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Abstract: Mitochondria are organelles that play a central role in processes related to cellular viability,
such as energy production, cell growth, cell death via apoptosis, and metabolism of reactive oxygen
species (ROS). We can observe behavioral abnormalities relevant to autism spectrum disorders
(ASDs) and their recovery mediated by the mTOR inhibitor rapamycin in mouse models. In Tsc2™"

mice, the transcription of multiple genes involved in mTOR signaling is enhanced, suggesting a crucial role of
dysregulated mTOR signaling in the ASD model. This review proposes that the mTOR inhibitor may be useful for the
pharmacological treatment of ASD. This review offers novel insights into mitochondrial dysfunction and the related
impaired glutathione synthesis and lower detoxification capacity. Firstly, children with ASD and concomitant
mitochondrial dysfunction have been reported to manifest clinical symptoms similar to those of mitochondrial disorders,
and it therefore shows that the clinical manifestations of ASD with a concomitant diagnosis of mitochondrial dysfunction
are likely due to these mitochondrial disorders. Secondly, the adenosine triphosphate (ATP) production/oxygen
consumption pathway may be a potential candidate for preventing mitochondrial dysfunction due to oxidative stress, and
disruption of ATP synthesis alone may be related to impaired glutathione synthesis. Finally, a decrease in total antioxidant
capacity may account for ASD children who show core social and behavioral impairments without neurological and

somatic symptoms.

Keywords: Adenosine triphosphate, autism spectrum disorders, impaired glutathione synthesis, mTOR signaling, oxidative
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1. INTRODUCTION

Mitochondria are organelles that play a central role in
processes related to cellular viability, such as energy
production, cell growth, cell death via apoptosis, and
metabolism of reactive oxygen species (ROS). A diverse
number of human diseases, ranging from diabetes mellitus to
neurodegenerative disorders, stem from and commonly
coexist with mitochondrial dysfunction (MD) [1, 2].
Mutations in genes related to mitochondrial biogenesis affect
multiple organs, particularly the brain and muscles, due to
their high energy demands. These conditions are therefore
known as “mitochondrial disorders” or “mitochondrial
encephalomyopathies”, including MELAS (mitochondrial
myopathy, encephalopathy, lactic acidosis and stroke-like
episodes) [3] and MERRF (myoclonic epilepsy associated
with ragged-red fibers [4]. Neurodegenerative disorders such
as Alzheimer’s disease, Parkinson’s disease [5], and autism
spectrum disorders (ASD) [6] are also closely related to MD

*Address correspondence to this author at the Research Institute of
Pervasive Developmental Disorders, Ashiya University Graduate School of
Education, Ashiya 659-8511, Japan; Tel: +81 797-23-061; Fax: +81 797-
23-1901; E-mail: yuil6@bell.ocn.ne.jp

1389-5575/15 $58.00+.00

with respect to disease occurrence and progression. In the
Diagnostic Manual of Mental Disorders, Fifth Edition
(DSM-5), ASD is defined as a set of heterogeneous
neurodevelopmental conditions, characterized by early-onset
difficulties in social communication and unusually restricted
and repetitive behaviors and interests [7]. MD has been
observed among a subgroup of ASD patients exhibiting
elevated levels of lactate in their plasma and brain [6, 8, 9],
as well as vulnerability to pro-oxidant micro environmental
toxicants [9].

Some mitochondrial functions, such as oxygen
consumption, adenosine triphosphate (ATP) production,
fatty acid oxidation and gene transcription, are also regulated
by mTOR [10, 11]. Impaired mitochondrial function is
observed in association with ASD-related behavioral
aberrations in mice that show mTOR activation [12]. In
addition to excessive protein synthesis [14] and altered
autophagy [15] related to neuronal alteration, MD may link
dysregulated mTOR activity to ASD.

Converging lines of research have implicated the
involvement of intracellular oxidative damage in
mitochondrial diseases, a group of disorders caused by MD.
Glutathione (L-y-glutamyl-L-cysteinylglycine, GSH) plays a
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key role in the cellular defense against oxidant damage [16].
Glutathione deficiency has also been reported in MD [16].
The oxidative stress-related pathophysiology of ASD
includes MD and impairment of the GSH synthesis pathway.
In view of the fact that synthesized ATP inhibits MD [17],
ATP may play a crucial role in the generation of ROS to
impair GSH synthesis, resulting in a low detoxifying
capacity and MD. A low detoxifying capacity, as indicated
by a low urinary total antioxidant capacity, has been reported
in ASD children without any of the neurological and somatic
symptoms observed in children with MD or impaired
glutathione synthesis.

The relationship among MD, impaired GSH synthesis
and a low detoxifying capacity has yet to be elucidated. This
review addresses recent advances in mitochondrial function
in relation to mTOR. Moreover, this review attempts to
untangle three aspects of the relationship of MD, impaired
GSH biosynthesis and a low detoxifying capacity with
oxidative stress. Firstly, we discuss whether children with
ASD might have a certain subset of MD or a new type of
MD. Secondly, we attempt to shed light on potential
processes that may result from the production of ROS in two
metabolic pathways, including MD and impaired GSH
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biosynthesis (Fig. 1). Thirdly, there is growing evidence that
intracellular  oxidative damage associated with the
pathophysiology of ASD appears to include MD, impaired
glutathione synthesis, or a low detoxifying capacity, but the
relationship among these processes in ASD has never been
elucidated. This review also summarizes the clinical
manifestations of ASD with MD as well as recent data on the
regulation and role of biomarkers in MD, impaired
glutathione synthesis, or a low detoxifying capacity.

2. MITOCHONDRIAL FUNCTION-RELATED MTOR
SIGNALING IN AUTISM SPECTRUM DISORDERS

MD may be involved in ASD. As a neurodevelopmental
disorder, ASD primarily affects reciprocal social interactions
and is accompanied by restrictive, repetitive behaviors and
interests according to the DSM-5 [7]. Like most psychiatric
disorders, both genetic and environmental factors can
influence the occurrence of ASD. Genetic research has
provided an extensive list of genes, loci and copy number
variations causing ASD, which is still growing [18-21].
Environmental causes, such as prenatal exposure to valproate
[22-24] and inflammatory insults [25-27], act during the
prenatal period in most cases and are thought to affect brain
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Fig. (1) Association of mMTORC1 and mTORC?2 in autism spectrum disorders. The genes colored in orange are discussed in the text for the
causes of syndromic ASD. Hyperactivated mTORCI1, caused by mutations in the highlighted genes, phosphorylates and alters the function of
the three molecules. First, S6K is activated and global protein synthesis is elevated. Second, 4EBP is inactivated, resulting in release
inhibition of eIF4E-mediated cap-dependent gene transcription. ULK1 is also activated and autophagy is stimulated though it is unclear
whether this has influence on the genesis of ASD. Akt, protein kinase B; eIF4E, eukaryotic initiation factor 4E; 4EBP, 4E-binding protein;
ERK, extracellular signal-regulated kinase; FMRP, fragile X mental retardation protein; GSK3b, glycogen synthase kinase 3b; IR, insulin
receptor; IRS, insulin receptor substrate; MEK, mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin; mTORC,
mTOR complex; NF1, neurofibromin; PDK, phosphoinositide dependent kinase; PI3K, phosphatidylinositol 3-kinase; phosphatase and
tensin homolog deleted on chromosome 10; RAS, rat sarcoma; Rheb, Ras homolog enriched in brain; S6 ribosomal protein S6; S6K, S6

kinase; TSC, tuberous sclerosis complex; ULK1, unc51-like kinase 1.
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development of brains. Interestingly, the genetic defects
found in individuals with ASD converge on several common
molecular alterations.

One representative alteration is the constitutive activation
of mTOR-mediated signaling [14, 28, 29] (Fig. 1). mTOR
plays a central role in cell growth and differentiation. In
neurons, mTOR critically controls synaptic function, and its
alteration is therefore thought to disturb synaptic signal
transmission and result in ASD.

2.1. mTOR Activation and ASD in Monogenic Disorders
2.1.1. mTOR Complexes

Mammalian target of rapamycin (mTOR) interacts with
several proteins to form two distinct complexes: mTOR
complex 1 (mTORCI) and mTOR complex 2 (mTORC2).
The most distinctive difference between these complexes is
that mTORC1 contains raptor, whereas mTORC2 contains
rictor instead (Fig. 1). mTOR inhibitors such as rapamycin
block mTOR-raptor coupling and inhibit mTORC1 [30, 31]
but not mTORC2, which does not contain raptor. Monogenic
disorders associated with deregulated mTOR-mediated
signaling have been investigated to reveal the pathogenic
role of mMTORCI1 in ASD. In this context, tuberous sclerosis
complex (TSC) and PTEN hamartoma tumor syndrome have
been particularly intensively studied. Activated mTORCI1
may participate in ASD in fragile X syndrome (FXS) and
neurofibromatosis type 1 (NF1) [14, 28, 29].

2.1.2. The Role of TSC

Tuberous sclerosis complex (TSC) is caused by
heterozygous mutations in the 7SC/ [32] and TSC2 [33]
genes. A hallmark of TSC is the presence of dysplastic and
hamartomatous lesions in multiple organs, such as the brain,
skin and kidneys [34]. Less specific symptoms frequently
found among TSC individuals include neuropsychiatric
problems such as agitation, hyperactivity and anxiety, which
are collectively known as TSC-associated neuropsychiatric
disorders (TAND) [35]. ASD is one of the most prominent
conditions in TAND and makes TSC patients’ daily life
more challenging compared with patients without ASD, both
in school and at home. Approximately half of TSC
individuals have accompanying ASD [14, 36], whereas TSC-
related ASD is found in up to 4% of general ASD cases [20].
TSC is therefore one of the most prevalent genetic causes of
ASD along with FXS (see below). Risk factors for ASD
include low intelligent quality scores, 7SC2 mutations,
earlier age at seizure onset and infantile spasms (an epileptic
encephalopathy characterized by spasms, hypsarrhythmia in
EEG and developmental arrest or deterioration), whereas the
influence of the number and location of cortical tubers
remains controversial [14, 36, 38].

Analysis of a rodent model of TSC has contributed to our
understanding of how hyperactivated mTOR signaling and
the molecular pathomechanism of TSC participate in the
genesis of ASD. Homozygous mutations in 7sc/ and Tsc2
are embryonically lethal [39, 40]. Haploinsufficient animals
are viable and exhibit no signs of epilepsy, and obvious
lesions are rarely observed in the brains of these mice [39,
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40] and rats [41, 42]. These rodents show a reduced interest
in social novelty when direct interaction is allowed [43-45],
and an autism-like deficit in social learning is less prominent
[21, 46]. They also exhibit signs of cognitive dysfunction
during different behavioral tasks [43, 46, 47]. Treatment
with rapamycin for just a few days completely reverses these
autistic and cognitive deficits in adult mice, demonstrating
the critical role of overactivated mTORC1 [45, 46]. The
selective deletion of TSC genes results in different
phenotypes depending on the targeted cells. Deletion of Tsc/
in Purkinje cells aggravates the approach to a social stimulus
[48]. Mice show far more severer phenotypes, such as
epilepsy, brain enlargement and early mortality, when T'sc/
or Tsc2 is eliminated in astrocytes [49] and in neurons of the
forebrain [46]. These features are also alleviated by the early
implementation of life-long rapamycin treatment. In a recent
clinical trial of the mTOR inhibitor everolimus, TSC patients
with refractory epilepsy showed a reduction of seizure
frequency as well as improvement of behavioral problems,
including those related to ASD [50]. The above bench and
bedside findings suggest that similar to the results in mice,
ASD may be reversible with medication in humans.

2.1.3. Molecular Mechanisms of mTOR

The PTEN (phosphatase and tensin homolog) gene
negatively regulates the phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K) signaling pathway. Deletion of PTEN
releases its inhibition of mTORCI1 by activating Akt and
inactivating TSC2. Heterozygous mutations in the PTEN
gene can cause several syndromes, whose nomenclature
depends on the phenotype. Collectively known as PTEN
hamartoma tumor syndrome (PHTS), this group of
syndromes includes Bannayan- Riley-Ruvalcaba syndrome,
Lhermitte-Duclos syndrome and Cowden syndrome [51, 52].

Notably, a subset of ASD individuals with marked
macrocephaly carry Phosphatase and tension homolog
deleted on chromosome ten (PTEN) mutations, irrespective
of the presence of hamartomas and tumors [53-55],
implicating a direct link between PTEN mutations and
macrocephaly-associated ASD. Similar to TSC, homozygous
deletion of Pfen results in embryonic lethality [56]. Pten
heterozygosity in mice reproduces brain enlargement and
ASD in certain settings [13, 57], though these conditions are
subtler than expected compared with the human phenotype.
Deletion of Pten in differentiated neurons of the cerebral
cortex and hippocampus results in overt ASD-like behavioral
deficits as well as epilepsy and early mortality, which are
abrogated by chronic treatment with rapamycin beginning in
the early postnatal period [58, 59] Considering the above
evidence in relation to TSC and PTEN, mTOR activation is
likely to be a common molecular event leading to ASD and
represents a promising therapeutic target.

Several other monogenic disorders, such as FXS and
NF1, are also often associated with ASD. The molecular
basis of neurocognitive deficits in these diseases was initially
attributed to synaptic transmission via glutamate for FXS
and to the RAS signaling pathway for NF1. Activated
mTORC]1 was subsequently observed in these two disorders,
and research is currently under way to examine its influence.
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FXS is an X-linked disorder caused by the unstable
expansion of a trinucleotide repea in the fragile X mental
retardation 1 (CGG repeat in the FMRI) gene, resulting in
reduced production of the FMRP protein [60]. ASD is found
in approximately half of all male FXS patients and up to 5%
of ASDs derive from FXS; thus, FXS is considered to be the
most common monogenic cause of ASD [20, 61].
Investigations on the molecular pathophysiology of FXS
have mainly focused on metabotropic glutamate receptors,
particularly concerning the activation of mGIluRS [62, 63],
and altered mTORC1-mediated signaling has been proposed
[14] (Fig. 1). In fragile X mental retardation 1 (Fmrl)
knockout mice, which is a mouse model of FXS, mTORCI1
is hyperactivated in the hippocampus [64]. Inhibition of
increased mTORCI activity through the genetic removal of
S6K1, a major effector of mTORCI, improves autistic
behavior in these mice [65] (Fig. 1), suggesting a causal role
of the FMRP-mTORCI1 interaction in FXS-related ASD.
NF1, an autosomal dominant disorder caused by mutations
in the NFI gene [66-68], is the most common
neurocutaneous disorder worldwide. Individuals with NF1
often show signs of cognitive deficits in perceptual skills,
executive functions, and attention [69]. Behavioral
alterations relevant to learning deficits in Nﬂ”’ mice are
associated with increased gamma-amino butyric acid
(GABA)-mediated inhibition and specific deficits in long-
term potentiation and can be reversed by decreasing Ras
function [70]. NF1 constitutively activates Extracellular
Signal-regulated Kinase (ERK) [71], and the downstream
signaling pathway in turn suppresses the function of
TSC1/TSC2, leading to mTORCI1 activation [72].
Pharmacological inhibition of ERK using statins is effective
in improving cognitive function in mice [73], but its efficacy
is limited in humans [74]. Unlike other disorders mentioned
above, NF1 in relation to ASD has rarely been investigated,
partly because the relationship between NF1 and ASD is still
insufficiently understood. NF1 has long been considered a
risk factor for ASD [75]. It was recently revealed that
15-30% of NF1 patients meet the criteria for ASD [76, 77].
Very recently, it was demonstrated that NfI haploinsufficiency
causes ASD-like deficits in social learning and aberrant
glutamate and GABA neurotransmission in the amygdala,
which can be reversed by pharmacological inhibition as well
as the additional genetic deletion of p21-activated kinase 1
(Pakl) [78]. Further research on whether mTORCI1
activation is involved in the social deficits observed in NF1
is necessary.

2.2. How does mTORC1 Activation Result in ASD?
2.2.1. mTORC1 Overactivation

Despite the consensus opinion that mTORCI activation
results in ASD, the immediate molecular events causing
ASD when mTORCI is constitutively activated in the brain
remain to be elucidated. Analysis of conditional knockout
mouse models of TSC and PHTS revealed that significant
morphological changes are followed by mTORCI1
overactivation. Pten deletion in differentiated neurons results
in neuronal and dendritic hypertrophy, a thickened cerebral
cortex and brain enlargement, followed by profound
phenotypic changes including a reduced survival rate [58,
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59]. Inactivation of TSC genes in astrocytes increases
astrocyte proliferation, neuronal disorganization and
progressive macrocephaly [49]. Purkinje cell-specific Tsc!
deletion causes earlier loss of Purkinje cells, an increased
spine density and reduced excitability in Purkinje cells [48].
These genetic manipulations lead to autistic behavior that
can be rescued by the continuous inhibition of mTORCI1
using rapamycin [48, 52]. However, even mice without overt
brain pathologies express social deficits that respond to
rapamycin [39, 40, 45], demonstrating that morphological
changes may not be essential for disrupting social behavior.
Another question in this context is what follows mTORC1
activation? mTORCI regulates many downstream proteins,
including ribosomal p70S6 kinase (S6K1), and eukaryotic
translation initiation factor-4E (4EBP), wchich binds the 5’
cap as a subunit of the eIF4E (Fig. 1). Ribosomal p6 kinase 1
(S6K1), when activated by mTORCI, increases protein
synthesis by phosphorylating ribosomal protein S6 [14].
Abnormally enhanced phosphorylation of S6K1 and
Ribosomal protein S6 (rpS6) may disturb neuronal functions
relevant to ASD via excessive protein production. Another
possibility is altered long-term potentiation (LTP).
Hippocampal slices obtained from Tsc2”" mice show a
reduced threshold of late-phase LTP [28]. Unexpectedly,
S6K1 knockout mice, in which the mTORC1-S6K pathway
is constitutively suppressed, also exhibit deficient social
learning [65] as well as impaired early-phase LTP, without
protein synthesis-dependent late-phase LTP [79]. It has been
suggested that mTORC]1-regulated LTP must be carefully
balanced to avoid extremes to support normal social
behavior.

2.2.2. Roles of 4EBPs and el F4E

Cap-dependent mRNA translation is controlled by
eukaryotic translation initiation factor-4E-binding protein
(4EBPs) and their target eIF4E. elF4E interacts with elF4G
and promotes cap-dependent translation. The 4EBPs bind to
eukaryotic translation initiation factor 4G (elF4E) and
interrupt the eIF4E-elF4G interaction, thus resulting in
decreased translation. Here, mTORC1 phosphorylates and
inhibits the binding of 4EBPs to elF4E, releases the
inhibition of elF4E, and stimulates cap-dependent mRNA
translation and protein synthesis [80-82]. An autism-like
behavioral deficit is observed in mice with both 4EBP2
deletion [83] and eIF4E overexpression [84]. This genetic
manipulation enhances the el[F4E-dependent translation of a
subset of genes, including neuroligins, and increases spine
density and synaptic activity, resulting in an altered
excitatory/inhibitory (E/I) ratio. Pharmacological inhibition
of elF4E normalizes behavioral and neuronal abnormalities
[83, 84]. Interestingly, knockdown of neuroligin 1 reverses
neuronal changes and partially rescues social behavior [83].
Upon mTORCI1 dysregulation, it has been suggested that
increased synthesis of synaptic proteins, including
neuroligins, disrupts the E/I balance and leads to the
development of an ASD-like phenotype

2.2.3. The Relationship between mTORCI and mGluR5

Understanding the molecular pathophysiology of FXS
and TSC provides evidence of crosstalk between mTORC1
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and metabotropic glutamate receptor 5 (mGIuRS) in the
brain. Deletion of the glutamine receptor metabotropic
5(Grm35) gene, encoding mGIuRS, rescues abnormalities in
synaptic density, hippocampal protein synthesis and learning
in Fmrl knockout mice [63]. FXS brains show increased
mTORCI1 activity that may be region and age specific [64].
Genetic removal of S6K1 — to cancel out the effect of
mTORCI activation — reverses the ASD-like phenotype and
enhances mGluR5-mediated long-term depression (LTD)
[65]. In contrast, mGluR5-mediated LTD is rather attenuated
in Tsc2"" mice [47, 85]. However, the results have been
inconsistent regarding whether mGluRS5 activity is decreased
[85] or increased [47] when mTORCI is activated. The
importance of the mTORC1 — mGluRS relationship in ASD
may hold true for general ASD. The BTBR mouse strain
shows all of the symptoms of ASD [86], which are rescued
by mGIluRS negative allosteric modulation [87].
Furthermore, rapamycin normalizes the associated social
deficit [88]. It should be clarified in more detail how the
ASD-like phenotype can be rescued by mGluRS5 modulation
(i.e., activated or inactivated, or kept within a certain range).

2.3. Mitochondria, Oxidative Stress and mTOR
2.3.1. mTOR in ASD

An accumulating body of evidence suggests an
association between ASD and MD. ASD associated with
mitochondrial disease is characterized by developmental
regression, elevated plasma lactate and a lack of association
with genetic abnormalities [8]. Elevated plasma lactate is
also observed in general ASD [89, 90]. Analysis of brain
tissue samples revealed that mitochondrial electron transport
chain complexes are reduced in the frontal and temporal
cortices of children with ASD [91]. Impairment of
mitochondrial energy metabolism may underlie general
ASD.

Recently, aberrant macroautophagy was reported in
mTOR-mediated ASD [92]. The authors observed deficient
dendritic pruning and mTOR-dependent macroautophagy in
the post-mortem brains of ASD individuals. Analysis of
mouse models of TSC revealed that mTOR-mediated
macroautophagy regulates dendritic pruning. Moreover,
deletion of Atg7, the gene required for autophagosome
formation, results in deficient social learning and
recapitulates the morphological changes observed in TSC.
However, rapamycin fails to reverse these abnormalities in
Atg7-deleted mice. The role of mTORCI-mediated
macroautophagy in the development of ASD should be
further investigated.

mTORCI1 controls mitochondrial functions such as
oxygen consumption, ATP production, fatty acid oxidation
and gene transcription [11, 93]. Oxygen consumption and the
oxygenation capacity are correlated with mTORCI1 activity
and are stimulated by knockdown of Tsc2, but attenuated by
knockdown of raptor and S6K1. This is associated with
reduced phosphorylation of enzymes involved in energy
metabolism [93]. Pten deficiency exaggerates mTORCI-
mediated cap-dependent gene transcription and protein
synthesis, resulting in higher levels of ATP synthesis,
coupled with elevated oxygen consumption [94]. In mice
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lacking Pten in the cerebellum and hippocampus, elevated
respiratory complex activity is noted from early postnatal
periods. These mice also exhibit autistic behavior at an older
age. This is accompanied by a significant reduction of
mitochondrial DNA levels in the cerebellum and
hippocampus, but not in the cortex, where Pten is expressed
normally [13]. It has been suggested that mitochondrial over
activity induced by activated mTORC1 leads to
mitochondrial loss and ASD.

2.3.2. mTORC1 Activation

The relationship is also implicated in oxidative stress,
mTORCI activation and ASD. Neurons lacking the 7SCI
and 7SC2 genes exhibit higher levels of ROS and expression
of the antioxidant enzyme hemeoxygenase I (HO-1),
indicating increased oxidative stress in the setting of TSC
deficiency [95]. Analysis of lymphoblastoid cell lines
(LCLs) revealed an association between an altered redox
status and ASD. LCLs derived from children with ASD
show decreased glutathione concentrations relative to
oxidized disulfide glutathione as well as a decreased ratio of
reduced nicotinamide adenine dinucleotide (NADH) to
oxidized NAD' and higher levels of 3-nitrotyrosine, a
marker of protein oxidation that is indicative of chronic
oxidative stress [6, 9, 96]. Compared with control LCLs,
exposure of ASD-derived LCLs to ROS markedly increases
proton leak respiration and markedly depletes the reserve
capacity of mitochondrial respiration. Furthermore, an
increase in baseline ROS production is observed in a
subgroup of ASD-derived LCLs [6]. Therefore, vulnerability
to intrinsic and extrinsic ROS may play a role in the
occurrence of ASD. mTORCI activation can cause
endoplasmic reticulum (ER) stress. Briefly, excessive protein
synthesis, perturbations in calcium homeostasis, and nutrient
deprivation are some causes of ER stress. Excessive ER
stress activates the unfolded protein response (URP), which
then stimulates signaling cascades to remove the ER
overload. A failure to eliminate the ER overload results in
ER stress-induced cell death via caspases and the
proapoptotic transcription factor CHOP (C/EBP homologous
protein) [95, 97]. Loss of the 7SCI and TSC2 genes coupled
with mTORCI activation causes ER stress and activates the
unfolded protein response (URP) in fibroblasts [97] and in
neurons [95]. Oxidative and ER stress renders neurons
vulnerable to cell death in a CHOP-dependent manner. Cell
death can be rescued by a CHOP inhibitor, but not by
rapamycin [95]. Excessive exposure to oxidative and ER
stress may underlie the genesis of ASD associated with
mTORCI activation, such as TSC. In these ASD patients,
therapeutic approaches aimed at reducing cellular stress
using antioxidant agents may be beneficial.

In the above sections, we reviewed the complex
associations among ASD, mTORCI1 hyperactivation and
MD, particularly with regard to the link between ASD and
mTORCI1. Constitutive activation of mMTORC1 may result in
oxidative and ER stress as well as ASD associated with
monogenic disorders such as TSC and FXS. In the following
sections, the relationship between ASD and MD is discussed
in more detail.
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3. THE RELATIONSHIP BETWEEN MITOCHOND-
RIAL DYSFUNCTION AND ANTIOXIDANT ACTI-
VITY IN AUTISM SPECTRUM DISORDERS

MD includes various pathological features such as
mitochondrial DNA  mutations and mitochondrial-
respiratory-chain disease. Clinical manifestations related to
the nervous system in primary MD include developmental
regression or delay, seizures, ataxia, movement disorders,
myoclonus and basal ganglia diseases [98]. The prevalence
of MD in the general ASD population has been reported as
5.0% [8], 13.0% [99] or 44% [100]. This indicates the
possibility that a subgroup of children with ASD may have a
new type of MD that is more prevalent and is distinct from
classic MD [6, 101]. Another study proposed that a
neurobiological subtype of ASD should undergo evaluation
for MD [99].

Reports on ASD have generally indicated that oxidative
stress induces ASD due to changes in the antioxidant status
[102-104] and heightened vulnerability to oxidative stress
[105, 106]. To prevent or reduce reactive oxygen species
(ROS) - or MD-induced oxidative stress damage, the human
body has developed an antioxidant defense system [107].
GSH plays a key role in the cellular defense against oxidant
damage [16]. The oxidative stress-related pathophysiology
of ASD includes MD and impairment of the GSH synthesis
pathway. As mitochondrial oxygen consumption is coupled
with ATP production [108], this review first suggests that the
ratio of ATP production/oxygen consumption may play a
crucial role in MD.

This chapter discusses four aspects of the relationship
among MD, impaired GSH biosynthesis and a low
detoxifying capacity against oxidative stress: (1) whether
children with ASD and a concomitant MD might have a
subset type of ASD and whether they have a new type of
MD; (2) potential processes that may diverge from the
production of ROS in the two metabolic pathways, such as
MD and impaired GSH biosynthesis; (3) the relationship
among the three types of oxidative stress-related
pathophysiologies (MD, impaired GSH synthesis and a low
detoxifying capacity) in ASD; and (4) a summary of the
clinical manifestations of ASD with MD and recent data on
the regulation and role and biomarkers of a low detoxifying
capacity, glutathione deletion and MD?.

3.1. Relationship Among Mitochondrial Dysfunction,
Impaired Glutathione Synthesis and A low Detoxifying
Capacity

When antioxidant defenses are weakened, cells and
tissues in the body become more prone to dysfunction and/or
disease development [109]. Oxidative modification of
biologically essential molecules by reactive oxygen species
(ROS) has been implicated in the pathogenesis of various
diseases [110]. ROS can be neutralized by antioxidant
systems, resulting in a delicate balance that determines the
fate and impact of ROS [111]. Oxidative stress-induced cell
death or apoptosis may depend on the cell’s ability to cope
with oxidative stress, including its ROS-detoxifying capacity
[112], GSH synthesis [113] and mitochondrial function
[114].
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3.2. Mitochondrial Dysfunction

Mitochondria are extraordinary organelles that play key
roles in a number of fundamental cellular processes,
including ATP synthesis, ion homeostasis, oxygen sensing
[115], and redox homeostasis [116]. Mitochondria are
important in apoptosis [115, 117], thus participating in
neurodegenerative processes [117]. All of these pathways
include redox-reactions as central elements [115].
Mitochondria play an important role in cellular energy by
means of oxidative phosphorylation, which provides an
efficient mechanism coupling electron transport to the
synthesis of ATP [111]. Furthermore, the mitochondrial
electron transport chain plays an important role in the
generation and management of ROS and the production of
ATP [118]. Thus, synthesis of ATP may be critical in
mitochondrial function [119].

MD occurs as a result of the following changes: (1) loss
of maintenance of the electrical and chemical transmembrane
potential of the inner mitochondrial membrane, (2)
alterations in the function of the electron transport chain, or
(3) a reduction of the transport of critical metabolites into
mitochondria [120].

3.2.1. Clinical Manifestations of MD in Individuals with
ASD

Table 1 showed main clinical manifestations of MD. In
Table 2 non-specific clinical signs of MD were presented.
Table 3 showed clinical signs of ASD with a concomitant
diagnosis of MD. MD may present with any symptoms in
any organ at any age, but some symptoms and signs are more
suggestive of MD than others. These core features warrant
the initiation of a baseline diagnostic evaluation for
mitochondrial disease (Table 1). In contrast, there are a
multitude of nonspecific symptoms that frequently occur in
infants and children with mitochondrial disease but are
associated with a broad differential diagnoses [98].
Nonspecific findings in MD include neurodegeneration [98],
encephalopathy [98], epilepsy [98], ataxia [98], movement
disorders [98], myoclonus, basal ganglia diseases [98],
hypotrophic cardiomyopathy [98], metabolic
cardiomyopathy [121], chronic or cyclic diarrhea and
vomiting [121], pseudo-obstruction [121] and diabetes
mellitus [121].

There have been a few prior cohort analyses of MD in
ASD. One previous cohort study involving a review of the
medical records of twenty-five ASD children according to
the DSM-IV-TR identified core clinical manifestations of
MD in individuals with ASD to provide information on the
clinical spectrum of individuals with ASD and a concomitant
diagnosis of MD (Table 3) [100]. This cohort study indicated
that among the twenty-five ASD children aged 2-20 years,
twenty-one had histories of major non-neurological medical
problems. Additionally, twenty-one (84%) exhibited the
most common gastrointestinal symptom of constipation;
seventeen (68%) presented excessive fatigability and
exercise intolerance; seven (28%) displayed functional
cardiovascular abnormalities (28%); and several exhibited
abnormal findings in physical examinations, including
microcephaly (n=4, 16%), macrocephaly (n=4, 16%) and
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Table 1. Main clinical characteristics of mitochondrial dysfunction.
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Organs

Manifestations

References

Neuromuscular symptoms

Encephaloathy

Basal ganglia disease
Epilepsia partialis continua
Ataxia

Neurodegeneration
Myoclonus

Ptosis

Ophthalmologic abnormalities
Retinal degeneration

Ophthalmoplegia/paresis

Hass et al., 2007

Sensorineural deafness

Exercise intolerance or myalgia

Mattman et al., 2011

Developmental delay

Loss of skill

Seizure

Recurrent or familial neuropathy

Muscle weakness

Fry and Rossignol, 2011

Gastrointestinal symptoms

Severe dysmotility

Pseudo-obstructive episode

Hass et al., 2007

Constipation
Diarrhea

Delayed gastric emptying with nausea and vomiting

Matman et al., 2012

Cardiovascular Hypertrophic cardiomyopathy Hass et al., 2007
Unexplained heart block Mattman et al., 2011
Metabolic cardiomyopathy

Endocrine Diabetes mellitus Mattman et al., 2011

Table 2. Non-specific clinical signs of mitochondrial dysfunction®

).

Organs

Manifestations

References

Neurologic symptoms

Axonal neuropathyIntractable epilepsy
Hypotonia

Infantile spasms

Coma

Hearing loss

Hass et al., 2007

Nephrotic syndrome

Gastrointestinal Chronic or cyclic vomiting Hass et al., 2007
Cardiovascular Tachycardia Hass et al., 2007
Endocrine Hypothyroidism Hass et al., 2007
Hypoparathyroidism
Idiopathic growth hormone deficiency
Renal Renal tubular dysfunction Hass et al., 2007

a) Non-specific clinical sighs indicate other clinical characteristics that frequently occur in children with mitochondrial dysfunction but have a broad different diagnosis, and more

often lead to other clear diagnosis (Haas et al., 2007).
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Table3. Clinical signs of autism spectrum disorders accompanied by mitochondrial dysfunction.
Weissman et al., 2008 Rossignol and Frye, 2012 Palieri and Persico, 2010 Shoffner et al., 2010
(N=25) (N=68) (N=25) (N=28)

At least 1 non-CNS organ system 84 - - -
Fatigability or exercise intolerance 68 54 76 429
Gastrointestinal dysfunction 64 74 64 -
Constipation 20 - - -
At least 1 neurological finding of 60 589 ) )
uncommon ASD

Multiple regression 38 - - -
Gross developmental motor delay 32 51 32 46.4
Regression 24 52 - -
Seizure 20 41 393 -
Growth retardation 20 21 20 10.7
Oculomotor abnormality 16 - - -
Macrocephaly 16 16 - -
Microcephaly 16 16 - -
Sensorineural hearing deficit 12 - - -
Dysarthria 12 - - -
Movement disorders 8 - - -
Hypotonia 62 - - -
Ataxia 58 - - -
Cardiomyopathy 24 - - -
Endocrine dysfunction 8 - - -
Renal dysfunction 8 - - -
Hematologic abnormality 8 - - -
Ptosis 8? - - -

Values are expressed as percent of patients. a) ataxia.

growth retardation (n=5, 20%). In this study, twelve patients
presented neurological findings that are uncommon in ASD
(n=12, 48%), including oculomotor abnormalities (n = 4,
16%), sensorineural hearing deficits (n = 3, 12%), dysarthria
(n = 3, 12%), ptosis (n = 2, 8%), and movement disorders
(n = 2), and five patients (20%) had seizures, one of whom
had medically refractory epilepsy. Eight patients exhibited
markedly delayed early motor milestones (32%). Fourteen
patients showed regression of previously acquired skills
(56%), with nine presenting multiple regressions (36%), six
presenting regression at ages older than three years (24%),
and seven presenting regressions occurring with infections or
other metabolic stresses (28%). In six patients, gross motor
skills were lost in addition to language skills (24%). In one
case, the timing of regression coincided with a recent
vaccination (4%) [100] (Table 3). Overall, the main clinical
manifestations in individuals with ASD/MD were found to

be the gastrointestinal symptom of constipation, regression
of previously acquired skills, neurological abnormalities,
delayed motor milestones, excessive fatigability, exercise
intolerance,  functional cardiovascular  abnormalities,
dysmorphisms such as macrocephaly and microcephaly, and
medically refractory epilepsy.

These features are similar to the features of MD, as
shown in Tables 2 and 3. In previous studies, MD features
have been diagnosed in ASD patients with a range of
incidences: 5.0% of 68 ASD children and adolescents, with
the oldest being 20 years of age [8]; 13.0% of individuals
with ASD aged 5 to 60 years of age [99]; 19% of 210 ASD
patients [122]; and 45% of ASD children aged 11 to 14 years
of age [123] were diagnosed as having MD features. The
above findings, together with a previous report indicating
that that MD presents clinically in at least one in 10,000
adults [124], suggest that individuals with ASD and a
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Fig. (2). Oxidative stress in autism spectrum disorder. The arrows in the figure represent the advanced oxidation processes. The ratio of ATP
production/oxygen consumption may be a potential candidate target for preventing MD due to oxidative stress. On the other hand, disruption
of ATP synthesis alone may be related to impaired GSH synthesis. In this regard, oxygen consumption may be important in preventing MD.
ROS, reactive oxygen species; ATP, adenosine triphosphate; SOD, superoxide dismutase; ASD, autism spectrum disorders.

concomitant diagnosis of MD are more prevalent than
patients with typical MD. Collectively, a significant
subgroup of ASD children may have a new type of MD that
is more prevalent and is distinct from classic MD [7, 9].
Meanwhile, another study suggested that children with ASD
and a concomitant diagnosis of MD may constitute a subset
of the ASD population who have distinct abnormalities in
redox metabolism such as MD [101]. In this regard, a
previous study reported the interesting finding that seventy-
five individuals with ASD (simplex type) aged 5-60 years
exhibited lactate-positive voxels in the cingulate gyrus more
frequently, indicating that these autistic individuals with a
concomitant diagnosis of MD may be a neurobiological
subtype of ASD [99]. However, only 60% of autistic
individuals ASD with a concomitant diagnosis of MD show
developmental regression including impaired social
communication, but not stereotyped or repetitive behaviors
[100]. Moreover, autistic individuals with a concomitant
diagnosis of MD display clinical manifestations including
prevalent seizures [98] and exhibit abnormal biochemical
markers of MD [8, 98]. The DSM-1V criteria do not include
major neurological and non-neurological medical problems
(e.g., constipation in the gastrointestinal system, excessive

fatigability, exercise intolerance, and cardiovascular functional
abnormalities). It would therefore be logical to propose that
autistic individuals with MD may have a subtype of MD that
is more prevalent and is distinct from classic MD.
Considering that tuberous sclerosis and the Landau-Kleffner
syndrome manifest with similar symptoms to ASD,
individuals with ASD/MD are more likely to represent a new
type of MD. This review proposes that individuals with ASD
and a concomitant diagnosis of MD may exhibit a subtype of
MD rather than a subtype of ASD.

3.2.2. Biomarkers of ASD with a Concomitant Diagnosis of
MD

Table 4 shows the number of subjects exhibiting
abnormal results for biochemical markers of ASD with a
concomitant diagnosis of MD, along with the main
references published during 2008-2012 [8, 100, 125-127].
The abnormal biochemical parameters that are frequently
detected in ASD with MD include elevated blood or plasma
levels of lactate and an increased lactate/pyruvate ratio [8,
100, 126]. Lactate has long been regarded as an end product
of anaerobic energy production and appears to play an
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Biochemical data from individuals with ASD accompanied by MD.

Biochemical markers

Number of abnormal

Weissman et al., 2008
Increased blood lactate
Increased serum aspartate transaminase or alanine transaminase
Increased plasma pyruvate acid
Abnormal urinary organic acid analysis
Increased plasma alanine
Increased serum creatine kinase
Increased fibroblast lactate/pyruvate ratio

Increased lactate on cranial MRS

Number abnormal/number tested
19/25 (76%)
13/25 (53%)
9/17 (53%)
10/24 (42%)
9/25 (36%)
8/25 (32%)
3/15 (20%)
10/21 (40%)

Shoffner et al., 2010

Increased blood lactate, pyruvate and alanine

13/28 (46.4)

Palmieri et al., 2010%

Increased plasma lactate

15/15 (100.0%)

Decreased plasma GSH 148/233 (63.5%)
Increased plasma GSSG 118/203 (58.4%)
Increased MDA 67/67 (100.0%)
Essaetal., 2012
19 ASD children vs 19 normal controls
Plasma levels of PCO, LPO, and lactate/pyruvate ratio significant decreases in ASD children
Rossignol and Frye, 2012}
Elevated lactate 31.1%
Elevated pyruvate 13.6%
Elevated lactate/pyruvate ratio 27.6%
Elevated creatine kinase 46.8%
Elevated ammonia 35.0%
Elevated AST 45.6%
Elevated ALT 7.0%
Low total carnitine 90.0%

T, The total number of subjects was not described (Weissman ez al., 2012); I, total number who exhibited abnormal values (Palmieri et al., 2010).

PCO, protein carbonyls; LPO, lipid peroxidation; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

important role in the antioxidant defense [129]. The plasma
lactate concentration is a marker of the severity of the tissue
oxygen supply-to-demand imbalance [130]. Pyruvate is the
end product of cytosolic glycolysis and has a variety of
possible fates, with the major one being mitochondrial
oxidation [131] (Table 4). Thus, a high blood lactate/
pyruvate ratio is a potential biomarker of MD [132].
Additionally, aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) are biochemical markers of organ
dysfunction, including MD [133].

3.2.3. Medical Treatment of MD

Accumulating evidence indicates that essential cofactors
in mitochondria and certain types of flavone and plant
compounds are effective for treating MD. Beta-amyloid (AB)
protein is a key factor in the pathogenesis of Alzheimer's
disease. Coenzyme Q10, an essential cofactor involved in the

mitochondrial electron transport chain and DHA, has been
suggested to be a potential therapeutic agent for Alzheimer's
disease, as it may restore the decreased oxygen consumption
rate and ATP turnover [134]. Quercetin potentially prevents
Huntington’s disease and other neurodegenerative disorders
in which mitochondrial function is perturbed [135].
Resveratrol  treatment functionally impacts oxygen
consumption and mitochondrial ATP production while
decreasing lactate contents, thus showing potential clinical
applications in selected Parkinson’s disease patients [136].

3.3. Impairment of Glutathione Biosynthesis
3.3.1. Glutathione Synthesis

GSH in the mitochondria controls compartment-specific
needs and functions [111], representing the main mechanism
of antioxidant defense against ROS [111]. Thus, GSH
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deficiency can lead to impaired mitochondrial function [111,
128]. The synthesis of GSH from glutamate, cysteine, and
glycine is catalyzed sequentially by two cytosolic enzymes,
y-glutamylcysteine synthetase and GSH synthetase [137].

Upon reaction with ROS, GSH becomes oxidized to
GSSR by GSSH reductase (GR), a process that decreases
GSH [111, 138]. The ratio of reduced GSH to the oxidized
disulfide form of glutathione (i.e., glutathione disulfide,
GSSH) is considered to be a reproducible indicator of the
systemic redox status that can be used to clinically assess
and treat individuals with ASD, who may be at risk of
oxidative stress-related pathology [139]. Moreover, the
GSH/GSSH ratio reflects the oxidative state and interactions
with ROS to the maintain redox balance in the cell [111]. A
shift in the GSH redox rate towards to the oxidized state may
lead to DNA damage and increased apoptosis [138].

3.3.2. Clinical Findings

As a decreased GSH redox ratio has been reported in
individuals with ASD, it has been hypothesized that a shift in
the GSH redox ratio may play a role in the etiology of ASD
[138, 140]. Some evidence has suggested that glutathione
redox ratios, such as the GSH/GSSH ratio, can be used as
biomarkers of impaired GSH synthesis and treatment status
in ASD [141, 142]. An early study examined 20 children
with ASD with a mean age of 6.4+1.5 years who met the
DSM-IV criteria for autistic disorders. Most of these
children exhibited symptoms of gastrointestinal distress, in
addition to impaired speech and socialization skills. In this
study, plasma levels of GSH and the GSH/GSSH ratio were
found to be reduced [143]. Two other studies examined
glutathione redox status and glutathione metabolism, in 40
children [143] and 48 children [142] who met the DSM-IV
criteria of autistic disorders. In these two studies, Asperger’s
disorder, pervasive developmental disorders (not otherwise
specified), severe gastrointestinal distress, genetic disorders
and chronic seizures (epilepsy) were excluded. In these
studies, the total GSH/GSSH ratio was shown to be
significantly reduced compared with 42 (James et al., 2009)
[144] and 40 age-matched normal controls [142]. The most
recent of these studies, in which the diagnostic criteria
included the DSM-5 criteria for autistic disorders but
excluded epileptic seizure and any additional psychiatric and
neurological disorders, revealed lower plasma levels of
glutathione-transferase compared with 30 age-matched
normal controls [145]. Another earlier study examined
frozen samples from the cerebella and temporal cortexes of
fifteen individuals with ASD and twelve unaffected controls
[141]. In this study, the diagnosis of ASD was confirmed
based on the Autism Diagnostic Interview-Revised, which
matches the DSM-5 criteria for ASD symptoms without any
neurological or somatic symptoms [146]. This study reported
that the cerebella of ASD individuals show significantly
decreased GSH levels, GSH/GSSH ratios and mitochondrial
superoxide production as well as significantly increased
levels of biomarkers of oxidative stress, such as 3-
nitrotyrosine (3-NT), and inflammation, such as 3-
chlorotyrosine (3-CT) [141] Considering these findings
together, this review is the first to suggest that impaired GSH
synthesis is evident in relation to the core social and
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behavioral sequences described in the DSM-5 criteria for
autistic disorders.

3.3.3. Biomarkers of Impaired GSH Synthesis

Plasma 3CT [142], S- adenosylmethionine (SAM) and S-
adenosylhomocysteine (SAH) [144, 147] are useful
biomarkers of impaired GSH synthesis and treatment status
in ASD.

3.4. The Role of ATP in MD and Impaired GSH
Synthesis

Mitochondria play an important role in ATP generation
[148]. An imbalance between energy intake and expenditure
leads to MD, characterized by a reduced ratio of energy
production, such as ATP production [149]. In the cytosol,
GSH synthesis includes two consecutive ATP-dependent
enzymatic reactions. The first step in GSH synthesis
involves the formation of glutamylcysteine from glutamate
and cysteine in an ATP-dependent reaction catalyzed by
glutamate-cystein-ligase [138]. In the second step, v-
glutamylcysteine (GCL) is coupled to glycine to form GSH
via glutathione synthetase [138, 140]. The major
determinants of GSH synthesis are the availability of
cysteine and glutamate cysteine ligase [140, 150]. When
oxidative stress coincides with excess dietary nutrients,
glycolytically synthesized ATP inhibits mitochondrial
oxygen consumption [119]. Importantly, when nutrient
oxidation is insufficient, the ratio of ATP synthesis/oxygen
consumption is low, leading to increased production of ROS,
such as superoxide anions [149]. Mitochondrial oxygen
consumption is uncoupled from ATP production during the
formation of reactive oxygen species by components of the
mitochondrial electron transport chain [108]. It therefore
appears that ATP production/oxygen consumption may be
closely associated with MD. Hence, this review provides a
potential framework to explain how the ratio of ATP
production/oxygen consumption may be a potential
candidate target for preventing MD due to oxidative stress.
On the other hand, disruption of ATP synthesis alone may be
related to impaired GSH synthesis. In this regard, oxygen
consumption may be important in preventing MD.

3.5. Impairment of the Antioxidant Capacity

An adequate equilibrium between the production of ROS
and the antioxidant capacity plays an important role in brain
function. In this context, early studies on ASD mostly
reported that changes in the blood levels of SOD, Tf and Cp
indicate alterations of the antioxidant status [102-104],
vulnerability to oxidative stress [105, 106], and copper
dyshomeostasis [151, 152] in children with ASD. Although
ASD consists of a group of developmental disorders with
symptoms that present in a continuum ranging from mild to
severe expression [153], the core symptoms of ASD include
two domains according to the DSM-5 [7]: negative
symptoms of impairment of social and communication
function impairment and positive symptoms of restricted and
repetitive behaviors in the DSM-5. The DSM-5 does not
includes any major neurological and non-neurological
medical problems in the diagnostic criteria for ASD [7].
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Participants in these earlier studies exhibited the core
symptoms, such as social and communication impairment.

The plasma [106, 152, 154, 155] and urinary [156, 157]
total antioxidant capacity (TAC) are useful biomarkers of
reduced antioxidant capacity. A few studies have examined
plasma or urinary levels of TAC in ASD. A previous study
found that plasma TAC levels were reduced in 35
individuals with Asperger’s disorders compared with 34 age-
matched normal healthy controls [106]. In addition, urinary
levels of TAC were reported to be elevated in 45 autistic
children aged 4-12 years [156] and 29 children with ASD
aged 6-12 years [157]. Salivary TAC was shown to be
significantly reduced in 101 children aged 2-12 years [158].
The exclusion criteria for these studies included neurological
disorders and a history of head trauma [106]. Participants in
the remaining two studies met the DSM-IV-TR criteria for
autism [157] or were scored using the Childhood Autism
Rating Scale [156] and therefore did not exhibit any major
neurological or non-neurological medical problems.
Collectively, these findings appear to indicate that reduced
plasma or urinary TAC levels occur in ASD children without
any neurological or somatic symptoms.

4. CONCLUSIONS

Mitochondria are organelles that play a central role in
processes related to cellular viability, such as energy
production, cell growth, cell death via apoptosis, and
metabolism of reactive oxygen species (ROS). Constitutive
activation of mMTORCI1 may result in oxidative and ER stress
as well as ASD associated with monogenic disorders such as
TSC and FXS. We can observe behavioral abnormalities
relevant to autism spectrum disorders (ASDs) and their
recovery mediated by the mTOR inhibitor rapamycin in
mouse models. In Tsc2"" mice, the transcription of multiple
genes involved in mTOR signaling is enhanced, suggesting a
crucial role of dysregulated mTOR signaling in the ASD
model. Moreover, The mTOR inhibitor such as rapamycin
may be useful target for the pharmacological treatment of
treatment resistant ASD.

This review offers three insights into the relationship
between MD and impaired GSH synthesis. Firstly, children
with ASD and concomitant diagnosis of MD have been
reported to manifest clinical manifestations similar to those
of MD, and it therefore appears that the clinical
manifestations of ASD with a concomitant diagnosis of MD
are more likely to be due to MD. Secondly, the ATP
production/oxygen consumption ratio may be a potential
candidate target for preventing MD due to oxidative stress,
and the disruption of ATP synthesis alone may be related to
impaired GSH synthesis. Third, changes in TAC have been
reported in most ASD children without any neurological and
somatic symptoms. In future studies, these three types of
pathophysiologies should be considered throughout the
pathophysiology and medical treatment of ASD. This
information provides insight into the pathophysiology of
ASD and can guide the design of medical treatments for
various subtypes of ASD.
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LIST OF ABBREVUATIONS

ALT = Alanine aminotransferase

ASD = Autism spectrum disorders

AST = Aspartate aminotransferase

ATP = Adenosine triphosphate

CGQG repeat in

the FMRI = Trinucleotide repeat in the fragile X
mental retardation

CHOP = C/EBP homologous protein

3-CT = 3-chlorotyrosine

elF4E = Eukaryotic translation initiation factor 4E

elF4G = Eukaryotic translation initiation factor 4G

ER = Endoplasmic reticulum

ERK = Extracellular Signal-regulated Kinase

4EBPs = Eukaryotic translation initiation factor 4E
(eIF4E)-binding proteins

Fmrl = Fragile X mental retardation 1

FMRP = Fragile X Mental Retardation Protein

FXS = Fragile X syndrome

GABA = Gamma-aminobutyric acid

GCL = y-glutamylcysteine

GMR 5 = Glutamine receptor metabotropic 5

GR = GSSH reductase (GR)

GSH = Glutathione

GSSH = Glutathione disulfide

HO-1 = Heme oxygenase [

LCLs = Lymphoblastoid cell lines

LTD = Long-term depression

MD = Mitochondrial dysfunction

mGIluRS = Metabotropic glutamate receptor 5

mTOR = Mammalian target of rapamycin

NAD = Nicotinamide adenine dinucleotide

NADH = Nicotinamide adenine dinucleotide

NF1 = Neurofibromatosis type 1

3-NT = 3-nitrotyrosine

PHTS = PTEN hamartoma tumor syndrome

PTEN = Phosphatase and tension homolog deleted
on chromosome ten

ROS = Reactive oxygen species

pS6 = Ribosomal protein S6

S6K1 = Ribosomal p6 kinase 1
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SAH
SAM
TAC
TSC
URP

= S-adenosylhomocysteine

= S-adenosylmethionine

= Total antioxidant capacity
= Tuberous sclerosis complex

= Unfolded protein response
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