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Abstract: Individual risk of developmental neurotoxicity with exposure to environmentally relevant
levels of lead and mercury is likely to be determined by genetic susceptibility factors as well as
additive interactions with other environmental pollutants, cumulative dose, and the developmental
stage of exposure. The apparent increase in autism diagnosis over the last 15 years has enhanced
interest in the possibility that an environmental trigger may be required to uncover the genetic liability
in some cases of autism. The exquisite sensitivity of the developing brain and immune system to very
low levels of lead and mercury give this hypothesis biologic plausibility. Delta aminolevulinic acid
dehydratase (ALAD) and coproporphyin oxidase (CPOX) are two enzymes inhibited by low levels of
lead and mercury, respectively. Common polymorphisms in these genes have been associated with
elevated blood levels of lead and mercury and could potentially increase vulnerability to prenatal
and/or postnatal developmental neurotoxicity. To explore this possibility, the frequency of the
ALAD?2 variant and variants in CPOX-4 and CPOX-5 were evaluated in 450 autistic children and 251
unaffected controls. A significant increase in the frequency of the ALAD2 allele was observed;
however, contrary to our hypothesis, the frequency of both CPOX variants was significantly lower
among the autistic children. Both lead and mercury induce oxidative stress by depleting the major
intracellular antioxidant, glutathione. Among 242 autistic children with the variant ALAD?2 allele,
significant decreases in plasma glutathione and in the glutathione redox ratio were observed. These
results suggest that children with autism who inherit the ALAD?2 allele with lower glutathione levels
may be at increased risk for lead toxicity during prenatal and postnatal neurodevelopment.
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INTRODUCTION

Autism is a complex neurodevelopmental disorder
that is usually diagnosed in early childhood and is
characterized by deficits in social reciprocity,
impairments in verbal and non-verbal communication,
and unusual behaviors that tend to be repetitive and
hyper-focused. The diagnosis is based solely on
behavioral criteria because there are no established
genetic or biochemical biomarkers for autism. The
biologic basis for autism is thought to be largely genetic
due to the high concordance between monozygotic
twins and the high recurrence rate within affected
families''. The fact that the twin concordance is less
than 100% (60% for severe autism and 90% for high
functioning  autism)  suggests that additional
environmental or epigenetic factors may be required to
uncover the genetic liability!>”.  Although it is well

known that the developing human brain is much more
sensitive to low level environmental neurotoxins than
the adult brain, it is disturbing that the developmental
toxicology of most of the industrial chemicals present
in our environment has not yet been evaluated and
published “safe” levels are often based on adult
statistics'*”!.  Moreover, it is possible that individual
vulnerability to toxic environmental exposures varies
according to additive and interactive effects of multiple
genetic  polymorphisms that negatively affect
detoxification capacity.

Intracellular redox imbalance and oxidative stress
is induced with chronic exposure to many common
environmental contaminants including heavy metals,
arsenic, polychlorinated biphenyls (PCBs), dioxin,
transition metals, polycyclic aromatic hydrocarbons
(PAHs), organochlorine, organophosphate pesticides,
and trichloroethylene'®’. While chemically and
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structurally diverse, these common environmental
toxicants all directly or indirectly deplete the major
intracellular antioxidant glutathione, which is also
essential for Phase II detoxification. Glutathione
depletion shifts the intracellular redox balance towards
unopposed oxygen free radical production and
oxidative stress'’’.  Although exposure to individual
chemicals may be at subtoxic concentrations, it is
important to note that the multiple environmental
chemicals present in air, soil, and food can interact
additively or synergistically to induce oxidative stress
in the developing brain at levels that do not affect adult
brain. We and others have reported that children with
autism have increased concentrations of biomarkers
associated with oxidative stress™.  Evidence for
membrane lipid peroxidation, elevated urinary
isoprostanes, and reduced activity of antioxidant
enzymes have been reported”'®.  Further, recent
reports indicate that many autistic children have a
significant decrease in plasma glutathione (GSH)
levels, an increase in oxidized disulfide glutathione
(GSSG), and a decrease in the glutathione redox ratio
(GSH/GSSG)™®!". These results are consistent with
inadequate  glutathione synthesis or enhanced
glutathione depletion in autistic children that could be
genetically and/or environmentally influenced.

The 10-fold increase in the diagnosis of autism
over the last decade has heightened interest in the
possibility that an environmental trigger may be
required to uncover the genetic predisposition in some
cases of autism. The exquisite sensitivity of the
developing brain and immune system to low level toxic
exposures and the neurologic and immunologic
dysfunction with autism give this hypothesis biologic
plausibility In particular, the developmental
neurotoxicity and immunotoxicity of environmentally
relevant levels of lead and mercury is unequivocal*>!l,
In addition to glutathione depletion and oxidative stress,
both lead and mercury have been shown to inhibit
specific enzymes in the heme biosynthetic pathway that
lead to the accumulation and excretion of specific
porphyrin metabolites™?".  Figure 1 diagrams the
sequential steps in heme biosynthesis, the porphyrin
intermediates, and the specific enzymes inhibited by
lead and mercury. The vital importance of this highly
conserved pathway is due to the fact that heme is a
component of several essential proteins such as
hemoglobin for oxygen transport, the cytochrome p450
family for detoxification, mitochondrial cytochromes
for ATP synthesis, and nitric oxide synthase for nitric
oxide-mediated = membrane  signal transduction.
Recently, significant porphyinuria was found in a
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cohort of autistic children™ and adds support to

several reports of an association between heavy metal
. 5-
exposures and autism'>27,
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Fig. 1:  Pathway of heme biosynthesis showing the several
porphyrin intermediates and the inhibition of ALAD

and CPOX enzymes by lead and mercury

Because the risk of developmental toxicity with
low dose environmental chemicals is likely to be
influenced by individual genetic determinants of
susceptibility, it was of interest to evaluate autistic
children for the frequency of polymorphic variants that
affect the tissue distribution and toxicity of lead and
mercury. A polymorphism in the delta aminolevulinic
acid dehydratase (ALAD) gene has been associated
with altered toxicokinetics of lead and elevated blood
lead levels™®®" ALAD catalyzes the second step in
heme biosynthesis and is strongly inhibited by lead as
Well as mercury, trichloroethylene and bromobenzine®"

. The most common ALAD polymorphism is a G-to-
C transversion at position 177 in the coding region
resulting in the substitution of asparginine for lysine at
residue 59. The ALAD G177C (rs1800435) has two
co-dominant alleles ALADI (177G) and ALAD 2
(177C) resulting in genotypes ALAD 1-1, heterozygous
ALAD 1-2, and mutant ALAD 2-2.

Two polymorphisms in the coproporphyrinogen
oxidase (CPOX) gene, CPOX-4 (rs1131857) and
CPOX-5 (rs1729995), have been recently 1dent1f1ed and
may affect sensitivity to heavy metal toxicity (22.28]
CPOX is the sixth enzyme in the heme synthetlc
pathway and is inhibited by lead, mercury and arsenic
as well as by chlorinated benzenes and alcohol****.,
Inhibition of CPOX results in excretion of a hlghly
specific urinary porphyrin pattern consistent with
1nh1b1t10n of specific enzymes in the heme pathway by
mercury The CPOX-4 A814C variant, resulting
in an asparagine-to-histidine change at amino acid 227,
has been associated with increased urinary excretion of
a specific porphyrin (precoproporphyrin) and is
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proposed to be a biomarker of susceptibility to mercury
toxicity™. The CPOX G>A transition in exon 5 is a
synonymous mutation (E330E) that has not been
characterized functionally. Of related interest, low
glutathione levels have been associated with an increase
in urinary prophyrins®"**.

Based on these considerations and the possibility
that a genetic susceptibility may underlie an increased
sensitivity to  heavy metal toxicity during
neurodevelopment, we evaluated the prevalence of
polymorphisms in the ALAD and CPOX genes in a
cohort of children diagnosed with autistic disorder.

MATERIALS AND METHODS

Subjects: Participating children were referral patients
recruited from the Dennis Developmental Center at the
University of Arkansas for Medical Sciences and from
the autism clinics of participating physicians in New
York and Florida™. The diagnosis of autistic spectrum
disorder was made using criteria defined by the
Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV) and the Childhood Autism
Rating Scales (CARS) or the Autism Diagnostic
Observation Schedule (ADOS). Exclusion criteria
included current infection or fever, chronic seizures,
and rare genetic diseases associated with symptoms of
autism (e.g., fragile X, Rett syndrome, tuberous
sclerosis). A total of 451 case children participated in
the genetic analysis of which 242 case -children
contributed a fasting blood sample for glutathione
evaluation. The case children were ~97% Caucasian
with mental capacity ranging from moderate mental
retardation to high functioning and an age range
between 3 — 14 years (mean + SD: 6.9 £2.9). The 75
control children for the metabolic analysis were healthy
Caucasians with no history of chronic disease, autism,
or other neurologic disorder who had participated as
controls for similar metabolic studies of children with
Down syndrome™ and cystic fibrosis! The mean
age and SD of the control children was 10.8 + 4.1 years.
The protocol was approved by the Institutional Review
Board of the University of Arkansas for Medical
Sciences and parental written informed consent was
obtained.

Genetic analysis: For the genetic analysis, an
additional 176 unaffected controls (total control n =
251) consisted of participants in an ongoing study of
congenital heart defect risk described previously''.
Genomic DNA was extracted from the blood
leukocytes using Puregene DNA Purification Kit
(Gentra Systems, Inc., Minneapolis, MN). Genotyping
was performed with allele-specific fluorescent primer-
probe sets supplied by ABI Assays by Design (Applied
Biosystems, Foster City, CA). Primer and probe
sequences for ALAD (SNP500 Cancer'*”) and CPOX
SNPs'*! are listed in Table 1. PCR reactions were
carried out with ABI PRISM 7700 Sequence Detection
Systems under the following thermal cycling
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conditions: one cycle at 95°C for 10 min (Taq
activation), followed by 40 cycles of 92°C for 15 sec
(denature) and 60°C for 1 min (anneal/extend). The
reaction components were as follows: 900 nM of each
primer, 200 nM each probe, 1X of TagMan Universal
Master Mix (#4324018 ABI, Foster City, CA), and 50
ng genomic DNA. Utilizing data collected from a
previous study'™, we conducted a gene-gene interaction
analysis between the ALAD 2 allele and the G allele of
the reduced folate carrier (RFCl) 66A>G
polymorphism that we previously showed to be
significantly elevated among autistic children. The
primers used for RFCI are listed in Table 1. Because
not every DNA sample amplified, there are slight
variations in the total n between the different
polymorphisms.

Metabolic analysis: Fasting blood samples were
collected from 242 autistic and 75 unrelated control
children into EDTA-Vacutainer tubes and immediately
chilled on ice before centrifuging at 4000 x g for 10
min at 4°C.  Plasma aliquots were transferred into
cryostat tubes and stored at -80°C until extraction and
HPLC quantification. ~ All samples were analyzed
within one month of receipt. For determination of total
glutathione, 50 pL freshly prepared 1.43 mol L™
sodium borohydride solution containing 1.5 pmol L™
EDTA, 66 mmol L™' NaOH and 10 pL isoamyl alcohol
was added to 200 pL plasma to reduce all sulfhydryl
bonds and incubated at 40°C in a shaker for 30 min. To
precipitate proteins, 250 pL ice cold 10% meta-
phosphoric acid was added, mixed well, and the sample
was incubated for an additional 30 min on ice. After
centrifugation at 18,000 x g for 15 min at 4°C, the
supernatant was filtered through a 0.2 pum nylon
membrane filter (PGC Scientific, Frederic, MD) and a
20 pL aliquot was injected into the HPLC system.

For determination of free reduced glutathione and
oxidized disulfide glutathione (GSSG), 100 uL of 10%
meta-phosphoric acid was added to 200 pL plasma to
precipitate protein; the solution was mixed well and
incubated on ice for 30 min. After centrifugation for 15
min at 18,000 g at 4°C, supernatants were passed
through a 0.2 um nylon membrane filter and 20 UL was
injected into the HPLC system.

The separation of metabolites was performed using
HPLC with a Shimadzu solvent delivery system (ESA
model 580) and a reverse phase Cg column (5 um; 4.6
x 150 mm, MCM, Inc., Tokyo, Japan) obtained from
ESA, Inc. (Chemsford, MA). A 20 uL aliquot of
plasma extract was directly injected onto the column
using Beckman Autosampler (model 507E). All plasma
metabolites were quantified using a model 5200A using
Beckman Autosampler (model 507E). All plasma
metabolites were quantified using a model 5200A
Coulochem II and CoulArray electrochemical detection
systems (ESA, Inc., Chelmsford, MA) equipped with a
dual analytical cell (model 5010), a 4-channel analytical
cell (model 6210) and a guard cell (model 5020). The
concentrations of glutathione metabolites were
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calculated from peak areas and standard calibration
curves using HPLC software.
Table 1:  Primers and TagMan probes used for genotyping

SNP (rs no.), primer/probe

5’-3’ sequence

ALAD K68N; 177G>C (rs1800435)

Forward TGCCTTCCTTCAACCCCTCTA

Reverse CAAGGGCCTCAGCATCTCTT

G-allele 6FAM-TGTGAAGCGGCTGG-MGB

C-allele VIC-TGTGAACCGGCTGG-MGB

CPOX exon 4: N272H; 814A>C (rs1131857)

Forward CCA GTA ATG CTG AAT CTC AAA AGT CC

Reverse GGA CAG CGT CTT CTT GAT TCA AGT AT

A-allele* 6FAM-ACC ACT GCT TGT TGC CTA CCA AAT CA-TAMRA
C-allele* VIC-ACC ACT GCT TGT GGC CTA CCA AAT C-TAMRA
CPOX exon 5: E330E; G>A (rs1729995)

Forward GCT GTG TTT TCC AGG TGT GAT GA

Reverse GGA ATG TAA GAA GGA ACT ACA GCCCT

G-allele* VIC-CCC CGC CGC TCT CCA CG-TAMRA

A-allele* 6FAM-CCC CGC CGT TCT CCA CGA T-TAMRA
RFC-180G>A

Forward GGCCTGACCCCG AGCT

Reverse AGCCGTAGAAGCAAAGGTAGCA

G-Probe 1 VIC-CACGAG GCGCCGC

A-Probe 2 6FAM-CGAGGT GCCGCCAG

*reverse compliment

Statistical analysis: The data were prospectively
collected and analyzed using SigmaStat software.
Metabolic data are presented as the means + SD.
Statistical differences between case and control children
were determined using the Student’s t test with
significance set at 0.05. For the genotype analysis,
odds ratios and 95% confidence intervals were
calculated using unconditional logistic regression
models and tested using chi square analysis. Cases and
controls were tested for Hardy-Weinberg equilibrium
using the exact test implemented in STATA GENHW
command™”.  Gene-gene interactions were tested by
including appropriate pair-wise indicator variables into
unconditional logistic regression models. However, if

corrected for multiple comparisons, statistical
significance was lost.
RESULTS AND DISCUSSION

Genotyping: The control allele frequencies for the 3
genotypes were within the range of previously
published reports and were all in Hardy Weinberg
equilibrium™*,  The results presented in Table 2
indicate that the ALAD-1 C allele frequency was
significantly elevated among autistic children with an
odds ratio of 1.66 (p = 0.02). This primarily reflected
the heterozygous ALAD 1-2 variant since the
homozygous ALAD 2-2 variant is quite rare in the
general population. The frequency of the ALADI-2
heterozygote was 20% among autistic children
compared to 13% in controls indicating the children
with the ALAD 177CG genotype were approximately
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1.7 times more likely to be autistic (OR: 1.67; p =
0.02). Because of the low frequency of the ALAD 2-2
genotype, ALAD 1-2 and 2-2 were combined and
compared with the ALAD 1-1 genotype. Subjects
harboring either the 1-2 or 2-2 genotype had a 1.67-fold
increased risk of being autistic.

In contrast, the C allele frequency of the CPOX
exon 4 814A>C variant was highly under-represented
among autistic children compared to controls (Table 3).
The odds ratio for the homozygous 814CC variant was
0.29 (p 0.007) whereas the combined wildtype
normal AA and heterozygous variants were over-
represented with an odds ratio of 3.36 (p = 0.007).
Similarly, the frequency of the CPOX exon 5 G>A
variant was significantly decreased among autistic
children (Table 3). The odds ratio for the homozygous
AA variant was 0.54 (p 0.03) with marginal
significance for the heterozygous AG genotype (p =
0.08). The combined AA and AG variants were
significantly under-represented among autistic children
(OR: 0.70; p = 0.03). The wildtype normal genotypes
of both CPOX exon 4 and 5 were significantly more
prevalent suggesting that these genotypes were
protective.

Significant gene-gene interactions were found
between the ALAD 177C>G polymorphism and the
reduced folate carrier RFCI 80 A>G variant as shown
in Table 4. In a previously published univariate
analysis'®, we demonstrated that the frequency of the
RFCI 80 G allele was significantly increased among
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Table 2: ALAD K68N; 177G>C (rs1800435)

Genotype Cases N (%) Controls N (%) OR (95% CI) p-value
G allele 794 (89.2 %) 459 (92.9 %) Reference

C allele 96 (10.8 %) 35 (7.1 %) 1.60 (1.05, 2.45) 0.024
ALAD-1 (GG) 352 (79.1 %) 213 (86.2 %) Reference

ALAD 1-2 (GC) 90 (20.2 %) 33 (13.4 %) 1.65 (1.05, 2.63) 0.023
ALAD 2-2 (CC) 3 (0.7 %) 1(0.4 %) 1.82(0.14, 95.73) 0.60
ALAD 1-2/2-2 (GC+CC) 93 (20.9 %) 34 (13.8 %) 1.66 (1.06, 2.62) 0.020
Table 3: CPOX exon 4 N272H; 177A>C (rs1131857)

Genotype Cases N (%) Controls N (%) OR (95% CI) p-value
A allele 778 (88.8 %) 428 (85.3 %) Reference

C allele 98 (11.2 %) 74 (14.7 %) 0.73 (0.52, 1.02) 0.054
AA 347 (79.2 %) 190 (75.7 %) Reference

AC 84 (19.2 %) 48 (19.1 %) 0.96 (0.63, 1.46) 0.832
CC 7 (1.6 %) 13 (5.2 %) 0.29 (0.10, 0.81) 0.007
AA+AC 431 (98.4%) 238 (94.8%) 3.36 (1.23, 10.0) 0.007
CPOX exon 5 E330E; G>A  (rs1729995)

Genotype Cases N (%) Controls N (%) OR (95% CI) p-value
G allele 662 (73.7 %) 338 (67.3 %) Reference

A allele 236 (26.3 %) 167 (32.7 %) 0.73 (0.58, 0.94) 0.011
GG 245 (54.6 %) 115 (45.8 %) Reference

GA 172 (38.3 %) 108 (43.0 %) 0.75 (0.53, 1.05) 0.080
AA 32 (7.1 %) 28 (11.2 %) 0.54 (0.30,0.97) 0.025
GA+AA 204 (45.4 %) 136 (54.2 %) 0.70 (0.51, 0.97) 0.026

autistic children.

Relative to controls, the autistic

children exhibited significantly increased frequency of
the RFC-1 homozygous 80GG (33% vs. 26%) and
heterozygous 80GA (52% vs. 41%). Children with
either the RFC-I AG or GG genotypes were
approximately 2 times more likely to be autistic (OR:
2.26 and 1.96, respectively; p < 0.001). In the present
analysis, children with the compound heterozygous
ALAD 177CG/RFCI 80AG genotype (2 mutant alleles)
were almost 4-fold more likely to be autistic compared
with unaffected controls (OR: 3.98; p = 0.001)
suggesting an additive interaction between these two
genotypes. Children with both the ALAD homozygous
GG genotype and RFC heterozygous or homozygous
variant genotypes were 2.7-fold and 2.6 fold more
likely to be autistic (p = 0.0002 and 0.001,
respectively). Gene-gene interactions were also
observed between the ALAD 177CG variant and both
CPOX exon 4 and exon 5 genotypes. Children with
both the ALAD heterozygous genotype and the wildtype
normal CPOX exon 4 or exon 5 genotypes were 1.6 and
2-fold more likely to be autistic (p = 0.04 and 0.02,
respectively).

To determine whether the ALAD variant genotypes
had a functional impact among autistic children, plasma
free glutathione levels (GSH), oxidized disulfide
glutathione (GSSG), and the redox ratio (GSH/GSSG)
were compared between children with the wildtype GG
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genotype and children with either the heterozygous CG
or homozygous CC variant genotypes. The results in
Table 5 indicate that the children with the variant
ALAD CG and CC genotypes had significantly lower
concentrations of plasma total (free plus protein-bound)
and free glutathione levels compared to the wildtype
normal GG genotype. Levels of GSSG were not
affected by ALAD genotype among autistic children.
The potential developmental neurotoxicity of
heavy metals that are commonly encountered in the
environment is a major public health concern and
challenge because their identification and regulation
could lead to preventive measures. Grandjean and
Landrigan elegantly raised this issue in a recent review
and provided evidence that the multitude of untested
and unregulated chemicals present in drinking water,
soil, and air could be contributing to a “silent
pandemic” of neurodevelopmental disorders in modern
society”. For example, environmentally relevant levels
of lead have been shown to be associated with deficits
in cognition and development that translate into lifelong
aberrations in attention, impulsivity, aggressiveness as
well as impaired IQ, memory and language skills">*®!.
Additive and synergistic interactions between the
chemicals plus variation in duration, timing, and dose
during critical windows of development complicate
retrospective  evaluation of neurodevelopmental
toxicity!®!.  Prospective evaluation of maternal and
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cord blood as proposed in the National Children’s
Study could provide valuable information on early toxic
exposures and subsequent risk of developmental
disabilities. An alternative approach is the evaluation
of genetic polymorphisms that could confer differential
susceptibility to specific environmental exposures.

Increased vulnerability to environmentally relevant
levels of lead and mercury due to individual genetic
variation is a plausible hypothesis that could potentially
result in neurodevelopmental toxicity and increase risk
of developing autism. Both lead and mercury induce
oxidative damage by depleting intracellular glutathione,
the major intracellular mechanism for heavy metal
detoxification®™". In addition, both lead and mercury
inhibit enzymes in the heme biosynthetic pathway and
have been shown to increase the excretion of abnormal
porphyrins in the urine™***%. In this study, we
evaluated the prevalence of two polymorphisms in the
heme biosynthetic pathway that have previously been
associated with lead and mercury toxicity™**. The
results were positive for the ALAD polymorphism but
negative for both of the CPOX polymorphisms. To our
knowledge, this is the first study to evaluate the
prevalence of these environmentally relevant
polymorphisms in autistic children.

Our results suggest that children carrying the
ALAD-2 allele (ALAD 1-2 or 2-2) may have an
increased susceptibility to lead toxicity that could
contribute, in part, to the risk of developing autism.
Higher concentrations of blood lead have been reported
in subjects with the ALADI-2 genotype™>* and also
independently in children with autism”.  Consistent
with our hypothesis, the higher lead levels in children
with autism may reflect, in part, an increase in the
frequency of the ALAD-2 allele among these children.
Lead tissue kinetics are altered in ALAD-2 carriers by
decreasing lead uptake into cortical bone and increasing
mobilization from trabecular bone[54’551; thus, the
increase in blood lead levels may reflect enhanced
release of lead from bone. Further, it has been
suggested that ALAD?2 protein binds lead more tightly
to the enzyme than ALADI resulting in a stronger
inactivation of ALAD and increased risk of
neurotoxicity in ALAD2 carriers®”. ALAD activity is
inhibited by lead in a dose-response manner and the
accumulation of the enzyme precursor, delta-
aminolevulinic acid, may contribute to the neurotoxic
effects of lead”. Recently, an association between
elevated lead and decreased creatinine clearance among
ALAD?2 carriers suggested a negative effect of the
polymorphism on renal function*!,

Lead and mercury have a high affinity for the
cysteine sulfhydryl (-SH) group of glutathione and form
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a heavy metal-glutathione conjugate that is
subsequently metabolized and excreted in the bile and
urine. In this way, glutathione serves as the body’s
natural chelator and provides the major mechanism of
heavy metal detoxification and elimination. Chronic
heavy metal exposure, however, can increase the
requirement for de novo glutathione synthesis and lead
to a decrease in cysteine and glutathione levels”™®. We
previously showed that many children with autism have
significantly lower cysteine and glutathione levels
compared to unaffected controls™. The results of the
present study indicate that autistic children carrying the
ALAD? C allele had significantly lower GSH levels and
GSH/GSSG redox ratio compared to children with
ALADI G allele. Because GSH levels have been shown
not to change significantly in healthy children within
this age range””, we do not think this difference can be
attributed to the age difference between groups. Of
related interest, elevation in blood lead levels reduces
the antioxidant activity of paraoxonase-1 (PON 1), an
enzyme that participates in the detoxification of
organophosphates™. The activity of PON-1 has been
reported to be reduced in autistic children”".

The exon 4 CPOX variant has been previously
associated with increased mercury levels™ and
mercury-specific  porphyrin  patterns in  autistic
children'”!.  However, in the present study, the
frequency of both the CPOX exon 4 and exon 5 variants
was significantly decreased among autistic children.
These results suggest that mercury-specific porphyrin
patterns, if present in autistic children, most likely
reflects heavy metal exposure that is independent of the
CPOX susceptibility alleles. Although CPOX-4 has
been most extensively studied because of the amino
acid substitution in the enzyme protein, it is interesting
that the less studied CPOX-5 variant was similarly
under-represented in autistic children. The CPOX-5
variant is a synonymous polymorphism that does not
result in an amino acid change in the enzyme.
However, several recent reports have suggested that
“silent” genetic variations may have functional impact
through inefficient RNA splicing and folding®”. Thus,
the CPOX-5 synonymous variant could be functional
and an association with potential heavy metal toxicity
should be further investigated.

Subtle alterations in gene expression that interact to
disrupt a common pathway can induce a chronic
metabolic imbalance that may contribute to complex
genetic disease. As shown in Table 4, an additive
interaction between the ALAD-2 allele and the RFCI G
allele was found; i.e., the odds ratio with the combined
genotypes was greater than either genotype alone.
Specifically, children harboring the compound
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Table 4:  Gene-gene interactions
Genotype* Cases Controls OR (95%CI) p-value
ALAD G>C/RFC1 G>A
ALAD/RFC1 GG/AA 41 (11.7%) 42 (26.6%) Reference
ALAD/RFC1 GC/AA 11 (3.1 %) 5(3.2 %) 2.25(0.72,7.06) 0.162
ALAD/RFC1 GC/AG 35 (10.0 %) 9 (5.7 %) 3.98 (1.70,9.32) 0.001
ALAD/RFC1 GC/GG 14 (4.0 %) 8 (5.1 %) 1.79 (0.68, 4.73) 0.237
ALAD G>C / CPOXex4 A>C
ALAD/CPOX ex4 GG/AA 265 (61.2%) 158 (64.0%) Reference
ALAD/CPOX ex4 GC/AA 75 (17.3 %) 27 (10.9 %) 1.66 (1.02, 2.68) 0.0402
ALAD G>C/CPOXex5 G>A
ALAD /CPOX ex5 GG/GG 189 (42.7%) 99 (40.1 %) Reference
ALAD/CPOXex5 GC/GG 53 (12.0 %) 13 (5.3 %) 2.14 (1.11,4.11) 0.0229
Table 5:  Glutathione levels by ALAD genotype
Control Autistic' Autistic' p-value’
n=75 ALAD GG n=195 ALAD CG+CC n=47
Total GSH (tGSH) 75+1.7 56913 508+1.3 0.007
Free GSH (fGSH) 22+09 1.60 £0.5 14+04 0.02
GSSG 0.24£0.1 0.32+£0.12 0.32+0.13 ND
tGSH/GSSG 282+7.0 20.45+8.7 17.4+5.7 0.03
fGSH/GSSG 79+35 5.64+2.6 481+138 0.05

"'Values from autistic children were all significantly different from controls with p< 0.001
2p values compare autistic children with ALAD wildtype GG genotype vs. ALAD variants AG+CC

ND= Not significantly different

heterozygous ALADI-2/RFCI CG genotype were
almost 4 times more likely to be autistic. The RFC-I
polymorphism decreases the availability of folate
methyl groups that provide precursors for glutathione
synthesis™®!. Theoretically, gene-gene interaction
between the RFCI and ALAD-2 variants could be
functionally related to the significant decrease in
glutathione levels observed in the carriers of the ALAD-
2 allele. Although not additive, significant gene-gene
interactions were also observed between the ALAD 1-2
genotype and the CPOX-4 and CPOX-5 wildtype
genotypes.

In summary, we have demonstrated that some
autistic children have a significant increase in the
frequency of the ALAD 2 variant allele that may
underlie differential susceptibility to lead toxicity in
these children. These data support the possibility that a
genetic predisposition may increase vulnerability to
lead toxicity during critical windows of prenatal and
post-natal neurodevelopment.  Although the data
support a mechanistic contribution of glutathione
depletion with the ALAD-2 variant, the contribution of
decreased synthesis of essential heme proteins for
detoxification and ATP synthesis cannot be ruled out.
The measurement of blood lead levels (% plasma/blood
lead) in ALAD-2 positive autistic children would
strengthen these possibilities. Clearly, the results of
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this study should be considered preliminary until
confirmed in additional cohorts of autistic children.
Based on the behavioral diagnosis of autism, the
brain is a common target for investigation into the
biologic basis of autism. Nonetheless, because
glutathione and heme proteins are ubiquitously
expressed in all cells beyond the brain, research into the
broader systemic effects of oxidative stress and heavy
metal toxicity in autistic children should be pursued.
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