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1 | INTRODUCTION

Since the first emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), also known as novel coronavirus
(2019-nCoV), in Wuhan, China, in December 2019 (Tan et al., 2020),

the virus has spread rapidly worldwide and, therefore, has been
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Abstract

The novel coronavirus was recognised in December 2019 and caught humanity off
guard. The virus employs the angiotensin-converting enzyme 2 (ACE2) receptor for
entry into human cells. ACE2 is expressed on different organs, which is raising con-
cern as to whether these organs can be infected by the virus or not. The testis ap-
pears to be an organ enriched with levels of ACE2, while the possible mechanisms of
involvement of the male reproductive system by SARS-CoV-2 are not fully elucidated.
The major focus of the present studies is on the short-term complications of the coro-
navirus and gains importance on studying the long-term effects, including the pos-
sible effects of the virus on the male reproductive system. The aim of this review was
to provide new insights into different possible mechanisms of involvement of male
gonads with SARS-CoV-2 including investigating the ACE2 axis in testis, hormonal
alterations in patients with COVID-19, possible formation of anti-sperm antibodies
(ASA) and subsequently immunological infertility as a complication of SARS-CoV-2
infection. Finally, we suggest measuring the sperm DNA fragmentation index (DFI) as
a determiner of male fertility impairment in patients with COVID-19 along with other
options such as sex-related hormones and semen analysis. Invasion of SARS-CoV-2 to
the spermatogonia, Leydig cells and Sertoli cells can lead to sex hormonal alteration
and impaired gonadal function. Once infected, changes in ACE2 signalling pathways
followed by oxidative stress and inflammation could cause spermatogenesis failure,

abnormal sperm motility, DNA fragmentation and male infertility.

KEYWORDS
ACE2 receptor, anti-sperm antibody, male gonadal function, SARS-CoV-2, sperm DNA
fragmentation index

officially declared a pandemic outbreak with more than 10 mil-
lion confirmed cases and 499,000 deaths according to the WHO
report (Situation Report, 2020). Pneumonia with fever seems to
be the most common presentation of SARS-CoV-2 infection (Guan
etal,, 2020; Wang, Hu et al., 2020). SARS-CoV-2 was also detected

in specimens of faeces and a small percentage of blood and urine
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samples, which raises the question of whether or not the virus
can be transmitted by the aforementioned body fluids (Peng et al.,
2020; Song et al., 2020; Wang, Xu et al., 2020). Full-genome se-
quencing has resulted in approximately 80% sequencing similar-
ity between SARS-CoV-2 and SARS epidemic viruses (Gralinski
& Menachery, 2020; Lu et al., 2020). Moreover, studies revealed
that SARS-CoV-2 and SARS-CoV share the same binding receptor
named angiotensin-converting enzyme 2 (ACE2) to enter the host
cell (Hoffmann et al., 2020). In addition to being abundantly ex-
pressed in type Il alveolar cells of the lungs, ACE2 also has signifi-
cantly high expression levels in organs such as the small intestine,
kidney and testes. There are concerns regarding the probability of
these organs being possible targets for SARS-CoV-2-induced in-
fection (Fan et al., 2020; Wang & Xu, 2020).

Spermatogonia, Leydig cells and Sertoli cells are the three
main types of testicular cells that express high levels of ACE2 re-
ceptor protein on their surface membrane. Theoretically, any cell
expressing ACE2 can be a target of SARS-CoV-2 (Fan et al., 2020).
Furthermore, a previous study has shown that testicular damage,
orchitis and sterility are possible complications of SARS-CoV (Xu
et al., 2006). Recently, a case report study showed that orchiepididy-
mitis in a 14-year-old boy seemed to be a complication of COVID-19
(Gagliardi et al., 2020). Notably, higher expression of ACE2 in male
gonads seems to be associated with younger age and, as a result,
provides evidence that younger patients are more vulnerable to go-
nadal involvement by SARS-CoV-2 (Shen et al., 2020). Therefore,
since the mechanism of involvement of different organs by SARS-
CoV-2 is not fully understood, all the potential complications of the
virus are based on assumptions and further research should be con-
ducted to investigate the effect of SARS-CoV-2 on the male repro-
ductive system and probable infertility. However, it should be taken
into account that every systemic inflammatory process with fever
tends to interfere with spermatogenesis and could possibly affect
fertility (Hedger, 2011).

The major focus of recent studies on SARS-CoV-2 is mainly on
the short-term complications and acute phase of the virus; how-
ever, statistics have revealed that a considerable number of the in-
fected population survive the disease (Lai et al., 2020). Moreover,
studies on the long-term complications of the virus, such as the
possibility of male infertility, are scarce. This issue points out the
importance of further investigation of the male reproductive sys-
tem as a potential target of SARS-CoV-2. There are many unknown
aspects of the coronavirus effect on the male reproductive sys-
tem. Considering the fact that the testis is highly enriched in ACE2
receptors (Fan et al., 2020) and its vulnerability to SARS-CoV-2
invasion, detectable changes in semen analysis, alteration in sex
hormones balance and, most importantly, anti-sperm antibodies
(ASA) formation and sperm DNA fragmentation are considered to
play a major role in male infertility. The main purpose of this re-
view was to challenge the aforementioned key points and to iden-
tify the possibility of SARS-CoV-2 targeting the male reproductive
system, subsequently forming ASA and changing the sperm DFlI,

semen analysis and sex hormones.

2 | MATERIALS AND METHODS

A categorised and comprehensive search in literature published in
PubMed, Embase, Web of Science, Scopus and Cochrane Library
Databases was conducted in accordance with the guidelines of
PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses).

Literature reviews, both published and peer-reviewed of existing
literature in English, were studied from online publications between
the years 2000 to 2020. Additional sources were identified from cita-
tions of retrieved literature, and there was no limitation on sample size.
Published reports of experiences with the SARS-CoV-2 have increased
greatly in the past months, but to date, no randomized trials regarding
possible treatments were identified. Most reports relating to repro-
duction or male infertility involved small cohorts, case reports and edi-
torials. Similarly, prior publications of other coronaviruses were limited
in number. We reviewed all appropriate titles of all reports including
male gonadal function, infertility or reproductive tissues. Papers were
considered that contained information relating to male reproduction,
the presence of virus in reproductive tissues, effects on gametes, fer-
tilisation outcomes or related complications. Full-text articles by author
teams were included, reviewed and evaluated. The authors acknowl-
edge that the number of publications about the novel SARS-CoV-2 is
increasing at an exponential rate, and there may be bias towards the
reporting of positive findings. We used a broad inclusive search strat-
egy so as not to miss a formative contribution, and a comprehensive
search was conducted by two experienced information specialists.
Search phrases used for different databases strategy included the
following: "severe acute respiratory syndrome coronavirus 2", "2019
nCoV", "SARS-CoV-2", "coronavirus", "COVID-19", "reproductive sys-

tem", "fertility", "infertility", "germ cells", "gamete", "spermatogonia",

"spermatogenesis" "spermatozoa", "spermatozoan”, "testis", "Sertoli

cells", "Leydig cells", "Androgen", "steroidogenesis", "spermiogenesis",

"spermiation”, "development", "fertilization", "gonadal function", "sex
hormones", "angiotensin-converting enzyme 2 receptor”, "ACE2", "an-
ti-sperm antibodies", "ASA", "sperm DNA fragmentation index", "DFI",
and "semen analysis".

The search revealed 76 manuscripts after removal of duplicates
and sixty-five manuscripts related to the reproductive system and
coronaviruses. Small cohorts, case reports, guidelines, comments on
guidelines and editorials were retrieved. After exclusion, 55 manu-

scripts were included in the review based on relevance and new data.

3 | RESEARCH FINDINGS

3.1 | Role of ACE2-angiotensin-(1-7)-MAS
receptor axis in spermatogenesis and male gonadal
involvement by SARS-CoV-2

The novel SARS-CoV-2 mainly employs an ACE2 receptor to enter
and infect human cells similar to SARS-CoV (Zhang et al., 2020). It

is implicit that co-expression of ACE2 and transmembrane protease
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serine 2 (TMPRSS2) is essential for involvement of a tissue by SARS-
CoV-2, and a recent study has shown that the testis has a high co-
expression of ACE2 and TMPRSS2 (Ren et al., 2020).

One recent study demonstrated that the testis is the most
ACE2-enriched organ in the body with Leydig and Sertoli cells
appearing to have significantly higher expression levels of ACE2
compared to alveolar type Il (AT2) cells. ACE2-positive sper-
matogonia appear to form a remarkable portion of all the sper-
matogonia in the testis, and the genes involved in spermatogenesis
are impaired in ACE2-positive spermatogonia, while these genes
are fully functioning in ACE2-negative spermatogonia. Therefore,
ACE2-positive spermatogonia in infected patients appear to have
impaired spermatogenesis (Fan et al., 2020). Possible involvement
of Sertoli cells by the coronavirus can lead to impairment of the
blood-testis barrier that is also known as the Sertoli cell semi-
niferous epithelium barrier, which is formed by special junctions
between Sertoli cells and preserves spermatogenesis from cyto-
toxic agents of the blood, while this barrier prevents autoimmune
responses that directly results in preserving spermatogenesis
(Archana et al., 2019). As a result, there is a great possibility of
both direct and indirect male gonadal involvement by the corona-
virus and subsequent gonadal dysfunction and deterioration in the
spermatogenesis cycle (Figure 1).

New studies have provided a better understanding of the func-
tion of ACE2 and its impacts on the male reproductive system
(Hermann et al., 2018; Jan et al., 2017; Wang & Xu, 2020). ACE2
is the homolog of angiotensin-converting enzyme (ACE), and it can
play the counter-regulator role of ACE by converting angiotensin-II,
the main product of ACE, into angiotensin-(1-7) which acts as a va-
sodilator (Douglas et al., 2004; Pencheva et al., 2015). Angiotensin-II
is a component of the renin-angiotensin system (RAS) that regu-
lates sperm motility and function in addition to controlling blood
pressure (Gianzo et al., 2016). ACE has two isoforms including so-
matic and germinal ACE (g ACE). Somatic ACE (sACE) is expressed
in many tissues including Sertoli and Leydig cells, and germinal ACE
(gACE) is exclusively found in spermatozoa and spermatids (Douglas
et al., 2004). Another study has revealed that gACE knockout mice
turn out to be sterile, while ACE2-null mice showed no fertility im-
pairment (Pan et al., 2013). In spite of recent studies in which they
did not demonstrate sterility in mice with impaired function of ACE2,
the role of ACE2 in decreasing the Ang-Il level seems to modulate
sperm maturation and function; hence, potential male infertility can-
not be denied (Douglas et al., 2004; Pan et al., 2013).

Furthermore, recent studies have shown that in the male re-
productive tract, the ACE2/Ang-(1-7)/Mas axis may activate sperm
motility through the PI3K/AKT pathway (Tsuji et al., 2020; Valdivia
et al., 2020). In general, the ACE2/ Ang (1-7)/Mas activates PI3K/
AKT signalling, and the PI3K/AKT signalling is thought to be associ-
ated with host protection in several diseases by improving oxidative
stress and inflammation (Figure 2).

SARS-CoV-2 infection decreased ACE2 expression and its func-
tional number from the membrane surface; therefore, the ACE2-

angiotensin-(1-7)-Mas receptor axis tends towards angiotensin-II|

actions and will have devastating effects on sperm motility and go-
nadal function. Overall, the aforementioned points raise the ques-
tion of whether or not SARS-CoV-2 can target the male reproductive
system through ACE2 receptors leading to the idea that more stud-

ies should be conducted to answer this question.

3.2 | Possible inflammatory and oxidative stress-
related mechanisms induced by SARS-CoV-2 in male
reproductive system

The outbreak of SARS-CoV in 2003 was accompanied by different
complications such as inflammation in male sexual organs. A study
by Xu et al. that investigated testis autopsies obtained from six
fatal cases diagnosed with SARS-CoV discovered that all six cases
had orchitis. The study further discovered that SARS-CoV-induced
orchitis had led to extensive destruction of testicular tissue, germ
cell destruction and subsequent seminiferous tubule necrosis (Xu
et al., 2006). There is strong evidence of sex-related hormonal
change in viral orchitis, which can disrupt spermatogenesis (Bartak,
1973; Ku et al., 1999). The laboratory tests of these cases detected
antibody deposition in testicular tissue but viral genome of SARS-
CoV could not be extracted from the tissue samples. This implies
that orchitis induced by SARS-CoV was probably due to an immu-
nological response rather than the direct effect of the virus (Xu
et al., 2006).

Yang et al. (2020) reported on the pathological changes in 12 tes-
tis samples from patients who died of COVID-19 where they found
no evidence of SARS-CoV-2 virus in the testes in the majority of the
cases using RT-PCR and electron microscopy. However, there was
significant injury to Sertoli cells and seminiferous tubules, Leydig
cells loss and mild inflammatory infiltrates in the interstitium. These
findings can provide evidence-based guidance for indirect testicular
damage during the COVID-19 course.

The blood-testis barrier elevates the immune status in testes and
preserves male gonads from immune responses. Overproduction of
inflammatory cytokines induced by viral infections can lead to au-
toimmune responses and infiltration of leucocytes, subsequently
disrupt spermatogenesis and interfere with sex-related hormones
secretion (Hedger & Meinhardt, 2003; Xu et al., 2006). A previous
study in rodents with autoimmune orchitis showed that an increase
in the serum level of IL-6 and its receptor, a cytokine that regulates
inflammation and immune response, could be associated with patho-
genesis of autoimmune orchitis (Rival et al., 2006). It has been re-
ported that more severe cases of COVID-19 are accompanied by a
high level of IL-6, and its receptors are highly expressed in testicular
cells (Ren et al., 2020; Shen et al., 2020). This can justify the probable
male gonadal involvement and a subsequent possibility of orchitis as
a complication of SARS-CoV-2.

The location of the testis prepares an environment with a tem-
perature lower than the body's core temperature for the develop-
ment of germ cells. SARS-CoV-2 infections, however, are usually

accompanied by inflammation and symptoms such as fever and
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every inflammatory process with fever and can interfere with sper-
matogenesis (Hedger, 2011; Xu et al., 2006) (Figure 1).

Thus, based on information given above and the fact that SARS-
CoV-2 and SARS-CoV share the same receptor and have genetic con-
tent similarity, it can be suggested that male gonadal involvement,
impaired spermatogenesis and consequential fertility impairment
can be a complication of SARS-CoV-2 (Gralinski & Menachery, 2020;
Lu et al.,, 2020; Zhang et al., 2020).

3.3 | Hormonal alterations in infected patients with
SARS-CoV-2

A recent study has aimed to measure the serum level of androgens
and gonadotropins in male patients diagnosed with COVID-19 to
evaluate whether or not SARS-CoV-2 leads to hormonal alterations
and male gonadal dysfunction. This study demonstrated a signifi-
cant increase in serum LH levels but no remarkable change in tes-
tosterone and FSH levels. Subsequently, a notable decrease in T/LH
and FSH/LH was noted in COVID-19 patients compared to healthy
individuals. LH stimulates Leydig cells to produce testosterone and
Sertoli cells to secrete inhibin B, which has a negative feedback on
FSH. Therefore, this study implies that SARS-CoV-2 tends to impair
the function of Leydig cells more than Sertoli cells (Ma et al., 2020).
Moreover, a remarkable increase in serum prolactin (PRL) was seen
in infected patients. Although high levels of PRL are associated with
different aetiologies such as drugs and stress, hyperprolactinemia
may suppress the pituitary gland and subsequently decrease the
gonadotropins (Brown et al., 2019). It can be assumed that SARS-
CoV-2 can interfere with male gonadal function; however, the men-
tioned study measured the hormones in the acute phase of the
disease (Ma et al., 2020). Long-term follow-up and observation of
the hormonal status of these patients are of great importance and
point out the importance of further prospective long-term studies
of sex-related hormonal change in patients with SARS-CoV-2 as an

indicator of male gonadal function.

3.4 | Potential formation of anti-sperm antibodies
due to SARS-CoV-2 infection

It has been shown that antigens expressed on spermatozoa are for-
eign to the immune system, and ASA can be formed as a result of dif-
ferent aetiologies such as breakdown of blood-testis barrier, orchitis
and genital tract inflammation (Archana et al., 2019; Jalal et al., 2004;
Marconi & Weidner, 2017). As mentioned before, overproduction
of cytokines which regulate immune response such as IL-6 induced
by a viral infection can result in leucocyte infiltration in testis inter-
stitium and consequently cause an autoimmune response and form
ASA (Hedger & Meinhardt, 2003; Mahmudpour et al., 2020; Rival
et al., 2006). Several studies have provided evidence of correlation
between the presence of ASA in serum and genital tract secretions
and increased chance of infertility (Marshburn & Kutteh, 1994;

Restrepo & Cardona-Maya, 2013). A meta-analysis has revealed that
ASA leads to negative effects on sperm motility and concentration
(Cui et al., 2015). Furthermore, 13% of infertility cases seem to be
associated with high levels of ASA and, in another study, high levels
of ASA in infertile couples could interfere with in vitro fertilisation
results (Nagy et al., 1995; Sinisi et al., 1993).

Considering the abovementioned points, itis suggested that there
is a possibility of ASA formation and subsequent infertility problems
in patients with COVID-19. First, since there is a high expression of
ACE?2 on Sertoli cells and these cells form the blood-testis barrier,
Sertoli cells’ involvement with SARS-CoV-2 can lead to a breakdown
of the blood-testis barrier. The blood-testis barrier preserves the
spermatozoa from immune responses, which can be a consequence
of ASA formation. Therefore, a breakdown of blood-testis barrier
and a subsequent development of ASA can lead to male fertility
impairment (Archana et al., 2019; Fan et al., 2020). Second, orchitis
was found to be a complication of SARS-CoV, and by considering
the fact that SARS-CoV and SARS-CoV-2 share the same receptor
and their genome content is similar, it can be suggested that possible
orchitis and a subsequent ASA formation in COVID-19 patients can
lead to male fertility impairment (Gralinski & Menachery, 2020; Lu
et al., 2020; Xu et al., 2006; Zhang et al., 2020). Third, high expres-
sion of ACE2 on testis and spermatogonia makes the male repro-
ductive system a potential target of infection and inflammation by
SARS-CoV-2, and since genital tract infection/inflammation can lead
to development of ASA, male infertility due to ASA and the sub-
sequent immune response should be taken into consideration (Fan
et al., 2020; Marconi & Weidner, 2017). Thus, we suggest that devel-
opment of ASA, a subsequent immune response and immunological
infertility can be complications of SARS-CoV-2; therefore, further
studies on ASA formation and male gonadal involvement by SARS-
CoV-2 are recommended.

3.5 | Sperm DFIl as a promising determiner of male
infertility

The prevalence of male infertility and insufficiency of conventional
diagnosing options have led to an urgent requirement for seeking new
assessment options to predict the chances of fertility. Semen analy-
sis, as a conventional diagnostic option, used to play a crucial role in
predicting male fertility but recent studies have found that normal
semen parameters cannot guarantee fertility (Cissen et al., 2016;
Esteves, 2014). Sperm DFI has gained clinical importance recently
and is a fertility testing technique which measures the amount of
damaged genetic content within spermatozoa with a threshold value
of 20%-30% as mentioned in different studies. Naturally, mature
spermatozoa need DNA integrity to maintain the ability of ferti-
lisation. The breakage of DNA is mainly a result of apoptosis and
excessive reactive oxygen species (ROS), which is associated with
different aetiologies including drugs, smoking, high testicular tem-
perature and infection and can lead to increased DFI and possibly

increasing the chances of infertility (Chamley & Clarke, 2007; Cissen
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et al,, 2016; Evenson & Wixon, 2006; Lewis et al., 2008; Masjedi
et al., 2020; Santi et al., 2018; Sergerie et al., 2005).

Recent studies have shown that infection by different micro-
organisms can result in increased DFI (Tangal et al., 2018; Zeyad
et al., 2018). A study by Boeri et al. investigated the potential impact
of human papillomavirus (HPV) on sperm DNA integrity in subfertile
men. Notably, HPV-positive specimens showed a significantly higher
rate of sperm DNA fragmentation (Boeri et al., 2019). The results
of this study were in agreement with several other studies that in-
vestigated the association between infection with different microor-
ganisms such as Chlamydia trachomatis, Mycoplasma and hepatitis C
virus (HCV) and a remarkable increase in sperm DNA fragmentation
(Gallegos et al., 2008; La Vignera et al., 2012).

Considering the fact that DFI is a promising option to evaluate
the chances of infertility and the results of the abovementioned
studies suggesting a correlation between the increase of DFI and
infection with different microorganisms (Lewis et al., 2008), it is sug-
gested that the addition of DFI to conventional diagnosing options
such as semen analysis can play a crucial role in investigating the
possibility of male fertility impairment due to SARS-CoV-2 infection.

There are two main reasons why increased sperm DFI can be ex-
pected in patients with COVID-19. First, male gonadal involvement
and a subsequent inflammation in testes are possible complications
of SARS-CoV-2 (Fan et al., 2020; Ma et al., 2020; Ren et al., 2020;
Rival et al., 2006; Xu et al., 2006). Inflammation can lead to excessive
production of ROS, and this product can lead to sperm DNA damage
(Anifandis et al., 2020; Evenson & Wixon, 2006; Homa et al., 2019;
Karimi et al., 2020). Moreover, SARS-CoV-2 infection causes psy-
chological stress, which is a major cause of systemic oxidative stress
(Li et al., 2020). In one study, rise in the level of sperm DNA dam-
age was noticed in a patient with influenza (Evenson et al., 2000).
Oxidative stress-mediated mechanisms of male infertility are widely
documented, as oxidative stress can affect semen quality and dis-
rupt sperm functions and motility, intracellular oxidative damage to
spermatozoa by lipid peroxidation of sperm membrane, sperm DNA
damage and inducing apoptotic pathways in spermatozoa (Figure 2).
Moreover, high testicular temperature due to fever induced by
SARS-CoV-2 infection can increase the level of sperm DFI (Evenson
& Wixon, 2006). Overall, this points out the importance of employ-
ing sperm DFI as a determiner of male infertility in patients with
SARS-CoV-2 infection.

4 | CONCLUSION

Few studies have investigated possible male fertility impairment in
patients with COVID-19. Moreover, these studies mainly focus on
the acute phase effects and complications of the virus rather than
the long-term effects. As a result, we suggest future studies should
include a long-term follow-up of patients with COVID-19 and em-
ploy sperm DFIl as a promising determiner of male infertility along
with other options such as semen analysis and sex-related hormones

in the investigation of male infertility. Furthermore, the possibility of
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the male reproductive system involvement induced by SARS-CoV-2

and formation of ASA and a subsequent immunological infertility in
patients with COVID-19 should be taken into consideration.
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