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Pharmacological and cardiovascular perspectives on the
treatment of COVID-19 with chloroquine derivatives
Xiao-lei Zhang1, Zhuo-ming Li1, Jian-tao Ye1, Jing Lu1, Lingyu Linda Ye2, Chun-xiang Zhang3, Pei-qing Liu1 and Dayue D Duan2

The novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) causes coronavirus disease 2019 (COVID-19) and an
ongoing severe pandemic. Curative drugs specific for COVID-19 are currently lacking. Chloroquine phosphate and its derivative
hydroxychloroquine, which have been used in the treatment and prevention of malaria and autoimmune diseases for decades,
were found to inhibit SARS-CoV-2 infection with high potency in vitro and have shown clinical and virologic benefits in COVID-19
patients. Therefore, chloroquine phosphate was first used in the treatment of COVID-19 in China. Later, under a limited emergency-
use authorization from the FDA, hydroxychloroquine in combination with azithromycin was used to treat COVID-19 patients in the
USA, although the mechanisms of the anti-COVID-19 effects remain unclear. Preliminary outcomes from clinical trials in several
countries have generated controversial results. The desperation to control the pandemic overrode the concerns regarding the
serious adverse effects of chloroquine derivatives and combination drugs, including lethal arrhythmias and cardiomyopathy. The
risks of these treatments have become more complex as a result of findings that COVID-19 is actually a multisystem disease. While
respiratory symptoms are the major clinical manifestations, cardiovascular abnormalities, including arrhythmias, myocarditis, heart
failure, and ischemic stroke, have been reported in a significant number of COVID-19 patients. Patients with preexisting
cardiovascular conditions (hypertension, arrhythmias, etc.) are at increased risk of severe COVID-19 and death. From
pharmacological and cardiovascular perspectives, therefore, the treatment of COVID-19 with chloroquine and its derivatives should
be systematically evaluated, and patients should be routinely monitored for cardiovascular conditions to prevent lethal adverse
events.
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) is caused by infection with
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
which has spread around the globe and is causing an ongoing
severe pandemic with 11,874,226 confirmed cases and 545,481
deaths worldwide that have been reported to the World Health
Organization (WHO) as of July 9, 2020 (https://www.who.int/
emergencies/diseases/novel-coronavirus-2019). To date, there is
still no known approved curative drug therapy specific for COVID-
19, especially for patients with the severe and critical forms [1].
However, chloroquine phosphate and its derivative hydroxychlor-
oquine, which have been used for decades in the treatment and
prevention of malaria and chronic inflammatory diseases such as
rheumatoid arthritis and systemic lupus erythematosus, were
discovered to have a high inhibitory potency against SARS-CoV-2
infection in vitro [2–5] and favorable clinical and virologic
benefits in COVID-19 patients [6–10], and they have emerged as
important therapies for COVID-19 in several countries, including
China, France, USA, and India, although the mechanisms of their

anti-COVID-19 effects remain unclear. The desperation to control
the pandemic has overridden the concerns regarding the serious
adverse effects of chloroquine derivatives and azithromycin,
including lethal arrhythmias and cardiomyopathy. Clinical trials
in several countries have provided controversial results. The
findings that COVID-19 is a multisystem disease involving injuries
to many organs, including the lung, heart, and vasculature, have
made the risks of using these drugs even more complex. COVID-19
patients with preexisting cardiovascular conditions (hypertension,
arrhythmias, heart failure, etc.) are at higher risk of severe COVID-
19 and death (Table 1). Here, we provide pharmacological and
cardiovascular perspectives on the application of chloroquine
derivatives in the treatment of COVID-19. Systematic evaluations
of their efficacy and safety, especially of the potential cardiovas-
cular toxicity of chloroquine and hydroxychloroquine and
combination therapies with other drugs in the treatment of
COVID-19, and genetic variability in the metabolism of these drugs
in patients are required to prevent lethal cardiovascular adverse
events.
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PHARMACOLOGY OF CHLOROQUINE/HYDROXYCHLOROQUINE
FOR COVID-19 THERAPY
Antiviral effects and mechanisms
In several in vitro studies, chloroquine [3, 5] and hydroxychloroquine
[2, 4] were found to be able to inhibit SARS-CoV-2 infection and
show clinical and virologic benefits in COVID-19 patients [6–10]. The
two drugs inhibited SARS-CoV-2 at low-micromolar concentrations
with 50% cytotoxic concentration (CC50) values over 100 μM,
implying the efficacy and safety of these drugs [2–5]. Although
these in vitro and anecdotal data are still limited and the
mechanisms of the anti-COVID-19 effects remain unclear, the
apparent efficacy and safety of chloroquine phosphate or hydroxy-
chloroquine have attracted much attention for application of these
drugs as potential therapies for COVID-19. Chloroquine phosphate
was therefore recommended in the Guidelines for the Prevention,
Diagnosis, and Treatment of COVID-19 by the National Health
Commission (NHC) of China. An open-label nonrandomized study by
Gautret et al. [7] that used hydroxychloroquine in combination
in some patients with azithromycin, an azalide antibiotic with
putative antiviral properties, has garnered unusual attention.
Hydroxychloroquine in combination with azithromycin was granted
limited emergency-use authorization by the USA FDA to treat
COVID-19 patients. Preliminary clinical data showed that chloroquine
or hydroxychloroquine prevented the exacerbation of pneumonia,
promoted viral clearance and shortened the disease course in SARS-
CoV-2-infected patients [7–10]. Until May 13th, 2020, a total of 182
clinical trials proposed using hydroxychloroquine, and 58 studies
that proposed using chloroquine in the treatment of COVID-19 were
registered with the FDA (Tables 2 and 3). For patients diagnosed
with mild, moderate and severe cases of SARS-CoV-2 pneumonia,
500mg chloroquine phosphate tablets were given twice a day for
10 days according to the sixth and seventh editions of the Guidelines
for the Prevention, Diagnosis, and Treatment of Pneumonia Caused by
COVID-19 recommended by the NHC of China. In several other
countries, including the United States, hydroxychloroquine has been
administered to hospitalized COVID-19 patients due to its higher
in vitro activity against SARS-CoV-2 and wider availability in these
countries compared with chloroquine phosphate.
Chloroquine and hydroxychloroquine are oral prescription drugs

that have been used for several decades in the treatment of malaria
and autoimmune diseases. Currently, it is not clear why they can
inhibit SARS-CoV-2 and have therapeutic effects on COVID-19. Since
both of these drugs contain an amino group attached to a quinoline
ring (Fig. 1), they are weak diprotic bases that probably accumulate
within intracellular acidic compartments such as lysosomes [11].
They increase the pH of lysosomes and lead to the expansion,
vacuolization and dysfunction of lysosomes [12]. As a result, these
drugs interfere with the fusion process and prevent RNA release by

Table 1. Risk factors associated with mortality of COVID-19 patients.

Risk factors OR (95% CI) P value Reference

Old age (≥65 years) 3.765 (1.146–17.394) 0.023 [108]

Cardiovascular disease 2.464 (0.755–8.044) 0.007 [108]

Diabetes 2.16 (1.74–2.68) <0.01 [109]

Higher sequential organ failure assessment (SOFA) score 5.65 (2.61–12.23) <0.0001 [110]

d-Dimer greater than 1 µg/mL 18.42 (2.64–128.55) 0.0033 [110]

CD3+CD8+T cells ≤75 cells/μL 3.982 (1.132–14.006) <0.001 [108]

Cardiac troponin I ≥ 0.05 ng/mL 4.077 (1.166–14.253) <0.001 [108]

Myoglobin >100 ng/mL 3.750 (0.924–15.226) 0.064 [108]

Procalcitonin ≥0.5 ng/mL 2.667 (0.528–13.477) 0.235 [108]

Creatinine ≥133 μM 4.706 (0.786–28.178) 0.090 [108]

Lactose dehydrogenase 16.64 (7.07–39.13) 0.67 [111]

Neutrophil-to-lymphocyte ratio 1.08 (1.01–1.14) 0.0147 [112]

Table 2. Clinical trials of hydroxychloroquine in COVID-19 registered
with FDAa.

Interventions Conditions Locations/Countries Numberb

Hydroxychloroquine COVID-19 Australia 2

Hydroxychloroquine COVID-19 Brazil 7

Hydroxychloroquine COVID-19 Canada 7

Hydroxychloroquine COVID-19 China 4

Hydroxychloroquine COVID-19 Colombia 3

Hydroxychloroquine COVID-19 Croatia 1

Hydroxychloroquine COVID-19 Denmark 2

Hydroxychloroquine COVID-19 Egypt 3

Hydroxychloroquine COVID-19 France 20

Hydroxychloroquine COVID-19 Germany 3

Hydroxychloroquine COVID-19 Greece 1

Hydroxychloroquine COVID-19 India 1

Hydroxychloroquine COVID-19 Iran 6

Hydroxychloroquine COVID-19 Iraq 1

Hydroxychloroquine COVID-19 Israel 1

Hydroxychloroquine COVID-19 Italy 4

Hydroxychloroquine COVID-19 Jordan 2

Hydroxychloroquine COVID-19 Mexico 5

Hydroxychloroquine COVID-19 Netherlands 2

Hydroxychloroquine COVID-19 Norway 2

Hydroxychloroquine COVID-19 Pakistan 3

Hydroxychloroquine COVID-19 Russia 2

Hydroxychloroquine COVID-19 Slovenia 1

Hydroxychloroquine COVID-19 South Africa 1

Hydroxychloroquine COVID-19 South Korea 2

Hydroxychloroquine COVID-19 Spain 8

Hydroxychloroquine COVID-19 Switzerland 2

Hydroxychloroquine COVID-19 Thailand 1

Hydroxychloroquine COVID-19 Tunisia 3

Hydroxychloroquine COVID-19 Turkey 1

Hydroxychloroquine COVID-19 United Kingdom 1

Hydroxychloroquine COVID-19 United States 49

aThere are total 182 studies as May 13th, 2020 (Searching key word
“COVID-19” and “Hydroxychloroquine”).
bSome clinical trials are multiple site studies.
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the viruses, thus inhibiting the growth of these intracellular
pathogens [3, 13, 14]. In addition, these drugs can alter the terminal
glycosylation of ACE2, the cellular receptor of the coronaviruses
SARS-CoV and SARS-CoV-2, preventing virus-receptor binding and
abrogating the infection [3]. This might help to explain the broad-
spectrum antiviral effects of chloroquine and hydroxychloroquine.
Indeed, both drugs have been previously demonstrated to have
profound antiviral activity against various viruses, including SARS-
CoV [3], dengue virus [15, 16], HIV-1 [17, 18], influenza A [19], Ebola
virus [20], and human coronavirus OC43 [21].

Anti-inflammatory and immunomodulatory effects
Chloroquine and hydroxychloroquine are regarded as potent anti-
inflammatory agents and immunomodulators. These drugs have

been widely used for many years in the treatment of malaria and
autoimmune diseases such as rheumatoid arthritis, systemic lupus
erythematosus and Sjögren’s syndrome. Both drugs impair the
production of proinflammatory cytokines, including tumor necrosis
factor α (TNFα) [22–24], interleukin (IL)-1 [22, 25], IL-6 [22, 24, 25],
and interferon-γ [24]. Additionally, they prevent innate immune
activation by blocking the interaction between cytosolic DNA and
the nucleic acid sensor cyclic GMP-AMP (cGAMP) synthase (cGAS)
[26] and the interaction of Toll-like receptors (TLRs) with nucleic acid
ligands [27–29].
Considering that inflammatory reactions and cytokine storms

occur commonly in severe COVID-19 patients, the anti-inflammatory
properties of chloroquine and hydroxychloroquine might provide
important clinical benefits in the treatment of COVID-19 as well.

Adverse effects
Although chloroquine and hydroxychloroquine are generally well
tolerated and usually considered safe even during pregnancy, we
should be aware of their serious adverse effects, even with a short
duration of treatment. These adverse effects include gastrointest-
inal and cutaneous manifestations, hypoglycemia, neuropsychia-
tric effects, drug–drug interactions, idiosyncratic hypersensitivity
reactions, myopathy, peripheral neuropathy, and cardiac toxicity
[30]. According to a systematic review of case series concerning
cardiac complications attributed to chloroquine and hydroxy-
chloroquine, conduction disorders are the main reported side
effect, affecting 85% of patients; other nonspecific adverse cardiac
events include ventricular hypertrophy (22%), heart failure
(26.8%), hypokinesia (9.4%), pulmonary arterial hypertension
(3.9%), and valvular dysfunction (7.1%) [31]. For patients reported
to have been withdrawn from treatment, only 44.9% recovered
normal heart function, whereas 30.8% died and 12.9% reported
irreversible damage [31]. It is not currently known, however,
whether heart is more susceptible to chloroquine treatment than
other organs. Chloroquine- or hydroxychloroquine-related cardiac
disorders, such as prolongation of the QTc interval, are rare but
severe and life-threatening. Both chloroquine and hydroxychlor-
oquine interfere with ventricular repolarization and may lead to
prolongation of the QT interval and increase the risk of Torsades de
Pointes. The effect is dose-dependent: after receiving a dose of
600mg, the mean QTc increases by 6.1 ms, and after a dose of
1200mg, the mean QTc increases by 28ms [32, 33]. However, the
effect varies among individuals. Among 30 children given short
courses of chloroquine for malaria, 1 experienced an increase in
the QTc interval of 64 ms after just 1 day of treatment [34].

Potential mechanisms of the adverse effects
Blockade of K+ channels. The activities of K+ channels are the
major determinants of the repolarization of cardiac myocytes.
Chloroquine and hydroxychloroquine have been reported to
inhibit multiple K+ currents, including the inward rectifier K+ (Kir)
current (IK1) [35–38], the rapidly activating delayed rectifier K+

current (IKr) associated with the human eEther-a-go-go-go related

Table 3. Clinical trials of chloroquine in COVID-19 registered with
FDAa.

Interventions Conditions Locations/Countries Numberb

Chloroquine COVID-19 Australia 1

Chloroquine COVID-19 Brazil 3

Chloroquine COVID-19 Canada 3

Chloroquine COVID-19 China 2

Chloroquine COVID-19 Colombia 2

Chloroquine COVID-19 Denmark 1

Chloroquine COVID-19 Egypt 6

Chloroquine COVID-19 France 4

Chloroquine COVID-19 Germany 3

Chloroquine COVID-19 Greece 1

Chloroquine COVID-19 Iran 5

Chloroquine COVID-19 Ireland 1

Chloroquine COVID-19 Italy 1

Chloroquine COVID-19 Jordan 1

Chloroquine COVID-19 Mexico 2

Chloroquine COVID-19 Netherlands 1

Chloroquine COVID-19 Norway 1

Chloroquine COVID-19 Pakistan 2

Chloroquine COVID-19 South Africa 1

Chloroquine COVID-19 Spain 3

Chloroquine COVID-19 Thailand 1

Chloroquine COVID-19 United Kingdom 1

Chloroquine COVID-19 United States 6

Chloroquine COVID-19 Vietnam 1

aThere are total 58 studies as May 13th, 2020 (Searching key word “COVID-19”
and “chloroquine”).
bSome clinical trials are multiple site studies. Data as April 15th, 2020.

Fig. 1 Chemical structure of chloroquine and hydroxychloroquine. Left: chloroquine; right: hydroxychloroquine.
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gene (hERG) [39, 40], the fast transient outward K+ current (Ito)
[41], and the ATP-sensitive inward rectifier K+ current (KATP)
[42, 43].

(1) IK1: Chloroquine, hydroxychloroquine and other quinines
inhibit the cardiac IK1 current and can induce lethal
ventricular arrhythmias. Chloroquine causes a dose- and
voltage-dependent reduction in the IK1 current magnitude,
action potential (AP) duration and effective refractory period
[35–38]. The peak outward current elicited by the ventricular
AP is inhibited by chloroquine at a half-maximal inhibitory
concentration (IC50) of ~1.2–3 μM [35, 36, 38, 43, 44]. Chlor-
oquine and related compounds can inhibit Kir channels by
multiple potential mechanisms. First, chloroquine can bind
to the cytoplasmic pore domain and block the cytoplasmic
conduction pathway, which is stabilized by negatively
charged and aromatic amino acids within a central pocket
[37]. Unlike most ion channel blockers, chloroquine does not
bind within the transmembrane pore and thus can reach its
binding site even while polyamines remain deeper within
the channel vestibule [37]. These binding features of
chloroquine could explain its relatively low affinity for Kir
channels but high effectiveness in blocking the IK1 current
[37]. Second, chloroquine shows allosteric effects on
channel gating. Comparative molecular modeling and
ligand docking of chloroquine in the intracellular domains
of Kir2.1, Kir3.1 and Kir6.2 suggest that chloroquine blocks
K+ flow by interacting with negatively charged amino acids
facing the ion permeation vestibule of the channels [38, 43].
In addition, chloroquine abrogates the cardiac protective
effect of the IK1 channel activator zacopride, exacerbating
myocardial infarction (MI) and post-MI cardiac remodeling
[45, 46].

(2) IhERG: Chloroquine inhibits IhERG in a concentration- and
time-dependent manner at a relatively low IC50 of 2.5 μM,
implying that it is a potent blocker of IhERG [40, 47]. Inhibition
of the hERG current (IhERG) can lead to a prolongation of the
QT interval, which may, under certain circumstances, lead to
Torsade de Pointes [48]. However, not all hERG blockers have
a high risk of Torsade de Pointes. There are drugs that block
hERG and prolong the heart rate-corrected QT (QTc) interval
but have a low risk of Torsade de Pointes (e.g., ranolazine,
verapamil, and amiodarone) because they block other
inward currents such as late Na+ and/or L-type Ca2+

currents [39]. Blocking these inward currents has antiar-
rhythmic effects by preventing early afterdepolarizations
[39]. Thus, these drugs prolong QTc without heart rate-
corrected J‐Tpeak (J‐Tpeakc) prolongation and are considered
to be balanced ion channel blockers [39]. To further evaluate
the torsade risk of chloroquine, a comprehensive in vitro
proarrhythmia assay (CiPA) was conducted. Chloroquine
prolongs both the QTc interval and the J‐Tpeakc interval,
suggesting that chloroquine is a strong blocker of IhERG with
a high torsade risk [39].

(3) Ito: Chloroquine also blocks another important outward K+

current, the transient outward K+ current Ito, at an IC50 of
4.6 ± 0.9 mM [41]. Chloroquine accelerates the apparent
inactivation time constant of Ito. Exposure to 1 mM
chloroquine results in a rightward shift of the steady-state
inactivation constant, whereas recovery from inactivation is
only mildly affected. These data suggest that chloroquine is
an open-channel blocker of Ito and has potential clinical
proarrhythmic effects [41].

(4) KATP: Chloroquine inhibits the KATP current via a fast-onset
effect and a slow-onset voltage-independent effect. The
fast-onset effect of chloroquine involves direct channel
blocking by binding to the channel pore from the
cytoplasmic side. In contrast, the slow-onset effect is

regulated by the disruption of interactions between KATP
and phosphatidylinositol 4,5-bisphosphate [42].

Inhibition of these K+ currents leads to delayed repolarization of
cardiac myocytes, prolongation of the cardiac action potential
duration (APD) and the QT interval of the electrocardiogram,
which is a sensitive but nonspecific risk marker for the
development of Torsade de Pointes - a potentially lethal
polymorphic ventricular tachyarrhythmia [48]. Therefore, the
inhibition of multiple K+ currents strongly suggests the proar-
rhythmic potential of chloroquine. The prominent clinical features
of cardiac conduction disorders caused by chloroquine and
hydroxychloroquine are prolongation of the QT interval, which
increases the risk of sudden death due to the development of
Torsade de Pointes, especially if the drug is coprescribed with other
K+ channel blockers, such as azithromycin, or used in patients
with preexisting cardiac diseases.

Inhibition of the autophagy-lysosome pathway. As an evolutiona-
rily conserved cellular housekeeping and quality control mechan-
ism essential for homeostasis and survival, autophagy is
responsible for the removal of superfluous, aging, or damaged
cytoplasmic proteins and organelles from cells and tissues [49–55].
The substrates of the autophagic response involve dedicated
double-membrane organelles and are commonly known as
autophagosomes. Autophagosomes are ultimately delivered to
the lysosome for degradation [50]. Since chloroquine interferes
with acidic hydrolases in lysosomes, it acts as an inhibitor of the
autophagy-lysosome pathway [52]. Since dysregulation of autop-
hagy is linked to the occurrence and development of chronic
diseases, including cardiovascular diseases, impairing autophagic
flux with chloroquine may play a role in the development of
various cardiovascular diseases.
Chloroquine at a high dose (50 mg·kg−1·d−1, for 2 weeks)

exacerbated pressure overload hypertrophy and impaired cardiac
contractility in rats [56]. Ultrastructurally, chloroquine accentuates
mitochondrial fragmentation and cristae destruction by producing
a plethora of autophagosomes containing collapsed mitochondria
and lysosomal lamellar bodies, suggesting the impairment of the
autophagy-lysosome pathway [56]. In addition, high-dose chlor-
oquine significantly impairs the mitochondrial antioxidant buffer-
ing capacity and accentuates oxidative stress and mitochondrial
dysfunction. These observations highlight the risk of chloroquine
administration in patients under high-oxidative stress conditions,
such as pathological myocardial hypertrophy or heart failure [56].
During myocardial infarction, cardiomyocyte necroptosis results

in the loss of functional cardiac cells, subsequently leading to left
ventricular remodeling, cardiac dysfunction and heart failure [57].
By disrupting autophagic degradation, treatment with chloro-
quine aggravates cardiac myocyte necroptosis and cardiac
dysfunction, contributing to adverse ventricular remodeling and
progressive heart failure after myocardial infarction [57].
Although autophagy is regarded as a double-edged sword, it is

well accepted that activation of autophagy promotes adaptation
to stress and supports cellular viability in response to pathological
stimulation [54, 58]. Thus, inhibition of autophagy generally
accelerates the death of cells exposed to potentially lethal
perturbations of homeostasis [54, 58]. Numerous studies have
reported that the activation of autophagy might contribute to
ameliorating myocardial infarction/reperfusion and myocardial
ischemia, protecting cardiomyocytes against apoptosis and
necroptosis, and preventing cardiac hypertrophy and cardiac
fibrosis [59–67]. However, treatment with chloroquine might
reverse the cardioprotective effects by inhibiting autophagic flux
[59–67].
Furthermore, chloroquine could influence Ca2+ channels

through repression of autophagy [68]. Blocking autophagy with
chloroquine results in depolarization of the mitochondrial
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membrane potential and increased production of mito-ROS, finally
facilitating the oxidation of ryanodine receptor 2 (RyR2) [46, 68].
RyR2 is a Ca2+-releasing channel located on the sarcoplasmic
reticulum of cardiomyocytes. The oxidation and dysfunction of
RyR2 enhance pro-arrhythmic spontaneous Ca2+ release under β-
adrenergic stimulation and disturb intracellular Ca2+ homeostasis,
finally resulting in cardiac disorders such as arrhythmia, cardiac
hypertrophy and heart failure [46, 68].

Immunologically mediated adverse reactions. Although rare,
several severe cutaneous adverse reactions, including
Stevens–Johnson syndrome, toxic epidermal necrolysis [69], and
drug reaction with eosinophilia and systemic symptoms (DRESS)
[70], have been reported to be associated with the use of
chloroquine and hydroxychloroquine. Patients may manifest with
clinical symptoms of new-onset fever and mucositis, particularly
when presenting with new hematologic abnormalities (such as
lymphopenia, eosinophilia or atypical lymphocytosis) or unex-
plained liver or kidney injury after the start of treatment with
chloroquine or hydroxychloroquine.

Drug combination-related adverse effects
Hydroxychloroquine-azithromycin combination: Azithromycin is
a macrolide antibiotic agent primarily used for the treatment of
respiratory infections and some sexually transmitted infections.
Since azithromycin also showed antivirus [71, 72] and anti-
inflammatory [73, 74] activities and might have synergistic effects
when combined with chloroquine or derivatives, a French group
used the combination of hydroxychloroquine and azithromycin to
treat COVID-19 and observed clinical benefits [7, 8]. However, it
should be highlighted that the cardiovascular risk would probably
be increased. In fact, the tendency of azithromycin to induce
arrhythmia and the risk of prolonged cardiac repolarization and
QT interval, leading to fatal Torsade de Pointes, have been well
documented [75–77]. Recent data from some cohort studies and
retrospective studies demonstrated that chloroquine, hydroxy-
chloroquine and concurrent treatment with azithromycin signifi-
cantly prolonged the QTc interval in a clinically relevant matter
[78–80]. More than 20% of patients receiving chloroquine,
hydroxychloroquine or the hydroxychloroquine and azithromycin
combination developed QTc interval prolongation of >500 ms,
which is a known marker of a high risk of Torsade de Pointes [78–
80]. Compared with monotherapy, the hydroxychloroquine/
azithromycin combination was associated with greater changes
in QTc [79]. The sporadic incidence of Torsade de Pointes has also
been reported [78–80]. Thus, additional caution is advised when
administering this combination in patients with cardiac dysfunc-
tion and renal and hepatic diseases.

Chloroquine-propranolol combination: Propranolol is widely
used for cardiovascular diseases, including angina, hypertension,
tachyarrhythmia, cardiac hypertrophy, and prophylaxis of myocar-
dial infarction. However, a study in anesthetized dogs reported that
administration of propranolol potentiates the proarrhythmic effects
of chloroquine on prolongation of ECG intervals and bradycardia

[81], suggesting the increased proarrhythmic potential of the
chloroquine-propranolol combination. In view of the common use
of propranolol in cardiovascular patients, the therapeutic use of
chloroquine or hydroxychloroquine in COVID-19 patients under
propranolol treatment should be carefully considered.

Chloroquine-diclofenac combination: Although this combination
is unlikely to be used in COVID-19 patients, combined therapy
with these two drugs for rheumatoid arthritis is not rare. The
combination could shift the balance between pro- and anti-
apoptotic proteins in the left ventricule towards myocardial
apoptosis, thus indicating a risk of myocardial damage [82].

Drug–drug interactions. Both chloroquine and hydroxychloro-
quine are metabolized by the hepatic cytochrome P450 enzyme
2D6 (CYP2D6), and they also competitively inhibit CYP2D6 activity
[83]. This has the potential to influence the fate of other drugs
reliant on CYP2D6 for metabolism. Azithromycin exhibits little
inhibition of cytochrome P450 enzymes or drug-transport proteins
such as P-glycoprotein. As such, azithromycin is unlikely to
precipitate clinically important drug–drug interactions. The
expression of CYP2D6 varies among individuals as a result of
genetic polymorphisms. Genetic variability in the metabolism of
these drugs is considerable and may also influence their safety
and effectiveness when used in combination for COVID-19.

Overdose. Overdoses of chloroquine and hydroxychloroquine are
extremely toxic. Rapid onset of central nervous system toxicity,
such as seizures and coma, cardiovascular collapse, including QRS
widening and QT interval prolongation, and hypokalemia resulting
from intracellular changes may occur.

Therapeutic dosage of chloroquine and hydroxychloroquine for
COVID-19
Since overdose is the major cause of life-threatening toxicity and
adverse events, an appropriate therapeutic dosage within the
safety window is extremely important. The strategies used for the
treatment of COVID-19 with chloroquine and hydroxychloroquine
in clinical applications vary in different countries or hospitals.
Some of the currently available treatment strategies and the
efficacy of chloroquine, hydroxychloroquine and combination
therapy for treatment of COVID-19 in clinical studies are
summarized in Table 4. We checked the guidelines from the
WHO for drug therapy of COVID-19 and failed to find any
guidelines or suggestions on the usage of chloroquine or
hydroxychloroquine for COVID-19. In fact, this is true for any
drugs used for COVID-19. Instead, WHO released advice for “off-
label” use. As stated by the WHO, “No pharmaceutical products
have yet been shown to be safe and effective for the treatment of
COVID-19. However, a number of medicines have been suggested
as potential investigational therapies, many of which are now
being or will soon be studied in clinical trials, including the
SOLIDARITY trial cosponsored by WHO and participating countries.
In many countries, doctors are giving COVID-19 patients
medicines that have not been approved for this disease. The

Table 4. Treatment strategies and efficacy of chloroquine or hydroxychloroquine and combination therapy for COVID-19 in clinical studies.

Drug Design Administration Dose Total No. Effect References

CQ RCT Oral 500mg/day (10 days) 100 Viral clearance [10]

HCQ RCT Oral 400mg/day (5 days) 62 Recovery time [113]

HCQ Pilot Oral 400mg/day (5 days) 30 Ineffective [114]

HCQ+ AZT SAOLS Oral 600mg/day (10 days) 42 Viral load [10]

HCQ+ AZT OS Oral 600mg/day (10 days) 80 Viral load [7]

HCQ+ AZT SAOLS Oral 600mg/day (10 days) 11 Ineffective [115]
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use of licensed medicines for indications that have not been
approved by a national medicine regulatory authority is con-
sidered “off-label” use. Further, such prescribing should be done
on a case-by-case basis.” However, the NIH released a new
guideline for the usage of chloroquine and hydroxychloroquine
for COVID-19 in June 2020. The Panel recommends against the use
of high-dose chloroquine (600 mg twice daily for 10 days) for the
treatment of COVID-19 (AI). High-dose chloroquine (600 mg twice
daily for 10 days) has been associated with more severe toxicities
than lower-dose chloroquine (450 mg twice daily for 1 day,
followed by 450 mg once daily for 4 days). The steady-state
plasma concentration of chloroquine might reach at least 3.125
μM in the treatment of viral infectious diseases [14]. According to
in vitro studies, the EC50 of chloroquine in inhibiting SAR-CoV-2
ranges from 2.71 to 23.9 μM, whereas that of hydroxychloroquine
ranges from 4.06 to 17.31 μM [2, 4, 5]. However, these concentra-
tions exceed the IC50 of chloroquine used for blockade of Kir
(1.2–3 μM) [35, 36, 43, 44] and hERG channels (2.5 μM) [40] and
might possibly result in increased proarrhythmic risk. At the
recommended dosage of chloroquine phosphate in China, the
steady-state plasma concentration can reach the therapeutic
concentration (3.125 μM), which also exceeds the IC50 necessary
for Kir and hERG blockade and is sufficient to result in adverse
effects and cause myocardial dysfunction. The safety margin of
chloroquine and hydroxychloroquine is narrow. Thus, attention
should be paid to the proarrhythmic risk of the use of chloroquine
or hydroxychloroquine, especially in patients with hepatic or renal
dysfunction, which might cause accumulation of drugs. Patients
with chloroquine or hydroxychloroquine administration should
undergo electrocardiogram monitoring.

COMORBIDITIES OF COVID-19 PATIENTS WITH
CARDIOVASCULAR DISEASE OR RISKS
A large number of patients with a history of cardiovascular disease
or cardiovascular risk factors appeared to have heightened
vulnerability to developing COVID-19 with more severe symptoms
and worse clinical outcomes. In some confirmed SARS-CoV-2
infection cases, cardiovascular symptoms were one of the most
important presentations. Clinical data reported that ~15%–30% of
COVID-19 patients have hypertension, and ~2.5%–15% have
coronary heart disease [84–87]. In a report of 72,314 cases from
China’s CDC, COVID-19 patients who required admission to an
intensive care unit were more likely to have comorbidities, the
majority of which were cardiovascular disease [87]. According to
the NHC, among the patients who died from COVID-19, 11.8% had
substantial heart damage with elevated troponin I levels or cardiac
arrest during hospitalization. Another large-scale analysis of
44,672 confirmed cases indicated an increased mortality risk
for those with diabetes (7.3%), hypertension (6%), and cardiovas-
cular disease (10.5%), although the mortality rate remains highly
variable depending on the region (currently less than 4%
in Germany and China and more than 12% in France and Italy)
[84–88]. The case fatality rate for underlying cardiovascular disease
(10.5%) is larger than that for patients with underlying chronic
respiratory disease (6.3%) [84–88].
For COVID-19 patients in weak cardiac condition, increased

oxygen and energy demand imposed by viral illnesses is poorly
tolerated. Therefore, cardiac involvement is an important feature
of COVID-19 and is associated with a poor prognosis. Additional
evidence that aids in understanding the interplay between
COVID-19 and cardiovascular disease from clinical studies may
help to attenuate the risk for patients with preexisting
cardiovascular diseases or cardiovascular risk factors. COVID-19
patients suffer from cardiovascular injury, and it is necessary to
revisit the potential mechanisms underlying these cardiac
adverse effects to reexamine the possible drug–drug interac-
tions that might increase cardiovascular risk and to reassess the

therapeutic dosage of chloroquine or hydroxychloroquine in the
treatment of COVID-19.

SARS-COV-2-INDUCED CARDIOVASCULAR INJURIES
Cardiovascular complications of COVID-19
With the increasing number of confirmed cases and the
accumulating clinical data, it has become clearer that many
COVID-19 patients suffer from cardiovascular injury, which is
closely associated with worse disease progression in addition to
the typical respiratory symptoms caused by SARS-CoV-2 infection.
The cardiovascular complications of COVID-19 have drawn more
attention from both clinicians and investigators, although the
exact mechanism for the myocardial injuries caused by SARS-CoV-
2 is not completely understood [89–91]. Recently, new clinical
syndromes associated with coagulopathy and vasculopathy have
emerged as a cause of sudden death and other serious clinical
manifestations in younger COVID-19 patients [90]. Angiotensin-
converting enzyme 2 (ACE2), the receptor for SARS-CoV-2 and
other coronaviruses, is a transmembrane protein expressed by
lung alveolar epithelial cells, enterocytes, and vascular endothelial
cells whose physiological role is to induce the maturation of
angiotensin I to generate angiotensin 1-7, a peptide hormone that
controls vasoconstriction and blood pressure [92, 93].
The common cardiac manifestations of COVID-19 include acute

myocardial injury and arrhythmias. The overall incidence of acute
cardiac injury has been variable, but ~8%–12% of positive cases
are known to develop significant elevation of cTnI [94–96]. Both
tachy- and brady-arrhythmias have occurred in COVID-19 patients.
The incidence was much higher (44.4%) in patients who required
intensive care unit (ICU) admission than in those who did not
require ICU admission (8.9%) [86]. An estimated 11.8% of COVID-
19 deaths in China were associated with substantial heart damage
with elevated levels of cTnI or cardiac arrest during hospitalization,
although the deceased patients had no pre-existing cardiovascular
disease [87]. In another case study of 187 patients with COVID-19,
27.8% of patients had myocardial injury that caused cardiac
dysfunction and arrhythmias. Myocardial injury is significantly
associated with a fatal outcome for COVID-19 [97]. The prognosis
of patients with underlying cardiovascular disease but without
myocardial injury was relatively improved [97]. Another recent
study found that 16.7% of the 138 hospitalized patients with
COVID-19 had arrhythmias, and 7.2% of them had acute
myocardial injury [86].
Collectively, COVID-19 patients with severe symptoms often

have complications involving acute myocardial injury. Cardiac
injury had an increased prevalence among COVID-19 patients
requiring ICU admission. Myocardial injury-associated biomarker
levels were significantly higher in patients requiring ICU admission
than those in patients not treated in the ICU. Therefore, a full
understanding of the cardiovascular complications of COVID-19
may help in making more precise and effective therapeutic
decisions and improve outcomes by reducing mortality.

Cardiovascular complications after recovery from COVID-19
Although COVID-19 has been spreading rapidly and has caused a
global pandemic for several months, it is still too early to predict the
long-term outcomes for patients who recover from this illness.
However, there are reports of complications that occurred soon after
the resolution of the acute symptoms [84–88]. Case reports from
Italy showed fulminant myocarditis in a convalescent patient one
week after respiratory symptoms were resolved [98]. Moreover,
sudden cardiac death (SCD) was found to be likely to occur in many
nonhospitalized patients with mild symptoms, who were found
dead at their home during self-quarantine in the epicenter of the
COVID-19 outbreak in Italy [98]. Insidious cardiovascular injury might
be a potential trigger of SCD. Therefore, biomarkers for myocardial
injury (cTnI and NT-proBNP) and coagulation (D-dimer) should be
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evaluated early after hospitalization in all COVID-19 patients to
attenuate risk and promote intervention. The concern is that
background inflammation may persist and evolve silently and
manifest later in an insidious manner. There may be chronic
sequelae even after an apparent “complete recovery”. Even after
hospital discharge, myocardial injury might result in ventricular
fibrosis, which may lead to cardiac arrhythmias and SCD. Important
lessons should be learned from previous experiences with SARS, a
disease caused by SARS-CoV that shares considerable similarity with
SARS-CoV-2. Many survivors from the epidemic develop avascular
necrosis, pulmonary fibrosis, and dyslipidemia [99–101]. Thus,
cardiovascular involvement may persist long after the resolution of
the acute illness. These latter manifestations are particularly
important because they represent cardiovascular risk factors that
may lead to further cardiovascular injury. Therefore, careful follow-
up of cured COVID-19 patients would be critical for understanding
the long-term impact of this illness and the protection of these
patients from future cardiovascular disease.

Potential mechanisms for SARS-CoV-2-induced cardiovascular
injuries
Understanding the effects of SARS-CoV-2 infection on the
cardiovascular system is essential to provide comprehensive
medical care for cardiac patients. Several studies have shown
that high expression of ACE2 is key for SARS-CoV-2 to enter into
human lung, heart, kidney, and liver cells. Single-cell RNA-seq
analysis of the ACE2 receptor in major human physiological
systems revealed that the lung and heart are vulnerable to SARS-
CoV-2 infection [102]. It was reported that the blood concentration
of Ang II in COVID-19 patients is higher than that in healthy
controls and positively correlated with SARS-CoV-2 virus loads
[103]. Downregulation of ACE2 by SARS-CoV-2 infection may cause
an increase in Ang II and vascular endothelial injury, increased
blood pressure, and reduced contraction function. Clinical

evidence has also shown that increased viral loads are linked to
an increase in cardiac enzymes such as hs-TnI and CK-MB and
myocardial injury [103]. Pathological manifestations also included
interstitial mononuclear inflammatory infiltrates in the hearts of
COVID-19 patients [84]. The cytokine storm caused by SARS-CoV-2
infection may lead to further cardiovascular injury. COVID-19
patients had increased blood concentrations of interleukin (IL)-2,
IL-7, granulocyte-colony stimulating factor (G-CSF), interferon-γ-
inducible protein 10 (IP-10), monocyte chemoattractant protein 1
(MCP1), macrophage inflammatory protein 1-α (MIP-1α), and
tumor necrosis factor-α (TNF-α) [86, 88]. Unbalanced reactions of
Th1 and Th2 cells, increases in CCR6+ Th17 cells and decreases in
CD4+/CD8+ T cells are also observed in COVID-19 patients [86, 88].
A similar cytokine profile was found to be associated with the
severity of COVID-19 disease. Increased inflammatory reactions
and cytokine storms lead to tissue swelling, ischemia-reperfusion
injury, and heart failure in COVID-19 patients. Severe hypoxia from
acute respiratory damage caused by SARS-CoV-2 infection may
impair the myocardial oxygen demand-supply relationship and
result in myocardial injury from increased myocardial oxygen
demand in the presence of severe hypoxia due to acute lung
injury. In addition to the altered myocardial demand-supply ratio,
increased coronary blood flow due to systemic inflammation and
increased shear stress may lead to plaque rupture and result in
acute myocardial infarction. The prothrombotic milieu associated
with exaggerated systemic inflammation may further aggravate
the risk. Cerebrovascular disease and ischemic stroke associated
with COVID-19 were reviewed, and it seems that SARS-CoV-2
infection was more likely to induce ischemic stroke than influenza
A infection [104–106].
Therefore, as shown in Fig. 2, the potential mechanisms

underlying SARS-CoV-2-induced cardiovascular effects may be
complex, with the involvement of (1) direct viral infection of
cardiac myocytes by SARS-CoV-2; (2) systemic inflammation and

Fig. 2 Potential mechanisms of SARS-COV-2-induced injury of multiple organs and pharmacological effects of hydroxychloroquine on
COVID-19 Blue arrows indicate the actions of SARS-COV-2. ACE2 is key for SARS-CoV-2 to enter into cells in human organs such as the lung
and heart. The injuries of organs and cells are caused by (1) direct SARS-CoV-2 viral infection of cells; (2) systemic inflammation and immune
overreactions, including cytokine storms and imbalances in T cells, helper T cells and regulatory T cells; (3) acute respiratory and hypoxia
stress, including an altered myocardial demand-supply ratio, plaque rupture and coronary thrombosis due to respiratory failure and
hypoxemia; and (4) endothelial cell involvement across vascular beds of different organs in COVID-19 and direct viral infection of endothelial
cells and diffuse endothelial inflammation (endotheliitis), which could explain the systemic impaired microcirculatory function in different
vascular beds and the resulting clinical sequelae in patients with COVID-19. Red dashed lines indicate the potential mechanisms of the
therapeutic and toxic effects of hydroxychloroquine on SARS-CoV-2 and the organs in COVID-19 patients.
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immune overreactions, including cytokine storm and imbalances
in T cells, helper T cells and regulatory T cells; (3) acute cardiac
stress, including an altered myocardial demand-supply ratio,
plaque rupture and coronary thrombosis due to respiratory failure
and hypoxemia; and (4) endothelial cell involvement across
vascular beds of different organs in COVID-19 and direct viral
infection of endothelial cells and diffuse endothelial inflammation
(endotheliitis), which could explain the systemic impaired micro-
circulatory function in different vascular beds and the resulting
clinical sequelae in patients with COVID-19 [107].

CONCLUSIONS
From both the pharmacological and cardiovascular points of view,
it is urgent to perform a systematic evaluation of the efficacy and
safety of the current therapy of COVID-19 with chloroquine and
hydroxychloroquine and associated combination therapies. It is
extremely important to show caution and to closely monitor
cardiovascular function with electrocardiography because the
adverse effects of these drugs on the cardiovascular system,
especially in COVID-19 patients with cardiovascular conditions and
injury as well as kidney and liver diseases, these effects are
potentially fatal.
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