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Abstract: Selenium is involved in many metabolic pathways that are critical for life. Information 

concerning the metabolic effects of selenium in autism spectrum disorder (ASD) and obesity is still 

conflicting and incomplete. The pre- and post-pubertal selenium profiles of patients with ASD and 

obesity have not yet been investigated. The goal of the study was to examine selenium content 

before and after puberty in euthyroid children diagnosed with ASD, compared to age-matched 

neurotypical controls, with respect to overweight or obesity as a co-existing pathology. Serum, 

toenail, and 24h urine selenium levels were determined by inductively coupled plasma mass 

spectrometry in 287 prepubertal children (mean age 8.09 years), divided into groups: ASD with 

overweight/obesity (ASD+/Ob+); ASD without overweight/obesity (ASD+/Ob−); non-ASD with 

overweight/obesity (ASD−/Ob+); and non-ASD without overweight/obesity (ASD−/Ob−). The 

assessment was repeated in 258 of the children after puberty (mean age 14.26 years).The lowest 

serum (p < 0.001), urine (p < 0.001) and toenail (p< 0.001) selenium levels before and after puberty 

were observed in ASD+/Ob+ patients, and the highest in ASD−/Ob−. There were no differences in 

serum/toenail selenium levels between ASD+/Ob− and ASD−/Ob+ groups. The presence of ASD was 

associatedwith lower serum (p < 0.001) and toenail (p < 0.001) selenium in BMI-matched groups. In 

neurotypical patients, post-pubertal serum selenium levels were lower (p< 0.001) than pre-pubertal 

levels. In the multiple linear regression analyses, selenium levels showed inverse relationships with 

BMI (p < 0.001) and male gender (p < 0.001), irrespective of the sample type. The serum (p = 0.002) 

and toenail (p < 0.001) selenium levels were inversely associated with the presence of ASD. ASD, 

obesity/overweight, and male gender have independent impacts on selenium levels in children. 

Puberty may affect selenium content in neurotypical children of both genders, but not in ASD 

patients. 
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1. Introduction 

Selenium (Se) is an essential nutrient and a component of many seleno-proteins having critical 

roles in thyroid function, fetal development, hormone metabolism, and oxidative stress 

detoxification, particularly in endocrine and brain tissues. Many redox regulatory mechanisms that 

are required for healthy cell growth and function may be disrupted by Se-dependent metabolic 

processes. Although the role of selenium in health and disease has been debated for many years, there 

is no information on possible changes in the selenium profile of patients with ASD and obesity during 

puberty. ASD includes several disorders (autistic disorder, pervasive developmental disorder not 

otherwise specified (PDD-NOS), and Asperger syndrome (AS)), with a wide range of severity of 

symptoms and behaviors and considerable individual variation [1,2]. Research on the etiology of 

autism faces a major challenge due to the complex interplay between environmental, genetic, and 

social factors [3]. Results vary significantly from study to study, and unfortunately there have been 

no repeated studies on the same population carried out under identical conditions [4–6]. 

Existing evidence indicates that patients with ASD have lower selenium status, greateroxidative 

stress manifesting as increased peroxidation of lipid biomolecules, and decreased methylation 

capacity [7,8]. Several studies have reported that some individuals with ASD express polymorphisms 

in genes involved in the detoxification of environmental pollutants, such as endocrine disrupting 

chemicals (EDCs) including heavy metals [9]. Additionally, disturbances in detoxification have often 

been highlighted in autism [10,11]. 

Both autism and obesity affect a growing population around the world, and there is no 

indication that this unfavorable global trend will change in the near future [12,13]. 

Studies have found that children and adolescents with neurodevelopmental problems are at 

higher risk of obesity [14–16]. The problem of obesity in autism should not be marginalized, and 

further research is needed to study factors associated with obesity in the population with autism 

spectrum disorders (ASD) [17]. Furthermore, information concerning the metabolic effects of 

selenium in obesity is still conflicting and incomplete, and therefore studies on the health effects of 

selenium in obesity are of considerable interest. 

As our previous research [18] showed that obesity significantly influences the level of Se, and 

given the important role of Se in the endocrine system and increasing evidence of the significant role 

of Se in autism, we decided to investigate possible changes in Se content in euthyroid individuals 

diagnosed with ASD compared to neurotypical people. The participants were tested during two 

developmental stages, i.e., childhood and early adulthood (before and after adolescence). An 

additional goal was to check whether and to what extent obesity and autism, as complex, 

multifactorial pathologies affecting the whole body and influencing numerous aspects of human 

function, affect the selenium level in the body. 

We undertook a long-term (before and after puberty) research project, which involved 

measurement of selenium levels in various tissues, i.e., serum (reflecting recent daily intake), and 

toenails (as a long-term indicator of Se status and reflecting differences in Se intake over a longer 

period), as well as in urine (reflecting recent exposure). 

2. Materials and Methods 

2.1. Study and Control Populations 

The study was carried out in accordance with the Code of Ethics of the World Medical 

Association (Declaration of Helsinki, as revised in 2013) for experiments involving humans. The 

study protocol was reviewed and approved by the Ethics Committee of the Medical University of 

Lublin (KE-0254/12/2014). 

The study was conducted on a carefully chosen population diagnosed with ASD. We considered 

only the diagnosis, and not the severity of the disorder. The diagnosis was based on the criteria for 

autistic disorder as defined in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 

(DSMV), Autism Diagnostic Interview Revised (ADI-R) and Autism Rating Scale (CARS) [2]. 

Inclusion criteria included prepubertal age and ASD diagnosis. Patients were recruited through local 
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support groups (mainly parents and caregivers) or were referred by specialist clinicians and 

therapists. The informed consent of the children’s parents or legal guardians was obtained. 

The control group (neurotypical children and adolescents) was selected from among children 

visiting the medical center for regularly scheduled check-ups. They were not receiving any medical 

treatment and were not admitted to the hospital. All members of the control and study groups were 

from the same geographic area (central and south-eastern Poland). 

Neither the control nor the ASD group presented pathologies of the thyroid gland, and they had 

taken no mineral or vitamin supplements for at least three months before the samples for analysis 

were collected. They were not on any special diets during the tests. Other exclusion criteria included 

the presence of a chronic condition (particularly affecting weight or limiting the patient’s ability to 

participate in the study), drug treatment for any acute or chronic condition, and refusal to give 

informed consent. 

An initial personal interview was conducted by trained personnel to establish household 

characteristics, dietary behavior, health status, and socioeconomic characteristics. A child’s weight 

status was determined using an age- and sex-specific percentile for body mass index (BMI, in kg/m2). 

Current and representative BMI percentile charts for the Polish population of children and 

adolescents (3–18 year of age) were used [19]. BMI was divided into two categories representing 

normal weight or elevated weight (both overweight and obesity). According to the Polish percentile 

charts, a BMI above the 85thpercentile (+1 SD) for age and gender was considered overweight [19]. 

A total of 287 prepubertal children (mean age 8.09 years, SD 1.36) were recruited into the study 

and divided into four groups: autistic patients with overweight or obesity (ASD+/Ob+); autistic 

patients without overweight or obesity (ASD+/Ob−); non-autistic patients with overweight or obesity 

(ASD−/Ob+); and non-autistic patients without overweight or obesity (ASD−/Ob−). The clinical 

assessment was repeated after normal puberty in a total of 258 children (mean age 14.26 years, SD 

1.37) in the four groups (Figure 1). The study combined data from the 2014/2015 and 2019/2020 cycles 

of measurements to provide more statistically reliable estimates. 

 

Figure 1. Allocation of pre- and post-pubertal children to groups. F—female, M—male. * 

Children with mild underweight (near-normal weight) who presented normal physical 

development and normalized weight after puberty (see below). **A total of 29 children did 

not participate in the study after puberty. 

Children were diagnosed with underweight (n = 39) according to the above mentioned BMI 

percentile charts (for age and gender) for the Polish population of children and adolescents [19]. BMI 
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values below −1 SD for female as well as BMI values below a half, between −1 SD and −2 SD, for male 

were considered underweight. 

The prepubertally underweight male group (n = 34; 24 boys from the ASD+/Ob−group; 10 boys 

from the ASD−/Ob−group) was characterized as follows: 

1/ the mean BMI 13.42 kg/m2; standard deviation 0.69; median 13.53 kg/m2; interquartile range 

0.9; minimal value 11.9 kg/m2; maximal value 14.69 kg/m2; 

2/ the mean age 7.39 years; standard deviation 1.14; median 7.92 kg/m2; interquartile range 2.0; 

minimal value 6 years; maximal value 10 years. 

According to the Polish BMI percentile chart underweight in a male is considered below 13.8 

kg/m2 for age 7.39 years. 

The prepubertally underweight female group (n = 5; 1 girl from the ASD+/Ob− group; 4 girls 

from the ASD−/Ob− group) was characterized as follows: 

1/ the mean BMI 13.4 kg/m2; standard deviation 0.74; median 13.23 kg/m2; interquartile range 

1.11; minimal value 12.6 kg/m2; maximal value 14.35 kg/m2; 

2/ the mean age 7.15 years; standard deviation 1.01; median 7.83 kg/m2; interquartile range 1.75; 

minimal value 6 years; maximal value 8 years. 

According to the Polish BMI percentile charts underweight in a female is considered below 14 

kg/m2 for age 7.15 years. 

All pre-pubertally underweight children presented normal physical development pre- and post-

pubertally, as well as they spontaneously normalized weight after puberty. The mean difference 

between the normal BMI cut-offs (stratified for age and gender) and BMI calculated in the 

underweight group was 0.43 kg/m2. Therefore, we decided to include this group in the study. The 

single outliers in the data were as follows: BMI 11.96 kg/m2 for the 6-years old boy (the 

ASD+/Ob−group) and BMI11.9 kg/m2for the 6-years old boy (the ASD−/Ob−group). 

2.2. Samples and Their Analyses 

Measurements of serum-free triiodothyronine (fT3), free thyroxine (fT4) and thyroid stimulating 

hormone (TSH) were performed by accredited diagnostic labs. Blood samples from the cubital vein 

were collected in the morning after overnight fasting. Twenty-four-hour urine samples were collected 

for three consecutive days. Toenail samples were collected on the same day as the body fluid tests. 

The detailed procedures of serum, urine and nail sample collection, storage, preparation, and 

inductively coupled plasma mass spectrometry (ICP-MS) analysis were described in our previous 

papers [20–22]. 

The study material collected during the two assessment periods consisted of 555 samples of 

serum, 555 samples of urine, and 555 samples of toenails. Samples taken from all the groups (Figure 

1) were pre-treated and analyzed in the same way. 

2.3. Statistical Analyses 

The required sample sizes were calculated using G*Power with 80% power (alpha = 0.05, two-

tailed) as a part of the research planning process. 

Descriptive statistics were produced for the overall sample and also stratified by both autism 

and BMI status. As the Kolmogorov-Smirnov and Lilliefors tests indicated that the variables were not 

normally distributed, the nonparametric Kruskal-Wallis ANOVA test was used for continuous 

variables. The Wilcoxon signed-rank test was used to compare related samples before and after 

puberty. The Spearman’s correlation coefficient test was used to measure relationships between the 

variables. A multiple linear regression analysis was used to evaluate the association between the 

serum selenium, urine selenium, and nail selenium levels and ASD status, BMI, and gender. Logistic 

regression analysis was performed to estimate the odds ratios and 95% confidence intervals of ASD 

status by BMI as well as the serum selenium, urine selenium, and nail selenium levels, adjusted for 

potential confounders. All analyses were two-tailed with a significance level of 0.05. Statistical 

analyses were performed using TIBCO Software Inc. (2017) Statistica, v 13.0.0.0, 2300 East 14th St., 
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Tulsa, USA. The program licensed to the Medical University of Lublin (used by Katarzyna 

Skórzyńska-Dziduszko). 

3. Results 

A detailed characterization of children divided into four groups is presented in Table 1. As the 

variables were not normally distributed, and the nonparametric median tests were used for the 

comparison of samples, the mean and standard deviation values are presented in Table 1 only for the 

full characterization of study groups. 

Table 1. Characteristics of pre- and post-pubertal children. 

Variables 
Mean Median Min. Max. IQR 

 

SD 
 

Mean Median 
 

Min. 
 

Max. 
 

IQR 
 

SD 
 

Before Puberty After Puberty 

ASD Patients with Overweight or Obesity (ASD+/Ob+) 

Age (years) 
 

7.98 8.17 6.0 10.58 2.79 1.46 14.07 14.25 12.08 16.67 2.71 1.46 

BMI (kg/m2) 24.8 25.51 13.21 35.16 4.96 4.97 25.96 25.7 22.66 31.14 2.32 1.83 

TSH (µIU/mL) 
 

2.67 2.94 0.63 4.92 1.16 0.99 3.14 3.15 0.66 5.21 2.18 1.3 

fT4 (pmol/L) 
 

16.18 15.52 10.07 29.9 6.35 4.31 15.54 15.46 9.85 25.68 4.59 3.72 

fT3 (pmol/L) 
 

4.83 4.55 3.55 6.95 1.03 0.84 5.03 4.99 3.78 8.12 1.26 0.89 

Se serum (µg/L) 72.99 75.7 44.8 99.1 25.0 14.04 74.89 74.5 52.5 115.6 25.59 15.32 

Seurine (µg/L) 41.16 40.0 25.3 69.7 11.8 9.5 45.38 45.5 22.15 70.2 20.3 12.42 

Se toenails (µg/g) 0.35 0.33 0,12 0.74 0.15 0.01 0.38 0.37 0.09 0.82 0.13 0.13 

ASD Patients Without Overweight or Obesity (ASD+/Ob−) 

Age (years) 
 

7.96 8.17 6.0 10.33 2.33 1.39 14.09 14.25 12.08 17.0 2.42 1.42 

BMI (kg/m2) 
 

18.31 16.15 11.96 31.99 9.18 6.01 20.47 20.66 16.76 23.11 2.15 1.6 

TSH (µIU/mL) 
 

2.17 2.1 0.54 4.74 2.0 1.27 1.27 0.99 0.45 3.2 0.68 0.69 

fT4 (pmol/L) 
 

17.2 17.44 11.2 25.5 6.9 4.02 19.43 19.8 10.22 26.5 5.06 3.91 

fT3 (pmol/L) 
 

5.32 4.96 4.15 7.11 1.71 0.97 5.78 5.6 3.99 8.11 1.72 1.04 

Se serum (µg/L) 80.86 82.04 54.1 105 24.16 14.36 80.98 82.5 52.56 112.55 24.63 15.68 

Se urine (µg/L) 51.68 49.8 31.5 80.55 10.75 11.68 46.53 45.5 21.56 79.5 19.0 13.79 

Se toenails (µg/g) 0.52 0.51 0.13 0.94 0.29 0.19 0.51 0.46 0.25 0.94 0.22 0.17 

Non-ASD Patients with Overweight or Obesity (ASD−/Ob+) 

Age (years) 
 

8.06 7.5 6.08 10.5 2.0 1.31 14.08 13.5 12.17 16.5 2.17 1.26 

BMI (kg/m2) 
 

21.62 22.7 13.77 27.77 2.4 3.79 25.89 25.46 22.19 30.67 2.18 2.07 

TSH (µIU/mL) 
 

2.65 2.5 0.98 4.62 1.33 0.98 2.98 2.89 1.07 4.99 1.16 0.85 

fT4 (pmol/L) 
 

14.48 14.66 9.32 18.66 2.92 2.06 15.68 15.5 11.15 24.55 2.08 2.57 

fT3 (pmol/L) 
 

5.07 4.99 3.95 6.78 1.01 0.75 5.17 5.12 4.26 6.71 1.04 0.68 

Se serum (µg/L) 86.14 88.64 57.72 119.3 17.14 14.37 78.17 75.85 54.8 126.6 17.45 13.44 

Se urine (µg/L) 40.01 38.25 23.97 59.5 12.04 8.87 45.93 45.5 32.5 65.8 10.0 6.97 

Se toenails (µg/g) 0.66 0.6 0.32 1.45 0.25 0.21 0.57 0.55 0.17 0.98 0.34 0.23 

Non-ASD Patients Without Overweight or Obesity (ASD−/Ob−) 

Age (years) 
 

8.6 8.54 6.0 10.83 1.5 1.24 14.6 14.67 12.08 16.83 1.5 1.24 

BMI (kg/m2) 
 

17.05 16.52 11.9 23.99 3.12 2.54 20.73 20.66 18.7 23.46 1.83 1.22 

TSH (µIU/mL) 
 

1.39 1.1 0.5 3.98 1.25 0.71 1.61 1.47 0.17 3.87 1.41 0.89 

fT4 (pmol/L) 
 

16.6 16.47 11.6 24.45 4.63 2.92 17.1 16.54 11.25 24.25 5.1 3.11 

fT3 (pmol/L) 
 

5.43 5.28 4.01 6.74 1.19 0.73 5.35 5.23 4.2 6.7 1.0 0.66 

Se serum (µg/L) 104.93 101.35 66.3 149.5 12.5 15.27 98.8 96.52 62.48 145.2 36.68 20.66 

Se urine (µg/L) 52.36 50.85 38.1 69.5 9.5 7.2 50.54 50.17 32.5 89.6 10.4 8.67 

Se toenails (µg/g) 0.97 0.9 0.24 1.96 0.28 0.34 0.86 0.82 0.4 1.92 0.39 0.33 
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BMI—body mass index; min—minimal value; max—maximal value; IQR—interquartile range; SD—

standard deviation. 

All the groups were age-matched before and after puberty. There were no significant differences 

in TSH or free thyroid hormone (fT4 and fT3) levels between the groups stratified by ASD and BMI. 

Furthermore, there were no significant differences in BMI between the ASD+/Ob+ and ASD−/Ob+ 

groups or between the ASD+/Ob− and ASD−/Ob−groups. 

In the extended analysis of the subgroups stratified for BMI (obesity versus overweight or 

normal weight versus borderline underweight), there were no significant differences in age, TSH, 

fT4, fT3, or selenium levels in the ASD and non-ASD subgroups. 

3.1. Selenium in Serum 

The serum selenium levels in the groups before and after puberty are presented in Figure 2. 

 

Figure 2. The serum selenium levels in each group before and after puberty (Me—median, IQR—

interquartile range). 

The lowest serum selenium levels before and after puberty were observed in the ASD+/Ob+ 

patients, while the highest were noted in the healthy controls with normal body weight(ASD−/Ob−). 

Interestingly, there were no significant differences in the serum selenium levels between the 

ASD+/Ob− and ASD−/Ob+ patients. 

Before puberty, serum selenium levels were lower in the ASD+/Ob+ patients than in the 

ASD−/Ob+ group, but no significant differences were observed after puberty. Among patients 

without overweight or obesity, the ASD+/Ob− group presented lower serum selenium levels than the 

ASD−/Ob− group, and the difference was significant before and after puberty. The presence of ASD 

was associated with lower serum selenium levels in the BMI-matched groups of patients without 

overweight or obesity. 

Puberty had no impact on serum selenium levels in the ASD patients, whereas in the 

neurotypical patients post-pubertal serum Se levels were significantly lower than pre-pubertal levels. 
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However, in the extended analysis of the subgroups stratified for BMI (with respect to the direction 

of BMI changes presented by children after puberty in comparison to their pre-pubertal BMI), one 

group of patients (ASD children with pre-pubertal overweight or obesity but normalized BMI after 

puberty, n = 17) presented significantly lower (p = 0.003) pre-pubertal serum selenium levels (median 

76.9 μg/L, interquartile range 29) than the post-pubertal children (median 98 μg/L, interquartile 

range10.5). 

Before and after puberty, lower serum selenium levels were observed in the ASD+/Ob+ patients 

than in the ASD−/Ob+ patients. The same applied to patients without overweight or obesity—the 

ASD group with normal BMI presented lower serum selenium levels than the non-ASD group. The 

presence of ASD was associated with lower serum selenium levels in the BMI-matched groups. 

Furthermore, the presence of overweight or obesity was associated with lower serum selenium levels 

in the ASD-matched groups of patients. 

3.2. Selenium in Urine 

The urine selenium levels in the groups before and after puberty are presented in Figure 3. 

 

Figure 3. 24 h urinesample selenium levels in each group before and after puberty (Me—median, 

IQR—interquartile range). 

Both before and after puberty the highest urine selenium levels were observed in the ASD−/Ob− 

group. The finding was concordant with the highest serum selenium levels observed in this group. 

In patients with overweight or obesity, there were no differences between patients with or 

without an ASD diagnosis in either pre-pubertal or post-pubertal urine selenium levels. Interestingly, 

urine selenium levels in these groups were significantly higher after puberty than before its onset. 

This difference was not seen in either group of patients without overweight/obesity (with ASD or 

neurotypical). 

3.3. Selenium in Toenails 

The toenail selenium levels in each group before and after puberty are presented in Figure 4. 
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Figure 4. Toenail selenium levels in each group before and after puberty (Me—median, IQR—

interquartile range). 

Before and after puberty, the lowest toenail selenium levels were observed in the ASD+/Ob+ 

patients, while the highest levels were detected in the ASD−/Ob− group. As in the case of the serum 

selenium levels, there were no significant differences in toenail selenium levels between the 

ASD+/Ob−and ASD−/Ob+ patients. 

3.4. The Spearman’s Correlations between Serum, Urine and Toenail Selenium Concentrations 

Table 2 and Table 3 present the results of the Spearman’s rank-order correlation tests. The serum, 

urine and toenail selenium levels showed significant positive inter-correlations before and after 

puberty. 

Table 2. Inter-correlations between age, BMI, thyroid stimulating hormone (TSH), fT3, fT4 and serum, 

urine and toenail selenium concentrations. Statistically significant correlations are highlighted. 

Spearman’s rank-order correlation test results. 

Variablesi 

Before Puberty After Puberty 

Total ASD+/Ob+ ASD+/Ob− ASD−/Ob+ ASD−/Ob− Total ASD+/Ob+ ASD+/Ob− ASD−/Ob+ ASD−/Ob− 

n = 287 n = 102 n = 50 n = 53 n = 82 n = 258 n = 76 n = 53 n = 47 n = 82 

Age (years)  

& Se serum (µg/L) 

R = 0.15 

p = 0.012 

R= −0.38 

p < 0.001 

R = 0.34 

p = 0.016 

R = 0.26 

p = 0.06 

R = 0.08 

p = 0.46 

R= −0.02 

p = 0.75 

R= −0.25 

p = 0.03 

R = 0.18 

p = 0.2 

R= −0.15 

p = 0.32 

R= −0.17 

p = 0.12 

Age (years)  

& Se urine (µg/L) 

R = 0.13 

p = 0.03 

R= −0.18 

p = 0.07 

R = 0.51 

p < 0.001 

R = 0.31 

p = 0.02 

R = 0.006 

p = 0.96 

R = 0.02 

p = 0.73 

R= −0.24 

p = 0.03 

R= −0.04 

p = 0.78 

R = 0.13 

p = 0.39 

R = 0.29 

p = 0.008 

Age (years)  

& Se toenails (µg/g) 

R = 0.17 

p = 0.004 

R = 0.02 

p = 0.84 

R= −0.15 

p = 0.3 

R = 0.37 

p = 0.006 

R= −0.09 

p = 0.44 

R = 0.04 

p = 0.5 

R = 0.09 

p = 0.42 

R= −0.19 

p = 0.18 

R = 0.01 

p = 0.97 

R= −0.22 

p = 0.042 

BMI (kg/m2)  

& Se serum (µg/L) 

R = −0.47 

p < 0.001 

R = −0.32 

p = 0.001 

R = 0.31 

p = 0.03 

R = −0.6 

p < 0.001 

R = 0.04 

p = 0.68 

R = −0.46 

p < 0.001 

R = −0.49 

p < 0.001 

R = 0.16 

p = 0.26 

R = −0.55 

p < 0.001 

R = −0.29 

p = 0.008 

BMI (kg/m2)  

& Se urine (µg/L) 

R = −0.52 

p < 0.001 

R = −0.26 

p = 0.007 

R = 0.25 

p = 0.08 

R = −0.39 

p = 0.004 

R = −0.06 

p = 0.61 

R = −0.18 

p = 0.003 

R = −0.24 

p = 0.04 

R = 0.09 

p = 0.5 

R= −0.12 

p = 0.43 

R= −0.07 

p = 0.51 

BMI (kg/m2)  

& Se toenails (µg/g) 

R = −0.51 

p < 0.001 

R = −0.04 

p = 0.7 

R = −0.19 

p = 0.19 

R = −0.29 

p = 0.03 

R = −0.05 

p = 0.67 

R = −0.52 

p < 0.001 

R = −0.35 

p = 0.002 

R = −0.11 

p = 0.42 

R = −0.54 

p < 0.001 

R = −0.25 

p = 0.02 

TSH (µIU/mL) & Se serum (µg/L) 
R = −0.42 

p < 0.001 

R = 0.08 

p = 0.43 

R = −0.17 

p = 0.24 

R = −0.59 

p < 0.001 

R = −0.02 

p = 0.82 

R= −0.22 

p < 0.001 

R= −0.28 

p = 0.01 

R = 0.37 

p = 0.006 

R= −0.31 

p = 0.03 

R = 0.19 

p = 0.08 

TSH (µIU/mL) &Se urine (µg/L) 
R = −0.38 

p < 0.001 

R = 0.0001 

p = 0.999 

R = −0.27 

p = 0.06 

R = −0.42 

p = 0.002 

R = −0.07 

p = 0.51 

R = −0.15 

p = 0.01 

R = −0.04 

p = 0.74 

R = 0.23 

p = 0.09 

R = −0.14 

p = 0.33 

R = 0.2 

p = 0.07 

TSH (µIU/mL) & Se toenails (µg/g) R = −0.46 R = −0.17 R = −0.2 R = −0.46 R = −0.08 R = −0.32 R = −0.33 R = −0.02 R = −0.33 R = 0.14 
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p < 0.001 p = 0.094 p = 0.17 p < 0.001 p = 0.48 p < 0.001 p = 0.003 p = 0.9 p = 0.02 p = 0.22 

fT4 (pmol/L) & Se serum (µg/L) 
R = 0.04 

p = 0.49 

R = −0.02 

p = 0.81 

R= −0.1 

p = 0.49 

R = 0.39 

p = 0.004 

R = −0.04 

p = 0.73 

R = 0.13 

p = 0.04 

R = 0.28 

p = 0.01 

R = −0.29 

p = 0.034 

R = 0.14 

p = 0.36 

R = 0.06 

p = 0.57 

fT4 (pmol/L) & Se urine (µg/L) 
R = 0.03 

p = 0.63 

R = −0.14 

p = 0.16 

R = −0.09 

p = 0.55 

R = 0.07 

p = 0.63 

R = 0.04 

p = 0.75 

R = 0.08 

p = 0.19 

R = 0.21 

p = 0.07 

R = −0.07 

p = 0.61 

R = −0.16 

p = 0.28 

R = 0.02 

p = 0.88 

fT4 (pmol/L) & Se toenails (µg/g) 
R = 0.07 

p = 0.23 

R = −0.01 

p = 0.9 

R = 0.13 

p = 0.38 

R = 0.42 

p = 0.002 

R = 0.02 

p = 0.84 

R = 0.16 

p = 0.009 

R = 0.23 

p = 0.04 

R = 0.03 

p = 0.85 

R = 0.14 

p = 0.35 

R = −0.06 

p = 0.57 

fT3 (pmol/L) & Se serum (µg/L) 
R = 0.23 

p < 0.001 

R = 0.06 

p = 0.56 

R = −0.1 

p = 0.5 

R = 0.16 

p = 0.26 

R = −0.23 

p = 0.04 

R = 0.15 

p = 0.02 

R = 0.26 

p = 0.02 

R = −0.17 

p = 0.23 

R = 0.22 

p = 0.14 

R = 0.15 

p = 0.17 

fT3 (pmol/L) & Se urine (µg/L) 
R = 0.26 

p < 0.001 

R = −0.13 

p = 0.17 

R = 0.23 

p = 0.11 

R = 0.16 

p = 0.24 

R = 0.05 

p = 0.66 

R = 0.15 

p = 0.01 

R = 0.22 

p = 0.06 

R = 0.1 

p = 0.47 

R = 0.12 

p = 0.42 

R = 0.07 

p = 0.54 

fT3 (pmol/L) & Se toenails (µg/g) 
R = 0.32 

p < 0.001 

R = 0.008 

p = 0.94 

R = −0.09 

p = 0.52 

R = 0.27 

p = 0.049 

R = 0.28 

p = 0.01 

R = 0.21 

p < 0.001 

R = 0.31 

p = 0.007 

R = −0.11 

p = 0.43 

R = 0.17 

p = 0.25 

R = 0.19 

p = 0.09 

Se serum (µg/L)  

&Se urine (µg/L) 

R = 0.5 

p < 0.001 

R = 0.34 

p < 0.001 

R = 0.58 

p < 0.001 

R = 0.35 

p = 0.009 

R = 0.03 

p = 0.76 

R = 0.43 

p < 0.001 

R = 0.50 

p < 0.001 

R = 0.31 

p = 0.02 

R = 0.3 

p = 0.039 

R = 0.28 

p = 0.01 

Se serum (µg/L)  

& Se toenails (µg/g) 

R = 0.56 

p < 0.001 

R = 0.12 

p = 0.24 

R = −0.13 

p = 0.36 

R = 0.27 

p = 0.049 

R = −0.011 

p = 0.92 

R = 0.49 

p < 0.001 

R = 0.26 

p = 0.02 

R = −0.19 

p = 0.17 

R = 0.59 

p < 0.001 

R = 0.59 

p < 0.001 

Se urine (µg/L)  

& Se toenails (µg/g) 

R = 0.28 

p < 0.001 

R = −0.17 

p = 0.09 

R = −0.07 

p = 0.64 

R = 0.05 

p = 0.71 

R = 0.08 

p = 0.46 

R = 0.25 

p < 0.001 

R = 0.21 

p = 0.07 

R = 0.13 

p = 0.36 

R = 0.24 

p = 0.10 

R = 0.19 

p = 0.08 

Table 3. Inter-correlations between serum, urine and toenail selenium concentrations pre- and post-

pubertally. Statistically significant correlations are highlighted. Spearman’s rank-order correlation 

test results. 

 
Total 

n = 258 

ASD+/Ob+ 

n = 83 

ASD+/Ob− 

n = 46 

ASD−/Ob+ 

n = 51 

ASD−/Ob− 

n = 78 

Se serum before puberty (µg/L) & Se 

serum after puberty (µg/L) 

R = 0.49 

p < 0.001 

R = 0.42 

p < 0.001 

R = 0.5 

p < 0.001 

R = 0.25 

p = 0.08 

R = 0.16 

p = 0.16 

Se urine before puberty (µg/L) & Se 

urine after puberty (µg/L) 

R = 0.47 

p < 0.001 

R = 0.43 

p < 0.001 

R = 0.55 

p < 0.001 

R = 0.31 

p = 0.02 

R = 0.41 

p < 0.001 

Selenium toenails before puberty 

(µg/g) & Se toenails after puberty 

(µg/g) 

R = 0.71 

p < 0.001 

R = 0.15 

p = 0.18 

R = 0.99 

p < 0.001 

R = 0.3 

p = 0.03 

R = 0.3 

p = 0.007 

3.5. Association between Serum, Urine, and Toenail Se Levels and ASD Status, BMI, and Gender 

In the multiple linear regression analyses (Table 4), the serum, urine and toenail selenium levels 

showed significant inverse relationships with BMI and male gender. The serum and toenail selenium 

levels (but not the selenium urine levels) were significantly inversely associated with the presence of 

ASD. Logistic regression models showed that the presence of ASD was associated with decreased 

odds of both serum and toenail concentrations of selenium in the model adjusted for age, gender and 

BMI. Obesity/overweight was associated with decreased odds of both serum and toenail selenium 

concentrations in the model adjusted for age, gender and ASD status. Male gender was associated 

with decreased odds of selenium serum, urine and toenail concentrations in the model adjusted for 

age, as well as ASD and obesity/overweight statuses. 

In conclusion, ASD, obesity/overweight, and male gender have independent and significant 

impacts on selenium levels in children. 

Table 4. Multivariate linear regression analyses of serum, urine and toenail selenium concentrations 

(model adjusted for age, TSH, fT3, fT4) and logistic regression models of the associations between the 

presence of ASD, the presence of obesity/overweight, or gender, and serum, urine and toenail 

selenium concentrations. 

Multivariate Linear Regression 

n = 258 BETA 
 

SE a of BETA 
 

 B SE a of B 
 

p-Value 
 

Selenium Serum (µg/L) 

ASD b (ASD 1, no ASD 0) 
 

−0.15 0.05 −6.04 1.89 0.002 

Gender (male 1; female 0) 
 

−0.47 0.05 −20.33 2.04 < 0.001 

BMI c (kg/m2) 
 

−0.39 0.05 −2.44 0.29 < 0.001 

Selenium Urine (µg/L) 

ASD b (ASD 1, no ASD 0) 
 

−0.02 0.06 −0.37 1.36 0.79 

Gender (male 1; female 0) 
 

−0.34 0.06 −8.25 1.46 < 0.001 
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BMI c (kg/m2) 
 

−0.13 0.06 −0.44 0.21 0.03 

Selenium Toenails (µg/g) 

ASD b (ASD 1, no ASD 0) 
 

−0.39 0.05 −0.24 0.03 < 0.001 

Gender (male 1; female 0) 
 

−0.26 0.05 −0.18 0.03 < 0.001 

BMI c (kg/m2) 
 

−0.39 0.05 −0.04 0.004 < 0.001 

Logistic Regression 

n = 258 d OR e 95% CI p-Value 
b ASD 

(modeled probability that: b ASD 1, neurotypical 0 = 1) 

Selenium serum (µg/L) 0.97 0.95 to 0.99 0.003 

Selenium urine (µg/L) 1.002 0.97 to 1.04 0. 87 

Selenium toenails (µg/g) 0.0009 0.0001 to 0.006 < 0.001 

Obesity/Overweight 

(modeled probability that: obesity/overweight 1, normal weight 0 = 1) 

Selenium serum (µg/L) 0.95 0.93 to 0.97 < 0.001 

Selenium urine (µg/L) 1.002 0.98 to 1.03 0.86 

Selenium toenails (µg/g) 0.01 0.003 to 0.046 < 0.001 

Gender 

(modeled probability that: male 1, female 0 = 1) 

Selenium serum (µg/L) 0.93 0.91 to 0.95 < 0.001 

Selenium urine (µg/L) 0.95 0.92 to 0.98 0.002 

Selenium toenails (µg/g) 0.045 0.015 to 0.13 < .001 

aSE—standard error; bASD—autism spectrum disorder; cBMI—body mass index;dOR—odds ratio; 
eCI—confidence interval. 

4. Discussion 

It is well established that adequate levels of selenium are important for the functioning of the 

central nervous system, endocrine system, reproductive system, and cardiovascular system, as well 

as for regulating immune processes [23].A very recent review of the literature on Se metabolism in 

adipocyte physiology and obesity pathogenesis concluded that Se appears to play an essential role in 

adipose tissue physiology and pathophysiology, but strongly emphasized the huge inconsistency in 

the findings of studies on the human population [23]. 

It has already been documented that increased BMI can be considered a significant predictor of 

blood selenium deficiency and low selenium intake [24].Our findings on the reduced serum and 

toenail selenium levels in obese/overweight children generally corroborate these data. 

Studies have found that the prevalence of excessive weight is significantly greater among 

children with ASD compared with the general population [15], and that children and adolescents 

with neurodevelopmental problems are at higher risk of obesity [16]. Moreover, the results have 

shown significantly raised prevalence rates of ASD in populations with eating disorders compared 

with healthy control participants [25]. Children with autism often present higher food selectivity, 

which may result in a variety of nutritional deficiencies, including selenium deficiency. A recent 

meta-analysis reported that the dietary pattern in children with ASD is characterized by lower intake 

of Se in comparison to controls [26]. 

The mechanisms that link obesity, ASD and selenium deficiency remain unclear. An excess of 

adipose tissue, which results from chronic over-nutrition, leads to immune and inflammatory 

responses of white adipose tissue, contributing to systemic chronic low grade inflammation, 

frequently referred to as a metabolic inflammation [27]. 

In recent years huge progress has been made in identifying the mechanisms by which selenium 

modifies the inflammatory response in murine cell lines as well as in animal models of knockout mice 

[28–30]. The available data strongly suggest that selenium mitigates the inflammatory response, but 

the conclusions do not directly explain whether reduced selenium body stores, as observed in our 

study in obese children, may enhance obesity-associated inflammation, which in turn could promote 

the development and progression of obesity. There is a great deal of scientific evidence that the 

interplay of the gut microbiota with the brain affects autism through the neuro–endocrine–immune 

network [31,32], and some animal studies suggest that gut bacteria may compete with the host for 
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selenium when its availability in the organism becomes limited [33]. It is postulated that individuals 

with ASD show intestinal dysbiosis characterized by the imbalance between beneficial microbes and 

gut pathogenic microbes resulting in an increased presence of toxic molecules affecting the 

neurotransmitter function in the brain, which may lead to abnormalities in behavioral patterns 

[34].However, to date there is no strong confirmation of the role of Se in modulating the microbiota 

during inflammation in humans. A review of the research on the interactions between Se metabolism 

and ASD and on the role of Se in inhibiting oxidative stress, neuroinflammation, microglia activation, 

excitotoxicity, synapse dysfunction, and gut–brain axis disturbance does not allow for consistent 

conclusions confirming the neuroprotective effects of Se in all individuals with ASD [35].Many 

studies highlight increased levels of heavy metals, disturbances in detoxification, and impaired 

methylation and redox homeostasis with increased vulnerability to oxidative stress in ASD [7–

11],thus it cannot be excluded that at least a partial decrease of Se content in ASD may be due to its 

ability to form compounds with metals toxic to humans. Research has showed that, e.g., mercury has 

high affinity to Se and it was found that a mercury-induced selenium deficiency state inhibits 

regeneration of the seleno-proteins. Moreover, it was suggested that the effect of mercury is to 

produce a selenium deficiency state and a direct inhibition of selenium’s role in controlling the 

intracellular redox environment in organisms [36]. 

According to our study, males present lower selenium concentrations than females. It has 

recently been observed that inadequate consumption of selenium by Mexican children may be 

associated with later pubertal development in boys, but not in girls, suggesting a sex-specific pattern 

[37]. However, the results of this research cannot be applied to our study, since all children presented 

normal pubertal development, and the selenium serum/urine/toenail levels did not differ before and 

after puberty in ASD patients of either gender (data not shown). Preliminary data from a mouse 

model suggest that the brain and testes may compete for selenium utilization, with concomitant 

effects on neurodevelopment and neurodegeneration [38]. In our study, puberty seemed to affect the 

selenium balance only in neurotypical children of both genders. Since there are no available data that 

could help to explain these discrepancies, future work with humans and measures of selenium 

biomarkers is needed for a better understanding of the role of selenium in children’s sexual 

development. 

The reference values of serum Se established for healthy individuals above the age of one year 

amount to 70–150 ng/mL [39], and our control group (ASD−/Ob−) fell within this range in both 

periods of testing. More or less decreased levels of Se are reported in tissues of ASD individuals, 

whether the studies analyzed serum, red blood cells, or nails [5,40,41]. These findings generally 

corroborate our results, which demonstrate that the serum and toenail selenium levels are 

significantly inversely associated with the presence of ASD. 

Interestingly, in our study euthyroid TSH/fT4/fT3 serum concentrations were not associated 

with serum/urine/toenail selenium levels, nor were there any differences in the levels of these 

hormones between the groups of patients stratified by ASD. None of the patients presented thyroid 

gland pathology, which may explain the lack of associations between the normal thyro-metabolic 

state and selenium levels, altered by obesity or ASD co-incidence. 

The liver regulates whole-body Se distribution by sorting metabolically available Se between the 

two pathways of Se-protein synthesis and excretory metabolite synthesis [42]. The fraction of Se that 

cannot be utilized for Se-protein synthesis enters the excretory pathway. Urine selenium levels reflect 

excretory pathway involvement, which is dynamically altered to maintain selenium homeostasis. 

This dynamic alteration may explain the weak correlations between urine selenium levels and toenail 

selenium concentrations. 

Advantages and Limitations of the Study 

A limited number of studies demonstrate Se problems in obesity and autism, whether the two 

disorders are considered together or separately. Moreover, there is a lack of research measuring 

selenium in the population with both obesity and ASD during more than one period of time. In our 

research, conducted during two different stages of biological development, we not only observed 
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differences between and within groups, but also identified important changes in the Se level over 

time. We measured the same variables for the same group of people according to identical criteria. 

The criteria for inclusion in the study were kept constant, and the study groups were matched for age 

and gender to the control group. All study participants were from the same geographic area (human 

selenium levels show marked geographic variation, depending on dietary intake) [43]. 

Measurement of selenium content in three significantly different biological matrices (serum, 

urine, and toenails) proved to significantly influence the results. Although serum concentrations of 

Se provide useful information in the clinical categorization of deficiency and toxicity states [44], this 

type of sample has several disadvantages—associated with collection, transport, and storage—over 

toenail material, which is an easily accessible and long-term stable source of Se and an indicator of 

environmental exposure [45]. 

The biological effects, toxicity and bioavailability of Se may strongly depend on its chemical 

form. We were not able to study these forms due to sample pre-treatment requirements, and therefore 

our determinations refer to the total Se content in a given sample. 

We have not yet described the intensity of the ASD symptoms presented by the patients and 

their association with selenium levels and obesity. An additional complement to future studies may 

examine the level of sex hormones in the obese and ASD populations since elevated levels of prenatal 

androgens such as fetal testosterone during a critical period are hypothesized to contribute to the 

etiology of autism spectrum [46]. Hormonal abnormalities and an increased rate of higher 

testosterone-related medical conditions have been reported in women with autism spectrum [47,48]. 

Obesity or overweight is typically the first stimulus prompting dietary intervention, and many 

individuals with autism are on various specific diets (e.g., a gluten-free, casein-free or low-fat diet) 

[49], and thus a thorough analysis of selenium status in relation to nutrition and diets could 

complement our future research. Lifestyle factors affecting choice of diet and physical activity, as well 

as the type of pharmacological treatment, are issues for further study that may help to determine 

whether Se imbalance is mainly due to altered metabolic processes, insufficient dietary intake, or 

both. 

5. Conclusions 

Our study confirms a complex interplay between selenium imbalance, obesity and ASD. The 

findings suggest that puberty affects selenium content in neurotypical children of both genders. 

Serum/urine/toenail Se levels did not differ before and after puberty in ASD patients of either gender. 

The mechanisms that link selenium imbalance to adipose tissue pathophysiology or the presence 

of ASD have yet to be fully elucidated. Recent data from both human and laboratory studies on the 

role of Se in obesity and adipose tissue function are highly heterogeneous [23]. Further human and 

laboratory studies are required to highlight the association between Se intake and obesity. An 

interesting question arises as to whether reduced selenium plays a causative role in the development 

of ASD and obesity or is only one of the biomarkers of the wide variety of nutritional imbalances that 

develop in the course of these pathologies. Therefore, the biological role of selenium in the 

development of ASD should be a subject of future investigations, which may at some point produce 

results applicable to strategies for the management of the disorder. 
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Abbreviations 

ASD Autism Spectrum Disorder 

SE Selenium 

PDD-NOS Pervasive Developmental Disorder Not Otherwise Specified 

AS 

EDCs 

Asperger Syndrome 

Endocrine disrupting chemicals 

DSMV Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 

ADI-R Autism Diagnostic Interview Revised  

CARS Autism Rating Scale 

BMI Body Mass Index 

fT3 Free Triiodothyronine 

fT4 Free Thyroxine 

TSH Thyroid Stimulating Hormone  

ICP-MS Inductively Coupled Plasma Mass Spectrometry  

IQR Interquartile Range 

SD Standard Deviation 

SE Standard Error 

OR Odds Ratio 

CI Confidence Interval 

References 

1. Mottron, L.; Bzdok, D. Autism spectrum heterogeneity: Fact or artifact? Mol. Psychiatry 2020, 1–8, 

doi:10.1038/s41380-020-0748-y. 

2. American Psychiatric Association. Diagnostic and Statistical Manual of mental disorders 5th ed.; American 

Psychiatric Association: Washington, DC, USA, 2013. 

3. Almandil, N.B.; Alkuroud, D.N.; AbdulAzeez, S.; AlSulaiman, A.; Elaissari, A.; Borgio, J.F. Environmental 

and Genetic Factors in Autism Spectrum Disorders: Special Emphasis on Data from Arabian Studies. Int. J. 

Environ. Res. Public Heal. 2019, 16, 658. 

4. Raymond, L.J.; Deth, R.C.; Ralston, N.V.C. Potential Role of Selenoenzymes and Antioxidant Metabolism 

in relation to Autism Etiology and Pathology. Autism Res. Treat. 2014, 2014, 1–15. 

5. Priya, M.D.L.; Geetha, A. Level of Trace Elements (Copper, Zinc, Magnesium and Selenium) and Toxic 

Elements (Lead and Mercury) in the Hair and Nail of Children with Autism. Biol. Trace Element Res. 2011, 

142, 148–158. 

6. Tschinkel, P.F.S.; Bjørklund, G.; Conón, L.Z.Z.; Chirumbolo, S.; Nascimento, V.A. Plasma concentrations of 

the trace elements copper, zinc and selenium in Brazilian children with autism spectrum disorder. Biomed. 

Pharmacother. 2018, 106, 605–609. 

7. James, S.J.; Cutler, P.; Melnyk, S.; Jernigan, S.; Janak, L.; Gaylor, D.W.; Neubrander, J.A. 

Metabolicbiomarkers of increased oxidative stress and impaired methylation capacityin children with 

autism. The Am. J. Clin. Nutr. 2004, 80, 1611–1617. 

8. Jory, J.; McGinnis, W.R. Red-cell trace minerals in children with autism. Am. J. Biochem. Biotechnol. 2008, 4, 

101–104. 

9. Long, M.; Ghisari, M.; Kjeldsen, L.; Wielsøe, M.; Nørgaard-Pedersen, B.; Mortensen, E.L.; Abdallah, M.W.; 

Bonefeld-Jørgensen, E.C. Autism spectrum disorders, endocrine disrupting compounds, and heavy metals 

in amniotic fluid: A case-control study. Mol. Autism 2019, 10, 1–19, doi:10.1186/s13229-018-0253-1. 

10. Bjørklund, G.; Skalny, A.V.; Rahman, M.; Dadar, M.; Yassa, H.A.; Aaseth, J.; Chirumbolo, S.; Skalnaya, 

M.G.; Tinkov, A.A. Toxic metal(loid)-based pollutants and their possible role in autism spectrum disorder, 

Environ. Res. 2018, 166, 234–250. 

11. Mohamed, F.E.B.; Zaky, E.A.; El-Sayed, A.B.; Elhossieny, R.M.; Zahra, S.S.; Eldin, W.S.; Youssef, W.Y.; 

Khaled, R.A.; Youssef, A.M. Assessment of hair aluminum, lead, and mercury in a sample of autistic 

Egyptian children: Environmental risk factors of heavy metals in autism. Behav. Neurol. 2015, 1–9. 

12. World Health Organization. Report of the Commission on Ending Childhood Obesity. Implementation 

plan: Executive summary, 2017. Available online: 

https://apps.who.int/iris/bitstream/handle/10665/259349/WHO-NMH-PND-ECHO-17.1-

eng.pdf?sequence=1 (accessed on 18 November 2020). 

13. James, W.P.T. Obesity: A Global Public Health Challenge. Clin. Chem. 2018, 64, 24–29. 



Nutrients 2020, 12, 3581 14 of 15 

 

14. Hill, A.P.; Zuckerman, K.E.; Fombonne, E. Obesity and autism. Pediatr. 2015, 136, 1051–1061, 

doi:10.1542/peds.2015-1437. 

15. Kamal Nor, N.; Ghozali, A.H.; Ismail, J. Prevalence of Overweight and Obesity Among Children and 

Adolescents with Autism Spectrum Disorder and Associated Risk Factors. Front. Pediatr. 2019, 7, 38. 

16. Kummer, A.; Barbosa, I.G.; Rodrigues, D.H.; Rocha, N.P.; Rafael, M.; Pfeilsticker, L.; Silva, A.C.; Teixeira, 

A.L. Frequency of overweight and obesity in children and adolescents with autism and attention 

deficit/hyperactivity disorder. Rev. Paul. de Pediatr. 2016, 34, 71–77. 

17. Curtin, C.; Jojic, M.; Bandini, L.G. Obesity in Children with Autism Spectrum Disorder. Harv. Rev. 

Psychiatry 2014, 22, 93–103. 

18. Błażewicz, A.; Klatka, M.; Astel, A.; Korona-Glowniak, I.; Dolliver,W.; Szwerc, W.; Kocjan, R. Serum and 

urinary selenium levels in obese children: A cross-sectional study. J. Trace Elem. Med. Biol. 2015, 29, 116–

122. 

19. Kułaga, Z.; Różdżyńska-Świątkowska, A.; Grajda, A.; Gurzkowska, B.; Wojtyło, M.; Góźdź, M.; Świąder, 

A.; Litwin, M. Wartości referencyjne wysokości, masy ciała i wskaźnika masy ciała dla oceny wzrastania i 

stanu odżywienia dzieci i młodzieży w wieku 3–18 lat, 2013, 11. Standardy Medyczne/Pediatria 2015, 12, 119–

135. 

20. Prystupa, A.; Kiciński, P.; Luchowska-Kocot, D.; Błażewicz, A.; Niedziałek, J.; Mizerski, G.; Jojczuk, M.; 

Ochal, A.; Sak, J.J.; Załuska, W. Association between Serum Selenium Concentrations and Levels of 

Proinflammatory and Profibrotic Cytokines-Interleukin-6 and Growth Differentiation Factor-15, in Patients 

with Alcoholic Liver Cirrhosis. Int. J. Environ. Res. Publ. Health 2017, 14, 437. 

https://doi.org/10.3390/ijerph14040437. 

21. Błażewicz, A.; Liao, K.-Y.; Liao, H.-H.; Niziński, P.; Komsta, Ł.; Momčilović, B.; Jabłońska-Czapla, M.; 

Michalski, R.; Prystupa, A.; Sak, J.J.; et al. Alterations of Hair and Nail Content of Selected Trace Elements 

in Nonoccupationally Exposed Patients with Chronic Depression from Different Geographical Regions. 

BioMed Res. Int. 2017, 2017, 1–10. 

22. Muszyńska, B.; Szacawa, E.; Bederska-Łojewska, D.; Dudek, K.; Pomierny, B.; Włodarczyk, A.; Kała, K.; 

Lazur, J.; Suchocki, P.; Budziszewska, B.; et al. Preliminary study on Se-enriched Lentinula edodes 

mycelium as a proposal of new feed additive in selenium deficiency. PLoS ONE 2020, 15, e0233456. 

23. Tinkov, A.A.; Ajsuvakova, O.P.; Filippini, T.; Zhou, J.-C., Lei, X.G.; Gatiatulina, E.R.; Michalke, B.; Skalnaya, 

M.G.; Vinceti, M.; Aschner, M.; et al. Selenium and Selenoproteins in Adipose Tissue Physiology and 

Obesity, Biomol.2020, 10, 658. 

24. Ortega, R.M.; Rodríguez-Rodríguez,E.; Aparicio, A.; Jiménez-Ortega, A.I.; Palmeros,C.; Perea, J.M.;Navia, 

B.; López-Sobaler, A.M. Young children with excess of weight show an impaired selenium status, Int. J. 

Vitam. Nutr. Res.2012, 82, 121–129. 

25. Huke, V.; Turk, J.; Saeidi, S.; Kent, A.; Morgan, J.F. Autism Spectrum Disorders in Eating Disorder 

Populations: A Systematic Review. Eur. Eat. Disord. Rev. 2013, 21, 345–351. 

26. Figuerola, P.E.; Canals, J.; Fernández-Cao, J.; Val, V.A. Differences in food consumption and nutritional 

intake between children with autism spectrum disorders and typically developing children: A meta-

analysis. Autism 2018, 23, 1079–1095. 

27. Kalupahana, N.S.; Moustaid-Moussa, N.; Claycombe, K.J. Immunity as a link between obesity and insulin 

resistance. Mol. Asp. Med. 2012, 33, 26–34. 

28. Nelson, S.M.; Lei, X.; Prabhu, K.S. Selenium Levels Affect the IL-4–Induced Expression of Alternative 

Activation Markers in Murine Macrophages. J.Nutr. 2011, 141, 1754–1761. 

29. Dhanjal, N.I.K.; Sharma, S.; Prabhu, K.S.; Prakash, N.T. Selenium supplementation through Se-rich dietary 

matrices can upregulate the anti-inflammatory responses in lipopolysaccharide-stimulated murine 

macrophages. Food Agric. Immunol. 2017, 28, 1374–1392. 

30. Carlson, B.A.; Yoo, M.-H.; Shrimali, R.K.; Irons,R.; Gladyshev, V.N.; Hatfield, D.L.; Park, J.M. Role of 

selenium-containing proteins in T-cell and macrophage function. Proc. Nutr. Soc. 2010, 69, 300–310. 

31. Sivamaruthi, B.S.; Suganthy, N.; Kesika, P.; Chaiyasut, C. The Role of Microbiome, Dietary Supplements, 

and Probiotics in Autism Spectrum Disorder. Int. J. Environ. Res. Public Heal. 2020, 17, 2647. 

32. Fowlie, G.; Cohen, N.; Ming, X. The Perturbance of Microbiome and Gut-Brain Axis in Autism Spectrum 

Disorders. Int. J. Mol. Sci. 2018, 19, 2251. 

33. Hrdina, J.; Banning, A.; Kipp, A.P.; Loh, G.; Blaut, M.; Brigelius-Flohé, R. The gastrointestinal microbiota 

affects the selenium status and selenoprotein expression in mice. J. Nutr. Biochem. 2009, 20, 638–648. 



Nutrients 2020, 12, 3581 15 of 15 

 

34. Sharp, W.G.; Jaquess, D.L.; Lukens, C.T. Multi-method assessment of feeding problems among children 

with autism spectrum disorders. Res. Autism Spectr. Disord. 2013, 7, 56–65, 10.1016/j.rasd.2012.07.001. 

35. Skalny, A.; Skalnaya, M.; Bjorklund, G.; Gritsenko, V.; Aaseth, J.; Tinkov, A. Selenium and Autism 

Spectrum Disorder. In Selenium; 1st edition, Michalke, B., Ed.; Springer: Cham, Switzerland, 2018. 

doi:10.1007/978-3-319-95390-8_10. 

36. Spiller, H.A. Rethinking mercury: The role of selenium in the pathophysiology of mercury toxicity. 

Clin.Toxicol. 2017, 56, 313–326. doi:10.1080/15563650.2017.1400555. 

37. Liu, Y.; Peterson, K.E.; Sánchez, B.N.; Jones, A.D.; Cantoral, A.; Mercado-García, A.; Solano-Gonzalez, M.; 

Ettinger, A.S.; Téllez-Rojo, M.M. Dietary Intake of Selenium in Relation to Pubertal Development in 

Mexican Children. Nutr. 2019, 11, 1595. 

38. Pitts, M.W.; Kremer, P.M.; Hashimoto, A.C.; Torres, D.J.; Byrns, C.N.; Williams, C.S.; Berry, M.J. 

Competition between the Brain and Testes under Selenium-Compromised Conditions: Insight into Sex 

Differences in Selenium Metabolism and Risk of Neurodevelopmental Disease. J. Neurosci. 2015, 35, 15326–

15338. 

39. Mayo Clinic Laboratories. Test ID: SES: Selenium, Serum 1995. Available online: 

https://www.mayocliniclabs.com/test-catalog/Overview/9765 (accessed on 15 June 2020). 

40. El-Ansary, A.; Bjørklund, G.; Tinkov, A.A.; Skalny, A.V.; Al Dera, H. Relationship between selenium, lead, 

and mercury in red blood cells of Saudi autistic children. Metab. Brain Dis. 2017, 32, 1073–1080. 

41. Tinkov, A.A.; Skalnaya, M.G.; Simashkova, N.V.; Klyushnik, T.P.; Skalnaya, A.A.; Bjørklund, G.; Notova, 

S.V.; Kiyaeva, Et.V.; Skalny, Al.V. Association between catatonia and levels of hair and serum trace 

elements and minerals in autism spectrum disorder. Biomed. Pharmacother. 2019, 109, 174–180. 

42. Roman, M.; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. Met. 2014, 6, 25–

54. 

43. Kieliszek, M. Selenium–Fascinating Microelement, Properties and Sources in Food. Mol. 2019, 24, 1298. 

44. Arnaud, J.; Weber, J.-P.; Weykamp, C.W.; Parsons, P.J.; Angerer, J.; Mairiaux, E.; Mazarrasa, O.; Valkonen, 

S.; Menditto, A.; Patriarca, M.; et al. Quality Specifications for the Determination of Copper, Zinc, and 

Selenium in Human Serum or Plasma: Evaluation of an Approach Based on Biological and Analytical 

Variation. Clin. Chem. 2008, 54, 1892–1899. 

45. Filippini, T.; Ferrari, A.; Michalke, B.; Grill, P.; Vescovi, L.; Salvia, C.; Malagoli, C.; Malavolti, M.; Sieri, S.; 

Krogh, V.; et al. Toenail selenium as an indicator of environmental exposure: A cross-sectional study. Mol. 

Med. Rep. 2017, 15, 3405–3412. 

46. Baron-Cohen, S.; Knickmeyer, R.C.; Belmonte, M.K. Sex differences in the brain: Implications for explaining 

autism. Sci. 2005, 310, 819–823. 10.1126/science.1115455. 

47. Ingudomnukul, E.; Baron-Cohen, S.; Wheelwright, S.; Knickmeyer, R. Elevated rates of testosterone-related 

disorders in women with autism spectrum conditions. Horm. Behav. 2007, 51, 597–604. 

doi:10.1016/j.yhbeh.2007.02.001. 

48. Pohl, A.; Cassidy, S.; Auyeung, B.; Baron-Cohen, S. Uncovering steroidopathy in women with autism: A 

latent class analysis. Mol. Autism. 2014, 5, 1–12. doi:10.1186/2040-2392-5-27. 

49. Błażewicz, A.; Szymańska, I.; Astel, A.; Stenzel-Bembenek, A.; Dolliver, W.R.; Makarewicz, A. Assessment 

of Changes over Time of Lipid Profile, C-Reactive Protein Level and Body Mass Index in Teenagers and 

Young Adults on Different Diets Belonging to Autism Spectrum Disorder. Nutr. 2020, 12, 2594. 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

©  2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


