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Severe acute respiratory syndrome coronavirus 2 and its resulting disease, COVID-19, remain a significant public health concern. Cardiovascular
injury is the second most common complication, following respiratory disease, encompassing conditions such as myocarditis, acute myocardial
injury, acute coronary syndrome, arrhythmia, and heart failure. It presents with high-troponin levels, reduced left ventricular systolic function,
and/or electrocardiographic abnormalities. Cardiac involvement is an independent risk factor for worse clinical outcomes and higher mortality,
particularly in the elderly patients. The debate continues regarding whether the cardiac manifestations of COVID-19 result from direct viral
infection or indirect cellular injuries. The virus attaches directly to angiotensin-converting enzyme 2 receptor, which is extensively expressed
in the heart, invades myocardial tissue, and triggers an excessive inflammatory response. Indirect mechanisms stem from endothelial damage,
hypercoagulability and micro-thrombosis, cytokine storm, respiratory failure and hypoxia, and autoimmunity. The pathophysiology of cardiac
injury in COVID-19 patients is important to frame the main pathways and biomarkers to encourage new therapeutic trials to improve the

disease prognosis and to understand the course of the disease.
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INTRODUCTION

COVID-19 is an infectious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)!! and
has triggered a global pandemic in 2019.! Until July 2023,
over 767 million confirmed cases and about 6.9 million deaths
have been reported worldwide.®! While severe respiratory
failure is typically regarded as the primary cause of death,
COVID-19 also affects the cardiovascular system, leading
to frequent cardiovascular symptoms such as chest pain and
dyspnea.['#

Acute myocardial injury is the most common extrapulmonary
organ complication among critically ill patients™ and
can be present in 5%—-37% of individuals hospitalized
with COVID-19.% This condition is more prevalent in
patients with preexisting cardiovascular disease (CVD)
compared to those without CVD (54.5% versus 13.2%,
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respectively),!”) in elderly patients, and in those with
comorbidities such as diabetes, hypertension, obesity, and
chronic lung disease.™

Cardiac injury is commonly defined in most studies as
an increase in high-sensitivity cardiac troponin above the
99" percentile of its upper reference limit™® or as elevated levels
of other biomarkers such as brain natriuretic peptide,’®! creatine
kinase, and D-dimer."! It should be noted that some definitions
may also include evidence of new electrocardiographic or
echocardiographic abnormalities.®!

In COVID-HEART, a prospective study that included
342 in-hospital individuals with elevated troponin levels,

Address for correspondence: Prof. Fausto J. Pinto,

Department of Cardiology, Santa Maria Hospital — CHULN, Av. Prof. Egas
Moniz, 1649-028 Lisboa, Portugal.

E-mail: faustopinto@medicina.ulisboa.pt

This is an open access journal, and articles are distributed under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to
remix, tweak, and build upon the work non-commercially, as long as appropriate credit
is given and the new creations are licensed under the identical terms.

For reprints contact: WKHLRPMedknow_reprints@wolterskluwer.com

How to cite this article: Gregorio C, Caldeira D, Brito J, Placido R, Pinto FJ.
How COVID-19 can damage the heart? — Association of cardiac injury with
COVID-19: A narrative review. Heart Mind 0;0:0.

W © 2024 Heart and Mind | Published by Wolters Kluwer - Medknow




INGTGHIBA+ZH8eAAdAVYO/FIAEIDVIASALLIAIPOOAEIEAHIOI/AOAU

MV TXOMADYOINXFOHISABZIYTA -+ NIOITWNOTIZTACY HIBSHAQUE AQ IWyy/wod mm| sfeulnoly/:diy woly pspeojumoq

¥20¢/ZT/L0 uo

Gregorio, et al.: COVID-19 and the heart

61% of the patients presented left or right ventricular
systolic dysfunction, myocardial scar (with an ischemic or
micro-thrombotic pattern), or pericardial effusion as determined
by cardiac magnetic resonance imaging.'” In fact, some of
the primary cardiovascular manifestations of COVID-19
include myocarditis, heart failure, stress cardiomyopathy,
arrhythmias (especially atrial arrhythmias®'), acute coronary
syndrome (ACS) and myocardial infarction (both type 1 and 2),
Kawasaki disease, thromboembolic events (stroke, pulmonary
emboli, and deep-vein thrombosis), cardiogenic shock, and
cardiac arrest.[-1112]

Among COVID-19 patients who present with ST-elevation
myocardial infarction (STEMI), those who are infected have
a higher likelihood of experiencing multivessel coronary
thrombosis, stent thrombosis, and an increased need for
additional treatments such as glycoprotein IIb/Illa inhibitor
agents, aspiration thrombectomy, and multivessel percutaneous
coronary intervention.!'¥ Venous thromboembolism (VTE) is
quite common in hospitalized COVID-19 patients, with some
studies reporting a prevalence as high as 17%.!"3) New-onset
left heart failure is relatively rare, while right heart failure is
frequently observed in critically ill COVID-19 patients due
to a combination of factors, including lung injury, pulmonary
thromboembolism, and pulmonary hypertension.[!*!4
Myocarditis is a well-documented manifestation, especially
in young and healthy patients, with nonspecific symptoms
that can delay the diagnosis.'*!3! Atrial fibrillation is the
most frequently reported arrhythmia in severe cases, with an
estimated prevalence of 13% in patients without a previous
history of this condition.[']

Among the pandemic, when the health-care system was
overwhelmed, the accessibility of health-care facilities
for patients with cardiovascular conditions had become
compromised, which could be considered as an additional
contributor to adverse cardiovascular outcomes during this
challenging period. A multicenter retrospective study involving
16,117 patients diagnosed with ACS revealed a notable reduction
of over 20% in the weekly count of ACS hospitalizations (95%
confidence interval [CI] [1.6, 35.4], P = 0.04), as well as a
decrease in the proportion of patients undergoing invasive
therapeutic strategies. The total ischemic time experienced
a rise of 22.7 min (P = 0.02), and mechanical complications
became more prevalent during the pandemic compared to the
prepandemic period (1.98% versus 0.98%; P = 0.006).l!"

Acute cardiac injury in these patients has been linked to higher
morbidity and mortality,™ a worse prognosis, and an increased
need for mechanical ventilation compared to patients without
cardiac involvement (46.3% versus 3.9%).['81 Remarkably,
11.8% of deceased COVID-19 individuals without preexisting
heart disease exhibited significant heart damage. Its prevalence
can be up to 13 times higher in intensive care inpatients than
in nonintensive care individuals.'"”) Nevertheless, the precise
mechanism of myocardial injury caused by SARS-CoV-2
remains unclear.

This review will focus on potential mechanisms that explain
myocardial injury in COVID-19, including direct viral
invasion or indirect cellular injuries (immune-mediated with a
pro-inflammatory state, hypercoagulability, systemic hypoxia,
and autoimmunity) [Figure 1].182

Direct MyocARDIAL INJURY: ANGIOTENSIN-

CoNVERTING ENzymE-2 TRoPISM

SARS-CoV-2 enters the human cells by attaching to a specific
receptor called angiotensin-converting enzyme-2 (ACE2),
a type 1 transmembrane protein, which is located on the
surface of host cells. This attachment is facilitated by a viral
envelope protein known as the spike glycoprotein, which
has two functional subunits.['! While the S1 subunit exhibits
an affinity for the receptor and assists in viral attachment to
the target cell, the S2 subunit is responsible for viral fusion
with the cell membrane.?"! Following its binding to ACE2,
the spike protein undergoes proteolytic activation by cellular
proteases, including the transmembrane protease serine 2. This
activation enables the virus to invade target cells through an
endosome-dependent mechanism, facilitating its subsequent
replication.’?!! Inside the host cell, SARS-CoV-2 utilizes the
cell’s machinery to synthesize viral proteins and replicate its
genetic material .2

Furthermore, ACE2 has the capacity to enzymatically
convert angiotensin II into angiotensin-(1-7) and also
metabolize angiotensin I (Ang I), resulting in the production
of angiotensin-(1-9), which promotes vasodilation and exerts
anti-inflammatory, antioxidant, and cardioprotective effects.!*!
Their expression is downregulated by SARS-CoV-2. Hence,
there is an increase in the level of angiotensin II leading to
endothelial dysfunction, chronic myocardial hypoxia, and
cardiomyocyte death.?!

ACE2 is highly expressed in alveolar tissue and cardiomyocytes
but also in epicardial adipocytes, pericytes, fibroblasts,
endothelial cells, and smooth muscle cells.['**?31 Some in vitro
studies suggest that the heart is inherently susceptible to
SARS-CoV-2 infection. Sharma et al. demonstrated that the
virus can infect human-induced pluripotent stem cell-derived
cardiomyocytes through ACE2- and cathepsin-mediated
mechanisms, ultimately resulting in virus-induced apoptosis
within 72 h.?% Another study, which established an engineered
heart tissue model to mimic COVID-19 myocardial
pathology, confirmed the virus’s affinity for ACE2 receptors
on cardiomyocytes. Upon analyzing the infected cells,
researchers observed an upregulation of genes associated
with immune cell activation (including chemokines and
cytokines), stress-induced transcription, and responses
to viral pathogens. Otherwise, genes related to muscle
contraction (such as troponin, actin, and myosin chain),
metabolism (including glycerol-3-phosphate dehydrogenase
and pyruvate dehydrogenase), and mitochondrial function (such
as mitochondrial cytochrome C oxidase) were found to
be downregulated, which may explain the compromise in
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Hypercoagulahility and myocardial ischemia

* Uncoordinated immune response - endothelial injury,
destabilization of atherosclerotic plaques, thrombosis,
interstitial fibrosis

* This limits the innate/adaptive host immune response
— decrease in viral clearance

Heart failure, Myocarditis, Cardiac Arrhythmias

Autoimmunity
* Autoantibodies against GPCR adrenergic Al, HCRT2R,
TS-HDS have been identified in COVID-19 patients.

Autonomic dysfunction

7 Systemic hypoxia
\ * Reduced oxygen supply, promotes anaerobic activity, leading to increased production of ROS -
02 damage of cardiomyocytes/hypercoagulable state

Figure 1: The proposed mechanism(s) of COVID-19-associated myocardial injury. SARS-CoV-2=Severe acute respiratory syndrome coronavirus
2, ACE2-R=Angiotensin converting enzyme 2-receptor, TMPRSS2=Transmembrane serine protease 2, ACE2=Angiotensin converting enzyme
2, IL=Interleukin, TNF=Tumor Necrosis Factor, GPCR adrenergic A1=G protein coupled adrenergic A1 receptors, HCRT2R=0rexin receptors,
TS-HDS=Trisulfated heparin disaccharide, ROS=Reactive oxygen species, 0,=0xygen

contractile function of cardiomyocytes,?” with evidence
of sarcomere loss occurring approximately 3 days after
SARS-CoV-2 inoculation.

Bailey et al. detected viral proteins and single-stranded
ribonucleic acid (RNA) from SARS-CoV-2 nucleocapsids
in the myocardium and inflammatory cells within the areas
of myocardial cell injury.?” Viral RNA was found in low
quantities, with a focal and patchy distribution, within the
cytoplasm and perinuclear regions of cardiomyocytes and
the interstitium.[”’ Some other population-based studies
also support the hypothesis of direct myocardial injury.
Sakamoto et al. identified viral RNA using the real-time
polymerase chain reaction in the left atrium of just one
out of 15 hearts from deceased COVID-19 patients.l®! In
another postmortem autopsy study, Ferrer-Gomez et al.
found genetic viral material in only one out of the 30 hearts
analyzed.? However, in the review by Roshdy et al., 47%
of the studied hearts were positive for SARS-CoV-2.5% These
discrepancies in results could be attributed to variations in
laboratory techniques and the stage of disease progression/
duration of illness.*”!

In addition to cardiomyocytes, other studies have confirmed
that SARS-CoV-2 infects adipocytes located within the
visceral epicardium and infiltrates adipocytes within the
myocardium (cells that express high levels of the ACE2
receptor in murine models). This phenomenon, besides the

adipose tissue serving as a reservoir of pro-inflammatory
cytokines, may explain the heightened risk and severity of
COVID-19 in obese patients.[**3!

All these studies emphasize a mechanism involving direct
myocardial injury mediated by ACE2, which could potentially
serve as a therapeutic target.

At the beginning of the pandemic, concerns about the safety
of renin-angiotensin system inhibitors were raised, provided
that angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin II receptor blockers (ARBs) had the capacity
to upregulate the ACE2 receptor and potentially increased
susceptibility to SARS-CoV-2. However, there are no human
studies supporting this.?? Actually, many population-based
studies proved that exposure to ACEIs/ARBs did not increase the
risk of adverse clinical outcomes, including a severe course of the
disease and all-cause mortality among COVID-19 patients,** and
currently, available data do not support routinely discontinuing
of this therapy in noncritically ill COVID-19 patients if there
is an indication for treatment.?**¢! One of these studies, the
BRACE CORONA study, a multicenter randomized controlled
trial, evaluated the impact of discontinuation compared to
continuation treatment with ACEIs/ARBs, in patients with
mild-to-moderate COVID-19 who were taking medication
before hospital admission and found that there was no significant
difference in the mean number of days alive and out of the
hospital at 30 days.l*”
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Small in vitro studies also proposed the hypothesis that ACEIs
play a significant role in counterbalancing proinflammatory
responses, promoting an up-regulation in the expression of the
Interleukin-1 Receptor Type 2 and RETN gene (inhibitors of
proinflammatory cytokines) in monocytes of these patients.>®!

Finally, two clinical trials tested the effectiveness of two
experimental intravenous renin-angiotensin system agents
— TXA-127 (a synthetic angiotensin [1-7]) and TRV-027 (a
specific angiotensin II type 1 receptor-targeted drug), in
patients with severe COVID-19 and new-onset low oxygen
levels, but they were not effective.>”’

InDIRECT MYOCARDIAL INJURY: ENDOTHELIAL

DysFuncTioN AND HYPERCOAGULABILITY

In addition to SARS-CoV-2’s tropism for ACE2-expressing
cells, another target for infection is the vascular endothelium.
Healthy endothelial cells express the factors that promote
vascular relaxation, inhibit platelet activation and aggregation,
and promote fibrinolysis.*”! Endothelial dysfunction, on the
other hand, results in the overproduction of thrombin and
the formation of microthrombi, improves inflammation,
increases coronary capillary permeability, and decreases
myocardial perfusion due to vasospasm.['*!! The majority
of cardiovascular risk factors are associated with endothelial
dysfunction, which may explain a more severe disease course
and higher mortality of COVID-19 patients with cardiovascular
comorbidities.!!

The virus can directly infect the endothelial cells or activate
the renin-angiotensin system through the angiotensin II
type 1 receptor, promoting a profound systemic inflammatory
response. Both of these processes lead to an increase in
reactive oxygen species and activate the nuclear factor kappa
B (NF-«xB). NF-xB, in turn, inactivates nitric oxide (NO),
converting it into peroxynitrite and reducing its production by
uncoupling endothelial NO synthase.!'" The disruption of the
balance between vasoconstriction and dilatation affects organ
perfusion and promotes myocardial ischemia.¥

SARS-CoV-2 infection has been shown to elicit the activation
of numerous cytokine receptors, thereby inducing the release of
pro-inflammatory cytokines, notably interleukin (IL)-1, IL-6,
and tumor necrosis factor-alpha (TNF-alpha), which promote
complement activation with subsequent endothelial cell
dysfunction,! compromising the integrity of the endothelial
barrier, resulting in heightened vascular permeability. In
addition, it exposes the underlying collagen, thereby fostering
the formation of blood clots.?” Cytokines may also initiate
platelet activation and aggregation, thereby potentiating a
hypercoagulable state.

In fact, it is estimated that over than 20% of COVID-19 patients
may experience abnormal coagulation, as evidenced by elevated
D-dimer levels and thrombocytopenia.[*! The prevalence of
this phenomenon may be even more significant, as some
autopsy studies have identified deep-venous thrombosis in 58%

of patients in whom VTE was not suspected before death. This
figure is notably higher than the reported incidence in other
viruses, like HIN1 influenza.™

Besides venous events, it has been suggested that
microthrombosis may represent one of the mechanisms
behind arterial events.?* In a postmortem investigation,
Bois et al. identified nonocclusive microthrombi in the small
intramyocardial vasculature in 80% of COVID-19 patients.*?
Pellegrini et al. conducted a pathological analysis of 40 cardiac
specimens obtained from hospitalized COVID-19 patients
who succumbed to the disease in Italy, in February 2020,
and microthrombi was the primary contributor to myocyte
necrosis, occurring in 35% of the patients, predominantly in
the left ventricle. Remarkably, in 64% of these instances, the
microthrombi exhibited a higher degree of fibrin and C5b-9
complement deposition when compared to COVID-19-negative
individuals. Furthermore, electrocardiograms indicated
ischemic abnormalities in 20% of the study’s population and in
almost half of the clinically symptomatic patients (STEMI or
stroke). Notably, focal myocardial necrosis was most frequently
observed in the inferior and lateral walls of the left ventricle and
in the ventricular septum, mirroring the distribution pattern of
microthrombi. There is no difference in the percentage of cases
with viral RNA detected in myocardial tissue, irrespective of
the presence of myocardial necrosis (14.3% versus 23.1%,
P = 0.51). Therefore, these investigators suggest that direct
viral invasion may not play a singular role in the development
of myocardial necrosis.[*¥

Hanson et al. assessed 21 consecutive cases of heart
autopsy decedents, between April and December 2020, and
compared their findings to the cases of virus-associated heart
failure (such as influenza B, coxsackie virus B3, adenovirus
2, and hepatitis C virus). Thrombi were found in both macro
and microvasculature in 19.1% of these patients, a discovery
supported by a significant elevation of CD61, a marker of
platelet activation, in these individuals. In addition, arterial
and venous thrombi were more frequently observed in the
hearts of COVID-19 patients,” as evidenced by an increase in
fibrinogen and von Willebrand factor — factors associated with
coagulopathy — in individuals with SARS-CoV-2 infection.[4!

At the onset of the pandemic, most experts recommended
pharmacologic VTE prophylaxis for all hospitalized
COVID-19 patients, with the possibility of extending it to a
postdischarge phase in high-risk patients.’?! Recently, in the
COVID-19 treatment guidelines of the National Institutes
of Health, the expert panel does not recommend the use of
prophylactic anticoagulation in nonhospitalized patients. For
hospitalized patients without evidence of VTE, the guidelines
recommend the use of a therapeutic dose of heparin for patients
with D-dimer levels above the upper limit of normal who
require low-flow oxygen and do not require intensive care unit
level care and the use of a prophylactic dose of heparin as VTE
prophylaxis for individuals who require intensive care unit-level
care, including those receiving high-flow oxygen.[#6-48)
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InDIRECT MYOCARDIAL INJURY: CYTOKINE STORM

A cytokine storm is an intense and aggressive immune response
characterized by the excessive production of pro-inflammatory
cytokines and other chemical mediators.*! It is well known that
cytokines, as a part of the innate and adaptive immune response,
are the first line against viral infections.[*!'? In COVID-19, an
excessive and uncoordinated immune response that results
in the overproduction of cytokines leads to organ damage,
through endothelial injury, destabilization of atherosclerotic
plaques, and the formation of blood clots (thrombosis).t'**]
Several studies have associated the elevated levels of IL-6,
IL-8, and ferritin with the prediction of an unfavorable clinical
course and higher mortality rates.”* Guo et al. demonstrated a
significant positive linear correlation between plasma troponin
T-levels and high-sensitivity C-reactive protein levels in 187
confirmed COVID-19 patients, emphasizing the critical role
of inflammation in cardiac injury.b%

One of the triggers for cytokine storm is the increased levels
of angiotensin II (a proinflammatory mediator involved in the
inflammatory response in several pathological processes®!)
in the bloodstream due to the virus’s ACE2 tropism,*! as
previously mentioned.

Many cytokines seem to be involved. In an autopsy study,
elevated levels of intercellular adhesion molecule-1 (ICAM-1),
IL-1B, IL-6, matrix metalloproteinase-9 (MMP-9), and
TNF-alpha were found in six hearts from COVID-19 patients.
These cytokines are considered key players in the inflammatory
response.? In fact, MMP-9 recruits T-helper type 2 cells that
release cytokines (IL-4 and TGF-beta) causing myocardial
fibrosis,? which is supported by an increase in collagen
type 1 and 3 in the interstitial and perivascular space.!*!!
Furthermore, the presence of neutrophils and macrophages can
trigger fibroblast activation, leading to cardiac remodeling and
interstitial fibrosis, which may contribute to the development
of heart failure.”

IL-6 and ICAM-1 are often found in activated endothelial
cells.”>2 When endothelial cells are activated, they become
more permeable to blood plasma proteins and release
pro-inflammatory cytokines and adhesion molecules. These
molecules help recruit white blood cells and trigger a cascade
of signaling events that release NF-kB. This limits the innate
and adaptive host immune responses, further decreasing viral
clearance and resulting in the propagation of the disease.>?!

Other cytokines appear to be involved, including IL-2, IL-7,
interferon-y, interferon-gamma-induced protein 10, chemokine
ligand-10, monocyte chemoattractant protein-1, and chemokine
ligand 2,54 particularly in patients who experience acute heart
failure and myocarditis.”) Some of these pro-inflammatory
cytokines may contribute to vascular inflammation, which
can impair coronary blood flow and oxygen supply.”!! Mast
cells, abundant in histamine, are also involved and contribute
to heightened capillary permeability, microvascular leakage,
and the subsequent onset of myocardial interstitial edema.!!)

The systemic inflammatory response syndrome accelerates
the development of new coronary plaques by activating
lipid-laden foam cells and destabilizing preexisting ones. This
process involves the expression of macrophages and adhesion
molecules on leukocytes, as well as increased shear stress,
which leads to plaque rupture and thrombus formation.['>
This can result in either STEMI or non-STEMI.["! In addition,
the influx of CD4 T-cells promotes heightened cytokine
production, stimulating smooth muscle cells to migrate to the
intima and produce collagen and other fibrous components.™”
The cytokine storm also triggers the generation of reactive
oxygen species and free radicals, inducing oxidative stress.
This oxidative stress further depletes NAD + and adenosine
triphosphate (ATP), ultimately leading to apoptosis and
necrosis of cardiomyocytes.>®

The interstitial myocardial edema appears to be one of
the mechanisms that explains arrhythmias in patients with
myocarditis, due to the disarrangement of the syncytium’s
structure.” It has also been found in postmortem myocardial
biopsies of COVID-19 patients, which may account for the
high prevalence of cardiac arrhythmias in these patients.
In addition, three inflammatory markers, IL-6, TNF-alpha,
and IL-1, have been shown to prolong the ventricular
action potential by activating the hERG potassium channel,
potentially leading to ventricular arrhythmias in severely ill
COVID-19 patients."%

Stress cardiomyopathy has been documented during the
COVID-19 pandemic, and the cytokine storm has been
proposed as a potential mechanism, with emotional stress,
respiratory infections, and hospitalization being considered
as potential triggers.”

INDIRECT MyocARDIAL INJURY: SysTEmic Hypoxia

One of the primary manifestations of SARS-CoV-2 is
hypoxemia, which predominantly affects organs with high
oxygen and energy requirements.l'¥! In the lungs, the virus
induces necrosis and the infiltration of inflammatory cells,
increases airway resistance, promotes mucus secretion, and
reduces the production of alveolar surface-active substances.
These effects collectively contribute to respiratory failure.
Concurrently, viral infection often accompanies fever,
elevated heart rate, and increased cardiac output. This results
in a significant rise in myocardial oxygen demand while
potentially reducing oxygen supply, leading to a likelithood
of subendocardial ischemia.l>>!

Hypoxia decreases ATP hydrolysis, reducing the energy supply
for cell metabolism and promoting anaerobic activity, which
in turn increases the production of reactive oxygen species
and may damage the cellular membrane.["*¥ Furthermore,
this oxidative stress encourages a hypercoagulable state and
amplifies the inflammatory response.!”!

Hypoxia also disrupts calcium channel activity, leading
to an increase in calcium influx into the cell. This, in turn,
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damages cardiomyocytes, promotes apoptosis, and exacerbates
cardiovascular dysfunction in COVID-19 patients.['!] All
of these mechanisms, along with the adrenergic response
triggered by viral infection, and resulting vasoconstriction,
exacerbate ischemia.l”]

Considering the high prevalence of myocardial injury in
COVID-19 patients with preexisting CVD, it is conceivable
that the infection may unmask type 2 myocardial infarction in
patients with stable coronary artery disease.”

InDIRECT MYOCARDIAL INJURY: AUTOIMMUNITY

Autonomic dysfunction has been reported as a sequela in
long COVID,® with labile blood pressure, episodes of
hypertension, and orthostatic hypotension being the most
commonly reported events.[®*¢!l The pathophysiology of
dysautonomia following COVID-19 is largely speculative
and is based on small studies. One of the proposed
mechanisms suggests direct virus-induced damage via
hematogenous or transneuronal routes.[*” Autoimmunity is
another explanation.

In fact, patients with long COVID-19 have high levels of
autoantibodies against G-protein-coupled adrenergic Al
receptors, which are involved in neurotransmission and
regulation of the sympathetic nervous system by binding and
activating neurotransmitters like norepinephrine. Norepinephrine
is a diagnostic marker of postural orthostatic tachycardia
syndrome.[®2%] Another study identified the presence of
autoantibodies against orexin receptors in the hypothalamus.
These receptors mediate arousal and the stress response while also
regulating arterial blood pressure and cardiovascular reflexes.[*”

Novak et al. evaluated nine patients with postacute sequelae
of COVID-19 and found high levels of trisulfated heparin
disaccharide (TS-HDS) antibodies in 44% of these patients.[*!
TS-HDS is located in peripheral nerves and has been identified
as a marker of small fiber neuropathy in previous studies.[) In
their study, 78% of patients exhibited small fiber neuropathy,
which raised the hypothesis that the high titers of TS-HDS
antibody could explain dysautonomia./*

Large-scale studies are crucial for obtaining a comprehensive
understanding of the role of autoimmunity in this disease,
particularly its long-term effects, and for exploring
immunotherapy as a potential therapeutic intervention to
mitigate the symptoms.

AssocIATIoN oF OTHER VIRUSES AND CARDIOVASCULAR
DiSEASES

Numerous viruses are linked to the onset or exacerbation
of cardiovascular diseases

SARS-CoV-1 is one of the seven coronaviruses known to infect
humans. It caused an outbreak in 2002, infecting approximately
8,000 patients worldwide and resulting in about 774 deaths,
nearly 10% mortality.!**” This virus uses the same mechanism

of SARS-CoV-2 to enter the cardiovascular system (by binding
the ACE2 receptors).[®® Both viruses promote an inflammatory
response and a cytokine storm, however, they exhibit variances
in the types of cytokines involved, with SARS-CoV-1 infection
resulting in the activation of a smaller array of cytokines
compared to SARS-CoV-2 infection, which may explain less
pathogenicity and risk of adverse cardiovascular outcomes.®®!

A small population-based study analyzed 121 patients diagnosed
with SARS-CoV-1, of whom 20.1% had cardiovascular risk factors
and found that 10.7% of patients exhibited transient cardiomegaly
without symptoms of heart failure. Only one patient, with severe
pneumonia, presented a transitory decrease in left ventricular
ejection fraction on echocardiogram and received inotropic support
by intravenous dobutamine, with a total recovery of cardiac
function at follow-up. Concerning cardiovascular symptoms
during the hospitalization period, tachycardia was observed in
71.9% of individuals, making it the most common sign, followed
by hypotension (50.4%) and bradycardia (14.9%).7 There are
some other references in the literature regarding cardiac damage
in SARS-CoV-1 patients. A subclinical diastolic impairment on
echocardiogram was also documented by Li ez a/., in a prospective
study with 46 patients.”” One small postmortem study reported
pulmonary thromboembolism, deep-vein thrombosis, and
occlusive coronary artery as findings in patients with documented
SARS-CoV-1 infection.[”

Middle East Respiratory Syndrome coronavirus (MERS-CoV)
was first identified in 2012 and it primarily presents as an acute
respiratory illness with rapidly progressive pneumonia and a
case-fatality rate of 34.3%.U"!72 The MERS-CoV uses another
cellular receptor-dipeptidyl peptidase 4 (CD26), which is expressed
in various lung cells but also in the kidney, small intestine, liver,
and prostate.l””] Relevant reports indicate that these patients
have a high proportion of cardiovascular comorbidities, such as
hypertension, which was present in 30.3% of individuals (95%
Cl, 18.3%42.2%), cardiac disease in 20.9% (95% CI, 10.7%—
31.1%), and diabetes mellitus in 45.4% (95% CI, 27.3%—63.5%),
when compared to other coronaviruses.”!! Some case reports
and case series have documented myocarditis and pericarditis as
cardiac manifestations in individuals with MERS-CoV infection.
In a case report, one patient with elevated troponin-I levels
and symptoms of acute-onset heart failure in the first 24 h of
admission was found to have myocarditis on cardiac magnetic
resonance with a linear sub-epicardial pattern of late gadolinium
enhancement in inferior and lateral walls of the left ventricle.
A severe impairment of left ventricle systolic function remains
after 3 months.™

The prevalence of cardiac damage in COVID-19 compared
to previous coronavirus outbreaks is a subject of debate
due to limited and heterogeneous data from the small-scale
studies.[>7]

Influence of COVID-19 vaccination on cardiac

complications
COVID-19 vaccines have been associated with limited
cardiac complications, such as myocarditis and pericarditis,
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especially among young adults. These complications are
thought to arise from the activation of both innate and
adaptive immune responses and an autoimmune-mediated
mechanism. Myocarditis is more commonly associated with
the second vaccine dose compared to the first or third doses.®
However, among the subgroup of patients most affected with
vaccine-induced cardiac injury (aged 12—17 years), the risk of
adverse cardiac outcomes was 1.8-5.6 times higher following
SARS-CoV-2 infection than after receiving the second vaccine
dose.l’”

One of the complications of COVID-19 is the risk of
cardiovascular events, including acute myocardial infarction.
In a population-based study, Jiang et al. analyzed the data
from the National COVID Cohort Collaborative (N3C), which
included an extensive group of patients in the United States
who had contracted SARS-CoV-2. This cohort comprised a
total of 1,934,249 vaccine-eligible individuals, with 10.1%
having received full vaccination. Their study demonstrated
that both full vaccination (adjusted hazard ratio [aHR] of
0.59; 95% CI: 0.55-0.63) and partial vaccination (aHR of
0.76; 95% CI: 0.65-0.89), using either mRNA or viral vector
vaccines, were associated with a reduced risk of major adverse
cardiovascular events following a SARS-CoV-2 infection, with
a mean follow-up time of 180 days after viral infection.[”®]
Another retrospective cohort study, involving patients from
Korea, revealed that full COVID-19 vaccination (with two
doses) was linked to a decreased likelihood of experiencing
acute myocardial infarction and ischemic stroke following a
COVID-19 infection.["”!

Furthermore, the COVID-19 vaccine has been shown to be
protective for patients with preexisting CVD. Gupta ef al.
analyzed a total of 1,578 subjects with a STEMI who were
registered in the North India STEMI (NORIN-STEMI)
registry from August 2021 to August 2022. After a 30-day
follow-up period, all-cause mortality was observed in
201 patients, accounting for 12.7% of the total. The adjusted
odds of mortality were markedly lower in the vaccinated
group (adjusted odds ratio [aOR]: 0.58, 95% CI: 0.47-0.71)
at 30 days but also during the 6-month follow-up period (aOR:
0.54, 95% CI: 0.44-0.65) in comparison to the nonvaccinated
group.l’®

Therefore, the World Health Organization, and various medical
societies, including the American Heart Association and the
European Society of Cardiology, endorse the COVID-19
vaccination for individuals with cardiac disease.*7*80]

CONCLUSION

Myocardial injury in SARS-CoV-2 infection is a multifactorial
phenomenon in which direct and indirect mechanisms may
contribute to cardiovascular damage. The most widely accepted
mechanisms include direct viral invasion, dysregulated immune
responses, hypoxemia resulting from respiratory failure,
and infarction secondary to thrombosis. A comprehensive
understanding of the pathophysiology of cardiac damage is of

the utmost importance for the early recognition and disease
diagnosis, as well as for the development of more effective
drug interventions.
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