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A B S T R A C T   

Hydroxychloroquine (HCQ) was noted to produce severe cardiac arrhythmia, an adverse effect as its use against 
severe acute respiratory syndrome caused by coronavirus 2 (SAES-CoV-2). HCQ is an antimalarial drug with 
quinoline structure. Some other quinoline compounds, such as fluoroquinolone antibiotics (FQs), also lead to 
arrhythmias characterized by QT prolongation. QT prolongation is usually related to the human ether-a-go-go- 
related gene (hERG) potassium channel inhibitory activity of most drugs. In this research, molecular docking was 
used to study the potential inhibitory activities of HCQ as well as other quinolines derivatives and hERG po-
tassium channel protein. The possible causes of these QT prolongation effects were revealed. Molecular docking 
and patch clamp experiments showed that HCQ could bind to hERG and inhibit the efflux of potassium ion 
preferentially in the repolarization stage. The IC50 of HCQ was 8.6 μM ± 0.8 μM. FQs, which are quinoline 
derivatives, could also bind to hERG molecules. The binding energies of FQs varied according to their molecular 
polarity. It was found that drugs with a quinoline structure, particularly with high molecular polarity, can exert a 
significant potential hERG inhibitory activity. The potential side effects of QT prolongation during the devel-
opment and use of quinolines should be carefully considered.   

1. Introduction 

Hydroxychloroquine (HCQ) is a derivative of 4-aminoquinolone, 
which has a quinolone structure similar to that of fluoroquinolone an-
tibiotics (FQs) (Bensalah, Midassi et al. 2020). HCQ has been used as an 
antimalarial medicine for a long time. Since the outbreak of coronavirus 
disease (COVID-19), HCQ has been used to fight against severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2); however, this 
treatment has been found to lead to arrhythmic and cardiovascular side 
effects (Sridhar, Chatterjee et al. 2020; Voisin, Lorc’h et al. 2020). FQs 
are widely used broad-spectrum antibiotics (Redgrave, Sutton et al. 
2014), which can also lead to serious arrhythmias, characterized by QT 
prolongation (Porta et al., 2019), suggesting a correlation between the 
quinolone structure and arrhythmia. 

QT interval prolongation is dominated by the human ether-a-go-go- 
related gene (hERG) encoded (Vandenberg, Perry et al. 2012) 
voltage-gated K+ channels (Robertson and Morais-Cabral, 2020). The 
early repolarization of cardiac AP includes a transient outward of po-
tassium channel current (IKr) (Wu and Sanguinetti, 2016; Butler, Zhang 
et al. 2019), and some compounds (Gualdani, Cavalluzzi et al. 2017), 

particularly many antibiotics and HCQ (Wang and MacKinnon, 2017), 
may restrain the K+ outflow (Vaz, Kang et al. 2018; Cavalluzzi, Imbrici 
et al. 2020). Inhibition of the hERG channel would lead to a reduction in 
IKr and repolarization reserve, subsequently causing QT prolongation 
(Nachimuthu, Assar et al. 2012). The hERG channel in which HEK cells 
is expressed (Lee, Choi et al. 2019), is widely employed to evaluate the 
potential risk of medicines. In vitro ion patch clamp assays were used to 
evaluate the potential inhibition of hERG channels (Ridder, Leishman 
et al. 2020), and the value of the half inhibitory concentration (IC50) was 
adopted to indicate the degree of QT prolongation (Kongsamut, Kang 
et al. 2002). The patch clamp technique is a widely used technique to 
evaluate the inhibitory activities of compounds in ion channel models by 
measuring ionic currents (Lei, Clerx et al. 2019). The whole-cell 
patch-clamp electrophysiological technique (Rohrbacher, Damiano 
et al. 2015; Stoelzle-Feix, Brinkwirth et al. 2020) is the “gold standard” 
for ion channel analysis (Acter, Uddin et al. 2020; Gao, Zhang et al. 
2020). FQs have been synthesized by the introduction of a fluorine atom 
in quinoline, which also increased the incidence of arrhythmia (Song, 
Wang et al. 2020). Different structural characteristics of FQs lead to 
great differences in their hERG inhibitory activities (Zünkler and Wos, 

* Corresponding author. 
E-mail address: yuran1230@hotmail.com (R. Yu).  

Contents lists available at ScienceDirect 

Toxicology 

journal homepage: www.elsevier.com/locate/toxicol 

https://doi.org/10.1016/j.tox.2021.152822 
Received 14 March 2021; Received in revised form 8 May 2021; Accepted 24 May 2021   

mailto:yuran1230@hotmail.com
www.sciencedirect.com/science/journal/0300483X
https://www.elsevier.com/locate/toxicol
https://doi.org/10.1016/j.tox.2021.152822
https://doi.org/10.1016/j.tox.2021.152822
https://doi.org/10.1016/j.tox.2021.152822
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tox.2021.152822&domain=pdf


Toxicology 458 (2021) 152822

2

2003). For example, at the same concentrations, norfloxacin and 
lomefloxacin inhibited hERG currents by 2.8 % ± 3.6 % and 12.3 % ±
4.7 %, respectively (Zünkler, Claaßen et al. 2006). According to the 
studies on the interactions between hERG and FQs, the binding sites of 
FQs reside in the region around the amino acid residues TYR652s, 
SER624, and PHE656s of the hERG channel (Ryu, Imai et al. 2013; 
Khondker, Bider et al. 2021). In this study, the potential inhibitory ac-
tivities of quinolones including HCQ and 15 FQs (ofloxacin, gatifloxacin, 
norfloxacin, ciprofloxacin, orbifloxacin, difloxacin, pefloxacin, flerox-
acin, enrofloxacin, lomefloxacin, sarafloxacin, enoxacin, balofloxacin, 
danofloxacin, and nadifloxacin) on hERG channels were evaluated by 
molecular docking, and the inhibitory activity of HCQ at the whole-cell 
level was further evaluated using patch clamp. The study of the binding 
activity of compounds to hERG potassium channel protein is of great 
significance for the evaluation cardiotoxicity and drug safety of quino-
lines (Dong, Liu et al. 2019; Cheng, Du et al. 2019). 

2. Materials and methods 

2.1. Molecular docking 

The structures of the ligand compounds were drawn using Chem-
Draw, and all the structures were optimized using the classical MM2 
force field. The cryo-EM structure of the hERG-related K+ channel 
(Protein Data Bank [PDB] ID: 5va1) was downloaded from PDB 
(http://www1.rcsb.org) and used as the model. AutoDock Vina software 
was applied in all the docking experiments, and the optimized model of 
the hERG related K+ channel was used as the docking target. During 
molecular docking, the macromolecular receptor hERG channel was 
treated as rigid. The docking site was confirmed according to the known 
interaction sites between FQs and the hERG channel, and the potential 
inhibitory activity of HCQ as well as the underlying mechanism was 
studied. A grid box (60 Å × 60 Å × 60 Å) centered at (81.800, 69.459, 
93.127) Å for the hERG channel was adopted in the docking experiments 
using the Auto Dock tools. 

2.2. Molecular dynamics study 

Based on molecular docking, the root mean square deviation (RMSD) 
of docking molecules was simulated and evaluated to further explain 
and analyze the potential hERG K+ channel inhibitory activity of HCQ. 
To validate the structural stability and conformational flexibility of the 
binding complex, protein-ligand complex molecular dynamics were 
investigated using Discovery Studio 2020 (DS). The hERG channel 
protein was prepared under the DS macromolecular module, based on 
which protein solvation was performed using the CHARMM force field. 
Molecular dynamics simulation, including minimization, heating, 
equilibrium, and production, was performed using a standard dynamics 
cascade. The RMSD of conformations is in the unit of Å, and the unit of 
equilibrium time is picosecond (ps). The simulation time of the equili-
bration phase was 20 ps, and that of the production phase was 200 ps. 

2.3. Inhibitory activity of HCQ on hERG 

2.3.1. Materials 
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum 

(FBS), and TrypLE™ Express were purchased from Gibco (China). 
DMSO, cisapride, Potassium aspartate, NaCl, KCl, EGTA, MgCl2•6H2O, 
D-Glucose, CaCl2•2H2O, and Na2-ATP were purchased from Sigma- 
Aldrich (China). 

2.3.2. Cell culture 
The HEK-293 cell line of the hERG potassium channel was purchased 

from Creacell Company (product number: a-0320). Cells were main-
tained in DMEM supplemented with 10 % (v/v) fetal bovine serum FBS 
(0.8 mg/mL) at 37 ◦C and 5 % (v/v) CO2. The hERG currents were 

elicited by whole-cell technique in the voltage-clamp mode. The peak 
tail current density was used to assess the voltage dependence of the 
activation or inactivation of compounds (Shugg, Somberg et al. 2020). 
The elicited tail current density in the cells was applied to draw a 
current-voltage plot. 

2.3.3. Cell passage 
The old medium was removed, and the cells were washed once with 

phosphate-buffered saline. TrypLE™ express solution (1 mL) was added 
and the solution was incubated at 37 ℃ for 0.5 min. When the cells 
detached from the dish bottom, approximately 5 mL of complete me-
dium preheated at 37 ℃ was added. Subsequently, the cell suspension 
was gently blown with a pipette to separate the aggregated cells. The 
cells were centrifuged at 1000 rpm for 5 min. After amplification or 
maintenance culture, the cells were inoculated in a culture dish, at a 
density of 2.5 × 105 cells. 

2.3.4. Patch clamp 
The external solution was comprised of 140 mM NaCl, 3.5 mM KCl, 1 

mM MgCl2•6H2O, 2 mM CaCl2•2H2O, 10 mM D-glucose, 10 mM HEPES 
buffer, and 1.25 mM NaH2PO4•2H2O, and the pH was adjusted to 7.4. 
The internal solution contained 20 mM KCl, 115 mM Potassium aspar-
tate, 1 mM MgCl2•6H2O, 5 mM EGTA, 10 mM HEPES buffer, and 2 mM 
Na2-ATP, and the pH of internal solution was 7.2. 

Whole-cell recordings were obtained as follows: when the whole-cell 
mode was established, the clamp voltage was fixed at − 80 mV. The 
clamp voltage changed to − 50 mV by depolarization (holding for 0.5 s), 
stepped to 30 mV (holding for 2.5 s), and finally reduced to − 50 mV 
(holding for 4 s) to excite the tail current of the hERG channel. Data were 
collected every 10 s to observe the effect of the compounds on the tail 
current. A − 50 mV stimulation for 0.5 s was selected for the detection of 
the leakage current. The data were processed using patchmaster (Heka) 
software. 

The electrode was fabricated from borosilicate capillaries. The cell 
membrane was pulled by the microelectrode manipulator, and a GΩ seal 
was formed through negative pressure. Following this, rapid capacitance 
compensation was performed, and then the negative pressure was 
continued to be applied to break the cell membrane for the whole-cell 
recording. Then, slow capacitance was compensated, and the mem-
brane capacitance and series resistance were recorded to study the 
correlation between compound concentration and voltage. When the 
current was stable, different concentrations of the compounds were 
detected for 5 min. 

The cell was placed in a recording chamber affixed at the stage of an 
inverted microscope. The compounds and the external liquid without 
the compounds flowed through recording bath from low to high con-
centrations by gravity irrigation. During the recording, the liquid was 
exchanged with a vacuum pump. Each cell served as its own control 
group according to the current detected in the external liquid. Three 
cells were detected independently and repeatedly detected in each 
group. All electrophysiological tests were performed at room 
temperature. 

Further, 30 mM storage solution was prepared. 10.08 mg of HCQ was 
weighed, dissolved in 1% sulfuric acid, and then diluted by ultrapure 
water to prepare 30 mM storage solution. Concentrations of 0.3, 1, 3, 
and 10 microM were prepared by dilution of the storage solution with 
ultrapure water, respectively. These stock dilutions of the compound 
were diluted in turn with extracellular solution to prepare 0.3, 1, 3, 10, 
and 30 μM solutions. Cisapride was used as the control. The experiments 
were performed in triplicate. The data deviation of the experiments was 
evaluated using standard deviation. 

The current for each compound was first standardized. Then, the 
inhibition rate corresponding to each concentration was calculated ac-
cording to Eq. (1). 
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Fig. 1. Binding region of hERG.  
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inhibition = 1 −
Peak tail current compound

Peak tail current vehicle
(1)  

inhibition =
1

1 +

(
IC50

C

)h (2) 

The Eq. (2) was used to fit the dose-dependent effect nonlinearly, 
where C was the concentration of the test substance, IC50 was the half 
inhibitory concentration, and h was the Hill coefficient. Curve fitting 
and IC50 (Lei, Clerx et al. 2019; Ridder, Leishman et al. 2020) calcula-
tions were performed using IGOR software. 

Fig. 2. Amino acid residues in binding site.  

Fig. 3. Binding energy.  

R. Yu and P. Li                                                                                                                                                                                                                                  



Toxicology 458 (2021) 152822

5

3. Results 

3.1. Molecular docking 

Both FQs and HCQ could bind to hERG (Fig. 1). The main amino acid 
residues that interacted with compounds were ASN-629, GLN-592, ILE- 
607, LYS-608, LYS-610, LYS-638, TYR-597, TYR-611, VAL-612, PHE- 
424, and PHE-640 (Fig. 2). 

Ofloxacin formed a hydrogen bond with ASN-633, a π-cation contact 
with PHE-617, and hydrophobic reactions with ILE-642, MET-645, and 
SER-631. Gatifloxacin formed 3-H bonds with LYS-638, GLU-575, and 
ASN633, and hydrophobic reactions with ASN-635 and ILE-583. Nor-
floxacin bound to channel proteins mainly through hydrophobic force. 
Ciprofloxacin formed 2-H bonds with LYS-595 and ASN-629, and hy-
drophobic reactions with GLN-592, ILE-593, and ASP-609. Orbifloxacin 
formed 2-H bonds with LYS-638 and SER-621, a π-cation contact with 
PHE-617, and hydrophobic forces with ILE-642, SER-641, MET-645, and 
PRO-632. Difloxacin formed a hydrogen bond with LYS-595, and hy-
drophobic forces with ASN-629, TYR-616, VAL-612, LYS-608, and ILE- 
593. Pefloxacin formed a hydrogen bond with LYS-608, a π-cation 
contact with PHE-424, and hydrophobic forces with TYR-611, HIS-562, 
and TYR-427. Fleroxacin formed a hydrogen bond with LYS-595, and 
hydrophobic forces with LYS-608, VAL-612, TYR-616, ASN-629, and 
ILE-593. Enrofloxacin formed 3-H bonds with LYS-610, PRO-577, and 
TYR-569, a π-cation contact with TYR-597, and hydrophobic forces with 
GLN-576 and ASN-573. Lomefloxacin formed 2-H bonds with SER-624 
and PHE-627, and hydrophobic force with VAL-525. Sarafloxacin 
formed 2-H bonds with LYS-610 and TYR-569, a π-cation contact with 
TYR-597, and hydrophobic forces with GLN-576, ASN-573, and PRO- 
577. Enoxacin formed a hydrogen bond with TYR-569, and hydropho-
bic forces with LYS-610, LEU-586, GLN-576, ASN-573, and TYR-597. 
Balofloxacin formed 4-H bonds with SER-624, GLY-628, PHE-627, and 
VAL-630, and hydrophobic forces with SER-620, SER-621, SER-641, 
MET-645, and PRO-632. Danofloxacin formed a hydrogen bond with 
LYS-610. Nadifloxacin formed 3-H bonds with LYS-610, TYR-597, and 
ASN-573. HCQ formed a hydrogen bond with ALA-570, a π-cation 
contact with PHE-640, and hydrophobic forces with MET-574, ILE-571, 
and SER-636. From the perspective of binding energy (Fig. 3), FQs 
bound to hERG with lower energies, which showed easier combinations. 

3.2. RMSD 

The RMSD values of HCQ and hERG binding complex were stable at 
approximately 1.5 Å (Fig. 4), which illustrated that the dock was stable. 

Amino acid residue ALA-570 formed a hydrogen bond with HCQ, and 
the hydrogen bond and other hydrophobic forces stabilized the structure 
of the complex. HCQ bound to hERG channel protein effectively, and 
inhibited the outflow of K+, resulting in QT prolongation. 

3.3. Patch clamp 

According to the results of molecular docking, the average binding 
energy of FQs was − 4.9 kcal/mol. Gatifloxacin with a binding energy of 
− 4.9 kcal/mol was chosen to represent FQs and be compared with HCQ. 

HCQ showed a concentration dependent inhibition of the hERG po-
tassium channel during the patch clamp experiments. When the con-
centrations of HCQ were 0.3, 1, 3, 10 and 30 μM, the rates of inhibition 
(n = 3) of the hERG channel were 6.52 % ± 2.74 %, 14.49 % ± 2.73 %, 
29.76 % ± 1.37 %, 53.25 % ± 2.07 %, and 73.43 % ± 3.17 %, respec-
tively. The hERG IC50 value of HCQ was 8.6μM ± 0.8μM (Fig. 5). Gati-
floxacin also showed concentration dependent inhibitory activity. When 
the concentrations were 10 and 30 μM, the rates of inhibition (n = 3) of 
the hERG channel were 3.53 % ± 3.57 % and 6.72 % ± 3.99 % (Fig. 6), 
respectively. The current traces of IKr in hERG-HEK cells exposure to 
different concentrations of HCQ (Fig. 7) and gatifloxacin (Fig. 8) were 
normalized. 

Fig. 4. RMSD of HCQ binding complex with hERG.  
Fig. 5. hERG inhibition curve of HCQ.  

Fig. 6. hERG inhibition curve of gatifloxacin.  
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4. Discussion 

Based on the results of amino acid analysis, lysine, which facilitates 
the formation of hydrogen bonds, was found to be more involved in the 
formation of interactions with HCQ and FQs. The structures of FQs are 
similar, thus the amino acid residues that interact with FQs are more 
concentrated, such as LYS-610 and its adjacent amino acid residues. The 
binding target of HCQ is remarkably close to that of the FQs. PHE-640 
amino acid residue formed hydrogen bond interactions with FQs and 
HCQ. FQs introduce fluorine atoms into the structure, which enhances 
the polarity of the molecules. Compared with other FQs, difloxacin with 
an additional fluorine atom had the lowest binding energy, followed by 
enrofloxacin and sarafloxacin. The amino acid residues of the site which 
interacted with enrofloxacin and sarafloxacin were identical. Compared 
with FQs, HCQ had larger binding energy, which indicated that the 
introduction of functional groups such as fluorine atom with larger 
polarity into quinoline structure was of great significance to stabilize the 
interactions between compounds and receptors. Increasing the polarity 
of quinoline compounds might lead to stronger binding to hERG K+

channel protein. 
Analysis of the binding sites of HCQ and FQs indicated the structure 

dependent binding ability of quinoline compounds to hERG. HCQ and 
gatifloxacin had a concentration dependent inhibitory effcet on the 
hERG channel. The inhibitory activity to hERG channel protein of 
gatifloxacin was lower than that of HCQ. The inhibitory activity of 
gatifloxacin illustrated that the structure of FQs was related to the in-
hibition of hERG, which was consistent with the results of molecular 
docking. During the analysis of amino acid residues involved in the 
binding of HCQ and gatifloxacin, two common binding regions were 
found, one consists of LYS-638, ASN-635, ASN-633, and PHE-640, the 
other consists of GLU-575 and MET-574. In addition, HCQ interacted 
with ALA-570 and ILE-571 amino acid residues specially, which 

indicated that ALA570 and ILE-571 was the key binding region that 
affected the inhibitory activity of hERG. The combination of HCQ, FQs, 
and remdesivir may synergistically inhibit hERG channels, and disrupt 
repolarization reserve, since remdesivir was also reported to block K+

currents (Chang, Liu et al. 2020). The electrical activity of the heart is 
realized by the inward and outward currents. Besides hERG, the inhi-
bition of inwardly-rectifying potassium channels may also be respon-
sible for the prolongation of QT interval (Akyuz and Villa, 2020). 

5. Conclusion 

HCQ and FQs share the same quinoline structure and have similar 
molecular polarities. All studied compounds could dock with hERG K+

channel protein to form a complex. The binding sites of HCQ and FQs are 
similar, however, the introduction of fluorine atoms in FQs reduced the 
binding energy during the docking process. The docking energies of FQs 
were lower than that of HCQ, and the binding energy of difloxacin was 
the lowest. The polarity of molecules might affect the binding energy 
and the stability of the complex. The main amino acid residues involved 
in the binding sites were ASN-629, GLN-592, ILE-607, LYS-608, LYS- 
610, LYS-638, TYR-597, TYR-611, VAL-612, PHE-424, and PHE-640. 
HCQ and FQs interacted with hERG mainly through hydrogen bond 
and hydrophobic forces. Molecular dynamics simulation analysis 
showed that a stable molecular complex was formed by the docking of 
HCQ and hERG. These results suggest that HCQ can inhibit K+ efflux by 
binding to the hERG potassium channel protein, resulting in a prolonged 
cardiac QT interval. The hERG IC50 value of HCQ was 8.6μM. 

The inhibition of HCQ on the outflow of K+ from the hERG potassium 
channel is the main cause of cardiac arrhythmia. More attention should 
be paid to the cardiotoxicity of quinoline compounds, especially HCQ, 
which has been used as a potential drug against SARS-CoV-2. 

Fig. 7. Normalized current traces of IKr in hERG-HEK cells exposure to different concentrations of HCQ.  

Fig. 8. Normalized current traces of IKr in hERG-HEK cells exposure to different concentrations of gatifloxacin.  
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