Metab Brain Dis (2017) 32:1073-1080
DOI 10.1007/511011-017-9996-1

@ CrossMark

ORIGINAL ARTICLE

Relationship between selenium, lead, and mercury in red blood

cells of Saudi autistic children

Afaf El-Ansary "*? « Geir Bjorklund*
Hussain Al Dera'®"!

- Alexey A. Tinkov>%’ . Anatoly V. Skalny *"*? .

Received: 7 December 2016 / Accepted: 15 March 2017 /Published online: 21 March 2017

© Springer Science+Business Media New York 2017

Abstract Autism spectrum disorder (ASD) is a
neurodevelopmental disorder that can cause significant social,
communication and behavioral challenges. Environmental
contribution to ASD is due in large part to the sensitivity of
the developing brain to external exposures such as lead (Pb),
and mercury (Hg) as toxic heavy metals or due to a poor
detoxification ability as the phenotype of this disorder.
Selenium (Se) as an antioxidant element that counteracts the
neurotoxicity of Hg, and Pb, presumably through the forma-
tion of nontoxic complexes. In the present study, Pb, Hg, and
Se were measured in red blood cells (RBCs) of 35 children
with ASD and 30 age- and gender-matched healthy control
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children using atomic absorption spectrometry. Receiver
Operating Characteristics (ROC) analysis of the obtained data
was performed to measure the predictive value of their abso-
lute and relative concentrations. The obtained data demon-
strates a significant elevation of Hg and Pb together with a
significant decrease in the Se levels in RBCs of patients with
ASD when compared to the healthy controls. The ratios of Se
to both Pb and Hg were remarkably altered, being indicative
of heavy metal neurotoxicity in patients with ASD. In conclu-
sion, the present study indicates the importance of Se for pre-
vention and/or therapy of heavy metal neurotoxicity.

Keywords Autism - Selenium - Mercury - Lead -
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Introduction

Autism spectrum disorder (ASD) as a neurodevelopmental
disorder clinically presented as deficits in social interaction,
repetitive behavior and intellectual deficits (APA 2013;
Christensen et al. 2016). Typically, initial signs and symptom
of ASD are often noticeable in the early developmental period
such as age of the first smile, response to their names, pointing
to objects, and ability to play with peers (Huang et al. 2014).
However, behavioral patterns and social deficits might not be
recognized as indications of ASD until a child is unable to
interact socially, or demonstrate cognitive disability or other
significant life-stage demands. This complicates the
healthcare practitioner’s ability to diagnose it early enough
(Johnson et al. 2016).

The incidence of ASD has remarkably grown during the
last decades (Elsabbagh et al. 2012). Up to the DSM-IV diag-
nostic criteria, the most recent recorded prevalence of ASD
reach one per 68 which is more than one hundred-fold higher
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than that recorded earlier in the 1990s, with a 4:1 male to
female prevalence ratio (Rutter 2005). The most recent study
demonstrated that the worldwide incidence of ASD is nearly
66 of 10,000 children (Hill et al. 2015). Certain studies pro-
pose that the observed increase at least partially occurred due
to improved diagnosis of ASD (Rimland 2000). However, it
has been observed that improved diagnosis, younger ages at
diagnosis, and the inclusion of milder cases do not explain the
remarkable increase in the incidence of ASD (Hertz-Picciotto
and Delwiche 2009).

There is significant evidence that nutritional, immunologi-
cal, and environmental factors are greatly contributed in the
etiology of ASD (London 2000; Herbert 2010; Bjerklund and
Chartrand 2016; Bjerklund et al. 2016; Endreffy et al. 2016).
In particular, a significant association between ASD and en-
vironmental pollution in general and organic pollutants
(Kalkbrenner et al. 2010) and metals, in particular, has been
demonstrated (Bjerklund 2013; Roberts et al. 2013; Khaled
et al. 2016). Many studies show the sensitivity of the devel-
oping brain to environmental exposure to lead (Pb) and mer-
cury (Hg) as two heavy metals (Landrigan 2010).

Mercury has been implicated as an environmental risk fac-
tor for ASD (Schultz 2010; Kern et al. 2015; Bjerklund et al.
2017a; Khaled et al. 2016) due to its neurotoxic properties
(Castoldi et al. 2001; Kern et al. 2012). In particular, a signif-
icant correlation between Hg exposure (Mutter et al. 2005)
and the level of Hg in the organism (Kern et al. 2016) and
the risk of ASD has been ascertained. Mercury accumulation
in autistic children may be due to zinc (Zn) deficiency and the
consequence metallothionein (MT) dysfunction (Bjerklund
2013). In fact, research indicates that children with ASD are
at risk to Zn deficiency, copper (Cu) toxicity, and disturbed
MT system functioning (Bjerklund 2013; Li et al. 2014;
Macedoni-Luksic¢ et al. 2015; Craciun et al. 2016). At the
same time, certain contradictions regarding Hg exist (Ip
et al. 2004).

Exposure to Pb is known to disrupt normal physiological
processes and neurological development of children
(Lanphear et al. 2005; Mostafa et al. 2016a). In some children
with ASD, increased levels of blood lead (BPb) may induce
the production of serum anti-ribosomal P antibodies (Mostafa
et al. 2016a). The mechanism of Pb toxicity is mediated
through substitution of calcium (Ca) and Zn by Pb (Mason
et al. 2014). In the developing brain, Pb can induce an inap-
propriate release of neurotransmitters and disrupts brain func-
tion at a much lower concentration of Ca (Zawia 2003; Qiu
et al. 2010; El-Ansary et al. 2011). Using a log-linear model,
Lanphear et al. (2005) through the use of a log-linear model,
recorded a negative correlation between 1Q and the increase
BPb levels (a 6.9 1Q point decrease for an increase of BPb
from 2.4 to 30 pg/dL). They conclude that exposure of chil-
dren who have maximal BPb levels <7.5 pg /dL to environ-
mental Pb is associated with intellectual deficits. A “cognitive
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reserve” may protect from the effects of Pb on cognitive per-
formance (Bleecker et al. 2007). There is some evidence that
the neurobehavioral deficit is reversible with decreasing Pb
exposure (Chuang et al. 2005; Winker et al. 2005, 2006).
Despite the presence of data on Pb neurotoxicity, its impact
on ASD is unclear. Certain studies demonstrated significantly
higher levels of Pb in hair (Mohamed Fel et al. 2015), and
blood of children with ASD (Macedoni-Luksic¢ et al. 2015).
The research groups did not observe a significant increase in
hair (Skalny et al. 2016a), blood (Tian et al. 2011) and teeth
(Adams et al. 2007) Pb content in children with ASD. At the
same time, erythrocyte (El-Ansary et al. 2011) and blood
(Tian et al. 2011) Pb levels significantly correlated with plas-
ma neurotransmitters and gene expression in children with
ASD, respectively. Moreover, a growing body of data provid-
ed a background for considering ASD as a form of both Pb
and Hg toxicity (Yassa 2014).

Selenium (Se) is an essential trace element having a very
narrow range between deficient, essential, and toxic doses
(Roman 2016). Earlier studies demonstrated that Se has a
neuroprotective effect due to its antioxidant and anti-
inflammatory properties (Brauer and Savaskan 2004). In par-
ticular, research indicates that Se and selenoproteins play a
role in the protection against cognitive decline, including
Alzheimer’s disease (Deng et al. 2015; Aaseth et al. 2016).
Selenium is an antagonist to Hg and acts as a natural protec-
tive agent in Hg neurotoxicity (Bjerklund 2015; Bjerklund
etal. 2017b). It is also notable that the increasing body of data
demonstrated that Se has not only a neuroprotective but also a
neurotoxic effect (Vinceti et al. 2014).

Moreover, it is well known that trace element ratios are
more important than their individual or absolute levels being
indicative of the antagonistic interactions between the ele-
ments. In particular, the review of the existing studies demon-
strated that the Hg/Se ratio is significantly associated with
neurological outcome (Skalny et al. 2016b). However, the
existing data on the level of Hg, Pb, Se, and especially their
ratio in ASD are rather contradictory.

Therefore, the objective of the present study was to assess
the relative abundance of Pb, Hg, and Se in red blood cells
(RBCs) of ASD children in comparison to healthy age- and
gender-matched control children.

Material and methods
Compliance with ethical standards

The protocol of the present study was approved by the Ethical
Committee of the Faculty of Medicine, King Saud University,
Riyadh, Saudi Arabia. The parents or the legal guardians of
the investigated participants, according to the Helsinki princi-
ples, signed a written consent to participation in this study.
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Participants

The present study was conducted on 35 male children with ASD.
They were recruited from the Autism Research and Treatment
Center, Faculty of Medicine, King Khalid Hospital, Riyadh,
Saudi Arabia. The children were attending the Well Baby
Clinic at King Khalid University Hospital for routine check-ups
of their growth parameters. The patients met the criteria for ASD
according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition, Text Revision (DSM-IV-TR) (APA
2000). The range of the children with ASD varied between 3
and 12 years (7.0 £ 2.34 years). Patients who had associated
neurological diseases (such as tuberous sclerosis and cerebral
palsy), metabolic disorders (e.g., phenylketonuria), concomitant
infection, allergic manifestations, or autoimmune disorders were
excluded from the study.

The control group comprised 30 age- and sex-matched
neurotypical children. Their mean age was 7.2 + 2.14 years.
They were recruited from the Well Baby Clinic at King Khalid
University Hospital, Riyadh, Saudi Arabia. The control children
were normal healthy children and were unrelated to the ASD
children. They demonstrated no clinical findings suggestive of
allergic manifestations, immunological disorders, or infections.

Blood sampling

After overnight fast, 10 ml blood samples were collected from
both groups in metal-free test tubes containing sodium heparin as
anticoagulant. Tubes were centrifuged at 3500 rpm at room tem-
perature for 15 min. Red blood cells were separated by centrifu-
gation and kept frozen at —80 °C for later metal analyses. The
tubes used for collection and storage of samples were free of Hg,
Pb, and Se elements. Aliquots of the samples (0.5 ml) were
transported on dry ice to the central laboratory for metal analyses.

Mercury

To measure total Hg in RBCs, the flameless atomic absorption
method of Magos (1971) was used. Red blood cells were
diluted with saline to 20 ml, followed by the addition of
1 ml of a 1% cysteine solution, 10 ml of 8MH, SO4 and
1 ml of SnCl, (100 mg/ml). After immediate aeration at a
constant rate of 2.5 I/min, 20 ml of 45% NaOH was added
trough the reaction vessel. The SnCl, reagent was used to
release all of the inorganic Hg from the samples. Aeration
was stopped after the recorder pen had settled back to within
a few chart divisions (2 or 3) of its original baseline, which
was approximately 1 to 1.5 min, depending on the actual
aeration rate. The concentration of Hg was measured using a
flameless atomic absorption Hg analyzer (model MV-253R,
Sugiyamagen Environmental Science Co., Ltd., Japan), and
the concentration was calculated using a standard calibration
curve prepared using standard Hg concentrations.

Lead

Lead concentrations were determined in RBCs using a mod-
ified method of that described by Miller et al. (1987), and
Parsons and Slavin (1993). 0.1 of RBCs were digested in
3.9 ml of 0.5 N nitric acid. Lead quantification was based on
the measurement of light absorbed at 283.3 nm by the ground-
state atoms of Pb from a hollow cathode lamp using atomic
absorption spectrophotometry (Hitachi Polarized Zeeman
Atomic Absorption Spectrophotometer 18080, Japan).

Selenium

A Perkin-Elmer model 1100B (Perkin-Elmer, USA), atomic
absorption spectrophotometer, equipped with a deuterium
arc background corrector, a model HGA 700 graphite furnace,
AS-70 autosampler, and a model FX-800 Epson printer were
used.

Statistical analysis

The obtained data were treated with Statistica 10.0 (Statsoft,
Tulsa, OK, USA). Distribution normality was assessed using
Shapiro-Wilk test. Data were expressed as median and the
respective 25 and 75 percentile boundaries as well as mean
and the respective standard deviations (SD). As the distribu-
tion was not Gaussian, Mann-Whitney U-test was used for
paired group comparisons. Correlation analysis was per-
formed using Spearman’s rank correlation coefficient.

SPSS computer software was also used for Receiver
Operating Characteristic (ROC) analysis. ROC analysis was
performed as a comprehensive tool to assess the accuracy of
the measured biomarkers. The area under the curve (AUC)
provided a useful measure to compare different biomarkers.
An AUC value close to one indicated an excellent diagnostic
and predictive marker; while, a curve that was close to the
diagonal (AUC = 0.5) had no diagnostic value. An AUC close
to one is always accompanied by satisfactory values of spec-
ificity and sensitivity of the biomarker.

Results

The obtained data demonstrate that ASD significantly affected
the level of the studied elements (Table 1). In particular, mean
erythrocyte Se levels in children with ASD were significantly
lower than the control values by 42%. It was noticed that the
mean values of Pb and Hg in RBC were significantly elevated by
55 and 35% as compared to the controls, respectively. The re-
markable alteration of the absolute concentration of the three
measured elements was reflected in their ratios (Se/Pb, Se/Hg,
and Pb/Hg). While Se/Pb and Se/Hg ratios were significantly
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Table 1  Absolute and relative concentrations of lead (Pb), mercury (Hg), and selenium (Se) in plasma of 35 children with autism spectrum disorder

(ASD) compared to 30 healthy control children

Parameter Group Min. Max. Mean = SD Median (25-75) P value Change '

Lead (pg/dl) Control 2.84 6.06 3.89+£0.88 3.53 (3.21-4.59) <0.001 +55%
ASD 4.63 8.16 6.04 £ 1.11 5.80 (4.92-6.85)

Selenium (pg/L) Control 1559 278.6 194.6 +26.7 190.7 (177.5-197.9) <0.001 -42%
ASD 79.2 147.7 111.9+15.1 108.1 (101.6-122.8)

Mercury (ug/L) Control 1.56 3.98 2.71£0.57 2.76 (2.21-3.12) < 0.001 +35%
ASD 2.16 7.60 3.66+1.13 3.44 (2.894.11)

Se/Pb Control 26.64 70.59 51.84 £ 10.44 54.58 (42.57-59.94) <0.001 -63%
ASD 10.84 28.80 19.28 +4.88 19.42 (14.46-22.58)

Se/Hg Control 47.62 131.00 75.21 £20.93 70.82 (58.05-84.78) <0.001 -55%
ASD 13.77 63.95 33.71 £12.20 32.59 (25.50-40.40)

Pb/Hg Control 0.93 3.07 1.51+£0.53 1.34 (1.17-1.56) 0.054 +15%
ASD 1.06 3.17 1.73 £ 0.40 1.69 (1.44-1.94)

P value between Control and ASD group using Mann-Whitney U-test; | — in comparison to the control values

decreased by 63 and 65% in comparison to the respective control
values, Pb/Hg was not significantly changed (p > 0.05).

Correlation analysis demonstrates a significant negative
association between Se and toxic metal levels in erythrocytes
(Table 2). At the same time, the levels of Hg and Pb were
positively interrelated. Being in agreement with the group
mean values, the RBC levels of Pb and Hg were significantly
associated with the Se/Hg and Se/Pb ratios, respectively. It is
notable that the estimated ratios of erythrocyte element con-
centrations (Se/Pb, Se/Hg, and Pb/Hg).

Table 3 shows the AUC, Cutoff values, specificity, and sen-
sitivity of the measured parameters. It can be easily noticed that
absolute concentration of Se and Pb together with relative levels
of Se with both toxic elements (Se/Pb and Se/Hg) recorded high
AUC values and satisfactory sensitivity and specificity, while Hg
and Pb/Hg recorded much lower concentrations.

Discussion
The results of the present study demonstrated a significant

increase in erythrocyte heavy metal (Pb and Hg) and de-
creased Se content. The observed elevation of erythrocyte

Table 2 Correlations

between the erythrocyte Parameters r P value
concentration of ~
selenium (Se), mercury Pb x Se -0.668 < 0.001
(Hg), and lead (Pb) and Pb x Hg 0.629”  <0.001
their ratios in a general ok
Pb x Se/H; -0.63 0.001
cohort of children b Sertlg 9** <
Se x Hg -0.514 <0.001
Hg x Se/Pb 205337 <0.001
Se/Pb x Se/Hg 0784  <0.001
Se/Pb x Pb/Hg -0.353™ 0.004
Se/Hg x Pb/Hg 0.252" 0.043
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Pb and Hg content is in agreement with the earlier data.
The existing data demonstrate that environmental
exposure to Pb and Hg has a significant impact on the
incidence of ASD. Increased erythrocyte Hg and Pb
levels were observed in children with ASD. In
particular, Adams et al. (2013) found a significant 41%
increase in RBC lead levels in children with ASD. In turn,
Geier and the colleagues detected a significant 1.9-fold
elevation of erythrocyte Hg levels in ASD (Geier et al.
2010). Also, blood Hg levels were found to be significant-
ly associated with antineuronal antibodies (Mostafa and
Refai 2007) and expression of 189 genes (Stamova et al.
2011). Correspondingly, the elevated levels of Hg and Pb
were found to be increased in the hair of children suffer-
ing from ASD (Fido and Al-Saad 2005; Lakshmi Lakshmi
Priya and Geetha 2011; Blaurock-Busch et al. 2011).
Moreover, it has been noted that hair Pb and Hg levels
are associated with ASD functioning (Lakshmi Priya and
Geetha 2011).

Despite the presence of multiple studies demonstrating in-
creased total body burden of heavy metals in ASD, the earlier
study by Holmes showed a significant decrease of hair Hg
levels in first baby haircuts in ASD as compared to the control
values (Holmes et al. 2003). Similarly, Kern et al. (2007)
revealed a significant decrease in hair toxic trace elements
in ASD children. These observations allowed proposing
the fact of altered heavy metal handling in children with
ASD. In particular, it is hypothesized that heavy metals
are sequestered in the brain of children, where they exert
neurotoxic properties (Kern et al. 2007). This hypothesis is
also supported by a previous work of Yorbik et al. (2010),
in which urinary levels of cadmium (Cd), Pb, and chro-
mium (Cr) of 30 children with ASD reported decreased
levels when compared to control. Taken together, these
data demonstrate a significant increase in the total body
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Table 3 Receiver Operating

Characteristics (ROC) curve of Parameters Area under the curve (AUC) Cut-off value Sensitivity % Specificity %

parameters assessed in 35 chil-

dren with autism spectrum Lead (Pb) 0.932 4.631 100.0% 80.0%

disorder Selenium (Se) 1.000 151.785 100.0% 100.0%
Mercury (Hg) 0.778 3.319 54.3% 90.0%
Se/Pb 0.998 33.451 100.0% 96.7%
Se/Hg 0.977 45.961 88.6% 100.0%
Pb/Hg 0.710 1.386 82.9% 70.0%

burden of heavy metals may be a consequence of their
increased exposure, sequestration, and impaired detoxifica-
tion and excretion in children with ASD.

Multiple studies have demonstrated Hg neurotoxicity
(Aschner et al. 2013) including that in ASD (Geier et al.
2014). The primary mechanisms of Hg neurotoxicity may be
mediated through proinflammatory and prooxidant ef-
fects of the metal (Gauba et al. 2015). Mostafa and
Al-Ayadhi (2015) reported a significant positive associ-
ation between the elevated levels of blood mercury
(BHg) and anti-myelin binding protein autoantibodies
in children with ASD compared to control healthy sub-
jects. More recently, a potential relationship between
levels of serum neurokinin A, as a pro-inflammatory
neuropeptide and BHg in children with ASD was re-
ported (Mostafa et al. 2016b).

Selenium is known to be neuroprotective due to its antiox-
idant and anti-inflammatory effect that is mediated through the
catalytic role of Se in certain selenoproteins (Schweizer et al.
2004). Taking into account the role of oxidative stress in ASD
pathogenesis (Chauhan and Chauhan 2006), one could con-
sider Se as a protective agent in ASD due to its antioxidant
effect. This supposition is supported by the observation of a
significant association between genetic variants of glutathione
peroxidase 1, an antioxidant selenoprotein, and susceptibility
to ASD (Ming et al. 2010). However, data on Se metabolism
in ASD are inconsistent. In particular, the existing studies
simultaneously demonstrate a significant decrease (Jory and
McGinnis 2008; Lakshmi Priya and Geetha 2011; Blaurock-
Busch et al. 2012; Skalny et al. 2016c¢), increase (Lubkowska
and Sobieraj 2009; Yasuda and Tsutsui 2013; Skalny et al.
2016a) or a lack of changes in Se levels in different human
samples in ASD.

The remarkably lower Se/Hg ratio in ASD patients com-
pared to healthy controls is in good agreement with the
previous report of Sajdel-Sulkowska et al. (2008) and
Alabdali et al. (2014) in which significantly higher
mean blood and cerebellar levels of 3- nitrotyrosine
(3-NT) as marker of oxidative stress, Hg, and the ratio of
Hg/Se were recorded in patients diagnosed with ASD com-
pared to controls.

The significantly lower Se/Pb ratio presented in the present
study can be related to oxidative stress as pathological

mechanism related to ASD. It is well documented that Pb
and Se have antagonistic effects. Reduced Se uptake that
may affect glutathione peroxidase (GPx) activity as Se- de-
pendent enzyme may increase the susceptibility of the cell to
oxidative damage (Schrauzer 1987). The protective effect of
Se against Pb toxicity can be through one or more of
three mechanisms previously proposed by Othman and
El Missiry (1998). These mechanisms are (i) formation
of an inactive Se-Pb complex; (ii) stimulation of radical
scavenging through the activation of superoxide dismut-
ase (SOD), thereby increasing the removal of the super-
oxide radical; and (iii) increasing the antioxidant capac-
ity of cells indirectly by increasing the activity of glu-
tathione reductase, which has an important role in main-
taining a sufficient level of GSH in the reduced form.
Based on this information, the significant lower Se/Pb
reported in the present study can easily be related to all
the oxidative stress related markers previously reported
in patients with ASD (Al-Yafee et al. 2011). Based on
the fact that Pb exposure may probably increase the
susceptibility of membranes to oxidative stress by alter-
ing their integrity through deteriorating their fatty acids
components, the significant increase of Pb together with
the decrease of Se/Pb ratio can be related to the abnor-
mal abundance of polyunsaturated fatty acids previously
reported in ASD patients or animal models of ASD
(Yiin and Lin 1995; El-Ansary and Al-Ayadhi 2014).

Also, the observed statistical interaction between Hg and
Pb may be indicative of their synergistic effects (Rose
et al. 2008).

In conclusion, a significant negative interaction between Se
and toxic heavy metals, Pb and Hg, in children with ASD was
revealed in the present study. The observed interactions may
be indicative of biochemical antagonism between the studied
elements, especially regarding neurotoxicity. It is hypothe-
sized, that Se deficiency in ASD, as assessed by RBC levels,
increases susceptibility to neurotoxicity of increased Hg and
Pb levels. Finally, it is proposed that the relative concentra-
tions of Se, Pb, and Hg can be used for the early diagnosis of
ASD as multifactorial disorder related to environmental
pollution with heavy metals. However, further detailed
studies are required to assess the intimate mechanisms
of the observed associations.
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