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The macrolide antibiotic azithromycin (AZM) is widely used for respiratory infections and has been suggested to
be a possible treatment for the Coronavirus Disease of 2019 (COVID-19). However, AZM-associated QT interval
prolongation and arrhythmias have been reported. Integrated mechanistic information on AZM actions on
human ventricular excitation and conduction is lacking. Therefore, this study was undertaken to investigate the
actions of AZM on ventricular cell and tissue electrical activity. The O’Hara- Virag-Varro-Rudy dynamic (ORd)
model of human ventricular cells was modified to incorporate experimental data on the concentration-dependent
actions of AZM on multiple ion channels, including Ina, Icar, Ikr Iks, Ik1 and Ina, in both acute and chronic
exposure conditions. In the single cell model, AZM prolonged the action potential duration (APD) in a
concentration-dependent manner, which was predominantly attributable to I, reduction in the acute condition
and potentiated Iy, in the chronic condition. High concentrations of AZM also increased action potential (AP)
triangulation (determined as an increased difference between APD3o and APDgg) which is a marker of arrhythmia
risk. In the chronic condition, the potentiated Iy, caused a modest intracellular Na * concentration accumu-
lation at fast pacing rates. At the 1D tissue level, the AZM-prolonged APD at the cellular level was reflected by an
increased QT interval in the simulated pseudo-ECG, consistent with clinical observations. Additionally, AZM
reduced the conduction velocity (CV) of APs in the acute condition due to a reduced Iy,, and it augmented the
transmural APD dispersion of the ventricular tissue, which is also pro-arrhythmic. Such actions were markedly
augmented when the effects of chronic exposure of AZM were also considered, or with additional Ik, block, as
may occur with concurrent use of other medications. This study provides insights into the ionic mechanisms by
which high concentrations of AZM may modulate ventricular electrophysiology and susceptibility to arrhythmia.

1. Introduction

SARS-CoV-2 virus [2]. Some observational studies have suggested clin-
ical benefits of this combination in COVID-19 (e.g. [3,4]). Data from in

Azithromycin is a macrolide antibiotic used to treat a range of bac-
terial infections, including respiratory conditions such as sinusitis,
bronchitis and pneumonia [1]. It is also used to prevent bacterial in-
fections in people with weakened immune systems [1]. Recently, azi-
thromycin (AZM) in combination with chloroquine
(CQ)/hydroxychloroquine (HCQ) has been studied as a potential treat-
ment for coronavirus disease of 2019 (COVID-19) caused by the

vitro experiments are suggestive that AZM may modulate the pH of
endosomes and trans-Golgi network [5], which provides a plausible
mechanism for activity against SARS-Cov-2 [2,5]. However, there are
concerns about the efficacy and safety in the use of CQ/HCQ for
COVID-19 (e.g. [6]), with a recent randomised, open-label trial
involving hospitalised patients unable to confirm a benefit of HCQ, with
or without azithromycin for in-hospital outcomes and revealing an
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increased frequency of QT interval prolongation in patients receiving
HCQ, alone or with azithromycin [7].

The macrolide agents erythromycin and clarithromycin have been
considered to have a greater risk of cardiotoxicity (linked to repolari-
zation abnormality and ventricular arrhythmia) than has AZM [8]. In
preclinical studies, acutely applied AZM has been reported to be a weak
inhibitor of the hERG potassium channel (pharmacological blockade of
which is strongly implicated in drug-induced QT prolongation and
Torsades de Pointes (TdP) [9]) and not to cause QT, interval prolongation
in anaesthetized dogs [10]. Comparison of the acute effects of erythro-
mycin, clarithromycin and AZM on perfused rabbit hearts has suggested
that AZM did not share proarrhythmic effects of the other two macro-
lides [11]. On the other hand, a small absolute increase in cardiovas-
cular deaths has been reported in patients during five days of
azithromycin treatment [12]. Analysis of case reports in which AZM has
been associated with QT interval prolongation/TdP arrhythmia suggests
that this occurs in the presence of additional risk factors [13]. Cases of
polymorphic ventricular tachycardia without QT prolongation have also
been reported for AZM [14,15]. AZM exerts modest inhibitory effects on
several cardiac ion channels; notably a recent study has shown that
acute azithromycin decreases cardiac fast Na current, In,, whilst chronic
exposure increases both peak Iy, and the late component of Na current,
INaL [15]. Acute application of the drug to mice was found to produce
marked changes to PR, QRS, and QT intervals, consistent with
multi-channel effects of the drug, whilst the chronic Na™ channel effects
raised the possibility of altered Na' loading and associated
pro-arrhythmia [15]. Overall ventricular repolarization mechanisms
differ between mice and humans [16], however, and the study of the
consequences of AZM actions on cardiac ion channels would thus best be
undertaken using human cardiac preparations. Therefore, this study
employed biophysically accurate human ventricular cell and tissue
models, in order to evaluate effects of AZM on human ventricular
electrophysiology. Our results indicate that at higher concentrations,
AZM produces changes to action potential conduction and repolariza-
tion that may increase ventricular arrhythmia risk.

2. Materials and methods

The O’Hara-Virag-Varro-Rudy dynamic (ORd) human ventricular
action potential (AP) model was used [17]. This model has been vali-
dated by extensive experimental data, and can reproduce a large range
of physiological behaviours [17]. Recently, the ORd model has been
further improved by Whittaker et al. [18] by replacing the fast sodium
current formulations by those from the Luo-Rudy model [19] for simu-
lating stable AP propagation in the tissue level, and a Markov chain
model for the rapid delayed rectifier potassium current, I, [18,20]. In
this study, we adopted the modified version of the ORd model [18] with
a replaced fast sodium current formulation from the Luo-Rudy model
[19] for the human atrial cells for maintaining the intracellular Na™
concentration homeostasis over a long simulation period (>200 s),
pacing at 1 Hz. To determine whether or not our simulation results were
model-dependent, the most-updated model of human ventricular AP
developed by Tomek et al. [21] was also implemented for single cell
simulations.

To simulate the acute and chronic effects of azithromycin, experi-
mental data on the concentration-dependent fractional block and
potentiation of ion channel currents from the study of Yang et al. [15]
were incorporated into the model. These experimental data were ob-
tained by application of the whole-cell patch clamp technique to het-
erologously expressed ion channels or to cardiomyocytes, to evaluate
the concentration-dependent inhibition of ion channel currents on acute
exposure to AZM, including: the fast Na® current (Iy,), L-type Ca®*
current (Icar), rapid delayed rectifier K current (Ig.), slow delayed
rectifier K current (Igs) and inward rectifier K™ current (Ix1); as well as
the dose-dependent potentiation of Iy, and late Na current (In,y) during
the chronic exposure of the channels to the drug (chronically exposed to

Biochemistry and Biophysics Reports 27 (2021) 101043

azithromycin for 24 h). To simulate the combined action of acute and
chronic effects of AZM, the rapid block of Iy, under acute exposure was
replaced by the potentiation of Iy, and In,, whilst AZM’s actions on
other ion channels remained as in the acute case. For treatment of
Covid-19, AZM has been suggested to be used with HCQ, a potassium
channel blocker. Therefore, further simulation scenarios were consid-
ered in which an additional 25% or 50% I, inhibition was incorporated,
to mimic co-administration of AZM with (a) drug(s) with I, blocking
properties. Details of AZM effects on ion channels for acute and chronic
conditions are documented in Supplementary Table S1.

In single cell simulations, the model was paced with a series of 500
stimuli with an amplitude of —20 pA/pF and duration of 2.0 ms at 1 Hz
to reach the steady-state. The AP and corresponding ion channel current
traces were recorded for analysis. The action potential duration (APD)
restitution was also measured using an S1-S2 protocol.

To simulate ventricular excitation wave conduction, a 1D tissue
model was constructed based on the monodomain equation of cardiac
tissue,
6V,,, Imr

=V.DVV, —
ot V-DV C

where Vp, is the membrane potential, t the time, Cy, the cell capacitance,
Lot the total cell mebrane corrent, and D the diffusion coefficient. In
simulations, the 1D model had a length of 15 mm, which was discretised
into a strand of 100 nodes with a spatial resolution of 0.15 mm, con-
sisting of 25 nodes for representing endocardial cells (ENDO), 35 nodes
for middle cells (MCELL) and 40 nodes for epicardial cells (EPI). The
length and composition of the 1D strand were consistent with our pre-
vious studies for normal human transmural ventricular tissue. The
diffusion coefficient ‘D’ was set to 0.1171 mm?/ms throughout the
strand except for the EPI-MCELL border where there was a five-fold
decrease in the diffusion coefficient as 0.02342 mm?/ms, which gave
a general conduction velocity (CV) across the strand at 61 cm/s,
matching to experimental observations.

The pseudo-ECG (pECG) was computed using the method proposed
by Gima and Rudy [18]. The unipolar potentials at position (x’, y’, z"), ®
(x,y’,z’), is given by:

oy, 7) = /(—vv,,z)- <V%)d!2

P (T

where r is the distance from a source point (x,y,z) to a field point (x’,y’,
z’) (about 2 cm from the epicardial end of the strand), and Q is the
domain of integration covering the whole 1D strand.

Using the 1D strand model, we computed the effects of the AZM on
the conduction properties of electrical excitation waves, including the
CV, the QT interval of pECG, transmural APDg, dispersion using the
same method as in our previous studies.

3. Results and discussion

Fig. 1 shows the effect of acute action of AZM on APs evoked at 1 Hz
from the ENDO ventricular cell model together with the drug’s effects on
key underlying ion channel currents. At a concentration of 1 pM, AZM
produced little effect on AP parameters or underlying currents. How-
ever, at 50 and 100 pM AZM, concentration-dependent prolongation of
AP duration (APDgg) and reduction of maximum upstroke velocity
(MUV) were observed. These effects were linked to underlying re-
ductions to Ig;, Ix; and Igs (Fig. 1D-F) at these higher concentrations,
whilst reduction in rapid Iy, (Fig. 1B) accounted for the reduction in
upstroke velocity. A small reduction in [Na™];, associated with the
reduced Iy, (Fig. 1B) and Ig,y, reduction (Fig. 1C), which potentially
could influence Ca®" cycling, was also seen. Similar results on the effects
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Fig. 1. Simulation of acute effects of azithromycin on ventricular single cell action potentials and underlying relevant ion channel current traces. (A)
Endocardial action potential (AP) at 1 Hz under control, 1 pM azithromycin, 50 pM azithromycin, 100 pM azithromycin conditions. Corresponding current profiles
for Ina (B), Icar (C), Ixr (D), Ix1 (E) and Iks (F).
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Fig. 2. Computed characteristics of APs from
ENDO, MCELL and EPI cell models in control and
different AZM concentrations. The concentration-
dependence of the single cell AP duration at 90%
repolarization (APDgg) and maximum upstroke ve-
locity (MUV) for endocardial cells (orange bar),
middle cells (red bar) and epicardial cells (blue bar)
are shown in (A, B), respectively. The difference of
between single cell AP duration at 30% repolarization
(APD3() and APDy is illustrated in (C). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version
of this article.)
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of acute action of AZM on APs were also observed in the Tomek et al.
[21] model as shown in Fig. S1 in the Online Supplemental Materials.

Fig. 2 summarizes graphically the computed APDy, (Fig. 2A), MUV
(Fig. 2B) and the difference between APD3( and APDyy, as an index of AP
triangulation (Fig. 2C) for ENDO, MCELL and EPI cells in control and
with three different acutely applied concentrations of AZM. These plots
show relatively little effect of 1 pM AZM and marked concentration-
dependent effects of 50 and 100 pM AZM. Although similar conse-
quences were observed for all of the three different cell types, the
concentration-dependent changes to the characteristics of the MCELL
were greater than those seen in the ENDO and EPI cells, consistent with
an augmented transmural heterogeneity across the ventricular wall. The
effect of AZM on the rate dependence of APDgq is shown in Fig. S2,
which shows that AZM had a greater APD prolongation at the larger
basic cycle lengths (BCLs). Notably, APD triangulation is a marker of
arrhythmia risk [22] and not only was this increased for all cell types by
50 and 100 pM AZM, but the EPI-MCELL difference in triangulation was
increased by the drug.

Fig. 3 compares the simulated APs (Fig. 3A) from the ENDO cell
model under control, actions of AZM (acute), AZM with additional 25%
Ixr block (to mimic co-application of AZM with another I, blocking
drug) and with the incorporation of chronic effects of AZM to augment
peak Iy, and Ingp, [15]. In the figure, results from a representative AZM
concentration at 50 pM are shown,; effects of further AZM concentrations
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of APs can be found in Fig. S3. When combined with a 25% I, block,
AZM further prolonged the APD and reduced the AP overshoot (Fig. 3A).
When a combined action of acute and chronic effects of AZM was
considered, the APD was even further prolonged, but the AP overshoot
reduction was reversed, resulting in an AP overshoot that was compa-
rable to that seen in the control condition. These changes in AP char-
acteristics were attributable to the integrated action of the underlying
ion channel currents, including Iy, (Fig. 3B), Icar, (Fig. 3C), I, (Fig. 3D),
Ix1 (Fig. 3E), Ixs (Fig. 3F) and Ingp, (Fig. 3G). As summarized in Table 1,
effects of AZM on APDgy were further exacerbated when the extent of
concomitant Ik, inhibition was increased from 25 to 50%.

Fig. 4A-C shows the simulated effect of acute AZM from the 1D
strand model on the CV of ventricular excitation waves, pseudo ECG and
the maximal spatial gradient of APDgy across the 1D strand. AZM
decreased CV in the 1D strand (Fig. 4A), which was attributable to the
inhibitory action of AZM on fast Iy, that resulted in a reduced MUV. The
alteration to CV was negligible with 1 pM AZM, but noticeable at the
higher concentrations tested (further details are given in Table 1),
arising from the concentration-dependent reduction of Iy,. Further re-
sults of measured CVs at 1 Hz in different conditions are given in Table 1.
Note that in the chronic condition, AZM increased rather than decreased
the CV (Table 1) as chronic AZM increased rather than decreased Iy,.
The AZM-induced changes to peak Iy, were also associated with small
changes to QRS width on the pseudo ECG, with acute exposure

0 200 400

F: Time (ms)

0 200 400
Time (ms)

400

Time (ms)

Fig. 3. Action of acute, chronic azithromycin with additional Ik, block on ventricular action potentials and current traces. (A) Endocardial action potential
(AP) at 1 Hz under control, 50 uM azithromycin acute effects, 50 pM azithromycin acute effects + 25% Ik, block, 50 uM azithromycin acute effects + 50 pM azi-
thromycin chronic effects + 25% Ik, block conditions. Corresponding current profiles for Iy, (B), Icar, (C), Ixr (D), Ix1 (E), Ixs (F) and In, (G).
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Table 1

Summary of both acute and chronic effects of azithromycin in single cell
and 1D simulation. Comparison of action potential duration at 90% repolari-
zation (APDgp), maximum upstroke velocity (MUV) in single cell model, con-
duction velocity (CV), QT interval, QRS interval and distance between Twave
Peak and Twave End in 1D pseudo ECG are listed.

APDq MUV Ccv QT QRS Twave Peak
(ms) V/s) (em/ Interval Interval - Twave
s) (ms) (ms) End (ms)
Control 298.9 308.9 60.8 399 26 78
Acute Effects
1 pM 299.8 306.7 60.3 400 26 79
50 pM 340.7 227.1 53.6 454 29 100
00puM  381.6 179.7 48.4 506 32 121
Chronic Effects
1 pM 299.6 313.1 57.8 341 27 71
50 pM 320.6 472.8 69.2 366 23 79
100pM  356.2 590.5 76.0 392 22 88
Acute Effects + Chronic Effects
1pM 300.5 311.2 57.7 342 27 72
50 pM 373.1 355.7 61.5 425 25 97
100pM  467.6 367.5 62.3 513 25 126
Acute Effects + Chronic Effects + 25% I, Block
1pM 345.2 311.5 57.7 391 27 75
50 pM 433.3 357.0 61.5 487 25 101
100pM  537.0 368.2 62.3 582 25 131
Acute Effects + Chronic Effects + 50% I, Block
1M 410.8 312.0 57.8 464 27 78
50 uM 523.7 357.8 61.6 577 25 105
100 pM 637.0 368.8 62.5 683 25 136

increasing and chronic exposure narrowing QRS width (see Table 1).
QRS widening on acute AZM administration is consistent with prior
murine data obtained with intraperitoneal or oral AZM administration
[15].

Strikingly, both acute and chronic exposure to AZM prolonged the
QT interval of the pseudo ECG. Fig. 4B shows effects of acute AZM. 1 pM
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AZM produced virtually no change to the QT interval, whilst at 50 and
100 pM, measurable QT prolongation was observed. These observations
indicate that the drug’s inhibitory effects on I, and other K currents
prevailed over the modest I¢,, inhibition produced by the drug. This
effect was exacerbated by combining AZM with synergistic Ik, block (to
mimic co-application of another Ik, inhibitor) and was also augmented
when the inhibitory effects of AZM on K* currents were combined with
increased Iy, produced by chronic AZM exposure (Table 1). The
gradient of APDg dispersion, measured at the middle point of the 1D
strand, was increased by acute AZM (at 50 and 100 pM; Fig. 4C) and this
too was exacerbated in chronic AZM conditions or simulated application
of additional Ig; block (Table 1). This is an important observation as
increased Tpear-Tend has been proposed to be a strong indicator of pro-
pensity towards TdP arrhythmia in patients with drug-induced LQTS
[23].

As chronic Na*t channel effects of AZM have been suggested poten-
tially to influence arrhythmia susceptibility via increased Na™ loading,
consequent to augmented Ingy, [15], we investigated this. Fig. 4D shows
[Na™]; at quasi-steady-state in control and chronic AZM conditions
under which AZM had augmented Inqp. At a stimulation frequency of 1
Hz, a modest increase in [Na']; was observed with chronic 50 or 100 uM
AZM exposure. When the stimulation frequency was increased to 2 Hz,
the increase of [Na']; was greater. Such effects were not seen with acute
AZM exposure (data not shown).

The results of this study are consistent with prior observations of
APD and QT interval prolongation/TdP with AZM [13,24-27]. A sig-
nificant APDgg prolongation with 830 mg/L AZM exposure (from control
~435 ms-~540 ms) was previously observed for APs recorded from
guinea pig left ventricular myocytes [27]. Similar results were obtained
using the monophasic action potential (MAP) recording/pacing combi-
nation catheter, which was positioned at the right ventricle in beagle
dogs [28]. For human subjects, a recent analysis of the World Health
Organization VigiBase pharmacovigilance database found significant
reporting of QT prolongation/ventricular tachycardia (including TdP)
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Fig. 4. 1D tissue modelling of acute effects of AZM and Na * overloading simulations. (A) Conduction velocity (CV). (B) Pseudo ECG traces. (C) Spatial
gradient of action potential duration at 90% repolarization (APDqg,) at the midpoint of the strand are shown respectively. (D) The intracellular [Na*]; in control and
the chronic AZM condition at different AZM concentrations. Results were computed from the ENDO cell model paced at 1 and 2 Hz.
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for each of AZM and HCQ monotherapy. In the analysis, AZM showed a
higher signal for potentially lethal events than HCQ. Evidence for a
stronger effect of the drugs in combination was also presented [26]. Our
results show both ventricular AP triangulation and augmented QT
dispersion with AZM, which are proarrhythmic markers. Our findings
also indicate that the effects of AZM on ventricular repolarization are
exacerbated in the presence of additional I, block. CQ is a well-known
Ix:/hERG blocker [29,30] and our results urge caution in combining
AZM with other agents with I,-blocking propensity. Indeed, narrative
analysis of case reports has previously reported that QT interval pro-
longation/TdP with AZM were observed when other risk factors were
present [13]. The presence of serious illness and concomitant presence
of additional I, blockade are likely such factors and, collectively, may
explain the increased risk of QT prolongation or arrhythmia seen in
hospitalized COVID-19 patients treated with CQ/HCQ and AZM [6,7,
31]. It has been proposed that increased In,/INar, due to chronic AZM
administration promotes Na ™ loading, which in turn may dysregulate
intracellular Ca?* and promote arrhythmogenesis [15]. Our simulations
support the ability of chronic, high concentrations of AZM to increase
[Na™]; although the increase was modest (<0.5 mM at the higher rate
studied), it led to a reduction of 1 mV in the Nernst potential for sodium.

In healthy subjects receiving 500 mg/day of AZM over three days
peak plasma concentrations of 0.4 pg/ml (0.53 pM) have been reported
[32]. In preclinical studies, intravenous AZM up to peak plasma con-
centrations of 20.8 pg/ml (~27.8 uM) did not prolong the QT. interval of
AV-blocked dogs [10], whilst in a separate study modest prolongation of
canine Purkinje fibre APs was seen at 53.4 pM AZM and no significant
prolongation at 0.53 pM [33]. Thus, if plasma/extracellular AZM con-
centrations alone are considered it is difficult to understand how AZM
could exert significant effects on ventricular repolarization. However,
Yang et al. have suggested that plasma AZM concentrations may be
misleading, noting that marked tissue AZM accumulation can occur
[15]. Consistent with this, accumulation of AZM in liver, spleen and
heart of AZM-treated mice to levels 25-200-fold concurrent serum levels
has been reported [34]. Our simulations showed no significant effect of
AZM at 1 pM, with clear effects at 50 and 100 pM. Such drug concen-
trations are not representative of clinical plasma levels, but are consis-
tent with those that could be achieved with intracellular AZM
accumulation.

Our tissue simulations were limited to an idealized 1D strand and it is
possible that the use of 2D or 3D tissue models, particularly those
incorporating a realistic ventricle geometry might provide further in-
sights into AZM-provoked arrhythmia. Similarly, the present study has
not considered how autonomic nervous modulation may influence the
effects of AZM. Model specificity of results is possible, but simulated
effects of acute AZM on APs by using a recently-updated model of human
ventricular AP [21] showed qualitatively similar results to those pre-
sented here (Fig. S1), suggesting that the observed action of acute AZM
on APs at the single cell level was independent of model selection (i.e.,
independent of model selection). Although it is important to acknowl-
edge potential limitations, arguably the simplicity of the approaches
taken in the present study is a strength: even with an idealized tissue
model ECG changes consistent with increased proarrhythmic risk were
seen. Consistent with our findings, in the period since original submis-
sion of this study, an independent multiscale heart modelling study has
been published that found simulation of combined hydroxychloroquine
and AZM to produce greater QT prolongation than HCQ alone [35]. It
also reported that AZM lowered the threshold for ventricular arrhythmia
with HCQ [35]. When the data from all simulations are considered
collectively, this study provides clear insight into cardiac effects of high
AZM concentrations, such as those that may occur with tissue AZM
accumulation. Such conditions can lead to QT interval prolongation and
dispersion of ventricular repolarization — electrophysiological changes
that predispose towards cardiac arrhythmia.
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