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Abstract

We used data from 100 age- and sex-matched case-control pairs (age 2–8 years) from Jamaica to 

investigate whether there is an interaction between glutathione-S-transferase (GST) genes and 

blood manganese concentrations (BMC) in relation to Autism Spectrum Disorder (ASD). Our 

findings, indicate that among children who had the Ile/Ile genotype for GST pi 1 (GSTP1), those 

with BMC ≥ 12µg/L had about 4 times higher odds of ASD than those with BMC < 12µg/L, 
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(P=0.03) under a co-dominant genetic model. After adjusting for potential confounders, among the 

subgroup of children with genotype Ile/Ile, those with BMC ≥ 12µg/L had about six times higher 

odds of ASD than those with BMC < 12µg/L, (P=0.04). The results were similar when a recessive 

genetic model was used. These findings suggest a possible synergic effect of BMC and GSTP1 in 

ASD. Since our analysis included a variety of genetic models and was not adjusted for multiple 

testing, replication in other populations is warranted.
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1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that impairs social 

interaction and communication (Genuis, 2009; Gillberg, 2013; Volkmar & Chawarska, 

2008). The etiology of ASD is not well understood but there is a general agreement among 

scientists that ASD is possibly caused by an interplay between genes and environmental 

factors (Hallmayer et al., 2011) during crucial stages in brain development (Landrigan, 

Lambertini, & Birnbaum, 2012).

Manganese (Mn) is a naturally occurring trace element essential for human health and 

development (ATSDR, 2012b; EPA, 2007). Neurotoxic effects of excess exposure to 

manganese are well documented (ATSDR, 2012b; Bhang et al., 2013; Bouchard, Laforest, 

Vandelac, Bellinger, & Mergler, 2007; Bouchard et al., 2011; Claus Henn et al., 2010; 

Ericson et al., 2007; Khan et al., 2011; Khan et al., 2012; Kim et al., 2009; Menezes-Filho, 

Novaes, Moreira, Sarcinelli, & Mergler, 2011; Takser, Mergler, Hellier, Sahuquillo, & Huel, 

2003; Roels et al., 2012; Wasserman et al., 2011; Wright, Amarasiriwardena, Woolf, Jim, & 

Bellinger, 2006; Zoni, Albini, & Lucchini, 2007). For example, it has been shown that 

excess manganese exposure has adverse effects on neuromuscular (ATSDR, 2012b) and 

cognitive function (Zoni et al., 2007) in adults. Other studies have also shown adverse 

neurological effects in children exposed to higher levels of manganese including increased 

behavioral problems (Bouchard et al., 2007; Ericson et al., 2007; Khan et al., 2011), reduced 

verbal and full-scale intelligence quotient (IQ) scores (Bouchard et al., 2011; Kim et al., 

2009; Menezes-Filho et al., 2011; Wasserman et al., 2011; Wright et al., 2006), diminished 

attention (Takser et al., 2003), and lower academic achievement (Bhang et al., 2013; Khan et 

al., 2012).

Reactive oxygen species (ROS) are generated during mitochondrial oxidative metabolism as 

well as in cellular response to xenobiotics, cytokines, and bacterial invasion (Ray, Huang, & 

Tsuji, 2012). Oxidative stress results from an imbalance in the production of ROS (Tamai et 

al., 2011). Some studies have identified increased blood managese concentrations as a 

possible factor associated with oxidative stress (Erikson, Dobson, Dorman, & Aschner, 

2004; Fernsebner, Zorn, Kanawati, Walker, & Michalke, 2014; Wu et al., 2010). On the 

other hand, Mn is an essential cofactor for metalloenzyme superoxide dismutase, which 

protects cells against antioxidant processes (Hope et al., 2006; Koh et al., 2014; Rucker, 
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Thadhani, & Tonelli, 2010). Cells are also protected from oxidative stress by intracellular 

antioxidants like glutathione along with antioxidant enzymes like manganese superoxide 

dismutase (MnSOD) (Tamai et al., 2011). In addition, serum MnSOD level is often used as a 

biomarker for oxidative stress in assessment of disease (Tamai et al., 2011). Some studies 

reported that dietary Mn does not appear to markedly alter circulating Mn levels or 

expression of leucocyte MnSOD (Hope et al., 2006). On the other hand, chronic Mn 

accumulation in the mitochondria appears to affect MnSOD activity, resulting in increased 

oxidative stress in the mitochondria (Koh et al., 2014). Glutathione S-transferase (GST) 

genes, including glutathione S-transferase pi (GSTP1), glutathione S-transferase mu 1 

(GSTM1), and glutathione S-transferase theta 1 (GSTT1), encode enzymes that can protect 

cells from oxidative stress; polymorphisms in these genes may influence enzymatic activity 

(Hayes & Strange, 1995). For example, it has been reported that GSTP1 is an important 

phase II enzyme that can protect cells from oxidative stress (Li et al., 2013). James et al. 

(2004) reported that ASD may be caused by impaired capacity for methylation and increased 

oxidative stress (James et al., 2004). On the other hand, polymorphisms in the GST genes 

have been associated with ASD (Frustaci et al., 2012; James et al., 2006; Schmidt et al., 

2011).

Several studies have examined the relationship between ASD and manganese exposure as 

measured by air distribution (Windham, Zhang, Gunier, Croen, & Grether, 2006), tooth 

enamel (Abdullah et al., 2012), hair (Abdullah et al., 2012; Adams, Holloway, George, & 

Quig, 2006; Al-Ayadhi, 2005; Blaurock-Busch, Amin, & Rabah, 2011; Blaurock-Busch, 

Amin, Dessoki, & Rabah, 2012; De Palma, Catalani, Franco, Brighenti, & Apostoli, 2012), 

urine (Blaurock-Busch et al., 2011), red blood cells (Jory & McGinnis, 2008), and whole 

blood (Rahbar et al., 2014b), but their findings are conflicting. For example, based on data 

from 109 pairs of sex- and age-matched ASD cases and typically developing (TD) controls 

from our Jamaican Autism Study, we have previously reported a lack of an additive effect of 

BMC in ASD (Rahbar et al., 2014b). However, none of the aforementioned studies, 

including our own, have tested for gene-environment interactions. As Palmer (2010) 

highlighted, without testing for potential gene-environment interactions, lack of an addtive 

effect of an environmental toxin in ASD should not be interpreted as unrelated (Palmer, 

2010). As shown in our earlier report, Jamaican soils have high managese levels (Lalor, 

1996), and Jamaicans consume large amounts of vegetables and fruits that contain 

manganese (Howe, Fung, Lalor, Rattray, & Vutchkov, 2005) as well as seafood that has 

been associated with higher blood manganese concentrations in young children (Rahbar et 

al., 2014b). In the present research, we investigated the possible synergistic effect of BMC 

and each of three GST genes (GSTP1, GSTM1, and GSTT1) in relation to ASD in Jamaican 

children.

2. Methods

2.1. Genera l description

The Jamaican Autism Study was designed as a case-control study to investigate the potential 

role of environmental exposures and glutathione S-transferase genes (GSTT1, GSTM1, and 

GSTP1), separately and interactively, in risk of ASD. This study enrolled Jamaican children 
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with ASD 2–8 years old along with 1:1 age- (within 6 months) and sex-matched typically 

developing controls from December 2009-May 2012. After provision of written consent, we 

administered the Autism Diagnostic Interview-Revised (ADI-R) (Rutter, Le, & Lord, 2003) 

and Autism Diagnostic Observation Schedule (ADOS) (Lord et al., 2000) to suspected ASD 

cases, previously identified using Diagnostic Statistical Manual of Mental Disorders (DSM-

IV-TR) criteria (American Psychiatric Association., 2000) and the Childhood Autism Rating 

Scale (CARS) (Schopler, Reichler, DeVellis, & Daly, 1980), to confirm the diagnosis. For 

typically developing controls, we ruled out symptoms of ASD using the Social 

Communication Questionnaire (SCQ) Lifetime form (Rutter, Bailey, & Lord, 2003) with a 

cut-off score of 6, which is one standard deviation above the mean SCQ score for typically 

developing children (Mulligan, Richardson, Anney, & Gill, 2009). Details on the 

recruitment and assessment procedures of this study have been reported previously (Rahbar 

et al., 2012a; Rahbar et al., 2012b; Rahbar et al., 2013; Rahbar et al., 2014a; Rahbar et al., 

2014b; Rahbar et al., 2014c; Rahbar et al., 2015).

Information was also collected on demographics and socioeconomic status (SES), parents’ 

education, and potential nutritional exposures to heavy metals. The types of nutritional 

exposures included consumption of seafood, fruits, and vegetables. Details regarding these 

exposure variables were also reported previously (Rahbar et al., 2012a; Rahbar et al., 

2014c).

At the end of the interview and other assessments, approximately 5mL of venous whole 

blood and 2mL of saliva were also collected from each child for assessment of trace metals 

and genetic analysis (Rahbar et al., 2014c). Trace metal analysis was carried out at Michigan 

Department of Community Health (MDCH) while genetic analysis was performed at the 

University of Texas School of Public Health at Houston. This study was approved by the 

Institutional Review Boards of MDCH, the University of Texas Health Science Center at 

Houston (UTHealth), and the University of the West Indies (UWI), Mona campus, in 

Kingston, Jamaica.

2.2. Assessment of manganese exposure

For this study, venous whole blood samples were diluted and analyzed using a PerkinElmer 

Elan DRCII inductively-coupled plasma mass spectrometer (PerkinElmer, Waltham, MA). 

Assays for blood manganese were performed at the MDCH Trace Metals Laboratory, a 

facility certified by the Centers for Disease Control and Prevention (CDC) for trace metal 

analyses. All BMC in our samples are above the limit of detection of 1µg/L.

2.3. Genetic analysis

Saliva was collected with Oragene Discover DNA Collection Kits for Research (OGR-500; 

DNA Genotek, Inc.; Kanata, Ontario, Canada). If the child had difficulty in spitting 2 mL of 

saliva, then the Oragene Discover OGR-575 for Assisted Collection with sponges was used 

(DNA Genotek). Saliva and whole blood samples (plasma, buffy coat, and red blood cell 

aliquots) were shipped from UWI to UTHealth for genetic analyses and details regarding 

DNA isolation and genotyping of GSTT1, GSTM1, and GSTP1 were reported previously 

(Rahbar et al., 2014c; Rahbar et al., 2015).
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2.4. Statistical analysis

Since this is a matched case-control study, we used conditional logistic regression (CLR) to 

compare various characteristics of ASD case and TD control groups. Specifically, we used 

univariable CLR to compare demographic and socioeconomic characteristics of ASD case 

and TD control groups. We also used univariable CLR to detect possible associations 

between ASD case status and genotypes of GST genes as well as with the levels of BMC. In 

a study on children (12 months of age) from Mexico City, Claus Henn et al. (Claus Henn et 

al., 2010) reported a nonlinear association between blood manganese concentrations and 

concurrent mental development scores (Claus Henn et al., 2010). On the other hand two 

studies from Taiwan and China demonstrated that cord blood manganese concentrations 

above the 75th percentile were associated with adverse cognitive, language, and overall 

quotients of the Comprehensive Developmental Inventory for Infants and Toddlers (Lin et 

al., 2013) and lower neonatal behavioral neurological assessments (Yu, Zhang, Yan, & 

Shen, 2014). Thus, for these analyses we categorized BMC into two levels [BMC <12 µg/L 

and BMC ≥12 µg/L], and herein will be called binary manganese levels. The choice of this 

cutoff point at the 75th percentile for BMC reflects a tradeoff between statistical power and 

biological significance. Although BMC=12 is 20% lower than the recommended cutoff 

value for elevated BMC=15(ATSDR, 2012b; ATSDR, 2012a), it allows analysis of a larger 

sample of children (i.e., 25%) in the higher level of manganese exposure. The variants in 

GSTM1 and GSTT1 examined here are insertion-deletion polymorphisms and the 

homozygous deletions or null genotypes indicate that activities or functionality of these 

genes are reduced or interrupted completely. Since the genotyping assay does not distinguish 

between a normal homozygote (I/I) and a heterozygote (I/D), we considered only a recessive 

model for both using a binary variable to represent their genotypes (I/I or I/D) and DD 

(null). For the GSTP1Ile105Val polymorphism, there are three common genotypes (Ile/Val, 

Ile/Ile, Val/Val) and the replacement of adenine by guanine at nucleotide 562 results in the 

change of amino acid from isoleucine to valine at codon 105 of the GSTP1 protein. Since 

there is no consensus regarding the effect of GSTP1 in the literature, not only for the genetic 

models but also for the direction of the effect (Ramprasath et al., 2011; Safarinejad, Shafiei, 

& Safarinejad, 2011; Serajee, Nabi, Zhong, & Huq, 2004; Tamer et al., 2004), we started our 

analysis with the co-dominant (Ile/Ile or Ile/Val or Val/Val) model for GSTP1, followed by 

the recessive model (Ile/Ile vs. Val/*).

Subsequently, we used multivariable CLR to assess potential gene-environment interactions 

between the GST genes and the binary manganese levels in relation to ASD in the absence 

and presence of potential cofounding variables. Since the classical definition of confounders 

does not apply in the presence of interactions, selection of potential confounders was based 

on the information we gained in our previous published work related to BMC and ASD 

(Rahbar et al., 2014b). Specifically, in our previous study based on additive models (no 

interaction term in the model) we showed that for assessing the role of manganese in ASD, 

the potential confounders include: paternal age, parental education, place of child’s birth 

(Kingston parish vs. other parishes), consumption of root vegetables (“yam, sweet potato, or 

dasheen”), “cabbage”, saltwater fish, and cakes/buns (Rahbar et al., 2014b). In the present 

study, we adjusted for these confounders while performing CLR except for paternal age 

because reliable estimates for parameters could not be obtained when this variable was in 
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the model, probably due to its frequency of missing values (13/200). Since we found a 

significant interaction between BMC and GSTP1 genotypes in relation to ASD, we used the 

CONTRAST statement in PROC Logistic in SAS (Kleinbaum & Klein, 2010) to test 

whether there is a significant difference in ASD risk between two groups of children with 

BMC < 12 and BMC ≥ 12, with various genotypes of GSTP1. We calculated unadjusted and 

adjusted matched odds ratios (MOR) for groups of children with different GSTP1 genotypes. 

All statistical tests were conducted at 5% level of significance without making any 

adjustments for multiple comparisons. All analyses were performed using the SAS software 

(SAS Institute, 2011).

3. Results

Consistent with a reported 4:1 male/female ratio for ASD, the percentage of boys in our 

sample was 85%, while 99% of TD controls and 93% of cases were Afro-Caribbean. As this 

study was matched on age, the mean age of children with ASD and TD controls was similar 

(68.4 months and 69.3 months, respectively). In TD children, the frequency of the GSTM1 

null genotype was 26.0% and the frequency of the GSTT1 null genotype was 22.0% with no 

significant deviation from Hardy-Weinberg equilibrium for the GSTP1 polymorphism (P = 

0.69) (Rahbar et al., 2014c). Our analysis also indicated there were no significant genotype 

frequency differences between ASD cases and TD controls for GSTM1, GSTP1, and GSTT1 

(all P > 0.21). Other characteristics of study participants by ASD case status are shown in 

Table 1.

A comparison of socioeconomic status (SES) and sociodemographic factors between ASD 

cases and TD controls revealed that a significantly higher proportion of ASD cases belonged 

to a higher SES group [Matched Odds Ratio (MOR) = 3.58, 95% CI (1.90, 6.80), P < 0.01]. 

Similar comparisons between ASD cases and TD controls with respect to dietary 

consumption revealed that a significantly lower proportion of ASD cases reported eating 

cabbage [MOR = 0.15, 95% CI (0.06, 0.38), P < 0.01] and saltwater fish [MOR = 0.40, 95% 

CI (0.18, 0.91), P = 0.03]. Additionally, fewer ASD cases reported eating certain fruits and 

vegetables. Comparisons of other variables related to sociodemographic factors and dietary 

consumption between children with and without ASD are displayed in Table 2.

Our CLR analyses for identifying factors associated with binary blood manganese levels 

(BMC < 12µg/L and BMC ≥ 12µg/L) revealed the following results. Although not 

statistically significant, children in the BMC ≥ 12µg/L group were less likely to report eating 

cabbage than those in the BMC < 12µg/L group [MOR = 0.46, 95% CI: 0.16, 1.31; P = 

0.14]. Similarly, children in the BMC ≥ 12µg/L group were more likely to report eating 

saltwater fish than those in the BMC < 12µg/L group, [MOR = 2.33, 95% CI: 0.60, 9.02; P = 

0.23]. Associations of other exposure variables with blood manganese levels are reported in 

Table 3.

From our previous work we reported no association between BMC and ASD when BMC 

was analyzed as a continuous variable (Rahbar et al., 2014b). When we analyzed the 

association between our binary BMC variable and ASD in this research using CLR, we still 

found no significant association between these variables (univariable and multivariable P > 
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0.30). However, in co-dominant genetic models using CLR with ASD status as a dependent 

variable and the aforementioned binary BMC variable and each of the three genotypes of 

GSTP1 as independent variables, the interaction between binary BMC and GSTP1 was 

significant (P = 0.02) but became marginally significant (P = 0.08) when we adjusted for the 

aforementioned potential confounders. Using the interactive model, based on the co-

dominant model, we found that among individuals with genotype Ile/Ile, the odds of ASD 

was significantly higher for children with BMC ≥ 12µg/L than for those with BMC < 

12µg/L, (Unadjusted MOR = 3.9, 95% CI: 1.15–13.26; P = 0.03). When adjusted for the 

aforementioned potential confounders, this association was still significant (Adjusted MOR 

= 5.93, 95% CI: 1.06–33.29; P = 0.04). Using the recessive model for GSTP1, we found 

similar results. Specifically, among children with genotype Ile/Ile, those with BMC ≥ 

12µg/L had a significantly higher odds of ASD than those with BMC < 12µg/L, (Unadjusted 

MOR = 4.02, 95% CI: 1.19–13.64; P = 0.03). When adjusted for the aforementioned 

potential confounders, the association was also statistically significant (Adjusted MOR = 

5.92, 95%CI: 1.05–33.32; P = 0.04). Other associations between binary BMC and ASD 

status for other combinations of the GSTP1 genotypes based on both co-dominant and 

recessive genetic models for GSTP1 are displayed in Table 4.

4. Discussion

In this study, we have investigated the possible interactive effects of three GST genes 

(GSTT1, GSTM1, and GSTP1) and a binary BMC in relation to ASD in Jamaican children. 

Using univariable and multivariable CLRs, we investigated the additive and interactive 

effects of genotypes of the GST genes and the binary BMC in ASD. We did not find any 

statistically significant associations between ASD status and binary BMC, or with GSTT1 or 

GSTM1 genotypes. However, our findings revealed a significant interaction between binary 

BMC and GSTP1 genotype in relation to ASD (i.e., for the recessive model: unadjusted P = 

0.01 and adjusted P = 0.03; for the co-dominant model: unadjusted P = 0.02 and adjusted P 

= 0.08). Specifically, based on the recessive genetic models, in children with genotype Ile/

Ile, those with BMC ≥ 12µg/L had about four times higher odds of ASD than those with 

BMC < 12µg/L. Similarly, in a co-dominant model, in individuals with genotype Ile/Ile, the 

odds of ASD was nearly 4 times higher among those with BMC ≥ 12µg/L compared to 

children with BMC < 12µg/L. For both the recessive and co-dominant genetic models, after 

adjusting for potential confounders that included parental education, place of child’s birth 

(Kingston parish vs. other parishes), consumption of root vegetables (“yam, sweet potato, or 

dasheen”), saltwater fish, and cakes/buns, among children with genotype Ile/Ile, those with 

BMC ≥ 12µg/L had about six times higher odds of ASD than those with BMC < 12µg/L.

Based on an additive model (i.e., no interactions terms in the model) we have previously 

reported no association between BMC modeled as a continuous variable and ASD in 

Jamaican children in both univariable and multivariable models (Rahbar et al., 2014b). In 

this study, we also did not find an association between our binary BMC and ASD in an 

additive model. These results are consistent with several other studies that found no 

association between ASD status and manganese levels in red blood cells (Jory & McGinnis, 

2008), hair, and urine (Blaurock-Busch et al., 2011). However, after finding an interaction 

between binary BMC and GSTP1, our findings provide new insight regarding a possible 
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synergic effect of BMC and GSTP1 in ASD. As Palmer has highlighted, without testing for 

gene-environment interactions between environmental toxins and genes, lack of an additive 

effect should not be interpreted as no association between the environmental toxins studied 

and ASD (Palmer, 2010). To our knowledge, we are the first to report on interaction 

between BMC and GSTP1 in relation to ASD.

In this study, we used 100 pairs of ASD cases and their age- and sex matched TD controls. 

We used conditional logistic regression models to account for potential correlation between 

ASD cases and TD controls due to matching. We adjusted for potential confounders that 

were determined from our earlier report (Rahbar et al., 2014b), except for paternal age due 

to its frequency of missing values (13/200). However, we believe that the adjusted effects 

reported for various associations have already taken into account most potential effects of 

SES as well as various food items consumed by the groups of children compared.

Manganese is ubiquitous in all human tissues, thus various factors, including nutritional 

intake, can influence biological measures (Santamaria & Sulsky, 2010). Additionally, higher 

levels of manganese have been reported to be associated with adverse neuromuscular 

(ATSDR, 2012b) and cognitive affects (Zoni et al., 2007) in adults, as well as with reduced 

IQ (Bouchard et al., 2011; Kim et al., 2009; Menezes-Filho et al., 2011; Wasserman et al., 

2011; Wright et al., 2006) and increased behavioral problems (Bouchard et al., 2007; 

Ericson et al., 2007) in children. Mechanisms for Mn-induced neurotoxicity are varied with 

mitochondrial inactivation as the primary route of action (Gavin, Gunter, & Gunter, 1990). 

This results in enhanced production of reactive oxygen species in the affected areas of the 

brain, that could lead to oxidative stress (Gavin, Gunter, & Gunter, 1999).

Chronic Mn accumulation in the mitochondria has been shown to affect MnSOD activity 

and could result in an abnormal response to the mechanism that blocks oxidative stress in 

the mitochondria and protects against endothelial dysfunction (Koh et al., 2014). However, 

presence or absence of properly functioning GST genes may influence the occurrence of 

oxidative stress, and subsequently influence the occurrence of mitochondrial damage, 

decrease effectiveness of antioxidants, and increase susceptibility to neurological and 

muscular diseases (Pagano et al., 2014). Studies have suggested an association with 

mitochondrial disorders as well as with ASD (Oliveira et al., 2005) and have shown that 

children with ASD were more likely to have mitochondrial dysfunction (Giulivi et al., 

2010). However, these studies were unable to pinpoint the cause of the mitochondrial 

dysfunction. Our results suggest that the GSTP1 gene may play a significant role in the 

pathway to oxidative stress and mitochondrial dysfunction in children with ASD. However, 

further investigation in other populations is needed to support this suggestion.

Previously, we have reported that the mean blood manganese concentration in Jamaican TD 

children was 10.5µg/L (SD = 2.70µg/L) which is similar to that of children in the US or 

Canada (Rahbar et al., 2014b). We have also reported that consumption of some seafood is 

associated with BMC in Jamaican children. Our recently reported findings also indicate that 

about 25% of children in Jamaica have genotype Ile/Ile for GSTP1. For this subgroup of 

children we have shown that children with BMC ≥ 12µg/L may be at 4–6 times higher risk 

of ASD compared with those with exposure to BMC < 12µg/L. Since genetic risk factors are 

Rahbar et al. Page 8

Res Autism Spectr Disord. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not modifiable, we recommend implementation of interventions focused on dietary and 

environmental factors that could help to moderate exposure to excessive levels of 

manganese in Jamaican children as we have also recommended in our previous report 

(Rahbar et al., 2014b). However, we emphasize that regulating dietary intake of manganese 

should be discussed by qualified health professionals.

5. Limitations

We acknowledge several limitations in this study. First, although we used a culturally 

sensitive food frequency questionnaire that had been previously utilized in Jamaica, there is 

potential for recall bias from respondents. Although we used BMC as our biomarker of 

exposure, we acknowledge that tissue markers of exposure, such as nervous tissue, may be 

better indicators of long term exposures. Our data collection method also could not account 

for timing of manganese exposure via food consumption, so responses may only represent 

recent exposures. However, since Jamaican soils contain a unique distribution of a variety of 

trace elements, including manganese, that can accumulate in crops and seafood (Howe et al., 

2005; Lalor, 1996) and because the Jamaican population consumes large amounts of locally 

grown fruits and vegetables along with large amounts of seafood (Howe et al., 2005), the 

residents may have continuous exposure to manganese, resulting in bioaccumulation (St-

Pierre et al., 2001). Hence, our manganese levels could represent a long term exposure. 

Nevertheless, we acknowledge that BMC measurements for children represent “current” 

exposure, implying that the manganese exposure for ASD cases may reflect BMC after the 

child is already diagnosed with ASD. In addition, our BMC data were not differentiated by 

type of manganese exposures (i.e., organic and inorganic), so we could not provide any 

discussion regarding this distinction based on our data. We also lack information on 

maternal diet or manganese levels during pregnancy. Despite our initial effort to keep the 

age of matched TD control children within six months of ASD cases, for 12.8% of pairs the 

age of the TD controls was within 7–15 months. However, we do not believe this difference 

would likely have any significant impact on the findings reported here. Additionally, 

although we have conducted multiple testing for three different genes and a number of 

different genetic models, the reported p-values were not adjusted for multiple comparisons, 

the results reported here should be considered as preliminary, and replication in other 

populations is warranted.

6. Conclusions

In this article, we have shown that among Jamaican children with GSTP1 genotype Ile/Ile, 

those with higher BMC (BMC ≥ 12µg/L) had about 4–6 times higher odds of ASD than 

those with BMC < 12µg/L under both a recessive and co-dominant genetic model. These 

findings suggest a possible synergic effect of manganese and GSTP1 in ASD. Although 

replication of our findings in other populations is warranted, these results support our 

previous recommendation that because we cannot regulate genetic factors, intervention for 

reducing risk of ASD should emphasize reducing modifiable risk factors and moderating 

dietary and environmental exposures such as manganese in Jamaican children. However, 

since appropriate quantities of manganese are essential for healthy development, we 
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emphasize that regulating dietary intake of manganese should be supervised and discussed 

by qualified health professionals.
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Highlights

• We studied the synergistic effect of blood manganese levels (Mn) and GSTP1 in 

ASD.

• Odds of ASD was higher in children with Mn ≥12µg/L and GSTP1 Ile/Ile 

genotype.

• Children with Mn ≥12µg/L and GSTP1 Ile/Ile genotype had 4 times higher odds 

of ASD.

• Children with Mn ≥12µg/L and Ile/Ile genotype had 6 times higher adjusted 

odds of ASD
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Table 1

Characteristics of children and their parents by ASD case status (100 matched pairs)

Variables Categories
ASD Case
(n=100) N

(%)

TD Control
(n=100) N

(%)
P-value*

Child’s sex Male 85 (85.0) 85 (85.0) 1.00

Age of child
(months)

Age < 48 16 (16.0) 13 (13.0)

0.6448 ≤ age < 72 46 (46.0) 47 (47.0)

Age ≥ 72 38 (38.0) 40 (40.0)

Child’s race Afro-Caribbean 93 (93.0) 99 (99.0) 0.25

Place of child’s birth
Kingston parish 19 (19.0) 70 (70.0)

<0.01

Other parishes 81 (81.0) 30 (30.0)

Maternal agea

(at child’s birth)

< 35 years 76 (76.0) 84 (88.4)

0.02

≥ 35 years 24 (24.0) 11 (11.6)

Paternal ageb

(at child’s birth)

< 35 years 47 (48.5) 66 (71.7)

<0.01

≥ 35 years 50 (51.5) 26 (28.3)

Maternal race Afro-Caribbean 93 (93.0) 99 (99.0) 0.25

Paternal racec Afro-Caribbean 94 (94.9) 99 (99.0) 0.67

Maternal educationd

(at child’s birth)

Up to high school † 53 (53.0) 75 (76.5)

<0.01
Beyond high
school†† 47 (47.0) 23 (23.5)

Paternal educatione

(at child’s birth)

Up to high school † 53 (54.6) 85 (87.6)

<0.01
Beyond high
school†† 44 (45.4) 12 (12.4)

Assets owned

TV 99 (99.0) 94 (94.0) 0.10

Refrigerator 97 (97.0) 85 (85.0) <0.01

Freezer f 12 (12.0) 19 (19.0) 0.17

Living room set 85 (85.0) 47 (47.0) <0.01

Washing machine 76 (76.0) 53 (53.0) <0.01

Cars or other vehicle 68 (68.0) 37 (37.0) <0.01

Telephone/Cell
phone 99 (99.0) 99 (99.0) 1.00
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Variables Categories
ASD Case
(n=100) N

(%)

TD Control
(n=100) N

(%)
P-value*

GSTP1

Ile/Ile 30 (30.0) 25 (25.0)

0.56Ile/Val 52 (52.0) 52 (52.0)

Val/Val 18 (18.0) 23 (23.0)

GSTM1
DD g 27 (27.0) 26 (26.0)

0.87

I/I or I/D h 73 (73.0) 74 (74.0)

GSTT1
DD g 30 (30.0) 22 (22.0)

0.21

I/I or I/D h 70 (70.0) 78 (78.0)

*
P-values are based on Wald’s test in conditional logistic regression models that compares the distribution of independent variables between and 

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

a
Maternal age was missing for 5 TD controls

b
Paternal age were missing for 3 ASD cases and 8 TD controls

c
Paternal race was missing for 1 ASD case

d
Maternal education was missing for 2 controls

e
Paternal education was missing for 3 cases and 3 controls

f
Assets owned (freezer) was missing for 1 control family

g
DD indicates the null alleles for GSTT1 and GSTM1

h
I/I or I/D indicate the homozygote (I/I) or a heterozygote (I/D) for GSTT1 and GSTM1

P-values are unadjusted for multiple testing
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