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Introduction

Autism/autistic spectrum disorders (ASD) are life-
long neurodevelopmental disorders diagnosed within
the first 3 years of life. Kanner' described autism in
11 children manifesting symptoms of withdrawal
from human contact as early as age 1 year and pos-
tulated the origins of ASD in prenatal stages. ASD
is a heterogeneous disorder, both etiologically and
phenotypically. The Diagnostic and Statistical Manual
of Mental Disorders IV-Text Revised (DSM-IV-TR)
described autism as a complex neurobehavioral dis-
order characterized by varying degrees of social
interaction deficits, flexibility of thinking, specific
language abnormalities and/or delayed cognition,
impaired verbal and non-verbal communication, fail-
ure to respond to certain stimuli with some restricted
and extreme repetitive behavior or actions, stereo-
typed patterns of behavior or circumscribed interests,
and association with several metabolic disorders. In
recent years, autism has been shown to affect neural
circuitry before 3 years of age. ASDs, encompassing
full-syndrome autism (autistic disorder), Asperger
syndrome, tuberous sclerosis, Angel man syndrome,
congenital rubella, Down syndrome, Rett syndrome,
asphyxia, childhood disintegrative disorder, and per-
vasive developmental disorder not otherwise specified
(PDDNOS), are now grouped as ASDs, also known
as pervasive developmental disorders (PDDs).>®
Motor abnormalities in ASD can be observed in
infancy,” and are apparent throughout childhood and
into adulthood.®’

The prevalence of autism has increased by more
than tenfold in the last decade. Epidemiological stud-
ies conducted in several states of the USA, the United
Kingdom, Europe, and Asia, estimate that 3.4 of every
10,000 children 3—10 years old will have autism.!’ The
prevalence of ASDs in Saudi Arabia is 6:1000,'" with
a male to female ratio of 4.2:1."2 Rates in the United
States have increased from less than 3 per 10,000 chil-
dren in the 1970s to between 34 and 93 children per
10,000 in the 2000s."*'* The incidence of ASD was
only 1.4 cases in 10,000 Omani children in the year
2011."%'7 A recent study in South Korea demonstrated
a considerably higher figure of approximately 1 in
38 (ie, 260 out of 10,000) children diagnosed with
ASD." In Western Australia, the prevalence of ASD
increased from 0.8/1000 in 1983 to 4.6/1000 in 1999,
while this ratio increased from 6.6/1000 in 2000 to

9/1000 in 2006 in the United States.!” This growing
prevalence will have enormous future public health
implications and has stimulated intense research into
potential etiologic factors.

Despite expanding research regarding ASD, little
is known regarding the pathology and etiology of
these disorders; however, the relative contribution of
genetic, epigenetic, immune response, nutrient, tox-
ins, environmental, bowel dysfunctions, inflamma-
tory, and environmental susceptibility factors, as well
as increased vulnerability to oxidative stress has been
examined.”>* Environmental factors, such as mer-
cury, lead, measles, rubella virus, zinc, retinoic acid,
maternal thalidomide, valproic acid, and alcohol use
during pregnancy have been suggested to be involved
in the etiology of autism.?*?* Autistic persons have a
high prevalence of gastrointestinal disease and dys-
biosis,*® epilepsy,’! autoimmune disease,*> and mental
retardation?® have also been indicated in the etiology of
autism. Several studies have shown that an abnormal
immune response may contribute to the etiology of
certain forms of autism, including polymorphisms in
immune genes controlling and regulating immune cell
function, microglia and astroglia activation, produc-
tion of proinflammatory cytokines, increased presence
of central nervous system reactive antibodies, T cell
activation, and innate immune activation.** Prenatal
environmental factors, such as obstetrical subopti-
mality, alcohol exposure, and intrauterine infections,
have also been reported to influence the occurrence
of autism.*® In addition, emerging evidence points to
inflammatory and apoptotic mechanisms as respon-
sible for certain neuropsychiatric disorders, including
autism. Vargas et al** suggested that neuroinflamma-
tory processes occur in autistic brains by showing that
transforming growth factor-otl, macrophage chemo
attractant protein 1, interleukin (IL)6, and IL10 are
increased in the brain of autistic subjects. A number
of studies have also shown that inflammatory cytok-
ines, including tumor necrosis factor (TNF)-o,
interferon-o, IL1o, IL6, IL8, and IL12, are elevated in
blood mononuclear cells, serum, plasma, and cerebro-
spinal fluid of autistic subjects.”****° Dimayuga et al*!
showed that overexpression of superoxide dismutase
1 (SOD1) in microglial cells leads to a significant
reduction in superoxide concentrations, with corre-
sponding increases in H,O, concentrations. They fur-
ther showed that the release of the proinflammatory
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cytokines TNFo and IL6 is significantly attenuated by
overexpression of SOD1. El-Ansary et al** reported
that lower concentrations of TNFa and IL6 in autis-
tic patients may be related to overexpression of SOD,
which was previously reported as metabolic biomarker
in Saudi autistic patients.*

Increasing evidence suggests that oxidative stress
plays a role in the development and clinical manifesta-
tion of autism.** In fact, oxidative stress plays a vital
role in the pathology of several neurological diseases
including Alzheimer disease,* Parkinson’s disease,*’
Down syndrome,*® schizophrenia,* major depres-
sive disorder,” anxiety disorders such as panic dis-
order,”! and obsessive-compulsive disorder.’? It has
been suggested that autism may result from an inter-
action between genetic, environmental, behavioral,
and immunological factors, with oxidative stress as a
mechanism linking these risk factors. No single gene
has been found to be associated with autism, and
involvement of multiple genes has been postulated.

Oxidative Stress and Autism

Oxidative stress occurs as a result of an imbalance
between the production of reactive oxygen species
(ROS) and endogenous antioxidants in living organ-
isms.” Oxidative stress has been implicated in the
pathogenesis of major psychiatric disorders, as the
brain has comparatively greater vulnerability to oxi-
dative damage than other organs.** ROS attack poly-
unsaturated fatty acids that are constitutive of cellular
membranes, resulting in formation of lipid peroxida-
tion (LPO) end products. Several reports have indi-
cated increased levels of other LPO markers in autism,
confirming an increase in oxidative stress in autism.
Chauhan et al,» James et al,’® and Al-Gadani et al®’
reported higher LPO in the blood of children with
autism as compared to their developmentally normal,
non-autistic siblings. LPO occurs as a chain reaction
between polyunsaturated fatty acids and ROS, lead-
ing to the generation of lipid peroxides and hydro-
carbon polymers, which are both highly toxic to the
cell. Malonyldialdehyde (MDA) is generated by
the peroxidation of polyunsaturated fatty acids and
related esters and is used as a marker of LPO.%® One
study showed that plasma MDA content was higher
in 13 of 15 (87%) of autistic subjects compared to
in normal subjects. Zoroglu et al* reported increased
thiobarbituric acid reactive species levels in the serum

of autistic patients. In another study, the density of
lipofuscin, a matrix of oxidized lipid and cross-linked
protein that is formed as a result of oxidative injury
in tissues, was observed to be higher in cortical brain
areas concerned with social behavior and communica-
tion in autism.*® Ming et al®' reported increased excre-
tion of 8-isoprostane F,alpha as a marker of oxidative
stress in the urine of children with autism. Isopros-
tanes are produced from the free radical oxidation of
arachidonic acid through non-enzymatic oxidation of
cell membrane lipids.

It is also evident that increased oxidative stress
in autistic children leads to decreased levels of non-
enzymatic antioxidants such as glutathione (GSH),
vitamin E, and ascorbic acid and disturb their metab-
olism, reducing the ability to fight oxidative stress.
Antioxidant levels in patients with autism showed
decreased activity of glutathione peroxidise (GPx) in
plasma and in erythrocytes,” reduced levels of total
GSH, a lower redox ratio of reduced GSH to oxi-
dized glutathione (GSSG) in plasma,® ¢ as well as
decreased catalase and superoxide dismutase (SOD)
activity in erythrocytes.>¢

Several studies have identified alterations in
enzymes that play a vital role in the defense mecha-
nism against ROS damage in autism. Yorbik et al®
and Sogut et al®’ reported low activity of plasma
antioxidant enzymes, particularly GPx and superox-
ide dismutase (SOD), in autistic children. Chauhan
et al>® reported higher MDA levels, while ceruloplas-
min and transferrin levels were lower in autistic chil-
dren. Increased levels of LPO together with decreased
levels of serum ceruloplasmin and transferrin sug-
gest that children with autism are under increased
oxidative stress, likely due to abnormal metabolism
of pro-oxidant metal ions and/or decreased anti-
oxidant proteins. Evans et al®® evaluated the oxi-
dative stress metabolites carboxyethylpyrrole and
iso[4]levuglandin (iso[4]LG) E2-protein adducts
in cortical brain tissues in subjects diagnosed with
autism. Significant immune reactivity towards all
of these markers of oxidative damage in the white
matter, which often extended well into the grey
matter of axons, was observed in every case of
autism examined. These investigators reported that
a striking thread-like pattern appears to be a hall-
mark of the autistic brain, which was not observed
in any age-matched control brain. In another study,

International Journal of Tryptophan Research 2013:6 (Suppl 1)

17


http://www.la-press.com

Essa et al

y

the density of lipofuscin, a matrix of oxidized lipid
and cross-linked protein that forms as a result of oxi-
dative injury to the tissues, was observed to be higher
in cortical brain areas concerned with communica-
tion in subjects diagnosed with autism.®’ Geier et al®
reported well-defined increased levels of urine lipid
peroxides and decreased levels of blood GSH and
GPx in autistic patients. Similarly, Mostafa et al”
demarcated that autistic children have increased oxi-
dative stress resulting from enhanced LPO and/or
decreased GPx by inducing autoimmunity in autis-
tic patients, indicating the potential role of oxidative
stress. Elevated levels of oxidative stress indicators
such as NO, MDA, and protein carbonyl and reduced
levels of antioxidant proteins such as ceruloplasmin
and transferrin have also been reported in autistic
children from the Sultanate of Oman.*®"!

Neuroligins belong to a family of postsynaptic cell
adhesion proteins that can bind to presynaptic proteins
known asneurexins.”>’® Neuroligins are required for
the maturation, stability, and/or maintenance of nor-
mal synaptic function.” Although four neuroligin
genes have been identified in mammals, mutations
in human genes encoding neuroligin 3 and neuroli-
gin 4 have been recently associated with ASD.”>" As
a result, a new model for ASD has been developed
that incorporates genetic-related changes to impaired
synaptic processes in the pathobiology of autism.””’
Evidence to support this model stems from a recent
study showing that the absence of neuroligin-3 can
induce nonsyndromic autism in mice.” A recent
study showed that neuroligin-deficient mutants of
Caenorhabditis elegans are viable and do not display
major impairments in motor function; however, the
sensory behaviors and sensory processing of these
mutants appears to be defective and are similar to the
traits observed in ASD. These mutants also exhibit
hypersensitivity to oxidative stress and exogenous
pro-oxidant environmental factors such as mercury.®
This body of evidence provides an additional link
between oxidative stress and genetic factors in the
pathogenesis of ASD.

Mitochondrial Dysfunction
and Impaired Energy Metabolism

in Autism
Possible links between mitochondrial abnormali-
ties and autism were initially suggested due to the

deleterious consequences of mitochondrial disorders
on neurodevelopment. Indeed, mitochondrial dis-
orders often result in central nervous system (CNS)
dysfunction, leading to developmental regression,
learning  disability, and various behavioral
disturbances. Genetic mutations in mitochondrial
DNA (mtDNA) have been associated with myopa-
thy, cardiomyopathy, neuropathy, seizures, optic
atrophy, strokes, hearing loss, diabetes mellitus, and
other clinical features.’! In some cases, autism can
directly stem from mutations in mitochondrial DNA
(mtDNA), as documented by Grafetal,* Fillano etal,*
Pons et al.®* Weissman et al,*> Shoffner et al,’¢ and
Alvarez-Iglesias et al.’’ The hypothesis of disturbed
bioenergetics metabolism underlying autism has
been suggested based on the detection of high lactate
levels in some patients,*®*° and by nuclear magnetic
resonance (NMR) imaging as well as positron emis-
sion tomography (PET) scanning, which documented
abnormalities in brain metabolism.”’ A number of
studies, including the detection of brain metabolism
abnormalities and hyperlactacidemia, demonstrated
a disturbance in brain energy metabolism in autis-
tic patients, which may be a result of mitochondrial
oxidative phosphorylation dysfunction in neuronal
cells.?89192 Several mitochondrial respiratory chain
disorders have been associated with autism.3+8%
Hyperlactacidemia and an increased lactate/pyruvate
ratio may result from several inherited metabolic
defects of gluconeogenesis, pyruvate oxidation, the
Krebs cycle, or the respiratory chain. Mutations in
multiple genes may influence the observed changes in
lactate and pyruvate levels, with genetic heterogene-
ity underlying mitochondrial dysfunction associated
with autism.**%

The higher levels of plasma pyruvate found in chil-
dren with autism are consistent with the higher levels
of alanine (transamination product of pyruvate) and
lactic acid.””*® Plasma pyruvate and lactate-to-pyruvate
ratios suggest the presence of a pyruvate dehydro-
genase complex (PDHC) deficiency, as previously
reported.*®!1% PDHC deficiency leads to in adequate
removal of pyruvate and lactate, resulting in insuf-
ficient energy production. Hence, PDHC deficiency
may contribute to brain dysfunction in autism. PDHC
deficiencies are ascribed to oxidative modifications.
Oxidative modifications and consequent inhibition of
PDHC activity is consistent with the increased rate of
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hydrogen peroxide formation and reduced complex
V activity observed in children with autism given the
increased vulnerability of this complex to oxidative
and nitrative stress.””'*' The lactate-to-pyruvate ratio
accurately represents the redox state in the cytosol.
For example, a lactate-to-pyruvate ratio of 12 in non-
neurological controls is equivalent to a 750:1 ratio of
oxidized nicotinamide adenine dinucleotide (NADH)
to reduced NADH. Similarly, a lactate-to-pyruvate
ratio of 6 reported in autistic children is equivalent to
a 1500:1 ratio of oxidized NADH to reduced NADH.
This more oxidized cytosolic redox state in autism
may favor anaerobic glycolysis over oxidative phos-
phorylation as a source of adenosine-5’-triphosphate
(ATP). Although skeletal muscle can tolerate this met-
abolic shift, consequences for brain function could be
devastating due to the heavy reliance on mitochon-
drial oxidative phosphorylation for generating energy
needed for cellular processes.'!102103

The main function of the mammalian brain is gen-
eration and transmission of neural impulses. This
requires creation and maintenance of ionic disequilib-
ria, which, in terms of energy consumption, is a very
costly process. In adult humans, the brain constitutes
approximately 2% of body weight but receives 20% of
the total blood supply. The brain utilizes oxygen at a
rate of approximately 1.5 mmol/minute/g of tissue.
Since the consumption of each mole of oxygen gen-
erates 6 mol of ATP during oxidative phosphoryla-
tion in the adult brain, at rest, 40%—60% of this high
rate of ATP production and more during increased
activity is used for ion movement.'™ The end prod-
ucts of brain energy metabolism, such as acetylcho-
line, ATP, and guanosine-triphosphate (GTP) are
essential for powering basic cellular and molecular
processes. Acetylcholine mediates learning, memory,
and cognition,'” while ATP and/or GTP are necessary
for protein synthesis,'” protein degradation,'®’ syn-
aptic transmission,'® ion homeostasis,'” and signal
transduction.''® Glutamate exposure reduces the oxy-
gen consumption rate and ATP concentration in rat
cerebral cortex neurons and has been implicated as a
contributing factor in the pathogenesis of autism.'"
Disturbing energy metabolism makes brain cells more
vulnerable to oxidative stress, glutamate-mediated
neurotoxicity, and anoxic damage.'"?

Mitochondria are membrane-enclosed organelles
found in most eukaryotic cells, where they generate

most of the cellular supply of ATP, which is used as
a source of chemical energy. Additionally, mitochon-
dria are involved in a range of other processes, such as
signaling, cellular differentiation, cell death, and con-
trol of the cell cycle and cell growth. Mitochondrial
dysfunction has been implicated in several neu-
ropsychiatric disorders, particularly in depression,
anxiety, schizophrenia, autism, and Alzheimer’s
dementia. Furthermore, the presence of mutations at
mitochondrial or nuclear DNA (mtDNA and nDNA,
respectively) levels has been linked to personality
disorders, behavioral disturbances, thought altera-
tions, impulsivity, learning impairment, cognitive
impairment, and dementia. Mitochondrial dysfunc-
tion in the CNS of autistic individuals is supported
by neuroimaging studies using PET and NMR spec-
troscopy, which have shown reduced glucose utiliza-
tion and diminished ATP levels, particularly in the
cerebral cortex.!'>!"* At the biochemical level, mod-
erate lactic acidosis has frequently been observed
in autism.®%9115 Childhood mitochondrial respi-
ratory chain disease involves impaired oxidative
phosphorylation (OXPHOS) early in life, leading
to ATP depletion and abnormal neuropsychological
development.**!"® ASD is a well-recognized feature
of childhood mitochondrial respiratory chain disease.
Many patients with OXPHOS disorders possessamuta-
tion within the mtDNA, which codes for 13 essential
polypeptide components of the respiratory chain.
Since mtDNA is nearly exclusively inherited from
the mother, it is interesting that maternal factors also
appear to be important in ASD, raising the possibil-
ity that mtDNA is a risk factor for developing the
disorder.

Energy metabolism is central to life because cells
cannot exist without an adequate supply of ATP. As
previously mentioned, energy production for main-
taining ionic disequilibria that is necessary for gener-
ation and transmission of nerve impulses is a primary
function of the brain. The CNS is particularly sen-
sitive to disturbances in energy generation; even a
short-term interruption can lead to long-lasting, irre-
versible damage. If such a traumatic event occurs
during birth, the consequences may last for a lifetime.
Hence, understanding the relationship between oxi-
dative stress, energy metabolism, and function dur-
ing brain development has practical implications in
humans.'"’
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The primary function of mitochondria is to pro-
duce ATP, the primary energy source in the brain and
in the body. ATP, NADH, and nicotinamide adenine
dinucleotide phosphate (NADPH) are important co-
factors for many metabolic processes in the body.
Many children with autism have lower muscle tone
and decreased endurance; these symptoms may be
related to decreased ATP levels.!"®!""” NADH is mainly
involved in catabolic reactions (energy metabolism and
mitochondrial function), whereas NADPH is involved
in anabolic reactions (antioxidation and reductive bio-
synthesis).””® Decreased plasma ATP may be related
to impaired mitochondrial function, which has been
reported in children with autism.’°>%12! Children
with autism show significantly elevated oxidative
stress, as indicated by the increased GSSG/GSH ratio
(glutathione is the primary antioxidant in the body) and
increased plasma nitrotyrosine. GSSG is reduced to
GSH by glutathione reductase, and NADPH. NADPH
levels were substantially lower in children with autism.
Low levels of plasma ATP reduced NADPH and
plasma tryptophan.'>> Although glutathione reductase
and glucose-6-phosphate dehydrogenase are secondary
antioxidant enzymes that help maintain a steady concen-
tration of glutathione, NADPH is necessary for optimal
functioning of the primary antioxidant enzymes.'>*!*
This may be due to impaired function and/or amount
of trans locator protein in the mitochondrial membrane,
which would impair transport of ATP from the mito-
chondria into the cytoplasm and into the plasma.

Superoxide and hydroxyl radicals are ROS that can
rapidly overwhelm endogenous scavenging mecha-
nisms, damaging cellular macromolecules, including
lipids, proteins, and nucleic acids. Oxidants are also
mediators in signaling involving mitochondria, DNA
repair enzymes, and transcription factors that may
lead to apoptosis during reperfusion. Mitochondria
are heavily implicated in the formation of ROS since
excessive superoxide production during electron trans-
port and inhibition of electron transport mechanisms
by free radicals leads to further generation of oxygen
radicals.!” Mitochondrial oxygen radical production
can be stimulated by impaired intracellular calcium,
sodium, and adenosine diphosphate.'?>!26:127 Multiple
lines of evidence suggest that the influence of ade-
nosine may be insufficient for causing ASD, and that
increased adenosine would reduce both physiological
and behavioral hallmarks of ASD.'?#

The multi-subunit NADH-ubiquinone
oxidoreductase (complex I) is the first enzyme
complex in the mitochondrial electron transport
chain (ETC). The iron—sulfur protein fraction of
complex 1 is made up of seven subunits, including
NADH-ubiquinone oxidoreductase 1 alpha sub com-
plex 5 (NDUFAS5).The NDUFAS gene is located on
human chromosome7q32, which is a candidate region
for autism.'” Marui et al'*® demonstrated an asso-
ciation between the NDUFAS gene and autism. The
NDUFAS gene product is part of an enzyme complex
involved in the mitochondrial ETC. Variations in this
gene and mitochondrial dysfunction may play impor-
tant roles in the etiology of autism.

Heguilen et al®! and Lina et al'*? reported that
Na*/K*-ATPase and Ca**/Mg**-ATPase activities in
autism may be increased in response to increased
intracellular calcium concentration, which may con-
tribute to altered neocortical circuitry in the cerebel-
lum and frontal cortex of individuals with autism.
Al-Mosalem et al'** observed lower ATP levels in red
blood cells as well as elevated lactate and creatinine
kinase (CK) activities in the plasma of Saudi autistic
children compared to age-matched controls. Further-
more, activation of brain CK may be related to signif-
icant increases in the activities of Na*/K* ATPase and
Ca/Mg?* ATPase and marked decreases in expres-
sion of mitochondrial ETC complexes in different
regions of the brain in autistic subjects compared
with their age-matched controls. This suggests that
these enzymes contribute to abnormal energy circuit
functioning in autism."*'*> Creatine is a nitrogen-
containing compound that serves as an energy shuttle
between mitochondrial sites of ATP production and
the cytosol, where ATP is utilized. Disorders of cre-
atine synthesis, characterized by brain creatinine defi-
ciency, can lead to numerous deleterious symptoms
including mental retardation, hypotonia, autism or
behavioral problems, and seizures. Diagnosis of these
conditions relies on plasma and urine creatine levels.
Creatine levels in plasma are reduced in both creatine
synthesis defects. The urine creatine/creatinine ratio
is elevated in creatine transporter deficiency with nor-
mal plasma levels of creatine. The diagnosis is con-
firmed in all cases through DNA testing or functional
studies.'?*

Mitochondria are responsible for most
of the energy production through oxidative
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phosphorylation, a process requiring the action of
various respiratory enzyme complexes, and the
mitochondrial ETC, which is located in the inner
mitochondrial membrane.'*” Mitochondria produce
ATP by generating a proton gradient (membrane
potential) through the action of five ETC complexes,
including complex 1 (NADH dehydrogenase), com-
plex 2 (succinate dehydrogenase), complex 3 (cyto-
chrome bcl complex), complex 4 (cytochrome c
oxidase), and ATP synthase, also known as complex
5. Here, electron transport couples with the trans-
location of protons from the mitochondrial matrix
to the inter membrane space. The generated proton
gradient is used by ATP synthase to catalyze the
formation of ATP by phosphorylating ADP.!*® The
number of mitochondria per cell is roughly related
to the energy demands of the cell. The brain has a
high energy demand; thus, neurons contain a large
number of mitochondria. The ETC in mitochon-

Increased pro-oxidants

v

Endogenous Exogenous
‘L (environmental factors)
> Nitric oxide »> Heavy metals

» Xanthine oxidase
» Homocysteine

» Air pollutants

» Pathogenic bacteria
» Viral infection

|

» Chemicals and toxins

dria is also a primary mechanism for free radical
generation.*%!4 Changes in the mitochondrial ETC
have been suggested as contributing factors in the
pathogenesis of several diseases, including neurop-
sychiatric and neurodegenerative disorders.'#!"'%
Chauhan et al'** showed that the expression of ETC
complexes (1, 2, 3, 4, and 5) is decreased in the cer-
ebellum as well as frontal and temporal regions of
the brain in children with autism, leading to abnor-
mal energy metabolism and increased vulnerability
to oxidative stress. Autism is associated with a defi-
ciency in complexes 3 and 4 of the mitochondrial
respiratory chain, leading to an elevated lactate-to-
pyruvate ratio.%:144145

Adiponectin is a protein that is produced by
adipose tissue and involved in the control of
energy metabolism.'*¢ Previous studies in Japan,
Italy, and the Sultanate of Oman have suggested
that altered levels of adiponectin reflect impair-
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Figure 1. Potential mechanism of oxidative stress in autism proposed by Chauhan and Chauhan, (2006).
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ments in social interaction, and may be implicated
in the pathophysiology of autism.'*’"'¥ Leptin, a
peptide hormone mainly secreted by adipose tis-
sue, is involved in the regulation of body weight
and energy expenditure at the hypothalamic level.
Significantly higher levels of leptin were found
in Omani autistic children. This may be involved
in the regulation of neuroendocrine functions, the
immune system, and inflammatory response, as
well as play a role in development. Involvement of
some cytokine-like hormones and proinflammatory
adipokines have been implicated in the pathophysi-
ology of autism.'°

Tryptophan Metabolism in Autism

L-tryptophan is an essential amino acid that can-
not be synthesized in the human body and must be
supplied by the diet. For all amino acids, includ-
ing L-tryptophan, only the L isomer is used in pro-
tein synthesis and can cross the blood—brain barrier.

Tryptophan hydroxylase 2

In humans, tissue storage of tryptophan is relatively
low and the overall tryptophan concentration in the
body is the lowest among all amino acids, although
only small amounts are necessary for general healthy
nutrition. Common sources of tryptophan include
oats, bananas, dried prunes, milk, tuna fish, cheese,
bread, chicken, turkey, peanuts, chocolate, and fruits
such as cherries.!>'"!33 The kynurenine pathway (KP)
is a major route of L-tryptophan catabolism, resulting
in the production of the important pyridine nucleotide
nicotinamide adenine dinucleotide (NAD") and sev-
eral neuroactive intermediates. Tryptophan plays an
important role in protein biosynthesis and as a precur-
sor of various metabolic pathways (Fig. 2), includ-
ing serotonin, melatonin, kynurenine, and quinolinic
acid (QUIN).'** Its metabolism leads to production of
many metabolites that may be physiologically valu-
able or even toxic.'**

Current estimates suggest that 95% of mamma-
lian serotonin is localized within the gastrointestinal

> | 5 hydroxy-tryptophan
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Figure 2. Catabolic pathway of tryptophan.

> [P

22

International Journal of Tryptophan Research 2013:6 (Suppl 1)


http://www.la-press.com

g

Oxidative stress and NAD in autism

tract, and only 3% of dietary tryptophan is utilized
for serotonin synthesis in the body. However, sero-
tonin synthesis is one of the most important tryp-
tophan pathways. Only 1% of dietary tryptophan is
used for serotonin synthesis in the brain. Despite
the relatively low concentration of brain serotonin
compared to that in the body, it has a broad impact
as a neurotransmitter and neuromodulator and has
been implicated in numerous psychiatric conditions
and psychological processes, including autism.?%!2?
D’Eufemia'>® suggested that low brain trypto-
phan availability due to a low serum Try/LNAA
(large natural amino acids) ratio may be one of the
mechanisms involved in altering serotonergic func-
tion in autism, as well as lower total plasma tryp-
tophan and Try/LNAA ratio in people with signs
of behavioral disturbances and depression. Tryp-
tophan is a precursor to the neurotransmitter sero-
tonin, which is strongly linked to autism. Lower
levels of tryptophan may play a role in pediatric
disorders. Evansetal®®and Katuzna-Czaplinskaetal '3
suggested that urinary levels of tryptophan are
reduced in autistic children. This may lead to wors-
ening of autistic symptoms such as depression
and increased irritability. Serotonin deficiency is
linked to the pathophysiology of many psychiat-
ric disorders, ranging from depression, anxiety,
obsessive-compulsive disorder, eating disorders,
and dependence.'”” Psychiatric complications of
neurodegeneration may originate from serotonin
deficiency mediated by tryptophan depletion fol-
lowing KP activation.

Monoamine oxidase exists intwo isoforms (MAOA
and MAO B). MAO A plays a vital role in metabo-
lizing neurotransmitters such as dopamine, norepi-
nephrine, epinephrine, and serotonin. Abnormalities
in serotonin neurotransmission have long been impli-
cated in the psychopathology of autism. Dysfunctions
of MAO A have been implicated in a variety of neu-
ropsychiatric disorders, including depression, social
anxiety, autism, and attention deficit hyperactivity
disorder. Essa et al'*® reported reduced levels of MAO
A activity in children with autism, which may affect
the metabolism of neurotransmitters associated with
autism pathogenesis.

Melatonin is an indoleamine synthesized from
tryptophan in the pineal gland by pinealocytes.
Physiologically, melatonin functions to regu-

late the sleep—wake cycle. It is also an impor-
tant antioxidant and scavenger of free radicals.
Additionally, melatonin has significant immune
regulatory functions. Reported beneficial effects
of melatonin in ASD include improved sleep,
reduced “sun downing,” and reduced cognitive
decline. Nonetheless, inflammation associated
with neurodegeneration may lead to melatonin
deficiency through KP and through the mediation
of tryptophan depletion. This deficiency would
be expected to compromise melatonin-mediated
antioxidant and free radical scavenger defenses,
both of which are important in the pathogenesis of
neurodegeneration.'®

Tryptophan depletion may represent an immune-
mediated mechanism involved in the pathophysi-
ology of autism, or it may exacerbate autistic
symptoms during immunological stress. Immune
dysregulation during brain development can have
dramatic effects on neuronal function.'**'%? Increas-
ing evidence suggests that immune dysregulation
is associated with neurodevelopmental disorders,
including ASD.!%1* Induction of the KP is associ-
ated with significant immunomodulatory changes,
for which two non-mutually exclusive mechanisms
have been proposed. First, KP activation results in
tryptophan depletion and immune response impair-
ment by reducing the availability of this essential
amino acid. Second, actions of downstream metab-
olites of the KP suppress the immune system. For
example, increased KP activity in dendritic cells
is associated with the complete blockade of clonal
T-cell expansion; tryptophan depletion and KP acti-
vation have been implicated in the development of
immune tolerance associated with pregnancy and
persistence of tumours.'>

QUIN is an important excitotoxic metabolite of
the KP; there is accumulating evidence that QUIN
is involved in neurotoxicity associated with several
inflammatory brain diseases. Like glutamate, QUIN
is an agonist of the N-methyl-D-aspartate recep-
tor and can induce excitotoxicity in human neurons
and astrocytes.'*>'° Our group recently showed that
QUIN can induce poly (ADP-ribose) polymerase
(PARP) activation and subsequent intracellular NAD*
depletion and ATP stores, leading to a number of del-
eterious effects, such as mitochondrial permeability,
overproduction of superoxide, and nitric oxide (NO)
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production, which are relevant to the pathogenesis of
autism and ASD.'%

Interestingly, Zimmerman et al'® reported a
decrease in QUIN levels in the cerebrospinal fluid
from autistic children. This suggests that inflamma-
tion is impaired in the autistic brain. We previously
demonstrated that fetal brain cells can only produce
small amounts of QUIN due to lower enzyme capacity.
Therefore, the KP may not be fully functional in
the CNS of autistic individuals. Moreover, QUIN
formation from tryptophan may be impaired. The
enzyme indoleamine 2,3-dioxygenase is the primary
enzyme in the KP. Analogous to this is tryptophan
2,3-dioxygenase, for which a genetic polymorphism
in autism has already been described.'®® The KP is
associated with the formation of serotonin since it
is generated from tryptophan through the catalytic
activity of the enzyme tryptophan 5-hydroxylase
(THP). Most importantly, a THP2 gene polymor-
phism 1is clearly associated with autism and other
neurological disorders.'®® Therefore, impaired syn-
thesis of both QUIN and serotonin in autism may be
related through dysregulated KP metabolism, which
is likely due to abnormal mRNA and protein expres-
sion of KP enzymes, leading to altered cell signaling
during early development.

NAD" is an end product of tryptophan catabolism.
The importance of maintaining intracellular NAD* and
NADH levels for maintaining overall cellular integrity
and function is well established. Reduced NAD* levels
represent a potential pathogenic mechanism for cell
death. Additionally, NAD* is an important contribu-
tor to energy (ATP) production and serves as a cofac-
tor for NAD glycohydrolases involved in intracellular
calcium regulation. Furthermore, NAD" is cofactor
for the DNA repair enzyme PARP, an essential intra-
cellular enzyme for repair of DNA damage caused by
increased ROS levels. Excessive PARP activity results
in depletion of intracellular NAD* levels and contrib-
utes to cell death via energy restriction. Thus, continu-
ous biosynthesis of NAD" is vital for maintaining cell
viability. Increased levels of NADH with decreased
levels of ATP, NAD", and the NAD/NADH ratio, and
plasma tryptophan occurring in parallel with increased
levels of oxidative stress has been observed in chil-
dren with autism.*-%122170 Therefore, we propose that
impairing tryptophan has a major impact on the neu-
rotoxic cascade observed in autism.

Conclusion

This review indicates that understanding the role of
oxidative stress may provide renewed insight into the
pathophysiology of autism, which is likely affected by
the environment, genetic factors, immunological factors,
new treatments, and prevention. Increased oxidative
stress in autism may be due to (a) increased production of
oxidative markers or (b) increased exposure to environ-
mental pro-oxidants, or (c) deficiencies of antioxidants
(ceruloplasmin, transferrin, SOD, GPx, catalase, reduced
glutathione), impaired energy metabolism (NAD?,
NADH, ATP, pyruvate, and lactate), and abnormal tryp-
tophan catabolism. Increased oxidative stress may lead
to membrane lipid abnormalities, mitochondrial dys-
function, excitotoxicity, inflammation, and immune dys-
regulation in autism. These abnormalities may contribute
to behavioral abnormalities, sleep—wake disorder, and
gastrointestinal disturbances reported in autism.
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