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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, also
known as Corona Virus Disease 2019 or Covid-19) exhibits differ-
ences in morbidity and mortality between sexes, with a male bias
towards severe disease.’™ A meta-analysis of over 3 million cases
globally (accumulated from 92 data sets that contained information
on the total number of infections by sex, and the severity of disease

as measured by admission to intensive therapy unit (ITU) and death)

There is overwhelming evidence to suggest that male gender is at a higher risk of
developing more severe Covid-19 disease and thus having poorer clinical outcomes.
However, the relationship between testosterone (T) and Covid-19 remains unclear
with both protective and deleterious effects on different aspects of the disease
suggested. Here, we review the current epidemiological and biological evidence on
the role of testosterone in the process of SARS-CoV-2 infection and in mediating
Covid-19 severity, its potential to serve as a biomarker for risk stratification and

discuss the possibility of T supplementation as a treatment or preventative therapy

prostate, sexual medicine, testosterone

has shown that whilst there are no sex-based differences in the
proportion of Covid-19 cases, male patients have higher odds for
requiring Intensive treatment (odds ratio OR = 2.84) and death
(OR = 1.39) compared to females, despite this analysis not con-
trolling for lifestyle, comorbidities, testing method and case type
(hospital vs. community).> This sex difference is apparent across
different countries when comparing Covid-19 fatality (Figure 1).°
Epidemiological data from the previous coronavirus epidemic of

SARS-CoV (2002) also show preponderancy of poorer outcomes for
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FIGURE 1 Covid-19 case fatality rates (CFRs) for males and females across 38 countries or regions reporting sex-disaggregated data on
Covid-19 cases and deaths. (a) Male CFR is significantly higher than the female CFR in 37 of the 38 regions investigated, with an average male
CFR 1.7 times greater than the average female CFR. (b) Covid-19 CFR increases for both sexes with advancing age, but males have a

significantly higher CFR than females at all ages from 30 years in 12 countries currently reporting sex- and age-disaggregated data on Covid-
19 cases and deaths (Australia, Columbia, Denmark, Italy, Mexico, Norway, Pakistan, Philippines, Portugal, Spain, Switzerland and England).

Reprinted by permission from Springer Nature®© in Scully et al®

males.””® One study reported the age-adjusted mortality risk ratio
for males of 1.62 (95% Cl = 1.21-2.16) again without either study
controlling for comorbidities and lifestyle factors,” and an OR for
ITU admission or death was reported to be 3.10 (95% Cl = 1.64-
5.87) for males by a separate study when using gender as a uni-
variate prognostic factor.2® A similar trend of higher case fatality
rate for males (52%) compared to females (23%) was also observed
for Middle Eastern respiratory syndrome coronavirus (MERS,
2012)8

Evolutionary and biological basis for these differences have been
suggested, and numerous reports have attempted to understand the
sex discordance as a result of lifestyle and cultural disparity as well as
innate physiological differences.!’ Indeed, gender based socio-
cultural and behavioural differences between the sexes are also
thought to contribute to severity in Covid-19. For instance males are
more likely to smoke than females, and several studies have reported
increased Covid-19 severity in patients who smoke.*?*® Cultural and
regional gender differences in a healthcare-seeking behaviours,** and
access to healthcare may also lead to the observed bias in disease

severity.?>1¢

Biological reasons such as higher prevalence of comorbidities like
chronic obstructive pulmonary disease, diabetes, cerebrovascular
disease, cancer and hypertension in males have been associated with
poorer Covid-19 clinical outcomes.*”*® Sex-based differences in both
innate and adaptive immunity is a well characterised evolutionarily
conserved phenomena that could confer improved outcomes for fe-
males.?*” The influence of gonadal hormones facilitates the differ-
ential biological milieu between the sexes, and it has been postulated
that they may affect pathogenicity and immune response to SARS-
CoV-2 and thus contribute to the sex bias. In fact, many of the risk
factors for Covid-19 are influenced by sex hormones. Some studies
investigating oestrogen supplementation in post-menopausal women
have observed a protective effect of oestrogen in Covid-19.2°21 A
similar observation was reported which showed that post-
menopausal women were at a greater risk of hospitalisation, and
that oestrogen levels had a protective effect against disease
severity.?? In men, hypogonadism and low testosterone levels are
associated with increased comorbidities such as type 2 diabetes,
obesity and cardiovascular diseases,?® which are risk factors for se-
vere Covid-19.2472¢ |n contrast, there is evidence to suggest that the
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receptor for SARS-CoV-2, angiotensin converting enzyme-2 (ACE2),
and the major viral fusogenic protease transmembrane protease
serine 2 (TMPRSS2) are under transcriptional regular by andro-
gens,?” and high T levels can thus facilitate infection and disease
progression in men.

The relationship between T and Covid-19's sex-bias therefore
remains unclear, and its improved understanding can give an insight
into the disease mechanisms, predict patient outcomes and eventu-
ally help treat severe disease. In this review, we discuss the evidence
to date on the effect of testosterone on the severity and mortality
associated with Covid-19.

2 | TESTOSTERONE AND SARS-COV-2
INFECTIONS

SARS-CoV-2 viral attachment is mediated by binding of the S-
glycoprotein to ACE2 receptor on target cells, and entry is facili-
tated by the protease activity of TMPRSS2 that allows fusion of the
viral and cellular membranes (Figure 2).28 This indicates that high
expression of ACE2 receptor and or TMPRSS2, particularly in the
lung alveolar epithelial cells but also enterocytes of the small intes-
tine, may be a primary factor in SARS-CoV-2 infections. A recent
study that conducted a high-throughput screen of nearly 1500 FDA
approved drugs to identify molecules that reduce ACE2 levels in
human cells found androgen signalling as a key modulator of ACE2
expression.?’ The study also showed that anti-androgenic drugs
reduced ACE2 expression in human embryonic stem cells and was
protective against SARS-CoV-2 infections.?’ A decrease in ACE2
expression was found in older men as a consequence of age-related
androgen level decline®® and testosterone significantly upregulates
ACE2 expression in primary isolated human airway smooth muscle
cells from healthy males.®* TMPRSS2 transcription is regulated by
androgen receptor (AR) and may partially mediate the sex discor-
dance observed in Covid-19.3233

As SARS-CoV-2 relies on ACE2 and TMPRSS2 expression for
cellular entry, and androgen dependent prostate cancer cells have
shown high expression of TMPRSS2 in response to androgens,®*
androgen deprivation therapy (ADT) was thought to be protective in
this patient group. Indeed, a large-scale study involving 4532 pros-
tate cancer patients showed that patients receiving ADT had a lower
risk of SARS-CoV-2 infection (OR of 4.05; 95% Cl 1.55-10.59).%° This
supports a partial role of androgens in the pathogenesis of Covid-19.
However, the study did not describe the clinical and biological
characteristics of the patient populations and the analysis wasn't
corrected for multiple variables which are likely confounders.
Furthermore, androgen deprivation in mice by castration, or anti-
androgen treatment in vitro, led to a reduction in TMPRSS2 and
ACE2 transcript and protein levels.>¢ Mechanistically it is considered
that androgen-regulated TMPRSS2 promotes SARS-CoV-2 entry by
two separate processes: ACE2 interaction/cleavage, which might
promote viral uptake, and SARS-2-S cleavage, which enhances

membrane fusion via activation of the S protein (Figure 2).2837 Since

this collective evidence, multiple studies have advocated ADT and
anti-androgens, commonly used for prostate cancer treatment, as
potential therapeutic options in Covid-19 providing protection
against SARS-CoV-2 infection or reduce viral amplification.3>38-41
Conversely, in a prospective registry cohort study, Klein et al.
(2021) reported that 5.6% of prostate cancer patients on ADT were
infected with SARS-CoV-2 compared to 5.8% of patients not on ADT,
and thus concluded that ADT therapy is not protective against or a
risk for infection.*? This observation was also confirmed by an
epidemiological study consisting of 7894 prostate cancer patients
from the Swedish National registers with long-term androgen inhi-
bition which showed no beneficial or detrimental effects on Covid-19
infection rate or severity.*® In fact, as per the Global Health 50/50
data, there is no evidence that males are more likely to be infected
than females. This was also observed in data from over 700,000 cases
collated by WHO which showed that there were almost equal
number of cases of males and females (1.03:1). Taken together, the
evidence suggests that male sex or T may not mediate SARS-CoV-2
infections per se, but through cellular mechanisms involving ACE2
and TMPRSS2 has the potential to play a role in the observed sex
disparity in Covid-19 severity and mortality outcomes,*'?” despite

some conflicting evidence.*3

3 | TESTOSTERONE AND COVID-19 SEVERITY

The sex bias in Covid-19 severity and mortality has led to several
studies exploring the role of T in disease progression. In a case-
control study, significantly lower total T (TT) levels were observed
in men with Covid-19 at hospital admission compared to healthy
controls (2.5 nmol/L vs. 10.4 nmol/L; p < 0.0001).** Furthermore,
89.8% of Covid-19 patients compared to 14.9% of healthy individuals
were observed to be hypogonadal (TT < 9.2 nmol/L).** A meta-
analysis of 11 studies that evaluated male hormonal parameters in
over 2000 patients also reported that SARS-CoV-2 patients were
characterised by reduced TT levels, with no alterations in luteinizing

hormone and follicle stimulating hormone (FSH) (Figure 3).*°

A pro-
spective cohort study of 358 patients diagnosed with Covid-19 and
92 non-Covid-19 patients reported lower serum TT levels in the
Covid-19 patients (median, 140 ng/dl vs. 322 ng/dl).*¢ On stratifying
Covid-19 patients on disease severity, lower TT levels were observed
in patients with severe disease compared to those with mild-
moderate symptoms (85.1 ng/dl vs. 315 ng/dl), and in patients
needing intensive care versus those who did not need it (64 ng/dl vs.
286 ng/dl).*® This association was also demonstrated by an inde-
pendent study which reported a steep increase in both ICU transfers
and mortality risk in men with low levels of TT and calculated free T
(cFT).¥

A larger single centre cohort study involving 90 men observed
that patients who had severe Covid-19 at presentation or developed
it following admission, had lower levels of serum T compared to
patients with milder disease (53 ng/dl vs. 151 ng/dl; p = 0.01).48

Whilst lower T levels were associated with increased disease severity
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FIGURE 2 SARS-CoV-2 structure, viral entry into host cells and the influence of testosterone. SARS-CoV-2 is made up of four structural
proteins, including the spike (S), membrane, envelop and nucleocapsid proteins. The S protein has 2 functional domains known as S1 and S2. S1
is recognized and binds to angiotensin-converting enzyme 2 (ACE2). Following ACE2 binding, cleavage of the viral spike protein (S) by

proteases including transmembrane protease serine 2 (TMPRSS2) a crucial step to allow host cell membrane fusion and viral uptake. TMPRSS2
interacts with and primes ACE2 in this process and is considered crucial for host cell infection. TMPRSS2 transcription is exclusively regulated
by the androgen receptor (AR) and ACE2 expression is increased in an androgen dependent manner (1). Mechanistically it is considered that
androgen-regulated TMPRSS2 promotes SARS-CoV-2 entry by two separate processes: ACE2 interaction/cleavage (2), which might promote
viral uptake, and SARS-2-S cleavage, which enhances membrane fusion (3) via activation of the S protein. Created with BioRender.com

in this cohort, levels of T in patients with mild Covid-19 were also
observed to be lower than the normal reference range.*® The
requirement for continuous positive airway pressure therapy, a
measure of adverse clinical outcome, was associated with lower
levels of TT and cFT at time of hospitalisation in a multicenter
observational study of 35 men.*’ Lower TT and cFT also correlated
with longer hospital stays (rho = —0.51, p < 0.01 and rho = —0.55,
p < 0.01, respectively), and TT levels were an independent predictive
factor for the length of hospitalisation.*” A similar observation was
reported by Camici et al. (2021) who observed that low TT and low
cFT were associated with longer hospital stay following Covid-19
infection (p = 0.052 and p = 0.041 respectively) and the increased
occurrence of hyperinflammatory syndrome determined by lympho-
cyte count, and levels of ferritin, lactate dehydrogenase, d-dimer and
c-reactive proteins (p = 0.018 and p = 0.048 respectively). This has
significant implications on mortality as the first cause of death in
patients with Covid-19 was acute respiratory failure syndrome
(ARDS),>° and the second reason has been found to be hyper-

inflammatory syndrome.’*? ARDS in critically injured adults has

been shown to be associated with women, and men with low
testosterone levels.>® In the context of Covid-19, Pagano et al. (2021)
demonstrated that lower plasma T levels in and lymphocyte counts
were associated with more severe ARDS at hospital admission in
males, and with deterioration of the condition post-admission.>* Low
levels of serum TT and higher oestrogen to T ratio (often considered
a marker of systemic inflammation)> was associated with increased
risk of in-hospital mortality in a separate retrospective study in
symptomatic men.>®

Whilst several studies have described an associated of lower T
levels to poorer clinical outcomes, it still remains unclear whether
reduced T is a marker or a mediator of Covid-19 severity. Critical
iliness can cause transient hypogonadism thereby causing a rapid
decrease in serum T.>”°® Whilst T deficiency is associated with

59

increased pro-inflammatory cytokines,”” inflammatory mediators

have also been shown to lower T levels during acute illness via
increased metabolic clearance and suppression of gonadal axis.®%%!
In a study comparing Covid-19 patients with non-Covid-19 patients

with respiratory tract infections and age-matched healthy controls,

858017 SUOWIWOD 8181 3(dedl|dde auy Aq peusenob aJe sl WO ‘8sN J0 S8|nJ o A%igiT8UlUQ AB]I/W UO (SUONIPUOD-PUR-SULLIBYW0D A8 | I ARe.q1jBu JU//:SdnL) SUOIPUOD pue SWS 1 811 88S *[£202/T0/02] Uo Ariqiauliuo Ae|im ‘Mofise|o JO Aisiealun Ag S6EZ° AW/Z00T OT/I0P/W0d™A8 | im Azelq1jpuluo//sdny wouy pepeojumoqd ‘T ‘€202 ‘¥S9T660T


http://BioRender.com

YASSIN ET AL

WILEY__| %°%?

FIGURE 3 Hormone analysis in Covid-19 (a)

Total testosterone (nM) COVID-19 vs controls

subjects versus non-infected controls. SARS-
Cov-2-infected patients were characterised by
reduced total testosterone levels (a), whereas
no difference in either follicular stimulating
hormone (FSH) levels (b) or luteinizing
hormone (LH) levels (c) was observed. Figure
reproduced with permission from Corona

et al®
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TT levels were decreased in both Covid-19 and non Covid-19 pa-
tients suggesting that hormonal imbalance might be a consequence of
critical illness in general.? A multi-organ proteomic analyses from
organs of 19 Covid-19 patients showed evidence of testicular injuries
specifically to T producing Leydig cells was observed.®® SAR-CoV-2
spike protein has been observed in the nuclei and cytoplasm of
Leydig cells along with increased inflammation, lymph and macro-
phage infiltration in postmortem testes after SARS-CoV-2 sepsis.®*
Therefore, it is possible that the association of lower T to disease

progression might partly be due to the suppression of T production as

a consequence of viral infection. Supporting this in part, Salonia et al.
showed in a follow-up cohort study that testosterone levels
increased during the recovery phase at 7-month.®® Despite this
finding, 50% of patients remained hypogonadal at follow-up and
testosterone levels even further decreased in as many as 10% of
cases.

In order to understand the biological basis of hypogonadism and
its correlation to Covid-19 severity, Baldassarri et al. (2021) focussed
on the role of AR polymorphisms.®® The X-linked AR gene is char-
acterised by a highly polymorphic poly glutamine (polyQ) tract at its
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N-terminus, which may have 9 to 36 glutamine coding CAG repeats,
with 20 repeats having the highest frequency in humans.®” Whilst AR
is expressed in males and females, the bioavailability of its ligands is
much higher in men. The length of this polyQ tract, which varies with
ethnicity, is inversely correlated with the activation of AR®” and may
offer some biological basis of the differences in Covid-19 severity
between ethnic populations. In a nested case-control study of 638
male and female Covid-19 patients, Baldassarri et al. (2021) observed
that shorter polyQ tracts (<22) which would have higher AR func-
tionality was protective of worse clinical outcomes in individuals of
<60 years.® The authors also show that the longer polyQ tracts
(>23) are associated with higher serum T levels, possibly due to a
dysregulation in hypothalamo-pituitary negative feedback, and an
increased pro-inflammatory status.® Taken together, their study
suggests that the risk of disease severity can be predicted by the
‘androgenicity’ of the individual which is a function of polyQ status
and their serum T levels.

Although there is consensus that low T levels are associated
with poorer outcomes, the changes in T levels longitudinally
following Covid-19 is less explored. This was addressed in an elegant
study where Toscano-Guerra et al. (2022) analyzed the longitudinal
relationship between serum T levels and immune cell populations
with disease outcomes in Covid-19 patients.®® They reported that
the positive trajectories of serum T (p = 0.0038) and lymphocyte
counts (p = 0.01), and negative trajectory for neutrophil counts
(p = 0.0023) were significantly different between the disease
severity groups and were remarkably accurate predictors of patient
outcome.®® The authors concluded that a potential functional role
for T in Covid-19 recovery is possible based on the association of its
reinstatement with improved Covid-19 outcomes and reduced signs
of inflammation.®®

However, there is a paucity of studies that describe the role of
circulating T levels prior to SARS-CoV-2 infection on Covid-19 out-
comes. A study by Manning and Fink (2020) aimed to understand if
the prenatal sex-steroid levels, as measured by digit ratio (2D:4D) as
a surrogate marker, associated with increased severity of disease by
comparing data from 41 countries.®” They observed that low prenatal
testosterone (indicated by a high 2D:4D ratio), led to increased
Covid-19 severity in men.” Conversely, in community-dwelling men
aged 40-69 years, serum total testosterone measured years prior to
any exposure to SARS-CoV-2 a U-shaped association of total
testosterone with risk of death from Covid-19 was apparent.”®
Interestingly, when the model was adjusted for additional covariates
including multiple lifestyle and demographic variables, blood
cholesterol, and prevalent medical conditions, Testosterone levels
were positively correlated with risk of dying from Covid-19.”7° This
suggests that potential beneficial effects of testosterone may occur
only via influence on the presence of medical comorbidities including
obesity and type 2 diabetes which are known to increase Covid-19
severity. However, the significance of this relationship is diminished
by the testosterone assessment taking place years prior to Covid-19
infection, and therefore may not reflect the man's T level at time of

pandemic.

4 | TESTOSTERONE THERAPY AND COVID-19

In one of the few studies investigating 32 men hypogonadal men
receiving testosterone therapy (TTh) at time of Covid-19 infection,
the authors concluded that TTh was not associated with a worse
clinical outcome in men diagnosed with Covid-19 as no differences
were observed in clinical outcomes when compared to 63 age, race,
body mass index, and socioeconomic status matched controls diag-
nosed with Covid-19 and not on TTh.”* Despite a lack of statistical
significance, patients on TTh had lower rates of ICU admission (12.5%
vs. 25.4%) and mechanical ventilator utilization (9.3% vs. 19.0%) than
patients not on TTh, but none were.”? This study did not, however,
compare clinical outcomes with patient who were hypogonadal prior
to Covid-19 infection and not receiving TTh as an indication of tes-
tosterone's potential protective effects in men with low T. Interest-
ingly, men in the TTh group had increased incidence of baseline
comorbidities, including cardiovascular disease, diabetes, hyperten-
sion and immunosuppression allowing the possibility that no increase
in clinical outcomes in this group may in fact indicate a protective
effect of T. Of clinical relevance, evidence indicating post Covid-19
preferential testosterone level recovery over time in men with a
lower burden of comorbid conditions at presentation,®® is suggestive
that TTh may aid Covid-19 recovery via its reported beneficial effects
on cardiometabolic comorbidities.”?~74

A large-scale nested case-control study that investigated if TTh
was associated with reduced disease progression, male patients over
the age of 50 who were hospitalised in 30 days after Covid-19 diag-
nosis (n = 33,380), or those who required ITU admission or mechanical
ventilation post hospitalisation (n = 10,273) were matched 1:1 to
controls.”” The study observed that the patients who had received TTh
prescription for 120 days or less were not associated with decreased
odds of hospitalisation or ITU/mechanical ventilation.”> The study
however did not have access to serum T levels either prior to or during
Covid-19 diagnosis and thus could not assess the if hypogonadism was
effectively treated in the patient population. There is a possibility that
undertreated hypogonadism may have moderated the protective
effective of TTh. Moreover, the study relied on electronic health re-
cords and therefore data on several potential confounders affecting
patient health were unavailable.””

5 | LIMITATIONS AND FUTURE PROSPECTS

The evidence so far on the role of T on Covid-19 severity is based on
correlation of T measurements at diagnosis or hospitalisation and
therefore make interpretations of causality difficult. Prospective
studies that have longitudinal hormonal measurements, and pre-
infection hormonal milieu assessment, could provide a deeper
insight into the role of T in SAR-CoV-2 infection and severity risk.
Furthermore, pre-clinical animal models can help robustly demon-
strate or validate mechanistic relationships between T status (i.e.
deprivation or replacement) and SARS-CoV-2 infection outcomes.

Indeed, the seemingly conflicting roles of testosterone in the
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pathogenesis of Covid-19 requires further investigation. Testos-
terone may facilitate cell infection with the SARS-CoV-2 but also be
protective of worse clinical outcomes during active infections. Future
studies investigating testosterone levels of men prior to Covid-19
infection (baseline) and sequential timepoints throughout disease
pathology and recovery may help further delineate this relationship.
Similarly, studies comparing hypogonadal men at baseline either
receiving TTh or not, for key Covid-19 clinical outcomes may uncover
any therapeutic potential of testosterone in Covid-19 protection.
Finally, most studies do not assess the effects of free or bioavailable
T concentrations, which are a better predictor of T status, on disease

outcomes.

6 | CONCLUSION

Taken together, the evidence so far suggests that the role of
testosterone in Covid-19 is a double-edged sword, with some studies
suggesting that a low testosterone state is protective in men in
certain situations, yet increasing amounts of evidence suggests lower
T in male patients is associated with increased Covid-19 severity and
mortality. However, lack of evidence on the effect of pre-infection
circulating T, contradictory reports on the effects of ADT on SAR-
CoV-2 infection, and incomplete understanding of the underlying
biological mechanisms makes it difficult to conclude if T is a marker
or mediator of Covid-19 severity. Indeed, the mechanisms are likely
to be multidimensional and influenced by a wide range of interacting
factors that can be specific to the individual patient. Furthermore, the
potential of TTh in men with Covid-19 to aid recovery and the effect
of testosterone on long Covid are still to be extensively investigated.
Therefore, both longitudinal studies and prospective placebo-
controlled trials are necessary to further understand the long-term

impact of testosterone in Covid-19 severity, recovery, and mortality.
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