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Abstract The goal of this study was to evaluate trans-
sulfuration metabolites in participants diagnosed with
autism spectrum disorders (ASDs). Transsulfuration
metabolites, including: plasma reduced glutathione (GSH),
plasma oxidized glutathione (GSSG), plasma cysteine,
plasma taurine, plasma sulfate, and plasma free sulfate
among participants diagnosed with ASDs (n = 38) in
comparison to age-matched neurotypical controls were
prospectively evaluated. Testing was conducted using
Vitamin Diagnostics, Inc. (CLIA-approved). Participants
diagnosed with ASDs had significantly (P < 0.001)
decreased plasma reduced GSH, plasma cysteine, plasma
taurine, plasma sulfate, and plasma free sulfate relative to
controls. By contrast, participants diagnosed with ASDs had
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significantly (P < 0.001) increased plasma GSSG relative
to controls. The present observations are compatible with
increased oxidative stress and a decreased detoxification
capacity, particularly of mercury, in patients diagnosed with
ASDs. Patients diagnosed with ASDs should be routinely
tested to evaluate transsulfuration metabolites, and potential
treatment protocols should be evaluated to potentially cor-
rect the transsulfuration abnormalities observed.

Keywords Heavy metal - Metabolic endophenotype -
Sulfation - Sulfur

Introduction

Autism spectrum disorders (ASDs) are prevalent neuro-
developmental disorders that affect an estimated 1 in 150
children in the US [1]. It has been observed that ASDs are
characterized by impairments in social relatedness and
communication, repetitive behaviors, abnormal movement
patterns, and sensory dysfunction [2]. Further, common
co-morbidity conditions often associated with ASDs
include gastrointestinal disease and dysbiosis [3], autoim-
mune disease [4], and mental retardation [5].

In attempting to understand the underlying pathogenesis
of ASDs, a considerable body of research has been con-
ducted to evaluate potential candidate causal genes. Genetic
studies, to date, have not uncovered genes of strong effect.
It has recently been postulated that increasing rates of ASDs
and less than 100% monozygotic concordance of ASDs
support a more inclusive reframing of ASDs as a multi-
system disorder with genetic influence and environmental
contributors [6].

Research into the metabolic basis for ASDs has been
relatively underutilized compared to other approaches.
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Fig. 1 A summary of the transsulfuration pathway

Several studies have recently focused on the transsulfura-
tion pathway in ASDs. ASD children were found to have
significant decreases in blood total and reduced glutathione
(the major intracellular antioxidant), whereas oxidized
glutathione was significantly increased in comparison with
controls [7-9]. Other researchers reported that blood levels
of sulfate were significantly decreased in ASD children in
comparison with controls [10]. Cysteine (the rate limiting
substrate for intracellular glutathione synthesis) in ASD
children was also found to be significantly decreased in the
plasma relative to controls [7-9].

A diagram of the transsulfuration pathway is presented
in Fig. 1. The transsulfuration pathway starts with homo-
cysteine, which can either be remethylated to methionine
or irreversibly removed from the methionine cycle by
cystathionine f-synthase (CBS). This is a one way reaction
that permanently removes homocysteine from the methio-
nine cycle and initiates the transsulfuration pathway for the
synthesis of cysteine, glutathione, sulfate, and taurine as
indicated in Fig. 1 [11].

The present study was undertaken to confirm and extend
previous observations in patients diagnosed with ASDs by
examining a different cohort of children diagnosed with
ASDs using routine, clinically available lab testing. The
purpose of the present study was to further evaluate an
entire metabolic pathway (i.e. the transsulfuration path-
way), as opposed to isolated single gene products, to
provide a greater mechanistic insight into disease pathol-
ogy, so that new options for targeted treatment strategies
may be further explored.

Experimental Procedure
The study was conducted at the Autism Treatment Center

(Dallas, Texas). Phlebotomy took place at Medical Center
Plano, Outpatient Phlebotomy (Plano, Texas).
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The study protocol received Institutional Review Board
(IRB) approval from Liberty IRB, Inc. (Deland, Florida).
All parents signed a consent and Health Insurance Porta-
bility and Accountability Act (HIPAA) form and all
received a copy. Children were in the presence of one or
both parents at all times during the study.

Participants

The present study looked at qualifying participants
(n = 38) who were prospectively recruited from the com-
munity of the Dallas/Fort Worth, Texas area. All of the
children had a diagnosis of autism or pervasive develop-
mental disorder (PDD). Children included in the present
study were between 2 and 16 years of age and had an initial
Childhood Autism Rating Scale (CARS) score >30. A
child with a CARS score >30 is considered to have autism
[12]. This study excluded children who had a history of
Fragile X disorder, tuberous sclerosis, phenylketonuria
(PKU), Lesch-Nyhan syndrome, fetal alcohol syndrome, or
history of maternal illicit drug use.

Clinical Evaluation

As a baseline, the researchers obtained information
regarding demographics, formal diagnosis, age at diagno-
sis, age of apparent onset, information regarding delay or
regression, any current medical issues, medications, and
allergies on each child. A baseline CARS evaluation was
performed by Dr. Kern, who was trained in the use of
CARS, and has 12 years experience in using the CARS to
evaluate more than 300 persons with an ASD diagnosis.
Dr. Kern interviewed the parents and observed each child.
Table 1 summarizes the pertinent demographics of the
participants included in the present study.

Lab Evaluation

Following the intake evaluation, each participant in the
present study had blood samples collected. The laboratory
specimens were all collected in the morning following an
overnight fast. Specimens were immediately taken to and
processed at LabCorp in Medical City Hospital (Dallas,
Texas) and then shipped overnight to Vitamin Diagnostics,
Inc. (Cliffwood Beach, New Jersey). The lab used in the
present study was blinded and received no information
regarding the clinical status of the participants examined or
their CARS scores prior to their testing of each sample.

Participants were tested for the following at Vitamin
Diagnostics (all CLIA-approved): transsulfuration metab-
olites including—plasma cysteine, plasma taurine, plasma
reduced glutathione, plasma oxidized glutathione, plasma
free sulfate, and plasma total sulfate.
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Table 1 A summary of the participants with ASD included in the
present study

Descriptive information

Sex/age
34/4 (8.5:1)
6.0 £ 2.6 (2-13)

Male/female (ratio)
Mean age in years + Std (range)

Race (n)

Caucasian T1% (27)
Hispanic 7.9% (3)
Black 7.9% (3)
Asian 7.9% (3)
Mixed 5.3% (2)

Autistic disorder characteristics

Mean CARS score + Std (range) 39 + 6.3 (30-51)

Regressive (n)* 65.8% (25)
Non-regressive (n) 34.2% (13)
Autism (n) 73.7% (28)
Autism spectrum disorders (n)b 26.3% (10)
Previous treatments

Supplements (n) 42.1% (16)
Chelation (n) 0% (0)
Supplements + chelation (n) 18.9% (7)

Std = standard deviation. All participants examined in the present
study were living in the state of Texas

 Includes participants that had a regressive event in development at
any time following birth

 Autism spectrum disorders include participants diagnosed with
pervasive developmental disorder—not otherwise specified (PDD-
NOS) and Asperger’s disorder

Lab Methods
Blood Transsulfuration Metabolites

Plasma oxidized and reduced glutathione samples were
collected immediately after venipuncture by adding col-
lected plasma to a preservative solution in order to stop any
reaction which might change the ratio of oxidized to
reduced glutathione. Both reduced and oxidized glutathi-
one were measured [13]. Liquid chromatography followed
by tandem mass spectrometry was used. Total plasma
cysteine and plasma taurine samples were collected
immediately after venipuncture by adding collected plasma
to a preservative solution. The stabilized plasma was used
to quantify total plasma cysteine by a homogenous enzy-
matic colometric assay [14] and plasma taurine was
determined by HPLC/fluorescence technique [15]. Total
plasma sulfate per g protein and plasma free sulfate per g
proteins samples were collected immediately after veni-
puncture by adding collected plasma to a preservative
solution. Sulfate was determined using the procedure of
Chattaraji and Das [16]. A Shimadzu Model 646 atomic

absorption spectrometer was used under the following
conditions: copper lamp current 7 mA; wavelength
325 nm; slit-width, 0.38 nm; acetylene flow plate, 1.5 dm?/
min; and airflow plate, 10.0 dm>/min. Free inorganic sul-
phate was measured by negative electrospray ionization
tandem mass spectrometry [17]. To the sample **S-labeled
sodium sulphate was added as an internal standard. The
sample was deproteinized with methanol and bicarbonate
anions titrated with dilute acetic acid to pH 7.0. The
tandem mass spectrometer was used in neutral loss mode to
detect HSO, ™ ions. To determine the quantity of protein,
100 pl of a 0.15% solution of sodium deoxycholate was
added to a 1.8 ml sample of plasma. After 10 min at 4°C,
100 Wl of trichloroacetic acid (6N) was added. The mixture
was centrifuged at 10,000 rpm for 15 min at 4°C. The
precipitate was solubilized with 50 pl of sodium dodecyl-
sulfate (2.5%) in 0.01N NaOH. When the precipitate was
completely dissolved, 450 pl of HCI (0.01N) was added
and assayed for protein by the method of Watanabe et al.
[18]. The recovery of protein was 87 = 5% (n = 16).

Controls

The transsulfuration metabolites of plasma reduced gluta-
thione, plasma oxidized glutathione, plasma sulfate, plasma
free sulfate, plasma taurine measured at Vitamin Diag-
nostics among participants with an ASD diagnosis were
compared to prospective samples collected by testing
neurotypical boys and girls between 2—16 years of age by
the lab (n > 25). Significant sex-specific differences were
not observed among the neurotypical boys and girls for
transsulfuration metabolites tested, so control samples were
pooled across sex.

Statistical Analyses

The current study used the statistical package contained in
StatsDirect (Version 2.4.2). For each participant, his or her
transsulfuration levels were evaluated in relation to the
mean level from neurotypical controls using the unpaired
parametric t-test statistic. Additionally, for each partici-
pant, his or her transsulfuration (Vitamin Diagnostics)
levels were evaluated in relation to the mean level from
neurotypical controls, so as to convert each participant’s
measured test values into a percent of the mean value
([participant’s laboratory value/mean level from neuro-
typical controls] x 100 = percent of the pertinent mean).
For each metabolite examined, the individual results were
then averaged to compute an overall average percent of the
pertinent means, and the standard error for each charac-
teristic was calculated. The null hypothesis was that there
should be no difference in means among the participants
with an ASD and neurotypical controls for each metabolite
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Table 2 An assessment of transsulfuration metabolites among the participants diagnosed with an ASD in comparison to neurotypical controls

Lab test Mean =+ Std Mean =+ Std P-value® % >Controls % <Controls
(% of pertinent neurotypical upper limit® (n)  lower limit® (n)
mean £+ SEM) controls (n)?
Plasma cysteine (pumol/l) 17.8 £ 8.3 (77 £ 5.8) 232 + 4.2 (64) <0.001 532 36.8 (14)
Plasma reduced glutathione (pmol/l) 3.14 £ 0.56 (75 £ 2.2) 4.2 4+ 0.72 (120) <0.0001 0 (0) 26.3 (10)
Plasma oxidized glutathione (nmol/l) 048 + 0.16 (137 &+ 7.4) 0.35 + 0.05 (120) <0.001 60.5 (23) 13.2 (5)
Plasma taurine (pmol/l) 48.6 £ 14.0 (50 £+ 2.3) 97.5 + 8.8 (27) <0.0001 0 (0) 100 (38)
Plasma total sulfate (umol/g P) 934 + 252 (48 + 2.1) 1,930 + 184 (82) <0.0001 0 (0) 100 (38)
Plasma free sulfate (umol/g P) 1.37 £ 048 33 £ 1.9) 4.1 £ 0.46 (67) <0.0001 0 (0) 100 (38)

Std = standard deviation; SEM = standard error of the mean

* Prospective samples collected by testing neurotypical boys and girls, from the United States, between 2—16 years of age by the lab

® The unpaired r-test statistic was utilized
¢ Mean =+ (2 x standard deviation)

examined. For all the statistical tests in the present study, a
two-tailed P-value <0.05 was considered statistically
significant.

Results

Table 2 summarizes an assessment of transsulfuration
metabolites among the participants with ASD in compari-
son to the neurotypical controls examined in the present
study. Overall, it was observed that the participants with
ASD had significantly decreased levels of plasma cysteine,
plasma reduced glutathione, plasma taurine, plasma total
sulfate, and plasma free sulfate. The abnormalities were
greatest in free sulfate (ASD mean was 33% of control
mean), followed by total sulfate and taurine (ASD means
were 48 and 50% of control means, respectively), with less
difference in reduced glutathione and cysteine (ASD
means were 75 and 77% of control means, respectively).
By contrast, participants with ASD had significantly
increased plasma oxidative glutathione (ASD mean was
137% of control mean). Additionally, no significant dif-
ferences were observed for the transsulfuration metabolites
when comparing participants with a prior history of sup-
plementation and/or chelation therapy (data not shown).

Discussion

The overall results of the present study showed significant
abnormalities in the biochemical markers in the transsul-
furation pathway among participants diagnosed with ASDs
in comparison to neurotypical controls.

The significant decrease in plasma reduced glutathione
and increased oxidized glutathione among the participants
diagnosed with ASDs relative to neurotypical controls is of
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particular concern. Glutathione is a tripeptide of cysteine,
glycine, and glutamate that is synthesized in every cell of
the body. The essential intracellular reducing environment
is maintained by the high ratio of reduced glutathione
to the oxidized form of glutathione [19]. The glutathione
redox equilibrium regulates a wide range of functions
that include nitrogen and oxygen free radical scavenger
[20], protein redox status and enzyme activity [21], cell
membrane integrity and signal transduction [22, 23], tran-
scription factor binding and gene expression [24], phase II
detoxification [25], and apoptosis [26].

Under normal physiologic conditions, glutathione
reductase enzyme activity is sufficient to maintain the
high reduced/oxidized glutathione redox ratio. However,
excessive intracellular oxidative stress that exceeds the
capacity of glutathione reductase will result in oxidized
glutathione export to the plasma in attempt to regain
intracellular redox homeostasis. Thus, an increase in
plasma oxidized glutathione is a strong indication of
intracellular oxidative stress. Further, oxidized glutathione
export represents a net loss of glutathione to the cell and
increases the requirement for cysteine, the rate-limiting
amino acid for glutathione synthesis. Of possible rele-
vance, plasma cysteine levels were significantly reduced in
almost 40% of the participants diagnosed with ASDs rel-
ative to controls. It is important to note that cysteine is a
‘‘conditionally’’ essential amino acid that is dependent on
adequate methionine status; thus, a decrease in methionine
precursor levels effectively increases the requirement for
preformed cysteine [27]. The significant decrease in plasma
cysteine and plasma glutathione and the increase in plasma
oxidized glutathione observed among the study participants
with ASDs suggest that precursor availability is insufficient
to maintain glutathione levels and normal redox homeo-
stasis. Consistent with low plasma reduced and total
glutathione levels and increased oxidative stress, autistic
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children would be expected to have difficulty resisting
infection, resolving inflammation, and detoxifying envi-
ronmental contaminants. Indeed, patients diagnosed with
ASDs were reported to suffer from recurrent infections
[28], neuroinflammation [29], gastrointestinal inflamma-
tion [30, 31], and impaired antioxidant and detoxification
capacity [32-34].

Further, an important relationship between glutathione
availability and mercury excretion has been found [35].
Bile is the main route of elimination for many metals, and
the rate of secretion of methyl and inorganic mercury into
bile was low in suckling rats but rapidly increased to adult
rates soon after weaning. These changes closely paralleled
similar developmental changes in the biliary secretion of
reduced glutathione. It was observed that when reduced
glutathione secretion into bile was completely inhibited,
without changing hepatic levels of reduced glutathione or
mercury, mercury secretion was also completely blocked.
These researchers concluded that their results indicated a
close correspondence between the secretion of mercury and
reduced glutathione. It is important to note that the liver is
the major site of glutathione synthesis and also the major
supplier of plasma and bile glutathione [36].

Additionally, the finding of significantly decreased
plasma sulfate and plasma free sulfate among participants
diagnosed with ASDs in comparison to neurotypical con-
trols is concerning. Alberti et al. showed impaired sulfation
capacity in patients diagnosed with ASDs [37]. These
researchers concluded that their observations were com-
patible with a fault in the production of sulfate or a
problem in its utilization at rates that exceed the speed
which cells can process cysteine to sulfate in patients
diagnosed with ASDs. Others have shown impaired pro-
duction of sulfation products among patients diagnosed
with ASDs [38]. Decreased sulfation capacity can result in
decreased detoxification of xenobiotics [39]. Within the
ASD population, the apparent inability to properly respond
to toxins (phenolic compounds and heavy metals) may be
due, in part, to an undersupply of sulfate substrate for the
sulfotransferases, resulting in impaired sulfur-dependent
detoxification pathways [40]. Sulfate is essential for
detoxification and plays a critical role in heavy metal
detoxification [41].

The brain has many sulfate transporters. Sulfate trans-
porters are expressed most highly in the cerebellum and
hippocampus, suggesting that in these locations, important
processes needing sulfate regulation are taking place [42].
Additionally, cysteine dioxygenase (CDO), the rate limit-
ing enzyme of cysteine oxidation, is strongly expressed in
the Purkinje neurons of the cerebellum and in neurons in
the hippocampus [43], probably because the supply of
sulfate is so vital to the function in that region. The hip-
pocampus and the cerebellum are the two places in the

brain that have received attention from brain studies in
patients diagnosed with ASDs because there is evidence of
structural abnormalities [44].

Research in rats has also shown gender differences in
detoxification, with females excreting significantly higher
levels of mercury than males [45, 46]. Other researchers
found that males are more dependent on sulfotransferase
activity for the removal of xenobiotics [47]. In addition,
researchers reported CBS, which catalyzes the committing
step in the transsulfuration pathway, is down-regulated by
testosterone in human cells. This results in a significant
decrease in flux through the transsulfuration pathway and
lower intracellular glutathione levels [48]. Furthermore, it
was observed in some animal models and in human fetal/
infant populations, that exposure to low-dose mercury
induced significant increases in neurotoxic effects in males
when compared to females [49]. Overall, these observations
may be particularly important to patients diagnosed with
ASDs, since the male/female ratio in ASDs is at least 3:1
[1], and since researchers have reported significant increa-
ses in testosterone in patients diagnosed with ASDs [50].

Because sulfate and glutathione are essential for effec-
tive detoxification, the effects of a lack of availability of
free sulfate and reduced glutathione on detoxification are
far-reaching. Exposure to toxins in children with compro-
mised detoxification capability has an even greater
potential to disrupt critical developmental processes and
result in developmental neurotoxicity [51].

Lack of availability of free sulfate and reduced gluta-
thione may be only one part of the issue. Examination of
the effects of heavy metals reveals that the presence of
heavy metals, e.g., mercury, can disrupt the very processes
needed to excrete the metals. Evidence shows that metal
ions disrupt methionine synthetase which then, results in
the inhibition of glutathione production [52]. In addition,
the presence of metals causes oxidative stress, and since
glutathione has the dual function of both reducing of oxi-
dative stress and detoxifying heavy metals, glutathione
may be become rapidly depleted as a result of demand.

The overall importance of these phenomena in relation to
individuals diagnosed with ASDs, as observed in the pres-
ent study, is that plasma cysteine, plasma sulfate, plasma
taurine, and plasma reduced glutathione were all signifi-
cantly decreased in participants diagnosed with ASDs,
whereas by contrast,, plasma oxidized glutathione was
significantly increased in participants diagnosed with
ASDs. These findings are in agreement with observations
made by previous researchers [7-10]. Like the current
study, these previous studies have shown that, relative to the
controls, individuals with ASDs had significant reductions
in blood levels of glutathione, cysteine, and sulfate, whereas
by contrast, plasma oxidized glutathione was significantly
increased.

@ Springer



Neurochem Res

Strengths and Limitations

The present study has number of potential strengths that
help to support the observations made. First, the design of
the present study, as a prospective, blinded study, helps to
minimize the chance for selection bias of study partici-
pants. In addition, the blinded nature of the study ensured
that biasing factors regarding clinical or lab assessments of
individual participants were minimized because neither
group was aware of the other’s results.

Second, since the present study was conducted at the
ATC, a non-biomedical intervention center, the patients
examined in the present study were a priori not skewed
toward those seeking biomedical interventions at a physi-
cian’s office. The participants examined in the present
study were selected from community contacts.

Third, and most importantly, the consistency and speci-
ficity of the results observed were strengths of the present
study. It was observed that each transsulfuration metabolite
examined, with the exception of plasma oxidized glutathi-
one, was significantly decreased relative to the neurotypical
controls.

Finally, since two-tailed P-values were used, and the
directions of the significant effects observed were in the
biologically plausible directions, the mere chance occur-
rence of observing the results found in the present study
were minimal. Furthermore, since <20 total statistical tests
were generated in the present study, a two-tailed P-value
<0.05 was considered significant, and all of the P-values
calculated were <0.01, it is reasonable to conclude that the
results observed were not due to statistical chance.

In considering the potential limitations of the present
study, the number of study participants was of moderate
size. Despite this potential limitation of the present study, it
was observed that there were consistent statistical effects
observed. It would be worthwhile to evaluate the consis-
tency of the results observed here with those in different
and expanded cohorts of individuals diagnosed with ASDs.
Additionally, in the present study, data was not evaluated
concerning other biomarkers of oxidative stress or heavy
metal toxicity present in the study participants examined. It
would be of value in future studies to examine if there was
a potential correlation between other biomarkers of oxi-
dative stress or heavy metal toxicity and transsulfuration
biomarkers among individuals diagnosed with ASDs.

Conclusion
The present study is the first prospective study conducted
to evaluate transsulfuration metabolites in a cohort of

patients diagnosed with ASDs using routinely available
clinical lab testing. For the study participants examined,
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this study found that they had significant evidence of
decreased plasma levels of the transsulfuration metabolites
of cysteine, taurine, sulfate, free sulfate, and reduced glu-
tathione. By contrast, it was also found that they had
significant evidence of increased levels of the transsulfur-
ation metabolite of plasma oxidized glutathione. We
recommend that future studies should focus on further
evaluating transsulfuration metabolites in an expanded
cohort of individuals diagnosed with ASDs, and potential
treatment protocols be evaluated to potentially correct the
transsulfuration abnormalities observed in the present
study. Additionally, we suggest that future studies of
individuals diagnosed with ASDs should examine the
potential correlation between biomarkers of oxidative
stress or heavy metal toxicity and transsulfuration bio-
markers. Finally, we recommend, since the lab testing
employed in the present study for examining transsulfura-
tion metabolites is clinically available, relatively
inexpensive, and relatively noninvasive, that patients
diagnosed with ASDs be routinely tested to evaluate them.

Acknowledgements The authors wish to acknowledge the generous
help of Brandon Work at LabCorp, Dallas and the phlebotomists at
Medical Center Plano, Outpatient Phlebotomy. The authors wish to
acknowledge the help of the parents and children who participated in
the study; without their participation this type of investigation would
not be possible. Study Funding: This research was funded by a grant
from the Autism Research Institute, non-profit CoMeD, Inc., and by
the non-profit Institute of Chronic Illnesses, Inc., through a grant from
the Brenen Hornstein Autism Research & Education (BHARE)
Foundation.

References

1. Autism and Developmental Disabilities Monitoring Network
Surveillance Year 2002 Principal Investigators; Centers for Dis-
ease Control and Prevention (2007) Prevalence of autism
spectrum disorders-autism and developmental disabilities moni-
toring network, 13 sites, United States, 2002. MMWR Surveill
Summ 56(1):12-28

2. Eigsti IM, Shapiro T (2003) A systems neuroscience approach to
autism: biological, cognitive, and clinical perspectives. Ment
Retard Dev Disabil Res Rev 9(3):205-215. doi:10.1002/mrdd.
10081

3. White JF (2003) Intestinal pathophysiology in autism. Exp Biol
Med (Maywood) 228(6):639-649

4. Sweeten TL, Bowyer SL, Posey DJ et al (2003) Increased prev-
alence of familial autoimmunity in probands with pervasive
developmental disorders. Pediatrics 112(5):e420. doi:10.1542/
peds.112.5.e420

5. Bolte S, Poustka F (2002) The relation between general cognitive
level and adaptive behavior domains in individuals with autism
with and without co-morbid mental retardation. Child Psychiat
Hum Dev 33(2):165-172. doi:10.1023/A:1020734325815

6. Herbert MR, Russo JP, Yang S et al (2006) Autism and
environmental genomics. Neurotoxicology 27(5):671-684. doi:
10.1016/j.neuro.2006.03.017

7. James SJ, Melnyk S, Jernigan S et al (2006) Metabolic end-
ophenotype and related genotypes are associated with oxidative


http://dx.doi.org/10.1002/mrdd.10081
http://dx.doi.org/10.1002/mrdd.10081
http://dx.doi.org/10.1542/peds.112.5.e420
http://dx.doi.org/10.1542/peds.112.5.e420
http://dx.doi.org/10.1023/A:1020734325815
http://dx.doi.org/10.1016/j.neuro.2006.03.017

Neurochem Res

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

stress in children with autism. Am J Med Genet B Neuropsychiatr
Genet 141(8):947-956. doi:10.1002/ajmg.b.30366

. Geier DA, Geier MR (2006) A clinical and laboratory evaluation

of methionine cycle-transsulfuration and androgen pathway
markers in children with autistic disorders. Horm Res 66(4):182—
188. doi:10.1159/000094467

. James SJ, Cutler P, Melnyk S et al (2004) Metabolic biomarkers

of increased oxidative stress and impaired methylation capacity
in children with autism. Am J Clin Nutr 80(6):1611-1617

. Waring RH, Klovrza LV (2000) Sulphur metabolism in autism. J

Nutr Environ Med 10(1):25-32. doi: 10.1080/13590840050000861
Finkelstein JD (1998) The metabolism of homocysteine: path-
ways and regulation. Eur J Pediatr 157(Suppl 2):S40-S44. doi:
10.1007/PL0O0014300

Schopler E, Reichler RJ, DeVellis RF et al (1980) Toward
objective classification of childhood autism: Childhood Autism
Rating Scale (CARS). J Autism Dev Disord 10(1):91-103. doi:
10.1007/BF02408436

Bouligand J, Deroussent A, Paci A (2006) Liquid chromatogra-
phy-tandem mass spectrometry assay of reduced and oxidized
glutathione and main precursors in mice liver. J] Chromatogr B
Analyt Technol Biomed Life Sci 832(1):67-74. doi:10.1016/
j-jchromb.2005.12.037

Han Q, Xu M, Tang L et al (2004) Homogeneous enzymatic
colorimetric assay for total cysteine. Clin Chem 50(7):1229-
1231. doi:10.1373/clinchem.2004.032920

Hopkins PC, Kay IS, Davies WE (1989) A rapid method for the
determination of taurine in biological tissue. Neurochem Int
15(4):429-432. doi:10.1016/0197-0186(89)90160-5

Chattaraj S, Das AK (1992) Indirect atomic absorption spectro-
metric determination of sulfate in human blood serum. Analyst
(London) 117(3):413-416. doi:10.1039/an9921700413
Boismenu D, Robitaille L, Hamadeh MJ (1998) Measurement of
sulfate concentrations and tracer/tracee ratios in biological fluids
by electrospray tandem mass spectrometry. Anal Biochem
261(1):93-99. doi:10.1006/abio.1998.2715

Watanabe N, Kamei S, Ohkubo A et al (1986) Urinary protein as
measured with a pyrogallol red-molybdate complex, manually
and in a Hitachi 726 automated analyzer. Clin Chem 32(8):1551—
1554

. Schafer FQ, Buettner GR (2001) Redox environment of the cell

as viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 30(11):1191-1212. doi:
10.1016/S0891-5849(01)00480-4

Dickinson DA, Moellering DR, Iles KE et al (2003) Cytopro-
tection against oxidative stress and the regulation of glutathione
synthesis. Biol Chem 384(4):527-537. doi:10.1515/BC.2003.061
Klatt P, Lamas S (2000) Regulation of protein function by
S-glutathiolation in response to oxidative and nitrosative stress.
Eur J Biochem 267(16):4928-4944. doi:10.1046/j.1432-1327.
2000.01601.x

Dickinson DA, Forman HJ (2002) Glutathione in defense and
signaling: Lessons from a small thiol. Ann NY Acad Sci 973:
488-504

Sagrista ML, Garcia AF, Africa De Madariaga M et al (2002)
Antioxidant and pro-oxidant effect of the thiolic compounds
N-acetyl-L-cysteine and glutathione against free radical-induced
lipid peroxidation. Free Radic Res 36(3):329-340. doi:10.1080/
10715760290019354

Deplancke B, Gaskins HR (2002) Redox control of the trans-
sulfuration and glutathione biosynthesis pathways. Curr Opin
Clin Nutr Metab Care 5(1):85-92. doi:10.1097/00075197-2002
01000-00015

Pastore A, Federici G, Bertini E et al (2003) Analysis of gluta-
thione: Implication in redox and detoxification. Clin Chim Acta
333(1):19-39. doi:10.1016/S0009-8981(03)00200-6

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Hall AG (1999) The role of glutathione in the regulation of
apoptosis. Eur J Clin Invest 29(3):238-245. doi:10.1046/j.1365-
2362.1999.00447.x

Griffith OW (1999) Biologic and pharmacologic regulation of
mammalian glutathione synthesis. Free Radic Biol Med 27(9-
10):922-935. doi:10.1016/S0891-5849(99)00176-8
Konstantareas MM, Homatidis S (1987) Ear infections in autistic
and normal children. J Autism Dev Disord 17(4):585-594. doi:
10.1007/BF01486973

Zimmerman AW, Jyonouchi H, Comi AM et al (2005) Cerebro-
spinal fluid and serum markers of inflammation in autism. Pediatr
Neurol 33(3):195-201. doi:10.1016/j.pediatrneurol.2005.03.014
Horvath K, Perman JA (2002) Autistic disorder and gastrointes-
tinal disease. Curr Opin Pediatr 14(5):583-587. doi:10.1097/
00008480-200210000-00004

Jyonouchi H, Geng L, Ruby A et al (2005) Dysregulated innate
immune responses in young children with autism spectrum
disorders: Their relationship to gastrointestinal symptoms and
dietary intervention. Neuropsychobiology 51(2):77-85. doi:
10.1159/000084164

Yorbik O, Sayal A, Akay C et al (2002) Investigation of anti-
oxidant enzymes in children with autistic disorder. Prostaglandins
Leukot Essent Fatty Acids 67(5):341-343. doi:10.1054/plef.2002.
0439

Chauhan A, Chauhan V, Brown WT et al (2004) Oxidative stress
in autism: Increased lipid peroxidation and reduced serum levels
of ceruloplasmin and transferring-the antioxidant proteins. Life
Sci 75(21):2539-2549. doi:10.1016/j.1£5.2004.04.038

Zoroglu SS, Armutcu F, Ozen S et al (2004) Increased oxidative
stress and altered activities of erythrocyte free radical scavenging
enzymes in autism. Eur Arch Psychiatry Clin Neurosci 254(3):
143-147. doi:10.1007/s00406-004-0456-7

Ballatori N, Clarkson TW (1985) Biliary secretion of glutathione
and of glutathione-metal complexes. Fundam Appl Toxicol
5(5):816-831. doi:10.1016/0272-0590(85)90165-4

Ookhtens M, Kaplowitz N (1998) Role of the liver in interorgan
homeostasis of glutathione and cyst(e)ine. Semin Liver Dis 18(4):
313-329

Alberti A, Pirrone P, Elia M et al (1999) Sulphation deficit in
‘low-functioning’ autistic children: a pilot study. Biol Psychiatry
46(3):420-424. doi:10.1016/S0006-3223(98)00337-0

Strous RD, Golubchik P, Maayan R et al (2005) Lowered DHEA-
S plasma levels in adult individuals with autistic disorder. Eur
Neuropsychopharmacol 15(3):305-309. doi:10.1016/j.euroneuro.
2004.12.004

Yazbak FE, Lang-Radosh KL (2001) Increasing incidence of
autism. Adverse Drug React Toxicol Rev 20(1):60-63
McFadden SA (1996) Phenotypic variation in xenobiotic
metabolism and adverse environmental response: focus on sulfur-
dependent detoxification pathways. Toxicology 111(1-3):43-65.
doi:10.1016/0300-483X(96)03392-6

Ahearn GA, Mandal PK, Mandal A (2004) Mechanisms of heavy-
metal sequestration and detoxification in crustaceans: a review.
J Comp Physiol [B] 174(6):439-452. doi:10.1007/s00360-004-
0438-0

Lee A, Beck L, Brown RJ et al (1999) Identification of a mam-
malian brain sulfate transporter. Biochem Biophys Res Commun
263(1):123-129. doi:10.1006/bbrc.1999.0947

Parsons RB, Waring RH, Williams AC et al (2001) Cysteine
dioxygenase: regional localization of protein and mRNA in rat
brain. J Neurosci Res 65(1):78-84. doi:10.1002/jnr.1130

Kern JK, Jones AM (2006) Evidence of toxicity, oxidative stress,
and neuronal insult in autism. J Toxicol Environ Health B Crit
Rev 9(6):485-499. doi:10.1080/10937400600882079

Thomas DJ, Fisher HL, Sumler MR et al (1987) Sexual differ-
ences in the excretion of organic and inorganic mercury by

@ Springer


http://dx.doi.org/10.1002/ajmg.b.30366
http://dx.doi.org/10.1159/000094467
http://dx.doi.org/10.1080/13590840050000861
http://dx.doi.org/10.1007/PL00014300
http://dx.doi.org/10.1007/BF02408436
http://dx.doi.org/10.1016/j.jchromb.2005.12.037
http://dx.doi.org/10.1016/j.jchromb.2005.12.037
http://dx.doi.org/10.1373/clinchem.2004.032920
http://dx.doi.org/10.1016/0197-0186(89)90160-5
http://dx.doi.org/10.1039/an9921700413
http://dx.doi.org/10.1006/abio.1998.2715
http://dx.doi.org/10.1016/S0891-5849(01)00480-4
http://dx.doi.org/10.1515/BC.2003.061
http://dx.doi.org/10.1046/j.1432-1327.2000.01601.x
http://dx.doi.org/10.1046/j.1432-1327.2000.01601.x
http://dx.doi.org/10.1080/10715760290019354
http://dx.doi.org/10.1080/10715760290019354
http://dx.doi.org/10.1097/00075197-200201000-00015
http://dx.doi.org/10.1097/00075197-200201000-00015
http://dx.doi.org/10.1016/S0009-8981(03)00200-6
http://dx.doi.org/10.1046/j.1365-2362.1999.00447.x
http://dx.doi.org/10.1046/j.1365-2362.1999.00447.x
http://dx.doi.org/10.1016/S0891-5849(99)00176-8
http://dx.doi.org/10.1007/BF01486973
http://dx.doi.org/10.1016/j.pediatrneurol.2005.03.014
http://dx.doi.org/10.1097/00008480-200210000-00004
http://dx.doi.org/10.1097/00008480-200210000-00004
http://dx.doi.org/10.1159/000084164
http://dx.doi.org/10.1054/plef.2002.0439
http://dx.doi.org/10.1054/plef.2002.0439
http://dx.doi.org/10.1016/j.lfs.2004.04.038
http://dx.doi.org/10.1007/s00406-004-0456-7
http://dx.doi.org/10.1016/0272-0590(85)90165-4
http://dx.doi.org/10.1016/S0006-3223(98)00337-0
http://dx.doi.org/10.1016/j.euroneuro.2004.12.004
http://dx.doi.org/10.1016/j.euroneuro.2004.12.004
http://dx.doi.org/10.1016/0300-483X(96)03392-6
http://dx.doi.org/10.1007/s00360-004-0438-0
http://dx.doi.org/10.1007/s00360-004-0438-0
http://dx.doi.org/10.1006/bbrc.1999.0947
http://dx.doi.org/10.1002/jnr.1130
http://dx.doi.org/10.1080/10937400600882079

Neurochem Res

46.

47.

48.

methyl mercury-treated rats. Environ Res 43(1):203-216. doi:
10.1016/S0013-9351(87)80072-5

Oliveira FR, Ferreira JR, dos Santos CM et al (2006) Estradiol
reduces cumulative mercury and associated disturbances in the
hypothalamus-piuitary axis of ovariectomized rats. Ecotoxicol
Environ Saf 63(3):488-493. doi:10.1016/j.ecoenv.2004.12.024
Kane RE, Tector J, Brems JJ et al (1990) Sulfation and glucu-
ronidation of acetaminophen by cultured hepatocytes replicating
in vivo metabolism. ASAIO Trans 36(3):M607-M610

Prudova A, Albin M, Bauman Z et al (2007) Testosterone regu-
lation of homocysteine metabolism modulates redox status in
human prostate cancer cells. Antioxid Redox Signal 9(11):1875-
1881. doi:10.1089/ars.2007.1712

@ Springer

49.

50.

S1.

52.

Clarkson TW, Nordberg GF, Sager PR (1985) Reproductive and
developmental toxicity of metals. Scand J Work Environ Health
11(3 Spec No):145-154

Geier DA, Geier MR (2007) A prospective assessment of
androgen levels in patients with autistic spectrum disorders:
biochemical underpinnings and suggested therapies. Neuroendo-
crinol Lett 28(5):565-573

Rice D, Barone S Jr (2000) Critical periods of vulnerability for
the developing nervous system: evidence from humans and ani-
mal models. Environ Health Perspect 108(Suppl 3):511-533. doi:
10.2307/3454543

Mutter J, Naumann J, Schneider R (2005) Mercury and autism:
accelerating evidence? Neuroendocrinol Lett 26(5):439-446


http://dx.doi.org/10.1016/S0013-9351(87)80072-5
http://dx.doi.org/10.1016/j.ecoenv.2004.12.024
http://dx.doi.org/10.1089/ars.2007.1712
http://dx.doi.org/10.2307/3454543

	A Prospective Study of Transsulfuration Biomarkers �in Autistic Disorders
	Abstract
	Introduction
	Experimental Procedure
	Participants
	Clinical Evaluation
	Lab Evaluation
	Lab Methods
	Blood Transsulfuration Metabolites

	Controls
	Statistical Analyses

	Results
	Discussion
	Strengths and Limitations

	Conclusion
	Acknowledgements
	References


