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Abstract

:

Autism spectrum disorder (ASD) is a multifaceted developmental condition that first appears in infancy. The condition is characterized by recurrent patterns in behavior and impairments in social and vocalization abilities. Methylmercury is a toxic environmental pollutant, and its derivatives are the major source of organic mercury to human beings. Inorganic mercury, which is released from a variety of pollutants into oceans, rivers, and streams, is transformed into methylmercury by bacteria and plankton in the water, which later builds up in fish and shellfish, and then enters humans through the consumption of fish and shellfish and increases the risk of developing ASD by disturbing the oxidant–antioxidant balance. However, there has been no prior research to determine the effect of juvenile exposure of methylmercury chloride on adult BTBR mice. Therefore, the current study evaluated the effect of methylmercury chloride administered during the juvenile stage on autism-like behavior (three-chambered sociability, marble burying, self-grooming tests) and oxidant–antioxidant balance (specifically Nrf2, HO-1, SOD-1, NF-kB, iNOS, MPO, and 3-nitrotyrosine) in the peripheral neutrophils and cortex of adult BTBR and C57BL/6 (B6) mice. Our results show that exposure to methylmercury chloride at a juvenile stage results in autism-like symptoms in adult BTBR mice which are related to a lack of upregulation of the Nrf2 signaling pathway as demonstrated by no significant changes in the expression of Nrf2, HO-1, and SOD-1 in the periphery and cortex. On the other hand, methylmercury chloride administration at a juvenile stage increased oxidative inflammation as depicted by a significant increase in the levels of NF-kB, iNOS, MPO, and 3-nitrotyrosine in the periphery and cortex of adult BTBR mice. This study suggests that juvenile exposure to methylmercury chloride contributes to the worsening of autism-like behavior in adult BTBR mice through the disruption of the oxidant–antioxidant balance in the peripheral compartment and CNS. Strategies that elevate Nrf2 signaling may be useful to counteract toxicant-mediated worsening of ASD and may improve quality of life.
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1. Introduction


Autism spectrum disorder (ASD) is a neurodevelopmental disorder which is associated with immune dysfunction. The common repercussions of the disease include difficulty in social communication, lack of interest, and deviations in normal behavior which makes this quite challenging in terms of the burden on society and country [1]. Since 1996, prevalence studies have been conducted in more than 15 countries to determine the increasing number of patients with autism spectrum disorder. The results showed that there were 4.1 subjects with ASD for every 10,000 people in the UK in 1966 whereas it increased to 13 subjects with ASD for every 10,000 people in 2014, and this figure is expected to rise substantially in the future [2,3]. Compared to females, ASD affects males more with a ratio of 1:3, and this disorder is quite prevalent in developed as well as low- and middle-income nations [4]. Numerous studies reported that the United States, Sweden, and Denmark are the leading countries with the highest prevalence of autism and the highest incidence of ASD [5,6]. The continuous increase in patients with autism will automatically increase the global autism mortality index, which will have an adverse economic and health burden on the USA (USD 268 billion in 2015), and this figure is expected to rise by USD 460 billion by 2050 [7]. The global increase in the autism index suggests the need to seek therapeutic treatment for the management of the disease. Although many investigations have been conducted worldwide to find out the cellular and molecular mechanisms of the disease, the exact mechanism leading to the development/progression of ASD remains elusive.



Mercury is considered one of the major environmental pollutants whose exposure is found to be toxic in humans [8,9]. Mercury is present in three chemical forms i.e., HgO, organic, and inorganic mercury. Methylmercury, an organic mercury compound, causes deleterious effects in humans and animals, including neurological behavioral disorders [9,10]. Previous studies have shown that the effects of exposure to mercury compounds during prenatal/postnatal/adulthood stage cause the development of autism-like symptoms in mice through various mechanisms that include the expression of pro-inflammatory cytokines and altered transcription factor signaling in CNS [11,12,13]. However, the effect of juvenile exposure of methylmercury chloride on autism-like behavior in adult BTBR and B6 mice remains to be explored, especially with respect to oxidant–antioxidant balance.



Reactive oxygen species (ROS), a major cause of cell damage, are known to result from metal oxidation as well as other sources. The presence of high levels of unsaturated lipids and the rapid rate of oxidative metabolism increases the risk of oxidative damage in the brain [14]. The mechanism of action of mercury and its analogs in promoting oxidative stress in the brain and other tissue has been extensively studied over the past years. For instance, a study showed that the administration of mercury chloride at a dose of 0.375 mg for 45 consecutive days promoted the development of neurodegenerative disorders by attenuating the level of antioxidant enzymes and increasing lipid peroxidation in the motor cortex of adult rats [15]. Another study showed that exposure to mercury vapor (1 mg) in adult female Sprague-Dawley rat for 11 consecutive days (2 h each day) aided in the elevation of oxidative stress in the cortex region of the brain followed by the deposition of mercury in the brain and kidney tissues [16]. In another study, the depletion of antioxidants led to an increase in oxidative enzymes such as NADPH oxidase/iNOS and lipid peroxidation in periphery/CNS which was linked to an increase in autism-like symptoms in BTBR mice [17]. However, the role of juvenile exposure of methylmercury chloride on Nrf2 signaling and oxidative stress in the peripheral neutrophils and cortex in adult BTBR and B6 mice needs to be elucidated.



Master redox transcription factor known as nuclear factor erythroid-2 related factor (Nrf2) plays an important function against oxidative stress by regulating the cellular defense mechanisms. Dysregulation in Nrf2 signaling is mainly oxidative stress-associated immune and neurological disorders including ASD [17,18]. For instance, several studies have shown that ASD subjects and animals with autism-like behavior display a decrease in Nrf2 expression [19,20,21]. In this study, we intended to examine the effect of methylmercury chloride on Nrf2-mediated signaling in the cortex of BTBR and B6 mice. To our knowledge, this is the first study to look at how exposure to methylmercury chloride at a juvenile stage affects the autism-like behavior and oxidant–antioxidant balance in the periphery and brain of adult BTBR and B6 mice. Our findings highlight that the exposure to methylmercury chloride during the juvenile stage aggravated autism-like behavior in adult BTBR mice probably through a lack of Nrf2-mediated antioxidant protection in the periphery and CNS.




2. Materials and Methods


2.1. Animal Model


The male C57BL/6 (B6) and BTBR T+ Itpr3tf/J (BTBR) mice were obtained from Jackson Laboratory in Bar Harbor, ME, USA. The mice were bred in the department’s animal care facility and were kept in specific pathogen-free and proper hygienic conditions and a controlled environment of temperature/humidity, and a 12 h light–dark cycle. Mice had unrestricted access to food and water. The Animal Care and Research Committee of the College of Pharmacy, King Saud University, approved all animal experiments. BTBR mice are well known for showing autism-like behavior spontaneously which has been studied in detail by multiple investigators in the past. BTBR mice show socialization defects, and stereotypical repetitive behavioral patterns similar to human ASD subjects which can be studied through a battery of behavioral tests as described below [17,19,21].




2.2. Drug Administration


To examine the impact of the environmental contaminant methylmercury chloride (MeHgCl) on autism-like symptoms in BTBR mice, they were administered with MeHgCl at a dose of 0.3 ppm in their drinking water for a duration of three weeks, starting at the age of 3 weeks [22]. At the age of 6 weeks, the mice were switched to normal tap water for a period of 4 weeks followed by behavioral tests in week 10. The mice were allocated randomly to four groups: (1) B6 mice treated with a vehicle (control group), (2) B6 mice treated with MeHgCl, (3) BTBR mice treated with a vehicle, and (4) BTBR mice treated with MeHgCl. The vehicle in this study is normal drinking water which was provided to either B6 mice (group 1) or BTBR mice (group 3) throughout the study. Behavioral assessments, including the marble-burying test, self-grooming test, and three-chambered social interaction test, were conducted in week 10 (Figure 1).




2.3. Marble Burying Test


The marble-burying behavior test, as described earlier, was used to assess autism-like behavior [17,23]. Mice were placed on top of unperfumed bedding containing 20 marbles arranged in a 4 × 5 grid. After 30 min of free exploration, an independent researcher, unaware of the experimental conditions, counted the number of marbles buried by each mouse. If greater than 50% area of the marble was covered by the bedding, it was considered buried.




2.4. Self-Grooming Test


The spontaneous self-grooming test, described in previous studies, was conducted to measure autism-like behavior [17,23,24]. Mice were placed in an empty cage (dimension of 27 × 17 × 13 cm) for a 10 min habituation period, followed by a 10 min observation period. An independent observer, blinded to the experimental conditions, recorded the total time spent by each mouse engaged in self-grooming behavior which included head washing, body/tail/genital grooming, and paw and leg licking.




2.5. Three-Chambered Sociability Test


The three-chambered sociability test, as described in earlier studies, was used to assess social behavior [17,23]. Mice were habituated to a three-chambered rectangular acrylic box (22 cm × 60 cm × 22 cm) and allowed to explore for 10 min. After acclimatization to the test surroundings, the test mouse was placed again in the acrylic test box for exploration of all three chambers for a period of 10 min. Social interaction time was defined as the time spent by the test mouse in interactions/the vicinity with a novel mouse and it was observed and recorded by two independent scientists blinded to the treatment conditions.



Following the completion of the behavioral tests, the mice were euthanized for further biochemical and molecular analyses. Tissue samples (spleen/brain) were collected for subsequent molecular/biochemical analyses.




2.6. Flow Cytometry


A single-cell suspension was created from splenic tissue using established protocols outlined in previous studies for flow cytometry analysis [17,25]. To label the leukocytes in the splenic cell suspension, cell surface monoclonal antibodies against GR-1 were used, which were conjugated to FITC, APC, or APC-Cy7 [Biolegend (San Diego, CA, USA) and Santa Cruz Biotech (Dallas, TX, USA)]. Subsequently, permeabilization and fixation procedures were conducted to allow for intracellular staining. Leukocytes were labeled with specific monoclonal antibodies conjugated to FITC, PE, or APC against intracellular proteins including SOD1, Nitrotyrosine, Nrf2, p-NFkB, and iNOS [Biolegend (San Diego, CA, USA), Cell Signaling Tech (Danvers, MA, USA), and Santa Cruz Biotech (Dallas, TX, USA)]. Flow cytometry was then performed, acquiring 10,000 events for each sample, and the resulting data were analyzed using Cytomics FC500 software from Beckman Coulter (Brea, CA, USA), following the methodology described in previous reports [26,27].




2.7. Trans-Activation ELISA Assay in the Cortex for Nrf2 Binding with Its Antioxidant Response Element


To assess the Nrf2 trans-activation binding activity to the antioxidant response element (ARE) in the cortex, the Trans-AM Nrf2 kit from Active Motif (Carlsbad, CA, USA) was employed, following the methodology outlined in the previous study [25]. The assay aimed to determine the binding activity of Nrf2 to its specific ARE sequence, which is 5′-GTCACAGTACTCAGCAGAATCTG-3′. The binding activity was quantified by measuring the generation of a colored product at 450 nm, which is indicative of the specific Nrf2 activity in the nuclear extracts. The data obtained from the assay were presented as fold differences, representing the relative change in Nrf2 binding activity compared to the control.




2.8. Real-Time PCR


To evaluate mRNA expression in the cortex, the High-Capacity cDNA Archive Kit from Applied Biosystems (Waltham, MA, USA) was utilized for the reverse transcription of RNA into cDNA, following established protocols described in previous studies [17,27]. Gene expression analysis was performed using the ABI PRISM 7500 Sequence Detection System from Applied Biosystems. For the real-time PCR analysis of specific genes, iNOS, NFkBp65, SOD1, HO-1, Nrf2, and GAPDH primers were used (GenScript primers, Piscataway, NJ, USA). The relative gene expression levels in different cortical brain samples were determined using the comparative delta-delta Ct method, enabling the calculation of fold changes in gene expression compared to the control sample.




2.9. Lipid Peroxides Measurement in Brain


The assessment of lipid peroxides in cortical brain samples followed an established protocol outlined in the study [17]. The concentration of lipid peroxides was measured and presented in nmol/mg protein.




2.10. Myeloperoxidase (MPO) Activity Measurement in Brain


To evaluate myeloperoxidase (MPO) activity in the cortex samples as an indicator of neutrophil inflammation, a method described earlier was employed [25]. The supernatants obtained from the cortex samples were mixed with MPO substrate buffer containing O-dianisidine (0.167 mg/mL) and H2O2 (0.0005%) in 50 mM potassium phosphate buffer. Following a 20 min incubation at 25 °C, the MPO activity was determined by measuring the absorbance at 450 nm using a microplate reader.




2.11. Data Analysis


The data were presented as mean ± SEM, and statistical values were considered significant at p < 0.05. The statistical analysis was performed using GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA). A two-way ANOVA was conducted followed by Tukey’s post-hoc test for multiple comparisons to assess the differences and interactions among different groups.





3. Results


3.1. Effect of Methylmercury Chloride Administration during Juvenile Stage on Autism-like Behavior in Adult BTBR and B6 Mice


Our study investigated the potential long-term effects of juvenile exposure to methylmercury chloride (MeHgCl) on adult mice, specifically in relation to autism-like behavioral parameters. To assess this, we examined several behavioral parameters such as the time spent near a novel mouse, the number of marbles buried, and self-grooming behavior in both B6 (a social strain) and BTBR (an asocial strain) mice. Our results show that exposure to methylmercury chloride during the juvenile period aggravated autism-like behavioral disturbances in adult BTBR mice. Briefly, the effect of methylmercury chloride on the autism-like behavioral tests in B6 and BTBR mice was investigated using a variety of experiments such as three-chambered sociability, marble bury test, and self-grooming behavior (Figure 2). Upon receiving methylmercury chloride treatment in the juvenile stage, BTBR mice in adulthood had decreased social communication skills (i.e., spent less time in the vicinity of the novel mouse) than vehicle-treated BTBR mice during the same juvenile period (Figure 2A). Furthermore, methylmercury chloride-treated BTBR mice displayed increased marble-burying behavior as compared to methylmercury chloride-treated B6 mice with a statistically significant p-value < 0.005 (Figure 2B). In addition, methylmercury chloride-treated BTBR mice spent more time in self-grooming behaviors as compared to methylmercury chloride-treated B6 mice, indicating the exacerbation of autism-like behavior in methylmercury chloride-treated BTBR mice (Figure 2C). However, B6 mice receiving methylmercury chloride during the juvenile period also displayed minor symptoms of autism-like behavioral disturbances than vehicle-treated B6 mice; however, these effects were not significant in social communication, marble burying, and self-grooming tests (Figure 2A–C). These findings together depict that juvenile exposure to methylmercury chloride may increase autism-like behavior in adult BTBR mice.




3.2. Effect of Methylmercury Chloride during Juvenile Stage on Nrf2-Mediated Signaling in Peripheral Neutrophils of Adult BTBR and B6 Mice


After studying the effect of juvenile exposure to methylmercury chloride on autism-like symptoms, the effect on Nrf2 and antioxidant enzymes was examined in the peripheral neutrophils (Gr-1+ cells) of B6 and BTBR mice. Our results indicate that exposure to methylmercury chloride during their juvenile stage leads to a lack of Nrf2 upregulation in the neutrophils of adult BTBR mice (Figure 3A). On the contrary, methylmercury chloride-treated B6 mice had upregulated neutrophilic Nrf2 signaling in adulthood as depicted by increased Nrf2+Gr-1+ cells (Figure 3A,D). In addition, BTBR mice receiving methylmercury chloride treatment during the juvenile stage did not have elevated heme-oxygenase-1 (HO-1) expression in Gr-1+ cells, whereas B6 mice exposed to methylmercury chloride treatment had a higher expression of HO-1 in Gr-1+ cells than their respective control group (Figure 3B). Similarly, BTBR mice receiving methylmercury chloride treatment during the juvenile stage did not have elevated SOD-1 in Gr-1+ cells, whereas B6 mice exposed to methylmercury chloride treatment had a higher expression of SOD-1 in Gr-1+cells than their respective control group (Figure 3C). These findings suggested that a lack of Nrf2 upregulation in peripheral neutrophils may intensify autism-like symptoms in adult BTBR mice subjected to methylmercury chloride treatment during the juvenile period.




3.3. Effect of Methylmercury Chloride during Juvenile Stage on NF-kB-Mediated Signaling in Peripheral Neutrophils of Adult BTBR and B6 Mice


The expression of NF-kB and oxidative stress markers (i.e., iNOS, Nitrotyrosine) was analyzed in peripheral neutrophils of B6 and BTBR mice subjected to methylmercury chloride treatment during their juvenile periods. Our data show that there was a marked increase in the expression of p-NF-kB, iNOS, and nitrotyrosine in the peripheral neutrophils of methylmercury chloride-treated BTBR mice, compared to vehicle BTBR mice treated as shown by an increased percentage of p-NF-kB+, iNOS+, and nitrotyrosine+Gr-1 cells (Figure 4A–C). In addition, methylmercury chloride-treated B6 mice also had a minor increase in NF-kB and oxidative stress markers (iNOS and Nitrotyrosine) than vehicle-treated B6 mice; however, it was not significant (Figure 4A–C). These findings together conclude that the methylmercury chloride treatment during the juvenile period raises the oxidative potential in the peripheral neutrophils of adult BTBR mice.




3.4. Effect of Methylmercury Chloride during Juvenile Stage on Nrf2-Mediated Signaling in the Cortex of Adult BTBR and B6 Mice


Next, we sought to see how methylmercury chloride affected the Nrf2 signaling and antioxidant enzymes in the cortex of B6 and BTBR mice. Our findings reveal that the Nrf2 mRNA expression increased in both strains after exposure to methylmercury chloride (Figure 5A). However, only adult B6 mice had an increased Nrf2-ARE binding activity in the cortex after exposure to methylmercury chloride during the juvenile stage (Figure 5B). Besides Nrf2-ARE binding activity, a similar increased pattern was observed in the mRNA expressions of HO-1 and SOD-1 in the cortex of B6 and BTBR mice (Figure 5C,D). HO-1 and SOD-1 mRNA expression in the cortex of adult B6 mice had a significant increase after exposure to methylmercury chloride during the juvenile period, whereas there was no effect on these enzymes in BTBR mice (Figure 5C,D). Altogether, these results depict that juvenile exposure to methylmercury chloride treatment fails to augment Nrf2-mediated antioxidant protection in adult BTBR mice.




3.5. Effect of Methylmercury Chloride during Juvenile Stage on NF-kB Mediated Signaling in the Cortex of Adult BTBR and B6 Mice


The effect of methylmercury chloride on NF-kB levels and oxidative stress markers such as iNOS, lipid peroxidation, and MPO in the cortex of B6 and BTBR mice was also investigated. Our results showed that the cortex of methylmercury chloride-treated BTBR mice had increased levels of p-NF-kB as compared to that of vehicle-treated BTBR mice; however, there was no significant difference in the p-NF-kB levels of the cortex of the vehicle-treated and methylmercury chloride-treated B6 strain (Figure 6A). In addition, markers of oxidative stress, i.e., iNOS and lipid peroxidation in the cortex of adult BTBR mice had a significant increase after exposure to methylmercury chloride during the juvenile period, whereas there was no significant increase in these parameters in adult B6 mice (Figure 6B,C). Further, a marker of neutrophilic inflammation, i.e., MPO, was found to be elevated in the cortex of methylmercury chloride-treated BTBR mice than vehicle-treated BTBR mice; however, there was no significant difference in the cortical MPO levels of vehicle-treated and methylmercury chloride-treated B6 mice (Figure 6D). Overall, these findings reveal that a methylmercury chloride treatment during the juvenile period causes an exacerbation of the autism-like behavior in adult BTBR mice probably due to an increase in oxidative inflammation and failure to upregulate the antioxidant protection.





4. Discussion


ASD is characterized by repetitive behaviors and restricted interests, along with barriers to social communication [8]. The pathophysiology of ASD has been linked to dysfunction in several immune cells including neutrophils, microglia, dendritic cells, and T-lymphocytes. Abnormal neuron development, elevated oxidative stress, and the release of pro-inflammatory cytokines can cause neuroinflammation and damage the brain tissue in individuals with autism spectrum disorder [26,27,28,29]. Since the condition is a neurological problem, it is thought that genetic or environmental factors may play a vital role in affecting brain functioning [22,30]. For instance, a study showed that environmental factors account for a 55% probability of having autism spectrum disorder, whereas genetic factors account for only 37% [31]. Over the years, several studies have been conducted that have shown that environmental factors cause alterations in the neuronal function and antioxidant defense system that leads to the development of this neurological disorder [32,33,34,35]. For instance, a recent study shed light on the mechanism of environmental pollutants such as Di-(2-ethylhexyl) phthalate (DEHP) in the aggravation of autism-like behavior in BTBR mice [19]. Therefore, in this study, we aspired to study the effect of another environmental toxicant, i.e., methylmercury chloride, on autism-like behavior in BTBR and B6 mice. The results of our study highlighted that the exposure to methylmercury chloride during the juvenile period displayed exaggerated autism-like behavior in adult BTBR mice.



The activation of peripheral immune cells in various psychiatric disorders including ASD has been extensively studied [7,10,11]. It has been found that peripheral immune cells liberate several inflammation-causing mediators at the blood–brain barrier which impair neural activity via modulating the cellular response in oligodendrocytes, microglia, and astrocytes [25,33,36]. As these inflammatory mediators are considered to augment impairment in neuronal and neuroglial functioning, they may have a crucial role in the pathogenesis of neurodevelopmental impairment linked with ASD [32,36,37]. Previous studies conducted on ASD have shown that peripheral inflammatory mediators, i.e., oxidants and cytokines, mediate the activation of transcription factors (NFkB/Nrf2) and protein kinases in the peripheral immune cells of BTBR mice [33,34,38]. The current study showed that exposure to methylmercury chloride during the juvenile period enhanced the expression of NF-kB/iNOS in adult BTBR mice without substantially balancing the antioxidant response in the cortex and peripheral neutrophils, which led to the aggravation of autism-like symptoms of the BTBR mice. A recent study has also shown that the prenatal exposure of B6 mice to methylmercury at low doses caused autism-like symptoms such as a lack of interaction, repetitive interest, and behavioral variations which was probably due to premature neuronal differentiation [13].



Free radicals are single electronic species that are known to cause oxidative damage to macromolecules such as DNA, proteins, and carbohydrates [28,39,40]. It has been found that during pathological conditions, the level of oxidative stress increases which further aggravates the disease by causing harmful consequences, one of which is the reduction in activity of antioxidant enzymes in the body [41,42]. Furthermore, free radicals and other reactive oxygen species are known to directly damage lipids when present in high concentrations [29] The endoplasmic reticulum, plasma membrane, peroxisomes, and mitochondria are the main sites where endogenous reactive oxygen species are produced [28,43]. Several processes contribute to this process, including enzymatic reactions and/or auto-oxidation of various substances [43]. Oxidative lipid breakdown known as lipid peroxidation generally takes place when free radicals seize electrons from the cell membrane. On the other hand, the oxidation of proteins can lead to the dysfunction of enzymes/receptors [29,42,43]. Hydroxyl radicals, peroxynitrite, superoxide, and hydroperoxyl are the most abundant reactive oxygen species that can have significant effects on lipids and proteins. Several oxidation products, such as lipid hydroperoxides, nitrotyrosine, and malondialdehyde, are generated during protein/lipid oxidation [28,43]. Our study showed increased lipid/protein oxidative products in the neutrophils and cortex of adult BTBR mice which were exposed to a methylmercury treatment during the juvenile period.



Over the past years, the association between oxidative stress and ASD has been intensively studied. For instance, BTBR mice and ASD subjects show upregulation of NF-kB, iNOS, NADPH oxidase, lipid peroxides, and nitrotyrosine which may exacerbate the autism-like symptoms by increasing oxidative damage in the periphery and brain [18,19,27,44,45,46,47,48,49]. Past studies showed that BTBR mice and individuals with ASD had increased lipid peroxidation and other markers of oxidative stress such as nitrotyrosine as compared to normal controls. These oxidative events may exacerbate the autism-like symptoms in mice and human ASD subjects by increasing the oxidative damage in the periphery and brain [43,44,45]. A recent study showed that supplementation of a ketogenic diet alleviated oxidative stress by reducing the level of lipid peroxidation in the brain tissue of BTBR mice which was associated with improvements of autism-like behavior [38]. Other studies also showed that a reduction in peripheral and CNS oxidative stress resulted in the improvement of autism-like symptoms in BTBR mice, whereas an increase in CNS/peripheral oxidative stress caused the worsening of autism-like symptoms in BTBR mice [26,27]. Furthermore, another study showed that the gestational exposure of pregnant BTBR mice to the pesticide chlorpyrifos led to an increase in brain oxidative stress in BTBR pups [46]. Therefore, an increase in oxidative parameters after juvenile exposure to methylmercury may be responsible for the worsening of autism-like symptoms in adult BTBR mice in our study. Our results are consistent with previously published reports showing an association between the upregulation of oxidative stress and ASD [21,27,40,45,46,47,48,49].



The Nrf2 signaling pathway mediates the activation of various antioxidant enzymes, including HO-1 and SOD through the transcriptional regulation of antioxidant response elements in the DNA [50]. Several studies have revealed that a deficiency of Nrf2 in mice significantly enhanced the risk of developing toxicity and oxidative stress-related diseases [50,51]. It is well known that antioxidant defense mechanisms are activated with an increase in oxidative stress, but our results are not consistent with this as adult BTBR mice exposed to methylmercury chloride during the juvenile stage had oxidative stress parameters without the upregulation of Nrf2 signaling as reflected by a lack of HO-1 and SOD-1 upregulation in the periphery and CNS. However, adult B6 mice exposed to methylmercury chloride during the juvenile period showed an upregulation of the Nrf2 signaling pathway and HO-1/SOD-1 antioxidant enzymes which could be responsible for the lack of development of autism-like behavior in these mice. A lack of antioxidant upregulation due to dysregulation in Nrf2 signaling in ASD subjects and BTBR mice has been earlier reported [18,19,27,52]. Considered together, our results confirm that a lack of Nrf2 signaling in adult BTBR mice after exposure to methylmercury during the juvenile stage might be responsible for the worsening of autism-like behavior. Several Nrf2 activators such as resveratrol, sulforaphane, curcumin, and naringenin showed improvements in autistic behavior both in human ASD subjects and mice models of autism which suggests that Nrf2 signaling plays a key role in the amplification of the antioxidant defenses required to protect against oxidant-stress induced by various toxicants/pollutants [27,53,54,55,56].



Our study showed decreased Nrf2-ARE binding in the vehicle-treated BTBR mice as compared to vehicle-treated B6 mice, whereas Nrf2 mRNA levels were not significantly different between the two groups. Nrf2 mRNA levels increased in both groups after methylmercury exposure, which did not translate into increased Nrf2-ARE binding in the BTBR group. It is well known that the translation of an mRNA transcript into a protein might be affected by several factors, e.g., inflammation, toxins, and drugs [57,58]. Therefore, it is feasible that Nrf2 mRNA transcripts were modulated differentially by inflammatory conditions present in the brain of BTBR mice, thereby leading to reduced Nrf2 protein expression and its translocation to the nucleus as reflected by the strong interaction between the strain and treatment (assessed by a two-way ANOVA) in Nrf2-related biochemical parameters.




5. Conclusions


In summary, this study provides substantial evidence that the juvenile exposure to methylmercury chloride causes an enhancement of autism-like symptoms in adult BTBR mice possibly due to a paucity in antioxidant defenses and concomitant oxidative damage in the periphery and CNS. Further, it suggests that there is an interaction between genetic background and toxicant exposure during the juvenile stage which may manifest in adulthood. A treatment approach that enhances peripheral and neuronal antioxidants may be a good candidate for preventing environmental toxicant-induced autism-like behaviors and reducing the global morbidity associated with ASD.







Author Contributions


Conceptualization, M.M.A., S.F.A. and A.N.; data curation, S.F.A. and A.N.; formal analysis, S.F.A., S.M.A. and A.N.; investigation, S.F.A., S.M.A., K.E.I. and A.N.; methodology, M.M.A., S.F.A., S.M.A., K.E.I. and A.N.; project administration, S.A.B.; resources, M.M.A., L.A.A., N.O.A.-H., W.A.A., A.S.A., S.M.A., S.A.B. and K.E.I.; Software, L.A.A., W.A.A., A.S.A. and S.A.B.; supervision, N.O.A.-H.; writing—original draft, M.M.A., S.F.A., L.A.A., N.O.A.-H., W.A.A., A.S.A., S.M.A., S.A.B., K.E.I. and A.N.; writing—review and editing, M.M.A., S.F.A., L.A.A., N.O.A.-H., W.A.A., A.S.A., S.M.A., S.A.B., K.E.I. and A.N. All authors have read and agreed to the published version of the manuscript.




Funding


Researchers Supporting Project Number (RSP2023R124), King Saud University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


The animal study protocol was approved by the Ethical Committee of the College of Pharmacy, King Saud University (Ethical Reference No: SE-19-132).




Informed Consent Statement


Not applicable.




Data Availability Statement


The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper.




Acknowledgments


The authors acknowledge and extend their appreciation to the Researchers Supporting Project Number (RSP2023R124), King Saud University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tofani, M.; Scarcella, L.; Galeoto, G.; Giovannone, F.; Sogos, C. Behavioral Gender Differences across Pre-School Children with Autism Spectrum Disorders: A Cross-Sectional Study. J. Autism Dev. Disord. 2022, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Arvidsson, O.; Gillberg, C.; Lichtenstein, P.; Lundström, S. Secular Changes in the Symptom Level of Clinically Diagnosed Autism. J Child. Psychol. Psychiatry 2018, 59, 744–751. [Google Scholar] [CrossRef] [PubMed]

	



Sheldrick, R.C.; Carter, A.S. State-Level Trends in the Prevalence of Autism Spectrum Disorder (ASD) from 2000 to 2012: A Reanalysis of Findings from the Autism and Developmental Disabilities Network. J. Autism Dev. Disord. 2018, 48, 3086–3092. [Google Scholar] [CrossRef] [PubMed]

	



McConkey, R. Responding to Autism in Low and Middle Income Countries (Lmic): What to Do and What Not to Do. Brain Sci. 2022, 12, 1475. [Google Scholar] [CrossRef] [PubMed]

	



Talantseva, O.I.; Romanova, R.S.; Shurdova, E.M.; Dolgorukova, T.A.; Sologub, P.S.; Titova, O.S.; Kleeva, D.F.; Grigorenko, E.L. The Global Prevalence of Autism Spectrum Disorder: A Three-Level Meta-Analysis. Front. Psychiatry 2023, 14, 1071181. [Google Scholar] [CrossRef] [PubMed]

	



Baio, J.; Wiggins, L.; Christensen, D.L.; Maenner, M.J.; Daniels, J.; Warren, Z.; Kurzius-Spencer, M.; Zahorodny, W.; Robinson, C.; Rosenberg, H.; et al. Prevalence of Autism Spectrum Disorder Among Children Aged 8 Years—Autism and Developmental Disabilities Monitoring Network, 11 Sites, United States, 2014. MMWR Surveill. Summ. 2018, 67, 1–23. [Google Scholar] [CrossRef]

	



Leigh, J.P.; Du, J. Brief Report: Forecasting the Economic Burden of Autism in 2015 and 2025 in the United States. J. Autism Dev. Disord. 2015, 45, 4135–4139. [Google Scholar] [CrossRef]

	



Paduraru, E.; Iacob, D.; Rarinca, V.; Plavan, G.; Ureche, D.; Jijie, R.; Nicoara, M. Zebrafish as a Potential Model for Neurodegenerative Diseases: A Focus on Toxic Metals Implications. Int. J. Mol. Sci. 2023, 24, 3428. [Google Scholar] [CrossRef]

	



Devalloir, Q.; Fritsch, C.; Bangjord, G.; Bårdsen, B.-J.; Bourgeon, S.; Eulaers, I.; Bustnes, J.O. Long-Term Monitoring of Exposure to Toxic and Essential Metals and Metalloids in the Tawny Owl (Strix Aluco): Temporal Trends and Influence of Spatial Patterns. Sci. Total Environ. 2023, 876, 162710. [Google Scholar] [CrossRef]

	



Teng, D.; Mao, K.; Ali, W.; Xu, G.; Huang, G.; Niazi, N.K.; Feng, X.; Zhang, H. Describing the toxicity and sources and the remediation technologies for mercury-contaminated soil. RSC Adv. 2020, 10, 23221–23232. [Google Scholar] [CrossRef]

	



Zhang, Y.; Bolivar, V.J.; Lawrence, D.A. Maternal exposure to mercury chloride during pregnancy and lactation affects the immunity and social behavior of offspring. Toxicol. Sci. 2013, 133, 101–111. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, S.F.; Bakheet, S.A.; Ansari, M.A.; Nadeem, A.; Alobaidi, A.F.; Attia, S.M.; Alhamed, A.S.; Aldossari, A.A.; Mahmoud, M.A. Methylmercury chloride exposure aggravates proinflammatory mediators and Notch-1 signaling in CD14+ and CD40+ cells and is associated with imbalance of neuroimmune function in BTBR T+ Itpr3tf/J mice. Neurotoxicology 2021, 82, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Loan, A.; Leung, J.W.; Cook, D.P.; Ko, C.; Vanderhyden, B.C.; Wang, J.; Chan, H.M. Prenatal low-dose methylmercury exposure causes premature neuronal differentiation and autism-like behaviors in a rodent model. iScience 2023, 26, 106093. [Google Scholar] [CrossRef] [PubMed]

	



Cobley, J.N.; Fiorello, M.L.; Bailey, D.M. 13 Reasons Why the Brain Is Susceptible to Oxidative Stress. Redox Biol. 2018, 15, 490–503. [Google Scholar] [CrossRef]

	



Teixeira, F.B.; de Oliveira, A.C.A.; Leão, L.K.R.; Fagundes, N.C.F.; Fernandes, R.M.; Fernandes, L.M.P.; da Silva, M.C.F.; Amado, L.L.; Sagica, F.E.S.; de Oliveira, E.H.C.; et al. Exposure to Inorganic Mercury Causes Oxidative Stress, Cell Death, and Functional Deficits in the Motor Cortex. Front. Mol. Neurosci. 2018, 11, 125. [Google Scholar] [CrossRef]

	



Goering, P.L.; Morgan, D.L.; Ali, S.F. Effects of Mercury Vapor Inhalation on Reactive Oxygen Species and Antioxidant Enzymes in Rat Brain and Kidney Are Minimal. J. Appl. Toxicol. 2002, 22, 167–172. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Attia, S.M.; Alshammari, M.A.; Alzahrani, K.S.; Bakheet, S.A. Increased Oxidative Stress in the Cerebellum and Peripheral Immune Cells Leads to Exaggerated Autism-like Repetitive Behavior Due to Deficiency of Antioxidant Response in BTBR T + tf/J Mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 89, 245–253. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Al-Ayadhi, L.Y.; Attia, S.M.; Al-Harbi, N.O.; Alzahrani, K.S.; Bakheet, S.A. Differential Regulation of Nrf2 Is Linked to Elevated Inflammation and Nitrative Stress in Monocytes of Children with Autism. Psychoneuroendocrinology 2020, 113, 104554. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Attia, S.M.; Bakheet, S.A.; Alsanea, S.; Ali, N.; Albekairi, T.H.; Alsaleh, N.B. Aggravation of Autism-like Behavior in BTBR T+tf/J Mice by Environmental Pollutant, Di-(2-Ethylhexyl) Phthalate: Role of Nuclear Factor Erythroid 2-Related Factor 2 and Oxidative Enzymes in Innate Immune Cells and Cerebellum. Int. Immunopharmacol. 2021, 91, 107323. [Google Scholar] [CrossRef]

	



Schrier, M.S.; Zhang, Y.; Trivedi, M.S.; Deth, R.C. Decreased cortical Nrf2 gene expression in autism and its relationship to thiol and cobalamin status. Biochimie 2022, 192, 1–12. [Google Scholar] [CrossRef]

	



Wu, H.; Luan, Y.; Wang, H.; Zhang, P.; Liu, S.; Wang, P.; Cao, Y.; Sun, H.; Wu, L. Selenium inhibits ferroptosis and ameliorates autistic-like behaviors of BTBR mice by regulating the Nrf2/GPx4 pathway. Brain Res. Bull. 2022, 183, 38–48. [Google Scholar] [CrossRef] [PubMed]

	



Boomhower, S.R.; Newland, M.C. Adolescent Methylmercury Exposure: Behavioral Mechanisms and Effects of Sodium Butyrate in Mice. Neurotoxicology 2019, 70, 33–40. [Google Scholar] [CrossRef] [PubMed]

	



Silverman, J.L.; Tolu, S.S.; Barkan, C.L.; Crawley, J.N. Repetitive Self-Grooming Behavior in the BTBR Mouse Model of Autism Is Blocked by the MGluR5 Antagonist MPEP. Neuropsychopharmacology 2010, 35, 976–989. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.; Silverman, J.L.; Crawley, J.N. Automated Three-Chambered Social Approach Task for Mice. Curr. Protoc. Neurosci. 2011, 56, 8–26. [Google Scholar] [CrossRef]

	



Algahtani, M.M.; Alshehri, S.; Alqarni, S.S.; Ahmad, S.F.; Al-Harbi, N.O.; Alqarni, S.A.; Alfardan, A.S.; Ibrahim, K.E.; Attia, S.M.; Nadeem, A. Inhibition of ITK Signaling Causes Amelioration in Sepsis-Associated Neuroinflammation and Depression-like State in Mice. Int. J. Mol. Sci. 2023, 24, 8101. [Google Scholar] [CrossRef]

	



Varghese, M.; Keshav, N.; Jacot-Descombes, S.; Warda, T.; Wicinski, B.; Dickstein, D.L.; Harony-Nicolas, H.; De Rubeis, S.; Drapeau, E.; Buxbaum, J.D.; et al. Autism spectrum disorder: Neuropathology and animal models. Acta Neuropathol. 2017, 134, 537–566. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Attia, S.; Bakheet, S.; Ibrahim, K.E.; Alqahtani, F.; Alqinyah, M. Nrf2 Activator, Sulforaphane Ameliorates Autism-like Symptoms through Suppression of Th17 Related Signaling and Rectification of Oxidant-Antioxidant Imbalance in Periphery and Brain of BTBR T+tf/J Mice. Behav. Brain Res. 2019, 364, 213–224. [Google Scholar] [CrossRef]

	



Sies, H.; Belousov, V.V.; Chandel, N.S.; Davies, M.J.; Jones, D.P.; Mann, G.E.; Murphy, M.P.; Yamamoto, M.; Winterbourn, C. Defining Roles of Specific Reactive Oxygen Species (ROS) in Cell Biology and Physiology. Nat. Rev. Mol. Cell. Biol. 2022, 23, 499–515. [Google Scholar] [CrossRef]

	



Angelova, P.R.; Esteras, N.; Abramov, A.Y. Mitochondria and Lipid Peroxidation in the Mechanism of Neurodegeneration: Finding Ways for Prevention. Med. Res. Rev. 2021, 41, 770–784. [Google Scholar] [CrossRef]

	



Hodges, H.; Fealko, C.; Soares, N. Autism Spectrum Disorder: Definition, Epidemiology, Causes, and Clinical Evaluation. Transl. Pediatr. 2020, 9, S55. [Google Scholar] [CrossRef]

	



Frazier, T.W.; Thompson, L.; Youngstrom, E.A.; Law, P.; Hardan, A.Y.; Eng, C.; Morris, N. A Twin Study of Heritable and Shared Environmental Contributions to Autism. J. Autism Dev. Disord. 2014, 44, 2013–2025. [Google Scholar] [CrossRef] [PubMed]

	



Hallmayer, J.; Cleveland, S.; Torres, A.; Phillips, J.; Cohen, B.; Torigoe, T.; Miller, J.; Fedele, A.; Collins, J.; Smith, K.; et al. Genetic Heritability and Shared Environmental Factors among Twin Pairs with Autism. Arch. Gen. Psychiatry 2011, 68, 1095–1102. [Google Scholar] [CrossRef] [PubMed]

	



Rossignol, D.A.; Frye, R.E. A Review of Research Trends in Physiological Abnormalities in Autism Spectrum Disorders: Immune Dysregulation, Inflammation, Oxidative Stress, Mitochondrial Dysfunction and Environmental Toxicant Exposures. Mol. Psychiatry 2012, 17, 389–401. [Google Scholar] [CrossRef] [PubMed]

	



Rossignol, D.A.; Genuis, S.J.; Frye, R.E. Environmental Toxicants and Autism Spectrum Disorders: A Systematic Review. Transl. Psychiatry 2014, 4, e360. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Attia, S.M.; AL-Ayadhi, L.Y.; Al-Harbi, N.O.; Bakheet, S.A. Dysregulated Enzymatic Antioxidant Network in Peripheral Neutrophils and Monocytes in Children with Autism. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 88, 352–359. [Google Scholar] [CrossRef]

	



Wilson, E.H.; Weninger, W.; Hunter, C.A. Trafficking of Immune Cells in the Central Nervous System. J. Clin. Investig. 2010, 120, 1368–1379. [Google Scholar] [CrossRef]

	



Careaga, M.; Schwartzer, J.; Ashwood, P. Inflammatory Profiles in the BTBR Mouse: How Relevant Are They to Autism Spectrum Disorders? Brain Behav. Immun. 2015, 43, 11–16. [Google Scholar] [CrossRef]

	



Olivito, I.; Avolio, E.; Minervini, D.; Soda, T.; Rocca, C.; Angelone, T.; Iaquinta, F.S.; Bellizzi, D.; De Rango, F.; Bruno, R.; et al. Ketogenic Diet Ameliorates Autism Spectrum Disorders-like Behaviors via Reduced Inflammatory Factors and Microbiota Remodeling in BTBR T+ Itpr3tf/J Mice. Exp. Neurol. 2023, 366, 114432. [Google Scholar] [CrossRef]

	



Garg, S.S.; Gupta, J.; Sahu, D.; Liu, C.-J. Pharmacological and Therapeutic Applications of Esculetin. Int. J. Mol. Sci. 2022, 23, 12643. [Google Scholar] [CrossRef]

	



Gu, F.; Chauhan, V.; Chauhan, A. Impaired Synthesis and Antioxidant Defense of Glutathione in the Cerebellum of Autistic Subjects: Alterations in the Activities and Protein Expression of Glutathione-Related Enzymes. Free Radic. Biol. Med. 2013, 65, 488–496. [Google Scholar] [CrossRef]

	



Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative Stress: A Key Modulator in Neurodegenerative Diseases. Molecules 2019, 24, 1583. [Google Scholar] [CrossRef]

	



Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress: Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [Google Scholar] [CrossRef] [PubMed]

	



Szabó, C.; Ischiropoulos, H.; Radi, R. Peroxynitrite: Biochemistry, pathophysiology and development of therapeutics. Nat. Rev. Drug. Discov. 2007, 6, 662–680. [Google Scholar] [CrossRef] [PubMed]

	



Franco, C.; Gianò, M.; Favero, G.; Rezzani, R. Impairment in the Intestinal Morphology and in the Immunopositivity of Toll-like Receptor-4 and Other Proteins in an Autistic Mouse Model. Int. J. Mol. Sci. 2022, 23, 8731. [Google Scholar] [CrossRef] [PubMed]

	



Chauhan, A.; Chauhan, V.; Brown, W.T.; Cohen, I. Oxidative Stress in Autism: Increased Lipid Peroxidation and Reduced Serum Levels of Ceruloplasmin and Transferrin—The Antioxidant Proteins. Life Sci. 2004, 75, 2539–2549. [Google Scholar] [CrossRef]

	



De Felice, A.; Greco, A.; Calamandrei, G.; Minghetti, L. Prenatal Exposure to the Organophosphate Insecticide Chlorpyrifos Enhances Brain Oxidative Stress and Prostaglandin E2 Synthesis in a Mouse Model of Idiopathic Autism. J. Neuroinflammation 2016, 13, 149. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Attia, S.M.; Bakheet, S.A.; Al-Harbi, N.O.; AL-Ayadhi, L.Y. Activation of IL-17 Receptor Leads to Increased Oxidative Inflammation in Peripheral Monocytes of Autistic Children. Brain Behav. Immun. 2018, 67, 335–344. [Google Scholar] [CrossRef]

	



Sajdel-Sulkowska, E.M.; Xu, M.; Koibuchi, N. Increase in Cerebellar Neurotrophin-3 and Oxidative Stress Markers in Autism. Cerebellum 2009, 8, 366–372. [Google Scholar] [CrossRef]

	



Ceylan, M.F.; Tural Hesapcioglu, S.; Yavas, C.P.; Senat, A.; Erel, O. Serum Ischemia-Modified Albumin Levels, Myeloperoxidase Activity and Peripheral Blood Mononuclear cells in Autism Spectrum Disorder (ASD). J. Autism Dev. Disord. 2021, 51, 2511–2517. [Google Scholar] [CrossRef]

	



Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation. Molecules 2020, 25, 5474. [Google Scholar] [CrossRef]

	



Luo, J.; Wang, J.; Zhang, J.; Sang, A.; Ye, X.; Cheng, Z.; Li, X. Nrf2 Deficiency Exacerbated CLP-Induced Pulmonary Injury and Inflammation through Autophagy- and NF-κB/PPARγ-Mediated Macrophage Polarization. Cells 2022, 11, 3927. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Al-Ayadhi, L.Y.; Alanazi, M.M.; Alfardan, A.S.; Attia, S.M.; Algahtani, M.; Bakheet, S.A. Dysregulated Nrf2 signaling in response to di(2-ethylhexyl) phthalate in neutrophils of children with autism. Int. Immunopharmacol. 2022, 106, 108619. [Google Scholar] [CrossRef]

	



Momtazmanesh, S.; Amirimoghaddam-Yazdi, Z.; Moghaddam, H.S.; Mohammadi, M.R.; Akhondzadeh, S. Sulforaphane as an Adjunctive Treatment for Irritability in Children with Autism Spectrum Disorder: A Randomized, Double-blind, Placebo-controlled Clinical Trial. Psychiatry Clin. Neurosci. 2020, 74, 398–405. [Google Scholar] [CrossRef] [PubMed]

	



Marchezan, J.; Deckmann, I.; da Fonseca, G.C.; Margis, R.; Riesgo, R.; Gottfried, C. Resveratrol Treatment of Autism Spectrum Disorder—A Pilot Study. Clin. Neuropharmacol. 2022, 45, 122–127. [Google Scholar] [CrossRef]

	



Zhong, H.; Xiao, R.; Ruan, R.; Liu, H.; Li, X.; Cai, Y.; Zhao, J.; Fan, X. Neonatal Curcumin Treatment Restores Hippocampal Neurogenesis and Improves Autism-Related Behaviors in a Mouse Model of Autism. Psychopharmacology 2020, 237, 3539–3552. [Google Scholar] [CrossRef]

	



Gai, J.; Xing, J.; Wang, Y.; Lei, J.; Zhang, C.; Zhang, J.; Tang, J. Exploration of Potential Targets and Mechanisms of Naringenin in Treating Autism Spectrum Disorder via Network Pharmacology and Molecular Docking. Medicine 2022, 101, e31787. [Google Scholar] [CrossRef] [PubMed]

	



Dolicka, D.; Sobolewski, C.; Correia de Sousa, M.; Gjorgjieva, M.; Foti, M. mRNA Post-Transcriptional Regulation by AU-Rich Element-Binding Proteins in Liver Inflammation and Cancer. Int. J. Mol. Sci. 2020, 21, 6648. [Google Scholar] [CrossRef] [PubMed]

	



Carpenter, S.; Ricci, E.P.; Mercier, B.C.; Moore, M.J.; Fitzgerald, K.A. Post-transcriptional regulation of gene expression in innate immunity. Nat. Rev. Immunol. 2014, 14, 361–376. [Google Scholar] [CrossRef]








[image: Toxics 11 00546 g001 550] 





Figure 1. Experimental design. 
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Figure 2. Effect of methylmercury chloride (MeHgCl) on autism-like behavioral parameters in B6 (social strain) and BTBR (asocial strain) mice. (A) Social interaction time, (B) marble burying test and (C) self-grooming test. Values are shown as mean ± SEM; n = 8/group. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns = not significant. 
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Figure 3. Effect of methylmercury chloride on Nrf2-mediated signaling in peripheral neutrophils of B6 and BTBR mice. (A) % of Nrf2 expression in Gr-1+ cells, (B) % of HO-1 expression in Gr-1+ cells, (C) % of SOD-1 expression in Gr-1+ cells, and (D) Representative flow plot demonstrating double immunostaining of Nrf2+Gr-1+ cells. Values are shown as mean ± SEM; n = 6/group. * p < 0.05; *** p < 0.001; **** p < 0.0001; ns = not significant. 
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Figure 4. Effect of methylmercury chloride on NFkB-mediated signaling in peripheral neutrophils of B6 and BTBR mice. (A) % of p-NFkB expression in Gr-1+ cells, (B) % of iNOS expression in Gr-1+ cells, (C) % of Nitrotyrosine expression in Gr-1+ cells, and (D) Illustrative flow plot for p-NFkB+Gr-1+ double immunostaining. Values are shown as mean ± SEM; n = 6/group. ** p < 0.01; *** p < 0.01; **** p < 0.0001; ns = not significant. 
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Figure 5. Effect of methylmercury chloride on Nrf2-mediated signaling in the cortex of B6 and BTBR mice. (A) Nrf2 mRNA expression, (B) Nrf2-ARE binding activity, (C) HO-1 mRNA expression, and (D) SOD-1 mRNA expression. Values are shown as mean ± SEM; n = 6/group. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns = not significant. 
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Figure 6. Effect of methylmercury chloride on NFkB-mediated signaling in the cortex of B6 and BTBR mice. (A) p-NFkB protein levels, (B) iNOS mRNA expression, (C) Lipid peroxides levels, and (D) MPO activity. Values are shown as mean ± SEM; n = 6/group. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns = not significant. 
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