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Objective: Reproductive toxicology is a field that deals with the effects of heavy metals on various aspects of reproduction, including sperm count, motility, viability, spermatogenesis, follicular atresia, hormonal imbalance, and oocyte maturation, among others. The present study was carried out to examine the effects of heavy metals, viz., arsenic (As), lead (Pb), and fluoride (F), on boar sperm quality parameters in vitro.
Materials and Methods: Forty (40) ejaculates from six (6) boars, averaging eight ejaculates per boar, were collected with the gloved hand technique using a dummy sow. Six (6) different concentrations were selected for the in vitro study: 5, 10, 25, 50, 100, and 200 µM for As and Pb, and 5, 10, 25, 50, 100, and 200 mM for F. The ejaculates were co-incubated with heavy metals at these different concentrations and assessed after different incubation periods (0, 0.5, and 1 h) for sperm functional attributes, viz., sperm progressive motility, viability and membrane integrity, and sperm mitochondrial membrane potential (MMP). The combined effects of heavy metals on sperm functional attributes were also evaluated at different doses (5, 10, 25, 50, 100, and 200 μM/μM for As–Pb; 5, 10, 25, 50, 100, and 200 μM/mM for As–F; and 5, 10, 25, 50, 100, and 200 μM/mM for Pb–F).
Results: The present study revealed a highly significant (p <0.001) decrease in sperm progressive motility, viable sperm, membrane integrity, and sperm MMP in samples treated with heavy metals under different incubation periods; furthermore, the longer the incubation time, the greater the toxicity. There was also a significant (p <0.05) decrease in sperm motility, membrane integrity, and MMP in the samples treated with combined heavy metals (As–Pb, As–F, and Pb–F), as compared to the control, after different incubation periods. A significant (p <0.05) reduction in sperm quality attributes was recorded even at the lowest concentrations in the case of heavy metal combinations.
Conclusion: It can be concluded that As, Pb, and F are toxic to boar spermatozoa in vitro, causing reductions in sperm functional attributes in a dose- and time-dependent manner.
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1 INTRODUCTION
Heavy metals alter several reproductive functions in both males and females, causing infertility; the outcomes include a decrease in sperm count, motility, viability, and spermatogenesis; hormonal imbalance; follicular atresia; and delay in oocyte maturation, and these effects form an important aspect of reproductive toxicology. Heavy metals are regarded as one of the oldest environmental issues across the globe, and are toxic even at the micro level (Carvalho et al., 2011). The main sources of heavy metals in the environment are either natural or man-made, and these sources contribute to exposure to human and animal health hazards. Anthropogenic activities such as rapid industrialization, overcrowding, and environmental manipulation can release heavy metals into the environment, in turn infiltrating the food chain (Maartens et al., 2015). Exposure to heavy metals produces either acute or chronic poisoning cases; their accumulation in different organs of an individual has the potential to harm particular organ systems or possibly the entire organism (Kumar and Singh, 2015). Gastrointestinal and kidney dysfunction, vascular damage, birth defects, skin lesions, nervous system disorders, immune system dysfunction, and cancer are a few examples of such harm, and simultaneous exposure to two or more metals may have cumulative effects, each potentiating the toxicity of the other (Gazwi et al., 2020; Balali-Mood et al., 2021). The amounts of components that accumulate in body organs is determined by exposure interval, the amount swallowed, animals’ production and reproduction periods, age and breed, the method of consumption, and the interplay between necessary and harmful elements, which determines the toxicity of the element in the animal’s biological systems (Mendiola et al., 2011). During grazing or feeding, fodder contaminated with toxic metals or toxic compounds enters the animal’s body through the respiratory and digestive systems or through dermal contact and affects physiological functions (Alam and Shilpa, 2020). Among the heavy metals, arsenic (As), lead (Pb), and fluoride (F) are among those that most significantly endanger human and animal health even at low levels of exposure. Arsenic is one of the most toxic substances that organisms can be exposed to through food and drinking water; it produces toxicity in livestock, humans, poultry, and aquatic animals due to its use in herbicides, rodenticides, and fungicides, and is particularly harmful to the male reproductive system (Knazicka et al., 2012; Shankar et al., 2014). It has been reported that protein responses are dysregulated in the male reproductive organs in poultry and animals as a result of arsenic toxicity, in turn lowering the sperm count per ejaculate, reducing sperm motility and viability, and causing abnormal sperm morphology (Zhao et al., 2017; Renu et al., 2018; Verma et al., 2018). Lead is widely used in acid battery plant refineries, smelters, the fuel combustion industry, printing presses, and automobile exhausts, where tetraethyl Pb acts as an anti-knocking agent; this results in exposure of humans and animals to lead, and its toxicity in the male reproductive system is manifested by Pb deposition in the testes, epididymis, vas deferens, seminal vesicles, and seminal ejaculate, leading to negative effects on sperm count and motility (Chowdhury, 2009); a decrease in sperm quality is also seen in mice (Li et al., 2018). Finally, the third heavy metal, fluoride, usually exists widely in the environment as an inorganic or organic compound; due to its greater reactivity toward the reproductive system, it causes decreased sperm count and abnormal sperm ratios, disrupted spermatogenesis, and a significant decrease in testosterone levels (Nickson et al., 2005). The toxicity of heavy metals has been reported in laboratory animals, but no studies have documented the in vitro effect of heavy metals on boar spermatozoa, either separately or in combination. Therefore, the present study was designed to investigate the in vitro toxic effects of As, Pb, and F separately and in combination, at different concentrations and with different incubation periods, on sperm functional attributes in a boar model.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Standard solutions of arsenic (CAS No. 119773; H3AsO4 in HNO3 0.5 mol/L; 1,000 mg/l As Centipur®) and lead (CAS No. 119773; Pb(NO3)2 in HNO3 0.5 mol/L; 1,000 mg/l Pb Centipur®), stabilized in 0.1 mM PBS (phosphate-buffered saline), were purchased from Sigma-Aldrich (St. Louis, MO, United States), and fluoride (CAS No. 7681-49-4) was purchased from HiMedia™ (Thane West, Maharashtra, Pin-400 604, India). The stock solutions of the heavy metals were diluted with distilled water to prepare the working solutions for the experiment with the desired concentration, as per the formula M1V1 = M2V2. Sperm Tyrode’s albumin lactate pyruvate (TALP-100 mM NaCl, 3.1 mM KCl, 25 mM NaHCO3, 0.29 mM NaH2PO4, 21.6 mM C3H5NaO3, 2.0 mM CaCl2, 1.5 mM MgCl2, and 10 mM HEPES) medium was prepared using chemical components purchased from HiMedia™. All other chemicals and reagents were procured from Sigma-Aldrich, unless otherwise stated.
2.2 Semen collection and evaluation
Six superior quality Hampshire crossbred boars (75%) with sexually proven fertility were used for the experiment. A semen sample was collected twice weekly from each boar using the gloved hand technique with a dummy sow. Following the collection of semen, ejaculates were transferred into a Minitube container pre-heated to 37°C in an incubator and transported to the laboratory within 30 min. A total of 40 ejaculates were collected and analyzed immediately for progressive motility. Semen samples with 70% progressive motility or higher were used for further processing and assessment of sperm functional attributes.
2.3 Sperm co-incubation with arsenic, lead, and fluoride
In the first experiment, the ejaculated semen sample was aliquoted in a 1.5-mL Eppendorf tube with different concentrations of As (5, 10, 25, 50, 100, and 200 μM), Pb (5, 10, 25, 50, 100, and 200 μM), and F (5, 10, 25, 50, 100, and 200 mM) and co-incubated for 0, 0.5, or 1 h in a CO2 incubator (Thermo Fisher Scientific, United States) with 5% CO2 and 95% humidity at 37°C. A semen sample without the addition of heavy metals was incubated as a control. The in vitro characteristics of sperm (viz., progressive motility, viability and membrane integrity, and MMP) from samples incubated in different concentrations of heavy metals were assessed after each incubation period. Similarly, in the second experiment, semen samples were co-incubated with different combined concentrations of heavy metals, viz., As–Pb (20, 50, 100, and 200 μM/μM), As–F (20, 50, 100, and 200 μM/mM), and Pb–F (20, 50, 100, and 200 μM/mM), and evaluated for sperm functional attributes, namely, progressive motility, viability and membrane integrity, and MMP.
2.4 Assessment of sperm functional attributes
Sperm progressive motility was evaluated by placing 10 µL of sperm suspension on a glass slide and then covering it with a coverslip. Sperm motility was observed under a phase-contrast microscope equipped with a 37°C microscope stage warmer at 400× magnification (Olympus, BX51 FT, Japan). The percentage of spermatozoa with normal, vigorous, and forward linear motion was subjectively assessed to the nearest 5% in different areas of the sample on each slide.
Sperm membrane integrity was assessed using carboxyfluorescein diacetate succinimidyl ester (CFDA) fluorescent dye as per the method described by Kukov et al. (2009), with minor modifications. Briefly, stock solutions of CFDA and propidium iodide (PI) were prepared at a concentration of 1 mg/mL in DMSO (dimethyl sulfoxide) and 1 mg/mL in PBS, respectively. The stock CFDA was added to 250-µL semen aliquots containing different concentrations of As, Pb, and F at a final concentration of 20 µM in an Eppendorf tube and incubated at 37°C for 5 min. Subsequently, 5 µL of PI was added at a final concentration of 15 µM and the solution was incubated for 5 min. After incubation, the tubes were centrifuged at 800 rpm for 5 min, and the supernatant was removed. Then, 200 µL of PBS was added to the sperm pellet in each Eppendorf tube and mixed gently. A drop of 10–15 µL from the stained sperm suspension was placed on a clean, dry glass slide covered with a coverslip, and 200 spermatozoa were observed under a fluorescent microscope (Nikon, Eclipse 80i, Japan). Sperm cells were classified as having an intact plasma membrane (stained with green fluorescence), having a damaged plasma membrane (stained with red fluorescence), or morbid spermatozoa (stained with both green and red fluorescence).
For the assessment of mitochondrial membrane potential, a stock solution of 1.53 mM JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolyl carbocyanine iodide) stain was prepared in DMSO. Next, 250 μL of each of the semen aliquots containing different concentrations of As, Pb, and F was stained with 1 µL of the JC-1 stock solution (final concentration of 2 µM) for 30 min at 37°C. Counterstaining of nuclei DNA was performed with 5 µL of the PI stock solution (final concentration of 0.27 mg/mL) and solutions were then incubated for 5 min. At least 200 spermatozoa were counted under a fluorescent microscope at 400× magnification; spermatozoa were observed using FITC and TRITC filters, and the images obtained from the two filters were merged to obtain the final image. When MMP levels are high, the mitochondrial protein JC-1 forms J-aggregates and exhibits orange/red fluorescence, while at a low MMP, it remains in the monomer form and emits green fluorescence (Selvaraju et al., 2008).
2.5 Statistical analysis
All the data obtained were analyzed using SPSS software (version 16.0 for Windows; SPSS Inc., Chicago, IL, United States). Data on various parameters are expressed in the form mean ± SE and analyzed via multivariate analysis of variance (ANOVA), with the specific sperm treatment as the main variable. Post-hoc testing for significant differences was carried out using Tukey’s test; p values <0.05 were considered to represent significance.
3 RESULTS
3.1 Effect of heavy metals on sperm functional attributes
After 0 h of incubation, a significant reduction (p <0.05) in sperm motility was recorded at 25 µM As concentration in comparison to the control (Figure 1A). After 0.5 h of incubation, sperm motility at a lower As concentration (5 µM) did not differ significantly (p >0.05) from that of the control. However, a highly significant (p <0.05) decrease was recorded when the concentration was increased to 10 µM, signifying that a lower As concentration became toxic with increasing incubation time. After 1 h of incubation, a significant (p <0.05) reduction in sperm motility in comparison to the control was recorded as the concentration was increased beyond 10 µM. Furthermore, when sperm motility was compared between different incubation periods, a significant decrease was observed (p <0.001) after 0.5 and 1 h of incubation in comparison to 0 h for different As concentrations. Regarding sperm viability, after 0 h of incubation, no significant reduction (p >0.05) was recorded at a 10-μM As concentration in comparison to the control (Figure 1B). However, a highly significant (p <0.05) decrease in sperm viability and membrane integrity was observed with an increase in As concentration to 25 µM and above. After 0.5 h of incubation, even at a lower As concentration (10 µM), a significant (p <0.05) reduction in sperm viability was recorded in comparison to the control; and after 1 h of incubation, a significant (p <0.05) reduction was recorded for a 5-μM As concentration in comparison to the control. In comparisons between the incubation periods, sperm viability and membrane integrity were found to be reduced significantly (p <0.01) between 0 and 0.5 h, and a significant reduction (p <0.05) was also recorded between 0.5 and 1 h. Regarding sperm MMP, after 0 h of incubation, the number of sperm with high MMP was not significantly reduced (p >0.05) at 10 µM (Figure 1C), but a significant reduction (p <0.05) was seen at concentrations from 25 µM. Similar trends were observed after 0.5 and 1 h of incubation, whereby the 5 µM As concentration resulted in significantly (p <0.05) lower numbers of spermatozoa exhibiting high MMP, while in comparisons between the incubation periods, sperm MMP showed a significantly (p <0.001) declining trend with increased time of incubation.
[image: Figure 1]FIGURE 1 | Effect of different concentrations of arsenic on sperm functional attributes after different co-incubation periods. (A) Effect of As on sperm progressive motility (%). (B) Effect of As on sperm viability and membrane integrity (%). (C) Effect of As on sperm MMP (%). Different superscripts indicate significant differences in means between the different treatment groups (p <0.05). * p <0.05; ** p <0.01; *** p <0.001 (indicating significant differences under different incubation periods). Abbreviations: As, arsenic; MMP, mitochondrial membrane potential.
After 0 h of incubation, no significant (p >0.05) decline in sperm motility was recorded at 5 µM Pb concentration in comparison to the control (Figure 2A). However, as the concentration was increased beyond 25 µM, a significant (p <0.05) reduction was observed. After 0.5 h of incubation, even 5 µM Pb concentration caused a significant (p <0.05) reduction in sperm motility. Similarly, after a longer incubation period (1 h), a significant (p <0.05) reduction in sperm motility was recorded even at 5 µM Pb concentration. Furthermore, in comparisons between the different incubation periods, it was observed that sperm motility significantly (p <0.001) decreased at 0.5 and 1 h of incubation relative to motility at 0 h for different Pb concentrations. Regarding sperm viability and membrane integrity, no significant (p >0.05) differences in comparison to the control were recorded at 5 µM Pb concentration after 0, 0.5, or 1 h of incubation (Figure 2B). However, there was a significant reduction (p <0.05) after the different incubation periods as the concentration was increased beyond 10 μM Pb. Furthermore, in comparisons between the different incubation periods, it was observed that sperm viability and membrane integrity significantly (p <0.001) decreased after 0.5 and 1 h of incubation relative to measures at 0 h for different Pb concentrations. Regarding sperm MMP, no significant (p >0.05) reduction was seen at 10 µM Pb concentration in comparison to the control at 0 h of incubation (Figure 2C). However, sperm MMP significantly (p <0.05) declined when the concentration was increased to 25 µM and beyond. Similarly, a significantly (p <0.05) declining trend was observed at 10 µM Pb concentration after 0.5 and 1 h of incubation. Furthermore, in comparisons between different incubation periods, it was observed that sperm MMP significantly (p <0.001) decreased at 0.5 and 1 h of incubation relative to MMP at 0 h for different Pb concentrations.
[image: Figure 2]FIGURE 2 | Effect of different concentrations of lead on sperm functional attributes after different co-incubation periods. (A) Effect of Pb on sperm progressive motility (%). (B) Effect of Pb on sperm viability and membrane integrity (%). (C) Effect of Pb on sperm MMP (%). Different superscripts indicate significant differences in means between the different treatment groups (p <0.05). ***p <0.001 (indicating significant differences under different incubation periods). Abbreviations: Pb, lead; MMP, mitochondrial membrane potential.
We observed a significant (p <0.05) decline in sperm motility at 10 mM F concentration in comparison to the control after 0 h of incubation (Figure 3A). A similar trend was seen after 0.5 and 1 h of incubation for a lower concentration of F (5 mM). Furthermore, in comparisons between different incubation periods, it was observed that sperm motility significantly (p <0.001) decreased after 0.5 and 1 h of incubation in comparison to motility at 0 h for different F concentrations. Regarding sperm viability and membrane integrity, after 0 h of incubation, a significant (p <0.05) reduction was seen higher concentrations (Figure 3B). After 0.5 h of incubation, a significant (p <0.01) decline was recorded even at lower doses of F (5 mM concentration and beyond). Furthermore, in comparisons between different incubation periods, it was observed that sperm viability significantly (p <0.001) decreased after 0.5 and 1 h of incubation. Regarding sperm MMP, no significant reduction was observed (p >0.05) at 5 mM F concentration after 0 h (Figure 3C). However, as the incubation period was increased to 0.5 h, even 5 mM F caused a significant reduction in sperm MMP.
[image: Figure 3]FIGURE 3 | Effect of different concentrations of fluoride on sperm functional attributes after different co-incubation periods. (A) Effect of F on sperm progressive motility (%). (B) Effect of F on sperm viability and membrane integrity (%). (C) Effect of F on sperm MMP (%). Different superscripts indicate significant differences in means between the different treatment groups (p <0.05). **p <0.01; ***p <0.001 (indicating significant differences under different incubation periods). Abbreviations: F, fluoride; MMP, mitochondrial membrane potential.
3.2 Effects of combined heavy metals on sperm functional attributes
In the experiment examining the As–F combination, even at 0 and 0.5 h of incubation, sperm motility significantly reduced at 5 µM As + 5 mM F in comparison to the control. (Figure 4A). A similar trend was observed for sperm viability (Figure 4B) and sperm MMP (Figure 4C), whereby 5 μM As + 5 mM F caused a significant (p <0.05) reduction in these parameters in comparison to the control. Similarly, in the case of the As–Pb combination, at 0 h, with the lower concentration of 5 μM As + 5 mM Pb, a significant (p < 0.05) reduction in sperm motility was observed (Figure 5A). Similar results were obtained regarding sperm viability (Figure 5B) and sperm MMP (Figure 5C), with a significant (p <0.05) decrease observed after each incubation period when sperm was incubated with a combination of 5 μM As + 5 mM Pb. Overall, a highly significant (p <0.001) decrease in sperm MMP was recorded if sperm was incubated for longer. Similarly, in the case of the Pb + F combination, we observed a significant (p <0.05) decrease in sperm motility even at 5 µM Pb + 5 mM F in comparison to the control after each incubation period (Figure 6A). Furthermore, a highly significant (p <0.001) reduction in sperm motility was recorded after longer periods of incubation. We also observed a significant (p <0.05) decrease in sperm viability after 0 and 1 h of incubation if sperm was incubated with 5 μM Pb + 5 mM F, although this was not the case after 0.5 h (Figure 6B). As the concentration was increased, a significant (p <0.05) decrease in the parameters was observed for all incubation periods (0, 0.5, and 1 h). Similarly, sperm MMP also showed a significantly (p <0.05) declining trend even at the lowest concentration of this heavy metal combination (5 μM Pb + 5 mM F) in comparison to the control (Figure 6C).
[image: Figure 4]FIGURE 4 | Effect of arsenic and fluoride in combination at different concentrations on sperm functional attributes after different co-incubation periods. (A) Combined effect of As–F on sperm progressive motility (%). (B) Combined effect of As–F on sperm viability and membrane integrity (%). (C) Combined effect of As–F on sperm MMP (%). Different superscripts indicate significant differences in means between the different treatment groups (p <0.05). ***p <0.001 (indicating significant differences under different incubation periods). Abbreviations: As, arsenic; F, fluoride; MMP, mitochondrial membrane potential.
[image: Figure 5]FIGURE 5 | Effect of arsenic and lead in combination at different concentrations on sperm functional attributes after different co-incubation periods. (A) Combined effect of As–Pb on sperm progressive motility (%). (B) Combined effect of As–Pb on sperm viability and membrane integrity (%). (C) Combined effect of As–Pb on sperm MMP (%). Different superscripts indicate significant differences in means between the different treatment groups (p <0.05). ***p <0.001 (indicating significant differences under different incubation periods). Abbreviations: As, arsenic; Pb, lead; MMP, mitochondrial membrane potential.
[image: Figure 6]FIGURE 6 | Effect of lead and fluoride in combination at different concentrations on sperm functional attributes after different co-incubation periods. (A) Combined effect of Pb–F on sperm progressive motility (%). (B) Combined effect of Pb–F on sperm viability and membrane integrity (%). (C) Combined effect of Pb–F on sperm MMP (%). Different superscripts indicate significant differences in means between the different treatment groups (p <0.05). ***p <0.001 (indicating significant differences under different incubation periods). Abbreviations: Pb, lead; F, fluoride; MMP, mitochondrial membrane potential.
4 DISCUSSION
Among all toxic pollutants, humans and animals have been increasingly exposed in particular to heavy metals (particularly As, Pb, and F) due to their industrial uses, biomedical applications, and use in other diagnostic tools in recent years. Toxic metals may have adverse effects on the reproductive system, either directly if they target specific reproductive organs or indirectly when they act on the neuroendocrine system (Pandey and Jain, 2013). The current study focused on the cytotoxic effects of different concentrations of As, Pb, and F, and combinations of these, on sperm functional attributes in vitro. The sperm functional attributes analyzed were observed to deteriorate in a dose- and time-dependent manner under incubation with different concentrations of As, Pb, and F, separately and in combination.
Sperm motility is crucial for male fertility, and lower sperm motility can cause male infertility, as reported in Han Chinese men (Tang et al., 2017). Many recent in vitro studies have shown that As exposure can reduce sperm motility and male fertility (Lima et al., 2018; Zeng et al., 2018). In this study, sperm motility was evidently reduced in a dose-dependent manner when sperm were incubated in different concentrations of As, a finding that is in agreement with previous reports in different laboratory animals (Pant et al., 2004; Zeng et al., 2019). A possible mechanism underlying the decrease in sperm motility might be associated with direct binding of As to sperm (Uckun et al., 2002). A recent study has reported on the partial impairment of spermatogenesis through disorganization of the elongation of spermatids due to As toxicity (Han et al., 2020).
Our findings on sperm membrane integrity corroborated those of earlier reports, whereby exposure to As has been found to cause reduction in sperm membrane integrity in mice (Reddy et al. (2011) and rabbit bucks (Seadawy et al., 2014). Similarly, another study documented a significant reduction in sperm viability when sodium arsenite was fed orally to experimental rats (Momeni and Eskandari, 2012). Exposure to As may induce cell death or apoptosis in the testicular germ cells or somatic Sertoli cells in vitro (Kim et al., 2011). Therefore, it might be possible that apoptosis-related cellular events were more prominent when sperm cells were co-incubated with increased concentrations of As. In this regard, it has also been reported that exposure of cells to As generates reactive oxygen species (ROS), in turn inducing cell death via both caspase-dependent and caspase-independent pathways; this is concomitant with downregulation of p53 and arrest of the cell cycle (Kim et al., 2011). Mitochondria play a crucial role in ATP synthesis and are the major energy producers for sperm motility. In this study, we have reported a significant reduction in sperm MMP upon incubation of sperm with various concentrations of As. Similarly, previous studies have shown that As causes mitochondrial dysfunction, resulting in damage to the structural and functional activity of the spermatozoa (Ulloa-Rodriguez et al., 2017; Keshavarz Bahaghighat et al., 2018; Losano et al., 2018). There are also reports relating As to a rapid decrease in MMP, thus changing the activities of mitochondrial enzymes, resulting in notable changes in morphology and destruction of the internal integrity of the organ, consequently disrupting cell morphology and sperm viability (De Vizcaya-Ruiz et al., 2009). In addition, toxicity caused by sodium arsenite due to generation of oxidative stress and apoptosis of the mitochondria has been reported in rat sperm (Das et al., 2009).
The current study also assessed the possible consequences of Pb exposure with varying concentrations on in vitro sperm functional attributes in boar semen. Pb, as a heavy metal, is widely used in the manufacture of products for daily use, including paints, lead acids, pigments, and varnishes, and human and animal exposure to Pb causes detrimental effects for male reproductive function, including decreased semen quality, thereby causing male infertility (Abadin et al., 2007). We have reported a significant reduction in boar sperm quality in terms of sperm motility, sperm membrane integrity, and sperm MMP after co-incubation with Pb, with effects occurring in a dose- and time-dependent manner. Our findings were congruent with the reports of Li et al. (2018), who reported a significant reduction in sperm quality parameters and DNA integrity in mice on exposure to Pb. The cellular pathways relating to Ca++ control sperm motility and act as an indirect measure for sperm mitochondrial function. Pb, being a divalent metal, can mimic Ca++ entry and its functions, thereby affecting the sperm capacitation process by inhibiting or inducing tyrosine phosphorylation (Kushwaha et al., 2021). The reduction in sperm quality observed in this study may be due to Pb exposure, which is thought to generate ROS in sperm cells, and an increase in ROS can decrease sperm membrane fluidity (Barbier et al., 2010). These findings support our hypothesis regarding the potential toxicity of Pb for sperm function even at micro levels in a dose- and time-dependent manner.
We have also reported a significant reduction in sperm quality attributes after incubation with F, with effects occurring in a dose- and time-dependent manner. Similarly, previous studies have also documented reduced sperm count and increased sperm abnormalities in mice exposed to F-contaminated drinking water (Wei et al., 2016; Sun et al., 2017). Toxic effects of NaF and F on male reproduction have been reported, taking the form of reduced sperm motility, testicular steroidogenesis, increased sperm abnormalities, histological alterations in the testis, and the loss of different stages of spermatozoa and spermatogenesis in the lumen of the seminiferous tubules of the testis (Chaithra et al., 2020). Furthermore, recent studies have documented the finding that F exposure can lead to mitochondrial damage and ROS accumulation, leading to mitochondrial fission/fusion imbalances (Zhou et al., 2020). F toxicity has been found to cause mitochondrial damage by decreasing the mitochondrial membrane potential, which promotes an increase in the production of ROS, and a higher level of ROS results in an increase in abnormal spermatozoa and decreased sperm motility, which in turn affects fertility (Wang et al., 2003). Therefore, we speculate that co-incubation of sperm with F might have resulted in increased ROS generation, which might have interacted with purine and pyrimidine bases to increase the content of messenger RNA, destroying single or double strands of DNA and DNA-dependent proteases, resulting in sperm cell apoptosis.
The combined effects of different concentrations of heavy metals on sperm functional attributes in spermatozoa are poorly documented in human and animal models as of now. In the present study, co-incubation with combinations of different concentrations of As, Pb, and F was found to significantly reduce sperm motility, viability, and MMP in a dose- and time-dependent manner. It was also evident from our findings that combinations of heavy metals were far more toxic, even at the lowest concentration and irrespective of the incubation period, than their individual counterparts, suggesting that heavy metals in combination might act synergistically in mediating the cytotoxic effects on the sperm membrane, thereby damaging sperm fluidity. One previous report on human subjects supports our current findings, whereby heavy metals were found to interact either additively, synergistically, or antagonistically (ATSDR, 1999). The toxicity of heavy metals is dose-dependent, and high-dose exposure leads to severe responses in animals and humans, causing more DNA damage (Gorini et al., 2014). The toxic mechanisms of heavy metals function in similar pathways, usually via ROS generation, enzyme inactivation, and suppression of the antioxidant defense (Balali-Mood et al., 2021). However, some of them cause toxicity in a particular pattern and bind selectively to specific macromolecules. Therefore, more well-designed in vitro investigations should be conducted in order to validate the complicated relationship between these metals and male fertility factors.
5 CONCLUSION
The present study is the first of its kind to have demonstrated the cytotoxicity of As, Pb, and F separately and in combination in a dose- and time-dependent manner in terms of boar semen quality in vitro. Moreover, the environment is frequently contaminated with various heavy metals, so it is imperative that in vivo studies on large animal populations are conducted to validate the toxicity of As, Pb, and F, individually and in combination, on sperm functional attributes in a broader sense. The current findings may be of practical significance in the field of livestock and other wild animal species that are frequently exposed to a wide range of environmental contaminants through their food chain.
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