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Abstract. Mitochondrial respiratory electron transport chain (ETC) consists of five multi-subunit enzymes, i.e., complex I-V,
which differs not only in structure but also in function, and plays an important role in adenosine triphosphate (ATP) generation
by mitochondria. Each of these complexes participates in the generation of proton gradient in the mitochondrial intermembrane
space, which is necessary for converting adenosine diphosphate (ADP) into ATP by ATP synthase. Brain has a high demand
for energy, and neurons generate energy in the form of ATP through the respiratory chain in the mitochondria. Almost 90% of
this energy is provided by mitochondrial ETC. ETC also generates most of the endogenous free radicals, i.e., reactive oxygen
species (ROS) of the cell. The normal functions of ETC are essential to maintain physiological function and plasticity of neurons.
Therefore, abnormalities in ETC during development, i.e., in utero, infancy and childhood, may be involved in the etiology
of neurodevelopmental disorders. The abnormalities in mitochondrial ETC pertaining to neurodevelopmental disorders include
mtDNA mutations, altered gene expression, decreased activities and protein expression levels of ETC complexes, and oxidative
stress. Here, we review these mitochondrial ETC defects in autism spectrum disorders (ASDs) and other neurodevelopmental
disorders, i.e., attention deficit hyperactivity disorder, schizophrenia, Down syndrome and Fragile X syndrome.
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tron donor molecules to the ETC. Mitochondria con-
tain inner and outer plasma membranes. The ETC is
located in the inner mitochondrial membrane, and con-

1. Introduction

Mitochondrial respiratory chain, also known as elec-

tron transport chain (ETC), is an essential and impor-
tant part of mitochondria. The most important func-
tion of ETC in the cell is to generate energy in the
form of adenosine triphosphate (ATP), which provides
more than 90% of cellular energy to maintain its phys-
iological activities [1,2]. ETC is closely linked to the
tricarboxylic acid (TCA) cycle, also known as Krebs
cycle, which produces NADH and FADH,, two elec-
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sists of five multi-subunits of enzymes, i.e., complex
I (NADH dehydrogenase), complex II (succinate de-
hydrogenase), complex III (cytochrome bcl complex),
complex IV (cytochrome c oxidase) and ATP synthase,
also known as complex V [3,4]. As shown in Fig. 1,
complexes I-IV participate in the generation of pro-
ton gradient (membrane potential) in the intermem-
brane space of mitochondria, while complex V trans-
ports protons from intermembrane space to the mito-
chondrial matrix. The generated proton gradient is used
by ATP synthase to catalyze the formation of ATP by
the phosphorylation of adenosine diphosphate (ADP).
Ubiquinone (also known as coenzyme Q10) and cy-
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Fig. 1. Generation of ATP and superoxide (free radical) by the electron transport chain (ETC) of mitochondria. ETC is embedded in the inner
mitochondrial membrane, and consists of five enzyme complexes, designated I-V, i.e., complex I (NADH dehydrogenase), complex II (succinate
dehydrogenase), complex III (cytochrome bcl complex), complex IV (cytochrome ¢ oxidase) and complex V (ATP synthase). NADH and FADH»>
supply electrons to the ETC. Electrons donated from NADH and FADH2 flow through the ETC complexes, passing down an electrochemical
gradient to be delivered to oxygen (O2). CoQ shuttles electrons from complexes I and II to complex III. Cytochrome c transfers electrons from
ETC complex III to IV. During this process, protons are pumped through the inner mitochondrial membrane to the mitochondrial intermembrane
space to establish a proton gradient, which is used by complex V to phosphorylate adenosine diphosphate (ADP) by ATP synthase, thereby
generating ATP. Complex I and III are also main sites of mitochondrial free radical superoxide (O, ) production. Complex I-dependent O, is
exclusively released into mitochondrial matrix where it is converted to hydrogen peroxide (H20O2) by the manganese superoxide dismutase (Mn
SOD). On the other hand, superoxide generated at complex III can be released to both sides of the inner mitochondrial membrane. Superoxide
released into the mitochondrial intermembrane space is converted to HoO2 by Cu/Zn SOD. (Colours are visible in the online version of the

article; http://dx.doi.org/10.3233/JPB-120063)

tochrome c are the electron carriers of the ETC, and
help in the transfer of electrons between the complexes.

Mitochondrial function is under the dual genetic con-
trol of mitochondrial DNA (mtDNA) and nuclear DNA
(nDNA). The mtDNA contains 37 genes that code for
13 subunits of complexes I, III, IV and V. The oth-
er subunits of the ETC complexes are coded by more
than 850 nDNA genes [5]. The expression, replica-
tion, and maintenance of mtDNA also require the fac-
tors encoded by nuclear genes [6]. Furthermore, the
nuclear-encoded signaling pathway genes play a role
in mediating adaptive functions of mitochondria un-
der altered conditions [6,7]. Therefore, mtDNA and/or
nDNA genome mutations may lead to deficiencies of
ETC complexes, and subsequently to mitochondrial
dysfunctions.

Mitochondria play an important role in regulating
developmental processes, including neurite outgrowth,
axonal plasticity and synaptic plasticity [8]. Brain has
a high demand for energy, and neurons contain a large
number of mitochondria. Therefore, neurons’ function
and plasticity rely on mitochondria, which are localized

in synapses. Alterations of the number, morphology, or
function of synaptic mitochondria can be detrimental
to synaptic transmission [9].

Mitochondrial ETC also produces the free radicals,
i.e., reactive oxygen species (ROS), which cause ox-
idative stress and trigger apoptosis [2,9-11]. Oxidative
stress in the cell results when generation of ROS over-
powers the antioxidant defense for elimination of ROS.
Under normal physiological conditions, ROS produc-
tion is highly regulated by complex I [12-15]. Com-
plexes I and IIT are the main sites of mitochondrial su-
peroxide production [16,17]. The superoxide generat-
ed by complex I is exclusively released into the mito-
chondrial matrix, where it is converted to hydrogen per-
oxide (H203) by the manganese superoxide dismutase
(Mn SOD). On the other hand, complex III releases su-
peroxide to both sides of the inner mitochondrial mem-
brane, i.e., to the mitochondrial matrix and the inter-
membrane space. The locus of superoxide production
in complex III, the ubiquinol oxidation site, is situated
immediately next to intermembrane space of mitochon-
dria, which may explain extramitochondrial release of
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superoxide. The ROS generation at complex III oc-
curs as a result of proton cycling between ubiquinone,
cytochromes b and cl, and iron-sulfur protein [18].
Superoxide generated from complex III released into
the mitochondrial intermembrane space is converted to
H305 by Cu/Zn SOD, which is present in the mito-
chondrial intermembrane space and cytosol [16]. In
addition to the generation of ROS, the ETC itself is the
target of ROS, which can directly and indirectly lead to
impairments in activity of ETC complexes. Thus, the
abnormalities of ETC will inhibit ATP synthesis, and
accelerate ROS generation; resulting in impairment of
energy metabolism, oxidative stress and disruption of
mitochondrial functions, and subsequently affect neu-
rons’ function and plasticity, which may finally lead to
neurodevelopmental disorders in children.

In this review, we discuss alterations in activities
and/or protein expression of mitochondrial ETC com-
plexes in different neurodevelopmental disorders, i.e.,
autism spectrum disorders (ASDs), attention deficit
hyperactivity disorder (ADHD), schizophrenia (SZ),
Down syndrome (DS), and Fragile X syndrome (FXS).

2. Mitochondrial respiratory chain defects in
autism spectrum disorders

ASDs, which include autistic disorder, Asperger syn-
drome and pervasive developmental disorder-not other-
wise specified, are neurodevelopmental disorders char-
acterized by impaired social interaction, communica-
tion and social skills, as well as by repetitive and stereo-
typic patterns of behavior [19]. The symptoms of ASDs
are typically present before the age of 3 years. Accord-
ing to the report from the Centers for Disease Control
and Prevention (CDC), 1 in 88 children (by the age
of eight years) is affected with autism, and the ratio
of male to female is 5 [20]. A recent study in South
Korea showed the prevalence of ASDs to be 2.64% in
school-age children, with 1.89% in the general pop-
ulation group (from regular schools) and 0.75% in a
high risk group (from special education schools and a
disability registry) [21].

2.1. Human studies

A variety of biochemical, anatomical and neurora-
diographical studies suggest a disturbance of brain en-
ergy metabolism in autistic individuals [22-28]. In
1998, because of frequent association of lactic acido-
sis and carnitine deficiency in autistic subjects, Lom-

bard [25] presented a hypothesis that mitochondrial
dysfunction and defects in neuronal oxidative phos-
phorylation may be involved in the etiology of autism.
Since then, several lines of evidence suggest that mi-
tochondrial energy metabolism is perturbed in autis-
tic individuals. Based on blood analysis and/or mus-
cle biopsy, several studies found mitochondrial dys-
function, associated with high lactate, increased lactate
to pyruvate ratio, increased alanine and low carnitine
levels in individuals with ASDs [28-31]. However,
these individuals did not show classical features of mi-
tochondrial disease (MD). Classical MD only occurs in
few autistic individuals, and is generally accompanied
by genetic abnormalities and defects in the respiratory
chain. Several reviews have recently shed light on mi-
tochondrial dysfunction in autism [32-36]. Itis not yet
known whether mitochondrial dysfunction in autistic
children is primary etiology or secondary pathology to
other causes.

Oliveiraetal. [29] conducted a population-based sur-
vey of children with ASDs. They reported that 20.3%
(14 of 69) children with autism had elevated levels of
blood lactate. Muscle biopsies were performed in 11
of these 14 autistic children with hyperlactacidemia,
and 5 of 11 subjects studied met the criteria for def-
inite MD. This study suggested a high prevalence (5
of 69; 7.2%) of MD in autism. However, these chil-
dren did not have any known mtDNA mutations and/or
deletions associated with known mitochondrial disor-
ders. In another study, plasma lactate and pyruvate
levels were measured in 210 subjects with autism [30].
Hyperlactacidemia was observed in 17% (36 subjects),
and elevated lactate/pyruvate ratio was found in 27%
(53 of 196 subjects). MD was confirmed in 7 of the
30 fully assessed subjects who also underwent muscle
biopsy.

2.1.1. Mitochondrial ETC abnormalities in autism

Several case studies have reported alterations in the
activities of ETC complexes in autism. For example,
deficiencies in respiratory chain enzymes, including
complexes [-1II and coenzyme Q were observed in two
children with autism [37]. In a recent review and meta-
analysis, Rossignol and Frye [32] reported deficiencies
of complexes I, III, V, IV and II in 53%, 30%, 23%,
20% and 9% of children with ASDs and concomitant
MD respectively.

The onset of autism is gradual in many children. In
regressive autism, children first show normal social and
language development but generally lose these devel-
opmental skills at 15-24 months and develop autistic
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behavior [38]. This pattern may vary for some chil-
dren with regressive autism. The reported incidence of
regressive autism varies in different studies from 15%
to 62% of cases [39—41]. Poling et al. [42] presented
a singleton case of developmental regression and ox-
idative phosphorylation disorder in a 19-month-old girl
with autism. The muscle biopsy results showed type I
myofiber atrophy, increased myofiber lipid content and
reduced enzymatic activities for complex I, III and IV.
In arecent study, Shoffner et al. [43] reported that autis-
tic regression occurred in 61% (17 of 28) ASD subjects
with definite MD, and that fever was associated with
the onset of regression in 12 of these children.

Weissman et al. [28] reviewed medical records of
25 individuals with ASDs who also had enzyme- or
mutation- defined mitochondrial dysfunctions. Using
mitochondrial disease criteria, 11 subjects had definite
MD and 14 had probable MD. Twenty subjects had
deficient activity of ETC complexes on tissue ETC or
polarographic analysis. The deficiencies of complex-
es I, III, II and IV were observed in 64%, 20%, 5%
and 4% of these subjects respectively. They reported
that 40% of this group demonstrated unusual pattern
of regression (multiple episodes, loss of motor skills,
or regression after the age of 3), and six had mtDNA
mutations [28].

Not only are the activities of ETC complexes altered
in autism, but our recent study suggests that the expres-
sion levels of ETC complexes are also affected in the
brain of children with autism [22]. We have reported
significantly lower levels of complexes III and V in
the cerebellum, of complex I in the frontal cortex, and
of complexes II, III, and V in the temporal cortex of
children with autism (ages 4-10 years) as compared to
age-matched control subjects, while none of the five
ETC complexes was affected in the parietal and occip-
ital cortices in subjects with autism [22]. In the cere-
bellum and temporal cortex, no overlap was observed
in the levels of these ETC complexes between autistic
and control subjects. In the frontal cortex, a lower level
of ETC complexes was observed in a subset of autism
cases, i.e., 60% (3/5) for complexes I, II, and V, and
40% (2/5) for complexes III and I'V. These results sug-
gest that the expression of ETC complexes is decreased
in the cerebellum and the frontal and temporal regions
of the brain in children with autism, which may lead to
abnormal energy metabolism and oxidative stress. A
striking observation was that the levels of ETC com-
plexes were similar in adult autistic and control subjects
(ages 14-39 years) [22]. A recent report on positron
emission tomography (PET) of the brain of a 3-year

old girl with autism also showed a partial deficiency
of complexes III and IV of the respiratory chain [26].
In a retrospective case series report of individuals with
co-occurrence of autism and definite or probable MD,
48% (10 of 21 children) showed abnormalities on cra-
nial magnetic resonance imaging (MRI), and 40%, i.e.
2 of 5 children who were imaged for cranial magnetic
resonance spectroscopy (MRS) showed elevated brain
lactate [28]. Another 3'P- MRS study showed under
synthesis and increased membrane degradation as well
as decreased synthesis of ATP in the dorsal prefrontal
cortex of brain in 11 high-functioning autistic men com-
pared to age-matched controls subjects [24]. Previ-
ous anatomical and neuroradiographical studies of the
brains of individuals with autism have also suggested a
disturbance of energy metabolism [23,25].

Recent studies using lymphocytes or lymphoblasts
also suggest mitochondrial ETC abnormalities in
ASDs [44-47]. We reported reduced mitochondrial
membrane potential and elevated free radical gener-
ation in the lymphoblasts from autistic subjects (ob-
tained from the Autism Generic Resource Exchange) as
compared to lymphoblasts from age-matched control
subjects [44]. In another study, exposure to physiologi-
cal concentrations of NO reduced mitochondrial mem-
brane potential to a greater extent in the lymphoblasts
from autistic subjects than from control subjects [45].
Holtzman [46] reported a 40 to 50% higher mitochon-
drial maximal respiratory rate in the lymphoblasts from
all 9 autistic subjects studied, when compared to the
lymphoblasts from their non-autistic relatives. In 7 of
9 lymphoblast pairs, they also found inhibition of com-
plex I activity. It was suggested that the increased cel-
lular respiratory capacity in lymphoblasts from autistic
subjects was a compensatory response to the partial in-
hibition of ATP synthesis. In a study of lymphocytes
from 10 children with autism and 10 control subjects,
Giulivi et al. [47] recently reported that 6 of 10 autis-
tic children had complex I activity below control range
values, four had a lower complex V activity, and three
had a lower complex IV activity. Only one child with
autism fulfilled the diagnostic criteria for a definite MD.

The free radicals are generated endogenously dur-
ing oxidative metabolism and energy production by mi-
tochondria, and the ETC in mitochondria is a prime
source of ROS generation [11]. Increasing evidence
from our and other groups suggests a role of oxidative
stress in the development and clinical manifestation
of autism [48-50]. Levels of oxidative stress mark-
ers are increased in the blood [48,51-54], urine [55],
and brains [22,50,56-59] of individuals with autism as
compared to control subjects.
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2.1.2. Association of genetic abnormalities with
mitochondrial dysfunction in autism

Abnormal gene expression is one of the important
etiologies of autism, which may be caused by chro-
mosome abnormality, mtDNA mutation or deletion, or
decreased levels of mRNA. Duplication of a segment
of the chromosome 15q11-q13, either as an inverted
duplication that is present as an extra chromosome or
as an interstitial duplication constitutes one of the most
frequent genetic abnormalities in autism. This abnor-
mality occurs in 1-5% of individuals with autism [60,
61]. The risk of sudden death in individuals with autism
who have inverted duplication of chromosome 15q (idic
15) is approximately 1% per year [62]. Two autistic
children with a chromosome 15q11-q13 inverted du-
plication were reported to have motor delay, lethargy,
severe hypotonia, and modest lactic acidosis [63]. The
results of their muscle biopsies showed mitochondri-
al hyperproliferation and deficiency in complex III of
ETC [63]. In another study, two autism cases associat-
ed with sudden infant death syndrome (SIDS) showed
mild mitochondrial hyperproliferation and a possible
complex II defect [35].

Chromosomal microarray studies in a 12-year-old
boy with autism, epilepsy, and leg weakness revealed a
1-Mb deletion in the 5q14.3 region [64]. Buccal swab
ETC analysis showed severe decrease in complex IV
activity and mild reduction in complex I activity. These
authors suggested that (a) the above deletion may be
associated with complex I and IV deficits, thereby man-
ifesting in a mitochondrial disease and autism, and
(b) genes that either encode or regulate the expression
and/or assembly of complex IV or I subunits may be
located within the deleted region of 5q14.3 [64].

Filiano et al. [27] described 12 children who pre-
sented clinically with hypotonia, intractable epilepsy,
autism, and developmental delay (HEADD syndrome).
Reduced levels of mitochondrial respiratory enzymes
were found in 7 of 8 children who had muscle biop-
sy. Five of these children exhibited increased levels
of large-scale mitochondrial DNA deletions, and three
children had structural mitochondrial abnormalities.

Pons et al. [65] described five subjects with autism
and mtDNA mutation or mtDNA deletion. The mtDNA
A3243G mutation was observed in two of these chil-
dren, and in the mother of two other children. This mu-
tation is often associated with the MELAS (mitochon-
drial encephalopathy with lactic acidosis and seizures)
syndrome. One child had 72% mtDNA depletion in
skeletal muscle and reduction in activities of complexes
L III, and IV to 34%, 23%, and 25% of control values,

respectively. In another study, G8363A mutation in the
mtDNA tRNAY* was reported in blood and skeletal
muscle from an autistic boy who also showed complex
IV defect [66].

In a case-control study of 235 subjects with autism
and 214 controls, significant association was reported
between the NADH-ubiquinone oxidoreductase 1 alpha
subcomplex 5 (NDUFAS) gene and autism [67]. The
product of the NDUFAS gene is included in the mito-
chondrial ETC complex 1. However, in another study,
expression levels of the mitochondrial complex I (75-
kDa subunit) mRNA in the whole blood were similar
in the ASD and control groups [68].

2.1.3. Mitochondrial dysfunction in Rett syndrome

Rett syndrome is a rare ASD that affects girls al-
most exclusively, and it is caused by mutations in X-
linked MeCP2 gene encoding methyl 1-CpG-binding
protein [69]. Structural mitochondrial abnormalities
have been described in muscle in individuals with Rett
syndrome. Although a report on three children with
Rett syndrome described normal muscle mitochondri-
al structure using light and electron microscopy, these
children had abnormalities in mitochondrial respirato-
ry chain enzymes, i.e., complexes I, III and IV [70].
Infantile hypotonia and a decrease in respiratory chain
enzyme activity were also observed in a girl with Rett
syndrome [71]. In other studies with two [72] and six
girls [73] with Rett syndrome, electron microscopy of
muscle biopsy samples revealed mitochondrial abnor-
malities and alterations, including distention, vacuola-
tion, and membranous changes. Another report also
suggested ultrastructural and biochemical alterations
of muscle mitochondria in two girls with Rett syn-
drome [74]. In addition, the levels of very long-chain
fatty acids (VLCFA) and carnitine in the serum have
been reported to be decreased in Rett syndrome [75].
The administration of L-carnitine increased the levels
of serum VLCFA. It was suggested that low carnitine
levels may impede substrate delivery for mitochondrial
beta-oxidation of long-chain fatty acids, thus increas-
ing the use of VLCFA as substrate for beta-oxidation
in the peroxisomal system [75]. Together, these studies
suggest mitochondrial dysfunction and impairment of
energy metabolism in Rett syndrome.

2.2. Studies with animal models
The studies in animal models of autism and relat-

ed disorders have also shown mitochondrial dysfunc-
tions. In the animal model of Angleman syndrome
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having maternal ubiquitin protein ligase E3A (UBE3A)
deficiency, the activity of complex III was reduced in
whole brain mitochondria [76]. In Mecp2-null mouse
(an animal model for Rett syndrome), the nuclear gene
for ubiquinol-cytochrome ¢ reductase core protein 1
(Uqcrel), a subunit of the complex III, was reported to
be overexpressed in the brain [77]. The brain mitochon-
dria from these mice showed elevated respiration rates
associated with respiratory complex III, and an overall
reduction in coupling. These authors also reported a
causal link between overexpression of Uqcrcl gene and
enhanced complex III activity in neuroblastoma cells.

3. Mitochondrial respiratory chain defects in
attention deficit hyperactivity disorder

ADHD is one of the most common behavioral dis-
orders in childhood that may persist into adulthood,
and is characterized with lack of attention, impulsiv-
ity, and hyperactivity. The long-term consequences
include lower educational and occupational achieve-
ment, and increased risk for developing other psychi-
atric disorders. It affects about 5-10% of children and
4% of adults [78]. ADHD has many biochemical ab-
normalities such as oxidative stress and mitochondrial
dysfunction [79].

Juvenile spontaneously hypertensive rats (SHR) that
are hyperactive but not hypertensive, and are defective
in sustained attention were used as an animal model
of ADHD by Papa et al. [80]. In a cross-talk corre-
lation study among different regions within brain and
the respiratory chain enzyme cytochrome c oxidase, al-
tered cross-talk was observed in the anterior forebrain
of the SHR rats as compared to the controls [80]. In
another study, Fagundes et al. [81] studied the effects of
methylphenidate (MPH), a frequently prescribed drug
for the treatment of ADHD, on the ETC activities in the
brain of young rats. Their results showed increased ac-
tivities of mitochondrial respiratory chain enzymes by
chronic administration of MPH. Particularly, complex
IT activity increased in the cerebellum and prefrontal
cortex, and complex IV activity increased in the cere-
bellum, hippocampus, striatum and brain cortex [81].
These findings, to some extent, suggest reduced activ-
ities of ETC complexes in ADHD. On the contrary,
MPH administration in adult rats showed inhibition of
complexes I, II, IIT and IV in the hippocampus, pre-
frontal cortex, striatum and cerebral cortex [82]. These
studies suggest that MPH treatment in young and old
animals results in opposite effect.

4. Mitochondrial respiratory chain defects in
schizophrenia

Etiology of SZ is not known but involvement of mito-
chondrial dysfunction due to altered oxidative phospho-
rylation and/or energy metabolism has been implicated
in SZ [83-85]. In vivo imaging and postmortem stud-
ies have shown an impairment of energy metabolism in
brains of patients with SZ, suggesting abnormalities in
mitochondrial ETC [85,86]. Some studies have report-
ed reduced levels of ATP in the frontal lobe, temporal
lobe and basal ganglia, as detected by 3'P-MRS [87—
89]. Abnormal mitochondrial morphology, size and
density have also been reported in the brains of individ-
uals with SZ [90,91]. Kung and Roberts [92] report-
ed reduction of mitochondrial density by 20% in the
caudate nucleus and the putamen throughout the neu-
ropil in a mixed sample of drug-treated and off-drug
SZ cases as compared to controls.

The activities and/or expression of several compo-
nents of mitochondrial ETC are altered in the brains
of SZ subjects. Reduced activities of complexes I, III,
and IV were reported in the temporal cortex, and of
complex IV in the frontal cortex in SZ [86,93]. In
a recent study, Taurines et al. [68] reported inhibition
of complex I (75-kDa subunit) mRNA level in SZ pa-
tients compared to the respective controls. However,
Andreazza et al. [94] did not observe alteration in the
activity of complex I and in the levels of complex IV
subunit in the postmortem prefrontal cortex in SZ. The
analysis of activities of complexex I, I, and IV in differ-
ent regions of brain from SZ showed that mitochondrial
function is differentially altered within the structures of
the basal ganglia of chronic schizophrenics [95]. While
the caudate nucleus showed reduced complex IV ac-
tivity in SZ, increased activities of complexes II and
IV were reported in the putamen and nucleus accum-
bens in SZ. Another study reported increased mRNA
expression of complex IV subunit in the frontal lobe of
SZ [96]. It was suggested that decrease in complex IV
activity in caudate of schizophrenics is due to disease
pathology, while increase in other brain regions may be
attributed to the effect of medications (neuroleptics) on
motor function [95]. Other studies have also suggested
decreased brain energy metabolism in SZ, which can
be reversed by neuroleptics [97,98].

Alterations in the mitochondrial complexes in SZ
may result in oxidative stress. Several studies suggest
increased oxidative stress in the brains of subjects with
SZ.[99,100]. In SZ, there is evidence for dysregulation
of free radical metabolism, as detected by abnormal ac-
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tivities of antioxidant enzymes and increased lipid per-
oxidation in plasma, red blood cells, and cerebrospinal
fluid [101-105].

At the genetic level, cDNA microarray analysis re-
vealed decreased expression of genes in the compo-
nents of the mitochondrial ETC in postmortem brain
samples from patients with SZ [106]. However, cau-
tion should be observed in the interpretation of these
findings, as it has been reported that antipsychotic med-
ications can induce differential expressions of ETC
proteins including NADH dehydrogenase (ubiquinone)
1 alpha subcomplex 10 (Ndufal0), NADH dehydro-
genase (ubiquinone) flavoprotein 2 (Ndufv2)) in the
cerebral cortex or hippocampus of normal rats [107].
Therefore, use of prescription medications should also
be considered when analyzing results of ETC in SZ.

5. Mitochondrial respiratory chain defects in
Down syndrome

Several studies have suggested abnormalities in mi-
tochondrial ETC of DS subjects. DS is a multifactori-
al disorder caused by trisomy of chromosome 21, and
is associated with mental retardation, premature ag-
ing and neurodegeneration. Some children with ASDs
also exhibit DS as a comorbid condition. The frequen-
cy of autism in subjects with DS has been reported to
be 5.58% [108]. Many studies conducted with post-
mortem brain samples from DS patients depicted al-
tered profile of expression of the ETC proteins, includ-
ing decreased complex I (24-kDa subunit) in the oc-
cipital cortex and thalamus, complex I (75-kDa sub-
unit) in temporal, occipital and caudate nucleus [109],
and complex V beta chain in the frontal cortex [110].
An in vitro human fetal skin fibroblast experiment al-
so showed a selective deficit in the catalytic efficiency
of ETC complex I [111]. At the transcriptional level,
Krapfenbauer et al. [112] reported that the complex I
was significantly down-regulated in the cerebellum of
DS subjects. Furthermore, alterations in ETC complex-
es were also observed in the brain of mice with trisomy
16, an animal model of DS with accelerated neuronal
death. In these mice, Bambrick and Fiskum [113] re-
ported a selective decrease in respiration with the com-
plex I substrates (malate and glutamate) but not with
the complex II substrate (succinate) in isolated cortex
mitochondria, and a decrease in the 20 kDa subunit of
complex I in the cortex.

6. Mitochondrial respiratory chain defects in
patients with Fragile X syndrome

The Fragile X Mental Retardation (FMR) Syndrome
is an inherited form of mental retardation caused by a
full or partial loss of functions of the FMR1 gene on the
X-chromosome [114]. Many affected individuals with
FXS manifest features of autism [115]. This disorder
is due to the expansion of the CGG repeats to over 200
copies within the 5° untranslated region (UTR) of the
FMRI1 gene on the chromosome Xq27.3. Increase in
CGG repeats enhances the risk of disease. Individuals
with less than 55 CGG repeats have a normal FMR1
gene. In premutation carrier, the repeat expansion is
between 55 and 200 copies. The FMR protein (FMRP)
is RNA-binding protein that has been shown to be in-
volved in the expression of the mitochondrial and cy-
tosolic Cu/Zn SOD1 [116]. Mitochondrial SOD1 func-
tions to eliminate superoxide from the intermembrane
space (Fig. 1). Therefore, abnormalities in FMRP-
mediated modulation of SOD1 activity can increase mi-
tochondrial oxidative stress, resulting in mitochondrial
dysfunction [117].

Fragile X-associated tremor/ataxia syndrome (FX-
TAS) is a late-onset neurodegenerative disorder that af-
fects individuals who are carriers of permutation expan-
sions of 55-200 CGG repeats in the S’UTR of FMR1
gene. Several studies have reported an early involve-
ment of mitochondrial dysfunction in the pathogenesis
of FXTAS [118,119]. Ross-Inta et al. [118] analysed
dermal fibroblasts and brain samples from males with
and without FXTAS symptoms, with a range of CGG
repeats. They reported decreased NAD- and FAD-
linked oxygen uptake rates, uncoupling between elec-
tron transport and ATP synthesis, lower expression of
mitochondrial proteins, and increased oxidative/nitra-
tive stress (revealed by decreased Mn SOD protein and
increased mitochondrial protein nitration) in FXTAS.
Interestingly, the mitochondrial abnormalities observed
in FXTAS were also present, although to a lesser ex-
tent, in premutation carriers without FXTAS symp-
toms, which suggested that the onset of these events
are earlier than the onset of clinical symptoms of
FXTAS. Their results also suggested that mitochondri-
al dysfunction preceded the increase in oxidative stress
damage by a significant period (perhaps years), and that
early detection of mitochondrial dysfunction may offer
early therapeutic intervention. In another study, Napoli
et al. [119] reported lower oxidative phosphorylation
capacity and complex IV activity in the fibroblasts
from CGG premutation carriers who did not display
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overt features of FXTAS. The fibroblasts from carriers
who had FXTAS symptoms showed lower complex V.
In addition, higher precursor-to-mature ratio of ATPB
(ATPase (§-subunit) from complex V was observed in
the brains of patients who died with FXTAS symptoms.

7. Conclusion

Impaired mitochondrial functions, and as a con-
sequence, impaired cellular energy state, may be
one of the mechanisms underlying the pathophysiolo-
gy of neurodevelopmental disorders including ASDs,
ADHD, SZ, DS and FXS. Several studies have provid-
ed the evidence for deficits in the expression and/or ac-
tivities of mitochondrial ETC complexes in these disor-
ders. Since mitochondrial and nuclear genomes exert a
dual genetic control on the biogenesis and maintenance
of mitochondrial function, the mutations or deletions in
mitochondrial or nuclear genes may also be involved in
mitochondrial dysfunction in these neurodevelopmen-
tal disorders. However, it is not known whether mi-
tochondrial dysfunction in neurodevelopmental disor-
ders is caused by a primary genetic abnormality, or it is
due to a secondary inhibition of oxidative phosphory-
lation by other factors. Abnormalities in mitochondrial
ETC will result in impaired oxidative phosphorylation,
leading to ATP depletion and disturbed brain energy
metabolism, and to free radical generation and oxida-
tive stress. Together, these defects in mitochondrial
respiratory chain can lead to abnormal neurodevelop-
ment.
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