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Abstract: We investigated interactive roles of three metabolic glutathione S-transferase (GST) genes
(GSTP1, GSTT1, and GSTM1) and autism spectrum disorder (ASD) status in relation to blood Hg
concentrations (BHC) of Jamaican children. We used data from 266 children (2-8 years) with ASD and
their 1:1 age- and sex-matched typically developing (TD) controls. After adjusting General Linear
Models for child’s age, socioeconomic status, consumption of leafy vegetables, fried plantain, canned
fish, and the interaction between GSTP1 and GSTT1, we found significant interactions between
GSTP1 and ASD status in relation to BHC either in a co-dominant or dominant genetic model
for GSTP1(P < 0.001, P = 0.007, respectively). In the co-dominant model for the Ile105Val GSTP1
polymorphism, geometric mean (GM) BHC in ASD cases with genotype Ile/Ile were significantly
higher than in cases with the Ile/Val genotype (0.73 vs. 0.48 ug/L, P = 0.01). In contrast, in TD
controls with the Ile/Val genotype GM BHC were significantly higher than in those with the Ile/Ile
genotype (0.72 vs. 0.49 ug/L, P = 0.03) or the Val/Val genotype (0.72 vs. 0.51 pug/L, P = 0.04).
Although our findings are consistent with the role of GSTP1 in detoxification of Hg, replication in
other populations is warranted.

Keywords: autism spectrum disorder (ASD); blood mercury concentrations; glutathione S-transferase
(GST) genes; seafood consumption; interaction; Jamaica

1. Introduction

Mercury (Hg) is a toxic metal that exists in elemental, inorganic and organic chemical
forms and has harmful effects on human health [1,2]. The organic form of Hg (methylmer-
cury) is the most toxic form of Hg in humans and exposure to methylmercury primarily
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occurs through the diet, particularly consumption of fish and fish products [3]. Other
common routes of elemental and inorganic Hg exposures are dental amalgam [4,5], dermal
contact, exposure through air pollution from Hg released in the air from fossil fuel com-
bustion, mining, and smelting [1], industrial waste, as well as occupational and ritualistic
practices [3]. As a neurotoxic agent, several studies have shown associations between high
levels of Hg in various human tissues and central nervous system and neurodevelopmental
disorders including impairments in vision and hearing, cerebral palsy, intellectual and
neurodevelopmental disabilities, hyperactive tendon reflexes and general paralysis [6-9].
Other studies have reported significant associations between even lower levels of Hg and
attention deficits and anxiety, as well as impairments in language, learning, and fine motor
and visual-spatial organizational skills [8,10-12].

The possible association between exposure to Hg and autism spectrum disorder (ASD)
has been investigated in several studies and conflicting findings have been reported. For
example, some studies have found that individuals with ASD had significantly higher
Hg levels versus typically developing (TD) controls as measured by levels in hair [13-16],
urine [17], red blood cells [18-20], whole blood [21-24], and baby teeth [25]. In contrast,
other studies reported significantly lower Hg levels in ASD cases than TD controls as
measured in hair [26-29], or no significant difference in the Hg level between ASD cases
and TD controls as measured in whole blood [30-37], hair [31,34], and urine [33,34,38—40].
In addition, findings of a meta-analysis that included 44 case-control studies indicated
that while the Hg concentrations in whole blood (mean difference =0.43, 95% CI: 0.12,
0.74, P = 0.007), and red blood cells (mean difference =1.61, 95% CI: 0.83, 2.38, P < 0.001)
were significantly higher in individuals with ASD compared to TD controls, the Hg level
in hair (mean difference = 0.14 mg/g, 95% CI: —0.28, —0.01, P = 0.039) was significantly
lower in ASD cases than TD controls [41]. Moreover, Hg concentrations in urine were not
significantly different between children with and without ASD (0.51 mg/g creatinine, 95%
CIL: —0.14, 1.16, P = 0.121) [41]. Considering that all aforementioned findings are based on
case-control studies, at least part of the reason for the inconsistencies could be related to po-
tential confounding effects of dietary practices including fish consumption, as well as other
sources of Hg exposure and sociodemographic characteristics on the association between
Hg levels in different tissues and ASD. To our knowledge, among all the aforementioned
studies, only a few had available information about frequencies of food consumption
including fish and seafood [26,28,30,32,36]. However, only three studies have controlled for
the confounding effect of food consumption and other sociodemographic characteristics
while assessing the differences in Hg levels between ASD cases and TD controls [30,32,36].
All three of these studies have consistently reported no significant difference in the blood
Hg concentrations between ASD cases and TD controls after controlling for fish or seafood
consumption and other sociodemographic characteristics. Specifically, in the Childhood
Autism Risk from Genetics and Environment (CHARGE) study, the geometric mean blood
Hg concentrations in 2-5-year-old ASD cases were significantly lower than TD controls
after adjusting for the child’s age and sex as well as maternal education and birth place
(P =0.02). However, after further adjustment for children’s fish consumption and other
sources of Hg exposure, no significant difference (P = 0.75) in the geometric mean blood
Hg concentrations between ASD cases (0.19 pug/L) and TD controls (0.28 nug/L) was ob-
served [30]. Another study used data from the CHARGE study to develop a toxicokinetic
model that incorporates both blood Hg concentrations at birth, as well as self-reported
data on fish consumption before and throughout pregnancy to estimate the cumulative
exposure to MeHg [36]. They have reported no association between cumulative MeHg
exposure and ASD after adjusting for sociodemographic status as a potential confounder
(Odds Ratio (OR) = 0.95, 95% confidence interval (CI): 0.95, 1.12). Similarly, in our Jamaican
Autism Study, even though based on univariable analysis of data from 65 pairs of sex- and
age-matched ASD cases and TD controls, we observed that ASD cases had a significantly
lower geometric mean blood Hg concentration than the TD control group (P = 0.02). How-
ever, after adjusting for potential confounding factors including the child’s frequency of
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seafood consumption, maternal age, and parental education, the association between Hg
and ASD was no longer statistically significant (P = 0.61) [32].

In addition to the role of diet in blood Hg concentrations, several studies have sug-
gested variation in detoxification and excretory mechanisms as an explanation for differ-
ences in Hg concentrations in children with and without ASD [13,18,28,29,41-43]. Possible
neurotoxic mechanisms of Hg include the induction of chronic oxidative stress and impair-
ment of mitochondprial functioning [44—46]. Glutathione S-transferases (GST) are a family
of phase II enzymes that are the main endogenous protectors of cells from oxidative stress
by their critical role in detoxification of exogenous chemicals (e.g., heavy metals) [47], and
endogenous metabolites that are associated with oxidative stress [48-50].

Metabolic GST genes, including GSTP1, GSTM1, and GSTT1 encode GST enzymes and
are highly polymorphic [50]. It has been demonstrated that null alleles of some GST genes
including GSTM1 and GSTT1 can interrupt the function of these enzyme and consequently
decrease the detoxification capacity [51]. For example, there is a growing evidence from
epidemiological and experimental studies suggesting that genetic polymorphisms in GST
genes can heavily influence the susceptibility to the cytotoxic consequences of Hg [52-55].
These data are particularly interesting because the presence of chronic oxidative stress,
genetically determined defects of the glutathione system, and mitochondrial dysfunction
in the blood and brain have also been reported in children with ASD [56-62]. All of this
evidence indicates that genetic variation conveys a possible differential susceptibility to
environmental exposure to Hg in relation to neurodevelopment.

Since 2009, in collaboration with faculty at the University of the West Indies (UWI),
Mona campus, in Jamaica, our research team at the University of Texas Health Science
Center at Houston (UTHealth) has investigated the additive and interactive associations of
six heavy metals including Hg and GST genes (GSTP1, GSTT1, and GSTM1) in relation to
ASD in Jamaican children. As mentioned earlier, we have previously reported that blood
Hg concentrations were not associated with ASD in a multivariable model that adjusted
for the child’s frequency of seafood consumption, parental education, and maternal age
as potential confounding factors [32]. However, we have recently reported a marginally
significant interaction between GSTP1 and a mixture of three metals (Pb, Hg, and Mn) in
relation to ASD (P = 0.07) [63], though when analyzed as an individual metal (i.e., notin a
mixture), the interaction between GSTP1 and blood Hg concentrations in relation to ASD
was not significant, (P = 0.12) [63]. Under the co-dominant genetic model, we have also
found that among children who were heterozygous for the GSTP1 Ile105Val polymorphism,
the odds of ASD for those with the GSTT1 DD genotype was three times that of those
with either the GSTT1 1/I or 1/D genotype (P = 0.03), suggesting interaction between
GSTP1 and GSTT1 in relation to ASD [64]. In addition, we have previously reported that
the associations between GSTP1 genotype and blood arsenic concentrations [65], as well
as blood aluminum concentrations [66] significantly vary by ASD status (P = 0.04 and
P <0.02 for the interaction between GSTP1 and ASD status in relation to blood arsenic
and aluminum concentrations, respectively). Considering the evidence from the literature
and our previous findings about the complexity of the role of diet and metabolic genes in
blood concentrations of heavy metals in children with and without ASD, we propose that
metabolic GST genes may have a role in susceptibility to environmental exposure to Hg.
In this study, we investigate the possible interaction of each of the three metabolic GST
genes (GSTP1, GSTM1, and GSTT1) with ASD status, and possible pair-wise gene—gene
interactions of these genes in relation to blood Hg concentrations of Jamaican children.

2. Materials and Methods
2.1. General Description

The Epidemiological Research on Autism in Jamaica (ERAJ) and ERA]J-Phase2 (ERA]J-
2) age- and sex-matched case-control studies began enrollment of children 2-8 years old
with ASD and their age- and sex-matched TD controls in December 2009, to investigate
the potential individual or interactive associations of environmental exposures and three
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GST genes (GSTP1, GSTT1, and GSTM]1) in relation to ASD in Jamaican children. The
process for recruitment and assessment of ASD cases and TD controls has been reported
earlier [67-70]. In brief, after obtaining written consent from parents and child assent
when applicable, we administered the Autism Diagnostic Observation Schedule-Second
Edition (ADOS-2) [71] and Autism Diagnostic Interview-Revised (ADI-R) [72] to ascertain
ASD status in suspected ASD cases recruited from the Jamaican Autism Database, and
the Social Communication Questionnaire (SCQ) [73] to rule out developmental disorders
(SCQ score < 6) in the TD controls. In addition, at the time of enrollment we administered
a socioeconomic status (SES) questionnaire to assess socio-demographic characteristics
including parents’ educational levels and the family’s SES that is measured by ownership
of a car in Jamaica. We also administered a food frequency questionnaire to assess potential
dietary sources of exposure to heavy metals through the types and frequency of seafood,
vegetables and fruits consumed by the children on a weekly basis. We classified the types
of seafood, vegetables, and fruits based on their characteristics and species. For example,
we classified different types of vegetables as follows: (1) leafy vegetables in three classes:
(lettuce), (callaloo, broccoli, or pak choi), and (cabbage); (2) root vegetables in two classes:
(yam, sweet potato, or dasheen) and (carrot or pumpkin); and (3) legumes. We considered
the frequency of different types of food consumed as a categorical variable (consumed and
never consumed) for analysis. Additional details regarding the food categories have been
reported previously [67].

To assess exposure to the heavy metals including Hg and to determine GST gene
genotypes, we collected 4-5 mL of whole blood from each child at the end of the interview
and other assessments. In the current study, we used data from 266 Jamaican children with
ASD, and their 1:1 age (£6 months) and sex-matched TD controls [n = 532 that includes
266 matched pairs] who were enrolled in the ERA]J studies between December 2009 and
September 2017. The study protocol was conducted in accordance with the Declaration of
Helsinki and approved by the Institutional Review Boards (IRBs) of UTHealth (HSC-SPH-
09-0059), UWI, and Michigan Department of Health and Human Services (MDHHS).”

2.2. Assessment of Mercury Exposures

The Trace Metals Lab, a Centers for Disease Control and Prevention (CDC) certified
lab at the Michigan Department of Health and Human Services (MDHHS) in Lansing,
Michigan, USA, conducted the blood Hg concentration analyses. The Caribbean Genetics
(CARIGEN) lab at UWI processed whole venous blood samples, each of which was about
2-3 mL, and shipped the samples to the Trace Metals Lab at MDHHS for assay of several
heavy metals including Hg. Since the technology to detect metal concentrations in blood
samples has changed over the last 11 years, the MDHHS reported different limits of
detection (LoD) for Hg in phases 1 & 2 of the ERA] study (i.e., LoD for Hg was 0.3 ng/L
in phase 1 and 0.25 ug/L in phase 2). In this study, MDHHS reported 16.7% of blood
Hg concentrations as undetectable because they were below the LoD. According to an
established Quality Control (QC) program at MDHHS Trace Metal Lab, bovine blood
spiked with known quantities of mercury were included as controls for mercury levels in
the blood samples. All samples were diluted and analyzed on a PerkinElmer Elan DRC II
inductively coupled plasma mass spectrometer (PerkinElmer, Waltham, MA, USA).

2.3. Genetic Analysis

In brief, regions of the GSTM1 and GSTT1 genes were amplified in two independent
TagMan Copy Number Assay reactions, GSTM1 Assay 1D: Hs02575461_cn and GSTT1
Assay ID: Hs00010004_cn (www.thermofisher.com), to detect insertion/deletion polymor-
phisms. GSTM1 and GSTT1 homozygous deletions were coded as DD and the presence of
an insertion was coded as I*. Assessment of the GSTP1 Ile105Val polymorphism (rs1695)
was carried out using the TagMan Drug Metabolism SNP genotyping assay C_3217198_20.
All three assays have been described in detail previously [64,70,74].
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2.4. Statistical Analysis

We compared demographic and SES characteristics of ASD cases and TD controls
using descriptive analyses. For the purpose of analysis all Hg concentrations below
LoD were imputed by calculating LoD/(v/2) [75]. Since the distribution of blood Hg
concentrations was skewed, we used the natural logarithm (In) to transform data and
produce an approximately normal distribution. We applied the natural exponential function
to the means of the log transformed blood Hg concentrations to transform them back to
their original scale (i.e., ug/L) and are referred to as the geometric means.

There are three genotypes (Ile/Val, Ile/Ile, Val/Val) for the GSTP1 Ile105Val poly-
morphism. The GSTP1 gene was analyzed assuming three different genetic models: co-
dominant (Ile/Ile, Ile/Val, and Val/Val), dominant (Ile/Ile vs Val/*), and recessive (Ile/* vs.
Val/Val). We also tested whether the GSTP1 polymorphism met Hardy-Weinberg equilib-
rium expectations using the Chi-square test in the TD control group. Since the genotyping
assay does not distinguish between a normal homozygote (I/I) and a heterozygote (I/D)
for GSTT1 and GSTM1, we considered only a recessive model using a binary variable: I/*
(I/Tor1/D)and DD (null allele).

In this study, using conditional logistic regression (CLR) models, we compared the
distributions of socio-demographic characteristics, and consumption of various types of
food between ASD case and TD control groups. We also used CLRs to assess possible
associations between various exposure variables including GST genotypes (GSTP1, GSTT1,
and GSTM1) and ASD status.

Univariable General Linear Models (GLMs) with the log-transformed blood Hg con-
centrations as the dependent variable were used to investigate the possible role of the three
GST genes, ASD status, sociodemographic characteristics, and consumption of various
types of food in determining these levels. In all GLMs, we included an appropriate number
of dummy variables representing the matched pairs to control for the clustering effect of
matching (e.g., 265 dummy variables for 266 matched pairs). To investigate the relationship
between the genotypes for each of the three GST genes and blood Hg concentrations within
the ASD case and TD control groups, we used multivariable GLMs and included the
interactions between each of the three GST genes and ASD status in the model. In addition,
in adjusted multivariable GLMs, we included child’s age [76], as well as SES, consumption
of leafy vegetables (callaloo, broccoli, or pak choi), fried plantain, and canned fish (sardine
or mackerel fish) as important covariates that have been identified to be associated with
ASD status and blood Hg concentrations previously [32]. Furthermore, using multivariable
GLMs, we assessed two-way interactions between genotypes of the three GST genes in
relation to blood Hg concentrations. Since we found a significant interaction between
the GSTP1 and GSTT1 genes in relation to blood Hg concentrations, in addition to the
aforementioned covariates, we accounted for this gene-gene interaction in the adjusted
multivariable GLMs that involved the GSTP1 or GSTT1 genes. Using the CONTRAST
statement in PROC GLM in SAS [77] we tested whether the geometric mean blood Hg con-
centrations were significantly different between individuals with various GST genotypes,
separately for ASD cases and TD controls. Similarly, we tested the statistical significance
of the difference in the geometric mean blood Hg concentrations between ASD cases and
TD controls by GST genotype. Unadjusted and adjusted geometric mean of the blood Hg
concentrations were calculated for both groups of children (ASD and TD) with different
GST genotypes. All statistical tests were performed at 5% level of significance without
making any adjustments for multiple comparisons. We conducted all analyses using SAS
software [78].

3. Results

At the time of enrollment, the age of 30.5% of ASD cases and 28.6% of the TD controls
was 72 months or older. Nearly all of the ASD cases (95.5%) and TD controls (97.0%), and
their parents (>96%) were Afro-Caribbean. At the time of the child’s birth, a significantly
higher proportion of the mothers of ASD cases were age 35 years or older compared to
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mothers of TD controls (18.9% vs. 12.3%). Similarly, a higher proportion of ASD cases
(62%) had at least one parent with education beyond high school compared to the TD
controls (48%). ASD cases were more likely to be from families with higher SES compared
to TD controls (56.4% versus 39.9% car ownership by ASD cases and TD control families,
respectively). For TD children in our data, the frequency of the GSTM1 and GSTT1 null
genotypes among TD controls were 23.6% and 24.8%, respectively. Furthermore, the
frequencies of the GSTP1 genotypes in the TD children were in agreement with Hardy-
Weinberg equilibrium expectations (P = 0.28). In addition, the frequencies of GSTM1,
GSTP1, and GSTT1 genotypes were not significantly different between ASD cases and TD
controls (all P > 0.11). The arithmetic mean blood Hg concentration was 1 pg/L for both
children with ASD and TD children, indicating no significant difference between these two
groups, (P = 0.93) (Table 1).

Table 1. Children and Parents’ characteristics by ASD case status (266 matched pairs).

. . ASD Case TD Control "
Variables Categories (1 = 266) (1 = 266) P-Value
Child’s sex Male 217 (81.6) 217 (81.6) 1.00
Child’s age Age <72 185 (69.5) 190 (71.4) 0.18
(months) Age > 72 81 (30.5) 76 (28.6) ’
Child’s race Afro-Caribbean 254 (95.5) 258 (97.0) 0.37
Maternal age @ Age <35 215 (81.1) 229 (87.7) 0.03
(at child’s birth) Age > 35 50 (18.9) 32 (12.3) )
Parental education P Both up to high school 98 (37.7) 132 (52.0) <001
(at child’s birth) At least one beyond high school 162 (62.3) 122 (48.0) :
Socioeconomic status (SES) Car ownership 150 (56.4) 106 (39.9) <0.01
Tle/Ile 68 (25.9) 65 (24.4)
GSTP1 © Ile/Val 144 (54.8) 139 (52.3) 0.58
Val/Val 51 (19.4) 62 (23.3)
DDf 78 (29.7) 62 (23.6)
d
GSTM1 /Tor1/D8 185 (70.3) 201 (76.4) 0.11
DDf 70 (26.6) 65 (24.8)
GSTT1® I/Torl/D8 193 (73.4) 197 (75.2) 0.70
Blood Hg concentration (ug/L) mean (SD) h 1.0 (1.3) 1.0 (0.9) 0.93 **

Data are reported as numbers (percentages), otherwise as indicated. * P-Values are based on Wald’s test in conditional logistic regres-
sion models. ** P-value is based on Related-Samples Wilcoxon Signed Rank Test that compares the distribution of blood aluminum
concentration between ASD case and TD control groups; © Up to high school education means attended Primary/Jr. Secondary, and
Secondary/High/Technical schools. ' Beyond high school education means attended a Vocational, Tertiary College, or University.
2 Maternal age was missing for 1 ASD case and 5 TD controls. ? Parental education was missing for 6 ASD cases and 12 TD controls.
¢ GSTP1 genotype was missing for 3 ASD cases. ¢ GSTM1 genotype was missing for 3 ASD cases and 3 TD controls. ¢ GSTT1 was missing
for 3 ASD cases and 4 TD controls. f DD indicates the null alleles for GSTT1 and GSTM1. & I/1 or I/D indicate the homozygote (I/1) or a
heterozygote (I/D) for GSTT1 and GSTM1. I Hg: Mercury arithmetic mean.

In a comparison of food consumption between ASD cases and TD controls, we ob-
served that a significantly lower proportion of ASD cases reported eating root vegetables
(carrot or pumpkin) [Matched Odds Ratio (MOR) = 0.52, 95% CI: (0.33, 0.82), P = 0.01], and
other types of fruits and vegetables (all P < 0.01). In addition, compared to TD controls,
ASD cases consumed significantly less servings of canned fish (sardine and mackerel) [MOR
(95% CI) = 0.53 (0.34, 0.82), P < 0.01], salted fish [MOR (95% CI) = 0.49 (0.33, 0.72), P < 0.01],
and shellfish [MOR (95% CI) = 0.35 (0.18, 0.68), P < 0.01]. The frequency distributions of
eating other types of food between ASD and TD children are shown in Table 2.
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Table 2. Associations between dietary consumption and ASD case status using Conditional Logistic Regression (CLR) (266

matched pairs).

Exposure

ASD Case

TD Control

o, = c
Variables Category 1 (%) (%) MOR 95% CI P-Value
Sourcvevzie‘ir;nkmg Piped water 207 (77.8) 226 (85.3) 0.78 (0.39, 1.56) 0.48
Source of water for Piped water 244 (91.7) 252 (95.1) 0.55 (0.26, 1.15) 0.11
cooking
Root Yam, StedtPowalo Of  154(58.1) 174 (65.4) 0.71 (0.49,1.02) 0.07
vegetables Carrot or pumpkin 204 (77.0) 231 (86.8) 0.52 (0.33,0.82) 0.01
Lettuce 119 (44.9) 167 (62.8) 0.42 (0.28, 0.63) <0.01
Fruits and Leafy Callaloo, broccoli, or
vegetables vegetables pakchoi 192 (72.4) 223 (83.8) 0.48 (0.31,0.76) <0.01
consumption P Cabbage 128 (48.3) 157 (59.0) 0.60 (0.42, 0.88) <0.01
Tomatoes 151 (56.9) 196 (73.7) 0.46 (0.32, 0.68) <0.01
Ackee 119 (44.9) 182 (68.4) 0.32 (0.21,0.48) <0.01
Fruits Avocado 110 (41.5) 173 (65.0) 0.34 (0.23,0.51) <0.01
Green banana 153 (57.7) 180 (67.7) 0.63 (0.44,0.91) 0.01
Fried plantains 189 (71.3) 228 (85.7) 0.42 (0.27, 0.66) <0.01
High seafood consumption (more than 58 (21.8) 76 (28.6) 0.67 (0.4, 1.02) 0.06
6 meals per week)
Ate salt water fish 170 (63.9) 185 (69.6) 0.73 (0.49, 1.10) 0.13
Seafood Ate fresh water fish (pond fish, tilapia) 95 (35.7) 86 (32.3) 1.20 (0.81,1.77) 0.37
consumption Ate sardine, mackerel (canned fish) 200 (75.2) 227 (85.3) 0.53 (0.34, 0.82) <0.01
p Ate tuna (canned fish) 80 (30.1) 92 (34.6) 0.80 (0.55,1.17) 0.25
Ate salted fish (pickled mackerel) 175 (65.8) 214 (80.5) 0.49 (0.33,0.72) <0.01
Ate shellfish (lobsters, crabs) 14 (5.3) 36 (13.5) 0.35 (0.18, 0.68) <0.01
Ate shrimp 30 (11.3) 46 (17.3) 0.63 (0.39,1.02) 0.06

2 Data missing for one TD control; ® For all variables under fruits and vegetables consumption data were missing for one ASD case;
¢ P-values are based on Wald’s test in conditional logistic regression models that compares the distribution of dietary consumption between
ASD case and TD control groups.

The univariable GLM that compared geometric mean blood Hg concentrations be-
tween children with various levels and types of exposures revealed a significant association
between blood Hg concentrations and ASD status (geometric mean blood Hg concentration
for ASD group = 0.62 pug/L vs. 0.76 pug/L for the TD control group, P < 0.01) (Table 3).
Blood Hg concentrations were also significantly associated with child’s age at enrollment
(P <0.05), and consumption of root vegetables [yam, sweet potato, or dasheen (P = 0.03)],
leafy vegetables [callalloo, broccoli, or pak choi (P = 0.02); cabbage (P = 0.03)], as well as
some types of fruits [tomatoes (P < 0.01); fried plantains (P < 0.01)]. Similarly, we found
significant associations with high seafood consumption (more than 6 meals per week), con-
sumption of salt water fish, canned fish (sardine and mackerel), and salted fish (all P < 0.05).
Blood Hg concentrations were not significantly associated with GSTT1 (P = 0.61), GSTM1
(P =0.71), or GSTP1 polymorphisms (P > 0.14 for all pairwise comparisons) (Table 3).

In an unadjusted multivariable model that assessed the association between the
GSTP1 gene and blood Hg concentrations within the ASD case and TD control groups, we
identified a significant interaction between GSTP1 genotype and ASD status in relation
to blood Hg concentrations using either a co-dominant (overall interaction P = 0.002) or
dominant (P = 0.021) genetic model (Table 4). Specifically, in the co-dominant genetic
model for GSTP1, the geometric mean blood Hg concentrations were significantly higher
in ASD cases with genotype Ile/Ile than in those with genotype Ile/Val (0.87 ug/L vs.
0.54 ug/L, P <0.01). We also found that the geometric mean blood Hg concentration in
TD controls with genotype Ile/Val was significantly higher than in those with genotype
Val/Val (0.89 pg/L vs. 0.57 ug/L, P < 0.01). Additionally, in the dominant model for
GSTP1, ASD cases with the Ile/Ile genotype had a significantly higher geometric mean
blood Hg concentration compared to those with the Ile/Val or Val/Val genotype (0.85 ng/L
vs. 0.56 pg/L, P = 0.01). However, there were no significant associations between the
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GSTP1 gene and blood Hg concentrations in the TD control group, when we used the
dominant model for GSTP1. Specifically, TD control children with Ile/Val or Val/Val
genotypes had a geometric mean blood Hg concentration of 0.78 pg/L compared to
0.70 ug/L for TD control children with the Ile/Ile genotype (P = 0.53). In the recessive
model for GSTP1, although the interaction between the GSTP1 gene and ASD status was
not statistically significant (P = 0.11), we found that TD control children with genotype
Val/Val had significantly lower geometric mean blood Hg concentrations than those with
Ile/Ile or Ile/Val genotypes (0.57 pug/L vs. 0.83 ug/L, P = 0.03).

Similar findings were observed for the ASD case and TD control groups in the GSTP1
co-dominant genetic model after accounting for the interaction between GSTT1 and GSTP1
and further adjustment for child’s age, SES, consumption of leafy vegetables (callaloo,
broccoli, or pak choi), fried plantain, and canned fish (sardine or mackerel fish) as covariates
(overall interaction P < 0.001 in the adjusted model). Specifically, using the co-dominant
genetic model for GSTP1, while the adjusted geometric mean blood Hg concentration in
ASD cases with genotype Ile/Ile was significantly higher than in those with genotype
Ile/Val (0.73 ug/L vs. 0.48 ug/L, P = 0.01), TD control children with genotype Ile/Ile
had a significantly lower adjusted geometric mean blood Hg concentration than those
with genotype Ile/Val (0.49 pg/L vs. 0.72 ug/L, P = 0.03). We also found that TD control
children with genotype Ile/Val had a significantly higher adjusted geometric mean blood
Hg concentration than those with genotype Val/Val (0.72 ug/L vs. 0.51 pg/L, P = 0.04).
Similarly, in the dominant model for GSTP1, the interaction between ASD status and the
GSTP1 gene in relation to blood Hg concentrations remained significant after adjusting for
interaction between the GSTT1 and GSTP1 genes, and other aforementioned covariates
(overall interaction P = 0.007 in the adjusted model). However, the difference between
adjusted geometric mean blood Hg concentrations of ASD cases with the Ile/Ile genotype
and those with the Ile/Val or Val/Val genotype became marginally significant (0.74 pug/L
vs. 0.54 pg/L, P = 0.06). The interaction between ASD status and the GSTP1 gene in
the recessive genetic model for GSTP1 remained non-significant in the adjusted model.
The details of the unadjusted and adjusted geometric mean blood Hg concentrations
comparison between children with different GSTP1 genotypes by ASD status are shown
in Table 4. We did not find any significant associations with blood Hg concentrations in
children with or without ASD in similar unadjusted and adjusted analyses for GSTM1 and
GSTT1. Details regarding the GSTT1 and GSTM1 results are shown in Table 4.

Further analysis of the significant interactive association of the GSTP1 gene and ASD
status in relation to blood Hg concentrations revealed that while in children with the
Val/Val genotype in the co-dominant genetic model there was no significant association
between ASD status and blood Hg concentrations (P = 0.16), in children with the Ile/Ile
and Ile/Val genotypes, there was a significant association between ASD status and blood
Hg concentrations (P = 0.02 and P < 0.01, respectively) after adjusting for the interaction
between GSTP1 and GSTT1 genes and other aforementioned covariates. We observed
similar findings when we used the dominant genetic model for GSTP1. Specifically, in the
dominant model, while children with ASD who had the Ile/Ile genotype had significantly
higher adjusted geometric mean blood Hg concentrations compared to TD controls with
the same genotype (0.74 pg/L vs. 0.51 ug/L, P = 0.04), ASD cases with either the Ile/Val or
Val/Val genotype had an adjusted geometric mean blood Hg concentration of 0.54 ug/L,
significantly lower (P = 0.01) than that observed for TD control children with the same
genotype (0.67 ug/L). Using the recessive genetic model for GSTP1, we did not find a
significant difference in the adjusted geometric mean blood Hg concentration between
ASD cases and TD controls by GSTP1 genotype. The details of the unadjusted and adjusted
geometric mean blood Hg concentrations comparison between ASD cases and TD controls
by GSTP1 genotype are shown in Table 5.
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Table 3. Associations of various independent variables with blood mercury concentrations based on univariable General Linear Models (266 matched pairs).

Yes No
Variables Category P-Value **
Mean Hg * (ug/L) N Mean Hg * (ug/L) N
ASD status Autism Spectrum Disorder 0.62 266 0.76 266 <0.01
Child’s age (months) Age > 72 1.07 157 0.57 375 0.05
Child’s sex Male 0.71 434 0.62 98 0.16
Socioeconomic status (SES) Own a car 0.64 256 0.73 276 0.20
Maternal age ? (at child’s birth) >35 years 0.55 82 0.71 444 0.06
Parental education levels ® (at child’s birth) At least one of the parents had education beyond high school 0.63 284 0.75 230 0.06
Source of drinking water ¢ Piped water 0.69 495 0.65 36 0.79
Root vegetables Yam, sweet potato, or dasheen 0.75 328 0.60 203 0.03
Carrot or pumpkin 0.70 435 0.65 96 0.60
Lettuce 0.75 286 0.62 245 0.10
Leafy vegetables Callaloo, broccoli, or pak choi 0.74 415 0.55 116 0.02
Fruits and vegetables consumption 4 Cabbage 0.77 285 0.61 246 0.03
Tomatoes 0.77 347 0.56 184 <0.01
Ackee 0.75 301 0.62 230 0.08
Fruits Avocado 0.76 283 0.62 248 0.06
Green banana 0.74 333 0.61 198 0.06
Fried plantains 0.74 417 0.53 114 <0.01
High seafood consumption (more than 6 meals per week) 0.87 134 0.63 398 <0.01
Ate salt water fish 0.79 355 0.52 177 <0.01
Ate fresh water fish (pond fish, tilapia) 0.76 181 0.65 351 0.19
. Ate sardine, mackerel (canned fish) 0.74 427 0.50 105 <0.01
Seafood consumption Ate tuna (canned fish) 0.79 172 0.64 360 0.07
Ate salted fish (pickled mackerel) 0.73 389 0.58 143 0.03
Ate shellfish (lobsters, crabs) 0.87 50 0.67 482 0.14
Ate shrimp 0.80 76 0.67 456 0.19
GSTT1 (1% f 0.70 384 0.66 134 0.61
GSTM1 (1*)f 0.70 382 0.67 138 0.71
Genes © GSTP1 (Ile/1le) & 0.77 132 0.66 394 0.17
GSTP1 (Val/Val) 8 0.59 111 0.72 415 0.14
GSTP1 (lle/Val) 8 0.69 283 0.69 243 0.97

* Mean Hg indicates the geometric mean of mercury = Exp. [Mean (In Hg)]; ** P-values are based on GLMs that compare geometric mean blood mercury concentrations between children who had the
characteristic described (in the “Yes” column) and those who did not (in the “No” column); The “Yes” column includes participants who had the characteristic described for the categories in each variable; The
“No” column includes participants who did not have the characteristic described for the categories in each variable; * Maternal age was missing for 6 participants; ? Parental education level was missing for
18 participants; © Source of drinking water was missing for one participant;  Fruits and vegetables consumption was missing for one participant; ¢ Results based on 259 matched pairs for GSTT1, 260 pairs for
GSTM1, and 263 pair for GSTP1; { I* indicates the homozygote (I/1) or a heterozygote (I/D) for GSTT1 and GSTM1; 8 GSTP1 has three categories (Ile/Ile, Ile/Val, and Val/Val).
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Table 4. Unadjusted and adjusted geometric mean blood mercury concentrations by GST genotypes based on General Linear Models (GLM) that include interaction between GST genes
and ASD case status (ASD and TD control) *.

Unadjusted (ug/L) 2 Adjusted (ug/L) ®
(Column A) Ref ¢ Geometric Geometric Geometric Geometric
Models Gene Genotypes G € etren Group Mean Hg of Mean Hg of Mean Hg of Mean Hg of
Compared enotypes Children with ~ Children with ~ P-Valued  Children with Children with ~ P-Value ¢
Genotypes in Referent Genotypes in Referent
Column A ¢ Genotypes ¢ Column A ¢ Genotypes ¢
GSTP1 Tle/Ile Tle/Val TD Control 0.70 0.89 0.16 0.49 0.72 0.03
GSTP1 Ile/Ile Ile/Val ASD Case 0.87 0.54 <0.01 0.73 0.48 0.01
. o GSTP1 Tle/Tle Val/Val TD Control 0.70 0.57 0.28 0.49 0.51 0.85
Co-dominant GSTP1 Tle/Tle Val/Val ASD Case 0.87 0.62 0.11 0.73 0.66 0.62
GSTP1 Tle/Val Val/Val TD Control 0.89 0.57 <0.01 0.72 0.51 0.04
GSTP1 Tle/Val Val/Val ASD Case 0.54 0.62 0.45 0.48 0.66 0.10
1 GSTPIDOM H\Z 1\//”3&? Te/Ie TD Control 0.78 0.70 0.53 0.67 0.51 0.11
Dominant
GSTPIDOM lle/Val or Tle/Tle ASD Case 0.56 0.85 0.01 0.54 0.74 0.06
Val/Val
GSTPIREC Val/Val Hﬁ g }l\e,acl’r TD Control 0.57 0.83 0.03 051 0.64 0.20
Recessive 8 Tle/Ile or
GSTPIREC Val/Val ASD Case 0.63 0.63 0.99 0.66 0.56 0.37
Ile/Val
R ) CSTT1 I/lor1/D DD TD Control 0.77 0.74 0.79 0.61 0.63 0.83
ecessive I/Torl/D DD ASD Case 0.64 0.59 0.67 0.59 0.55 0.67
- CSTMI I/lor1/D DD TD Control 0.73 0.87 0.30 0.63 0.66 0.81
Recessive I/Iorl/D DD ASD Case 0.66 0.53 0.14 0.63 0.49 0.09

* Results based on 263 pair for GSTP1, 260 pairs for GSTM1, and 259 matched pairs for GSTT1. ? In the unadjusted GLMs, the independent variables include pairs, ASD status, GST gene, and GST gene interaction
with ASD; P In multivariable GLMs in addition to the variables in the unadjusted model we adjusted for Child’s age, socioeconomic status, consumption of callaloo, broccoli, or pak choi, fried plantain, and
sardine or mackerel fish. Additionally, we account for the interaction between GSTT1 and GSTP1 in relation to blood Hg concentrations in adjusted models related to GSTP1 and GSTT1 genes; © Mean Hg
indicates the geometric mean of mercury = Exp. [Mean (In Hg)]; ¢ P-values are for the comparison of mean blood mercury concentrations of children with genotypes in “Column A” compared to those with
“referent genotypes”, stratified by ASD case status (ASD and TD control), based on CONTRAST option in the SAS program for GLMs as described in the Methods section; © GSTP1 in the co-dominant model has
three categories (Ile/Ile, Ile/Val, and Val/Val); f GSTP1 (DOM) = GSTP1 in the dominant model has two categories (Val/Val or Ile/Val, Ile/Ile); 8 GSTP1 (REC) = GSTP1 in the recessive model has two categories
(Val/Val, Ile/Ile or Ile/Val). * Overall interaction P = 0.002 and P < 0.001 for unadjusted and adjusted models, respectively. i Overall interaction P = 0.021 and P = 0.007 for unadjusted and adjusted models,

respectively. f Overall interaction P = 0.112 and P = 0.081 for unadjusted and adjusted models, respectively. + Overall interaction P = 0.916 and P = 0.645 for unadjusted and adjusted models, respectively.
¥ Overall interaction P = 0.080 and P = 0.193 for unadjusted and adjusted models, respectively.
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Table 5. Unadjusted and adjusted geometric mean blood mercury concentrations by ASD status (ASD and TD control) based on General Linear Models (GLM) that includes interaction
between GST genotypes and ASD case status (ASD and TD control) *.

Unadjusted Model (ug/L) 2 Adjusted Model (ug/L) ®
(C(éumn A) Referent GSTP1 S::?}eltn; P Geometric l\s[;::l?}itn;f Geometric
Gene Models c roup d Group Genotypes Children%vith Mean Hg of Children%vith Mean Hg of
ompare Children with  P-Value ¢ Children with  P-Value 4
Group Group
. Referent . Referent
Compared in Group © Compared in Group ©
Column A € p Column A € p
ASD Case TD Control Ile/Ile 0.87 0.70 0.24 0.73 0.49 0.02
Co-dominant €t ASD Case TD Control Ile/Val 0.54 0.89 <0.01 0.48 0.72 <0.01
ASD Case TD Control Val/Val 0.62 0.57 0.63 0.66 0.51 0.16
, ASD Case TD Control Ile/Ile 0.85 0.70 0.29 0.74 0.51 0.04
: f
GSTP1 Dominant ASD Case TD Control ~ Val/Valor 0.56 0.78 <0.01 0.54 0.67 0.01
Ile/Val
ASD Case TD Control Val/Val 0.63 0.57 0.65 0.66 0.51 0.10
Recessive 8 Ile/1le or
ASD Case TD Control 0.63 0.83 <0.01 0.56 0.64 0.21
Ile/Val
' ASD Case TD Control DD 0.59 0.74 0.24 0.55 0.63 0.44

GSTT1 Recessive

ASD Case TD Control I/Tor1/D 0.64 0.77 0.04 0.59 0.61 0.70

. ASD Case TD Control DD 0.53 0.87 <0.01 0.49 0.66 0.10

GSTM1 Recessive ¥

ASD Case TD Control I/Tor1/D 0.66 0.73 0.29 0.63 0.63 0.94

* Results based on 263 pair for GSTP1, 260 pairs for GSTM1, and 259 matched pairs for GSTT1. ? In the unadjusted GLMs, the independent variables include pairs, ASD status, GST gene, and GST gene interaction
with ASD; P In multivariable GLMs in addition to the variables in the unadjusted model we adjusted for Child’s age, socioeconomic status, consumption of callaloo, broccoli, or pak choi, fried plantain, and
sardine or mackerel fish. Additionally, we account for the interaction between GSTT1 and GSTP1 in relation to blood Hg concentrations in adjusted models related to GSTP1 and GSTT1 genes;  Mean Hg
indicates the geometric mean of mercury = Exp. [Mean (In Hg)]; ¢ P-values are for the comparison of mean blood mercury concentrations of children with the ASD case status in “Column A” compared to those
with the TD control status in “referent group”, stratified by GST genotypes, based on CONTRAST option in the SAS program for GLMs as described in the Methods section; ¢ GSTP1 in the co-dominant model
has three categories (Ile/Ile, Ile/Val, and Val/Val); £ GSTP1 (DOM) = GSTP1 in the dominant model has two categories (Val/Val or Ile/Val, Ile/Ile); 8 GSTP1 (REC) = GSTP1 in the recessive model has two

categories (Val/Val, Ile/Ile or Ile/ Val). * Overall interaction P = 0.002 and P < 0.001 for unadjusted and adjusted models, respectively. 1 Overall interaction P = 0.021 and P = 0.007 for unadjusted and adjusted

models, respectively. f Overall interaction P = 0.112 and P = 0.081 for unadjusted and adjusted models, respectively. + Overall interaction P = 0.916 and P = 0.645 for unadjusted and adjusted models, respectively.

¥ Overall interaction P = 0.080 and P = 0.193 for unadjusted and adjusted models, respectively.
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In similar analyses for GSTT1, we did not find any significant interactions between
ASD status and the GSTT1 gene in relation to blood Hg concentrations (overall interac-
tion P = 0.92 and 0.64 in unadjusted and adjusted models, respectively). Although in
the unadjusted model we found ASD cases with the GSTT1 I/I or I/D genotype had a
significantly lower geometric mean blood Hg concentration than TD controls with the
same genotypes (0.64 pg/L vs. 0.77 ug/L, P = 0.04), this association became non-significant
(P =0.70) after adjusting for the interaction between GSTP1 and GSTT1 and other afore-
mentioned covariates. Similarly, although the interaction between ASD status and the
GSTM1 gene in relation to blood Hg concentrations was not significant either in the un-
adjusted (overall interaction P = 0.08) or adjusted model (overall interaction P = 0.19),
in the unadjusted model we found that ASD cases with the GSTM1 DD genotype had a
significantly lower geometric mean blood Hg concentration than TD controls with the
same genotypes (0.53 pug/L vs. 0.87 pg/L, P <0.01). However, these associations were not
significant (P = 0.10) after adjusting for the aforementioned covariates. The comparison of
the unadjusted and adjusted geometric blood Hg concentrations between ASD cases and
TD controls by GSTM1 and GSTT1 genotypes are shown in Table 5.

4. Discussion

In this study, we have investigated the interactive associations of three metabolic GST
genes (GSTP1, GSTT1, and GSTM1) and ASD status in relation to blood Hg concentrations
in Jamaican children, and reported a significant interaction between the GSTP1 gene and
ASD status in relation to blood Hg concentrations using either a co-dominant (overall
interaction P = 0.002) or dominant (overall interaction P = 0.021) genetic model. The
interaction between the GSTP1 gene and ASD status in relation to blood Hg concentrations
remained consistently significant in multivariable adjusted analysis after adjusting for the
interaction between GSTP1 and GSTT1, child’s age, SES, consumption of leafy vegetables
(callaloo, broccoli, or pak choi), fried plantain, and canned fish (sardine or mackerel fish)
using either a co-dominant (overall interaction P < 0.001) or dominant (P = 0.007) genetic
model for GSTP1. Specifically, after adjusting for the gene-gene interaction between GSTP1
and GSTT1, as well as other aforementioned covariates, ASD cases with genotype Ile/Ile
had significantly higher geometric mean blood Hg concentrations than those with genotype
Ile/Val (0.73 ng/L vs. 0.48 pug/L, P = 0.01) in the co-dominant model, and significantly
(though marginally) higher geometric mean blood Hg concentrations than those with
the Ile/Val or Val/Val genotypes (0.74 pg/L vs. 0.54 pg/L, P = 0.06) in the dominant
genetic model. However, in the TD control group, while the geometric mean blood Hg
concentration was significantly higher among those with the Ile/Val genotype than those
with the Ile/Ile genotype (0.72 ug/L vs. 0.49 ug/L, P = 0.03), as well as those with
genotype Val/Val (0.72 ug/L vs. 0.51 ug/L, P = 0.04) in the co-dominant model, there were
no significant associations between genotypes of GSTP1 and blood Hg concentrations in
the dominant model (P = 0.11). In addition, after adjusting for the gene-gene interaction
between GSTP1 and GSTT1 and other aforementioned covariates in the co-dominant model,
our findings suggested that while blood Hg concentrations were not significantly different
between ASD and TD children who had the Val/Val genotype, the association between
ASD status and blood Hg concentrations was significant in children with the Ile/Ile and
Ile/ Val genotypes. Specifically, among children with the Ile/Ile genotype, ASD cases had
significantly higher blood Hg concentrations than TD controls (0.73 pug/L vs. 0.49 ug/L,
P =0.02), whereas ASD cases with the Ile/Val genotype had significantly lower blood
Hg concentrations than TD controls with the same genotype (0.48 pug/L vs. 0.72 ug/L,
P < 0.01). Similarly, in the dominant model, among children with the Ile/Ile genotype, ASD
cases had a geometric mean blood Hg concentration of 0.74 pug/L that was significantly
higher than 0.51 ug/L for TD control children, whereas among children with either an
Ile/Val or Val/Val genotype ASD cases had a significantly lower geometric mean blood
Hg concentration than TD controls (0.54 pg/L vs. 0.67 ug/L, P = 0.01). To our knowledge,
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we are the first to report an interactive association of GSTP1 Ile105Val and ASD status in
relation to blood Hg concentrations in Jamaican children.

There is evidence suggesting that detoxification of both inorganic and organic Hg in
humans depends on their conjugation with glutathione (GSH), a mechanism that relies
on GST enzymes [46,79] and polymorphisms in glutathione-related genes [52-55,80-82].
For example, a study in Austria enrolled 324 medical students to investigate associations
between mercury exposure and glutathione-related genes including GST gene polymor-
phisms. Their findings suggested that the GSTP1 Alal14Val polymorphism was signifi-
cantly related to mercury body burdens. In addition, they reported synergistic effects of
GSTP1 1le105Val /glutamate cysteine ligase catalytic subunit (GCLC) and GSTP1 Alal14Val
/GSTT1 combinations on hair Hg levels compared to single GST gene variants [80]. An-
other study of 515 dental professionals who were occupationally exposed to Hg reported
significant associations between GSTP1 Ile105Val and Alal14Val polymorphisms and hair
Hg levels, as well as between GSTT1 deletion and urine Hg levels following exposures
to elemental mercury via dental amalgams and methylmercury through fish consump-
tion [54]. Similarly, a study that enrolled 905 dental professionals to assess the possible role
of single nucleotide polymorphisms (SNPs) in genes that are involved in Hg metabolism in
determining Hg concentrations in blood, hair, and urine samples reported a lower blood
Hg concentration among variant genotypes for GSTP1 rs1695 [81]. In our study, although
we did not find a significant association between metabolic GST genes in relation to blood
Hg concentrations in the additive models, we observed that the role of metabolic GST
genes in blood Hg concentrations depends on the ASD status. These findings are consistent
with our previous reports of similar significant interactive effects between ASD status
and GSTP1 in relation to blood concentrations of other toxic metals including arsenic [65],
and aluminum [66]. All of these findings suggest that genetic variation in metabolic GST
genes plays a critical role in individual susceptibility to exposure to neurotoxic metals
including Hg because of their consequent variation in detoxification capacity. In addi-
tion, our findings support the previous evidence suggesting an impaired detoxification
mechanism measured by glutathione-related enzymatic activities in children with ASD
compared to TD controls [18,83,84]. Specifically, an age- and sex-matched case-control
study in Saudi Arabia reported that compared to TD controls, children with ASD had
significantly less active GST enzymes in their blood as determined by the GST-catalyzed
reaction between reduced GSH and the GST substrate. They also reported that levels of
other markers of detoxification mechanisms including the GSH/ Glutathione disulfide
(GSSG) ratio in blood samples of children with ASD were significantly lower than in blood
samples of TD controls [84]. Similarly, another study reported lower enzymatic activities
of GSH peroxidase in the plasma of children with ASD when compared to TD controls [83].
To the best of our knowledge, there is only one study that investigated the role of GST
enzyme activity as the main endogenous detoxifier and cell protector against oxidative
stress, along with blood concentrations of toxic heavy metals including Hg in relation to
ASD. This case-control study of 52 children with ASD (3-12 years old) and 30 TD controls
in Saudi Arabia measured the Hg concentrations in red blood cells, as well as GST activity
and vitamin E as enzymatic and non-enzymatic antioxidants in plasma and reported that
children with ASD had significantly higher Hg concentrations and lower GST activity and
vitamin E concentrations than TD controls. Their findings suggest that accumulation of
toxic metals could be a consequence of impaired detoxification in children with ASD [18].
Although our results support the findings of the aforementioned studies about the role of
impaired activity of GST enzymes and detoxification capacity in susceptibility of children
with ASD to exposure to heavy metals including Hg, genetic information was not available
in any of these studies to determine the genotypes associated with less active GST enzymes
in children with ASD. Further investigation in other populations is warranted to support
our findings suggesting the interactive role of GSTP1 Ile105Val and ASD status in relation
to blood Hg concentrations.
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Although in our study we have not measured GSH or GST enzyme activity, the
available literature suggests that the mechanism behind the relationship between GST
genes and Hg concentrations could be influenced by other factors. As mentioned earlier,
both GSH and GST enzymes have a critical role in detoxification of Hg [18,46,79,85]. There
is evidence that exposure to Hg depletes GSH, which may impact the balance between
oxidants and antioxidants in the central nervous system [86]. Therefore, depletion of GSH
and the resulting increase in reactive oxygen species (ROS) is considered as one of the
mechanisms responsible for Hg-induced neurotoxicity [87]. Since activity of GST enzymes
depends on a steady supply of GSH, in addition to polymorphisms in GST genes, lower
GSH levels in children with ASD [83] may also contribute to the decreased activity of GSTs
and therefore, make these children more susceptible to the neurotoxic effects of Hg. On
the other hand, there is evidence from in vitro studies that in addition to the impact of
GSTP1 genotype on enzyme kinetics, exposure to heavy metals including both inorganic
and organic Hg may inhibit GSTP1 activity in a genotype-dependent manner [88]. These
complex relationships may require further investigation.

In our previous study, we reported that the geometric mean blood Hg concentrations
of Jamaican children (either in the ASD case or TD control groups) who ate sardine, salt
water fish, or mackerel fish, were significantly higher than in those who did not eat these
types of fish (all P < 0.05) and that these concentrations are about 3.5 times that of children
living in the US or Canada [32]. This finding led to changing the policies of Jamaica’s
Ministries of Health and Education and the Planning Institute of Jamaica such that Jamaican
public schools no longer serve canned fish (sardine or mackerel fish) to children. Since
Jamaica is an island nation, fish is an important food in Jamaicans’ traditional diet. In
addition, the fishing industry contributes to social and economic development, as well as
food security in Jamaica [89]. The average fish consumption per capita is 27.1 kg/year in
Jamaica [90] that is about 1.5 times higher than the world’s per capita fish food supply [91].
A study in Jamaica has reported that maternal fish intake was the most significant factor
associated with Hg levels in the placenta [92]. Therefore, continuous exposure to Hg is very
likely in the Jamaican community via fish consumption. On the other hand, dietary intake
of seafood and fish is the main source of omega-3 polyunsaturated fatty acids (PUFA) in
humans that play an important role in human health [93], brain development [94] and
cognitive performance [95-97]. Since our study design is matched case-control and the
measurement of exposure to the six metals including mercury took place at the time when
the children were evaluated to confirm their ASD status at age 2—-8 years, we are unable
to establish temporality of the associations we reported in this study. Furthermore, from
the currently available data from our ERAJ study it is difficult to establish whether the
associations reported could be explained by a causal relationship. For example, although
we know that blood Hg concentrations in Jamaican children are much higher than those
of children in the US and Canada as a result of consuming larger amounts of fish and
seafood [32], in our study we observed in the univariable analysis that children with ASD
have lower concentrations of blood Hg than TD children. This finding could be associated
with a lower consumption of fish and seafood by children with ASD compared to that of
TD children, possibly due to high prevalence of Gl issues [98] and food selectivity [99] in
children with ASD. On the other hand, lower consumption of fish [100] and seafood [101]
could lead to lower levels of omega-3 or higher omega-6 fatty acids in children with ASD
that are shown to be important for brain development [94]. In addition, our findings
suggested that metabolic GST genes interact with ASD status in relation to blood Hg
concentrations and children with specific genetic variants may be more susceptible to Hg
exposures due to variations in detoxification capacity. Although, based on our findings
we cannot make specific recommendations regarding safe levels of fish consumption in
Jamaican children, considering that fish consumption is the main source of omega-3 fatty
acids in vulnerable groups (e.g., pregnant women and children), we believe these groups
should consume types of fish and seafood with lower risk of Hg contamination. To the best
of our knowledge, there is only one recent study in Jamaica that used risk-benefit analysis
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methods to determine the best fish species for consumption. They measured total mercury,
arsenic, selenium, and omega-3 fatty acids (EPA and DHA) in composite samples of 14 fish
species that were collected from major fishing villages in Jamaica. Their findings from four
risk-benefit analysis methods consistently suggested snappers, parrotfish, doctorfish and
cod fish as the best fish species that balance the benefits and risks of seafood consumption
in Jamaica based on the levels of Hg, selenium, arsenic, and omega-3 fatty acids [89]. Using
findings from the aforementioned study [89], and by conducting additional risk-benefit
analysis for seafood and fish consumption in the Jamaican population, we believe that the
Jamaica population would benefit from developing evidence-based guidelines and optimal
strategies that maximize the benefits of seafood and fish consumption while minimizing
the potential risk to this population.

5. Limitations

There are several limitations to this study. First, the blood Hg concentration data we
had do not differentiate organic and inorganic types of Hg exposure, therefore, detailed
discussion about distinct sources of Hg exposure is not provided in this study. However,
considering the importance of fish in the traditional diet of Jamaicans, we know that fish
consumption is the primary source of Hg exposure in Jamaica. Second, although we mea-
sured the frequency of seafood consumption using a standard and culturally appropriate
food frequency questionnaire in Jamaica, the questionnaire does not distinguish frequency
of consumption of all types of fish separately, which limits assessment of individual associ-
ations of each type of fish or seafood with blood Hg concentration in children. For example,
we have data on number of “sardine or mackerel fish” servings that children ate per week,
but did not assess frequency of eating sardine and mackerel, separately. In addition, we
did not have data on prenatal sources of Hg exposure including maternal diet during
pregnancy, as well as the levels of other nutrients associated with fish consumption such as
PUFA and selenium that play an important role in neurodevelopment and may have a role
in the relationship between Hg and ASD. Furthermore, since more TD control children in
the ERAJ studies were selected from the Kingston area, they may not represent a random
sample of all children in Jamaica, which limits the generalizability of our findings regarding
the blood Hg concentrations to children all over Jamaica. We also acknowledge that the
observed association between the GSTP1 rs1695 genotypes and the blood Hg concentration
does not necessarily imply that rs1695 is the true causal polymorphism, but may instead
be attributable to the effect of another genetic variant that is in linkage disequilibrium with
rs1695, though, this was not measured in this study. Moreover, we acknowledge that we
have not made any adjustment for multiple comparisons. Therefore, our findings should
be replicated in other populations. Furthermore, since the study design is a 1:1 age- and
sex-matched case-control, we acknowledge that the associations reported here may not
represent causal associations and we advise caution in interpretation of these findings.

6. Conclusions

In this paper, we have reported that the ASD cases in Jamaica with GSTP1 Ile105Val
genotype Ile/Ile had significantly higher blood Hg concentrations than those with genotype
Ile/Val after accounting for the interaction between GSTT1 and GSTP1, SES, consumption
of leafy vegetables, fried plantain, and canned fish (sardine or mackerel fish). However, the
geometric mean blood Hg concentration in TD control children with the Ile/Val genotype
was significantly higher than those with the Ile/Ile genotype, as well as those with the
Val/Val genotype. These findings suggest an interactive association between GSTP1 and
ASD status in relation to blood Hg concentrations that is consistent with the possible
role of GSTP1 in detoxification of Hg. Our finding related to the association of blood Hg
concentrations with ASD requires a careful interpretation. Specifically, the findings reported
in this study do not imply that Hg exposure is the cause of ASD, but subsets of children
with ASD and genotypes that are associated with a higher blood concentration of Hg may
potentially be susceptible to further neurodevelopmental impairment based on the available
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literature. Therefore, our data suggest that the development of targeted interventions
focused on dietary and environmental factors could help to moderate exposure to Hg in
Jamaican children, especially among those who are more susceptible to adverse outcomes
of Hg exposures due to their genetic variants. However, replication of our findings in other
populations is warranted.

Author Contributions: Conceptualization, M.H.R., M.S.-V,, S.S., and ].B.; methodology, M.H.R.,
MS.-V, S.S., ].B., and M.L.G,; validation, M.H.R.; formal analysis, M.H.R. and S.S.; investigation,
M.H.R,, S.S.-P.,, M.S.-V.; resources, M.H.R. and M.S.-V,; data curation, M.S.-V., M.L.G., S.S.-P,, C.B., and
W.M.; writing—original draft preparation, S.S. and M.H.R.; writing—review and editing, M.H.R,, S.S,,
J.B., M.H., K. A.L.,, WM,; supervision, M.H.R.; project administration, M.H.R. and M.S.-V,; funding
acquisition, M.H.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by the National Institute of Environmental Health Sciences (NIEHS)
by a grant (R01ES022165), as well as the Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD) and the National Institutes of Health Fogarty International
Center (NIH-FIC) by a grant (R21HD057808) awarded to University of Texas Health Science Center at
Houston. We also acknowledge the support provided by the Biostatistics/Epidemiology /Research
Design (BERD) component of the Center for Clinical and Translational Sciences (CCTS) for this
project. CCTS is mainly funded by the NIH Centers for Translational Science Award (NIH CTSA)
grant (UL1 RR024148), awarded to University of Texas Health Science Center at Houston in 2006 by
the National Center for Research Resources (NCRR), and its 2012 renewal (UL1 TR000371) as well
as another 2019 grant (UL1TR003167) by the National Center for Advancing Translational Sciences
(NCATS). The content is solely the responsibility of the authors and does not necessarily represent
the official views of the NICHD, NIH-FIC, NIEHS, NCRR, or NCATS.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Committee for the Protection of Human Subjects
(CPHS) of The University of Texas Health Science Center at Houston (HSC-SPH-09-0059, Primary
Investigator: Mohammad H. Rahbar; 20 March 2009).

Informed Consent Statement: Informed consent was obtained from parents/guardians of all chil-
dren involved in the study. Child’s assent were also obtained if the child was 7-8 years old.

Data Availability Statement: The data analyzed in this study are from two grants (i.e., R21 and R01).
The data from RO01 is or will be publicly available through National Database for Autism Research
(NDAR) via the following link: https://nda.nih.gov/edit_collection.html?id=2063. Data from R21
will also be available upon request from the corresponding author based on the following data sharing
agreement stated in the R21 grant: (1) a commitment to using the data only for research purposes
and not to identify any individual participant; (2) a commitment to using best statistical and ethical
practices in analyzing and reporting finding; (3) a commitment to securing the data using appropriate
information technology; (4) a commitment to crediting the source and the funding agencies of the
original project in all publications and presentations; and (5) a commitment to destroying or returning
the data after analyses are completed.

Acknowledgments: We acknowledge that the collection and management of survey data were
done using REDCap [102]. Finally, we acknowledge contributions by colleagues in the Analytical
Chemistry Lab at MDHHS for analyzing and storing the whole blood samples for the assessments of
heavy metal concentrations, under a service contract.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for Mercury. Available online: https://www.
atsdr.cdc.gov/toxprofiles/tp46.pdf (accessed on 16 June 2020).

2. Agency for Toxic Substances and Disease Registry (ATSDR). Addendum to the Toxicological Profile for Mercury. Available online:
https:/ /www.atsdr.cdc.gov/toxprofiles/mercury_organic_addendum.pdf (accessed on 16 June 2020).

3. United States Environmental Protection Agency (USEPA). Mercury Compounds. Available online: https://www.epa.gov/sites/
production/files /2016-09/documents/mercury-compounds.pdf (accessed on 22 June 2020).

4.  Palkovicova, L.; Ursinyova, M.; Masanova, V.; Yu, Z.; Hertz-Picciotto, I. Maternal amalgam dental fillings as the source of mercury
exposure in developing fetus and newborn. J. Exp. Sci. Environ. Epidemiol. 2008, 18, 326-331. [CrossRef]


https://nda.nih.gov/edit_collection.html?id=2063
https://www.atsdr.cdc.gov/toxprofiles/tp46.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp46.pdf
https://www.atsdr.cdc.gov/toxprofiles/mercury_organic_addendum.pdf
https://www.epa.gov/sites/production/files/2016-09/documents/mercury-compounds.pdf
https://www.epa.gov/sites/production/files/2016-09/documents/mercury-compounds.pdf
http://doi.org/10.1038/sj.jes.7500606

Int. J. Environ. Res. Public Health 2021, 18, 1377 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

United States Environmental Protection Agency (USEPA). Mercury in Dental Amalgam. Available online: https://www.epa.
gov/mercury /mercury-dental-amalgam (accessed on 22 June 2020).

Bjerklund, G.; Hilt, B.; Dadar, M.; Lindh, U.; Aaseth, J. Neurotoxic effects of mercury exposure in dental personnel. Basic Clin.
Pharmacol. Toxicol. 2019, 124, 568-574. [CrossRef]

Bose-O'Reilly, S.; Bernaudat, L.; Siebert, U.; Roider, G.; Nowak, D.; Drasch, G. Signs and symptoms of mercury-exposed gold
miners. Int. . Occup. Med. Environ. Health 2017, 30, 249-269. [CrossRef]

Counter, S.A.; Buchanan, L.H. Mercury exposure in children: A review. Toxicol. Appl. Pharm. 2004, 198, 209-230. [CrossRef]
National Research Council. Toxicological Effects of Methylmercury; National Academies Press: Washington, DC, USA, 2000.
Dufault, R.; Schnoll, R.; Lukiw, W.J.; LeBlanc, B.; Cornett, C.; Patrick, L.; Wallinga, D.; Gilbert, S.G.; Crider, R. Correction to:
Mercury exposure, nutritional deficiencies and metabolic disruptions may affect learning in children. Behav. Brain Funct. Bbf
2018, 14, 3. [CrossRef]

Patel, N.B.; Xu, Y.; McCandless, L.C.; Chen, A.; Yolton, K.; Braun, J.; Jones, R.L.; Dietrich, K.N.; Lanphear, B.P. Very low-level
prenatal mercury exposure and behaviors in children: The HOME Study. Environ. Health A Glob. Access Sci. Sour. 2019, 18, 4.
[CrossRef]

Sahin, D.; Erdolu, C.O.; Karadenizli, S.; Kara, A.; Bayrak, G.; Beyaz, S.; Demir, B.; Ates, N. Effects of gestational and lactational
exposure to low dose mercury chloride (HgCI2) on behaviour, learning and hearing thresholds in WAG/Rij rats. EXCLI ]. 2016,
15,391-402. [CrossRef]

Lakshmi Priya, M.; Geetha, A. Level of Trace Elements (Copper, Zinc, Magnesium and Selenium) and Toxic Elements (Lead and
Mercury) in the Hair and Nail of Children with Autism. Biol. Trace Elem. Res. 2010, 142, 148-158. [CrossRef]

Majewska, M.D.; Urbanowicz, E.; Rok-Bujko, P.; Namyslowska, I.; Mierzejewski, P. Age-dependent lower or higher levels of hair
mercury in autistic children than in healthy controls. Acta Neurobiol. Exp. 2010, 70, 196-208.

Mohamed, FE.B.; Zaky, E.A; El-Sayed, A.B.; Elhossieny, R.M.; Zahra, S.S.; Salah Eldin, W.; Youssef, W.Y.; Khaled, R.A.; Youssef,
A.M. Assessment of hair aluminum, lead, and mercury in a sample of autistic Egyptian children: Environmental risk factors of
heavy metals in autism. Behav. Neurol. 2015, 2015, 545674. [CrossRef]

Tabatadze, T.; Zhorzholiani, L.; Kherkheulidze, M.; Kandelaki, E.; Ivanashvili, T. Hair heavy metal and essential trace element
concentration in children with autism spectrum disorder. Georgian Med. News 2015, 1, 77-82.

Bradstreet, J.; Geier, D.A.; Kartzinel, ].].; Adams, ].B.; Geier, M.R. A case-control study of mercury burden in children with autistic
spectrum disorders. |. Am. Phys. Surg. 2003, 8, 76-79.

Alabdali, A.; Al-Ayadhi, L.; El-Ansary, A. A key role for an impaired detoxification mechanism in the etiology and severity of
autism spectrum disorders. Behav. Brain Funct. 2014, 10, 14. [CrossRef]

El-Ansary, A. Data of multiple regressions analysis between selected biomarkers related to glutamate excitotoxicity and oxidative
stress in Saudi autistic patients. Data Brief 2016, 7, 111-116. [CrossRef]

Geier, D.A.; Audhya, T.; Kern, ].K.; Geier, M.R. Blood mercury levels in autism spectrum disorder: Is there a threshold level? Acta
Neurobiol. Exp. 2010, 70, 177-186.

DeSoto, M.C.; Hitlan, R.T. Blood Levels of Mercury Are Related to Diagnosis of Autism: A Reanalysis of an Important Data Set. J.
Child Neurol. 2007, 22, 1308-1311. [CrossRef]

Khaled, E.M.; Meguid, N.A; Bjerklund, G.; Gouda, A.; Bahary, M.H.; Hashish, A.; Sallam, N.M.; Chirumbolo, S.; El-Bana, M. A.
Altered urinary porphyrins and mercury exposure as biomarkers for autism severity in Egyptian children with autism spectrum
disorder. Metab. Brain Dis. 2016, 31, 1419-1426. [CrossRef]

Li, H.; Li, H.; Li, Y;; Liu, Y.; Zhao, Z. Blood mercury, arsenic, cadmium, and lead in children with autism spectrum disorder. Biol.
Trace Elem. Res. 2018, 181, 31-37. [CrossRef] [PubMed]

Yassa, H.A. Autism: A form of lead and mercury toxicity. Environ. Toxicol. Pharmacol. 2014, 38, 1016-1024. [CrossRef]

Adams, J.; Romdalvik, J.; Ramanujam, V.; Legator, M. Mercury, lead, and zinc in baby teeth of children with autism versus
controls. J. Toxicol. Environ. Health A 2007, 70, 1046-1051. [CrossRef]

Adames, J.; Romdalvik, J.; Levine, K.; Hu, L.-W. Mercury in first-cut baby hair of children with autism versus typically-developing
children. Toxicol. Environ. Chem. 2008, 90, 739-753. [CrossRef]

Elsheshtawy, E.; Tobar, S.; Sherra, K.; Atallah, S.; Elkasaby, R. Study of some biomarkers in hair of children with autism. Middle
East Curr. Psychiatry 2011, 18, 6-10. [CrossRef]

Holmes, A.S.; Blaxill, M.E; Haley, B.E. Reduced levels of mercury in first baby haircuts of autistic children. Int. J. Toxicol. 2003, 22,
277-285. [CrossRef] [PubMed]

Obrenovich, MLE.; Shamberger, R.J.; Lonsdale, D. Altered Heavy Metals and Transketolase Found in Autistic Spectrum Disorder.
Biol. Trace Elem. Res. 2011, 144, 475-486. [CrossRef] [PubMed]

Hertz-Picciotto, I.; Green, P.G.; Delwiche, L.; Hansen, R.; Walker, C.; Pessah, I.N. Blood mercury concentrations in CHARGE
Study children with and without autism. Environ. Health Perspect. 2010, 118, 161-166. [CrossRef]

Ip, P; Wong, V.; Ho, M; Lee, J.; Wong, W. Mercury exposure in children with autistic spectrum disorder: Case-control study. J.
Child Neurol. 2004, 19, 431-434. [CrossRef] [PubMed]

Rahbar, M.H.; Samms-Vaughan, M.; Loveland, K.A.; Ardjomand-Hessabi, M.; Chen, Z.; Bressler, J.; Shakespeare-Pellington, S.;
Grove, M.L.; Bloom, K.; Pearson, D.A.; et al. Seafood Consumption and Blood Mercury Concentrations in Jamaican Children
With and Without Autism Spectrum Disorders. Neurotox. Res. 2013, 23, 22-38. [CrossRef]


https://www.epa.gov/mercury/mercury-dental-amalgam
https://www.epa.gov/mercury/mercury-dental-amalgam
http://doi.org/10.1111/bcpt.13199
http://doi.org/10.13075/ijomeh.1896.00715
http://doi.org/10.1016/j.taap.2003.11.032
http://doi.org/10.1186/s12993-018-0136-9
http://doi.org/10.1186/s12940-018-0443-5
http://doi.org/10.17179/excli2016-315
http://doi.org/10.1007/s12011-010-8766-2
http://doi.org/10.1155/2015/545674
http://doi.org/10.1186/1744-9081-10-14
http://doi.org/10.1016/j.dib.2016.02.025
http://doi.org/10.1177/0883073807307111
http://doi.org/10.1007/s11011-016-9870-6
http://doi.org/10.1007/s12011-017-1002-6
http://www.ncbi.nlm.nih.gov/pubmed/28480499
http://doi.org/10.1016/j.etap.2014.10.005
http://doi.org/10.1080/15287390601172080
http://doi.org/10.1080/02772240701699294
http://doi.org/10.1097/01.XME.0000392842.64112.64
http://doi.org/10.1080/10915810305120
http://www.ncbi.nlm.nih.gov/pubmed/12933322
http://doi.org/10.1007/s12011-011-9146-2
http://www.ncbi.nlm.nih.gov/pubmed/21755304
http://doi.org/10.1289/ehp.0900736
http://doi.org/10.1177/088307380401900606
http://www.ncbi.nlm.nih.gov/pubmed/15446391
http://doi.org/10.1007/s12640-012-9321-z

Int. J. Environ. Res. Public Health 2021, 18, 1377 18 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Adams, ].; Audhya, T.; McDonough-Means, S.; Rubin, R.; Quig, D.; Geis, E.; Gehn, E.; Loresto, M.; Mitchell, J.; Atwood, S.; et al.
Toxicological status of children with autism vs. neurotypical children and the association with autism severity. Biol. Trace Elem.
Res. 2013, 151, 171-180. [CrossRef]

Albizzati, A.; More, L.; Di Candia, D.; Saccani, M.; Lenti, C. Normal concentrations of heavy metals in autistic spectrum disorders.
Minerva Pediatr. 2012, 64, 27-31.

Macedoni-Luksi¢, M.; Gosar, D.; Bjerklund, G.; OraZem, J.; Kodri¢, J.; Le$nik-Musek, P.; Zupanci¢, M.; France-étiglic, A.; Sesek-
Briski, A.; Neubauer, D.; et al. Levels of metals in the blood and specific porphyrins in the urine in children with autism spectrum
disorders. Biol. Trace Elem. Res. 2015, 163, 2-10. [CrossRef]

McKean, S.J.; Bartell, S.M.; Hansen, R.L.; Barfod, G.H.; Green, P.G.; Hertz-Picciotto, I. Prenatal mercury exposure, autism, and
developmental delay, using pharmacokinetic combination of newborn blood concentrations and questionnaire data: A case
control study. Environ. Health 2015, 14, 62. [CrossRef] [PubMed]

Yau, V.M,; Green, P.G.; Alaimo, C.P; Yoshida, C.K.; Lutsky, M.; Windham, G.C.; Delorenze, G.; Kharrazi, M.; Grether, ].K.; Croen,
L.A. Prenatal and neonatal peripheral blood mercury levels and autism spectrum disorders. Environ. Res. 2014, 133, 294-303.
[CrossRef] [PubMed]

Soden, S.E.; Lowry, J.A.; Garrison, C.B.; Wasserman, G.S. 24-hour provoked urine excretion test for heavy metals in children with
autism and typically developing controls, a pilot study. Clin. Toxicol. 2007, 45, 476—481. [CrossRef] [PubMed]

Woods, J.S.; Armel, S.E.; Fulton, D.I; Allen, J.; Wessels, K.; Simmonds, P.L.; Granpeesheh, D.; Mumper, E.; Bradstreet, J.J.;
Echeverria, D. Urinary porphyrin excretion in neurotypical and autistic children. Environ. Health Perspect. 2010, 118, 1450-1457.
[CrossRef]

Wright, B.; Pearce, H.; Allgar, V.; Miles, J.; Whitton, C.; Leon, I; Jardine, J.; McCaffrey, N.; Smith, R.; Holbrook, I; et al. A
comparison of urinary mercury between children with autism spectrum disorders and control children. PLoS ONE 2012, 7, e29547.
[CrossRef]

Jafari, T.; Rostampour, N.; Fallah, A.A.; Hesami, A. The association between mercury levels and autism spectrum disorders: A
systematic review and meta-analysis. ]. Trace Elem. Med. Biol. Organ. Soc. Miner. Trace Elem. (GMS) 2017, 44, 289-297. [CrossRef]
Geier, D.A,; Kern, ] K,; Garver, C.R.; Adams, ].B.; Audhya, T.; Geier, M.R. A prospective study of transsulfuration biomarkers in
autistic disorders. Neurochem. Res. 2009, 34, 386. [CrossRef]

Stamova, B.; Green, P.G.; Tian, Y.; Hertz-Picciotto, I.; Pessah, LN.; Hansen, R.; Yang, X.; Teng, J.; Gregg, ].P.; Ashwood, P.; et al.
Correlations between gene expression and mercury levels in blood of boys with and without autism. Neurotox. Res. 2011, 19,
31-48. [CrossRef]

Carvalho, L.V.B.; Hacon, S.S.; Vega, C.M.; Vieira, ].A.; Larentis, A.L.; Mattos, R.; Valente, D.; Costa-Amaral, I.C.; Mourao, D.S,;
Silva, G.P; et al. Oxidative Stress Levels Induced by Mercury Exposure in Amazon Juvenile Populations in Brazil. Int. ]. Environ.
Res. Public Health 2019, 16. [CrossRef]

Grotto, D.; Valentini, J.; Fillion, M.; Passos, C.J.; Garcia, S.C.; Mergler, D.; Barbosa, E, Jr. Mercury exposure and oxidative stress in
communities of the Brazilian Amazon. Sci. Total Environ. 2010, 408, 806-811. [CrossRef]

Morris, G.; Puri, B.K,; Frye, RE.; Maes, M. The Putative Role of Environmental Mercury in the Pathogenesis and Pathophysiology
of Autism Spectrum Disorders and Subtypes. Mol. Neurobiol. 2018, 55, 4834-4856. [CrossRef] [PubMed]

Garrecht, M.; Austin, D.W. The plausibility of a role for mercury in the etiology of autism: A cellular perspective. Toxicol. Environ.
Chem. 2011, 93, 1251-1273. [CrossRef] [PubMed]

Zhang, Z.-].; Hao, K ; Shi, R.; Zhao, G.; Jiang, G.-X.; Song, Y.; Xu, X.; Ma, J. Glutathione S-transferase M1 (GSTM1) and glutathione
S-transferase T1 (GSTT1) null polymorphisms, smoking, and their interaction in oral cancer: A HuGE review and meta-analysis.
Am. |. Epidemiol. 2011, 173, 847-857. [CrossRef] [PubMed]

Zhou, T.-B.; Drummen, G.P; Jiang, Z.-P,; Qin, Y.-H. GSTT1 polymorphism and the risk of developing prostate cancer. Am. .
Epidemiol. 2014, 180, 1-10. [CrossRef] [PubMed]

Hayes, ].D.; Strange, R.C. Glutathione S-transferase polymorphisms and their biological consequences. Pharmacology 2000, 61,
154-166. [CrossRef] [PubMed]

Josephy, P.D. Genetic variations in human glutathione transferase enzymes: Significance for pharmacology and toxicology. Hum.
Genom. Proteom. HGP 2010, 2010, 876940. [CrossRef] [PubMed]

Barcelos, G.R.; Grotto, D.; de Marco, K.C.; Valentini, J.; Lengert, A.; de Oliveira, A.; Garcia, S.C.; Braga, G.; Schlawicke Engstrom,
K.; Célus, LM,; et al. Polymorphisms in glutathione-related genes modify mercury concentrations and antioxidant status in
subjects environmentally exposed to methylmercury. Sci. Total Environ. 2013, 463-464, 319-325. [CrossRef]

Engstrom, K.S.; Stromberg, U.; Lundh, T.; Johansson, I.; Vessby, B.; Hallmans, G.; Skerfving, S.; Broberg, K. Genetic variation in
glutathione-related genes and body burden of methylmercury. Environ. Health Perspect. 2008, 116, 734-739. [CrossRef]
Goodrich, ] M.; Wang, Y.; Gillespie, B.; Werner, R.; Franzblau, A.; Basu, N. Glutathione enzyme and selenoprotein polymorphisms
associate with mercury biomarker levels in Michigan dental professionals. Toxicol. Appl. Pharm. 2011, 257, 301-308. [CrossRef]
Custodio, H.M.; Broberg, K.; Wennberg, M.; Jansson, ].H.; Vessby, B.; Hallmans, G.; Stegmayr, B.; Skerfving, S. Polymorphisms in
glutathione-related genes affect methylmercury retention. Arch. Environ. Health 2004, 59, 588-595. [CrossRef]

Bilbo, S.D.; Nevison, C.D.; Parker, W. A model for the induction of autism in the ecosystem of the human body: The anatomy of a
modern pandemic? Microb. Ecol. Health Dis. 2015, 26, 26253. [CrossRef] [PubMed]


http://doi.org/10.1007/s12011-012-9551-1
http://doi.org/10.1007/s12011-014-0121-6
http://doi.org/10.1186/s12940-015-0045-4
http://www.ncbi.nlm.nih.gov/pubmed/26198445
http://doi.org/10.1016/j.envres.2014.04.034
http://www.ncbi.nlm.nih.gov/pubmed/24981828
http://doi.org/10.1080/15563650701338195
http://www.ncbi.nlm.nih.gov/pubmed/17503250
http://doi.org/10.1289/ehp.0901713
http://doi.org/10.1371/journal.pone.0029547
http://doi.org/10.1016/j.jtemb.2017.09.002
http://doi.org/10.1007/s11064-008-9782-x
http://doi.org/10.1007/s12640-009-9137-7
http://doi.org/10.3390/ijerph16152682
http://doi.org/10.1016/j.scitotenv.2009.10.053
http://doi.org/10.1007/s12035-017-0692-2
http://www.ncbi.nlm.nih.gov/pubmed/28733900
http://doi.org/10.1080/02772248.2011.580588
http://www.ncbi.nlm.nih.gov/pubmed/22163375
http://doi.org/10.1093/aje/kwq480
http://www.ncbi.nlm.nih.gov/pubmed/21436184
http://doi.org/10.1093/aje/kwu112
http://www.ncbi.nlm.nih.gov/pubmed/24907267
http://doi.org/10.1159/000028396
http://www.ncbi.nlm.nih.gov/pubmed/10971201
http://doi.org/10.4061/2010/876940
http://www.ncbi.nlm.nih.gov/pubmed/20981235
http://doi.org/10.1016/j.scitotenv.2013.06.029
http://doi.org/10.1289/ehp.10804
http://doi.org/10.1016/j.taap.2011.09.014
http://doi.org/10.1080/00039890409603438
http://doi.org/10.3402/mehd.v26.26253
http://www.ncbi.nlm.nih.gov/pubmed/25634608

Int. J. Environ. Res. Public Health 2021, 18, 1377 19 of 20

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.
77.
78.
79.
80.

81.

Frustaci, A.; Neri, M.; Cesario, A.; Adams, ].B.; Domenici, E.; Dalla Bernardina, B.; Bonassi, S. Oxidative stress-related biomarkers
in autism: Systematic review and meta-analyses. Free Radic. Biol. Med. 2012, 52, 2128-2141. [CrossRef] [PubMed]

James, S.J.; Melnyk, S.; Jernigan, S.; Cleves, M.A.; Halsted, C.H.; Wong, D.H.; Cutler, P,; Bock, K.; Boris, M.; Bradstreet, J.J.; et al.
Metabolic endophenotype and related genotypes are associated with oxidative stress in children with autism. Am. |. Med. Genet.
B Neuropsychiatr. Genet. 2006, 141B, 947-956. [CrossRef] [PubMed]

Rossignol, D.A.; Frye, R.E. Evidence linking oxidative stress, mitochondrial dysfunction, and inflammation in the brain of
individuals with autism. Front. Physiol. 2014, 5, 150. [CrossRef]

Ruggeri, B.; Sarkans, U.; Schumann, G.; Persico, A.M. Biomarkers in autism spectrum disorder: The old and the new. Psychophar-
macology 2014, 231, 1201-1216. [CrossRef]

Schmidt, RJ.; Hansen, R.L.; Hartiala, J.; Allayee, H.; Schmidt, L.C.; Tancredi, D.J.; Tassone, F.; Hertz-Picciotto, I. Prenatal vitamins,
one-carbon metabolism gene variants, and risk for autism. Epidemiology 2011, 22, 476. [CrossRef]

Bjorklund, G.; Meguid, N.A.; El-Bana, M.A.; Tinkov, A.A ; Saad, K.; Dadar, M.; Hemimi, M.; Skalny, A.V.; Hosnedlova, B.; Kizek,
R.; et al. Oxidative Stress in Autism Spectrum Disorder. Mol. Neurobiol. 2020, 57, 2314-2332. [CrossRef]

Rahbar, M.H.; Samms-Vaughan, M.; Lee, M.; Zhang, J.; Hessabi, M.; Bressler, J.; Bach, M.A.; Grove, M.L.; Shakespeare-Pellington,
S.; Beecher, C.; et al. Interaction between a Mixture of Heavy Metals (Lead, Mercury, Arsenic, Cadmium, Manganese, Aluminum)
and GSTP1, GSTT1, and GSTM1 in Relation to Autism Spectrum Disorder. Res. Autism. Spectr. Disord. 2020, 79. [CrossRef]
Rahbar, M.H.; Samms-Vaughan, M.; Ma, J.; Bressler, ].; Loveland, K.A.; Hessabi, M.; Dickerson, A.S.; Grove, M.L.; Shakespeare-
Pellington, S.; Beecher, C.; et al. Interaction between GSTT1 and GSTP1 allele variants as a risk modulating-factor for autism
spectrum disorders. Res. Autism. Spectr. Disord. 2015, 12, 1-9. [CrossRef]

Rahbar, M.H.; Samms-Vaughan, M.; Ma, J.; Bressler, J.; Loveland, K.A.; Ardjomand-Hessabi, M.; Dickerson, A.S.; Grove, M.L.;
Shakespeare-Pellington, S.; Beecher, C.; et al. Role of Metabolic Genes in Blood Arsenic Concentrations of Jamaican Children with
and without Autism Spectrum Disorder. Int. ]. Environ. Res. Public Health 2014, 11, 7874-7895. [CrossRef]

Rahbar, M.H.; Samms-Vaughan, M.; Pitcher, M.R.; Bressler, J.; Hessabi, M.; Loveland, K.A.; Christian, M.A.; Grove, M.L,;
Shakespeare-Pellington, S.; Beecher, C.; et al. Role of Metabolic Genes in Blood Aluminum Concentrations of Jamaican Children
with and without Autism Spectrum Disorder. Int. ]. Environ. Res. Public Health 2016, 13, 1095. [CrossRef] [PubMed]

Rahbar, M.H.; Samms-Vaughan, M.; Dickerson, A.S.; Loveland, K.A.; Ardjomand-Hessabi, M.; Bressler, J.; Lee, M.; Shakespeare-
Pellington, S.; Grove, M.L.; Pearson, D.A; et al. Role of fruits, grains, and seafood consumption in blood cadmium concentrations
of Jamaican children with and without Autism Spectrum Disorder. Res. Autism. Spectr. Disord. 2014, 8, 1134-1145. [CrossRef]
[PubMed]

Rahbar, M.H.; Samms-Vaughan, M.; Dickerson, A.S.; Loveland, K.A.; Ardjomand-Hessabi, M.; Bressler, J.; Shakespeare-Pellington,
S.; Grove, M.L.; Boerwinkle, E. Factors associated with blood lead concentrations of children in Jamaica. J. Environ. Sci. Health
Part A 2015, 50, 529-539. [CrossRef]

Rahbar, M.H.; Samms-Vaughan, M.; Dickerson, A.S.; Loveland, K.A.; Ardjomand-Hessabi, M.; Bressler, J.; Shakespeare-Pellington,
S.; Grove, M.L.; Pearson, D.A.; Boerwinkle, E. Blood manganese concentrations in Jamaican children with and without autism
spectrum disorders. Environ. Health 2014, 13, 69. [CrossRef]

Rahbar, M.H.; Samms-Vaughan, M.; Lee, M.; Christian, M.A.; Bressler, J.; Hessabi, M.; Grove, M.L.; Shakespeare-Pellington, S.;
Coore Desai, C.; Reece, ].A,; et al. Interaction between manganese and GSTP1 in relation to autism spectrum disorder while
controlling for exposure to mixture of lead, mercury, arsenic, and cadmium. Res. Autism. Spectr. Disord. 2018, 55, 50-63. [CrossRef]
Lord, C.; Rutter, M.; DiLavore, P.C.; Risi, S.; Gotham, K.; Bishop, D.V.; Luyster, R.].; Guthrie, W. Autism Diagnostic Observation
Schedule, Second Edition (ADOS-2). Available online: https://www.mhs.com/product.aspx?gr=cli&prod=ados2&id=overview
(accessed on 1 February 2013).

Rutter, M.; Le Couteur, A.; Lord, C. Autism diagnostic interview-revised. Los Angeles CA West. Psychol. Serv. 2003, 29, 30.
Rutter, M,; Bailey, A.; Lord, C. SCQ: The Social Communication Questionnaire. In Manual; Western Psychological Services: Los
Angeles, CA, USA, 2003.

Rahbar, M.H.; Samms-Vaughan, M.; Ma, J.; Bressler, J.; Dickerson, A.S.; Hessabi, M.; Loveland, K.A.; Grove, M.L.; Shakespeare-
Pellington, S.; Beecher, C.; et al. Synergic effect of GSTP1 and blood manganese concentrations in Autism Spectrum Disorder. Res.
Autism. Spectr. Disord. 2015, 18, 73-82. [CrossRef]

Meeker, J.D.; Sathyanarayana, S.; Swan, S.H. Phthalates and other additives in plastics: Human exposure and associated health
outcomes. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 2097-2113. [CrossRef]

Pearce, N. Analysis of matched case-control studies. BMJ 2016, 352, i969. [CrossRef]

Kleinbaum, D.; Klein, M. Logistic Regression: A Self-Learning Text, 3rd ed.; Springer: Berlin/Heidelberg, Germany, 2010.

SAS Institute. SAS 9.4 Online Documentation; SAS Institute: Cary, NC, USA, 2013.

Rooney, J.P. The role of thiols, dithiols, nutritional factors and interacting ligands in the toxicology of mercury. Toxicology 2007,
234,145-156. [CrossRef]

Gundacker, C.; Wittmann, K.J.; Kukuckova, M.; Komarnicki, G.; Hikkel, I.; Gencik, M. Genetic background of lead and mercury
metabolism in a group of medical students in Austria. Environ. Res. 2009, 109, 786-796. [CrossRef] [PubMed]

Parajuli, R.P.; Goodrich, ].M.; Chou, H.N.; Gruninger, S.E.; Dolinoy, D.C.; Franzblau, A.; Basu, N. Genetic polymorphisms are
associated with hair, blood, and urine mercury levels in the American Dental Association (ADA) study participants. Environ. Res.
2016, 149, 247-258. [CrossRef]


http://doi.org/10.1016/j.freeradbiomed.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22542447
http://doi.org/10.1002/ajmg.b.30366
http://www.ncbi.nlm.nih.gov/pubmed/16917939
http://doi.org/10.3389/fphys.2014.00150
http://doi.org/10.1007/s00213-013-3290-7
http://doi.org/10.1097/EDE.0b013e31821d0e30
http://doi.org/10.1007/s12035-019-01742-2
http://doi.org/10.1016/j.rasd.2020.101681
http://doi.org/10.1016/j.rasd.2014.12.008
http://doi.org/10.3390/ijerph110807874
http://doi.org/10.3390/ijerph13111095
http://www.ncbi.nlm.nih.gov/pubmed/27834815
http://doi.org/10.1016/j.rasd.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/25089152
http://doi.org/10.1080/10934529.2015.994932
http://doi.org/10.1186/1476-069X-13-69
http://doi.org/10.1016/j.rasd.2018.08.003
https://www.mhs.com/product.aspx?gr=cli&prod=ados2&id=overview
http://doi.org/10.1016/j.rasd.2015.08.001
http://doi.org/10.1098/rstb.2008.0268
http://doi.org/10.1136/bmj.i969
http://doi.org/10.1016/j.tox.2007.02.016
http://doi.org/10.1016/j.envres.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19515364
http://doi.org/10.1016/j.envres.2015.11.032

Int. J. Environ. Res. Public Health 2021, 18, 1377 20 of 20

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Gundacker, C.; Gencik, M.; Hengstschldger, M. The relevance of the individual genetic background for the toxicokinetics of two
significant neurodevelopmental toxicants: Mercury and lead. Mutat. Res. 2010, 705, 130-140. [CrossRef]

Al-Gadani, Y.; El-Ansary, A.; Attas, O.; Al-Ayadhi, L. Metabolic biomarkers related to oxidative stress and antioxidant status in
Saudi autistic children. Clin. Biochem. 2009, 42, 1032-1040. [CrossRef]

Al-Yafee, Y.A.; Al-Ayadhi, L.Y,; Haq, S.H.; El-Ansary, A.K. Novel metabolic biomarkers related to sulfur-dependent detoxification
pathways in autistic patients of Saudi Arabia. BMIC Neurol. 2011, 11, 139. [CrossRef] [PubMed]

Hyman, M.H. The impact of mercury on human health and the environment. Altern. Ther. Health Med. 2004, 10, 70-75.

Morris, G.; Anderson, G.; Dean, O.; Berk, M.; Galecki, P.; Martin-Subero, M.; Maes, M. The glutathione system: A new drug target
in neuroimmune disorders. Mol. Neurobiol. 2014, 50, 1059-1084. [CrossRef]

Farina, M.; Aschner, M.; Rocha, ].B. Oxidative stress in MeHg-induced neurotoxicity. Toxicol. Appl. Pharm. 2011, 256, 405-417.
[CrossRef] [PubMed]

Goodrich, ].M.; Basu, N. Variants of glutathione s-transferase pi 1 exhibit differential enzymatic activity and inhibition by heavy
metals. Toxicol. Vitr. Int. J. Publ. Assoc. Bibra 2012, 26, 630-635. [CrossRef] [PubMed]

Ricketts, P; Voutchkov, M.; Chan, H.M. Risk-Benefit Assessment for Total Mercury, Arsenic, Selenium, and Omega-3 Fatty Acids
Exposure from Fish Consumption in Jamaica. Biol. Trace Elem. Res. 2019. [CrossRef]

FAO. Fishery and aquaculture country profiles. In Jamaica. Country Profile Factsheet; The Food and Agriculture Organization of
the United Nations: Rome, Italy, 2016.

FAO. The State of World Fisheries and Aquaculture 2016. In Contributing to Food Security and Nutrition for All; The Food and
Agriculture Organization of the United Nations: Rome, Italy, 2016; p. 200.

Ricketts, P.; Fletcher, H.; Voutchkov, M. Factors associated with mercury levels in human placenta and the relationship to neonatal
anthropometry in Jamaica and Trinidad & Tobago. Reprod. Toxicol. 2017, 71, 78-83. [CrossRef] [PubMed]

Washington State Deparment of Health. Health Benefits of Fish. Available online: http:/ /www.doh.wa.gov/CommunityandEnvironment/
Food /Fish/HealthBenefits (accessed on 28 August 2020).

Mazahery, H.; Stonehouse, W.; Delshad, M.; Kruger, M.C.; Conlon, C.A.; Beck, K.L.; von Hurst, P.R. Relationship between Long
Chain n-3 Polyunsaturated Fatty Acids and Autism Spectrum Disorder: Systematic Review and Meta-Analysis of Case-Control
and Randomised Controlled Trials. Nutrients 2017, 9, 155. [CrossRef] [PubMed]

Keenan, T.D.; Agron, E.; Mares, ].A.; Clemons, T.E.; van Asten, E; Swaroop, A.; Chew, E.Y. Adherence to a Mediterranean diet
and cognitive function in the Age-Related Eye Disease Studies 1 & 2. Alzheimer’s Dement. ]. Alzheimer’s Assoc. 2020, 16, 831-842.
[CrossRef]

Santos-Lima, C.D.; Mourao, D.S.; Carvalho, C.E; Souza-Marques, B.; Vega, C.M.; Gongalves, R.A.; Argollo, N.; Menezes-Filho,
J.A.; Abreu, N.; Hacon, S.S. Neuropsychological Effects of Mercury Exposure in Children and Adolescents of the Amazon Region,
Brazil. Neurotoxicology 2020, 79, 48-57. [CrossRef] [PubMed]

Teisen, M.N.; Vuholm, S.; Niclasen, ].; Aristizabal-Henao, ].J.; Stark, K.D.; Geertsen, S.S.; Damsgaard, C.T.; Lauritzen, L. Effects of
oily fish intake on cognitive and socioemotional function in healthy 8-9-year-old children: The FiSK Junior randomized trial. Am.
J. Clin. Nutr. 2020, 112, 74-83. [CrossRef]

De Sande, M.M.; van Buul, VJ.; Brouns, EJ. Autism and nutrition: The role of the gut-brain axis. Nutr. Res. Rev. 2014, 27, 199-214.
[CrossRef]

Postorino, V.; Sanges, V.; Giovagnoli, G.; Fatta, L.M.; De Peppo, L.; Armando, M.; Vicari, S.; Mazzone, L. Clinical differences in
children with autism spectrum disorder with and without food selectivity. Appetite 2015, 92, 126-132. [CrossRef]

Abedi, E.; Sahari, M.A. Long-chain polyunsaturated fatty acid sources and evaluation of their nutritional and functional properties.
Food Sci. Nutr. 2014, 2, 443-463. [CrossRef]

Martins, B.P,; Bandarra, N.M.; Figueiredo-Braga, M. The role of marine omega-3 in human neurodevelopment, including Autism
Spectrum Disorders and Attention-Deficit/Hyperactivity Disorder—A review. Crit. Rev. Food Sci. Nutr. 2019, 1-16. [CrossRef]
Harris, P.A.; Taylor, R.; Thielke, R.; Payne, J.; Gonzalez, N.; Conde, ].G. Research electronic data capture (REDCap)-a metadata-
driven methodology and workflow process for providing translational research informatics support. J. Biomed. Inf. 2009, 42,
377-381. [CrossRef]


http://doi.org/10.1016/j.mrrev.2010.06.003
http://doi.org/10.1016/j.clinbiochem.2009.03.011
http://doi.org/10.1186/1471-2377-11-139
http://www.ncbi.nlm.nih.gov/pubmed/22051046
http://doi.org/10.1007/s12035-014-8705-x
http://doi.org/10.1016/j.taap.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21601588
http://doi.org/10.1016/j.tiv.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22401947
http://doi.org/10.1007/s12011-019-01965-3
http://doi.org/10.1016/j.reprotox.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28461241
http://www.doh.wa.gov/CommunityandEnvironment/Food/Fish/HealthBenefits
http://www.doh.wa.gov/CommunityandEnvironment/Food/Fish/HealthBenefits
http://doi.org/10.3390/nu9020155
http://www.ncbi.nlm.nih.gov/pubmed/28218722
http://doi.org/10.1002/alz.12077
http://doi.org/10.1016/j.neuro.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32335201
http://doi.org/10.1093/ajcn/nqaa050
http://doi.org/10.1017/S0954422414000110
http://doi.org/10.1016/j.appet.2015.05.016
http://doi.org/10.1002/fsn3.121
http://doi.org/10.1080/10408398.2019.1573800
http://doi.org/10.1016/j.jbi.2008.08.010

	Introduction 
	Materials and Methods 
	General Description 
	Assessment of Mercury Exposures 
	Genetic Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

