader cross-sections studied previously. It would be important for future studies to examine biometal levels early in development in order to establish a role in ASD etiology. However, some limitations to this study exist. First, the study is cross-sectional, and therefore causality is difficult to establish. The disparities identified in this protocol could be due to several factors, including restricted diet and/or gastrointestinal implications for ASD. Second, while this study was one of the first to identify sex-dependent differences in metal ion levels, there was a limited number of females enrolled, leading to inconclusive results in females. Lastly, the cohort in this study may not be representative of the racial and ethnic diversity within North America, as majority of participants identified as White.

This study identified a prominent deficiency of Se in boys aged 2–4 years with ASD. The results of this study open up opportunities for future research in Se and autism spectrum disorder. The biology of Se and its association with neurodevelopment is apparent, but more research should be done to further solidify the mechanism of action.



CONCLUSION

We identified significantly lower levels of serum and nail Se in male ASD cases compared to male controls. We also found a negative correlation of Se levels in male ASD group with total ADOS score. Although total ADOS score is not a validated measure of symptom severity, we did see a strong association between lower serum Se levels and more restricted and repetitive behaviors in males.

The role of Se in human physiology is not fully understood. However, there are a significant number of findings that show Se involved in various biological functions such as DNA synthesis and thyroid hormone synthesis, and also plays an important role in immune response and neuroprotection against oxidative stress. Animal studies showing lack of dietary Se resulting in brain injuries further supports the notion that Se plays a critical role in protecting the brain against oxidative stress. Our findings clearly warrant further studies to better understand the physiological role of Se and other biometals in ASD through sex-based stratified analysis.
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Median Cu, Zn, and Se levels for cases and controls, stratified by sex. Serum
zinc and copper levels are presented in units mcg/mL. Serum selenium levels are
presented in units ng/mL. Bolded p-value denotes significance.
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Medlian Se levels between cases and controls, stratified by sex. Hair and nail levels
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therefore female-specific comparisons were not conducted.





