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Injury mechanism of COVID-19-induced cardiac

complications
Ling Leng', Xiu-Wu Bian?¥

Abstract

Heart dysfunction is one of the most life-threatening organ dysfunctions caused by coronavirus disease 2019 (COVID-
19). Myocardial or cardiovascular damage is the most common extrapulmonary organ complication in critically ill patients.
Understanding the pathogenesis and pathological characteristics of myocardial and vascular injury is important for improving
clinical diagnosis and treatment approach. Herein, the mechanism of direct damage caused by severe acute respiratory
syndrome coronavirus 2 to the heart and secondary damage caused by virus-driven inflammation was reviewed. The pathological
mechanism of ischemia and hypoxia due to microthrombosis and inflammatory injury as well as the injury mechanism of tissue
inflammation and single myocardial cell necrosis triggered by the viral infection of pericytes or macrophages, hypoxia, and
energy metabolism disorders were described. The latter can provide a novel diagnosis, treatment, and investigation strategy for
heart dysfunctions caused by COVID-19 or the Omicron variant.
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INTRODUCTION

There have been at least six million deaths led by the
novel coronavirus disease 2019 (COVID-19) on a global
scalel'l. Heart complications are among the most severe
manifestations in patients with COVID-19%, As the
incidence of myocarditis and cardiovascular diseases
due to COVID-19 continuously increases, the effect
of COVID-19 on heart tissues has garnered consider-
able attention. The cardiovascular system affected by
COVID-19 has complications including myocardial
injury, myocarditis, myocardial infarction, heart failure,
arrhythmia, and venous thromboembolic eventstl. In
view of the essential role of heart disease symptoms in
patients with COVID-19, it is essential to identify the
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cardiac injury mechanism of COVID-19. Previously,
several mechanisms have been postulated to explain
COVID-19-associated cardiac injury, including direct
myocardial injury mediated via angiotensin converting
enzyme 2 (ACE2), immune dysregulation mediated by
cytokine storm, hypoxia from imbalance in oxygen sup-
ply, cardiotoxicity of antiviral drugs as well as demand
mediated by ischemial®?®. Descriptions regarding the
pathological presentation of COVID-19 cardiac injury
was predominantly obtained from autopsy-based litera-
ture. Cardiac abnormalities have been discovered in the
gross pathology or histologic findings in approximately
all of the cases. In these cases, the average age of the
deceased was 69 years, and male cases account for more

than half of all cases!?l.

MOLECULAR PATHOLOGY REVEALS THE
PRESENCE OF SARS-CoV-2 IN THE HUMAN
HEART

Currently, researchers utilize reverse transcription poly-
merase chain reaction (RT-PCR), in situ hybridiza-
tion, electron microscopy, and other methodologies to
detect and localize severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections in the heart.
Furthermore, proteome technology is used to obtain a
panoramic view of molecular changes in cardiac pro-
teins in patients with COVID-191""-151, To verify whether
the virus can self-replicate in the heart, Bulfamante ez
al."®l employed digital PCR technology to detect viral
RNA in the total RNA extracts from heart tissue samples
and detected viral RNA in all six COVID-19 heart spec-
imens, although not in the healthy controls. The copy
number of the SARS-CoV-2 RNA molecule is 4.44-5.33
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log10 (copies/mL). Lindner et al.'>!3! used RNA range
in situ hybridization to detect SARS-CoV-2 viral RNA
minus strands in autopsy heart tissues and reported that
the virus was detected in 61.5% patients while a high
viral load of >1,000 copies/ug RNA was identified in
41.0% patients, in whom the expression levels of six
proinflammatory factors (tumor necrosis factor o [TNF-
a], interferon y [[FN-y], C-C motif ligand 5 [CCLS5],
interleukin [IL]-6, IL-8, and IL-18) were upregulated
compared with that in the patients with low-virus cop-
ies. However, the degree and levels of myocardial leu-
kocyte infiltration in patients with high-virus copies
were not significantly different from those of the other
patients!'®l,

Brook et al."" performed in situ hybridization experi-
ments on tissue samples obtained via minimally invasive
autopsy and about 10% of the patients were reported
with a low viral load (not more than 120 copies/ug total
RNA). Hanley et al.!'®! collected fresh cardiac tissue from
autopsy samples and quantified viral load via quanti-
tative real-time PCR (qRT-PCR), targeting the viral E
gene, and reported higher viral loads in 2 of 5 patients.
Lindner et al."” detected SARS-CoV-2 viral particles in
the heart tissue obtained from 24 of 39 (59%) consec-
utive autopsies. Subsequently, additional studies have
reported SARS-CoV-2 copies in heart tissues!'>'?2%, fur-
ther suggesting that SARS-CoV-2 can infect the heart
tissue directly. The abovementioned studies demonstrate
that the virus can self-replicate in the heart; however, the
results based on minimally invasive autopsies may con-
siderably vary from those of other studies owing to the
heterogeneity of the collected materials.

To examine the localization of SARS-CoV-2 in the
infected heart, Bois et al.'¥ performed immunohisto-
chemistry with SARS-CoV-2 nucleocapsid—based anti-
bodies. The results revealed focal and nonspecific staining
in all the evaluated samples, with three patients exhibit-
ing arterial or capillary endothelial cells staining and one
patient exhibiting endocardium and macrophages stain-
ing. Bradley ez al.!*!! utilized SARS-CoV-2 immunohisto-
chemistry using a monoclonal antibody against the spike
protein; nonetheless, the immunohistochemical results of
SARS-CoV-2 S protein in patients with myocarditis were
negative.

Fox et al.®? detected particles consistent with the
SARS-CoV-2 in cardiac endothelial cells but not in adja-
cent cardiomyocytes (CMs) using electron microscopy. In
that study, CD8* and CD4* lymphocytes were primarily
identified in or near small vessels. Schurink et al.l""! using
two different antibodies against SARS-CoV-2 nucleocap-
sid proteins demonstrated positive immunohistochem-
ical staining of CMs in 27% patients. Bulfamante et
al.' utilized immunohistochemistry to identify SARS-
CoV-2 nuclear and spike proteins in left ventricular heart
samples, which were positive for lipofuscin expression,
predominantly in CMs, and confirmed this result via
the immunofluorescence staining of viral nucleolin and
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sarcomeric o-actin (aSARS)-positive cells. This finding
was verified via immunofluorescence costaining of viral
nucleoprotein with aSARS-positive cells.

In the minimally invasive autopsy of 11 children
infected with COVID-19, Dolhnikoff et al.?*! detected
viral particles in CMs, capillary endothelial cells, endo-
cardial endothelial cells, macrophages, neutrophils, and
fibroblasts in the patient’s heart. Gauchotte er al.**
performed immunohistochemical assessment using
anti-SARS-CoV-2 nucleocapsid protein antibodies and
demonstrated intense multifocal granular cytoplasmic
staining in CMs. Moreover, in heart tissue, immunohisto-
chemistry using anti-CD163 antibodies revealed numer-
ous stromal macrophages, while anti-CD20, anti-CD3,
anti-CD4, and anti-CD8 staining revealed that the vast
majority of lymphocytes were CD3*, CD8*, and T-cell
intracytoplasmic antigen (TIA)-1 cytotoxic T lympho-
cytes. Although, Rapkiewicz et al.*> did not discover any
viral inclusion bodies via cardiac electron microscopy,
they reported platelet-fibrin microthrombi and apparent
megakaryocytes in the heart microvasculature.

SARS-CoV-2-INDUCED DIRECT
MYOCARDIAL INJURY

Various pathological reports have identified SARS-CoV-2
viral proteins and genetic material in the CMs of patients
with COVID-191"¢2¢l, Furthermore, in vitro studies using
human induced pluripotent stem cells (hiPSC) and iso-
lated adult CMs as well as iz vivo experiments using ani-
mal models confirm that SARS-CoV-2 infection occurs in
CM;s?-309, Collectively, these data support the hypothe-
sis that COVID-19-associated myocardial injury can be
caused by the direct infection of CMs and cardiotoxic
defects in SARS-CoV-2.

Direct disruption of the sarcomere structures by
SARS-CoV-2

The pathogenic mechanisms of SARS-CoV-2 are com-
monly considered multidimensional. Among these
mechanisms, one is based on data suggesting that
viral infection directly disrupt sarcomeres in CMs.
Sarcomere disruption and muscle fiber loss in CMs
have also been sporadically observed in vitro and in
vivo studies with similar features!'®2%?71, Perez-Bermejo
et al.B" discovered that myofibrillar fragments in the
cytoplasm are produced by gradually dividing the sar-
comeres into single sarcomeric units in the cytoplasm
of hiPSC-CM with viruses infection time, indicating
that SARS-CoV-2 infection exacerbated this nonspe-
cific cytopathy. In addition, at the genetic level, genes
encoding sarcomere structural proteins, myosin light
chains, and linkers of nucleoskeleton and cytoskeleton
complexes (a subset of important proteins that anchor
the nucleus the actin cytoskeleton) were significantly
reduced in infected hiPSC-CMs. Moreover, altered
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gene expression was correlated with energy produc-
tion in hiPSC-CMs, which -CMs triggers a shift from
mitochondrial oxidative phosphorylation to glycolytic
metabolism!?’!.

Researchers further assessed the contractile properties
of hiPSC-CMs at the tissue level using three-dimension-
ally engineered heart tissue (3D-EHTs) and observed that
3D-EHTs infected with SARS-CoV-2 exhibited weaker
contractile force compared with the mock control
group?”32l, In addition to the mechanical dysfunction,
the SARS-CoV-2-infected CMs demonstrate impaired
electrical function'!. Marchiano et al.”! discovered that
SARS-CoV-2 infection can result in abnormal generation
and transmission of electrical signals from hiPSC-CMs
and human embryonic stem cell-derived CMs (hESC-
CMs), demonstrating reduced beating rate, peak ampli-
tude of depolarization, and electrical conduction velocity.
The formation of syncytia in SARS-CoV-2-infected cells
and tissue has also been reported, which is relatively
rarel®¥, Coronaviruses commonly induce cell-cell fusion
because of the S protein fusion properties and its abil-
ity to trigger virus—cell membrane fusion. Based on the
above, these studies provide a new perspective regarding
the pathogenic mechanisms of COVID-19-associated
arrhythmias and validate the deleterious effects of the
direct infection of CMs with SARS-CoV-2.

Straight cardiac injury tightly associated with
ACE2

SARS-CoV-2 infects host cells by attaching its surface
spike protein to the human ACE2 receptor. Briefly, the
spike protein is activated by transmembrane protease
serine 2 (TMPRSS2), allowing the fusion of SARS-CoV-2
and host cellular membranes!”%3). After binding, SARS-
CoV-2 enters the cell, consequently altering the ACE2
pathway and leading to cardiac injury. Another study
reported that ACE2-dependent SARS-CoV-2 infection
can decrease myocardial ACE2 protein expression cor-
related with macrophage infiltration and myocardial
damagel®¢l. Cells expressing high levels of ACE2, includ-
ing CMs, are more susceptible to SARS-CoV-2 inva-
sion, which subsequently leads to organ damagel®!. A
single-cell sequencing study®®! reported high expression
levels of the viral ACE2 receptor in the CMs of normal
hearts and that ACE2 expression is higher in the heart
than in the lung of adults. In the absence of ACE2 in
CMs, a crosstalk between angiotensin I (Ang II) and
angiotensin-(1-7) (Ang- [1-7]) signaling may have more
deleterious effects in the heart. The detrimental effect
of ACE2 downregulation would inhibit the cardiopro-
tective effects of Ang-(1-7), leading to increased TNF-a
production®#. Moreover, ACE2 expression was sub-
stantially increased in the CMs of cardiac patients (e.g.,
dilated cardiomyopathy, hypertrophic cardiomyopa-
thy, non—-COVID-19 myocarditis, aortic stenosis, and
heart failure) compared with healthy controls*!'=*3!. This
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finding indicates that patients with COVID-19 infection
and underlying cardiovascular diseases are more suscep-
tible to myocardial injury!*++],

The downregulation of ACE2 may result from
the activation of a disintegrin and metallopeptidase
domain-17/tumor necrosis factor-alpha converting
enzyme (ADAM-17/TACE) by SARS spike proteins that
cleave and release ACE2 or endocytosis and the subse-
quent degradation of the ligand/receptor complex!*6:47),
Type II transmembrane serine protease (TMPRSS2) is a
protein implicated in the cleavage of numerous SARS-
CoV-2 variants. TMPRSS2 degrades S protein into S1
and S2 subunits, exposing the receptor binding domain
of the S1 subunit to facilitate the identification of and
binding to the ACE2 receptor. Bailey ef al.’?! reported
the inhibition of TMPRSS2 and observed no defect in
hiPSC-CMs infection while endosomal cysteine prote-
ase inhibitors eliminated SARS-CoV-2 infection. These
data indicate that endosomal-dependent proteases can
compensate for S protein priming to facilitate SARS-
CoV-2 infection in CMs. Nevertheless, Omicron, a vari-
ant of SARS-CoV-2, requires only ACE2 to invade cells
and no TMPRSS2 mediation. This variant is enclosed
in endosomal bubbles, which floats into the cells and
bursts**l. Thus, the specific role of Omicron in cardiac
injury requires further clarification.

Directly infection of the interstitial cells in heart by
SARS-CoV-2

In some published cases, the viral particles of SARS-
CoV-2 were not isolated within the CMs, but rather
in the interstitial cells, including pericytes and mac-
rophages. SARS-CoV-2—-infected pericytes may play a
role in capillary endothelial cell or microvascular inju-
ries and individual cell necrosis!'>?>#l; nevertheless,
SARS-CoV-2-macrophages infected can mediate both
local and systemic responses to viral infection, which
can also repair the complement, potentially causing
the death of myocytes by activating apoptotic attack
complexesl,

COVID-19-associated myocarditis may differ from
traditional viral myocarditis

Interestingly, diffuse lymphocytic myocarditis was not
discovered in patients with traditional viral myocardi-
tis without COVID-19; cardiac histopathology studies
have reported the expected absence of confluent myocyte
necrosis in fulminant myocarditis??>?>51-33, Conversely, a
greater number and more diffuse distribution of CD68*
cells has been reported in the heart tissues of patients with
COVID-19, suggesting that the cells of monocyte/macro-
phage lineage may be dominant in the hearts of patients
with COVID-19 compared with lymphocytes®®®. These
findings indicate that COVID-19-induced myocarditis is
different from the typical lymphocytic myocarditis with

Volume 8 e Issue 3 o 2023



Leng L and Bian XW: Cardiology Plus

viral myocarditis presentations, suggesting that SARS-
CoV-2-associated myocarditis may instead be correlated
with diffusely infiltrative cells of the monocyte/macro-
phage lineage!*°%2l, Based on the above, although there
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is no adequate evidence suggesting that SARS-CoV-2
directly infects myocardial cells, SARS-CoV-2 can lead
to direct heart injury by reducing the expression of ACE2
or infecting interstitial cells (Figure 1).
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Figure 1. Injury mechanism of cardiac complications caused by COVID-19.
ACE2: angiotensin converting enzyme 2; CCL2: C-C motif ligand 2; COVID-19: coronavirus disease 2019; CXCL10: C-X-C Motif Chemokine
Ligand 10; IL-1: interferon 1; IL-16: interferon 16; IL-17: interferon 17; IL-22: interferon 22; IFN-v: interferon y; SARS-CoV-2: severe acute respiratory

syndrome coronavirus 2; TNF-a.: tumor necrosis factor a.
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COVID-19-ASSOCIATED CYTOKINE STORM
IN MYOCARDITIS

Previous studies have reported that the mechanisms
underlying heart injuries in patients with COVID-19
are associated with the unusual inflammatory responses
elicited by COVID-19. Approximately 7 to 10 days
after COVID-19 onset, high cytokine levels are secreted,
leading to a high inflammatory response in patients
with COVID-19, which is probably the main cause of
COVID-19 pneumonia and acute respiratory distress
syndrome. Previous studies have demonstrated that
proinflammatory cytokines such as IL-2, IL-6, IL-7,
TNF-a, C-X-C motif cytokine 10 (CXCL10), and CCL2
are released into the circulation of patients with severe
COVID-19 infection'®”!, which is described as a cytokine
release syndrome (CRS) and can overactivate T lympho-
cytes, resulting in myocardial damage. Among these
cytokines, increased serum levels of IL-6 observed in
CRS have been identified as a predictor of mortality and
morbidity in retrospective studies of COVID-19!, This
hyperinflammation could be the cause of acute heart
failure and thromboembolic events**8l. The inflam-
matory activation and oxidative stress present in these
patients may predispose them to a more severe clinical
course following infection, leading to increased mortal-
ity of the patients with COVID-19 and heart failurel>*¢0l,

Moreover, the increased activation of innate immune
pathways alongside the surge in proinflammatory cyto-
kines, deregulation of thromboinflammation, throm-
botic microangiopathy, and endothelial dysfunction can
trigger an unbalanced host immune response, which is
also revealed in the pathogenesis of COVID-19-related
cardiac injury?®°!, Thus, the types of cardiac inflamma-
tion caused by COVID-19 include extensive myocardi-
tis, focal active myocarditis, multifocal myocarditis, and
infiltrates with no myocyte damage. Infiltrates with no
myocyte damage represent the highest amount of cardiac
inflammation (44 %).

Immunostaining revealed scattered CD4* and CD8*
lymphocytes adjacent to the vascular structures. In
uncommon locations, lymphocytes are adjacent to blood
vessels while no peripheral degenerated myocytes are vis-
ible. The heart demonstrates a single-cell dropout/necro-
sis/apoptosis pattern, independent of any lymphocytic
infiltration. Few CD3*T cells can be found in the myocar-
dium!®?, Macrophage density was superior in the epicar-
dium and myocardium in the 2019 coronavirus disease
group compared with the control group. Coronavirus
2019 disease hearts with single CM necrosis exhibited
higher epicardial macrophage density compared with
hearts without CM necrosis. These observations con-
tribute to our growing understanding regarding the role
of macrophages in the pathophysiological response to
SARS-CoV-2 infection®¥. Most patients exhibit inter-
stitial macrophage increase but show no associated CM
damage. Basso et al.*”) demonstrated that SARS-CoV-
2-induced myocardial inflammation is predominantly
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mediated by macrophages. Nevertheless, some research-
ers consider that macrophage infiltration may reflect the
underlying disease and not COVID-19.

Leng et al.®% detected myocardial cells and microves-
sels in myocardium infiltrated by lymphocytes and
monocytes under pathological conditions, leading to
myocarditis, individual myocyte necrosis, and vasculitis
in the heart tissues of patients with COVID-19. Using
the laser microdissection approach combined with pro-
teomics, they discovered that the pathological changes in
myocardium or microvessels due to the infiltration of the
inflammatory cells and factors exhibited region specific-
ity at the spatial level. Furthermore, they reported that
multiple proteins involved in the inflammatory response
of the high expression of inflammatory cells infiltrated
the myocardium of patients with COVID-19, particularly
the right atrium myocardia. Energy metabolism-associ-
ated proteins were downregulated in the myocardium
of COVID-19 patients compared with that of patients
without COVID-19. For instance, the left atrium-specific
highly expressed protein translocase of inner mitochon-
drial membrane 50 (TIMMS50) was significantly down-
regulated in the myocardia of patients with COVID-19
patients, which can result in heart failure and myocyte
death. The researchers also reported that cardiac conduc-
tion, including calcium-mediated signaling, membrane
potential, and cell communication-associated proteins,
was downregulated in the myocardium of patients with
COVID-19, which could be a cause of cardiac conduction
abnormalities in COVID-19. Based on the above, a high
inflammatory response in patients with COVID-19 can
induce inflammatory cells infiltration into the myocar-
dium and promote specific chamber—associated molec-
ular signal changes, leading to heart failure (Figure 1).

HYPOXIA-INDUCED CARDIOVASCULAR
INJURY IN PATIENTS WITH COVID-19

Cytokine storm induced an increase in the levels of
cytokines, such as IL-1, IL-16, IL-17, IL-22, IFN-y, and
TNF-a, which also played a role in myocardial injury
by inducing endothelial dysfunction, platelets activation,
neutrophils recruitment, and eventually a hypercoagu-
lable statel®%3!. Patients with COVID-19 exhibit higher
frequency and severity of clotting events along with
increased D-dimer plasma, C-reactive protein, P-selectin,
and fibrinogen levels!®%8l. Post-mortem fibrin micro-
thrombi were even more common (80%) compared with
acute ischemic injury (13%) and myocarditis (33%),
suggesting that thrombosis was involved in accentuat-
ing myocardial injury, which is a major complication
of COVID-19!"24 Microthrombus fibrin and termi-
nal complement C5b-9 immunostaining results were
similar to those of intramyocardial thromboembolic in
patients without COVID-19. Microthrombosis can lead
to endothelial dysfunction, which is considered a key
contributor to the COVID-19 vasculopathy pathogene-
sisl®®*71, Leng er al.’” employed spatial region—resolved
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proteomics to conform whether the molecular function
of microvessels in the myocardium infiltrated by mono-
cytes or lymphocytes is damaged. They discovered that
the proteins of acute inflammatory and innate immune
responses were predominantly elevated in the cardio-
vascular system of patients with COVID-19, especially
in the left atrium, indicating regionally specific injury,
which is characteristic of microvessel damage following
COVID-19 infection.

The mechanism of heart injury induced by micro-
thrombosis is thus a question that needs to be addressed.
It was previously established that microthrombosis can
hinder the capillaries of vital target organs, including the
heart, brain, and lungs, causing ischemia and hypoxia.
Previous studies have also demonstrated that patients
with COVID-19 exhibit myocardial injury triggered
by demand ischemia and stress- and hypoxia-induced
myocardial injury!”?. Proteins correlated with hypoxic
response were detected in the right atrium, and their
expression difference among the four chambers of the
heart was the most predominant*®. Hypoxia and pul-
monary microvascular damage can lead to right heart
stress and myocyte necrosis!”?l. Furthermore, COVID-
19 can elevate myocardial oxygen consumption and
energy expenditure!”. The two abovementioned factors
lead to hypoxemia in patients with COVID-19, which
is an additional hallmark of COVID-19 and is associ-
ated with enhanced oxidative stress alongside reac-
tive oxygen species production, intracellular acidosis,
mitochondrial damage, and cell death!™77). Baseline
comorbidities, involving metabolic syndrome, hyperten-
sion, and cardiovascular disease may also play a role.
Moreover, ACE2 controls the renin—angiotensin—aldo-
sterone and kallikrein kinin systems, which may lead
to a “kallikrein storm” during COVID-19 and increase
the vascular permeability, inflammation, and fluid accu-
mulation”®””l, Cardiovascular damage can be further
induced by local microvascular effects, endocarditis-re-
lated microthrombosis, and renin—angiotensin homeo-
stasis®*$1l, Based on the above data, the cytokine storm
in patients with COVID-19 causes microthrombosis that
triggers hypoxia in myocardial cells, leading to vasculitis
and myocardial injury (Figure 1).

CONCLUSIONS

Extrapulmonary complications due to COVID-19
threaten the health of patients significantly. In particu-
lar, cardiac disease caused by myocardial and vascular
injuries is one of the main causes of death. Compared
with viral myocarditis, virus-driven inflammatory cell-
induced myocarditis die to ischemia and hypoxia occu-
pied a dominant position. Furthermore, myocarditis and
vasculitis injury mechanisms caused by COVID-19 differ
from those of common viral myocarditis, which may be a
keystone for developing therapeutic targets for COVID-
19-induced heart disease in the future. Understanding
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the injury mechanism underlying COVID-19-induced
heart complications is also crucial for the current emer-
gency treatment of patients infected with the Omicron
variant. Finally, it can help clinicians effectively treat
such patients based on specific conditions and reduce
mortality.

FUNDING

This work was supported by Chinese Academy of Medical
Sciences (CAMS) Innovation Fund for Medical Sciences
(No. 2023-12M-3-002), National High Level Hospital
Clinical Research Funding (No. 2022-PUMCH-A-022),
the Emergency Key Program of Guangzhou Laboratory
(No. EKPG21-32), and the COVID-19 project from the
Army Medical University (No. 2020XGBDO08).

AUTHOR CONTRIBUTIONS

LL and XWB conceived the review. LL wrote the original
paper. LL and XWB reviewed and edited the manuscript.

CONFLICTS OF INTEREST STATEMENT

The authors declare that they have no financial conflict
of interest with regard to the content of this manuscript.

DATA SHARING STATEMENT

Data sharing not applicable to this article as no datasets
were generated or analyzed during the current study.

REFERENCES

[1] Li YE, Wang S, Reiter RJ, et al. Clinical cardiovascular emer-
gencies and the cellular basis of COVID-19 vaccination: from
dream to reality. Int J Infect Dis 2022;124:1-10. doi:10.1016/j.
ijid.2022.08.026.

Chung MK, Zidar DA, Bristow MR, et al. COVID-19 and cardio-

vascular disease: from bench to bedside. Circ Res 2021;128:1214—
1236. doi:10.1161/CIRCRESAHA.121.317997.
Driggin E, Madhavan MYV, Bikdeli B, et al. Cardiovascular
considerations for patients, health care workers, and health
systems during the COVID-19 pandemic. ] Am Coll Cardiol
2020;75:2352-2371. d0i:10.1016/j.jacc.2020.03.031.
[4] Ren].Cardiovascular medicine in the era of COVID-19 pandemics.
Cardiol Plus 2021;6:199-201. d0i:10.4103/2470-7511.334404.
[5] Long B, Brady W], Koyfman A, et al. Cardiovascular compli-
cations in COVID-19. Am ] Emerg Med 2020;38:1504-1507.
do0i:10.1016/j.ajem.2020.04.048.
[6] Guzik TJ, Mohiddin SA, Dimarco A, et al. COVID-19 and the
cardiovascular system: implications for risk assessment, diagno-
sis, and treatment options. Cardiovasc Res 2020;116:1666-1687.
doi:10.1093/cvr/cvaal06.

Clerkin KJ, Fried JA, Raikhelkar J, et al. COVID-19 and cardio-

vascular disease. Circulation 2020;141:1648-1655. doi:10.1161/

CIRCULATIONAHA.120.046941.

Basu-Ray I. Almaddah NK. Adebove A. er al. Cardiac
Manifestations of Coronavirus (COVID-19). In: StatPearls.

StatPearls Publishing; 2023. Available at: https://www.ncbinlm.

nih.gov/books/NBK556152/.

[9] Wu L, O’Kane AM, Peng H, et al. SARS-CoV-2 and cardiovas-
cular complications: from molecular mechanisms to pharma-
ceutical management. Biochem Pharmacol 2020;178:114114.
doi:10.1016/5.bcp.2020.114114.

[10] Almamlouk R, Kashour T, Obeidat S, et al. Cardiac Autopsy
in COVID-19 Study Group. COVID-19-Associated cardiac

2

—

3

—

[7

—

[

—_


https://www.ncbinlm.nih.gov/books/NBK556152/
https://www.ncbinlm.nih.gov/books/NBK556152/

Leng L and Bian XW: Cardiology Plus

pathology at the postmortem evaluation: a collaborative sys-
tematic review. Clin Microbiol Infect 2022;28:1066-1075.
do0i:10.1016/j.cmi.2022.03.021.

[11] Tian S, Xiong Y, Liu H, et al. Pathological study of the 2019
novel coronavirus disease (COVID-19) through postmortem
core biopsies. Mod Pathol 2020;33:1007-1014. doi:10.1038/
s41379-020-0536-x.

[12] Lindner D, Fitzek A, Brdauninger H, et al. Association of car-
diac infection with SARS-CoV-2 in confirmed COVID-19
autopsy cases. JAMA Cardiol 2020;5:1281-1285. doi:10.1001/
jamacardio.2020.3551.

[13] Wichmann D. Autopsy findings and venous thromboembolism
in patients with COVID-19. Ann Intern Med 2020;173:1030.
doi:10.7326/L20-1206.

[14] BoisMC,Boire NA,LaymanA],etal. COVID-19-associated nonoc-
clusive fibrin microthrombiinthe heart. Circulation2021;143:230—
243. d0i:10.1161/CIRCULATIONAHA.120.050754.

[15] Bosmiiller H, Traxler S, Bitzer M, et al. The evolution of pul-
monary pathology in fatal COVID-19 disease: an autopsy study
with clinical correlation. Virchows Arch 2020;477:349-357.
do0i:10.1007/s00428-020-02881-x.

[16] Bulfamante GP, Perrucci GL, Falleni M, et al. Evidence of SARS-
CoV-2 transcriptional activity in cardiomyocytes of COVID-
19 patients without clinical signs of cardiac involvement.
Biomedicines 2020;8:626. doi:10.3390/biomedicines8120626.

[17] Brook OR, Piper KG, Mercado NB, et al. Feasibility and safety
of ultrasound-guided minimally invasive autopsy in COVID-19
patients. Abdom Radiol (NY) 2021;46:1263-1271. d0i:10.1007/
$00261-020-02753-7.

[18] Hanley B, Naresh KN, Roufosse C, et al. Histopathological find-
ings and viral tropism in UK patients with severe fatal COVID-
19: a post-mortem study. Lancet Microbe 2020;1:e245-253.
do0i:10.1016/S2666-5247(20)30115-4.

[19] Schurink B, Roos E, Radonic T, et al. Viral presence and immu-
nopathology in patients with lethal COVID-19: aorospective
autopsy cohort study. Lancet Microbe 2020:1:290-e299.
do0i:10.1016/s2666-5247(20)30144-0.

[20] Tavazzi G, Pellegrini C, Maurelli M, et al. Myocardial localization
of coronavirus in COVID-19 cardiogenic shock. Eur ] Heart Fail
2020;22:911-9135. doi:10.1002/ejhf.1828.

[21] Bradley BT, Maioli H, Johnston R, et al. Histopathology and ultra-
structural findings of fatal COVID-19 infections in Washington
State: a case series. Lancet 2020;396:320-332. doi:10.1016/
S0140-6736(20)31305-2.

[22] Fox SE, Li G, Akmatbekov A, et al. Unexpected features of cardiac
pathology in COVID-19 infection. Circulation 2020;142:1123-
1125. doi:10.1161/CIRCULATIONAHA.120.049465.

[23] Dolhnikoff M, Ferreira Ferranti J, de Almeida Monteiro RA, et al.

SARS-CoV-2 in cardiac tissue of a child with COVID-19-related

multisystem inflammatory syndrome. Lancet Child Adolesc

Health 2020;4:790-794. doi:10.1016/S2352-4642(20)30257-1.

Gauchotte G, Venard V, Segondy M, et al. SARS-Cov-2 fulminant

myocarditis: an autopsy and histopathological case study. Int |

Legal Med 2021;135:577-581. d0i:10.1007/s00414-020-02500-z.

[25] Rapkiewicz AV, Mai X, Carsons SE, et al. Megakaryocytes
and platelet-fibrin thrombi characterize multi-organ thrombo-
sis at autopsy in COVID-19: a case series. EClinicalMedicine
2020;24:100434. d0i:10.1016/j.eclinm.2020.100434.

[26] Recalde-Zamacona B, Garcia-Tobar L, Argueta A, et al.
Histopathological findings in fatal COVID-19 severe acute
respiratory syndrome: preliminary experience from a series of
10 Spanish patients. Thorax 2020;75:1116-1118. doi:10.1136/
thoraxjnl-2020-215577.

[27] Bojkova D, Wagner J, Shumliakivska M, et al. SARS-CoV-2
infects and induces cytotoxic effects in human cardiomyocytes.
Cardiovasc Res 2020;116:2207-2215. doi:10.1093/cvr/cvaa267.

[28] Yang L, Nilsson-Payant BE, Han Y, et al. Cardiomyocytes recruit
monocytes upon SARS-CoV infection by screting CCL2. Stem Cell
Reports 2021;16:2274-2288. doi:10.1016/i.stemcr.2021.07.012.

[29] Marchiano S, Hsiang TY, Khanna A, et al. SARS-CoV-2 infects
human pluripotent stem cell-derived cardiomyocytes, impairing
electrical and mechanical function. Stem Cell Rep 2021;16:478-
492. doi:10.1016/j.stemcr.2021.02.008.

[30] Leng L, Ma J, Zhang PP, et al. Spatial region-resolved proteome
map reveals mechanism of COVID-19-associated heart injury.
Cell Rep 2022;39:110955. doi:10.1016/j.celrep.2022.110955.

[24

www.cardiologyplus.org

[31] Perez-Bermejo JA, Kang S, Rockwood SJ, et al. SARS-CoV-2
infection of human iPSC-derived cardiac cells reflects cytopathic
features in hearts of patients with COVID-19. Sci Transl Med
2021;13:eabf7872. doi:10.1126/scitranslmed.abf7872.

[32] Bailey AL, Dmytrenko O, Greenberg L, ef al. SARS-CoV-2 infects
human engineered heart tissues and models COVID-19 myo-
carditis. JACC Basic Transl Sci 2021;6:331-345. doi:10.1016/j.
jacbts.2021.01.002.

[33] Algahtani MS, Abbas M, Alsabaani A, et al. The potential
impact of COVID-19 virus on the heart and the circulatory sys-
tem. Infect Drug Resist 2022;15:1175-1189. doi:10.2147/IDR.
$351318.

[34] Li Y, Renner DM, Comar CE, et al. SARS-CoV-2 induces dou-
ble-stranded RNA-mediated innate immune responses in
respiratory epithelial-derived cells and cardiomyocytes. Proc
Natl Acad Sci U S A 2021;118:e2022643118. doi:10.1073/
pnas.2022643118.

[35] Siripanthong B, Nazarian S, Muser D, et al. Recognizing COVID-
19-related myocarditis: the possible pathophysiology and pro-
posed guideline for diagnosis and management. Heart Rhythm
2020;17:1463-1471. doi:10.1016/j.hrthm.2020.05.001.

[36] Oudit GY, Kassiri Z, Jiang C, et al. SARS-coronavirus mod-
ulation of myocardial ACE2 expression and inflammation
in patients with SARS. Eur J Clin Invest 2009;39:618-625.
doi:10.1111/5.1365-2362.2009.02153 .x.

[37] Brojakowska A, Narula J, Shimony R, et al. Clinical implications
of SARS-CoV-2 interaction with renin angiotensin system: JACC
review topic of the week. J Am Coll Cardiol 2020;75:3085-3095.
do0i:10.1016/j.jacc.2020.04.028.

[38] Liu H, Gai S, Wang X, et al. Single-cell analysis of SARS-CoV-2
receptor ACE2 and spike protein priming expression of prote-
ases in the human heart. Cardiovasc Res 2020;116:1733-1741.
doi:10.1093/cvr/cvaal91.

[39] Crackower MA, Sarao R, Oudit GY, et al. Angiotensin-converting
enzyme 2 is an essential regulator of heart function. Nature
2002;417:822-828. doi:10.1038/nature00786.

[40] Oudit GY, Kassiri Z, Patel MP, et al. Angiotensin II-mediated oxi-
dative stress and inflammation mediate the age-dependent car-
diomyopathy in ACE2 null mice. Cardiovasc Res 2007;75:29-39.
doi:10.1016/j.cardiores.2007.04.007.

[41] Tucker NR, Chaffin M, Bedi KC Jr, et al. Human Cell Atlas Lung
Biological Network. Myocyte-specific upregulation of ACE2 in
cardiovascular disease: implications for SARS-CoV-2-mediated
myocarditis.  Circulation 2020;142:708-710. doi:10.1161/
CIRCULATIONAHA.120.047911.

[42] Sakamoto A, Kawakami R, Kawai K, et al. ACE2 (Angiotensin-
Converting Enzyme 2) and TMPRSS2 (Transmembrane Serine
Protease 2) expression and localization of SARS-CoV-2 infection
in the human heart. Arterioscler Thromb Vasc Biol 2021;41:542—
544. doi:10.1161/ATVBAHA.120.3152209.

[43] Nicin L, Abplanalp WT, Mellentin H, e al. Cell type-specific
expression of the putative SARS-CoV-2 receptor ACE2 in human
hearts. Eur Heart ] 2020;41:1804-1806. doi:10.1093/eurheartj/
ehaa311.

[44] Yang Y, Xiao Z, Ye K, et al. SARS-CoV-2: characteristics and
current advances in research. Virol J 2020;17:117. doi:10.1186/
$12985-020-01369-z.

[45] Wei ZY, Geng Y], Huang J, et al. Pathogenesis and management
of myocardial injury in coronavirus disease 2019. Eur ] Heart Fail
2020;22:1994-2006. doi:10.1002/ejhf.1967.

[46] Haga S, Yamamoto N, Nakai-Murakami C, et al. Modulation
of TNF-alpha-converting enzyme by the spike protein of SARS-
CoV and ACE2 induces TNF-alpha production and facilitates
viral entry. Proc Natl Acad Sci U S A 2008;105:7809-7814.
do0i:10.1073/pnas.0711241105.

[47] Wang S, Guo F, Liu K, et al. Endocytosis of the receptor-bind-
ing domain of SARS-CoV spike protein together with virus
receptor ACE2. Virus Res 2008;136:8-15. doi:10.1016/j.
virusres.2008.03.004.

[48] Meng B, Abdullahi A, Ferreira I, et al. Altered TMPRSS2 usage
by SARS-CoV-2 Omicron impacts infectivity and fusogenicity.
Nature 2022;603:706-714. d0i:10.1038/s41586-022-04474-x.

[49] Basso C, Leone O, Rizzo S, et al. Pathological features of COVID-
19-associated myocardial injury: a multicentre cardiovascular
pathology study. Eur Heart J 2020;41:3827-3835. doi:10.1093/
eurheartj/ehaa664.

Volume 8 e Issue 3 o 2023



Leng L and Bian XW: Cardiology Plus

[50] Fox SE, Falgout L, Vander Heide RS. COVID-19 myocarditis:
quantitative analysis of the inflammatory infiltrate and a proposed
mechanism. Cardiovasc Pathol 2021;54:107361. doi:10.1016/j.
carpath.2021.107361.

Xu Z, Shi L, Wang Y, et al. Pathological findings of COVID-19
associated with acute respiratory distress syndrome. Lancet Respir
Med 2020;8:420-422. doi:10.1016/52213-2600(20)30076-X.
Kawakami R, Sakamoto A, Kawai K, et al. Pathological evidence
for SARS-CoV-2 as a cause of myocarditis: JACC review topic
of the week. ] Am Coll Cardiol 2021;77:314-325. doi:10.1016/j.
jacc.2020.11.031.

Halushka MK, Vander Heide RS. Myocarditis is rare in COVID-
19 autopsies: cardiovascular findings across 277 postmortem
examinations. Cardiovasc Pathol 2021;50:107300. doi:10.1016/j.
carpath.2020.107300.

Zhou F, Yu T, Du R, et al. Clinical course and risk factors for
mortality of adult inpatients with COVID-19 in Wuhan, China:
a retrospective cohort study. Lancet 2020;395:1054-1062.
doi:10.1016/50140-6736(20)30566-3.

Huang C, Wang Y, Li X, ef al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet
2020;395:497-506. doi:10.1016/S0140-6736(20)30183-5.

Shi S, Qin M, Shen B, er al. Association of cardiac injury
with mortality in hospitalized patients with COVID-19 in
Wuhan, China. JAMA Cardiol 2020;5:802-810. doi:10.1001/
jamacardio.2020.0950.

Guo T, Fan Y, Chen M, et al. Cardiovascular implications
of fatal outcomes of patients with coronavirus disease 2019
(COVID-19). JAMA Cardiol 2020;5:811-818. doi:10.1001/
jamacardio.2020.1017.

Mehta P, McAuley DE, Brown M, et al. HLH Across Speciality
Collaboration, UK. COVID-19: consider cytokine storm syn-
dromes and immunosuppression. Lancet 2020;395:1033-1034.
doi:10.1016/50140-6736(20)30628-0.

Markousis-Mavrogenis G, Tromp J, Ouwerkerk W, et al. The
clinical significance of interleukin-6 in heart failure: results from
the BIOSTAT-CHF study. Eur ] Heart Fail 2019;21:965-973.
doi:10.1002/ejhf.1482.

van der Pol A, van Gilst WH, Voors AA, et al. Treating oxidative
stress in heart failure: past, present and future. Eur ] Heart Fail
2019;21:425-435. doi:10.1002/ejhf.1320.

Skendros P, Mitsios A, Chrysanthopoulou A, et al. Complement
and tissue factor-enriched neutrophil extracellular traps are
key drivers in COVID-19 immunothrombosis. J Clin Invest
2020;130:6151-6157. doi:10.1172/jci141374.

Grosse C, Grosse A, Salzer H, et al. Analysis of cardiopul-
monary findings in COVID-19 fatalities: high incidence of
pulmonary artery thrombi and acute suppurative broncho-
pneumonia. Cardiovasc Pathol 2020;49:107263. doi:10.1016/.
carpath.2020.107263.

[63] Jum’ah H, Kundrapu S, Jabri A, et al. Cardiac macrophage density
in Covid-19 infection: relationship to myocyte necrosis and acute
lung injury. Cardiovasc Pathol 2022;60:107447. doi:10.1016/.
carpath.2022.107447.

Yang L, Xie X, Tu Z, et al. The signal pathways and treatment
of cytokine storm in COVID-19. Signal Transduct Target Ther
2021;6:255. d0i:10.1038/s41392-021-00679-0.

Hu Z, Li S, Song X. Cytokine storm with rapidly elevated inter-
leukin-6 indicates sudden death in patients with critical COVID-
19. Cytokine Growth Factor Rev 2021;58:30-31. doi:10.1016/.
cytogfr.2020.08.001.

Tang N, Li D, Wang X, et al. Abnormal coagulation parame-
ters are associated with poor prognosis in patients with novel
coronavirus pneumonia. | Thromb Haemost 2020;18:844-847.
doi:10.1111/jth.14768.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[64]

[65]

[66]

Volume 8 e Issue 3 o 2023

166

www.cardiologyplus.org

[67] Ali N. Elevated level of C-reactive protein may be an early
marker to predict risk for severity of COVID-19. ] Med Virol
2020;92:2409-2411. doi:10.1002/jmv.26097.

Agrati C, Bordoni V, Sacchi A, et al. Elevated P-selectin in

severe covid-19: considerations for therapeutic options.

Mediterr ] Hematol Infect Dis 2021;13:€2021016. doi:10.4084/

MJHID.2021.016.

[69] Teuwen LA, Geldhof V, Pasut A, et al. COVID-19: the vasculature

unleashed. Nat Rev Immunol 2020;20:389-391. doi:10.1038/

s41577-020-0343-0.

Evans PC, Rainger GE, Mason JC, et al. Endothelial dysfunction

in COVID-19: a position paper of the ESC Working Group for

Atherosclerosis and Vascular Biology, and the ESC Council of

Basic Cardiovascular Science. Cardiovasc Res 2020;116:2177-

2184. doi:10.1093/cvr/cvaa230.

[71] Nagashima S, Mendes MC, Camargo Martins AP, et al.

Endothelial dysfunction and thrombosis in patients with COVID-

19-brief report. Arterioscler Thromb Vasc Biol 2020;40:2404—

2407. doi:10.1161/ATVBAHA.120.314860.

Hendren NS, Drazner MH, Bozkurt B, e al. Description and

proposed management of the acute COVID-19 cardiovascu-

lar syndrome. Circulation 2020;141:1903-1914. doi:10.1161/

CIRCULATIONAHA.120.047349.

Fox SE, Akmatbekov A, Harbert JL, et al. Pulmonary and car-

diac pathology in African American patients with COVID-

19: an autopsy series from New Orleans. Lancet Respir Med

2020;8:681-686. doi:10.1016/52213-2600(20)30243-5.

[74] Violi E Cangemi R, Falcone M, et al. SIXTUS (Thrombosis-
Related Extrapulmonary Outcomes in Pneumonia) Study Group.
Cardiovascular complications and short-term mortality risk in
community-acquired pneumonia. Clin Infect Dis 2017;64:1486—
1493. doi:10.1093/cid/cix164.

[75] Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hos-

pitalized patients with 2019 novel coronavirus-infected pneumo-

nia in Wuhan, China. JAMA 2020;323:1061-1069. doi:10.1001/
jama.2020.158S.

Lippi G, Lavie CJ, Sanchis-Gomar F. Cardiac troponin I in

patients with coronavirus disease 2019 (COVID-19): evidence

from a meta-analysis. Prog Cardiovasc Dis 2020;63:390-391.
doi:10.1016/j.pcad.2020.03.001.

[77] Takasu O, Gaut JP, Watanabe E, et al. Mechanisms of cardiac and
renal dysfunction in patients dying of sepsis. Am J Respir Crit Care
Med 2013;187:509-517. doi:10.1164/rccm.201211-19830C.

[78] Imai Y, Kuba K, Rao S, et al. Angiotensin-converting enzyme 2

protects from severe acute lung failure. Nature 2005;436:112—

116. doi:10.1038/nature03712.

Sodhi CP, Wohlford-Lenane C, Yamaguchi Y, et al. Attenuation of

pulmonary ACE2 activity impairs inactivation of des-Arg(9) bra-

dykinin/BKB1R axis and facilitates LPS-induced neutrophil infil-
tration. Am J Physiol Lung Cell Mol Physiol 2018;314:1L17-L31.
doi:10.1152/ajplung.00498.2016.

[80] Vrints C, Krychtiuk KA, Van Craenenbroeck EM, er al.
Endothelialitis plays a central role in the pathophysiology of
severe COVID-19 and its cardiovascular complications. Acta
Cardiol 2021;76:109-124. doi:10.1080/00015385.2020.184692
1

[68]

[70]

[72]

(73]

[76]

[79]

Robinson FA, Mihealsick RP, Wagener BM, et al. Role of angio-
tensin-converting enzyme 2 and pericytes in cardiac complica-
tions of COVID-19 infection. Am J Physiol Heart Circ Physiol
2020;319:H1059-H1068. doi:10.1152/ajpheart.00681.2020.

[81]

How to cite this article: Leng L, Bian XW. Injury mechanism of COVID-19-
induced cardiac complications. Cardiol Plus 2023;8:159-166. doi: 10.1097/
CP9.0000000000000055.



