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Abstract

:

Autism spectrum disorder (ASD) is a complex developmental disorder in children that results in abnormal communicative and verbal behaviors. Exposure to heavy metals plays a significant role in the pathogenesis or progression of ASD. Mercury compounds pose significant risk for the development of ASD as children are more exposed to environmental toxicants. Increased concentration of mercury compounds has been detected in different body fluids/tissues in ASD children, which suggests an association between mercury exposure and ASD. Thioredoxin1 (Trx1) and thioredoxin reductase1 (TrxR1) redox system plays a crucial role in detoxification of oxidants generated in different immune cells. However, the effect of methylmercury and the Nrf2 activator sulforaphane on the Trx1/TrxR1 antioxidant system in neutrophils of ASD subjects has not been studied previously. Therefore, this study examined the effect of methylmercury on Trx1/TrxR1 expression, TrxR activity, nitrotyrosine, and ROS in neutrophils of ASD and TDC subjects. Our study shows that Trx1/TrxR1 protein expression is dysregulated in ASD subjects as compared to the TDC group. Further, methylmercury treatment significantly inhibits the activity of TrxR in both ASD and TDC groups. Inhibition of TrxR by mercury is associated with upregulation of the Trx1 protein in TDC neutrophils but not in ASD neutrophils. Furthermore, ASD neutrophils have exaggerated ROS production after exposure to methylmercury, which is much greater in magnitude than TDC neutrophils. Sulforaphane reversed methylmercury-induced effects on neutrophils through Nrf2-mediated induction of the Trx1/TrxR1 system. These observations suggest that exposure to the environmental toxicant methylmercury may elevate systemic oxidative inflammation due to a dysregulated Trx1/TrxR1 redox system in the neutrophils of ASD subjects, which may play a role in the progression of ASD.
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1. Introduction


Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder that leads to abnormal social/communication skills and repetitive behavioral patterns/activities [1,2]. ASD is considered to be heritable with complex inheritance and genetic heterogeneity [1]. Recent studies using microarrays, whole-exome sequencing, and whole-genome sequencing have identified that rare de novo mutations as well as variations in single nucleotide polymorphisms are associated with ASD [3,4,5]. However, a consensus is emerging that the total fraction of ASD attributable to genetic inheritance may only be 40–60% [6,7]. Apart from a component of genetic heritability in the pathogenesis of ASD, epigenetic and environmental factors are also known to play an important role [7,8]. Environmental exposure to toxic chemicals has also been implicated in the etiology of ASD [9,10]. Several studies have shown associations between heavy metal environmental exposure and the etiology of ASD. Heavy metals like mercury and lead have been shown to be positively linked to higher incidence/prevalence of ASD [10,11,12,13]. These observations suggest that genetic, epigenetic, and environmental factors in combination produce the phenotype of ASD. However, whether mercury exposure affects an important antioxidant redox system, i.e., Trx1/TrxR1, in the neutrophils of ASD subjects has never been explored earlier.



The thioredoxin (Trx) system is a crucial antioxidant defense mechanism that employs thioredoxin (Trx1), thioredoxin reductase (TrxR1), NADPH to mitigate oxidative stress. This system serves to protect the cells and tissues from excess ROS produced from different oxidative enzymes [14,15,16]. Thioredoxin donates electrons to ROS to detoxify them and in turn it gets oxidized. Oxidized thioredoxin is converted back to reduced form by the help of TrxR1 using NADPH [14]. Further, the TrxR1/Trx1 system serves crucial roles in DNA synthesis and repair through the modulation of ribonucleotide reductase. The Trx1/TrxR1 system also controls many kinases and transcription factors through modulation of redox milieu, ultimately affecting several key intracellular signaling pathways [17].



The Trx1/TrxR1 system is also expressed in cells of immune system such as T cells, B cells, macrophages, and neutrophils. In these immune cells, the Trx1/TrxR1 system has been shown to modulate immune responses to viral and bacterial infections [14,17]. Moreover, the Trx1/TrxR1 system in different immune-mediated diseases has modulated the inflammatory process. For example, Trx has been shown to protect against LPS-induced neutrophil infiltration and cartilage destruction in Trx transgenic through suppression of oxidative stress [18]. In another study, it was shown that Trx-transgenic mice had significantly less neutrophilic inflammation, oxidative damage, and inflammatory markers such as matrix metalloproteases and TNF-alpha, thereby indicating that Trx induction ameliorated cigarette smoke-induced lung inflammation in mice [19]. However, the role of Trx1/TrxR1 in neutrophils with respect to oxidative stress in ASD subjects has not been explored yet.



Neutrophils outnumber other leukocytes in the systemic circulation, showing their importance in the maintenance of a healthy immune system. Neutrophils possess several oxidative enzymes which help in the eradication of invading pathogens during an infection [20]. These enzymes include iNOS, MPO, and NADPH oxidase, which in combination produce several oxidants such as NO, HOCl, ONOO, and superoxide for microbicidal action [21,22]. However, during an inflammatory reaction or chronic illness, neutrophils can cause unwanted oxidative damage using the same oxidative enzymes. Neutrophils play an important role in systemic and neuroinflammation through various mechanisms [20,23]. Neutrophils interact with other immune cells such as T cells, B cells, and macrophages/monocytes. They can modify immune response through NET formation, oxidative burst, and chemokine/cytokine release, which may perpetuate systemic immune imbalance in ASD subjects [20,24]. However, whether oxidative potential is modified by exposure to methylmercury in neutrophils of ASD subjects has not been investigated previously.



ASD subjects have been reported to have dysregulation of different antioxidants in immune cells such as T cells, B cells, monocytes, and neutrophils. Derangements in antioxidants in immune cells include enzymatic antioxidants such as SOD, GPx, GR, HO-1, and antioxidant transcription factors such Nrf2 [25,26,27]. These antioxidants have been studied both in systemic compartment and CNS of ASD subjects. The Trx/TrxR system has also been studied in blood of ASD subjects [28,29,30], however, Trx1/TrxR1 system has not been explored in neutrophils with respect to mercury exposure in ASD subjects.



This study explored whether Trx1/TrxR1 expression and activity was modulated in ASD and TDC subjects. Further, it was explored whether exposure to methylmercury has any effect on the Trx1/TrxR1 system in neutrophils of ASD and TDC subjects. Our study shows that the TrxR1/Trx1 system is dysregulated in neutrophils of ASD subjects, which is linked to increased ROS generation. Further, exposure to methylmercury led to a decrease in TrxR activity and Trx1 expression, and elevation in oxidative potential of neutrophils in ASD subjects. These observations suggest that the Trx1/TrxR1 system in neutrophils of ASD subjects might be prone to inhibition by MeHg exposure, which may enhance overall oxidative stress in the systemic compartment of ASD subjects.




2. Materials and Methods


2.1. Participants


This cross-sectional study enrolled 29 male children with ASD (age: 7.25 ± 2.87 years, mean ± SD) from the Autism Research and Treatment Center, Faculty of Medicine, King Saud University. If a recruited child had any history of inflammatory/autoimmune disorders (psoriasis, rheumatoid arthritis) or neuropsychiatric/neurological/metabolic illnesses (e.g., phenylketonuria, tuberous sclerosis, mental retardation, depression, seizures), he was excluded from the investigation. The other group consisted of 22 typically developing control (TDC) male children (age: 7.5 ± 2.92 years, mean ± SD) who were enrolled from the Well Baby Clinic, King Khalid University Hospital, Faculty of Medicine, King Saud University, Riyadh, Saudi Arabia. If a TDC child had any history or symptoms pertaining to immune-mediated inflammatory/autoimmune diseases or any intellectual/language disability or any other known genetic diseases, he was not included in the study. Children in both groups were playful, healthy, and active at the time of blood draw through venipuncture and were not given any immune modifying drugs or vitamin supplements. Each child’s parent/guardian gave permission for the involvement of his/her respective child in the study. An approval from the local Ethical Committee of the Faculty of Medicine, King Saud University, Riyadh, Saudi Arabia, was obtained for this study.




2.2. Study Measurements


Diagnosis of ASD in every child was confirmed after interviewing the subject. The interview was conducted by a well-trained medical staff and it consisted of subject’s clinical examination, medical history, and neuropsychiatric examination based on the established guidelines for the diagnosis of autism provided in the 5th edition of the Diagnostic and Statistical Manual of Mental Disorders [31]. Moreover, clinical severity of ASD was evaluated based on the Childhood Autism Rating Scale (CARS), which provides a scale of 1–4 in 15 different areas (with a maximum score of 60) for each subject, as detailed before [32]. According to CARS assessment, the ASD group was categorized into two subgroups: mild–moderate category (n = 19; M-ASD group) with a score of 30–36; severe category (n = 10; S-ASD group) with a score of 37–60.




2.3. Separation of Blood Neutrophils


Neutrophils from peripheral blood were separated by density gradient centrifugation, as described earlier [33,34]. Briefly, freshly drawn venous blood in an acid-citrate dextrose Vacutainer tube (BD Biosciences; Franklin Lakes, NJ, USA) was separated into two components using the Ficoll-Paque (1.077 g/mL; Sigma-Aldrich, St. Louis, MO, USA) density gradient centrifugation. Using this technique, blood gets separated into PBMCs (containing T/B cells and monocytes) and a bottom layer mainly consisting of granulocytes. Neutrophils were further separated from the granulocytic cell layer using the dextran sedimentation technique, which provides neutrophils with >95% purity.




2.4. Trx Activity Measurement in Neutrophils


Assessment of TrxR activity in isolated blood neutrophils was done through a commercial kit (Cayman Chemical, Ann Arbor, MI, USA). This kit is based on the formation of a colored complex due to enzymatic activity of TrxR which can be measured at 405 nm spectrophotometrically. The formation of colored product is directly proportional to the activity of TrxR in neutrophils. Results are shown as nmol/min/mg protein.




2.5. Flow Cytometry


Blood was taken ASD/TDC subjects and analyzed for different proteins by flow cytometry, as described earlier [26,33]. Neutrophils in blood were first immunolabeled with fluorescently tagged antibody (FITC/APC; Biolegend, San Diego, CA, USA) against extracellular cell surface protein, i.e., CD15. This was followed by the normal steps of permeabilization and fixation of neutrophils for intracellular immunolabeling. Thereafter, neutrophils were immunostained with fluorescently coupled (FITC/APC/PE) antibodies against intracellular proteins, i.e., Nitrotyr, Trx1, TrxR1 (Santa Cruz Biotech, Dallas, TX, USA; Biolegend, San Diego, CA, USA). Samples were run in a flow cytometer (Cytomics FC500 software, Beckman Coulter, Brea, CA, USA) and 10,000 cells were acquired for the evaluation of cell surface marker and intracellular proteins, as described before [26,33].




2.6. Neutrophil Cell Culture


Neutrophils were collected from TDC/ASD subjects and incubated under standard conditions in 24-well culture plates with or without methylmercury chloride (0.5 µM final concentration) in RPMI-1640 medium plus heat-inactivated FBS (Invitrogen, MA, USA; Gibco, Grand Island, NY, USA). Further, to assess the effect of the Nrf2 pathway and methylmercury chloride in combination, neutrophils were incubated with sulforaphane (5 µM final concentration) for 30 min before addition of methylmercury chloride. Neutrophils were incubated for 12 h in standard culture conditions for TrxR activity, Trx1/TrxR1 expression, Nrf2 assay, and oxidative stress measurements.




2.7. Nrf2 Trans-Activation ELISA Assay in the Neutrophils


Evaluation of Nrf2 trans-activation binding potential to antioxidant response element (ARE) in nuclear extracts of neutrophils was conducted through a commercially available Trans-AM Nrf2 kit (Active Motif, Carlsbad, CA, USA). This ELISA assay uses the principle of binding of ARE, i.e., 5′-GTCACAGTACTCAGCAGAATCTG-3′, present in the plate to the Nrf2 extracted from the sample. Binding of Nrf2-ARE leads to color formation, which can be measured at 450 nm in a microplate spectrophotometer. Formation of colored complex in ELISA reaction is directly proportional to the specific activity of the Nrf2 in the neutrophilic nuclear extracts. Data are displayed in fold difference.




2.8. Data Analysis


The data are shown as mean ± SEM. Comparison of different biochemical parameters among different groups was analyzed by one-way ANOVA (analysis of variance) followed by multiple comparison post hoc test, i.e., Tukey’s test. The data of different parameters were normally distributed as assessed by Shapiro–Wilk test. The level of statistical significance was set at p < 0.05. All the statistical analyses were performed using the Graph Pad Prism 9 statistical package (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. TrxR1 Expression and Trx Activity in ASD and TDC Neutrophils


The TrxR1/Trx1 redox system is known to regulate oxidant–antioxidant balance in different immune cells, however, its role has not been explored previously in neutrophils of ASD and TDC subjects. Therefore, we first measured the protein expression of TrxR1 in neutrophils of both groups. Our data show that TrxR1 protein expression is increased in ASD neutrophils as compared to TDC neutrophils, as displayed by increased % of TrxR1+CD15+ neutrophils in systemic circulation (Figure 1). Further, when classified according to disease severity, the severe ASD group had further elevation in TrxR1 protein expression as compared to the mild/moderate ASD group (Figure 1). TrxR activity was also measured in both groups. TrxR enzymatic in neutrophils was significantly increased in ASD group as compared to the TDC group. Further, the severe ASD group had significantly higher neutrophilic TrxR activity than the mild/moderate ASD group (Figure 1). These data suggest that TrxR1/TrxR activity is increased, which may be a compensatory response to mitigate increased oxidant stress in the ASD group.




3.2. Trx1 Expression in ASD and TDC Neutrophils


Next, the substrate for TrxR1, i.e., Trx1, was also measured in the neutrophils of both groups as it has antioxidant functions alone and in combination with TrxR1. Our results display that Trx1 protein expression is decreased in ASD neutrophils as compared to TDC neutrophils, as displayed by decreased % of Trx1+CD15+ neutrophils in systemic circulation (Figure 2). Further, when classified according to disease severity, the severe ASD group had a further decrease in Trx1 protein expression as compared to the mild/moderate ASD group (Figure 2). These data suggest that the TrxR1/Trx1 redox couple is dysregulated in the neutrophils of the ASD group.




3.3. Effect of MethylMercury on TrxR/Trx Redox Couple in ASD and TDC Neutrophils


Children with ASD may be exposed to mercury compounds through environmental exposure, therefore, we next wanted to explore whether methylmercury had any effect on the TrxR1/Trx1 redox couple in ASD and TDC neutrophils. Our results depict that TrxR1 protein expression is unaffected in ASD neutrophils after methylmercury treatment whereas TDC neutrophils show an increase in TrxR1 expression which is not significant, as displayed by decreased % of TrxR1+CD15+ neutrophils (Figure 3A). TrxR activity was also measured in both groups with and without methylmercury treatment. TrxR enzymatic in neutrophils was significantly decreased in both groups, however, the magnitude of inhibition was much greater in the ASD neutrophils (Figure 3B). Next, the Trx1 protein expression was also measured in neutrophils of both groups with and without methylmercury treatment. Our results display that Trx1 protein expression was decreased in ASD neutrophils whereas TDC neutrophils had increased Trx1 protein expression after treatment with methylmercury, as displayed by % of Trx1+CD15+ neutrophils (Figure 3C). These data suggest that the TrxR1/Trx1 redox couple is inhibited to a greater extent by methylmercury in ASD neutrophils than TDC neutrophils.




3.4. Effect of MethylMercury on Oxidative Stress Markers in ASD and TDC Neutrophils


As the Trx1/TrxR1 redox couple is the gatekeeper of oxidant–antioxidant balance in various cells, we next explored if a reduction in Trx1/TrxR1 expression had any effect on oxidative inflammation in neutrophils of the ASD and TDC groups. Our results show that nitrotyrosine immunostaining is significantly increased in ASD neutrophils compared to TDC neutrophils after treatment with methylmercury (Figure 4A). Next, overall ROS generation was also measured, which showed a pattern like nitrotyrosine. ROS generation as shown by MFI was much greater in ASD neutrophils than TDC neutrophils after treatment with methylmercury (Figure 4B). These data suggest that inhibition of the TrxR/Trx redox couple by methylmercury causes exaggerated oxidative inflammation in ASD neutrophils.




3.5. Effect of Sulforaphane on MethylMercury-Induced Changes in Trx1/TrxR1 System in ASD and TDC Neutrophils


Next, we wanted to delineate whether a lack of antioxidant upregulation in ASD neutrophils was associated with Nrf2 signaling. For this purpose, we used the Nrf2 activator sulforaphane before incubation with methylmercury in ASD neutrophils. Our results show that sulforaphane led to increased ARE binding, as depicted by increased translocation of Nrf2 to the nucleus in ASD neutrophils (Figure 5A). This was associated with elevated levels of Trx1/TrxR1 antioxidant proteins and TrxR activity (Figure 5B–D). Furthermore, methylmercury-induced nitrotyrosine immunostaining was significantly downregulated in ASD neutrophils by sulforaphane pretreatment (Figure 5E). These data suggest that a defective Trx1/TrxR1 system can be corrected by activation of Nrf2 signaling in methylmercury exposed neutrophils in ASD subjects.





4. Discussion


The Trx1/TrxR1 system plays a strong protective role against oxidative/nitrosative stress induced by several agents. TrxR1 is a selenocysteine disulfide oxidoreductase enzyme and is abundantly expressed in the cytosol of mammalian cells. Its main function is providing defense against various oxidative insults. TrxR1 may catalyze the reduction of H2O2, lipid hydroperoxides, and dehydroascorbate through its natural substrate, Trx1 [14,15]. The reduction of oxidized Trx1 is catalyzed by TrxR1 using NADPH. Trx-1 is a small, 12-kDa, ubiquitous protein with 2 redox-active cysteine residues (Cys32–Cys35) in the active center, which is essential for its redox regulatory function [35]. Our study showed a disturbance in TrxR1/Trx1 redox system in neutrophils of ASD subjects for the first time.



In addition to its potent anti-oxidative effect, Trx1/TrxR1 system also has anti-inflammatory properties, mainly because of its ability to inhibit neutrophil chemotaxis to inflammatory sites and to suppress the expression and activation of other inflammatory factors [35,36]. The TrxR1/Trx1 system is important for regulation of cellular redox milieu, which in turn may regulate energy metabolism, apoptosis, cell growth, differentiation, angiogenesis, immune responses, antioxidant defenses, and systemic/neuroinflammatory processes [36]. Therefore, dysfunctions in the TrxR1/Trx1 redox couple are associated with various inflammatory/oxidative disorders [19,35,37]. Our study also showed that dysregulation in the TrxR1/Trx1 redox couple was associated with increased oxidative inflammation in neutrophils of ASD subjects.



There is evidence of systemic immune-oxidative inflammation in ASD which includes: (1) activated immune cells (monocytes/neutrophils/T cells/B cells); (2) increased oxidative stress (e.g., elevated 3-nitrotyrosine, myeloperoxidase, oxidized glutathione levels, increased lipid peroxides); (3) elevated 8-oxo-guanosine levels (oxidative damage marker of DNA); (4) elevated chemokines/cytokines (IL-6, IL-17A, IFN-gamma); (5) elevated expression of proinflammatory transcription factors (NF-kB, STAT3) [38,39,40,41,42]. Similar changes have been shown to occur in the brain of ASD subjects, suggesting that immune cells of the periphery and CNS communicate with each other and may equally contribute to the oxidative inflammation observed in ASD subjects [1,27,43]. Our study showed that levels of 3-nitrotyrosine and ROS were higher in ASD neutrophils than TDC neutrophils, which confirms earlier reports.



Neutrophils are professional phagocytes that play a central role in the innate immune system [44]. For microbicidal action, neutrophils produce several oxidants including hydrogen peroxide, hypochlorous acid, and chloramines [45,46]. Sustained elevation in ROS during chronic immune-mediated disorders can induce damage to DNA, proteins, and lipids, thereby leading to irreversible nitration of functional enzymes and alteration in bilipid membrane structures, which may lead to pathological consequences [24]. This may happen due to consumption or oxidation of intracellular antioxidants in neutrophils [47]. Thus, to protect the interior of the neutrophil from excessive oxidants, an efficient antioxidant defense machinery is required so that cells can function properly. A major component of cellular antioxidant defense in neutrophils is the TrxR1/Trx1 redox system. This system scavenges cellular peroxides and other ROS, thereby maintaining redox balance of the cell [24,45,48]. Our study showed a dysregulated TrxR1/Trx1 system which could lead to increased oxidative inflammation in ASD neutrophils, as observed in this study.



Mercury is a ubiquitous environmental toxicant with recognized adverse health effects throughout the world. Humans are exposed to mercury compounds through industrial waste, agriculture, and medicine. Several studies consider mercury as a risk factor for the development of ASD [1,49]. These studies show that ASD subjects are more vulnerable to mercury compounds than TDC subjects due to the presence of higher levels of mercury compounds in different body tissues such as nails, hair, blood, and urine in the former group. Further, levels of mercury in the body tissues correlate with the severity of symptoms [1,11,12]. Mercury compounds may cause neurodevelopmental and systemic changes through different mechanisms, which include inactivation of antioxidants, oxidative stress, neuronal damage, and loss of neuronal connectivity [1,49]. Our study shows that methylmercury inactivates the TrxR/Trx1 redox system in ASD neutrophils that is associated with exaggerated oxidative inflammation.



The Trx1/TrxR1 system has been shown to be particularly sensitive to mercury compounds. TrxR1 is a prime target for methylmercury due to its high reactivity with selenocysteine residues located in the enzyme [49,50]. Several in vitro and in vivo investigations have reported a significant inhibition of TrxR activity in liver and brain tissues after exposure to different mercury compounds [51,52]. Our study also showed decreased TrxR activity in ASD and TDC neutrophils upon mercury treatment, however, it was significant only in the ASD group. Further, decreased TrxR activity was associated with elevated Trx1 protein expression in TDC neutrophils but not ASD neutrophils. In liver cells, microglia and neuronal cell inhibition of TxR1 by mercury compounds led to elevation of Trx1/TrxR1 proteins via Nrf2-mediated transcriptional upregulation [50,53,54]. This may be a strategy of TDC neutrophils to counteract elevated oxidative stress caused by mercury exposure, whereas ASD neutrophils may face defective antioxidant mechanisms, thereby not allowing them to sufficiently scavenge ROS, as depicted by a marked increase in markers of oxidative stress.



In the context of an association of heavy metal exposure such as mercury with the etiology of ASD, it is noteworthy that heavy metal exposure by itself might not be the sole contributing factor in this phenomenon, the body’s ability to eliminate the environmental toxins could also play a key role. It is plausible that mercury toxicity may be related to a decreased ability of ASD children to detoxify this heavy metal rather than to the level of exposure. This observation suggests that detoxification mechanisms may be altered in ASD subjects, which may predispose them to neuro-immune dysregulation [13,55]. However, future studies are needed to explore such a hypothesis.



Cellular redox status in terms of antioxidant system and/or oxidative stress may affect the function of neutrophils, thereby leading to detrimental inflammatory effects. Attachment of neutrophils to the vascular endothelium is enhanced by vascular oxidative stress that may play a key role in the neuroinflammatory process [22]. Increased ROS is linked to upregulated chemokine receptors such as CXCR2 on the neutrophil membrane, which may increase transendothelial migration of neutrophils into various tissues, including CNS, thereby leading to neuroinflammation [56,57]. Systemic oxidative stress caused by neutrophilic oxidative enzymes has been reported to cause microvascular dysfunction, neuroinflammation, and memory deficits in animal models of neurological diseases recently [20,58]. Overactivation of neutrophils has also been shown to be involved in induction of neurovascular inflammation during autism [23]. Increased ROS generated within methylmercury-treated neutrophils in ASD subjects may cause aggravated oxidative damage to other immune cells, vascular cells, and at the junction of BBB, thereby promoting systemic/neuroinflammatory process.



The TrxR1/Trx1 redox system is known to regulate Nrf2 signaling in mammalian cells. All cells exhibit coordinated antioxidant protection in response to stressful stimuli such as mercury compounds, which is mainly regulated by ubiquitous transcription factor Nrf2 [24,52,59]. After activation by different types of stress signals, Nrf2 moves to the nucleus and binds to the antioxidant responsive element (ARE) in the promoter region of genes that regulate antioxidant enzymes controlling redox equilibrium such as Trx1, TrxR1, SOD, and HO-1 [26]. It has also been shown that the TrxR1/Trx1 system controls Keap1 (Kelch-like ECH-associated protein 1), that is the main switch for activation of Nrf2 signaling during stressful situations [52]. It was reported that mice lacking TrxR1 (Txnrd1 deficient gene) had increased accumulation of nuclear Nrf2 protein which contributed to an efficient antioxidant protective response in the liver [60]. Activation of Nrf2 due to mercury-induced inhibition of the TrxR1/Trx1 system may be required to counteract amplification of oxidative stress [59,61]. However, after exposure to methylmercury in our study, neutrophils in ASD subjects did not have elevated Trx1 levels whereas TDC neutrophils had increased Trx1 protein expression. This could be due to defective Nrf2 signaling in ASD neutrophils. Previous reports have shown that ASD subjects have impairment in the translocation of Nrf2 from the cytoplasm to the nucleus, thus leading to diminished antioxidant response [26,40,62]. This was confirmed by using the Nrf2 activator sulforaphane, which achieved upregulation of Nrf2-mediated proteins such as Trx1 and TrxR1 with concomitant reduction in oxidative stress in ASD neutrophils. These observations suggest that dysregulation in the Trx1/TrxR1 system induced by methylmercury can be corrected by the Nrf2 activator compound sulforaphane.



Sulforaphane has been shown to ameliorate autistic behavior in human subjects. ASD subjects treated with sulforaphane showed improvement in autism-related behaviors such as social interaction and verbal communication [63,64,65]. However, a recent study showed no significant clinical improvement in the behavioral outcomes in ASD subjects after treatment with sulforaphane [66]. Different outcomes in these studies could be due to a difference in study designs and the genetic/environmental backgrounds of ASD subjects. More studies are needed to ascertain the role of in vivo administration of sulforaphane in behavioral and cognitive functions in ASD subjects.




5. Conclusions


Overall, our study suggests that the Trx1/TrxR1 redox system is dysregulated in ASD neutrophils. Further, methylmercury exposure fails to elevate the Trx1/TrxR1 redox couple in ASD neutrophils, which is associated with exaggerated oxidative inflammation. These observations suggest that environmental exposure to methylmercury may detrimentally increase systemic oxidative inflammation in ASD subjects.







Author Contributions


Conceptualization, S.A., S.A.B. and A.N.; Data curation, A.N.; Formal analysis, S.A., N.A.A., S.S.A. and A.N.; Funding acquisition, A.N.; Investigation, S.F.A., S.S.A., L.Y.A.-A., S.M.A., A.S.A. and A.N.; Methodology, S.A., N.A.A., A.S.A. and A.N.; Project administration, L.Y.A.-A. and S.A.B.; Resources, S.A., S.F.A., N.A.A., S.S.A., N.O.A.-H., L.Y.A.-A., S.M.A. and S.A.B.; Software, N.O.A.-H. and S.A.B.; Supervision, N.O.A.-H. and S.A.B.; Validation, S.M.A. and A.N.; Writing—original draft, S.A., S.F.A., N.A.A., S.S.A., S.M.A. and A.N.; Writing—review and editing, S.A., S.F.A., N.A.A., S.S.A., N.O.A.-H., L.Y.A.-A., S.M.A., A.S.A., S.A.B. 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 local ethics committee of the Faculty of Medicine, King Saud University, Riyadh, Saudi Arabia, approved this human study (Approval# E-10-220).




Informed Consent Statement


Informed written consent to participation in the study was signed by the parents or the legal guardians of the subjects.




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 for funding this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kern, J.K.; Geier, D.A.; Sykes, L.K.; Haley, B.E.; Geier, M.R. The relationship between mercury and autism: A comprehensive review and discussion. J. Trace Elem. Med. Biol. 2016, 37, 8–24. [Google Scholar] [CrossRef] [PubMed]

	



Elsabbagh, M.; Divan, G.; Koh, Y.-J.; Kim, Y.S.; Kauchali, S.; Marcín, C.; Montiel-Nava, C.; Patel, V.; Paula, C.S.; Wang, C.; et al. Global Prevalence of Autism and Other Pervasive Developmental Disorders. Autism Res. 2012, 5, 160–179. [Google Scholar] [CrossRef]

	



Ruzzo, E.K.; Pérez-Cano, L.; Jung, J.Y.; Wang, L.K.; Kashef-Haghighi, D.; Hartl, C.; Singh, C.; Xu, J.; Hoekstra, J.N.; Leventhal, O.; et al. Inherited and De Novo Genetic Risk for Autism Impacts Shared Networks. Cell 2019, 178, 850–866.e26. [Google Scholar] [CrossRef]

	



Jiang, C.-C.; Lin, L.-S.; Long, S.; Ke, X.-Y.; Fukunaga, K.; Lu, Y.-M.; Han, F. Signalling pathways in autism spectrum disorder: Mechanisms and therapeutic implications. Signal Transduct. Target. Ther. 2022, 7, 1–36. [Google Scholar] [CrossRef]

	



Mitra, I.; Huang, B.; Mousavi, N.; Ma, N.; Lamkin, M.; Yanicky, R.; Shleizer-Burko, S.; Lohmueller, K.E.; Gymrek, M. Patterns of de novo tandem repeat mutations and their role in autism. Nature 2021, 589, 246–250. [Google Scholar] [CrossRef]

	



Genovese, A.; Butler, M.G. Clinical Assessment, Genetics, and Treatment Approaches in Autism Spectrum Disorder (ASD). Int. J. Mol. Sci. 2020, 21, 4726. [Google Scholar] [CrossRef]

	



Khogeer, A.A.; AboMansour, I.S.; Mohammed, D.A. The Role of Genetics, Epigenetics, and the Environment in ASD: A Mini Review. Epigenomes 2022, 6, 15. [Google Scholar] [CrossRef] [PubMed]

	



Williams, L.A.; LaSalle, J.M. Future Prospects for Epigenetics in Autism Spectrum Disorder. Mol. Diagn. Ther. 2022, 26, 569–579. [Google Scholar] [CrossRef] [PubMed]

	



Modabbernia, A.; Velthorst, E.; Reichenberg, A. Environmental risk factors for autism: An evidence-based review of systematic reviews and meta-analyses. Mol. Autism 2017, 8, 13. [Google Scholar] [CrossRef]

	



Santos, J.X.; Rasga, C.; Marques, A.R.; Martiniano, H.; Asif, M.; Vilela, J.; Oliveira, G.; Sousa, L.; Nunes, A.; Vicente, A.M. A Role for Gene-Environment Interactions in Autism Spectrum Disorder Is Supported by Variants in Genes Regulating the Effects of Exposure to Xenobiotics. Front. Neurosci. 2022, 16, 862315. [Google Scholar] [CrossRef]

	



Sulaiman, R.; Wang, M.; Ren, X. Exposure to Aluminum, Cadmium, and Mercury and Autism Spectrum Disorder in Children: A Systematic Review and Meta-Analysis. Chem. Res. Toxicol. 2020, 33, 2699–2718. [Google Scholar] [CrossRef]

	



Mohammadabadi, H.J.; Rahmatian, A.; Sayehmiri, F.; Rafiei, M. The Relationship Between the Level of Copper, Lead, Mercury and Autism Disorders: A Meta-Analysis. Pediatr. Heal. Med. Ther. 2020, 11, 369–378. [Google Scholar] [CrossRef]

	



Ding, M.; Shi, S.; Qie, S.; Li, J.; Xi, X. Association between heavy metals exposure (cadmium, lead, arsenic, mercury) and child autistic disorder: A systematic review and meta-analysis. Front. Pediatr. 2023, 11, 1169733. [Google Scholar] [CrossRef]

	



Lee, S.; Kim, S.M.; Lee, R.T. Thioredoxin and Thioredoxin Target Proteins: From Molecular Mechanisms to Functional Significance. Antioxid. Redox Signal 2013, 18, 1165–1207. [Google Scholar] [CrossRef] [PubMed]

	



Bjørklund, G.; Zou, L.; Peana, M.; Chasapis, C.T.; Hangan, T.; Lu, J.; Maes, M. The Role of the Thioredoxin System in Brain Diseases. Antioxidants 2022, 11, 2161. [Google Scholar] [CrossRef] [PubMed]

	



Forrester, S.J.; Kikuchi, D.S.; Hernandes, M.S.; Xu, Q.; Griendling, K.K. Reactive Oxygen Species in Metabolic and Inflammatory Signaling. Circ. Res. 2018, 122, 877–902. [Google Scholar] [CrossRef] [PubMed]

	



Hanschmann, E.M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and peroxiredoxins—Molecular mechanisms and health significance: From cofactors to antioxidants to redox signaling. Antioxid. Redox Signal. 2013, 19, 1539–1605. [Google Scholar] [CrossRef]

	



Tsuji, G.; Koshiba, M.; Nakamura, H.; Kosaka, H.; Hatachi, S.; Kurimoto, C.; Kurosaka, M.; Hayashi, Y.; Yodoi, J.; Kumagai, S. Thioredoxin protects against joint destruction in a murine arthritis model. Free. Radic. Biol. Med. 2006, 40, 1721–1731. [Google Scholar] [CrossRef]

	



Sato, A.; Hoshino, Y.; Hara, T.; Muro, S.; Nakamura, H.; Mishima, M.; Yodoi, J. Thioredoxin-1 Ameliorates Cigarette Smoke-Induced Lung Inflammation and Emphysema in Mice. J. Pharmacol. Exp. Ther. 2008, 325, 380–388. [Google Scholar] [CrossRef]

	



Chakraborty, S.; Tabrizi, Z.; Bhatt, N.N.; Franciosa, S.A.; Bracko, O. A Brief Overview of Neutrophils in Neurological Diseases. Biomolecules 2023, 13, 743. [Google Scholar] [CrossRef]

	



Amulic, B.; Cazalet, C.; Hayes, G.L.; Metzler, K.D.; Zychlinsky, A. Neutrophil Function: From Mechanisms to Disease. Annu. Rev. Immunol. 2012, 30, 459–489. [Google Scholar] [CrossRef]

	



Araźna, M.; Pruchniak, M.P.; Demkow, U. Reactive Oxygen Species, Granulocytes, and NETosis. Adv. Exp. Med. Biol. 2015, 836, 1–7. [Google Scholar]

	



Wang, H.; Yin, Y.; Gong, D.; Hong, L.; Wu, G.; Jiang, Q.; Wang, C.; Blinder, P.; Long, S.; Han, F.; et al. Cathepsin B inhibition ameliorates leukocyte-endothelial adhesion in the BTBR mouse model of autism. CNS Neurosci. Ther. 2019, 25, 476–485. [Google Scholar] [CrossRef]

	



Morris, G.; Gevezova, M.; Sarafian, V.; Maes, M. Redox regulation of the immune response. Cell. Mol. Immunol. 2022, 19, 1079–1101. [Google Scholar] [CrossRef] [PubMed]

	



Manivasagam, T.; Arunadevi, S.; Essa, M.M.; Saravanababu, C.; Borah, A.; Thenmozhi, A.J.; Qoronfleh, M.W. Role of Oxidative Stress and Antioxidants in Autism. Adv. Neurobiol. 2020, 24, 193–206. [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.; A Bakheet, S. Dysregulated Nrf2 signaling in response to di(2-ethylhexyl) phthalate in neutrophils of children with autism. Int. Immunopharmacol. 2022, 106, 108619. [Google Scholar] [CrossRef]

	



Pangrazzi, L.; Balasco, L.; Bozzi, Y. Oxidative Stress and Immune System Dysfunction in Autism Spectrum Disorders. Int. J. Mol. Sci. 2020, 21, 3293. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Zhang, Q.; Gao, S.; Zhao, H. Thioredoxin: A novel, independent diagnosis marker in children with autism. Int. J. Dev. Neurosci. 2014, 40, 92–96. [Google Scholar] [CrossRef] [PubMed]

	



Alshehri, S.; Nadeem, A.; Ahmad, S.F.; Alqarni, S.S.; Al-Harbi, N.O.; Al-Ayadhi, L.Y.; Attia, S.M.; Alqarni, S.A.; Bakheet, S.A. Disequilibrium in the Thioredoxin Reductase-1/Thioredoxin-1 Redox Couple Is Associated with Increased T-Cell Apoptosis in Children with Autism. Metabolites 2023, 13, 286. [Google Scholar] [CrossRef]

	



American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association, Arlington (DSM V): Arlington, VA, USA, 2013. [Google Scholar]

	



Schopler, E.; Reichler, R.J.; Renner, B.R. The Childhood Autism Rating Scale (CARS): For Diagnostic Screening and Classification of Autism; Western Psychological Services: Los Angeles, CA, USA, 1986. [Google Scholar]

	



Nadeem, A.; Ahmad, S.F.; Attia, S.M.; Al-Ayadhi, L.Y.; Bakheet, S.A.; Al-Harbi, N.O. Oxidative and inflammatory mediators are upregulated in neutrophils of autistic children: Role of IL-17A receptor signaling. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2018, 90, 204–211. [Google Scholar] [CrossRef] [PubMed]

	



Nauseef, W.M. Isolation of human neutrophils from venous blood. Methods Mol. Biol. 2007, 412, 15–20. [Google Scholar]

	



Mahmood, D.D.F.; Abderrazak, A.; EL Hadri, K.; Simmet, T.; Rouis, M. The Thioredoxin System as a Therapeutic Target in Human Health and Disease. Antioxidants Redox Signal. 2013, 19, 1266–1303. [Google Scholar] [CrossRef]

	



Matsuzawa, A. Thioredoxin and redox signaling: Roles of the thioredoxin system in control of cell fate. Arch. Biochem. Biophys. 2017, 617, 101–105. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, K.-I.; Kubota, M.; Shimoda, M.; Hayase, T.; Miyaguchi, M.; Kobayashi, N.; Ikeda, M.; Ishima, Y.; Kawahara, M. Thioredoxin-albumin fusion protein prevents urban aerosol-induced lung injury via suppressing oxidative stress-related neutrophil extracellular trap formation. Environ. Pollut. 2021, 268, 115787. [Google Scholar] [CrossRef]

	



Nadeem, A.; Ahmad, S.F.; Bakheet, S.A.; Al-Harbi, N.O.; Al-Ayadhi, L.Y.; Attia, S.M.; Zoheir, K.M. Toll-like receptor 4 signaling is associated with upregulated NADPH oxidase expression in peripheral T cells of children with autism. Brain. Behav. Immun. 2017, 61, 146–154. [Google Scholar] [CrossRef] [PubMed]

	



Nadeem, A.; Ahmad, S.F.; Attia, S.M.; Al-Ayadhi, L.Y.; Al-Harbi, N.O.; Bakheet, S.A. Dysregulation in IL-6 receptors is associated with upregulated IL-17A related signaling in CD4+ T cells of children with autism. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2019, 97, 109783. [Google Scholar] [CrossRef]

	



Napoli, E.; Wong, S.; Hertz-Picciotto, I.; Giulivi, C. Deficits in Bioenergetics and Impaired Immune Response in Granulocytes from Children with Autism. Pediatrics 2014, 133, e1405–e1410. [Google Scholar] [CrossRef]

	



Nauseef, W.M.; Borregaard, N. Neutrophils at work. Nat. Immunol. 2014, 15, 602–611. [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]

	



Morgan, J.T.; Chana, G.; Abramson, I.; Semendeferi, K.; Courchesne, E.; Everall, I.P. Abnormal microglial–neuronal spatial organization in the dorsolateral prefrontal cortex in autism. Brain Res. 2012, 1456, 72–81. [Google Scholar] [CrossRef] [PubMed]

	



Kanashiro, A.; Hiroki, C.H.; da Fonseca, D.M.; Birbrair, A.; Ferreira, R.G.; Bassi, G.S.; Fonseca, M.D.; Kusuda, R.; Cebinelli, G.C.M.; da Silva, K.P.; et al. The role of neutrophils in neuro-immune modulation. Pharmacol. Res. 2019, 151, 104580. [Google Scholar] [CrossRef]

	



Muri, J.; Kopf, M. Redox regulation of immunometabolism. Nat. Rev. Immunol. 2020, 21, 363–381. [Google Scholar] [CrossRef] [PubMed]

	



Mócsai, A. Diverse novel functions of neutrophils in immunity, inflammation, and beyond. J. Exp. Med. 2013, 210, 1283–1299. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Dikshit, M. Metabolic Insight of Neutrophils in Health and Disease. Front. Immunol. 2019, 10, 2099. [Google Scholar] [CrossRef]

	



Jeon, J.-H.; Hong, C.-W.; Kim, E.Y.; Lee, J.M. Current Understanding on the Metabolism of Neutrophils. Immune Netw. 2020, 20, e46. [Google Scholar] [CrossRef]

	



Novo, J.P.; Martins, B.; Raposo, R.S.; Pereira, F.C.; Oriá, R.B.; Malva, J.O.; Fontes-Ribeiro, C. Cellular and Molecular Mechanisms Mediating Methylmercury Neurotoxicity and Neuroinflammation. Int. J. Mol. Sci. 2021, 22, 3101. [Google Scholar] [CrossRef]

	



Carvalho, C.M.L.; Chew, E.-H.; Hashemy, S.I.; Lu, J.; Holmgren, A. Inhibition of the Human Thioredoxin System. A molecular mechanism of mercury toxicity. J. Biol. Chem. 2008, 283, 11913–11923. [Google Scholar] [CrossRef]

	



Rodrigues, J.; Branco, V.; Lu, J.; Holmgren, A.; Carvalho, C. Toxicological effects of thiomersal and ethylmercury: Inhibition of the thioredoxin system and NADP+-dependent dehydrogenases of the pentose phosphate pathway. Toxicol. Appl. Pharmacol. 2015, 286, 216–223. [Google Scholar] [CrossRef]

	



Branco, V.; Canário, J.; Lu, J.; Holmgren, A.; Carvalho, C. Mercury and selenium interaction in vivo: Effects on thioredoxin reductase and glutathione peroxidase. Free Radic. Biol. Med. 2012, 52, 781–793. [Google Scholar] [CrossRef]

	



Branco, V.; Godinho-Santos, A.; Gonçalves, J.; Lu, J.; Holmgren, A.; Carvalho, C. Mitochondrial thioredoxin reductase inhibition, selenium status, and Nrf-2 activation are determinant factors modulating the toxicity of mercury compounds. Free. Radic. Biol. Med. 2014, 73, 95–105. [Google Scholar] [CrossRef] [PubMed]

	



Ni, M.; Li, X.; Yin, Z.; Sidoryk-Węgrzynowicz, M.; Jiang, H.; Farina, M.; Rocha, J.B.T.; Syversen, T.; Aschner, M. Comparative study on the response of rat primary astrocytes and microglia to methylmercury toxicity. Glia 2011, 59, 810–820. [Google Scholar] [CrossRef]

	



Wegmann, B.; Tatemoto, P.; Miemczyk, S.; Ludvigsson, J.; Guerrero-Bosagna, C. Identification of potentially relevant metals for the etiology of autism by using a Bayesian multivariate approach for partially censored values. Sci. Rep. 2023, 13, 12622. [Google Scholar] [CrossRef]

	



Khaw, Y.M.; Cunningham, C.; Tierney, A.; Sivaguru, M.; Inoue, M. Neutrophil-selective deletion of Cxcr2 protects against CNS neurodegeneration in a mouse model of multiple sclerosis. J. Neuroinflamm. 2020, 17, 49. [Google Scholar] [CrossRef]

	



Xiang, Y.; Dai, J.; Li, Y.; You, Z.; Zhang, J.; Huang, X.; Nie, S.; Chen, Y.; Xu, L.; Liu, F.; et al. ROS-activated CXCR2+ neutrophils recruited by CXCL1 delay denervated skeletal muscle atrophy and undergo P53-mediated apoptosis. Exp. Mol. Med. 2022, 54, 1011–1023. [Google Scholar] [CrossRef]

	



Ruiz-Uribe, N.E.; Bracko, O.; Swallow, M.; Omurzakov, A.; Dash, S.; Uchida, H.; Xiang, D.; Haft-Javaherian, M.; Falkenhain, K.; Lamont, M.E.; et al. Vascular oxidative stress causes neutrophil arrest in brain capillaries, leading to decreased cerebral blood flow and contributing to memory impairment in a mouse model of Alzheimerâ€™s disease. bioRxiv 2023, 2023, 528710. [Google Scholar]

	



Schmidt, E.E. Interplay between cytosolic disulfide reductase systems and the Nrf2/Keap1 pathway. Biochem. Soc Trans. 2015, 43, 632–638. [Google Scholar] [CrossRef] [PubMed]

	



Suvorova, E.S.; Lucas, O.; Weisend, C.M.; Rollins, M.F.; Merrill, G.F.; Capecchi, M.R.; Schmidt, E.E. Cytoprotective Nrf2 Pathway Is Induced in Chronically Txnrd 1-Deficient Hepatocytes. PLoS ONE 2009, 4, e6158. [Google Scholar] [CrossRef]

	



Cebula, M.; Schmidt, E.E.; Arnér, E.S. TrxR1 as a Potent Regulator of the Nrf2-Keap1 Response System. Antioxid. Redox Signal 2015, 23, 823–853. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Singh, K.; Connors, S.L.; Macklin, E.A.; Smith, K.D.; Fahey, J.W.; Talalay, P.; Zimmerman, A.W. Sulforaphane treatment of autism spectrum disorder (ASD). Proc. Natl. Acad. Sci. USA 2014, 111, 15550–15555. [Google Scholar] [CrossRef] [PubMed]

	



Zimmerman, A.W.; Singh, K.; Connors, S.L.; Liu, H.; Panjwani, A.A.; Lee, L.C.; Diggins, E.; Foley, A.; Melnyk, S.; Singh, I.N.; et al. Randomized controlled trial of sulforaphane and metabolite discovery in children with Autism Spectrum Disorder. Mol. Autism 2021, 12, 38. [Google Scholar] [CrossRef] [PubMed]

	



Ou, J.; Smith, R.C.; Tobe, R.H.; Lin, J.; Arriaza, J.; Fahey, J.W.; Liu, R.; Zeng, Y.; Liu, Y.; Huang, L.; et al. Efficacy of Sulforaphane in Treatment of Children with Autism Spectrum Disorder: A Randomized Double-Blind Placebo-Controlled Multi-center Trial. J. Autism Dev. Disord. 2022, 1–14. [Google Scholar] [CrossRef]

	



Magner, M.; Thorová, K.; Župová, V.; Houška, M.; Švandová, I.; Novotná, P.; Tříska, J.; Vrchotová, N.; Soural, I.; Jílek, L. Sulforaphane Treatment in Children with Autism: A Prospective Randomized Double-Blind Study. Nutrients 2023, 15, 718. [Google Scholar] [CrossRef] [PubMed]








[image: Toxics 11 00739 g001] 





Figure 1. Expression of TrxR1 and TrxR activity in TDC/ASD neutrophils. (A) % of TrxR1+CD15+ cells, (B) TrxR enzymatic activity, and (C) representative flow plot displaying TrxR1+CD15+ double immunostaining. Values are shown as mean ± SEM, n = 10–22/group. *** p < 0.001; **** p < 0.0001; ns = not significant. 
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Figure 2. Expression of Trx1 in TDC/ASD neutrophils. (A) % of Trx1+CD15+ cells, and (B) representative flow plot displaying Trx1+CD15+ double immunostaining. Values are shown as mean ± SEM, n = 10–22/group. *** p < 0.001; **** p < 0.0001; ns = not significant. 
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Figure 3. Effect of methylmercury on the expression of TrxR1 and activity of TrxR in TDC/ASD neutrophils. (A) % of TrxR1+neutrophils, (B) TrxR enzymatic activity, and (C) % of Trx1+Neutrophils. Values are shown as mean ± SEM, n = 14/group. * p < 0.05; *** p < 0.001; **** p < 0.00001; ns = not significant. 
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Figure 4. Effect of methylmercury on ROS/nitrotyrosine levels in TDC/ASD neutrophils. (A) % of nitrotyrosine+neutrophils, (B) MFI for ROS generation. Values are shown as mean ± SEM, n = 14/group. *** p < 0.001; **** p < 0.0001. 
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