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Introduction

Among substances released into the environment by anthropogenic activities, the heavy metal cadmium (Cd) is known to induce severe testicular injury causing male subfertility/infertility. Zinc (Zn) is another heavy metal that, unlike Cd, is physiologically present in the testis, being essential for spermatogenesis. We aimed to examine the possibility that 50 µM ZnCl2 could counteract the toxic effects induced by Cd in an in vitro model of porcine prepubertal Sertoli cells (SCs) exposed to both subtoxic (5 μM) and toxic (10 μM) concentrations of CdCl2 for 48 h.


Materials and Methods

Apoptosis, cell cycle, and cell functionality were assessed. The gene expression of Nrf2 and its downstream antioxidant enzymes, ERK1/2, and AKT kinase signaling pathways were evaluated.


Materials and Results

We found that Zn, in co-treatment with subtoxic and toxic Cd concentration, increased the number of metabolically active SCs compared to Cd exposure alone but restored SC functionality only in co-treatment with subtoxic Cd concentration with respect to subtoxic Cd alone. Exposure of Cd disrupted cell cycle in SCs, and Zn co-treatment was not able to counteract this effect. Cd alone induced SC death through apoptosis and necrosis in a dose-dependent manner, and co-treatment with Zn increased the pro-apoptotic effect of Cd. Subtoxic and toxic Cd exposures activated the Nrf2 signaling pathway by increasing gene expression of Nrf2 and its downstream genes (SOD, HO-1, and GSHPx). Zn co-treatment with subtoxic Cd attenuated upregulation on the Nrf2 system, while with toxic Cd, the effect was more erratic. Studying ERK1/2 and AKT pathways as a target, we found that the phosphorylation ratio of p-ERK1/2 and p-AKT was upregulated by both subtoxic and toxic Cd exposure alone and in co-treatment with Zn.


Discussion

Our results suggest that Zn could counteract Cd effects by increasing the number of metabolically active SCs, fully or partially restoring their functionality by modulating Nrf2, ERK1/2, and AKT pathways. Our SC model could be useful to study the effects of early Cd exposure on immature testis, evaluating the possible protective effects of Zn.
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1  Introduction

Infertility is a universal health problem with a detrimental impact on the lives of many couples to whom it can cause severe psychological distress (1). It has been estimated that 8% to 12% of couples in the world are infertile; therefore, 48 million couples and 186 million individuals live in a condition of infertility (2).

In Europe and the United States, it is estimated that 15% of couples and 7.5% of men are infertile (3), with a male factor being the primary or contributing cause in approximately 50% of couples (4).

Male infertility can be caused by numerous factors, which can alter the number or quality of spermatozoa or block their proper release with ejaculation. Many known congenital or acquired causes can impair seminal parameters, but a large percentage of cases, between 30% and 50% (5), remain of unknown origin. Such cases include idiopathic male infertility, in which the seminal fluid analysis shows alterations for which no clear etiology is recognized, or unexplained male infertility, in which the seminal fluid appears normal, and the female partner has no recognized fertility problems (6).

Given the prevalence and relevance of male infertility, great emphasis has been given to the search for potential risk factors for idiopathic infertility or concomitant factors that may provoke or worsen the condition.

Occupational or environmental exposure to some chemical pollutants and related oxidative stress have been recognized to be very important risk factors (7, 8).

Male subjects are exposed to environmental pollutants throughout their life cycle, including the embryonic and fetal period, when exposure to toxic compounds may cause subfertility/infertility later in adulthood (9, 10). Exposure during childhood may be particularly harmful, as it could damage spermatogonial stem cells, depleting the spermatogonial pool with a limited chance of future recovery (11).

Many different pollutants have been linked to testicular damage, some of which may act by mimicking certain endogenous hormones, thus interfering with normal endocrine processes.

These so-called endocrine-disrupting compounds (EDCs) include heavy metals (12–14). Cadmium (Cd) is a heavy metal found in most human foods, which are the main source of exposure in the non-smoking population (15–17).

Cigarette smoke and polluted water and air are additional sources of Cd, which is also found as an environmental pollutant, produced as a result of processes in the metallurgical and mining industries, the production of plastic stabilizers and batteries, and other industrial activities. Although exposure to Cd is low, its accumulation in the human body and its elimination half-life of 20–40 years cause damage to various organs (18). Cd accumulates in the testis where it causes lesions and impairs spermatogenesis.

In the adult testis, Sertoli cells (SCs) play an important role, providing physical support to germ cells and creating a metabolic and immunological environment suitable for spermatogenesis (19, 20).

In humans, SCs proliferate greatly during the fetal period and then slow down during the prepubertal phase until reaching the adult level at puberty (21, 22).

During the fetal and neonatal period, SCs play a critical role in the assembly of testis cords (23), in the organization of the microenvironmental niche in which germ cell differentiation into spermatogonia occurs until the first postnatal month, and in the secretion of anti-Müllerian hormone (AMH), which causes regression of Müller’s duct (24). In the prepubertal period, SCs produce a high level of AMH, being the only active testicular cells. Incidentally, the exact function of AMH in spermatogenesis is still not entirely clear, and it could represent a possible marker of SC function in humans and other prepubertal mammals (25).

Given their important role since the fetal period, it is understandable how early SCs damage can lead to adult male infertility.

In the fetal and neonatal stage, Cd has already been shown to negatively affect the development of immature SCs in the piglet testis, inhibiting their proliferation and causing apoptosis and DNA damage (26). In addition, Cd inhibits the interaction between neonatal SCs and gonocyte in primary murine SC-gonocyte cocultures (27).

In our previous work, we tested the effect of different pollutants on an in vitro model of prepubertal porcine SC cultures (28, 29) and verified that Cd causes dysfunction in SCs (30).

Another heavy metal, zinc (Zn), unlike cadmium, has a physiological function in the body, since it is a trace element necessary for the functioning of more than 300 enzymes. Zn is normally found in the testis and is essential in the physiological reproductive process as a necessary cofactor for metalloenzymes involved in spermatogenesis (31), to such an extent that its deficiency in man could lead to production of poorly functional spermatozoa and male infertility (32). Previous studies have shown that Zn supplementation can mitigate testicular damage due to metals such as Pb (33) and improve sperm quality in infertile men (34).

It is known that Cd competes with Zn and displaces it from its normal localization, thus altering Zn physiological function (35) and that Zn administration provides protection against Cd-induced testicular toxicity in adult rat testes (36).

However, there are no studies in the literature explaining the protective mechanism of Zn, even though Zn-containing supplements are routinely administered to patients with idiopathic infertility in clinical practice (37).

Given that primary cell cultures are considered the “gold standard” of in vitro models, and they are able to mimic more closely the real characteristics of target tissues in vivo (38), in the present paper, we used our already proven primary culture model of porcine prepubertal SCs, an experimental animal model exhibiting significant physiological similarity with humans as further supported by literature data (39), which performed integrated analysis of testicular cells in both pigs and humans. Results of cell-quality metrics demonstrated that human transcriptome data were comparable to those of pigs. In addition, the DEGs and GO analysis performed on each cell type revealed that pig and human biological processes are comparable (39).

The aim of the present study was to investigate whether the damage suffered by prepubertal pig SCs exposed to Cd in terms of cell viability and function could be restored or attenuated by co-treatment with Zn and then investigate the mechanisms underlying these possible effects.


2  Materials and methods

2.1  SCs isolation and characterization

Animal studies were conducted in agreement with the guidelines adopted by the Italian Approved Animal Welfare Assurance (A- 3143-01) and the European Communities Council Directive of 24 November 1986 (86/609/EEC). The experimental protocols were approved by the University of Perugia. Danish Duroc neonatal pigs (15 to 20 days old) underwent bilateral orchidectomy after general anesthesia with ketamine (Ketavet 100; Intervet, Milan, Italy), at a dose of 40 mg/kg, and dexmedetomidine (Dexdomitor, Orion Corporation, Finland), at a dose of 40 g/kg, and were used as SC donors. Specifically, pure porcine neonatal SCs were isolated and characterized, according to previously established methods (30). Briefly, the fibrous capsule was removed. Then, the testes were finely chopped and digested twice enzymatically, with a mixed solution of trypsin and deoxyribonuclease I (DNase I) in Hanks’ balanced salt solution (HBSS; Merck KGaA, Darmstadt, Germany) and collagenase P (Roche Diagnostics S.p.A., Monza, Italy). The tissue pellet was centrifuged, passed through a 500-μm-pore stainless steel mesh and then resuspended in glycine to eliminate residual Leydig and peritubular cells. The pellet was then collected and kept in HAM’s F12 medium (Euroclone, Milan, Italy) and added with 0.166 nmol/L retinoic acid (Sigma-Aldrich Co., St. Louis, MO, USA) and 5 ml per 500 ml of insulin-transferrin-selenium (ITS, Becton Dickinson cat. no. 354352; Franklin Lakes, NJ, USA) in 95% air/5% CO2 at 37°C. Cells were cultured for 3 days. To detect the presence of AMH and vimentin (SCs markers), 3β-Hydroxysteroid dehydrogenase (3β HSD) (Leydig cell marker), and alpha smooth muscle actin (ASMA) (peritubular cell marker), immunostainings were performed according to previously reported methods (40, 41). Briefly, untreated and treated SC monolayers were grown on glass chamber slides (LabTek II, Nunc, Thermo Fisher, Rochester, NY, USA), and fixed in ice-cold methanol for 15 min. The fixed cells were then permeabilized with 0.2% Triton X-100 (Sigma-Aldrich Co., St. Louis, MO, USA) in PBS (Euroclone, Milan, Italy) for 10 min at room temperature and blocked with 0.5% BSA (Sigma-Aldrich Co., St. Louis, MO, USA) in PBS for 1 h prior to exposure to AMH primary antibody (sc-6886; polyclonal goat anti-rat, 1:100, Santa Cruz Biotechnology, Temecula, CA, USA), to INSL-3 (sc-515120, monoclonal mouse anti-human, 1:200, Santa Cruz Biotechnology, Temecula, CA, USA), to ASMA (ab5694; polyclonal rabbit anti-pig, 1:200, ABCAM, Cambridge, UK), and to vimentin (ab8978; monoclonal mouse anti-pig, 1:100 Abcam, Cambridge, UK), overnight at +4°C. The cells were then washed in PBS three times (5 min each time) and then exposed to a secondary Alexa 488-conjugated donkey anti-goat antibody (1:500, Molecular Probes, NY, USA), Alexa 488-conjugated donkey anti-rabbit (1:500, Molecular Probes, NY, USA), and Alexa 488-conjugated donkey anti-mouse (1:500, Molecular Probes, NY, USA). The cells were then treated with RNase (10 mg/ml, Sigma-Aldrich Co., St. Louis, MO, USA) and counterstained for 1 min with DAPI (Sigma-Aldrich Co., St. Louis, MO, USA). Negative controls were included without the primary antibody treatment. The cells were mounted with ProLong® Gold antifade reagent (Molecular Probes, NY, USA). To evaluate the percentage of AMH, vimentin, 3β HSD, and ASMA-positive cells, chamber slides were analyzed using a BX-41 microscope (Olympus, Tokyo, Japan) equipped with a fluorescence photocamera. The isolated SC culture was 95% pure as indicated by immunostaining for AMH and vimentin (Figures S1A, B, respectively) with an extremely low percentage of non-SC cells (<5%) characterized by immunostaining for 3β-HSD (Leydig cells, Figure S1C) and ASMA (peritubular cells, Figure S1D).


2.2  SC culture and treatments

SCs were maintained at 37°C in a 5% CO2 humidified atmosphere in the absence (unexposed-control group) or presence of 5 or 10 µM CdCl2 (Cd) (Sigma Chemical Co, St. Louis, MO) (exposed group) according to our previous article (30) and/or 50 µM ZnCl2 (Zn) (Sigma Chemical Co, St. Louis, MO) on the basis of literature data (42) for 48 h in HAMF12 (Euroclone, Milan, Italy) supplemented with 0.166 nM retinoic acid (Sigma-Aldrich Co., St. Louis, MO, USA) and 5 ml/500 ml of Insulin-Transferrin-Selenium (ITS) + Premix (Cat. No. 354352; Corning, MA, USA).


2.3  Cytotoxicity assay

In SCs (1 × 105 cells/well) seeded in 96-well plates and exposed to Cd and/or Zn as described earlier, cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT test) (29). Data were reported as mean ± SD of eight replicates obtained from four independent experiments.


2.4  Apoptosis assessment

The detection of phosphatidylserine externalization was performed using an Annexin V Apoptosis Detection Kit (K101-100 BioVision CA, USA), made up of annexin V–fluorescein isothiocyanate (AnV–FITC) and propidium iodide–phycoerythrin (PI–PE), which are able to differentiate viable from necrotic and apoptotic cells. The aliquots of experimental samples were washed with PBS (Euroclone, Milan, Italy), centrifuged, and suspended in 500 μl of Annexin binding buffer to obtain a cell count of approximately 1 × 105. Five microliters of AnV–FITC and 5 μl of PI–PE (50 μg/ml) were added to each cell suspension. The samples were incubated at RT for 5 min in the dark and then analyzed by a flow cytometer. Flow cytometry analysis was performed by plotting green fluorescence (FL1)/AnV–FITC vs. red fluorescence (FL2)/PI–PE positive cells. The combination of AnV and PI allows the discrimination of four cell categories: viable cells (AnV−/PI−), early apoptotic cells (AnV+/PI−), late apoptotic cells (AnV+/PI+), and necrotic cells (AnV−/PI+). The sum of apoptotic cells was also calculated. Flow cytometry data acquisition was performed on a FACSscan Calibur (Becton Dickinson, Milan, Italy) equipped with 488- and 633-nm lasers and running CellQuest Software (Becton Dickinson, CA, USA). Ten thousand events were collected for each sample (43).


2.5  Cell cycle

SCs were plated at a density of 3 × 106 cells/well in a six-well plate and incubated for 48 h. After incubation, cells were sequentially trypsinized, washed with PBS, fixed overnight in 70% ice-cold ethanol (Sigma-Aldrich Co., St. Louis, MO, USA), at 4°C, resuspended in PBS plus 30 µg/ml RNase-A (Sigma-Aldrich Co., St. Louis, MO, USA), and incubated at 4°C for 5 min. Following the addition of FACS buffer (PBS + 2% FBS, Euroclone, Milan, Italy) and PI (1 mg/ml; Sigma-Aldrich Co., St. Louis, MO, USA), cells were incubated at 4°C for 30 min and finally DNA content was measured using a FACSCalibur flow cytometer. CellQuest software (Becton Dickinson, CA, USA) was used to quantify the distribution of cells in each cell cycle phase: sub-G1 (dead cells), G0/G1, S, and G2/M. Twenty thousand live events were collected for each sample and experiments were performed in triplicate. Apoptotic cells with hypodiploid DNA content were measured by quantifying the sub-G1 peak in the cell cycle pattern (43, 44).


2.6  ROS expression

Intracellular reactive oxygen species (ROS) were measured via flow cytometric analysis by treating 1 × 106 unexposed and exposed SCs with 1 μM dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich Co., St. Louis, MO, USA) solution in PBS at 37°C for 30 min, after supernatant removal and washing with PBS, 500 μl of FACS buffer (45) was added. Fluorescence was read by flow cytometry using a FACSscan Calibur equipped with 488- and 633-nm lasers and running CellQuest software.

The sensitivity of the test was confirmed by adding 30 µM hydrogen peroxide (H2O2) (30 min) on unexposed SCs as positive control (46).


2.7  RNA isolation, reverse transcription, and real-time reverse transcriptase-polymerase chain reaction analyses

Total RNA was isolated with Tri-reagent (Sigma-Aldrich Co., St. Louis, MO, USA) and quantified by reading the optical density at 260 nm. Subsequently, 2.5 μg of total RNA was subjected to reverse transcription (RT Thermo Scientific, Waltham, MA, USA) in a final volume of 20 μl. Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed using 25 ng of the cDNA and SYBR Green master mix (Stratagene, Amsterdam, the Netherlands), as previously described (47).

Gene expression versus β-actin was evaluated by RT-PCR on an MX3000P Real-Time PCR System (Agilent Technology, Milan, Italy). The sequences of the oligonucleotide primers are listed in Table 1. The thermal cycling conditions were 1 cycle at 95°C for 5 min, followed by 45 cycles at 95°C for 20 s and 58°C for 30 s. The data required for carrying out a comparative analysis of gene expression were obtained by means of the 2-(DDCT) method.

Table 1 | Primer sequences for PCR analyses.




2.8  Protein extraction and Western blot analysis

Total protein extracts were prepared by lysing the cells in 100 μl of radioimmunoprecipitation assay lysis buffer (RIPA buffer, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) as previously described (48).

After centrifuging the mixture at 1,000×g (Eppendorf, NY, USA) for 10 min, the supernatant was collected, and total protein content was determined by the Bradford method (49). Sample aliquots were stored at −20°C for Western blot (WB) analysis. The cell extracts were separated by 4%–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and equal amounts of protein (70 μg protein/lane) were run and then blotted on nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were incubated overnight in a buffer containing 10 mM Tris (Sigma-Aldrich Co., St. Louis, MO, USA), 0.5 M NaCl (Sigma-Aldrich Co., St. Louis, MO, USA), 1% (v/v) Tween 20 (Sigma-Aldrich Co., St. Louis, MO, USA), rabbit anti-ERK1/2 (1:2000, Millipore, MA, USA), mouse anti-phospho-ERK1/2 (1:100, Millipore; MA, USA), anti-AKT (1:100, Cell Signalling, Danvers, MA, USA), rabbit anti-phospho-AKT (1:1,000, Cell Signalling, Danvers, MA, USA), and rabbit anti-caspase 3 antibody (1:1,000, Cell Signaling, Danvers, MA, USA) primary antibodies.

Primary antibody binding was then detected by incubating membranes for an additional 60 min in a buffer containing horseradish peroxidase-conjugated anti-rabbit (1:5,000, Sigma-Aldrich Co., St. Louis, MO, USA) and/or anti-mouse (1:5,000, Santa Cruz Biotechnology Inc.) IgG secondary antibodies. The bands were detected by enhanced chemiluminescence and acquired by the ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA).


2.9  ELISA

Aliquots of the culture media from all the experimental groups were collected and stored at −20°C for the assessment of AMH (AMH Gen II ELISA, Beckman Coulter; intra-assay CV = 3.89%; inter-assay CV = 5.77%) and inhibin B (Inhibin B Gen II ELISA, Beckman Coulter, Webster, TX, USA; intra-assay CV = 2.81%; inter-assay CV = 4.33%) secretion as previously described (50).


2.10  Statistical analysis

Normality analysis was performed by Shapiro–Wilk test, and statistical comparisons were analyzed using one-way ANOVA followed by Tukey’s HSD post hoc test (SigmaStat 4.0 software, Systat Software Inc., CA, USA). Values were reported as the means ± SEM of three independent experiments, each performed in triplicate. Differences were considered statistically significant at *p < 0.05, **p < 0.001 compared to unexposed SCs; # p < 0.05 and ## p < 0.001 with respect to 5 μM Cd; § p < 0.05 and §§ p < 0.001 with respect to 10 μM Cd.



3  Results

3.1  Cytotoxicity assay

The MTT assay demonstrated that the cytotoxic effects of 5 μM Cd were abolished and those of 10 μM Cd were markedly attenuated by the co-treatment with Zn.

The cytotoxicity of metal ions was determined by the MTT assay that mainly measures the metabolic activity of cells in culture, indirectly associated with cell viability status. As shown in Figure 1, a slight statistically nonsignificant decrease in the percentage of metabolically active cells was observed in SCs exposed to Zn alone compared with unexposed controls. A marked cytotoxic effect was seen in SCs exposed to Cd at both the subtoxic (5 μM) and toxic (10 μM) concentrations, with a significant decrease in the percentage of metabolically active viable cells (**p < 0.001 with −26.2% at 5 μM Cd; **p < 0.001 with −30.1% at 10 μM Cd) compared with unexposed controls.



Figure 1 | Cell viability by MTT test. Cytotoxicity, measured using MTT reagent in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM (NS vs. SCs, *p < 0.05 and **p < 0.001 vs. SCs, ##p < 0.001 vs. 5 µM Cd, §§p < 0.001 vs. 10 µM of three independent experiments, each performed in triplicate).



After co-treatment with 50 μM Zn at both Cd concentrations, the percentages of metabolically active viable SCs increased (##p < 0.001 with +21.5% at 5 μM Cd + 50 μM Zn; §§p < 0.001 with +18.1% at 10 μM Cd + 50 μM Zn) compared with SCs treated with the corresponding concentration of Cd alone.


3.2  Cd and Cd/Zn exposure induced cell cycle disruption and apoptosis in SCs

The results suggested that Cd exposure disrupted the cell cycle in SCs and triggered cycle arrest at the sub-G1 phase, apoptosis and necrosis in a dose-dependent manner and co-treatment with Zn was not able to counteract these effects. On the other hand, Zn, the subtoxic Cd and co-treatments triggered an anti-apoptotic response by SCs, in terms of Bcl-2 gene expression compared with unexposed SCs, while toxic Cd showed no response.

To investigate the effects of Cd on cell viability, we analyzed cell cycle progression, apoptosis, and necrosis by flow cytometry and WB analysis.

Figures 2A–C show that Cd exposure changed the distribution of SCs in the different cell cycle phases. Indeed, SCs treated with both Cd concentrations significantly accumulated in the sub-G1 phase; meanwhile, the proportion of cells in the G0/G1 phase was markedly decreased, and the proportion of cells in the S phase remained stable.



Figure 2 | Cell cycle progression, apoptosis, and necrosis. Percentage of cells in G0/G1 (A), S (B), and G2/M (C) and sub-G1 phase (D) in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Percentage of apoptotic (E) and necrotic (F) cells in the sub-G1 phase in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM (*p < 0.05 and **p < 0.001 vs. SCs of three independent experiments, each performed in triplicate).



In particular, 5 μM Cd and 10 μM Cd induced a significant decrease in the percentage of cells in the G0/G1 phase compared with unexposed SCs (control) (**p < 0.001 with 65.21% and 49.45 vs. 84.44%), and the co-treatment with 50 μM Zn induced a significant decrease in the percentage of cells in the G0/G1 phase compared with control SCs (**p < 0.001 with 49.22 and 51.58% vs. 84.44%, respectively, Figure 2A).

Figure 2D shows the assessment of cells in the sub-G1 phase using cell cycle analysis. After 5- and 10-μM Cd exposures, the percentage of cell death was significantly increased in a dose-dependent manner in comparison with unexposed SCs (**p < 0.001 with 22% and 40% vs. 3%, respectively).

The co-treatment with 5 μM Cd + 50 μM Zn and 10 μM Cd + 50 μM Zn induced an increase in the percentage of sub-G1 cells in comparison with unexposed SCs (**p < 0.001 with 34.34% and 35.49% vs. 3.08%, respectively). In contrast, no significant effects were observed after 5 μM Cd + 50 μM Zn and 10 μM Cd + 50 μM Zn with respect to 5 μM Cd and 10 μM Cd, even if a trend downward decrease was observed.

To evaluate whether subtoxic and toxic Cd concentrations induced apoptosis or necrosis in SCs, we used several experimental approaches.

To validate the pro-apoptotic effects of 5 μM Cd and 10 μM Cd in SCs, cells were analyzed by flow cytometry using Annexin V-FITC and results are shown in Figure 2E. The percentage of total (early and late) apoptotic cells increased in a dose-dependent manner after Cd treatments. In particular, in the 5 μM Cd and 10 μM Cd exposed SCs, the percentage of apoptotic cells significantly increased compared with unexposed SCs (*p < 0.05 with 12.41%, 16.06% vs. 6.5%, respectively).

Zn co-treatment with both Cd concentrations induced a significant increase in the percentage of apoptotic cells compared with unexposed SCs (*p < 0.05 and **p < 0.001 with 17.23% and 31.92% vs. 6.5% and 6.75%, respectively).

Necrotic effects of 5 μM Cd and 10 μM Cd in SCs were analyzed by flow cytometry using Annexin V-FITC and results are shown in Figure 2F. The percentage of necrotic cells increased in a dose-dependent manner. At 48 h post-treatment, both Cd concentrations significantly increased the percentage of necrotic cells compared with unexposed SCs (*p < 0.05 and **p < 0.001 with 10.79% and 18.64% vs. 4.5%, respectively). Zn co-treatment with both Cd concentrations induced a significant increase in the percentage of necrotic cells compared with unexposed SCs (*p < 0.05 with 13.77% and 15.65% vs. 4.5%, respectively). In contrast, no significant effects were observed after Zn co-treatment with both Cd concentrations compared with 5 μM and 10 μM Cd alone.

To further investigate the mechanisms underlying cell death induced by Cd, we assessed, by WB analysis, proteins such as caspase-3, a key enzyme that plays a crucial role in the cell cycle and apoptosis regulation and is partially or totally responsible for the proteolytic cleavage of many key proteins (40). Activation of caspase-3 requires proteolytic processing of its inactive zymogen (p35) into activated p19 and p17 fragments (51), and we found a slight decrease of the inactive form and active fragments after Cd exposures alone or in combination with Zn, compared with untreated SCs (Figures 3A–D).



Figure 3 | WB analysis of apoptosis. (A) Immunoblots of caspase-3 p35, p19, and p17 in the absence (unexposed-control group, SCs) or presence of 5 or 10 μM CdCl2 and/or 50 µM ZnCl2 for 48 h. Densitometric analysis of the protein bands of caspase-3 p35 (B), p19 (C), and p17 (D) in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM (*p < 0.05 and **p < 0.001 vs. SCs, #p < 0.05 and ##p < 0.001 vs. 5 µM Cd, §§p < 0.001 vs. 10 μM of three independent experiments, each performed in triplicate).



The supposed contradiction between the increase in apoptosis and the decrease in caspase-3 activation could be due to the progress toward the final degradation phase of apoptosis (52).

To further explore the Cd-induced effects on SC apoptosis, expression of apoptosis-related Bcl-2 gene was detected using real-time PCR, as shown in Figure 4. This gene was increased by 310% after Zn alone exposure, and by 320% with 5 μM Cd, whereas 10 μM Cd was not effective.



Figure 4 | Gene expression and protein secretion of AMH (A, C), and βB subunit (Inhibin B) (B, D) in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data represent the mean ± S.E.M.  (Not significant, NS). NS vs SCs, *p<0.05 and **p<0.001, #p<0.05 and #p<0.05 vs 5 µM Cd, §p<0.05 vs 10 µM, (not significant, ns) ns vs 10 µM of three independent experiments, each performed in triplicate.



Co-treatment with 5 μM Cd + 50 μM Zn increased the Bcl-2 gene expression (**p < 0.001) in comparison with unexposed SCs, but decreased it by 48% (##p < 0.001) with respect to 5 μM Cd alone.

Co-treatment with 10 μM Cd + 50 μM Zn increased Bcl-2 gene expression by approximately 33% (*p < 0.05), compared with unexposed SCs, and increased Bcl-2 gene expression by approximately 21% (§p < 0.05) in comparison with the corresponding concentration of Cd alone.


3.3  Analysis of SC functionality

Given that AMH and inhibin B are specific markers of SC functionality, the effects of metal ions alone and in co-treatment were evaluated in SCs by AMH and βB subunit of inhibin B (inhibin B) gene expression and protein secretion assays.

The results suggested that Cd exposure decreased the functionality of SCs in terms of AMH and inhibin B gene expression and protein secretion. Cell functionality, evaluated as protein secretion, could be partially (AMH secretion) or fully (inhibin B secretion) restored after co-treatment with Zn and 5 μM Cd.

Figure 5A shows that AMH gene expression was not influenced by Zn exposure, while it was significantly downregulated in Cd-exposed SCs (**p < 0.001 with −21% and −79% at 5 and 10 μM Cd concentrations, respectively) compared with unexposed controls. Zn and Cd co-treatment showed different results: 50 μM Zn in combination with 5 μM Cd upregulated AMH gene expression in SCs (##p < 0.001 with +34% with respect to SCs exposed to 5 μM Cd alone) up to the levels of untreated controls; 50 μM Zn in combination with 10 μM Cd did not modify AMH gene expression with respect to 10 μM Cd alone.



Figure 5 | Real-Time PCR analysis of Bcl-2. Gene expression of Bcl-2 in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data represent the mean ± S.E.M. (Not significant, NS). NS vs SCs, *p < 0.05 and **p < 0.001, ##p < 0.001 vs 5 µM Cd, §p < 0.05 vs 10 µM of three independent experiments, each performed in triplicate.



Figure 5B shows that inhibin B gene expression was not influenced by Zn exposure, while it was significantly downregulated in Cd-exposed SCs (**p < 0.001 with −55% and −88% at 5 and 10 μM Cd concentrations, respectively) compared with unexposed controls. Instead, co-treatment with Zn in combination with both Cd concentrations upregulated inhibin B gene expression in SCs (##p < 0.001 with +39.5% at 5 μM Cd + 50 μM Zn and §§p < 0.001 with +86.6% at 10 μM Cd + 50 μM Zn, respectively), compared with SCs exposed to 5 and 10 μM Cd alone.

Compared with unexposed SC controls, the AMH secretion was not influenced by Zn (Figure 5C), while it was significantly decreased after Cd exposure (Figure 5C). Differences in the AMH protein secretion were −42.1% and −83.6% at 5 and 10 μM Cd concentrations, respectively (**p < 0.001) in comparison with the unexposed SCs; after Zn and Cd co-treatment, the AMH protein secretion was increased in 5 μM Cd co-treated SCs (+35.9%; #p < 0.001 vs. SCs exposed to 5 μM Cd alone) but was unaffected in 10 μM Cd co-treated SCs vs. SCs exposed to 10 μM Cd alone.

Compared with unexposed SC controls, the inhibin B secretion was not influenced by Zn, while it was significantly decreased after Cd exposure (Figure 5D) with −51.4% and −88.2% at 5 and 10 μM Cd concentrations, respectively (**p < 0.001); Zn and Cd co-treatment increased inhibin B protein secretion in the 5 μM Cd co-treated SCs (+28.7%; **p < 0.001 vs. unexposed SCs; and +165%; ##p < 0.001 vs. SCs exposed to 5 μM Cd alone) but was unaffected in 10 μM Cd co-treated SCs vs. SCs exposed to 10 μM Cd alone.

The gene expression of SCF, GDNF, transferrin, and LDHA was upregulated at each experimental condition in comparison with unexposed SCs controls (**p < 0.001 vs. unexposed SCs; ##p < 0.001 vs. SCs exposed to 5 μM Cd alone; §§p < 0.001 vs. SCs exposed 10 μM Cd + 50 μM Zn, respectively) compared with unexposed controls (Figures 6A–D).



Figure 6 | Real-time PCR analysis of SC functionality. Gene expression of SCF (A) GDNF (B), transferrin (C), and lactate dehydrogenase (LDH) (D) in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM. (Not significant, NS). NS vs. SCs, *p < 0.05 and **p < 0.001, #p < 0.05 and ##p < 0.001 vs. 5 µM Cd, §p < 0.05 and §§ p < 0.001 vs. 10 μM. (Not significant,  ns) ns vs. 10 μM of three independent experiments, each performed in triplicate.



Moreover, we observed downregulation of FSH-r, ABP, and aromatase gene expression at each experimental condition (**p < 0.001 vs. unexposed SCs; ##p < 0.001 vs. SCs exposed to 5 μM Cd alone; §§p < 0.001 vs. SCs exposed 10 μM Cd + 50 μM Zn, respectively) compared with unexposed controls (Figures 7A–C).



Figure 7 | Real-time PCR analysis of SC functionality. Gene expression of FSHr (A), androgen binding protein (ABP) (B), and aromatase (C) in the absence (unexposed-control group, SCs) or presence of 5 or 10 μM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM. (Not significant, NS). NS vs. SCs, *p < 0.05 and **p < 0.001, #p < 0.05 and ##p< 0.001 vs. 5 µM Cd, §p<0.05, §§p< 0.001 vs. 10 µM, (not significant, ns) ns vs. 10 µM of three independent experiments, each performed in triplicate.



These data showed in the tested experimental conditions that SCs were induced to produce factors necessary for differentiation and sustenance of spermatogonial cells as a response to a noxious stimulus. Furthermore, the data showed that SCs lost the ability to concentrate and transform androgens, activities that Zn treatment was unable to restore (52–54).


3.4  Antioxidant response: Nrf2, SOD1, GSHPx, and HO-1 gene expressions and intracellular ROS production

The results demonstrate that Zn co-treatment, in order to alleviate the oxidative damage, triggered antioxidant response in SCs by promoting the nuclear factor erythroid 2-related factor (Nrf2) pathway, but was able to counteract the oxidative stress only at subtoxic Cd concentration.

To investigate whether, in SCs, metal ions alone and in co-treatment activated Nrf2 and its downstream phase II detoxification genes, Nrf2, superoxide dismutase-1 (SOD1), glutathione peroxidase (GSHPx), and heme oxygenase (HO-1) gene expressions were evaluated.

Figure 8A shows that exposure of SCs to Zn alone upregulated Nrf2 gene expression by 370%, compared with unexposed SCs controls (Figure 8A, **p < 0.001 vs. unexposed SCs, set as 1 in the graphs).



Figure 8 | Real-time PCR analysis of antioxidant enzymes. Gene expression of Nrf2 (A), SOD1 (B), GSHPx (C), and HO-1 (D) in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM (NS vs. SCs, *p < 0.05 and **p < 0.001, #p < 0.05 and ##p < 0.001 vs. 5 µM Cd, §p < 0.05 and §§p < 0.001, (not significant, ns), ns vs. 10 µM of three independent experiments, each performed in triplicate.



Exposure to 5 and 10 μM Cd concentrations increased the Nrf2 gene expression by 600% and 360%, respectively, compared with unexposed SC controls (Figure 8B, **p < 0.001 vs. unexposed SCs, set as 1 in the graphs).

Nrf2 gene expression was increased in Zn co-treatment with 5 μM Cd by approximately 241% with respect to the unexposed SCs (**p < 0.001) but was decreased by 51% in comparison with 5 μM Cd-treated SCs alone (##p < 0.001).

Meanwhile, co-treatment with 10 μM Cd + 50 μM Zn increased Nrf2 gene expression (§p < 0.05) in comparison with 10 μM Cd alone.

Figure 8B shows that exposure of SCs to Zn alone upregulated SOD1 gene expression by 41%, compared with unexposed SC controls (*p < 0.05 vs. unexposed SCs, set as 1 in the graphs). Instead, Zn alone did not change GSHPx (Figure 8C) and HO-1 gene expressions compared with unexposed SC controls (Figure 8D).

Exposure of SCs to both Cd concentrations increased the gene expression of SOD1, GSHPx, and HO-1 (Figures 8B–D, *p < 0.05 and **p < 0.001 vs. unexposed SCs, set as 1 in the graphs). Co-treatment with 50 μM Zn significantly reduced all the aforementioned gene expressions in 5 μM Cd co-treated SCs compared with SCs exposed to 5 μM Cd alone (Figures 8B–D, *p < 0.05 vs. SCs exposed to 5 μM Cd alone), but showed different effects in 10 μM Cd co-treated SCs. In particular, co-treatment had no effect on SOD1, upregulated GSHPx by approximately 69%, and downregulated HO-1 gene expressions by 48% (Figures 8B–D, §p < 0.05 and §§p < 0.001 vs. SCs treated with 10 μM Cd alone).

We evaluated the production of ROS as the most important intracellular effects elicited by Cd exposure and then influenced by Zn-Cd co-treatment, in terms of percentage of ROS-producing cells. Figure 9 shows a significant increase in ROS-producing cells after Zn treatment and 5 and 10 μM Cd alone exposure (+23.81% and +40.9% with **p < 0.001 vs. unexposed SCs, and +4.9% with *p < 0.05 vs. unexposed SCs, respectively, set as 0 in the graphs). Zn (50 µM) and Cd co-treatment showed different results: in combination with 5 μM Cd, the percentage of ROS-producing cells was decreased by 23% with respect to 5 μM Cd alone (##p < 0.001), while in combination with 10 μM Cd, it increased by approximately 382% compared with SCs exposed to 10 μM Cd alone (§§p < 0.001).



Figure 9 | ROS assay. Intracellular ROS-producing cells in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM. (*p < 0.05 and **p < 0.001, ##p < 0.001 vs. 5 µM Cd, §§p < 0.001 vs. 10 µM of three independent experiments, each performed in triplicate).




3.5  WB analysis of ERK 1-2 and AKT signaling pathways

Our data demonstrated that the co-treatment with the oligoelement increased the upregulation of the extracellular signal-regulated kinase 1/2 (ERK 1/2) signal pathway and was therefore responsible for the attempt to counteract the negative effects of the heavy metal. On the contrary, the upregulation of the anti-apoptotic pathway of serine/threonine protein kinase (AKT) exhibited a direct dose-response increase with the concentration of Cd in co-treatment with Zn.

WB analysis demonstrated that Zn alone did not influence the ERK1/2 phosphorylation ratio compared with unexposed SCs, while 5 μM and 10 μM Cd increased it by approximately 15% and 25% (Figure 10A; *p < 0.05 and **p < 0.001 vs. unexposed SCs). Zn co-treatment with 5 μM Cd increased ERK 1-2 phosphorylation ratio by 40% vs. unexposed SCs and by 22% vs. SCs exposed to 5 μM Cd alone (Figure 10A; **p < 0.001 and #p < 0.05, respectively). Zn co-treatment with 10 μM Cd increased ERK 1-2 phosphorylation ratio by 25% vs. unexposed SCs (Figure 10A; **p < 0.001) but did not change in comparison with SCs exposed to 10 μM Cd alone.



Figure 10 | WB analysis of ERK1/2 and AKT pathways. (A) Immunoblots (upper left) and densitometric analysis (upper right) of the phosphorylation ratio of ERK1/2 in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 μM ZnCl2 for 48 h. (B) Immunoblots (lower left) and densitometric analysis (lower right) of phosphorylation ratio of AKT in the absence (unexposed-control group, SCs) or presence of 5 or 10 µM CdCl2 and/or 50 µM ZnCl2 for 48 h. Data presented as the mean ± SEM (NS vs. SCs, *p < 0.05 and **p < 0.001 vs. SCs, #p < 0.05 vs. 5 µM Cd, §§p < 0.001 vs. 10 µM, ns vs. 10 μM of three independent experiments, each performed in triplicate) [*p < 0.05 and **p < 0.001, with respect to unexposed SCs (black dotted line) of three independent experiments, each performed in triplicate]. A.U., arbitrary units.



Conversely, WB analysis reported in Figure 8B shows that Zn alone decreased AKT phosphorylation ratio by approximately 49%, while it increased at 5 μM and 10 μM Cd concentrations by approximately 21% and 25%, respectively (*p < 0.05, and **p < 0.001 vs. unexposed SCs). Figure 10B shows that Zn co-treatment with 5 μM Cd increased AKT phosphorylation ratio by 44% vs. unexposed SCs and by 19% vs. SCs exposed to 5 μM Cd alone (Figure 10A; **p < 0.001 and #p < 0.05, respectively). Zn co-treatment with 10 μM Cd increased AKT phosphorylation ratio by 112% vs. unexposed SCs (Figure 10A; **p < 0.001) and by 70% vs. SCs exposed to 10 μM Cd alone (Figure 10A; §§ p < 0.001).



4  Discussion

The present study was performed in order to evaluate whether the altered function and the cytotoxic effects in an in vitro model of porcine pre-pubertal SCs exposed to an acute stimulus with Cd, as previously reported (30), could be counteracted by the co-treatment with an oligoelement such as Zn.

Although in vitro studies do not represent a full realistic model of how substances will interact with the specific organ of the body in vivo, primary SC cultures have been recognized as a valuable in vitro system to study the effects of heavy metals and toxic substances (28–30), to test the action of drugs (55) and the protective effect of antioxidant substances under heavy metal exposure (56). Since our model is of a superior mammal, whose physiology is very similar to humans, our results pave the way for studying toxicology and therapeutic regimen in our species.

Cd is a heavy metal found as a contaminant in the environment, especially in food (57), and is classified as a highly toxic element associated with male infertility (58).

Indeed, one of the target organs of the Cd is the testis, where this metal can accumulate after exposure even during fetal and pre-pubertal life, thus altering the seminiferous tubules, SCs, blood–testis barrier, and Leydig cells (18).

Zn is a heavy metal as well, but shows a physiological function in normal spermatogenesis. Zn may have preventive therapeutic effects and/or may improve testicular function after toxicosis from metals such as Cu (59). Moreover, in an in vivo rat model in which Cd exposure induced oxidative stress in the testis, Cd + Zn co-exposure reversed the impaired testicular function (60).

Kheradmand et al. also reported the protective in vitro effect of Zn pre-treatment of TM4 mouse SCs against Cd toxicity (61) due to Zn-dependent increased gene expression of metallothioneins (MTs), heavy metal-binding proteins with a fundamental role in the homeostatic control and detoxification of Cd.

To the best of our knowledge, there are only a few studies concerning Cd toxicity during prepubertal life, since most of the in vivo and in vitro studies on this argument have been performed on adult animal and cellular models, mainly murine.

Therefore, considering that our well-established model of primary SC cultures from pre-pubertal pig testes is an important tool to characterize testicular toxicity, we employed SCs to examine the damage undergone by SCs exposed to subtoxic (5 μM) and toxic (10 μM) levels of Cd for 48 h in terms of metabolic and functional cell activity, cell cycle and apoptosis, and signaling pathways associated with oxidative stress, intracellular ROS production, and cell survival. Concurrently, we investigated whether co-treatment with 50 μM Zn could counteract and, eventually, restore the Cd-altered parameters.

Cd concentrations were chosen using data from the literature (30, 62). A 50 μM Zn (pharmacologic dosage) concentration was chosen based on literature data and confirmed by our preliminary cytotoxicity assays using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (40).

The cytotoxic effect of Cd is already known (30, 58) and was also confirmed in our study by MTT analysis, which revealed a significant dose-dependent decrease of metabolically active cells after Cd exposure.

Zn alone exposure resulted in a slight nonsignificant decrease in metabolically active SCs, whereas co-treatment with 50 μM Zn at concentrations of 5 μM or 10 μM Cd increased metabolically active SCs, thereby restoring or markedly attenuating, respectively, the cytotoxic effects of Cd.

When cell cycle was analyzed, we found that Cd strongly increased the percentage of cells going into the sub-G1 area in a dose-dependent way and decreased SCs in the G0/G1 phase, while the proportion of cells in the S phase remained stable.

The results obtained in our SC system confirmed that Cd was responsible for halting the cell cycle, blocking proliferation, and increasing cell death, probably due to Cd damage to DNA, as already shown in a model of SC piglet (26).

Our study demonstrated that co-treatment of Zn with either Cd concentration was not able to resume cell cycle progression to the levels of untreated controls.

When we deepened the effects exerted by Cd exposure on cell death, we found a dose-dependent pro-apoptotic and necrotic effect in accordance with previous findings (27, 30).

However, when we added Zn and Cd to cell cultures at the same time, we were somewhat surprised to observe that the percentage of apoptotic SCs was significantly increased after co-treatment with both 5 and 10 µM Cd concentration.

It is already known that Zn alters cell proliferation and apoptosis with complex and controversial effects depending on cell type (63, 64). Moreover, it has been shown that Zn can have conflicting and biphasic (induction and inhibition) effects on apoptosis depending on its concentration (65). Indeed, in other cell systems such as PC12 cells, higher concentrations, from 100 to 500 µM Zn, have been shown to synergistically promote Cd-induced apoptosis (66), suggesting that our SCs are more sensitive to Zn and Cd co-treatment than other cell models. To the best of our knowledge, this is the first time that the pro-apoptotic effect of Zn/Cd co-treatment reported in the present work has been demonstrated in porcine pre-pubertal SCs.

Among proteins that regulate apoptosis, Caspase-3 is a key mediator of programmed cell death and is associated with the initiation, execution, and completion of apoptosis (47–51). When we assayed the protein expression, we found a downregulation of an inactive 35-kDa form and active fragments after Cd exposure alone or in combination with Zn, compared with untreated SCs. This is in contrast with the results of apoptosis and is probably due to the progress toward the final degradation phase of apoptosis (52).

Among the proteins that govern apoptosis, the Bcl-2 family of proteins constitutes a complex network of molecular sentinels, some of which promote cell survival (e.g., Bcl-2, among others) or induce apoptosis (i.e., BAX gene).

In some cell types, such as prostate cancer cells, Zn has been seen to induce mitochondrial apoptogenesis associated with an increase in the cellular level of Bax (67), whereas either cellular or mitochondrial Bcl-2 was stalled, such that the Bax/Bcl-2 ratio is increased, which is a pro-apoptotic condition.

Treatment with Zn alone and subtoxic Cd produced an upregulation of Bcl-2 gene expression probably as a defense mechanism implemented by SCs in anti-apoptotic function. At the toxic concentration of Cd, Bcl-2 gene expression was not different from untreated control as though the cell was no longer able to activate the defense mechanism toward the metal, thus leading to increased apoptosis.

The interesting fact is that with subtoxic Cd/Zn co-treatment, the gene expression of Bcl-2 was reduced and apoptosis was increased. Thus, the regulatory effect of Zn on Bcl-2 expression appears to parallel the synergistic action of Zn and Cd in promoting apoptosis of SCs.

The effects of Cd on SCs functionality were evaluated by studying the gene expression and protein secretion levels of AMH and inhibin B. AMH is a protein belonging to the TGF-beta family; as it is exclusively secreted by SCs, it is considered a useful marker of testicular function during the male prepubertal period (68). Another specific and significant marker of SC function is inhibin B, a protein that exerts a negative feedback on FSH secretion and is clinically useful to estimate the presence and function of SCs during infancy (30). In our study, we found that Zn alone did not change AMH and inhibin B mRNA and protein levels. Moreover, we found that the exposure to both Cd concentrations downregulated gene expression and protein secretion of AMH and inhibin B, confirming that Cd exposure impaired SC functionality, in agreement with previous reports on porcine prepubertal SCs (28, 30) or immature rat SCs (69) treated with various heavy metals.

Interestingly, co-treatment of Zn/5 µM Cd increased the gene expression and protein secretion of both Sertolian markers compared to Cd alone.

Instead, no effects were reported after co-treatment with Zn/10 µM Cd, hinting that the exposure to the Cd toxic concentration had such a big impact that Zn was unable to restore lost functionality.

Overall, these data would suggest that, although co-treatment at the subtoxic dose induced a pro-apoptotic effect, the cells that survived showed an improved functionality compared with Cd alone.

Interestingly, Cd exposure and/or co-treatment with Zn induced an increase in the gene expression of SCF, GDNF, transferrin, and LDH, in the absence of FSHr activation, by FSH, in agreement with what has been reported on cultures of rat SCs treated with cholera toxin and/or forskolin (53), mimicking what happens during prepubertal maturation of SCs during which their ability to respond to FSH increases and spermatogonial differentiation begins.

Cd exposure also induced a decrease in the gene expression of FSHr, ABP, and aromatase, demonstrating that the cells lose the ability to respond to the hormonal stimulus, to concentrate androgens, and consequently transform them, and that Zn alone or in co-treatment was unable to protect the cell from this specific alteration (54).

There is increasing evidence that the major effect of Cd on spermatogenesis is ROS induction in somatic and germ cells of the testis.

ROS are kept in a homeostatic balance between their production and their removal by an antioxidant system. If the balance is broken, oxidative stress occurs, which, by damaging DNA and enzymes, affects the functionality and/or viability of the cells involved in spermatogenesis (70–72).

SCs are equipped with antioxidant enzymes that provide protection against oxidative stress caused by potentially toxic ROS. In particular, the nuclear factor erythroid-2 related factor 2 (Nrf2) gene belonging to the Nrf2/antioxidant response element (Nrf2/ARE) signaling pathway encodes a crucial transcription factor in response to oxidative stress (73).

In fact, by triggering transcription of downstream target genes, Nrf2 induces the expressions of antioxidant and phase II detoxification genes in response to redox stress (74), among them superoxide dismutase-1 (SOD1), heme oxygenase I (HO-1), and glutathione peroxidase (GSHPx). SOD1 is an enzyme that contains both copper and Zn ions, catalyzes the dismutation of the superoxide radical (O2 −) into molecular oxygen (O2) or hydrogen peroxide (H2O2), acts as a major line of defense against oxygen-derived free radicals, and can be rapidly induced as a result of oxidative stress (75). GSHPx protects cell macromolecules from oxidative damage by catalyzing the reduction of hydrogen peroxide reaction and scavenging peroxides in the cell. HO-1 and their products protect against oxidative injury, regulate apoptosis, and modulate inflammation (70).

Given that several in vitro and in vivo studies support the hypothesis that Zn regulates the activity of Nrf2, thus mediating the expression of antioxidative proteins (76–79), we tested the effects of 50 µM Zn alone and/or in co-treatment with Cd on the antioxidant Nrf2 pathway and intracellular ROS production.

In our model system, we confirmed that treatment with 50 µM Zn alone induced an upregulated expression of Nrf2 gene, in parallel with an increased percentage of ROS-producing cells, suggesting that an increase in intracellular Zn may induce a transient elevation of oxidative stress as reported by others in different mammalian cells (80, 81). Among downstream genes, only SOD1 was upregulated, probably because it is the gene rapidly induced as the first line of defense against free radicals.

These results suggest that the oxidative stress condition was probably still kept under control by the cell, possibly by using its natural reservoir of reducing power such as glutathione (82).

This suggestion might also clarify why, in our system, Zn treatment alone did not affect the number of metabolically active cells and apoptosis.

Regarding Cd exposure, in our model, we found that subtoxic and toxic Cd exposure strongly activated the Nrf2 signaling pathway.

In particular, subtoxic and toxic Cd alone induced activation of the antioxidant pathway with upregulated gene expression of Nrf2 and its downstream genes SOD1, GSHPx, and HO-1, in order to counteract the oxidative stress demonstrated by the increased percentage of ROS-producing cells. Paradoxically, we could hypothesize that the lowest percentage of ROS-producing cells observed at the toxic dose could be explained by the increased number of dead cells.

Zn co-treatment with the subtoxic Cd concentration downregulated either the gene expression of Nrf2, its downstream genes, and the percentage of ROS-producing cells with respect to 5 µM Cd as expression of the improved detoxification activity. Instead, co-treatment with the toxic dose exhibited an increased Nrf2 and GSH-Px gene expression, with a concomitant increased percentage of ROS-producing cells, probably due to the improved cell viability exerted by Zn co-treatment, even though the normal condition has not been restored.

Overall, our results show that Zn and Cd act in different ways on the Nrf2 pathway and that regulation of Nrf2 and its downstream genes is a part of a complex and multifaceted relationship that needs to be further elucidated, and likely involves other cellular systems directly or indirectly linked to oxidative stress.

Among the cell signaling pathways affected by Cd exposure, we focused our attention on ERK 1-2, a member of the MAPK family, and PI3K/AKT signaling pathways (83) involved in survival cell response (84, 85).

In particular, the ERK 1-2/MAPK pathway is the major signaling pathway involved in cell growth and proliferation, where phosphorylation of ERK 1-2 represents the activation of the ERK 1-2/MAPK pathway. In the present work, we showed that Zn alone did not influence the ERK 1-2/MAPK pathway, while Cd affected the phosphorylation ratio by increasing it at both concentrations according to previously reported data (56).

Co-treatment with Zn in combination with both Cd concentrations induced a statistically significant upregulation of phosphorylation ratio compared with unexposed and Cd alone exposed SCs.

Such findings demonstrated the involvement of the ERK 1-2 pathway as target of metal ions and that Zn in combination with both Cd concentrations is able to activate this pathway in order to promote cell survival.

PI3K/AKT signaling favors cell-cycle progression (86) and provides protection from apoptosis, so that downregulation of AKT has been invoked to explain ROS-mediated apoptosis (87). We found that AKT phosphorylation, a well-known anti-apoptotic signal (28), was decreased after Zn alone exposure of SCs. On the contrary, we found an increase in AKT phosphorylation ratio at both subtoxic and toxic Cd concentrations, as an attempt to counteract cell apoptotic death as previously reported (56). Similarly, the co-treatment at both Cd concentrations upregulated the phosphorylation ratio in comparison with the metal alone, with respect to the unexposed SCs.

Zn is considered to be one of the most powerful stimulators of AKT (88), but in our system, such a stimulatory effect was only found when in combination with Cd.

In summary, to the best of our knowledge, the present work reports, for the first time, this trend in the ERK 1-2 and AKT pathways in SCs after co-treatment with Cd and Zn.

Taken together, our results show a complex picture, in which the protective effect of Zn, already widely known in the literature (54–57), also seems to be manifested in inducing apoptosis of SCs too severely damaged by Cd exposure to be rescued. SCs that actually survived the pro-apoptotic effect of co-administration of Zn with reduced dose of Cd indeed showed recovery of a portion of their functionality, shown by increased gene expression of the two major Sertolian markers, AMH and inhibin B.

Our hypothesis of this additional potential function of Zn is supported by data from the literature regarding its varied and biphasic role in the protection and induction of apoptosis in various cell lines (58–61) and in the toxicity expressed at high concentrations, which seem capable of damaging the tight junctions of SCs (58), a structure that is entirely essential for the proper conduct of spermatogenesis. It is important to note that the protective effect of Zn is believed not to be fully explained to date.

Its impact on the apoptotic selection on the cells based on their damage extent, coupled with Zn’s ability to induce the expression of metallothioneins genes, seems to be the current best explanation for our data, which overall show an interesting and somewhat unexpected effect on SC function.


5  Conclusions

The most striking result from the present study was that Zn/Cd co-treatment was able to overcome and restore the loss of functionality sustained by SCs exposed to subtoxic Cd concentration. According to the experimental results, our main hypothesis states that Zn/Cd co-treatment does not appear to have the power to restore Cd-induced damage in all cells but, by increasing apoptosis, it might be able to select SCs able to maintain or gain functionality close to untreated controls, thanks to the involvement of Nrf2, ERK1/2, and AKT pathways. This hypothesis requires further study to be confirmed, but together with the data already in the literature regarding the protective effects of Zn, it seems to adequately explain the complex and counterintuitive effects we observed on SCs.

Cd and Zn ions and redox signaling are intricately linked on multiple levels, and our model is useful to simulate the effects of early Cd damage on immature testis, effects that will certainly affect spermatogenesis in adults; in perspective, our model is suitable for further study aimed at evaluating the protective effects of Zn pre-treatment before Cd exposure.

The increasing exposure to multiple environmental pollutants, which seems difficult to reduce given their wide diffusion and the expanding use of some industrial processes, renders the search for potential protective agents essential and makes our study to evaluate the effect of Zn relevant.

Eventual encouraging results could suggest the application of Zn as a protective agent, suitable for prevention or therapy depending on the concentrations used, preventing the Cd-induced infertility in children and young adults.
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Supplementary Figure 1 | Characterization of cultured SCs in vitro by fluorescence microscopy. (A) SCs after immunostaining with AMH and (B) vimentin antibodies and visualized by anti-goat Alexa Fluor 488 (green). (C) SCs after immunostaining with 3-βHSD antibody and visualized by anti-rabbit Alexa Fluor 488 (green). (D) SCs after immunostaining with ASMA antibody and visualized by anti-rabbit Alexa Fluor 488 (green). Nuclei are counterstained with DAPI (blue). The images are representative of three separate experiments.
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hormone receptor (ESH), glial cell line-derived neurotrophic factor (GDNE), stem cell factor (SCE), lactate dehydrogenase (LDH), androgen binding protein (ABP).
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