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Abstract: Severe acute respiratory syndrome coronavirus 2
(SARS- CoV-2) that causes COVID-19 infections penetrates
body cells by binding to angiotensin-converting enzyme-2
(ACE2) receptors. Evidence shows that SARS-CoV-2 can
also affect the urogenital tract. Hence, it should be given
serious attention when treating COVID-19-infected male
patients of reproductive age group. Other viruses like HIV,
mumps, papilloma and Epstein-Barr can induce viral
orchitis, germ cell apoptosis, inflammation and germ cell
destruction with attending infertility and tumors. The
blood-testis barrier (BTB) and blood-epididymis barrier
(BEB) are essential physical barricades in the male repro-
ductive tract located between the blood vessel and semi-
niferous tubules in the testes. Despite the significant role of
these barriers in male reproductive function, studies have
shown that a wide range of viruses can still penetrate the
barriers and induce testicular dysfunctions. Therefore, this
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mini-review highlights the role of ACE2 receptors in pro-
moting SARS-CoV-2-induced blood-testis/epididymal bar-
rier infiltration and testicular dysfunction.
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Introduction
The male reproductive system

This system consists of the testes, epididymides and other
accessory structures such as seminal vesicle, prostate, vas
deferens, ejaculatory duct, glands of Littre, Tyson’s gland,
the ampullary and the erectile organ (penis). Their func-
tions are sperm production, synthesis of hormones and
coitus [1, 2].

The testes

The testes also referred to as the testicles are the male go-
nads concerned with the production of sperm cells where
the haploid germ cell is generated and male reproductive
hormone (testosterone). Each functional testis is about
15 mL or more in volume, but a size lower than 15 mL in-
dicates injury to the seminiferous tubule, which occupies
about 95% of the major volume of approximately 500 tu-
bules per testis [3]. Each testicular lobule contains tightly
packed seminiferous tubules and sparse interstitial con-
nective tissue. The seminiferous tubules are lined by
stratified germinal epithelium that consists of developing
germ (spermatogenic) cells and supporting sustentacular
or Sertoli cells. The process of spermatogenesis (including
germinal cell division, maturation and transformation into
mature spermatozoa) occurs in the seminiferous tubules.
Surrounding each tubule are loose connective tissues,
macrophages, blood capillaries, nerves as well as neuro-
vascular bundles, lymphatic vessels, and between them
are groups of steroid-secreting interstitial cells (Leydig)
producing testosterone [4].
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Spermatogenic cells of different stages are incorpo-
rated into the cytoplasm of Sertoli cells for growth (nurse
cells). The cytoplasmic extensions (tight junctions) of the
adjacent Sertoli cells formed the BTB which prevents
spermatogenic cells against the body’s immune system,
thus preventing the formation of autoantibodies. The Ser-
toli cells produce a large number of proteins like trans-
ferrin, androgen-binding proteins, ceruloplasmin,
cadherins, laminins, connexins, seminiferous growth fac-
tors, plus anti-mullerian hormone which are critical for
transport, tight junction regulations and spermatogenesis
control [5, 6]. Each seminiferous tubule is about 30-70 cm
long, 200-300 pum in diameter, highly convoluted loop
within the lobule to accommodate a long tubule in a very
small lobule [7]. Sometimes very tight convolutions of the
seminiferous tubule may result in their incomplete
obstruction, thereby reducing intertubal space. As the tu-
bule reaches the mediastinum, convolutions decrease and
ultimately straightens out to form tubuli recti (straight
ducts). The sperm cell produced move out of the tubular
lumen beginning from the rete testes into the epididymis
then into the vas deferens during ejaculation. Sperm cells
in the vas deferens are joined by secretions from the
accessory sex glands to form semen as they pass through
the prostate via the ejaculatory ducts into the urethra [8].

Testes are mostly supplied by the long testicular ar-
teries arising high up from the abdominal aorta just
beneath the renal arteries and anastomoses with the artery
of the ductus deferens. The venous drainage from the testis
and epididymis form the network of veins known as pam-
piniform plexus with 8-20 veins surrounding the testicular
artery in the spermatic cord. The heat conveyed by
the testicular arteries is mostly absorbed back by the
venous network in the pampiniform plexus. This structural
arrangement, together with the cremasteric and dar-
tos muscle, helps the testes to maintain a constant tem-
perature [9].

The epididymis

The epididymis is another important structure in the male
reproductive system concerned with sperm maturation.
Sperm leaving the testis becomes motile and acquires
functional competence during their transit in the epidid-
ymis [10]. Epididymal secretion plays a vital role in sperm
mitochondrial metabolism, antioxidant defense, and
sperm-zona pellucida interaction. These secretions contain
L-carnitine, Myo-inositol, glycerophosphocholine alpha-
glucosidase, glutamate, sialic acid, taurine, electrolytes
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and lactate are also present [11]. Many proteins are also
secreted, such as transferin, albumin, immobilin, metal-
loproteins, clusterin (SGP - 2), and proenkephalin which
are involved in the regulation of epididymal functions.
Spermatozoa undergo physiological changes during their
transit time (estimated to be between 2 and 6 days) in the
epididymis, which is facilitated by the fluid microenvi-
ronment within the epididymis [12]. Seminal fluid analysis
is a valuable test to examine male fertility status. The fac-
tors usually analyzed include volume (2 mL), motility (50%
within the first 60 min after ejaculation), counts (40
million/ml), morphology (14%), liquefaction (within
30 min of ejaculation at room temperature), pH slightly
alkaline (7.2), fructose level (13 pmol/mL), smell, leuco-
cytes levels (majorly neutrophils) 1 x 10%/mL, and a specific
gravity of 1.028 according to WHO [13].

Accessory sex glands

The secretions from the seminal vesicles are viscid,
yellowish-white alkaline fluid and forms the bulk of semen
(46—80%) which is rich in fructose, prostaglandin, electro-
Iytes, fibrinogen, flavins, vitamin C, phosphorylcholine,
ergothioneine, semenogelin I and II, a coagulating enzyme
(vesculase). The activity of the mucous-secreting epithelial
membrane containing many goblet cells of the seminal
vesicles is regulated by the secretion of the androgen and
fructose serve as an energy source for sperm. The seminal
vesicles contain about 40 million times higher concentration
of prostaglandins than the blood. This has been demon-
strated to enhance sperm motility in the female reproductive
system upon reacting with cervical mucus and stimulating
smooth muscle contraction in both sexes [14].

The prostatic secretion contributes to about 13-33% of
semen volume and is slightly acidic, biochemically active
with a large number of enzymes (e.g. proteases, peptidases,
fibrinogenase and hyaluronidase) and other constituents
(buffers, zinc, spermine, phospholipids and electrolytes).
This secretion plays a vital role in semen clotting, liquefac-
tion and breakdown of clot. The acid phosphatase, prostate-
specific antigen and citrate which are classical markers of
prostatic functions are also present. The bulbourethral
glands (Cowper’s gland) are mucus-secreting two pea-size
glands situated in the deep perineal pouch surrounded by
sphincter urethrae muscle. The volume of secretion is small
about 2-5% but rich in mucoproteins, which serves as a
lubricant for the urethrae to facilitate ejaculations of the
seminal fluid. The gland also produces the secretory
immunoprotein-immunoglobulin G (IgG) [15].
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Blood-testis barrier

Blood-testis barrier (BTB), otherwise known as Sertoli cell or
seminiferous epithelium barrier, functions as a physiolog-
ical, anatomical, and immunological barrier and segregates
the seminiferous epithelium into two compartments—basal
and adluminal compartments. This barrier is considered as
one of the closely-fitted blood-tissue barriers in the
mammalian body compared to other types of blood tissue
barriers [16]. Unlike other barriers (e.g. blood—brain barrier
and the blood-retina barrier), which are primarily formed by
the tight junctions between endothelial cells of the small
capillaries and supported by other cell types; the BTB is
more elaborate and extensive owing to the presence of
several components including desmosome, gap junction
(GP), tight junction (TJ) and basal ectoplasmic specialization
(basal ES) that forms this barrier [17, 18].

Structural barrier

BTB serves as a structural barrier with the presence of tight
junction formed by some structural protein which includes
occludin, tricellulin and scaffolding proteins, basal ES,
desmosome, and gap junction [19]. BTB is solely formed by
adjacent Sertoli cells in proximity of the basement
membrane and devoid of penetration by neurovascular
bundles [20, 21]. Occludin mediates the control and the
localization of polarity proteins for cell polarity, thereby
modulating the movement germ cell across the BTB and
assisting Ca*"-independent adhesion [18]. Claudin expres-
sion in the Sertoli cells is controlled by androgens, follicle
stimulating hormone, cytokines such as TNFa and (TGFB),
and even the presence of germ cells [18, 22]. The disconti-
nuities of microfilament strands in TJs are prevented by Tri-
cellulin, which could increase paracellular -electrical
resistance as well as reduction in the movement of charged
particles and solutes across the TJs. Thereby prevents the
passage of macromolecules by forming a seal in the epithe-
lium. Tricellulin promotes junction formation by regulating
cell division cycle 42 (CDC42) via actin polymerization and
subsequent binding to CD42 guanine nucleotide exchange
factor that stimulates junction formation in the epithelial
(23].

There are scaffolding proteins (Zona occludens pro-
teins), also known as TJ protein, at the TJ uniting structural
proteins with the cytoskeleton [24]. Maintenance of TJs and
cell polarity is facilitated by three different types of protein
complexes: the apical Crumbs (CRB)-PALS-PATJ complex;
the apicolateral partitioning-defective (PAR) 3-PAR6
-atypical protein kinase C (aPKC) complex; and the
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basolateral scribble (SCRIB)-discs-large (DLG)-lethal giant
larvae (LGL) [25]. Ectoplasmic specialization-mediated
adhesion could be apical or basal in location but the basal
form is the one involved in BTB. It is a cadherin-catenin
multifunctional complex, closely-packed with actin-
filament bundles that lie close to the plasma membrane. It
is found between the endoplasmic reticulum and cell
membrane of two connecting Sertoli cells [26—28]. Another
junctional component found in BTB is gap junction (GJ),
which serves as a channel for solute including transport of
therapeutic drugs between two cells and extracellular space.
The GJ channels, in this case, enhance homeostasis between
Sertoli cells in BTB and form the basic building blocks of
connexins [29]. Connexins are structural proteins with a
short half-life of approximately 1-6 h in cells which are
translated and oligomerize in the rough endoplasmic retic-
ulum to form connexions. A combination of connexions
from two opposite cells creates GJ [30]. The opening of
connexions is graded to regulate the movement of molecules
which is controlled by cellular Ca’* concentration, me-
chanical stress, voltage, intracellular H" ions, redox poten-
tial, and level of phosphorylation of connexins [29]. There
are several members of the connexin family with each
member appearing to have unique functions like mainte-
nance of fertility and viability of offspring. These functions
become evident by impairment in gametogenesis in both
male and female Cx43”~ mice (a member of the connexin
family) [31]. Myoid peritubular cells (MPCs) and Sertoli cells
(SCs), produce substances that constitute the basal lamina
surrounding the seminiferous epithelium, this is further
reinforced by the BTB to prevent the movement of sub-
stances into the adluminal compartment especially in ro-
dents but the efficiency of this barrier is compromised in
human [32]. The endothelial TJ in the testicular interstitium
also gives some degree of restriction thereby assisting BTB
[33, 34]. It has been reported that the structural integrity of
the BTB is maintained by crosstalk between actin microfil-
aments, intermediate filaments, microtubules and Cx43
connexin [18)]. Also, testosterone was reported to be a key
player in the maintenance of the BTB dynamic ultrastruc-
ture. It supports of Sertoli-germ cell junction assembly and
disassembly, and its deficiency will result in detachment of
advanced germs cell from the Sertoli cells [35].

The immunological barrier

Some germ cell-specific antigens (proto-oncogenes and
oncogenes) expressed during meiosis and spermiogenesis,
can elicit an immunological reaction, seen in some path-
ological state (autoimmunity) which could cause infertility
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[36]. Hence, BTB serves not only as a physical barrier by
separating the events of spermatogenesis but rather allow
the cellular events to take place in an immune-privileged
apical compartment [16]. The immunological barrier pro-
vides microenvironment devoid of an attack on germ cells
that have crossed from the basal compartment to the
adluminal region. This occurs by mediating immune cells
and other possibly toxic components in the lymphatic
system and blood that may be bathing the basal aspect of
the seminiferous epithelium [37]. Sertoli cells have been
suggested to secrete immunosuppressive molecules such
as TG-B, IDO, galectin-1, activin A that block immune
response [16, 38]. The immunosuppressive factors inhibit
the proliferation of lymphocytes and the secretion of
interleukin-2 [39]. Male germ cells have also been found to
secrete cytokines (e.g. IL-1a and TNF-a) and expression Fas
ligand (FasL), which induces apoptosis in Fas-bearing
lymphocytes, by so contributing to the provision of im-
mune privilege microenvironment [40]. Germ cells in the
basal compartment of BTB are saved by nonspecific
immunosuppressive, lymphocyte trafficking, and sup-
pressor T cells, antigen presentation, as well as hormones
like testosterone and guiding of BTB by a selected popu-
lation of lymphocyte as suggested by some studies [41, 42].
The combination of the physical structure of testicular
cells, cytokines, and controlled immune responses in the
testis, give the testicular immune privilege compartment.
The testis locally produces a reliable innate immune sys-
tem to counter infections which may lead to orchitis [34].
The immunological barrier is not lost despite transient
passage of preleptotene spermatocytes from basal
compartment to adluminal compartment [43]

Studies have shown that a complex interdependent and
well-coordinated process maintains BTB integrity when
preleptotene spermatocytes move from basal to the adlu-
minal region. When this occurrs, another BTB is formed
behind the preleptotene spermatocytes leaving the initial
barrier to disintegrate after its formation. This process oc-
curs seamlessly with the help of cytokines that increase
adhesion protein complexes (such as occludin-ZO-1,
N-cadherin-B-catenin, claudin-5-Z0-1), androgen, actin
regulatory proteins (like., Eps8, Arp2/3 complex), endocytic
proteins (like dynamin-2, clathrin, caveolin), non-receptor
protein kinases (like., focal adhesion kinase, c-Src, c-Yes)
and polarity proteins (like, PAR6, Cdc42, 14-3-3) [44].

Efflux pump barrier

The BTB restricts the entry of many drugs and other mol-
ecules into the seminiferous tubules with the help of an
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efflux pump but this could sometimes prevent the distri-
bution of some therapeutic drug meant for testis; for this,
the efflux pump modulation is strongly considered. Efflux
pumps are integral membrane proteins (as shown in
Figure 1) that selectively influence both entry and exit of
substrates such as drugs and xenobiotics, including non-
hormonal contraceptives across the BTB thereby protecting
spermatogenesis [45]. The pumps (transporters) are also
involved in the modulation of inflammation, proliferation
of the immune cell, detoxification, movement of lipids and
hormones as well as development and retention of stem
cells [46]. Active transporter of substrates can be classified
into primary, secondary and tertiary.

The primary transporter uses ATP to bring about sub-
strate movement; therefore belongs to ATP-binding
cassette (ABC) superfamily, also known as efflux trans-
porter, while secondary and tertiary transporter functions
without using ATP directly and belong to solute carrier
family (SLC). Knowledge of efflux pump distribution is
essential in understanding the role they play in BTB which
could have conferred best protection of spermatogenesis
[47]. There are about 50 members of ABC but important
ones are P-glycoprotein (P-gp), multidrug resistance-
associated proteins (MRPs), and breast cancer resistance
protein (BCRP) [48]. ABC transporters have a common
molecular configuration and two distinct domains which
are: the transmembrane domain, consists of six a-helices
and the cytoplasmic nucleotide-binding domain, contain-
ing an active site for ATP [45].

The distribution and localization of efflux pump vary in
testis cells. Leydig cells expressed P-gp (P-glycoprotein) and
MRP1, myoid cells and endothelial cells strongly expressed
P-gp and BCRP. In contrast, the Sertoli cells expressed
MRP1; however, their marked expression of MRP2 (multi-
drug-resistance associated proteins 2) in the BTB and other
testicular cells, except the myoid cells [47]. The efflux pumps
are not restricted to BTB but also found in other blood tissue
barriers (like blood-brain barrier, blood-placenta barrier)
and organ involve in excretory functions (like uterus, liver,
kidney and small intestine) [49]. There is variation in the
expression of MRP (MRP1, MRP4, MRP5 and MRP8) across
the species, testicular cell and BTB compartment. While
MRP1 and MRP4 are basolaterally located in the membrane
of Sertoli cells, MRP5 is confined to Leydig cells, and MRP8 is
present in round spermatids. MRP1 and MRP4 are consid-
ered to limit drug movement into the apical compartment of
BTB while MRP5 and MRPS8 are not involved [50]. Mdrl,
encoding p-gp in humans, function primarily by extruding
hydrophobic substrates with molecular mass ranging from
300 to 4000Da from the intracellular aspect of the cell
membrane to the exterior via active transportation [51]. P-gp
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prevents the penetration of BTB by xenobiotic and other
chemicals to protect germ cell development [52]. The func-
tionality of P-pg has been considered as the yardstick for
measuring BTB integrity [45].

P-gp suppresses caveolin endocytic function, also
seclude drugs to the intracellular vesicles and subse-
quently eliminate them by exocytosis [53, 54]. Another way
P-gp was found to regulate substrate movement is by
interacting (although less significant) with numerous tight
junction proteins, including occludin, claudin-11 and
junctional adhesion molecule-A (JAM-A). In the presence
of a substrate that can be harmful to the germ cells, it
causes this protein-to-protein interaction to be stronger
,thereby preventing further entry of such toxin. Thus it is a
part of the junctional complex and possibly controls the
distribution of tight junction proteins in BTB [55]. About
eight different multidrug resistance-associated proteins
(MRPs) have been identified in various body organs like the
brain, kidney, placenta and testis [47]. MRP1 is the most
studied of the MRPs that transports anti-cancer and anti-
viral drugs, toxicants, antibiotics, androgens, cyclic nu-
cleotides, glutathione, glucuronate or sulphate conju-
gates — the end-products of detoxification reactions and
heavy metal oxyanions [56, 57]. Absence or reduction in
MRP1 expression could affect testosterone levels in the
testis thereby causing loss of seminiferous epithelium and
detachment of germ cells from the Sertoli cell [58]. Tran-
scription factors, recognized as nuclear hormone receptors
(e.g., pregnane-x), also help to upregulate some trans-
porters (e.g. MRP and P-gp) at blood-tissue barriers [59].

Angiotensin-converting enzyme 2 (ACE2)
and blood-testis barrier

ACE2 or angiotensin-converting enzyme homologue
(ACEH) is an important enzyme that mediates multiple
physiological functions in the body resulting from its

]Efﬂux pump (e.g P-gp, MDRP, BCRP)

%\ ACE2 receptor

#= Tightjunction
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Influx pump (e.g. OCTs, OATs, OATP)

Figure 1: Hypothetical diagram showing the
relative distribution of various transporters,
including influx and efflux pumps localized
on the Sertoli cells that form the BTB. The
transporters and ACE2 receptors are
associated with the integral proteins found
on the basolateral membrane of Sertoli
cells and mediate the transport of
substances between basal and adluminal
compartment.

ability to regulate the Renin-angiotensin system (RAS),
transport amino acid and function as a potent receptor for
coronaviruses [60-62]. Thus, the abnormal activities of this
enzyme have been implicated in various pathologies
(including pulmonary abnormalities, cardiovascular and
renal dysfunctions). At the same time, its structure and
multiple functions increase its susceptibility as a receptor
for SARS-CoV2 [63, 64]. The analysis of the total length of
human ACE2 cDNA revealed that it comprises of
endothelium-bound carboxypeptidase/metallopeptidase
having a similar identity with the N-terminal catalytic
domain of ACEL.It is made up of two regions: an amino-
acid terminal and a carboxylic terminal [65]. Studies have
shown that ACE2 has poor substrate specificity and it acts
by removing an amino acid from the carboxylic terminal of
the peptides, thereby converting angiotensin I to angio-
tensin-(1-9) [66]. ACE2 enzymatically produce angio-
tensin-(1-7) from angiotensin II, and less efficiently,
angiotensin-(1-9) from angiotensin I, by the hydrolyzing
reaction of angiotensin I. Angiotensin-converting enzyme
can then convert angiotensin-(1-9) to angiotensin-(1-7)
[67].

The ACE2 receptor mRNA and protein expression have
been localized in various organs, including oral mucosa,
lungs, stomach, intestine, spleen, brain and kidney, mostly
in cell membranes bound state and rarely in a soluble form
[68, 69]. Recent studies showed mapping of ACE2 in human
testicular tissue using single-cell transcriptome resolution
with ACE2 protein expression localized in spermatogonia,
Leydig, and Sertoli cells [70, 71], implying testicular path-
ogenesis in Covid-19 infection. The testis has been found to
have the highest level of ACE2 expression compared to
other tissue and all have the same isoform [71]. Douglas
et al. [72], in his study, revealed that the increase in Leydig
cell count is directly related to ACE2 expression during
development and also demonstrated that adult-type Ley-
dig cell contains the primary source of testicular ACE2.
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Angiotensin-converting enzyme 2 activity affects both
the basal and Luteinizing hormone-stimulated testos-
terone biosynthesis, and the ablation of ACE2 has been
found to affect fertility in males [73]. Secondly, ACE2 could
have been involved in the local regulation of testicular
microvasculature in terms of fluid movement and perme-
ability as evidenced by the reduction in interstitial fluid
and blood flow when Leydig cell was ablated; however,
this effect could be insignificant in the presence of testos-
terone [74]. The angiotensin-(1-7) receptor, Mas (G protein-
coupled receptor) are majorly localized in the interstitial
compartment and cytoplasm of the Leydig cells. They are
essential in the regulation of spermatogenesis [75]. Thus,
ACE2 regulates spermatogenesis by producing angio-
tensin-(1-7) [76, 77]. Upregulation of ACE2 was noticed at
puberty in rodents with some of the Leydig cells ablated
prior puberty, and its expression seems not to be controlled
by the pituitary—testicular-hormonal axis [72]. Angiotensin
II type 2 receptor has been found in semen that plays a vital
role in sperm motility [78]; this suggests ACE2 may help in
making spermatogonia and newly formed sperm cells
quiescent till it gets to a stage of maturity.

Endocrine control of the blood-testis/
epididymal barrier

The increase in serum gonadotropin that occurs at puberty
has been reported to facilitate BTB formation [79]. Also, a
reduced or delayed formation of TJ protein has been
observed in idiopathic hypogonadotropic hypogonadism,
a condition in which the gonads release a low amount of
sex hormone due to abnormalities in the pituitary gland or
hypothalamus [80]. Thus, reproductive hormones (most
importantly, follicle-stimulating hormones (FSH), lutei-
nizing hormone (LH) and testosterone) perform a signifi-
cant function in the formation and conservation of BTB [81]
with considerable “cross-talk” between endothelial cells of
capillaries, dendritic cells, mast cells, peritubular cells and
interstitial endocrine cells [82]. However, androgen
(testosterone) is the principal hormone that upregulates
mRNA expression, increases the production of structural
protein and mobilization of tight junction proteins into the
Sertoli cell junction as well as maintenance of the BTB
integrity [83, 84]. While FSH can directly act on Sertoli cell
androgen receptors to restore and localize tight junction
protein, LH stimulates the synthesis of testosterone that
upregulates the structural proteins in the tight junctions
[85, 86]. Experimental studies have shown that FSH or
testosterone, alone or in combination, increases the
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transepithelial electrical resistance of the tight junction,
thereby enabling the barrier to effectively regulate the
movement of substances across the seminiferous inter-
stitium [87]. Testosterone upregulates tight junction inte-
gral protein (claudin-11 and claudin-3) mRNA expression
as well as enhances localization of structural proteins at
tight junctions [88, 89]. On the contrary, Sertoli cell
androgen receptor (AR) knock-out showed a significant
reduction in structural protein (especially claudin-11 and
occludin) with the reduced formation and incomplete
function of the BTB [90, 91].

SARS-COV-2-induced blood-testis/
epididymal barrier inflammation, the role of
ACE2

Although the BTB and blood-epididymis barrier (BEB) are
tight barriers in the male reproductive tract that helps to
inhibit immune response and testicular inflammation [16,
92]. They undergo restructuring to facilitate the transition
of spermatocytes in the seminiferous tubules during sper-
matogenesis [93]. Studies have shown that a wide range of
viruses (e.g. Mumps virus, Zika virus, HIV) can still pene-
trate the barriers and seen in semen [94, 95] where they
induce orchitis, inflammation, apoptosis and oxidative
damage to the testis thereby affecting male fertility [96, 97].
Thus, increased blood viral load (as seen in SARS-COV
infection) can increase the vulnerability and risk of male
gonads to viral infection and predominantly affect testic-
ular functions [98-100]. The testicular aberration could
occur via ACE2 present in the testes, which can be utilized
as a potent receptor by the virus to penetrate the testes [71,
72], as well as reduced efficiency of the BTB to prevent the
testis against viral entry [37]. The rapid replication of the
virus after entry may promote pyroptosis of the immune
cells and apoptosis of the endothelial cells in the testes
with subsequent release of inflammatory biomolecules
including cytokines, chemokines and adhesion molecules.
Also, inflammatory cytokines (TNF-a, IL-1B) may promote
oxidative stress in the Sertoli cells and compromise BTB
integrity [101, 102]. This results from the significant role of
the cytokines to alter the integral proteins at the BTB,
promoting the destruction of tight Junction fibrils,
desmosome and gap junctions in Sertoli cells [103, 104]. A
significant increase in cellular inflammation has been well-
correlated with cell death and multiple organ damage
during viral infection including Covid-19 infection [105-
108]. At the molecular level, increased cytokines enhance
oxidative stress which may invariably activate either focal
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adhesion kinase (FAK) or phosphoinositide 3 kinase-based
(P13K-c-Src-PAR) signaling pathway. These pathways
impair the phosphorylation of the adhesion protein com-
plex at the BTB with the increased polarity of the Sertoli
cells. Ultimately, these pathways render the cell adhesion
molecules unstable and disrupt the BTB and promote
testicular dysfunction [109, 110].

Orchitis-induced male infertility

Local or systemic infection (predominantly during viral
infection) can cause orchitis (an inflammatory lesion of the
testicles) due to the hematogenous propagation of the
pathogens [111-113]. Orchitis has been reported to be a risk
factor for male infertility reported in 15% of infected or
recovered patients undergoing fertility tests [114]. This
pathological condition is characterized by the infiltration
of leucocytes into the seminiferous tubules with resultant
tubular and cellular damage, and sometimes associated
with mild pain and swelling in the scrotum [115, 116]. The
infiltration of leucocytes into the Sertoli cells could disrupt
the immune-privileged environment behind the BTB
necessary for sperm maturation as well as the production
of anti-sperm antibodies that alter sperm concentration
and quality [117, 118]. Also, Leydig cell dysfunction, sec-
ondary to infiltration of activated leucocytes, could impair
the production and release of reproductive hormones
(majorly testosterone), resulting in hypogonadism [114].
Furthermore, inflammation may spread to the epididymis,
especially when effective therapy is delayed, to alter the
development of spermatozoa as well storage of mature
sperm cells [119].

The pro-inflammatory stimulus (interleukin-6) present
in the epididymis during infection can freely permeate the
BTB via protein inhibition or activating extracellular-
signal-regulated kinase (ERK) signaling pathway in the
Sertoli cells to affect the seminiferous tubules [120]. These
inflammatory molecules can promote germ cells apoptosis
and alter spermatogenesis by inhibiting ZFp637 (Zinc-
finger protein-637) protein that downregulates SOX2 (Sex-
determining region Y-Box-2) expression, a transcription
factor necessary for cell proliferation [121, 122]. Thus,
orchitis can induce male infertility via leucocyte infiltration
into the seminiferous tubules, thereby acting on Sertoli
cells and Leydig cells to impair spermatogenesis and
hypogonadism respectively. Also, chronic inflammation
resulting from delayed therapy can promote the infiltration
of activated leucocytes into the epididymis to negatively
impact the epididymal physiology.
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Blood-testis barrier and resistance to anti-
viral drugs

Numerous drug transporters are universally expressed in
the adult testes and help to ensure that circulating xeno-
biotic and drugs do not cross the BTB into the developing
germ cells in the apical membrane [123]. These drug
transporters exist as integral proteins that mediate active
transport of substances across the cell membrane as well as
distribution, toxicity and clearance of these drugs from the
cell under physiological and pathological conditions.
These integral proteins could either serve as an influx
pump (such organic transporters (OCT)) transporting drugs
into the cells or an efflux pump (such as P-gp, MRPs etc.)
that facilitate the removal of drugs out of the cells and
restricting unwanted substances from entering the cell [47].
Thus, they play a significant role in preserving testicular
functions during infection and therapy by resisting drugs
and xenobiotic across the BTB. Drug transporters are
localized on the basolateral membrane of Sertoli cell that
constitutes BTB and germ cells found outside the BTB and
are structurally associated with tight junction protein
complexes (e.g. occluding, JAM-A, ZO-1, and claudins) at
the BTB [50].

Exposure of the testes to toxicants (including drugs
and viral infections) causes upregulation of drug resistance
protein such as P-glycoprotein and enhances its associa-
tion with tight junction proteins. This process of protein—
protein interaction between the integral proteins in the
basolateral membrane (P-gp) and tight junction proteins
(occluding, claudins, JAM-A) that constitute the BTB has
been shown to intensify closure of the tight junctions
resulting from increases in the efficacy of the BTB [124].
Therefore, drug transporters (influx and efflux) in concert
with tight junction proteins regulate the number of drugs
and toxins in the apical compartment of where spermio-
genesis and spermiation occur [33, 125].

Pathophysiology of SARS-COV2 on the
reproductive system

Statistics have shown the increased vulnerability of men to
Covid-19 infection compared to women due to the upregu-
lation of ACE2 expression in the testis compared to ovarian
tissue as well as the activity of androgen receptor to promote
TMPRSS2 gene transcription [126]. Also, the immune
response to pathogens is more potent in females than males
resulting from hormonal differences (estrogen, progester-
one) and genetic composition of sex chromosomes, both of
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which contribute to decreased susceptibility to infection as
well as increased viral clearance during infection [99, 127].
At this phase, in the pathogenesis of this novel infection,
little is known about the effect of SARS-COV-2 infection on
male reproductive functions. However, due to the signifi-
cant properties shared by this virus with the other viruses
(e.g. Hepatitis, HIV, papilloma, etc.), it is much likely to
exert similar effects on reproductive function, especially in
patients of reproductive age [128-130]. Existing literature
has shown that viral infections (including mumps, HIV)
adversely affect testicular functions, especially spermato-
genesis and production of male reproductive hormones
[131]. In theory, there is an increased risk of SARS-COV-2
infections in most cells expressing ACE2 due to the high
affinity of ACE2 for the outer domain of Covid-19 virus
(SARS-COV-2) spike protein than previous SARS-COV spike
protein [132-134]. This may result from the presence of spike
glycoprotein and viral spike (S1) protein that appears as
homologs [135, 136]. Therefore, once within the testicular
milieu, the SARS-COV-2 can integrate into the testicular cell
membrane by using the viral spike (S1) protein to bind with
the testicular ACE2 and utilizing the cellular serine protease
(TMPRSS?2) to prime the viral spike [137]. After proper inte-
gration, the virus initiates a cascade of viral responses with
subsequent testicular dysfunction.

Testicular autopsy of patients who died of SARS-COV
infection (a virus sharing similar pathogenicity with Covid-
19 disease) revealed that there was inflammation of one or
both testes resulting from the infection with substantial
destruction and death of spermatogenic cells. Also, there is
a significant reduction in sperm cells present in the
germinal epithelium, macrophages infiltration into the
tubular lumen and thickness of the basement membrane
[138]. Also, a pathological examination of the testis of
Covid-19 infected patients has been reported by [139]. The
report of this study showed that there was testicular
inflammation with significant tubular damage which could
affect spermatogenesis as well as reduced Leydig cells that
produce testosterone. Furthermore, there have been sug-
gestions and reports that Covid-19 infection might reduce
male fertility [140, 141] via alteration in gonadal function,
injury to the seminiferous tubule and testicular inflam-
mation [142]. This observation was further examined in a
study consisting of 181 men conducted in China. The
outcome of this study shows that Covid-19 infected male
patients have an increase in serum luteinizing hormone
(LH) and prolactin with no changes in testosterone (T) or
follicle stimulating hormone (FSH). However, a drastic
reduction in T/LH ratio and FSH/LH ratio was recorded
when compared with noninfected healthy men [143]. While
reports were supporting the testis as a viral reservoir for
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SARS-COV-2 and its presence in the semen of infected male
patients [144, 145], other studies reported that there were
no traces of SAR-CoV-2 virus in the semen of male patients
that recovered from the Covid-19 infection [146].
Therefore, till date, there is no convincing proof to
validate the exact impact of Covid-19 infection on male
reproductive function and the exact mechanism by which
SARS-CoV2 induce testicular impairment. However, some
mechanisms have been proposed and these include: direct
testicular damage caused by viral entry into the testicular
tissue via ACE2 [137], increased inflammation activated by
the virus and loss of immune-privilege environment
following an injury to the Sertoli cell [36] as well as adverse
effect of increased scrotal temperature (considering high
fever as a symptom during Covid-19 infection) on sper-
matogenesis [147]. Detailed and comprehensive studies
need to be conducted to evaluate the status of important
biomarkers such as sperm count, motility, semen quality,
hormones and neurochemicals that mediate fertility as
well as male sexual behavior in patients who recovered
from this infection. Also, healthcare providers should pay
attention to male fertility when caring for infected patients
interested in reproduction as the testis could be a haven for
the virus to spread further through sexual intercourse.

Conclusion and future perspectives

Available pieces of evidence have now shown that
SARS-COV-2 is not usually restricted to the respiratory
system alone but may also attack other vital tissues in the
body. This could explain in part its passage into the
testicular microcirculation where reduced blood flow and
presence of its receptor (ACE2) could enhance testicular
infection and adversely affect male fertility. However,
coronaviruses will rarely get into the testis, —hence, with
the alarming global cases of COVID-19 infections, there is a
potential risk of significant reproductive disturbance that
could occur in severe cases. This can result from the similar
characteristics exhibited by SARS-COV-2 with other viruses
(such as ZIKA, MERS-COV, HEC67 N) attacking the testis,
ability to remain in the testicular genome for a longer
period and the possibility of reactivation in the future
during immune-suppression and cellular stress. Therefore,
it is highly recommended to enhance the continuous pre-
vention of SARS-COV-2 transmission and identification of
people who are or have been infected to have their fertility
tested. Since the virus may hide from been identified by the
immune system, thereby hindering its complete clearance
from the body system even when the patient recovers from
illness. Also, the health care providers should take
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cognizance of fertility during care especially in male pa-
tients of reproductive age.

Research funding: None declared.

Author contributions: All authors contributed significantly
to the entire content of this manuscript and approved the
final submission.

Competing interests: None declared.

References

10.

11.

12.

13.

14.

15.

16.

. Roberts KP, Pryor JL. Anatomy and physiology of the male

reproductive system. In: Hellstrom WJG, editor. Male Infertility
and Sexual Dysfunction. New York, NY: Springer; 1997.

. Tiwana MS, Leslie SW. Anatomy, Abdomen and Pelvis, Testicle.

StatPearls. Treasure Island (FL): StatPearls Publishing.Copyright
© 2020, StatPearls Publishing LLC.; 2020.

. Fietz D, Bergmann M. Functional anatomy and histology of the

testis. In: Simoni M, Huhtaniemi IT, editors. Endocrinology of the
Testis and Male Reproduction. Cham Switzerland: Springer
International Publishing; 2017:313-41 p.

. Jiménez-Reina L, Maartens P, Jimena-Medina |, Agarwal A,

du Plessis SS. Overview of the male reproductive system. In:
Vaamonde D, du Plessis SS, Agarwal A, editors. Exercise and
Human Reproduction: Induced Fertility Disorders and Possible
Therapies. New York, NY: Springer New York; 2016:1-17 p.

. Petersen C, Soder O. The sertoli cell — a hormonal target and

‘super’ nurse for germ cells that determines testicular size. Horm
Res Paediatr 2006;66:153-61.

. Griswold MD. The central role of Sertoli cells in spermatogenesis.

Semin Cell Dev Biol 1998;9:411-6.

. Mclachlan R. How is the production of spermatozoa regulated?.

Handbook of Andrology, American Society of Andrology, 2nd ed.
New Hamsphire: Allen Press; 2010:1-4 p.

. Noda T, Ikawa M. Physiological function of seminal vesicle

secretions on male fecundity. Reprod Med Biol 2019;18:241-6.

. Liu YX. Temperature control of spermatogenesis and prospect of

male contraception. Front Biosci 2010;2:730-55.

Sullivan R, Mieusset R. The human epididymis: its function in
sperm maturation. Hum Reprod Update 2016;22:574-87.
Cornwall G.. New insights into epididymal biology and function.
Hum Reprod Update 2009;15:213-27.

Turner TT. De Graaf’s thread: the human epididymis. J Androl
2008;29:237-50.

World Health Organisation. WHO Laboratory Manual for the
Examination and Processing of Human Semen., 5th ed. Geneva:
World Health Organization; 2010.

Owen D, Katz D. A review of the physical and chemical properties
of HumanSemen and the formulation of a semen simulant. )
Androl 2005;26:459-69.

Jaffar M, Srinivas B. Anatomy of the male and female reproductive
system. In: Kamini R, Howard |, Robert F, editors. Principles and
practice of assisted reproductive technology. New Delhi: JP
Medicals Ltd.; 2013:3-9 p.

Cheng CY, Mruk DD. The blood-testis barrier and its implications
for male contraception. Pharmacol Rev 2012;64:16—64.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Olaniyan et al.: Testes and blood-testis barrier in Covid-19 infestation: role of ACE2 =—— 9

Pelletier RM. The blood-testis barrier: the junctional
permeability, the proteins and the lipids. Prog Histochem
Cytochem 2011;46:49-127.

Mruk D, Cheng C. The mammalian blood-testis barrier: its biology
and regulation. Endocr Rev 2015;36:564-91.

Mital P, Hinton BT, Dufour JM. The blood-testis and blood-
epididymis barriers are more than just their tight junctions. Biol
Reprod 2011;84:851-8.

Paolinelli R, Corada M, Orsenigo F, Dejana E. The molecular basis
of the blood brain barrier differentiation and maintenance. Is it
still a mystery?. Pharmacol Res 2011;63:165-71.

Hosoya K, Tachikawa M. The inner blood-retinal barrier:
molecular structure and transport biology, In: Cheng CY. editors.
Biology and Regulation of Blood-Tissue Barriers. Austin, TX. pp in
press: Landes Bioscience; 2011.

Mazaud-Guittot S, Meugnier E, Pesenti S, Wu X, Vidal H, Gow A,
etal. Claudin 11 deficiency in mice results in loss of the Sertoli cell
epithelial phenotype in the testis. Biol Reprod 2010;82:202-13.
0da Y, Otani T, Ikenouchi J, Furuse M. Tricellulin regulates
junctional tension of epithelial cells at tricellular contacts
through Cdc42. ) Cell Sci 2014;127:4201-12.

Matter K, Balda MS. Epithelial tight junctions, gene expression
and nucleon-junctional interplay. ) Cell Sci 2007;120:1505-11.
Lapointe TK, Buret AG. Interleukin-18 facilitates neutrophil
transmigration via myosin light chain kinase-dependent
disruption of occludin, without altering epithelial permeability.
Am ] Physiol Gastrointest Liver Physiol 2012;302:G343-51.
Collins C, Nelson W). Running with neighbors: coordinating cell
migration and cell-cell adhesion. Curr Opin Cell Biol 2015;36:
62-70.

Padmanabhan A, Rao MV, Wu Y, Zaidel-Bar R. Jack of all trades:
functional modularity in the adherens junction. Curr Opin Cell
Biol 2015;36:32-40.

Jiang X, Ma T, Zhang Y, Zhang H, Yin S, Zheng W, et al. Specific
deletion of Cdh2 in Sertoli cells leads to altered meiotic
progression and subfertility of mice. Biol Reprod 2015;92:79.
D’Hondt C, Ponsaerts R, De Smedt H, Bultynck G, Himpens B.
Pannexins, distant relatives of the connexin family with specific
cellular functions?. Bioessays 2009;31:953-74.

Herve JC, Derangeon M, Bahbouhi B, Mesnil M, Sarrouilhe D.
The connexin tu rnover, an important modulating factor of the
level of cell-to-cell junctional communication: comparison with
other integral membrane proteins. ] Membr Biol 2007;217:
21-33.

Winterhager E, Pielensticker N, Freyer J, Ghanem A, Schrickel JW,
Kim J-S, et al. Replacement of connexin43 by connexin26 in
transgenic mice leads to dysfunctional reproductive organs and
slowed ventricular conduction in the heart. BMC Dev Biol 2007;7:26.
Rebourcet D, O’Shaughnessy P), Pitetti J-L, Monteiro A, O’Hara L,
Milne L, et al. Sertoli cells control peritubular myoid cell fate and
support adult Leydig cell development in the prepubertal testis.
Development (Camb) 2014;141:2139-49.

Cheng CY, Mruk DD. A local autocrine axis in the testes that
regulates spermatogenesis. Nat Rev Endocrinol 2010;6:380-95.
Zhao S, ZhuW, Xue S, Han D. Testicular defense systems: immune
privilege and innate immunity. Cell Mol Immunol 2014;11:
428-37.

Smith LB, Walker WH. The regulation of spermatogenesis by
androgens. Semin Cell Dev Biol 2014;30:2-13.



10

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

—— Olaniyan et al.: Testes and blood-testis barrier in Covid-19 infestation: role of ACE2

Kaur G, Thompson LA, Dufour JM. Sertoli cells—-immunological
sentinels of spermatogenesis. Semin Cell Dev Biol 2014;30:
36-44.

Li N, Wang T, Han D. Structural, cellular and molecular aspects of
immune privilege in the testis. Front Inmunol 2012;3:152.
Suarez-Pinzon W, Korbutt G, Power R, Hooton J, Rajotte R,
Rabinovitch A. Testicular sertoli cells protect islet beta-cells from
autoimmune destruction in NOD mice by a transforming growth
factor-betal-dependent mechanism. Diabetes 2000;49:1810-8.
De Cesaris P, Filippini A, Cervelli C, Riccioli A, Muci S, Starace G,
et al. Immunosuppressive molecules produced by Sertoli cells
cultured in vitro: biological effects on lymphocytes. Biochem
Biophys Res Commun 1992;186:1639-46.

D’Alessio A, Riccioli A, Lauretti P, Padula F, Muciaccia B,

De Cesaris P, et al. Testicular FasL is expressed by sperm cells.
Proc Nat Acad Sci 2001;98:3316-21.

Mital P, Kaur G, Dufour JM. Immunoprotective sertoli cells:
making allogeneic and xenogeneic transplantation feasible.
Reproduction 2010;139:495-504.

Fijak M, Bhushan S, Meinhardt A. Inmunoprivileged sites: the
testis. Methods Mol Biol 2011;677:459-70.

Smith BE, Braun RE. Germ cell migration across sertoli cell tight
junctions. Science 2012;338:798-802.

Lie PPY, Cheng CY, Mruk DD. Signalling pathways
regulating the blood-testis barrier. Int ) Biochem Cell Biol 2013;
45:621-5.

Mruk D, Su L, Cheng C. Emerging role for drug transporters at the
blood-testis barrier. Trends Pharmacol Sci 2011;32:8.

van de Ven R, Oerlemans R, van der Heijden JW, Scheffer GL,

de Gruijl TD, Jansen G, et al. ABC drug transporters and immunity:
novel therapeutic targets in autoimmunity and cancer. ) Leukoc
Biol 2009;86:1075-87.

Bart J, Hollema H, Groen HJ, de Vries EG, Hendrikse NH, Sleijfer
DT, et al. The distribution of drug-efflux pumps, P-gp, BCRP, MRP1
and MRP2, in the normal blood-testis barrier and in primary
testicular tumours. Eur ] Canc 2004;40:2064-70.

van der Pol MA, Broxterman HJ, Pater M, Feller N, van der Maas M,
Weijers GW, et al. Function of the ABC transporters,
P-glycoprotein, multidrug resistance protein and breast cancer
resistance protein, in minimal residual disease in acute myeloid
leukemia. Haematologica 2003;88:134-47.

Loscher W, Potschka H. Blood-brain barrier active efflux
transporters: ATP-binding cassette gene family. NeuroRx 2005;2:
86-98.

Klein DM, Wright SH, Cherrington NJ. Localization of

multidrug resistance-associated proteins along the blood-testis
barrier in rat, macaque, and human testis. Drug Metabol Dispos
2014;42:89.

de Lange ECM. Multi drug resistance P glycoprotein and other
transporters. In: Fink G, editor. Encyclopedia of Stress, 2nd ed.
New York: Academic Press; 2007:774-83 p.

Su L, Jenardhanan P, Mruk DD, Mathur PP, Cheng Y-H, Mok K-W,
et al. Role of P-glycoprotein at the blood-testis barrier on adjudin
distribution in the testis. In: Cheng CY, editor. Biology and
Regulation of Blood-Tissue Barriers. New York, NY: Springer New
York; 2013:318-33 p.

Jodoin J, Demeule M, Fenart L, Cecchelli R, Farmer S, Linton K],
et al. P-glycoprotein in blood-brain barrier endothelial cells:
interaction and oligomerization with caveolins. ] Neurochem
2003;87:1010-23.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

DE GRUYTER

Zhang Z, Wu JY, Hait WN, Yang JM. Regulation of the stability of
P-glycoprotein by ubiquitination. Mol Pharmacol 2004;66:
395-403.

. Cheng (Y, Silvestrini B, Grima J, Mo MY, Zhu LJ, Johansson E, et al.

Two new male contraceptives exert their effects by depleting germ
cells prematurely from the testis. Biol Reprod 2001;65:449-61.
Jedlitschky G, Burchell B, Keppler D. The multidrug resistance
protein 5 functions as an ATP-dependent export pump for cyclic
nucleotides. | Biol Chem 2000;275:30069-74.

Lorico A, Bertola A, Baum C, Fodstad O, Rappa G. Role of the
multidrug resistance protein 1 in protection from heavy metal
oxyanions: investigations in vitro and in MRP1-deficient mice.
Biochem Biophys Res Commun 2002;291:617-22.

O’Donnell L, Meachem SJ, Stanton PG, McLachlan RL. Endocrine
regulation of spermatogenesis. In: Neill JD, editor. Knobil and
Neill’s Physiology of reproduction: Elsevier Academic Press;
2006:1017-69 pp. https://doi.org/10.1016/B978-012515400-0/
50026-9.

Bauer B, Yang X, Hartz AM, Olson ER, Zhao R, Kalvass JC, et al. In
vivo activation of human pregnane X receptor tightens the blood-
brain barrier to methadone through P-glycoprotein up-
regulation. Mol Pharmacol 2006;70:1212-9.

Wang K, Gheblawi M, Oudit GY. Angiotensin converting enzyme 2:
a double-edged sword. Circulation 2020. https://doi.org/10.
1161/CIRCULATIONAHA.120.047049.

Burrell L, Johnston C, Tikellis C, Cooper M. ACE2, a new regulator
of the renin—angiotensin system. Trends Endocrinol Metabol
2004;15:166-9.

Hashimoto T, Perlot T, Rehman A, Trichereau, Ishiguro H, Paolino
M, et al. ACE2 links amino acid malnutrition to microbial ecology
and intestinal inflammation. Nature 2012;487:477-81.

Basu R, Poglitsch M, Yogasundaram H, Thomas J, Rowe BH, Oudit
GY. Roles of angiotensin peptides and recombinant human ACE2
in heart failure. ] Am Coll Cardiol 2017;69:805-19.

Yan R, Zhang, LiY, Xia L, Guo Y, Zhou Q. Structural basis for the
recognition of SARS-CoV-2 by full-length human ACE2. Science
2020;367:1444.

Zhang H, Wada ), Hida K, Tsuchiyama Y, Hiragushi K, Shikata K,
et al. Collecting, a collecting duct-specific transmembrane
glycoprotein, is a novel homolog of ACE2 and is
developmentally regulated in embryonic kidneys. ) Biol Chem
2001;276:17132-9.

Zisman LS, Keller RS, Weaver B, Lin Q, Speth R, Bristow MR, et al.
Increased angiotensin-(1-7)-forming activity in failing human heart
ventricles: evidence for upregulation of the angiotensin-converting
enzyme Homologue ACE2. Circulation 2003;108:1707-12.

Rice Gl, Thomas DA, Grant P, Turner A}, Hooper NM. Evaluation of
angiotensin-converting enzyme (ACE), its homologue ACE2 and
neprilysin in angiotensin peptide metabolism. Biochem | 2004;
383:45-51.

Verdecchia P, Cavallini C, Spanevello A, Angeli F. The pivotal link
between ACE2 deficiency and SARS-CoV-2 infection. Eur J Intern
Med 2020;50953-6205:30151-5.

Hamming |, Timens W, Bulthuis MLC, Lely AT, Navis GJ, van Goor
H. Tissue distribution of ACE2 protein, the functional receptor for
SARS coronavirus. A first step in understanding SARS
pathogenesis. | Pathol 2004;203:631-7.

Verma S, Saksena S, Sadri-Ardekani H. ACE2 receptor expression
in testes: implications in COVID-19 pathogenesis. Biol Reprod
2020. https://doi.org/10.1093/biolre/ioaa080.


https://doi.org/10.1016/B978-012515400-0/50026-9
https://doi.org/10.1016/B978-012515400-0/50026-9
https://doi.org/10.1161/CIRCULATIONAHA.120.047049
https://doi.org/10.1161/CIRCULATIONAHA.120.047049
https://doi.org/10.1093/biolre/ioaa080

DE GRUYTER

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Wang Z, Xu X. scRNA-seq profiling of human testes reveals the
presence of the ACE2 receptor, A target for SARS-CoV-2 infection
in spermatogonia, Leydig and sertoli cells. Cells 2020;9:920.
Douglas G, O’bryan M, Hedger M, Lee D, Yarski M, Smith A, et al.
The novel angiotensin-converting enzyme (ACE)homolog, ACE2,
is selectively expressed by adult LeydigCells of the testis.
Endocrinology 2004;145:4703-11.

Khanum A, Dufau ML. Angiotensin Il receptors and inhibitory
actions in Leydig cells. ] Biol Chem 1988;263:5070-4.
2833494.

Collin O, Bergh A, Damber JE, Widmark A. Control of testicular
vasomotion by testosterone and tubular factors in rats. ) Reprod
Fertil 1993;97:115-21.

Leal MC, Pinheiro SVB, Ferreira A}, Santos RAS, Bordoni LS,
Alenina N, et al. The role of angiotensin-(1-7) receptor Mas in
spermatogenesis in mice and rats. ] Anat 2009;214:736-43.
Pan P-P, Zhan Q-T, Le F, Zheng Y-M, Jin F. Angiotensin-converting
enzymes play a dominant role in fertility. Int ] Mol Sci 2013;14:
21071-86.

Reis AB, Araujo FC, Pereira VM, Dos Reis AM, Santos RA, Reis FM.
Angiotensin (1-7) and its receptor Mas are expressed in the
human testis: implications for male infertility. ] Mol Histol 2010;
41:75-80.

Gianzo M, Munoa-Hoyos I, Urizar-Arenaza |, Larreategui Z,
Quintana F, Garrido N, et al. Angiotensin Il type 2 receptor is
expressed in human sperm cells and is involved in sperm
motility. Fertil Steril 2016;105:608-16.

Stanton PG. Regulation of the blood-testis barrier. Semin Cell Dev
Biol 2016;59:166-73.

Kumar PA, Pitteloud N, Andrews PAM, Dwyer A, Hayes F, Crowley
WF Jr, et al. Testis morphology in patients with idiopathic
hypogonadotropic hypogonadism. Hum Reprod 2006;21:
1033-40.

Li X-Y, Zhang Y, Wang X-X, Jin C, Wang Y-Q, Sun T-C, et al.
Regulation of blood-testis barrier assembly in vivo by germ cells.
FASEB ] 2018;32:1653-64.

Russell LD, Peterson RN. Sertoli cell junctions:
morphological and functional correlates. Int Rev Cytol 1985;
94:177-211.

Chakraborty P, William Buaas F, Sharma M, Smith BE, Greenlee
AR, Eacker SM, et al. Androgen-dependent sertoli cell tight
junction remodeling is mediated by multiple tight junction
components. Mol Endocrinol 2014;28:1055-72.

Meng J, Holdcraft RW, Shima JE, Griswold MD, Braun RE.
Androgens regulate the permeability of the blood-testis barrier.
Proc Natl Acad Sci USA 2005;102:16696-700.

0’Shaughnessy P). Hormonal control of germ cell development
and spermatogenesis. Semin Cell Dev Biol 2014;29:55-65.
McLachlan RI, O’Donnell L, Meachem SJ, Stanton PG, de Kretser
DM, Pratis K, et al. Identification of specific sites of hormonal
regulation in spermatogenesis in rats, monkeys, and man.
Recent Prog Horm Res 2002;57:149-79.

Janecki A, Jakubowiak A, Steinberger A. Regulation of
transepithelial electrical resistance in two-compartment sertoli
cell cultures: in vitro model of the blood-testis barrier*.
Endocrinology 1991;129:1489-96.

Florin A, Maire M, Bozec A, Hellani A, Chater S, Bars R, et al.
Androgens and postmeioticgerm cells regulate claudin-11
expression in rat Sertoli cells. Endocrinology 2005;146:8.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Olaniyan et al.: Testes and blood-testis barrier in Covid-19 infestation: role of ACE2 — 11

Kaitu’u-Lino TJ, Sluka P, Foo CF, Stanton PG. Claudin-11
expression and localisation is regulated by androgens in rat
Sertoli cells in vitro. Reproduction 2007;133:1169-79.

Willems A, Batlouni SR, Esnal A, Swinnen }V, Saunders PT,
Sharpe RM, et al. Selective ablation of the androgen receptor in
mouse sertoli cells affects sertoli cell maturation, barrier
formation and cytoskeletal development. PloS One 2010;5:
e14168.

Wang RS, Yeh S, Chen LM, Lin HY, Zhang C, NiJ, et al. Androgen
receptor in sertoli cell is essential for germ cell nursery and
junctional complex formation in mouse testes. Endocrinology
2006;147:5624-33.

Gregory M, Cyr DG. The blood-epididymis barrier and
inflammation. Spermatogenesis 2014;4:€979619-e.

Miething A. Local desynchronization of cellular development
within mammalian male germ cell clones. Ann Anat 2010;192:
247-50.

Salam AP, Horby PW. The breadth of viruses in human semen.
Emerg Infect Dis 2017;23:1922-4.

Gupta P, Leroux C, Patterson BK, Kingsley L, Rinaldo C, Ding M,
et al. Human immunodeficiency virus type 1 shedding pattern
in semen correlates with the compartmentalization of viral
Quasi species between blood and semen. | Infect Dis 2000;182:
79-87.

Rubin S, Eckhaus M, Rennick L), Bamford CG, Duprex WP.
Molecular biology, pathogenesis and pathology of mumps virus.
J Pathol 2015;235:242-52.

Meinhardt A. A new threat on the horizon — Zika virus and male
fertility. Nat Rev Urol 2017;14:135-6.

ChenW, XuZ, MuJ, YangL, Gan H, MuF, et al. Antibody response
and viraemia during the course of severe acute respiratory
syndrome (SARS)-associated coronavirus infection. | Med
Microbiol 2004;53:435-8.

Zheng S, Fan J, Yu F, Feng B, Lou B, Zou Q, et al. Viral load
dynamics and disease severity in patients infected with
SARS-CoV-2 in Zhejiang province, China, January-March 2020:
retrospective cohort study. BM) 2020;369:m1443.

Rong L, Tailang Y, Fang F, Qin L, Jiao C, Yixin W, et al. Potential
risk of Cov-2 infection on reproductive health. Reprod BioMed
Online 2020:26. https://doi.org/10.1016/j.rbmo.2020.04.018.
Lydka M, Bilinska B, Cheng CY, Mruk DD. Tumor necrosis factor
alpha-mediated restructuring of the Sertoli cell barrier in vitro
involves matrix metalloprotease 9 (MMP9), membrane-bound
intercellular adhesion molecule-1 (ICAM-1) and the actin
cytoskeleton. Spermatogenesis 2012;2:294-303.

Li MWM, Xia W, Mruk DD, Wang CQF, Yan HHN, Siu MKY, et al.
Tumor necrosis factor a reversibly disrupts the blood-testis
barrier and impairs Sertoli-germ cell adhesion in the
seminiferous epithelium of adult rat testes. | Endocrinol 2006;
190:313.

Yan HH, Mruk DD, Lee WM, Cheng CY. Blood-testis barrier
dynamics are regulated by testosterone and cytokines via their
differential effects on the kinetics of protein endocytosis and
recycling in Sertoli cells. Faseb | 2008;22:1945-59.

Xia W, Wong EWP, Mruk DD, Cheng CY. TGF-beta3 and TNFalpha
perturb blood-testis barrier (BTB) dynamics by accelerating the
clathrin-mediated endocytosis of integral membrane proteins: a
new concept of BTB regulation during spermatogenesis. Dev
Biol 2009;327:48-61.


https://doi.org/10.1016/j.rbmo.2020.04.018

12 —— Olaniyan et al.: Testes and blood-testis barrier in Covid-19 infestation: role of ACE2

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-
19: immunity, inflammation and intervention. Nat Rev Immunol
2020. https://doi.org/10.1038/s41577-020-0311-8.
Okabayashi T, Kariwa H, Yokota S, Iki S, Indoh T, Yokosawa N,
et al. Cytokine regulation in SARS coronavirus infection
compared to other respiratory virus infections. ) Med Virol 2006;
78:417-24.

FuY, Cheng Y, Wu Y. Understanding SARS-CoV-2-mediated
inflammatory responses: from mechanisms to potential
therapeutic tools. Virol Sin 2020:1-6. https://doi.org/10.1007/
$12250-020-00207-4.

Le Tortorec A, Le Grand R, Denis H, Satie AP, Mannioui K,

Roques P, et al. Infection of semen-producing organs by SIV during
the acute and chronic stages of the disease. PloS One 2008;3:
el792.

Siu ER, Wong EW, Mruk DD, Porto CS, Cheng CY. Focal adhesion
kinase is a blood-testis barrier regulator. Proc Natl Acad SciU S
A 2009;106:9298-303.

Laderach D, Compagno D, Toscano M, Croci D, Dergan-Dylon S,
Salatino M, et al. Dissecting the signal transduction pathways
triggered by galectin—glycan interactions in physiological and
pathological settings. IUBMB Life 2010;62:13.

Fijak M, Pilatz A, Hedger M, Nicolas N, Bhushan S, Michel V, et al.
Infectious, inflammatory and ’autoimmune’ male factor
infertility: how do rodent models inform clinical practice?. Hum
Reprod Update 2018;24:416-41.

Liu W, Han R, Wu H, Han D. Viral threat to male fertility. Andrologia
Wiley 2018;50:€13140.

Weidner W, Krause W. Orchitis. In: Knobil E, Neill JD, editors.
Encyclopedia of Reproduction. San Diego: Academic Press;
1999:524-7 p.

Schuppe HC, Meinhardt A, Allam JP, Bergmann M, Weidner W,
Haidl G. Chronic orchitis: a neglected cause of male infertility?.
Andrologia 2008;40:84-91. PMID: 18336456.

Lorenzo L, Rogel R, Sanchez-Gonzalez JV, Perez-Ardavin J,
MorenoE, Lujan S, et al. Evaluation of adult acute scrotum in the
emergency room: clinical characteristics, diagnosis,
management, and costs. Urology 2016;94:36-41.

Ludwig M. Diagnosis and therapy of acute prostatitis,
epididymitis and orchitis. Andrologia 2008;40:76-80.

Rowe P, Comhaire F, Hargreave T, Mahmoud A. WHO Manual for
the Standardized Investigation, Diagnosis and Management of the
Infertile Male. Cambridge, UK: Cambridge University Press; 2000.
Haidl G, Allam J, Schuppe H. Chronic epididymitis — impact on
semen parameters and therapeutic options. Andrologia 2008;
40:92-6.

Stammler A, Hau T, Bhushan S, MeinhardtA, Jonigk D, Lippmann
T, et al. Epididymitis: ascending infection restricted by
segmental boundaries. Hum Reprod 2015;30:1557-65.

Zhang H, Yin Y, Wang G, Liu Z, Liu L, Sun F. Interleukin-6 disrupts
blood-testis barrier through inhibiting protein degradation or
activating phosphorylated ERK in Sertoli cells. Sci Rep 2014;4:4260.
Hedger M. Immunophysiology and pathology of inflammation in
the testis and epididymis. ] Androl 2011;32:625-40.

Huang G, Yuan M, ZhangJ, LiJ, Gong D, Li Y, et al. IL-6 mediates
differentiation disorder during spermatogenesis in obesity-
associated inflammation by affecting the expression of Zfp637
through the SOCS3/STAT3 pathway. Sci Rep 2016;6:28012.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

DE GRUYTER

Su L, Mruk DD, Cheng CY. Drug transporters, the blood-testis
barrier, and spermatogenesis. ] Endocrinol 2011;208:207-23.
Su L, Cheng CY, Mruk DD. Drug transporter, P-glycoprotein
(MDR1Y), is an integrated component of the mammalian blood-
testis barrier. Int ] Biochem Cell Biol 2009;41:2578-87.

Cheng CY, Wong EW, Yan HH, Mruk DD. Regulation of
spermatogenesis in the microenvironment of the seminiferous
epithelium: new insights and advances. Mol Cell Endocrinol
2010;315:49-56.

Wambier CG, Goren A. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is likely to be androgen
mediated. ] Am Acad Dermatol 2020. https://doi.org/10.1016/j.
jaad.2020.04.032.

Ghosh S, Klein RS. Sex drives dimorphic immune responses to
viral infections. ] Immunol 2017;198:1782-90.

Cardona Maya WD, Du Plessis SS, Velilla PA. SARS-CoV-2 and
the testis: similarity with other viruses and routes of infection.
Reprod Biomed Online 2020. https://doi.org/10.1016/j.rbmo.
2020.04.009.

Wang S, Zhou X, Zhang T, Wang Z. The need for urogenital tract
monitoring in COVID-19. Nat Rev Urol 2020. https://doi.org/10.
1038/s41585-020-0319-7.

Puggioni G, Pintus D, Melzi E, Meloni G, Rocchigiani AM,
Maestrale C, et al. Testicular degeneration and infertility
following arbovirus infection. J Virol 2018;VI:49.

Tortorec AL, Matusali G, Mahé D, Aubry F, Mazaud-Guittot S,
Houzet L, et al. From ancient to emerging infections: the odyssey
of viruses in the male genital tract. Physiol Rev 2020;100:
1349-414.

Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic
manifestations of hospitalized patients with coronavirus
disease 2019 in Wuhan, China. JAMA Neurology 2020.
https://doi.org/10.1001/jamaneurol.2020.1127.

Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early
transmission dynamics in Wuhan, China, of novel coronavirus-
infected pneumonia. N Engl ) Med 2020;382:1199-207.

Chai X, Hu L, Zhang Y, Han W, Lu Z, Ke A, et al. Specific ACE2
expression in cholangiocytes may cause liver damage after
2019-nCoV infection. bioRxiv 2020:2020. 02.03.931766.
https://doi.org/10.1101/2020.02.03.931766.

Wrapp D, Wang N, Corbett K, Goldsmith J, Hsieh C, Abiona O,
et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science 2020;367:3.

Baig AM, Khaleeq A, Ali U, Syeda H. Evidence of the COVID-19
virus targeting the CNS: tissue distribution, host-virus
interaction, and proposed neurotropic mechanisms. ACS Chem
Neurosci 2020;11:995-8.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T,
Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven protease
inhibitor. Cell 2020;181:271-80.

Xu J, Qi L, Chi X, Yang ], Wei X, Gong E, et al. Orchitis: a
complication of severe acute respiratory syndrome (SARS). Biol
Reprod 2006;74:6.

Yang M, Chen S, Huang B, Zhong J-M, Su H, Chen Y-}, et al.
Pathological findings in the testes of COVID-19 patients: clinical
implications. European Urology Focus 2020. https://doi.org/10.
1016/j.euf.2020.05.009.


https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1007/s12250-020-00207-4
https://doi.org/10.1007/s12250-020-00207-4
https://doi.org/10.1016/j.jaad.2020.04.032
https://doi.org/10.1016/j.jaad.2020.04.032
https://doi.org/10.1016/j.rbmo.2020.04.009
https://doi.org/10.1016/j.rbmo.2020.04.009
https://doi.org/10.1038/s41585-020-0319-7
https://doi.org/10.1038/s41585-020-0319-7
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1101/2020.02.03.931766
https://doi.org/10.1016/j.euf.2020.05.009
https://doi.org/10.1016/j.euf.2020.05.009

DE GRUYTER

140.

141.

142.

143.

Chen S. Coronavirus may damage testicles without entering
cells, study finds In: China/Science. In: The coronavirus
pandemic, https://www.scmp.com2020, https://www.scmp.
com/news/china/science/article/3087427.

Eisenberg ML. Coronavirus disease 2019 and men’s
reproductive health. Fertil Steril 2020;113:1154.

Shen Q, Xiao X, Aierken A, Liao M, Hua J. The ACE2

Expression in Sertoli cells and Germ cells may cause male
reproductive disorder after SARS-CoV-2 Infection. | Cell Mol
Med. Foundation for Cellular and Molecular Medicine

and John Wiley & Sons Ltd; 2020. https://doi.org/10.1111/jcmm.
15541.

Mal, Xie W, LiD, ShiL, MaoY, XiongY, et al. Effect of SARS-CoV-2
infection upon male gonadal function: A single center-based
study. medRxiv and bioRxiv. 2020. https://doi.org/10.1101/
2020.03.21.20037267.

144.

145.

146.

147.

Olaniyan et al.: Testes and blood-testis barrier in Covid-19 infestation: role of ACE2 —— 13

Li D, Jin M, Bao P, Zhao W, Zhang S. Clinical characteristics and
results of semen tests among men with coronavirus disease
2019. JAMA Network Open 2020;3:208292-e.

Shastri A, Wheat J, Agrawal S, Chaterjee N, Pradhan K,
Goldfinger M, et al. Delayed clearance of SARS-CoV2 in male
compared to female patients: High ACE2 expression in testes
suggests possible existence of gender-specific viral
reservoirs; medRxiv and bioRxiv. 2020:2020 p. https://doi.
0rg/10.1101/2020.04.16.20060566.

Pan F, Xiao X, Guo J, Song Y, Li H, Patel D, et al. In press. No
evidence of SARS-CoV-2 in semen of males recovering from
COVID-19. Fertil Steril 2020. https://doi.org/10.1016/j.
fertnstert.2020.04.024.

Durairajanayagam D, Agarwal A, Ong C. Causes, effects and
molecular mechanisms of testicular heat stress. Reprod Biomed
Online 2015;30:14-27.


https://www.scmp.com2020%20,https://www.scmp.com/news/china/science/article/3087427
https://www.scmp.com2020%20,https://www.scmp.com/news/china/science/article/3087427
https://www.scmp.com2020%20,https://www.scmp.com/news/china/science/article/3087427
https://doi.org/10.1111/jcmm.15541
https://doi.org/10.1111/jcmm.15541
https://doi.org/10.1101/2020.03.21.20037267
https://doi.org/10.1101/2020.03.21.20037267
https://doi.org/10.1101/2020.04.16.20060566
https://doi.org/10.1101/2020.04.16.20060566
https://doi.org/10.1016/j.fertnstert.2020.04.024
https://doi.org/10.1016/j.fertnstert.2020.04.024

	Testis and blood-testis barrier in Covid-19 infestation: role of angiotensin-converting enzyme 2 in male infertility
	Introduction
	The male reproductive system
	The testes
	The epididymis
	Accessory sex glands
	Blood-testis barrier
	Structural barrier
	The immunological barrier
	Efflux pump barrier
	Angiotensin-converting enzyme 2 (ACE2) and blood-testis barrier
	Endocrine control of the blood-testis/epididymal barrier
	SARS-COV-2-induced blood-testis/epididymal barrier inflammation, the role of ACE2
	Orchitis-induced male infertility
	Blood–testis barrier and resistance to anti-viral drugs
	Pathophysiology of SARS-COV2 on the reproductive system

	Conclusion and future perspectives
	References

