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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., TiO, nanoparticles, PM, s, 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
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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 TiO,
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 PM, 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-Spl 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
IT 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/).
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Lei Sun?, Jinyi Liu?, Lin Ao? and Jia Cao?*

7 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

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 (Eo). 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.

Keywords: pornography, addiction, reproductive hormone, semen quality, college students

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,
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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 Chongging 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 (E,), 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
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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.

The average E,, 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

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

Characteristics Values (n = 568)

Demographic characteristics

Age (years)® 224 +1.2
BMI (kg/m?)? 222+29
Abstinence duration (days)? 41+15
Lifestyle factors
Tobacco smoking®
Never 414 (72.9)
Quit 26 (4.6)
Current 128 (22.5)
Alcohol drinking®
Never 122 (21.5)
Quit 22 (3.9)
Current 423 (74.5)
Reproductive hormones
E, (pg/ml) 30.6 + 16.7
FSH (mIU/mi) 35+17
LH (mIU/ml) 43+17
PRL (ng/ml) 10.4 +5.0
Prog (ng/ml) 0.6+04
T (ng/ml) 3.8+1.1
Semen parameters
Volume (mi)? 3.8+1.9
Sperm concentration (x10%/mi)? 56 + 45
Total sperm count (x10°%)? 203 + 183
Total motility (%)* 79 + 16
Progressive motility (%)* 55 + 17
Morphological normal spermatozoa (%)* 11.73+7.15

2Values are presented as the mean + SD.
PValue are presented no. (%).

frequency when using pornography. In contrast, 14.9% of the
students masturbated almost every time they used pornography.

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).

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,

Frontiers in Endocrinology | www.frontiersin.org

10

September 2021 | Volume 12 | Article 736384


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Cui et al.

Pornography Use in College Students

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

Characteristics N Percentage (%)

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 35.4
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 37.0
>2 times/week 47 8.3
Q3: Amount of time spending on pornography use/time (n = 567)
<15 min 201 35.4
15-30 min 293 51.6
>30 min 64 12.9
Q4: Frequency of masturbation when using pornography (n = 567)
Never 23 41
Sometimes 295 52.0
Half of the time 129 22.8
Most of the time 92 16.2
Almost every time 28 14.9

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 38.6
A little bit less than before 126 22.2
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 31.7

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 51.5
No sex partner 238 42.0

p < 0.05, p < 0.05). The E, concentration decreased from 32 to
26 pg/ml according to the increase of frequency of pornography
use (p < 0.05) (Figure 1).

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 E,

concentration in serum (f 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
(B coefficient = 0.92; 95% CI, 0.37, 1.47, p = 0.001;
B coefficient = 0.10; 95% CI, 0.05, 0.14, p < 0.001) (Table 4).

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).

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 (3 coefticient = 11.17; 95% CI, 1.86, 21.34; p = 0.017)
but negatively associated with masturbation frequency when using
pornography (8 = -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 (8 = 7.40; 95% CI, 2.33, 12.72;
p = 0.003) (Table 5).

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.

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

Addiction

First time to contact
with pornography

Amount of time
spending on
pornography use

Pornography use
frequency

Frequency of
masturbation when
using pornography

Correlation p-Value Correlation p-Value

coefficient
Frequency of pornography use in the most recent 3 months 0.025
compared with 3 months ago
Is it take more time to feel sexual excitement when using -0.007

pornography compared with 3 months ago
Is it easier to achieve sexual satisfaction when using 0.141
pornography compared with having sex with a real partner

0.553

0.866

Correlation p-Value Correlation p-Value

coefficient coefficient coefficient
0.260 <0.001 0.035 0.405 0.160 <0.001
-0.053 0.206 -0.100 0.017 0.005 0.915
0.001 0.075 0.076 0.120 0.004 0.109 0.009

The results in bold indicate that the variable was significantly associated with changes in semen parameters (p < 0.05).
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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

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

Characteristics Es 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 212 (-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 indicate 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.

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
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FIGURE 2 | Univariate analyses were applied to estimate the associations between pornography use and semen parameters. The ages of first-time contact
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TABLE 5 | Associations between pornography use and semen parameters.

Characteristics

Sperm concentration (10%/ml)

Total sperm count (10°) Morphological normal spermatozoa (%)

B(95% CI) p-Value B (95% CI) p-Value B (95% CI) 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, 3.99) 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 indicate 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.

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
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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 Chongging, 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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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 3p hydroxysteroid dehydrogenase (3pHSD), 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 4 weeks 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 3pHSD 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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Cranial Irradiation Induces Testicular Damage

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 (Xian, 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 2.33 Gy/
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
0.01 Gy/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 0.01 Gy/min and the total does was 0.08 Gy. 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 (50 mg/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) x 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 4pm. 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).
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Histological Analysis of Testis

For histological analysis of testis, the diameter of seminiferous
tubules and height of seminiferous epithelium were measured
using Image] software (NIH, MD, United States) from 50
random round or nearly round seminiferous tubules at x 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 (Ibanez et al.,
2017), and the percentage of abnormal seminiferous tubules
was counted from 10 random fields at x 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 I1mmx1mmx1mm 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 (50 nm
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 (30 pg) were subjected to 10-12% Bis-Tris gel
electrophoresis and transferred to polyvinylidene fluoride
immunoblot membranes (0.22pum). 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 f-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, B-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 3p hydroxysteroid dehydrogenase (3pHSD)
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 30pl 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 Image] software.

Detection of Testicular Secretory Function

by ELISA

Blood samples were taken from the heart and centrifuged at
3000 rpm 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
1 mL of sperm culture solution (Millipore, MA, United States)
and then incubated at 37°C for 30 min. The sperm suspension
was collected and filtered through a nylon mesh with a 38-pm
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 I (BD Pharmingen, CA, United States) was
applied to quantify the survival rate and apoptosis rate of
sperm. Briefly, sperm samples prepared as described above
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were supplemented with 1 mL of 1x 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-lrradiation
Damage Testicular Histology

Figure 1A shows the time schedule of C-irradiation used for
the mice. Day 3 to day O 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 4 weeks after C-irradiation, the body weight
of mice in the C-irradiation group still lagged significantly
(p<0.01).

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 S$2-7). 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.

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 4 weeks
after C-irradiation (Figures 3F-G; p <0.001). In addition,
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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= 100 um. Vacuolation of seminiferous tubules (T) and
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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).

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 4 weeks after C-irradiation
(Figure 4A; p >0.05). Besides, 3BHSD, a Leydig cell specific
marker, plays an important role in the synthesis of steroid
hormones (Yang et al., 2017). To explore the abscopal effects
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of C-irradiation on steroidogenic capacity of Leydig cells,
the 3BHSD immunoreactivity in Leydig cells was detected
by the immunofluorescence staining in testicular paraffin
sections (Figure 4B). The results showed that the level of
3BHSD 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 4 weeks 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.

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 717571


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Guo etal.

Cranial Irradiation Induces Testicular Damage

A B C
1.24 3.0 b
o L] "
& 3 e B 5
« O 2 & 2.5+
.\&\ 5 0.9 g - = = I
& K g . S 2.0 .
g’ép 3\6 = 064 : e s 5
(@ E £ .
o o - —or—
Bcl-2 | s s | 26 kDa £ 03 e =
3 < 0.5
(- (-
0. 0.
Bax == - 23 kDa Shard C-irtadiation Sham C-irradiation
D E
2 *
B-actin 42 kDa 2" -l "
] ° T 244
R 1.24 ° H
Cleaved- 19 kDa s . )
caspase3 | 17 kDa E 0.8+ e = o
£ 2 ]
g & i 1.2+ T
i 42 kD S 041 E s
p-actin — — a g ’ét_l 2 0.6+ R
o [} =9
] £l
£ o, £ 00
Sham C-irradiation E Sham C-irradiation
F : iz G
Sham C-irradiation
Jededk
" g pordit
0 = 02e9
© § « 1207 T ee
2 ¥
8 § 2— 90~
B
> 23
8 gg" 30
o 5
< 0
Sham C-irradiation
H Sham C-irradiation !
dekk
150 &
z b ¥
B —t
£ 120- A vy
2 Tyvee
o § 90+
=) S 60
= £
2 304
Sham C-irradiation
100 pm
FIGURE 3 | The abscopal effects of C-irradiation increase testicular cell apoptosis. (A) Typical immunoblots of apoptosis-related proteins. The first three bands
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The Abscopal Effects of C-lIrradiation
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 4 weeks 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

Frontiers in Physiology | www.frontiersin.org

23

September 2021 | Volume 12 | Article 717571


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Guo etal.

Cranial Irradiation Induces Testicular Damage

A B o pe
Sham C-irradiation
_ 0.5+
. °
¥ 0.4+ v
P A\
ko < — 2
< 0.3 T = 2 7}
= L] p
= v Q
s (7]
e v
£ 0.24
S
[
£ 0.1
=1
5
w2
0.0
Sham C-irradiation
Cc 5 E
1] ok
< 180+ _ 500+ o 3500+ -
b e vYy E Yoy )
S 150 a0, ey = 400 v £ 2800
2 s°s vy & ° é_‘
§ 1207 £ 300 s § 2100
£ 5 7 s = T
g s0- £ T —~+
g $ 200+ § 1400+ v
% 60— S H °
5 2 Q0 ——
Z 304 £ 100 = 7004 e
@ a 8
2 &)
5 0 0 : 0
2 Sham C-irradiation Sham C-irradiation Sham C-irradiation
F RN G H
N
S
&
" 1.2+ [ ] 3.0 *x
GDNF | s @S 30kDa Z o i 8 s .
g = ] 2=
5 0.9+ ) —T—
. 3 § 2.0
B-actin | e @mme—$ | 42 kDa g =
£ 0.6+ £ 1.5+
] - | |
s 2
s 2 1.0+ i
SCF | s e | 16kDa 2 03 2
= < 0.5
= S
-7 -5
_actin | ——  —— 0.0 0.0
B actin 42 kDa Sham C-irradiation Sham C-irradiation
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 3BHSD in testis and average fluorescence intensity from 10 random fields for each group. Bar=100pum. (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. *0<0.01 vs. sham group.

apoptosis sperm (PI'/FITC*, upper-right quadrant), surviving
sperm (PI7/FITC-, lower-left quadrant) and early apoptosis
sperm (PI7/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.

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 (Mufoz 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, 5Gyx4 d C-irradiation was
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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=200 pm for
the upper-left corner and bar=50pm 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=25um. (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
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group. *0<0.05; *p<0.01 vs. shielded group.

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,
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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 $2-7). 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, 8Gyx 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 3pHSD (Li
etal., 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 20 weeks in juvenile female rats (Xu et al., 2020).
However, the levels of serum T and testicular 3pHSD were
not altered at 4 weeks after 20 Gy 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 GDNE which promotes
the proliferation and self-renewal of SSCs, and SCE 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 (10Gyx2
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 C* ion or “Co
y-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 (Mufioz
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
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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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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) (o < 0.01). A total of 141 and 32 differentially expressed
proteins were, respectively, identified in cynomolgus macaque sperm cryopreserved
without and with 0.1 wg/ml AFP Il 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 Il 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
Il may reduce the release of cytochrome ¢ and thereby reduce sperm apoptosis by
modulating the production of ROS in mitochondria. The molecular mechanism that AFP
[l acts with sperm proteins for cellular protection against cryoinjuries needs further study.

Keywords: cynomolgus macaques, sperm, cryopreservation, antifreeze protein lll, 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
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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 Ciritser, 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 pg/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 g/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 x 108 sperm/ml and allowed to sit at room temperature
for 10min. The samples were then packed into 0.5ml cryo-
straws and sealed. The cryo-straws were cooled for 30 min by
holding horizontally 0.5 cm above liquid nitrogen (LN;) and then
directly plunged into LN 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 x 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
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were air-dried and then stained with 10 g/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 488nm 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 5min. 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 pmi.d.). Ata
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 Ill 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 Tablel. The fluorescence images of sperm acrosomal
integrity and MMP were shown in Figurel. 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 ng/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).
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TABLE 1 | The motility, acrosomal integrity, and mitochondrial membrane potential of fresh sperm and post-thaw sperm cryopreserved with or without AFP Il (0 = 6).
Group Sperm motility (%) Acrosomal integrity (%) Mitochondrial membrane potential (%)
Fresh 83.7 + 2.5%% 94.2 + 1.2%*2 80.3 +1.7%*

Cryo-AFP 31.8 + 2.6%° 81.0 £ 2.0%" 51.8 + 2.4%°

Cryo+AFP 44,3 + 2.8%P 84.3 + 2.1%P 65.2 + 2.9%"

Fresh, fresh sperm; Cryo-AFF, sperm cryopreserved without AFP Ill; Cryo+AFF, sperm cryopreserved with AFP II.
Significant difference was indicated by different superscripts in the same column (p < 0.05).

Identification of Cynomolgus Macaque to organonitrogen compound metabolic process (GO:1901564,
Sperm Proteins 11 proteins), phosphorus metabolic process (GO:0006793, 8
To determine whether there was somatic cell contamination ~ Proteins), phosphate-containing compound metabolic process
in semen, the semen was stained with DAPL In this (GO:0006796, 10 proteins), proteolysis (GO:0006508, 6 proteins),
study, we did not observe any somatic cell in the semen small molecule metabolic process (GO:0044281, 6 proteins),
(Supplementary Figure 1). A total of 2,467 proteins were Phosphorylation (GO:0016310, 6 proteins), regulation of
identified in the cynomolgus macaque sperms. Among them,  Protein metabolic process (GO:0051246, 6 proteins), oxidation-
1,848 proteins were confidently quantified in six samples. Of reduction process (GO:0055114, 5 proteins), organic acid
special interest, 159 identified differential proteins were shared metabolic process (GO:0006082, 5 proteins), and mitochondrion
by sperm samples from the Fresh, Cryo-AFP, and Cryo+AFP  Organization (GO:0007005, 4 proteins). Cellular components
groups (Figure2; Supplementary Table 1). When compared of differential proteins between Fresh and Cryo-AFP groups
with the fresh sperm sample, cryopreservation without AFP III ~ Were enriched in the membrane-bound organelle (GO:0043227,
(Cryo-AFP) resulted in the upregulation of 65 proteins and 22 proteins), organelle (GO:0043226, 22 proteins), intracellular
the downregulation of 76 proteins, whereas cryopreservation ~ region (G0:0005622, 19  proteins), extracellular  region
with AFP III (Cryo+AFP) only resulted in the upregulation of (GO:0005576, 18 proteins), intracellular organelle (GO:0043229,
1 protein and the downregulation of 31 proteins. This finding 16 proteins), vesicle (GO:0031982, 12 proteins), extracellular
has clearly demonstrated that the supplementation of 0.1 ug/ml ~ €X0some (GO:0070062, 10 proteins), extracellular vesicle
AFP III in the sperm freezing medium significantly helps (GO:1903561, 10 proteins), cytosol (GO:0005829, 9 proteins),
the stabilization of cellular molecular functions or biological and intracellular organelle lumen (GO:0070013, 9 proteins).
processes in sperms, as illustrated by the extent of proteomic The molecular function of differential proteins between Fresh
changes after freezing and thawing. The further comparison and Cryo-AFP groups was enriched in catalytic activity
between sperm samples cryopreserved with or without AFP III (GO:0003824, 15 proteins), carbohydrate derivative binding
shows that the supplementation of APF III in the sperm freezing (GO:0097367, 10 proteins), hydrolase activity (GO:0016787,
medium leads to the relative upregulation of 1 protein and the 10 proteins), cation binding (GO:0043169, 9 proteins), adenyl
relative downregulation of 3 proteins as shown in Figure 2A. ribonucleotide binding (G0:0032559, 6 proteins), nucleotide
Based on the Venn diagram analysis of sperm differential ~ binding (GO:0000166, 6 proteins), nucleoside phosphate
proteins exhibited in Figure 2B, there were 18 differential binding (GO:1901265, 6 proteins), ATP binding (GO:0005524,
proteins in common for both Cryo-AFP and Cryo+AFP groups > proteins), cofactor binding (GO:0048037, 4 proteins), and
when compared with the Fresh group, and 137 differential ~ endopeptidase activity (GO:0004175, 4 proteins).
proteins different between Cryo-AFP vs. Fresh and Cryo+AFP In Figure 3B, biological processes of the identified differential
vs. Fresh groups. proteins in the GO terms were basically catabolic process
According to the UniProtKB database, 159 differential (GO:0009056, 5 proteins), cellular process involved in
proteins with known roles in sperm function were used to further reproduction in  multicellular organism (GO:0022412, 3
evaluate the effect of cryopreservation on cynomolgus macaque proteins), multi-organism reproductive process (GO:0044703,
sperm function. The functions of selected sperm differential 3 proteins), and locomotion (GO:0040011, 3 proteins) between
proteins including flagellated sperm motility, fertilization, Fresh and Cryo+AFP groups. The identified differential
mitochondrial function, heat/oxidative ~stress, apoptosis, proteins-associated  cellular localizations were enriched
metabolic process, enzymatic activity, immune response, ion il the extracellular region (GO:0005576, 7 proteins) and

binding, and others were listed in Supplementary Table 1. extracellular vesicle (GO:1903561, 5 proteins) between Fresh and
Cryo+AFP groups.
Gene Ontology Functional Analysis In Figure 3C, biological processes of the identified differential

The identified differentially expressed proteins involving in  proteins between Cryo-AFP and Cryo+AFP groups were
biological processes, cellular components, and molecular involved in the cellular component assembly (GO:0022607,
function in GO terms between the Fresh control, Cryo- 2 proteins), microtubule cytoskeleton organization involved
AFP and Cryo+AFP groups were shown in Figure3. in mitosis (GO:1902850, 1 proteins), negative regulation
In Figure 3A, biological processes of differential proteins of organelle assembly (GO:1902116, 1 protein), spindle
between Fresh and Cryo-AFP groups were primarily related  localization (GO:0051653, 1 protein), positive regulation
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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.
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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.

of translation (GO:0045727, 1 protein), ATP synthesis- protein), positive regulation of cellular amide metabolic
coupled electron transport (GO:0042773, 1 protein), negative  process (GO:0034250, 1 protein), regulation of translation
regulation of cell projection organization (GO:0031345, 1  (GO:0006417, 1 protein), and establishment of localization in
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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
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groups. Differential proteins between the Fresh and Cryo+AFP
groups were not enriched into any pathways.

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 pg/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
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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
(AOA2K5UCT2), and  phosphatidylethanolamine-binding
protein 4 (A0OA2K5XO0P4, 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 BcIXL
and Bcl-2 and the increased expression of the pro-apoptotic
proteins p21CIP/WAE, 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, CYCI and OCIADI,
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 (AOA2K5VNLO, 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
NDUEFB6 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 ¢ 1 (A0A2K5WMQO, 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 (Santuccietal,,
2019). Complex I activity is correlated negatively with OCIA
domain-containing protein (AOA2K5V]27, 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 CBRI1. In contrast, the level of oxidative stress
protein expressed by CBR1 knockout cells was increased (Kwon
etal., 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
(Q4R5]J0, CCT8) were observed only in the Cryo-AFP group,
but not in Cryo+AFP group after sperm cryopreservation in
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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 (A0OA2K5WI39, UQCCI1), whereas
the downregulated ones were the cytochrome c oxidase
subunit 3 (C3W4Z1, COX3), the transmembrane helical
component TEX51 (A0A2K5X818), and the microtubule-
associated protein (AOA2K5UU31, MAP4). Those proteins are
associated with mitochondrial electron and redox function,
membrane assemblies, and cytoskeleton organization. UQCCI,
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 ¢ 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 IIT 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 pg/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
II 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.

Keywords: sperm, diabetes, testes, fertility, offspring, molecular biomarkers, TERA, GAPDS

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
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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 {3 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/6] 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; ssnift® EF
acc. D12492 from Ssniff Spezialdidten 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.
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FIGURE 1 | Experimental schematics. Type 2 diabetes (T2D) was induced
by a combination of high fat diet (HFD) and a low dose of streptozotocin
(ST2): 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/Fo) 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 Fy 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 (F») male offspring generation at 10 weeks of age. Both F; and
F> males were maintained on standard diet.
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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 F; offspring, were left in the litters
to be used for following up transgenerational studies. At 9 weeks
of age, randomly selected F; males were mated with females to
produce the F, 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 F; and F, 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 CO, incubator for 15 min. The
resulting mixture was poured through a 30 um filter (Partec) to
obtain only the sperm fraction and PBS was added to 1 mL of
final volume (31). Sperm were counted in a Biirker 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 A;
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 10° 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 pum 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 Image] 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 wm) were stained with Periodic acid-
Schiff to visualize advanced glycation end products (Periodic
acid-Schift (PAS) kit; 395B-1KT, Sigma).

Real-Time Reverse-Transcription PCR
RT-qPCR was performed as previously described (29). Briefly,
cDNA was prepared using 2 pg of total RNA isolated from the
testes. We used RevertAid Reverse Transcriptase (Thermo Fisher
Scientific), 1 uL 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/uL using a CFX 384 — qPCR cycler
(BioRad). The relative expression of a target gene was calculated,
based on the quantification cycle (Cq) difference (A) of an
experimental sample versus control. The control was set at
100% and experimental samples were compared to the control
(29). The B-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).
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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 B-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/6]
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 [B-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
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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.

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.

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
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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).

limits of the rate of pregnancy in our C57BL/6] 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).

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 Aj; 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
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TABLE 1 | Reproductive effects of T2D in males (parental generation, P).

Male offspring Female offspring Pregnancy rate (%)

4.29 + 0.52
2.75+0.70

2.71+0.42 100
2.88 + 0.91 75

Group n Number of litters Litter size
Control 7 7 7.00 + 0.53
T2D 8 6 5.63 + 1.35
Data are presented as the mean + SEM.
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*
100 ° WY 0.6 Hkdk
A VN
80 R MO
~n0.4
o 60 %
o
40 0.2
20
0 T 0 T
B T2D Control T2D Control
100 TE,BA 100 GAP*D*@S
Y o
[YOUL) 80
oo’ °
) 60
40
20
T 0
T2D Control T2D Control

Control T2D
TERA HS

GAPDS HS

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.

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).

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.

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 Sycpl in spermatocytes was reduced and PrmI
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 Cldnll, and Cdh2 in the testes from T2D males
compared to control testes (Figures 6B, C).
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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 Imaged 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”, 1”) Delineated PAS™ area in the testes by ImageJ. Scale
bars, 50 pm.

Paternal T2D Alters the Metabolic

and Reproduction Parameters

of Male F; and F, 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 F, offspring, were left in the
litters to be used for following up transgenerational studies. The
F, offspring were produced from the mating of randomly
selected F; 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 F; and F, 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
F; and F, 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 F, offspring of T2D
males (Figures 7A, B). Most analyzed serum biomarkers were
unaffected in the F;, and F, offspring with the exception of
glucose and ALT (Figures 7C, D). Plasma glucose levels were
increased in the F; males at 10 weeks of age, however, these F,
males had no impairment of glucose tolerance, as shown by a
glucose tolerance test. Interestingly, ALT was increased in F,
males, indicating a transgenerational effect of T2D exposure.

Next, we evaluated the effects of paternal T2D on the
reproductive system and reproductive parameters of the F; and
F, male offspring. The testicular morphology of the F; 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 F;
offspring groups (Supplementary Figure S1). However, the
weight of testes of the F; offspring from T2D fathers was
significantly smaller compared to the control F; offspring
(Supplementary Table S5). Additionally, significantly reduced
fertility was found in the F; males from the T2D parental
generation with a pregnancy rate of 63% compared to a 90%
pregnancy rate in the F; control generation (Table 4). Of eight F;
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 F; 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).

Paternal T2D Alters Sperm Parameters in
Two Subsequent Offspring Generations
Caudal epididymal sperm were collected from the F; and F,
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 F; and F, offspring
generations (Supplementary Table S6). The packaging quality
of the sperm chromatin in the F; and F, offspring was not
affected by the T2D parental exposure, as evaluated by
chromomycin Aj; 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 F; and F, generations from T2D fathers compared to
the control offspring generations (Figure 8A). Additionally, the
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TABLE 2 | Tubule diameter (um) for different stages of sperm production in the testes.

Group =1 IV-ViI Vil - Vil IX =Xl
Control 182.781 + 4.093 186.915 + 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.

TABLE 3 | The seminiferous epithelium thickness (um) for different stages of sperm production.

Group -1 IV-ViI Vil - Vil IX =Xl
Control 102.465 + 4.466 105.5682 + 2.859 15.561 + 2.264 99.791 = 2.317
T2D 73.778 + 4230 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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levels of TERA and GAPDS were reduced in the offspring of
diabetic males in both F; and F, generations (Figures 8B, C),
indicating not only intergenerational but also transgenerational
transmission of negative effects of the diabetic environment.

Relative gene expression (%)

Sod1 Sod2 Sod3 Gpx4 Cat Cyst

FIGURE 6 | Expression changes in the testes of the parental generation. (A)
gPCR 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 Thp2,

transition protein 2; (B) Blood testis barrier markers: Ocln, occludin; F711r, F11 DISCUSSION

receptor; Tjp1, tight junction protein 1; Ctnnb1, catenin beta 1; Cdh2,

cadherin 2; Cldn11, claudin 11 and (C) oxidative stress markers: Sod7, In this study, we show that T2D affects not only metabolic health
Sod2, and Sod3, superoxide dismutase 1, 2, and 3; Gpx4, glutathione but also the reproductive system through the male lineage to the

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.

F, offspring. Paternal T2D exposure causes increased body
weight gain and fasting plasma glucose, and significantly
impaired reproductive functions of the F; males and sperm
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TABLE 4 | Reproductive effects of T2D in parental generation on the F4 offspring.

Group n Number of litters Litter size Male offspring Female offspring Pregnancy rate (%)
Control F4 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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FIGURE 8 | Changes in sperm characteristics of the Fy and F, offspring. (A) Evaluations of sperm head abnormalities of caudal epididymal sperm from the offspring

F1 and F, 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 F4 and F» 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 F; 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.

abnormalities in the F; male offspring. Furthermore, F, 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

Frontiers in Endocrinology | www.frontiersin.org

48

November 2021 | Volume 12 | Article 763863


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zatecka et al.

DM2 Subfertility

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 F; 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 F, 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 F, offspring of T2D males had no
detectable molecular and morphological changes in the testes, the
weight of testes of the F; offspring of T2D fathers was significantly
smaller compared to the control F; males.

A significant finding of this study is the transgenerational
transmission of sperm perturbations from T2D fathers through
the male lineage to the F, 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 F; and
F, 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 F,
males. Since similar sperm defects were found in the F, offspring,
we can speculate that the reproductive function of F, 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 F; male offspring,
which persists into the subsequent F, 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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Between Zona Pellucida-Bound
and Manually Selected
Spermatozoa Are Associated
With Autism Susceptibility

Longda Wang, Mengxiang Chen, Gaofeng Yan and Shuhua Zhao

Department of Reproduction and Genetics, First Affiliated Hospital of Kunming Medical University, Kunming, China

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.

Keywords: sperm, DNA methylation, autism, zona pellucida binding assay, ICSI

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
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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 x 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 x
10°/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 pL G-IVF
microdroplet covered with oil in an incubator with 6% CO, 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 pL 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 400x
magnification (ZEISS, Jena, Germany), and transferred to a PCR
tube containing 10 uL of lysis buffer. Thus, paired ZPBS and MSS
samples were collected from one donor (e.g. ZPBS1 and MSS1
were recovered from donorl).

Single-Cell Bisulfite Sequencing
Single-cell bisulfite sequencing (scBS-seq) was performed by
Annoroad Gene Tech. Co., Ltd. (Beijing, China). The single-
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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 PRINA762253.

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 x 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 B-binomial distribution model. DMRs were defined as
regions containing at least three CpGs, with a methylation rate
difference between groups >0.2 and a g-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 x 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,HI19, 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.

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

TABLE 1 | Donor characteristics.

Donor Age BMI Volume Sperm Sperm PR
(y) (km/m?) (mL) concentration  motility (%)

(x108/mL) (%)
1 31 20.8 2.3 98.3 77T 41.9
2 30 195 2 134.7 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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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

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).

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
(G0O:0033326), synaptic transmission, glycinergic
(GO:0060012), transmembrane receptor protein tyrosine
phosphatase signaling pathway (G0O: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), PLXNBI(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).

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.

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 0f2806 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).

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
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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
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due to epigenetic factors. We compared the genome-wide DNA During spermatogenesis, the genome undergoes
methylation profiles between ZPBS and MSS and found global ~ demethylation and de novo methylation (22). Aberrant
methylation differences and differences at a number of specific =~ methylation during this process affects gene expression,
genes. We also found that these methylation differences were  imprinting, protamine transition, and chromosome structure,
enriched in autism genes, which provides an explanation for the  leading to abnormal sperm count, motility, and morphology
higher rate of autism in offspring conceived via ICSI. (23). Several studies have linked aberrant DNA methylation in
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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
CGlIs 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.
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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.

Keywords: COVID-19, male reproduction, angiotensin-converting enzyme 2, erectile dysfunction, drug toxicity

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
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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 TMPRSS?2 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
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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-o, 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-a, IL-6, and IL-1B, 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
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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
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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.

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-o is known for
antiviral, antiproliferative, and immunoregulatory activities (72). de
Lima Rosa et al. concluded that IFN-o 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
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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
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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.
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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 Bmall) (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, BMALLI 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.

Alvarez et al. used Bmall 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
Bmall 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 Brmall 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 Bmall KO mice. Microscopically, testes
from Bmall KO mice exhibited reduced average seminiferous
tubule diameter (by approximately 20%) and the sperm counts
were reduced by approximately 70%. Homozygous Bmall KO mice
were unable to breed with each other (36).

Peruquetti et al. analyzed the role of two genes (Clock and
Bmall) 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 Bmall 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
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TABLE 1 | Findings from pre-clinical studies investigating the role of clock genes on spermatogenesis.

Author, year Pre-clinical model Clock genes Findings
evaluated
Morse et al. (35) Clock mutant male mice Per1 Per1 expression is not altered in testes from Clock mutant mice
Alvarez JD et al. (36) Bmal1 KO male mice Bmal1 Impaired steroidogenesis in Bmal1 KO mice.
Reduced average seminiferous tubule diameter and the sperm counts in Bmal1 KO mice.
Peruquetti RL et al. (34) Bmal1 KO male mice Bmall Alteration in the structure of chromatoid body of the spermatids of Bmal1 KO and Clock
Clock KO male mice Clock KO mice
Liang X et al. (37) Clock KD male mice Clock 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.

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 Perl 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 Perl 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).

Zhang et al. found a significant correlation between sleep
duration (measured by actigraphy) and testis volume (42).
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TABLE 2 | Findings from clinical studies investigating the association between sleep duration/quality and semen parameters.

Author, year Study population

Jensen et al. (47) Healthy men (n=953)

Findings

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
period (n=456)
Healthy men (n=796)

Inferile men (N=382)

Chen et al. (46)
Vigano et al. (49)

No significant association between night or shift work and semen parameters

Inverse U-shaped association between sleep duration and semen volume and total sperm count.
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)
Shi et al. (51)

Healthy men (n=1346)
Healthy men (n=328)

Lower total sperm count in rotating shift workers.
Decreased sperm concentration in short (< 4.7h) sleepers.

Higher sperm DNA fragmentation index in patients with irregular sleeping habits.

Pokhrel et al. (52)
Chen et al. (53)

Healthy men (n=1101)
Healthy men candidates for
being sperm donor (n=842)

No association between sleep duration and sperm parameters.
Association between short (<6 h) or long (>9 h) sleep duration and reduced sperm motility.
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,

concentration.

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.

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 (7.5-7.99h) 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).

Frontiers in Endocrinology | www.frontiersin.org

n

December 2021 | Volume 12 | Article 800693


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fusco et al.

Circadian Desynchrony and Spermatogenesis

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 Bmall 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
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