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ABSTRACT

Drug-induced long QT syndrome (LQTS) is an established
cardiac side effect of a wide range of medications and represents
a significant concern for drug safety. The rapidly and slowly
activating delayed rectifier K™ currents, mediated by channels
encoded by the human ether-a-go-go-related gene (hERG) and
KCNQ1 + KCNET1, respectively, are two main currents respon-
sible for ventricular repolarization. The common cause for drugs
to induce LQTS is through impairing the hERG channel. For the
recent emergence of COVID-19, caused by severe acute re-
spiratory syndrome coronavirus 2, several drugs have been
investigated as potential therapies; however, there are concerns
about their QT prolongation risk. Here, we studied the effects of
chloroquine, hydroxychloroquine, azithromycin, and remdesivir
on hERG channels. Our results showed that although chloro-
quine acutely blocked hERG current (lherg), with an ICsq of 3.0
wM, hydroxychloroquine acutely blocked l.grg 8-fold less
potently, with an ICsq of 23.4 pM. Azithromycin and remdesivir
did not acutely affect l,erg. When these drugs were added at

10 wM to the cell culture medium for 24 hours, remdesivir
increased l.grg by 2-fold, which was associated with an in-
creased mature hERG channel expression. In addition, these
four drugs did not acutely or chronically affect KCNQ1 + KCNE1
channels. Our data provide insight into COVID-19 drug-
associated LQTS and cardiac safety concerns.

SIGNIFICANCE STATEMENT

This work demonstrates that, among off-label potential COVID-
19 treatment drugs chloroquine, hydroxychloroquine, azithro-
mycin, and remdesivir, the former two drugs block hERG
potassium channels, whereas the latter two drugs do not. All
four drugs do not affect KCNQ1 + KCNE1. As hERG and KCNQ1
+ KCNE1 are two main K* channels responsible for ventricular
repolarization, and most drugs that induce long QT syndrome
(LQTS) do so by impairing hERG channels, these data provide
insight into COVID-19 drug-associated LQTS and cardiac safety
concerns.

Introduction

The pandemic of the novel coronavirus disease 2019
(COVID-19), which is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), represents an un-
precedented healthcare challenge. Given the urgently needed
but limited treatment options for COVID-19, off-label use of
chloroquine and hydroxychloroquine, sometimes with azithro-
mycin, is under investigation (Kamp et al., 2020).The antiviral
drug remdesivir is being actively investigated as well (Spinner
et al., 2020). Although the effectiveness of these drugs has
been reported in various clinical trials (Gautret et al., 2020;
Monti et al., 2020), concerns about their proarrhythmic effects
associated with prolonged QT intervals have been raised
(Ramireddy et al., 2020; Mercuro et al., 2020; Hooks et al.,
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2020; Gérard et al., 2020; Szekely et al., 2020; Maraj et al.,
2020; Chorin et al., 2020).

An abnormal prolongation of QT interval in ECG is defined
as long QT syndrome (LQTS), which can develop into fatal
ventricular arrhythmia torsade de pointes and lead to sudden
cardiac death (Schwartz et al.,, 1993; Curran et al., 1995;
Roden et al.,, 1996; January et al., 2000; Keating and
Sanguinetti, 2001). Inherited LQTS occurs in 1 out of ~2000
individuals as a result of mutations in various ion channels
and adaptor proteins in the heart (Schwartz et al., 2009, 2012;
Zaklyazminskaya and Abriel, 2012). When LQTS occurs
because of an environmental stressor, such as specific drug
usage or hypokalemia, it is termed acquired LQTS. Drug-
induced LQTS is a side effect of a surprisingly wide spectrum
of medications; it represents the single most common cause of
the withdrawal or restriction of the use of prescription drugs
(Roden, 2004), and it is a significant concern during drug
development, as many lead compounds with therapeutic
potential are dropped from further development because of
this risk (Finlayson et al., 2004; Shah, 2005). Although many
types ofion channels contribute to the cardiac action potential,

ABBREVIATIONS: COVID-19, coronavirus disease 2019; CTL, control; HEK, human embryonic kidney; hERG, human ether-a-go-go-related gene;
Inera, hERG current; lxcnat+kenets, KCNQ1 + KCNET current; Iy, rapidly activating delayed rectifier K* current; I, slowly activating delayed rectifier
K* current; KCNE1, Potassium Voltage-Gated Channel Subfamily E Regulatory Subunit 1; KCNQ1, Potassium Voltage-Gated Channel Subfamily Q
Member 1; LQTS, long QT syndrome; MEM, Minimum Essential Medium; QTc, corrected QT interval; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; TBST, Tris-buffered saline with 1% Tween 20; V4., voltage of half-maximal activation.
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most drugs that cause LQTS do so by acting on the cardiac
rapidly activating delayed rectifier K™ current (Ix,) (Roden
et al., 1996; Mitcheson et al., 2000; January et al., 2000;
Keating and Sanguinetti, 2001; Roden, 2004; Perrin et al.,
2008), which is conducted through channels encoded by human
ether-a-go-go-related gene (hRERG) (Sanguinetti et al., 1995;
Trudeau et al., 1995; Sanguinetti and Tristani-Firouzi, 2006).
Experimentally, the current of hERG channels expressed in cell
lines remarkably resembles Ik, in the cardiac myocytes (Guo
et al.,, 2007, 2009). hERG current (I,grg) is critical for re-
polarization of the cardiac action potential (Curran et al., 1995;
Keating and Sanguinetti, 2001). A reduction of I,grg prolongs
ventricular action potential duration, which is the cellular basis
for QT intervals in ECG recordings.

Chloroquine has been used for malaria treatment and
prophylaxis (Coban, 2020). During the severe acute respira-
tory syndrome pandemic in 2002-2004, chloroquine was
reported to inhibit severe acute respiratory syndrome corona-
virus (Keyaerts et al., 2004). It has been added to the list of
trial drugs for the treatment of COVID-19 (Hu et al., 2020).
Hydroxychloroquine is a derivative of chloroquine with an
additional hydroxyl group. It is less toxic than chloroquine and
has been used to treat autoimmune diseases such as systemic
lupus erythematosus and rheumatoid arthritis, and it is also
considered as a candidate drug to treat COVID-19 (Liu et al.,
2020). Experimentally, both chloroquine and hydroxychlor-
oquine are reported to efficiently inhibit SARS-CoV-2 in-
fection in vitro (Liu et al., 2020). A clinical trial indicated an
association of hydroxychloroquine treatment with viral load
reduction/disappearance in patients with COVID-19, and this
association is reinforced by the addition of the macrolide
antibiotic azithromycin (Gautret et al., 2020). On the other
hand, it was reported recently that the effectiveness of
hydroxychloroquine on COVID-19 warrants further investi-
gation (Monti et al., 2020). Nevertheless, chloroquine and
hydroxychloroquine remain treatment options to fight COVID-19
(Colson et al., 2020). However, patients with COVID-19 receiving
chloroquine or hydroxychloroquine as a treatment were
associated with a high risk of corrected QT interval (QTc)
prolongation (Ramireddy et al., 2020; Hooks et al., 2020;
Gérard et al., 2020; Szekely et al., 2020), and those receiving
both hydroxychloroquine and azithromycin were associated
with greater changes in QTc (Chorin et al., 2020; Mercuro
et al., 2020). The antiviral agent remdesivir (Veklury; Gilead
Sciences) has demonstrated potent antiviral activity against
SARS-CoV-2 in preclinical studies and has emerged as a drug
for COVID-19 treatment (Lamb, 2020). The risk of remdesivir
for inducing LQTS is unknown.

In the present study, to obtain insight into potential QT
prolongation induced by COVID-19 drugs, we investigated
the effects of chloroquine, hydroxychloroquine, azithromycin,
and remdesivir on hERG channels stably expressed in
an hERG-HEK cell line. We also examined their effects
on KCNQ1 + KCNE1 channels, which mediate the slowly
activating delayed rectifier K* current (Ix,) (Sanguinetti et al.,
1996; Barhanin et al., 1996). The clinical implications of our
findings are discussed.

Materials and Methods

Molecular Biology. The HEK293 cell line stably expressing hERG
channels (hERG-HEK cells) was provided by Dr. Craig January

(University of Wisconsin, Madison) (Zhou et al., 1998b). Human
KCNQ1 and KCNE1 ¢cDNAs were provided by Dr. Michael Sangui-
netti (University of Utah) (Sanguinetti et al., 1996). HEK293 cell line
stably expressing KCNQ1 + KCNE1 (KCNQ1+KCNE1-HEK cells)
was created using plasmid transfection followed by G418 (1 mg/ml)
selection (Guo et al., 2011). hERG-HEK and KCNQ1+KCNE1-HEK
cells were cultured in Minimum Essential Medium (MEM) supple-
mented with 10% fetal bovine serum, nonessential amino acids (1x),
sodium pyruvate (1 mM), and G418 (0.4 mg/ml). For electrophysiolog-
ical recordings, the cells were collected from the culture dish and kept
for up to 4 hours in vials with MEM at room temperature until use.

Electrophysiological Recordings. The whole-cell voltage-clamp
method was used to record I grg and KCNQ1 + KCNE1 current
(Ikcnqi+kengl) (Guo et al., 2011). Pipettes were pulled from thin-
walled borosilicate glass (World Precision Instruments, Sarasota, CA)
using a micropipette puller (P-1000; Sutter Instrument, Novato, CA)
and polished using a Micro Forge (MF-830; Narishige, Tokyo, Japan)
to achieve a resistance of ~2.0 M() when filled with solution. Axopatch
200B amplifier, Digidata 1440A digitizer, and pCLAMP10.7 software
(Molecular Devices, San Jose, CA) were used for data acquisition and
analysis. The pipette solution contained (in millimolar) 135 KCI, 5
EGTA, 5 MgATP, and 10 HEPES (pH 7.2 with KOH). The bath
solution contained (in millimolar) 5 KC1, 135 NaCl, 2 CaCl,, 1 MgCl,,
10 glucose, and 10 HEPES (pH 7.4 with NaOH). Recordings were
carried out at room temperature (22 = 1°C).

Western Blot Analysis. After treatments, hRERG-HEK cells were
collected in ice-cold phosphate-buffered saline. The whole-protein
samples were made by lysing cells using sonication in ice-cold radio-
immunoprecipitation assay lysis buffer supplemented with 1 mM
phenylmethylsulfonyl fluoride and 4% protease inhibitor cocktail. A
DC Protein Assay Kit (Bio-Rad, Hercules, CA) was used to determine
the protein concentration of samples. In total, 15 g of protein in 50 .l
Laemmli loading buffer containing 5% B-mercaptoethanol was boiled
for 5 minutes and loaded on 8% SDS polyacrylamide electrophoresis
gels for separation for 3 hours. Separated proteins were transferred
onto polyvinylidene difluoride membranes overnight in a cold room
(4°C). The membranes were blocked for 1 hour using 5% nonfat
milk in Tris-buffered saline with 1% Tween 20 (TBST). The blots
were probed for 1 hour with anti-hERG primary antibodies in
5% nonfat milk in TBST and then incubated with the corresponding
horseradish peroxidase—conjugated secondary antibodies in TBST for
1 hour. Primary and secondary antibodies were washed three times
each using TBST for 5 minutes. Detection of B-actin was performed for
loading control. The blots were visualized with Fuji medical X-ray
films (Minato, Tokyo, Japan) using an enhanced chemiluminescence
detection kit (GE Healthcare, Little Chalfont, United Kingdom).
Protein band sizes were determined by loading BLUeye Prestained
protein ladder (GeneDirex, Taiwan) on each gel. The hERG channel
protein displays two distinct bands at molecular masses of 135 and
155 kDa. The 135-kDa band corresponds to the immature core-glycosylated
form of the channel located in the endoplasmic reticulum, whereas the
155-kDa band is the fully glycosylated form of the channel present on
the plasma membrane. The 155-kDa mature form of the channel is
responsible for generating I} prg (Zhou et al., 1998a; Guo et al., 2007,
2009; Lamothe et al., 2016, 2018). For quantification of Western blot data
in Fig. 5, B and C, band intensities of hERG proteins in each treatment
were normalized to their respective actin loading control and then to the
control (CTL, or 0) in the same gel and expressed as relative values.

Drugs and Reagents. Hydroxychloroquine sulfate and azithro-
mycin were purchased from Cayman Chemical Company (Ann Arbor,
MI). Chloroquine disulfate was purchased from Sigma-Aldrich (St.
Louis, MI). Remdesivir was obtained from Tocris Bioscience (Bristol,
UK). Hydroxychloroquine sulfate and chloroquine disulfate were
diluted in double distilled water, azithromycin was diluted in ethanol,
and remdesivir was diluted in DMSO to stock solutions of 10 and
50 mM and stored at —20°C. To study drug block, the drugs were
diluted in bath solution and used within 8 hours for patch-clamp
experiments. To study chronic drug effect, drugs were diluted in MEM at
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the desired concentrations. To exclude any potential vehicle-related effects
on channel activities in studies of drug-channel interaction, corresponding
amounts of vehicles were applied to control groups. Specifically, a highest
concentration of 0.2% DMSO or 0.1% ethanol was used in control
cells for remdesivir (90 pM) or azithromycin (50 pM), which had
no effect on either Iy grg or Ixcnqi+keng1, acutely or chronically.
MEM, FBS, G418 (Geneticin), nonessential amino acids, and sodium
pyruvate were purchased from Thermo Fisher Scientific (Waltham,
MA). Mouse anti-actin primary antibody, EGTA, HEPES, glucose, and
electrolytes were purchased from Sigma-Aldrich (St. Louis, MO).
Mouse anti-hERG (F-12) primary antibody was purchased from
Santa Cruz Biotechnology (Dallas, TX). Horse anti-mouse horseradish
peroxidase—conjugated secondary antibody was purchased from Cell
Signaling Technology (Danvers, MA). The F-12 primary antibody
was used in a 1:1000 dilution, anti-actin primary antibody was
used in a 1:2000 dilution, and anti-mouse secondary antibody was
used in a 1:20000 dilution.

Statistical Analysis. Data are expressed as means = S.D. or box
plots, including mean, median, and individual data points. A one-way
ANOVA with Dunnett’s post hoc test or two-tailed Student’s ¢ test was
used to determine statistical significance between the control and test
groups. For normalized data, a Wilcoxon matched-pairs test was used
to compare currents with each drug to control currents. Statistical
analysis was performed with GraphPad Prism 8.4. A P value of 0.05 or
less was considered statistically significant.

Results

Chloroquine and Hydroxychloroquine, but Not Azi-
thromycin and Remdesivir, Acutely Block hERG
Currents. Whole-cell voltage clamp was used to record I;,grg
in hERG-expressing HEK293 cells. I}, grg was elicited using
the protocol shown at the top of Fig. 1. The holding potential
was —80 mV, which was then depolarized to +50 mV for 4
seconds before repolarizing to —50 mV for 5 seconds. Activa-
tion and inactivation of the hERG channel occurs during the
depolarizing step, followed by rapid recovery to the open-
channel state with slow deactivation during the repolarizing
step at —50 mV. This rapid recovery to the open-channel state
results in the characteristic tail current of the hERG channel,
which is measured to quantify the amplitude of I;grg, as it
represents the maximal conductance (Spector et al., 1996).
The voltage protocol was delivered every 15 seconds, and
Iwgrg was recorded before (control, black traces) and after
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drug application to bath solution (treatment, red traces) in the
same cells. To compare the effects of the four drugs on I} ggrg,
a 10 uM concentration of each drug was examined. Chloro-
quine decreased I grg by more than half, whereas hydroxy-
chloroquine slightly decreased I,grg. However, neither
azithromycin nor remdesivir affected I;,grg (Fig. 1).

To determine the concentration-dependent effects on I grg,
after recording of control currents, drugs at concentrations
ranging from 0.5 to 50 uM were applied consecutively to the
same cells during patch-clamp recordings. The peak tail
current amplitude at each concentration was normalized to
the control current of the cell, 13—19 cells were examined, and
summarized data were used to construct the concentration-
response relationships. Data were fitted to the Hill equation to
obtain the concentration for ICs,. Chloroquine blocked I;,gra,
with an IC5¢ 0f 3.0 = 0.3 wM and a Hill coefficient of 0.9 = 0.1
(n = 6-19 for each concentration). Hydroxychloroquine blocked
Ihgrg, with an IC5q 0f23.4 = 7.9 wM and a Hill coefficient 0of 0.8
+ 0.2 (n = 7-13 for each concentration). Thus, although
hydroxychloroquine does block I;,grg, it does so with a potency
8-fold less than chloroquine. In addition, neither azithromycin
nor remdesivir affected I grg at 10 or 50 M (Fig. 2).

To study the effects of chloroquine on the activation-voltage
relationships, I;grg Was recorded by depolarizing cells from the
holding potential of —80 mV to voltages between —70 and 70 mV
in 10-mV increments, followed by a repolarizing step to —50 mV.
The pulse currents measured at the end of 4-second depolarizing
steps and the peak tail currents measured upon the repolariza-
tion to —50 mV, normalized to their respective maximal ampli-
tude in control, were plotted against depolarizing (activation)
voltages. Chloroquine (10 wM) blocked both pulse and tail
currents (Fig. 3). The tail current-voltage relationships were
fitted to the Boltzmann equation to obtain the voltage of half-
maximal activation (Vy,3). Chloroquine shifted the Vy; to negative
voltages by 6.4 mV (—=1.0 = 2.8 mV in control, —7.4 = 3.3 mV with
chloroquine, P < 0.05) without affecting the slope factor (7.5 = 0.5
in control, 7.2 * 0.3 with chloroquine, P > 0.05, n = 7).

Treatment of hERG-HEK Cells for 24 hours with
Remdesivir, but Not Chloroquine, Hydroxychloroquine,
or Azithromycin, Increases I grc and Mature hERG
Expression. Drugs may affect hERG function not only by
interfering with channel function but also by altering channel

RDV

Fig. 1. At a concentration of 10 pnM, chloroquine (CQ), but
not hydroxychloroquine (HCQ), azithromycin (AZ), or
remdesivir (RDV), acutely blocks I grg. Representative
ILgrG recorded in control (black) and after drug application
(red), with the voltage protocol shown above the current
traces. I grg in the presence of drug as well as control (CTL)
is summarized as box plots on the bottom. The square
represents the mean, the line within the box represents the
median, and original data are shown as dots, with maximal
and minimal data indicated with bars. Each dotted line
links the current amplitudes recorded before and after drug
administration in the same cell. **P < 0.01 compared with
control.
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Fig. 2. Concentration-dependent acute effects of chloroquine (CQ),
hydroxychloroquine (HCQ), azithromycin (AZ), and remdesivir (RDV) on
IherG- IngrG was elicited using the protocol shown in Fig. 1. The peak tail
current amplitude at each drug concentration was normalized to the
control current. Data from 13-19 cells were summarized and plotted
against drug concentrations. The concentration-response relationships
were fitted to the Hill equation to obtain the concentration for ICs.
Whereas CQ and HCQ blocked Igrg in a concentration-dependent
manner, neither AZ nor RDV affected I;grg at 10 or 50 wM.

expression levels (Ficker et al., 2004; Kuryshev et al., 2005;
Guo et al., 2007). To determine whether chronic exposure of
hERG channels to these drugs affects I,grg, hNERG-HEK cells
were cultured for 24 hours with 10 uM chloroquine, hydroxy-
chloroquine, azithromycin, or remdesivir, respectively. Once
cultured, cells were collected and subjected to whole-cell
voltage clamp. Treatment for 24 hours with 10 M remdesivir
increased I grg by about 2-fold (Fig. 4). When tail currents
were plotted against depolarizing voltages and data were
fitted to Boltzmann equation, remdesivir increased I,grg
without affecting V5 (Vy5: 2.0 = 1.1, slope factor: 6.6 = 0.2
in control; Vys: 1.3 = 2.1, slope factor: 7.3 * 0.2 with
remdesivir, n = 10, P > 0.05).

To investigate the concentration-dependent effects of
chronic treatment with remdesivir on I,grg, hERG-HEK cells
were cultured with remdesivir at 0 (control), 1, 3, 10, 30, and
90 pM for 24 hours. However, a clear sigmoidal concentration-
dependent effect was not observed (Fig. 5A). Although an
increase in I;,grg was observed at 10 uM, 30 or 90 uM did not
cause additional increases but instead decreased Iygrg
slightly compared with 10 uM. Chronic treatments with drugs
may lead to a changed hERG protein expression (Kuryshev
et al., 2005; Guo et al., 2007; Lamothe and Zhang, 2013; Wang
et al., 2014; Sutherland-Deveen et al., 2019). To investigate
whether an altered hERG protein expression is associated
with the changes in I,grg, we performed Western blot
analysis. As shown in Fig. 5B, after a 24-hour culture at
10 wM, chloroquine, hydroxychloroquine, and azithromycin
had no effect on hERG expression. However, remdesivir
increased the 155-kDa hERG band density, which may un-
derlie the I} grg increase. Subsequently, hERG-HEK cells
were treated with varying concentrations of remdesivir for
24 hours and subjected to Western blot analysis to de-
termine whether the increase of mature hERG expression
was concentration-dependent. As shown in Fig. 5C, remde-
sivir increased 155-kDa hERG expression in a concentration-
dependent manner, although the increase at the highest
concentration (90 wM) appeared less prominent than that
of 30 uM.

Chloroquine, Hydroxychloroquine, Azithromycin, and
Remdesivir Do Not Affect Ixcnqi+kener- In addition to
Ix/hERG, Ik, (which is encoded by KCNQ1 and KCNE1)
is another important current for cardiac repolarization
(Sanguinetti et al., 1996; Barhanin et al., 1996). We recorded
KCNQ1 + KCNE1 current (Ixkcnqi+kene1) from HEK cells that
stably express both KCNQ1 and KCNE1. After recording
control currents, drugs were added to the bath solution, and
currents were recorded again in the same cells. For analysis,
currents in the presence of drugs are normalized to their
respective controls and presented as relative current for
each drug. Chloroquine, hydroxychloroquine, azithromycin,
or remdesivir did not acutely affect Ixcqi+kcne1 (Fig. 6). To
investigate whether chronic treatments with these drugs
affect Ixkcnqi+renel, KCNQ1+KCNE1-HEK cells were cul-
tured in control or with 10 pM of chloroquine, hydroxychlor-
oquine, azithromycin, or remdesivir for 24 hours and then
examined with whole-cell patch-clamp recordings using the
voltage protocol shown in Fig. 4A. Current amplitudes upon
the 50-mV depolarizing step in each group were demonstrated
in box plots. None of the four drugs chronically affected
Ikcnqi+rener (Fig. 7).

Discussion

In the present study, we investigated the acute and chronic
effects of chloroquine, hydroxychloroquine, azithromycin, and
remdesivir on two primary repolarizing K currents, Iygra
and Ixcnqi+kengr- Our data showed that chloroquine blocked
Iigrg, with an ICsq of 3.0 uM, whereas hydroxychloroquine
blocked I grg Wwith a potency 8-fold less, with an IC5q of 23.4
pM. Neither azithromycin nor remdesivir blocked Igrg at
concentrations up to 50 WM. When drugs were added to the cell
culture medium for 24 hours, chloroquine, hydroxychloro-
quine, and azithromycin did not affect I;grc and hERG
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Fig. 3. Acute effects of chloroquine (CQ) on activation-voltage relation-
ships of hERG channels. Family of I;grg was recorded by the voltage
protocol shown above the current traces. The pulse currents measured at
the end of 4-second depolarizing steps and the tail currents measured
upon the repolarization to —50 mV were plotted against depolarizing
(activation) voltages. The tail current-voltage relationships were fitted to
the Boltzmann function to obtain the Vi, and slope factors.
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g % g % & \ Fig. 4. Chronic effects of chloroquine (CQ), hydroxychlor-
o |_ ﬂ oquine (HCQ), azithromycin (AZ), and remdesivir (RDV) on
2s ILerG- (A) Representative hERG currents in CTL cells and
B C those cultured with 10 uM CQ, HCQ, AZ, or RDV for 24
** s CTL hours. (B) Box plots showing maximal tail currents upon
a0/ —s—CQ repolarization to —50 mV from hERG-HEK cells cultured
’ . A HCQ *%  in control or with 10 uM CQ, HCQ, AZ, or RDV for 24 hours.
%‘ . 2 g 201 y—az p #*P < 0.01 compared with control. (C) Tail current-voltage
= 20{ g ‘ = —4—RDV relationships fitted to the Boltzmann equation function of
o ‘I -, 4 4. 2 ILgrG recorded from cells cultured in control or with 10 uM
2 A 2% 210 /) CQ, HCQ, AZ, or RDV for 24 hours. **P < 0.01 compared
5 1.09 = = Y with control at voltages >0 mV.
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expression levels. However, remdesivir at 10 wM chronically
increased I,grg by 2-fold, which was associated with an
increased expression of the mature hERG proteins. Further-
more, none of these drugs acutely or chronically affected
Ikengi+kenel- These findings are summarized in Fig. 8.
Since reliable information on drug concentrations or doses
for treating COVID-19 is lacking, doses that proved effective
and safe in the treatment of other diseases, such as malaria,
can be considered. For chloroquine, peak serum concentra-
tions of 0.82 pM (263 ng/ml) and 1.37 pM for malaria
treatment (Walker et al., 1983; Rombo et al., 1987) were
reported, and a target plasma concentration not above 2.5 or
3.0 uM has been proposed (Smit et al., 2020; White et al.,
2020). For hydroxychloroquine, the average serum/plasma
hydroxychloroquine concentrations for patients with systemic
lupus erythematosus were found below 480 ng/ml (1.43 pM),
which is 2-fold of the EC5q of 0.72 wM obtained in an in vitro
study targeting SARS-CoV-2 with hydroxychloroquine for
48 hours (Carlsson et al., 2020; Balevic et al., 2020; Yao
et al., 2020). For azithromycin, the plasma/serum concentra-
tion was 240-650 ng/ml (0.32—0.87 uM) during the treatment
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Intensity-Rel
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of lung infection (Jeong et al., 2016) and was 565.53 ng/ml
(0.75 pM) in a clinical study involving healthy volunteers
(Matzneller et al., 2013). For remdesivir, the mean plasma
concentration-time profiles after intravenous administration
were documented in two critically ill patients with COVID-19
who recovered (Tempestilli et al., 2020). In these two patients,
200 mg remdesivir was intravenously administered over
1 hour on day 1, followed by one-time 100-mg administration
daily for an additional 12 days. On days 3-9, blood samples
were collected immediately after, at 1 and 24 hours after
remdesivir administration. It was shown that immediately
after remdesivir administration, mean peak serum concen-
trations for the two patients were 2737 and 3317 ng/ml (4.54
and 5.50 pM). Plasma concentration of remdesivir decayed
rapidly; 1 hour after infusion, they were 80.7 and 171 ng/ml
(0.13 and 0.28 pM), respectively; and 24 hours after infusion,
they were below the limit of quantification (Tempestilli et al.,
2020). It is important to note that drugs may bind to serum
proteins, and their free concentrations remain unknown but
are expected to be even lower. Thus, it appears that all these
drugs can reach single-digit micromolar levels in clinical
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Fig. 5. Concentration-dependent chronic effects of remdesivir (RDV) on I grg and hERG expression. (A) Box plots showing maximal tail currents
upon repolarization to —50 mV from hERG-HEK cells cultured in control or with various concentrations of RDV for 24 hours. *P < 0.05, **P < 0.01
compared with absence of drug. (B) Western blot showing hERG expression of hERG-HEK cells cultured in CTL or with 10 pM chloroquine (CQ),
hydroxychloroquine (HCQ), azithromycin (AZ), or RDV for 24 hours. n = 4, **P < 0.01 compared with control. (C) Western blot showing hERG
expression of hERG-HEK cells cultured in the absence or presence of various concentrations of RDV for 24 hours. n = 4, **P < 0.01 compared with

absence of drug.
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Fig. 6. Chloroquine (CQ), hydroxychloroquine (HCQ),
azithromycin (AZ), or remdesivir (RDV) does not acutely
affect IKCNQ1+KCNE1- Top: representative IKCNQ1+KCNE1
traces recorded with the shown voltage protocol before
and after 10 pM CQ, HCQ, AZ, or RDV. Bottom: peak
current amplitudes in the presence of drug were normalized
to the respective CTL (in the absence of drug) in the same
cell and plotted as relative (Rel) Ixcnqi+keNE1-
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settings. While 10 uM of each of the four drugs was examined
during whole-cell voltage-clamp recordings, only chloroquine
significantly decreased I,grg (Fig. 1). Chloroquine-induced
hERG block was previously reported (Traebert et al., 2004;
Sanchez-Chapula et al., 2002).

Our results showed that chloroquine and hydroxychloro-
quine acutely blocked I;grg in a concentration-dependent
manner, with hydroxychloroquine having 8-fold less potency
than chloroquine (IC5q9 being 23.4 vs. 3.0 uM). The ~8-fold
difference in hERG-blocking potency is due to the hydroxyl
group, which is the only difference between hydroxychloro-
quine and chloroquine. Molecular mechanisms underlying
a hydroxyl addition—-induced reduction of hERG block by
chloroquine warrant further investigation. As an adverse
unwanted effect, drug-induced hERG block and poten-
tial LQTS represent a significant concern for drug safety
(Finlayson et al., 2004; Shah, 2005; Kannankeril et al., 2010).
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Fig. 7. Chloroquine (CQ), hydroxychloroquine (HCQ), azithromycin (AZ),
or remdesivir (RDV) does not chronically affect Ixcngirkener- Ikenqi+koNEl
was recorded using the voltage protocol shown on the top left of Fig. 4A.
IkcnQi+kene: Was measured at the end of the 4-second depolarizing
step to 50 mV from KCNQ1+KCNE1-HEK cells cultured in control or
with 10 puM CQ, HCQ, AZ, or RDV for 24 hours. Data are shown in box
plots for various treatments.

CTL

The addition of a hydroxyl to the ethyl group of chloroquine to
form hydroxychloroquine, which retains drug properties while
reducing hERG-blocking potency, would be of great interest
for drug development.

We also investigated the chronic effects of the four drugs
on the current and expression of hERG channels and found
that none of them chronically decreased I,grg. However,
treatment of cells with 10 wM remdesivir for 24 hours
increased I grg by 2-fold, and an increased channel expres-
sion is responsible for increased I,grg (Figs. 4 and 5). The
molecular mechanisms underlying the remdesivir-induced
increase in I grg and hERG protein expression are currently
unknown and warrant future investigation. The clinical
relevance of remdesivir-mediated increase in I grg is also
unknown. Some hERG mutations can cause short QT syn-
drome and arrhythmias due to the increased I;,grg (Brugada
et al., 2004; Schimpf et al., 2005). The possibility of drug-
induced QT shortening has also been previously recognized
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Fig. 8. Summary of the acute and chronic effects of chloroquine (CQ),
hydroxychloroquine (HCQ), azithromycin (AZ), or remdesivir (RDV) on
Iherc and Ikcnqi+kenei- Upper arrow: increase; down arrow: decrease;
horizontal line: no effect.
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(Schimpf et al., 2012; Huang et al., 2019). However, drug-
induced short QT syndrome is rare. Remdesivir chronically
increased I,grg at concentrations that may be above clinical
concentrations (Tempestilli et al., 2020). On the other hand,
whether remdesivir can counteract against chloroquine- or
hydroxychloroquine-induced I;,grg inhibition remains to be an
important question that may warrant future basic and clinical
investigations.

In addition to Ik, encoded by hERG, Ik, encoded by KCNQ
plus KCNE1 is the other important potassium current re-
sponsible for cardiac repolarization. We also examined the
effects of chloroquine, hydroxychloroquine, azithromycin, and
remdesivir on KCNQ + KCNE1 channels. Our data showed
that none of the four drugs affect Ixcnqi+keonm:1 acutely or
chronically (Figs. 6 and7).

Overall, out of the COVID-19 drugs examined in our study,
at clinically relevant levels, chloroquine acutely caused a sig-
nificant decrease in Igrg. Although hydroxychloroquine also
blocks hERG, it is 8-fold less potent than chloroquine, and block
may only occur at concentrations above those observed in
patient serum. These data are in line with a recent study
showing that hydroxychloroquine is safe for COVID-19 and not
associated with a risk of ventricular arrhythmia due to drug-
induced QTc prolongation (Sogut et al., 2021). Our data also
revealed that I;,grg was chronically increased by remdesivir at
concentrations that may be beyond clinically relevant levels.

It remains to be determined whether QT-prolonging drugs
are more likely to induce torsades de pointes arrhythmia in
patients with COVID-19. Hospitalized patients with COVID-
19 may suffer from hypoxia, fever, electrolyte abnormalities
(especially hypokalemia), and viral- or autoimmune-induced
myocardial injury (Hu et al., 2021; Zeng et al., 2020; Clerkin
et al., 2020). We have previously demonstrated that hypoxia,
fever, hypokalemia, and protease activation can damage or
facilitate the damage of hERG function (Guo et al., 2009;
Lamothe et al., 2016; Zhao et al., 2016; Lamothe et al., 2017).
In fact, hospitalized patients with COVID-19 display re-
spiratory symptoms such as shortness of breath, and they
also display cardiac arrhythmias (Wang et al., 2020; Du
et al., 2020). In addition, patients with COVID-19 receiving
chloroquine or hydroxychloroquine as a therapy may re-
spond to other medications differently because chloroquine
and hydroxychloroquine are known to inhibit cytochrome P450
enzymes (Rendic and Guengerich, 2020). Cytochromes P450
are responsible for the metabolism of most foreign substances,
including 70%-80% of clinically used drugs (Zanger and
Schwab, 2013), and coadministration of cytochrome P450—
inhibiting drugs may increase plasma levels of other drugs
that inhibit Igrg, enhancing the risk of drug-induced LQTS
(Furst et al., 2002). Besides K* current inhibition, drugs may
be proarrhythmic through other mechanisms. For example,
although it was reported that clinical levels of azithromycin
neither blocks I, grg in hERG-HEK cells nor prolongs QTc
in anesthetized dogs (Thomsen et al., 2006), another study
reported that acute treatment of azithromycin results in
a concentration-dependent block of Na* currents, whereas
chronic azithromycin treatment increases sodium current
through SCN5A (Sodium Voltage-Gated Channel Alpha Sub-
unit 5) by 2-fold (Yang et al., 2017). Finally, patients with
COVID-19 with pre-existing inherited arrhythmia syndromes
may be more likely to develop LQTS (Wu et al., 2020). Because
of these reasons, attention should be paid to monitoring ECG
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recordings for patients with COVID-19 to prevent and treat
arrhythmias in a timely manner.

Authorship Contributions:

Participated in research design: Zhang.

Conducted experiments: Szendrey, Guo, Li, Yang.

Performed data analysis: Szendrey, Guo, Li, Yang.

Wrote or contributed to the writing of the manuscript: Szendrey,
Zhang.

References

Balevic SJ, Hornik CP, Green TP, Clowse MEB, Gonzalez D, Maharaj AR, Schanberg
LE, Eudy AM, Swamy GK, Hughes BL, et al. (2020) Hydroxychloroquine in
patients with rheumatic disease complicated by COVID-19: clarifying target
exposures and the need for clinical trials. J Rheumatol DOI: 10.3899/
jrheum.200493 [published ahead of print].

Barhanin J, Lesage F, Guillemare E, Fink M, Lazdunski M, and Romey G (1996) K(V)
LQT1 and IsK (minK) proteins associate to form the I(Ks) cardiac potassium cur-
rent. Nature 384:78-80.

Brugada R, Hong K, Dumaine R, Cordeiro J, Gaita F, Borggrefe M, Menendez TM,
Brugada J, Pollevick GD, Wolpert C, et al. (2004) Sudden death associated with
short-QT syndrome linked to mutations in HERG. Circulation 109:30-35.

Carlsson H, Hjorton K, Abujrais S, Ronnblom L, Akerfeldt T, and Kultima K (2020)
Measurement of hydroxychloroquine in blood from SLE patients using LC-HRMS-
evaluation of whole blood, plasma, and serum as sample matrices. Arthritis Res
Ther 22:125.

Chorin E, Dai M, Shulman E, Wadhwani L, Bar-Cohen R, Barbhaiya C, Aizer A,
Holmes D, Bernstein S, Spinelli M, et al. (2020) The QT interval in patients with
COVID-19 treated with hydroxychloroquine and azithromycin. Nat Med 26:
808-809.

Clerkin KJ, Fried JA, Raikhelkar J, Sayer G, Griffin JM, Masoumi A, Jain SS,
Burkhoff D, Kumaraiah D, Rabbani L, et al. (2020) COVID-19 and cardiovascular
disease. Circulation 141:1648-1655.

Coban C (2020) The host targeting effect of chloroquine in malaria. Curr Opin
Immunol 66:98-107.

Colson P, Rolain JM, Lagier JC, Brouqui P, and Raoult D (2020) Chloroquine and
hydroxychloroquine as available weapons to fight COVID-19. Int J Antimicrob
Agents 55:105932.

Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, and Keating MT
(1995) A molecular basis for cardiac arrhythmia: HERG mutations cause long QT
syndrome. Cell 80:795-803.

DuY, TuL, Zhu P, Mu M, Wang R, Yang P, Wang X, Hu C, Ping R, Hu P, et al. (2020)
Clinical features of 85 fatal cases of COVID-19 from Wuhan. A retrospective ob-
servational study. Am J Respir Crit Care Med 201:1372-1379.

Ficker E, Kuryshev YA, Dennis AT, Obejero-Paz C, Wang L, Hawryluk P, Wible BA,
and Brown AM (2004) Mechanisms of arsenic-induced prolongation of cardiac re-
polarization. Mol Pharmacol 66:33—44.

Finlayson K, Witchel HJ, McCulloch J, and Sharkey J (2004) Acquired QT interval
prolongation and HERG: implications for drug discovery and development. Eur
J Pharmacol 500:129-142.

Furst BA, Champion KM, Pierre JM, Wirshing DA, and Wirshing WC (2002) Possible
association of QTc interval prolongation with co-administration of quetiapine and
lovastatin. Biol Psychiatry 51:264-265.

Gautret P, Lagier JC, Parola P, Hoang VT, Meddeb L, Mailhe M, Doudier B, Courjon
dJ, Giordanengo V, Vieira VE, et al. (2020) Hydroxychloroquine and azithromycin as
a treatment of COVID-19: results of an open-label non-randomized clinical trial.
Int J Antimicrob Agents 56:105949.

Gérard A, Romani S, Fresse A, Viard D, Parassol N, Granvuillemin A, Chouchana L,
Rocher F, and Drici MD; French Network of Pharmacovigilance Centers (2020)
“Off-label” use of hydroxychloroquine, azithromycin, lopinavir-ritonavir and chlo-
roquine in COVID-19: a survey of cardiac adverse drug reactions by the French
Network of Pharmacovigilance Centers. Therapie 75:371-379.

Guo J, Massaeli H, Li W, Xu J, Luo T, Shaw J, Kirshenbaum LA, and Zhang S (2007)
Identification of Ik, and its trafficking disruption induced by probucol in cultured
neonatal rat cardiomyocytes. J Pharmacol Exp Ther 321:911-920.

Guo J, Massaeli H, Xu J, Jia Z, Wigle JT, Mesaeli N, and Zhang S (2009) Extracel-
lular K* concentration controls cell surface density of Ik, in rabbit hearts and of the
HERG channel in human cell lines. J Clin Invest 119:2745-2757.

Guo J, Wang T, Yang T, Xu J, Li W, Fridman MD, Fisher JT, and Zhang S (2011)
Interaction between the cardiac rapidly (Ix,) and slowly (Ixs) activating delayed
rectifier potassium channels revealed by low K*-induced hERG endocytic degra-
dation. J Biol Chem 286:34664—-34674.

Hooks M, Bart B, Vardeny O, Westanmo A, and Adabag S (2020) Effects of hydrox-
ychloroquine treatment on QT interval. Heart Rhythm 17:1930-1935.

Hu H, Ma F, Wei X, and Fang Y (2021) Coronavirus fulminant myocarditis saved
with glucocorticoid and human immunoglobulin. Eur Heart J 42:206.

Hu TY, Frieman M, and Wolfram J (2020b) Insights from nanomedicine into chlo-
roquine efficacy against COVID-19. Nat Nanotechnol 15:247-249.

Huang Y, Xu Y, Barajas-Martinez H, and Hu D (2019) Acquired short QT syndrome
in a cancer patient treated with Toad. Pacing Clin Electrophysiol 42:1273-1275.
January CT, Gong Q, and Zhou Z (2000) Long QT syndrome: cellular basis and

arrhythmia mechanism in LQT2. J Cardiovasc Electrophysiol 11:1413-1418.

Jeong BH, Jeon K, Park HY, Moon SM, Kim SY, Lee SY, Shin SJ, Daley CL, and Koh
WJ (2016) Peak plasma concentration of azithromycin and treatment responses in
Mycobacterium avium complex lung disease. Antimicrob Agents Chemother 60:
6076-6083.

¥202 ‘02 Yo A Uo sfewnor 134SY e Bio'sfeulnofisdsejed| wouy pepeojumoq


http://jpet.aspetjournals.org/

272

Szendrey et al.

Kamp TJ, Hamdan MH, and January CT (2020) Chloroquine or hydroxychloroquine
for COVID-19: is cardiotoxicity a concern? J Am Heart Assoc 9:¢016887.

Kannankeril P, Roden DM, and Darbar D (2010) Drug-induced long QT syndrome.
Pharmacol Rev 62:760-781.

Keating MT and Sanguinetti MC (2001) Molecular and cellular mechanisms of car-
diac arrhythmias. Cell 104:569-580.

Keyaerts E, Vijgen L, Maes P, Neyts J, and Van Ranst M (2004) In vitro inhibition of
severe acute respiratory syndrome coronavirus by chloroquine. Biochem Biophys
Res Commun 323:264-268.

Kuryshev YA, Ficker E, Wang L, Hawryluk P, Dennis AT, Wible BA, Brown AM,
Kang J, Chen XL, Sawamura K, et al. (2005) Pentamidine-induced long QT syn-
drome and block of hERG trafficking. J Pharmacol Exp Ther 312:316-323.

Lamb YN (2020) Remdesivir: first approval. Drugs 80:1355-1363.

Lamothe SM, Guo J, Li W, Yang T, and Zhang S (2016) The human ether-a-go-go-
related gene (hERG) potassium channel represents an unusual target for protease-
mediated damage. J Biol Chem 291:20387—-20401.

Lamothe SM, Hulbert M, Guo J, Li W, Yang T, and Zhang S (2018) Glycosylation
stabilizes hERG channels on the plasma membrane by decreasing proteolytic
susceptibility. FASEB J 32:1933-1943.

Lamothe SM, Song W, Guo J, Li W, Yang T, Baranchuk A, Graham CH, and Zhang S
(2017) Hypoxia reduces mature hERG channels through calpain up-regulation.
FASEB J 31:5068-5077.

Lamothe SM and Zhang S (2013) The serum- and glucocorticoid-inducible kinases
SGK1 and SGK3 regulate hERG channel expression via ubiquitin ligase Nedd4-2
and GTPase Rabl1l. J Biol Chem 288:15075-15084.

Liu J, Cao R, Xu M, Wang X, Zhang H, Hu H, Li Y, Hu Z, Zhong W, and Wang M
(2020) Hydroxychloroquine, a less toxic derivative of chloroquine, is effective in
inhibiting SARS-CoV-2 infection in vitro. Cell Discov 6:16.

Maraj I, Hummel JP, Taoutel R, Chamoun R, Workman V, Li C, Tran L, DelVecchio
A, Howes C, and Akar JG (2020) Incidence and determinants of QT interval pro-
longation in COVID-19 patients treated with hydroxychloroquine and azi-
thromycin. J Cardiovasc Electrophysiol 31:1904—1907.

Matzneller P, Krasniqi S, Kinzig M, Sorgel F, Hiittner S, Lackner E, Miiller M,
and Zeitlinger M (2013) Blood, tissue, and intracellular concentrations of azi-
thromycin during and after end of therapy. Antimicrob Agents Chemother 57:
1736-1742.

Mercuro NJ, Yen CF, Shim DJ, Maher TR, McCoy CM, Zimetbaum PJ, and Gold HS
(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 5:1036-1041.

Mitcheson JS, Chen J, Lin M, Culberson C, and Sanguinetti MC (2000) A structural
basis for drug-induced long QT syndrome. Proc Natl Acad Sci USA 97:12329-12333.

Monti M, Vertogen B, Masini C, Donati C, Lilli C, Zingaretti C, Musuraca G, De
Giorgi U, Cerchione C, Farolfi A, et al. (2020) Hydroxychloroquine as prophylaxis
for COVID-19: a review. Front Pharmacol 11:605185.

Perrin MJ, Subbiah RN, Vandenberg JI, and Hill AP (2008) Human ether-a-go-go
related gene (WERG) K* channels: function and dysfunction. Prog Biophys Mol Biol
98:137-148.

Ramireddy A, Chugh H, Reinier K, Ebinger J, Park E, Thompson M, Cingolani E,
Cheng S, Marban E, Albert CM, et al. (2020) Experience with hydroxychloroquine
and azithromyecin in the coronavirus disease 2019 pandemic: implications for QT
interval monitoring. J Am Heart Assoc 9:¢017144.

Rendic S and Guengerich FP (2020) Metabolism and interactions of chloroquine and
hydroxychloroquine with human cytochrome P450 enzymes and drug transporters.
Curr Drug Metab 21:1127-1135.

Roden DM (2004) Drug-induced prolongation of the QT interval. N Engl J Med 350:
1013-1022.

Roden DM, Lazzara R, Rosen M, Schwartz PJ, Towbin J, and Vincent GM; The SADS
Foundation Task Force on LQTS (1996) Multiple mechanisms in the long-QT syn-
drome. Current knowledge, gaps, and future directions. Circulation 94:1996—2012.

Rombo L, Bergqvist Y, and Hellgren U (1987) Chloroquine and desethylchloroquine
concentrations during regular long-term malaria prophylaxis. Bull World Health
Organ 65:879-883.

Séanchez-Chapula JA, Navarro-Polanco RA, Culberson C, Chen J, and Sanguinetti
MC (2002) Molecular determinants of voltage-dependent human ether-a-go-go re-
lated gene (HERG) K* channel block. JJ Biol Chem 277:23587-23595.

Sanguinetti MC, Curran ME, Zou A, Shen J, Spector PS, Atkinson DL, and Keating
MT (1996) Coassembly of K(1nLQT1 and minK (IsK) proteins to form cardiac I(ks)
potassium channel. Nature 384:80-83.

Sanguinetti MC, Jiang C, Curran ME, and Keating MT (1995) A mechanistic link
between an inherited and an acquired cardiac arrhythmia: HERG encodes the Ik,
potassium channel. Cell 81:299-307.

Sanguinetti MC and Tristani-Firouzi M (2006) hERG potassium channels and car-
diac arrhythmia. Nature 440:463-469.

Schimpf R, Veltmann C, Papavassiliu T, Rudic B, Goksu T, Kuschyk J, Wolpert C,
Antzelevitch C, Ebner A, Borggrefe M, et al. (2012) Drug-induced QT-interval
shortening following antiepileptic treatment with oral rufinamide. Heart Rhythm
9:776-781.

Schimpf R, Wolpert C, Gaita F, Giustetto C, and Borggrefe M (2005) Short QT syn-
drome. Cardiovasc Res 67:357-366.

Schwartz PJ, Crotti L, and Insolia R (2012) Long-QT syndrome: from genetics to
management. Circ Arrhythm Electrophysiol 5:868-8717.

Schwartz PJ, Moss AdJ, Vincent GM, and Crampton RS (1993) Diagnostic criteria for
the long QT syndrome. An update. Circulation 88:782-784.

Schwartz PJ, Stramba-Badiale M, Crotti L, Pedrazzini M, Besana A, Bosi G, Gab-
barini F, Goulene K, Insolia R, Mannarino S, et al. (2009) Prevalence of the con-
genital long-QT syndrome. Circulation 120:1761-1767.

Shah RR (2005) Drugs, QTc interval prolongation and final ICH E14 guideline: an
important milestone with challenges ahead. Drug Saf 28:1009-1028.

Smit C, Peeters MYM, van den Anker JN, and Knibbe CAJ (2020) Chloroquine for
SARS-CoV-2: implications of its unique pharmacokinetic and safety properties.
Clin Pharmacokinet 59:659—669.

Sogut O, Can MM, Guven R, Kaplan O, Ergenc H, Umit TB, Demir O, Kaya M,
Akdemir T, and Cakmak S (2021) Safety and efficacy of hydroxychloroquine in 152
outpatients with confirmed COVID-19: a pilot observational study. Am J Emerg
Med 40:41-46.

Spector PS, Curran ME, Zou A, Keating MT, and Sanguinetti MC (1996) Fast in-
activation causes rectification of the Ik, channel. J Gen Physiol 107:611-619.

Spinner CD, Gottlieb RL, Criner GJ, Arribas Lépez JR, Cattelan AM, Soriano Vila-
domiu A, Ogbuagu O, Malhotra P, Mullane KM, Castagna A, et al.; GS-US-540-
5774 Investigators (2020) Effect of remdesivir vs standard care on clinical status at
11 Days in patients with moderate COVID-19: a randomized clinical trial. JAMA
324:1048-1057.

Sutherland-Deveen ME, Wang T, Lamothe SM, Tschirhart JN, Guo J, Li W, Yang T,
Du Y, and Zhang S (2019) Differential regulation of human ether-a-go-go-related
gene (hERG) current and expression by activation of protein kinase C. Mol Phar-
macol 96:1-12.

Szekely Y, Lichter Y, Shrkihe BA, Bruck H, Oster HS, and Viskin S (2020)
Chloroquine-induced torsades de pointes in a patient with coronavirus disease
2019. Heart Rhythm 17:1452-1455.

Tempestilli M, Caputi P, Avataneo V, Notari S, Forini O, Scorzolini L, Marchioni L,
Ascoli Bartoli T, Castilletti C, Lalle E, et al.; COVID 19 INMI Study Group (2020)
Pharmacokinetics of remdesivir and GS-441524 in two critically ill patients who
recovered from COVID-19. J Antimicrob Chemother 75:2977—-2980.

Thomsen MB, Beekman JD, Attevelt NJ, Takahara A, Sugiyama A, Chiba K, and Vos MA
(2006) No proarrhythmic properties of the antibiotics Moxifloxacin or Azithromycin in
anaesthetized dogs with chronic-AV block. Br J Pharmacol 149:1039-1048.

Traebert M, Dumotier B, Meister L, Hoffmann P, Dominguez-Estevez M, and Suter
W (2004) Inhibition of hERG K* currents by antimalarial drugs in stably trans-
fected HEK293 cells. Eur J Pharmacol 484:41-48.

Trudeau MC, Warmke JW, Ganetzky B, and Robertson GA (1995) HERG, a human
inward rectifier in the voltage-gated potassium channel family. Science 269:92-95.

Walker O, Dawodu AH, Adeyokunnu AA, Salako LA, and Alvan G (1983) Plasma
chloroquine and desethylchloroquine concentrations in children during and after
chloroquine treatment for malaria. Br JJ Clin Pharmacol 16:701-705.

Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B, Xiang H, Cheng Z, Xiong Y,
et al. (2020) Clinical characteristics of 138 hospitalized patients with 2019 novel
coronavirus-infected pneumonia in Wuhan, China. JAMA 323:1061-1069.

Wang T, Hogan-Cann A, Kang Y, Cui Z, Guo J, Yang T, Lamothe SM, Li W, Ma A,
Fisher JT, et al. (2014) Muscarinic receptor activation increases hERG channel
expression through phosphorylation of ubiquitin ligase Nedd4-2. Mol Pharmacol
85:877-886.

White NJ, Watson JA, Hoglund RM, Chan XHS, Cheah PY, and Tarning J (2020)
COVID-19 prevention and treatment: a critical analysis of chloroquine and
hydroxychloroquine clinical pharmacology. PLoS Med 17:€1003252.

Wu CI, Postema PG, Arbelo E, Behr ER, Bezzina CR, Napolitano C, Robyns T, Probst
V, Schulze-Bahr E, Remme CA, et al. (2020) SARS-CoV-2, COVID-19, and
inherited arrhythmia syndromes. Heart Rhythm 17:1456-1462.

Yang Z, Prinsen JK, Bersell KR, Shen W, Yermalitskaya L, Sidorova T, Luis PB, Hall
L, Zhang W, Du L, et al. (2017) Azithromycin causes a novel proarrhythmic syn-
drome. Circ Arrhythm Electrophysiol 10:¢003560.

Yao X, Ye F, Zhang M, Cui C, Huang B, Niu P, Liu X, Zhao L, Dong E, Song C, et al.
(2020) In vitro antiviral activity and projection of optimized dosing design of
hydroxychloroquine for the treatment of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2). Clin Infect Dis 71:732-739.

Zaklyazminskaya EV and Abriel H (2012) Prevalence of significant genetic variants
in congenital long QT syndrome is largely underestimated. Front Pharmacol 3:72.

Zanger UM and Schwab M (2013) Cytochrome P450 enzymes in drug metabolism:
regulation of gene expression, enzyme activities, and impact of genetic variation.
Pharmacol Ther 138:103-141.

Zeng JH, Liu YX, Yuan J, Wang FX, Wu WB, Li JX, Wang LF, Gao H, Wang Y, Dong
CF, et al. (2020) First case of COVID-19 complicated with fulminant myocarditis:
a case report and insights. Infection 48:773-7717.

Zhao Y, Wang T, Guo J, Yang T, Li W, Koichopolos J, Lamothe SM, Kang Y, Ma A,
and Zhang S (2016) Febrile temperature facilitates hERG/Ik, degradation through
an altered K(*) dependence. Heart Rhythm 13:2004-2011.

Zhou Z, Gong Q, Epstein ML, and January CT (1998a) HERG channel dysfunction in
human long QT syndrome. Intracellular transport and functional defects. J Biol
Chem 273:21061-21066.

Zhou Z, Gong Q, Ye B, Fan Z, Makielski JC, Robertson GA, and January CT (1998b)
Properties of HERG channels stably expressed in HEK 293 cells studied at phys-
iological temperature. Biophys J 74:230—-241.

Address correspondence to: Dr. Shetuan Zhang, Department of Biomedical
and Molecular Sciences, Queen’s University, 18 Stuart St., Kingston, Ontario,
K7L 3N6 Canada. E-mail: shetuan.zhang@queensu.ca

¥202 ‘02 Yo A Uo sfewnor 134SY e Bio'sfeulnofisdsejed| wouy pepeojumoq


mailto:shetuan.zhang@queensu.ca
http://jpet.aspetjournals.org/

