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The intricate relationship between severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the
cardiovascular system is an extensively studied pandemic topic, as there is an ever-increasing amount of evidence that
reports a high prevalence of acute cardiac injury in the context of viral infection. In patients with Coronavirus disease
2019, COVID-19, a significant increase in serum levels of cardiac troponin or other various biomarkers was observed,
suggesting acute cardiac injury, thus predicting both a severe course of the disease and a poor outcome.
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1. The Pathophysiological Continuum between Infection and Cardiac
Injury

Coronaviruses have a specific crown-like surface appearance and a structure made from four structural proteins, known
as the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins. SARS-CoV-2 enters the cell after the
proteolytic cleavage of the S protein followed by its binding to the cell-surface receptor angiotensin 2 conversion enzyme
(ACE 2) . The latter is a membrane protein that plays a vital role in the cardiovascular and immune systems and is well
expressed in the lung and heart endothelial cells, macrophages, and cardiomyocytes 2. ACE 2 levels are higher in
patients receiving treatment with medications that inhibit the renin-angiotensin-aldosterone system, such as ACE inhibitors
or angiotensin receptor blockers Bl The use of these neurohormonal modulating drugs was controversial in the early
stages of the pandemic. Nevertheless, multiple studies conducted during the last two years have demonstrated that is not
advisable to interrupt their chronic administration, nor to change the therapeutic class. Basically, the current consensus
emphasizes that maintaining the previously prescribed treatment does not adversely affect the course of viral infection
and continues to provide cardiac protection at the same time &8l Moreover, ACE 2 has been shown to provide
additional protective effects against pulmonary injury in patients with ARDS due to severe forms of COVID-19 .

A SARS-CoV-2 infection may both exacerbate pre-existing cardiovascular comorbidities and trigger new ones. Heart
failure (HF) is among the most frequently reported cardiovascular complications related to COVID-19 infection, being
diagnosed in up to 24% of patients, while venous thromboembolism was identified in 21% of cases, followed by
dysrhythmias and myocarditis in 17% and 7% of patients, respectively HEI0 The main risk factors for SARS-CoV-2-
induced acute cardiac injury include smoking, male gender, and comorbidities, including diabetes mellitus, arterial
hypertension, and coronary artery disease 2 The imbalance between pro-inflammatory and anti-inflammatory
mediators may be responsible for the development of major cardiovascular events 13l The response to infection is
governed by the adequate activity of both the innate and acquired immune systems.

Two major immunity defects are required for the onset of the critical illness in COVID-19 which is frequently associated
with myocardial injury. The first is represented by a lack of initial control over the viral clearance, mainly through the innate
immune system, while the second resides in the inability to regulate a balanced production of pro- and anti-inflammatory
cytokines 41151 The innate immune response to viral infection is based on interferon types | and lll. On one hand, in
SARS-CoV-2 infection, interferon levels were observed to increase only in critical patients, whereas in all other positive
cases the immune response was reduced and/or delayed. On the other hand, the response was quicker and more
vigorous in patients hospitalized for influenza pneumonia. This particular ability of SARS-CoV-2 to elude the early innate
immune response may lead to an insufficient viral clearance, followed by the development of a hyperinflammatory
condition, and, in certain categories of patients, the onset of acute respiratory distress syndrome (ARDS) (161271,



Moreover, the innate immunity may also trigger the adaptive immunity consisting of CD4+ and CD8+ T cell lymphocytes
and B lymphocytes that produce neutralizing antibodies. The combined T and B cell responses contribute to SARS-CoV-2
infection resolution and a robust immunity 4. Cytokines, predominantly produced by macrophages, mast cells, and
dendritic cells, but also by B and T lymphocytes, play a central role in coordinating the immune response. A balanced
synthesis of cytokines is required for an effective antiviral effect, but their excessive serum levels may cause a cytokine
storm with massive collateral damage to vascular structures and alveolar barriers 18],

Cardiac troponin levels have been shown to be linearly correlated with C-reactive protein levels, indicating that acute
cardiac injury may be closely related to systemic inflammation 2. The distinctive pathogenesis of vascular damage is
promoted by the presence of the cellular receptor of SARS-CoV-2 on the vascular cell's surface, contributing to
endothelial dysfunction 4. Furthermore, direct infection of the endothelial lining may lead to vasculitis and apoptosis. As
a result, the exposed subendothelial surface facilitates platelet aggregation in an attempt to repair the vascular damage.
However, even in the absence of direct endothelial invasion, high levels of inflammatory cytokines have the ability to
impair the endothelial function by increasing the number of adhesion molecules, thus promoting thrombogenic processes
[21]1221123] ' coagulopathic events include thrombin generation, platelet consumption, and increased levels of fibrinogen and
the Von Willebrand factor 241, viral coagulopathy is manifested by venous thrombosis, usually further complicated with
venous thromboembolism but also by arterial thrombosis, most commonly found in myocardial or cerebral territories.
Parenteral anticoagulants, such as unfractionated heparin and low molecular weight heparins, are routinely used in the
treatment of patients admitted with moderate-to-severe COVID-19, while direct oral anticoagulants are predominantly
used in the ambulatory management of patients presenting a mild form of the disease 23,

2. Acute Coronary Syndromes in the COVID-19 Pandemic: The “Perfect”
Cardio-Inflammatory Symbiosis

The interplay between atherosclerotic disease and inflammation has been well-described, starting with the formation of
atheroma plaque up to its erosion and rupture, with the subsequent occurrence of an acute coronary syndrome 28, Total
occlusion of a coronary artery induced by an eroded, vulnerable atherosclerotic plaque and the overlying thrombus
formation might be a consequence of a hyperinflammatory environment along with the prothrombotic state induced by
SARS-CoV-2 infection. This mechanism represents the basic pathophysiological substrate of ST-elevation myocardial
infarction (STEMI) but also accounts for approximately 25% of cases admitted with non-ST-elevation myocardial infarction
(NSTEMI) (21281 The real epidemiological impact of COVID-19 in patients with cardiac ischemia is mirrored by the
worrisome incidence rates of myocardial infarction among SARS-CoV-2 positive cases, ranging from 1.1% to 8.9% [29130],
The risk of developing myocardial infarction is significantly higher in the early stages of the infection, with a 5-fold increase
in risk during the first 14 days of COVID-19, compared to the pre-illness period B4,

Those high figures can be explained, at least partially, by certain similarities concerning the inflammatory pathways
operating both in COVID-19 and atherosclerosis. Even before the COVID-19 pandemic, the American Heart Association
(AHA) suggested that viral infections could destabilize the atherosclerotic plaques, and various collagenolytic enzymes,
such as matrix metalloproteinases (MMP), were becoming associated with increased plaque vulnerability B2E3l. Those
MMPs can be activated by a plethora of cytokines (e.g., TNF-alpha, INF-y, IL-1, and IL-6), thus diminishing the cohesion
of the atherosclerotic plaque and consecutively increasing the risk of acute coronary syndromes 23134 Based on these
observations, the COVID-19 pandemic again turned the spotlight on statins’ pleiotropic effects, primarily based on their
anti-inflammatory response, doubled by the amelioration of the endothelial function. The plaque stabilization occurs via
the enhanced calcification and thickening of the fibrous cap, with inflammation playing a central role. The large JUPITER
study even highlighted that patients treated with rosuvastatin presented decreased serum levels of C-reactive protein and
a reduced apparition of major cardiovascular events, compared to the placebo group B3lE8l while a large Swedish study
claimed that previous chronic treatment with statins exhibited a modest preventive therapeutic effect on COVID-19
mortality 4. The continuation and/or initiation of statins in COVID-19 patients may also be beneficial from the perspective
of the lipid profile, as hypercholesterolemia is associated with an increased susceptibility to SARS-CoV-2 infection. It was
demonstrated that high cholesterol levels are associated not only with increased density of ACE2 receptors on host cell
membranes but also with a more effective interaction between the viral spike protein and the ACE2 receptors 28],

In addition, significant platelet activation occurs during the systemic inflammation associated with SARS-CoV-2 infection.
This phenomenon is induced by the binding of pro-inflammatory interleukins to the platelet surface receptors, and by
reducing the availability of endothelial nitric oxide. At the same time, neutrophils express adhesion molecules favoring
platelet aggregation. These mechanisms, together with endothelial injury, facilitate the interaction between the platelets
and the endothelial cells, thus aggravating the thromboinflammatory pathways, representing a hallmark for COVID-19 59,



Even if mortality caused by acute myocardial infarction has reached its lowest level in the era of percutaneous coronary
intervention (PCI), it still remains associated with considerable morbidity. Restoring adequate myocardial reperfusion in a
timely manner limits the area of the infarction and significantly improves the outcome, regardless of the associated
pathologies 9. However, contradictorily, the resumption of blood flow to the ischemic area may lead to additional
myocardial damage, a phenomenon known as reperfusion myocardial injury. This paradoxical mechanism may be
responsible for the loss of up to 50% of viable myocardium and elevated cytokine levels, in addition, biochemical and
metabolic changes caused by hypoxia play a core role in its occurrence 41, A cohort study including patients over the age
of 65 showed that more than three-quarters (76%) of patients who survived a first acute myocardial infarction developed
HF in the next 5 years 2. Despite modern reperfusion strategies and neurohormonal blocking therapies, the incidence of
HF remains unacceptably high and there is an urgent need for better management in order to improve both survival and
quality of life after myocardial infarction. However, abnormally activated immune responses during infection with SARS-
CoV-2 lead to a suboptimal myocardial repair with a higher incidence of HF 43I,

Type 2 myocardial infarction is caused by the imbalance between a deficient myocardial oxygen supply and an increased
metabolic demand, due to specific cardiac and non-cardiac pathological conditions.

A variable association of some commonly met mechanisms in COVID-19 patients seems relevant in this context:
(1)Previously stable coronary artery disease that limits myocardial perfusion;
(2)Endothelial dysfunction in the coronary microcirculation;

(3)Significantly increased arterial hypertension resulting from elevated circulating levels of Angiotensin Il and
catecholamines;

(4)Hypoxemia due to acute respiratory distress syndrome (ARDS) or in situ pulmonary vascular thrombosis. In the case of
sepsis, pulmonary injury, and respiratory failure, significant increases in biomarkers of overload and myocardial injury
can be noticed [24145],

Moreover, infections in general, and COVID-19-associated pneumonia in particular, can unbalance the thin equilibrium
between myocardial O, supply and consumption. The increase in the physiological demand for O, caused by systemic
infection can be so significant that this imbalance occurs even in the absence of angiography-relevant atherosclerotic
plagues. Several studies emphasized this pathway as the main mechanism of COVID-related acute cardiac injury.
Essentially, vasodilation represents the main pathophysiological mechanism of the response of the cardiovascular system
to sepsis. In addition, hypotension is the natural consequence of vasodilation, which can even progress to hemodynamic
collapse, thus inducing or aggravating coronary hypoperfusion with subsequent acute myocardial injury through a reduced
O, supply 48], At the same time, in the context of sepsis, reflex tachycardia increases the myocardial oxygen demand. Of
course, the presence of atheroma plaques is a risk factor for the unfavorable evolution in patients with sepsis, increasing
the risk of acute myocardial injury 4448 put COVID-19 is also highly associated with non-atherosclerotic coronary
perfusion impairment, such as spasm of the coronary arteries, dissection of the coronary wall, microthrombosis in the
context of the hypercoagulant state, or vasculitis-like injury of the coronary vessels ¥959 Regardless of the intimate
mechanism of COVID-19-related myocardial infarction with non-obstructive coronary arteries, the patients’ prognosis is
poor, with high mortality rates mainly due to the increased prevalence of severe comorbidities, such as ARDS, obesity, or
congenital thrombophilia 22511,

Under these circumstances, it is difficult to clearly differentiate between patients with acute coronary syndromes, such as
unstable angina or NSTEMI, and those with acute myocarditis or myocardial injury caused exclusively by metabolic
imbalances in the context of fever, tachycardia, or hypoxemia due to ARDS 2. Those patients require an integrative
diagnostic and therapeutic approach, focusing not only on SARS-CoV-2 infection and the major associated cardiovascular
pathology but also on the frequently coexisting factors of poor prognosis.

| 3. Heart Failure in COVID-19 Patients: Different Pathways, Same Target

Patients admitted for COVID-19 may develop either an acute decompensation of a chronic, previously stable HF or a de-
novo acute HF as an immediate consequence of acute cardiac injury 2. Pathogenesis of COVID-19 cardiomyopathy is
intimately related to inflammatory cytokines, referring here to diastolic dysfunction and increased myocardial stiffness
mediated by interleukin-6 (IL-6), negative inotropic effects exerted by interleukin-1B (IL-1), or myocardial fibrosis induced
by IL-13 and tumor necrosis factor alfa (TNF-a). Even higher levels of those biomarkers are detected during cytokine
storms in the severe forms of SARS-CoV-2 infection B3IB4I55] - A significantly increased incidence of acute HF was



reported in patients deceased due to severe COVID-19, as compared to their survivor counterparts 28, Moreover, the in-
hospital mortality rate in patients presenting both acute HF and COVID-19 was extremely high, reaching up to 44.1% at
the peak of the pandemic. Beyond the acute phase, COVID-19 may be responsible for HF as a long-term cardiovascular
complication, but further clinical studies are required 22,

| 4. Myocarditis in COVID-19: Between Certainties and Controversies

The correlation between human coronaviruses and myocarditis is well-established BZ. Concerning SARS-CoV-2 infection,
three pathophysiological mechanisms may contribute to myocarditis occurrence in patients with COVID-19. Firstly, it is
worth mentioning the direct viral cardiomyocytes’ invasion with subsequent injury accompanied by various immune
mechanisms such as T cell-mediated cytotoxicity and cytokines’ negative inotropic effects. Additionally, the autoimmune
mechanisms triggered as a response to the release of cryptic antigens from cardiomyocytes following SARS-CoV-2-
induced lesions could also enhance the development of myocarditis [B8IB3EA A very recent extensive study, including
more than 100,000 subjects diagnosed with COVID-19, showed a 2 to 3-fold higher risk of myocarditis among infected
patients 1 while the net prevalence of myocarditis among cases that required hospitalization was 2.4 per 1000
admissions 82, Importantly, myocarditis was far more prevalent among non-vaccinated young males, compared to their
non-vaccinated counterparts 31,

There is also evidence to support the hypothesis of molecular mimicry €4, Necropsy studies that included endomyocardial
biopsy suggest that direct viral toxicity is not the main mechanism of myocardial injury, as current evidence indicates that
viral presence in the heart tissue is not necessarily associated with myocarditis (2. Local myocardial inflammation, as well
as severe systemic inflammation, can be a direct cause of myocardial injury in COVID-19 cases. It is already known that
patients with sepsis-associated cardiomyopathy have an exacerbated inflammatory status that is characterized by
elevated circulating levels of several cytokines, including the previously-mentioned IL-6 and TNF-a 43, |n vitro exposure
to IL-6 has reduced the cardiomyocyte contractility, while recombinant TNF-a administration decreased the ejection
fraction of the left ventricle in experimental models. Mechanisms of these myocytotoxic effects include the modulation of
calcium channels’ flows and nitric oxide synthesis which are thought to play a major role in depressing myocardial function
in sepsis [45)68l67] The reversible acute cardiac dysfunction occurring in the context of a septic environment is known as
sepsis-induced cardiomyopathy (SICM). Immune response to infection leads to mitochondrial dysfunction, disruption of
contractile apparatus by altering calcium balance, and myocyte apoptosis B854, |ncreased levels of cardiac troponin
(cTn) detected in SICM may also appear as a consequence of myocardial edema 29,

However, it remains unclear to what extent myocarditis is caused by direct viral myocardial damage or is just a
consequence of systemic inflammation.

| 5. Stress Cardiomyopathy: An Additional Trigger

The incidence of stress cardiomyopathy (also known as tako-tsubo cardiomyopathy) during the COVID-19 pandemic
appears to follow an increasing trend, with psychological distress and anxiety having a core role in its onset. Incriminated
mechanisms include the sympathetic activation causing catecholamine-induced myocardial stunning and microvascular
dysfunction that is transient and more frequently observed in elderly women . It is worth mentioning that a study
showed that this hypercatholaminergic condition due to cytokine storm in critical patients (from ICU departments) induces
a significantly increased blood pressure, compared to non-critical patients (145 mmHg vs. 122 mmHg; p < 0.001);
interestingly, this hypertensive pattern in patients with severe forms of COVID-19 is actually associated with an improved
prognosis, a lower need for inotropic support, and a decreased risk of developing cardiogenic shock or multiple organ
dysfunction 22,

6. Right Ventricular Failure: A Key Element in the Hemodynamics of
COVID-19 Patients

The right ventricle (RV) represents an essential component in the hemodynamic homeostasis of patients with COVID-19,

an acute RV dysfunction being considered a factor of poor prognosis. Several mechanisms have a complementary role in
RV injury [Z3174l:

« Pulmonary hypertension induced by vasoactive mediators;

« Pulmonary vasoconstriction due to hypoxemia;

« Vascular remodeling;

« Microthrombi in pulmonary vessels due to inflammatory cytokines;



Mechanical compression due to atelectasis, interstitial edema, or associated pleural effusion.

Moreover, in ICU-admitted patients due to a severe course of COVID-19, persistent ventilation with elevated positive
expiratory pressures leads to a significantly increased RV afterload, thus inducing additional mechanical strain in a cavity

with rather thin walls and further reducing an already impaired cardiac output /4. This pathophysiological chain of events
is clearly expressed by the rise of serum concentrations for several biomarkers, such as NT-proBNP, ST2, or GDF-15

molecules, that express various mechanisms suggestive not only of myocardial dysfunction but also of inflammation or

oxidative stress, conditions that are commonly found in infected patients [Z2Z61Z7],
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