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Male fertility has been deteriorating worldwide for considerable time, with the greatest deterioration recorded mainly in the United States, Europe countries, and Australia. That is, especially in countries where an abundance of chemicals called endocrine disruptors has repeatedly been reported, both in the environment and in human matrices. Human exposure to persistent and non-persistent chemicals is ubiquitous and associated with endocrine-disrupting effects. This group of endocrine disrupting chemicals (EDC) can act as agonists or antagonists of hormone receptors and can thus significantly affect a number of physiological processes. It can even negatively affect human reproduction with an impact on the development of gonads and gametogenesis, fertilization, and the subsequent development of embryos. The negative effects of endocrine disruptors on sperm gametogenesis and male fertility in general have been investigated and repeatedly demonstrated in experimental and epidemiological studies. Male reproduction is affected by endocrine disruptors via their effect on testicular development, impact on estrogen and androgen receptors, potential epigenetic effect, production of reactive oxygen species or direct effect on spermatozoa and other cells of testicular tissue. Emerging scientific evidence suggests that the increasing incidence of male infertility is associated with the exposure to persistent and non-persistent endocrine-disrupting chemicals such as bisphenols and perfluoroalkyl chemicals (PFAS). These chemicals may impact men’s fertility through various mechanisms. This study provides an overview of the mechanisms of action common to persistent (PFAS) and nonpersistent (bisphenols) EDC on male fertility.
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INTRODUCTION
Male fertility has been declining over time. The temporal trend analysis revealed significant decline of more than 50% in total sperm counts between 1973 and 2011 (Levine et al., 2017). In this study, the assessment of male fertility was largely limited to western countries such as United States, Australia, and Europe. Study that is more recent focused on Asian men during last 50 years (1965–2015) and observed 20% decline in sperm concentration (Sengupta et al., 2018). That is, especially in countries where an abundance of chemicals called endocrine disrupting chemicals (EDC) has repeatedly been reported, both in the environment and in human matrices. Humans are unavoidably exposed to variety of chemicals having the potential to disrupt endocrine homeostasis. Particularly male reproductive system is susceptible to environmental stressors including persistent and non-persistent EDC such as PFAS and bisphenols. In several studies, the continued decline of semen parameters was correlated with immediate and long-term exposure to several EDC (Nordkap et al., 2012; Levine et al., 2017; Rehman et al., 2018).
EDC can be found in a variety of everyday products and goods. The widespread distribution of EDC causes that humans are continuously exposed through multiple sources including diet and drinking water. PFAS represents broad class of fluorinated chemicals with significant health concerns due to their diversity and persistence in the environment and in humans with elimination half-lives of several years (Olsen et al., 2007). From recent review articles, it is apparent that people worldwide are exposed to several PFAS (De Felip et al., 2015; Wang et al., 2018; Calafat et al., 2019). A main source of PFAS to humans and the environment is their production and use in industrial and professional applications. The major route of exposure to humans is the release of PFAS from consumer products, such as textiles, polishing and cleaning products, cosmetics, and food contact materials. The magnitude of exposure to PFAS differs across continents and even at the country level. The most frequently detected PFAS in human samples worldwide is PFOS (perfluorooctane sulfonate) and PFOA (perfluorooctanoic acid). For example, in the serum samples of German population from 2019, the concentrations of PFOA and PFOS ranged between 2 and 6 × 10−9 M and 2–10 × 10−9 M, respectively (Göckener et al., 2020). In China, median serum concentrations of PFOA (36 10 × 10−9 M) and PFOS (30 10 × 10−9 M) were significantly higher (Duan et al., 2020). The published scientific literature supports associations between PFAS exposure and adverse reproductive outcomes even at 10−9 M concentrations (Joensen et al., 2009; Di Nisio et al., 2019; Pan et al., 2019).
Bisphenols are associated with polycarbonate plastics, food packaging, food cans, thermal receipts, glass frames electronic equipment and many others. The level of human exposure to bisphenols and particularly to bisphenol A (BPA) has been investigated in several human biomonitoring studies all over the world. The measured urinary BPA in adult populations worldwide show very similar levels. For example, creatinine-adjusted median urinary levels of BPA in the adult U.S. population (N = 1808) from the National Health and Nutrition Examination Survey (NHANES) 2013–2014 were 1.20x10−8 M (Lehmler et al., 2018). Levels of 2.45 x10−8 M (N = 1400) were reported in France 2014–2016 (Fillol et al., 2021). In samples collected in 2010 in several Asian countries BPA urinary concentration ranged from 2.45 to 0.58 × 10−8 M (Zhang et al., 2011). Several studies have shown that even low exposure levels of BPA can pose adverse effects on male fertility (Zhang et al., 2011).
About a thousand chemicals are suspected to interfere with endocrine functions. Regarding male infertility, of particular interest are bisphenols, phthalates, and perfluoroalkyl and polyfluoroalkyl substances (PFAS) (Joensen et al., 2009; Li et al., 2011; Cai et al., 2015; Radke et al., 2018; Ješeta et al., 2019a). Therefore, the objective of this study is to provide an overview of the literature concerning the effects and mechanism of action of most abundant persistent (PFOS, PFOA) and non-persistent (bisphenol A) EDC on the male reproductive system (Figure 1) including: 1) effects on estrogen receptors, 2) anti-androgenic effects, 3) epigenetic effects on spermatogenesis, 4) effects of reactive oxygen species (ROS) production on sperm cells, 5) direct effects on sperm cells, and 6) effects on the blood-testis barrier. In addition, we outline the main entry routes of EDC into the organism.
[image: Figure 1]FIGURE 1 | Biotransformation of BPA in the organism.
EXPOSURE ROUTES OF ENDOCRINE DISRUPTORS
There are three major routes, by which EDC can enter the organism. The most common pathway is per os; i.e., through the consumption of food and drinks (Geens et al., 2012) that were stored in containers or bottles made of plastic materials containing for example bisphenol A (BPA) in the form of polymer. Mainly after exposure to high temperatures, its monomers can be released into the contained food or drink and be ingested into the body (Le et al., 2008). In addition, for example dental fillings can contribute to the oral administration of BPA though minimally, by releasing this polymer into saliva shortly after the filling is applied (Joskow et al., 2006). Since BPA is a compound that has been well characterized in this context, we will use it as an exemplar with respect to the biotransformation of EDC in the organism. BPA biotransformation is shown in Figure 1.
After ingestion by the organism, most BPA is metabolized quickly in two possible ways, glucuronidation and sulfonation (Thayer et al., 2015). The greatest amount of BPA is metabolized in the liver, most frequently by the enzyme UDP-glucuronosyltransferase2B15 (UGT2B15), to its biologically inactive form BPA-glucuronide (Hanioka et al., 2008). This form is water soluble and is excreted in urine with a 5.4–6.4 h elimination half-life (Castellini et al., 2020). A portion of the received bisphenol is metabolized by sulfotransferase to BPA-sulphate. To a lesser extent, glucuronidation can take place outside the liver, in the intestine and partially also in the kidneys (Lušin et al., 2012). The remaining bisphenol A that was not metabolized in the gastrointestinal tract enters the bloodstream, where it is present in its free, bioactive form. The bisphenol ingested per os goes through a relatively effective detoxification process in the gastrointestinal tract 99% of it being eliminated within 24 h (Thayer et al., 2015). Studies by Guignard et al. (2016) and Gayrard et al. (2013) also point to the possible absorption of bisphenol in the oral cavity, thereby evading the primary metabolic processing in the liver. Nevertheless, Teeguarden et al. (2015) state that the concentration of free BPA in the bloodstream increases only negligibly after sublingual absorption.
Entry through skin has been studied intensely and discussed mainly in association with thermal paper used in the form of receipts (Thayer et al., 2016). Unlike in plastics, where bisphenol is present mainly in its polymerized form, thermal paper contains BPA in its free form in milligrams per gram of paper (Biedermann et al., 2010). Percutaneous entry is fast and is even accelerated by antibacterial gels that disrupt the dermal barrier. Bisphenol absorbed through skin evades primary metabolization in the liver and this significantly increases the concentration of free, bioactive forms of bisphenol in the bloodstream (Hormann et al., 2014). In the general population, approximately 1 μg of BPA is transferred per 1 finger after holding thermal paper for 5 s, with wet or greasy fingers increasing it to 23 μg per finger (Biedermann et al., 2010). In the study of Sasso et al. (2020), the half-life of free d6-BPA after dermal contact was determined to be up to 17.6 h, which is three times longer than after oral administration. Bisphenols that enter the body after dermal contact are excreted more slowly. Liu and Martin (2017) reported that labelled BPA was still detectable in urine 51 h after dermal contact.
Another possible route of entry into the body is inhalation. Most exposed are workers in factories producing goods containing BPA (Hines et al., 2018), while for most of the population this pathway is less important that the dermal or per oral routes (Geens et al., 2009).
The adverse effects of endocrine disruptors are often described in association with prenatal and perinatal exposition (Caserta et al., 2008). Many EDC are capable of placental transport and so free, bioactive forms of bisphenol from the mother’s blood can enter the bloodstream of the developing fetus. Furthermore, BPA-glucuronide is deconjugated to the free BPA form in the placenta (Nishikawa et al., 2010). Unlike in adult humans, the expression of UGT (enzymes responsible for BPA glucuronidation) in fetuses is minimal (Gerona et al., 2013). The transfer of free bisphenol from the bloodstream to the breast of a breastfeeding mother also poses a risk. High concentrations (10–9 M) of free bisphenol were detected in maternal milk a few hours after oral intake (Dualde et al., 2019).
Bisphenols that are not metabolized in the small intestine or primarily in the liver enter the circulation in their unbound form. Hovewer their lipophilic character allows their distribution to various targets, such as adipose tissue (Vénisse et al., 2019), the brain (Van der Meer et al., 2017), breast tissue (Dualde et al., 2019), the reproductive organs (Karrer et al., 2018; Ješeta et al., 2019b) or the prostate (Prins et al., 2014). During their detoxication bisphenols are conjugated with glucuronide or sulfate. Glucuronidation is a major elimination process that converts bisphenols to hydrophilic molecules that are excreted in the urine (Karrer et al., 2018). Many times, these substances have been detected in seminal plasma in concentrations ranging from 10–8–10–10 M (Hampl et al., 2013; Vitku et al., 2016). Seminal plasma is mainly the product of the accessory glands: seminal vesicles (65–75%), the prostate and epididymis (20–30%), and the bulbourethral and periurethral glands (1%) (Samanta et al., 2018). Therefore, it can be assumed that the primary way bisphenols enter seminal plasma is by means of blood transport to the accessory glands and their subsequent secretion. Transport through the blood-testis barrier (BTB) makes only a minor contribution to the total concentration of bisphenols detected in seminal plasma (Cheng et al., 2011).
Similarly, to bisphenols human exposure to PFAS occurs through ingestion, inhalation, and dermal contact (Sunderland et al., 2019). In contrast to bisphenols PFAS are bioaccumulative, and biopersistent, with long half-lives in humans (e.g., 3.5 and 4.8 years for PFOA and PFOS, respectively) (Olsen et al., 2007).
MAIN EFFECT OF ENDOCRINE DISRUPTORS ON MALE FERTILITY
In this part, we summarize 6 main kind of effects: 1) effects on estrogen receptors, 2) anti-androgenic effects, 3) epigenetic effects on spermatogenesis, 4) effects as producer of reactive oxygen species (ROS), 5) direct effects on sperm cells and 6) effects on the blood-testis barrier. It is likely, that these effects intermingle and that clinical manifestations are the results of their various combinations. The main targets of EDC with respect to male reproduction are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The main targets of endocrine disruptive chemicals with respect to male reproduction.
Impact on Estrogen Receptors: Hyperestrogenization
Estrogen and androgen receptors are major targets of EDC. Bisphenols are small molecules, which, in competition with estrogen E2 and beta estradiol, affect many physiological functions via estrogen receptors. This leads to the disruption of steroidogenesis (Lagarde et al., 2015). BPA may affect Leydig cells via estrogen receptors (ESR1 and 2) and estrogen—related receptors (ERRα, β, γ), but probably mainly via the G protein-membrane estrogen receptor, all-of-these expressed in Leydig cells (Li et al., 2020). G-protein coupled estrogen receptor is a main target of the estrogen-like effect of BPA (Ge et al., 2014; Fitzgerald et al., 2015), as well as the alternative bisphenols (Cao et al., 2017). The estrogen-like and estrogenic effects of BPA have been described in germ cells (10–5 M, Karmakar et al., 2017), ovarian cells (10–10 M, Shi et al., 2017) and testicular cells (10–5 M, Wang H. et al., 2017; 10–9 M, Ge et al., 2014). The chemical structure of bisphenols is very similar to that of estradiol; it causes estrogenic activities resulting in disruptive effects on the feedback regulation of the hypothalamic–pituitary–gonadal axis. This leads to the decreased secretion of luteinizing hormone (LH) in the pituitary gland, and finally, the hypostimulation of Leydig cell steroidogenesis results in the lower production of testosterone, which plays a crucial role in fetal development, sexual functions, and spermatogenesis.
In addition, some persistent PFAS, such as PFOS and PFOA also exhibit certain endocrine disruptive activity. For instance, weak estrogenic activity was observed in animal and in vitro studies (Benninghoff et al., 2011; Sonthithai et al., 2016). As observed in vivo PFOS and PFOA might exert their estrogenic effects via the activation of estrogen receptors (10–5 M, Kjeldsen and Bonefeld- Jørgensen, 2013). Recently, in vitro studies have shown that PFOS might have the ability to interact with ERα and enhance ERα-dependent transcriptional activation (Benninghoff et al., 2011).
Impact on Androgen Receptors: Antiandrogenic Effect
In addition to an effect on estrogen receptors, a direct antiandrogenic effect has also been detected. The presence and correct ratio of steroid hormones is determinative for the correct initiation of male gonad development and the masculinization of the sex ducts. Leydig cells (LC) produce two hormones (testosterone and INSL3).
Leydig cells synthetize testosterone from the steroid cholesterol by means of the activation of the PKA signaling pathway, this leading to the transport of cholesterol to mitochondria, where pregnenolone is formed and subsequently transported to the smooth endoplasmic reticulum for the synthesis of testosterone. In higher concentrations, BPA affects the production of testosterone directly by disrupting enzymes engaged in the endoplasmic reticulum. The endocrine disruptor BPA (10–6 M) directly inhibits the enzymatic activity of CYP17A1, HSD3B and HSD17B3 engaged in the production of testosterone in rats and humans (Ye et al., 2011). A study on the effect of BPA (10–5 M) on the GW7-12 in vitro line (human fetal testicular cells) revealed a significantly reduced production of testosterone (Maamar et al., 2015). The exposure of Leydig cells to BPA (10–11 M) was shown to block the production of testosterone, androgen biosynthesis and CYP17 gene expression in rats (Akingbemi et al., 2004). BPA (10–6 M) also reduced the mRNA level of fetal Leydig cell-related genes (Star-steroidogenic acute regulatory protein, 3 beta hydroxysteroid dehydrogenase/Delta, cytochrome 540 family 17 subfamily A member 1 (Cyp17a1), INSL3) in mouse testicular explants cultivated for 3 days (Eladak et al., 2015). In addition, MEHT (a reactive phthalate metabolite) has been shown to activate the PPAR (peroxizome-prolifeartion activated receptor) signaling pathway and via activation of the PPAR: RXR receptor, also to inhibit the transcription of aromatase, an enzyme important for the development of the reproductive system (Men et al., 2019; Xie et al., 2019). Moreover, by means of PPAR activation, MEHT impaired thetranscription of the steroidogenic genes StAR and p450c17. StAR is a mediator of cholesterol transfer to the mitochondria of Leydig cells and p450c17 is a steroid-converting enzyme. Dysfunction in these proteins negatively influenced testosterone production (Rahman et al., 2017).
Testosterone is metabolically activated to dihydrotestosterone (DHT) by 5α-reductase, which is essential for the development of the male genital tract. EDC often act as inhibitors of 5α-reductase, which are necessary for conversion of androgens (Sweeney et al., 2015). Indeed, BPA inhibits the production of testosterone in fetal testicles. In gravid mice exposed to BPA, a similar effect was observed for estrogen, thus downregulation of FLC genes such as Scarb, Star, Cyp11a1, Cyp17a1, and Svs5. A negative impact on the weight of testicles was also described (Naciff et al., 2005). It is well known that the disruption of testosterone production leads to abnormalities such as hypospadias or a small penis (Brouwers et al., 2006; Conlon, 2017).
Further, an adverse effect of PFAS on the fertility of male mice was reported. The first study reporting on PFOS-induced infertility in mice elucidated multiple effects including effects on sperm counts, testosterone serum concentration, and the expression of gonadotropin gene receptors. In this study mice were administrated daily doses of 0, 2, 10, or 20 mM PFOS for 7, 14, or 21 days. After 21 days of exposure to the highest dose, the study recorded a significant decrease in sperm counts, in the expression levels of gonadotropin receptors and in testosterone serum concentration (Wan et al., 2011). The findings were supported by several other studies conducted in mice and rats. For example, a significant dose-dependent decrease in sperm counts was observed after 28 days of exposure to PFOS concentrations ranging from 5 to 100 mM (Qiu et al., 2013). Decreased serum testosterone levels were also observed in rats after 28 days of exposure to PFOS at a daily dose of 10−3–10−2 M after 28 days (López-Doval et al., 2014). Another study reported testicular toxicity induced by PFOS exposure that manifested in a significant decrease in serum testosterone concentration and sperm counts after 5 weeks exposure at 20 mM/day. Moreover, increased levels of PFOS (1-20 × 10−3 M) led to alterations in the expressions of testicular estrogen receptors (Qu et al., 2016). Thais is true for other perfluoroalkylated substances; for instance, PFOA also caused a decline in serum and testicular testosterone levels and an increase in serum estradiol levels in adult male rats after 2 weeks of exposure (Cook et al., 1992; Biegel et al., 1995). The decline in testosterone production in rats can be explained by the inhibition of testicular microsomal steroidogenic enzymes in Leydig cells, specifically by the inhibition of 17β-hydroxysteroid dehydrogenase and 3β-hydroxysteroid dehydrogenase (Zhao et al., 2010). Adverse effects were observed even for in utero exposure. For example, exposure to doses of 1 × 10−4 M and 4 × 10−4 M of PFOS during the prenatal period caused a significant drop in testosterone concentration and the number of fetal Leydig cells in rats (Zhao et al., 2014). Prenatal exposure to PFOA concentration ≥24 × 10−3 M affected sexual maturation in male mice (Lau et al., 2006).
The second hormone produced by Leydig cells is INSL3 (insulin-like 3), which is released into the circulation and is crucial for testicular descent, which is disrupted by INSL3 knockdown (Zimmermann et al., 1999). Some EDC such as xenoestrogen diethylstilbestrol (DES) impair the production of this hormone and cause cryptorchidism. This was observed from the 1940s–to the 1970s, when xenoestrogen diethylstilbestrol (DES) given to pregnant mothers led to a high incidence of cryptorchidism in male children (Palmer et al., 2009). Similarly, in an experimental study, DES given to pregnant mice caused bilateral cryptorchidism and the downregulation of Insl3 gene expression in fetal testes (Emmen et al., 2000).
Bisphenols can also exert direct harmful effects at the testicular level. In rat Sertoli cells, BPA caused the activation and upregulation of Raf1 and p-ERK1/2, probably through the steroid receptors. It can be assumed, that the effect of BPA on Sertoli cells is via the estrogen-ERK signaling pathway (Li et al., 2009). Indeed, the similar phthalate DBP decreases the expression of SCF and the c-kit receptor, which are very important for the correct interaction between Sertoli cells and gonocytes. Such an effect leads to the disruption of Sertoli cell proliferation during the prenatal period (Žalmanová et al., 2016). Fiorini et al. (2004) also reported that BPA affected intercellular junctions in the Sertoli cell line SerW3.
Epigenetic Modifications
EDC are often present in very low doses without any clinical manifestations. Such a situation can lead to crypto effects such as “idiopathic” infertility or other health problems with non-specific symptoms. Post-translational modifications of some crucial proteins, particularly the regulating epigenetic factors, seem to be a common action of these very low doses. Many pathways of EDC action result in epigenetic changes to DNA. Although the sequence of nucleotides remains unaffected during exposure to EDC, changes in genome-wide methylation status, as well as the silencing or enhancing of individual genomic sites often follow such exposure. These epimutations result in the changed transcriptional activity of the genome, giving rise to many possible negative impacts, such as the failure to scavenge ROS and to repair DNA damage, as well as the disruption of mitochondrial biogenesis.
The mechanisms of EDC can be divided according to two basic effects: The first is the global effect, when EDC affect the occurrence of epigenetic regulators and their cofactors. The most studied mechanism is the effect of EDC on the levels of enzymes that regulate DNA methylation, especially the levels of DNA methyl transferase (DNMT). The probable mechanism of the effect of EDC on DNMT is the direct regulation of DNMT mRNA expression by the target receptors affected by EDC.s The second is the gene-specific effect, when EDC modulate the regulation of locus-specific epigenetic modifications. This is a very frequent EDC induced epigenetic change. The gene- and locus-specific effects are unclear and largely unknown, but one probable route is via interference with a nuclear receptor function. Locus-specific chromatin states have been shown to be regulated by nuclear receptors (of estrogen or androgen) (Martens et al., 2011). Nuclear receptors such as estrogen receptors, the retinoic acid receptor, and Ah receptors can regulate DNA methylation patterns by interacting with DNMT (Kouzmenko et al., 2010) or thymine DNA glycosylase (Hassan et al., 2017). The impact of Bisphenol A is the most studied. It has been shown that bisphenol A (10−8 M) affects DNA methylation of the Fkbp5 gene in mice in an ERβ-dependent manner (Kitraki et al., 2015). Furthermore, the changes in DNA methylation observed in the reproductive system of adult female mice exposed prenatally to Bisphenol A showed a 93% correlation with ERα binding sites (Jorgensen et al., 2016).
Of particular note is epigenetic transmission to further generations. This phenomenon is induced by many modifications, such as DNA and histone methylation, histone acetylation and other post-translational modifications of core histones, as well as by epigenetic writers and erasures, and translational factors, for example. The molecular impact of individual EDC is still unknown.
The exposure of somatic cells to EDC can cause health problems for the exposed people, but gamete exposure to EDC can lead to intergenerational effects where the problem is transduced to subsequent generations of offspring (Pietryk et al., 2018). In addition, intergenerational and transgenerational inheritance occurs due to a change in the epigenetic code of germ cells. For example, in the period from 1940s–to the 1970s, synthetic estrogen diethylstilbestrol (DES) was used in women during early pregnancy to prevent miscarriages, however this treatment increased the risk of a rare form of vaginal clear cell adenocarcinoma and infertility in daughters (DES daughters) (Conlon, 2017). Interestingly, an increased risk of hypospadias, an abnormality of the male reproductive system, was also found in sons of DES daughters (Brouwers et al., 2006). Indeed, exposure to bisphenols impairs DNA methylation and the histone code in oocytes (Wang et al., 2016; Nevoral et al., 2018). DNA methylation is also potentially affected by environmental pollutants in spermatozoa (Lu et al., 2018), which may lead to aberrant gene imprinting (Zhang et al., 2012; Doshi et al., 2013). In addition, it was found that estrogen-like EDC have a negative effect on sperm probably by means of a direct impact on the sperm histone code. Similarly to estrogen and estrogen receptors, estrogen-like EDC are involved in the histone code establishment (Dumasia et al., 2017).
Effect of Endocrine Disrupting Chemicals as Inducers of Reactive Oxygen Species Production on Spermatozoa
Ullah et al. (2018) showed that BPA and its analogues induce oxidative stress in testicular tissue of rats and therefore impair their reproductive functions. Exposure to BPA, BPB, BPF and BPS verifiably increases the activity of ROS and lipid peroxidation (LPO), which leads to oxidative stress in vitro and significant DNA damage in rat spermatozoa in vivo. Increased LPO activity causes a loss of membrane integrity leading to increased cell permeability, the inactivation of enzymes and structural damage to DNA (Domínguez-Rebolledo et al., 2010). Among other effects, the production of ROS can activate apoptosis directly, triggering the enzymatic cleavage of DNA (Muratori et al., 2015). In samples of spermatozoa incubated with these EDC, high activity by superoxide dismutase was observed, this antioxidant enzyme probably utilized for the neutralization of free radicals (Ullah et al., 2019). The induction of oxidative stress by BPA and BPS in sperm cells and reproductive tissues and the subsequent increased activity of superoxide dismutase was also documented in other studies (10−4 M, Barbonetti et al., 2016; 10−4 M, Wang et al., 2016). The in vitro exposure of mouse Sertoli cells to BPA induced the excessive production of ROS and cellular oxidative stress. The overproduction of ROS in cytoplasm resulted in mitochondrial dysfunction contributing to the alteration of mitochondrial permeability and the apoptosis of Sertoli cells (10–5 M, Wang C. et al., 2017).
The BPA-induced production of ROS is probably one of the mechanisms of steroidogenesis disruption in Leydig cells (D’Cruz et al., 2012). Similarly, negative effects of PFOS on male mice fertility have been detected. In addition, oxidative stress reported after exposure to PFAS may be involved in the disturbance of BTB and in male reproductive injury. Both PFOA and PFOS can trigger the expressions of nuclear hormone receptors particularly peroxisome proliferator-activated receptor PPARα and γ, and cause oxidative damage (10−5 M, Olufsen et al., 2014; Elcombe et al., 2012). Further exposure to PFOS increased p38 MAPK and decreased the BTB-related junction proteins Connexin43 and Occludin in mice testes (Qiu et al., 2013; Qu et al., 2016).
Direct Effect on Spermatozoa
Endocrine Disrupting Chemicals and the Sperm Calcium Pathway and Motility
The action of EDC action on human CatSper can affect fertilization in several ways. EDC can evoke motility and acrosome reaction too early and in the wrong place (Schiffer et al., 2014). In addition, these substances can desensitize sperm to female factors that normally activate sperm. The motility and viability of sperm, along with their mitochondrial functions, and intracellular ATP levels, are negatively affected by BPA through the activation of MAPK, phosphatidylinositol 3-kinase and, protein kinase A (10−4 M, Rahman et al., 2016). Several studies demonstrated that some EDC are able to activate the sperm-specific CatSper channel and induce calcium ion influx, which modulates functional sperm parameters (10−10 M, Zou et al., 2017; Tavares et al., 2013).
It was shown that 4-Methylbenzylidene camphor (4-MBC), 3-benzylidene camphor (3-BC), di-n-butyl phthalate (DnBP), nonylparaben (n-NP), α-zearalenol, padimate O (OD-PABA), benzophenone-3 (BP-3), homosalate (HMS), and 4,4′-DDT all release Ca ions via the CatSper channel (Schiffer et al., 2014). Indeed, bisphenols (BPG, BPAF, BPC and BPB) are also able to induce Ca2+ signals via the CatSper channel and also inhibit progesterone induced Ca2+ signals in human sperm cells. CatSper is normally activated by progesterone produced by cumular cells (Rehfeld et al., 2020). CatSper is also activated by p,p′-DDE, a metabolite of dichlorodiphenyltrichloroethane (DDT) (Tavares et al., 2013). This activation is important for sperm penetration and men lacking functional CatSper are sterile (Brown et al., 2018). BPA at concentrations of 10−9–10−6 M could affect human sperm motility parameters, while BPA at a concentration of 10−6 M could induce a rapid, though transient increase in [Ca2+]i in human sperm cells (Kotwicka et al., 2016). It was observed that 4-MBC similarly to progesterone induces spermatozoa hyperactivation and that other EDC (3-BC, TCS a 4-MBC) induce acrosomal exocytosis (Schiffer et al., 2014). As demonstrated by an in vitro study using mature human sperm, PFOA exposure (2.5–25 μg/ml) activated the CatSper channel and triggered a transient rise in human sperm [Ca2+]i (Yuan et al., 2020).
It is well known that high gonadotropin concentrations are associated with disruption of spermatogenesis. Indeed, the disrupting mechanism of BPA consists of the alteration of several signaling pathways and leads to changes in protein kinase A activity, protein tyrosine phosphorylation, ATP generation, and the activities of oxidative stress-related enzymes (succinate dehydrogenase, peroxiredoxin-5, glutathione peroxidase 4). These enzymatic activities are determinative for sperm motility and penetration and the overall ability of sperm to fertilize an oocyte (Rahman et al., 2015; Rahman et al., 2017; Rahman et al., 2018).
Endocrine Disrupting Chemicals and Sperm Integrity
A recent study of recruited subfertile patients and matched controls showed, that urinary BPA concentrations were associated with declined semen quality and increased sperm DNA damage, especially in patients with multiple defects, as well as with increased oxidative stress indicators (10–4 M Omran et al., 2018).
Zatecka et al. (2014) observed that the exposure of outbred mice to TBBPA (tetrabrombisphenol A) during gestation led to a significant reduction in T4 and T3 levels and the ratios of protamine 1 to protamine 2, an increase in the total protamine/DNA ratio in spermatozoa, and a higher proportion of apoptotic spermatozoa. According to the DNA protection hypothesis for protamines, the prediction would be that the any detected increase in DNA damage would correlate with decreased total protamine 1 + protamine 2/DNA ratios (Aoki et al., 2005; Oliva, 2006). Ullah et al. (2018) showed that BPA and its analogues caused oxidative stress in testicular tissue and disrupted reproductive functions in rats. It has been documented that exposure to all these bisphenols (BPA, BPB, BPF and BPS) increased the activity of ROS leading to oxidative stress in vitro and significant DNA damage in spermatozoa. Bisphenols also increased LPO activity, which can lead to increased cell permeability, and fragmentation of the DNA structure (Domínguez-Rebolledo et al., 2010). Indeed, o-quinone, a reactive metabolite of BPA, can bind DNA by means of covalent bonds and, in the presence of a peroxidase activation system, it can also produces toxic adducts (Atkinson and Roy, 1995).
However, a hospital-based study has shown conflicting results with respect to measurements of BPA in urine, which mainly contained conjugated BPA, and correlations with semen quality and sperm DNA integrity (Vitku et al., 2016). In a US study of young men recruited from the general population, no associations were found between urinary BPA contents and spermiogram parameters, apart from a strange negative association between BPA and sperm DNA fragmentation (Goldstone et al., 2015). In another clinical study, a relationship was found between BPA level in urine and semen-quality parameters in men with at least one parameter below the WHO reference levels when compared to men with normozoospermia (i.e., with all parameters above the WHO reference levels) (10–5 M, Meeker et al., 2010). In a study conducted among young men (median age, 19 years) (n = 105), high serum concentrations of PFAS were significantly associated with reduced numbers of normal spermatozoa (Joensen et al., 2009 (PFOS 24,5 ng/ml; PFOA 4,9 ng/ml; PFHxS 6,6 ng/m,l)). However, sperm parameters such as concentration, total sperm count, and sperm motility showed statistically insignificant downward trend in men with high PFAS levels. This study also reported a trend toward lower inhibin B/FSH ratio with high PFAS levels. Another cross-sectional study of 247 men reported a negative association between serum PFOS and testosterone levels (Joensen et al., 2013 (8,46 ± 3,74 ng/ml PFOS)). A study conducted in China among a population of adult men (n = 664) collected matched semen and serum samples to examine multiple semen parameters along with 16 target PFASs measured in semen and serum. However, the associations observed between levels of PFAS in serum and semen parameters were statistically weak, except for DNA stainability, which was more strongly related to serum PFAS than to semen PFAS (Pan et al., 2019).
Disruption of the Blood-Testis Barrier
The integrity of the BTB in the testicles is very important for the proper development of spermatozoa. The BTB is necessary for the division of the germinal epithelium into compartments the basal and adluminal. Spermatogenic germinal cells undergo mitosis and cross the BTB from the basal to the adluminal compartment to facilitate germ cell release (Lie et al., 2009).
In the seminiferous tubules, the neighbouring Sertoli cells form an integral part of the BTB. The very tight connections between the cells are represented mainly by tight intercellular junctions, adherens junctions, desmosomes and gap junctions. The key process relating to this barrier is when spermatocyte I at the proleptotene stage passes through it. This transfer is important for spermatocyte I to undergo structural changes. The barrier protects sensitive post-meiotic germ cells from exogenous toxicants from blood. Moreover, if this barrier did not tighten well or was damaged, antibodies to sperm cells would be produced, which could ultimately result in male infertility (Cheng and Mruk, 2012). Effects of EDC on the BTB barrier can directly negatively affect spermatogenesis in adults as well as the embryonic development of testicular tissue.
Disruption of the hematotesticular barrier by BPA has been reported. These substances disrupt the synthesis of proteins (occludin, clausin—11, N-cadherin, connexin 43) that are necessary for the presence of tight intercellular junctions between neighbouring Sertoli cells. This leads to dysfunction of the intercellular connections and the overall disruption of BTB integrity, which may cause development of an autoimmune disorder (10–4 M, Li et al., 2009).
It has been reported previously that BPA also affects anchoring junctions that attach spermatids to Sertoli cells (Toyama et al., 2004). This effect of BPA can result in the Sertoli cells only syndrome, when the adhesion or communication proteins between Sertoli cells and spermatogonia are downregulated. BPA impairs male reproductive health via the perturbation of Sertoli cell tight junctions, the downregulation of blood-testis barrier protein-activated ERK1/2 (i.e., activated by the proteins JAM-A, ZO-1, N-cadherin, and connexin 43) and the redistribution of intercellular connection proteins (Li et al., 2009; Gao et al., 2015). In vitro methods revealed that the mechanism of BPA action on Sertoli cells is realized via interferences with junctional proteins such as occludin, connexin 43 and E-cadherin (10–5 M, Fiorini et al., 2004). It has been reported previously that BPA affects microfilament distribution, F-actin organization, and the retraction of actin microfilaments in human Sertoli cells (10–5 M, Xiao et al., 2014). This was associated with the mislocalization of actin regulatory proteins, leading to the failure of Sertoli cell blood-testis barrier function. This microfilament effect is also associated with disruption of the phagocytic function of Sertoli cells.
In studies performed in vitro, BPA induced mitochondrial dysfunction10−4 M, apoptosis10−5 M, and DNA damage in Sertoli cells, along with the disruption of blood-testis barrier integrity (10–4 M, Adegoke et al., 2020).
In relation to PFAS, it has been confirmed that both PFOS and PFOA can cause damage to BTB integrity. The underlying molecular mechanism of PFOS induced BTB disruption is probably via the activation of the p38 MAPK/ATF2/MMP9 signaling pathway. Studies conducted in vivo and in vitro demonstrated that PFOS activated p38/ATF2 and disrupted the function of the Sertoli cell BTB (10–5 M,Qu et al., 2016; 10–5 M, Qiu et al., 2013). Likewise, PFOA activated p38 MAPK signaling pathway and primary Sertoli cells treated with PFOA showed changes in BTB-associated proteins (Lu et al., 2016).
Many of studies detected coctails of various EDC in human fluids from non-persistent to persistent in various concentrations. Nonpersistents EDC are ubiquitous chemicals containing in food and drink with regular daily intake on the contrary, non-persistent is typical of their accumulation in body fluids for several years. In context of their nonlinear and potentially synergistic effect it can lead to disruption of physiological sensitive processes like spermatogenesis or oogenesis. It was previously reported negative correlation between presence of EDC and sperm concentration in men (Zamkowska et al., 2018). Similarly it was observed negative effect of EDC on testicular cells during in vitro experiments (Akingbemi et al., 2004; Xiao et al., 2014; Wang H. et al., 2017) in similar concentrations like detected in vivo in human (Vitku et al., 2016).
CONCLUSION
The negative impact of EDC on fertility has been demonstrated many times. However, it is important to distinguish between a model laboratory experiment and an in vivo situation. The effect of one substance or one group of substances is usually monitored in individual studies. In real life, however, many EDC of many different origins are commonly mixed many together. To date, more than 800 man-made chemicals have been discovered that are likely to interfere with the human endocrine system have been recognized. The question of mutual interactions between individual EDC is also very important. Most of these potential EDC have not been evaluated for their effect on human reproduction. Indeed, chemical companies release many new chemicals into the environment without careful verification of their effects on human reproduction. For example, rapid developments in chemical engineering have to led to the replacement of prohibited substances with new similar analogues suitable for industrial use. They are, however most frequently chemicals with unknown effects on human health or reproduction. Furthermore, these compounds can approved for use quite quickly—that is, any negative effects on health and reproduction are unambiguously proven., Thus, potentially damaging compounds are spread globally, leading to exposure to the general human population, including pregnant women and infants, Persistent and non-persistent EDC may affect the endocrine regulation of male reproductive axes. Understanding the mechanistic effects of EDC on male reproduction is crucial for detection and early implementation of preventive measures. In this work, we reviewed the major mechanisms of action common for both persistent and non-persistent EDC. Our results provided indication that both persistent and non-persistent EDC are associated with the formation of ROS, disruption of BTB, disturbance in testosterone production in Leydig cells, and interfere with estrogenic and antiandrogenic signaling at environmentally relevant concentrations (nanomolar).
In general, human exposure rarely occurs in isolation but rather to mixtures of EDC. The impact of the EDC mixtures may be insignificant, but it can also have a strong synergistic effect. Most of the EDC mixtures have not been evaluated for their effect on male reproduction and their combined mode of action is unknown. Therefore, future studies should examine the associations of mixtures of persistent and non-persistent chemicals with male fertility.
AUTHOR CONTRIBUTIONS
MJ and JN: conceptualization. MJ, JN: methodology and writing—original draft preparation. KF, SF, and JŽ: formal analysis and corrections. MJ, JN, and PV: writing—review and editing. PV, IC, JN, and MJ: funding acquisition. BK: supervision. All authors contributed to the article and approved the submitted version.
FUNDING
This research was funded by the Czech Health Research Council (NV18-01-00544, NV18-08-00412 and NV18-08-00291); MH CZ—DRO (FNBr, 65269705), COST action CellFit CA16119. Jana Navratilova’s work was financialy supported from Operational Programme Research, Development and Innovation—project MSCAfellow3@MUNI (CZ.02.2.69/0.0/0.0/19_074/0012727). JN also thanks to Research Infrastructure RECETOX RI (No. LM2018121) financed by the Ministry of Education, Youth and Sports, and Operational Programme Research, Development and Innovation—project CETOCOEN EXCELLENCE (No CZ.02.1.01/0.0/0.0/17_043/0009632) for supportive background.
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
 Adegoke, E. O., Rahman, M. S., and Pang, M.-G. (2020). Bisphenols Threaten Male Reproductive Health via Testicular Cells. Front. Endocrinol. 11, 624. doi:10.3389/fendo.2020.00624
 Akingbemi, B. T., Sottas, C. M., Koulova, A. I., Klinefelter, G. R., and Hardy, M. P. (2004). Inhibition of Testicular Steroidogenesis by the Xenoestrogen Bisphenol A Is Associated with Reduced Pituitary Luteinizing Hormone Secretion and Decreased Steroidogenic Enzyme Gene Expression in Rat Leydig Cells. Endocrinology 145, 592–603. doi:10.1210/en.2003-1174
 Aoki, V. W., Liu, L., and Carrell, D. T. (2005). Identification and Evaluation of a Novel Sperm Protamine Abnormality in a Population of Infertile Males. Hum. Reprod. 20, 1298–1306. doi:10.1093/humrep/deh798
 Atkinson, A., and Roy, D. (1995). In Vitro conversion of Environmental Estrogenic Chemical Bisphenol A to DNA Binding Metabolite(s). Biochem. Biophysical Res. Commun. 210, 424–433. doi:10.1006/bbrc.1995.1678
 Barbonetti, A., Castellini, C., Di Giammarco, N., Santilli, G., Francavilla, S., and Francavilla, F. (2016). In Vitro exposure of Human Spermatozoa to Bisphenol A Induces Pro-oxidative/apoptotic Mitochondrial Dysfunction. Reprod. Toxicol. 66, 61–67. doi:10.1016/j.reprotox.2016.09.014
 Benninghoff, A. D., Bisson, W. H., Koch, D. C., Ehresman, D. J., Kolluri, S. K., and Williams, D. E. (2011). Estrogen-like Activity of Perfluoroalkyl Acids In Vivo and Interaction with Human and Rainbow trout Estrogen Receptors In Vitro. Toxicol. Sci. 120, 42–58. doi:10.1093/toxsci/kfq379
 Biedermann, S., Tschudin, P., and Grob, K. (2010). Transfer of Bisphenol A from thermal Printer Paper to the Skin. Anal. Bioanal. Chem. 398, 571–576. doi:10.1007/s00216-010-3936-9
 Biegel, L. B., Liu, R. C. M., Hurtt, M. E., and Cook, J. C. (1995). Effects of Ammonium Perfluorooctanoate on Leydig-Cell Function: In Vitro, In Vivo, and Ex Vivo Studies. Toxicol. Appl. Pharmacol. 134, 18–25. doi:10.1006/taap.1995.1164
 Brouwers, M. M., Feitz, W. F. J., Roelofs, L. A. J., Kiemeney, L. A. L. M., De Gier, R. P. E., and Roeleveld, N. (2006). Hypospadias: a Transgenerational Effect of Diethylstilbestrol. Hum. Reprod. 21, 666–669. doi:10.1093/humrep/dei398
 Brown, S. G., Miller, M. R., Lishko, P. V., Lester, D. H., Publicover, S. J., Barratt, C. L. R., et al. (2018). Homozygous In-Frame Deletion inCATSPEREin a Man Producing Spermatozoa with Loss of CatSper Function and Compromised Fertilizing Capacity. Hum. Reprod. 33, 1812–1816. doi:10.1093/humrep/dey278
 Cai, H., Zheng, W., Zheng, P., Wang, S., Tan, H., He, G., et al. (2015). Human Urinary/seminal Phthalates or Their Metabolite Levels and Semen Quality: A Meta-Analysis. Environ. Res. 142, 486–494. doi:10.1016/j.envres.2015.07.008
 Calafat, A. M., Kato, K., Hubbard, K., Jia, T., Botelho, J. C., and Wong, L.-Y. (2019). Legacy and Alternative Per- and Polyfluoroalkyl Substances in the U.S. General Population: Paired Serum-Urine Data from the 2013-2014 National Health and Nutrition Examination Survey. Environ. Int. 131, 105048. doi:10.1016/j.envint.2019.105048
 Cao, L.-Y., Ren, X.-M., Li, C.-H., Zhang, J., Qin, W.-P., Yang, Y., et al. (2017). Bisphenol AF and Bisphenol B Exert Higher Estrogenic Effects Than Bisphenol A via G Protein-Coupled Estrogen Receptor Pathway. Environ. Sci. Technol. 51, 11423–11430. doi:10.1021/acs.est.7b03336
 Caserta, D., Maranghi, L., Mantovani, A., Marci, R., Maranghi, F., and Moscarini, M. (2008). Impact of Endocrine Disruptor Chemicals in Gynaecology. Hum. Reprod. Update. 14, 59–72. doi:10.1093/humupd/dmm025
 Castellini, C., Totaro, M., Parisi, A., D'Andrea, S., Lucente, L., Cordeschi, G., et al. (2020). Bisphenol A and Male Fertility: Myths and Realities. Front. Endocrinol. 11, 353. doi:10.3389/fendo.2020.00353
 Cheng, C. Y., and Mruk, D. D. (2012). The Blood-Testis Barrier and its Implications for Male Contraception. Pharmacol. Rev. 64, 16–64. doi:10.1124/pr.110.002790
 Cheng, C. Y., Wong, E. W. P., Lie, P. P. Y., Li, M. W. M., Mruk, D. D., Yan, H. H. N., et al. (2011). Regulation of Blood-Testis Barrier Dynamics by Desmosome, gap junction, Hemidesmosome and Polarity Proteins. Spermatogenesis 1, 105–115. doi:10.4161/spmg.1.2.15745
 Conlon, J. L. (2017). Diethylstilbestrol. J. Am. Acad. PAs. 30, 49–52. doi:10.1097/01.JAA.0000511800.91372.34
 Cook, J. C., Murray, S. M., Frame, S. R., and Hurtt, M. E. (1992). Induction of Leydig Cell Adenomas by Ammonium Perfluorooctanoate: a Possible Endocrine-Related Mechanism. Toxicol. Appl. Pharmacol. 113, 209–217. doi:10.1016/0041-008X(92)90116-A
 D’Cruz, S. C., Jubendradass, R., and Mathur, P. P. (2012). Bisphenol A Induces Oxidative Stress and Decreases Levels of Insulin Receptor Substrate 2 and Glucose Transporter 8 in Rat Testis. Reprod. Sci. 19, 163–172. doi:10.1177/1933719111415547
 De Felip, E., Abballe, A., Albano, F. L., Battista, T., Carraro, V., Conversano, M., et al. (2015). Current Exposure of Italian Women of Reproductive Age to PFOS and PFOA: a Human Biomonitoring Study. Chemosphere 137, 1–8. doi:10.1016/j.chemosphere.2015.03.046
 Di Nisio, A., Sabovic, I., Valente, U., Tescari, S., Rocca, M. S., Guidolin, D., et al. (2019). Endocrine Disruption of Androgenic Activity by Perfluoroalkyl Substances: Clinical and Experimental Evidence. J. Clin. Endocrinol. Metab. 104, 1259–1271. doi:10.1210/jc.2018-01855
 Domínguez-Rebolledo, Á. E., Fernández-Santos, M. R., Bisbal, A., Ros-Santaella, J. L., Ramón, M., Carmona, M., et al. (2010). Improving the Effect of Incubation and Oxidative Stress on Thawed Spermatozoa from Red Deer by Using Different Antioxidant Treatments. Reprod. Fertil. Dev. 22, 856–870. doi:10.1071/RD09197
 Doshi, T., D’souza, C., and Vanage, G. (2013). Aberrant DNA Methylation at Igf2-H19 Imprinting Control Region in Spermatozoa upon Neonatal Exposure to Bisphenol A and its Association with post Implantation Loss. Mol. Biol. Rep. 40, 4747–4757. doi:10.1007/s11033-013-2571-x
 Dualde, P., Pardo, O., Corpas-Burgos, F., Kuligowski, J., Gormaz, M., Vento, M., et al. (2019). Biomonitoring of Bisphenols A, F, S in Human Milk and Probabilistic Risk Assessment for Breastfed Infants. Sci. Total Environ. 668, 797–805. doi:10.1016/j.scitotenv.2019.03.024
 Duan, Y., Sun, H., Yao, Y., Meng, Y., and Li, Y. (2020). Distribution of Novel and Legacy Per-/polyfluoroalkyl Substances in Serum and its Associations with Two Glycemic Biomarkers Among Chinese Adult Men and Women with normal Blood Glucose Levels. Environ. Int. 134, 105295. doi:10.1016/j.envint.2019.105295
 Dumasia, K., Kumar, A., Deshpande, S., and Balasinor, N. H. (2017). Estrogen, through Estrogen Receptor 1, Regulates Histone Modifications and Chromatin Remodeling during Spermatogenesis in Adult Rats. Epigenetics 12, 953–963. doi:10.1080/15592294.2017.1382786
 Eladak, S., Grisin, T., Moison, D., Guerquin, M.-J., N'Tumba-Byn, T., Pozzi-Gaudin, S., et al. (2015). A New Chapter in the Bisphenol A story: Bisphenol S and Bisphenol F Are Not Safe Alternatives to This Compound. Fertil. Sterility. 103, 11–21. doi:10.1016/j.fertnstert.2014.11.005
 Elcombe, C. R., Elcombe, B. M., Foster, J. R., Chang, S.-C., Ehresman, D. J., and Butenhoff, J. L. (2012). Hepatocellular Hypertrophy and Cell Proliferation in Sprague-Dawley Rats from Dietary Exposure to Potassium Perfluorooctanesulfonate Results from Increased Expression of Xenosensor Nuclear Receptors PPARα and CAR/PXR. Toxicology 293, 16–29. doi:10.1016/j.tox.2011.12.014
 Emmen, J. M. A., McLuskey, A., Adham, I. M., Engel, W., Verhoef-Post, M., Themmen, A. P. N., et al. (2000). Involvement of Insulin-like Factor 3 (Insl3) in Diethylstilbestrol-Induced Cryptorchidism. Endocrinology 141, 846. doi:10.1210/endo.141.2.7379
 Fillol, C., Oleko, A., Saoudi, A., Zeghnoun, A., Balicco, A., Gane, J., et al. (2021). Exposure of the French Population to Bisphenols, Phthalates, Parabens, Glycol Ethers, Brominated Flame Retardants, and Perfluorinated Compounds in 2014-2016: Results from the Esteban Study. Environ. Int. 147, 106340. doi:10.1016/j.envint.2020.106340
 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. Reprod. Toxicol. 18, 413–421. doi:10.1016/j.reprotox.2004.01.002
 Fitzgerald, A. C., Peyton, C., Dong, J., and Thomas, P. (2015). Bisphenol A and Related Alkylphenols Exert Nongenomic Estrogenic Actions through a G Protein-Coupled Estrogen Receptor 1 (Gper)/Epidermal Growth Factor Receptor (Egfr) Pathway to Inhibit Meiotic Maturation of Zebrafish Oocytes1. Biol. Reprod. 93, 135. doi:10.1095/biolreprod.115.132316
 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, 1073–1090. doi:10.1517/14728222.2015.1039513
 Gayrard, V., Lacroix, M. Z., Collet, S. H., Viguié, C., Bousquet-Melou, A., Toutain, P.-L., et al. (2013). High Bioavailability of Bisphenol A from Sublingual Exposure. Environ. Health Perspect. 121, 951–956. doi:10.1289/ehp.1206339
 Ge, L.-C., Chen, Z.-J., Liu, H.-Y., Zhang, K.-S., Liu, H., Huang, H.-B., et al. (2014). Involvement of Activating ERK1/2 through G Protein Coupled Receptor 30 and Estrogen Receptor α/β in Low Doses of Bisphenol A Promoting Growth of Sertoli TM4 Cells. Toxicol. Lett. 226, 81–89. doi:10.1016/j.toxlet.2014.01.035
 Geens, T., Aerts, D., Berthot, C., Bourguignon, J.-P., Goeyens, L., Lecomte, P., et al. (2012). A Review of Dietary and Non-dietary Exposure to Bisphenol-A. Food Chem. Toxicol. 50, 3725–3740. doi:10.1016/j.fct.2012.07.059
 Geens, T., Roosens, L., Neels, H., and Covaci, A. (2009). Assessment of Human Exposure to Bisphenol-A, Triclosan and Tetrabromobisphenol-A through Indoor Dust Intake in Belgium. Chemosphere 76, 755–760. doi:10.1016/j.chemosphere.2009.05.024
 Gerona, R. R., Woodruff, T. J., Dickenson, C. A., Pan, J., Schwartz, J. M., Sen, S., et al. (2013). Bisphenol-A (BPA), BPA Glucuronide, and BPA Sulfate in Midgestation Umbilical Cord Serum in a Northern and central California Population. Environ. Sci. Technol. 47, 12477–12485. doi:10.1021/es402764d
 Göckener, B., Weber, T., Rüdel, H., Bücking, M., and Kolossa-Gehring, M. (2020). Human Biomonitoring of Per- and Polyfluoroalkyl Substances in German Blood Plasma Samples from 1982 to 2019. Environ. Int. 145, 106123. doi:10.1016/j.envint.2020.106123
 Goldstone, A. E., Chen, Z., Perry, M. J., Kannan, K., and Louis, G. M. B. (2015). Urinary Bisphenol A and Semen Quality, the LIFE Study. Reprod. Toxicol. 51, 7–13. doi:10.1016/j.reprotox.2014.11.003
 Guignard, D., Gauderat, G., Gayrard, V., Lacroix, M. Z., Picard-Hagen, N., Puel, S., et al. (2016). Characterization of the Contribution of Buccal Absorption to Internal Exposure to Bisphenol A through the Diet. Food Chem. Toxicol. 93, 82–88. doi:10.1016/j.fct.2016.04.004
 Hampl, R., Kubatova, J., Heracek, J., Sobotka, V., and Starka, L. (2013). Hormones and Endocrine Disruptors in Human Seminal Plasma. endo 47, 149–158. doi:10.4149/endo_2013_03_149
 Hanioka, N., Naito, T., and Narimatsu, S. (2008). Human UDP-Glucuronosyltransferase Isoforms Involved in Bisphenol A Glucuronidation. Chemosphere 74, 33–36. doi:10.1016/j.chemosphere.2008.09.053
 Hassan, H. M., Kolendowski, B., Isovic, M., Bose, K., Dranse, H. J., Sampaio, A. V., et al. (2017). Regulation of Active DNA Demethylation through RAR-Mediated Recruitment of a TET/TDG Complex. Cel Rep. 19, 1685–1697. doi:10.1016/j.celrep.2017.05.007
 Hines, C. J., Christianson, A. L., Jackson, M. V., Ye, X., Pretty, J. R., Arnold, J. E., et al. (2018). An Evaluation of the Relationship Among Urine, Air, and Hand Measures of Exposure to Bisphenol A (BPA) in US Manufacturing Workers. Ann. Work Exposures Health 62, 840–851. doi:10.1093/annweh/wxy042
 Hormann, A. M., Vom Saal, F. S., Nagel, S. C., Stahlhut, R. W., Moyer, C. L., Ellersieck, M. R., et al. (2014). Holding thermal Receipt Paper and Eating Food after Using Hand Sanitizer Results in High Serum Bioactive and Urine Total Levels of Bisphenol A (BPA). PLoS One 9, e110509. doi:10.1371/journal.pone.0110509
 Ješeta, M., Crha, T., Žáková, J., and Ventruba, P. (2019a). Bisphenols in the Pathology of Reproduction. Ceska Gynekologie – Czech Gynaecol. 84, 161–165. 
 Ješeta, M., Moravec, J., Žáková, J., Nevoral, J., Lousová, E., Crha, I., et al. (2019b). “Bisphenol S Content in Human Follicular Fluid and its Effect on IVF Outcomes,” in 35th Annual Meeting of ESHRE,  (Vienna, Austria, June 24–26, 2019). 
 Joensen, U. N., Bossi, R., Leffers, H., Jensen, A. A., Skakkebæk, N. E., and Jørgensen, N. (2009). Do perfluoroalkyl Compounds Impair Human Semen Quality. Environ. Health Perspect. 117, 923–927. doi:10.1289/ehp.0800517
 Joensen, U. N., Veyrand, B., Antignac, J.-P., Blomberg Jensen, M., Petersen, J. H., Marchand, P., et al. (2013). PFOS (Perfluorooctanesulfonate) in Serum Is Negatively Associated with Testosterone Levels, but Not with Semen Quality, in Healthy Men. Hum. Reprod. 28, 599–608. doi:10.1093/humrep/des425
 Jorgensen, E. M., Alderman, M. H., and Taylor, H. S. (2016). Preferential Epigenetic Programming of Estrogen Response after In Utero Xenoestrogen (bisphenol‐A) Exposure. FASEB j. 30, 3194–3201. doi:10.1096/fj.201500089R
 Joskow, R., Barr, D. B., Barr, J. R., Calafat, A. M., Needham, L. L., and Rubin, C. (2006). Exposure to Bisphenol A from Bis-Glycidyl Dimethacrylate-Based Dental Sealants. J. Am. Dental Assoc. 137, 353–362. doi:10.14219/jada.archive.2006.0185
 Karmakar, P. C., Kang, H.-G., Kim, Y.-H., Jung, S.-E., Rahman, M. S., Lee, H.-S., et al. (2017). Bisphenol A Affects on the Functional Properties and Proteome of Testicular Germ Cells and Spermatogonial Stem Cells In Vitro Culture Model. Sci. Rep. 7, 1–14. doi:10.1038/s41598-017-12195-9
 Karrer, C., Roiss, T., von Goetz, N., Gramec Skledar, D., Peterlin Mašič, L., and Hungerbühler, K. (2018). Physiologically Based Pharmacokinetic (PBPK) Modeling of the Bisphenols BPA, BPS, BPF, and BPAF with New Experimental Metabolic Parameters: Comparing the Pharmacokinetic Behavior of BPA with its Substitutes. Environ. Health Perspect. 126, 077002. doi:10.1289/EHP2739
 Kitraki, E., Nalvarte, I., Alavian-Ghavanini, A., and Rüegg, J. (2015). Developmental Exposure to Bisphenol A Alters Expression and DNA Methylation of Fkbp5, an Important Regulator of the Stress Response. Mol. Cell Endocrinol. 417, 191–199. doi:10.1016/j.mce.2015.09.028
 Kjeldsen, L. S., and Bonefeld-Jørgensen, E. C. (2013). Perfluorinated Compounds Affect the Function of Sex Hormone Receptors. Environ. Sci. Pollut. Res. 20, 8031–8044. doi:10.1007/s11356-013-1753-3
 Kotwicka, M., Skibinska, I., Piworun, N., Jendraszak, M., Chmielewska, M., and Jedrzejczak, P. (2016). Bisphenol A Modifies Human Spermatozoa Motility In Vitro. Jms 85, 39–45. doi:10.20883/jms.2016.5
 Kouzmenko, A., Ohtake, F., Fujiki, R., and Kato, S. (2010). Hormonal Gene Regulation through DNA Methylation and Demethylation. Epigenomics 2, 765–774. doi:10.2217/epi.10.58
 Lagarde, F., Beausoleil, C., Belcher, S. M., Belzunces, L. P., Emond, C., Guerbet, M., et al. (2015). Non-monotonic Dose-Response Relationships and Endocrine Disruptors: a Qualitative Method of Assessment. Environ. Health 14, 1–15. doi:10.1186/1476-069X-14-13
 Lau, C., Thibodeaux, J. R., Hanson, R. G., Narotsky, M. G., Rogers, J. M., Lindstrom, A. B., et al. (2006). Effects of Perfluorooctanoic Acid Exposure during Pregnancy in the Mouse. Toxicol. Sci. 90, 510–518. doi:10.1093/toxsci/kfj105
 Le, H. H., Carlson, E. M., Chua, J. P., and Belcher, S. M. (2008). Bisphenol A Is Released from Polycarbonate Drinking Bottles and Mimics the Neurotoxic Actions of Estrogen in Developing Cerebellar Neurons. Toxicol. Lett. 176, 149–156. doi:10.1016/j.toxlet.2007.11.001
 Lehmler, H.-J., Liu, B., Gadogbe, M., and Bao, W. (2018). Exposure to Bisphenol A, Bisphenol F, and Bisphenol S in U.S. Adults and Children: The National Health and Nutrition Examination Survey 2013-2014. ACS Omega 3, 6523–6532. doi:10.1021/acsomega.8b00824
 Levine, H., Jørgensen, N., Martino-Andrade, A., Mendiola, J., Weksler-Derri, D., Mindlis, I., et al. (2017). Temporal Trends in Sperm Count: a Systematic Review and Meta-Regression Analysis. Hum. Reprod. Update 23, 646–659. doi:10.1093/humupd/dmx022
 Li, D.-K., Zhou, Z., Miao, M., He, Y., Wang, J., Ferber, J., et al. (2011). Urine Bisphenol-A (BPA) Level in Relation to Semen Quality. Fertil. Sterility 95, 625–630. doi:10.1016/j.fertnstert.2010.09.026
 Li, M. W. M., Mruk, D. D., Lee, W. M., and Cheng, C. Y. (2009). Disruption of the Blood-Testis Barrier Integrity by Bisphenol A In Vitro: Is This a Suitable Model for Studying Blood-Testis Barrier Dynamics. Int. J. Biochem. Cel Biol. 41, 2302–2314. doi:10.1016/j.biocel.2009.05.016
 Li, X., Wen, Z., Wang, Y., Mo, J., Zhong, Y., and Ge, R.-S. (2020). Bisphenols and Leydig Cell Development and Function. Front. Endocrinol. 11, 447. doi:10.3389/fendo.2020.00447
 Lie, P. P. Y., Cheng, C. Y., and Mruk, D. D. (2009). Coordinating Cellular Events during Spermatogenesis: a Biochemical Model. Trends Biochem. Sci. 34, 366–373. doi:10.1016/j.tibs.2009.03.005
 Liu, J., and Martin, J. W. (2017). Prolonged Exposure to Bisphenol A from Single Dermal Contact Events. Environ. Sci. Technol. 51, 9940–9949. doi:10.1021/acs.est.7b03093
 López-Doval, S., Salgado, R., Pereiro, N., Moyano, R., and Lafuente, A. (2014). Perfluorooctane Sulfonate Effects on the Reproductive axis in Adult Male Rats. Environ. Res. 134, 158–168. doi:10.1016/j.envres.2014.07.006
 Lu, Y., Luo, B., Li, J., and Dai, J. (2016). Perfluorooctanoic Acid Disrupts the Blood-Testis Barrier and Activates the TNFα/p38 MAPK Signaling Pathway In Vivo and In Vitro. Arch. Toxicol. 90, 971–983. doi:10.1007/s00204-015-1492-y
 Lu, Z., Ma, Y., Gao, L., Li, Y., Li, Q., and Qiang, M. (2018). Urine Mercury Levels Correlate with DNA Methylation of Imprinting Gene H19 in the Sperm of Reproductive-Aged Men. PLoS One 13, e0196314. doi:10.1371/journal.pone.0196314
 Lušin, T. T., Roškar, R., and Mrhar, A. (2012). Evaluation of Bisphenol A Glucuronidation According to UGT1A1*28 Polymorphism by a New LC-MS/MS Assay. Toxicology 292, 33–41. doi:10.1016/j.tox.2011.11.015
 Maamar, M. B., Lesné, L., Desdoits-Lethimonier, C., Coiffec, I., Lassurguère, J., Lavoué, V., et al. (2015). An Investigation of the Endocrine-Disruptive Effects of Bisphenol A in Human and Rat Fetal Testes. PLoS One 10, e0117226. doi:10.1371/journal.pone.0117226
 Martens, J. H. A., Rao, N. A. S., and Stunnenberg, H. G. (2011). Genome-wide Interplay of Nuclear Receptors with the Epigenome. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1812, 818–823. doi:10.1016/j.bbadis.2010.10.005
 Meeker, J. D., Ehrlich, S., Toth, T. L., Wright, D. L., Calafat, A. M., Trisini, A. T., et al. (2010). Semen Quality and Sperm DNA Damage in Relation to Urinary Bisphenol A Among Men from an Infertility Clinic☆☆☆. Reprod. Toxicol. 30, 532–539. doi:10.1016/j.reprotox.2010.07.005
 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, 382–393. doi:10.1111/bcpt.13243
 Muratori, M., Tamburrino, L., Marchiani, S., Cambi, M., Olivito, B., Azzari, C., et al. (2015). Investigation on the Origin of Sperm DNA Fragmentation: Role of Apoptosis, Immaturity and Oxidative Stress. Mol. Med. 21, 109–122. doi:10.2119/molmed.2014.00158
 Naciff, J. M., Hess, K. A., Overmann, G. J., Torontali, S. M., Carr, G. J., Tiesman, J. P., et al. (2005). Gene Expression Changes Induced in the Testis by Transplacental Exposure to High and Low Doses of 17α-Ethynyl Estradiol, Genistein, or Bisphenol A. Toxicol. Sci. 86, 396–416. doi:10.1093/toxsci/kfi198
 Nevoral, J., Kolinko, Y., Moravec, J., Žalmanová, T., Hošková, K., Prokešová, Š., et al. (2018). Long-term Exposure to Very Low Doses of Bisphenol S Affects Female Reproduction. Reproduction 156, 47–57. doi:10.1530/REP-18-0092
 Nishikawa, M., Iwano, H., Yanagisawa, R., Koike, N., Inoue, H., and Yokota, H. (2010). Placental Transfer of Conjugated Bisphenol A and Subsequent Reactivation in the Rat Fetus. Environ. Health Perspect. 118, 1196–1203. doi:10.1289/ehp.0901575
 Nordkap, L., Joensen, U. N., Blomberg Jensen, M., and Jørgensen, N. (2012). Regional Differences and Temporal Trends in Male Reproductive Health Disorders: Semen Quality May Be a Sensitive Marker of Environmental Exposures. Mol. Cell Endocrinol. 355, 221–230. doi:10.1016/j.mce.2011.05.048
 Oliva, R. (2006). Protamines and Male Infertility. Hum. Reprod. Update 12, 417–435. doi:10.1093/humupd/dml009
 Olsen, G. W., Burris, J. M., Ehresman, D. J., Froehlich, J. W., Seacat, A. M., Butenhoff, J. L., et al. (2007). Half-Life of Serum Elimination of Perfluorooctanesulfonate,Perfluorohexanesulfonate, and Perfluorooctanoate in Retired Fluorochemical Production Workers. Environ. Health Perspect. 115, 1298–1305. doi:10.1289/ehp.10009
 Olufsen, M., Cangialosi, M. V., and Arukwe, A. (2014). Modulation of Membrane Lipid Composition and Homeostasis in salmon Hepatocytes Exposed to Hypoxia and Perfluorooctane Sulfonamide, Given Singly or in Combination. PLoS One 9, e102485. doi:10.1371/journal.pone.0102485
 Omran, G. A., Gaber, H. D., Mostafa, N. A. M., Abdel-Gaber, R. M., and Salah, E. A. (2018). Potential Hazards of Bisphenol A Exposure to Semen Quality and Sperm DNA Integrity Among Infertile Men. Reprod. Toxicol. 81, 188–195. doi:10.1016/j.reprotox.2018.08.010
 Palmer, J. R., Herbst, A. L., Noller, K. L., Boggs, D. A., Troisi, R., Titus-Ernstoff, L., et al. (2009). Urogenital Abnormalities in Men Exposed to Diethylstilbestrol In Utero: a Cohort Study. Environ. Health 8, 1–6. doi:10.1186/1476-069X-8-37
 Pan, Y., Cui, Q., Wang, J., Sheng, N., Jing, J., Yao, B., et al. (2019). Profiles of Emerging and Legacy Per-/polyfluoroalkyl Substances in Matched Serum and Semen Samples: New Implications for Human Semen Quality. Environ. Health Perspect. 127, 127005. doi:10.1289/EHP4431
 Pietryk, E. W., Clement, K., Elnagheeb, M., Kuster, R., Kilpatrick, K., Love, M. I., et al. (2018). Intergenerational Response to the Endocrine Disruptor Vinclozolin Is Influenced by Maternal Genotype and Crossing Scheme. Reprod. Toxicol. 78, 9–19. doi:10.1016/j.reprotox.2018.03.005
 Prins, G. S., Hu, W.-Y., Shi, G.-B., Hu, D.-P., Majumdar, S., Li, G., et al. (2014). Bisphenol A Promotes Human Prostate Stem-Progenitor Cell Self-Renewal and Increases In Vivo Carcinogenesis in Human Prostate Epithelium. Endocrinology 155, 805–817. doi:10.1210/en.2013-1955
 Qiu, L., Zhang, X., Zhang, X., Zhang, Y., Gu, J., Chen, M., et al. (2013). Sertoli Cell Is a Potential Target for Perfluorooctane Sulfonate-Induced Reproductive Dysfunction in Male Mice. Toxicol. Sci. 135, 229–240. doi:10.1093/toxsci/kft129
 Qu, J.-H., Lu, C.-C., Xu, C., Chen, G., Qiu, L.-L., Jiang, J.-K., et al. (2016). Perfluorooctane Sulfonate-Induced Testicular Toxicity and Differential Testicular Expression of Estrogen Receptor in Male Mice. Environ. Toxicol. Pharmacol. 45, 150–157. doi:10.1016/j.etap.2016.05.025
 Radke, E. G., Braun, J. M., Meeker, J. D., and Cooper, G. S. (2018). Phthalate Exposure and Male Reproductive Outcomes: A Systematic Review of the Human Epidemiological Evidence. Environ. Int. 121, 764–793. doi:10.1016/j.envint.2018.07.029
 Rahman, M. S., Kwon, W.-S., Karmakar, P. C., Yoon, S.-J., Ryu, B.-Y., and Pang, M.-G. (2017). Gestational Exposure to Bisphenol A Affects the Function and Proteome Profile of F1 Spermatozoa in Adult Mice. Environ. Health Perspect. 125, 238–245. doi:10.1289/EHP378
 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, 1–9. doi:10.1038/srep09169
 Rahman, M. S., Kwon, W.-S., Ryu, D.-Y., Khatun, A., Karmakar, P. C., Ryu, B.-Y., et al. (2018). Functional and Proteomic Alterations of F1 Capacitated Spermatozoa of Adult Mice Following Gestational Exposure to Bisphenol A. J. Proteome Res. 17, 524–535. doi:10.1021/acs.jproteome.7b00668
 Rahman, M. S., Kwon, W.-S., Yoon, S.-J., Park, Y.-J., Ryu, B.-Y., and Pang, M.-G. (2016). A Novel Approach to Assessing Bisphenol-A Hazards Using an In Vitro Model System. BMC Genomics 17, 1–12. doi:10.1186/s12864-016-2979-5
 Rehfeld, A., Mendoza, N., Ausejo, R., and Skakkebæk, N. E. (2020). Bisphenol A Diglycidyl Ether (BADGE) and Progesterone Do Not Induce Ca2+ Signals in Boar Sperm Cells. Front. Physiol. 11, 785. doi:10.3389/fphys.2020.00785
 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, 490–503. doi:10.21037/tau.2018.05.17
 Samanta, L., Parida, R., Dias, T. R., and Agarwal, A. (2018). The Enigmatic Seminal Plasma: a Proteomics Insight from Ejaculation to Fertilization. Reprod. Biol. Endocrinol. 16, 1–11. doi:10.1186/s12958-018-0358-6
 Sasso, A. F., Pirow, R., Andra, S. S., Church, R., Nachman, R. M., Linke, S., et al. (2020). Pharmacokinetics of Bisphenol A in Humans Following Dermal Administration. Environ. Int. 144, 106031. doi:10.1016/j.envint.2020.106031
 Schiffer, C., Müller, A., Egeberg, D. L., Alvarez, L., Brenker, C., Rehfeld, A., et al. (2014). Direct Action of Endocrine Disrupting Chemicals on Human Sperm. EMBO Rep. 15, 758–765. doi:10.15252/embr.201438869
 Sengupta, P., Dutta, S., Tusimin, M., Irez, T., and Krajewska-Kulak, E. (2018). Sperm Counts in Asian Men: Reviewing the Trend of Past 50 Years. Asian Pac. J. Reprod. 7, 87–92. doi:10.4103/2305-0500.228018
 Shi, X.-Y., Wang, Z., Liu, L., Feng, L.-M., Li, N., Liu, S., et al. (2017). Low Concentrations of Bisphenol A Promote Human Ovarian Cancer Cell Proliferation and Glycolysis-Based Metabolism through the Estrogen Receptor-α Pathway. Chemosphere 185, 361–367. doi:10.1016/j.chemosphere.2017.07.027
 Sonthithai, P., Suriyo, T., Thiantanawat, A., Watcharasit, P., Ruchirawat, M., and Satayavivad, J. (2016). Perfluorinated Chemicals, PFOS and PFOA, Enhance the Estrogenic Effects of 17β-Estradiol in T47D Human Breast Cancer Cells. J. Appl. Toxicol. 36, 790–801. doi:10.1002/jat.3210
 Sunderland, E. M., Hu, X. C., Dassuncao, C., Tokranov, A. K., Wagner, C. C., and Allen, J. G. (2019). A Review of the Pathways of Human Exposure to Poly- and Perfluoroalkyl Substances (PFASs) and Present Understanding of Health Effects. J. Expo. Sci. Environ. Epidemiol. 29, 131–147. doi:10.1038/s41370-018-0094-1
 Sweeney, M. F., Hasan, N., Soto, A. M., and Sonnenschein, C. (2015). Environmental Endocrine Disruptors: Effects on the Human Male Reproductive System. Rev. Endocr. Metab. Disord. 16, 341–357. doi:10.1007/s11154-016-9337-4
 Tavares, R. S., Mansell, S., Barratt, C. L. R., Wilson, S. M., Publicover, S. J., and Ramalho-Santos, J. (2013). p,p′-DDE Activates CatSper and Compromises Human Sperm Function at Environmentally Relevant Concentrations. Hum. Reprod. 28, 3167–3177. doi:10.1093/humrep/det372
 Teeguarden, J. G., Twaddle, N. C., Churchwell, M. I., Yang, X., Fisher, J. W., Seryak, L. M., et al. (2015). 24-hour Human Urine and Serum Profiles of Bisphenol A: Evidence against Sublingual Absorption Following Ingestion in Soup. Toxicol. Appl. Pharmacol. 288, 131–142. doi:10.1016/j.taap.2015.01.009
 Thayer, K. A., Doerge, D. R., Hunt, D., Schurman, S. H., Twaddle, N. C., Churchwell, M. I., et al. (2015). Pharmacokinetics of Bisphenol A in Humans Following a Single Oral Administration. Environ. Int. 83, 107–115. doi:10.1016/j.envint.2015.06.008
 Thayer, K. A., Taylor, K. W., Garantziotis, S., Schurman, S. H., Kissling, G. E., Hunt, D., et al. (2016). Bisphenol A, Bisphenol S, and 4-Hydro​xyphenyl 4-Isopro​oxyphenyl​sulfone (BPSIP) in Urine and Blood of Cashiers. Environ. Health Perspect. 124, 437–444. doi:10.1289/ehp.1409427
 Toyama, Y., Suzuki-Toyota, F., Maekawa, M., Ito, C., and Toshimori, K. (2004). Adverse Effects of Bisphenol A to Spermiogenesis in Mice and Rats. Arch. Histology Cytol. 67, 373–381. doi:10.1679/aohc.67.373
 Ullah, A., Pirzada, M., Jahan, S., Ullah, H., and Khan, M. J. (2019). Bisphenol A Analogues Bisphenol B, Bisphenol F, and Bisphenol S Induce Oxidative Stress, Disrupt Daily Sperm Production, and Damage DNA in Rat Spermatozoa: A Comparative In Vitro and In Vivo Study. Toxicol. Ind. Health 35, 294–303. doi:10.1177/0748233719831528
 Ullah, A., Pirzada, M., Jahan, S., Ullah, H., Shaheen, G., Rehman, H., et al. (2018). Bisphenol A and its Analogs Bisphenol B, Bisphenol F, and Bisphenol S: Comparative In Vitro and In Vivo Studies on the Sperms and Testicular Tissues of Rats. Chemosphere 209, 508–516. doi:10.1016/j.chemosphere.2018.06.089
 Van der Meer, T. P., Artacho-Cordón, F., Swaab, D. F., Struik, D., Makris, K. C., Wolffenbuttel, B. H. R., et al. (2017). Distribution of Non-persistent Endocrine Disruptors in Two Different Regions of the Human Brain. Ijerph 14, 1059. doi:10.3390/ijerph14091059
 Vénisse, N., Cambien, G., Robin, J., Rouillon, S., Nadeau, C., Charles, T., et al. (2019). Development and Validation of an LC-MS/MS Method for the Simultaneous Determination of Bisphenol A and its Chlorinated Derivatives in Adipose Tissue. Talanta 204, 145–152. doi:10.1016/j.talanta.2019.05.103
 Vitku, J., Heracek, J., Sosvorova, L., Hampl, R., Chlupacova, T., Hill, M., et al. (2016). Associations of Bisphenol A and Polychlorinated Biphenyls with Spermatogenesis and Steroidogenesis in Two Biological Fluids from Men Attending an Infertility Clinic. Environ. Int. 89-90, 166–173. doi:10.1016/j.envint.2016.01.021
 Wan, H. T., Zhao, Y. G., Wong, M. H., Lee, K. F., Yeung, W. S. B., Giesy, J. P., et al. (2011). Testicular Signaling Is the Potential Target of Perfluorooctanesulfonate-Mediated Subfertility in Male Mice1. Biol. Reprod. 84, 1016–1023. doi:10.1095/biolreprod.110.089219
 Wang, C., Qi, S., Liu, C., Yang, A., Fu, W., Quan, C., et al. (2017). Mitochondrial Dysfunction and Ca2+ Overload in Injured Sertoli Cells Exposed to Bisphenol A. Environ. Toxicol. 32, 823–831. doi:10.1002/tox.22282
 Wang, H., Ding, Z., Shi, Q.-M., Ge, X., Wang, H.-X., Li, M.-X., et al. (2017). Anti-androgenic Mechanisms of Bisphenol A Involve Androgen Receptor Signaling Pathway. Toxicology 387, 10–16. doi:10.1016/j.tox.2017.06.007
 Wang, T., Han, J., Duan, X., Xiong, B., Cui, X.-S., Kim, N.-H., et al. (2016). The Toxic Effects and Possible Mechanisms of Bisphenol A on Oocyte Maturation of Porcine In Vitro. Oncotarget 7, 32554–32565. doi:10.18632/oncotarget.8689
 Wang, Y., Zhong, Y., Li, J., Zhang, J., Lyu, B., Zhao, Y., et al. (2018). Occurrence of Perfluoroalkyl Substances in Matched Human Serum, Urine, Hair and Nail. J. Environ. Sci. 67, 191–197. doi:10.1016/j.jes.2017.08.017
 Xiao, X., Mruk, D. D., Tang, E. I., Wong, C. K. C., Lee, W. M., John, C. M., et al. (2014). Environmental Toxicants Perturb Human Sertoli Cell Adhesive Function via Changes in F-Actin Organization Mediated by Actin Regulatory Proteins. Hum. Reprod. 29, 1279–1291. doi:10.1093/humrep/deu011
 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
 Ye, L., Zhao, B., Hu, G., Chu, Y., and Ge, R.-S. (2011). Inhibition of Human and Rat Testicular Steroidogenic Enzyme Activities by Bisphenol A. Toxicol. Lett. 207, 137–142. doi:10.1016/j.toxlet.2011.09.001
 Yuan, Y., Ding, X., Cheng, Y., Kang, H., Luo, T., Zhang, X., et al. (2020). PFOA Evokes Extracellular Ca2+ Influx and Compromises Progesterone-Induced Response in Human Sperm. Chemosphere 241, 125074. doi:10.1016/j.chemosphere.2019.125074
 Žalmanová, T., Hošková, K., Nevoral, J., Prokešová, Š., Zámostná, K., Kott, T., et al. (2016). Bisphenol S Instead of Bisphenol A: a story of Reproductive Disruption by Regretable Substitution - a Review. Czech J. Anim. Sci. 61, 433–449. doi:10.17221/81/2015-CJAS
 Zamkowska, D., Karwacka, A., Jurewicz, J., and Radwan, M. (2018). Environmental Exposure to Non-persistent Endocrine Disrupting Chemicals and Semen Quality: An Overview of the Current Epidemiological Evidence. Int. J. Occup. Med. Environ. Health 31, 377–414. doi:10.13075/ijomeh.1896.01195
 Zatecka, E., Castillo, J., Elzeinova, F., Kubatova, A., Ded, L., Peknicova, J., et al. (2014). The Effect of Tetrabromobisphenol A on Protamine Content and DNA Integrity in Mouse Spermatozoa. Andrology 2, 910–917. doi:10.1111/j.2047-2927.2014.00257.x
 Zhang, X.-F., Zhang, L.-J., Feng, Y.-N., Chen, B., Feng, Y.-M., Liang, G.-J., et al. (2012). Bisphenol A Exposure Modifies DNA Methylation of Imprint Genes in Mouse Fetal Germ Cells. Mol. Biol. Rep. 39, 8621–8628. doi:10.1007/s11033-012-1716-7
 Zhang, Z., Alomirah, H., Cho, H.-S., Li, Y.-F., Liao, C., Minh, T. B., et al. (2011). Urinary Bisphenol A Concentrations and Their Implications for Human Exposure in Several Asian Countries. Environ. Sci. Technol. 45, 7044–7050. doi:10.1021/es200976k
 Zhao, B., Chu, Y., Hardy, D. O., Li, X.-k., and Ge, R.-S. (2010). Inhibition of 3β- and 17β-Hydroxysteroid Dehydrogenase Activities in Rat Leydig Cells by Perfluorooctane Acid. J. Steroid Biochem. Mol. Biol. 118, 13–17. doi:10.1016/j.jsbmb.2009.09.010
 Zhao, B., Li, L., Liu, J., Li, H., Zhang, C., Han, P., et al. (2014). Exposure to Perfluorooctane Sulfonate In Utero Reduces Testosterone Production in Rat Fetal Leydig Cells. PLoS One 9, e78888. doi:10.1371/journal.pone.0078888
 Zimmermann, S., Steding, G., Emmen, J. M. A., Brinkmann, A. O., Nayernia, K., Holstein, A. F., et al. (1999). Targeted Disruption of the Insl3 Gene Causes Bilateral Cryptorchidism. Mol. Endocrinol. 13, 681–691. doi:10.1210/mend.13.5.0272
 Zou, Q.-x., Peng, Z., Zhao, Q., Chen, H.-y., Cheng, Y.-m., Liu, Q., et al. (2017). Diethylstilbestrol Activates CatSper and Disturbs Progesterone Actions in Human Spermatozoa. Hum. Reprod. 32, 290–298. doi:10.1093/humrep/dew332
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 © 2021 Ješeta, Navrátilová, Franzová, Fialková, Kempisty, Ventruba, Žáková and Crha. 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/xhtml/nav.xhtml
Contents

		Cover

		Overview of the Mechanisms of Action of Selected Bisphenols and Perfluoroalkyl Chemicals on the Male Reproductive Axes		Introduction

		Exposure Routes of Endocrine Disruptors

		Main Effect of Endocrine Disruptors on Male Fertility		Impact on Estrogen Receptors: Hyperestrogenization

		Impact on Androgen Receptors: Antiandrogenic Effect

		Epigenetic Modifications

		Effect of Endocrine Disrupting Chemicals as Inducers of Reactive Oxygen Species Production on Spermatozoa

		Direct Effect on Spermatozoa

		Disruption of the Blood-Testis Barrier





		Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
‘ frontiers
in Genetics

Overview of the Mechanisms of
Action of Selected Bisphenols
and Perfluoroalkyl Chemicals on
the Male Reproductive Axes





OPS/images/fgene-12-692897-g001.gif





OPS/images/fgene-12-692897-g002.gif
D tperestogenaton 2 Antandrogen et 3 Epgentc moafcton










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
1N Genetics





