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Abstract

Autism is an early-onset developmental disorder with a severe life-long impact on
behavior and social functioning that has associated metabolic abnormalities. The
urinary metabolic phenotypes of individuals (age range= 3 — 9 years old)
diagnosed with autism using the DSM-IV-TR criteria (n=39; male=35; female=4),
together with their non-autistic siblings (n=28; male=14; female=14) and age-
matched healthy volunteers (n=34, male=17; female=17) have been
characterized for the first time using 'H NMR spectroscopy and pattern
recognition methods. Novel findings associated with alterations in nicotinic acid
metabolism within autistic individuals showing increased urinary excretion of N-
methyl-4-pyridone-3-carboxamide, N-methyl nicotinic acid and N-methyl
nicotinamide, indicate a perturbation in tryptophan-nicotinic acid metabolic
pathway. Urinary patterns of the free amino acids glutamate, alanine, glycine and
taurine were significantly different between groups with the autistic children
showing higher levels of urinary alanine, glycine and taurine and a lower level of
urinary glutamate indicating perturbation in sulfur and amino acid metabolism in
these children. Additionally, metabolic phenotype (metabotype) differences were
observed between autistic and control children, which were associated with
perturbations of urinary mammalian-microbial co-metabolites including
dimethylamine, hippurate, phenyacetylglutamine and 4-cresol sulfate. These
biochemical changes are consistent with the known abnormalities of gut
microbiota found in autistic individuals and the associated gastrointestinal
dysfunction and may be of value in monitoring the success of therapeutic

interventions.
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Introduction
Autism spectrum disorders (ASD) represent a series of related highly complex
socio-psychological and neurodevelopmental problems with associated
metabolic and gastrointestinal abnormalities of poorly-defined etiology. ASD
typically develop during the first 3 years of life and are characterized by a myriad
of deficits in language/communication skills, social detachment as well as
repetitive and stereotypic behaviors."” 2 The etiopathology of ASD is muilti-
factorial and has been linked to genetic abnormalities® * and inborn errors of
metabolism but there are many postulated, largely ill-defined, triggers including
infectious agents and environmental toxins.® Autism has been shown to have
strong associations with various metabolic abnormalities, immunological function
and gastrointestinal disturbances, although their mechanistic significance is
unknown.>®

In addition to the panel of neurodevelopmental problems associated with
ASD, a range of gastrointestinal disorders have been reported and recent studies
have found that the condition is associated with abnormal gut microbiota.® There
is also the possibility of previously unrecognized etiologic connections between
microbiome disorder and childhood developmental problems, given the
importance of the microbiome in mammalian metabolism e.g. bile acid
metabolism.'® Individuals with ASD are commonly exposed to repeated courses
of multiple antibiotic therapies and this may contribute to the complex
relationships between gastrointestinal dysbiosis and ASD by altering the
composition or stability of their microbiota."’'® Abnormal sulfur metabolism has
also been shown to typify individuals with ASD.' Waring et al. showed that
individuals with autism have lower levels of plasma sulfate, but considerably
elevated levels of urinary sulfate, as compared to non autistic individuals. These
data suggest that autistic individuals may have impaired detoxification potential
involving sulfation, as evidenced by their inability to sulfate the widely used drug
acetaminophen.'

Over the years the prevalence of autism has increased from 4 in 10 000
children before 1980% ™ to 99 in 10000 in 2009 in the United Kingdom' and 53

ACS Paragon Plus Environment



OCoONOOOPR~WN =

Journal of Proteome Research

in 10 000 in 2006 in the United States'® alone, but this varies regionally and with
ethnicity, and also some geographically localized areas have much higher
incidences of ASD."” However, it is not clear whether the global increase is due
to higher prevalence of the disorder, and/or improved early detection/diagnosis.
Current diagnosis of ASD is subjective and depends on observations of a cluster
of behaviors and fulfilment of multiple criteria set out in the Diagnostic and
Statistical Manual of Mental Disorders 4th edition (DSM-IV-TR)'® by a trained
clinician. At present, there are no reliable biochemical- or genetic-screening tests
for the disorder and in some cases, particularly in late onset autism, childhood
development can switch from being normal to showing a delay in acquisition of
new skills, thus adding to the difficulty for diagnosing ASD. Thus, there is a
pressing need for new diagnostic tools for ASD that are both sensitive and
reliable, since early diagnosis can lead to timely interventions and optimized
clinical management.

Metabonomic approaches offer the possibility of measuring metabolic end
points (metabolic profiles) that are determined by host genetic and environmental
factors.'® ?° The application of high throughput metabolic profiling methods using
high resolution analytical platforms (nuclear magnetic resonance (NMR)
spectroscopy and/or mass spectrometry (MS)) with subsequent multivariate
statistical analyses now provides a well-established strategy for differential
metabolic pathway profiling and disease diagnosis.’®” 2°?? Here we apply a
metabolic profiling approach to capture the global biochemical signature of
autistic individuals using NMR spectroscopy with multivariate statistical modeling
to characterize individuals with autism, unaffected siblings and unrelated control
healthy comparison groups in population-based samples. The key differential
metabolic features of autism derived from the current study can subsequently be
evaluated as candidate diagnostic markers in further studies.

Methods

Sample Collection. The urine samples used in this study were obtained from
University of South Australia (autistic subjects, their siblings and unrelated
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healthy subjects; age range: 3-9 years old) and a second group of controls from
the Swiss Tropical Institute (comparable healthy subjects; age range: 3-9 years
old), and complied with Australian and Swiss local and national regulations on
ethics.

In order to address bias deriving from geographical location, urine samples from
the second group of controls were profiled together with the first group of
controls. The two control data sets were shown to be statistically
indistinguishable (data not shown). Each individual and their family gave
informed consent for the study to take place. Autistic participants were diagnosed
according to the DSM-IV-TR criteria for diagnosis of autism disorder or Asperger
sydrome.'® Only children diagnosed to be autistic are included in this study.
Sample Preparation. Urine samples were prepared by mixing 400 pl of urine
with 220 ul of a phosphate buffer (90% D>O, 1 mM 3-trimethylsilyl-1-[2,2,3,3-2H,]
propionate (TSP), and 3 mM sodium azide; pH 7.4) and left to stand for 10 min.
The samples were centrifuged at 11000 g for 10 min and 600 pl of the
supernatant for each sample was then transferred into 5 mm (outer diameter)
NMR tubes.

'H NMR Spectroscopy. Spectra were obtained on a Bruker Avance600
spectrometer (Bruker Biospin; Rheinstetten, Germany) at 600.13 MHz (ambient
probe temperature 27°C). A standard 1-dimensional (1D) pulse sequence was
used [recycle delay (RD)-90°-t;-90°-t,-90°%-acquire free induction decay (FID)].
The water signal was suppressed by irradiation during the RD of 2 s, the mixing
time (t,) of 150 ms. t; was set to 3 ys and the 90° pulse length was ~10 us. For
each sample, a total of 128 transients were accumulated into 32k data points
using a spectral width of 20 ppm. Prior to Fourier transformation, all FIDs were
multiplied by an exponential function equivalent to a line broadening of 0.3 Hz.
The assignment of the peaks to specific metabolites was based on 2-dimensional
(2D) 'H-'H correlation spectroscopy (COSY) and 'H-'H total correlation

23, 24

spectroscopy (TOCSY) NMR spectra, published literature, and statistical

total correlation spectroscopy (STOCSY).?
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Data Processing and Analysis. 'H NMR spectra of urine samples were
manually phased and baseline corrected using XwinNMR 3.5 (Bruker Biospin;
Rheinstetten, Germany). The 'H NMR spectra were referenced to the TSP
resonance at 6 0.0. Spectra were digitized using a MATLAB (version 7, The
Mathworks Inc.; Natwick, MA, USA) script developed in-house. The regions
containing the water and urea resonances (6 4.5 — 6.5) were removed from each
spectrum to eliminate baseline effects of imperfect water saturation. For each
spectrum, a recursive peak alignment algorithm®® was applied to minimize
spectral peak shifts due to residual pH differences within samples prior to
normalization to the total area sum of the residual spectrum and subsequent
pattern recognition analyses.

Principal components analysis (PCA) was applied to the unit variance
(UV)-scaled spectral data to reveal intrinsic autism-related patterns. Projection to
latent structure discriminant analysis (PLS-DA) with UV-scaled spectral data was
also carried out in order to improve classification of the different groups of
individuals as well as to optimize the identification of changes in urinary
metabolites that were unique to a particular group. Permutation testing (200
permutations of the class parameters) was performed on the PLS-DA models to
ensure statistical model validity. Inter-individual variation can confound data
interpretation, particularly in multivariate data of high dimensionality. Therefore,
orthogonal projection to latent structure discriminant analysis (O-PLS-DA)?’ was
also performed on UV-scaled spectral data to optimally model class differences
and to systematically identify metabolites contributing to the differences between
autistic, siblings and control groups by removing systematic variation in the
profiles that does not relate to autism, thereby enhancing the interpretability of
the models. Back scaling transformation of the O-PLS coefficients to the
covariance matrix was also used to increase the interpretability of the model.?®
Here, the colors projected onto the coefficient plot indicate the correlation of the
metabolites discriminating each class from the corresponding controls. Red
indicates a high correlation and blue denotes no correlation with sample class.
The direction and magnitude of the signals relate to the covariation of the
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metabolites with the classes in the model and the model predictive performance
(robustness) was evaluated using a 7-fold cross validation method as defined by

2 |n addition, the statistical

the Q® (goodness of prediction) parameter.
significance and validity of the O-PLS-DA results were calculated using a
permutation test (number of permutations = 10000).2* *° The significance of each
metabolite from the permutation test is interpreted using the covariance plot,
where the colors projected onto the spectrum indicate the significance of the
metabolites with blue indicating no significance difference at p > 0.05 confidence
levels and red indicating high significance difference at p < 0.0001; the direction
and magnitude of the signals relate to the covariation of the metabolites with the
classes in the model.

Calculation of ratios of selected urinary metabolites to creatinine. The
relative mean concentrations of a range of urinary metabolites such as 4-cresol
sulfate (6 2.35), creatine (6 3.93), glycine (6 3.56), hippurate (6 7.84), N-methyl
nicotinic acid (NMNA) (6 4.45), N-methyl nicotinamide (NMND) (& 4.48),
phenylacetylglutamine (PAG) (5 7.43), succinate (6 2.41) and taurine (5 3.43)
were calculated from the peak area of the designated NMR signals for the
metabolites listed above using a MATLAB script developed in-house to partially
overcome any concentration effects caused by different urine volumes. The
ratios of the peak areas of these selected metabolites to that of creatinine (6
4.04) were then calculated and a non-parametric 2-tailed Mann-Whitney test was
performed to calculate the significance level of class differences based on the

ratios between groups.

Results

Urinary 'H NMR spectroscopic profiles of the cohort. Urinary 600 MHz 'H
NMR median spectra of individuals from the 3 groups (Figure 1) contained peaks
from a wide range of low-molecular-weight metabolites of diverse chemical
classes (typically <1 kDa) from both mammalian and associated gut-microbial
metabolism. The urinary NMR spectra were dominated by dietary and microbial-
derived methylamines (dimethylamine (DMA), trimethylamine N-oxide (TMAOQ))
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and aromatic substances such as hippurate, phenylacetylglutamine (PAG) and 4-
cresol sulfate (4-cresol sulfate) (Figure 1). Additionally, mammalian metabolites
such as citrate, succinate, creatinine, lactate, a-hydroxyisobutyrate and amino
acids (particularly alanine, glutamine and glycine) were also apparent. Visually,
allowing for the inter-individual variability, the urinary spectra were very similar,
but the autistic individuals showed subtle differences in urinary succinate, N-
methyl nicotinic acid (NMNA) and N-methyl nicotinamide (NMND) compared to
the controls, as evidenced from the median spectra shown in Figure 1.
Multivariate statistical analysis of the NMR spectral data. To further explore
the metabolic differences between the three groups of participants, multivariate
statistical analyses were employed on the full resolution NMR data set consisting
of 34 controls, 28 siblings and 39 autistic urine samples to extract useful
metabolic information. PCA was carried out on UV-scaled data to identify any
inherent differences within the dataset. The resulting scores plot of PC1 versus
PC2 (Figure 2A) showed no clear differences between the three groups, nor did
examination of all pairs of lower PCs up to 3 PCs provide any discrimination
indicating that the major source of variation in the data was not related to autism,
but was rather dominated by inter-person variability. However, by utilizing group
information in PLS-DA analysis, systematic differences could be observed
between the three groups (Q% 15%; R® (goodness of fit): 65.7%). The
corresponding cross-validated PLS-DA scores plot (Figure 2B) showed clear
separation between autistic individuals and the controls and partial separation
between siblings and the controls. PLS-DA pair-wise comparison between
controls and siblings (Figure 2C; Q% 31.4%, R?: 86%), and between controls and
autistics (Figure 2D; Q% 33.5%, R? 72%) suggested a robust metabolic
difference between the classes in each pair-wise comparison (Figure 2C and D
respectively) on the first component.

To minimize any effects of non-relevant metabolite variability, pair-wise O-
PLS-DA analyses were carried out on the UV-scaled NMR data set to identify
urinary metabolites contributing to the differences between groups. Systematic

comparisons of the autistics and normal control groups using O-PLS-DA
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generated a model with a Q* of 15% and R? of 27.5%. The corresponding
coefficients plot (Figure 3) indicated differences in the urinary metabolic profile
between the two groups with the autistics showing relatively higher levels of
urinary acetate, DMA, N-acetyl glycoprotein fragments (NAG), glycine, succinate,
alanine, taurine, formate, inosine, NMNA, NMND and N-methyl-4-pyridone-3-
carboxamide (4PY), whilst the healthy controls showing higher levels of urinary
glutamate, hippurate, PAG, and 4-cresol sulfate. Comparison between siblings
and the controls, and between siblings and autistics, using O-PLS-DA, showed
no differences in the urinary metabolic profile (data not shown) and the model
generated was very weak (negative Q?). Permutation tests were carried out on
the pair-wise area-normalized NMR data to statistically validate the results
obtained from the O-PLS-DA analyses. Pair-wise comparison between the
controls and autistic individuals showed statistical significance at a p < 0.01
significance level (Figure 4) on all metabolites identified to be contributing to the
differences between controls and autistics in the O-PLS-DA analyses (Figure
3A). However, permutation tests carried out on the controls and siblings failed to
find statistical significance in the urinary metabolites (data not shown), which is
reflective of the weak Q® and R? values generated from the O-PLS-DA model.
Ratios of selected urinary metabolite concentrations against creatinine.
The areas of selected NMR peaks from a range of urinary metabolites
determined to be significantly different between groups via multivariate statistical
modeling, such as creatine, creatinine, glycine, hippurate, NMNA, NMND, PAG,
4-cresol sulfate, succinate and taurine were quantitated and ratios obtained
relative to that of the methylene peak of creatinine. The significance of the ratio
differences between all three sample classes were then determined as described
in the Methods section since the data were shown not to be normally distributed
(Figure 5). The results showed statistical significance at a 5% significance level
for both NMNA and NMND between autistic and control individuals. NMNA,
NMND and succinate were found to be significant between siblings and autistic
individuals in the pair-wise comparison (Figure 5).
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Discussion

The results of this study have shown significant differences in the metabolic
composition of urine between children with autism and unrelated non autistic
controls. Multivariate statistical analysis of the urinary NMR data indicated that
children with autism have lower levels of urinary hippurate and PAG, and higher
levels of urinary glycine and DMA. More importantly, this study showed that
children with autism demonstrate systematic metabolic differences as compared
to normal controls. Pattern recognition analyses indicated that the main
metabolic changes were in concentrations of mammalian-microbial co-
metabolites such as DMA, hippurate, PAG, and 4-cresol sulfate and in nicotinic
acid metabolism as evidenced by changes in the levels of 4PY, NMNA and
NMND. Additionally amino acids such as alanine and glycine, NAG, succinate,
taurine and glutamate were consistently altered in the ASD group.

Gut microbial/host co-metabolite differences. Changes in the levels of urinary
aromatic compounds such as hippurate and PAG suggested the involvement of
gut microflora in autism, since their precursors, benzoic acid, and phenylacetic
acid respectively, are produced by bacterial metabolism in the intestine.3'3*
Hippurate is predominantly formed by hepatic glycine conjugation of dietary and
gut microbial-derived benzoate, which is derived from plant phenolics.>® Here, the
decreased urinary levels of hippurate and increased glycine are suggestive of
either reduced glycine conjugation or reduced benzoic acid synthesis. Protein-
derived aromatic amino acids such as phenylalanine and tyrosine are also
catabolized by host gut microbiota to form PAG and 4-cresol sulfate.®’ ** Gut
microbiota have been shown to facilitate host energy recovery from dietary
sources by providing refined control mechanisms on energy recovery through
catabolism of otherwise poorly digestible nutrients e.g. resistant starch.®
Changes in the concentrations of urinary hippurate and PAG have been
previously linked to the effects of xenobiotics on the intestinal microbial
metabolism.*® Depletion of hippurate and PAG has been reported after ingestion
of antibiotics such as vancomycin'? and gentamicin.®” In addition, gastrointestinal

microbial analysis of fecal samples from children with late-onset autism has
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shown that autistic individuals have higher incidence of the Clostridium
histolyticum group of bacteria, as well as increased diversity of clostridial

.13 "and individuals with autism have been shown to have abnormalities

species
in hippurate excretion.®® Abnormalities of the gut microbiota including the
Clostridium sp. a group of bacteria with a wide range of species variation in host
hostility have also been noted in autistic children.'’ Many species of clostridia
can produce powerful neurotoxins, and these have been implicated in ASD with
certain clostridial species being found to be specific to autistic individuals (and
not present in non autistic children).” The fecal mircobiota of ASD individuals
have been found to contain higher numbers of the Clostridium histolyticum group
of bacteria in comparison with to healthy children. Their non-autistic siblings were
found to have intermediate levels of the same group of bacteria indicating that
the importance of gastrointestinal microbiota composition in ASD may be
influential in the development of the condition.”’ However, further metagenomic
studies on the fecal samples of these children will be required to confirm the
exact role of the gut microbiota species variation. The changes in urinary
mammalian-microbial co-metabolites, observed in the current study, highlight the
potential involvement of gut microbiota in autism and warrant further investigation

of the effect of gut microbe metabolites on early brain function development.

Endogenous biochemical differences in autism: In the present study, urinary
amino acids alanine and glycine, were found to be elevated in autistic individuals
as compared to the controls in the pattern recognition analyses. The increase in
urinary glycine in autistic individuals could be linked to a decrease in glycine
conjugation to benzoate in the liver to form hippurate, since autistic individuals
showed reduced levels of urinary hippurate in the current study. Alternatively,
several studies have shown that children with ASD often suffer from dysregulated
amino acid metabolism.?® *° In addition, Rolf et al. reported that platelet serotonin
was significantly increased and amino acids aspartate, glutamine, glutamate and
y-aminobutyrate were significantly decreased in autistic individuals compared to

the controls*' and Arnold et al. found significantly lower levels of glutamine in 12
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autistic children compared to age-matched controls.** The increase in urinary
NAG in the autistic group could indicate the involvement of autoimmunity in
autism since increased excretion of NAGs in serum and urine have been

associated with inflammatory conditions*® #4

and autoimmunity has been
implicated in autistic children.*®

4PY, NMNA and NMND, metabolites of nicotinic acid metabolism, were
found to be increased in individuals with autism, and were the group of
metabolites with the greatest discriminating power between autistics and age-
matched controls by the univariate analyses. The differences observed in these
metabolite concentrations cannot be explained simply by intake of exogenous
compounds since the samples used in the data analysis were pre-selected from
individuals, which reported not to have taken vitamin supplements. These
metabolites are end-products of nicotinamide metabolism, which is derived from
tryptophan. Nicotinamide is involved in the tryptophan-NAD pathway that
supplies pyridine nucleotides to the liver. Nicotinamide is metabolized to NMND
via nicotinamide N-methyltransferase and subsequently to N-methyl-2-pyridone-
3-carboxamide (2PY) and 4PY via the action of aldehyde oxidase.*® *’ Nicotinic
acid metabolism and high excretion of NMND has been implicated in Parkinson’s
disease.”®®® NMND has been shown to have N-methylated pyridines-like
dopaminergic toxicity.”’ NMND has also been demonstrated to destroy cerebral
complex 1 subunits®® and complex 1 deficiency plays a role in the pathogenesis
of Parkinson’s disease.”*>® The changes in urinary 4PY, NMNA and NMND
observed in the current study suggested possible perturbation of tryptophan-
nicotinic acid metabolism in autistic individuals. Sleep disorders are common in
autism and melatonin supplementation is used for treatment.®® Perturbation in
tryptophan-serotonin-melatonin pathways has been implicated in autism.>”

Tryptophan acts as a biochemical precursor for both melatonin and
nicotinic acid. The increases in the metabolites of nicotinic acid metabolism
would indicate an increase in tryptophan metabolism towards the formation of
nicotinic acid. This can be due to reduced enzyme activity converting tryptophan

to serotonin and subsequently to melatonin. The conversion of tryptophan to
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melatonin involves two enzymes, tryptophan hydroxylase and acetylserotonin
methyltransferase (ASMT).>® Autistic individuals have been shown to have
reduced ASMT enzyme activity.”® Therefore, a decrease in conversion of
tryptophan to melatonin could consequently lead to an increase in nicotinic acid
synthesis as reflected in this study. Melatonin was not observed in the current
study because of its expected low urinary concentration, below the limit of NMR
detection.

Autistic children are known to suffer from a decreased capacity for
methylation and vulnerability to oxidative stress.’” ®' James et al (2004)
measured plasma concentrations of methionine, S-adenosylmethione (SAM), S-
adenosylhomocysteine (SAH) and other sulfur-containing metabolites and found
that autistic children have significantly lower plasma concentration of methionine,
SAM (an important methyl donor), homocysteine and total glutathione relative to
control children.®® An increased demand for methylation of nicotinic acid to its N-
methylated acid and amide as observed in our study would exert further stress
on what is already a compromised methylation capacity in autistic children
leading to increased susceptibility to oxidative stress.

The increase in urinary taurine in the autistics could be indicative of
alteration in cysteine metabolism in autistic individuals. As noted above, oxidative
stress has been suggested to contribute to the development of autism.%%%®
Taurine plays an important role in cellular protection against free radical and
oxidative stress. Children with autism have been shown to have low plasma
levels of inorganic sulfate and sulfur oxidation deficiencies.' In a follow-up study,
Waring and Klovrza showed that urinary excretion of sulfate, sulfite and
thiosulfate were increased in autistic children further supporting perturbation in
sulfur metabolism.' They postulated that an increase in urinary sulfur indicated
dysfunction in specific sulfate transporters, NaSi and SAT-1."* These
transporters are involved in transporting sulfate across the apical and basolateral
membranes of the renal tubule cells thus playing an important role in maintaining
body supplies of sulfur and sulfate. The increase in urinary taurine observed in
this study is further evidence that these children may suffer from a defect in
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sulfate transporters and abnormal sulfur metabolism. Indeed it is known that
autistic children have an inability to sulfate phenolic compounds and drugs such
as acetaminophen,' which also implicates a fundamental problem with sulfur
dependent detoxification reactions. Reduced capacity to sulfate acetaminophen
has also recently been noted in normal humans with high predose 4-cresol
levels,®* which is a compound produced by selected clostridia, which are
themselves abnormal in autistic children.’ We have recently shown that even in
normal individuals high levels of gut microbially produced 4-cresol can
compromize sulfation of acetaminophen at therapeutic doses, and further that N-
acetyl cysteinyl and cysteinyl adducts of acetaminophen are lower in urines of
people with high levels of pre-dose 4-cresol sulfate.®* This suggests a
generalized depletion of sulfur metabolism (including the glutathione pathway)
and a consequent inability to detoxify reactive intermediates and this may have
long term significance in autistic patients. The possible connections between
abnormal microbial metabolic activity and abnormal sulfur metabolism in the host
and whether these have any etiologic or developmental significance are
intriguing possibilities but require further investigation in longitudinal
developmental studies.

Conclusions

This work has characterized a series of metabolic changes that are associated
with autism. The metabolic profiling approach applied indicated changes in gut
microbiota metabolism, amino acid metabolism and nicotinic acid metabolism in
autistic children. The excretion patterns of a panel of urinary metabolites viz
hippurate, NMNA, NMND and taurine were abnormal and these now need further
validation as potential biomarkers for autism. Also, whether the metabolic
differences are related to the causes of the condition or are a consequence of the
progression of the disease, remains to be determined in larger scale longitudinal
studies. Nevertheless, further investigation of the metabolic pathways giving rise
to these substances could provide new clues to the etiology of autism and give

rise to novel criteria for therapeutic interventions.

ACS Paragon Plus Environment 14

Page 14 of 28



Page 15 of 28 Journal of Proteome Research

Acknowledgement
We thank the Autism Research Group, Sansom Institute, Division of Health

OCoONOOOPR~WN =

Sciences, University of South Australia and the Swiss Tropical Institute for urine
11 sample provision. Cure Autism Now (CAN) provided the funding for collection of
12 the urine samples for metabonomic purposes in 2006/2007. We would also like
14 to acknowledge Lv Wang from University of South Australia for her contribution in
16 providing epidemiological data for this study. This work received financial support
18 from the International Study of Macro/micronutrients and Blood Pressure grant
19 (1-R01-HL084228-01A1) to I.K.S.Y.

ACS Paragon Plus Environment 15



OCoONOOOPR~WN =

Journal of Proteome Research

References

1. Angley, M.; Young, R.; Ellis, D.; Chan, W.; McKinnon, R., Children and
autism--Part 1--recognition and pharmacological management. Aust Fam
Physician 2007, 36, (9), 741-4.

2. Johnson, C. P.; Myers, S. M., Identification and evaluation of children with
autism spectrum disorders. Pediatrics 2007, 120, (5), 1183-215.

3. Morrow, E. M.; Yoo, S. Y.; Flavell, S. W.; Kim, T. K.; Lin, Y.; Hill, R. S.;
Mukaddes, N. M.; Balkhy, S.; Gascon, G.; Hashmi, A.; Al-Saad, S.; Ware, J.;
Joseph, R. M.; Greenblatt, R.; Gleason, D.; Ertelt, J. A.; Apse, K. A.; Bodell, A.;
Partlow, J. N.; Barry, B.; Yao, H.; Markianos, K.; Ferland, R. J.; Greenberg, M.
E.; Walsh, C. A., Identifying autism loci and genes by tracing recent shared
ancestry. Science 2008, 321, (5886), 218-23.

4. Wang, K.; Zhang, H.; Ma, D.; Bucan, M.; Glessner, J. T.; Abrahams, B. S.;
Salyakina, D.; Imielinski, M.; Bradfield, J. P.; Sleiman, P. M.; Kim, C. E.; Hou, C.;
Frackelton, E.; Chiavacci, R.; Takahashi, N.; Sakurai, T.; Rappaport, E.;
Lajonchere, C. M.; Munson, J.; Estes, A.; Korvatska, O.; Piven, J.; Sonnenblick,
L. I.; Alvarez Retuerto, A. I.; Herman, E. I.; Dong, H.; Hutman, T.; Sigman, M.;
Ozonoff, S.; Klin, A.; Owley, T.; Sweeney, J. A.; Brune, C. W.; Cantor, R. M,;
Bernier, R.; Gilbert, J. R.; Cuccaro, M. L.; McMahon, W. M.; Miller, J.; State, M.
W.; Wassink, T. H.; Coon, H.; Levy, S. E.; Schultz, R. T.; Nurnberger, J. |;
Haines, J. L.; Sutcliffe, J. S.; Cook, E. H.; Minshew, N. J.; Buxbaum, J. D.;
Dawson, G.; Grant, S. F.; Geschwind, D. H.; Pericak-Vance, M. A.; Schellenberg,
G. D.; Hakonarson, H., Common genetic variants on 5p14.1 associate with
autism spectrum disorders. Nature 2009, 459, (7246), 528-33.

5. Kidd, P. M., Autism, an extreme challenge to integrative medicine. Part: 1:
The knowledge base. Altern Med Rev 2002, 7, (4), 292-316.

6. Ashwood, P.; Anthony, A.; Pellicer, A. A.; Torrente, F.; Walker-Smith, J.
A.; Wakefield, A. J., Intestinal lymphocyte populations in children with regressive
autism: evidence for extensive mucosal immunopathology. J Clin Immunol 2003,
23, (6), 504-17.

7. Chugani, D. C.; Sundram, B. S.; Behen, M.; Lee, M. L.; Moore, G. J.,
Evidence of altered energy metabolism in autistic children. Prog
Neuropsychopharmacol Biol Psychiatry 1999, 23, (4), 635-41.

8. Levy, S. E.; Souders, M. C.; Ittenbach, R. F.; Giarelli, E.; Mulberg, A. E.;
Pinto-Martin, J. A., Relationship of dietary intake to gastrointestinal symptoms in
children with autistic spectrum disorders. Biol Psychiatry 2007, 61, (4), 492-7.

9. Bolte, E. R., Autism and Clostridium tetani. Med Hypotheses 1998, 51, (2),
133-44.

10. Martin, F. P.; Wang, Y.; Sprenger, N.; Yap, I. K.; Lundstedt, T.; Lek, P.;
Rezzi, S.; Ramadan, Z.; van Bladeren, P.; Fay, L. B.; Kochhar, S.; Lindon, J. C;
Holmes, E.; Nicholson, J. K., Probiotic modulation of symbiotic gut microbial-host
metabolic interactions in a humanized microbiome mouse model. Mol Syst Biol
2008, 4, 157.

ACS Paragon Plus Environment 16

Page 16 of 28



Page 17 of 28

OCoONOOOPR~WN =

Journal of Proteome Research

11. Parracho, H. M.; Bingham, M. O.; Gibson, G. R.; McCartney, A. L.,
Differences between the gut microflora of children with autistic spectrum
disorders and that of healthy children. J Med Microbiol 2005, 54, (Pt 10), 987-91.
12. Yap, I. K;; Li, J. V.; Saric, J.; Martin, F. P.; Davies, H.; Wang, Y.; Wilson, .
D.; Nicholson, J. K.; Utzinger, J.; Marchesi, J. R.; Holmes, E., Metabonomic and
microbiological analysis of the dynamic effect of vancomycin-induced gut
microbiota modification in the mouse. J Proteome Res 2008, 7, (9), 3718-28.

13.  Finegold, S. M.; Molitoris, D.; Song, Y.; Liu, C.; Vaisanen, M. L.; Bolte, E.;
McTeague, M.; Sandler, R.; Wexler, H.; Marlowe, E. M.; Collins, M. D.; Lawson,
P. A.; Summanen, P.; Baysallar, M.; Tomzynski, T. J.; Read, E.; Johnson, E;
Rolfe, R.; Nasir, P.; Shah, H.; Haake, D. A.; Manning, P.; Kaul, A,
Gastrointestinal microflora studies in late-onset autism. Clin Infect Dis 2002, 35,
(Suppl 1), S6-S16.

14.  Ryaskin, O. T., Trends in autism research. Nova Biomedical Books: New
York, 2004; p xi, 236 p.

15. Baron-Cohen, S.; Scott, F. J.; Allison, C.; Williams, J.; Bolton, P.;
Matthews, F. E.; Brayne, C., Prevalence of autism-spectrum conditions: UK
school-based population study. Br J Psychiatry 2009, 194, (6), 500-9.

16.  Gurney, J. G.; McPheeters, M. L.; Davis, M. M., Parental report of health
conditions and health care use among children with and without autism: National
Survey of Children's Health. Arch Pediatr Adolesc Med 2006, 160, (8), 825-30.
17.  Dyches, T. T.; Wilder, L. K.; Sudweeks, R. R.; Obiakor, F. E.; Algozzine,
B., Multicultural issues in autism. J Autism Dev Disord 2004, 34, (2), 211-22.

18.  American Psychiatric Association.; American Psychiatric Association.
Task Force on DSM-IV., Diagnostic and statistical manual of mental disorders :
DSM-1V-TR. 4th ed.; American Psychiatric Association: Washington, DC, 2000; p
Xxxvii, 943 p.

19.  Nicholson, J. K.; Connelly, J.; Lindon, J. C.; Holmes, E., Metabonomics: a
platform for studying drug toxicity and gene function. Nat Rev Drug Discov 2002,
1, (2), 153-61.

20. Nicholson, J. K.; Lindon, J. C.; Holmes, E., 'Metabonomics': understanding
the metabolic responses of living systems to pathophysiological stimuli via
multivariate statistical analysis of biological NMR spectroscopic data. Xenobiotica
1999, 29, (11), 1181-9.

21.  Skordi, E.; Yap, I. K.; Claus, S. P.; Martin, F. P.; Cloarec, O.; Lindberg, J.;
Schuppe-Koistinen, |.; Holmes, E.; Nicholson, J. K., Analysis of time-related
metabolic fluctuations induced by ethionine in the rat. J Proteome Res 2007, 6,
(12), 4572-81.

22. Yap, I. K; Clayton, T. A.; Tang, H.; Everett, J. R.; Hanton, G.; Provost, J.
P.; Le Net, J. L.; Charuel, C.; Lindon, J. C.; Nicholson, J. K., An integrated
metabonomic approach to describe temporal metabolic disregulation induced in
the rat by the model hepatotoxin allyl formate. J Proteome Res 2006, 5, (10),
2675-84.

23. Fan, T. W. M., Metabolite profiling by one- and two-dimensional NMR
analysis of complex mixtures. Progress in Nuclear Magnetic Resonance
Spectroscopy 1996, 28, (2), 161-219.

ACS Paragon Plus Environment 17



OCoONOOOPR~WN =

Journal of Proteome Research

24.  Nicholson, J. K.; Foxall, P. J.; Spraul, M.; Farrant, R. D.; Lindon, J. C., 750
MHz 1H and 1H-13C NMR spectroscopy of human blood plasma. Anal Chem
1995, 67, (5), 793-811.

25. Cloarec, O.; Dumas, M. E.; Craig, A.; Barton, R. H.; Trygg, J.; Hudson, J.;
Blancher, C.; Gauguier, D.; Lindon, J. C.; Holmes, E.; Nicholson, J., Statistical
total correlation spectroscopy: an exploratory approach for latent biomarker
identification from metabolic 1H NMR data sets. Anal Chem 2005, 77, (5), 1282-
9.

26. Veselkov, K. A.; Lindon, J. C.; Ebbels, T. M.; Crockford, D.; Volynkin, V.
V.; Holmes, E.; Davies, D. B.; Nicholson, J. K., Recursive segment-wise peak
alignment of biological (1)h NMR spectra for improved metabolic biomarker
recovery. Anal Chem 2009, 81, (1), 56-66.

27. Trygg, J.; Wold, S., Orthogonal projections to latent structures (O-PLS).
Journal of Chemometrics 2002, 16, (3), 119-128.

28. Cloarec, O.; Dumas, M. E.; Trygg, J.; Craig, A.; Barton, R. H.; Lindon, J.
C.; Nicholson, J. K.; Holmes, E., Evaluation of the orthogonal projection on latent
structure model limitations caused by chemical shift variability and improved
visualization of biomarker changes in 1H NMR spectroscopic metabonomic
studies. Anal Chem 2005, 77, (2), 517-26.

29. Fisher, R. A., The design of experiments. Oliver and Boyde: Edinburgh,
London, 1935; p xi, 252 p.

30. Pitman, E. J. G., Significance tests which may be applied to samples from
any populations. lll. The analysis of variance test. Biometrika 1938, 29, (3-4),
322-335.

31. Diaz, E.; Ferrandez, A.; Prieto, M. A.; Garcia, J. L., Biodegradation of
aromatic compounds by Escherichia coli. Microbiol Mol Biol Rev 2001, 65, (4),
523-69, table of contents.

32. Nicholson, J. K.; Holmes, E.; Wilson, I. D., Gut microorganisms,
mammalian metabolism and personalized health care. Nat Rev Microbiol 2005,
3, (5), 431-8.

33. Schwab, A. J.; Tao, L.; Yoshimura, T.; Simard, A.; Barker, F.; Pang, K. S.,
Hepatic uptake and metabolism of benzoate: a multiple indicator dilution,
perfused rat liver study. Am J Physiol Gastrointest Liver Physiol 2001, 280, (6),
G1124-36.

34. Selmer, T.; Andrei, P. I., p-Hydroxyphenylacetate decarboxylase from
Clostridium difficile. A novel glycyl radical enzyme catalysing the formation of p-
cresol. Eur J Biochem 2001, 268, (5), 1363-72.

35. Backhed, F.; Ding, H.; Wang, T.; Hooper, L. V.; Koh, G. Y.; Nagy, A.;
Semenkovich, C. F.; Gordon, J. |., The gut microbiota as an environmental factor
that regulates fat storage. Proc Natl Acad Sci U S A 2004, 101, (44), 15718-23.
36. Nicholls, A. W.; Mortishire-Smith, R. J.; Nicholson, J. K., NMR
spectroscopic-based metabonomic studies of urinary metabolite variation in
acclimatizing germ-free rats. Chem Res Toxicol 2003, 16, (11), 1395-404.

37. Lenz, E. M.; Bright, J.; Knight, R.; Westwood, F. R.; Davies, D.; Major, H.;
Wilson, |. D., Metabonomics with 1H-NMR spectroscopy and liquid
chromatography-mass spectrometry applied to the investigation of metabolic

ACS Paragon Plus Environment 18

Page 18 of 28



Page 19 of 28

OCoONOOOPR~WN =

Journal of Proteome Research

changes caused by gentamicin-induced nephrotoxicity in the rat. Biomarkers
2005, 10, (2-3), 173-87.

38. Lis, A. W.; McLaughlin, I.; Mpclaughlin, R. K.; Lis, E. W.; Stubbs, E. G.,
Profiles of ultraviolet-absorbing components of urine from autistic children, as
obtained by high-resolution ion-exchange chromatography. Clin Chem 1976, 22,
(9), 1528-32.

39. Aldred, S.; Moore, K. M.; Fitzgerald, M.; Waring, R. H., Plasma amino acid
levels in children with autism and their families. J Autism Dev Disord 2003, 33,
(1), 93-7.

40. Evans, C.; Dunstan, R. H.; Rothkirch, T.; Roberts, T. K.; Reichelt, K. L.;
Cosford, R.; Deed, G.; Ellis, L. B.; Sparkes, D. L., Altered amino acid excretion in
children with autism. Nutr Neurosci 2008, 11, (1), 9-17.

41. Rolf, L. H.; Haarmann, F. Y.; Grotemeyer, K. H.; Kehrer, H., Serotonin and
amino acid content in platelets of autistic children. Acta Psychiatr Scand 1993,
87, (5), 312-6.

42.  Amold, G. L.; Hyman, S. L.; Mooney, R. A.; Kirby, R. S., Plasma amino
acids profiles in children with autism: potential risk of nutritional deficiencies. J
Autism Dev Disord 2003, 33, (4), 449-54.

43. Stadnyk, A.; Gauldie, J., The acute phase protein response during
parasitic infection. Immunol Today 1991, 12, (3), A7-12.

44. Montgomerie, J. Z.; Holshuh, H. J.; Keyser, A. J.; Bennett, C. J.; Schick,
D. G., 28 K in squamous metaplasia of the bladder in patients with spinal cord
injury. Paraplegia 1993, 31, (2), 105-10.

45. Mostafa, G. A.; EI-Sayed, Z. A.; El-Aziz, M. M.; El-Sayed, M. F., Serum
anti-myelin-associated glycoprotein antibodies in Egyptian autistic children. J
Child Neurol 2008, 23, (12), 1413-8.

46. Wolf, H., The effect of hormones and vitamin B6 on urinary excretion of
metabolites of the kynurenine pathway. Scand J Clin Lab Invest 1974, 136, 1-
186.

47. Ringeissen, S.; Connor, S. C.; Brown, H. R.; Sweatman, B. C.; Hodson,
M. P.; Kenny, S. P.; Haworth, R. I.; McGill, P.; Price, M. A.; Aylott, M. C.; Nunez,
D. J.; Haselden, J. N.; Waterfield, C. J., Potential urinary and plasma biomarkers
of peroxisome proliferation in the rat: identification of N-methylnicotinamide and
N-methyl-4-pyridone-3-carboxamide by 1H nuclear magnetic resonance and high
performance liquid chromatography. Biomarkers 2003, 8, (3-4), 240-71.

48. Willets, J. M.; Lunec, J.; Williams, A. C.; Griffiths, H. R., Neurotoxicity of
nicotinamide derivatives: their role in the aetiology of Parkinson's disease.
Biochem Soc Trans 1993, 21 ( Pt 3), (3), 299S.

49. Wiliams, A.; Sturman, S.; Steventon, G.; Waring, R., Metabolic
biomarkers of Parkinson's disease. Acta Neurol Scand Supp/ 1991, 136, 19-23.
50. Williams, A. C.; Pall, H. S.; Steventon, G. B.; Green, S.; Buttrum, S.;
Molloy, H.; Waring, R. H., N-methylation of pyridines and Parkinson's disease.
Adv Neurol 1993, 60, 194-6.

51.  Fukushima, T.; Kaetsu, A.; Lim, H.; Moriyama, M., Possible role of 1-
methylnicotinamide in the pathogenesis of Parkinson's disease. Exp Toxicol
Pathol 2002, 53, (6), 469-73.

ACS Paragon Plus Environment 19



OCoONOOOPR~WN =

Journal of Proteome Research

52. Fukushima, T.; Tawara, T.; Isobe, A.; Hojo, N.; Shiwaku, K.; Yamane, Y.,
Radical formation site of cerebral complex | and Parkinson's disease. J Neurosci
Res 1995, 42, (3), 385-90.

53.  Mizuno, Y.; Ohta, S.; Tanaka, M.; Takamiya, S.; Suzuki, K.; Sato, T.; Oya,
H.; Ozawa, T.; Kagawa, Y., Deficiencies in complex | subunits of the respiratory
chain in Parkinson's disease. Biochem Biophys Res Commun 1989, 163, (3),
1450-5.

54. Parker, W. D., Jr.; Boyson, S. J.; Parks, J. K., Abnormalities of the
electron transport chain in idiopathic Parkinson's disease. Ann Neurol 1989, 26,
(6), 719-23.

55.  Schapira, A. H.; Mann, V. M.; Cooper, J. M.; Dexter, D.; Daniel, S. E.;
Jenner, P.; Clark, J. B.; Marsden, C. D., Anatomic and disease specificity of
NADH CoQ1 reductase (complex |) deficiency in Parkinson's disease. J
Neurochem 1990, 55, (6), 2142-5.

56. Paavonen, E. J.; Nieminen-von Wendt, T.; Vanhala, R.; Aronen, E. T.; von
Wendt, L., Effectiveness of melatonin in the treatment of sleep disturbances in
children with Asperger disorder. J Child Adolesc Psychopharmacol 2003, 13, (1),
83-95.

57. Hanley, H. G.; Stahl, S. M.; Freedman, D. X., Hyperserotonemia and
amine metabolites in autistic and retarded children. Arch Gen Psychiatry 1977,
34, (5), 521-31.

58. Hoshino, Y.; Yamamoto, T.; Kaneko, M.; Tachibana, R.; Watanabe, M.;
Ono, Y.; Kumashiro, H., Blood serotonin and free tryptophan concentration in
autistic children. Neuropsychobiology 1984, 11, (1), 22-7.

59. Melke, J.; Goubran Botros, H.; Chaste, P.; Betancur, C.; Nygren, G.;
Anckarsater, H.; Rastam, M.; Stahlberg, O.; Gillberg, I. C.; Delorme, R.;
Chabane, N.; Mouren-Simeoni, M. C.; Fauchereau, F.; Durand, C. M.; Chevalier,
F.; Drouot, X.; Collet, C.; Launay, J. M.; Leboyer, M.; Gillberg, C.; Bourgeron, T.,
Abnormal melatonin synthesis in autism spectrum disorders. Mol Psychiatry
2008, 13, (1), 90-8.

60. James, S. J.; Cutler, P.; Melnyk, S.; Jernigan, S.; Janak, L.; Gaylor, D. W.;
Neubrander, J. A., Metabolic biomarkers of increased oxidative stress and
impaired methylation capacity in children with autism. Am J Clin Nutr 2004, 80,
(6), 1611-7.

61. James, S. J.; Melnyk, S.; Jernigan, S.; Hubanks, A.; Rose, S.; Gaylor, D.
W., Abnormal transmethylation/transsulfuration metabolism and DNA
hypomethylation among parents of children with autism. J Autism Dev Disord
2008, 38, (10), 1966-75.

62. Chauhan, A.; Chauhan, V., Oxidative stress in autism. Pathophysiology
2006, 13, (3), 171-81.

63. James, S. J.; Melnyk, S.; Jernigan, S.; Cleves, M. A.; Halsted, C. H.;
Wong, D. H.; Cutler, P.; Bock, K.; Boris, M.; Bradstreet, J. J.; Baker, S. M,;
Gaylor, D. W., Metabolic endophenotype and related genotypes are associated
with oxidative stress in children with autism. Am J Med Genet B Neuropsychiatr
Genet 2006, 141B, (8), 947-56.

ACS Paragon Plus Environment 20

Page 20 of 28



Page 21 of 28 Journal of Proteome Research

64. Clayton, T. A.; Baker, D.; Lindon, J. C.; Everett, J. R.; Nicholson, J. K.,
Pharmacometabonomic identification of a significant host-microbiome metabolic
interaction affecting human drug metabolism. Proc Natl Acad Sci U S A 2009,
106, (34), 14728-33.

OCoONOOOPR~WN =

ACS Paragon Plus Environment 21



OCoONOOOPR~WN =

Journal of Proteome Research

Figure legends

Figure 1. (A) Median 600 MHz 'H NMR spectra of urine from the groups of
control, sibling and autistic individuals. The spectral region of nicotinic acid
derivatives (6 8.6-9.5) is shown in the inset.

Key: 4PY*, tentatively assigned as N-methyl-4-pyridone-3-carboxamide; DMA,
dimethylamine; DMG, dimethylglycine; NMNA, N-methyl nicotinic acid; NMND, N-
methyl nicotinamide; TMA, trimethylamine; TMAO, trimethylamine N-oxide; PAG,
phenylacetylglutamine; PCS, 4-cresol sulfate;

Figure 2. (A) PCA scores plot of the first 2 components from the normalized UV-
scaled NMR data and (B) the corresponding PLS-DA cross-validated scores plot
for all three group. PLS-DA cross-validated scores plot of pairwise comparison
between (C) controls versus siblings and (D) controls versus autistics.

Figure 3. O-PLS-DA coefficients plot showing differences in urinary profiles
between controls and autistics.

Figure 4. Covariance plot showing the significance of the urinary profiles
calculated using permutation test between control and autistics.

Figure 5. The ratio of selected urinary metabolites to that of urinary creatinine
across the 3 groups.

Key: *, ***, indicates a significant difference at p < 0.05, 0.001 confidence levels

respectively.
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Multivariate analysis and metabolite selection
Autism is an early-onset developmental disorder with complex
neurodevelopmental and socio-psychological problems associated with

metabolic abnormalities. A suite of metabolic changes that are associated with

autism were characterized using NMR-based metabonomic and show systematic

differences in the urinary composition of autistic children with respect to their

non-symptomatic siblings and age matched controls.

Several

metabolic

pathways were shown to be affected by autism in this study, which opens new

directions for validation of potential biomarkers.
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