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Abstract

Autism spectrum disorder (ASD) is a complex group of severe neurodevelopmental disor-
ders characterized by varying degrees of dysfunctional communication and social abilities
as well as repetitive and compulsive stereotypic behaviors. We aim to evaluate the ge-
netic predisposition to oxidative response and its relationship with altered oxidative stress
markers in ASD patients. Genomic DNA was isolated from peripheral blood lympho-
cytes of 106 (83 M, 23 F; 7.9 & 3.2 years) ASD patients and 90 healthy subjects (63 M,
27 F; 21.2 & 1.8 years). Genotyping was performed by real-time PCR-based allelic discrim-
ination, PCR and electrophoresis of GST deletion variants. Reactive oxygen metabolites
(dROMs), the Biological Antioxidant Potential (BAP), and the advanced oxidation protein
products (AOPP) were also measured. Furthermore, we assessed oxidative DNA damage
by Single Cell Gel Electrophoresis. The evaluation of oxidative stress markers indicated a
mild oxidative stress status and a higher level of DNA damage in nuclei of ASD patients’
lymphocytes. We found significant associations between ASD and several polymorphisms
of genes involved in the detoxification and the response to oxidative stress. Genetic and
environmental factors contribute to the onset of autism spectrum disorder, and ASD pa-
tients’ treatment requires a multimodal approach, including behavioral, educational, and
pharmacological approaches.

Keywords: autism spectrum disorders; oxidative stress markers; single nucleotide
polymorphisms; genotyping

1. Introduction

Autism spectrum disorder (ASD) is a complex group of severe neurodevelopmental
disorders, characterized by persistent impairment in communication and social abilities,
including social-emotional reciprocity and nonverbal communicative behaviors, as well
as repetitive and restrictive patterns of behaviors and interests, such as stereotyped move-
ments and speech and abnormalities in sensory processing [1]. A current estimation of ASD
prevalence shows that 1 in 44 children is affected by ASD, and boys are three—four times
more affected than girls [2,3].

Although ASD etiology and pathophysiology have not been well understood, neuro-
biological studies in ASD animal models, as well as neurophysiological, anatomical, and
non-invasive brain imaging studies, have highlighted alterations of pathways involved
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in neural development, synapse plasticity, structural brain abnormalities, cognition, and
behavior [3]. Several twin studies demonstrated the heritability of autism having this an
estimated range from 64% to 93% [4-6]. Moreover, genome studies have demonstrated
the presence and heritability of a variety of genetic abnormalities, mostly represented by
mutations in genes encoding for proteins involved in neuronal and synaptic pathways, in
patients affected by ASD [7]. Although ASD can, in some cases, be attributed to mono-
genic disorders, such as those related to pathogenic variants in SHANK3, MECP2, FOXG1,
CDKLS5, PTEN, and FMR1, the majority of cases are thought to result from the combined
effects of multiple common and rare genetic variants, interacting with environmental
factors [8-10]. Due to sample heterogeneity and differences in analysis method used,
heritability of common genetic variants such as single nucleotide polymorphisms (SNPs)
showed a considerable variability, ranging from 65% in multiplex families [11] to 12%
in the Psychiatric Genomics Consortium GWAS (genome-wide association studies) [12].
Moreover, accumulating evidence showed that the penetrance of risk genes is modulated by
epigenetic factors, such as DNA methylation, non-coding RNAs, and histone modifications,
and that environmental factors (i.e., maternal diet and exposure to drugs or environmental
toxicants) also play a key role in increasing the susceptibility to ASD, above all because of
their ability to determine epigenetic changes [13-18].

Interestingly, in recent decades, research and clinical studies focused on ASD-related
specific organ dysfunctions, such as immune dysregulation, inflammation, impaired detox-
ification, environmental toxicant exposures, redox regulation/oxidative stress, and energy
generation/mitochondrial systems [19,20]. Oxidative stress and inflammation play sig-
nificant roles in contributing to mutagenesis, particularly in vulnerable genomic regions
associated with conditions like ASD [21]. These processes heighten susceptibility to DNA
damage and mutations, which can have profound implications for genomic stability and the
development of neurological disorders, especially at early age of brain development [22,23].
Moreover, a role for maternal immune system dysregulation, including alterations of cy-
tokine/chemokine secretion and the presence of maternal autoantibodies against proteins
active in the developing brain, has been recognized as a prominent risk factor for ASD
development in the offspring [24-26].

As a result of the cumulative influence of toxic environmental insults, oxidative
stress may develop and play a central role in ASD pathogenesis by promoting neuronal
damage in several ways, such as lipid peroxidation, protein carbonylation, and DNA oxi-
dation [27]. Post-mortem analysis of brain tissues from autistic cases showed higher levels
of oxidative stress biomarkers than in healthy controls [28,29]. Moreover, mitochondrial
abnormalities—a potential source of elevated oxidative stress—were reported in autistic
case studies and have been recently re-evaluated through meta-analysis [30,31].

Several case—control studies have reported lower concentrations of reduced glu-
tathione (GSH), higher levels of oxidized glutathione (GSSG), and a decrease in the
GSH/GSSG redox ratio, along with a lower mitochondrial GSH reserve in ASD patients
compared with healthy subjects. In addition, in some studies lower GSH levels and mark-
ers of increased oxidative stress have been correlated with ASD severity [32]. Markers of
oxidative stress have also been correlated with the severity of gastrointestinal problems in
individuals with ASD [19].

Here, we aimed to assess the distribution of genetic polymorphisms in gene encoding
for phase I and phase II detoxification enzymes, which have the task of metabolizing drugs
and xenobiotics, as well as antioxidant enzymes in ASD patients and healthy individuals.
Phase I enzymes, such as CYP450 enzymes, usually catalyze reactions of oxidation, re-
duction and hydrolysis, while phase II enzymes, such as glutathione S-transferases (GSTs),
UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTS) catalyze conjugation
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reactions [33]. Moreover, the relationships between individual genetic background and al-
terations of oxidative stress markers were also examined in ASD patients and case—controls.

2. Results
2.1. Genotyping for SNPs in Antioxidant Defense Enzymes

Individuals with ASD and controls were genotyped for the SNPs Superoxide Dismu-
tase 2 (SOD2) A16V, Catalase (CAT) -844 C>T, Glutathione peroxidase 1 (GPx1) rs1800668,
and Paraoxonase 1 (PON1) Q192R.

Genotype frequencies for the SNP SOD2 A16V were found to be in Hardy—-Weinberg
equilibrium both in patients and controls. The most frequent genotype in ASD group was
the heterozygous AV, while the mutated variant V was more frequent in controls than in
ASD group.

Genotype frequencies for the SNP CAT -844 C>T were in Hardy-Weinberg equilibrium
in individuals with ASD and controls. Wild-type genotype was more common in controls
compared to ASD, with a prevalence around 70%. Heterozygous genotype was statistically
significant higher in patients than in controls. Neither affected individuals nor the controls
resulted carriers of the homozygous mutated genotype TT.

Results from allelic discrimination for the SNP GPx1 rs1800668 showed that the
frequencies were in Hardy—Weinberg equilibrium, both in patients and controls.

The frequency of wild-type genotype was significantly higher in controls, while the
homozygous mutated genotype was observed only in individuals with ASD. Notably, Odds
Ratio (OR) calculation showed that the mutated genotype was associated with a 23 times
higher risk to develop ASD (Table 1).

Table 1. Distribution of gene polymorphisms of antioxidant enzymes in ASD patients and healthy controls.

Genotype ASD (n=106) Controls (1 =90) p-Value Odds Ratio
% % (95% C.1.)
SOD2 Al16V
AA 33.02 21.11 0.0777 -
AV 36.79 26.67 0.1671 -
0.3956
\'AY 30.19 52.22 0.0021 (0.2202 to
0.7107)
CAT -844C>T
0.5253
CcC 53.77 68.89 0.0398 (0.2920 to
0.9453)
1.904
CT 46.23 31.11 0.0398 (1,058 to 3.425)
TT - - -
GPx1 rs180668
C>T
0.3924
CC 54.81 75 0.0028 (0.2118 to
0.7270)
CT 34.62 25 0.1569 -
TT 10.58 0 0.001 22.26

(1.292 to 383.6)
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Table 1. Cont.
Genotvpe ASD (n =106) Controls (n =90) Value Odds Ratio
yP % % P (95% C.1.)
PON Q192R

T>C
0.5263

TT 47.62 63.33 0.0471 (0.2871 to
0.9649)

TC 38.10 36.67 0.8763 -

CcC 14.29 0.00 0.0001 31.21

(1.816 to 536.4)

The distributions of genotypes for the SNP PON1 Q192R in ASD patients and controls
were in Hardy—Weinberg equilibrium.

The frequency of wild-type genotype was significantly higher in healthy controls than
in cases, while the homozygous mutated genotype was only observed in individuals with
ASD, and was associated with a 31 times higher risk for the disease. On the contrary, the
QQ wild-type genotype resulted in being protective against ASD and associated with a
two times lower risk for the disease (Table 1).

2.2. Genotyping of Polymorphisms in Enzymes and Proteins Involved in Xenobiotic Metabolism

ASD patients and healthy individuals were genotyped for the cytochrome P450 (CYP),
family 2, subfamily C, polypeptide 9 and 19, and subfamily D, polypeptide 6, namely
SNPs CYP2C9*2, CYP2C9*3, CYP2C19*2, CYP2D6*41 of phase I drug metabolism enzymes
CYP2C9, CYP2C19, CYP2D6, the SNP Arg554Lys of the xenobiotic sensor aryl hydrocarbon
receptor (AHR), and the SNPs Arg187GlIn, rs179993, * 6, 1104V as well as A114V of the phase
II drug metabolism enzymes N-acetyl transferases (NATs), UDP-glucuronosyl transferases
(UGTs), glutathione-S-transferases (GSTs): NAT1, NAT2, UGT1A1, GSTP1, respectively.
Moreover, the distribution of deletion variants of the phase II drug metabolism enzymes
GSTM1 and GSTT1 was also assessed in both groups.

Genotype distributions for CYP2C9*2 and *3 polymorphisms were in Hardy-Weinberg
equilibrium in both patients and controls.

The CYP2C9*1 /%1 wild-type genotype was the most frequent in both groups, with a
higher but not significant frequency in control group. The mutated *1/*2 was more frequent
among healthy controls than among cases, even if these differences were not statistically
significant. The homozygous mutated *2/*2 genotype showed a very low frequency in both
groups. Notably, the mutated heterozygous *1/*3 genotype was significantly more frequent
in ASD patients than in healthy subjects and was associated with a 20 times increased risk
for the disease (Table 2). The mutated homozygous *3/*3 genotype was not observed in
both groups.

Genotype distribution for the CYP2C19 *2 polymorphism agreed with Hardy—
Weinberg equilibrium both in patients and controls.

The wild-type *1/*1 genotype was more frequent among healthy subjects than among
ASD patients, while the mutated heterozygous *1/*2 and homozygous *2/*2 genotypes
were more frequent in cases than in controls. However, these differences were not statisti-
cally significant (Table 2).
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Table 2. Distribution of gene polymorphisms in phase I and II xenobiotic metabolism enzymes.

Genotype ASD (n =106) Controls (n =90) p-Value Odds Ratio
% % (95% C.I.)
CYP2C9*2,*34
*1/1 73.3 84.4 0.0524 -
*1/*2 6.7 12.2 0.1058 -
e 18.88
1/*3 18.3 1.1 0.0011 (2.236.159.4)
*2/*2 1.7 2.2 1 -
CYP2C19*2 P
*1/*1 7391 80.0 0.445 -
*1/*2 21.74 16.7 0.4228 -
*2/*2 4.35 3.33 1 -
CYP2D6*41 ©
e 0.01878
1/*1 77.5 100 <0.0001 (0.001-0.340)
o 44.4
1/*41 20 - 0.0002 (2420-814.6)
*41 /%41 25 - 0.2623 -
AHR
Arg254Lys 4
Arg/Arg 83.9 77.8 0.4109 -
Arg/Lys 16.1 16.7 1 -
Lys/Lys - 55 0.0797 -
NAT1
Argl87GIn f
Arg/Arg 97.26 96.67 1 -
Arg/GIn 2.74 3.33 1 -
GIn/GIn - - - -
NAT2rs1799931
G>A¢8
G/G 100 96.67 0.2466 -
G/A - 3.33 0.2466 -
A/A - - - -
UGT1A1*6
G>Ah
WT1/1G/G 89.09 85.56 0.6191
o 0.05172
HT *1/*6 G/A - 14.44 0.0019 (0.003-0.889)
MUT *6/%*6 23.77
A/A 10.91 ) 0.0025 (1.310-431.1)
GSTP1
I105V/A114V
r 0.5025
A/*A 452 62.2 0.024 (0.283-0.891)
*A/*B 34.5 28.9 0.5378 -
*B/*B 8.3 44 0.3888 -
*A/*C 4.8 2.2 0.4558 -
*A/*D 1.2 - 1 -
*B/*C 59 2.2 0.2923 -
GSTM1 Null
(*0) ¢
*1/*1+*1/%0 58.8 53.3 0.1494 -

*0/*0 41.2 46.7 0.1494 -
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Table 2. Cont.
Genotvpe ASD (n =106) Controls (n =90) Value Odds Ratio
yP % % P (95% C.1.)
GSTT1 Null
(*0)©
* * * * 0-43
1/*1+*1/%*0 64.7 80 0.0296 (0.210-0.878)
‘A /% 2.326
0/*0 35.3 20 0.0296 (1.139-4.750)
GSTM1 Null/
GSTT1 Null €
(*1/*1+*1/*0)/ )
(*1/%14%1 /%0) 38.2 47 0.615
(*1/*1+*1/*0)/*0/*0  16.2 15.5 0.915 -
*0/*0/(*1/*1+*1/*0)  22.05 33.3 0.12 -
5.000
* * * *
(*0/*0)/(*0/*0) 19.1 4.44 0.0032 (1.64-15.24)

Legend: # ASD examined were 60; b ASD examined were 70; ¢ ASD examined were 40; ¢ ASD examined were 62;
¢ ASD examined were 68; f ASD examined were 73; 8 ASD examined were 84; M ASD examined were 55. GSTP1*A
=1105/A114; GSTP1*B = V105/A114; GSTP1*C = V105/V114; GSTP1 *D =I1105/V114.

Genotype distribution for the CYP2D6*41 polymorphism was in agreement with
Hardy-Weinberg equilibrium.

The wild-type *1/*1 genotype was the most frequent in both groups, with a signif-
icantly higher frequency among controls, that resulted in a reduction in the risk for the
disease by 53 times. The *41 mutated allele was only found in ASD group, with the high-
est frequency of the heterozygous *1/*41 genotype, that was associated with a 44 times
increased risk for the disease.

Genotyping for AHR Arg554Lys polymorphism showed that the genotype frequencies
were in Hardy—Weinberg equilibrium.

The wild-type Arg/Arg genotype was the most frequent in both groups, with a
higher frequency in ASD patients. However, this difference was not statistically signifi-
cant. The heterozygous mutated Arg/Lys genotype showed a similar frequency between
the two groups, while the homozygous mutated Lys/Lys genotype was only found in
control group.

The genotype distributions for the SNP NAT1 Arg187GIn and NAT2 was in agreement
with Hardy—Weinberg equilibrium both in patients and controls. Genotype distributions
were similar between the two groups, with the wild-type Arg/Arg genotype being the
most represented and the heterozygous Arg/Gln genotype showing a very low frequency.
The mutated homozygous genotype was not observed (Table 2).

The distribution of the SNP NAT2 rs1799931 G>A was in Hardy-Weinberg equilibrium
in both groups. The wild-type GG genotype was the most frequent in both groups. The
heterozygous GA genotype was found with a very low frequency only in the control group,
while the homozygous mutated AA was not observed.

The distributions of the UGT1A1 genotypes were in Hardy—Weinberg equilibrium in
both groups. Results showed that the heterozygous genotype was present only in controls
but not in ASD patients, with a protective effect. We found the mutated homozygous
genotype only in individuals with ASD, with an OR of 24 times.

Genotyping results for the variants *A (Ilel05Val) and *B (A114V) of GSTP1,
deleted /null of GSTM1, and deleted /null of GSTT1 (deletion) showed that the genotype
distributions were in agreement with Hardy—-Weinberg equilibrium in both groups.
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The high diversity of the genotypes determined a fragmentation of the results; the
different haplotypes of GSTP1, resulting from the different combinations of the alleles *A
(I105V) and *B (A114V), were grouped and their distribution was analyzed as a sum of the
frequencies.

The results showed a significantly higher frequency of the wild-type genotype in the
control group than in ASD patients (Table 3).

Table 3. Assessment of oxidative stress marker in ASD patients and case controls.

ASD Controls
Redox Marker (1 = 106) (1 = 90)
AQOPP 329.1 &£ 149.7 *** 749 4+ 15.1
dROMs 327.1 1159 319.3 & 50.1
BAP 2428.0 £+ 1479.3 2128.4 £+ 1820.6

Values are provided as mean + standard deviation. The unpaired t-test was used to compare statistical differences
between ASD and control subjects. *** p < 0.0001 significant difference in comparison to controls.

Instead, mutated heterozygous and homozygous genotypes were more frequent in
ASD patients than in controls, even if these differences were not significant likely because
of the small number of subjects included in the subgroups corresponding to different
GSTP1 genotypes (Table 3). The sum of mutated genotypes 1105V /A114A, V105V /A114A,
1105V /A114V, and 11051/ A114V, had a higher frequency in patients, but these differences
were not significant. The genotype 1105V /V114V was not found in both groups examined.

Individuals with 1105V /A114V genotype had a higher frequency in controls, but also
in this case there were not statistically significant differences.

Analysis of the deletion *M1 for GST revealed no differences between controls and patients.

On the contrary, analysis of the deletion *T1 for GST revealed important statistically
significant differences between controls and patients. In fact, the deleted genotype was
more frequent in the latter group, and it was associated with the pathology with an OR of
2.5. In controls, the not deleted genotype was more common.

The frequency of subjects that had both deletions was higher in patients than controls,
and this difference was statistically significant.

2.3. Evaluation of Oxidative Stress Markers

The measurements of oxidative stress markers, namely dROMs, AOPP and BAP,
showed that the mean values of concentration in affected individuals were higher than in
controls (Table 3). These data indicated a mild oxidative stress status. These differences
were significant for AOPP, with a p value <0.0001. dROMs and BAPs values were similar in
controls and patients.

We further analyzed the variability of oxidative stress markers in ASD patients having
different genotypes. In particular, the study cohort was divided in three groups: (1) carriers
of SOD2 wild-type genotype and several other SNPs among those examined in this study
(total number of mutated alleles = 2-9), (2) carriers of SOD2 A16V heterozygous genotypes
and several other SNPs among those examined in this study (total number of mutated
alleles: 2-6); (3) carriers of SOD2 A16V mutated genotype and several other SNPs among
those examined in this study (total number of mutated alleles = 2-6). In the comparison
between the different groups, the heterozygous patients showed lower mean levels of
AQOPP and dROMs, and the highest mean BAP. On the contrary, the homozygous group
showed the highest mean levels of AOPP and dROMSs, while the lowest mean BAP was
found in the wild-type group (Table 4). However, a significant difference was only observed
for BAP levels between the wild-type patients and patients carrying either the SOD2 A16V
heterozygous genotype (p = 0.006) or mutated homozygous genotype (p = 0.004).
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Table 4. Variability of oxidative stress markers in ASD patients having different genotypes.

AOPP dROMs BAP
Group 1 (SOD2 Wt + 2-9 other SNPs) (n = 35) 312.2 £111.9 357.3 £107.0 1694.0 = 1061.9
Group 2 (SOD2 Ht + 2-6 other SNPs) (n = 39) 303.0 +£134.3 347.3 £101.6 3008.8 £ 1396.2 **
Group 3 (SOD2 Mut + 2-6 other SNPs) (n = 32) 378.4 £ 151.0 401.7 £ 160.4 2392.5 £1248.5 **

Values are provided as mean =+ standard deviation. Statistical differences between groups have been evaluated by
one way ANOVA followed by the Newman-Keuls post hoc test. ** p < 0.01 significant differences in comparison
with controls.

2.4. Comet Assay DNA Damage

The microscopical observation of lymphocytes subjected to Comet assay revealed a
higher level of DNA damage in nuclei of lymphocytes isolated from ASD patients compared
with healthy controls (Figure 1).

Figure 1. Representative images of the lymphocytes analyzed by the SCGE (Comet assay).
(A-E), microscope image in 5 control subjects; (F-J) SCGE microscope image in 5 ASD patients.

Moreover, the measurement of comet parameters showed that there were significant
differences between healthy controls and individuals with ASD (Table 5).

Table 5. Variability of Comet * cells and variability of comet parameters in ASD patients and controls.

Comet Parameters (fflg,jz) ((Zr(:r;t;(;l)s

% COMET + cells 55.4 £ 4.66 *** 45429
Head length 215.8 +15.3 2095 + 15.7

Tail length 64.5 £+ 14.1 *** 36.6 £9.5
Comet length 274.0 + 20.3 *** 2525+ 13.6
Head DNA 859 + 4.5 112.4 £101.9

Tail DNA 14.04 £4.6* 11.6 £4.1

Tail Moment 14.8 £9.8* 93+ 64

Olive Tail Moment 11.2 +£ 6.2 *** 40+24

Values are provided as mean + standard deviation. The unpaired t-test was used to compare statistical differences
between ASD and control subjects. * p < 0.05 and *** p < 0.001 significant differences in comparison with controls.
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3. Discussion

ASD is a group of neurodevelopmental disorders with heterogeneous clinical mani-
festation and various degrees of severity. Despite the large research on the matter, a clear
etiology has not been identified and currently the diagnosis is based on clinical observation
of the symptoms [1]. The impact of the genetic inheritance on ASD etiopathogenesis has
long been recognized, since Autism shows a 90% heritability in monozygotic twins but only
0-10% in dizygotic twins, and several monogenic disorders present with neurodevelopmen-
tal impairment and autistic traits [3,34]. However, only in <1% of cases a pathogenic variant
is identified, and the majority of ASD cases are not the consequence of a simple single
gene or chromosomal disorder. Therefore, ASD is considered a multifactorial disease with
multiple genes involvement and epigenetic influence [3,17]. Moreover, given the lack of
evidence on the causative mechanisms of ASD, current pharmacological treatments address
the associated symptoms of ASD and not the core manifestations, with the possibility of
developing several and significant adverse effects [35].

Recently, research on the mechanisms involved in the occurrence of ASD focused on
environmental, metabolic, and immune contribution, taking into account the additive and
potentially synergistic effects of these risk factors [36]. To date, several neurotoxic and
inflammatory agents have been investigated, suggesting that gestational exposure to xeno-
biotics may increase the risk of an ASD diagnosis in the offspring. On the contrary, some
substances pertaining to the detoxification pathways (i.e., folic acid) represent protective
factors [17]. In this light, some authors proposed oxidative stress as the linking mecha-
nism, given that response to oxidative stress is genetic determined but also influenced by
environmental factors [36,37].

Oxidative stress-related biomarkers have been previously linked to neurodevelopmen-
tal impairments associated with ASD and abnormalities of the brain that have a higher
prevalence in autistic people [38-42]. Moreover, numerous studies identified an imbalance
between prooxidant and antioxidants in individuals with ASD [38]. As a matter of fact,
oxidative stress during the pregnancy has been related to several postnatal diseases of
the children [43]. The human brain is particularly vulnerable to oxidative damage since
it represents only the 2% of the body weight but it consumes approximately 20% of the
basal oxygen; this is even truer in autistic children, that have an increased brain volume
in comparison to healthy subjects [44-46]. Moreover, it has high energy demands and it
is rich in unsaturated fatty acids, which are especially susceptible to oxidation: indeed,
the brain has a higher oxidizing capacity in comparison to the antioxidant resources and
the produced oxidative stress determines a damage to biomolecules (i.e., lipids, proteins,
and nucleic acids), inducing profound consequences in the developing central nervous
system [28,37,44]. Furthermore, the cerebellum represents a region of the central nervous
system that has the highest number of neurons and it is selectively vulnerable to environ-
mental insults (i.e., hypoxia-ischemia, excitotoxicity, viral infections, vitamin deficiencies,
heavy metals exposure, bilirubin, etc.) and, particularly, to oxidative stress [46—48]. The
latter affects especially large neurons, inducing loss of Purkinje cells and atrophy of the
cerebellar folia, that have been consistently involved in the pathogenesis of ASD [46].

In this study, we evaluated and compared the genetic predisposition to oxidative
response and its relationship with altered oxidative stress markers in individuals with
ASD and healthy controls. We investigated the oxidative stress markers like dROMs,
AQOPP and BAP, which confirmed a mild oxidative stress status in the autistic patients
in comparison to the controls. In particular, the AOPP showed a statistically significant
difference, accordingly to previous studies [45,49,50]. Especially, Nasrallah and Alzeer
proved a significant difference between the ASD subjects and the not related typically
development (TD) controls, though this difference was not statistically relevant when
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comparing individuals with ASD to their siblings [45]. This finding suggests a genetic
predisposition to oxidative stress that is shared by patients and their siblings, representing
the substrate on which environmental agents may intervene to determine the disorder.

Regarding the SNPs involved in the oxidative stress response, most of the individuals
in our ASD group presented a polymorphism in the SOD2 gene; particularly, most of our
patients showed the heterozygous genotype causing a Alal6Val amino acid substitution.
SOD is considered the only antioxidant enzyme capable of detoxifying superoxide anion
and a reduction in its activity may cause incomplete superoxide neutralization [38]. Reports
in the literature are inconclusive about the role of SOD on the etiopathogenesis of ASD:
when compared to healthy individuals, some studies found increased SOD activity, while
other research groups refuted this data, reporting significantly lower activity of SOD in
children with ASD; moreover, no significant difference among the groups was indicated by
other works [51]. It is worthy of mention that a real comparison among the different studies
is difficult to achieve, since in most of the literature SOD activity was reported irrespective
of the isozyme subclass and considered in several biological samples (i.e., erythrocytes,
platelets, or plasma) [28]. Furthermore, very few researchers investigated the SOD gene
SNPs in the autistic population. Kovac and colleagues reported a statistically significant
association of ASD with two variants of the SOD1 gene, while they found no significant
difference in the SOD2 A16V polymorphism between the patients and the controls [52].
Conversely, Esparham and colleagues stated that the majority of individuals with ASD in
their cohort showed a homozygous or heterozygous variant in the SOD2 A16V; however,
the number of affected individuals examined in this research (n = 7) is very small and not
compared with a control group [53]. In fact, in contrast with this latter research, most of the
healthy individuals in our study presented homozygous TT polymorphism.

To better investigate the relationship between the SOD2 gene and the ASD etiopatho-
genesis, we analyzed the oxidative stress markers in individuals with ASD and controls
with different SOD2 genotypes. Specifically, the heterozygous patients showed lower
mean levels of AOPP and dROMs, and the highest mean BAP. On the contrary, the lowest
mean BAP was found in the wild-type group and showed a significant difference with the
patients carrying the SOD2 A16V heterozygous genotype and even in comparison with the
heterozygous and homozygous groups taken together. In the literature, only a Japanese
group evaluated the association between these markers of oxidative stress and the ASD:
they detected higher levels of d-ROMs in ASD patients in comparison to TD individuals e
proposed the BAP/d-ROMs ratio (antioxidant capacity) as a reliable biomarker of to assess
oxidative stress in children with ASD [54,55].

Very few data are also reported in the literature regarding the catalase, with a reduction
or an enhance in its enzymatic activity depending on the examined samples (i.e., erythro-
cytes or plasma and erythrocytes), or else no association with ASD [28,51,56]. Nevertheless,
to the best of our knowledge, we could not find any study that investigated the association
between CAT polymorphisms and ADS and, therefore, our work is the first study to detect
a significant association with the SNP CAT -844 C>T, being the wild-type a protective
factor for the pathology and the heterozygous genotype a 2 times higher risk factor for
developing ASD. Moreover, according to the data reported by Manivasagam et al. (2020)
that described altered enzymatic activities of catalase and glutathione peroxidase in autis-
tic individuals, our results also showed a statistically significant higher number of GPx
polymorphisms in the patients group [56]. Particularly, GPx is one of the most important
antioxidant enzymes counteracting oxidative stress and the C>T substitution in the GPx
gene has been previously related to other neuropsychiatric disorder (i.e., schizophrenia):
Shao et al. (2020) [57] proved a significant difference between schizophrenic patients and
controls, suggesting a protective role of the C-allele. Consistent with these data, we found
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the TT variant only in the ASD group, making this homozygous genotype a 23 times higher
risk factor for developing ASD [57].

In the literature, there are controversial data regarding the association between PON1
polymorphisms and their association to ASD. However, in a recent systematic review
Banhela and colleagues analyzed the association between paraoxonase-1 SNPs and neu-
robehavioural outcomes in children and concluded that, though polymorphic variants on
the PON1 gene show great variability which may influence the activity and functionality
of enzymes encoded by the gene, the polymorphisms 108T and Q192R are associated
with adverse neurobehavioural development [58]. In our sample, the healthy individuals
showed a significantly higher frequency of the wild-type Q192R polymorphism, and this
genotype resulted in being protective against ASD, with a 2 times lower risk for the disease.
On the contrary, the homozygous mutated genotype was only observed in ASD individuals
and associated with a 31 times higher risk for the disease. Moreover, in a comparative
study performed by Gaita and colleagues (2010), serum arylesterase activity in combi-
nation with PON1 SNPs rs705379 (C-108T) and rs662 (Q192R) was able to discriminate
ASD patients from controls with elevated sensitivity and specificity [59]. Paraoxonase 1 is
a multifunctional enzyme involved in oxidative stress and capable to hydrolyze several
toxic compounds that have been considered risk factors for the neurodevelopment, such as
organophosphorus insecticides and their active metabolites, as well as nerve agents [17,60].
Thus, the mutant genotype detected only in the ASD group is consistent with the higher
risk of developing the pathology.

GST represents another important antioxidant defense mechanism by performing the
detoxification of xenobiotics and inactivation of endogenous oxidative stress products [61].
Particularly, in our study, we considered the polymorphisms of the different isoforms
GSTP1, GSTM1, and GSTT1, which have been reported to be associated with increased
risk of developing ASD [61]. Although not significant because of the small group, indi-
viduals with ASD in our study showed a higher frequency of the mutated heterozygous
and homozygous GSTP1 genotypes than in controls. When considering the Ile105Val poly-
morphism, the healthy subjects showed a significant difference compared to the autistic
patients, giving to the GSTP1*Ile105 allele a protective action against the disease. This
data supports the evidence reported by Morales and colleagues, who proposed the GSTP1
mutated polymorphism as a potential risk factor for cognitive impairment, especially in
children exposed to xenobiotics during the pregnancy [62]. In fact, almost a patient on
two with autism also shows intellectual disability and the literature agrees that these
pathologies share a common genetic substrate [40]. Moreover, an increased risk of ASD
was observed if a combined GSTM1-active and GSTP1*1lelle genotype was present [63].

Considering the GSTM1 polymorphisms, our work did not show statistically signifi-
cant difference between the two groups; on the contrary, the deletion *T1 for GST revealed a
statistically significant difference in individuals with ASD compared to controls, outlining
a 2.3 times higher risk of developing the disorder. In addition, when combined to the
GSTM1 null genotype, the risk increased to 5 times. Very few studies investigated the role
of the glutathione transferase isoforms SNPs in the etiopathogenesis of ASD. Nevertheless,
GSTT1 has been previously associated with a higher risk of developing epilepsy, which
constitutes an important comorbidity of ASD, while the deletion *M1 for GST has been link
to worse adaptative functions in autistic children [61].

All these pieces of evidence taken together enforce the concept that the etiopathogene-
sis of ASD is to be searched in a gene-environment interaction, in which oxidative stress
has a major role: in fact, proteins are main targets of the reactive oxygen species and their
oxidation results in modification of their structure and function, often in an irreparable
manner [37,45].
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ASD patients’ treatment requires a multimodal approach, including behavioral, edu-
cational, and pharmacological approaches; previous studies reported a use of medications
in autistic children up to 83% [64]. In this light, evaluation of the cytochrome P450 enzyme
system SNPs is considerably intriguing, since 30-50% of the ASD patients do not show an
adequate response to treatment or incur in adverse events [65]. Particularly, the genotype
distributions for CYP2C9*2 and *3 polymorphisms represent interesting data, since, to
the best of our knowledge, this is the first study to investigate their association with ASD.
In fact, the CYP2C9 is responsible for the metabolism of several drugs, and the mutated
homozygous CYP2C9*2 genotype was related to refractory epilepsy and the homozygous
*3 polymorphism has been related to lower levels of anti-seizures medications [66,67].
Our study found that the mutated heterozygous *1/*3 genotype was significantly more
frequent in the ASD group and associated with a 20 times increased risk for the disease.
This evidence has an impact on pharmacological treatment that is of the utmost importance
in consideration that autistic patients have an increased incidence of epileptic seizures
and EEG abnormalities in comparison to healthy population, the latter of which are also
associated with the severity of cognitive and behavioral disturbances [68].

Although the distribution for the CYP2D6 polymorphisms showed higher frequency
of the *1/*1 genotype both in the ASD patients and in the controls, we found a significant
difference among the groups, that resulted in a reduction in the risk for the disease by
53 times. The heterozygous *1/*41 genotype was higher in the affected individuals, and
it was associated with a 44 times increased risk for the disease, while the *41 mutated
allele was only found in ASD group. CYP2D6 is responsible for the metabolism of many
psychiatric medications and especially risperidone, which is the most frequently prescribed
antipsychotic drug to children and adolescents [69]. As already mentioned, a modification
in the function of the CYP may induce different responses to treatment: poor metabo-
lizers are at higher risk of adverse events, while ultra-rapid metabolizers represent the
group that may incur in therapeutic failure [70]. The *41 allele has been previously associ-
ated with reduced activity of the CYP2D6, causing a higher risk of risperidone-induced
hyperprolactinemia and other side effects in the poor metabolizers [70-72].

Lastly, UGT1A1 has also been linked to risperidone-induced hyperprolactinemia,
though the exact mechanism for this association is not elucidated yet [72]. In our study, the
heterozygous SNP *1/*6 was only reported in controls while the homozygous genotype
*6/*6 was identified only in ASD patients, with a 24 times increased risk of developing the
disease. However, in a recent study, Horinouchi and colleagues did not find a significant
difference in the frequency of the SNP between 79 ASD patients and the healthy control
population, nor association between ASD symptoms and this polymorphism [73].

Overall, we found significant associations between ASD and several polymorphisms
of genes involved in the detoxification and the response to oxidative stress. This evidence
enforces the abundant literature linking oxidative stress to ASD etiology [29,38,46,61]. How-
ever, an important role is also played by environmental factors but the literature explored
the interaction between xenobiotics and genetic predisposition is still scarce [17,37,74].

It is important to emphasize that systemic oxidative stress and inflammation have
been described in other psychiatric disorders, including schizophrenia, bipolar disorders,
and anxiety disorders, and are related to homeostatic dysregulation [75,76]. Several factors
can alter the antioxidant systems, such as age, sex, medications, and lifestyle but further
studies are needed to determine whether there are specific characteristics/alterations for
different psychiatric conditions through cross-diagnosis comparisons. Furthermore, while
our study assessed key aspects of oxidative balance through dROMs, AOPP, BAP, and SNPs
in enzymatic antioxidant genes, we acknowledge that it does not cover the full spectrum of
oxidative stress pathways. Markers of lipid peroxidation and DNA oxidation could provide
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additional mechanistic insights. Future studies incorporating these measures would allow
a more complete characterization of redox dysregulation.

Notably, children with ASD commonly exhibit selective eating behaviors that may
result in deficiencies of essential nutrients, insufficient fiber and fluid intake, and conse-
quent gastrointestinal symptoms such as constipation or diarrhea [77]. Positive results
have been obtained with gluten-free, soy-free, and dairy-free diets, but making dietary
changes requires first being tested for celiac disease [78]. According to some research,
vitamin and mineral supplements, due to their antioxidant effects, can influence various
metabolic and nutritional alterations [79]. Nutraceutical compounds such as carotenoids,
polyphenols, and omega-3 fatty acids have shown promise in mitigating autistic symptoms
and comorbidities through their antioxidant effects [80,81]. Similar benefits have been
observed with selected antioxidants (vitamin E, vitamin C, N-acetylcysteine) or diets rich
in nutraceuticals, which may act additively or synergistically [80,82]. As individuals with
ASD present with both increased oxidative stress and nutritional deficiencies, nutritional
assessment represents an important aspect of clinical care. Usually, an ASD diagnosis is not
achieved before 2 years of age, though the disruptive factors implicated in the etiopatho-
genesis of the disorder are known to intervene since the early stages of neurodevelopment,
already during the pregnancy [26,29,38,61]. Nevertheless, data in the literature indicate
that early detection of developmental disorders improves substantially the outcome of the
child, since the intervention may be performed during the peak of brain plasticity [83].
However, further studies need to be conducted to prove the effectiveness of antioxidant
supplementation in improving symptoms in children with ASD. When treating patients
with ASD, it is also essential to understand the potential impact of diet on improving
patients” overall well-being.

4. Materials and Methods
4.1. Study Cohorts

One hundred six (83 M, 23 F; 7.9 £ 3.2 years) patients with ASD diagnosis were
randomly recruited among those attending the Unit of Child Neurology and Psychiatry at
Polyclinic Hospital University in Messina (Italy).

All the recruited subjects were diagnosed as affected by ASD on the basis of a clinical
evaluation of symptoms. In particular, subjects fulfilling DSM-V (fifth edition of Diag-
nostic and Statistical Manual of Mental Disorders) diagnostic criteria [1] for ASD were
screened for non-syndromic autism using MRI (Magnetic Resonance Imaging), EEG (Elec-
troencephalogram), audiometry, urinary amino acids and organic acids, cytogenetic and
fragile-X testing. Patients with dysmorphic features were excluded even in the absence of
detectable cytogenetic alterations. Patients with sporadic seizures (i.e., <1 every 6 months)
were included; patients with frequent seizures or focal neurological deficits were excluded.
Informed written consent to blood sampling and anamnestic data collection was obtained
from parents of all recruited ASD subjects and from healthy subjects. The study protocol
was approved by the Ethics Committee of Polyclinic Hospital University (protocol num-
ber 89/16, date 10 November 2016) and was carried out in accordance with the ethical
standards of Helsinki declaration and its later amendments.

A cohort of ninety healthy subjects (63 M, 27 F; 21.2 & 1.8 years), recruited for previous
studies (protocol number 51/17 date 10 July 2017; protocol number 57/21, date 8 February
2021; protocol number 24/22 date 15 February 2022), was included for comparison of
genotype frequencies in the local population.
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4.2. Genotyping by Real-Time PCR-Based Allelic Discrimination

Genomic DNA was isolated from peripheral blood lymphocytes by Gentra Pure
Gene DNA Purification System (Qiagen, Milan, Italy), according to the manufacturer’s
protocol. DNA quantification was carried out by spectrophotometric methods, and
DNA integrity was checked by agarose gel electrophoresis. Genotyping of ASD patients
and control subjects for CAT -844T>C (C_7618104_10); GPx1 rs1800668 (C_7912052_40);
PON1 Q192R (C_2548962_20); SOD2 A16V (C_8709053_10); GSTP variant 1A (Ile105Val)
(C_3237198_20); GSTP variant 1B (Ala115Val) (C_104961520); CYP2C9*2 (C_25625805_10);
CYP2C9*3 (C_27104892_10); CYP2C19*2 (C_25986767_70); CYP2D6*41 (C_34816116_20),
AHR Argb54Lys (C_11170747_20), NAT1 (C_1204334_50), NAT2 (C_572770_20) and
UGT1AT*6 (C_2307598_20) was carried out by Real-time PCR allelic discrimination using
pre-designed TagMan SNP Genotyping assays available from Applied Biosystems (Applera
Italia, Monza, Italy).

Genotyping reactions were set up in a 96-well plate on a 7500HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA) and were carried out in a final volume of
10 uL containing 1x TagMan Genotyping Master Mix, 1x TagMan-specific assay, and 10 ng
genomic DNA, using thermal cycling conditions suggested by manufacturer’s protocols.

4.3. Genotyping by PCR and Electrophoresis of GST Deletion Variants

The GSTM1 and GSTT1 gene deletions were examined by PCR and electrophoresis, as
previously reported [84]. Briefly, amplification consisted of a denaturation step at 94 °C
for 4 min, annealing at 94 °C for 30 s, 64 °C for 30 s, and 72 °C for 30 s for 30 cycles, and
polymerization at 72 °C for 7 min for 1 cycle. Forward and reverse primers for GSTM1
were GAACTCCCTGAAAAGCTAAAGC and GTTGGGCTCAAATATACGGTGG and for
GSTT1 were TTCCTTACTGGTCCTCACATCTC and TCACCGGATCATGGCCAGCA. The
GSTML1 fragment has a length of 215 bp; the GSTT1 fragment has a length of 489 bp.
Human albumin was used as the positive control with forward and reverse primers of
GCCCTCTGCTAACAAGTCCTAC and GCCCTAAAAAGAAAATCGCCAATC and has a
fragment of 351 bp. Each 50-uL PCR reaction contained 5 uL of 10x PCR buffer, 5 pL of
25 mM MgCl2, 1 pL of 10 mM deoxynucleotides (ACGT), 1 uL of each primer (forward
and reverse primers GSTT1 and GSTM1), 0.5 uL of forward and reverse primers for human
albumin, 26.36 pL of ddH20, 0.44 uL Taq, 1.76 puL TaqStart buffer, 0.44 uL TaqStart antibody,
and 5 pL of unknown sample DNA. PCR products were visualized by agarose gel (2%)
electrophoresis. This assay does not distinguish between heterozygous and homozygous
presence of either gene; therefore, patients are designated either “homozygous null” or
“heterozygous/homozygous present.” All plates contained blinded duplicates and positive
and negative controls for quality control.

4.4. Assessment of Oxidative Stress Levels

In order to evaluate oxidative stress levels in ASD patients having different genetic
backgrounds, the measurement of the derivatives of reactive oxygen metabolites (IROMs),
the Biological Antioxidant Potential (BAP), and the advanced oxidation protein products
(AOPP) were performed. We selected dROMs, AOPP, and BAP to capture complementary
aspects of systemic oxidative balance, reflecting global oxidative burden, protein oxidation,
and overall non-enzymatic antioxidant capacity, respectively.

The dROM test and BAP test were carried out according to the manufacturer’s protocol
(Diacron International, Grosseto, Italy).

dROMs reflect the amount of organic hydroperoxides that are related to the free
radicals from which they are formed. The results are expressed in arbitrary units (Carratelli
units), one unit of which corresponds to 0.8 mg/L of hydrogen peroxide.
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The BAP test provides an estimate of the global antioxidant capacity of blood plasma,
measured as its reducing potential against ferric ions. The results are expressed in pmol /L
of the reduced ferric ions [85].

The measurement of AOPP serum levels was performed using a colorimetric method
involving chloramine T as a standard, as described by Alazoglu and coworkers (2013) [86].
The assay was carried out in a 96-well microplate and sample absorbance was determined
using a Sunrise microplate reader (Tecan Italia, Vernusco sul Naviglio, Milan, Italy).

4.5. Assessment of Oxidative DNA Damage by Single Cell Gel Electrophoresis (Comet Assay)

The single cell gel electrophoresis (SCGE), is a sensitive technique for quantifying and
analyzing oxidative DNA damage in individual cells [87,88].

Lymphocytes were isolated from 3 mL of blood samples through the use of Histopaque
1077 (Sigma-Aldrich, Milan, Italy), resuspended with Low Melting Agar and spotted on
a slide. The slides were placed in an electrophoretic pan and subjected to electrophoresis
at 300 mA for 30 min in the dark. Ethidium bromide, an intercalating agent for nucleic
acid stain, was used as a dye for all slides. After 24 h samples were analyzed by the use
of a Leica microscope and images were analyzed by CASP software 1.2.2., as reported by
Gugliandolo and coworkers (2016) [89].

The parameters analyzed were Head Length, Tail Length, Comet Length, Head DNA
and Tail DNA amount.

4.6. Statistical Analysis

Continuous variables were analyzed using unpaired Student’s ¢-test, while categorical
variables and compliance of allele distribution to the Hardy—Weinberg equilibrium were
evaluated by Fisher’s exact test.

Statistically different effects of gene polymorphisms on biochemical variables were
evaluated by a one-way analysis of variance (ANOVA) followed by the Newman-Keuls
post hoc test. Significant values were assessed according to p < 0.05.

All the analyses were carried out using IBM SPSS statistic v22.

5. Conclusions

Both genetic and environmental factors contribute to the onset of autism spectrum
disorder, and an early recognition of ASD symptoms would help affected children develop
adaptation skills, leading to better social integration. For this reason, further studies are
required to better understand the mechanisms involved in the development of ASD and to
discover reliable and precocious biomarkers of the disease in order to implement an early
detection of the disorder and an intensive intervention.
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The following abbreviations are used in this manuscript:

ASD Autism spectrum disorder

GST Glutathione S-transferase

dROMs Reactive oxygen metabolites

BAP Biological Antioxidant Potential

AOPP Advanced oxidation protein products
GSH Glutathione

GSSG Glutathione disulfide

DSM Diagnostic and Statistical Manual of Mental Disorders
MRI Magnetic Resonance Imaging

EEG Electroencephalogram

ADOS-2 Autism Diagnostic Observation Schedule—Second Edition
ADI-R Autism Diagnostic Interview—Revised
CARS Children Autism Rating Scales

VABS Vineland Adaptive Behavior Scales
SCGE Single cell gel electrophoresis

SNPs Single nucleotide polymorphisms

OR Odds Ratio

PON1 Paraoxonase 1

SOD Superoxide Dismutase

CAT Catalase

GPX1 Glutathione peroxidase 1

CYP Cytochrome P450

AHR Aryl hydrocarbon receptor

NATs N-acetyl transferases

UGTs UDP-glucuronosyl transferases

GSTsGWAS  Glutathione-S-transferasesGenome-Wide Association Studies
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