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Abstract

:

Simple Summary


Chronic kidney disease (CKD) is found to be linked to elevated apoptosis, oxidative stress and inflammation. Moreover, lower testosterone, poorer sperm quality and lower reproductive function have also been observed. Coenzyme Q10 (CoQ10), a widely used antioxidant involved in mitochondrial energy production, is indispensable for maintaining the efficient energy system of spermatozoa and protecting their membranes from lipid peroxidation, yet there are few studies focusing on the effects of CoQ10 on CKD-induced male infertility. This study suggests that CoQ10 increases testosterone levels and improves spermatogenesis in CKD mice.




Abstract


The aim of the study was to examine the potential effects of coenzyme Q10 (CoQ10) on reproductive function in a chronic kidney disease (CKD) mouse model. Nine-week-old mice were randomly assigned to two groups: sham surgery (n = 18) and CKD surgery (n = 18). After surgery, the study groups received CoQ10 (10 mg/kg body weight dissolved in corn oil by oral gavage) or corn oil as a vehicle daily for 8 weeks. The groups that underwent 5/6 nephrectomy developed significant elevations of serum BUN and creatinine levels. The CoQ10 treatment significantly increased the serum and testicular CoQ10 levels and alleviated the poor semen quality from incomplete spermatogenesis. The testosterone concentration, in addition to the protein expression of enzymes related to testosterone biosynthesis, was also elevated, and the CKD-induced decrease in antioxidant activity in the testes was significantly ameliorated. The results suggest that CoQ10 could act against CKD-induced testicular dysfunction through improvements in the sperm function, testicular morphology, testosterone levels and related biosynthesis pathways, in addition to antioxidant activity.
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1. Introduction


In 2017, around 69.8 million of the world’s population suffered from chronic kidney disease (CKD). [1]. According to the latest Global Burden of Disease Study, the estimated deaths from CKD numbered 1.2 million, which was almost a 42% increase from 1990 [2]. It has been reported that one of the important pathological mechanisms of CKD progression is increased oxidative stress [3,4] as observational studies of oxidative stress biomarkers have proven [5,6].



Oxidative stress also plays an influential role in the etiology of male infertility. Adequate levels of reactive oxygen species (ROS) maintain the normal function of sperm [7], but ROS overproduction depletes the levels of antioxidants, increases oxidative stress, damages the structure and quality of sperm cells, and consequently causes infertility [8,9]. In addition, lower total antioxidant activities [10] and higher levels of ROS [11] have been identified in semen from infertile men compared with that from fertile men.



Mitochondrial energy production, which is required for maintaining the spermatozoan energy system and to protect it from lipid peroxidation [12], requires coenzyme Q10 (CoQ10), a member of the ubiquinone family that has strong antioxidant properties. It is one of the most widely used antioxidants for treating idiopathic male infertility [13], yet few human or animal studies have explored the use of CoQ10 supplements to treat male infertility with CKD status. Therefore, this study investigated the effects of CoQ10 on the testicular function and spermatogenesis in male mice with CKD.




2. Materials and Methods


2.1. Experimental Design


A total of 36 male C57BL/6 mice, aged eight weeks, purchased from the National Laboratory Animal Center (Taipei, Taiwan), were housed in cages at a constant room temperature of 23 ± 3 °C, with a 12 h light/dark cycle and free access to standard food (LabDiet, 5010, St. Louis, MO, USA) and water. All the experiments were performed after obtaining approval from the Institutional Animal Care and Use Committee (IACUC; ethical code number: IACUC-19-207) at the laboratory animal facility of the National Defense Medical Center (Taipei, Taiwan). After one week of adaptation, the mice were randomly divided into the following four groups (n = 9 for each group): sham surgery, which received corn oil (SC); sham surgery, which received CoQ10 (SQ); CKD surgery, which received corn oil (CC); and CKD surgery, which received CoQ10 (CQ).



The CKD mouse model was established by 5/6 nephrectomy according to the method described by Gava et al. [14]. Briefly, two-thirds of the left kidney was removed in the first week, and the right kidney was completely removed in the second week. For the sham surgery, animals were operated upon in the same manner but without removal of the kidneys. CoQ10 was obtained from Sigma-Aldrich (C9538, St. Louis, MO, USA) and dissolved in corn oil to be administered at a dosage of 10 mg/kg body weight daily by gavage for 8 weeks after surgery. All the mice were then anesthetized with 1.2% Avertin solution via intraperitoneal injection and sacrificed. Blood samples were harvested from the heart and centrifuged to isolate the serum for later analysis. The reproductive organs were excised and weighed. One testis was fixed in 10% formalin (diluted from a 37% formaldehyde solution (J.T. Baker, Phillipsburg, NJ, USA)) for histological analysis, and the other was frozen in liquid nitrogen. The vas deferens were separated to flush out all the spermatozoa with a needle and syringe containing 0.5 mL of diluted phosphate-buffered saline (PBS; Bioman, Taipei, Taiwan), and the sperm supernatant fluid was collected for analysis.




2.2. Serum Analysis


The concentrations of blood urea nitrogen (BUN), creatinine and testosterone were analyzed by the Union Clinical Laboratory (Taipei, Taiwan). The serum CoQ10 levels were estimated using an enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s protocol (MyBioSource, MBS9346778, San Diego, CA, USA).




2.3. Sperm Analysis


All the sperm function evaluations, including the count, motility and morphology, were performed by the same researcher. The motility was assessed using a specialized counting chamber with a special depth (Marienfeld, London, UK) to count motile and immotile sperm under a light microscope (Nikon, E400, Tokyo, Japan) at 100× magnification. At least 100 sperm were counted in each sample, and motility was recorded as the percentage of motile sperm with progressive movement. Samples were then incubated for 15 min to determine the sperm count using a cell counter (Bio-Rad, TC20, Washington, DC, USA). In addition, the samples were placed on slides and left to dry at room temperature. The slides were then fixed, stained and viewed under a light microscope (Leica, DM1000, Wetzlar, Germany). The percentage of cells having at least 100 spermatozoa of normal morphology was calculated and repeated twice.




2.4. Testicular Histology


The formalin-fixed testes were later examined at the Department of Pathology of Cardinal Tien Hospital (New Taipei, Taiwan). The testes were cut into 5 µm thick sections and stained with hematoxylin and eosin. The sections of the testes were visualized and images captured under a light microscope at 40×, 100× and 400× magnification (Leica, DM1000, Wetzlar, Germany) to examine the histopathological changes. The parameters, the mean seminiferous tubule diameter (MSTD) and mean testicular biopsy score (MTBS), were analyzed by the same person and calculated from at least 10 visual fields in each group.




2.5. Analysis of Testicular CoQ10 and Testosterone Level


Total protein from testis tissue was extracted using RIPA lysis buffer (Thermo, 89900, Waltham, MA, USA) with protease and phosphatase inhibitor cocktails and centrifuged at 14,000× g for 20 min. The testicular concentrations of testosterone (Cayman, 582701, Ann Arbor, MI, USA) and CoQ10 (MyBioSource, MBS9346778, San Diego, CA, USA) were measured using commercial kits according to the manufacturers’ instructions.




2.6. Antioxidant Capacity


The testicular antioxidant capacity consisted of the levels of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx), which were measured using commercial kits (SOD: Cayman, 706002, Ann Arbor, MI, USA; CAT: Cayman, 707002, Ann Arbor, MI, USA; GPx: Cayman, 703102, Ann Arbor, MI, USA) according to the protocols provided by the manufacturer.




2.7. Western Blotting


The total protein concentrations were determined using a DC protein assay kit (Bio-Rad, 5000116, Washington, DC, USA). Twenty micrograms of protein were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Freiburg, Germany). The membranes were blocked with 5% nonfat milk at room temperature for 1 h and exposed overnight at 4 °C to the primary antibodies as follows: CYP11A1 (1:1000; sc-292456), CYP17A1 (1:1000; sc-66850), 3β-HSD (1:500; sc-28206), 17β-HSD (1:250; sc-135044), StAR (1:1000; sc-25806), PGC-1α (1:250; sc-517380), NRF1 (1:1000; sc-101102), NRF2 (1:1000; sc-365949), PPARα (1:1000; sc-398394) and TFAM (1:250; sc-1666965), obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). After rinsing in TBST buffer (Omicsbio, Taipei City, Taiwan), the membranes were incubated with secondary antibodies—HRP goat anti-mouse IgG (1:5000; Santa Cruz Biotechnology, sc-2005, Santa Cruz, CA, USA) or HRP goat anti-rabbit IgG (1:4000; Santa Cruz Biotechnology, sc-2054, Santa Cruz, CA, USA)—for 1 h at room temperature. The signals were detected using chemiluminescent imaging and analysis (MiniChemi 610, Sage Creation Science, Beijing, China) with an enhancing chemiluminescent detection reagent (Omicsbio, Taipei, Taiwan). The intensities of the protein signals were estimated using the ImageJ software, and the expression at the protein level was normalized to the expression of β-actin (1:10,000; Sigma-Aldrich, A5316, St. Louis, MO, USA).




2.8. Statistical Analyses


All the data are expressed as the mean ± standard deviation (SD). Statistical analyses were performed using SAS software (9.4, SAS Institute Inc., Cary, NC, USA). The mean body weight at different time points was assessed using repeated-measure analysis of variance (ANOVA). Two-way ANOVA was used to determine differences between the four groups, followed by Duncan’s new multiple-range post hoc test. A significant difference was accepted at the 95% confidence level (p < 0.05).





3. Results


3.1. CoQ10 Supplementation Increased Both Serum and Testicular CoQ Levels in CKD Mice


The mean serum and testicular CoQ levels of the CKD mice were remarkably reduced compared with those of the mice that received the sham surgery. In the CKD mice treated for 8 weeks with CoQ, the levels in both the serum and testes were significantly higher; however, a decreased level of serum CoQ in the SQ group was observed (Figure 1).




3.2. CoQ10 Supplementation Did Not Improve Renal Dysfunction in CKD Mice


The body weight, water intake, food intake and levels of BUN and creatinine were measured. Of the animals that underwent CKD surgery, the vehicle-treated group had a lower body weight and higher water intake and BUN and creatinine levels. By contrast, the CoQ10-treated group showed an increasing but nonsignificant trend in body weight, but the treatment did not restore the water intake or renal function. In addition, CoQ10 supplementation resulted in a statistically significant increase in food intake for animals in both the sham surgery and CKD surgery groups (Figure 2).




3.3. CoQ10 Supplementation Improved Semen Quality in CKD Mice


As expected, the mice that underwent CKD surgery had lower kidney and liver weights (Figure 3a). To observe the reproductive function in the CKD mice, the testes, epididymis and vas deferens were collected and weighed, and the semen quality was analyzed. Compared with the sham group, the CKD group had a significantly lower mean epididymis weight, and the weights of the testes and vas deferens exhibited reductions (Figure 3b), but the changes were not statistically significant. Regarding semen quality, the vehicle-treated CKD mice showed remarkable reductions in sperm motility and count and in the percentage of sperm with normal morphology. By contrast, the CoQ10-treated CKD mice maintained normal semen quality, and no significant differences were found between the SQ and CQ groups (Figure 3c).




3.4. CoQ10 Supplementation Preserved Testicular Morphology in CKD Mice


The four groups were comparable in terms of the histopathological changes and three other parameters: the seminiferous tubule diameter, Johnsen score, and germinal epithelium thickness. The Johnsen score was used to quantify spermatogenesis in the tubules [15]. Photomicrographs of the testes of CKD mice treated with CoQ10 showed increased numbers of spermatogenic cells in addition to more perfectly formed tubules and complete spermatogenesis. The seminiferous tubule diameters in the SQ group and the two CKD groups decreased slightly, but the diameter was not significantly different between the four groups. The mean Johnsen score was found to be lower in the untreated CKD mice compared with the sham surgery mice but higher in the CKD mice supplemented with CoQ10 than in those supplemented with corn oil. The CQ group showed a significant increase in the thickness of the seminiferous tubule epithelium compared with the CC group; in addition, a significant difference was observed between the sham surgery and CKD surgery groups treated with CoQ10 (Figure 4).




3.5. CoQ10 Supplementation Increased the Serum Testosterone Level and Partially Upregulated Protein Expressions of Testosterone Biosynthesis Enzymes in CKD Mice


The reduced serum testosterone levels in the CKD surgery mice that received the vehicle treatment were enhanced by treatment with CoQ10, and no significant difference between the SQ and CQ groups was observed. To further assess the potential efficacy of CoQ10 in altering this hormone, the levels of the testosterone-biosynthesis-related enzyme StAR, cytochrome P450 enzymes CYP11A1 and CYP17A1, and hydroxysteroid dehydrogenase enzymes 3β-HSD and 17β-HSD were measured. Western blot analysis revealed that StAR was reduced by 35% in the CKD mice treated with corn oil, and CoQ10 treatment significantly increased the protein expression of StAR (Figure 5 and Figure S1). Although there were no significant effects of CKD or CoQ10 treatment on the other analyzed biosynthesis enzymes, the CKD groups exhibited lower levels of cytochrome P450 enzymes.




3.6. CoQ10 Supplementation Enhanced Testicular Antioxidant Activity in CKD Mice


The activities of the enzymes SOD, CAT and GPx were analyzed. Although the SOD activity was not affected by CKD or CoQ10 treatment, the CKD mice receiving corn oil exhibited decreased CAT and GPx activity, reduced by 14 and 29%, respectively. In addition, compared with corn oil supplementation, CoQ10 supplementation in the CKD mice increased the CAT and GPx levels to some extent (Figure 6).




3.7. CoQ10 Supplementation Did Not Reverse Decrease in Protein Expression of Testicular Mitochondrial Biogenesis Markers in CKD Mice


To assess the effect of CoQ10 supplementation on mitochondrial biogenesis, the protein expression of PGC-1α, PPARα, NRF1, NRF2 and TFAM was measured. CKD surgery decreased the protein expression of TFAM; however, treatment with CoQ10 resulted in only a small increase. In contrast, CoQ10 treatment in the sham surgery group clearly elevated the PGC-1α level compared with the vehicle treatment. An increase in PGC-1α expression was observed in the SQ group compared with the CQ group; however, there was no significant difference between the CC and CQ groups (Figure 7 and Figure S2).





4. Discussion


The present study established an experimental mouse CKD model by the ligation of the kidneys and explored the potential protective effect of CoQ10 supplementation on CKD-induced reproductive dysfunction. The mice received 10 mg/kg/day of CoQ10, equivalent to a human dose of 80 mg/day for an average 70 kg adult based on the body surface area ratios of humans and mice [16]. Generally, CoQ10 is produced in tissues such as the liver, heart, kidney and skeletal muscle [17], and the major routes of excretion are in urine and feces [18]. Under normal conditions, endogenous CoQ10 satisfies a high proportion of the daily requirement [19], resulting in the excess being eliminated, which corresponds to the similar blood and tissue CoQ10 levels in the SC and SQ groups. Moreover, decreased CoQ10 levels have been observed in patients with CKD [20] and those with CKD undergoing dialysis [21,22], indicating an insufficient CoQ10 status during disease progression; therefore, CoQ10 treatment may be a potential therapy for CKD patients. Indeed, the total serum and testicular CoQ levels were measured by ELISA and were significantly decreased in the CKD-induced mice but enhanced after CoQ10 supplementation. However, CoQ10 is mostly present in human tissue, whereas CoQ9 is found in the tissue of rodents. To distinguish between the endogenous (mainly Q9) and exogenous (only Q10) coenzymes, high-performance liquid chromatography (HPLC) or liquid chromatography/mass spectrometry (LC–MS/MS) was applied [12,22,23].



Eight weeks after nephrectomy, the mice exhibited greatly increased serum BUN and creatinine levels, which are significant characteristics of renal dysfunction [24], and CoQ10 treatment did not alter the renal function parameters. In the studies of Fouad et al. [25] and Farrag et al. [26], reduced BUN and creatinine levels following CoQ10 supplementation were found in drug-induced acute kidney failure mouse models. Unlike in nephrectomy, the whole reserved kidney remains in drug-induced CKD, which allows CoQ10 to compensate for renal deficits. In both models, CoQ10 treatment resulted in normal histopathology for the renal corpuscles and tubules. The CKD mice were also observed to have an increased water intake and a reduced body weight, results that were in line with the findings of Gava et al. [14]. A lower body weight and higher water consumption were found in the 2-week 5/6 nephrectomy mouse model in this study. An increased urine volume was also presented, which may be related to the elevated water intake. Additionally, the CQ group showed an increase in body weight, whereas no significant differences were observed between the SQ and CC groups.



With regards to reproductive function, according to Dumanski and Ahmed [27], sex hormones, spermatogenesis and sexual dysfunction are factors affecting male fertility in CKD. These were manifested in the CKD mice, which exhibited characteristics of impaired spermatogenesis: decreased testosterone levels, damaged testicular pathology, reduced germ cell proliferation and reduced semen quality.



It was reported that CKD leads to a reduction in semen quality [28,29], and men with late-stage CKD have reduced sperm parameters compared with men with earlier-stage CKD [30]. CKD mice also exhibited diminished epididymis weights, which may have influenced sperm maturation, motility and migration from the testis to the vas deferens [31], possibly resulting in the reduced semen quality. Toxic metabolites, such as creatinine and urea nitrogen were also generated, and uremia may have contributed to testicular dysfunction, adversely affecting sperm production and fertility [32].



Following CoQ10 supplementation, however, the epididymis weight showed an increase, and improved testicular morphology and semen quality were observed. A meta-analysis published in 2013 examined three randomized controlled trials and reported that infertile men receiving exogenous CoQ10 had increased endogenous CoQ10 levels and better semen quality [33]. Later, in 2019, Alahmar [34] examined the efficacy of the forms and dosages of a 3-month CoQ10 supplementation in infertile men and found that the sperm concentration and motility were greatly changed. More significant improvement was seen in subjects taking 400 mg daily than in those taking 200 mg.



Khurana et al. [35] recruited 2419 men with stage 3–4 CKD, assessed their serum testosterone levels, and reported that 53% of the participants had levels below the normal range. Moreover, an obvious reduction in the protein expression of StAR was observed in mice with induced CKD. StAR is a critical rate-limiting enzyme in the testosterone biosynthesis pathway and assists cholesterol transport from the outer to the inner mitochondrial membrane to initiate testosterone synthesis [36]. Reddy et al. [37] demonstrated that bacterial-lipopolysaccharide-induced oxidative stress reduced StAR expression because excessive ROS led to the loss of the mitochondrial electrochemical gradient and disturbed the maturation of StAR, thereby reducing the expression of mature StAR and the transport of cholesterol and testosterone synthesis [38]. In CKD mice treated with CoQ10, the serum testosterone level and level of the related biosynthesis regulator StAR were significantly enhanced. CoQ10 and StAR are both located in the mitochondria, and it is therefore likely that the ROS-induced reduction in the expression of StAR was countered by the antioxidative function of CoQ10, with a decreased accumulation of free radicals [39]. A human study demonstrated that the serum levels of follicle-stimulating hormone and luteinizing hormone were greatly increased in infertile men after CoQ10 treatment, indicating that CoQ10 may be involved in hormone-regulated testosterone synthesis [40]. However, Banihani reviewed studies of human and animal models of CoQ10 and testosterone, and the results of all the human trials showed that CoQ10 had an insignificant influence on testosterone synthesis. However, CoQ10 appeared to have a positive effect on testosterone deficiency induced by toxic chemicals in animal studies because it could reverse free-radical-induced oxidative damage [41].



The possible mechanism of CoQ10′s action is as an antioxidant in the testicular antioxidative defense against oxidative stress because oxidative stress has been shown to adversely affect sperm function [8] and testicular function [42]. Moreover, CKD patients are exposed to elevated oxidative stress owing to an imbalanced antioxidative system, a damaged renal structure, an activated inflammation status, and increased concentrations of pro-oxidant and uremic toxins [3]. Indeed, the activities of testicular catalase and glutathione peroxidase were significantly reduced in the CKD mice and were rescued by CoQ10 treatment in the present study. These findings were similar to those of Maheshwari et al. [43], in that CoQ10 administration significantly improved the activities of antioxidative enzymes in a rat model of diabetic nephropathy. The efficacy of CoQ10 treatment was also reported in clinical trials [44,45,46]. In addition, as a marker of lipid peroxidation, the MDA levels in CKD patients were significantly decreased following CoQ10 treatment according to a systematic review published in 2018 [47].



Previous studies showed that damaged mitochondrial respiration may lead to elevated oxidative stress, apoptosis and inflammation in CKD [48,49]. The impaired mitochondrial respiration may be a result of increased oxidative stress [50,51]. Yeung et al. [22] suggested that an 8-week CoQ10 supplementation (300, 600, 1200 and 1800 mg daily, each for 2 weeks) improved mitochondrial function through reducing mitochondrion-derived oxidative stress in hemodialysis patients.



Mitochondrial dysfunction and oxidative stress are also associated with fibromyalgia, and a study by Cordero and Miguel demonstrated that, after taking 300 mg of CoQ10 per day for 40 days, patients exhibited enhanced activities of antioxidant enzymes, decreased expression of inflammatory cytokines and increased expression of PGC-1α and TFAM [52].



However, the administration of CoQ10 in this study failed to rescue the decreased expression of mitochondrial biogenesis markers in the testes caused by CKD. A possible cause of this discrepancy was the dosing in humans in this experiment, which was 80 mg/day for a man with an average weight of 70 kg, which was much lower than the dosing used in the aforementioned studies.



One limitation of our study was that the assessment of fertility was only based on testicular function and spermatogenesis and not performed using a matching test with female mice. A future study should evaluate the numbers of impregnated female mice and the mean number of embryos in a single uterus to appraise the reproductive function of male mice. Another limitation was that sperm motility was estimated by light microscopy, not computer-assisted sperm analysis (CASA). The CASA should be applied for semen analyses for increased accuracy [53].




5. Conclusions


The mouse model employed in this study demonstrated the adverse effects of CKD on male fertility. The results show that CoQ10 supplementation ameliorated the testicular dysfunction and poor semen quality resulting from CKD, probably owing to its antioxidant function.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/biology10080786/s1, Figure S1: Whole western blot and densitometry readings/intensity ratio of testosterone bio-synthesis enzymes, Figure S2: Whole western blot and densitometry readings/intensity ratio of testicular mitochondria biogenesis markers.





Author Contributions


C.-W.T. wrote, edited and revised the manuscript. C.-Y.L. planned, revised and supervised the manuscript. X.-T.T., T.-C.C. and Y.-J.H. participated in the data analysis and edited the manuscript. Y.-J.H. and C.-H.T. reviewed and edited the manuscript. All authors have read and approved the final manuscript.




Funding


No external funding support.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Animal Care and Use Committee (IACUC; ethical code number: IACUC-19-207; date on 15 May 2019) at the laboratory animal facility of the National Defense Medical Center (Taipei, Taiwan).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the correspond-ing author on reasonable request.




Acknowledgments


The authors are profoundly grateful to the Tri-Service General Hospital, National Defense Medical Center and Fu Jen Catholic University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Alemu, H.; Hailu, W.; Adane, A. Prevalence of chronic kidney disease and associated factors among patients with diabetes in northwest Ethiopia: A hospital-based cross-sectional study. Curr. Ther. Res. Clin. Exp. 2020, 92, 100578. [Google Scholar] [CrossRef]

	



Bikbov, B.; Purcell, C.; Levey, A.; Smith, M.; Abdoli, A.; Abebe, M.; Adebayo, O.; Afarideh, M.; Agarwal, S.; Agudelo-Botero, M.; et al. Global, regional, and national burden of chronic kidney disease, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2020, 395, 709–733. [Google Scholar] [CrossRef]

	



Ling, X.C.; Kuo, K.-L. Oxidative stress in chronic kidney disease. Ren. Replace. Ther. 2018, 4, 53. [Google Scholar] [CrossRef]

	



Daenen, K.; Andries, A.; Mekahli, D.; Van Schepdael, A.; Jouret, F.; Bammens, B. Oxidative stress in chronic kidney disease. Pediatric Nephrol. 2019, 34, 975–991. [Google Scholar] [CrossRef]

	



Dounousi, E.; Papavasiliou, E.; Makedou, A.; Ioannou, K.; Katopodis, K.P.; Tselepis, A.; Siamopoulos, K.C.; Tsakiris, D. Oxidative stress is progressively enhanced with advancing stages of CKD. Am. J. kidney Dis. Off. J. Natl. Kidney Found. 2006, 48, 752–760. [Google Scholar] [CrossRef] [PubMed]

	



Kuchta, A.; Pacanis, A.; Kortas-Stempak, B.; Cwiklińska, A.; Ziętkiewicz, M.; Renke, M.; Rutkowski, B. Estimation of oxidative stress markers in chronic kidney disease. Kidney Blood Press. Res. 2011, 34, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Wright, C.; Milne, S.; Leeson, H. Sperm DNA damage caused by oxidative stress: Modifiable clinical, lifestyle and nutritional factors in male infertility. Reprod. Biomed. Online 2014, 28, 684–703. [Google Scholar] [CrossRef] [PubMed]

	



Bisht, S.; Faiq, M.; Tolahunase, M.; Dada, R. Oxidative stress and male infertility. Nat. Rev. Urol. 2017, 14, 470–485. [Google Scholar] [CrossRef]

	



Alahmar, A.T. Role of oxidative stress in male infertility: An updated review. J. Hum. Reprod. Sci. 2019, 12, 4–18. [Google Scholar] [CrossRef]

	



Palani, A.; Alahmar, A. Impact of oxidative stress on semen parameters in normozoospermic infertile men: A case–control study. Afr. J. Urol. 2020, 26, 50. [Google Scholar] [CrossRef]

	



Agarwal, A.; Sharma, R.K.; Sharma, R.; Assidi, M.; Abuzenadah, A.M.; Alshahrani, S.; Durairajanayagam, D.; Sabanegh, E. Characterizing semen parameters and their association with reactive oxygen species in infertile men. Reprod. Biol. Endocrinol. RBE 2014, 12, 33. [Google Scholar] [CrossRef] [PubMed]

	



Barcelos, I.P.; Haas, R.H. CoQ10 and Aging. Biology 2019, 8, 28. [Google Scholar] [CrossRef] [PubMed]

	



Buhling, K.; Schumacher, A.; Eulenburg, C.Z.; Laakmann, E. Influence of oral vitamin and mineral supplementation on male infertility: A meta-analysis and systematic review. Reprod. Biomed. Online 2019, 39, 269–279. [Google Scholar] [CrossRef]

	



Gava, A.L.; Freitas, F.P.; Balarini, C.M.; Vasquez, E.C.; Meyrelles, S.S. Effects of 5/6 nephrectomy on renal function and blood pressure in mice. Int. J. Physiol. Pathophysiol. Pharm. 2012, 4, 167–173. [Google Scholar]

	



Johnsen, S.G. Testicular biopsy score count—A method for registration of spermatogenesis in human testes: Normal values and results in 335 hypogonadal males. Hormones 1970, 1, 2–25. [Google Scholar] [CrossRef] [PubMed]

	



Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–31. [Google Scholar] [CrossRef] [PubMed]

	



Martelli, A.; Testai, L.; Colletti, A.; Cicero, A.F.G. Coenzyme Q(10): Clinical applications in cardiovascular diseases. Antioxidants 2020, 9, 341. [Google Scholar] [CrossRef]

	



Bhagavan, H.N.; Chopra, R.K. Coenzyme Q10: Absorption, tissue uptake, metabolism and pharmacokinetics. Free. Radic. Res. 2006, 40, 445–453. [Google Scholar] [CrossRef]

	



Hargreaves, I.; Heaton, R.A.; Mantle, D. Disorders of human coenzyme Q10 metabolism: An overview. Int. J. Mol. Sci. 2020, 21, 6695. [Google Scholar] [CrossRef]

	



Gazdíková, K.; Gvozdjáková, A.; Kucharská, J.; Spustová, V.; Braunová, Z.; Dzúrik, R. Oxidative stress and plasma concentrations of coenzyme Q10, alpha-tocopherol, and beta-carotene in patients with a mild to moderate decrease of kidney function. Nephron 2001, 88, 285. [Google Scholar] [CrossRef]

	



Mehmetoglu, I.; Yerlikaya, F.H.; Kurban, S.; Erdem, S.S.; Tonbul, Z. Oxidative stress markers in hemodialysis and peritoneal dialysis patients, including coenzyme Q10 and ischemia-modified albumin. Int. J. Artif. Organs 2012, 35, 226–232. [Google Scholar] [CrossRef]

	



Yeung, C.K.; Billings, F.T.t.; Claessens, A.J.; Roshanravan, B.; Linke, L.; Sundell, M.B.; Ahmad, S.; Shao, B.; Shen, D.D.; Ikizler, T.A.; et al. Coenzyme Q10 dose-escalation study in hemodialysis patients: Safety, tolerability, and effect on oxidative stress. BMC Nephrol. 2015, 16, 183. [Google Scholar] [CrossRef]

	



Lekli, I.; Das, S.; Das, S.; Mukherjee, S.; Bak, I.; Juhasz, B.; Bagchi, D.; Trimurtulu, G.; Krishnaraju, A.V.; Sengupta, K.; et al. Coenzyme Q9 provides cardioprotection after converting into coenzyme Q10. J. Agric. Food Chem. 2008, 56, 5331–5337. [Google Scholar] [CrossRef] [PubMed]

	



Tan, R.-Z.; Zhong, X.; Li, J.-C.; Zhang, Y.-W.; Yan, Y.; Liao, Y.; Wen, D.; Diao, H.; Wang, L.; Shen, H.-C. An optimized 5/6 nephrectomy mouse model based on unilateral kidney ligation and its application in renal fibrosis research. Ren. Fail. 2019, 41, 555–566. [Google Scholar] [CrossRef] [PubMed]

	



Fouad, A.A.; Al-Sultan, A.I.; Refaie, S.M.; Yacoubi, M.T. Coenzyme Q10 treatment ameliorates acute cisplatin nephrotoxicity in mice. Toxicology 2010, 274, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Farrag, A.R.; Ibrahim, R.; El-Sayed, S. Protective effect of Coenzyme Q10 against gentamicin induced acute renal failure in mice. J. Biosci. Appl. Res. 2016, 2, 401–406. [Google Scholar] [CrossRef]

	



Dumanski, S.M.; Ahmed, S.B. Fertility and reproductive care in chronic kidney disease. J. Nephrol. 2019, 32, 39–50. [Google Scholar] [CrossRef] [PubMed]

	



Eckersten, D.; Tsatsanis, C.; Giwercman, A.; Bruun, L.; Pihlsgård, M.; Christensson, A. MicroRNA-155 and anti-müllerian hormone: New potential markers of subfertility in men with chronic kidney disease. Nephron Extra 2017, 7, 33–41. [Google Scholar] [CrossRef]

	



Eckersten, D.; Giwercman, A.; Pihlsgård, M.; Bruun, L.; Christensson, A. Impact of kidney transplantation on reproductive hormone levels in males: A longitudinal study. Nephron 2018, 138, 192–201. [Google Scholar] [CrossRef]

	



Lehtihet, M.; Hylander, B. Semen quality in men with chronic kidney disease and its correlation with chronic kidney disease stages. Andrologia 2015, 47, 1103–1108. [Google Scholar] [CrossRef]

	



Jones, R.E.; Lopez, K.H. Human Reproductive Biology; Academic Press: Cambridge, MA, USA, 2013. [Google Scholar]

	



Xu, L.G.; Xu, H.M.; Zhu, X.F.; Jin, L.M.; Xu, B.; Wu, Y.; Lu, N.Q. Examination of the semen quality of patients with uraemia and renal transplant recipients in comparison with a control group. Andrologia 2009, 41, 235–240. [Google Scholar] [CrossRef]

	



Lafuente, R.; González-Comadrán, M.; Solà, I.; López, G.; Brassesco, M.; Carreras, R.; Checa, M.A. Coenzyme Q10 and male infertility: A meta-analysis. J. Assist. Reprod. Genet. 2013, 30, 1147–1156. [Google Scholar] [CrossRef]

	



Alahmar, A.T. The impact of two doses of coenzyme Q10 on semen parameters and antioxidant status in men with idiopathic oligoasthenoteratozoospermia. Clin. Exp. Reprod. Med. 2019, 46, 112–118. [Google Scholar] [CrossRef]

	



Khurana, K.K.; Navaneethan, S.D.; Arrigain, S.; Schold, J.D.; Nally, J.V.; Shoskes, D.A. Serum testosterone levels and mortality in men with CKD stages 3-4. Am. J. kidney Dis. Off. J. Natl. Kidney Found. 2014, 64, 367–374. [Google Scholar] [CrossRef]

	



Manna, P.R.; Stetson, C.L.; Slominski, A.T.; Pruitt, K. Role of the steroidogenic acute regulatory protein in health and disease. Endocrine 2016, 51, 7–21. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, M.M.; Mahipal, S.V.; Subhashini, J.; Reddy, M.C.; Roy, K.R.; Reddy, G.V.; Reddy, P.R.; Reddanna, P. Bacterial lipopolysaccharide-induced oxidative stress in the impairment of steroidogenesis and spermatogenesis in rats. Reprod. Toxicol. 2006, 22, 493–500. [Google Scholar] [CrossRef] [PubMed]

	



Diemer, T.; Allen, J.A.; Hales, K.H.; Hales, D.B. Reactive oxygen disrupts mitochondria in MA-10 tumor Leydig cells and inhibits steroidogenic acute regulatory (StAR) protein and steroidogenesis. Endocrinology 2003, 144, 2882–2891. [Google Scholar] [CrossRef] [PubMed]

	



Takayanagi, R.; Takeshige, K.; Minakami, S. NADH- and NADPH-dependent lipid peroxidation in bovine heart submitochondrial particles. Dependence on the rate of electron flow in the respiratory chain and an antioxidant role of ubiquinol. Biochem. J. 1980, 192, 853–860. [Google Scholar] [CrossRef] [PubMed]

	



Safarinejad, M.R. Efficacy of coenzyme Q10 on semen parameters, sperm function and reproductive hormones in infertile men. J. Urol. 2009, 182, 237–248. [Google Scholar] [CrossRef] [PubMed]

	



Banihani, S.A. Effect of coenzyme Q(10) supplementation on testosterone. Biomolecules 2018, 8, 172. [Google Scholar] [CrossRef] [PubMed]

	



Asadi, N.; Bahmani, M.; Kheradmand, A.; Rafieian-Kopaei, M. The impact of oxidative stress on testicular function and the role of antioxidants in improving it: A review. J. Clin. Diagn. Res. 2017, 11, IE01–IE05. [Google Scholar] [CrossRef]

	



Maheshwari, R.; Balaraman, R.; Sen, A.K.; Shukla, D.; Seth, A. Effect of concomitant administration of coenzyme Q10 with sitagliptin on experimentally induced diabetic nephropathy in rats. Ren. Fail. 2017, 39, 130–139. [Google Scholar] [CrossRef]

	



Festa, R.; Giacchi, E.; Raimondo, S.; Tiano, L.; Zuccarelli, P.; Silvestrini, A.; Meucci, E.; Littarru, G.P.; Mancini, A. Coenzyme Q10 supplementation in infertile men with low-grade varicocele: An open, uncontrolled pilot study. Andrologia 2013, 46. [Google Scholar] [CrossRef]

	



Fallah, M.; Askari, G.; Soleimani, A.; Feizi, A.; Asemi, Z. Clinical trial of the effects of coenzyme q10 supplementation on biomarkers of inflammation and oxidative stress in diabetic hemodialysis patients. Int. J. Prev. Med. 2019, 10, 12. [Google Scholar] [CrossRef]

	



Alahmar, A.; Calogero, A.; Sengupta, P.; Dutta, S. Coenzyme Q10 improves sperm parameters, oxidative stress markers and sperm DNA fragmentation in infertile patients with idiopathic oligoasthenozoospermia. World J. Men’s Health 2020, 38. [Google Scholar] [CrossRef]

	



Bakhshayeshkaram, M.; Lankarani, K.B.; Mirhosseini, N.; Tabrizi, R.; Akbari, M.; Dabbaghmanesh, M.H.; Asemi, Z. The effects of coenzyme Q10 supplementation on metabolic profiles of patients with chronic kidney disease: A systematic review and meta-analysis of randomized controlled trials. Curr. Pharm. Des. 2018, 24, 3710–3723. [Google Scholar] [CrossRef]

	



Small, D.M.; Coombes, J.S.; Bennett, N.; Johnson, D.W.; Gobe, G.C. Oxidative stress, anti-oxidant therapies and chronic kidney disease. Nephrology 2012, 17, 311–321. [Google Scholar] [CrossRef] [PubMed]

	



Granata, S.; Dalla Gassa, A.; Tomei, P.; Lupo, A.; Zaza, G. Mitochondria: A new therapeutic target in chronic kidney disease. Nutr. Metab. 2015, 12, 49. [Google Scholar] [CrossRef] [PubMed]

	



Granata, S.; Zaza, G.; Simone, S.; Villani, G.; Latorre, D.; Pontrelli, P.; Carella, M.; Schena, F.P.; Grandaliano, G.; Pertosa, G. Mitochondrial dysregulation and oxidative stress in patients with chronic kidney disease. BMC Genom. 2009, 10, 388. [Google Scholar] [CrossRef] [PubMed]

	



Gamboa, J.L.; Billings IV, F.T.; Bojanowski, M.T.; Gilliam, L.A.; Yu, C.; Roshanravan, B.; Roberts II, L.J.; Himmelfarb, J.; Ikizler, T.A.; Brown, N.J. Mitochondrial dysfunction and oxidative stress in patients with chronic kidney disease. Physiol. Rep. 2016, 4, e12780. [Google Scholar] [CrossRef]

	



Cordero, M.; Alcocer-Gómez, E.; Miguel, M.; Culic, O.; Carrion, A.; Alvarez-Suarez, J.; Bullon, P.; Battino, M.; Fernández-Rodríguez, A.; Sánchez-Alcázar, J. Can coenzyme Q 10 improve clinical and molecular parameters in fibromyalgia? Antioxid. Redox Signal. 2013, 19, 1356–1361. [Google Scholar] [CrossRef] [PubMed]

	



Ghanayem, B.I.; Bai, R.; Kissling, G.E.; Travlos, G.; Hoffler, U. Diet-induced obesity in male mice is associated with reduced fertility and potentiation of acrylamide-induced reproductive toxicity. Biol. Reprod. 2010, 82, 96–104. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 10 00786 g001 550] 





Figure 1. CoQ levels in (a) the serum and (b) the testes of the sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 4–5 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. 
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Figure 2. (a) Body weight, (b) water intake, (c) food intake, (d) BUN level and (e) creatinine level in the sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 9 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. 
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Figure 3. (a) Liver and kidney weights; (b) testis, epididymis and vas deferens weights; and (c) parameters of semen quality in the sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 9 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. 
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Figure 4. (a) Testicular morphology (scale bar: 50 µm), (b) mean seminiferous tubule diameter (MSTD), mean testicular biopsy score (MTBS) and thickness of the germinal epithelium (GE) in the sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 5–6 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. 
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Figure 5. (a) Serum testosterone level and (b) protein expression of testosterone-biosynthesis enzymes (StAR, CYP11A1, 3β-HSD, CYP17A1 and 17 β-HSD) in the sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 5–6 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. 
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Figure 6. Testicular antioxidant activity in sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 4–6 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase. 






Figure 6. Testicular antioxidant activity in sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 4–6 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase.



[image: Biology 10 00786 g006]







[image: Biology 10 00786 g007 550] 





Figure 7. Protein expression of testicular mitochondrial biogenesis markers in sham surgery and CKD surgery mice treated with vehicle (corn oil) or CoQ10. SC: sham surgery mice with vehicle; SQ: sham surgery mice with CoQ10; CC: CKD surgery mice with vehicle; CQ: CKD surgery mice with CoQ10. Data are expressed as the mean ± SD (n = 4–6 per group). * p < 0.05 denotes a significant difference between the sham surgery and CKD surgery groups (SC vs. CC and SQ vs. CQ); # p < 0.05 denotes a significant difference between the vehicle treatment and CoQ10 treatment groups (SC vs. SQ and CC vs. CQ). CoQ10, coenzyme Q10. 
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