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Inhibition of H2O2-induced apoptosis of GC2-spg cells by functionalized selenium nanoparticles with lentinan through ROS-mediated ERK/p53 signaling pathways
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Abstract: A H2O2-induced oxidative stress injury cell model was established to investigate the antioxidant effect of nano-selenium on mouse spermatocyte lines and the regulation mechanism of the expression level and activity of selenium-containing antioxidant enzymes induced by oxidative stress. A safe and effective nano-drug system of functionalized selenium-containing nanoparticles (SeNPs) was developed with lentinan (LNT) (SeNPs@LNT). Mice spermatocyte line GC2-spg cells were treated with SeNPs@LNT (1, 2, 4, 8, 16, 32 μM) for 24–72 h to evaluate the cytotoxicity of selenium. GC2-spg cells were randomly divided into the following groups: control, hydrogen peroxide (H2O2), SeNPs@LNT, and H2O2+SeNPs@LNT groups. H2O2+SeNPs@LNT group was pretreated with SeNPs@LNT 4 μM for 12 h, followed by H2O2 600 μM for 8 h. The cell viability decreased in the H2O2 group and increased significantly in the SeNPs@LNT group. Compared with the H2O2 group, the SeNPs@LNT+H2O2 group exhibited obvious red fluorescence, indicating a higher level of mitochondrial membrane potential. The content of intracellular reactive oxygen species (ROS) in the SeNPs@LNT group reduced significantly, and the intensity of green fluorescence in the SeNPs@LNT+H2O2 group decreased significantly compared with the H2O2 group, indicating the inhibitory effect of SeNPs@LNT on the generation of ROS-induced oxidative stress. The activity of GPx and SOD increased significantly in the SeNPs@LNT group. The expression of p53 decreased significantly under the intervention of nano-selenium, and GPx1 expression increased. In the oxidative stress group, the expressions of DNA damage-related proteins and apoptosis-related proteins were higher than those in other groups. Thus, SeNPs@LNT can promote GC2-spg cell proliferation, improve GPx and SOD activities, remove intracellular ROS, and reduce mitochondrial damage and functional abnormalities caused by oxidative stress by regulating the ERK and p53 protein levels. SeNPs@LNT has good biological activity and antioxidant effect, which can be used to protect the male reproductive system from oxidative stress.
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Introduction

Selenium (Se) is an important trace mineral having several essential roles at the cellular and organismal levels and affecting animal and human health (Qazi et al., 2019). In nature, selenium exists in three forms, organic selenium, inorganic selenium, and nano-selenium; among these, nano-selenium has the least physiological toxicity, and its application has been widely investigated (Falchi et al., 2018; Hosnedlova et al., 2018; Khurana et al., 2019). Selenium is added as selenocysteine (SEC) to various antioxidant enzymes such as glutathione peroxidase (GPx), thioredoxin reductase, and selenophosphorin P (SeP) (Labunskyy et al., 2014; Rayman, 2020). Selenium is the redox center for all these enzymes and is essential for their biochemical activity (Avery and Hoffmann, 2018; Burk and Hill, 2015). The key role of selenium in male reproduction is mediated by two selenoproteins, phospholipid hydrogen peroxide (H2O2) glutathione peroxidase (PHGPx/GPx4) and selenoprotein P (Boitani and Puglisi, 2008; Hariharan and Dharmaraj, 2020). GPx4 is an oxidative inactivation protein that constitutes more than 50% of the mitochondrial envelope in the midsection of mature sperm (Foresta et al., 2002). GPx4 is thought to protect developing sperm from oxidative stress-induced DNA damage early in the sperm formation process (Ingold et al., 2015). GPx1 mainly acts as an antioxidant enzyme, scavenging free radicals in cells and protecting sperm from oxidative stress. SeP, as a selenium transporter, is expressed in the vesicle-like structure of the basal region of Sertoli cells for selenium uptake (Maiorino et al., 2018).

Lentinan is a β-glucan extracted from Lentinus edodes, which has been found to be safe but with low bioefficiency in the treatment of malignant ascites in studies conducted in China (Liu et al., 2019). Nano-selenium has better biocompatibility, and the functional nano-selenium is more stable than pure nano-selenium dispersed in water (Chen et al., 2019). Previous studies have found that L. edodes polysaccharide can enhance the targeting of SeNPs to tumor cells, and its -OH group interacts with nano-selenium to obtain surface-modified nano-selenium, which has stronger anti-inflammatory and mitochondrial effects (Liu et al., 2020).

Oxidative stress injury is one of the main factors leading to the decline of male fertility (Chen et al., 2012; Gong et al., 2012). Under normal circumstances, reactive oxygen species (ROS) production and clearance in testicular tissue are in dynamic balance and thus maintain the integrity and normal function of testicular tissue (Aitken et al., 2010; Zhang et al., 2016; Zorov et al., 2014). The reproductive system produces a small amount of ROS, which is important for physiological functions, such as sperm tolerance, hyperactive motility, energy acquisition, acrosome reaction, and sperm-egg fusion (Aitken, 2017; Dutta et al., 2019; Zini et al., 2000). However, too much ROS can cause toxic effects, namely peroxidation, leading to cell membrane damage. Its peroxidation products and the interaction of proteins and nucleic acids in cells cause chromosome structure damage and enzyme function damage, resulting in testicular tissue damage (Gong et al., 2012; Takeshima et al., 2021). Selenoproteins, as described above, act as antioxidant enzymes that protect cells against oxidative damage. This study aimed to explore the protective mechanism of nano-selenium on oxidative stress injury of hydrogen peroxide-induced mice spermatocyte GC2-spg cells. The oxidative damage model was established by inducing using H2O2. The oxidative stress model was then treated with different concentrations of nano-selenium. The cell viability was determined using the Cell Counting Kit-8 (CCK-8). Mitochondrial function and ROS were also measured. The levels of superoxide dismutase (SOD) and total glutathione peroxidase were measured by spectrophotometer, and the changes in apoptosis and DNA damage-related proteins were studied. We found that nano-selenium plays an antioxidant role through the p53 signaling pathway during hydrogen peroxide-induced spermatogastoma injury, which improves the intracellular antioxidant level and reduces mitochondrial damage and DNA damage.

Materials and Methods

Materials

CCK8 kit (C0038) and BCA protein assay kit (P0009) were purchased from Beyotime (China). Anti-caspase 8 antibodies, extracellular-signal-regulated kinase (ERK) antibodies, anti-signal transducer and activator of transcription 3 (STAT3) antibodies, anti-ß-actin, anti-caspase 8 antibodies, and anti-mouse IgG secondary antibodies for western blotting were obtained from Cell Signaling Technology (USA). Fetal bovine serum (FBS) (10099) and Dulbecco’s modified Eagle’s medium (DMEM) (11965092) were procured from Gibco (USA). Mitochondrial membrane potential detection kit (JC-1) (MAK160) were purchased from Sigma (USA). ROS detection kit (S0033), glutathione peroxidase detection kit (S0059S), and total SOD activity detection kit (S0109) were purchased from Beyotime (China).

Preparation and characterization of selenium-containing nanoparticles

SeNPs@LNT was prepared by the team of Professor Chen Tianfeng, Jinan University, Jinan, China. The synthesis and characterization data of nano-selenium are described earlier (Liu et al., 2020).

Cell culture

GC2-spg cells were obtained from the American Type Culture Collection (ATCC, USA). Cells were maintained in DMEM supplemented with 10% FBS, streptomycin (100 μg/mL), and penicillin (100 U/mL). When the cell growth was confluent to the density of 70%–80%, FBS concentration was changed. Cells were maintained in DMEM supplemented with 5% FBS, streptomycin (100 μg/mL), and penicillin (100 U/mL) at 37°C in an incubator with a humidified atmosphere of 5% CO2. GC2-spg cells were treated with SeNPs@LNT at 1, 2, 4, 8, 16, and 32 μM concentrations for 24 h to evaluate the cytotoxicity of selenium. GC2-spg cells at the logarithmic growth stage were cultured for 12 h, and after adherence, the solution was changed. GC2-spg cells were randomly divided into the control group, H2O2 group, SeNPs group, and H2O2+SeNPs group (SeNPs@LNT 4 μM pretreatment for 12 h, then H2O2 600 μM treatment for 8 h).

Cell viability assay

As mentioned above, cell viability was determined by the CCK-8 method. Untreated GC2-spg cells were seeded in a 96-well plate at a density of 5 × 104/mL and incubated overnight at 37°C. GC2-spg cells were then divided into four groups, as mentioned above. Cells in each group were treated accordingly, then 100 μL CCK-8 solution was added to the 96-well plate and incubated for 1 h. The absorbance at 570 nm was read by a microplate reader (Varioskan Flash, Thermo, USA).

Detection of mitochondrial membrane potential (∆Ψm) and intracellular reactive oxygen species levels

After the above treatment, the transformation of mitochondrial membrane potential, which is closely relative to the cell apoptosis, was assessed by JC-1, described as follows: GC2-spg cells were cultured in a 6-well microtiter plate at a density of 5 × 104/mL for 24 h. Then, after digestion and resuspension in PBS with 10 μg/mL of JC-1, the GC2-spg cells were incubated at 37°C for 30 min. Finally, mitochondrial membrane potential was observed under a fluorescence microscope (Leica, Germany). ROS detection method was as follows: GC2-spg cells were cultured on a 96-well droplet plate at a density of 5 × 104/mL for 24 h. In the nano-selenium and H2O2 treatment group, GC2-spg cells were pretreated with 4 μM nano-selenium for 12 h and 600 μM H2O2 for 8 h. The cells were stained with 10 μM DCFH-DA for 30 min. Two techniques, microscopy and fluorometry, were used to measure intracellular ROS levels. Images of each group were acquired with use of a fluorescence microscope (Leica) at the same exposure time. Fluorescence intensity of 488 nm excitation and 525 nm emission was measured with a fluorescence plate reader (Thermo Fisher Scientific, USA).

Glutathione peroxidase activity

For the total glutathione peroxidase assay, cells were treated above according to different groups. Cell lysates were prepared as per the manufacturer’s instructions. Lysis was performed at a rate of 100–200 µL of lysate per million cells. The lysate was homogenized in a glass homogenizer at 4°C or ice bath and centrifuged at 12000×g at 4°C for 10 min. The supernatant was used to determine the enzyme activity. NADPH and GSH solutions were prepared, and except for the part to be used immediately, the remaining GSH solution was properly aliquoted and stored at −20°C. The GPx detection working fluid was prepared. The 96-well plate was taken, and the detection buffer, the sample to be tested, and the GPx detection working solution were successively added and then mixed. Then 40 µL GPx detection working solution was added and incubated at room temperature for 15 min, followed by the addition of 10 µL of 30 mM peroxide solution to each well and mixed. A microplate reader (Thermo Fisher Scientific, USA) was immediately used to determine A340, with a continuous determination of A340 once for 5 min. The glutathione peroxidase activity in the samples was calculated by recording the data of six points for at least 5 min.

Superoxide dismutase activity

Cell lysates were prepared in the same way. The cell culture medium was aspirated, and the cells were washed with PBS or normal saline pre-cooled at 4°C or ice bath. The SOD sample preparation solution provided with this kit was added at a ratio of 100–200 µL/1 × 106 cells. Wst-8/enzyme working solution and reaction starter was prepared, and samples to be tested and other solutions were successively added. The reaction starting working solution was added and mixed thoroughly. The absorbance was measured at 450 nm, and the SOD activity was calculated.

Western blotting

GC2-spg cells were cultured in a 12 cm cell culture dish at a density of 8 × 104/mL for 24 h and treated as specified. The cells were placed in the lysis buffer to obtain cellular proteins. Protein concentration was determined by the bicinchoninic acid method. Sample loading was 20 μg and transferred to nitrocellulose membrane at the appropriate voltage. After that, TBSE buffer (Tween-20, Tris-Base, and 10 × TBS, pH 7.4) was added with skim milk for 1 h for blocking. The primary antibody was diluted at 1:1000, and an appropriate amount of primary antibody was added to submerge the PVDF membrane, and the reaction was conducted overnight at 4°C. After that, it was incubated with a secondary antibody for 1–2 h. Enhanced chemiluminescence reagents (Clinx, Shanghai, China) were used for X-ray film development.

Statistical analysis

All data were obtained from three repeated independent tests. SPSS software was used for statistical analysis. Continuous variables were expressed as mean ± SD. Data were tested for normality by performing one-way ANOVA; if data were not distributed normally, Kruskal-Wallis analysis method was used. The differences between groups were analyzed, followed by the Bonferroni post hoc test on the SPSS software package (version 19.0, SPSS Inc., Chicago, IL, USA) and GraphPad software (version 7, GraphPad Software, Inc., La Jolla, CA, USA). P-value less than 0.05 (*) indicated statistical significance.

Results and Discussion

Establishment of oxidative stress model

The results of treatment of GC2-spg cells were treated with different concentrations of H2O2 (0, 125, 250, 500, 600, 700, 800, and 1000 μM) for 8 h are shown in Fig. 1A. With the increase in H2O2 concentration, cell viability decreased gradually, and when the concentration was 600 μM, cell viability decreased to 76.07% (p < 0.001), which was statistically significant. To ensure oxidative damage and avoid the decline in cell viability to irreversible damage, a suitable H2O2 concentration of 600 μM and treatment time of 8 h were selected as the oxidative stress model for subsequent experiments.
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Figure 1: Effect of SeNPs@LNT on hydrogen peroxide (H2O2)-induced Mice spermatocyte line GC2-spg cells. (A) GC2-spg cells were exposed to increased concentrations of H2O2 (from 0 to 1000 μM) for 8 h; (B) GC2-spg cells were treated with SeNPs@LNT 1, 2, 4, 8, 16, and 32 μM for 24 h to evaluate the cytotoxicity of selenium. (C) GC2-spg cells were treated with 4 μM SeNPs@LNT for 12 h before being challenged by 600 μM H2O2 for 8 h. Cell viability was determined by CCK-8 assay. (D) Microscopic observation results of each treatment group. All data were presented as mean ± SD of three separate experiments. Compared with the control: *p < 0.05, ***p < 0.001, ****p < 0.0001.

Antioxidant and cell proliferation effects of nano-selenium in vitro

We used 4 µM nano-selenium to pretreat the normal control group and the oxidative stress model group for 12 h. The results after treatment are shown in Figs. 1B and 1C. The cell viability of the H2O2 group decreased to 72.09%, and the difference was statistically significant (p < 0.001), the cell viability of the SeNPs@LNT+H2O2 group was 88.02% and compared with that of H2O2 group, the difference was statistically significant (p < 0.05). The cell viability of the SeNPs@LNT treatment group was 40%, and the difference was statistically significant compared to those of the H2O2 and SeNPs@LNT+H2O2 groups. Fig. 1D shows that the cell density of the group pretreated with nano-selenium increased, and the number of apoptotic cells decreased. Thus, nano-selenium promoted cell proliferation and protected cells in the oxidative stress environment.

Nano-selenium has been widely used in the development of anti-tumor therapy and targeted transport carrier due to its low biotoxicity and low molecular weight (Ferro et al., 2021). It is also involved in the maintenance of intracellular oxidative stress levels and is also applied in the field of oxidative stress. Ibrahim et al. (2012) found significant differences in sperm index, penis length, testicular weight, and histopathological features in mice on a high-fat diet with probiotics, inorganic selenium, selenium-enriched probiotics (organic selenium form), and lower total cholesterol. Liu et al. (2017a) found that nano-selenium supertrophic dose promoted sperm motility and GPx1 and GPx4 gene expressions in male SD rats exposed to the nano-selenium suspension. They reported that the intake of nano-selenium, compared to organic and inorganic selenium, could improve the male reproductive system and fertility of healthy animals or even make it better than the normal level. This is consistent with the results obtained in this study and reflects the characteristics of low toxicity and high activity of nano-selenium.

SeNPs@LNT could prevent the reduction of mitochondrial membrane potential induced by oxidative stress

In high mitochondrial membrane potential, JC-1 aggregates in the mitochondrial matrix and forms polymer (J-aggregates), which produces red fluorescence; under low mitochondrial membrane potential, JC-1 cannot aggregate in the matrix. At this time, JC-1 is a monomer and can produce green fluorescence. The decrease in mitochondrial membrane potential is a landmark event in the early stage of apoptosis. The decrease in cell membrane potential can be easily detected by the transformation of JC-1 from red fluorescence to green fluorescence, and this transformation can also be used as an indicator of early apoptosis. The ratio of mitochondrial depolarization was measured by observing the relative ratio of red and green fluorescence of the mitochondria in the JC-1 staining solution. The decrease in mitochondrial membrane potential can be regarded as a landmark event in the early stage of apoptosis. As shown in Fig. 2, compared with the H2O2 group, the SeNPs@LNT+H2O2 group had obvious red fluorescence, that is, a higher level of mitochondrial membrane potential. The fusion fluorescence revealed the red-green fluorescence ratio was higher in the SeNPs@LNT treatment group than that in the oxidative stress group.
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Figure 2: The mitochondrial membrane potential of GC2-spg cells was detected with JC-1 fluorescent probe under a fluorescent microscope. JC-1 aggregates emit red fluorescence, and JC-1 monomers emit green fluorescence. Changes in mitochondrial membrane potential were observed by the change from red fluorescence to green fluorescence.

The roxburgh rose polysaccharide functionalized nano-selenium RP3-SenPs has an anti-apoptotic effect. Wang et al. (2019) found that the mitochondrial membrane potential of INS-1 cells treated with H2O2 decreased, and selenium pretreatment significantly changed this situation. Liu et al. (2017b) found that pretreatment with functionalized nano-selenium can prevent mitochondrial fragmentation caused by oxidative stress and reduce the production of ROS and caspase 3. Cui et al. (2018) reported that biosynthesized functionalized nano-selenium He-SeNPs, and pretreatment can change the mitochondrial membrane potential of hepatocellular carcinoma cells and the cellular apoptotic status, thus reflecting the anticancer effect of nano-selenium.

Inhibition of reactive oxygen species generation by SeNPs@LNT

The level of intracellular ROS production is shown in Fig. 3. DCFH-DA can freely cross the cell membrane, and after entering the cell, it is hydrolyzed by intracellular esterase to generate DCFH. However, DCFH cannot penetrate the cell membrane, which makes it easy for the probe to be loaded into the cell. Reactive oxygen species in the cell can oxidize non-fluorescent DCFH to generate fluorescent DCF. The fluorescence intensity of DCF reflected the generation of ROS in cells, which was observed by a fluorescence microscope. The content of intracellular ROS in the SeNPs@LNT group was significantly reduced, and the intensity of green fluorescence in the SeNPs@LNT+H2O2 group was significantly decreased compared with that in the H2O2 group, indicating that SeNPs@LNT had an inhibitory effect on the generation of ROS caused by oxidative stress.
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Figure 3: Effect of SeNPs@LNT on H2O2-induced GC2-spg cells on reactive oxygen species (ROS) production. (A) ROS production of GC2-spg cells was detected by 2′7′-dichlorofluorescin-diacetate (DCFA-DH). (B) GC2-spg cells were treated with 4 μM SeNPs@LNT for 12 h before being challenged by 600 μM H2O2 for 8 h.

Xu et al. (2019a) demonstrated that the synthesized SeNPs of Lactobacillus casei ATCC 393 can alleviate oxidative damage induced by H2O2 in human and pig intestinal epithelial cells; they also detected increased production of ROS in the oxidative stress group. This finding was consistent with the results of this study, suggesting that the production of intracellular ROS induced by H2O2 may be undifferentiated, while selenium can inhibit the occurrence of this phenomenon. Meanwhile, the preparation of new functionalized SeNPs using Lactobacillus NZ9000 can also reduce the increase of intracellular ROS induced by H2O2 (Xu et al., 2019b).

SeNPs@LNT could increase the activity of intracellular antioxidant enzymes

The results of detecting intracellular glutathione peroxidase activity and SOD activity are shown in Fig. 4A. The average GPx activity was 32.76 mU/mg protein in the control group. The average GPx activity was 12.70 mU/mg protein in the oxidative stress group and 247.80 mU/mg protein (p < 0.001) in the SeNPs@LNT+H2O2 group; SeNPs@LNT group had the highest activity (362.05 mU/mg protein) (p < 0.001). Compared with the H2O2 alone group, SeNPs@LNT+H2O2 and SeNPs@LNT groups significantly increased the activity of glutathione peroxidase, p < 0.001 in both groups. As shown in Fig. 4B, the mean SOD activity of the control group was 1.32 U/mg protein, and that of the H2O2 group was 0.60 (p < 0.01); the mean value of SeNPs@LNT+H2O2 group was 1.68, and the mean value of SeNPs@LNT group was 3.25 (p < 0.001). We observed an experimental phenomenon in the detection results of SOD level after different intracellular treatments similar to that observed with GPx. Nano-selenium intervention can be observed to increase the activity of antioxidant enzymes, indicating that nano-selenium treatment can inhibit H2O2-mediated oxidative stress damage, enhance the antioxidant capacity of cells, and increase the activity of antioxidant enzymes to promote apoptosis.
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Figure 4: Glutathione peroxidase (GPx) activity (A) and T-SOD (B) on H2O2-induced GC2-spg cells. GC2-spg cells were treated with 4 μM SeNPs@LNT for 12 h before being challenged by 600 μM H2O2 for 8 h.

This study was the first to investigate the antioxidant activity of nano-selenium on male spermatogamous cells. The male reproductive system has a high proportion of polyunsaturated acids in testicles and sperm, and is thus vulnerable to oxidative stress. Selenium-containing antioxidant enzymes play a role in scavenging oxidative stress products, especially ROS (Wadhwani et al., 2016). Changes in the content and activity of these enzymes may lead to sensitivity of cellular defense function (Ingold et al., 2015). Studies on selenium-containing supplements as antioxidant supplements have been reported to reduce testicular damage from heavy metal exposure, increase antioxidant enzyme levels in high-fat diet animals, and combine with metformin to treat diabetes in mice (Ebokaiwe et al., 2020). In 64 infertility patients diagnosed with varicocele, Ardestani found significantly improved male fertility in those who received vitamin E-selenium-folic acid antioxidant treatment (Ardestani et al., 2019). Lombardo et al. (2012) also found statistically significant improvements in inflammatory indices and sperm motility, and sperm morphology with the new supplementation containing selenium and zin. The antioxidant capacity was reflected in the decrease of lipid oxidation (malondialdehyde) and the increase of antioxidant enzyme activity. Shalini and Bansal found that an increase in lipid peroxidation and expression was observed in both selenium deficient group and the selenium excess group (Shalini and Bansal, 2007).

SeNPs@LNT activated the expression of reactive oxygen species-related proteins

On observing the intracellular signaling pathway proteins, we found a decreased expression of p53 significantly under the intervention of nano-selenium, and the level of GPx1 increased. In the oxidative stress group, the expressions of DNA damage-related proteins and apoptosis-related proteins were higher than those of the other groups. P53 protein is mainly distributed in the cytoplasm and can specifically bind to DNA, and its activity is regulated by post-translational modifications such as phosphorylation, acetylation, methylation, and ubiquitination. Normal p53 functions as a “guardian of the genome,” checking for DNA damage at G1 and monitoring genome integrity. If there is damage, the p53 protein blocks DNA replication to provide enough time for the damaged DNA to repair. If the repair fails, the p53 protein triggers apoptosis. ERKs phosphorylate not only cytoplasmic proteins but also some nuclear transcription factors such as C-FOS, C-Jun, ETS transcription factor ELK-1, C-MyC, and ATF2, thus participating in the regulation of cell proliferation and differentiation. Caspase 3 expression decreases after nano-selenium treatment (Huang et al., 2018). The expression level was found to be correlated with cell death, suggesting that nano-selenium treatment improved cell viability and alleviated oxidative stress injury (Zhang et al., 2019).

The expression level of p53 was significantly increased after H2O2 treatment and significantly decreased after nano-selenium treatment, and its expression was related to DNA replication and damage repair. The change in the expression of p53 indicated that nano-selenium had a protective effect on DNA damage due to oxidative stress. In addition, the expression level of ERK was higher than that of the other groups. Changes in the expression of other proteins, such as Caspase 3, and STAT-3, are shown in Fig. 5. The signal pathways triggered by nano-selenium treatment are shown in Fig. 6. In this study, exposure to acute or chronic oxidative stress potentially led to cellular damage that impairing normal physiological functions of organs. Cells protect themselves from severe damage by activating scavenging free radicals, and increasing the expression of p53 protein which could reflect DNA damage and repair. At the same time, more experiments are needed to verify this. This study did not extend to animal experiments, and the pathological characteristics of male testis after oxidative stress exposure, as well as the effects of nano-selenium on male reproductive hormone levels, were not explored.
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Figure 5: The signaling pathways potentially activated by SeNPs@LNT treatment. The GC2-spg cells exposed to different treatments expressed the pro-apoptotic and anti-apoptotic protein tracked by western blotting. β-actin was used as the loading control.

[image: images]

Figure 6: Proposed signaling pathway triggered by SeNPs@LNT and H2O2 in GC2-spg cells.

Conclusions

To conclude, SeNPs@LNT could alleviate oxidative stress damage caused by H2O2 on GC2-spg cells and exert antioxidant capacity by increasing the activities of GPx1 and SOD. The mechanism may be related to ROS activation of signaling pathways, increased expression of GPx1, decreased expression of ERK, caspase 3, and p53, and regulation of apoptosis, DNA replication, and other functions. The results showed that nano-selenium, as an antioxidant supplement, could play an antioxidant role in male reproduction, improve semen quality, and enhance male fertility.
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