&953,%: UNIVERSITA
S v 13'”’1 DEGLI STUDI
| “ A]]Lr l O %ﬁ?ﬁﬁ% DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

COVID-19 associated cardiovascular morbidity in older adults. A position paper
from the Italian Society of Cardiovascular Researches

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1737922 since 2022-12-01T08:43:36Z

Published version:
DOI:10.1007/s11357-020-00198-w
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

02 January 2025



COVID-19-associated cardiovascular morbidity in older adults: a position paper from the Italian Society of
Cardiovascular Researches

F. Moccia, A. Gerbino, V. Lionetti, M. Miragoli, L. M. Munaron, P. Pagliaro, T. Pasqua, C. Penna, C. Rocca, M.
Samaja & T. Angelone

Affiliations

F. Moccia
Laboratory of General Physiology, Department of Biology and Biotechnology “L. Spallanzani”, University of
Pavia, Pavia, Italy

A. Gerbino
CNR-Institute of Biomembranes, Bioenergetics and Molecular Biotechnologies, Bari, Italy

V. Lionetti
Institute of Life Sciences, Scuola Superiore Sant’Anna, Pisa, Italy V. Lionetti (*) UOSAnesthesiology and
Intensive Care Medicine, Fondazione Toscana G. Monasterio,Pisa, Italy e-mail: v.lionetti@santannapisa.it

M. Miragoli
Department ofMedicineandSurgery,University ofParma, Parma, Italy

M. Miragoli
Humanitas Clinical and Research Center, Rozzano, Milan, Italy L.

M. Munaron
Department of Life Sciences and Systems Biology, University of Turin, Turin, Italy

P. Pagliaro (*): C. Penna
Clinical and Biological Sciences Department, University of Turin, Orbassano, Turin, Italy e-mail:
pasquale.pagliaro@unito.it

T. Pasqua :C. Rocca :T. Angelone
Laboratory of Cellular and Molecular Cardiovascular Patho-physiology, Department of Biology, E. and E.S.,
University of Calabria, Arcavacata di Rende, CS, Italy

M. Samaja
Department of Health Science, University of Milano, Milan, Italy

Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infects host cells following binding with the
cell surface ACE2 receptors, thereby leading to coronavirus disease 2019 (COVID-19). SARS-CoV-2 causes
viral pneumonia with additional extrapulmonary manifestations and major complications, including acute
myocardial injury, arrhythmia, and shock mainly in elderly patients. Furthermore, patients with existing
cardiovascular comorbidities, such as hypertension and coronary heart disease, have a worse clinical
outcome following contraction of the viral illness. A striking feature of COVID-19 pandemics is the high
incidence of fatalities in advanced aged patients: this might be due to the prevalence of frailty and
cardiovascular disease increase with age due to endothelial dysfunction and loss of endogenous
cardioprotective mechanisms. Although experimental evidence on this topic is still at its infancy, the aim of
this position paper is to hypothesize and discuss more suggestive cellular and molecular mechanisms
whereby SARS-CoV-2 may lead to detrimental consequences to the cardiovascular system. We will focus on
aging, cytokine storm, NLRP3/inflammasome, hypoxemia, and air pollution, which is an emerging
cardiovascular risk factor associated with rapid urbanization and globalization. We will finally discuss the
impact of clinically available CV drugs on the clinical course of COVID-19 patients. Understanding the role
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played by SARS-CoV2 on the CV system is indeed mandatory to get further insights into COVID-19
pathogenesis and to design a therapeutic strategy of cardio-protection for frail patients.

Introduction

The novel coronavirus (CoV) that emerged in Wuhan, Hubei province, China, in December 2019, and known
as severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), rapidly spread throughout all
Chinese provinces and, subsequently, propagated across the globe, with more than 700,000 cases and

= 30,000 deaths in 202 countries (https://www.who.int/emergencies/diseases/novel-coronavirus-
2019/situation-reports/). The World Health Organization (WHO) has therefore declared coronavirus disease
2019 (COVID-19) as global pandemic on March 12, 2020. Europe is now the world’s COVID-19 epicenter,
with Italy being the country with the highest number of reported cases and deaths. As of March 29, the
Italian Institute of Health (ISS) reported 89,967 cases and 9200 deaths in Italy
(https://www.epicentro.iss.it/coronavirus/), which overtook China as the country with most coronavirus-
related casualties. The pandemic is now propagating across USA, where over 100,000 cases and 2000
deaths were reported as of March 29, 2020. Currently, SARS-CoV-2 presents an estimated RO ranging
between 2 and 3, which means that any infected individual may transmit the disease to other 2—3 people in
a susceptible population (Madjid et al. 2020), such as older adults (D’Adamo et al. 2020) and those suffering
from multiple comorbidities.

SARS-CoV-2, an enveloped, positive-strand RNA virus that belongs to the B-coronavirus (B-CoV) family,
presents > 80% nucleotide identity with the SARS-like CoVZXC21 identified in bats and with human SARS-
CoV, while nucleotide identity with MERS-CoV is reduced to = 50% (Chan et al. 2020; Wan et al. 2020; Lu et
al. 2020). SARS-CoV-2 mainly targets the respiratory tract of mammals, including humans, thereby inducing
a wide spectrum of clinical features ranging from asymptomatic or paucisymptomatic forms to interstitial
pneumonia or, upon progressive alveolar damage, severe acute respiratory failure, which may require
advanced respiratory support and intensive care of two or more organ systems. In fact, COVID-19 may
progress towards adult respiratory distress syndrome (ARDS) and/or multiple organ acute failure (e.g.,
kidney, liver, and heart), and even death (Huang et al. 2020; Zhou et al. 2020b; Wu et al. 2020a; Wang et al.
2020d). Although COVID-19 is a respiratory disease, one third of patients with more severe COVID-19 had
conjunctivitis (Wu et al. 2020b) and some patients showed gastrointestinal symptoms (nausea, vomiting, or
diarrhea) (Jin et al. 2020). Interestingly, epithelial cells of several body compartments, including oral (Xu et
al. 2020a) and nasal mucosa (Hamming et al. 2004), respiratory tree and alveoli (Hamming et al. 2004),
intestinal mucosa (Hamming et al. 2004) as well as human aqueous humor (Holappa et al. 2015), show high
levels of a metallopeptidase named angiotensin-converting enzyme 2 (ACE2), which is the functional
receptor for SARS-CoV2 (Lan et al. 2020). ACE2 is also expressed in coronary and intrarenal endothelial cells
and in renal tubular epithelial cells (Donoghue et al. 2000). Since ACE2 catalyzes the cleavage of angiotensin
I, a vasoconstrictor, into angiotensin (1-7) (Ang 1-7), a vasodilator, its extra-respiratory localization has
supported hypotheses on the relationship of SARS-CoV-2 infection with the cardiovascular (CV) system.
Indeed, adult patients affected by CVDs, arterial hypertension, diabetes, and/or chronic obstructive
pulmonary disease (COPD) show worse clinical outcome following contraction of the viral illness with
fatality rate attaining 10.5% (The Novel Coronavirus Pneumonia Emergency Response Epidemiology team
and Novel Coronavirus Pneumonia Emergency Response Epidemiology Team 2020). In patients with COVID-
19 pneumonia who developed ARDS, acute cardiac injury, shock, and arrhythmia represent the most
common life-threatening complications along with acute kidney injury (Chen et al. 2020b; Huang et al.
2020; Wang et al. 2020a).

It has long been known that acute respiratory infections, including flu and pneumonias, may trigger severe
CV disease (CVD) events and vice versa (Madjid et al. 2020). Although experimental evidence on this topic is
still at its infancy, we will hypothesize and discuss more suggestive cellular and molecular mechanisms
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whereby SARS-CoV-2 may lead to detrimental consequences to the CV system. We will focus on aging,
cytokine storm, NLRP3/inflammasome, hypoxemia, and air pollution, which is an emerging CV risk factor
associated with rapid urbanization and globalization. We will finally discuss the impact of clinically available
CV drugs on the clinical course of COVID-19 patients. Understanding the role played by SARS-CoV2 on the
CV system is indeed mandatory to get further insights into COVID-19 pathogenesis and to design a
therapeutic strategy of cardio-protection for frail patients (Zheng et al. 2020).

SARS-CoV-2 and the cardiovascular system: a suggestive relationship

First reports describing the clinical features of patients affected by COVID-19 hinted at a relationship
between SARS-CoV-2-mediated infection and the CV system mainly due to the high inflammatory burden
affecting myocardium and vessels (Table 1) (Zheng et al. 2020; Madjid et al. 2020). Although it is a
suggestive causal relationship, more translational research should be carefully performed in order to avoid
confounding factors and hasty conclusions. In order to support it, we will mention the clinical evidences as
they emerged.

To best of our knowledge, the prevalence and risk of death of severe COVID-19 is higher in elderly patients
with chronic comorbidities, such as arterial hypertension, type 2 diabetes, cardiac and cerebrovascular
disorders, and COPD (Wang et al. 2020b). Of note, diagnosis of major cardiac complications (i.e., acute
myocardial injury and lethal arrhythmias) recently emerged from analysis of initial representative
populations of COVID-19 patients. The first report analyzed a cohort of 41 patients (median age = 49 years;
73% men), the majority of whom (n =27, 66%) were exposed to Huanan seafood and live-animal market
(Huang et al. 2020), the original epicenter of COVID-19 outbreak. Underlying comorbidities were reported
in 32% of the patients, including diabetes (n =8, 20%), CVD (n =6, 15%), and hypertension (n =6, 15%)
(Huang et al. 2020). Moreover, increased blood levels of high-sensitivity cardiac troponin | (cTnl) were
reported in 5 patients (12%) (Huang et al. 2020). This initial finding cautiously suggests the onset of acute
cardiac ischemic injury in COVID-19 patients, yet measurements of cTnl levels should be always associated
to electrocardiogram (ECG) or imaging findings of myocardial ischemia (Giannitsis and Katus 2013) to make
a diagnosis. Intriguingly, rising levels of cTnl are also independent predictors of mortality in critically ill
patients hospitalized with severe pneumonia without evidence of acute coronary syndrome (Lee et al.
2015). In this regard, we cannot exclude the onset of transient myopericarditis mimicking acute myocardial
infarction in severe COVID-19 patients due to cytokine storm (Inciardi et al. 2020) as previously observed in
severe ARDS patients (To et al. 2010). In fact, an increased serum level of pro-inflammatory cytokines, for
instance interleukin-1p (IL-1B), interferon y (IFNy) and MCP1, was reported in both ICU-patients and non-
ICU patients. This observation is consistent with the development of a cytokine storm syndrome, as
previously reported in SARS (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV)
infections (De Wit et al. 2016).

A second report analyzed a cohort of 99 patients (median age = 55.5; 67% men), the half of which (n =49,
49%) was also exposed to Huanan seafood market (Chen et al. Lancet 2020b). A large percentage of these
subjects (n =40, 40%, each) suffered of CVD and cerebrovascular disorders, which represent the most
common chronic comorbidities in this cohort (Chen et al. 2020b). Cardiac injury was diagnosed by
measuring changes in myocardial zymogram, which evaluates the activity of metalloproteinases.
Myocardial zymogram results, however, are at risk of being over-interpreted since the assay is a TIMP
(tissue inhibitor of metalloproteinases) free environment (Lindsey 2018). Since it is not considered a gold
standard assay to diagnose acute cardiac injury in hospital setting, other established cardiac specific
biomarkers should be tested. In fact, the authors have also reported high circulating levels of creatine
kinase and lactate dehydrogenase in 13 (13%) and 75 (76%) patients, respectively (Chen et al. 2020b),
which are biomarkers generally used to perform early diagnosis of acute myocardial infarction. Yet, since
these enzymes are also present in other tissues than the myocardium, their diagnostic specificity is limited,
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and their diagnostic sensitivity also suffers from the presence of a sizeable baseline enzyme concentration
in the circulation without any cardiac pathology (Bodor 2016). False-positive results, indeed, may occur in
renal failure, muscle fatigue, vitamin D deficiency, pneumonia, asthma, malignancies, pulmonary embolism,
hypoxia, and smokers. In particular, 2 of the dead patients presented a long history of tobacco smoke
exposure (Chen et al. 2020b), which enhances the risk of respiratory and cardiovascular disease as well.

A third report analyzed a cohort of 138 patients (median age = 56; 54.3% men) with hypertension (n =43,
31.2%), CVD (n =20, 14.5%), diabetes (n = 14, 10.1%), and cancer (n = 10, 7.2%) as more common coexisting
underlying comorbidities (Wang et al. 2020a), while a small fraction of subjects (n =7, 5.1%) was suffering
from cerebrovascular disease (Wang et al. 2020a). Of note, the admission rate to ICU (n =36, 26.1%) was
remarkably increased among patients of the same age displaying hypertension (n =21, 58.3%), CVD (n=9,
25%) and cerebrovascular disease (n =6, 16.7%) as underlying comorbidities (Wang et al. 2020a). Finally,
arrhythmias (n =23, 16.7%) and acute cardiac injury (n =10, 7.2%), defined as increased blood levels of
hypersensitive cTnl, were the most common complications arising in ICU patients affected by ARDS (n =27,
19.6%) and acute kidney injury (n =5, 3.6%) (Wang et al. 2020a).

A fourth single-center study analyzed the epidemiological and clinical features of 140 hospitalized COVID-
19 patients (median age =57; 50.7% men), none of whom was exposed to Huanan market. Ninety patients
(64.3%) suffered from at least 1 underlying comorbidity, the most common being hypertension (n = 42;
30%) followed by diabetes (n =17; 12.1%). Of note, a lower fraction of severe COVID-19 patients suffered
from preexisting arrhythmia (n = 5; 3.6%) and coronary heart disease (n = 7; 5%) (Zhang et al. 2020).

Finally, a single-center large study conducted on 1099 patients affected by COVID-19 from 552 hospitals in
30 Chinese provinces (median age = 47; 58.1% men) confirmed that 23.7% subjects had pre-existing
comorbidities (Guan et al. 2020), such as hypertension (n = 165, 15%), diabetes (n =81, 7.4%), coronary
heart disease (n =27, 2.5%), and cerebrovascular disease (n =15, 1.4%) (Guan et al. 2020). In this study,
acute cardiac injury was defined by the increase in circulating levels of creatine kinase and lactate
dehydrogenase in 13.7% and 41.0% of the patients, respectively (Guan et al. 2020). No additional features
of acute myocardial infarction were considered.

Among different clinical reports, a retrospective, multicenter cohort study, including 191 adult COVID-19
patients (median age = 56; 62% men), confirmed preexisting comorbidities in almost half of the individuals
(n=91; 48%), such as hypertension (n = 58; 30%), diabetes (n = 36; 19%), and coronary heart disease
(n=15; 8%) (Zhou et al. 2020a). Likewise, non-survivors displayed a higher rate of comorbidities as
compared to survivors, including hypertension (48% vs. 23%), diabetes (31% vs. 14%), and coronary heart
disease (24% vs. 1%) (Zhou et al. 2020a). In addition to sepsis (n = 112; 59%), respiratory failure (n = 103;
54%), ARDS (n = 59; 31%), and acute kidney injury (n = 28; 15%), the most common secondary outcomes in
this cohort of patients were the onset of acute heart failure (n = 44; 23%) and acute cardiac injury (n = 33;
17%) (Zhou et al. 2020a). Of note, non-survivors presented higher rates of acute heart failure (52% vs. 12%)
and acute cardiac injury (59% vs. 1%) as compared to survivors. Moreover, laboratory findings showed high
levels of nonspecific biomarkers as lactate dehydrogenase, creatine kinase, and hypersensitive cTnl, which
has an amino acid sequence similar to skeletal troponin C (Xu et al. 2013), and pro-inflammatory
biomarkers, e.g., interleukin-6 (IL-6) and serum ferritin (Zhou et al. 2020a). Again, since measurement of
circulating biomarkers is not enough to diagnose acute cardiac injury caused by SARS-CoV2 with certainty,
further clinical investigations based on multimodal approach should be encouraged. Similarly, a
retrospective multicenter study, conducted on a smaller cohort (n = 150) of COVID-19 patients, confirmed
that risk of death was greater in the presence of CVD. Of note, isolated myocardial injury resulted to be one
of the main causes of death in some patients (7%) in the presence of high levels of IL-6 and C-reactive
protein.

The relationship between SARS-CoV-2 infection and CVD has been further corroborated by a recent
descriptive analysis of all the 44,672 COVID-19 cases diagnosed in China as of February 11, 2020 (The Novel
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Coronavirus Pneumonia Emergency Response Epidemiology team and Novel Coronavirus Pneumonia
Emergency Response Epidemiology Team 2020). This study confirmed that a fraction of patients was
affected by CVD (14.2%) including arterial hypertension (12.8%). Although retrospective studies cannot be
helpful to made a causal association, it further confirmed that the mortality rate was increased by CVD
(+10.5%), diabetes (+ 7.3%), chronic respiratory disease (+ 6.3%), and arterial hypertension (+ 6%) (The
Novel Coronavirus Pneumonia Emergency Response Epidemiology team and Novel Coronavirus Pneumonia
Emergency Response Epidemiology Team 2020; Madjid et al. 2020).

Do these CVDs really make a difference in the worse prognosis of COVID-19 patients? Although Italy is the
European country with the highest percentage of the population aged 80 or over and with the mortality
rate due to COVID-19 among the highest in the world (Madjid et al. 2020), it is still unknown whether
greater vulnerability to illness depends on higher percentage of older patients. Meanwhile, the ISS recently
listed the most common comorbidities observed in deceased patients in Italy as of March 26, 2020 (Table
2). Only 1.6% of screened patients had no comorbidities, while majority of patients presented one (23.5%),
two (26.6%), three, or more (48.6%) comorbidities. Finally, we can assume that clinical outcome of COVID-
19 has progressively worsened in most Italian elderly patients due to the combined impact of multiple
comorbidities and frailty.

Since cardiometabolic disease is most common in people over 50 and risk of developing it increases as
people get older, it is conceivable that underlying CV and metabolic comorbidities, i.e., hypertension,
ischemic heart disease, atrial fibrillation, stroke, and diabetes, contribute to unfavorable prognosis in older
COVID-19 patients. In addition, 10.1% patients died because of acute myocardial injury
(https://www.epicentro.iss.it/coronavirus/sars-cov-2-decessi-italia).

These first independent analyses suggest that, besides arising more frequently in individuals suffering from
underlying CV comorbidities, SARS-CoV-2 may cause severe myocardial injury even in the absence of ARDS
or multiple organ dysfunctions often leading to death. Besides local ischemia, fatal myocardial damage in
COVID-19 patients may be due to acute myocarditis unresponsive to conventional therapy. Recently, the
autopsy of a male COVID-19 patient revealed myocardial infiltration by interstitial mononuclear
inflammatory cells (Xu et al. 2020b). Evidence for severe myocarditis associated to low cardiac output
syndrome was even observed in some COVID-19 patients in both Italy (Inciardi et al. 2020) and China (Hu et
al. 2020). These findings are consistent with the reported upregulation of IL-6 in the serum of COVID-19
patients, as chronic IL-6 production during viral infection has long been known to boost myocarditis (Fontes
et al. 2015). However, further investigation about underlying mechanisms is required.

Although well-known epidemic viruses, i.e., SARS-CoV, MERS-CoV, and flu viruses (influenza A or B virus),
may lead to arrhythmia, myocardial infarction, and acute heart failure through aberrant systemic release of
pro-inflammatory cytokines, we cannot exclude that other factors activated by SARS-CoV2 exacerbate the
cardiac injury characterizing COVID-19. Herein, we will analyze the potential role of angiotensin converting
enzyme 2 (ACE2) pathway, NLRP3/inflammasome, hypoxemia, aging, and air pollution.

The role of renin-angiotensin system and ACE2 in SARS-CoV-2-induced cardiac injury

To the best of our knowledge, the critical initial step underlying SARS-CoV2 entry into target cells is the
binding between the receptor binding domain (RBD) of the viral spike (S) protein and the ACE2 receptor, it
follows S protein priming by Ser proteases TMPRSS2 and furin (Hoffmann et al. 2020; Lan et al. 2020). Since
the binding affinity between S protein and ACE2 receptor is a major determinant of viral replication rates
and disease severity (Li et al. 2005), the cleavage of spike protein plays a critical role.



COVID-19 is an airborne viral iliness; therefore, the first ACE2-rich cells encountered by SARS-CoV2
delivered by particle droplets are those of the upper respiratory tract and in particular goblets and ciliated
cells of the nasal epithelium (Sungnak et al. 2020). However, ACE2 is expressed and active in many other
human tissues. Preliminary evidence indicated that ACE2 of cardiomyocytes and coronary pericytes could
play a potential role in the myocardial vulnerability to SARS-CoV-2 infection and the onset of acute cardiac
injury (Chen et al. 2020a). ACE2 is one of the major player of the renin-angiotensin system (RAS) and acts in
balance with angiotensin-converting enzyme (ACE) (Tikellis et al. 2011). Contrary to ACE, which converts
angiotensin | (Ang I) to angiotensin Il (Ang Il), ACE2 is mainly involved in the degradation of Ang Il, thereby
resulting in the formation of Ang 1-7 (Turner et al. 2004; Tikellis et al. 2011). While Ang Il induces
vasoconstrictive, pro-inflammatory and pro-oxidative effects by increasing the expression on endothelial
von Willebrand factor and by activating the endothelial Ang Il receptor type 1 (AT1) (Dushpanova et al.
2016), Ang 1-7 mediates anti-inflammatory, anti-oxidative and vasodilatory effects through binding Mas
receptor (MasR), thus exerting a beneficial effect in several pathological conditions, such as hypertension,
diabetes, and CVD (Tikellis et al. 2011 and reference therein). In order to maintain homeostasis, ACE2
opposes the actions of Ang Il and negatively regulates RAS.

The physiological mechanisms that shift the balance towards a prevalence of the effects of ACE or ACE2 are
not yet clear. ACE2 is a carboxypeptidase that removes single amino acids from the C-terminus of peptides,
while ACE is a peptidyl dipeptidase that removes C-terminal dipeptides (Pagliaro and Penna 2005). In
addition, ACE2 is considered to be an important enzyme outside of classical RAS, as it hydrolyzes apelin,
ghrelin, des-Arg bradykinin, des-Arg, neurotensin, and dynorphin A1-13, as well as other peptide substrates
(Pagliaro and Penna 2005). However, the precise interaction between tissue ACE, ACE2, their substrates,
and by-products is not yet clear.

In humans, ACE2 gene is located in the X chromosome region (Xp22). It is well known that local ACE2 gene
polymorphisms were associated with hypertension and CVD as well (Yagil et al. 1999; Donoghue et al. 2000;
Komatsu et al. 2002; Crackower et al. 2002; Harmer et al. 2002; Warner et al. 2004; Fan et al. 2019) and
with lower risk of fatal CV events in females (Vangjeli et al. 2011). This evidence is really important since
women seem to be more protected against SARS-CoV2 infection, which preferentially targets elderly men.
Although the mechanisms underlie gender-based tolerance are still unknown, the localization of ACE2 on
the X chromosomes may be pivotal. It is conceivable that the second X chromosome could protect women
from fatal polymorphisms that make the infection more aggressive in males, e.g., by favoring viral binding.
Even hormonal changes may be responsible as estrogen-induced ACE2 expression is reduced in post-
menopausal women (Hilliard et al. 2013), which would make them less amenable to SARS-CoV-2 infection
compared to age-matched men and more prone to systemic toxic effects due to higher Ang Il levels.
Despite the scarcity of data in humans, this suggestion supports recent hypothesis supporting the view that
worse outcome in older COVID-19 Italian patients is due to upregulation of Ang Il proinflammatory
pathways throughout the body in the presence of lower ACE2 levels (AlGhatrif et al. 2020). As mentioned
above, ACE2 is largely expressed in lungs, kidney, heart, small intestine, colon & rectum and endothelium
(Donoghue et al. 2000; Turner et al. 2004), which represent the main organs that are targeted and
damaged by SARS-CoV-2. Herein, we first recall how ACE2 regulates respiratory and kidneys functions and
we focus our attention on how ACE2 could contribute to acute myocardial injury in COVID-19 patients.

ACE2 in the lungs

RAS activity is known to be elevated in lung tissues. In fact, the endothelium of the pulmonary vessels is an
important site of ACE and is therefore one of the main sources of systemic Ang Il. ACE2 is also strongly
expressed in the lung and upper airway. Pulmonary ACE2 may play a role in regulating the balance of
circulating levels of Ang II/Ang 1-7. Of note, Ang Il contributes to pulmonary vasoconstriction in response
to hypoxia, an important pathophysiological mechanism useful to prevent shunt in patients with lung injury
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or pneumonia. However, the local increase in Ang Il levels increases vascular permeability thus promoting
the onset of pulmonary edema. In ARDS, RAS appears crucial in maintaining oxygenation (Lionetti et al.
2005). ACE2 knockout mice showed more severe symptoms than wild-type mice (Kiely et al. 1997; Imai et
al. 2005), while overexpression appears protective. A correlation between an ACE polymorphism and ARDS
severity has been described in humans (Matsuda et al. 2012). In acute lung injury, ACE, Ang Il, and the AT1
receptor function as factors that promote lung injury (Oudit et al. 2009). Despite having normal lung
structure and function, ACE2 knockout mice show a very serious pathology in case of ARDS/acute lung
damage compared to wild-type mice since ACE2 plays an important anti-inflammatory role. ACE2 knockout
mice are characterized by increased vascular permeability, pulmonary edema, and neutrophil
accumulation. In some recent studies, ACE2 protects against pulmonary vasoconstriction, chronic
pulmonary lesions, and fibrosis. Moreover, ACE2 inhibits neutrophil infiltration and lung inflammation by
limiting IL-17 signaling and by reducing the activity of the STAT3 pathway in response to bacterial infection
in rats (Sodhi et al. 2019). Therefore, ACE2 has been proposed as a new therapeutic target for acute lung
injury, chronic lung disease, and bacterial pneumonia as well. Indeed, the efficacy of recombinant soluble
human ACE2 protein on acute respiratory failure is currently being studied in humans in a phase Il clinical
trial (Kuba et al. 2013). In addition, some drugs have been developed to increase pulmonary ACE2
expression, such as anti-diabetic glucagon-like peptide 1 receptor (GLP-1R) agonist liraglutide, in order to
improve lung function by normalizing expression of surfactant protein A and B (Romani-Pérez et al. 2015),
which is reduced in patients with severe viral pneumonia (Kerr and Paton 1999).

ACE2 in the kidney

ACE and ACE2 are highly expressed in the adult kidney even if in different areas. ACE2 is mainly expressed
in the proximal tubule on the edge of the brush, while ACE seems to be evenly distributed on the apical and
the basolateral membrane of the polarized cells of the tubules. Interestingly, both renal development and
kidney function are normal in the ACE2 knockout mouse (Crackower et al. 2002). However,
angiotensinogen, ACE, and AT1 receptor lack results in a series of alterations in kidney morphology.
Therefore, ACE2 has a marginal role in regulating renal function, at least in the healthy state. However, the
action of ACE2 is critical during RAS activation. In fact, Ang 1-7 exerts very limited renal effects in the
healthy state but it plays profound beneficial effects in diabetic patients and in other states associated with
renal damage. For instance, ACE2 deficiency in mouse models is associated to increased age-related
glomerulosclerosis and enhanced Ang ll-induced renal oxidative stress, leading to greater renal injury. In
particular, downregulation of tubular ACE2 is associated with albuminuria or tubular injury in the diabetic
kidney, where further inhibition of ACE2 results in augmented renal damage (Doan et al. 2001; Li et al.
2005; Oudit et al. 2006; Wong et al. 2007; Soler et al. 2007). Hence, ACE2 is proving to be a protective
molecule against kidney disease especially in the context of a negative regulation of classical RAS axis.
Deletion of ACE2 leads to spontaneous late-onset nephrotic glomerulosclerosis and accelerates diabetic
kidney injury. Indeed, glomerular disease and albuminuria occur after pharmacological inhibition of ACE2
(Soler et al. 2013).

Note that in several forms of chronic kidney disease, and especially in diabetes, it has been found that
tubular ACE2 expression is reduced. However, other studies showed that glomerular expression of ACE2
increases in acute kidney injury. It is likely that differential expression pattern of tubular and glomerular
ACE2 may be an important determinant for determining the progression of kidney disease (Kuba et al.
2013).



ACE2 in the heart

In some cardiac resident cells, i.e., endothelial cells, pericytes and cardiomyocytes, ACE2 is the main
enzyme involved in the local clearance of Ang Il. Previous experimental evidences indicate that ACE2 is an
essential regulator of cardiac function and is involved in the response of various cardiac cells to multiple
injuries, especially those associated with overactivation of classical RAS pathway (Imai et al. 2005). In
different experimental models, indeed, ACE2 deficiency induces progressive cardiac fibrosis with aging
and/or pressure overload. Moreover, ACE2 deficiency accelerates post-infarct adverse ventricular
remodeling and causes early cardiac hypertrophy in mice. These detrimental effects may be prevented or
reversed following treatment with ACE inhibitors or AT1 receptor blockers (or sartans). On the other hand,
Angl-7 peptide treatment can hamper cardiac remodeling and improve myocardial performance and even
survival in rodent heart failure models (Schindler et al. 2007). Furthermore, the use of Mas receptor
selective ligands, such as AVE-0991, exerts cardioprotective effects similar to Angl—7 in
ischemia/reperfusion (I/R) injury, myocardial infarction (Zeng et al. 2012), or hypertension-induced
cardiomyopathy models (Ferreira et al. 2007). These observations suggest that the altered balance
between ACE and ACE2 in the CV system is a critical driver for progressive heart disease, which can be
reverted by inhibiting classical ACE or upregulating ACE2 pathway. However, it is still unknown how
myocardial ACE2 may worsen COVID-19 clinical scenario or contribute to vulnerability to SARS-CoV2
infection at least.

The role of cardiac ACE2 in SARS-CoV-2-induced myocardial injury: facts and hypotheses

Patients with CVDs are at higher risk for severe COVID-19 and show a worse prognosis in the presence of a
systemic inflammatory response and immune system deregulation (Zheng et al. 2020; Madjid et al. 2020).
So far, it is unclear whether cardiac ACE2 signaling may play a role in cardiac injury, yet the following clinical
evidences will be helpful to support next focused investigations.

Firstly, since epithelial ACE2 is the gateway of SARS-CoV-2 entry into cells, the attractive hypothesis that
SARS-CoV-2 may directly affect myocardial tissue through ACE2 of endothelial cells, pericytes or
cardiomyocytes cannot be discounted a priori. In agreement with this hypothesis, preliminary reports
provided evidence of symptoms of myocarditis in COVID-19 patients (Xu et al. 2020b; Ruan et al. 2020b; Hu
et al. 2020; Inciardi et al. 2020), which is also consistent with the rise of hypersensitive cTnl levels even if
reports lack histological detection of myocardial inflammation. While the myocardial localization of SARS-
CoV-2 remains to be confirmed with certainty, we cannot ignore that other viruses, such as seasonal flu and
parvovirus B-19, cause myocarditis (Fung et al. 2016). However, the detection of SARS-CoV viral RNA in 35%
of cardiac biopsies performed in patients during the SARS outbreak in Toronto (2003) is suggestive to
support the hypothesis of coronavirus cardiotropism. Furthermore, pulmonary infection with the human
SARS-CoV led to ACE2-dependent myocarditis in mice (Oudit et al. 2009). It is, therefore, conceivable that
SARS-CoV-2 also infects cardiomyocytes.

Secondly, the loss of ACE2 is associated to increased susceptibility to heart failure, while augmented ACE2
levels prevent and reverse the heart failure phenotype, emerging as a key protective pathway in the heart
pathology (Patel et al. 2016). Accordingly, CVD is associated with decreased baseline levels of ACE2
expression (Chamsi-Pasha et al. 2014). During its replication, SARS-CoV is able to progressively
downregulate ACE2 protein expression (Dijkman et al. 2012). It has, therefore, been hypothesized that the
loss of ACE2 function may also occur during SARS-CoV-2 infection (Garami 2020; Henry et al. 2020). In
particular, the binding of SARS-CoV-2 to ACE2 might reduce the residual ACE2 activity, thereby altering the
ACE/ACE2 balance and generating a RAS dysregulation with higher ACE and/or lower ACE2, a combination
of phenomena that can result in co-occurrence of lung, heart and renal acute failure (Garami 2020; Henry
et al. 2020). The predominance of the ACE/Ang II/AT1 axis function compared to the ACE2/Angl-7/Mas
counterpart could be responsible of the typical vasoconstrictive, pro-inflammatory and pro-oxidative
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effects of Ang Il occurring in these conditions, that could ultimately evolve to acute heart failure and ARDS
(zhang and Baker 2017; Henry et al. 2020). Accordingly, the ACE2 production is dramatically impaired
during ARDS, resulting in dominant ACE activity (W&sten-Van Asperen et al. 2011). Considering that
peripheral Ang Il levels were found to be significantly higher in COVID-19 patients with respect to healthy
subjects and that positively correlated with the viral load and lung injury (Liu et al. 2020b), the hypothesis
of the RAS pathway dysregulation in both lung and cardiac injury during SARS-CoV-2 infection should be
investigated (Garami 2020; Henry et al. 2020).

Third, the SARS-CoV-2-dependent ACE2 downregulation could trigger monocyte/macrophage activation
and induce severe lung inflammation, contributing to the pathogenesis of acute lung injury up to the onset
of respiratory failure (Sodhi et al. 2018; Garami 2020). The hypoxemia consequent to severe interstitial
pneumonia can stimulate renin secretion and renin gene expression (Kramer et al. 1998), thereby leading
to a vicious circle (Garami 2020) that could enhance cardiac damage in COVID-19 patients. Notably, high
Ang Il levels were associated with hypertension, heart failure (Packer and McMurray 2017), and diabetes
(Hao et al. 2013), which both represent the most common underlying comorbidities in patients more
vulnerable to SARS-CoV-2 infection. Of course, the relationship between virus load, onset and magnitude of
COVID-19, and ACE2 downregulation-dependent RAS dysregulation in lungs and heart requires a lot more
compelling evidence. Moreover, additional studies are mandatory to investigate whether the acute
myocardial injury due to SARS-CoV-2 infection might be related to ACE2 expression rather than activity.

Is there a role for ACE inhibitors or ARBs in the development of SARS-CoV-2 infection?

Inhibiting the classical RAS pathway with ACE inhibitors or angiotensin receptor blocker (ARB) represents a
first-line pharmacological strategy to treat arterial hypertension (Paz Ocaranza et al. 2020), which is usually
associated with reduced lung function (Schnabel et al. 2011b). Intriguingly, ACE2 expression in humans is
enhanced by these treatments (Thomson 2020), whereas the ARBs, losartan and olmesartan, were found to
increase by threefold cardiac ACE2 expression in a rat model of acute myocardial infarction (AMI) (Gurwitz
2020). This observation led some investigators to speculate about a mechanistic link between the
preexisting use of these drugs and predisposition to SARS-CoV-2 infection (Thomson 2020; Kuster et al.
2020; Esler and Esler 2020). As described in the “ACE2 in the heart” section, however, ACE2 confers
protection against both lung and cardiac injury, so that it has also been proposed to use ACE inhibitors or
ARB as therapeutics for treating COVID-19 patients prior to ARDS development (Gurwitz 2020). Although
ACE inhibitors provide imperfect renoprotection in advanced type 2 diabetes and CV risk remains elevated
(Zoja et al. 2011), preliminary evidence from a limited cohort of patients (n = 187) demonstrated that there
was no difference in fatality rate between COVID-19 patients pretreated or not with ACE inhibitors or ARB
(Guo et al. 2020a). Moreover, inhibition of classical RAS pathway proved to exert a beneficial outcome in
patients affected by viral pneumonia, by likely reducing the respiratory inflammatory burden and cytokine
storm induced by virus infection because of increased ACE2 expression (Henry et al. 2018). The effect of
these drugs on ACE2 levels in the lungs is still unknown and larger clinical studies are required to assess the
impact of ACE inhibitors and ARB on severity of SARS-CoV-2 infection. A recent joint statement of the
American Heart Association, American College of Cardiology and Heart Failure Society of American
recommended not interrupting these medications in COVID-19 patients affected by chronic arterial
hypertension, unless otherwise required by changes in patients’ conditions (Madjid et al. 2020). Indeed,
these life-saving drugs are difficult to replace, since other common anti-hypertensive drugs such as beta-
blockers, cause bronchoconstriction aggravating lung function in general population (Schnabel et al. 2011a)
and common calcium-channel blockers may cause cardiac conduction defects, impair myocardial
contractility and cause peripheral edema.



The role of virus infection-dependent cytokine storm in SARS-CoV-2-induced acute myocardial injury

While the involvement of ACE2 in SARS-CoV-2-induced acute myocardial injury remains controversial, there
is no doubt that the cytokine storm associated to virus infection is highly detrimental to the heart. Acute
respiratory infections, such as those characterizing interstitial pneumonia by SARS-CoV and MERS-CoV,
have long been known to result in major acute cardiac complications, which may lead to a 60% increase in
short-term fatality rate (Corrales-Medina et al. 2013). Cardiac complications associated to viral pneumonia
include malignant arrhythmias, AMI and heart failure, which likely result from the increased myocardial
workload during infections that accelerate myocardial injury or infarction (Bonow et al. 2020). In addition,
SARS-CoV-2 has been shown to trigger an exaggerated systemic inflammatory response that, besides acute
lung injury and ARDS, may ultimately lead to multiple CV complications (Zheng et al. 2020), including AMI,
unstable angina, tachycardia, heart failure, and stroke (Gorla et al. 2018). Interestingly, SARS-CoV-2
promotes an aberrant release of pro-inflammatory cytokines and chemokines by alveolar epithelial cells,
vascular endothelial cells, activated monocytes and lymphocytes, which express ACE2 on their cells surface.
Furthermore, SARS-CoV-2 could also induce lymphocyte death through pyroptosis, which would explain
why COVID-19 patients undergo lymphopenia, thereby further contributing to exacerbate organ injury. The
“cytokine hypothesis” for cardiac damage postulates that the deleterious effects of chronic cytokine release
on myocardium and vascular endothelium may facilitate the onset of AMI or heart failure. For instance,
pro-inflammatory cytokines, i.e., interleukin-1 (IL-1), IL-6, and TNFa, exert a negative inotropic effect on
cardiac contractility. Likewise, the sustained activation of inflammatory signaling, e.g., through TNFa and IL-
1B, may induce massive cardiomyocyte apoptosis and lead to adverse left ventricular remodeling, which
favors the onset of acute heart failure. Additionally, the cytokine storm stimulates
monocytes/macrophages to release matrix metalloproteinases (MMPs), which boost atherosclerotic plaque
growth and rupture, favor the secretion of pro-coagulant factors and induce hemodynamic changes,
thereby increasing the probability for AMI to occur (Mann 2015; Newby 2016; Toldo and Abbate 2018).
Indeed, while short-term IL-6 release exerts a cardioprotective effect, chronic activation of IL-6 signaling
leads to autoimmune myocarditis (Fontes et al. 2015). In this scenario, underlying CVDs are predicted to
worsen the outcome of patients with viral infections on the heart, as already established for pneumonia
and seasonal flu.

Several observations support the contribution of deregulated inflammatory signaling in SARS-CoV-2-
induced myocardial injury (Zheng et al. 2020). For instance, Huang et al. observed that plasma levels of
inflammatory mediators, including IL-1B, IFNy, IP10 (CXCL10), and MCP1 (CCL2), were upregulated in
COVID-19 patients; interestingly, this study also showed that cytokine levels were remarkably higher in
critically ill patients. In particular, the serum levels of granulocyte-colony stimulating factor (G-CSF), IP10,
MCP1, MIP1A (CCL3), and TNFa were higher in ICU-patients than those that did not require ICU admission,
thereby suggesting that the cytokine storm is a clinical predictor of mortality (Huang et al. 2020). As IFNy is
the signature cytokine of the T-helper-1 (TH1) response (Rose 2011), these findings suggest that the
balance between the pro-inflammatory TH1 response and the anti-inflammatory T-helper-2 (TH2) response
is tipped in favor of the former (Zheng et al. 2020). In line with these observations, Zhu et al. reported that
hypersensitive ¢cTnT and inflammatory biomarkers (e.g., serum ferritin and IL-6) were significantly higher in
non-survivors COVID-19 patients (Zhou et al. 2020a). The high inflammatory burden in severe COVID-19 has
been further confirmed by another independent study, which reported higher levels of serum ferritin, IL-6
and C-reactive protein in patients who did not survive, likely because of fulminant myocarditis (Ruan et al.
2020b). Of note, over-production of inflammatory cytokines and chemokines was common in SARS-CoV
(Wong et al. 2004) and MERS-CoV (Mahallawi et al. 2018) patients, where acute lung injury was diagnosed.

Further investigations are required to elucidate the potential role of the cytokine storm in the pathogenesis
of CV complications including cardiomyopathy, acute myocardial injury and myocarditis following SARS-
CoV-2 infection and to understand the potential mechanistic relationships between CVD and COVID-19
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outcomes. As discussed in the next paragraph, the NLRP3/inflammasome might play a triggering role in the
cytokine storm induced by SARS-CoV-2.

NLRP3/Inflammasome: a common feature in viral infections, CVD and COVID-19

Both innate and acquired immune systems represent a crucial defense against pathogens. Indeed, it is
conceivable that viral antigens firstly enroll innate immunity by activating pattern recognition receptors
(PRRs) to suppress viral replication and modulate the adaptive immune responses through the expression
of type | interferon and pro-inflammatory cytokines (Bowie and Unterholzner 2008). During the last
decades, the NLRP3/inflammasome pathway emerged as an important mediator of virus-induced
inflammation.

The mechanisms of NLRP3/inflammasome activation

NLRP3 is a PRR belonging to the Nod (nucleotide oligomerization domain)-like receptors (NLRs) able to
recognize both damage-associated molecular patterns (DAMPs) and pathogen-associated molecular
patterns (PAMPs) (Schroder and Tschopp 2010), such as specific virus molecules, stimulating downstream
pathways that contribute to the systemic immune response (Farag et al. 2020). NLRP3 inflammasome is a
multi-protein platform made up of a sensor protein (NLRP3), the adaptor protein ASC, and a cysteine
protease precursor procaspase-1 (Schroder and Tschopp 2010; Zhou et al. 2011). Activated NLRP3 induces
the inflammasome assembly interacting with ASC that, in turn, triggers the conversion of the zymogen
procaspase-1 into the active caspase-1 (Franchi and Nufiez 2012). Lastly, caspase-1, an established
inflammatory caspase (Martinon and Tschopp 2007), converts the inactive pro-IL-1 and pro-IL-18 into
active pro-inflammatory cytokines, such as IL-1B and IL-18 (Epstein and Dinarello 1984). Finally, IL-1p
stimulates the release of TNFa and IL-6, whereas IL-18 increases circulating levels of IFN-y, IL-13, IL-4, IL-8,
thereby contributing to the immune inflammatory responses. Both IL-1B and IL-18 represent key factors of
the host defense (Davis et al. 2011).

The role of the NLRP3/inflammasome in COVID-19

Viral infection has been always associated with inflammation (Farag et al. 2020) and viroporins seem to
play a triggering role rather than viral PAMPs. Viroporins are a new class of virus proteins composed of 15—
20 amino acids that homo-oligomerize forming hydrophilic pores across the organelle membranes, thereby
increasing the permeability to monovalent and divalent cations (i.e., Na+, K+, and Ca2+) (Wang et al. 2011,
Nieva et al. 2012). These structures appear to play a crucial role in the virus infection/life cycle, genome
replication, and assembly (Farag et al. 2020), paving the way to consider the possibility to target viroporins
with antiviral strategies (Scott and Griffin 2015). An increase in intracellular Ca2+ concentration, as well as a
reduction in cytosolic K+, are regarded among the most suitable triggering signals for NLRP3/inflammasome
activation (Mufioz-Planillo et al. 2013; Horng 2014; Okada et al. 2014; Zhu et al. 2017).

Of note, viroporins mediate NLRP3/inflammasome activation and excessive production of IL-1B (Guo et al.
2015; Farag et al. 2020). To date, NLRP3/inflammasome activation following a viral infection has been
reported for influenza A virus (IAV), hepatitis C virus (HCV), encephalomyocarditis virus (EMCV), and SARS-
CoV (Liu et al. 2004; Ichinohe et al. 2010; Farag et al. 2017). The reported increase in pro-inflammatory
cytokines levels, such as IL-18 and IL-1B, not only in the plasma, but also in lungs and lymphoid tissues of
patients affected by SARS, MERS, and, more recently, by COVID-19, is potentially consistent with
NLRP3/inflammasome activation (Chen et al. 2019; Huang et al. 2020). It is well known that all
coronaviruses encode for viroproteins E and 3a, which are responsible at least for replication, virulence,
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and NLRP3/inflammasome activation (i.e., SARS-CoV) (Castafio-Rodriguez et al. 2018; Chen et al. 2019;
Farag et al. 2020). SARS-CoV proteins E and 3a IC differ for intracellular distribution and biophysical
properties. Protein E locates in the endoplasmic reticulum (ER)-Golgi intermediate compartment, its
functionality is strictly dependent on the lipid environment composition (Nieto-Torres et al. 2015), and
induces Ca2+ efflux during SARS-CoV-2 infection, which activates the inflammasome complex, leading to
the acute proinflammatory response associated with virus pathogenicity. On the other hand, the detailed
targeting of protein 3a remains still elusive (Castafio-Rodriguez et al. 2018; Chen et al. 2019; Farag et al.
2020).

In addition, in vitro studies revealed that also the SARS-CoV open reading frame 3a (ORF3a) accessory
protein, which is a strong inducer of the NLRP3/inflammasome (Siu et al. 2019), may serve as a viroprotein
(Chen et al. 2011). Therefore, it is plausible that SARS-CoV-2 may use the same mechanism of action to
induce the NLRP3-dependent storm of cytokines and the resulting severe systemic inflammation that often
causes fatal outcome. It is not surprising that inhibition of the NLRP3/inflammasome has recently been put
forward as a promising strategy to treat or prevent acute cardiac injury, such as I/R injury (Liu et al. 2018;
Toldo and Abbate 2018; Pasqua et al. 2018). Likewise, targeting NLRP3/inflammasome may represent an
attractive therapeutic strategy in the treatment of virus-associated diseases, such as CVD (Liu et al. 2018;
Pasqua et al. 2018). For instance, it has been demonstrated that NLRP3/inflammasome activation by
hypertension induces a “sterile inflammation” that results in a chronic low-grade inflammation
characterized by an increased activity of NF-kB (Zhu et al. 2017; Bullén et al. 2017). Sustained NF-kB
signaling, in turn, leads to increased tissue and/or circulating levels of proinflammatory mediators, such as
IL-1B and IL-18, that induces the activation of immune cells and their consequent detrimental effects on
both respiratory tract and heart (Dalekos et al. 1997; Rabkin 2009; Krishnan et al. 2014). Based upon these
evidences, it is reasonable to refer to NLRP3/Inflammasome as a common pathogenic mechanism included
in a vicious cycle that triggers and supports both COVID-19 and its most common CV comorbidities, such as
arterial hypertension. In this context, targeting NLRP3/inflammasome might serve as a therapeutic tool in
counteracting the severe systemic inflammation following SARS-CoV-2 infection, while at same time also
mitigating the underlying CVD and reducing the mortality rate of hospitalized patients. In this regard,
promising data were provided by a drug recently acquired by Novartis, namely IFM-2427, which is already
under clinical trial (Mullard 2019).

COVID-19 and the hypoxia challenge to the cardiovascular system

In agreement with other pulmonary diseases, COVID-19 poses a remarkable challenge to health because of
hurdled blood oxygenation and oxygen delivery to tissues. When the oxygen supply to tissues becomes
insufficient to sustain normal function, a situation called hypoxia ensues. Whereas some organs/tissues can
survive short in response to non-severe hypoxia periods, for other organs/tissues hypoxia represents an
intolerable hit that may lead to lethal outcomes. As myocardium and cerebral tissues are the most
endangered, heart and brain represent the primary targets of acute respiratory failure.

There are several criteria that recommend the transfer of patients to ICU. One of these is arterial blood
oxygen saturation < 90% and Pa02 < 60 mmHg (Smith and Nielsen 1999). As the COVID-19 pathology
mainly concerns lung dysfunction, most of these patients may face severe hypoxia for several days, and
most treatments aim at correcting hypoxia by oxygen therapy and mechanical ventilation. There are several
concerns related to the effects of prolonged hypoxia on the CV system.

First, the hypoxia-driven hyperventilation response, mediated by the carotid bodies and aimed at restoring

normal oxygenation, necessarily implies excessive washout of carbon dioxide, which shifts the acid-base

balance towards alkalosis. Such response has been found in healthy subjects even at moderate altitude for

periods of time ranging from few days (Samaja et al. 1997) to several months (Porcelli et al. 2017).

Although often partially compensated by metabolic acidosis, alkalosis of either origin represents a common
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finding in critically ill patients (Maehle et al. 2014; Krel et al. 2017). Although not yet documented, alkalosis
is expected to damage brain and pulmonary tissue as it enhances oxidant-induced apoptosis in several cell
lineages (Auer 2004; Ando et al. 2007).

Second, chronic hypoxia weakens the myocardial resistance against stress (Milano et al. 2010). Acute
hypoxia-induced pulmonary vasoconstriction at last induces histological changes in the right ventricular
(RV) myocardium (Netzer et al. 2017), contributing to increase RV systolic pressure and hypertrophy,
common features of pulmonary hypertension (McLaughlin and McGoon 2006). In addition to the effects
elicited by acute hypoxia, chronic hypoxia leads to pulmonary remodeling, which include increased
pulmonary vessel density, increased frequency of small (< 50 um wall thickness) vessels and increased
thickness of pulmonary lamina (Nydegger et al. 2018, 2019), all changes imputable to excessive stimulation
of bone marrow-derived progenitor cells (Favre et al. 2017). Chronic hypoxia is well known to contribute
significantly to pulmonary hypertension (Ramchandran et al. 2012) and is associated with many pulmonary
hypertension-related diseases, including chronic obstructive pulmonary disease, cystic fibrosis, diffuse
interstitial fibrosis, bronchopulmonary dysplasia, infiltrative lung tumors, congenital hearts defects, and
ischemic events.

Third, at odds with what happens in healthy subjects exposed to altitude hypoxia, which is well known to
stimulate erythropoiesis (Piperno et al. 2011; Goetze et al. 2013), systemic hypoxia represses
erythropoiesis in ARDS patients and these often develop severe anemia (< 8 g/dl), which correlates with a
poor prognosis, and may require blood transfusion (Silver 2005; Jenq et al. 2018). This clinical scenario is
common in ICU patients (Nguyen et al. 2003) and it may be attributable to anemia of inflammation, whose
etiology is scarcely known. The physiological response to hypoxia, with compensatory increase in
hemoglobin, requires an increase in iron transport and use. In fact, it demands stabilization of ferroportin,
the transmembrane protein that enables iron release from the cells with increased intestinal absorption.
The degradation of ferroportin is mediated by hepcidin (Hep) that decreases in healthy subjects thereby
enabling the compensatory response to hypoxia (Gassmann and Muckenthaler 2015). However, Hep levels
increase in ARDS patients (Galesloot et al. 2011), despite their hypoxic condition. The consequent loss of
Hep regulation may limit the efficacy of iron-replacement therapies (Lasocki et al. 2010). This mechanism
may be relevant in ARDS and COVID-19 patients because iron release into the circulation and deregulated
uptake by tissues that use iron may saturate transferrin, increase the non-transferrin-bound aliquot of iron,
with possibly triggering of unspecific oxidative stress injury.

Fourth, although the correction of hypoxia with oxygen therapy remains the major life-saving concern in
ICU patients, excess oxygen delivery or hyperoxia may cause considerable harm (Ottolenghi et al. 2020). In
facts, hyperoxia caused by breathing mixtures with > 40% oxygen markedly elevates reactive oxygen
species (ROS) release in the circulation and contributes to tissue injury by oxidative stress (Nagatomo et al.
2012). Hyperoxia-induced injury may occur even in patients undergoing laparoscopic surgery breathing
mixtures containing 40% to 80% oxygen (Ottolenghi et al. 2019). Hyperoxia-driven oxidative stress is
expected to alter the expression of genes that regulate pathways underlying different responses to
oxidative stress (Terraneo and Samaja 2017). Intuitively, the direction of the alterations driven by hyperoxia
is opposite to those elicited by hypoxia. However, there is evidence that this is not the case in many
instances, for example the regulation of gene transcription by the hypoxia-inducible factors (HIFs). HIFs are
well known to respond to hypoxia by acting as transcriptional factors for an array of genes that participate
in various cell processes as angiogenesis, metabolism, cell proliferation, control of ROS-induced damage,
and many others (Giordano 2005), including apoptosis and autophagy (Ziello et al. 2007; Gui et al. 2016).
But recent studies show that HIF-1a and HIF-2a are indeed up-regulated in the response to hyperoxia as
well, at least in brain (Benderro et al. 2012; Terraneo et al. 2017), some types of cancer (Terraneo et al.
2010, 2014), and hepatocytes (Wikenheiser et al. 2009; Marconi et al. 2014), but not in heart (Gyongyosi et
al. 2018). Although the injury led by hyperoxia has not yet been studied as that led by hypoxia, it is
established that hyperoxia reduces the expression of angiogenic vascular endothelial growth factor (VEGF)
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signaling and capillary density (Benderro et al. 2012), reduces the anti-apoptotic defense by increasing the
expression of the pro-apoptotic proteins Bax and Bad and decreasing the activation of anti-apoptotic
proteins Bcl-2 and Bcl-xI (Brutus et al. 2009), increases neuronal apoptosis concomitantly with decreased
protective p-Akt and erythropoietin signaling (Terraneo et al. 2017), accumulates oxidized lipids and
proteins (Tatarkova et al. 2011), down-regulates neurotrophins that provide tropic support to developing
neurons (Felderhoff-Mueser et al. 2004), and stimulates ferroptosis, a newly discovered iron-dependent
form of cell death thereby contributing to brain damage (Li et al. 2017).

Impact of COVID-19 in elderly population

A striking feature of COVID-19 pandemics is the high incidence of fatalities in elderly patients (Guan et al.
2020; Wang et al. 2020a; Zhou et al. 2020a). A recent analysis by the Italian Institute of Health revealed
that the overall-case fatality rate increased with aging in both China and Italy; however, the fatality rate in
Italy was remarkable higher as compared to China (7.2% vs. 2.3%) because of the higher death tolls in Italy
among subjects aged > 70 years (12.8% vs. 8.0%) and among those older than 79 (20.2% vs. 14.8%). This
increase in COVID-19-related mortality rate in Italy may be ascribed to the demographic characteristics of
this Country, where 23% of the population was aged > 65 years in 2019 (Onder et al. 2020). Of note, aging
represents one of the most detrimental risk factors for the CV system (Obas and Vasan 2018). This
addresses the issue of frailty in older population as a critical parameter to be accounted for in the control of
COVID-19 pandemics.

Age-associated frailty

Frailty, which was labeled as “the most problematic expression of population ageing” (Clegg et al. 2013), is
often confounded with disability or co-morbidity. But frailty is assuming separate distinguished features,
which highlight the presence of a well-defined phenotype that characterizes elders. Many elders have
multi-organ dysfunction, with frailty representing a “unifying notion in the care of elderly patients that
directs attention away from organ-specific diagnoses” (Clegg et al. 2013). The concept of frailty is now
universally defined as an individual’s state of increased vulnerability and susceptibility to adverse health
outcomes or death when exposed to a stressor, in this case the pulmonary diseases arising from SARS-CoV-
2 infection in the presence of an age-dependent excess of ROS and reactive nitrogen species (RNS).

Frailty may be viewed as the result of the disruption of the organism’s homeostatic balance that leads to
heterogeneous clinical manifestations when the individual is exposed to endogenous or exogenous
stressors. Only a minor but non negligible number of people > 65 years old is considered frail: the
prevalence of physical frailty ranges from 4 to 17% (mean 9.9%), with a higher prevalence in persons > 80
years old, among patients with multiple comorbidities (Collard et al. 2012).

Frailty and CVD in the elder

In the absence of pandemics, the prevalence of frailty and CVD increase with age, making their coexistence
common. Epidemiological studies suggest that frailty may represent an important prognostic marker for
patients with several types of CVDs, including coronary artery disease, heart failure, as well as older people
undergoing surgical and transcatheter interventions (Afilalo et al. 2014). Despite unclear biological
underpinnings of frailty and unexplored interaction with heart failure, it appears that frailty and CVD share
common pathophysiological pathways (Bellumkonda et al. 2017). Among CVDs, AMI is a major cause of
death, morbidity and loss of quality of life in industrialized countries, accounting for more than 7 million
deaths per year worldwide (Steg et al. 2012). Aging is classically regarded to as the greatest risk factor for
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AMI. Indeed, endothelial cell senescence due to increased ROS production and dysfunction of nuclear
factor-erythroid-2-related factor 2 (Nrf2)-mediated antioxidant response pathway may compromise
endothelial nitric oxide (NO) bioavailability, exacerbate inflammatory response and pathogenesis of age-
related vascular diseases (i.e., AMI and stroke) in older patients (Fulop et al. 2018; Ungvari et al. 2019). An
excess of ROS and RNS is central in many pathways leading to cardiac hypertrophy and failure (Tocchetti et
al. 2015). Accordingly, the incidence of AMI and the case-fatality mortality rate are markedly higher in
elderly patients, who are also more prone to develop post-AMI heart failure (Afilalo et al. 2014). When
compared to younger subjects, aged patients are less amenable to receive percutaneous coronary
intervention, while they are less sensitive to fibrinolytics (Carro et al. 2011). Therefore, the impaired
resilience of the cardiovascular cells to oxidative stressors in the presence of deficiency of relevant anti-
oxidant mechanisms (i.e., Nrf2-related pathway) may lead to SARS-CoV-2 detrimental consequences to the
aged heart and vasculature. Moreover, the correct fine-tuning of the nitroso-redox balance is fundamental
for the function of the main components of the excitation-contraction coupling machinery (Tocchetti et al.
2015).

Cardiovascular therapy in young and frail patients

Despite the predominance of older patients with CVD among the population, randomized clinical trials have
generally focused into young subjects without co-morbidities, thereby generating data that cannot be
extended to elderly patients. This feature has been related to the higher case fatality rate in older vs.
younger subjects hospitalized with AMI. Individuals aged > 75 years old do not benefit from the same
pharmacological interventions established for their younger counterparts after AMI (Fleg et al. 2011). The
lower sensitivity to CV drugs in the elderly depends on age-associated physiological changes in
pharmacodynamics and pharmacokinetics, together with intrinsic deficits in the signaling pathways to
protection.

The reasons for the higher incidence/severity of AMI in elderly subjects are multifactorial and not easy to
reconcile with a single triggering event. Endothelial dysfunction has been regarded as an early mechanism
among those leading to the mismatch between oxygen supply and demand that finally culminates in AMI
(Moccia et al. 2018). In addition, aged endothelial cells lose their capability to proliferate and to replace
neighboring damaged cells, thereby aggravating the impact of coronary endothelium dysfunction (Moccia
et al. 2018). Consequently, aged subjects are more susceptible to develop coronary artery disease since the
aging endothelial cells of coronary microcirculation are unable to express cytoprotective (pro-survival,
antioxidant, macromolecular damage repair, and anti-inflammatory) genes due to deregulation of relevant
transcription factors pathways, such as Nrf2 signaling. Oxidative damage is quite remarkable in
microvascular endothelial cells affected by NAD+ depletion and Sirtuin 1 dysregulation (Kiss et al. 2019),
dampening their angiogenic activity and thus leading to microvascular rarefaction, which is an established
hallmark of aging (Valcarcel-Ares et al. 2012). Likewise, Nrf2 signaling is disrupted during aging also in
cardiac myocytes (Silva-Palacios et al. 2016) and fibroblasts (Nacarelli et al. 2018), thereby contributing to
enhance cardiac vulnerability to oxidative stress. It thus appears that the impairment of Nrf2 transcriptional
activity is key to increase CV risk during aging and could, therefore, worsen CV damage in older COVID-19
patients. This scenario could be even worsened when oxygen therapy is required, as hyperoxia-induced
ROS release is postulated to exert a stronger cytotoxic effect on aged vasculature due to its lower resilience
to oxidative stress. In agreement with these hypotheses, a recent study demonstrated that genetic
depletion of Nrf2 worsened age-related impairment of endothelial NO bioavailability and of endothelial
monolayer integrity. In addition, genetic silencing of Nrf2 resulted in a dramatic increase in the secretion of
proinflammatory cytokines (Fulop et al. 2018), also known as senescence-associated secretory phenotype
(SASP). These cytokines include IL-1B and TNFa (Ungvari et al. 2018), which are recently shown to mediate
COVID-19-induced cytokine storm. Enhancing the pro-inflammatory phenotype might represent another

15



mechanism whereby aging-dependent Nrf2 dysfunction contributes to exacerbate the detrimental
consequences of SARS-CoV-2 on the CV system.

Moreover, aging is associated to a significant perturbation of the Ca2+ signaling toolkit in cardiomyocytes,
which leads to a dramatic impairment of heart muscle contraction (Hamilton and Terentyev 2019). The
higher mortality for AMI in these individuals has further been linked to the age-related decline in the
endogenous protective mechanism against myocardial I/R injury. Indeed, pre- and post-conditioning are
powerful interventions aimed to reduce the infarct size by eliciting endogenous cardioprotection in
response to one or several brief cycles of sub-lethal myocardial I/R that precede or follow, respectively, a
sustained potentially lethal ischemic insult. These conditioning protocols recruit a complex cascade of
intracellular signaling pathways, mainly RISK and SAFE, which converge on mitochondria and limit cell death
(Pagliaro et al. 2011). Although pharmacological conditioning recapitulates the endogenous mechanisms of
cardioprotection induced by both pre- and post-conditioning and might be exploited in the therapy of AMI,
these conditioning protocols are barely effective in aged hearts, thereby exacerbating I/R injury. The loss of
cardioprotection in elderly people is not irreversible and might be either rescued or preserved by
alternative strategies, such exercise (Boengler et al. 2009), which also promotes angiogenesis and increases
vascular density in aging mouse models of AMI (Bei et al. 2015).

Lessons gained from CVD in the treatment of COVID-19 patients

Presently, there is no experimental evidence-based difference in the clinical management of young vs.
elderly, presumably frail, subjects, at least for CVD; conversely, the sharp decrease in the endogenous
mechanisms of cardioprotection and angiogenic repair during aging suggests that older subjects should
undergo a distinct treatment as compared to younger individuals. Older patients are left with few, if any,
effective therapeutic methods to alleviate symptoms, restore distal perfusion and preserve tissue viability,
calling for innovative approaches to restore the efficiency of cardioprotective mechanisms with aging, for
example by pursuing alternative strategies to foster pre-conditioning, post-conditioning, and endogenous
protection (Boengler et al. 2009). As a matter of facts, actual strategies and treatments for COVID-19
patients are essentially the same for young and elder patients. But if CV patients respond differently
depending on their age or frailty, why shouldn’t this occur in COVID-19 patients? One could, however,
suggest that restoring endothelial function, e.g. at microvascular level, or improving vascular health during
aging could represent an effective strategy to treat COVID-19 in critical patients. For instance, activation of
Nrf2 by drugs (e.g., propofol during mechanical ventilation or oltipraz) (Zhou et al. 2020c; Ruan et al.
2020a) or by epigenetic compounds (e.g., nicotinamide mononucleotide, resveratrol, histone deacetylase
inhibitors) (Csiszar et al. 2015; Pooladanda et al. 2019; Kiss et al. 2019) could rescue, at least partially, stress
resilience of both endothelial and cardiac cells in aging individuals affected by COVID-19. Otherwise, regular
physical exercise and dietary intake of functional foods (Lionetti et al. 2019) has also been shown to
activate Nrf2 in the myocardium, as well as across a variety of tissues, and could be advised to frail older
people to reduce the risk to develop major CV complications in the case of SARS-CoV-2 infection (McPhee
et al. 2016; Done and Traustadéttir 2016).

Correlation between PM exposure, CVD and COVID-19: just a conjecture?

Preliminary evidence has been provided in favor of a relationship between the number of days of exceeding
the limits for particulate matter (PM) 10 (i.e., fine material with an airborne diameter < 10 um) recorded in
the control units of some cities, and the number of hospitalizations from COVID-19 in Northern Italy (Setti
et al. 2020), the area of this country which suffered the highest number of cases and fatalities. The PM is
worldwide recognized as an important prompt for CVD, as the inhalation of PM is certainly a trigger for
multiple CV disorders, such as AMI, heart failure, and stroke, in urban communities (Liang et al. 2020).
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Inhalation of smaller PM, such as PM 2.5 (i.e., fine material with an airborne diameter < 2.5 um), leads to
pulmonary inflammation and cardiotoxicity via secondary systemic effects (Mills et al. 2009) as it can easily
reach the alveolar space by irritating the alveolar wall up to onset of lung dysfunction (Xing et al. 2016).
Cohen and colleagues have reported that more than four million deaths are attributable to PM 2.5, with
nearly 60% of these due to CVDs (Cohen et al. 2017). This link is emphasized in the countries where air
pollution concentration is continuing to rise (Mills et al. 2009). The exposure to PM is still associated with
the incidence of coronary events in Europe even though the limit value was set at 50 ug/m3 daily (Cesaroni
et al. 2014). The scientific literature reports that air pollution and PM has been associated with a plethora
of CV events such as angina, AMI, arrhythmia and heart failure (Dockery et al. 1993; Samet et al. 2000;
Peters et al. 2001; Mann et al. 2002; Brook et al. 2003; Bhatnagar 2006; Mills et al. 2009). Hence, any
comorbidity with other pathologies as obesity and hypertension seems to impact the CVD-associated
mortality in adults who are daily exposed to higher levels of PM (Mazidi and Speakman 2018). A time-
stratified case-crossover study design evaluated, in the Milan area (Lombardy region, Italy) during the
winter period 2016-2017, the independent short-term effect of flu outbreaks, air pollution and
temperature (Murtas and Russo 2019). They observed a statistically significant relationship between PM 10
levels and flu for CVD mortality and between flu and temperature for deaths by natural causes. In Wuhan
region (China), where air quality index is extremely low and the average daily PM concentration is 115.60
pug/m3, similar association between air pollution (mainly NO2) and CVD mortality during 4-year period
(2006—2009) has been observed, albeit no correlation was found directly among PM 10 and CVD (Liu et al.
2015). A positive relationship between PM 2.5 and influenza-like iliness at the flu season, reported for the
period January 2008—December 2014, was then observed via time-series analysis in Beijing (Feng et al.
2016).

Both Lombardy and Wuhan areas are hitherto clusters of the worldwide pandemic of COVID-19 with higher
number of people deceased in contrast with the rest of the nations (Italy and China) where the virus also
spread but with less aggressiveness (as to March 27). Chen at al. provided evidence that avian influenza
H5N1 may be subjected to intercontinental transportation via Saharian dust (Chen et al. 2010). Thus, one
wonders if air pollution has an impact upon COVID-19 spread (Ciencewicki and Jaspers 2007). A position
paper of the Italian Society of Environmental Medicine proposed that PM could represent a factor that
favors long-term persistence of viruses in the atmosphere (http://www.simaonlus.it/wpsima/wp-
content/uploads/2020/03/COVID_19_position-paper_ENG.pdf). Indeed, only for the Lombardy region, the
number of infected persons before quarantine and lockdown and the mean number of PM 10
exceedances/monitoring stations results in a R2 correlation of 0.974.

The study concluded that there is a tangible risk that PM may serve as carrier for the viruses in the
Northern regions of Italy, whereas further investigation and more solid data are necessary to disentangle
this hypothesis. To strengthen this hypothesis, the exceedance in PM during the period February 10-29
2020 and the number of COVID-19 cases reported as to March 26 from the Italian National Institute of
Health were visually correlated. It is clear from this analysis that, in the selected provinces in Lombardy,
Piedmont, and Emilia-Romagna, where the majority of COVID19 cases occurred so far, the PM 10
exceedances increment was higher. While these preliminary data hint at a correlation between air
pollution, which represents an established risk factor, and COVID-19, further in-depth retrospective cross-
sectional investigations are required, keeping in mind the quarantine have drastically reduced the PM
concentration in the aforementioned regions (https://www.eea.europa.eu/highlights/air-pollution-goes-
down-as).
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In search for an effective treatment: a proposal for repurposing of anti-hypertensive drugs to treat
COoVID-19

The COVID-19 outbreak poses a complex challenge to the biomedical community: to design an immediate
and effective therapy to reduce the high fatality rate among patients, especially those older and/or with
comorbidities. At present, no specific antiviral drugs provided satisfactory outcomes in the treatment of the
disease, whereas a suitable large-scale vaccine is still far from being available. In this regard, it is worth
noticing that even SARS-CoV, a pandemic emerged about 20 years ago (2002—2003), still awaits specific
antivirals and approved vaccines.

Conventional safety protocols, including quarantine of affected individuals, tracing of patients’ contacts,
social distancing, self-monitoring, use of masks and travel restriction, were adopted to mitigate the spread
of COVID-19. Nevertheless, this approach will not be sufficient to constrain disease propagation when the
basic reproduction number (RO) is not lower than 1.5 and/or the percentage of identified contacts is not
higher than 80% (Mitja and Clotet 2020). Under this scenario, a growing number of patients throughout the
globe require an effective treatment.

Repurposing of clinically available antivirals to treat COVID-19

As already described in the case of Ebola and SARS-CoV outbreaks (Kruse 2020), repurposing of clinically
approved drugs has been invocated to effectively treat patients who are at greater risk of death. For
instance, the raising hope that lopinavir and ritonavir, which are employed as human immunodeficiency
virus (HIV) protease inhibitors, could display clinical efficacy against COVID-19, was recently dashed by the
failure of a clinical trial in China (Cao et al. 2020). As reviewed in Li and De Clercq (Li and De Clercq 2020),
clinical trials were already launched in China and USA to evaluate the therapeutic efficacy of multiple Food
and Drug Administration (FDA)-approved antiviral treatments, including the nucleoside analogues,
favipiravir and ribavirin, and the experimental nucleoside analogue, remdesivir (NCT04280705) (Holshue et
al. 2020). The list of antiviral agents that were proposed in the fight against COVID-19 include oseltamivir,
penciclovir/acyclovir, ganciclovir, sarilumab, galidesivir, nitazoxanide, rapamycin, recombinant interferons,
and chlorpromazine (Li and De Clercq 2020; Guo et al. 2020b).

Of note, a randomized controlled clinical trial of sarilumab (NCT04315298), a monoclonal antibody against
the IL-6 receptor, is currently assessing whether the modification of the inflammatory response induced by
this treatment could provide benefit in reducing lung inflammation and improving lung function in COVID-
19 patients.

Blocking SARS-CoV-2 entry into the cytoplasm as a target for vaccines and plasma-derived therapy

An alternative, but not mutually exclusive, strategy consists in the identification of a small molecule drug
that could be repurposed to inhibit the interaction between virus and target cells (Gunaratne et al. 2018b;
Kruse 2020). As mentioned in Section 3, SARS-CoV-2 entry requires priming of S protein by furin and
TMPRSS2 (Hoffmann et al. 2020; Walls et al. 2020; Coutard et al. 2020). A promising report revealed that
camostat mesylate, an FDA-approved drug which blocks TMPRSS2 activity, effectively prevented SARS-CoV-
2 spread in vitro (Hoffmann et al. 2020). In addition, once fully surface-exposed, S glycoprotein represents a
source of accessible epitopes for the production of neutralizing antibodies and thus a target for ongoing
vaccine design efforts (Walls et al. 2020). In this line, the use of antibody-rich plasma donated by patients
who fully recovered from COVID-19 is under evaluation to determine if it could shorten the length, or
lessen the severity, of the illness.
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Blocking SARS-CoV-2 entry by targeting the endosomal compartment with chloroquine and Ca2+
antagonists

This finding opens the way to the repurposing of clinically available drugs interfering with the endocytic
pathway mediating SARS-CoV-2 entry into the target cell, e.g., through inhibition of pH-mediated
endocytosis, bulk alkalinization of endolysosomal (EL) vesicles, or blockade of EL proteases. For instance,
FDA-approved cardiotonic steroids (ouabain and bufalin), known for their selective blockage on the
Na+/K+-ATPase, can significantly impair MERS-CoV infection through the endocytic pathway (Burkard et al.
2015). Remarkably, the lysosomotropic compound, chloroquine, a cheap and widely available anti-malarial
drug, was shown to block SARS-CoV-2 infection in vitro at a clinically relevant concentration (Wang et al.
2020c) and, according to preliminary reports, proved to exert beneficial exerts in COVID-19 patients (Colson
et al. 2020; Mitja and Clotet 2020; Gao et al. 2020; Inciardi et al. 2020). Chloroquine could indeed
accumulate within the acidic vesicles and interfere with the EL vesicle trafficking (Golden et al. 2015). Of
note, chloroquine, which is also employed in autoimmune disorders, has the potential to counteract the
cytokine storm associated with COVID-19 severity (Liu et al. 2020a). Obviously, the therapeutic efficacy of
chloroquine in COVID-19 patients’ needs to be supported by randomized clinical trials conducted on large
cohorts of patients since the margin between the effective therapeutic dose and toxic dose is narrow and
chloroquine poisoning has been associated with serious CV disorders (Frisk-Holmberg et al. 1983).
Nevertheless, these preliminary evidences endorse the view that, the usage of a single compound
potentially able to block viral-host cell interaction and attenuate the inflammatory response, could provide
an effective weapon against the disease.

In this view, a hint at an alternative therapy against COVID-19 is suggested by the CV comorbidities
affecting these patients. Ca2+ antagonists have long been used as first line anti-hypertensive drugs due to
their ability to block L-type voltage-gated Ca2+ channels in vascular smooth muscle cells (Godfraind 2017;
Oparil et al. 2018). Ca2+ antagonists include dihydropyridines, e.g., nifedipine, nicardipine, and nimodipine,
as well as phenylalkylamines, e.g., verapamil, and the benzothiazepine, diltiazem (Godfraind 2017;
Rosenfeldt et al. 2018). Nifedipine, verapamil, and diltiazem, often used in combination with ACE inhibitors
or sartans, reduce arterial hypertension with quite tolerable side effects (Godfraind 2017; Rosenfeldt et al.
2018). Furthermore, nicardipine is strongly recommended as antihypertensive agent in stroke (Rosenfeldt
et al. 2018), whereas verapamil is largely employed to treat both hypertension and ventricular arrhythmia
(Godfraind 2017). It has long been known that Ca2+ antagonists may block endolysosomal (EL) two-pore
channels 1-2 (TPC1-2) (Genazzani et al. 1997; Moccia et al. 2003), which play a crucial role in EL trafficking
(Patel 2015), at the same concentrations as those reported to block L-type voltage-gated Ca2+ channels.
TPCs are gated by multiple agonists, including nicotinic acid adenine dinucleotide phosphate (NAADP),
sphingosine, and the EL phospholipid, phosphatidylinositol 3,5-bisphosphate (Galione 2019). TPCs-
mediated Ca2+ release recruits EL-located Ca2+-sensitive decoders, including calmodulin, synaptotagmin
VII, and Arf6 (Faris et al. 2018), to regulate vesicular fusion and trafficking (Galione 2019). A screening
campaign aiming at repurposing FDA-approved drugs as novel antiviral compounds recently revealed that
classical Ca2+ antagonists blocked Ebola virus and MERS-CoV infections in vitro (Sakurai et al. 2015;
Gunaratne et al. 20184, b). Ebola virus entry into host cells occurs by macropinocytosis followed by
relocation to the endosomal compartment. Thereafter, the virus binds to the endosomal membrane
protein NPC1 to fuse with acidic late endosomes/lysosomes and release the capside into the cytoplasm
(Falzarano and Feldmann 2015). A recent series of investigations demonstrated that inhibiting TPCs-
mediated EL Ca2+ release with nifedipine, verapamil, nicardipine, and diltiazem prevented viral genome
entry in the cytoplasm (Sakurai et al. 2015; Penny et al. 2019). Subsequently, the same strategy was worked
out to find clinically available tools to treat MERS, which was first described in Saudi Arabia in 2012 (Zaki et
al. 2012) and subsequently reported to affect more than 1500 subjects (Zumla et al. 2015). As described
above for SARS-CoV-2, the viral S protein mediates MERS-CoV entry upon binding to the host cell receptor,
dipeptidyl peptidase 4, followed by proteolytic priming via TMPRSS2 (Raj et al. 2013; Park et al. 2016).
Following clathrin-mediated endocytosis, MERS-CoV is redirected through the EL system where the S
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protein is proteolytically cleaved by lysosomal proteases, which results in vesicular fusion and capside
release into the cytoplasm (Millet and Whittaker 2014; Burkard et al. 2014). Notably, MERS-CoV
pseudovirus translocation was also attenuated by blocking EL TPCs with verapamil, nicardipine, and
nimodipine (Gunaratne et al. 2018b). TPCs function as homodimers, in which each subunit comprises two
homologous six-transmembrane domain motifs. Therefore, they represent the molecular ancestors of the a
(CaV) subunits of voltage-gated Na+ and Ca2+ channels, with which they share the structural motifs within
the pore regions (Patel 2015). In the same line, docking analysis and Ca2+ fluxes measurements confirmed
that Ca2+ antagonists avidly bind to the TPC pore (Rahman et al. 2014).

As a further support to the proposal to probe Ca2+ antagonists to treat COVID-19, it is worth recalling that
chloroquine inhibits SARS-CoV-2 virus entry by promoting the alkalinization of EL vesicles (Wang et al.
2020c; Liu et al. 2020a), which is a common strategy to perturb EL membrane fusion. Notably, elevating EL
pH would also result in a significant reduction in EL Ca2+ concentration, usually around 500 pM, as EL Ca2+
refilling is mainly driven by the H+ gradient (Morgan et al. 2011; Faris et al. 2018). For instance, the
lysomotropic weak base NH4Cl abrogates EL Ca2+ storage (Morgan et al. 2011) as well as MERS-CoV
(Gunaratne et al. 2018b) and SARS-CoV (Yang et al. 2004; Vincent et al. 2005) entry in the cytoplasm.
Furthermore, lysosomotropic agents also affected ACE2 localization “in vitro”; the viral receptor remains
trapped within perinuclear vacuoles upon pretreatment with chloroquine, NH4Cl or Bafilomycin Al (Wang
et al. 2008).

Besides supporting viral entry into the host cells, preliminary evidence suggested that TPCs contribute to
deliver the EL Ca2+ signal responsible for NLRP3 inflammasome activation (Tseng et al. 2017). It thus
appears that blocking TPCs-mediated EL Ca2+ release, with either chloroquine or Ca2+ antagonists, might
represent a potential perspective to treat COVID-19 patients by interfering with both SARS-CoV-2 infection
and the subsequent inflammatory response. While this hypothesis remains to be probed by a devoted
experimental pipeline, a clinical trial has been launched in China to evaluate the therapeutic outcome of
tetrandrine on SARS-CoV-2-infected subjects (ClinicalTrials.gov Identifier: NCT04308317). Tetrandrine is an
alkaloid isolated from the root of Stephania tetrandra, a vine that grows in China and Taiwan, and is widely
employed in China to treat autoimmune diseases, CV disorders, hypertension, and cancer. Tetrandrine
targets multiple intracellular signaling pathways, including L-type voltage-gated Ca2+ channels, which could
explain its beneficial effects on the CV system (Yao and Jiang 2002). Of note, tetrandrine was recently
shown to inhibit TPCs-mediated EL Ca2+ release and to attenuate Ebola (Sakurai et al. 2015) and MERS-
CoV-2 (Gunaratne et al. 2018b) entry into the host cells. These findings, however, may suggest the
hypothesis that repurposing of Ca2+ antagonists could prove effective in treating SARS-CoV-2 infection
while, at the same time, attenuating CV and respiratory dysfunction co-occurring in older COVID-19
patients.

Conclusions

The COVID-19 pandemic has rapidly spread throughout the globe by preferentially affecting older
individuals with underlying CV comorbidities. Besides ARDS and acute kidney injury, cardiovascular
complications also represent a common consequence of the disease and, at the same time, a cause for
adverse outcome in COVID-19 patients. Although we cannot ignore emerging events of drug-induced
sudden cardiac death among treated COVID-19 patients (Chorin et al. 2020), clinical reports well support
careful evaluation of the pathogenic mechanisms that promote the onset of severe COVID-19 due to CVD
following SARS-CoV-2 infection. These include, for example, classical RAS pathway and ACE2,
NLRP3/inflammasome, and hypoxemia (Fig. 1). Furthermore, the prevalence and death toll of COVID-19
increases with aging as well as frailty, and seems correlated with prolonged exposure to air pollution, both
of which represent life-threatening CV risk factors. In our opinion, understanding the cellular and molecular
mechanisms that exacerbate the impact of COVID-19 in patients with existing CV pathologies and lead to
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major cardiac complications is mandatory to design a truly cardioprotective therapy while waiting for the
vaccine.
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Table 1 Demographics, baseline characteristics and major complications in patients infected with SARS-
CoV-2: summary of the major studies

Huang et al. (2020) Chen et al. (2020b) Wang et al. (2020a) Zhou et al. (2020a) Guan et al. (2020)
All patients 41 99 138 191 1099
Median age 49.0 55.5 56 56 47
Female 11 (27%) 32 (32%) 63 (45.7%) 72 (38%) 459 (41.9%)
Male 30 (73%) 68 (68%) 75 (54.3%) 119 (62%) 640 (58.1%)
Any comorbidity 13 (32%) 33 (33%) 64 (46.6%) 91 (48%) 261,823.7%)
Diabetes 8 (20%) 14 (10.1%) 36 (19%) 81 (7.4%)
Hypertension 6 (15%) 43 (31.1%) 58 (30%) 165 (15%)
CVD 6 (15%) 40 (40%) 20 (14.5%)
COPD 6 (15%) 4 (2.9%) 6 (3%) 12 (1.1%)
Cerebrovascular
disease 7 (5.1%) 15 (1.4%)
Coronary artery
disease 18 (8%) 27 (2.5%)
Others 2 (4%) 27 (27%) 20 (14.5%) 26 (13.6%) 43 (3.9%)
Complications 1(2%)
ARDS 12 (29%) 17 (17%) 27 (19.6%) 59 (31%) 37 (3.4%)
RNAemia 6 (15%)
Acute cardiac injury | 5(12%) 10 (7.2%) 33 (17%)
Arrhythmia 23 (16.7%)
Acute kidney injury 3 (7%) 3 (3%) 10 (7.2%) 28 (15%) 6 (0.5%)
Secondary infection | 4 (10%) 3(8.3%) 28 (15%)
Shock 3 (7%) 12 (8.7%) 38 (20%)
Acute respiratory
injury 8 (8%) 103 (54%)
Ventilator-associated
pneumonia 1(1%)
Physician-diagnosed
pneumonia 972/1067 (91.1%)
Septic shock 4 (4%) 38 (70%) 12 (1.1%)

ARDS acute respiratory distress syndrome, COPD chronic obstructive pulmonary disease, CVD
cardiovascular disease
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Table 2 Most common comorbidity observed in deceased patients in Italy (15% of the sample). Reprinted
from the Italian Institute of Health bulletin (March 26th, 2020)
(https://www.epicentro.iss.it/coronavirus/sars-cov-2-decessi-italia)

CVDs Number Percentage (%)
Ischemic heart disease 145 30.1
Atrial fibrillation 106 22.0
Stroke 54 11.2
Hypertension 355 73.8
Diabetes 163 33.9
Dementia 57 11.9
COPD 66 13.7
Active cancer in the past 5 years 94 19.5
Chronic liver disease 18 3.7
Chronic kidney failure 97 20.2
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Simplified scheme showing the potential role and regulation of intracellular organelles as calcium stores
involved in the activation of inflammasome and the following triggering of the cytokine storm. Inset (top):
the complex molecular mechanism at the plasma membrane level, underlying the different functional
outcomes of COVID-19 infection. VP viroporins, CaA calcium antagonists, TD tetrandrine, CC chloroquine,
TPC two pore channels, TMPRSS2 serine protease, EL endolysosomes, ACE angiotensin-converting enzyme,
AT angiotensin |l receptor, Ang angiotensin, APJ apelin G protein coupled receptor, MAS angiopoietin 1-7
receptor, e-vWF endothelial von Willebrand factor, ET1 endothelin 1, NO nitric oxide
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