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ARTICLE INFO ABSTRACT

Keywords: The severe form of COVID-19 has significant sex disparities, with high fatalities commonly reported among males
COVID-19 than females. The incidence of COVID-19 has also been higher in males compared with their female counterparts.
SARS-CoV-2 This trend could be attributed to a better responsive and robust immune system in females. Cytokine storm is one
i:;:g;:n of the pathophysiological features of severe COVID-19, and it occurs as a result of over-activation of immune cells

Cytokine storm leading to severe inflammation and tissue damage. Nevertheless, it is well modulated in females compared to

Angiotensin-Converting enzyme-2 (ACE2) their male counterparts. Severe inflammation in males is reported to facilitate progression of mild to severe

Inflammation COVID-19. The sex hormones, estrogens and androgens which exist in varying functional levels respectively in
females and males are cited as the underlying cause for the differential immune response to COVID-19. Evidence
abounds that estrogen modulate the immune system to protect females from severe inflammation and for that
matter severe COVID-19. On the contrary, androgen has been implicated in over-activation of immune cells,
cytokine storm and the attendant severe inflammation, which perhaps predispose males to severe COVID-19. In
this review efforts are made to expand understanding and explain the possible roles of the immune system, the
sex hormones and the angiotensin-converting enzyme (ACE) systems in male bias to severe COVID-19. Also, this
review explores possible therapeutic avenues including androgen deprivation therapy (ADT), estrogen-based
therapy, and ACE inhibitors for consideration in the fight against COVID-19.

1. Introduction of the outbreak. According to a study in early February 2020, in Wuhan,
51 % (86/168) of the hospitalized patients were males [2]. In a similar

The general notion since the outbreak of COVID-19 in December study carried out in the early part of April 2020 in Spain, males
2019 has been that men are more likely than women to contract the accounted for 61.0 % (2433/3987) of hospitalized patients [3]. These
infection [1]. The proponents of this notion have largely based their data support the above proposition, however, in reality, only hospital-
argument on the data emanated from China and Spain in the early stages ized patients were captured in these studies, which presupposes that the
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patients included in these studies were severely ill. Hence, data on pa-
tients with mild symptoms who could equally be females may not have
been captured in the early part of the outbreak.

Elsewhere, other studies have reported results that show a complete
departure from the above assertion. For instance, the proportion of fe-
male to male active cases reported in other countries including
Switzerland (53 % of female : 47 % of men), Netherlands (53 % : 47 %),
Belgium (55 % : 45 %), South Korea (60 % : 40 %), Portugal (57 % : 43
%), Canada (52 % : 48 %), and Republic of Ireland (55 % : 45 %) [4]
showed different trend. Available data show that the incidence of
COVID-19 among males and females is not only country related, but also
regionally diversified. Therefore, the conclusion is that males and fe-
males are equally likely to contract the novel coronavirus, except that,
men are more likely to suffer severe COVID-19 [5]. This may be the true
situation when all the available data are thoroughly interrogated. Other
studies have provided data to corroborate this assertion. For instance,
the World Health Organization (WHO) reported that 63 % of COVID-19
related deaths in Europe were among men [6]. Also, more than 60 % of
5700 COVID-19 patients hospitalized in New York City were men [5].
Another study has also reported that 75 % of all COVID-19 related
deaths in Wuhan were males [7].

On the bases of the data emanating from various COVID-19 studies
since the outbreak in December 2019, it will be appropriate to catego-
rize the male as a risk factor for severe COVID-19. Many reasons have
been adduced for this observation, spanning from lifestyle, hormonal,
immunological, enzymatic to genetic variations among the sexes [8,9].
This review expands understanding on the possible biological reasons
which underpin the differences observed in the outcome of COVID-19
among males and females.

2. Methodology

A literature search was conducted in PubMed, Scopus, Web of Sci-
ence, ScienceDirect, JSTOR, and Google Scholar with search terms
including COVID-19 positive cases, COVID-19 sex disaggregation, se-
vere COVID-19, mild COVID-19, Country-specific COVID-19 cases, sex
hormones and COVID-19, sex hormones and inflammation and COVID-
19 cell invasion. A total of 332 articles were found, of which 127 were
included in this review, based on their relevance to this review, reli-
ability of research methodology, innovation and scope. Sex dis-
aggregated data of COVID-19 from December 2019 to 3rd July 2020 was
extracted from the WHO’s website, and WHO accredited databases for
COVID-19 cases (the Johns Hopkins University website, the UN women
count’s website and the Global Health 50/50 website) [10-13]. The data
was then cross-referenced with country-specific dedicated websites for
Covid-19. Data analysis was done using Chi-Square with Yate’s correc-
tion using GraphPad Prism v.8. Analyses of these data are presented in
Figs. 2, 5 and 6. This study was limited by the difficulty to obtain
real-time sex-disaggregated data on hospital admissions, ICU admissions
and deaths due to lack of uniform and regular update of such data on
most countries” COVID-19 dedicated websites.

3. Sex hormones and COVID-19 outcome in males and females

Evidence available suggests that males are more susceptible to severe
Covid-19 than females, and this disparity is largely attributed to hor-
monal differences [14,15]. One of the factors that directly influence the
structural and functional differences among males and females is the
differential production and action of the two classes of sex hormones
[15,16]. Thus, estrogen in females and androgen in males [17]. There
are suggestions that estrogen protects females against severe COVID-19
while androgen worsens Covid-19 outcome in males [18]. This hy-
pothesis needs to be interrogated to prove or disprove its correctness.
Hence, the effects of these hormones on the outcome of COCID-19 in
males and females are discussed.
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3.1. Androgen and COVID-19 outcome in males and females

The effect of androgen on COVID-19 outcome has been investigated
in Italy [19]. In this study, patients with prostate cancer undergoing
treatment with androgen deprivation therapy (ADT) were found to be
less likely to develop severe COVID-19 compared to the non-ADT group,
especially those with other cancer conditions. It is evident from this
study that androgen possibly renders the virus more virulent or confers
some immunological vulnerability in males, therefore exacerbating the
severity of COVID-19. To further investigate the correlation between
androgen levels and severe COVID-19, severe COVID-19 was assessed in
patients with or without ADT. Here, prostate cancer patients receiving
ADT and prostate cancer patients not on ADT were examined. As
anticipated, patients on ADT recorded a significant fourfold reduced risk
of severe COVID-19 compared to the patients who were not on ADT. The
difference was more pronounced (fivefold risk reduction) when prostate
cancer patients on ADT were compared with patients with other cancer
conditions [17,19,20]. Inferring from these studies, it can be postulated
that high concentration of androgen exacerbate the severity of
COVID-19. This is an intriguing hypothesis that warrants further
investigation to determine the scientific bases to this trend. Hence, there
is the need to precipitate the biochemical and molecular bases for the
correlation between androgen level and severe COVID-19.

As has already been established, SARS-CoV-2 enters the human cell
by binding to ACE2 through its viral spike (S) proteins, and the S protein
priming by transmembrane serine protease 2 (TMPRSS2) [21,22]. The
TMPRSS2 is a member of a family of proteins called type II trans-
membrane serine proteases involved in the development of several
diseases, including viral infections such as coronavirus infections [23]. It
is worth noting that TMPRSS2 is an androgen-regulated gene that is
upregulated in prostate cancer condition and therefore supports tumour
progression [24,25]. More important, there is evidence that the same
androgen receptor regulates TMPRSS2 expression in non-prostatic tis-
sues, including the lung [19]. Moreover, ADT is known to exert its ac-
tivity by downregulating expression and activity of TMPRSS2, an
indication that TMPRSS2 expression levels correlate positively with
androgen expression [25].

The functional link between androgen and TMPRSS2 is enough
indication that the hormone androgen is involved in the progression of
mild to severe COVID-19 (Fig. 1). On the contrary, the female is rela-
tively safe with respect to severe COVID-19 due to the relatively low
androgen level. Per the evidence, androgen deprivation therapy (ADT)
may help protect men against severe COVID-19. This important thera-
peutic approach could be evaluated and possibly approved as one of the
therapeutic options for the management of COVID-19 as the world
continues to search for a potent therapies. Notwithstanding, ADT is re-
ported to be associated with adverse effects including, but not limited to:
vasomotor complications, sexual dysfunction and gynecomastia, osteo-
porosis, metabolic syndrome, and depression. Additionally, neuro-
cognitive deficits, thromboembolic disease, and cardiovascular disease
have also been cited as side effects [26]. In effect, ADT can only be
employed in the management of COVID-19 if these notable side effects
are well managed. Managing these side effects will obviously reduce the
ADT related morbidity. To this end, various interventions have been
described to successfully manage these side effects. These include aer-
obic exercise to improve sexual and cognitive functions, the use of
Denosumab to increase lumbar spine, hip and radius bone mass density,
and Metformin for adverse metabolic changes [27]. More important,
intermittent ADT has been found to improve early side effects, such as
hot flashes, sexual function and fatigue [28]. Therefore, since applica-
tion of ADT in the management of COVID-19 is expected to be short
term, ADT in COVID-19 will be relatively safe. Hence, we propose that
ADT be considered as treatment option for severe COVID-19. Never-
theless, prospective clinical trials are warranted to confirm the efficacy
of ADT for COVID-19.
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3.2. Estrogen and COVID-19 outcome in males and females

The sex hormone estrogen is reported to protect women against
diseases including COVID-19 [29,30]. Estrogen is also found in men,
however, unlike women, it is produced in much lower levels, not enough
to exert its protective effect in men [31]. There are three major estrogen
types: estrone (E1) estradiol (E2) and estriol (E3). E1 and E2 are bio-
logically active in non-pregnant humans while the E3 is active mainly
during pregnancy [32]. The E2 is produced primarily in ovaries and
testes through aromatization of testosterone [33]. Moreover, low levels
are produced by the adrenal glands and certain peripheral tissues [33].
The E1, on the other hand, is derived from peripheral aromatization of
androstenedione [34]. More important, E2 and E1 can be converted into
each other, and both can be inactivated via hydroxylation and conju-
gation [35]. The E2 demonstrates between 1.25-5 times the biological
potency of type E1, and the circulating amount is 1.5-4 times more than
El in premenopausal and non-pregnant women [36]. In effect, the level
of E2 is higher than E1, hence the protective effect of E2 is always higher
than E1. The level of E2 in men and postmenopausal women is much
lower compared to premenopausal women [37]. This explains why

premenopausal women including pregnant women are well protected
against the severe COVID-19 compared to men of all ages and post-
menopausal women. It is worth noting that younger men are better
protected than older men because of the privilege of having an appre-
ciable level of E1 which can also be converted to E2. The E1 is derived
from peripheral aromatization of androstenedione [34]. As expected,
androstenedione concentration is comparatively higher in younger
males than older males, therefore the production of E1 and for that
matter E2 is correspondingly higher in younger males. This may account
for the seemingly better protection against severe COVID-19.

In Wuhan, China, researchers successfully investigated the supposed
protective function of estrogen [38]. The study demonstrated that
women with low estrogen levels tended to develop severe COVID-19
than women with high levels of the hormone on hospital admission.
The supposed protective function of estrogen is linked to its ability to
modulate immune responses, specifically, ensuring measured immune
responses from activated immune cells. In effect, estrogen is capable of
preventing over-reaction of activated immune cells to infections such as
COVID-19. COVID-19 associated fatalities are largely due to cytokine
storm that results from the over-reaction of activated effector cells,
leading to unwarranted tissues damages, and organ system dysfunction
[39,40]. Estrogen is reported to play crucial role in determining the
number of immune cells that are produced and activated in a given
period, and therefore influences the level of response to an infection
[41]. The estrogen type E2 does this by inhibiting the expression of
pro-inflammatory cytokines [42,43]. In menopausal women, the E1
takes over the immunomodulatory function of E2 [44]. However,
because secretion level of E1 is lower than E2, it leads to a corresponding
decrease in protection in menopausal women compared to premeno-
pausal women. Notwithstanding, menopausal women are better pro-
tected against severe COVID-19 than their male counterparts. This is
because older men produce a far lower level of E1 than their female
counterparts. This could also explain why older women appear to have
better COVID-19 recoveries than their male counterparts (Fig. 2).

The immunomodulatory activity of estrogen in infectious diseases
has been confirmed in an experimental study on SARS in mice [45]. The
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study demonstrated that blocking estrogen increases the number of in-
flammatory cells in the animals’ lungs, increasing possible tissue dam-
ages and rendering them more susceptible to severe SARS infection and
by extension COVID-19. This together with other immunomodulatory
activities of the estrogen supports the assertion that estrogen has a
protective effect against severe COVID-19. This further presents estro-
gen therapy as a potential treatment option for COVID-19, and therefore
should be given serious consideration. Currently, studies are ongoing to
ascertain the possibility of employing short-term estrogen treatment to
protect COVID-19 patients from progressing to the severe form [46,47].

The protective function of estrogen is evident in pregnant women
who are naturally endowed with high estrogen levels, specifically E3
[48]. In effect, pregnant women, who are originally deemed immuno-
compromised, rather tend to have mild COVID-19 when they contract
the virus because of the high E3 levels, attesting to the immunomodu-
latory activity of estrogen [15]. Originally, high-level E3 is required to
influence appropriate immune responses to prevent cytokine storm in
order to preserve the foetus which is perceived by the expectant
mother’s immune system as non-self. Therefore, pregnant women are
expected to be better protected against severe COVID-19 because of
abundant level of E3. Hence, post-menopausal women with low levels of
estrogen (E1) and men of all ages with low levels of E1/E2 are expected
to be more susceptible to severe COVID-19 than pre-menopausal women
including pregnant women.

Estrogen has two forms of receptors (ERs) ERa and ERp, which bind
to the ligands E2 and E3 to initiate gene expression [49]. It is worth
noting that B and T lymphocytes, mast cells, macrophages, dendritic
cells, and NK cells express ERa. Moreover, hematopoietic progenitor
cells are capable of expressing both ERa and ERf [50]. More important,
there are reports that, the receptor ERa is the most effective among the
two, and it is the main regulator in hematopoietic progenitor differen-
tiation [50,51]. The direct association of estrogen, especially E2, and
estrogen receptor ERa, to the activation and progenitor differentiation of
key immune cells suggests that the hormone is capable of modulating
immune responses. Hence, females known for producing high-level es-
trogen will be better protected against infections including COVID-19
compared to their male counterparts. Estrogen has also demonstrated
that it can elicit an anti-inflammatory response, especially in an infec-
tious situation such as COVID-19 [52]. For instance, there are reports
that estrogen receptor (ER) ERa46 is specifically involved in activating
anti-inflammatory signaling pathways in macrophages and neutrophils
through the expression of C-X-C motif chemokine ligand 8 (CXCL8) [53,
54]. Generally, the ER activates inhibitory responses against the tran-
scription of pro-inflammatory genes regulated by nuclear factor kappa B
(NF-kB) [55]. Moreover, an activated ER can stimulate the expression of
interferon-gamma (IFN-y) in T cells in severe inflammatory conditions
[56,57]. On the other hand, there are reports that E2 exhibits regulatory
function on the activity of signal transducers and activator of tran-
scriptions [58] by inducing the expression of cytokine-inhibitor proteins
in macrophages and T cells [59,60]. Again, E2 has been reported to
directly downregulate the expression of CCL2 in all leukocytes to reduce
their migration to the infection site. Recruitment of leukocytes to the site
of infection can result in severe inflammation and tissue damage [61,
62]. Hence, estrogen’s ability to induce anti-inflammatory responses is
an indication that hyperestrogenemic females are better protected
against severe inflammation than their male counterparts.

4. Immunological factors and COVID-19 outcome in males and
females

There are differences in the immune system of males and females,
and these have a significant impact on the outcome of infectious diseases
such as COVID-19 [63]. Females naturally have stronger immune
defence and therefore are more protected from infectious diseases than
their male counterparts [64]. One major factor that contributes to the
differences in sex-related immune defences is the vulnerability in the sex
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chromosome constitution. Interestingly, some critical immune-related
genes are located on the X chromosome [65]. Therefore, the
immune-related proteins expressed by these genes in females are twice
as those expressed by their male counterparts. Although in females, one
of the X chromosomes in each cell is inactivated to balance this
inequality among the sexes, genes such as Toll-like receptor 7 (TLR7) in
certain immune cells are somehow able to escape this inactivation [66].
In effect, women tend to produce more of these defensive
immune-related proteins and therefore are better protected against
infection. Thus, the biallelic expression of such genes leads to higher
immune responses and increases the resistance to infections. TLR7 has
been linked to immune response against viral infections and therefore
important against the severe COVID-19 [67]. Thus, TLR7 is
over-expressed in innate immune cells that recognize single-strand RNA
viruses which SAR-CoV-2 is a notable example [68]. These immune cells
that express TLR7 include dendritic cells, circulating monocyte, mac-
rophages and B cells [69]. And like all single-strand RNA viruses, these
immune cells can recognize COVID-19. In an experimental study with
male and female mice on sex-based differences in SARS-CoV infection,
the scientists reported nearly identical total viral loads in both sexes at
early (16 h) stages of the study [70]. However, there was a significant
increase in the viral loads (2-3 folds) in the male mice compared to
females after day 1 of inoculation (Fig. 3). Moreover, extensive hyper-
emia and congestion were noticed in male mice as against a nearly
normal in females at day 4 [70]. This outcome corroborates the
long-held assertion that COVID-19 infection in males is likely to progress
to severe form compared to infected females. Furthermore, the inter-
action between TLR7-expressing immune cells and a single strand RNA
virus can induce production of antibodies and pro-inflammatory cyto-
kines such as IL-6 against the virus [67]. Hence, women are better
protected against viral infections and for that matter the severe
COVID-19 due to the over-expression of TLR7 in females compared to
their male counterparts. It is quite intriguing that, the level of pro-i-
nflammatory IL-6 post-viral infection is relatively lower in women than
in their male counterparts, and hence prevents prolong inflammation,
and therefore promotes good health and longevity in women [71]. An
experimental study that assessed the levels and effects of inflammatory
cytokines and chemokines in SARS-CoV infected male and female mice
showed equal levels of the proinflammatory cytokine (IL-6) and che-
mokines (CCL2 and CXCL-1) in both sexes at the early stage of infection,
but upregulated significantly in male mice compared to females at day 3
[70]. This outcome corroborates the assertion that there is an endoge-
nous factor (estrogen) in females that modulates cytokine and chemo-
kine production to prevent possible cytokine storm and prolong
inflammation. The study also reported significant infiltration of neu-
trophils into lung of male mice right from day 1 of inoculation, and
increased by 5 folds at day 4 compared to their female counterparts
[70]. It can therefore be inferred that the susceptibility of male mice to
SARS-CoV-2 infection correlates with increasing inflammatory cell
recruitment. This explains why prolong inflammation is very common in
males infected with SARS-CoV-2 compared to females, and could be one
of the factors that promote severe COVID-19 in men.

The over-expression of TLR7 observed in the female gender can also
help to enhance the surveillance activity of the innate immune system by
activating other related immune responses against the infection. Thus,
the activated immune cells expressing TLR7 release interferon which
further activates or recruits other relevant immune cells to enhance
immune surviellance [72,73]. The interferon, therefore, helps to sustain
the immune activity long enough to rid the body of the viral infection. It
has been proven scientifically that interferon production is relatively
higher in females compared to their male counterparts [74,75]. This
could be one of the reasons why females are better protected against
viral infections and for that matter severe COVID-19. Additionally, the X
chromosome houses genes that code for the following proteins TLRS,
CD40 L and CXCR3 over-expressed in women [76]. These proteins are
reported to be involved in immune survielance against viral infection
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Fig. 3. Schematic diagrams illustrating differences in immune response to SARS-CoV-2 infection in male and female mice.

[77-79].

The adaptive immune system just like the innate gives better pro-
tection to females than males. Specifically, there are reports that SARS-
CoV-2 activates B lymphocytes and plasma cells to produce specific
neutralizing IgG [80]. The anti-SARS-CoV-2 binds and marks the
SARS-CoV-2 infected cell for destruction. The virus infected
cell-antibody complex is recognized by the FcgRIIIA receptor (CD16) of
the effector killer cell to enhance possible phagocytosis, lysing and cell
killing (ADCC) [81,82]. This activity also leads to further stimulation of
innate cells and subsequent production of pro-inflammatory cytokines.
The quantity and quality of antibodies produced against viral infections
tend to be more in females compared to their male counterparts [83]. In
an experimental study aimed at investigating the avidity of antibodies
produced by influenza A virus-infected mice (male and female), the fe-
male mice compared to males, produced quality antibodies with high
avidity that were able to stop reinfection and replication by preventing
the virus from entering target cells. More important, antibody avidity of
the females improved with increasing estrogen levels [83]. Hence, it can
be hypothesized that females will be better protected against subsequent
infections from the same virus after the initial exposure to the virus
compared to males. The outcome of this study implies that vaccination
against viral infections will be more effective in females than their male
counterparts because of the difference in the quality of antibodies pro-
duced by the sexes [78]. In another study, cross-reacting antibody titer
differences between the sexes were assessed by analysing antibody re-
sponses against heterosubtypic virus [84]. The study demonstrated that
female mice immunized against H3N2 produced higher cross-reacting
antibodies against HIN1 and vice versa than the male mice [83,84].
These suggest that females are better protected against heterologous
virus challenge than males. The data support the assertion that, females
are better protected by the adaptive immune system against viral in-
fections. Therefore, females may have better immunological protection

against COVID-19 from both innate and adaptive arms of the immune
system, compared to their male counterparts. In effect, it will be
appropriate to assert that, females recovered from COVID-19 may be the
best candidates to donate plasma for the proposed convalescence ther-
apy for COVID-19. This is because females produce relatively
high-quality antibodies compared to males. Moreover, per the data from
these experimental studies discussed in this review, it can be postulated
that a COVID-19 vaccine may give long time protection to those who
will be vaccinated, especially women. Nevertheless, individuals react
differently to vaccination, hence, the duration of the vaccine protection
will be subject specific.

5. Angiotensin-converting Enzyme-2 (ACE2) system and COVID-
19 outcome in males and females

The gene ACE2 encodes the angiotensin-converting enzyme-2
(ACE2), the receptor for human pathogenic coronaviruses including
severe acute respiratory syndrome coronavirus (SARS-CoV), HCoV-
NL63, and SARS-CoV-2 [3,85]. The gene is found on the X chromo-
some, specifically on Xp22, and made up of approximately 18 exons and
20 introns [29]. The enzyme ACE2, a member of the renin-angiotensin
system (RAS), makes it possible for these viruses to enter the target
cells and ultimately produce infection [86]. ACE2 is expressed mainly on
the epithelial cells of the lung, intestine, kidney, blood vessels, testes,
and on the mucosa of the oral cavity [18]. This is consistent with the
potential routes of viral transmission of SARS-CoV-2, as both respiratory
and gastrointestinal systems share interfaces with the external envi-
ronment. This may explain why high incidence of pneumonia and
bronchitis, kidney and heart complications is very common in patients
confirmed to have contracted the COVID-19. The SARS-CoV-2 virus, just
like SARS-CoV virus has a spike (S) protein that interacts with ACE2 to
access the target cells [21]. More important, ACE2, a homologue of
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angiotensin-converting enzyme (ACE) is also involved in the regulation
of blood pressure and electrolyte homeostasis [87]. It exerts this
biochemical activity by cleaving angiotensinogen II to angiotensin [88].
The resultant angiotensin then binds to the Mas receptor to induce
vasodilation, anti-inflammatory, and anti-fibrotic effects in the organ-
ism [89]. Moreover, angiotensinogen, produced in the liver is cleaved by
renin to form angiotensin [90]. On the contrary, the enzyme ACE is
noted for its involvement in the conversion of the angiotensin I to
angiotensin II [91]. Consequently, the resultant angiotensin II induces
vasoconstriction, renal sodium reabsorption and potassium excretion,
and aldosterone synthesis leading to blood pressure elevation, and in-
duction of inflammatory and pro-fibrotic signal pathways [92]. Hence,
the effect of renin-angiotensin-aldosterone system activation depends on
the ACE/ACE2 balance, and ultimately, the balance between
pro-inflammatory and pro-fibrotic, and anti-inflammatory and
anti-fibrotic signal pathways [93]. It should be appreciated that ACE2
exhibits arguably two unrelated activities in the initiation and pro-
gression of COVID-19. The first is the membrane-bound ACE2 protein
which serves as a binding site for the virus to access target cells [94]. In
effect, the general perception is that, there is a direct correlation be-
tween the incidence of COVID-19 and the expression of ACE2 gene. The
second is the well-investigated and confirmed protective role of soluble
ACE2 against disease progression and development of severe infection
[95], largely due to the role it plays in keeping the blood pressure
normal. Additionally, the soluble ACE2 is reported to have antiviral
activity [96], hence could potentially offer protection against COVID-19
infection. These two described ACE2 types obviously exhibit two con-
tradictory fortunes. However, the link is that, the soluble ACE2 is formed
from the membrane-bound ACE2.

5.1. Protective function of soluble ACE2 on severe COVID-19 in males
and females

The membrane-bound ACE2 is shed from the cells by the metal-
loproteases A Disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) and A Disintegrin and metalloproteinase
domain-containing protein 17 (ADAM17) into circulation, forming the
soluble ACE2 [97]. A number of studies have confirmed the assertion
that the soluble ACE2 offers protection against diseases especially in-
fections [98,99]. For instance, in a study, a circulating ACE2 protein was
confirmed to have protection against influenza A (H7N9) virus-induced
acute lung injuries, and that patients who were protected from the se-
vere form of the influenza A (H7N9) had relatively higher serum ACE2
levels [100]. Additionally, in an experimental study with ACE2 gene
knockout influenza A (H5N1) infected mice, the mice initially suffered
severe lung damage [101], however, the condition improved when the
mice were treated with human ACE2 enzyme. These studies further
corroborate the assertion that soluble ACE2 protein has protective ac-
tion against infectious diseases including those of viral origin. Therefore,
presents soluble ACE2 enzyme as potential therapeutic option for the
treatment of COVID-19. In another study, a recombinant human ACE2
enzyme proved potent by showing haemodynamic benefits in pulmo-
nary arterial hypertension in both preclinical and clinical trials [102].
More of such recombinant constructions and expressions should be
encouraged, because these protein based therapies have minimal
toxicity and are functionally specific.

Differences in the level of soluble ACE2 have been reported among
the sexes in studies elsewhere [103,104], with these studies reporting
higher ACE2 levels in the serum of men compared to women [18,95].
Additionally, there are reports of high ACE2 levels in older women
compared to younger women, and in older men compared to young men
[95,105]. There has been a corresponding reduction in
membrane-bound ACE2 in men and the elderly in most tissues [106].
This high level of soluble ACE2 in the serum, could possibly be as a
results of an upregulation of metalloproteinase activity of ADAM 10/17.
This biochemical activity of ADAM 10/17 creates a balance between the
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membrane-bound and soluble forms of the ACE2 at different fractions in
the elderly and the young, and in males and females. It is worth noting
that, there is a positive correlation between the levels of both estrogen
and androgen, and the expression of ADAM 10/17 [107,108]. Thus, high
levels of these sex hormones induce a corresponding expression of
ADAM 10/17. Therefore, it can be inferred that, ADAM 10/17 is over-
expressed in both sexes, and therefore should have resulted in equal and
high levels of soluble ACE2 in both sexes. Nevertheless, while men have
high soluble ACE2 in their serum, women have relatively lower levels of
same. The disproportionate downstream activity of ADAM 10/17 in
women may be explained by the over-expression of extra endoplasmic
reticulum protein disulfide isomerase (ePDI) [109].

5.2. The effect of ePDI on COVID-19 outcome in males and females

Over-expressed extra endoplasmic reticulum protein disulfide
isomerase is reported to inhibit the metalloproteinase activity of ADAM
10/17 by preventing the activation of the inactive form of ADAM17
[110]. To inhibit the activation of the inactive ADAM17, the ePDI first
binds to ERa to form ePDI-ERa complex [110]. Subsequently, the ePDI-
ERa complex binds to E2. The ePDI- ERa-E2 complex then serves as a
promotor for the over-transcription of the mRNA of PDI, leading to
over-expression of PDI proteins which are subsequently released from
the endoplasmic reticulum into the cytoplasm as ePDI [111,112]
(Fig. 4). These mechanisms confirm the direct influence of estrogen in
the metalloproteinase activity of ADAM10/17. Thus, estrogen
down-regulates the activity of ADAM10/17. Moreover, it is important to
note that, high concentration of reactive oxygen species (ROS) inhibit
the regulatory function of ePDI protein. [113]. However, again, E2 has
been shown to inhibit the generation and activity of ROS [114,115].
Hence, the regulatory activity of ePDI is maintained as long as E2 level is
high. Therefore, it will be appropriate to postulate that the E2
down-regulates the metalloproteinase activity of ADAM10/17 through
the over-expression of ePDI and down-regulation of ROS activity. This
further confirms the anti-inflammatory activity of estrogen, since ROS is
a known promotor of prolong inflammation.

As demonstrated in Fig. 5 A (analyses of COVID-19 information
retrived from websites of WHO and WHO accredited organization as of
3rd July 2020) [10-13], the incidence of COVID-19 was significantly
higher in men compared to women (p < 0.001). However, in an ideal
situation, considering the biology underpinning the interaction between
the virus and the host, females are supposed to have aboundant
membrane-bound ACE2 due to the inhibition of the metalloproteinase
activity of ADAM10/17, and hence should have rather recorded higher
COVID-19 incidence than males [116,117]. Therefore, it will be
appropriate to postulate that, the percentage representation between
these two ACE2 forms at a particular period determines the ultimate role
of ACE2 in an infectious situation. Again, it can be suggested that, the
soluble ACE2 is a component in a complex regulatory system, and
therefore its protective impact is dependent on other regulators such as
hormonal and immunological factors. Hence, the impact of the differ-
ences in ACE2 levels among sexes and age groups is not absolute, but
dependent on other functional related factors. This effect may be altered
as the disease progresses and the immune system is fully activated. In
effect, severe COVID-19 which is common in men compared to women
may not be entirely dependent on the differences in soluble ACE2 level.
For instance, soluble ACE2 is known to offer better protection against
viral infections [98], hence the expectation was that men and the elderly
who are known to have high soluble ACE2 levels should have had better
protection against COVID-19 than women and youngsters, but the
reverse is rather the case. This presupposes that there are underlying
factors that modulate the activity of soluble ACE2 and other enzymes
that are involved in the possible outcome of infectious diseases including
COVID-19. These modulating factors include sex hormones reported to
play an important role in the differences in disease outcomes observed
among the sexes.
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The hormone androgen is reported to increase plasma renin and its
activity leading to transcription of angiotensinogen messenger RNA, and
subsequent translation of angiotensinogen protein. This biochemical
processes ultimately result in vasoconstriction and its attendant com-
plications in severe COVID-19. The consequence of this is the predis-
position of males to the severe form of the infection [118]. Thus,
androgen possibly counteracts the supposed protective action of high
levels of soluble ACE2. In effect, the protective role of the soluble ACE2
in males is attenuated. Estrogen, on the other hand, decreases plasma
renin activity, angiotensin I receptor expression and the expression of
angiotensin-converting enzyme 1, and therefore promotes vasodilation
[119]. These biochemical processes help to prevent the complications
associated with vasoconstriction and development of severe COVID-19
[119]. Further confirming the physiological protection against severe
COVID-19 in women.

In a recent clinical trial, ACE which is functionally antagonistic to
soluble ACE2 and for that matter estrogen was inhibited with ACE-
inhibitor. Interestingly, the ACE-inhibitor protected the study subjects
against severe COVID-19, corroborating the assertion postulated above
[120]. As the world is still searching for a definitive therapy for
Covid-19, ACE-inhibitors should also be considered, especially, for the
treatment of males at the Intensive Care Unit (ICU). These therapeutics
which are protein-based agents are largely safe. This is because
protein-based agents are specific in function. Hence, present with rela-
tively better toxicity profile [120]. Again, the application of this pro-
posed therapy on COVID-19 will be short term. Therefore, the possibility
of side effects will be minimized.

6. Other factors implicated in differential COVID-19 outcomes in
males and females

There are other factors such as personal hygiene, type of occupation,
social activities, etc that contribute to high infection incidence. These
factors may not be endogenous but are capable of exposing an individual
to the causative agent to produce endogenous changes. For instance,
females are more likely to pay particular attention to personal hygiene
compared to males. In effect, women are more likely to adhere to the
COVID-19 preventive protocols than males. Hence, women are able to

cut down COVID-19 cases and for that matter incidence by adopting
more hygienic lifestyle. Again, men are more likely than women to be
involved in socialization activities such as games, sports, night clubbing
etc. These activities by their nature expose patrons to the virus. There-
fore, men who are in the majority at these programme, are at greater risk
of contracting the virus, hence, the high incidence in men compared to
women. Another important factor that influences bias COVID-19 inci-
dence among males and females is the kind of jobs common to them.
Women are more likely to be involved in office work such as executive
assistant, account manager, administrative assistant, receptionist etc,
and can conveniently work from home where necessary. These category
of jobs scarcely expose workers to large group of people, hence, mini-
mize the possibility of contracting the virus. On the contrary, men are
mostly engaged in jobs such security officers, taxi drivers, bus and coach
drvers, postal workers and courriers, cleaners, delivery drivers, sanita-
tion officers etc. These jobs have high tendency of exposing the workers
to the virus, due to the nature of these jobs and the possibility of being
exposed to many people in the couse of doing their job. These factors
may be part of the reasons for the high incidence of COVID-19 in males
compared to their female counterparts, as illustrated in Fig. 2 (analyses
of COVID-19 information retrived from websites of WHO and WHO
accredited organization as of 3rd July 2020) [10-13]. Thus, according to
Fig. 2, the highest incidence of COVID-19 was found among the age
group 30-39, followed by age groups 40-49 and 50-59 respectively.
Interestingly, these groups form a major part of the workforce or
working class in most countries. Moreover, it is worth noting that, they
are more likely to be involved in social activities, because, they are the
most active population, hence, the possible reason for the high incidence
of COVID-19. More important, incidence of COVID-19 among the men in
these groups (30-39, 40-49 and 50-59) was higher than their female
counterparts. Taken all together, these data further confirm the reasons
for the high COVID-19 incidence in men compared to women.

The data in Fig. 5 (analyses of COVID-19 information retrived from
websites of WHO and WHO accredited organizations as of 3rd July
2020) [10-13], showed that men hospitalized were significantly higher
(p < 0.001) than their females counterparts (Fig. 5A). Given the fore-
going discussion, COVID-19 patients hospitalized are likely to suffer the
severe form of the infection. Hence, the male could be considered a risk
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factor for severe COVID-19. The data from intensive care unit (ICU)
presented in Fig. 5B were the critical condition cases. As anticipated,
men in critical condition were significantly higher (p < 0.0001) than
their female counterparts. In effect, men are more likely to progress from
severe to critical COVID-19 than their females counterparts. Further-
more, in Fig. 6B (analyses of COVID-19 information retrived from
websites of WHO and WHO accredited organization as of 3rd July 2020)
[10-13] is presented data for COVID-19 deaths among males and fe-
males. As expected, COVID-19 deaths in males were significantly higher
compared to their female counterparts. Inferentially, males are more
likely to die from ICU admissions than females. Per the foregoing data, it
is evident that males are more vulnerable to COVID-19, hence, it will be
appropriate to offer commensurate care and protection to men in the
fight against COVID-19, in order to reduce the nimber of fatalities.

7. Correlation between smoking and COVID-19 incidence in
males and females

There is a widely held assertion that smoking increases the risk of
most respiratory tract infections [121]. For instance, smokers are re-
ported to be 5-times more likely to contract influenza than non-smokers
[122]. Similarly, the risk of bacterial pneumonia is 3 to 5-times higher in
smokers [122]. This could be attributed to impairment in immune
function due to smoking [123]. There are few reports about smoking and
the associated risk with coronavirus outbreaks including Middle Eastern
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respiratory syndrome coronavirus (MERS) and severe respiratory syn-
drome coronavirus (SARS) [122]. For instance, there was a reported
increased risk of mortality in smokers with MERS compared to
non-smokers with MERS in a study in Korea [122]. Similarly, a review
on the risk of COVID-19 and smoking, where eight studies were
reviewed, reported a correlation between smoking and severe COVID-19
[121]. Hence, there is a possible association between smoking and se-
vere COVID-19. Smoking is reported to upregulate the expression of
androgen, a phenomenon associated with severe COVID-19 [124]. A
study titled ‘Cigarette Smoking, Androgen Levels, and Hot Flushes in
Midlife Women’, reported significantly higher androstenedione levels
and a higher androgen to estrogen ratio in current smokers than never
smokers [125]. A similar account has also been reported by another
study on cigarette smoking and endogenous sex hormones [126]. It is
worth noting that, ACE2 and TMPRSS2 known to facilitate the attach-
ment and entry of SARS-CoV-2 into target cells are upregulated in
smoking samples from both lung and oral epithelial tissue [127]. This is
an indication that smoking could predispose an individual to COVID-19.
Therefore, smoking should be considered a risk factor for COVID-19.
More important, men smokers are more susceptible to COVID-19 than
women smokers, attributable to the hormonal differences between the
sexes. Thus, the TMPRSS2 which is upregulated in smokers is involved in
the upregulation of androgen. Unfortunately, smoking is rather common
among men than women, worsening their plight. This may partly be the



D.O. Acheampong et al.

reason for the high number of severe cases of COVID-19 in men
compared to women.

8. Conclusion

COVID-19 is a complex and multifactorial disease that affects
virtually all the organ systems in the body. The SARS-CoV-2 infection
promotes chronic systemic inflammation due to the release of pro-
inflammatory cytokines and prolong activation of the innate immune
system. In effect, may lead to organ system dysfunction, implicated in
most COVID-19 deaths, as revealed by autopsies on these bodies. This
therefore puts individuals with pre-existing comorbidities at higher risk.
These attributes of COVID-19 present a major public health challenge
that requires decisive measures to manage. Managing the resultant
chronic inflammatory responses may be as imperative as targeting the
SARS-CoV-2 in the treatment of COVID-19. Hence, a definitive therapy
should aim at preventing the virus from entering target cells, and
modulating the resultant immune responses to prevent chronic inflam-
mation, a common feature of severe COVID-19. The already existing
antiviral agents can be screened for possible efficacy against COVID-19,
as other studies focus on finding novel definitive therapies. Modulating
immune response is very crucial in the management of COVID-19. This
is because most COVID-19 associated complications are attributable to
chronic inflammation. Thus, accounts for the COVID-19 associated
organ system dysfunction. Hence, clinical screening of the existing
immunomodulatory agents should be part of the processes employed to
discover definitive therapy for COVID-19. In our opinion, the use of
immunomodulatory drugs will be efficient in the management of
COVID-19. Hence, until a definitive therapy is found, we propose that
the use of immunomodulatory agents should be part of any therapeutic
regimen of COVID-19. Nevertheless, this therapeutic approach should be
individually tailored. Thus, the health status, age and gender of the
patient should be considered in the application of this therapeuty to
derive the expected outcome.

The gender disparity observed in COVID-19 vulnerability is as a
result of the differences in the immune responses. The disparity in im-
mune response among the sexes is attributable to their hormonal dif-
ferences. Thus, estrogen produced at functional levels in women is
known to inhibit overproduction of pro-inflammatory cytokines, hence,
capable of preventing cytokine storm, implicated in severe COVID-19.
On the contrary, androgen promotes the production of pro-
inflammatory cytokines that promote cytokine storm, leading to physi-
ological changes conducive for progression from mild to severe COVID-
19. Therefore, androgen deprivation therapy (ADT) and estrogen-based
therapy are recommended as therapy options to specifically modulate
the immune response to ameliorate chronic inflammation, especially in
men. Although, a number of side effects have been reported about these
hormonal therapies, especially when used for a long term, they will be
safe for COVID-19 therapy, because, the treatment duration is relatively
short.

The enzyme ACE has been implicated in blood pressure elevation,
and induction of inflammatory and pro-fibrotic signal pathways, char-
acteristics of severe COVID-19. Therefore, therapy type that selectively
inhibits the activity of ACE may facilitate faster COVID-19 recovery.
Hence, recombinant ACE-inhibitors are also recommended for the
treatment of severe COVID-19. Notwithstanding, the treatment should
be short term to prevent side effects related to ACE functional
impairment.

Discovery of an efficacious vaccine for COVID-19 will be a giant step
in the fight against this pandemic. More important, data from pre-
clinical and clinical trials at different stages have demonstrated great
potential in the quest to discover a vaccine for COVID-19. However, just
like most vaccines developed against respiratory infections of viral
origin, COVID-19 vaccine may not provide long term or lifelong pro-
tection against the virus as anticipated. Hence, equal attention and re-
sources should be devoted to finding definitive therapy for COVID-19.
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Finally, there should be strong educational campaign by civil society
organizations and governments against smoking. This is because, there
is direct correlation between smoking and COVID-19 incidence, backed
by science. Unfortunately, it is particularly worse in men smokers than
women smokers.
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