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Abstract

Background: Currently there is no test for pregnant mothers that can predict the probability of
having a child that will be diagnosed with autism spectrum disorder (ASD). Recent estimates
indicate that if a mother has previously had a child with ASD, the risk of having a second child
with ASD is ~18.7% (High Risk) whereas the risk of ASD in the general population is ~1.7%
(Low Risk).

Methods: In this study, metabolites of the folate-dependent transmethylation and transsulfuration
biochemical pathways of pregnant mothers were measured to determine whether or not the risk of
having a child with autism could be predicted by her metabolic profile. Pregnant mothers who
have had a child with autism before were separated into two groups based on the diagnosis of their
child whether the child had autism (ASD) or not (TD). Then these mothers were compared to a
group of control mothers who have not had a child with autism before. A total of 107 mothers
were in the High Risk category and 25 mothers in the Low Risk category. The High Risk category
was further separated into 29 mothers in the ASD group and 78 mothers in the TD group.

Results: The metabolic results indicated that among High Risk mothers, it was not possible to
predict an autism pregnancy outcome. However, the metabolic profile was able to predict with
approximately 90% sensitivity and specificity whether a mother fell into the High Risk group
(18.7% risk) or Low Risk group (1.7% risk).

Conclusions: Based upon these measurements it is not possible to determine during a pregnancy
if a child will be diagnosed with ASD by age 3. However, differences in the folate-dependent
transmethylation and transsulfuration metabolites are indicative of the risk level (High Risk of
18.7% vs. Low Risk of 1.7%) of the mother for having a child with ASD.

Keywords

Autism; pregnancy; metabolic profile; folate; transmethylation; transsulfuration; Fisher
Discriminant Analysis

Introduction

Progress in early diagnosis and treatment of autism spectrum disorder has been hindered by
the lack of understanding of the underlying pathogenesis of the disorder which is a
necessary prerequisite for the design of effective treatment and prevention strategies.
Although gene-environment interactions are thought to be involved, as of yet none have been
reproducibly identified. The metabolic basis for autism has received much less research
attention despite the fact that chronic biochemical imbalance is often a primary factor in the
development of complex diseases and has been implicated in the pathogenesis of multiple
other neurobehavioral disorders (Andreazza et al., 2009; Dean et al., 2009; Gysin et al.,
2007; Mattson & Shea, 2003; Smythies, Gottfries, & Regland, 1997). A targeted candidate
pathway approach to autism pathogenesis offers advantages over untargeted genomic/
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proteomic approaches by providing a reflection of the combined influence of genes and
environment on a defined metabolic phenotype.

In this study, we target the tetrahydrofolate (THF)-dependent methionine transmethylation
and transsulfuration (TM/TS) pathways for glutathione (GSH) synthesis in pregnant mothers
at high risk of having a second child with autism (Figure 1). The vital importance of these
three interconnected pathways during gestation is underscored by their essentiality for error-
free DNA synthesis and repair, cell proliferation, and immune potential (Pathway 1); for
essential cellular methylation reactions including DNA, RNA, proteins, phospholipids, and
neurotransmitters (Pathway 2); and for the maintenance of glutathione (GSH) redox
homeostasis for cell signaling, detoxification, stress response, cell cycle progression and
apoptosis (Pathway 3). Because these three pathways regulate the distribution of precursors
for DNA synthesis (proliferation), DNA/histone methylation (epigenetics) and glutathione
synthesis (antioxidant/detoxification potential), the homeostatic balance between these
pathways is essential to support normal cell programming and ontogeny during prenatal and
post-natal development (Chmurzynska, 2010; Rassin, Sturman, & Gaull, 1981; Zeisel,
2009). Viewed in the context of systems biology, these are clearly core metabolic pathways
that represent “hubs” for the regulation of gene expression and redox signaling during rapid
fire shifts between proliferation, differentiation and cell death during fetal development. The
biochemical details of these pathways details are included in the Figure 1 legend.

Alterations in the prenatal intrauterine metabolic environment can have a profound influence
on fetal brain development and have been shown to confer risk or resistance to subsequent
brain and behavioral dysfunction (Bassan et al., 2010; Brown et al., 2007; Lowery,
Govindan, Murphy, & Eswaran, 2008; Rees, Harding, & Walker, 2008; Takao & Miyakawa,
2009; Yuan, Sun, Zhan, & Yu, 2010). Normal fetal neurodevelopment depends on precise
temporal and spatial pattern of gene expression that is predominantly regulated by epigenetic
mechanisms and redox signaling of neural precursor cells to differentiate, proliferate or die.
Thus, an imbalance in metabolic precursors for epigenetic regulation or redox signal
transduction during critical developmental windows can misdirect precursor cell fate leading
to downstream derangement of brain cell ontogeny and neurologic function relevant to
autism pathogenesis (Beaudin & Stover, 2009; Chmurzynska, 2010; Furness, Fenech,
Khong, Romero, & Dekker, 2008; Rassin et al., 1981; Taparia, Gelineau-van Waes,
Rosenquist, & Finnell, 2007; Wells et al., 2009).

The estimated risk of having a child with autism is approximately 1.7% in the general
population (Baio, 2018) whereas the risk of having autism among mothers who have
previously had a child with autism is estimated to be ~18.7% (Ozonoff et al., 2011).
Currently there is no test for pregnant mothers that can predict the probability of having a
child that will be diagnosed with ASD. Previously, we compared folate-dependent TM/TS
metabolites in mothers of children with autism 3-10 years after birth and found significant
imbalance in several metabolites relative to Low Risk mothers (James et al., 2008). More
recently, our research group was able to predict the autism diagnosis with high accuracy in
3-10 year old children based on multivariate analysis of their TM/TS metabolites
(Howsmon, Kruger, Melnyk, James, & Hahn, 2017) as well as for 2-17 year old children
from a separate study (Howsmon et al., 2018). Here we extend this work to pregnant
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mothers to determine whether TM/TS metabolites can be used as biomarkers to predict (1)
the risk of whether a High Risk mother will have a child diagnosed with ASD at age 3 and
(2) whether TM/TS metabolites can be used to predict whether the overall maternal risk of
having a child with ASD falls into the ~1.7% (Low Risk) or the ~18.7% (High Risk)
category.

Materials and Methods

High Risk Pregnant Mothers

A total of 146 mothers were recruited as part of the MARBLES (Markers of Autism Risk in
Babies — Learning Early Signs) Study, a prospective study that enlists mothers of children
with ASD who are in a subsequent pregnancy and therefore at a higher risk for delivering a
child who develops ASD (Hertz-Picciotto et al., 2018). The MARBLES families were
identified from lists of children diagnosed with autism who were receiving services through
the California Department of Developmental Services, from other studies at the Medical
Investigations of Neurodevelopmental Disorders (MIND) Institute, and by self-referral.
Inclusion criteria included: 1) maternal age =18 years; 2) currently pregnant with one or both
parents being the biological parent of a previous child with ASD; and 3) residence within the
specified area in California. The diagnosis of autism in the younger sibling was obtained by
trained administrators at age 36 months using standard ADOS and Mullen Scales of Early
Learning diagnostic tools. The Institutional Review Board of the University of California at
Davis and the State of California Committee for the Protection of Human Subjects approved
the study, and informed consent was obtained at enrollment.

There were a total of 146 mothers in the High Risk group which included three subgroups:
29 of them delivered children with an ASD diagnosis at 36 months, 39 of the children were
diagnosed with a developmental delay (DD), and 78 were typically developing. The
corresponding percentages are 19.9% ASD, 26.7% DD, and 53.4% TD. As the DD Dx may
not be stable (EImose et al., 2014; Hedvall et al., 2014; Keogh, Bernheimer, & Guthrie,
1997; Roberts, Anderson, Doyle, & Group, 2010) data from this subgroup were not further
analyzed in this work which reduces the sample size to 107 mothers.

Low Risk Pregnant Mothers

Recruitment of 25 pregnant Low Risk mothers was done in collaboration with the OB/GYN
Department and the Translational Research Institute at UAMS. All mothers lived within a 50
mile radius of Little Rock Arkansas. Inclusion factors included age =18 years with no family
history of autism, neurologic or genetic disorders, autoimmune disease, developmental
delay, fragile X, or Rett syndrome. The number of Low Risk participants was limited by
funding availability. The protocol was approved by the Institutional Review Board at UAMS
and all participants signed informed consent before blood draw.

A demographic comparison of mothers in the High Risk mothers (ASD and TD outcomes)
compared to the Low Risk mothers demographics is shown in Table 1 below.
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Blood Samples

Blood samples were obtained from the mothers at three different time points: 15t trimester,
2"d trimester, and 3'd trimester. The data for the mothers with High Risk were separated as
either autism spectrum disorder (ASD), typically developing (TD), or developmental delay
(DD) based on the child’s follow-up diagnosis at age three.

A summary of the number of participants for each group during each of the three trimesters
is given in Table 2 below.

Metabolite Analysis

Blood samples were collected into sodium citrate vacutainer tubes, chilled before
centrifugation at 4000 x g and aliquots of plasma were transferred into cryostat tubes and
stored at —80°C. All samples were collected and frozen between 2006 and 2014 and never
thawed before analysis. Plasma samples from California were sent by FEDEX Express on
dry ice to the James’ laboratory at the Arkansas Children’s Research Institute for HPLC
analysis. Metabolites in the folate-dependent transmethylation and transsulfuration pathways
were measured blinded to technicians. Metabolites of the transmethylation pathway included
methionine, S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), adenosine, and
homocysteine. Metabolites measured in the transsulfuration pathway included total cysteine
(tCysteine), free reduced cysteine (fCysteine), free oxidized cysteine (fCystine), glutamyl
cysteine (Glu-Cys), cysteinylglycine (Cys-Gly), total glutathione (tGSH), free glutathione
(fGSH), and free oxidized glutathione disulfide (GSSG). Measures of oxidative stress
included the oxidized tyrosine residues, 3-nitrotyrosine (NT) and 3-chlorotyrosine (C1T) as
well as the redox ratios tGSH/GSSG, fGSH/GSSG and cysteine/cysteine. Details of the
HPLC detection with electrochemical detection and analysis with internal standards have
been previously described (Melnyk et al., 2012).

Statistical Methods

Univariate Analysis.—To conduct a univariate analysis, a test was performed for whether
the population means or medians between two populations are equal against the alternative
hypothesis that they are not. To determine which testing method to use, the Anderson-
Darling test (Anderson & Darling, 1954) was applied to each sample. If the recorded
samples of a particular metabolite or ratio were drawn from two normal distributions a F-test
was subsequently performed to determine whether the population variances of both
distributions were identical. If at least one of the two samples of a particular metabolite or
ratio was not drawn from a normal distribution, the two-sample Kolmogorov-Smirnov test
(Massey, 1951) was applied to examine whether the two samples were drawn from unknown
distributions that had the same shape. This pre-analysis yielded four distinct scenarios for a
particular metabolite or ratio: (i) both samples were drawn from normal distributions that
had identical population variances, (ii) both samples were drawn from a normal distribution
with unequal population variances, (iii) both samples were drawn from two unknown
distributions that had the same shape and (iv) both samples were drawn from distinctively
different distributions. For scenarios (i), (ii), (iii) and (iv) the standard Student t-test, the
Welch test (Welch, 1947), the Mann-Whitney U test (Mann & Whitney, 1947) and the Welch
t-test were applied, respectively. For scenario (iv), the result of the hypothesis test was
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declared as undetermined if the p-value was close to the significance a, which is 0.05 for
each test applied, e.g. if p=0.07, the hypothesis test would be declared as undetermined.

In order to show the robustness of the hypothesis tests, the false discovery rates (FDR) for
each metabolite were also calculated (Storey, 2002). This was done by calculating the p-
values for various combinations of mothers and calculating the fraction of p-values that were
considered significant (< 0.05) over the total number of p-values. These combinations
included every combination leaving one mother out a time, every combination leaving two
mothers out at a time, and every combination leaving three mothers out at a time. This led to
several thousand p-values calculated for each metabolite from which the FDR was
computed.

A test was considered significant if the p-value was less than or equal to 0.05 and the FDR
value was less than or equal to 0.1.

Multivariate Analysis.—While the univariate analyses focus on testing for equal
population means or medians of individual metabolites/ratios, this does not answer the
question of how significant the differences in mean or median are. In order to examine the
extent of the differences within the recorded observations of two samples, Fisher
Discriminant Analysis (FDA) was applied (Fisher, 1936). This technique defines a
projection direction in the data space such that the squared difference between the centers of
the projected observations of both samples over the variances of the projected observations
is a maximum. Statistically, this objective function, J, is as follows:

(T, —1,*
=2
s1+s2

— 1M — 1
Here,7, = —X._ .t, .and7,=—X.%
1 n i=11,i 2 Ny i=1

samples onto the direction vector and the sample variances of the projected data points are

2_ 1. M -2 2_ 1 MM -2 ot
e (ty,:-7,) and 83 = oTSis (12, ; = 7,) - The orthogonal projection of #h

1 are the orthogonally projected means of both

observation from the second sample, Xz ; is 7, ; = xg ;p, Where p is the unit-length direction

vector. Note that the projection coordinate, & j is often referred to as a score. Essentially,
FDA is designed to best separate two groups of data while minimizing the spread out the
data within each group. FDA is used to develop a multivariate model that can be used to
classify between the two groups of data.

As the number of measured metabolites/ratios is 20, the next questions are (i) how many of
these contribute to differences and (ii) how to independently assess the performance of the
separation. To determine the most significantly contributing metabolites, all combinations
involving two through ten metabolites/ratios were studied and the best 200 combinations for
each total number were further evaluated. This evaluation entailed the use of a leave-one-out
cross-validatory procedure (Kohavi, 1995). Leave-one-out cross-validation removes the first
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observation, determining a FDA model using (1) and then applying this model to the first
observation. This application is designed to determine whether this observation is correctly
classified to belong to sample 1 or 2 or misclassified. Then, the second observation is left
out, whilst the first observation is included for determining a second FDA model using (1).
The second model is then also used to decide whether the second observation is correctly
classified or misclassified. Repeating this procedure until each of the observations is left out
once allows the calculation of the overall rate of correctly classified and misclassified
observations. For determining whether an observation is correctly or incorrectly classified,
the samples describing the High Risk group with ASD outcome (1t trimester, 2" trimester
and 3" trimester) were defined as positives and the corresponding samples of the High Risk
cohort with TD outcome as negatives. Similarly, when the classification between the High
Risk and the Low Risk cohorts were made, the samples describing the High Risk cohort
were defined as positives and the samples from the Low Risk cohort as negatives.
Hypothesis testing was performed to test if an observation belongs to a cohort and the one-
sided acceptance regions for a significance of a = 0.05 was determined on the basis of a
kernel density estimation of the scores for the observations of the cohort. This allowed the
calculation of the number of true and false positives as well as the number of true and false
negatives for the observations left out, /.e. independently, and with it the accuracy, specificity
and sensitivity metrics and the confusion matrix. The optimum combination of metabolites/
ratios was determined to be the one producing the largest accuracy.

Univariate Analysis of Subgroups within the High Risk Group of Mothers

Within the High Risk group, the differences in metabolic profiles between the ASD and TD
outcome subgroups were analyzed for each of the three trimesters using the appropriate
statistical test with a significance level of 0.05. No significant differences were found when
comparing metabolite measurements between mothers who had a child with autism and
those whose child was typically-developing. Details can be found in Table S-1 in the
Supplemental Materials.

Univariate Metabolite Analysis Comparing High Risk mothers with Low Risk mothers

The next set of hypotheses were tested by comparing the metabolic profiles of the Low Risk
control mothers with all mothers of the High Risk subgroups, regardless of pregnancy
outcome. The rationale for combining the two High Risk subgroups is that overall there are
no statistically significant differences between the ASD and TD subgroups and as such they
can be combined into one group. Table 3 below shows the results of the univariate analysis
comparing metabolic results between High Risk mothers and Low Risk mothers for each
trimester. The shaded cells represent measurements that had a statistically significant
difference between the two groups (p-value < 0.05 and FDR < 0.1).

Table 4 below lists the means +/— standard deviations for each metabolite at each trimester
separated by risk group.

Res Autism Spectr Disord. Author manuscript; available in PMC 2019 December 01.
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For the 15 trimester data, Homocysteine, fCysteine, fCystine/fCysteine, Cys-Gly, and
Nitrotyrosine have significant differences in group mean or median. Also, for the 2"
trimester data, Methionine, SAH, Homocysteine, fCystine, fCystine/fCysteine, Glu-Cys,
Cys-Gly, GSSG, fGSH/GSSG, and % Oxidized GSH all have significant differences in
group mean or median. Similarly, data from the 3 trimester exhibited statistically
significant differences in population mean or median for SAH, SAM/SAH, Adenosine,
Homocysteing, tCysteine, fCystine/fCysteine, Glu-Cys, Nitrotyrosine, and Chlorotyrosine.
Unlike the comparisons for the two subgroups within the High Risk group, there were many
significant differences in mean and median between the High Risk and the Low Risk groups.

Multivariate Statistical Analysis

FDA was used to determine the classification potential of combinations of groups of
metabolites to separate the data from the different groups of data (ASD vs. TD and High
Risk vs. Low Risk). The optimal combinations of measurements for each classification as
well as the misclassification errors after leave-one-out cross-validation have been
investigated and are discussed in detail below.

Multivariate Analysis of Subgroups within the High Risk Group of Mothers.—
The combinations of metabolites that were found to provide the best separation between the
ASD and TD subgroups of the High Risk group, after cross-validation was performed, are
listed in Table 5 below for each time point. The misclassification errors even for these “best”
combinations were in the 31%-43% range, depending upon which trimester and type of
misclassification errors are considered, which indicates that no statistically significant
differences can be found between the two subgroups within the High Risk mothers.

Multivariate Analysis of High Risk Mothers compared to Low Risk Mothers.—
Unlike the results for the ASD and TD subgroups within the High Risk group of mothers,
multivariate analysis of the High Risk vs. the Low Risk groups returned very different
results. Using multivariate analysis, Table 6 below lists the metabolic measurements that
were found to result in the best separation between the High Risk and Low Risk groups as
well as the misclassification errors calculated using cross-validation. In addition to the best
combination of metabolites for each trimester, there was one combination of metabolites that
resulted in reasonably low Type | and Type Il errors for all three trimesters. This
combination is marked in the table as “Overall Best Combination.” The metabolites that
produced the best results for each trimester are also listed in the table below as “Best
Combination for Each Trimester”.

The misclassification errors were low for each trimester and also reasonably low for the best
combination for all three trimesters. As such, statistically significant differences of the
metabolites of the transmethylation and transsulfuration pathways can be observed between
the mothers in the High Risk group and those in the Low Risk group.

In order to better understand the accuracy of the metabolites resulting in the best separation
of the High Risk and Low Risk group classification, confusion matrices were calculated.
These confusion matrices were computed using the combination of metabolites that worked
well for all three trimesters. As this combination resulted in the lowest misclassification
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rates for the 3™ trimester, as can be seen in Table 6 above, only the confusion matrix for this
trimester is shown in Table 7 below.

The information in the table shows how many of the members in each group are correctly
classified or misclassified. For example, of the 106 mothers in Table 7 in the High Risk
group for which measurements were taken during the 3 trimester, 96 were classified as
High Risk while the remaining 10 were misclassified as Low Risk. Similarly, of the 19
mothers in the Low Risk group, 17 were identified as belonging to this category while 2
were incorrectly classified as High Risk. In this table the following abbreviations are used:
“TP” refers to true positive, “TN” refers to true negative, “FP” refers to false positive, “FN”
refers to false negative, “PPV” refers to positive predictive value, “NPV” refers to negative
predictive value, “TNR” refers to true negative rate, and “TPR” refers to true positive rate.
Positive refers to the sample being classified as High Risk by the model and negative refers
to the sample being classified as Low Risk by the model. True and false refer to whether or
not the model’s classification was correct. For example, a true positive refers to a sample
from the High Risk group being classified as High Risk and a false positive refers to a
sample from the Low Risk group being (incorrectly) classified as High Risk.

While only the confusion matrix for the 3 trimester data is shown, the confusion matrices
for the 15t and 2" trimester resulted in similar, albeit slightly less accurate, predictive values.
This is not unexpected as the misclassification rates for the 15t and 2" trimester are slightly
larger as shown in Table 6. Using this information from the 3" trimester, the accuracy that a
mother belonging to the High Risk group is correctly identified as such from the metabolite
measurements is 90.6% (TPR from Table 7) while the accuracy of correctly identifying a
mother from the Low Risk group is 89.5% (TNR from Table 7).

Discussion

Although the predictive potential of the folate-dependent transmethylation/transsulfuration
metabolites for ASD or TD pregnancy outcome within the High Risk group of mothers was
negative, the metabolite comparison between High Risk and Low Risk mothers indicated
that there was significant potential as a predictor of whether a pregnant mother was at high
or low risk of an autism pregnancy outcome. The average probability of having a child with
ASD is ~1.7% (Baio, 2018) across the general population whereas mothers who have
already had a child with autism (High Risk) have approximately an ~18.7% probability of
having a child with ASD (Ozonoff et al., 2011). The results from our analysis, taking into
account the limitations of the study as discussed below, suggest that one can predict with
approximately 90% probability whether a pregnant mother is at high risk or low risk of
having a child with autism by analyzing her plasma transmethylation and transsulfuration
metabolites during pregnancy. While our analysis only looked at past data for comparing the
High Risk to the Low Risk group, as these were determined by having had children with
ASD in the past (High Risk) or not (Low Risk), the future risk levels of having a child with
ASD for the two groups of mothers are based on a previous study by Ozonoff et al. (Ozonoff
etal., 2011). Therefore, being able to differentiate between the two groups of mothers as
shown in this study is implicative of the different risk levels of an autism pregnancy
outcome.
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The univariate analysis showed that there were many statistically significant differences
between the High Risk and Low Risk mothers across the three trimesters. This included five
for the 15t trimester, ten for the 2" trimester, and ten for the 3" trimester. There were two
metabolite measurements that showed significant differences across all three trimesters:
Homocysteine and fCystine/fCysteine. With multivariate analysis, the use of five measured
metabolites across the three trimesters produced reasonably low misclassification errors and
high true positive and true negative rates. There was also a combination of metabolites that
produced reasonably good results for every trimester. This combination included
Homocysteine, fCystine/fCysteine, Glu-Cys, fGSH, and NT. Of these five, Homocysteine
and the fCystine/fCysteine redox ratio showed significant differences between the two
groups across all three trimesters according to the univariate analysis. This underscores the
significant contribution of these two metabolite measurements to the predictive set of five
metabolites used in the multivariate classification.

The directional changes in metabolites are informative and provide insight into the abnormal
metabolic status of the High Risk mothers. Homocysteine levels were consistently and
significantly higher in the High Risk mothers compared to Low Risk mothers across all three
trimesters in both univariate and multivariate analysis. Among Low Risk mothers,
homocysteine averaged 6.98 nM/L which is consistent with the established decrease in
homocysteine during normal pregnancy (Hague, 2003; Murphy, Scott, McPartlin, &
Fernandez-Ballart, 2002). In contrast, the homocysteine levels averaged 8.73 in the High
Risk mothers, increasing from 8.59 in the first trimester to 8.81 in the third trimester.
Homocysteine lies at the intersection between folate methyl transfer and methionine
transmethylation/transulfuration metabolism (Figure 1) and an abnormal increase indicates a
compromise in flux through these integrated pathways. Elevated homocysteine during
pregnancy also has been associated with folate insufficiency (Bergen NE et al., 2012; Hague,
2003; Tierney, 2004), low birth weight (Murphy, Scott, Arija, Molloy, & Fernandez-Ballart,
2004), neural tube defects (Ubbink, 1995; Zhao et al., 2006), schizophrenia (Brown et al.,
2007; Brown & Susser, 2008), growth retardation (Scholl & Johnson, 2000), preeclampsia
(Hague, 2003) and gestational diabetes (Seghieri et al., 2003). Although not commonly
practiced, it is critically important that homocysteine levels are monitored throughout
pregnancy to potentially reduce the risk of these preghancy complications which now could
include autism.

By altering enzyme activity, multiple genetic polymorphisms including MTHFR
(methylenetetrahydrofolate reductase), MTR (methionine synthase), MTRR (methionine
synthase reductase), SAHH (S-adenosylhomocysteine hydrolase) have been shown to
increase homocysteine leading to low SAM/SAH methylation capacity and epigenetically-
induced abnormal gene expression during fetal development (Mathers & McKay, 2009;
Ollikainen et al., 2010). SAH (S-adenosylhomocysteine) is a potent inhibitor of DNA and
histone methyltransferases which are essential to regulate normal gene expression during
embryonic development. The increase in SAH and decrease in SAM/SAH across all three
trimesters in the High Risk mothers would be expected to reduce DNA and histone
methylation leading to dysregulation of gene expression that could negatively influence
neurodevelopment (Graff & Mansuy, 2009). Elevated homocysteine can also reflect
inadequate metabolite flux for glutathione synthesis and increased oxidative stress
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(Mosharov, Cranford, & Banerjee, 2000; Zou & Banerjee, 2005). In High Risk mothers,
elevated homocysteine was associated with elevated cystine and increased cystine/cysteine
redox ratio as compared to Low Risk mothers. Cystine is the oxidized disulfide form of
cysteine and an increase in plasma cystine/cysteine redox ratio reflects a pro-oxidant state in
plasma that promotes pro-inflammatory cell signaling (Go et al., 2010; lyer et al., 2009),
protein thiol oxidation (Jones et al., 2004) and oxidative stress (Jones, 2006a). The cystine/
cysteine redox couple is considered to be a better indication of plasma oxidative stress than
the GSH/GSSG ratio which is the dominant intracellular redox couple (Jones, 2006b).
Cystathionine beta synthase (CBS), the enzyme that metabolizes homocysteine to initiate
transsulfuration, is regulated by a redox sensitive cysteine that reduces CBS activity when
oxidized (Niu et al., 2018). The increase in oxidized cystine/cysteine in High Risk mothers
is consistent with a redox responsive decrease in CBS activity that could contribute to the
increase in homocysteine (Figure 1). Other abnormalities in transsulfuration metabolism in
the High Risk mothers included a decrease in Glutamylcysteine (Glu-Cys) and increase in
Cysteinylglycine (Cys-Gly). Both these alterations are consistent with a compromise in GSH
synthesis and recycling, respectively. Although fGSH and tGSH were maintained, GSSG
was significantly increased resulting in a decrease in fGSH/GSSG redox potential and
associated increase in nitrotyrosine, an indicator of protein oxidative damage. Taken
together, these results indicate that folate-dependent transmethylation and transsufuration
metabolism appears significantly abnormal during pregnancy in mothers at High Risk of
having a child with autism compared to mothers at Low Risk of having a child with autism.
A decrease in methylation potential and increase in indicators of oxidative stress are of
particular concern for normal neurogenesis during fetal development (Dennery, 2007;
Murphy, 2007; Parisi et al., 2017; Thompson & Al-Hasan, 2012; Yajnik & Deshmukh,
2012).

Although the data presented in Table 1 indicate that there were demographic differences
between High and Low Risk mothers, it is not clear that these differences contributed to the
highly significant differences in metabolic profiles between High and Low Risk group for
the following reasons: 1) Although the Low Risk group were younger on average (27.9
years) than the High Risk (HR) groups (35.7 years HR-ASD and 34.6 years HR-TD),
previous research indicates that glutathione and its metabolizing enzymes are relatively
stable between ages of 25 and 40 and therefore age differences in this range are unlikely to
have contributed to metabolic differences observed between High Risk and Low Risk groups
(Al-Turk, Stohs, El-Rashidy, & Othman, n.d.); 2) Multivitamin intake during the first month
of pregnancy was lower (48%) in the High Risk-ASD mothers compared to High Risk-TD
mothers (67.9%); however this difference did not induce a difference in their metabolic
profiles. The multivitamin intake of the Low Risk mothers (72%) was similar to the High
Risk-TD mothers and therefore it is unlikely that multivitamin intake contributed to the
significant metabolic differences observed between High Risk and Low Risk mothers; 3)
Among mothers in the Low Risk group, 54.5% had previously had a child compared to
100% in the High Risk group. However, because there was no statistical difference in
metabolic profiles among Low Risk mothers regardless whether they did or did not have a
previous pregnancy, it is unlikely that a previous pregnancy influenced the metabolic results
between High and Low Risk groups; 4) There were more white/Caucasian mothers in the
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Low Risk group (67.9%) compared to the High Risk groups (48.3 ASD and 52.6% TD).
Thus it is possible that ethnically-based genetic or epigenetic differences could potentially
have affected metabolic profiles of —20% of participants. Whether or not genetic or
epigenetic differences affected group metabolic profiles cannot be ascertained with the data
available.

It is important to point out some other limitations of the conclusions drawn here. The sample
size for the Low Risk control mothers was small due to funding limitations and may not be
representative of the general population although the metabolite standard deviations were
not large. In addition, we did not obtain a 3 year follow-up diagnosis for the children of the
Low Risk mothers although the likelihood of ASD in this cohort is low. Another limitation
may be that the High Risk and Low Risk mothers were not from the same geographical area
(California and Arkansas, respectively) and different dietary habits or environmental
exposures could have influenced the results. Lastly, it is not possible to know whether the
maternal metabolic abnormalities we observed were directly or indirectly related to
abnormal fetal neurogenesis and the developmental origins of autism.

While the results of our metabolite analysis cannot predict an autism pregnancy outcome
among High Risk mothers, they do predict with reasonable accuracy whether a mother is at
high risk (~18.7%) or low risk (~1.7%) of having a child with autism. If these risk estimates
can be replicated in future studies, targeted therapies can be envisioned to normalize
maternal folate-dependent transmethylation/transsulfuration metabolism during pregnancy
and to reduce and potentially prevent the development of autism. Folic acid supplements
have been shown to reduce the risk of having a child with ASD (Surén et al., 2013) and more
research could be done to confirm this as a targeted therapy during pregnancy. Also, studies
aimed to replicate the results could additionally include other potential biomarkers of ASD
to see if these biomarkers are part of a larger set of biomarkers indicative of a higher
probability of ASD diagnosis.
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Highlights

. Metabolites from blood samples from pregnant mothers who have had a child
with autism before (High Risk — 18.7%) and pregnant mothers who have not
(Low Risk — 1.7%) were analyzed.

. High Risk mothers were further divided into two subgroups based on the
presence (ASD) or absence (TD) of a diagnosis of autism at age 3 of the yet
unborn child.

. Metabolites did not show significant differences among the two subgroups

(ASD vs. TD) of the High Risk group.

. Significant differences exist in the metabolites of the High Risk vs. the Low
Risk mothers.
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Figure 1:
Diagram of tetrahydrofolate (THF) — dependent methionine transmethylation and

transsulfuration for glutathione (GSH) synthesis. THF is the metabolically active form of
folate that is converted to 5-methyITHF, the primary methyl donor for methionine
transmethylation. The essential amino acid methionine is regenerated and conserved by the
B12-dependent transfer of a methyl group from 5-methyl THF to homocysteine in the
central methionine synthase (MS) reaction. Methionine is then activated to S-
adenosylmethionine (SAM), the methyl donor for multiple essential methyltransferase
(MTase) reactions. The ratio of the methyl-donor SAM to the product-inhibitor S-
adenosylhomocysteine (SAH) is a reflection of transmethylation pathway efficiency and
cellular methylation potential. The reversible hydrolysis of SAH to homocysteine and
adenosine by the SAH hydrolase (SAHH) reaction completes the methionine cycle.
Homocysteine can then be remethylated to methionine or irreversibly removed from the
methionine cycle by cystathionine beta synthase (CBS). This reaction initiates the
transsulfuration pathway for the synthesis of cysteine and glutathione. GSH is the active
reduced form of glutathione and GSSG is the inactive oxidized form. Glutamylcysteine
(Glu-Cys) is the metabolic precursor for GSH and Cystinylglycine (Cys-Gly) is an
intermediate in an alternate pathway for GSH synthesis.
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Table 1:

Summary of the available demographic data comparing High Risk mothers with Low Risk mothers. The data
for the High Risk group is subcategorized by outcomes of the children after 3 years of age as ASD (Autism
Spectrum Disorder) and TD (Typically Developing). The subcategory Developmental Delay is not listed here
as the data were not used for analysis. Other than age in years, values are presented as number of participants
in each category with percentage in parentheses.

High Risk ASD | High Risk TD | Low Risk

n =29 n=78 n=25
Age (years) 35.7+4.8 34.6+4.7 279+45
White/Caucasian 14 (48.3) 41 (52.6) 15 (68.2)
Non-white 15 (51.7) 37 (47.4) 7(31.8)
Hispanic 5(17.2) 13 (16.7) 0 (0)
Previous Pregnancy 29 (100) 78 (100) 12 (54.5)
Prenatal Vitamins first | 14 (48.3) 53 (67.9) 16 (72)
month of pregnancy
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Summary of the number of measurements for each group and time point. Note that it was not possible to

Table 2:

Page 20

collect data from all of mothers during any one trimester. The data for the High Risk group is subcategorized

by outcomes of the children after 3 years of age as ASD (Autism Spectrum Disorder) and TD (Typically

Developing).
Groups Time-points | Number of Mothers Total Number of
(separated by group) | Mothers at each
trimester
High Risk | 15t Trimester | ASD: 18 53
Group TD: 35
2"d Trimester | ASD: 28 105
TD: 77
3 Trimester | ASD: 29
TD: 77 106
Low Risk | 15t Trimester | 14 14
Group
2" Trimester | 22 22
3 Trimester | 19 19
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Table 3:

Page 21

Hypothesis test results for High Risk vs. Low Risk mothers for metabolic measurements taken during each
trimester. “t=" refers to the Student’s t-test, “W*" refers to the Welch’s test without the normality criteria
being met, and “MW” refers to the Mann-Whitney U test. Significance is determined by p-value < 0.05 and

FDR <0.1.

Metabolite 1st Trimester 2nd Trimester 3rd Trimester

Test | p-value FDR Test | p-value FDR Test | p-value FDR
Methionine t= 0.0436 0.4702 | MW | 0.0013 0 MW | 0.0508 0.620
SAM MW | 0.7170 1 MW | 0.4541 1 MW | 0.5520 1
SAH t= 0.0950 09174 | W 152E-04 | O MW | 2.04E-04 | O
SAM/SAH MW | 0.1139 0.9671 | MW | 0.2502 1 MW | 7.43E-04 | O
Adenosine t= 0.2179 0.9987 | W 0.0104 0.169 W 0.0071 0.0102
Homocysteine t= 0.0050 0 MW | 2.62E-06 | O MW | 3.75E-06 | O
tCysteine MW | 0.1747 0.9982 | MW | 0.5324 1 W 6.14E-04 | 8.38e-04
fCystine W 0.0295 0.1998 | W 422E-09 | O W 3.74E-09 | O
fCysteine W 0.0095 0.0707 | W 0.2626 1 W 0.6428 1
fCystine/fCysteine | W* 2.50E-06 | O W 1.67E-06 | O MW | 0.0042 0
Glu-Cys t= 0.1805 0.9964 | MW | 0.0054 5.86e-06 | MW | 459E-04 | O
Cys-Gly t= 0.0082 0.0051 | W 0.0088 6.09-04 | t= 0.0446 0.365
tGSH t= 0.2426 0.9997 | MW | 0.8136 1 MW | 0.6749 1
fGSH MW | 0.3920 0.9950 | t= 0.5139 1 MW | 0.3750 1
GSSG w 0.0067 0.3535 | MW | 0.0022 0 W 0.0439 0.649
tGSH/GSSG MW | 0.6828 1 MW | 0.0782 0.955 t= 0.1121 0.986
fGSH/GSSG w 0.6736 1 MW | 0.0243 0.015 W 0.0340 0.158
Nitrotyrosine MW | 0.0151 0.0160 | MW | 0.0412 0.235 MW | 0.0036 0
Chlorotyrosine MW | 0.7402 1 W* 0.0320 0.386 W* 0.0279 0.077
% Oxidized GSH W 0.1430 0.9948 | W 0.0084 0 MW | 0.0954 0.989
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Table 4:

The means of the data for each group + the standard deviations of the data split up by time point (15 trimester,
2" trimester, and 3" trimester) and subgroup (High Risk and Low Risk). The shaded cells refer instances with
in a significance differences in mean/median as detailed in Table 2. The parentheses indicate the units of
concentration. The ratios and percentage calculations are unit-less.

Metabolite 15t Trimester 2"d Trimester 3" Trimester

High Risk Low Risk High Risk Low Risk High Risk Low Risk
Methionine (M) 23.24#55 20.0+4.3 21.8+4.3 18.9+3.4 22.0+4.6 19.8+3.4
SAM (uM) 55.5+12 55.4+8.8 54.9+10.3 52.7+7.4 53.6+9.8 54.7+6.0
SAH (uM) 25.8+3.6 24.0£3.1 26.2+4.0 23.8+2.1 26.7+4.2 23.2+2.4
SAM/SAH 2.20+0.57 2.34+0.44 2.14+0.50 2.24+0.42 2.05+0.50 2.38+0.35
Adenosine (1M) 0.234+0.050 | 0.216+0.045 | 0.240+0.051 | 0.217+0.033 | 0.240+0.047 | 0.215+0.032
Homocysteine (¢M) | 8.60+1.8 7.15£1.1 8.80£1.9 6.99+0.88 8.81+1.7 6.80+1.3
tCysteine (M) 248+29 260+21 240+31 234+21 247%29 231+15
fCystine (1M) 24.6+4.0 23.3+1.0 25.1+4.2 22.0+1.3 254445 22.3+1.0
fCysteine (1M) 22.7£3.2 24.4+1.6 22.8+3.5 22.2+2.0 23.0£3.6 22.7+1.8
fCystine/fCysteine 1.10£0.17 0.957+0.055 | 1.11+0.18 0.994+0.061 | 1.12+0.20 0.985+0.070
Glu-Cys (1M) 1.69+0.21 1.77£0.19 1.66+0.22 1.80+0.21 1.65+0.19 1.84+0.26
Cys-Gly (1M) 47.0+6.4 41.8+6.3 43.0%7.5 39.4+5.1 44.8+7.1 41.3+£5.7
tGSH (M) 6.28+1.2 5.85%1.3 6.12+1.1 6.16+1.1 6.09+1.2 6.29+1.5
fGSH (M) 1.781+0.29 1.687+0.16 1.703+0.19 1.676+0.15 1.710+0.26 1.744+0.18
GSSG(uM) 0.229+0.048 | 0.205+0.022 | 0.229+0.041 | 0.206+0.026 | 0.235+0.036 | 0.221+0.026
tGSH/GSSG 28.2+8.0 28.7+6.2 27.7x7.7 30.3+6.6 26.1+6.3 28.7+6.7
fGSH/GSSG 8.14+2.3 8.31+1.0 7.73%1.9 8.22+1.1 7.42+1.5 7.95+0.86
Nitrotyrosine (nM) 42.5+10 35.5+6.3 45.8+15 38.0+6.3 49.7+16 39.2+7.0
Chlorotyrosine (nM) | 32.1+11.0 29.9+4.5 33.1%13 29.5+5.1 35.2+14 31.3+4.5
% Oxidized GSH 0.208+0.048 | 0.196+0.018 | 0.213+0.037 | 0.198+0.019 | 0.218+0.036 | 0.202+0.018
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Table 5:

Misclassification errors calculated by cross-validation using the specified combinations of metabolites. These
combinations were found by choosing the combination that resulted in the lowest Type I/Type Il errors.

ASD vs. TD

Errors Metabolites

15t Trimester | Type | =31.43% | Homocysteine, fCysteine,
Type 11 =38.89% | Cys-Gly, fGSH, tGSH/GSSG

2Md Trimester | Type | =41.56% SAH, Homocysteine,
Type Il = 42.86% | fCystine, Glu-Cys, tGSH

3rd Trimester | Type | =38.96% | fCystine, fCystine/fCysteine,
Type 11 =41.38% | Glu-Cys, Cys-Gly,
% Oxidized GSH
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Table 6:

Misclassification errors calculated by cross-validation using the specified combinations of metabolites.
Columns 2 and 3 refer to the Overall Best Combination while columns 4 and 5 list the best combination of
metabolites for each trimester, which varies for each trimester.

Overall Best Combination Best Combination for Each Trimester

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Errors

Metabolites

Errors

Metabolites

15t Trimester

Type | = 14.29%
Type Il = 7.55%

2" Trimester

Type | = 13.64%
Type Il = 17.14%

3rd Trimester

Type | = 10.53%
Type 11 =9.43%

Homocysteine,
fCystine/fCysteine,
Glu-Cys, fGSH, NT

Type | = 7.14%
Type 11 =11.32%

SAH,
Homocysteine,
fCystine/fCysteine,
fGSH, NT

Type | =9.09%
Type 11=13.33%

Homocysteine,
fCystine, Glu-Cys,

tGSH, NT

Type | = 10.53% Methionine,

Type Il = 6.60% SAM/SAH,
fCystine/fCysteine,
Glu-Cys, NT
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Table 7:

Page 25

The cross-validated confusion matrix for separation between the High Risk and Low Risk groups for the 3
trimester measurements. TPR = TP/(TP+FN) is the true positive rate, TNR = TN/(TN+FP) is the true negative
rate, PPV = TP/(TP+FP) is the positive predictive value, and NPV = TN/(TN+FN) is the negative predictive

value.
Actual
High Risk Low Risk
High Risk TP =96 FP=2 PPV =0.97959
Predicted
Low Risk  FN=10 TN=17 NPV =0.62963

TPR=0.90566 TNR =0.89474
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