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Abstract: Amiodarone is a potent antiarrhythmic drug and displays substantial liver toxicity in hu-
mans. It has previously been demonstrated that amiodarone and its metabolite (desethylamiodarone,
DEA) can inhibit mitochondrial function, particularly complexes I (CI) and II (CII) of the electron
transport system in various animal tissues and cell types. The present study, performed in human
peripheral blood cells, and one liver-derived human cell line, is primarily aimed at assessing the
concentration-dependent effects of these drugs on mitochondrial function (respiration and cellular
ATP levels). Furthermore, we explore the efficacy of a novel cell-permeable succinate prodrug
in alleviating the drug-induced acute mitochondrial dysfunction. Amiodarone and DEA elicit a
concentration-dependent impairment of mitochondrial respiration in both intact and permeabilized
platelets via the inhibition of both CI- and CII-supported respiration. The inhibitory effect seen in
human platelets is also confirmed in mononuclear cells (PBMCs) and HepG2 cells. Additionally, amio-
darone elicits a severe concentration-dependent ATP depletion in PBMCs, which cannot be explained
solely by mitochondrial inhibition. The succinate prodrug NV118 alleviates the respiratory deficit
in platelets and HepG2 cells acutely exposed to amiodarone. In conclusion, amiodarone severely
inhibits metabolism in primary human mitochondria, which can be counteracted by increasing
mitochondrial function using intracellular delivery of succinate.

Keywords: amiodarone; desethylamiodarone; sotalol; NV118; platelets; PBMCs; HepG2 cells;
mitochondria; respiration; ATP

1. Introduction

Cardiac arrhythmias are conditions defined by an irregular heartbeat that can arise
from either atria or ventricles [1]. Amiodarone is the most effective class III (Vaughan-
Williams’ classification) antiarrhythmic drug, widely used to treat both ventricular and
supraventricular arrhythmias [2]. The new European Society of Cardiology Guidelines for
the diagnosis and management of atrial fibrillation recommend amiodarone for long-term
rhythm control in all patients with atrial fibrillation, including those with heart failure [3].
Desethylamiodarone, the main metabolite of amiodarone, also possesses antiarrhythmic
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properties via the N-demethylation reaction catalyzed by cytochrome P450 3A4 [4,5].
Amiodarone and DEA quickly and extensively accumulate in extracardiac tissues (mainly
in the adipose tissue) after amiodarone administration, reaching concentrations up to
1000 times higher than the equivalent plasma concentrations, and have a long elimination
half-life [6–8]. Moreover, amiodarone and its metabolite DEA can cause several extracardiac
side effects, mainly hepatic and pulmonary toxicity, but also thyroid dysfunction, which
may lead to treatment discontinuation [5,9–11].

Despite extensive research, the exact mechanism responsible for human amiodarone
toxicity is only partially elucidated, but evidence indicates mitochondrial dysfunction and
oxidative stress as two key factors in amiodarone toxicity [12,13]. In mammalian cells
amiodarone has been shown to impair mitochondrial respiration, mainly the function of
mitochondrial complexes I (CI) and II (CII) of the electron transport system (ETS) [14–16].
The group of Gallyas Jr. first reported the concentration-dependent effects of amiodarone
in isolated cardiac and liver rat mitochondria, showing no effect at low concentrations
(up to 6 µM), uncoupling between 6–30 µM and inhibition of the respiratory chain at
higher concentrations, respectively [17]. Recently, cell-permeable succinate prodrugs have
been developed in order to bypass the mitochondrial complex I deficiency of different
etiologies [18–20]. These prodrugs enter the cells independent of active uptake and, upon
cleavage by intracellular esterases, subsequently release succinate, the complex II substrate.
In addition to bypassing the complex I dysfunction, the prodrugs have been reported to
alleviate metabolic dysfunction by increasing electron transport in situations of partial
inhibition, and also in downstream complexes [21].

Sotalol, a non-cardioselective beta-blocker classified as a class III antiarrhythmic agent
due to its predominant potassium channel blocking effect, could be used as an alternative
to amiodarone, if there are no contraindications, having a more favorable adverse-event
profile [22].

Blood cells, and especially platelets, have recently been recognized as convenient tools
to assess mitochondrial respiration, mirroring organ-specific mitochondrial dysfunction
in various pathologies [23]. Platelets serve as an easily obtainable source of human vi-
able mitochondria when studying mitochondrial toxic effects elicited by different drug
exposure [24].

The objectives of the present study were: (i) to assess the effects of amiodarone, DEA
and sotalol (as a negative control of mitochondrial toxicity) on mitochondrial respiration
in human platelets, (ii) to evaluate the efficacy of a cell-permeable succinate prodrug
(diacetoetoxymethyl succinate, NV118) in alleviating the acute drug-induced mitochondrial
dysfunction, (iii) to probe whether the effect on respiration could be confirmed in more
complex cells, e.g., peripheral blood mononuclear cells (PBMCs) and HepG2 cells, and
also, to assess if the effect on respiration would translate into an inhibition of cellular
ATP synthesis.

2. Results
2.1. Concentration-Dependent Decrease of Mitochondrial Respiration by Amiodarone, but Not
Sotalol in Intact Human Platelets

Mitochondrial respiration of intact human platelets was assessed in the presence of
increasing concentrations of amiodarone and sotalol (15–240 µM), respectively. Significant
concentration-dependent respiratory inhibition was elicited by amiodarone with a reduc-
tion of mitochondrial oxygen consumption to 23.4% ± 9.5 (p < 0.01) of control (Figure 1A,B)
at the highest concentration, whereas sotalol did not elicit toxic effects even at 240 µM
(Figure 1B,C).
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Figure 1. Amiodarone, but not sotalol, induced concentration-dependent impairment of mitochondrial respiration in intact 
platelets. (A) Representative trace of amiodarone-induced mitochondrial dysfunction (amiodarone-red; DMSO-grey). (B) 
Respiration of human platelets was measured after submaximal uncoupling with FCCP (2 µM). The concentration-de-
pendent effect of amiodarone (red rhombus) and sotalol (green square) was measured by titrating increasing concentra-
tions of each drug (15–240 µM) vs. the equivalent volume of vehicle (DMSO or H2O). Non-mitochondrial respiration was 
evaluated by the inhibition of complex I with rotenone (2 µM) and complex III with antimycin A (1 µg/mL). (C) Repre-
sentative trace of sotalol effect on mitochondrial respiration (sotalol-green; H2O/solvent-grey). Data were expressed as 
mean ± SEM. Two-way ANOVA with Bonferroni post hoc test was performed on the antimycin-corrected data. ROX: 
residual oxygen consumption. DMSO: dimethyl sulfoxide. FCCP: carbonyl cyanide p-(trifluoromethoxy) phenylhydra-
zone. ** p < 0.01 vs. DMSO. n = 5. 

Figure 1. Amiodarone, but not sotalol, induced concentration-dependent impairment of mitochon-
drial respiration in intact platelets. (A) Representative trace of amiodarone-induced mitochondrial
dysfunction (amiodarone-red; DMSO-grey). (B) Respiration of human platelets was measured after
submaximal uncoupling with FCCP (2 µM). The concentration-dependent effect of amiodarone (red
rhombus) and sotalol (green square) was measured by titrating increasing concentrations of each drug
(15–240 µM) vs. the equivalent volume of vehicle (DMSO or H2O). Non-mitochondrial respiration
was evaluated by the inhibition of complex I with rotenone (2 µM) and complex III with antimycin
A (1 µg/mL). (C) Representative trace of sotalol effect on mitochondrial respiration (sotalol-green;
H2O/solvent-grey). Data were expressed as mean ± SEM. Two-way ANOVA with Bonferroni post
hoc test was performed on the antimycin-corrected data. ROX: residual oxygen consumption. DMSO:
dimethyl sulfoxide. FCCP: carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone. ** p < 0.01 vs.
DMSO. n = 5.



Int. J. Mol. Sci. 2021, 22, 11786 4 of 17

2.2. Amiodarone, but Not Sotalol, Elicited a Concentration-Dependent Decrease of Mitochondrial
Respiration in Permeabilized Human Platelets

In order to further characterize the mechanisms of the concentration-dependent elec-
tron transfer system (ETS) impairment elicited by the antiarrhythmic drugs, mitochondrial
respiration was evaluated in permeabilized platelets using three different concentrations
(60, 120 and 240 µM) of amiodarone and sotalol, respectively (representative traces of
amiodarone and sotalol effects are shown in Figure 2A,H).
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Figure 2. Amiodarone (but not sotalol) induced a concentration-dependent inhibition of mitochondrial respiration in per-
meabilized platelets. (A) Representative trace of amiodarone-induced mitochondrial dysfunction (amiodarone-red; 
DMSO/solvent-grey). Concentration-dependent effects were assessed for 3 doses (60 µM, 120 µM and 240 µM) of amioda-
rone (red rhombus) and sotalol (green square), respectively. P-L control efficiency, a measure of ATP generating respira-
tion (B), LEAK (C), E-L coupling efficiency, a measure of ATP generating respiration (D), ET capacity (E), maximum 
OXPHOS (F), NADH-linked OXPHOS (G) were evaluated. (H) Representative trace of sotalol effects (sotalol-green; 
H2O/solvent-grey). Data were expressed as mean ± SEM of the percent of control (platelets exposed to the corresponding 
volume of DMSO and H2O for highest concentration of drug). Two-way ANOVA with Bonferroni post hoc test was per-
formed on the antimycin-corrected data. DMSO: dimethyl sulfoxide. ADP: adenosine diphosphate. FCCP: carbonyl cya-
nide p-(trifluoromethoxy) phenylhydrazone. OXPHOS: oxidative phosphorylation. LEAK: non-phosphorylating respira-
tion. ET: electron transfer. ROX: residual oxygen consumption. * p < 0.05, ** p < 0.01 vs. control. n = 5. 

LEAK respiration (non-phosphorylating respiration) demonstrated a trend towards 
increasing in the presence of amiodarone (Figure 2C), with the highest increase at 60 µM 
(155.9% ± 24.2 of control) and the mildest at 240 µM (116.7% ± 43.8), but with no statistical 
significance. 
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decrease to 63.3% ± 5.5 of control (p < 0.01) at 240 µM. 

ET capacity, which mirrors the maximal activity of the ETS (Figure 2E), was also af-
fected in a similar fashion, reaching 42.6% ± 16 of control at 240 µM; however, there was 
no statistical significance. 

Maximum OXPHOS, corresponding to the sum of NADH-linked OXPHOS and suc-
cinate-linked OXPHOS, was decreased by amiodarone in a concentration-dependent 
manner (Figure 2F) reaching 36.4% ± 12.5 of control (p < 0.05) at 240 µM. When separately 
assessing the OXPHOS pathways, NADH-linked OXPHOS (Figure 2G) showed a compa-
rable decrease (37.4 ± 16.1 of control at 240 µM amiodarone). 
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Amiodarone may trigger mitochondrial dysfunction not only in a direct manner, but 
also through the accumulation of its metabolite DEA. The effects of DEA on mitochondrial 
oxygen consumption were evaluated by assessing the same parameters of high-resolution 
respirometry as for amiodarone (a typical trace of DEA effects is presented in Figure 3A). 

Figure 2. Amiodarone (but not sotalol) induced a concentration-dependent inhibition of mitochondrial respiration in
permeabilized platelets. (A) Representative trace of amiodarone-induced mitochondrial dysfunction (amiodarone-red;
DMSO/solvent-grey). Concentration-dependent effects were assessed for 3 doses (60 µM, 120 µM and 240 µM) of amio-
darone (red rhombus) and sotalol (green square), respectively. P-L control efficiency, a measure of ATP generating respiration
(B), LEAK (C), E-L coupling efficiency, a measure of ATP generating respiration (D), ET capacity (E), maximum OXPHOS (F),
NADH-linked OXPHOS (G) were evaluated. (H) Representative trace of sotalol effects (sotalol-green; H2O/solvent-grey).
Data were expressed as mean ± SEM of the percent of control (platelets exposed to the corresponding volume of DMSO and
H2O for highest concentration of drug). Two-way ANOVA with Bonferroni post hoc test was performed on the antimycin-
corrected data. DMSO: dimethyl sulfoxide. ADP: adenosine diphosphate. FCCP: carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone. OXPHOS: oxidative phosphorylation. LEAK: non-phosphorylating respiration. ET: electron transfer.
ROX: residual oxygen consumption. * p < 0.05, ** p < 0.01 vs. control. n = 5.

P-L control efficiency is a measure of ATP-generating mitochondrial oxygen consump-
tion and was calculated according to [25] as 1-LEAK/maximum OXPHOS. Amiodarone
lowered P-L control efficiency (Figure 2B) already at 60 µM, reaching 85.9% ± 3.3 of control
(p < 0.05) with a further decrease to 54.7% ± 5.9 of control (p < 0.01) in the presence of the
highest concentration (240 µM).

LEAK respiration (non-phosphorylating respiration) demonstrated a trend towards
increasing in the presence of amiodarone (Figure 2C), with the highest increase at 60 µM
(155.9% ± 24.2 of control) and the mildest at 240 µM (116.7% ± 43.8), but with no statisti-
cal significance.

E-L coupling efficiency is another measure used to assess the efficiency of ATP gen-
eration and was calculated according to [25] as 1-LEAK/ET capacity. It was impaired by
amiodarone (Figure 2D) reaching 86.7% ± 2.9 of control at 120 µM (p < 0.05) with a further
decrease to 63.3% ± 5.5 of control (p < 0.01) at 240 µM.

ET capacity, which mirrors the maximal activity of the ETS (Figure 2E), was also
affected in a similar fashion, reaching 42.6% ± 16 of control at 240 µM; however, there was
no statistical significance.

Maximum OXPHOS, corresponding to the sum of NADH-linked OXPHOS and
succinate-linked OXPHOS, was decreased by amiodarone in a concentration-dependent
manner (Figure 2F) reaching 36.4% ± 12.5 of control (p < 0.05) at 240 µM. When sepa-
rately assessing the OXPHOS pathways, NADH-linked OXPHOS (Figure 2G) showed a
comparable decrease (37.4 ± 16.1 of control at 240 µM amiodarone).
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2.3. Characterization of DEA-Induced Mitochondrial Dysfunction in Permeabilized
Human Platelets

Amiodarone may trigger mitochondrial dysfunction not only in a direct manner, but
also through the accumulation of its metabolite DEA. The effects of DEA on mitochondrial
oxygen consumption were evaluated by assessing the same parameters of high-resolution
respirometry as for amiodarone (a typical trace of DEA effects is presented in Figure 3A).
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Figure 3. The amiodarone metabolite (DEA) induced a concentration-dependent inhibition of mito-
chondrial respiration in permeabilized platelets. (A) Representative trace of DEA exposure (DEA-
black; methanol-grey). Concentration-effects for two concentrations of DEA (30 µM-circle and
60 µM-rhombus). P-L control efficiency, a measure of ATP generating respiration (B), LEAK (C),
E-L coupling efficiency, a measure of ATP generating respiration (D), ET capacity (E), maximum
OXPHOS (F), NADH-linked OXPHOS (G) were evaluated. Data were expressed as individual values
of the percent of control (platelets exposed to the corresponding volume of methanol). Two-way
ANOVA with Bonferroni post hoc test was performed on the antimycin-corrected data. DMSO:
dimethyl sulfoxide. ADP: adenosine diphosphate. FCCP: carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone. OXPHOS: oxidative phosphorylation. LEAK: non-phosphorylating respiration.
ET: electron transfer. ROX: residual oxygen consumption. * p < 0.05 vs. control. n = 3.
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DEA elicited a concentration-dependent reduction of P-L control efficiency (Figure 3B)
to 37% ± 13.7 of control (p < 0.05) at 60 µM. At the highest concentration used (60 µM)
all the examined parameters were reduced compared to the control as follows: LEAK
respiration (Figure 3C) to 62.2% ± 3.6, E-L coupling efficiency (Figure 3D) to 53.9% ± 5.4,
ET capacity (Figure 3E) to 36.1% ± 6.5, maximum OXPHOS (Figure 3F) to 31% ± 4.1,
NADH-linked OXPHOS (Figure 3G) to 20% ± 5.6; however, no statistical significance
was reached.

2.4. Amiodarone Elicited a Time- and Concentration-Dependent Decrease in Mitochondrial
Respiration Combined with ATP Depletion in Intact PBMCs

In order to determine whether the results obtained in platelets exposed to amiodarone
can be recapitulated in other metabolically more active blood cells, mitochondrial oxygen
consumption was further evaluated in PBMCs. Since amiodarone elicited deleterious
effects on both maximum OXPHOS (Figure 2F) and NADH-linked (Figure 2G) OXPHOS,
we assessed the effects of amiodarone and rotenone (as the positive control for complex
I-inhibition) on mitochondrial respiration and cellular ATP levels.

A single addition of amiodarone (100 µM) and rotenone (2 µM), respectively, caused a
time-dependent decrease in mitochondrial oxygen consumption (pmoL O2 s−1 106 cells−1)
from 4.7 ± 0.18 at 10 min to 1.2 ± 0.03 at 25 min and 3.8 ± 0.35 at 10 min to 0.4 ± 0.04 at
25 min, respectively (Figure 4A). A time-dependent decrease in the ATP content (Figure 4B)
was also seen after exposure to amiodarone (100 µM), from 928.7 ± 106.58 nM at 10 min to
194.3 ± 22.19 nM at 25 min. Rotenone (2 µM) caused a decrease from 956.52 ± 112.85 nM
to 510.3 ± 42.69 nM for the same time points. When compared at 25 min of exposure,
amiodarone elicited a significant inhibition of respiration in PBMCs but its effect did
not surpass the inhibition elicited by rotenone (p < 0.0001) whereas the decrease in the
ATP levels induced by amiodarone surpassed the one elicited by rotenone, which implies
additional toxicity besides the mitochondrial toxicity (p < 0.01).

The effects on mitochondrial respiration and ATP levels with increasing concentrations
up to 240 µM of amiodarone were evaluated in intact PBMCs (Figure 4C,D). Significant
respiratory inhibition was elicited by amiodarone starting from 60 µM (p < 0.0001), while the
drop in ATP level was significant already at 30 µM (p < 0.0001). As evident from Figure 4A,
there is a significant time-lag of the amiodarone-induced inhibition of respiration and ATP
production, hence the inhibition curves of Figure 4C are underestimated.

2.4.1. Treatment Effect of a Cell-Permeable Succinate Prodrug on Amiodarone-Induced
Mitochondrial Dysfunction in Human Platelets

Amiodarone caused mitochondrial dysfunction via the inhibition of both NADH
and succinate-linked respiration, with an increased toxicity observed in case of the latter
(Figure 2). Subsequently, we investigated to what degree this dual respiratory impairment
can be alleviated by the cell-permeable succinate (NV118) in platelets acutely exposed to
120 µM amiodarone.
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Figure 4. Delayed toxicity and ATP-depletion by amiodarone in mononuclear cells. Temporal de-
cline of respiration (A) and ATP levels (B) was observed in intact PBMCs following single 

Figure 4. Delayed toxicity and ATP-depletion by amiodarone in mononuclear cells. Temporal decline
of respiration (A) and ATP levels (B) was observed in intact PBMCs following single administration
of amiodarone (100 µM, red) and rotenone (2 µM, orange), added on routine (basal) respiration.
(C) Oxygen consumption (red square) and (D) ATP concentration (black square) followed amiodarone
titration. Amiodarone was added at 10, 15, 20, 25 and 30 min at the final concentrations of 15, 30, 60,
120 and 240 µM. Data were expressed as mean ± SEM. Two-way ANOVA with Bonferroni post hoc
test was performed to evaluate time-dependent effects of amiodarone and rotenone (A,B) panels,
* p < 0.05; ** p < 0.01; **** p < 0.0001 vs. rotenone. One-way ANOVA with Bonferroni post hoc test
was performed to evaluate dose-dependent effects between amiodarone and rotenone (C,D) panels,
# p < 0.0001 vs. 0 µM. n = 5–6.

A representative overlay trace of amiodarone-exposed platelets in the presence (blue)
vs. absence (red) of NV118 is depicted in Figure 5A. The addition of the prodrug to the
amiodarone-exposed platelets resulted in an increase in the ET capacity (Figure 5B) above
the control levels (p < 0.05) and in levels of coupled respiration (ATP generating respiration)
similar to those of the control samples (Figure 5C), respectively. These effects are due to an
increase in succinate-supported respiration (Figure 5D), measured as oxygen consumption
after the inhibition of complex I.
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Figure 5. Effects of the succinate prodrug NV118 on amiodarone-induced mitochondrial dysfunction
in human platelets. (A) Representative trace of amiodarone-exposed platelets in the absence (red)
or presence (blue) of NV118. (B–D) NV118 effects on amiodarone-exposed platelets (blue) were
measured as compared to its vehicle (DMSO, red). As negative control platelets were exposed
to only DMSO (grey). Data were expressed as mean ± SEM. One-way ANOVA with Bonferroni
post hoc test was performed on the antimycin-corrected data. DMSO: dimethyl sulfoxide. FCCP:
carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone. LEAK: non-phosphorylating respiration.
ET: electron transfer. ROX: residual oxygen consumption. ns = not significant. * p < 0.05; ** p < 0.01
vs. DMSO. n = 5.

2.4.2. Cell-Permeable Succinate-Alleviated Mitochondrial Dysfunction Induced by
Amiodarone in HepG2 Cells

Since amiodarone hepatotoxicity is a common side effect, we further evaluated
whether the beneficial effects of NV118 can be recapitulated in a liver cell line (HepG2
cells). Oxygen consumption (pmoL O2 s−1 106 cells) of HepG2 cells was assessed after
exposure to the same concentrations of amiodarone used in the previously described pro-
tocol in intact platelets. Mitochondrial respiration was reduced to 34% ± 8.4 of control
at 240 µM (Figure 6A). The addition of NV118 to the amiodarone-exposed HepG2 cells
elicited results comparable to those obtained in human platelets. Thus, ET capacity was
101 ± 7.4 in the amiodarone-treated cells receiving NV118 as compared to 70.6 ± 5.2 in
the amiodarone-treated control cells (Figure 6B), and the effects were mediated by the
increase of succinate-supported mitochondrial oxygen consumption (Figure 6C), measured
as oxygen consumption after the inhibition of complex I. Comparable effects on coupled
respiration were found as the NV118-treated samples had higher rates than the control
samples (Figure 6D), with an oxygen consumption of 15.6 ± 1.4 in control samples and
26.7 ± 2.9 in the samples receiving NV118 (p < 0.05).
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Figure 6. Effects of NV118 on amiodarone-induced mitochondrial dysfunction in human HepG2
cells. (A) Respiration of HepG2 cells was measured after mild uncoupling with FCCP (4 µM).
The dose-dependent effect of amiodarone (red rhombus) was measured by titrating increasing
concentrations of amiodarone or vehicle (DMSO, open black circle). Non-mitochondrial respiration
was evaluated by the inhibition of complex I with rotenone (2 µM) and that of complex III with
antimycin A (1 µg/mL). (B–D) NV118 effects (blue) on amiodarone-treated HepG2 cells were assessed
as compared to its vehicle (DMSO, red). As negative control of the experiment HepG2 were exposed
only to DMSO (grey). Data were expressed as mean ± SEM. Two-way ANOVA and one-way ANOVA
with Bonferroni post hoc test were performed on the antimycin-corrected data. DMSO: dimethyl
sulfoxide. ET: electron transfer. ns= not significant. * p < 0.05 vs. DMSO. n = 3–4.

3. Discussion

In recent years, mitochondrial dysfunction has been increasingly recognized as a
key pathomechanism underlying the adverse reactions of many drugs. The fact that
mitochondria represent a target of drug toxicity is not surprising, since these organelles
play a central role in energy production via multiple metabolic pathways and are key
players in the coordination of several types of cell death [26].

Mitochondria-related toxicity was mainly demonstrated in the literature in murine
models where amiodarone elicited uncoupling of oxidative phosphorylation, inhibition
of the electron transfer system and also, inhibition of fatty acid ß-oxidation [16,27–29].
We have shown here that amiodarone causes a concentration-dependent reduction in
mitochondrial oxygen consumption of human platelets, leading to an overall decrease in
P-L control efficiency. As depicted in Figure 2C,F, in permeabilized platelets amiodarone
elicited a mild increase in LEAK respiration (maximal at 60 µM and lower at higher con-
centrations) together with a significant, progressive decrease in OXPHOS (both CI- and
CII- supported, starting from 60 µM). Our results are in line with early studies performed
in murine-isolated liver mitochondria pointing to the dual, dose-dependent in vitro effect
of amiodarone on mitochondrial respiration, which consisted in a transient (yet significant)
uncoupling effect at low concentrations, while acting as a CI and CII inhibitor when ap-
plied in higher doses [16,29]. Regarding the ATP depletion, our data are in line with the
results published by Felser et al., which showed in isolated rat mitochondria and human



Int. J. Mol. Sci. 2021, 22, 11786 11 of 17

hepatocytes that in vitro exposure to amiodarone leads to a decrease in the intracellular
ATP content [15]. Moreover, in a rat model of hepatotoxicity, amiodarone has been shown
to increase liver mitochondrial hydrogen peroxide formation and induce cardiolipin per-
oxidation, accompanied by inhibition of mitochondrial complex I activity, uncoupling of
oxidative phosphorylation and a decrease in liver ATP levels [30]. A reduction in the ATP
levels is detrimental to cellular function [31] and explains why amiodarone may induce a
concentration-dependent increase in cell death in HepG2 cells [32].

Amiodarone caused a potent inhibition of maximum OXPHOS. Previous studies
described the role of oxaloacetate, whose production depends on complex I stimulation, as a
potent inhibitor/modulator of complex II [33,34]. In the present experiments, due to the low
activity of complex I in amiodarone-exposed cells, it is tempting to speculate that complex
II is less subjected to oxaloacetate inhibition and thereby both complex I and complex II-
supported OXPHOS were reduced. While in our hands amiodarone caused a more potent
inhibition of complex II-supported respiration in human platelets, a study conducted in
isolated rat heart mitochondria revealed that amiodarone inhibited both complex I and II of
the ETS with a more potent inhibition of the NADH-dependent respiration, thus suggesting
that amiodarone-induced mitochondrial dysfunction is species/tissue dependent [35]. Of
note, these authors also reported that amiodarone acted as an uncoupler in the heart, as
demonstrated here in human platelets.

We have further demonstrated that not only amiodarone, but also its metabolite (DEA)
elicits platelet mitochondrial dysfunction. Takai et al. demonstrated in an in vivo mouse
model that the detrimental effects on mitochondrial function and the degree of liver injury
induced by amiodarone administration correlated with the plasma levels of DEA [36].
Bolt et al. reported that both amiodarone and DEA inhibited complex I- and complex II-
supported respiration in hamster lung macrophages; interestingly, DEA inhibited complex
II to a greater degree than did amiodarone in whole lung mitochondria [14].

At variance from platelets, which are corpuscular fragments originating from megak-
aryocytes [37], PBMCs are nucleated cells [38]. Regardless of this, amiodarone dose-
dependently decreased mitochondrial respiration in both blood cell types, an observation
important for the generalizability of our results. In PBMCs we have also demonstrated that
amiodarone-depressed respiration was dose-dependently associated with a decreased ATP
content. The fact that amiodarone lowered the ATP levels more than did rotenone (which
fully inhibited mitochondrial respiration), strongly suggests that the toxic effects of the
drug goes beyond mitochondrial toxicity, i.e., a concomitant impairment of glycolysis, the
other main source of cellular ATP, may be occurring. Our results are in line with the study of
Fromenty et al., which reported that amiodarone caused a dramatic decrease in cellular ATP
and cell viability in human lymphocytes, with a rate of ATP depletion twice as high with
amiodarone as compared to rotenone [39]. Similarly, Karkhanis et al. have demonstrated
that amiodarone significantly lowered the ATP content in rat H9c2 cardiomyocytes [35].
In contrast to the results of Fromenty et al., which reported that glucose was able to
prevent ATP depletion (and thus decrease the amiodarone-induced human lymphocyte
cytotoxicity), the ATP decrease in PBMCs occurred regardless of the presence of glucose (5
mM) in the medium [39]. Also, Bolt et al. reported that the inability of glucose to prevent
amiodarone-induced depletion of ATP correlated with its lack of effectiveness against lung
cell cytotoxicity [14]. Serviddio et al. showed that amiodarone did not impair ATP synthase
activity but decreased the ATP availability; the authors speculated that this occurred via
an increase in LEAK respiration with a decrease in the electrochemical gradient, which in
turn, decreased the proton flux through ATP synthase [30].

At therapeutic dosage, amiodarone reaches plasma concentrations in the range of
~2 µM [40]. However, the tissue concentrations of both amiodarone and its metabolite
(DEA) are higher than plasma concentrations [7]. For example, in liver tissue, amio-
darone concentrations are 10–20 times higher than in plasma [15]. Amiodarone is me-
tabolized in liver and produces DEA via cytochrome p450 (CYP3A4) [41]. Induction of
CYP3A4 is a risk factor for hepatotoxicity, because the N-dealkylated metabolites were
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reported to be more hepatotoxic than amiodarone [32,41]. Since we have demonstrated that
amiodarone-induced mitochondrial dysfunction is concentration-dependent, we speculate
that concomitant association between amiodarone and inducers of cytochrome p450, such
as carbamazepine, phenobarbital, phenytoin, rifampicin, isoniazid, tobacco, St. John’s
Wort, ritonavir, omeprazole, dexamethasone or chronic alcohol consumption, may lead to
more potent inhibition [42–45].

With ageing, a reduction in the oxidative capacity and ATP generation per mitochon-
drial volume is supposed to occur together with an increase in reactive oxygen species
(ROS) generation [46,47]. ROS themselves induce further mitochondrial damage that, in
turn, may predispose to cardiac arrhythmias [46–48]. The incidence of atrial fibrillation
(which is treated with amiodarone) increases with ageing [2,49], thus amiodarone will be
used in patients with already impaired mitochondria due to advanced age.

It should be noted that amiodarone is an inhibitor of cytochrome p450 and as such
increases the concentration of drugs metabolized via this pathway, such as statins. It
is well documented that drug-drug interactions may be a cause of statin-induced rhab-
domyolysis [50,51]. Indeed, mitochondrial dysfunction is central to the deleterious effects
of statins on skeletal muscle cells [52,53], but possibly not in blood cells, as recently re-
ported [54]. However, since statin-induced mitochondrial dysfunction is also concentration-
dependent [20], amiodarone may cause further mitochondrial damage via additive or
synergic inhibition of mitochondria by the two drugs.

Recently, cell permeable succinates have been used to bypass NADH-linked mitochon-
drial dysfunction [18,19,55]. We have showed here that NV118 improved mitochondrial
oxygen consumption in both platelets and HepG2 cells exposed to high concentrations of
amiodarone. Complex II uses succinate as a substrate in an oxidation reaction that allows
the electron transfer across the ETS, leading to proton translocation and the establishment
of a proton gradient across the inner membrane of the mitochondria [19,25]. This gradi-
ent is essential for ATP generation [25]. NV118 delivers succinate to the mitochondria,
providing increased substrate supply to complex II [18] and hence, an improved electron
transport and proton gradient. Here we demonstrated that a cell-permeable succinate
could increase metabolism through complex II despite a potential decrease in CII function
by amiodarone. We conclude that amiodarone severely inhibits metabolism in primary
human mitochondria, which can be counteracted by increasing mitochondrial function
using intracellular delivery of succinate.

4. Materials and Methods
4.1. Chemicals and Human Samples

All chemicals were purchased from Sigma-Aldrich (Saint Louis, MO, USA). NV118
(cell-permeable succinate prodrug) was generously donated by Abliva AB (Lund, Sweden).
This compound is also available as the MitoKit-CII from Oroboros Instruments (https:
//www.oroboros.at/index.php/product/mitokit-cii/) (accessed on 1 September 2021).

Human blood cells (platelets and PBMCs) isolation was carried out from venous blood
samples provided by a group of healthy volunteers, both men and women. The blood was
drawn in K2EDTA tubes. Isolation was achieved by means of differential centrifugation,
as previously described by Sjövall et al. [24]. Oxygen consumption was normalized to the
number of cells.

4.2. Cell Lines and Cell Culture

The human hepatocyte carcinoma cell line HepG2 (male, Caucasian, 15 years of age)
was purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany).

4.3. High-Resolution Respirometry (HRR)

HRR measurements were performed using the O2k-Oxygraph (Oroboros Instruments
GmbH, Innsbruck, Austria) and two buffers: the MiR05 buffer containing: 0.5 mM EGTA,
3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES,

https://www.oroboros.at/index.php/product/mitokit-cii/
https://www.oroboros.at/index.php/product/mitokit-cii/
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110 mM sucrose and 1 g/L bovine serum albumin [56] for platelets and HepG2 experiments
and PBS buffer containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4
with 5 mM glucose for PBMCs experiments. Respirometry protocols were performed at
37 ◦C, with 2 mL chamber volume and 750 rpm stirrer speed using cell concentrations of
200 × 106 platelets/mL, 106 PBMCs/mL and 0.5 × 106 HepG2 cells/mL. The acute effects
of the drug and metabolite exposure on mitochondrial respiration were evaluated by means
of 4 different protocols:

Protocol I-Intact human platelets. Intact human platelets were subjected to FCCP-
induced submaximal uncoupling (2 µM), to increase the resolution of the potential negative
effects of amiodarone and sotalol on mitochondrial oxygen consumption, as compared
to the corresponding volume of the control (DMSO, water). Increasing concentrations of
amiodarone/sotalol were then titrated into the chamber (from 15 to 240 µM). In order to
assess the contribution of non-mitochondrial respiration, complex I inhibition was obtained
using rotenone (2 µM) and complex III inhibition with antimycin A (1 µg/mL). In order to
determine the generalizability of these results in other cells, the same experiments with
amiodarone were recapitulated in the HepG2 cell line.

Protocol II-Permeabilized human platelets. Mitochondrial respiration in permeabi-
lized human platelets was measured in the presence of three different concentrations of
amiodarone and sotalol (60, 120 and 240 µM) and compared to DMSO or water respectively
(volume corresponding to the one used at the highest concentration of amiodarone/sotalol).
The concentrations used in this set of experiments were determined in a series of pilot
experiments (data not shown). Following the exposure to the drug or solvent, plasma
membrane was permeabilized using a mild detergent, digitonin (1 µg/L × 106 platelets) in
order to allow the access of substrates. Malate (5 mM), pyruvate (5 mM), ADP (1 mM) and
glutamate (5 mM) were added in order to activate complex I-supported respiration, after
which succinate (10 mM) was added to further induce complex II-supported respiration.
Subsequently, ATP-synthase was inhibited by oligomycin (1 µg/mL) to evaluate LEAK
respiration (non-ATP generating respiration). The noncoupled maximal ETS capacity was
determined by titrating FCCP up to complete dissipation of the proton gradient. The
respirometric protocol was completed by measuring non-mitochondrial respiration fol-
lowing the addition of complex I inhibitor, rotenone (2 µM) and the complex III inhibitor,
antimycin A (1 µg/mL), respectively [24]. For DEA the chosen concentrations were 30 and
60 µM and compared to vehicle (methanol). The concentrations were chosen after running
a series of pilot experiments to identify the doses affecting mitochondrial function (data
not shown).

Protocol III-Intact human platelets and prodrug treatment. Intact platelet respiration
was measured in the presence of an amiodarone concentration of 120 µM (that elicited a
decrease in mitochondrial respiration in previous experiments). NV118 (500 µM) was then
added in the attempt to bypass mitochondrial complex I dysfunction (vs. DMSO). Coupled
respiration was calculated as the difference before and after the addition of the ATP-
synthase inhibitor, oligomycin (1 µg/mL). To achieve maximal ETS activity, consecutive
titrations of FCCP were added, thus inducing a maximal noncoupled state. To evaluate
the possibility of non-mitochondrial respiration elicited by the prodrug, complex I was
inhibited with rotenone (2 µM), complex III with antimycin A (1 µg/mL), and complex IV
with sodium azide (10 mM). As a control, mitochondrial oxygen consumption in platelets
exposed to the volume of DMSO corresponding to the injection volume of amiodarone and
that of the prodrug, was also measured.

In order to determine the generalizability of these results in other cells, the same
experiments with amiodarone were recapitulated in the HepG2 cell line. Intact HepG2
cells respiration was measured in the presence of an amiodarone concentration of 60 µM
(which elicited a decrease in mitochondrial respiration in previous experiments).

Protocol IV-Intact PBMCs. Intact PBMCs respiration and ATP levels were measured
in the presence of an amiodarone concentration of 100 µM and 2 µM rotenone, respectively.
Amiodarone (100 µM) or rotenone (2 µM) was added at 10, 15, 20, 25 and 30 min on ROU-
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TINE (basal) respiration. In a separate experiment, amiodarone was titrated (15–240 µM)
on routine (basal) respiration. After the highest dose of amiodarone (240 µM) was given,
complex I linked respiration was inhibited by rotenone (2 µM). Non-mitochondrial res-
piration was measured by the addition of antimycin A (1 µg/mL). ATP samples were
collected prior to amiodarone/rotenone addition and at determined time points thereafter.
Respiration data were matched to the time points of ATP sample collection. Samples of
chamber cell suspension were lysed with 2/3 ATPlite lysis solution and kept in −80 ◦C
prior to ATP quantification.

Respiratory parameters-definitions and calculation (as previously presented in [20,57]):

- ROUTINE respiration: mitochondrial oxygen consumption in the physiological cou-
pling state;

- LEAK respiration (non-phosphorylating respiration): mitochondrial oxygen consump-
tion after inhibition of ATP-synthase;

- ET capacity: mitochondrial oxygen consumption in a fully uncoupled state achieved
by the titration of optimum concentration of FCCP (protonophore);

- NADH-linked OXPHOS capacity: mitochondrial oxygen consumption at saturating
concentrations of ADP and complex I substrates;

- OXPHOS capacity (phosphorylating respiration): mitochondrial oxygen consumption
at saturating concentrations of ADP with both complex I and complex II substrates;

- Residual succinate-supported respiration: mitochondrial oxygen consumption after
inhibition of complex I using rotenone;

- P-L control efficiency: calculated by subtracting LEAK respiration from OXPHOS
capacity and then dividing the result by the OXPHOS capacity, it is a measure of the
state of coupling (ATP generation) of the ETS;

- E-L coupling efficiency: calculated by subtracting LEAK respiration from ET capacity
and then dividing the result by the ET capacity, as a measure of the degree of coupling
(ATP generation).

4.4. ATP Quantification

ATP measurements were performed using a VICTOR Nivo multimode microplate
reader (Perkin Elmer, Waltham, MA, USA) and the ATPlite Assay kit (Perkin Elmer,
Waltham, MA, USA), according to the manufacturer’s instructions. Briefly, 15 µL lysed
sample solution (corresponding to 50,000 mononuclear cells) was analyzed with 50 µL
substrate solution and 35 µL PBS per well, in 1

2 area plates.

4.5. Data Analysis

Statistical analysis was performed using GraphPad PRISM software (GraphPad Soft-
ware version 9.0). All data are expressed as mean ± SEM. To account for the presence
of residual oxygen consumption all data were corrected for non-mitochondrial oxygen
consumption [25] all statistical analyses (one-way or two-way ANOVA or mixed effects
analysis with Bonferroni post hoc test) were performed on the antimycin-corrected data
(n = 5 for the protocols using human platelets, n = 5–6 for the protocols using PMBCs and
n = 3–4 for the protocols using HepG2 cells).

5. Conclusions

In human platelets and PBMCs and also in HepG2 cells, acute administration of
amiodarone elicited a dose-dependent mitochondrial dysfunction through a dual mech-
anism both direct and through its metabolite DEA. By inhibiting maximum OXPHOS
(mainly through complex II) and increasing the non-ATP-generating (LEAK) respiration, a
cumulative decrease of P-L control efficiency occurred. Additionally, amiodarone elicited
a time-dependent decrease of respiration in PBMCs and reduced ATP levels to a greater
extent than did rotenone. As amiodarone is an effective antiarrhythmic, recommended by
current guidelines [2,3], intracellular delivery of succinate may be a viable strategy to com-



Int. J. Mol. Sci. 2021, 22, 11786 15 of 17

bat potential amiodarone-induced mitochondrial toxicity. Sotalol, another antiarrhythmic
drug, did not elicit mitochondrial dysfunction in acute application.
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Abbreviations

ADP Adenosine diphosphate
ATP Adenosine triphosphate
Cyt. c Cytochrome c
CI Complex I
CII Complex II
DEA Desethylamiodarone
DMSO Dimethyl sulfoxide
ET Electron transport
ETS Electron transport system
FCCP Carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
LEAK Non-phosphorylating respiration
NADH Nicotinamide adenine dinucleotide reduced form
OXPHOS Oxidative phosphorylation
PBMCs Peripheral blood mononuclear cells
ROS Reactive oxygen species
ROX Residual oxygen consumption
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