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Introduction to Lipids

Fatty acids are the simplest type of lipids that serve as building blocks for more
complex lipids such as phospholipids, cholesterol, and vitamin E, which are integral
to cell membranes (Fig. 1). Abnormal metabolism and imbalances of these three
complex lipids have all been associated with autism spectrum disorders (ASDs) and
will be outlined in following sections. Fatty acids can be saturated, monounsatu-
rated, or polyunsaturated; the latter will be elaborated upon due to its link with
ASDs. Essential fatty acids (EFAs), also called polyunsaturated fatty acids
(PUFAs), play an important role in maintaining the structural and functional
integrity of the central nervous system (CNS). They serve as major components
of neural cell membrane phospholipids and are necessary for the modulation of ion
channels, enzymes, and receptor activity (Boland et al. 2009; Guizy et al. 2008).
PUFAs must be obtained through the diet since the ability to synthesize them is
limited. The two major types of PUFAs are omega-6 linoleic acid (LA; 18:2n-6)
and omega-3 a-linolenic acid (ALA; 18:3n-3), which are converted to arachidonic
acid (AA, 20:4n-6) and to eicosapentaenoic acid (EPA, 20:5n-3) or
docosahexaenoic acid (DHA, 22:6n-3), respectively (Haag 2003) (Figs. 1 and 2).
One of the most commonly derived PUFAs from cell membranes is AA.
Through the action of phospholipase A, (PLA,), an enzyme important for cell
membrane maintenance, AA is cleaved from membrane phospholipids and further
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Fig. 1 Cell membrane lipid components implicated in ASDs. Irregularities in PUFAs and
complex lipids have been associated with ASDs (dashed arrows indicate an increase or decrease
level in individuals with ASD; asterisks indicate a link to ASD)

metabolized to potent bioactive messengers including prostaglandins, thrombox-
anes, leukotrienes, lipoxins, and cannabinoids. The metabolic products of AA are
collectively known as eicosanoids.

The Importance of Lipids in the Brain

Compared to all organs other than adipose tissue, the human brain has the highest
percentage of lipids by mass, with approximately 60 % of its dry mass being lipids —
specifically phospholipids and PUFAs (Lawrence 2010). AA and DHA/EPA are the
most abundant PUFAs in the brain (Sastry 1985), and a sufficient supply of and
balance between omega-6 and omega-3 fatty acids are important for plasma
membrane integrity, which is tightly integrated with healthy development, mainte-
nance, and function of the nervous system (Lawrence 2010). An extensive body of
research has been devoted to determining the role of fatty acids in the nervous
system.

Rapid brain growth begins during prenatal fetal development and continues
postnatally for 2 years following birth. The majority of brain growth occurs during
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Fig. 2 Omega polyunsaturated fatty acids. The essential PUFAs are long carbon chain molecules
that have an acidic (COOH) end and a methyl (CH3) end. The location of the first double bond, at
the sixth or third carbon atom, determines whether the PUFA is an ®-6 or ®-3 fatty acid,
respectively

the fetal stage, and at birth, a newborn’s brain is already 70 % the size of the adult
brain (Clandinin et al. 1994). There is a high PUFA demand during the brain growth
spurt (Lauritzen et al. 2001), and during this period, the omega-6 and omega-3 fatty
acid content in grey and white matter increases significantly (Martinez 1992). The
importance of PUFAs in fetal development is emphasized by the high lipid content
found in breast milk, as well as the increasing proportions of PUFAs in the
phospholipids when comparing levels found in the maternal blood to the placenta
and to the fetal brain (Crawford et al. 1981). This process ensures that the high
concentrations of long-chain PUFAs necessary for the developing brain can be
acquired (Crawford et al. 1989).

Healthy development of the human brain relies greatly on the functions of
lipids (Calderon and Kim 2004). For example, AA and DHA are important for
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Fig. 3 Defects in lipid derivatives and prostanoids. Prostanoids(PGE,, PGF,a, PGD, PGI,) and
thromboxane A2 (TXA,) are bioactive lipid metabolites that elicit cellular events through the
action of their respective receptors (EP, FP, DP, IP, and TP) (dashed arrows indicate an increase or
decrease level in individuals with ASD; asterisks indicate a link to ASD)

retinal development and vision (Hoffman et al. 2009), neuroplasticity and signal
transduction (Wu et al. 2008), inflammation (Ferrucci et al. 2006), learning and
memory (Su 2010), and sleep (Ladesich et al. 2011). The final structure and
breakdown of phospholipids (AA and DHA precursors) represent a unique
interaction between genetic and environmental factors. Proper brain functioning
relies on the supply of dietary PUFAs and the release of their metabolites from
membrane phospholipids through the activity of enzymes such as PLA,
(Yehuda et al. 1999) (Fig. 3). Therefore, alterations in phospholipid metabolism
may affect normal functions of the CNS. Anomalies in lipid concentrations due
to insufficient dietary intake or aberrant lipid regulation may lead to irregular
lipid profiles and signalling and could be highly detrimental to the developing
brain. Recent literature provides sufficient evidence that dysregulation of the
lipid metabolic pathway may be an underlying biological component involved
in the pathophysiology of ASDs. Abnormalities at multiple sites of this pathway
have been associated with ASDs and will be further discussed in proceeding
sections.
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Lipid Imbalances in ASDs
Essential Fatty Acid Profiles in ASDs

Current literature suggests that imbalances in the lipid profiles of omega-6
(i.e., AA) and omega-3 (i.e., DHA and EPA) fatty acids may be an underlying
mechanism to the manifestation of autistic-like behaviors. Specifically, several
studies have reported altered AA, DHA, and EPA levels in patients with autism.
Investigation of blood samples revealed that children with autism have a higher
AA: DHA ratio (Meguid et al. 2008) and a higher AA: EPA ratio (Bell et al. 2010)
compared to healthy controls. Other studies have reported significantly lower-than-
normal levels of AA and DHA in the blood plasma of individuals with autism
(Wiest et al. 2009; Vancassel et al. 2001). Another study revealed an increase in
plasma DHA levels in high-functioning males with autism (Sliwinski et al. 2006).
Though the causes of atypical PUFA levels have yet to be fully understood at the
molecular level, potential reasons include defects in the enzymes that convert
dietary PUFAs into longer and highly unsaturated derivatives, inadequacy in the
integration of PUFAs into membrane phospholipids, or deficient dietary intake of
PUFA precursors (Vancassel et al. 2001). Moreover, aberrant activity of fatty acid
desaturase-1 and fatty acid desaturase-2 (FADS1 and FADS?2), the enzymes that
catalyze the breakdown of LA and ALA into AA and DHA, can lead to irregular
lipid profiles (Morales et al. 2011) and may be involved in lipid imbalances reported
in autism (Figs. 1 and 3). Notably, the chromosomal locations of FADS1 and
FADS?2 are in close proximity to an autism-candidate linkage peak on chromosome
11g22 (Craddock and Lendon 1999; Ma et al. 2007). The presence of altered lipid
composition and its potential contribution to the behavioral outcomes of ASDs have
been conveyed in animal studies using rodent models, which revealed that altered
brain phospholipid composition induced by environmental agents, including enteric
bacteria and diet, can lead to the appearance of autism-like behavior (Shultz et al.
2009; Thomas et al. 2010). Altogether, these studies provide evidence that irregular
lipid profiles are a common characteristic of ASDs.

Insufficient Dietary Fatty Acids and Autism

The availability of fatty acids for brain development can be heavily impacted by the
maternal diet during the prenatal stage and by the infant’s diet (i.e., breast milk or
formula) in the postnatal stage. Since abnormal lipid profiles have commonly been
characterized in individuals with ASDs, the ability to alter lipid concentrations
through dietary means is encouraging. Healthy infants fed with PUFA-
supplemented milk formula showed improvements in infant cognitive scores com-
pared to infants on a no-PUFA formula, suggesting that inadequate intake of dietary
PUFAs during early development may be associated with altered cognition
(Willatts et al. 1998). Considering that higher problem-solving scores in infancy
have been associated with higher childhood IQ scores, PUFA supplementation may
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modify the development of childhood intelligence. There is also a significantly
higher likelihood for infants to develop autism if they were not breastfed or not
supplemented with PUFAs (Schultz et al. 2006), and administration of PUFA
supplementation has been shown to restore normal fatty acid profiles and improve
behavioral outcomes in children with autism. For example, when diet was
supplemented with fish oils high in omega fatty acids for 6 months, children with
autism or Asperger’s syndrome exhibited reduced omega-6:omega-3 and AA: EPA
ratios compared to supplementation-naive autistic controls (Bell et al. 2010).
Another study found that supplementation of omega-6 and omega-3 fatty acids in
children with autism led to elevated levels of fatty acids in the blood, decreased AA:
DHA ratio, and improvements in several autism-affected behavioral domains such
as eye contact, concentration, language development, and motor skills (Meguid
et al. 2008). Another group revealed that stereotypy and hyperactivity associated
with autism were mitigated with omega-3 fatty acid supplementation (Amminger
et al. 2007). Such supplementation also led to improvements in basic language and
learning skills in children with autism (Patrick and Salik 2005).

A case study on a child with autism and associated high levels of anxiety and
agitation showed the elimination of irregular fatty acid levels and the complete
resolution of anxiety and agitation after EPA supplementation was administered
(Johnson and Hollander 2003). A better quality of life was also reported in the
study. Additionally, these improvements in fatty acid levels and behavior were
stable at the 8-month follow-up. In contrast, a study investigating young adults
(1840 years old) with autism revealed that omega-3 fatty acid supplementation did
not lead to significant improvements in behavior (Politi et al. 2008), which suggests
that there may be a specific time window for the potential beneficial effects of
supplementation.

Furthermore, cholesterols are lipids that are important components of cell
membranes (Fig. 1) involved in the induction of normal motor and mental
capacity (Gilbert 2003). Cholesterol is needed for proper embryonic and fetal
development as well. Specifically, it is necessary for the Sonic Hedgehog signal
transduction pathways, which are crucial for the induction of brain formation,
neural patterning, mood regulation, and cerebral development (Gilbert 2003).
Cholesterol affects the availability of essential lipid molecules, and as such, its
insufficient consumption by the mother could lead to unhealthy metabolic defi-
ciencies that may contribute to the development of autism in the offspring
(Tallberg et al. 2011). Imbalances in cholesterol levels have also been associated
with ASDs (Tierney et al. 2006). Prevailing evidence for this stems from studies
on Smith-Lemli-Opitz Syndrome (SLOS), which is a genetic condition of
impaired cholesterol biosynthesis (Sikora et al. 2006; Bukelis et al. 2007).
Cholesterol treatment in individuals with SLOS resulted in a decrease in
autism-related behaviors, infections, and symptoms of irritability and hyperactiv-
ity, as well as improvements in physical growth, sleep, and social interactions
(Aneja and Tierney 2008). It is interesting to note that cholesterol supplementa-
tion also improved other behaviors such as aggression, self-injury, temper out-
bursts, and trichotillomania (Aneja and Tierney 2008).
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Taken together, the existing literature indicates that dietary imbalances in lipids
and fatty acids may influence the development of autism-related behavioral out-
comes. However, the molecular mechanisms of lipid dysregulation in ASDs still
have to be determined. This would aid in establishing recommended dietary
supplementation for individuals with ASDs.

Association of Prostaglandin Metabolic Pathway with ASDs

While PUFAs such as AA or DHA are crucial for membrane structure and function,
their metabolites, such as bioactive prostanoids, are very important for the normal
functioning of the brain (Tassoni et al. 2008). Upon the release of AA from
membrane phospholipids via the action of PLA,, cyclooxygenase-1 (COX-1) or
cyclooxygenase-2 (COX-2) converts AA into an unstable intermediate, PGG,,
which is then metabolized to the prostanoid precursor, PGH, (Fig. 3). Prostaglandin
(PG) or thromboxane synthases convert PGH; to active lipid signalling messengers
including prostanoids, PGs (PGE,, PGF,a, PGD,, PGI,), and thromboxane A2
(TXA,) (Tamiji and Crawford 2010c). Prostanoids can elicit cellular effects by
binding to their respective G-protein-coupled receptors called E-prostanoid (EP),
FP, DP, IP, and TP receptors, respectively (Breyer et al. 2001) (Fig. 3).

Phospholipase A2

Phospholipases are enzymatic molecules that break down phospholipids, which are
precursors of important lipid mediators such as PGs. Phospholipase A, (PLA)) is of
particular interest since it is an upstream regulator of a wide range of physiologic
functions. PLA, selectively hydrolyzes the sn-2 fatty acid ester bond of phospho-
lipids to produce free fatty acids such as AA (Murakami and Kudo 2002). PLA,
activation and the subsequent release of AA and its metabolites can be stimulated
by various neurotransmitters such as glutamate (Marin et al. 1997). Alternatively,
the presence of other stimuli, such as cytokines activated during inflammation, can
cause the release of AA and DHA from phospholipid membranes (Farooqui et al.
2007).

A member of the PLA, protein family that is a human calcium-independent
phospholipase called iPLA; is located on the chromosome region 7q31, which has
been associated with autism (Abrahams and Geschwind 2008). Moreover, clinical
studies have reported significantly higher concentrations of PLA, in the red blood
cells of individuals with autism and Asperger’s syndrome compared to healthy
controls (Bell et al. 2004) (Fig. 3). The increased activity of PLA, in patients with
ASDs could interfere with the proper maintenance of membrane phospholipids, and
this may contribute to their abnormal PUFA profiles. Current literature provides
support for a link between aberrant PLA, enzyme activity or concentrations and
ASDs, reinforcing the hypothesis that abnormal lipid metabolism may play a role in
the pathophysiology of these disorders.
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COX Enzymes

The enzymes cyclooxygenases-1 and -2 (COX-1, -2) catalyze the reaction of
oxygen with PUFAs, producing bioactive lipid substances, such as prostaglandins
(PGs), from AA (Sang and Chen 2006). Collectively, these lipid metabolites are
known as eicosanoids, each of which is formed by a different sequence of enzyme-
catalyzed reactions. Both COX enzymes assist in the production of autoregulatory
and homeostatic prostanoids, which may be released during inflammation. The
enzymatic activity of COX can be inhibited by nonsteroidal anti-inflammatory
drugs, consequently inhibiting the biosynthesis of PGs (Vane 1971).

COX-1, the constitutive form, is expressed in nearly all human tissues including
the brain, lung, kidney, and stomach (O’Neill and Ford-Hutchinson 1993).
Although most commonly known as a mediator of housekeeping functions, new
evidence shows that COX-1 may also be important in developmental and inflam-
matory functions (Loftin et al. 2002). For example, COX-1 activity may alter
progenitor cell proliferation and hippocampal neurogenesis (Russo et al. 2011),
neuroinflammation (Shukuri et al. 2011), as well as parturition (Gross et al. 1998).
COX-2, the inducible form, is heavily involved with the inflammatory response. It
is normally found in low levels, but various stimuli such as growth factors (Hinz
and Brune 2002), inflammation due to injury or infection (Ricciotti and FitzGerald
2011), synaptic activity (Yamagata et al. 1993), and oxidative stress (Kwiecien
et al. 2012) can trigger its upregulation.

Interestingly, COX-2 plays important roles in the CNS, gastrointestinal tract
(GI), and pain perception (Hinz and Brune 2002) via the production of downstream
signalling metabolites such as PGE,. Abnormalities in the CNS, GI, and
nociception have been reported in cases of ASDs (Dubois et al. 2010; Gorrindo
et al. 2012; Kohane et al. 2012) and increasing lines of evidence demonstrates that
these abnormalities are associated with alterations in the COX-2/PGE, pathway
(Fig. 3). The activity and production of COX-2 are induced by cytokines and
proinflammatory agents, and irregular immune responses have been characterized
in patients with ASDs (Ashwood et al. 2006). Additionally, COX-2 is a key
contributor to neurodevelopment. COX-2 is richly expressed in the dendrites of
neurons (Yamagata et al. 1993). However, its distribution pattern is anomalous in
the brain tissue of individuals with Rett syndrome, a form of ASD (Kaufmann et al.
1997). Furthermore, ASDs have been associated with a polymorphism in PTGS2,
the gene encoding for the COX-2 protein (Yoo et al. 2008).

Prostaglandin E, During Development

PUFAs are essential structural components of cell membranes, while eicosanoids
are crucial metabolites required for the normal functioning of the brain (Tassoni
et al. 2008). PGE, is an eicosanoid that is generated from the metabolism of PGH,
by the enzymatic action of PG synthase. PGE, diffuses rapidly through membranes,
exerting its signalling effects by binding to E-prostanoid receptors (EP1-4).



Lipid Signalling in the Pathology of Autism Spectrum Disorders 1267

EP receptors are G-protein-coupled receptors and are expressed differentially
across varying tissue types (Sugimoto and Narumiya 2007). PGE, is an important
lipid mediator that typically acts within the local microenvironment, providing
autocrine and paracrine stimulation to a number of signalling pathways in the
nervous system (Legler et al. 2010) and regulating the function of many immune
cell types, thus mediating the inflammatory response in the brain (Zhang and Rivest
2001). Evidence shows that it is also involved in dendritic spine formation (Burks
et al. 2007), synaptic plasticity (Koch et al. 2010), pain transmission (Harvey et al.
2004), and cell survival (Jiang et al. 2010) or death (Jonakait and Ni 2009). In early
prenatal development, there is an increase in the number of COX-2 and PG
synthases (Saint-Dizier et al. 2011), as well as elevated levels of EP receptor
transcripts (Tamiji and Crawford 2010b), suggesting that PGE, is involved in
early development. The PGE, pathway is summarized in Fig. 4.

Clinical studies have revealed a connection between misuse of the drug miso-
prostol during the first trimester of pregnancy and neurodevelopmental aberrations,
including Mobius sequence and ASDs (Bandim et al. 2003) (Fig. 3). Misoprostol is
an analogue of prostaglandin type E, which has been proven to bind and activate EP
receptors activating the PGE, pathway (Tamiji and Crawford 2010a) (Fig. 4). It was
initially used to treat stomach ulcers and has since been used also to induce labor
and to terminate pregnancy (Lin et al. 2011). During the early stages of pregnancy
(5-6 weeks after fertilization), the embryo is the most vulnerable to misoprostol
exposure (Genest et al. 1999). Exposure to this drug during early embryonic
development may alter the PGE, signalling pathway and have toxic effects on the
developing nervous system. Misoprostol and PGE, can increase the intracellular
level and fluctuation amplitude of calcium in neuronal growth cones, as well as
reduce the number and length of neurite extensions through the activation of EP
receptors (Tamiji and Crawford 2010a, b). Dysfunctional calcium regulation has
been previously suggested in the etiology of ASDs (Krey and Dolmetsch 2007).
When considering these studies together, they demonstrate that abnormalities in the
PGE, pathway through misoprostol exposure could lead to neurotoxic effects on the
development and communication of neurons.

The importance of the PGE, signalling pathway during early development is
further established through the significantly increased expression of four EP recep-
tors transcripts — EP1, EP2, EP3f3, and EP4 — during early neurogenesis (embryonic
day 11-15) in the mouse (Tamiji and Crawford 2010b). It is intriguing that this
embryonic period marks the development of many brain structures (Rice and
Barone 2000) including the cerebellum, amygdala, hippocampus, and caudate
nucleus of the basal ganglia, which have been reported to be abnormal in individ-
uals with autism (Amaral et al. 2008). However, it is still unclear how COX-2/PGE,
signalling may directly affect the development of these brain areas.

There is growing evidence supporting an interaction between the PGE, and
the WNT (wingless) pathways (Evans 2009). PGE,-dependent signalling may
converge with the WNT pathway at the level of B-catenin through EP1-4 receptors,
including the association of the Gos subunit with axin, the stimulation of
the cAMP/PKA pathway, or the phosphorylation of GSK-3B by PI-3K
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Fig. 4 The PGE, signalling pathway. Stimulation of EP1-4 via PGE, or misoprostol acid leads to
activation of PKC, PKA, or PI-3K, resulting in gene transcription. Abnormal deviations indicated
by the asterisks have been associated with ASDs

(Buchanan and DuBois 2006) (Fig. 5). Such an interaction is of particular interest
since WNTs are morphogens necessary for the formation of a healthy nervous
system (Ciani and Salinas 2005). They are signalling molecules that act through
Frizzled (FZD) transmembrane receptors and are vital to embryonic development,
participating in the determination of cell fates through activating transcription of
various target genes (Buechling and Boutros 2011). Cross talk and joint regulation
between these pathways have been reported previously in various nonneuronal cells.
For example, in osteocytes, PGE, interacts with B-catenin to modulate bone mass
and density (Genetos et al. 2011), as well as apoptosis following induced stress
(Kitase et al. 2010). The COX-2/PGE, signalling pathway is highly stimulated in
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Fig. 5 The interaction between WNT and PGE, signalling pathways. WNT and PGE, signalling
have been implicated in ASDs, and an interaction between these pathways has been determined in
various cell types as indicated by the dotted lines

gastric cancer cells, which results in significantly increased levels of PGE, and
subsequent activation of WNT (Oshima et al. 2009). In these cells, PGE, and WNT
signalling cooperated to cause dysplastic growth and development (Oshima and
Oshima 2010), while a dose-dependent effect of PGE, on WNT activation in bone
and prostate cancer cells has been reported (Liu et al. 2010). Furthermore, in colon
cancer cells, PGE,; induces a decrease in B-catenin phosphorylation, which increases
the activation of TCF/LEF transcription factors and upregulates certain genes,
resulting in increased proliferation (Castellone et al. 2005). WNT and PGE, also
collaborate to promote the survival and proliferation of zebra fish hematopoietic stem
cells (Goessling et al. 2009). Through this model, it was also demonstrated that PGE,
and WNT are important in the regulation of vertebrate regeneration and recovery.
Although the interaction between these two pathways in the nervous system still
remains elusive, our current studies have shown that PGE, can modulate the
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expression of WNT-target genes and change the proliferation and migration behav-
ior of neuroectodermal (NE-4C) stem cells (Wong et al. 2011, 2012). WNT
signalling proteins are also essential for neuronal precursor proliferation (Zhou
et al. 2006), radial migration of cortical neurons (Zhou et al. 2004), and synapse
formation (Sahores and Salinas 2011), all of which are cellular events driven by
calcium signalling. Therefore, calcium fluctuations induced by PGE, or misopros-
tol as demonstrated by Tamiji and Crawford (2010c) may interfere with the WNT
signalling pathway, influencing its various functions. For example, calcium signal-
ling triggered by neuronal activity mediates the CREB-dependent transcription of
Whnt-2 as well as the production and secretion of its corresponding protein. Wnt-2,
one of many wingless genes, contributes to proper dendritic outgrowth and
branching (Wayman et al. 2006). Notably, this gene is located in the chromosome
region 7q31-33, which has been linked to autism, and its polymorphisms have been
associated with speech delay inherent in ASDs (Lennon et al. 2007; Lin et al. 2012).
Moreover, WNT signalling participates in the formation of the cerebellum (Hall
et al. 2000), hippocampus (Galceran et al. 1999), and amygdala (Abu-Khalil et al.
2004). As mentioned earlier, structural deviations in these brain areas have been
implicated in autism. Misguided neuronal migration resulting in misplaced neu-
rons, especially Purkinje cells, has also been connected to autism (Wegiel et al.
2010). Given that WNTs are crucial regulators of cell fate specification, cell
proliferation, and cell migration during development (Buechling and Boutros
2011), PGE,-dependent dysregulation of WNT signalling could result in brain
abnormalities and contribute to autism. These lines of evidence validate the
increasing interest in investigating the molecular mechanisms underlying the inter-
action between the COX-2/PGE, and WNT signalling pathways and link to autism.

Oxidative Stress and Lipid Peroxidation in ASDs

Under normal conditions, there is a dynamic equilibrium between the production of
reactive oxygen species (ROS) and the rate at which they are neutralized by
antioxidants. Oxidative stress occurs when there is an imbalance in this equilibrium
and the level of ROS produced by a cell exceeds its antioxidant capacity. ROS such
as oxygen ions, free radicals, and peroxides are highly reactive molecules that can
damage the cell by targeting lipids, a key building block of cells (Choe 2010).
Elevated levels of free radicals and reduced antioxidant defense mechanisms are the
prime initiators of oxidative stress (Sies 1997). The activity of ROS can lead to
altered cell function due to abnormal lipid metabolism affecting proliferation and
differentiation during neurodevelopment and can even cause cell death (Filomeni
and Ciriolo 2006). The PUFAs from membrane phospholipids are the primary
targets of ROS because they contain many double bonds, making them particularly
vulnerable to lipid peroxidation, which is the oxidative breakdown of lipids
(Adibhatla and Hatcher 2008). This results in increased metabolism of AA and
activates the PGE, signalling pathway (Pepicelli et al. 2005). A number of neuro-
logical disorders, such as autism, schizophrenia, and Alzheimer’s, have been
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associated with dysregulation of lipid metabolism and increased levels of oxidative
stress. A combination of genetic and environmental factors influencing lipid
peroxidation may contribute to the etiology of autism (Deth et al. 2008).

An imbalance between the oxidative and antioxidative stress systems due to
increased oxidative damage and decreased antioxidant neutralization has been
reported in individuals with autism (Ghanizadeh et al. 2012). The brain is partic-
ularly vulnerable to oxidative stress and consequent lipid peroxidation because
lipids are the primary component of the human brain (Adibhatla and Hatcher 2008),
and because the brain uses a great amount of oxygen, generating potentially
elevated levels of harmful reactive by-products. The high oxygen requirement of
the brain is exemplified by the fact that although the human brain is approximately
2 % of an individual’s total body mass, it uses around 20 % of the available body
oxygen (Shulman et al. 2004). The brain also has limited antioxidant defense
mechanisms because neurons cannot produce glutathione (GSH), one of the most
important antioxidants for the free radical neutralization of environmental toxins
(Shulman et al. 2004). As the majority of the energy consumed in the brain is used
by neurons, they are the first cells to be affected by reduced antioxidant levels and
thus in the most danger. Infants who are in a sensitive period of development are
more vulnerable than adults to oxidative stress because they have naturally lower
levels of GSH (Ono et al. 2001), which may suggest greater risk of oxidative stress.
Children with autism have been reported to have lower levels of GSH and
a deficiency in GSH precursors, methionine, and cysteine, which indicate their
increased susceptibility to oxidative stress and the associated risk of developing
brain disorders (James et al. 2004; Al-Gadani et al. 2009). The diminished antiox-
idant capacity could amplify oxidative damage to the cells. Several studies have
also discovered genetic variances (allele deletions and polymorphisms) that directly
impact methionine and GSH metabolism in individuals with autism (Buyske et al.
2006; Ming et al. 2010; Williams et al. 2007), hinting at the influence of genetics in
the abnormalities of lipid peroxidation observed in ASDs. In addition to GSH,
aberrations in a number of other antioxidants have been reported in several studies.
Protein antioxidants, ceruloplasmin, and transferrin levels were significantly
reduced, and lipid peroxidation was significantly elevated in the plasma samples
of children with autism compared to controls (Chauhan et al. 2004).

Current literature also provides support for the connection between elevated
oxidative damage and lipid/prostanoid metabolites in cases of autism. Two protein
adducts, carboxyethyl pyrrole (CEP) and iso[4]levuglandin (iso[4]LG)E, (Fig. 1),
are uniquely formed through the peroxidation of DHA- and AA-containing lipids,
respectively, and are markers of oxidative damage. Significantly increased fluores-
cent immunoreactivity of these compounds was detected in the cortical tissue of
subjects with ASD compared to healthy controls (Evans et al. 2008). Moreover,
a distinct expression pattern specific to the autistic brain was also visualized —
significant staining was found in white and grey matter. Increased levels of lipid
peroxidation markers 2, 3-dinor-thromboxane (TXB,) and 6-ketoprostaglandin
PGF,a (6-keto-PGF,a)), which are metabolites of TXA, and PGI,, respectively
(Fig. 3), were quantified in urine samples of children with autism (Yao et al. 2006).



1272 C. Wong and D.A. Crawford

Likewise, elevated levels of 8-isoprostane-F,0.(8-iso-PGF,a) and isoprostane Fo-
VI (iPF,a-VI), by-products of PGF,a peroxidation via the oxidation of AA (Fig. 3),
have been measured in the urine of children with autism compared to healthy
controls (Yao et al. 2006). A significantly higher concentration of iPF,a was also
reported in plasma samples of children with autism (Mostafa et al. 2010) and
patients with Rett syndrome (De Felice et al. 2009). Under normal conditions, the
accumulation of F,-isoprostanes induces platelet aggregation and vasoconstriction
(Pratico et al. 2001). However, when the accumulation becomes abnormal, as
evident in the blood and urine samples from individuals with autism, it may
contribute to the altered platelet reactivity and vascular irregularities reported in
these patients (Yao et al. 2006).

There has also been mounting evidence that links abnormalities in vitamin E and
the pathology of ASDs. Vitamin E, a lipid and a powerful antioxidant capable of
protecting cells and tissues from oxidative damage, is important in the regulation of
lipid peroxidation. It is a key component of cell membranes (Fig. 1) that is also
stored in fat and liver for future mobilization during elevated levels of oxidative
stress (Lawrence 2010). Deficient levels of vitamin E have been reported in blood
samples of children with autism (Al-Gadani et al. 2009). Supplementation of
PUFAs and vitamin E led to dramatic improvements in a number of areas including
speech, imitation, coordination, eye contact, behavior, sensory issues, and the
development of pain sensation in 97 % of 187 ASD-affected children (Morris and
Agin 2009). When the supplementation was halted, speech and coordination
regressed in some children, suggesting that abnormal fatty acid metabolism may
contribute to the manifestation of these autism-associated traits.

In summary, the reported findings provide additional evidence for irregular lipid
biogenesis in ASDs. Current publications reveal altered antioxidant capacity and
increased oxidative stress markers in individuals with autism. Lipids are the prime
targets for oxidative stress, suggesting that abnormal lipid signalling may be
associated with the development and/or expression of symptomatic deficits in
affected individuals.

Immunological Factors Contributing to Lipid Dysregulation

Immunological events associated with infections in early fetal life through alterations
in the vasculature and maternal-fetal immune responses may play a role in the
initiation of neurological disorders such as autism, epilepsy, and schizophrenia
(Atladottir et al. 2010; Brown and Derkits 2010; Stolp et al. 2012). Immune dysfunc-
tions and insults during sensitive periods of brain development could predispose the
developing nervous system to potential failures in subsequent cell migration, target
selection, and synapse maturation (Harvey and Boksa 2012). During embryonic and
fetal life, the immune system is still immature. This may be an adaptive measure
to safeguard the fetus from premature maternal immune rejection, which could lead to
fetal damage or even death (de la Cochetiere et al. 2007). Paradoxically, this
beneficial adaption also increases the risk for the fetus to acquire an infection.
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Although autism is a disorder that primarily affects brain function, many cases
have shown that other systems, such as the immune system, are also affected.
Clinical studies and case reports have revealed the potential contribution that
viral infections and aberrant immune responses have towards the pathology of
ASDs (Libbey et al. 2005). Additionally, women who develop a fever while
pregnant may be more than twice as likely to have a child with an ASD or some
other form of developmental delay (Zerbo et al. 2012). Research by various
scientists utilizing animal models has demonstrated that certain pre- and postnatal
infections can induce gene alterations in the brain, morphological changes in cells
and brain regions, immunological deviations in offspring, and irregular behaviors
analogous to those characterized in ASDs (Fatemi et al. 2002, 2005, 2008; Ponzio
et al. 2007; Shi et al. 2003, 2009).

Although the direct molecular mechanisms by which infections and inflamma-
tion may lead to the pathological outcomes of autism through the COX-2/PGE,
lipid signalling pathway remain to be fully elucidated, existing literature supplies
indirect evidence of their possible roles. Eicosanoids derived from omega-6 and
omega-3 PUFAs are central regulators of the immune and inflammatory responses
(Wall et al. 2010). Specifically, AA (omega-6 metabolite) has proinflammatory and
immunoactive properties, while EPA and DHA (omega-3 metabolites) have anti-
inflammatory roles. Cyclooxygenase-derived mediators, such as the lipid signalling
molecule PGE2  are significantly elevated during infections and the inflammatory
response (Fitzgerald et al. 2012), especially if the viral or bacterial exposure occurs
during pregnancy (Christiaens et al. 2008). PGE,, the most abundantly produced
eicosanoid derived from AA, can modulate the sensitivity of sensory nerves and
functions as a mediator to induce fever (Lawrence 2010). Heightened PGE,-related
inflammatory responses during early development may produce developmental
defects in the nervous system. The inflammatory response in the brain can be
mediated by PGE, since it regulates the function of many immune cell types
(Zhang and Rivest 2001). It promotes the production of cytokines (Legler et al.
2010), which are compounds made and secreted by leukocytes at the site of
inflammation. Cytokines, along with other products of immune activation, have
widespread effects on neuronal pathways, which may contribute to common fea-
tures of ASDs (Ashwood and Van de Water 2004). They also represent the primary
mediators of communication between the brain and the immune system. Cytokines
act locally as signalling molecules between immune cells, but they may also enter
the bloodstream and target remote structures including the brain (Rothwell and
Hopkins 1995). The activation of endothelial cells associated with the blood brain
barrier is responsible for the subsequent release of second messengers such as
prostaglandins that act on specific brain targets (de Vries et al. 1996). Cytokines
are also involved in many aspects of CNS function and development as well. They
are of particular importance during early neural development, including the induc-
tion of the neuroepithelium (Gaulden and Reiter 2008). They are also critical
modulators of neuronal and glial migration (Zhu et al. 2002), differentiation
(Soleymaninejadian et al. 2012), and selective pruning or programmed cell death
to acquire proper neural connections (Sedel et al. 2004). Taken altogether, studies
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demonstrate that infections and the resultant inflammatory responses could disturb
several processes involved in brain development and potentially be in part respon-
sible for the abnormalities of autism. Additional studies are necessary to establish
a direct link between the effects of immunological factors and the COX-2/PGE,
pathway, and how consequent alterations are manifested in the molecular and
behavioral outcomes of ASDs.

Closing Remarks

There are several lines of research that provide evidence supporting the involve-
ment of abnormal lipid metabolism in individuals with ASDs. Lipid signalling
participates in the development of the nervous system, oxidative balance, immune
function, as well as gastrointestinal repair and sleep behavior consistent with
reported medical complications in some children with autism. The COX-2/PGE,
signalling pathway can become defective due to genetic aberrations or environ-
mental conditions, such as exposure to drugs or infections. There is evidence
linking the impairment of this pathway at various steps and the development of
ASDs. Collectively, the available literature suggests that lipid signalling may have
a crucial impact during pre- and postnatal periods. Anomalous changes along this
pathway can be detrimental to the development of the nervous system and may
contribute to the pathogenesis and symptomatic manifestations of autism. Consid-
ering that ASDs are complex neurodevelopment disorders characterized by a wide
range of behaviors, dysregulation at different points of the lipid signalling pathways
discussed herein might provide some explanation to the diverse behavioral
outcomes of ASDs. Current research gives compelling evidence that lipid
irregularities may be a potential underlying cause of autism. However, additional
investigation into the various genetic and environmental factors involved with lipid
signalling in individuals with autism is essential for understanding the molecular
mechanisms of the disorder and may aid in the development of novel diagnostic and
therapeutic tools as well as preventative strategies for ASDs.

Key Terms

Arachidonic acid. An omega-6 essential fatty acid containing 20 carbons and has 4
carbon-carbon dioxide double bonds. It is metabolized to numerous bioactive
eicosanoids and related compounds.

Cyclooxygenase. This enzyme catalyzes reactions of polyunsaturated fatty acids
with molecular oxygen to produce prostaglandins G2 and H2 from arachidonic
acid; these are further metabolized to other prostaglandins and thromboxanes.

Cytokines. These include interferons, interleukins, tumor necrosis factor-alpha in
addition to many other growth and cell adhesion factors. Cytokines, or protein
messengers, provide signals for a wide range of responses related to the growth
and development of the body and stimulate the immune system.
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Eicosanoids. Derivatives of fatty acids; this family includes prostaglandins, throm-
boxanes, leukotrienes, lipoxins, and cannabinoids. Many eicosanoids are potent
bioactive molecules.

Fatty acids. The most simple kinds of lipids and are components of several other
classes of lipids including triglycerides, phospholipids, glycolipids, cholesteryl
esters, and waxes.

Free radicals. These are highly reactive substances formed by removing or adding
an atom or electron from or to the parent substance. Many of the free radicals are
derived from oxygen in the atmosphere and are oxidizing substances. Antioxi-
dants prevent the destructive effects of free radicals.

Inflammation. A series of interrelated events involving immune cells attacking
foreign substances or damaged tissue resulting in swelling and increased
temperature.

Lipids. This term refers to fats, oils, fatty acids, phospholipids, steroids, fat-soluble
vitamins, and other oily substances that dissolve in nonpolar organic solvents —
such as hexane or chloroform — but not in water.

Lipid peroxidation. This occurs when polyunsaturated fatty acids are exposed to
free radicals and oxygen and react by forming oxidized products such as fatty
acid hydroperoxides, aldehydes, conjugated dienes, and malondialdehyde. This
process can destroy cell membranes.

Phospholipids. Polar lipids that form bilayer lipid membranes that are essential
components of cell membranes.

Prostaglandins. A branch of the bioactive eicosanoids, formed from polyunsatu-
rated fatty acids such as arachidonic acid and eicosapentaenoic acid found in cell
membranes. Different prostaglandins will display similar physiological actions
but with subtle differences in activity.

Prostaglandin E,. PGE, is one of the primary COX products of arachidonic acid and
one of the most widely investigated prostaglandins. Its activity influences
inflammation, fertility and parturition, gastric membrane integrity, and immune
modulation. The downstream effects of PGE, are transduced by four distinct
receptors designated EP1, EP2, EP3, and EP4. Affinity constants of PGE, for
these receptors range from 1 to 10 nM depending on the receptor subtype and tissue.

Key Points of Lipids

» Lipids are composed of fatty acids and serve as major building blocks for
cellular components.

e “Fats” are often used synonymously with the term “lipids,” but fats are techni-
cally a subgroup of lipids called triglycerides.

¢ Essential fatty acids must be included in the diet, similar to vitamins and
minerals.

« Essential fatty acids are necessary for brain development during fetal growth,
toddlerhood, and childhood, and are required for proper brain functioning in
adulthood.
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» Important biological functions of lipids include energy storage, membrane
integrity, cellular signalling, metabolism, and transport.

» Essential fatty acids can be broken down into powerful bioactive substances
called eicosanoids.

* Genetic and environmental factors could cause imbalances in eicosanoid profiles,
and subsequent aberrant signalling could influence the course of several diseases.

» Genetic mutations in enzymes involved in lipid biosynthetic pathways and
inadequate dietary intake of essential lipids can impact lipid profiles and alter
developmental functions.

» Lipids can be affected by environmental factors such as exposure to oxidative
stress and infections, which have been reported in people with ASDs.

¢ PGE; is a lipid derivative that acts as an important signalling molecule in the
brain.

» The cooperative regulation of the lipid signalling molecules, PGE, and morpho-
gen WNT, is crucial for early development.

Summary Points

e This chapter summarizes the existing evidence for the involvement of lipid
metabolism in the pathophysiology of ASDs.

¢ Lipids are crucial building blocks of cell membranes but also act as important
signalling molecules that can regulate cell function.

¢ Omega-6 and omega-3 polyunsaturated fatty acids (PUFAs), vitamin E, and
cholesterol are lipids essential to membrane integrity, and abnormalities in these
lipids due to genetic and environmental factors have been associated with ASDs.

» Development and proper functioning of the CNS are dependent on the concen-
trations of lipids and their metabolites, including prostaglandins (PGs).

e The lipid concentrations of essential PUFAs, vitamin E, and cholesterol
are irregular in individuals with ASDs and may contribute to autism-like
behaviors.

« Studies have reported abnormalities in the COX/PGE, lipid metabolic pathway.

* PGE, is derived from lipids and contributes to pre- and postnatal development.

* Emerging evidence on the functions and interaction of PGE, and morphogen
WNT is compelling and draws attention to their potential roles in ASDs.

¢ Moreover, lipids are particularly susceptible to the damaging effects of oxidative
stress.

» Elevated levels of lipid peroxidation as well as decreased antioxidant capacity
have been quantified in the autism population.

¢ Immunological factors, such as inflammation and infections, contribute to
dysregulation of lipid metabolism and have been linked to an increased risk of
ASDs.

« Lipid dysregulation due to various factors has been demonstrated in cases of
ASDs, highlighting its significance and potential roles in the development of the
disorders.
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