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Editorial

Cardiovascular Burden of COVID-19 and the Post-Covid Era
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Coronavirus disease 2019, or COVID-19, rapidly became
pandemic in 2020, causing hundreds of million cases and
more than 2 million related deaths." This scourge has affected
a wide range of people, from children to older adults, from
healthy to high-risk individuals. Since December 2019, when
the first cases of a virulent pneumonia of unknown etiology
emerged in Wuhan, China, COVID-19 has not only become
a major global health threat but has stretched health care
systems and providers to the limits worldwide.?

Infection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has a variable clinical
presentation, encompassing a wide range of symptoms
similar to those of many infectious conditions, including
fever, cough, and general malaise, now well known to
most physicians worldwide.?#* With disease progression,
severe cases of COVID-19 can develop an acute
lung injury with diffuse alveolar damage, producing
the well-known bilateral infiltrates or ground glass
opacities on chest x-ray or computed tomographic
images.>’” Although most cases are mild, patients with
severe COVID-19 are more likely to have background
comorbidities such as diabetes, hypertension, older
age, airways disease, and obesity, risk factors frequently
shared by several cardiovascular diseases.?

Why COVID-19 became an issue for
cardiovascular specialists? SARS-CoV-2- related
myocardial injury and myocarditis

Approximately 20-30% of hospitalized patients with
COVID-19 have evidence of cardiac injury, as indicated by
elevated levels of high-sensitivity troponins.? The presence
and magnitude of troponin elevation is associated with
more severe disease and worse outcomes, even after
adjusting for relevant risk factors. Myocardial injury portends
a fatal outcome of COVID-19, while the prognosis of
patients without myocardial injury, even with underlying
cardiovascular disease, is more favorable.™
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The pathophysiology of SARS-CoV-2-induced myocardial
injury remains a topic of active research. COVID-19 can
unfavorably affect the balance between myocardial oxygen
supply and demand, as with other overwhelming viral
or bacterial infections (Figure 1). Fever, metabolic stress,
sympathetic activation, and tachycardia increase the energy
expenditure and oxygen consumption of the myocardium.'2
This imbalance can provoke type 2 (or “demand” type)
myocardial infarction. Hypoxia from respiratory impairment
can favor the production of reactive oxygen species and
oxidative stress, acidosis, mitochondrial damage, and cell
death.” 314 Other mechanisms of myocardial injury during
COVID-19 include ischemia from microvascular thrombi
and toxic levels of cytokines. Cardiac damage due to
direct SARS-CoV-2 infection of cardiac myocytes appears
uncommon.'*'® Indeed, the pericytes, smooth-muscle like
cells that surround microvessels, express high levels of the
receptor for SARS-CoV-2, angiotensin converting enzyme 2
(ACE2), while cardiac myocytes themselves have few, if any,
of these portals of entry used by the virus.

Patients with COVID-19-related myocardial injury
may present cardiac dysfunction and arrhythmias.'®
A single center study used advanced cardiovascular
magnetic resonance (CMR) and found a high prevalence
of myocardial edema and fibrosis in patients recovering
from COVID-19, which was independent of preexisting
conditions and of severity and overall course of the
acute illness."”” A subsequent multicenter study also used
CMR to follow myocardial injury.' During recovery after
severe COVID-19 with troponin elevation, patients still
can present a myocarditis-like injury, but it is limited and
without important functional consequence. Nearly half
of the evaluated patients had an abnormal CMR imaging,
with 3 patterns of injury: non-infarct, myocarditis-pattern
injury (27%), ischemic pathology (22%), and non-ischemic
non-specific scar (5%)."

Although viral myocarditis appears uncommon in
COVID-19, clinical conditions that may injure the myocardium
include microvascular dysfunction and thrombosis, stress
cardiomyopathy, and type 1 myocardial infarction. Heart failure
in patients with COVID-19 may be precipitated by acute illness
in patients with preexisting known or undiagnosed heart
disease, acute hemodynamic stress, myocardial depression
due to cytokines, or incident myocardial injury produced by
the above-mentioned mechanisms.*

In the absence of obstructive epicardial coronary disease but
evidence of myocardial injury (defined as positive troponin with
or without wall motion abnormalities), physicians often consider
the diagnosis of myocarditis as the underlying cause, using data
such as clinical and imaging markers of myocyte injury.
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Figure 1 — A) This hypothetical diagram represents the spectrum of myocardial involvement in coronavirus disease 2019 (COVID-19). On the
left, fulminant myocarditis due to direct myocardial infection. On the right, acute coronary syndrome developed from severe pre-existing lesions
triggered by systemic inflammation from an active infection. B) Physiological changes associated with infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) that alter the balance between myocardial oxygen supply and demand to favor myocardial ischemia. Adapted
with permission from Libby P. The Heart in COVID-19: Primary Target or Secondary Bystander? JACC Basic Transl Sci. May 2020;5(5):537-542.

doi:10.1016/j.jacbts.2020.04.001."

Because the clinical presentation of myocarditis may vary,
including vague or nonspecific symptoms such as fatigue,
dyspnea, palpitations, and chest discomfort, the diagnosis of
myocarditis in this setting is not straightforward. Indeed, most
published cases of presumed myocarditis induced by
COVID-19 infection were based on blood troponin levels
or CMR, without biopsy confirmation.??' However, there
have been few reported cases of histologically confirmed
myocarditis, and viral myocarditis caused by SARS-CoV-2 has
generally not been definitively demonstrated by histologic
and viral genome analysis."

ABC Heart Fail Cardiomyop. 2021; 1(1):1-10

From a pulmonary perspective to vascular
and thromboembolic consequences

Initially conceived as a respiratory viral disease,
the understanding of COVID-19 has broadened to
encompass a heterogeneous and complex multi-organ
condition.?>?* Emerging data indicates that COVID-19
patients have increased risk of broad systemic effects,
including thrombosis,>** kidney failure,?”?® neurological
events,?>*® and cardiovascular complications, such as heart
failure®'*? and cardiogenic shock.
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A retrospective study comparing COVID-19 survivors and
non-survivors showed that non-survivors had significantly higher
levels of D-dimer and fibrin degradation products, as well as
longer prothrombin time and activated partial thromboplastin
time at clinical presentation.* These differences increased
during serial measurements, with 71.4% of non-survivors
meeting the International Society on Thrombosis and
Hemostasis (ISTH) diagnostic criteria for overt disseminated
intravascular coagulation. The coexistence of coagulation
abnormalities, hyperfibrinolysis, and large-vessel thrombosis
in patients with severe COVID-19 has been linked to multiple
organ dysfunction syndromes.**=’

COVID-19-related endothelial activation, dubbed
endothelitis by some, explains systemic microcirculatory
impairment in different vascular beds and its clinical sequelae
in patients with SARS-CoV-2 infection (Figure 2).3%4°
In addition to pericytes, arteriolar smooth muscle cells
can express ACE2, and might act as target cardiac
cells of SARS-CoV-2.4"42 SARS-CoV-2 and SARS-CoV-1
share almost identical receptor-binding domains. Some
clinical features of COVID-19 resemble those of other
coronavirus infections, including SARS-CoV-1, which
emerged in 2002, and MERS-CoV, which threatened a
pandemic in 2012.“* However, the SARS-CoV-2 binding
site has a more compact and stable conformation, with
structural features that enhance affinity for ACE2 and a
furin cleavage site that increases the ability to infect target
cells.**** The expression of ACE2 receptors on pericytes
and microvascular smooth muscle cells, as well as findings
of acute endothelitis in patients with COVID-19, provides
a potential mechanism of direct viral injury through an
infection-mediated vasculitis.3***> Moreover, the presence
of a furin cleavage site, which can be processed by
near-ubiquitous furin-like proteases, sets SARS-CoV-2 apart
from SARS-CoV-1 and other SARS-related coronaviridae
that possess a monobasic cleavage site processed upon
entry of target cells.***® Understanding the mechanisms and
pathophysiology of SARS-CoV-2 infection and how it affects
endothelial cells may provide useful insight on therapeutic
and preventive strategies to avoid disease complications.

Recruitment of immune cells can cause widespread
endothelial dysfunction associated with apoptosis.**°
Pathologic data from patients with SARS-CoV-1 shows
evidence of vasculitis with monocyte and lymphocyte
infiltration, vascular endothelial cell injury, and stromal
edema in the heart.”" Likewise, biopsies and post-mortem
histological examination in patients with COVID-19 revealed
lymphocytic endothelitis with apoptotic bodies and viral
inclusion structures in multiple organs, including heart, lungs,
kidneys, and intestine.”%2 The presence of viral elements
within endothelial cells and accumulation of inflammatory
cells, with evidence of endothelial and inflammatory cell
death, suggests that SARS-CoV-2 infection yields endothelial
activation in several organs, in addition to host’s inflammatory
response.>> Marked inflammation and endothelitis can also
augment tissue factor expression, leading to a prothrombotic
state.>*>? Analysis of pulmonary vessels in patients who died
from COVID-19-related respiratory failure showed extensive
thrombotic microangiopathy.®? Similar pathophysiology can
apply to other organs affected by advanced COVID-19 as well.

Endothelial dysfunction resulting from infection and
inflammation may lead to decreased coronary flow and
destabilization of pre-existing atherosclerotic plaque, triggering
a type 1 acute coronary event.®® Higher incidences of acute
coronary syndromes, arrhythmias, heart failure-related
events, and cardiovascular mortality observed during seasonal
influenza outbreaks suggest a combination of systemic
inflammation, vascular injury, and hypercoagulability.®'
Additional reports of severe Kawasaki-like disease in children
support the hypothesis of systemic hyperinflammation and
widespread endothelial dysfunction in the pathogenesis of
the most severe forms of COVID-19.%* The Kawasaki-like
disease, also termed multisystem inflammatory syndrome in
children, is characterized by persistent fever, gastrointestinal
symptoms, rash, and conjunctivitis.®**“® Those children will
typically present with 3-5 days of fever, followed by vasodilatory
shock that is often refractory to volume resuscitation, requiring
vasopressors and, occasionally, mechanical circulatory support.

Conceiving COVID-19 as a vascular disorder provides a
rationale for endothelium-stabilizing therapies that can also
impact viral replication, such as renin-angiotensin-aldosterone
system inhibitors,**¢7-70 statins,”’”® and anti-cytokine
agents.”*7® These strategies could be particularly helpful in
high-risk patients with preexisting endothelial dysfunction,
such as those with hypertension, diabetes, obesity, and overt
cardiovascular disease, all of which are associated with worse
outcomes in COVID-19. Data available so far support the
continuation of ACE inihibitor/angiotensin receptor blocker
(ARB) and statins in patients taking them for pre-existing
cardiovascular conditions.”” The blockade of interleukin
(IL)-6, a cytokine produced by macrophages that induces a
proinflammatory response and is often elevated in patients
with COVID-19, has been recently studied, with contradictory
results.”®% We must await additional rigorously performed,
properly powered, well-controlled, randomized trials before
adopting or rejecting such therapies.

The clinical clouds gather: the heart may
not resist a cytokine storm.

Massive cytokine release contributes to the most
severe complications in COVID-19.°* Such an aggressive
host inflammatory response commonly precipitates
hemodynamic instability affecting all vessels, from veins to
arteries of all calibers, and the microcirculation of many
organs, as well as embolic phenomena, renal failure and
shock. Acute heart failure with decrements of myocardial
contractility can accompany this profound septic state.**?*

Intense inflammatory responses will involve overactivation
of innate immunity, led by infections, or other stimuli, and
will follow an uncontrolled rise in cytokines concentrations,
causing collateral damage in tissues and multiple organs.®%
The term “cytokine storm” first appeared in an article
published in 1993 that describes the effects of graft-versus-
host disease.?” It gained notoriety after being used to describe
the effects of the avian H5N1 virus infection in 2005.%
Cytokine storm can complicate many infectious diseases,
including SARS-CoV-1 and SARS-CoV-2,%% influenza virus,*
variola virus,”" cytomegalovirus,”? and group A streptococcus.”
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Figure 2 - The left side of the diagram depicts a resting endothelial monolayer with the endothelial cells of squamous morphology resting on an intact
basement membrane. When the endothelial cells undergo the cytopathic effect of a viral infection such as that caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), or encounter pathogen-associated molecular patterns (PAMPs) derived from viruses or bacteria, such as lipopolysaccharide,
proinflammatory cytokines such as interleukin (IL)-1 or tumor necrosis factor (TNF), or damage-associated molecular patterns (DAMPs) derived from
dead or dying cells, the endothelial cells become activated. The endothelial cells display more columnar morphology. They can express adhesion
molecules that attract leucocytes and chemokines that direct their migration into the subendothelial space. Sloughing of endothelial cells uncovers the
thrombogenic basement membrane. Adherent neutrophils can undergo formation of neutrophil extracellular traps (NETs) that provide an amplifier for
endothelial damage mediated in part by IL-1a. Inflammatory activation of endothelial cells can disrupt VE-cadherin largely responsible for the integrity
of the endothelial barrier function. Activated endothelial cells can also express matrix metalloproteinases that can degrade the basement membrane and
further interrupt endothelial barrier function. In small vessels, such as those that embrace alveoli in the lung, this impaired barrier function can lead to
capillary leak. These various disturbances in endothelial function, depicted in the middle part of the diagram, lead to end organ damage, including adult
respiratory distress syndrome (ARDS) and thrombosis in the lungs, predispose to plaque rupture and thrombosis in coronary arteries, and affect the
microvasculature leading to myocardial ischemia and damage. The thrombotic diathesis provoked by endothelial dysfunction can also predispose towards
strokes. Microvascular and macrovascular injuries can potentiate acute renal failure. Hepatic dysfunction can also result from microvascular thrombosis
among other mechanisms. Deep venous thrombosis can occur as endothelial dysfunction represents an important part of Virchow’s triad, and sets the
stage for pulmonary embolism. Thus, loss of the endothelial protective function and unleashing of the mechanisms depicted can lead to multiorgan system
failure that characterizes the advanced stages of coronavirus disease 2019 (COVID-19). Adapted with permission from Libby R, Liischer T. COVID-19 is,
in the end, an endothelial disease. Eur Heart J. 09 2020;41(32):3038-3044. doi:10.1093/eurheartj/ehaa623.*° uPA: urokinase-type plasminogen activator;
tPA: tissue-type plasminogen activator; EDHF: endothelium-derived hyperpolarizing factor; PAI-1: plasminogen activator inhibitor 1; NADPH: nicotinamide
adenine dinucleotide phosphate; ROS: reactive oxygen species; MI: myocardial infarction.
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In the case of COVID-19, from the entrance of SARS-CoV-2
into a host cell, an active innate immune system responds with
a cascade of processes, leading to the release of cytokines,
such as interferons type I/Ill, tumor necrosis factor alpha
(TNF-a), IL-1B, IL-18, and IL-6. Conversely, proinflammatory
cytokines will alter endothelial cell homeostatic functions in
a manner that can lead to thrombosis and local tissue injury.
Within this inflammatory microenvironment, endothelial cells
and invading leukocytes will produce IL-1, which can elicit
the production of chemoattractant molecules, stimulating
migration and penetration of more inflammatory cells into
local tissues.”* IL-1 can induce its own gene expression,
triggering an amplification loop that can fuel a cytokine storm
(Figure 3).7 IL-1 can also enhance the gene expression of
other proinflammatory cytokines, including TNF-a..” IL-1
potently sparks the production of another proinflammatory
cytokine, IL-6.2'% This induction of IL-6 production by IL-1
provides another strong contributor for the amplification loop
that will maintain the overwhelming cytokines production
that characterizes a cytokine storm. IL-6 will act by boosting,
in the liver, the synthesis of fibrinogen (precursor of clots),
of plasminogen activator inhibitor 1 (PAI-1) (major inhibitor
of fibrinolysis), and of C-reactive protein, a biomarker that
is consistently elevated in COVID-19."" IL-6 plays a major
role in acute lung injury and serves as a biomarker to predict
the severity of COVID-19."% Consistently, high levels of
other inflammatory biomarkers, as C-reactive protein, IL-2,
TNF-a,, interferon-g, D-dimer, and ferritin, also correlate with
severe manifestations and worse outcomes of patients with
COVID-19. Lymphopenia and thrombocytopenia are frequent
in this late phase of COVID-19.247584106107 As components
of the cellular immune response, natural killer (NK) cells
and macrophages will undergo local activation, releasing
cytokines to coordinate with activated T cells and other
humoral responses in an attempt to resolve the infection
rapidly.® Severe COVID-19 can entail functional exhaustion
of NK cells and CD8+ T lymphocytes, an evolution that favors
virus persistence, macrophage activation, and further cytokine
release.’® 1% Antibody and cytotoxic T cell responses towards
SARS-CoV can persist long after full recovery, with a moderate
decline after one year from the onset of symptoms.'"

Regarding cardiac dynamics, transient left ventricular
dysfunction may occur during the acute phase of cytokine
storm. A comparative echocardiographic study with SARS
patients at the acute stage of infection and 30 days later
showed a significantly higher left ventricular index of myocardial
performance and a lower left ventricular ejection fraction,
which characterized a subclinical diastolic impairment without
systolic involvement at the acute phase. Furthermore, after
30 days, this impairment improved with clinical recovery.""
Patients who have recovered from cytokine storm syndrome
may still bear long-lasting scars, such as pulmonary fibrosis,
functional disability, and reduced quality of life.""? The long-term
effect of myocardial injury sustained during acute COVID-19
will require careful attention in the coming years. Even in
those who appear to recover fully from acute COVID-19,
myocardial scarring could impair reserves required to withstand
future insults. Fibrotic foci in the healed myocardium could
nonetheless become substrates for reentrant arrhythmias as well
as a long-term consequence of the acute SARS-CoV-2 infection.

At the level of the coronary arteries, the elevation of
systemic cytokines can activate inflammatory cells resident
in pre-existing atheroma and trigger a type 1 acute coronary
syndrome due to plaque rupture.'® Cardiac ischemia can
also arise from an imbalance between oxygen supply and
demand. Even in the absence of epicardial atherosclerosis,
the release of cytokines from a systemic or neighboring
infection, such as pneumonitis, can activate the coronary
microvascular endothelium and predispose to vasomotor
abnormalities, augmented thrombosis, reduced fibrinolysis,
increased leukocyte adhesion, and other aspects of
dysfunction of heart microvessels.**'"

Perspectives

Is this pandemic ending or just beginning?

We are still learning about COVID-19 and new variants of
SARS-CoV-2. Current evidence supports the use of remdesivir,
glucocorticoids, prophylactic doses of anticoagulants,
and anti-SARS-CoV-2 antibodies in certain hospitalized
patients with COVID-19. We still need more evidence-based
therapies for shortening the course of COVID-19 or reducing
the need of mechanical ventilation or intensive care. The use
of anticytokine agents might help to improve in more
severe scenarios, in which there is dysfunction of biological
systems and higher risk of fatalities. It is crucial to block an
overwhelming wave of elevated cytokines, although we await
the results of rigorous trials in this regard.”7¢ There are few
reports of reinfections following 50 days from recovery,'"
and breakthrough infections can occur, albeit uncommonly,
in those already vaccinated. Recovery from some symptoms,
such as anosmia''® or fatigue,"” can also be incomplete.

Our current best approach to eradicate or, at least, control
the SARS-CoV-2 threat is vaccination. There are many vaccines,
based on different approaches, with results varying from
reducing new cases to muting the advanced manifestations
of COVID-19. The development of a variety of vaccines in
rapid succession to confront the COVID-19 crisis represents
a victory of medical science. We have reaped the benefits of
decades of investment in basic research and in pharmaceutical
development faced with this murderous pandemic. Since its
recognition in December 2019, this pandemic has spurred
many developments, strikingly altered most lives, disrupted
daily routines, work, social gathering, exercising, with
consequent challenges to both mental and physical health.

With the economic burden, strain on health systems, and
urgent demand for vaccine, governments have struggled to
accomplish the full vaccination of populations in a timely
manner. We need to learn the durability of immunity
conferred by the vaccines, and develop booster vaccinations
that will prolong protection and broaden the spectrum of
variants covered.

As a society, we must learn from this crisis to prepare
ourselves to face future global health challenges in a more
coherent and organized fashion. As professionals devoted to
health care, we need to allow science rather than political
considerations to lead our responses to public health disasters
such as we have faced with COVID-19. To prepare for future
outbreaks, investigators need to organize a priori to cooperate

ABC Heart Fail Cardiomyop. 2021; 1(1):1-10
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Figure 3 - Cytokine storm. Proinflammatory cytokines such as interleukin (IL)-1 and tumor necrosis factor alpha (TNF-a) induce each other’s gene
expression, unleashing an amplification loop that sustains the cytokine storm. The endothelial cell is a key target of cytokines, as they induce action
of a central proinflammatory transcriptional hub, nuclear factor kappa beta (NF-kB). IL-1 also causes substantial increases in production by endothelial
and other cells of IL-6, the instigator of the hepatocyte acute phase response. The acute phase reactants include fibrinogen, the precursor of clot, and
plasminogen activator inhibitor 1 (PAI-1), the major inhibitor of our endogenous fibrinolytic system. C-reactive protein (CRP), commonly elevated in
coronavirus disease 2019 (COVID-19), provides a readily measured biomarker of inflammatory status. The alterations in the thrombotic/fibrinolytic
balance due to the acute phase response promotes thrombosis in arteries, in the microvasculature, including that of organs such as the myocardium
and kidney, and in veins, causing deep vein thrombosis (DVT) and predisposing towards pulmonary embolism (PE). Thus, the very same cytokines that
elicit abnormal endothelial functions can unleash acute phase response, which, together with local endothelial dysfunction, can conspire to cause the
clinical complications of COVID-19. The right side of this diagram aligns therapeutic agents that attack these mechanisms of the cytokine storm and may
thus limit its devastating consequences. Adapted with permission from Libby R, Liischer T. COVID-19 is, in the end, an endothelial disease. Eur Heart J.
09 2020;41(32):3038-3044. doi:10.1093/eurheartj/ehaa623.% PAMPs: pathogen-associated molecular patterns; DAMPs: damage-associated molecular
patterns; RAAS: renin-angiotensin-aldosterone system.
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internationally to perform randomized, blinded, controlled,
and adequately powered trials, rather than a scattershot of
smaller observational or poorly controlled studies. Scientific
rigor is the only proper way forward. Interventions based on
anecdote and unproven plausibility delay progress and thus
represent a threat to public health. We must confront the
glaring inequities this pandemic has aggravated among less
privileged segments of society. We have a chance to learn
lessons from this grave situation. It is our duty to do so, to
prevent the inevitable future pandemics from taking such a
deadly toll on our society in upending so many lives.
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