

  toxics-11-00451




toxics-11-00451







Toxics 2023, 11(5), 451; doi:10.3390/toxics11050451




Article



The Role of G3BP1 Gene Mediates P38 MAPK/JNK Pathway in Testicular Spermatogenic Dysfunction Caused by Cyfluthrin



Xiao-Yu Li 1,2[image: Orcid], Jian Sun 1,2, Li-Ya Ma 1,2, Yong-Xin Xie 1,2, Na Zhang 1,2, Ji Zhao 1,2,* and Hui-Fang Yang 1,2,*





1



School of Public Health, Ningxia Medical University, Yinchuan 750004, China;






2



Key Laboratory of Environmental Factors and Chronic Disease Control, No. 1160, Shengli Street, Xingqing District, Yinchuan 750004, China









*



Correspondence: zhaosky2021@163.com (J.Z.); joyceyhf@163.com (H.-F.Y.)







Academic Editors: Yungang Liu, Tao Chen and Xiaoshan Liu



Received: 29 March 2023 / Revised: 23 April 2023 / Accepted: 6 May 2023 / Published: 10 May 2023



Abstract

:

In recent years, male infertility has received global attention and seriously affected the quality of human fertility, and pyrethroids (type II pyrethroids), as recognized environmental endocrine disruptors, may threaten male reproductive health. Therefore, in this study, we established an in vivo model for the development of testicular and germ cell toxicity induced by cyfluthrin and explored the role and mechanism of the G3BP1 gene-mediated P38 MAPK/JNK pathway in testicular and germ cell damage caused by cyfluthrin to find early and sensitive indicators and new therapeutic targets for the development of testicular damage. Firstly, 40 male Wistar rats (about 260 g) were divided into a control group (corn oil), low dose group (6.25 mg/kg), middle dose group (12.5 mg/kg) and high dose group (25 mg/kg). The rats were anesthetized and executed after 28 days of poisoning on alternate days. Then, HE staining, transmission electron microscopy, ELISA, q-PCR, Western blot, immunohistochemistry, double-immunofluorescence and TUNEL were used to observe the pathology, androgen levels, oxidative damage and altered expression of the key factors of the G3BP1 and MAPK pathways in rat testes. The results showed that, compared with the control group, the testicular tissue and spermatocytes were superficially damaged with an increasing dose of cyfluthrin; furthermore, it could interfere with the normal secretion of the hypothalamic–pituitary–gonadal axis (serum GnRH, FSH, T and LH levels) and cause hypergonadal dysfunction. A dose-dependent increase in MDA and a dose-dependent decrease in T-AOC indicated that the oxidative–antioxidative homeostatic balance was disrupted. The Western blot and qPCR analysis revealed that G3BP1, p-JNK1/2/3, P38 MAPK, p-ERK, COX1 and COX4 proteins and mRNA expression were decreased, and p-JNK1/2/3, p-P38MAPK, caspase 3/8/9 proteins and mRNA expression were significantly increased. The double-immunofluorescence and immunohistochemistry results showed that the protein expression of G3BP1 decreased with an increasing dose of staining, while the expression of JNK1/2/3 and P38 MAPK were increased significantly. The positive expressions of G3BP1 were mainly located in the testicular germinal epithelium and germ cell layer, and the positive expressions of JNK1/2/3 were mainly located in the testicular germinal epithelium and sperm cells, while the positive expressions of P38 MAPK were located in all levels of the germ cells and spermatozoa. Our results demonstrated that exposure to cyfluthrin caused testicular and spermatocyte damage in rats, which could cause pathomorphology, altered androgen levels and a decreased antioxidant capacity. When the intracellular antioxidant capacity was impaired, G3BP1 expression and activity were inhibited, causing activation of the P38 MAPK/JNK pathway and activation of the intracellular apoptotic pathway, which, in turn, led to germ cell apoptosis.
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1. Introduction


As a prominent problem concerning human health quality, infertility is related to national economic development and social stability. The WHO also listed male reproductive health as a major problem endangering human health in the 21st century. Population epidemiological investigations have shown that the main cause of male infertility is environmental chemical factors, and environmental endocrine disruptors (EEDs) have attracted widespread attention [1,2,3,4,5,6,7,8,9]. The term ‘environmental endocrine disruptor’ refers to any chemical that interferes with hormone function and has reversible or irreversible effects on individuals. EEDs, also called environmental hormones, have a wide variety and distribution and serious potential hazards. At present, the known and potential environmental endocrine disruptors mainly include pyrethroid (cyfluthrin, deltamethrin, etc.), bisphenol A (BPA), phthalate esters (PAEs), organochlorine pesticides, heavy metals and polychlorinated biphenyls, and so on [10,11]. In addition to many other compounds known to mimic or interfere with the endocrine system, pyrethroids have been confirmed to have endocrine-disrupting properties [12].



Cyfluthrin (Cy) is a synthetic type 2 pyrethroid insecticide, despite the beneficial roles in agricultural and household products, with a lack of control and concern for farmers. As a result of their persistence and toxicity in the environment, they pose a serious health risk to the user. The presence of pesticide metabolites in urine has also been demonstrated in studies conducted on the general population, suggesting indirect exposure could be caused by pesticide-contaminated foods, water, air and dust in agricultural communities. The study of our research group [13] showed that Cy had the highest residue rate of pyrethroids in the soil samples of vegetable greenhouses in the suburbs of Yinchuan, China. The exposure to Cy may occur in two different ways: directly through occupational exposure and indirectly through consuming pesticide-contaminated food and water [14]. Due to extensive use and widespread environmental residues, humans are increasingly exposed to Cy. Previous studies have shown that Cy has toxic effects on the nervous system, cardiovascular system, immune system, respiratory system and circulatory system [15,16,17,18,19,20]. However, as a recognized environmental endocrine disruptor, Cy’s potential damage to the reproductive system has attracted the attention of our research group. By acting as EEDs, pyrethroids have been shown to decrease the quality of human and animal semen and increase male fertility risks. They can act on the hypothalamic–pituitary–testicular axis and the process of spermatogenesis and maturation through different mechanisms for a long time and interfere with the hypothalamus secretion of the gonadotropin-releasing hormone (GnRH), pituitary secretion of the luteinizing hormone (LH), follicle-stimulating hormone (FSH), etc. Ultimately, the normal levels of natural hormones in the body are changed, resulting in damage to the male reproductive system [21].



In addition, oxidative stress is closely related to male sterility. Gtpase-activated protein SH3 domain-binding protein 1 (G3BP1), a RasGAP SH3 domain-binding protein belonging to the RNA-binding protein family, is a key component of stress particles in mammalian cells. Studies have shown that G3BP1 binds to cGAS and enhances DNA-binding activity. In vitro, the knockdown of G3BP1 inhibits glioblastoma-induced angiogenesis, reduces SG formation and stimulates BZM-induced apoptosis in U87 cells. When G3BP1 expression is suppressed, it impairs the intracellular reactive oxygen species (ROS) scavenging system, resulting in the excessive accumulation of ROS and disruption of the cellular antioxidant defense system, leading to the appearance of oxidative stress damage [22]. Through bioinformatics retrieval and analysis, it was found that its expression rate in normal human testicular tissue was 76%, and it was distributed in the mitochondria, intranuclear body and nucleus, but its function was still unknown. In a GO analysis of the genes that interact with environmental endocrine disruptors and affect male infertility, G3BP1 was also involved, but the mechanism of action was not clarified [23]. Cell proliferation, differentiation, apoptosis and environmental responses are all controlled by the MAPK signaling pathway in mammals. As an important determinant of sperm development, MAPK regulates cell proliferation, differentiation and apoptosis. At present, at least three MAPK families have been identified: extracellular signal-regulated kinase 1/2 (ERK 1/2), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (P38 MAPK) [24]. Our previous study showed that the expression of INHα and INHβB proteins in the testes of rats was reduced after being poisoned with Cy, suggesting that the testes may be the target organ of Cy toxicity, as, to some extent, it interferes with the normal secretion and function of male hormones, changes the hormone level and causes the stable state of the male reproductive endocrine system to break [25]. Therefore, the testicular spermatogenic function can be determined by the detection of reproductive hormones, and the normal signal transduction of the hypothalamus–pituitary–gonad axis is also strongly associated with the MAPK pathway. At present, the molecular and biological mechanisms of Cy exposure and testicular dysfunction and spermatogenesis dysfunction in humans and mammals are still unclear. Therefore, it is urgent to study the effects and mechanisms of Cy exposure on the male reproductive health of humans and other mammals.



Therefore, we propose a scientific hypothesis using a model of Cy-induced testicular injury. Cy exposure leads to excessive ROS production and impaired antioxidant capacity in testicular tissue, inhibits the expression and activity of G3BP1 and causes testicular spermatogenic cell apoptosis by changing the expression level of P38 MAPK and JNK of the MAPK pathway. In this study, animal models were used to verify and search for early biomarkers and an early prevention system for testicular spermatogenesis dysfunction caused by Cy exposure, aiming to provide a scientific theoretical basis and methods for further elucidating the toxicity mechanism and establishing early prevention strategies.




2. Materials and Methods


2.1. Chemicals and Reagents


Cyflutrin(cyano(4-fluoro-3-phenoxyphenyl)methyl-3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate) was provided by Dr. Ehrensrorfer, GmbH (Augsburg, Germany) (CAS no: 68359-37-5), purity 98.95%, molecular weight 434.29 g/mol. The malondialdehyde (MDA) assay kit, TBA method (bc0025) and total antioxidant capacity (T-AOC) assay kit (A015-2-1) were provided by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Rabbit anti-G3BP1 polyclonal antibody (AF6427), rabbit anti-p38MAPK polyclonal antibody, rabbit anti-JNK1/2/3 polyclonal antibody, rabbit anti-ERK1/ERK2 polyclonal antibody and rabbit anti-COX4 polyclonal antibody were provided by Affinity Biosciences Ltd. (Liyang, China). Mouse-anti-COX1 polyclonal antibody was provided by Santa Cruz Biotechnology, Inc. (CA, USA). Phosphp-ERK1/2 antibody, phosphp-JNK1/2/3 antibody, phosphp-p38MAPK antibody, rabbit anti-caspase 3 polyclonal antibody, rabbit anti-caspase 8 polyclonal antibody, rabbit anti-caspase 9 polyclonal antibody, rabbit anti-GAPDH polyclonal antibody, goat anti-rabbit IgG (H + L) HRP and goat anti-mouse IgG-HRP were provided by Affinity Biosciences Ltd. (Liyang, China). Dimethyl sulfoxide (D12345, DMSO) and bovine serum albumin (A23018, BSA) were provided by Invitrogen Co., Ltd. (Carlsbad, CA, USA). The SDS-polyacrylamide gel preparing kit (P0012A), lysis buffer, SDS-PAGE 5× protein loading buffer (P0562-10L), BCA protein assay kit (P0012) and ECL substrates for high-sensitivity Western blot detection (P0018S) were supplied by Beyotime Biotechnology Company (Shanghai, China). SYBR Green PCR master mix was provided by Qiagen Company (No. 330502, Dusseldorf, Germany). EDTA (PH9.0) antigen repair solution (G1203), self-fluorescent quenching agent (G1221), fluorescent secondary antibody, HRP-labeled goat anti-rabbit (TSA-CY3) and HRP-labeled goat anti-rabbit (TSA-488) were provided by Servicebio Biotechnology Company (Wuhan, China). All other chemicals were analytically laboratory-available purity.




2.2. Experimental Animal


Forty male 8-week-old Wistar rats weighing initially about 270 g were used (Liaoning Changsheng Biotechnology Co., Ltd. (License No. SCXK (Liao) 20150001). They were fed in the Animal Experiment Center of Ningxia Medical University. After adaptive feeding for one week, the feeding conditions were a room temperature of about 22 °C, normal circulating light day and night, relative humidity of about 60% and freely drinking and eating during feeding.



Forty Wistar rats were randomly divided into four groups, with 10 rats in each group, by using the tail label method and the random number table generated by SPSS. According to the national pesticide use threshold standard, and combined with the expected results of previous experiments, finally, a control (corn oil), low dose exposure group of 6.25 mg/kg (1/60LD50), middle dose exposure group of 12.5 mg/kg (1/30LD50) and high dose exposure group of 25 mg/kg (1/15LD50) were set. The rats were weighed every other day, and the toxic drugs were prepared according to the weights taken the day before. To ensure that the intragastric dose of each rat was not more than 4 mL, a 16 gastric gavage needle and 2.5 mL syringe were selected for intragastric gavage. The time of poisoning was guaranteed at 10:00 a.m., and the rats were poisoned on alternate days for four weeks. After 4 weeks, all the rats were sacrificed under anesthesia, and the testicular tissue of 4 were perfused with precooled physiologic saline and then fixed in paraformaldehyde solution. Tissues and organs of the remaining 6 rats were separated on a row of ice for subsequent detection, and tissue labels were placed in a cryopreservation tube in liquid nitrogen and then frozen in a −80 °C refrigerator for measurements. For serum separation, blood samples were collected in clean, dry tubes without anticoagulants and frozen at −80 °C for measurements.




2.3. Hematoxylin-Eosin Staining and Ultrastructural Observation of Testicular Tissue


Two testes were dissected and homogenized in ice-cold phosphate buffer saline. The testicular tissue was separated and fixed with fixative solution, embedded and sectioned, after Hematoxylin-eosin staining, the pathological sections of testicular tissue were observed for pathological damage under an optical microscope, and the ultrastructure was captured by transmission electron microscopy.




2.4. Homogenization of Testicular Tissue


According to the instructions of the kits supplied by Biodiagnostic (Giza, Egypt), 200 mg of testicular tissues were homogenized in 5 mL of water. The homogenate was homogenized in ice-cold phosphate-buffered saline (50 mM, pH 7.4). The homogenate mixture was centrifuged at 3800× g (4 °C) for 15 min.




2.5. Determination of MDA Content


The content of MDA in the testicular tissues was determined by the TBA method [26], and the reagents and test samples were added according to the instructions. Each sample’s OD value was calculated based on its absorbance measurement at 532 nm, and the final concentration was expressed in nmol/mL. All assays were performed in triplicate. The MDA content (nmol/mL) was calculated as follows.




2.6. Determination of T-AOC


By using a total antioxidant capacity testing kit which was provided by Beyotime Biotechnology Company (Shanghai, China), we determined the total antioxidant capacity in a 96-well plate, and samples and reagents were added as instructed. The absorbance value was immediately measured at 420 nm. The average OD value of each group was calculated. For each sample, the OD values were substituted into a standard curve fitting equation to determine the total antioxidant capacity, and the results were expressed in mol/g. All assays were performed in triplicate.




2.7. The Determination of FSH, T, LH and GnRH by Elisa


The serum levels of T, LH, FSH and GnRH were measured by using the ELISA method. The serum was thawed at 37 °C constant temperature in bath water, according to the kit’s instructions. The OD values of each well were determined by the ELISA kit at the 450 nm wavelength, according to the standard curve formula, and the sample concentration could be inferred by the absorbance value of each well. All assays were performed in triplicate.




2.8. Quantitative Real-Time PCR (qPCR)


Forty to fifty milligrams of testicular tissue from each sample were weighed, and the relative mRNA expressions of testicular tissues were determined by qPCR [26]. As instructed in the reagent instructions, the total RNA was extracted and reverse-transcribed by using the GoScriptTM System. PCR amplification was carried out with the SYBR Green PCR kit in the PCR instrument. For normalization of the gene targets, GAPDH was used as an endogenous control. The primer sequences are shown in Table S1. We detected three multiple holes in each sample, and the PCR results were analyzed quantitatively by 2 −ΔΔCt (ΔCt = Ct target gene—Ct internal reference gene, ΔΔCt = ΔCt experimental group—ΔCt control group). All assays were performed in triplicate.




2.9. Western Blot


The proteins of the testicular tissues were extracted with protein lysis buffer. The protein concentration in the supernatant was quantified by using the BCA kit. The proteins (20 μg/lane) were separated by 10% SDS-polyacrylamide gel electrophoresis and electrotransferred onto PVDF membranes. After blocking with 3% BSA and incubating overnight at 4 °C with the primary antibody against G3BP1, JNK1/2/3, ERK1/2, p38 MAPK, p-JNK1/2/3, p-ERK1/2, p-p38 MAPK, COX 1, COX 4, caspase 3, caspase 8 and caspase 9, the secondary antibodies were incubated. The results were normalized with GAPDH. ImageJ software was used to quantify the Western blot data after detecting the bands with the ECL kit and the Invitrogen iBright 1500 Imaging System. Each experiment was repeated at least three times.




2.10. Immunohistochemical Analysis (IHC)


Testis tissue sections of 3 μm were placed on slides for the immunohistochemical analysis. Paraffin sections of testicular tissue were routinely dewaxed, and after antigen repair, endogenous peroxidase activity was blocked, and 3% BSA was dropped into the histochemical circle to cover the tissue evenly and sealed at room temperature for 30 min then incubated overnight at 4 °C with the primary antibody against G3BP1 and washed with PBS buffer solution three times. HRP-labeled goat anti-rabbit IgG antibody was lowered to room temperature for 30 min, DAB color solution was lowered and the color time was controlled under a microscope. The positive color was brownish yellow, and the section was washed with running water to terminate the color. Positive grade (I): 0 points for a negative without staining, 1 point for a weak positive light yellow, 2 points for a middle positive brownish yellow and 3 points for a strong positive tan count. According to the positive area/tissue area, the positive area ratio was reflected [7].




2.11. Double-Label Immunofluorescence (Double-IF)


Testis tissue sections of 3 μm were placed on slides for the immunofluorescence experiments. Paraffin sections of testicular tissue were routinely dewaxed and, after antigen repair, blocked with 3% BSA in the histochemical circle, then incubated overnight at 4 °C with the primary antibody against G3BP1 and washed with PBS buffer solution three times. The HRP-labeled goat anti-rabbit IgG antibody was lowered to room temperature for 20 min, then incubated overnight at 4 °C with the second type of primary antibody against JNK or P38 MAPK. The tissue slides were mounted by ProLong® Gold Antifade Reagent with DAPI (Invitrogen), slightly shaken and then sealed with anti-fluorescence quenching sealer and digitally photographed using a Zeiss Axioplan microscope. Each experiment was repeated at least three times.




2.12. Statistical Methods


The data were statistically analyzed by using Prism 8.0 (GraphPad Software, San Diego, CA, USA), and the measurement data were measured by the mean ± standard deviation. Multiple group comparisons were conducted by one-way analysis of variance, while pairwise comparisons were conducted using Dunnett’s test method. p < 0.05 indicated a statistically significant difference.





3. Results


3.1. The Effect of Cyfluthrin on Body Weight and Testicular Organ Coefficient in Rats


During the process of Cy exposure, there were no significant abnormalities in the growth and development of rats in each group. Compared with the control group, as the dose of exposure increased, the rats in each exposure group showed a more sluggish demeanor and behavior in their resting state, with their fur gradually turning yellow. They were more likely to experience irritability during gavage. Compared with the control group, there was no statistically significant difference in body mass and testicular organ coefficient among the low, medium, and high dose groups of rats (p > 0.05), as shown in Table 1 and Table 2.




3.2. Cyfluthrin Could Cause Histopathological Changes in Testis and Ultrastructural Damage in Spermatocytes


3.2.1. Histopathological Changes of Rat Testis Observed by HE Staining


In the model of testicular injury caused by cyfluthrin, the pathological changes were observed by HE staining, and the results showed that the testicular tissue of the control group had a regular shape of seminiferous tubules; the spermatogonia (spermatogonia, primary spermatocytes, secondary spermatocytes and round spermatocytes) were closely arranged and hierarchical, and there was abundant sperm formation in the lumen of the tubules. In the low dose group, some cells in the seminiferous tubules were detached and vacuolated; in the middle dose group, the morphology of the seminiferous tubules was slightly changed, the cells in the lumen were loosely arranged and mild inflammatory infiltration was seen between the interstitial cells, the number of cell layers became less and the density of spermatozoa decreased. In the high dose group, the morphology of the seminiferous tubules was changed, the cells in the lumen were loosely arranged so only a few spermatogonia were left in the wall of the tubules, the cell types could not be fully identified, the interstitial cells were obviously inflammatory infiltrated, the lumen was severely vacuolated, the spermatogonia were shed into the lumen, the sperm density became less and the sperm morphology was incomplete (Figure 1).




3.2.2. Cyfluthrin Could Cause Ultrastructural Damage in Spermatocytes


The results of the electron microscopy showed that the spermatocytes of the control group had abundant organelles, a round nucleus, a complete and clear nuclear membrane, uniform chromatin distribution, mild edema and slightly swollen mitochondria. In the low dose group, the cell membrane was intact, and the nucleus (N) was normal. In the middle dose group, the cells showed moderate edema, intracellular vacuolation, irregular nuclei (N), sparse chromatin and fuzzy nuclear membranes, as well as obscure acrosome structures (Acr), the mitochondria (M) were moderately swollen, the crest was tubular bubble and lipid droplets (LD) were abundant. In the high dose group, spermatocytes showed moderate edema, partial membrane damage, abundant organelles, intracellular vacuolation, irregular nucleus (N), sparse chromatin, partial depression, the acrosome (Acr) showed no obvious changes, increased vacuoles in the cytoplasm, slight swelling of the mitochondria (M), crista-breaking and degranulation of the mitochondria were observed, a tubular alveolar ridge and dissolved intracellular matrix and vacuolation. The number of lysosomes increased significantly, and the volume expansion increased; rough endoplasmic reticulum (RER) was abundant, slightly expanded, and lipid droplets (LD) were abundant (Figure 2).





3.3. Cyfluthrin Could Interfere with the Normal Secretion of the Hypothalamic–Pituitary–Testicular Axis, Causing Hypergonadotropic Dysfunction


The results showed that, compared with the control group, a dose-dependent increase in the GnRH, FSH and LH levels was observed in the low, middle and high dose groups, with statistically significant differences (p < 0.05). The serum testosterone (T) level in the low, middle and high dose groups decreased in a dose-dependent manner, and the difference was statistically significant (p < 0.05). The results indicated that the synthesis of male hormones was defective, and hypergonadal dysfunction was observed (Figure 3).




3.4. Cyfluthrin Could Cause the Oxidation–Oxidation Steady-State Imbalance and Inhibit G3BP1 Expressionin in Testicular Tissue


Compared with the control group, there was a dose-dependent increase in the MDA level in the low, middle and high dose groups and a dose-dependent decrease in the T-AOC level in the low, middle and high dose groups. The above results showed that Cy could destroy the normal antioxidant defense system of testicular tissue, reduce the antioxidant capacity, increase the level of lipid peroxidation products and lead to testicular oxidative stress injury (Table 3). When the oxidative–oxidative homeostasis in testicular tissue was disrupted, how did the expression of G3BP1 change? A Western blot showed that, compared with the control group, the protein expression of G3BP1 in the low, middle and high dose groups decreased in a dose-dependent manner. The results of q-PCR showed that the expression of G3BP1 mRNA was lower than that of the control group in a dose-dependent manner (p < 0.05). The IF and IHC results showed that the number of G3BP1-positive cells in the low, middle and high dose groups was lower than that in the control group (p < 0.05), as shown in Figure 4. G3BP1-positive expression was mainly located in the spermatogenic epithelium and spermatogenic cell layer of the testes in the control and low-dose groups (Figure 4).




3.5. Determination of MAPK Pathway Key Factors Expression in Testicular Tissues by Western Blot and q-PCR


Western blot showed that JNK1/2/3, the P38 MAPK protein and mRNA expression were decreased in the low, middle and high dose groups and decreased in a dose-dependent manner compared with the control group (p < 0.05). p-JNK1/2/3 and p-P38 MAPK protein expressions were the opposite, as they were increased in the low, middle and high dose groups (p < 0.05). p-ERK was decreased and showed a dose-dependent manner (p < 0.05), and the difference in the ERK protein and mRNA expressions in the low, middle and high dose groups were not statistically significant. The results suggested that, when G3BP1 expression was inhibited, it could cause the activation of JNK1/2/3 and P38 MAPK signals. Cy could interfere with the normal secretion of extracellular signal-regulated kinase ERK, and when JNK and P38 MAPK were both upregulated, it could activate caspase 3 and cause apoptosis (Figure 5 and Figure 6).




3.6. The Determination of Co-Located Situation of JNK/G3BP1, P38 MAPK/G3BP1 by Doudle-IF


The double-IF results showed that the protein expression of G3BP1 decreased with the increasing dose of staining, while the expression of JNK1/2/3 and P38 MAPK were increased significantly (p < 0.05). The positive expressions of G3BP1 were mainly located in the testicular germinal epithelium and germ cell layer, and the positive expressions of JNK1/2/3 were mainly located in the testicular germinal epithelium and sperm cells, while the positive expressions of P38 MAPK were located in all levels of the germ cells and spermatozoa (Figure 7).




3.7. Western Blot and q-PCR to Detect the Expression of Cytochrome c Oxidase 1 and 4 in Testicular Tissues


Compared with the control group, the WB and qPCR results showed that the expression of cox1 and cox4 were lower in the low, middle and high dose groups and showed a dose-dependent decrease (p < 0.05). As two key factors in the biogenesis of the mitochondrial respiratory chain complex, the decrease of COX1 and COX4 could further reduce the activity of the mitochondrial respiratory chain and the production of ATP. Meanwhile, COX4 downregulation could activate caspase3 (Figure 8).




3.8. Western Blot and q-PCR to Detect Caspases 8/9/3 in Testicular Tissues


Compared with the control group, the WB and qPCR results showed that the expression of caspase 3, caspase 8 and caspase 9 were significantly higher in the middle and high dose groups (p < 0.05), indicating that irreversible apoptosis occurred in the testis organism (Figure 9).





4. Discussion


Cyfluthrin, a recognized environmental endocrine disruptor, has raised concerns about the potential damage to the male reproductive system, as the testes are a sensitive target organ for a variety of drugs and chemicals. Studies have shown [27,28] that when hormone levels are altered in reproductive organs such as the testes due to exogenous chemicals, this may cause an imbalance in the homeostasis of the reproductive endocrine system. Drugs and chemicals can directly lead to a decrease in sperm quantity and quality by damaging spermatogenic cells. Therefore, in this study, we established a Wistar male rat model of cyfluthrin damage by gavage poisoning to explore its toxic effects on the male reproductive system.



In our group’s previous study, we found that, with increasing doses of cyfluthrin staining, damage occurred in the rat testes to both the seminiferous tubules and all levels of the spermatogenic cells. However, it is not clear how cyfluthrin affected spermatogenic cell proliferation, differentiation and even the onset of apoptosis. In this study, it was observed by transmission electron microscopy that, with the increase of the dose of the dye, spermatocytes showed different degrees of edema, cell membrane breakage, intracellular vacuole-like changes of different degrees and changes in the morphology of the nucleus, especially the mitochondria showing different degrees of swelling, mostly in the high dose group.



In addition, hormones play an important role in spermatogenesis and testicular growth, and the serum hormone levels can also evaluate whether testicular function is normal or not. The hypothalamic–pituitary–gonadal axis, which is an important system for reproductive endocrine information transmission, is also the key to ensuring the secretion of androgenic reproductive hormones. GnRH secreted by the hypothalamus acts on adenohypophysis to promote the synthesis and secretion of FSH and LH [29]. T is almost exclusively synthesized and secreted by testicular mesenchymal cells and is essential in the development of testosterone-dependent organs, maintenance of the secondary sexual characteristics, germ cell growth and spermatogenesis [30]. It has also been confirmed that testosterone may act through the ERK pathway, that Src kinase can be activated by T and that Src kinase activity is required for the activation of ERK/MAPK [31]. The results of this study showed that the levels of GnRH, FSH and LH increased dose-dependently, and T decreased dose-dependently with increasing the doses of toxicity, indicating that the damage caused by cyfluthrin was inside of the testicular tissue, and the blood–testis barrier was damaged to different degrees, which eventually led to changes in the reproductive hormone levels. Inhibitors secreted by supporting cells can inhibit the secretion of FSH and maintain FSH at normal levels. When the supporting cell–tracheal seminiferous tubule complex is damaged, the secretion of INHα and INHβB decreases because of their negative feedback effect on FSH, resulting in higher FSH. The T/LH ratio is a more sensitive indicator of mesenchymal cells. In our results, compared with the control group, the T/LH values of the low, middle and high dose groups were significantly lowered, and the T values were significantly lowered after flucytetramethrin staining, which indicated that the testicular varicocele and interstitial cells were damaged at the same time and the interstitial cells were dysfunctional. The above experimental results indicated that cyfluthrin could interfere with the normal secretion of the hypothalamic–pituitary–gonadal axis and cause hypergonadal dysfunction and direct toxic effects on testicular tissues.



It has been shown [32] that pyrethroid pesticides can cause cellular oxidative damage and the accumulation of peroxides. In our study, compared with the control group, cyfluthrin caused different degrees of oxidative stress in testicular tissues, and T-AOC was dose-dependently decreased in the low, middle and high dose groups. LDH and MDA were dose-dependently increased in the low, middle and high dose groups. Under the stimulation of exogenous toxicants, excessive ROS act on unsaturated fatty acids on cell membrane lipids, and then, lipid peroxidation occurs, causing an inflammatory response in the organism [33].



As an end product of lipid peroxidation, the level of MDA can indirectly reflect the generation of ROS, so the changes in the levels of MDA can present the extent of lipid peroxidation in the body and showed that excessive ROS was generated by cyfluthrin exposure, which, in turn, resulted in oxidative damage, imbalance in antioxidant system homeostasis and a weakened antioxidant defense [26].



Abnormally increased ROS can also lead to DNA damage, protein oxidation and lipid peroxidation. Previous studies have shown [34] that one of the many cellular defense mechanisms induced by excess ROS is the occurrence of stress granules (SG). Stress granules are dense aggregates of RNA and proteins that appear when cells are under stressful conditions in the cytoplasmic matrix. Stalled mRNA aggregates into stress granules. SG formation prevented stress-induced cell injury and death [35]. The former part of the results showed that cyfluthrin had induced oxidative stress in the testicular tissue, and when cells undergo oxidative stress, stress granules (SGs) could be formed rapidly. G3BP1 expression promoted stress granule formation, allowing the host mRNA to be sequestered and translated. Stress granules consisted of complexes of ribonucleic acid proteins (mRNPs), which were formed mainly by inducing various stresses, such as oxidative stress and hypoxia.



Functionally, stress granules also could prevent apoptosis by isolating proapoptotic signaling proteins under stress conditions [36]. G3BP1 is able to mediate the formation of stress granules in cells under stress conditions and is an important component protein of stress granules. When intracellular oxidative–oxidative homeostasis is imbalanced, as an important regulator of stress granule formation and function, how does the expression of G3BP1 change? Consequently, with the increase of the cyfluthrin-stained dose, the expression of G3BP1, a key component of stress granules, was inhibited, the antioxidant capacity of the testicular tissue was decreased and the oxidative stress damage was intensified. When the expression of G3BP1 was inhibited, how would the expression of key factors of the MAPK pathway change?



The results showed that, compared with the control group, the expression of JNK1/2/3, the P38 MAPK protein and mRNA decreased with the increase of the dose of dyeing and the expression of p-JNK1/2/3, the p-P38 MAPK protein increased and the expression of p-ERK decreased with the dose of dyeing, while the change of ERK protein and mRNA expression was not significant with the increase of the dose of dyeing. This suggested that, by inhibiting the expression of G3BP1, cyfluthrin could activate JNK and P38 MAPK and interfere with the normal secretion of extracellular signal-regulated kinase ERK.



Some studies have shown that MAPKs can be activated by a variety of different stimuli. The differentiation and proliferation of Sertoli cells are partially regulated by follicle-stimulating hormones (FSHs), and the role of FSHs depends on the activation of the ERK signal. T also plays its role in the ERK pathway. Src kinase can be activated by T, and Src kinase activity is necessary to activate ERK/MAPK [37]. In our study, testosterone secretion was reduced, and p-ERK1/2 expression was decreased, indicating that the ERK pathway was inhibited, which was also similar to the results of Almog T’s study. It was shown that ERK1 and ERK2 were preferentially activated in response to the growth factors, while the JNKs and p38MAPKs were more sensitive to stressful stimuli, including elevated ROS levels. It was shown that ERKl/2 and p38 MAPK were involved in the regulation of sperm hyperactivated viability. Phosphorylated ERK promoted sperm motility, whereas phosphorylated p38 MAPK inhibited energetic energization [38]. It was shown [39] that the MAPK pathway was involved in several stages of germ cell development, including spermatogenesis, germ cell cycle progression, germ cell apoptosis, sperm capacitation and the acrosome response before oocyte fertilization, and when JNK1/2/3, and p38 MAPK were upregulated simultaneously, they could activate caspase 3 to cause apoptosis. Caspase 3, a key enzyme in the mitochondria-dependent apoptotic pathway, is a major performer in apoptosis, and therefore, the detection of caspase 3 activity is a major determinant of apoptosis [40]. The main function of mitochondria is to produce ATP for energy supply through oxidative phosphorylation, while oxidative phosphorylation is completed by the mitochondrial inner membrane respiratory chain. The swelling and destruction of the mitochondrial membrane is related to the chronic inhibition of the function of the mitochondrial respiratory chain enzyme complex (COX1 and COX4). The key subtypes of COX and COX4 are crucial to the assembly and function of the mitochondrial respiratory chain. The normal expression of COX4 can significantly affect the functional state of the whole respiratory chain and the energy generation of cells. Some studies have shown that excessive ROS can stimulate the release of cytochrome C in mitochondria by inhibiting mitochondrial respiratory enzymes to induce apoptosis, and increased Bax and decreased Bcl-2 expression can stimulate the release of cytochrome c in mitochondria, thus activating caspase 9. Then, caspase 9 catalyzes the activation of caspase 3 and, finally, leads to cell apoptosis [33,41]. We found that the expressions of COX1 and COX4 in the low, middle and high dose groups were lower than that in the control group. Combined with electron microscope results, it showed that the swelling and destruction of the mitochondrial membrane was related to the inhibition of the function of the mitochondrial respiratory chain enzyme complex (COX1 and COX4), and the expressions of apoptosis factors caspase 3, caspase 8 and caspase 9 were significantly increased in the middle and high dose groups. The activation of caspase 9, on the one hand, indicated the dysfunction of the mitochondrial function, and on the other hand, it and caspase 8 acted as the initiation proteins of apoptosis, activating the apoptosis executive protein caspase 3 and causing the activation of the apoptosis pathway. Moreover, some studies [42] have shown that the destruction of the mitochondrial structure leads to the activation of caspase 3.




5. Conclusions


We explored the mechanisms of the G3BP1 gene and the P38 MAPK/JNK pathway in male reproductive function damage caused by cyfluthrin by establishing a rat model of testicular damage. Our study found that exposure to cyfluthrin induced testicular and spermatocyte damage in rats, causing pathomorphology, alterations in the androgen levels, oxidative stress and inflammation. When the balance of oxidation and antioxidation in the cells was broken, the expression and activity of G3BP1 were inhibited, which caused the activation of the P38 MAPK/JNK pathway and the activation of the intracellular apoptosis pathway and then led to germ cell apoptosis. These data provide new targets for early, sensitive indicators and the treatment of male reproductive injury and provide new ideas for the prevention and treatment of male reproductive system diseases.
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	GnRH
	gonadotropin-releasing hormone



	LH
	luteinizing hormone



	LD
	lipid droplets



	M
	mitochondria



	N
	nuclear



	RER
	rough endoplasmic reticulum



	T
	testosterone



	TEM
	transmission electron microscope







References


	



Tijani, J.O.; Fatoba, O.O.; Babajide, O.O.; Petrik, L.F. Pharmaceuticals, endocrine disruptors, personal care products, nanomaterials and perfluorinated pollutants: A review. Environ. Chem. Lett. 2016, 14, 27–49. [Google Scholar] [CrossRef]

	



Syed, F.; Soni, I.; John, P.; Bhatnagar, P. Embryotoxic and teratogenic evaluation of cyfluthrin in Swiss albino mice. Toxicol. Ind. Health 2018, 16, 121–126. [Google Scholar] [CrossRef]

	



Hedges, L.; Brown, S.; MacLeod, A.K.; Moreau, M.; Yoon, M.; Creek, M.R.; Osimitz, T.G.; Lake, B.G. Metabolism of bifenthrin, β-cyfluthrin, λ-cyhalothrin, cyphenothrin and esfenvalerate by rat and human cytochrome P450 and carboxylesterase enzymes. Xenobiotica 2020, 50, 1434–1442. [Google Scholar] [CrossRef]

	



Shi, Y.; Qi, W.; Xu, Q.; Wang, Z.; Cao, X.; Zhou, L.; Ye, L. The role of epigenetics in the reproductive toxicity of environmental endocrine disruptors. Environ. Mol. Mutagen. 2021, 62, 78–88. [Google Scholar] [CrossRef] [PubMed]

	



Yoshinaga, J.; Imai, K.; Shiraishi, H.; Nozawa, S.; Yoshiike, M.; Mieno, M.N.; Andersson, A.-M.; Iwamoto, T. Pyrethroid insecticide exposure and reproductive hormone levels in healthy Japanese male subjects. Andrology 2014, 2, 416–420. [Google Scholar] [CrossRef]

	



Patrick, S.M.; Bornman, M.S.; Joubert, A.M.; Pitts, N.; Naidoo, V.; de Jager, C. Effects of environmental endocrine disruptors, including insecticides used for malaria vector control on reproductive parameters of male rats. Reprod. Toxicol. 2016, 61, 19–27. [Google Scholar] [CrossRef] [PubMed]

	



Pauluhn, J. Upper respiratory tract nociceptor stimulation and stress response following acute and repeated Cyfluthrin inhalation in normal and pregnant rats: Physiological rat-specific adaptions can easily be misunderstood as adversities. Toxicol. Lett. 2018, 282, 8–24. [Google Scholar] [CrossRef]

	



Ravula, A.R.; Yenugu, S. Transgenerational effects on the fecundity and sperm proteome in rats exposed to a mixture of pyrethroids at doses similar to human consumption. Chemosphere 2022, 290, 133242. [Google Scholar] [CrossRef]

	



Ila, H.B.; Topaktas, M.; Rencuzogullari, E.; Kayraldiz, A.; Donbak, L.; Daglioglu, Y.K. Genotoxic potential of cyfluthrin. Mutat. Res. Toxicol. Environ. Mutagen. 2008, 656, 49–54. [Google Scholar] [CrossRef]

	



Savelli, C.J.; Mateus, C. A mixed-method exploration into the experience of members of the FAO/WHO International Food Safety Authorities Network (INFOSAN): Study protocol. BMJ Open 2019, 9, e027091. [Google Scholar] [CrossRef]

	



Green, M.P.; Harvey, A.J.; Finger, B.J.; Tarulli, G.A. Endocrine disrupting chemicals: Impacts on human fertility and fecundity during the peri-conception period. Environ. Res. 2021, 194, 110694. [Google Scholar] [CrossRef]

	



Cuenca, J.B.; Tirado, N.; Barral, J.; Ali, I.; Levi, M.; Stenius, U.; Berglund, M.; Dreij, K. Increased levels of genotoxic damage in a Bolivian agricultural population exposed to mixtures of pesticides. Sci. Total. Environ. 2019, 695, 133942. [Google Scholar] [CrossRef]

	



Wu, B. The Current Situation of Pesticide Residues in Vegetable Greenhouses in the Suburbs of Yinchuan City and Analysis of Influencing Factors on Cardiovascular Health of Planters; Ningxia Medical University: Yinchuan, China, 2016. [Google Scholar]

	



Damalas, C.A.; Eleftherohorinos, I.G. Pesticide exposure, safety issues, and risk assessment indicators. Int. J. Environ. Res. Public Health 2011, 8, 1402–1419. [Google Scholar] [CrossRef]

	



Martínez, M.-A.; Lopez-Torres, B.; Rodríguez, J.-L.; Martínez, M.; Maximiliano, J.-E.; Martínez-Larrañaga, M.-R.; Anadón, A.; Ares, I. Toxicologic evidence of developmental neurotoxicity of Type II pyrethroids cyfluthrin and alpha-cypermethrin in SH-SY5Y cells. Food Chem. Toxicol. 2020, 137, 111173. [Google Scholar] [CrossRef] [PubMed]

	



Romero, A.; Ares, I.; Ramos, E.; Castellano, V.; Martínez, M.; Martínez-Larrañaga, M.; Anadón, A. Evidence for dose-additive effects of a type II pyrethroid mixture. in vitro assessment. Environ. Res. 2015, 138, 58–66. [Google Scholar] [CrossRef]

	



Lu, Y.-C.; Liang, W.-Z.; Kuo, C.-C.; Hao, L.-J.; Chou, C.-T.; Jan, C.-R. Action of the insecticide cyfluthrin on Ca2+ signal transduction and cytotoxicity in human osteosarcoma cells. Hum. Exp. Toxicol. 2020, 39, 1268–1276. [Google Scholar] [CrossRef]

	



Wang, Z.; Chen, L.; Zhang, L.; Zhang, W.; Deng, Y.; Liu, R.; Qin, Y.; Zhou, Z.; Diao, J. Thermal effects on tissue distribution, liver biotransformation, metabolism and toxic responses in Mongolia racerunner (Eremias argus) after oral administration of beta-cyfluthrin. Environ. Res. 2020, 185, 109393. [Google Scholar] [CrossRef]

	



Li, A.J.; Martinez-Moral, M.-P.; Kannan, K. Temporal variability in urinary pesticide concentrations in repeated-spot and first-morning-void samples and its association with oxidative stress in healthy individuals. Environ. Int. 2019, 130, 104904. [Google Scholar] [CrossRef]

	



Ye, X.; Li, F.; Zhang, J.; Ma, H.; Ji, D.; Huang, X.; Curry, T.E., Jr.; Liu, W.; Liu, J. Pyrethroid insecticide cypermethrin accelerates pubertal onset in male mice via disrupting hypothalamic-pituitary-gonadal axis. Environ. Sci. Technol. 2017, 51, 10212–10221. [Google Scholar] [CrossRef]

	



Omer, A.; Barrera, M.C.; Moran, J.L.; Lian, X.J.; Di Marco, S.; Beausejour, C.; Gallouzi, I.-E. G3BP1 controls the senescence-associated secretome and its impact on cancer progression. Nat. Commun. 2020, 11, 4979. [Google Scholar] [CrossRef]

	



Sharma, A.; Minhas, S.; Dhillo, W.S.; Jayasena, C.N. Male infertility due to testicular disorders. J. Clin. Endocrinol. Metab. 2021, 106, e442–e459. [Google Scholar] [CrossRef] [PubMed]

	



Almog, T.; Naor, Z. The role of Mitogen activated protein kinase (MAPK) in sperm functions. Mol. Cell. Endocrinol. 2010, 314, 239–243. [Google Scholar] [CrossRef] [PubMed]

	



Luo, D.; He, Z.; Yu, C.; Guan, Q. Role of p38 MAPK Signalling in Testis Development and Male Fertility. Oxidative Med. Cell. Longev. 2022, 2022, 6891897. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Ma, L.; Xie, Y.; Zhu, L.; Ni, W.; Wang, R.; Song, Y.; Li, X.; Yang, H. The role of stimulator of interferon genes-mediated AMPK/mTOR/P70S6K autophagy pathway in cyfluthrin-induced testicular injury. Environ. Toxicol. 2023, 38, 727–742. [Google Scholar] [CrossRef] [PubMed]

	



Saillenfait, A.-M.; Ndiaye, D.; Sabaté, J.-P. The estrogenic and androgenic potential of pyrethroids in vitro. Review. Toxicol. Vitro 2016, 34, 321–332. [Google Scholar] [CrossRef]

	



Maksoud, H.A.; Mahfouz, M.; Soliman, M.; Elharrif, M.G.; Abbass, M.; El-Badry, M. Harmful effects of pyrethroid ester insecticide on the male reproductive system mainly through affecting testicular function and inflammatory markers. BIOCELL 2020, 44, 111–115. [Google Scholar] [CrossRef]

	



Gupta, A.S.; Deshpande, P.S. Causes and prevalence of factors causing infertility in a public health facility. J. Hum. Reprod. Sci. 2019, 12, 287–293. [Google Scholar] [CrossRef]

	



Plunk, E.C.; Richards, S.M. Endocrine-disrupting air pollutants and their effects on the hypothalamus-pituitary-gonadal axis. Int. J. Mol. Sci. 2020, 21, 9191. [Google Scholar] [CrossRef]

	



Salonia, A.; Rastrelli, G.; Hackett, G.; Seminara, S.B.; Huhtaniemi, I.T.; Rey, R.A.; Hellstrom, W.J.G.; Palmert, M.R.; Corona, G.; Dohle, G.R.; et al. Paediatric and adult-onset male hypogonadism. Nat. Rev. Dis. Prim. 2019, 5, 38. [Google Scholar] [CrossRef]

	



Hamzeh, M.; Robaire, B. Androgens activate mitogen-activated protein kinase via epidermal growth factor receptor/insulin-like growth factor 1 receptor in the mouse PC-1 cell line. J. Endocrinol. 2019, 209, 55–64. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, T.; Ren, X.; Chen, X.; Wang, S.; Qin, C. Pyrethroids toxicity to male reproductive system and offspring as a function of oxidative stress induction: Rodent studies. Front. Endocrinol. 2021, 12, 656106. [Google Scholar] [CrossRef]

	



Herman, A.B.; Afonso, M.; Kelemen, S.E.; Ray, M.; Vrakas, C.N.; Burke, A.C.; Scalia, R.G.; Moore, K.; Autieri, M.V. Regulation of stress granule formation by inflammation, vascular injury, and atherosclerosis. Arter. Thromb. Vasc. Biol. 2019, 39, 2014–2027. [Google Scholar] [CrossRef]

	



Albornoz, A.; Carletti, T.; Corazza, G.; Marcello, A. The stress granule component TIA-1 binds tick-borne encephalitis virus RNA and is recruited to perinuclear sites of viral replication to inhibit viral translation. J. Virol. 2014, 88, 6611–6622. [Google Scholar] [CrossRef]

	



Lee, A.K.; Klein, J.; Tacer, K.F.; Lord, T.; Oatley, M.J.; Oatley, J.M.; Porter, S.N.; Pruett-Miller, S.M.; Tikhonova, E.B.; Karamyshev, A.L.; et al. Translational repression of G3BP in cancer and germ cells suppresses stress granules and enhances stress tolerance. Mol. Cell 2020, 79, 645–659.e9. [Google Scholar] [CrossRef]

	



Somasekharan, S.P.; Zhang, F.; Saxena, N.; Ni Huang, J.; Kuo, I.-C.; Low, C.; Bell, R.; Adomat, H.; Stoynov, N.; Foster, L.; et al. G3BP1-linked mRNA partitioning supports selective protein synthesis in response to oxidative stress. Nucleic Acids Res. 2020, 48, 6855–6873. [Google Scholar] [CrossRef]

	



Fontana, F.; Marzagalli, M.; Marelli, M.M.; Raimondi, M.; Moretti, R.M.; Limonta, P. Gonadotropin-releasing hormone receptors in prostate cancer: Molecular aspects and biological functions. Int. J. Mol. Sci. 2020, 21, 9511. [Google Scholar] [CrossRef]

	



Wang, H.; Zhou, W.; Zhang, J.; Li, H. Role of JNK and ERK1/2 MAPK signaling pathway in testicular injury of rats induced by di-N-butyl-phthalate (DBP). Biol. Res. 2019, 52, 41. [Google Scholar] [CrossRef]

	



Azad, F.; Nejati, V.; Shalizar-Jalali, A.; Najafi, G.; Rahmani, F. Antioxidant and anti-apoptotic effects of royal jelly against nicotine-induced testicular injury in mice. Environ. Toxicol. 2019, 34, 708–718. [Google Scholar] [CrossRef]

	



Barati, E.; Nikzad, H.; Karimian, M. Oxidative stress and male infertility: Current knowledge of pathophysiology and role of antioxidant therapy in disease management. Cell. Mol. Life Sci. 2020, 77, 93–113. [Google Scholar] [CrossRef]

	



Cho, E.; Than, T.T.; Kim, S.-H.; Park, E.-R.; Kim, M.-Y.; Lee, K.H.; Shin, H.J. G3BP1 depletion increases radiosensitisation by inducing oxidative stress in response to DNA damage. Anticancer Res. 2019, 39, 6087–6095. [Google Scholar] [CrossRef]

	



Kuribayashi, K.; Mayes, P.A.; El-Deiry, W.S. What are Caspases 3 and 7 doing upstream of the mitochondria? Cancer Biol. Ther. 2016, 5, 763–765. [Google Scholar] [CrossRef] [PubMed]








[image: Toxics 11 00451 g001 550] 





Figure 1. Histopathological changes of rat testes observed by HE staining. (A) Control group; (B) low-dose group; (C) middle-dose group; (D) high-dose group. 
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Figure 2. Ultrastructural diagram of the testes of rats exposed to Cy. (A) Control group; (B) low-dose group; (C) middle-dose group; (D) high-dose group. 
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Figure 3. Changes in the hormone levels in the hypothalamic–pituitary–testicular axis of rats after exposure to cyfluthrin. (A) Changes in the gonadotropin-releasing hormone (GnRH) levels. (B) Changes in the follicle-stimulating hormone (FSH) levels. (C) Changes in the levels of the luteinizing hormone (LH). (D) Changes in the testosterone levels. (E) T/LH change level. Compared to the control group, * p < 0.05 and ** p < 0.01. 
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Figure 4. Detection of G3BP1 expression in testicular tissue by Western blot, q-PCR and immunohistochemistry. (A) Immunohistochemistry was used to detect the expression of G3BP1, the arrows in the figure indicated the positive expression of G3BP1. (B) WB was used to detect the expression of G3BP1. (C) Relative expression of the G3BP1 protein. (D) Relative expression content of G3BP1 mRNA. (E) The relative positive area of G3BP1 expression was detected by immunohistochemistry. Compared to the control group, * p < 0.05 and ** p < 0.01. 
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Figure 5. Western blot detection of the expression changes of key factors of the MAPK pathway in testicular tissue. (A) Western blot was used to detect the expression of ERK, JNK and P38 MAPK and their phosphorylation in testicular tissue after Cy exposure. (B–G) Quantitative analyses of the relative protein expressions of ERK, JNK and P38MAPK, respectively. Compared to the control group, * p < 0.05 and ** p < 0.01. 
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Figure 6. Expression changes of key factors of the MAPK pathway in testicular tissue detected by q-PCR. (A–F) The relative mRNA expression of JNK1, JNK2, JNK3, ERK1, ERK2 and P38MAPK. Compared to the control group, * p < 0.05 and ** p < 0.01. 
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Figure 7. The determination of the co-located situation of JNK/G3BP1 and P38 MAPK/G3BP1 by double-IF. (A) The relative expression of JNK/G3BP1 and the expressions of G3BP1 were indicated by green fluorescence, and the expressions of JNK were indicated by red fluorescence. (B) The relative expression of P38 MAPK/G3BP1 and the expressions of G3BP1 were indicated by green fluorescence, and the expressions of P38 MAPK were indicated by red fluorescence. Compared to the control group, p < 0.05 and p < 0.01. 
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Figure 8. Western blot detection of the expression changes of COX1 and COX4 in testicular tissue. (A) Western blot was used to detect the expression of COX1 and COX4 in testicular tissue after Cy exposure. (B,C) The relative mRNA expressions of COX1 and COX4. (D,E) Quantitative analysis of the relative protein expressions of COX1 and COX4. Compared to the control group, * p < 0.05 and ** p < 0.01. 
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Figure 9. Western blot detection of the expression changes of caspase 3, caspase 8 and caspase 9 in testicular tissue. (A) Western blot was used to detect the expressions of caspase 3, caspase 8 and caspase 9 in testicular tissue after Cy exposure. (B–D) Quantitative analysis of the relative protein expressions of caspase 3, caspase 8 and caspase 9 compared to the control group. (E–G) The relative mRNA expressions of caspase 3, caspase 8 and caspase 9. Compared to the control group, ** p < 0.01. 
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Table 1. Body weight changes of the rats in each group.
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	Groups
	Before Exposure
	Exposure for 14 Days
	Exposure for 28 Days





	Control group
	337.60 ± 16.34
	418 ± 18.47
	473.7 ± 21.22



	Low-dose group
	338.20 ± 8.07
	420.6 ± 18.29
	473.2 ± 21.96



	Middle-dose group
	335.20 ± 14.67
	408.1 ± 21.17
	432.8 ± 78.28



	High-dose group
	345.30 ± 10.77
	419.3 ± 16.51
	454.2 ± 18.44



	F
	1.755
	0.9222
	2.03



	p value
	0.1731
	0.4399
	0.127
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Table 2. Testicular organ coefficients.
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Groups

	
Testicular Organ Coefficient

	
F

	
p-Value






	
Control group

	
0.74 ± 0.06

	
0.3841

	
0.6847




	
Low-dose group

	
0.84 ± 0.10




	
Middle-dose group

	
0.81 ± 0.08




	
High-dose group

	
0.73 ± 0.25
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Table 3. The changes of the MDA and T-AOC levels in testicular tissue.
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	Groups
	MDA (nmol/mg Prot)
	T-AOC (mmol/mg)





	Control group
	59.77 ± 11.41
	46.68 ± 8.44



	Low-dose group
	74.61 ± 24.21 *
	18.47 ± 5.59 *



	Middle-dose group
	104.50 ± 10.61 *
	6.41 ± 2.14 *



	High-dose group
	182.40 ± 12.21 **
	1.55 ± 1.51 **







Note: * p < 0.05 and ** p < 0.01 indicated that the difference was statistically significant compared with the control group.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





nav.xhtml


  toxics-11-00451


  
    		
      toxics-11-00451
    


  




  





media/file18.png
Control Low Middle High

| 1
< ~ (=]

J:I_D_._l
Control Low Middle High

© ) =) -
gosedse) Jo uoissaxdxy uR)oiJ ANERY  gaswdsn) Jo worssaAdX VNYW JADERY

A &)

Control Low Middle High

sk
ok I

Control Low Middle High

I T
] ]

I
[--] wn ~N o
%:._:.u_..E._::.:m:_:..ﬂa.éa_é%.::5@_......_:E._é‘qzzE:_:‘._az

@)

.0

4
0

-

ok
i I

Control Low Middle High

Control Low Middle High

0_

1
o wn
-

© © =)
gasedse) Jo worssaadXj upR)oLJ ANCPY  gasndsp) Jo uoyssaadxyy VNYW dANERY

aa

| 46KDa

" 37KDa

= e | 55KDa
GAPDH | S s s S | 37Ky,

Control Low Middle High

Caspase8 |
Caspase9

A

Caspase3 | -d





media/file16.png
A

Control Low

Middle High

COX1 |'-—— -—

—_ | 72kDa

COX4 |wm— —

ww—  w| 19KDa

GAPDH | s

s S | 37KDa

f COX 1

DNA T

Relative Protein Expression of Cox1

-
N
]

= 0.6

p

0.0-

-
N
|

e
o
1

Control Low Middle High

14
o
1

Control Low Middle High

@

Relative mRNA Expression of COX4
o
o
1

-
N
1

e
=)

e

-
N
|

T T
Control Low Middle High

e

o
=)
1

Relative Protein Expression of Cox4
o
o
1

Control Low Medium High





media/file2.png





media/file5.jpg
GnRH(mIUmL)

Contro Love Midte igh

D 2w

Testosterone(pg/m

Contrel Low Mddic igh

Contrl Lo Middic igh

E

Contrl Lo Middi g

Control Lew Middlc High





media/file3.jpg





media/file1.jpg





media/file7.jpg
H
L ;; - :!u
Garon [ —_— ] 27100 g






media/file10.png
£ Q a
Z 2- Z 1.8 z 1.6-
3 . z e =
R i - s
5 - = . £ —
=] = =
Control Low Middle High < e s
2 1- £ 0.9 ' 0.8+
INK1/2/3 | S s e | 46/54KDa % : :
£ 3 3
p-JNK1/2/3 | = - ‘—| 46/54KDa £ E ;
3 0- 2 0.0- 3 0.0
3 : ey . s g ) !
P38 ‘-——-e — — | 41KDa %  Control Low Medium High ~ Control Low Medium High Control Low Medium High
P-P38 |- e c— | (3K,
ERK1/2 | 552 o= s 222 | 42/44KDa « . G <
g 1.2 S 1,24 Z 1.2
— & £ =
P-ERKL? [ S 80 | 4244KDa 1| — P e e
e * =]
= = ek
2 g £ .
GAPDH (D @D @b @ | 37KD: ; : ;
Z 0.6 S 5 0.6- » £ 0.6
; = -
=
g 5 =
% K =
F & =
£ g &
< 0.0 T T < 0.0 , , 200 T T
F Control Low Medium High . Control Low Medium High e Control Low Medium High





media/file12.png
*
p——

Control Low midium High
Control Low Middle High

I I |
! "~ < <
- o (=) -

SYN[ Jo uoissaxdxy] v NW aA1IE[a Yy NIVIgsd Jo uorssardXy] v dATIR[aY

O

N

0

=
-]
* oh ﬁ .w.s
¥ o=t =
==
& =
= =
x = X =
- =
= =
; [ 2 *vl_ -
— -
— —
= )
- -
b = p=
_ = =
S H <
o @]
1 | I 1
=< N~ e < ™~ o
h U ° I Jo uorssaad X WNW dAneRYy
ZYNS Jo uoissaxdxy] vNMW 2AIe[a Yy cAd: : o :
—
* = X .Ma
¥ o= =
byt -
— —
[T [P
— —
= =
* = =
= -
- -
H . H :
- 2 - =
—_ —
E E
| i
e C
~ o
1 I 1 I
< ~ S ~N o S
— o o - (=] o

TYNSL Jo uorssaxdxi] ¥NRW 2A1IR[3)] I 10 uorssaxdXs] WNRW dANR[AY

< -





media/file9.jpg
Cont 1w et
NI [ s | 452K

E

ki
™

e[ —— ] s
K1 (S = = oon

S
AP - 0






media/file0.png





media/file14.png
0 0 0 0 oro L
T
; 3
W @+
T
S,
’
—
4 eiglea®e” o ¥ e
P o o W
o« Yo , an
TN . |
M
1
e,
e
‘e
]
% i 2
¢ . L
& it
“ EA)
. Ve
L
7 s ¥
°.
¢
s
s
r
ey
Xa
A
&
» ¢
A
% F
it
(%3
“
4 .'.
W,
0 0
'—'_
p
ra
7 S
, &
M
'
et G
Ty
o %
¢
- .
. .
. ') &
4 .
-
A
¢ '3
£
<. +
H
%
" y
i . 3
A
g AVaA | ¢
.






media/file8.png
b
i
H

I T
o o o
=)

<
(%) Baay 2ANISO] [dED

¥
¥
i

h- dO Sé gI'Ollp |

Control Low Middle High

Control Low Middle High

ks ¥ I T
S > - N ° S
s AWAW%‘ ‘ - =) o
a2 o O IdEED Jo uoissardxy] U0 2ANE[aY
SN
s

m
I |
o~ o o

- =) 1=}
IdgsH Jo uorssaadxy VNHW 2ANeaY

Control Low Middle High

Low-dose group Middle-dose groﬁp Hig

O

68KDa

High

Low Middle
—
| - — w— e | 37KDa

o
3
¥

|
}:-' g
£y,

v
Control

G3BP1
GAPDH





media/file11.jpg
3

H

s (Une C00s

PR SR R Contol Low Vidale g Conrol Low midum i

L

Coatrel Low Middic High Comeol Low Middle High

14

L]






media/file6.png
GnRH(mIU/mL)

70+

35

FSH(IU/L)
i

T T
Control Low Middle High

D 240

=) 1
=

o)

(=9

S’

S

£ 1204
|

L

=

S

wn

@

Control Low Middle High

E

T/LH

T T
Control Low Middle High

10+

@)

30+

LHmIU/mL)

Control Low Middle High

(1]
v

T
Control Low Middle High





media/file15.jpg
A

Control Low Middle _iligh

w

H
i
H

i






media/file17.jpg
A

ContlLow Mt tigh

Jomon

caron [






