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ARTICLE INFO ABSTRACT

Keywords: As well as causing respiratory lesions, the multi-organ complications caused by severe acute respiratory syn-

SARS-CoV-2 drome coronavirus 2 (SARS-CoV-2) are also well known. Combined with the epidemiological characteristics of

Mitochondria SARS-CoV-2 with high transmission rate and low lethality, the impact of complications caused by its infection on

g‘:ﬁ;}zz infected individuals seems to be of greater concern. There has been evidence that viral infection is complicated

ACE2 by female reproductive impairment, but the mechanism by which SARS-CoV-2 impairs female fertility is unclear.
In addition, RNA-GPS technology has revealed that the SARS-CoV-2 genome resides in mitochondria of the host
cells and affects mitochondrial function. Considering the close relationship between mitochondria and female
fertility, this paper takes mitochondrial hijacking as an entry point to elucidate the possible mechanisms by
which SARS-CoV-2 affects female fertility through the mitochondrial hijacking pathway, which will be important
for timely preventive measures and identification of therapeutic targets for infected women with reproductive
needs, especially those with asymptomatic infection.

Introduction The hypothesis

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2, a
global epidemic, has become a major public health emergency of global
concern. As of December 29, 2021, there were more than 281 million
confirmed cases and 5 million deaths worldwide [1]. Similar to other
coronaviruses, SARS-CoV-2 is highly contagious, but by contrast, novel
coronavirus is much less lethal [2]. So, the complications and sequelae
caused by SARS-CoV-2 infection seem to have a more profound impact
on people. Recent studies have found that at the organ level, SARS-CoV-
2 appears to attack the endometrium more easily in women in the
menstrual period or in older women [3]. As we all know, for women
with reproductive dysfunction, the older they are, the longer the treat-
ment time is, and the less likely they are to be successful. Nowadays
fertility decline is a global issue, especially in countries with negative
population growth, which will affect the development of the nation.
Therefore, it is important to study how SARS-CoV-2 affects female
fertility and this means that we will have a better chance of saving the
fertility of infected women who have reproductive needs.

Previous evidence has shown that SARS-CoV-2 infection affects fe-
male pregnancy outcomes, SARS-CoV-2 resides and destroys mito-
chondria, and the function of mitochondria affects female fertility.
Based on these, we assume that after SARS-CoV-2 infection in female,
SARS-CoV-2 can damage cell mitochondria directly or indirectly,
thereby further impact on female reproductive function and pregnancy
outcome (Fig. 1).

Effect of SARA-CoV-2 on female fertility

Although there are few related reports, the occurrence of SARS-CoV-
2 detected in placenta tissue and vaginal secretions, as well as adverse
pregnancy events such as premature birth and low birth weight, still
suggest that SARS-CoV-2 infection will affect female fertility [4-6]. This
may be because the expression of receptor angiotensin converting
enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2)
which are necessary for SARS-CoV-2 infection is abundant in female
ovarian tissues and endometrium, which makes the female reproductive
system become the target of virus attack [4,7]. In addition, the
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expression of 17 p-estradiol can increase the expression of SARS-CoV-2
receptor ACE2 [8]. And the increased estradiol (E2) during pregnancy
and ovulation means that women may be more susceptible to SARS-CoV-
2 attack during pregnancy and menstrual secretion, which is consistent
with Abhari’s findings [3].

In addition to the direct adverse pregnancy outcome caused by
infection and damage of female reproductive system, SARS-CoV-2 will
indirectly influence female reproductive outcome due to the radical
changes of obstetrics and gynecology management under emergency
caused by the COVID-19 pandemic. Although the test of SARS-CoV-2 in
pregnant women near childbirth can help them to start clinical
improvement as soon as possible and reduce the occurrence of adverse
pregnancy outcomes [9], some pregnant women or women with
reproductive needs are afraid of being infected with SARS-CoV-2 and
unwilling to go to hospital to seek medical treatment, which will also
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affect the detection rate of virus infection. In addition, due to the priority
and inclination changes of medical resources during the COVID-19
pandemic, the screening of gynecological diseases was severely
reduced or suspended, which makes the missed diagnosis rate of cervical
cancer and other diseases increased significantly [10]. Patients with
early pathological changes failed to be treated timely and thereby the
condition aggravated. These changes in the management of obstetrics
and gynecology have increased the missed diagnosis and the delay of
patients’ condition, which may endanger female fertility or even lives to
varying degrees.
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Fig. 1. Diagram of the hypothesis. (A) SARS-CoV-2 infects the female reproductive system through the combination of its S protein and ACE2. (B) SARS-CoV-2
locates and hijacks mitochondria after entering cells. (C) Mitochondrial dysfunction with bursting or fission decreased. (D) Oocyte maturation disorder and

decreased synthesis of female reproductive hormone.
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SARA-CoV-2 hijacked the host mitochondria
SARS-CoV-2 infects host cells

SARS-CoV-2 is a positive single-stranded RNA coronavirus with en-
velope [11]. The virus relies on the spike (S) protein on its envelope
surface to mediate recognition and fusion between the virus and the host
cell, thus causing infection [12]. The S protein of SARS-CoV-2 can be
cleaved into S1 and S2 subunits by the action of host proteases, which
are responsible for receptor binding and membrane fusion, respectively
[13,14].

In fact, the S protein alone is not sufficient to cause infection, as
SARS-CoV-2 infection of cells also requires the presence of host cell-
expressed ACE2 and TMPRSS2 [15]. It has been recently reported that
during SARS-CoV-2 infection, ACE2 can act as an entry point for viral
infection and bind to the receptor binding domain (RBD) of the S1
subunit of the S protein to co-localize on the host cell surface, allowing
SARS-CoV-2 to attach to the host cell surface [15-17]. TMPRSS2 is the
promoter of virus entry into host cells, which cleaves at S1/S2 and S2’
sites of S protein and activates the S2 subunit, which in turn drives the
fusion of SARS-CoV-2 with the host cell membrane, thus mediating the
entry of SARS-CoV-2 into the cell [15,18]. The infection process can be
briefly summarized as follows: SARS-CoV-2 relies on its S protein and
uses ACE2 on the host cell surface as an entry point, activates the S
protein via TMPRSS2, and finally enters the cell. This result provides a
direction to explore new targets of SARS-CoV-2 infection, which is
important for the prevention of viral infection.

SARS-CoV-2 resides in mitochondria

Mitochondria are not only important metabolic centers in cells, but
also play a vital role in anti-viral defense responses. Recent studies found
that cells infected with SARS-CoV-2 showed a significant increase in
average mitochondrial size and impaired respiratory function [19,20].
In view of this, studying the relationship between SARS-CoV-2 and
mitochondria will provide us with important information to study the
mechanism of SARS-CoV-2 controlling hosts. Recent studies have shown
that SARS-CoV-2 entering host cells targets mitochondria and exhibits a
strong mitochondrial-resident signal [21,22]. Wu et al. [21] using RNA-
GPS technology to predict the subcellular residency of the SARS-CoV-2
genome, found that SARS-CoV-2 exhibited a strong mitochondrial ma-
trix residency signal, which appeared to be driven by the 5' leading
sequence and 3’ non-coding region of the SARS-CoV-2 genome driven.
This general tendency of the SARS-CoV-2 genome to reside in mito-
chondria led us to note that the virus may cause host cell damage by
hijacking host mitochondria.

However, in addition to the viral genome, we also found that the
protein encoded by SARS-CoV-2 can also be localized to the host mito-
chondria. Among the peptides encoded by SARS-CoV-2 Open Reading
Frames (ORFs), ORF-9b was found to interact with the mitochondrial
outer membrane translocase 70 (TOM70) and co-localize on the mito-
chondrial surface [23,24]. In addition, SARS-CoV-2 ORF-9c is also
known to interact with mitochondrial electron transport chain compo-
nents [22,23]. In conclusion, both the physical localization of SARS-
CoV-2 RNA to host cell mitochondria and the interaction between
viral proteins and mitochondrial proteins suggest that SARS-CoV-2 has
the ability to reside in host cell mitochondria. This close association
between the virus and host mitochondria will provide clues to further
explore the mechanism of damage after SARS-CoV-2 invades host cells.

SARS-CoV-2 affects host mitochondrial function

After SARS-CoV-2 infection, host cell mitochondrial function is often
impaired due to integration of the viral genome, activation of the in-
flammatory response, activation of the immune defense response, and
the action of specific viral proteins [23,25,26]. Mitochondrial damage
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caused by SARS-CoV-2 often manifests as impaired mitochondrial dy-
namics and energy metabolism. In Holder’s research [27], it was found
that mitochondrial fission was inhibited in patients with COVID-19,
allowing fusion to be promoted in comparison, which in turn caused
mitochondrial lengthening, which corresponds to the increased mito-
chondrial volume of SARS-CoV-2 infected cells found by Flynn under
electron microscopy [20]. This altered mitochondrial dynamics prevents
the timely removal of aged or damaged mitochondria by mitochondrial
fission, resulting in the accumulation of dysfunctional mitochondria that
eventually causes cellular dysfunction [28,29]. In addition, several
recent systematic studies on SARS-CoV-2-infected individuals have also
reported that mitochondria in virus-infected individuals show different
levels of reduced coenzyme Q10 levels and impaired mitochondrial
electron transport chain complexes I, III, and IV compared to healthy
individuals, resulting in dysfunctional mitochondrial metabolism
[30,31]. Although the exact mechanism by which SARS-CoV-2 virus
affects mitochondrial dynamics and metabolism is not yet known, we
must be aware that SARS-CoV-2 infection will be extremely disruptive to
cellular bioenergetics.

Generally speaking, coronavirus infection can not only cause a strong
inflammatory reaction, but also cause a “cytokine storm” due to over-
activation of the immune response, which can cause serious damage
to tissues and cells throughout the whole body [32]. In-depth studies
revealed that SARS-CoV-2 can inhibit the antiviral response of host cells
by hijacking mitochondria, while immune escape occurs, further
causing virus replication within the host cells [33-35]. Jiang et al. [33]
found through experiments that, similar to severe acute respiratory
syndrome coronavirus (SARS-CoV), SARS-CoV-2 ORF-9b can be co-
located with the outer membrane of mitochondria of host cells
through interaction with TOM70. As a receptor for mitochondrial anti-
viral signaling (MAVS) protein, TOM70 binds to heat shock protein 90
(HSP90) after binding to MAVS and initiates recruitment of interferon
regulatory factor 3 (IRF3), which in turn promotes transcription of type I
interferon [34]. SARS-CoV-2 ORF-9b binds tightly to TOM70 due to its
high affinity for TOM70, thus inhibiting the production of type I inter-
feron and reducing the antiviral defense response of mitochondria.
SARS-CoV-2 reduces the role of mitochondria in the innate immune
response through the interaction of viral proteins with mitochondria,
making possible persistent viral infection, and promotes viral replication
and packaging within the host cell, further causing cellular damage.

In fact, SARS-CoV-2 has an indirect effect on mitochondrial function
through ACE2 since it binds to ACE2 and infects host cells [24]. As the
mechanism of SARS-CoV-2 infection has been studied in depth, more
and more clues suggest that SARS-CoV-2 can cause cell damage by
downregulating ACE2 and thus inhibiting mitochondrial function
[36,37]. This may be because, on the one hand, the SARS-CoV-2 S
protein causes ACE2 destabilization by down regulating AMP-activated
protein kinase (AMPK) and up regulating mouse double minute 2
(MDM2), resulting in loss of ACE2 [36]. On the other hand, the loss of
ACE2 allows for a decrease in the cleavage of angiotensin II (Ang II) into
angiotensin 1-7 (Angl-7) [38]. The increased Ang II allows increased
production of reactive oxygen species (ROS), causing mitochondrial
fragmentation as well as loss of mitochondrial membrane potential [38].

Whether by direct action of viral proteins or indirect damage through
down regulation of ACE2, these findings suggest that SARS-CoV-2 can
cause host cell injury by hijacking mitochondria. Although further
studies are needed on the mechanism by which SARS-CoV-2 hijacks
mitochondria to cause host pathogenesis, it may serve as a key target to
help limit further disease progression as well as the exploration of
etiology.

Effect of mitochondria on female fertility
Mitochondrial function affects oocyte quality

As the site of intracellular energy synthesis, storage and supply,
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mitochondria are extremely abundant in oocytes [39]. Oocytes are
highly energy-dependent, and a series of complicated changes before
ovulation and fertilization usually require the use of adenosine
triphosphate (ATP) provided by mitochondrial oxidative phosphoryla-
tion (OXPHOS) [40]. Therefore, we found that mitochondria play an
important role in affecting the quality of oocytes and regulating female
fertility. After deeply understanding the mechanism of oocyte’s energy
utilization, we know that oocyte’s ability to absorb and metabolize
glucose is actually weak, and its energy production depends on an en-
ergy metabolism pathway which uses pyruvate as a substrate and pro-
duces ATP through mitochondrial oxidative phosphorylation [41].
However, only relying on its own glycolysis is not enough to meet the
needs of metabolic substrates. Oocytes also need glycolysis from follic-
ular cells located in cumulus, and provide metabolic support for oocytes
through their special gap junctions [40-43]. Once the function of
mitochondria is damaged, the normal development of oocytes will be
seriously affected.

Oocyte maturation is a critical step in the formation of fertilizable
ovum and mitochondria play an integral role in this process by
participating in oocyte metabolism, spindle formation and segregation
of homologous chromosomes [39,44,45]. On the one hand, mitochon-
dria can be dynamically distributed around microtubules to provide ATP
for spindle formation [44,46], and the absence of mitochondria-derived
ATP often predicts oocyte spindle disintegration [45]. On the other
hand, mitochondria clustered around the spindle not only produce ATP
to satisfy the maintenance of spindle integrity and spindle motility, but
mitochondria can also exert counteracting forces on the spindle due to
their directional migration and asymmetric distribution, further driving
spindle motility [39,44]. Therefore, mitochondrial damage is often
indicative of oocyte dysplasia.

Mitochondrial function affects granulosa cell steroid hormone levels

Besides the influence of oocyte quality, female fertility is largely
related to various hormone levels. E2 promotes oocyte cytoplasmic
maturation [47], while progesterone (P4) plays an important role in
restoring the meiotic capacity of oocytes and embryonic development
[48]. These steroid hormones affect the maturation of oocyte, and their
levels is an index of ovarian reserve capacity, reflecting female fertility.
Mitochondria are not only the center of energy metabolism in granulosa
cells, but also important centers of steroid synthesis. It plays an impor-
tant role as a bridge between granulosa cells and oocytes, and affects the
quality of oocytes. [49]. A recent report [50] on the role of mitochondria
in female fertility stated that cholesterol can be converted to pregnen-
olone by cytochrome P450scc (CYP11Al) in the mitochondrial inner
membrane, which in turn promotes progesterone synthesis. When
mitochondrial function is disturbed, the ability of granulosa cells to
synthesize steroid hormones is often inhibited, which often predicts a
poor pregnancy outcome.

The possibility of SARS-CoV-2 affecting female fertility by
hijacking mitochondria

Although the highly contagious characteristics of SARS-CoV-2 are
frightening, the multiple organ system complications caused by this
virus are actually much more serious than those of COVID-19. Compli-
cations of nervous system, digestive system, kidney and heart are
constantly reported in various diseases of SARS-CoV-2 [51,52], which is
inextricably linked to the non-respiratory transmission of SARS-CoV-2
[52] and the high expression of ACE2 in other tissues and organs
[53-55].

The exact mechanism by which SARS-CoV-2 causes these compli-
cations is not clear, and neuromodulation, immune response, and in-
flammatory response are all potential possibilities. However, as a
mitochondrial resident virus, the influence of SARS-CoV-2 on mito-
chondrial function seems to be more closely related to complications. In
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a study by Stefano et al. [26], it was found that selective neuronal
mitochondrial functional impairment induced by SARS-CoV-2 infection
affects cognitive performance. Kaundal [56] also found that mitochon-
drial dysfunction correlated with neurological symptoms in patients
with COVID-19. This is not a coincidence, but suggests a link between
the mitochondrial hijacking effect of SARS-CoV-2 and complications in
infected patients.

Whether the porcine parvovirus (PPV) infection can damage mito-
chondria [57] and thus damage placental in animal studies or the
adverse pregnancy outcome due to mitochondrial dysfunction in preg-
nant women infected with human immunodeficiency virus (HIV)
[58,59]1, both have shown that viral infection can impair female fertility
by inducing changes in mitochondrial function. In view of this, could the
mitochondrial-localized virus SARS-CoV-2 also affect female fertility
through its mitochondrial damage effects? Unlike males, due to nature
selection, the defective and harmful mitochondria in females can be
eliminated during ovum maturation. However, the mitochondrial
fusion/fission balance in the cells infected with SARS-CoV-2 was broken,
making the aging and damaged mitochondria unable to be cleared
through mitochondrial fission in time [27], which meant that it was
completely possible for the virus to affect female fertility by hijacking
mitochondria.

We found that the probability of adverse pregnancy outcomes such
as premature delivery, pre-eclampsia and intrauterine hypoxia
increased after the infection of SARS-CoV-2 in pregnant women, so can
we use our hypothesis to explain these results? SARS-CoV-2 can infect
the female reproductive system by recognizing ACE2. Especially, the
increase of E2 secretion during ovulation and pregnancy promotes the
expression of ACE2, and thereby promotes the virus infection. Viruses
entering the host cells further hijack mitochondria by recognizing its
specific proteins and integrating genome. Mitochondrial defects cause
trophoblast differentiation and maternal vascular dysfunction, which
further leads to placental hypoxia and dysfunction [60], and finally
leads to pre-eclampsia, premature delivery, intrauterine hypoxia and
growth restriction of newborns. For non-pregnant women, mitochon-
drial dysfunction can also lead to inhibited oocyte maturation, insuffi-
cient steroid hormone synthesis, and ultimately affect their reproductive
function.

Summary

Although the mechanisms of how SARS-CoV-2 affects female fertility
are not yet clear, it is important to understand that the impairment of
female fertility by SARS-CoV-2 may be a long-term and consequential
effect. For those infected women with fertility needs, especially those
with asymptomatic infection, only early knowledge of SARS-CoV-2
damage to the female reproductive system may allow timely means to
prevent or treat it and thus avoid adverse fertility outcomes. We use
mitochondrial hijacking as a bridge to explore the mechanisms by which
SARS-CoV-2 impairs female fertility, which will provide important in-
formation for the exploration of related etiology and limit further dis-
ease progression.
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