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Oxidative stress marker aberrations in children with
autism spectrum disorder: a systematic review and
meta-analysis of 87 studies (N =9109)
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Abstract

There is increasing awareness that oxidative stress may be implicated in the pathophysiology of autism spectrum
disorder (ASD). Here we aimed to investigate blood oxidative stress marker profile in ASD children by a meta-analysis.
Two independent investigators systematically searched Web of Science, PubMed, and Cochrane Library and extracted
data from 87 studies with 4928 ASD children and 4181 healthy control (HC) children. The meta-analysis showed that
blood concentrations of oxidative glutathione (GSSG), malondialdehyde, homocysteine, S-adenosylhomocysteine,
nitric oxide, and copper were higher in children with ASD than that of HC children. In contrast, blood reduced
glutathione (GSH), total glutathione (tGSH), GSH/GSSG, tGSH/GSSG, methionine, cysteine, vitamin B9, vitamin D,
vitamin B12, vitamin E, S-adenosylmethionine/S-adenosylhomocysteine, and calcium concentrations were significantly
reduced in children with ASD relative to HC children. However, there were no significance differences between ASD
children and HC children for the other 17 potential markers. Heterogeneities among studies were found for most
markers, and meta-regressions indicated that age and publication year may influence the meta-analysis results. These
results therefore clarified blood oxidative stress profile in children with ASD, strengthening clinical evidence of
increased oxidative stress implicating in pathogenesis of ASD. Additionally, given the consistent and large effective

size, glutathione metabolism biomarkers have the potential to inform early diagnosis of ASD.

Introduction

Autism spectrum disorder (ASD) is a complicated, per-
vasive, and heterogeneous disease’, which is characterized
by varying degrees of dysfunctional social communication,
narrow interests, and repetitive behaviors>>. The world-
wide prevalence of the disease has been reported to be
approximately 1%, with a male-to-female ratio of 4:1*
Recently, data from the Centers of Disease Control and
Prevention showed that the prevalence of ASD reached 1/
54 children in the United States. Although the pathophy-
siology of ASD is still poorly understood, the interplay
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between genetic and environmental factors has been sug-
gested to cause the disease®. Until now, the effort to search
for biomedical treatment on ASD core symptoms is fruit-
less. However, it is known that early intervention in chil-
dren with ASD would better improve social skill later in
life. Unfortunately, there is no reliable biomarker for early
diagnosis of ASD, and it is difficult to diagnose ASD chil-
dren aged <2 years because core behavioral symptoms can
only be tested in older children®. Thus there is a need to
better elucidate the ASD etiology and find biomarkers for
early diagnosis and subsequently develop disease-
modifying treatment for ASD.

The social communication problem as the core diagnostic
feature in ASD children has been extensively studied in the
field. However, the non-diagnostic features in ASD children
have attracted great attention over the past decade; these
include gastrointestinal problem7, sleep disorders®, immune
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system aberration®, neurotrophic factor dysregulation'®,
mitochondrial dysfunction'’, and oxidative stress'>, Oxi-
dative stress may cause damages to lipids, proteins, and
DNAs in cells, with subsequent disease development in
humans'®, The human brain is especially vulnerable to
oxidative stress because it accounts for only 2% of body
mass but consumes 20% of oxygen'®. Moreover, results
from animal studies have consistently demonstrated the
detrimental effects of oxidative stress on central nervous
system'>'®, Therefore, it has been proposed that oxidative
stress in the developing brains contributes to neuronal
damage in genetically susceptible children, which is
important in the pathophysiology of ASD.*"”. Indeed, an
increased oxidative stress was observed in the brains of ASD
patients'®,

Additionally, studies from different laboratories inves-
tigated peripheral oxidative stress marker dysfunctions in
ASD patients in recent years; this is of potential impor-
tance not only for the understanding of ASD pathogenesis
but also for supporting the diagnosis of ASD and mon-
itoring the disease progression. Several reports have
shown abnormal oxidant and antioxidant concentrations
in blood of children with ASD relative to healthy control
(HC) children'®"2!. However, clinical data were incon-
sistent among studies*> >*, Therefore, it is necessary to
evaluate oxidative stress status in ASD children with a
meta-analysis.

Here we systematically searched the literature to iden-
tify studies measuring oxidative stress-related biomarkers
in ASD patients and controls and pooled the data to
improve the strength of increasing evidence implicating
oxidative stress in the ASD pathogenesis.

Method
Article selection process

This study followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses statement®”. Web
of Science, PubMed, and Cochrane Library from Sep-
tember 2018 to June 2020 were systematically searched by
two investigators, and the published date for searched
papers from the databases ranged from June 1990 to June
2020. Only peer-reviewed English articles were included
in this study. The following search term was used: (autism
or autistic disorder or ASD) and (oxidative stress or glu-
tathione or superoxide dismutase or catalase or mal-
ondialdehyde or ceruloplasmin or hydroxy guanosine or
transferrin or copper or low density lipoprotein or cho-
lesterol or antioxidants or oxidoreductases or vitamin or
carotene or folic or folate or amino acid or methionine or
cysteine or homocysteine or cystathionine or cysteinyl
glycine or superoxide or TBARS or lipid peroxidation or
nitric oxide or iron or ferritin). We included articles if
there were serum or plasma oxidative stress marker data
on children with ASD and controls. Studies were excluded
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if: (1) without sufficient data; (2) potential biomarkers
were not assessed from human samples; (3) without
normal control children; (4) studies used the same cohort
of samples; (5) paper was retracted; (6) samples were not
from plasma or serum; (7) a single marker was evaluated
in <3 studies; (8) samples were from adult patients
with ASD.

Data extraction

We extracted potential biomarker concentrations with
standard deviation (SD), sample size, and P values for
effective size (ES) generation. The information on country
(latitude), gender, age, sampling source, publication year,
assay type, and diagnosis from the included studies were
also recorded (eTable 1). The Newcastle—Ottawa quality
assessment scale was performed to assess the qualities of
the included studies (eTable 2).

Data analysis

The Comprehensive Meta-analysis software was utilized
to process the data extracted from the included studies.
Sample size and oxidative stress marker level with SD
were primarily used to evaluate ES. In some cases, we
used sample size and P value for ES generation due to a
lack of data on oxidative stress marker concentration. The
Hedge’s g statistic (ES) for each oxidative stress marker
was calculated as previously described®®. We chose the
random-effects model for the study if there was significant
between-study heterogeneity'®, and the rest were per-
formed by a fixed-effect model. Furthermore, sensitivity
analysis®’, P statistic and Cochrane Q test*®, meta-
regressions®’, and Egger’s test’® were performed as pre-
viously described. Statistical significance was set at P <
0.05 in the present meta-analysis, an exception was the
Cochrane Q test (P<0.10 was considered statistically
significant).

Results

Initial screenings identified 5935, 3999, and 230 records
from Web of Science, PubMed, and Cochrane Library,
respectively. These records were screened, which led to
full-text scrutiny of 212 articles. After carefully reading
the 212 articles, we excluded 125 articles because of the
following reasons: no necessary data (n = 73), paper was
retraced (n = 1), markers were analyzed in animal model
(n=2), without an HC (n = 24), samples were not from
serum or plasma (n=21), samples were from adult
patients with ASD (n = 4). Therefore, we included a total
of 87 articles in this study (eReference), and a flowchart is
presented in eFig. 1.

Oxidative stress-related biomarker dysregulations in ASD
Our meta-analysis revealed blood oxidative glutathione
(GSSG), homocysteine, S-adenosylhomocysteine (SAH),
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copper, nitric oxide, and malondialdehyde (MDA) con-
centrations were significantly higher in ASD children than
that of HC children, as showed in Table 1 and Figs. 1-4.
In contrast, we found blood total glutathione (tGSH),
reduced glutathione (GSH), GSH/GSSG, tGSH/GSSG,
methionine, cysteine, S-adenosylmethionine (SAM)/SAH,
vitamins (B9, B12, D, and E), and calcium concentrations
were significantly decreased in ASD children relative to
controls (Table 1 and Figs. 1-4). Furthermore, other
markers including glutathione-S-transferases (GSH),
superoxide dismutase, transferrin, catalase, glutathione
peroxidase, vitamin A, vitamin B6, vitamin C, cystathio-
nine, iron, zinc, magnesium, ceruloplasmin, total choles-
terol, triglycerides, ferritin, and SAM did not significantly
associate with ASD (Table 1).

Investigation of heterogeneity

Our results showed that there was no significant
between-study heterogeneity for studies measuring GSSG
concentrations, whereas the other 34 oxidative stress-
related markers showed significant between-study
heterogeneities.

We then examined whether sampling source, sex, age,
publication year, latitude, and source of healthy volun-
teers were variables that could affect the meta-analysis
outcome. Subgroup analyses and meta-regressions were
performed on homocysteine, methionine, cysteine, vita-
min B9, vitamin B12, vitamin D, and GSH because these
markers were measured in more than ten studies, and the
levels of these markers were dysregulated in children
with ASD.

The high levels of heterogeneities were found among
studies analyzing plasma (I*=91.964; 10 articles) and
serum (I* = 94.773; 14 articles) homocysteine, and plasma
(P =62.187, 5 articles) and serum (>=93.931, 11 arti-
cles) vitamin B12 concentrations. Moreover, serum vita-
min B12 and homocysteine concentrations were
significantly associated with ASD, whereas plasma vitamin
B12 and homocysteine concentrations were not statisti-
cally different between children with ASD and HC chil-
dren (eFig. 2). Considering the small number of studies
that analyzed serum methionine, serum cysteine, plasma
vitamin B9, plasma vitamin D, and serum GSH levels, we
therefore performed subgroup analysis on plasma
methionine, plasma cysteine, serum vitamin B9, serum
vitamin D, and plasma GSH. We found significant dif-
ferences between children with ASD and control children
regarding studies measuring plasma methionine, serum
vitamin B9, serum vitamin D, and plasma GSH levels
(eFig. 2), and the between-study heterogeneities were
unchanged.

Given that age and sex ratio were unevenly distributed
between the ASD and HC groups and the HC subjects
were from different sources (local community,
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kindergarten/primary school and clinical center) in some
included studies (eTable 1), we performed the stratified
analyses based on the three factors. Stratifications based
on the three factors showed different between-study
heterogeneities for several subgroups (eFig. 2 and eTable
3), suggesting that the source of HC group, unevenly
distributed age, and sex ratio were three confounding
factors that may affect the meta-analysis outcome.

Meta-regression analyses for homocysteine, cysteine,
and vitamin B12 only showed that publication year was
significantly associated with ES, as shown in eFig. 3.
Additionally, age was a confounding factor on the meta-
analysis outcome for studies analyzing vitamin B9 (eFig.
3). For methionine, vitamin D, and GSH, age, sex, pub-
lication year, and latitude did not significantly affect the
study outcome (eFig. 3).

Sensitivity analysis suggested that the differences on
homocysteine, methionine, cysteine, vitamin B9, vitamin
B12, vitamin D, and GSH between ASD patients and HC
subjects were not influenced by any individual study,
indicating the strength of the meta-analysis outcome.

We visually inspected the funnel plots and did not find
evidence of publication bias regarding studies measuring
blood methionine, cysteine, vitamin B9, and GSH levels,
whereas potential publication bias was observed for
homocysteine, vitamin B12, and vitamin D (eFig. 4A-G).
The absence or presence of publication bias was con-
firmed through the Egger’s test, as shown in Table 1.

Discussion

Because of the large number of studies that analyzed
blood oxidative stress markers in ASD children in recent
years, here we were able to include 87 studies with 4928
ASD children and 4181 controls, and revealed that 18
oxidative stress-related markers were dysregulated in
blood (serum or plasma) of children with ASD. These 18
oxidative stress markers included glutathione metabolism,
transmethylation cycle and transsulfuration pathways,
vitamins, and trace elements. Specifically, our meta-
analysis demonstrated that blood GSSG, MDA, homo-
cysteine, SAH, nitric oxide, and copper concentrations
were significantly increased in children with ASD children
relative to HC subjects. In contrast, levels of blood GSH,
tGSH, GSH/GSSG, tGSH/GSSG, SAM/SAH, methionine,
cysteine, vitamins (B9, B12, D, and E), and calcium were
significantly decreased in ASD children relative to control
subjects. Interestingly, previous studies have shown the
associations of ASD with polymorphisms in the genes of
oxidative stress markers. A very recent study by Yu et al.
showed that genetic polymorphisms in vitamin D
metabolism-related enzymes were associated with the risk
and severity of ASD?', and a meta-analysis suggested that
vitamin D receptor rs731236 and rs7975232 were sig-
nificantly associated with ASD®*, Moreover, Haghiri et al.
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difficult to perform behavioral tests in ASD children aged
<2 years, and ASD children were usually diagnosed long
after the disease onset, therefore preventing affected
families and society from early intervention in children
with ASD. Indeed, great efforts have been made in the
field over the past two decades to search objective

biomarkers to inform the diagnosis of ASD, especially
biomarkers from blood since it is easily accessible and
inexpensive. Potential blood biomarkers have been pro-
posed; these include inflammatory cytokines, neuro-
trophic factors, and miRNAs!***  However, these
studies have not led to clinically useful biomarker to
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Fig. 5 Biomarker performance rating for autism spectrum
disorder. Head-to-head biomarker performance in blood oxidative
stress markers based on effective size (95% Cl). Highlighted oxidative
stress markers with red indicate high priority for potential diagnosis of
autism spectrum disorder.

diagnose ASD, partly due to inconsistent results from
different laboratories. In this meta-analysis, we found
significant associations between several blood oxidative
stress marker levels with ASD indicating that these factors
are potential biomarkers for ASD. We further compared
the biomarker performance of oxidative stress makers
based on ES, and the interesting finding is that the studies
that analyzed blood glutathione metabolism markers
showed consistent and high significant differences
between ASD children and controls, and the potential
biomarkers included GSH, tGSH, GSSG, tGSH/GSSG,
and GSH/GSSG (Fig. 5). Based on these findings, it is
likely that the glutathione metabolism markers had good
sensitivity and specificity for the diagnosis of ASD, and
future clinical studies should be well designed to validate
this hypothesis. Additionally, there is an increasing
awareness that the integration of different biomarkers
would increase accuracy for the early diagnosis of ASD.
Therefore, combining glutathione with other markers that
reflects various dysregulated molecular pathways, such as
vitamin D, would likely result in a better approach for the
early diagnosis of ASD.

We found significant heterogeneities among studies for
many analyzed potential biomarkers in ASD. The sam-
pling source (serum or plasma) did not address the het-
erogeneities, whereas stratifications base on unevenly
distributed age and sex ratio between the ASD and HC
groups revealed different between-study heterogeneities
for several subgroups, indicating potential moderating
effects of age and sex on the meta-analysis outcome. Sex
had a moderating effect on the meta-analysis outcome
and is reasonable since it was known that the male-to-
female ratio was 4:1 for ASD* Furthermore, meta-
regressions demonstrated that publication year sig-
nificantly affected the associations between homocysteine,
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cysteine, and ASD, and the association between vitamin
B9 and ASD was affected by age. Therefore, we at least
partially addressed the between-study heterogeneities
through subgroup and meta-regression analyses, which is
a strength for the present meta-analysis.

Notwithstanding its significant strengths, some
inherent limitations were present in this meta-analysis.
The first limitation is that we demonstrated oxidative
stress marker concentration changes in peripheral
blood of ASD children, but how much the peripheral
measurements reflect oxidative stress activity within
the brain is unknown. Cerebrospinal fluid samples
from ASD children should be useful to gain better
insight into the potential etiological role of oxidative
stress in ASD, although it is difficult to obtain cere-
brospinal fluid samples from children. However, a
postmortem study showed that GSH and GSH/GSSG
were significantly decreased in the brains of ASD
patients relative to controls'®, suggesting that markers
of glutathione metabolism may have parallel changes
between central and peripheral in ASD. Second, the
information on medication status and disease severity
in the included studies were limited, therefore it is
unknown whether these variables affect oxidative stress
markers in children with ASD. Third, we found
potential publication bias for studies analyzing vitamin
B12, vitamin D, and homocysteine, and this may con-
found findings of the meta-analysis. One potential
reason for the observed publication bias is that only
English articles were included, which is a limitation for
this study. However, since the number of non-English
articles on the associations between ASD and oxidative
stress markers were very limited, and no evidence of
publication bias for most analyzed oxidative stress
markers, it is unlikely that this would significantly
influence our meta-analysis outcome.

Conclusions

The results from this study showed that blood GSSG,
MDA, homocysteine, SAH, nitric oxide, and copper
concentrations were significantly increased, whereas GSH,
tGSH, GSH/GSSG, tGSH/GSSG, SAM/SAH, methionine,
cysteine, vitamins (B9, B12, D, and E), and calcium con-
centrations were significantly reduced in children with
ASD. Due to the consistent and large ESs for the asso-
ciations between glutathione metabolism markers, vita-
min D, and ASD, they have the potential to be used as
diagnostic markers for ASD. Therefore, future investiga-
tions into oxidative stress markers as potential early
diagnosis and therapeutic target of ASD are necessary.
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