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Humans and wildlife, including domesticated animals, are exposed to a myriad of environmental contaminants that are derived from various human activities, including agricultural, household, cosmetic, pharmaceutical, and industrial products. Excessive exposure to pesticides, heavy metals, and phthalates consequently causes the overproduction of reactive oxygen species. The equilibrium between reactive oxygen species and the antioxidant system is preserved to maintain cellular redox homeostasis. Mitochondria play a key role in cellular function and cell survival. Mitochondria are vulnerable to damage that can be provoked by environmental exposures. Once the mitochondrial metabolism is damaged, it interferes with energy metabolism and eventually causes the overproduction of free radicals. Furthermore, it also perceives inflammation signals to generate an inflammatory response, which is involved in pathophysiological mechanisms. A depleted antioxidant system provokes oxidative stress that triggers inflammation and regulates epigenetic function and apoptotic events. Apart from that, these chemicals influence steroidogenesis, deteriorate sperm quality, and damage male reproductive organs. It is strongly believed that redox signaling molecules are the key regulators that mediate reproductive toxicity. This review article aims to spotlight the redox toxicology of environmental chemicals on male reproduction function and its fertility prognosis. Furthermore, we shed light on the influence of redox signaling and metabolism in modulating the response of environmental toxins to reproductive function. Additionally, we emphasize the supporting evidence from diverse cellular and animal studies.
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INTRODUCTION
Environmental chemicals, such as pesticides, are widely used in agriculture and public health protection programs (Hoffman et al., 2000). Over 11,000 pesticides are commercially marketed in European countries (Jeong et al., 2012; Darko et al., 2017) for different purposes. The worldwide usage of pesticides is mainly applied to maximize yield, although they also contaminate food, water, and the environment (El-Nahhal, 2004). Many pesticides have been reported to have detrimental effects on human health and cause environmental problems (Organization, 1990; Alewu and Nosiri, 2011). However, some of them are banned by regulating authorities (Alewu and Nosiri, 2011). The interaction of pesticides with humans and animals occurs via different routes, such as skin contact, ingestion, and inhalation. Some precautionary measures must be considered, such as the pesticide group, length and exposure route, and individual status. After ingestion, the pesticide can be metabolized, eliminated, and finally stored in body fat (Organization, 1990; Alewu and Nosiri, 2011). The negative impact of pesticides has been reported on health, causing reproductive, hormonal, and other problems (Sanborn et al., 2007; Mnif et al., 2011), while the residues of pesticides have been documented in various food items and animal feeds (Chourasiya et al., 2015). It is worth noting that various practices cannot remove pesticide residues (Reiler et al., 2015), and in many cases, the concentration does not exceed the safe limits (Nougadère et al., 2012; Reiler et al., 2015). However, a safe limit may also pose a threat to health due to the composition of more than one chemical substance with synergistic effects (Organization, 1990; Lu et al., 2015). Evidence of pesticide residues has also been documented in human breast milk, possibly due to prenatal exposure (Damgaard et al., 2006; Lu et al., 2015).
Evidence has shown that numerous pesticides and their metabolites can be considered entities that can disrupt endocrine functions (Zhang et al., 2016). Such interactions can influence normal physiology and negatively impact developmental, reproductive, endocrine, and other systems (Sathyanarayana et al., 2012; Büyükgebiz, 2015). Moreover, chlorinated compounds are known as endocrine-activating pesticides, for instance, hexachlorobenzene (HCB), hexachlorocyclohexane (HCH), dichlorodiphenyltrichloroethane (DDT), and its metabolite, dichlorodiphenyldichloroethylene (DDE). Current epidemiological and other aspects have documented higher evidence of male reproductive issues associated with cancer in the testicles, lower sperm production, and other malformations in the genitourinary system (Mendiola et al., 2014). The latter anomalies disrupt the endocrine system due to the use of pesticides in agriculture and, in turn, cause cryptorchidism (Weidner et al., 1998; Fernandez et al., 2007), hypospadias (Kristensen et al., 1997; Kraft et al., 2010), and micropenis (Gaspari et al., 2011; Gaspari et al., 2012). Collectively, these aberrations make organisms susceptible to testicular dysgenesis syndrome (Skakkebaek et al., 2001).
Phthalates are chemicals widely used as plasticizers in consumer products. Their enormous usage has drawn attention to their health hazard effects. The literature has demonstrated that phthalate exposure causes various disorders that significantly affect reproductive function (Benjamin et al., 2017). A serious health concern is that reproductive problems are increasing worldwide, such as cancers due to hormones. Back in 2015, approximately 12% of couples had infertility issues globally, which resulted in reduced fecundity (Kumar and Singh, 2015). During the last five decades, the sperm concentration has been reduced to 32.5%. The main cause of reproductive problems may be due to phthalates (Sengupta et al., 2018). There is a dire need to focus on fertility-related problems by better understanding of the phthalate mechanism and finding possible mitigation approaches.
Environmental toxicants augment cellular and molecular mechanisms that may vary with age, chronicity, and dose of exposure. Mitochondria are the central part responsible for regulating several functions of metabolic and cellular signaling, which coordinate to maintain cell survival and homeostasis. Disruption in the biological system due to environmental toxicants influences these events and eventually causes adverse effects (Duarte-Hospital et al., 2022). The impact of environmental toxicants on male reproduction is illustrated in Table 1.
TABLE 1 | Effect of environmental toxicants on male reproduction.
[image: Table 1]Keeping in view the aforementioned information, it is pivotal to review environmental toxicant-regulated reproductive toxicology. Emphasis is also placed on the mechanistic approaches to how redox sensors are involved in reproductive toxicity and their evidence in different animal models. While information about reproductive toxicants remains limited, there is a need to consolidate state-of-the-art knowledge to enhance our understanding and develop targeted therapeutic approaches in the near future.
Disruption in the redox status
Reactive oxygen species (ROS) are the byproducts of cellular metabolism, produced from a variety of sources. The oxygen molecules are effectively used in mitochondria. Oxygen leakage is responsible for the production of superoxide anion radicals, which can react with other radicals to produce nitric oxide from reactive nitrogen species (RNS). RNS are nitrogen-comprising compounds such as peroxynitrite anion, nitroxyl ion, and nitric oxide. Irrespective of their physiological role, excessive formation of RNS causes nitrosative stress, which can have adverse effects on the male reproductive system (Sikka, 2001; Lee and Cheng, 2004; Pacher et al., 2007). Superoxide anion and hydrogen peroxide can form hydroxyl radicals. Similarly, the superoxide anion combines with nitric oxide (NO) to form peroxynitrite (Aon et al., 2012). Superoxide and byproducts of lipid peroxidation are radicals that are strong stimulators of mitochondrial uncoupling proteins, autophagic engulfment, and signaling molecules that have important functions in differentiation, adhesion, migration, and cell survival. The superoxide level was reported to be higher in mitochondria than in the cytoplasm (Cadenas and Davies, 2000). The superoxide anion is short-lived and membrane-impermeable, bearing a strong capacity to damage lipids, proteins, and mitochondrial DNA. However, superoxide breaks down into hydrogen peroxide either spontaneously or with the superoxide dismutase (SOD) enzyme. Hydrogen peroxide activates the redox-sensitive pathways in enormous cellular functions (Skakkebaek et al., 2001; Benjamin et al., 2017). Mitochondria encompass potent enzymatic and non-enzymatic antioxidant defenses. Glutathione is a strong intracellular thiol used in scavenging ROS, xenobiotics, and mitochondrial GSH, which constitutes 10%–15% of total cellular GSH (Lash, 2006). Once GSH is oxidized, it forms oxidized glutathione (GSSG), which can be reduced by glutathione reductase to maintain cellular redox status. The SOD enzyme dismutase superoxide into hydrogen peroxides and then converted into molecular oxygen and water through the catalase enzyme or glutathione peroxidase-1, seleno-enzyme. These enzymes convert hydrogen peroxide into water via the oxidation of GSH to GSSG (Cole-Ezea et al., 2012).
Environmental toxicants and sperm quality
ROS are the byproducts of oxygen metabolism that are crucial for cellular homeostasis (Sies and Jones, 2020). Previous research has shown that environmental toxins cause oxidative stress via the overproduction of ROS. ROS plays a key role in the defense mechanism against a pathological milieu, but overwhelming production can have deleterious effects on tissues (Puppel et al., 2015). The function of ROS in male infertility is observed due to defective sperm production, whereas a greater amount of ROS damages the sperm plasma membrane and eventually causes sperm dysfunction (Kefer et al., 2009). The semen is well-equipped with enzymatic and non-enzymatic antioxidants, which coordinately work to ensure maximum protection from ROS effects. The main sources of ROS in the semen are mitochondria, immature sperm cells, leukocytes, and bacterial byproducts such as cytokines and bacterial and viral infections. It has been noted that ROS plays an essential role in sperm capacitation, acrosome reaction, mitochondrial stability, and sperm motility. Spermatozoa consist of poly-unsaturated fatty acids, which give them delicate appearances and make them extremely vulnerable to oxidative attack. Once the ROS damage to the sperm plasma membrane occurs, it is oxidized by lipid peroxidation; however, the cytoplasm contains low levels of enzymes that are unable to neutralize high levels of ROS (Walczak-Jedrzejowska et al., 2013). Sperm lipid peroxidation results in the loss of membrane integrity and enhances permeability, inactivation of cellular enzymes, DNA damage, and cellular apoptosis. As a consequence, it reduces sperm count, activity, and motility and causes abnormal morphology (Fraczek and Kurpisz, 2005). The effect of environmental toxicants on male reproduction is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Effect of environmental toxicants on male fertility.
Male infertility can be assessed through the sperm quality index. Toxin exposure reduces sperm quality and enhances cryptorchidism in infants. In dogs, long-term reduced sperm quality was noticed due to the high risk of cryptorchidism. Lea et al. (2016) has reported the evidence of di (2-ethylhexyl), phthalate (DEHP) and organochloride in dog testes and in commercial feed. Polychlorinated biphenyl 153 (PCB153) and DEHP at various levels in humans and dogs resulted in DNA damage and reduced sperm motility (Sumner et al., 2019). Epidemiological evidence for PCB, triclosan, and bisphenol A (BPA) has reported adverse effects on seminal plasma, resulting in poor semen quality (Albert et al., 2018; Mantzouki et al., 2019). Wang et al. (2019) documented enhanced urinary phthalates that are linked to humans with low sperm quality due to a variation in metabolic seminal plasma.
Exposure of rodent spermatozoa to BPA resulted in reduced sperm quality parameters (Rahman et al., 2015). A higher level of tyrosine phosphorylation in sperm regulates protein-dependent kinase (PKA), which facilitates the acrosome reaction. Exposure to BPA alters fertility-related proteins that trigger immature acrosome reactions, leading to a decline in fertility and embryo survival (Rahman et al., 2015). In addition, BPA exposure resulted in undesirable effects on sperm features due to oxidative stress and DNA damage (Ikhlas and Ahmad, 2020). Other studies have reported that human spermatozoa, when exposed to dibutyl phthalate (DBP) and monobutyl phthalate (MBP), suppressed sperm tyrosine phosphorylation that takes part in sperm activeness (Xie et al., 2019). Exposure to DBP in treating inflammatory bowel disease (IBD) resulted in different mRNA expressions in sperm with oxidant production and DNA damage (Estill et al., 2019). Another compound, chlorothalonil, causes reduced boar sperm motility and enhanced apoptosis (Zhang et al., 2019a).
Alteration in steroidogenesis by environmental chemicals
Previous literature has revealed that a variety of environmental toxicants alter reproduction via modifications in the hormonal system (McLachlan, 2016; Louis et al., 2018). In particular, toxicants influence estrogenic and anti-androgenic activities and eventually impair reproduction. It suggests that the physiology of hormones is influenced by environmental toxicants (Adoamnei et al., 2018; Rehman et al., 2018). For example, the anti-androgenic or anti-estrogenic properties of BPA influence hormonal balance and reduce semen production in humans with increased urinary BPA levels (Lassen et al., 2014). Disruption in the hormonal system due to toxicants is responsible for declining protein and steroid hormone levels in humans (Adamkovicova et al., 2014; Ren et al., 2020).
Environmental toxicants possess the ability to manipulate LH receptors (LHRs) and subsequently influence testicular steroidogenesis (Wang et al., 2017). For example, PFOS and PFOA bind with LH receptors and suppress testosterone synthesis (Foresta et al., 2018). Exposure to different environmental chemicals reduces LHRs, affects downstream signaling, and suppresses steroidogenesis enzymes (Pogrmic-Majkic et al., 2016; Wang et al., 2017). Reduced expression of StAR and suppression of the P450 SCC (mitochondrial cholesterol side-chain cleavage) enzyme is an efficient mechanism involved in the anti-steroidogenesis effect of environmental toxicants (Hong et al., 2016; Paul et al., 2017). Environmental toxicants directly suppress a variety of steroidogenesis enzymes but indirectly suppress them via oxidants (Saradha et al., 2008; Sheweita et al., 2016). Previous studies elaborate that oxidative stress is an indirect factor that negatively regulates male fertility due to environmental toxicants (Darbandi et al., 2018). An elevated concentration of ROS suppresses hormonal enzymes and triggers testicular apoptosis, affecting steroidogenesis and spermatogenesis (Quan et al., 2017; Shi et al., 2018). The molecular mechanism of toxins that influenced male reproduction is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Mechanism of action of environmental toxicants on male fertility.
Leydig cells contribute to testosterone synthesis via communication with LH (Odermatt et al., 2016). Testosterone is the dominant male hormone accountable for sexual vigor and other secondary sexual characteristics. Disruption in Leydig cell viability affects testicular steroidogenesis and may result in disturbances in the endocrine functions of spermatogenesis and, thus, impair fertility. Mouse Leydig cells exposed to Aroclor 1242 resulted in decreased viability of Leydig cells and influenced testosterone synthesis by suppressing HSD and 17β-HSD enzymes (Aydin and Erkan, 2017). Organochlorines are known to modify the testicular StAR protein androgen-binding protein and stimulate 3β-HSD and 17β-HSD with increased H2O2 in adult male rats (Saradha et al., 2008). It has been shown that these substances suppress steroidogenesis, which affects Sertoli cell function and produces oxidant products (Saradha et al., 2008). Long-term exposure to arsenite causes immune-stimulant responses in the testis, which influences steroidogenic metabolism (de Araújo Ramos et al., 2017). The chemical structures of the environmental toxicants are displayed in Figure 3.
[image: Figure 3]FIGURE 3 | Chemical structure of different environmental toxicants. Abbreviations and categories Pesticides: dichlorodiphenyltrichloroethane (PFOA); 2-bromopropane (2-BP); perfluorochemical (PFC); hexachlorobenzene (HCB); dichlorodiphenyldichloroethylene (DDE); 1,2-dibromo-3-chloropropane (DBCP); perfluorochemicals (PFC); 2,2',4,4',5,5'-hexachlorobiphenyl (PCB 153); and dichlorodiphenyltrichloroethane (DDT) and its metabolite, dichlorodiphenyldichloroethylene (DDE). Phthalates or plasticizers: di(2-ethylhexyl) phthalate (DEHP); dibutyl phthalate (DBP); monobutyl phthalate (MBP); mono(2-ethylhexyl) phthalate (MEHP); monobutyl phthalate (MBP); and bisphenol A (BPA). Heavy metals: cadmium chloride (CdCl2). Mycotoxins: zearalenone (ZEA).
Environmental chemicals and male reproductive organs
The environmental toxicants affect various reproductive organs, but the testis is considered the most vulnerable target. Spermatogenesis and steroidogenesis are hampered by the increased expression of estrogen receptors in the testis, which may affect the testis’ ability to withstand environmental toxins (Krzastek et al., 2020). Fenvalerate disrupts the spermatogenic cycle in rats close to puberty through germ cell apoptosis (Zhang et al., 2018). Reduced germ cell viability has been confirmed by in vitro exposure to DBCP and 2‒BP in human spermatogenic models through oxidant products and apoptosis (Easley IV et al., 2015). Perfluorinated compounds (PFCs) were examined in a study by [68], and a connection between blood and semen damage was found. Research has demonstrated alterations in sperm indices in conjunction with further sperm damage in PFC-positive individuals. It has, therefore, been discovered that PFC can have detrimental effects on DNA and disrupt meiotic segregation by influencing spermatogenesis (Governini et al., 2015).
The Sertoli cells are localized in the testes, nurturing germ cells across the sperm cycle. A particular ratio of Sertoli and germ cells is required for spermatogenic sustainability and metabolism (Rebourcet et al., 2017). Exposure to cypermethrin resulted in an alteration in the epithelial size and dedifferentiation of testis Sertoli cells and, thus, negatively impacted Sertoli cell functions in mice (Rodríguez et al., 2017). In addition, pollutants impact the molecular communication between germ cells and Sertoli cells (Gao et al., 2015). The degradation of Sertoli–germ cells in rats subjected to endosulfan and organochlorine led to oxidative stress and deteriorated gamete quality (Rastogi et al., 2014). Earlier studies revealed that DDE reduces testicular mitochondrial bioenergetic indices and their role in male fertility (Rastogi et al., 2014).
Rats exposed to BTB and cultivated Sertoli cells have been shown to be affected by exposure to Aroclor 1254 (a commercial PCB combination), which influences junctional proteins via the MAPK pathway. Using in vitro and in vivo models of PFOS on BTB, increased BTB permeability, ATF2 phosphorylation, and matrix metalloproteinase 9 expression were observed upon PFOS induction, together with decreased levels of occludin and connexin 43. These findings show that p38/ATF2/MMP9 works against PFOS-mediated BTB disruption (Qiu et al., 2016). Human Sertoli cells treated with BPA and cadmium chloride (CdCl2) were observed in influencing Sertoli cell adhesive function through changes in the F-actin network (Xiao et al., 2014). Another study on Sertoli cells in humans exposed to MBP showed decreased expression of the androgen receptor (AR), occludin, ZO-1, and β-catenin (de Freitas et al., 2016). Thus, it shows that MBP alters BTB activity via the AR-dependent pathway (de Freitas et al., 2016). The results unveiled that junctional proteins are more vulnerable to the harmful effects of various environmental toxins. Dankers et al. (2013) demonstrated that BPA, TBBPA, DEHP, MEHP, PFOA, and PFOS influence ATP-associated transporters in BTB, indicating reduced levels of testosterone in mouse Leydig cells. The environmental toxicant-induced apoptotic mechanism potentiated by oxidative stress is shown in Table 2.
TABLE 2 | Oxidative stress-involved mechanism of apoptosis induced by environmental toxins.
[image: Table 2]Mitochondria and environmental toxicants
The mitochondria are an essential cellular component involved in energy metabolism, regulating signaling pathways, the generation of metabolites, calcium storage, steroid synthesis, and apoptosis (Coffman et al., 2009; Marchi et al., 2018). Therefore, they are an essential entity for cell survival and homeostasis.
The respiratory chains in mitochondria are composed of five transmembrane enzyme complexes; they work together with electron transfer carriers, ubiquinone, and cytochrome c to generate ATP during oxidative phosphorylation (Brand and Nicholls, 2011). In this process, electrons leak from complexes I, II, and III and react with oxygen to generate superoxide. The superoxide radical is converted into hydrogen peroxide through the superoxide dismutase enzyme. Hydrogen peroxide and superoxide radicals are known as mitochondrial ROS (Dunn et al., 2015; Zia et al., 2022).
These complexes can easily be targeted by environmental toxicants that alter their expression levels and activities (Brand and Nicholls, 2011). During oxidative phosphorylation, the complexes help maintain the electrochemical gradient through a sequence of redox reactions. The electrochemical gradient forms the mitochondrial membrane potential, which is compulsory for energy production. An interruption in these complexes perturbs electron transfer carriers or proteins and causes damage to membranes and external chemicals that can alter the membrane potential, which eventually influences ATP and provokes cell death (Sakamuru et al., 2016; Zorova et al., 2018).
Alteration in oxidative phosphorylation in mitochondrial defects, often known as downstream effects, was measured as a biomarker. The mitochondrial oxidation and generation of 8-OHdG are the key free radical inducers of DNA lesions (Ziech et al., 2010). Elevated levels of 8-OHdG are an indicator of DNA damage and are referred to as markers of mitochondrial dysfunction (Valavanidis et al., 2009).
Accelerated ROS production can threaten mitochondrial biomolecules, trigger mitochondrial DNA (mtDNA) mutations, change membrane permeability and structure, and alter calcium ion homeostasis (Gao et al., 2003; Blajszczak and Bonini, 2017). Once the mtDNA is influenced, it possesses less repair capacity than the nucleus (Phillips et al., 2014). When the persistent mtDNA damage is significant, it may have a downstream detrimental effect on the mitochondria.
The calcium concentration plays an essential role in regulating membrane potential, ROS homeostasis, and oxidative phosphorylation in mitochondria (Giorgi et al., 2018). As a consequence, disruption in the transfer of mitochondrial calcium changes ATP levels and downregulates mitochondrial metabolism, whereas increased levels of mitochondrial calcium indicate impairment of the electrochemical gradient (Xu et al., 2016; Giorgi et al., 2018). Oxidative stress is associated with toxicant-mediated calcium levels; a breakdown in the membrane potential leads to cell death (Xu et al., 2016). In vitro studies of calcium levels are used to estimate mitochondrial dysfunction, but it is not clear whether the mitochondrial damage occurs due to the toxicants (Brand and Nicholls, 2011).
Redox dysregulation and teratogenesis
Various environmental and therapeutic chemicals are included in developmental toxicants. They vary in their structure, function, and usage and have diverse modes of action. Fascinatingly, most of these and other chemicals can serve as oxidants, producing either directly or indirectly ROS and other reactive compounds (Hansen, 2006).
However, the consequences of oxidative insults triggered by these entities have not been profoundly reported in developmental models. This concept of oxidative stress impairs redox pathways and other targets of oxidation. In developmental toxicology, the majority of the literature has documented harmful consequences and toxicities that come from the overproduction of oxidants or depletion of the antioxidant system due to oxidative stress. Mounting evidence from seminal studies has demonstrated that ROS is involved in developmental toxicant production such as phenytoin, hydroxyurea, and ethanol (Liu and Wells, 1995; Miller-Pinsler et al., 2015). The application of 8-OHdG comprises the impact on DNA repair mechanisms (Shapiro et al., 2016), cell cycle regulation (Petrova et al., 2018), and suppressor tumor gene function (p53), causing impairment of a developmental program (El Husseini et al., 2016). Mounting evidence has shown that birth defects are caused by oxidative stress during developmental program. This type of oxidative damage is mainly toxico–pathological, but redox homeostasis also plays an essential role in normal physiology (Pizzino et al., 2017).
Earlier, thalidomide was used for the treatment of serious diseases, and it could be used until safe therapeutic options were available (Kim and Scialli, 2011). However, its teratogenic effect has not been proven in rodents but only in rabbits. To find out the variance in species vulnerability, comparative studies of mouse and rabbit embryos exposed to thalidomide showed that rabbits had high oxidative stress markers (Parman et al., 1999). Treatment-exposed free radical traps and decreased deformities of the limb buds demonstrated that oxidative stress resulting from thalidomide is a primary mechanism of teratogenesis. Other evidence found that thalidomide-induced oxidative stress and its anti-angiogenic activity may cause teratogenicity (4, 5). Thalidomide is a sedative and has a teratogenic effect. It was identified that cereblon (CRBN), as a thalidomide-binding protein, is the primary cause of teratogenicity. The teratogenic effect starts when it binds to CRBN and suppresses related ubiquitin ligase activity (Ito et al., 2010).
Several environmental pollutants, comprising polycyclic aromatic hydrocarbons and pesticides, have been documented as metabolic disrupting chemicals (Ferm, 1977) and may result in mitochondrial dysfunction. Available evidence has shown an alteration in MRC-exposed toxins. A number of herbicides, fungicides, insecticides, and acaricides alter the function of MRC, leading to the formation of ROS and reduced ATP levels (Fischer and Bavister, 1993). For instance, pyrethroids reduce ΔΨm and diminish the expression of cytochrome c, hence decreasing the function of cytochrome c oxidase in rat brains (Fisher and Burggren, 2007). These can trigger the reduced complex-I activity of MRC linked with nigral dopaminergic neurodegeneration and microglial activation, as observed in Parkinson’s disease (Folmes and Terzic, 2015). Moreover, evidence of environmental toxins, mitochondrial function, and male reproduction needs further elucidation in different animal models.
Environmental toxicants and redox signaling pathways
Fas/FasL signaling pathway
Fas/FasL is a signaling molecule, pivotal for the regulation of apoptosis. It is expressed in peripheral T and B lymphocytes, NK cells, mononuclear cells, fibroblasts, endothelial cells, epithelial cells, etc. However, the expression of FasL is restricted to activated T cells, NK cells, and testicular Sertoli cells (Chai et al., 2008). FasL is considered a marker of functional Sertoli cells (Suda et al., 1993; Ma et al., 2016), but other authors believed that FasL expression was limited to sperm cells (D'Alessio et al., 2001; Riccioli et al., 2003). Moreover, the Fas/FasL pathway is triggered by glucocorticoids in Leydig cell apoptosis (Gao et al., 2003). It is believed that environmental toxicants induce testicular pathology through the activation of Fas/FasL pathway. Moreover, such signals are engaged to influence the sensitivity of germ cells, steroidogenic function, and cytokine metabolism regulated by Sertoli cells, and provoke the stimulation of the nuclear factor of activated T cells (NFAT) in Leydig cell apoptosis.
The apoptotic process is maintained by an optimal ratio of germ cells to Sertoli cells; thereby, fruitful spermatogenesis and fertility processes occur. At the adult stage, apoptosis is characterized in spermatocytes, depending on the balance between Bcl xL and Ba (Rodriguez et al., 1997). Testicular apoptosis is regulated via closely linked pathways in Sertoli cells, germ cells, Leydig cells, and numerous other signals. Such a phenomenon erases selective germ cells, which are damaged through different physiological and environmental triggers. In addition, apoptosis excludes senescent moribund spermatozoa through a phagocytic process (Aitken and Baker, 2013). Unfortunately, environmental toxicants with a specifically low level of heavy metal exposure exert negative effects on male reproductive function (Wirth and Mijal, 2010). Recent findings have revealed that an imbalance between cell survival and apoptosis due to disease or environmental factors adversely influences spermatogenesis, resulting in oligospermia, azoospermia, and hematospermia (Almeida et al., 2013). In addition, enhanced expression of Fas/FasL triggers apoptosis of germ cells in seminiferous tubule stages VII–VIII and IX–XII, when testes are exposed to environmental toxins (Zhao et al., 2011).
Microcystin activates the Fas/FasL signaling molecule via suppressing protein phosphatases 1 and 2A (PP1/PP2A), disturbing cell phosphorylation, and diminishing the cytoskeleton. This results in the stimulation and differential expression of transcription factors and proteins that contribute to cell differentiation, proliferation, and tumorigenesis, leading to abnormal cell proliferation, apoptosis, and necrosis (Chen et al., 2016). The vulnerability of germ cells is associated with the Fas/FasL signaling pathway, which can control germ cell apoptosis. Exposure to environmental toxins during embryonic development increases the adult stage anomalies in spermatogenesis, with minimal exposure to toxins during adulthood leading to increased death of germ cells through the activation of Fas/FasL signals (Traore et al., 2016). Toxic elements (MEHP and BLCO) activate matrix metalloproteinase-2 (MMP-2) by downregulating Sertoli cell tissue inhibitors of metalloproteinases-2 (TIMP-2), thereby degrading tumor necrosis factor-alpha (TNF-α) (Yao et al., 2009; Ebokaiwe et al., 2015). TNF-α communicates with the Sertoli cell to trigger the NF-kB response (Yao et al., 2007), thereby stimulating the expression of FasL and commencing germ cell apoptosis. Thus, at some level, the vulnerability of germ cells can be controlled via Sertoli cells (Yao et al., 2009).
NF-κB signaling pathways
NF-κB is a transcription factor that has been associated with apoptosis. It is normally localized in the cytoplasm (inactive form) and is surrounded by IκB proteins. Stressors stimulate NF-κB via the degradation of IκB proteins, allowing its translocation into the nucleus (Wang and Gao, 2006). NF-κB can have pro-apoptotic and anti-apoptotic activities in similar cell types; thus, its function is determined by the environment. NF-κB upregulates several genes, comprising Fas and death receptors 4, 5, and 6. Molina et al. (2005) documented that rats exposed to lindane caused NF-κB stimulation within 24 h in testicular germ cells, while maximum activity of Fas expression was not observed until 72 h post-exposure. Such activity reveals that Fas expression is enhanced due to NF-κB upregulation, suggesting a pro-apoptotic function of NF-κB. Previous findings have revealed that NF-κB may act as a suppressing agent in glucocorticoid-mediated apoptosis. In a study of rat Leydig cells, where NF-κB suppressed CORT-triggered apoptosis, NF-κB overexpressed cells were less prone to CORT-induced apoptosis; cells treated with PDTC (NF-κB inhibitor) exerted an increased level of CORT-induced apoptosis (Wang and Gao, 2006). Hence, NF-kB serves as an anti-apoptotic agent in receptor-triggered apoptosis. The exposure to MEHP induced a testicular NF-κB response, indicating the NF-κB significance in germ cell apoptosis. Exposure to MEHP induced various localization patterns in the rat testis. However, increased stimulation of spermatocytes was noticeable due to germ cells, which are at the meiotic stage and most vulnerable to MEHP damage (Rasoulpour and Boekelheide, 2005).
Mitogen-activated protein kinases (MAPKs) are monitoring proteins that act as signaling molecules triggered by external stimuli. Extracellular signal-regulated kinases (ERKs) are signaling molecules that take part in the functioning of spermatogenesis and Sertoli cells (Li et al., 2009c). The activation of ERK1/2 suppresses the function of Sertoli cells and enhances testicular apoptosis (Takahashi and Oishi, 2003; Fiorini et al., 2004). Protein kinase B (AKT) mediates oxidative stress via the regulation of cell growth, cell survival, cell proliferation, and inflammation, including immune reactions. MAPK and AKT are both directly involved in the phosphorylation of NF-ĸB and translocation into DNA, thereby causing the translation of relevant genes (Dalsenter et al., 1997). Spermatogenesis and Sertoli cell function are governed by NF-ĸB. Its stimulation resulted in spermatogenic defects both in humans and mice (Kuiper et al., 1998; Saradha et al., 2008). Exposure to arsenic causes the activation of ERK/AKT/NF-ĸB signals in different cells (Gaido et al., 1999; Anway et al., 2005). Exposure to sodium arsenite (1, 5, or 25 mg/L for 6 months) promotes the expression of ERK1/2, IKKγ, PI3K, AKT, and NF-ĸB, along with enhanced phosphorylation of ERK/AKT levels in the testes of rats. Thus, it leads to reproductive toxicity via the stimulation of ERK/AKT/NF-kB signaling (Peter, 2000).
MAPK signaling pathway
MAPK is a signaling pathway activated in response to different environmental toxicants. Three types of MAPKs, namely, ERK, JNK, and p38 are stimulated in the testis following exposure to environmental toxicants. MAPKs are known to contribute to various male reproductive functions such as cell cycle progression, steroidogenesis, sperm hyperactivation, and acrosome reaction (Li et al., 2009b; Almog and Naor, 2010). Therefore, environmental toxicants influence MAPK functions and cause pathological effects in males. They enhance DNA damage and apoptosis and distort cellular junctions and steroidogenesis (Kim et al., 2010; Zhang et al., 2010). The MAPKs are stimulated when environmental toxicants induce oxidative stress in cells and tissues. Suppressing oxidative stress via N-acetyl cysteine, a free radical scavenger, reverts cadmium-induced MAPK stimulation (Xu et al., 2003; Chen et al., 2008). This process is partially mediated by the suppression of Ser/Thr protein phosphatases 2A (PP2A) and 5 (PP5) through oxidative stress, which leads to enhanced phosphorylation of MAPK (Chen et al., 2008). Unfortunately, cadmium triggers the expression of MAPK phosphatase-1 (MKP-1) (Kim et al., 2008), the main suppressor of MAPK activation. It indicates the beneficial effects of MKP-1 via the suppression of protein phosphatases PP2A and PP5, leading to an increase in MAPK signaling, followed by exposure to environmental toxicants. Moreover, the stimulation of ERK can result in the phosphorylation of c-Src, FAK, and paxillin in the oxidative scenario, suggesting that MAPKs may be one of the upstream targets to stimulate non-receptor tyrosine kinases (Alderliesten et al., 2007).
PI3K/c-Src signaling pathway
Exposure to diverse environmental toxicants has been documented to induce testicular oxidative stress (Dhanabalan and Mathur, 2009; Liu et al., 2009). The development of OS enhances epithelial and endothelial permeability by impairing tight junctions and adherent junctions of cells (Sandoval and Witt, 2008; Lucas et al., 2009). Previous studies have documented that PI3K plays an essential role in regulating junction interruptions triggered by oxidative stress. Once it is challenged via oxidative stress, a regulatory subunit of PI3K p85 binds from the cytosol to the cell-to-cell interface (Qin and Chock, 2003; Sheth et al., 2003). Activation of PI3K subsequently stimulates a non-receptor tyrosine kinase, c-Src (Basuroy et al., 2010). In the testis, c-Src is mainly localized and specific at the blood–testis barrier and endoplasmic specialization (ES) (Box 1), related to connexin 43/plakofilin-2 and β1-integrin/lamininα3β3γ3 protein complexes specific to their cell junctions (Yan and Cheng, 2006; Lee et al., 2009a). Stimulation of the PI3K/c-Src signaling pathway due to oxidative stress from environmental toxicants may impair testicular function due to toxicants. Early research has shown that c-Src kinase activity in the testis indicates the harmful effects of 2,3,7, and 8-tetracholordibenzo-p-dioxin (El-Sabeawy et al., 1998). Moreover, increased levels of c-Src have also been reported in the testis, through cadmium exposure in rodents, showing that c-Src is stimulated against numerous environmental toxicants (Wong et al., 2004; Siu et al., 2009).
In epithelial cells, FAK is a substrate of c-Src, and FAK-Src is responsible for the regulation of various physiological and pathological cellular responses (Brunton and Frame, 2008; Bolós et al., 2010). FAK is a downstream regulator of the PI3K/c-Src pathway in oxidative stress-augmented junction interference (Sen et al., 2007; Basuroy et al., 2010). It is known that membrane translocation and stimulation of PI3K and c-Src through oxidative stress initiate FAK phosphorylation. Such a process enhances the tyrosine phosphorylation of junction proteins via FAK to change the adhesive function of protein complexes. Intriguingly, factors such as cell type, source of ROS, and duration of exposure can phosphorylate the FAK pathway (Weinberg et al., 2001; Alderliesten et al., 2007). At the beginning of oxidative stress, FAK is stimulated via c-Src to induce undesirable phosphorylation of junction proteins at the cell-to-cell interface. This causes the rearrangement of proteins in the cytosol and results in the distraction of TJ and AJ (Rao et al., 2002). Moreover, cell adhesion is further compromised by detachment of integral membrane proteins from their respective cytoplasmic adaptors (Rao et al., 2002; Sheth et al., 2003). Disassociation of the focal adhesion contract (Molina et al., 2005) and production of active aldehydes occurs during oxidative stress (Usatyuk et al., 2006), and thereafter, unstimulation of FAK occurs via dephosphorylation (Alderliesten et al., 2007). Such evidence indicates that FAK is a crucial regulator of TJ and AJ interruption during oxidative stress. Hence, the critical phosphorylation of FAK may exert a novel therapeutic target to guard the testis against oxidative damage.
Nrf2 signaling pathway
Nrf2 is a pivotal transcription factor that resides in living cells to protect against oxidative stress (Rubio et al., 2010). Nrf2 stimulation has been observed after exposure to sulforaphane (SFN), heavy metals (Shaw et al., 2019), pesticides (Li et al., 2011), and polycyclic aromatic hydrocarbons (Nguyen et al., 2010). Under physiological conditions, Nrf2 is localized in the cytoplasm via the Kelch-like ECH-associated protein 1 (Keap1). When Nrf2 is exposed to activators, it is isolated from Keap1, causing Nrf2 translocation from the cytoplasm to the nucleus and, ultimately, the antioxidant response element (ARE). Moreover, AREs are also responsible for phase II detoxification enzymes. Hence, stimulation of Nrf2/Keap1/ARE amplifies the expression of antioxidants and detoxifying enzymes such as SOD, catalase (CAT), GSH, NAD(P)H-quinone oxidoreductase 1 (NQO1), and heme oxygenase-1 (HO-1) (Chen and Chien, 2014).
Exposure to DEHP-triggered oxidative stress resulted in the upregulation of Nrf2 signaling (Amara et al., 2020). Zhang et al. (2019a) reported that DBP increased mitochondrial damage and germ cell death via the Nrf2-dependent pathway. Inhibition of the Nrf2/ARE pathway promoted DBP-triggered mitochondrial toxicity (Zhang et al., 2019b). They observed protein kinase endoplasmic reticulum kinase (PERK) through the manipulation of the Nrf2/ARE pathway. PERK causes phosphorylation of Nrf2 and, consequently, detachment of Nrf2/Keap1 to release genes. Suppressing PERK via its specific inhibitor causes inhibition of Nrf2, which increases DBP-prompted apoptosis and mitochondrial damage. Amara et al. (2019) demonstrated that DEHP caused cytotoxic effects in embryonic kidney cells (HEK-293) via inhibition of the Nrf-2/HO-1 pathway (Amara et al., 2019). Zhao et al. (2020) elaborated that DEHP exposure promoted Nrf2 activity via the generation of ROS in mouse testis, which aligns with the results of Tang et al. (2018). These authors showed that the activation of Nrf2 promotes Notch signal inhibition in the testis. Once Nrf2 was increased, Notch1 and hairy and enhancer of split 1 (Hes1) were decreased, causing interference in spermatogenesis and suppressing testosterone levels. Abd El-Fattah et al. (2016) documented that mRNA of Nrf2 and HO-1 was enhanced in DEHP compared to the control group in the rat testis (Abd El-Fattah et al., 2016). Suppressing Nrf2 signals was induced, followed by exposure to phthalates, which led to toxic damage in diverse cells and tissues comprising the Sertoli cells (Zhang et al., 2017). The activation of Nrf2 signals by DBP and DEHP in the reproductive system was not enough to decrease oxidative stress (Shen et al., 2015). Zhao et al. (2019) demonstrated that lycopene attenuated DEHP-induced Leydig cell damage, which may promote antioxidant capacity via regulation of the Nrf2 signaling pathway. Jiang et al. (2017) reported that SFN exerts a protective effect via the stimulation of Nrf2, along with its target genes, against DBP-induced sperm parameters and testicular cell apoptosis. SFN causes upregulation of Nrf2 and, thus, decreased DBP-augmented intracellular oxidative toxicity. According to Yang et al. (2018), SFN reversed cadmium-induced Sertoli cell toxicity in mice via stimulation of the Nrf2/ARE pathway, and, thus, oxidative damage and apoptosis were attenuated. In other studies, consumption of a plant-derived lutein compound mitigated arsenic-induced reproductive toxicity in a mouse model via upregulation of the Nrf2 pathway and, thus, prevented reproductive injury (Li et al., 2016).
Epigenetic effects and environmental toxicants
According to earlier studies, epigenetic alteration may be a major factor in controlling how adversely environmental contaminants affect male fertility (Donkin and Barrès, 2018). The mechanism of epigenetics comprises methylation of DNA, alteration in histone proteins, and expression of miRNA genes (Dada et al., 2012; Muratori and De Geyter, 2019). In mice, exposure to zearalenone (ZEA) has been shown to disrupt the process of meiosis and signals that regulate spermatogenesis, resulting in lower semen features (Gao et al., 2015). In addition, mice exposed to ZEA had lower levels of methylation markers in DNA, like 5 mC and 5hmC, and higher levels of methylation in histone marker H3K27, as well as lower levels of testicular ER expression. Such evidence has documented the important connections between estrogen signaling and genetic and epigenetic pathways that regulate the negative effects of ZEA on spermatogenesis (Gao et al., 2015; Men et al., 2019). In F2 mice, exposure to nonylphenol triggered pathophysiological defects in the testis and epididymis that were known to be regulated by epigenetic programming upon exposure to nonylphenol (Kim et al., 2019). The biomarkers of male reproduction in response to toxicants are given in Table 3.
TABLE 3 | Markers of male reproductive toxicity.
[image: Table 3]Animals exposed to environmental toxicants can pass epigenetic changes through generations (Rothstein et al., 2017). DBP exposure during embryonic development disrupts testicular activity in F1 and F3 generations by altering Sertoli cells and the spermatogenic process. Global DNA hypomethylation in the offspring was altered by DBP exposure (Yuan et al., 2017). Similarly, a short pregnancy exposure to atrazine triggered diverse DNA methylation in F1–F3 generation spermatozoa (McBirney et al., 2017). A large number of studies have reported that transgenerational inheritance of epigenetic modifications takes place once the embryo is exposed to environmental contaminants like chlordecone, DDT, vinclozolin, and DEHP, resulting in a negative impact on testes and semen index in F1–F3 offspring (Maamar et al., 2019; Skinner et al., 2019).
CONCLUSION
Environmental chemicals such as pesticides, insecticides, heavy metals, and phthalates are toxic chemicals used worldwide for agricultural and other purposes. However, high levels of these toxins from human activities cause adverse effects on male fertility. The synthetic origin of phthalates is widely used in the plastic industry. They have a similar structure to steroid hormones. Available evidence shows that phthalates and other environmental toxicants interact with normal spermatogenesis and lead to testicular atrophy, oxidative stress, and DNA damage. It also interferes with steroidogenic pathways, resulting in decreased testosterone levels and Insl-3 production via fetal Leydig cells that induce cryptorchidism. It is well known that all these chemicals disturb mitochondrial metabolism, where CYP enzymes are involved. All these environmental chemicals influence male reproduction by disrupting the HPG system, the testes, the spermatogenic process, epididymal maturation, the antioxidant–antioxidant balance, and epigenetic regulation. In response to that, a reduction in the sperm quality index has been reported to cause male infertility. Considering previous studies, it is known that mitochondria and redox signaling such as Fas/FasL, NF-κB, MAPK, PI3K/c-Src, and Nrf2 are the main regulators of male reproductive toxicity, which is evident due to environmental toxicants and poses a serious threat to male reproduction. All of this suggests that oxidative stress is not the primary cause of toxicity; it is produced as a consequence of toxicity. Additional investigation is needed to determine whether the combined effects of pesticides at low doses, whether through environmental exposure or dietary intake during male developmental stages, may play a role in a cascade of cellular, molecular, and hormonal processes, leading to adverse effects on the male reproductive system.
AUTHOR CONTRIBUTIONS
TH: conceptualization, methodology, project administration, supervision, and writing–original draft; EM: supervision and writing–review and editing. GM: supervision and writing–review and editing. DHK: supervision and writing–review and editing. MIC: supervision and writing–review and editing. BT: conceptualization, resources, project administration, validation, supervision, funding acquisition, visualization, writing–review and editing; ADO: supervision, conceptualization, validation, writing–review and editing. SAT: conceptualization, validation, writing–review and editing. MSA: validation, writing–review and editing. MSK: supervision, validation, writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Key R&D Program (2021YFD1300401), National Natural Science Foundation of China (U20A2054, 32130099), the earmarked fund for CARS (CARS-35).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abd El-Fattah, A. A., Fahim, A. T., Sadik, N. A. H., and Ali, B. M. (2016). Resveratrol and curcumin ameliorate di-(2-ethylhexyl) phthalate induced testicular injury in rats. Gen. Comp. Endocrinol. 225, 45–54. doi:10.1016/j.ygcen.2015.09.006
 Adamkovicova, M., Toman, R., Cabaj, M., Massanyi, P., Martiniakova, M., Omelka, R., et al. (2014). Effects of subchronic exposure to cadmium and diazinon on testis and epididymis in rats. Sci. World J. 2014, 632581, doi:10.1155/2014/632581
 Adoamnei, E., Mendiola, J., Vela-Soria, F., Fernández, M. F., Olea, N., Jørgensen, N., et al. (2018). Urinary bisphenol A concentrations are associated with reproductive parameters in young men. Environ. Res. J. 161, 122–128. doi:10.1016/j.envres.2017.11.002
 Aitken, R. J., and Baker, M. A. (2013). Causes and consequences of apoptosis in spermatozoa; contributions to infertility and impacts on development. Int. J. Dev. Biol. 57 (2-3-4), 265–272. doi:10.1387/ijdb.130146ja
 Albert, O., Nardelli, T. C., Lalancette, C., Hales, B. F., and Robaire, B. (2018). Effects of in utero and lactational exposure to new generation green plasticizers on adult male rats: a comparative study with di (2-ethylhexyl) phthalate. Toxicol. Sci. 164 (1), 129–141. doi:10.1093/toxsci/kfy072
 Alderliesten, M., de Graauw, M., Oldenampsen, J., Qin, Y., Pont, C., van Buren, L., et al. (2007). Extracellular signal-regulated kinase activation during renal ischemia/reperfusion mediates focal adhesion dissolution and renal injury. Am. J. Pathol. 171 (2), 452–462. doi:10.2353/ajpath.2007.060805
 Alewu, B., and Nosiri, C. (2011). “Pesticides and human health,” in Pesticides in the modern world–effects of pesticides exposure ( Intech), 231–250. Available at: https://www.intechopen.com/chapters/19601.
 Al-Hilli, A. S., Hadi, N. A., Jamil, D. A., and Al-Aubaidy, H. A. (2018). Controlling the levels of oxidative DNA damage improves patientâ€ s response to simvastatin therapy in primary male infertility. Iraq Med. J. 2 (3), 61–63. 
 Almeida, C., Correia, S., Rocha, E., Alves, Â., Ferraz, L., Silva, J., et al. (2013). Caspase signalling pathways in human spermatogenesis. J. Assist. Reprod. Genet. 30 (4), 487–495. doi:10.1007/s10815-013-9938-8
 Almog, T., and Naor, Z. (2010). The role of Mitogen activated protein kinase (MAPK) in sperm functions. Mol. Cell. Endocrinol. 314 (2), 239–243. doi:10.1016/j.mce.2009.05.009
 Amara, I., Scuto, M., Zappalà, A., Ontario, M. L., Petralia, A., Abid-Essefi, S., et al. (2020). Hericium erinaceus prevents DEHP-induced mitochondrial dysfunction and apoptosis in PC12 cells. Int. J. Mol. Sci. 21 (6), 2138. doi:10.3390/ijms21062138
 Amara, I., Timoumi, R., Graiet, I., Ben Salem, I., Adelou, K., and Abid-Essefi, S. (2019). Di (2-ethylhexyl) phthalate induces cytotoxicity in HEK-293 cell line, implication of the Nrf-2/HO-1 antioxidant pathway. Environ. Toxicol. 34 (9), 1034–1042. doi:10.1002/tox.22774
 Amthauer, R., Cardenas, F., Reyes, A., Valenzuela, A., Dantagnan, P., Vidal, R., et al. (2021). Vitellogenesis in the Patagonian toothfish (Dissostichus eleginoides) conditioned to a recirculating aquaculture system. Gen. Comp. Endocrinol. 307, 113768. doi:10.1016/j.ygcen.2021.113768
 Anway, M. D., Cupp, A. S., Uzumcu, M., and Skinner, M. K. (2005). Epigenetic transgenerational actions of endocrine disruptors and male fertility. science 308 (5727), 1466–1469. doi:10.1126/science.1108190
 Anyanwu, B. O., and Orisakwe, O. E. (2020). Current mechanistic perspectives on male reproductive toxicity induced by heavy metals. J. Environ. Sci. Health. Part C 38 (3), 204–244. doi:10.1080/26896583.2020.1782116
 Aon, M. A., Stanley, B. A., Sivakumaran, V., Kembro, J. M., O'Rourke, B., Paolocci, N., et al. (2012). Glutathione/thioredoxin systems modulate mitochondrial H2O2 emission: an experimental-computational study. J. Gen. Physiol. 139 (6), 479–491. doi:10.1085/jgp.201210772
 Aydin, Y., and Erkan, M. (2017). The toxic effects of polychlorinated biphenyl (Aroclor 1242) on Tm3 Leydig cells. Toxicol. Ind. Health 33 (8), 636–645. doi:10.1177/0748233717699783
 Barakat, R., Seymore, T., Lin, P.-C. P., Park, C. J., and Ko, C. J. (2019). Prenatal exposure to an environmentally relevant phthalate mixture disrupts testicular steroidogenesis in adult male mice. Environ. Res. J. 172, 194–201. doi:10.1016/j.envres.2019.02.017
 Basuroy, S., Dunagan, M., Sheth, P., Seth, A., and Rao, R. (2010). Hydrogen peroxide activates focal adhesion kinase and c-Src by a phosphatidylinositol 3 kinase-dependent mechanism and promotes cell migration in Caco-2 cell monolayers. Am. J. Physiol. Gastrointest. 299 (1), G186–G195. doi:10.1152/ajpgi.00368.2009
 Benjamin, S., Masai, E., Kamimura, N., Takahashi, K., Anderson, R. C., and Faisal, P. A. (2017). Phthalates impact human health: epidemiological evidences and plausible mechanism of action. J. Hazard. Mat. 340, 360–383. doi:10.1016/j.jhazmat.2017.06.036
 Blajszczak, C., and Bonini, M. G. (2017). Mitochondria targeting by environmental stressors: implications for redox cellular signaling. Toxicol 391, 84–89. doi:10.1016/j.tox.2017.07.013
 Bolós, V., Gasent, J. M., López-Tarruella, S., and Grande, E. (2010). The dual kinase complex FAK-Src as a promising therapeutic target in cancer. Onco Targets Ther. 3, 83–97. doi:10.2147/ott.s6909
 Brand, M. D., and Nicholls, D. G. (2011). Assessing mitochondrial dysfunction in cells. Biochem. J. 435 (2), 297–312. doi:10.1042/BJ20110162
 Brunton, V. G., and Frame, M. C. (2008). Src and focal adhesion kinase as therapeutic targets in cancer. Curr. Opin. Pharmacol. 8 (4), 427–432. doi:10.1016/j.coph.2008.06.012
 Büyükgebiz, A. (2015). “FETAL AND NEONATAL ENDOCRINE DISRUPTORS,” in Environmental hazards and neurodevelopment ( Apple Academic Press), 123–142. 
 Cadenas, E., and Davies, K. J. (2000). Mitochondrial free radical generation, oxidative stress, and aging. Free Radic. Biol. Med. 29 (3-4), 222–230. doi:10.1016/s0891-5849(00)00317-8
 Chai, W.-R., Chen, Y., Wang, Q., and Gao, H.-B. (2008). Mechanism of nuclear factor of activated T-cells mediated FasL expression in corticosterone-treated mouse Leydig tumor cells. BMC Cell Biol. 9 (1), 31–11. doi:10.1186/1471-2121-9-31
 Chen, F.-P., and Chien, M.-H. (2014). Lower concentrations of phthalates induce proliferation in human breast cancer cells. Climacteric 17 (4), 377–384. doi:10.3109/13697137.2013.865720
 Chen, L., Chen, J., Zhang, X., and Xie, P. (2016). A review of reproductive toxicity of microcystins. J. Hazard. Mat. 301, 381–399. doi:10.1016/j.jhazmat.2015.08.041
 Chen, L., Liu, L., and Huang, S. (2008). Cadmium activates the mitogen-activated protein kinase (MAPK) pathway via induction of reactive oxygen species and inhibition of protein phosphatases 2A and 5. Free Radic. Biol. Med. 45 (7), 1035–1044. doi:10.1016/j.freeradbiomed.2008.07.011
 Chourasiya, S., Khillare, P., and Jyethi, D. S. (2015). Health risk assessment of organochlorine pesticide exposure through dietary intake of vegetables grown in the periurban sites of Delhi, India. Environ. Sci. Pollut. Res. 22, 5793–5806. doi:10.1007/s11356-014-3791-x
 Coffman, J. A., Coluccio, A., Planchart, A., and Robertson, A. J. (2009). Oral–aboral axis specification in the sea urchin embryo: III. Role of mitochondrial redox signaling via H2O2. Dev. Biol. 330 (1), 123–130. doi:10.1016/j.ydbio.2009.03.017
 Cole-Ezea, P., Swan, D., Shanley, D., and Hesketh, J. (2012). Glutathione peroxidase 4 has a major role in protecting mitochondria from oxidative damage and maintaining oxidative phosphorylation complexes in gut epithelial cells. Free Radic. Biol. Med. 53 (3), 488–497. doi:10.1016/j.freeradbiomed.2012.05.029
 Cui, L., Fang, L., Shi, B., Qiu, S., and Ye, Y. (2018). Spermatozoa expression of piR-31704, piR-39888, and piR-40349 and their correlation to sperm concentration and fertilization rate after ICSI. Rep. Sci. 25 (5), 733–739. doi:10.1177/1933719117725822
 Dada, R., Kumar, M., Jesudasan, R., Fernández, J. L., Gosálvez, J., and Agarwal, A. (2012). Epigenetics and its role in male infertility. J. Assist. Reprod. Genet. 29 (3), 213–223. doi:10.1007/s10815-012-9715-0
 D'Alessio, A., Riccioli, A., Lauretti, P., Padula, F., Muciaccia, B., De Cesaris, P., et al. (2001). Testicular FasL is expressed by sperm cells. Proc. Natl. Acad. Sci. 98 (6), 3316–3321. doi:10.1073/pnas.051566098
 Dalsenter, P., Faqi, A., Webb, J., Merker, H., and Chahoud, I. (1997). Reproductive toxicity and toxicokinetics of lindane in the male offspring of rats exposed during lactation. Um. Exp. Toxicol. 16 (3), 146–153. doi:10.1177/096032719701600303
 Damgaard, I. N., Skakkebæk, N. E., Toppari, J., Virtanen, H. E., Shen, H., Schramm, K.-W., et al. (2006). Persistent pesticides in human breast milk and cryptorchidism. Environ. Health Perspect. 114 (7), 1133–1138. doi:10.1289/ehp.8741
 Dankers, A. C., Roelofs, M. J., Piersma, A. H., Sweep, F. C., Russel, F. G., van den Berg, M., et al. (2013). Endocrine disruptors differentially target ATP-binding cassette transporters in the blood-testis barrier and affect Leydig cell testosterone secretion in vitro. Toxicol. Sci. 136 (2), 382–391. doi:10.1093/toxsci/kft198
 Darbandi, M., Darbandi, S., Agarwal, A., Sengupta, P., Durairajanayagam, D., Henkel, R., et al. (2018). Reactive oxygen species and male reproductive hormones. Reprod. Biol. Endocrinol. 16 (1), 87–14. doi:10.1186/s12958-018-0406-2
 Darko, G., Addai Tabi, J., Adjaloo, M. K., and Borquaye, L. S. (2017). Pesticide residues in honey from the major honey producing forest belts in Ghana. J. Environ. Public Health . 2017, 7957431, doi:10.1155/2017/7957431
 De Araújo Ramos, A. T., Diamante, M. A. S., de Almeida Lamas, C., Dolder, H., and de Souza Predes, F. (2017). Morphological and morphometrical changes on adult Wistar rat testis caused by chronic sodium arsenite exposure. Environ. Sci. Pollut. Res. 24 (36), 27905–27912. doi:10.1007/s11356-017-0200-2
 De Freitas, A. T. A. G., Ribeiro, M. A., Pinho, C. F., Peixoto, A. R., Domeniconi, R. F., and Scarano, W. R. (2016). Regulatory and junctional proteins of the blood-testis barrier in human Sertoli cells are modified by monobutyl phthalate (MBP) and bisphenol A (BPA) exposure. Toxicol Vitro 34, 1–7. doi:10.1016/j.tiv.2016.02.017
 Dhanabalan, S., and Mathur, P. (2009). Low dose of 2, 3, 7, 8 tetrachlorodibenzo-p-dioxin induces testicular oxidative stress in adult rats under the influence of corticosterone. Exp. Toxicol. Pathol. 61 (5), 415–423. doi:10.1016/j.etp.2008.10.005
 Donkin, I., and Barrès, R. (2018). Sperm epigenetics and influence of environmental factors. Exp. Toxicol. Pathol. 14, 1–11. doi:10.1016/j.molmet.2018.02.006
 Duarte-Hospital, C., Tête, A., Brial, F., Benoit, L., Koual, M., Tomkiewicz, C., et al. (2022). Mitochondrial dysfunction as a hallmark of environmental injury. Cells 11 (1), 110. doi:10.3390/cells11010110
 Dunn, J. D., Alvarez, L. A., Zhang, X., and Soldati, T. (2015). Reactive oxygen species and mitochondria: a nexus of cellular homeostasis. Redox Biol. 6, 472–485. doi:10.1016/j.redox.2015.09.005
 Easley IV, C. A., Bradner, J. M., Moser, A., Rickman, C. A., McEachin, Z. T., Merritt, M. M., et al. (2015). Assessing reproductive toxicity of two environmental toxicants with a novel in vitro human spermatogenic model. Stem Cell Res. 14 (3), 347–355. doi:10.1016/j.scr.2015.03.002
 Ebokaiwe, A. P., D'Cruz, S. C., Jubendradass, R., Amala Rani, J. S., Mathur, P. P., and Farombi, E. O. (2015). Nigerian bonny-light crude oil induces alteration in testicular stress response proteins and caspase-3 dependent apoptosis in albino wistar rats. Environ. Toxicol. 30 (2), 242–252. doi:10.1002/tox.21902
 El-Garawani, I., Allam, H. K., Shehata, Y. A., Fadel, K., and El Kattan, A. (2021). Genotoxicity linked to occupational exposure in uranium mine workers: granzyme B and apoptotic changes. Environ. Sci. Poll. Res. 28 (27), 36793–36802. doi:10.1007/s11356-021-13323-9
 El Husseini, N., Schlisser, A. E., and Hales, B. F. (2016). Editor's highlight: hydroxyurea exposure activates the P53 signaling pathway in murine organogenesis-stage embryos. Toxicol. Sci. 152 (2), 297–308. doi:10.1093/toxsci/kfw089
 El-Nahhal, Y. (2004). Contamination and safety status of plant food in Arab countries. J. Appl. Sci. 4 (3), 411–417. doi:10.3923/jas.2004.411.417
 El-Sabeawy, F., Wang, S., Overstreet, J., Miller, M., Lasley, B., and Enan, E. (1998). Treatment of rats during pubertal development with 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin alters both signaling kinase activities and epidermal growth factor receptor binding in the testis and the motility and acrosomal reaction of sperm. Toxicol. Appl. Pharmacol. 150 (2), 427–442. doi:10.1006/taap.1998.8426
 Estill, M., Hauser, R., Nassan, F. L., Moss, A., and Krawetz, S. A. (2019). The effects of di-butyl phthalate exposure from medications on human sperm RNA among men. Sci. Rep. 9 (1), 12397. doi:10.1038/s41598-019-48441-5
 Ferm, V. H. (1977). Arsenic as a teratogenic agent. Environ. Health Perspect. 19, 215–217. doi:10.1289/ehp.7719215
 Fernandez, M. F., Olmos, B., Granada, A., López-Espinosa, M. J., Molina-Molina, J.-M., Fernandez, J. M., et al. (2007). Human exposure to endocrine-disrupting chemicals and prenatal risk factors for cryptorchidism and hypospadias: a nested case–control study. Environ. Health Perspect. 115 (Suppl. 1), 8–14. doi:10.1289/ehp.9351
 Fiorini, C., Tilloy-Ellul, A., Chevalier, S., Charuel, C., and Pointis, G. (2004). Sertoli cell junctional proteins as early targets for different classes of reproductive toxicants. Rep. Toxicol. 18 (3), 413–421. doi:10.1016/j.reprotox.2004.01.002
 Fischer, B., and Bavister, B. (1993). Oxygen tension in the oviduct and uterus of rhesus monkeys, hamsters and rabbits. Reprod 99 (2), 673–679. doi:10.1530/jrf.0.0990673
 Fisher, S. A., and Burggren, W. W. (2007). Role of hypoxia in the evolution and development of the cardiovascular system. Antioxidants redox Signal. 9 (9), 1339–1352. doi:10.1089/ars.2007.1704
 Folmes, C. D., and Terzic, A. (2015). Metabolic determinants of embryonic development and stem cell fate. Reprod. Fertil. Dev. 27 (1), 82–88. doi:10.1071/RD14383
 Foresta, C., Tescari, S., and Di Nisio, A. (2018). Impact of perfluorochemicals on human health and reproduction: a male’s perspective. J. Endocrinol. Invest. 41 (6), 639–645. doi:10.1007/s40618-017-0790-z
 Fraczek, M., and Kurpisz, M. (2005). The redox system in human semen and peroxidative damage of spermatozoa. Postepy Hig. i Med. doswiadczalnej (Online) 59, 523–534.
 Gaido, K. W., Leonard, L. S., Maness, S. C., Hall, J. M., McDonnell, D. P., Saville, B., et al. (1999). Differential interaction of the methoxychlor metabolite 2,2-bis-(p-hydroxyphenyl)-1,1,1-trichloroethane with estrogen receptors alpha and beta. Endocrinol 140 (12), 5746–5753. doi:10.1210/endo.140.12.7191
 Gao, H.-B., Tong, M.-H., Hu, Y.-Q., You, H.-Y., Guo, Q.-S., Ge, R.-S., et al. (2003). Mechanisms of glucocorticoid-induced Leydig cell apoptosis. Mol. Cell Endo. 199 (1-2), 153–163. doi:10.1016/s0303-7207(02)00290-3
 Gao, Y., Mruk, D. D., and Cheng, C. Y. (2015). Sertoli cells are the target of environmental toxicants in the testis–a mechanistic and therapeutic insight. Expert Opin. Ther. targets 19 (8), 1073–1090. doi:10.1517/14728222.2015.1039513
 Gaspari, L., Paris, F., Jandel, C., Kalfa, N., Orsini, M., Daurès, J. P., et al. (2011). Prenatal environmental risk factors for genital malformations in a population of 1442 French male newborns: a nested case–control study. Hum. Rep. 26 (11), 3155–3162. doi:10.1093/humrep/der283
 Gaspari, L., Sampaio, D., Paris, F., Audran, F., Orsini, M., Neto, J., et al. (2012). High prevalence of micropenis in 2710 male newborns from an intensive-use pesticide area of Northeastern Brazil. Int. J. Androl. 35 (3), 253–264. doi:10.1111/j.1365-2605.2011.01241.x
 Ge, L.-Q., Xia, T., Huang, B., Song, Q.-S., Zhang, H.-W., Stanley, D., et al. (2016). Suppressing male spermatogenesis-associated protein 5-like gene expression reduces vitellogenin gene expression and fecundity in Nilaparvata lugens Stål. Sci. Rep. 6 (1), 28111–11. doi:10.1038/srep28111
 Giorgi, C., Marchi, S., and Pinton, P. (2018). The machineries, regulation and cellular functions of mitochondrial calcium. Nat. Rev. Mol. Cell Biol. 19 (11), 713–730. doi:10.1038/s41580-018-0052-8
 Governini, L., Guerranti, C., De Leo, V., Boschi, L., Luddi, A., Gori, M., et al. (2015). Chromosomal aneuploidies and DNA fragmentation of human spermatozoa from patients exposed to perfluorinated compounds. Andrologia 47 (9), 1012–1019. doi:10.1111/and.12371
 Hansen, J. M. (2006). Oxidative stress as a mechanism of teratogenesis. Birth Defects Res. Part C Embryo Today Rev. 78 (4), 293–307. doi:10.1002/bdrc.20085
 Hoffman, R. S., Capel, P. D., and Larson, S. J. (2000). Comparison of pesticides in eight US urban streams. Environ. Toxicol. Chem. Int. J. 19 (9), 2249–2258. doi:10.1002/etc.5620190915
 Hong, J., Chen, F., Wang, X., Bai, Y., Zhou, R., Li, Y., et al. (2016). Exposure of preimplantation embryos to low-dose bisphenol A impairs testes development and suppresses histone acetylation of StAR promoter to reduce production of testosterone in mice. Mol. Cell. Endocrinol. 427, 101–111. doi:10.1016/j.mce.2016.03.009
 Ikhlas, S., and Ahmad, M. (2020). Acute and sub-acute bisphenol-B exposures adversely affect sperm count and quality in adolescent male mice. Chemosphere 242, 125286. doi:10.1016/j.chemosphere.2019.125286
 Ito, T., Ando, H., Suzuki, T., Ogura, T., Hotta, K., Imamura, Y., et al. (2010). Identification of a primary target of thalidomide teratogenicity. Sci 327 (5971), 1345–1350. doi:10.1126/science.1177319
 Jeong, I.-S., Kwak, B.-M., Ahn, J.-H., and Jeong, S.-H. (2012). Determination of pesticide residues in milk using a QuEChERS-based method developed by response surface methodology. Food Chem. 133 (2), 473–481. doi:10.1016/j.foodchem.2012.01.004
 Jiang, X. P., Tang, J. Y., Xu, Z., Han, P., Qin, Z. Q., Yang, C. D., et al. (2017). Sulforaphane attenuates di-N-butylphthalate-induced reproductive damage in pubertal mice: involvement of the Nrf2-antioxidant system. Environ. Toxicol. 32 (7), 1908–1917. doi:10.1002/tox.22413
 Kasahara, E., Sato, E. F., Miyoshi, M., Konaka, R., Hiramoto, K., Sasaki, J., et al. (2002). Role of oxidative stress in germ cell apoptosis induced by di (2-ethylhexyl) phthalate. Biochem. J. 365 (3), 849–856. doi:10.1042/BJ20020254
 Kefer, J. C., Agarwal, A., and Sabanegh, E. (2009). Role of antioxidants in the treatment of male infertility. Int. J. Urol. 16 (5), 449–457. doi:10.1111/j.1442-2042.2009.02280.x
 Kier, L. D., Neft, R., Tang, L., Suizu, R., Cook, T., Onsurez, K., et al. (2004). Applications of microarrays with toxicologically relevant genes (tox genes) for the evaluation of chemical toxicants in Sprague Dawley rats in vivo and human hepatocytes in vitro. Mutat. Research/Fundamental Mol. Mech. Mutagen. 549 (1-2), 101–113. doi:10.1016/j.mrfmmm.2003.11.015
 Kim, J. H., and Scialli, A. R. (2011). Thalidomide: the tragedy of birth defects and the effective treatment of disease. Toxicol. Sci. 122 (1), 1–6. doi:10.1093/toxsci/kfr088
 Kim, J. Y., Han, E. H., Kim, H. G., Oh, K. N., Kim, S. K., Lee, K. Y., et al. (2010). Bisphenol A-induced aromatase activation is mediated by cyclooxygenase-2 up-regulation in rat testicular Leydig cells. Toxicol. Lett. 193 (2), 200–208. doi:10.1016/j.toxlet.2010.01.011
 Kim, S.-M., Park, J.-G., Baek, W.-K., Suh, M.-H., Lee, H., Yoo, S. K., et al. (2008). Cadmium specifically induces MKP-1 expression via the glutathione depletion-mediated p38 MAPK activation in C6 glioma cells. Neurosci. Lett. 440 (3), 289–293. doi:10.1016/j.neulet.2008.05.064
 Kim, Y.-B., Cheon, Y.-P., Choi, D., and Lee, S.-H. (2019). Adverse effect of nonylphenol on the reproductive system in F2 male mice: a qualitative change?Dev. Rep. 23 (3), 255–262. doi:10.12717/DR.2019.23.3.255
 Kong, A. P., Xiao, K., Choi, K. C., Wang, G., Chan, M. H., Ho, C. S., et al. (2012). Associations between microRNA (miR-21, 126, 155 and 221), albuminuria and heavy metals in Hong Kong Chinese adolescents. Clin. Chim. acta 413 (13-14), 1053–1057. doi:10.1016/j.cca.2012.02.014
 Kraft, K. H., Shukla, A. R., and Canning, D. A. (2010). Hypospadias. Urol. Clin. 37 (2), 167–181. doi:10.1016/j.ucl.2010.03.003
 Kristensen, P., Irgens, L. M., Andersen, A., Bye, A. S., and Sundheim, L. (1997). Birth defects among offspring of Norwegian farmers, 1967-1991. Epidemiol 8 (5), 537–544. doi:10.1097/00001648-199709000-00011
 Krzastek, S. C., Farhi, J., Gray, M., and Smith, R. P. (2020). Impact of environmental toxin exposure on male fertility potential. Translational andrology and urology 9 (6), 2797. doi:10.21037/tau-20-685
 Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe, S. H., Van Der Saag, P. T., et al. (1998). Interaction of estrogenic chemicals and phytoestrogens with estrogen receptor beta. Endocr 139 (10), 4252–4263. doi:10.1210/endo.139.10.6216
 Kumar, N., and Singh, A. K. (2015). Trends of male factor infertility, an important cause of infertility: a review of literature. J. Hum. Rep. Sci. 8 (4), 191–196. doi:10.4103/0974-1208.170370
 Lash, L. H. (2006). Mitochondrial glutathione transport: physiological, pathological and toxicological implications. Chemico-biological Interact. 163 (1-2), 54–67. doi:10.1016/j.cbi.2006.03.001
 Lassen, T. H., Frederiksen, H., Jensen, T. K., Petersen, J. H., Joensen, U. N., Main, K. M., et al. (2014). Urinary bisphenol A levels in young men: association with reproductive hormones and semen quality. Environ. Health Perspect. 122 (5), 478–484. doi:10.1289/ehp.1307309
 Lea, R. G., Byers, A. S., Sumner, R. N., Rhind, S. M., Zhang, Z., Freeman, S. L., et al. (2016). Environmental chemicals impact dog semen quality in vitro and may be associated with a temporal decline in sperm motility and increased cryptorchidism. Sci. Rep. 6, 31281. doi:10.1038/srep31281
 Lee, N. P., and Cheng, C. Y. (2004). Nitric oxide/nitric oxide synthase, spermatogenesis, and tight junction dynamics. Biol. Reprod. 70 (2), 267–276. doi:10.1095/biolreprod.103.021329
 Li, H., Wu, S., Ma, Q., and Shi, N. (2011). The pesticide deltamethrin increases free radical production and promotes nuclear translocation of the stress response transcription factor Nrf2 in rat brain. Toxicol. Indus Health 27 (7), 579–590. doi:10.1177/0748233710393400
 Li, M. W., Mruk, D. D., and Cheng, C. Y. (2009a). Mitogen-activated protein kinases in male reproductive function. Trends. Mol. Med. 15 (4), 159–168. doi:10.1016/j.molmed.2009.02.002
 Li, M. W., Mruk, D. D., Lee, W. M., and Cheng, C. Y. (2009b). Connexin 43 and plakophilin-2 as a protein complex that regulates blood–testis barrier dynamics. Proc. Natl. Acad. Sci. 106 (25), 10213–10218. doi:10.1073/pnas.0901700106
 Li, S. G., Xu, S. Z., Niu, Q., Ding, Y. S., Pang, L. J., Ma, R. L., et al. (2016). Lutein alleviates arsenic-induced reproductive toxicity in male mice via Nrf2 signaling. Hum. Exper. Toxicol. 35 (5), 491–500. doi:10.1177/0960327115595682
 Li, Y.-J., Song, T.-B., Cai, Y.-Y., Zhou, J.-S., Song, X., Zhao, X., et al. (2009c). Bisphenol A exposure induces apoptosis and upregulation of Fas/FasL and caspase-3 expression in the testes of mice. Toxicol. Sci. 108 (2), 427–436. doi:10.1093/toxsci/kfp024
 Liu, J., Qu, W., and Kadiiska, M. B. (2009). Role of oxidative stress in cadmium toxicity and carcinogenesis. Toxicol. Appl. Pharma 238 (3), 209–214. doi:10.1016/j.taap.2009.01.029
 Liu, L., and Wells, P. G. (1995). DNA oxidation as a potential molecular mechanism mediating drug-induced birth defects: phenytoin and structurally related teratogens initiate the formation of 8-hydroxy-2′-deoxyguanosine in vitro and in vivo in murine maternal hepatic and embryonic tissues. Free Radic. Biol. Med. 19 (5), 639–648. doi:10.1016/0891-5849(95)00082-9
 Louis, G. M. B., Smarr, M. M., Sun, L., Chen, Z., Honda, M., Wang, W., et al. (2018). Endocrine disrupting chemicals in seminal plasma and couple fecundity. Environ. Res. 163, 64–70. doi:10.1016/j.envres.2018.01.028
 Lu, D., Wang, D., Ni, R., Lin, Y., Feng, C., Xu, Q., et al. (2015). Organochlorine pesticides and their metabolites in human breast milk from Shanghai, China. Environ. Sci. Poll. Res. 22 (12), 9293–9306. doi:10.1007/s11356-015-4072-z
 Lucas, R., Verin, A. D., Black, S. M., and Catravas, J. D. (2009). Regulators of endothelial and epithelial barrier integrity and function in acute lung injury. Biochem. Pharmacol. 77 (12), 1763–1772. doi:10.1016/j.bcp.2009.01.014
 Ma, C., Song, H., Guan, K., Zhou, J., Xia, X., and Li, F. (2016). Characterization of swine testicular cell line as immature porcine Sertoli cell line. Vit. Cell. Dev. Bio Anim. 52 (4), 427–433. doi:10.1007/s11626-015-9994-8
 Maamar, M. B., Nilsson, E., Sadler-Riggleman, I., Beck, D., McCarrey, J. R., and Skinner, M. K. (2019). Developmental origins of transgenerational sperm DNA methylation epimutations following ancestral DDT exposure. Devel. Biol. 445 (2), 280–293. doi:10.1016/j.ydbio.2018.11.016
 Mantzouki, C., Bliatka, D., Iliadou, P. K., Margeli, A., Papassotiriou, I., Mastorakos, G., et al. (2019). Serum Bisphenol A concentrations in men with idiopathic infertility. Food Chem. Toxicol. 125, 562–565. doi:10.1016/j.fct.2019.02.016
 Marchi, S., Patergnani, S., Missiroli, S., Morciano, G., Rimessi, A., Wieckowski, M. R., et al. (2018). Mitochondrial and endoplasmic reticulum calcium homeostasis and cell death. Cell calcium 69, 62–72. doi:10.1016/j.ceca.2017.05.003
 McBirney, M., King, S. E., Pappalardo, M., Houser, E., Unkefer, M., Nilsson, E., et al. (2017). Atrazine induced epigenetic transgenerational inheritance of disease, lean phenotype and sperm epimutation pathology biomarkers. PloS One 12 (9), e0184306. doi:10.1371/journal.pone.0184306
 McLachlan, J. (2016). Environmental signaling: from environmental estrogens to endocrine-disrupting chemicals and beyond. Androl 4 (4), 684–694. doi:10.1111/andr.12206
 Men, Y., Zhao, Y., Zhang, P., Zhang, H., Gao, Y., Liu, J., et al. (2019). Gestational exposure to low-dose zearalenone disrupting offspring spermatogenesis might be through epigenetic modifications. Basic Clin. Pharmacol. Toxicol. 125 (4), 382–393. doi:10.1111/bcpt.13243
 Mendiola, J., Fernández, M. F., Nadal, Á., Olea Serrano, N., Tena-Sempere, M., and Torres-Cantero, A. M. (2014). Alteradores endocrinos y desórdenes metabólicos y reproductiovs: perspectivas futuras. 
 Miller-Pinsler, L., Pinto, D. J., and Wells, P. G. (2015). Oxidative DNA damage in the in utero initiation of postnatal neurodevelopmental deficits by normal fetal and ethanol-enhanced oxidative stress in oxoguanine glycosylase 1 knockout mice. Free Radic. Biol. Med. 78, 23–29. doi:10.1016/j.freeradbiomed.2014.09.026
 Mnif, W., Hassine, A. I. H., Bouaziz, A., Bartegi, A., Thomas, O., and Roig, B. (2011). Effect of endocrine disruptor pesticides: a review. Int. J. Environ. Res. Public Health. 8 (6), 2265–2303. doi:10.3390/ijerph8062265
 Molina, A., Ubeda, M., Escribese, M. M., García-Bermejo, L., Sancho, D., de Lema, G. P., et al. (2005). Renal ischemia/reperfusion injury: functional tissue preservation by anti-activated {beta}1 integrin therapy. J. Am. Soc. Nephrol. 16 (2), 374–382. doi:10.1681/ASN.2004070528
 Mota, P. C., Cordeiro, M., Pereira, S. P., Oliveira, P. J., Moreno, A. J., and Ramalho-Santos, J. (2011). Differential effects of p, p′-DDE on testis and liver mitochondria: implications for reproductive toxicology. Rep. Toxicol. 31 (1), 80–85. doi:10.1016/j.reprotox.2010.09.010
 Muratori, M., and De Geyter, C. (2019). Chromatin condensation, fragmentation of DNA and differences in the epigenetic signature of infertile men. Best. Pract. Res. Clin. Endocrinol. Metab. 33 (1), 117–126. doi:10.1016/j.beem.2018.10.004
 Nguyen, P. M., Park, M. S., Chow, M., Chang, J. H., Wrischnik, L., and Chan, W. K. (2010). Benzo [a] pyrene increases the Nrf2 content by downregulating the Keap1 message. Toxicol. Sci. 116 (2), 549–561. doi:10.1093/toxsci/kfq150
 Nougadère, A., Sirot, V., Kadar, A., Fastier, A., Truchot, E., Vergnet, C., et al. (2012). Total diet study on pesticide residues in France: levels in food as consumed and chronic dietary risk to consumers. Environ. Int. 45, 135–150. doi:10.1016/j.envint.2012.02.001
 Odermatt, A., Strajhar, P., and Engeli, R. T. (2016). Disruption of steroidogenesis: cell models for mechanistic investigations and as screening tools. J. Steroid Biochem. Mol. Biol. 158, 9–21. doi:10.1016/j.jsbmb.2016.01.009
 Ommati, M. M., and Heidari, R. (2021). “Amino acids ameliorate heavy metals-induced oxidative stress in male/female reproductive tissue,” in Toxicol ( Elsevier), 371–386.
 Organization, W. H. (1990). Public health impact of pesticides used in agriculture. World Health Organization. Available at: https://www.scirp.org/reference/referencespapers?referenceid=251537#:∼:text=Key%20health%20symptoms%20reported%20by,do%20not%20normally%20handle%20pesticides. 
 Pacher, P., Beckman, J. S., and Liaudet, L. (2007). Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 87 (1), 315–424. doi:10.1152/physrev.00029.2006
 Parman, T., Wiley, M. J., and Wells, P. G. (1999). Free radical-mediated oxidative DNA damage in the mechanism of thalidomide teratogenicity. Nat. Med. 5 (5), 582–585. doi:10.1038/8466
 Paul, R., Moltó, J., Ortuño, N., Romero, A., Bezos, C., Aizpurua, J., et al. (2017). Relationship between serum dioxin-like polychlorinated biphenyls and post-testicular maturation in human sperm. Rep. Toxicol. 73, 312–321. doi:10.1016/j.reprotox.2017.07.004
 Peter, M. (2000). The TRAIL DISCussion: it is FADD and caspase-8. Cell death Differ. 7 (9), 759–760. doi:10.1038/sj.cdd.4400735
 Petrova, B., Liu, K., Tian, C., Kitaoka, M., Freinkman, E., Yang, J., et al. (2018). Dynamic redox balance directs the oocyte-to-embryo transition via developmentally controlled reactive cysteine changes. Proc. Natl. Acad. Sci. 115 (34), E7978–E7986. doi:10.1073/pnas.1807918115
 Phillips, N. R., Sprouse, M. L., and Roby, R. K. (2014). Simultaneous quantification of mitochondrial DNA copy number and deletion ratio: a multiplex real-time PCR assay. Sci. Rep. 4 (1), 3887. doi:10.1038/srep03887
 Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., et al. (2017). Oxidative stress: harms and benefits for human health. Oxid. Med. Cell. Longev. 2017, 8416763, doi:10.1155/2017/8416763
 Pogrmic-Majkic, K., Fa, S., Samardzija, D., Hrubik, J., Kaisarevic, S., and Andric, N. (2016). Atrazine activates multiple signaling pathways enhancing the rapid hCG-induced androgenesis in rat Leydig cells. Toxicol 368, 37–45. doi:10.1016/j.tox.2016.08.016
 Puppel, K., Kapusta, A., and Kuczyńska, B. (2015). The etiology of oxidative stress in the various species of animals, a review. J. Sci. Food Agric. 95 (11), 2179–2184. doi:10.1002/jsfa.7015
 Qin, S., and Chock, P. B. (2003). Implication of phosphatidylinositol 3-kinase membrane recruitment in hydrogen peroxide-induced activation of PI3K and Akt. Biochemistry 42 (10), 2995–3003. doi:10.1021/bi0205911
 Qiu, L., Qian, Y., Liu, Z., Wang, C., Qu, J., Wang, X., et al. (2016). Perfluorooctane sulfonate (PFOS) disrupts blood-testis barrier by down-regulating junction proteins via p38 MAPK/ATF2/MMP9 signaling pathway. Toxicol 373, 1–12. doi:10.1016/j.tox.2016.11.003
 Quan, C., Wang, C., Duan, P., Huang, W., and Yang, K. (2017). Prenatal bisphenol a exposure leads to reproductive hazards on male offspring via the Akt/mTOR and mitochondrial apoptosis pathways. Environ. Toxicol. 32 (3), 1007–1023. doi:10.1002/tox.22300
 Rahman, M. S., Kwon, W.-S., Lee, J.-S., Yoon, S.-J., Ryu, B.-Y., and Pang, M.-G. (2015). Bisphenol-A affects male fertility via fertility-related proteins in spermatozoa. Sci. Rep. 5 (1), 9169–9. doi:10.1038/srep09169
 Rao, R. K., Basuroy, S., Rao, V. U., Karnaky, K. J., and Gupta, A. (2002). Tyrosine phosphorylation and dissociation of occludin-ZO-1 and E-cadherin-beta-catenin complexes from the cytoskeleton by oxidative stress. Biochem. J. 368 (2), 471–481. doi:10.1042/BJ20011804
 Rasoulpour, R. J., and Boekelheide, K. (2005). NF-kappaB is activated in the rat testis following exposure to mono-(2-ethylhexyl) phthalate. Biol. Rep. 72 (2), 479–486. doi:10.1095/biolreprod.104.034363
 Rastogi, D., Narayan, R., Saxena, D., and Chowdhuri, D. K. (2014). Endosulfan induced cell death in Sertoli-germ cells of male Wistar rat follows intrinsic mode of cell death. Chemosphere 94, 104–115. doi:10.1016/j.chemosphere.2013.09.029
 Rebourcet, D., Darbey, A., Monteiro, A., Soffientini, U., Tsai, Y. T., Handel, I., et al. (2017). Sertoli cell number defines and predicts germ and Leydig cell population sizes in the adult mouse testis. Endocr 158 (9), 2955–2969. doi:10.1210/en.2017-00196
 Rehman, S., Usman, Z., Rehman, S., AlDraihem, M., Rehman, N., Rehman, I., et al. (2018). Endocrine disrupting chemicals and impact on male reproductive health. Transl. Androl. Urol. 7 (3), 490–503. doi:10.21037/tau.2018.05.17
 Reiler, E., Jørs, E., Bælum, J., Huici, O., Caero, M. M. A., and Cedergreen, N. (2015). The influence of tomato processing on residues of organochlorine and organophosphate insecticides and their associated dietary risk. Sci. Total Environ. 527, 262–269. doi:10.1016/j.scitotenv.2015.04.081
 Ren, J., Cui, J., Chen, Q., Zhou, N., Zhou, Z., Zhang, G.-h., et al. (2020). Low-level lead exposure is associated with aberrant sperm quality and reproductive hormone levels in Chinese male individuals: results from the MARHCS study low-level lead exposure is associated with aberrant sperm quality. Chemosphere 244, 125402. doi:10.1016/j.chemosphere.2019.125402
 Riccioli, A., Salvati, L., D'Alessio, A., Starace, D., Giampietri, C., De Cesaris, P., et al. (2003). The Fas system in the seminiferous epithelium and its possible extra-testicular role. Andrologia 35 (1), 64–70. doi:10.1046/j.1439-0272.2003.00538.x
 Rodríguez, H., Jara, H., Legua, S., Campos, D., Morales, J., and Espinoza-Navarro, O. (2017). Effects of cypermethrin on cytokeratin 8/18 and androgen receptor expression in the adult mouse Sertoli cell. Rev. Int. Androl. 15 (2), 51–57. doi:10.1016/j.androl.2016.10.010
 Rodriguez, I., Ody, C., Araki, K., Garcia, I., and Vassalli, P. (1997). An early and massive wave of germinal cell apoptosis is required for the development of functional spermatogenesis. EMBO J. 16 (9), 2262–2270. doi:10.1093/emboj/16.9.2262
 Rothstein, M. A., Harrell, H. L., and Marchant, G. E. (2017). Transgenerational epigenetics and environmental justice. Environ. Epigenetics. 3 (3), dvx011. doi:10.1093/eep/dvx011
 Rubio, V., Valverde, M., and Rojas, E. (2010). Effects of atmospheric pollutants on the Nrf2 survival pathway. Environ. Sci. Poll. Res. 17, 369–382. doi:10.1007/s11356-009-0140-6
 Sakamuru, S., Attene-Ramos, M. S., and Xia, M. (2016). Mitochondrial membrane potential assay. High-throughput Screen. assays Toxicol. 1473, 17–22. doi:10.1007/978-1-4939-6346-1_2
 Sanborn, M., Kerr, K. J., Sanin, L. H., Cole, D. C., Bassil, K. L., and Vakil, C. (2007). Non-cancer health effects of pesticides: systematic review and implications for family doctors. Can. Fam. physician 53 (10), 1712–1720.
 Sandoval, K. E., and Witt, K. A. (2008). Blood-brain barrier tight junction permeability and ischemic stroke. Neurobiol. Dis. 32 (2), 200–219. doi:10.1016/j.nbd.2008.08.005
 Saradha, B., Vaithinathan, S., and Mathur, P. (2008). Single exposure to low dose of lindane causes transient decrease in testicular steroidogenesis in adult male Wistar rats. Toxicology 244 (2-3), 190–197. doi:10.1016/j.tox.2007.11.011
 Sathyanarayana, S., Focareta, J., Dailey, T., and Buchanan, S. (2012). Environmental exposures: how to counsel preconception and prenatal patients in the clinical setting. Am. J. Obstet. Gynecol. 207 (6), 463–470. doi:10.1016/j.ajog.2012.02.004
 Sen, U., Moshal, K. S., Singh, M., Tyagi, N., and Tyagi, S. C. (2007). Homocysteine-induced biochemical stress predisposes to cytoskeletal remodeling in stretched endothelial cells. Mol. Cell. Biochem. 302 (1), 133–143. doi:10.1007/s11010-007-9435-4
 Sengupta, P., Borges, E., Dutta, S., and Krajewska-Kulak, E. (2018). Decline in sperm count in European men during the past 50 years. Hum. Exp. Toxicol. 37 (3), 247–255. doi:10.1177/0960327117703690
 Shapiro, A. M., Miller-Pinsler, L., and Wells, P. G. (2016). Breast cancer 1 (BRCA1)-deficient embryos develop normally but are more susceptible to ethanol-initiated DNA damage and embryopathies. Redox Biol. 7, 30–38. doi:10.1016/j.redox.2015.11.005
 Shaw, P., Mondal, P., Bandyopadhyay, A., and Chattopadhyay, A. (2019). Environmentally relevant concentration of chromium activates Nrf2 and alters transcription of related XME genes in liver of zebrafish. Chemosphere 214, 35–46. doi:10.1016/j.chemosphere.2018.09.104
 Shen, B., Wang, W., Ding, L., Sao, Y., Huang, Y., Shen, Z., et al. (2015). Nuclear factor erythroid 2-related factor 2 rescues the oxidative stress induced by di-N-butylphthalate in testicular Leydig cells. Hum. Exp. Toxicol. 34 (2), 145–152. doi:10.1177/0960327114530744
 Sheth, P., Basuroy, S., Li, C., Naren, A. P., and Rao, R. K. (2003). Role of phosphatidylinositol 3-kinase in oxidative stress-induced disruption of tight junctions. J. Bio. Chem. 278 (49), 49239–49245. doi:10.1074/jbc.M305654200
 Sheweita, S. A., Al-Shora, S., and Hassan, M. (2016). Effects of benzo [a] pyrene as an environmental pollutant and two natural antioxidants on biomarkers of reproductive dysfunction in male rats. Environ. Sci. Pollut. Res. 23 (17), 17226–17235. doi:10.1007/s11356-016-6934-4
 Shi, M., Sekulovski, N., MacLean, J. A., and Hayashi, K. (2018). Prenatal exposure to bisphenol A analogues on male reproductive functions in mice. Toxicol. Sci. 163 (2), 620–631. doi:10.1093/toxsci/kfy061
 Sies, H., and Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell. Biol. 21 (7), 363–383. doi:10.1038/s41580-020-0230-3
 Sikka, S. C. (2001). Relative impact of oxidative stress on male reproductive function. Curr. Med. Chem. 8 (7), 851–862. doi:10.2174/0929867013373039
 Siu, E. R., Wong, E. W., Mruk, D. D., Porto, C. S., and Cheng, C. Y. (2009). Focal adhesion kinase is a blood–testis barrier regulator. Proc. Natl. Acad. Sci. 106 (23), 9298–9303. doi:10.1073/pnas.0813113106
 Skakkebaek, N. E., De Meyts, E. R., and Main, K. M. (2001). Testicular dysgenesis syndrome: an increasingly common developmental disorder with environmental aspects. Apmis 109 (S103), S22–S30. doi:10.1111/j.1600-0463.2001.tb05770.x
 Skinner, M. K., Nilsson, E., Sadler-Riggleman, I., Beck, D., Ben Maamar, M., and McCarrey, J. R. (2019). Transgenerational sperm DNA methylation epimutation developmental origins following ancestral vinclozolin exposure. Epigenetics 14 (7), 721–739. doi:10.1080/15592294.2019.1614417
 Suda, T., Takahashi, T., Golstein, P., and Nagata, S. (1993). Molecular cloning and expression of the Fas ligand, a novel member of the tumor necrosis factor family. Cell 75 (6), 1169–1178. doi:10.1016/0092-8674(93)90326-l
 Sumner, R. N., Tomlinson, M., Craigon, J., England, G. C., and Lea, R. G. (2019). Independent and combined effects of diethylhexyl phthalate and polychlorinated biphenyl 153 on sperm quality in the human and dog. Sci. Rep. 9 (1), 3409. doi:10.1038/s41598-019-39913-9
 Takahashi, O., and Oishi, S. (2003). Testicular toxicity of dietarily or parenterally administered bisphenol A in rats and mice. Food Chem. Toxicol. 41 (7), 1035–1044. doi:10.1016/s0278-6915(03)00031-0
 Tang, X., Wu, S., Shen, L., Wei, Y., Cao, X., Wang, Y., et al. (2018). Di-(2-ethylhexyl) phthalate (DEHP)-induced testicular toxicity through Nrf2-mediated Notch1 signaling pathway in Sprague–Dawley rats. Environ. Toxicol. 33 (7), 720–728. doi:10.1002/tox.22559
 Telišman, S., Čolak, B., Pizent, A., Jurasović, J., and Cvitković, P. (2007). Reproductive toxicity of low-level lead exposure in men. Environ. Res. 105 (2), 256–266. doi:10.1016/j.envres.2007.05.011
 Traore, K., Martinez-Arguelles, D. B., Papadopoulos, V., Chen, H., and Zirkin, B. R. (2016). Repeated exposures of the male Sprague Dawley rat reproductive tract to environmental toxicants: do earlier exposures to di-(2-ethylhexyl) phthalate (DEHP) alter the effects of later exposures?Rep. Toxicol. 61, 136–141. doi:10.1016/j.reprotox.2016.03.046
 Usatyuk, P. V., Parinandi, N. L., and Natarajan, V. (2006). Redox regulation of 4-hydroxy-2-nonenal-mediated endothelial barrier dysfunction by focal adhesion, adherens, and tight junction proteins. J. Bio Chem. 281 (46), 35554–35566. doi:10.1074/jbc.M607305200
 Valavanidis, A., Vlachogianni, T., and Fiotakis, C. (2009). 8-hydroxy-2′-deoxyguanosine (8-OHdG): a critical biomarker of oxidative stress and carcinogenesis. J. Environ. Sci. Health. Part C 27 (2), 120–139. doi:10.1080/10590500902885684
 Walczak-Jedrzejowska, R., Wolski, J., and Slowikowska-Hilczer, J. (2013). The role of oxidative stress and antioxidants in male fertility. Cent. Eur. J. Urol. 66, 60–67. In: PUBMED. doi:10.5173/ceju.2013.01.art19
 Wang, C., Yang, C., Chen, X., Yao, B., Yang, C., Zhu, C., et al. (2011). Altered profile of seminal plasma microRNAs in the molecular diagnosis of male infertility. Clin. Chem. 57 (12), 1722–1731. doi:10.1373/clinchem.2011.169714
 Wang, Q., and Gao, H. B. (2006). Involvement of nuclear factor-kappa B on corticosterone-induced rat Leydig cell apoptosis. Asian J. Androl. 8 (6), 693–702. doi:10.1111/j.1745-7262.2006.00212.x
 Wang, Y., Chen, F., Ye, L., Zirkin, B., and Chen, H. (2017). Steroidogenesis in Leydig cells: effects of aging and environmental factors. Rep 154 (4), R111–R122. doi:10.1530/REP-17-0064
 Wang, Y. X., Wu, Y., Chen, H. G., Duan, P., Wang, L., Shen, H. Q., et al. (2019). Seminal plasma metabolome in relation to semen quality and urinary phthalate metabolites among Chinese adult men. Environ. Int. 129, 354–363. doi:10.1016/j.envint.2019.05.043
 Wei, Y., Han, C., Geng, Y., Cui, Y., Bao, Y., Shi, W., et al. (2019). Maternal exposure to bisphenol A during pregnancy interferes testis development of F1 male mice. Environ. Sci. Pollut. Res. 26 (23), 23491–23504. doi:10.1007/s11356-019-05579-z
 Weidner, I. S., Møller, H., Jensen, T. K., and Skakkebæk, N. E. (1998). Cryptorchidism and hypospadias in sons of gardeners and farmers. Environ. Health Perspect. 106 (12), 793–796. doi:10.1289/ehp.98106793
 Weinberg, J. M., Venkatachalam, M. A., Roeser, N. F., Senter, R. A., and Nissim, I. (2001). Energetic determinants of tyrosine phosphorylation of focal adhesion proteins during hypoxia/reoxygenation of kidney proximal tubules. Am. J. Pathol. 158 (6), 2153–2164. doi:10.1016/S0002-9440(10)64687-1
 Wirth, J. J., and Mijal, R. S. (2010). Adverse effects of low level heavy metal exposure on male reproductive function. Syst. Biol. Reprod. Med. 56 (2), 147–167. doi:10.3109/19396360903582216
 Wong, C.-h., Mruk, D. D., Lui, W.-y., and Cheng, C. Y. (2004). Regulation of blood-testis barrier dynamics: an in vivo study. J. Cell Sci. 117 (5), 783–798. doi:10.1242/jcs.00900
 Wong, E. W., and Cheng, C. Y. (2011). Impacts of environmental toxicants on male reproductive dysfunction. Trends Pharmacol. Sci. 32 (5), 290–299. doi:10.1016/j.tips.2011.01.001
 Xiao, X., Mruk, D. D., Wong, C. K., and Yan Cheng, C. (2014). Germ cell transport across the seminiferous epithelium during spermatogenesis. Physiology 29 (4), 286–298. doi:10.1152/physiol.00001.2014
 Xie, F., Chen, X., Weng, S., Xia, T., Sun, X., Luo, T., et al. (2019). Effects of two environmental endocrine disruptors di-n-butyl phthalate (DBP) and mono-n-butyl phthalate (MBP) on human sperm functions in vitro. Reprod. Toxicol. 83, 1–7. doi:10.1016/j.reprotox.2018.10.011
 Xu, J., Maki, D., and Stapleton, S. R. (2003). Mediation of cadmium-induced oxidative damage and glucose-6-phosphate dehydrogenase expression through glutathione depletion. J. Biochem. Mol. Toxicol. 17 (2), 67–75. doi:10.1002/jbt.10062
 Xu, Z., Zhang, D., He, X., Huang, Y., and Shao, H. (2016). Transport of calcium ions into mitochondria. Curr. genomics 17 (3), 215–219. doi:10.2174/1389202917666160202215748
 Yan, H. H., and Cheng, C. Y. (2006). Laminin alpha 3 forms a complex with beta3 and gamma3 chains that serves as the ligand for alpha 6beta1-integrin at the apical ectoplasmic specialization in adult rat testes. J. Biol. Chem. 281 (25), 17286–17303. doi:10.1074/jbc.M513218200
 Yang, S. H., Yu, L. H., Li, L., Guo, Y., Zhang, Y., Long, M., et al. (2018). Protective mechanism of sulforaphane on cadmium-induced sertoli cell injury in mice testis via Nrf2/ARE signaling pathway. Molecules 23 (7), 1774. doi:10.3390/molecules23071774
 Yao, P.-L., Lin, Y.-C., and Richburg, J. H. (2009). TNF alpha-mediated disruption of spermatogenesis in response to Sertoli cell injury in rodents is partially regulated by MMP2. Biol. reproduction 80 (3), 581–589. doi:10.1095/biolreprod.108.073122
 Yao, P.-L., Lin, Y.-C., Sawhney, P., and Richburg, J. H. (2007). Transcriptional regulation of FasL expression and participation of sTNF-alpha in response to sertoli cell injury. J. Biol. Chem. 282 (8), 5420–5431. doi:10.1074/jbc.M609068200
 Yuan, B., Wu, W., Chen, M., Gu, H., Tang, Q., Guo, D., et al. (2017). From the cover: metabolomics reveals a role of betaine in prenatal DBP exposure-induced epigenetic transgenerational failure of spermatogenesis in rats. Toxicol. Sci. 158 (2), 356–366. doi:10.1093/toxsci/kfx092
 Zhang, C., Kim, A. J., Rivera-Perez, C., Noriega, F. G., and Kim, Y.-J. (2022). The insect somatostatin pathway gates vitellogenesis progression during reproductive maturation and the post-mating response. Nat. Commun. 13 (1), 969. doi:10.1038/s41467-022-28592-2
 Zhang, G., Yang, W., Jiang, F., Zou, P., Zeng, Y., Ling, X., et al. (2019a). PERK regulates Nrf2/ARE antioxidant pathway against dibutyl phthalate-induced mitochondrial damage and apoptosis dependent of reactive oxygen species in mouse spermatocyte-derived cells. Toxicol. Lett. 308, 24–33. doi:10.1016/j.toxlet.2019.03.007
 Zhang, H., Liu, Y., Zhang, R., Liu, R., and Chen, Y. (2014). Binding mode investigations on the interaction of lead (II) acetate with human chorionic gonadotropin. J. Phys. Chem. B 118 (32), 9644–9650. doi:10.1021/jp505565s
 Zhang, J., Hu, Y., Guo, J., Pan, R., Shi, R., Tian, Y., et al. (2018). Fenvalerate decreases semen quality in puberty rat through germ cell apoptosis. Andrologia 50 (9), e13079. doi:10.1111/and.13079
 Zhang, J., Zhang, J., Liu, R., Gan, J., Liu, J., and Liu, W. (2016). Endocrine-disrupting effects of pesticides through interference with human glucocorticoid receptor. Environ. Sci. Tech. 50 (1), 435–443. doi:10.1021/acs.est.5b03731
 Zhang, L., Gao, M., Zhang, T., Chong, T., Wang, Z., Zhai, X., et al. (2017). Protective effects of genistein against mono-(2-ethylhexyl) phthalate-induced oxidative damage in prepubertal Sertoli cells. Biomed. Res. Int. 2017, 2032697, doi:10.1155/2017/2032697
 Zhang, M., He, Z., Wen, L., Wu, J., Yuan, L., Lu, Y., et al. (2010). Cadmium suppresses the proliferation of piglet Sertoli cells and causes their DNA damage, cell apoptosis and aberrant ultrastructure. Reprod. Biol. Endocrinol. 8 (1), 97–12. doi:10.1186/1477-7827-8-97
 Zhang, P., Zhao, Y., Zhang, H., Liu, J., Feng, Y., Yin, S., et al. (2019b). Low dose chlorothalonil impairs mouse spermatogenesis through the intertwining of estrogen receptor pathways with histone and DNA methylation. Chemosphere 230, 384–395. doi:10.1016/j.chemosphere.2019.05.029
 Zhao, T.-X., Wei, Y.-X., Wang, J.-K., Han, L.-D., Sun, M., Wu, Y.-H., et al. (2020). The gut-microbiota-testis axis mediated by the activation of the Nrf2 antioxidant pathway is related to prepuberal steroidogenesis disorders induced by di-(2-ethylhexyl) phthalate. Environ. Sci. Pollut. Res. 27, 35261–35271. doi:10.1007/s11356-020-09854-2
 Zhao, X.-F., Wang, Q., Ji, Y.-L., Wang, H., Liu, P., Zhang, C., et al. (2011). Fenvalerate induces germ cell apoptosis in mouse testes through the Fas/FasL signaling pathway. Arch. Toxicol. 85 (9), 1101–1108. doi:10.1007/s00204-011-0654-9
 Zhao, Y., Li, M. Z., Shen, Y., Lin, J., Wang, H. R., Talukder, M., et al. (2019). Lycopene prevents DEHP-induced Leydig cell damage with the Nrf2 antioxidant signaling pathway in mice. J. Agric. Food Chem. 68 (7), 2031–2040. doi:10.1021/acs.jafc.9b06882
 Zhou, J.-H., Zhou, Q.-Z., Yang, J.-K., Lyu, X.-M., Bian, J., Guo, W.-B., et al. (2017). MicroRNA-27a-mediated repression of cysteine-rich secretory protein 2 translation in asthenoteratozoospermic patients. Asian J. Androl. 19 (5), 591–595. doi:10.4103/1008-682X.185001
 Zia, A., Farkhondeh, T., Pourbagher-Shahri, A. M., and Samarghandian, S. (2022). The roles of mitochondrial dysfunction and reactive oxygen species in aging and senescence. Curr. Mol. Med. 22 (1), 37–49. doi:10.2174/1566524021666210218112616
 Ziech, D., Franco, R., Georgakilas, A. G., Georgakila, S., Malamou-Mitsi, V., Schoneveld, O., et al. (2010). The role of reactive oxygen species and oxidative stress in environmental carcinogenesis and biomarker development. Chemico-biol Interact. 188 (2), 334–339. doi:10.1016/j.cbi.2010.07.010
 Zorova, L. D., Popkov, V. A., Plotnikov, E. Y., Silachev, D. N., Pevzner, I. B., Jankauskas, S. S., et al. (2018). Mitochondrial membrane potential. Anal. Biochem. 552, 50–59. doi:10.1016/j.ab.2017.07.009
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Hussain, Metwally, Murtaza, Kalhoro, Chughtai, Tan, Omur, Tunio, Akbar and Kalhoro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-12-1333845-t002.jpg
Cell line/tissue

Genes and proteins

Possible mechanisms
involved

Reference

Bisphenol A Germ cells/Leydig cells = TFas, TFasL, and Tcaspase-3 The Fas signal pathway induces Li et al. (2009a),
Leydig cells and germ cell apoptosis | Takahashi and Oishi
(2003)
Di(2-ethylhexyl)  Germ cells 1Cyt  and TMEHP DEHP metabolism disrupts OS in | Kasahara et al. (2002)
phthalate mitochondria
Mono(2- Germ cells TNF-kB and TsTNFa Promotes Fas signals and upregulates = Yao et al. (2009)
ethylhexyl) Sertoli cell FasL expression
phthalate
Cadmium Primary pig Sertoli 1 Cell proliferation, T DNA damage, and  apoptosis | MAPK-activated p38 Wong and Cheng (2011)
cells
Cadmium Rat testis 1 Association between FAK, occludin, and ZO-1 MAPK p38 and JNK ‘Wong and Cheng (2011)
Cadmium Rat Sertoli 1 Apoptosis and T detachment of gonocytes from Sertoli | JNK and p38 Wong and Cheng (2011)
cell-gonocyte cells
coculture
Bisphenol A Rat testis and primary | Occludin and N-cadherin on the Sertoli cell surface, | = ERK Wong and Cheng (2011)
rat Sertoli cells TJ, AJ, and gap junction protein levels, and delay in gap
junction communication
Bisphenol A Rat testis 1 Rafl and phosphotyrosine proteins and T in ERK Wong and Cheng (2011)

Bisphenol A

Rat Leydig cells (R2C
cells)

spermatogonia and Leydig cell number

1 aromatase, cyclooxygenase-2, prostaglandin E2, |
testosterone, and activation of protein kinase A and B

ERK, JNK, and p38

Wong and Cheng (2011)






OPS/images/fcell-12-1333845-t003.jpg
Marker Expression Reference

8-Hydroxy-2'-deoxyguanosine ~8-OHdG DNA damage due to DNA oxidation Al-Hill et al. (2018), Ommati and Heidari
(2021)

Creatine Excess creatine level in urine, indicating testicular damage Zhang et al. (2014)

P22 (sperm surface protein) Relevance of toxins causes reduction in SP22 quality El-Garawani et al. (2021)

Vitellogenins Increased vitellogenin level shows toxic effects on male Ge etal. (2016), Amthauer etal. (2021), Zhang
reproduction et al. (2022)

Gene expression profiling (GEP) Key marker of earlier risk of toxicity induction Kier et al. (2004), Ommati and Heidari (2021)

D-aminolevulinic acid dehydratase (d-ALAD) Biosynthetic enzyme and preliminary marker of lead poisoning | Telisman et al. (2007)

that converts to porphobilinogen

Erythrocyte protoporphyrin (EP) Exposure to heavy metals associated with age, alcohol, and ‘Telisman et al. (2007)
smoking and lead serum biomarker

miR-27a Inhibition of cysteine-rich secretory protein 2 (CRISP2) causes | Zhou et al. (2017)
reproductive infertility

miR-34c-5p, miR-122, miR-146b 5p, miR-513a-5p, miR-  Reduced levels linked with azoospermia and asthenozoospermia | Wang et al. (2011), Kong et al. (2012),
374b, miR-509-5p, and miR181a and disruption of sperm regulation Anyanwu and Orisakwe (2020)

PIR-31704 and piR-39888 Key genotoxic factors and implied as an indicator of low sperm | Cui et al. (2018), Anyanwu and Orisakwe
count (2020)






OPS/images/fcell-12-1333845-g003.gif
RFRFRF
FrerrrrE






OPS/images/fcell-12-1333845-t001.jpg
xical

2,2-Bis(4-chlorophenyl)-1,1-
dichloroethylene (DDE)

Toxic effect

Impairment of mitochondrial function in the testis

Animal model

Rat (in vivo)

Reference

Mota et al. (2011)

Bisphenol A (BPA)

Diethylhexyl phthalate (DEHP)
Polychlorinated biphenyl 153 (PCB 153)

1,2-Dibromo-3-chloropropane (DBCP)

2-Bromopropane (2-BP)

Phthalate mixtures

Deformation of seminiferous tubules, apoptosis in testes, and decreased
spermatozoa in offspring

Reduced quality parameters
Influenced sperm quality index

ROS inducer, reduced germ cell viability, and eventually, sperm
production

Overwhelmed ROS, apoptosis of germ cells, and minimized sperm
viability

Prenatal exposure altered the testicular steroidogenic gene

In vivo experiments in
mice

Dog (in vivo)
Dog (in vivo)

Human (in vitro)

Human (in vitro)

Mice (in vivo)

Wei et al. (2019)

Lea et al. (2016)
Lea et al. (2016)

Easley IV etal.
(2015)

Easley IV etal.
(2015)

Barakat et al. (2019)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Redox mechanisms of environmental toxicants on male reproductive function		Introduction		Disruption in the redox status

		Environmental toxicants and sperm quality

		Alteration in steroidogenesis by environmental chemicals

		Environmental chemicals and male reproductive organs

		Mitochondria and environmental toxicants

		Redox dysregulation and teratogenesis

		Environmental toxicants and redox signaling pathways

		Epigenetic effects and environmental toxicants





		Conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-12-1333845-g001.gif





OPS/images/fcell-12-1333845-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





