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Editorial on the Research Topic 


Disruptors on Male Reproduction - Emerging Risk Factors


Over the past decades, male reproductive health has been deteriorating, partially due to the exposure to environment and lifestyle harmful factors (1, 2). With emerging and widespread harmful substances in our daily life, it becomes urgent to identify and assess their risk on male reproductive health.

Certain genetic variants could increase the susceptibility of the reproductive system to the environmental damage (3). The field of genomics has provided an extraordinary level of knowledge, aided by large-scale, unbiased genome-wide association studies (GWAS). A similar level of analysis, however, is still lacking for the influences of environmental factors on the reproductive phenotype (4, 5).

Never before, in human history, has there been such a vast multiplicity of environmental risk factors, nor has there been such expression of concern regarding their effects on health, especially on reproductive health (6). Increasing scientific evidence has shown the adverse impacts of environmental risk factors on human reproduction (7). Maternal or paternal exposure to environmental chemicals (e.g., pesticides, heavy metals, phthalates, and polycyclic aromatic hydrocarbons) can lead to a myriad of health consequences, which can manifest across individuals’ lifespan and potentially be transmitted to future generations (8).

Although the risk factors of traditional environmental pollutants have been intensively investigated, their contributions could only explain a limited proportion of the reproductive damages. On the other hand, in modern society, emerging factors including novel physical factors (e.g., C-irradiation, cryopreservation, Wi-Fi), environmental chemical exposures (e.g., TiO2 nanoparticles, PM2.5, per-fluoroalkyl and polyfluoroalkyl substances, pesticides), biological contamination (e.g., COVID-19), behavioral and lifestyle factors (e.g., pornography use, circadian desynchrony, assisted reproductive technology) and diseases status [e.g., type 2 diabetes mellitus, obstructive sleep apnea (OSA)] have not been studied in detail. To be noted, these factors have been even less studied with regard to male reproductive damages compared to female disorders. It is urgent to understand these novel factors in terms of populational distribution/burden, impacts on male reproductive health (endocrinal disruption, sperm damage, subfecundity and infertility) as well as the underlying mechanisms.

This Research Topic aims to provide insights into the contribution of novel environmental, lifestyle and psychological factors to male reproductive damages and the mechanisms. In Volume I we have accepted 18 articles and reviews, which provide interesting and exciting insights to this growing field with coverage of various potential risk factors.

Radiation is a ubiquitous environmental exposure in modern society. In the current Research Topic, Guo et al.  investigated that the abscopal effects of C-irradiation on testis with regard to both structure and function and ultimately decreased sperm quality in mice. Chen et al.  studied the motility, acrosomal integrity, and mitochondrial membrane potential (MMP), as well as proteomic change, of cynomolgus macaque sperm after cryopreservation. They hypothesized that AFP III may reduce the release of cytochrome C and thereby reduce sperm apoptosis by modulating the production of ROS in mitochondria. This may represent a novel molecular mechanism for cryoprotection. In addition, Jaffar et al.  concluded that the long-term Wi-Fi exposure from pre-pubertal to adult age could reduce spermatogonia proliferation in the testis.

Another well celebrated example of risk factors was exposure to environmental chemicals. Although in vitro, Mancuso et al. highlighted the adverse effects even of subtoxic dose of TiO2 nanoparticles on porcine prepubertal Sertoli cells (SCs) functionality and viability and, more importantly, set the basis for further in vivo studies, especially in chronic exposure at subtoxic dose which is closer to the human exposure to this nano agent. Calvert et al. reviewed the literature on the biological effects of per-fluoroalkyl and polyfluoroalkyl substances (PFAS) exposure, with a specific focus on male reproduction, owing to its utility as a sentinel marker of general health. Shi et al. demonstrated that PM2.5 exposure could induce spermatocyte damage and energy metabolism disorder. The activation of the aryl hydrocarbon receptor might be involved in the mechanism of male reproductive toxicity. Gao et al. suggested that a manipulation on the expression of signaling proteins regulating spermatogenesis could possibly be used to manage the toxicant-induced male reproductive dysfunction.

Environmental factors mediate changes in expression patterns can be explained by a complex network of modifications to the DNA, histone proteins and degree of DNA packaging as well as changes in DNA structure such as mitochondrial DNA copy number and chromatin integrity. Throughout our lives, epigenetic processes shape our development and enable us to adapt to a constantly changing environment. Ma et al. integrated glufosinate-ammonium (GLA) induced alterations in sperm epigenome and embryo transcriptome, and further explored their concordance, thus providing a new strategy for gamete-to-embryo toxicity assessment. Intriguingly, this study also noted that paternal GLA exposure induced aberrant transcription in both paternal and maternal alleles of preimplantation embryos, which deserves further investigation. Wang et al. concluded that bivalent chromatin structure resulted in large differences in the methylation of autism genes between manually selected spermatozoa (MSS) and Zona pellucida (ZP)-bound spermatozoa (ZPBS). Intracytoplasmic sperm injection (ICSI) using MSS, which increased the risk of methylation changes compared with ZPBS, may lead to a higher risk of autism in offspring. Liu et al. contributed to the understanding of epigenetic regulation of tet methylcytosine dioxygenase 1-Sp1 transcription factor (TET1-SP1) during spermatogonia self-renewal and proliferation. Shi et al. focused on the associations between sperm mitochondrial DNA copy number (mtDNA-CN), DNA fragmentation index (DFI), and reactive oxygen species (ROS) and embryo development as well as pregnancy outcomes in assisted reproductive technology (ART).

COVID-19 is a serious challenge to the global health systems. It has been found that the hazardous effects of COVID-19 go far beyond respiratory system, and a body of studies explored the impact of COVID-19 on male reproduction from different aspects. Guo et al. reviewed the relationship of COVID-19 and male reproduction and provided a panoramic view to understand the effect of the virus on male reproduction and a new perspective of further research for reproductive clinicians and scientists.

Behavioral and lifestyle factors may also have a substantial contribution to the damage of male reproductive health. As suggested by Cui et al., pornography use was common among male college students in China. Early contact, frequent use, and high frequency of masturbation during pornography use could lead to not only addiction trends but aberrant reproductive hormone levels and semen quality as well. Up to date, this article has received over 6,700 views and exceeded 83% of all the Frontiers articles in only 7 months. Fusco et al. aimed to provide data about pre-clinical and clinical evidence exploring the impact of circadian desynchrony on spermatogenesis. Zatecka et al. emphasized the importance of improving metabolic health not only in women of reproductive age, but also in potential fathers, in order to reduce the negative impacts of diabetes on subsequent generations. Feng et al. characterized erectile dysfunction (ED) in OSA patients.

Updated information about increasingly emerging environmental perpetrators, including physical, chemical, biological and behavioral/lifestyle risk factors can improve our understanding of male reproductive health. With the rapid evolvement of omics technologies in genomics, epigenomics, transcriptomics, proteomics and metabolomics, it is reasonable to expect that in the near future there will be plenty of studies to renew our knowledge on emerging risk factors and the attendant adverse effects on male reproductive health, as well as the underlying mechanisms. Hence, to keep the constant concern and to inspire new studies to this filed, the Volume II focusing on the same topic has started and we anticipate to receive high-quality submissions all over the world (https://www.frontiersin.org/research-topics/35111/).


Author Contributions

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



Funding

The work was supported by the National Key Project of Research and Development Program (Grant number: 2018YFC1004200, 2018YFC1004202) and the Ability Promotion Programme of Army Medical University (Grant number: 2021XZL01).



References

1. Axelsson, J, Bonde, JP, Giwercman, YL, Rylander, L, and Giwercman, A. Gene-Environment Interaction and Male Reproductive Function. Asian J Androl (2010) 12(3):298–307. doi: 10.1038/aja.2010.16

2. Oliva, A, Spira, A, and Multigner, L. Contribution of Environmental Factors to the Risk of Male Infertility. Hum Reprod (2001) 16(8):1768–76. doi: 10.1093/humrep/16.8.1768

3. Hunter, DJ. Gene-Environment Interactions in Human Diseases. Nat Rev Genet (2005) 6(4):287–98. doi: 10.1038/nrg1578

4. Wild, CP. Complementing the Genome With an "Exposome": The Outstanding Challenge of Environmental Exposure Measurement in Molecular Epidemiology. Cancer Epidemiol Biomarkers Prev (2005) 14(8):1847–50. doi: 10.1158/1055-9965.Epi-05-0456

5. Vermeulen, R, Schymanski, EL, Barabási, AL, and Miller, GW. The Exposome and Health: Where Chemistry Meets Biology. Science (2020) 367(6476):392–6. doi: 10.1126/science.aay3164

6. Bajaj, JS, Misra, A, Rajalakshmi, M, and Madan, R. Environmental Release of Chemicals and Reproductive Ecology. Environ Health Perspect (1993) 101(Suppl 2):125–30. doi: 10.1289/ehp.93101s2125

7. Li, W, Chen, B, and Ding, X. Environment and Reproductive Health in China: Challenges and Opportunities. Environ Health Perspect (2012) 120(5):A184–5. doi: 10.1289/ehp.1205117

8. Wang, A, Padula, A, Sirota, M, and Woodruff, TJ. Environmental Influences on Reproductive Health: The Importance of Chemical Exposures. Fertil Steril (2016) 106(4):905–29. doi: 10.1016/j.fertnstert.2016.07.1076




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xia, Li, Cannarella, Drakopoulos and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 September 2021

doi: 10.3389/fendo.2021.736384

[image: image2]


Pornography Use Could Lead to Addiction and Was Associated With Reproductive Hormone Levels and Semen Quality: A Report From the MARHCS Study in China


Zhihong Cui 1†, Min Mo 2†, Qing Chen 2, Xiaogang Wang 2, Huan Yang 2, Niya Zhou 2, Lei Sun 2, Jinyi Liu 2, Lin Ao 2 and Jia Cao 2*


1 College of Pharmaceutical Sciences and Chinese Medicine, Southwest University, Chongqing, China, 2 Institute of Toxicology, College of Preventive Medicine, Army Military Medical University, Chongqing, China




Edited by: 

Richard Ivell, University of Nottingham, United Kingdom

Reviewed by: 
Zengjun Wang, Nanjing Medical University, China

Junjim Zhang, Shanghai Jiao Tong University, China

*Correspondence: 

Jia Cao
 caojia1962@126.com


†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 05 July 2021

Accepted: 17 August 2021

Published: 10 September 2021

Citation:
Cui Z, Mo M, Chen Q, Wang X, Yang H, Zhou N, Sun L, Liu J, Ao L and Cao J (2021) Pornography Use Could Lead to Addiction and Was Associated With Reproductive Hormone Levels and Semen Quality: A Report From the MARHCS Study in China. Front. Endocrinol. 12:736384. doi: 10.3389/fendo.2021.736384



This study aimed to investigate the situations of pornography use among male college students of China, to explore the addiction possibility for pornography use, and to study the associations between pornography use and reproductive hormone levels and semen quality. Five hundred sixty-eight participants met the inclusion criteria and finished all of the questionnaires and hormone level and semen parameter examinations. A majority of participants (except one) had pornography use experience, 94.2% participants started pornography use before college, and 95.9% participants reported they had masturbation experience when using pornography. Early contact to pornography, frequent pornography use, high amount of time spending on pornography use, and frequent masturbation during pornography use were correlated with addiction trends. Earlier pornography use was found to be associated with lower serum prolactin (PRL), follicle-stimulating hormone (FSH), and progesterone (Prog), as well as lower sperm concentration and total sperm count. Higher frequency of pornography use was associated with lower serum estrogen (E2). In conclusion, pornography use was common among male college students in China. Early contact, high frequent use, and high frequency of masturbation during pornography use could lead to addiction trends and aberrant reproductive hormone levels and semen quality.
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Introduction

Sex demand is considered an embarrassing issue in many eastern countries, particularly in China in the past years. It is hard for adolescents to get sex information from parents or schools. At the same time, adolescents during the puberty process have high demands for sexual sensation and sex information physically and psychologically. With the quick development of the Internet, pornography has become easily accessible to all ages because of its affordability, accessibility, and anonymity (1). It was estimated that 42.7% of Internet visitors have visited pornography websites, and 25% of Internet visitors visit pornography websites everyday (2). Adolescents are important audience for pornography works (3). An investigation among 563 US college students reported that by age 17, an overwhelming majority of boys (93%) and girls (62%) have been exposed to pornography, and boys were more likely to be exposed at an earlier age and with higher frequency (4). Similarly, situations happened in other regions (5–7). A 6-year longitudinal study showed that among middle school students of Hong Kong, from grade 7 (average age = 12.7) to grade 12, pornography consumption increased significantly, and boys were more likely to contact pornography works (8, 9). However, the pornography exposure to adolescents, especially to college students in mainland of China were not clear.

Some of the investigations showed that pornography had some positive or neutral effects on adolescents’ sexual practice. For example, pornography was found to be a resource to provide information about the human body, to increase the sense of sexual competence, and to decrease the sexual shame (10). On the other hand, there are also studies suggesting its negative effects. Several publications showed that increased pornography exposure was associated with earlier and quicker onset of sexual activity (11), more permissive attitude to casual sex (12), worse mental health (5), higher likelihood to risky sexual behaviors, and more acceptance of sexual violence (13). Moreover, a recent study revealed that problematic pornography user displayed a similar neural response as the drug addicts displayed (14). A study among Canadian university students (mean age 21) showed that daily and greater pornography use was associated with a sharp rise in addictive score (15).

Pornography is a specific sexual stimulus that can cause sexually related physical and psychological reactions, including sexual imagination, sexual erection, and masturbation (16). All of these behaviors were modulated by sexual hormones and feedback to hormone secretions, which was a typical feedback loop of hypothathalamus-putuitary-gonadal axis (HPG) activity (17, 18). Adolescents, including college students, are in the late stage of puberty, which is the important process of sexual hormones and organ maturation (19). However, none of the existing studies about pornography exhibited the effects of pornography on reproductive hormones and reproductive potentials.

The purposes of this study were as follows: (1) to explicate the current situation of pornography use among Chinese college students; (2) to investigate college students’ addiction trends for pornography use; and (3) to research the associations between pornography use and reproductive hormones and semen parameters.



Materials and Methods


Participants and Procedures

All of the participants in this study originated from a cohort termed the male reproductive health in Chongqing College students (MARHCS), which began in 2013 (20). This was the second follow-up study of the cohort. Since April 2015, all volunteers who participated in the baseline survey in 2013 received our cell phone and email illustrating this study, and they scheduled an investigation time from May 23, 2015 to June 7, 2015. All volunteers were asked to complete a questionnaire and underwent a physical examination. Individuals were included if they met the following criteria: over 18 years of age; 2–7 days of abstinence; no history of inflammation of the urogenital system, epididymitis, or testicular injury; no history of incomplete orchiocatabasis; and no history of varicocele treatment. Subjects were excluded if any of the following symptoms were detected by aurologist at the physical examination stage of the investigation: an absence of prominentialaryngea, pubis, or testis; abnormal penis or breasts; varicocele; or an epididymal knob. Five hundred sixty-eight males completed the survey, and all of them had a mean coming-out age of 22.4 years (SD = 1.2). Semen samples were collected and analyzed according to WHO guideline (WHO, 2010). Abstinence duration and ejaculation time were recorded. Peripheral blood was collected under aseptic conditions. The serum was isolated by centrifugation for serum reproductive hormone measurements. The Ethics Council of the Army Medical University approved the study, and informed consent was obtained from all subjects.



Questionnaires

The questionnaires contained three parts: demographic information, lifestyle factors, and pornography use situations. The demographic information consisted of age, body mass index (BMI), and abstinence duration (days). Lifestyle factors included smoking, drinking, coffee consumption, cola consumption, and fried food consumption, which have all been reported to have an influence on semen quality (20).

The questions about pornography use situations and addictive behaviors were set according to previous studies about pornography exposure (21–25). Before the participants filled out the questionnaires, they were asked to read the definition of pornography, which included the following terms: sexually explicit material, sexually explicit media, pornography, porn, cyber-porn, Internet or online pornography, online erotica or erotica, and cyberpornography (24, 25).



Serum Collection and Reproductive Hormones Detection

All collected serum samples were taken from a low-temperature refrigerator at −80°C and then sent to the Army Medical University Affiliated Southwest Hospital Laboratory. The serum samples were then liquefied and tested of six reproductive hormone levels, including estradiol (E2), follicle-stimulating hormone (FSH), luteinizing hormone (LH), progesterone (Prog), prolactin (PRL), and testosterone (T). The chemiluminescence method was used to determine the serum hormone levels, and the instrument was selected by Beckman’s fully automated immunoassay analyzer DXI 800 (Beckman Coulter Inc., Brea, CA, USA).



Semen Collection and Analysis

Semen samples were collected by masturbation into a sterile, wide-mouth plastic container in an independent clean room. Then, the samples were incubated at 37°C for liquidation and were analyzed within 60 min. Semen volumes were measured by weighing, assuming that 1 ml of volume equals 1 g of weight. The semen parameters (motility, progressive motility, concentration, and total sperm count) were assessed with a computer-aided sperm analysis system (SCA CASA System; Microptic S.L., Barcelona, Spain) by a well-trained laboratory technician. Sperm morphology was identified by sperm smears using a Diff-Quick staining kit (Boruide, BRED-015). All semen analyses were performed according to the WHO criteria recommendations (26).



Statistical Analysis

Semen parameters and sex hormones were presented as medians and percentiles. The Jonckheere-Terpstratest and Mann-Whitney U test were used to compare differences between the semen parameters of the groups. A multivariable-linear regression model was applied to exclude potential confounders (e.g., age, BMI, abstinence duration, tobacco smoking, alcohol drinking, coffee consumption, cola consumption, and fried food consumption), which have been reported to have effects on semen parameters (20). All semen parameters were log-transformed when they were nonnormally distributed. Additionally, all of the statistical data were analysis with the Statistical Package for the Social Sciences (SPSS, Chicago, IL, USA), and differences were considered statistically significant if p < 0.05, and all the tests were performed by two tailed.




Results


Demographic Characteristics of Participants, Lifestyles, Sex Hormones, and Semen Parameters

Descriptive results are demonstrated in Table 1. Five hundred sixty-eight participants met the inclusion criteria and finished the examination. The average age of the respondents was 22.4 years, and the average BMI value and abstinence duration were 22.2 (kg/m2) and 4.1 days, respectively.


Table 1 | Demographic characteristics, lifestyle factors, reproductive hormone levels, and semen parameters of the participants.



The average E2, FSH, LH, PRL, Prog, and T concentrations were 30.6 pg/ml, 3.5 mIU/ml, 4.3 mIU/ml, 10.4 ng/ml, 0.6 ng/ml, and 3.8 ng/ml respectively. The average semen volume, sperm concentration, total sperm count, total motility, progressive motility, and morphologically normal spermatozoa count were 3.8 ml, 56 million/ml, 203 million, 79%, 55%, and 11.73%, respectively.



Situations of Pornography Use

As Table 2 shows, almost all of the male students (except one) had experienced pornography use, albeit to varying extents. A total of 84.2% of the students first searched for pornography during middle or high school, and approximately 45.3% of the students used pornography more than once per week. Additionally, approximately 51.6% of the students spent approximately 15 to 30 min using pornography at each use. Only 4.1% students reported they had never masturbated during pornography use, when asked about their masturbation frequency when using pornography. In contrast, 14.9% of the students masturbated almost every time they used pornography.


Table 2 | The distribution of pornography use-related questions.





The Possibility of Addiction on Pornography Use

Approximately half of the students reported they had used less pornography in the most recent 3 months. Additionally, 6.4% of the students reported they had used pornography more than before. One hundred and eighty (31.7%) students reported that they needed more time to feel sexual excitement than ever when using pornography. Excluding students who had no sexual partners (N = 238, 42%), 6.5% (N = 37) of the students reported that it was easier for them to achieve sexual satisfaction by using pornography than with a real sexual partner. Moreover, pornography use was significantly associated with addiction possibility. Earlier contact, more frequent use, longer time, and more masturbation during pornography use were all found to be correlated with addictive possibility (Table 3).


Table 3 | Associations between pornography use and the addiction possibility for pornography use.





Correlations Between Pornography Use and Sex Hormones

Univariate analyses were applied to estimate the associations between pornography use and sex hormones. According to the increase of ages of “first time to contact pornography” from primary school to college, the Prog, FSH, and PRL concentrations were increased from 0.4 to 0.8 ng/ml, 2.7 to 3.2 mIU/ml, and 8.5 to 10.7 ng/ml, respectively (p < 0.05, p < 0.05, p < 0.05). The E2 concentration decreased from 32 to 26 pg/ml according to the increase of frequency of pornography use (p < 0.05) (Figure 1).




Figure 1 | Univariate analyses were applied to estimate the associations between pornography use and sex hormones. The ages of first-time contact pornography were positively correlated with Prog, FS, and PRL concentrations in serum (p < 0.05, p < 0.05, p < 0.05). The frequency of pornography use were negatively correlated with E2 concentrations in serum (p < 0.05). *:extreme values.



After adjusting the potential confounders (age, BMI, abstinence duration, tobacco smoking, alcohol consumption, coffee consumption, cola consumption, and fried foods consumption), students with higher pornography use frequency had lower E2 concentration in serum (β coefficient = −3.29; 95% confidence interval (CI), −5.14, −1.13, p = 0.003). Students with earlier exposure to pornography had lower PRL and Prog concentration in serum (β coefficient = 0.92; 95% CI, 0.37, 1.47, p = 0.001; β coefficient = 0.10; 95% CI, 0.05, 0.14, p < 0.001) (Table 4).


Table 4 | Associations between pornography use and serum gonadal hormone levels.





Correlations Between Pornography Use and Semen Parameters

Univariate analyses were applied to estimate the associations between pornography use and semen parameters. As shown in Figure 2, earlier pornography use, higher-frequency exposure to pornography, higher-frequency of masturbation when using pornography were associated with lower sperm concentration and total sperm count (p < 0.05).




Figure 2 | Univariate analyses were applied to estimate the associations between pornography use and semen parameters. The ages of first-time contact pornography were positively correlated with sperm concentration and total sperm count (p < 0.05). The frequency of pornography use and masturbation frequency when using pornography were negatively correlated with sperm concentration and total sperm count (p < 0.05, p < 0.05). *:extreme values.



Multivariable linear regression models were used to adjust the potential confounders (age, BMI, abstinence duration, tobacco smoking, alcohol consumption, coffee consumption, cola consumption, and fried foods consumption). After adjusting for potential confounders, the associations between pornography use and sperm concentration were still solid. The sperm concentration was positively associated with the ages of first time to contact with pornography (β coefficient = 11.17; 95% CI, 1.86, 21.34; p = 0.017) but negatively associated with masturbation frequency when using pornography (β = −7.40; 95% CI, −14.82, −0.46; p = 0.038). However, higher morphologically normal spermatozoa ratio (%) was found to be positively associated with masturbation frequency when using pornography (β = 7.40; 95% CI, 2.33, 12.72; p = 0.003) (Table 5).


Table 5 | Associations between pornography use and semen parameters.






Discussion

Adolescent pornography use is a hot public health issue (27, 28). The present study is an exploratory study designed to describe pornography use among college students in China and to explore the effects of pornography use on students’ reproduction health. We found that pornography use was quite common among college students in China. Pornography use was correlated with masturbation behavior and exposure to prolonged pornography may lead to addictive potential. Pornography use was also found to be significantly associated with sex hormone levels in serum and semen parameters.

Like in other countries or areas, pornography use among college students was quite common in China. In the present study, 94.2% of college students had contacted to pornography before college, which is consistent with other recent studies in other countries (29, 30).

The American Society of Addiction Medicine (ASAM) defined “addiction” in 2011 as: Addiction is a primary, chronic disease of brain reward, motivation, memory and related circuitry. Dysfunction in these circuits leads to characteristic biological, psychological, social, and spiritual manifestation. This is reflected in an individual pathologically pursuing reward and/or relief by substance and other behavior (31). Regarding pornography addiction, the clinical diagnostic criteria is still devoid. A number of studies supported the “self-reported pornography addiction” questionnaire to access the cognitive, behavioral, and emotional aspects of problematic pornography use (21–25). The questions about pornography use situations and addictive behaviors were set according to these previous studies. Quite a lot of studies led to the conclusion that frequent pornography use fitted into the addiction framework and shared a similar basic mechanism with substance addiction. The present study confirmed that pornography use might lead to addictive possibility; 31.7% of students reported they need more time to feel sexual excitement when using pornography, and nearly 6.5% of students thought it would be easier to achieve sexual satisfaction when using pornography than with a real sexual partner. Pornography has been reported to be a dopamine-producing base behavior (32). Dopamine is a neurotransmitter that is associated with activation of the brain’s reward system, and its presence helps initiate feelings of enjoyment and pleasure. Moreover, a study from the Max Planck Institute for Human Development showed that frequent pornography consumption was associated with the frontostriatal network, and pornography consumption hours were negatively associated with striatum volume. Individuals with a lower striatum volume may need more external stimulation to experience pleasure and might therefore experience pornography consumption as more rewarding (33). Therefore, frequent pornography use might break the balance of the dopamine pathway. Like heroin or other drugs, frequent pornography use may cause addiction, which might be a reason for why the pornography users showed difficulty in obtaining sexual excitement.

In the present study, we found that early pornography exposure was associated with lower adult FSH, Prog, and PRL levels in serum. After adjusting with potential confounders, we still found a significant association between “the first time contact with pornography” and Prog levels in serum. During puberty, the HPG axis is initiated, and the gonadal steroid hormones are dramatically increased (18), as well as the quick development of reproductive organs. FSH is responsible for starting the process of the sperm production (spermatogenesis) by initiating spermatogenic epithelium cell division and maturation. FSH have been also reported to be related with gonadotropin levels which lead to the induction of spermatogenesis effectively (34, 35). Recent studies showed that Prog produced by cumulus cells has been associated with various physiological processes in sperm production, including stimulation of acrosome reaction. Male normal prolactin levels help maintain a high level of testosterone in the testis and affect the growth and secretion of the gonadal glands (36). Hyperprolactinemia is a high level of serum prolactin, which can interfere with the periodic release of GnRH, the elimination of gonadotropin pulsed secretion, so that the release of LH and FSH decreased, eventually leading to hypogonadism (testosterone synthesis and secretion, spermatogenic dysfunction) (37). Thus, pornography use at an early stage may affect the function of the HPG axis and subsequently affect the secretion of steroid hormones, such as estrogen, androgen, prolactin, and progesterone, eventually affecting semen quality.

We also found that earlier pornography use was associated with lower sperm concentrations with or without adjusting to potential confounders. A majority of students are exposed to pornography before college. As we discussed in the previous section, adolescence is a key time for reproductive maturation, from sexual hormone secretion to sexual organ development. The time of puberty initiation and the time for first sexual encounter were found to be two developmental milestones associated with reproductive maturation (38). Earlier contact to pornography might lead to disturbance of sexual hormone secretion, and therefor lead to lower sperm concentration in adult semen. Besides, earlier contact to pornography might lead to higher frequency of masturbation, which is also a risk factor for lower sperm concentration. There are no other studies focused on male puberty pornography use and adult semen qualities, but some studies revealed that adolescents who were exposed to pornography were more likely to reach early sexual maturation and be higher sensation seekers (39).

The present study showed that pornography use was significantly correlated with masturbation behavior. Higher masturbation frequency during pornography use showed adverse effects on the sperm concentration and total sperm count. Masturbation was the most common behavior performed during pornography use in the present study and in other studies (40). However, a few studies have investigated the relationship between masturbation frequency during pornography use and semen parameters. A large online study on male sexual health in three European countries showed that frequent pornography use significantly increased the masturbation frequency among coupled men with decreased sexual desire (41). Additionally, higher masturbation frequency might increase the threshold of sexual arousal. Thus, we hypothesize that frequent masturbation might lead to frequent arousal and ejaculation, leading to continual hyperemia in the genitals and gonads, which could eventually affect spermatogenesis. Besides, frequent masturbation is usually accompanied with shorter abstinence time, which is also a risk factor for lower sperm concentration (20).

The present study showed that the frequency of masturbation when using pornography was negatively associated with sperm concentration while positively associated with morphological normal spermatozoa. It seems that this behavior has brought controversial effect to semen quality. Actually, it just reflects the physiology of sperm production. As the abstinence period grows, the accumulation of sperms leads to an increase in sperm concentration, while the accumulated sperms become senescent and lead to a decrease in the proportion of morphological normal spermatozoa. Vice versa, the masturbation behavior during using pornography decreased the abstinence period of the subjects, and consequently decreased the sperm concentration and increased the proportion of morphological normal spermatozoa.

The main strengths of this study were as follows. First, this was a follow-up study of MARHCS cohort. All of the participants were familiar with the study design, and they were well educated and could fully understand all of the questions, which make our results more credible. Second, our sample constituted a large healthy population with a narrow age range, and the selection of the same sampling season significantly reduced potential confounders. Third, the semen quality evaluation methods were used as per the WHO recommendations, which make our results more comparable with those of other studies.

There are some limitations to our study. First, the pornography use data were obtained via self-review, which raises the possibility of information bias. Secondly, the subjects of the present study were all recruited from the universities which were located in the university town of Chongqing, although the students came from different provinces all over China. The sampling season was restricted in summer and was several years ago. The population was highly homogenous, with similar ages, lifestyles, and education levels, which make it challenging to compare with other populations. Thirdly, each subject only offered one semen sample in each follow-up investigation, which might have introduced intra-individual bias to this study. Fourthly, sex is a sensitive topic for Chinese students to talk about. Thus, the pornography use data the students reported may be conservative, and the potential effects may have been underestimated. Although we adjusted for potential confounders on semen parameters and sex hormones, some other potential confounders might still exist, such as environmental exposure, psychological distress, and socioeconomic status. Whether the findings of the present study could be replicated in independent populations with different characteristics and circumstances await further studies. The results of the current study should be interpreted with caution, and further studies evaluating the relationship between pornography use and reproductive phenotypes should be conducted.

In conclusion, the present study showed that pornography use was quite common among college students in China. Our results showed pornography use was correlated with masturbation behavior and may lead to addictive behavior. This is also the first study to investigate the associations between pornography use and semen parameters. The results showed that pornography use was significantly associated with sex hormones in serum and semen parameters, which indicated that early and frequent pornography exposure may lead to adverse male reproductive outcome. Our results may have important implications for public health.
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To investigate whether the abscopal effects of cranial irradiation (C-irradiation) cause testicular damage in mice, male C57BL/6 mice (9weeks of age) were randomly divided into a sham irradiation group, a shielded group and a C-irradiation group and administered sham/shielded irradiation or C-irradiation at a dose rate of 2.33Gy/min (5Gy/d for 4 d consecutively). All mice were sacrificed at 4weeks after C-irradiation. We calculated the testis index, observed testicular histology by haematoxylin-eosin (HE) staining and observed testicular ultrastructure by transmission electron microscopy. Western blotting was used to determine the protein levels of Bax, Bcl-2, Cleaved caspase 3, glial cell line-derived neurotrophic factor (GDNF) and stem cell factor (SCF) in the testes of mice. Immunofluorescence staining was performed to detect the expression of Cleaved caspase 3 and 3β hydroxysteroid dehydrogenase (3βHSD), and a TUNEL assay was used to confirm the location of apoptotic cells. The levels of testosterone (T), GDNF and SCF were measured by ELISA. We also evaluated the sperm quality in the cauda epididymides by measuring the sperm count, abnormality, survival rate and apoptosis rate. The results showed that there was no significant difference in testicular histology, ultrastructure or sperm quality between the shielded group and sham group. Compared with the sham/shielded group, the C-irradiation group exhibited a lower testis index and severely damaged testicular histology and ultrastructure at 4weeks after C-irradiation. The levels of apoptosis in the testes increased markedly in the C-irradiation group, especially in spermatogonial stem cells. The levels of serum T and testicular 3βHSD did not obviously differ between the sham group and the C-irradiation group, but the levels of GDNF and SCF in the testes increased in the C-irradiation group, compared with the sham group. In addition, the sperm count and survival rate decreased in the C-irradiation group, while the abnormality and apoptosis rate increased. Under these experimental conditions, the abscopal effects of C-irradiation induced testicular damage with regard to both structure and function and ultimately decreased sperm quality in mice. These findings provide novel insights into prevention and treatment targets for male reproductive damage induced by C-irradiation.
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INTRODUCTION

According to recent WHO statistics, head and neck cancer is the seventh most common cancer overall (and the fifth most common cancer in men) worldwide, accounting for an estimated 888,000 new cases in 2018 (Wild et al., 2020). Notably, its incidence is increasing each year, and there is a trend towards a decreasing age at onset; thus, this disease seriously threatens human health. Cranial irradiation (C-irradiation) therapy is one of the major treatment modalities for primary and metastatic head and neck cancer (Siegel et al., 2020; Turnquist et al., 2020). Hypofractionated radiation (single dose >2.5 Gy) is a promising new strategy for radiotherapy due to its higher treatment ratio, shorter total treatment time and lower cost than conventional radiotherapy (single dose=2.0Gy; Azoulay et al., 2017; Isfahanian et al., 2017; Rudat et al., 2017; Vischioni et al., 2019).

Notably, cell and tissue injuries can occur in organs other than the irradiated tumour sites over the course of radiotherapy; such effects are called radiation-induced abscopal effects (RIAEs; Siva et al., 2015; Hu and Shao, 2020). Most previous literature on RIAEs has focused on the regression of nonirradiated metastatic lesions after localised tumour radiotherapy (Ishiyama et al., 2012; Siva et al., 2015; Abuodeh et al., 2016; Seggelen et al., 2020). However, RIAEs also include serious side effects in normal tissues (Aravindan et al., 2014; Tu et al., 2019). Extracranial abscopal effects of C-irradiation are particularly unusual given the brain’s distinctive immune microenvironment (Lin et al., 2019). However, multiple reports have shown that C-irradiation can cause serious abscopal effects in normal peripheral tissues, such as the haemopoietic system, thymus, lungs and spleen (Koturbash et al., 2008; Lei et al., 2015; Cai et al., 2017; Mohye et al., 2017).

A recent study demonstrated that adult survivors experience a greater decline in sexual functioning after C-irradiation therapy at a dose of >22Gy than after C-irradiation therapy at lower doses (Huang et al., 2020). To date, there have been only two reports about the abscopal effects of C-irradiation on male reproduction in animal models, which focused on DNA damage in the germline (Tamminga et al., 2008) and sperm quality impairment (Zhang et al., 2006). Overall, data on the abscopal effects of C-irradiation on distant testes are scarce, and the effects remain poorly understood. To provide a possible target for improving radiation protection and safety, we studied the abscopal effects of C-irradiation in a hypofractionated regime on the structure and function of the testes in adult mice.



MATERIALS AND METHODS


Animals

Healthy adult male C57BL/6 mice [9weeks of age, certificate number: XK (Shaan 2014–002)] were purchased from the Laboratory Animal Center of the Fourth Military Medical University (Xi’an, China) and maintained (four mice per cage) in the animal facility (12-h light/dark cycle; temperature, 20–26°C; and humidity, 45–65%) with free access to food and water. After 1 week of adaptive feeding, the mice were randomly divided into a sham irradiation group and a C-irradiation group (n=16 for each group). Notably, to ensure that no radiation leaked through the lead shield and that protection of the shielded ‘bystander’ tissue was complete, we added a shielded irradiation group (shielded group, eight mice). All procedures in this study were approved and conducted following the guidelines of the Animal Welfare Committee of the Fourth Military Medical University (Xi’an, China).



Procedure of C-Irradiation

For the C-irradiation group, the mice were kept in a conscious state and administered C-irradiation in four hypofractionated doses of X-rays (RAD Source RS 2000 series, Suwanee, United States; working electric current 25mA, working voltage 160kV) 5Gy/d for 4 d consecutively at a dose rate of 2.33Gy/min, which was monitored in real time by a radiation dosimeter (Radcal Accu-Dose, United States). The remainder of each mouse’s body was completely protected by a 2-cm thick lead shield. The dose rate of the testes under the lead shield was 0.01Gy/min, which was equivalent to four thousandths of the cranial dose. For the shielded group, the whole body of each mouse was placed under a 2-cm lead shield and then irradiated in the same way as the C-irradiation group. Besides, the dose rate was 0.01Gy/min and the total does was 0.08Gy. For the sham group, the mice were subjected to the same procedure as the mice in the C-irradiation group except for X-ray irradiation.



Sample Collection and Testis Index Calculation

The body weight of each mouse was recorded every 3days. All mice were fed for 4weeks after C-irradiation and then euthanized with 1% sodium pentobarbital (50mg/kg). Immediately, the bilateral testes were quickly freed from the surrounding connective tissues and excised after transcranial perfusion with 0.9% sodium chloride. The tissues were rinsed with precooled phosphate-buffered saline (PBS), immediately weighed, snap-frozen in liquid nitrogen and stored at −80°C until analysis. The testis index was calculated using the following formula: bilateral testes weight (g)/body weight (g)×100%.



Observation of Testicular Histology by HE Staining

After anaesthesia, mice (n=2–4 for each group) were fixed via cardiac perfusion with 4% paraformaldehyde (PFA, pH=7.3) after transcranial perfusion with 0.9% sodium chloride. The bilateral testes were fixed in Bouin’s fixative solution (Lilai, Chengdu, China) for morphological examination. After fixation for 24h, the fixed testes were routinely trimmed, dehydrated, embedded in paraffin and then serially sectioned on a rotary microtome (RM2135, Leica, Heidelberg, Germany) at a thickness of 4μm. Before staining, the tissue sections were preheated at 60°C for 2h, deparaffinised, rehydrated in graded ethanol and stained with haematoxylin-eosin (HE) according to routine protocols. Then, histological changes were observed with a light microscope (Leica).



Histological Analysis of Testis

For histological analysis of testis, the diameter of seminiferous tubules and height of seminiferous epithelium were measured using ImageJ software (NIH, MD, United States) from 50 random round or nearly round seminiferous tubules at ×100 magnification for each group, according to the methods in a previous study (Babazadeh and Najafi, 2017; Guo et al., 2019). Briefly, the diameter was calculated as the mean of the major and minor axes of the seminiferous tubules, and the height of the seminiferous epithelium was calculated as follows (average diameter – average inner diameter) of seminiferous tubule/2. In addition, according to the appearance of cells present in the seminiferous tubules, the seminiferous tubules were divided into normal or abnormal (Ibáñez et al., 2017), and the percentage of abnormal seminiferous tubules was counted from 10 random fields at ×100 magnification for each group.



Observation of Testicular Ultrastructure by Transmission Electron Microscopy

After anaesthesia, mouse testes (n=2 for each group) were separated, trimmed to 1mm×1mm×1mm samples, fixed in 3% glutaraldehyde and 1% osmic acid, dehydrated in a graded series of acetone (30, 50, 70, 80, 90, 95 and 100%) and then embedded in Araldite. Ultrathin slices (50nm thick) were double-stained with saturated uranyl acetate and lead citrate. A transmission electron microscope (JEM-1400FLASH; JEOL Ltd., Tokyo, Japan) was used to observe the ultrastructure of seminiferous tubules. The testicular ultrastructure observed in this study included mainly Sertoli cells, Leydig cells, spermatogonia, spermatocytes and spermatids.



Western Blotting

Total testicular protein (n=4 for each group) was extracted and quantified as described previously. Equal amounts of testis samples (30μg) were subjected to 10–12% Bis-Tris gel electrophoresis and transferred to polyvinylidene fluoride immunoblot membranes (0.22μm). The membranes were blocked with 5% non-fat milk for 2h at room temperature and probed with primary antibodies overnight at 4°C. Primary antibodies against β-actin (20536-1-AP, 1:5000), Bcl-2 (12789-1-AP, 1:2000) and Bax (50599-2-Ig, 1:3000) were obtained from Proteintech (Wuhan, China); primary antibodies against SCF (21670–1, 1:300) were obtained from SAB (MD, United States); and primary antibodies against Cleaved caspase 3 (ab214430, 1:4000) and GDNF (ab176564, 1:2000) were obtained from Abcam (MA, United States). The following morning, the membranes were incubated with species-matched horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000, CWBIO, Beijing, China) for 2h at room temperature and then incubated with chemiluminescent HRP substrate to visualise the bands. Quantity One 4.62 software (Bio-Rad, CA, United States) was used to analyse the optical density of each target band. To normalise the protein levels, β-actin was used as a loading control.



Immunofluorescence Staining and TUNEL Assay

After initial deparaffinization and rehydration, testis sections were processed by antigen retrieval using citrate buffer in a high-power microwave oven, treated with 3% bovine serum albumin for 30min and incubated with a rabbit monoclonal Cleaved caspase 3 antibody (9664S, 1:200, CST, MA, United States) and a rabbit polyclonal 3β hydroxysteroid dehydrogenase (3βHSD) antibody (DF6639, 1:150, Affinity Biosciences, OH, United States) at 4°C overnight. Next day, the sections were subsequently treated with a FITC-conjugated goat anti-rabbit antibody (ab6717, 1:1000, Abcam, MA, United States). Testicular cell apoptosis was assessed by terminal deoxynucleotidyl transferase (TdT) enzymaticated dUTP nick end labelling (TUNEL) assay using an in situ Cell Death Detection Kit (Roche, Basel, Switzerland). Briefly, after initial deparaffinization and antigen recovery, the section was permeabilised with Triton X-100 (ST795, Beyotime, Shanghai, China), followed by 30μl TUNEL reaction mixture for 60min at 37°C. Negative controls were performed without the enzyme TdT. Finally, 10 random fields for each group were chosen at random for analysis using a fluorescence microscope (Leica), and the average fluorescence intensity was calculated using ImageJ software.



Detection of Testicular Secretory Function by ELISA

Blood samples were taken from the heart and centrifuged at 3000rpm for 15min at 4°C to obtain serum, which was stored at −80°C and used for detection of the secretory function of Leydig cells. The levels of serum testosterone (T; n=7 for each group), secreted by Leydig cells, were determined with an ELISA kit (Sinoukbio, Beijing, China) according to the manufacturers’ instructions. In addition, testis tissue (approximately 100mg; n=5 for each group) was lysed with PBS and homogenised to extract total proteins in a homogenisation device (Leica) under precooled conditions. After that, the levels of GDNF and SCF in the testis were measured with the ELISA kits (Elabscience, Wuhan, China) according to the manufacturers’ instructions.



Detection of Sperm Quality

The cauda epididymides of each mouse were dissected out carefully, gently cut, collected in a 12-well plate containing 1mL of sperm culture solution (Millipore, MA, United States) and then incubated at 37°C for 30min. The sperm suspension was collected and filtered through a nylon mesh with a 38-μm pore diameter to remove tissue fragments and then used to record and calculate sperm count and abnormality according to the methods in a previous study (Guo et al., 2019). The types of abnormal sperm morphology observed in this study mainly included the folded-tail, hookless, amorphous, double-head and double-tail phenotypes according to a previous study (Chen et al., 2019). In addition, a FITC annexin V apoptosis detection kit Ι (BD Pharmingen, CA, United States) was applied to quantify the survival rate and apoptosis rate of sperm. Briefly, sperm samples prepared as described above were supplemented with 1mL of 1× annexin V binding buffer. Subsequently, the samples were washed and incubated in annexin V-FITC and propidium iodide (PI) at 37°C for 5min in the dark and then analysed by flow cytometry (FCM; XL-MCL, Beckman Coulter, CA, United States) following the manufacturer’s instructions. Four or five sperm samples were used for each group, and 15,000 sperm were analysed for each sample.



Statistical Analysis

All measurement data are expressed as the mean and standard deviation (mean±SD) and were analysed with SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, United States). For statistical analysis, two-way ANOVA with repeated measures was used to analyse the body weights of mice, one-way ANOVA followed by Tukey’s multiple comparisons test was used to compare three groups and a two-tailed student’s t-test was used to compare two groups for parametric data (data that met the normality and equal variance assumptions). All subjective analyses were performed by individuals blinded to the exposure group. All graphs were generated using GraphPad Prism 8.0 software (San Diego, CA, United States), and the results were considered statistically significant at p<0.05.




RESULTS


The Abscopal Effects of C-Irradiation Damage Testicular Histology


Figure 1A shows the time schedule of C-irradiation used for the mice. Day 3 to day 0 was the irradiation time. During the whole experiment, the body weights of the mice in the shielded group decreased only on day 4 (Figure 1B, p<0.01) and then immediately returned to the levels of the mice in the sham group, and mice in the sham and shielded groups were in good general body conditions. However, from the end of the first day of C-irradiation, mice in the C-irradiation group exhibited evident appetite loss, activity reduction and body weight loss, compared with the mice in the sham and shielded groups (Figure 1B, p <0.01), and three mice died due to worsening health status during the first week after C-irradiation. Until 4weeks after C-irradiation, the body weight of mice in the C-irradiation group still lagged significantly (p<0.01).
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FIGURE 1. The abscopal effects of C-irradiation damage testicular histology. (A) Time schedule of irradiation for mice. (B) Body weight of mice during experiments. (C) Testis volume, n=4 for each group. (D) Testis index, n=10 for the sham group. n=4 for the shielded group and n=8 for the C-irradiation group. (E) HE staining of testes, n=4 for the sham and C-irradiation groups, n=2 for the shielded group, bar=100μm. Vacuolation of seminiferous tubules ([image: inline1]) and degeneration and necrosis of various spermatogenic cells ([image: inline1]). (F–G) Diameter of seminiferous tubules and height of seminiferous epithelium calculated randomly from 50 round or nearly round cross-sections of the seminiferous tubules (long axis: short axis<1.2:1) for each group. (H) Percentage of abnormal seminiferous tubules calculated from 10 random fields for each group. The values are expressed as the mean±SD and analysed by two-way ANOVA for body weight and one-way ANOVA with Tukey’s test for three-group comparisons. **
p<0.01; ***
p<0.001 vs. sham group. ##
p<0.01; ###
p<0.001 vs. shielded group.


In terms of the reproductive system of male mice, the testicular volume and testis index were significantly lower in the C-irradiation group than in the sham and shielded groups (Figures 1C,D; p<0.001), but there was no significant difference between the latter two groups (p>0.05). HE staining showed that the testes in the C-irradiation group had obvious pathological changes, such as vacuolation of seminiferous tubules, degeneration and necrosis of spermatogenic cells (Figure 1E). In addition, the diameter of the seminiferous tubules and height of the seminiferous epithelium were significantly lower, and the percentage of abnormal seminiferous tubules was higher in the C-irradiation group than in the sham and shielded groups (Figures 1F,H; p<0.001).

Interestingly, there were no significant differences in the organ index for other peripheral organs (heart, liver, spleen, lungs, kidneys and thymus) among the three groups (Figure S1; p>0.05). HE staining also showed that compared with the sham group, the histological structures of the other important peripheral organs had no change in the shielded group and no or only slight pathological changes in the C-irradiation group (Figures S2–7). All the above results indicated that the protection of the lead shield was extremely effective, and C-irradiation did not cause obvious scattering to the peripheral organs. Compared with other peripheral organs, testicular tissue was the most sensitive to the abscopal effects of C-irradiation, which could severely damage testicular histology.



The Abscopal Effects of C-Irradiation Damage the Testicular Ultrastructure

For the sham and shielded groups, the overall ultrastructure of seminiferous tubules was normal and intact (Figure 2A), and the spermatogenic cells in various growth cycles were closely arranged with clear cell structures, large round or oval nuclei, smooth and clear cell membranes and compact chromatin. The number of organelles in the cytoplasm was normal, and there were abundant mitochondria (Figures 2D–F). The intercellular bridge between the spermatogenic cells and the Sertoli cell junction complex, also called the blood-testis barrier (BTB), was complete (Figure 2B). For the C-irradiation group (Figures 2A–F), the overall ultrastructure of seminiferous tubules was severely damaged, the spermatogenic cell membrane was unclear at all levels, the perinuclear space was expanded, the nuclear membrane was dissolved, the mitochondria showed obvious swelling, cavitation was observed and the endoplasmic reticulum was dilated. Apoptosis and autophagy were suspected to be underway in testicular cells. In addition, the integrity of the BTB was disrupted. All these results suggested that the lead shield had excellent protective effects on the tissues outside the cranial region and that the abscopal effects of C-irradiation severely damaged the testicular ultrastructure.
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FIGURE 2. The abscopal effects of C-irradiation damage the testicular ultrastructure. (A) Overall ultrastructure of seminiferous tubules. Bar=10μm. (B–F) Ultrastructure of Sertoli cells, Leydig cells, spermatogonia, spermatocytes and spermatids. Bar=2μm, n=2 for each group. N, nucleus; Mi, mitochondrion; RER, rough endoplasmic reticulum; BTB, blood-testis barrier; and Ac, acrosome. Lipid droplets [image: inline1], mitochondrial swelling [image: inline1], secondary lysosomes [image: inline1], RER dilatation [image: inline1], loss of intracytoplasmic solutes [image: inline1], widened perinuclear gap [image: inline1] and suspected apoptosis [image: inline1].




The Abscopal Effects of C-Irradiation Increase Testicular Cell Apoptosis

Western blotting detection of apoptosis-related proteins (Figure 3A) showed that compared with the sham group, the C-irradiation group exhibited significantly lower relative protein level of Bcl-2 (Figure 3B; p <0.01), significantly higher relative protein level of Bax (Figure 3C; p <0.01), significantly lower Bcl-2/Bax ratio (Figure 3D; p <0.05) and significantly higher relative protein level of Cleaved caspase 3 (Figure 3E; p <0.05). Immunofluorescence staining of Cleaved caspase 3 showed that the number of Cleaved caspase 3-positive cells increased and that these cells distributed in the outermost seminiferous tubules at 4weeks after C-irradiation (Figures 3F–G; p <0.001). In addition, TUNEL staining of testis sections revealed that apoptosis of testicular cells increased obviously in the C-irradiation group compared with sham group (Figures 3H–I; p <0.001), and the apoptotic testicular cells also located in the outermost seminiferous tubules. These results are consistent with the above results of Western blotting, suggesting that the abscopal effects of C-irradiation increase testicular cell apoptosis and more in spermatogonial stem cells (SSCs).
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FIGURE 3. The abscopal effects of C-irradiation increase testicular cell apoptosis. (A) Typical immunoblots of apoptosis-related proteins. The first three bands were from the same membrane and the last two bands were from another membrane. (B–E) Relative protein level of Bcl-2, Bax, Bcl-2/Bax and Cleaved caspase 3 detected by Western blotting, n=4 for each group. (F–G) Immunofluorescence of Cleaved caspase 3 and average fluorescence intensity from 10 random fields for each group. Bar=100μm. (H–I) TUNEL staining and average fluorescence intensity from 10 random fields for each group. Bar=100μm. The values are expressed as the mean±SD and analysed by two-tailed unpaired student’s t-tests. *
p<0.05, **
p<0.01 and ***
p<0.001 vs. the sham group.




The Abscopal Effects of C-Irradiation Alter the Secretory Functions of the Testes

The ELISA results showed that the serum T concentration secreted by Leydig cells did not differ between the sham group and the C-irradiation group at 4weeks after C-irradiation (Figure 4A; p >0.05). Besides, 3βHSD, a Leydig cell specific marker, plays an important role in the synthesis of steroid hormones (Yang et al., 2017). To explore the abscopal effects of C-irradiation on steroidogenic capacity of Leydig cells, the 3βHSD immunoreactivity in Leydig cells was detected by the immunofluorescence staining in testicular paraffin sections (Figure 4B). The results showed that the level of 3βHSD in testis did not differ between the sham group and the C-irradiation group at 4weeks after C-irradiation (Figure 4C; p >0.05), which suggested that the abscopal effects of C-irradiation do not affect the steroidogenic capacity of Leydig cells. However, the concentrations of GDNF and SCF secreted by Sertoli cells were significantly higher in the C-irradiation group at 4weeks after C-irradiation than in the sham group (Figures 4D,E; p <0.01). In addition, the results of Western blotting (Figure 4F) showed that compared with the sham group, the relative protein level of GDNF in the C-irradiation group showed an upward trend but not statistically significant (Figure 4G; p >0.05), while the relative protein level of SCF was higher at 4weeks after C-irradiation than of the sham group (Figure 4H; p <0.01), which was consistent with the results of ELISA. All the results suggest that the abscopal effects of C-irradiation enhance the secretory functions of Sertoli cells at 4weeks after C-irradiation but do not affect the secretory functions of Leydig cells, which may be related to negative feedback of damage repair during this period.
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FIGURE 4. The abscopal effects of C-irradiation affect the secretory functions of the testis. (A) Serum T concentrations secreted by Leydig cells, n=7 for each group. (B–C) Immunofluorescence of 3βHSD in testis and average fluorescence intensity from 10 random fields for each group. Bar=100μm. (D–E) GDNF and SCF concentrations secreted by Sertoli cells and detected by ELISA, n=5 for each group. (F) Typical immunoblots relating to the secretory functions of Sertoli cells. The first two bands were from the same membrane and the last two bands were from another membrane. (G–H) Relative protein level of GDNF and SCF detected by Western blotting, n=4 for each group. The values are expressed as the mean±SD and analysed by two-tailed unpaired student’s t-tests. **
p<0.01 vs. sham group.




The Abscopal Effects of C-Irradiation Decrease Sperm Quality

The above results suggest that the testes are the most sensitive target organs to the abscopal effects of C-irradiation. To further clarify the abscopal effects of C-irradiation on testicular function in mice, we detected changes in sperm quality of the cauda epididymis at 4weeks after C-irradiation, including sperm count, abnormality, survival rate and early and late apoptosis rate. Compared with the sham group and shielded group, the C-irradiation group exhibited marked decreases in sperm count (Figures 5A,B; p <0.01 or 0.001). Typical types of abnormal sperm morphology observed in this study are shown in Figure 5C, and sperm abnormalities increased obviously in the C-irradiation group (Figure 5D; p <0.01 or 0.001). Typical FCM pictures are shown in Figure 5E, where the quadrants represent dead sperm (PI+/FITC−, upper-left quadrant), late apoptosis sperm (PI+/FITC+, upper-right quadrant), surviving sperm (PI−/FITC−, lower-left quadrant) and early apoptosis sperm (PI−/FITC+, lower-right quadrant). The survival rate of sperm decreased (Figure 5F; p <0.05 or 0.01), and the early apoptosis rate and late apoptosis rate of sperm increased significantly at 4weeks after C-irradiation (Figures 5G,H; p <0.05 or 0.01 or 0.001). There were no significant changes in any of the above indexes relating to sperm quality in the shielded group, which again indicated that the lead shield had an excellent protective effect and that damage to the testes indeed arose from the abscopal effects of C-irradiation. The above results suggest that the abscopal effects of C-irradiation can damage testicular function and ultimately decrease sperm quality in mice.
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FIGURE 5. The abscopal effects of C-irradiation decrease the sperm quality of the cauda epididymis. (A) Representative pictures of sperm count. Bar=200μm for the upper-left corner and bar=50μm for the magnification with red border. (B) Analysis of sperm count. n=8 for the sham and C-irradiation groups and n=4 for the shielded group. (C) Typical types of abnormal sperm morphology, including the folded-tail, hookless, amorphous, double-head and double-tail phenotypes. Bar=25μm. (D) Sperm abnormality. n=8 for the sham and C-irradiation groups and n=4 for the shielded group. (E) Representative pictures of sperm apoptosis detected by FCM. (F–H) Survival rate, early apoptosis rate and late apoptosis rate of sperm for analysis as noted in (E). n=5 for the sham and C-irradiation groups and n=4 for the shielded group. The values are expressed as the mean±SD and analysed by one-way ANOVA with Tukey’s test. **
p<0.01; ***
p<0.001 vs. sham group. #
p<0.05; ##
p<0.01 vs. shielded group.





DISCUSSION

With the progress of treatment technology, the survival rates of cancer patients treated with cranial irradiation significantly increased (Xu et al., 2018). Impaired fertility has been recognised as an important quality of life concern for cancer survivors of childbearing age (Muñoz et al., 2016). Thus, protection of the reproductive potential of these patients against C-irradiation damage is important. To our knowledge, this study demonstrates, for the first time, that C-irradiation induces abscopal effects to cause distal testicular damage with regard to both structure and function.

Currently, a hypofractionated dose is being carried out as a new radiotherapy strategy. Thus, 5Gy×4 d C-irradiation was used to explore the damage effect of testicular tissue under shielding in the study. It is possible that X-rays are reflected while passing through tissue, resulting in a small ‘scatter’ dose in the protected tissue. However, a previous study demonstrated that abscopal effects are not the result of insufficient shielding or radiation scattering (Koturbash et al., 2008). Likewise, we administered whole-body shielded irradiation to mice and found that there were no obvious changes in the histological structures of many peripheral organs (Figure S2–7). These results suggested that the protection of the lead shield was extremely effective and that the C-irradiation did not cause obvious scattering to the peripheral organs. We also observed the organ index values and histological structures of important peripheral organs and found that only the testis index decreased and the histological structures of the testis were significantly damaged in the C-irradiation group. All of the above results suggest that the testes are the most sensitive target organs to RIAEs and that the testicular damage in the C-irradiated mice resulted from RIAEs rather than the effects of scattered C-irradiation.

Innumerable studies have proven that the testis is highly sensitive to ionising and nonionizing radiation, which could directly induce testicular cell apoptosis in animals (Said et al., 2019; Rakici et al., 2020). Furthermore, SSCs are highly radiosensitive in spermatogenic populations (Marjault and Allemand, 2016; Qi et al., 2019). However, the sensitivity of spermatogenic populations to RIAEs is unclear. Previous studies have demonstrated that RIAEs can initiate apoptosis in distant tissues (Koturbash et al., 2008; He et al., 2020). In addition, Zhang et al. reported that fractionated irradiation (X-ray, 8Gy×3 d) of the right thorax damaged the ultrastructure of the BTB and increased apoptotic spermatogonia cells, which located at the outermost layer of the seminiferous epithelium of the testis (Zhang et al., 2019). The results are consistent with our findings, indicating SSCs are highly sensitive to RIAE.

The mechanism of testicular cell apoptosis directly induced by ionising radiation is mostly mediated by a p53-dependent Bax-caspase-3-mediated pathway (Shahin et al., 2018; He et al., 2020). Since the testes of mice in the C-irradiation group are not directly exposed to ionising radiation, we speculate that the mechanism of testicular cell apoptosis induced by C-irradiation is different from that induced by direct radiation. Recently, it was reported that abnormal levels of hormones secreted by the hypothalamus-pituitary gland could induce the apoptosis of testicular spermatogenic cells (Chimento et al., 2014). In our ongoing study, we found that the levels of gonadotropin-releasing hormone (GnRH) secreted by hypothalamus, luteinizing hormone (LH) and follicle stimulating hormone (FSH) secreted by pituitary increased significantly at 4weeks after C-irradiation compared with sham group (data not shown). Probably, the testicular cell apoptosis induced by C-irradiation was caused by the abnormal secretory function of the hypothalamus and pituitary gland, and we are trying to get more evident to verify this speculation. Besides, it was reported that the PI3K/Akt pathway, a key regulator of apoptosis, played an important role in testicular damage (Huang et al., 2019; Kucukler et al., 2020; Wang et al., 2021). In addition, SCF and its receptor C-kit are upstream regulators of the PI3K/Akt pathway (Guan et al., 2020). Considering the protein level of SCF in testis increased obviously after C-irradiation compared with sham group, we speculate that another mechanism of testicular apoptosis in this study may be related to the regulation of the SCF/C-kit–PI3K/Akt pathway.

Although testicular histopathology is often considered the gold standard for the nonclinical assessment of testicular damage, male fertility also requires intact testicular function (Kenney et al., 2012; Dere et al., 2013), which depends mostly on the secretory functions of testicular somatic cells (Sertoli cells and Leydig cells; Xiong et al., 2020). T regulated by 3βHSD (Li et al., 2018), synthesised and released by Leydig cells is necessary for both spermatogenesis and the function of Sertoli cells, which secrete proteins necessary for the proliferation and self-renewal of SSCs (Zhang et al., 2006, 2015). In a previous study, 6Gy of C-irradiation with 4 MV of nominal photon energy and a dose rate of 2.3Gy/min induced late-onset T deficiency at 20weeks in juvenile female rats (Xu et al., 2020). However, the levels of serum T and testicular 3βHSD were not altered at 4weeks after 20Gy of C-irradiation in this study. Considering the increase of upstream hormones (GnRH, FSH and LH), we speculated that it is related to negative feedback of damage repair during this period.

Spermatogenic cells are supported by surrounding Sertoli cells, which produce the factors and microenvironment required for each stage of spermatogenic cell development (Walker, 2021; You et al., 2021). The factors include GDNF, which promotes the proliferation and self-renewal of SSCs, and SCF, which encourages the differentiation of SSCs (Guo et al., 2019). The concentrations of GDNF and SCF increased at 4weeks after 20Gy of C-irradiation. We hypothesise that these changes are related to negative feedback regulation of testicular damage repair at 4weeks after C-irradiation, which requires further research.

Spermatogenesis, the primary testicular function, is a complex morphological change of germ cell differentiation that involves self-renewal and differentiation of spermatogonia, meiosis of spermatocytes and spermiogenesis (Huang et al., 2021). Alteration of any stage of spermiogenesis will damage sperm quality and ultimately impact male fertility. The count, survival rate and morphology of sperm are key elements affecting fertility and function as sensitive indexes for evaluating the effects of physical and chemical factors on sperm quality. A previous study (Tamminga et al., 2008) showed that the mature sperm quality of rats decreased on day 7 after X-ray C-irradiation (10Gy×2 d, 3Gy/min). Our results demonstrated that the abscopal effects of hypofractionated C-irradiation decreased the sperm quality of mice, consistent with the findings of Zhang et al.’s (2006) study. That study reported that sperm quality decreased on the 35th day after administration of 2Gy of 12C6+ ion or 60Co γ-ray C-irradiation to mice. Notably, the sperm count in the C-irradiation group decreased drastically. However, in all groups, survival rates were above 93%, and total apoptosis rates were below 5%, indicating that the abscopal effects of C-irradiation mainly impaired spermatogenesis (rather than directly affecting mature sperm) and further reduced sperm quality. Such effects may explain the clinical conditions of temporary infertility and permanent sterility after C-irradiation treatment (Muñoz et al., 2016; Huang et al., 2020; Verbruggen et al., 2021).

The abscopal effects of C-irradiation are dynamic processes mediated by multiple factors, multiple pathways and multiple mechanisms, and they are not mutually exclusive. A clinical study reported that C-irradiation at doses of >22Gy led to gonadotropin deficiency (Haavisto et al., 2016). The hypothalamus-pituitary-gonad axis regulates spermatogenesis in mammals, and the hypothalamus and pituitary are inevitably exposed to radiation during C-irradiation therapy, which may be related to testicular damage resulting from the abscopal effects of C-irradiation. Notably, new technologies, such as gene expression profiling and proteomics, may contribute to elucidation of the mechanism and identification of the molecules involved in testicular damage induced by C-irradiation, which are the focuses of our ongoing research.



CONCLUSION

Taken together, the findings of this study indicate that the abscopal effects of C-irradiation can induce testicular damage with regard to both structure and function and ultimately decrease sperm quality in mice. These findings may have important implications for the development of strategies to improve safety and prevent radiotherapy-related reproductive damage.
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Antifreeze protein III (AFP III) is used for the cryopreservation of germ cells in various animal species. However, the exact mechanism of its cryoprotection is largely unknown at the molecular level. In this study, we investigated the motility, acrosomal integrity, and mitochondrial membrane potential (MMP), as well as proteomic change, of cynomolgus macaque sperm after cryopreservation. Sperm motility, acrosomal integrity, and MMP were lower after cryopreservation (p < 0.001), but significant differences in sperm motility and MMP were observed between the AFP-treated sperm sample (Cryo+AFP) and the non-treated sample (Cryo–AFP) (p < 0.01). A total of 141 and 32 differentially expressed proteins were, respectively, identified in cynomolgus macaque sperm cryopreserved without and with 0.1 μg/ml AFP III compared with fresh sperm. These proteins were mainly involved in the mitochondrial production of reactive oxygen species (ROS), glutathione (GSH) synthesis, and cell apoptosis. The addition of AFP III in the sperm freezing medium resulted in significant stabilization of cellular molecular functions and/or biological processes in sperm, as illustrated by the extent of proteomic changes after freezing and thawing. According to the proteomic change of differentially expressed proteins, we hypothesized a novel molecular mechanism for cryoprotection that AFP III may reduce the release of cytochrome c and thereby reduce sperm apoptosis by modulating the production of ROS in mitochondria. The molecular mechanism that AFP III acts with sperm proteins for cellular protection against cryoinjuries needs further study.

Keywords: cynomolgus macaques, sperm, cryopreservation, antifreeze protein III, proteomic profiling


INTRODUCTION

Similarities between non-human primates and humans in physiology, genetics, and behavior make primates one of the widely used animal models in biomedical research. Primate models play essential roles in human disease research, drug development, and therapeutic strategy validation. The generation of primate models has been greatly accelerated as a result of the newly developed nuclease-based genome editing tools, such as CRISPR-Cas9 technology, and improvements of assisted reproduction technologies in primates (David, 2016). However, the cost, space, and labor required to maintain these models as living animals have created a huge burden to the biomedical community. As a result, there is an unprecedented need for optimal protocols for the maintenance of these models as cryopreserved germplasm (sperms and embryos). In combination with the established assisted reproductive technologies, such as artificial insemination, in vitro fertilization, and embryo transfer, in primate, cryopreservation of sperm and embryo provides efficient and cost-effective methods to safeguard primate models.

Sperm cryopreservation is an efficient method to safeguard primate models with a single mutation. However, the current protocol is not optimal. During the freezing and thawing process, sperms are exposed to several adverse events such as cold shock, intracellular ice formation, osmotic injury, pH change, oxidative stress and disruption of adenosine triphosphate (ATP) production. The stresses can inflict considerable cryo-damages on sperms (Parks and Graham, 1992; Muldrew and McGann, 1994; Gao and Critser, 2000; Johnson et al., 2000). Consequently, cryopreserved sperms show reduced motility, compromised acrosomal integrity, and low mitochondrial membrane potential (MMP), as well as impaired fertilizing capacity (Salamon and Maxwell, 1995; Gillan et al., 1997). Previously, we have successfully cryopreserved cynomolgus macaque sperm by optimizing a freezing protocol using a chemically defined medium (SpermCryo, All-round) designed for human sperm banking. However, the cryo-survival of sperm was still low after thawing compared with the traditional egg yolk-based extenders (Yan et al., 2016; Wang et al., 2019). Therefore, continued efforts are needed to optimize this freezing protocol.

Antifreeze proteins (AFPs) have thermal hysteresis ability that can inhibit ice recrystallization through binding to the surface of ice crystals to prevent the further propagation of ice crystals during freezing and thawing, especially during thawing, which can be fatal to cells (Kim et al., 2017). AFP III, the most widely used AFP, is a globular AFP with a highly stable structure formed by hydrogen bonds and hydrophobic interactions (Salvay et al., 2010). Recently, we demonstrated that supplementation of AFP III at 0.1 μg/ml to the clinical egg yolk-free medium (named “sperm freezing medium” or SFM) significantly improved the post-thaw motility and MMP (Wang et al., 2019). AFP III has also been shown to protect germ cells from a variety of animal species upon cryopreservation. However, the mechanism of its action remains largely unknown, besides the property of AFP to alter hydrogen bond dynamics in the aqueous solution (Salvay et al., 2010). Several studies have suggested that AFPs interact with membrane proteins, which can positively affect the survival of post-thaw sperms and oocytes (Lee et al., 2015; Saeed et al., 2020). The development of proteomic tools makes it possible to investigate the proteomic alteration of sperm after cryopreservation. A previous study indicated that there were 584 identified differentially expressed proteins in cryopreserved human sperm compared with the fresh sperm specimen (Li et al., 2019). A similar phenomenon about the qualitative changes of protein profiles after sperm cryopreservation has been reported in chicken, boar, ram and human sperm (Wang et al., 2013; Vilagran et al., 2014; Cheng et al., 2015; Bogle et al., 2017; Pini et al., 2018). However, there is no study about the effects of cryopreservation on non-human primate sperm proteome so far.

Therefore, the purpose of this research was to study the proteomic profiles of cynomolgus macaque sperm cryopreserved with SFM supplemented with AFP III (Wang et al., 2019) and identify the proteins affected by AFP III during the freezing and thawing process. This research has provided useful insight into the mechanism of cryoinjuries at a molecular level and illuminated the mechanisms by which antifreeze proteins may protect sperm during cryopreservation.



MATERIALS AND METHODS


Animal and Ethics

All procedures of this study were approved by the Institutional Animal Care and Use Committee, Kunming University of Science and Technology (authorization code: LPBR201701001). A total of six healthy cynomolgus macaque males (age: from 7 to 12 years old), provided by the Yunnan Key Laboratory of Primate Biomedical Research (Kunming, China), were used as semen donors. Animals were kept in an animal room with 12:12 light–dark cycle at the room temperature of 18–26°C.



Sperm Cryopreservation

Unless otherwise stated, all reagents were purchased from Millipore Sigma (St. Louis, MO, USA). The clinical egg yolk-free medium was purchased from ORIGIO (Knardrepvej, Malov, Denmark). Semen samples were collected via penile electro-ejaculation as described previously (Gould and Mann, 1988). An aliquot was taken from each semen sample which served as fresh control (referred as Fresh group). Then, each semen sample was divided into two equal parts, which were diluted by the TALP-Hepes medium containing 0.3% BSA (TH3) with 0.2 μg/ml AFP III (the Cryo+AFP group) or without AFP III (the Cryo–AFP group), respectively. Each sample was then further diluted dropwise with SFM at a ratio of 1:1 to reach a final concentration of 1 × 108 sperm/ml and allowed to sit at room temperature for 10 min. The samples were then packed into 0.5 ml cryo-straws and sealed. The cryo-straws were cooled for 30 min by holding horizontally 0.5 cm above liquid nitrogen (LN2) and then directly plunged into LN2 for storage. All samples were thawed by vigorously shaking for 1 min in a 37°C water bath (Wang et al., 2019).



Sperm Functional Evaluations

The motility of fresh and/or cryopreserved sperm was evaluated using a light microscope as previously described (Wang et al., 2019). Five microliters of sperm samples was placed on a pre-warmed Makler counting chamber (Sefi Medical Instruments, Haifa, Israel). At least 200 sperms per sample were counted under a light microscope under 200× magnification, and the percentage of motile sperm was determined.

The acrosomal integrity was examined by using the Alexa Flour-488-peanut agglutinin conjugate assay (Molecular Probes, Eugene, OR, USA) (Yang et al., 2011). Briefly, fresh and frozen-thawed samples were smeared on microscope slides. The slides were air-dried and then stained with 10 μg/ml Alexa Flour-488-peanut agglutinin solution at 37°C for 30 min under dark. After staining, the slides were washed by phosphate-buffered saline (PBS) and observed under fluorescence microscope at the excitation wavelength of 488 nm and emission wavelength of 530 nm. Sperm head with an even ample green fluorescence in acrosomal region was identified as sperm with intact acrosome, while sperm head with little or no green fluorescence in acrosome region was identified as sperm with damaged acrosome. At least 200 sperms per smear were evaluated.

Mitochondrial membrane potential was evaluated by using the JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl benzimidazole carbocyanine iodide, fluorescent cationic dye) assay kit according to the instruction of the manufacturer (Smiley et al., 1991). Each sample was incubated with JC-1 at 37°C for 20 min followed by two washes. Immediately after wash, all samples were analyzed under a fluorescence microscope with the 488 nm excitation wavelength. At least 200 sperms per sample were evaluated. Sperms showing orange or yellow fluorescence due to JC-1 aggregation in mitochondria were classified as sperms with intact mitochondria. On the contrary, sperms with damaged mitochondria have a green fluorescence since the JC-1 reagent was dispersed.



Extraction of Sperm Proteins and LC-MS/MS Analysis

Sperm samples were washed with PBS twice by centrifugation at 200 g for 5 min. Proteomic analysis was performed according to the protocols provided by PTM Biolabs Inc. (Hangzhou, Zhejiang, China). In brief, samples from each of the three experimental groups in a lysis buffer were sonicated using a high-intensity ultrasonic processor three times on ice. The samples were then centrifuged at 12,000 g at 4°C for 10 min for supernatant collection. Protein concentration was measured with the BCA kit following the instructions of the manufacturer.

After dissolving in water containing 0.1% formic acid, the tryptic peptides were immediately loaded onto a homemade reversed-phase analytical column (25 cm length, 75 μm i.d.). At a constant flow rate of 300 nl/min on a nanoElute UHPLC system (Bruker Daltonics), peptides were separated with a gradient from 4 to 6% acetonitrile containing 0.1% formic acid in 2 min, 6–24% in 68 min, 24–32% in 14 min and climbing to 80% in 3 min, then holding at 80% for the last 3 min. The peptides were analyzed using mass spectrometry by the timsTOF Pro (Bruker Daltonics) with 1.60 kV electrospray voltage after being subjected to a Capillary source. Fragments and precursors were analyzed at an MS/MS scan range from 100 to 1,700 m/z on the TOF detector with parallel accumulation serial fragmentation (PASEF) mode of the timsTOF Pro. Precursors were selected for fragmentation with 10 PASEF-MS/MS scans and 0–5 charge states per cycle, and dynamic exclusion for 30 s.



Selection of the Differentially Expressed Proteins

Proteins were identified by using the Maxquant search engine (v.1.6.6.0) to process the MS/MS data. The proteomics data from the mass spectrometry have been uploaded to the ProteomeXchange Consortium with the dataset identifier PXD024836 via the PRIDE partner repository. The identified differentially expressed proteins were screened by DESeq with p < 0.05 and p-adjusted < 0.1. We obtained three sets of differentially expressed protein spectra, namely, the Cryo–AFP vs. fresh sample, the Cryo+AFP vs. fresh sample, and Cryo+AFP vs. Cryo–AFP, through the pairwise comparison among three experimental groups.



Bioinformatics Analysis and Statistical Analysis

Gene Ontology (GO) annotation was performed using the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). Identified protein IDs were first converted to UniProt IDs and then mapped to GO IDs. Some identified proteins, unannotated by UniProt-GOA database, were annotated with the GO functional of the protein via the InterProScan software based on the protein sequence alignment method. The classification of differentially expressed proteins through GO was annotated on the basis of three categories: cellular component, molecular function, and biological process.

Differentially expressed proteins were annotated with the protein pathway using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The KEGG database description of the protein was annotated by the KEGG online service tools KAAS, and the annotation result on the KEGG pathway database was mapped by using KEGG online service tools KEGG mapper.

All data were expressed as means ± SEM. The statistical analysis of sperm MMP, acrosomal integrity, and motility was performed using ANOVA and the Fisher's least-significance difference test (SPSS 16, SPSS, Chicago, IL, USA). A p-value < 0.05 is statistically significant.




RESULTS


Effect of AFP III on the Motility, Acrosomal Integrity, and Mitochondrial Membrane Potential of Cynomolgus Macaque Sperm After Cryopreservation

The motility, acrosomal integrity, and MMP of fresh sperm samples (Fresh), frozen-thawed sperm cryopreserved with AFP III (Cryo+AFP), and frozen-thawed sperm cryopreserved without AFP III (Cryo–AFP) were shown in Table 1. The fluorescence images of sperm acrosomal integrity and MMP were shown in Figure 1. Compared with fresh sperm, cryopreservation significantly decreased the motility, acrosomal integrity, and MMP of sperm (p < 0.001). But sperm samples that were frozen with 0.1 μg/ml AFP III (Cryo+AFP) showed significantly higher post-thaw motility and MMP than those samples frozen without AFP III (Cryo–AFP) (p < 0.01). No difference in acrosomal integrity was observed in two cryopreserved groups (p > 0.05).


Table 1. The motility, acrosomal integrity, and mitochondrial membrane potential of fresh sperm and post-thaw sperm cryopreserved with or without AFP III (n = 6).

[image: Table 1]
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FIGURE 1. (A) Cynomolgus macaque sperm with intact and damaged acrosomes. The arrow indicated a sperm with damaged acrosome. (B) Sperm with intact and damaged mitochondria function. The arrows indicated sperm with compromised mitochondrial membrane potential.




Identification of Cynomolgus Macaque Sperm Proteins

To determine whether there was somatic cell contamination in semen, the semen was stained with DAPI. In this study, we did not observe any somatic cell in the semen (Supplementary Figure 1). A total of 2,467 proteins were identified in the cynomolgus macaque sperms. Among them, 1,848 proteins were confidently quantified in six samples. Of special interest, 159 identified differential proteins were shared by sperm samples from the Fresh, Cryo–AFP, and Cryo+AFP groups (Figure 2; Supplementary Table 1). When compared with the fresh sperm sample, cryopreservation without AFP III (Cryo–AFP) resulted in the upregulation of 65 proteins and the downregulation of 76 proteins, whereas cryopreservation with AFP III (Cryo+AFP) only resulted in the upregulation of 1 protein and the downregulation of 31 proteins. This finding has clearly demonstrated that the supplementation of 0.1 μg/ml AFP III in the sperm freezing medium significantly helps the stabilization of cellular molecular functions or biological processes in sperms, as illustrated by the extent of proteomic changes after freezing and thawing. The further comparison between sperm samples cryopreserved with or without AFP III shows that the supplementation of APF III in the sperm freezing medium leads to the relative upregulation of 1 protein and the relative downregulation of 3 proteins as shown in Figure 2A. Based on the Venn diagram analysis of sperm differential proteins exhibited in Figure 2B, there were 18 differential proteins in common for both Cryo–AFP and Cryo+AFP groups when compared with the Fresh group, and 137 differential proteins different between Cryo–AFP vs. Fresh and Cryo+AFP vs. Fresh groups.


[image: Figure 2]
FIGURE 2. Identification of differentially expressed proteins in cynomolgus macaque sperm. (A) The number of differentially identified cynomolgus macaque sperm proteins between Fresh and Cryo–AFP, between Fresh and Cryo+AFP, and between Cryo–AFP and Cryo+AFP groups. The upregulated and downregulated proteins were represented by the red and green bars, respectively. (B) The differences in identified differentially expressed proteins as shown by the Venn diagram between Fresh, Cryo–AFP, and Cryo+AFP groups.


According to the UniProtKB database, 159 differential proteins with known roles in sperm function were used to further evaluate the effect of cryopreservation on cynomolgus macaque sperm function. The functions of selected sperm differential proteins including flagellated sperm motility, fertilization, mitochondrial function, heat/oxidative stress, apoptosis, metabolic process, enzymatic activity, immune response, ion binding, and others were listed in Supplementary Table 1.



Gene Ontology Functional Analysis

The identified differentially expressed proteins involving in biological processes, cellular components, and molecular function in GO terms between the Fresh control, Cryo–AFP and Cryo+AFP groups were shown in Figure 3. In Figure 3A, biological processes of differential proteins between Fresh and Cryo–AFP groups were primarily related to organonitrogen compound metabolic process (GO:1901564, 11 proteins), phosphorus metabolic process (GO:0006793, 8 proteins), phosphate-containing compound metabolic process (GO:0006796, 10 proteins), proteolysis (GO:0006508, 6 proteins), small molecule metabolic process (GO:0044281, 6 proteins), phosphorylation (GO:0016310, 6 proteins), regulation of protein metabolic process (GO:0051246, 6 proteins), oxidation–reduction process (GO:0055114, 5 proteins), organic acid metabolic process (GO:0006082, 5 proteins), and mitochondrion organization (GO:0007005, 4 proteins). Cellular components of differential proteins between Fresh and Cryo–AFP groups were enriched in the membrane-bound organelle (GO:0043227, 22 proteins), organelle (GO:0043226, 22 proteins), intracellular region (GO:0005622, 19 proteins), extracellular region (GO:0005576, 18 proteins), intracellular organelle (GO:0043229, 16 proteins), vesicle (GO:0031982, 12 proteins), extracellular exosome (GO:0070062, 10 proteins), extracellular vesicle (GO:1903561, 10 proteins), cytosol (GO:0005829, 9 proteins), and intracellular organelle lumen (GO:0070013, 9 proteins). The molecular function of differential proteins between Fresh and Cryo–AFP groups was enriched in catalytic activity (GO:0003824, 15 proteins), carbohydrate derivative binding (GO:0097367, 10 proteins), hydrolase activity (GO:0016787, 10 proteins), cation binding (GO:0043169, 9 proteins), adenyl ribonucleotide binding (GO:0032559, 6 proteins), nucleotide binding (GO:0000166, 6 proteins), nucleoside phosphate binding (GO:1901265, 6 proteins), ATP binding (GO:0005524, 5 proteins), cofactor binding (GO:0048037, 4 proteins), and endopeptidase activity (GO:0004175, 4 proteins).


[image: Figure 3]
FIGURE 3. Biological process, cellular component, and molecular function of differentially expressed proteins. (A) between Fresh and Cryo–AFP groups; (B) between Fresh and Cryo+AFP groups; (C) between Cryo–AFP and Cryo+AFP groups. The value represents the number of differential proteins.


In Figure 3B, biological processes of the identified differential proteins in the GO terms were basically catabolic process (GO:0009056, 5 proteins), cellular process involved in reproduction in multicellular organism (GO:0022412, 3 proteins), multi-organism reproductive process (GO:0044703, 3 proteins), and locomotion (GO:0040011, 3 proteins) between Fresh and Cryo+AFP groups. The identified differential proteins-associated cellular localizations were enriched in the extracellular region (GO:0005576, 7 proteins) and extracellular vesicle (GO:1903561, 5 proteins) between Fresh and Cryo+AFP groups.

In Figure 3C, biological processes of the identified differential proteins between Cryo–AFP and Cryo+AFP groups were involved in the cellular component assembly (GO:0022607, 2 proteins), microtubule cytoskeleton organization involved in mitosis (GO:1902850, 1 proteins), negative regulation of organelle assembly (GO:1902116, 1 protein), spindle localization (GO:0051653, 1 protein), positive regulation of translation (GO:0045727, 1 protein), ATP synthesis-coupled electron transport (GO:0042773, 1 protein), negative regulation of cell projection organization (GO:0031345, 1 protein), positive regulation of cellular amide metabolic process (GO:0034250, 1 protein), regulation of translation (GO:0006417, 1 protein), and establishment of localization in the cell (GO:0051649, 1 protein). The identified differential proteins-associated cellular localizations were enriched in respiratory chain complex (GO:0098803, 1 protein), mitotic spindle (GO:0072686, 1 protein), axoneme (GO:0005930,1 protein), mitochondrial inner membrane (GO:0005743,1 proteins), polymeric cytoskeletal fiber (GO:0099513, 1 protein), mitochondrial membrane (GO:0031966, 1 protein), and supramolecular complex (GO:0099080, 1 protein). The molecular function of the identified differential proteins between Cryo–AFP and Cryo+AFP groups is enriched in microtubule binding (GO:0008017, 1 protein) and tubulin binding (GO:0015631, 1 protein).



Enrichment-Based Clustering

The enrichment analysis-based clustering of the identified differential proteins from Fresh, Cryo–AFP, and Cryo+AFP groups was exhibited in Figure 4. The statistical analysis of the KEGG pathway of the identified differential proteins is enriched in 2-oxocarboxylic acid metabolism, alanine, aspartate, and glutamate metabolism, citrate cycle (TCA cycle), selenocompound metabolism, thiamine metabolism, oxidative phosphorylation, Parkinson's disease, pyruvate metabolism, non-alcoholic fatty liver disease (NAFLD), cysteine and methionine metabolism, glutathione metabolism, biosynthesis of amino acids, carbon metabolism, Alzheimer disease, Huntington disease, glycolysis/gluconeogenesis, central carbon metabolism in cancer, retrograde endocannabinoid signaling, thermogenesis and metabolic pathways between the Fresh and Cryo–AFP groups; and thermogenesis, Huntington disease, Alzheimer disease, non-alcoholic fatty liver disease (NAFLD), Parkinson's disease, oxidative phosphorylation, and cardiac muscle contraction between the Cryo–AFP and Cryo+AFP groups. Differential proteins between the Fresh and Cryo+AFP groups were not enriched into any pathways.
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FIGURE 4. The enrichment analysis-based clustering of the KEGG pathway. (A) between Fresh and Cryo–AFP groups; (B) between Cryo–AFP and Cryo+AFP groups.





DISCUSSION

In this study, we investigated the effect of AFP III on cynomolgus macaque sperm cryopreservation. The results demonstrated that sperm motility, acrosomal integrity, and MMP were decreased significantly after the freezing and thawing process. The addition of 0.1 μg/ml of AFP III into the sperm freezing medium reduced sperm damage and improved the motility and MMP of sperm after cryopreservation. Proteomic analysis showed that cryopreservation resulted in the alteration of proteomic patterns in cynomolgus macaque sperm, especially those proteins associated with flagellated sperm motility, fertilization, mitochondrial function, heat/oxidative stress, apoptosis, metabolic process, enzymatic activity, immune response, ion binding, etc. The addition of AFP III in the sperm freezing medium protects sperm during cryopreservation by stabilizing mitochondrial function, reducing ROS production, and protecting sperm from apoptosis as evidenced by relative differential proteins by proteomic analysis.

A total of 159 differentially expressed proteins involving in sperm functions were identified after sperm cryopreservation among Fresh, Cryo–AFP, and Cryo+AFP groups. Compared with the Fresh group, 18 proteins were downregulated in both Cryo–AFP and Cryo+AFP groups. Those proteins were associated with fertilization, apoptosis, metabolic process and enzymatic activity, which likely pinpoints the main cause of the decreased sperm motility and fertility after cryopreservation (Xu et al., 2020). For example, the levels of zona pellucida binding protein (G7P1S4, ZPBP), zona pellucida binding protein 2 (A0A2K5U0C3, ZPBP2), acrosin-binding protein (A0A2K5UCT2), and phosphatidylethanolamine-binding protein 4 (A0A2K5X0P4, PEBP4) were decreased in both Cryo–AFP and Cryo+AFP groups. The loss of ZPBP, ZPBP2, and acrosin-binding protein of cryopreserved sperm could result in the deficiency to penetrate zona pellucida and initiation of acrosome reaction (Lin et al., 2007). It has been reported that the compromised acrosome reaction contributes to the subfertility of the acrosin-binding protein-deficient mice (Nagashima et al., 2019). Furthermore, the inhibition of endogenous PEBP4 expression in MCF-7 cells was found to be associated with the decreased expression of anti-apoptotic proteins such as BclXL and Bcl-2 and the increased expression of the pro-apoptotic proteins p21CIP/WAF, p53, and Bax (Wang et al., 2005). The decreased level of PEBP4 in cryopreserved sperm is likely correlated with the tendency of sperm apoptosis.

Also compared with the Fresh group, there were additional 137 differential proteins that were found either in the Cryo–AFP group (123 proteins) or in the Cryo+AFP group (14 proteins). Again, those proteins were largely associated with flagellated sperm motility, fertilization, mitochondrial function, heat/oxidative stress, apoptosis, metabolic process, enzymatic activity, immune response, and ion binding. Clearly, the changes in the proteomic patterns after freezing and thawing would have a profound negative impact on sperm motility and fertility, and the presence of AFP III in the sperm freezing medium could reduce this impact. The proteomic analysis shows that the levels of proteins related to ROS generation in mitochondrial complex, such as NDUFS8, NDUFB6, CYC1 and OCIAD1, were increased in the Cryo–AFP group when compared with Fresh group, but their levels were relatively unchanged in the Cryo+AFP group, indicating that AFP III could reduce the ROS production in mitochondrial complex I upon cryopreservation. NADH dehydrogenase (ubiquinone) iron–sulfur protein 8 (A0A2K5U649, NDUFS8) is a mitochondrial Fe–S protein in complex I (a major contributor of ROS generation) located in the inner membrane of mitochondria and participates in the electron transport chain. The upregulation of NDUFS8 increases the mitochondrial ROS production (Cheng et al., 2013). NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 6 (A0A2K5VNL0, NDUFB6) is an accessory subunit of the multi-subunit NADH in complex I associated with ROS production, ATP generation, and cell apoptosis in the mitochondrial inner membrane. The increased expression of NDUFB6 is accompanied by the increase of ROS (Wang et al., 2020). It has been proposed that the increased ROS production during cryopreservation could lead to DNA modification, lipid peroxidation, and/or protein damages, which in turn induces cell apoptosis because of the mitochondrial cytochrome c release and the disruption of cellular homeostasis (Stokman et al., 2017). Cytochrome c 1 (A0A2K5WMQ0, CYC1), an electron carrier between complex III and complex IV in mitochondrial respiration chain located outside the mitochondrial inner membrane (Xia et al., 2002; Zhao et al., 2020), binds to APAF-1 after releasing into cytoplasm, activates pro-caspase 9, and triggers an enzymatic cascade leading to cell death (Santucci et al., 2019). Complex I activity is correlated negatively with OCIA domain-containing protein (A0A2K5VJ27, OCIAD1) expression (Shetty et al., 2018). We hypothesized that the presence of AFP III in the sperm freezing medium can reduce mitochondrial ROS production and sperm apoptosis, which may explain the higher sperm motility and MMP in the Cryo+AFP group than the Cryo–AFP group.

Another major group of differential proteins between the Fresh and Cryo–AFP and Fresh and Cryo+AFP groups is the GSH synthesis-related proteins, including gamma-ECS, lactoylglutathione lyase, and carbonyl reductase 1. GSH ensures the normal function of cell apoptosis by maintaining redox homeostasis and resisting oxidant aggression. This study detects the downregulation of gamma-ECS (A0A2K5UV75, GCLC), lactoylglutathione lyase (Q4R5F2, GLO1), and carbonyl reductase 1 (Q8MI29, CBR1) in the Cryo–AFP group when compared with the Fresh group, but not in the Cryo+AFP group. GCLC participates in the first rate-limiting reaction in GSH synthesis and feedback inhibited by GSH itself to the regulation of cellular GSH concentration (Griffith and Meister, 1979). The reduced GCLC expression increased the methylglyoxal-induced pheochromocytoma cells apoptosis (Kimura et al., 2009). By converting the spontaneously formed MGO-GSH hemithioacetal to the thioester S-D-lactoylglutathione, GLO1 acts as the rate-limiting enzyme in the primary detoxification step. GSH concentration is directly proportional to GLO1 activity. The impaired GLO1 activity is associated with the decreased GSH concentration (Sousa Silva et al., 2013; Nigro et al., 2017) and with the induced apoptosis of acute myeloid leukemia cells (Chen et al., 2015). CBR1 inactivates cellular membrane-derived lipid aldehydes to protect cells from oxidative stress and cell apoptosis. The study has found that lipid peroxidation products and oxidative stress markers were significantly lower in cells overexpressing CBR1. In contrast, the level of oxidative stress protein expressed by CBR1 knockout cells was increased (Kwon et al., 2019). Therefore, our results also suggest that AFP III could reduce ROS production by protecting the GSH synthesis-related proteins during freezing and thawing.

Furthermore, the downregulation of a non-specific serine/threonine protein kinase (A0A2K5UYV4, STK39) and a stress-induced protein (Q4R8N7, STIP1) and the upregulation of a non-specific T-complex protein 1 subunit (Q4R5J0, CCT8) were observed only in the Cryo–AFP group, but not in Cryo+AFP group after sperm cryopreservation in this study. The suppression of STK39 significantly induces cell apoptosis in 786-0 and ACHN cells. STK39 knockdown reduces the anti-apoptosis protein Bcl-2 and increases the apoptosis-promoting protein Bax (Zhao et al., 2018). The downregulation of STIP1 increases cell apoptosis of glioma cells (Yin et al., 2019). The upregulation of CCT8 was reported to be connected to the neuronal apoptosis in adult rats with traumatic brain injury (Robles et al., 2015). Again, these findings appear to suggest a role of AFP III in preventing the apoptosis of sperm after freezing and thawing.

Of particular interest are the four differential proteins between the Cryo–AFP and Cryo+AFP groups (Figure 2B). The upregulated one was the ubiquinol-cytochrome-c reductase complex assembly factor 1 (A0A2K5WI39, UQCC1), whereas the downregulated ones were the cytochrome c oxidase subunit 3 (C3W4Z1, COX3), the transmembrane helical component TEX51 (A0A2K5X818), and the microtubule-associated protein (A0A2K5UU31, MAP4). Those proteins are associated with mitochondrial electron and redox function, membrane assemblies, and cytoskeleton organization. UQCC1, the complex III assembly factors, participates in the cytochrome b biogenesis (Tucker et al., 2013). COX3, the catalytic core of cytochrome c oxidase, accepts electrons from cytochrome c and subsequently transfers them to molecular oxygen to generate water (Little et al., 2018). Some previous studies have shown that cryopreservation alters the composition of sperm proteins (Wang et al., 2013; Vilagran et al., 2014; Cheng et al., 2015; Bogle et al., 2017; Pini et al., 2018; Li et al., 2019). During the freezing and thawing process, the loss of intracellular components due to damaged membranes may contribute to the considerable loss of some sperm proteins, whereas the increases of some sperm proteins can be due to secondary or tertiary structure transformations or degradation of proteins (Bogle et al., 2017). This study demonstrates that sperm cryopreservation changes the levels of some proteins in both the Cryo–AFP and Cryo+AFP groups, which results in a decrease in the number of differential proteins between the two groups. For example, the levels of 18 decreased proteins in both Cryo–AFP and Cryo+AFP groups were similar (Supplementary Table 1).

Previous studies demonstrate that AFP III reduces the damage of cellular structures by ice crystallization during freezing and thawing (Salvay et al., 2010; Saeed et al., 2020). AFP III can also stabilize the cell membrane, thereby reducing the sublethal damage during sperm cryopreservation (Robles et al., 2019). This study has extended our understanding of the cryoprotective role of AFP III by demonstrating that AFP III can maintain mitochondrial function and reduce ROS production and sperm apoptosis during the freezing and thawing process. The finding is consistent with the findings that the addition of AFP III successfully improved sperm motility and mitochondrial membrane potential. Sperm cryopreservation increases the production of ROS, such as superoxide and hydrogen peroxide, in many species including human and rhesus macaque (McCarthy and Meyers, 2011; Lee et al., 2015; Saeed et al., 2020). In another unpublished paper, we demonstrated that sperm cryopreservation could induce ROS production in cynomolgus monkey. AFP III has been proved to have an anti-peroxide effect in sperm cryopreservation. For example, human sperm cryopreservation with AFP III improved motility and total antioxidant capacity (TAC) levels. Meanwhile, AFP III decreased the percentage of DNA fragmentation and ROS level (Kim et al., 2017). Furthermore, ROS level was decreased in mouse oocytes vitrified with AFP III (Salvay et al., 2010). Another study also demonstrated that reduced glutathione/oxidative glutathione (GSH/GSSG) and total antioxidant capacity (TAC) were higher in bull semen cryopreservation with AFP III compared with the control group (Jang et al., 2020). In our study, the results also suggested that AFP III could protect the proteins associated with ROS production in mitochondria and GSH synthesis during sperm freezing and thawing. The proteomic evidence in this study is consistent with previous studies, suggesting the anti-peroxidative effect of AFP III. Therefore, we hypothesized that AFP III may reduce cryo-damages of sperm structures, as well as the release of cytochrome c, thereby reducing sperm apoptosis by suppressing the mitochondrial ROS production and enhancing the antioxidative function.



CONCLUSION

The addition of AFP III in the sperm freezing medium protects sperm during cryopreservation. The proteomic analysis has identified 159 proteins with known functions that are susceptible to sperm cryopreservation. The addition of 0.1 μg/ml of AFP III in the sperm freezing medium can change the outcome, significantly reducing the number of differential proteins in cryopreserved sperm. According to the biological processes and molecular functions of differentially expressed proteins, we proposed a new molecular mechanism for AFP III cryoprotection that AFP III may reduce sperm apoptosis by reducing the release of cytochrome c and the mitochondrial ROS production. The findings provide insight into the AFP III cryoprotection mechanism and a useful hint for a new strategy of developing and optimizing sperm cryopreservation. However, the mechanism of AFP III modulating the proteomic profiles upon cryopreservation needs to be studied further.
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Diabetes is a chronic metabolic disorder characterized by hyperglycemia and associated with many health complications due to the long-term damage and dysfunction of various organs. A consequential complication of diabetes in men is reproductive dysfunction, reduced fertility, and poor reproductive outcomes. However, the molecular mechanisms responsible for diabetic environment-induced sperm damage and overall decreased reproductive outcomes are not fully established. We evaluated the effects of type 2 diabetes exposure on the reproductive system and the reproductive outcomes of males and their male offspring, using a mouse model. We demonstrate that paternal exposure to type 2 diabetes mediates intergenerational and transgenerational effects on the reproductive health of the offspring, especially on sperm quality, and on metabolic characteristics. Given the transgenerational impairment of reproductive and metabolic parameters through two generations, these changes likely take the form of inherited epigenetic marks through the germline. Our results emphasize the importance of improving metabolic health not only in women of reproductive age, but also in potential fathers, in order to reduce the negative impacts of diabetes on subsequent generations.
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Introduction

Type 2 diabetes mellitus (T2D) combines insulin resistance and insulin secretion deficiency with the main characteristics of carbohydrate, protein, and lipid metabolism disorders (1, 2). The progression of the disease is clinically manifested by increasing weight gain, impaired glucose tolerance, and high plasma insulin, triglycerides, and fasting glucose. The worsening glycemic control causes the development of long-term complications, including diabetic retinopathy, nephropathy, peripheral neuropathy, autonomic neuropathy, and increases risk of cardiovascular disease (2). T2D is also an established risk factor for sexual dysfunction in both men and women (3). In men, diabetes is associated with erectile dysfunction, androgen deficiency, and disruption of the hypothalamic-pituitary-gonadal axis (4–6). Additionally, clinical data from IVF clinics show that type 1 and type 2 diabetic male patients have lower in vitro fertilization success rates, suggesting that diabetes-exposed sperm are damaged, including increased sperm nuclear DNA fragmentation, altered sperm morphology, and reduced sperm motility (7–10). With the increasing prevalence and incidence of T2D, more men in their reproductive years will be affected, contributing to the increasing prevalence of subfertility. However, the molecular mechanisms responsible for diabetic environment-induced sperm damage and overall decreased reproductive outcomes are not fully established.

In addition, parental exposure to the diabetic environment represents a higher risk of adverse effects for the offspring, influencing effects on their cardiovascular and metabolic health, and increased susceptibility to metabolic and cardiovascular disorders later in life (11–18). The epidemiological evidence is supported by experimental animal studies that demonstrate the transmission of diabetic phenotypes to the offspring (19–24). The effects of maternal exposure to diabetes combine the direct effects of in utero exposure, genetic effects (nuclear and mitochondrial DNA), and epigenetic modifications of germ cells. Metabolic phenotypes can also be transmitted via the paternal lineage. Paternal effects that result from environmental exposures represent predominantly epigenetic modifications in sperm, although particular environmental factors can affect the composition of seminal fluid, which can produce placental and developmental effects (25). For example, high fat diet exposure of male rats reprograms ß cells in offspring (26), high-fat diet-induced paternal obesity modulates the sperm microRNA content and DNA methylation status (27), and paternal T2D alters DNA methylation patterns in sperm, involving changes in methylation of insulin signaling genes (28).

Although the molecular mechanisms associated with the transmission of the diabetic phenotype to the offspring have been investigated, the impact of paternal T2D exposure on the reproductive outcomes of subsequent generations remains unclear. Previously, we showed that paternal type I diabetes induced transgenerational changes in the testes, and increased sperm damage in the offspring across two generations (29). Here, we describe T2D exposure effects on the reproductive system and the reproductive outcome of fathers and their offspring, using a mouse model. This is the first complex analysis of the metabolic and reproductive system phenotypes of TD2 fathers and their descendants, demonstrating how paternal exposure to TD2 mediates intergenerational and transgenerational effects on the reproductive health of the offspring.



Materials & Methods


Experimental Animals

This study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). The experimental protocol was approved by the Animal Care and Use Committee of the Institute of Molecular Genetics, CAS and carried out in accordance with the relevant guidelines and regulations. We used a T2D mouse model generated by a combination of high-fat diet and a low dose of streptozotocin (28, 30). Male inbred C57BL/6J mice (purchased from Charles River, Germany), aged 6 weeks, were divided into two groups and were fed either a high-fat diet (HFD: 60% of the metabolizable energy coming from fat, 20% from carbohydrates, and 20% from protein; ssniff® EF acc. D12492 from Ssniff Spezialdiäten GmbH, Germany) or a control standard chow diet (11% of the metabolizable energy coming from fat, 65% from carbohydrates, and 20% from protein, #1320 diet, Altromin, Germany). After 9 weeks of HFD, intraperitoneal injection of 100 mg/kg body weight of streptozotocin (STZ; Sigma) was applied. Body weight, and blood samples were taken after 6-h fasting at indicated time points during the experiment (Experimental schematics in Figure 1). Blood glucose levels were measured in animals by a glucometer (COUNTOUR TS, Bayer, Switzerland); blood glucose levels maintained above 13.9 mmol/L are classified as diabetic. Mice were kept under standard experimental conditions with constant temperature (23–24°C). Glucose tolerance tests (GTT) were performed in 6h-fasted males. Mice were injected intraperitoneally with glucose (2 g/kg). Blood glucose was measured at 0, 15, 30, 60, and 120 min after glucose administration. After 12 weeks in the experiment, T2D males were glucose intolerant with blood glucose levels maintained above 13.9 mmol/L.




Figure 1 | Experimental schematics. Type 2 diabetes (T2D) was induced by a combination of high fat diet (HFD) and a low dose of streptozotocin (STZ): sexually matured males (7 weeks old) were kept on HFD for 12 weeks before mating and injected with STZ at week 9 of the HFD experiment. T2D males and standard diet (control) fed males (parental generation, P/F0) were mated with standard diet fed females. After one week mating pairs were separated, males were killed, and tissues were collected for further analyses. The F1 male offspring were mated at 9 weeks of age, after one week mating pairs were separated. F1 males were killed, and analyses were performed at 10 weeks of age. Effects of diabetic paternal environment was also evaluated in the second (F2) male offspring generation at 10 weeks of age. Both F1 and F2 males were maintained on standard diet.



At 18 weeks of age, male founders (P generation) were mated with females fed with the standard chow diet. Individual males were placed in a cage with 1 healthy adult female. The animals were kept together for a week with minimalized disruptions and therefore, a vaginal plug was not checked in female mice. During this week all mice were fed with a standard chow diet. Immediately after separation, the males were killed, tissues and blood were collected for analyses. The females were housed individually during the gestation period and the litter size was recorded. Only male pups, the F1 offspring, were left in the litters to be used for following up transgenerational studies. At 9 weeks of age, randomly selected F1 males were mated with females to produce the F2 offspring. The offspring were fed only by the regular control diet. To minimize any additional environmental influence, molecular and cellular analyses were performed in both F1 and F2 male offspring at 10 weeks of age.



Biochemical Parameters

Blood serum was collected from non-diabetic and T2D males following a 6-h fast and was analyzed using a fully automated chemistry analyzer, Beckman Coulter AU480 (Beckman) according to the manufacturer’s protocol in the Core Facility for Phenogenomics, Biocev. System Beckman Coulter AU480 reagents used for the quantification: glucose (OSR6621), AST (OSR6009), ALT (OSR6007), TG (OSR60118), insulin (33410), PAI-1 (plasminogen kit 20009000), and LDL (ODC0024).



Sperm Parameters

Mouse sperm cells were obtained from the left and right cauda epididymis. Spermatozoa from both caudae were left to release into warm (37 °C) PBS in a CO2 incubator for 15 min. The resulting mixture was poured through a 30 μm filter (Partec) to obtain only the sperm fraction and PBS was added to 1 mL of final volume (31). Sperm were counted in a Bürker chamber under the light microscope, and sperm concentration, sperm morphology, and sperm head separation were determined as described previously (32). Sperm morphology was evaluated in 200 cells per each animal. Sperm viability was analyzed with SYBR14 from Live/Dead sperm viability kit (Molecular Probes, USA) and by flow cytometry (LSRII, blue laser 488 nm, Becton Dickinson, USA), minimum 15,000 events were evaluated. An annexin V–FITC apoptosis kit (Sigma) and chromomycin A3 staining (CMA3, Sigma) were used to assess the sperm damage (29). The molecular and functional quality of sperm was further evaluated by the expression of two molecular biomarkers, sperm acrosomal transitional endoplasmic reticulum ATPase (TER ATPase, TERA) and glyceraldehyde-3-phosphate dehydrogenase-S (GAPDS), using monoclonal antibodies Hs-14 (33) and Hs-8 (34), respectively (EXBIO Ltd., Czechia). These antibodies are used for pathological human sperm and reproductive diagnostics, and evaluation of dysfunctional spermatogenesis (33, 35–37). A minimum of 200 spermatozoa per each animal was examined with a Nikon Eclipse E400 fluorescent microscope equipped with a Nikon Plan Apo VC 60/1.40 oil objective (Nikon Corporation Instruments Company) and photographed with a ProgRes MF CCD camera (Jenoptik, Germany) with the aid of NIS-ELEMENTS imaging software (Laboratory Imaging, Ltd.). Protamine 1 and 2 ratio was obtained from 4 x 10⁶ sperm cells per each sample, as described previously (29).



Morphological and Immunohistochemical Analyses of Testes

Dissected testes were fixed with 4% paraformaldehyde in PBS (pH 7.4) at 4°C overnight, and embedded in paraffin. Paraffin-embedded tissues were cut into 8 µm sections, de-paraffinized and rehydrated sections were stained with hematoxylin & eosin or used for immunohistochemistry. Citrate buffer (pH 6.0) was used as a heat-induced antigen retriever. Evaluation of meiotic cells and the 12 stages of production of spermatozoa in the mouse seminiferous epithelium was done using immunolabeling of the axial element of the synaptonemal complex (SYCP3, mouse anti-SCP3 #ab97672, 1:1000 dilution, Abcam). Rabbit anti-CX43 (#C6219, 1:2000 dilution, Sigma) was used to evaluate gap junctions. The secondary antibodies Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG (Jackson ImmunoResearch Laboratories 115-545-146), and Alexa Fluor® 594 AffiniPure Goat Anti-Rabbit IgG (Jackson ImmunoResearch Laboratories 111-585-144) were used in a 1:400 dilution. Samples were incubated with primary antibodies at 4°C for 24 hours. After several PBS washes, secondary antibodies were added and incubated at 4°C for 24 hours. The sections were counterstained with Hoechst 33342 (#14533 Sigma) and imaged with a confocal microscope (ZEISS LSM 880 NLO) or with a fluorescence microscope (Nikon Eclipse E400). A relative quantification of Cx43 staining in Leydig cells was done using ImageJ software. Morphometric evaluations of seminiferous tubule diameter and thickness of the seminiferous epithelium were performed. The diameter of a seminiferous tubule was defined as the shortest distance between two parallel tangent lines of the outer edge of the tubule. Paraffin sections (8 μm) were stained with Periodic acid–Schiff to visualize advanced glycation end products (Periodic acid–Schiff (PAS) kit; 395B-1KT, Sigma).



Real-Time Reverse-Transcription PCR

RT-qPCR was performed as previously described (29). Briefly, cDNA was prepared using 2 μg of total RNA isolated from the testes. We used RevertAid Reverse Transcriptase (Thermo Fisher Scientific), 1 μL Oligo(dT) and random hexamer primers (Thermo Fisher Scientific) in reverse transcription (RT). Quantitative real-time PCR (qPCR) was performed with a final concentration of cDNA 10 ng/μL using a CFX 384 – qPCR cycler (BioRad). The relative expression of a target gene was calculated, based on the quantification cycle (Cq) difference (Δ) of an experimental sample versus control. The control was set at 100% and experimental samples were compared to the control (29). The β-actin (Actb) and Peptidylprolyl isomerase A (Ppia) genes were used as the reference genes. Primer sequences are listed in Supplementary Table S1.



Statistical Analysis

The comparisons between diabetic and control mice were done using STATISTICA 7.0. (Statsoft, Czech Republic) and GraphPad Prism 7.0 (GraphPad Software, Inc., USA). Differences in organ weights were tested by ANCOVA with body weight as covariate. Differences in sperm parameters, testis morphology, and gene expression between control and T2D groups were assessed by t-test. One-way ANOVA, follow by Tukey’s post hoc tests for multiple comparisons was used to assess differences among offspring generations. Repeated measure-based parameters (such as weight gain over time, GTT, or blood glucose levels) were analyzed using two-way ANOVA for repeated measures. P value < 0.05 was considered to be statistically significant. Sample sizes and individual statistical results for all analyses are provided in the figure legends and tables.




Results


Experimental Paradigm

We used a non-genetic type 2 diabetes (T2D) mouse model that manifests the metabolic abnormalities associated with human prediabetes and type 2 diabetes (28, 30). This model involves a combination of a high fat diet (HFD) to induce insulin resistance and hyperinsulinemia, and a low dose STZ, which reduces β-cell mass but does not cause diabetes in control-fed mice, to bring about glucose intolerance and hyperglycemia (28, 38) (Figure 1 Experimental schematics). Together these two stressors have been designed to mimic the pathology and the multi-genetic/environmental background of T2D in humans (39–41). We continuously monitored the metabolic changes in our T2D model. As expected, after 8 weeks of HFD, all male C57BL/6J male mice in the experiment had significantly higher fasting plasma insulin levels and were glucose intolerant, as shown by glucose tolerance tests, indicating compromised insulin response (Figure 2A). Body weight of the T2D mice increased progressively over time compared to control mice maintained on a normal standard chow diet (Figure 2B). After STZ treatment, mice became hyperglycemic with blood glucose levels maintained above 13.9 mmol/l, classified as diabetic (Figure 2C). Fasting plasma levels of glucose and insulin were significantly higher in the T2D group (Figure 3A). Correspondingly to the diabetic phenotype, after STZ treatment, plasma glucose levels were increased. Plasma insulin levels, which were initially increased in response to the fat-enriched diet in T2D mice, decreased after STZ-induced β-cell reduction but remained at higher levels than insulin levels in control mice. After 12 weeks, compared to control males, T2D mice displayed significant changes in serum metabolic biomarkers, including increased serum glucose, triglycerides, low-density lipoprotein (LDL), plasminogen activator inhibitor 1 (PAI-1, a marker of insulin resistance), metabolic liver enzymes, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (Figure 3B). Metabolic differences were also manifested by increased body weight, and liver weight of T2D males (Figure 3C). These physiological and metabolic changes confirmed decreased insulin sensitivity and impaired glucose tolerance associated with the development of type 2 diabetes mellitus. To analyze the effects of the T2D environment on the reproductive system and reproductive outcomes, we mated these T2D males or control males to female mice maintained on a control chow diet through the course of the experiment (Figure 1). After 1 week of mating, males were removed, limiting their influence on their progeny to the mating itself.




Figure 2 | Temporal changes induced in T2D males before mating. (A) After 8 weeks of HFD, all males were glucose intolerant compared to control males fed by standard diet. (B) Body weight trajectories in T2D males and control males. Note decreased weight gain starting week 11 due to worsening diabetes (hyperglycemia). (C) Blood glucose levels significantly increased after a low dose of STZ treatment in combination with HFD, as measured using a glucometer in blood collected from the tail vein after 6-hr fast. Blood glucose levels maintained above 13.9 mmol/l are classified as diabetic (red broken line). Data are presented as the mean ± SD (n = 10 Control and 8 T2D mice). Differences between groups were tested by Two-Way ANOVA for repeated measures, showing significant interactions between time x treatment as repeated measures. ****P < 0.0001.






Figure 3 | Metabolic phenotype of T2D mouse model. (A) Temporal changes in fasting plasma levels of glucose and insulin in T2D males compare to the average level of male controls. Differences were tested by one-way ANOVA with Tukey’s multiple comparisons test. (B) Fasting plasma levels of TG, triglycerides; LDL, low-density lipoprotein; marker of insulin resistance, PAI-1, plasminogen activator inhibitor 1;  ALT, alanine aminotransferase; and AST, aspartate aminotransferase, in T2D males compared to controls at 12 weeks of age. (C) Body and liver weight. Data are presented as the mean ± SEM. Differences between groups were tested by t-test (GraphPad Prism 7.0). Differences in liver weight between groups were tested by ANCOVA with body weight as covariate (Ancova – STATISTICA 7.0). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Effects of T2D on the Reproductive Performance, Reproductive Organs, and Sperm Parameters of the Paternal Generation

All diabetic males, with the exception of one mouse, were able to mate in the period of one week. The rate of pregnancy was in the limits of the rate of pregnancy in our C57BL/6J colony (typically 70–80%, unpublished observation), indicating that overall reproductive performance of T2D males was comparable to controls. However, the litter size of T2D males was more variable (5.63 ± 1.35, n = 6 litters) compared to controls (7 ± 0.53, n = 7 litters, Table 1). The weights of the reproductive organs, epididymis and seminal vesicles, and the anogenital distance (AGD), as an androgen-responsive outcome, were unaffected in T2D mice, except for the prostate (Supplementary Table S2).


Table 1 | Reproductive effects of T2D in males (parental generation, P).



We performed a sperm quality assessment of collected caudal epididymal sperm. No significant effects were found in sperm concentration, viability, apoptosis, or in the packaging quality of the chromatin (as assessed by chromomycin A3 staining) between T2D and control males (Supplementary Table S3). The abnormalities in sperm head morphology were increased in T2D males compared to controls (Figure 4A). To further assess sperm quality, we analyzed protamine 1 and protamine 2 ratios, which affect DNA stability, and play a role in the establishment of epigenetic marks (42, 43). The protamine 1 and protamine 2 ratios were altered in the paternal T2D generation (Figure 4A). Additionally, the expression of biomarkers of sperm dysfunction, transitional endoplasmic reticulum ATPase (TERA) and glyceraldehyde-3-phosphate dehydrogenase-S (GAPDS) was evaluated. TERA is expressed in the acrosomal part of the sperm head (33), whereas GAPDS is located mainly in the principal piece of the sperm flagellum and in lesser amount in the acrosome (34, 44). The expression of both TERA and GAPDS was reduced in sperm from T2D males compared to sperm from control males (Figures 4B, C).




Figure 4 | Changes in sperm parameters of the paternal T2D generation. (A) Evaluations of caudal epididymal sperm from T2D and control males: abnormalities in the sperm head morphology and protamine 1 and protamine 2 ratios. (B) Evaluation of the expression of TERA and GAPDS. (C) Representative images of immunolabeling of TERA in the sperm acrosome and GAPDS mainly localized in the principal piece of the flagellum of caudal epidymal sperm from T2D and control males (600x magnification). Data are presented as the mean ± SEM. Differences between groups were tested by t-test (GraphPad Prism 7.0). *P < 0.05, ***P < 0.001, ****P < 0.0001. TERA, transitional endoplasmatic reticulum ATPase; GAPDS, glyceraldehyde 3-phosphate dehydrogenase-S.





Morphological and Molecular Changes in the Testes of the T2D Paternal Generation

In mature testes, sperm are produced in the seminiferous epithelium during the cycle of I to XII stages of spermatogenesis, which are defined by the differentiation steps of germ cells, and occur continuously (45). In order to evaluate the morphology of the seminiferous epithelium at different stages of the differentiation of spermatogenic cells, we focused on four broad categories of the differentiation - spermatogonia, spermatocytes, spermatids, and spermatozoa (Schematic drawing in Figure 5A). We did not find any pronounced morphological abnormalities, such as testicular atrophy, deficiency, or loss of the seminiferous epithelium between the control and T2D testes. Immunolabeling of a meiotic marker, synaptonemal complex protein 3 (SYCP3) (46), revealed that T2D testes contained all stages of meiotic cells similar to controls (Figures 5B–D). Although all the distinct developmental stages of spermatogenesis were identified in similar percentages in both control and T2D testes, a significantly thinner germinal epithelium was found in all cycle stages in the testes of diabetic mice and the diameter of seminiferous tubules was reduced in diabetic testes compared to controls (Tables 2, 3 and Supplementary Table S4). To evaluate early markers of diabetes-induced tissue damage, the expression of gap junction protein connexin 43 (Cx43) and production of advanced glycation end products (AGE) in the testes was compared between control and T2D mice. Cx43 levels were increased specifically in the interstitial tissue containing Leydig cells, which are adjacent to the seminiferous tubules in the testes, suggesting altered intercellular communications between neighboring Leydig cells in the T2D testes (Figures 5E–G). Leydig cells are the primary source of testosterone or androgens in males, under the regulation of the hypothalamic-pituitary axis, and are vital for spermatogenesis (47). We also found an increased production of AGE in the testicular tissue from T2D males (Figures 5H–I”). As AGE are implicated in diabetes related complications, consequently, the formation of AGE may contribute to testicular dysfunction.




Figure 5 | Morphological and expressional changes in the testes of T2D males. (A) Schematic cross-section through a testicular tubule, showing germ cells at different stages of spermatogenesis embedded within the somatic Sertoli cells. Leydig cells are present in the interstitium. The blood-testis barrier facilitates the migration of spermatocytes in addition to the maintenance of the microenvironment. (B) Morphological evaluation of seminiferous tubules included the measurements of tubule diameter and epithelium thickness for different spermatogenesis stages. (C, D) Representative images of cross sections of control and T2D testes after immunolabeling of meiotic marker SYCP3, an axial element of the synaptonemal complex, show the germinal epithelium lining seminiferous tubules at different stages of spermatogenesis. Nuclei are counterstained with Hoechst 33342 (HS, blue). (E–G) Immunolabeling of tissue sections shows increased Cx43 expression in the interstitial tissue of the testes of T2D males compared to controls. (E’, F’) Delineated Cx43+ area in the testis sections by ImageJ program. A relative quantification of staining determined as a ratio of Cx43+ areas per the total Leydig cell areas by ImageJ. Stacked violin plot shows the differential expression of Cx43 in control and T2D. Data are presented as the mean ± SEM (n = 6 controls/271 Leydig cell areas, and 6 T2D/198 Leydig cell areas). Differences between groups were tested by t-test (GraphPad Prism 7.0). ****P < 0.0001. Nuclei are counterstained with Hoechst 33342 (blue). (H–I’) Representative images of PAS staining of the control and T2D testes show increased advanced glycation end-products in the interstitial tissue of the testes from T2D males. (H”, I”) Delineated PAS+ area in the testes by ImageJ. Scale bars, 50 µm.




Table 2 | Tubule diameter (μm) for different stages of sperm production in the testes.




Table 3 | The seminiferous epithelium thickness (μm) for different stages of sperm production.



Having recognized the effects of T2D on testis morphology, we next wanted to assess the effects of the diabetic environment on mRNA expression in testicular tissue. Out of a selection of germ cell marker genes, we found two with altered expression: the expression of Sycp1 in spermatocytes was reduced and Prm1 levels were increased correspondingly with changes in the protamine ratio found in sperm from T2D males (Figure 6A). We also measured expression of a selection of blood testis barrier markers amongst which we found a significant increase in the expression of Cldn11, and Cdh2 in the testes from T2D males compared to control testes (Figures 6B, C).




Figure 6 | Expression changes in the testes of the parental generation. (A) qPCR analysis of markers for spermatogenesis and spermiogenesis: Sycp1, synaptonemal complex protein 1; Sycp3, synaptonemal complex protein 3; Prm1, protamine 1; Prm1, protamine 2; Tnp1, transition protein 1 and Tnp2, transition protein 2; (B) Blood testis barrier markers: Ocln, occludin; F11r, F11 receptor; Tjp1, tight junction protein 1; Ctnnb1, catenin beta 1; Cdh2, cadherin 2; Cldn11, claudin 11 and (C) oxidative stress markers: Sod1, Sod2, and Sod3, superoxide dismutase 1, 2, and 3; Gpx4, glutathione peroxidase 4; Cat, catalase; and Cyct, cytochrome c. The control group represents 100% of relative gene expression. The values are means ± SEM, tested by t-test (GraphPad Prism 7.0). *P < 0.05, **P < 0.01.





Paternal T2D Alters the Metabolic and Reproduction Parameters of Male F1 and F2 Offspring

To assess whether the paternal response to a diabetic environment affects the reproductive system of male offspring, males on either diet were mated to females. Fathers were removed after mating, limiting influence on their offspring only to the mating itself. The females were housed individually during the gestation period and the litter size was recorded. All females and the offspring generations were fed by the standard, control diet. Only male pups, the F1 offspring, were left in the litters to be used for following up transgenerational studies. The F2 offspring were produced from the mating of randomly selected F1 males with control females (n = 10 males/group). To evaluate paternal effects and minimize any additional environmental influence, all molecular and cellular analyses of both F1 and F2 offspring were performed at 10 weeks of age, when adult male mice are considered sexually mature (48, 49).

First, to determine the potential effect of paternal T2D on the F1 and F2 generations, we examined physiological and metabolic changes in the offspring. At 10 weeks of age, the body and liver weights were significantly increased in the F1 offspring of T2D males (Figures 7A, B). Most analyzed serum biomarkers were unaffected in the F1 and F2 offspring with the exception of glucose and ALT (Figures 7C, D). Plasma glucose levels were increased in the F1 males at 10 weeks of age, however, these F1 males had no impairment of glucose tolerance, as shown by a glucose tolerance test. Interestingly, ALT was increased in F2 males, indicating a transgenerational effect of T2D exposure.




Figure 7 | Changes in metabolic characteristics of the offspring generations. (A) Body weight and (B) liver weight at 10 weeks of age. Differences in liver weight between groups were tested by ANCOVA with body weight as covariate (Ancova – STATISTICA 7.0). (C) Fasting plasma glucose and (D) alanine aminotransferase (ALT) levels at 10 weeks of age. Data are presented as the mean ± SEM. Differences were tested by one-way ANOVA, follow by Tukey’s post hoc tests for multiple comparisons (GraphPad Prism 7.0). *P < 0.05, ***P < 0.001.



Next, we evaluated the effects of paternal T2D on the reproductive system and reproductive parameters of the F1 and F2 male offspring. The testicular morphology of the F1 offspring from control and T2D fathers was comparable, including the thickness of the germinal epithelium and diameter of the seminiferous tubules. Accordingly, the mRNA expression of selected genes in the testes was not different between the F1 offspring groups (Supplementary Figure S1). However, the weight of testes of the F1 offspring from T2D fathers was significantly smaller compared to the control F1 offspring (Supplementary Table S5). Additionally, significantly reduced fertility was found in the F1 males from the T2D parental generation with a pregnancy rate of 63% compared to a 90% pregnancy rate in the F1 control generation (Table 4). Of eight F1 males in the experiment, only five males were able to mate in the period of one week and produce progeny with the average litter size of 4.63 ± 1.41 (n = 5 litters) compared to the F1 control cohort with the litter size of 6.44 ± 1.14 (n = 9 litters). The sex ratio of born pups was not significantly different (Table 4).


Table 4 | Reproductive effects of T2D in parental generation on the F1 offspring.





Paternal T2D Alters Sperm Parameters in Two Subsequent Offspring Generations

Caudal epididymal sperm were collected from the F1 and F2 offspring for a sperm quality assessment. Similar to the paternal T2D males, we found no changes in sperm concentration, viability, and cell apoptosis in the F1 and F2 offspring generations (Supplementary Table S6). The packaging quality of the sperm chromatin in the F1 and F2 offspring was not affected by the T2D parental exposure, as evaluated by chromomycin A3 staining of sperm, and by protamine 1 and protamine 2 ratios (Supplementary Table S6). However, abnormalities in sperm head morphology were increased in both the F1 and F2 generations from T2D fathers compared to the control offspring generations (Figure 8A). Additionally, the levels of TERA and GAPDS were reduced in the offspring of diabetic males in both F1 and F2 generations (Figures 8B, C), indicating not only intergenerational but also transgenerational transmission of negative effects of the diabetic environment.




Figure 8 | Changes in sperm characteristics of the F1 and F2 offspring. (A) Evaluations of sperm head abnormalities of caudal epididymal sperm from the offspring F1 and F2 generations from T2D and control fathers. (B) The protein levels of glyceraldehyde 3-phosphate dehydrogenase-S (GAPDS) and (C) transitional endoplasmatic reticulum ATPase (TERA), as detected by immunolabeling of caudal epidymal sperm from the F1 and F2 offspring. All analyses were done at 10 weeks of age. Data are presented as the mean ± SEM. (n = 10 for all groups except n = 9 for T2D F1 males/200 cells per each animal). Differences between groups were tested by t-test (GraphPad Prism 7.0). *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

In this study, we show that T2D affects not only metabolic health but also the reproductive system through the male lineage to the F2 offspring. Paternal T2D exposure causes increased body weight gain and fasting plasma glucose, and significantly impaired reproductive functions of the F1 males and sperm abnormalities in the F1 male offspring. Furthermore, F2 males had altered sperm parameters. Thus, the observed transgenerational non-genetic transmission of sperm damage caused by T2D in fathers indicate programmed sperm perturbations likely in the form of inherited epigenetic marks.

Both fertility and paternally transmitted effects are associated with changes in the sperm epigenome, including non-coding RNAs, DNA methylation, histones, and protamines (28, 50–53). Epigenetic paternal inheritance involving non-coding RNAs has been established in paternal metabolic disorder models. The intergenerational transmission of a paternal HFD-induced metabolic disorder was linked to a subset of sperm transfer RNA-derived small RNAs (tsRNAs) (53). Another study found changes in sperm miRNA profiles and germ cell methylation status in two offspring generations following diet-induced paternal obesity (27). Differential DNA methylation profiles have been identified in multiple regions of the sperm DNA because of environment-induced epigenomic reprogramming (28, 54–56). For example, numerous genes were differently methylated in sperm of prediabetic/T2D fathers, with a significant proportion of differentially methylated genes overlapping with hypermethylated genes in pancreatic islets of the offspring and corresponding to the prediabetes-associated physiological and metabolic phenotype (28). In a model of caloric restriction during in utero development, the germline DNA methylation was altered in the adult male offspring (57). Histone variants and histone modifications represent additional modes of paternal transmission of environmental information to the offspring. In contrast to somatic cells, male germ cells have more histone variants and their incorporation into the nucleosome may influence the activation of germline-specific genes and repression of the somatic gene expression program [reviewed in (50, 58)]. Some of the histone variants are exclusively detected on germ cells in testes and seem to also be important in the chromatin condensation process (59). The altered histone modifications may also contribute to transgenerational phenotypes through the male germline, as shown in a transgenic mouse model with histone demethylase KDM1A overexpression, resulting in increased H3K4me3 histone methylation in sperm, a transgenerational phenotype of impaired fertility, and severe birth defects in offspring (51). Similarly, deletion of the H3K4me2 demethylase leads to a transgenerational progressive decline in spermatogenesis (60). Specific histone modifications promote chromatin remodeling and histone-to-protamine replacement, which reshapes the nucleus and compacts chromatin [reviewed in (50, 58)]. The histone-to-protamine transition is a tightly controlled process, as premature expression of protamine 1 or disruption of protamine genes results in male infertility in mice (52, 61). Like histones, protamines have post-translational modifications, which are essential for the histone-to-protamine transitions, and abnormalities in protamine modifications may result in impaired spermiogenesis (62, 63). Epigenetic changes during histone-to-protamine transition may not only lead to reduced fertility but are also transmitted to the offspring (52, 62). Protamine 2-deficient mice demonstrate reduced integrity of sperm DNA, altered compaction of the chromatin, and developmental arrest of embryos (64). Furthermore, alterations in the protamine 1/protamine 2 ratio are related to infertility in humans (43, 65), correlate with worsened assisted reproduction outcomes (66), and aberrant protamine replacement may affect the sperm epigenome [reviewed in (65)]. The role of a ‘protamine code’ in addition to the ‘histone code’ in transgenerational epigenetic inheritance remains to be further investigated. Although adverse metabolic phenotypes correlate with reduced sperm concentration, motility, and increase sperm DNA damage in humans (67–69), a causal relationship by which paternal exposures affect the phenotype of offspring has not been established. Nevertheless, epigenetic changes in sperm are implicated as potential mediators of paternal effects and it is essential to understand how epigenetic patterning is produced and how it is influenced by environmental factors resulting in a greater susceptibility to disease in offspring.

Our study used a well characterized model of type 2 diabetes (28, 30, 70). A combination of high-fat diet and low dose STZ resulted in increased body weight gain, glucose intolerance, and altered metabolic parameters, associated with insulin resistance and hyperglycemia, replicating metabolic changes in T2D patients [reviewed in (71)]. The major advantage of this T2D model is that it provides a more accurate model of the human multi-genetic/environmental T2D phenotype compared to monogenic mouse models, such as the mutant with deficiency in leptin (39, 40) or with deficiency in the leptin receptor (41).

We demonstrated that paternal T2D exposure induces a metabolic shift in glucose and fat metabolism in F1 male offspring, as demonstrated by increased plasma glucose together with increased liver weight and body weight. Although the T2D metabolic perturbation phenotype is gradually reversed in the subsequent male generations, increased plasma levels of liver enzyme ALT in the F2 males indicate a higher risk for susceptibility to metabolic syndrome and T2D (72, 73).

For the first time, we provide a complex molecular and morphological analysis of the effects of TD2 on the male reproductive system and the effects of TD2 paternal exposure on the reproductive health of two subsequent male offspring generations. Although the testis morphology of T2D mice appeared grossly normal without any atrophy or destruction of the seminiferous epithelium, immunohistological analysis showed a significant reduction of seminiferous tubule diameter and thickness of the seminiferous epithelium for all cycle stages of sperm production in the testes of T2D mice (Tables 2, 3). In line with a lower severity of testicular damage in T2D males, we found only a few expression changes, particularly, altered expression of cell junction proteins, e.g. gap junction protein Cx43 in Leydig cells, and blood-testis-barrier components, tight junction protein, claudin 11 (74), and the adhesion junction component, cadherin 2 (75). Alternations in cell junctions, indicating abnormalities in cell-cell communications, are an early sign of diabetes-induced tissue damage (76). While the F1 offspring of T2D males had no detectable molecular and morphological changes in the testes, the weight of testes of the F1 offspring of T2D fathers was significantly smaller compared to the control F1 males.

A significant finding of this study is the transgenerational transmission of sperm perturbations from T2D fathers through the male lineage to the F2 offspring. The direct impact of metabolic diseases, such as obesity and diabetes, on sperm quality in men as well as in animal models is well documented. These negative changes include decreased sperm viability and motility, and increased DNA damage, and sperm morphology abnormalities (67, 77–81). Despite these observations, at present, there is only scant evidence for the impact of paternal exposure on sperm quality and the reproductive viability of subsequent generations. Previously, we showed that type 1 diabetes in male mice induces DNA damage, apoptosis, and alters nuclear protamine ratios in sperm in two subsequent male offspring generations (29). Another study, using a diet-induced obesity mouse model, demonstrated that increased sperm DNA damage and reduced motility was transmitted through the paternal line to the first male offspring generation (82). Similarly, Crisostomo et al. (83) reported irreversible changes in sperm quality in correlation with altered testicular metabolism induced by HFD feeding. Here we focused on the effects of T2D on reproductive health of the young adult offspring. We showed that T2D substantially decreased sperm quality in two subsequent F1 and F2 offspring male generations. A sperm impairment phenotype consisting of increased sperm head abnormalities and decreased expression of the sperm dysfunctional biomarkers, TERA and GAPDS, resulted in decreased reproductive function of the F1 males. Since similar sperm defects were found in the F2 offspring, we can speculate that the reproductive function of F2 males may also be compromised. TERA is a member of the AAA ATPase family of proteins, and is found in the sperm acrosome (33). Consistent with the role of TERA in capacitation and the acrosome reaction (84), decreased expression of TERA correlates with reduced fertility in humans (33, 35). GAPDS is one of the sperm specific glycolytic enzymes localized primarily in the principal piece of the sperm flagellum and secondary in the acrosomal part of the sperm head (34, 85). It is essential for sperm metabolism, motility and sperm-oocyte binding, and reduced GAPDS is associated with infertility (34, 35, 44, 86).

In conclusion, our data demonstrate that the impaired reproductive system and sperm quality of T2D fathers negatively effects the reproductive health of F1 male offspring, which persists into the subsequent F2 male generation. Given the transgenerational impairment of reproductive and metabolic parameters through two generations, these changes likely take the form of inherited epigenetic marks through the germline. One possible way could be via alterations in protamine 1 and protamine 2 ratios, as we observed changes in this ratio in parental generation. Nevertheless, further investigation of the epigenetic alterations in sperm that result from paternal exposure to T2D are warranted. Consequently, new strategies to improve metabolic health not only in women of reproductive age but also in potential fathers are necessary in order to reduce the negative impacts on subsequent generations.
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Children conceived through intracytoplasmic sperm injection (ICSI) have been reported to have a higher risk of many abnormalities and disorders, including autism and intellectual disability, which may be due to bypassing of the natural sperm selection process during ICSI. Zona pellucida (ZP)-bound spermatozoa (ZPBS) have normal morphology and nuclear DNA. Using these spermatozoa for ICSI results in better outcomes compared with conventional ICSI. However, differences besides morphology that exist between sperm selected by ZP and by an embryologist and whether these differences affect the risk of autism in offspring after ICSI are unclear. To explore these questions, we compared genome-wide DNA methylation profiles between ZPBS and manually selected spermatozoa (MSS)using single-cell bisulfite sequencing. Global DNA methylation levels were significantly lower in ZPBS than in MSS. Using gene ontology (GO) analysis, genes overlapping differentially methylated regions (DMRs) were enriched in biological processes involving neurogenesis. Furthermore, we found that 47.8% of autism candidate genes were associated with DMRs, compared with 37.1% of matched background genes (P<0.001). This was mainly because of the high proportion of autism candidate genes with bivalent chromatin structure. In conclusion, bivalent chromatin structure results in large differences in the methylation of autism genes between MSS and ZPBS. ICSI using MSS, which increases the risk of methylation mutations compared with ZPBS, may lead to a higher risk of autism in offspring.
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Introduction

Infertility is one of the most common health disorders globally, affecting approximately 15% of the reproductive-aged population, with male infertility accounting for 30-50% of cases (1). A large proportion of these patients undergo intracytoplasmic sperm injection (ICSI), which involves the injection of a single spermatozoon into an oocyte cytoplasm using a glass micropipette. ICSI is currently used far beyond its original application to overcome the most severe forms of male infertility. In the United States, the use of ICSI for all non-male factor infertility cases increased from 15.4% in 1996 to 66.9% in 2012 (2). Although ICSI may benefit couples by increasing the fertilization rate and decreasing the fertilization failure rate, there are concerns that the indiscriminate use of ICSI may lead to adverse health consequences for the offspring (3). For example, the risks of congenital malformations, epigenetic disorders, chromosomal abnormalities, subfertility, cancer, delayed psychological and neurological development, and impaired cardiometabolic profiles have been shown to be greater in infants born as a result of ICSI than in naturally conceived children (3).

A meta-analysis has reported a higher incidence of intellectual disability and autism, a set of heterogeneous neurodevelopmental conditions characterized by early-onset difficulties in social communication and unusually restricted, repetitive behavior and interests, in children conceived with ICSI (4). Importantly, the association between autism and ICSI is stronger among children conceived with ICSI for non-male factors, suggesting that autism may be associated with factors besides male infertility factors (5).During ICSI, the direct injection of a single spermatozoon into the egg bypasses the processes of natural sperm selection that occur during normal fertilization, which may increase the risk of transmission of genetic or epigenetic mutations in spermatozoa that are naturally unable to bind and enter eggs.

However, evidence supporting the link between ICSI sperm selection and autism is lacking. There is evidence showing the superiority of spermatozoa naturally selected by zona pellucida (ZP), a transparent, extracellular matrix composed of defined glycoproteins and containing receptors that are crucial for sperm-egg binding, sperm selection, and fertilization (6). Compared with unselected sperm, ZP-bound sperm (ZPBS) have significantly higher rates of normal morphology and nuclear DNA (7, 8). ICSI using ZPBS results in improved embryo quality and higher implantation rate than ICSI using spermatozoa manually selected by embryologists (9–11). These differences may be due to the high heterogeneity of spermatozoa even from the same ejaculate. Because of variations in motility and morphology, only 14% of spermatozoa from normozoospermic men can bind to ZP (12). In addition to morphological and functional heterogeneity, sperm heterogeneity is also found at the DNA level. Breuss et al. (13)reported sperm mosaicism using deep whole-genome sequencing and identified single nucleotide, structural, and short tandem repeat variants. Notably, the quantification of sperm mosaicism can stratify the risk of autism recurrence due to de novo mutations, and novel mosaic risk variants are able to be transmitted to offspring.

Compared with nucleotide mutations, DNA methylation alterations are more like to occur after exposure to risk factors. Jenkins et al. (14) reported intra-sample heterogeneity of sperm DNA methylation by comparing methylation profiles between high- and low-quality sperm separated using gradient separation. However, even among “high-quality” sperm, the proportion of functionally normal sperm is low (12, 15). Whether DNA methylation differences exist between naturally selected (functionally normal) sperm and unselected sperm or embryologist-selected sperm for ICSI, and whether these differences are related to male infertility and/or the health of children conceived after ICSI, have not been determined. To answer these questions, we compared whole-genome methylation profiles between ZBPS and manually selected spermatozoa (MSS) using single-cell genome-wide bisulfite sequencing. We found significant global DNA methylation differences. We also found that autism candidate genes had a greater number of differentially methylated regions (DMRs), due to the high proportion of autism genes with bivalent chromatin structures.



Materials and Methods


Semen Collection, Routine Semen Analysis, and Sperm Purification

Semen samples were collected from four healthy, fertile men. After retrieval, the semen samples were liquefied at a constant temperature of 37°C for 30–60min. After liquefaction, sperm parameters were determined using a computer-assisted sperm analysis system (Sperm Class Analyzer; Microptic, Barcelona, Spain). The spermatozoa were purified by gradient centrifugation using 90% and 45%gradients (SpermGrad; Vitrolife, Kungsbacka, Sweden) at 300 × g for 20min.The resulting supernatant was removed, and the sperm pellets were washed twice with G-IVF medium(G-IVF; Vitrolife, Kungsbacka, Sweden). Finally, the spermatozoa were cultured in G-IVF medium at a concentration of approximately 10 × 106/mL.



Sperm Selection

Immature oocytes were donated by couples who underwent ICSI. To collect ZPBS, approximately 10,000 spermatozoa were co-incubated with two or three immature oocytes in a50 µL G-IVF microdroplet covered with oil in an incubator with 6% CO2 for 2 hours. These oocytes were then washed in clear G-IVF microdroplets to remove loosely adhered spermatozoa. Sequentially, 30-50 spermatozoa bound to the ZP were collected using a micro-injection needle (Sunlight Medical, Jacksonville, FL, USA), and transferred to a PCR tube containing 10 µL of lysis buffer. To collect the MSS, another fraction of spermatozoa (10,000) was incubated under the same conditions as the ZPBS for 2 hours. Then, 30-50 spermatozoa in the microdroplet were collected by an embryologist trained to perform ICSI using a micro-needle under a microscope at 400× magnification (ZEISS, Jena, Germany), and transferred to a PCR tube containing 10 µL of lysis buffer. Thus, paired ZPBS and MSS samples were collected from one donor (e.g. ZPBS1 and MSS1 were recovered from donor1).



Single-Cell Bisulfite Sequencing

Single-cell bisulfite sequencing (scBS-seq) was performed by Annoroad Gene Tech. Co., Ltd. (Beijing, China). The single-cell library was prepared as previously described using the following steps: bisulfite conversion, first-strand DNA synthesis, first-strand DNA purification, second-strand DNA synthesis, PCR amplification, library quantification, and sequencing (16). The sequencing data have been deposited in the SRA (https://www.ncbi.nlm.nih.gov/sra) under accession number PRJNA762253.



Data Analysis

Raw reads were trimmed using Trimmomatic (v0.36, http://www.usadellab.org/cms/?page=trimmomatic) to remove the first nine base pairs, contaminating adapter sequences, poor quality read, and the bases at both ends and to discard reads with a length < 36nt (17). Clean reads were mapped to the human genome (Homo_sapiens. GRCh38.87v2) using Bismark (v0.16.3, https://www.bioinformatics.babraham.ac.uk/projects/bismark/) (18). We converted residual Gs in the reads to As and Cs to Ts in silico for the reads and the reference genome. We mapped both strands of the reads and the reference genome to each other and chose the best mapped read from four aligned results. We used uniquely mapped reads to calculate methylation rates.

Global methylation rates were calculated as the total number of methylated CpGs divided by the total number of covered CpGs × 100%.Global methylation rates were compared between ZPBS and MSS using Student’s t-test. For cluster analysis, we first searched the shared CpGs among all the samples and calculated the methylation rate for each shared CpG. We then constructed the methylation level clusters for these CpGs. For correlation analysis (Pearson’s), we used 2kb sliding windows to calculate the methylation rate among the whole genome and calculated Pearson’s correlation coefficient between samples. Mean correlations were compared between ZPBS and MSS using Student’s t-test. DMRs were identified using the Dispersion Shrinkage for Sequencing data (DSS) with the Wald test, based on the β-binomial distribution model. DMRs were defined as regions containing at least three CpGs, with a methylation rate difference between groups >0.2 and a q-value (Bonferroni-corrected P-value) <0.05 by Wald test. The proportion of genes with a DMR were compared by the chi-square test. Gene ontology (GO) analysis of the DMR-associated genes was performed using the Gene Ontology Resource (http://geneontology.org/). Functional elements, including promoters, exons, introns, and untranslated regions (UTRs), were determined using gene transfer format (GTF) files of the reference genome. False discovery rate (FDR)was calculated for each term and terms with FDR <0.05 were considered as significantly enriched. The promoters were defined as regions 2,000 bp upstream of the transcriptional start site. Methylation rate of a functional element was calculated as the number of methylated CpGs in the element divided by the total number of covered CpGs × 100% in this element. Comparisons of the proportion of DMRs among sub-groups at different elements were performed by the chi-square test. The comparisons of methylation levels of DMEs and standard deviations (SDs)between sub-groups were performed using a nonparametric test. A P value <0.05 was considered statistically significant. SPSS 19.0 (SPSS Inc., Chicago, IL, USA) and R (19) were used for data analysis.

Autism candidate genes were downloaded from the SFARI database (https://gene.sfari.org/database/human-gene/). Autism genes are significantly longer than random background genes with more introns and exons, which have a great influence to DMR rate. To avoid this bias, a three-to-one nearest neighbor caliper matching method without replacement was used to match the numbers of mapped introns and exons between the background and autism genes with a 0.2 SD caliper. Only protein-coding genes were included in the matching.




Results

Sperm samples were donated by four men at the ages between 29 and 31. All of these men had normal semen parameters according to the WHO guidelines (2010) (Table 1).The genome-wide methylation level of each ZPBS and MSS sample with 30-50 spermatozoa was detected by bisulfite sequencing. There were 104 to 152 million clean reads per sample, and more than 50% of the clean reads were mapped to the reference genome (Supplementary Table 1). For each sample, 45.6% to 48.6% of the CpGs in the genome were covered, and about 30% CpGs were covered twice or more times (Supplementary Table 2). The average of mean coverage for covered CpGs was 2.6.Sample purity was tested by calculating the methylation levels of imprinted genes. As expected, imprinting control region 1 (ICR1) of the paternally imprinted gene,H19, was hyper-methylated, while the DMR of the maternally imprinted gene, MEST, was hypo-methylated in all samples (Supplementary Figure 1). There were no significant differences in the methylation rates of ICR1 (ZPBS vs MSS: 95.0 ± 2.2% vs 89.9 ± 4.8%, P>0.05) or MEST (ZPBS vs MSS: 3.4 ± 1.7% vs 2.4 ± 1.3%, P>0.05) between groups.


Table 1 | Donor characteristics.



To compare the DNA methylation profiles of different samples, the methylation rates of CpGs covered in all eight samples were calculated and clustered. The results showed that the ZPBS and MSS from the same ejaculate clustered together (Supplementary Figure 2A). We also compared the correlations between each sample for the eight samples and found that the correlation coefficient was slightly higher among ZPBS samples than MSS samples (0.822vs0.807, P=0.045, Supplementary Figure 2B). As a feature of single-cell methylation sequencing, the methylation rates of most CpGs were either 0% or 100% (Figure 1A). The global methylation levels of ZPBS were significantly lower than those of MSS (Figure 1B). We further compared the methylation levels of different functional elements. The introns and 3′-UTRs were hyper-methylated while the 5′-UTRs were hypo-methylated (Figure 1C). The methylation levels of the exons and promoters were diverse, with wide ranges (Figure 1C). To compare inter-sample heterogeneity, we calculated the SDs of each element for ZPBS and MSS samples. The SDs in ZPBS were lower in exons, introns, promoters, and 3′-UTRs but not 5′-UTRs, suggesting lower inter-sample heterogeneity in most elements of ZPBS compared with those of MSS (Figure 1D).




Figure 1 | The genome-wide methylation pattern of ZPBS and MSS. (A) The distribution of methylation levels in shared CpGs among samples. (B) A comparison of global methylation levels between ZPBS and MSS. (C) A comparison of methylation rates in different functional elements. (D) A comparison of standard deviations of element methylation levels among samples between ZPBS and MSS.**< 0.01.



A DMR was defined as a region including at least three CpGs with significantly different DNA methylation levels between the ZPBS and MSS groups. There were 11,175 DMRs identified throughout the whole genome, 52.3% of which were hypo-methylated in ZPBS (Supplementary Table 3). A DMR-related gene was defined as one gene overlapping with at least one DMR in its promoter and/or gene body. Of 7,641 DMR-related genes, 5,656 genes were annotated for biological processes in a GO analysis. The top five enriched GO terms were anterior/posterior axon guidance (GO:0033564), cerebrospinal fluid secretion (GO:0033326), synaptic transmission, glycinergic (GO:0060012), transmembrane receptor protein tyrosine phosphatase signaling pathway (GO:0007185), and semaphorin-plexin signaling pathway involved in neuron projection guidance (GO:1902285). These five biological processes included 32 DMR-associated genes (Supplementary Table 4), of which seven genes, including TRIO(high confidence),DCC(strong candidate), PLXNA4(strong candidate), PLXNB1(strong candidate), GLRA2(suggestive evidence), NRP2(suggestive evidence), and PLXNA3(suggestive evidence), were autism candidate genes reported in the SFARI database (https://gene.sfari.org/database/human-gene/).To avoid enrichment biases derived by gene length, genes with DMRs in promoters were analyzed by GO. These genes were also enriched in biological processes involved in neural development (Figure 2A). Then, genes with ZPBS-hyper-methylated DMRs and ZPBS-hypo-methylated DMRs in promoter were enriched separately. Interestingly, hyper-DMR related genes were enriched in terms related with neural development (Figure 2B), while hypo-DMR related genes were enriched in terms involving in ATP synthesis (Figure 2C).




Figure 2 | GO analysis of genes with DMRs in promoters. (A) GO terms with enrichment ≥2 and FDR < 0.05 for genes with hyper-DMRs and/or hypo-DMRs in promoters. (B) GO terms with enrichment ≥2 and FDR < 0.05 for genes with hyper-DMRs in promoters. (C) GO terms with enrichment ≥ 2 and FDR < 0.05 for genes with hypo-DMRs in promoters.



To explore the relationship between sperm selection and the risk of autism in children conceived by ICSI, we analyzed the methylation status of 1,003 autism candidate genes reported in the SFARI database (Supplementary Table 5). We first compared the methylation profiles of autism genes between ZPBS and MSS, and found that the methylation rates of ZPBS functional elements showed more centralized profiles at about 68% compared with MSS (Supplementary Figure 3), indicating a lower methylation variability in ZPBS. Then, we compared the proportions of DMR-related genes between autism and background genes. We found more autism genes with DMRs in their promoter (Figure 3A). In accordance with GO analysis, there were more promoters overlapping with hyper-DMRs (Figure 3B), but not hypo-DMRs (Figure 3C), in autism genes compared with background genes.




Figure 3 | Comparisons of genes with DMRs in promoters between autism and background genes. (A) The proportion of genes with DMRs in promoters was higher among autism genes than among background genes. (B)The proportions of genes with hyper-DMRs in promoter were higher among autism genes than among background genes. (C) The proportions of genes with hypo-DMRs in promoter were similar among autism genes with among background genes. *P < 0.05; **P < 0.01; n.s., not significant.



Just like genes with DMRs in promoters, We also found more genes with DMRs in promoters and/or gene bodies in autism candidates than background genes (Figure 4A). However, as autism genes were significantly longer than random genes, there were more introns and exons in autism genes, which would great influence the number of DMRs. To avoid this bias, we defined a group of background genes with matched number of introns and exons (Supplementary Table 6). A total of2806 background protein-coding genes were matched to 951autism genes. The rate of DMR-related genes was still higher in these autism genes (47.8%) than matched background genes (37.1%) (Figure 4B).




Figure 4 | Association of the bivalent chromatin structure and high DMR rates. (A) A comparison of DMR-related gene rate between autism and background genes. (B) A comparison of DMR-related gene rate between autism and matched background genes (MBG). (C) Bivalent chromatin structure was more common in autism genes than in background genes. (D) Bivalent chromatin structure was associated with a higher frequency of DMRs. MBG, matched background genes; ***P < 0.001.



Schrott et al. (20) showed that autism candidate genes are significantly enriched for bivalent chromatin structures, which makes the methylation of these genes vulnerable to environmental exposure. We sought to determine whether this bivalent structure also contributed to the higher DMR rate in autism genes between ZPBS and MSS. Indeed, there was a higher proportion of genes with bivalent chromatin (21) among autism genes than among matched background genes (Figure 4C). Moreover, the proportion of genes with DMRs was higher among genes with bivalent structures, both for autism candidate genes and matched background genes (Figure 4D).



Discussion

The spermatozoa are a group of specialized cells with high heterogeneity. DNA methylation levels vary between different ejaculates from the same man and between high- and low-quality fractions of the same ejaculate (14). The morphological or functional differences between spermatozoa from the same ejaculate may be due to epigenetic factors. We compared the genome-wide DNA methylation profiles between ZPBS and MSS and found global methylation differences and differences at a number of specific genes. We also found that these methylation differences were enriched in autism genes, which provides an explanation for the higher rate of autism in offspring conceived via ICSI.

During spermatogenesis, the genome undergoes demethylation and de novo methylation (22). Aberrant methylation during this process affects gene expression, imprinting, protamine transition, and chromosome structure, leading to abnormal sperm count, motility, and morphology (23). Several studies have linked aberrant DNA methylation in sperm to a decrease in semen parameters. Houshdaran et al. (24) found that sperm DNA is hyper-methylated in samples with poor sperm concentration, motility, and morphology. Sujit et al. (25) reported that the sperm DNA methylation levels of spermatogenesis-related genes are higher in men with oligozoospermia than in men with normal semen parameters. These results are consistent with our findings that global DNA methylation levels were higher in MSS than in ZPBS (Fig. 1B). In addition, genes with ZPBS-hypo-DMRs in promoters were significantly enriched in processes involving in ATP synthesis which was essential for sperm motility, acrosin activity, acrosome reaction capability and chromatin integrity (26–28).Thus, DNA hyper-methylation in sperm may affect energy synthesis leading to reduced sperm fertilization ability.

Several studies have suggested that children born through ICSI have an increased risk of autism and intellectual disability, which may be influenced by paternal characteristics linked to male infertility or the processes of ICSI treatment (4, 5, 29, 30). Kissin et al. (5) reported a higher incidence of autism in children conceived after ICSI compared with those conceived via conventional IVF in a cohort study of 42,383 children conceived with assisted reproductive technology (1997–2006). Importantly, they further reported that the association between autism and ICSI was stronger among children conceived with ICSI for non-male factors, suggesting that a diagnosis of male infertility was not associated with an increased risk of autism. These results may be explained by the hypothesis that the bypassing of the natural sperm selection process during ICSI may result in the injection of a spermatozoon carrying genetic or epigenetic mutations related to autism, leading to an increased risk of autism. Our study provided evidence supporting this hypothesis. On one hand, the proportion of autism candidate genes with at least one DMR between ZPBS and MSS was significantly higher than the corresponding proportion among matched background genes (Figure 4B). On the other hand, genes with DMRs in promoter were enriched in functions related to neuron projection, axonogenesis, axon extension, semaphoring-plexin signaling pathway (Figure 2). These processes are all closely associated with the prevalence of autism.

Few studies have linked DNA methylation alterations in autism candidate genes with sperm selection during fertilization. However, there is evidence for a relationship between autism and locus-specific and genome-wide changes in DNA methylation. Garrido et al. (31) compared genome-wide methylation levels between sperm samples obtained from fathers of children with and without autism and found that genes associated with the DMRs are linked to previously known autism spectrum disorder genes and other neurobiology-related genes. Advanced paternal age has been suggested as a risk factor for autism (32). Global or locus-specific DNA methylation levels are reported to increase in sperm as men age (33). Some of the age-related changes in sperm DNA methylation occur at genes associated with neuropsychiatric disorders (33).

The prevalence of autism is increasing. In the United States, the prevalence reported by the Centers for Disease Control and Prevention was 1 in 150 in 2000, but reached 1 in 54 in 2016 (https://www.cdc.gov/ncbddd/autism/data.html). Environmental factors are thought to contribute to the increased prevalence of autism. Epigenetic factors play an important role in bridging the environment and disease. Two studies from one group reported that the methylation of autism candidate genes in rat sperm is affected by environmental exposure to tetrahydrocannabinol and nicotine (20, 34). They also discovered that autism candidate genes are significantly enriched for bivalent chromatin structure and proposed that this configuration may increase the vulnerability of genes in sperm to disrupted methylation (20). In the current study, a higher rate of DMRs between MSS and ZPBS was found in autism genes than in matched background genes, suggesting higher DNA methylation variability of autism genes in sperm (Figure 4B). This may be the result of special methylation features of autism genes. Indeed, we found that the number of DMRs was higher in autism candidate genes with a bivalent structure (Figure 4D).

The above findings provide insights into the reason for the association between ICSI and the risk of autism in offspring. The methylation of autism candidate genes in sperm is vulnerable because of the unique bivalent chromatin structure. This susceptibility of autism genes leads to higher DNA methylation heterogeneity between spermatozoa. Spermatozoa selected by an embryologist for ICSI escape the natural selection process and have a higher risk of carrying more DNA methylation alterations in autism candidate genes, resulting in abnormal expression of these genes and eventually leading to a higher risk of autism in offspring conceived by ICSI using these spermatozoa.

To the best of our knowledge, this is the first study to compare methylation levels between ZPBS and MSS. Using scBS-seq, approximately half of all CpGs were detected. However, due to the limited number of ZPBS samples and the nature of scBS-seq, the sequencing depth was limited. The mean coverage for covered CpGs was only 2.6. Therefore, intermediate methylation information was missing for a lot of single CpGs. However, the methylation levels of most CpGs in spermatozoa have been reported to be either 0 or 100% (35, 36), which may eliminate the potential bias introduced by this sequencing technique.

The global methylation levels in current study were about 46-48% which was similar with those in previous studies using Infinium Human Methylation beadchip and reduced representation bisulfite sequencing (RRBS) (35, 36). But comparing with whole genome bisulfite sequencing (WGBS), the global methylation levels in this study were much lower, which may due to the uneven distribution of reads (35, 37). It has been reported that the enrichment towards exons, promoters and CGIs is exaggerated in scBS-Seq libraries (38). Promoters and CGIs are hypo-methylated in sperm (39). Chan et al. (35) have compared methylation levels of sperm using WGBS between two studies, and found that the average methylation level was lower (69.4% vs 80.5%) in the study (WGBS-Prev) with lower coverage rate. This result was explained by the fact that a greater proportion of highly covered sites from the WGBS-Prev was found within promoter-transcriptional start site (TSS) regions as well as within CpG islands.

In summary, this study compared the methylation profiles of ZP-bound and manually selected spermatozoa and found differential methylation levels globally and at specific loci. DMR-related genes were enriched in biological processes related to the onset of autism. The frequency DMRs was higher in autism genes as a result of the specific bivalent structure of these genes. Our results provide an explanation for the higher risk of autism in offspring conceived by ICSI, and suggest that it should be taken seriously in selecting ICSI over conventional IVF for non-male factor infertility during assisted reproduction technology.
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Since the outbreak of the COVID-19, up to now, infection cases have been continuously rising to over 200 million around the world. Male bias in morbidity and mortality has emerged in the COVID-19 pandemic. The infection of SARS-CoV-2 has been reported to cause the impairment of multiple organs that highly express the viral receptor angiotensin-converting enzyme 2 (ACE2), including lung, kidney, and testis. Adverse effects on the male reproductive system, such as infertility and sexual dysfunction, have been associated with COVID-19. This causes a rising concern among couples intending to have a conception or who need assisted reproduction. To date, a body of studies explored the impact of SARS-CoV-2 on male reproduction from different aspects. This review aims to provide a panoramic view to understand the effect of the virus on male reproduction and a new perspective of further research for reproductive clinicians and scientists.
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Introduction

At the end of 2019, a novel coronavirus, named SARS-CoV-2, was found in patients with severe pneumonia and has become a worldwide pandemic with a rapidly growing number of infection cases up to now. SARS-CoV-2 and SARS-CoV-1 belong to the same coronavirus subfamily named the beta coronaviruses (1, 2). SARS-CoV-2 and SARS-CoV-1 share the same receptors named ACE2 residing in many different human organs (3). Previously, several research groups have revealed that SARS-CoV-1 patients have post-infection reproductive system complications (4, 5). Thus, in the present review, we demonstrate the molecular mechanism of the viral tropism, post-infected pathological features, and potentially detrimental effects in the male reproductive system in the COVID-19 patients. The review aims to draw appropriate conclusions about the impact of COVID-19 on male reproduction and put forward some new ideas for further research.



The Molecular Mechanism of the Infection in the Male Reproductive System

In early 2020, it was demonstrated that the transmission mode of SARS-CoV-2 is mainly by droplets containing pathogens in the air (6). Droplets enter the nose and mouth and then carry pathogens to infect the upper respiratory tract. Firstly, SARS-CoV-2 entry into the host cells depends on the recognition of the angiotensin-converting enzyme 2 (ACE2) receptor (7). Since viral spike protein binds to the extracellular domain of ACE2, another critical factor, transmembrane protease serine protease-2 (TMPRSS2), mediates cleavage at the S1/S2 site of S protein, which is indispensable for viral membrane fusion (7). The viral RNA genome begins to replicate and instruct host-cell ribosomes to translate its structural proteins and polyproteins for viral capsid after SARS-CoV-2 enters the host cells (8). Viral particles are assembled in reticulum-Golgi intermediate compartment (ERGIC) (9) and subsequently are released by means of exocytosis for the spread of the infection (8).

ACE2 is regarded as the most essential key for viral entry; thus, expression patterns of ACE2 in different tissues and organs have become a focus in many research works, which may suggest potential routes of SARS-CoV-2 infection in humans. Previous studies have shown that ACE2 expression is abundant in the testis (10, 11). The proportion of ACE2-positive cells in the testis is more than that in the lung, which indicated that the testis might serve as a high-risk potential infection organ (12). Using single-cell RNA sequencing (scRNA-seq), it is reported that ACE2 is primarily expressed in Sertoli cells, which have the highest expression level, and then Leydig cells (LCs) and spermatogonia (13). It suggests a possible tropism of SARS-CoV-2 to the testis. The virus may infect Sertoli cells, disturbing the physiological process in which Sertoli cells control the germ cell environment by the secretion and transport of nutrients and regulatory factors, which is strongly related to spermatogenesis. Sertoli cells also play an important role in constituting the blood–testis barrier (BTB) (14). The BTB gives testes immune privilege separating autoantigens and host immune cells from germ cells and Sertoli cells. The Leydig cells are located in the interstitium of the testis where they are most vulnerable within the testis against the virus. LCs secrete androgen, which is indispensable in spermatogenesis and in maintaining secondary sex characteristics (15). Moreover, LCs also regulate testicular macrophage and lymphocyte numbers (16). Collectively, if SARS-CoV-2 infects these types of cells, the disruption of spermatogenesis will occur. In addition, a human sperm proteomic database reveals the presence of ACE2 in the human sperm while it is not detected through scRNA-seq (17). Furthermore, TMPRSS2 is expressed abundantly in prostasomes and is released into the seminal fluid from the prostate gland at ejaculation (18), which makes it possible for sperm to be vulnerable to SARS-CoV-2 infection.

Besides, the viral infection of cells requires cofactors, such as TMPRSS2 (19) and CD147 (20), to promote its invasion. TMPRSS2 is highly expressed in the kidney, epididymis, prostate, and seminal vesicles. TMPRSS2 expression was concentrated in spermatogonia and spermatids with relatively low levels in other cell types of testes (13). Stanley et al. used the scRNA-seq method to find that the proportion of co-expression of ACE2 and TMPRSS2 in testicular cells is less than 0.05% (21), which indicated that human testis is not susceptible to viral attack. However, transcript-level expression cannot represent the protein expression profiles of the human reproductive system. Additionally, most studies evaluated the risk of viral infection by examining the expression of ACE2 and TMPRSS2, which is sort of arbitrary, because other co-receptors promote the entry of SARS-CoV-2 in cells of the respiratory system. That is why the lung is the most susceptible organ to SARS-CoV-2, while single-cell sequencing data show that ACE2 expression was expressed in fewer than 0.1% of cells in the lung (22). Therefore, further studies are warranted to focus on protein expression of more viral receptors in testicular cells so that we could better elucidate the tropism of SARS-CoV-2 in the human reproduction system.



The Impacts of COVID-19 on the Male Reproductive System


Testicular Damage and Viral Transmission in the Semen of the COVID-19 Patients

Several studies focus on the reproductive pathology of COVID-19 patients. Ma et al. compared five COVID-19 patients with control patients and found that numerous degenerated germ cells (GCs) had sloughed into the lumen of seminiferous tubules (23). Two of five COVID-19 patients even showed symptoms similar to Sertoli cell-only syndrome. To ascertain the reason for the massive loss of GC, they found the significant presence of apoptotic cells and the infiltration of T lymphocytes, B lymphocytes, and macrophages in COVID-19 testes, which suggests that patients with COVID-19 had viral orchitis causing dysfunction of spermatogenesis. Yang et al. examined 12 postmortem testis samples of COVID-19 patients (24). They found that Sertoli cells showed swelling, vacuolation, and cytoplasmic rarefaction, and detachment from tubular basement membranes, and the number of Leydig cells was reduced, which is responsible for the decreased production of testosterone. Moreover, COVID-19 testes exhibited interstitial edema and mild lymphocytic inflammation corresponding to symptoms of orchitis. However, this study did not find significant alterations in spermatogenesis. Another research has reported damage of testes in autopsied testicular specimens consistent with autoimmune orchitis (25). Additionally, they also observed epididymitis in all cases. Two reports refer to the positive detection of SARS-CoV-2. Ma et al. have detected two testis samples of five positive for SARS-CoV-2 nucleic acid (23). Yao et al. examined 26 autopsy cases from deceased COVID-19 patients and found that SARS-CoV-2 spike existed in endothelia of the BTB, seminiferous tubules, and sperm in the epididymis in 3 of 26 cases (26). Yang et al. found only 1 case out of 10 was positive for the virus in the testis, whereas the positive one resulted from the blood with a high viral load rather than testicular tissue affection (24). However, the study of Song et al. showed that the SARS-CoV-2 is absent from both the semen and testis specimens of the COVID-19 patient (27). In addition, Peirouvi et al. observed an elevated level of pro-inflammatory cytokines, including TNF-α, IL-1b, and IL-6, and decreased expressions of genes related to BTB, claudin, occludin, and connexin-43 in testis tissues, which indicates that COVID-19 infection would disrupt BTB integrity (28). Collectively, SARS-CoV-2 is more inclined to affect the function of the testis by triggering autoimmune orchitis leading to the destruction of BTB. Whether testis injury is attributed to viral direct infection on testicular cells or uncontrolled autoimmune is still unclear. Testicular organoids may be a suitable platform for further research to investigate the molecular mechanism of viral impact on male reproduction.

There are several viruses reported that could cross the BTB and can be transmitted sexually, such as Zika (29) and HIV (30). Currently, the existence of SARS-CoV-2 in semen is controversial. It was reported that a semen test of 38 specimens found that 6 samples (15.8%) were positive for SARS-CoV-2, namely, 4 of 15 patients (26.7%) with the acute stage of infection and 2 of 23 patients (8.7%) recovering from COVID-19 (31). This result could be due to the fact that patients of the acute stage have a high blood viral load, which allows the virus to have more chance to reach the testes and enter the BTB mediated by local and/or systemic inflammation. Most studies suggested that there was no viral detection in the semen (23, 27, 32, 33). Considering the results of the aforementioned studies, it seems that in mild COVID-19 cases, the seminal presence of SARS-CoV-2 is unlikely or rare, while there is a lack of evidence to draw a firm conclusion in severe acute cases. Recently there are skeptical views on the positive results since the process of ejaculation and semen collection may be contaminated (34). Further data following the WHO guideline to avoid virus contamination is needed to clarify the issue (35). Nonetheless, in almost all cases, the sensitivity and specificity of the RT-PCR methods used to detect SARS-CoV-2 in seminal fluid have not been evaluated (36). It is not clear that current detection methods applied to nasopharyngeal swabs are properly available in viral detections in semen. Although most studies indicate a low risk of seminal infection, infection in semen and gametes remains a pending issue, which requires substantial epidemiological data concerning viral transmission from male recovered patients to previously unaffected sexual partners (34). In particular, it is noteworthy to evaluate the presence of SARS-CoV-2 for semen cryopreservation, because the virus can retain its biological pathogenicity in liquid nitrogen (37).



Sperm Parameter Alterations in the COVID-19 Patients

The impact of SARS-CoV-2 on semen parameters has become an increasingly concerning issue to provide biological evidence for clinical recommendations in assisted reproduction centers. Holtmann et al. recruited 18 men, divided into mild and moderate groups, and a control group of 14 uninfected men (32). They examined sperm concentrations, the total number of sperm per ejaculate, the total number of progressive motility, and the total number of complete motility. Sperm concentrations, total progressive motility, and total sperm count of patients with moderate infection were significantly lower than the parameters of controls. However, there are limitations of this study in that the small sample can introduce sampling errors and it could not be compared with self-condition before infection. Li et al. observed that 9 out of 23 had decreased sperm concentration, representing the symptoms of oligozoospermia compared with the controls (25). Furthermore, all these patients with oligozoospermia have offspring, which demonstrated that they had intact fertility before infection. Segars et al. (38) indicated that male fertility may be severely affected for 72–90 days after infection due to decreased sperm concentration and motility (38). Furthermore, SARS-CoV-2, similar to other influenzas, could activate the cellular oxidative stress, leading to sperm DNA fragmentation, which is correlated to poor embryo development, lower implantation rate, and higher miscarriage rate (39–41). Febrility is one of the common symptoms of COVID-19 patients. The association of temporary alteration and sperm quality has been well studied (42). A fever can have significant effects on semen parameters and sperm DNA integrity, which suggests that a 3-month delay should be taken for COVID-19 male patients if they intend to have a conception or need an assisted reproductive techniques (ART) program. Furthermore, these adverse outcomes could be attributed to viral infections and may cause abnormal testosterone and LH levels and orchitis. To note, potential epigenome modifications of recovered patients’ gametes should be taken into consideration in future studies.



Erectile Dysfunction in COVID-19 Patients

Because of the high transmissibility of the infection and the higher severity rates among men than women (43, 44), there is a worry that erectile dysfunction (ED) is a possible consequence of COVID-19 for survivors. A preliminary study concluded that ED and COVID-19 seemed to be strongly associated after removing the possible bias resulting from age and BMI, factors that contribute to both increased prevalence of ED (45). The mechanisms may lie in the following aspects (Figure 1). Studies reported that most male participants with COVID-19 had decreased testosterone, suggesting hypogonadism (46, 47). Testis damage, including reduced Leydig cells, resulting in impaired steroidogenesis, may cause the hypogonadism in patients with COVID-19 (48). Low testosterone suppresses the expression of nitric oxide synthase and causes vascular smooth muscle cell atrophy (49). Furthermore, testosterone has an immunosuppressive function. Rastrelli et al. reported that the low testosterone in COVID-19 patients could predict poor prognosis and mortality (50). Hypogonadal patients have a higher level of TNF-α, IL-6, and IL-1β, which has a higher risk of vascular impairment (51). Therefore, the state of hypogonadism may play a crucial role in the onset of ED. Sexual activity is closely associated with psychological health. Psychological distress universally occurs and is affected by COVID-19. Due to the lockdown of many cities, the loss of freedom can lead to secondary losses such as losses of relationship, recreation, social support, and even income sources (52). The loss of relatives and friends can also trigger an increasing rate of depression. In addition, psychological factors resulting from low testosterone also contribute to ED (53). Endothelial dysfunction and cardiovascular impairment are other etiological factors. As the endothelium expresses ACE2 (54), SARS-CoV-2 is likely to affect the vascular endothelium including the penis during the systemic infection. Kresch et al. firstly reported the presence of SARS-COV-2 in the penis long after the initial infection in humans (55). On the other hand, the spike protein of the virus can alone damage endothelial cells by impairing the mitochondrial function, reducing eNOS activity and increasing ROS production through the deactivation of AMPK (56). The penile endothelial bed maintains vascular pressure, patency, and perfusion; inhibits thrombosis; and regulates the behavior of the neighboring vascular smooth muscle, all of which is crucial for erections (57). Additionally, erectile function is regarded as a predictor of heart disease (58, 59). ED can partially reflect the cardiovascular systemic state in COVID-19 patients. When the acute cytokine storm impairs their own organs, the cytokine storm may lead to the ROS-dependent apoptosis in vascular endothelial cells (60), which also contributes to the onset of ED. Another hypothesis that accounts for ED in the COVID-19 is decreased oxygen saturation as the result of pulmonary fibrosis hampers the availability of NO in the corpus cavernosum (61, 62). Another cause contributing to the potential onset of ED is anosmia and ageusia. Anosmia and ageusia, which play crucial roles in sexual activities, are symptoms of COVID-19 patients at the initial stage (63). The maintenance of penis erection requires both of them to trigger exciting messages to the brain (48, 64). PDE inhibitors are prevalent for drug treatment of ED because PDE inhibitors suppress degradation of cGMP, resulting in prolonged or enhanced erections (65). However, men with vascular-related diseases, such as diabetes, commonly do not respond well to PDE inhibitors (66). Novel approaches for ED treatment turn to novel drug target and stem cell therapy (67). The ACE2–Angiotensin-(1-7)–Mas axis may become an effective target to treat ED in COVID-19 patients. The mechanisms of this drug target is elucidated in Figure 1. Angiotensin 1-7 [Ang-(1-7)] is an endogenous heptapeptide from the renin–angiotensin system (RAS) with a cardioprotective role. Ang-(1-7) is proved to play an important role in eNOS activation and NO release by the PI3K/Akt pathway (68). Additionally, Ang-(1-7) also decreases the production of ROS (69), which may counteract the cytokine-induced dysfunction. In conclusion, further studies are needed to explore the pathogenesis of ED and investigate whether the occurrence of ED is just temporary or chronic.




Figure 1 | COVID-19 can cause erectile dysfunction. The potential mechanism of how COVID-19 infection is related to erectile dysfunction through impairing endothelial cell and smooth muscle cell (top panel); Ang1-7 is a potential novel drug target to treat erectile dysfunction in COVID-19 patients (bottom panel). ACE2, angiotensin-converting enzyme 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ED, erectile dysfunction; ROS, reactive oxygen species; AMPK, AMP-activated protein kinase; Ang1-7, angiotensin 1-7; Ang II, angiotensin 2; PDE, phosphodiesterase; 5’GMP, Guanosine-5’-monophosphate; cGMP, cyclic guanosine monophosphate; PKG, Cyclic GMP–dependent protein kinase; NOS, nitric oxide synthase. This scheme was created using BioRender, accessed on Sept. 29, 2021.






The Reproductive Toxicity of Drug Treatment of COVID-19

During the treatment of COVID-19, the use of antiviral drugs often neglects the potential reproductive toxicity. The following are the drugs that may be used/exploited for treatment referring to current guidelines (70). Remdesivir is approved by the FDA for the treatment of COVID-19 in hospitalized adult and pediatric patients (70). Up to now, there have been no reports of Remdesivir concerning the adverse effect on the human productive system despite one investigation suggesting the reproductive toxicity of Remdesivir, which was withdrawn by the authors for better experimental design (71). IFN-α is known for antiviral, antiproliferative, and immunoregulatory activities (72). de Lima Rosa et al. concluded that IFN-α within the normal dose range did not significantly influence sperm production, maturation, and motility, as well as levels of gonadal hormones (73). Ribavirin is used widely as an antiviral drug, which is a candidate for COVID-19 treatment due to the inhibition of viral RNA-dependent RNA polymerase (74). It is generally accepted that ribavirin exposure should be avoided during pregnancy due to the potential teratogen (75). Besides, the impact of ribavirin on spermatogenesis should be emphasized. Narayana et al. revealed that ribavirin significantly decreased the sperm count in a dose- and time-dependent pattern in rats. Additionally, ribavirin could cause a reversible decrease in sperm parameters including decreased sperm motility, DNA packaging abnormalities, and increase in sperm DNA fragmentation up to 8 months after drug discontinuation (76), which indicates that mandatory contraception should be taken after treatment discontinuation. Corticosteroids are used widely in the clinic for the reason that their potent anti-inflammatory effects might prevent or mitigate these deleterious effects. There is no evidence supporting adverse effects on human sperm, while corticosteroids possibly indirectly affect spermatogenesis and oocyte competence through the hypothalamic–pituitary–gonadal axis (77, 78). Broad-spectrum antibiotics are being widely used in patients with COVID-19 (79). Although most relevant studies are inconclusive, the potential reproductive toxicity of antibiotics should be considered (80). Hargreaves et al. found that amoxicillin impaired sperm viability at high doses (81). Another group demonstrated that therapeutic doses of penicillin G resulted in spermatogenic arrest in rats after treatment for 8 days (82). Moreover, high doses of nitrofurantoin can cause spermatogenic arrest, reduced sperm counts, and sperm immobilization, which is probably due to the failure of testicular cells to use carbohydrates and oxygen (83, 84). There are two drugs mispresented as “miracle drugs” by media misinformation and forged studies. However, both are not approved to treat COVID-19 patients. Chloroquine, an immunomodulant drug, is effective in reducing viral replication in SARS-CoV-2 infections, supported by in vitro data and clinical studies involving humans (85). Rat models showed that chloroquine reduces motility and fertilizing capacity of sperm (86, 87). However, there is a lack of sufficient data to make recommendations. Ivermectin has been shown to inhibit the replication of SARS-CoV-2 in vitro (88). Moreira et al. found a significant decrease in striatal dopaminergic system activity including dopamine release and lower testosterone levels in male rats, leading to a reduction in motor coordination (89). Above all, couples who have used related drugs are advised to seek professional advice and fertility check before planning to conceive.



 Novel Model for Future Investigation of Fertility in COVID-19

Humanized ACE2 (hACE2) mice, which have overcome the natural insensitivity of mice to SARS-CoV-2 infection, are widely exploited for infection models and drug development. However, they are not an economical tool due to their high breeding fee and the lack of a qualified animal laboratory. Organoids are increasingly utilized for drug screening, toxicity assessment, and viral infection progression. Existing methods to evaluate the potential reproductive toxicity of drugs and viral infection require a large amount of animal sacrifice and could not ignore the individual differences. Organoids could provide more controllable, high-throughput, and faster evaluation techniques to simulate the microenvironment in vivo. In COVID-19, multiple research groups have resorted to organoid approaches to understand the tissue tropism of SARS-CoV-2. Penninger et al. established the capillary organoids and kidney organoids from human iPSCs and demonstrated that SARS-CoV-2 could directly infect cells in the capillary and kidney, which explains the spread of the virus throughout the body and the loss of kidney function in several severely infected cases (90). Another research group utilized human ASC-derived intestinal organoids to prove that SARS-CoV-2 could infect intestinal epithelium, the enterocyte, and replicate in intestines, suggesting that the intestine is a susceptible site of SARS-CoV-2 (91). To note, Lancaster and colleagues used brain organoids to investigate viral neurotropism and discovered that SARS-CoV-2 mainly infects the choroid plexus leading to damage to this brain barrier (92), and it should be emphasized that testis has a similar structure composed of cell–cell tight junctions. There is a restricted number of research groups that have reported and characterized human testicular organoids. Daniel and his colleagues developed the human testicular organoid to investigate the impact of ZIKV infection on testis (93). Until now, testicular organoids have not been used in studies about COVID-19 possibly because of difficulties of building human testicular organoids. Thus, further improvement of strategies to establish testicular organoids is needed. There is no denying that testicular organoid is a novel and efficient tool to investigate the susceptibility of testis to SARS-CoV-2 and to understand the alterations of post-infected reproductive capacity.



Conclusion

It appears that COVID-19 influences different aspects of male reproduction including reproductive tracts, hormone, gametes, and sexual function. COVID-19 may trigger orchitis or epididymitis, thus impairing testis integrity and spermatogenesis. COVID-19 patients have decreased sperm concentration and motility. However, there seems to be a lack of consensus in the presence of SARS-COV-2 in semen and testis. Moreover, COVID-19 patients are exposed to a high risk of ED and thus we suggested Angiotensin-(1-7) as a novel drug target for ED in COVID-19. The current review also discusses the reproductive tract toxicity of drugs targeting COVID-19, and it also sheds new light on research on related fields and how the emerging model, such as the organoid, can be used to accelerate understanding of the related topic. Taken together, the impact of COVID-19 on the reproductive system still has outstanding unsolved questions. We need extensive clinical research and more efforts to investigate the long-term influence on male reproduction.
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The purpose of this mini review is to provide data about pre-clinical and clinical evidence exploring the impact of circadian desynchrony on spermatogenesis. Several lines of evidence exist demonstrating that disruption of circadian rhythms may interfere with male fertility. Experimental knock-out or knock-down of clock genes, physiologically involved in the regulation of circadian rhythms, are associated with impairments of fertility pathways in both animal and human models. Moreover, disruption of circadian rhythms, due to reduction of sleep duration and/or alteration of its architecture can negatively interfere in humans with circulating levels of male sexual hormones as well as with semen parameters. Unfortunately, current evidence remains low due to study heterogeneity.




Keywords: circadian desynchrony, circadian rhythms, clock genes, spermatogenesis, fertility



Introduction

Globally, it has been estimated that infertility affects approximately 8-12% of couples, with a male factor being a primary or contributing cause in about 50% of couples (1, 2). Unfortunately, the cause of male infertility is unknown in about 30% of these cases (3, 4). Environmental endocrine disruptors, often consequences of human activity, have been widely investigated as agents potentially involved into the pathogenesis of infertility in animals and humans (5, 6). Over the past 30 years primary focus has been directed to the effects of chemicals environmental endocrine disruptors found in plasticizers, pharmaceuticals, and pesticides such as bisphenol A or glyphosate (7, 8). In recent years, however, the effects of non-chemical environmental endocrine disruptors such as that interfering with circadian rhythms (CR) leading to circadian desynchrony (CD) also gained growing interest in the pathophysiology of male infertility (5). The aim of this mini review is to provide the latest information on pre-clinical and clinical evidence about the relationship between CD and spermatogenesis.



Methods

The authors conducted a literature search of available sources evaluating the pathophysiology and clinical evidence about the relationship between CD and impaired male reproduction, with a special focus on spermatogenesis. Web of Science, PubMed, and Scopus databases were searched to find relevant articles. The information found in the selected studies was carefully evaluated and it is described and discussed in the following sections.


CR and CD: Definition and Pathophysiology

CR consist in daily oscillations in physiology processes (gene expression, metabolism, activity patterns and serum hormone levels) and behavior recurring with a 24h period. CR represent an ubiquitous feature in living organisms: they modulate function since unicellular life and gained an higher complexity multicellular organisms (9, 10).

In vertebrates, CR are hierarchically organized. They are both autonomous, based on cellular cycle which builds rhythmic activity of tissues, and controlled by synchronization through environmental signals (11). The main regulator of these rhythms is represented by the hypothalamic suprachiasmatic nucleus (SCN) (12). The cells in the SCN orchestrate rhythms in endocrine, physiological, and behavioral parameters through the activation of other central circadian oscillators (e.g., the hypothalamus and pituitary gland), with a period close to, but not exactly 24 hours (13, 14).

CR are strongly entrained by the daily photoperiod as they are influenced by the environmental light-dark cycle which has been reported to modulate the expression of several genes (15). Therefore, light is the most effective environmental synchronizing agent for the clock of human beings: it represents a direct drive to the nervous system through activation of intrinsic photosensitive retinal ganglion cells and transduced directly to the SCN through the retinohypothalamic tract (16), and an indirectly through the intergeniculate leaflet (17, 18).

Clock genes play a central role in orchestrating CR. In mammals, the main clock genes include: Period genes (Per 1/2/3, Period Circadian Regulator1/2/3), Circadian Locomotor Output Cycles Kaput (Clock) gene, Cryptochrome genes (Cry 1/2, Cryptochrome Circadian Regulator 1/2) and Aryl hydrocarbon receptor nuclear translocator-like protein 1 (ARNTL, also known as MOP3 or Bmal1) (19). Clock genes are involved in several physiological processes and diseases including ageing, metabolism, fertility, cardiovascular health, and cell proliferation (20, 21).

Throughout the last two centuries, modern lifestyles increasingly deprive us of natural zeitgebers (dt. time-givers) and technological advances have dramatically changed individual work and rest patterns (22–24). Electricity and constant accessibility to light, energy, food, the possibility to travel across time zones created an environment that is different from the one of the last two centuries. These environmental perturbances strongly contribute to the pathophysiology of CD, a condition defined for the first time by Sack & Lewy in 1997 as a specific type of circadian disruption occurring when endogenous rhythms become misaligned with daily photoperiodic cycles (25–27).

Growing evidence support the hypothesis that disruption of CR is involved in the pathophysiology of several diseases such as metabolic impairment, cardiovascular and sleep disorders, psychiatric illness, cancers such as urothelial carcinoma, and infertility (28–32).



CD and Male Infertility

Physiological processes regulating fertility need to be appropriately synchronized with the external environment to guarantee reproductive success. In the testis several models of temporal organization had been found. The complexity of its rhythmic function is linked to its structure divided into compartments (33). In the seminiferous tubule there is a spermatogenic wave that travels along in length to determine the timing of the commitment of spermatogonia to differentiate, the phases of meiotic division, and the rate of differentiation of the post-meiotic germ cells (33). Leydig cells, localized in the interstitial space, produce steroid hormones to ensure spermatozoa maturation and the sexual characteristics (33).

Several lines of evidence exist suggesting that disruption of mechanisms involved in CR may interfere with male fertility.



Mutations of Clock Genes and Male Infertility

Clock proteins have been reported to be expressed in male germ epithelium. In details, BMAL1 localizes mainly in Leydig cells but it can also be found in the nucleus and cytoplasm of germ cells and CLOCK was observed having a higher expression level in the cytoplasm of round spermatids (34).

Both pre-clinical and clinical evidence suggest the involvement of clock genes in the pathophysiology of male infertility.

Table 1 summarizes evidence from pre-clinical animal studies.


Table 1 | Findings from pre-clinical studies investigating the role of clock genes on spermatogenesis.



Alvarez et al. used Bmal1 knockout (KO) mice in order to clarify the role of this circadian clock protein in the fertility process and its role in testosterone production (36). Authors found that male Bmal1 KO mice were infertile and had lower testosterone and higher luteinizing hormone (LH) serum concentrations, compared to wild-type mice thus suggesting a defect in testicular Leydig cells. Testes and other steroidogenic tissues of Bmal1 KO mice exhibited reduced expression of steroidogenic genes. Expression of the steroidogenic acute regulatory protein (StAR) gene and protein, which regulates the rate-limiting step of steroidogenesis, was decreased in testes from Bmal1 KO mice. Microscopically, testes from Bmal1 KO mice exhibited reduced average seminiferous tubule diameter (by approximately 20%) and the sperm counts were reduced by approximately 70%. Homozygous Bmal1 KO mice were unable to breed with each other (36).

Peruquetti et al. analyzed the role of two genes (Clock and Bmal1) in the chromatoid body. This cytoplasmic organelle plays a crucial role in RNA post-transcriptional and translation regulation during the germ cell differentiation. They detect an alteration in the structure of chromatoid body of the spermatids of Bmal1 KO and Clock KO mice (34).

Liang et al. knocked down the Clock gene expression in the testes of male mice and determined its effect on fertility. Authors recorded lower in vitro fertilization rate, lower blastula formation rate, and a lower acrosin activity in the Clock Knockdown sperms, as well as a delay in dispersing cumulus cells. These results demonstrate that acrosin activity could be regulated by Clock and that Clock contributes to the regulation of male fertility and blastula formation (37).

Cheng et al. further corroborated these observation: they verified that acrosin activity and in vitro fertilization rate were reduced in SERPINA3K-treated sperm, producing a pattern of phenotypes very similar to that previously observed in the Clock knockdown sperm (38).

Unfortunately, the circadian expression of clock genes in testis tissue remains controversial.

Morse et al. investigated the role and the expression of Per1 in the mice testis, reporting a constant expression of the gene during the 12-h light and 12-h dark cycles. Moreover, the levels of Per1 proteins were constant during the day (35).

Human studies also provided evidence about the involvement of clock genes in male infertility.

Zhang et al. demonstrated, for the first time, an association between CLOCK genetic variants and altered semen quality in a human population with idiopathic infertility (39). In details, authors investigated the association between genetic variants of CLOCK and semen quality in humans. Authors examined three Single-Nucleotide-Polimorfism (SNP) of the CLOCK gene, (i.e. rs3749474, rs1801260 and rs3817444) to assess the association between these variants and semen quality in men with idiopathic infertility. The results indicated a strong association between the C allele carriers (CC or CT) of rs374947 and significantly reduced semen volume and sperm number per ejaculate. Moreover, associations between the A allele carriers (CA or AA) of rs3817444 and significantly reduced semen volume as well as between both the rs3749474 CC genotype and rs1801260 TC genotype and significantly decreased sperm motility were found (40).



CD and Reproductive Hormones

Circulating levels of male sexual hormones are modulated by circadian clock, light exposure, and sleep duration. The circadian pattern of LH and testosterone have been widely investigated in healthy males. In healthy young men, serum testosterone concentrations rise with sleep onset, reaches the peak during the first REM episode, remains stable until awakening, and then rapidly declines (41). Sleep-related elevations in LH have been also reported. Total sleep time and durations of stage 2 and REM have been reported to be positively related to morning testosterone levels (41). Zhang et al. found a significant correlation between sleep duration (measured by actigraphy) and follicle stimulating hormone (FSH) levels as well as by rapid eye movement sleep and FSH in healthy young men (42).

Total sleep deprivation or sleep restriction have been shown to impair the secretory activity of the pituitary-testis axis.

Leproult et al. investigated the effect of 1 week of sleep restriction to 5 hours per night (a condition experienced by at least 15% of the US working population) on testosterone levels in young healthy men and found a daytime decrease of testosterone levels by 10% to 15% (43).

Schmid et al. aimed to discriminate the effects of sleep duration and sleep timing on serum concentrations of LH and testosterone (44). They failed to find differences in terms of serum LH and testosterone concentrations between patents with sleep time restriction to 4 h for two consecutive nights (bedtime, 02:45 -07:00 h) and a control condition of 8 h regular sleep (bedtime, 22:45-07:00 h). However, total sleep deprivation and 4·5 h of sleep restricted to the first night-half (bedtime, 22:30-03:30 h) markedly decreased morning testosterone concentrations (44).

Interestingly, testosterone level has been reported to recover basal concentrations after one night of recovery sleep. However, extending sleep duration by approximately 1.2 h/night over six nights has minimal effects on hormonal responses to total sleep deprivation (41).

Yoon et al. investigated the levels of urinary LH in normal young men aged between 19 and 30 years following early morning light exposure (05:00 – 06.00). They found that LH excretion was increased 69.5% after bright light exposure but was not changed by placebo light exposure (45).

Despite previous results, Chen et al. failed to find significant association between sleep duration and reproductive hormone levels (follicle-stimulating hormone, LH, estradiol, progesterone, testosterone, and prolactin (46).



CD and Spermatogenesis in Humans

Evidence about the influence of CD on spermatogenesis in humans derive mainly from studies about the relationship between sleep duration/architecture and sperm parameters (Table 2).


Table 2 | Findings from clinical studies investigating the association between sleep duration/quality and semen parameters.



Zhang et al. found a significant correlation between sleep duration (measured by actigraphy) and testis volume (42).

Chen Q. et al. recorded an inversed U-shaped association between the entire sleep duration and two of the semen parameter (semen volume and total sperm count) with 7.0-7.5 h/d as the “turning point”: for those whose sleep duration was below 7.0 h/d the semen parameters increased with longer sleep duration; but the semen parameters decreased, with longer sleep duration, for those whose sleep duration was over 7.5 h/d (46).

Similarly, Chen H-G. et al. investigated association between sleep duration and quality of the semen samples (53). Authors found a better quality of the semen (sperm volume, concentration and total count) in men who slept between 8.0 and 8.5 hours per day (53). Men who slept less than 6.0 h/day and higher than 9.0 h/day had lower sperm volume of 12% and 3.9%, respectively. Men who slept less than 6.0 h/day had lower total and progressive sperm motility of 4.4% and 5.0%, respectively. Moreover, men reporting poor sleep quality (total Pittsburgh Sleep Quality Index [PSQI] score >5.0) had lower total sperm count, total motility, and progressive motility of 8.0%, 3.9%, and 4.0%, respectively (53).

Jensen et al. demonstrated an inverse U-shaped association between sleep disturbance score and sperm concentration, total sperm count, percent morphologically normal spermatozoa (47).

Du et al. recorded a negative correlation between the general quality of sleep and several semen parameters (total motility, progressive motility, concentration, total sperm number and normal morphology) although semen volume and reproductive hormones were not markedly altered (54).

Green et al. recorded a positive statistically significant correlation between sleep duration and some semen parameters (total sperm count and progressive motility) (55). Additionally, authors recorded for the first time a negative significant correlation between the usage of digital devices, especially smartphones, at night, and sperm quality (total motility, progressive motility, concentration) and a positive statistically significant correlation between the usage of these devices and immotile sperm. It was hypothesized that the pathological mechanism underlying this phenomenon was the alteration in melatonin secretion induced by the short wavelength light emitted from the screens of these electronic devices (55). These results were corroborated by several studies, that report an association between elevated melatonin levels and oligospermia or azoospermia in men (57, 58).

Liu et al. compared sperm parameters between rotating shift workers (RSW) and permanent shift workers (PSW). They recorded a significantly lower total sperm count in RSW, compared to PSW. RSW was associated with higher risk of low total sperm count, after adjusting for age, education level, average monthly household income, abstinence period, sampling time point, tobacco smoking, alcohol drinking and body mass index (50).

Liu et al. conducted the same analyses on a cohort of male undergraduates in order to identify semen quality differences associated with non-work-related CD between school days and days off. Total sperm count in men with less than 0.5 h of CD was significantly higher compared to men with more than 2 h of CD (50).

Hvidt et al. found that early bedtime (< 10:30 PM) was more often associated with normal semen quality compared with both regular (10:30 PM-11:29 PM) and late (≥11:30 PM) bedtime. Similarly, regular sleep duration (7.5–7.99 h) was more often associated with normal semen quality than both short (7.0–7.49 h) and very short (< 7.0 h) sleep duration (56).

Of note, Shi et al. found significant associations between sperm DNA fragmentation index and irregular sleep habits (51).

Despite previous evidence, other studies failed to find significant association between sleep duration and or quality and sperm parameters (48, 52).




Discussion

The relationship between disruption of CR and male infertility is supported by several pre-clinical and clinical lines of evidence. First, experimental manipulation or spontaneous mutations of clock genes, such as Bmal1 and Clock negatively interfere with fertility pathways in both pre-clinical models and humans. Second, alterations of CR due to altered sleep duration and/or impairment of sleep architecture may negatively interfere with circulating levels of reproductive hormones and semen parameters in humans. Unfortunately, the current level of evidence is still low, and findings are often controversial due to heterogeneity in terms of study design, study populations, and standardization of measurements. Therefore, further studies are needed to further elucidate the interactions between CR, CD, and male infertility. In details, the impact of the duration of CD, genetic predisposing factors, as well the reversibility of these alterations deserve further investigations. Based on available evidence, clinicians facing infertile males should discuss, in everyday clinical practice, the potential detrimental ole of reduced sleep duration, altered sleep architecture or exposure to artificial light at night on reproduction.
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Objective

Up to 40% of infertile men remain without a recognized cause (i.e., idiopathic infertility). We aimed to identify, categorize, and report the supposed causes of male infertility in a cohort of white-European men presenting for primary couple’s infertility, by using a thorough and extensive baseline diagnostic work-up.



Material and Methods

Cross-sectional study of 1,174 primary infertile men who underwent a thorough diagnostic work-up including: detailed medical history, physical examination, hormonal assessment, genetic testing, semen analyses; semen and urine cultures; testis color Duplex US. Men without any identified causal factor were considered as idiopathic. Six different etiological categories were established, and their prevalence was estimated. Logistic regression models estimated the risk of missing causal identification.



Results

A possible causal factor was identified in 928 (81%) men. Hypogonadism was the most frequent identified cause (37%), followed by varicocele (27%). Genetic abnormalities were found in 5% of patients. A causal factor was more easily identifiable for the more severe infertility cases, and azoospermic men were those less likely to be defined as idiopathic (OR and 95% CIs: 0.09; 0.04-0.20). Relative proportion of identified causes remained constant during the 10-year study period (p>0.43).



Conclusions

Due to a more comprehensive and extensive diagnostic work-up, at least one underlying cause of male infertility factor in 4 out of 5 infertile men can be identified. Men with a less severe phenotype remain a clinical challenge in terms of establishing a possible etiologic factor. Further studies are needed to assess which subset of infertile men deserves a more extensive work-up.





Keywords: infertility, male infertility, cause, idiopathic, risk factors



Introduction

Lack of both effective therapeutic strategies and identifiable underlying causes are common features in infertile men (1). Up to 60% of cases remain without a recognized cause, and are therefore referred to as idiopathic according to various series (1–3). Overall, this group of men is an interesting epidemiological cohort for several reasons. First, this sample represents an ideal cohort for studying new possible etiological factors linked to male subfertility and infertility (1–3). Second, the lack of an underlying etiologic factor may seriously limit further diagnostic work-up and, above all, possible therapeutic options (1). Third, in the context of clinical syndromes, it might anticipate future or yet occult health issues which would otherwise progress unnoticed in infertile, and therefore often young, men (4). Eventually, the lack of a clear explanation for their reproductive issue represents a factor of psychological distress in infertile men (5).

The definition of idiopathic infertility and its prevalence vary consistently according to previously published reports (2, 3), depending on the postulated possible causal factors and the baseline diagnostic work-up selected by the investigators. It was previously shown that a more accurate work-up may improve the diagnostic process increasing its accuracy during clinical evaluation of the infertile male (6, 7).

For these reasons, by using a thorough and extensive baseline diagnostic work-up, we aimed to identify, categorize, and report possible aetiologies of male factor infertility of a large homogenous cohort of white-European men presenting for primary couple’s infertility, and to report the rate of those men with an identifiable cause that would have otherwise classified as having idiopathic infertility with the standard diagnostic work-up.



Methods


Study Population

The analyses considered a homogenous cohort of 1,147 white-European men only belonging to primary infertile couples assessed between 2007 and 2016 at a single academic centre. Two different semen analyses were requested for every enrolled man and evaluated according to the 2010 WHO guidelines. Male factor infertility (MFI) was defined and identified as at least one impaired sperm parameter in at least two consecutive semen analyses and after a comprehensive gynaecological evaluation of the female partners. Data collection followed the principles outlined in the Declaration of Helsinki. All patients signed an informed consent form agreeing to share their own anonymous information for other future studies. The study was approved by the local ethic committee (IRCCS OSR Prot. 2014 – Pazienti Ambulatoriali).



Diagnostic Work-Up

We performed an extensive diagnostic work-up for every included man, irrespective of the baseline infertility severity. This work-up included: detailed patient history (specifically also inquiring cryptorchidism, puberty onset, history of mumps, genital infections, urogenital trauma, previous urogenital/pelvic surgery, cigarette smoking, use of illicit drugs (e.g., marijuana, cocaine, opioids), use of anabolic steroids, symptoms of testosterone deficiency; comorbidities were scored with the Charlson Comorbidity Index (CCI), which was categorised as 0, 1, ≥2); physical examination (e.g., testicular volume, varicocele, genital tract abnormalities); hormonal assessment (including, total testosterone, FSH, LH performed in a fasting state in every case before 10 AM and repeated in order to confirm abnormal values); genetic testing (karyotype analysis, Y-chromosome microdeletions, CFTR gene mutations); semen analyses; semen and urine cultures; and, testis color duplex-US. Based on the results of the diagnostic work-up, six different etiological categories were established: 1) men with genetic abnormalities; 2) men with history of cryptorchidism (without genetic abnormalities); 3) men with genital tract obstructions (without known genetic abnormalities and cryptorchidism); 4) men with biochemical hypogonadism (defined as FSH>7.8 mU/ml and/or total testosterone <3 ng/ml and/or LH >9.4 mU/ml; without genetic abnormalities, cryptorchidism, and genital tract obstructions) (8, 9); 5) men with clinical varicocele (color duplex-US confirmed, without genetic abnormalities, cryptorchidism, genital tract obstruction, and hypogonadism); and, 6) men with other factors (either current or history of seminal tract infections, medical or physical treatment likely to affect fertility, trauma, and other iatrogenic causes) in absence of varicocele, genetic abnormalities, cryptorchidism, genital tract obstructions, and hypogonadism. Thereof, men without any identified causal factor were considered idiopathic.

We further distinguished between isolated MFI or a mixed infertility factor. MFI was defined after a comprehensive diagnostic evaluation of all the female partners.



Statistical Analyses

Statistical analyses consisted of several steps. First, we assessed the prevalence of each specific cause in our population, assessing the proportion of idiopathic men following the proposed extensive work-up. Second, we analysed the prevalence of each specific cause over time seeking for possible time trends. Third, we evaluated the prevalence of idiopathic infertility and each specific cause according to different severity of baseline clinical presentation; for this specific purpose, we evaluated cause prevalence at different sperm concentration thresholds, under the assumption that this parameter represents a proxy of MFI severity. Eventually, logistic regression model estimated odds ratio (OR) and 95% confidence (95% CI) intervals of the idiopathic infertility, including as model covariates patient age, BMI, comorbidities, mean testicular volume, isolated MFI vs. mixed infertility factor, and azoospermia. Distribution of data was tested with the Shapiro–Wilk test. Data are presented as medians (interquartile range; IQR) or frequencies (proportions). All statistical tests were two-sided with a significance value set a 0.05.




Results

Table 1 details descriptive statistics of the whole cohort of patients. Median (IQR) age of the study cohort was 37 (34-41) years. Most of the included men had an isolated MFI (791, 69%) and a CCI score of 0 (1080, 94%). Men with isolated MFI did not considerably differ from men with a mixed infertility factor, except for higher sperm concentration (9 (1-35) vs. 4 (0-24) 106 spermatozoa/ml, p<0.001 at Mann-Whitney test).


Table 1 | Descriptive characteristic of the whole cohort of patients [No. 1,147].



We were able to identify and define a causal category for 928 out of 1,147 men (81%). The most common causal category was hypogonadism (420 men, 37%), whereas genetic factors were identified in 61 men (5%, Table 1).

During the analyzed 10-year study period we found no difference in prevalent causes of MFI over time (p=0.43 as for Chi square test, Figure 1).




Figure 1 | Prevalence of different causes of male factor infertility during the study period. P-value as for Chi-square test.



As shown in Figure 2, men with a more severe MFI were less likely to be classified as idiopathic: a lower proportion of idiopathic cases was observed in men with azoospermia compared to men with sperm concentration > 10 million spermatozoa/ml (3% vs. 34%, p<0.01 as for Chi square test).




Figure 2 | Prevalence of different causes of male factor infertility according to different sperm concentration thresholds. At each sperm concentration threshold (x axis) is shown on the y-axis the relative proportion of men with a specific causal factor (eg: if x=5, on the y-axis is shown cause prevalence of men with sperm concentration < 5 million/ml).



At multivariable logistic regression analysis (Table 2), men with a larger testicular volume (OR: 1.07; 1.04 - 1.10) were at higher risk of having an idiopathic MFI, whereas azoospermic men (OR: 0.09; 0.04 - 0.20) had a reduced risk of missing a causal identification.


Table 2 | Multivariable OR and 95% CI for the diagnosis of idiopathic infertility in the study cohort [No. 1,147].





Discussion

In this study, we performed an extensive diagnostic work-up in 1,147 white-European men with MFI only belonging to couples complaining primary infertility in order to properly and precisely assess the possible underlying causal factors. By applying this extensive work-up, it was possible to identify a causal category for 81% of the study cohort. Moreover, men with a less severe MFI were those with the highest chance of missing a causal identification.

Uro-andrologists working in the reproductive medicine setting often face both lack of effective therapeutic options for MFI patients and a misclassification of the disease etiology (1). This has several drawbacks in terms of further diagnostic work-up and treatment (6, 7); it should be considered as well that the identification of possible causal factors might bring psychological relief to the infertile couple. Though several improvements were reported throughout the last years (10), the way we assess and treat infertile couple remains still unsatisfactory in a relevant proportion of cases.

The most comprehensive and recently available reports set the proportion of idiopathic cases between 35% and 60% (2, 3). Such wide differences depend both on selection criteria at study entry and the way causal categories were defined. Punab et al. (3) analyzed data from 1,737 men, establishing a priori seven causal factors (secondary hypogonadism, seminal tract obstruction, genetic causes, oncological diseases, severe sexual dysfunction, congenital uro-genital abnormalities, and acquired testicular damage) further sub-classified into absolute, severe, and plausible factors; the authors found that 40% of the study cohort was classified into the aforementioned categories. Of importance, varicocele was not considered as a causal factor. Conversely, Olesen et al. (2) established a wider pool of causes, including varicocele (13% of the analyzed cohort), limiting the idiopathic proportion of infertile men to one third of the whole cohort; the most frequently identified factor was cryptorchidism (17%). It should be noted that different selection criteria were used in the two aforementioned studies: Olesen et al. (2) selected men referred for diagnostic work-up prior to in vitro fertilization (IVF) or intra-cytoplasmatic sperm injection (ICSI) treatments, whereas Punab et al. (3) included infertile men with severe male factor infertility defined by total sperm count <39 million per ejaculate. Different inclusion criteria are likely to result in different prevalence of the underlying causal categories, since we clearly showed that cause-specific prevalence varies according to MFI severity. Moreover, not only inclusion criteria are likely to influence prevalence results: the selected work-up will similarly impact on study finding, since >30% of included men did not undergo genetic testing in the study by Punab et al. (3). Most of the previous efforts in better ascertaining MFI were directed towards men with the most severe clinical presentation in terms of reproductive disorders, azoospermia (11, 12). Our group previously showed that a more extensive and tailored work-up is able to reduce the misdiagnosis of hypogonadism (7) and karyotype abnormalities in infertile men (6). Similarly, we show in this study that idiopathic cases can be limited by using a more extensive work-up. For these reasons, we aimed at designing a study capable of maximizing the ascertainment of possible causal factors (by means of an extensive work-up) in a cohort of men with MFI without entry restrictions. As a consequence, this allowed us to stratify cause prevalence according to MFI severity in the widest and most accurately ever analyzed homogenous sample of white-European primary infertile men.

There is still an ongoing and longstanding epidemiological debate regarding whether specific factors should be considered as either causal or risk factors (13). For the specific purpose of our study, we defined causal categories relying on previously published reports which examined consistently possible causes or strongly related risk factors, building a hierarchical classification up. At this regards, genetic abnormalities (GA; including karyotype abnormalities, CFTR mutations known to impair fertility, and Y-chromosome microdeletions) represent one of the very few indisputable and ascertained cause of male reproduction impairment (1). For this reason, we decided to give GA the highest position in our hierarchical classification.

Men with cryptorchidism and TDS symptoms but without genetic abnormalities ranked second in this hierarchical grouping. These men share a clear condition linked to MFI which dates back to the developmental age (14), despite lacking an identifiable shared genetic background (in its non-syndromic presentation) (15). At this regard, 9% of our cohort was included in this category, being more common in men with a more severe MFI.

We decided to consider men with biochemical hypogonadism as a category on its own for several reasons. For this specific purpose, we considered previously published European Male Aging Study (EMAS) criteria for defining biochemical hypogonadism (8) implementing them with FSH values according to Barbotin et al. (9). Notably, hypogonadal men represented the largest category in our population (37%). Including men with primary, secondary, and compensated hypogonadism allowed us to intercept a wide range of conditions eventually resulting in an alteration of the hormonal milieu (16), e.g. ranging from testicular deficiency to endocrine disruptors. We previously showed that not only hypogonadism is a frequent finding in infertile men, but it represents as well a heterogeneous category amenable to be further stratified into different and well defined prognostic categories (17).

We also decided to include clinical varicocele in our causal classification. It is still debated whether varicocele represents a condition unequivocally linked to MFI, and whether it should always be treated or not in this setting (1, 18, 19). In a subgroup analyses of five randomized control trials comparing treatment to observation in men with a clinical varicocele, oligozoospermia and otherwise unexplained infertility (i.e. the way we classified varicocele in this study), it was observed that varicocele repair improved pregnancy rate and live birth rate (20).

Our study is not devoid of limitations. First, the proposed extensive work-up inevitably results in overtreatment, with inherent extra costs. Future efforts will be devoted to better tailor such an extensive work-up without losing diagnostic powers. Second, there is a plethora of emerging metabolic and environmental factors detrimentally acting on male reproductive function (10, 16, 21–25), with a close interplay with general health status (25, 26); it will be interesting to see whether these factors, not considered in our classification, will gain the scientific dignity and eventually become causal factors. Third, the lack of a control group prevented us from inquiring the strengths of causal associations. Despite these limitations, we believe that the proposed user-friendly classification can be easily implemented and reproduced, casting light in a field where the everyday clinical practice still faces several grey areas.



Conclusions

By performing a more detailed and comprehensive diagnostic work up for men with male factor infertility, it is possible to identify at least one underlying cause of male factor infertility in 4 out of 5 of these men. In this regard, this subset of men would have been recognised as having idiopathic infertility, with standard diagnostic exams. It remains a clinical challenge to establish an identifiable aetiology among infertile men with a less severe phenotype.
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There is emerging evidence that environmental toxicants, in particular endocrine disrupting chemicals (EDCs) such as cadmium and perfluorooctanesulfonate (PFOS), induce Sertoli cell and testis injury, thereby perturbing spermatogenesis in humans, rodents and also widelife. Recent studies have shown that cadmium (e.g., cadmium chloride, CdCl2) and PFOS exert their disruptive effects through putative signaling proteins  and signaling cascade similar to other pharmaceuticals, such as the non-hormonal male contraceptive drug adjudin. More important, these signaling proteins were also shown to be involved in modulating testis function based on studies in rodents. Collectively, these findings suggest that toxicants are using similar mechanisms that used to support spermatogenesis under physiological conditions to perturb Sertoli and testis function. These observations are physiologically significant, since a manipulation on the expression of these signaling proteins can possibly be used to manage the toxicant-induced male reproductive dysfunction. In this review, we highlight some of these findings and critically evaluate the possibility of using this approach to manage toxicant-induced defects in spermatrogenesis based on recent studies in animal models.




Keywords: testis, spermatogenesis, endocrine disrupting chemicals, Sertoli cells, cytoskeletons, male reproduction



1 Introduction

An endocrine disrupting chemical (EDC) is an exogenous chemical, usually an environmental toxicant, capable of interfering with the function of endogenous hormones that are essential to maintain body function including reproduction, development, growth, metabolism, behavior and/or cell/tissue/organ homeostasis in humans and other mammals. In fact, the list of EDCs has been growing for the last decade due to industrial activities in which pharmaceutical industry synthesize new chemicals for their use in consumer products (1–3). These include plastic softeners (also known as plasticizers) for utensils and rubbers, stain- and stick-resistant chemicals to increase durability of clothing, fabrics, draperies, and vinyl flooring and wall covering products, as well as paints by modifying their components namely pigment, solvent and resin. These also include personal care products, such as nail polish, antiperspirants, deodorants, hair sprays, shampoos, soaps, and fragrance products. In fact, these chemicals are found in hundreds of products widely used by consumers across the globe. The EDCs include heavy metals (e.g., lead, mercury, cadmium), plasticizers (e.g., bisphenols, parabens, benzophenones, phthalates), and surfactants (e.g., PFOS, PFOA) (Tables 1, 2) (3, 33–37). Studies have shown that many of these EDCs affects human reproductive function, pathogenesis of multiple diseases including carcinogenesis, obesity, diabetes, growth and development (in particular during fetal and child development) and others (37–39). For instance, recent studies have shown that exposure to EDCs is one of the major causes of idiopathic male infertility (40–43) and also reproductive dysfunction in females including primary ovarian insufficiency, endometriosis, preterm birth and earlier puberty (33, 43, 44).


Table 1 | Effects of cadmium chloride (CdCl2) on male reproductive function*.




Table 2 | Effects of perfluorooctane sulfonate (PFOS) on male reproductive function*.



More important, some EDCs have a very long half-life in humans. As such, high level of EDCs can be accumulated in the human body over an extended period of time, often years and also decades. For instance, cadmium has a half-life of >20 years (45, 46) vs. >5 years for PFOS in humans (47, 48). Furthermore, administration of a single EDC for a controlled study in rodents (or exposure of humans to a single EDC) may mask the physiological effects and its health risk since each animal (or person) is exposed to multiple EDCs simultaneously because of their widespread presence in our environment through foods, water, and air. Furthermore, selected life style, such as smoking, of the study subjects can also affect the outcome of a study. For instance, when laboratory animals were exposed to a mixture of phthalates in “dose addition model” and compared to results that obtained when toxicant was administered individually, the outcomes could be considerably different. Findings from the dose addition model studies have shown that a mixture of phthalates produce additive effects (49, 50), and the phenotypes are far worse than the sum of the combined individual effects. As such, changes that were found following low-dose exposure to a single EDC may not necessarily demonstrate the ‘real’ health risk. Thus, it is important to perform long-term studies using a combination of common EDCs to assess their health risks at doses that mimic the environmental (or industrial) exposure.

In this review, we focus our discussion based on recent reports on selected EDCs, namely cadmium and PFOS, that were found to perturb male reproductive function in particular spermatogenesis through putative signaling proteins and/or pathways. These findings are therapeutically important since the EDC-induced Sertoli cell or testis injury was shown to be blocked or rescued through an interference of the signaling proteins utilized by these EDCs in rodents (25, 51, 52), and in humans such as the use of primary human Sertoli cell cultures in studies (23, 53). As such, if these findings can be expanded in particular using other toxicants, some common signaling proteins and/or signaling cascades may be identified, in particular through the use of transcriptomics and pertinent omics including multiomics approaches. This information, in turn, can be helpful to alleviate toxicant-induced reproductive dysfunction. In brief, we narrowly focus on signaling proteins that are involved in EDC-induced Sertoli cell and/or testis injury based on studies in cadmium and PFOS. This approach is used since several eminent reviews on the larger topic of toxicant-induced reproductive dysfunction are found in the literature, many of which are cited here, to avoid redundancy.



2 Protein Kinases Capable of Alleviating EDC-Induced Sertoli Cell Injury in Rodents and/or Humans


2.1 Focal Adhesion Kinase (FAK)


2.1.1 Background

FAK is a known regulatory component of the focal adhesion complex (FAC, also called focal contact) at the cell-extracellular matrix (ECM or cell matrix) interface and an actin-based cell-matrix anchoring junction type (54, 55). FAK is also a crucial signaling protein that works in concert with integrins to relate integrin-based signaling cascade via its different interacting domains along its polypeptide sequence as shown in Figure 1 (56). In fact, FAK is a prime target of anticancer therapy, being actively investigated by clinicians and scientists in recent years (57–59). FAK also involves in numerous cellular and physiological functions in cells and tissues, but also pathogenesis of diseases in particular carcinogenesis (57, 60). In the testis, FAK, however, is not found at the FAC since FAC is absent in the testis (61, 62). Instead, the only cell-matrix anchoring junction found in the testis is the intermediate filament-based hemidesmosome found at the base of the seminiferous epithelium, between basement membrane (a modified form of ECM in the testis) and the base of Sertoli cells (63, 64). Interestingly, FAK, and most notably its two activated/phosphorylated forms: p-FAK-Y397 (65, 66) and p-FAK-Y407 (67) (Figure 1) are constituent and regulatory component of the apical ES (apical ectoplasmic specialization) and basal ES (which together with tight junction (TJ) constitute the blood-testis barrier (BTB) in the testis), respectively. On the other hand, studies have shown that the robust expression of p-FAK-Y397 at the apical ES persists until late stage VIII tubules when the release of spermatozoa takes place near the edge of the tubule lumen (66, 68), suggesting it may be crucial to support spermatid adhesion at the apical ES. In fact, the α6ß1-integrin/p-FAK-Y397 complex is likely a crucial regulatory protein complex to modulate the release of sperm at spermiation (69–71). Interestingly, the use of a phosphomimetic mutant of p-FAK-Y397, namely p-FAK-Y397F, making it constitutively inactive was found to promote Sertoli cell TJ-barrier function making it tighter when overexpressed in the Sertoli cell epithelium with an established TJ-barrier (67). This is analogous to expressing p-FAK-Y407E (a phosphomimetic and constitutively active mutant of p-FAK-Y407) in Sertoli cells when its overexpression promoted the Sertoli TJ-barrier, making the barrier tighter (67). On the other hand, the use of a p-FAK-Y407F (a phosphomimetic and constitutively inactive mutant of p-FAK-Y407) was found to perturb the Sertoli cell TJ-barrier following its overexpression (67). Other studies have shown that FAK involves in maintaining the phosphorylation status of the cell adhesion proteins at the BTB/basal ES site, such as occludin (72). For instance, FAK determines whether these proteins (e.g., occludin) stay at the Sertoli cell-cell interface to support the TJ-permeability function of the BTB, or these proteins (e.g., occludin) at the BTB site should be internalized (55, 67, 72). This thus provides a novel mechanism to induce transient “opening” of the BTB to facilitate the transport of preleptotene spermatocytes across the barrier at stages VII-VIII of the epithelial cycle when p-FAK-Y407 robustly expresses at the BTB (67). Studies have shown that FAK, in particular p-FAK-Y397 and p-FAK-Y407 exert their regulatory effects at the corresponding apical ES and basal ES/BTB through changes at the F-actin and microtubule cytoskeletal organization (67, 73). Importantly, the use of a biochemical assay that monitors the ability of lysates of primary Sertoli cells cultured in vitro, overexpression of p-FAK-Y407E in cells transfected with pCI-neo/p-FAK-Y407E mutant vs. control cells transfected with pCI-neo, is able to enhance actin polymerization considerably (67). On the other hand, overexpression of a human p-FAK-Y407E phosphomimetic (i.e., constitutively active) mutant in human Sertoli cells is also capable of blocking the PFOS-induced MT defragmentation (23), such that MTs stretched across the entire human Sertoli cell cytosol, analogous to control human Sertoli cells (23). Collectively, these findings are consistent with earlier studies in fibroblasts, and epithelial and endothelial cells in which FAK is involved in actin and MT polymerization (74–78). In brief, these two activated/phosphorylated forms of FAK (and mTORC1, see Figure 2) appear to serve as molecular switch to turn the apical ES and BTB/basal ES “on” or “off”, depending on their expression status at the microdomain of these sites across the seminiferous epithelium (Figures 2, 3).




Figure 1 | Schematic illustration of the human focal adhesion kinase (FAK). FAK in humans is a polypeptide composed of 1058 amino acid residues (NP_001186578.1), comprised of different functional domains. The different functional domains along the FAK polypeptide from its N-terminus are the FERM (band 4.1, ezrin, radixin, moesin homology) domain, followed by the catalytic kinase domain, and the FAT (focal adhesion targeting) domain near its C-terminus, and also three Pro-rich regions (PR1, PR2 and PR3). There are multiple putative phosphorylation sites including Tyr-397, -407, -576, -577, -861, and Y927, which are well conserved across species. Following its activation through phosphorylation, FAK serves as a signaling platform wherein different regulatory proteins (e.g., c-Src, c-Yes, Fyn, Fer, Erk, Csk) and adaptors (e.g., talin, paxillin) can bind to FAK. As such, FAK can recruit additional signaling and regulatory proteins to its different functional domains to modulate cellular functions, such spermatogenesis. EGFR, epidermal growth factor receptor; Arp2/3, actin-related protein 2/3 complex; p53, tumor protein p53; GATA4, GATA binding protein 4; N-WASP, neuronal Wiskott-Aldrich syndrome protein; Mdm2, mouse double minute 2 homology (also known as E3 ubiquitin-protein ligase, a regulator of the p53 tumor suppressor); ERBB2, Rrb-b2 receptor tyrosine kinase 2; c-Met, MET proto-oncogene, receptor tyrosine kinase; RET, rearranged during transfction, a proto-oncogene; PIAS1, protein inhibitor of activated STAT 1; Bmx, BMX non-receptor tyrosine kinase; Fyn, FYN proto-oncogene, c-Src, cellular Src transforming kinase; ZF21, zinc finger FYVE-type containing 21; RB1CC1, RB1 inducible coiled-coil 1; Grb7, growth factor receptor bound protein 7; Rgnef, Rho guanine nucleotide exchange factor 28; Hic5, transforming growth factor ß1 induced transcript 1; Csk, C-terminal Src kinase; Stat1, signal transducer and activator of transcription 1; DCC, DCC netrin 1 receptor; PIN1, peptidylprolyl cis/trans isomerase, NIMA-interacting 1; Erk, mitogen-activated protein kinase 1; MBD2, methyl-CpG binding domain protein 2; STAT1, signal transducer and activator of transcription 1; SRC, SRC proto-oncogene, non-receptor tyrosine kinase; ZAP-70, zeta chain of T cell receptor associated protein kinase 70; SOCS3, suppressor of cytokine signaling 3; Shc, SHC-adaptor protein; Nck-2, NCK adaptor protein 2; p120RasGAP, RAS p21 protein activator 1; PLCγ, phospholipase C γ1; p130Cas, BCAR1 scaffold protein, Cas family member; ASAP1, ArfGAP with SH3 domain, ankyrin repeat and PH domain 1; NEDD9, neural precursor cell expressed, developmentally down-regulated 9; Graf, GTPase regulator associated with FAK; Fer, FER tyrosine kinase.






Figure 2 | Schematic illustration of the human mTORC1 signaling complex. mTORC1 (mammalian target of rapamycin, NP_001373429.1) is a non-receptor Ser/Thr protein kinase, when it binds to its adaptor protein Raptor (regulatory-associated protein of mTOR), this creates the mTORC1 (mammalian target of rapamycin complex 1) signal complex. mTOR contains two distinctive catalytic domain (KD) containing intrinsic protein kinase activity called KD N-lobe (near the N-terminus) and the KD C-lobe (near the C-terminus). It has 20 tandem HEAT repeats near its N-terminus, to be followed by the FAT domain, FRB domain, LBE domain and the FATC domain near its C-terminus. Akt1; transforming retrovirus Akt1, an onocogene, also known as PKB (protein kinase B); C-lobe, C-terminal lobe; DEP, Dishevelled, Egl-10 and Pleckstrin; DEPTOR, DEP domain-containing mTOR interacting protein; EF3, elongating factor 3; FAT domain, FRAP, ATM, TRAP domain; FATC, FAT domain at the C-terminus; FKBP12, FK506/rapamycin-binding protein; HEAT, Huntington, EF3, PP2A, TOR1; FRAP, FKBP rapamycin associated protein; FRB, FKBP132 rapamycin binding; KD, kinase domain; LBE, binding site for mLST8; mLST8, mammalian lethal with SEC thirteen 8, also known as mTOR associated protein LST8 homolog; N-lobe, N-terminal lobe; PKB, protein kinase B; Raptor, regulatory-associated protein of mTOR, an adaptor protein.






Figure 3 | Schematic illustration by which cadmium and PFOS induce Sertoli cell and/or testis injury via FAK and mTORC1. This schematic illustration was prepared based on findings using environmental toxicant models of CdCl2 and PFOS. It is noted that the upstream ligand(s) utilized by cadmium and PFOS remain to be identified, but this likely involves either integrin-, cytokine- and/or insulin-based receptors. Both FAK and mTORC1 signaling protein/complex exert their corresponding effects downstream through different actin and microtubule (MT) regulatory proteins (see text for details). These changes, either through up- or down-regulation of the corresponding regulatory proteins, or distributions across the seminiferous epithelium, in turn, alter the structural organization of either actin- or MT-based cytoskeleton. The net result of these changes induce Sertoli cell or testis injury.





2.1.2 Studies of the PFOS and Cadmium Models, and the Adjudin Pharmaceutical Model

The initial report that illustrates p-FAK-Y407 is involved in PFOS-induced Sertoli cell injury was first published in 2014 (52). This study showed that PFOS-mediated disruption of the Sertoli TJ-barrier function associated with a considerable down-regulation of p-FAK-Y407, but not p-FAK-Y397. Furthermore, PFOS also considerably perturbed the cytoskeletal organization of F-actin across the Sertoli cell epithelium with an established functional TJ-barrier, in which actin filaments were considerably truncated and disorganized, analogous to the phenotypes when Sertoli cells were transfected with a specific FAK miRNA (called miR-135b, which is known to knockdown FAK (52, 79, 80). This report thus establishes the likely mechanism by which PFOS induces Sertoli cell injury, likely through a down-regulation of p-FAK-Y407, which in turn, perturbs the Sertoli cell F-actin organization (52) (Figures 4, 5). This notion is also supported by an earlier report which has shown that p-FAK-Y407 indeed promotes Sertoli cell BTB function by stabilizing actin cytoskeleton at the Sertoli cell epithelium with a functional BTB in vitro (67). Interestingly, it was shown that overexpression of a phosphomimetic (and constitutively active) mutant of p-FAK-Y407, namely p-FAK-Y407E, in the Sertoli cell epithelium in vitro, was capable of blocking the PFOS-induced Sertoli cell injury by re-establishing the PFOS-mediated Sertoli cell TJ-barrier disruption (52). Overexpression of p-FAK-Y407E was also capable of inducing proper re-organization of the actin cytoskeleton which was perturbed by PFOS (52), likely through an increase in actin polymerization kinetics (67). An earlier report has also shown that FAK is capable of recruiting occludin to the Sertoli cell-cell interface, possibility through changes in the phosphorylation status of occludin (72). These changes, in turn, promoted proper distribution of the occludin-ZO-1 complex at the Sertoli cell-cell interface, thereby re-establishing the PFOS-induced disrupted TJ-barrier (52). More important, these findings were recently confirmed in primary Sertoli cell cultures in vitro in which PFOS not only perturbed the organization of actin- but also microtubule (MT)-based cytoskeletons (23). For instance, overexpression of a human p-FAK-Y407E phosphomimetic (and constitutively active) mutant was shown to re-establish the PFOS-induced human Sertoli cell TJ-barrier disruption, which is the result of a proper re-organization of actin and MT cytoskeletons across the human Sertoli cell epithelium (23). Collectively, these findings are important because they have unequivocally demonstrated for the first time that by manipulating a putative signaling protein, namely p-FAK-Y407 whose expression was down-regulated by PFOS, such as through overexpression of a phosphomimetic and constitutively active mutant p-FAK-Y407E, both in rodents and humans, the PFOS-induced Sertoli cell injury can be alleviated.




Figure 4 | Environmental toxicant-induced testis injury through changes in germ cell adhesion, leading to germ cell exfoliation. Left panel depicts schematic illustration of intact seminiferous epithelium, such as in a stage VII-early VIII tubule, wherein intact apical ES supports spermatid adhesion to the Sertoli cell in the seminiferous epithelium during the final stage of spermiogenesis. The integrity of MT cytoskeleton is maintained by binding of MAPs (e.g., MAP1a) to the MT protofilaments and MT stability is also maintained by binding of the +TIP (e.g., EB1), and the proper level of –TIP (e.g., CAMSAP2) at its corresponding plus (+) and minus (-) ends. On the other hand, the actin cytoskeleton is maintained by binding of the actin bundling proteins (e.g., palladin and actin barbed end capping and bundling protein Eps8) to maintain actin filament bundles at the apical ES but also across the epithelium as aggregates of actin filaments to support Sertoli cell structural integrity. This microenvironment is also maintained by robustly expression of p-FAK-Y407 and likely p-Akt1/2. However, the unexpected presence of either toxicant (e.g., cadmium or PFOS) alter the microenvironment of the testis. For instance, a surge in MARK4 induces phosphorylation of MAP1a, causing their detachment from MTs, which is coupled with a down-regulation of +TIP (e.g., EB1) and more –TIP (e.g., CAMSAP2) binding to the corresponding ends of the MT. These changes thus destabilize MTs, leading to MT catastrophe. The expression and/or distribution of actin bundling proteins (e.g., palladin, Eps8) are also affected, these changes, coupled with a surge in Arp2/3 complex, causing “debundling” of actin filaments at the apical ES since actin filaments becoming a branched network due to an increase in actin branched nucleation induced by the Arp2/3 complex, thereby destabilizing F-actin network. The disruptive changes in the microenvironment include a considerable decline in p-FAK-Y407 and a surge in mTORC1 (with a concomitant down-regulation of p-Akt1/2) expression. The net result leads to premature germ cell exfoliation as noted in the right panel (see text for details), thereby perturbing male fertility due to defects in spermatogenesis.






Figure 5 | Environmental toxicant-induced testis injury through changes in Sertoli cell adhesion at the BTB, leading to defects in spermatogenesis. Left panel depicts schematic illustration of intact seminiferous epithelium near the basement membrane at the site of the BTB, such as in a stage VII tubule, wherein intact basal ES maintains BTB integrity to support spermatogenesis. The integrity of MT cytoskeleton at the BTB and across the seminiferous epithelium is maintained by binding of MAPs (e.g., MAP1a) to the MT protofilaments, and MT stability is also maintained by binding of the +TIP (e.g., EB1) and the proper level of –TIP (e.g., CAMSAP2) at its corresponding plus (+) and minus (-) ends. On the other hand, the actin cytoskeleton is maintained by binding of the actin bundling proteins (e.g., palladin and Eps8) to maintain actin filament bundles at the basal ES/BTB but also across the epithelium as aggregates of actin filaments to support Sertoli cell structural integrity. This microenvironment is also maintained by robust expression of p-FAK-Y407 and likely p-Akt1/2. However, the unexpected presence of cadmium or PFOS alters the microenvironment of the testis at the BTB but also across the seminiferous epithelium. For instance, a surge in MARK4 induces phosphorylation of MAP1a, causing MAP detachment from MTs, which is coupled with a down-regulation of +TIP (e.g., EB1) and more –TIP (e.g., CAMSAP2) binding to the corresponding ends of the MT. These changes thus destabilize MTs, leading to MT catastrophe. The expression and/or distribution of actin bundling proteins (e.g., palladin, Eps8) are also affected, these changes, coupled with a surge in Arp2/3 complex, causing “debundling” of actin filaments at the basal ES/BTB since actin filaments becoming a branched network due to an increase in actin branched nucleation induced by the Arp2/3 complex, thereby destabilizing F-actin network. This disruptive change in the microenvironment is maintained by a considerable decline in p-FAK-Y407 and a surge in mTORC1 (with a concomitant down-regulation of p-Akt1/2). The net result leads to a loss of BTB integrity, making the barrier more permeable to toxicants/biomolecules as noted in the right panel (see text for details), thereby perturbing male fertility due to defects in spermatogenesis.



A recent report based on studies in vivo has also shown that cadmium chloride (CdCl2)-induced testis injury (3 mg/kg b.w., via i.p.) was remarkably notable by as early as 6 hr by assessing changes in the organization of microtubule cytoskeleton across the seminiferous epithelium (81), consistent with more recent studies (82). This is also the time when the phenotypes across the seminiferous epithelium were not distinctively noted by histological analysis (81). Besides extensive truncation and disorganization of the MT protofilaments across the seminiferous epithelium, considerable disruption regarding distribution of the MT regulatory proteins MAP1a and CAMSAP2 were also notably detected (81). These findings are physiologically significant since MAP1a (microtubule associated proteins 1a, a MAP) is known to bind onto the microtubules to confer MT stability (83). On the other hand, CAMSAP2 (calmodulin-regulated spectrin-associated protein 2) is a microtubule minus (-) end targeting protein (-TIP) known to confer MT dynamics, determining the length of the MT protofilaments in response to changes in cellular environment (84), such as at different stages of the epithelial cycle in the testis. These findings suggest that toxicant-induced testis or Sertoli cell injury is more than a simple general cell toxicity cellular event, but involving a well defined toxicant-induced cascade of events including signaling and regulatory proteins. More important, these are the same signaling proteins that are being used by the testis to support testis function and spermatogenesis, illustrating that toxicants exert their toxic effects through defined signaling pathways. In this context, it is of interest to note that toxicants, including cadmium, also exert their disruptive effects in the testis through an increased oxidative damage in the seminiferous epithelium involving FAK (82, 85). It is obvious that much work is needed to relate these findings to p-FAK-Y407 in the cadmium model and to delineate the precise underlying molecular mechanism(s). The current concept by which PFOS and cadmium induce Sertoli cell and testis injury is summarized in Figures 4, 5. Additionally, in parallel experiments that investigated changes in cytoskeletal organization and the downstream signaling proteins using the pharmaceutical model adjudin, we have discovered a remarkable negative correlation between p-FAK-Y407 expression and the adjudin-mediated defects in spermatogenesis in the testis in vivo (81). In this context, it is of interest to note that adjudin is a non-hormonal male contraceptive known to induce extensive germ cell exfoliation (86, 87) by primarily targeting the actin and microtubule cytoskeletons in the Sertoli cells across the seminiferous epithelium (81, 87–89). It has also been used to serve as a model to study Sertoli cell-cell and Sertoli-germ cell adhesion and BTB dynamics in the testis, making this a novel model to decipher the underlying mechanism(s) that regulate spermatogenesis (89–92). Using this pharmaceutical adjudin model, we have detected extensive disruption of the MT cytoskeletal organization across the seminiferous epithelium, which tightly associated with a considerable down-regulation of p-FAK-Y407 in testes (81). This finding is also consistent with earlier findings in which the spatiotemporal expression of p-FAK-Y407 in normal testes is tightly associated with the BTB in the testis, and overexpression of p-FAK-Y407E phosphomimetic (and constitutively active) mutant in Sertoli cell epithelium promotes BTB function making it “tighter” (67). On the other hand, p-FAK-Y407 is robustly expressed at the apical ES to confer spermatid adhesion onto Sertoli cells in the seminiferous epithelium, but its expression is remarkably reduced at the Sertoli cell-spermatid interface (i.e., apical ES) in late stage VIII when the release of sperm occurs (67). Collectively, these data thus indicate that findings obtained from the use of toxicant and/or pharmaceutical models are consistent with physiological data using normal testes in vivo. These changes also highlight the importance of delineating the downstream signaling proteins and the involving signaling cascade utilized by toxicants to induce male reproductive dysfunction. Since this information will be crucial to provide new approaches to manage toxicant-induced reproductive dysfunction and idiopathic infertility, and other pathological conditions, such as carcinogenesis.




2.2 mTORC1/rpS6/Akt1/2 Signaling Complex


2.2.1 Background

Studies have shown that the mTORC1 (mammalian target of rapamycin complex 1)/rpS6 (ribosomal protein S6)/Akt1/2 (transforming thymic lymphomas Akt1/2 kinase, also known as PKB, protein kinase B, a non-receptor Ser/Thr protein kinase) complex is one of the most prevalent signaling protein complexes that regulates cellular metabolism found in virtually all mammalian cells (93–95). mTORC1 is created by binding of the mTOR (mammalian target of rapamycin, a Ser/Thr non-receptor protein kinase) and its adaptor protein Raptor (regulatory-associated protein of mTOR) (Figure 2) (94). Besides energy metabolism in mammalian cells, mTORC1/p-rpS6/p-Akt1/2 is an emerging regulatory signaling complex crucial to support spermatogenesis through its effects on Sertoli cell function (95, 96) (Figure 3). The role of mTORC1 (and mTORC2) in regulating mammalian spermatogenesis in studies of the rat and mouse has been recently reviewed (95, 96), so additional discussion is not included here to avoid redundancy. Nonetheless, studies using genetic models have also confirmed our earlier findings indicating the significance of both mTORC1 and mTORC2 in testis functions (97). For instance, Sertoli cell-specific deletion of mTOR led to infertility in mice, which associated with a surge in p-rpS6 expression, loss of Sertoli cell polarity, increased in germ cell apoptosis and extensive germ cell exfoliation, but also gap junction impairment due to mislocalization of connexin 43 (Cx43) (98). On the other hand, germ cell-specific deletion of mTOR also led to infertility in mice even though these mice were viable and apparently healthy (99). In adulthood, spermatogonial stem cells in these mice failed to proliferate and differentiate into spermatocytes to undergo meiosis, and seminiferous tubules were devoid of virtually all germ cells, leading to infertility (99). These findings also illustrate that these mTOR deletion mediated infertility is more than just defects in energy metabolism since developing germ cells rely on Sertoli cells for their energy needs. As such, specific deletion of mTOR in germ cells should not interfere with their energy metabolism since Sertoli cells remain in the testis to support their metabolic and nutritional needs. Studies have shown that this mTORC1-based signaling complex exerts its effects by modulating cytoskeletal organization of actin and MT in Sertoli cells across the seminiferous epithelium, involving changes in energy metabolism but also intrinsic activities and/or distribution of regulatory proteins of both cytoskeletons (95, 96). In brief, it is increasingly clear that the mTORC2 complex modulates cytoskeletal function by activating mTORC1 initially, to be followed by a surge in the expression of p-rpS6-S235/S236 and p-rpS-S240/S244, and then a down-regulation of the p-Akt1-S473 and p-Akt2-S474 expression (Figure 1) as noted in two reports (100, 101). Interestingly, this signaling complex has been shown to be involved in PFOS- and adjudin-mediated Sertoli cell or testis injury.



2.2.2 Studies of the PFOS and the Pharmaceutical Adjudin Models

Using the PFOS model in Sertoli cells cultured in vitro with an established TJ-permeability barrier, this environmental toxicant was found to perturb both actin and MT cytoskeletons through a down-regulation of the p-Akt1-S473 and p-Akt2-S474 (51). For instance, actin filaments that stretched across the entire Sertoli cell cytosol noted in control cells were considerably truncated and mis-aligned, no longer stretching properly across the Sertoli cell to support cell function, which in turn perturbed the TJ-barrier function (51). On the other hand, MT protofilaments that stretched across the entire Sertoli cell cytosol in control cells to support cell function were also considerably altered. For instance, MTs were considerably shortened and wrapped around the Sertoli cell nuclei instead (51). In order to confirm that PFOS exerts its disruptive effects to induce Sertoli cell injury is indeed involving p-Akt1/2, we used a specific Akt1/2 activator, namely SC79 (2-amino-6-chloro-α-cyano-3-(-ethoxycarbonyl)-4H-1-benzopyran-4-acetic acid ethyl ester, Mr 364.78) for the study. It is known that SC79 binds to the plecktrin homology (PH) domain of the Akt polypeptide, mimicking the binding of PtdIns(3,4,5)P3 to Alt to induce conformational change by enhancing its phosphorylation and activation at p-Akt1-T308 and p-Akt1-S473 sites (102). As anticipated, SC79 indeed was capable of blocking PFOS-mediated Sertoli cell injury by alleviating the PFOS-mediated Sertoli TJ-barrier disruption through corrective changes in the proper organization of actin- and MT-based cytoskeletons across the cell cytosol (51). In a recent in vivo study using the pharmaceutical adjudin model, we also reported a remarkable surge in the expression of p-rpS6-S235/S236 and p-rpS6-S240/S244 following treatment of adult rats with a single dose of adjudin at 50 mg/kg b.w. (oral gavage) (81). This observation is also consistent with an earlier study, reporting a surge in expression of mTOR and p-rpS6 (but not total rpS6) following treatment of adult rats with adjudin (single dose, 250 mg/kg b.w., oral gavage) (103). Collectively, these findings together with the data summarized and discussed in Section 2.1 have provided compelling evidence that environmental toxicants exert their effects by disrupting key signaling proteins, most notably their phosphorylation status, which are necessary and essential to support spermatogenesis and testis function under physiological conditions (Figures 3–5). Furthermore, new activator(s) of p-Akt1/2, instead of SC79, with reduced cytotoxicity should be carefully evaluated in future studies.





3 Concluding Remarks and Future Perspectives

As discussed above, we have provided a critical summary on the two signaling proteins that are being used by the toxicants cadmium and POFS to induce male reproductive dysfunction, through changes in their phosphorylation status (Figures 3–5). In order to expand this work further prior to studies in vivo, it may be advantageous to develop an in vitro human testis model that mimics the testes in vivo for toxicity studies. This in vitro human testis model should have the capability of developing functional haploid spermatids from spermatogonical stem cells (SSCs), mimicking the testis in vivo. The use of such a model thus reduces the time it takes to translate findings from studies in rodents to humans. There are much interest in the field to develop polymer- or hydrogel-based microfluidic devices for tissue engineering that mimic ion channels in human cells/tissues, bone tissue regeneration for transplantation, and perhaps tubules found in kidneys, prostate and others (104–108). A major obstacle of developing an in vitro human testis model is that the polymer- or hydrogel-based microfluidic device, unlike the seminiferous tubules in the testis, is not a dynamic structure. Since these hydrogel- or biopolymer-based devices are not capable of undergoing disassembly, reassembly, and dynamic maintenance, similar to the actin- and MT-based cytoskeletons in the seminiferous tubules, in response to changes of the epithelial cycle during spermatogenesis in the testis. Nonetheless, it is our beliefs that such an in vitro human testis can be established in the near future due to advances in cell/tissue cultures and engineering technology. On the other hand, it remains to be established if these EDCs, such as cadmium and PFOS, exert their disruptive effects directly, such as through direct changes on the phosphorylation status and/or distribution of the involving signaling proteins, or indirectly, such as through a down-regulation of the enzymes that change the testosterone availability through steroidogenesis. These possibilities should also be carefully evaluated in future studies.



Author Contributions

CYC conceived the project and wrote the paper. SG, XW, LW, TB, and CYC researched on the topics and searched for relevant information in the literature at www.PubMed.com and relevant journal sites, which were discussed and cited in this review. SG and CYC prepared the Tables. SG and CC prepared the figures. SG, XW, LW, TB, AP, GG, BS, and FS discussed the concepts evaluated in this review. All authors contributed to the article and approved the submitted version.



Funding

This work was supported in part by grants from the National Key Research and Development Program of China (2018YFC1003500 to FS), and Fellowships from the Noopolis Foundation (Rome, Italy, to XW, LW, TB).



References

1. Wong, EWP, Yan, HHN, Lie, PPY, Mruk, DD, and Cheng, CY. Cell Junctions in the Testis as Targets for Toxicants. In:  McQueen, CA, editor. Comprehensive Toxicology, 3rd Editiion, vol. 4 . Oxford: Elsevier Science (2018). p. 128–46.

2. Wan, HT, Mruk, DD, Wong, CKC, and Cheng, CY. Targeting Testis-Specific Proteins to Inhibit Spermatogenesis - Lession From Endocrine Disrupting Chemicals. Expert Opin Ther Targets (2013) 17:839–55. doi: 10.1517/14728222.2013.791679

3. Vandenberg, LN, and Pelch, KE. Systematic Review Methodologies and Endocrine Disrupting Chemicals: Improving Evaluations of the Plastic Monomer Bisphenol A. Endocr Metab Immune Disord Drug Targets (2021). doi: 10.2174/1871530321666211005163614

4. Egger, AE, Grabmann, G, Gollmann-Tepeköylü, C, Pechriggl, EJ, Artner, C, Türkcan, A, et al. Chemical Imaging and Assessment of Cadmium Distribution in the Human Body. Metallomics Integr Biometal Sci (2019) 11:2010–9. doi: 10.1039/C9MT00178F

5. Li, Y, Wu, J, Zhou, W, and Gao, E. Association Between Environmental Exposure to Cadmium and Human Semen Quality. Int J Environ Health Res (2016) 26:175–86. doi: 10.1080/09603123.2015.1061115

6. Pant, N, Kumar, G, Upadhyay, AD, Gupta, YK, and Chaturvedi, PK. Correlation Between Lead and Cadmium Concentration and Semen Quality. Andrologia (2015) 47:887–91. doi 10.1111/and.12342

7. Taha, EA, Sayed, SK, Ghandour, NM, Mahran, AM, Saleh, MA, Amin, MM, et al. Correlation Between Seminal Lead and Cadmium and Seminal Parameters in Idiopathic Oligoasthenozoospermic Males. Cent Eur J Urol (2013) 66:84–92. doi: 10.5173/ceju.2013.01.art28

8. Santonastaso, M, Mottola, F, Iovine, C, Cesaroni, F, Colacurci, N, and Rocco, L. In Vitro Effects of Titanium Dioxide Nanoparticles (TiO(2)NPs) on Cadmium Chloride (CdCl(2)) Genotoxicity in Human Sperm Cells. Nanomater (Basel Switzerland) (2020) 10:1118. doi 10.3390/nano10061118

9. Etemadi, T, Momeni, HR, and Ghafarizadeh, AA. Impact of Silymarin on Cadmium-Induced Apoptosis in Human Spermatozoa. Andrologia (2020) 52:e13795. doi: 10.1111/and.13795

10. Han, C, Zhu, Y, Yang, Z, Fu, S, Zhang, W, and Liu, C. Protective Effect of Polygonatum Sibiricum Against Cadmium-Induced Testicular Injury in Mice Through Inhibiting Oxidative Stress and Mitochondria-Mediated Apoptosis. J Ethnopharmacol (2020) 261:113060. doi: 10.1016/j.jep.2020.113060

11. Liu, D, Wan, J, Liu, Z, Zhao, Z, Zhang, G, and Leng, Y. Determination of Cadmium Induced Acute and Chronic Reproductive Toxicity With Raman Spectroscopy. Lasers Med Sci (2020) 35:1919–26. doi: 10.1007/s10103-020-02976-6

12. Mouro, VGS, Siman, VA, da Silva, J, Dias, FCR, Damasceno, EM, Cupertino, MDC, et al. Cadmium-Induced Testicular Toxicity in Mice: Subacute and Subchronic Route-Dependent Effects. Biol Trace Elem Res (2020) 193:466–82. doi: 10.1007/s12011-019-01731-5

13. Zhao, LL, Ru, YF, Liu, M, Tang, JN, Zheng, JF, Wu, B, et al. Reproductive Effects of Cadmium on Sperm Function and Early Embryonic Development In Vitro. PloS One (2017) 12:e0186727. doi: 10.1371/journal.pone.0186727

14. Olaniyi, KS, Amusa, OA, Oniyide, AA, Ajadi, IO, Akinnagbe, NT, and Babatunde, SS. Protective Role of Glutamine Against Cadmium-Induced Testicular Dysfunction in Wistar Rats: Involvement of G6PD Activity. Life Sci (2020) 242:117250. doi: 10.1016/j.lfs.2019.117250

15. Kheradmand, A, Alirezaei, M, and Dezfoulian, O. Biochemical and Histopathological Evaluations of Ghrelin Effects Following Cadmium Toxicity in the Rat Testis. Andrologia (2015) 47:634–43. doi: 10.1111/and.12311

16. Xiao, X, Cheng, CY, and Mruk, DD. Intercellular Adhesion Molecule-2 Is Involved in Apical Ectoplasmic Specialization Dynamics During Spermatogenesis in the Rat. J Endocrinol (2013) 216:73–86. doi: 10.1530/JOE-12-0434

17. Li, L, Mao, B, Wu, S, Li, H, Lv, L, Ge, R, et al. Endogenously Produced LG3/4/5-Peptide Protects Testes Against Toxicant-Induced Injury. Cell Death Dis (2020) 11:436. doi: 10.1038/s41419-020-2608-8

18. Vergilio, CS, Moreira, RV, Carvalho, CE, and Melo, EJ. Evolution of Cadmium Effects in the Testis and Sperm of the Tropical Fish Gymnotus Carapo. Tissue Cell (2015) 47:132–9. doi: 10.1016/j.tice.2015.02.001

19. Wang, H, Zhang, R, Song, Y, Li, T, and Ge, M. Protective Effect of Ganoderma Triterpenoids on Cadmium-Induced Testicular Toxicity in Chickens. Biol Trace Elem Res (2019) 187:281–90. doi: 10.1007/s12011-018-1364-4

20. Den Hond, E, Tournaye, H, De Sutter, P, Ombelet, W, Baeyens, W, Covaci, A, et al. Human Exposure to Endocrine Disrupting Chemicals and Fertility: A Case-Control Study in Male Subfertility Patients. Environ Int (2015) 84:154–60. doi: 10.1016/j.envint.2015.07.017

21. Louis, GM, Chen, Z, Schisterman, EF, Kim, S, Sweeney, AM, Sundaram, R, et al. Perfluorochemicals and Human Semen Quality: The LIFE Study. Environ Health Perspect (2015) 123:57–63. doi: 10.1289/ehp.1307621

22. Governini, L, Guerranti, C, De Leo, V, Boschi, L, Luddi, A, Gori, M, et al. Chromosomal Aneuploidies and DNA Fragmentation of Human Spermatozoa From Patients Exposed to Perfluorinated Compounds. Andrologia (2015) 47:1012–9. doi: 10.1111/and.12371

23. Chen, H, Gao, Y, Mruk, DD, Xiao, X, John, CM, Turek, PJ, et al. Rescue of PFOS-Induced Human Sertoli Cell Injury by Overexpressing a P-FAK-Y407E Phosphomimetic Mutant. Sci Rep (2017) 7:15810. doi: 10.1038/s41598-017-15671-4

24. López-Doval, S, Salgado, R, Pereiro, N, Moyano, R, and Lafuente, A. Perfluorooctane Sulfonate Effects on the Reproductive Axis in Adult Male Rats. Environ Res (2014) 134:158–68. doi: 10.1016/j.envres.2014.07.006

25. Li, N, Mruk, DD, Chen, H, Wong, CK, Lee, WM, and Cheng, CY. Rescue of Perfluorooctanesulfonate (PFOS)-Mediated Sertoli Cell Injury by Overexpression of Gap Junction Protein Connexin 43. Sci Rep (2016) 6:29667. doi: 10.1038/srep29667

26. Qu, JH, Lu, CC, Xu, C, Chen, G, Qiu, LL, Jiang, JK, et al. Perfluorooctane Sulfonate-Induced Testicular Toxicity and Differential Testicular Expression of Estrogen Receptor in Male Mice. Environ Toxicol Pharmacol (2016) 45:150–7. doi: 10.1016/j.etap.2016.05.025

27. Lai, KP, Lee, JC, Wan, HT, Li, JW, Wong, AY, Chan, TF, et al. Effects of In Utero PFOS Exposure on Transcriptome, Lipidome, and Function of Mouse Testis. Environ Sci Technol (2017) 51:8782–94. doi: 10.1021/acs.est.7b02102

28. Qiu, L, Qian, Y, Liu, Z, Wang, C, Qu, J, Wang, X, et al. Perfluorooctane Sulfonate (PFOS) Disrupts Blood-Testis Barrier by Down-Regulating Junction Proteins via P38 MAPK/ATF2/MMP9 Signaling Pathway. Toxicology (2016) 373:1–12. doi: 10.1016/j.tox.2016.11.003

29. Qiu, L, Wang, H, Dong, T, Huang, J, Li, T, Ren, H, et al. Perfluorooctane Sulfonate (PFOS) Disrupts Testosterone Biosynthesis via CREB/CRTC2/StAR Signaling Pathway in Leydig Cells. Toxicology (2021) 449:152663. doi: 10.1016/j.tox.2020.152663

30. Qiu, L, Zhang, X, Zhang, X, Zhang, Y, Gu, J, Chen, M, et al. Sertoli Cell Is a Potential Target for Perfluorooctane Sulfonate-Induced Reproductive Dysfunction in Male Mice. Toxicol Sci (2013) 135:229–40. doi: 10.1093/toxsci/kft129

31. Chen, J, Wang, X, Ge, X, Wang, D, Wang, T, Zhang, L, et al. Chronic Perfluorooctanesulphonic Acid (PFOS) Exposure Produces Estrogenic Effects in Zebrafish. Environ Pollution (Barking Essex 1987) (2016) 218:702–8. doi: 10.1016/j.envpol.2016.07.064

32. Yin, J, Jian, Z, Zhu, G, Yu, X, Pu, Y, Yin, L, et al. Male Reproductive Toxicity Involved in Spermatogenesis Induced by Perfluorooctane Sulfonate and Perfluorooctanoic Acid in Caenorhabditis Elegans. Environ Sci Pollut Res Int (2021) 28:1443–53. doi: 10.1007/s11356-020-10530-8

33. Lopez-Rodriguez, D, Franssen, D, Heger, S, and Parent, AS. Endocrine-Disrupting Chemicals and Their Effects on Puberty. Best Pract Res Clin Endocrinol Metab (2021) 35:101579. doi: 10.1016/j.beem.2021.101579

34. López-Botella, A, Velasco, I, Acién, M, Sáez-Espinosa, P, Todolí-Torró, JL, Sánchez-Romero, R, et al. Impact of Heavy Metals on Human Male Fertility-An Overview. Antioxid (Basel Switzerland) (2021) 10:1473. doi 10.3390/antiox10091473

35. Robaire, B, Delbes, G, Head, JA, Marlatt, VL, Martyniuk, CJ, Reynaud, S, et al. A Cross-Species Comparative Approach to Assessing Multi- and Transgenerational Effects of Endocrine Disrupting Chemicals. Environ Res (2021) 204:112063. doi: 10.1016/j.envres.2021.112063

36. Padmanabhan, V, Song, W, and Puttabyatappa, M. Praegnatio Perturbatio-Impact of Endocrine-Disrupting Chemicals. Endocr Rev (2021) 42:295–353. doi: 10.1210/endrev/bnaa035

37. Sweeney, MF, Hasan, N, Soto, AM, and Sonnenschein, C. Environmental Endocrine Disruptors: Effects on the Human Male Reproductive System. Rev Endocr Metab Disord (2015) 16:341–57. doi: 10.1007/s11154-016-9337-4

38. Eve, L, Fervers, B, Le Romancer, M, and Etienne-Selloum, N. Exposure to Endocrine Disrupting Chemicals and Risk of Breast Cancer. Int J Mol Sci (2020) 21:9139. doi: 10.3390/ijms21239139

39. Francis, CE, Allee, L, Nguyen, H, Grindstaff, RD, Miller, CN, and Rayalam, S. Endocrine Disrupting Chemicals: Friend or Foe to Brown and Beige Adipose Tissue? Toxicology (2021) 463:152972. doi: 10.1016/j.tox.2021.152972

40. Nordkap, L, Joensen, UN, Blomberg, JM, and Jorgensen, N. Regional Differences and Temporal Trends in Male Reproductive Health Disorders: Semen Quality May Be a Sensitive Marker of Environmental Exposures. Mol Cell Endocrinol (2012) 355:221–30. doi: 10.1016/j.mce.2011.05.048

41. Krzastek, SC, Farhi, J, Gray, M, and Smith, RP. Impact of Environmental Toxin Exposure on Male Fertility Potential. Transl Androl Urol (2020) 9:2797–813. doi: 10.21037/tau-20-685

42. Cheng, CY, Wong, EWP, Lie, PPY, Li, MWM, Su, L, Siu, ER, et al. Environmental Toxicants and Male Reproductive Function. Spermatogenesis (2011) 1:2–13. doi: 10.4161/spmg.1.1.13971

43. Mesquita, I, Lorigo, M, and Cairrao, E. Update About the Disrupting-Effects of Phthalates on the Human Reproductive System. Mol Reprod Dev (2021) 88:650–72. doi: 10.1002/mrd.23541

44. Priya, K, Setty, M, Babu, UV, and Pai, KSR. Implications of Environmental Toxicants on Ovarian Follicles: How It Can Adversely Affect the Female Fertility? Environ Sci Pollut Res Int (2021). doi: 10.1007/s11356-021-16489-4

45. Bhardwaj, JK, Panchal, H, and Saraf, P. Cadmium as a Testicular Toxicant: A Review. J Appl Toxicol (2021) 41:105–17. doi: 10.1002/jat.4055

46. Genchi, G, Sinicropi, MS, Lauria, G, Carocci, A, and Catalano, A. The Effects of Cadmium Toxicity. Int J Environ Res Public Health (2020) 17:3782. doi: 10.3390/ijerph17113782

47. Mokra, K. Endocrine Disruptor Potential of Short- and Long-Chain Perfluoroalkyl Substances (PFASs)-A Synthesis of Current Knowledge With Proposal of Molecular Mechanism. Int J Mol Sci (2021) 22:2148. doi: 10.3390/ijms22042148

48. Tarapore, P, and Ouyang, B. Perfluoroalkyl Chemicals and Male Reproductive Health: Do PFOA and PFOS Increase Risk for Male Infertility? Int J Environ Res Public Health (2021) 18:3794. doi: 10.3390/ijerph18073794

49. Howdeshell, KL, Wilson, VS, Furr, J, Lambright, CR, Rider, CV, Blystone, CR, et al. A Mixture of Five Phthalate Esters Inhibits Fetal Testicular Testosterone Production in the Sprague-Dawley Rat in a Cumulative, Dose-Additive Manner. Toxicol Sci (2008) 105:153–65. doi: 10.1093/toxsci/kfn077

50. Howdeshell, KL, Rider, CV, Wilson, VS, and Gray, LE Jr. Mechanisms of Action of Phthalate Esters, Individually and in Combination, to Induce Abnormal Reproductive Development in Male Laboratory Rats. Environ Res (2008) 108:168–76. doi: 10.1016/j.envres.2008.08.009

51. Gao, Y, Chen, H, Xiao, X, Lui, WY, Lee, WM, Mruk, DD, et al. Perfluorooctanesulfonate (PFOS)-Induced Sertoli Cell Injury Through a Disruption of F-Actin and Microtubule Organization Is Mediated by Akt1/2. Sci Rep (2017) 7:1110. doi: 10.1038/s41598-017-01016-8

52. Wan, HT, Mruk, DD, Wong, CKC, and Cheng, CY. Perfluorooctanesulfonate (PFOS) Perturbs Male Rat Sertoli Cell Blood-Testis Barrier Function by Affecting F-Actin Organization via P-FAK-Tyr407 - An In Vitro Study. Endocrinology (2014) 155:249–62. doi: 10.1210/en.2013-1657

53. Xiao, X, Mruk, DD, Tang, EI, Wong, CKC, Lee, WM, John, CM, et al. Environmental Toxicants Perturb Human Serotli Cell Adhesive Function via Changes in F-Actin Organization Medicated by Actin Regulatory Proteins. Hum Reprod (2014) 29:1279–91. doi: 10.1093/humrep/deu011

54. Schaller, MD. Cellular Functions of FAK Kinases: Insight Into Molecular Mechanisms and Novel Functions. J Cell Sci (2010) 123:1007–13. doi: 10.1242/jcs.045112

55. Cheng, CY, and Mruk, DD. Regulation of Blood-Testis Barrier Dynamics by Focal Adhesion Kinase (FAK): An Unexpected Turn of Events. Cell Cycle (2009) 8:3493–9. doi: 10.4161/cc.8.21.9833

56. Li, M, Wang, Y, Li, M, Wu, X, Setrerrahmane, S, and Xu, H. Integrins as Attractive Targets for Cancer Therapeutics. Acta Pharm Sinica B (2021) 11:2726–37. doi: 10.1016/j.apsb.2021.01.004

57. Dawson, JC, Serrels, A, Stupack, DG, Schlaepfer, DD, and Frame, MC. Targeting FAK in Anticancer Combination Therapies. Nat Rev Cancer (2021) 21:313–24. doi: 10.1038/s41568-021-00340-6

58. Rigiracciolo, DC, Cirillo, F, Talia, M, Muglia, L, Gutkind, JS, Maggiolini, M, et al. Focal Adhesion Kinase Fine Tunes Multifaced Signals Toward Breast Cancer Progression. Cancers (2021) 13:645. doi: 10.3390/cancers13040645

59. Chauhan, A, and Khan, T. Focal Adhesion Kinase-An Emerging Viable Target in Cancer and Development of Focal Adhesion Kinase Inhibitors. Chem Biol Drug design (2021) 97:774–94. doi: 10.1111/cbdd.13808

60. Frame, MC, Patel, H, Serrels, B, Lietha, D, and Eck, MJ. The FERM Domain: Organizing the Structure and Function of FAK. Nat Rev Mol Cell Biol (2010) 11:802–14. doi: 10.1038/nrm2996

61. Siu, MKY, and Cheng, CY. Dynamic Cross-Talk Between Cells and the Extracellular Matrix in the Testis. BioEssays (2004) 26:978–92. doi: 10.1002/bies.20099

62. Mruk, DD, and Cheng, CY. Sertoli-Sertoli and Sertoli-Germ Cell Interactions and Their Significance in Germ Cell Movement in the Seminiferous Epithelium During Spermatogenesis. Endocr Rev (2004) 25:747–806. doi: 10.1210/er.2003-0022

63. Siu, MKY, and Cheng, CY. Extracellular Matrix: Recent Advances on Its Role in Junction Dynamics in the Seminiferous Epithelium During Spermatogenesis. Biol Reprod (2004) 71:375–91. doi: 10.1095/biolreprod.104.028225

64. Dym, M. Basement Membrane Regulation of Sertoli Cells. Endocr Rev (1994) 15:102–15. doi: 10.1210/edrv-15-1-102

65. Siu, MKY, Mruk, DD, Lee, WM, and Cheng, CY. Adhering Junction Dynamics in the Testis Are Regulated by an Interplay of β1-Integrin and Focal Adhesion Complex (FAC)-Associated Proteins. Endocrinology (2003) 144:2141–63. doi: 10.1210/en.2002-221035

66. Siu, MKY, Wong, CH, Lee, WM, and Cheng, CY. Sertoli-Germ Cell Anchoring Junction Dynamics in the Testis Are Regulated by an Interplay of Lipid and Protein Kinases. J Biol Chem (2005) 280:25029–47. doi: 10.1074/jbc.M501049200

67. Lie, PPY, Mruk, DD, Mok, KW, Su, L, Lee, WM, and Cheng, CY. Focal Adhesion Kinase-Tyr407 and -Tyr397 Exhibit Antagonistic Effects on Blood-Testis Barrier Dynamics in the Rat. Proc Natl Acad Sci USA (2012) 109:12562–7. doi: 10.1073/pnas.1202316109

68. Beardsley, A, Robertson, DM, and O'Donnell, L. A Complex Containing α6β1-Integrin and Phosphorylated Focal Adhesion Kinase Between Sertoli Cells and Elongated Spermatids During Spermatid Release From the Seminiferous Epithelium. J Endocrinol (2006) 190:759–70. doi: 10.1677/joe.1.06867

69. O'Donnell, L, Nicholls, PK, O'Bryan, MK, McLachlan, RI, and Stanton, PG. Spermiation: The Process of Sperm Release. Spermatogenesis (2011) 1:14–35. doi: 10.4161/spmg.1.1.14525

70. Siu, MKY, and Cheng, CY. Interactions of Proteases, Protease Inhibitors, and the β1 Integrin/Laminin γ3 Protein Complex in the Regulation of Ectoplasmic Specialization Dynamics in the Rat Testis. Biol Reprod (2004) 70:945–64. doi: 10.1095/biolreprod.103.023606

71. Siu, MKY, Wong, CH, Xia, W, Mruk, DD, Lee, WM, and Cheng, CY. The β1-Integrin-P-FAK-P130cas-DOCK180-RhoA-Vinculin Is a Novel Regulatory Protein Complex at the Apical Ectoplasmic Specialization in Adult Rat Testes. Spermatogenesis (2011) 1:73–86. doi: 10.4161/spmg.1.1.15452

72. Siu, ER, Wong, EWP, Mruk, DD, Porto, CS, and Cheng, CY. Focal Adhesion Kinase Is a Blood-Testis Barrier Regulator. Proc Natl Acad Sci USA (2009) 106:9298–303. doi: 10.1073/pnas.0813113106

73. Wan, HT, Mruk, DD, Li, SYT, Mok, KW, Lee, WM, Wong, CKC, et al. P-FAK-Tyr397 Regulates Spermatid Adhesion in the Rat Testis via Its Effects on F-Actin Organization at the Ectoplasmic Specialization. Am J Physiol Endocrinol Metab (2013) 305:E687–99. doi: 10.1152/ajpendo.00254.2013

74. Breuzard, G, Pagano, A, Bastonero, S, Malesinski, S, Parat, F, Barbier, P, et al. Tau Regulates the Microtubule-Dependent Migration of Glioblastoma Cells via the Rho-ROCK Signaling Pathway. J Cell Sci (2019) 132:jcs222851. doi: 10.1242/jcs.222851

75. Fan, Z, Xu, Q, Wang, C, Lin, X, Zhang, Q, and Wu, N. A Tropomyosin-Like Meretrix Meretrix Linnaeus Polypeptide Inhibits the Proliferation and Metastasis of Glioma Cells via Microtubule Polymerization and FAK/Akt/MMPs Signaling. Int J Biol Macromol (2020) 145:154–64. doi: 10.1016/j.ijbiomac.2019.12.158

76. Peng, Y, Qu, R, Feng, Y, Huang, X, Yang, Y, Fan, T, et al. Regulation of the Integrin αvβ3- Actin Filaments Axis in Early Osteogenesis of Human Fibroblasts Under Cyclic Tensile Stress. Stem Cell Res Ther (2021) 12:523. doi: 10.1186/s13287-021-02597-y

77. Benwell, CJ, Taylor, J, and Robinson, SD. Endothelial Neuropilin-2 Influences Angiogenesis by Regulating Actin Pattern Development and α5-Integrin-P-FAK Complex Recruitment to Assembling Adhesion Sites. FASEB J (2021) 35:e21679. doi: 10.1096/fj.202100286R

78. Devi, SS, Yadav, R, and Arya, R. Altered Actin Dynamics in Cell Migration of GNE Mutant Cells. Front Cell Dev Biol (2021) 9:603742. doi: 10.3389/fcell.2021.603742

79. Linsen, SE, de Wit, E, de Bruijn, E, and Cuppen, E. Small RNA Expression and Strain Specificity in the Rat. BMC Genomics (2010) 11:249. doi: 10.1186/1471-2164-11-249

80. Landgraf, P, Rusu, M, Sheridan, R, Sewer, A, Iovino, N, Aravin, A, et al. A Mammalian microRNA Expression Atlas Based on Small RNA Library Sequencing. Cell (2007) 29:1401–14. doi: 10.1016/j.cell.2007.04.040

81. Wang, L, Yan, M, Li, H, Wu, S, Ge, R, Wong, CKC, et al. The Non-Hormonal Male Contraceptive Adjudin Exerts Its Effects via MAPs and Signaling Proteins Mtorc1/Rps6 and FAK-Y407. Endocrinology (2021) 162:bqaa196. doi: 10.1210/endocr/bqaa196

82. Venditti, M, Ben Rhouma, M, Romano, MZ, Messaoudi, I, Reiter, RJ, and Minucci, S. Evidence of Melatonin Ameliorative Effects on the Blood-Testis Barrier and Sperm Quality Alterations Induced by Cadmium in the Rat Testis. Ecotoxicol Environ Saf (2021) 226:112878. doi: 10.1016/j.ecoenv.2021.112878

83. Wang, L, Yan, M, Wong, CKC, Ge, R, Wu, X, Sun, F, et al. Microtubule-Associated Proteins (MAPs) in Microtubule Cytoskeletal Dynamics and Spermatogenesis. Histol Histopathol (2021) 36:249–65. doi: 10.14670/HH-18-279

84. Akhmanova, A, and Steinmetz, MO. Control of Microtubule Organization and Dynamics: Two Ends in the Limelight. Nat Rev Mol Cell Biol (2015) 16:711–26. doi: 10.1038/nrm4084

85. Wong, EWP, and Cheng, CY. Impacts of Environmental Toxicants on Male Reproductive Dysfunction. Trends Pharmacol Sci (2011) 32:290–9. doi: 10.1016/j.tips.2011.01.001

86. Cheng, CY, Mruk, DD, Silvestrini, B, Bonanomi, M, Wong, CH, Siu, MKY, et al. AF-2364 [1-(2,4-Dichlorobenzyl)-1H-Indazole-3-Carbohydrazide] Is a Potential Male Contraceptive: A Review of Recent Data. Contraception (2005) 72:251–61. doi: 10.1016/j.contraception.2005.03.008

87. Cheng, CY. Toxicants Target Cell Junctions in the Testis - Insights From the Indazole-Carboxylic Acid Model. Spermatogenesis (2014) 4:e981485. doi: 10.4161/21565562.2014.9814895

88. Mruk, DD, and Cheng, CY. Testin and Actin Are Key Molecular Targets of Adjudin, an Anti-Spermatogenic Agent, in the Testis. Spermatogenesis (2011) 1:137–46. doi: 10.4161/spmg.1.2.16449

89. Tang, EI, Lee, WM, and Cheng, CY. Coordination of Actin- and Microtubule-Based Cytoskeletons Supports Transport of Spermatids and Residual Bodies/Phagosomes During Spermatogenesis in the Rat Testis. Endocrinology (2016) 157:1644–59. doi: 10.1210/en.2015-1962

90. Mao, B, Li, L, Yan, M, Wong, CKC, Silvestrini, B, Li, C, et al. F5-Peptide and Mtorc1/Rps6 Effectively Enhance BTB Transport Function in the Testis-Lesson From the Adjudin Model. Endocrinology (2019) 160:1832–53. doi: 10.1210/en.2019-00308

91. Mao, BP, Li, L, Yan, M, Ge, R, Lian, Q, and Cheng, CY. Regulation of BTB Dynamics in Spermatogenesis - Insights From the Adjudin Toxicant Model. Toxicol Sci (2019) 172:75–88. doi: 10.1093/toxsci/kfz180

92. Yan, M, Li, L, Mao, BP, Li, H, Li, SYT, Mruk, D, et al. Mtorc1/Rps6 Signaling Complex Modifies BTB Transport Function - An In Vivo Study Using the Adjudin Model. Am J Physiol Endocrinol Metab (2019) 317:E121–38. doi: 10.1152/ajpendo.00553.2018

93. Laplante, M, and Sabatini, DM. mTOR Signaling in Growth Control and Disease. Cell (2012) 149:274–93. doi: 10.1016/j.cell.2012.03.017

94. Szwed, A, Kim, E, and Jacinto, E. Regulation and Metabolic Functions of Mtorc1 and Mtorc2. Physiol Rev (2021) 101:1371–426. doi: 10.1152/physrev.00026.2020

95. Mok, KW, Mruk, DD, and Cheng, CY. Regulation of Blood-Testis Barrier (BTB) Dynamics During Spermatogenesis via the "Yin" and "Yang" Effects of Mammalian Target of Rapamycin Complex 1 (Mtorc1) and Mtorc2. Int Rev Cell Mol Biol (2013) 301:291–358. doi: 10.1016/B978-0-12-407704-1.00006-3

96. Li, N, and Cheng, CY. Mammalian Target of Rapamycin Complex (mTOR) Pathway Modulates Blood-Testis Barrier (BTB) Function Through F-Actin Organization and Gap Junction. Histol Histopathol (2016) 31:961–8. doi: 10.14670/HH-11-753

97. Wen, Q, Tang, EI, Gao, Y, Jesus, TT, Chu, DS, Lee, WM, et al. Signaling Pathways Regulating Blood-Tissue Barriers - Lesson From the Testis. Biochim Biophys Acta (2018) 1860:141–53. doi: 10.1016/j.bbamem.2017.04.020

98. Boyer, A, Girard, M, Thimmanahalli, DS, Levasseur, A, Celeste, C, Paquet, M, et al. mTOR Regulates Gap Junction Alpha-1 Protein Trafficking in Sertoli Cells and Is Required for the Maintenance of Spermatogenesis in Mice. Biol Reprod (2016) 95:13. doi: 10.1095/biolreprod.115.138016

99. Serra, ND, Velte, EK, Niedenberger, BA, Kirsanov, O, and Geyer, CB. Cell-Autonomous Requirement for Mammalian Target of Rapamycin (Mtor) in Spermatogonial Proliferation and Differentiation in the Mousedagger. Biol Reprod (2017) 96:816–28. doi: 10.1093/biolre/iox022

100. Mok, KW, Chen, H, Lee, WM, and Cheng, CY. Rps6 Regulates Blood-Testis Barrier Dynamics Through Arp3-Mediated Actin Microfilament Organization in Rat Sertoli Cells. An In Vitro Study. Endocrinology (2015) 156:1900–13. doi: 10.1210/en.2014-1791

101. Mok, KW, Mruk, DD, and Cheng, CY. Rps6 Regulates Blood-Testis Barrier Dynamics Through Akt-Mediated Effects on MMP-9. J Cell Sci (2014) 127:4870–82. doi: 10.1242/jcs.152231

102. Jo, H, Loison, F, and Luo, HR. Microtubule Dynamics Regulates Akt Signaling via Dynactin P150. Cell Signal (2014) 26:1707–16. doi: 10.1016/j.cellsig.2014.04.007

103. Mok, KW, Mruk, DD, Silvestrini, B, and Cheng, CY. RPS6 Regulates Blood-Testis Barrier Dynamics by Affecting F-Actin Organization and Protein Recruitment. Endocrinology (2012) 153:5036–48. doi: 10.1210/en.2012-1665

104. Yao, Y, and Fan, Y. CO(2) Laser Fabrication of Hydrogel-Based Open-Channel Microfluidic Devices. Biomed Microdevices (2021) 23:47. doi: 10.1007/s10544-021-00584-x

105. Scott, SM, and Ali, Z. Fabrication Methods for Microfluidic Devices: An Overview. Micromachines (2021) 12:319. doi: 10.3390/mi12030319

106. Annabestani, M, Esmaeili-Dokht, P, and Fardmanesh, M. A Novel, Low Cost, and Accessible Method for Rapid Fabrication of the Modifiable Microfluidic Devices. Sci Rep (2020) 10:16513. doi: 10.1038/s41598-020-73535-w

107. Roman, J, Français, O, Jarroux, N, Patriarche, G, Pelta, J, Bacri, L, et al. Solid-State Nanopore Easy Chip Integration in a Cheap and Reusable Microfluidic Device for Ion Transport and Polymer Conformation Sensing. ACS sensors (2018) 3:2129–37. doi: 10.1021/acssensors.8b00700

108. Riester, O, Borgolte, M, Csuk, R, and Deigner, HP. Challenges in Bone Tissue Regeneration: Stem Cell Therapy, Biofunctionality and Antimicrobial Properties of Novel Materials and Its Evolution. Int J Mol Sci (2020) 22:192. doi: 10.3390/ijms22010192




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Gao, Wu, Wang, Bu, Perrotta, Guaglianone, Silvestrini, Sun and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 03 January 2022

doi: 10.3389/fendo.2021.807374

[image: image2]


Analysis by Metabolomics and Transcriptomics for the Energy Metabolism Disorder and the Aryl Hydrocarbon Receptor Activation in Male Reproduction of Mice and GC-2spd Cells Exposed to PM2.5


Fuquan Shi 1, Zhonghao Zhang 1, Jiankang Wang 1, Yimeng Wang 1, Jiuyang Deng 2, Yingfei Zeng 3, Peng Zou 1, Xi Ling 1, Fei Han 1, Jinyi Liu 1, Lin Ao 1* and Jia Cao 1*


1 Key Lab of Medical Protection for Electromagnetic Radiation, Ministry of Education of China, Institute of Toxicology, College of Preventive Medicine, Army Medical University (Third Military Medical University), Chongqing, China, 2 School of Public Health, Shanxi Medical University, Taiyuan, China, 3 School of Tropical Medicine and Laboratory Medicine, Hainan Medical University, Haikou, China




Edited by: 

Yankai Xia, Nanjing Medical University, China

Reviewed by: 

Aditya D. Joshi, University of Oklahoma Health Sciences Center, United States

Cuiqing Liu, Zhejiang Chinese Medical University, China

*Correspondence: 

Jia Cao
 caojia1962@126.com

Lin Ao
 aolin117@163.com

Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 02 November 2021

Accepted: 08 December 2021

Published: 03 January 2022

Citation:
Shi F, Zhang Z, Wang J, Wang Y, Deng J, Zeng Y, Zou P, Ling X, Han F, Liu J, Ao L and Cao J (2022) Analysis by Metabolomics and Transcriptomics for the Energy Metabolism Disorder and the Aryl Hydrocarbon Receptor Activation in Male Reproduction of Mice and GC-2spd Cells Exposed to PM2.5. Front. Endocrinol. 12:807374. doi: 10.3389/fendo.2021.807374



Fine particulate matter (PM2.5)-induced male reproductive toxicity arouses global public health concerns. However, the mechanisms of toxicity remain unclear. This study aimed to further investigate toxicity pathways by exposure to PM2.5 in vitro and in vivo through the application of metabolomics and transcriptomics. In vitro, spermatocyte-derived GC-2spd cells were treated with 0, 25, 50, 100 μg/mL PM2.5 for 48 h. In vivo, the real-world exposure of PM2.5 for mouse was established. Forty-five male C57BL/6 mice were exposed to filtered air, unfiltered air, and concentrated ambient PM2.5 in Tangshan of China for 8 weeks, respectively. The results in vitro and in vivo showed that PM2.5 exposure inhibited GC-2spd cell proliferation and reduced sperm motility. Mitochondrial damage was observed after PM2.5 treatment. Increased Humanin and MOTS-c levels and decreased mitochondrial respiratory indicated that mitochondrial function was disturbed. Furthermore, nontargeted metabolomics analysis revealed that PM2.5 exposure could disturb the citrate cycle (TCA cycle) and reduce amino acids and nucleotide synthesis. Mechanically, the aryl hydrocarbon receptor (AhR) pathway was activated after exposure to PM2.5, with a significant increase in CYP1A1 expression. Further studies showed that PM2.5 exposure significantly increased both intracellular and mitochondrial reactive oxygen species (ROS) and activated NRF2 antioxidative pathway. With the RNA-sequencing technique, the differentially expressed genes induced by PM2.5 exposure were mainly enriched in the metabolism of xenobiotics by the cytochrome P450 pathway, of which Cyp1a1 was the most significantly changed gene. Our findings demonstrated that PM2.5 exposure could induce spermatocyte damage and energy metabolism disorder. The activation of the aryl hydrocarbon receptor might be involved in the mechanism of male reproductive toxicity.
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Introduction

The impact of particulate matter (PM) on health has aroused widespread public concern around the world. Fine particulate matter (PM2.5) is still one of the most common air pollutants in the world, especially in developing countries (1). In China, the average annual PM2.5 concentration in 338 cities was 10 to 86 μg/m3 (average: 43 μg/m3) in 2017, which was much higher than the recommendation of the WHO air quality guidelines (10 μg/m3) (2). PM2.5 and its combined toxic components, including transition metals, polycyclic aromatic hydrocarbons (PAHs) and water-soluble ions (WSI) can penetrate into the gas exchange area of the lungs, pass through the respiratory barrier, enter the circulatory system, diffuse to the whole body (3), and ultimately damage the respiratory system, circulatory system (4), central nervous system (5) and reproductive system (6).

Numerous epidemiology studies have shown PM2.5 could affect male reproduction and lead to a decrease in sperm quality (7–9). Our previous study also indicated PM10-2.5 exposure was inversely associated with sperm concentration in a longitudinal study of 796 Chinese college students (10). Besides the epidemiological evidence, several toxicological studies in animals revealed decreased male reproductive capacity caused by PM2.5. After PM2.5 exposure via intratracheal instillation, injury of testicular tissue and reduced testosterone were occurred, the integrity of blood-testis barrier was destroyed, and finally sperm quality was significantly decreased (11–13). Up to now, the mechanisms of reproductive toxicity induced by PM2.5 mainly focused on ROS generation, DNA damage, mitochondrial dysfunction and the disturbance of hypothalamic-pituitary-gonadal (HPG) axis. However, spermatogenesis is a complex process that requires the participation of various signal pathways, and PM2.5, as a complex mixture, can carry various harmful substances, for instance, PAHs (14). Numerous studies have shown that PAHs exposure might induce various adverse health effects (15–17). In male reproduction, our recent study found that PM2.5-bound PAHs, especially HMW PAHs decreased sperm normal morphology in the Male Reproductive Health in Chongqing College Students (MARHCS) cohort study (18). Besides, PAHs are well-known activators of the aryl hydrocarbon receptor (AhR). P. Esakky and K. Moley revealed that the PAHs of cigarette smoke condensate (CSC) showed a great effect on accelerating germ cell death through activation of AhR, which was present at all stages of spermatogenesis (19). These studies provided a possible mechanism of PM2.5-induced spermatogenesis damage. Nonetheless, it is still unclear whether PM2.5 exposure will activate AhR pathway in spermatogenesis.

Epidemiological and experimental studies have shown that mitochondria might be one of the target organelles damaged by environmental pollutants, including PM2.5 (20, 21). Because of the lack of protective histones and DNA repair enzymes, mitochondrial DNA is particularly vulnerable to endogenous and exogenous damage factors, such as ROS or adducts (22, 23). Meanwhile, mitochondrial are involved in various important cellular functions, including oxidative phosphorylation of ATP synthesis, mitochondrial apoptosis pathway and ROS generation, etc. Therefore, mitochondrial damage will directly cause mitochondrial dysfunction and then mediate cytotoxicity. Moreover, previous studies found PM2.5 can induce mitochondrial damage and activate mitochondrial apoptosis pathway in male reproduction (11, 24). Two major contributions of mitochondria in spermatogenesis involve energy generation and apoptosis (25). Because the process of spermatogenesis requires a lot of energy and the elimination of damaged spermatogenic cells, and mitochondria in sperm are arranged in the periphery of the tail microtubules to serve to energy demand for motility. It can be seen that mitochondria play a crucial part in spermatogenesis and sperm motility. However, whether PM2.5 exposure can disturb energy metabolism through mitochondrial damage and dysfunction in spermatogenesis is still unclear.

To better understand the effects of PM2.5 on male reproduction, we used GC-2spd cell line and real time whole-body PM2.5 exposure mouse model to investigate the effects of PM2.5 on mouse spermatocyte in vitro and in vivo. Then, metabolomics and transcriptomics were performed to probe into the role of energy metabolism and the aryl hydrocarbon receptor under PM2.5 exposure.



Materials and Methods


Particular Matter Suspension Preparation

Concerning the integrity of the experiment and immature technique of PM2.5 extraction from sampling membrane, the SRM 1648a collected in an urban area in the USA was used in the study. It was purchased from the National Institute of Standards and Technology (NIST, USA), and composed mainly of inorganic substances and organic substances with polycyclic aromatic hydrocarbons (PAHs), nitro-substituted PAHs (nitro-PAHs), polychlorinated biphenyl (PCB) congeners, and chlorinated pesticides. In addition, the particular matter has good solubility and dispersion in PBS, and a previous study indicated that the size of PM in PBS solution is from 236.43 nm to 1.98 μm (26). Thus, the PM was suspended and ultra-sonicated for 2 hours in phosphate-buffered saline (PBS) to a final concentration of 10 mg/mL. All PM2.5 stock solutions were stored at -80°C until biological analysis and ultrasound 30 min to avoid agglomeration of the suspended PM2.5 prior to treatment.



Cell Culture and Cell Proliferation Assay

The GC-2spd cell line was purchased from American type culture collection (ATCC, CRL-2196) and cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C, 5% CO2. Cells were labeled with Carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE; C0051, Beyotime, Shanghai, China) and then plated onto 6-well plates at a density of 1×105 cells per well. PM2.5 stock solution (10 mg/mL) was diluted to the final concentration of 12.5, 25, 50, 100, 200 μg/mL (0, 3.91, 7.81, 15.625, 31.25, 62.5 μg/cm2) with complete medium. Then, cells were treated with different concentrations of PM2.5 suspensions. Meanwhile, the control group was added with the normal culture medium and PBS. The final concentration of PBS was less than 1%. After 24 h or 48 h, the cells were harvested, washed with PBS, and resuspended in HBSS. The fluorescence intensity was measured by a BD Accuri™ C6 flow cytometer (BD Pharmingen, San Diego, CA, United States) at an excitation wavelength of 488 nm. The FL1 detection channel was used to perform analysis, and 10,000 events were collected for each sample.



Viability Assay for Live Cells

The cells were seeded in 6-well plates at a density of 1×105 cells per well overnight. After treatment with different doses of PM2.5 (0, 25, 50, 100 μg/mL) for 48 h, the medium was removed and the cells were washed with PBS three times, The cells were stained with 2 μM Calcein AM (PF00008, Proteintech) and incubated for 15 min at room temperature in the dark. Images were obtained using a fluorescence microscope (Olympus IX-71, Japan) and the intensity of green fluorescent of each group was analyzed by ImageJ software.



Animal and Treatment Protocols

Forty-five male C57BL/6 mice (6–8-week-old) were purchased from Vital River Laboratory (Beijing Vital River Laboratory Animal Technology Co., Ltd, Beijing, China). All procedures of the study were approved by the Institution Animal Care and Use Committee (IACUC). All mice were treated humanely under good laboratory conditions, and free drinking distilled water and commercial standard pellet feed were provided. After a week of adaptation, these mice (15 per group) were randomly subjected to exposure to filtered air (FA), unfiltered air (UA) and concentrated ambient PM2.5 (CAP) from November 18, 2019 to January 12, 2020 for a total duration of 2 months with a 12-h light/12-h dark cycle, the temperature at 24 to 26°C, and relative humidity of 40-60%. The sample size of 15 was calculated through the power analysis using an online calculator (www.stat.ubc.ca/~rollin/stats/ssize/n2.html) according to the published effect of CAP exposure on the sperm motility (27), and the statistic power is 0.90 (28). The FA-exposed mice received ambient air filtered by a high-efficient particulate air filter which was added to remove particles in the air. The UA-exposed mice were housed in the same chambers and exposed to ambient air conveyed through the pipeline. A previous study used the same apparatus had performed size classification for the particle matter in the UA chambers, and the results showed more than 90% of particle matters were less than 2.5 μm in diameter size (27). Mice exposed to concentrated ambient PM2.5 were performed with a PM2.5 concentration enrichment system (Beijing Huironghe Technology Co., Ltd, Beijing, China) located at the North China University of Science and Technology, Tangshan, China. The exposure protocol was 6 h/d, 5 days/week (only on weekdays). The real-time concentrations of PM2.5 in chambers and the outdoor air were constantly measured by the aerosol monitor (TSI Instrument Co., Ltd, Minneapolis, USA). The average concentrations of PM2.5 in the FA, UA and CAP chambers during the 2-month period were 0.39, 59.75 and 483.61 μg/m3, respectively. During exposure, PM2.5 particles were collected on quartz filter membranes (90 mm, Whatman, UK) and the membranes were weighed before and after sampling. Subsequently, analyses for water-soluble inorganic ions, metal elements and PAHs were performed in some representative membranes. Component analysis showed that PM2.5 particles were mainly consisted of water-soluble inorganic ions   and major metals (S, Na, Ca, Fe, K et al.). Besides, PM2.5 particles also contained abundant PAHs, of which benzo(b)fluoranthene (BbF) took the largest portion of PAHs, followed by fluoranthene (FLT), benzo(a)anthracene (BaA) and pyrene (PYR) (data not shown).



Assessment of Sperm Parameter in Epididymides

To measure sperm concentration and sperm motility, the epididymides were quickly collected and cut in 800 μL Ham’s F-12 Nutrient Mixture (Gibco, USA) after the mice were anesthetized. After incubation at 37°C for 2 min, 5 μL sperm suspension was detected using a computer-assisted sperm assay (CASA; Suiplus, Beijing, China). The experimental staff were blinded to groups assignment.



Observation of Ultrastructure of Testis and GC-2spd

Cells and testes were collected and fixed in transmission electron microscopy (TEM) fixative (Servicebio, China) at 4°C. After washing the samples using 0.1 M PB (pH 7.4) three times, the samples were post-fixed with 1% OsO4 in 0.1 M PB (pH 7.4) for 2 h at room temperature, then dehydrated with different proportions of ethanol. The ultrathin sections were obtained using a UC7 ultramicrotome (Leica, Germany) after Resin embedding, and then stained with 2% uranium acetate saturated alcohol solution. Finally, the ultrastructure was observed under TEM (HITACHI, Japan).



Measurements of Oxygen Consumption Rate (OCR)

The XFp cell mito stress test was conducted to measure mitochondrial function using the XFp 8-wells Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA) according to manufacturer’s instructions. Briefly, approximately 1,200 GC-2spd cells were seeded in the special 8-wells miniplates. After exposure to PM2.5 for 48 h, cells were washed with XFp assay medium containing 10 mM glucose (Agilent Technologies, 103577), 2 mM L-glutamine (Agilent Technologies, 103579) and 1 mM sodium pyruvate (Agilent Technologies, 103578). OCR was analyzed by adding oligomycin, 1.5 μM; carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), 2 μM and Rotenone, 0.5 μM to evaluate basal respiration, maximal respiration, spare capacity, proton leak and ATP production. And the OCR was normalized to the protein concentration of each sample.



Measurements of Intracellular and Mitochondrial ROS

The intracellular and mitochondrial ROS production were detected using the oxidation-sensitive fluorescent probe CM-H2DCFDA (Invitrogen, USA) and MitoSOX Red (Invitrogen, USA), respectively. According to the manufacturer’s instructions, the GC-2spd cells were seeded in 6-wells plates at a density of 1×105 cells per well. After treatment with 0, 25, 50, 100 μg/mL PM2.5 for 48 h, the cells were harvested and washed in PBS, followed by incubation with 10 μM CM-H2DCFDA for 30 min at 37°C and 5 μM MitoSOX Red for 10 min at 37°C, respectively. The mean fluorescence intensity was measured by a BD Accuri™ C6 flow cytometer (BD Pharmingen, San Diego, CA, United States) and analyzed using FlowJo software (Tree Star, Inc., San Carlos, CA, USA).



Evaluations of Humanin and MOTS-c Levels

The levels of Humanin and MOTS-c in GC-2spd cells were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Enzyme-linked Biotechnology Co., Ltd, Shanghai, China) according to the manufacturer’s directions. The minimum detectable doses were both typically less than 0.1 ng/mL. The intra-assay CV (%) and inter-assay CV (%) were less than 15%, respectively. The final levels of Humanin and MOTS-c were normalized to total protein.



RNA Extraction and Quantitative Reverse‐Transcription Polymerase Chain Reaction (qRT‐PCR)

The total RNA from the cells and testes was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and converted to cDNA using RevertAid Master Mix (ThermoFisher, USA). PCR was performed on a CFX Real‐Time System (Bio‐Rad Laboratories Inc.) using GoTaq qPCR Master Mix (Promega, USA) and specific primers. The PCR amplification schedule started with 95°C for 10 min, followed by 45 cycles of 95°C for 30 s and 60°C for 30 s. The cycle threshold (Ct) values were recorded, and relative expression of the target gene was calculated through the 2-△△Ct method. The primers (Sangon Biotech, Shanghai, China) were used as follows: ACTB (forward 5′‐GTGACGTTGACATCCGTAAAGA‐3′, reverse 5′‐ GCCGGACTCATCGTACTCC‐3′); Cyp1a1 (forward 5′‐GGCCACTTTGACCCTTACAA‐3′, reverse 5′‐ CAGGTAACGGAGGACAGGAA‐3′).



Western Blot

Cells and testicular tissues were collected and lysed with a cell lysis buffer (Beyotime, Shanghai, China). Subsequently, 40-60 μg protein was resolved by 12% SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Burlington MA, USA) for western blot analysis. Blots were blocked with 3% bovine serum albumin (BSA) in 0.15% Tris-Buffered Saline with Tween (0.15% TBST), and then probed with primary antibodies overnight at 4°C. The primary antibodies were used as follows: AHR Polyclonal Antibody (17840-1-AP, Proteintech); CYP1A1 Polyclonal Antibody (13241-1-AP, Proteintech); NRF2 Polyclonal Antibody (16396-1-AP, Proteintech); KEAP1 Polyclonal Antibody (10503-2-AP, Proteintech); β-actin Rabbit Antibody (4970S, Cell Signaling Technology, USA); Lamin B1 Rabbit Antibody (13435S, Cell Signaling Technology, USA). PCNA mouse Antibody (sc-56, Santa Cruz Biotechnology, USA). After three washes with 0.15% TBST, blots were treated with horseradish peroxidase-conjugated secondary antibodies (ab205718 and ab205719, Abcom, USA). Finally, protein bands were visualized using the enhanced chemiluminescence system, and the signals of blots were measured with ImageJ software. β-actin and Lamin B1 were utilized as the internal control for the normalization of the expression.



Extraction of Cytoplasmic and Nuclear Protein

To evaluate AhR and NRF2 nuclear translocation by Western blotting, cytoplasmic and nuclear proteins were separately extracted using Qproteome Nuclear Protein Kit (QIAGEN, Germany) following its instructions. In brief, after exposure to PM2.5 for 48 h, cells were washed twice with ice-cold PBS, harvested using cell-scraper and centrifuged to remove supernatant. The cell pellets were resuspended in lysis buffer NL (supplemented with protease inhibitor solution and 0.1 M DTT) and incubated for 15 min on ice. Then, the detergent solution NP was added, and the cell suspensions were centrifuged for 5 min at 10,000 x g after vortex. The supernatants (cytoplasmic fraction) were transferred into new microcentrifuge tubes and stored at –80°C. The remaining pellets which contain cell nuclei were resuspended in nuclear protein lysis buffer NL (supplemented with protease inhibitor solution and 0.1 M DTT). After vortex and centrifugation, the nuclear pellets were obtained and resuspended in extraction buffer NX1 (supplemented with protease inhibitor solution). Finally, after incubation for 30 min and centrifugation at 12,000 x g for 10 min, the supernatants (nuclear fraction) were transferred into new tubes and stored at –80°C until use.



Metabolite Extraction, Dection, and Analysis

The GC-2spd cells with 80% confluency in a 10 cm dish were exposed to PM2.5 (0, 100 μg/mL) for 48 h, and the medium was discarded followed by washing the cells three times with ice-cold PBS. Then the cells were harvested after adding trypsin and washed three times with ice-cold PBS, frozen and thawed with liquid nitrogen for 3 times, finally sonicated for 10 min in ice-water bath. 50 μL of homogenate was used to measure protein concentration. Then 600 μL acetonitrile: methanol = 1: 1 was added to the rest part and transferred to 2mL EP tube. After 30 s vortex, the samples were incubated at -40°C for 1 h and centrifuged at 12,000 rpm for 15 min at 4°C. 660 μL supernatant was transferred to an EP tube and dried in a vacuum concentrator. Then acetonitrile: methanol: water = 2: 2: 1, with isotopically-labelled internal standard mixture was added in proportion. After 30 s vortex, the samples were sonicated for 10 min in ice-water bath, centrifuged at 12,000 rpm for 15 min at 4°C. The resulting supernatant was transferred to a fresh glass vial for analysis, and the quality control (QC) sample was prepared by mixing an equal aliquot of the supernatants from all of the samples.

LC-MS/MS analyses were conducted by using an UHPLC system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm) coupled to Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The auto-sampler temperature was 4°C, and the injection volume was 3 μL. The QE HFX mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, Thermo). In this mode, the acquisition software continuously evaluated the full scan MS spectrum. The ESI source conditions were set as follows: sheath gas flow rate as 30 Arb, Aux gas flow rate as 25 Arb, capillary temperature 350°C, full MS resolution as 60000, MS/MS resolution as 7500, collision energy as 10/30/60 in NCE mode, spray Voltage as 3.6 kV (positive) or -3.2 kV (negative), respectively. For the raw data, we converted it to the mzXML format using ProteoWizard and processed using an in-house program, which was developed by R and based on XCMS, for peak detection, extraction, alignment, and integration. Then an in-house MS2 database (BiotreeDB) was applied in metabolite annotation. The cutoff for annotation was set at 0.3.

The final dataset containing the information of peak number, sample name and normalized peak area was imported to SIMCA16.0.2 software package (Sartorius Ste dim Data Analytics AB, Umea, Sweden) for principal component analysis (PCA) and orthogonal projections to latent structures-discriminate analysis (OPLS-DA). In addition, a 7-fold cross validation was performed to estimate the robustness and predictive ability of our model after 200 times permutations. According to OPLS-DA, a loading plot was constructed to show the contribution of variables to differences between the two groups. Furthermore, the value of variable importance in the projection (VIP) of the first principal component in OPLS-DA analysis was obtained, which summarized the contribution of each variable to the model. The metabolites with VIP>1 and p<0.05 (student’s t-test) were considered as significantly changed metabolites. In addition, commercial databases including KEGG (http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/) were used for pathway enrichment analysis.



Transcriptome Analysis

Transcriptome analysis was applied to investigate global RNA changes after PM2.5 exposure. The total RNA from the GC-2spd cells was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA quantification and qualification were assessed using the NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) and RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). A total amount of 1 µg RNA per sample was used for the RNA sample preparations. Sequencing libraries were structured with NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) according to the manufacturer’s recommendations. After cluster generation, the library preparations were sequenced on an Illumina Novaseq platform and 150 bp paired-end reads were generated. To ensure the quality and reliability of data analysis, the raw data were filtered, and all the downstream analyses were based on clean data with high quality. Next, we selected Hisat2 as the mapping tool to the reference genome. FPKM was calculated based on the length of the gene via featureCounts v1.5.0-p3. Differential expression analysis of two groups was proceeded with the DESeq2 R package. Genes with an adjusted p-value <0.05 found by DESeq2 were considered as differentially expressed genes (DEGs). Gene Set Enrichment Analysis (GSEA; http://www.broadinstitute.org/gsea/index.jsp) was conducted based on all changed genes.



Statistical Analyses

Quantitative data are expressed as the means ± standard deviation (SD) of three experiments unless noted otherwise. Statistical comparisons were performed by t-test and one-way ANOVA analysis of variance followed by the Dunnett’s multiple comparison test. All subjective analyses were performed by individuals blinded to treatment groups. Statistical analysis was conducted using SPSS (version 26.0) and GraphPad Prism (version 8.4.0; GraphPad Software). A P-value < 0.05 was considered significance level.




Results


PM2.5 Inhibits Cell Proliferation in GC-2spd and Reduces Sperm Motility in Testes

The effect of PM2.5 exposure on GC-2spd was examined firstly. As shown in Figure 1A, PM2.5 exposure can significantly affect cell proliferation in a dose and time-dependent manner. The cell proliferation was significantly reduced in the doses of 200 μg/mL (equal to 62.5 μg/cm2) after treatment for 24 h. When the exposure time was extended to 48 h, cell proliferation was significantly inhibited from the dose of 25 μg/mL (equal to 7.81 μg/cm2), and the inhibition ratio was about 20% in the dose of 100 μg/mL (equal to 31.25 μg/cm2). In live cell staining experiment, the percentage of viable cells was about 80% when exposed to PM2.5 (100 μg/mL) for 48 h (Figures 1B, C). Besides, the protein level of proliferating cell nuclear antigen (PCNA), a cell proliferation marker decreased markedly after PM2.5 treatment for 48 h (Figure 1D). In consideration of the numbers and structures of viable cells, the largest dose of 100 μg/mL was adopted in the subsequent experiment.




Figure 1 | PM2.5 inhibits cell proliferation in GC-2spd and reduces sperm motility in testes. (A) Cells were treated with different concentrations of PM2.5 (0, 12.5, 25, 50, 100, 200 μg/mL) for 24 or 48 h. Subsequently, cell proliferation was measured using CFDA-SE Cell Proliferation Assay and Tracking Kit. (B) Cells were treated with PM2.5 (0, 25, 50, 100 μg/mL) for 48 h, and live cells were determined with Calcein AM staining followed by fluorescence microscope (100 X). (C) The intensity of green fluorescent was analyzed by ImageJ software. (D) The expression of PCNA was detected by western blot analysis, and the bar graph shows the quantification of PCNA. Values are presented as means ± SD (n=3). Sperm motility and sperm density changes of mice testes after exposure to PM2.5. (E) Total motility of sperm; (F) PR% (progressive motility) of sperm; (G) VCL (curvilinear velocity) of sperm; (H) VSL (straight-line velocity) of sperm; (I) Sperm density. Data are presented as means ± SEM (n = 15). *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant.



In the animal study, we examined the sperm quality of mice testes using the whole-body PM2.5 exposure mouse model. As shown in Figure 1E, exposure to CAP significantly decreased the total motility of sperm compared to the FA group. Likewise, significant changes were also observed in the motility parameters like PR% (progressive (motility), P<0.05) and VSL (straight-line velocity, P<0.05) (Figures 1F–H). However, no obvious change in sperm density was detected between FA and PM2.5 groups (Figure 1I).



PM2.5 Induces Mitochondrial Damage and Dysfunction in GC-2spd and Testes

The cellular ultrastructure was observed after PM2.5 treatment for 48 h by using transmission electron microscopy. In the control group (0 μg/mL), the mitochondria were abundant and showed normal shape. The structure of mitochondrial cristae was also clear and intact. While the ultrastructure of GC-2spd in 100 μg/mL PM2.5 group displayed mitochondria swelling, cristae disruption, and even vacuolization (Figure 2A). In addition, aggregated PM2.5 was found in the autolysosome (Figure 2A). Furthermore, the ultrastructure of mice testes showed that the spermatocyte displayed mitochondria swelling and cristae disruption in UA and CAP groups (Figure 2B).




Figure 2 | PM2.5 induces mitochondrial damage and dysfunction in GC-2spd and testes. (A) The ultrastructure of GC-2spd was observed by transmission electron microscopy after treatment with 0 or 100 μg/mL PM2.5. The white arrow indicates normal mitochondria; the thick black arrow represents electron-dense PM2.5 in the autolysosome; the hollow arrows represent swollen and cavitation of mitochondria. (B) The ultrastructure of spermatocyte in mice testes after exposure to PM2.5. The hollow arrows represent swollen and cavitation of mitochondria. The humanin (C) and MOTS-c (D) levels were measured using ELISA kit. (E) The oxygen consumption rate (OCR) was measured in GC-2spd using the Seahorse XFp Cell Mito Stress test after injection of the mitochondrial ETC inhibitors oligomycin (an inhibitor of complex V), FCCP (which uncouples the proton gradient), and rotenone (an inhibitor of complex I). The basal respiration (F), maximal respiration (G), spare capacity (H), proton leak (I) and ATP production (J) were evaluated. *P < 0.05 and ***P < 0.001. Values are presented as means ± SD (n = 3).



Humanin and MOTS-c belong to mitochondrial derived peptide (MDP) which is a polypeptide encoded by short open reading frames in mitochondrial DNA (29). MDP is another type of retrograde signaling molecule with biological activity in response to cellular stress, and can reflect mitochondrial function to some extent (30). The ELISA kit revealed that exposure to PM2.5 significantly increased humanin and MOTS-c level in a dose-dependent manner, and both humanin and MOTS-c levels were more than 2 times higher than control in the 100 μg/mL (Figures 2C, D). To provide a more comprehensive evaluation of mitochondrial function in GC-2spd, we examined the effects of PM2.5 on oxidative phosphorylation and oxygen consumption rate (OCR) of cells using the Seahorse Mito stress test (Figure 2E). Compared with the control group (0 μg/mL), PM2.5 exposure significantly decreased basal respiration, maximal respiration, spare capacity and proton leak (Figures 2F–I). ATP production was also reduced but no significant effect was found (Figure 2J).



PM2.5 Activates AhR-CYP1A1 Pathway in GC-2spd and Testes

The SRM 1648a PM2.5 contains abundant PAHs, and PAHs are well-known activators of the aryl hydrocarbon receptor (AhR) which is a ligand-activated transcription factor. Thus, we assessed the possible implication of AhR in our study. The status of AhR nuclear translocation was firstly examined using Western blotting by separately extracting cytoplasmic and nuclear protein. As shown in Figure 3A, the expression of AhR protein was significantly reduced in the cytoplasmic fraction even in a low concentration of PM2.5, nevertheless it was obviously increased in the nuclear fraction comparing with the control group (Figures 3B, C). These results prompted PM2.5-associated PAHs could bind to and activate AhR. CYP1A1, a xenobiotic-metabolizing phase I enzyme, is the target of the AhR. In our study, the Cyp1a1 mRNA expression was significantly increased, more than 200 times higher than that in the control group (Figure 3D). Similarly, CYP1A1 protein expression was remarkably improved in a dose-dependent by PM2.5 (about 6-fold increase in 100 μg/mL) (Figures 3E, F).




Figure 3 | PM2.5 activates AhR-CYP1A1 pathway in GC-2spd and testes. GC-2spd cells were treated with PM2.5 (0, 25, 50, 100 μg/mL) for 48 h and the cytoplasmic and nuclear fractions were separately extracted. (A) The nuclear translocation of AhR was examined by western blot analysis. The bar graphs show the quantifications of the indicated proteins, of which β‐actin (B) and Lamin B1 (C) were used as internal controls of cytoplasmic or nuclear protein, respectively. The mRNA (D) and protein (E) expressions of CYP1A1 were measured in GC-2spd using qRT-PCR and western blotting, respectively. (F) The bar graph shows the quantification of CYP1A1 protein. The Volcano Plot (G) and GSEA result (H) were represented after transcriptome analysis. The mRNA (I) and protein (J) expressions of CYP1A1 in testes were measured using qRT-PCR and western blotting, respectively. (K) The bar graph shows the quantification of CYP1A1 protein. **P < 0.01 and ***P < 0.001. Values are presented as means ± SD (n = 3).



To explore the molecular mechanism by which PM2.5 exposure-induced mitochondrial damage, we conducted RNA-sequencing analysis to investigate the changed genes and pathways. A total of 128 differentially expressed genes (DEGs) (31 upregulated DEGs and 97 downregulated DEGs) were identified (fold change >1 and P<0.05) in contrast with the control group, and the fold change of these DEGs was visualized by Volcano plot (Figure 3G). It was worth noting that Cyp1a1 was the most significantly changed gene (468-fold increase in 100 μg/mL). To further investigate which signaling pathway was regulated by PM2.5 exposure, all changed genes were further assessed via gene set enrichment analysis (GSEA). Consistently, GSEA showed that up-regulated genes were significantly enriched in the metabolism of xenobiotics by the cytochrome P450 pathway (Figure 3H). The RNA-Seq analysis confirmed that AhR-CYP1A1 pathway played a key role in mitochondrial damage caused by PM2.5 exposure. Meanwhile, we examined the expression of CYP1A1 in mice testes. The results found that PM2.5 exposure significantly increased the expressions of CYP1A1 in the mRNA and protein levels (Figures 3I–K).



PM2.5 Induces ROS Production and Activates NRF2 Antioxidative Pathway in GC-2spd and Testes

Several studies indicate that PM and AhR-mediated induction of CYP1A1 lead to excessive production of ROS, which contributes to oxidative stress (16). Therefore, we examined mitochondrial ROS and intracellular ROS in GC-2spd after PM2.5 exposure for 48 h using flow cytometry. As shown in Figures 4A, B, the mitochondrial ROS was significantly increased with the increase in doses (approximately 2-fold higher in 100 μg/mL) compared to the control group. Similarly, the intracellular ROS generation was also increased in a higher concentration of PM2.5. NRF2, as an antioxidative transcription factor, can interact with AhR pathway. It is bound to the KEAP1 in the cytoplasm and activated by stress signals, such as ROS. After dissociation of KEAP1, NRF2 transfers to nuclear and binds to antioxidant response elements (AREs) (31). To know whether PM2.5 is capable of activating the NRF2 antioxidative pathway, we next assessed the protein expressions of NRF2 and KEAP1. Western blotting showed the total NRF2 protein was significantly increased accompanied by a decrease in KEAP1 protein expression in GC-2spd (Figures 4C, D). Moreover, comparable results were found in mice testes (Figures 4E, F). The activation of NRF2 involves the process of cytoplasmic-to-nuclear translocation, thus the NRF2 nuclear translocation was confirmed by separately extracting cytoplasmic and nuclear protein. As shown in Figures 4G–I, NRF2 protein expression in the nuclear fraction was significantly increased, while the expression in the cytoplasmic fraction was decreased compared to the control group. These results indicated that exposure to PM2.5 could cause ROS formation and activate NRF2 to defense oxidative stress.




Figure 4 | PM2.5 induces ROS production and activates NRF2 antioxidative pathway in GC-2spd. GC-2spd cells were treated with PM2.5 (0, 25, 50, 100 μg/mL) for 48 h and the intracellular (A) and mitochondrial (B) ROS were measured by flow cytometry. (C) The protein expressions of NRF2 and KEAP1 were measured in GC-2spd by western blot analysis. (D) The bar graph shows the quantifications of NRF2 and KEAP1 in GC-2spd. (E) The protein expressions of NRF2 and KEAP1 were measured in testes by western blot analysis in mice testes. (F) The bar graph shows the quantifications of NRF2 and KEAP1 in mice testes. (G) The cytoplasmic and nuclear fractions were separately extracted and the nuclear translocation of NRF2 was examined by western blot analysis. The bar graphs show the quantifications of the indicated proteins, of which β‐actin (H) and Lamin B1 (I) were used as internal controls of cytoplasmic or nuclear protein, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001. Values are presented as means ± SD (n = 3).





PM2.5 Inhibits Energy Metabolism and Thus Results in Deficiencies of Amino Acids and Nucleotides in GC-2spd

Energy metabolism is the process by which ATP is generated via oxidative phosphorylation in mitochondria (32). We confirmed PM2.5 exposure could induce mitochondrial damage and disturb mitochondrial respiration. To further investigate whether PM2.5 could affect energy metabolism, metabolomics analysis was conducted to estimate the metabolic variance induced by PM2.5 exposure. As shown in Figures 5A, B, in the OPLS-DA score plot, the PM2.5 exposure group was clearly separated from the control group in both positive and negative ionization modes. The R2 and Q2 were 0.83 and 0.89 in the positive ionization mode, and 0.86 and 0.81 in the negative ionization mode, respectively (Figures 5C, D). These results indicated that the OPLS-DA model had good stability and no overfitting phenomenon. Between the control and PM2.5 group, 317 and 128 significantly differential metabolites (SDMs) (P<0.05 and VIP>1, one-way ANOVA) were identified in the positive and negative ionization modes, respectively. In addition, the altered metabolites were mainly involved in purine metabolism, pantothenate and CoA biosynthesis, glycerophospholipid metabolism, ascorbate and aldarate metabolism, pyrimidine metabolism and amino acids metabolism (Figures 5E, F).




Figure 5 | Changes in metabolic profile in GC-2spd after exposure to PM2.5 (0, 100 μg/mL) for 48 h. The OPLS–DA model (A, B) and permutation test of the OPLS–DA model (C, D) were derived from the LC/MS metabolomics profiles. (E, F) Analysis of the metabolic pathways of GC-2spd exposed to PM2.5 are shown. Each circle represents a metabolic pathway, and the size of the circle indicates the relative impact value. (A, C, E) were derived from the positive ionization mode, and (B, D, F) were derived from the negative ionization mode.



Results of metabolomic analyses indicated that concentrations of total amino acids (∑amino acids) in GC-2spd exposed to PM2.5 were significantly decreased by more than 30% and 15% in the positive and negative ionization modes, respectively (Figure 6A). Saccharopine was decreased by almost 70% compared to the control group. In addition, L-Histidine, S-Adenosylmethionine, L-Asparagine, L-Lysine, Citrulline, L-Methionine, L-Phenylalanine, L-Isoleucine, L-Valine were decreased by more than 30% compared to the control group. More detailed information was listed in Supplemental Table 1.




Figure 6 | Disorder of energy metabolism and amino acids synthesis in GC-2spd after exposure to PM2.5 (0, 100 μg/mL) for 48 h. (A) Total concentrations of amino acids (∑amino acids). ESI+ indicates the positive ionization mode, and ESI- indicates the negative ionization mode. (B) PM2.5-induced changes of the metabolic biomarkers related to central carbon metabolism. (C) Most relevant metabolites perturbed by PM2.5 in central carbon metabolism and amino acids synthesis. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; PEP, phosphoenolpyruvate. *P < 0.05, **P < 0.01, and ***P < 0.001. Values are presented as means ± SD (n = 6).



Among these significantly decreased amino acids, some of them were involved in central carbon metabolism, especially the citrate cycle (TCA cycle). Furthermore, citrate, succinate and malate in the TCA cycle were significantly decreased by 25%, 30% and 43% in GC-2spd exposed to PM2.5, respectively (Figures 6B, C). These results suggested that PM2.5 exposure suppressed the central hub of oxidative metabolism, and then affected amino-acids synthesis. Besides, in central carbon metabolism, pyruvate was associated with valine, leucine and isoleucine biosynthesis and glycine, serine and threonine metabolism (Figure 6C). Pentose phosphate pathway (PPP) is a way of oxidative decomposition of glucose, which provides variety of raw materials for synthesis and metabolism, like nucleotide synthesis and histidine metabolism (Figure 6C). The concentration of glucose 6-phosphosphate (G6P) had no significant change, however, gluconate, which converted from glucose was involved in PPP and significantly decreased compared to the control group (Figure 6B).

Total concentrations of purines (∑purines) and pyrimidines (∑pyrimidines) were significantly decreased by more than 20% and 29% in GC-2spd exposed to PM2.5, respectively (Figures 7A, B), which indicated that exposure to PM2.5 could disrupt nucleotide synthesis. In purine metabolism, concentrations of dGTP, Guanosine, ADP, deoxyguanosine, deoxyinosine, adenosine and hypoxanthine were significantly decreased by more than 50% compared to the controls (Supplemental Table 2). In pyrimidine metabolism, concentrations of thymidine, thymine, deoxycytidine and dCMP were all 50% less than that in GC-2spd exposed to PM2.5 (Supplemental Table 3). In addition, except for PPP, asparagine and glutamate were involved in purine and pyrimidine metabolism and were significantly decreased by more than 40% and 10% compared to the controls, respectively (Figure 7C and Supplemental Table 1).




Figure 7 | Disorder of nucleotide metabolism in GC-2spd after exposure to PM2.5 (0, 100 μg/mL) for 48 h. (A) Total concentrations of purines (∑purines). (B) Total concentrations of pyrimidines (∑pyrimidines). ESI+ indicates the positive ionization mode, and ESI- indicates the negative ionization mode. (C) Most relevant metabolites perturbed by PM2.5 in purine metabolism and pyrimidine metabolism. **P < 0.01 and ***P < 0.001. Values are presented as means ± SD (n = 6).






Discussion

In the present study, we found PM2.5 induced the reduction of sperm motility and spermatocyte mitochondrial damage using the real time whole-body PM2.5 exposure mouse model. To investigate the potential mechanism of male reproductive toxicity, the spermatocyte-derived GC-2spd was treated with PM2.5. Our results indicated that PM2.5 exposure inhibited GC-2spd cell proliferation and induced mitochondrial damage. Besides, increased Humanin and MOTS-c levels and decreased mitochondrial respiratory indicated that mitochondrial function was disturbed. Nontargeted metabolomics revealed that PM2.5 exposure inhibited energy metabolism and thus resulted in the deficiencies of amino acids and nucleotides. On the other hand, The AhR pathway was activated and resulted in an increase in CYP1A1 expression, which was also observed in CAP-exposed mice. The transcriptomics also confirmed that Cyp1a1 was the most significantly changed gene. Furthermore, exposure to PM2.5 promoted ROS generation and activated NRF2 antioxidative pathway. These findings provided new insights into understanding the mechanisms of PM2.5-induced male reproductive toxicity.

Sperm motility is one of the most important sperm parameters to evaluate male fertility (33). Our data demonstrated that exposure to CAP significantly reduced sperm motility, which is consistent with previous studies via the whole-body PM exposure model (27). Thus, the present study provided more substantial evidence for the reproductive toxicity by exposure to PM2.5. Whereas, no significant change in sperm concentration was found in our study. Zhou et al. (27). and Li et al. (34). obtained the same effect when exposed for 8 weeks. But when the exposure time was extended to 4 months, there was a significant reduction in sperm concentration (27, 35, 36). Up to now, few researches explored the mechanism of reproductive toxicity reduced by PM2.5 applying cell lines in vitro. Previous studies indicated that PM2.5 could inhibit GC-2spd cell proliferation by ROS caused-DNA damage and induce cell apoptosis by RIPK1 and mitochondrial apoptosis pathways (11, 24). Similarly, our present results demonstrated that exposure to PM2.5 could inhibit cell proliferation and lead to mitochondrial damage. What’s more, we investigated two possible toxicological mechanisms for the first time including 1) PM2.5 exposure might induce energy metabolism disorder by inhibiting mitochondrial respiratory, and thus result in the deficiencies of amino acids and nucleotides; 2) the AhR-CYP1A1 pathway was activated and might cause ROS generation after exposure to PM2.5.

Energy metabolism is the process of ATP generation through oxidative phosphorylation and glycolysis. In the present study, exposure to PM2.5 reduced the concentrations of succinate, citrate and malate, which indicated inhibition of the TCA cycle. The decreased concentration of succinate and inhibition of the TCA cycle would unavoidably reduce the efficiency of electron transfer to ubiquinone, and thus inhibit energy metabolism from oxidative phosphorylation (32). In mice testes, oxidative phosphorylation occurs in mitochondria, and PM2.5 restrained oxidative phosphorylation implies that the mitochondrion is an important target of PM2.5. In the present study, the observation of mitochondrial ultrastructure in GC-2spd and mice testes indicated that PM2.5 exposure-induced mitochondrial damage. Moreover, we conducted Cell Mito Stress Test, which is a standard assay for measuring mitochondrial function in cells, to evaluate the mitochondrial respiratory. The results showed that a decrease in OCR was found, which was a clear indication of mitochondrial dysfunction. In addition, the reductions of basal respiration, maximal respiration, spare capacity, proton leak and ATP production indicated exposure to PM2.5 could induce mitochondrial damage, reduce the capability of the cell to respond to an energetic demand and partly affect the mitochondrial ATP production. These findings supported the evidence of mitochondrial dysfunction and energy metabolism disorder induced by PM2.5 exposure. As a result of the inhibition of energy metabolism, the active transport of nutrients such as amino acids and nucleotides would inevitably be reduced, which might inhibit various biological reactions and ultimately affect cell growth. In our study, the concentrations of ∑amino acids, ∑pyrimidines and ∑purines were all significantly decreased in GC-2spd exposed to PM2.5.

PAHs are well-known agonists of the AhR, a ligand-activated transcription factor in responding to environmental stress via regulating the expression of a diverse range of genes, especially monooxygenases cytochrome P450 (CYP) 1A1 and CYP1A2 (16). Previous studies reported that the SRM 1648a PM2.5 contained abundant PAHs according to the research report from NIST (26, 37). In the present study, we confirmed that PM2.5 exposure could activate AhR in GC-2spd and significantly promote the expression of CYP1A1 in GC-2spd and mice testes. Moreover, the results of RNA-seq analysis provided support to that PM2.5-induced spermatocyte damage involved in the activation of AhR-CYP1A1 pathway. In addition, previous studies demonstrated that AhR-dependent production of CYP1A1 was a major source of ROS generation (16, 38). After binding to AhR, PAHs are oxidized by CYPs into epoxides and phenolic intermediates, which are further processed by phase II enzymes. The resulting 3,6‐quinone undergoes redox cycles with generation of ROS and leads to oxidative stress (39, 40). Consistently, our data indicated that exposure to PM2.5 induced ROS excessive production in GC-2spd and the NRF2 antioxidative pathway was activated in GC-2spd and mice testes. It is well-known that mitochondria are both the major site for ROS generation and the main target organelle of ROS attack. The present study showed that mitochondrial damage occurred both in vivo and in vitro study after exposure to PM2.5. These results prompted that the activation of AhR-CYP1A1 pathway followed by ROS excessive generation might provide an explanation of mitochondrial damage and dysfunction. Additional, previous studies revealed that PM2.5-induced ROS generation may induce spermatogenesis dysfunction via ROS-mediated MAPK signaling pathway or autophagy (41–43), which prompted that further studies should be performed to explore the potential interaction between AhR and MAPK signaling pathway, as well as autophagy in PM2.5-induced reproductive damage.

The present study provided compelling evidence that PM2.5 exposure-induced sperm motility decline and spermatocyte damage. Although we only provided preliminary data in this study, it has several advantages: We investigated the reproductive toxicity of PM2.5 exposure in vivo and in vitro. In animal experiment, a whole-body PM2.5 exposure mouse model was established to simulate exposure environment of humans in the real world. Furthermore, multiple omics techniques were applied to evaluate comprehensive biological changes in GC-2spd following exposure to PM2.5. The nontargeted metabolomics confirmed that PM2.5 exposure inhibited energy metabolism and thus resulted in the deficiencies of amino acids and nucleotides. And the results of transcriptomics raised the importance of the role of AhR-CYP1A1 pathway to PM2.5-induced reproductive toxicity. However, there are also some limitations in this study: To further confirm agonism of PM2.5 to AhR, expression or knockdown experiments should be conducted to make the conclusion more convincing. In addition, PM2.5 is a very complex mixture. The substances that pass through the blood-testis barrier and play a role in male reproductive toxicity are mainly metabolites of toxic components. Previous study has shown that different methods of extraction of PM2.5 can lead to different toxic effect (44). Thus, the method of PM2.5 extraction and component identification should be considered in future study.



Conclusions

Overall, in the present study, we used GC-2spd cell line and a real time whole-body PM2.5 exposure mouse model to examine PM2.5-induced male reproductive toxicity in vitro and in vivo. Our results indicated that PM2.5 exposure inhibited spermatocyte cell proliferation and reduced sperm motility. The reproductive toxicity might be partly explained by energy metabolism disorder induced by mitochondrial damage and dysfunction. The mechanism of mitochondrial damage might be through the AhR-CYP1A1 pathway which resulted in ROS production.
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The increasing use of nanomaterials in a variety of industrial, commercial, medical products, and their environmental spreading has raised concerns regarding their potential toxicity on human health. Titanium dioxide nanoparticles (TiO2 NPs) represent one of the most commonly used nanoparticles. Emerging evidence suggested that exposure to TiO2 NPs induced reproductive toxicity in male animals. In this in vitro study, porcine prepubertal Sertoli cells (SCs) have undergone acute (24 h) and chronic (from 1 up to 3 weeks) exposures at both subtoxic (5 µg/ml) and toxic (100 µg/ml) doses of TiO2 NPs. After performing synthesis and characterization of nanoparticles, we focused on SCs morphological/ultrastructural analysis, apoptosis, and functionality (AMH, inhibin B), ROS production and oxidative DNA damage, gene expression of antioxidant enzymes, proinflammatory/immunomodulatory cytokines, and MAPK kinase signaling pathway. We found that 5 µg/ml TiO2 NPs did not induce substantial morphological changes overtime, but ultrastructural alterations appeared at the third week. Conversely, SCs exposed to 100 µg/ml TiO2 NPs throughout the whole experiment showed morphological and ultrastructural modifications. TiO2 NPs exposure, at each concentration, induced the activation of caspase-3 at the first and second week. AMH and inhibin B gene expression significantly decreased up to the third week at both concentrations of nanoparticles. The toxic dose of TiO2 NPs induced a marked increase of intracellular ROS and DNA damage at all exposure times. At both concentrations, the increased gene expression of antioxidant enzymes such as SOD and HO-1 was observed whereas, at the toxic dose, a clear proinflammatory stress was evaluated along with the steady increase in the gene expression of IL-1α and IL-6. At both concentrations, an increased phosphorylation ratio of p-ERK1/2 was observed up to the second week followed by the increased phosphorylation ratio of p-NF-kB in the chronic exposure. Although in vitro, this pilot study highlights the adverse effects even of subtoxic dose of TiO2 NPs on porcine prepubertal SCs functionality and viability and, more importantly, set the basis for further in vivo studies, especially in chronic exposure at subtoxic dose of TiO2 NPs, a condition closer to the human exposure to this nanoagent.
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1 Introduction

The use of nanoparticles (NPs) has steadily increased over the past decade, due to their unique physical and chemical properties (1, 2) and has raised growing concern about their possible effects on human health (3). Given the small size and biocompatibility, NPs are potentially able to enter the body through different routes, such as inhalation, ingestion, skin uptake, injection, or implantation and interfere with several cellular physiological processes (4, 5). In particular, chronic exposure to NPs is associated with different disorders in animals, including pulmonary injury, hepatotoxicity, neurotoxicity, renal toxicity, and irreversible testis damage (6–12). TiO2 NPs are among the top 5 NPs used in consumer products. In fact, they are added to cosmetics, chewing gum, beverage, sauces, printing ink, paper, sunscreens, car materials, and decomposing organic matters in water purification (13–15). It has been shown that TiO2 NPs can be accumulated in the kidney (0.418 µg/g tissue), liver (5.78 μg/g tissue), lung (4.02 µg/g tissue), spleen (19.16 µg/g tissue), brain (145 ng/g tissue), and reproductive organs in animal models (75 ng/g tissue) (16–19).

A number of in vivo studies in mice or rats demonstrated that TiO2 NPs are able to cross blood–testis barrier and accumulate in the testis resulting in the reduction of sperm numbers and motility, increased sperm morphological abnormalities, and germ cell apoptosis with histopathological changes in the testis and marked decrease in serum testosterone, LH, and FSH levels (20–24). Komatsu et al. (25) demonstrated that TiO2 NPs affected the viability, proliferation, and gene expressions of mouse Leydig TM3 cells, the testosterone-producing cells of the testis. However, the molecular mechanisms of the observed impaired spermatogenesis nowadays are still discussed (26).

SCs play a critical role in the testis, providing the structural and metabolic supports for nourishing and developing germ cells by secreting many essential factors. Hence, any chemical agent that decreases the viability and the function of SCs may produce adverse effects on spermatogenesis and male infertility.

The very few studies describing the detrimental effect of TiO2 NPs on SCs have been performed in mice and rat models under acute exposures (26–28). However, these experimental conditions may greatly differ from those under which human exposure can potentially occur and often result in conflicting data that are not applicable for risk assessment studies (29). Hence, to realistically mimic long-term exposure for toxicity testing, we here assessed the effect of TiO2 NPs either under a subtoxic (5 µg/ml) or toxic dose (100 µg/ml) in an acute (24 h) and chronic exposure (up to 3 weeks), on an in vitro model of porcine prepubertal SCs, an experimental animal model sharing significant physiological similarity with humans. The concentrations were chosen according to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) results in our preliminary cytotoxicity tests as reported in the Supplementary Material and on the basis of literature data (26, 27).

Light microscopy and transmission electron microscopy (TEM) analysis revealed that TiO2 NPs caused significant morphological and ultrastructural alterations at the toxic dose but, at subtoxic dose, ultrastructural alterations appeared at the third week.

The evaluation of caspase-3, as crucial mediator of apoptosis, showed at each concentration of NPs, an increase at the first and second week, with the cleavage of p35 into the p19 kDa active fragment.

TiO2 NPs exposure negatively affected SCs functionality at both concentrations of NPs and induced reactive oxygen species (ROS) production and DNA oxidative damage at the toxic dose.

At both concentrations, an increased gene expression of antioxidant enzymes such as superoxide dismutase (SOD), heme oxygenase (HO-1) was observed, whereas, at the toxic dose, an evident proinflammatory condition was found, together with the steady increase in the gene expression of interleukin-1α (IL-1α) and interleukin 6 (IL-6). TiO2 NPs treatment activated mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cell (NF-kB) signaling pathway.

Although in vitro, this pilot study highlights the adverse effects even of subtoxic dose of TiO2 NPs on porcine SCs functionality and viability and, more importantly, set the basis for further in vivo studies, especially in chronic exposure at subtoxic dose of TiO2 NPs, a condition closer to the human exposure to this nanoagent.



2 Materials and Methods


2.1 TiO2 NPs Synthesis and Characterization

The synthesis of the NPs was performed by sonochemical method using acoustic cavitation (30) at the Laboratory of Acoustic Cavitation of the Department of Physics and Geology of the University of Perugia. The ultrasound generator used was a “Horn Type” working at 20 kHz and 750 W, using a 13-mm titanium probe (Sonics & Materials, Newtown, CT, USA). In particular, anatase phase of TiO2 NPs was prepared dissolving 85 ml titanium (IV) butoxyde, (Sigma-Aldrich Co., St. Louis, MO, USA) in 200 ml of pure ethanol (Sigma-Aldrich Co., St. Louis, MO, USA), successively 200 ml of water (Sigma-Aldrich Co., St. Louis, MO, USA) were added dropwise under ultrasound irradiation for 90 min at 50% of amplitude. The obtained precipitate was centrifuged and calcinated at 400°C for 3 h. Chemical-structural characterization of the synthesized NPs was performed by X-ray diffraction (XRD) and electron scanning spectroscopy (SEM). XRD was evaluated at room temperature with the diffractometer Philips X’Pert PRO MPD (Malvern Panalytical Ltd., Royston, UK) operating at 40 kW/40 mA with step size of 0.017° and a step scan of 70 s, using a Cu Kα radiation and X-Celerator detector. SEM analysis was performed using a LEO 1525 Field Emission Scanning Electron Microscope, ZEISS (Jena, Germany). Size distribution of nanoparticle dispersion was performed by dynamic light scattering (DLS) using a Nicomp 380 ZLS spectrometer sorgent 35 mW He–Ne laser at 654 nm and Avalanche PhotoDiode (APD) detector (PSS NICOMP; Santa Barbara, CA, USA), Briefly, starting from a concentration of 1 mg/ml of TiO2 NPs dissolved in endotoxin free water (Sigma-Aldrich, St. Louis, MO, USA) to obtain a stock dispersion and sonicated for 30 min to limit the formation of nanoaggregates, dilutions of 10 μg/ml were immediately prepared in different media in order to identify the best experimental conditions for NPs application and more precisely both in SCs culture medium, i.e., Hamster Ovary cells F-12 (HAMF-12), (Euroclone, Milan, Italy), supplemented with 0.166 nM retinoic acid (Sigma-Aldrich Co., St. Louis, MO, USA), 5 ml/500 ml of insulin-transferrin-selenium (ITS), (cat. no. 354352, BD Biosciences, Franklin Lakes, NJ, USA) and, based on literature data (31), Dulbecco’s modified Eagle’s medium (DMEM) (Euroclone, Milan, Italy) supplemented with 0.166 nM retinoic acid (Sigma-Aldrich, St. Louis, MO), 5 ml/500 ml ITS (cat. no. 354352, BD Biosciences, Franklin Lakes, NJ, USA), and 2 mg/ml bovine serum albumin (BSA) (Sigma-Aldrich Co., St. Louis, MO, USA).



2.2 SCs Isolation and Characterization

Animal studies were conducted in agreement with the guidelines adopted by the Italian Approved Animal Welfare Assurance (A-3143-01) and the European Communities Council Directive of November 24, 1986 (86/609/EEC). The experimental protocols were approved by the University of Perugia. Danish Duroc prepupertal pigs (15 to 20 days old) underwent bilateral orchidectomy after general anesthesia with ketamine (Ketavet 100; Intervet, Milan, Italy), at a dose of 40 mg/kg, and dexmedetomidine (Dexdomitor, Orion Corporation, Finland), at a dose of 40 g/kg (32), and were used as SC donors. Specifically, pure porcine prepupertal SCs were isolated and characterized, according to previously established methods (33, 34), as reported in the Supplementary Material.



2.3 Experimental Protocol

NPs working solutions, at a concentration of 5 and 100 µg/ml according to MTT analysis in the Supplementary Material, were prepared, administered to SCs for 24 h (acute exposure) and 1, 2, and 3 weeks (chronic exposure) where medium changes were performed every 72 h. The control group was the unexposed SCs (0 TiO2 NPs µg/ml). Samples to perform all necessary analyses were collected at each experimental point.



2.4 TiO2 NPs Uptake by SCs

Cellular uptake of TiO2 NPs at 5 and 100 µg/ml was detected with different qualitative and quantitative techniques such as TEM and inductively coupled plasma-optical emission spectrometry (ICP-OES), respectively.


2.4.1 TEM

Briefly, TiO2 NP-treated SCs were fixed with 4% glutaraldehyde in 0.1 M sodium cacodylate (NaCaCO) buffer for 30 min and stored at 4°C. Cells were postfixed in 2% osmium tetroxide (OsO4) for 2 h and block stained in saturated uranyl acetate. After dehydration, specimens were embedded in epoxy resin (Epon 812), (Sigma-Aldrich Co., St. Louis, MO, USA). Ultrathin sections were cut using a Leica Ultracut R microtome (Leica Microsystem, Austria) with a Diatome knife (Diatome Ltd. CH-2501, Biel, Switzerland) and double stained with uranyl acetate replacement and lead citrate. Sections were viewed and photographed in a Morgagni Series 268D electron microscope (FEI Company, Brno, Czech Republic) equipped with a Megaview III digital camera and Analy-SIS software (Olympus Soft Imaging Solutions).



2.4.2 ICP-OES

TiO2 NP-treated SCs were detached by trypsin/ethylenediaminetetraacetic acid (EDTA) (Lonza, Verviers, Belgium) at 37°C for 8 min, to promote the enzymatic reaction. After washing with 1 ml Hank’s balanced salt solution (HBSS) (Sigma-Aldrich Co., St. Louis, MO, USA), samples were centrifuged at 150×g for 6 min, the supernatant was removed, the pellets were freeze-dried, and accurately weighed. Samples were dissolved by treatment with 10 ml of a mixture of sulfuric acid (H2SO4), (97% Sigma-Aldrich Co., St. Louis, MO, USA)/nitric acid (HNO3 70%), (Sigma-Aldrich Co., St. Louis, MO, USA) (2:1). After solubilization, the obtained solutions were diluted with the EDTA solution (1:10) prior Ti4+ content determination using a Varian 700-Es series spectrometer (Agilent, Milan, Italy) in triplicate. Calibration was performed diluting a Ti4+ standard solution obtaining titanium solutions in the 1–15-μg/ml range. The Ti4+ content was expressed per unit weight of freeze-dried TiO2 NP-treated SCs and % of the total amount added and the error expressed as SEM.




2.5 ROS Detection

Intracellular ROS were measured by treating unexposed and exposed SCs with 50 μM dichlorofluorescein diacetate (DCFH-DA) (Sigma-Aldrich Co., St. Louis, MO, USA) solution in Dulbecco’s phosphate-buffered saline (D-PBS) (Sigma-Aldrich Co., St. Louis, MO, USA) at 37°C for 30 min. Fluorescence was read by using a plate reader (DTX 880 Multimode Detector, Beckman Coulter). Data were normalized for cell viability (MTT assay) and expressed as the percentage of unexposed SCs. The sensitivity of the test was confirmed by adding 30 µM hydrogen peroxide (H2O2) (30 min) on unexposed SCs as positive control.



2.6 Oxidative DNA Damage Quantification by Single-Cell Microgel (Comet) Assay

To evaluate the oxidative DNA damage, unexposed and exposed SCs were processed in the comet assay under alkaline conditions (alkaline unwinding/alkaline electrophoresis, pH >13), basically following the original procedure (35). A positive control consisted in treating SCs with 1 μM 4-nitroquinoline N-oxide (4NQO) (Sigma-Aldrich, Milan, Italy) for 1 h at 37°C (36). At the end of treatments, the cells were washed twice with 5 ml ice-cold D-PBS (Sigma-Aldrich, St. Louis, MO, USA), pH 7.4, and detached with 300 μl of 0.05% trypsin (Invitrogen, Milan, Italy) in 0.02% Na4EDTA (Invitrogen, Milan, Italy). After 3 min, trypsinization was stopped by adding 700 μl fetal bovine serum (FBS), (Sigma-Aldrich, St. Louis, MO, USA). Cells were then collected by centrifugation (70×g, 8 min, 4°C). Briefly, cell pellets were gently resuspended in 300 μl of 0.7% low-melting point agarose (Sigma-Aldrich, St. Louis, MO, USA) (in Ca2+/Mg2+-free D-PBS, w/v) at 37°C, layered onto a conventional microscope slide precoated with 1% normal-melting point agarose (in Ca2+/Mg2+-free D-PBS, w/v), and covered with a coverslip (Knittel-Glaser, Braunschweig, Germany). After brief agarose solidification at 4°C, the coverslip was removed and the slides were immersed in cold, freshly prepared lysing solution (2.5 M sodium chloride (NaCl), 100 mM Na4EDTA, (Invitrogen, Milan, Italy); 10 mM tris(hydroxymethyl)aminomethane-hydrochloric acid (Tris-HCl) and sodium hydroxide (NaOH), pH 10, and 1% Triton X-100, (Sigma-Aldrich, Milan, Italy), added just before use, for at least 60 min at 4°C. The slides were then placed in a horizontal electrophoresis box (HU20, Scie-Plas, Cambridge, UK) filled with a freshly prepared solution (10 mM Na4EDTA, 300 mM NaOH; pH 13, (Sigma-Aldrich, Milan, Italy). Prior to electrophoresis, the slides were left in the alkaline buffer for 20 min to allow DNA unwinding and expression of alkali-labile damage. Electrophoresis runs were then performed in an ice bath for 20 min by applying an electric field of 34 V (1 V/cm) and adjusting the current to 300 mA (Power Supply PS250, Hybaid, Chesterfield, MO, USA). The microgels were then neutralized with 0.4 M Tris-HCl buffer (pH 7.5), fixed 10 min in ethanol (10 min, Carlo Erba Reagenti, Milan, Italy), allowed to air-dry and stored in slide boxes at room temperature until analysis.

All the steps of the comet assay were conducted in yellow light to prevent the occurrence of additional DNA damage. Immediately before scoring, the air-dried slides were stained with 65 μl of ethidium bromide (EB), (Sigma-Aldrich, St. Louis, MO, USA) 20 mg/ml and covered with a coverslip. The comets in each microgel were analyzed (blind), at ×500magnification with an epi-fluorescent microscope (BX41, Olympus, Tokyo, Japan), equipped with a high sensitivity black and white charge-coupled device (CCD) camera (PE2020, Pulnix, UK), under a 100-W high-pressure mercury lamp (HSH-1030-L, Ushio, Japan), using appropriate optical filters (excitation filter 510–550 nm and emission filter 590 nm). Images were elaborated by Comet Assay III software (Perceptive Instruments, UK). A total of 100 randomly selected comets (50 cells/replicate slides) were evaluated for each experimental point.



2.7 RNA Isolation, Reverse Transcription, and Real-Time Reverse Transcriptase-Polymerase Chain Reaction Analyses

Total RNA was isolated with Tri-reagent (Sigma-Aldrich Co., St. Louis, MO, USA) and quantified by reading the optical density at 260 nm. Subsequently, 2.5 μg of total RNA was subjected to reverse transcription (RT Thermo Scientific, Waltham, MA, USA) in a final volume of 20 μl. Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) was performed using 25 ng of the cDNA and SYBR Green master mix (Stratagene, Amsterdam, the Netherlands), as previously described (37).

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


Table 1 | Primer sequences for PCR analyses.





2.8 Elisa Assay

Aliquots of the culture media from all the experimental groups were collected, stored at −20°C for the assessment of AMH (AMH Gen II ELISA, Beckman Coulter; intraassay CV = 3.89%; interassay CV = 5.77%) and inhibin B (inhibin B Gen II ELISA, Beckman Coulter, Webster, TX, USA; intraassay CV = 2.81%; interassay CV = 4.33%) secretion as previously described (34).



2.9 Protein Extraction and Western Blot Analysis

Total protein extracts were prepared by lysing the cells in 100 μl of radioimmunoprecipitation assay lysis buffer (RIPA buffer), (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) as previously described (38).

After centrifuging the mixture at 1,000×g (Eppendorf, NY, USA) for 10 min, the supernatant was collected, and total protein content was determined by the Bradford method (39). Sample aliquots were stored at −20°C for WB analysis. The cell extracts were separated by 4%–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and equal amounts of protein (70 μg protein/lane) were run and then blotted on nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were incubated overnight in a buffer containing 10 mM TRIS (Sigma-Aldrich Co., St. Louis, MO, USA), 0.5 M NaCl (Sigma-Aldrich Co., St. Louis, MO, USA), 1% (v/v) Tween 20 (Sigma-Aldrich Co., St. Louis, MO, USA), rabbit antiextracellular signal-regulated kinases 1–2 (ERK1–2) (1:2000; Millipore, Burlington, MA, USA), mouse antiphospho-ERK1-2 (1:100; Millipore, Burlington, MA, USA), rabbit anti-c-Jun N-terminal kinases (JNK) (1:1000; Millipore, Burlington, MA, USA), rabbit antiphospho-JNK (1:500; Millipore, Burlington, MA, USA), rabbit antiposphop38 (1:2000; Millipore, Burlington, MA, USA), mouse anti-p38 (1:2000; Millipore, Burlington, MA, USA), antiserine/threonine protein kinase (Akt) (1:100; Cell Signaling, Danvers, MA, USA), rabbit antiphospho-Akt (1:1000; Cell Signaling, Danvers, MA, USA), rabbit antiphospho-NF-kB p65 antibody (1:1000; AbCam, Cambridge, UK), rabbit anti-NF-kB p65 antibody (1:1000; AbCam, Cambridge, UK), rabbit anticaspase 3 antibody (1:1000; Cell Signaling, Danvers, MA, USA), and mouse anti-GAPDH (1:5000; Sigma-Aldrich Co., St. Louis, MO, USA) primary antibodies.

Primary antibody binding was then detected by incubating membranes for an additional 60 min in a buffer containing horseradish peroxidase conjugated antirabbit (1:5000; Sigma-Aldrich Co., St. Louis, MO, USA) and/or antimouse (1:5000; Santa Cruz Biotechnology Inc.) IgG secondary antibodies. The bands were detected by enhanced chemiluminescence and acquired by ChemiDoc imaging System (Bio-Rad, Hercules, CA, USA).



2.10 Statistical Analysis

Normality analysis was performed by Shapiro-Wilk test, and statistical comparisons were analyzed using one-way ANOVA followed by Tukey’s HSD post-hoc test (SigmaStat 4.0 software, Systat Software Inc., CA, USA). Values were reported as the means ± SEM of three independent experiments, each performed in triplicate. Differences were considered statistically significant at *p < 0.05 and **p < 0.001 compared with unexposed SCs and #p < 005 with respect to 5 μg/ml of TiO2 NPs.




3 Results


3.1 Characterization and Size Distribution of TiO2 NPs

XRD analysis, as a methodology used to determine the structure of inorganic compounds, confirmed the synthesis of TiO2 NPs. In fact, the resulting diffractogram was characteristic of titanium dioxide crystals in anatase form (JCPDS 00-001-0562) (Figure 1A). https://doi.org/10.5061/dryad.7d7wm37wf.




Figure 1 | TiO2 NPs characterization. (A) XRD analysis: diffractogram confirmed the correct synthesis of TiO2 NPs (JCPDS 00-001-0562) and * represents the peaks of TiO2 NPs in anatase form. (B) SEM analysis: the mean size distribution of TiO2 NPs in dry form was 20 ± 5 nm; image confirmed that TiO2 NPs tend to form aggregates of submicrometric dimensions. (C) DLS analysis: mean hydrodynamic diameter of TiO2 NPs at 10 µg/ml in culture medium.



SEM evaluation, through a nondestructive technique, allowed to perform morphological and measurement investigation of TiO2 NP surfaces. A representative SEM image of TiO2 NPs in dry form is showed in Figure 1B, and the mean size distribution reports values of 20 ± 5 nm diameter, calculated by measuring over 100 particles in random fields of view. Results showed that TiO2 NPs tended to form aggregates of submicrometric dimensions.

DLS analysis, being able to measure the hydrodynamic diameter of NPs dispersed in a liquid, confirmed some aggregation of TiO2 NPs in suspension. The mean hydrodynamic diameter of TiO2 NPs mainly distributed in a range of 100–300 nm (Figure 1C). Additional information on NP suspension setups can be found in Supplementary Material.



3.2 Light Microscopy Analysis Revealed That TiO2 NPs Caused Significant Morphological Alterations at the Toxic Dose

Light microscopy analysis was used to monitor over the course of the experiment any morphological changes in the SCs treated with the two TiO2 NP concentrations with respect to the unexposed monolayer (Figures 2A, D, G, J). Morphological analysis revealed that SCs treated with 5 µg/ml TiO2 NPs did not undergo substantial changes compared with the untreated monolayer at all times of exposure. In fact, cells exposed to TiO2 NPs maintained the typical squamous shape of epithelial cells with vacuoles containing lipid hormones, well evident and abundantly distributed in the cell surface (Figures 2B, E, H, K). Conversely, SCs treated with 100 µg/ml TiO2 NPs showed an evident reduction either of the cell number that constituted the monolayer (Figure 2C; Supplementary Figure 2S) and changes in the morphology of the remaining cells that showed a spindle-like shape, with very elongated cytoplasmic protrusions, typical of a cellular stress-associated condition by the end of the first week (Figure 2F) that progressively increased until the end of the third week (Figures 2I, L).




Figure 2 | Morphological characterization. Light microscope of unexposed (0 TiO2 NPs) SCs (A, D, G, J), TiO2 NPs 5 (B, E, H, K), and 100 µg/ml (C, F, I, L) exposed SCs at 24 h (A–C) and 1 (D–F), 2 (G–I), and 3 weeks (L–N). The inserts show in detail the morphological characteristics of the respective images. The scale bar corresponds to 200 µm for (A–N) and 60 µm for the corresponding insets. The images are representative of three separate experiments.





3.3 Qualitative (TEM) and Quantitative Analyses (ICP-OES) Confirmed the Uptake of TiO2 NPs by SCs

TEM has been used both to verify the uptake of NPs and to assess any ultrastructural changes in SCs as a result of this interaction. TEM analysis of unexposed SCs outlined a typical architecture characterized by oval/elongated spindle-shaped morphology containing a quite large nucleus surrounded by abundant mitochondria and numerous aggregates of stacks of parallel and flat cisternae of endoplasmic reticulum membranes (Figures 3A–C). Although we did not notice substantial and/or severe ultrastructural alterations in SCs treated with 5 µg/ml TiO2 NPs for 1 and 2 weeks (Figures 3D, E), in all the other exposure conditions (5 µg/ml for 3 weeks and 100 µg/ml for 1, 2, and 3 weeks), (Figures 3F, I) SCs showed several ultrastructural changes. Specifically, we noted a high percentage of severely damaged SCs, presenting different features of cell stress such as deeply invaginated and shrunk nuclei (Figure 3G), disorder/marginalization of chromatin components (Figures 3G, I), swollen very fragmented, or almost completely missing endoplasmic reticulum membranes (Figures 3E, H). In addition, mitochondrial morphology was severely affected (Figure 3F) and mitochondria number dramatically decreased. Finally, we noted the presence of several large vacuoles (Figures 3H, I) probably as a result of apoptotic mitochondria and/or enlarged endoplasmic reticulum and/or increased frequency of lipid droplets, https://doi.org/10.5061/dryad.7d7wm37wf.




Figure 3 | Representative TEM images of unexposed SCs (A–C) and after treatment with TiO2 NPs at 5 and 100 µg/ml for 1, 2, and 3 weeks of exposure (D–I). (A–C) Elongated oval or spindle-shaped SCs containing quite large nuclei (N) and abundant mitochondria [better visible at higher magnification in (C)]. (D–I) SCs after treatment with TiO2 NPs at 5 µg/ml (D–F) and 100 µg/ml/L (G–I) for 1, 2, and 3 weeks of exposure (chronic). Red circles and asterisks indicate TiO2 NPs deposition. Small red arrows indicate nuclear membrane invaginations. Large red arrows indicate enlarged endoplasmic reticulum. Black arrows in (I) point to chromatin marginalization. The scale bar corresponds to 5 µm for (A), 2 µm for the (B), and 1 µm for (C–I).



ICP-OES was used to quantify the uptake of NPs expressed as the percentage of internalized NPs and the amount of metal adsorbed per cell number (expressed as ng/105), at each concentration, after 5 h of treatment (Figure 4). At the lowest concentration of 5 μg/ml, a 3% higher uptake rate was detected than at the 100-μg/ml concentration (1.3%) (Figure 4, dotted line). In contrast, the amount absorbed in ng/105 cells was greater at the highest concentration (28.6 ± 15.01 vs. 3.46 ± 1.3, Figure 4, black bars). This difference is likely attributable to gradual saturation of the particles within the cells with a progressive slowing of uptake as the concentration of NPs increases.




Figure 4 | Cellular uptake by inductively coupled plasma-optical emission spectrometry (ICP-OES). Percentage of internalized nanoparticles (dotted grey line) and amount of metal adsorbed per cell number (expressed as ng/105) in SCs 5 h of incubation with TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar) evaluated by ICP-OES analysis. Data represented as mean ± SEM of three independent experiments, each are performed in triplicate.





3.4 TiO2 NPs Exposure Induced Apoptosis in SCs

We assessed, by Western blotting analysis, the involvement of caspase-3 pathway that is partially or totally responsible for the proteolytic cleavage of many key proteins, such as the nuclear enzyme poly (ADP-ribose) polymerase (PARP) (40). Activation of caspase-3 requires proteolytic processing of its inactive zymogen (p35) into activated p19 and p17 fragments (40).

We demonstrated that NPs exposure, at each concentration, induced the activation of caspase-3 at the first and second week, with the cleavage of p35 into the p19 kDa active fragment, to decrease at the third week, most likely due to the progress toward the final degradation phase of apoptosis (41).

Only at the toxic dose, we observed a statistical increase of active p19 with respect to the inactive p35 fragments, expression of a more prominent apoptotic process, as highlighted by TEM analysis (Figures 5A, B, #p < 0.05, ##p < 0.001 vs. p35).




Figure 5 | WB analysis. (A) Immunoblots of caspase-3 p35, p19, and p17 in SCs at 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs at 5 and 100 µg/ml. (B) Densitometric analysis of the protein bands of caspase-3 p35 (black bar), p19 (light grey bar), and p17 (dark grey bar) in SCs at 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 and 100 µg/ml. Data represent the mean ± SEM (*p < 0.05,**p < 0.001 vs. unexposed SCs (black dotted line) and #p < 0.05, ##p < 0.001 vs. p35 of three independent experiments, each performed in triplicate).





3.5 Effects of TiO2 NPs on Intracellular ROS Production and DNA Damage

We evaluated the intracellular production of ROS and oxidative DNA damage, as the most important mechanisms activated by nanomaterial.

As shown in Figure 6A, the dose of 5 µg/ml TiO2 NPs did not affect ROS intracellular level at 24 h and 1 week postexposure. On the contrary, at 2 and 3 weeks posttreatment, ROS level significantly decreased with respect to unexposed SCs (set as 100 in the graphs and represented as a black dotted line, Figure 6A, *p < 0.05). Conversely, 100 µg/ml TiO2 NPs induced a significant increase of intracellular ROS amounts at the second and third week posttreatment with respect to unexposed SCs (set as 100 in the graphs and represented as a black dotted line, Figure 6A, *p < 0.05 and **p < 0.001) accompanied by a significant increase at the third week compared with 5 μg/ml of TiO2 NPs, expression of oxidative stress onset with increasing concentration (Figure 6A, #p < 0.05 vs. 5 μg/ml of TiO2 NPs). As expected, H2O2 (positive control) induced a significant increase in ROS intracellular levels (data not shown).




Figure 6 | ROS production and DNA damage under TiO2 NPs treatment in SCs. (A) Total intracellular ROS production in SCs exposed to TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar) for 24 h and 1, 2, and 3 weeks. Data represent the mean ± SEM (*p < 0.05, **p < 0.001, with respect to unexposed SCs (black dotted line) and #p < 0.05 vs. 5 μg/ml of TiO2 NPs of three independent experiments, n = 8). (B) DNA damage expressed as tail intensity % in unexposed SCs (white bar) and exposed to TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar) for 24 h and 1, 2, and 3 weeks. Data represent the mean ± SEM (*p < 0.05, **p < 0.001 vs. unexposed SCs and #p < 0.05 vs. 5 μg/ml of TiO2 NPs of three independent experiments, n = 8).



The levels of oxidative DNA damage induced by TiO2 NPs were measured as the % of DNA in tail by the alkaline comet assay over time, after acute (24 h) and chronic exposures (from 1 to 3 weeks) to 5 and 100 µg/ml of TiO2 NPs. At the dose of 5 μg/ml, the oxidative DNA damage was detected after 24 h of acute exposure (Figure 6B, *p < 0.05). The follow-up study carried out after 1 and 3 weeks of chronic exposure exhibited an increase that however did not result in a significant difference compared with unexposed SCs (Figure 6B). Instead, the dose of 100 μg/ml induced a significant increase over time and until the end of treatment with respect to the unexposed SCs and from the second week compared with 5 μg/ml of TiO2 NPs, as demonstrated by the increased oxidative DNA damage with increasing concentration (Figure 6B, ##p < 0.001 vs. 5 μg/ml of TiO2 NPs).



3.6 TiO2 NPs Exposure Negatively Affected SCs Functionality

The effects of TiO2 NPs exposure on SCs functional competence were studied through the evaluation of AMH and inhibin B gene expression and protein secretion, specific and important markers of SCs functionality.

Exposure of SCs toTiO2 NPs induced a significant increase in AMH and inhibin B gene expression at 24 h followed by a significant decrease after 1 week up to the third week, at both concentrations with respect to unexposed SCs (Figures 7A, B, *p < 0.05 and **p < 0.001 vs. unexposed SCs, set as 1 in the graphs and represented as a black dotted line). AMH secretion was significantly and steadily decreased at 24 h throughout the duration of the experiment, whereas inhibin secretion showed a significant decrease starting from the first week onwards (Figures 7C, D, *p < 0.05 and **p < 0.001 vs. unexposed SCs).




Figure 7 | Real-time PCR analysis of SCs functionality. Gene expression of AMH (A), and inhibin B (B) in SCs at 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar). ELISA assay of (C) AMH and (D) inhibin B secretion in SCs at 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar). Data represent the mean ± SEM (*p < 0.05 and **p < 0.001 vs. unexposed SCs (0 TiO2 NPs, black dotted line) of three independent experiments, each performed in triplicate).





3.7 TiO2 NPs Exposure Activated an Antioxidant Response and Damaged the Membrane Integrity

To investigate the role and effectiveness of phase II detoxification enzymes against ROS production, we evaluated SOD, glutathione peroxidase (GHSPx), and HO-1 gene expression. In addition, we studied lactate dehydrogenase-A (LDH-A) gene expression as a well-established and reliable indicator of cellular toxicity and plasma membrane damage.

The gene expression of SOD1 and HO-1 increased throughout the treatment at both TiO2 NP concentrations (Figures 8A, B, *p < 0.05, **p < 0.001 vs. unexposed SCs, set as 1 in the graphs and represented as a black dotted line). The gene expression of GHSPx increased at the toxic dose of 100 µg/ml after the first and second week of exposure to undergo a significant reduction at the third week of the treatment (Figure 8C, *p < 0.05 and **p < 0.001 vs. unexposed SCs, set as 1 in the graphs and represented as a black dotted line). In particular, only at the second week, the dose of 100 µg/ml of TiO2 NPs showed a significant increase of HO-1 and GHSPx gene expression with respect to the dose of 5 µg/ml of TiO2 NPs (Figures 8B, C, #p < 0.05 vs. 5 μg/ml of TiO2 NPs).




Figure 8 | Real-time PCR analysis of SCs antioxidant and metabolic enzymes. Gene expression of SOD1 (A), HO-1 (B), GHSPx (C), and LDH A (D) in SCs at 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar). Data represent the mean ± SEM (*p < 0.05, **p < 0.001 vs. unexposed SCs (black dotted line) and #p < 0.05 vs. 5 μg/ml of TiO2 NPs of three independent experiments, each performed in triplicate).



A significant increase in LDH-A mRNA expression was observed at 100 µg/ml of TiO2 NPs throughout the whole experiment with respect to the unexposed SCs. In addition, a significant increase was observed from the second week even when compared with the dose of 5 µg/ml of TiO2 NPs (Figure 8D, *p < 0.05 and **p < 0.001 vs. unexposed SCs, set as 1 in the graphs and represented as a black dotted line; #p < 0.05 vs. 5 μg/ml of TiO2 NPs).



3.8 TiO2 NPs Exposure Stimulated Proinflammatory and Immunomodulatory Responses

To assess if TiO2 NPs treatment could activate an inflammatory response, we evaluated the gene expression either of proinflammatory cytokines, such as, IL-1α, IL-6, and typical immunomodulatory factors expressed by SCs as transforming growth factor-β (TGF-β) and indoleamine 2,3-dioxygenase (IDO) (42).

The gene expression of IL-1α and IL-6 showed a significant increase at the first and second week of treatment with the subtoxic dose meanwhile at the toxic dose increased starting from the first week postexposure up to the end of the experiment (Figures 9A, B, *p < 0.05, **p < 0.001 vs. unexposed SCs, set as 1 in the graphs and represented as a black dotted line). Moreover, IL-1α gene expression showed a significant increase compared with the dose of 5 µg/ml of TiO2 NPs only at the third week. IL-6 gene expression, at the highest dose, showed a statistical significant increase from the first week throughout the whole experiment with respect to the lowest dose as expression of an enhanced inflammatory state was probably linked to the increasing TiO2 NP concentrations (Figures 9A, B, #p < 0.05 vs. 5 µg/ml of TiO2 NPs).




Figure 9 | Real-time PCR analysis of SCs proinflammatory and immunomodulatory response. Gene expression of IL-1α (A), IL-6 (B), TGF-β1 (C), and IDO (D) in SCs at 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar). Data represent the mean ± SEM (*p < 0.05, **p < 0.001 vs. unexposed SCs (black dotted line) and #p < 0.05 vs. 5 µg/ml of TiO2 NPs of three independent experiments, each performed in triplicate).



The gene expression of TGF-β1 and IDO, at the subtoxic dose, showed an upregulation only at the first and second week respect to the unexposed SCs. At the toxic dose, the gene expression of TGF-β1 was upregulated at the first and second week; meanwhile, IDO showed an upregulation from the first to the third week with respect to the unexposed SCs (set as 1 in the graphs and represented as a black dotted line) and exhibited a significant increase compared with the lowest dose only at the third week (Figures 9C, D, *p < 0.05, **p < 0.001 vs. unexposed SCs; #p < 0.05 vs. 5 µg/ml of TiO2 NPs).



3.9 TiO2 NPs Treatment Activated MAPK and NF-kB Signaling Pathway

We performed Western blotting analysis to investigate the involvement and timing of activation of different MAPK family members (ERK1/2, JNK, and p38) and NF-kB signaling pathway after TiO2 NPs exposure (Figure 10A).

The phosphorylation ratio of ERK1/2 showed a significant increase (Figure 10B, *p < 0.05, **p < 0.001 vs. unexposed SCs, set as 100 in the graphs and represented as a black dotted line) at 24 h postexposure that persisted until the second week posttreatment, to be downregulated at the third week postexposure, at both concentrations.




Figure 10 | WB analysis. (A) Immunoblots of phosphoERK1-2/ERK1-2, phosphoJNK/JNK, phosphop38/p38, phosphoAKT/AKT, posphoNF-kB p65/NF-kB, and GAPDH in SCs 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 and 100 µg/ml. Densitometric analysis of the protein bands of phosphoERK1-2/ERK1-2 (B), phosphoJNK/JNK (C), phosphop38/p38 (D), phosphoAKT/AKT (E), and phosphoNF-kB p65/NF-kB (F) in SCs 24 h and 1, 2, and 3 weeks of incubation with TiO2 NPs 5 (black bar) and 100 µg/ml (grey bar). Data represent the mean ± SEM (*p < 0.05, **p < 0.001 vs. unexposed SCs (black dotted line) and #p < 0.05 vs. 5 µg/ml of TiO2 NPs of three independent experiments, each performed in triplicate).



The phosphorylation ratio of JNK remained unaltered at both concentrations, at 24 h and 1 week postexposure, but showed a significant increase from the second and third week only at the highest concentration of 100 µg/ml (Figure 10C, **p < 0.001 vs. unexposed SCs, set as 100 in the graphs and represented as a black dotted line). In addition, the highest dose exhibited a significant increase starting from the second week in comparison with the lowest dose of NPs (Figure 10C, #p < 0.05 vs. 5 µg/ml of TiO2 NPs).

The phosphorylation ratio of p38 showed a significant increase at 24 h, at the lowest dose of 5 µg/ml but was followed by a progressive decrease that became significant at the second and third week after exposure (Figure 10D, *p < 0.05, **p < 0.001 vs. unexposed SCs, set as 100 in the graphs and represented as a black dotted line). At the highest concentration of 100 µg/ml, p38-dependent pathway showed a significant increase with respect to the lowest dose from the second week (Figure 10D, *p < 0.05, **p < 0.001 vs. unexposed SCs, set as 100 in the graphs and represented as a black dotted line; #p < 0.05 vs. 5 µg/ml of TiO2 NPs).

The phosphorylation ratio of AKT showed a significant increase throughout the whole experiment at the subtoxic dose but with an inverse time-dependent relationship (Figure 10E, *p < 0.05, **p < 0.001 vs. unexposed SCs (set as 100 in the graphs and represented as a black dotted line). At the toxic dose, a significant increase at 24 h was followed by a significant decrease over time (Figure 10E, *p < 0.05, **p < 0.001 vs. unexposed SCs (set as 100 in the graphs and represented as a black dotted line). In comparison with the lowest dose, the toxic dose showed a significant decrease from the first week (Figure 10E, #p < 0.05 vs. 5 µg/ml of TiO2 NPs).

Finally, the phosphorylation ratio of p-NF-kB remained unchanged following acute exposure and at 1 week at both 5 and 100 µg/ml TiO2 NPs. Subsequently, it showed a significant increase after the second and third week posttreatment at both concentrations (Figure 10F, *p < 0.05, **p < 0.001 vs. unexposed SCs, set as 100 in the graphs and represented as a black dotted line).




4 Discussion

In the present study, we evaluated for the first time, to our knowledge, the effects of TiO2 NPs on SCs from porcine prepubertal pig testes, an experimental animal model sharing significant physiological similarity with humans, thus providing novel results of a major translational importance.

It is important to note that primary SCs cultures have been recognized as a valuable in vitro system to study the effects of heavy metals and toxic substances (43–45).

To date, several in vivo and in vitro studies, mainly of mouse and rat origin, have evaluated the toxicological effects of TiO2 NPs (19–24, 26, 27). Although interesting, the results are often contradictory, suggesting that the potential cell damage is affected by many factors including cell type, nanoparticle size, and dispersion protocols (46). In particular, the dimensions of TiO2 NPs are critical from the toxicity point of view, because, as it is well known, NPs are more toxic and reactive than conventional TiO2 particles (47).

Aggregates of NPs have been observed in Leydig-Sertoli cells and spermatids when mice were prenatally exposed to anatase TiO2 NPs via subcutaneous injections (48, 49). In our study, several dispersion protocols were executed, followed by DLS analysis, in order to establish the best experimental condition, where the best choice resulted in DMEM with the addition of 2% BSA to obtain the smallest and stable nanoaggregates as reported in Supplementary Materials.

In particular, TiO2 NP-treated SCs at 5 µg/ml apparently showed no morphological changes throughout the experimental treatment, but a deeper evaluation of this apparent health condition by MTT analysis revealed its cytotoxic effect under chronic exposure, with a 20% decrease in metabolically active cells (Supplementary Material), accompanied by important structural abnormalities revealed by TEM analysis at the third week.

At the concentration of 100 µg/ml TiO2 NPs, SCs showed a spindle-like shape, with very elongated cytoplasmic protrusions, typical of a cellular stress-associated condition, by the end of the first week that progressively increased until the end of the third week, accompanied by a steady decrease around 50% of metabolically active cells (Supplementary Material). These important modifications were confirmed by TEM analysis that showed a high percentage of severely damaged SCs with nuclei deeply invaginated, shrunk, and disorder/marginalization of chromatin components, all typical features of apoptosis. In addition, we noted that endoplasmic reticulum membranes became swollen, very fragmented, or almost completely missing; mitochondrial morphology was severely affected and mitochondrial density dramatically decreased. Moreover, we observed the presence of several large vacuoles as the result of apoptotic mitochondria and/or enlarged endoplasmic reticulum.

To confirm the activation of apoptosis observed by TEM analysis, we performed the caspase-3 protein expression, crucial mediator of programmed cell death and essential for some of the characteristic changes in cell morphology associated with the execution and completion of apoptosis (40, 41). Our results, confirming previous in vivo (23) and in vitro (26) reports, showed at each concentration of NPs, a caspase-3 upregulation at the first and second week, with greater expression of p19 kDa active fragment only at toxic dose.

The increased intracellular production of ROS represents one of the most important mechanisms activated by nanomaterials. Typically, high doses of NPs, for example, 50 µg/ml in human fibroblasts (50) or 250 µg/ml in human hepatoma HepG2 (51), are associated with ROS generation.

In contrast, no intracellular production of ROS has been observed under either acute treatment (24 h), or chronic exposures (up to 4 weeks) (50) and either with the rutile and anatase forms (at a concentration of 50–500 µg/ml TiO2 NPs) (51), and in different cell models such as human pulmonary fibroblast (52) and Caco‐2 monolayer (at a concentration of 200 µg/ml TiO2 NPs) (53).

Our data would agree with these latter results. In fact, in our model, the dose of 5 µg/ml TiO2 NPs did not affect ROS intracellular level in contrast with the chronic exposure at the highest concentration, necessary condition to induce ROS production.

For deepening the analysis of ROS production, we evaluated the gene expression of antioxidative enzymes (ROS removal agents) including SOD, HO-1, and GHSPx as downstream molecules of Nrf2/ARE pathway (54–56). It is well known that Nrf2 is a crucial transcription factor in oxidative stress by regulating the expressions of phase II detoxification enzymes and antioxidant enzymes (56). Our results demonstrated that the exposure to TiO2 NPs resulted primarily in SOD1 and HO-1 upregulation at both concentrations, then, only the dose of 100 µg/ml TiO2 induced the upregulation of GHSPx. On this basis, we could hypothesize that the Nrf2/ARE pathway was sufficient to cope ROS production only at the subtoxic dose of TiO2 NPs; meanwhile, its activation was not able to counteract the oxidative stress generated at the toxic dose. As future perspective, to better understand the damage induced by ROS production, it will be useful to evaluate the involvement of the tyrosine kinase receptor HER2, involved in the epidermal growth factor-growth factor pathway (EGFG-GF), which is responsible for SCs proliferation, in addition to the assessment of ki67 and PCNA as indicators of germ cell mitotic and meiotic processes in vivo model (57).

Moreover, we investigated the gene expression of LDH-A as a marker of alteration of membrane integrity (26, 50), observing a significant increase only at the dose of 100 µg/ml TiO2 NPs, confirming the detrimental effects of exposure to toxic dose of NPs on the membrane integrity.

Oxidative DNA damage is reported as another possible effect related to ROS production. However, the supposed genotoxic potential of TiO2 NPs is debated because of conflicting results reported in the literature in both in vivo and in vitro models, most likely related to the different experimental conditions used.

To detect low-genotoxicity DNA damage induced by environmental contaminants, including nanomaterials, comet assay has been recognized as a reliable and sensitive technique (58, 59).

In our study, a statistically significant oxidative damage was observed at the lowest concentration of TiO2 NPs at 24 h, whereas, only at the highest concentration of NPs, it was observed throughout the experiment with a time-dependent relationship. On the basis of what was observed, we could speculate that in our model the increased DNA damage observed at 24 h at the lowest concentration quickly activated the DNA repair systems as already observed by Zijno et al. (60) and that chronic exposure to subtoxic doses of TiO2 NPs did not induce oxidative stress or genotoxic damage.

On the other hand, a significant increase of genotoxic damage before the oxidative one, observed after the exposure to toxic doses of TiO2 NPs, could underline as the former is a much more sensitive and early marker than the latter.

The effects of TiO2 NPs on SCs functionality were further evaluated by studying the levels of two specific SCs marker as AMH and inhibin B. AMH is a glycoprotein dimer belonging to the TGF-β family that is exclusively secreted by SCs, and it has become one of the most useful markers to study testicular function during the prepubertal period in males (61). Another specific and important marker of SCs action is inhibin B that provides for a negative feedback on FSH secretion and is clinically used to assess the presence and function of SCs during childhood (45).

In our study, the gene expression of both AMH and inhibin B was upregulated at 24 h and then downregulated over the course of the experiment at both concentrations, suggesting that TiO2 NPs treatment impaired SCs functionality as expressed by the downregulation of both protein secretions overtime, inducing, at first, a transcriptional upregulation as a physiological response followed, in the end, by a definitive breakdown. These results were in agreement with other reports on porcine prepubertal SCs treated with other heavy metals (43, 45).

Another possible effect related to nanomaterial exposure is the activation of a proinflammatory response that ultimately could induce reproductive toxicity by disturbing the immune balance and immune privilege of the testis, leading to a chronic inflammation state. Grassian et al. (62) previously reported that mice subacutely exposed to 2–5 nm TiO2 NPs showed a significant but moderate proinflammatory response. Park et al. (42) reported an activated inflammatory response through the upregulation of inflammatory cytokines in mouse bronchial alveolar lavage (BAL) fluid following exposure of TiO2 NPs. Ye et al. (27) observed an increased inflammatory response in a primary cultured rat SCs following TiO2 NPs administration characterized by the expression of IL-1β, TNF-α, IFN-γ, and IL-10. To evaluate the proinflammatory response, we focused on the analysis of the gene expression of IL-1α and IL-6 that showed, at 5 µg/ml of TiO2 NPs, an increase limited to the first, maximal second week, time necessary for SCs to put in place responses to the perturbation caused by NPs exposure, and be able to counteract them. In contrast, the dose of 100 µg/ml TiO2 NPs induced an obvious inflammatory state with a dose- and time-relationship increase.

Simultaneously, SCs tried to modulate an exacerbated in vitro proinflammatory response by the activation of the IDO-dependent mechanism TGF-β1 mediated as demonstrated by the further upregulation of TGF-β1 and IDO gene expression (63). Fallarino et al., for the first time, demonstrated the expression of IDO in SCs (63). In particular, they showed that IDO, with the involvement of the kynurenine pathway (the O2-dependent oxidation of L-tryptophan), plays a key role in immune modulation (64). In our in vitro model, we observed at the subtoxic dose that, at the third week, the immunomodulatory response tended to normalize because the proinflammatory cytokines were reduced, while at the toxic dose, was still active as a response to the proinflammatory stress.

In order to identify the intracellular signaling pathways associated with TiO2 NPs exposure and subsequent gene regulation, we investigated the phosphorylation ratio of some key signaling kinases by Western blot analysis. MAPKs (which are composed of three main members ERK, JNK, and p38) and PI3K/Akt signaling pathways are involved in a wide range of cellular processes, including NF-kB activation, an important nuclear transcription factor which regulates the expression of many genes involved in several cell responses such as inflammation and apoptosis (65, 66).

Treatment with both concentrations of NPs markedly increased the phosphorylation ratio of ERK1-2 up to the second week, demonstrating the involvement of this pathway in the responses initiated by the SCs after the exposure to NPs, as already reported by Han et al. in a model of porcine endothelial vascular cells treated with TiO2 NPs (67).

The phosphorylation ratio of JNK was upregulated only at the dose of 100 µg/ml TiO2 NPs from the second week of exposure throughout the end of experimentation, confirming its role as a kinase specifically activated by a significant cellular stress (66).

According to Ye et al. (27), who observed the activation of p-38 pathway in primary cultured rat SCs after an acute exposure at 5 µg/ml of TiO2 NPs, we demonstrated the upregulation of phosphorylation ratio of p38 at 24 h and at the lowest dose of NPs, as a response to cell proliferation.

In contrast, p38 downregulation at high dose of NPs was expression of a really stressful and toxic condition to induce apoptosis and a reduction in the number of SCs already starting from the first week as observed by TEM analysis and cell number evaluation.

Akt phosphorylation at Ser473, a well-known signal pathway with antiapoptotic function, was activated only at subtoxic concentration, throughout the whole experiment; meanwhile, the concentration of 100 µg/ml, after an early activation at 24 h, silenced its expression, confirming again its detrimental effects on SCs viability (67).

Finally, we observed the increased phosphorylation ratio of NF-kB at both concentrations starting from the second week of treatment in contrast to Ye et al. (27) who observed its upregulation already at 24 h and at concentrations ranging from 10 to 50 µg/ml.

In our model, this delayed activation could be explained by the fact that ROS production, considered a key element in the activation of this nuclear transcription factor was demonstrated only at the highest concentration of NPs from the second week. Whereas, the activation of NF-kB at subtoxic concentration during the chronic exposure could be explained by its involvement in the apoptotic death, as previously reported (68) and confirmed in our in vitro model subjected to long-term exposure, by TEM analysis.



5 Conclusions

The results of our “in vitro” study confirmed the negative impact of TiO2 NPs on porcine prepubertal SCs. In fact, SCs at a dose of 5 µg/ml seemingly maintained the morphological integrity, but a deeper analysis revealed how SCs were induced to activate a series of responses in an attempt to neutralize the harmful effects prompted by long time constant exposure that inevitably led to an altered ultrastructure, functionality, and viability.

Exposure to the dose of 100 µg/ml highlighted the negative effects of TiO2 NPs on the morphological-ultrastructural integrity, apoptosis, alteration of functionality, and the induction of a proinflammatory state in SCs.

Although in vitro studies with NPs enable the identification of conceptual models of mechanistic interaction with cells, it is very important to consider that, they do not represent a full realistic model of how NPs will interact with the specific organ of the body in vivo. That said however, since our model is of a superior mammal, whose physiology is very similar to that of humans, our results pave the way for studying NPs toxicology in this latter species. Moreover, our study points out the importance of deepening the effects of TiO2 NPs in in vivo animal model, especially at subtoxic dose and under chronic exposure because the impact of such a slow and insidious poisoning is not immediately perceivable and shows its side effects after a long-term treatment. Unfortunately, nowadays, no consistent epidemiologic studies exist on the association between reproductive health and the risk of TiO2 NPs exposure in humans. Certainly, further screenings will be necessary to verify this association. Importantly, the acquired knowledge could help to adopt containment strategies and active surveillance programs in the next future as prevention measures before irreversible damage to SCs occurs and consequently affects spermatogenesis.
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Several studies have explored the relationship among traditional semen parameters, sperm DNA fragmentation (SDF), and unexplained recurrent miscarriage (RM); however, the findings remain controversial. Hence, we conducted a meta-analysis to explore the relationship among traditional semen parameters, SDF, and unexplained RM. Multiple databases, including PubMed, Google Scholar, MEDLINE, Embase, Cochrane Library, Web of Science, and China National Knowledge Infrastructure (CNKI), were searched to identify relevant publications. From the eligible publications, data were extracted independently by two researchers. A total of 280 publications were identified using the search strategy. According to the inclusion/exclusion criteria, 19 publications were eligible. A total of 1182 couples with unexplained RM and 1231 couples without RM were included in this meta-analysis to assess the relationship among traditional semen parameters, SDF, and unexplained RM. Our results showed that couples with unexplained RM had significantly increased levels of SDF and significantly decreased levels of total motility and progressive motility compared with couples without RM, although significant differences were not observed in the semen volume, sperm concentration, and total sperm count between couples with and without RM. The SDF assay may be considered for inclusion in evaluations of couples with unexplained RM.
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Introduction

A uniform definition of recurrent miscarriage (RM) has not been established. The American Society for Reproductive Medicine (ASRM) defines RM as two or more consecutive miscarriages (1), while the Royal College of Obstetricians and Gynecologists (RCOG), the Chinese Society of Obstetrics and Gynecology, and the European Society of Human Reproduction and Embryology (ESHRE) guidelines define RM as three or more consecutive miscarriages (2–4). RM affects approximately 1% of couples trying to conceive (5). In almost half of the cases of RM, the etiology of the affected couples remains unclear (1). Research has mainly focused on female factors for RM, but the role of male factors in RM has recently gained attention (6–8).

Male fertility is usually assessed by the semen volume, sperm concentration, total sperm count, progressive motility, and total motility according to WHO guidelines. However, traditional semen parameters have relatively poor predictive value for spermatozoa fertilizing capacity and reproductive outcomes (9). The integrity of sperm DNA is essential for the accurate transmission of genetic information from father to offspring. Sperm DNA fragmentation (SDF) is used to assess the integrity of sperm chromatin and has been increasingly recognized as crucial because of its diagnostic potential in terms of male fertility and pregnancy outcomes. There are three main hypotheses regarding the molecular mechanism of sperm DNA damage, including oxidative stress: chromatin packaging abnormalities, and apoptosis (10). A certain degree of sperm DNA damage can be repaired by the oocyte; however, when the damage exceeds the repair capacity of the oocyte, then adverse pregnancy outcomes may occur (11). Many clinical studies have investigated the relationship between SDF and reproductive outcomes, and several studies have suggested that SDF is associated with poor fertilization, suboptimal embryo quality, and lower pregnancy rates (12–15). Gandini et al. suggest that sperm with DNA damage are capable of fertilizing an oocyte (16). However, other studies have indicated that SDF is not associated with the fertilization rate or pregnancy outcome (17, 18). Thus, the implications of SDF on fertilization rate and pregnancy outcome remain controversial.

Many SDF assays have been developed, and the main methods are as follows: sperm chromatin dispersion (SCD) (19–23), terminal deoxyuridine nick end labeling (TUNEL) (24–28), acridine orange test (AOT) (29), sperm chromatin structure assay (SCSA) (27, 30–35), and aniline blue (AB) staining (36). TUNEL is a direct method of measuring single and double DNA strand breaks by using probes, while SCD, SCSA, AOT, and AB staining are indirect methods that use the increased susceptibility of sperm DNA damage to acid-induced denaturation.

This systematic review and meta-analysis aimed to assess the relationship among traditional semen parameters, SDF, and unexplained RM.



Materials and Methods


Literature Search

The study was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (37). Multiple databases, including PubMed, Google Scholar, Cochrane Library, Embase, Web of Science, MEDLINE, and China National Knowledge Infrastructure (CNKI), were searched to identify relevant articles from inception to October 2021. The search was limited to human studies published in English and included using the following terms: “recurrent pregnancy loss”, “repeated pregnancy loss”, “recurrent abortions”, “recurrent spontaneous abortion”, “recurrent miscarriage”, “sperm DNA fragmentation”, “sperm DNA integrity”, “sperm DNA damage”, “SDF”, “DFI”, “traditional semen parameters”, and “conventional semen parameters”.　



Selection Criteria

Studies that met the following criteria were included in this study: (1) original research; (2) the topic is unexplained RM; (3) natural conception; and (4) the data for traditional semen parameters and SDF are expressed as the means with standard deviations (SDs). The exclusion criteria were as follows: (1) reviews, letters, editorials, and abstracts; (2) inaccessible full articles; (3) case-only studies; and (4) duplicate publications.



Selection of Publications

Based on the predefined inclusion/exclusion criteria, all publications were independently selected for eligibility by two authors (Y.D. and J.L.). After removing duplicates, articles were selected by reviewing the titles and abstracts. The remaining publications were retrieved for full-text assessment if their appropriateness could not be determined. Any discrepancy was resolved through discussion with the third reviewer (E.Y.).



Data Extraction

From the eligible publications, data were extracted independently by two authors (Y.D. and J.L.). Any discrepancy between the two authors (Y.D. and J.L.) was resolved by discussion with the third reviewer (E.Y.). The following information was collected for each eligible publication: name of the first author, publication year, country of origin, ethnicity group, type of study design, sample size, and methods used to evaluate SDF. The main characteristics of the included studies are listed in Table 1.


Table 1 | Main characteristics of the included studies in the meta-analysis.





Quality Assessment of the Included Publications

Quality assessments were performed using the Newcastle–Ottawa Scale (NOS) (39). A NOS score of ≥6 was considered high quality (40).



Statistical Analysis

All analyses were performed using Stata/SE 12.0 (StataCorp, College Station, Texas, USA). The heterogeneity between publications was calculated using the I2 statistic and Cochran’s Q test. Heterogeneity was considered significant at P<0.10 and/or I2<50%. Based on the heterogeneity assessment, random- or fixed-effects models were selected to calculate the weighted mean differences (WMDs) and their corresponding 95% confidence intervals (CIs). To explore the potential sources of heterogeneity, subgroup analyses were performed. To estimate the stability of the pooled results, a sensitivity analysis was conducted by excluding each publication. To estimate the possible publication bias, Egger’s regression test and Begg’s funnel plot were used. Statistical significance was set at P<0.05.




Results


Selection of Publications

Figure 1 shows the selection process of eligible publications. Based on our search strategy, 280 publications were initially identified through a database search. A total of 249 titles and abstracts of publications were reviewed after removing 31 duplicates. After screening the titles and abstracts of publications, 26 potentially relevant publications were found. The remaining publications were retrieved for full-text assessment. After full-text assessment of the remaining publications, 7 publications were excluded for various reasons. A total of 19 publications were finally included in the meta-analysis, which involved 2413 subjects (1182 couples with unexplained RM and 1231 couples without RM).




Figure 1 | Selection process for eligible publications.





Characteristics of the Eligible Publications

Table 1 presents the main characteristics of the eligible publications. All included articles were of relatively high quality. None of the couples had received assisted reproductive treatments. Male partners of couples without unexplained RM had proven natural fertility with one or more live births. Female partners were under 40 years of age in all eligible studies. Female partners had normal ovarian function and a normal uterus (demonstrated by hysteroscopy, hysterosalpingography, and/or hysterosonography). Female partners with any of the following were excluded: abnormal karyotypes and uterine structural abnormalities.



Relation Between Traditional Semen Parameters and Unexplained RM

Sixteen studies explored the relation between traditional semen parameters and unexplained RM. For all eligible studies, the evaluation of traditional semen parameters was performed in fresh semen samples. The pooled results showed that there were no relations between unexplained RM and semen volume (WMD=-0.12, 95% CI=-0.32 to 0.08, P>0.05), sperm concentration (WMD=-2.28, 95% CI=-4.58 to 0.02, P>0.05), and total sperm count (WMD=-10.73, 95% CI=-22.11 to 0.66, P>0.05) (Figure 2). However, the pooled results showed that there were significant relations between unexplained RM and progressive motility (WMD=-4.75, 95% CI=-8.35 to -1.15, P<0.05) and total motility (WMD=-10.30, 95% CI=-15.03 to -5.57, P<0.05) (Figure 2). Since significant heterogeneity was observed for the total and progressive motility (I2 = 82.3%, P<0.001; I2 = 99.4%, P<0.001), subgroup analyses were performed by the study design type, RM definition, and ethnicity to explore the source of heterogeneity (Figure 2). For the majority of the subgroups, the percentages of total and progressive motility were significantly lower in couples with unexplained RM than in couples without RM (Figures 3A–F).




Figure 2 | Meta-analysis of the relations between traditional semen parameters and unexplained recurrent miscarriage. (A) Relation between volume and unexplained recurrent miscarriage; (B) relation between sperm concentration and unexplained recurrent miscarriage; (C) relation between total sperm count and unexplained recurrent miscarriage; (D) relation between progressive motility and unexplained recurrent miscarriage; and (E) relation between total motility and unexplained recurrent miscarriage.






Figure 3 | Subgroup analyses for progressive motility by the type of study design (A), definition of recurrent miscarriage (B), and ethnicity (C); subgroup analyses for total motility by type of study design (D), definition of recurrent miscarriage (E), and ethnicity (F).





Relation Between SDF and Unexplained RM

Seventeen studies explored the relations between SDF and unexplained RM. For 8 of these studies, SDF was assessed using fresh semen samples. The pooled results showed that couples with unexplained RM had significantly increased levels of SDF compared with couples without RM (WMD=8.45, 95% CI=1.48 to 15.42, P=0.018) (Table 2 and Figure 4). Because significant heterogeneity was observed for SDF (I2 = 99.4%, P<0.001), subgroup analyses were performed by the assay type, RM definition, and ethnicity to explore the source of heterogeneity (Table 2 and Figure 4). Subgroup analysis by SDF assay also showed a significant association between couples with and without RM for the SCD assay (WMD=2.15, 95% CI=1.62 to 2.68, P<0.001) (Table 2 and Figure 4A). The subgroup analysis by the definition of RM showed that couples with a history of RM ≥2 times and ≥3 times had significantly increased levels of SDF compared with couples without RM (WMD=11.22, 95% CI=1.26 to 21.19, P=0.027 and WMD=3.33, 95% CI=1.20 to 5.46, P=0.002) (Table 2 and Figure 4B). The subgroup analysis by ethnicity also showed similar results to the overall analysis in the Asian subgroup (WMD=5.90, 95% CI=2.30 to 9.50, P=0.001) (Table 2 and Figure 4C).


Table 2 | Subgroup analyses by sperm DNA fragmentation assay, definition of recurrent miscarriage, sperm preservation and ethnicity.






Figure 4 | Subgroup analyses based on the sperm DNA fragmentation assay (A), the definition of recurrent miscarriage (B), and ethnicity (C).





Sensitivity Analyses

The sensitivity analysis showed that the pooled results were stable and reliable (Figure 5).




Figure 5 | Begg’s funnel plot of the relationship among volume (A), sperm concentration (B), total sperm count (C), progressive motility (D), total motility (E), and sperm DNA fragmentation (F) and unexplained recurrent miscarriage.





Publication Bias

As shown in Table 2 and Figure 6, our results showed that there was no publication bias for the semen volume, sperm concentration, total sperm count, progressive motility, total motility, and SDF.




Figure 6 | Sensitivity analysis of the relationship among volume (A), sperm concentration (B), total sperm count (C), progressive motility (D), total motility (E), and sperm DNA fragmentation (F) and unexplained recurrent miscarriage.






Discussion

RM affects approximately 1% of couples trying to conceive (5). In almost half of the cases of RM, the etiology of the affected couples remains unclear (1). The role of female factors in RM has been studied intensively, but the role of male factors has been less thoroughly investigated (6–8).

Some studies have reported that male partners of couples with unexplained RM had significantly decreased levels of semen volume (26) and progressive motility (19, 27, 31, 34, 35) compared with couples without RM, but significant differences were not observed in sperm concentration (19–21, 23–31, 33, 35, 36, 38), total sperm count (23, 24, 26, 27, 29, 30) and total motility (20, 21, 24, 36) between the two groups. Some studies reported that couples with unexplained RM had significantly increased levels of sperm concentration (34) and total motility (25, 27–29) compared with couples without RM, but significant differences were not observed in semen volume (21, 23, 25, 27, 28, 30–35) and progressive motility (23, 26, 29) between the two groups. The combined results of this meta-analysis showed that couples with unexplained RM had significantly decreased levels of progressive motility and total motility than those of couples without RM. The combined results demonstrate that women whose partners had a higher percentage of progressive motility and total motility were more likely to have a successful pregnancy while women whose partners had a lower percentage of progressive motility and total motility were less likely to conceive and/or more likely to experience pregnancy loss.

Marked between-study heterogeneity was observed for progressive motility and total motility, and it could not be ignored. Therefore, subgroup analyses by the study design type, RM definition, and ethnicity were performed to explore the source of heterogeneity. However, heterogeneity was still observed despite performing the subgroup analyses. Such heterogeneity may be explained by differences in age and number of participants, duration of sexual abstinence, ethnicity, lifestyle habits, laboratory techniques, etc.

However, approximately 15% of male factor infertility patients show normal parameters in their ejaculates (41), suggesting that conventional semen parameters are poor predictors of reproductive outcome and that a definitive diagnosis of male infertility cannot be made by a routine semen analysis alone, which is because several factors other than conventional semen parameters affect the fertilization ability of spermatozoa.

Routine semen analysis does not assess all aspects of sperm quality. SDF is used to assess the integrity of sperm chromatin and may be a better predictor of male fertility and reproductive outcomes than conventional semen parameters. Sperm DNA integrity plays an important role in the initiation and maintenance of pregnancy (42). The study of sperm DNA integrity may be important for understanding the pathogenesis of unexplained RM. However, the relationship between sperm DNA integrity and unexplained RM remains controversial. Some studies (19, 20, 22, 24–29, 32, 33, 35, 36, 38) have reported that couples with unexplained RM had significantly increased levels of SDF compared with those of couples without RM. However, other studies (23, 30, 31) have reported no significant differences in SDF between couples with and without RM. For these studies, SDF was assessed using fresh or cryopreserved semen samples. The cryopreservation process can alter the sperm quality, particularly the motility and sperm DNA integrity (43–45). Only those studies that assessed SDF with fresh semen samples were included in this meta-analysis to evaluate the relationship between SDF and unexplained RM. The combined results of this meta-analysis demonstrated that couples with unexplained RM had significantly increased levels of SDF compared with couples without RM. Our results demonstrated that women whose partners had a lower percentage of SDF were more likely to have a successful pregnancy while women whose partners had a higher percentage of SDF were more likely to experience pregnancy loss. Our results also suggested that male factors may be involved in the pathogenesis of RM and that SDF might be used as a tool to evaluate the risk of RM. However, future large prospective studies are needed to evaluate the impact of elevated SDF on the risk of RM.

Marked between-study heterogeneity was observed, and it could not be ignored. Several factors may account for the measured heterogeneity. First, there are several methods used to assess SDF. Second, there are two definitions of unexplained RM. Third, the subjects included in the studies were of diverse ethnic backgrounds. All of these factors may have significantly affected the between-study heterogeneity. Subgroup analyses by the assay type, RM definition, and ethnicity were performed to explore the source of heterogeneity. However, heterogeneity was still observed despite performing these subgroup analyses. The results of the subgroups by the definition of RM showed that the couples with a history of RM≥2 times and ≥3 times had significantly increased levels of SDF. Given the limited sample size of the included studies and the significant heterogeneity between studies, further large prospective cohort studies are needed to validate these findings.

There were four strengths of this meta-analysis. First, more reliable results can be obtained as a result of the large sample size. Second, we also assessed the relation between traditional semen parameters and unexplained RM. Third, the subgroup analyses by the assay type, RM definition, and ethnicity were also conducted in this study. Fourth, no publication bias was found in this meta-analysis.

This meta-analysis has two limitations. First, between-study heterogeneity was found despite using strict inclusion/exclusion criteria. Second, the number of included publications was small in some subgroups.

Couples with unexplained RM had significantly increased levels of SDF compared with couples without RM, and they also had significantly decreased progressive motility and total motility. The SDF assay may be considered for inclusion in evaluations of couples with unexplained RM. Future large prospective studies are needed to evaluate the impact of elevated SDF on the risk of RM.
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Glufosinate-ammonium (GLA) is a widely used herbicide with emerging concern over its male reproductive toxicity. Abnormalities in sperm histone modification induced by GLA exposure observed in our previous study aroused our interest in whether such alterations could further affect embryonic gene expression. Here we administered adult male mice with 0.2 mg/kg⋅day of GLA for 5 weeks to collect their sperm or 4-cell embryos after copulation. Cleavage Under Targets and Tagmentation (CUT&Tag) sequencing showed alterations of sperm H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 27 acetylation (H3K27ac), which are active histone modification marks involved in embryo development, while RNA sequencing identified differentially expressed genes in 4-cell embryos. Differentially H3K4me3 and H3K27ac occupied regions were mainly distributed at the gene promoters and putative enhancers, and were enriched in pathways related to the immune system and nervous system. Integrative analysis of these sequencing data showed that genes such as Mgl2 with increased H3K4me3 and H3K27ac in sperm were up-regulated in embryos, and vice versa for genes such as Dcn. Additionally, differentially occupied H3K4me3 and H3K27ac in sperm were linked to gene expression changes in both paternal and maternal alleles of 4-cell embryos. In conclusion, GLA-induced changes in sperm H3K4me3 and H3K27ac are concordant with gene expression in preimplantation embryos, which might further affect embryo development and offspring health.

Keywords: glufosinate-ammonium, H3K4me3, H3K27ac, sperm, embryo development


INTRODUCTION

Histones consisting of H2A, H2B, H3, and H4 are proteins that are critical in the packing of DNA into the cell. Lysine residues in N-terminal tails of histone H3 are the major targets for post-translational modifications (PTMs) such as methylation and acetylation, which are closely associated with gene transcription activities (Yan and Boyd, 2006). Unlike somatic cells, most histones are replaced by protamines for condensed packaging of DNA during spermatogenesis, and only 1% histones are retained in mature mouse sperm (Siklenka et al., 2015). Although limited in quantity, the retained histones in sperm bearing abundant modifications are still essential in male reproduction (Liu et al., 2019), embryo development (Hammoud et al., 2009; Yoshida et al., 2018) and offspring health (Siklenka et al., 2015). Notably, histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 27 acetylation (H3K27ac) have been well established as active promoter and enhancer marks respectively (Calo and Wysocka, 2013). It is reported that regions marked with H3K4me3 in sperm are mainly enriched at fertility and development related genes, and parts of them can be transmitted into embryos (Zhang et al., 2016; Lismer et al., 2020; Lambrot et al., 2021). Similarly, sperm H3K27ac is highly associated with in vivo fertility (Kutchy et al., 2018) and 3D chromatin architecture in embryos (Wike et al., 2021). Therefore, both sperm H3K4me3 and H3K27ac are essential for fertility and embryo development.

Sperm histone modifications are susceptible to environmental factors, such as diet (Carone et al., 2010; Lismer et al., 2021) and chemical exposures (Lombó and Herráez, 2021), leading to potential adverse outcome of offspring health from embryonic to adult stage. For example, sperm H3K4me3 at putative enhancers of developmental genes was altered by a folate-deficient diet, and then transmitted to preimplantation embryos resulting in deregulated embryonic gene expression (Lismer et al., 2021). For chemical exposures, paternal bisphenol A (BPA) exposure increased histone H3 lysine 9 acetylation (H3K9ac) and H3K27ac in zebrafish sperm, and further impaired heart development in progeny (Lombó et al., 2019; Lombó and Herráez, 2021). More findings are required to support the link between environmental factors-induced sperm H3K4me3/H3K27ac alterations and preimplantation embryos.

Glufosinate-ammonium (GLA), one of the most widely applied broad-spectrum herbicides, is highly hydrophilic and considered safe when properly used (Takano and Dayan, 2020). However, emerging evidence suggests its potential toxicity. An in vivo study on lizards observed GLA-induced severe testis lesions by oxidative damage (Zhang et al., 2019), while an in vitro study on human sperm recently revealed its impairment on sperm mitochondria respiration efficiency (Ferramosca et al., 2021), which indicates GLA toxicity on male reproduction. Our previous study (Ma et al., 2021) also showed its effects on male reproductive health with significantly altered DNA methylation, histone H3 lysine 27 trimethylation (H3K27me3) and histone H3 lysine 9 trimethylation (H3K9me3), as well as transcriptome in mouse sperm. The impact of GLA exposure on sperm histone modifications and transcriptome raised our awareness on its potential risks for embryo development, whereas no other data has shown such the risk to date. Given the role of sperm H3K4me3 and H3K27ac in gene transcription and embryo development, we hypothesized that GLA exposure would affect these two epigenetic marks in sperm, and thus disrupt embryonic gene expression.

In this study, after administration of GLA at a dose of 0.2 mg/kg⋅day to adult male mice for 5 weeks, we performed Cleavage Under Targets & Tagmentation (CUT&Tag) to demonstrate genome-wide H3K4me3 and H3K27ac profiles in sperm, and RNA sequencing (RNA-seq) to display transcriptome in 4-cell embryos derived from GLA exposed male mice. By integrating these sequencing data, we tried to answer whether GLA exposure affects H3K4me3 and H3K27ac profiles of sperm and transcriptome of preimplantation embryos.



MATERIALS AND METHODS


Animals and Glufosinate-Ammonium Administration

C57BL/6J male mice aged 6–8 weeks (purchased from Animal Core Facility of Nanjing Medical University) were housed in a constant environment, and they were randomly divided into two groups either for the control (CON) or GLA treatment after 1-week acclimation. The CON group had free access to ultrapure water, while the GLA group was treated with GLA (purity ≥ 98.0%; Sigma-Aldrich, 45520) through drinking water at a dose of 0.2 mg/kg⋅day, which was equivalent to the acceptable daily intake (ADI) of 0.01 mg/kg (JMPR, 2012) after conversion from human to mice (Nair and Jacob, 2016) and consistent with our previous study (Ma et al., 2021). Glass bottles of drinking water were renewed twice a week to keep the dose constant. After a 5-week administration, these male mice were mated with super-ovulated DBA/2 female mice (purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd.) to obtain 4-cell embryos. GLA administration was continuous except during mating. Male mice were sacrificed for sperm collection once enough embryos were collected for further experiments. All animal procedures here were approved by the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical University (1811056–2).



Sperm Collection

After a successful mating within 1 week, male mice (n = 10 for each group) were sacrificed to collect mature sperm from bilateral cauda epididymidis as previously described (Sharma et al., 2016; Ma et al., 2021). Then, we counted 1,000 sperm under a microscope, and verified that the sperm purity was over 99.9%. Sperm from five mice were pooled as a biological replicate, and two biological replicates in each group were immediately subjected to the subsequent experiment.



CUT&Tag on Sperm and Library Preparation

To examine genome-wide H3K4me3 and H3K27ac enrichment on sperm DNA in the nucleus in situ, we performed chromatin profiling with CUT&Tag according to its latest protocol (Kaya-Okur et al., 2020). In brief, we permeabilized fresh sperm in ice-cold NE1 on ice for 10 min, followed by light crosslinking with formaldehyde to fix nuclei. Then, sperm nuclei bound to Concanavalin A-coated Magnetic Beads (Novoprotein Scientific Inc., N251). Next, H3K4me3 rabbit pAb (1:100; PTM BIO, PTM-613) and H3K27ac rabbit pAb (1:100; PTM BIO, PTM-116) were employed as primary antibodies for nuclei binding, and Goat Anti-Rabbit IgG H&L (1:100; Abcam, ab6702) was used to bind primary antibodies. After binding pG-Tn5 adapter complex (1:100, Vazyme, S602), tagmentation was conducted, followed by DNA extraction with Phenol:Chloroform. After library preparation by PCR amplification (Vazyme, TD202 and TD601), DNA products were purified with Ampure XP beads (Beckman Coulter, A63881). After DNA quantification and qualification, all libraries were sequenced using NovaSeq, 6000 (Illumina, United States) by Beijing Novogene Bioinformatics Technology Co., Ltd., China.



CUT&Tag Data Processing

We conducted CUT&Tag data processing according to a step-by-step protocol described previously (Henikoff et al., 2020). In brief, all paired-end CUT&Tag reads after trimming were aligned to the mm10 genome using Bowtie2 v2.4.4 (Langmead and Salzberg, 2012). All unmapped reads, non-uniquely mapped reads and PCR duplicates were removed. Then, peaks and enriched regions typically for CUT&Tag profiling were called with SEACR v1.3 (Meers et al., 2019). Noisy peaks with very weak signals were removed in further analysis.



4-Cell Embryo Collection

To induce superovulation, 3–4-week-old DBA/2 female mice were intraperitoneally administered 5 IU of PMSG, followed by injection of 5 IU of hCG 48 h later. After injection of hCG, each female mouse was mated with one CON or GLA mice, and sacrificed 56 h after hCG administration to dissect its oviduct. Then, we flushed 4-cell embryos from oviducts with M2 medium. Embryos from three female mice were pooled as a biological replicate, and three biological replicates were contained in each group (n = 9). Embryos in M2 medium (at least 30 embryos in each replicate) were immediately used in the subsequent experiment.



RNA-Seq on 4-Cell Embryos and Library Preparation

To identify global mRNA transcripts in 4-cell embryos, we prepared cDNA library with Single Cell Full Length mRNA-Amplification Kit (Vazyme, N712) following manufacturer’s instructions. In brief, embryos in M2 medium were washed in PBS and transferred to sample buffer for lysis. Then, reverse transcription of mRNA transcripts was conducted to obtain full length cDNA. Products of cDNA amplification were purified with Ampure XP beads (Beckman Coulter, A63881). Library preparation was performed with TruePrep™ DNA Library Prep Kit V2 for Illumina (Vazyme, TD503) following manufacturer’s instructions. After DNA quantification and qualification, all libraries were sequenced using NovaSeq, 6000 (Illumina, United States) by Beijing Novogene Bioinformatics Technology Co., Ltd., China.



RNA-Seq Data Processing

After trimming, all RNA-seq reads were aligned to the mm10 genome using STAR v2.7.6a (Dobin et al., 2013; Bray et al., 2016). All unmapped reads, multi-mapped reads and PCR duplicates were removed. By using FeatureCounts (Liao et al., 2014), aligned reads were counted against gene model annotation (Gencode.vM27). Differentially gene expression analysis was performed with an R package DESeq2 v1.34.0 (Love et al., 2014) with negative binomial generalized linear models.

Then, we determined parent-of-origin of uniquely aligned reads with SNPsplit v0.5.0 (Krueger and Andrews, 2016), and then summarized all SNP-containing reads for each gene for allele-specific expression analyses. Likewise, differential gene expression analysis was computed with the DESeq2 R package v1.34.0. Only genes with RPKM > 1 in either group, P-value < 0.05, and FoldChange > 1.5 were considered as differentially expressed.



Bioinformatic Analysis

We merged replicates of each group for downstream analysis, normalized read counts into RPKM by counting the numbers of reads in each 100-bp bin and then summed these counts within each 2-kb window for the entire genome using deeptools2 v3.4.3 (Ramírez et al., 2016). Genome-wide visualization of CUT&Tag and RNA-seq signals were conducted with the Integrative Genomics Viewer (IGV). Additionally, R packages ChIPseeker v1.28.3 (Yu et al., 2015) and clusterProfiler v4.0.5 (Yu et al., 2012) were used for annotation and Gene Ontology (GO) enrichment analysis, respectively.




RESULTS


Cluster Characteristics of Integrated H3K4me3 and H3K27ac in CON Sperm

At first, we conducted CUT&Tag on sperm of the CON group and integrated H3K4me3 and H3K27ac data to display their physiological patterns (Figure 1). We performed genome-wide k-means clustering of H3K4me3 and H3K27ac regions, and then divided them into 4 clusters. As shown in Figure 1A-left, Cluster 1 to Cluster 4 are characterized by both strong signals, weak H3K4me3 and strong H3K27ac, strong H3K4me3 and weak H3K27ac, and both weak signals, respectively. Then, we categorized peaks of the first three clusters by their distances to the nearest transcription start sites (TSS) (Figure 1A-right). In general, the majority of peaks were located less than 1 kb from TSS, while those with strong H3K27ac signals in Cluster 2 were also found over 10 kb from TSS in intergenic regions.
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FIGURE 1. Cluster characteristics of integrated H3K4me3 and H3K27ac in CON sperm. (A) Heatmap (left) of k-means clustering of genome-wide H3K4me3 and H3K27ac signals ± 2.0 kb the center of H3K4me3 and H3K27ac regions in CON sperm, and bar graph (right) showing distribution of regions in Cluster 1–3 relative to the nearest transcription start site (TSS). For each cluster, genes were arranged in order of decreasing signals from top to bottom. (B–D) Selected significant pathways from Gene Ontology analysis on genes from Cluster 1 (B), Cluster 2 (C) and Cluster 3 (D) in CON sperm. (E–G) Integrative Genomics Viewer tracks showing H3K4me3 and H3K27ac signals on Jun (E) from Cluster 1, Cish (F) from Cluster 2 and Phlpp1 (G) from Cluster 3 in CON and GLA sperm.


To enable functional interpretation of distinct patterns of H3K4me3 and H3K27ac, we annotated peaks in Cluster 1–3 to their nearest genes and identified biological pathways by GO enrichment analysis (Supplementary Table 1). Results showed that genes with overlapped H3K4me3 and H3K27ac signals were mainly enriched in pathways such as myeloid cell differentiation, negative regulation of phosphorylation and autophagy (Figure 1B). Those predominantly bearing abundant H3K27ac were enriched in pathways including GTPase signaling transduction and actin filament organization (Figure 1C). In addition, those with strong H3K4me3 signals in Cluster 3 were primarily enriched in mRNA and protein processing and chromosome organization (Figure 1D).

Next, we integrated H3K4me3 of CON and GLA sperm into one track, as well as H3K27ac of the two groups, and then zoomed in representative regions of these three clusters (Figures 1E–G). We found that overall GLA sperm had quite similar H3K4me3 and H3K27ac patterns with CON, while moderate intensity changes could still be observed in specific genomic loci such as decreased H3K4me3 in Phlpp1 promoter of GLA sperm.



Glufosinate-Ammonium-Induced H3K4me3 and H3K27ac Alterations in Mouse Sperm

To assess whether GLA exposure would alter global profiles of H3K4me3 and H3K27ac in mouse sperm, we further analyzed their sequencing data separately. As for H3K4me3, Pearson correlation analysis showed that the correlation coefficients of H3K4me3 between each two replicates of CON and GLA sperm were over 0.83 (Figure 2A). Then we compared H3K4me3 levels between two groups and found 414 significantly differential peaks with a P-value < 0.05 (Figures 2B,C and Supplementary Table 2). Increased H3K4me3 occupied regions were primarily distributed in promoters (81.08%) and distal intergenic regions (5.41%) (Figure 2D), while most of decreased H3K4me3 were also located in promoters (97.4%) (Figure 2E). According to results of GO enrichment analysis (Supplementary Table 2), genes like Fasn annotated by increased H3K4me3 were mainly enriched in biological pathways including cellular response to interleukin-4, hindbrain development and histone H3-K27 methylation (Figures 2F,H). For genes with decreased H3K4me3 levels, such as Chd9, were enriched in dephosphorylation, B cell differentiation, and RNA polymerase II preinitiation complex assembly related pathways (Figures 2G,I).
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FIGURE 2. GLA-induced H3K4me3 alterations in mouse sperm. (A) Correlation matrix showing Pearson correlation coefficient of H3K4me3 between replicates of CON and GLA sperm. (B) Selection of regions with P-value < 0.05. The black dashed line corresponds to the boundary of P-value = 0.05. (C) Violin plots showing increased and decreased H3K4me3 in GLA sperm. Two replicates in each group are in the same color. (D,E) Pie chart showing the genomic distribution of regions with increased (D) and decreased (E) H3K4me3 signals in GLA sperm. (F,G) Selected significant pathways from Gene Ontology analysis on genes with increased (F) or decreased (G) H3K4me3 signals in GLA sperm. (H) Integrative Genomics Viewer tracks showing increased H3K4me3 on Fasn in GLA sperm. (I) Integrative Genomics Viewer tracks showing decreased H3K4me3 on Chd9 in GLA sperm. Pink box indicates regions with differential H3K4me3 signals (P-value < 0.05).


Similarly, we did all these analyses on global H3K27ac level in sperm. All the Pearson correlation coefficients between each two replicates of CON and GLA sperm were over 0.90 (Figure 3A). In 12,560 differentially H3K27ac occupied regions (P-value < 0.05; Figure 3B and Supplementary Table 3), those with increased and decreased H3K27ac were analyzed separately (Figure 3C). Increased H3K27ac were mainly distributed in distal intergenic regions (44.31%) and introns (42.14%) (Figure 3D) while decreased H3K27ac were also primarily located in promoters (40.01%) and distal intergenic regions (17.44%) (Figure 3E). GO enrichment analysis (Supplementary Table 3) showed that gene with increased H3K27ac were mainly enriched in axonogenesis, synapse organization and learning or memory related pathways (Figure 3F), while those with decreased H3K27ac were enriched in pathways including protein autophosphorylation, myeloid cell differentiation, and regulation of chemotaxis (Figure 3G). IGV tracks showed representative deposition of increased H3K27ac in Gata4 (P-value = 0.0038; Figure 3H) and decreased deposition in Gyg (P-value = 8.12 × 10–7; Figure 3I).
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FIGURE 3. GLA-induced H3K27ac alterations in mouse sperm. (A) Correlation matrix showing Pearson correlation coefficient of H3K27ac between replicates of CON and GLA sperm. (B) Selection of regions with P-value < 0.05. The black dashed line corresponds to the boundary of P-value = 0.05. (C) Violin plots showing increased and decreased H3K27ac in GLA sperm. Two replicates in each group are in the same color. (D,E) Pie chart showing the genomic distribution of regions with increased (D) and decreased (E) H3K27ac signals in GLA sperm. (F,G) Selected significant pathways from Gene Ontology analysis on genes with increased (F) or decreased (G) H3K27ac signals in GLA sperm. (H) Integrative Genomics Viewer tracks showing increased H3K27ac on Gata4 in GLA sperm. (I) Integrative Genomics Viewer tracks showing decreased H3K27ac on Gyg in GLA sperm. Blue box indicates regions with differential H3K27ac signals (P-value < 0.05).


Taken together, GLA exposure alters H3K4me3 and H3K27ac profiles in mouse sperm, and their differentially occupied regions are distinct on genomic distribution and biological pathways.



Differential Sperm mRNA Transcripts in Connection With H3K4me3 and H3K27ac Alterations in Glufosinate-Ammonium Sperm

To better comprehend the alterations happened in GLA sperm, we integrated and analyzed H3K4me3 and H3K27ac profiles with sperm RNA-seq data from our previous study (Ma et al., 2021). RNA-seq data showed that a majority of detectable mRNA transcripts were decreased in GLA sperm (Figure 4A). GO enrichment analysis indicated distinct biological pathways involving these differentially expressed genes, such as ribonucleotide biosynthetic and metabolic process in up-regulated pathways (Figure 4B) as well as synapse, axonogenesis and dendrite development in down-regulated pathways (Figure 4C). Given the positive correlation between these two active epigenetic marks and gene transcription, we hypothesized that GLA induced H3K4me3 and H3K27ac alterations would somewhat demonstrate those differentially expressed genes in sperm. Of the 22 up-regulated genes in sperm, only one overlapped with H3K4me3 increased regions, and 4 overlapped with H3K27ac increased regions, including Phkg2 (Figure 4D-left). Then we zoomed our IGV plot of sperm H3K4me3, H3K27ac and mRNA tracks in the Phkg2 locus, and found increased deposition of both H3K4me3 and H3K27ac (P-value = 0.0204) at its promoter, which was concordant with increased mRNA transcripts on the gene body (P-value = 6.97 × 10–5; Figure 4E). Similarly, of the 58 down-regulated genes, there were 10 overlapping with H3K27ac decreased regions, and none of them overlapped with H3K4me3 decreased regions alone (Figure 4D-right). Interestingly, there was one gene occupied by both decreased H3K4me3 and H3K27ac, namely Hsd17b11. We found markedly decreased H3K4me3 (P-value = 0.0034) and H3K27ac (P-value = 0.0428) were distributed at the promoter region of Hsd17b11, which might account for the significant decline of mRNA transcripts (P-value = 0.0006; Figure 4F). It suggested that differential sperm mRNA transcripts were linked to alterations of H3K4me3 and H3K27ac profiles in GLA sperm.
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FIGURE 4. Differential sperm mRNA transcripts in connection with H3K4me3 and H3K27ac alterations in GLA sperm. (A) Heatmap of normalized mRNA transcripts in CON and GLA sperm (n = 10, data from Ma et al., 2021). (B,C) Selected significant pathways from Gene Ontology analysis on up-regulated (B) or down-regulated (C) genes in GLA sperm. (D) Venn diagram showing the number of regions with different mRNA transcripts levels in GLA sperm that overlap regions with altered H3K4me3 and H3K27ac levels. Left, up-regulated regions overlapping regions with increased H3K4me3 and H3K27ac. Right, down-regulated regions overlapping regions with decreased H3K4me3 and H3K27ac. (E) Integrative Genomics Viewer tracks showing up-regulated Phkg2 integrating with H3K4me3 and H3K27ac signals in GLA sperm. (F) Integrative Genomics Viewer tracks showing down-regulated Hsd17b11 integrating with H3K4me3 and H3K27ac signals in GLA sperm. Pink box indicates regions with differential H3K4me3 signals (P-value < 0.05). Blue box indicates regions with differential H3K27ac signals (P-value < 0.05). Dashed box indicates regions with slightly differential histone methylation signals.




Differential Gene Expression in 4-Cell Embryos in Connection With H3K4me3 and H3K27ac Alterations in Glufosinate-Ammonium Sperm

Considering the contribution of paternal chromosome to the embryonic development, we hypothesized that GLA exposure induced sperm H3K4me3 and H3K27ac alterations might associate with aberrant gene expression in preimplantation embryos. Thus, we collected 4-cell embryos as a critical period after fertilization and performed RNA-seq to measure transcriptomic profiles in 4-cell embryos. It was revealed that 37 genes were significantly up-regulated and 53 genes were significantly down-regulated in GLA embryos (Figure 5A and Supplementary Table 4). GO analysis (Supplementary Table 4) showed that those up-regulated genes were mainly enriched in biological pathways including mRNA splicing and apoptotic signaling (Figure 5B), while down-regulated genes were predominantly enriched in leukocyte homeostasis and mononuclear cell migration related pathways (Figure 5C). Then we used Venn diagram to check whether GLA sensitive H3K4me3 and H3K27ac regions in sperm overlapped with those differentially expressed genes in 4-cell embryos. We found that of the 37 up-regulated genes, only 8 overlapped with increased sperm H3K27ac, including Mgl2 (Figures 5D-left,E). Similarly, of the 53 down-regulated genes in 4-cell embryos, only 9 genes overlapped with decreased H3K27ac signals in sperm, such as Dcn (Figure 5D-right,F). The Dcn profile showed a significantly declined H3K27ac deposited at its putative enhancer (P-value = 0.0040), and H3K4me3 signals at the promoter were also reduced in sperm. Overall, these overlapping regions indicated that paternal GLA exposure caused differential gene expression in 4-cell embryos, which might be associated with H3K4me3 and H3K27ac alterations in GLA sperm.
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FIGURE 5. Differential gene expression in 4-cell embryos in connection with H3K4me3 and H3K27ac alterations in GLA sperm. (A) Heatmap of normalized gene expression levels in CON and GLA 4-cell embryos. (B,C) Selected significant pathways from Gene Ontology analysis on up-regulated (B) or down-regulated (C) genes in GLA 4-cell embryos. (D) Venn diagram showing the number of regions with different gene expression levels in GLA 4-cell embryos that overlap regions with altered H3K4me3 and H3K27ac levels in GLA sperm. Left, up-regulated regions overlapping regions with increased H3K4me3 and H3K27ac. Right, down-regulated regions overlapping regions with decreased H3K4me3 and H3K27ac. (E) Integrative Genomics Viewer tracks showing up-regulated Mgl2 in 4-cell embryos integrating with H3K4me3 and H3K27ac signals in GLA sperm. (F) Integrative Genomics Viewer tracks showing down-regulated Dcn integrating with H3K4me3 and H3K27ac signals in GLA sperm. Blue box indicates regions with differential H3K27ac signals (P-value < 0.05). Dashed box indicates regions with slightly differential histone methylation signals.




Differentially Parental-Origin Gene Expression in 4-Cell Embryos in Connection With H3K4me3 and H3K27ac Alterations in Glufosinate-Ammonium Sperm

By identifying differential gene expression in 4-cell embryos induced by paternal GLA exposure, it aroused our interest on whether these differences occurred at the paternal or the maternal alleles. To figure out such the problem, we assigned RNA-seq reads to its parent-of-origin by examining their single nucleotide polymorphisms (SNPs) derived from C57BL/6J male mice or DBA/2 female mice. As shown in Figure 6A, there were 5 significantly down-regulated and 4 significantly up-regulated paternal-origin genes (P-value < 0.05; Supplementary Table 5). We integrated histone modifications in sperm with biparental gene expression in 4-cell embryos, and found genes like Usp36 and Zfp81 were significantly down-regulated on paternal allele (Usp36: P-value = 1.52 × 10–5; Zfp81: P-value = 1.89 × 10–7) and almost unchanged on maternal allele in GLA 4-cell embryos, which might be regulated by decreased H3K4me3 and H3K27ac at their promoters in sperm (Figure 6B). As for maternal-origin genes, only 3 of them were significantly up-regulated, and other 17 genes were significantly down-regulated (P-value < 0.05; Figure 6C and Supplementary Table 5). Accordingly, we zoomed in integrated tracks of these genes and found that both of the Anxa1 and Sorl1 kept paternally silenced but significantly down-regulated in maternal allele (Anxa1: P-value = 0.0001; Sorl1: P-value = 0.0003), which were concordant with decreased H3K4me3 and H3K27ac at their promoters in sperm (Figure 6D). Taken together, we found that differentially occupied H3K4me3 and H3K27ac in sperm induced by GLA exposure were linked to gene expression changes in both paternal and maternal alleles of 4-cell embryos.
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FIGURE 6. Differentially parental-origin gene expression in 4-cell embryos in connection with H3K4me3 and H3K27ac alterations in GLA sperm. (A) Heatmap of normalized mRNA transcripts of paternal alleles in CON and GLA 4-cell embryos. (B) Integrative Genomics Viewer tracks showing RNA transcripts of parental-specific alleles (Usp36 and Zfp81) in 4-cell embryos integrating with H3K4me3 and H3K27ac signals in GLA sperm. (C) Heatmap of normalized mRNA transcripts of maternal alleles in CON and GLA 4-cell embryos. (D) Integrative Genomics Viewer tracks showing RNA transcripts of parental-specific alleles (Anxa1 and Sorl1) integrating with H3K4me3 and H3K27ac signals in GLA sperm. Dashed box indicates regions with slightly differential histone methylation signals.





DISCUSSION

As an emerging herbicide widespread in the environment, GLA and its metabolites have been detected in human biofluids such as serum (Aris and Leblanc, 2011) and urine (Bienvenu et al., 2021) samples, and it requires more evidence on its toxicity. In this study, we investigated genome-wide H3K4me3 and H3K27ac in sperm and transcriptome in preimplantation embryos to identify the potential hazard of GLA exposure, and integrated these sequencing data to find some clues on their association. Our study revealed that GLA exposure altered H3K4me3 and H3K27ac profiles in mouse sperm, which was linked to aberrant gene expression in preimplantation embryos.

Global profiles of sperm H3K4me3 and H3K27ac in CON mouse showed distinct distribution in genomic loci and biological pathways in each cluster. Sperm H3K4me3 is mainly distributed at developmental promoters (Hammoud et al., 2009), while H3K27ac is superior to identify super-enhancers (Hnisz et al., 2013) compared to other enhancer marks such as histone H3 lysine 4 monomethylation (H3K4me1), DNase hypersensitivity and p300. In this study, consistent with those in a physiological manner, differentially H3K4me3 and H3K27ac occupied regions in sperm induced by GLA exposure were mainly located at promoters and putative enhancers, respectively, which is concordant with their role as active promoter and enhancer marks (Calo and Wysocka, 2013). As for the number of differentially occupied regions, sperm H3K27ac seemed more sensitive than H3K4me3 to GLA exposure. According to GO analyses, both differentially occupied regions of sperm H3K4me3 and H3K27ac were enriched in biological pathways related to the immune system and nervous system, while those down-regulated genes in 4-cell embryos were also mainly enriched in immune-related pathways, indicating potential immune impairment in preimplantation embryos induced by paternal GLA exposure. Additionally, up-regulated genes in GLA sperm were primarily enriched in ribonucleotide biosynthetic and metabolic process. Given that glutamine is an indispensable substrate in ribonucleotide biosynthesis, we hypothesized that such pathway might be disturbed due to the structure similarity between glutamate and GLA.

Despite of some constantly changed genes in both sperm and embryos, most genes marked with active promoters in sperm are not expressed until the embryonic stage. For example, monovalent genes marked with H3K4me3 are mainly active in late spermatogenesis, while bivalent genes marked with H3K4me3 and H3K27me3 keep silence until embryonic development (Tomizawa et al., 2018). Though extensively inhibited, sperm retains the transcription complex composed of RNA polymerase II (RNAPII) and the mediator complex at about 60% promoters flanking nucleosomes deposited with H3K4me3 marks for immediate transcription after fertilization (Jung et al., 2019). Therefore, differentially occupied H3K4me3 and H3K27ac in sperm might be more related to gene expression changes in embryos than in sperm. At fertilization, protamine on paternal genome is immediately replaced by histones, and histone modifications are established followed by further reorganization in preimplantation embryos (Morgan et al., 2005). During that process, sperm H3K4me3 is erased in zygotes and then regained after zygotic genome activation (ZGA) in late 2-cell embryos in mouse (Zhang et al., 2016; Jung et al., 2019) and the mid-blastula transition (MBT) in zebrafish (Zhu et al., 2019). As reported by Lismer et al. (2021) altered H3K4me3 enrichment was inherited from sperm of the histone demethylase KDM1A transgenic mice to preimplantation embryos. In their subsequent study, diet-induced changes in sperm H3K4me3 were also transmitted into preimplantation embryos (Lismer et al., 2021). Additionally, a study comparing H3K4me3 profiles among sperm, preimplantation embryos and male gonad primordial germ cells showed that H3K4me3 marks within promoters of RNA splicing genes could escape two rounds of paternal reprogramming (Hao et al., 2021), which further proves the stability of H3K4me3 during the process of male reproduction and development.

When it comes to sperm H3K27ac, evidence becomes more limited. By immunostaining, the protein level of H3K27ac was similarly elevated both in sperm and embryos of zebrafish after paternal exposure to bisphenol A (BPA) (Lombó et al., 2019). Thus, it still needs further examination whether regions marked with H3K27ac in sperm could be inherited to embryos. Though we did not explore genome-wide profiles of H3K4me3 and H3K27ac in preimplantation embryos, transcriptome analysis indicated GLA altered embryonic gene expression. In addition, embryogenesis is a highly conserved process that involves cell fate decision. Many genes in early embryos have a dramatic impact on embryo development (Gardner and Lane, 2005; Leng et al., 2019) and offspring health (Shen et al., 2007; Zhao et al., 2013). Here we found that up-regulated genes in 4-cell embryos were mainly enriched in mRNA splicing related pathways, which reminded us the reprograming evasion of H3K4me3 marks mentioned above (Hao et al., 2021). By contrast, down-regulated genes were mostly enriched in immune related pathways. Therefore, such embryonic gene expression induced by paternal GLA exposure might threaten embryo development and offspring health, which requires further investigation.

Interestingly, we found differentially expressed genes in both paternal and maternal alleles of preimplantation embryos induced by paternal GLA exposure. Evidence reporting similar situation is quite limited even when it comes to lifestyle or other environmental stress, and its mechanism still remains unknown. Meanwhile, such differentially parental-origin gene expression caused non-canonical genomic imprinting in GLA embryos. For example, paternal GLA exposure newly generated a maternally expressed profile of Zfp81 (Figure 6B), and made that of Anxa1 disappeared (Figure 6D). Given to the crucial role of genomic imprinting in embryo and placenta development, fetus and neonate growth, as well as neurological behaviors and metabolism in adult offspring (Anckaert et al., 2013), differentially parental-origin gene expression in 4-cell embryos induced by GLA exposure might lead to unknown health risks in offspring developmental periods.



CONCLUSION

By examining genome-wide profiles of sperm H3K4me3 and H3K27ac, together with embryonic gene expression, we concluded that GLA exposure altered sperm H3K4me3 and H3K27ac. Most of them were distributed at gene promoters and enhancers and enriched in the immune and nervous system related pathways. Additionally, GLA exposure disrupted biparentally immune-related gene expression in preimplantation embryos, which was associated with sperm H3K4me3 and H3K27ac profile changes. Though it still needs further investigation on whether these changes in sperm H3K4me3 and H3K27ac persist in preimplantation embryos, alterations in embryonic gene expression observed in our study sounded the alarm for potential adverse impact of paternal GLA exposure on embryo development and offspring health.
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Spermatogonia are the source of spermatogenic waves. Abnormal spermatogonia can cause ab-normal spermatogenic waves, which manifest as spermatogenic disorders such as oligospermia, hypospermia, and azoospermia. Among them, the self-renewal of spermatogonia serves as the basis for maintaining the process of spermatogenesis, and the closely regulated balance between self-renewal and differentiation of spermatogonia can maintain the continuous production of spermatozoa. Tet methylcytosine dioxygenase 1(TET1) is an important epitope modifying enzyme that catalyzes the conversion of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), thereby causing the methylation of specific genes site hydroxylation, enabling the DNA de-methylation process, and regulating gene expression. However, the hydroxymethylation sites at which TET1 acts specifically and the mechanisms of interaction affecting key differential genes are not clear. In the present study, we provide evidence that the expression of PLZF, a marker gene for spermatogonia self-renewal, was significantly elevated in the TET1 overexpression group, while the expression of PCNA, a proliferation-related marker gene, was also elevated at the mRNA level. Significant differential expression of SP1 was found by sequencing. SP1 expression was increased at both mRNA level and protein level after TET1 overexpression, while differential gene DAXX expression was downregulated at protein level, while the expression of its reciprocal protein P53 was upregulated. In conclusion, our results suggest that TET1 overexpression causes changes in the expression of SP1, DAXX and other genes, and that there is a certain antagonistic effect between SP1 and DAXX, which eventually reaches a dynamic balance to maintain the self-renewal state of spermatogonia for sustained sperm production. These findings may contribute to the understanding of male reproductive system disorders.
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INTRODUCTION

According to research estimates, approximately 8–12% of couples worldwide are deeply affected by infertility, with approximately 50% of infertility being due to problems with the male partner (Minhas et al., 2021). The presence of male infertility may be associated with impaired sperm production due to congenital, genetic, or idiopathic factors (Vander Borght and Wyns, 2018). There is relevant evidence that when a mother conceives, the health status of the father at this time can influence the level of reproductive health of the offspring through the inheritance of epigenetic modifications (Craig et al., 2017). Epigenetic modifications play an important role in germ cell function and post-fertilization embryonic development. In order to form terminally differentiated spermatozoa and promote the totipotency of fertilized eggs, these epigenetic modifications must be precisely regulated. Male infertility or early embryonic dysplasia may be associated with reproductive disorders resulting from epigenetic alterations associated with the male reproductive process (Liu et al., 2019). Epigenetic modifications can be involved in the spermatogenesis process and affect the fate of spermatogonia by regulating reproduction-specific genes. Self-renewal is fundamental to maintaining the spermatogenesis process, and abnormal self-renewal of spermato-gonia leads to reduced stability, causing decreased fertility, which eventually manifests as testicular atrophy or even infertility (Zheng et al., 2016).

The DNA hydroxymethylase TET1 is an important epitope-modifying enzyme (Ross and Bogdanovic, 2019). The TET1 protein possesses a catalytic structural domain with α-ketoglutarate (α-KG) and Fe2+ binding sites near the carbon terminus, a cyste-ine-rich region in front of the catalytic structural domain, and a CXXC structural domain with recognition function near the nitrogen terminus (Rasmussen and Helin, 2016), which can be directly recognized and bound to DNA to facilitate recruitment of genomic targets (Zhang et al., 2010). TET1 can catalyze the conversion of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), which can further be converted to 5-formylcytosine (5fC) and 5 carboxycytosine (5caC). It is then recognized and excised by thymine—DNA glycosylase (TDG) and subsequently converted to cyto-sine via the base excision repair pathway (BER), which hydroxylates the methylation sites of specific genes, thus enabling the process of DNA demethylation and regulation of gene expression (Lio et al., 2019). Also, the hydroxylation product 5hmC can regulate gene transcription through its own recruitment (Cui et al., 2020). Localization distribution analysis at the genome-wide level revealed that TET1 and its hydroxylation product 5hmC are mainly distributed in many promoters, exons, transcription initiation regions and other important locations, which also suggests that TET1-mediated demethylation is closely linked to gene transcriptional activity (Wu and Morris, 2001; Wu et al., 2011).

Sp1 transcription factor (SP1) is a known member of the transcription factor family that also includes SP2, SP3, and SP4, which are involved in a variety of important biological processes (Peng et al., 2020). The structure of SP1 possesses three highly homologous C2H2 regions that feature direct binding to DNA and therefore enhance the transcriptional activity of genes (Memon and Lee, 2018). The SP family has a highly conserved DNA-binding structural domain (C-terminal structural domain), while the N-terminal region varies, so it is through this structural domain that many transcription factors regulate gene transcription (Zhang et al., 2013). The proteins encoded by SP1 can be involved in many cellular processes, such as cell growth, cell differentiation, apoptosis, immune response, chromatin remodeling, and DNA damage (Xu et al., 2019). Interestingly, SP1 not only initiates transcription but also has a regulatory role in activating or repressing processes (Vellingiri et al., 2020). It has been found that SP1 can activate gene transcription in many cells, and the promoter regions of these activated genes contain abundant GC binding sites (Vizcaíno et al., 2015). SP1 target genes are mainly involved in cell proliferation as well as tumorigenesis (Guo et al., 2019). Previous studies have found that the SP family is commonly over-expressed in certain human cancers and therefore is often considered as a negative prognostic factor (Beishline and Azizkhan-Clifford, 2015). When SP1 is overexpressed, it can contribute to the malignant phenotype of various human cancers by upregulating a number of genes associated with proliferation, invasion and metastasis, as well as certain genes with stem-ness and chemoresistance, resulting in a negative prognosis (Dupuis-Maurin et al., 2015).

The biological functions of DAXX (death domain associated protein) are complex. Previous studies have found a noteworthy commonality among various cancers in that DAXX is overexpressed in a variety of cancers and its possible association with tumorigenesis, disease progression and treatment resistance (Mahmud and Liao, 2019). DAXX was identified in 1997 as a regulator of FAS-binding protein and Jun N-terminal kinase (JNK)-mediated cell death (Yang et al., 1997; Chang et al., 1998). DAXX is almost ubiquitous in human tissues and its role in embryonic development is also crucial (Bogolyubova and Bogolyubov, 2021). DAXX can bind to a variety of DNA through transcription factors (TFs), chromatin-associated proteins, core histones, epigenetic regulators, etc., to regulate gene expression as transcriptional co-repressors or co-activators (Ivanauskiene et al., 2014; Nye et al., 2018; Wasylishen et al., 2018; Heaphy et al., 2020).

Previous studies have found that TET1 can participate in the spermatogenesis process and affect the self-renewal and proliferation of spermatogonial stem cells (SSCs; Zheng et al., 2016), but the hydroxymethylation sites of TET1 specific action and the mechanism of interactions affecting key differential genes are not clear. Therefore, in this study, by over-expressing TET1 in spermatogonia and discovering the differential methylation sites of TET1 hydroxylation by sequencing, and combining with mRNA level and protein level analysis, we further explain the epigenetic regulation mechanism of TET1 on spermatogonia self-renewal from the epigenetic level, which provides scientific basis for studying spermatogenesis, revealing the causes leading to spermatogenic disorders, and elucidating the mechanism of this will provide important scientific clues for the study of spermatogenesis, reveal the causes of spermatogenesis disorder, and elucidate its mechanism, and provide important scientific clues for cytogenetic treatment of male infertility.



MATERIALS AND METHODS


Cell Culture and Plasmid Transfection

Mouse spermatogonia GC-1 cells were used for cell culture, complete medium was made by adding 10% fetal bovine serum (FBS) to the basal medium DMEM of Hyclone, and cells were cultured in a humidified environment containing 5% carbon dioxide at 37°C. Passage was performed every 3 days. At the time of passage, digestion was stopped by adding complete medium containing serum after digestion with trypsin digestion solution (Beyotime) containing.25% trypsin and.02% ethylene diamine tetraacetic acid (EDTA) for 2 min. When the Mouse spermatogonia GC-1 cells were cultured with the density of 75%, fresh DMEM consisted of FBS and other supplements were replaced. 30 min later, Lipofectamine 3000 reagent (Thermo) and plasmid (MYC and MYC-TET1) were, respectively, co-incubated with a volume V(MYC) = (2,500 ng/600 ng/ul) and V(MYC-TET1) = (2,500 ng/800 ng/ul) at room temperature for 15 min, then added to the medium and blended them. 12 h later, fresh DMEM contained all the supplements were replaced.



After 24–48 h Transfection, the Transfected Cells Were Collected for Subsequent Analysis. Real-Time Reverse Transcriptase Polymerase Chain Reaction

Twenty-four hours after cell transfection, transfected cells were collected, with Trizol (Thermo) Total RNA was purified and purified with cDNA was synthesized by a reverse transcription kit (SPARKscript II RT Plus Kit), followed by the use of SYBR Green qPCR Mix for SPARK and a fluorescence quantitative PCR instrument (ABI, QuantStudio6 Flex) Real-time reverse transcription-polymerase chain reaction (RT-PCR) was performed. GAPDH as a housekeeping gene for the normalization of gene expression. Primers were synthesized by Shanghai Shenggong. Primer pairs used in the experiments are listed in following Table 1.



TABLE 1. QRT-PCR primers.
[image: Table1]



Western Blot

After 48 h of cell transfection, transfected cells were collected. Proteins were extracted from transfected cells, and protein concentrations were determined with a BCA protein quantification kit (P0010S, Beyotime). Protein samples were denatured by 5% SDS-PAGE sample loading buffer, solubilized with 10% SDS-PAGE, and transferred to PVDF membranes. Detection was performed with β-actin (.5 ug/ml, GenScript#A00702S#Mouse) and anti-SP1 (1:1,000; Boster#A00110-1#Rabbit), anti-PLZF (1:1,000; Boster#PB1010#Rabbit), anti-GFRα1 (1:1,000; Boster#PB0199#Rabbit), anti-P53 (1:1,000; Bioworld#BS6437#Rabbit) and anti-DAXX (1:1,000; Bioworld#BS2411#Rabbit). Horseradish peroxidase-conjugated anti-rabbit (1:5,000, Boster#BA1054) and anti-mouse (1:10,000, Boster#BA1050) were used as secondary antibodies. The substrates were detected with a high-sensitivity ECL chemiluminescence kit (P0018S, Beyotime), and the results were analyzed with a Tanon-5200 automated gel imaging system.



Immunofluorescence Microscopy

Immunofluorescence staining of cells: cells cultured in vitro were washed twice with phosphate buffered saline (PBS), fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature, and washed twice with PBS for 5 min each time. The membrane was permeabilized with.1% TritonX-100 for 10 min at room temperature and then washed twice with PBS for 5 min. If the protein is a membrane protein, omit this step. After washing with PBS three times for 5 min each, they were blocked with 1% bovine serum albumin (BSA) for 1 h at room temperature and then incubated with SP1 primary antibody (1:500, Boster#A00110-1#Rabbit) overnight at 4°C. After three washes with PBS, they were incubated with the appropriate secondary antibody (DyLight 488, Goat Anti-rabbit IgG, Boster# BA1127) for 40 min at room temperature. After the slides were washed with PBS, 1 μg/ml of nucleic acid fuel DAPI (biosharp#BS097) was added. Images were captured using a Nikon inverted fluorescence microscope.



Transcriptome Sequencing and Protein Sequencing Data

The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession number GSE193717.1

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD030967.



Statistical Analysis

Data were expressed as means ± SD (n ≥ 3) and analyzed using GraphPad Prism 7 (GraphPad Software, San Diego, CA). Firstly, the data were verified to conform to normal distribution and homogeneity of variance. Comparison between two groups was analyzed using the t-test. Comparison among groups was analyzed using one-way ANOVA. If the data did not conform to normal distribution or homogeneity of variance, the rank-sum test was employed for the nonparametric analysis. Statistical significance was defined as p < .001(***), p < .01(**), or p < .05(*).




RESULTS


TET1 Overexpression Maintains Self-Renewal and Accelerates Proliferation of Spermatogonia

To identify the effect of TET1 overexpression on spermatogonia self-renewal and proliferation, we examined spermatogonia-specific related genes in the TET1 overexpression group and control cells, respectively. QRT-PCR results showed that the mRNA expression level of TET1 was significantly increased in TET1 overexpression cells (Figure 1A), and PLZF, which is related to spermatogonia self-renewal, had its mRNA level expression increased significantly (Figure 1B) and its protein level expression also increased to some extent (Figures 1F,G), the changes of mRNA expression level and protein level of GFRα1 were not obvious (Figures 1C,H,I), and the mRNA expression level of MAGE4 and PRDM1 decreased (Figures 1D,E), the above results indicate that TET1 has maintained the function of spermatogonia self-renewal.

[image: Figure 1]

FIGURE 1. Relative expression of specific genes in spermatogonial cells. (A) The mRNA expression of TET1 in spermatogonial cells was detected by QRT-PCR. (B) The mRNA expression of PLZF in spermatogonial cells was detected by QRT-PCR. (C) The mRNA expression of GFRα1 in spermatogonial cells was detected by QRT-PCR. (D) The mRNA expression of PRDM1 in spermatogonial cells was detected by QRT-PCR. (E) The mRNA expression of MAGE4 in spermatogonial cells was detected by QRT-PCR. (F) The expression of PLZF in TET1 overexpressed cells was detected by Western Blot. (G) Quantification of PLZF protein levels in TET1 overexpressed cells. (H) The expression of GFRα1 in TET1 overexpressed cells was detected by Western Blot. (I) Quantification of GFRα1 protein levels in TET1 overexpressed cells. p < .0001(****), p < .001(***), p < .01(**), p < .05(*).


Although the mRNA expression levels of Cylin A and Cylin E, which are related to the cell cycle, were somewhat decreased in TET1 overexpression cells (Figures 2B,C), the expression of PCNA, a gene specific for cell proliferation, was significantly increased at the mRNA level (Figure 2A). At the protein level, the expression level of PCNA decreased (Figures 2D,E), indicating that TET1 overexpression enhanced cell transcription and favored cell proliferation. The mRNA expression levels of VASA, DAZL, and C-KIT, which are associated with spermatogonial differentiation, were all increased to some extent (Figures 3A–C), indicating that TET1 can promote spermatogonial differentiation. All the above results indicate that TET1 overexpression can maintain the self-renewal state of spermatogonia, which leads to enhanced cell transcription and facilitates cell proliferation and differentiation.

[image: Figure 2]

FIGURE 2. Relative expression of specific genes in spermatogonial cells. (A) The mRNA expression of PCNA in spermatogonial cells was detected by QRT-PCR. (B) The mRNA expression of Cylin A in spermatogonial cells was detected by QRT-PCR. (C) The mRNA expression of Cylin E in spermatogonial cells was detected by QRT-PCR. (D) The expression of PCNA in TET1 overexpressed cells was detected by Western Blot. (E) Quantification of PCNA protein levels in TET1 overexpressed cells. p < .0001(****), p < .001(***), p < .01(**), p < .05(*).


[image: Figure 3]

FIGURE 3. Relative expression of specific genes in spermatogonial cells. (A) The mRNA expression of VASA in spermatogonial cells was detected by QRT-PCR. (B) The mRNA expression of DAZL in spermatogonial cells was detected by QRT-PCR. (C) The mRNA expression of C-KIT in spermatogonial cells was detected by QRT-PCR. p < .001(***), p < .01(**), p < .05(*).




Analysis of Global mRNA Levels After TET1 Overexpression

To identify the dynamic changes in the overall mRNA levels in spermatogonia after TET1 gene overexpression, we examined TET1 overexpression cells and control cells by RNA-seq and QRT-PCR techniques. We used differential multiplicity FC > =2 or FC < = .5 (that is, the absolute value of log2FC > = 1) and value of p<.05 as the criteria, and the genes thus screened were differentially expressed genes (DEGs). The sequencing results showed that there were 455 differentially expressed genes, of which 195 genes were upregulated at the mRNA level and 260 genes were downregulated at the mRNA level (Figure 4A). Using GO analysis, we found that genes involved in transcriptional regulation were significantly enriched in TET1 overexpressing spermatogonia (Figure 4B). This result suggests that TET1 overexpressing cells are more conducive to cellular transcription than control cells, resulting in enhanced cellular activity.
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FIGURE 4. Sequencing results of 36 h transcriptome of TET1 overexpression group and control group. (A) Transcriptome 36 h differential gene volcano map. The abscissa represents the differential expression multiple changes of genes in different samples. The ordinate represents the statistical significance of changes in gene expression levels. Red represents significantly upregulated differentially expressed genes, blue represents significantly downregulated differentially expressed genes, and gray dots represent nonsignificantly differentially expressed genes. (B) Histogram of GO enrichment of differential genes.




SP1 and DAXX Co-regulate Self-Renewal of Spermatogonia

After determining the fluctuating changes in overall mRNA levels after TET1 overexpression, we analyzed the 195 upregulated differential genes and found that SP1 was significantly different (Figure 4A). QRT-PCR results showed that the mRNA level expression of SP1 increased after TET1 overexpression (Figure 5A), and WB detection revealed that SP1 was also expressed at the protein level (Figures 5B,C), and then we performed immunofluorescence staining of the cells and found that the level of SP1 protein was significantly increased in the TET1 overexpressed cells (Figures 6A,B), indicating an increase in cell viability. The above results indicated that TET1 overexpression upregulated the SP1 expression level, accelerated the gene transcription of the cells, and facilitated cell proliferation. Subsequently, we analyzed among 260 downregulated differential genes and found that DAXX was also significantly differential (Figure 4A), and WB detection of DAXX and its downstream P53 revealed that DAXX and P53 were somewhat decreased in protein level expression (Figures 5D–G), which was consistent with the previous RNA sequencing results. The above results suggest that there may be some connection between SP1 and DAXX and P53, and that DAXX co-regulates transcription and affects cell proliferation by binding to transcription factor SP1, epigenetic modifiers and chromatin remodelers.
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FIGURE 5. mRNA and protein levels of TET1 and MYC-TET1 cells were detected. (A) The mRNA expression of SP1 in spermatogonial cells was detected by QRT-PCR. (B) The expression of SP1 in TET1 overexpressed cells was detected by Western Blot. (C) Quantification of SP1 protein levels in TET1 overexpressed cells. (D) The expression of DAXX in TET1 overexpressed cells was detected by Western Blot. (E) Quantification of DAXX protein levels in TET1 overexpressed cells. (F) The expression of P53 in TET1 overexpressed cells was detected by Western Blot. (G) Quantification of P53 protein levels in TET1 overexpressed cells. p < .0001(****), p < .001(***), p < .01(**), p < .05(*).
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FIGURE 6. Immunofluorescence staining of SP1 in overexpressed and control cells cultured in vitro. (A) Immunofluorescence staining of SP1 in overexpressed cells (MYC-TET1) cultured in vitro. (B) Immunofluorescence staining of SP1 in control cells (MYC) cultured in vitro.




SP1-DAXX-TET1 Affect Self-Renewal of Spermatogonia via NF-Kappa B Signaling Pathway

We performed protein sequencing on TET1 overexpression cells and control cells, and KEGG analysis revealed a significant enrichment of differentially expressed genes in the NF-kappa B signaling pathway, suggesting a possible co-regulation of the NF-kappa B signaling pathway (Figure 7A). Subsequently, we found multiple protein interaction patterns between significantly differentially expressed genes in the protein interaction network map (Figures 7B–D), and analysis in connection with the KEGG signaling pathway revealed that in the apoptotic signaling pathway, DAXX affects the expression of P53 by regulating downstream Jun, thus playing a pro-apoptotic role, while our transcriptome sequencing results showed that DAXX is expressed in TET1 over expression was downregulated in TET1-overexpressing cells, leading to attenuation of the pro-apoptotic effect, which may be related to the inhibition of NFKB1 that accompanies the apoptotic signaling pathway, which promotes cell survival, and transcriptome sequencing results also showed upregulation of NFKB1 expression. Secondly, we also found that SP1 was highly expressed in TET1 overexpressing cells. SP1 and its reciprocal protein CDK9 jointly regulate the transcriptional signaling pathway, and high expression of CDK9 affects its downstream KLF3, PBX3 and UTX, playing a differentiation inhibitory, pro-proliferative role. The above results suggest that there may be some antagonistic effect between SP1 and DAXX, and finally reach a dynamic balance to maintain the self-renewal of spermatogonia.
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FIGURE 7. Protein sequencing analysis and protein interaction analysis. (A) KEGG enrichment analysis. (B) Protein Interaction Analysis of SP1. (C) Protein Interaction Analysis of DAXX. (D) Protein Interaction Analysis of SP1 and DAXX.





DISCUSSION

In this study, we determined the differential methylation sites of TET1 hydroxylation by overexpression of TET1 in spermatogonia, and combined with mRNA level and protein level analysis to further explain the regulatory mechanism of TET1 on spermatogonia self-renewal at the epigenetic level. Studies on TET1 in recent years have focused on cancer, with generally low 5hmC expression levels in patients with breast, lung, liver, gastric and pancreatic cancers, suggesting that downregulation of TET1 expression may contribute to cancer and that TET1 plays a tumor suppressive role in epigenetic modifications (Cimmino et al., 2015; Park et al., 2016; Pei et al., 2016; Collignon et al., 2018; Wu et al., 2019; Zhang et al., 2019). Moreover, TET1 can function in different cell types through different regulatory pathways (Hill et al., 2018; Damal Villivalam et al., 2020; Li et al., 2020; Smeriglio et al., 2020). Previous studies have found that TET and its intermediate 5hmC can affect male spermatogenesis through epigenetic modifications and have a crucial role in maintaining spermatogenesis (Ni et al., 2016). TET1 expression levels decline with age and TET1 is also associated with reduced fertility (Huang et al., 2020).

We examined spermatogonia-specific genes at mRNA level and protein level after TET1 overexpression and found that PLZF, a gene related to self-renewal, was upregulated at both mRNA level and protein level, indicating that TET1 has the function of maintaining spermatogonia self-renewal. The mRNA expression levels of Cylin A and Cylin E associated with cell cycle were somewhat decreased, but the expression of PCNA, a gene specific for cell proliferation, was significantly increased at the mRNA level, suggesting that TET1 overexpression did not exactly promote cell proliferation, but rather enhanced cell transcription. The mRNA expression levels of VASA, DAZL, and C-KIT, which are associated with spermatogonia differentiation, were all increased to some extent, indicating that TET1 can promote spermatogonia differentiation. All of these results verified that epigenetic modifications of TET1 play a key role in spermatogenesis and can maintain normal spermatogenesis (Zheng et al., 2016).

Subsequently, we further sequenced TET1 overexpression cells and control cells, and our analysis revealed a total of 455 differentially expressed genes, of which 195 genes were upregulated in expression at the mRNA level and 260 genes were downregulated at the mRNA level. We then used GO enrichment analysis to find that genes involved in transcriptional regulation were significantly enriched in TET1 over-expressing spermatogonia. This result suggests that TET1 overexpressing cells are more conducive to cellular transcription and thus enhanced cellular activity compared to control cells. Among these differentially upregulated genes, we found a significant upregulation of SP1, the SP family that includes SP1, SP2, SP3 and SP4, which function in various important biological processes and have been shown to have biological importance in cell growth, differentiation, apoptosis and oncogenesis (Vizcaíno et al., 2015). SP1 target genes are mainly involved in cell proliferation and tumorigenesis (Safe and Abdelrahim, 2005; Wierstra, 2008). In contrast, in previous experiments, we found that TET1 did not lead to a single proliferation due to high SP1 expression, but achieved a dynamic balance of proliferation, suggesting that SP1 may activate or repress the expression of some genes related to essential cellular functions. Our review of the literature shows the extreme complexity of SP1 function. SP1 not only activates, it also represses the expression of some essential oncogenes and tumor suppressors, and SP1 regulates some genes related to essential cellular functions, such as proliferation, differentiation, apoptosis, senescence, DNA damage response and angiogenesis. SP1 is also importantly associated with inflammation, genomic instability, and epigenetic silencing (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011). We subsequently found significant downregulation of DAXX in differentially regulated genes. The biological function of DAXX is complex. Previous studies have identified a common denominator of interest in various cancers, namely that DAXX is overexpressed in a variety of cancers and its possible association with tumorigenesis, disease progression, and treatment resistance. DAXX can regulate transcription by binding to transcription factors, chromatin remodelers, and epigenetic modifiers. Their interactions can even directly affect apoptosis and cell signaling (Mahmud and Liao, 2019). Subsequently, we found that both SP1 and DAXX are proteins that interact with P53 through protein interaction analysis. A previous study showed that SP1 is a key factor in P53-mediated apoptosis (Li et al., 2014). Genome-wide analysis of the chromatin occupied by P53 and parallel analysis of gene expression have identified SP1 as one of the P53 regulators specific for P53-mediated transcriptional responses in the induction of apoptosis in tumor cells (Nikulenkov et al., 2012). Previous studies have identified a potential role of DAXX in the transcriptional, apoptotic and negative regulation of the P53 oncogenic pathway (Wasylishen et al., 2018). We sequenced proteins from TET1 overexpressing cells and control cells, and KEGG analysis revealed a significant enrichment of differentially expressed genes in the NF-kappa B signaling pathway and an overall upregulation of gene expression, suggesting that the NF-kappa B signaling pathway may be synergistically regulated. In the apoptotic signaling pathway, DAXX affects the expression of P53 by regulating downstream Jun, thus acting as a proapoptotic agent, while our transcriptome sequencing results showed that DAXX expression was downregulated in TET1 overexpressing cells, leading to a diminished pro-apoptotic effect, which may be related to the inhibition of NFKB1 that accompanies the apoptotic signaling pathway. KEGG analysis showed that NFKB1 could promote cell survival, and transcriptome sequencing results also showed upregulation of NFKB1 expression. Subsequently, we found that SP1 was highly expressed in TET1 overexpressing cells and that SP1 co-regulates the transcriptional signaling pathway with its counterpart, CDK9. CDK9 high expression affects its downstream KLF3, PBX3 and UTX, acting to inhibit differentiation and promote proliferation. We speculate that there may be some antagonistic effect between SP1 and DAXX, which eventually reaches a dynamic balance to maintain the self-renewal state of spermatogonia.

In summary, our results indicate that TET1 maintains self-renewal of mouse spermatogonia and facilitates cellular transcription, enhancing cellular activity, and we have identified key differential genes affected by the specific effects of TET1 and the mechanisms of interaction between these key differential genes, providing a scientific basis for studying spermatogenesis, revealing the causes of spermatogenic disorders, and elucidating their mechanisms, which may contribute to the understanding of male reproductive disorders.
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Background

Obstructive sleep apnea (OSA) is a common and severe social problem. Erectile dysfunction (ED) is an important health concern. The prevalence of OSA with ED is increasing, which significantly affects the quality of life and work efficiency of patients. However, the mechanism underlying the comorbidity of these two diseases remains unclear.



Objectives

(1) Investigate the prevalence of OSA with ED; (2) analyze the correlation between OSA and ED; and (3) explore the treatment response to and possible mechanism of uvulapalatopharyngoplasty (UPPP) in patients with OSA and ED. This study aims to provide a theoretical basis for the clinical diagnosis and comprehensive treatment of OSA with ED and improve prevention and treatment strategies.



Materials and Methods

In total, 135 subjects were enrolled in the study. Clinical data, polysomnography, the ESS score, Beck anxiety score, Beck depression score, IIEF-5 score and ASEX score were recorded before UPPP and 6 months after UPPP. Sex hormones were measured for all subjects using a Roche electrochemiluminescence analyzer.



Result

The prevalence of OSA with ED was 64.52%, and the prevalence of severe OSA with ED was 73.02%. The prevalence of OSA with ED increased with age, BMI and apnea-hypopnea index (AHI) value. Among polysomnography indicators, minimum oxygen saturation and average oxygen saturation may predict the occurrence of OSA with ED. Improving the patient’s anxiety and depression is very important for treating OSA with ED. Sex hormone levels were not significantly correlated with the occurrence of OSA with ED.



Conclusion

ED is a common symptom of OSA patients. This study showed that sex hormone levels in OSA patients with ED were not significantly correlated with the condition, but further investigation of this relationship is worthwhile. It is recommended that the free and combined types of sex hormones be further distinguished during testing because the free type is the active form. UPPP surgical treatment is effective for OSA with ED, and its possible mechanism is protection of the peripheral nerves of the sex organs by improving nighttime hypoxia and arousal.





Keywords: obstructive sleep apnea, erectile dysfunction, polysomnography, sex hormones, IIEF-5 questionnaire



Introduction

Obstructive sleep apnea (OSA) is a serious health hazard that requires long-term, multidisciplinary therapy and has a prevalence of 9% to 38% in the general population (1, 2). Previous studies have shown that OSA is a significant independent factor for hypertension, diabetes, coronary heart disease and other diseases (3–6). OSA has become a common and serious social problem that significantly affects the quality of life and work efficiency of patients, especially those who are overweight (7). Snoring, excessive daytime sleepiness, inattention, and erectile dysfunction (ED) are common comorbidities in OSA patients (8, 9).

Due to recurrent snoring, apnea and microarousal, OSA patients may have the following pathophysiological changes (10). First, repeated awakening at night can significantly reduce non-rapid eye movement (NREM) sleep and rapid eye movement (REM) sleep, resulting in sleep structure disorder, reduced sleep efficiency, daytime drowsiness, fatigue, memory loss and hormone secretion disorder. Second, chronic intermittent hypoxia can cause increased catecholamine secretion and vascular endothelial injury, leading to hypertension and atherosclerosis. Finally, decreased blood oxygen saturation is also closely related to arrhythmia, and increased erythropoietin levels can lead to increases in hemoglobin levels, the number of red blood cells, and platelet activity and reduced fibrinolytic activity and then induce coronary heart disease and cerebral thrombosis. The quality of REM sleep in OSA patients is generally worse than that of NREM sleep (11, 12). Series (12) has shown that in patients with OSA, the decrease in blood oxygen saturation (SaO2) during REM sleep is greater than that during NREM sleep. Moreover, Findley (11) found that the sleep apnea duration during REM sleep is longer than that during NREM sleep, and hypoxemia is more severe. And Shi’s study (13) showed sleep duration for men and women may be independent predictors of conception.

According to the National Institutes of Health Consensus meeting, ED is defined as a persistent inability to achieve or maintain an erection or sustain an adequate sexual relationship (14). Erection is an event involving the interaction of the psychological, neurological, endocrine and vascular systems. It is estimated that by 2025, 300 million men worldwide will be living with ED (15). Guilleminault (16) was the first to study the relationship between erectile function and OSA and showed a higher prevalence of ED in patients with severe OSA (48%). Subsequent epidemiological and clinical studies have supported the conclusion that OSA is associated with ED (17–22). Kellesarian (23) reported in the review that the prevalence of OSA patients with ED is between 40.9% and 80% and that the risk of ED in patients without OSA is significantly lower than that in OSA patients. Furthermore, Chen’s study (19) showed that the prevalence of ED in OSA patients was 9.44 times higher than that in non-OSA patients and that OSA was an independent risk factor for the development of ED. Smith (24) reported that OSA with ED is closely related to patients’ psychological states, such as depression and anxiety. Moreover, studies have shown that continuous positive airway pressure ventilation (CPAP) (17, 25–27) and oral orthotics (17) used to treat OSA can improve ED. However, Stannek (21) reported that the severity of OSA may not be related to the severity of ED. A correlation analysis between erectile function and polysomnography (PSG) results may suggest that factors such as decreased REM sleep can lead to peripheral nerve damage in the sexual organs in patients, resulting in ED (28). In the sleep state, the REM period is usually accompanied by erection, and most of the REM period occurs in the morning, so early morning erection is a common phenomenon (29). And Chen’s study (30) found that sleep deprivation or oversleeping can also affect sperm quality. Notably, Andersen (20) reported that reduced REM sleep and increased arousal negatively affected erectile function in male rats. Chen (31) reported male sleep quality and duration may impact male fertility, an important consequence of poor semen quality.

The major factor associated with ED may be endothelial dysfunction, including reduced nitric oxide (NO) production and elevated endothelin levels (32, 33). NO, the most important mediator of penis swelling, plays a key role in the physiological process of erection by stimulating blood vessel dilation, increasing blood flow to the cavernous body and promoting smooth muscle relaxation (34–36), but the molecular levels of NO in OSA have been less studied. Studies have shown that both hypoxia and enhanced oxygen metabolism can stimulate the transcription of pre-endothelin, forming endothelin, the strongest vasoconstrictive substance (32, 33) known to date. Its long-lasting effect is an endogenous long-acting vasoconstrictive regulator that can cause the contraction of spongy smooth muscle cells (37), which has been verified in the experimental environment and OSA patients (38). In addition, there are other nonvascular mechanisms that can explain the mechanism of ED in OSA patients, including changes in hormone levels, as follows: hypothalamic-pituitary-gonadal (HPG) axis (39–41) regulation disorder leading to changes in hormone levels; neurological mechanisms, such as hypothalamic-pituitary-adrenal (HPA) axis (42) regulation disorders and neurological dysfunction; and psychological mechanisms, such as reduced libido and excessive fatigue (43). Although many studies have been conducted on OSA-related endocrine levels, few studies have investigated the HPG axis regulation mechanism in OSA patients (41). There are still many unclear mechanisms in the relationship between OSA and ED, and there are few prospective studies and basic studies with large sample sizes, so no consistent conclusion has been reached. In this study, the clinical data of OSA patients were used to explore the correlation between OSA and ED.



Materials and Methods


Research Process

First, the prevalence the cooccurrence of ED and OSA was investigated. Second, we explored the clinical characteristics of OSA and ED. Finally, the treatment response was assessed. The flow chart is shown in Figure 1.




Figure 1 | Research flow chart. 135 male subjects with relevant clinical data were included to explore the mechanism underlying the comorbidity of OSA and ED.





Source of Cases

The subjects of the study were male patients had completed PSG for OSA at the sleep monitoring center from October 2019 to December 2020. The patients reported habitual snoring and daytime sleepiness, with or without nocturnal apnea. The patients were informed of the study plan, and the subjects voluntarily signed the informed consent form following the guidelines of the National Ethics Regulation Committee and in accordance with the Declaration of Helsinki.



Exclusion Criteria

To ensure scientific integrity, the following conditions were excluded: patients older than 60 years and younger than 18 years; patients taking medications that may affect erectile function, including cardiovascular drugs (beta-blockers, clonidine, diuretics and digoxin), antidepressants (tricyclic antidepressants and selective serotonin reuptake inhibitors), antipsychotics, antiepileptics, 5-reductase inhibitors, sedatives, cimetidine and opioids; patients with chronic oxygen-deficient respiratory diseases such as chronic obstructive pulmonary disease (COPD); and patients with a history of epilepsy, mental illness, and other disorders that cause erectile dysfunction.



Sample Size Calculation

We used formulas to estimate the sample size of the research. According to the literature (23) the prevalence of OSA with ED was the lowest 41.0%. We set the probability of the first type of error α=0.05, and used the software EXCEL to calculate the function: Zα/2=NORM.S.INV(1-α/2) =1.960. β was the probability of making the second type of error. The greater the test power required by the experimental research, the larger the sample size required. It was generally assumed that β=0.10, and the statistical power 1-β was 90%. The value range of δ was (0.25S, 0.50S), and we assumed that the allowable error δ=0.15. Then, we used the software EXCEL to calculate the function: sample size n= ((NORM.S.INV(1-α/2))/(ASIN(δ/(p*(1-p))
^0.5)))^2. That is, when the sample size was 40.0, it could meet the inspection requirements. Therefore, our sample size was in line with the sample size estimate.



General Information

The enrollees were surveyed about general demographic data, including basic information about age, height, weight, blood pressure, smoking status, drinking status, neck circumference, waist circumference, and hip circumference, and the body mass index (BMI) value was calculated.

The BMI value adopts the Chinese adult standard (44), namely, a BMI value less than 18.5 means low body weight, a BMI value between 18.5 and 24.0 means normal weight, a BMI value between 24.0 and 28.0 means overweight, and a BMI value greater than or equal to 28.0 means obesity. To ensure the authenticity of the information, information collection and questionnaires were conducted anonymously, and specialized clinical technicians explained and verified the contents of the questionnaires.



PSG Data Acquisition and Interpretation Criteria

Overnight PSG includes encephalogram (EEG), electrooculogram (EOG), electromyography (EMG) of the chin muscles, electrocardiogram (ECG), nasal air measurement using pressure sensors, oral air measured with thermistors, chest and abdomen movements, snoring analysis, sleep posture, leg movements and finger pulse oxygen saturation (SO2) detection. OSA was categorized as mild OSA (5-15 times/h), moderate OSA (15-30 times/h) and severe OSA (more than 30 times/h) according to the apnea-hypopnea index (AHI) value. Manual data analysis was performed by two experienced sleep technicians according to the scoring standards in the diagnostic and treatment guidelines of the American Academy of Sleep Medicine (AASM) (45).



Assessment of Erectile Function

The International Index of Erectile Function (IIEF-5) was used as the main diagnostic basis for erectile dysfunction and includes five aspects: erectile function, orgasm function, libido function, sexual satisfaction and overall satisfaction. An IIEF-5 score less than or equal to 7 indicates severe erectile dysfunction, between 8 and 11 indicates moderate erectile dysfunction, between 12 and 21 indicates mild erectile dysfunction, and greater than or equal to 22 indicates normal erectile function (46).

The Arizona Sexual Experience Scale (ASEX) was used as an auxiliary measure to assess sexual function. There are 5 questions on this scale, and each question is rated as 1-6 points according to sexual function hyperactivity and sexual function depression. The evaluation areas include sexual drive, sexual vigilance, penile erection, orgasm ability and sexual satisfaction. A comprehensive assessment of the patient’s sexual function was carried out. Three or more items on the ASEX scale with a score greater than 4 points or any single item scoring greater than 5 or a total score greater than 19 points is indicative of sexual dysfunction (47). The contents of and instructions for the scale were introduced by specialized clinical technicians according to unified guidance, and subjects were given 10-20 minutes to complete it.



Sleep Quality Assessment

The Epworth Sleepiness Scale (ESS) was used to assess daytime sleepiness. There are 8 questions in the scale, and the probability of dozing in each question is “never”, “mild”, “moderate” and “severe”. The scores are 0, 1, 2 and 3, with the highest total score being 24 points. An ESS score greater than 10 is classified as daytime sleepiness (48). The contents of and instructions for the scale were introduced by specialized clinical technicians according to unified guidance, and the time allotted was 5-10 minutes.



Assessment of Anxiety and Depression Symptoms

The Beck Anxiety Inventory (BAI) and the Beck Depression Inventory (BDI-II) were used to evaluate the subjective anxiety and depression status of the study subjects. There are 21 test dimensions in the BAI, and the four expressions correspond to the numbers 1, 2, 3, and 4. Number 1 represents nondisturbing anxiety, from milder to stronger, and number 4 represents symptoms of disturbing anxiety that can only barely be tolerated. The sum of the numbers is the evaluation result, and a score greater than or equal to 45 indicates that the patient is in an anxious state (49).

There are also 21 test dimensions in the BDI-II, which correspond to the numbers 0, 1, 2, and 3. The total score of the 21 items is the final test score. A total score of 0-13 means no depression, 14-19 means mild depression, 20-28 means moderate depression, and 29-63 means severe depression (50). The contents of and instructions for the scale were introduced by specialized clinical technicians according to the unified guidance, and the subjects were given 10-20 minutes for completion.



Peripheral Blood Collection for Assessment of Sex Hormones

At approximately 7:00 in the morning, approximately 3 ml of blood was drawn from the antecubital vein of each enrolled patient into a tube containing no anticoagulant, and the tubes were placed in a water bath for 10 minutes. The temperature was controlled at approximately 37°C. After removal, each sample was centrifuged at 2000 r/min for 10 minutes and then stored at -20°C. Tests for six sex hormones—follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone (TEST), estradiol (E2), progesterone (PROG) and prolactin (PRL)—were performed by a Roche electrochemiluminescence analyzer.



OSA-Related Treatment

After the diagnosis of OSA in male patients with ED symptoms, uvulopalatopharyngoplasty (UPPP) was performed, and after treatment, the PSG and IIEF-5 scores of the patients were collected as described above.



Statistical Methods

SPSS 24.0, Prism 9 and Excel were used to process the data. Normally distributed measurement data are expressed as the mean ± standard deviation, and nonnormally distributed measurement data are expressed as the median (interquartile range) [M (Q25~Q75)]. For normally distributed measurement data, an independent-sample t-test or Pearson’s chi-square test was used for comparisons between the two groups, and one-sample ANOVA was used for comparisons among three groups. For nonnormally distributed measurement data, the Mann-Whitney U test was used for comparisons between two groups, and the Kruskal-Wallis H test was used for comparisons among three groups. Spearman’s correlation analysis was used to test the correlation between nonnormally distributed measurement data, and Pearson’s correlation analysis was used to test the correlation between normally distributed measurement data. Variables that were found to be significant in univariate analysis were included in multivariate analysis, and binary logistic regression analysis was performed. The receiver operating characteristic (ROC) curve was used to evaluate the AUC (area under the curve) of the relevant factors and then evaluate the performance of each factor as a criterion. Count data were used to calculate the composition ratio using the χ2 test. For normally distributed measurement data, the paired-samples t-test was used to compare the differences before and after treatment. The inspection level was set at α=0.05.




Results


General Conditions


Comparison of Basic Data

There were 30 male subjects with incomplete questionnaires, and 5 male subjects met the exclusion criteria. Ultimately, 135 male subjects with relevant clinical data were included. The median age was 37 years old, BMI was 28.55 ± 4.12 kg/m2, and AHI value was 35.89 ± 23.81 times/h. There were 11 non-OSA subjects, 61 patients with mild to moderate OSA and 63 patients with severe OSA. Table 1 summarizes the demographic profile and related clinical phenotypes of the included population. The results show that among the non-OSA subjects, patients with mild to moderate OSA, and patients with severe OSA, the BMI (p=0.001), neck circumference (p=0.005), waist circumference (p=0.001), hip circumference (p=0.006), ESS score (p=0.003), Beck anxiety score (p<0.001) and ASEX score (p<0.001) showed a significant increase, while the IIEF-5 score (p<0.001) significantly decreased (Figure 2A and Table 1).


Table 1 | Basic demographics and related clinical phenotypes of the population included in the study.






Figure 2 | Comparison of basic data and hormone secretion levels of each group. (A) shows that among the non-OSA subjects, patients with mild to moderate OSA, and patients with severe OSA, the BMI, neck circumference, waist circumference, hip circumference, ESS score, Beck anxiety score and ASEX score showed a significant increase, while the IIEF-5 score significantly decreased; (B) shows that no significant difference was found in the secretion levels of the six serum sex hormones among the three groups.





Comparison of Serum Sex Hormone Levels

Table 2 summarizes the sex hormone test data of the included population. The results show that no significant difference was found in the secretion levels of the six serum sex hormones among the three groups: PRL (p=0.728), FSH (p= 0.062), LH (p= 0.294), PROG (p=0.821), E2 (p= 0.686) and TEST (p= 0.056) (Figure 2B).


Table 2 | Sex hormone test data of the population included in the study.






Prevalence of OSA and ED

There were 124 patients with confirmed OSA and 63 patients with severe OSA. The prevalence of OSA was 91.85% (124/135), with “snoring during sleep” as the chief complaint.


Prevalence of ED and OSA With ED

Figure S1 summarizes the IIEF-5 score of the included population. The results show that a total of 80 ED patients were included in the population, with an prevalence of 59.26% (80/135), and among these subjects, the prevalence of mild ED was 56.30% (76/135), the prevalence of moderate ED was 0.74% (1/135), and the prevalence of severe ED was 2.22% (3/135). There were a total of 80 patients with OSA with ED, with an prevalence of 64.52% (80/124), among whom the prevalence of mild ED was 61.29% (76/124), the prevalence of moderate ED was 0.81% (1/124), and the prevalence of severe ED was 2.42% (3/124). For the 34 patients with mild to moderate OSA with ED, the prevalence rate was 55.74% (34/61), of which the prevalence of mild ED was 52.46% (32/61), the prevalence of moderate ED was 1.64% (1/61), and the prevalence of severe ED was 1.64% (1/61). A total of 46 patients with severe OSA with ED had an prevalence of 73.02% (46/63), among whom the prevalence of mild ED was 69.84% (44/63), the prevalence of severe ED was 3.17% (2/63), and the prevalence of moderate ED was 0 (statistical level). Mild to moderate OSA patients and severe OSA patients with OSA with ED were mainly characterized by mild ED.



Prevalence of OSA With ED in Different AHI Groups

To clarify the relationship between AHI values and the prevalence of OSA with ED, the patients in different AHI groups were analyzed, and it was found that with the increase in AHI values, the prevalence of OSA with ED gradually increased. When the AHI score was greater than or equal to 70 times/h, the prevalence OSA with ED reached a maximum of 81.82%; when the AHI score was 51 to 70 times/h, the prevalence was 71.88%; when the AHI score was 31 to 50 times/h, the prevalence was 70.00%; when the AHI was 16 to 30 times/h, the prevalence was 58.14%; and when the AHI score was 5 to 15 times/h, the minimum prevalence rate was 50.00% (Figure 3A).




Figure 3 | The prevalence of OSA with ED in different AHI, age and BMI groups. (A) It was found that with the increase in AHI values, the prevalence of OSA with ED gradually increased; (B) the prevalence rate gradually increased with age before the age of 50; (C) Among OSA patients, as BMI increased, the prevalence of concurrent ED increased.



The prevalence of OSA with ED increased with the increase in severity of OSA (OR=2.818, p<0.001); that is, for every increase in the AHI value of OSA patients by 1 time/h, the prevalence of OSA with ED increased by 2.818 times. The odds of patients with mild to moderate OSA having concurrent ED was OR=2.259, p=0.001; that is, every time the AHI value of patients with mild to moderate OSA increased by 1 time/h, the prevalence of ED increased by 2.259 times. The odds of patients with severe OSA having ED was OR=3.706, p<0.001; that is, every time the AHI value of patients with severe OSA increased by 1 time/h, the prevalence of ED increased by 3.706 times (Table 3).


Table 3 | The prevalence of ED in patients with OSA of different types of clinical data.





Prevalence of OSA With ED in Different Age Groups

To clarify the relationship between age and the prevalence of OSA with ED, an analysis of patients in different age groups revealed that the prevalence of OSA with ED was 64.52% (80/124), and the highest prevalence rates were 70.59% in the 41-50 group, 64.29% in the 31-40 group, 59.09% in the 18-30 group, and 58.33% in the 51-60 group, indicating that the prevalence rate gradually increased with age before the age of 50. In the severe OSA population, the prevalence of OSA with ED was 74.60% (47/63); the highest prevalence rates were 85.71% in the 18-30-year-old group, followed by 80.00% in the 51-60-year-old group and 71.88% in the 31-40-year-old group, and the lowest prevalence was 68.42% in the 41-50-year-old group (Figure 3B).

The prevalence of OSA with ED increased with age (OR=2.444, p=0.001), which means that for every 1-year increase in age of OSA patients, the prevalence of ED increased by 2.444 times. The OR of the 31- to 40-year-old group was 2.800, p <0.001; that is, the prevalence of OSA with ED increased by 2.800 times when the age of OSA patients increased by 1-year in this group. The OR of the 41- to 50-year-old group was 3.400, p <0.001; that is, for every 1-year increase in age of OSA patients in this group, the prevalence of OSA with ED increased by 3.400 times. Finally, the OR of the 51- to 60-year-old group was 2.400, p = 0.002; that is, for every 1-year increase in the age among the OSA patients, the prevalence of ED increased by 2.400 times (Table 3).



Prevalence of OSA With ED in Different BMI Groups

To clarify the relationship between BMI and the prevalence of OSA with ED, an analysis of patients in different BMI groups was carried out. Among OSA patients, as BMI increased, the prevalence of concurrent ED increased, and the prevalence in the obesity group was as high as 71.21%, followed by 59.52% in the overweight group and 50.00% in the normal weight group. The same trend was observed in the severe OSA population. The obesity group had the highest prevalence rate of 76.92%, followed by the overweight group (68.18%), and the normal weight group had the lowest prevalence rate (50.00%) (Figure 3C).

The prevalence of ED among OSA patients increased as the BMI value increased. The OR of the normal weight group was 2.000, p = 0.005; that is, for every increase in BMI value of 1 kg/m2 among OSA patients, the prevalence of ED increased by 2.000. The OR of the overweight group was 2.471, p <0.001; that is, for every increase of 1 kg/m2 in BMI among OSA patients, the prevalence of ED increased by 2.471 times. The OR of the obese group was 3.474, p<0.001; that is, for every increase of 1 kg/m2 in BMI among OSA patients, the prevalence of ED increased by 3.474 times (Table 3).




Differences in Population Characteristics Between OSA Patients With ED and OSA Patients Without ED


Basic Demographics and Related Clinical Phenotypes of OSA With ED and OSA Without ED

A comparison of OSA patients with ED and OSA patients without ED showed that BMI (p=0.039), neck circumference (p=0.046), waist circumference (p=0.011), hip circumference (p=0.025), ESS score (p=0.040), Beck depression score (p=0.011) and ASEX score (p<0.001) were higher in the OSA with ED group than in the OSA without ED group (Table 4 and Figure 4A).


Table 4 | Basic demographics and related clinical phenotypes of OSA with ED and without ED.






Figure 4 | Basic related clinical phenotypes, PSG data and sex hormone secretion of OSA with ED and without ED. (A) BMI, neck circumference, waist circumference, hip circumference, ESS score, Beck depression score and ASEX score were higher in the OSA with ED group than in the OSA without ED group; (B) Sleep efficiency, average oxygen saturation and minimum oxygen saturation were significantly lower in the OSA with ED group than in the OSA without ED group. Moreover, the total number of respiratory events, number of obstruction and hypopnea events, total proportion of the waking periods and total proportion of the light sleep periods were significantly higher in the OSA with ED group than in the OSA without ED group; (C) The secretion levels of PRL, FSH, LH, PROG and TEST were not significantly different between the groups.





PSG Data of OSA Patients With ED and OSA Patients Without ED

The comparison of OSA with ED and OSA without ED revealed that sleep efficiency (p=0.036), average oxygen saturation (p=0.018) and minimum oxygen saturation (p= 0.027) were significantly lower in the OSA with ED group than in the OSA without ED group.

Moreover, the total number of respiratory events (p=0.026), number of obstruction and hypopnea events (p=0.024), total proportion of the waking periods (p=0.030) and total proportion of the light sleep periods (p=0.034) were significantly higher in the OSA with ED group than in the OSA without ED group (Table 4 and Figure 4B).



ROC Curve Analysis of Related Factors in OSA Patients

As shown in Table 4, both OSA with ED and OSA without ED are closely related to the following 14 factors: BMI, neck circumference, waist circumference, hip circumference, ESS score, Beck depression score, ASEX score, sleep efficiency, average oxygen saturation, minimum oxygen saturation, total number of respiratory events, number of obstruction and hypopnea events, total proportion of the waking periods and total proportion of the light sleep periods.

ROC analysis showed that ASEX score had the highest AUC (area under the curve) at 0.738, followed in descending order by waist circumference (0.703), total proportion of the light sleep periods (0.651), Beck depression score (0.638), hip circumference (0.638), total proportion of the waking periods (0.630), average oxygen saturation (0.629), obstruction and hypopnea events (0.625), total respiratory events (0.624), neck circumference (0.622), minimum oxygen saturation (0.621), sleep efficiency (0.619), ESS score (0.612) and BMI (0.611).Compared with the IIEF-5 scoring standard, ASEX score and waist circumference had general diagnostic value, and the 12 related factors had low diagnostic value (Figure 5A).




Figure 5 | ROC curve analysis of related factors in OSA patients. (A) Compared with the IIEF-5 scoring standard, ASEX score and waist circumference had general diagnostic value, and the 12 related factors had low diagnostic value; (B) Compared with that of the IIEF-5 scoring standard, the diagnostic value of the six related factors was low.





The Relationship of the IIEF-5 Score With the AHI Value and ASEX Score in OSA Patients

The IIEF-5 scores of 124 OSA patients were negatively correlated with the AHI value, and the Pearson correlation coefficient was r=-0.259, P=0.004 (Figure 6A). The IIEF-5 scores were negatively correlated with the ASEX score, and the Pearson correlation coefficient was r=-0.356, P<0.001 (Figure 6B). The IIEF-5 score was not significantly correlated with any of the other items (P>0.05).




Figure 6 | Scatter plot of the relationship of OSA patients. (A) The IIEF-5 scores of 124 OSA patients were negatively correlated with the AHI value; (B) The IIEF-5 scores were negatively correlated with the ASEX score.





Sex Hormone Secretion in OSA With ED and OSA Without ED

A comparison of OSA with ED and OSA without ED showed that the secretion levels of PRL (p=0.793), FSH (p=0.599), LH (p=0.676), PROG (p=0.682) and TEST (p=0.431) were not significantly different between the groups (Table 5 and Figure 4C).


Table 5 | Sex hormone data of OSA with ED and OSA without ED.



Moreover, ROC analysis showed that TEST had the highest AUC at 0.554, followed in descending order by FSH (0.536), E2 (0.535), LH (0.529), PRL (0.518) and PROG (0.504). Compared with that of the IIEF-5 scoring standard, the diagnostic value of the six related factors was low (Figure 5B).



Binary Logistic Regression Analysis of Related Factors in OSA With ED

According to clinical characteristics of OSA with ED, BMI (p=0.209), ESS score (p=0.232), Beck depression score (p=0.190), average oxygen saturation (p=0.349) and minimum oxygen saturation (p=0.257) were subjected to binary logistic regression analysis, and no significant difference was found between the groups (p>0.05), indicating that these factors were not independent influencing factors (Table S1).




Treatment Response

Fifteen patients with mild to moderate OSA with ED and fifteen patients with severe OSA with ED were followed up. Six months after UPPP surgical treatment, AHI values*** of patients with mild to moderate OSA decreased from 16.55 ± 5.60 times/h to 4.33 ± 1.23 times/h, and the IIEF-5* score increased from 17.94 ± 3.70 to 24.61 ± 4.76; the AHI values*** of patients with severe OSA decreased from 58.27 ± 14.10 times/h to 13.56 ± 7.25 times/h, and the IIEF-5* score increased from 17.11 ± 3.97 to 22.51 ± 5.37 (*p<0.05, ***p<0.001, Figure 7).




Figure 7 | Treatment response of AHI and IIEF-5 score in OSA with ED. (A) Six months after UPPP surgical treatment, AHI values of patients with mild to moderate OSA and patients with severe OSA decreased; (B) The IIEF-5 of patients with mild to moderate OSA and patients with severe OSA score increased.






Discussion

This study explores the relationship between OSA and ED, which is a relatively small area in the study of OSA clinical symptoms. It focuses on the erectile function status of patients with OSA and explores the clinical connection between the two diseases, which has high clinical value.

Patients who are diagnosed with OSA can receive psychological counseling and take corresponding intervention measures to reduce the general symptoms of OSA while improving the erectile function to achieve the cotreatment of OSA-related diseases.


ED, Mainly Mild ED, Is a Common Symptom of OSA Patients

We found that ED was a common symptom of OSA patients and that symptoms were typically mild. The prevalence of OSA with ED was 64.52% (80/124), and the prevalence of severe OSA with ED was 73.02% (46/63). This figure is basically consistent with the following studies. Skoczynski (51) reported that the prevalence of ED in 61 Polish OSA patients was 72.1%; Popp (52) reported that the prevalence of ED in 246 German OSA patients was 65.0%; Budweiser (53) reported that the prevalence of ED in 91 German OSA patients was 61.5%; and Zhang (54) reported that the prevalence of ED in 207 Chinese OSA patients was 60.6% and that the prevalence of severe OSA with ED was 72.2%. Moreover, the prevalence of ED in 24 Turkish OSA patients was reported to be 54.2% by Gurbuz (55). Kellesarian (23) integrated several studies based on the IIEF questionnaire and found that the prevalence of OSA with ED was between 41% and 80%.

We also found that the factors associated with ED in OSA patients included the AHI value, age, BMI, ESS score, Beck depression score, sleep efficiency, total number of respiratory events, number of obstruction and hypopnea events, total proportion of the waking periods, total proportion of the light sleep periods, minimum oxygen saturation and average oxygen saturation. It is worth mentioning that the mechanisms related to these factors may be the causes of OSA with ED.



The Prevalence of OSA With ED Increases With Age and BMI

ED obviously increases with age. Andersen (20) found that the prevalence of ED in young people (20-29 years old) was 7.3% and that the prevalence in elderly people (>60 years old) was 63.25%. According to Tufik (56), the 60- to 80-year-old population has 34.5-fold increased likelihood of having OSA compared with the 20- to 29-year-old population, and the prevalence of ED also doubles. This study compared the prevalence of OSA with ED in different age groups and found that the prevalence gradually increased with age (before the age of 50) and that the prevalence was as high as 70.59% (41-50 years old group), especially in the population with severe OSA, in which it was as high as 85.71% (18- to 30-year-old group). The prevalence of OSA with ED increases with increasing age. The prevalence of OSA in the 18- to 30-year-old group increased each year, and the prevalence of ED showed a 2.444-fold increase. The prevalence of combined ED increased by 2.800 times for OSA patients in the 31- to 40-year-old group with each 1-year increase in age; in the 41- to 50-year-old group, this prevalence increased by 3.400 times for OSA patients with each year. However, the prevalence of combined ED increased by 2.400 times for OSA patients in the 51- to 60-year-old group for each 1-year increase in age. Nevertheless, in the data for OSA with ED and OSA without ED, age did not show a significant difference between the groups (p=0.973), which may be related to the small number of people included.

The prevalence of OSA has increased with the increase in obesity worldwide, and obesity is closely related to ED (57). Peppard (58) found that weight gain is one of the most important risk factors for the increase in AHI values and the development of OSA, especially in patients with moderate to severe OSA. When weight increases by 10%, the progression of OSA increases 6-fold. This study found that the BMI of non-OSA subjects, patients with mild to moderate OSA, and patients with severe OSA increased with disease severity (p=0.001). A comparison of the prevalence of OSA with ED among different BMI groups showed that the prevalence of ED gradually increased with increasing BMI. Furthermore, the prevalence of ED among OSA patients increased with the increase in BMI value. For every increase of 1 kg/m2 in BMI of OSA patients, the prevalence of ED increased by 2.000 times in the normal weight group, by 2.471 times in the overweight group, and by 3.474 times in the obese group. In addition, OSA groups with and without ED, the BMI of patients in the OSA with ED group was significantly higher than that of patients in the OSA without ED group (BMI, 29.31 ± 4.08 kg/m2 vs. 27.72 ± 3.94 kg/m2, p=0.039).



The Prevalence of OSA With ED Increases With The Severity of OSA

A study by Margel (59) showed that the severity of OSA (mainly the AHI value) may be related to the severity of ED. Skoczynski (51) suggested that OSA will lead to cardiovascular complications with age, leading to an increase in AHI values, and will be accompanied by increased dyspnea, which ultimately leads to the occurrence of ED Liu (60) reported abnormal circadian rhythm is associated with a decrease in sperm count, and as the circadian rhythm improves, the sperm count can be restored. Moreover, Vincent (61) reported that when OSA worsens, it causes fear of heart failure symptoms and promotes general anxiety about sexual activity. There are also studies with contrasting opinions. Santos (62) found that ED has a higher prevalence in OSA patients and that the severity of ED is related to age and diabetes but not to OSA itself. This study compared the prevalence of OSA with ED among different AHI groups and found that it gradually increased with increasing AHI values. The prevalence of mild OSA (AHI: 5-15 times/h) was at least 50%, and the prevalence was as high as 81.82% when AHI was ≥70 times/h. As the severity of OSA increases, the prevalence of ED increases; that is, for each 1 time/h increase in the AHI value of OSA patients, the prevalence of combined ED increased by 2.818 times. Each 1 time/h increase in the AHI value of patients with mild to moderate OSA increased the prevalence of combined ED by 2.259 times; moreover, each 1 time/h increase in the AHI value of patients with severe OSA increased the prevalence of combined ED by 3.706 times. However, in the OSA with ED and OSA without ED groups, the AHI value was not significantly different (p=0.102), which may be related to the small number of people included or the age difference of the included people.

Arousal and lack of sleep can have many effects on the normal physiology of the body, especially endocrine abnormalities and abnormal sympathetic nerve activity (63). Petersen (64) reported that chronic intermittent hypoxemia can reduce sexual activity and spontaneous erections in mice. Goh (65) suggested that the concentration of sex hormones is significantly related to sleep time. However, Stannek (21) reported that the severity of OSA may not be related to the severity of ED. This study found that the sleepiness score (ESS score) increased sequentially (p =0.003) among the non-OSA subjects, patients with mild to moderate OSA and patients with severe OSA and that sleep efficiency (p=0.036), minimum oxygen saturation (p=0.027) and average oxygen saturation (p=0.018) were significantly lower in the OSA with ED group than in the OSA without ED group. However, the total number of respiratory events (p=0.026), number of obstructive and hypopnea events (p=0.024), total proportion of the waking periods (p=0.030) and total proportion of the light sleep periods (p=0.034) were significantly higher.

Andersen (20) reported that the decrease in rapid eye movement (REM) sleep and the increased number of waking periods have a negative impact on the erectile function of male rats. Luboshitzky (66) found that during the first REM sleep episode, the level of testosterone secretion was the highest. Moreover, Liu (28) reported that factors such as reduced sleep in the REM periods can lead to damage to the peripheral nerves of the patient’s sexual organs, thereby causing ED. Furthermore, Gurbuz (55) found that an increase in the percentage of REM sleep has a negative impact on erectile function, while the total sleep time with a percentage of REM <20% seems to protect erectile function, but most of the research subjects were patients with psychological ED. Giles (67) showed that the REM period of the psychological ED group was longer than that of subjects without ED. This study found that the total proportion of the REM periods in the OSA with ED group was 17.18 ± 7.57%, while that in the OSA without ED group was 18.58 ± 7.19%, which was not significantly different (p=0.365) and may be related to the small number of people included.



Improving Patients’ Anxiety and Depression Is Essential for the Treatment of OSA With ED

Papagiannopoulos (68) suggested that the contextual causes of psychological ED may include psychological distress (depression, job instability, and posttraumatic stress disorder), performance anxiety and partner-related difficulties (interpersonal instability). Zhang (54) reported that there is a well-known link between ED and mental illness and that depression and anxiety are the main psychological risk factors for ED in young men. Furthermore, Bandini (69) and Smith (70) found that depression is closely related to the severity of ED among men with ED who seek help. McCabe (71) reported that ED is related to the occurrence of depression and that treatment of ED with PDE5 inhibitors can improve depression symptoms. In a retrospective population survey of approximately 3,500 Finnish men between the ages of 18 and 48, Jern (72) found that depression is an important predictor of ED. In addition, the current study also showed that anxiety symptoms play an important role and that men with more sexual experiences suffer from ED less frequently. As mentioned earlier, anxiety may be involved in the pathogenesis of ED, and Caskurlu (73) suggested that it usually occurs at the beginning of sexual life. Zou (74) found that poorer sleep quality of college students correlated with mental health problems. This study found that the Beck anxiety scores of the non-OSA subjects, patients with mild to moderate OSA and patients with severe OSA increased with OSA severity (p<0.001). A comparison of OSA with ED and OSA without ED showed that the Beck depression score (p=0.011) of the OSA with ED group was higher than that of the OSA without ED group. However, the Beck anxiety score (p=0.367) was not significantly different between the groups, which may be related to the small sample size. Therefore, there may be a vicious circle mechanism among the depressive state (and the anxiety state), OSA and ED. In summary, improving the patient’s mental health is essential for the treatment of OSA.



OSA With ED May Not Be Caused by Abnormal Levels of Sex Hormones

Corona (75) and Zhang (54) have shown that endocrine dysfunction, including changes in the hypothalamic pituitary axis, adrenal insufficiency, diabetes, hyperprolactinemia, hyperthyroidism and hypothyroidism, is involved in the progression of ED. OSA patients have repeated cycles of upper airway collapse and awakening, leading to sleep disturbances, sleep deprivation and fragmentation, which are manifested by intermittent hypoxia and reoxygenation. ED caused by intermittent hypoxia may have the following mechanisms: 1) vascular endothelial function damage (76); 2) oxidative stress (77); and 3) inhibition of sex hormone secretion (78), which mainly suppresses the response of central gonadal organs, reduces the levels of luteinizing hormone and testosterone, and affects libido (63, 79). Studies have also shown that elevated estradiol (80) and serum leptin (80–82) in obese patients can cause decreased testosterone secretion and ED. Zhang (54) and Luboshitzky (63) reported that the levels of testosterone, dehydroepiandrosterone sulfate, dehydroepiandrosterone and prolactin in the serum of patients with OSA was decreased, thereby reducing the bioavailability of testosterone and leading to ED. And Chen (31) found long and short sleep duration, as well as poor sleep quality, were linked to poor sperm quality metrics, even to ED.

There are still some studies that do not support the above view. Ludwig (83) reported that only 4% of men under the age of 50 have low levels of testosterone secretion but that it was not clear whether this is the cause of ED. Buvat (84), Hatzimouratidis (85) and Basar (86) reported that testosterone had the greatest effect on libido but not on ED. Soukhova (87) supported the above view with an animal model of intermittent hypoxia, which caused a decrease in libido in the animal model but did not change testosterone levels. Celec (88) found that long-term continuous positive airway pressure (CPAP) treatment had no significant effect on the levels of testosterone or estradiol in patients with OSA and pointed out that the positive effects of CPAP on sexual function reported by other studies may be caused by factors other than endocrine effects, which is consistent with the report of Onem (89). Moreover, Gambineri (90) suggested that this may be due to the low testosterone levels reported in previous studies and proposed that the relationship between testosterone and OSA is unrelated to obesity. Schiavi (91) analyzed other studies and showed that the increased risk of OSA and decreased testosterone levels actually depend on age as the main pathogenic factor. Interestingly, studies by Hammoud (92) and Barrett (93) do not support the view that OSA inhibits the secretion of testosterone and other sex hormones through the central nervous system. Liu’s study (94) showed that exogenous testosterone as a hormone replacement therapy can cause OSA. Even short-term treatment can aggravate sleep quality and OSA, but the mechanism is still unclear.

Killick (95) reported that testosterone had a limited therapeutic effect on OSA symptoms. The patient’s oxygen saturation index increased after 7 weeks, but there was no significant change in symptoms after 18 weeks of testosterone treatment. Furthermore, Mohammadi (41) recently studied testosterone secretion in 16 healthy controls and 39 OSA patients (10 cases of mild OSA, 16 cases of moderate OSA, and 13 cases of severe OSA). Notably, the control group and OSA patients had no significant differences in total testosterone levels or free testosterone levels (p>0.1). Jiang (96) examined sex hormone levels in 48 patients with OSA, of whom 23 had OSA with ED and 25 had OSA without ED. There was no significant difference in the secretion levels of estradiol (p=0.191), follicle-stimulating hormone (p=0.797), luteinizing hormone (p=0.412), prolactin (p=0.239), progesterone (p=0.964) or testosterone (p=0.07). Chen (30) reported semen and peripheral blood samples were taken from 656 male students in China for analysis of sperm quality and reproductive hormone levels. There was no link discovered between sleep duration and reproductive hormone.

This study summarized the sex hormone test data of the included population, and the results showed that the secretion levels of prolactin (p=0.728), follicle-stimulating hormone (p=0.062), luteinizing hormone (p= 0.294), progesterone (p=0.821), estrogen (p=0.686) and testosterone (p=0.056) were not significantly different among the control group, mild to moderate OSA group, and severe OSA group. Comparing OSA with ED and OSA without ED revealed that the secretion levels of prolactin (p=0.793), follicle-stimulating hormone (p=0.599), luteinizing hormone (p=0.676), progesterone (p=0.533), estrogen (p=0.682), and testosterone (p=0.431) in the OSA with ED group were not significantly different than those in the OSA without ED group. Compared with that of the IIEF-5 scoring standard, the sex hormone test had low diagnostic value. Therefore, it is speculated that OSA with ED may not be caused by abnormal levels of sex hormones but may be related to factors other than endocrine effects (such as obesity). Since free sex hormones are the main active form, it is recommended to use more advanced experimental equipment when studying sex hormones in the future to further distinguish between free and bound sex hormones.



Research Limitations

This study has the following limitations, which need to be resolved in future studies. First, several studies (11, 29) indicate that erectile function may be related to a reduction in REM sleep in OSA patients. This study did not find a significant correlation with REM sleep in either the OSA with ED group or the OSA without ED group. In addition, there were only 11 non-OSA subjects in the group. In the future, it will be necessary to organize large-sample, multicenter clinical research to improve the scientific nature of the research. Second, the participants were all men who had been diagnosed with OSA, which may not be generalizable to other ED-related populations. Third, objective measurements (nighttime penile erection monitoring equipment and Doppler ultrasound equipment) can evaluate ED more reliably than questionnaire surveys (97–99), but related studies have also confirmed the effectiveness of IIEF questionnaires for ED evaluation (59, 97, 100, 101). The main basis of this study was the IIEF-5 questionnaire, and the secondary basis was the ASEX questionnaire. In future studies, the diagnosis of ED should include evaluation of potential cardiovascular risk factors and current use of related drugs, especially objective measures, to evaluate erectile function. Fourth, due to limited resources in this study, the levels of sex hormones were tested only once, but the level of hormone secretion in the human body may vary from day to night. Future research needs to collect data multiple times according to the circadian rhythm, distinguish between free and combined sex hormones, and further study the relationship between hormone levels and OSA. Finally, this study failed to further explore the biomolecular mechanism, and research centers need to continue to investigate animal models for experimental research.




Conclusion

ED is a common symptom of OSA patients, and the symptoms are mainly mild. The prevalence of OSA with ED was 64.52%, and the prevalence of severe OSA with ED was 73.02%. The prevalence of OSA with ED increases with age, BMI, and AHI values. A mechanism related to the ESS score, sleep efficiency, total respiratory events, obstruction and hypopnea events, total waking periods, total light sleep periods, minimum blood oxygen saturation and average blood oxygen saturation may be the cause of ED in patients with OSA. Improving patient anxiety and depression is very important for the treatment of OSA with ED. The relationship between ED and sex hormone levels in OSA patients is still worthy of in-depth study. It is recommended that the free type and the combined type of sex hormones be further distinguished during testing, because the free type is the active form. Finally, UPPP surgical treatment is an effective treatment for OSA with ED. Its possible mechanism is protection of the peripheral nerves of the sex organs by improving nighttime hypoxia and arousal.
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Per-fluoroalkyl and polyfluoroalkyl substances (PFAS) are a diverse group of synthetic fluorinated chemicals used widely in industry and consumer products. Due to their extensive use and chemical stability, PFAS are ubiquitous environmental contaminants and as such, form an emerging risk factor for male reproductive health. The long half-lives of PFAS is of particular concern as the propensity to accumulate in biological systems prolong the time taken for excretion, taking years in many cases. Accordingly, there is mounting evidence supporting a negative association between PFAS exposure and an array of human health conditions. However, inconsistencies among epidemiological and experimental findings have hindered the ability to definitively link negative reproductive outcomes to specific PFAS exposure. This situation highlights the requirement for further investigation and the identification of reliable biological models that can inform health risks, allowing sensitive assessment of the spectrum of effects of PFAS exposure on humans. Here, we review the literature on the biological effects of PFAS exposure, with a specific focus on male reproduction, owing to its utility as a sentinel marker of general health. Indeed, male infertility has increasingly been shown to serve as an early indicator of a range of co-morbidities such as coronary, inflammatory, and metabolic diseases. It follows that adverse associations have been established between PFAS exposure and the incidence of testicular dysfunction, including pathologies such as testicular cancer and a reduction in semen quality. We also give consideration to the mechanisms that render the male reproductive tract vulnerable to PFAS mediated damage, and discuss novel remediation strategies to mitigate the negative impact of PFAS contamination and/or to ameliorate the PFAS load of exposed individuals.
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Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a diverse group of more than 4,700 synthetic, highly fluorinated, aliphatic chemicals with distinctive chemical properties [see review by Kirk et al. (1)], which render members of this chemical group incredibly stable and environmentally persistent (2, 3). Consequently, PFAS have been employed for a range of purposes including in the formulation of fire-fighting foams as well as in a variety of consumer products (4, 5), such as food packaging, cookware and water repellent clothing (6–9). Since the 1950s, the extensive manufacture, distribution, use and disposal of PFAS has resulted in the widespread environmental contamination and subsequent exposure of humans and animals. Despite endeavors to phase out the toxic eight chain PFAS initiated in 2000, the inherent stability of these compounds has resulted in omnipresence in the global environment (5, 9–11). Thus, many industrialized nations are seeking to implement measures to limit, detect and eradicate PFAS contamination (5, 9). Long-chain PFAS generally have longer environmental half-lives and a high propensity to accumulate in biological systems from which they may take many years to be fully excreted. For example, PFAS such as perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are the most extensively reported long-chain perfluoroalkyl acids described in scientific literature (5) and have a half-life in human serum of 3.8 and 5.4 years, respectively (Table 1) (13). Longer chain (≥ 6 carbon atoms) PFAS bioaccumulate to a greater extent than shorter chain analogues (14–17), and also possess longer half-lives (18, 19). Upon entering the body, PFAS bind to albumin in the blood stream and accumulate within the body’s protein-rich tissues (6, 20). Consequently, PFAS are readily detectable throughout the human body as well as accumulating to detectable levels in most bodily fluids, including urine, breast milk, blood, and seminal plasma (21, 22). Notably, in support of the notion that albumin binding is one of the key reasons that PFAS are slowly excreted in urine, Jain and Ducatman have shown that serum PFAS levels decrease under conditions of albuminuria (23). This pathology, during which albumin is able to escape into the urine as a consequence of renal dysfunction, is presumed to result in increased excretion of bound PFAS.


Table 1 | Summary of a selection of common PFAS chemicals, detailing abbreviations, chemical formula, and half-life in humans.



PFOS and PFOA are the two most abundant PFAS found in human serum worldwide (7, 10, 24), with levels of each varying between countries, suggesting differences in the degree of exposure in each country (24, 25). Further, PFOS and PFOA have a propensity of accumulate in our food chains (10) and it is thought that dietary intake is a key pathway of exposure for the general population; either from food packaging or environmental contamination of food products (26–29). Other suggested routes of contamination include household dust (28, 30) or from the consumption of contaminated drinking water (29, 31, 32); although all paths of human exposure remain to be fully identified. Exposure levels vary between locations and individuals and range from background levels in the general population of up to around 14 ng/mL of PFOS and PFOA in the blood (33), through to considerably higher levels in individuals who have been occupationally exposed, or those who reside in contaminated areas (34). The highest concentrations have been detected in individuals employed in PFAS manufacturing facilities with a mean blood concentration of 1,000 to 2,000 ng/mL PFOS and 5,000 ng/mL PFOA (25, 35). Such findings are of particular concern in view of the potential of PFAS to elicit a range of adverse health outcomes.

Here, we review literature pertaining to the emerging threat posed by PFAS exposure, with a specific focus on the male reproductive tract and general male fertility, owing to its utility as a biomarker of general health. Indeed, in what has become a well-established paradigm, male infertility has been shown to serve as an early indicator of a range of co-morbidities such as coronary, inflammatory, and metabolic diseases; conditions that all have associated transgenerational effects (36–42). It follows that adverse associations have been established between PFAS and the incidence of testicular dysfunction, including pathologies such as testicular cancer (43–48) and a reduction in semen quality (35, 49, 50). Accordingly, we give consideration to the mechanisms that render the male reproductive tract vulnerable to PFAS mediated damage, as well as novel remediation strategies to mitigate the negative impact of PFAS contamination and/or ameliorate the concentration of PFAS that has accumulated in exposed individuals.



PFAS Chemistry

The term ‘fluorinated substances’ encompasses an extensive array of organic and inorganic chemicals that contain a minimum of one fluorine (F) atom, with each substance possessing different chemical, biological and physical properties (3). The properties of each compound are influenced by both the number of F atoms and their position in the molecule, with chemicals classed as partially fluorinated (polyfluoroalkyl), or fully fluorinated (perfluorinated) (4). The most common PFAS are the perfluorinated alkyl acids (PFAAs), which are amphiphilic and exhibit attraction to both aqueous and lipid media, mimicking phospholipid properties. Their structure contains a water-insoluble hydrophobic segment (the fluorinated carbon chain), and a water-soluble hydrophilic functional group such carboxylic acid or sulfonic acid (4). The structural formula of the resulting moiety is CnF2n+1-R, where R represents the functional group (Figure 1) (5). The PFAS moiety contains strong carbon-fluorine bonds conferring unique chemical properties that render these chemicals heat-resistant, water repellent, and exceptionally stable, to the point where they are almost indestructible under normal environmental conditions (5). The fluorination of the hydrocarbon chain drastically changes the chemical properties of the molecule, as the hydrophobic fluorinated segment repels water, while in parallel, the oleophobic properties also repel fat and oil (4). Thus, perfluorinated compounds can effectively lower surface tension and act as efficient surfactants for coatings on non-stick cookware and in food packaging and firefighting foam (1). Individual PFAS are distinguished from each other by 1) the properties of the functional group and 2) the length of the carbon backbone (Figure 1). However, PFAS molecules are also further categorized based on their usage, and the history of their manufacture. In this context, group members are described as either legacy PFAS, specifically those molecules with a long history of usage and/or environmental persistence, or as replacement PFAS, which include a new generation of compounds with different chemistries that were designed to replace the original and ‘more’ harmful legacy PFAS (51, 52).




Figure 1 | Basic structure of perfluoroalkyl substances (PFAS), using perfluorooctanesulfonic acid (PFOS) as an example. Outlined in blue is the perfluoroalkyl tail (carbon/fluoride chain) and the functional group is outlined in red. All PFAS share these general features, with variation in the carbon chain length and functional group. Figure adapted from Blake and Fenton 2020 (51).





Routes of PFAS Exposure

PFAS exposure can arise through several routes (Figure 2), with environmental contamination occurring at varying stages of production, usage, and waste disposal. In particular, PFAS have found application as a major component of aqueous film forming foams (AFFF) (53), which are widely used for firefighting, military training activities and at airports and thus has resulted in extensive contamination of nearby soil and waterways (31, 34, 54, 55). Elevated PFOS/PFOA levels have been detected in the serum of individuals living in areas with high levels of these chemicals in their drinking water (11, 31), including those communities located in close proximity to military bases, airports and PFAS manufacturing factories (31, 56). Not surprisingly, greater plasma contamination levels have also been detected in occupationally exposed individuals such as firefighters and factory workers manufacturing or using PFAS (31, 34, 55, 57, 58). Industry waste and AFFF usage has resulted in widespread contamination of groundwater, often used as drinking water, with dietary exposure suggested to be the main route of exposure for adults (29, 34, 56, 59). In addition, background levels of contamination are seen in the general population who are exposed to PFAS through drinking water (29, 60), house dust (61) and food consumption (27, 62, 63), with the latter arising from the extensive use of PFAS in consumer packaging. Compounding this situation, prenatal exposure can occur through the placenta (64, 65) and young babies can be exposed through breast milk (66, 67).




Figure 2 | Schematic diagram illustrating the routes of human PFAS exposure. Following production, PFAS are used in consumer products such as food packaging, cookware, water repellent clothing and non-stick fry pans. PFAS are also a main component in firefighting foam, which can leach into the environment, or are otherwise disposed of as industrial waste. Human exposure may occur through use of consumer products or from contaminated water supplies. Accordingly, environmental exposure can occur as a result of waste products contaminating waterways and soil through leaching of firefighting foam and waste from industry and consumers.





Accumulation and Distribution of PFAS in the Body

PFAS enter the body through ingestion (31), inhalation (68) or dermal exposure (69). Once they have entered the bloodstream through gas-exchange or digestion, PFAS bind to serum proteins such as the major transport protein, human serum albumin (HSA) (70, 71). It appears PFOS has a greater binding affinity for HSA than PFOA, which correlates with the known longer half-life of PFOS (Table 1) (12, 72). Due to their biochemical stability, PFAS chemicals tend to accumulate within the body (1) and move from plasma into tissues, with the highest levels being found in human tissues with a larger blood supply such as the liver, lungs and kidneys (6, 20, 66). This is also reported in studies of mice where the highest accumulation of PFOS has been documented in the liver, lungs, kidney and bone marrow (73), as well as in primates, with the kidneys and blood also showing higher levels in comparison to other tissues (66). Notably, the tissue distribution of PFAS is influenced by multiple factors including species and gender, chemical characteristics such as chain length and functional group, as well as exposure dose (66, 74, 75). Most environmentally relevant PFAS have chain lengths between 4 and 13 fluorinated carbons (15, 76) giving rise to a variety of different structures such as branched forms (4, 76), although the most commonly detected PFAS in humans and wildlife are linear forms (Figure 1) (77). Longer chain PFAS have a greater potential to accumulate in living organisms than do shorter chain PFAS (<6 carbons) (14) due to the ability of longer chain PFAS such as PFOA, PFOS and perfluorohexanesulphonic acid (PFHxS) to bind to a wider range of serum proteins, including transferrin, plasma gamma-globulin and albumin (70). This is supported by evidence that PFAS accumulation occurs in protein-rich tissues such as the liver (66). Such evidence has led to the replacement of legacy and long-chain PFAS with structurally similar shorter chain variants, thought to be less toxic; for example, perfluorobutane sulfonic acid (PFBS) has been used to replace PFOS (51) and GenX (hexafluoropropylene oxide dimer acid) has replaced PFOA (16). Plasma concentrations support this rationale with longer chain PFAS such as PFOA and PFOS showing higher levels [3.9 and 20.7 µg/L, respectfully (21)] in comparison to the shorter chain replacements PFBS [typically below the detection limit of 4.2 µg/L (9)] and perfluorobutanoic acid (PFBA) [3.3 µg/L (78)]. However, little is currently known about the toxicology of these replacement chemicals (79). Additionally, bioaccumulation of PFAS appears to be influenced by the functional group(s) attached to the hydrocarbon backbone of each PFAS molecule. For example, compounds that harbor an attached carboxylic acid functional group have been shown to accumulate less in fish, than those with a sulfonate functional group of the same carbon chain length (14, 18). Although the exact mechanisms behind this disparity are currently unknown, it may be due to the stronger affinity for proteins seen with longer chain length and in sulfonic acids (71).



PFAS Human Health Associations

Increasing awareness of the dangers of PFAS and their propensity to bioaccumulate has led to a surge in scientific research and public interest, with PFAS being labelled as a potential risk for humans and the environment by the Scientific Committee on Health in 2018 (80). Studies have been conducted in both human and animal models to investigate possible health consequences arising from PFAS exposure (1, 43). The most commonly investigated PFAS with regards to human health are PFOS and PFOA (81), with a range of additional PFAS having been studied including PFHxS and PFBS (1) (Table 1). Mounting evidence from these studies supports an association between PFAS and an array of human diseases and disorders (1). However, it is somewhat difficult to definitively link causality to PFAS due to the variation in chemistries and potential biological activities between the different classes of PFAS, the duration and degree of exposure, potential synergistic or antagonistic effects of PFAS combinations in the body as well as the often-overlooked precursors of PFAS, which degrade to the terminal perfluoroalkyl acids (PFAAS) (82, 83). This situation is further compounded by the mechanisms of PFAS exposure, which vary both between and within communities, resulting in distinct PFAS profiles among individual subjects. Furthermore, disparities also exist in an individual's genetic and phenotypic constitution within affected populations, which could ultimately influence their PFAS clearance rates and susceptibility to the biological effects of these chemicals. Notwithstanding these limitations, the balance of evidence supports the potential for PFAS exposure to elicit adverse health sequelae at differing developmental stages and ages (66, 84–88). The C8 Health Project also bears out this conclusion; a comprehensive investigation of an entire community of 69,000 people exposed to PFAS via consumption of contaminated drinking water (43). This study revealed probable links between PFOA exposure and six diseases: kidney and testicular cancer, thyroid disease, high cholesterol, ulcerative colitis, and pregnancy-induced hypertension (43), findings that are supported by the International Agency for Research on Cancer evidence (48, 85). Although, it should be noted this evidence relates to PFOA exposure only, and therefore, further investigations of this nature are required for the remaining range of PFAS.

Building on this evidence, the greatest and most consistently reported metabolic consequence of PFAS exposure is dyslipidemia, with several notable studies finding links between serum PFAS and dysregulated lipid profiles (89), including increased low-density lipoprotein (90, 91), triglycerides (92) and total cholesterol (90, 91, 93, 94) in addition to diminished high-density lipoprotein (89). However, the extent of cholesterol dysregulation is variable across PFAS exposure levels as is the response to different forms of PFAS; with PFOA and PFOS demonstrating the most consistent effects between studies (62).

Epidemiological evidence has also linked PFAS exposure to the prevalence of testicular cancer, with the International Agency for Research on Cancer concluding PFOA is possibly carcinogenic to humans (48) and the United States Environment Protection Agency declaring it a likely carcinogen (95). In this context, studies by Barry et al. reported a strong association between testicular cancer and PFOA exposure (hazard ratio of 1.34) in adults exposed through drinking water assessed as part of the C8 Health Project cohort (43, 44). Similarly, Vieira et al. identified a positive correlation in individuals exposed to very high PFOS levels, with an adjusted odds ratio of 2.8; although a potential limitation of this study was the relatively small sample number (45). Confounding this situation, three additional studies focusing on PFOA exposure and mortality from testicular cancer all failed to identify an association in occupationally exposed workers (87, 96, 97). Thus, whilst not universally demonstrated, the potential significance of these positive associations is highlighted by parallel correlations between the widespread increase in worldwide PFAS usage and the rising prevalence of testicular cancer; a pathology that has significantly increased in recent times to become the most common malignancy in young men aged 20-40 years (98–101). Although the characterization of testicular cancer remains incomplete, there is speculation that environmental factors, as opposed to genetic factors, are a key contributor to the etiology of this form of cancer (98, 102).



Difficulties Associated With the Study of the Effects of PFAS Chemicals on Human Health

Many challenges exist that have hindered attempts to fully assess PFAS effects on health, including those directly related to tracing the mode and levels of PFAS exposure in the general population, consequences of PFAS precursors, compound effects of PFAS mixtures, as well as nuances specific to studies of animal models (103). The use of the latter has proven invaluable for studying the toxicology of PFAS exposure, albeit with variable outcomes (66, 104, 105). Laboratory rodents are the chief animal model employed, with zebrafish also being utilized in recent times, particularly in the context of assessing the impacts of PFOA and PFOS exposure (12). Amongst animal models, considerable interspecies variation has been noted, but thus far, the mechanistic basis of such inconsistency has not been entirely resolved. Known variables include biological mechanisms of PFAS action within target tissues, rates of PFAS metabolism and elimination, as well as assessment of different disease endpoints (12, 29, 51, 103). For instance, the half-life of PFOA in mice, at 6 days, is much shorter than in rats at 16 to 22 days and is generally significantly longer in humans (~2.1 to 3.8 years) (12). These differences are further confounded by differential responses between genders, with PFOA being eliminated much quicker from female rats (2-4 hours) compared to their male counterparts (4-6 days) (12, 106, 107). Li et al. (108) have reported similar results in humans with a significantly lower PFOS half-life being seen in women (3.1 years) compared to males (4.6 years). Similarly, Zhang et al. (109) reported that PFOS half-life was shorter in women under 50 years of age (6.2 years) in comparison to women over 50 and for males of all assessed age groups (27 years), although, the same trend was not seen with PFOA. However, it should be noted that this estimated half-life of 27 years for PFOS is higher than that calculated in similar studies, and as such, should be considered an upper limit estimation.

The manufacture and pervasive use of PFAS began in the 1950s (4), meaning that virtually all humans born after this time have potentially been exposed to some degree of PFAS contamination. As a consequence, there is a genuine difficulty in identifying a naïve unexposed control cohort, a situation that hinders the reliability of epidemiological models and cohort studies used to compare exposure groups and evaluate the risk of disease associated with varying PFAS exposure levels (51). Further, direct evaluation of the health outcomes of an individual resulting from PFAS exposure provides challenges due to the wide array of PFAS profiles detected in individuals within the same community, and between geographically distinct communities (51). Indeed, an individual’s PFAS profile depends on several variables, such as the source of exposure, which can range from contamination associated with standard food packaging, through to the waste products encountered within the vicinity of a facility which manufactures PFAS (51). Exposure sources are also likely to differ over time due to fluctuations in PFAS usage as has been seen with the progressive phasing out of PFOS and PFOA chemicals in favor of alternative short chain PFAS derivatives (51). Additionally, possible synergistic or antagonist effects between different PFAS molecules may result in variable health outcomes between individuals (51), yet little is currently known of the repercussions of such chemical interplay (66). Variations in exposure also occur throughout the lifetime of an individual and can range from consistent chronic exposure to intermittent shorter periods of exposure. This exposure range has apparent consequences for an individual’s PFAS profile making attempts to relate PFAS exposure to incident health outcomes difficult. Indeed, PFAS-related health outcomes emerging in adults may be attributed to exposure at one or more key stages of development such as the in utero, childhood or puberty stages (110), or alternatively, to chronic life-long exposure. Additionally, it cannot be determined whether an individual’s PFAS contamination level is a result of a current exposure(s) or accumulation over a period of several years.

Another limitation of PFAS investigation is knowledge of the full assortment of contaminating PFAS chemicals. Initial identification of these chemicals in human serum was reported in 1980 when PFOA was discovered in a group of industrial plant workers exposed to fluorochemicals (111). A subsequent reduction in the manufacture, and phasing-out the use of PFAS classed as being damaging agents began in several countries in 2000 (5). Consequently, the original PFAS were replaced with other chemical analogues thought to be less toxic and which did not accumulate as readily in biological systems (79). Regrettably, the next generation of PFAS has subsequently been found to be detrimental to human health, with a prominent example being GenX, a branched short-chain PFAS that has subsequently been found to be more toxic than the PFOA it replaced (16). As a result, new PFAS are constantly being added to the list of hazardous and toxic chemicals (112, 113), which emphasizes the necessity for increased investment into PFAS-related research.

Currently, determination of the PFAS profile of an individual is limited by available testing methods. Serum testing is performed most often using mass spectrometry paired with liquid chromatography (78). Mass spectrometry identifies organic compounds based on their molecular mass and can detect and quantify compounds with a high level of sensitivity. Many methods measure a limited subset of 20-30 PFAS, which potentially leads to inaccurate PFAS profiles, and should be considered when comparing PFAS studies (114). The limit of detection varies between PFAS (e.g., 1.10 ng/L for perfluoroheptanoic acid (PFHpA) to 25.1 ng/L for PFBA), with the limit of quantitation being even greater (e.g. 3.3 ng/mL for PFHpA, to 75.3 ng/L for PFBA) (78). If a particular PFAS is present below the method reporting limit in a sample it would be assumed not to be present in the assessed sample, thus introducing inaccuracies in the assignment of biological effects. These limitations in measurement techniques highlight the need to identify and understand new and emerging fluorinated compounds to allow an accurate determination of exposed communities and the efficacy of remediation strategies to reduce exposure.

The confounders documented above highlight the requirement for reliable markers of general health with which to determine the risk posed by PFAS exposure. Here, we explore the utility of employing male reproductive health as one such indicator to understand the molecular pathways by which PFAS drive pathophysiological responses, a strategy that builds on evidence that the male germline is vulnerable to a variety of environmental toxicants (1, 115).



The Relationship Between Male Infertility and Overall Health

Infertility is a reproductive system disease that impacts 16 to 25% of couples, with almost half of all cases attributed to male reproductive issues (116). Such problems are often connected to semen abnormalities, key contributors to which include body mass, lifestyle, age, and environmental exposures (116). Over the past few decades, decreasing trends in semen quality have been reported but there remains no clear explanation for the underlying causes of this decline (116). In recent years there has also been increased understanding that the general health of a male is closely related to his reproductive health (116), with strong associations established between male infertility and future health; especially the development of testicular cancer (117–120), and chronic non-malignant diseases such as ischemic heart disease and diabetes (36, 37, 40, 42, 116, 121). It has been proposed that shared genetic pathways, lifestyle factors and the environment, possibly acting in utero, could play a key role (122). Mounting evidence implies that semen quality can serve as a biological marker for future male health, as multiple epidemiological studies of notable size (>50,000 men) describe consistent associations between reduced semen quality and mortality. For instance, diminished semen parameters, such as sperm count, concentration, motility, and morphology, are related to a 2.3-fold greater risk of death in the following eight years: factors comparable to the risk of death due to diabetes or smoking (36, 42, 117). These studies reveal that men with atypical semen characteristics commonly die due to a higher prevalence of testicular cancer and/or altered androgen signaling, which culminate in the onset of metabolic, cardiovascular, or inflammatory diseases (123, 124); a disease set not too dissimilar to those suggested to onset due to PFAS exposure (1, 43).

Hence, current epidemiological evidence aligns with the association between male infertility and PFAS exposure, as seen with the link between male infertility and risk of chronic disease and mortality. Nevertheless, the scarcity of prospective studies and insufficient adjustment of confounders hinder the ability to ascertain the causality of these associations, and the pathogenic pathways linking these conditions are still ambiguous (1). Despite this, male fertility, particularly the clinical assessment of basic sperm parameters, allows for readily accessible biomarkers and presents as a potentially important resource to identify diseases promptly and predict the long-term health of an individual (36, 39–42). The theory that male reproductive pathologies are triggered by environmental exposure is not a new concept. Indeed, several studies have investigated a range of environmental contaminants (115) such as pesticides and herbicides (125), acrylamide (126), and radiation (127) and their implications for male fertility. In addition, these studies provide an important precedent for equivalent research to be performed on PFAS.



Known Effects of PFAS Exposure on Male Fertility

Despite the publication of several studies exploring the relationship between PFAS exposure and male fertility, the evidence presented is often conflicting (81, 128), and further such studies are hindered by the nature of the chemicals assessed and the pre-existing history of worldwide PFAS exposure. Notwithstanding the limitations imposed by these confounders, male ailments such as testicular cancer are perceived as a prominent endpoint of PFAS exposure (1, 43–47) (Table 2). Further evidence of testicular dysfunction is supported by large cohort studies assessing semen quality (49, 140). In this context, a dose-response relationship may exist between chronic PFOA and PFOS exposure and sperm production. A 35% decline in normal sperm production was observed in the upper tertile of PFOS concentration (> 27.3 µg/L), compared to that of the first tertile (< 11.9 µg/L) (35). Similarly, a 40% decrease in normal sperm production was recorded in high PFOS and PFOA exposed individuals, compared to men classed as having low exposure levels (129). Moreover, in utero exposure to PFOA was shown to lower total sperm count (130). Further to this, recent studies have described a significant association between PFAS exposure and several indicators of human sperm quality (49, 134). For instance, Toft and colleagues (35) found no consistent associations between exposure to multiple PFAS and sperm concentration and count, or semen volume but did record a decrease in sperm cells with normal morphology in association with higher PFOS levels (35). Similarly, Joensen et al. reported equivalent results in their 2009 study with PFOA and PFOS (129), but these outcomes could not be reproduced in their later study published in 2013 (131), possibly due to lower levels of PFAS recorded in this later cohort (0.5% for PFOS), in which no participants were classified in the ‘high exposure’ category as per the criteria in the first study. Further studies also failed to find an association between PFAS and sperm quality (132, 133, 135–137); thus precluding the establishment of causative links (133, 136). Sperm motility has also been found to correlate both positively and negatively with PFOA exposure. One study investigating the implications of PFAS exposure on sperm parameters found greater sperm motility the study cohort with the highest serum PFOA levels (35). However, this observation was not consistent across all countries, nor the individual PFAS examined, and due to the many statistical tests performed in this study, the authors concluded such results might be due to chance events alone (35). In contrast, an independent study reported a significant negative correlation between several PFAS in semen, including PFOA, and sperm motility (78). This latter study also found associations between the PFAS concentration in semen and sperm motility, which indicates that seminal concentrations of PFAS may be more indicative of semen quality than that of serum PFAS levels. Such a finding has implications for the accuracy of extrapolating data from different sample sources across studies. Thus far, less than 15 studies have been conducted to investigate associations between PFAS levels and sperm parameters (1, 141) (Table 2). Half of these studies show no association while the other half report some associations. Yet, no studies consistently found the same set of altered sperm parameters due to PFAS exposure. Differing results may, in part, be attributed to the variation in the studied cohorts between countries; for example European and Arctic (35), versus Chinese populations (78), wherein participants are likely to have been exposed to different PFAS profiles depending on the source and route of contamination, not to mention other environmental factors to which they may be exposed, that could act synergistically or antagonistically. Although the variation in outcomes reported in these studies highlights the difficulties in directly comparing PFAS studies, the existence of positive correlations between PFAS exposure and abnormal sperm characteristics uphold the view that internalized PFAS do localize to the testis, along with other organs of the body, thereby forming a useful model to study PFAS-induced damage. However, it should be noted that using sperm parameters as a measure is quite a blunt tool and small changes are unlikely to be informative due to the wide variation seen between males and the low threshold for WHO defined parameters (142). Therefore, researchers should exercise caution when interpreting data on sperm parameter changes.


Table 2 | Summary of outcomes from studies investigating the impact of PFAS on human male reproductive function.



The impact of PFAS on a variety of additional reproductive characteristics has also been investigated, including dysregulation of reproductive hormone profiles (141, 143, 144). In one such study, significantly lower serum testosterone levels were detected in male mice following 21 days of high (10 mg/kg) PFOS administration via oral gavage, compared to untreated controls (145). This finding supports previous evidence from studies of adult male rats exposed to PFOA by gavage at a concentration of 25 mg/kg/day for 14 days (146) and of mice treated for 28 days with PFOA (147). In the latter study, a dose-responsive reduction in testosterone and progesterone levels in the testis was revealed. These animal data are commensurate with some human investigations, which have also attributed reduced testosterone levels in men to high PFOS (131) and PFOA (139) levels. Furthermore, Luteinizing hormone (LH) and sex hormone binding globulin (SHBG) levels have been reported to correlate with increasing plasma PFOA concentrations in adult males (132, 133). Additionally, increased LH and follicle-stimulating hormone (FSH) were detected in men who experienced prenatal exposure to PFOA (130), indicating that this developmental phase may be particularly sensitive to maternal PFAS exposure. However, several conflicting studies fail to show any associations between PFAS exposure and plasma reproductive hormone levels in males (testosterone, LH, FSH, SHBG and estradiol) (129, 148, 149). Further, Nian et al. revealed a negative trend with FSH and PFBS in cord blood from newborns exposed to PFAS during pregnancy (138). As an additional caveat, animal study evidence should be interpreted cautiously as information on PFAS effects and male fertility is often not at environmentally relevant concentrations due to the much shorter half-life and faster elimination rates seen in animals, which result in lower internal levels at doses equivalent to human exposures.


Mechanisms of PFAS Action on Reproductive Health

Testicular dysgenesis syndrome (TDS) is a term that encompasses a range of male reproductive disorders originating from fetal development (150) and which are thought to be a consequence of environmental influences (150–152). Such issues share similarities with those attributed to PFAS exposure, such as undescended testes (cryptorchidism), fertility issues in adults, and testicular cancer (150, 151). Fetal development of the male reproductive system is sensitive to disturbance by environmental factors such as diethylstilbestrol, a synthetic estrogen prescribed to pregnant women in the mid-1900s (153) and cyclooxygenase inhibitors such as ibuprofen and paracetamol (154). An increased incidence of cryptorchidism has been identified in men exposed to these environmental toxicants in utero, with responses being particularly pronounced in those exposed during the critical programming windows of the first and second trimester (155, 156). Studies in rats have proposed the existence of male programming windows corresponding to weeks 8-14 of pregnancy in humans during which androgen-induced masculinization occurs, including programming of testes descent. Thus, environmental exposures encountered during this period have the potential to affect normal male reproductive development and reproductive hormone balance (156), suggesting a mechanism by which PFAS exposure during gestation may impact subsequent developmental events within the male reproductive system.

Endocrine disruptors are chemicals (both naturally occurring and synthetic) that interrupt the normal hormonal system of the body, either through direct hindrance of hormonal pathways or through mimicking the hormones within the endocrine system (157, 158). This can result in variable consequences such as dysregulation of immune, reproductive and developmental pathways (159–162). It follows that this diverse group of chemicals have been widely implicated in the development of reproductive abnormalities including TDS (150, 163–166). Indeed, the TDS hypothesis suggests that in utero exposure to endocrine disruptors damages testis development resulting in decreased function in adulthood, with symptoms ranging from moderately reduced semen quality through to the promulgation of testicular cancer (6, 167). PFAS display properties consistent with that expected of endocrine disruptors (1, 6, 168), and are widely reported as having endocrine disrupting actions (1, 6, 168–171). Accordingly, PFAS exposure often results in altered androgen and insulin-like factor 3 (INSL3) dependent processes (172–175) (Figure 3). There are two suggested mechanisms by which PFAS produce harmful endocrine effects: either by disturbing steroidogenesis (6) or by interfering with steroid hormone receptors (176, 177).




Figure 3 | Proposed mechanisms of PFAS action pertaining to the male reproductive system. PFAS have the potential to enter the body through multiple routes. Following entry, PFAS are capable of binding to fatty acid binding proteins and transport proteins in the blood such as human serum albumin (HSA) and thereafter are thought to be transported throughout the body eliciting harmful endocrine effects via two possible mechanisms: disturbing steroidogenesis (e.g. via allosteric inhibition of vital enzymes) or directly interfering with steroid hormone receptors. This results in altered levels of reproductive hormones such as luteinizing hormone (LH), follicle stimulating hormone (FSH), sex hormone binding globulin (SHBG), testosterone (T) and insulin-like peptide 3 (INSL3), which has subsequent effects on male reproductive processes. PFAS also accumulate in protein rich tissues, including the testes, which is facilitated by the high expression of fatty acid binding proteins. Here, PFAS impact testicular cell function, namely Leydig and Sertoli cells. Altered Leydig cell function leads to reduced testosterone production resulting in altered sexual development, increased incidence of hyperplasia and adenomas and increased risk of cryptorchidism in the fetus. This reduction in testosterone leads to attendant impacts on Sertoli cell function by reducing Sertoli cell differentiation and precipitating compromise of spermatogenesis, reduced sperm count and altered sexual development. Gap junctions between Sertoli cells and developing germ cells are also affected by PFAS, which reduces communication between the cells, negatively affecting spermatogenesis and resulting in a range of defects in the mature spermatozoa.



Specifically, at least some of the pathologies attributed to in utero PFAS exposure are hypothesized to arise due to abnormal Leydig cell development and/or function (6, 176). Leydig cells are a vital component of the male reproductive system responsible for synthesizing the steroid hormone testosterone, which is essential for sexual development and testis decedent in the fetal period (178), and the support of normal sperm production in the adult (179). Biegel et al. reported altered Leydig cell function in vitro with cells isolated from untreated rats, in which a dose-dependent decrease in testosterone was seen following a 5-hour treatment with PFOA (IC50 approximately 200 μM) (146). Additionally, ex vivo investigations with Leydig cells isolated from rats gavaged for 14 days with 25 mg/kg/day of PFOA showed these alterations are reversible following cessation of PFOA treatment (146). Such effects may be attributed to PFAS interfering with one, or more, of the enzymes involved in steroidogenesis. By way of example, PFAS may directly inhibit the catalytic activity of the 3β-hydroxysteroid dehydrogenase (HSD3B) enzyme by competing against its native pregnenolone substrate, thereby limiting the production of testosterone in rat Leydig cells (180). In humans, PFOS displays non-competitive inhibition of HSD17B3, another enzyme required for testosterone synthesis (176). Interference with steroid hormone receptors has also been documented, with the binding of PFAS leading to antagonism of androgen receptors (50), thereby blocking their activation by androgens, such as testosterone, in a dose-dependent manner (181). Other studies have reported a reduction in fetal Leydig cell number in male offspring exposed in utero, with mothers gavaged with 5 or 20 mg/kg of PFOS daily from gestational day 11 to 19 (182), which provides a tenable explanation for the reduction in testosterone levels seen in independent studies of rat models (146). Alternatively, elevated exposure to PFAS has been positively correlated with increased serum cholesterol in humans (1), which may lead to an increase in the production of steroid hormones. Of concern, the consequences of alterations resulting from prenatal PFAS exposure have the potential to be passed on to offspring through epigenetic transgenerational inheritance modalities (183) and may thus increase the susceptibility of future generations to disease, as demonstrated with other environmental factors (121, 184).

Further to this, at least two studies have shown that high PFOS exposure in adult men results in a higher proportion of morphologically abnormal sperm cells (35, 129). However, Vested et al. failed to identify any such association between PFOA exposure in utero and the proportion of morphologically normal spermatozoa (130). The authors did, however, report associations between PFOA exposure and total sperm count and concentration (130), which would suggest that the timing of exposure plays a part in the mechanism by which PFAS affects the fidelity of sperm production, that is; whether PFAS exposure gives rise to defects in sperm morphology or sperm count. This reasoning is plausible since sperm morphology and motility are primarily determined during sperm production and maturation in adulthood. In contrast, the capacity for sperm production is determined during the fetal period of sexual organ development (130). Furthermore, the relationship between sperm count/concentration and PFOA exposure suggests an effect on Sertoli cell development during the fetal period, as failure of Sertoli cell maturation and consequential inability to support spermatogenesis invariably results in lower rates of sperm cell production (185). This is supported by evidence demonstrating that in vitro PFAS exposure disturbs Sertoli cell function by altering the gap junction network with implications for the intracellular communication and cell-cell interactions (186–188) that are necessary for the support of spermatogenesis (189–192). Abnormal Sertoli cell development during the initial in utero stages of male reproductive tract development will also, in turn, impact Leydig cell function and subsequent masculinization events (193).

An in vitro study using a human stem cell model of spermatogenesis discovered a reduction in both spermatogonia and primary spermatocyte markers when cultures were treated with a mixture of PFOA, PFOS, and PFNA at levels consistent with general population exposure and occupationally exposed individuals, suggesting a potential long-term effect on fertility through exhausting the spermatogonial stem cell pool, rather than directly affecting cell viability (194). In agreement with this notion, an in vivo study in mice revealed a reduction in sperm count and testicular weight upon treatment with PFOS over five weeks (195), while in a zebrafish study the gonadal structure of juvenile males was altered by a 5-month treatment period with PFOS, ultimately resulting in fewer spermatogonia (196). Such results have been attributed to a combination of increased apoptosis and reduced proliferation of germ cells (195). However, the effects of PFAS exposure on the reproductive system differ depending on the specific PFAS and the toxicokinetics of the species studied (197). For example, PFOA mainly accumulates in the plasma and liver of rats, with the half-life in female rats at 1 day being much shorter than in males at 15 days (106). By comparison, high PFOS accumulation has been detected in the liver and lungs of humans (20, 198), with no differences in elimination between genders (12). Another mechanism by which PFAS mediated testicular issues may arise is through the binding of fatty acid binding-proteins (FABP), a family of proteins that bind fatty acids to enhance their solubility, and to aid in both the intracellular and extracellular transport of fatty acids (199). The most common FABP is albumin, which binds and transports fatty acids within the plasma and interstitial fluid (200, 201). There are distinct types of FABP, with each type exhibiting certain tissue distribution patterns and named accordingly (202). For example, mammalian testicular cells express high levels of the Fabp9 gene (also known as testes FABP) (202), and Fabp12 gene expression has been detected in adult rat testis (203). Due to the distinct distribution and expression patterns of FABP encoding loci, it is suggested they may play a role in cell proliferation and differentiation (199, 204), specifically spermatogenesis in the testes (203). Therefore, the testes are a vulnerable organ for PFAS-mediated damage, owing to their abundant expression of FABPs that have a propensity to bind the perfluoroalkyl chains and lead to sequestration of PFAS.




Remediation of Environmental PFAS Contamination

Extensive worldwide use of PFAS has led to pervasive contamination of land and water, which demand remediation if we are to have any prospect of combating the adverse health outcomes attributed to these chemicals, both in humans and wildlife. Environmental matrices that require targeting for remediation include groundwater, drinking and surface water, as well as soil and sediments (66, 205). However, this diversity of substrates provides unique challenges considering that different PFAS do not all interact with different matrices in the same manner (206), nor do they behave like other environmental contaminants (207). It is thus imperative that chemical features specific to PFAS are taken into consideration when designing remediation strategies to ensure thorough and long-lasting removal is achieved. Similarly, the logistics of the treatment, accessibility, and safety measures need to be taken into consideration. Regrettably, options for PFAS remediation remain limited, with most current technologies having originally been developed for the removal of other contaminants (208). Thus, there is considerable scope for the development of novel technologies to facilitate PFAS remediation, perhaps even employing a combination of treatment processes tailored to the site and/or PFAS profile to achieve the most cost-effective and efficient treatment process for each site (209). Illustrated in Figure 4 are three remediation strategies that can be employed for effective treatment of PFAS water contamination (210–216). A novel technique has been proposed that utilizes plant proteins for effective removal of PFAS water contamination, through the pump-and-treat method (217). Such proteins contain both charged and uncharged residues on their surface, which allows them to form bonds with ligands through electrostatic interactions and/or hydrophobic/hydrophilic interactions (218), providing a method by which they could potentially remove PFAS contamination from water. Previous studies have shown PFOS forms a strong salt bridge with HSA, resulting in a high adsorption ratio of 45:1 PFOS to HSA (219). Building on these observations, Turner et al. (217) investigated the sequestration efficacy of six plant protein isolates and found that hemp protein has the highest removal rate for total PFAS at 92.5%, along with soy and pea proteins (around 82%), which is comparable to the granular activated carbon technique (95%). This technique provides a means by which plant proteins could be employed to reduce PFAS contamination within the body and thus warrants further investigation.




Figure 4 | Schematic diagram of three possible treatment mechanisms for PFAS contaminated water. (A) Carbon-rich sorbents such as granular activated carbon (GAC) have a long history of being utilised to remove a variety of organic contaminants from water and as such are by far the best studied and most widely used sorption technology for treating PFAS contaminated water sources (208). Granular activated carbon has been shown to reliably remove PFOS with over 90% efficiency (59, 210) and is thus now the reference point for comparison of all new PFAS water sorption technologies. This technology can be employed to treat water before it reaches consumers, either as a single strategy, or as part of an integrated treatment programme. This treatment often involves the pump and treat method in which groundwater is extracted and filtered (208, 211), with the sorbent then being disposed of in landfill sites, provided certain risk criteria are met and the chemicals remain sequestered. International conventions state that waste materials containing > 50 mg/kg of PFAS must be treated in such a way as to destroy these chemicals, which is often accomplished by incinerating at high temperatures (over 1100°C) (208, 212). (B) Ion exchange uses anion exchange to target a wider range of PFAS, allowing for more efficient removal. Removal occurs via electrostatic interactions between the charged functional groups of PFAS chemicals and ions supported on an immobilized synthetic structure (213). In comparison to activated carbon treatment, this method has been shown to be more effective in removing PFAS, particularly the short chain variants (205). However, the efficiency of ion exchange technologies is dependent on several factors, such as the chemical composition of PFAS functional group, PFAS chain length and the ion exchange functional groups (the more hydrophobic, the better the sorption capacity of all chain lengths) (213). The success of almost all remediation strategies employed has been shown to depend on the perfluoroalkyl chain length, with increased efficacy seen with smaller chain length (214). (C) However, simply removing PFAS from water does not destroy the chemical, hence why further processing or incineration is required, making removal techniques lengthy and potentially hazardous. Sonochemical degradation has been shown to destroy aqueous PFOA and PFOA in laboratory conditions (213), demonstrating sonic irradiation can be effectively employed to reduce PFAS contamination at environmentally relevant levels (215). The degradation patterns of PFAS chemicals are influenced by their functional groups and chain lengths as well as physical variables such as temperature and pH (216). Utilizing the method of groundwater pumping is seen as a potentially endless endeavor due to continual contamination from untreated water sources. This, in turn, raises questions as to whether the pump and treat method is sustainable in the long-term treatment of PFAS contamination due to extensive resources and energy required (208).





Removing PFAS Accumulation in the Human Body

Unlike other environmental toxicants, such as parabens (220), the body cannot metabolize or facilitate the rapid removal of PFAS. Thus far, there has been limited investigation into the possibility of sequestering PFAS chemicals to reduce bioaccumulation within contaminated individuals in order to mitigate negative health outcomes. However, the adaption of existing techniques developed for other environmental contaminants may provide opportunities by which to reduce PFAS accumulation. Unfortunately, most of these techniques are only newly recognized and as such are still at an early stage of research with inadequate evidence of efficacy (221).

One process investigated for detoxification in humans is the exploitation of the body’s natural excretion through perspiration, with an assortment of toxicants shown to be excreted in this manner, such as metals (222), phthalates (223) and bisphenol A (224). Studies have reported that induced perspiration treatment in individuals with toxicant accumulation, specifically polychlorinated biphenyls (PCBs) compounds, results in a statistically significant reduction in body burden (225, 226). Although promising, based on the limited available evidence, it seems that PFAS may not be readily excreted through sweat (227). Conversely, shorter half-lives are observed in women, which are proposed to result from increased PFAS elimination through menstruation, pregnancy or lactation (1, 109, 228). Accordingly, studies have shown regular phlebotomy or blood donation can also increase the elimination of PFAS (229, 230). Lorber et al. showed males undergoing regular blood withdrawals had 40% lower PFHxS, PFOA and PFOS levels in comparison to males in the general population (231), and suggested a 9% reduction in circulating blood volume was required to achieve significant reductions in PFAS levels. Additionally, evidence shows that bile acid sequestrants, such as cholestyramine, bind to PFAS toxicants within the gastrointestinal tract, thus preventing enterohepatic recirculation and increasing excretion of cholesterol and PFAS (227, 232). One case study with a single individual with high PFAS contamination showed increased levels of PFAS in stool samples following treatment with cholestyramine, with serum levels subsequently reducing with continued treatment (227). Ducatman and colleagues recently substantiated this evidence by analyzing the C8 Health Project Data (43) in which they found a reduction in serum PFAS levels (especially PFOS from 19 to 1 ng/mL) in individuals reporting to take regular cholestyramine medication, although data on duration and medication dosage administered was not reported (233). Of course, additional investigations are required to further corroborate these findings, but thus far evidence from these studies implies that utilizing cholestyramine treatment may allow for enhanced toxicant elimination.



Conclusion

Increasing awareness of the potential health implications of PFAS and realization of the extent of environmental contamination has led to a rising demand for research into definitive health risks and effective remediation strategies. Animal models have been widely employed to investigate in vitro and in vivo consequences of PFAS exposure, as well as the toxicology of these chemicals. Such studies complement a growing body of evidence from human epidemiological studies. However, the literature abounds with conflicting evidence, and as such, it remains challenging to draw accurate conclusions regarding the causality of PFAS related health issues. This situation is exacerbated by the repeated demonstration that outcomes differ depending on factors such as the specific PFAS chemical(s) (of which there are over 4,700), stage of development (i.e., during fetal development or in later life) and duration of exposure, level and mix of contamination, route of exposure, and interaction with other environmental contaminants and toxicants, all of which are influenced by geographical location. These factors present significant difficulties for researchers in planning, executing, and interpreting studies, and thus hinder our ability to directly compare PFAS exposure studies. While standardization therefore remains an essential priority for future research, the identification of appropriate cellular model(s) with which to directly investigate and unlock the interaction of PFAS with the male reproductive system would also be advantageous. In addition, agreement is needed regarding endpoint measures, in which subtle changes, such as decreases in fertility or metabolic sequelae, may be used as early markers of PFAS-mediated health effects, rather than more extreme factors such as tumors. In this regard, the male reproductive system offers notable advantages as a sensitive marker of human disease and may ultimately provide a unique opportunity for assessing the emerging threat to human health posed by PFAS exposure. Indeed, this model draws on a growing body of evidence of a strong association between a male’s general health and reproductive potential, with infertility being strongly correlated with future health concerns such as testicular cancer, ischemic heart disease and diabetes.



Future Perspectives

We contend that the identification of a reliable indicator of PFAS exposure would allow for the identification of reproductive health conditions resulting from PFAS bioaccumulation and aid in identifying, with certainty, the mechanisms by which PFAS impacts male reproductive health. Exploiting male reproductive function and sperm biology as a non-invasive means by which to investigate health outcomes is justified due to the responsiveness and sensitivity of the male reproductive system to environmental toxicants. Indeed, previous studies have employed this system as a marker to define the health effects of environmental factors such as acrylamide (234, 235), mobile phone radiation (236), and heat (237, 238). Additionally, the male reproductive system is known to be an early indicator for the onset of chronic diseases such as coronary and inflammatory diseases, making it a suitable indicator of general health. Strong associations have been seen between PFAS exposure and testicular dysfunction, indicating the male reproductive system is vulnerable to PFAS-mediated damage. In this context, perhaps the most suitable human cohorts to study are those that have received occupational PFAS exposure, such as firefighters, to determine the common effects of exposure and gain insight into possible mechanisms of action. It would then be pertinent to study individuals with idiopathic infertility to identify if any clear associations can be drawn between their diagnosis and PFAS levels, through assessment of detailed life history and daily routine/exposure information. These factors could then be used to screen for affected individuals within the general population. In addition to elucidating the toxicological effects of PFAS chemicals in humans, there is a need for data on a wider range of PFAS in order to regulate, legislate and ban those that are harmful, thus preventing further contamination from replacement PFAS, which may be just as harmful as the legacy variants.
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Children are vulnerable to the radiofrequency radiation (RFR) emitted by Wi-Fi devices. Nevertheless, the severity of the Wi-Fi effect on their reproductive development has been sparsely available. Therefore, this study was conducted to evaluate the Wi-Fi exposure on spermatogonia proliferation in the testis. This study also incorporated an approach to attenuate the effect of Wi-Fi by giving concurrent edible bird’s nest (EBN) supplementation. It was predicted that Wi-Fi exposure reduces spermatogonia proliferation while EBN supplementation protects against it. A total of 30 (N = 30) 3-week-old Sprague Dawley weanlings were divided equally into five groups; Control, Control EBN, Wi-Fi, Sham Wi-Fi, and Wi-Fi + EBN. 2.45 GHz Wi-Fi exposure and 250 mg/kg EBN supplementation were conducted for 14 weeks. Findings showed that the Wi-Fi group had decreased in spermatogonia mitosis status. However, the mRNA and protein expression of c-Kit-SCF showed no significant decrease. Instead, the reproductive hormone showed a reduction in FSH and LH serum levels. Of these, LH serum level was decreased significantly in the Wi-Fi group. Otherwise, supplementing the Wi-Fi + EBN group with 250 mg/kg EBN resulted in a significant increase in spermatogonia mitotic status. Even though EBN supplementation improved c-Kit-SCF mRNA and protein expression, the effects were insignificant. The improvement of spermatogonia mitosis appeared to be associated with a significant increase in blood FSH levels following EBN supplementation. In conclusion, the long-term Wi-Fi exposure from pre-pubertal to adult age reduces spermatogonia proliferation in the testis. On the other hand, EBN supplementation protects spermatogonia proliferation against Wi-Fi exposure.

Keywords: children, gonadotropin, mitosis, spermatogonia, sperm, Wi-Fi


INTRODUCTION

Amid the pandemic COVID-19 outbreak, Wi-Fi has become a daily necessity rather than a privilege ([MCMC] Malaysian Communications and Multimedia Commission, 2020). The worldwide lockdown had caused an increment of 500 and 155% of Wi-Fi users among children in the United States and Malaysia, respectively ([MCMC] Malaysian Communications and Multimedia Commission, 2020). In Malaysia, this involves children aged 5–17 years old ([MCMC] Malaysian Communications and Multimedia Commission, 2020). Children nowadays have been using Wi-Fi since before puberty and may continue to do so until adulthood. Therefore, the trend of using Wi-Fi early in childhood causes the children to receive radiofrequency radiation (RFR) emitted by the Wi-Fi devices for a more extended period than it will be to adults (Stewart et al., 2000; Moon, 2020).

In view of the fact that the testis is a sensitive organ to the RFR emitted by Wi-Fi (Zhu et al., 2014), the focus of this study was to evaluate the effect of Wi-Fi exposure on the testis when it receives early Wi-Fi exposure since childhood. The testis is an essential organ for male gamete production through spermatogenesis (Nishimura and L’Hernault, 2017). Spermatogenesis is a continuous process that begins at the onset of puberty to produce millions of spermatozoa (Feng et al., 2014). This process involves strict regulation of multifactorial niche in the testis microenvironment (Hai et al., 2014).

Before the onset of the first meiosis during puberty, spermatogonial stem cells (SSCs) located in the seminiferous tubule of the testis should undergo two processes. The first is mitosis for the maintenance of the SSC pool, and the second is differentiation to produce differentiated spermatogonia progenitor (Kanatsu-Shinohara and Shinohar, 2013). The differentiated spermatogonia are marked by the expression of c-Kit, a type III tyrosine kinase receptor (Ohta et al., 2000; Zhang et al., 2011; Babaei et al., 2016). c-Kit is a 145 kDa transmembrane glycoprotein coded by a gene located at the dominant white spotting (W) locus on chromosome 4q11-q12 in humans (Badr et al., 2018) and chromosome 5 in mice (Gomes et al., 2018).

The ligand for c-Kit is known as stem cell factor (SCF), a 45 kDa glycoprotein secreted by Sertoli cells and encoded by Steel (Sl) locus on chromosome 12 in humans and chromosome 10 in mice (Wiesner et al., 2008; Mansuroglu et al., 2009). Interaction and communication of c-Kit-SCF are crucial for the survival and proliferation of the differentiated spermatogonia and the onset of spermatogenesis (Prabhu et al., 2006). Subsequently, the proliferation of the differentiated spermatogonia is a critical stage to dictate the number of spermatogonia that will enter meiosis and determine the number of sperm yields (Xu et al., 2016).

Besides c-Kit-SCF interaction, important reproductive hormones also influence spermatogonia proliferation (Khanehzad et al., 2021). As the Wi-Fi exposure was done from pre-pubertal to adult age, the probability of hormonal disturbance on the testosterone, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) is quite likely. However, whether early Wi-Fi exposure could impair spermatogonia proliferation and these prominent factors regulating them is still unknown.

Besides evaluating the effect of pre-pubertal Wi-Fi exposure on the testis, this study also incorporated edible bird’s nest (EBN) supplementation to overcome the expected negative impact of Wi-Fi exposure. EBN is a bird’s nest made of male swiftlet saliva, Aerodramus fuciphagus, particularly during the breeding season (Kuntjoro and Rachmadiarti, 2020). It is composed mainly of protein, carbohydrates, and a small amount of fat (Chua and Zukefli, 2016). Our previous study demonstrated a dose-dependent increase of sperm concentration, sperm motility, as well as testosterone, FSH, and LH serum hormonal level upon EBN supplementation (Jaffar et al., 2021).

There are two reasons why this study incorporates EBN. Firstly, EBN was reported to have a positive proliferative effect in in vitro study (Aswir and Wan Nazaimoon, 2011; Abidin et al., 2011; Roh et al., 2012). Second, EBN was also reported containing a few male reproductive hormones such as FSH, LH, and testosterone (Ma and Liu, 2012a) and showed potential as an alternative treatment for erectile dysfunction (Ma et al., 2012). These EBN characteristics align with the current study objective and therefore becomes the reason for this selection interest.

Hereby, this study was done to evaluate the effect of long-term Wi-Fi exposure from pre-pubertal until adult age and its impact on spermatogonia proliferation, several spermatogonia proliferation regulatory factors, and the protective effect of EBN supplementation against the Wi-Fi exposure. This study is imperative in understanding the consequences of long-term Wi-Fi exposure on children’s reproductive development and the approach to overcome the Wi-Fi effect with continuous Wi-Fi exposure.



MATERIALS AND METHODS


Animals

Thirty (N = 30) male Sprague–Dawley rats at the age of 3 weeks with an initial body weight of 45 ± 5 g were acquired from the Laboratory Animal Research Unit (LARU) of the National University of Malaysia (UKM). This 3-week-old male rat pups representing 7-year-old children. Wi-Fi exposure was conducted for 14 weeks until the pups reached 17-week-old. The 17-week-old rats represent 33-year-old humans who have matured reproductive systems. This age comparison was performed according to the pre-pubertal period of rats compared to humans (Sengupta, 2013).

The rats were divided randomly and equally into five groups (Table 1), with six rats (n = 6) in each group. Each rat was housed individually in a plastic cage (43 cm length × 16 cm wide × 29 cm height) and have the privilege to move freely inside the cage without any movement restriction. The rats were fed with respective food pellets, supplied with clean water ad libitum, and kept in 12 h light: dark cycle at the ambient temperature of 22°C ± 5°C. In this study, all animal procedures were approved by the National University of Malaysia (UKM). The approval reference number for this study was FISIO/PP/2018/SITI FATIMAH/28-MAR./908-MAR.-2018-DEC.-2020.


TABLE 1. Description of experimental group.

[image: Table 1]


Wi-Fi Exposure Setting

A Wi-Fi router, namely, TP-LINK AC750 Wireless Dual Band Wi-Fi Router Archer C20 (Shenzhen, China), was used. This Wi-Fi router consists of three omnidirectional antennas. Two antennas generate 2.45 GHz Wi-Fi frequency, while one antenna supports dual frequencies, 2.45 and 5 GHz. Only 2.45 GHz Wi-Fi frequency operating at 802.11b/g/n standards was used.

The Wi-Fi router was placed at a 20 cm distance from the animal cages (Figure 1). Wi-Fi group was exposed to a router maintained in an active state by constant communication (ping protocol via Bitvise SSH client software v8.18) with a Raspberry Pi computer. Ten pings were sent per minute throughout the exposure. In the Sham Wi-Fi group, the Wi-Fi router was maintained without the ping and considered to be in an inactive state. Exposure was conducted 24 h daily for 14 consecutive weeks.


[image: image]

FIGURE 1. The experimental setting for Wi-Fi exposure. Wi-Fi router was placed at 20 cm distance from the animal cages. The animal was caged individually without any movement restriction. Exposure was conducted 24 h daily for 14 consecutive weeks.


Based on the Maximum Permissible Exposure report of TP-LINK AC750 Wireless Dual Band Wi-Fi Router Archer C20, the specific absorption rate (SAR) is approximately 0.41 W/kg.



Edible Bird’s Nest Supplementation

The raw EBN was obtained from an identified swiftlet’s house at Bera, State of Pahang, Peninsular Malaysia. The collected EBN were then processed, freeze-dried, and provided by Glycofood Sdn Bhd, Malaysia.

EBN 250 mg/kg supplementation was given to the Control EBN and Wi-Fi + EBN groups. The dose chosen and the method of supplementation was done based on our previous report (Jaffar et al., 2021).



Animal Euthanization and Tissue Sampling

After 14 weeks of Wi-Fi exposure, each animal was euthanized with a Ketamine-Tiletamine-Xylazine (KTX) cocktail intraperitoneally. Blood was drawn immediately from retro-orbital sinus and collected in BD Vacutainer SST II Advance Plus Blood Collection Tube (BD, United States). The blood was left undisturbed for at least 30 min at room temperature, and the collection tubes were centrifuged at 1,500 g for 10 min at 4°C. The obtained serum was aliquoted and stored at −80°C until analysis.

Both sides of the testis, epididymis and seminal vesicle were carefully dissected and cleaned from surrounding adipose tissue before weighing. The organ coefficient of each dissected reproductive organ was expressed according to the equation: the wet weight of organ (g)/body weight (g) × 100 (Feng et al., 2015). The right testis was fixed in 10% buffered neutral formalin (Merck, Germany), processed with standard protocol, and embedded in paraffin wax (Merck, Germany). The left testis was immediately snap-frozen and stored at −80°C until analysis.



Evaluation of Spermatogonia Mitosis Status by Direct Immunofluorescence

Serial sections of 3-μm thick paraffin-embedded testis were prepared and mounted on poly-L-lysine slides. The sections were deparaffinized in xylene and then rehydrated in graded alcohols.

The tissue sections were heated in a microwave oven in pre-heated 10 mM sodium citrate buffer pH 6.0 for 5 min for antigen retrieval and permeabilized with 0.1% Triton-X 100 in PBS for 30 min. The slides were washed three times with PBS before incubation in Blocking One Solution (Nacalai Tesque, Kyoto, Japan) for 10 min to block non-specific binding. The slides were rewashed with PBS three times. The tissue sections were incubated overnight at 4°C with mouse monoclonal phosphohistone 3 (pHH3) antibody conjugated with Alexa Flour 594 (Santa Cruz Biotechnology, Texas, United States) at a dilution of 1:100.

After antibody binding, the slides were washed three times with PBS. DNA was counterstained with 10 μg/mL Hoechst 33342 and observed using Nikon Eclipse Ni fluorescent microscope under 400 × magnification. About 10–15 random fields were captured using Nikon Y-T TV. The intensity of the staining of 20 random seminiferous tubules was measured using Image J software v1.52a. The steps were repeated for rectum adenocarcinoma tissue (Kim et al., 2018) as a positive control for the staining.



qPCR Analysis of c-Kit and Stem Cell Factor in the Testis

Total RNA was extracted from the left testis using the NucleoSpin®RNA kit (Macherey-Nagel, Düren, Germany). The RNA was eluted with 60 μL of RNase-free water, and its concentration was determined using a NanoDrop DS-11 + Spectrophotometer (DeNovix, Wilmington, United States). Total RNA was converted into a more stable single-strand cDNA using commercially High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems, California, United States). RNA stabilization was done by mixing 1,000 ng of total RNA in a master mix containing RT buffer, 100 mM dNTP mix, RT random primers, and MultiScribe® Reverse Transcriptase. The reaction was conducted for 10 min at 25°C, 120 min at 37°C, and 5 min at 85°C.

Quantitative Real-Time PCR (qPCR) reactions were conducted using the PrecisionPLUS qPCR master mix (Primer Design, United Kingdom). Dilution of 1:5 and 1:50 cDNA was applied for c-Kit and SCF, respectively. Approximately 1 μL of the respective cDNA dilution and 1 μL of each primer (Table 2) were added into the master mix. A final reaction volume of 20 μL was run in CFX96TM Real-Time System attached to C1000 Thermal Cycler (Bio-Rad, United States) under the following conditions: 95°C for 2 min, followed by 40 cycles of 95°C for 10 s, and 60°C for 60 s. A final melting step was performed under the following conditions: 65–95°C for 5 s, with 0.5°C increments, to ensure primer dimers’ absence and confirm reaction specificity.


TABLE 2. Sequence and code for primers of targeted and housekeeping genes.

[image: Table 2]
All reactions were run in triplicate. Each sample’s threshold cycle value (Ct) was measured from the fluorescence signal at the end of every extension cycle. β-Actin was used as a housekeeping gene. The Ct values were used to calculate the relative expression levels compared with the housekeeping gene expression.

Standard plots were constructed for each target gene by using specific primers (Table 2). Each standard curve was generated by linear regression of the plotted points. The standard curves exhibited correlation coefficients not less than 0.99, and the efficiencies ranged between 100 and 110%.



Evaluation of c-Kit and Stem Cell Factor Protein Expression by Western Blot

The frozen rat testis was thawed and homogenized in radioimmunoprecipitation assay buffer (RIPA) buffer containing protease inhibitors. The samples were centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was extracted, aliquoted, and stored at 80°C. Bradford assay was performed to determine protein concentration in each homogenate sample. About 0.2 g of the protein sample was mixed with SDS 5 × loading buffer (Elabscience, Wuhan, China), incubated at 70°C for 5 min, and centrifuged at 12,000 rpm for 30 s. The proteins were electrophoresed on 10% polyacrylamide gels for c-Kit and 8% polyacrylamide gels for SCF.

The membranes were blocked using 5% (w/v) skim milk in Tween-containing Tris-buffered saline [TBST; 145.4 mM NaCl, 10 mM Tris-base, 0.1% (v/v) Tween20, pH 7.5] for 1 h. Then it was incubated in rabbit c-Kit polyclonal (1:1,000 in 5% skim milk) (Elabscience, Wuhan, China) and rabbit SCF polyclonal (1:1,000 in 5% skim milk) (Elabscience, Wuhan, China) primary antibodies overnight at 4°C. The membrane was washed with TBST and incubated with goat anti-rabbit Ig-G (H + L) conjugated with horseradish peroxidase (HRP) (1:5,000 in 2% skim milk) (Elabscience, Wuhan, China) for 1 h at room temperature. The membrane was rewashed with TBST, and the immunoreactive bands were detected using the Excellent Chemiluminescent Substrate (ECL) Kit (Elabscience, Wuhan, China). The membranes were stripped and re-blotted with an anti-β-actin antibody to determine equal loading. Protein detection was then done on the membrane. It was performed using Gel Doc Amersham Imager 600 (GE Healthcare, United Kingdom). Digital images from the latter imager were immediately analyzed using Image J v. 1.52a. The band intensities of the protein were normalized to that of β-actin.



Serum Testosterone, Follicle-Stimulating Hormone, and Luteinizing Hormone Determination by ELISA

Serum testosterone was measured by competitive enzyme-linked immunosorbent assay (ELISA, Elabscience, Wuhan, China). Serum FSH and LH were measured by sandwich ELISA (Elabscience, Wuhan, China). Intra-assay and inter-assay variability (CV) for all ELISA kits was less than 10%.

All the assay procedures were conducted in duplicate according to the kit’s instructions. In brief, 50 μL of the standard and serum were pipetted into a 96 well testosterone ELISA plate. The well was immediately added with 50 μL of biotinylated antibody, sealed, and incubated for 45 min at 37°C.

For FSH and LH hormone analyses, 100 μL of the standard and serum were pipetted into a 96 well ELISA plate. The plate was sealed and incubated for 90 min at 37°C, and all liquid was removed before adding 100 μL of respective biotinylated antibodies into the well. The well was then incubated for 1 h at 37°C.

After incubation with the respective biotinylated antibody, all the solution was removed from the well and washed three times. About 100 μL of horseradish peroxidase (HRP)-conjugated avidin was added into each well. The well was further incubated for another 30 min at 37°C and washed five times. The colorimetric reaction was allowed by adding 90 μL of the substrate reagent, covered from light, and incubated for another 15 min. The reaction was terminated by adding 50 μL of the stop solution. Absorbance was recorded at 450 nm. Testosterone, FSH, and LH serum levels were interpolated from an eight-point standard curve plotted according to a four-parameter logistic (4PL) by using MyAssays.com.



Statistical Analysis

Statistical analysis was performed using SPSS version 22.0 software (SPSS Inc., Chicago, IL, United States). One-way analysis of variance (ANOVA) followed by Tukey’s post hoc analysis was conducted due to the data’s normal distribution and variance homogeneity. The Kruskal-Wallis H test evaluated immunofluorescence intensity and sperm chromatin integrity because of the lack of normality of the data distribution. A p-value < 0.05 was considered statistically significant.




RESULTS


Organ Coefficient

No significant differences in the organ coefficients of the testis, epididymis, and seminal vesicles were found among the groups (Table 3).


TABLE 3. Organ coefficient of testis, epididymis and seminal vesicle in each group.
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Spermatogonia Mitosis Status

The mitosis status of spermatogonia was evaluated by pHH3 expression, represented by red immunofluorescence staining (Figure 2A). The immunofluorescence staining of the testis tissue in each group demonstrated that Wi-Fi and Sham’s groups exhibited reduced immunofluorescence red signal. The intensity of the red immunofluorescence signal was measured by Image J software and evaluated by the Kruskal-Wallis H test. A significant difference in the signal intensity was found among the groups (Chi-square = 24.84, p = 0.000, df = 2) (Figure 2B).


[image: image]

FIGURE 2. (A) Immunofluorescence staining on sections of the testis for the expression of pHH3 by using Alexa Flour 594, with excitation and emission wavelengths of 590 and 618 nm, respectively. Positive staining is represented by red fluorescence signal (arrow). (a) Control group; (b) Control EBN group; (c) Wi-Fi group; (d) Sham Wi-Fi group; (e) Wi-Fi + EBN group (f) staining positive control by using rectum adenocarcinoma tissue section. For each section, Hoechst 33342 was used to counterstain the cell nuclei, as indicated by the blue signal. All observations were conducted under 200× magnification. (B) Immunofluorescence intensity measured by Image J is presented as median ± SEM (n = 6). Kruskal-Wallis H test showed significant differences * among the groups (Chi-square = 24.84, p = 0.000, df = 2).




Evaluation of c-Kit and Stem Cell Factor mRNA Expression by qPCR

There were no significant changes in c-Kit and SCF mRNA expression in the Wi-Fi group compared with the Control group. However, the mRNA expression levels of c-Kit (p = 0.007) and SCF (p = 0.000) in the Wi-Fi group showed a statistically significant difference compared with those in the Sham group. The c-Kit (p = 0.015) mRNA expression was significantly higher in the Sham group than in the Control group (Figure 3). The SCF mRNA expression in the Sham group showed a similar trend with c-Kit mRNA expression, but it was not statistically significant compared with the Control group.


[image: image]

FIGURE 3. Log2 fold change of c-Kit and SCF mRNA expression in each group. mRNA expression was determined by qPCR after normalization with β-actin housekeeping gene. Data are expressed as fold change variation relative to the Control group (0 baselines) and presented as mean ± SEM (n = 6). aRepresents a significant difference compared with the Control group. bRepresents a significant difference compared with the Control EBN group. cRepresents a significant difference compared with the Wi-Fi group. dRepresents a significant difference compared with the Sham Wi-Fi group.




Evaluation of c-Kit and Stem Cell Factor Protein Expression by Western Blot

We further examined the protein levels of c-Kit (Figures 4A,B) and SCF (Figures 4C,D) in each group. The results of relative intensities with β-actin as standard showed that the protein expression levels of c-Kit (p = 0.977) and SCF (p = 0.996) in the Wi-Fi group showed no significant changes compared with those in the Control group. The c-Kit and SCF protein expression levels increased in the Sham group but were not statistically significant compared with those in Control (c-Kit p = 0.071; SCF p = 0.428) and Wi-Fi group (c-Kit p = 0.205; SCF p = 0.634). These patterns of protein expression indicate that changes in protein and mRNA levels are somehow parallel.


[image: image]

FIGURE 4. Protein expression of c-Kit and SCF in each experimental group. (A,C) Are the representative blots of five different rats. The β-actin lanes belong to the same blot and have the same film exposure. (B,D) Represents relative intensities compared with β-actin measured by ImageJ. Data are expressed as mean ± SEM (p > 0.05; One-way ANOVA, n = 5).




Serum Testosterone, Follicle-Stimulating Hormone, and Luteinizing Hormone

Serum testosterone level was not statistically different among the groups (Figure 5A). There was a gradual decrease in the serum FSH level but was not significant among the groups (Figure 5B). The serum LH level significantly decreased in Wi-Fi (p = 0.039) and Sham (p = 0.000) groups compared with that in the Control group (Figure 5C).
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FIGURE 5. Serum hormonal level of male reproductive hormones in each group following exposure. Data are presented as mean ± SEM (n = 6). (A) Serum testosterone level in each group following the Wi-Fi exposure. No significant difference was noted among the groups. (B) Serum FSH level in each group following the Wi-Fi exposure. eSignificant difference compared with Wi-Fi + EBN group. (C) Serum LH level in each group following the Wi-Fi exposure. bSignificant difference compared with the Control EBN group (p = 0.030), cSignificant difference compared with the Wi-Fi group (p = 0.039), dsignificant difference compared with the Sham Wi-Fi group (p = 0.000), and esignificant difference compared with the Wi-Fi + EBN group (p = 0.011).





DISCUSSION

The discussion was separated into two sections to make it easier to understand. The first section will be explaining the effect of Wi-Fi exposure on the male reproductive system of Sprague Dawley pups. At the same time, the second section will demonstrate the possibility of EBN to overcome the effect of Wi-Fi exposure.


The Effect of Wi-Fi Exposure on Male Children Reproductive System

To date, only two studies have reported the effect of Wi-Fi exposure on the testis of rat pups, which represent children (Özorak et al., 2013; Šimaiová et al., 2019). Both studies only evaluated the effect of Wi-Fi up to several weeks of life. Nevertheless, the use of Wi-Fi is more protracted in the current pattern and often in a consistent manner that can seem to take up eternity. In this study, we applied long-term Wi-Fi exposure from pre-pubertal until adulthood. Findings showed that all the animals successfully achieved puberty following 2 weeks of Wi-Fi exposure. This is indicated by the enlargement of the testis. Long-term Wi-Fi exposure also did not affect the testis, epididymis, and seminal vesicle coefficient, which was not significantly different among the groups. However, both Wi-Fi and Sham Wi-Fi groups had caused a substantial decrease in the spermatogonia mitosis status in the testis. As mitosis of the spermatogonia is an essential step that contributes to the sperm concentration yields, this finding reflected the consistent report on sperm concentration reduction following Wi-Fi exposure in previous studies (Mahmoudi et al., 2015; Saygin et al., 2016).

This study evaluated the possible regulatory factors that may cause the reduction in the spermatogonia mitosis status following Wi-Fi exposure. Evaluation of the c-Kit-SCF regulatory factor showed a non-significant decrease in both mRNA expression in the Wi-Fi group compared to the Control group. On the other hand, it is interesting to note a significant increase of c-Kit-SCF mRNA expression in the Sham Wi-Fi group compared to the Control group. The mRNA expression of c-Kit-SCF was further evaluated by their respective protein expression. A slight reduction in c-Kit and SCF mRNA expression in the Wi-Fi group did not affect the protein expression, and it is comparable to the expression in the Control group. On the other hand, the substantial increase in c-Kit and SCF mRNA expression in the Sham Wi-Fi group indicated an increase in the levels of the respective proteins. However, the increased expression of an individual protein in the Sham Wi-Fi group was also insignificant compared to the Control group.

The changes in the c-Kit-SCF mRNA and protein expression in both Wi-Fi and Sham Wi-Fi groups might relate to the different settings applied for the exposure. Wi-Fi group received Wi-Fi signals from an active router (data transfer is on) while Sham Wi-Fi group was only exposed to inactive Wi-Fi router (data transfer is off). It seems that the active Wi-Fi router had caused a higher RFR compared to the passive Wi-Fi router. This postulation was consistent with a previous study reported by Pachón-García et al. (2015) where they found that the maximum background exposure increases when the Wi-Fi network is in operation compared to when the Wi-Fi network is off.

The greater RFR emitted by an active router may cause the decrease of c-Kit-SCF mRNA expression. On the other hand, the probability of having a lower RFR emitted from an inactive Wi-Fi router may promote a positive effect in the testis and cause the increase of c-Kit-SCF mRNA expression in the Sham Wi-Fi group. The postulation about these findings seems to be consistent with biphasic dose-response explained in radiation hormesis theory (Jin et al., 2020). Although this theory is applied to ionizing radiation, it also suggests that low doses of radiation may exert protective effects and induce beneficial outcomes. In contrast, higher doses lead to detrimental effects (Jargin, 2020).

Delavarifar et al. (2020) observed a similar discovery of beneficial low-dose radiation generated by Wi-Fi routers. Their study applied a shorter exposure time (2 h daily for 4 days) at a greater distance from the router (100 and 150 cm). This setting resulted in a lower specific absorption rate (SAR). These exposure settings increased the sperm concentration and sperm histomorphometric parameters in Busulfan-induced oligospermic mice (Delavarifar et al., 2020).

To the best of our knowledge, this study is the first to report the association of Wi-Fi exposure with the c-Kit-SCF regulation system in the testis. Although the finding seems to be in line with radiation hormesis theory, we cannot rule out the possibility of the detrimental effect when c-Kit and SCF are overexpressed (Cardoso et al., 2017). We do not have the privilege to discuss our results further due to a lack of supporting information on bio-positive and/or bio-negative effects observed. Further studies may shed light on the exact mechanisms of how low and high RFR emitted by the Wi-Fi router affects the testis.

Since the protein expression of c-Kit and SCF in both groups was not affected, the communication between c-Kit and SCF has still occurred despite the Wi-Fi exposure given. However, the proliferation of the spermatogonia was significantly reduced in both groups. It thus suggested that the c-Kit-SCF crosstalk may have failed. As there were no changes in both proteins’ expression, the reduction in spermatogonia mitosis may have been related to the protein structural changes upon Wi-Fi exposure. The structural changes of a protein due to EMF exposure have been previously proven by Todorova et al. (2016) Thus, the protein structural changes may have caused the impairment in the crosstalk between c-Kit-SCF and subsequently affected the spermatogonia mitosis status.

As the regulation of the spermatogonia proliferation involved a very complex interaction with other biomolecules, there is a possibility that factors other than c-Kit-SCF may also have been affected by the Wi-Fi exposure. Given that Wi-Fi exposure was conducted before puberty, major male reproductive hormones may have been affected following the exposure. Findings showed a decrease in gonadotropin, FSH and LH serum levels in Wi-Fi and Sham Wi-Fi groups. Whether serum FSH and LH levels are affected by the distinctive exposure of Wi-Fi, or a sign of a typical negative feedback mechanism remains unclear.

However, in terms of FSH action, it is the primary hormone that regulates germ cell numbers by increasing the proliferation of spermatogonia (Ding et al., 2011). So, a decrease in spermatogonia mitosis status may have enhanced the FSH secretion as a normal response in the negative feedback mechanism. As the FSH level in Wi-Fi and Sham Wi-Fi groups was lower than in the Control group, we speculate that the serum level of FSH may have been affected by the Wi-Fi exposure rather than a product of a negative feedback mechanism. A more significant decrease was observed in the serum level of LH in the Wi-Fi and Sham Wi-Fi groups.

The reduction of both gonadotropin hormones suggested that Wi-Fi exposure has affected the pituitary gland. A similar finding was reported by Kaur & Khera, which reported the decrease of FSH and LH secretion following RFR exposure of a cell phone toward male albino rats (Khaur and Khera, 2018). Aside from FSH and LH, the other pituitary hormone known as adrenocorticotropic hormone (ACTH) was also reported to be reduced (Eskander et al., 2012). As the average plasma level will remain constant from the start of puberty (Nassar et al., 2020), Wi-Fi exposure seems to “reprogram” the pituitary hormone and cause it to be secreted at a low level. Because this involves a region of the brain, the findings of this study and other previously confirmed evidence should raise worrisome concerns about the implications of Wi-Fi or cell phone use, particularly among children.

Interestingly, the serum testosterone level was not affected by Wi-Fi exposure. Despite the low serum LH level, the Leydig cells are still responsive and secrete testosterone. According to Santi et al. (2020) relatively low levels of LH may be adequate to maintain intra-testicular testosterone with the presence of FSH. This observation seems to confirm our LH and testosterone findings. The testosterone levels in the Wi-Fi group were similar to the control groups may have contributed to the testis enlargement during puberty, as noted in the preceding paragraph.



Effect of Edible Bird’s Nest Supplementation in Wi-Fi Exposed Rats

Supplementation of 250 mg/kg EBN was given to evaluate its attenuation effect on the Wi-Fi exposure. However, the testis coefficient in the Control EBN group showed a significant decrease compared to the Control group. The same result was recorded in the Wi-Fi + EBN group, which showed a significant reduction in testis and epididymal coefficients. These data indicate that supplementation of EBN 250 mg/kg to the pre-pubertal young has decreased testis and epididymal coefficients. This result contrasts with the supplementation of the EBN 250 mg/kg in the adult rats group, which did not cause any decrease in testis and epididymal coefficients (Jaffar et al., 2021).

The decrease in testis and epididymal organ coefficients following EBN supplementation to the young rats was likely due to estradiol (E2) hormone activity. This hormone was previously characterized to present in the EBN extract used in this study (Jaffar et al., 2021). Several previous studies have reported an association between the administration of the hormone E2 on the development of the reproductive system of male rats. These include significant testicular weight loss (Kula et al., 2001; Brouard et al., 2016), epididymis, and seminal vesicles (Goyal et al., 2003) when mice received E2 or other forms of estrogen. The decrease in organ weight is closely associated with a decrease in the percentage of seminiferous tubules with lumen (Brouard et al., 2016). Furthermore, the percentage of apoptosis in the Sertoli cell and spermatogonia was found to increase. This was accompanied by a decrease in the number of spermatocytes (Walczak-Jȩdrzejowska et al., 2013).

However, the changes in the testis microenvironment showed otherwise. The spermatogonia mitosis status in the Control EBN group showed no significant differences compared to the Control group. Yet, EBN supplementation in the Wi-Fi + EBN group showed an increase in the mitotic status of spermatogonia. These findings suggest that EBN can preserve and improve spermatogonia’s proliferation, which is affected by Wi-Fi exposure. Several previous studies have shown that EBN can promote cell proliferation in vitro. EBN capability includes the proliferation of rabbit corneal keratocyte cell culture (Abidin et al., 2011) and human adipose-derived stem cells (hADSCs) (Roh et al., 2012). In in vivo studies, EBN supplementation has been reported to accelerate the proliferation and activation of B cell antibodies (Zhao et al., 2016) and stimulate the proliferation of uterine structures (Albishtue et al., 2018).

The study done by Roh et al. (2012) has reported that activation of cell proliferation by EBN occurs through mitogen-activated protein kinase (MAPK). MAPK is also among the activated pathways when c-Kit autophosphorylation occurs following SCF binding (Cardoso et al., 2014). Therefore, it can be assumed that the increase in spermatogonia mitosis status in this Wi-Fi + EBN group is due to the improvement in the expression of c-Kit and SCF proteins. Furthermore, our data suggest that it further enhances MAPK activation contributes to increased spermatogonia proliferation. However, the mechanisms involved in the activation of these downstream road sites are beyond the scope of the current study.

Evaluation of the c-Kit-SCF regulatory factor showed an insignificant increase in c-Kit and SCF mRNA expression of the Control EBN group compared to the Control group. The small changes in c-Kit and SCF mRNA expression did not provide any significant differences in the expression of c-Kit and SCF proteins in the Control EBN group. EBN supplementation in the Wi-Fi + EBN group also showed an increase in c-Kit mRNA expression compared to the Wi-Fi group. The SCF mRNA expression also showed an improvement compared to the Wi-Fi group. Consistent with these mRNA changes, the expression of both c-Kit and SCF proteins in the Wi-Fi + EBN group increased compared to the Wi-Fi group. Nevertheless, changes in the expression patterns of c-Kit and SCF proteins in the Wi-Fi + EBN group were insignificant compared to the Wi-Fi group. To some extent, supplementation of EBN showed that it could prevent the deterioration of the mRNA expression of c-Kit and SCF in the testis receiving Wi-Fi exposure.

The second spermatogonia proliferation regulatory factor showed a significant decrease in gonadotropin hormone levels following EBN supplementation. A significant reduction was recorded in LH hormonal levels. However, EBN supplementation did not cause a significant reduction in FSH and T serum hormonal levels. From these findings, EBN supplementation had caused a decrease in gonadotropin hormone levels, especially in LH hormonal levels. The reduction in LH hormone following EBN administration in rats that had not reached puberty was also reported to be closely related to E2 hormone activity (Gill-Sharma et al., 2001). Thus, the considerable decrease in LH was the second indication of E2 activity in EBN after significantly decreasing the testis and epididymis coefficient. As a result, despite EBN potential as a male fertility treatment, EBN consumers must be cautious of the presence of this specific hormone, which may produce adverse effects, especially in pre-pubertal children.

However, EBN supplementation to the Wi-Fi + EBN group had increased FSH hormonal levels. The mechanism by which EBN increases the FSH in this group is yet to be understood. The probable factors of the increase in serum FSH level may be due to the presence of FSH in the EBN itself (Ma and Liu, 2012b) or the EBN has stimulated FSH production after spermatogonia proliferation was found to be decreased due to Wi-Fi exposure. However, the pathway involved are unclear and need to be further evaluated in future studies. Somehow, the increase in the spermatogonia mitotic status observed in the Wi-Fi + EBN group was most likely due to the elevated FSH levels in this serum together with restoration of gene expression and c-Kit and SCF.




CONCLUSION

The long-term exposure of developing rat pups to Wi-Fi throughout the pre-pubertal age to adulthood has detrimental effects on their reproductive development. Although the Wi-Fi exposure did not significantly reduce the c-Kit-SCF proliferative regulatory system, it had decreased the spermatogonia mitosis activity. It is essential to note that the decrease in the spermatogonia mitosis status may be partly due to the effect of Wi-Fi on the hypothalamus-pituitary-gonadal (HPG) axis which caused the reduction in the gonadotropin hormone. This result was accomplished by using a 64 bps ping signal, significantly less than the amount of data traffic we encounter in our daily lives. Email, for example, requires at least 0.5 Mbps, video requires 1.5 Mbps, and HD video or two-way video games demand 4.0 Mbps (Liu et al., 2018). A more severe effect could be expected because of the higher data transfer rate in our daily lives. However, until more research is done, it will remain a hypothesis. These findings may reflect the progression of infertility in children upon reaching reproductive age due to Wi-Fi exposure. Therefore, the use of Wi-Fi among children should be minimized due to the risk associated with prolonged radiation exposure.

Attenuation of long-term Wi-Fi exposure in young children with EBN had demonstrated a promising finding where it increases the spermatogonia proliferation despite the Wi-Fi exposure given. However, EBN supplementation at a dose of 250 mg/kg per day on young rats from pre-pubertal age until adulthood was found to have side effects. The side effect includes decreased testis and epididymis coefficient and decreased gonadotropin, LH, and FSH. It is most likely related to the hormone E2, which is also present in the EBN. Therefore, despite the high potential of EBN as a treatment for male infertility, the results presented in this study indicate that there is a need to monitor and verify various health claims made against EBN. This cautionary advice is not only for user’s protection but also for ensuring the EBN can be developed safely for human consumption without any unwanted side effects.
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Recent studies have suggested that sperm mitochondrial DNA copy number (mtDNA-CN), DNA fragmentation index (DFI), and reactive oxygen species (ROS) content are crucial to sperm function. However, the associations between these measurements and embryo development and pregnancy outcomes in assisted reproductive technology (ART) remain unclear. Semen samples were collected from 401 participants, and seminal quality, parameters of sperm concentration, motility, and morphology were analyzed by a computer-assisted sperm analysis system. DFI, mtDNA-CN, and ROS levels were measured using sperm chromatin structure assay, real-time quantitative polymerase chain reaction, and ROS assay, respectively. Among the participants, 126 couples underwent ART treatments, including in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), and 79 of the couples had embryos transferred. In 401 semen samples, elevated mtDNA-CN and DFI were associated with poor seminal quality. In 126 ART couples, only mtDNA-CN was negatively correlated with the fertilization rate, but this correlation was not significant after adjusting for male age, female age, seminal quality, ART strategy, number of retrieved oocytes, controlled stimulation protocols, and cycle rank. Regarding pregnancy outcomes, sperm mtDNA-CN, ROS, and DFI were not associated with the clinical pregnancy rate or live birth rate in 79 transferred cases. In conclusion, increased mtDNA-CN and DFI in sperm jointly contributed to poor seminal quality, but sperm mtDNA-CN, ROS, and DFI were not associated with clinical outcomes in ART.




Keywords: sperm mitochondrial DNA copy number, DNA fragmentation index, reactive oxygen species, sperm quality, assisted reproductive technology



Introduction

It is estimated that over 186 million people are affected by infertility, and assisted reproductive technology (ART) treatments are continuously increasing worldwide (1). However, there is a challenge in that a large proportion of embryos during ART end with adverse outcomes, such as implantation failures and miscarriages (2). Abnormal gametes from parents impact embryo quality, and the effect of paternal factors has been increasingly explored in recent years (3, 4).

Previous studies have investigated the associations between seminal quality, including parameters of sperm concentration, motility, and morphology, and ART outcomes. It has been reported that both sperm concentration and motility are strongly correlated with the fertilization rate, and poor seminal quality may lead to developmental failures of embryos, mainly manifested as blastomere fragmentations (5). However, sperms with normal morphology were selected for the intracytoplasmic sperm injection (ICSI) process, and sperm concentration rarely affects this treatment. Thus, sperm motility plays a more significant role in embryo development in ICSI (6).

Researchers have investigated the relationship between sperm structural abnormalities and adverse pregnancy outcomes (7–9). As an indicator of sperm chromatin integrity, the DNA fragmentation index (DFI) has been suggested to have a negative correlation with embryo development and implantation rates in ICSI cycles (9), while some studies have indicated contrary results (10). Sperm mitochondria are essential to the normal reproductive process, as they are involved in multiple functions, including the production of adenine triphosphate and reactive oxygen species (ROS) as well as the regulation of apoptosis (11). Oxidative stress induced by excess ROS in sperm has been found to impair DNA demethylation in the paternal pronucleus and affects embryo development (8). A negative association has been observed between seminal ROS and pregnancy rates after in vitro fertilization (IVF) (12). Additionally, sperm mitochondrial DNA copy number (mtDNA-CN), a relative measure of mtDNA content, has also been reported to be negatively correlated with the fertilization rate (13). Rosati et al. (14) found that higher sperm mtDNA-CN is associated with lower pregnancy probability in couples without contraception, suggesting that mtDNA might be a potential clinical biomarker to predict male fecundity.

It remains unclear whether the measurements mentioned above, namely, DFI, mtDNA-CN, and ROS, are predictive of ART outcomes. Therefore, the present study aimed to investigate the correlations of sperm mtDNA-CN, ROS, and DFI with male fertility, embryo viability, and pregnancy outcomes.



Methods


Subjects

All participants were recruited from July 2020 to September 2020 from the Outpatient Department of the Reproductive Center at the International Peace Maternity and Child Health Hospital (IPMCH), Shanghai Jiao Tong University School of Medicine. The inclusion criteria were as follows: 1) 20–50 years of age; 2) no AZF gene microdeletions; 3) no mycoplasma or chlamydia infections; 4) no medication taken within 3 months; and 5) sperm concentration ≥1 million/ml. Semen samples were collected by masturbation after 3–7 days of sexual abstinence. The present study was approved by the IPMCH Ethics Review Committee and performed according to the Declaration of Helsinki. Written consent forms were obtained from all participants.



Semen Analysis and Sperm Chromatin Structure Assay

After liquefaction, sperm concentration and motility were assessed by the computer-assisted sperm analysis (CASA) system (Hamilton Thorne IVOS II, USA), and sperm morphology was evaluated with Papanicolaou staining according to the World Health Organization (WHO) laboratory manual (15). Sperm DFI was determined by a sperm chromatin structure assay (8). In detail, sperm samples were first diluted to a concentration of 2 × 106/ml with TNE buffer (0.01 M Tris–HCl, pH 7.4, 0.15 M NaCl, 1 mM EDTA). Then, 100 µl of diluted sperm suspension was mixed with 200 µl of acid-detergent solution (pH 1.2; 0.08 N HCl, 0.15 M NaCl, 0.1% Triton X-100) and incubated for 30 s on ice. After adding 600 µl of acridine orange, the sample was incubated for 3 min and analyzed by the NovoCyte Flow Cytometer (Agilent, CA, USA).



Sperm DNA Extraction

Semen samples were washed three times with 1× PBS and centrifuged at 200 g for 5 min. Somatic cells were eliminated with 0.1% sodium dodecyl sulfate (3250GR500, BioFroxx) and 0.5% Triton™-X100 (X100, Sigma) in diethypyrocarbonate (DEPC)-treated water (AM9920, Invitrogen) at 4°C for 15 min. The spermatozoa were then homogenized with 1-mm beads in Tissue Lysis buffer (69504, Qiagen) containing 10 mg/ml Proteinase K and 150 mM DL-dithiothreitol (A100281, Sangon Biotech, China). Total sperm DNA was extracted using the DNeasy Blood & Tissue Kit (69504, Qiagen) following the manufacturer’s instructions.



Quantification of mtDNA Copy Number

The mtDNA-CN was measured by real-time quantitative polymerase chain reaction (qPCR) using a QuantStudio™ 7 Flex real-time PCR machine (4485701, Applied Biosystems) (16). Briefly, TaqMan primers were designed in a stable segment in the minor arc of mtDNA (mtMinArc), and RNAse P (4403326, ThermoFisher, USA) was used as the genomic DNA reference. The detailed primer sequences are shown in Supplementary Table S1. Real-time PCR with three technical replicates was performed as previously described (16). The mtDNA-CN was calculated using the following formula: mtDNA-CN = 2△CT (mtDNA-CN), where △CT (mtDNA-CN) = CTRNase P − CTmtMinArc.



Determination of Sperm Reactive Oxygen Species Levels

Sperm ROS content was measured by a ROS assay kit (S0033M, Beyotime Biotech, Shanghai, China) following the manufacturer’s instructions. The collected sperm samples were washed three times with 1× PBS (200 g, 5 min) and then incubated with 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA; 10 μmol/L) at 37°C for 20 min. The samples were then washed three times with 1× PBS (200 g, 5 min), and the fluorescent signals of DCFH-DA oxidized products [2’,7’-dichlorofluorescein (DCF)] were detected using a Synergy™ H1 Microplate Reader (BioTek Instruments, Inc., Vermont, USA) under 488-nm excitation. To normalize the ROS level, ROS per million sperm (ROS/MS) was used to represent the average ROS content in each seminal sample.



Assisted Reproductive Technology Procedure

Different protocols of controlled ovarian stimulation (COS), including gonadotrophin-releasing hormone agonist (GnRH-a) protocols (long, short, and ultra-long protocols), the GnRH antagonist protocol, and mild ovarian stimulation, were performed in 126 couples according to the women’s age, ovarian reserve, and previous IVF outcomes (Supplementary Table S2). IVF of oocytes was carried out through inseminating oocytes with motile sperm or injecting a single sperm into the cytoplasm of an oocyte. The zygotes were cultured to blastocysts on Day 5 and freshly transferred into the uterus or cryopreserved and thawed at a suitable time of embryo transfer.



Outcome Assessment

In terms of ART, only those IVF/ICSI cycles performed within 3 months after the semen analysis were included. The embryonic outcomes included the fertilization rate, cleavage rate, and top-quality embryo rate. The fertilization rate was defined as the number of two pronuclear embryos devised by the retrieved cumulus–oocyte complex. The cleavage rate was the percentage of cleaving embryos on Day 3 in all fertilized oocytes. The cleaving zygotes were classified into Grades 1–5 according to the numbers and sizes of blastomeres and the percentage of cytoplasmic fragments (17). The top-quality embryo rate was calculated as the number of embryos evaluated as Grade 1 or 2 divided by the number of total embryos. In terms of embryos transferred into the uterus, pregnancy outcomes were evaluated in every transfer cycle. Clinical pregnancy was defined as the presence of an intrauterine gestational sac by ultrasound examination at a gestational age of 7 weeks.



Statistical Analysis

The characteristics of the participants were summarized. Continuous variables are presented as the median (interquartile range) and were compared with the Mann–Whitney U test. Categorical variables are presented as percentages and were compared using the chi-square test. Seminal quality was categorized as normal or abnormal sperm group. Sperm with at least one parameter, including sperm concentration, motility, and morphology, lower than the WHO criteria was categorized as abnormal sperm (concentration ≥15 × 106 per ml; total motility ≥40%; normal forms ≥4%). The associations between the three measurements (mtDNA-CN, ROS/MS, and DFI) and seminal quality were analyzed by binary logistic regression. Embryonic outcomes were analyzed with linear regression. The generalized linear model (GLM) was performed to adjust the covariates, including male age, female age, seminal quality, number of retrieved oocytes, ART strategy, and cycle rank. Regarding pregnancy outcomes, generalized estimating equations (GEEs) were used to address the correlation of different transfer cycles in the same patient. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for the variates in the model. All statistical analyses were conducted with SPSS statistics 24 (IBM, Chicago, USA).




Results


Demographic and Biochemical Characteristics of Participants

During the study period, 401 male participants who fulfilled the inclusion criteria were included in our study. Among them, 126 with their spouses were subjected to ART within 3 months after the semen analysis in our center. The demographic characteristics, sperm parameters, and three measurements are summarized in Table 1. Compared to the IVF cases, the ICSI cases showed lower total motility and higher DFI levels (P < 0.05). For controlled ovarian stimulation, 80 cases underwent the GnRH antagonist protocol, 27 cases underwent mild ovarian stimulation, and 19 cases underwent GnRH agonist protocols, including long, short, and ultra-long protocols (Supplementary Table S2).


Table 1 | Sperm parameters and measurements in all participants and ART cases.





Associations of Sperm mtDNA-CN, DNA Fragmentation Index, and Reactive Oxygen Species With Seminal Quality

Univariate logistic regression showed that mtDNA-CN, ROS/MS, and DFI were all negatively associated with seminal quality (Supplementary Table S3). Based on the fifth WHO laboratory manual (15), the seminal samples were divided into two groups as follows: the normal sperm group (n = 116) and the abnormal sperm group (n = 285). As shown in Figure 1, the multivariate logistic regression suggested that only the mtDNA-CN (OR 1.102, 95% CI 1.042–1.166; P = 0.001) and DFI (OR 1.133, 95% CI 1.083–1.185; P = 6.768 × 10-8) were associated with seminal quality.




Figure 1 | Associations of mtDNA-CN, DFI, ROS, and male age with seminal quality. mtDNA-CN, mitochondrial DNA copy number; ROS, reactive oxygen species; DFI, DNA fragmentation index; OR, odds ratio; CI, confidence interval.





Correlations of Sperm mtDNA-CN, DNA Fragmentation Index, and Reactive Oxygen Species With Embryonic Outcomes

Regarding the three embryonic outcomes, a higher sperm mtDNA-CN level was associated with a lower fertilization rate in all ART cases (Table 2) (β = −0.629, 95% CI -1.175 to -0.083; P = 0.024). The quartile analysis showed a similar trend that the fourth quartile group of sperm mtDNA-CN had the lowest fertilization rate (Table 3). However, after adjustment for factors, including male age, female age, seminal quality, number of retrieved oocytes, ART strategy, COS protocols, and cycle rank, the adjusted model indicated that the association between sperm mtDNA-CN and fertilization rate was not significant (Table 3). There was no significant correlation between sperm mtDNA-CN and cleavage rate (β = 0.108, 95% CI -0.344 to 0.560; P = 0.637) or top-quality embryo rate (β = 0.345, 95% CI -0.345 to 1.034; P = 0.325) (Table 2).


Table 2 | Embryonic outcomes of patients with ART.




Table 3 | Association of mtDNA-CN with fertilization rate.



Moreover, neither ROS/MS nor DFI was associated with three embryonic outcomes in all ART cases (Table 2). However, in 92 couples performed with the first ART cycle, there was a statistically significant association between the DFI and fertilization rate (Supplementary Table S4), which was not observed after adjustment for male age, female age, seminal quality, number of retrieved oocytes, ART strategy, and COS protocols (Supplementary Table S5).



Pregnancy Outcomes

To date, 79 of 126 couples undergoing ART have undergone embryo transfer. In total, 114 transfer cycles were conducted, including 12 fresh embryo transfers and 102 frozen embryo transfers (Supplementary Table S6). In all transfer cycles, mtDNA-CN, DFI, and ROS/MS were not associated with clinical pregnancy rate and live birth rate (Table 4), and this lack of association remained after adjustment for male age, female age, seminal quality, types of embryo transfer (frozen or fresh), ART strategy, IVF cycle rank, COS protocols, and number of retrieved oocytes (Supplementary Table S7).


Table 4 | Pregnancy outcomes of patients with embryo transfer.






Discussion

In the present study, we found that three sperm measurements, namely, mtDNA-CN, DFI, and ROS, were negatively associated with seminal quality. In 92 cases conducted with the first ART cycle, high levels of mtDNA-CN and DFI were correlated with a poor fertilization rate. However, this correlation was not significant after adjusting for male age, female age, seminal quality, ART strategy, number of retrieved oocytes, COS protocols, and cycle rank. Moreover, pregnancy outcomes were summarized in 79 cases of transferred embryos, and no associations were found between the three measurements and the clinical pregnancy rate or the live birth rate.

During spermatogenesis, most of the cytoplasm is discarded, while a proportion of mitochondria are retained in the midpiece of mature sperm to provide energy for flagellar beating (18). The role of mitochondria in sperm function, especially sperm motility, has been widely noted. It has been reported that abnormal mitochondrial structures and functions, such as short midpieces, abnormal assemblies, and membranous defects, are associated with poor seminal quality (19, 20). As an important component of mitochondria, mtDNA encodes 22 tRNAs, two rRNAs, and 13 proteins that are crucial for oxidative phosphorylation (21). Mutations and deletions of mtDNA have been reported in asthenozoospermia and shown to be correlated with male infertility when they present beyond a certain threshold level (22). In addition, amplification of sperm mtDNA-CN has been observed in sperm samples from infertile males (23).

Consistent with previous studies in various species (23–26), higher mtDNA-CN in abnormal sperm was observed in the present study. Although the underlying mechanism remains unclear, the elevated mtDNA-CN in abnormal sperm might be explained by abnormal gene expression, mtDNA mutations/deletions, and mitochondria per se. First, abnormal expression of genes that regulate mtDNA transcription and replication, such as mitochondrial transcription factor A (TFAM), may be responsible for the elevated mtDNA-CN. Because TFAM expression is positively associated with mtDNA-CN and negatively correlated with sperm motility (27), increased TFAM expression may lead to the aberrant replication of mtDNA in abnormal sperm. Second, increased mtDNA-CN may compensate for mitochondrial dysfunction caused by mtDNA mutations or deletions (28–30). Moreover, mtDNA-CN may accumulate due to the imbalance between mitochondrial fusion and fission. In mitochondrial fission factor (Mff) mutant mice, sperm mitochondria fail to divide and mitochondrial sheaths are disjointed, resulting in abnormal sperm morphology and motility, which ultimately cause reduced fertility in mice (31).

ROS, a variety of oxygen-derived free radicals, is essential for sperm maturation, capacitation, hyperactivation, and acrosome reactions at low levels (32). However, excess ROS leads to oxidative stress and DNA damage in sperm, including DNA fragmentation, mtDNA damage, telomere attrition, epigenetic abnormalities, and Y chromosome microdeletions (33). In the present study, ROS/MS was correlated with mtDNA-CN in both normal and abnormal sperm groups, while the association of ROS/MS and DFI was not observed (Supplementary Figure S1), indicating that the negative effects of ROS on mtDNA may be more serious than those on nuclear DNA. Compared to nuclear DNA, mtDNA is adjacent to the ROS source and more susceptible to oxidative stress due to a lack of protective histones and repair system. In the multivariate logistic regression analysis, the association with ROS/MS was not significant, yet mtDNA and DFI were still associated with seminal quality, suggesting that mtDNA and DFI are more predictive of seminal quality.

For embryo and pregnancy outcomes, it has been reported that abnormal seminal quality has negative paternal effects in IVF or ICSI procedures (5, 6, 34, 35). However, the effects of sperm mtDNA-CN, DFI, and ROS on embryo quality are ambiguous. In 2019, Wu et al. (13) found that sperm mtDNA-CN, as well as mtDNA deletions, is inversely associated with the odds of fertilization and high-quality embryos after adjusting for male age and measurement batches. In addition, a prospective study of couples discontinuing contraception has revealed that a higher mtDNA-CN is associated with a lower pregnancy probability (14). In contrast, it has been recently reported that sperm mtDNA-CN is not a prognostic factor for fertilization, usable blastocyst development, or live birth rates in couples who undergo ICSI (36). In this study, mtDNA-CN is negatively associated with the fertilization rate, but the association is not significant after adjusting for male age, female age, seminal quality, number of retrieved oocytes, ART strategy, and cycle rank. Thus, further studies on the role of mtDNA-CN in embryo development are needed.

The role of DFI has been investigated over a longer time span, and many meta-analyses and systematic reviews have summarized the effect of sperm DNA damage on clinical outcomes after IVF or ICSI (37–41). Overall, these studies have suggested that there is a difference between the outcomes of IVF and ICSI. Most studies have reported no significant association of DFI and clinical outcomes in ICSI. Nevertheless, increased DFI leads to a negative impact on IVF outcomes, including fertilization rate, embryo quality, implantation rate, pregnancy rate, and live birth rate (41, 42). However, the correlation analysis of DFI and IVF outcomes in these studies was not adjusted for factors, such as seminal quality, COS protocols, and number of retrieved oocytes. In the present study, the correlation of DFI with fertilization rate was also observed in the first ART cycle of couples, but this correlation was not statistically significant in the adjusted model. Notably, in the study by Pregl Breznik et al. (42), washed sperm samples during IVF procedures were analyzed for hyaluronan-binding assays, DFI, and hyperactivity, which was a good strategy to attenuate the impact of fluctuations in sperm measurements on clinical outcomes.

Sperm ROS was reported to have a greater effect on embryo development than the fertilization process (43). However, negative associations of ROS with fertilization rate and pregnancy rate have also been reported (12, 44). In the present study, however, ROS/MS was not correlated with the fertilization rate, cleavage rate, top-quality embryo rate, or clinical pregnancy rate.

The present study prospectively investigated the relationships between three sperm measurements and clinical outcomes throughout the ART procedure, including seminal quality, fertilization rate, cleavage rate, clinical pregnancy rate, and live birth rate. A major limitation of this study was the limited sample size for the analysis of embryonic/pregnancy outcomes. Moreover, the sperm samples analyzed for the three measurements and sperm quality were collected before the ART procedure. Even though the analysis of IVF/ICSI cycles was restricted to within 3 months after the semen analysis, the fluctuations in sperm measurements and parameters could not be ignored. Multicenter studies with a larger sample size are warranted to validate these findings in the future.



Conclusions

In conclusion, sperm mtDNA-CN, ROS/MS, and DFI were separately associated with sperm parameters, while elevated sperm mtDNA-CN and DFI jointly contributed to poor seminal quality. Moreover, mtDNA-CN was negatively correlated with fertilization rate in ART cases, which was not significant after adjusting for male age, female age, seminal quality, ART strategy, number of retrieved oocytes, COS protocols, and cycle rank. For pregnancy outcomes, sperm mtDNA-CN, ROS/MS, and DFI were not associated with clinical pregnancy rate or live birth rate. Further studies are necessary to determine the role of sperm mtDNA-CN, ROS/MS, and DFI in embryonic and fetal development.
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Author (year) Country Ethnicity Study Cases Controls Sample size Cases/ Samples for Assay Quality

design controls DFI score

Absalan et al. (19) Iran Asian Prospective ~ RPL>3 Fertile 30/30 Fresh semen  SCD 7
times

Bareh et al. (24) USA Caucasian Prospective ~ RPL> >1 live birth 26/31 Fresh semen ~ TUNEL 7
2times

Bhattacharya etal.  India Asian Prospective ~ RPL> =1 live birth 74/65 Fresh semen  AOT 7

(29) 2times

Brahem et al. (25) Tunisia  African Prospective ~ RPL> Fertile 31/20 Frozen semen  TUNEL 7
2times

Carlini et al. (26) Italy Caucasian Prospective ~ RPL> >1 live birth 112/114 Fresh semen  TUNEL 8
2times

Carrell et al. (38) USA Caucasian Prospective RPL>3 =1 live birth 21/26 Frozen semen  TUNEL 7
times

Coughlan et al. (20) UK Caucasian Prospective ~ RPL>=3 =1 live birth 16/7 Fresh semen  SCD 8
times

Eisenberg et al. (30) USA Caucasian Prospective ~ RPL> Currently 14/246 Frozen semen  SCSA 9
2times pregnant

Gil-villa et al. (31) USA Caucasian Prospective ~ RPL> >1 live birth 23/11 Frozen semen  SCSA 7
2times

Imam et al. (32) India Asian Retrospective RPL>3 >1 live birth 20/20 Frozen semen  SCSA 8
times

Kamkar et al. (27) Iran Asian Retrospective RPL> =1 live birth 42/42 Frozen semen  SCSA and 7
2times TUNEL

Khadem et al. (21) Iran Asian Prospective ~ RPL>3 Currently 30/30 Fresh semen ~ SCD 8
times pregnant

Kumar et al. (33) India Asian Prospective ~ RPL>3 >1 live birth 45/20 Frozen semen  SCSA 7
times

Ribas-Maynou et al. ~ Spain Caucasian Prospective ~ RPL> >1 live birth 20/25 Frozen semen  SCD 8

(22) 2times

Ruixue et al. (36) China Asian Prospective RPL>=3 Currently 68/63 Fresh semen AB staining 7
times pregnant

Venkatesh et al. (34) India Asian Prospective ~ RPL> >1 live birth 16/20 Frozen semen  SCSA 7
3times

Zhang et al. (23) China Asian Prospective ~ RPL> >1 live birth 111/30 Fresh semen  SCD 7
2times

Zhu et al. (35) China Asian Retrospective RPL> Fertile 461/411 Fresh semen  SCSA 8
2times

Zidi-Jrah et al. (28) ~ Tunisia ~ African Prospective ~ RPL> >1 live birth 22/20 Frozen semen  TUNEL 7
2times

SCSA, sperm chromatin structure assay; SCD, sperm chromatin dispersion; TUNEL, terminal TdT-mediated dUTP-nick-end labeling: AOT, acridine orange test: AB staining, aniline blue staining.
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Species/
cell line

Human

Human
sperm
Human
sperm
Mouse

Mouse
Mouse

sperm
Rat

Rat Sertoli
cell line
Fish

Chicken

Route of
administration

In vivo

In vitro
In vitro
In vivo, i.p.

In vivo, i.p.
In vivo, i.p.
In vivo, oral
In vitro

In vivo, oral
In vivo, i.p.
In vivo, i.p.

In vitro

In vivo, oral

In vivo, oral

Treatment dose

Natural
environmental
exposure

10 pM

20 uM

1and 2.5 mg/kg
b.w.

3 mg/kg b.w.

1.2 mg/kg b.w. 24
mg/kg b.w.

14-55 M

5 mg/kg b.w.

2 mg/kg b.w.
3 mg/kg b.w.

1M
5-40 pM

140 mg/kg b.w.

Observed effects

Sertoli cell injury; reduced inhibin B, AMH, and FSH in serum

Reduced semen quality

Reduced sperm concentration and motility

Idiopathic oligoasthenozoospermic males had high levels of cadmium in serum, associated with
impairment of sperm motility; higher sperm DNA fragmentation

Reduced sperm motility and DNA integrity; an increase in sperm DNA fragmentation and in intracellular
oxidative stress in sperm

Reduced nucleus diameter; reduced mitochondrial membrane potential (MMP); an increase in DNA
fragmentation.

Reduced testis weight; reduced sperm survival and serum testosterone; an increase in sperm
abnormality and ROS level.

Germ cell exfoliation; Leydig cell degeneration; an increase in abnormal sperm morphology
Seminiferous epithelial degeneration; Leydig cell injury; reduced serum testosterone; reduced Sertoli TJ
function

Reduced sperm motility

Reduced body weight, reduced sperm count, motility and viability; an increase in sperm defects;
seminiferous epithelial degeneration

Seminiferous epithelial injury; defects in spermatogenesis; intertubular haemorrahage; germ cell

exfoliation

Germ cell exfoliation; Sertoli cell injury with vacuoles found in cell cytosol; seminiferous epithelial
disorganization

Sertoli cell injury; Sertoli cell tight junction disruption

Germ cell exfoliation; germ cell injury with vacuoles in the cytosol of spermatogonia, spermatocytes, and
spermatids; reduced semen quality
Deformation of the seminiferous tubules; germ cell exfoliation

Refs

@7

(14-
16)

(7)
(18)

(19)

*This list is not intended to be exhaustive, it summarizes recent findings that illustrate effects of PFOS on male reproductive function based on studies in vivo and in vitro. AMH, anti-Mullerian
hormone; FSH, follicle stimulating hormone; ROS, reactive oxygen species.
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Species/
cells

Human

Human
Sertoli
cells
Rat

Rat Sertoli
cells
Mouse

Mouse
Mouse

Mouse
Leydig
cells
Mouse
Sertoli
cells
Fish

C. elegans

Route of
administration

In vivo

In vitro

In vivo, oral

In vitro

In vivo, oral

In vivo, oral

In vivo, oral

In vitro

In vitro

In vivo

In vivo

Treatment
dose(s)

Natural
environmental
exposure

20 and 40 uM

0.5 - 6 mg/kg
b.w.
20 uM

0.5 or 10 mg/kg
b.w.

0.3 and 3 mg/kg
b.w.

0.5-10 mg/kg
b.w.

15 and 30 mM

5-60 uM

0.5 mM

0.375-10 mM

Phenotypes

Subfertility; reduced sperm count; reduced sperm motility; an increase in serum levels of LH and FSH
but reduced inhibin B

Germ cell chromosomal aneuploidies and DNA fragmentation; reduced sperm quality and an increase
in the population oc immature sperm

Sertoli cell injury manifested by truncated actin filaments and truncated microtubules across cell cytosol

Germ cell degeneration and testicle edema

Sertoli cell injury manifested by truncation of actin filaments; TJ-barrier disruption; perturbed GJ
communication

An increase in germ cell apoptosis but reduced proliferation; reduced serum testosterone; reduced
sperm count with vacuolations in spermatogonia, spermatocytes, and Leydig cells

Low levels of adrenic acid and docosahexaenoic acid (DHA) in neonatal testes; reduced serum
testosterone and reduced epididymal sperm count in postnatal mice

Reduced sperm count in the epididymis and reduced serum testosterone; disrupted BTB and defects
in spermatogenesis

Reduced secretion of testosterone by Leydig cells due to defects in steroidogenesis

Disruption in Sertoli cell TJ-barrier function due to reduced expression of TJ and GJ proteins

Reduced sperm quality; structural defects in testis; an increase in serum E2; increased in estrogen
receptor o1 levels
Reduced in germ cell population; reduced spermatid size and motility; an increase in spermatid defects

References

(20)
1,22

(@3)

(@4)
(25)
(26)
@7
(@8)

(29)

(30)

1)

(32)

*This list is not intended to be exhaustive, it summarizes recent findings that illustrate effects of PFOS on male reproductive function based on studies in vivo and in vitro. BTB, blood-testis
barrier, E2, estradiol-178; GJ, gap junction; TJ, tight junction.
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Sex Hormones

PRL (ng/mL)
FSH (mlU/mL)
LH (mlU/mL)
PROG (ng/mL)
E2(pg/mL)
TEST (ng/mL)

OSA With ED (n=80)

19.08 (13.95-23.73)
4.81(3.98-6.43)
4.97 (3.80~6.77)

0.23+0.14
18.76 + 9.10
3.09 (2.53-3.87)

OSA Without ED (n=44)

18.74 (14.98~26.09)
5.10 (3.36~6.77)
5.20 (4.05~6.28)

0.21+0.11
19.63 + 8.52
3.64 (2.31-4.68)

FSH, Follicle stimulating hormone; LH, luteinizing hormone; and TEST, testosterone; E2, estradiol: PROG, progesterone; and PRL, prolactin.

0.793
0.599
0.676
0.533
0.682
0.431
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Clinical Phenotype OSA with ED (n=80) OSA without ED (n=44) P

Age 36.50 (31.00~44.75) 37.00 (31.25~43.75) 0.973
Smoking status (%) 38 (47.50) 18 (29.55) 0.059
Alcohol consumption (%) 56 (70.00) 27 (61.36) 0.420
BMI (kg/mQ) 29.31 +4.08 27.72 + 3.94 0.039
Neck circumference (cm) 42.00 (40.00~45.00) 41.00 (38.00~43.00) 0.046
Waist circumference (cm) 105.18 + 10.86 98.89 + 12.44 0.011
Hip circumference (cm) 107.00 (103.00~112.00) 103.00 (99.25~110.50) 0.025
Systolic blood pressure (mmHg) 132.00 (128.00~140.25) 132.50 (120.50~140.00) 0.616
Diastolic blood pressure (mmHg) 85.23 +9.14 81.58 +9.70 0.060
ESS score 10.00 (6.00~15.00) 8.00 (5.25~11.00) 0.040
Beck anxiety score 28.00 (23.00~35.00) 27.00 (23.00~31.00) 0.367
Beck depression score 8.00 (5.00~13.00) 6.00 (2.25~8.00) 0.011
ASEX score 14.00 (12.00~16.00) 12.00 (10.00~13.00) <0.001
AHI (times/h) 41.10 (16.90~60.23) 24.25 (17.45~50.40) 0.102
Sleep efficiency (%) 77.45 (67.00~87.68) 84.90 (74.63~91.23) 0.036
Average pause and hypopnea time (s) 22.00 (21.00~24.00) 22.00 (20.00~24.00) 0.317
Maximum pause and hypopnea time (s) 66.55 + 15.32 64.48 + 12.98 0.458
Total number of respiratory events (times) 181.50 (103.00~332.00) 134.00 (94.50~230.50) 0.026
Total time of respiratory event time (min) 52.50 (33.50~103.00) 48.00 (26.00~71.50) 0.147
Number of obstruction and hypopnea events (times) 178.00 (103.00~322.50) 129.00 (69.75~226.75) 0.024
Number of central respiratory events (times) 0.00 (0.00~2.00) 0.00 (0.00~0.00) 0.244
Number of mixed respiratory events (times) 3.00 (0.00~7.75) 2.00 (0.00~4.25) 0.225
Total proportion of the waking periods (%) 24.35 (14.03~34.25) 15.60 (11.25~26.00) 0.030
Total proportion of the REM periods (%) 17.18 +7.57 18.58 + 7.19 0.365
Total proportion of the light sleep periods (%) 4459 + 12,75 50.08 + 11.73 0.034
Total proportion of the deep sleep periods (%) 8.55 (4.70~14.55) 9.10 (4.55~15.45) 0.770
Average oxygen saturation (%) 93.55 (90.63~96.00) 96.05 (90.73~97.05) 0.018
Minimum oxygen saturation (%) 71.10 (60.93~83.03) 79.65 (66.25~88.48) 0.027
Oxygen depletion index (times/h) 31.00 (13.90~61.25) 20.10 (5.30~47.90) 0.076
Average heart rate (bpm) 66.50 (59.25~73.75) 66.00 (60.00~69.00) 0.590
Maximum heart rate (bpm) 100.00 (91.25~110.75) 99.00 (95.00~105.75) 0.699

The meaning of the bold values is p<0.05.
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Types of Clinical Data

Different severity groups

Different age groups

Different BMI groups

Grouping

Non-OSA subjects
OSA patients

Mid to moderate OSA
Severe OSA

Control
18~30
31~40
41~50
51~60

Control
Normal (18.5~24)
Overweight (24~28)

Obese (>28)

OSA with ED

0
80
34
46

0
13
36
24
7

25

47

OSA Without ED

11
44
27
17

"
9
20
10
5

<0.001
0.001
<0.001

0.001
<0.001
<0.001

0.002

0.005
<0.001

<0.001

OR (95%Cl)

2.818 (2.223-3.573)
2,259 (1.705-2.994)
3.706 (2.469-5.563)

2.444 (1.479-4.039)
2.800 (1.970-3.979)
3.400 (2.020-5.723)
2.400 (1.229-4.688)

2.000( 1.225-3.265)
2.471 (1.712-3.565)

3.474 (2.377-5.077)

OR (95%Cl)
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Sex Hormones

PRL
(ng/mL)
FSH
(miU/mL)
LH
(miU/mL)
PROG
(ng/mL)
E2
(pg/mL)
TEST
(ng/mL)

Total (n=135)

18.88
(14.04-24.97)
5.10
(3.80~6.84)
5.8
(3.85-6.76)
0.20
(0.13~0.30)
18.76
(12.82-22.95)
342+ 1.14

Total (n=124)

18.88
(14.09-24.38)
5.00
(8.79-6.68)
5.06
(3.83-6.69)
0.20
(0.13-0.30)
18.89
(12.89-22.79)
336+ 1.15

OSA patients
Mild to moderate (n=61)

18.81
(15.07~28.31)
4.76
(2.98-5.73)
4.38
(3.82~6.90)
021
(0.11~0.30)
18.14
(15.46~20.37)
370+ 1.17

Severe (n=63)

19.29
(13.99-22.79)
5.26
(4.04-6.86)
5.20
(3.83-6.28)
0.20
(0.13-0.30)
19.67
(11.86-23.82)
324112

Non-OSA Subjects (n=11)

19.55
(11.43~26.59)
7.30
(3.73~12.46)
6.64
(5.36~7.47)
0.22
(0.14~0.54)
17.56
(10.26~44.79)
4.20 +0.81

FSH, Follicle stimulating hormone; LH, luteinizing hormone; and TEST, testosterone; E2, estradiol: PROG, progesterone; and PRL, prolactin.

0.728

0.062

0.294

0.821

0.686

0.056
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Clinical Phenotype

Age

Smoking status (%)
Alcohol consumption (%)
BMI (kg/m?)

Neck circumference (cm)

Waist circumference (cm)
Hip circumference (cm)

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)
ESS score

Beck anxiety score
Beck depression score
IEF-5 score

ASEX score

Total (n=135)

37.00
(31.00~44.00)
60 (44.44)

90 (66.67)
2855 + 4.12
42.00
(39.75~45.00)
102.31 + 11.96
105.00
(101.00~111.00)
132,00
(124.50~140.00)
83.80 + 9.44
9.00
(6.00~13.00)
27.00
(22.00~33.00)
7.00
(8.75~11.25)
20.00
(18.00~23.00)
13.00
(11.00~15.00)

The meaning of the bold values is p<0.05.

OSA Patients

Total (n=124)

37.00
(31.00~44.00)
51 (41.13)

83 (66.94)
28.74 + 4.09
42.00
(40.00~45.00)
108,15+ 11.71
106.00
(102.00~111.00)
132.00
(125.75~140.00)
83.99 + 9.45
9.00
(6.00~13.00)
28.00
(22.00~33.75)
7.00
(4.00~12.00)
20.00
(17.25~22.00)
13.00
(11.00~15.00)

Mild to Moderate (n=61)

36.00
(30.50~45.00)
21 (34.43)

41 (67.21)
27.60 + 4.26
41.00
(38.00-43.75)
9919+ 1218
104.00
(99.13-109.75)
132.00
(123.00~140.00)
83.42 + 9.59
7.00
(4.00~11.00)
27.00
(22.50~32.50)
7.00
(350~11.00)
21.00
(19.00~23.00)
12.00
(11.00~14.00)

Severe (n=63)

38.00
(82.00~43.00)
30 (47.62)

42 (66.67)
29.86 + 3.61
43.00
(40.00~45.00)
105.70 = 10.74
107.00
(103.00~112.25)
133.00
(128.00~140.00)
84.38 + 9.41
10.00
(6.00~15.00)
28.00
(24.00~34.00)
8.00
(4.00~13.00)
19.00
(17.00~22.00)
14.00
(12.00~16.00)

Non-OSA Subjects (n=11)

41.00
(29.00~47.00)
8 (72.79)

6 (54.55)
25.87 +3.72
40.50
(36.50~42.75)
91.63 + 10.36
100.50
(94.75~104.50)
128.00
(109.00~138.00)
80.86 + 9.55
6.00
(4.00~9.25)
13.50
(12.00~15.75)
5.00
(0.75~7.25)
24.00
(22.75~25.00)
6.50
(5.00~9.25)

0.906
0.064
0.537
0.001
0.005

0.001

0.320

0.614

<0.001

0.137

<0.001

<0.001
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Gene Forward Reverse

GAPDH TGGCCTTCCGTGTTCCTAG GAGTTGCTGTTGAAGTCGCA
TET1 GAGCCTGTTCCTCGATGTGG CCAAACCCACCTGAGGCTGTT
PLZF 'CACCGCAACAGCCAGCACTAT CAGCGTACAGCAGGTCATCCAG
GFRat (GACCGTCTGGACTGTGTGAAAG TTAGTGTGCGGTACTTGGTGC
PCNA AGTGGAGAACTTGGAAATGGAA GAGACAGTGGAGTGGCTTTTGT
Cylin A TGGCTGTGAACTACATTGA ACAAACTCTGCTACTTCTGG
Cylin E GTGGCTCCGACCTTTCAGTC CACAGTCTTGTCAATCTTGGCA
MAGE4 ATGGAAAATCCCGATAACACCC AGGACTTGGTAATCCACTACTGT
PROM1 TGGAGGACGCTGATATGACT CTTACCACGCCAATAACCTC
VASA GATAATCATTTAGCACAGCCTC GTCAACAGATGCAAACACAG
DAZL ATGTCTGCCACAACTTCTGAG CTGATTTCGGTTTCATCCATCCT
C-KIT CCGCCTGCCGAAATGTATG TCAGCGTCCCAGCAAGTC

SP1 GGCAGCGAGTCTTCCAAGAA GATGATCTGTTGGTTTGCACCT
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Clinical pregnancy

OR (95% Cl) P

Live birth

OR (95% CI)

P

mtDNA-CN  0.997 (0.943, 1.055)  0.927
DFI 1.013 (0.969, 1.069)  0.575
ROS/MS 1.001 (0.999, 1.004)  0.241

1.014 (0.959, 1.071)
1.011 (0.966, 1.058)
1.000 (0.998, 1.003)

0.635
0.651
0.784

The data were analyzed with generalized estimating equations.
mtDNA-CN, mitochondrial DNA copy number; ROS/MS, reactive oxygen species per
million sperm; DFI, DNA fragmentation index; Cl, confidence interval: OR, odds ratio.
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mtDNA-CN Fertilization rate

OR (95% CI) P Adj OR (95% CI) # P
Q1 Reference
Q2 0.919(0.818,1.033) 0.1568  0.921 (0.826, 1.028)  0.144
Q3 0.928 (0.826, 1.043)  0.211 0.968 (0.868, 1.079)  0.553
Q4 0.870(0.773,0.979)  0.021 0.915(0.817,1.025)  0.125

The data were analyzed with quartile analysis.

Q1-4, quartiles 1-4; OR, odds ratio.

“Adj OR was adjusted for male age, female age, seminal quality, number of retrieved
oocytes, ART strategy (IVF/ICSI), COS protocols, and cycle rank.

Cl. confidence interval.





OPS/images/fendo.2022.849534/table2.jpg
Fertilization rate (%)

Cleavage rate (%)

Top-quality embryo rate (%)

Coefficients (95% CI) P Coefficients (95% CI) P Coefficients (95% ClI) P
mtDNA-CN -0.629 (-1.175, -0.083) 0.024 0.108 (-0.344, 0.560) 0.637 0.345 (-0.345, 1.034) 0.325
DFI -0.128 (-0.567, 0.311) 0.564 0.127 (-0.229, 0.483) 0.482 0.377 (-0.165, 0.919) 0.171
ROS/MS -0.012 (-0.035, 0.012) 0.325 0.005 (-0.013, 0.024) 0.566 0.009 (-0.20, 0.038) 0.532

The data were analyzed with linear regression (n = 126).

ART, assisted reproductive technology; mtDNA-CN, mitochondrial DNA copy number; ROS/MS, reactive oxygen species per million sperm; DFI, DNA fragmentation index; Cl, confidence interval.
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Al participants (n = 401) IVF cases (n = 82) ICSI cases (n = 44) P
Male age, years 33 (31, 37) 33 (30, 36) 35.5(32, 40) 0.009
Female age, years 33 (29, 36) 34 (31, 38) 0.080
Percentage of male with abnormal sperms 71% 55% 59% 0.708
Morphology, % 3(2,4) 3(2,4) 3(1,4) 0.244
Sperm concentration, milion/ml 36.99 (21.48, 59.29) 40.62 (26.21, 60.11) 36.26 (18.85, 53.64) 0.250
Total motility, % 41.90 (26.85, 52.30) 42.95 (29.75, 51.60) 34 (17.65, 49.05) 0.014
mMtDNA-CN 3.80 (2.10, 7.38) 3.30 (1.96, 8.36) 4.37 (2.39, 9.07) 0.321
ROS/MS 81.33 (48.65, 174.80) 74.15 (49.89, 146.10) 73.00 (47.23, 154.66) 0.976
DFI 9.92 (5.61, 15.86) 7.98 (5.16, 14.56) 11.83(6.59, 22.71) 0.005

The data were analyzed with the Mann-Whitney U test.

mtDNA-CN, mitochondrial DNA copy number; ROS/MS, reactive oxygen species per million sperm; DFI, DNA fragmentation index.

“P value indicates the comparison between IVF and ICSI cases.
ART, assisted reproductive technology; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection.
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Organ coefficient refers to the wet weight of organ (g9)/body weight (g) x 100. Data
is presented as mean + SEM (n = 6).

aRepresents significant difference compared to the Control group.

b Represents significant difference compared to the Wi-Fi group.





OPS/images/fphys-13-828578/fphys-13-828578-t002.jpg
Gene

c-Kit
SCF
B-actin

Primer sequence 5'-3'/Primer code

QT00194145
QT00411285
Forward: TCT GTG TGG ATT GGT GGC TCT A
Reverse: CTG CTT GCT GAT CCA CAT CTG

NCBI accession number

NM_022264, XM_006250909
NM_021843, NM_021844, XM_008765339, XM_008765340
NM_031144_3

Expected product size (bp)

103
129
69





OPS/images/fphys-13-828578/fphys-13-828578-t001.jpg
Group

Control group
Control EBN

Wi-Fi

Sham Wi-Fi
Wi-Fi + EBN

Description

No Wi-Fi exposure from a Wi-Fi router + normal food pellet
No Wi-Fi exposure from a Wi-Fi router + EBN enriched food
pellet

Wi-Fi exposure from an active Wi-Fi router + normal food
pellet

Exposure from an inactive Wi-Fi router + normal food pellet
Wi-Fi exposure from an active Wi-Fi router + EBN enriched
food pellet






OPS/images/fendo.2021.736384/fendo-12-736384-g002.jpg
.





OPS/images/fendo.2021.736384/table1.jpg
Characteristics

Demographic characteristics
Age (years)®
BMI (kg/m?)?
Abstinence duration (days)?
Lifestyle factors
Tobacco smoking®
Never
Quit
Current
Alcohol drinking®
Never
Quit
Current
Reproductive hormones
Ex (pg/mi)
FSH (mlU/ml)
LH (miU/mi)
PRL (ng/ml)
Prog (ng/ml)
T (ng/mli)
Semen parameters
Volume (mi)?

Sperm concentration (x10%/mi)?

Total sperm count (x10°?
Total motility (%)*
Progressive motility (%)*

Morphological normal spermatozoa (%)*

*Values are presented as the mean + SD.

bValue are presented no. (%).

Values (n = 568)

224 +1.2
222429
41+15

414 (72.9)
26 (4.6)
128 (22.5)

122 (21.5)
22(3.9)
423 (74.5)

30.6 + 16.7
35+17
43+17

104 £5.0
06+0.4
38+1.1

38+19
56 + 45
203 + 183
79+ 16
55 +17
11.73+7.15





OPS/images/fendo.2021.736384/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.736384/fendo-12-736384-g001.jpg
T ———






OPS/images/fendo.2021.736384/table4.jpg
Characteristics Ex PRL Prog

B (95% CI) p-Value B (95% CI) p-Value B (95% CI) p-Value
First time to contact with pornography 0.06 (-1.82, 1.94) 0.953 0.92 (0.37, 1.47) 0.001 0.10 (0.05, 0.14) 0.000
Pornography use frequency -3.29 (-5.14, -1.13) 0.003 -0.36 (-1.01, 0.29) 0.274 -0.02 (-0.08, 0.03) 0.378
Amount of time spending on pornography use 2.12 (-0.02, 4.25) 0.052 0.33 (-0.31, 0.97) 0.318 0.02 (-0.03, 0.08) 0.399
Frequency of masturbation when using pornography -0.99 (-2.45, 0.48) 0.185 -0.16 (-0.60, 0.27) 0.466 -0.02 (-0.05, 0.02) 0.364

The results in bold indiicate that the variable was significantly associated with changes in semen parameters (p < 0.05). Regression coefficients were adjusted for age, abstinence duration,
BMI, smoking, and alcohol drinking status. A multiple linear regression analysis was deployed. The results are presented as regression coefficients with 95% confidence intervals.
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Characteristics Sperm concentration (10%/ml) Total sperm count (10°%) Morphological normal spermatozoa (%)

B(95% CI) p-Value B (95% Cl) p-Value B (95% Cl) p-Value
First time to contact with pornography 11.17 (1.86, 21.34) 0.017 13.00(-6.17,32.17)  0.183 0.23 (-6.17, 6.91) 0.093
Pornography use frequency -6.17 (-17.49,399)  0.231  -19.09 (-42.00, 3.81) 0.102 0.00 (-7.89, 7.64) 0.992
Amount of time spending on pornography use 4.23 (-10.15,19.40)  0.561 0.16(-21.89, 22.20)  0.989 0.462 (7.89, 6.91) 0.883
Frequency of masturbation when using pornography -7.40 (-14.82, -0.46) 0.038 -12.34 (-27.50,2.82) 0.110 7.40 (2.33, 12.72) 0.003

The results in bold indiicate that the variable was significantly associated with changes in semen parameters (p < 0.05). Regression coefficients were adjusted for age, abstinence duration,
BMI, smoking, and alcohol drinking status. A multiple linear regression analysis was deployed, and all of the semen parameters were Log 10-transformed. The results are presented as
back-transformed regression coefficients with 95% confidence intervals.
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Situations for pornography use
Q1: First time to contact with pornography information (n = 568)

Primary school 57 10.0
Middle school 277 48.8
High school 201 354
College 32 5.8
Never 1 0.18
Q2: Pornography use frequency (n = 567)
<1 time/week 310 54.6
1-2 times/week 210 370
>2 times/week 47 8.3
Q3: Amount of time spending on pornography use/time (n = 567)
<15 min 201 354
16-30 min 293 516
=30 min 64 129
Q4: Frequency of masturbation when using pornography (n = 567)
Never 23 44
Sometimes 295 520
Half of the time 129 2238
Most of the time 92 16.2
Almost every time 28 149

The addiction possibility for pornography use
Q5: Frequency of pornography use in the most recent 3 months compared with
3 months ago (n = 567)

Much less than before 162 386
Alittle bit less than before 126 222
As much as before 243 429
More than before 36 6.4

Q6: Is it take more time to feel sexual excitement when using pornography
compared with 3 months ago (n = 567)

Yes 180 317

No 387 68.3
Q7: Is it easier to achieve sexual satisfaction when using pornography compared
with having sex with a real partner (n = 567)

Yes 37 6.5

No 292 515

No sex partner 238 42.0
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Is it easier to achieve sexual satisfaction when using
pornography compared with having sex with a real partner

First time to contact
with pornography

Pornography use
frequency

Amount of time
spending on
pornography use

Frequency of
masturbation when
using pornography

Correlation p-Value
coefficient

0.025 0.553
-0.007 0.866
0.141 0.001

Correlation p-Value
coefficient

0.260 <0.001
-0.053 0.206
0.075 0.076

The results in bold indicate that the variable was significantly associated with changes in semen parameters (p < 0.05).

Correlation p-Value

coefficient
0.035 0.405
-0.100 0.017
0.120 0.004

Correlation p-Value
coefficient
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0.005 0915
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Chemical Name

Perfluorobutane sulfonic acid
Perfluorohexane sulphonic acid
Perfluorooctane sulfonic acid
Perfluorooctane sulfonamide
Perfluorobutanoic acid
Perfluoropentanoic acid
Perfluorohexanoic acid
Hexafluoropropylene oxide dimer acid (MS-20244) (Q29388239)
Perfluoroheptanoic acid
Perfluorooctanoic acid
Perfluorononanoic acid
Perfluorodecanoic acid

Table adapted from Fenton et al. (12).

Abbreviation

PFBS
PFHxS
PFOS
PFOSA
PFBA
PFPeA
PFHXA
GenX
PFHpA
PFOA
PFNA
PFDA

Formula

C4HF905S
CeHF130sS
CgF17S05H
CoHoF17NOS
C4HF;0,
CsHFs0s
CeHF1102
CeHF1103
C7HF130,
CgHF1502
CoHF 170,
C1oHF1902

Half-life in humans

28 days

5.3 -85 years
3.5 -5 years
Unknown

3 days
Unknown

32 days
Unknown (estimated 4 hours to 6 days)
1.2 -25years
2.1-3.8years
2.5-4.3 years
Unknown
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Donor Age BMI Volume Sperm Sperm PR
v (km/m?) (mL) concentration  motility (%)

(x10%/mL) (%)
1 31 20.8 23 98.3 7.7 41.9
2 30 19.56 2 184.7 85.7 57.3
3 29 20.8 6.7 43.3 74 49.7
4 29 19.6 6.4 164.7 79.8 42.4

BMI, body mass index; PR, progressive motility rate.
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Group = Iv-vi vii-vii IX =X

Control 102.465 + 4.466 105.582 + 2.859 15.561 + 2.264 99.791 + 2.317
T2D 73.778 + 4.230"* 90.187 + 2.885™" 108.736 + 2.438" 84.105 + 2.555™

Data are presented as the mean + SEM (n = 10 controls, 206 tubules; 8 T2D males, 254 tubules). Differences between groups were tested by t-test (GraphPad Prism 7.0). *P < 0.05, **P < 0.001.
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Group n Number of litters Litter size Male offspring Female offspring Pregnancy rate (%)

Control F¢ 10 9 6.44 £1.14 3.56 + 0.65 2.89+0.59 90
T2D F, 8 5 4.63 +1.41 1.88 +0.58 2.75 £ 0.86 63"

Data are presented as the mean + SEM. Pregnancy rate, Binomial test GraphPad Prism 7. *P <0.05.
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Group n Number of litters Litter size Male offspring Female offspring Pregnancy rate (%)

Control 7 7 7.00 £ 0.53 4.29 £ 0.52 271 £042 100
T2D 8 6 5.63 £ 1.35 2.75£0.70 2.88 £ 091 75

Data are presented as the mean + SEM.
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Group I=m v-vi ViE=vil IX=Xn

Control 182.781 + 4.093 186915 + 2.415 191.109 + 2.325 187.220 + 2.512
T2D 164.399 + 4.852* 176.009 + 3.039™ 174.310 + 2.609** 167.963 + 3.437"

Data are presented as the mean + SEM (n = 10 controls, 206 tubules; n = 8 T2D males, 254 tubules). Differences between groups were tested by t-test (GraphPad Prism 7.0). *P < 0.05,
P < 0.01, **P < 0.001.
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Age (years)

Median (IQR)

BMI (kg/m?)

Median (IQR)

CCI - n (%)

0

1

2+

Mean testicular volume (Prader)
Median (IQR)

Total testosterone (ng/ml)
Median (IQR)

FSH (mU/mL)

Median (IQR)

Sperm concentration (10°/ml)
Median (IQR)

Varicocele - n (%)

No

Yes

Cryptorchidism - n (%)

No

Yes

Karyotype abnormalities - n (%)
Normal

XXY

Other abnormalities
CFTR - n (%)

Normal

Mutation

Y chromosome microdeletions - n (%)

Normal

Deletion

Cause of infertility - n (%)
Idiopathic

Genetic abnormalities
Cryptorchidism

Obstructive

Hypogonadism

Varicocele

Other

MFI

n=791

37 (34-40)

25 (23-27)

748 (95)
213
22(3)

5 (12-20)
4(3-6)

6(3-13)

4(0-24)

423 (53)
368 (47)

703 (89)
88 (1)

499 (93)
12(2)
24 (4)

788 (100)
300

780 (99)
11(1)

Mixed factor
n=356
37 (34-41)
25 (23-27)
332 (93)
12
123
5 (12-20)
5(3-6)
5(3-10)
9(1-35)

191 (54)
165 (46)

326 (92)
308

233 (95)
5(2)
70

356 (100)
000

355 (100)
100

7722
13 (4)
25 (7)
5(1)

125 (35)

105 (30)
3(1)

Overall
n=1147
37 (34-41)
25 (28-27)
1080 (94)

33 @)
3413

5 (12-20)

4(3-6)

6(3-11)

6 (0-26)

614 (54)
533 (46)

1029 (90)
118 (10)

732 (94)
17 @)
31 (4)

1144 (100)
30

1135 (99)
12 (1)

The study cohort is stratified according to the presence of an isolated male factor infertility (MFI) or a mixed factor (MFI + female factor).
BMI, body mass index; CCI, Charlson comorbidity index; CFTR, cystic fibrosis conductance requlator; FSH, follicle stimulating hormone.
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Age
years

BMI
2

Mean testicular volume
prader
Infertility factor

MFI

Mixed factor
Azoospermia

no

yes

OR

1.08
0.97
1.00
0.97
1.64

1.07

1.00
1.10

1.00
0.09

95% Cls

1.00-1.05
0.93-1.02
(Ref)
0.38 - 2.50
0.69 - 3.88

1.04-1.10

(Ref)
0.79-1.52

(Ref)
0.04 - 0.20

0.05

0.26

0.95

0.26

<0.001

0.58

<0.001

BMI, body mass index; CCl, Charlson comorbidity index; MFI, male factor infertility; Mixed

factor MFl + female factor.
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Author, year Pre-clinical model Clock genes

evaluated
Morse et al. (35) Clock mutant male mice Per1
Alvarez JD et al. (36) Bmal1 KO male mice Bmall
Peruquetti RL et al. (34) Bmal1 KO male mice Bmall
Clock KO male mice Clock
Liang X et al. (37) Clock KD male mice Clock

Findings

Per1 expression is not altered in testes from Clock mutant mice

Impaired steroidogenesis in Bmal1 KO mice.

Reduced average seminiferous tubule diameter and the sperm counts in Bmal1 KO mice.
Alteration in the structure of chromatoid body of the spermatids of Bma/1 KO and Clock
KO mice

Smaller litter size, lower in vitro fertility rate, lower blastula formation rate, and lower
acrosin activity in Clock KD male mice.

KD, Knock-down: KO, Knockout.
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Author, year Study population Findings

Jensen et al. (47) Healthy men (n=953) Inverse U-shaped association between sleep disturbance score and sperm concentration, total sperm count, percent
morphologically normal spermatozoa (poorer semen quality in men with a sleep score below or above 11- 20).
Eisenberg et al. (48)  Men during preconception No significant association between night or shift work and semen parameters

period (n=456)

Chen et al. (46) Healthy men (n=796) Inverse U-shaped association between sleep duration and semen volume and total sperm count.

Vigano et al. (49) Inferile men (n=382) Negative association between sleep quality (difficulty in initiating sleep or lying awake most of the night) and sperm
parameters concentration or motility.

Liu et al. (50) Healthy men (n=1346) Lower total sperm count in rotating shift workers.

Shi et al. (51) Healthy men (n=328) Decreased sperm concentration in short (< 4.7h) sleepers.
Higher sperm DNA fragmentation index in patients with irregular sleeping habits.

Pokhrel et al. (52) Healthy men (n=1101) No association between sleep duration and sperm parameters.

Chen et al. (53) Healthy men candidates for ~ Association between short (<6 h) or long (>9 h) sleep duration and reduced sperm motility.

being sperm donor (n=842)  Association between bad sleep quality (total Pittsburgh Sleep Quality Index [PSQI] score >5.0) and lower total

sperm count, total motility, and progressive motility.

Du et al. (54) Infertile men (n=970) Negative correlation between the general quality of sleep and total motility, progressive motility, concentration, total
sperm number and normal morphology.

Green et al. (55) Healthy men (n=116) Positive correlation between sleep duration and total sperm count progressive motility.
Negative correlation between the usage of digital devices at night and total motility, progressive motility,
congentration.
Positive correlation between the usage of digital devices at night and immotile sperm.

Hvidt et al. (56) Infertile men (n=104) Lower semen quality in short (7.0-7.49 h) and very short (< 7.0 h) sleepers.
Association between late (=11:30 PM) bedtime and reduced semen quality.
No association between sleep quality and semen quality.
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Group Sperm motility (%) Acrosomal integrity (%)
Fresh 83.7 + 2.5%° 94.2 £ 1.2%*
Cryo-AFP 31.8+26% 81.0 +£2.0%"
Cryo+AFP 44.3 £2.8%° 84.3 £2.1%°

Fresh, fresh sperm; Cryo-AFR, sperm cryopreserved without AFP lli; Cryo+AFF, sperm cryopreserved with AFP i,
Significant difference was indicated by different superscripts in the same column (p < 0.05).

Mitochondrial membrane potential (%)

80.3 £1.7%°
51.8 £2.4%°
65.2 £ 2.9%°





