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Abstract
Given the rapid spread of the coronavirus disease 2019 (COVID-19) pandemic and its overwhelming
effect on health care systems and the global economy, innovative therapeutic strategies are urgently
needed. The proposed primary culprit of COVID-19 is the intense inﬂammatory responsedan
augmented immune response and cytokine stormdseverely damaging the lung tissue and rendering
some patients’ conditions severe enough to require assisted ventilation. Sex differences in the response
to inﬂammation have been documented and can be attributed, at least in part, to sex steroid hormones.
Moreover, age-associated decreases in sex steroid hormones, namely, estrogen and testosterone, may
mediate proinﬂammatory increases in older adults that could increase their risk of COVID-19 adverse
outcomes. Sex hormones can mitigate the inﬂammation response and might provide promising
therapeutic potential for patients with COVID-19. In this article, we explore the possible antiinﬂammatory effects of estrogen and testosterone and the anabolic effect of testosterone, with
particular attention to the potential therapeutic role of hormone replacement therapy in older men and
women with COVID-19.
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evere acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) continues to rapidly spread worldwide.
To date, no speciﬁc therapeutic agents or vaccines for coronavirus disease 2019 (COVID19) are available, and much information on
the causative agent SARS-CoV-2 is lacking.
However, descriptive reports have consistently found that older adults and men are at
an increased risk of mortality from COVID19 and that the protective effect of younger
age occurs in both male and female patients.1-3 As we search for treatment strategies
for COVID-19, understanding the extent to
which sex hormones underlie these differential case-fatality rates holds broad clinical
and public health relevance.
For most infectious diseases, women
have been consistently observed to mount a
stronger immune response than do men.4
In general, the female immune system responds more efﬁciently to pathogens, producing higher amounts of interferons and
antibodies; however, this protective effect,
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mediated primarily by estrogen, is attenuated
in postmenopausal women.5 For coronaviruses in particular, women have demonstrated a consistent survival advantage over
men. In the current COVID-19 pandemic,
as well as in both the 2003 SARS-CoV and
the 2012 Middle East respiratory syndrome
epidemics, women have substantially lower
case-fatality rates than do men.6 Among the
theoretical pathways through which SARSCoV-2 is hypothesized to damage the tissues,
the inﬂammation and cytokine storm mechanisms are the most widely accepted.7,8 It is
likely, given the pathophysiology of SARSCoV-2, that the anti-inﬂammatory pathways
hold particular relevance for developing therapeutic strategies against COVID-19. Moreover, the anabolic effects of testosterone
may have clinical relevance for older male patients with COVID-19. In this article, we
explore the effects of estrogen and testosterone and their possible therapeutic role of
hormone replacement therapy in older patients with COVID-19.
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Brieﬂy, SARS-CoV-2 enters the cell via
the angiotensin-converting enzyme type 2
(ACE-2) receptor, which is expressed by
pneumocytes, and leads to the downregulation of ACE-2 levels. Angiotensinconverting enzyme type 2 is normally
responsible for converting angiotensin II
(Ang II) into vasodilatory and less immune
augmenting variants of angiotensin. Angiotensin II binds type 1 angiotensin receptors
(AT1Rs) in the lung to induce vasoconstriction and inﬂammation via activation of the
nuclear factor kB (NF-kB) pathway, which
increases cytokine synthesis.9 Low levels of
ACE-2 and high levels of Ang II lead to
increased pulmonary vessel permeability,
which subsequently results in inﬂammatory
damage to the lung tissue.10 The proposed
primary culprit of severe COVID-19 is the
cytokine storm resulting from an unchecked
inﬂammatory response that damages the
lung tissue, rendering some patients’ condition severe enough to require assisted ventilation and causing death in a substantial
percentage of cases.11 A study of patients
with inﬂuenza found that high cytokine
levels and low T-lymphocyte levels were predictive of high pharyngeal viral loads and
increased mortality.12 These ﬁndings are
consistent with COVID-19 laboratory ﬁndings, which support the hypothesis that the
augmented immune response resulting in
the circulation of tissue-damaging cytokines
is the primary mediator in pulmonary viral
infection.11 It is also possible that SARSCoV-2 directly activates mast cells, which
are found in the respiratory tract submucosa,
with the subsequent release of proinﬂammatory cytokines such as interleukin (IL)-1.13
Sex differences in inﬂammation have
been well documented and attributed to
various factors. Although most of the immune regulatory genes are encoded by X
chromosomes, resulting in women’s generally stronger immune response, this sex difference in inﬂammatory response is
postulated to be largely driven by sex hormones.14 Although estrogen has a complex
role in modulating the immune system,
generally in a dose-dependent manner, it is
reported to have an anti-inﬂammatory effect
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www.mayoclinicproceedings.org

n

at normal physiological levels in premenopausal women.5,15 Most cytokines, namely,
IL-6, IL-8, and tumor necrosis factor a
(TNF-a), are inhibited by periovulatory dosages of estrogen, while low levels of estradiol
can augment inﬂammatory mediators, which
could explain the proinﬂammatory states
that most postmenopausal women suffer
from (eg, atherosclerosis).5 Postmenopausal
women are reported to have higher levels
of proinﬂammatory cytokines, such as IL-1,
IL-6, and TNF-a; however, these levels are
reduced with the use of hormone replacement
therapy,
especially
estrogencontaining types, to premenopausal levels.14
Moreover, estrogen-containing contraceptive
methods have been found to enhance
cellular immunity in HIV-infected patients.16
Female mice receiving high levels of estrogen are reported to have increased survival
and lower cytokine production in the lung
after inﬂuenza infection.4 Likewise, the activated estrogen receptor, speciﬁcally estrogen
receptor-alpha, has been found to inhibit
NF-kBemediated inﬂammation response
and cytokine production via immune cells,
lymphocytes, macrophages, and neutrophils.17 The ﬁnding that Ang II activates
the NF-kB pathway to increase cytokine synthesis after SARS infection while estrogen
can shut down the NF-kB pathway holds
possible relevance for COVID-19 treatment
strategies in female patients.
Estrogen’s
anti-inﬂammatory
effect
against coronaviruses is supported by several
animal studies.18 First, researchers who
infected male and female mice with SARSCoV reported that male mice had a worse
prognosis than did female mice. Speciﬁcally,
after SARS-CoV infection, male mice had
higher viral titers, more pulmonary vascular
permeability and/or alveolar edema, and
more inﬂammatory monocytes and macrophages in their lungs than did age-matched
female mice.18 Second, SARS-CoVeinfected
female mice that were estrogen depleted by
oophorectomy or estrogen receptor blocker
had a worse SARS-CoV prognosis.18
Although patients with COVID-19 suffer
from lymphopenia, which might cast doubt
on the estrogen anti-inﬂammatory effect,
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these ﬁndings were independent of T- or Blymphocyte action.18 In view of the close
genomic similarity of SARS-CoV-2 and
SARS-CoV,19 it is possible that estrogen
plays a similarly protective role against
SARS-CoV-2.
Although women have accounted for a
lower number of COVID-19 cases than do
men,20 it is important to assess whydamong
men infected with SARS-CoV-2dyounger
age is strongly protective against adverse
outcomes. It is possible that testosterone
has a protective anti-inﬂammatory effect in
younger men, analogous to the effect of estrogen in younger women. Testosterone is
reported to have anti-inﬂammatory functions via suppression of both the cellular
and humoral immune systems. In fact,
testosterone was found to lower IL-6 and
TNF-a levels via inhibition of the NF-kB
proinﬂammatory pathway, analogous to estrogen.21 Moreover, testosterone deﬁciency
has been linked with autoimmune disease
and increases in inﬂammatory markers,
such as C-reactive protein.22,23 In a laboratory study, removal of gonads from inﬂuenza
viruseinfected male mice resulted in higher
death rates compared with gonadally intact
male mice.4 Low levels of testosterone, as
can occur in normally aging men, have also
been linked with high inﬂammatory markers
such as IL-6 and may underlie their
increased risk of lung damage after pneumonia.24,25 Importantly, testosterone can be
peripherally converted to estrogen via aromatase enzyme, which might add an antiinﬂammatory effect.26
It is also plausible that testosterone
might reduce the need for assisted ventilation through its anticatabolic effect on respiratory muscles.27 A recent study found that
hypogonadism was common in mechanically
ventilated patients with acute respiratory
failure and was strongly associated with
longer intensive care unit stays.28 Several
small-scale clinical studies indicate that
testosterone therapy may improve outcomes
in hospitalized patients with chronic
obstructive pulmonary disease.29 Further
research is needed on this potential effect.
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Although genetic factors can explain
some of the sex differences in patients with
COVID-19dwomen, as a result of their
extra X chromosome, have stronger immune
function and more efﬁcient viral clearingdthese factors might not explain the dramatic within-sex case-fatality differentials
observed across age groups.2,30 A recent
study reported that comorbidities in patients
with COVID-19 include hypertension, diabetes, and obesity2dall of which are associated with inﬂammation that could have put
older patients at a higher risk of COVID-19
death for which estrogen and testosterone
hold potential therapeutic modalities.
In evaluating sex and age case-fatality rate
disparities of all 3 recent coronavirus epidemics, it is also important to consider the
following potential confounders. First, men’s
higher mortality rate may be driven, in part,
by their higher rates of smoking, which increases vulnerability of lung tissues to viral
infection and other lifestyle factors, which increase their rates of underlying cardiovascular
disease and diabetes.31 Second, it is important
to acknowledge that the increased mortality
in older adults with COVID-19, both men
and women, may be partly attributable to concurrent morbidities, especially cardiovascular
diseases and diabetes. In addition, there is
concern that these associations are driven by
speciﬁc
antihypertensive
medications,
angiotensin-converting enzyme inhibitors and
Ang II receptor blockers drugs, both of which
increase the expression of ACE-2 receptors if
taken long-term, which could increase the
risk of COVID-19 adverse outcomes.32 Nevertheless, Gurwitz10 suggested that patients
chronically treated with an AT1R blocker (eg,
losartan) should have a better prognosis after
being infected with SARS-CoV-2. This viewpoint is supported by the ﬁnding that once
SARS-CoV-2 infects the lung, ACE-2 is downregulated, increasing the availability of proinﬂammatory Ang II, which leads to lung damage
by binding the AT1R. Thus, AT1R blockers (ie,
reducing Ang II effects) could protect the patient from excess inﬂammation and lung damage due to the cytokine storm. Furthermore, a
recent study of 5700 patients with COVID-19
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treated in New York reported that the mortality
rate was modestly higher for patients receiving
angiotensin-converting enzyme inhibitors
(32.7%) and/or Ang II receptor blockers
(30.6%) than for those not taking these medications (26.7%).2
Exogenous estrogen and testosterone
therapies have a therapeutic potential to mitigate the damaging inﬂammatory response to
SARS-CoV-2 without hampering the immune
system’s response to the virus as corticosteroids do.33 Recently, investigators have suggested the use of immune-modulating drugs
to block inﬂammatory markers’ receptors to
mitigate the ampliﬁed and tissue-damaging
immune response of SARS-CoV-2 (eg, anarka
[an IL-1 receptor blocker] and tocilizumab
and sarilumab [IL-6 receptor antagonists]).8,33,34 However, there are concerns
about these agents’ possible adverse effects
on patients’ immune function.
In view of the well-documented role of sex
hormones in immune response, speciﬁcally
the anti-inﬂammatory effects of estrogen
and testosterone and the anabolic effect of
testosterone, it is important to consider their
potential role in developing treatment strategies for patients with COVID-19, particularly
older adults and those with hormone deﬁciencies. Assessing the disease progression
and outcomes of such patients, with particular attention to the underlying mechanisms,
may provide important clinical insight.
Future research is needed to examine whether
hormone replacement therapy may have a
pharmacotherapeutic role in treating older
adults diagnosed with COVID-19.

ACKNOWLEDGMENTS
We acknowledge Melinda Shefﬁeld-Moore,
PhD, College of Education and Human
Development, Texas A&M University, for
her professional opinion.
Abbreviations and Acronyms: ACE2 = angiotensin-converting enzyme type 2; Ang II = angiotensin II; AT1R = type
1 angiotensin receptor; COVID-19 = coronavirus disease
2019; IL-1/6/8 = interleukin-1/6/8; NF-kB = nuclear factor
kB; SARS-CoV-2 = severe acute respiratory syndrome
coronavirus 2; TNF-a = tumor necrosis factor a

Mayo Clin Proc. n August 2020;95(8):1710-1714
www.mayoclinicproceedings.org

n

Potential Competing Interests: Dr Baillargeon has
received payment for consulting from AbbVie, Auxilium,
Endo Pharmaceuticals, and GlaxoSmithKline. Dr Volpi has
received a grant from the National Institutes of Health
(P30 AG024832) and other support from the University
of Texas Medical Branch. The other authors report no
competing interests.
Correspondence: Address to Rasha A. Al-Lami, MD,
Department of Preventive Medicine and Population Health,
University of Texas Medical Branch, 301 University Blvd,
Galveston, TX 77555 (raallami@utmb.edu).
ORCID
Rasha A. Al-Lami:
https://orcid.org/0000-0002-8815https://orcid.org/0000-00020614; Jacques Baillargeon:
3297-653X

REFERENCES
1. Wu Z, McGoogan JM. Characteristics of and important lessons
from the coronavirus disease 2019 (COVID-19) outbreak in
China: summary of a report of 72314 cases from the Chinese
Center for Disease Control and Prevention. JAMA. 2020;
323(13):1239-1242.
2. Richardson S, Hirsch JS, Narasimhan M, et al. Presenting characteristics, comorbidities, and outcomes among 5700 patients
hospitalized with COVID-19 in the New York City area.
JAMA. 2020;323(20):2052-2059.
3. Livingston E, Bucher K. Coronavirus disease 2019 (COVID-19)
in Italy [published online ahead of print March 17, 2020]. JAMA,
https://doi.org/10.1001/jama.2020.4344.
4. Robinson DP, Lorenzo ME, Jian W, Klein SL. Elevated 17b-estradiol
protects females from inﬂuenza A virus pathogenesis by suppressing inﬂammatory responses. PLoS Pathog. 2011;7(7):e1002149.
5. Straub RH. The complex role of estrogens in inﬂammation.
Endocr Rev. 2007;28(5):521-574.
6. Karlberg J, Chong DSY, Lai WYY. Do men have a higher case
fatality rate of severe acute respiratory syndrome than women
do? Am J Epidemiol. 2004;159(3):229-231.
7. Wadman M, Couzin-Frankel J, Kaiser J, Matacic C. How does coronavirus kill? Clinicians trace a ferocious rampage through the body,
from brain to toes. Science. American Association for the
Advancement of Science website. https://www.sciencemag.org/
news/2020/04/how-does-coronavirus-kill-clinicians-trace-ferocious
-rampage-through-body-brain-toes#. Published April 17, 2020.
Accessed May 8, 2020.
8. Conti P, Ronconi G, Caraffa A, et al. Induction of proinﬂammatory cytokines (IL-1 and IL-6) and lung inﬂammation
by coronavirus-19 (COVI-19 or SARS-CoV-2): anti-inﬂammatory strategies. J Biol Regul Homeost Agents. 2020;34(2):1.
9. Jia H. Pulmonary angiotensin-converting enzyme 2 (ACE2) and
inﬂammatory lung disease. Shock. 2016;46(3):239-248.
10. Gurwitz D. Angiotensin receptor blockers as tentative SARSCoV-2 therapeutics [published online ahead of print March 4,
2020]. Drug Dev Res, https://doi.org/10.1002/ddr.21656.
11. Shi Y, Wang Y, Shao C, et al. COVID-19 infection: the perspectives
on immune responses. Cell Death Differ. 2020;27(5):1451-1454.
12. de Jong MD, Simmons CP, Thanh TT, et al. Fatal outcome of
human inﬂuenza A (H5N1) is associated with high viral load
and hypercytokinemia. Nat Med. 2006;12(10):1203-1207.
13. Kritas SK, Ronconi G, Caraffa A, Gallenga CE, Ross R, Conti P.
Mast cells contribute to coronavirus-induced inﬂammation:
new anti-inﬂammatory strategy. J Biol Regul Homeost Agents.
2020;34(1).
14. Gieﬁng-Kröll C, Berger P, Lepperdinger G, GrubeckLoebenstein B. How sex and age affect immune responses,

https://doi.org/10.1016/j.mayocp.2020.05.013

1713

MAYO CLINIC PROCEEDINGS

15.

16.

17.

18.

19.

20.

21.

22.

23.

1714

susceptibility to infections, and response to vaccination. Aging
Cell. 2015;14(3):309-321.
Gaskins AJ, Wilchesky M, Mumford SL, et al. Endogenous
reproductive hormones and C-reactive protein across the
menstrual cycle: the BioCycle Study. Am J Epidemiol. 2012;
175(5):423-431.
Hel Z, Stringer E, Mestecky J. Sex steroid hormones, hormonal
contraception, and the immunobiology of human immunodeﬁciency virus-1 infection. Endocr Rev. 2010;31(1):79-97.
Biswas DK, Singh S, Shi Q, Pardee AB, Iglehart JD. Crossroads
of estrogen receptor and NF-kB signaling. Sci STKE. 2005;
2005(288):pe27.
Channappanavar R, Fett C, Mack M, Ten Eyck PP,
Meyerholz DK, Perlman S. Sex-based differences in susceptibility to severe acute respiratory syndrome coronavirus infection.
J Immunol. 2017;198(10):4046-4053.
Lu R, Zhao X, Li J, et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet. 2020;395(10224):565-574.
Coronavirus Disease 2019 (COVID-19): daily data summary.
NYC health website. https://www1.nyc.gov/assets/doh/
downloads/pdf/imm/covid-19-daily-data-summary-hospitalizations-04032020-1.pdf. Accessed May 8, 2020.
Traish A, Bolanos J, Nair S, Saad F, Morgentaler A. Do androgens
modulate the pathophysiological pathways of inﬂammation?
Appraising the contemporary evidence. J Clin Med. 2018;7(12):549.
Tsilidis KK, Rohrmann S, McGlynn KA, et al. Association between endogenous sex steroid hormones and inﬂammatory
biomarkers in US men. Andrology. 2013;1(6):919-928.
Baillargeon J, Al Snih S, Raji MA, et al. Hypogonadism and the
risk of rheumatic autoimmune disease. Clin Rheumatol. 2016;
35(12):2983-2987.

Mayo Clin Proc.

n

24. Li H, Manwani B, Leng SX. Frailty, inﬂammation, and immunity.
Aging Dis. 2011;2(6):466-473.
25. Morley JE, Kim MJ, Haren MT. Frailty and hormones. Rev Endocr
Metab Disord. 2005;6(2):101-108.
26. Stocco C. Tissue physiology and pathology of aromatase. Steroids. 2012;77(1-2):27-35.
27. Dillon EL, Durham WJ, Urban RJ, Shefﬁeld-Moore M. Hormone treatment and muscle anabolism during aging: androgens.
Clin Nutr. 2010;29(6):697-700.
28. Almoosa KF, Gupta A, Pedroza C, Watts NB. Low testosterone
levels are frequent in patients with acute respiratory failure and
are associated with poor outcomes. Endocr Pract. 2014;20(10):
1057-1063.
29. Baillargeon J, Urban RJ, Zhang W, et al. Testosterone replacement therapy and hospitalization rates in men with COPD.
Chron Respir Dis. 2019;16. 1479972318793004.
30. Conti P, Younes A. Coronavirus COV-19/SARS-CoV-2 affects
women less than men: clinical response to viral infection. J Biol
Regul Homeost Agents. 2020;34(2).
31. Cai H. Sex difference and smoking predisposition in patients
with COVID-19. Lancet Respir Med. 2020;8(4):e20.
32. Fang L, Karakiulakis G, Roth M. Are patients with hypertension
and diabetes mellitus at increased risk for COVID-19 infection?
Lancet Respir Med. 2020;8(4):e21.
33. Sanders JM, Monogue ML, Jodlowski TZ, Cutrell JB. Pharmacologic treatments for coronavirus disease 2019 (COVID-19): a
review [published online ahead of print April 13, 2020].
JAMA, https://doi.org/10.1001/jama.2020.6019.
34. Conti P, Gallenga CE, Tete G, et al. How to reduce the likelihood of coronavirus-19 (CoV-19 or SARS-CoV-2) infection
and lung inﬂammation mediated by IL-1. J Biol Regul Homeost
Agents. 2020;34(2).

August 2020;95(8):1710-1714

n

https://doi.org/10.1016/j.mayocp.2020.05.013
www.mayoclinicproceedings.org

