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Autism Spectrum Disorder (ASD or autism) is a phenotypically and etiologically
heterogeneous condition. I[dentifying biomarkers of clinically significant metabolic
subtypes of autism could improve understanding of its underlying pathophysiology
and potentially lead to more targeted interventions. We hypothesized that the
application of metabolite-based biomarker techniques using decision thresholds
derived from quantitative measurements could identify autism-associated
subpopulations. Metabolomic profiling was carried out in a case—control study
of 499 autistic and 209 typically developing (TYP) children, ages 18—-48 months,
enrolled in the Children’'s Autism Metabolome Project (CAMP; ClinicalTrials.
gov ldentifier: NCT02548442). Fifty-four metabolites, associated with amino
acid, organic acid, acylcarnitine and purine metabolism as well as microbiome-
associated metabolites, were quantified using liquid chromatography-tandem
mass spectrometry. Using quantitative thresholds, the concentrations of 4
metabolites and 149 ratios of metabolites were identified as biomarkers, each
identifying subpopulations of 4.5-11% of the CAMP autistic population. A subset
of 42 biomarkers could identify CAMP autistic individuals with 72% sensitivity and
90% specificity. Many participants were identified by several metabolic biomarkers.
Using hierarchical clustering, 30 clusters of biomarkers were created based on
participants’ biomarker profiles. Metabolic changes associated with the clusters
suggest that altered regulation of cellular metabolism, especially of mitochondrial
bioenergetics, were common metabolic phenotypes in this cohort of autistic
participants. Autism severity and cognitive and developmental impairment were
associated with increased lactate, many lactate containing ratios, and the number
of biomarker clusters a participant displayed. These studies provide evidence that
metabolic phenotyping is feasible and that defined autistic subgroups can lead
to enhanced understanding of the underlying pathophysiology and potentially
suggest pathways for targeted metabolic treatments.
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1. Introduction

Autism Spectrum Disorder, a condition with marked etiological
and clinical heterogeneity, has a prevalence of over 2% in the
United States and is associated with considerable personal, family, and
societal challenges (1-4). As autism remains a behaviorally defined
condition, there have been extensive efforts to understand its
underlying cellular and molecular bases and to discover clinically
useful biomarkers (1, 2). There have been multiple efforts to stratify
autism using molecular and behavioral-based endpoints (5-7).
Identifying biochemical subtypes may provide a path to stratification
that can lead to earlier diagnosis and more effective treatments (5,
6,8-10).

A range of biomarker modalities for the screening of autism have
been investigated including genomic, transcriptomic, proteomic,
neuroimaging, EEG, eye tracking and metabolic markers (11-14).
There has been substantial interest in exploring metabolic
underpinnings of autism from the dual perspectives of yielding
pathophysiologic insights and in discovering biomarkers for more
precise treatment. Previous studies have reported many potential
metabolic alterations to be associated with autism (15-21). However,
few of the biomarkers have been replicated (14). It is likely that the
lack of generalizability for the majority of autism-related biomarkers
is due to small sample sizes, autism heterogeneity, and other study
design issues (14, 22-24). We conducted the multicenter Children’s
Autism Metabolome Project (CAMP, ClinicalTrials.gov Identifier:
NCT02548442) to recruit a large number of children, ages
18-48 months, and used metabolomics-specific protocols to identify
biomarkers and metabolic phenotypes associated with autism.

Metabolic phenotypes are biochemical signatures that reflect an
individual’s unique metabolism and result from the interplay of one’s
genetic background, environment, microbiome, co-occurring
conditions, and diet (25). Due to the clinical and etiological
heterogeneity of autism, distinct metabolic subpopulations of autism
will likely have low prevalence. Therefore, metabolic tests based on
biomarkers that identify autism-associated metabolic subpopulations
will require sensitivities that detect low prevalence metabolic
phenotypes, have high specificities to distinguish the phenotype and,
ideally, provide new or support existing biological insights.

The current study further explores the hypothesis that the
application of metabolite-based biomarker techniques using decision
thresholds derived from quantitative measurements can identify
metabolic subpopulations of autistic individuals (6, 9, 10). Our earlier
metabolic phenotyping work provides support for this vision (16, 26).
We now extend that work by evaluating additional metabolites and
ratios of metabolites, especially ones related to the microbiome and
cellular bioenergetics. The evaluation of these metabolites and ratios
uncovered biologically plausible biomarkers that expand upon the
biochemical processes associated with the pathophysiology of autism.

2. Materials and methods

2.1. Children’s autism metabolome project
participants

The Children’s Autism Metabolome Project (CAMP,
ClinicalTrials.gov Identifier: NCT02548442) study enrolled 1,102
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children, ages 18-48 months, across 8 clinical sites from August,
2015 through January, 2018. We selected this age range because a
consensus has emerged that a professional diagnosis of autism can
be carried out accurately as early at 18 months of age. The centers
included: The Children’s Hospital of Philadelphia; Cincinnati
Children’s Hospital; The Lurie Center at Massachusetts General
Hospital; The Melmed Center; The MIND Institute, University of
California - Davis; Nationwide Children’s Hospital; The University
of Arkansas for Medical Sciences; and Vanderbilt University
Medical Center. Written informed consent from a parent or legal
guardian was obtained and monetary compensation was provided
to each participant. The study protocol was approved and
monitored by Institutional Review Boards at each of the
clinical centers.

2.1.1. Participant clinical and parental
assessments
Each participant underwent physical and neurological
examinations and behavioral testing performed by clinicians. Parental
interviews and medical records were used to obtain each participant’s
age, race, medications, and dietary information, as well as prenatal,

perinatal, medical, and developmental histories.

2.1.2. Behavioral testing and diagnosis

The Autism Diagnostic Observation Schedule-Second Version
(ADOS-2) assessment (27) was performed by research reliable
clinicians on CAMP participants enrolled with a suspected diagnosis
of autism. CAMP participants were classified as autistic if the
ADOS-2 Module-1 or Module-2 Comparison Score (CS) was greater
than 3 or an ADOS-2 Toddler Module Range of Concern was
designated Mid-to-moderate or Moderate-to-severe. ADOS-2
comparison severity scores (CSS) were calculated for the Social
Affect (SA) and Restrictive, Repetitive Behavior (RBB) scores for
participants administered Module-1 or Module-2 (28). CSS scores
were not calculated for participants administered the Toddler
Module due to missing language ability information required to
calculate the CSS (29). The Mullen Scales of Early Learning (MSEL)
(30) was administered to all children enrolled in CAMP and used to
derive a developmental quotient (DQ) based on the composite
standard score. CAMP participants were considered typically
developing (TYP) if the MSEL DQ was greater than 70 and the
participant did not receive a diagnosis of developmental delay or
autism. Only subjects with a confirmed diagnosis of ASD or TYP
were included in this study.

2.1.3. Exclusion criteria

Enrollment was limited to one child per household to minimize
genetic or family environmental effects. Children participating in
other clinical studies could not have used any investigational agent
within 30days of participation. Children were excluded from the
study if they were previously diagnosed with a genetic condition such
as Fragile X syndrome, Rett syndrome, Down syndrome, tuberous
sclerosis, or inborn errors of metabolism. Participants with fetal
alcohol syndrome, serious neurological disorders, metabolic,
psychiatric, cardiovascular, or endocrine system disorders were also
excluded. Participants exhibiting acute signs of illness within 2 weeks
of enrollment such as vomiting, diarrhea, fever, cough, or ear infection
were rescheduled.
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2.2. Phlebotomy and preanalytical
specimen handling procedures

Blood was collected from participants who had not eaten for at
least 12h by venipuncture into 6 mL sodium heparin tubes placed on
wet ice (16, 26). Plasma was obtained after centrifugation (1,200 g for
10 min at room temperature) and stored at —80°C within 60 min of
the blood draw. Hemolysis of samples was measured using
spectrophotometry of the plasma (31). Plasma from hemolyzed
samples with hemoglobin >600mg/dL were excluded from
metabolomics analyses and concentration values for xanthine, uric
acid, or hypoxanthine were omitted when hemoglobin exceeded
300mg/dL (26).

2.3. Quantitative liquid chromatography—
tandem mass spectrometry analysis

Three quantitative LC-MS/MS methods measuring 54 small
molecule metabolites were performed in a CLIA-certified laboratory.
The methods were analytically validated in compliance with FDA and
CLSI guidance for bioanalytical method validation (32, 33).
Quantification of analytes was performed using an Agilent Technologies
G6490 triple quadrupole mass spectrometer. Detailed information
about the sample preparation, detection, and quantification of
metabolites can be found in the Supplemental Data Sheet. Analyte
measurements below the lower limit of quantification (LLOQ) or above
the upper limit of quantification (ULOQ) values were replaced with
90% of the LLOQ or 110% of the ULOQ value.

2.4. Metabolomics participant sample set

CAMP enrolled 1,102 participants and 916 met the inclusion and
exclusion criteria described above (Supplementary Figure 1). Of these,
608 received a diagnosis of autism and 214 were considered TYP. The
participant sample set was established after removing 32 autistic and
4 TYP samples that were hemolyzed, 77 autistic and 1 TYP
participants’ samples that failed LC-MS/MS acquisitions, and 94
participants with developmental delay (DD) without autism. The final
sample set contained 708 participant samples from 499 autistic and
209 TYP children.

2.5. Metabolomic data analysis

We measured the concentrations of 54 metabolites and also
evaluated the ratios of these metabolites (Supplementary Table 1).
Metabolite ratio analysis can detect changes or reveal biological
processes that may not be discerned by individual metabolites (34).
For example, the concentrations of metabolites in a metabolic reaction
sequence that has a minimal, but physiologically relevant, alteration
of function of an enzyme or transporter may not show apparent
alterations of the metabolites of that pathway. However, if the
concentration of a metabolite that is distal to the metabolic reaction
is expressed as a ratio to a metabolite that is proximal to the metabolic
reaction, that ratio may reveal a change in that pathway that could
otherwise go undetected. In addition, ratios of the concentration of
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metabolites can provide a normalization effect that reduces variation
due to unrelated biological or analytical sources leading to higher
specificity in diagnostic analyses (34). Clinical applications of
metabolite ratio analysis include use in newborn screening for some
inherited disorders of amino acid and organic acid metabolism and of
mitochondrial fatty acid beta-oxidation (35, 36). Because of the
benefits of ratio analysis, metabolite ratios are also utilized in
association analyses with genetic variants and phenotypes to identify
the metabolic underpinnings of more complex, multifactorial
biological processes (37-39).

The metabolite ratios were generated from all unique
combinations of the metabolites except 3-carboxy-4-methyl-5-propyl-
2-furanpropanoic acid (CMPF), 4-ethylphenylsulfate (4-EPS) and
dodecanedioic acid where 90% of the measurements were below the
LLOQ. To create uniform visualization of metabolite ratios, the
numerator and denominator were selected to yield a ratio with values
that are greater than the biomarker threshold (see Biomarker
Analysis). The concentrations of each metabolite or ratio of
metabolites values were log base 2 transformed to reduce skewness
and standardized (p=0, c=1) by subtracting the mean and dividing
by the standard deviation prior to analyses. Participants’ metabolite
measurements with missing data were omitted from analysis reducing
the number of samples analyzed for a test statistic or imputed with the
median value when missing values are not allowed by a test statistic.
Analyses were conducted using R version 4.1.0 (40).

2.6. Biomarker analysis

Receiver operator curve (ROC) analysis was used to select a
biomarker value threshold (Figure 1) that maximized the percentage
of autistic participants at a sensitivity above 4.5% when exceeded (26).
The performance metrics were estimated using 4-fold cross-validation,
repeated 50 times, stratified by participant sex, age, and diagnosis. This
method of cross-validation trains and tests a model four times using
independent sample sets, based on a training set of 75% and a test set
of 25% of the samples, with model performance assessed as the
average test set performance across repeats. Metabolites and ratios of
metabolites were considered an autism-associated biomarker if the
average performance had a sensitivity of at least 4.5% (indicating a
subpopulation of at least 4.5% of the autism study participants that
were biomarker-positive) and the proportion of the biomarker-
positive (PMP) population of at least 90% autistic individuals
(equivalent to the positive predictive value (PPV) of 90% within the
CAMP study population prevalence). In addition to the sensitivity and
PMP criteria, the permutation-based test statistic was significant at a
false discovery rate adjusted p-value <0.1 (16, 26).

The final model thresholds were set using the entire study set of
CAMP autism and TYP participants. These thresholds were used to
generate participant biomarker outcome profiles by scoring a
participant positive or biomarker negative for each biomarker. CAMP
participant biomarker profiles were used to cluster the biomarkers,
determine the prevalence of biomarker clusters in CAMP, and
comparisons based on biomarker positive and negative populations.
An overview of the methods used for biomarker selection and creating
participant biomarker profiles is presented in Supplementary Figure 2.
Optimization of biomarkers for identification of a likelihood of autism
was performed using the process described previously (26).
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FIGURE 1
Example of an autism-associated biomarker of a metabolic subpopulation. Scatter plot of the ratio of the metabolites decanoylcarnitine/carnitine with
the threshold used to create a subpopulation of autistic individuals that is largely distinct from the TYP population. The threshold is represented as a red
horizontal line used to separate the CAMP population into biomarker-positive (red) and biomarker-negative (black) participants. The threshold is set to
maximize the percentage of autistic individuals in the subpopulation, maintaining a minimum of 4.5% of the CAMP autistic population above the
threshold. In this example, the autism-associated subpopulation contains 7.3% of the CAMP autistic population and 1% of the TYP population; the
proportion of autistic individuals (PMP-ASD) is 95%.

2.7. Clustering analysis

Clustering was performed to reduce the complexity of the
biomarkers by aggregating related biomarkers or biomarker clusters
into groups. Hierarchical complete-linkage clustering of the
participant biomarker outcome profiles was performed using the
Jaccard distance based on scoring a biomarker outcome as
O0=negative and 1=positive. The optimal number of biomarker
clusters was estimated using the maximum value of the average
silhouette width cluster validation index over a range of 5 to 50
clusters. The biomarker clusters were further evaluated by clustering
the fold changes of metabolites by hierarchical complete-linkage
clustering using a distance matrix based on the Pearson correlation
coefficients (|1-r|) of the metabolite fold changes. The biomarker
clusters dendrogram was cut based on similar patterns of fold
changes for a subset of metabolites (see Results). Clustering was
performed using the R packages ComplexHeatmap (41) and
NbClust (42).

2.8. Participant phenotypic and
demographic information

CAMP participant phenotypic and demographic information
were based on physical and neurological examinations and
behavioral testing performed by clinicians as well as a parental
questionnaire. CAMP information from autistic and/or TYP children
related to demographic information, diet, medications, behavioral
assessments, or co-occurring conditions were selected for association
analysis. The selected information was filtered to remove questions
missing responses in more than 10% of autistic participants or that
had an identical response in >98% of participants. The percent of
ideal body weight (IBW) was based on the method of Traub and
Johnson (43).
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2.9. Association analyses

Association analysis of the biomarker values, biomarker defined
subpopulations and the number of biomarker clusters to the CAMP
demographic or phenotypic variables of autistic children was
performed. To test for associations using biomarker values or the
number of biomarker clusters, partial Spearman’s correlation
coefficients rho (p) with age as a covariate were used when a
demographic or phenotypic variable was continuous and a Kruskal-
Wallis test was used when the metadata variable was categorical.
Response wise Wilcoxon rank sum tests were used as post hoc tests for
the Kruskal-Wallis tests. Association analysis between biomarker
positive and negative populations and CAMP metadata was
performed using Fisher exact tests for categorical variables and Welch
t-tests for continuous metadata variables. Post hoc tests for Fisher
exact tests of categorical metadata variables were performed by
creating a dichotomous response variable for each response of the
categorical variable followed by a response wise Fisher exact test.
Effect sizes were reported using Cohen’s d for Welch t-tests, r statistic
for Wilcoxon independent two sample tests, bias corrected Crammer’s
V or odds ratios for Fisher’s Exact tests, and rank eta squared (n?) for
Kruskal-Wallis tests. False discovery rate corrections (adj. p-value)
were performed to control for multiple comparison testing (44).
Partial correlations were calculated using the ppcor R package (45).

3. Results

3.1. CAMP study participant population
Plasma samples from 708 CAMP participants corresponding to

499 autistic and 209 typically developing children were utilized in this

study. The autistic population was 2.5 months older than the TYP
population (p-value <0.05, Table 1). The autistic population also had
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TABLE 1 CAMP population.

Metric Autistic Typical
N 499 209

Age (months)* 35.1+7.8 32.6+8.7
BMI 16.7+2.1 17£2.5
IBW (%) 101.2+12.8 103.2 £ 15.1
Male (%)* 79 59.3
Native American (%) 1 0

Asian (%)* 6 1.4
Black (%)* 6.8 19.1
Pacific Islander (%) 0.2 0

Race not specified (%)* 14.6 7.7
White (%) 71.3 71.8
MSEL scores

Overall developmental

quotient* 62.7+17.3 101.7+16.3
Expressive language* 28.1+£10.5 49.7+9.5
Receptive language* 27+11.4 50.5+10
Fine motor* 28.4+10.7 48.8+£10.9
Visual reception* 31.4+13.6 54.1+12.9
Diet and medication

Medication (%)* 66 36
Preferred diet (%)* 62 19
Special diet (%)* 16 9
ADOS-2 CSS

Comparison severity 7.1+1.8 Not performed
Social affect 6.9+1.7 Not performed
Restrictive repetitive

behavior 7.8+1.7 Not performed

*Indicates a comparison between the autistic and typical populations with a statistically
significant difference (p-value<0.05).

ADOS-2, Autism Diagnostic Observation Schedule-Second Edition; BMI, body mass index;
IBW, percentage of ideal bodyweight; CSS, Calibrated Severity Score; MSEL, Mullen Scales of
Early Learning.

a higher proportion of males (79% versus 59%, Table 1). Asians and
those who did not specify a race were overrepresented and Black or
African Americans were underrepresented in the autistic population
(Table 1). Other demographic factors found in Table 1 were balanced
between the autistic and TYP populations. Parental interviews,
medical records, and assessments by clinicians were used to evaluate
co-occurring conditions associated with autism in the CAMP
population as summarized in Supplementary Table 2.

3.2. ldentification of metabolic biomarkers
of autism-associated subpopulations

We quantified 54 plasma metabolites comprised of organic and
amino acids, acylcarnitines, purines and microbiome-associated
metabolites that have been of interest in autism research (15-17, 20, 26,
46, 47) (Supplementary Table 1). We also evaluated 1,275 unique ratios
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of these metabolites. Our aim was to test if a quantitative threshold of the
concentration of a metabolite or the value of a ratio of metabolites could
serve as a biomarker of an autism-associated subpopulation (Figure 1).
Of the metabolites and ratios of metabolites that were examined, 153
autism-associated biomarkers were identified. The biomarkers included
4 individual metabolites and 149 ratios of metabolites
(Supplementary Table 3). Each biomarker identified a subpopulation that
contained between 4.5% and 11% of the CAMP study autistic population.
The subpopulations were comprised of 90-100% autistic participants.
One or more biomarkers identified 414 (83%) of the CAMP study
autistic participants. The most frequent metabolites to appear as
biomarker numerators or denominators were lactate, carnitine, pyruvate,
leucine, glycine, octanoylcarnitine, citrate, 4-hydroxyproline,
phenylalanine, and 2-ketoglutarate. The metabolites 3-aminoisobutyric
acid, serotonin, inosine, 3-indoxyl sulfate, 4-ethylphenyl sulfate, CMPE,
dodecanedioic acid, hydroxybutyrylcarnitine, indoleacetic acid,
indolelactic acid and p-cresol sulfate were not identified as biomarkers.

3.3. Clusters of biomarkers

An autistic participant is often identified by more than one of the
153 biomarkers (median 6 biomarkers, range 1-62, Figure 2,
columns). The identification of an individual by multiple biomarkers
suggested that the biomarkers may be identifying related metabolic
processes (Supplementary Table 4). To explore this hypothesis and
reduce complexity of the biomarkers, the biomarkers that often
co-identify participants were grouped together using hierarchical
clustering (Figure 2 rows). The 153 biomarkers formed 30 clusters; 23
contained 2 to 40 biomarkers and 7 clusters each consisted of 1
biomarker (Figure 2 rows, Supplementary Table 5). The biomarker
clusters 1Glycine, 1Ornithine, 1GlyJBCAA, |Leucine, 1LacPyr,
tLacPyr|GlyAsp, |aKGI, | Urate, and Arg/4hyp contain additional
metabolites and ratios of metabolites that were not evaluated in our
earlier work (16, 26). New biomarker clusters include those that
contain the metabolites malate, citrate, xanthine, hypoxanthine,
taurine, carnitine and the indicated acylcarnitines.

The autism-associated biomarkers can either be used by themselves
or clustered with other autism-associated biomarkers to identify autism-
associated metabolic phenotypes. The 30 biomarker clusters each
identified subpopulations with a range of 5% to 28% of the CAMP
autistic participants and were each comprised of 89% to 97% of autistic
individuals (Table 2). As with individual biomarkers, participants are
often identified by more than one biomarker cluster (median 3 biomarker
clusters, range 1-19) with 52% of study participants identified by more
than one biomarker cluster. The observation that different biomarker
clusters often co-identify an individual (Supplementary Figure 3;
Supplementary Table 6) suggests that the metabolic clusters are not
independent of each other, i.e., there are alterations of metabolism that
commonly occur together in the subpopulations.

3.4. Biomarker clusters exhibit patterns of
metabolite fold changes that reveal
autism-related metabolism

To investigate the relationship of biomarker clusters and
metabolism, we compared the fold changes of metabolites between
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FIGURE 2

Participant Biomarker Profiles

Diagnosis  Biomarker
M AsD W Pos
| G . NEG

Hierarchical clustering of biomarkers based on the biomarker profiles of CAMP participants. The 153 biomarkers (rows) were clustered using the 414
CAMP autistic and 73 typically developing participants (columns) that were identified by at least one biomarker. The row names (biomarkers) are
depicted in Supplementary Table 5. Red cells indicate when a biomarker identifies an individual within an autism-associated subpopulation (positive)
and gray cells indicate when the biomarker does not identify an individual (negative). The heatmap rows are split into 30 clusters of related biomarkers
(see Methods) that are designated by colored row blocks separated by white horizontal lines. The biomarker clusters were named using representative
metabolite(s) that exhibited consistent increases (1) or decreases (]) in the biomarker positive relative to the biomarker negative participants. The
column color bar at the top of the heatmap indicates the diagnosis: autism (purple) and TYP (black). The participants’ biomarker profiles (columns)
were arranged by assigning each participant to a biomarker cluster in which their profile had the greatest number of biomarkers with a positive result.

tLacPyr

tLacPyr|GlyAsp

tMalate
aKG/Val

1C10C8C6

Leu/Car
Leu/Val

tEthanolamine
1Taurine
1TauXan|C16
|Carnitine2

|Hydroxyproline
Eta/Kyn

tArginine

1Gly|BCAA
1Glycine

|Carnitine1

|Glutamine
lLeucine
Arg/4hyp
tAlanine

1LacPyr|(C6-C16)

tOrnithine
laKG1

1aKG2
1C5DC

|Citrate

biomarker cluster-positive and negative participants. We evaluated the
changes in metabolites to obtain a more precise understanding of the
metabolic processes and pathways associated with biomarker clusters
that could not be derived from ratios of metabolites. Metabolites with
the greatest differences in concentrations between cluster positive and
negative populations provide information about the influence of a
metabolite in a biomarker cluster’s metabolic phenotype. Patterns of
metabolite changes among the biomarker clusters can then be used to
group biomarker clusters based on the similarity of fold changes
across metabolites. We grouped the biomarker clusters fold changes
and selected 7 groups of biomarker clusters based on acylcarnitines,
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branched chain amino acids, lactate, and pyruvate (Figure 3;
Supplementary Table 7). By focusing on metabolites with the greatest
changes and grouping the biomarker clusters, we were able to reduce
the complexity of our analysis and obtain more meaningful
biochemical interpretation of the biomarker clusters which are
described below.

Four groups of biomarker clusters had different patterns of fold
changes where increased acylcarnitines were evident among them
(Figure 3). Group 1 consists of the ftLacPyr, aKG/Val,
tLacPyr]GlyAsp, and TMalate clusters and is present in 35% of
autistic participants. The group is characterized by increases in
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TABLE 2 Biomarker cluster information.

Biomarker Number of % ASD | % PMP-ASD
cluster biomarkers

1LacPyr 40 27.6 90.1
TLacPyr|GlyAsp 4 13.3 95.7
1Malate 3 10.1 96.2
aKG/Val 1 7.6 95.1
1C10C8C6 16 19.3 90.5
Leu/Car 1 5.8 90.4
Leu/Val 1 6.6 91.3
1Ethanolamine 3 13.3 93
1Taurine 5 13 929
1TauXan|C16 2 10 94.2
JCarnitine2 7 18.1 96.8
|Hydroxyproline 6 12.8 88.9
Eta/Kyn 1 7.2 89.6
TArginine 3 11.2 91.8
1Gly|BCAA 8 16.2 93.1
1Glycine 3 12 95.2
JCarnitinel 7 15.7 95.1
1 Glutamine 2 8.2 95.3
JLeucine 4 12.8 92.8
Arg/4hyp 1 6.7 94.2
TAlanine 5 13 94.2
1LacPyr|(C6-C16) 9 18.3 93.8
1Ornithine 4 18.2 95.8
1aKG1 3 11.7 96.7
1aKG2 2 11.7 93.5
1C5DC 2 12.8 92.6
|Citrate 6 19.3 92.3
JUrate 2 7.8 929
Lys/Gln 1 5.6 94.2
Lys/Phe 1 5.7 92.7

%ASD, percentage of CAMP autistic participants (sensitivity), %PMP-ASD, percentage of
the subpopulation that are autistic; Lac, lactate; Pyr, pyruvate, aKG, alpha-ketoglutarate; Xan,
xanthine; Car, carnitine; BCAA, branched chain amino acid; C5DC, glutarylcarnitine; C6,
hexanoylcarnitine; C8, octanoylcarnitine; C10, decanoylcarnitine; C16, palmitoylcarnitine.
Eta, ethanolamine; Kyn, kynurenine; 4Hyp, 4-hydroxyproline.

lactate, pyruvate, and malate, with varied increases in saturated
medium and long chain acylcarnitines. A second pattern of fold
changes is evident in the 1C10C8C6 cluster of group 2 and is
observed in 19% of the autistic participants. This cluster’s fold
changes are characterized by strongly increased medium chain
acylcarnitines, elevated palmitoylcarnitine and decreased
glutamate and aspartate. The third pattern of fold changes with
increased acylcarnitines consists of two clusters, Leu/Car and Leu/
Val, is present in 11% of participants with autism and is
characterized by increased levels of hexanoylcarnitine,
palmitoylcarnitine and the branched chain amino acids (BCAAs)

and decreased carnitine.
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Two groups of biomarker clusters had a pattern of fold changes with
decreased levels of acylcarnitines (Figure 3, groups 5 and 7). The clusters
|Carnitinel, 1Glycine, | Glutamine, 1 Arginine, 1Gly|BCAA, |Leucine,
that together comprise 37% of the autistic participants, are characterized
by decreased levels of the BCAAs, medium and long chain acylcarnitines
and glutarylcarnitine, in combination with increased alanine, glycine,
and ornithine. Another pattern of fold changes is present in 50% of
autistic participants, shared by the | Urate, Lys/Gln, |aKG2, 1 Alanine,
tLacPyr|(C6-C16), | C5DC, 1Ornithine, Lys/Phe, |aKG1, and | Citrate
clusters, had decreased medium and long chain acylcarnitines, decreased
glutarylcarnitine, variably decreased TCA cycle metabolites and variably
increased alanine, glycine, threonine, methionine, proline and ornithine.

The biomarker clusters | Hydroxyproline, | Carnitine2, 1 Taurine,
Eta/Kyn, 1TauXan|C16, and TEthanolamine in group 4 (Figure 3,
group 4) exhibit a pattern of fold changes occurring in 40% of the
autistic participants. Increases of aspartate, glutamate, hypoxanthine,
xanthine, taurine, ethanolamine, lactate and pyruvate are associated
with this cluster. A pattern of fold changes noted in a single cluster,
Arg/4Hyp (Figure 3, group 6), shows decreased 4-hydroxyproline and
tricarboxylic acid cycle (TCA) intermediates and increased arginine.
These clusters do not exhibit consistent changes in the acylcarnitines.

In terms of specific metabolites, decreased free carnitine is noted
in three clusters that appear in different groups, |Carnitinel,
| Carnitine2 and Leu/Car (Figure 3, groups 3-5). These biomarker
clusters are observed in 26% of autistic participants. Each of these is
associated with a distinctive metabolic profile. The first has decreased
medium and long chain acylcarnitines and increased alanine, glycine,
ornithine and proline. The second has increased lactate, pyruvate,
malate and hypoxanthine and minimal changes of acylcarnitines. The
third is characterized by increased BCAAs, hexanoylcarnitine
and palmitoylcarnitine.

3.5. Biomarkers as a tool for screening
metabolic differences associated with
pediatric autism

The biomarkers use quantitative thresholds to identify potentially
diagnostic subpopulations of the autistic participants that are
comprised of at least 90% autistic individuals. The thresholds provide
an opportunity for the biomarkers to be used as “tests” for biomarker
levels that are associated with a likelihood of autism. The tests
individually have high specificities (>98%) but low sensitivities
(5-11%). The high specificity of these tests allows for a ‘stacking
approach’ whereby a subset of the 153 biomarker-based tests can
be combined into a battery of tests that increases overall test sensitivity
for a likelihood of autism. Using a test optimization process to
maintain a specificity of at least 90% (26), a subset of 42 biomarkers
was selected that identified CAMP autistic participants with a
sensitivity of 72% and specificity of 90% (Supplementary Table 8).

3.6. Associations of CAMP behavioral and
phenotypic data with biomarker
quantitative values

The levels of biomarkers corresponding to metabolite
concentrations and ratios of metabolite values from autistic
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Groups 1-7, that are indicated at the top of the figure.

| Carnitine1
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Biomarker Clusters

Heatmap of metabolite fold changes and grouping of the biomarker clusters. The metabolites (rows) selected for the heatmap occur as a numerator,
denominator or individual metabolite of the biomarker clusters. The heatmap cells are fold changes (Supplementary Table 7) of the mean metabolite
concentrations between the participants identified by a biomarker cluster (Pos) and those that were not (Neg). The dendrogram was cut based on
similar patterns of fold changes for the acylcarnitines, branched chain amino acids, lactate, and pyruvate into seven groups of biomarker clusters,

participants were evaluated for associations with behavioral test
scores, demographic factors, co-occurring conditions, diets,
and medications.

3.6.1. Biomarker value associations with
demographic factors and diet

The age of the participants was correlated (p=—0.26 to 0.15, adj.
p-values <0.1) with 50 biomarkers primarily consisting of metabolite
ratios containing lactate, pyruvate, a TCA intermediate, xanthine or
hypoxanthine (Supplementary Table 9). BMI was correlated with
Taurine/Ethanolamine (p = —0.15, adj. p-value =0.02) and Alanine/2-
Ketoglutarate (p=0.15, adj. p-value=0.04) (Supplementary Table 9).
The carnitine associated biomarkers Glycine/Carnitine (17>=0.02, adj.
p-value=0.05) (7*=0.03, adj.
p-value=0.03) were increased in children with preferred diet (food

and Methionine/Carnitine

selectivity) (Supplementary Table 10). The levels of Arginine/Tyrosine
(77=0.03, adj. p-value=0.03) and Lactate/Tyrosine (1>=0.02, adj.
p-value=0.05) were increased in participants on special diets
(Supplementary Table 10). The ornithine containing biomarker
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Ornithine/Phenylalanine (17>=0.02, adj. p-value =0.05) was increased
in females compared to males (Supplementary Table 10); no other
biomarker associations with sex were noted. The ratios of the
metabolites Glycine/Arginine (7°=0.04, adj. p-value=0.03) and
Glycine/Methionine (7>=0.04, adj. p-value=0.05) exhibited lower
White
(Supplementary Table 10). Associations of biomarkers were not

levels in  Asians compared to participants

identified for those taking medications.

3.6.2. Biomarker value associations with
behavioral test scores

The biomarker Arginine/Tyrosine was associated with increased
ADOS-2 CSS (p=0.17, adj. p-value=0.04) (Supplementary Table 9).
Increased ADOS-2 RRB CSS scores were correlated with
Ethanolamine/Kynurenine (p =0.15, adj. p-value=0.07) and Lactate/
Threonine (p=0.15, adj. p-value=0.09). MSEL DQ values are
negatively correlated with increased lactate (p=-0.12, adj.
p-value=0.07) and 8 lactate-containing ratios (p=-0.16-0.12, adj.
p-value<0.1) and these ratios are also negatively correlated with one
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or more scores in MSEL domains (Supplementary Table 9). Lactate,
numerous lactate-containing-ratios, Ethanolamine/Citrate, and
Alanine/Lysine levels are negatively correlated with MSEL receptive
language, expressive language, and/or visual reception scores
(Supplementary Table 9).

3.6.3. Biomarker value associations with selected
developmental milestones and co-occurring
conditions

The biomarker ratio Taurine/Ethanolamine (°=0.02, adj.
p-value=0.02) was increased with delayed attainment of walking
(Supplementary Table 10). Delayed attainment of spoken phrases was
associated (17°=0.03-0.04, adj. p-value <0.1) with increased levels of
lactate and  metabolite  ratios containing  lactate
(Supplementary Table 10). A prenatal history of maternal diabetes, a
history of delays in attainment of first word spoken, rolling or sitting,
of developmental regression or co-occurring conditions such as
seizures, sleep problems, gastrointestinal problems, low muscle tone,
macrocephaly or other physical abnormalities were not associated
with biomarkers identified in this study at an adjusted p-value <0.1

(Supplementary Table 10).

3.7. Biomarker positive and negative
population association analyses

The biomarker-positive autistic individuals identified by the
individual biomarkers or biomarker clusters were tested for
with CAMP
Participants identified by the biomarkers Methionine/Carnitine,

associations autistic participants’ metadata.
Ornithine/Carnitine, Alanine/Tyrosine, Alanine/Phenylalanine or
Ethanolamine/4-hydroxyproline were associated with lower DQ
and MSEL subdomain scores (Supplementary Table 11). Individuals
identified by Leucine and the biomarker clusters tLacPyr or
tMalate were associated with a decreased MSEL Receptive
Language Score, but not a decrease in DQ (Supplementary Table 11).
Participants identified by Taurine/Malate were associated with
lower BMIs (Supplementary Table 11). Other metadata were not
significantly associated with participants identified by an individual
biomarker or a cluster of biomarkers at a significance threshold of

an adjusted p-value of 0.1 (Supplementary Table 12).

3.8. The number of biomarker clusters
that identify a participant are associated
with increased severity of autism and
developmental delays

The autistic participants were evaluated for associations with
autism severity based on the ADOS-2 test scores (27) and the
number of biomarker clusters that identify an autistic participant
(Figures 4A-C; Supplementary Table 13). Increased ADOS-2 CSS,
indicating more severe autism characteristics, was positively
associated with the number of biomarker clusters (p =0.14, adj.
p-value=0.016). The number of biomarker clusters was also
correlated (p=0.12, adj. p-value=0.05) with more severe SA
CSS. The number of clusters was not associated with RRB CSS
(p=0.05, adjusted p-value=0.32). That the number of clusters
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have an association with SA CSS and lack of association with RBB
CSS suggests that the increased autism severity associated with
increased number of clusters is related to deficits in
social communication.

The autistic participants with increasing numbers of biomarker
clusters exhibited more severe developmental delays as measured
by lower MSEL test scores (Figures 4D-H; Supplementary Table 13).
The DQ decreased with increasing numbers of clusters (p=— 0.13,
adj. p-value =0.008). Decreased DQ was associated with a negative
correlation of expressive (p=-0.14, adj. p-value=0.005) and
receptive language (p=-0.14, adj. p-value=0.005), fine motor
(p=-0.13, adj. p-value=0.013) and visual reception (p=— 0.12, adj.
p-value=0.016) with increasing numbers of clusters.

The number of biomarker clusters was not associated (Kruskal-
Wallis test adjusted p-value>0.1 or Spearman partial correlation
test adjusted p-value>0.1) with age, race, BMI, diet, medications,
sleep problems, gastrointestinal issues, food selectivity, or delayed
attainment of early language or motor milestones
(Supplementary Table 14). The lack of association with these factors
raises the interesting possibility that an increased number of
biomarker clusters is primarily associated with the severity of
autism and reduced developmental quotients in the CAMP

autistic population.

4. Discussion

The goal of this study was to identify metabolic biomarkers
associated with subpopulations of autistic individuals that are
largely absent in typically developing participants. Using
quantitative measurements of 54 metabolites and their ratios in a
carefully selected cohort of 499 autistic and 209 typically developing
controls that are ages 18-48 months, we identified 153 autism-
associated biomarkers. Clustering of the biomarkers based on
similarities of the autistic participant’s biomarker profiles revealed
30 clusters of biomarkers. These biomarker clusters, in turn, formed
7 groups based on fold changes of free carnitine, selected
acylcarnitines, the branched chain amino acids, lactate, and
pyruvate and reveal patterns of metabolic dysregulation in autism.
In addition, an optimized subset of the biomarkers identified
autistic participants in the CAMP study with 72% sensitivity and
90% specificity. It is important to note that the ASD-associated
phenotypes identified in this study were determined in a population
of individuals that are presumed to have idiopathic autism. The
latter corresponds, by far, to the categorical designation of most
people with ASD at the current time.

Central to our identification of metabolic subpopulations of
autism is the use of quantitative thresholds of ratios of metabolites
that can be used as biomarkers. This type of metabolite ratio
analysis can increase diagnostic efficacy by detecting changes not
apparent when using an analysis of individual metabolites thereby
providing information on biological processes that may not
be discerned when studying only metabolite levels (34). Metabolite
ratios have been successfully used in newborn screening for
inherited metabolic disorders such as phenylketonuria, maple syrup
urine disease, and certain disorders of organic acid or of
mitochondrial fatty acid metabolism (35, 36) as well as in
identifying metabolic of more

underpinnings complex,
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multifactorial biological processes (37, 38). This study is an
application of this approach for metabolic phenotyping and
biomarker discovery in autism.

The fold changes of metabolites used to group biomarker
clusters provide insights into the metabolic processes related to
autism pathobiology (Figure 3). Overall, the fold change data
indicate heterogenous patterns of altered cellular bioenergetics,
especially mitochondrial dysregulation, associated with a majority
of the CAMP autistic participants (Figure 5). Disturbances of
mitochondrial biology, primarily mitochondrial bioenergetics,
have a long history as a correlate of, and contributing factor to, the
pathobiology of autism (48, 49). This connection to autism has
been supported by a set of rare primary mitochondrial and nuclear
genetic disorders that sometimes have autism as a clinical
manifestation (48, 49). In addition, a subset of autistic people have
strong biochemical evidence of mitochondrial dysregulation,
especially of mitochondrial bioenergetics, although the percentages
vary widely across studies depending on the autistic population
studied and the biomarkers used (50). Brain neuroimaging studies
and enzymatic, transcriptomic and proteomic analyses of the
autistic brain further support forms of mitochondrial dysfunction
in the central nervous system (51-57). Metabolic studies of
cerebral organoids derived from autistic individuals also show

10.3389/fpsyt.2023.1249578

decreased ATP production and mitochondrial respiratory chain
activity (58). Because the brain has the highest mitochondrial
energy demand of any organ, even subtle changes in mitochondrial
energy production preferentially can affect brain function. For
these reasons, and because of the complex nature of mitochondrial
genetics, it has been proposed that many people with common
neuropsychiatric disorders, including autism, have dysregulation
of mitochondrial energy metabolism (59). The results of this study
provide additional support for a role of altered regulation of
mitochondrial energy metabolism in the pathobiology of autism
(Figure 5).

The composition of biomarkers within the clusters suggests that
multiple aspects of cellular bioenergetics are driving the clustering
of biomarkers (Figure 5). The biomarker clusters with increased
lactate, pyruvate, alanine, and sometimes tricarboxylic acid cycle
(TCA) intermediates (Figure 5, group 1), suggest dysfunction of
oxidative phosphorylation or the TCA cycle. However, the basis for
the increased lactate and pyruvate, in some instances, may relate to
non-mitochondrial processes such as glycolysis as is suggested by
the absence of increased alanine and TCA intermediates noted in
some other biomarker clusters (Figure 5, group 4); it also is possible
that individuals in this group were substantially more agitated
during their blood draws.
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reflect a relative hyperinsulinemic state.

Model of the metabolic processes associated with groups of biomarker clusters. The figure represents an idealized cell and the metabolic processes
implicated in autism pathobiology that are related to the patterns of metabolite fold changes in the 6 groups of biomarker clusters comprised of more
than one biomarker (see Figure 3 groups 1-5, and 7). Metabolites that are elevated are depicted in red and decreased metabolites are indicated in blue
for each of the cluster groups. For each group, the percentage of autistic CAMP children positive for at least one cluster in a group is indicated.
Metabolite pathways (purple arrows) and redox processes (orange arrows) that relate to energy generation via mitochondrial oxidative phosphorylation
are shown on the right side of the figure. Decreases of carnitine in 3 biomarkers clusters (| Carnitinel, |Carnitine2, and Leu/Car) contained within
groups 3-5 indicate that low carnitine may occur with different metabolic states in autism. Group 4 exhibits changes associated with increased
glycolysis or glycogenolysis from muscular activity and the increased purines could arise from nucleoside metabolism associated with muscular
activity. Lactate and pyruvate levels can be increased in diverse contexts. They are often increased in instances of altered function of oxidative
phosphorylation or of the TCA cycle that are consistent with changes in Group 1 and some clusters in Group 7 that have increased lactate and
pyruvate. Increased plasma acylcarnitines in group 2 are indicative of altered cellular bioenergetics that occurs when the capacity of complete
mitochondrial fatty acid beta-oxidation is exceeded. Decreased acylcarnitines in the biomarker clusters associated with groups 5 and 7 likely relate to
reduced fatty acids from dietary intake or derived from lipolysis or due to decreased fatty acid entry into the mitochondria via the long chain fatty acid
uptake/mitochondrial CPT1/CACT/CPT2-mediated transport process. Decreased BCAAs in group 5, together with decreased acylcarnitines, may
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Different patterns of plasma medium and long chain
acylcarnitine alterations usually occurred with other biomarkers of
mitochondrial energy metabolism (Figure 5, groups 2, 5, and 7).
Abnormalities of subsets of plasma acylcarnitines have been
previously observed in autism (20, 60-63). Neither high (Figure 5,
group 2) nor low levels (Figure 5, groups 5 and 7) of plasma
medium and long chain acylcarnitines noted in our work correlate
with described genetic disorders of mitochondrial fatty acid or
organic acid metabolism in humans (64). Increased plasma medium
and long chain acylcarnitines (Figure 5, Group 2) can otherwise
result from different processes such as increased physical activity or
extended fasting in which the efflux of acylcarnitines exceeds the
capacity for complete oxidation of the fatty acids (65, 66). Reduced
levels of plasma medium and long chain acylcarnitines, seen in
other autistic participants (Figure 5, Groups 5 and 7) can result
from a reduced dietary intake of fatty acids or from an inhibition of
long chain fatty acid entry into the mitochondria upon increased
lactate and downstream inhibition of carnitine palmitoyltransferase
1 (CPT1) activity (67).

As illustrated in Figures 2, 3, decreased free carnitine was noted
in a subset of CAMP autistic participants. Carnitine is a central
metabolite in the mitochondrial carnitine cycle/fatty acid oxidation
pathway, in the transfer to mitochondria of the end products of
peroxisomal fatty acid oxidation, and in Coenzyme A homeostasis.
Individuals with low carnitine may have reduced carnitine
synthesis; others may have abnormalities of carnitine intake,
transport or loss. Previous studies indicate that both low and high
levels of free carnitine have been associated with autism (61, 62,
68-70). Most of the data regarding plasma free carnitine and
autism, however, relate to low levels of free carnitine. An association
of hypocarnitinemia with a common, X-linked variant of reduced
carnitine synthesis has been described (69). Subsequent efforts
using supplementation with carnitine to treat people with autism
and carnitine deficiency has had some success (47, 71, 72). Based
on these findings, it has been proposed that brain carnitine
deficiency causes male-biased, nonsyndromic autism (73). A
significant observation in our data is that people with autism and
low plasma free carnitine are metabolically diverse and there should
therefore be no a priori expectation that all individuals with autism
and low free carnitine will have similar autism-related pathobiology
or identical clinical responses to carnitine supplementation.

Increased plasma xanthine or hypoxanthine were present in the
biomarker profiles of 19% of CAMP autistic participants (Figure 5,
Group 4). While this appears to be a novel finding (23, 24),
abnormal levels of urinary hypoxanthine have been reported in
autism and abnormal plasma and urine levels of other purines are
noted in some rare monogenic metabolic disorders that are
sometimes associated with autism (21, 74, 75). Clinical correlates
of increased plasma hypoxanthine include increased muscle activity
and hypoxia (76-79). Increased plasma xanthine and hypoxanthine
can also occur consequent to disorders of mitochondrial oxidative
phosphorylation or of glycogen metabolism (77). In most instances,
increased plasma hypoxanthine is an indicator of cellular ATP
consumption or deficit (80).

Changes in the levels of biomarkers were associated with
behavioral test scores, demographic features, and several
co-occurring conditions of autistic children. Increased levels of
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lactate, lactate-containing ratios, and Ethanolamine/Citrate are
associated with both increased autism severity and decreased MSEL
scores. Increased levels of metabolites associated with cellular
bioenergetics have been associated with poorer cognitive and
adaptive MSEL scores (81). Delays in attainment of some important
developmental milestones including delays in speech and in
walking were associated with increased lactate and lactate
containing ratios and with increased levels of taurine/ethanolamine,
respectively. Other co-occurring conditions evaluated in this study
were not associated with biomarker levels. The age of participants
was associated with biomarker levels; associations of biomarker
levels with other demographic factors including BMI, diet, sex or
race were minimal. The association of only a single biomarker with
the sex of the participants was less than expected since males are
overrepresented in ASD and sex specific genetic associations are
reported (82).

We observed an association between the number of biomarker
clusters autistic participants exhibited and the severity of their autism
and developmental delays. As the number of clusters increased, there
was also an increase in the composite ADOS-2 CSS as well as the SA
CSS subscore but not the RBB CSS subscore. The developmental
quotients as well as expressive and receptive language, fine motor, and
visual reception subscales decreased with autistic individuals having
increasing numbers of clusters. Increased severity of autism has been
associated with increased plasma levels of energy-related metabolites
and increased social deficits have been associated with increased
levels of plasma lactate and glutamine (81, 83, 84). These results
suggest that individuals with certain metabolic states may experience
more severe autism, especially as relates to its social manifestations
as well as developmental delays.

There are several limitations that impact the interpretation of
the results. The study did not include neurodevelopmental disorders
other than autism limiting the understanding of the specificity of
biomarkers and metabolic states. The young age of the children in
this study likely limited diagnoses of common co-occurring
conditions in autism, thereby limiting our understanding of how
biomarkers might relate to conditions such as anxiety and attention-
deficit/hyperactivity disorder (ADHD). We requested information
about special diets but some relevant dietary information may not
have been obtained. Full laboratory and genomic information were
not available for study participants, thereby limiting other clinical
correlations and additional understanding of underlying
pathophysiology. The metabolic observations lack longitudinal
measurements in the study participants which would be required
to evaluate the stability of the biomarkers over time.

This study reveals numerous quantitative biomarkers that
identify metabolic subpopulations of autistic individuals. These
biomarkers have low sensitivities and high specificities that are
individually of limited diagnostic value but, in aggregate, have
associations with autism-related behaviors and metabolism. These
biomarkers can be leveraged as an adjunctive tool for early
screening of children considered likely to attain a diagnosis of
autism (26). Biomarker profiling in this way raises the prospect of
focusing on the pathophysiology of different metabolic subtypes of
autism as well as supporting decisions in therapeutic interventions
and clinical trial management (85, 86). The biochemical processes
associated with biomarkers may reflect an adaptation to compensate
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for a metabolic defect, such as the apparent increase in glycolytic
end products when some mitochondrial processes are compromised.
Further study is required to interpret these observations. Even at
this stage, where the understanding of the pathobiology of each of
the biomarker clusters is incomplete, treatment of some autistic
patients with low-risk interventions may benefit individuals with
diverse forms of “mitochondrial autism.” For example, individuals
with low plasma free carnitine can potentially benefit from carnitine
supplementation. Those with branched chain amino acid
deficiencies may benefit from BCAA supplementation. There are
several rare monogenic disorders associated with autism whose
metabolic phenotype includes low levels of the plasma BCAAs for
which supplementation with BCAAs has, in some instances,
provided various clinical, including developmental or behavioral,
benefits (87-92). There may be benefit from carnitine or BCAA
supplementation for some of the children with low carnitine or low
BCAA-associated phenotypes noted in this study, although this
requires future investigation. A combined metabolic analysis and
targeted treatment approach such as that suggested by this study has
the potential to address the specific biology of a child’s
neurodevelopmental condition thereby resulting in more effective
treatment and better outcomes.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can
be directed to the corresponding author.

Ethics statement

The studies involving humans were approved by the Western
Institutional Review Board and the IRBs of all 8 participating
clinical centers. The studies were conducted in accordance with the
local legislation and institutional requirements. Written informed
consent for participation in this study was provided by the
participants’ legal guardians/next of kin.

Author contributions

AS conducted bioinformatic analyses related to biomarker,
clustering, and association analyses. AS, RB, and MN performed
research for the manuscript. AS, ED, DA, RB, and MN wrote the
manuscript. AS, ED, DN, DA, RB, and MN edited the manuscript.
AS, RB, ED, and DA were involved in the design and execution of
the Children’s Autism Metabolome Project. All authors contributed
to the article and approved the submitted version.

Funding

This study was supported by the National Institute of Health
(NTH) under grant NIH 5 R44 MH107124-03 and generous

Frontiers in Psychiatry

13

10.3389/fpsyt.2023.1249578

investment by the Nancy Lurie Marks Family Foundation and the
Robert E. and Donna Landreth Family Fund.

Acknowledgments

We greatly appreciate the families and children who
participated in the Children’s Autism Metabolome Project (CAMP;
ClinicalTrials.gov Identifier: NCT02548442) study. Without their
collaboration, this study would not have been possible. The CAMP
investigators and their staff’s contributions made CAMP a
successful study for which we are also grateful. The CAMP
investigators group includes: David Amaral, from the MIND
Institute, University of California, Davis; Amanda E. Bennett, from
Children’s Hospital of Philadelphia; Daniel L. Coury, from
Nationwide Children’s Hospital; Richard E. Frye, from The
University of Arkansas for Medical Sciences; Raun D. Melmed,
from The Melmed Center; Ann M. Neumeyer, from Massachusetts
General Hospital; Kevin B. Sanders, and Allyson Witters Cundiff,
from Vanderbilt University Medical Center and Logan K. Wink,
and Craig A. Erickson, from Cincinnati Children’s Hospital.

Conflict of interest

AS, ED, and RB are employees of Stemina Biomarker
Discovery and are inventors on issued US Patent Nos. 10,060,932
and 11,268,966 entitled “Biomarkers of Autism Spectrum
Disorder,” US Patent Application Serial No. 16/301044 entitled
“Autism Subsets,” US Patent Application Serial No. 16/961995
entitled “Amino Acid Analysis and Autism Subsets,” US Patent
Application Serial No. 17/608285 entitled “Diagnosis and
Treatment of Autism Spectrum Disorders Associated With Altered
Metabolic Pathways,” and US Patent Application Serial No.
17/768110 entitled “Diagnosis and Treatment of Autism Spectrum
Disorders Using Altered Ratios of Metabolic Concentrations” and
worldwide patent filings related to this work. MN, DN, and DA
are members of the Stemina Biomarker Discovery, Inc. Scientific
Advisory Board and have stock options.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1249578/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1249578
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://clinicaltrials.gov/
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1249578/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1249578/full#supplementary-material

Smith et al.

References

1. Lord C, Elsabbagh M, Baird G, Veenstra-Vanderweele J. Autism spectrum disorder.
Lancet. (2018) 392:508-20. doi: 10.1016/S0140-6736(18)31129-2

2. Lord C, Brugha TS, Charman T, Cusack J, Dumas G, Frazier T, et al. Autism
spectrum disorder. Nat Rev Dis Prim. (2020) 6:5. doi: 10.1038/s41572-019-0138-4

3. Buescher AVS, Cidav Z, Knapp M, Mandell DS. Costs of autism spectrum disorders
in the United Kingdom and the United States. JAMA Pediatr. (2014) 168:721-8. doi:
10.1001/jamapediatrics.2014.210

4. GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. Global,
regional, and national incidence, prevalence, and years lived with disability for 354
diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis
for the global burden of disease study 2017. Lancet. (2018) 392:1789-858. doi: 10.1016/
S0140-6736(18)32279-7

5. Molloy CJ, Gallagher L. Can stratification biomarkers address the heterogeneity of
autism spectrum disorder? Ir ] Psychol Med. (2022) 39:305-11. doi: 10.1017/ipm.2021.73

6. Wolfers T, Floris DL, Dinga R, van Rooij D, Isakoglou C, Kia SM, et al. From
pattern classification to stratification: towards conceptualizing the heterogeneity of
autism spectrum disorder. Neurosci Biobehav Rev. (2019) 104:240-54. doi: 10.1016/j.
neubiorev.2019.07.010

7. Hong S-J, Vogelstein JT, Gozzi A, Bernhardt BC, Yeo BTT, Milham MP, et al.
Toward neurosubtypes in autism. Biol Psychiatry. (2020) 88:111-28. doi: 10.1016/j.
biopsych.2020.03.022

8. Beversdorf DQ, Anagnostou E, Hardan A, Wang P, Erickson CA, Frazier TW, et al.
Editorial: precision medicine approaches for heterogeneous conditions such as autism
spectrum disorders (the need for a biomarker exploration phase in clinical trials - phase
2m). Front Psych. (2023) 13:1079006. doi: 10.3389/fpsyt.2022.1079006

9. Ristori MV, Mortera SL, Marzano V, Guerrera S, Vernocchi P, Ianiro G, et al.
Proteomics and metabolomics approaches towards a functional insight onto autism
spectrum disorders: phenotype stratification and biomarker discovery. Int ] Mol Sci.
(2020) 21:6274. doi: 10.3390/ijms21176274

10. Mesleh AG, Abdulla SA, El-Agnaf O. Paving the way toward personalized
medicine: current advances and challenges in multi-OMICS approach in autism
spectrum disorder for biomarkers discovery and patient stratification. J Pers Med. (2021)
11:41. doi: 10.3390/jpm11010041

11. McPartland JC. Developing clinically practicable biomarkers for autism spectrum
disorder. J Autism Dev Disord. (2017) 47:2935-7. doi: 10.1007/s10803-017-3237-7

12.Klin A. Biomarkers in autism spectrum disorder: challenges, advances, and the
need for biomarkers of relevance to public health. Focus. (2018) 16:135-42. doi: 10.1176/
appi.focus.20170047

13. McPartland JC, Bernier RA, Jeste SS, Dawson G, Nelson CA, Chawarska K, et al.
The autism biomarkers consortium for clinical trials (ABC-CT): scientific context, study
design, and progress toward biomarker qualification. Front Integr Neurosci. (2020) 14:16.
doi: 10.3389/fnint.2020.00016

14. Parellada M, Andreu-Bernabeu A, Burdeus M, San José Caceres A, Urbiola E,
Carpenter LL, et al. In search of biomarkers to guide interventions in autism spectrum
disorder: a systematic review. Am J Psychiatry. (2023) 180:23-40. doi: 10.1176/appi.
ajp.21100992

15. Needham BD, Adame MD, Serena G, Rose DR, Preston GM, Conrad MC, et al.
Plasma and fecal metabolite profiles in autism spectrum disorder. Biol Psychiatry. (2021)
89:451-62. doi: 10.1016/j.biopsych.2020.09.025

16. Smith AM, King JJ, West PR, Ludwig MA, Donley ELRR, Burrier RE, et al. Amino
acid dysregulation metabotypes: potential biomarkers for diagnosis and individualized
treatment for subtypes of autism spectrum disorder. Biol Psychiatry. (2019) 85:345-54.
doi: 10.1016/j.biopsych.2018.08.016

17. West PR, Amaral DG, Bais P, Smith AM, Egnash LA, Ross ME, et al. Metabolomics
as a tool for discovery of biomarkers of autism spectrum disorder in the blood plasma
of children. PLoS One. (2014) 9:e112445. doi: 10.1371/journal.pone.0112445

18. Yap IKS, Angley M, Veselkov KA, Holmes E, Lindon JC, Nicholson JK. Urinary
metabolic phenotyping differentiates children with autism from their unaffected siblings
and age-matched controls. ] Proteorme Res. (2010) 9:2996-3004. doi: 10.1021/pr901188e

19. Frye RE, Delatorre R, Taylor H, Slattery J, Melnyk S, Chowdhury N, et al. Redox
metabolism abnormalities in autistic children associated with mitochondrial disease.
Transl Psychiatry. (2013) 3:¢273. doi: 10.1038/tp.2013.51

20. Barone R, Alaimo S, Messina M, Pulvirenti A, Bastin ], MIMIC-Autism Groupet al.
A subset of patients with autism spectrum disorders show a distinctive metabolic profile
by dried blood spot analyses. Front Psych. (2018) 9:636. doi: 10.3389/fpsyt.2018.00636

21.MaY, Zhou H, Li C, Zou X, Luo X, Wu L, et al. Differential metabolites in Chinese
autistic children: a multi-center study based on urinary 1H-NMR metabolomics
analysis. Front Psych. (2021) 12:624767. doi: 10.3389/fpsyt.2021.624767

22.Shen L, Liu X, Zhang H, Lin J, Feng C, Igbal J. Biomarkers in autism spectrum
disorders: current progress. Clin Chim Acta. (2020) 502:41-54. doi: 10.1016/j.
€ca.2019.12.009

Frontiers in Psychiatry

10.3389/fpsyt.2023.1249578

23. Glinton KE, Elsea SH. Untargeted metabolomics for autism spectrum disorders:
current status and future directions. Front Psych. (2019) 10:647. doi: 10.3389/
fpsyt.2019.00647

24. Likhitweerawong N, Thonusin C, Boonchooduang N, Louthrenoo O, Nookaew I,
Chattipakorn N, et al. Profiles of urine and blood metabolomics in autism spectrum
disorders. Metab Brain Dis. (2021) 36:1641-71. doi: 10.1007/s11011-021-00788-3

25. Holmes E, Loo RL, Stamler J, Bictash M, Yap IKS, Chan Q, et al. Human metabolic
phenotype diversity and its association with diet and blood pressure. Nature. (2008)
453:396-400. doi: 10.1038/nature06882

26. Smith AM, Natowicz MR, Braas D, Ludwig MA, Ney DM, Donley ELR, et al. A
metabolomics approach to screening for autism risk in the children’s autism metabolome
project. Autism Res. (2020) 13:1270-85. doi: 10.1002/aur.2330

27. Gotham K, Pickles A, Lord C. Standardizing ADOS scores for a measure of
severity in autism spectrum disorders. ] Autism Dev Disord. (2009) 39:693-705. doi:
10.1007/s10803-008-0674-3

28.Hus V, Gotham K, Lord C. Standardizing ADOS domain scores: separating
severity of social affect and restricted and repetitive behaviors. J Autism Dev Disord.
(2014) 44:2400-12. doi: 10.1007/s10803-012-1719-1

29. Esler AN, Bal VH, Guthrie W, Wetherby A, Ellis Weismer S, Lord C. The autism
diagnostic observation schedule, toddler module: standardized severity scores. ] Autism
Dev Disord. (2015) 45:2704-20. doi: 10.1007/s10803-015-2432-7

30. Mullen E. Mullen scales of early learning. Circle Pines, MN: Pearson Education,
Inc. (1995).

31. Noe DA, Weedn V, Bell WR. Direct spectrophotometry of serum hemoglobin: an
Allen correction compared with a three-wavelength polychromatic analysis. Clin Chem.
(1984) 30:627-30. doi: 10.1093/clinchem/30.5.627

32. Lynch KL. CLSI C62-a: a new standard for clinical mass spectrometry. Clin Chem.
(2016) 62:24-9. doi: 10.1373/clinchem.2015.238626

33. U.S. Department of Health and Human Services, Food and Drug Administration,
Center for Drug Evaluation and Research (CDER), Center for Veterinary Medicine
(CMV). Bioanalytical method validation guidance for industry (2018). Available at:
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-
for-Industry.pdf

34. Petersen A-K, Krumsiek J, Wigele B, Theis FJ, Wichmann H-E, Gieger C, et al. On
the hypothesis-free testing of metabolite ratios in genome-wide and metabolome-wide
association studies. BMC Bioinformatics. (2012) 13:120. doi: 10.1186/1471-2105-13-120

35. Arneth B, Hintz M. Error analysis in newborn screening: can quotients support
the absolute values? Anal Bioanal Chem. (2017) 409:2247-53. doi: 10.1007/
500216-017-0179-z

36. McHugh DMS, Cameron CA, Abdenur JE, Abdulrahman M, Adair O, al Nuaimi
SA, et al. Clinical validation of cutoff target ranges in newborn screening of metabolic
disorders by tandem mass spectrometry: a worldwide collaborative project. Genet Med.
(2011) 13:230-54. doi: 10.1097/GIM.0b013e31820d5e67

37.Chen Y, Lu T, Pettersson-Kymmer U, Stewart ID, Butler-Laporte G, Nakanishi T,
et al. Genomic atlas of the plasma metabolome prioritizes metabolites implicated in
human diseases. Nat Genet. (2023) 55:44-53. doi: 10.1038/s41588-022-01270-1

38. Sovio U, Goulding N, McBride N, Cook E, Gaccioli F, Charnock-Jones DS, et al.
A maternal serum metabolite ratio predicts fetal growth restriction at term. Nat Med.
(2020) 26:348-53. doi: 10.1038/s41591-020-0804-9

39. Aboulmaouahib B, Kastenmiiller G, Suhre K, Zollner S, Weissensteiner H, Prehn
C, et al. First mitochondrial genome-wide association study with metabolomics. Hum
Mol Genet. (2022) 31:3367-76. doi: 10.1093/hmg/ddab312

40. R Core Team. R: a language and environment for statistical computing. R Found
Stat Comput. (2019) Available at: https://www.r-project.org/

41. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics. (2016) 32:2847-9. doi: 10.1093/
bioinformatics/btw313

42. Charrad M, Ghazzali N, Boiteau V, Niknafs A. NbClust: an R package for
determining the relevant number of clusters in a data set. J Stat Softw. (2014) 61:1-36.
doi: 10.18637/jss.v061.i106

43. Traub SL, Johnson CE. Comparison of methods of estimating creatinine clearance
in children. Am J Hosp Pharm. (1980) 37:195-201. doi: 10.1093/ajhp/37.2.195

44. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B. (1995) 57:289-300. doi:
10.1111/j.2517-6161.1995.tb02031.x

45. Kim S. Ppcor: an R package for a fast calculation to semi-partial correlation coefficients.
Commun Stat Appl Methods. (2015) 22:665-74. doi: 10.5351/CSAM.2015.22.6.665

46. Frye RE, Rose S, Slattery J, Mac Fabe DF. Gastrointestinal dysfunction in autism
spectrum disorder: the role of the mitochondria and the enteric microbiome. Microb
Ecol Health Dis. (2015) 26:27458. doi: 10.3402/mehd.v26.27458

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1249578
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(18)31129-2
https://doi.org/10.1038/s41572-019-0138-4
https://doi.org/10.1001/jamapediatrics.2014.210
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1017/ipm.2021.73
https://doi.org/10.1016/j.neubiorev.2019.07.010
https://doi.org/10.1016/j.neubiorev.2019.07.010
https://doi.org/10.1016/j.biopsych.2020.03.022
https://doi.org/10.1016/j.biopsych.2020.03.022
https://doi.org/10.3389/fpsyt.2022.1079006
https://doi.org/10.3390/ijms21176274
https://doi.org/10.3390/jpm11010041
https://doi.org/10.1007/s10803-017-3237-7
https://doi.org/10.1176/appi.focus.20170047
https://doi.org/10.1176/appi.focus.20170047
https://doi.org/10.3389/fnint.2020.00016
https://doi.org/10.1176/appi.ajp.21100992
https://doi.org/10.1176/appi.ajp.21100992
https://doi.org/10.1016/j.biopsych.2020.09.025
https://doi.org/10.1016/j.biopsych.2018.08.016
https://doi.org/10.1371/journal.pone.0112445
https://doi.org/10.1021/pr901188e
https://doi.org/10.1038/tp.2013.51
https://doi.org/10.3389/fpsyt.2018.00636
https://doi.org/10.3389/fpsyt.2021.624767
https://doi.org/10.1016/j.cca.2019.12.009
https://doi.org/10.1016/j.cca.2019.12.009
https://doi.org/10.3389/fpsyt.2019.00647
https://doi.org/10.3389/fpsyt.2019.00647
https://doi.org/10.1007/s11011-021-00788-3
https://doi.org/10.1038/nature06882
https://doi.org/10.1002/aur.2330
https://doi.org/10.1007/s10803-008-0674-3
https://doi.org/10.1007/s10803-012-1719-1
https://doi.org/10.1007/s10803-015-2432-7
https://doi.org/10.1093/clinchem/30.5.627
https://doi.org/10.1373/clinchem.2015.238626
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://doi.org/10.1186/1471-2105-13-120
https://doi.org/10.1007/s00216-017-0179-z
https://doi.org/10.1007/s00216-017-0179-z
https://doi.org/10.1097/GIM.0b013e31820d5e67
https://doi.org/10.1038/s41588-022-01270-1
https://doi.org/10.1038/s41591-020-0804-9
https://doi.org/10.1093/hmg/ddab312
https://www.r-project.org/
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.18637/jss.v061.i06
https://doi.org/10.1093/ajhp/37.2.195
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.5351/CSAM.2015.22.6.665
https://doi.org/10.3402/mehd.v26.27458

Smith et al.

47. Malaguarnera M, Cauli O. Effects of I-carnitine in patients with autism spectrum
disorders: review of clinical studies. Molecules. (2019) 24:4262. doi: 10.3390/
molecules24234262

48. Hollis F, Kanellopoulos AK, Bagni C. Mitochondrial dysfunction in autism
spectrum disorder: clinical features and perspectives. Curr Opin Neurobiol. (2017)
45:178-87. doi: 10.1016/j.conb.2017.05.018

49. Castora FJ. Mitochondrial function and abnormalities implicated in the
pathogenesis of ASD. Prog Neuro-Psychopharmacol Biol Psychiatry. (2019) 92:83-108.
doi: 10.1016/j.pnpbp.2018.12.015

50. Rossignol DA, Frye RE. Mitochondrial dysfunction in autism spectrum disorders:
a systematic review and meta-analysis. Mol Psychiatry. (2012) 17:290-314. doi: 10.1038/
mp.2010.136

51. Ginsberg MR, Rubin RA, Falcone T, Ting AH, Natowicz MR. Brain transcriptional
and epigenetic associations with autism. PLoS One. (2012) 7:¢44736. doi: 10.1371/
journal.pone.0044736

52. Abraham JR, Szoko N, Barnard ], Rubin RA, Schlatzer D, Lundberg K, et al.
Proteomic investigations of autism brain identify known and novel pathogenetic
processes. Sci Rep. (2019) 9:13118. doi: 10.1038/541598-019-49533-y

53. Goh S, Dong Z, Zhang Y, DiMauro S, Peterson BS. Mitochondrial dysfunction as
a neurobiological subtype of autism spectrum disorder: evidence from brain imaging.
JAMA Psychiatry. (2014) 71:665-71. doi: 10.1001/jamapsychiatry.2014.179

54. Gu E, Chauhan V, Kaur K, Brown WT, LaFauci G, Wegiel J, et al. Alterations in
mitochondrial DNA copy number and the activities of electron transport chain
complexes and pyruvate dehydrogenase in the frontal cortex from subjects with autism.
Transl Psychiatry. (2013) 3:¢299. doi: 10.1038/tp.2013.68

55. Kato Y, Yokokura M, Iwabuchi T, Murayama C, Harada T, Goto T, et al. Lower
availability of mitochondrial complex I in anterior cingulate cortex in autism: a positron
emission tomography study. Am ] Psychiatry. (2023) 180:277-84. doi: 10.1176/appi.
2jp.22010014

56. Schwede M, Nagpal S, Gandal MJ, Parikshak NN, Mirnics K, Geschwind DH, et al.
Strong correlation of downregulated genes related to synaptic transmission and
mitochondria in post-mortem autism cerebral cortex. ] Neurodev Disord. (2018) 10:18.
doi: 10.1186/s11689-018-9237-x

57.Chauhan A, Gu E, Essa MM, Wegiel ], Kaur K, Brown WT, et al. Brain region-
specific deficit in mitochondrial electron transport chain complexes in children with
autism. ] Neurochem. (2011) 117:209-20. doi: 10.1111/j.1471-4159.2011.07189.x

58. Ilieva M, Aldana BI, Vinten KT, Hohmann S, Woofenden TW, Lukjanska R, et al.
Proteomic phenotype of cerebral organoids derived from autism spectrum disorder
patients reveal disrupted energy metabolism, cellular components, and biological
processes. Mol Psychiatry. (2022) 27:3749-59. doi: 10.1038/s41380-022-01627-2

59. Pei L, Wallace DC. Mitochondrial etiology of neuropsychiatric disorders. Biol
Psychiatry. (2018) 83:722-30. doi: 10.1016/j.biopsych.2017.11.018

60. Wang H, Liang S, Wang M, Gao J, Sun CC, Wang J, et al. Potential serum
biomarkers from a metabolomics study of autism. J Psychiatry Neurosci. (2016) 41:27-37.
doi: 10.1503/jpn.140009

61. Lv Q-Q, You C, Zou X-B, Deng H-Z. Acyl-carnitine, C5DC, and C26 as potential
biomarkers for diagnosis of autism spectrum disorder in children. Psychiatry Res. (2018)
267:277-80. doi: 10.1016/j.psychres.2018.06.027

62. Canfield MA, Langlois PH, Rutenberg GW, Mandell DJ, Hua F, Reilly B, et al. The
association between newborn screening analytes and childhood autism in a Texas
Medicaid population, 2010-2012. Am ] Med Genet B Neuropsychiatr Genet. (2019)
180:291-304. doi: 10.1002/ajmg.b.32728

63. Rangel-Huerta OD, Gomez-Ferndndez A, de la Torre-Aguilar MJ, Gil A, Perez-
Navero JL, Flores-Rojas K, et al. Metabolic profiling in children with autism spectrum
disorder with and without mental regression: preliminary results from a cross-sectional
case-control study. Metabolomics. (2019) 15:99. doi: 10.1007/s11306-019-1562-x

64. Miller MJ, Cusmano-Ozog K, Oglesbee D, Young SACMG Laboratory Quality
Assurance Committee. Laboratory analysis of acylcarnitines, 2020 update: a technical
standard of the American College of Medical Genetics and Genomics (ACMG). Genet
Med. (2021) 23:249-58. doi: 10.1038/s41436-020-00990-1

65. Lehmann R, Zhao X, Weigert C, Simon P, Fehrenbach E, Fritsche J, et al. Medium
chain acylcarnitines dominate the metabolite pattern in humans under moderate
intensity exercise and support lipid oxidation. PLoS One. (2010) 5:e11519. doi: 10.1371/
journal.pone.0011519

66. Teruya T, Chaleckis R, Takada J, Yanagida M, Kondoh H. Diverse metabolic
reactions activated during 58-hr fasting are revealed by non-targeted metabolomic
analysis of human blood. Sci Rep. (2019) 9:854. doi: 10.1038/541598-018-36674-9

67. Brooks GA. Lactate as a fulcrum of metabolism. Redox Biol. (2020) 35:101454. doi:
10.1016/j.redox.2020.101454

68. Filipek PA, Juranek ], Nguyen MT, Cummings C, Gargus JJ. Relative carnitine
deficiency in autism. ] Autism Dev Disord. (2004) 34:615-23. doi: 10.1007/
510803-004-5283-1

69. Celestino-Soper PBS, Violante S, Crawford EL, Luo R, Lionel AC, Delaby E, et al.
A common X-linked inborn error of carnitine biosynthesis may be a risk factor for
nondysmorphic autism. Proc Natl Acad Sci U S A. (2012) 109:7974-81. doi: 10.1073/
pnas.1120210109

Frontiers in Psychiatry

15

10.3389/fpsyt.2023.1249578

70. Guevara-Campos J, Gonzélez-Guevara L, Guevara-Gonzalez J, Cauli O. First
case report of primary carnitine deficiency manifested as intellectual disability and
autism spectrum disorder. Brain Sci. (2019) 9:137. doi: 10.3390/brainsci9060137

71. Ziats MN, Comeaux MS, Yang Y, Scaglia F, Elsea SH, Sun Q, et al. Improvement
of regressive autism symptoms in a child with TMLHE deficiency following
carnitine supplementation. Am ] Med Genet A. (2015) 167A:2162-7. doi: 10.1002/
ajmg.a.37144

72.Goin-Kochel RP, Scaglia F, Schaaf CP, Berry LN, Dang D, Nowel KP, et al. Side
effects and behavioral outcomes following high-dose carnitine supplementation
among young males with autism spectrum disorder: a pilot study. Glob Pediatr Heal.
(2019) 6:1-8. doi: 10.1177/2333794X19830696

73.Beaudet AL. Brain carnitine deficiency causes nonsyndromic autism with an
extreme male bias: a hypothesis. BioEssays. (2017) 39:1700012. doi: 10.1002/
bies.201700012

74.Gevi F, Zolla L, Gabriele S, Persico AM. Urinary metabolomics of young Italian
autistic children supports abnormal tryptophan and purine metabolism. Mol Autism.
(2016) 7:47. doi: 10.1186/s13229-016-0109-5

75.Van den Berghe G, Vincent MF, Jaeken J. Inborn errors of the purine nucleotide
cycle: adenylosuccinase deficiency. J Inherit Metab Dis. (1997) 20:193-202. doi:
10.1023/2:1005304722259

76.Speranza L, Grilli A, Patruno A, Franceschelli S, Felzani G, Pesce M, et al.
Plasmatic markers of muscular stress in isokinetic exercise. J Biol Regul Homeost
Agents. (2007) 21:21-9. doi: 10.1177/039463200802100412

77.Delaney NF, Sharma R, Tadvalkar L, Clish CB, Haller RG, Mootha VK.
Metabolic profiles of exercise in patients with McArdle disease or mitochondrial
myopathy. Proc Natl Acad Sci U S A. (2017) 114:8402-7. doi: 10.1073/
pnas.1703338114

78.Schranner D, Kastenmiiller G, Schonfelder M, Rémisch-Margl W, Wackerhage
H. Metabolite concentration changes in humans after a bout of exercise: a systematic
review of exercise metabolomics studies. Sports Med. (2020) 6:11. doi: 10.1186/
s40798-020-0238-4

79.Lewis GD, Farrell L, Wood MJ, Martinovic M, Arany Z, Rowe GC, et al.
Metabolic signatures of exercise in human plasma. Sci Transl Med. (2010) 2:33ra37.
doi: 10.1126/scitranslmed.3001006

80. Harkness RA. Hypoxanthine, xanthine and uridine in body fluids, indicators of
ATP  depletion. ]  Chromatogr. (1988)  429:255-78. doi:  10.1016/
$0378-4347(00)83873-6

81.Sotelo-Orozco ], Abbeduto L, Hertz-Picciotto I, Slupsky CM. Association
between plasma metabolites and psychometric scores among children with
developmental disabilities: investigating sex-differences. Front Psych. (2020)
11:579538. doi: 10.3389/fpsyt.2020.579538

82. Turner TN, Wilfert AB, Bakken TE, Bernier RA, Pepper MR, Zhang Z, et al.
Sex-based analysis of de novo variants in neurodevelopmental disorders. Am | Hum
Genet. (2019) 105:1274-85. doi: 10.1016/j.ajhg.2019.11.003

83. Al-Otaish H, Al-Ayadhi L, Bjerklund G, Chirumbolo S, Urbina MA, El-Ansary
A. Relationship between absolute and relative ratios of glutamate, glutamine and
GABA and severity of autism spectrum disorder. Metab Brain Dis. (2018) 33:843-54.
doi: 10.1007/s11011-018-0186-6

84.0h M, Kim SA, Yoo HJ. Higher lactate level and lactate-to-pyruvate ratio in
autism spectrum disorder. Exp Neurobiol. (2020) 29:314-22. doi: 10.5607/en20030

85.Riedl A, Gieger C, Hauner H, Daniel H, Linseisen J. Metabotyping and its
application in targeted nutrition: an overview. Br ] Nutr. (2017) 117:1631-44. doi:
10.1017/S0007114517001611

86.Beger RD, Schmidt MA, Kaddurah-Daouk R. Current concepts in
pharmacometabolomics, biomarker discovery, and precision medicine. Metabolites.
(2020) 10:129. doi: 10.3390/metabo10040129

87.Tiarlungeanu DC, Deliu E, Dotter CP, Kara M, Janiesch PC, Scalise M, et al.
Impaired amino acid transport at the blood brain barrier is a cause of autism
Spectrum disorder. Cell (2016) 167:1481-1494.e18. doi: 10.1016/j.cell.2016.11.013

88.Novarino G, el-Fishawy P, Kayserili H, Meguid NA, Scott EM, Schroth J, et al.
Mutations in BCKD-kinase lead to a potentially treatable form of autism with
epilepsy. Science. (2012) 338:394-7. doi: 10.1126/science.1224631

89. Zigman T, Petkovi¢ Ramadza D, Simi¢ G, Bari¢ L. Inborn errors of metabolism
associated with autism spectrum disorders: approaches to intervention. Front
Neurosci. (2021) 15:673600. doi: 10.3389/fnins.2021.673600

90. Burrage LC, Nagamani SC, Campeau PM, Lee BH. Branched-chain amino acid
metabolism: from rare Mendelian diseases to more common disorders. Hum Mol
Genet. (2014) 23:R1-8. doi: 10.1093/hmg/ddul23

91. Garcia-Cazorla A, Oyarzabal A, Fort ], Robles C, Castejon E, Ruiz-Sala P, et al.
Two novel mutations in the BCKDK (branched-chain keto-acid dehydrogenase
kinase) gene are responsible for a neurobehavioral deficit in two pediatric unrelated
patients. Hum Mutat. (2014) 35:470-7. doi: 10.1002/humu.22513

92. Tangeraas T, Constante JR, Backe PH, Oyarzibal A, Neugebauer J, Weinhold N,
et al. BCKDK deficiency: a treatable neurodevelopmental disease amenable to
newborn screening. Brain. (2023) 146:3003-13. doi: 10.1093/brain/awad010

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1249578
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.3390/molecules24234262
https://doi.org/10.3390/molecules24234262
https://doi.org/10.1016/j.conb.2017.05.018
https://doi.org/10.1016/j.pnpbp.2018.12.015
https://doi.org/10.1038/mp.2010.136
https://doi.org/10.1038/mp.2010.136
https://doi.org/10.1371/journal.pone.0044736
https://doi.org/10.1371/journal.pone.0044736
https://doi.org/10.1038/s41598-019-49533-y
https://doi.org/10.1001/jamapsychiatry.2014.179
https://doi.org/10.1038/tp.2013.68
https://doi.org/10.1176/appi.ajp.22010014
https://doi.org/10.1176/appi.ajp.22010014
https://doi.org/10.1186/s11689-018-9237-x
https://doi.org/10.1111/j.1471-4159.2011.07189.x
https://doi.org/10.1038/s41380-022-01627-2
https://doi.org/10.1016/j.biopsych.2017.11.018
https://doi.org/10.1503/jpn.140009
https://doi.org/10.1016/j.psychres.2018.06.027
https://doi.org/10.1002/ajmg.b.32728
https://doi.org/10.1007/s11306-019-1562-x
https://doi.org/10.1038/s41436-020-00990-1
https://doi.org/10.1371/journal.pone.0011519
https://doi.org/10.1371/journal.pone.0011519
https://doi.org/10.1038/s41598-018-36674-9
https://doi.org/10.1016/j.redox.2020.101454
https://doi.org/10.1007/s10803-004-5283-1
https://doi.org/10.1007/s10803-004-5283-1
https://doi.org/10.1073/pnas.1120210109
https://doi.org/10.1073/pnas.1120210109
https://doi.org/10.3390/brainsci9060137
https://doi.org/10.1002/ajmg.a.37144
https://doi.org/10.1002/ajmg.a.37144
https://doi.org/10.1177/2333794X19830696
https://doi.org/10.1002/bies.201700012
https://doi.org/10.1002/bies.201700012
https://doi.org/10.1186/s13229-016-0109-5
https://doi.org/10.1023/a:1005304722259
https://doi.org/10.1177/039463200802100412
https://doi.org/10.1073/pnas.1703338114
https://doi.org/10.1073/pnas.1703338114
https://doi.org/10.1186/s40798-020-0238-4
https://doi.org/10.1186/s40798-020-0238-4
https://doi.org/10.1126/scitranslmed.3001006
https://doi.org/10.1016/s0378-4347(00)83873-6
https://doi.org/10.1016/s0378-4347(00)83873-6
https://doi.org/10.3389/fpsyt.2020.579538
https://doi.org/10.1016/j.ajhg.2019.11.003
https://doi.org/10.1007/s11011-018-0186-6
https://doi.org/10.5607/en20030
https://doi.org/10.1017/S0007114517001611
https://doi.org/10.3390/metabo10040129
https://doi.org/10.1016/j.cell.2016.11.013
https://doi.org/10.1126/science.1224631
https://doi.org/10.3389/fnins.2021.673600
https://doi.org/10.1093/hmg/ddu123
https://doi.org/10.1002/humu.22513
https://doi.org/10.1093/brain/awad010

	Metabolomic biomarkers in autism: identification of complex dysregulations of cellular bioenergetics
	1. Introduction
	2. Materials and methods
	2.1. Children’s autism metabolome project participants
	2.1.1. Participant clinical and parental assessments
	2.1.2. Behavioral testing and diagnosis
	2.1.3. Exclusion criteria
	2.2. Phlebotomy and preanalytical specimen handling procedures
	2.3. Quantitative liquid chromatography—tandem mass spectrometry analysis
	2.4. Metabolomics participant sample set
	2.5. Metabolomic data analysis
	2.6. Biomarker analysis
	2.7. Clustering analysis
	2.8. Participant phenotypic and demographic information
	2.9. Association analyses

	3. Results
	3.1. CAMP study participant population
	3.2. Identification of metabolic biomarkers of autism-associated subpopulations
	3.3. Clusters of biomarkers
	3.4. Biomarker clusters exhibit patterns of metabolite fold changes that reveal autism-related metabolism
	3.5. Biomarkers as a tool for screening metabolic differences associated with pediatric autism
	3.6. Associations of CAMP behavioral and phenotypic data with biomarker quantitative values
	3.6.1. Biomarker value associations with demographic factors and diet
	3.6.2. Biomarker value associations with behavioral test scores
	3.6.3. Biomarker value associations with selected developmental milestones and co-occurring conditions
	3.7. Biomarker positive and negative population association analyses
	3.8. The number of biomarker clusters that identify a participant are associated with increased severity of autism and developmental delays

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

