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Redox metabolism abnormalities in autistic children
associated with mitochondrial disease

RE Frye'?, R DeLaTorre®, H Taylor®, J Slattery', S Melnyk'%, N Chowdhury' and SJ James'2

Research studies have uncovered several metabolic abnormalities associated with autism spectrum disorder (ASD), including
mitochondrial disease (MD) and abnormal redox metabolism. Despite the close connection between mitochondrial dysfunction
and oxidative stress, the relation between MD and oxidative stress in children with ASD has not been studied. Plasma markers of
oxidative stress and measures of cognitive and language development and ASD behavior were obtained from 18 children
diagnosed with ASD who met criteria for probable or definite MD per the Morava et al. criteria (ASD/MD) and 18 age and
gender-matched ASD children without any biological markers or symptoms of MD (ASD/NoMD). Plasma measures of redox
metabolism included reduced free glutathione (fGSH), oxidized glutathione (GSSG), the {GSH/GSSG ratio and 3-nitrotyrosine
(3NT). In addition, a plasma measure of chronic immune activation, 3-chlorotyrosine (3CT), was also measured. Language was
measured using the preschool language scale or the expressive one-word vocabulary test (depending on the age), adaptive
behaviour was measured using the Vineland Adaptive Behavior Scale (VABS) and core autism symptoms were measured using
the Autism Symptoms Questionnaire and the Social Responsiveness Scale. Children with ASD/MD were found to have lower
scores on the communication and daily living skill subscales of the VABS despite having similar language and ASD symptoms.
Children with ASD/MD demonstrated significantly higher levels of {GSH/GSSG and lower levels of GSSG as compared with
children with ASD/NoMD, suggesting an overall more favourable glutathione redox status in the ASD/MD group. However,
compare with controls, both ASD groups demonstrated lower f{GSH and fGSH/GSSG, demonstrating that both groups suffer from
redox abnormalities. Younger ASD/MD children had higher levels of 3CT than younger ASD/NoMD children because of an age-
related effect in the ASD/MD group. Both ASD groups demonstrated significantly higher 3CT levels than control subjects,
suggesting that chronic inflammation was present in both groups of children with ASD. Interestingly, 3NT was found to correlate
positively with several measures of cognitive function, development and behavior for the ASD/MD group, but not the ASD/NoMD
group, such that higher 3NT concentrations were associated with more favourable adaptive behaviour, language and ASD-
related behavior. To determine whether difference in receiving medications and/or supplements could account for the
differences in redox and inflammatory biomarkers across ASD groups, we examined differences in medication and supplements
across groups and their effect of redox and inflammatory biomarkers. Overall, significantly more participants in the ASD/MD
group were receiving folate, vitamin B12, carnitine, co-enzyme Q10, B vitamins and antioxidants. We then determined whether
folate, carnitine, co-enzyme Q10, B vitamins and/or antioxidants influenced redox or inflammatory biomarkers. Antioxidant
supplementation was associated with a significantly lower GSSG, whereas antioxidants, co-enzyme Q10 and B vitamins were
associated with a higher f{GSH/GSSG ratio. There was no relation between folate, carnitine, co-enzyme Q10, B vitamins and
antioxidants with 3NT, 3CT or fGSH. Overall, our findings suggest that ASD/MD children with a more chronic oxidized
microenvironment have better development. We interpret this finding in light of the fact that more active mitochondrial can create
a greater oxidized microenvironment especially when dysfunctional. Thus, compensatory upregulation of mitochondria which
are dysfunctional may both increase activity and function at the expense of a more oxidized microenvironment. Although more
ASD/MD children were receiving certain supplements, the use of such supplements were not found to be related to the redox
biomarkers that were related to cognitive development or behavior in the ASD/MD group but could possibly account for the
difference in glutathione metabolism noted between groups. This study suggests that different subgroups of children with ASD
have different redox abnormalities, which may arise from different sources. A better understanding of the relationship between
mitochondrial dysfunction in ASD and oxidative stress, along with other factors that may contribute to oxidative stress, will be
critical to understanding how to guide treatment and management of ASD children. This study also suggests that it is important
to identify ASD/MD children as they may respond differently to specific treatments because of their specific metabolic profile.
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Introduction

The autism spectrum disorders (ASD) are a heterogeneous
group of neurodevelopmental disorders that are defined by
behavioral abnormalities, which specifically include impair-
ments in communication and social interactions accompanied
by restrictive and repetitive behaviors." An estimated 1 out of
88 individuals in the United States are currently affected with
an ASD and the incidence is continuing to rise.? Although
several genetic syndromes, such as Fragile X and Rett
syndromes, have been associated with ASD, empirical
studies have estimated that genetic syndromes only account
for the minority of ASD cases.® Furthermore, although many
of the cognitive and behavioral features of ASD are thought to
arise from dysfunction of the central nervous system, many
fields of medicine have documented multiple physiological
abnormalities associated with ASD that are central nervous
system independent.*® Taken together, these reports sug-
gest that ASD may arises from systemic, rather than organ
specific, abnormalities, at least in some individuals. Over the
last decade, research publications have started to implicate
physiological systems that transcend organ-specific dysfunc-
tion, such as immune dysfunction, inflammation, impaired
detoxification, redox regulation/oxidative stress and energy
generation/mitochondrial dysfunction.®°

ASD appears to be associated with systemic metabolic
abnormalities, at least in a subset of individuals.®'®© We are
just starting to learn about the nature and prevalence of these
metabolic disorders in ASD. For example, the nature and
prevalence of mitochondrial disease (MD) in ASD is still under
investigation. A recent meta-analysis by Rossignol and Frye
found that 5% of children with ASD meet criteria for a classic
MD (ASD/MD) but that 30 + % of children in the general ASD
population exhibit biomarkers consistent with MD.!" Recently,
Frye demonstrated that up to 50% of children with ASD have
biomarkers of MD that are consistently abnormal (that is,
repeatable) and valid (that is, correlate with other biomarkers
of MD)."2 In another study, 80% of the children with ASD
demonstrated lower than normal electron transport chain
(ETC) function in lymphocytes when compared with typically
developing controls.'® The discrepancies between the esti-
mates of classic MD and biomarkers of MD in ASD may be
attributed to several factors. Most studies that estimate MD
prevalence in the general ASD population have used the
modified Walker criterion to define MD.""'* This criterion
relies on significant reduction in ETC complex function and/or
known mitochondrial DNA (mtDNA) mutations to diagnose
MD.*"" However, only 23% of children with ASD/MD have a
known mtDNA mutation'" and some children with ASD/MD
have ETC over-activity rather than ETC deficiencies.'®'®
Furthermore, many ASD/MD cases do not manifest lactate
elevation, a key biomarker commonly used to identify
individuals with MD.""-'31%17 This has raised the idea that
children with ASD might have mitochondrial dysfunction that
is more prevalent and distinct from classic MD.

The biological basis for mitochondrial dysfunction is
unknown, but the fact that only 23% of children with ASD/
MD have a known mtDNA abnormality,* suggests that
MD may be acquired. Indeed, it has been suggested that
systematic abnormalities in ASD, such as mitochondrial
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dysfunction, may arise from environmental triggers'* in
genetically sensitive subpopulations.'®'® This notion is
strongly supported by a recent study of dizygotic twins, which
estimated that the environment contributed a greater percent
of the risk of developing autistic disorder (55%) as compared
with genetic factors (37%) with these factors contributing
about equally for the broader ASD diagnosis.'* Mitochondria
are central to this concept as polymorphisms in mitochondrial
genes can result in susceptibility to disease®®?' and
mitochondrial dysfunction can result from environmental
exposures that have been implicated in the development of
ASD such as heavy metals,?272° chemicals,?® polychlorinated
biphenyls®” or pesticides®®?® as well as physiological
abnormalities associated with ASD such as elevated tumor
necrosis factor «,3°2 glutathione deficiency®® and oxidative
stress.*

Oxidative stress may be a key mechanism by which
mitochondria are negatively influenced by factors linked to
ASD such as pro-oxidant environmental toxicants®*° and
immune abnormalities,® as reactive oxygen species (ROS)
can result in mitochondrial dysfunction.*'" Further, dysfunc-
tional mitochondria can create a self-perpetuating cycle of
progressive damage that amplifies functional deficits. Indeed,
mitochondria are a major source of ROS as well as the target
for ROS-mediated damage. ETC complex | dysfunction can
produce high levels of ROS and reactive nitrogen species
(RNS).%5%8 |n turn, ROS and RNS can inhibit ETC function,
such as complex | activity,®” causing further mitochondrial
dysfunction.®® Thus, in this manner exogenous or endogen-
ous sources of ROS can initiate or promote mitochondrial
dysfunction and damage, especially if the mitochondria are
genetically susceptible to dysfunction.

In addition to mitochondrial dysfunction, abnormalities in
redox metabolism and oxidative stress appear to be major
metabolic abnormalities that impact a significant portion of
children with ASD.***2 Four independent case—control
studies from our group have documented glutathione deficits
in plasma, immune cells and post-mortem brain from ASD
children,®43=%% but other groups have also verified glutathione
abnormalities in post-mortem brain,*® demonstrated ROS-
mediated damage to mMtDNA*’ and lipids,*® identified
abnormalities in other ROS biomarkers such as homocys-
teine*® as well as found epigenetic changes potentially related
to redox abnormalities.®®5" A deficit in glutathione antioxidant
capacity is well known to promote oxidative stress and
increase vulnerability to pro-oxidant environmental exposures
and oxidative damage.’®%® In addition, 3-nitrotyrosine
(B8NT), a biomarker of oxidative damage to proteins, and
3-chlorotyrosine (3CT), a biomarker of chronic inflammation,
have been found to be elevated in plasma and brain of
children with ASD.**45

The interaction between redox homeostasis, inflammation
and mitochondrial function is vital to maintaining healthy cell
physiology and may be important in disease initiation,
progression and treatment. One important unanswered
question regarding these metabolic abnormalities is whether
one of these metabolic abnormalities is a primary cause of the
other abnormalities or whether these metabolic abnormalities
constitute different subgroups of children with ASD. For
example, as mitochondrial dysfunction is believed to increase



oxidative stress, it could be hypothesized that ASD/MD
children may be the same subgroup of children with ASD
and redox abnormalities because their dysfunctional mito-
chondria are producing increased ROS/RNS. Alternatively, it
may be that factors such as environmental toxins induce
oxidative stress, which damages the mitochondria and result
in MD. Furthermore, it may be that groups of children with
ASD and various metabolic abnormalities do not overlap and
are purely separate subgroups of children with ASD.

In this study, we begin to tease out the potential differences
between these subgroups of ASD children with various
metabolic abnormalities. To this end, two groups of children
with ASD matched on age and gender were studied, those
with ASD/MD and those in which MD was ruled out (ASD/
NoMD). Measures of redox metabolism and inflammation as
well as measures of language, development and behavior
were evaluated in these groups. Overall, this study demon-
strates that children with ASD/MD have distinct abnormalities
in redox metabolism, including a unique relationship between
redox metabolism and language, development and behavior,
as compared with children with ASD/NoMD. Taken together,
these findings suggest that there are distinct subgroups and
multiple reasons for abnormalities in redox metabolism in
children with ASD.

Materials and methods

Participants. Study participants were recruited from
patients seen in the University of Texas Medically Based
Autism Clinic in the Department of Pediatrics at the
University of Texas Health Science Center at Houston by
the first author (REF) from 2008 to 2011. Children had been
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previously diagnosed by a developmental pediatrician,
pediatric neurologist and/or clinical psychologist with an
ASD, including Autistic Disorder, Asperger's Disorder or
Pervasive Developmental Disorder Not Otherwise Specified.
An ASD was confirmed using Diagnostic Statistical Manual-
Version IV-Text Revision diagnostic criteria at the time of
evaluation using a standard neurodevelopment examination
and interview. In addition, all other relatively common genetic
or neurological conditions that could mimic ASD were ruled
out. Parents of patients were requested to consent to allow
their child’s medical information to be anonymously
abstracted into a clinical database that contained medical
history, physical examination findings and the results of
neurological and metabolic testing. Approximately 98% of
parents (326 total patients) signed the consent.

A standardized metabolic diagnostic workup for disorders of
mitochondrial metabolism disorders was conducted on most
patients.* 15455 The algorithm for this evaluation is depicted in
Figure 1. Initial testing included laboratory tests to investigate
abnormalities in respiratory chain, tricarboxylic acid cycle and
fatty acid oxidation pathways. Abnormalities detected in initial
testing were confirmed with repeat testing. If abnormalities
could not be replicated on repeat testing, laboratory tests were
reconsidered during metabolic stress or iliness if the index of
suspicion for MD remained high for the patient.

If MD was suspected, mtDNA examination was conducted
to identify abnormalities by either a targeted analysis for
common mutations and/or deletions and/or sequencing of the
entire mtDNA genome (Baylor Medical Genetics Laboratory,
Houston, TX, USA).%6%” When a conclusive mtDNA abnorm-
ality could not be identified, nuclear mitochondrial gene testing
and/or a muscle and/or skin biopsy was recommended.

Normal

If high index-of-suspicion
repeat labs under metabolic
stress or illness

r

Normal

Non-mitochondrial
disorder confirmed

Abnormalities
in fatty-acid

Abnormal
—_—

Repeat specific
abnormal lab test(s)

metabolism

inconclusive

Abnormalities
suggest respiratory
chain disorder
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Non-mitochondrial
disordered ruled out
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Figure 1  Algorithm for metabolic workup for mitochondrial disease in autistic spectrum disease patients. Patients are screened with biomarkers of abnormal mitochondrial
function in the fasting state. Abnormalities are verified with repeat fasting biomarker testing. For patients with biomarkers for a fatty acid oxidation defect, other disorders of fatty
acid metabolism are ruled out before further workup for a mitochondrial disease. Patients with consistent biomarkers for mitochondrial disease are first investigated for genetic
causes of their mitochondrial disorder before considering a muscle and/or skin biopsy. ALT, alanine aminotranferease; AST, aspartate aminotransferase; mtDNA,

mitochondrial DNA; RBC, red blood cell.
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Nuclear mitochondrial gene abnormalities were ruled-out in
selected patients using an oligonucleotide array comparative
genomic hybridization analysis that examines approximately
180 nuclear genes involved in mitochondria function, includ-
ing genes involved in fatty acid oxidation, carnitine metabo-
lism, biogenesis, mtDNA maintenance, transcription and
translation or ETC complex assembly (MitoMet, Baylor
Medical Genetics Laboratory). If no genetic abnormalities
could be identified, a muscle and/or skin biopsy was
recommended. Muscle was analyzed with light and electron
microscopy as well as mtDNA content.®®° Fibroblasts from
the skin biopsy were cultured for functional fatty acid oxidation
pathway testing. ETC function was examined on fresh frozen
muscle and cultured fibroblasts (Baylor Medical Genetics
Laboratory).®® Fibroblasts were incubated with d3-palmitate
and L-carnitine in duplicate for 72 h to determine the function of
the beta-oxidation pathway (Baylor Institute of Metabolic
Disease, Dallas, TX, USA).®"

Because of issues with the sensitivity of the modified
Walker criteria for the diagnosis of MD in ASD (as outlined in
the introduction), the Morava et al. criterion,®? another widely
used criteria, was used to diagnose patients with MD, as
previously suggested.* This criterion recognizes several
types of clinical presentations, including primary muscular or
central nervous system presentations or multisystem pre-
sentations, and metabolic, imaging and morphology data. The
likelihood of a MD is determined by adding up the number of
points associated with specific symptoms to get a MD criteria

score. The MD criteria score rates MD as not likely (<1),
possible (2—4 points), probable (57 points) or definite (=8
points). The MD criteria score and the points for the various
presentations and laboratory findings for each ASD/MD
participant are provided in Table 1.

Patients diagnosed with ASD/MD were recruited for this
study. Age- and gender-matched patients who had undergone
the MD screening portion of the workup (that is, biomarker
testing) but were found to have no abnormal biomarkers on any
testing were recruited to be ASD/NoMD participants. Patients
were excluded if they had a genetic syndrome such as Fragile
X, Rett syndrome, Down syndrome or Angelman syndrome or
prematurity. A total of 18 ASD/MD (age mean 8.5 years, s.d.
3.0 years) and 18 ASD/NoMD (age mean 7.9 years, s.d. 3.2
years) patients participated in the study. The participants were
matched on age within an average of 8.8 months of age (s.d. 6
months). The ASD/MD group contained 14 males and 4
females, whereas the ASD/NoMD group contained 15 males
and 3 females; there was one gender mismatch.

Cognitive and behavioral evaluations. All cognitive eva-
luations were conducted or supervised by the third author, a
child psychologist (HT). The assessment included measures
of adaptive behavior and language abilities. Parents com-
pleted rating scales that assessed autism symptoms and
social reciprocity sKkills.

Adaptive behavior was assessed using the Vineland
Adaptive Behavior Scale-Second Edition (VABS; Pearson

Table 1 Mitochondrial disease criteria score for 18 participants who met criteria for probable or definite mitochondrial disease

W Muscular Nervous  Multi-  Total

System system  Clinical
— 0 2 2 4
[ 2 | 0 2 2 4
[ 3 | 0 2 1 3
[ 4 | 0 2 0 2
[ 5 | 1 1 1 3
“ 0 2 2 4
0 2 2 4
[ 8 | 2 1 1 4
“ 0 1 1 2
“ 0 2 3 5
n 0 1 2 3
“ 0 2 2 4
[ 14| 0 2 1 3
“ 0 1 1 2
n 0 3 4 7
0 2 2 4
[ 18 | 0 2 1 3

Metabolic
& Imaging

Total
Points

Muscle
Morphology

Probability of
Mitochondrial
Disease
Probable
Probable
Definite
Probable
Definite

© O © N o

-
N

Definite

=
o

Definite
Probable
Definite
Probable
Probable
Definite
Definite

Definite
Definite

Probable

Definite

D O © MM O D MDD MNMDMNDMNMMNDM MDD AN O
0w OO O © W © O O 0 O

A A DM AP DDA O MNMO B B PPN =2 = DN

—_
N

Definite

The total score for each category of the Morava et al. criteria is outlined. However, the total points are calculated with regard to the maximum allowed score for each
category so the total points, in some cases, may not add up to the sum of all of the categories.
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Education, San Antonio, TX, USA).®® The VABS is a semi-
structured interview designed to assess communication, daily
living and socialization skills. Scales representing these skills
generate a scaled score, which is used in this study; higher
scores indicate better performance.

Language skills were assessed using two different tools
depending on the age of the child. If the child was less than 7
years of age, the Preschool Language Scale-Fourth Edition
(PLS; Pearson Education, San Antonio, TX, USA)®* was used.
The PLS is a direct assessment of total, receptive and
expressive language abilities in children aged birth to 6 years,
11 months. The PLS generates a total language score, which
is represented as an age-equivalent scores for this study.
Higher subscale scores indicate better skills. Normative values
are based on a diverse sample of over 1500 children. For
children 7 years and older, the Expressive One-Word Picture
Vocabulary Test—Fourth Edition (EOWPVT; Academic
Therapy Publications, Novato, CA, USA) was used. The
EOWPVT assesses a participant’s ability to name illustrations
of objects, actions and concepts using one word.®®
The normative values for the EOWPVT are based on a
nationally representative sample of 2394 individuals age 2 to
80+ years stratified by region, metropolitan area, ethnicity,
gender and education level. The EOWPVT provides a total
age-equivalent score, which was used in this study. To generate
a measure to represent language delay that could be derived
from either language test, the participant’s age was subtracted
from the age-equivalent score derived from the language test.
This score represents the language delay in months.

Social skills were assessed using the social responsive-
ness scale (SRS).%® The SRS is a 65-item scale used to
measure the severity of ASD symptoms as they occur in
natural social settings. The measure is used in children aged
4-18 years of age. The SRS is comprised of five subscales
represented by standard T-scores based on gender. Higher
subscale scores indicate worse symptoms. Subscales include
social awareness, social cognition, social communication,
social motivation and autism mannerisms.

Autism symptoms were assessed using the autism symp-
toms questionnaire (ASQ). The ASQ was developed by The
Center for Autism and Related Disorders (Tarzana, CA, USA).
It is a structured questionnaire of simple standardized yes/no
questions that reviews Diagnostic and Statistical Manual of
Mental Disorders—Fourth Edition—Text Revision symptoms
of social interactions, communication and stereotyped beha-
vior and provides a diagnosis of Autistic Disorder, Asperger’s
Disorder or Pervasive Developmental Disorder—Not Other-
wise Specified or indicates that the symptoms are not
consistent with an ASD diagnosis. The ASQ generates a
score from O to 4 for the social interaction and stereotyped
behavior scales and a score from 0 to 5 for the communication
scale. Only the total score was used in the analysis in order to
provide a measure of ASD symptoms with a large enough
variation for a valid statistical analysis. Higher score repre-
sents more (worse) ASD symptoms.

Redox and inflammatory biomarkers. Free glutathione is
synthesized in its reduced form (fGSH) and can be oxidized
by reactive species to the oxidized disulfide form (GSSG).
The free reduced-to-oxidized glutathione ratio (fGSH/GSSG)
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is an excellent indicator of redox metabolism. f{GSH, GSSG
and fGSH/GSSG were measured in plasma and represent
extracellular redox status. To examine an index of chronic
effects of oxidative stress, a marker of protein damage
secondary to reactive species, 3NT, was measured in
plasma. Last, 3CT, a measure of chronic immune activation
was also measured in plasma. All biomarkers were collected
as morning fasting samples before the morning dose of any
medication or supplement. Any vitamin supplement that
could affect mitochondrial or redox metabolism were held for
at least 24 h before the blood draw. Oxidative stress and
inflammatory biomarkers included fGSH, GSSG, fGSH/
GSSG, 3NT and 3CT. At least 4 ml of blood was collected
into an EDTA-Vacutainer tube and immediately chilled on ice
before centrifuging at 4000 g for 10 min at 4 °C. To prevent
metabolite interconversion, the ice-cold samples were
centrifuged within 15min of the blood collection and the
plasma stored at —80°C until high-performance liquid
chromatography quantification within 2 weeks after receipt.
Details of the methodology for high-performance liquid
chromatography with electrochemical detection and metabo-
lite quantitation have been previously described.’” The
values of these markers in the ASD groups were compared
with normative values established in a previous study on
redox metabolism.** These controls included 54 healthy
children ranging from 3 to 10 years of age with no history of
developmental delay or neurological symptoms.

Analytic approach. For most of the analyses, mixed-effect
regression models®® were conducted via SAS version 9.3
(SAS, Cary, NC, USA) ‘gimmix’ procedure. Data were not
transformed for analysis, all available data were used and
there was no imputation of missing values. The mixed-effect
models allowed each participant’s data to be compared
specifically to the match participant. The first set of analyses
compared cognitive, oxidative stress and inflammatory
biomarkers across groups using only a between-group
dichotomous effect of ASD group. The second set of analyses
determined whether there was any effect of age on the redox
or inflammatory biomarkers and whether this effect was
different across the two ASD groups. In this analysis, age was
represented as a continuous variable with the between-group
dichotomous effect of ASD group as well as the interaction
between these variables. The relationship between cognitive/
behavioral variables and redox and inflammatory biomarkers
were investigated. In this analysis, the biomarker was
consider the response variable. The model contained a
specific continuous cognitive/behavioral variable with the
between-group dichotomous effect of ASD group as well as
the interaction between these variables. When the effect of
age and its interaction with ASD group was significant, these
factors were included in the analysis. The number of
participants receiving specific classes of medication and
supplements were determined for each group and differences
in frequency of receiving such supplements were compared
across groups using a y° Differences in age of the
participants across supplement use and ASD group member-
ship were analyzed using the mixed-model as was an
analysis of the difference in redox and inflammatory markers
across medication/supplement status. For the mixed-model,

o
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F-tests were used to evaluate significance. T-tests were
used to compare biomarkers between the each of the ASD
groups to the controls groups. In general, P values <0.05
were used to indicate statistical significance.

Results

Differences in development, language and behavior
between ASD subgroups. As seen in Figure 2, the ASD/
MD group demonstrated significantly lower scores for
communication (F(1,14)=7.06, P=0.02) and daily living
skills (F(1,16) =9.65, P<0.01), and borderline lower scores
for social skill (F(1,16)=3.17, P<0.10) of the VABS but
similar scores for language, autistic symptoms on the ASQ
and social symptoms on the SRS.

Differences in redox and inflammatory biomarkers
between ASD groups. As seen in Figure 3, plasma 3CT
(F(1,16) =5.23, P<0.05) and fGSH/GSSG (F(1,16)=8.19,
P=0.01) were higher in the ASD/MD group as compared
with the ASD/NoMD group, whereas plasma GSSG
(F(1,16) =5.90, P<0.05) was higher in the ASD/NoMD
group as compared with the ASD/MD group. The remaining
plasma redox biomarkers were not significantly different
between the two groups.

Differences in redox and inflammatory biomarkers
between ASD groups and control children. As seen in
Figure 3, compared with controls, both ASD/NoMD
(f(35)=7.26, P<0.001) and ASD/MD (#35)=9.33,
P<0.001) groups demonstrated significantly lower plasma
fGSH levels. As compared with controls, the ASD/NoMD
group (#35)=3.56, P<0.001) but not ASD/MD group
demonstrated significantly higher plasma GSSG levels. As
compared with controls both ASD/NoMD (#(35)=9.65,
P<0.001) and ASD/MD (#(35)=8.24, P<0.001) demon-
strated significantly lower f{GSH/GSSG ratios. Neither ASD/

NoMD nor ASD/MD groups demonstrated any differences in
plasma 3NT as compared with the control group. As
compared with controls, both ASD/NoMD (#35)=14.31,
P<0.001) and ASD/MD (#(35)=7.50, P<0.001) demon-
strated significantly higher plasma 3CT levels.

Relationship between age and inflammatory biomarker.
Plasma 3CT decreased with age for the ASD/MD group but
not for the ASD/NoMD group (age x group interaction,
F(1,14)=5.19, P<0.05; see Figure 4a). Plasma 3CT was
still higher for the ASD/MD group as compared with the ASD/
NoMD group even when accounting for the effect of age
(F(1,14)=8.95, P<0.01). Age did not affect any of the
measures of oxidative stress.

Relationship between inflammatory biomarker and cog-
nitive, language and autism symptoms. The relationship
between plasma 3CT and the rating of autistic symptoms, as
indexed by the ASQ, was different for the ASD/MD and ASD/
NoMD groups (interaction F(1,11)=8.20, P=0.01). This
was due to the fact that, for the ASD/MD group but not the
ASD/NoMD group, the relationship between plasma 3CT and
autism symptoms was significant (F(1,14) =5.59, P<0.05).
Fewer total autism symptoms (better function) was asso-
ciated with higher plasma 3CT values for the ASD/MD group
but not the ASD/NoMD group. However, as seen in
Figure 4b, the relationship is somewhat variable and may
be driven by a limited number of participants. Plasma 3CT
was not found to be related to VABS, language or the SRS.

Relationship between age and redox biomarkers. Age
was not related to any measure of redox metabolism.

Relationship between adaptive behavior and redox
metabolism. The relationship between plasma 3NT and
adaptive behavior was different for the ASD/MD and ASD/
NoMD groups for communication (interaction F(1,14) =8.08,
P=0.01), daily living (interaction F(1,14)=7.72, P=0.01)
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Figure 2 Cognitive and behavioral characteristics for two groups of children with autism spectrum disorder (ASD): those with mitochondrial disease (MD; ASD/MD) and
those without mitochondrial disease (ASD/NoMD). Children with ASD/MD demonstrated lower scores on the Vineland Adaptive Behavior Scale-Second Edition
(a) communication and (b) daily living skill subscales as compared with the ASD/NoMD children. Borderline significant differences were found between the two groups for
(c) social skills as measured by the Vineland Adaptive Behavior Scale. No differences were found between the two groups on (d) language (as determined by the Preschool
Language Scales or the Expressive One-Word Picture Vocabulary Test depending on the child’s age), (e) the ASQ and (f-j) subscales of the Social Responsiveness Scale (SRS).
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Figure 3 A comparisons of biomarkers of oxidative stress, including (a—c) glutathione metabolism (free reduced glutathione (fGSH), oxidized glutathione (GSSG), fGSH/

GSSG ratio) and (d) chronic protein oxidation (3-nitrotyrosine (3NT)), and (e) inflammation (3-chlorotyrosine (3CT)) between two groups of children with autism spectrum
disorder (ASD), those with mitochondrial disease (ASD/MD) and those without mitochondrial disease (MD; ASD/NoMD), and typically developing controls.
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Figure 4 3-Chlorotyrosine, a marker of chronic inflammation, in two groups of children with autism spectrum disorder (ASD): those with mitochondrial disease (ASD/MD)
and those without mitochondrial disease (MD; ASD/NoMD). (a) 3-Chlorotyrosine decreases with age for the ASD/MD but not the ASD/NoMD groups. (b) 3-Chlorotyrosine is
related to parental ratings of autism symptoms for the ASD/MD but not the ASD/NoMD group. ASQ, Autism Symptoms Questionnaire.

and social (interaction F(1,14)=6.97, P=0.02) skill sub- relationship between plasma 3NT and communication
scales on the VABS. This was due to the fact that, for the (F(1,15)=10.29, P<0.01), daily living (F(1,15)=9.21,
ASD/MD group but not for the ASD/NoMD group, the P<0.01) and social (F(1,15)=12.12, P<0.01) skills was
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Figure 5 The relationship between 3-nitrotyrosine, a marker of chronic protein oxidation, and measures of cognition, language and autism symptoms in two groups of
children with autism spectrum disorder (ASD): those with mitochondrial disease (MD; ASD/MD) and those without mitochondrial disease (ASD/NoMD). In general,
concentrations of 3-nitrotyrosine were related to measures of cognitive development and autistic behavior in the ASD/MD but not the ASD/NoMD group. Specifically, more
favorable performance in communication (a), socialization (b) and (c) daily living skills on the Vineland Adaptive Behavior Scale-Second Edition, (d) language (as determined
by the Preschool Language Scales or the Expressive One-Word Picture Vocabulary Test depending on the child’s age), (e) autism symptoms rated by the parents using the
Autism Symptoms Questionnaire and (f) social motivation as rated by the parents using the Social Responsiveness Scale (SRS) were related to higher concentrations of
3-nitrotyrosine in the ASD/MD, but not the ASD/NoMD, group. (g) Interestingly, more favorable performance on the social motivation as rated by the parents using the SRS
were related to higher concentrations of 3-nitrotyrosine in both the ASD/MD and ASD/NoMD groups.

significant. As seen in Figures 5a—c, for the ASD/MD group,
performance on these subscales was higher (better function)
for participants with higher plasma 3NT values for the ASD/
MD group but there was no relationship between plasma 3NT
and performance for the ASD/NoMD group. No relationship
was found for the subscales of the VABS and plasma
glutathione biomarkers.

Relationship between language and redox metabolism.
The relationship between plasma 3NT and language was
different for the ASD/MD and ASD/NoMD groups (interaction
F(1,14) =4.83, P=0.05). This was due to the fact that, for the
ASD/MD group but not the ASD/NoMD group, the relationship
between plasma 3NT and language (F(1,15)=6.16, P<0.05)
was significant. As seen in Figure 5d, language scores
were higher (better language) for participants with higher
plasma 3NT values for the ASD/MD group but there was
no relationship between plasma 3NT and language for the
ASD/NoMD group. No relationship was found for language
and plasma glutathione biomarkers.

Relationship between autism symptoms and redox
biomarkers. The relationship between plasma 3NT and
the rating of autistic symptoms was different for the ASD/MD
and ASD/NoMD groups (interaction F(1,13)=15.38,
P=0.001). This was due to the fact that, for the ASD/MD
group but not the ASD/NoMD group, the relationship
between plasma 3NT and autism symptoms was significant
(F(1,15) =28.02, P<0.001). As seen in Figure 5e, fewer total
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autism symptoms (better function) were associated with
higher plasma 3NT values for the ASD/MD group but not the
ASD/NoMD group. No relationship was found for autism
symptoms and plasma glutathione biomarkers.

Relationship between social symptoms and redox
metabolism. The relationship between plasma 3NT and
the SRS motivation subscale was different for the ASD/MD
and ASD/NoMD groups (interaction F(1,11)=7.20,
P=0.02). This was due to the fact that, for the ASD/MD
group but not the ASD/NoMD group, the relationship
between plasma 3NT and the SRS motivation subscale
was significant (F(1,14)=11.71, P<0.01). As seen in
Figure 5f, a lower SRS motivation score (better function)
was associated with higher plasma 3NT values for the ASD/
MD group but not the ASD/NoMD group. In addition, plasma
3NT was found to be related to the SRS awareness subscale
in a similar manner across groups (F(1,13)=11.63,
P=0.005). As seen in Figure 5g, a lower SRS awareness
score (better function) was associated with higher plasma
3NT values for both the ASD/MD and ASD/NoMD groups. No
relationship was found for the SRS scale and plasma
glutathione biomarkers.

Medications and supplements: differences between ASD
groups. Medication and supplements were compared
across groups (Table 2). A significantly greater proportion
of children with the ASD/MD were receiving folate, vitamin
B12, carnitine, co-enzyme Q10, B vitamins and antioxidants.
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Table 2 Medications and supplements for children with ASD with MD (ASD/MD) and with MD ruled out (ASD/NoMD)

Medication or

Supplement Class % Taking

ASD Group
Medication or Supplement

Participant Age
SD

ASD/MD ASD/NoMD Overall Not Receiving Receiving
Stimulant 0% 12% 6% 8.4 (3.3 11.3(0.2)
Alpha-adrenergic 17% 22% 19% 8.6 (3.4) 8.2 (2.4)
Antipsychotic 11% 17% 14% 8.0 (3.1) 12.0 (2.6)
SSRI 6% 22% 14% 8.5 (3.4) 8.6 (3.2)
Antiepileptic 28% 6% 17% 8.7 (3.6) 7.8 (2.0)
Allergy 33% 22% 28% 8.5 (3.3) 8.7 (3.5)
Melatonin 17% 11% 14% 8.7 (3.4) 7.7 (2.6)
Fish Oil 44% 22% 33% 8.2 (3.3) 9.3 (3.3)
Folate 72%* 39% 56% 8.8 (3.6) 8.4 (3.1)
Vitamin B-12 50%** 6% 28% 8.1 (3.4) 9.5 (2.9)
Carnitine 89%*** 6% 50% 7.8 (3.1) 9.3 (3.4)
Co-Enzyme Q10 83%*** 0% 47% 8.2 (3.6) 9.0 (2.9)
Other B Vitamins 89%*** 17% 42% 8.8 (3.8) 8.3 (2.9)
Other Antioxidants 83%*** 17% 53% 8.5 (3.7) 8.6 (3.0)

Abbreviations: ASD, autism spectrum disorder; MD, mitochondrial disease; SSRI, selective serotonin reuptake inhibitors.

*P<0.05; **P<0.01; ***P<0.0001.

Percentages represent the percentage of participants in each ASD group who were taking specific medication or supplement classes. Chi-Square was used to
compare the significance of the percentages. Mean age of participants taking and not taking specific medications or supplements is listed. There was no difference in

the age of patients taking or not taking medications or supplements within or between ASD groups.

The mean age for participants receiving or not receiving
medications and/or supplements was not different within or
between groups.

Medications and supplements: relationship to redox and
inflammatory metabolism. To determine if supplements or
medications provided to the participant could account for
differences in redox and/or inflammatory biomarkers, we
examined whether difference in biomarker values depended
on whether an individual was receiving certain supplement or
medication. To provide a statically valid comparison, only
medications or supplements that were being given (or not
given) to about half of the participants were examined. These
included folate, antioxidants, carnitine, co-enzyme Q10 and
B vitamins. Neither 3NT, 3CT nor fGSH were influenced by
the use of folate, antioxidants, carnitine, co-enzyme Q10 or B
vitamins. However, participants receiving antioxidants
demonstrated significantly lower GSSG (mean (s.e.), no
antioxidants: 0.20 (0.01), antioxidants: 0.18 (0.01);
F(1,16)=4.95, P<0.05) and significantly higher fGSH/
GSSG (mean (s.e.), no antioxidants: 8.2 (0.4), antioxidants:
9.6 (0.4); F(1,16) =5.69, P<0.05). In addition, {GSH/GSSG
was significantly higher in participants receiving co-enzyme
Q10 (mean (s.e.), no co-enzyme Q10: 8.2 (0.4), co-enzyme
Q10: 9.8 (0.4); F(1,16)=6.52, P<0.05) and/or B vitamins
(mean (s.e.), no B vitamins: 8.2 (0.4), B vitamins: 9.6 (0.4);
F(1,16) =5.82, P<0.05).

Discussion

In this study, development, language and behavior as well as
plasma biomarkers of oxidative stress and inflammation were
compared between two groups of children with ASD: those
with MD (ASD/MD) and those in which MD was ruled-out
(ASD/NoMD). This allowed the comparison of redox metabo-
lism between two subgroups of children with ASD in order to

determine whether abnormalities in oxidative stress are
similar across all children with ASD or whether different
subgroups of children with ASD may have different patterns of
redox and/or inflammatory abnormalities. Overall, several
plasma biomarkers of redox metabolism and inflammation
differed between groups, specifically fGSH/GSSG, GSSG
and 3CT. Nonetheless, the majority of the plasma biomarkers
in both ASD groups were different from a control population of
typically developing children, suggesting that both ASD
groups manifested abnormal redox and immune metabolism,
but in slightly different ways. The difference in redox
metabolism between these two ASD groups is further
supported by the fact that the relationship between a measure
of chronic oxidative damage, notably plasma 3NT, and many
of the indices of development, language and behavior were
different between the two groups. More participants in the
ASD/MD group were receiving supplements that could effect
redox metabolism. However, these supplements only seem to
be related to differences in glutathione metabolism (that is,
GSSG, GSH/GSSG), not to differences in the measure of
chronic oxidative stress that was related to development,
language and behavior (that is, 3NT), suggesting that
receiving such supplements did not account for the difference
in the relationship between development, language and
behavior and chronic oxidative stress found across ASD
groups. The significance of our findings is discussed further
below.

A recent meta-analysis which combined the 112 available
ASD/MD cases demonstrated that this subgroup of children
with ASD have distinct clinical characteristics as compared
with the general population of children with ASD, including a
higher incidence of regression, motor delays, seizures and
gastrointestinal disorders.’ The current study expands the
characteristics of children with ASD/MD, demonstrating that,
as compared with age- and gender-matched ASD/NoMD
children, children with ASD/MD have lower adaptive behavior

o
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scores. Specifically, the ASD/MD group showed reduced
scores in communication and daily living skills, despite having
similar symptoms of autistic behavior and social dysfunction.
Interestingly, the ASD/MD group also demonstrated more
favorable redox metabolism, including lower concentrations of
plasma GSSG and a higher f{GSH/GSSG ratio, as compared
with the age- and gender-matched ASD/NoMD participants.
However, the higher portion of children receiving particular
supplements that could affect oxidative stress could have
accounted for this finding. In addition, children with ASD/MD
were found to have higher elevations in the plasma biomarker
for inflammation (3CT) as compared with the age- and
gender-matched ASD/NoMD participants. As the vitamin
supplements did not appear to be related to levels of 3CT it
is less likely that this finding is a result of more participants in
the ASD/MD receiving vitamin supplementation. These
results suggest that children with ASD/MD are true a
subgroup of ASD children with distinct clinical, developmental
and metabolic characteristics.

Differences in redox metabolism between the two ASD
groups are particularly interesting. The ASD/MD group
demonstrated a unique relationship between oxidative stress
and development and behavior. A measure of chronic oxidative
damage to proteins, plasma 3NT, demonstrated the same
general relationship to several indices of development and
behaviorin the ASD/MD children. For all three subscales on the
VABS, the measure of language development, the measure of
autism symptoms and a measure of social dysfunction, better
skills were associated with a higher level of protein oxidation.
This relationship was not observed in the ASD/noMD group.
This may seems paradoxical at first, but we must consider that
ROS may have several potential roles in physiology. One of the
most popular interpretations in medicine is that increased ROS/
RNS represents dysfunctional metabolic systems and that an
increase in ROS/RNS equates to cellular damage. Indeed,
ROS has been implicated in several neurodegenerative
diseases, including Alzheimer’s, Parkinson’s and Huntington
diseases as well as Friedrich’s ataxia and amyotrophic lateral
sclerosis®® and has been implicated in synaptic loss in
mitochondrial encephalopathies.”® However, there are several
other views on the significance of ROS in physiological
systems. For example, ROS is important for long-term
potentiation, a process that is essential for learning and
memory, and can stimulate pathways responsible for increas-
ing synaptic size and strength as well as synaptic vesicle
recycling.”® In fact, ROS is necessary to stimulate cellular
function, including mitochondrial function.”" In addition, recently
the significance of ROS in ASD has been questioned. Indeed, it
has been proposed that the increase in ROS associated with
ASD is a cellular defense response and may not necessarily
represent dysfunction redox metabolism per se.*®

We believe that the positive relationship between increased
plasma 3NT and cognition and behavior becomes clearer
when we consider the source of ROS/RNS in individuals with
mitochondrial dysfunction. ETC complexes | and Il produce
ROS in proportion to their activity.*>* Dysfunctional ETC
complexes may produce greater ROS and be less efficient at
generating energy.”> To compensate for reduced energy
production, dysfunction mitochondria may increase in
number and activity. Thus, in the context of dysfunctional
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mitochondria, an increase in mitochondrial activity may be
required to obtain near normal mitochondrial function. This
increase in mitochondrial activity results in greater ROS
production, especially in the context of mitochondrial dysfunc-
tion. Thus, the data presented in this study suggest that the
greater the mitochondrial activity the more favorable the
development (as well as a more oxidized microenvironment).
This is consistent with the idea that greater mitochondrial
function is associated with better development.

In contrast, the ASD/NoMD group demonstrated a more
overall unfavorable pattern of glutathione metabolism relative
to the ASD/MD children. The elevation in plasma GSSG
without a concomitant decrease in plasma fGSH suggests
that the children with ASD/NoMD are, in general, under higher
extrinsic or intrinsic oxidative stress. Although such sources of
oxidative stress may not be attributable to the mitochondria
per se, extrinsic toxins or intrinsic sources of ROS such as
inflammation are possible as are other possibilities noted
above such as oxidative shielding.*® It is also possible that this
effect is due to a lower number of children in the ASD/NoMD
group receiving particular vitamin supplementations that can
influence oxidative stress.

The biomarker of inflammation, plasma 3CT, demonstrated
some interesting differences between the two ASD groups.
Plasma 3CT correlated with age for the ASD/MD group but not
the ASD/NoMD group such that higher plasma 3CT concen-
trations were found in younger ASD/MD children, as
compared with ASD/NoMD children, whereas older children
with ASD/MD demonstrated plasma 3CT levels that were
more comparable to the children of similar age in the ASD/
NoMD group. The significance of this finding is not clear but
there are several known connections between inflammation
and mitochondrial dysfunction. Several reports have docu-
mented that inflammatory processes, especially involving
fever, that are triggered by illnesses or vaccines, can result in
neurodevelopmental regression, including regression into
ASD, in children with underlying MD,”® even if MD was not
diagnosed before the illness.” Inflammation and inflamma-
tory mediators can inhibit mitochondrial function®®~2 and
increased oxidative stress associated with inflammation may
cause further mitochondrial dysfunction,®*** potentially lead-
ing to long-term mitochondrial damage. The fact that the
younger children manifested higher levels of the inflammatory
marker suggests that inflammation could be a trigger that
initiated the mitochondrial dysfunction and damage. Over
time, the inflammation may resolve leaving the mitochondrial
in a damaged state. Further research will need to examine the
potential connection between mitochondrial dysfunction, MD
and inflammation with respect to the development of ASD.

The strength of this study is that it has utilized two clearly
differentiated groups of children with ASD. Unfortunately,
because children with MD are a minority of the ASD
population, the number of participants in this study was
limited. In addition, it is important to realize that the number of
ASD subgroups is probably more than the two that have been
defined and investigated in this study. Also, the sample
recruited for this study, for most cases, demonstrated
moderate ASD symptoms and moderate language delay, so
the spectrum of ASD investigated in this study may be limited.
Hopefully, future studies can capture larger populations of



children with ASD/MD and matched ASD controls to confirm
and clarify the findings of the current study and define
subgroups of children with ASD/MD and ASD/NoMD.
Because of the relatively limited number of children with
ASD/MD, a multicenter study will most likely be necessary. In
addition, as most children with MD are prescribed various
vitamin supplements, which might affect mitochondrial func-
tion and redox biomarkers, future studies may target ASD
children with newly diagnosed MD before starting these
supplements or have the study participants wash-out the
supplements for an extended period before measuring
biomarkers.

This study extends our understanding of the subgroup of
ASD children with MD and the variation of patterns of oxidative
stress abnormalities in the ASD population. Understanding
the complex interactions between redox homeostasis, inflam-
mation and mitochondrial dysfunction is essential in order to
gain a better understanding of the potentially most effective
treatments for metabolic abnormalities associated with ASD.
This is particularly important as evidence-based treatments
for ASD are limited. Currently, there is no Food and Drug
Administration-approved medical therapy that addresses
either core ASD symptoms or pathophysiological processes
associated with ASD. Pharmaceutical treatment that could
improve core ASD symptoms as well as treat physiological
abnormalities associated with ASD would provide a significant
advance in the medical treatment of ASD. Currently, many
treatments used for children with ASD, which address these
metabolic abnormalities, particularly oxidative stress and
mitochondrial dysfunction, have demonstrated efficacy in
preliminary studies.”®~"” Understanding which subgroups of
ASD children may respond to these specific treatments will
allow the development of targeted clinical treatments for ASD.
In addition, the recognition and development of biomarkers,
which identify ASD subgroups with specific pathophysiology,
could led to identifying young children and infants who are at
high risk for developing ASD during the presymptomatic
period so interventions can be implemented early, potentially
preventing the development of ASD.
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