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A B S T R A C T

COVID-19 is the ongoing health emergency affecting individuals of all ages around the globe. Initially, the
infection was reported to affect pulmonary structures. However, recent studies have delineated the
impacts of COVID-19 on the reproductive system of both men and women. Hence, the present review
aims to shed light on the distribution of SARS-CoV-2 entry factors in various reproductive organs. In
addition, impacts of COVID-19 mediators like disrupted renin angiotensin system, oxidative stress,
cytokine storm, fever, and the mental stress on reproductive physiology have also been discussed. For the
present study, various keywords were used to search literature on PubMed, ScienceDirect, and Google
Scholar databases. Articles were screened for relevancy and were studied in detail for qualitative
synthesis of the review. Through our literature review, we found a multitude of effects of COVID-19
mediators on reproductive systems. Studies reported expression of receptors like ACE-2, TMPRSS2, and
CD147 in the testes, epididymis, prostrate, seminal vesicles, and ovarian follicles. These proteins are
known to serve as major SARS-CoV-2 entry factors. The expression of lysosomal cathepsins (CTSB/CTSL)
and/ neuropilin-1 (NRP-1) are also evident in the testes, epididymis, seminal vesicles, fallopian tube,
cervix, and endometrium. The binding of viral spike protein with ACE-2 was found to alter the renin-
angiotensin cascade, which could invite additional infertility problems. Furthermore, COVID-19
mediated cytokine storm, oxidative stress, and elevated body temperature could be detrimental to
gametogenesis, steroidogenesis, and reproductive cycles in patients. Finally, social isolation, confine-
ment, and job insecurities have fueled mental stress and frustration that might promote glucocorticoid-
mediated subnormal sperm quality in men and higher risk of miscarriage in women. Hence, the influence
of COVID-19 on the alteration of reproductive health and fertility is quite apparent.
© 2021 Society for Biology of Reproduction & the Institute of Animal Reproduction and Food Research of

Polish Academy of Sciences in Olsztyn. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Reproduction is a fundamental process that permits organisms
to pass on their genetic imprint to the individuals of the next
generation. Inability to bear a child is a major setback on the social,
mental, and physical wellbeing of both men and women.
Unfortunately, infertility has become a common health problem
affecting around 8–12 % of the global population. Infertility rates
differ greatly in various regions of the world, while the males could
be responsible for up to 50 % of overall infertility cases [1]. Notably,
numerous biotic and abiotic factors are known to have an adverse
influence on the fertility of humans. Exposure to toxicants,
malnutrition, psychological stress, and viral infections are just
some of the known factors which impact reproductive health
through various mechanisms [2,3].

At present, the world is suffering from a global health
emergency in the form of Coronavirus disease-19 (COVID-19),
caused by the SARS-CoV-2 virus. In December 2019, the epicenter
of the disease was identified as the Hubei Province of Wuhan City,
China, after which, as of August 26, 2021, it has spread to 213
nations and territories, resulting in 4,459,381 deaths worldwide
(https://covid19.who.int/). These infections trigger strong inflam-
matory responses to confer acute pneumonitis, bronchitis,
dyspnea, and respiratory failure in patients [4]. Severe lung injury
characterized by “Ground Glass Opacities” is prevalent in infected
patients.

Beside respiratory troubles, other ailments are also evident in
the majority of COVID-19 cases [5]. The SARS-CoV-2 virus targets
cardiac, gastro-intestinal, hepatic, cutaneous, and renal organs to
elicit organopathy and uses angiotensin converting enzyme 2
(ACE-2), transmembrane serine protease 2 (TMPRSS2), and other
entry factors to colonize host cells. Hence, organs expressing these
entry factors are at greater risk of COVID-19 mediated pathology
and organ dysfunction. Studies have claimed the expression of
these entry factors in gonads and other accessory reproductive
organs [6,7]. Therefore, it is possible that this virus might be able to

invade reproductive organs and disrupt the reproductive health o
infected individuals.

Epidemiological reports demonstrating the impacts of SARS
CoV-2 infection on the reproductive health of patients have bee
depicted in Table 1. A variety of effects have been reported. A recen
study has reported the occurrence of bilateral orchitis in a 37-year
old man who had suffered from COVID-19 [8]; inflammatio
associated with orchiepididymitis has been reported in a pediatri
patient of confirmed COVID-19 infection [9]; and impaired sperm
quality has been reported from patients with moderate infectio
[10]. It is further suggested that enhanced immune response i
testicular cells might adversely impact the process of spermato
genesis [11]. Furthermore, females of child bearing age, whe
infected with COVID-19, exhibited decrease in menstrual volum
and a prolongation of their menstrual cycle.

The aftermath of all these events might be deleterious fo
fertility in future [12]. Incidences of spontaneous miscarriage an
preterm delivery have been reported in the past among coronavi
rus infected pregnant women [13]. Systematic review and meta
analysis studies have indicated the enhanced risk of materna
death during pregnancy in COVID-19 patients [14], and vertica
transmission of the virus particle from infected mother to thei
new born has also been documented [15].

It is also worth noting that the COVID-19 pandemic has delaye
medical procedures of assisted reproductive technology (ART
throughout the world. ART is a set of medical procedures that ar
widely used to treat infertility. A Research highlighted the link o
pandemic to anxiety and depression in 100 Turkish women whos
urgent ART treatment was postponed [16]. Both mental health an
depression are also considered as risk factors for infertility. Highe
depression and anxiety levels are associated with lower fertilit
rates in communities. For example, in one study, COVID 19 infecte
pregnant women had greater levels of IL6 and TNFg than th
normal individuals [17]. Excessive production of IL6 and TNFg hav
also been associated with adverse pregnancy outcomes such a
preterm delivery, preterm/premature rupture of the membrane

Table 1
Reported cases demonstrating impacts of COVID-19 on reproductive health of patients.

No. of cases studied Gender Impacts on reproductive health Reference

01 Male Bilateral orchitis (scrotal erythema, testicular pain) [8]
10 Male Decreased sperm quality [10]
01 Male Orchiepididymitis with lymphocytopenia and elevated C-reactive protein [9]
01 Male Ischemia-related priapism [152]
01 Male Testicular pain [153]
06 Male Interstitial edema, congestion, red blood cell exudation in testes, and epididymides; thinning of

seminiferous tubules; oligozoospermia
[11]

05 Male Numerous degenerated germ cells; altered transcriptome [154]
11 Male Sertoli cells with swelling, vacuolation and cytoplasmic rarefaction; reduced number of Leydig cells [155]
50 Female Decreased menstrual volume; cycle prolongation. [12]

04 Female Hypoxemia-related fetal distress during pregnancy. [156]
05 Female Maternal morbidity and preterm birth [157]
27 Female Placental injury characterized by maternal vascular malperfusion (higher retroplacental

hematomas; accelerated villous maturation; distal villous hyperplasia; atherosis, fibrinoid necrosis,
mural hypertrophy of membrane arterioles; vessel ectasia and persistence of intramural
endovascular trophoblast)

[158]

https://covid19.who.int/
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and pregnancy loss [18]. ACE gene polymorphism is also associated
with infertility problems in women. Lumbers et al. [19] have
discussed the role of dysregulated renin-angiotensin pathway in
the development of preeclampsia, which is a pregnancy associated
complication marked by high blood pressure as well as indications
of liver and kidney damage.

Thus, the present review provides insight on the distribution of
various entry factors/receptors responsible for SARS-CoV-2 inva-
sion in male and female reproductive organs, and further discusses
the effects of COVID-19 mediators such as disturbed renin-
angiotensin system, cytokine storm, oxidative stress, fever, and
mental stress on reproductive health.

2. Search criteria

A systematic review of the literature has been conducted in
accordance with the guideline of Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) [20]. Search terms
specified in supplemental Table 1 were used to retrieve publications
from PubMed, ScienceDirect, and Google Scholar scientific databases.
Literatures published up to the 30th of April 2021, were manually
screened by co-authors for the removal of duplicate entries. Relevant
articles were screened independently by co-authors PR and AG based
on title, abstract, and keywords. Discrepancies were resolved after
joint article review and discussion. Seminar/conference abstracts,
opinions, perspectives, and encyclopedias were excluded. After
preliminary screening, the full texts of relevant articles were assessed
for qualitative synthesis of the review. A schematic presentation of the
screening process has been depicted in Fig. 1.

3. Reproductive organs expressing entry factors for SARS-CoV-2

To facilitate the entry of SARS-CoV-2 into the host cell, the viral
spike glycoprotein attaches to the ACE-2 receptor on the cell
Fig. 1. Schematic representation of workflow de
membrane. The conformational change of the spike protein is then
ensured by the host cell’s proteolytic enzymes mainly TMPRSS2.
Other receptors such as neuropilin-1 (NRP-1), cluster of differen-
tiation 147 (CD147), furin, lysosomal cathepsin L (CTSL), and
cathepsin B (CTSB) also facilitate viral invasion (Fig. 2).

The entry factors are found throughout reproductive tissues.
One such molecule angiotensin converting enzyme 2 (ACE-2), is a
membrane-bound Zinc metalloproteinase with a catalytic sub-
unit that is directed towards the extracellular space in various
body tissues. It converts angiotensin II to angiotensin 1–7. SARS-
CoV-2 spike protein can interact with ACE-2 and trigger the loss of
ACE-2 function by endocytosis. The down-regulation of ACE-2
may then further aggravate the pathological impacts of COVID-19
in various organs. ACE-2 is also expressed in male reproductive
organs and differentiating spermatogenic cells. Sertoli cells,
Leydig cells, and testicular germ cells have all been observed to
express ACE-2 on their cell surface [21,22]. Single cell RNA-seq
analysis has detected the presence of ACE-2 in Sertoli cells and
differentiating spermatogonial cells, mainly in leptotene sper-
matocyte type-1, leptotene spermatocyte type-3, zygotene
spermatocyte, diplotene spermatocyte, and spermatid stage-1
[6].

Other entry factors have also been found to be expressed
throughout male reproductive tissues. CD147 receptors are
expressed in all testicular cells, with maximum expression in
differentiating gametocytes [6]. Endosomal cysteine proteases
such as CTSB and CTSL are abundant in Leydig cells, Sertoli cells,
seminal vesicles, the epididymis, and germ cells and participate in
the priming of S protein [23,24]. Expression of TMPRSS2, an
important serine protease needed for viral entry into the host, is
also evident in primordial germ cells and the acrosomal region of
developing spermatogonia [6,7]. Finally as per the human protein
atlas, neuropilin-1 (NRP-1) is expressed in Leydig cells and seminal
vesicles.
monstrating the literature search strategy.
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Fig. 2. Distribution of SARS-CoV-2 entry factors in male and female reproductive organs.
Abbreviations: SV: Seminal vesicle; PT: Prostate gland; EP: Epididymis; TS: Testis; OV: Ovary; EM: Endometrium; FT: Fallopian tube; UT: Uterus; CR: Cervix; ACE-2:
Angiotensin Converting Enzyme 2; TMPRSS2: Type II Membrane Serine Proteases; CSTB/CSTL: Lysosomal Cathepsin B / Cathepsin L; CD147: Cluster of Differentiation 147;
NRP-1: Neuropilin-1.
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Female reproductive organs such as uterus, vagina, ovary,
placenta etc. also express ACE-2 as well as other entry factor [25].
Syncytiotrophoblast, cytotrophoblast, endothelium, and the vas-
cular smooth muscles of primary and secondary placental villi have
been observed to contain ACE-2. The endometrium also expresses
ACE-2, as well as TMPRSS2/4, CTSL, and CTSB. Presence of ACE-2 is
evident in arterial and venous endothelium, as well as the smooth
muscles of the umbilical cord. The expression of these entry factors
reaches its maximum during the secretory phase of the menstrual
cycle [26]. Expression of ACE-2 is also at its peak during the early
gestational period. During late gestation, ACE-2 transcripts are
synthesized in the labyrinth placenta, amniotic, and yolk sac
epithelium.

As per the human protein atlas, low to medium-level expression
of NRP-1 is evident in the vagina, the fallopian tube, endometrium,
and cervix. Human ovaries also express ACE-2 in their primordial,
primary, secondary, and antral follicles, the stroma, and the
corpora lutea [27]. Notably, ACE-2 expression is upregulated
during the course of follicle development and further increases
after gonadotropin stimulation [28]. Also of note, expression of
CD147 has been detected in granulosa cells (follicles of all stages),
the ovarian surface epithelium, and granulose cells, as well as the
theca lutein of corpora lutea [29]. Finally, one of the key proteases
in granulosa cells of ovarian follicles is the cathepsin L that
mediates follicular rupture during ovulation [30].

4. COVID-19 and mediators of infertility

4.1. COVID-19 and the disruption of the renin angiotensin system

Renin Angiotensin System (RAS) is precisely tuned machinery
that controls fluid homeostasis within the body. Renin, ACE-1, ACE-
2, and ACE-3 are the fundamental components of the RAS. In recent
years, the influence of the RAS on different reproductive
phenomena has been investigated. In males, it has been found
that the RAS regulates tubular contractibility, spermatogenesis,
sperm maturation, capacitation, acrosomal exocytosis, and fertili
zation capacity while, in females, it has been found that the RA
maintains ovarian blood pressure and several autocrine/paracrin
signaling pathways that control fertility [31].

Renin is an aspartyl proteinase that catalyzes the conversion o
angiotensinogen to angiotensin I (ANG-I). ANG-I is then furthe
cleaved into angiotensin II (ANG-II) by ACE-1, after which ANG-II i
hydrolyzed to angiotensin 1–7 (Ang 1–7) by a mono-carboxypep
tidase, (i.e. ACE-2). ANG-II is also produced by catalytic activity o
non-ACE-2 related enzymes like serine-protease Chymase [32
ANG-II is a biologically active octapeptide that works through th
ANG-II type-I receptor (AT1R) to promote vasoconstriction
inflammation, and oxidative stress [33]. Higher ANG-II content
in seminal plasma are evident in sub-fertile subjects. In addition
ANG-II negatively affects sperm count and sperm morphology [34
by promoting vascular hypertension. ANG-II mediated hyperpro
duction of proinflammatory cytokine IL6 in testicular peritubula
cells is implicated in male infertility. Intriguingly, ANG-II als
stimulates metalloproteinase-2 (MMP2)/MMP14 through PI3K
AKT and MAPK signaling cascades that facilitate cellular prolifera
tion and angiogenesis. Furthermore, excessive ANG-II inhibit
adenylate cyclase in Leydig cells to subvert testosterone produc
tion [35].

In females, the ANG-II/AT1R-axis is responsible for endometria
breast, and cervical carcinoma [36,37]. ANG-II promotes ovaria
cancer metastasis by modulating the activity of stearoyl-Co
desaturase-1 and endoplasmic reticulum stress in patients [38
Moreover, women with upregulated ANG-II/AT1R signaling ar
vulnerable to pre-eclampsia during pregnancy [39]. ANG-II als
evokes endometrial fibrosis by boosting cell proliferation an
expression of α-smooth muscle actin (α-SMA), transformin
growth factor beta 1 (TGF-β1), Insulin-like growth factor 1 (IGF
1), type I collagen, and fibronectin [40].

The ANG-II/AT1R-axis is also related to and regulated by th
ACE-2/Ang 1–7 dependent molecular nexus [41]. Ang 1–7 work
through the Mas receptor to regulate reproductive physiology an
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fertility. ACE-2/Ang 1–7/Mas-mediated signaling pathway controls
steroidogenesis, epididymal contractibility, and sperm cell motility
in males. For example, in one study, sub-fertile men with low ACE-
2, Ang 1–7, and Mas levels had impaired spermatogenesis.
Meanwhile, in females, ovarian steroidogenesis, follicular devel-
opment, oocyte maturation, ovulation, and atresia are regulated by
ACE-2 mediated signaling cascades [42]. Furthermore, the ACE-2/
Ang 1–7/Mas axis also promotes the meiotic resumption of
oocytes, which is precisely controlled by luteinizing hormone [43].

Unfortunately, coronavirus infection can down-regulate ACE-2
receptors, leading to reduced conversion of ANG-II to Ang 1–7 and
excessive accumulation of ANG-II (Box 1). The Coronavirus
modulates ACE-2 expression via the endocytosis of the receptor-
ligand complex or the activation of the TNF-α converting enzyme
(TACE)-mediated shedding of the receptor ectodomain [44]. This
paradoxically benefits virions with respect to their replication and
packaging inside the host cell [45]. Hence, coronavirus mediated
disruption of the ACE-2/Ang 1–7/Mas-axis could impair the normal
reproductive physiology and fertility of both men and women.

4.2. Cytokine storms and reproductive dysfunction

The severity of COVID-19 in patients is associated with
exaggerated immune responses like “cytokine storm” and intense
inflammation. Following COVID-19 infection, the defense machin-
ery of the body becomes active and immune cells infiltrate the
lungs, leading to the hyperactivation of macrophages and
monocytes. This is then followed by the excessive production of
proinflammatory cytokines, namely interleukin-6 (IL6), interleu-
kin-1β (IL1β), tumor necrosis factor α (TNFα), and chemokines like
monocyte chemoattractant protein-1 (MCP-1/CCL2). Although
these cytokine storms are an effort of the immune system to
protect the host from the infection, the excessive release of
proinflammatory cytokines could injure multiple organs through-
out the body. Typically, cytokines are essential for maintenance of
structural and functional integrity of gonads, nevertheless, upon
profound immune stimulation, proinflammatory cytokines can
modulate the cellular microenvironment in a way that impairs
reproductive physiology (Box 2).

Pathogen associated molecular patterns (PAMPs) activate
pathogen recognition receptors on macrophages, mast cells,
Sertoli cells, and developing spermatozoa to generate a plethora
of cytokines that might be associated with reduced sperm count
and impaired sperm motility [46,47]. Dyspermia such as oligo-
zoospermia, asthenozoospermia, and teratozoospermia have been
diagnosed in cases concerning higher levels of proinflammatory
cytokines namely IL1β, IL2, IL6, IL8, IL10, IL18, and TNFα in infertile
Box 1. ANG-II/AT1R axis.

ANG-II performs most of its physiological functions through angiot

Gβg complexes. The binding of ANG-II with AT1R activates dow

phospholipase-A2 (PLA2), and phospholipase-D (PLD). PLC gener

within the subcellular moiety. IP3 triggers Ca2+-efflux from end

activates protein kinase C (PKC) involved in ERK pathway. PLD hy

converted into DAG for sustained availability of PKC. PLA2 generate

II also promotes the synthesis of leukotrienes responsible for 

pleiotrophic effect of ANG-II is mediated by NAD(P)H oxidase (NO

blocks the expression of E-cadherin and fuels cancer cell metas

dependent Pyk2 involved in EGFR phosphorylation and Shc/Grb2 c

cascade for the transcriptional activation of several genes involve

damage. ACE-2 down-regulates the aforementioned signaling pat

AT1R-axis. Moreover, ACE-2/Ang(1–7)/Mas-axis inhibits Stim1/Or

PAK1/NF-kB/Snail signaling implicated in breast cancer metastasi
men compared to fertile subjects [48,49]. There are many ways by
which proinflammatory cytokines impact infertility. IL6, through
transcription factor Zfp637, interferes with sperm cell differentia-
tion to impede spermatogenesis [50]. Reproductive complications
driven by testicular inflammation can develop, such as epididymi-
tis, which affects almost 400 per 10,000 males per year [51].
Inflammatory signals can thereafter recruit mast cells and lead to
mast cell proliferation, and cause extravasation into the testicular
environment. Higher numbers of mast cells, Th17 cells, and their
products like IL17a further contribute to infertility [52,53].

Further effects of cytokines on male reproductive systems have
also been documented. In one survey including 400 males,
prostatitis-like symptoms were positively associated with serum
IL8 concentration [54]. In other studies, TNFα was shown to trigger
the activation of NF-kB and DAX-1 to inhibit transactivation of
orphan nuclear receptors involved in steroidogenesis [55,56]. Toll-
like receptors (TLRs) are activated by SARS-CoV-2 proteins.
Activated TLR2 can lower testosterone synthesis in Leydig cells.
IL17/IL18 have also displayed a negative correlation with sperma-
tozoa concentration and motility in infertile subjects [57,58].
Moreover, cytokine induced recruitment of mast cells and
macrophages may result in testicular fibrosis, reduced spermato-
gonial cells, and concomitant thickening of lamina propria [59].
Another concern is the blood-testis barrier, a dynamic structure
where proinflammatory cytokines can deregulate Cldn11 in Sertoli
cells to damage gap junctions [60]. Finally, elevated contents of IL6
and TNFR2 have also been associated with seminomas [61].

The female reproductive system is also sensitive to proin-
flammatory cytokines within the body. Normal titers of TNFα, IL1β,
and IL6 are central to the ovarian cycle and follicular development
[62]. Elevated levels of TH1 cytokines, viz. TNFα, IFNg, and IL10 are
associated with infertility and recurrent spontaneous abortion
[63,64]. Dysregulation of cytokine titers fuels thrombotic/inflam-
matory reactions at uteroplacental blood vessels, leading to fetal
resorption [65]. TGFβ, a proinflammatory mediator up-regulating
MMP-2 and MMP-9 [66], has been implicated in endometrial
extracellular matrix turnover during implantation. Any alteration
in this turnover can promote idiopathic recurrent spontaneous
miscarriage (IRSM) [67]. In one study, higher concentrations of
proinflammatory cytokines such as IL1β, TNFα, and IFNg were
linked to IRSM [68].

Further examples of cytokines’ effects on female reproductive
health also exist. Increased levels of IL2 have been detected in
women with recurrent spontaneous abortion within 24 h,
compared to women who have no abortion history [69].
Intrauterine growth restriction has been detected with elevated
levels of IL10 in amniotic fluid of women at mid-trimester [70].
ensin type-I receptors (AT1Rs) coupled with intracellular-Gαq/11-
nstream signaling molecules namely phospholipase-C (PLC),

ates inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG)

oplasmic reticulum to promote vasoconstriction while DAG

drolyzes phosphatidylcholine to phosphatidic acid (PA). PA is

s arachidonic acid (AA) that catalyzes NAD(P)H oxidation. ANG-

prolonged vasoconstriction and inflammatory diseases. The

X) induced ROS production and up-regulation of NF-kB. NF-kB

tasis. ANG-II/AT1Rs interaction activates c-Src and Calcium-

omplex formation. This scaffold promotes Ras-MEK1/2- ERK1/2

d in tissue remodeling, hypertrophy, inflammation, and organ

hways and reverses the pathophysiology imposed by ANG-II/

ai1-mediated SOCE (store-operated calcium entry) to repress

s.
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Box 2. SARS-CoV-2 mediated Cytokine storm.

Infection with SARS-CoV-2 causes a cytokine storm that can lead to organ damage. The S1 subunit of the viral spike protein

interacts with TLR7/8 to recruit downstream adaptors (MyD88, IRAK 4/1, and TRAF6). TRAF6 with dimeric ubiquitin conjugating

enzyme complex (Ubc13-Uev1A) activates TAK1/TAB1/2 and IKKα/IKKβ. IKKα/IKKβ phosphorylates Ikβ to promote the nuclear

translocation of NF-kβ involved in the transcription of various proinflammatory cytokines responsible for the cytokine storm.

Endosomal dsRNAs through TLR3/4 are also implicated in the direct activation of NF-kβ through the recruitment of adaptor proteins

namely TRIF, TRAF6, and RIP1. PAMPs and damage associated molecular patterns (DAMPs) also interact with NLRP3 to assemble

procaspases-1 and ASC (apoptosis-associated speck-like protein containing CARD) into a multimeric component i.e.

inflammasome. Activated caspase-1 cleaves proIL1β and proIL18 to generate the active version of proinflammatory cytokines.

In addition, caspase-1 cleaves Gasdermin-D at Asp276 to separate N- and C-terminus domains. Active N-termini create pores in

lipid bilayer to elicit pyroptosis and subsequent organ damage. Intense inflammation invites epididymal and testicular

immunopathologies in men whereas impairs ovulation and endometrial receptivity in females.
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Aberrant expression of IL10 in decidual T-lymphocytes is evident in
women with recurrent miscarriage [71]. Dysregulation of inflam-
matory mediators are known to promote endometriosis-associat-
ed reproductive failure [72]. Cyclooxygenase 2 (COX2) production
is enhanced by cytokines, and inhibitors of COX2 are implicated in
treatment of dysmenorrhoea and heavy menstrual blood loss [73].
This indicates the possible contribution of COX2 to female
infertility. Moreover, COX2 has links with endometrial carcinomas
[74]. Finally, synthesis of Prostaglandin E2 (PGE2) is triggered by
proinflammatory cytokines [75]. Dysregulated PGE2 is responsible
for menorrhagic endometrium and excessive menstrual bleeding
in women [76,77].

Therefore, the above suggested that cytokine storms caused by
COVID-19 could be detrimental to the reproductive organs and
reproductive physiology of both men and women.

4.3. Oxidative stress and disturbed reproductive health

Oxidative stress (OS) is a physiological condition in which the
redox equilibrium is disrupted as a result of excessive reactive
oxygen species (ROS) production at the subcellular level. SARS-
CoV-2 mediated disruption of the RAS can lead to accumulation of
ANG-II in blood plasma, and then promote ROS production via the
NADPH oxidase (NOX)-protein kinase C (PKC) dependent pathway
(Box 3) [78]. Hypoxia is a common symptom of COVID-19 and it
acts as a stimulant for ROS generation [79]. Meta-analysis of 1210
COVID-19 cases has revealed reduced hemoglobin levels (5.9 g/L-
7.1 g/L) [80] which might be related to anemic hypoxia and cellular
ROS production in patients.

The nuclear factor erythroid 2–related factor 2 (Nrf2) is a
transcription factor that maintains redox balance in a living
system. Respiratory viruses can abrogate the Nrf pathway to
impose OS [81]. Moreover, proinflammatory cytokines can
increase ROS production [82], putting redox-equilibrium in
Box 3. NOX and Nrf cascades linked to Oxidative Stress.

The interaction between ANG-II and AT1R triggers PKC and Src k

involved in ROS production. NOX is a multimeric protein com

cytosolic subunits (p47-phox, p67-phox, p40-phox), and one G-

homologs (DUOX1 and DUOX2) are detected in NOX-1, 3, 4, and

p67-phox/p40-phox complex. A trimeric complex is thus formed

phox. Src kinase activates Rac which independently move to the m

molecular Oxygen into ROS. Nrf2 is a transcription factor, pla

regulated by Keap1 (Kelch-like ECH-associated protein-1) via cul

PI3K/Akt, GSK-3β, JNK) phosphorylate Nrf2 and block its degrada

forms a heterodimer with Maf (masculoaponeurotic-fibrosarcom

AREs are implicated in the synthesis of endogenous antioxidan

signaling and therefore promote ROS production and subseque
jeopardy. Excessive production of ROS and disturbed antioxidan
defense machinery have been found to be evident durin
coronavirus infection [83]. Some researchers have argued tha
coronavirus induced lung injury is triggered by OS and NF-k
signaling in patients [84].

Excessive ROS and subsequent OS in male gonads can impai
genesis, motility, and fertilization capacity of mature sperms
Surprisingly, a Canadian research group has discovered substantia
ROS generation in 40 % of the semen collected from infertile me
[85]. Related to this, the cell membranes of spermatozoa are rich i
polyunsaturated fatty acids (PUFAs) that are extremely vulnerabl
to ROS-induced lipid peroxidation (LPO). LPO promotes th
disruption of membrane fluidity and the rapid loss of ATP from
spermatozoa, leading to axonal damage, midpiece defects, an
reduced sperm motility and viability [86]. Excessive ROS is als
positively correlated with varicocele in men [87], which is 

leading cause of male infertility.
Other effects of ROS and OS on male gonads have also bee

observed. For example genetic materials of spermatozoa are highl
vulnerable to ROS-induced base modification and degradatio
[88]. Single or double stranded DNA breaks in gametes can lowe
the reproductive potential of fertile men. Moreover, infertile me
with greater ROS levels tend to have more apoptotic spermatozo
than control individuals [89]. Massive ROS also impairs sperm
motility, morphology, and ability to penetrate oocytes [90], an
Sertoli cells injured by ROS lead to decreased sperm count an
motility [91]. Additionally, Steroidogenesis is sensitive to redo
dyshomeostasis and increases in the activities of COX2 and MAP
[92], and chemicals inducing ROS production impede testosteron
synthesis in Leydig cells [93,94]. Finally, OS promotes long-term
changes in epididymis and maturing spermatozoa resulting i
declined sperm quality [95].

Optimum levels of ROS are implicated in the proper mainte
nance of female reproductive health. However, recent studies hav
inase mediated signaling pathways. PKC activates NOX, which is

posed of two membrane subunits (gp91-phox, p22-phox), three

protein Rac. Glycoprotein (gp)91-phox is NOX-2 specific and its

 5. PKC phosphorylates p47-phox to facilitate its binding with the

 that translocates to the cell membrane and interacts with p22-

embrane and forms the active NOX complex. NOX then oxidizes

ying crucial role in redox-homeostasis. The activity of Nrf2 is

lin-3 dependent proteosomal degradation. Several kinases (PKC,

tion. Phosphorylated Nrf2 then translocates into the nucleus and

a) to bind antioxidant response elements (AREs) on nuclear DNA.

ts that alleviate OS. Respiratory viral infections can inhibit Nrf2

nt OS in host.
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proposed that excessive ROS production might be detrimental to
reproductive events in females. Erroneous redox balance can
promote endometriosis, coupled with an inflammatory response
in the peritoneal cavity [96]. OS also appears to play a crucial role in
the malignant transformation and progression of ovarian cancer
[97]. Moreover, OS is involved in the aetiology of errant embryo
implantation and development [98]. Burgeoning evidences also
advocate the role of OS in pathogenesis of polycystic ovary
syndrome (PCOS), indicating the potential contribution of ROS to
infertility [99]. Furthermore, in women with PCOS, an OS-induced
proinflammatory state might result in ovulatory failure and
hyperandrogenism [100].

Taking all of the above into consideration, disturbed redox
states in men and women could be detrimental to their
reproductive physiology and fertility.

4.4. Elevated body temperature and altered reproductive physiology

The majority of COVID-19 cases report moderate to severe fever,
characterized by an oral temperature of 100.4 � F and above [101].
Higher body temperatures during COVID-19 infection might be a
significant harbinger of poor outcomes [102]. Body temperature in
a healthy person ranges from 97.7 to 99.5 � F [103] and is crucial to
maintain the normal physiology of the body. Disruption of thermal
homeostasis impairs the proper activity of organs, including those
involved in reproductive biology.

The epithelia of the scrotal testes are highly sensitive to changes
in temperature of even a few degrees [104]. Slight changes in
testicular temperature can cause incidences of morphological
abnormality in developing spermatozoa and spermatids. Addi-
tional body temperature increases also curtail the sperm-storage
capacity of the cauda epididymidis [104]. Furthermore, high fevers
(>39 �C) for 3 or more days have been associated with declined
sperm concentration and semen quality in patients [105]. Fever of
up to 41.2 �C for 10 days was sufficient enough to impair
spermatogenesis in typhoid patients, leading to an azoospermic
state [106]. Similar impacts on sperm count, coupled with an
increase in small-head sperm, were reported as a response of an
acute fever of 38�-39 �C during a throat infection [107]. Sub-normal
sperm count, sperm motility, and sperm DNA integrity have been
documented in semen samples collected from fertile volunteers
presenting a 2-day fever of 39–40 �C [108]. Excess temperature
could also invite germ cell apoptosis [109], and Leydig cells are
vulnerable to morphological deterioration following exposure to
high temperature [110]. Finally, hypothermic states promote the
death of Sertoli cells, which might hamper sperm quality and
fertility [111].

Slight changes in core body temperature (0.3 �C to 0.7 �C) are
obvious during the ovulatory menstrual cycle. Body temperature is
increased in the post-ovulatory luteal phase when progesterone is
high, compared to the preovulatory follicular phase but further
hike in core temperature can modulate reproductive events. For
example, mouse oocytes incubated at 38.5–39 �C temperature
showed decrease in rate of blastocyst formation and had low
potential for implantation [112]. In vitro studies on swine ovarian
follicles have revealed that high temperatures can reduce ovarian
follicle responsiveness to hormonal stimulators and ovarian
hormone production [113]. Another in vitro study found that
when the follicular wall is exposed to high temperature, follicular
steroidogenesis, androstenedione, and estradiol levels are reduced
[114]. In mammals, high temperature triggers irregularities in cycle
length, ovulation rate, morphological abnormalities in ova, and
reduction in the size of the fetus [115]. Temperatures above
optimum levels also impede secretion of reproductive hormones
such as luteinizing hormone (LH), follicle stimulating hormone
(FSH), and progesterone in bovine species [116]. Heat stress also
has the potential to reduce levels of gonadotropin receptors,
aromatase activity of granulosa cells, and follicular fluid concen-
trations of estradiol in rat follicles [117]. Moreover, high temper-
atures can threaten development of embryos in mice [118].

Hence, the above discussions suggests that elevated body
temperatures during COVID-19 infection might play a role in the
reproductive pathology of patients.

4.5. Mental stress and reproductive impairment

People in the modern world where they are able to travel
rapidly and communicate with each other have been forced to live
in confinement, with social isolation, and restrictions. Job
insecurity and financial problems, or bereavement due to loss of
near ones and global lock-down, has caused severe emotional
upheaval in large number of people across the planet. The
unprecedented situation caused by the COVID-19 outbreak has
fueled depression, anxiety, hysteria, mood swings, irritability,
insomnia, anger, and emotional exhaustion [119,120]. These
psychological symptoms are symptoms of severe mental stress
that could be detrimental to the reproductive health of humans.

Mental stress activates several components of hypothalamus-
pituitary-adrenal (HPA) axis to stimulate the production of stress
hormones like corticotropin-releasing hormone (CRH), adrenocor-
ticotropic hormone (ACTH), and glucocorticoids (GCs) [121].
Glucocorticoids have a direct inhibitory influence on gonadotropin
releasing hormone (GnRH) secreted from the arcuate nucleus of
the hypothalamus. GnRH stimulates gonadotrophs of the anterior
pituitary gland to release FSH and LH, which are involved in the
maintenance of testicular function. Thus, inhibition of GnRH
function can impede optimum testicular physiology. GCs induced
by mental stress further interact with GC receptors in Leydig cells
to suppress enzymes implicated in testosterone biosynthesis [122].

Psychological stress also seems to have further effects on male
reproductive health outcomes. For example, a stressed environ-
ment fuels cortisol-mediated apoptosis in germ cells and Leydig
cells. Low testosterone levels are also responsible for defective
blood-testis barriers and subsequent germ cell loss [123,124].
Furthermore, in one study, men experiencing stress at work and a
recent bereavement have displayed reduced semen quantity,
sperm count, and sperm motility [125]. In another study, fertile
men reporting more than two recent stressful events had low
sperm concentration and motility [126]. Semen samples collected
from healthy medical students just before final examination (well
regarded as a stressful period) have shown reduced sperm
concentration and motility compared to stress-free subjects
[127]. Emotional stress in patients due to enrollment in an in
vitro fertilization (IVF) program has also been found to negatively
affect semen quality parameters. Finally, chronic or acute
psychological stress has implications on erectile and ejaculatory
dysfunction [128].

In females, psychological stress induces a clinical condition
called hypothalamic amenorrhea, characterized by disrupted
menstruation [129]. Intriguingly, excess stress perception can be
a risk factor for intense premenstrual pain, ovarian troubles,
preterm delivery as well as early onset of perimenopause
[130,131]. Stress induced GCs also impede the secretion of major
reproductive hormones such as LH, ovarian estrogen, and
progesterone harming uterus and fetus. Elevated levels of the
stress hormone cortisol, during pregnancy, has also been
associated with spontaneous abortion [132]. In women with
Cushing syndrome (hypercortisolism), chances for miscarriage or
preterm delivery are also high [133]. Finally, an inadequate level of
progesterone during pregnancy is positively associated with fetal
loss [134], and mental stress might be an etiological factor for
unsuccessful IVF and live births [135].
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5. The role of COVID-19 mediators on IVF and other ARTs

ARTs including IVF and intracytoplasmic sperm injection (ICSI)
are currently being used to treat infertility. However, in the case of
semen samples with high DNA damage, ARTs may not be so
effective. Sometimes, compromised spermatozoa lead to high rates
Fig. 3. COVID-19 fuels several mediators of infertility.
ANG-II/AT1R axis. The sequential proteolytic cleavage of Angiotensinogen produces An
2 regulates the amount of ANG-II in the body by converting it into Ang 1–7. Ang 1–7 the
2 spike protein with the ACE-2 receptor causes ectodomain shedding and ACE-2 down
the ANG-II/AT1R axis. The ANG-II/AT1R axis promotes ERK1/2 and NF-kB signaling i
NOX/Nrf signaling and OS. Ang 1–7 triggers the activation of PKC and Src, which he
catalyzes the transcriptional activation of endogenous antioxidants to combat OS
dyshomeostasis, which has been linked to reproductive problems.
COVID-19 and cytokine storm. Spike protein/dsRNA of the virus interacts with TL
cytokines. Moreover, pathogen associated molecular patterns (PAMP) and damage ass
that are involved in the activation of proinflammatory cytokines.
Fever and mental stress are obvious outcomes of COVID-19. All of these mediators 
of miscarriage after ICSI [136]. Infertile men also fail to initiat
pregnancy after ARTs, which might be due to defective spermato
zoa. Defects in spermatozoa might also be caused by seminal O
[137]. Similarly, OS is responsible for the poor oocyte quality tha
reduces the rate of success in IVF [138]. Additionally, cytokin
storm and inflammation can fuel several gynecological problem
giotensin-II (ANG-II), which acts as ligand for Angiotensin type-1 receptor (AT1R). ACE-
n counter-regulates ANG-II signaling using Mas-receptor. The binding of the SARS-CoV-
-regulation. This results in massive accumulation of ANG-II and profound activation of
nvolved in vasoconstriction, fibrosis, hypertrophy, and oxidative stress (OS).
lp in the assembly of NADPH Oxidase (NOX) involved in ROS production and OS. Nrf
. SARS-CoV-2 reduces Ang 1–7 levels and blocks Nrf activation to promote redox

Rs to recruit downstream adaptors for the massive production of proinflammatory
ociated molecular patterns (DAMP) can directly elicit the assembly of inflammasomes

have the potential to damage the reproductive health of men and women.
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particularly in women of reproductive age. Inflammation can affect
ovulation and hormone production, and might also be associated
with endometriosis, as inflammation alters receptivity of endo-
metrium. Furthermore, it also plays a major role in tissue repair
and remodeling.

A variety of relationships between external factors such as
cytokines and ARTs have been observed. In one study, Harrity et al.
[139] assessed intracellular cytokine ratios in patients with a
history of implantation failure and/or pregnancy loss. They opined
that higher intracellular cytokine levels might be responsible for
ART implantation failure and miscarriage in the studied patients. In
another study, elevated TNF-α/IL10 cytokine ratios were correlated
with an increased risk of IVF failure [140]. Inagaki et al. also [141]
analyzed intrauterine cytokine concentrations in women having
recurrent failed embryo transfer. They observed that, in women
with recurrent spontaneous abortion (n = 13), IL1β concentration
was significantly higher in comparison to the control group,
whereas concentrations of IFNg and IL10 were significantly lower.
Hence, cytokine concentrations might play a critical role in IVF
patients with recurrent implantation failure.

Exposure to partner's seminal plasma with high levels of IL18
during the IVF/ICSI cycle also increases the risk of pregnancy failure
in women [142]. Interestingly, stress-related over-expression of
immune (IL18; IL1β) and hormonal factors in seminal plasma link
male stress with embryo implantation failure [143]. Studies also
indicate that stress-induced norepinephrine production could
directly impact embryo development in the oviduct via adrenergic
receptors, and further suggests that maternal stress can influence
the embryo even in very early pregnancy [144]. Furthermore, it has
been shown that pregnancies where elevated maternal cortisol (a
commonly used stress marker) levels are recorded during the first
three weeks following conception display a higher probability of
spontaneous abortion. This could negatively affect IVF and other
ARTs [145].

According to An et al. [146], anxiety is also negatively associated
with live birth rates, and positively associated with serum
norepinephrine and cortisol values in IVF patients. Zhou et al.
[147] examined the amount of the enzyme alpha-amylase secreted
in saliva (SAA) and correlated it with pregnancy outcomes in
infertile couples undergoing in vitro fertilization and embryo
transplantation (IVF-ET). High SAA levels in female or male
partners individually, or in both, resulted in an increased risk of
pregnancy failure compared to individuals with low SAA levels.
The SAA levels were also found to be directly correlated with the
level of follicle-stimulating hormone, and inversely proportional to
the anti-Müllerian hormone level and endometrial thickness.
Additionally, parameters portraying semen quality of male
partners, such as density, survival rate, sperm rapid progressive
motility and progressive motility were significantly lower in
individuals with high SAA when compared with low SAA group.
Thus high SAA level can be considered as an objective indicator of
high stress that increases the risk of pregnancy failure in infertile
couples undergoing IVF-ET.

Fever has also been reported to have negative effects on
follicular development and ovarian estradiol production in some
women undergoing controlled ovarian stimulation. Awwad et al.
[148] demonstrated that fever-exposed IVF/ICSI cycles were
associated with a significantly lower number of pre-ovulatory
follicles, higher number of medium-size follicles, and reduced
serum estradiol per follicle. These women, as a result need
significantly longer durations of ovarian stimulation. Additionally,
acute febrile fever can also harm sperm count, sperm motility, and
sperm DNA integrity in men undergoing ART [149].

Finally, SARS-CoV-2 infection blocks ACE-2 receptors and
increases the level of ANG-II. High levels of follicular ANG-II are
associated with the development of severe ovarian
hyperstimulation syndrome in patients undergoing IVF procedure
[150]. In males, excessive ANG-II inhibits adenylate cyclase in
Leydig cells to reduce testosterone production [35]. Notably, the
RAS is also responsible for the maintenance of seminal plasma
electrolytes, regulation of steroidogenesis, spermatogenesis and
sperm functions [151]; however, disruption of RAS can alter these
processes and affect IVF/ICSC cycles.

Thus, mediators of COVID-19 have significant potential to alter
the outcome of IVF and other ARTs.

6. Concluding remarks

The COVID-19 pandemic is an ongoing biological disaster
affecting the human population through multiple avenues.
Reproductive organs are sensitive to pathogenic insult, and hence
might be targeted by SARS-CoV-2 infection. SARS-CoV-2-induced
ACE-2 shedding, cytokine storm, oxidative stress, and elevated
body temperature are all potential threats to reproductive health
and physiology (Fig. 3). Social isolation, confinement, and job
insecurities due to the COVID-19 outbreak have also invited mild to
severe mental stress to swamp the general population, which
could peril the fertility and reproductive success of infected
individuals. Due to the presence of entry factors for SARS-CoV-2 in
various reproductive tissues, virions can invade reproductive
organs and might disrupt the fertility efficiency of couples
planning to conceive in the near future. Orchitis, low sperm
quality, oligozoospermia, and priapism are even evident in some
COVID-19 cases and miscarriage, preterm delivery, and prolonged
cycle have been reported in some infected women. However, these
outcomes might also be triggered by certain drugs and antibiotics
used during the treatment of patients, or some of these conditions
could be preexisting.

Finally, it is important to note that the majority of investigations
conducted so far in this field are case studies and therefore warrant
further studies in more representative samples for the proper
validation of results. The avoidance of infection is the best choice
that can be taken to reduce COVID-19-mediated reproductive
pathology. People should follow the proper guidelines issued by
WHO and local governments to minimize the risk of COVID-19
infection and the subsequent impact of infection on the
reproductive health of both men and women.
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American healthcare system operates and afford to all patients the
right to heal from autoimmune and chronic conditions.
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