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Abstract

The COVID-19 caused by SARS-CoV-2 poses a huge challenge to the medical system, especially the safe and effective COVID-
19 treatment methods, forcing people to look for drugs that may have therapeutic effects as soon as possible. Some old
drugs have shown clinical benefits after a few small clinical trials attracting great attention. Clinically, however, many drugs
including those currently shown to be effective against COVID-19 such as chloroquine, hydroxychloroquine, azithromycin and
lopinavir/ritonavir may cause cardiotoxicity through acting on cardiac potassium channel, hERG channel due to their off-target
effect. Blocking of hERG prolongs QT intervals on the electrocardiogram and thus might induce severe ventricular arrhythmias
and even sudden cardiac death. Therefore, while focusing on the efficacy of COVID-19 drugs, the fact that they block hERG
to cause arrhythmias can not be ignored. To develop safer and effective drugs, it is necessary to understand the interactions
between drugs and hERG channels and the molecular mechanism behind this high affinity. In this review, we focus on the
biochemical and molecular mechanistic aspects of related drug blockade in the hERG trying to provide insights into the QT
interval prolongation caused by potential therapeutic drugs for COVID-19 and hope to weigh the risks and benefits when using
related drugs.

Keywords: COVID-19; drugs; hERG channel; QT interval; long QT
syndrome (LQTS)

Introduction

By the end of May 2020, in the six months since the end of 2019, the COVID-19 caused by SARS-CoV-2 swept
the world, with more than 6 million infections and over 350,000 dead, making it the most terrifying killer
of human life recently. The COVID-19 pandemic urgently requires effective and safe treatments that enable
people to strive for rapid research and application of drugs, and at least 12 potential COVID-19 treatments
are now being tested. This is a race against COVID-19(Kupferschmidt and Cohen 2020). However, although
a series of drugs approved for other indications and a variety of research drugs are being studied in hundreds
of clinical trials (available at ClinicalTrials.gov) around the world, there is currently no FDA approval of
COVID-19 drugs(Jan et al. 2020, Panel. 2020). In the treatment guidelines issued on April 21, the National
Institutes of Health (NIH) pointed out that at present, there are no drugs proven to be safe and effective in
the treatment of COVID-19(Panel. 2020).

Early, some compounds have shown to be beneficial to patients after small clinical randomized trials, such
as antimalarial drugs(Mercuroet al. 2020, Saleh et al. 2020, Wang et al. 2020, Yao et al. 2020), antiviral
drugs(Cao et al. 2020a, Hunget al. 2020), and so on. However, the evidence of the effective treatment of
these drugs is still insufficient, and part of them, such as chloroquine, due to the advocate of some public
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figures, may hinder the research of new potential therapeutic drugs(Ledford 2020). In addition, a noticeable
problem is that these drugs may increase the risk of QT interval prolongation and ventricular arrhyth-
mias(Giudicessiet al. 2020, Naksuk et al. 2020). A statement from the Canadian Cardiovascular Society
(CCS) recommended that unnecessary drugs be discontinued, especially chloroquine, hydroxychloroquine,
azithromycin, and lopinavir/ritonavir, and baseline electrocardiograms should be performed in high-risk pa-
tients(Sapp et al. 2020). In such cases, we have reviewed the QT prolongation reports of therapeutic drugs
of COVID-19 and found that the use of drugs mentioned above alone or in combination has the risk of
prolonging the QT interval, and even chloroquine and hydroxychloroquine have been listed as drugs that
can cause direct myocardial toxicity. More importantly, patients with potential congenital arrhythmias, par-
ticularly long QT syndrome (LQTS), are at greater risk of fatal arrhythmias, such as Torsades de Pointes
(TdP), during receiving the above drugs(Giudicessi et al. 2020, Kannankeril et al. 2010).

It is well known that many factors participate in prolonging QT interval, mainly divided into congenital LQTS
(cLQTS) caused by genetic mutation and acquired LQTS (aLQTS) mainly due to the drug off-target effects,
named as drug-induced LQTS (diLQTS), which can both cause TdP(Cubeddu 2016, Schwartz and Woosley
2016). Importantly, the hERG (Kv11.1) channel is the main target of drugs in diLQTS(Kannankerilet
al. 2010, van Noord et al. 2010). Many drugs have been withdrawn from the clinic because of their severe
potential arrhythmia targeting the hERG channel, including antibiotics, antivirals, antifungals, antimalarials,
antidepressants, and so on(Cubeddu 2016, Mladěnka et al. 2018). The potential for hERG involvement in
drug-associated arrhythmia is so strong that we need to pay more attention to the biological characteristics
of hERG itself(Butleret al. 2019). Explaining and understanding the high affinity of drugs with the hERG
channel requires revealing the molecular basis for hERG interactions with drugs to produce safer treatment
drugs for diseases including COVID-19.

1. hERG channel
2. The significance of the hERG channel

hERG channel is also known as Kv11.1 channel or ERG1 potassium channel. hERG gene encodes the pore-
forming alpha subunit of a fast component of the delayed rectifier potassium channel (IKr), which plays a
fundamental role in the three-phase repolarization of the ventricular action potential, i.e., the repolarization
of cardiac myocytes(Vandenberg et al. 2012). The dysfunction of hERG channel contributes to partial
or complete reduction of IKrcurrent, resulting in prolonged action potential duration(Smith et al. 2016),
manifested as a prolonged period of QT interval on electrocardiogram (ECG) (Figure1b), and if the extension
exceeds the normal range (440 ms in men, 460 ms in women) becomes LQTS(Schwartz and Ackerman 2013,
van Noord et al. 2010). Clinically, LQTS caused by hERG deficiency is called type 2 LQTS (LQT2), which
is the second most common subtype of LQTS(Kapplinger et al. 2009).

The electrical activity of the heart is mediated by regulating the channels in which ions flow into and out
of cardiomyocytes. Theoretically, the ion currents that constitute the ventricular action potential include
inward and outward currents, and the balance of outward and inward current is the key to the formation
of normal action potential duration. Na+ and L-type Ca2+ currents (INa and ICaL) are the most important
inward currents in cardiomyocytes, and k+ current (IK) is the major outward currents. Increased inward
current or weakening of outward currents can result in a prolongation of action potential duration, leading
to a prolonged QT interval (Figure1a)(van Noordet al. 2010). Excessive prolongation can facilitate the
production of early after depolarization (EAD) in three-phase repolarization that will trigger TdP and even
ventricular fibrillation if it reaches its threshold(Albert and Schuller 2014).

A decrease in outward potassium currents causing longer repolarization time due to the blocking of hERG,
the effect of which is consistent with strengthening sodium or calcium currents. Therefore, the effect of drug
inhibition on hERG channels appears to be corrected by drugs that block INa and ICaL. A classical example
is amiodarone, a widely used class III antiarrhythmic drug, that shows an inhibition of multiple ion channels
to balance the blocking of IKr, so it has rare malignant arrhythmia events generated by potassium channel
blockage. However, cardiac and non-cardiac QT-prolonging drugs are often easy to target the hERG channel
but not other ion channels to cause arrhythmias. Drugs with single ion channel effects and non-cardiac drugs
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that act on hERG are inevitably potentially arrhythmogenic. Given the importance of this matter, many
studies have focused on revealing hERG biological characteristics to explain possible mechanisms of drug
action and made some progress.

hERG biogenesis and quality control

hERG (ERG1) gene or KCNH2 is located on chromosome 7q35-36(Heet al. 2020, Vandenberg et al. 2012).
There are at least three alternative KCNH2 transcription start site transcribed in the nucleus to produce
mRNA, which encodes transcripts called KCNH2-1a, KCNH2-1b, and KCNH2-3.1, respectively. Nonsense-
mediated mRNA decay (NMD) maintains KCNH2 mRNA stability and protects cells from abnormal protein
production through degradation of nonsense mutation possessing premature termination codons(Gong et al.
2007). Detected by NMD, qualified mRNA migrates to the ribosome for translation to generate the nascent
polypeptide chain, and then undergoes core glycosylation (135KDa) in the endoplasmic reticulum (ER). The
correctly folded peptide chain will enter the Golgi apparatus for further complex glycosylation (155KDa)
(Figure2)(Foo et al. 2016, He et al. 2020, Nogawa and Kawai 2014).

The process of hERG protein biogenesis synthesis including folding, assembly, and translocation requires
assistance from molecular chaperones, the most important of which is the heat shock protein (Hsp) fam-
ily(Ficker et al. 2003, Iwai et al. 2013, Li et al. 2011, Zhang et al. 2014). Hsp70 and its homologous Hsc70
participate in the folding of nascent hERG and is believed that to modulate the hERG channel in a recip-
rocal way(Li et al. 2011, Zhang et al. 2014). Hsp70 suppresses hERG ubiquitination and increases hERG
levels while Hsc70 reverses these effects (Li et al. 2011). Hsp90 reduces aggregation of misfolded protein and
hERG ubiquitination by preventing interaction between endogenous C-terminus of Hsp70-interacting protein
(CHIP) and hERG proteins(Ficker et al. 2003, Iwai et al. 2013). Specifically, Hsp40, as a co-chaperone for
Hsp70, is thought to regulate hERG degradation(Walkeret al. 2010). Type I Hsp40s, DNAJA1, and DNAJA2
can weaken the interaction between hERG and Hsc70 to promote the early degradation of hERG(Walker
et al. 2010). Moreover, DNAJB12 and DNAJB14 also promote the tetramer assembly of hERG channel
subunits through a mechanism independent of Hsp70 in the ER (Figure2)(Li et al.2017).

The mature protein will be transported to the plasma membrane to function. In reverse, if protein glyco-
sylation cannot be done properly, the unqualified protein will retain in the ER or return to the ER from
Golgi, and then up-regulate the levels of the ER molecular chaperone to cope with the condition. Neverthe-
less, if losing balances it will trigger ER stress coping responses, namely unfolded protein response (UPR)
associated with the ubiquitin-proteasome system (UPS) for degradation, named ER-associated degradation
(ERAD) (Figure2)(Wanget al. 2015). Another way of quality control is to rely on ubiquitination at the
plasma membrane (PM) essential for cell homeostasis(Apaja and Lukacs 2014, Foo et al. 2016, Zhanget
al. 2014). hERG protein on PM will internalize into clathrin-coated vesicles upon ubiquitination under
the assistance of Caveolin (Cav), dynamin, and Arf6 (Zhang et al. 2014). Internalized proteins labeled by
ubiquitin can be degraded by lysosomes or proteasomes, otherwise recycled back to the PM (Figure3)(Foo
et al. 2016, Zhang et al. 2014). Many factors such as temperature, hypoxia, pH, potassium concentration,
sex hormones, etc. can affect hERG protein maturation. Therefore, by altering the relevant factors that
affect hERG maturation in the body, the drug can produce an effect of inhibiting or enhancing the function
of hERG, which may further promote it to be the target of many drugs and also makes the regulation of
hERG channel generation very complicated.

hERG structure and gating kinetics

hERG channel shares structural homology with other Kv channels(Whicher and MacKinnon 2016). The
hERG channel act as a tetramer and four hERG subunits are arranged in a ring-shaped manner rather
linearly arranged on the membrane(Vandenberg et al. 2012). Each subunit has six transmembrane fragments
(S1 -S6), the N-terminal Per-Arnt-Sim (PAS) domain, and the C-terminal cyclic nucleotide-binding domain
(cNBD) (Barros et al. 2020, Shi et al. 2020, Warmke and Ganetzky 1994). S1-S4 functions as a voltage-
sensing domain (VSD) and S4 provides the most important component of transmembrane voltage sensing
with several positively charged residues(Barros et al. 2012). Two other transmembrane helices S5-S6 coupling

3



P
os

te
d

on
A

u
th

or
ea

15
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

22
53

45
.5

53
26

99
7

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

with the intermediate pore loops of the four subunits constitutes the ion permeation pore-gate domain (PD)
consisting of the permeation pathway, the potassium selectivity filter, and the channel gate (Figure4b)(Barros
et al.2020, Wang et al. 2011). Importantly, N-terminal and C-terminal are respectively involved in the
inactivation of the hERG channel (N-type inactivation and C-type inactivation)(Barros et al. 2012, Shi et
al. 2020) and are also the binding sites of Hsp(Iwaiet al. 2013). Therefore, an interaction between hERG
blocking drugs and Hsp may involve a change of gating kinetics.

Recently, the new hERG structure obtained from cryo-electron microscopy (cryo-EM) has aroused great
attention, deleted most of the expected unstructured cytoplasmic regions (Δ141–350 at the N-terminal and
Δ871–1005 at the C-terminal) (Figure4a)(Wang and MacKinnon 2017). The structure with a resolution
of up to 3.8 Å retains the gating properties similar to full-length channels because it does not change the
major function of the hERG channel already recognized. It provides new insights into the molecular basis
of high-affinity for hERG drugs block, the binding of hERG activators, and the molecular basis of hERG
unique gating kinetics by demonstrating the important special structure of compounds binding(Butler et al.
2019, Vandenberg et al.2017).

Similar to other voltage-gated potassium channels, the hERG channel has three different conformational
states, namely closed, open, and inactivated, respectively(Shi et al. 2020, Vandenberg et al. 2017, Vandenberg
et al. 2012). However, hERG has its unique gating kinetics with slow activation and deactivation, but faster
inactivation and recovery from inactivation, and these state changes depend on voltage changes(Shi et al.
2020, Vandenberg et al. 2017), leading to the inward rectifying characteristic(Smithet al. 1996, Spector et
al. 1996). The altering rate of inactivation and deactivation reflects the potential potency of drug block.

In the early stage of the action potential, the hERG channel slowly opens, but rapidly inactivates. As de-
polarization voltage continues to decrease, hERG gradually recovers from inactivation(Witchel et al. 2001).
Due to recovery from inactivation, hERG currents improve during repolarization followed by a much slower
deactivation (Figure1c)(Barros et al. 2012, Vandenberg et al. 2017). Drugs can affect the opening and closing
process of the channel, resulting in the activation curve shifts left or right and the tail current decay process
becomes faster or slower. More recently, the selectivity filter at the hERG channel was reported as a phar-
macological master mechanism to open potassium channels(Schewe et al. 2019). That offers a substantial
boost in designing channel activators to rescue aLQTS or diLQTS. Because of the unique structure and
gating kinetics of the hERG channel, in-depth understanding and research of molecular basis under different
channel states will bring us help to develop safer drugs.

Pharmacology of hERG channel

As we all know, IKr is the target of class III antiarrhythmic drugs like dofetilide, amiodarone, D-sotalol, etc.
These drugs produce voltage- and dose-dependent hERG channel blockade. DiLQT results from off-target
inhibition by a variety of compounds, most commonly because the drugs directly block the ion pathways(van
Noordet al. 2010, Wang and MacKinnon 2017). In the past decades, considerable progress has been made in
understanding the structural characteristics of drugs combined with hERG channels. The following insights
were gradually formed: (i) Blockers gain access to a binding site that require the channel opening due to
the drug binding located in the central cavity of the channel PD(Mitcheson et al. 2000, Vandenberg et
al. 2012). (ii) Two key aromatic residues (Tyr652 And Phe656) on S6 are the most critical drug-binding
sites(Butleret al. 2019) and blockers can be trapped in the inner vestibule by closing the activation gate
once them inside the pore (Figure4c, Figure1d)(Tamargo et al. 2004). (iii) The cavity of the hERG channel
is so large (the lack of Pro-X-Pro sequences in the S6) that it is sufficient to capture drugs at least as large
as MK-499(Mitchesonet al. 2000, Tamargo et al. 2004). (iv) Most high-affinity drugs preferentially combine
the inactivated state rather than the open state because mutations losing of inactivation reduce the affinity
of some blockers, while mutations accelerating inactivation enhance the blocking potency(Perrin et al. 2008,
Vandenberg et al.2017).

3.1 Structural basis of drug binding

Many studies have reported the importance of multiple aromatic residues for drug blockade based on the ho-
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mology difference between other Kv channels via the mutagenesis of individual residues in the S6 helix(Hanet
al. 2015, Han et al. 2011, Jie et al. 2017, Rajamani et al. 2006, Sănchez-Chapula et al. 2003, Sánchez-Chapula
et al. 2002, Takemasa et al. 2008). Among them, two aromatic residues of S6 Tyr652 and Phe656 is parti-
cularly significant. Their mutations can attenuate the drug blocking effect, confirming their high affinity for
drug binding. It is believed that the Y652A and F656A mutations decrease the inhibitory effect by 17 times
and 75 times, respectively(Helliwell et al. 2018). Chloroquine generates the effect of channel block can be
restored by mutation of Tyr-652 showing that these key sites to block channels(Sánchez-Chapulaet al. 2002).

In addition to the two key residues mentioned above, other residues at the bottom of the pore helix,
Thr623, Ser624, and Val625 and Phe557 on the S5 helix also contribute to drug binding, equally potent
as Y652(Mitcheson et al. 2000, Saxena et al. 2016). The cryo-EM structure does not alter the basic feature
of the hERG channel and retains all the functions essential for drug binding, which illustrates why these
special amino acids of drug biding are so important(Wang and MacKinnon 2017). The positions of these
amino acids in the sequence and molecular structure are highlighted and they are arranged on the surface of
elongated, relatively hydrophobic pouches protruding from the central cavity(Wang and MacKinnon 2017).
These pockets provide potential interaction sites for hERG blockers(Butleret al. 2019). To elucidate the che-
mical basis of drug binding, higher resolution structures will be needed and in combination with molecular
dynamics simulations, it can accurately identify where and how drugs bind to the hERG channel, and why
they bind differently to distinct conformation states of the channels.

Disruption of hERG channel Trafficking

As indicated earlier, the drugs binding into the pore region of the hERG channel exerts a direct blocking effect
that disrupts the conduction of ions through the pore. Many different structurally drug groups cause QT
prolongation targeting hERG through disrupting the trafficking of protein(Dennis et al. 2007, Kuryshev et
al. 2005, Nogawa and Kawai 2014). These drugs include arsenic(Ficker et al. 2004), pentamidine(Kuryshev
et al. 2005), fluconazole(Han et al.2011) and ketoconazole(Takemasa et al. 2008), fluoxetine(Hancox and
Mitcheson 2006), cardiac glycosides(Wang et al. 2007), rosuvastatin(Feng et al. 2019), thioridazine(Liu et
al.2020) and so on. Arsenic trioxide (As2O3) is the first example of a drug that produces hERG liability by
inhibition of channel protein trafficking through disrupting hERG-chaperone complexes(Ficker et al. 2004).
Up to 40% of all hERG blockers exert combined hERG block and trafficking inhibition(Dennis et al. 2011).
And as increasing drugs target the hERG channel, more drug studies have confirmed that the above two
mechanisms can work together and probably are mediated by different mechanisms (Han et al. 2011, Hancox
and Mitcheson 2006, Rajamani et al. 2006, Takemasa et al. 2008). It made the interfering effect of the hERG
channel more complicated.

In general, numerous drugs reduce the generation of hERG mature 155-kDa form by disrupting the forward
trafficking of hERG protein from ER to Golgi. This process is associated with molecular chaperones that
help protein folding and assembling. For instance, inhibition of chaperone Hsp90 prevents maturation and
promotes the proteasome degradation of hERG, thereby reducing the number of mature channels that can
be integrated into the cell membrane(Cubeddu 2016). Different maturation of hERG can be estimated by
comparing the expression levels of the two forms of this protein.

The mechanism of interference with hERG transport by drugs is similar to the class II mutation of LQT2
occurring due to congenital hERG mutation like A561V missense mutation, causing hERG channel traf-
ficking defects(Delisle et al. 2004, Smith et al. 2016). For diLQTS and cLQTS, protein retention in the ER
will induce high expression of molecular chaperones to promote protein maturation. Particularly, probucol
reduces hERG expression from the cell membrane via accelerating Cav1 turnover(Figure3)(Guo et al. 2011,
Guoet al. 2007). The antidepressant desipramine not only inhibits the forward transport of hERG but also
increases channel endocytosis and ubiquitination degradation (Figure3)(Dennis et al. 2011). Notably, in the
conditions of low extracellular potassium concentration, the caveolin-dependent internalization of hERG is
also enhanced (Massaeli et al. 2010), which is attributed to the monoubiquitination of hERG at the mem-
brane(Sun et al. 2011). There is currently no relevant evidence to support COVID-19 drugs that interfere
with the maturation of hERG. The safe application of these drugs may require detailed information about
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hERG blocking intracellular mechanisms.

Other mechanisms

Another issue worth considering is that many drugs may alter drug metabolism which may further increase
plasma levels of drugs that extend QT interval. Pharmacokinetic interactions usually involve agents me-
tabolized by cytochrome P450 enzymes(van Noord et al. 2010). P450 (CYP) 3A is the highest expression
subfamily, including isoforms CYP3A4, CYP3A5, CYP3A7, and CYP3A43(Eichelbaum and Burk 2001).
CYP3A4 is the isoforms expressed in the liver and intestine(Eichelbaum and Burk 2001), which can oxidize
a variety of drugs through many metabolic processes for detoxification(Dresser et al. 2000), and it is respon-
sible for about 60% of the metabolism of currently known drugs(Feng et al. 2018, Zhou et al. 2005). Clinically
important CYP3A4 inhibitors include antifungals (e.g. itraconazole and ketoconazole), macrolides (e.g. cla-
rithromycin and erythromycin), antihypertensives (e.g. dihydralazine, verapamil, and diltiazem), anti-HIV
drugs (e.g. ritonavir and delavirdine)(Dresser et al.2000, Zhou et al. 2005). These inhibitors can boost the
plasma concentration of itself or other drugs that directly act on hERG and enhance cardiotoxicity(Feng et
al. 2018, Zhi et al. 2015). In the list, ritonavir in lopinavir/ritonavir which has been shown to be effective
for the treatment of COVID-19 as a strong CYP3A4 inhibitor can increase the oral bioavailability of certain
HIV protease inhibitors, such as lopinavir(Dresser et al. 2000).

Potential treatment for COVID-19

According to the guidelines, there are no safe and effective drugs to kill SARS-CoV-2. The validity of the
drugs currently in clinical use, including chloroquine, hydroxychloroquine, azithromycin, lopinavir/ritonavir,
etc (Table1). are obtained from small clinical trials. Most of these studies have a relatively small sample size,
and some of them have the opposite results. Therefore, when prescribing the drugs above, consider not only
the results of the current trial but also the patient’s condition, as well as possible serious adverse reactions
and have careful assessment and choices until a comprehensive and reliable clinical trial is completed.

4.1 Chloroquine and hydroxychloroquine

Chloroquine (CQ) and hydroxychloroquine (HCQ) belong to quinoline antimalarial drugs, among which CQ
is the most widely used antimalarial drug in history(Haeusler et al. 2018). In the treatment of COVID-19,
CQ and HCQ have attracted a great deal of interest. An open-label, non-randomized study involving the
application of HCQ (combined with azithromycin in some patients) shows that HCQ treatment is signifi-
cantly associated with reduced/disappeared viral load in COVID-19 patients(Gautret et al. 2020). A small,
prospective, observational study also suggests that CQ/CQ ± azithromycin may be efficient on SARS-CoV-
2, but the use of these drugs alone or in combination may prolong the QT interval, and therefore increase
the incidence of TdP(Saleh et al. 2020). In vitro study also found that CQ and HCQ are very effective
in controlling SARS-CoV-2 infection(Wang et al. 2020), and HCQ is more effective than CQ in inhibiting
SARS-CoV-2 in vitro(Yao et al. 2020).

There are now more than 100 clinical trials aimed at testing CQ or HCQ against COVID-19 and even CQ
and HCQ have been used as standard treatments for COVID-19 patients in hospitals in some countries,
such as China(Ledford 2020). Unfortunately, CQ hype is derailing the search for coronavirus treatments,
even leading to the treatment available difficultly for patients with autoimmune diseases, which can result
in potentially life-threatening manifestations, for instance, lupus nephritis(Jakhar and Kaur 2020, Ledford
2020, Yazdany and Kim 2020). Despite this situation, the data supporting the treatment of COVID-19 with
CQ or HCQ is limited(Ledford 2020, Moore 2020, Yazdany and Kim 2020). In the treatment guidelines
issued on April 21, the National Institutes of Health noted that there are insufficient data to recommend or
oppose the use of CQ and HCQ for COVID-19 populations, and in COVID-19 patients receiving HCQ or
azithromycin, 11% -25% of them have excessive QT prolonged to greater than 500 ms(Chorin et al. 2020,
Panel. 2020). Therefore, better randomized controlled trials of CQ or HCQ are needed to effectively treat
COVID-19(Ferner and Aronson 2020).

It is well known that antimalarial drugs have cardiotoxicity(White 2007), and QT prolongation is the most
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common adverse reaction(Llanos-Cuentas et al. 2014). Although small doses of CQ and HCQ are generally
safe, both can block the Kv11.1 potassium channel(Giudicessi et al. 2020, Naksuk et al. 2020). Long-term
use of CQ and HCQ has been reported to induce QT prolongation and malignant arrhythmia(Chen et al.
2006, Stas et al.2008), chloroquine-induced TdP in a COVID-19 patient also reported(Szekely et al. 2020).
Antimalarial drug blocking hERG channel has also been found in heterologous expression models and animal
models(Sánchez-Chapula et al. 2001, Traebert et al. 2004). In feline ventricular cardiomyocytes, CQ blocks
several inward and outward membrane currents, and the order of potency is inwardly rectifying potassium
current (IK1)> IKr> INa> ICaL(Sánchez-Chapula et al. 2001). Besides, CQ also slows the significant rate of
hERG deactivation reflecting the dysfunction of drug-bound channels to close.(Sánchez-Chapula et al. 2002).
On the contrary, as reported by hERG-lite(Wible et al. 2005), a novel systematical high-throughput screen for
drug-induced hERG risk, CQ increases hERG transport(Borsini et al. 2012). The opposite result compared
with the reduction of current indicates that there may be a complex mechanism under hERG inhibition
induced by CQ. Besides, both CQ and HCQ are metabolized by CYP3A4, the risk of QT prolongation might
increase if combined with CYP3A4 inhibitors such as ritonavir/lopinavir or azithromycin(Naksuk et al. 2020,
Wuet al. 2020).

4.2 Azithromycin

Azithromycin, as a macrolide antibiotic, is thought to enhance the therapeutic effect of hydroxychloroquine
in COVID-19(Gautret et al. 2020). Similarly, a combination of azithromycin and CQ/HCQ was shown to
be helpful in the treatment of COVID-19, and there were no reports of death from fatal arrhythmic(Saleh
et al. 2020). However, considering the cardiotoxicity of antimalarial drugs themselves, whether azithromycin
when combined with them increases adverse reactions and whether we should use these drugs alone or in
combination to treat COVID-19 is something worth noting. As previously mentioned in a cohort study,
the effect of combined azithromycin on prolonging QT interval is more obvious(Mercuro et al. 2020), about
one-quarter of the QT is prolonged excessively(Chorin et al. 2020). Perhaps the azithromycin itself does
not usually cause a clinically significant prolongation of QT interval(Thomsen et al.2006), but its use in
combination with CQ or HCQ may theoretically increase the risk of TdP(Juurlink 2020). These conflicting
and poor-quality studies suggest that clinicians should carefully weigh risks and benefits and it may be
advisable to avoid these drugs until there is more effective clinical and experimental evidence.

Azithromycin is considered to be the least likely to cause arrhythmia because of the least cardiotoxicity,
with an estimated 47 added cardiovascular deaths per one million courses according to the report(Ray et al.
2012). Indeed, studies have confirmed that the rank order of arrhythmogenicity is estimated to be erythro-
mycin> clarithromycin> roxithromycin> azithromycin(Milberg et al. 2002, Ohtani et al. 2000). Specially,
azithromycin suppress IKr current only under the condition of 50 times clinical related concentration (2075
mg/L), and the inhibition rate is about 30%(Zhang et al. 2017). And so, not surprisingly, compared with
dofetilide proved to be an hERG channel blocker, azithromycin has no same electrophysiological effects and
thus azithromycin is said to be safe(Avedissian et al. 2019, Thomsen et al. 2006). However, based on the
evidence of macrolides (such as erythromycin) targeting of hERG channels(Volberg et al. 2002), it is ne-
cessary to further investigate the interaction of azithromycin with hERG, even though azithromycin mainly
increases cardiac Na+current while only slightly blocks IKr(Yang et al. 2017). Moreover, azithromycin as a
weaker CYP3A4 inhibitor than homologous antibiotics may increase the risk of QT prolongation when used
in combination with antimalarial drugs in treating COVID-19(Wuet al. 2020). This seems to explain that
azithromycin in combination with CQ or HCQ has a more significant QT prolongation effect.

4.3 Lopinavir/ritonavir

The HIV protease inhibitor class of antiretroviral drugs has obvious benefits for HIV. As an important
CYP3A4 inhibitor, ritonavir can enhance the effect of other protease inhibitors such as lopinavir and ata-
zanavir(Soliman et al. 2011, Zhou et al. 2005). The combined preparation lopinavir/ritonavir has aroused
widespread interest after conducting a clinical trial for COVID-19(Cao et al. 2020a). The randomized trial
found that for severe COVID-19 patients, lopinavir/ritonavir (400 mg and 100 mg, respectively) treatment
does not significantly promote clinical improvement, reduce mortality or reduce the detectability of throat
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RNA of SARS-CoV-2, but it is beneficial for some secondary outcomes (e.g. a shorter time to stay in the
intensive care unit (ICU)(Cao et al. 2020a, Stower 2020). Subsequently, although researchers advocated that
lopinavir/ritonavir can be used as an alternative treatment guideline for COVID-19 before the completion of
the World Health Organization SOLIDARITY trial(Cao et al. 2020b), the side effects including QT duration
extension have raised concerns about the higher dose or longer treatment of this program. And based on the
available evidence, it is uncertain whether lopinavir/ritonavir and other antiretroviral drugs can ameliorate
clinical outcomes or prevent infection in patients with high-risk COVID-19(Ford et al. 2020). More recently
it has been reported that triple combination of interferon beta-1b, lopinavir/ritonavir, and ribavirin are
safer and superior to lopinavir /ritonavir alone in alleviating symptoms in patients with mild to moderate
COVID-19(Hung et al. 2020). But the same question remains on how to balance the risks and benefits.

The evidence of the HIV protease inhibitor-induced arrhythmia is sufficient(Anson et al. 2005, Cao et al.
2020a, Gallagheret al. 2008, Han et al. 2015, Kikuchi et al. 2002, Soliman et al. 2011, Vicente et al. 2019). In
vitro, lopinavir, nelfinavir, ritonavir, and saquinavir caused a dose-dependent hERG channel blockade(Anson
et al. 2005). A randomized clinical trial showed that the treatment with ritonavir-enhanced protease inhi-
bitors and non-enhanced regimens had similar effects on QT duration(Soliman et al. 2011), suggesting that
combined treatment regimens may be more beneficial with fewer side effects, and for QT prolongation the
role of the agent ritonavir as an enhancer might not be so important. Particularly, ritonavir 100 mg does
not cause QTc prolongation in healthy subjects(Sarapa et al. 2008), so it as a CYP3A4 inhibitor alone may
only generate side effects when increasing the blood concentration of related drugs.

Except atazanavir, there is no relevant evidence to support whether other protease inhibitors affect hERG
maturation and expression on the plasma membrane(Han et al. 2015). It has been confirmed that HIV
protease inhibitors induce ERS in intestinal epithelial cells(Wuet al. 2010) and ERS can down-regulate
cardiac ion channel expression(Liu et al. 2018). Referring to the effect of rosuvastatin on hERG(Feng et al.
2019), ERS may play an important role in diLQTS. Whether hERG is affected by ERS requires further
verification.

Future directions

Various factors can affect the hERG channel to induce QT interval prolongation, and QT prolongation may
also be the result of multiple ion channel actions. In the course of COVID-19, in addition to affecting the
lungs, causing interstitial pneumonia and severe acute respiratory distress syndrome (ARDS), SARS-CoV-2
also damages multiple organs due to massive inflammatory factors, especially the cardiovascular system,
leading to a variety of cardiac problems such as arrhythmia and myocarditis(Guzik et al. 2020, Inciardi et al.
2020, Zhenget al. 2020). In such cases, the cardiotoxicity of relevant therapeutic drugs may be obscured by
the disease itself, so it is necessary to conduct comprehensive clinical management to consider whether to use
these drugs, and if necessary, monitoring ECG is necessary. Most drug interaction with hERG channel induces
a prolonging QT interval that is considered as a major risk factor in pharmaceutical drug development and
in addition to hERG channels, drugs acting on many ion channels causing severe arrhythmias have become
a limiting factor for their clinical use(Denning et al. 2016). Therefore, low cardiotoxicity might be a basic
requirement before the drug enters clinical use, which requires a sensitive and effective experimental platform
to carry out rigorous in vitro experiments, and it also requires tremendous effort for preclinical management.

In 2013, the U.S. Food and Drug Administration proposed an international initiative termed the Comprehen-
sive In Vitro Arrhythmia Assay (CiPA), which recommends that multi-electrode array (MEA) can be used
as a measurement tool, combined with human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC
-CMs) to conduct a preclinical assessment of the drug to evaluate the risk of TdP. The CiPA initiative
requires a comprehensive ion current effect, not just IKr, to evaluate drug safety, and hiPSC-CMs will write
a new chapter of safety assessment guidelines(Denning et al. 2016). Compared with heterologous system and
animal models in research cLQTS or diLQTS, hiPSC-CMs as an autologous source of the reprogrammed cell
shows a huge advantage. Although still immature(Veerman et al. 2015), they almost completely reproduce
the phenotype of cardiomyocytes in vitro because they contain multiple ion channels that constitute the AP
of cardiomyocytes(Ma et al. 2011). The results of hiPSC -CMs for proarrhythmia prediction under CiPA
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would serve as predictive indicators to the ion channel and in silico modeling prediction of proarrhythmic
risk(Blinova et al. 2017). More importantly, individual-derived somatic cells with gene mutations can also
be reprogrammed to differentiate into disease-specific cardiomyocytes, such as LQTS-hiPSC-CMs(Egashira
et al. 2012, Itzhaki et al. 2011, Portero et al. 2017, Sala et al. 2019, Wuriyanghaiet al. 2018) and BrS-hiPSC-
CMs(Belbachir et al. 2019, Kosmidis et al. 2016), from LQTS and Brugada syndrome patients, respectively,
which has a considerable significance for studying gene-drug interactions. MEA is a high-throughput scree-
ning tool for cellular electrical activity, whose measured field potential duration (FPD) reflects the QT
interval and to some extent the activities of various ion channels(Nozaki et al. 2014).

Combined with hiPSC-CMs and MEA, many drugs can be screened sensitively and efficiently(Nozaki et al.
2014), with great potential and advantages in reducing the cost of drug development compared with the use
of immortalized cell lines or animal models. Furthermore, disease-specific hiPSC-CMs can detect effective
treatments in vitro that can perform effectively clinical translation(Mehta et al. 2018, Schwartz et al. 2019). In
the future, related work should focus more on systemizing and standardizing hiPSC-CMs/MEA applications
for comprehensive preclinical drug safety screening, and generating systematic, large-scale, and available drug
safety data to further guide clinical practice. And for those drugs that must be used but have cardiotoxicity
including QT prolongation, it is still necessary to further clarify the molecular mechanism behind to try
possible rescue strategies. LUF7346 as an hERG channel allosteric modulators was recently shown that it
can reverse congenital and drug-induced hERG channel blockade in hiPSC-CMs and heterologous expression
models through binding to sites in the channel that are different from traditional drug binding sites to induce a
conformational change in the channel(Salaet al. 2016). However, an excessively shortened QT interval caused
by related rescue strategies is also a problem worthy of attention. The goal of precision medicine may be
truly achieved through studies into clinical translation only after a comprehensive assessment of risks and
benefits.

References

Albert RK & Schuller JL (2014). Macrolide antibiotics and the risk of cardiac arrhythmias. American journal
of respiratory and critical care medicine, 189(10): 1173-1180. doi: 10.1164/rccm.201402-0385CI.

Anson BD, Weaver JGR, Ackerman MJ, Akinsete O, Henry K, January CT, et al. (2005). Blockade of HERG
channels by HIV protease inhibitors. Lancet (London, England), 365(9460): 682-686. doi: 10.1016/S0140-
6736(05)17950-1.

Apaja PM & Lukacs GL (2014). Protein homeostasis at the plasma membrane. Physiology (Bethesda), 29(4):
265-77. doi: 10.1152/physiol.00058.2013.

Avedissian SN, Rhodes NJ, Ng TMH, Rao AP & Beringer PM (2019). The Potential for QT Interval Pro-
longation with Chronic Azithromycin Therapy in Adult Cystic Fibrosis Patients. Pharmacotherapy, 39(6):
718-723. doi: 10.1002/phar.2270.

Barros F, de la Peña P, Domı́nguez P, Sierra LM & Pardo LA (2020). The EAG Voltage-Dependent K+

Channel Subfamily: Similarities and Differences in Structural Organization and Gating. Front Pharmacol,
11: 411. doi: 10.3389/fphar.2020.00411.

Barros F, Domı́nguez P & de la Peña P (2012). Cytoplasmic domains and voltage-dependent potassium
channel gating. Front Pharmacol, 3: 49. doi: 10.3389/fphar.2012.00049.

Belbachir N, Portero V, Al Sayed ZR, Gourraud JB, Dilasser F, Jesel L, et al. (2019). RRAD mutation causes
electrical and cytoskeletal defects in cardiomyocytes derived from a familial case of Brugada syndrome. Eur
Heart J, 40(37): 3081-3094. doi: 10.1093/eurheartj/ehz308.

Blinova K, Stohlman J, Vicente J, Chan D, Johannesen L, Hortigon-Vinagre MP, et al. (2017). Comprehensive
Translational Assessment of Human-Induced Pluripotent Stem Cell Derived Cardiomyocytes for Evaluating

9



P
os

te
d

on
A

u
th

or
ea

15
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

22
53

45
.5

53
26

99
7

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Drug-Induced Arrhythmias. Toxicological sciences : an official journal of the Society of Toxicology, 155(1):
234-247. doi: 10.1093/toxsci/kfw200.

Borsini F, Crumb W, Pace S, Ubben D, Wible B, Yan GX, et al. (2012). In vitro cardiovascular effects of
dihydroartemisin-piperaquine combination compared with other antimalarials. Antimicrob Agents Chemo-
ther, 56(6): 3261-70. doi: 10.1128/aac.05688-11.

Butler A, Helliwell MV, Zhang Y, Hancox JC & Dempsey CE (2019). An Update on the Structure of hERG.
Frontiers in pharmacology, 10: 1572. doi: 10.3389/fphar.2019.01572.

Cao B, Wang Y, Wen D, Liu W, Wang J, Fan G, et al. (2020a). A Trial of Lopinavir-Ritonavir in Adults
Hospitalized with Severe Covid-19. N Engl J Med. doi: 10.1056/NEJMoa2001282.

Cao B, Zhang D & Wang C (2020b). A Trial of Lopinavir-Ritonavir in Covid-19. Reply. N Engl J Med,
382(21). doi: 10.1056/NEJMc2008043.

Chen CY, Wang FL & Lin CC (2006). Chronic hydroxychloroquine use associated with QT prolongation
and refractory ventricular arrhythmia. Clin Toxicol (Phila), 44(2): 173-5. doi: 10.1080/15563650500514558.

Chorin E, Dai M, Shulman E, Wadhwani L, Bar-Cohen R, Barbhaiya C, et al. (2020). The QT inter-
val in patients with COVID-19 treated with hydroxychloroquine and azithromycin. Nature Medicine. doi:
10.1038/s41591-020-0888-2.

Cubeddu LX (2016). Drug-induced Inhibition and Trafficking Disruption of ion Channels: Pathogenesis of
QT Abnormalities and Drug-induced Fatal Arrhythmias. Current cardiology reviews, 12(2): 141-154. doi:
10.2174/1573403x12666160301120217

Delisle BP, Anson BD, Rajamani S & January CTJCr (2004). Biology of cardiac arrhythmias: ion channel
protein trafficking. 94(11): 1418-1428. doi: 10.1161/01.RES.0000128561.28701.ea.

Denning C, Borgdorff V, Crutchley J, Firth KS, George V, Kalra S, et al. (2016). Cardiomyocytes from
human pluripotent stem cells: From laboratory curiosity to industrial biomedical platform. Biochim Biophys
Acta, 1863(7 Pt B): 1728-48. doi: 10.1016/j.bbamcr.2015.10.014.

Dennis A, Wang L, Wan X & Ficker E (2007). hERG channel trafficking: novel targets in drug-induced long
QT syndrome. Biochemical Society transactions, 35(Pt 5): 1060-1063. doi: 10.1042/BST0351060.

Dennis AT, Nassal D, Deschenes I, Thomas D & Ficker E (2011). Antidepressant-induced ubiquitina-
tion and degradation of the cardiac potassium channel hERG. J Biol Chem, 286(39): 34413-25. doi:
10.1074/jbc.M111.254367.

Dresser GK, Spence JD & Bailey DG (2000). Pharmacokinetic-pharmacodynamic consequences and clinical
relevance of cytochrome P450 3A4 inhibition. Clinical pharmacokinetics, 38(1): 41-57. doi: 10.2165/00003088-
200038010-00003.

Egashira T, Yuasa S, Suzuki T, Aizawa Y, Yamakawa H, Matsuhashi T, et al. (2012). Disease characterization
using LQTS-specific induced pluripotent stem cells. Cardiovasc Res, 95(4): 419-29. doi: 10.1093/cvr/cvs206.

Eichelbaum M & Burk O (2001). CYP3A genetics in drug metabolism. Nature medicine, 7(3): 285-287. doi:
10.1038/85417Dresser.

Feng P, Zhao L, Guo F, Zhang B, Fang L, Zhan G, et al. (2018). The enhancement of cardiotoxicity that
results from inhibiton of CYP 3A4 activity and hERG channel by berberine in combination with statins.
Chem Biol Interact, 293: 115-123. doi: 10.1016/j.cbi.2018.07.022.

Feng PF, Zhang B, Zhao L, Fang Q, Liu Y, Wang JN, et al. (2019). Intracellular Mechanism of Rosuvastatin-
Induced Decrease in Mature hERG Protein Expression on Membrane. Mol Pharm, 16(4): 1477-1488. doi:
10.1021/acs.molpharmaceut.8b01102.

10



P
os

te
d

on
A

u
th

or
ea

15
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

22
53

45
.5

53
26

99
7

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Ferner RE & Aronson JK (2020). Chloroquine and hydroxychloroquine in covid-19. BMJ (Clinical research
ed.), 369: m1432. doi: 10.1136/bmj.m1432.

Ficker E, Dennis AT, Wang L & Brown AM (2003). Role of the cytosolic chaperones Hsp70
and Hsp90 in maturation of the cardiac potassium channel HERG. Circ Res, 92(12): e87-100. doi:
10.1161/01.Res.0000079028.31393.15.

Ficker E, Kuryshev YA, Dennis AT, Obejero-Paz C, Wang L, Hawryluk P, et al. (2004). Mechanisms
of arsenic-induced prolongation of cardiac repolarization. Molecular pharmacology, 66(1): 33-44. doi:
10.1124/mol.66.1.33.

Foo B, Williamson B, Young JC, Lukacs G & Shrier A (2016). hERG quality control and the long QT
syndrome. J Physiol, 594(9): 2469-81. doi: 10.1113/jp270531.

Ford N, Vitoria M, Rangaraj A, Norris SL, Calmy A & Doherty M (2020). Systematic review of the efficacy
and safety of antiretroviral drugs against SARS, MERS or COVID-19: initial assessment. Journal of the
International AIDS Society, 23(4): e25489. doi: 10.1002/jia2.25489.

Gallagher DP, Kieran J, Sheehan G, Lambert J, Mahon N & Mallon PW (2008). Ritonavir-boosted atazana-
vir, methadone, and ventricular tachycardia: 2 case reports. Clin Infect Dis, 47(3): e36-8. doi: 10.1086/589869.

Gautret P, Lagier J-C, Parola P, Hoang VT, Meddeb L, Mailhe M, et al. (2020). Hydroxychloroquine and azi-
thromycin as a treatment of COVID-19: results of an open-label non-randomized clinical trial. International
journal of antimicrobial agents: 105949. doi:10.1016/j.ijantimicag.2020.105949.

Giudicessi JR, Noseworthy PA, Friedman PA & Ackerman MJ (2020). Urgent Guidance for Navigating and
Circumventing the QTc-Prolonging and Torsadogenic Potential of Possible Pharmacotherapies for Corona-
virus Disease 19 (COVID-19). Mayo Clinic proceedings. doi: 10.1016/j.mayocp.2020.03.024.

Gong Q, Zhang L, Vincent GM, Horne BD & Zhou Z (2007). Nonsense mutations in hERG cause a decrease
in mutant mRNA transcripts by nonsense-mediated mRNA decay in human long-QT syndrome. Circulation,
116(1): 17-24. doi: 10.1161/CIRCULATIONAHA.107.708818.

Guo J, Li X, Shallow H, Xu J, Yang T, Massaeli H, et al. (2011). Involvement of caveolin in probucol-
induced reduction in hERG plasma-membrane expression. Molecular pharmacology, 79(5): 806-813. doi:
10.1124/mol.110.069419.

Guo J, Massaeli H, Li W, Xu J, Luo T, Shaw J, et al. (2007). Identification of IKr and its trafficking
disruption induced by probucol in cultured neonatal rat cardiomyocytes. The Journal of pharmacology and
experimental therapeutics, 321(3): 911-920. doi: 10.1124/jpet.107.120931.

Guzik TJ, Mohiddin SA, Dimarco A, Patel V, Savvatis K, Marelli-Berg FM, et al. (2020). COVID-19 and
the cardiovascular system: implications for risk assessment, diagnosis, and treatment options. Cardiovascular
research. doi: 10.1093/cvr/cvaa106.

Haeusler IL, Chan XHS, Guérin PJ & White NJ (2018). The arrhythmogenic cardiotoxicity of the quinoline
and structurally related antimalarial drugs: a systematic review. BMC Med, 16(1): 200. doi: 10.1186/s12916-
018-1188-2.

Han S-n, Sun X-y, Zhang Z & Zhang L-r (2015). The protease inhibitor atazanavir blocks hERG K+ channels
expressed in HEK293 cells and obstructs hERG protein transport to cell membrane. Acta pharmacologica
Sinica, 36(4): 454-462. doi: 10.1038/aps.2014.165.

Han S, Zhang Y, Chen Q, Duan Y, Zheng T, Hu X, et al. (2011). Fluconazole inhibits hERG K(+) channel
by direct block and disruption of protein trafficking. European journal of pharmacology, 650(1): 138-144.
doi:10.1016/j.ejphar.2010.10.010.

Hancox JC & Mitcheson JS (2006). Combined hERG channel inhibition and disruption of trafficking in
drug-induced long QT syndrome by fluoxetine: a case-study in cardiac safety pharmacology. British journal

11



P
os

te
d

on
A

u
th

or
ea

15
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

22
53

45
.5

53
26

99
7

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

of pharmacology, 149(5): 457-459. doi: 10.1038/sj.bjp.0706890.

He S, Moutaoufik MT, Islam S, Persad A, Wu A, Aly KA, et al. (2020). HERG channel and cancer: A me-
chanistic review of carcinogenic processes and therapeutic potential. Biochimica et biophysica acta. Reviews
on cancer, 1873(2): 188355. doi: 10.1016/j.bbcan.2020.188355.

Helliwell MV, Zhang Y, El Harchi A, Du C, Hancox JC & Dempsey CE (2018). Structural implications of
hERG K channel block by a high-affinity minimally structured blocker. The Journal of biological chemistry,
293(18): 7040-7057. doi: 10.1074/jbc.RA117.000363.

Hung IF, Lung KC, Tso EY, Liu R, Chung TW, Chu MY, et al. (2020). Triple combination of interferon
beta-1b, lopinavir-ritonavir, and ribavirin in the treatment of patients admitted to hospital with COVID-19:
an open-label, randomised, phase 2 trial. Lancet. doi: 10.1016/s0140-6736(20)31042-4.

Inciardi RM, Lupi L, Zaccone G, Italia L, Raffo M, Tomasoni D, et al. (2020). Cardiac Involvement in a
Patient With Coronavirus Disease 2019 (COVID-19). JAMA cardiology. doi: 10.1001/jamacardio.2020.1096.

Itzhaki I, Maizels L, Huber I, Zwi-Dantsis L, Caspi O, Winterstern A, et al. (2011). Modelling the long QT
syndrome with induced pluripotent stem cells. Nature, 471(7337): 225-9. doi: 10.1038/nature09747.

Iwai C, Li P, Kurata Y, Hoshikawa Y, Morikawa K, Maharani N, et al. (2013). Hsp90 prevents interacti-
on between CHIP and HERG proteins to facilitate maturation of wild-type and mutant HERG proteins.
Cardiovasc Res, 100(3): 520-8. doi: 10.1093/cvr/cvt200.

Jakhar D & Kaur I (2020). Potential of chloroquine and hydroxychloroquine to treat COVID-19 causes fears
of shortages among people with systemic lupus erythematosus. Nat Med. doi: 10.1038/s41591-020-0853-0.

Jan H, Faisal S, Khan A, Khan S, Usman H, Liaqat R, et al. (2020). COVID-19: Review of Epidemiology
and Potential Treatments Against 2019 Novel Coronavirus. Discoveries (Craiova, Romania), 8(2): e108. doi:
10.15190/d.2020.5.

Jie L-J, Wu W-Y, Li G, Xiao G-S, Zhang S, Li G-R, et al. (2017). Clemizole hydrochloride blocks cardiac
potassium currents stably expressed in HEK 293 cells. British journal of pharmacology, 174(3): 254-266. doi:
10.1111/bph.13679.

Juurlink DN (2020). Safety considerations with chloroquine, hydroxychloroquine and azithromycin in the ma-
nagement of SARS-CoV-2 infection. CMAJ : Canadian Medical Association journal = journal de l’Association
medicale canadienne, 192(17): E450-E453. doi: 10.1503/cmaj.200528.

Kannankeril P, Roden DM & Darbar D (2010). Drug-induced long QT syndrome. Pharmacological reviews,
62(4): 760-781. doi: 10.1124/pr.110.003723.

Kapplinger JD, Tester DJ, Salisbury BA, Carr JL, Harris-Kerr C, Pollevick GD, et al. (2009). Spectrum and
prevalence of mutations from the first 2,500 consecutive unrelated patients referred for the FAMILION long
QT syndrome genetic test. Heart Rhythm, 6(9): 1297-303. doi: 10.1016/j.hrthm.2009.05.021.

Kikuchi Y, Genka I, Ishizaki A, Sunagawa K, Yasuoka A & Oka S (2002). Serious bradyarrhythmia that
was possibly induced by lopinavir-ritonavir in 2 patients with acquired immunodeficiency syndrome. Clinical
infectious diseases : an official publication of the Infectious Diseases Society of America, 35(4): 488-490. doi:
10.1086/341975.

Kosmidis G, Veerman CC, Casini S, Verkerk AO, van de Pas S, Bellin M, et al. (2016). Readthrough-
Promoting Drugs Gentamicin and PTC124 Fail to Rescue Nav1.5 Function of Human-Induced Pluripotent
Stem Cell-Derived Cardiomyocytes Carrying Nonsense Mutations in the Sodium Channel Gene SCN5A. Circ
Arrhythm Electrophysiol, 9(11): E4227. doi: 10.1161/circep.116.004227.

Kupferschmidt K & Cohen J (2020). Race to find COVID-19 treatments accelerates. Science (New York,
N.Y.), 367(6485): 1412-1413. doi: 10.1126/science.367.6485.1412.

12



P
os

te
d

on
A

u
th

or
ea

15
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

22
53

45
.5

53
26

99
7

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Kuryshev YA, Ficker E, Wang L, Hawryluk P, Dennis AT, Wible BA, et al. (2005). Pentamidine-induced long
QT syndrome and block of hERG trafficking. The Journal of pharmacology and experimental therapeutics,
312(1): 316-323. doi:10.1124/jpet.104.073692.

Ledford H (2020). Chloroquine hype is derailing the search for coronavirus treatments. Nature. doi:
10.1038/d41586-020-01165-3.

Li K, Jiang Q, Bai X, Yang YF, Ruan MY & Cai SQ (2017). Tetrameric assembly of K+ channels requires
ER-located chaperone proteins. Mol Cell, 65(1): 52-65. doi: 10.1016/j.molcel.2016.10.027.

Li P, Ninomiya H, Kurata Y, Kato M, Miake J, Yamamoto Y, et al. (2011). Reciprocal control of hERG
stability by Hsp70 and Hsc70 with implication for restoration of LQT2 mutant stability. Circulation research,
108(4): 458-468. doi: 10.1161/CIRCRESAHA.110.227835.

Liu M, Shi G, Zhou A, Rupert CE, Coulombe KLK & Dudley SC (2018). Activation of the unfolded protein
response downregulates cardiac ion channels in human induced pluripotent stem cell-derived cardiomyocytes.
Journal of molecular and cellular cardiology, 117: 62-71. doi: 10.1016/j.yjmcc.2018.02.011.

Liu Y, Xu X, Zhang Y, Li M, Guo J, Yan C, et al. (2020). Thioridazine Induces Cardiotoxicity via Reactive
Oxygen Species-Mediated hERG Channel Deficiency and L-Type Calcium Channel Activation. Oxidative
medicine and cellular longevity, 2020: 3690123. doi: 10.1155/2020/3690123.

Llanos-Cuentas A, Lacerda MV, Rueangweerayut R, Krudsood S, Gupta SK, Kochar SK, et al. (2014). Ta-
fenoquine plus chloroquine for the treatment and relapse prevention of Plasmodium vivax malaria (DETEC-
TIVE): a multicentre, double-blind, randomised, phase 2b dose-selection study. Lancet (London, England),
383(9922): 1049-1058. doi: 10.1016/S0140-6736(13)62568-4.

Ma J, Guo L, Fiene SJ, Anson BD, Thomson JA, Kamp TJ, et al. (2011). High purity human-induced
pluripotent stem cell-derived cardiomyocytes: electrophysiological properties of action potentials and ionic
currents. Am J Physiol Heart Circ Physiol, 301(5): H2006-17. doi: 10.1152/ajpheart.00694.2011.

Massaeli H, Sun T, Li X, Shallow H, Wu J, Xu J, et al. (2010). Involvement of caveolin in low K+-induced
endocytic degradation of cell-surface human ether-a-go-go-related gene (hERG) channels. The Journal of
biological chemistry, 285(35): 27259-27264. doi: 10.1074/jbc.M110.124909.

Mehta A, Ramachandra CJA, Singh P, Chitre A, Lua CH, Mura M, et al. (2018). Identification of a targeted
and testable antiarrhythmic therapy for long-QT syndrome type 2 using a patient-specific cellular model.
Eur Heart J, 39(16): 1446-1455. doi: 10.1093/eurheartj/ehx394.

Mercuro NJ, Yen CF, Shim DJ, Maher TR, McCoy CM, Zimetbaum PJ, et al. (2020). Risk of QT Interval
Prolongation Associated With Use of Hydroxychloroquine With or Without Concomitant Azithromycin
Among Hospitalized Patients Testing Positive for Coronavirus Disease 2019 (COVID-19). JAMA Cardiol.
doi:10.1001/jamacardio.2020.1834.

Milberg P, Eckardt L, Bruns HJ, Biertz J, Ramtin S, Reinsch N, et al. (2002). Divergent proarrhythmic poten-
tial of macrolide antibiotics despite similar QT prolongation: fast phase 3 repolarization prevents early after-
depolarizations and torsade de pointes. J Pharmacol Exp Ther, 303(1): 218-25. doi: 10.1124/jpet.102.037911.

Mitcheson JS, Chen J, Lin M, Culberson C & Sanguinetti MC (2000). A structural basis for drug-induced
long QT syndrome. Proc Natl Acad Sci U S A, 97(22): 12329-33. doi: 10.1073/pnas.210244497.
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. Drug name
Effects on
COVID-19

Assessments of
QT interval

Mechanisms on
hERG References

Chloroquine
Hydroxychloroquine

Reduced viral load
and inhibition of
SARS-CoV-2 in
vitro.

QT prolongation
resulting in TdP.

Blocking IKr

current. Slowed rate
of deactivation and
increased transport
of hERG by
chloroquine.

(Borsini et al. 2012,
Gautret et al. 2020,
Saleh et al. 2020,
Sánchez-Chapula et
al. 2002,
Sánchez-Chapula et
al. 2001, Yao et al.
2020)

Azithromycin Enhanced
Hydroxychloroquine
potency of viral
elimination.

QT prolongation
and increased risk of
TdP in combination
with Chloroquine or
hydroxychloroquine.

Blocking IKr under
high plasma
concentration. No
evidence of
interference with
hERG trafficking.

(Chorin et al. 2020,
Gautret et al. 2020,
Juurlink 2020, Yang
et al. 2017, Zhang
et al. 2017)

Lopinavir/ritonavir Reduced length of
hospital stay for
severe patients.

Potential QT
prolongation.

hERG channel
blockade. No
evidence of
interference with
hERG trafficking.

(Anson et al. 2005,
Cao et al. 2020a)

Fig 1. A prolonged action potential duration by increased inward current and weakened outward currents (a )
and manifested on ECG (b ). In the early stage of the action potential, the hERG channel experiences a short
activation but rapidly inactivates. As depolarization voltage continues to decrease, the hERG reactivates,
and then the deactivation rate is much slower to generate the tail currents(c ). hERG channel opens, with
drugs entering the cavity and binding, then the channel closes and the drug is trapped in the cavity. When
the channel reopens, the drug blocking effect is released (d ).
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Fig 2. hERG biogenesis and quality control. The KCNH2gene is transcribed in the nucleus to generate
mRNA. The unqualified mRNA undergoes nonsense-mediated mRNA decay (NMD). The qualified mRNA
is translated in the ribosome and is transported to the endoplasmic reticulum (ER) for initial glycosylation.
Correctly folded proteins are transported to the plasma membrane to function and misfolded proteins return
to the ER to upregulate molecular chaperone levels, including Hsp70, Hsp90, and Hsp40 to regulate protein
maturation and degradation (green arrows indicate promotion, the red arrow indicates inhibition). If the
misfolded protein persists, it will trigger the unfolded protein response (UPR) making protein enters the
ER-associated degradation (ERAD).
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Fig 3. hERG internalization and recycling. hERG channel on the membrane will internalize into
clathrin-coated vesicles upon ubiquitination. Caveolin (Cav), dynamin, and Arf6 regulate protein inter-
nalization and internalized proteins are degraded by lysosomes or proteasomes, or recycled back to the
membrane. Probucol accelerating Cav1 turnover promoting hERG internalization. Desipramine increases
channel endocytosis and ubiquitination degradation by the lysosome.

Fig 4. hERG channel structures and drug binding sites. The cryo-EM structure of hERG deleted
most of the expected unstructured cytoplasmic regions (Δ141–350 at the N-terminal and Δ871–1005 at the
C-terminal) (a ) and hERG (Kv11.1) channel containing six transmembrane fragments (S1 -S6), the N-
terminal Per-Arnt-Sim (PAS) domain, and the C-terminal cyclic nucleotide-binding domain (cNBD). S1-S4
act as transmembrane voltage sensing (VSD) with charged residues and S5-S6 form the pore domain (b ).
hERG channel opens and drugs enter the central cavity. Y652 and F656 on the S6 are two key drug binding
sites (c ).
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