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Abstract The elderly population is the most sus-
ceptible to SARS-CoV-2 infection and develops the
worst clinical phenotype with severe pneumonia and
cardiac complications. Older COVID-19 patients are
also at higher risk of sudden death, mainly attribut-
able to electrolyte disorders and to an uncontrolled
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inflammatory response. After the identification of
ACE 2 as the receptor of SARS-CoV-2 in human
cells, several research studies have focused on the
role of the activation of Renin Angiotensin System
in COVID-19 clinical course. In the present opin-
ion paper, we discuss the role of hyperaldosteron-
ism in the increasing risk of cardiac complications
in COVID-19 older patients. In particular, we focus
on the immunoregulatory activity of aldosterone,
as the last mediator of the Renin Angiotensin Sys-
tem cascade, in activating the innate and adaptive
immune response related to SARS-CoV-2 infection
in the elderly. Aldosterone may stimulate dendritic
cells and the recruitment of monocytes/macrophages
in the endothelium of coronary vessels, favoring the
production of pro-inflammatory mediators and T-cells
response. Higher basal levels of aldosterone together
with SARS-CoV-2-induced production may explain
the unfavorable course of COVID-19 in the elderly.
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Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection emerged in China in late
December 2019 and, to date, its rapid spread has
not yet been stopped despite the largest vaccination
campaign in the world of the last century. The high
rate of hospitalization related to coronavirus disease

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-021-00481-4&domain=pdf

568

GeroScience (2022) 44:567-572

(COVID-19) pandemic has resulted in a global emer-
gency with difficulties in accessing primary health
care [1-3]. Thus, a great number of patients have
faced this recent coronavirus disease isolated at
home. Elderly patients represent the most affected
population by COVID-19, with the highest mortality
[4]. In these patients, frailty and multiple comorbidi-
ties may partially explain the severe clinical presen-
tation, although the mechanisms of worse prognosis
remain largely unexplained [1, 2, 4].

In the lockdown period, several evidences indi-
cate an increased rate of out-of-hospital cardiac arrest
and sudden death in the elders [1, 2, 4]. It has been
widely ascertained that SARS-CoV-2 infection may
exponentially increase the risk of cardiac arrhythmias
through different mechanisms [5]. Among them, the
increased rate of myocarditis and acute myocardial
infarction with cardiac injury or fibrosis, the induc-
tion of a prothrombotic phenotype, and the QT pro-
longation derived mostly by multidrug therapy and
sepsis have been identified as the main arrhythmo-
genic triggers [1, 2, 4, 5]. In addition, in these
patients, the risk of proarrhythmogenic events is also
due to their pre-COVID-19 clinical conditions (car-
diovascular diseases, chronic kidney disease, diabetes
mellitus, and cancer) which can, in turn, predispose to
electrolyte disorders. As a matter of fact, electrolyte
alterations are common findings in older compared to
younger individuals and they are associated with the
use of medications such as diuretics, insulin, bron-
chodilators, and anti-depressants, that are all poten-
tially associated with the risk of hypokalemia and
hyponatremia [5—7]. Moreover, electrolyte imbalance
may be due to malnutrition with deficiency of vita-
mins/minerals, as well as to frailty or physical limita-
tions associated with loss of skeletal mass.

Chen et al. have described hypokalemia as a hall-
mark of the most severe forms of COVID-19 and sug-
gested that it was the result of the COVID-19-related
activation of Renin Angiotensin Aldosterone System
(RAAS), with the consequent increase of aldosterone
levels [8]. This evidence suggests that high levels of
aldosterone may be associated with increased mortal-
ity due to cardiac arrest in COVID-19. Aldosterone
represents the last hormone in the RAAS cascade,
with its main role being the regulation of plasma
volume and pressure by stimulating renal reabsorp-
tion of sodium and excretion of potassium. The role
of RAAS has been largely investigated in COVID-19
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pathophysiology, since the first phase of the pan-
demic, when it was demonstrated that SARS-CoV-2
infects cells via binding to Angiotensin-Converting
Enzyme 2 (ACE 2) [9]. Hence, a brief description
of the other RAAS mediators seems to be necessary
for understanding the pivotal role of aldosterone in
COVID-19. In juxtaglomerular cells, a reduction of
blood flow is the main trigger for the conversion of
prorenin into renin, that, in turn, hydrolyzes angio-
tensinogen, an o-2-globulin synthesized in the liver,
in Angiotensin I (Ang I). Ang I appears to have
poor biological effects; however, it is converted into
Angiotensin II (Ang II) by the Angiotensin Convert-
ing Enzyme (ACE), which is predominantly localized
on the endothelial cell membranes of the pulmonary
vessels. Ang II is an octapeptide with potent vasocon-
strictive proprieties and it stimulates inflammation,
atherogenesis, cardiac remodeling/fibrosis, insulin
resistance, and thrombosis by binding to the Angio-
tensin II Receptor-1 (AT-1). Ang II/AT-1 interaction
directly stimulates the secretion of aldosterone in the
adrenal cortex. However, a small amount of Ang II is
hydrolyzed by ACE2 into Angiotensin 1-7 (Ang 1-7)
which has anti-inflammatory and vasodilatory effects
by binding to the MAS-related G-protein coupled
receptor [9—11]. Therefore, ACE and ACE 2 seem to
play an antithetical activity with negative feedback,
giving that ACE/Ang II/AT1 pathway activation
stimulates the cleavage/conversion of ACE 2 into its
circulating form, unable to bind Ang 1-7 and MAS
receptors pathway [9, 10].

Similarly, ACE 2 is down-regulated after SARS-
CoV-2 internalization in human cells, with conse-
quent RAAS overactivation [10, 11]. Consequently,
the overproduction of Ang Il/aldosterone leads to
vasoconstriction, inflammation, oxidative stress, and
fibrosis [11]. Moreover, ACE 2 is largely expressed
in the endothelium [9, 10, 12], where SARS-CoV-2
may locally stimulate RAAS activation. The result-
ing increased local levels of Ang II stimulate aldos-
terone production [11]; nevertheless, low doses of
aldosterone could also be produced directly in the
vessels through the activity of aldosterone synthase
[13]. Finally, high levels of Ang Il/aldosterone also
increase the circulating levels of ACE 2, that may
act as a “competitive interceptor” of SARS-CoV-2
[9-11].

To the best of our knowledge, the role of aldos-
terone has not been extensively investigated in
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COVID-19. Other than negatively affecting serum
potassium levels, aldosterone may increase cardiovas-
cular mortality through its pro-inflammatory and pro-
atherosclerotic activities [9]. Although low aldoster-
one levels have been described in healthy aging [14],
higher levels are frequently reported in the geriatric
population affected by hypertension, diabetes, and
cardiovascular diseases, despite treatment with RAAS
inhibitors (RAASi) [14-16]. Indeed, the inhibition of
aldosterone effects via administration of mineralocor-
ticoid receptors (MRs) antagonists reduces the risk of
cardiac arrest and sudden cardiac death [17].
Aldosterone regulates the innate and adaptive
immune response by promoting the activation of
inflammatory mediators and cells such as monocytes,
macrophages, dendritic cells (DCs), and lymphocytes
[13]. The activation of these cells and the consequent
cytokine storm correlates with the highest mortality
and sudden death in COVID-19 geriatric patients [1,
2]. Therefore, in this opinion piece, we discuss the
potential role of aldosterone in regulating immune
cell activity and the response to SARS-CoV-2 infec-
tion in this at-risk population.
Monocytes/macrophages represent a specific tar-
get of aldosterone, which stimulates the production
of pro-inflammatory mediators such as Transform-
ing Growth Factor-beta-1 (TGF-beta 1), Interleu-
kin 6 (IL-6), and Plasminogen Activator Inhibitor-1
in these cells [13]. In turn, it promotes the activa-
tion/migration of these cells in the endothelium by
increasing the endothelial expression of VCAM-1
and ICAM-1 [13]. This may explain why, in SARS-
CoV-2 infection, aldosterone favors the recruitment
of polarized monocytes/macrophages in the endothe-
lium of coronary vessels, thus promoting plaque rup-
ture and myocardial infarction [18]. In this regard, it
has been shown that aldosterone infusion causes the
infiltration/activation of CD 68* (a marker of M1
polarization) macrophages in coronary atheroscle-
rotic plaques in mice. Moreover, hyperaldosteronism
induces vascular and cardiac remodeling by enhanc-
ing the concentration of IL-6 produced by mac-
rophages [18]. The detrimental role of aldosterone
may also induce a monocyte shift towards CD 16 *
pro-inflammatory phenotype which is the most com-
mon subpopulation of inflammatory cells isolated in
severe forms of COVID-19. This phenomenon may
be mediated by aldosterone-related oxidative stress

through the activation of NADPH oxidase [13]. Note-
worthy, CD 16 * monocytes also represent the typical
cells of the “inflammaging” process that are charac-
terized by an enhanced pro-inflammatory activity and
reduced antigen-presenting function [19].

Another point of interest is represented by the
potential role of aldosterone in exacerbating the activ-
ity of DCs in SARS-CoV-2 infection [13]. It is known
that aldosterone may induce the activation of DCs
which regulate both the innate and adaptive immu-
nity responses. In fact, these cells recognize Patho-
gen Associated Molecular Patterns and Damage-
associated Molecular Patterns induced by pathogens’
pyroptosis through their innate receptors, such as
Toll-like receptors (TLRs) and NOD-like receptors,
and largely enhance T-cell response in inflammatory
sites and in lymph nodes [20].

In vivo, DCs pre-treated with aldosterone show an
increased capacity to activate CD 8* T cells response
and to enhance Th 17 polarization of CD 4% T cells
[21]. Additionally, this hormone can reduce regu-
latory T cells (T-reg), that in physiological condi-
tions act as important immune suppressors and can
lead to a reduction of vascular damages induced by
aldosterone [22]. The decrease and dysregulation of
T-reg have been postulated in COVID-19 infection,
especially in older hospitalized patients [23]. The
latter evidence suggests that although the percentage
of CD 4% T-regs in peripheral blood is increased in
elderly population compared to young individuals,
the immune functions are partially impaired [24]. In
fact, T-reg may inhibit IFN-y-producing CD4" T cells
but they seem to fail in the suppression of IL-17-pro-
ducing CD4* T in elders. Interestingly, this mecha-
nism could also explain the reduced response of
elderly population to vaccination. In addition, T-regs
can suppress DCs function by downregulating activa-
tion markers such as CD40, CD80, and CD86, result-
ing in a reduced antigen-presenting function [24]. In
conclusion, in COVID-19 older patients, aldosterone
may downregulate T-reg number, promoting vascu-
lar injury and, in turn, enhancing DCs function and
a hyperinflammatory state. Importantly, DCs are
able to maintain their activity and capacity to release
cytokines despite aging and immunosenescence; thus,
they could represent the most important APCs in
the early phases of SARS-CoV-2 infection in elderly
[20]. This mechanism could be used for the creation
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of new DC vaccines against COVID-19 with more
effectiveness mostly in older patients with a poor
antibody response to the vaccines currently present
[25]. Moreover, aldosterone induces the secretion of
IL-6 and TGF-beta in DCs by stimulating mitogen-
activated protein kinase pathway [13] and, in primary
hyperaldosteronism, the high levels of this hormone
correlate with the highest production of IL-6 [26].
Hyperactivation of both innate and adaptive immu-
nity is strongly involved in COVID-19 pneumonia
and correlates with the worst prognosis [27].

Finally, SARS-CoV-2 may directly increase
the production of aldosterone through activation
of RAAS, and we hypothesize that the main site
for production might be in the endothelial cells of
pulmonary vessel. Higher levels of aldosterone
may induce severe forms of COVID-19, especially
in older patients, by promoting the inflammatory
response and inducing electrolyte disorders such as
hypokalemia. Therefore, elderly COVID-19 patients
are exposed to higher risk of complications and sud-
den death. Further studies are necessary to evaluate
in vivo and in vitro effects of aldosterone on SARS-
CoV-2 affected cells and to test the potential benefi-
cial effects of mineralocorticoid receptors antago-
nists (MRAs) in COVID-19 and the related cardiac
complications. Indeed, to date, the effects of MRAs
in COVID-19 remain controversial [16, 29]. MRAs
and the other RAASI such as ACE-inhibitors (ACE-
I) and Angiotensin Receptor Blockers (ARBs) have
been widely analyzed in COVID-19. During the
first phase of COVID-19 pandemic, a great number
of patients had improperly decided to discontinue
RAASI treatment as these drugs may upregulate
ACE 2 expression and levels. Conversely, many
studies have demonstrated that there is no associa-
tion between RAASI use and the risk of COVID-19
[16, 29, 30]. To date, only ACE-I and ARBs have
shown a protective role by reducing risk of hospi-
talization and mortality for COVID-19 [29], while
the therapeutic benefit of MRA treatment such
as spironolactone in COVID-19 pneumonia has
not been proven yet. Noteworthy, in these studies,
the majority of patients on chronic treatment with
MRASs coincided with the frailest population with
multiple comorbidities, such as heart failure [29]. In
addition, no research has tested de novo administra-
tion of MRAs in patients with COVID-19 pneumo-
nia. The use of MRAs in COVID-19 may have some
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advantages compared to ACE-I and ARBs. Indeed,
despite their greater effect in upregulating ACE 2
compared to ACE-I and ARBs, MRAs have demon-
strated to increase circulating ACE 2 levels by stim-
ulating ADAM metallopeptidase domain 17 pro-
tein and, thus, ACE 2 shedding. In turn, circulating
ACE 2 might bind SARS-CoV-2 as a competitive
interceptor, as explained above [29]. In addition,
MRAs represent the most effective drugs in inhib-
iting aldosterone effects and levels since this hor-
mone can persist elevated in patients on treatment
with ACE-I and ARBs due to the phenomenon of
“aldosterone escape” [15]. Noteworthy, MRAs such
as spironolactone may have additional mechanism
in SARS-CoV-2 inhibition due to their anti-andro-
genic activity. Indeed, these drugs can suppress the
expression of type II transmembrane serine protease
TMPRSS2, that represents an androgen-regulated
protease involved in COVID-19 infection. Interest-
ingly, TMPRSS?2 has shown to increase viral uptake
of SARS-CoV-2 in target cells by promoting mem-
brane fusion of Spike glycoprotein through a pro-
teolytic cleavage between the S1 and S2 subunits
and, also, by cleaving ACE 2 that, in turn, activates
cathepsin L-dependent pathway [31]. Therefore,
the inhibition of these pathways induced by MRAs
could suppress or reduce viral entry in human cells
and might have beneficial effects in COVID-19
infection and in acute respiratory distress syndrome
[27, 32]. In conclusion, a more comprehensive eval-
uation of aldosterone activity and its inhibition in
COVID-19 pneumonia seems to be necessary, and
this opinion piece could pave the way for new thera-
peutical strategies.
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