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Abstract

Coronavirus Disease of 2019 (COVID-19) is an infectious disease caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). On March 12, 2020, the World Health Organization (WHO) announced the pandemic
state of COVID-19. Later, this disease has already known to affect multiple organs, including the heart. Therefore,
higher morbidity and mortality occurred in elderly and patients with combined comorbidities. Based on the source of
insults of heart failure risk, it can be classified into extrinsic and intrinsic risk. Extrinsic risks are anything that is
related other than the virus itself, particularly treatments that are needed to deal with COVID-19 but subsequently
affect the cardiovascular system. In contrast, the intrinsic risks are anything related to SARS-CoV-2 infection and its
impact on the cardiovascular system. Furthermore, the pathophysiology of heart failure pertaining to cardiac output
can be divided into three components, which are preload, myocardial contractility, and afterload. These components
do not exclusively affect the left ventricle function but also the right ventricle. In addition, the risks of heart failure
due to SARS-CoV?2 infection exist both in the short and long term, based on their time onset. In this literature
review, we propose the pathophysiology of the alteration of each of these components, which ultimately ends in

heart failure.
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Abbreviations

COVID-19 : Coronavirus Disease of 2019
SARS-CoV-2 : Severe acute respiratory syndrome coronavirus-2
WHO : World Health Organization

RV : Right ventricle

PaL . Alveolar pressure

PoL : Pleural pressure

P+ : Transpulmonary pressure

ITP . Intrathoracic pressure

mPAP : Mean pulmonary arterial pressure

LAP, : Mean left atrial pressure

PVR : Pulmonary vascular resistance

Prm : Transmural pressure

PEEP : Positive end-expiratory pressure

RAP . Right atrial pressure

ARDS . Acute respiratory distress syndrome

hsTnl . High-sensitivity cardiac troponin |
NT-proBNP : N-Terminal pro B-type Natriuretic Peptide
CK-MB : Creatine kinase myocardial band

AKI . Acute kidney injury

ACE2 : Angiotensin converting enzyme-2

EMB : Endomyocardial biopsies

CRP : C-reactive protein

NF-kB : Nuclear factor kB

ATIR : Angiotensin Il type | receptor

Css : Cytokine storm syndrome

BNIP3 : BCL2 adenovirus E1B 19 kDa protein-interacting protein 3
HIF-1 : Hypoxia-inducible factor-1

Ml : Myocardial infarction

1. Introduction

The World Health Organisation (WHO) has announced the pandemic of Coronavirus Disease of 2019 (COVID-19)
on March 12, 2020 [1]. It is an infectious disease caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2). Based on the symptomatology of COVID-19, it is divided into several clinical manifestations

according to its continuum, specifically the initial phase, acceleration phase, and recovery phase. In the acceleration

Cardiology and Cardiovascular Medicine Vol. 4 No. 3 — June 2020. [ISSN 2572-9292] 177



Cardiol Cardiovasc Med 2020; 4 (3): 176-190 DOI: 10.26502/fcem.92920115

phase, there are damages to multiple target organs (heart, lungs, gastrointestinal) and cytokine storm [2]. Notably,
the cardiac involvement in SARS-CoV-2 infection can have multiple forms, such as cardiac injury, arrhythmia, or
hemodynamic instability, all of which can subsequently lead to heart failure [3]. In addition, based on single-center
case series and observational cohort study, cardiovascular diseases in COVID-19 patients are rather prevalent, 8%
[4] and 15% [5], respectively.

The underlying pathogenesis of heart failure is the defects in one or more components pertaining to cardiac output,
which are preload, afterload, and myocardial contractility. Meanwhile, there are myriad etiologies for these defects,
such as myocardial injury, coronary artery disease, cardiomyopathies, and valvular heart disease [6]. In the setting of
SARS-CoV-2 infection, the known mechanism of heart failure is thought to be caused by myocarditis [7]. However,
the comprehensive pathogenesis is still unknown. Therefore, we would like to propose the pathogenesis of heart
failure from the source of the insults, which are extrinsic and intrinsic insults and based on the preload, contractility,

and afterload point of view.

2.Preload

2.1. Extrinsic risk of heart failure in SARS-CoV?2 infected patients

A substantial number of patients with severe and critical SARS-CoV2 infection need to be intubated due to
impending or ongoing respiratory failure [8]. The lung function of these patients is replaced transiently with the use
of mechanical ventilation. While it is meant to be life-saving, there are cardiac consequences of mechanical
ventilation usage, particularly to the right ventricle (RV) [9]. To clearly understand these impacts, we must

understand the essential components of heart and lung physiology in the setting of mechanical ventilation.

These components consist of lung and thorax intracavitary components; alveolar, pleural, transpulmonary, and
intrathoracic pressure (Pa., Per, Pre, and ITP).? Transpulmonary pressure (Ptp) is the product of alveolar minus
pleural pressure [10]. Meanwhile, ITP is also equal to pleural pressure, and its pressure is exerted to all of the
intrathoracic organs because they are encased within the rigid chest wall [11-13]. There are also the blood flow
components to the lung, which are mean pulmonary arterial pressure (mPAP) and mean left atrial pressure (LAP,)
as the driving pressure and pulmonary vascular resistance (PVR) [14]. Another component to account is the
transmural pressure (Prv) of the blood vessel, which is the outward pressure exerted by the blood [9].

To simplify, when a patient is on mechanical ventilation with positive end-expiratory pressure (PEEP), the Pp,
which physiologically is negative, becomes positive—note that ITP is equal to the Pp_ [15]. Therefore, the Py of
thoracic blood vessels, vena cava, and thoracic aorta are diminished by ITP. Also, ITP is transmitted to the right
atrium through the pericardium and increases the right atrial pressure (RAP) [16,17]. Consequently, both

aforementioned factors reduce the venous return to the right atrium and right ventricle, hence the reduced preload.
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3. Contractility

3.1. Extrinsic risk of heart failure in SARS-CoV?2 infected patients

As for now, no proven effective therapies for this virus currently exist. Knowledge regarding SARS-CoV-2 virology
that is expanding rapidly provides a significant number of potential drug targets. The data and/or recommendations

are antimalarial drugs, anti-viral, anti-inflammatory drugs, and other miscellaneous treatments/drugs [18].

Chloroquine and hydroxychloroquine seem to be able to block viral entry into cells by inhibiting glycosylation of
host receptors, proteolytic processing, and endosomal acidification. These agents, through attenuation of cytokine
production and inhibition of autophagy and lysosomal activity in host cells, appear to also have immunomodulatory
effects [18].

Chinese experts reported chloroquine was successfully used to treat a series of more than 100 COVID-19 cases
resulting in improved radiologic findings, enhanced viral clearance, and reduced disease progression [19]. However,
the clinical trial design and outcomes data have not yet been presented, preventing validation [18]. They
recommended chloroquine phosphate tablets, at a dose of 500 mg twice per day for 10 days, for patients diagnosed
as mild, moderate and severe cases of SARS-CoV-2 pneumonia, provided that there were no contraindications to the
drug [19].

Gautret et. al, in an open-label nonrandomized French study of 36 patients (20 in the hydroxychloroquine group and
16 in the control group) reported improved virologic clearance with hydroxychloroquine, 200 mg, every 8 hours
compared with control patients receiving standard supportive care. Depending on their clinical presentation, the
authors also reported an addition of azithromycin to the treatment, which was found to be significantly more

superior for virus elimination [20].

Chloroquine or hydroxychloroquine-related cardiac disorder is a rare but severe adverse event, which can lead to
death. A systematic review by Chatre et.al, regarding cardiac complication of chloroquine and hydroxychloroquine
found conduction disorders were the main side effect reported, affecting 85% of patients. Other non-specific adverse
cardiac events included ventricular hypertrophy (22%), hypokinesia (9.4%), heart failure (26.8%), pulmonary
arterial hypertension (3.9%), and valvular dysfunction (7.1%). For 78 patients reported to have been withdrawn from
treatment, some recovered normal heart function (44.9%), while for others progression was unfavorable, resulting in
irreversible damage (12.9%) or death (30.8%) [21].

Blignaut et.al, studied ex vivo chloroquine treatment on heart function and glucose uptake, mitochondrial function,
and in vivo treatment on heart function. The mechanism suggested for this cardiotoxicity is in short and long term.

Short-term blockage of the K+ channels and accumulation of Ca2+ can result in decreased heart contractility
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function, tachycardia and prolongation of the QT interval [22]. In the long term, accumulation of metabolic products
and autophagy suppression can result in mitochondrial dysfunction [22].

Proper mitochondrial function is necessary in tissues and organs that are of high energy demand, including the heart.
Mitochondrial impairment is usually also found in cardiovascular disease. Enhanced production of reactive oxygen
species, depletion of cell ATP pool, extensive cell damage, and apoptosis of cardiomyocytes would happen due to
uncoupling of the electron transport chain in dysfunctional mitochondria. Mitophagy is a process, during which cells
clear themselves from dysfunctional and damaged mitochondria using an autophagic mechanism. Deregulation of
this process in the failing heart, accumulation of dysfunctional mitochondria worsens things even more [23]. This
dysfunction plays an important role in cardiovascular homeostasis and insulin signalling in myocardial metabolism
and leads to significant cardiac manifestations including cardiomyopathy with concentric hypertrophy and

conduction disorders, and subsequent heart failure [22,24].

It is recommended that routine electrocardiography is done to rule out the development of QT interval prolongation
or bradycardia and patient interviews to seek the appearance of visual and/or mental disturbance/deterioration [18].
Administration of other drugs known to prolong the QT interval such as quinolones, ondansetron, various anti-
arrhythmic agents (especially Amiodarone), antidepressant, as well as antipsychotic drugs should also been taken
into precaution [21].

Pneumonia in itself has various side effects on the cardiovascular system [25]. SARS-CoV-2 also has been thought
to have the ability to cause direct myocardial injury and dysfunctions [26-29]. The use of chloroquine and
hydroxychloroquine in this setting needs to be reconsidered, especially in combination with azithromycin, an agent

which also prolongs the QT interval, and also in patients with cardiovascular comorbidities [18,30].

3.2. Intrinsic risk of heart failure in SARS-CoV2 infected patients

The pathophysiology of heart failure may result from impaired contractility which can be caused by myriad cardiac
insults such as myocardial injury, cardiomyopathies, or valvular heart disease [31,32]. In the setting of SARS-CoV-2
infection, myocardial injury plays a key role as an etiology of heart failure, shown by the increased of several
cardiac biomarkers, such as high high-sensitivity cardiac troponin | (hsTnl), n-terminal pro b-type natriuretic peptide
(NT-proBNP), creatine kinase myocardial band (CK-MB), and myoglobin [33-35]. In three descriptive studies of
patients hospitalized with laboratory-confirmed COVID-19, the incidence rates of myocardial injury are 7%, 10%,
20%, and 28%, respectively [5,36-38]. Meanwhile, the in-hospital mortality rate of COVID-19 patients with
myocardial injury are 51% and 60% [37,38]. In contrast the in-hospital mortality rate of patients without myocardial
injury are 4,5% and 9% [37,38].
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The epidemiological profile of COVID-19 patients who are at increased risk of myocardial injury are the older men
with higher prevalence of comorbidities than those who are younger and without comorbidities [37,38]. Also,
myocardial injury is associated with more severe SARS-CoV2 infection, manifested with higher incidences of

ARDS, acute kidney injury (AKI), electrolyte disturbances, hypoproteinemia and coagulation disorders [39].

The mechanism of acute myocardial injury caused by SARS-CoV-2 infection might be related to angiotensin
converting enzyme-2 (ACE2). Angiotensin converting enzyme-2 is ubiquitously expressed in human organs, such
the heart, blood vessels, kidneys, and intestines [40]. As of today, there are no evidence that shows SARS-CoV-2
could directly infect cardiomyocytes, but there are two case reports of fulminant myocarditis in a patient with a
positive COVID-19 based on sputum testing from Wuhan and Italy. However, endomyocardial biopsies (EMB) are
not performed [26,27,41].

In mice infected with human strain of SARS-CoV1, viral entry via ACE2 causes down regulation of myocardial
ACE?2 levels and induces myocardial inflammation and damage [42]. The SARS-CoV appears to directly infect the
myocardial cells. In a retrospective case series, SARS-CoV viral RNA was detected in 35% of autopsied hearts [43].
Derived from recent study, in comparison to SARS-CoV 1, the affinity of SARS-CoV-2 binding to ACE2 is 10-fold
to 20-fold higher [44]. Thus, we suggest that SARS-CoV-2 may cause a direct viral infection to cardiomyocytes and
vascular endothelium through its binding with ACE-2. SARS-CoV-2 infection also downregulates ACE-2, whereas
this enzyme is responsible for converting angiotensin 11 to angiotensin (1-7), a cardiac tissue protector. This agent
possesses anti-inflammatory, anti-fibrosis, anti-oxidant, and vasodilative properties [45,46]. Therefore, reduced

ACE2- related signalling pathways also plays a role in myocardial injury.

Furthermore, when myocardial injury presents in COVID-19 patients, they also demonstrate severe systemic
inflammation, reflected in greater leukocyte counts, higher levels of C-reactive protein (CRP), and procalcitonin
[37,38]. Based on several studies, angiotensin Il is the responsible agent that cause proinflammatory effects in the
setting of SARS-CoV 2 infection [47,48]. Angiotensin Il mediated by angiotensin Il type | receptor (AT1R) will
activate transcription factors, primarily the nuclear factor kB (NF-kB) and activating protein-1 (AP-1). Both increase
the adhesion and accumulation of monocytes and neutrophils to endothelial and mesangial cells, which release
proinflammatory cytokines (interleukin-1, interleukin-6 and interleukin-12) and chemokines (interleukin-8,
monocyte chemoattractant protein-1, and I1P-10). All of these culminates in cytokine storm syndrome (CSS) and

precipitates myocardial cells apoptosis and necrosis [33,47—49].

Acute inflammatory responses can also lead to ischemia in the presence of preexisting cardiovascular diseases. This
is explained by the exacerbation of inflammatory activity within coronary atherosclerotic plaques during systemic
inflammatory response, making them prone to rupture [50,51]. Furthermore, systemic inflammation also causes

endothelial dysfunction, increases the procoagulant activity of the blood and endothelin-1 levels, promotes smooth
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muscle cell proliferation, platelet aggregation and fibrin deposition in atherosclerotic plagues, which can contribute
to the formation of an occlusive thrombus over a ruptured coronary plaque [51-57]. Consequently, this sequence will

result in type 1 myocardial infarction (MI).

Another mechanism responsible for heart failure incidence in SARS-CoV2 infected patients is type 2 myocardial
infarction due to demand ischemia caused by respiratory dysfunction and hypoxia [31,32,58,59]. Hypoxia can
induce intracellular acidosis through anaerobic metabolism which results in lactic acid accumulation [60]. This state
activates transcription and translation of the mRNA and protein of death-promoting BCL2 adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3) gene, respectively, and mediated by hypoxia-inducible factor-1 (HIF-1) site.
Furthermore, acidosis activates BNIP3 by promoting membrane translocation and stabilizing it. This results in
myocardial cell death [60,61].

In conclusion, intrinsic myocardial injury in COVID-19 patients can occur via hyperinflammatory syndrome, direct

viral infection, ACE2 downregulation, and type 1 or type 2 MI.

4. Afterload

4.1. Extrinsic risk of heart failure in SARS-CoV?2 infected patients

For brief explanations regarding heart and lung interaction in the setting of mechanical ventilation, see above.
Mechanical ventilation also affects the right ventricular afterload. With the positive Pp., the transmural pulmonary
artery reflected as mPAP will be reduced, and concurrently the pulmonary vascular resistance also increases. These
result in increased right ventricular afterload [15].

In contrast with the left ventricle, which is a pressure generator with higher contractility reserves, the right ventricle
is a flow generator with low contractility reserves due to highly compliant pulmonary vessels at low pressure
[62,63]. These explain the sensitivity of the right ventricular afterload to cyclic tidal inflation and may result in right
ventricular failure, especially in the setting of pre-existing right ventricular dysfunction or exaggerated pulmonary
vascular constriction due to acute respiratory distress syndrome (ARDS) [15,64-66], which is not uncommon in
COVID-19 [8,67].

4.2 Intrinsic risk of heart failure in SARS-CoV2 infected patients

SARS-CoV-2 infection can cause severe lung injury leading to ARDS, which is present in 37% of COVID-19
patients who are hospitalized [69]. SARS-CoV-2 is thought to cause downregulation of ACE-2 in the lungs. This
can increase vascular permeability and inflammation in the lungs, thereby reducing lung function [70]. In one case
report of Chinese COVID-19 patients, pathological examination of lung tissue found pneumococcal desquamation

and hyaline membrane formation indicating the occurrence of ARDS [71].
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The severe pulmonary injury also can cause pulmonary vascular changes in the form of vascular remodelling,
pulmonary vascular endothelial dysfunction, and increased vascular tone [72]. These conditions occur as a result of
immune dysregulation that causes proinflammatory cytokines (interleukin-6 and tumor necrosis factor - alpha) and
growth factors (platelet-derived growth factors, epidermal growth factors, or vascular endothelial growth factors)
that cause endothelial dysfunction, endothelial cell proliferation, and vascular smooth muscle [73,74].Pulmonary
vascular remodelling can precipitate pulmonary hypertension characterized by mean pulmonary arterial pressure of
equals to or more than to 25 mmHg in resting conditions [75].

Ultimately, pulmonary hypertension due to pulmonary vascular remodelling increased the RV afterload, and this
leads to an increase in RV wall stress. Based on Laplace’s law, the primary compensation of myocardial stress is
through myocardial hypertrophy [76]. Whereby an increased RV wall stress causes an increase in oxygen demand
which in the end affects the RV contractility [77]. This vicious cycle finally stops with right ventricular heart failure
ensue [78].

5. Future Implications SARS-CoV?2 Infected Patients

While there is strong evidence to support the acute cardiovascular complications, including cardiac injury caused by
COVID-19, conversely, there is no evidence to support the long term cardiovascular complications caused by this
virus. However, a metabolomic study conducted by Wu et al., revealed patients that have recovered from SARS-
CoV infection from the SARS 2009 outbreak, are still experiencing abnormality in their lipid metabolism after 12
years [79]. Furthermore, based on clinical questionnaires and examination, these patients in comparison with the

control group, had experienced various diseases, including cardiovascular disease [79].

Also, based on a matched cohort study from two population-based, multicenter, observational cohorts
(Atherosclerosis Risk in Communities Study; ARICS and Cardiovascular Health Study; CHS) consisted of 3813
subjects (1271 and 2542 cases participant, respectively), there is a significant increased short and long term risk of

cardiovascular disease, with the highest risk in the first year after pneumonia hospitalization [80] (Figure 1).
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Figure 1: This is a schematic diagram of proposed pathophysiology of heart failure in SARS-CoV2 Infected
Patients. SARS-CoV-2: Severe acute respiratory syndrome - coronavirus 2, ITP: Intrathoracic pressure, TPM:
Transpulmonary pressure, HIF-1: Hypoxia inducible factor-1; BNIP3: BCL2 and adenovirus E1B 19-kDa

interacting protein 3; ACE2: Angiotensin converting enzyme 2, RV: Right ventricle

6. Conclusion

The SARS-CoV2 infection is a global public health concern as it becomes a pandemic. Despite the respiratory
system being the major organ disrupted by this infection, currently it is also considered that this virus affects
multiple organs including the heart. Heart failure is one of the commonest sequences of this disease, however little is
known regarding its pathogenesis. As we have proposed in the aforementioned paragraphs, the risk of heart failure
in COVID-19 patients can be distinguished from the source of insults as extrinsic or intrinsic. Both of which can
cause significant alterations in preload, myocardial contractility, and afterload components, then subsequently

leading to cardiac output disturbance.
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Based on the preload component, mechanical ventilation appears to reduce the preload, particularly the right

ventricle. Meanwhile, in the myocardial contractility component, several extrinsic insults are caused by the usage of

investigational drugs. In addition, intrinsic insults consisted of hyperinflammatory state, direct infection, ACE2

downregulation, hypoxemia, altered lipid metabolism. Finally, extrinsic factors such as mechanical ventilation and

intrinsic factors including pulmonary hypertension due to acute lung injury and ARDS can increase afterload,

specifically the right ventricle.
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