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Cardiovascular Complications of COVID-19 and
Associated Concerns: A Review

Wen-Liang Yu,"? Han Siong Toh,"* Chia-Te Liao™ and Wei-Ting Chang®*®

SARS-CoV-2 is the virus that has caused the current coronavirus disease 2019 (COVID-19) pandemic. SARS-CoV-2 is
characterized by significantly affecting the cardiovascular system of infected patients. In addition to the direct

injuries caused by the virus, the subsequent cytokine storm — an overproduction of immune cells and their

activating compounds — also causes damage to the heart. The development of anti-SARS-CoV-2 treatments is

necessary to control the epidemic. Despite an explosive growth in research, a comprehensive review of up-to-

date information is lacking. Herein, we summarize pivotal findings regarding the epidemiology, complications,

and mechanisms of, and recent therapies for, COVID-19, with special focus on its cardiovascular impacts.
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1. EPIDEMIOLOGY OF CARDIOVASCULAR
INVOLVEMENT OF COVID-19

In the first study of cardiovascular involvement of
COVID-19, 32% of 41 patients diagnosed with COVID-19
had underlying disease, including cardiovascular disease
(15%), hypertension (15%), and diabetes (20%)." In an-
other study which focused on 138 hospitalized patients
with COVID-19, 64 patients (46.4%) had one or more
comorbidities, including hypertension (31%), diabetes
(10%), and cardiovascular disease (14.5%).> These find-

ings suggest that a large proportion of patients with un-
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derlying cardiovascular disease or cardiac risk factors
may be more susceptible to SARS-CoV-2. In addition, pa-
tients with cardiovascular disease infected by SARS-CoV-
2 may have a higher risk of adverse outcomes compared
to those without cardiovascular disease. In a cohort of
191 patients with laboratory-confirmed COVID-19, 54
died and 137 survived, and those who died had higher
rates of acute cardiac injury (59% vs. 1%), heart failure
(52% vs. 12%) and coronary heart disease (24% vs. 1%)
compared to those who survived.® In a large series of
44672 patients diagnosed with COVID-19 in China, 4.2%
of the patients had underlying coronary artery disease.
Among them, there was a higher mortality rate (10.5%)
than the overall rate of 2.3% in COVID-19 patients.4 Like-
wise, in another study of 187 patients hospitalized for
COVID-19 in China, 28% of the patients had acute myo-
cardial injury, resulting in significantly higher mortality
compared to those free from cardiac complications (59.6%
vs. 8.9%, p < 0.001).° Taken together, mortality due to
COVID-19 is strongly associated with cardiovascular dis-
ease. In the following sections, we discuss individually
the main presentations of COVID-19-associated cardio-
vascular complications, including myocarditis, coronary
artery disease/acute coronary syndrome, heart failure,
and fatal arrhythmia.
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2. COVID-19-ASSOCIATED CARDIOVASCULAR
COMPLICATIONS

2.1 Myocarditis

Among patients diagnosed with SARS, MERS, and
COVID-19, cytokine release syndrome (CRS), a phenom-
enon of hyper-inflammation that involves elevation of
various cytokines, is believed to contribute to increased
myocardial oxygen consumption, endothelial dysfunction,
and suppressed cardiac function.®® Regarding myocar-
ditis, viral infection has also been shown to be one of
the most common causes. In a retrospective study of
150 patients diagnosed with COVID-19, cardiovascular
disease was more prevalent in the patients who died, in-
cluding 27 due to myocardial damage and circulatory
failure.’ The patients who died had elevated levels of
circulating troponin, myoglobin, ferritin, C-reactive pro-
tein (CRP), and interleukin-6 (IL-6). In another study, an
increased infiltration of mononuclear cells into the myo-
cardium was revealed by autopsy.'® Both studies demon-
strate the possible underlying mechanism of hyper-ac-
tivation of the immune response in COVID-19. An ex-
tremely robust cytokine storm has also been reported to
be the core pathophysiological mechanism in fulminant
myocarditis related to COVID-19.”% Crucial for the early
identification and interventions for COVID-19 is the re-
cognition of acute myocarditis as a possible complica-
tion associated with COVID-19.

2.2 Coronary artery disease and acute coronary

syndrome

The reported prevalence of coronary artery disease
in patients with COVID-19 ranges widely from around 4
to 25%.>"" Several studies have reported that patients
with both COVID-19 and underlying cardiovascular dis-
eases may have a worse prognosis, more critical illness,
and higher mortality.'>™ Although the exact mechanism
has not been elucidated, the possible explanations in-
clude direct and indirect impacts on the cardiovascular
system, such as SARS-CoV-2 infection per se, hypoxic in-
jury, subsequent cytokine storm, coronary spasm, mi-
crothrombi, and an overactive immune system.'®"’ These
series of reactions may result in acute coronary syn-
drome among patients with COVID-19. First, patients
with severe COVID-19 may develop a high fever or hy-
poxia due to pulmonary damage, and the body compen-
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sates with increased cardiac output. This compensation
may lead to type 2 myocardial infarction. Second, SARS-
CoV-2 infection may cause microthrombi due to coagu-
lopathy and destabilize coronary artery plaques, result-
ing in obstructive coronary artery disease and even type
1 myocardial infarction.® Despite the higher risks of
myocardial infarction, some national statistics have shown
a significant decrease in the catheterization activation
for ST-elevation myocardial infarction (STEMI) during
the COVID-19 pandemic, including a 40% drop in Spain
and a 38% drop in the US.">?° This phenomenon may be
due to patients avoiding hospital visits due to the fear of
getting COVID-19, and less daily activity due to social dis-
tancing and quarantine.lg'20 Similar findings have been
reported in Taiwan, with a 27% increase in the symptom
onset-to-door time [142 (75 to 338) vs. 180 (84 to 460)
min, p < 0.01] during the pandemic compared to the
equivalent months in 2019.”" However, due to maintain-
ing normal service through active and prompt public
health measures, there were no significant differences
in the average STEMI case number per hospital (27.3 +
18.4 versus 26.0 + 16.7, p = 0.27) and the door-to-de-
vice time [65 (50 to 81) versus 66 (52 to 81) min, p =
0.20] from the previous ye:ar.21

2.3 Heart failure

In a study in Wuhan, China, among 113 patients di-
agnosed with COVID-19, 72 and 41 developed acute
myocardial injury and heart failure, respectively.?” Iden-
tified in multiple organs, including the heart, kidneys,
lungs, and epithelium, angiotensin-converting enzyme 2
(ACE2) has been hypothesised to be involved in the me-
chanism of COVID-19 infection, as ACE2 is the key host
cellular receptor of SARS-CoV-2.” It has not yet been
determined whether the use of ACE inhibitors (ACEls) or
angiotensin Il type 1 receptor blockers (ARBs) can facili-
tate coronavirus entry by increasing the ACE2 expres-
sion in animals or humans, although angiotensin Il type 1
receptor blockers have been shown to upregulate ACE2
in experimental animals.** As ACE2 is a negative regula-
tor of the renin-angiotensin system that also protects
against heart failure and acute lung injury, it is a dou-
ble-edged sword.***
practice whether to continue or replace the use of ACEls/
angiotensin Il receptor blockers in patients diagnosed
with COVID-19.

It remains under debate in clinical
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2.4 Arrhythmias

The impact of COVID-19 on cardiac arrhythmias ori-
ginates from the systemic inflammation it causes, which
in turn induces myocardial injury and dysfunction.’® In a
Chinese cohort study of 138 patients hospitalized with
COVID-19, cardiac arrhythmia was noted in 16.7% of the
patients. Among them, 36 (26.1%) were transferred to
the intensive care unit owing to acute respiratory dis-
tress syndrome (ARDS; 61%), arrhythmias (44%), and
shock (31%). The commonly observed hypoxia and elec-
trolyte abnormalities also exacerbate cardiac arrhyth-
mia in the acute phase of severe illness. Notably, a po-
tential therapy for reducing the number of SARS-CoV-2
copies is currently hydroxychloroquine (HCQ).”” How-
ever, through blocking Kv11.1 (HERG), HCQ also causes
QTc prolongation and may contribute to fatal arrhyth-
mias.”® Recently, owing to the risk of abnormal heart
rhythm, the Food and Drug Administration (FDA) an-
nounced caution against the use of HCQ or chloroquine
for COVID-19 outside of the hospital setting.

3. PROPOSED MECHANISM OF SARS-COV-2-
INDUCED MYOCARDIAL INJURY

During the epidemic, the pathophysiology of this vi-
ral illness has been studied widely, and more data are
accumulating. Here, we focus on the possible pathophy-
siological mechanisms of COVID-19-related cardiac com-
plications.

3.1 Direct viral injury

SARS-CoV-2 infects cells through interactions be-
tween its spike protein (S) and the host cell surface, and
its utilisation of ACE2 receptors on the host cell sur-
face.”® As a class | viral envelope glycoprotein, S protein
is responsible for receptor recognition followed by the
process of fusion that allows the virus to enter.”® An-
other transmembrane protease, serine (TMPRSS), has
been identified as facilitating cleavage of the S protein.*
The coexistence of ACE2 receptors and TMPRSS2 on the
host cell surface enhances the entry and propagation of
SARS-CoV-2.%9%! A ubiquitous pro-protein convertase,
furin, is responsible for the cleavage of S protein, and
plays a pivotal role in the signalling of fibrosis after myo-
cardial injury.*? While further investigations are neces-
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sary, it may play an important role in the process of
myocardial damage induced by SARS-CoV-2.

3.2 Up- and downregulation of ACE2

ACE2 initiates subsequent viral internalisation after
binding to the SARS-CoV-2 S1 protein through endocy-
tosis. ACE2 is commonly expressed on the cells of the
lungs, heart, kidney, intestines, brain, and endothelium.”*!
ACE2 is regarded to be a protective factor against car-
diovascular diseases, since it counterbalances the activ-
ity of angiotensin-converting enzyme (ACE).”> Also, ACE2
has been observed to protect against lung injury in pa-
tients with ARDS.** The internalization of ACE2 during
SARS-CoV-2 infection leads to the reduction of its ex-
pression and function in infected tissues.”? Subsequent
elevation of angiotensin Il levels have been associated
with acute lung injury in cases with COVID-19.% The loss
of ACE2 by SARS-CoV-2 may therefore contribute to the
exacerbation of cardiovascular disease through the com-
pensatory elevation of angiotensin Il levels in patients
with cardiac dysfunction.25 Currently, the pros and cons
of continuing ACEI/ARB use in patients at risk of SARS-
CoV-2 infection is an intense debate. The major view-
points are summarized as follows:

Pros of continuing ACEI/ARB therapy

1. It has been postulated that through binding to ACE2,
SARS-CoV-2 may reduce the activity of residual ACE2
and contribute to an elevated level of angiotensin 1.3
This then leads to pulmonary vasoconstriction, inflam-
mation, and subsequent lung injury.zs’31 ACEIs/ARBs
may help mitigate some of these deleterious effects of
angiotensin Il upon an increased expression of ACE2.%?

. In support of this, animal studies have suggested that
ACEIs/ARBs may be protective against serious lung com-
plications in patients with COVID-19 infection, but to
date there are no data for humans.*

. Conversely, it has also been postulated that by slowing
virus entry into cells and protecting against lung injury,
increased levels of the soluble form of ACE2 may act as
a competitive interceptor of SARS-CoV-2.*

. There is no evidence to support an association with
cardiovascular disease, hypertension, and diabetes, al-
though these conditions may have a more severe clini-
cal course upon infection with SARS-CoV-2.% In addi-
tion, comorbid cardiovascular or renal disease may be
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exacerbated and result in higher mortality with abrupt
discontinuation of ACEIs/ARBs in specific populations.24

Cons of continuing ACEI/ARB therapy

1. The evidence at present shows that ACEIs/ARBs play a
protective role in the cardiovascular system, and that
they can increase the expression and activity of ACE2
in the heart. However, the impact of ACEIs/ARBs on
ACE2 in other organs remains unknown, especially re-
garding their influence on the expression level and ac-
tivity of ACE2 in the lungs.*"*

. SARS-CoV-2 uses the ACE2 receptor for entry into tar-
get cells. ACE2 is predominantly expressed by the epi-
thelial cells of the lungs, intestines, kidneys, heart, and
blood vessels.* The expression of ACE2 has been re-
ported to be substantially increased in patients treated
with ACEIs/ARBs in animal studies.***” Some experts
have speculated that the use of ACEls/ARBs could po-
tentially facilitate COVID-19 infection through the in-
creased expression of ACE2.>®

Currently, all guidelines recommend continuing ACEls/
ARBs in COVID-19 patients unless clinically contraindi-
cated. Additional studies and prospective trials are ur-
gently needed.*

3.3 Cytokine release syndrome

Patients with COVID-19 have been found to have
significantly elevated levels of vascular endothelial growth
factor (VEGF), IL-6 and reduced E-cadherin.®3®
VEGF and reduced E-cadherin expressions cause vascu-
lar permeability and leakage and contribute to the de-
velopment of shock and ARDS.® IL-6 is associated with
the pathophysiology of respiratory failure and pneumo-
nia, and has also been reported to result in mortality in
critically ill patients.®*® Characterized by elevated levels
of cytokines, including IL-6 and other inflammatory cy-
tokines, the so-called CRS has been a significant clinical
finding in patients with SARS, MERS, and COVID-19.*
Both innate and cellular immune responses are acti-
vated via the secretion of IL-6 by activated monocytes,
macrophages, and dendritic cells in response to SARS-
CoV-2 infection.” The subsequent signalling pathway in-
volves the activation of cytotoxic T cells and the differ-
entiation of B cells, as well as the activation of endothe-

Increased

. 7 . . -
lial cells.” Presenting as increased vascular permeability
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and leakage, hypotension, shock, and ARDS, the secre-
tion of cytokines by these activated immune cells leads
to a systemic cytokine storm.”®

However, the exact mechanism of cytokine-induced
myocardial injury is not well understood. Inflammatory
cytokines such as tumour necrosis factor-alpha have
been shown to induce cardiomyocyte death.*® Possible
mechanisms include the induction of nitric oxide, the
generation of oxygen free radicals, and the subsequent
activation of apoptosis.“'42
events have also been reported in other hyper-inflam-
matory syndromes such as CRS associated with chimeric
antigen receptor (CAR)-T cell therapy.”® As disease se-
verity increases due to the presence of these cytokines,
these findings suggest the potential use of immunomo-
dulatory agents in the management of COVID-19.

Increased cardiovascular

3.4 Aggravation of underlying cardiac diseases
According to a recent study in China, around 35% of
patients with COVID-19 had cardiovascular morbidities,
including hypertension, coronary heart disease, and car-
diomyopathy.> More than half of those with underlying
cardiovascular diseases had an elevation of cardiac en-
zymes during the clinical course of the disease, indicat-
ing acute myocardial injury.” Notably, patients who had
cardiac injury also had the highest mortality rate. There-
fore, in patients with cardiovascular morbidities, aggres-
sive management is mandatory to avoid the high risk of
mortality during the clinical course of infection.

3.5 Drug-induced cardiotoxicity

Including anti-viral regimens and immunomodula-
tory regimens, the updated treatments for COVID-19 are
summarized in section 5. Nevertheless, there are still
concerns over drug-related heart injury. QT-interval pro-
longation has been observed with the use of HCQ, azi-
thromycin, and protease inhibitors.””** Furthermore,
when treating patients with COVID-19, potential drug-
drug interactions between novel anti-viral drugs and
cardiovascular medications should be reviewed carefully.

In conclusion, complex interactions among the virus,
host factors, and pathophysiology of the disease are pos-
sible biological mechanisms of cardiac injury in COVID-19,
and understanding these mechanisms is pivotal to the
development of possible curative medications and the
management of cardiac injury in patients with COVID-19.
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4. DETECTION AND MANAGEMENT OF
CARDIOVASCULAR COMPLICATIONS IN
COVID-19

Myocardial injury in patients with COVID-19 may
result from systemic inflammation, myocarditis, stress
cardiomyopathy, hypoxia, and ischemic damage.'®"’
COVID-19 patients with concurrent myocardial injury
mainly develop the symptoms and signs of SARS-CoV-2
infection, including fever, cough and breathlessness,
while the cardiac symptoms of myocardial injury, such
as chest pain and arrhythmia, only present in some pa-
tients.* Therefore, how to early detect myocardial in-
jury and prevent cardiovascular complications is cru-
cial. Apart from a prudent history taking and physical
examination, electrocardiogram changes may enable
clinicians to detect cardiac injury early and prevent car-
diovascular complications when treating patients with
COVID-19. New-onset T wave depression or inversion,
ST-segment depression or elevation, and Q wave occur-
rence may imply myocardial injury.*® In particular, clini-
cians may need to differentiate between myocardial in-
farction and other causes of myocardial injury when
the ST segment elevates. Moreover, with the prolonga-
tion of QT or corrected QTc on electrocardiogram, QT-
prolonging therapies such as hydroquinone, chloro-
quine, and azithromycin, should be carefully assessed
and prescribed.

Troponin testing may provide a tool to evaluate car-
diac injury and prognosis for COVID-19 patients with
cardiovascular complications, especially for those with
more severe illness.”” Nevertheless, troponin elevation
in hospitalized COVID-19 patients has commonly been
observed,” which may mask the manifestations of acute
coronary syndrome. When clinicians face this situation,
the troponin peak can be helpful in the differential diag-
nosis, because myocardial infarction usually leads to a
higher troponin elevation than non-coronary myocardial
injury in COVID-19 patients.*® If the clinical presentation
highly indicates myocardial infarction, a prompt and
prudent assessment is essential, and the subsequent
treatment strategy, i.e., medical reperfusion or inter-
vention, depends on the local healthcare capacity and
policy during the COVID-19 pandemic. Furthermore, ex-
cept for myocardial infarction, given a moderate or pro-
gressive elevation in troponin, the patients may also be
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experiencing myocarditis, stress cardiomyopathy, and
severe cytokine storm.® Further biomarkers including
D-dimer, ferritin, and lactate dehydrogenase may help
to assess the current condition.>”’
ents with suspected heart failure, a natriuretic peptide
level [B-type natriuretic peptide (BNP) or N-terminal
proBNP] can assist in the diagnosis of heart failure and

provide evidence for guide-directed medical therapy.

In addition, in pati-

5. UPDATED THERAPIES FOR COVID-19

No drugs have yet passed US FDA screening for the
treatment of COVID-19; however, “Solidarity”, an inter-
national clinical trial launched by the World Health Or-
ganisation, has attempted to identify drugs with thera-
peutic potential to treat COVID-19.*® A process called
“repurposing” or “repositioning” is intended to rapidly
evaluate the potential efficacy of thousands of existing
anti-viral and anti-inflammatory agents which have not
yet been approved for the treatment of COVID-19.***°
Several candidate drugs are currently being screened
and are under investigation, and mainly include anti-
viral regimens (e.g. remdesivir, atazanavir, ritonavir/
lopinavir, favipiravir, etc.) and immunomodulatory regi-
mens (e.g., chloroquine/HCQ, tocilizumab, interferon-
B1, etc.).””>® The potential anti-SARS-CoV-2 regimens
and ongoing trials are summarized below.

5.1 Anti-viral drugs

Remdesivir is viewed as being one of the most po-
tentially effective regimens, as it reduces SARS-CoV-2
replication and its binding to the active site on RNA
polymerase.> It has been approved for the treatment of
Ebola, respiratory syncytial virus infection, Junin virus
infection, Lassa fever, Nipah virus infection, Hendra virus
infection, and coronaviruses (including MERS and SARS).>
Currently, several clinical trials have been launched to
evaluate the effect of remdesivir on patients with mod-
erate or severe COVID-19 compared with standard care,
and according to a recent case report, a patient recov-
ered after remdesivir treatment.”® In a preliminary pub-
lished report of 53 patients who received at least one
dose of remdesivir, 36 patients (68%) showed improved
oxygen-support, 25 patients (47%) were discharged, and
seven patients (13%) died.>® The major weakness of this
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study was its lack of placebo and its non-randomised de-
sign, despite a relatively high incidence of clinical im-
provements in COVID-19 patients receiving remdesivir.
Recently released, a preliminary report conducted mainly
in the United States and Europe has shown that remde-
sivir is superior to placebo in shortening the time to re-
covery in patients hospitalized with COVID-19 and evi-
dence of lower respiratory tract infection.”® In contrast,
another randomized, double-blind, placebo-controlled
study conducted in China indicated that remdesivir was
not associated with statistically significant clinical bene-
fits.>’ The major adverse effects of remdesivir have been
reported to be liver and renal toxicity, while cardioto-
xicity is rare.”®

Ritonavir/lopinavir has been approved for the treat-
4952 An important enzyme that
cleaves a long protein chain during the assembly of new
viruses, ritonavir/lopinavir may act through the inhibi-
tion of protease and also be capable of binding SARS-
CoV-2 3C-like proteinase and consequently suppressing
its replication.” In the first randomized and open-label
trial conducted in China for treatment with ritonavir/
lopinavir, 199 patients diagnosed with COVID-19 exhi-
bited no differences compared to standard care with re-
gards to clinical improvements and 28-day mortality.>”
In addition, the percentage of patients with detectable
viral RNA at various time points was similar. Currently,
there are several ongoing trials investigating the anti-
SARS-CoV-2 effects of ritonavir/lopinavir. Likewise, the
adverse effects of ritonavir/lopinavir mainly include liver
toxicity, pancreatitis and neurotoxicity.58

Favipiravir, which competitively inhibits RNA-de-
pendent RNA polymerase, has been approved for the
treatment of influenza.>®®° Little preclinical support
has been established, although one report showed a
shorter viral clearance duration and improved chest
imaging in patients diagnosed with COVID-19 com-
pared to controls.®* Additionally, ivermectin, an anti-
parasitic regimen, has also been identified as an inhibi-
tor of the interaction between the human HIV inte-
grase protein and the importin o/f 1 heterodimer.®*®
Notably, studies of SARS-CoV proteins have revealed
the potential role of importin a/B 1 in infection.® Al-
though an in vitro study indicated the ability of iver-
mectin to reduce SARS-CoV2 by 5000-fold, clinical evi-
dence is currently lacking.

ment of HIV infection.
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5.2 Immunomodulatory regimens

HCQ, an antimalarial and anti-autoimmune agent,
has been found to inhibit the replication of SARS-CoV by
interfering with the glycosylation of its cellular receptor,
ACE2.”” Various degrees of the therapeutic effect of
HCQ in the treatment of COVID-19 have been shown in
27,53 Recently, a small open-label,
non-randomized clinical trial from France demonstrated
the positive effect of HCQ in combination with azith-
romycin.”’” Upon release of this finding, the US FDA is-
sued an emergency use authorization for HCQ in treat-
ing COVID-19, but recently announced caution against
its use outside of the hospital setting due to the risk of
arrhythmia. In contrast, Boulware et al. reported that
HCQ failed to result in benefits on post-exposure pro-
phylaxis of COVID-19.%* Up to June 2020, there have
been almost 300 COVID-19 trials with HCQ registered in
ClinicalTrials.gov. Upcoming reports will help to eluci-
date the true anti-COVID-19 effects of HCQ, but in the
meantime HCQ-induced cardiotoxicity should not be ig-
nored.”®

small-scale studies.

An anti-human IL-6 receptor monoclonal antibody,
tocilizumab, has been approved for the treatment of
rheumatoid arthritis and systemic juvenile idiopathic ar-
thritis.®® Specific blockade of IL-6-regulated signalling
pathways may be a promising approach to attenuating
inflammation-associated damage, given that the rapid
development of ARDS in COVID-19 may mainly be due
to the cytokine storm as opposed to SARS-CoV?2 itself.>*%
A recent study showed that among 15 patients diagnosed
with COVID-19, tocilizumab combined with methylpre-
dnisolone countered the increase in CRP and IL-6, but
this result was insufficient to support its therapeutic ef-
fects.®

6. CONCLUSIONS

SARS-CoV-2 may either trigger new cardiac patholo-
gies or exacerbate underlying cardiovascular diseases
due to its high inflammatory burden. In Figure 1, we
summarize the current state of knowledge about the
possible mechanisms and complications of SARS-CoV-2-
induced myocardial damage. Careful evaluation and ma-
nagement of the possible cardiovascular complications
of the aforementioned drugs is crucial, given that pa-
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Aggravation of underlying cardiac diseases

Up- and downregulation of ACE2

Drug-induced cardiotoxicity

Cytokine release syndrome

Myocarditis, Heart failure, Arrhythmia

Figure 1. The illustration of the proposed mechanism of COVID-19-induced cardiovascular injuries. ACE2, angiotensin-converting enzyme 2.

tients affected by this disease commonly have cardio-
vascular comorbidities. It is also reasonable to expect,
with the continued efforts of physicians and scientists,
the development of more optimal therapies to treat
SARS-CoV2 while attenuating the risk of cardiovascular
complications.
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