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Abstract

The coronavirus disease 2019 (COVID-19) outbreak, caused
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), is a global public health issue which has profound
effects on most aspects of societal well-being, including
physical and mental health. A plethora of studies globally
have suggested the existence of a sex disparity in the sever-
ity and outcome of COVID-19 patients, mainly due to mech-
anisms of virus infection, immune response to the virus, de-
velopment of systemic inflammation, and consequent sys-
temic complications, particularly thromboembolism.
Epidemiological data report a sex difference in the severity
of COVID-19, with a more favorable course of the disease in
women compared to men regardless of age, although the
rate of SARS-CoV-2 infection seems to be similar in both sex-

es. Sex hormones, including androgens and estrogens, may
not only impact virus entry and load, but also shape the clin-
ical manifestations, complications, and ultimately the out-
come of the disease. The current review comprehensively
summarizes the current literature on sex disparities in sus-
ceptibility and outcome of COVID-19 as well as the literature
underpinning the pathophysiological and molecular mech-
anisms, which may provide a rationale to a sex disparity.
These mechanisms include sex hormone influence on fac-
tors that facilitate virus entry and priming, immune and in-
flammatory response, as well as coagulation and thrombosis
diathesis. Based on present evidence, women appear to be
relatively protected from COVID-19 because of a more effec-
tive immune response and a less pronounced systemic in-
flammation, with consequent moderate clinical manifesta-
tions of the disease, together with a lesser predisposition to
thromboembolism. Conversely, men appear to be particu-

A. Colao and R.P. Millar equally contributed as senior authors.

karger@karger.com
www.karger.com/nen

© 2020 S. Karger AG, Basel

el
Karger~

Rosario Pivonello

Dipartimento di Medicina Clinica e Chirurgia, Universita Federico II di Napoli
Via Sergio Pansini 5

IT-80131 Naples (Italy)

rosario.pivonello @ unina.it



larly susceptible to COVID-19 because of a less effective im-
mune response with consequent severe clinical manifesta-
tions of the disease, together with a greater predisposition
to thromboembolism. In the elderly, generally characterized
by the phenomenon of inflammaging, sex disparities in
overall mortality following SARS-CoV-2 infection are even
more palpable as elderly men appear to be more prone to
severe COVID-19 because of a greater predisposition to in-
fections,aweakerimmune defense,and an enhanced throm-
botic state compared to women. The information revealed
from the review highlights potential novel therapeutic ap-
proaches employing the administration of hormonal or an-
tihormonal therapy in combination with antiviral drugs in
COVID-19 patients. ©2020 5. Karger AG, Basel

Background

The coronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), was first identified in December 2019 in Wuhan,
China and rapidly spread globally, reaching pandemic di-
mensions [1]. At the latest update of October 14, 2020,
>38 million cases had been reported from 214 countries
and territories, resulting in >1 million deaths against a
background of >29 million recoveries (www.worldome-
ters.info/coronavirus). Table 1 shows epidemiological
data for COVID-19 from across the world.

The clinical syndrome of COVID-19 typically includes
fever and dry cough, less commonly associated with dys-
pnea and fatigue, muscle and joint pain, headache and
dizziness, and gastrointestinal disturbances, together
with loss of smell and taste [1]. The wide spectrum of
clinical manifestations ranges from a silent (asymptom-
atic disease) or mild (common cold-type disease) clinical
syndrome, in the majority of cases, to a severe disease in
a minority of cases, progressing towards acute respiratory
distress syndrome, followed by thromboembolism, septic
shock, and multiorgan injury, likely in dependence of vi-
rus load and host conditions [1]. The dramatic lethality
of COVID-19 is related to the relevant capacity of SARS-
CoV-2 to infect the population and the relevant ability of
the infection to induce serious and life-threatening clini-
cal complications in subsets of the population, especially
elderly people and subjects with cardiometabolic diseases
and/or conditions of immunosuppression [2].

SARS-CoV-2 is a coronavirus belonging to the aggres-
sive beta-CoV type, such as SARS-CoV and MERS-CoV,
formed by a single-strand positive RNA covered by an
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envelope that contains the spike proteins responsible for
binding to receptors and for fusion with the membrane
of host cells [1, 3]. SARS-CoV-2 binds angiotensin-con-
verting enzyme 2 (ACE2), a regulator of the renin-angio-
tensin system (RAS) involved in the biotransformation of
the vasoconstrictor angiotensin II (AnglI) to the vasodi-
lator angiotensin 1-7 (Ang[1-7]), abundantly expressed
on the cell surface of human alveolar epithelial cells or
pneumocytes, but also present on respiratory tract epi-
thelial cells, intestinal enterocytes, kidney proximal tu-
bule cells, vessel endothelial cells, and cardiomyocytes as
well as hematopoietic and immune cells, and used by the
virus as an entry receptor into the host cells [1, 4-7].
SARS-CoV-2 uses different protease enzymes, especially
transmembrane protease serine 2 (TMPRSS2), a specific
protease expressed on the cell surface of human pneumo-
cytes, but also present in intestinal enterocytes, kidney
cells, and vessel endothelial cells, as a priming factor
through favoring of the internalization of the virus into
the host cell, by means of the spike proteins cleavage,
which facilitate the fusion of envelope of the virus with
the membrane of the host cells and, consequently, virus
priming [5]. Importantly, TMPRSS2 and ACE2 are co-
expressed not only in the respiratory system, particularly
in the lung, but also in the intestine and kidney and the
vascular system [1, 4-7], which are main targets of SARS-
CoV-2 and the most frequently damaged organs in CO-
VID-19.

The main conduit of infection is the respiratory sys-
tem, where ACE2 expression progressively decreases
from the nose to the bronchioalveolar tree of the lung [8].
The first relevant host cells for the virus are represented
by pneumocytes; inside the pneumocytes, the virus repli-
cates, inducing an increase in virus load, with progeny
viruses spreading and infecting surrounding receptive
cells [3, 6, 9]. The infected host cells undergo pyroptosis,
a dramatic inflammatory form of programmed cell death
occurring frequently as a consequence of infection with
cytopathic viruses [6, 9]. During pyroptosis, the activa-
tion and assembly of inflammasomes, the typical cyto-
solic multiprotein complexes responsible for the activa-
tion of inflammatory responses, triggers generation and
secretion, through the formation of pores in the cell
membrane, of proinflammatory cytokines, especially in-
terleukin 1 (IL-1). Ultimately, this phenomenon induces
cell destruction with generation and secretion of damage-
associated molecular patterns, which together with pro-
inflammatory cytokines are recognized by local cells of
the innate immune system, such as alveolar macrophages,
triggering the generation and secretion of proinflamma-
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Table 1. Global epidemiological sex-disaggregated mortality data from the Global 5050 dataset (https://globalhealth5050.0rg/covid19/

sex-disaggregated-data-tracker)

Cases Deaths

total, n male, n female,n male, % female, % total, n male, n female,n male, % female, %
Africa 1,338,268 745,781 680,332 55.7 443 12,442 7,619 4,808 61.2 38.8
America 9,781,617 4,852,740 4,928,930 49.6 50.4 500,010 293,103 206,907 58.6 41.4
Asia 5,170,908 3,276,910 1,893,834 63.4 36.6 39,510 25,591 13,552 64.8 35.2
Europe 2,797,046 1,290,857 1,506,189 46.2 53.8 181,402 101,598 79,804 56.0 44.0
Oceania 28,829 13,949 14,880 48.4 51.6 860* 418* 442*%  48.6* 51.4*
Total 19,116,668 10,180,237 9,024,165 53.3 46.7 733,364 427,911 305,071 58.3 41.7

*Data available for Australia only.

tory chemokines and cytokines, especially IL-6. More-
over, cells of the innate immune system, expressing the
toll-like receptors (TLRs), including TLR4 and TLR7,
able to identify various pathogens, recognize a spike pro-
tein and/or the single-strand RNA of SARS-CoV-2 and
locally attract additional innate response immune cells,
including not only macrophages but also monocytes,
dendritic cells, natural killer (NK) cells, and neutrophils,
together with cells of the adaptive immune system, espe-
cially T cells, therefore promoting further inflammation,
also emphasized by the secretion of T cell-produced in-
terferon gamma (IFN-y), and establishing an inflamma-
tory feedback loop [6, 9].

The degree of COVID-19 is the result of the interplay
between virus virulence and host resistance, with the
transition between innate and adaptive immune response
still not fully elucidated, playing a crucial role in the clin-
ical progress of the SARS-CoV-2 infection from a mild to
a severe disease [6, 9]. In subjects with healthy immune
response, the initial inflammation induced by the innate
immune system attracts adaptive immune cells, such as
virus-specific T cells and B cells, to the site of the infec-
tion; T cells, CD4+ T (T helper) cells, CD8+ T (T suppres-
sor) cells, and T regulatory cells cooperate to eliminate
the infected cells before the virus spread, whereas B cells
produce virus-specific neutralizing antibodies, which
block the virus and permit macrophages to recognize and
phagocyte neutralized viruses and death cells, whose
elimination is associated with minimal lung damage, re-
sulting in absent or mild clinical syndrome and subse-
quent recovery [6, 9]. Conversely, in subjects with preex-
isting or virus-induced dysfunctional immune response
and/or an intense viral load, the immune response is not
effective and T cells and macrophages are not able to in-

Sex Disparities in COVID-19 Severity and
Outcome

hibit virus proliferation and to eliminate the infected
cells, with B cells eventually producing non-neutralizing
antibodies. This condition may enhance virus infection
and consequent exaggerated production of cytokines and
chemokine, which include not only IL-1 and IFN-y but
also macrophage inflammatory protein 1, monocyte che-
moattractant protein 1, granulocyte colony-stimulating
factor, granulocyte/macrophage colony-stimulating fac-
tor, tumor necrosis factor (TNF), and various interleu-
kins, such as IL-2, IL-7, IL-8, IL-10, IL-17, IL-18, and es-
pecially IL-6, resulting in an excessive inflammatory reac-
tion, or hyperinflammation, characterized by the so-called
cytokine storm and responsible for the typical interstitial
pneumonia [6, 9]. Concomitantly, the accumulation of
inflammatory cells and cytokines and the virus infection
of endothelial cells lead to endothelial cell injury, or en-
dotheliitis, and degradation of extracellular matrix, in-
ducing the loosening of interendothelial junctions and
promoting increased vascular permeability and vascular
leakage, and determine a typical endotheliopathy [10].
Moreover, neutrophil extracellular traps, structures of
nucleotides and proteins expelled by neutrophils to en-
snare pathogens, activate platelets that, together with the
hypercoagulability, resulting from the inflammatory-in-
duced stimulation of procoagulant factors, such as fibrin-
ogen, tissue factor, factors (F) VIII, FVIIa, FXa, and Flla
and von Willebrand factor, and mainly from the inhibi-
tion of anticoagulant factors, such as tissue factor path-
way inhibitor, antithrombin IIIT and activated C protein,
lead to the development of microvascular thrombosis
[11]. The status of hyperinflammation and hypercoagu-
lability act together in inducing thromboembolism in the
lungs, thus leading to respiratory failure [12]. Notably,
the hyperinflammation, with recruitment of immune
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Fig. 1. Immune, inflammatory, and thrombotic response to SARS-
CoV-2 infection in case of severe COVID-19. SARS-CoV-2 enters
into cells expressing the surface ACE2 receptors and TMPRSS2
(1). The replication and release of SARS-CoV-2 cause pyroptosis
of host cells and release of proinflammatory cytokines by inflam-
masomes (mainly IL-1, IL-8, and IL-18) and cell debris that acti-
vate alveolar macrophages, which in turn further release proin-
flammatory cytokines (mainly IL-10, GM-CSF, and MIP1) and
chemokines (2). These proteins attract other innate and adaptive
immune cells in the lungs, damaging the lung infrastructure and
with the addition of increasing release of IFN-y by T cell promot-
ing a proinflammatory feedback loop and cytokine storm (3).
Moreover, production of non-neutralizing antibodies by B cells
may enhance SARS-CoV-2 infection, further exacerbating organ
damage. Concomitantly, the damage of endothelial tissue directly
caused by SARS-CoV-2 entry and the local inflammation induce

cells from the blood to the lungs and infiltration of lym-
phocytes to the airways, and the consequent hypercoagu-
lability may explain the main laboratory findings of the
COVID-19-related interstitial pneumonia, biochemically
characterized by lymphopenia, increase in inflammatory
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endotheliopathy characterized by injured endothelial tissue (4)
with consequent vascular leaking (5). Neutrophil extracellular
traps induce the aggregation of platelets and fibrin deposition,
leading to blood clots formation and promoting disseminated co-
agulopathy (6). This mechanism finally results in microvascular
thrombosis and systemic thromboembolism (7). As a conse-
quence, septic shock and multiorgan failure may develop and rep-
resent potential major death determinants in COVID-19. Figure
created with www.biorender.com. ACE2, angiotensin-converting
enzyme 2; COVID-19, coronavirus disease 2019; GM-CSF, gran-
ulocyte-macrophage colony-stimulating factor; IFN-y, interferon
gamma; IL, interleukin; MCP1, monocyte chemoattractant pro-
tein 1; MIP1, macrophage inflammatory protein 1; NETs, neutro-
phil extracellular traps; SARS-CoV-2, severe acute respiratory syn-
drome coronavirus 2; TMPRSS2, transmembrane protease serine
2; TNF, tumor necrosis factor.

markers (erythrocyte sedimentation rate, C-reactive pro-
tein, ferritin), alteration of coagulation parameters (pro-
longed thrombin and prothrombin time, prolonged in-
ternational normalized ratio, thrombocytopenia, increase
in fibrinogen and D-dimer), together with a dramatic in-
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Table 2. Sex disparities of mortality data in COVID-19 available from literature

Reference (first author) Country Patients, n Deaths, n Mortality
men women

Jin [14] China 43 37 26 (60.5%) 11 (25.6%)
Yu [15] China 1,464 212 150 (70.7%) 62 (29.3%)
Mikami [16] USA 6,493 2,014 1,128 (56.0%) 886 (44.0%)
Asfahan [17] China 44,672 1,023 653 (63.8%) 370 (36.2%)
Rivera-Izquierdo [18] Spain 238 61 38 (29.0%) 23 (21.5%)
Qin [19] China 548 90 62 (68.9%) 28 (31.1%)
Shah [20] Georgia 522 92 50 (54.4%) 42 (45.6%)
Du [21] China 179 21 10 (47.6%) 11 (52.4%)
Posch [22] Austria - 439 255 (58.0%) 184 (42.0%)
COVIDSurg Collaborative [23] international 1,128 268 172 (64.2%) 94 (35.1%)
Mani [24] USA 184 32 23 (71.9%) 9 (28.1%)
Santorelli [25] UK 464 109 68 (62.4%) 41 (37.6%)
Nikpouraghdam [26] Iran 2,964 239 167 (69.9%) 72 (30.1%)
Pan [27] China 124 89 67 (75.3%) 22 (24.7%)
Borobia [28] Spain 2,226 460 286 (62.2%) 174 (37.8%)
Wu [29] China 402 21 15 (71.4%) 6 (25.6%)
Deiana [30] Italy 1,223 97 52 (53.6%) 45 (46.4%)
Total 62,874 5,304 3,222 (60.7%) 2,080 (39.30%)

COVID-19, coronavirus disease 2019.

crease in cytokines, such as TNF and, especially, IL-1 and
IL-6 [1, 2]. The hyperinflammation, with the cytokine
storm, because of endotheliopathy and vascular perme-
ability, circulates to different organs, with resulting sys-
temic inflammation, whereas hypercoagulability leads to
disseminated coagulopathy, resulting in diffuse throm-
bosis. The consequent cardiovascular collapse and reduc-
tion in peripheral perfusion lead to septic shock and mul-
tiorgan injury, with consequent liver and kidney failure
that is likely the major cause of death in COVID-19 [9,
12].

Figure 1 shows the dysfunctional immune response
and the exaggerated inflammatory response to SARS-
CoV-2 infection in case of severe COVID-19, which pro-
motes systemic inflammation, endotheliopathy, dissemi-
nated coagulopathy, and thromboembolism, leading to
septic shock, multiorgan injury, and eventual death.

Sex Disparities in the Severity and Outcome of
CoVID-19

Although global epidemiological data suggest a similar
prevalence in virus infection between men and women, a
clear sex-related difference in the severity of the disease,

Sex Disparities in COVID-19 Severity and
Outcome

with a more favorable outcome in women compared to
men, has been described [13-30]. Indeed, according to
the last update of the global situation on October 14, 2020
the overall prevalence of infection in men and women
was 53.3 and 46.7%, respectively, whereas the prevalence
of death in men and women was 58.3 and 41.7%, respec-
tively. In Italy, which was among the first countries, after
China, to be involved in the world and one of the coun-
tries with the highest contagion and lethality in Europe,
the National Institute of Health (NIH) confirmed a dif-
ference in mortality between men and women. At the up-
date on March 30, 2020, corresponding to the week fol-
lowing the first Italian epidemiological peak of the infec-
tion, the NIH reported in the entire Italian population an
infection rate slightly higher in men (52,206, 55.7%) than
in women (41,549, 44.3%), but a lethality rate in men
(6,930, 13.3%) which almost doubled that recorded in
women (3,083, 7.4%), with a clearly higher relative preva-
lence of death in men (69.1%) than in women (30.8%).
This finding was confirmed at all age groups and is
strengthened by the evidence of a median age of deceased
patients lower in men (79 years) than in women (85 years)
(www.epicentro.iss.it/coronavirus). Noteworthy, during
the first phases of pandemic, the infection rate was calcu-
lated predominantly on the symptomatic population,
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which was generally tested for the presence of the virus.
Conversely, during the second phase of the pandemic, a
wider population was tested for the presence of the virus,
including predominantly asymptomatic subjects who
were in contact with symptomatic and/or positive sub-
jects in a population prevention strategy, with an expect-
ed change of the infection rate in men and women. Inter-
estingly, a sex-related difference was partially confirmed
at the latest update on October 14, 2020 when the NIH
reported in the entire Italian population a slightly lower
infection rate in men (173,180, 48.3%) than in women
(185,300, 51.7%), but a lethality rate in men (20,759, 12%)
persistently higher, although to lesser extent, than in
women (15,474, 8.4%), with a higher relative prevalence
of death in men (57.3%) than in women (42.7%), never-
theless testifying the persistence of the sex-related differ-
ence in disease severity and outcome. This finding was
confirmed in all age groups including the elderly, where
the lethality rate was still higher in men compared to
women. The progressive reduction in the sex-related dif-
ference in lethality might reflect a more timely and accu-
rate diagnosis, a wider search for the presence of the virus
in symptomatic and asymptomatic subjects, and a more
effective treatment, consequence of the increasing knowl-
edge of the infection mechanisms and body reactions,
also considering the typical trend of the Italian popula-
tion, where the elderly population (especially people aged
>80 years) is composed of more women than men.

A similar epidemiological disparity between sexes was
previously reported in patients with SARS and MERS,
with the mortality rate being higher in elderly men, espe-
cially those with critical illness [31].

Table 1 shows the overall prevalence of infections and
deaths in men and women worldwide. Table 2 shows sex
disparities of mortality data in COVID-19 available from
literature.

Hypotheses Underlying Sex Disparities in COVID-19
Outcome

Several hypotheses have been postulated to explain the
greater severity and the less favorable outcome of CO-
VID-19 in men compared to women. Differences in cul-
tural and social behaviors in men and women have been
claimed [32, 33], together with the presence of comor-
bidities, such as cardiovascular and respiratory diseases,
as well as smoking habits and alcohol intake, which are
generally more prevalent in men compared to women
[33]. Furthermore, the disparities between sexes has been

6 Neuroendocrinology
DOI: 10.1159/000513346

also attributed to the evidence that men adhere to hygiene
practices, including simple handwashing behavior, less
rigorously and assiduously than women [33, 34], with
consequent easier infection and burden of the disease in
men compared to women.

Besides these considerations, an increasing body of ev-
idence has indicated that the sex-related difference in the
severity and outcome in COVID-19 patients is mainly as-
cribable to mechanisms of virus infection, immune re-
sponse to the virus, development of hyperinflammation
and hypercoagulability, and/or systemic inflammation
and thromboembolism.

The current review describes the present evidence fo-
cusing on data derived from human studies and including
animal studies in sections with scarce, conflicting, or ab-
sent human studies. However, some of the investigations
reporting on these mechanisms are not always robustly
evidence-based, permitting exclusively an iconoclastic
but balanced assessment of current available information
on the issue.

Sex Disparities in the Mechanisms of Virus Infection

Similarly to SARS-CoV, but differently from MERS-
CoV, SARS-CoV-2 uses the cell surface enzyme ACE2
and the protease TMPRSS2 that provide virus cell entry
and priming. Different genetic and endocrine mecha-
nisms, including sex hormone actions, might influence
the mechanisms of SARS-CoV-2 infection.

Genetic mechanisms seem to regulate ACE2 and
TMPRSS2 expression in humans differently in men and
women. ACE2 appears to be differently expressed in men
and women supposedly due to the gene localization on X
chromosome, but the differential expression seems to oc-
cur in a tissue-specific manner. Surprisingly, although
ACE2 is an X-linked gene escaping from X inactivation,
suggesting a greater generalized expression in women
compared to men, data from postmortem donors dis-
played a significant male-biased ACE2 expression in the
majority of tissues, including lung, gastrointestinal sys-
tem, and blood vessels, and a female-biased ACE2 expres-
sion in a minority of tissues, including subcutaneous adi-
pose tissue, cardiac left ventricle, and pancreas [35].
However, ACE2 expression in bronchial epithelial cells
has been supposed to be higher in women than in men,
since the ACE2 gene has been demonstrated to be epige-
netically regulated through DNA methylation, with evi-
dence of hypomethylation in women compared to men
[36]. Interestingly, ACE2 was expressed in the male re-
productive system, especially in the testis, and particu-
larly in spermatogonia as well as Leydig and Sertoli cells
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[37], and in the female reproductive system, especially in
the ovary [38], although the impact of SARS-CoV-2 in-
fection and COVID-19 on gonadal function is not fully
investigated [39]. In contrast to ACE2, TMPRSS?2 is ap-
parently not associated with a significant sex-related dif-
ferential expression in humans, likely because the gene is
not localized on sex chromosomes. Despite bioinformat-
ic reports of a slightly increased TMPRSS2 level in bron-
chial epithelial cells in men compared to women, a non-
significant sex-biased TMPRSS2 expression has been
demonstrated in the lung [40]. Noteworthy, the presence
of different single nucleotide polymorphisms (SNPs) in
the TMPRSS2 gene leads to the formation of two specific
haplotypes; one of these haplotypes, characterized by the
presence of three specific SNPs and more frequently ex-
pressed in Italian than East Asian populations, is predict-
ed to be associated with upregulation of TMPRSS2 ex-
pression and has been found to be also associated with
increased susceptibility to H7N9 influenza A virus infec-
tion, whose incidence is double in men compared to
women; this evidence might also explain the high suscep-
tibility to SARS-CoV-2 infection and lethality of CO-
VID-19 in Italian men [40]. Interestingly, TMPRSS2 is
expressed in the male reproductive system, predominant-
ly in the prostate, seminal vesicles, and epididymis but
not in the testes [41], and seems not to be expressed in the
female reproductive system [42], although the impact of
SARS-CoV-2 infection and COVID-19 on gonadal func-
tion is not fully investigated [39].

Endocrine mechanisms, including the action of sex
hormones, seem to regulate ACE2 and TMPRSS2 expres-
sion and/or function in a species- and tissue-specific
manner differently in males and females. Noteworthy, sex
hormones have been found to modulate not only ACE2
expression, but also ACE2 activity, probably through
posttranscriptional or posttranslational mechanisms, al-
though with conflicting results between animals and hu-
mans. In rodents, where renal ACE2 expression and ac-
tivity are higher in males than females, gonadectomy,
characterized by a suppression of sex hormone produc-
tion, increased renal ACE2 activity in females but not in
males, whereas estradiol treatment reduced renal ACE2
activity in both gonadectomized males and females [43],
suggesting a negative role of estrogens in modulating
ACE2 activity and, consequently, cardiovascular homeo-
stasis in animal models. Nevertheless, testosterone treat-
ment was found to modulate the RAS pathway, in par-
ticular to upregulate the classical pressor pathway (ACE/
AnglI/AT1R axis), by increasing renal and hepatic angio-
tensinogen expression as well as renal renin expression

Sex Disparities in COVID-19 Severity and
Outcome

and activity and AT1R expression [44, 45], and down-
regulate the depressor pathway (ACE2/Ang(1-7)/AT2R
axis), by decreasing myocardial ACE2 activity and aortic
AT2R expression in models of gonadectomized male
and/or gonadectomized and non-gonadectomized fe-
male rodents [46, 47]. Notably, in non-gonadectomized
male mice, treatment with the androgen receptor antago-
nist enzalutamide has been shown to decrease lung ACE2
expression, which became similar to the expression reg-
istered in female mice [48]. Moreover, the sex-determin-
ing region Y (SRY) gene, located on the Y chromosome,
seems to be responsible for the upregulation of the pres-
sor pathway, particularly angiotensinogen, renin, and
ACE, and the downregulation of depressor pathway, par-
ticularly ACE2, expression in experimental models of
transfected Chinese hamster ovary (CHO-K1) cell line
[49]. These controversial data on different tissues do not
clarify whether androgens exert a potential positive effect
in modulating ACE2 activity and the RAS pathway and,
consequently, cardiovascular homeostasis in animal
models. Conversely, in humans, in an experimental mod-
el of cardiac atrial tissue derived from elderly men, estra-
diol treatment induced a shift from ACE to ACE2 expres-
sion and consequently from the classical pressor ACE/
AnglI/ATI1R pathway to the alternative depressor ACE2/
Ang(1-7)/AT2R pathway of the RAS pathway [50, 51].
Moreover, in transgender women, estradiol treatment re-
duced blood pressure by stimulation of ACE2 activity and
increase in Ang(1-7)/AnglI balance [52]. This evidence
suggested that estrogens stimulate ACE2 expression and
activity, with a positive final effect on cardiovascular ho-
meostasis in humans. Sex hormones, particularly andro-
gens and to a smaller extent estrogens, have been also
found to modulate TMPRSS2 expression, although with
conflicting results between animals and humans. In ro-
dents, lung TMPRSS2 expression is unaffected by the use
of the androgen receptor antagonist enzalutamide in
males, suggesting the absence of androgen stimulation of
TMPRSS2 expression [48]. Conversely, in humans, tes-
tosterone stimulates TMPRSS2 expression in human
prostate cancer cells [53], whereas estradiol stimulates
and inhibits TMPRSS2 expression in human prostate and
breast cancer cells, respectively [54, 55], in an experimen-
tal setting, suggesting a major role of androgens on en-
hancing TMPRSS2 expression. Interestingly, in humans,
a second specific haplotype, including TMPRSS2 vari-
ants, and characterized by the expression of at least seven
SNPs, has been denominated European haplotype be-
cause it is relatively frequent in the European, including
the Italian, and totally absent in the East Asian, popula-
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Fig. 2. Sex chromosome and sex hormone regulation of TMPRSS2
and ACE2 expression and activity, and implications in RAS func-
tion. ACE2 and TMPRSS?2 are stechiometrically contiguous and
mediate SARS-CoV-2 cell fusion and entry. ACE2, being an X-
linked gene, should be supposed to be more expressed in female
tissue (pink line with dot). However, despite being an X-linked
gene escaping from X inactivation, ACE2 displays a male-biased
expression in several tissues. Subsequently to membrane fusion
and virus entry into the host cell, SARS-CoV-2 infection leads to
downregulation of ACE2. As a result, the ACE2/Ang(1-7)/AT2R
axis is markedly attenuated, with amplification of the pressor
ACE/AnglII/ATIR axis. Sex chromosome and sex hormones con-
tribute to RAS regulation. In males, sex hormones and genes in sex
chromosomes contribute by differentially modulating the RAS.
Specifically, testosterone upregulates the expression of angioten-
sinogen and AT1R (blue line with arrow), reduces the expression
of AT2R (blue line with inhibitor), and concomitantly inhibits re-

tion, and has been functionally linked to a SNP located in
an androgen-responsive enhancer for the TMPRSS2
gene, therefore suggested to be associated with an andro-
gen-dependent upregulation of TMPRSS2 expression
[40]; this evidence might also contribute to explaining the
high susceptibility of SARS-CoV-2 infection and the se-
verity of COVID-19 in Italian men.

Figure 2 summarizes the evidence of sex chromosome
and sex hormone regulation of TMPRSS2 and ACE2 ex-
pression and activity and their implications in RAS func-
tion.

On the basis of these data it can be hypothesized that,
in men, the increased expression of ACE2 in the lung, to-
gether with the androgen stimulation of TMPRSS2 ex-
pression and/or the expression of TMPRSS2 variants as-
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nin activity (blue dashed line with arrow). Moreover, SRY genes
upregulate angiotensinogen, renin, and ACE expression (blue line
with arrow) and downregulate ACE2 expression (blue line with
inhibitor). These effects upregulate the classical constrictor and
proinflammatory pathway ACE/AnglII/AT1R axis. Moreover, tes-
tosterone positively regulates TMPRSS2 expression (blue line with
arrow). In contrast, estradiol changes the balance towards depres-
sor and anti-inflammatory ACE2/Ang(1-7)/AT2R axis increasing
ACE2 activity (pink dashed line with arrow). Moreover, estradiol
negatively regulates TMPRSS2 expression (pink line with arrow).
Figure created with www.biorender.com. ACE, angiotensin-
converting enzyme; ACE2, angiotensin-converting enzyme 2;
Ang(1-7), angiotensin 1-7; Angll, angiotensin II; RAS, renin-an-
giotensin system; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; SRY, sex-determining region Y; TMPRSS2, trans-
membrane protease serine 2.

sociated with increased susceptibility to viral infection,
might theoretically increase susceptibility to SARS-
CoV-2 infection and contribute to a higher virus spread
as well as development of more severe disease with worse
outcome. Conversely, in women, the reduced ACE2 ex-
pression in the lung and the estrogen inhibition of
TMPRSS2 expression might theoretically reduce the sus-
ceptibility to SARS-CoV-2 infection and contribute to a
lower virus spread as well as development of less severe
disease with better outcome. Interestingly, the estrogen-
dependent stimulation of ACE2 activity might play a cru-
cial role in cardiovascular protection and confer to wom-
en a more effective defense compared to men against de-
terioration of the clinical course of the disease, at least
during the reproductive age. Notably, this difference in
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the mechanisms of virus infection seems to have an im-
pact on disease severity and outcome but apparently not
on the prevalence of infection, since the rate of SARS-
CoV-2 infection seems to be similar in men and women,
particularly slightly higher initially and recently slightly
lower in men than in women, contrary to the severity and
outcome of the disease, which was always clearly worse in
men than in women.

Sex Disparities in Immune and Inflammatory

Response

Similarly to SARS and MERS, it is generally established
that severe COVID-19 is characterized by a dramatic in-
flammatory state initially localized in the lung, due to the
massive release of proinflammatory cytokines produced
by virus-infected cells, which attracts towards the site of
infection innate immune cells, which are also infected by
the virus [3, 6, 9]. In case of preexisting or virus-induced
dysfunctional immune response, the enhanced release of
proinflammatory cytokines and the recruitment of the
immune cells from the blood to the site of infection might
damage the lung and establish a proinflammatory feed-
back loop, determining vascular permeability and a cyto-
kine storm, which in turn may diffuse through the circu-
lation into the various organs, promoting multiorgan in-
jury and leading to the development of systemic illness [3,
6, 9]. Nevertheless, a very recent study proposed an in-
triguing theory, suggesting that SARS-CoV-2 infection
might directly induce an immunological collapse second-
ary to severe immunosuppression, with reduction of
CD4+ T cells, CD8+ T cells, B cells, and NK cells, leading
to a profound defect in host immunity and consequent
failure to control unrestrained virus replication and dis-
semination with direct host cytotoxicity, rather than to
cytokine storm-induced multiorgan failure [56].

Different genetic and endocrine mechanisms, includ-
ing sex hormone actions, might influence the mecha-
nisms of immune and inflammatory response to CO-
VID-19.

Genetic mechanisms seem to regulate susceptibility to
infections and directly impact immune response between
sexes, with distinctions in innate and adaptive immune
responses that remain constant from birth to old age [57].
Sexual dimorphism in animal and humans contributes to
a stronger immune response in females compared with
males. The sex-related difference in immune response is
mainly due to the evidence that a relevant number of
genes involved in the positive regulation of innate and
adaptive immune response is located on sex chromo-
somes, especially on the X chromosome. Indeed, males

Sex Disparities in COVID-19 Severity and
Outcome

have only one X chromosome, a condition that from an
evolutionary point of view represents a disadvantage, as
every newly arisen recessive and deleterious mutation on
the X-linked genes, including the immune-related genes,
results in the functional loss in the entire cohort of cells
and is manifested phenotypically. Conversely, females are
generally protected by this phenomenon because one of
the X chromosomes is randomly inactivated, resulting in
cell mosaicism where only half of cells result in the func-
tional loss following the eventual deleterious mutation,
including functional loss of immune function [58]. More-
over, cell mosaicism also confers an additive immuno-
logical advantage to females compared to males in case of
X-linked genes escaping inactivation; indeed, the X-
linked immune-related genes extensively and generally
positively involved in innate and adaptive immune re-
sponse might result in a relatively increased level of func-
tional immune factors, likely protecting females more
than males from infections, including virus infections, or
to mitigate the clinical manifestation of the infectious dis-
ease in females more than in males, with a different im-
pact on prognosis [58]. In addition, genetic variations
among genes on the Y chromosome are suggested to neg-
atively influence immune response, thus increasing sus-
ceptibility to infections in males compared to females
[59].

Differences in susceptibility to respiratory viral infec-
tious diseases between males and females have been
shown in rodent models. Male mice infected with SARS-
CoV-MA15, reproducing a clinical syndrome similar to
SARS, are more susceptible to disease than females, and
the degree of sex bias increases with advancing age; the
enhanced susceptibility of male mice was associated with
elevated virus titers, neutrophil infiltration, and proin-
flammatory cytokine (IL-1, IL-6, and TNF) levels in the
lungs, suggesting a worse innate and adaptive immune
response in males than in females, probably related to the
different expression and function of immune-related
genes on the X chromosome [31]. In male mouse conso-
mic strains, genetic variations in the Y chromosome pre-
dispose males to HIN1 influenza A virus infection, con-
firming the potential negative role of the Y chromosome
in the immune response and in the susceptibility to spe-
cific viral infections [60]. These studies are consistent
with the findings of an increased risk for a number of in-
fectious diseases due to genetic background and of a more
severe clinical manifestation due to a more profound in-
flammatory response in men compared to women. Men
are more likely to develop severe respiratory inflamma-
tory syndrome as a consequence of lung neutrophil infil-
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Table 3. Sex difference in innate and adaptive immune response based on data from humans and rodents

Immune cells Characteristic Sex difference

Innate immune system

Dendritic cells IFN activity higher in females

Macrophages activation and phagocytic ability higher in females
proinflammatory cytokine production higher in males

Neutrophils phagocytic ability higher in females

NK cells NK cell number higher in males

Adaptive immune system

T cells CD4+ T cell number higher in females
CD8+ T cell number higher in males
CD4+/CD8+ T cell ratio higher in females
Th1 and Th2 cells Th2 cell bias in females

Th1 cell bias in males
B cells B cell number and activity higher in females

IFN, interferon; NK, natural killer; Th1, type 1 T helper; Th2, type 2 T helper.

tration and exaggerated production of proinflammatory
cytokines, whereas females generally have a more favor-
able outcome, particularly when virulent pathogens are
provided of a relevant inflammatory potential [61]. This
evidence is also likely to apply to different viral infections,
including coronavirus and, particularly, SARS-CoV-2 in-
fection and consequent COVID-19.

Studies on rodents demonstrated a difference in innate
and adaptive immune response between males and fe-
males, with females possessing a greater activity of innate
immune cells, including macrophages, dendritic cells and
neutrophils, and a greater number and/or activity of
adaptive immune cells, belonging either to humoral or
cell-mediated responses, specifically with an increase in B
cell number and activity, as well as type 1 T helper (Th1)
and type 2 T helper (Th2) responses, compared to males,
with contradictory difference in regulatory T cell re-
sponse [57].

In humans, men and women display differences in the
innate immune response, with men possessing an in-
creased number of NK cells and an enhanced ability of
macrophages to produce proinflammatory cytokines,
and with women displaying an enhanced ability to acti-
vate dendritic cells with consequent increase of IFN pro-
duction, and macrophages and neutrophils with conse-
quent increase in phagocytotic activity [57]. Notably,
TLR4, whose genomic localization is on chromosome 3,
is an extracellular receptor-binding lipopolysaccharide
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which influences cytokine production and displays, for
unclassified reasons, higher expression on immune cells
derived from men than those derived from women [57].
Conversely, TLR7, whose genomic localization is on the
X chromosome, is an intracellular receptor that binds sin-
gle-stranded nucleic acids and, due to escape from X
chromosome inactivation, results in greater expression in
immune cells derived from women than in those derived
from men [62]. Similarly, men and women also display
differences in adaptive immune response, with men pos-
sessing an increase in CD8+ T cell number and a Th1 bias,
and women possessing an increase in CD4+ T cell num-
ber with a Th2 bias, together with an increase in T cell
activity in terms of proliferation, activation, and cytotox-
icity, and an increase in B cell number and activity, lead-
ing to an increased ability to produce antibodies [57]. Ta-
ble 3 shows the sex difference in innate and adaptive im-
mune response based on data from humans and rodents.

Endocrine mechanisms, including sex hormone ac-
tions, seem to influence immunological mechanisms, in-
cluding inflammatory response, either in the innate or
adaptive immune response, differently in men and wom-
en throughout the course oflife, as demonstrated by stud-
ies conducted on both rodents and humans [57]. Studies
on rodents demonstrated that androgens reduce macro-
phage TLR4 expression in gonadectomized male mice
[57]. Moreover, studies in rodents and humans revealed
that androgens induce immunosuppressive and anti-in-
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Table 4. Impact of sex hormones on innate and adaptive immune
responses based on data from humans and rodents

Males (androgens) Females (estrogens)

1 NK cell number T NK cell number

L IFN-y 1 IFN-y
LIL-4 1IL-4
LIL-5 T1IL-5
TIL-10 TIL-10
Low-E High-E
TIL-1 TIL-1 VIL-1
TIL-6 TIL-6 LIL-6
I TNF T TNF I TNF
1 Th1 and Th2 activity T Th1 activity T Th2 activity

1 B cell number and activity T B cell activity

| CD8+ number and activity T CD8+ activity

1 Antibody response T Antibody response

High-E, high estrogens (luteal phase of reproductive cycle and
pregnancy); IFN-y, interferon gammea; IL, interleukin; Low-E, low
estrogens (follicular phase of reproductive cycle and menopause);
NK, natural killer; Th1, type 1 T helper; Th2, type 2 T helper; TNF,
tumor necrosis factor.

flammatory actions by reducing NK and macrophage ac-
tivity, CD8+ T cell number and activity, Th1 and Th2 cell
activity, and B cell number and activity [57]. On the oth-
er hand, studies on rodents demonstrated that estrogens
induce macrophage TLR4 expression and enhance den-
dritic cell TLR7 signaling in gonadectomized female mice
[57]. Interestingly, administration of high doses of estra-
diol in mice exposed to SARS-CoV protects against the
damage of inflammatory response in the lung through
recruitment of monocytes, macrophages, and neutro-
phils that enhance the CD8+ T cell response [31]. More-
over, studies on humans demonstrated that estrogen ad-
ministration increases the activation of TLR7 signaling in
dendritic cells of postmenopausal women [57]. Notably,
estrogens, whose levels increase in women during the fol-
licular phase and decrease during the luteal phase of the
menstrual cycle and are very high in pregnancy and very
low in menopause, differentially modulate the innate and
adaptive immune system in a concentration-dependent
fashion. Indeed, low concentrations of estrogens are pro-
inflammatory, inducing IL-1, IL-6, and TNF production
and inducing the activity of Th1 cells, whereas high con-
centrations of estrogens are anti-inflammatory, reducing

Sex Disparities in COVID-19 Severity and
Outcome

IL-1, IL-6, and TNF production and inducing Th2 activ-
ity [57]. Therefore, the totality of this evidence suggests
that the susceptibility and response to SARS-CoV-2 in
COVID-19 may vary depending on sex, and in women
throughout the course of life during the different phases
of the reproductive cycle. Table 4 shows the impact of sex
hormones on innate and adaptive immune responses
based on data from humans and rodents.

Additionally, sex hormones interact with the hypo-
thalamus-pituitary-adrenal (HPA) axis, particularly with
the systemic effectors glucocorticoids (GCs), and cooper-
ate in the regulation of the immune and inflammatory
response. GCs have an immunomodulatory action with
predominant immunosuppression, specifically suppres-
sive effects on innate and adaptive immune cells and on
inflammatory reaction [63]. Moreover, GCs inhibit the
hypothalamus-pituitary-gonadal axis in both sexes,
blocking the secretion of testosterone from the testes and
of estradiol from the ovaries [64]. In turn, estradiol has a
direct stimulatory effect, whereas testosterone has a mild
suppressive effect on the HPA axis [64]. These data con-
tribute in explaining the generally superior ability of
women to be protected from infections and to respond to
infectious diseases.

Taken together, these findings suggest that men and
women differ in their genetic predisposition to infectious
diseases. In men the single X chromosome and cluster of
gene polymorphisms located on the Y chromosome con-
fer immunological disadvantage and, consequently, a
greater frailty against infections. Moreover, the andro-
gen-mediated immunosuppressive and proinflammatory
effects, leading to a less effective innate and adaptive im-
mune response, together with the inhibitory effect of an-
drogens on the HPA axis contribute to a more severe dis-
ease with worse outcome. Conversely, in women the dou-
ble X chromosomes, with the possibility of escape from
X-linked gene inactivation, and the lack of a Y chromo-
some confer immunological advantage and, consequent-
ly, a greater protection from infections. Moreover, the
estrogen-mediated immunostimulatory and anti-inflam-
matory effects, leading to a more effective innate and
adaptive immune response, together with the stimulatory
effect of the HPA axis contribute to a less severe disease
with better outcome, especially during the reproductive
age.

Sex Disparities in Coagulopathy and Thrombosis

Similarly to SARS and MERS, it is generally established
that severe COVID-19 is characterized, concomitantly to
dysfunctional immune response and systemic inflamma-
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tion, by disseminated coagulopathy and thromboembo-
lism, which is a major contributor of death [65]. The he-
mostatic changes represented by the increase in proco-
agulant and decrease in anticoagulant pathways appear to
be supported by a direct virus-induced damage, systemic
inflammation, and endotheliopathy, together with liver
dysfunction [12]. Presently, the coagulopathy associated
with COVID-19 is denominated thromboinflammation,
since it appears to result most likely from the systemic in-
flammation secondary to virus infection, favored by endo-
theliopathy and complicated by prolonged stasis, rather
than from an intrinsic thrombotic effect of the virus [12,
66-68]. Indeed, the dramatic increase in IL-6, the main
marker of hyperinflammation, is correlated with fibrino-
gen, a marker of hypercoagulability, therefore confirming
the strong correlation between systemic inflammation
and disseminated coagulopathy in COVID-19 [69]. Ad-
ditionally, the virus infection of endothelial cells induces
inflammatory infiltration and consequent cell apoptosis,
which generate the peculiar endotheliopathy, with conse-
quent platelet activation and thrombus formation with
development not only of microvascular but also macro-
vascular thrombosis [12, 66, 68]. Microvascular thrombo-
sis was directly demonstrated by recent evidence at au-
topsy in patients who had died from COVID-19, demon-
strating widespread microangiopathy and thrombosis
into the lung as well as into different organs and districts
of the body [7, 70], whereas macrovascular thrombosis
has been demonstrated by the occurrence of ischemic
stroke and/or acute coronary syndrome and myocardial
infarction in patients with COVID-19 [66, 71, 72].

Different genetic and endocrine mechanisms, includ-
ing sex hormone actions, might influence the mecha-
nisms of coagulopathy and thrombosis in COVID-19.

Genetic mechanisms seem to regulate hemostasis in
humans without difference in men and women. Indeed,
some genetic variants, such as factor V Leiden, prothrom-
bin G20210A, and blood group non-0 are known to in-
duce a 2- to 5-fold increase in the risk of thrombosis, but
none of the genes coding for these factors are on sex chro-
mosomes, and no difference between men and women
has been found in the relative risk of thrombosis related
to genetic risk factors [73].

Endocrine mechanisms, including sex hormone ac-
tions, seem to regulate hemostasis differently in males
and females. Indeed, sex hormones directly act on platelet
response and coagulation cascade [74]. Evidence emerg-
ing from rodents demonstrated a distinct effect of andro-
gens and estrogens on hemostasis. Indeed, treatment with
estrogens reduced platelet aggregability in female rats
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[75] and thrombus formation in female and male rats
[76]. In both male and female rats, treatment with testos-
terone markedly increased mortality and thrombus size,
which was doubled in males compared to females at base-
line, whereas treatment with estradiol decreased mortal-
ity in both sexes and thrombus size in male but not in
female rats, with treatment with the androgen receptor
antagonist flutamide antagonizing testosterone-in-
creased mortality rate in both sexes [77]. Moreover, go-
nadectomy reduced and enhanced platelet aggregability
in male and female rats, respectively, whereas treatment
with testosterone increased and treatment with estradiol
decreased platelet aggregability in both male and female
gonadectomized rats, with flutamide and estradiol antag-
onizing testosterone-enhanced platelet aggregability in
male gonadectomized rats [78].

This evidence collected in animal models suggests that
estrogens reduce platelet response in both males and fe-
males, thus displaying a protective effect against throm-
bosis, whereas androgens enhance platelet response and
ultimately thrombosis-related mortality, finally suggest-
ing that males are more susceptible to thromboembolism
compared to females. This evidence seems to be gener-
ally confirmed in humans, with the exception of specific
conditions.

In humans, the risk of thromboembolism is reported to
be at least 3-fold higher in men than in women at any age,
with a higher frequency in men during elderly age and a
lower frequency in women during fertile age [74, 79-81],
suggesting also in humans a possible positive role of estro-
gens and a negative role of androgens on hemostasis, at
least in standard conditions of exposure to normal levels
of sex hormones. Noteworthy, in women, conditions of
exposure to supraphysiological estrogen levels, such as
during the use of estrogen-containing oral contraceptives,
or extremely high estrogen levels, such as in pregnancy,
represent two exceptions, given that these conditions in-
crease the procoagulant factors FVII, FIX, FX, FXII, and
FXIIIlevels and decrease the anticoagulant factors protein
S and antithrombin levels, thus altering the hemostatic
balance towards a prothrombotic state [82, 83]. Interest-
ingly, in transgender women the use of estrogens is inde-
pendently associated with a 3-fold increase in cardiovas-
cular mortality, as it is known to induce an increase in
body and visceral fat as well as weight and triglycerides, to
reduce lean mass, and to promote prothrombotic state
[84, 85]. In transgender men the use of androgens does not
increase cardiovascular mortality despite its negative im-
pact not only on hematocrit but also on lipid profile [84,
85]. Notably, in men the condition of testosterone defi-
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ciency, such as in hypogonadism, is associated with an in-
crease in procoagulant factors, including FV, FX, and C-
reactive protein, and a decrease in anticoagulant factors,
such as antithrombin III [86]; this evidence suggests that
the condition of androgen deficiency further worsens the
susceptibility of men for thrombosis, explaining the exag-
gerated increase in incidence of thrombosis in old com-
pared to young men. On the other hand, in women in
condition of estrogen deficiency, such as in menopause,
genetic and environmental factors, including inappropri-
ate diet, smoking habit, and reduction in physical exercise
can induce changes in vascular endothelium, platelet re-
sponse, and blood coagulation, promoting thrombosis
[87]; the estrogen deficiency likely contributes to explain-
ing the higher incidence of thrombosis observed in old
compared with young women [88].

This evidence suggests that men and women differ in
their predisposition to thromboembolism, since in men
the thrombotic risk is higher compared to women at any
age, and even increased in older compared to younger
patients. Although testosterone may not exert a direct
negative impact on cardiovascular mortality, testosterone
deficiency appears to promote thrombosis, thus contrib-
uting to an increased mortality risk in men. Conversely,
women take advantage of a less frequent occurrence of
thromboembolism during fertile age, but conditions of
estrogen deficiency or excess increase thrombotic risk
and related mortality in women.

Additionally, exogenous systemic GCs may exert in-
fluence on thromboembolism, acting on hemostasis di-
rectly and indirectly through changes in sex hormones,
with a dichotomous response between sexes [89]. In
healthy conditions, GC treatment has been shown to in-
crease FVII, FVIIL, and FXI procoagulant factors, where-
as in conditions of inflammation status GC therapy in-
hibits von Willebrand factor and fibrinogen, but increas-
es the antifibrinolytic plasminogen activator inhibitor
type 1 (PAI-1) levels, contributing to the occurrence of a
hypercoagulability state [90], as also reported in patients
with endogenous GC excess such as in Cushing’s syn-
drome, which is associated with thrombosis diathesis
[91]. In addition, excess of endogenous GC lowers the
testosterone to estradiol ratio in men while increasing it
in women [91], thus inducing a sex hormone deficiency
status in both sexes which contributes to enhancing
thrombotic diathesis.

Taken together, these findings suggest that CO-
VID-19, by promoting peculiar endotheliopathy and
thromboinflammation, facilitates the occurrence of mi-
cro- and macroangiopathy, leading to fatal thromboem-

Sex Disparities in COVID-19 Severity and
Outcome

bolism, and exacerbates the greater thromboembolic risk
of men compared to women. Indeed, COVID-19 induces
a hypercoagulability state which adds up to the different
predisposition to thromboembolism between men and
women. Although not fully elucidated, the sum of a path-
ological condition to a physiological predisposition might
help explain the greater severity and the worse outcome
of COVID-19 in men compared to women.

The Role of Hypogonadism in Men and Women

An increasing amount of evidence seems to indicate the
condition of sex hormone deficiency as a deleterious factor
for immune and inflammatory response or thrombosis di-
athesis and, consequently, as a negative prognostic factor
for the severity and outcome of COVID-19. At confirma-
tion of this hypothesis, an association between male hypo-
gonadism and poor outcome of COVID-19 has been re-
ported. Indeed, in 31 male patients with COVID-19 admit-
ted to the respiratory intensive care unit, low total and
calculated free testosterone levels were significantly associ-
ated with the presence of negative prognostic factors, in-
cluding increased serum lactate dehydrogenase, ferritin,
and procalcitonin as well as increased neutrophil with de-
creased lymphocyte count, and with increased mortality
[92]. Therefore, low testosterone levels have been suggested
as predictors of poor clinical outcome and mortality in CO-
VID-19 [92, 93]. Whether male hypogonadism is an associ-
ated comorbidity or a consequence of SARS-CoV-2 infec-
tion and development of COVID-19 is still unclear. Smell
loss reported by COVID-19 patients might result from in-
jury of the olfactory bulbs and impairment of GnRH secre-
tion (a “Kallman-like” condition), suggesting a secondary
origin for male hypogonadism in COVID-19. This hypoth-
esis is in line with experimental studies with SARS-CoV,
responsible for SARS, demonstrating that the olfactory
bulbs may be a primary conduit for virus entry into the
brain, followed by transneuronal spread of the virus [94].
Recently, SARS-CoV-2 infection has been found to induce
an increase in TNF and IL-1 in olfactory epithelium of CO-
VID-19 patients with anosmia, therefore suggesting an in-
flammation-mediated damage of the olfactory bulbs, prob-
ably responsible for the anosmia associated with CO-
VID-19 [95]. On the other hand, the documented expres-
sion of ACE2 on Leydig cells [37], despite the lack of evi-
dence demonstrating TMPRSS2 co-expression [5], but not
excluding the possible co-expression of a different virus
priming factor, might permit virus-induced damage of tes-
tis function, leading to primary hypogonadism. According
to this hypothesis, recent findings have found functional
hypogonadism with increased luteinizing hormone levels
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in 31% and a clear primary hypogonadism in 17% of male
COVID-19 patients admitted to intensive care units [96].
Conversely, the role of the “physiological hypogonadism”
seen in menopausal women is yet to be clarified. Interest-
ingly, luteinizing hormone levels are within normal range,
but follicle-stimulating hormone levels were reduced in 10
middle-aged to elderly women with COVID-19 [96], likely
suggesting the occurrence of secondary hypogonadism. In-
terestingly, aging is characterized by a physiological sex
hormone decline, which is progressive in men during life
and sharp in women with the transition from reproductive
age to menopause. Such physiological hypogonadism could
play a direct or indirect role in the development of system-
ic inflammation, endotheliopathy, and thromboembolism
in COVID-19 patients. Indeed, in men aging is accompa-
nied by a physiological decline in androgen levels [97], or
frequently a pathological condition of a real hypogonadism,
denominated late-onset hypogonadism [98], which con-
tributes to the progressive increase in the risk of cardiomet-
abolic disease, cardiovascular events, and cardiovascular
mortality [99]. Similarly, in women aging is accompanied
by a physiological decline in estrogen levels leading to
menopause, which contributes to the progressive deteriora-
tion of cardiovascular risk factors and increased risk of car-
diovascular disease and mortality [100]. Indeed, sex hor-
mones are known to directly impact cardiovascular health.
Particularly, androgen decline may predispose to endothe-
liopathy and thrombosis [101]. Indeed, testosterone is
known to modulate the expression of thromboxane A2 re-
ceptors in platelets, thus influencing platelet activation, ag-
gregation, and reactivity, and to enhance the synthesis and
secretion of endothelial nitric oxide which acts as an inhib-
itor of platelet activation [101]. On the other side, estrogen
decline exerts a negative impact on endothelial function
and contributes to the development of thrombotic diathe-
sis, because the sudden reduction in estrogen levels increas-
es oxidative stress through downregulation of the expres-
sion of genes related to antioxidants [102], reduction of ni-
tric oxide and increase of reactive oxygen species [103],
together with enhancement of the cellular endothelin-1 sys-
tem and a negative impact on RAS pathway activity [104].
This evidence may partly explain the high mortality rate
seen in elderly patients with COVID-19.

COVID-19 in the Elderly: The Role of Inflammaging

Based on current available evidence, epidemiological
data collected in the elderly might reflect the effects of an
age-dependent physiological fall in sex hormones in both
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sexes. Moreover, not only sex-biased, but also age-biased
immune and inflammatory response and thrombotic di-
athesis have been reported in the general population and
in patients with COVID-19. Global data provide unques-
tionable evidence that elderly subjects, especially those
with preexisting comorbidities, are at higher risk of devel-
oping severe disease with poor outcome of COVID-19
[2]. In healthy elderly individuals, the composition and
quality of immune response is profoundly reduced by ag-
ing because of a physiological reduction in B cell number
and activity, CD8+ T cell and CD4+ T cell activity, and
ability to respond to antigens [105]. Aging is also charac-
terized by chronic low-grade inflammation not caused by
apathogen, designated as inflammaging [102, 106], which
predisposes to higher frailty and earlier mortality and
may therefore be responsible for the higher susceptibility
to SARS-CoV-2 infection and for the greater severity and
worse outcome of COVID-19. Healthy individuals older
than 60 years exhibit high baseline serum concentrations
of IL-6, IL-8, and C-reactive protein together with in-
creased reactive oxygen species levels [106]. Inflammag-
ing appears to promote the accumulation of senescent
cells in the respiratory tract, thus initiating an inflamma-
tory cascade that could inhibit T cell responses to virus-
infected cells [106]. In elderly COVID-19 patients, the
defective immune response and the increased proinflam-
matory IL-6 concentration can promote lung inflamma-
tion and injury [107] and foster virus replication [108].
Indeed, innate immune response is also reduced in el-
derly COVID-19 patients, as demonstrated by the de-
creased activity of neutrophils, monocytes, and macro-
phagesleading to limited phagocytosis, reduced nitric ox-
ide and superoxide production, and lower migration to
infected tissues [109]. Considering the elevated basal in-
flammatory state in the elderly, SARS-CoV-2 infection
has been recently hypothesized to induce a particularly
robust and dramatic inflammatory cytokine and chemo-
kine expression responsible for an exaggerated and dys-
regulated host inflammatory response [109]. Moreover,
although high titers of neutralizing and antigen-binding
antibodies have been found in elderly COVID-19 pa-
tients, it is still unknown whether such antibody response
is protective, pathogenic, or the expression of severe dis-
ease [109]. Furthermore, the increased oxidative stress of
the elderly may contribute to endotheliopathy and poten-
tially to thromboembolism. Noteworthy, the increased
risk of thromboembolism reportedly seen in elderly men
compared to elderly women might mirror the effects of
the physiological decline in testosterone, typically experi-
enced with aging, which can even worsen, more than es-
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tradiol decline in women, this immune defective, proin-
flammatory, and prothrombotic state [103]. This evi-
dence seems to explain the vulnerability of elderly people,
particularly elderly men more than elderly women, to
COVID-19.

In Italy, in the update on March 30, 2020 the NIH re-
ported in patients aged >60 years an overall higher lethal-
ity rate (18.4%) compared to younger patients (1.1%). Par-
ticularly, in the elderly, the infection rate was higher in
men (21,980, 65.2%) compared to women (11,726, 34.8%),
and the lethality rate in men (3,520, 16%) was almost dou-
ble that recorded in women (1,090, 9.3%). Interestingly, in
the latest update on October 14, 2020 the NIH reported in
the same age groups a similar trend in the overall lethality
rate, which was higher in patients aged >60 years (8.3%)
compared to younger patients (0.4%), although the infec-
tion rate was 47% in men and 53% in women, becoming
more similar between sexes, and the lethality rate was
12.9% in men and 10.1% in women, with a persistent but
slightly higher rate in men compared to women.

Altogether these findings suggest that elderly men
might be more susceptible to severe COVID-19 because
of a greater predisposition to infections, a weaker im-
mune defense, and an enhanced thrombotic state.

Interestingly, the age-related changes in GCs could ei-
ther increase vulnerability to infections [110] and prime
the response of the immune system [111]. On the other
hand, the severe inflammatory responses induced by
SARS-CoV-2 provided the basis to suggest, especially in
elderly, the use of anti-inflammatory therapy with exog-
enous systemic corticosteroids to prevent further injury
in patients with COVID-19, although the use of such
drugs is still debated as they may delay virus elimination
and increase the risk of secondary infection, especially in
patients with preexisting deterioration of the immune
system [112].

Concluding Remarks

The impact of sex on SARS-CoV-2 infection as well as
the severity and outcome of COVID-19 is nowadays an es-
tablished evidence. Men and women differ in COVID-19
clinical severity and outcome, as suggested by several piec-
es of evidence. Social habits and comorbidities differ be-
tween the two sexes since hygiene practices are more fre-
quently adopted by women than men, whereas smoking
and comorbidities are more prevalent in men than women.
Virus entry is facilitated in men, who display a genetically
based higher lung expression of ACE2 and a testosterone-

Sex Disparities in COVID-19 Severity and
Outcome

enhanced TMPRSS2 expression than women, whereas es-
tradiol increases ACE2 activity in women, thus contribut-
ing in protecting women from cardiovascular deteriora-
tion. Similarly, men display a genetically based higher
predisposition to infections than women, who in turn take
advantage of a more effective immune system regulation
compared to men. Moreover, the direct proinflammatory
effects of testosterone and the anti-inflammatory effects of
estradiol lead to an enhanced inflammatory system re-
sponse in men compared to women. Finally, although men
and women do not display any difference in genetic predis-
position to thromboembolism, men at any age have a high-
er thrombotic risk than women, in whom the thrombotic
risk is lower at fertile age and increases at menopause and/
or under estrogen therapy. In elderly patients inflammag-
ing leads to an immune defective, proinflammatory, and
prothrombotic state, which even worsens, in men more
than in women, the course of COVID-19.

However, some limitations should be considered. Co-
expression of ACE2 and TMPRSS2 on all tissues acting as
potential conduits for viral entry is yet to be completely
elucidated. While differential effects of testosterone and
estradiol on the RAS system have been clearly document-
ed, less is known about the consequences of androgen or
estrogen deficiency in both sexes. Particularly, men are
known to display a greater cardiovascular risk compared
to women. However, while the protective effect of endog-
enous estrogen in eugonadic women is well documented,
scant evidence is available about the mechanisms under-
lying the greater predisposition of men to cardiovascular
events and thromboembolism at any age, independently
on gonadic state. Lastly, whether sex hormones different-
ly impact immune, inflammatory, and thrombotic state
and whether the differential decline in sex hormones in
both sexes influences the clinical severity and final out-
come of COVID-19 is not fully understood. Therefore,
sex disparities could assist in interpreting epidemiologi-
cal findings as they contribute to the increased mortality
observed worldwide in men in comparison to women.
Figure 3 summarizes the sex differences in susceptibility
to SARS-CoV-2 infection and sex hormone influences on
innate and adaptive immune response, inflammation,
and coagulation state.

Perspectives
Given that currently no specific medical treatment has

been demonstrated to be effective in patients with CO-
VID-19, the potential use of hormonal treatment alone or
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in conjunction with proposed therapeutics should receive
serious consideration in COVID-19 treatment. Accord-
ing to the hypothesis of a negative role of androgens on
the severity and outcome of COVID-19, the employment
of anti-androgens has been proposed. Indeed, inhibition
of androgens might potentially antagonize TMPRSS2 ac-
tions, thus limiting virus internalization into the cells and
consequent diffusion in the body [113]. Moreover, spi-
ronolactone, a mineralocorticoid receptor blocker with
anti-androgenic properties, has been proposed to provide
therapeutic benefit in COVID-19 patients by inhibiting
the androgen-dependent expression of TMPRSS2, thus
preventing SARS-CoV-2 infection [114, 115]. Notewor-
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thy, considering the opposite evidence of hypogonadism
as a negative factor for the development of a severe CO-
VID-19 with poor outcome, a paradoxical potential ben-
eficial effect of androgen replacement therapy cannot be
excluded in patients with clear hypogonadism [99]. On
the other hand, according to the evidence of a positive
role of estrogens in the development of severe COVID-19
with poor outcome, estrogen treatment has been pro-
posed since it might notably impact the balance between
immune and inflammatory responses to SARS-CoV-2,
also affecting the occurrence of thrombotic diathesis,
therefore influencing mortality. Particularly, low-dose
natural estrogens, like isoflavones from soya, given as a
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local nasal spray could directly activate the local nasal im-
mune system by increasing the activity of phagocytes,
dendritic cells, and NK cells, thus destroying the virus and
preventing its diffusion into the lower respiratory tract or
reducing its virulence, as already demonstrated in animal
studies [116]. In a randomized clinical trial a tripartite
combination with estradiol, the flavonoid quercetin, and
vitamin D, known to affect the expression of the majority
of human genes encoding SARS-CoV-2 targets, has been
proposed as a potential therapeutic intervention to treat
and prevent COVID-19 [117]. The hormonally induced
reduction of inflammatory response to COVID-19 by se-
lective estrogen receptor modulators might represent an-
other potential therapeutic target in such patients, as se-
lective estrogen receptor modulators are able to suppress
the activity of proinflammatory cytokines and induce an-
ti-inflammatory cytokine expression, as previously dem-
onstrated in Ebola patients [118]. Added to antiviral
treatment and introduced to a support care protocol im-
mediately on SARS-CoV-2 confirmation, hormonal ther-
apy might contribute to reducing patient hospitalization,
with a potential beneficial impact on recovery and re-
duced mortality rate of patients with COVID-19. Addi-
tional hormonal treatments, mainly systemic corticoste-
roids, might help in reducing inflammation and lung fi-
brosis and might be useful to counterbalance the
corticosteroid insufficiency typically seen in critical ill-
ness [119]. On the other hand, the use of systemic corti-
costeroids might be affected by the occurrence of adverse
effects, mainly including suppression of immune re-
sponse, promotion of thrombosis, and delayed viral clear-
ance, together with cardiometabolic and neuropsychiat-
ric complications [112]. Therefore, a WHO guideline has
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