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Abstract Object: Corona virus disease 2019 (COVID-19) is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which leads to acute respiratory infection symptoms.
SARS-CoV-2 infection is not always limited to the respiratory tract, and renal infection and
dysfunction have been shown to be specific risk factors for death. In addition, COVID-19 has
a higher incidence, severity and mortality in men than women. This disparity is due to biolog-
ical rather than comorbid or behavioral sex differences. Because the male reproductive system
is unique, the function of sex hormones in COVID-19 infection may explain the differences be-
tween males and females. Understanding these factors will provide appropriate prevention
measures and adequate triage strategies and guide the drug discovery process.
Methods: An electronic search was completed in PubMed, ARXIV, MEDRXIV and BIORXIV. The
most relevant articles were systematically reviewed. In addition, single cell RNA sequencing
analysis of tissue samples from human cell landscape was conducted.
Results: The influence of SARS-CoV-2 on the urogenital system, the possibility of urinary tract
transmission and the functions of sex hormones were discussed in this review.
Conclusion: Corona viruses can invade the genitourinary system, causing urological symptoms.
Identifying the potential genitourinary organ impairments and protecting them from damage
are necessary. Since sex hormones have potential as specific drugs, the gonadal hormones sub-
stitution therapy should be considered in both sexes in the COVID-19 pandemic.
ª 2021 Editorial Office of Asian Journal of Urology. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

The recent outbreak of corona virus disease 2019 (COVID-
19) is the third beta coronavirus pandemic that has
occurred among humans, following severe acute respiratory
syndrome (SARS) and Middle Eastern respiratory syndrome
(MERS) [1]. By 12 June 2020, over 7.9 million people
worldwide were infected, with a mortality rate of 5.9%
among closed cases. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which leads to COVID-19 [2e4],
is a large enveloped single-stranded RNA virus [5,6]. The
following five steps summarize the process of viral invasion:
Firstly, viruses bind to receptors of the host (attachment);
Secondly, membrane fusion or endocytosis helps viruses
enter host cells (penetration); Thirdly, viral release con-
tents and viral RNA enter the nucleus inside the host cells
for replication; Fourthly, viral proteins are produced by
viral mRNA (biosynthesis). Lastly, novel viral particles are
born (maturation) and released. The spike (S) envelope
glycoproteins on coronavirus primarily determine host cell
entry. S1 is produced through proteolytic cleavage of the S
protein, which is responsible for receptor binding, while S2,
the transmembrane C-terminal region of the S protein,
accelerates membrane fusion. Hence, it is believed that
the S protein engagement of the host cell receptor,
together with the proteolytic cleavage of the protein, de-
termines the host range and tissue preference of corona-
viruses [7]. Recently, several studies demonstrated, either
experimentally or bioinformatically, that angiotensin-
converting enzyme 2 (ACE2) [8] and glucose-regulating
protein 78 (GRP78) [9] were functional SARS-CoV-2 virus
receptors of cells [6,10e13], and transmembrane protease
serine 2 (TMPRSS2) and FURIN protein were two proteases
that process SARS-CoV-2 S protein to lead to efficient
infection [11,12]. As the virus binds to cell receptors and
enters the cell to complete intracellular replication, virus
release occurs, inducing cytotoxicity, and the expression
and distribution of the potential receptor determine the
route of viral infection [14,15].

The virus seriously damages the respiratory system.
Some patients experience acute respiratory infection
symptoms and even develop acute respiratory failure,
acute respiratory distress syndrome (ARDS) and other
complications [3,4]. On the other hand, the occurrence of
multiple organ dysfunction syndrome in patients suggests
that the virus invades other organs as well [16]. Moreover,
there is growing evidence that corona virus may also
invade the genitourinary system, causing urology symp-
toms. A prospective cohort study of 701 COVID-19 patients
revealed that elevated blood urea nitrogen (BUN),
increased serum creatinine (Scr) and estimated glomerular
filtration (eGFR) <60 mL/min/1.73 m2 occurred in 13.1%,
14.4% and 13.1% of COVID-19 patients, respectively.
Additionally, the prevalence of acute kidney injury (AKI)
was 5.1% [17]. From past experience, SARS-CoV infection
was not always limited to the respiratory tract, and renal
infection and dysfunction were specific risk factors for
death. Routine routes of SARS-CoV-2 transmission consist
of direct contact and respiratory droplets. SARS-CoV-2 is
likely to propagate through high concentration aerosols in
a relatively closed space [15]. Although SARS-CoV-2 was
detected in blood, urine, anal swabs and oropharyngeal
swabs from nine COVID-19 patients who were retested by
quantitative real-time PCR (qRT-PCR) [18], whether 2019
new corona virus (2019-nCoV) can be transmitted through
the urinary tract remains unknown. In addition, Wei et al.
[19] discovered that COVID-19 had a higher incidence
severity and mortality in men than in women. The extent
to which this disparity is due to biological rather than
comorbid or behavioral sex differences remains unknown.
Because the male reproductive system is unique, the
function of sex hormones in COVID-19 infection may
explain the sex difference between males and females.
Here, we conducted this review to understand the influ-
ence on the urogenital system, the possibility of urinary
tract transmission and the functions of sex hormones.
Understanding these factors will provide appropriate pre-
vention measures and adequate triage strategies and guide
the drug discovery process.
2. Renal

2.1. Epidemiological characteristics

Several studies have noted kidney impairment in patients
with COVID-19. First, computed tomography (CT) scan of
the kidney revealed decreased density, suggestive of
edema and inflammation [17]. Pei et al. [20] found that 251
of 333 patients (75.4%) had anomalous AKI or urine dipstick
tests, and 111 of the 162 (68.5%) patients experienced
proteinuria remission. Li et al. [21] demonstrated that 63%
of patients exhibited proteinuria; 19% experienced
increased plasma creatinine levels; and 27% showed
elevated urea nitrogen levels among a total of 59 kidney
impairment patients with COVID-19 [21]. A total of 178
patients with COVID-19 from Wuhan Union Hospital were
involved in another study. No patients (0%) showed
elevated Scr, and five of 178 (2.8%) patients presented
increased BUN. For 83 patients without any history of renal
impairment who received conventional urine tests after
hospitalization, 45 of 83 (54.2%) patients exhibited urinal-
ysis abnormalities, such as hematuria, proteinuria and
leukocyturia. The results demonstrated that urinalysis was
better than blood chemistry tests in identifying the po-
tential renal impairment of patients with COVID-19, and
urinalysis could predict the disease severity [22]. In addi-
tion, a retrospective analysis of eGFR was conducted among
85 patients in Wuhan. Twenty-three of 85 (27.06%) patients
exhibited acute renal failure (ARF). Elderly patients and
people with comorbidities such as heart failure and hy-
pertension developed ARF more easily [23].

To date, the rate of AKI among COVID-19 patients is
highly variable. AKI has been found to occur in up to 27% of
patients [23]. Another study showed that 29% of 52 severe
COVID-19 pneumonia patients had complications associated
with AKI [24]. In addition, Huang et al. [4] noted that AKI
occurred in three of 41 (7%) patients. After improving the
scale of patient sampling, a study from Cheng’s group [17]
noted that 36 of 701 (5.1%) patients were defined as having
AKI, and AKI stage III occurred among 2% (14/701) of pa-
tients and was correlated with an elevated in-hospital
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mortality risk. A comprehensive study involving 6395
COVID-19 patients showed that the incidence of AKI was
4.3%. The severity of pneumonia was a risk factor for AKI;
compared with the nonsevere group, the comorbidity of
chronic kidney disease (CKD) (odds ratio [OR]: 3.28) and
complications of AKI (OR: 11.02) were significantly elevated
in the severe group [25]. Furthermore, Scr, the ratio of
abnormal Scr, BUN and the ratio of abnormal BUN were
markedly elevated in the severe group compared with their
levels in the nonsevere group [25]. Pei et al. [20] found that
severe AKI caused high mortality in COVID-19 patients, with
Table 1 Progress review of the effects on the kidney in patien

Author
[reference
number]

Accessed
date

Major element Patient or ma

Su, et al.
[28]

2020.4.20 Kidney lesions in fatal
COVID-19

26 COVID-19
patients

Qi, et al.
[85]

2020.4.18 The major system
that is vulnerable to
COVID-19 infection

31 organs fro
nine major hu
systems

Zhu, et al
[86]

2020.3.15 Successful recovery
of COVID-19
pneumonia in a renal
transplant recipient

1 COVID-19 pa

Xu, et al.
[87]

2020.3.6 Clinical
manifestations and
pathological features
of COVID-19

34 COVID-19-
related articl

Diao, et al.
[23]

2020.4.10 Kidney injury in
COVID-19

85 COVID-19
patients

Liu, et al.
[25]

2020.5.2 The relationship
between COVID-19
and kidney disease

6395 COVID-1
patients

Lin, et al.
[56]

2020.2.18 ACE2 gene
expressions in all cell
types in healthy
kidneys and bladders

Normal kidne
samples from
three healthy
donors

Hatem, et
al. [88]

2020.4.27 Survival rate in acute
kidney injury
superimposed COVID-
19 patients

2290 abstract

Zhou, et al.
[22]

2020.4.6 Urinalysis detects the
early renal-
impairment in
patients with COVID-
19

178 COVID-19
patients

Pei, et al.
[20]

2020.4.12 Kidney Involvement in
COVID-19

333 COVID-19
patients

ACE2, angiotensin-converting enzyme 2; COVID-19, corona virus dise
kidney injury.
a rate of 11.2% (28/251) in the AKI group versus 1.2% (1/82)
in the control group. In Zhou et al.’s [26] study, which
included 191 COVID-19 patients, among 33 confirmed
COVID-19 patients who further developed AKI, 32 patients
did not survive. The data are provided in Table 1.
2.2. Potential mechanism of injury

The possible mechanisms of renal involvement in these
cases may be didactically split into four fields: Direct
ts with COVID-19.

terial Main conclusion

The virus particles were identified in the cytoplasm of
renal proximal tubular epithelium as well as in the
podocytes and less so in distal tubules.

m
man

The respiratory system, digestive system and
reproductive system are at the top-risk level to
COVID-19 infection.

tient When treating pneumonia due to opportunistic virus
infection following kidney transplantation, a
reduction or even temporary discontinuation of
immunosuppressants is a common strategy and allows
recipients the opportunity to reacquire anti-infection
immunity within a short period, which is conducive to
eliminating the virus.

es
The most common clinical manifestation of COVID-19
was fever; the most common patterns on chest
imaging findings were ground-glass opacity; the
pathology showed that the manifestations of COVID-
19 were similar to SARS.
Viruses can not only directly infect human kidney
tubules to induce acute tubular damage but also
initiate CD68þ macrophage together with
complement C5b-9 deposition to mediate tubular
pathogenesis.

9 The chronic kidney disease and acute kidney injury
are susceptible to occur in patients with severe
COVID-19.

y The levels of ACE2 are detectable both in kidney and
bladder. Kidney proximal tubule cells have higher
expression percentages than bladder epithelial cells.

s Severe AKI in patients with COVID-19 is an ominous
clinical predictor and is associated with high
mortality.

Urinalysis is better in unveiling potential kidney
impairment of COVID-19 patients than blood
chemistry test and urinalysis could be used to reflect
and predict the disease severity.

Renal abnormalities occurred in the majority of
patients with COVID-19 pneumonia and were
associated with higher mortality.

ase 2019; SARS, severe acute respiratory syndrome; AKI, acute
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cytotoxicity, cytokine damage, organ crosstalk and sys-
temic effects.

2.2.1. Direct cytotoxicity
We suspect that the direct cytotoxicity of SARS-CoV-2 causes
tubular damage. From a pathological report of COVID-19
patients, hematoxylin-eosin (H&E) staining revealed that
renal tissues from autopsies showed severe acute tubular
necrosis, luminal brush border sloughing lymphocyte infil-
tration and vacuole degeneration [22]. Immunohistochem-
istry (IHC) reported that the nucleoprotein (NP) antigen of
SARS-CoV-2 accumulated in renal tubules. To estimate
whether highly expressed ACE2 could induce SARS-CoV
replication in tubular cells, electron microscopy (EM) was
applied to reveal that virus-like particles are visible in the
kidney [23]. This result was consistent with the findings of a
previous study. Chu et al. [27] successfully proved the
presence of SARS-CoV viral particles using EM in kidney
specimens from autopsies of SARS patients with AKI. In
another autopsy of 26 COVID-19 patients, nine of 26 had
clinical features of renal injury, including increased Scr or
new-onset proteinuria. Through light microscopy, diffuse
injury of the proximal tubule, together with pigmented casts
and occasional hemosiderin granules, was observed. There
were obvious erythrocyte aggregates blocking the capillary
lumen without fibrinoid material or platelets. Evidence of
interstitial inflammation, vasculitis and hemorrhage was
also absent. EM observation revealed coronavirus particle
clusters with characteristic spikes in the podocytes and
tubular epithelium. Furthermore, the upregulation of ACE2
was found in COVID-19 patients, and immunostaining with
nucleoprotein antibody of SARS-CoV-2 was positive in tubule
cells [28].

2.2.2. Cytokine damage
Cytokine release syndrome (CRS), also called “cytokine
storm”, can occur in different conditions, such as hemo-
phagocytic syndrome, sepsis and chimeric antigen receptor
T cell therapy (CARTT) [29]. The incidence of CRS in COVID-
19 patients has been reported since the first record of this
disease [30]. In CRS patients, AKI might occur as an
outcome of intrarenal inflammation, volume depletion,
increased vascular permeability and cardiomyopathy,
which can result in type 1 cardiorenal syndrome. However,
cytokine generation tends to be induced by extracorporeal
membrane oxygenation (ECMO), continuous kidney
replacement therapy (CKRT) and invasive mechanical
ventilation. Proinflammatory IL-6 is considered the most
principle causative cell cytokine in CRS. Among COVID-19
patients, the concentration of IL-6 in plasma is increased
in ARDS patients who accept advanced support therapies
[31]. In addition, Diao et al. [23] analyzed renal tissues
from six patients with postmortem examinations. IHC
showed that a large number of CD68þ macrophages were
recruited by SARS-CoV-2 virus to infiltrate into the tubu-
lointerstitium, revealing that tubular damage might be
induced by proinflammatory cytokines derived from mac-
rophages [23]. They also found that SARS-CoV-2 virus could
initiate complement C5b-9 deposition and assembly on
tubules. Both experimental and clinical models revealed
that the abnormal serum-derived complement composition
in the tubular lumen resulted in complement C5b-9 as-
sembly (via the alternative pathway) at the topmost brush-
like border of TECs (tubular epithelial cells), which could
be an essential factor in the pathogenesis of tubulointer-
stitial damage [31,32].

2.2.3. Organ crosstalk
As mentioned above, some results indicated the close asso-
ciation between alveolar and tubular damage in ARDS (the
lungekidney axis) [33]. The overproduction of cytokines is
related to bidirectional damage to the lungekidney. Injured
kidney TEC increased IL-6, and in clinical and experimental
studies, upregulation of IL-6 serum concentration in AKI was
related to pulmonary hemorrhage and higher alveolar-
capillary permeability. Notably, an excessively high level of
anti-inflammatory mediator consistency might predispose
the patient to a condition of relative immunosuppression. In
addition, ARDS can cause kidney medullary hypoxia, which is
an additional insult to tubular cells [34]. Heartekidney
crosstalk might also lead to the occurrence of AKI in COVID-
19 patients. For example, acute viral myocarditis and CRS
cardiomyopathy can both result in kidney vein hypotension,
congestion and kidney hypoperfusion, with a decline in
glomerular filtration rate.

2.2.4. Systemic effects
Fluid expansion can result in a positive balance of fluid in
shock sufferers. This expansion has an unfavorable influ-
ence on ARDS by increasing leakage of alveolar capillaries.
In some AKI patients, fluid expansion worsened kidney vein
congestion, resulting in kidney compartment syndrome. We
conjecture that there is a similar occurrence of clinical
signs in COVID-19 patients; Su et al. [28] analyzed the
kidney histopathology of 26 patients postmortem and found
a common morphologic change. Erythrocytes stagnated in
the capillaries of the peritubal and glomerular lumen
without platelets, fibrin thrombi, red blood cell fragments
or fibrinoid necrosis. This result demonstrated the possi-
bility of renal venous congestion. Moreover, a negative fluid
balance status may cause renal damage as well. Interest-
ingly, less aggregation of red blood cells was observed in
the capillaries of peritubal in patients with predominant
glomerular loop occlusion, which is usually correlated with
a relatively long hypotension duration [28]. In addition,
rhabdomyolysis, hyperkalemia and metabolic acidosis may
occur in COVID-19 patients, which are nearly always
correlated with hemodynamic instability as well.

2.3. ScRNA analysis

As shown in Fig. 1, we found that the expression of ACE2
was highly specific. In addition to the significant expression
in proximal tubule cells (MT1G and ALDOB) and relatively
marked expression in mast cells and myocytes, the
expression of ACE2 in other types of cells was very low. This
phenomenon positively correlated with the observations for
renal histopathology. Proximal straight tubule cells were



Figure 1 Single-cell transcriptomic profiling of tissue samples from human cell landscape. (A) The mRNA expression patterns of ACE2
and TMPRSS2 in GSE3526; (B) The mRNA expression patterns of ACE2 and TMPRSS2 in GSE18674; (C) Cell-specific expression patterns of
ACE2, FURIN andTMPRSS2 in genitourinary system.ACE2, angiotensin-converting enzyme2;TMPRSS2, transmembrane protease serine 2.
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potential host cells targeted by SARS-CoV-2 by scRNA-seq
analysis. Regarding TMPRSS2, its expression was more
extensive, and almost all types of cells in kidney tissue
exhibited increased or decreased expression. The mRNA
expression of TMPRSS2 was higher in intercalated cells
(SPINK1 and SLC26A4) and IC-tran-PC cells, followed by
distal tubule cells. The expression of FURIN was similar, and
extensive enrichment was observed in multiple cells,
particularly in fenestrated endothelial cells and IC-tran-PC
cells. Interestingly, neither FURIN nor TMPRSS2 was
observed in ACE2-overexpressing mast cells.

Zhou et al. [35] analyzed scRNA data in the adrenal
gland. For the ACE2 median expression group, while FURIN
was readily detected in all the tissue cells, TMPRSS2
expression could be readily detected in adrenal gland cells.
In the presence of viremia, the most vulnerable target
might be the adrenal gland.

2.4. Therapy

The implementation of potential interventions such as
continues renal replacement therapy (CRRT) is strongly
suggested to protect renal function in patients with COVID-
19, especially for ARF cases, and may be an important
approach to prevent fatality. Hemoperfusion should be
applied for �2 h for at least 3 consecutive days. During the
procedure, anticoagulation along with citrate or heparin
should be used to ensure blood flow >120 mL/min, pre-
venting circuit clotting. The cartridge adsorptive capacity
tends to be exhausted after 4 h, and then the therapy is
completed. ECMO supports both the lungs and heart and is
suggested to be applied in conjunction with CRRT. We
suggest connecting the CRRT circuit straight to the ECMO
apparatus. Several different methods can be applied for
removing cytokines: First, the neutro-macroporous sorbent
is used for direct hemoperfusion, as cytokine removal is
mainly carried out using a neutro-macroporous sorbent;
second, plasma is separated from whole blood and further
adsorption on a resin; third, CKRT with adsorptive proper-
ties via hollow fiber filters is chosen; lastly, CKRT of high
dose is concluded with high cut-off (HCO) or medium cut-
off (MCO) membranes. CKRT filters with particular mem-
branes, including acrylonitrile, sodium methallyl sulfonate
plus polyethyleneimine and polymethylmethacrylate, also
adsorb cytokines. These filters need to be replaced every
24 h due to adsorptive site saturation [36e38].

3. Testis

3.1. Epidemiological characteristics

Based on recent bioinformatics evidence [38,39], the
testis may be infected by SARS-CoV-2, causing urgent
doubt about whether the virus can be transmitted sexu-
ally. This is important for the formulation of the principles
for treatment and guidelines for sexual behavior among
males with COVID-19. As shown in a randomized controlled
trial, the serum sex-related hormone ratio of testosterone
(T) to luteinizing hormone (LH) and the ratio of follicle-
stimulating hormone (FSH) to LH, which to some degree
represent reproductive ability, exhibited an obvious dif-
ference between infected individuals and healthy controls
[40]. However, several studies with limited cases analyzed
that performed semen analysis exhibited a negative viral
result by reverse transcription-polymerase chain reaction
(RT-PCR) [41e43]. Notably, a total of 38 male patients
aged 15e50 years provided semen samples for the
detection of new coronavirus nucleic acids [42]. Li et al.
[44] found that the RT-PCR tests of six samples were
positive. Among the samples, two were from patients in
the recovery period, and four were from patients in the
acute infection period [44]. Warnings have already been
given by the Society for Assisted Reproductive Technology
(SART) and the American Society for Reproductive Medi-
cine (ASRM) [45]. The advice issued was that ART patients,
gamete donors, gestational carriers and expectant par-
ents who meet the diagnostic criteria for SARS-CoV-2
infection need to avoid becoming pregnant or taking
part in any programs for fertility. The Center for Diseases
Control and Prevention (CDC) (Washington DC, USA) has
also stated that it is unclear whether nonrespiratory
bodily fluids from an infected patient, including urine,
vomit, semen or breast milk, can contain viable, infec-
tious viruses [46]. In Italy, all gamete donors were
required to be interviewed by authorities for recent travel
to high-risk areas and/or the presence of respiratory
symptoms. Cessation of donation during a 2-week time
period from the end of symptoms was implemented if
donors had respiratory symptoms or returned from a high-
risk area [47].

3.2. ScRNA analysis

In the testis, the expression levels of ACE2, FURIN and
TMPRSS2 were all high in spermatogonial cells. Sertoli cells
and endothelial cells had the highest ACE2 and FURIN mRNA
expression, respectively.

The expression of ACE2 was abundant in the testis. We
observed that ACE2 is expressed in all Sertoli cells, a large
portion of spermatogonial stem cells and myoid cells, and a
small amount of other types of cells. FURIN was more highly
expressed in early spermatogenesis cells (spermatogonial
stem cells, differentiating spermatogonia, early and late
primary spermatocytes), various stromal cells (Sertoli cells,
myoid cells and Leydig cells) and endothelial cells, but
almost no expression was observed in sperm cells after
round spermatids. TMPRSS2 was only highly expressed in
spermatogonial stem cells and round spermatids, but was
lowly expressed in other cells (Fig. 1).

3.3. Hypogonadism in the progression of COVID-19
infection

As shown in a recent study, viral infection itself can
worsen the function of Leydig cells and consequent
hypogonadism [40]. Several studies have revealed that
hypogonadism is correlated to chronic obstructive pul-
monary disease (COPD), with a prevalence ranging from
22% to 69% in men [48]. In this situation, low levels of
testosterone led to a decline in overall strength capacity
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and respiratory muscle activity [38]. Normal circulating
levels of testosterone exhibited a protective effect on a
few respiratory outcomes (i.e., forced expiratory volume
in one second [FEV1] and forced vital capacity [FVC]) [38].
A single-center study reported that peak oxygen con-
sumption was improved in men who received testosterone
replacement therapy [49].

As proinflammatory cytokines show a vital function in
the process of SARS-CoV-2 infection, the activity of cyto-
kines and related receptors can be reduced during treat-
ment. In this situation, testosterone could reduce
inflammation. In fact, some results revealed that hypo-
gonadism was correlated with upregulated proin-
flammatory cytokines and that testosterone treatment
downregulated TNF-a, IL-1b and IL-6 [50]. In addition, the
relationship between an accumulation of proinflammatory
factors and a decline in testosterone was frequently
observed in elderly people [51] and in patients with stable
coronary heart disease [52]. According to the above evi-
dence, the hypothesis arose that testosterone played a role
in the cascade of events causing progression of SARS-CoV-2
infection due to the cytokine storm. Upregulation of in-
flammatory cytokines accompanied by the decline in an-
drogens and estrogens in aging men may establish a
nonpositive association between testosterone levels and
mortality associated with COVID-19 [53].

4. Prostate

4.1. Epidemiological characteristics

A single-cell RNA sequencing dataset found that ACE2 and
TMPRSS2 are coexpressed in prostate epithelial cells. Based
on this situation, we proposed the hypothesis that the
prostate may be a target organ of SARS-CoV-2. However,
few studies have focused on the effect of SARS-CoV-2 on
the prostate, and there is a lack of pathological autopsy
reports on the prostate. Only two complete autopsies of
SARS-CoV-2-positive individuals in Oklahoma revealed a
grossly normal prostate [50]. In addition, Quan et al. [54]
collected the expressed prostatic secretion (EPS) of 23
confirmed mild and common patients, which tested non-
positive for SARS-CoV-2 RNA. In this research, EPS was
tested only in mild and common patients. Thus, large
samples and long-term follow-up are needed.

4.2. ScRNA analysis

Using a publicly available single-cell RNA sequencing data-
set, Song et al. [55] analyzed 24 519 normal prostate
epithelial cells for the expression of ACE2 and TMPRSS2. In
this dataset, 0.32% of all epithelial cells (78 of 24 519),
0.47% of all stromal cells (10 of 2113), 0.06% of endothelial
cells (1 of 1586) and 0.22% of leukocytes (1 of 459)
expressed ACE2. TMPRSS2 was expressed in 18.65% of all
epithelial cells (4573 of 24 519), 41.74% of all stromal cells
(882 of 2113), 16.71% of endothelial cells (265 of 1586) and
52.07% of leukocytes (239 of 459). They found TMPRSS2 and
ACE2 coexpressing cells in epithelial cells, with a higher
proportion in club and hillock cells. Double-positive cells
could potentially serve as reservoirs for SARS-CoV-2
infiltration and damage to the prostate; however, they
constitute approximately 0.07% of all prostate epithelial
cells. They found that 0.61% of prostate club cells coex-
press ACE2 and TMPRSS2 and that club cells have a mark-
edly lower proportion of double-positive cells. The
implications of SARS-CoV-2 prostate infiltration via club
cells are unclear and warrant further investigation (Fig. 1).
5. Bladder

Lin et al. [56] found low expression levels of ACE2 in all
bladder epithelial cell types based on the public bladder
dataset of twelve cell types. The concentration of ACE2
showed a decreasing trend from the outer layer of the
bladder epithelium (umbrella cells) to the inner layer (basal
cells), with the intermediate cells exhibiting moderate
concentrations. Other cell types, such as immune and
endothelial cells, were mostly negative for ACE2. The
percentage of ACE2-positive cells in umbrella cells of the
bladder (1.3%) was obviously lower than the expression in
the renal epithelium. The current reports of COVID-19 pa-
tients have not shown positive detection of the virus in
urine samples. However, a previous analysis of SARS pa-
tients indicated that the SARS virus could survive in urine at
detectable levels [57]. The detection of SARS virus in the
urine implied the possibility of viral release from infected
bladder epithelial cells and transmission via the urinary
tract.

BCG, either in the form of instillations or chemotherapy,
is applied in the optimization of disease control in
nonmuscle invasive bladder cancer (NMIBC) [58]. We
currently understand the mechanism of action of BCG
intravesical instillations, and it seems to be attributed to a
local immune response, which is characterized by increased
expression of cytokines in the bladder wall and urine and by
an influx of mononuclear, dendritic, and granulocyte cells.
The populations in countries vaccinated with BCG appeared
to have lower morbidity and mortality rates [59]. Whether
intravesical injection of BCG has any protective effect
against COVID-19 needs to be explored [60].
6. Sex hormone

One of the most widely available types of epidemiologic
data related to COVID-19 is sex-related mortality. A few
researchers have regarded male sex as a poor prognostic
factor based on evidence supporting a higher predominance
of male deaths caused by COVID-19 deaths in some coun-
tries [61]. Men represented 73% of deaths in China [62], 70%
in Italy [19] and 59% in South Korea [63]. One recent review,
which collected data from 77 932 patients from all avail-
able epidemiological studies, revealed a correlation be-
tween male sex and higher mortality [19]. Indeed,
Channappanavar et al. [64] revealed that female mice are
less susceptible to SARS-CoV infection than age-matched
male mice. The mortality rate increased as a result of es-
trogen receptor antagonist treatment or ovariectomy in
female mice. Thus, this result suggested that the estrogen
receptor signaling pathway had a protective function in
mice infected with SARS-CoV [64]. In this situation, it is of
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benefit to know the pathologic mechanisms by analyzing a
possible hormonal dependency of the activity and expres-
sion of ACE2 and TMPRSS2 in various organs according to
epidemiologic evidence.

6.1. Estrogen and ACE2

Epidemiological and experimental data strongly indicated
that ERs activated by estrogen successfully drove immune
protection against respiratory virus infections, including
both influenza and corona viruses [64]. Stronger immune
responses in females are attributed to the stronger regu-
latory pathway of estrogeneERearomataseeestrogen
playing a significant role in reproductive functions [65].
Estrogen activates ERs in accumulated neutrophils, mac-
rophages and monocytes, increasing the production of
proinflammatory cytokines and chemokines, such as IL-12,
TNFa and CCL2, inducing the production of type I and III
interferon (IFN), which are important for decreasing the
virus titer and are induced by ER activation in lympho-
cytes [66,67]. In addition, proinflammatory cytokines and
chemokines upregulate aromatase expression and induce
the conversion from androgens to estrogens. Thus, we
consider using estrogen treatment to induce the estro-
geneERearomataseeestrogen circuit, promoting the
decrease in virus titer, the restoration of destroyed tissue
and the alleviation of inflammation. Currently, among
available estrogen preparations, only Premarin can induce
beneficial effects in humans without adverse reactions, as
it exhibits similar DNA repair and genome stabilizer
functions as endogenous estrogen [68].

As the ACE2 gene is located on the X chromosome and
estrogen increases the expression of ACE2, ACE2 expression
is higher in females than in males. ACE2 is expressed both in
adult Leydig cells of humans and mice in a testosterone-
independent manner. In these cells, ACE2 has been regar-
ded as a functional gene in steroidogenesis [69]. The
expression of ACE2 increases as LH increases in ovarian
granulosa cells and can be stimulated with human chorionic
gonadotropic (hCG) to improve the ACE2-angiotensin (1e7)-
Mas system [70]. In addition to the expression of ACE2 in
gonadal tissue, some studies have reported that the activity
and expression of ACE2were affected by sex hormones in the
mousemyocardium, renal tissue and adipose tissue [71e74].
Ovariectomy in female mice resulted in a decline in the ac-
tivity of ACE2 in mouse adipose tissue that led to hyperten-
sion. However, 17b-estradiol administration could restore
this phenomenon [72]. In the myocardium, ACE2 expression,
together with cardiac hypertrophy, was significantly
increased in spontaneously hypertensivemale rats compared
to its expression in female rats. Then, after orchiectomy,
significant declines in the expression of ACE2 and cardiac
hypertrophy were observed, with subsequent improvements
in cardiac performance. In female mice, ovariectomy resul-
ted in an upregulation of the expression of ACE2 and cardiac
hypertrophy, and worse activity of the heart pump was
observed [71]. Since ACE2 expression in the myocardium
seems to be regulated by androgens [71], the function of
androgen receptor (AR) gene polymorphisms in the patho-
genesis of hypertension and cardiovascular adverse events in
male patients with COVID-19 cannot be excluded.
Physiologically, ACE2 is part of the renin-angiotensin
system (RAS) and functions as a key regulator of systemic
blood pressure through the cleavage of angiotensin 1 (Ang
1) to generate the inactive Ang 1e9 peptide, and it
directly metabolizes Ang 2 to generate Ang 1e7, limiting
its effects on fibrosis and vasoconstriction. In addition to
being a functional receptor for SARS-CoV-2, ACE2 has been
implicated in lung disease, diabetes and cardiovascular
pathologies [72]. Although ACE2 expression is associated
with susceptibility to SARS-CoV-2 infection, the mecha-
nism between ACE2 and SARS-CoV-2 remains unclear. In
fact, ACE2 was suggested to play a protective role, as its
overexpression attenuates lung inflammation [73]. We
speculate that it also plays the same role in the genito-
urinary system. In a cohort of 12 COVID-19 patients, levels
of circulating Ang 2 were significantly elevated compared
to the levels in healthy controls (linearly associated with
viral load), suggesting a direct link between down-
regulation of tissue ACE2 with systemic RAS imbalance and
facilitating the development of multiorgan damage in
COVID-19 patients [74,75]. Although ACE2 facilitates viral
entry at the epithelial surface, the ACE2/Ang 1e7 axis can
be carefully manipulated to curtail SARS-CoV-2 infection
while affording maximal protective effects against lung
and renal damage in COVID-19 patients, which represents
a potential target for therapeutic intervention [76,77].
Currently, in two phase II clinical trials, administration of
ACE2 was proven to reduce systemic inflammation and
shift the RAS peptide balance away from Ang 2 toward Ang
1e7 [78,79]. In addition, potential therapeutic strategies
may include preventing the binding of SARS-CoV-2 and
blocking the receptor-binding domain (RBD) of the viral S-
protein by human ACE2. In addition to this RBD-blocking
strategy, other possible treatment options may include
localized use of ACE2 antibody, small molecule inhibitors,
ACE2-derived peptides or single chain antibody fragment
against ACE2.

6.2. Androgen and TMPRSS2

As an important accidental discovery in medicine, many of
the insights associated with TMPRSS2 come from cancer
studies. TMPRSS2 is a widely studied androgen-regulated
gene in prostate cancer. TMPRSS2 is mainly expressed on
the luminal side of the prostate epithelium, and compared
to noncancerous tissue, the expression of TMPRSS2 is higher
in prostate tumor tissue [80]. Prostate tumor cell lines
significantly drive the expression of TMPRSS2 in response to
androgens [81], contributing to prostate cancer pathogen-
esis by aberrantly upregulating the expression of onco-
genes. Notably, the TMPRSS2 gene is related to the most
common gene fusion events: The most common somatic
gene rearrangement involving TMPRSS2 with ETS family
members of carcinogenic transcription factors is ERG [80].
While androgen usually does not directly regulate ERG, the
AR regulatory elements of TMPRSS2 are juxtaposed with the
ERG gene via gene fusion. Consequently, the gene ERG is
regulated by AR signaling and is highly expressed in pros-
tate tumors that harbor the TMPRSS2-ERG fusion protein
[81]. Interestingly, TMPRSS2-ERG fusion is less frequent in
prostate cancers in both Asian and black populations than



Review of SARS-CoV-2 in genitourinary system 311
in populations of men of European ancestry. The relevance
of this situation to the current COVID-19 pandemic is not
yet clear.

An open problem is to what extent susceptibility could
inhibit the androgen signaling pathway and potentially
reduce SARS-CoV-2 infection. A subsequent question is to
what degree AR can regulate the expression of TMPRSS2
protein in the lung or other tissues associated with viral
entry. The current results demonstrated that AR is
expressed in the respiratory tract epithelium in humans and
mice, particularly in bronchial epithelial cells and type 2
pneumocytes. The transcript of TMPRSS2 was upregulated
over two-fold by administrating androgen to a lung cancer
cell line, with AR protein androgen-dependent loading onto
the enhancer of TMPRSS2 [81]. However, it is still unknown
whether AR signaling antagonists can eliminate the
expression of TMPRSS2 in a lung adenocarcinoma cell line or
in normal human respiratory epithelium.

If observational studies further confirm that AR signaling
inhibition is a feasible strategy, then some therapeutics,
including darolutamide, apalutamide, enzalutamide or
chemical gonadal ablation, which significantly decrease the
activity of AR signaling, should be repurposed for treat-
ment of COVID-19 patients. Related trials can be rapidly
performed, according to the known safety profile of these
therapies in both males and females, as well as their im-
mediate availability. The protease inhibitors nafamostat,
aerosolized aprotinin and camostat have been proven to
attenuate TMPRSS2 protease activity, in addition to the
theoretical potential for AR-targeted therapies to regulate
the expression of TMPRSS2. Since April 6, 2020, at least one
phase 1e2 camostat clinical trial for COVID-19
(ClinicalTrials.gov, NCT04321096) has been initiated. In
addition, discoveries in cancer studies indicated that
bromhexine acted as an effective and specific protease
inhibitor for TMPRSS2. The prevalence of prostate tumor
metastasis was decreased by systemic administration of
bromhexine without proof of systemic toxicity [82]. It is
notable for clinical trials of TMPRSS2 inhibitors that in
clinical trials of TMPRSS2 inhibitors, the potential physio-
logical mechanisms of TMPRSS2 in normal tissues and cells
are not yet fully known. TMPRSS2 induces proteolytic cas-
cades in the regular prostate and leads to prostate-specific
antigen activation, which is a protease related to ejaculate
production [84]. Thus, the influence on male reproductive
function remains to be debated. Notably, TMPRSS2 seems
unimportant in other organs, as of its effects can be
redundant due to the effects of other proteases. A
compelling finding was recorded in a cancer study con-
ducted with a TMPRSS2 knockout mouse model, where
TMPRSS2 seemed completely dispensable for normal
growth as well as organ function [83].
7. Conclusion

In conclusion, the function of gonadal hormones and po-
tential substitution therapy should be considered in both
sexes in the COVID-19 pandemic. Patients with hypo-
gonadism could temporarily stop taking testosterone (or
LH/hCG) or be given a lower dose. Conversely, estrogen
substitution therapy should be assessed in postmenopausal
or hypogonadal females. Therefore, it is useful to monitor
levels of serum testosterone closely in such patients, and
this work should continue even after the end of the acute
phase of the disease.
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