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Introduction metabolism [3,11]. Abnormal glutathione redox status stems from
variations in these pathways; they are important for the regulation of
normal redox homeostasis, cellular methylation potential and DNA
synthesis [3,11]. Pathway imbalances most often lead to oxidative
stress.

Autism was first noted in 1943 as a neurodevelopmental disorder
[1] and now affects 1 out every 88 children in the United States
[2]. This disorder is clinically characterized by deficits in social
interactions, hyper-focused repetitive behaviors, and impaired verbal
and non-verbal expressive speech [2,3]. The etiology of autism stems
from genetic, neurological and environmental factors [3], which are
also supported by other neurological diseases. Environmental insults,
like oxidative stress, are known to play a role in some neurological
conditions such as Parkinson’s Disease [4], Alzheimer’s Disease [5],

The transmethylation and transsulfuration pathways are shown
in Figure 1. The methionine, or transmethylation pathway, describes
the pathway where a methyl group is given to homocysteine by
methylcobalamin via methionine synthase [11] Methylcobalamin
obtains the methyl group needed for this methionine regeneration

schizophrenia [6] and bipolar disorder [7]. Excessive oxidative stress
and it’s clinical implications in autism is now of particular interest. _ ""T'I"‘

Autism Spectrum Disorder (ASD) encompasses the wide range e pisti: _‘\:m .
of clinical symptoms seen in those individuals whom have been Eiaacne ——— 1@"‘""’““'
diagnosed with some form of autism. Behavioral assessments often "’;’;"%mm 7% T H;:"""""““""
note inattention, aggression, impulsivity, hyperactivity, excessive : "“"“”'"“'I'ﬂ'”“i"::"‘”“
compulsions, affective instability, and occasional psychosis in autistic iy cm;::—? .
children [8]. Most children are clinically diagnosed with autism by
age 3 using a myriad of standardized behavioral examinations [9]. The httey — csteine |
heterogeneity of this disorder has made it very difficult to diagnose
and treat using pharmacological therapy. Atypical antipsychotics, ittt b
selective serotonin reuptake inhibitors and psychostimulants have @J ":“X
all shown some clinical benefits in this disorder but they are often Onldizad ghtatina T HADE
associated with significant side effects, showing the need for better

and safer treatments [10]' Alternative pharmacological therapies’ Figure 1: Transmethylation and transsulfuration pathways: Abnormalities
found in autism and possible interventions. Arrows indicating (1): levels are

increased [3,11,13]. [Arrows indicating: (]) levels are decreased [3,11,13].
correct abnormal transmethylation and transsulfuration pathways, Circles indicate participating enzymes. Rectangles show possible interventions.
increase anti-oxidant capacity and possibly improve autistic behavior Abbreviations: 5,10-CH2-THF: 5,10- methylenetetrahydrofolate; 5-CH3-THF:
5-methyltetrahydrofolate; ADA: Adenosine Deaminase; AMP: Adenosine
Monophosphate; AK: Adenylate Kinase; CBS: Cystathionine Beta Synthase; GPx=

like nutritional interventions and vitamin/mineral supplements, can

in a safer way with less side effects and better tolerability.

Backg round Glutathione Peroxidase; GR: Glutathione Reductase; N-Ac: N-Acetylcysteine;
NADPH: Nicotaminde Adenine Dinucleotide Phosphate; MS: Methionine
Metabolic abnormalities have been noted in autism and are related Synthase; MTase: Methyltransferase; MTHFR: Methylenetetrahydrofolate

reductase; SAH: S-Adenosylhomocysteine; SAHH: S-Adenosylhomocysteine

to the interconnected pathways of folate, methionine and glutathione Hydrolase: SAM: S-Adenosylmethionine: THF: Tetrahydrofolate.
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from methyltransferase activity and 5-methyltetrahydrofolic
acid.  Methionine can then produce increased amounts of
S-adenosylmethionine (SAM), another methyl donor, and regenerate
homocysteine. Homocysteine links the transmethylation and
transsulfuration pathways; it can then either be used again in the
transmethylation cycle or irreversibly removed by cystathione-B
synthase (CBS) forming cysteine. The presence of cysteine is required
for glutathione synthesis.

Children with autism exhibit lower levels of adenosine deaminase
(ADA), which leads to increase levels of adenosine or homocysteine
[3,11]. 'This S-adenosylhomocysteine
hydrolase (SAHH) therefore increasing s-adenosylhomocysteine
(SAH) and inactivating methytransferase. Methylation is hindered
in children with autism. Protein synthesis is also decreased due to
insufficient methionine levels [11], which has major downstream
effects. Cysteine levels are reduced and are the ultimate cause of
decreased glutathione production in this disorder [3,11].

accumulation inactivates

Glutathione is a non-protein thiol, composed of cysteine,
glycine and glutamate, which acts as an important endogenous
antioxidant and detoxifier. It can be present in two forms, a
reduced (GSH) or oxidized (GSSG) form, which help it neutralize
dangerous free radicals present in the body. The glutathione redox
ratio (GSH:GSSG) is an indicator of overall glutathione status and
intracellular reducing environment [11]. Furthermore, it plays a
role in normal immune function, redox-sensitive enzyme activity,
detoxification and membrane redox signaling [11-13]. Glutathione
is present in pools within mitochondria and freely in the cytosol.
Reduction of mitochondrial glutathione levels has been associated
with neuronal susceptibility to oxidative stress [14]. Glutathione
deficiencies increase vulnerability to oxidative stress in children with
autism [11]. Excessive ROS and depleted antioxidants/ antioxidant
enzymes can create a negative cycle within mitochondria, which has
been linked to mitochondrial dysfunction in autism [14-16]. Various
ways to ameliorate the abnormalities in the transmethylation and
transsulfuration pathways and their implications have been studied
in heart disease, cancer, autoimmune disease and neurodegenerative
conditions [17]. Increased antioxidant support is needed to maintain
proper health in these conditions and could be a novel pharmacologic
intervention in autism.

The purpose of this systematic review was to provide an in-depth
analysis of the transmethylation/ transsulfuration and glutathione
metabolism pathways in autism as they relate to oxidative stress and
clinical symptoms. Various therapeutic intervention strategies, like
anti-oxidant supplementation, in treating this neurological disorder
could have positive clinical benefits.

Analysis

An in-depth literature search was conducted using EMBASE on
December 2, 2013. All articles of interest were in English, focused
solely on autism and glutathione and were based on human/ human
cell lines. Review articles, related disease states and non-human based
studies were excluded. Search terms ‘autism’ and ‘redox imbalance’
gave 9 articles; only 2 of were relevant to the pathways of interest.
The search ‘autism and glutathione status’ gave 30 articles of which 9
included. A total of 11 articles were reviewed in total. The process in

which these articles were selected is shown in Figure 2.

Metabolic differences between those with autism and controls
exist in transmethylation and transsulfuration pathways. Overall,
seven studies focused on metabolic and redox imbalance related to

Autism and glutathione
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Figure 2: Diagram depicting the relevant articles in this systematic literature review

glutathione metabolism. Two studies showed significant differences
in glutathione and oxidative stress related enzymes in human blood
and plasma. A study by Al-Gadani et al. [18] measured anti-oxidant
metabolites and enzymes in 20 autistic children vs 20 matched
controls in Saudi Arabia. Significant decreases in reduced glutathione
(p=0.001) and GSH:GSSG (p=0.001) were found. There was also a
significant increase in oxidized glutathione (p=0.001), glutathione
peroxidase (p<0.05) and superoxide dismutase (p<0.0.5) levels in
those with autism indicating increased oxidative stress [18]. These
results were shown in a similar study by Al- Yafee et al. [19] which
measured metabolic biomarkers within the transsulfuration pathway
in 30 autistic individuals as compared to controls. The autistic
group showed significantly lower levels of plasma total glutathione,
GSH:GSSG ratio, and significantly higher amounts of oxidized
glutathione (GSSG) [19].

Two other metabolite studies related metabolite levels to autism
severity. In a study by Adams et. al. [20], an association between the
nutritional and metabolic status of 55 children with autism with that of
44 neuro-typical children was established. Autistic children exhibited
significantly lower reduced glutathione (GSH; p<0.0001), higher
oxidized glutathione (GSSG; p=0.001) and decreased GSH:GSSG
(p<0.0001). Other metabolites in the interconnected pathways, free
(p<0.00001) and total sulfate (p<0.0001), and S-adenosylmethionine
(p<0.0001) were significantly altered in autistic individuals,
implicating the importance of this pathway. Regression analysis
showed a relationship between Pervasive Developmental Disorder
Behavior Inventory (PDD-BI), Autism Treatment Evaluation Checklist
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(ATEC) and Severity of Autism (SAS) clinical tests and increased
free sulfate (p<0.01), S-adenosylmethionine (p<0.05) and oxidized
glutathione levels (p<0.05) furthermore linking glutathione levels to
oxidative stress and disorder severity [17]. Another study by Essa et
al. [21] related autism severity directly with glutathione peroxidase
and indirectly with reduced glutathione and superoxidse dismutase
levels. Significant differences in reduced glutathione (GSH;p<0.0001),
superoxide dismutase (P<0.0001), catalase (p<0.0001) and glutathione
peroxidase (p<0.0001) levels were once again shown in the autism
group comprised of 19 Omani children in comparison to controls
[21]. These studies indicate the role these pathways may play in the
phenotype of autism.

Redox homeostasis and metabolic abnormalities were investigated
within human cells. James et al. [22] analyzed intracellular redox
homeostasis using lymphoblastoid cell lines from autistic children, in
contrast to the previous studies which measured extracellular redox
imbalance. This abnormality was conveyed with significant decreases
in GSH:GSSG ratios (p<0.0001) in autistic lymphoblastoid whole cells
and mitochondria as compared to controls [22]. Exposure to pro-
oxidant reagents caused a greater decrease in glutathione redox ratios
in lymphoblastoid cells from autistic children suggesting increased
oxidative damage to cells in body[22].

Also, the role of glutathione in autism pathophysiology was
explored in two post mortem autistic brain studies. Chachuan et
al. [23] studied anti-oxidant capacities of the cerebellum, temporal,
occipital, parietal and frontal cortices in autistic and typical brains.
Significant differences in reduced glutathione (p<0.0001), oxidized
glutathione (p>0.0001) and GSH:GSSH (p<0.0001) were only found
in the cerebellum and temporal cortex [23]. Similar results for
glutathione levels were shown by Rose et al. [24] in a later study.
Increases in other oxidative damage biomarkers were shown in autistic
samples compared to controls in these brain regions. Oxidative stress
stemming from decreased redox homeostasis/ antioxidant capacity
could cause brain- region specific functional damage, linking the
location of imbalance to autistic phenotype [24].

Table 1: Results of supplementation studies and effects on autistic behaviors

Anti-oxidant supplementation was suggested to
abnormalities in interconnected pathways and redox homeostasis.

improve

Possible interventions in the transmethylation and transsulfuration
pathways that could improve metabolite levels are shown in Figure
1. Four of the eleven studies reviewed analyzed methylcobalamin,
folinic acid, and N-acetylcysteine interventions (Table 1). One study
investigated methylcobalamin supplementation alone in children
with autism. Bertoglio et al. [25] did not find a significant relationship
between methylcobalamin supplementation, glutathione status and
autistic behavior. Nine of the thirty autistic children showed improved
glutathione status conveying the presence of a responder subgroup to
this intervention [25]. Ina set of another two studies, supplementation
of methylcobalamin with folinic acid was investigated as an open label
trial. The results were analyzed in two studies, suggesting glutathione
status and behavior improvements. James et al. [26] noted reduced
glutathione levels (p<0.001) and glutathione redox ratios (p<0.008)
were significantly increased with this intervention. Also, the amount
of oxidized glutathione was significantly decreased (p<0.008) [26]. In
addition, Frye et al. [27] analyzed an association between improved
glutathione redox ratios and autistic behaviors. Treatment with
methylcobalamin and folinic acid was related to increased Vineland
Adaptive Behavior Scale (VABS) scores in various categories (Table 1)
[27]. Moreover, one study by Hardan et al. [28] investigated the use of
N-acetylcysteine in autism. N- acetylcysteine intervention increased
antioxidant capacity in these children and was related to significant
improvements in an Aberrant Behavior Checklist (ABC) irritability
test. The fact that these interventions improved some autistic
behaviors supports the role of metabolic abnormalities, glutathione
deficiency and oxidative stress in autism behaviors.

Abbreviations: ABC: Aberrant Behavior Checklist; GSH:
Reduced glutathione; GSSG: Oxidized glutathione; VABS: Vineland
Adaptive Behavior Scale.

Interpretation

Autism is a neurodevelopmental disorder that is becoming
increasingly prevalent. Oxidative stress has recently been linked to

Reference Study type Study Length Intervention Subjects Resrillt;:e;BSH Results: Severity related
. Increased GSH
Double blind, placebo 30 subjects (p=0.008)* .
. Global Impression scale
controlled, cross over, 12 week; On . S
) (Clinical significance= 1
pilot study supplement for Methvicobalamin Increased GSH/ oint increase): no
Bertoglio et 6 weeks and off Y . GSSG (p=0.028)* P L :
-64.5mcg/kg every three days; significance
al. [29] supplement 6 weeks Subcutaneous injection
) *Only in 9/30
Optlonal open tr_lal 6 months 22 subjects in “sub]ects or"
extension following ) responder’
extension
subgroup
VABS improvements:
Increased GSH . o
(p<0.001) Expressive communication
James et al. - ’ (p<0.01)
Methylcobalamin: 75ug/kg two o
[26] times per week Decreased GSSG Personal (p=0.001) and
& Open label trial 3 months P 40 subjects (p<0.008) domestic (p<0.05) daily
Frye et al. [27] o . p<b. living skills
Folinic acid: 400ug b.i.d.
Interpersonal (p<0.005),
Increased GSH/ play- leisure (p<0.01) and
GSSG (P<0.008) coping (p<0.05) social
skills
Double-blind, N- acetylcystelne— 900mg every _
Hardan et al. . day for first 4 weeks, twice a day ) Improvements in ABC
randomized, placebo 12 weeks . 33 subjects N/A -
[28] . for second 4 weeks and 3 times a irritability test (p<0.001)
controlled , pilot study )
day for third 4 weeks
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the etiology of this disorder along with genetic and environmental
factors. Redox imbalance and metabolic abnormalities are present
within the transmethylation and transsulfuration pathways in autism
and ultimately lead to insufficient amounts of glutathione levels.

Oxidative stress stems from an imbalance between reactive oxygen
species and anti-oxidant capacity, which results in macromolecule
damage [29]. Reactive oxygen species can cause oxidative damage to
proteins, lipids and DNA if they are not quenched. The organ most
susceptible to oxidative damage is the brain, due to its composition
and utilization of oxygen [30-31]. Neuronal insult has been suggested
with chronic oxidative stress and mitochondrial dysfunction in
children with autism. ATP depletion is the ultimate result of electron
transport chain (ETC) I damage from pro-oxidant cellular conditions
[16]. In addition to autism, oxidative damage has been noted in other
neurological disorders and may play a role in neuronal function.
Increased vulnerability to oxidative stress seen in autism is related
to decreased glutathione levels and is brain-region specific. Both
the cerebellum and temporal cortex of autistic children had greater
differences in glutathione concentrations compared to controls. The
cerebellum plays an important role in motor control and cognitive
functions, like attention and language [32-33]. Moreover, the temporal
cortex is involved in social perception, joint attention and expressive
language [34]. Increased damage to these particular regions due to
low glutathione redox status could explain some behavioral traits.

Glutathione is the most critical endogenous anti-oxidant and
detoxifier, which provides an essential reducing environment
necessary for a variety of cellular processes [29]. Reactive oxygen
species, such as hydrogen peroxide, are reduced by the glutathione
redox cycle. It is unknown whether glutathione deficiencies are the
main disturbance in autism or if they are a ripple of a larger factor.
Improvements in glutathione status, as shown in this review, have
been successful with vitamin supplements/treatments that normalize
the interconnected pathways, allowing glutathione synthesis to occur.

Metabolic studies presented in this review show supplementation
may improve glutathione concentrations, redox status and benefit
clinical symptoms. Methylcobalamin is the active co-enzyme form of
vitamin B12 and is the only type present in the central nervous system
for the transportation of methyl groups to proteins. Normal levels
are needed for nerve cell activity, DNA replication, production of
S-adenosylmethionine and glutathione metabolism [3]. This form of
vitamin B12 is necessary to maintain neurological health and is often
decreased in autism, leading to an impaired methylation capacity
[3,11]. Larger amounts of methylcobalamin are needed to correct
neurological defects and have shown to improve the severity of autism
[20]. Methylcobalamin is not well orally absorbed and is usually given
as an injection form for best results.

Methylcobalamin has the unique ability to directly activate the
transmethylation and transsulfuration pathways. Children with
autism have been shown to have lower levels of methyltransferase
enzyme, therefore not creating enough methylcobalamin [20,30].
Supplementation providesareadily available form of methylcobalamin,
which donates a methyl group to create methionine via methionine
synthase. It can help ameliorate the effects of reduced levels of
methionine synthase seen in those with autism [36]. Most children
have shown response to this type of therapy along with improvements

in executive function, speech and language, socialization and emotion
[27]. The only side effect known is an increased activity level, which is

far more tolerable than other treatments’ side effects [27,37]

Often folinic acid is given in combination with methylcobalamin
to those with autism. Folinic acid is a reduced folate derivative
that is rapidly converted to 5- methyl- tetrahydrofolate, which is
then transported into the brain where it aids in the conversion of
sulfur-containing compounds to glutathione [30, 32] as shown in
this review. Individuals with cerebral folate deficiencies, caused by
alterations in the folate and interconnected pathways, show autistic
like behaviors [38-39]. Supplementation with folinic acid increases
plasma metabolites in the methionine pathway [24]. It has also been
recently associated with improved cognitive, neurologic and motor
functions in low functioning autistic children with cerebral folate
deficiencies [39]. Improvements in autistic individuals have been
related to increased antioxidant function [29] via corrections of the

interconnected pathways.

Increasing glutathione concentration is the main treatment goal in
relation to the methionine and transsulfuration pathways. Previously
it was determined that oral glutathione supplements were not well
absorbed therefore other alternatives were studied [40]. Since cysteine
is the rate-limiting factor in glutathione synthesis, a precursor form of
glutathione is now used and offers improved efficacy. N-acetylcysteine
has beneficial effects in glutathione levels and autistic behaviors
[11,28]. Autistic children taking this supplement presented a decrease
in irritability and, repetitive and stereotypical behaviors [28]. The
relationship in improving glutathione levels and clinical aspects of

autism are once again suggested.

Overall, glutathione metabolism and redox homeostasis may
play a role in the etiology of autism, and are biomarker candidates
in this condition. The severity of this disorder can be attributed to
different metabolic biomarkers, which are associated with both
genetic and or environmental factors [23,32]. Treatments can improve
glutathione redox status and based on the studies presented, could
improve behavior outcomes in autistic patients. The various ways
autism severity was determined in this review suggests the need for
a uniform method to ensure comparability. Long-term studies using
the interventions presented in this review are also needed to ensure
their long-term safety and effectiveness. In the future, genetic analysis
together with biomarker levels may determine the appropriate

treatment for each patient.
Conclusion

Oxidative stress is associated with clinical symptoms and
autistic behaviors. Ultimately, improving the glutathione redox
ratio is the overall goal of new treatment strategies presented in
this review. Alternative pharmacological therapies reviewed in

this study ultimately improved anti-oxidant capacity and, in many
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cases ameliorated symptoms of autism with minimum side effects.

Although these interventions correct metabolic abnormalities, they

may never completely restore neuro-typical behavior. Treatments

aimed to correct the abnormal transmethylation and transsulfuration

pathways should be further studied in larger populations to determine

their usefulness in alleviating behavioral symptoms in this condition.
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