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Abstract:

Cardiac and extra-cardiac side effects of common antiarrhythmic agents might be related to
drug-induced mitochondrial dysfunction. Supratherapeutic doses of amiodarone have been
shown to impair mitochondria in animal studies, whilst influence of propafenone on cellular
bioenergetics is unknown. We aimed to assess effects of protracted exposure to
pharmacologically relevant doses of amiodarone and propafs:-anc on cellular bioenergetics
and mitochondrial biology of human and mouse cardiornr yoc 'tes. In this study, HL-1 mouse
atrial cardiomyocytes and primary human cardiomyc.y *es derived from the ventricles of the
adult heart were exposed to 2 and 7 ug/mL of eithzr aniiodarone or propafenone. After 24
hours, extracellular flux analysis and confc -al 1aser scanning microscopy were used to
measure mitochondrial functions. Autop:. gy was assessed by western blots and live-cell
imaging of lysosomes. In huma’'. -ardiomyocytes, amiodarone significantly reduced
mitochondrial membrane poter.‘ial aad ATP production, in association with an inhibition of
fatty acid oxidation and impair 4 complex I- and lI-linked respiration in the electron transport
chain. Expectedly, this 'ed .0 increased anaerobic glycolysis. Amiodarone increased the
production of reactive c..ygen species and autophagy was also markedly affected. In contrast,
propafenone-exposed cardiomyocytes did not exert any impairment of cellular bioenergetics.
Similar changes after amiodarone treatment were observed during identical experiments
performed on HL-1 mouse cardiomyocytes, suggesting a comparable pharmacodynamics of
amiodarone among mammalian species. In conclusion, amiodarone but not propafenone in

near-therapeutic concentrations causes a pattern of mitochondrial dysfunction with affected





autophagy and metabolic switch from oxidative metabolism to anaerobic glycolysis in human

cardiomyocytes.
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Introduction

Amiodarone and propafenone are commonly used drugs for treatment of ventricular
and supraventricular arrhythmias with different mechanisms of action (Soar et al., 2019).
Amiodarone is a class lll anti-arrhythmic drug (Freemantle et a!., 2011; Miyazaki et al., 2015),
which has multiple effects on myocardial depolarization an re 2z arization that make it a very
effective antiarrhythmic drug. Its primary effect is to blo ok the potassium channels, but it can
also block sodium and calcium channels and the bew - and alpha-adrenergic receptors. It
prolongs the refractory period in the atrial m*ocarcium (Edvardsson, 1993) and can be used
for a range of arrhythmias, including in ~atients with heart failure (Mujovic¢ et al., 2020). Its
advantages come with well-known s'de effects, which include liver damage, thyroid
dysfunction, neuropathy, bradyc-..'ia, AV block, torsades de pointes, pulmonary and ocular
toxicity (Trohman et al., 2029). Amiodarone is a highly lipophilic agent with the iodinated
benzofuran ring, which is oc'ieved to be responsible for mitochondrial toxicity in extracardiac
tissues described in anim. | (Spaniol et al., 2001) and human (Betiu et al., 2021) cell lines and
may represent the mechanism of some extracardiac adverse effects (Ramachandran et al.,
2018; Silva Santos et al., 2017). Yet, the effect of amiodarone on cardiac tissue has been mostly
reported with suprapharmacological doses in animal models (Karkhanis et al., 2018) and, given
the lack of negative inotropism of amiodarone, may not be present in humans. To our
knowledge, only two recent studies tested cardiotoxicity of amiodarone and other drugs on
the cell line that was derived from the fusion of primary cells from adult human ventricular

heart tissues with human fibroblasts (Ahn et al., 2022; Kim et al., 2022). In this cell line, it has





been demonstrated that amiodarone in near-therapeutic doses increased production of
reactive oxygen species (Ahn et al., 2022) and decreased spare respiratory capacity but other

mitochondrial parameters were not significantly influenced (Kim et al., 2022).

Propafenone is a class Ic anti-arrhythmic agent (Stoschitzky et al., 2016) and a potent
Na+ channel blocker. Its major electrophysiological effect is to slow conduction in fast-
response tissues (Tisdale et al., 2020). Propafenone has a favorable drug tolerance and no
severe side effects (Valembois et al., 2019). However, the drug . ~ay provoke arrhythmias and
worsen contractility in patients with structural heart disease a1.~ 'ow ejection fraction (Nemati
and Astaneh, 2016). Very little is known about propafet, ‘ne effect on mitochondria (Zheng et
al.,, 2017) and it can be hypothesized that propafenc. =-induced impairment of myocardial
bioenergetic may be the underlying mechanisn. ‘or these side effects (Nemati and Astaneh,

2016).

In this study, we aimed to inv_-tigate the impact of amiodarone and propafenone on
mitochondrial metabolism in priinar, human cardiomyocytes isolated from the ventricles of
the adult heart and compared with their effects on HL-1 cardiac muscle cells derived from

atrium of the adult mou. e he art.

Material and methods

Cell cultures

Primary human cardiac myocytes (HCM), isolated from the ventricles of the adult
heart, were obtained from PromoCell GmbH (Heidelberg, Germany) and cultured in Myocyte

Growth Medium containing 5 % Fetal Calf Serum, 0.5 ng/mL Epidermal Growth Factor, 2





ng/mL Fibroblast Growth Factor and 5 pg/mL Insulin at 37 °C in a humidified atmosphere of 5

% CO;. The medium was changed every 2 — 3 days until cells reached 70 — 90 % confluency.

HL-1 cardiac muscle cell line, derived from adult mouse heart, was obtained from
Merck Millipore (Darmstadt, Germany) and cultured on fibronectin/gelatine coated surface in
Claycomb medium supplemented with 10 % Fetal Bovine Serum, 100 U/mL Penicillin/ 100
ug/mL Streptomycin, 0.1 mM Norepinephrine and 2mM L-Glutamine (Claycomb et al., 1998).

In HL-1 cell line, Claycomb medium was changed daily until celi-, veached full confluency.

The study protocol was reviewed and approvecd by Medical Ethics Committee at

Kralovské Vinohrady University Hospital (decision nur-~a1 K-VP/02/0/2022).

Treatment of cells

Cells were exposed to amiodar~.ne or propafenone (Merck Millipore, Darmstadt,
Germany) freshly prepared by dilutic.> in dimethyl sulfoxide (DMSQ). Control groups were
incubated in either culture medium a or e or solvent control DMSO. All the experiments were

performed after 24-hours expc =ure in triplicates or tetraplicates.

Cell viability and cytoto: ic1.,' assays

Viability assay. Cil viability was analysed using the colorimetric MTS assay (CellTiter
96® AQueous Non-Radioactive Cell Proliferation Assay; Promega, Corp., Madison, WI, USA)

according to manufacturer’s instructions (Hook et al., 2013).

Cytotoxicity assays. Cellular cytotoxicity was determined using the conventional
colorimetric lactate dehydrogenase release assay (CyQUANT LDH Cytotoxicity Assay; Thermo
Fisher, USA) according to manufacturer’s instructions (CyQUANT LDH Cytotoxicity Assay Kit

Product Information Sheet (Pub.No. MANO0018500 B.0), n.d.). Additionally, fluorescence





microscopy was performed to image propidium iodide accumulation inside the cells with
impaired membrane integrity (Cao et al., 2017). The proportion of dead cells was determined
when combined with a nuclear label Hoechst 33342 to identify all cells within a field (see Fig.
1, parts g and h). Given that at high concentrations of amiodarone (> 10 pug/mL) cells were less
than 80 % viable (see Fig. 1, parts a and d), we chosen only 2 and 7 pg/mL for further

experiments. DMSO concentrations used for further experiments were not toxic (< 0.15 %).

Bioenergetic profile analysis

ATP content. Intracellular ATP content was quanttic1 using the luciferase-luciferin
bioluminescence assay (ATP determination kit; The.mo Fisher, USA) according to

manufacturer’s instructions (“ATP Determination Kit (Az.966),” n.d.).

Extracellular Flux analysis. Extracel'..'ar Tlux Analyzer (Agilent Technologies Inc., Santa
Clara, CA, USA) was used to meas'ire oxyjen consumption rate (OCR) and extracellular
acidification rate (ECAR) in living cells scaded on 24-well plate at 37° C at the baseline and
after a sequential addition of v'p .~ four compound (Brand and Nicholls, 2011; Ferrick et al.,
2008; Gerencser et al., 20C?). F [or to experiments, the cardiomyocytes were seeded on 24-
well XF24 V7 cell ~.'tu.~ plates at the density of 2.5 x 10* cells/per well overnight.
Subsequently, the cells were exposed to antiarrhythmics for 24 hours. After the exposure, four

different assays were performed.

Global mitochondrial function indices. In this experiment, respiration in intact cells was
firstly measured at the baseline. After that, oligomycin (1 uM) was added to block ATP
synthase (“Agilent Seahorse XF Cell Mito Stress Test Kit.,” n.d.). Uncoupling agent carbonyl

cyanide-4- (trifluoromethoxy)phenylhydrazone (FCCP; 1 uM) was then injected to determine





maximal respiratory capacity. Finally, antimycin A (AA; 4 uM) was added to block complex IlI

and determine non-mitochondrial respiration.

Respiration linked to individual complexes of electron transport chain. Prior to OCR
measurement, cells were permeabilized with saponin (50 pg/mL) and subsequently
supplemented with pyruvate (10 mM), malate (2.5 mM) and ADP (4 mM) in Mitochondrial
Assay Solution (containing 220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCly, 2
mM HEPES, 1 mM EGTA and 0.2 % BSA) (Krajcova et al., 2v ‘7). Firstly, complex I-linked
respiration was measured as the OCR decrement after injectic ~ =~ rotenone (3 uM). Complex
lI-linked respiration was analyzed after sequential < dition of succinate (10 mM) and
malonate (10 mM). Complex IV-linked respiration was -ietermined as the increment of OCR
after addition of ascorbate plus TMPD (10 mN' and 0.2 mM, respectively) and complex Il

inhibitor antimycin A (4 uM).

Fatty acid oxidation. After 22 ..~ui_ of exposure to antiarrhythmics, cells were starved
for 2 hours (with amiodarone/sropfenone) in low-nutrient DMEM (containing 0.5 mM
Glucose, 1.0 mM Glutamine, u.5 niM Carnitine and 1 % FBS) (“Agilent Seahorse XF Palmitate-
BSA FAO Substrate Quic ‘stait Guide.,” n.d.). After the treatment, low-nutrient medium was
switched to Krebs-Hens~':it Buffer and incubated for additional 45 minutes. Subsequently, 15
minutes before measurement cells were incubated in etomoxir (40 uM), a widely used
inhibitor of fatty acid oxidation that irreversibly binds to carnitine palmitoyltransferase |
(Eistetter and Wolf, 1986). Palmitate (100 uM) was added immediately before start of the OCR
measurement. After that, sequential injection of oligomycin (1 uM), FCCP (1 uM) and
antimycine A (4 uM) was used to determine ATP production and maximal respiration linked

to oxidation of exogenous fatty acids.





Glycolytic stress test. Measurement of ECAR enables to measure protons extrusion
from glycolytic pathway into the medium surrounding the cells and therefore reflect glycolysis
(“Agilent Seahorse XF Glycolysis Stress Test Kit.,” n.d.). Prior to ECAR measurement, the cells
were pre-treated in “starvation” glucose-free medium containing 2 mM glutamine for 2 hours.
ECAR was measured at the baseline after subsequent addition of glucose (10 mM) to
determine glycolytic capacity. Oligomycin (1 uM) was then injected to block oxidative
phosphorylation. Increment of ECAR allowed to measure glyca’vtic capacity. Finally, a glucose
analog, 2-deoxy-glucose (2-DG; 50 mM) was added to inhib t gly zolysis and determine non-

glycolytic acidification.

All calculations of mitochondrial parameters ai. indicated in Fig. legends, specifically

for each experiment.

Confocal laser scanning imaging

Mitochondrial membra. e pocential. In parallel with mitochondrial respiration analysis,
membrane potential (AWm) ., determined and quantified in living cells using Confocal Laser
Scanning Microscopy wth a 63x oil immersion objective (Leica TCS SP5 system, Leica
Microsystems). After 24 hours of incubation in various experimental conditions,
cardiomyocytes were stained on glass coverslips with a cell permeant positively-charged red
dye tetramethylrhodamine ethyl ester (TMRE; 7 nm), that readily accumulates in active
mitochondria due to their relative negative charge. Prior to staining with TMRE, cells were also
stained with MitoTracker™ Green FM (MTG; 200 nm) to normalize the values on
mitochondrial volume(Poot et al., 1996). The fluorescence was then examined under normal

growth conditions (37°C, 5 % CO3). MitoTracker™ Green FM fluorescence was excited at 488





nm and TMRE was excited at 549 nm (Rieger et al., 2019). Mitochondrial membrane potential

was calculated as a ratio of TMRE fluorescence intensity to MTG fluorescence intensity.

ROS production. After 24 hours of incubation in experimental conditions, cells were
loaded with MitoTracker™ Red CM-H2XRos (100 nM) to detect accumulation of mitochondrial
specific-reactive oxygen species. MitoTracker Red CM-H2XRos is a reduced, non-fluorescent
version of MitoTracker Red dye, that fluoresces upon oxidation (Bailey et al., 2005; Hao et al.,
2006; Rieger et al., 2019). The fluorescence intensity was exc .~d at 561 nm under normal
growth conditions (37°C, 5 % CO). Autophagy and lysosem ! Ltaining. After 24 hours of
incubation in antiarrhythmics, cardiomyocytes were loa 'ed with LysoTracker™ Deep Red (75
nm) for 1 hour to stain acidic lysosomes. After the treat..<nt, cells were washed and incubated
in live-cell imaging solution with a nuclear dye Nu - 8l'.e. After additional 45 minutes, they were
imaged under normal growth condition (37°C, 5 % CO;). The fluorescence of LysoTracker™

Deep Red was excited at 651 nm.

For each experiment, conroca! laser scanning imaging was performed in three or four
independent replicates. The n.-muers of cells quantified per conditions are reported in each

Fig. legend.

Western blots

Samples containing 6 ug of proteins were mixed with sample buffer and denatured by
heating at 45°C for 15 min. SDS-PAGE and Western blotting were performed as described
previously (Jiroutkova et al., 2015). Briefly, proteins were separated on 12% polyacrylamide
gels at 120 V and then blotted onto 0.2 um nitrocellulose membrane (Protran BAS83,
Schleicher-Schuell, Dassel, Germany) for 3 h at 0.25 A. The membranes were blocked in 5%

weight/volume bovine serum albumin in Tris-buffered saline for 30 min at room temperature.





The washed membranes were probed with OxPhos Human WB Antibody Cocktail at 4°C
overnight (dilution 1:200, # 45-8199, Invitrogen), containing primary antibodies against
Complex IV (Fla; 54 kDa), Complex Il (core 2; 48 kDa), Complex Il (29kDa), Complex IV (COX
Il subunit, 22kDa) and Complex | (18 kDa) subunits. Subsequently, we aimed to detect CPT1B
as the major isoform of CPT1 expressed in the adult heart (Van Der Leij et al., 2002) and LC3B
as the standard marker of autophagy (Kuma et al., 2007). For CPT1B and LC3B detection
following primary antibodies were used: anti-CPT1B (d littion 1:500, ABIN2782633,
Antibodies-online) and anti-LC3B (dilution 1:1000, #12741, C.ll Si ;nalling). After washing, the
membranes were incubated for 2 h at room tempera‘ur. *.ith corresponding horseradish
peroxidase-conjugated secondary antibody (dilutio,. 1:1J 000; Proteintech). Protein bands
were visualized with an enhanced chemilum'nescence detection system (Thermo Fisher
Scientific) using ChemiDoc™ MP Imaging sys e (Biorad). To demonstrate equal loading, the
membrane was re-probed with an.-GAPDH antibody (dilution 1:1000, ab9485, Abcam).

Densitometry was performed using ¢t e mage Lab 6.1 software (Biorad).

Statistics

First, all data wei = te: ted for normality of distribution. In case of normal distribution,
we used one-way ANOV* with Dunnett post hoc test. In case of non-normally distributed data,
Kruskal-Wallis with Dunn’s post hoc test was used. All calculations and graphs were performed
in GraphPad Prism 8.0.1 (GraphPad Software, Inc., La Jolla, CA, USA). Differences at p < 0.05

were considered significant. The image analysis was performed using Fiji Image) software.





Results

Cell viability and cytotoxicity

In primary human cardiac cells, both amiodarone and propafenone caused a significant
dose-dependent decline of cell viability at concentrations > 5 pg/mL and > 10 pg/mL,
respectively (see Fig. 1, part a). Similarly, in HL-1 mouse cardiomyocytes, cell viability was
decreased at the concentrations > 10 ug/mL in both agents ( .ee Fig. 1, part d). In both cell
lines, a significant number of dead cells with damaged plasn'a m 2mbrane was found only at
the very high concentrations of both drugs (= 50 pug/mL /~r amiodarone and propafenone,
respectively; see Fig. 1, parts b, ¢, e, f, g and h). D\' SO . .t the range of used concentrations
had no significant impact on bot cell lines (see Fig L partsa, b, c, d, e, f, g and h). For further
experiments, we have chosen concentrat.on 2 .nd 7 ug/mL as at these concentrations ~ 90

% of cells survive and are near the thorapeutic plasma concentrations of both drugs.

\“iqure 1 belongs here)

Global mitochondrial funct‘ons

As demonstrateu in Fig. 2, parts a and b, in primary human cardiac cells, amiodarone,
but not propafenone caused significant alteration in ATP production measured as oligomycin-
inhibitable O, consumption. In line, amiodarone but not propafenone decreased intracellular
ATP content (see Fig. 2, part g) and mitochondrial membrane potential (AWm; see Fig. 2, parts
f and h). Proton leak tended to increase in amiodarone-exposed cells, although this did not
reach statistical significance (see Fig. 2, part c). Maximal respiratory capacity was not
significantly influenced among experimental groups (see Fig. 2, part d). Non-mitochondrial

respiration was increased after amiodarone and propafenone treatment (see Fig. 2, part e).





Given that findings in bioenergetic profile, we explored in detail possible alterations in

electron transfer chain (ETC) and substrate utilization pathways.

The data from Extracellular Flux Analyzer and ATP luminescence assay obtained on HL-
1 cell line showed no significant changes of global mitochondrial functions in cells exposed to
neither amiodarone or propafenone (see Fig. 2, parts a, b, ¢, d, e and f). However,
mitochondrial membrane potential was significantly decreased in amiodarone-exposed cells
(see Fig. 2, parts g and h). Next, more detailed experiments cc .~firmed changes in substrate
preference in HL-1 cardiomyocytes (see Fig. 6 below) <in.''>, to those seen in human

cardiomyocytes (see Fig. 5 below).

(Figure 2 belc ags i.ere)

Capacity of individual ETC complexes *nd mitochondrial ROS production

In primary human cardiar. c>lls, amiodarone significantly inhibited complex | and IlI-
linked respiration in the ele-tru» transport chain (see Fig. 3, parts a, b, ¢ and d) without
altering the expression | :ve. of key subunits of these complexes (see Fig. 3, parts e, f, g, h, i
and j). No significant in pact was seen in neither DMSO or propafenone-exposed cells.
However, both amiodarone (at the concentrations 2 and 7 pg/mL) and propafenone (at 7
ug/mL) significantly increased mitochondrial ROS production (see Fig. 3, parts k and I). In
keeping with these findings, amiodarone significantly decreased complex |, Il and IV-linked
respiration in HL-1 mouse cardiomyocytes (see Fig. 4, parts a, b, c and d). In HL-1 cells, ROS
production was significantly increased in all experimental groups compared to control groups

(see Fig. 4, parts e and f).





(Figures 3 and 4 belong here)

Substrate utilization studies

In primary human cardiomyocytes exposed to 7 pg/mL amiodarone, we observed a
decrease in the oxidation of fatty acids (in both ATP production and maximal respiration linked
to exogenous oxidation of long-chain fatty acids; see Fig. 5, parts b, e, g and h) accompanied
by increased glycolysis (see Fig. 5, parts k, | and m) compared to control groups (see Fig. 5,
parts aand d) or propafenone-treated cells (see Fig. 5, parts c ~...2 ). There were no detectable
changes in the expression levels of the key enzymes of “hes.» pathways (CPT1B; see Fig. 5,
parts i and j), but cells exposed to higher concentra’iu. o amiodarone seemed to increase
their glycolytic capacity (see Fig. 5, part m) ard. correspondingly decrease the glycolytic
reserve (see Fig. 5, part n). Similarly, ATP nro.'iction linked to fatty acid oxidation tended to
decline in amiodarone-exposed HL-1 cells ‘see Fig. 6, parts b, e and g), although maximal
respiration was not significantly infl.e'.~eu (see Fig. 6, part h). In addition, HL-1 cells exposed
to 7 ug/mL amiodarone exhibite ¥ ennanced glycolysis and decreased glycolytic reserve (see
Fig. 6, parts i, j and I). On the c. ntrary, fatty acid oxidation in propafenone-treated HL-1 cells
did not significantly r'iffc - cc mpared to control groups (see Fig. 6, parts a, ¢, d, f, g and h).
However, glycolysis and glycolytic capacity was significantly increased in HL-1 cells exposed to
7 ug/mL propafenone (see Fig. 6, parts, i, j and k). Correspondingly, glycolytic reserve was

decreased (see Fig. 6, part ).

(Figures 5 and 6 belong here)





Autophagy in primary human cardiac cells

After amiodarone treatment, we have observed a dose-dependent increase in the level
of LC3B-Il, phosphatidylethanolamine-conjugated form of LC3B protein, that is recruited into
autophagosomal membranes in contrast to the unconjugated, cytosolic form (LC3B-I) and is
essential for autophagosome formation. Employing LysoTracker™ Deep Red Staining, we also
detected a decreased acidification in lysosomes (see Fig. 7, parts b, ¢, d and e). In
propafenone-treated cells, we also observed a lower lysosoma: ~cidification, despite the lack
of detectable changes in LC3B-Il protein expression (see Fie. 7 parts b, ¢, d and e). In HL-1
cells, the changes in fluorescence intensity were not so < "parent, but there was a tendency to

decline in both amiodarone and propafenone-exposeu ells (see Fig. 7, parts b and c).

(Figure 7 bolongs here)





Discussion

In this study, we assessed changes of mitochondrial biology in both human and mouse
cardiomyocytes in vitro after 24 hours exposure to two widely used antiarrhythmics. Our main
finding is that amiodarone, but not propafenone, causes significant dose-dependent changes
of mitochondrial functions in human cardiomyocytes. We have demonstrated a complex
pattern of inhibition of Complexes | and Il associated with a reduction of the proton gradient
across inner mitochondrial membrane and an impairment of aerocic phosphorylation, leading
to a degree of metabolic switch from oxidative metabolism (. aniaerobic glycolysis. In addition,
impaired complexes | and Il increased ROS prnac-tion associated with increased
mitochondrial damage and autophagy. Of note, sirr:lar ~ffects were observed with identical
drug concentrations in HL-1 mouse cardon. zcytes, suggesting that the results of
experiments in other mammalian species ‘Tzimiri and Almotrefi, 1993; Karkhanis et al., 2018;
Spaniol et al., 2001) might be reprod:'civ!= in human cell lines. However, at some points, HL-
1 cells were found to be mildly m sre -esistant to inhibitory effects of amiodarone than human
cardiomyocytes (see ATP proJuc.on and FAO in Fig. 2, parts a and b and Fig. 6, parts b, e, g

and h, respectively). We therefore hypothesize that longer amiodarone exposure might be

required to induce the sa'ae level of inhibition in HL-1 mouse cells.

Amiodarone is a cationic amphiphilic agent that easily crosses cell membranes and
accumulates in intracellular compartments including mitochondria and lysosomes (Reinhart
and Rohner, n.d.; Vater et al., 2017). The accumulation occurs because in the acidic milieu of
intermembrane space (pH~ 6.8 (Bal et al., 2012)), amine moieties of amiodarone undergo
protonation, which favour accumulation of amiodarone inside the negatively charged matrix

(Begriche et al., 2011; Fromenty and Pessayre, 1995), where the process of protonation is





reversed [pH ~ 8.0 (Bal et al., 2012)]. The transfer of amiodarone molecule may explain the
observed uncoupling of the inner mitochondrial membrane, and contribute to the reduction
mitochondrial membrane potential (AWm). In addition, amiodarone may alter a phospholipid
content in both extracardiac tissues and heart (Rabkin, 2006) with further impairment of
mitochondrial organization and function (Rosa et al., 2000; Sautereau et al., 1992). Indeed, we
have observed direct inhibition of Complexes | and Il of the ETC and FAO in keeping with
previous studies performed on extracardiac tissues (Fromen vy et al., 1990; Fromenty and
Pessayre, 1995; Kennedy et al., 1996; Nicolescu et al., 200¢ : Pe;sayre et al., 2010), rabbit
(Patterson et al., 1987) and guinea pig hearts (Dz'm.-i and Almotrefi, 1993), or rat
cardiomyocytes (Kdlai et al., 2005; Karkhanis et al., 201 3; Kennedy et al., 1996; Nag et al.,
1990; Varbiro et al., 2003) suggesting that th: iafluence of amiodarone onto cardiac cell

bioenergetics is complex, combining all tke a%ov2 listed mechanism.

Both antiarrhythmics increasea *he production of reactive oxygen species (ROS). In
cardiac and other cells, damager’ mi..chondria are scavenged by fusing with lysosomes to
autophagosomes, where the oi1anelle is finally degraded (Yim and Mizushima, 2020) in the
acidic microenvironmen’. |~h inside lysosomes is 4.0 — 5.0 (Bal et al., 2012)], which is
mandatory for the functic 1 of lysosomes (Zeng et al., 2020). Amiodarone has global pKa=6.56
(Dowd, 2009), rendering its molecule completely protonated and trapped inside lysosomes
(Pessayre et al., 2010). Accumulation of amiodarone increases intra-lysosomal pH, impairing
lysosomal degradative function (Morissette et al., 2009). In line, in our experiments, we have
seen a reduction of acidic environment in labelled lysosomes in amiodarone-exposed cells,
together with increased conversion of LC3B from LC3B-I (an unconjugated form) to LC3B-Il (a
conjugated form) which is essential for autophagosome formation. This is consistent with the

pattern of mismatch between the demand versus capacity for autophagy. It is intriguing to





hypothesize that impaired autophagy might be responsible for some extracardiac side effects

of amiodarone, too.

The main strength of our study is that we performed a comprehensive set of
experiments in a setting as close as to human physiology as it can be in an ex vivo model. The
therapeutic concentration in plasma ranges between 1.5 and 2.5 pg/mL for amiodarone
(Lafuente-Lafuente et al., 2009) and between 0.20 to 0.60 ug/mL for propafenone (Steurer et
al., 1991), but concentration as high as 1200 pg/mL has be_n seen in case of non-fatal
accidental overdose (Ovaska et al., 2010). Amiodarone acci'm.'>es in tissues, reaching tissue
concentrations much higher than in plasma (Latini et ' . 1984). Therefore, we believe the
concentrations we have chosen (2 and 7 ug/mL) well , =ilect the concentrations in tissues of
patient treated with antiarrhythmics. This stul® huis potential clinical implications, too. In
patients with a degree of mitochondri: ! d' sfunction at baseline, such as in patients with
sepsis, but with structurally normal hea.*. propafenone might be better choice (Morelli et al.,
2013). The clinical outcomes con-.:te... with this hypothesis have just been published (Balik

et al.,, 2023).

Our results also ,oinis towards a potential for detrimental effects of amiodarone in
patients with insulin resic.ance. This stems from the role insulin plays in regulating the heart's
metabolism, primarily based on fatty acids but capable of utilizing alternatives such as
carbohydrates, ketone bodies, lactate, and amino acids (Bertrand et al., 2008; Doenst et al.,
2013). Insulin resistance, however, disrupts this metabolic equilibrium by reducing glucose
oxidation and boosting fatty acid oxidation (Ormazabal et al.,, 2018). In this context,
amiodarone could further restrict available energy sources, potentially affecting ATP synthesis

(Pantazi et al., 2022). An energy deficit in cardiomyocytes may induce maladaptive responses,





including hypertrophy, apoptosis, or fibrosis, which may have clinical consequences. In turn,
propafenone might be hypothesized as a potentially safer alternative in patients with insulin

resistance. These findings require further investigation.

Indeed, our study has limitations. We have only studied the parental substance, but
not drug metabolites, which can be both active and toxic. For example, desethylamiodarone,
preserves the benzofuran structure and hence lipophilicity, has a potential for mitochondrial
toxicity (Bolt et al., 2001). On the same note, in our experiment: ve used chemical uncoupling
and not contraction to increase ATP demands. In additio.> we have not revealed the
mechanism of direct inhibition of key proteins of bioc ~ergetic pathways and some of our
inferences thus remain speculative. demands. Lasti,  poth amiodarone and propafenone
seem to be equally safe in structurally norma 'e7rts and performing our experiments on
cellular models of heart failure (Jimenez-"-ell.z and Greenway, 2019; Rohani et al., 2017) could
be more informative. Lastly, although L..2pafenone has been noted to display fewer negative
effects on mitochondrial function .~d (!\e autophagic process compared to amiodarone in our
study, this does not exclude the nossibility of such effects occurring in clinical scenarios or at
higher concentrations. Iruc~a, the overall safety profile of both antiarrhytmics is dependent

on many factors and shou'd be carefully evaluated on a case-by-case basis in clinical practice.

Conclusions

In conclusion, our findings from in vitro experiments on human cardiac cell lines reveal

that amiodarone, but not propafenone, causes significant dose-dependent disruptions in





mitochondrial bioenergetics and autophagy. These disruptions involve mitochondrial
uncoupling, which impairs ATP synthesis and triggers a metabolic shift from oxidative

metabolism towards anaerobic glycolysis.
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Highlights

e In human cardiomyocytes, amiodarone has higher mitochondrial toxicity than
propafenone

e At the cellular level, propafenone appears to be a safer and lower-risk antiarrhythmic
agent than amiodarone

e Amiodarone induces mitochondrial dysfunction, with a metabolic switch from
oxidative metabolism to anaerobic glycolysis

e Amiodarone has a significant effect on autophagy procoss in human cardiac muscle
cells
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