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IntroductIon
Where to begin in trying to understand 
autism? Autism is so complex and so variable 
from child to child. The brain, too, is complex. 
Is it possible to comprehend the events 
that cause certain children to stray from the 
path of normal neurodevelopment? What 
is	“neurodevelopment”	anyway?	There	are	
so many autism theories: it’s the gut, it’s the 
immune system, it’s the mitochondria, it’s the 
environment, it’s the genes, it’s vaccination. 
But wait! We’ve learned so much in the past 
decade. What is all this new science telling 
us about the cause(s) of autism? Let’s take a 
step back and try to assemble the pieces of 
the puzzle that is autism.

First of all, let’s be clear that this is not a 
contest among different theories, with winners 
and losers. Every legitimate scientific and 
clinical (and parental) observation is correct 
and is a potentially important piece of the 
puzzle. In other words, it’s A and B and C, 

not A or B or C. That said, the most useful 
perspective is the one that encompasses the 
largest number of observations and leaves 
the fewest unaccounted for. It is also obvious 
that we will learn more from observations 
made directly on individual autistic children 
than from some population-based statistical 
construct far removed from the actual clinical 
disorder. This is especially true because 
the high level of genetic variability among 
humans tends to wash out factors not present 
in	the	majority	of	the	population.	In	reality,	the	
human population is a collection of minority 
populations	when	it	comes	to	genetics;	
although autism rates are increasing, the 
autistic	population	is	still	just	one	of	those	
minorities. Finally, among observations, 
interventions that improve autism have special 
distinction and value, both for the benefit 
they provide and for the insights they convey 
about the disorder.

Remembering that autism is a develop-
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mental disorder, it is imperative to first 
understand the factors that guide normal 
development. It then becomes possible 
to identify dysfunctional factors that can 
be linked to autism via studies of autistic 
individuals.	Moreover,	it	is	generally	(but	
not universally) accepted that autism reflects 
molecular events gone awry, so the level of 
knowledge and the vocabulary we use must 
be molecular. This represents a challenge 
in communication since the general 
population is not widely conversant in the 
language of molecules and biochemistry. 
However, when the need is great, one can 
learn a new language. Such is the case 
for parents of autistic children as is clearly 
evident at meetings of organizations such 
as AutismOne, the Autism Research Institute, 
and	the	National	Autism	Association.	What	
follows, then, is our perspective on the origins 
of autism, hopefully providing a summary of 
current knowledge. 
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EpIgEnEtIc fActors control 
dEvElopmEnt
Human development begins with the uniting 
of sperm and egg, triggering an ongoing 
series of rapid cell divisions. The new cells 
gradually diverge in their gene expression 
and their properties, giving rise to various 
stem cell lineages and ultimately to different 
tissues and organs. Throughout this truly 
amazing	process	of	development,	the	DNA	
sequence of each cell is essentially identical, 
whether assessed in the fertilized egg or 
in the liver or brain of the fully developed 
adult. Differences between cell types reflect 
alternative patterns of gene expression, a 
process known as transcription, which give 
rise	to	different	patterns	of	messenger	RNA	
(mRNA),	coding	for	a	different	pattern	of	
proteins in each cell type, a process known 
as translation. For example, the casein protein 
is an important component of milk, and 
its gene is only available for transcription 
(mRNA	formation)	in	milk-producing	cells	of	
the female breast, even though every cell 
has the casein gene. In contrast, genes for 
proteins that support the most fundamental 
metabolic activities in all cells (such as the 
enzymes involved in glucose metabolism) are 
actively transcribed in all cells.

Several mechanisms combine to determine 
whether genes are actively transcribed 
or not. The first involves the binding of 
transcription factors (TFs), which either 
initiate	or	repress	mRNA	synthesis	(Figure	
1). The level of TF activity is controlled by 
external factors (such as growth factors, 
hormones, and neurotransmitters) acting 
via their individual signaling pathways, 
including transcription of their own genes. 
For example, when estrogens activate their 
receptors, two of the activated receptors form 
a complex that binds to specific locations on 
estrogen-responsive genes, leading to their 
transcription.1 Of course, the gene for the 
estrogen receptor must have previously been 
transcribed for estrogens to exert their effect, 
making certain cells estrogen-responsive.

A second mechanism for regulating gene 
transcription involves the attachment of methyl 
groups (single carbon atoms) to specific 
locations in the genes, a process known as 
DNA	methylation	and	epigenetic	regulation.2 
The methylation places are not random but 
are at cytosine bases preceding guanosine 
bases, called CpG sites. Collections 
of CpG sites (called CpG islands) are 
commonly located where they can influence 
transcription of nearby genes. The addition 
of a methyl group provides a new binding 
site for proteins called methyl CpG binding 

domain proteins	(MBDPs),	of	which	the	
most	well-known	example	is	MeCP2,	whose	
activity is critical for epigenetic regulation 
in	nerve	cells.	Mutations	in	MeCP2,	which	
interfere with its CpG binding, cause Rett 
syndrome, a genetic form of autism.3,4 

The	binding	of	MBDPs	to	methylated	
DNA	typically	interferes	with	transcription	
and also provides a binding platform for 
other proteins that facilitate the wrapping 
of	DNA	around	histone	proteins,	forming	
a tight complex called heterochromatin, 
which does not allow gene transcription.2 
Histones can also be methylated, which 
further tightens the chromatin complex, 
although other modifications, such as the 
addition of an acetyl group, exert the 
opposite effect. Together this is referred to 
as epigenetic regulation because it involves 
chemical	modification	of	the	DNA	(that	is,	
CpG methylation) and histones, resulting in 
stable changes in gene transcription without 
mutation	of	the	DNA	sequence.

Although they can be removed, methylation 
marks	on	DNA	can	last	a	surprisingly	long	
time, perhaps for an entire lifetime, such as 
inactivation of one of the X chromosomes 
in females.5 Even more surprisingly, these 

epigenetic patterns can be transmitted from 
generation to generation via germline cells 
(egg and sperm). Transmission for three or 
more generations has been documented.6,7 
When cells divide, the methylation pattern is 
first stripped off and then faithfully recreated 
in the new cells via a process that is poorly 
understood at present. However, it appears 
that the information needed to recreate the 
DNA	methylation	pattern	is	inherent	within	
the cytoplasm of the cell since transfer of a 
new nucleus takes on the character of the 
cytoplasm.

Epigenetic methylation patterns are highly 
sensitive to the cellular environment. Indeed, 
it appears that the ongoing revision of 
methylation marks provides a mechanism by 
which cells can alter their gene expression to 
adapt to changes in the environment, broadly 
defined. Changes in the cellular environment 
can include changes in the levels of signaling 
molecules (growth factors, hormones, and 
neurotransmitters), nutritional constituents, 
and xenobiotics or other toxic substances. 
Given the nature of epigenetic regulation, it is 
clear that the effects of toxic exposure can far 
outlast the actual period of exposure.8

In part because of their long-lasting nature, 
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Upper panel:	Transcription	factors	(TFs)	bind	to	specific	DNA	locations	preceding	the	gene	they	
regulate,	leading	to	binding	of	RNA	polymerase	which	synthesizes	the	corresponding	messenger	
RNA	(mRNA).	

Lower panel:	Epigenetic	regulation	involves	methylation	of	DNA	at	CpG	sites,	leading	to	
the	binding	of	methyl	binding	domain	proteins	(MBDPs),	which	in	turn	bind	enzymes	such	as	
histone	methyltransferase	(HMT).	DNA	wraps	tightly	around	methylated	histones,	blocking	their	
transcription.	S-adenosylmethionine	(SAM)	is	the	donor	of	methyl	groups	for	both	DNA	and	
histone methylation, making it a critical factor for epigenetic regulation. 

figure 1. regulation of gene transcription by transcription  
factors and epigenetic mechanisms
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epigenetic mechanisms are central to normal 
development.	Inherent	within	our	DNA	is	a	
programmed sequence of changes in the 
factors that regulate gene expression during 
development. Disruption of methylation by 
xenobiotics and other toxic substances can 
therefore cause developmental disorders via 
their epigenetic influence.

EpIgEnEtIc rEgulAtIon Is 
sEnsItIvE to rEdox stAtus
DNA	methylation	is	only	one	of	more	than	
200 methylation reactions.9 All of these 
reactions are under the influence of the 
folate and vitamin B12-dependent enzyme, 
methionine	synthase	(MS).	As	illustrated	in	
Figure	2,	MS	is	a	part	of	the	methionine	cycle	
of methylation, converting homocysteine 
(HCY)	to	methionine	(MET)	using	a	methyl	
group derived from 5-methyltetrahydrofolate 
(5-MeTHF),	with	vitamin	B12	being	directly	
involved	in	transferring	the	methyl	group.	MET	
formation	by	MS	increases	the	level	of	the	
methyl	donor	S-adenosylmethionine	(SAM)	
and lowers the level of the methylation 
inhibitor S-adenosylhomocysteine (SAH), 
whose	conversion	to	HCY	is	reversible.	Thus,	
increased	MS	activity	powerfully	promotes	
methylation by affecting both components 
of	the	SAM	to	SAH	ratio	and	increasing	
the	value	of	SAM/SAH.	Conversely,	a	
decrease	in	MS	activity	inhibits	methylation	
reactions	by	lowering	the	SAM/SAH	ratio.	
MS	activity	thus	affects	each	of	the	more	
than 200 methylation reactions, exerting an 
exceptionally broad influence over many 
cellular activities, as illustrated in Figure 3. 
Indeed, we showed that a 2-fold increase 
in	MS	activity,	caused	by	insulin-like	growth	
factor 1 (IGF-1), resulted in a similar 2-fold 
increase	of	global	DNA	methylation,	
indicative of a broad epigenetic influence.10 
Accordingly, any factor that significantly alters 
MS	activity	will	exert	significant	epigenetic	
effects, especially during development. 

The	vitamin	B12	cofactor	within	MS	serves	
as a sensor of cellular redox (reduction-
oxidation) status, helping to maintain redox 
homeostasis or the balance between 
reduced and oxidized states. When levels 
of the antioxidant glutathione (GSH) are 
low,	oxidative	stress	prevails	and	MS	
activity is inhibited, resulting in a decrease 
of	SAM/SAH	and	inhibition	of	methylation	
reactions. However, during oxidative stress 
the	lower	MS	activity	diverts	more	HCY	
to the transsulfuration pathway, increasing 
formation of cysteine and GSH, and 
restoring antioxidant levels to normal. This 
relationship	between	GSH	levels	and	MS	

figure 2. redox and methylation pathways in neurons 
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epigenetic regulation of gene expression.
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activity is therefore a critical mechanism for 
maintaining cellular redox status. Any factor 
that lowers GSH levels will cause a decrease 
in	global	DNA	methylation,	with	epigenetic	
consequences.11

The	influence	of	oxidative	stress	on	DNA	
methylation provides an opportunity for 
physiological regulation of gene expression 
via epigenetic regulation, which may be a 
driving mechanism for development. In this 
regard, it is interesting that the mature ovum 
at fertilization is relatively rich in glutathione,12 
while sperm are enriched in the antioxidant 
selenium and selenium-containing proteins 
which supply electrons to maintain GSH in 
its reduced state.13 Thus, when the combined 
DNA	in	the	fertilized	egg	is	exposed	to	a	
novel redox state distinct from either the 
unfertilized egg or the sperm, it will initiate 
global	changes	in	DNA	methylation	and	gene	
expression. These changes may be critical for 
initiation of the program of development.

Pluripotent stem cells arising from the 
fertilized egg ultimately develop into the 
various specialized tissues in the mature 
body. Growth factors play an important 
role in guiding the stable changes in gene 
expression that distinguish different cell 
types. In part, growth factors cause these 
developmental changes by altering the 
epigenetic	marks	on	DNA.14	Most	growth	
factors exert their effects via activation of 
the PI3 kinase signaling pathway, which 
is the same pathway that insulin activates 
to stimulate glucose uptake by cells. We 
recently found that IGF-1 and several other 
neurotrophic growth factors cause significant 
changes in redox status, including an increase 
in GSH levels, as a result of their ability to 
increase uptake of the amino acid cysteine, 
which is rate-limiting for GSH synthesis. The 
increase in GSH levels was accompanied 
by an increase in methylation capacity. 
Coupled with our earlier observation that 
IGF-1	stimulates	MS	activity	and	increases	
DNA	methylation,15 these findings outline 
a signaling pathway by which growth 
factors can use changes in redox status 
and epigenetic mechanisms to alter gene 
expression (Figure 4). Further studies have 
shown that the proinflammatory cytokine 
tumor	necrosis	factor-alpha	(TNF-α) has an 
effect opposite to growth factors, lowering 
cysteine uptake and inhibiting methylation, 
while augmenting transsulfuration, illustrating 
the potential for reciprocal epigenetic 
regulation.	The	ability	of	TNF-α to increase 
transsulfuration has previously been described 
by others.16	Notably,	brain	levels	of	TNF-α 
are increased in autism.17,18

rEdox sIgnAlIng And 
EpIgEnEtIc rEgulAtIon In thE 
humAn brAIn
The	ability	of	growth	factors	and	TNF-α to 
alter cysteine uptake, GSH, and methylation 
activity	are	illustrative	of	“redox	signaling,”	
in which changes in oxidative state mediate 
the cellular effects of a wide variety of 
physiologic substances. Recognizing the 
ability of redox signaling to alter gene 
expression, we can now examine the special 
features of this mode of epigenetic regulation 
in the human brain. As we do so, it is useful to 
appreciate that the human brain represents 
the pinnacle of natural evolution and is 
characterized by mechanisms that have 
been exploited across biological time. The 
key to a highly responsive redox/epigenetic 
signaling system is the presence of a strong 
threat of oxidation and dynamic regulation of 
antioxidant production, with the human brain 
providing both features.

As previously noted, availability of cysteine 
is limiting for GSH synthesis. However, the 
level of cysteine in cerebrospinal fluid (CSF) 
is only one tenth the level in blood,19 meaning 
that the raw material for making antioxidants 
is much scarcer in the brain. Indeed, the 

GSH level in neurons is the lowest reported 
for any cell type,20 despite the fact that the 
brain utilizes oxygen at a ten times higher 
rate	than	other	tissues.	Neurons	obtain	their	
cysteine from neighboring astrocytes, which 
release GSH that is subsequently broken 
down to cysteine.21 This cysteine is then 
available for uptake by neurons, depending 
upon the activity of the cysteine transporter 
controlled by growth factors. Higher levels 
of growth factor allow more cysteine into 
cells, increasing GSH synthesis and leading 
to	higher	MS	activity	and	increased	DNA	
methylation. The increase in antioxidant 
level also allows cells to safely increase 
their oxidative metabolism (that is, their 
mitochondrial activity), and the resultant 
increase in ATP (adenosine triphosphate) 
supports a higher level of neuronal activity. In 
this way, redox signaling not only regulates 
gene expression but also controls the level of 
neuronal function.

A second brain-specific feature that 
augments redox signaling is the brain’s 
decreased level of transsulfuration activity, 
limiting the conversion of homocysteine to 
cysteine.22 As a result, neurons are more at risk 
of oxidative stress and more dependent upon 
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By altering the activity of cysteine uptake or transsulfuration pathways, physiological factors such 
as	neuronal	growth	factors	(e.g.,	IGF-1)	or	proinflammatory	cytokines	(e.g.,	TNF-α) can shift the 
relative contribution of each pathway to GSH synthesis. However, activation of transsulfuration 
by	TNF-α is accompanied by a decrease in methionine synthase activity, while growth factor 
activation of cysteine uptake causes an increase, producing opposite effects on methylation and 
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figure 4. redox signaling by growth factors and tNF-α 



www.autismone.org	 REPRINTED	WITH	PERMISSION		AUTISM	SCIENCE	DIGEST:	THE	JOURNAL	OF	AUTISMONE		ISSUE	03 13

it facilitates attention by synchronizing the 
activity of neural networks.28 Subsequently it 
was shown that the D4 dopamine receptor 
is indeed critically involved in neuronal 
synchronization during attention.29 Since D4 
receptor-mediated phospholipid methylation 
is	absolutely	dependent	upon	MS	activity,	
this raises the possibility that ADHD might 
reflect	a	decrease	in	MS	activity	due	to	
oxidative stress. 

systEmIc oxIdAtIvE strEss 
And ImpAIrEd mEthylAtIon In 
AutIsm
During the past seven years, 12 separate 
studies have been published from laboratories 
around the world, each reporting a highly 
significant decrease in plasma level of 
GSH in autistic children, with the average 
decrease amounting to 35%.30-42 Since the 
blood compartment is in ready equilibrium 
with extracellular fluid (except in the brain), 
this indicates a body-wide deficit. The 
studies found increased levels of oxidized 
glutathione	(GSSG)	in	conjunction	with	
a decrease in the GSH to GSSG ratio, 
indicative of body-wide oxidative stress. 
Levels of cysteine, the primary extracellular 
antioxidant, were also significantly decreased 
in each of the studies in which it was 
measured. Other work shows that intracellular 
levels of GSH are decreased in lymphoblasts 
from	autistic	subjects,43 indicating that both 
extracellular and intracellular compartments 
are under oxidative stress. 

To our knowledge, no studies have failed 
to find a decrease in GSH and cysteine in 
autistic	children.	Moreover,	the	number	of	
subjects	needed	to	demonstrate	a	statistically	
significant decrease in plasma GSH is 
surprisingly small (no more than 20-30/
group). This indicates that oxidative stress 
is very common in autism, a finding that 
contrasts starkly with the rare occurrence 
of de novo genetic mutations. Given the 
unanimity of evidence for oxidative stress as 
a common feature of autism, it is remarkable 
and even shocking that this finding has 
received so little attention in the general 
medical community and in the public 
awareness	domain.	This	“active	ignorance”	is	
especially troubling since there are metabolic 

treatment strategies to correct oxidative stress.
The	sensitivity	of	MS	to	oxidative	stress	

leads	to	a	decrease	in	SAM	formation	and	
an increase in SAH formation. Both of these 
have been observed in the plasma of autistic 
children	in	conjunction	with	a	decrease	in	
the	SAM	to	SAH	ratio,	which	is	indicative	
of impaired methylation capacity.44,45 Thus, 
oxidative stress and impaired methylation can 
be viewed as confirmed hallmarks of autism, 
supporting	a	“redox/methylation	hypothesis	
of	autism.”11	In	this	scenario,	global	DNA	
methylation in blood cells decreases 
accordingly, indicating that epigenetic 
regulation of gene expression is affected as 
well.42 

Brain levels of folate and methylfolate are 
lower than in other tissues.46,47	Moreover,	
decreased availability of methylfolate 
increases the probability that the B12 
cofactor	in	MS	will	be	oxidized.	Because	
the	vulnerability	of	the	B12	cofactor	in	MS	
to oxidation is greater when methylfolate 
levels	are	low,	MS	inhibition	(and	therefore	
increased vulnerability of methylation) is 
greater in individuals carrying disabling 
single	nucleotide	polymorphisms	(SNPs)	
in the methylenetetrahydrofolate reductase 
(MTHFR)	gene.	In	conjunction	with	the	
brain-specific redox features noted above, 
the metabolic and therapeutic benefits of 
folinic acid, methylfolate, and methyl-B12 in 
autism	reflect	their	role	in	reactivation	of	MS	
following B12 oxidation.30,44,48

SNPs	that	adversely	affect	vitamin	B12	
availability	or	the	ability	to	reactivate	MS	
after oxidation also increase vulnerability 
of epigenetic regulation to oxidative 
stress,	and	these	SNPs	as	well	as	a	SNP	
in catecholamine-O-methyltransferase 
(COMT)	have	been	reported	to	be	more	
prevalent	in	autistic	subjects.45,49–51 It should 
be noted, however, that the presence of 
SNPs	represents	a	potential vulnerability for 
oxidative stress that will occur only under 
threatening environmental conditions. Under 
normal	conditions,	these	very	same	SNPs	
may endow individuals with beneficial 
epigenetic responsiveness to redox signaling. 
Cystathionine beta-synthase (CBS), which 
initiates	transsulfuration	of	HCY	to	cysteine,	
exhibits	a	large	number	of	SNPs	but	has	not	

cysteine uptake to sustain GSH levels. This 
increases the power and importance of growth 
factors in regulating redox and methylation 
status and, together with the limited availability 
of extracellular cysteine, makes epigenetic 
regulation exceptionally dynamic.

The restricted availability of GSH in 
the brain is partly compensated for by an 
increased dependence upon selenoproteins 
to sustain antioxidant activity. Selenoproteins 
(a class of proteins that contain selenium in 
the form of the amino acid selenocysteine) 
perform a variety of important redox-related 
biological functions. To meet the increased 
demand for selenoproteins, the brain (as 
well as the testes) has developed a higher 
capacity to retain precious selenium. 
Moreover,	when	selenium	levels	are	low,	
other tissues become depleted while 
brain levels remain high. Unfortunately, 
selenoproteins are exquisitely sensitive to 
inhibition by mercury, and any mercury 
that penetrates the brain will interfere with 
redox signaling and potentially disrupt 
normal epigenetic regulation.23,24 The very 
tight binding of mercury by selenoproteins 
(as measured by an affinity constant 
of 1045), especially to selenoprotein P, 
contributes to the long-term retention of 
mercury in the brain and its accumulation 
across the lifespan. Indeed, it has been 
proposed that selenoprotein P, which has 10 
selenocysteines and is not directly involved 
in redox regulation, serves a specific role 
to bind mercury, thereby protecting other 
selenoproteins from its toxicity.25

In	addition	to	its	conversion	of	HCY	to	
MET	(described	previously),	MS	carries	
out a second reaction, providing methyl 
groups to the D4 dopamine receptor, which 
subsequently transfers them to membrane 
phospholipids when stimulated by dopamine. 
Our lab was first to discover this novel 
activity, which appears to only be carried out 
by the D4 dopamine receptor.15,26,27 Genetic 
variants of the D4 receptor (such as the 
7-repeat variant) have been linked to novelty-
seeking behavior and are also risk factors 
for attention-deficit/hyperactivity disorder 
(ADHD). Although the role of dopamine-
stimulated phospholipid methylation remains 
incompletely understood, we proposed that 

unfortunately, selenoproteins are exquisitely sensitive to inhibition by mercury, 
and any mercury that penetrates the brain will interfere with redox signaling and 

potentially disrupt normal epigenetic regulation.
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been	studied	as	extensively	as	MTHFR.	One	
study found that the risk of having a child with 
autism	was	higher	if	the	mother	carried	SNPs	
in	either	MTHFR	or	CBS	and	did	not	take	
prenatal vitamins.52 

ExplorIng thE rEdox/
mEthylAtIon hypothEsIs
In collaboration with colleagues at the Sultan 
Qaboos	University	School	of	Medicine	in	
Oman, we recently evaluated the frequency of 
autism in Oman.53 Our study, which involved 
30 autistic and 30 control children (with 15 
males and 15 females in each group), also 
assessed the children’s nutritional status, serum 
levels of redox and methylation-related sulfur 
metabolites, and vitamin B12 and folic acid 
levels. In contrast to autistic children in the US, 
malnutrition was common in Omani children 
and associated with highly significant deficits 
in B12 and folic acid levels (Figure 5). Similar 
to the US, we observed a significantly lower 
level of GSH in autistic children (48% of 
controls for combined groups), with the extent 
of the decrease being greater in male versus 
female	subjects,	compared	with	same-sex	
controls. We speculate that autism in Omani 
children may result mainly from an antioxidant 
deficit associated with a nutritional deficiency 
in	the	cofactors	for	MS,	whereas	autism	in	
the US appears to result from environmental 

toxin exposure in a genetically vulnerable 
population. The occurrence of lower GSH 
levels arising from different etiological factors 
is very strong evidence for the fundamental 
importance of impaired antioxidant capacity 
in autism.

The fact that mitochondrial dysfunction is 
common in autism can be directly related 
to the presence of oxidative stress and to 
an increase of GSSG. When the level of 
GSSG increases, it can react with cysteine 
residues in proteins, leaving half of the GSSG 
attached to the sulfhydryl (SH) group on the 
protein, a process called glutathionylation.54 
The other half of GSSG is released as 
GSH, providing more antioxidant. A classic 
example of how glutathionylation works 
involves complex I in the mitochondrial 
electron transport chain. When GSSG 
builds up during oxidative stress, complex 
I is increasingly glutathionylated, causing 
a decrease in the flow of electrons toward 
oxygen reduction and ATP generation, 
leading to mitochondrial dysfunction.55 
However, this is actually a useful survival 
mechanism	for	cells	under	oxidative	stress;	
shutting down mitochondrial function lowers 
the amount of reactive oxygen species 
(ROS) production, thereby decreasing the 
strain on already low levels of antioxidant. 
Thus, mitochondrial dysfunction can occur 

secondary to oxidative stress and the 
accumulation of oxidized glutathione, which 
is a metabolic feature of autism.

Recently, thanks to research grants from 
the	Autism	Research	Institute,	the	National	
Autism	Association,	and	SafeMinds,	we	
had the opportunity to evaluate the level of 
MS	mRNA	in	postmortem	human	cortex	in	
autistic	subjects	and	age-	and	sex-matched	
controls. As illustrated in Figure 6, we 
found a remarkable pattern of progressive 
decrease	in	mRNA	levels	across	the	lifespan	
in	the	control	subjects,	amounting	to	more	
than a 400-fold decrease. The decrease 
occurred	in	two	phases.	High	initial	mRNA	
levels rapidly decreased up until the end of 
the teens and decreased more gradually 
thereafter. This biphasic pattern appears 
to correspond to the period of rapid linear 
growth lasting through puberty, followed 
by the relatively static state of adulthood. 
Despite	the	dramatic	decrease	in	mRNA	
levels,	levels	of	MS	protein	remained	
relatively static, suggesting the possibility 
that the rate of new protein synthesis from 
mRNA	decreases	with	age	and	that	the	MS	
proteins are lasting longer as we get older. 
This is in keeping with the general concept 
of gradually decreasing metabolic activity 
with advancing age, but at this time it is 
unclear	whether	MS	has	a	special	role	in	
coordinating the decrease. 

In comparison, we found an abnormal 
age-dependent pattern in autism. The high 
initial	phase	of	mRNA	was	essentially	absent,	
with	mRNA	levels	in	4-	to	10-year-old	autistic	

Autism in Oman appears to be largely a consequence of malnutrition 
and nutritional factors, including significantly lower levels of vitamin 
B12 and folic acid, unlike autism in the US. Thus, different causes 
converge on methionine synthase, indicating its central role in autism. 

figure 5. Serum levels of folic acid and vitamin B12  
in autistic subjects from Oman 

An	age-dependent	decrease	in	MS	mRNA	of	more	than	400-fold	
occurs across the lifespan. An initial stage of rapid decrease lasts until 
the end of adolescence, followed by a slower decline thereafter.

figure 6. Levels of MS mrNa in postmortem  
human cortex decrease with age  
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subjects	being	similar	to	levels	in	30-year-
old	control	subjects	(Figure	7).	On	average,	
the	mRNA	levels	in	the	autistic	samples	
were reduced by about 50% at each 
age	versus	paired	control	subjects.	These	
data provide clear evidence that in autism 
MS	mRNA	status	is	altered	in	the	brain.	
Although additional study is required to fully 
understand the functional significance of the 
decrease, at this point it seems reasonable 
to conclude that the normal age-dependent 
decrease in metabolic activity of the 
developing cortex is accelerated in autism. 
Progressive changes in redox status are 
likely to underlie the normal age-dependent 
decrease, although this remains to be proven, 
and the oxidative stress that is characteristic 
of autism may accelerate this progression, 
with untoward epigenetic consequences. 
Essentially, this perspective postulates a 
redox-driven	“epigenetic	clock”	mechanism	
of development in which both intrinsic genetic 
factors (in the cases of Rett and Angelman 
syndromes) and extrinsic factors (such as 
redox-active xenobiotic substances) can 
disrupt the mechanism and contribute to 
neurodevelopmental disorders such as 
autism. 

rEdox EffEcts of glutEn- And 
cAsEIn-dErIvEd opIAtE pEptIdEs
The overwhelming number of parental and 
published reports indicating beneficial effects 
of a gluten-free/casein-free (GF/CF) diet,56–

59 coupled with evidence of gastrointestinal 
(GI) inflammation,59–61 suggests that redox/
methylation dysregulation in autism has its 
roots	in	the	digestive	tract.	Moreover,	this	
evidence suggests that the deleterious effects 
of gluten and casein in sensitive individuals 
might be associated with their previously 
described ability to stimulate opiate 
receptors. To investigate this possibility, we 
examined the redox effects of three peptides 
that are relatively stable end products of 
gluten and beta-casein of either human or 
bovine origin. As illustrated in Figure 8, these 
peptides share a similar but non-identical 
amino acid sequence, and their proline 
residues make them comparatively resistant 
to further hydrolysis, although they are 
hydrolyzed by dipeptidyl peptidase-4  
(DPP-IV	or	CD26).62 Recent studies suggest a 
role for casein-derived opiate peptides and 
low	DPP-IV	activity	in	sudden	infant	death	
syndrome (SIDS).63,64

In cultured cell studies using either 

human intestinal epithelial cells or human 
neuroblastoma cells, we found that all 
three peptides, as well as morphine, 
inhibited the uptake of cysteine in a dose-
dependent manner after a 30-minute period 
of incubation (Figure 9). While morphine 
was clearly the most powerful inhibitor, the 
bovine (cow’s milk) peptide was stronger 
than the human peptide in both epithelial 
and neuronal cells. The inhibitory effect of 
the bovine peptide was also evident as a 
decrease in cellular levels of cysteine and 
GSH (Figure 10). These peptide effects 
were completely blocked by naltrexone and 
naloxone, confirming involvement of opiate 
receptors. Although cultured cell studies 
may not fully reflect in vivo responses, these 
results indicate that a GF/CF diet may exert 
its beneficial effect in autism by facilitating 
intestinal cysteine uptake, thereby increasing 
availability of this essential raw material 
for GSH synthesis. In addition, the greater 
inhibitory activity of the bovine peptide versus 
the human peptide supports the generally 
held belief that breastfeeding offers unique 
benefits to early development65 that may 
reflect the epigenetic consequences of an 
enhanced antioxidant capacity.

Messenger	RNA	(mRNA)	levels	are	lower	in	
autistic	subjects	versus	age-matched	controls,	
with the difference being most pronounced at 
younger ages. 

figure 7. Levels of MS mrNa 
in postmortem human cortex of 

autistic subjects   
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or three proline residues (Pro) that increase their stability. 

figure 8. Food-derived opiate peptides    
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Gluten intolerance is the classic feature of 
celiac disease. The prevalence of gluten 
intolerance is increasing in the US,66 
paralleling, to some extent, the increase 
in autism rates. It is therefore tempting to 
speculate that the population as a whole 
is experiencing an environmental exposure 
that causes the uptake and availability 
of cysteine for antioxidant synthesis to 
be increasingly critical for a significant 
number of persons. In this context, autism 
can be viewed as a neurodevelopmental 
manifestation of this exposure, with parallels 
to celiac disease, which has GI tract, 
immune, and neurological components. As 
recently reviewed,67 there are numerous 
reports of significant improvement in other 
neurological and neuropsychiatric disorders 
following institution of a gluten-free diet, 
accompanied by reports of re-emergence 
of symptoms upon re-exposure to gluten. 
Where casein is concerned, cerebral folate 
deficiency (CFD) is a pertinent example. 
CFD is associated with autoantibodies to the 
folate transporter, whose levels decrease on 
a milk-free diet.68,69 Finally, it is worthwhile to 

note that intestinal uptake of selenocysteine 
is also critical for normal redox regulation, 
and levels of selenium are low in autistic 
children.70,71 It is possible that gluten- and 
casein-derived opiate peptides may inhibit 
selenocysteine uptake, but this has yet to be 
investigated.

WhAt Is cAusIng thE rIsE In 
AutIsm rAtEs?
Overwhelming evidence indicates that 
oxidative stress is a core feature of 
contemporary autism, and the increasing 
autism rates imply that one or more 
environmental factors are responsible. It 
seems clear that the affected metabolic 
pathways causing autism are those affecting 
GSH synthesis and maintenance of its 
reduced state. Candidate environmental 
factors, therefore, are agents capable of 
disrupting the flow of antioxidant electrons 
to GSH or interfering with availability of 
cysteine for GSH synthesis. Reports of 
gender-related differences in GSH synthesis 
are consistent with the predominance of 
autistic males.72,73 These observations 

suggest the following criteria for the 
selection of candidate environmental factors:

1. Candidate causative factors should be 
capable of interfering with the metabolic 
systems that maintain a normal redox status.

2. Treatments that improve autism should 
help to identify these metabolic pathways. 

3. The affected metabolic pathways 
should provide a rationale for the 4:1 male 
to female gender bias in autism. 

4. Genetic variants affecting the target 
metabolic pathway should influence the risk 
of autism. 

5. The toxicological profile of candidate 
factors should be consistent with observed 
signs and symptoms of autism. 

6. Candidate factors must be widespread 
in their distribution and capable of increasing 
autism rates in essentially all regions of the 
US and in most developed countries. 

Cysteine uptake was measured in cultured human intestinal 
epithelial cells (Caco2 cells) after a 30-minute incubation with 
either morphine, human or bovine β-casomorphin-7	(BCM7),	
or the gliadin-derived peptide gliadinomorphin at the indicated 
concentrations.	Morphine	caused	the	greatest	decrease	in	uptake,	
followed	by	bovine	BCM7,	human	BCM7,	and	gliadinomorphin.	

figure 9. Morphine and opiate peptides inhibit  
cysteine uptake by intestinal epithelial cells 

Cellular levels of sulfur metabolites were measured in human neuronal 
cells	(SH-SY5Y	cells)	following	a	4-hour	incubation	with	1	µM	bovine	
BCM7.	Significant	decreases	in	cysteine,	GSH,	and	methionine	were	
observed, while homocysteine and cystathionine increased. This pattern 
is consistent with decreased cysteine uptake and inhibition of methionine 
synthase activity.

figure 10. concentration-dependent changes in sulfur 
metabolites in neuronal cells caused by bovine BcM7 
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7. There should be a temporal association 
between increased autism rates and 
increased exposure to the causative 
factor(s), and in cases of regressive autism, 
the onset of symptoms should temporally 
correlate with exposure. 

The list of candidate environmental factors 
that meet the listed criteria is not long. 
Metals	such	as	lead,	mercury,	cadmium,	
and arsenic are well recognized for their 
toxicological actions on redox pathways, 
including binding to selenoproteins such 
as glutathione peroxidases or thioredoxin 
reductases or to critical thiol groups in 
redox-active proteins such as thioredoxin or 
glutaredoxin.74–77 Aluminum also promotes 
oxidative stress, apparently via inhibition 
of isocitrate dehydrogenase, the primary 
source	of	NADPH	for	GSH	reduction	in	
mitochondria.78	None	of	these	metals	
participate in normal human metabolism, 
and their presence above some arbitrary 
threshold level is incompatible with life. As 
such, these metals are not only at the top 
of the autism candidate list, but also at the 
top of federal agency lists of important 
environmental toxins.79 

Mercury	merits	special	consideration	
because of its extremely potent inhibition 
of selenoproteins74 and its broad exposure 
from airborne, food, amalgam, and 
vaccination sources.80	Mercury	was	
recently demonstrated to cause epigenetic 
abnormalities in embryonic stem cells, 
demonstrating its potential for contributing 
to developmental disorders.81 Interestingly, 
selenium also caused abnormalities, 
indicating the importance of redox in 
epigenetic regulation. While the ethylmercury 
preservative thimerosal has been substantially 
removed from most childhood vaccines in the 
US, it unfortunately remains in many vaccines 
distributed outside the US. The potential of 
organomercurials such as thimerosal to enter 
the brain and to be trapped for long periods 
of time following their dealkylation represents 
another troubling property of this metal.

A number of other xenobiotic compounds 
adversely impact GSH metabolism and 

promote oxidative stress, making them 
additional candidates for causing autism. 
These include plasticizing agents such as 
bisphenol-A and phthalates,82,83 pesticides 
such as diazinon or chlorpyrifos,84 and 
herbicides such as atrazine.85 Widespread 
commercial use of these compounds implies 
extensive population-level exposure, but 
their toxicological profiles generally do not 
match the metabolic abnormalities found 
in autism as closely as do heavy metals. 
Acetaminophen (Tylenol®), however, is an 
exception in that it lowers GSH levels,86 
interferes with selenium metabolism,87,88 
and exhibits gender-dependent toxicity.72,87 
It has been suggested that increased use 
of acetaminophen for treatment of post-
vaccination fever and inflammation, following 
the 1980 recommendation to not use aspirin 
due to the risk of Reye’s syndrome, may have 
contributed to a rise in autism rates.89–91

The highly controversial possibility that 
vaccination itself may contribute to autism 
must also be given consideration since 
the fundamental nature of vaccination is 
to provoke an immune response that, by 
definition, is associated with inflammation 
and	some	level	of	oxidative	stress.	Multiple	
vaccinations therefore represent multiple 
provocations of the ability of antioxidant 
systems to maintain or restore redox 
equilibrium, which may exceed the capacity 
of some individuals. Recent studies have 
revealed the fundamental role of GSH-based 
redox signaling in the immune response.92,93 

For example, antigen-presenting cells not only 
physically interact with naive T-cells through 
the T-cell receptor complex, but they also 
release GSH into the local environment, from 
which cysteine is available for T-cell uptake, 
similar to the release of GSH by astrocytes, 
which provides cysteine for neuronal uptake. 
When T-cells take up cysteine, they become 
metabolically active and divide. However, 
regulatory T-cells suppress the immune 
response by competing with the naive T-cells 
for cysteine, indicating the importance of 
redox regulation.92 Currently utilized vaccine 
adjuvants,	such	as	aluminum	hydroxide,	
augment immune response by promoting 

oxidative stress and inflammation.94,95 
The persistent epigenetic consequences 
of this action may contribute to the redox 
abnormalities found in autism.96,97	Moreover,	
the ever-increasing number of mandated 
vaccinations demands a very high standard 
of safety testing, higher than is currently 
employed, including long-term studies with 
unvaccinated populations.

Because so many different environmental 
factors impinge upon the GSH system, their 
effects are additive and possibly synergistic, 
especially if they impair different pathways. 
Nonetheless,	agents	that	have	the	highest	
likelihood of population-wide exposure and 
are capable of being retained in the body 
for long periods of time deserve special 
attention as possible causes of autism. 

summAry And pErspEctIvE
The rationale for considering autism as a 
neuroepigenetic disorder is clear. Without 
minimizing the classification of autism as 
a neurodevelopmental disorder, the term 
neuroepigenetics increases our clarity about 
which molecular events are abnormal. 
Neuroepigenetics	encompasses	forms	of	
autism that are primarily genetic in origin 
as well as those caused primarily by 
environmental factors, with contributions from 
both in most cases. Since neuroepigenetic 
disorders are potentially amenable to 
treatment, it is important to recognize the 
epigenetic roots of autism and to pursue 
early intervention treatments directed toward 
normalizing redox and methylation status 
and eliminating or minimizing exposure to 
causative factors. It is equally important to 
develop and widely employ laboratory 
tests for oxidative stress and impaired 
methylation, making them routinely available 
for early identification and treatment of 
these metabolic disorders. Of course, 
the most important goal is to identify the 
environmental cause(s) of autism and 
eliminate	them.	No	matter	which	factors	are	
identified, the autism epidemic is a wake-
up call about the dangers associated with 
environmental toxic exposures arising from 
our own activities.  

Since neuroepigenetic disorders are potentially amenable to treatment, it 
is important to recognize the epigenetic roots of autism and to pursue early 

intervention treatments directed toward normalizing redox and methylation status 
and eliminating or minimizing exposure to causative factors.
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