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Abstract: Tyrosine kinase inhibitors (TKIs) are associated with cardiac toxicity, which may be caused
by mitochondrial toxicity. The underlying mechanisms are currently unclear and require further
investigation. In the present study, we aimed to investigate in more detail the role of the enzyme
complexes of the electron transfer system (ETS), mitochondrial oxidative stress, and mechanisms
of cell death in cardiac toxicity associated with imatinib and sorafenib. Cardiac myoblast H9c2
cells were exposed to imatinib and sorafenib (1 to 100 µM) for 24 h. Permeabilized rat cardiac
fibers were treated with both drugs for 15 min. H9c2 cells exposed to sorafenib for 24 h showed a
higher membrane toxicity and ATP depletion in the presence of galactose (favoring mitochondrial
metabolism) compared to glucose (favoring glycolysis) but not when exposed to imatinib. Both TKIs
resulted in a higher dissipation of the mitochondrial membrane potential in galactose compared to
glucose media. Imatinib inhibited Complex I (CI)- and CIII- linked respiration under both conditions.
Sorafenib impaired CI-, CII-, and CIII-linked respiration in H9c2 cells cultured with glucose, whereas
it inhibited all ETS complexes with galactose. In permeabilized rat cardiac myofibers, acute exposure
to imatinib and sorafenib decreased CI- and CIV-linked respiration in the presence of the drugs.
Electron microscopy showed enlarged mitochondria with disorganized cristae. In addition, both
TKIs caused mitochondrial superoxide accumulation and decreased the cellular GSH pool. Both TKIs
induced caspase 3/7 activation, suggesting apoptosis as a mechanism of cell death. Imatinib and
sorafenib impaired the function of cardiac mitochondria in isolated rat cardiac fibers and in H9c2
cells at plasma concentrations reached in humans. Both imatinib and sorafenib impaired the function
of enzyme complexes of the ETS, which was associated with mitochondrial ROS accumulation and
cell death by apoptosis.

Keywords: imatinib; sorafenib; cardiotoxicity; electron transfer system; reactive oxygen species;
glutathione; apoptosis

1. Introduction

Tyrosine kinases are involved in cell proliferation, as well as tumorigenesis and pro-
gression, and have emerged as main targets for drug discovery. A tyrosine kinase inhibitor
(TKI) is designed to inhibit the corresponding kinase from playing its role of catalyzing
protein phosphorylation. Until the discovery of the TKIs, most treatments of non-resectable
cancer involved cytotoxic chemotherapy and possibly radiation [1]. Compared to conven-
tional cytotoxic chemotherapy, the introduction of TKIs on the market has improved patient
survival and quality of life due to a higher efficacy and safety. Among TKIs, imatinib mesy-
late was the first low-molecular-weight anticancer drug approved by the US Food and Drug
Administration (FDA) two decades ago. Imatinib (marketed as “Gleevec”) represented a
revolution in the management of several cancers, including chronic myelogenous leukemia
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(CML), gastrointestinal stromal cell tumors (GISTs), and hypereosinophilic syndrome [2].
Imatinib inhibits the BCR-ABL fusion protein by competitively binding to the ATP-binding
site of the protein [3]. In addition, this TKI inhibits the oncogenic platelet-derived growth
factor receptor (PDGFR), stem cell factor (SCF), and the hepatocyte factor receptor (c-kit).
In 2005, the multitarget TKI sorafenib (marketed as “Nexavar”) was approved for the
treatment of patients with different cancers, including metastatic renal cell carcinoma, hepa-
tocellular carcinoma, and imatinib-resistant gastrointestinal stromal cell tumors (GISTs) [4].
As a multitarget kinase inhibitor, sorafenib blocks tumor cell proliferation by inhibiting
the activity of Raf-1, B-Raf, and kinases in the Ras/Raf/MEK/ERK-signaling pathway.
Moreover, sorafenib can inhibit angiogenesis by targeting c-kit, FMS-like tyrosine kinase
(FLT-3), vascular endothelial growth factor receptor VEGFR-2, VEGFR-4, PDGFR-β, and
other tyrosine kinases [5].

Despite the targeted approach, imatinib and sorafenib frequently cause unwanted
side effects, including fatigue, rash, myelosuppression, gastrointestinal toxicity, skeletal
muscle toxicity, and hepatotoxicity [6]. Moreover, adverse effects of TKIs also include
cardiotoxicity, which can be manifested by a multitude of cardiovascular complications.
Adverse cardiovascular events observed with imatinib and sorafenib include hypertension,
arrhythmias, QT prolongation, congestive heart failure (CHF), reduced left ventricular
ejection fraction (LVEF), which are not well-predicted by standard preclinical analyses and
are hence unanticipated [7–14]. The importance of these cardiovascular toxicities is not due
to their frequency but rather due to their potentially large impact on patients.

To date, the molecular mechanisms of TKI-associated cardiotoxicity have yet to be
fully understood. Multiple lines of evidence have suggested mitochondrial dysfunction as a
mechanism for TKI-induced toxicity in general [15–20], as well as cardiotoxicity. In normal
cardiomyocytes, sorafenib was reported to inhibit mitochondrial respiration and to decrease
intracellular ATP [21]. Similarly, we recently showed that sunitinib is a mitochondrial
toxicant in cardiomyoblast H9c2 cells and in mouse hearts [22]. Cardiomyocyte is a cell
type with the highest content of mitochondria in the mammalian body, reflecting the
high ATP turnover of the organ due to its permanent contractile activity. Accordingly,
mitochondria may represent a key factor for cardiotoxicity associated with TKIs [21,23].
Drugs interfering with oxidative phosphorylation (OXPHOS) may deplete ATP stores and
lead to myocardial dysfunction. Mitochondrial damage may be induced by impairing
the respiratory electron transfer system (RETS) by depleting the mitochondrial membrane
potential and/or by increasing oxidative stress. However, the underlying mechanism of
imatinib- and sorafenib-induced cardiotoxicity merits further investigation. For instance,
little is known regarding which enzyme complex(es) of the electron transfer system (ETS)
is (are) inhibited by imatinib and sorafenib. A study of the role of mitochondrial oxidative
stress pathways and apoptosis concerning imatinib- and sorafenib-induced cardiotoxicity
is needed, as well as the identification of key signaling proteins and biomarkers, which
could potentially provide possibilities for interventions in cardiotoxicity caused by imatinib
and sorafenib.

Based on these considerations, we used permeabilized cardiac fibers from rats and
the rat cardiomyoblast H9c2 cell line and to examine the short- and long-term effects of
imatinib and sorafenib on mitochondrial respiratory capacities. We investigated short-
and long-term exposure to imatinib and sorafenib since the mechanisms of toxicity may
depend on duration of exposure. We then evaluated the effect of mitochondrial oxidative
metabolism on the generation of mitochondrial oxidative stress and apoptosis as potential
mechanisms of imatinib- and sorafenib-associated cardiotoxicity.

2. Results
2.1. Membrane Toxicity and Intracellular ATP Content in Imatinib- and Sorafenib-Treated
H9c2 Cells

We first assessed plasma membrane integrity and intracellular ATP content in H9c2
cells exposed to imatinib and sorafenib at concentrations between 1 and 100 µM for 24 h
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using glucose and galactose media. Under the galactose condition, we were able to force
the cells to produce ATP, mainly via oxidative phosphorylation, whereas under the glucose
condition, cells were able to produce ATP via both oxidative phosphorylation and glycoly-
sis [24,25]. In H9c2 cells exposed for 24 h, imatinib and sorafenib were membrane-toxic
and diminished the cellular ATP pool in a concentration-dependent manner. Imatinib
was membrane-toxic starting at 100 µM under glucose (P = 0.0002) and starting at 50 µM
under galactose media (P < 0.0001; Figure 1A). Interestingly, this TKI depleted intracel-
lular ATP content starting at 10 µM for both conditions (P = 0.012 for glucose condition
and P = 0.0074 for galactose condition; Figure 1C). Sorafenib was membrane-toxic starting
at 20 µM for both media (P < 0.0001 for both conditions; Figure 1B), and intracellular
ATP stores decreased starting at 10 µM for glucose (P < 0.0001) and 5 µM for galactose
(P < 0.0001; Figure 1D). Then, we calculated the corresponding IC50 values for each drug
and for each condition indicated in Table 1. More pronounced mitochondrial toxicity can
be expected in the presence of galactose as compared to glucose, and ATP depletion was
observed at lower concentrations than membrane toxicity [24,25]. For imatinib, we found
that membrane toxicity and ATP depletion started almost at the same concentrations under
glucose and galactose media (Table 1). In comparison, sorafenib was more membrane-toxic
in the presence of galactose than glucose. Moreover, a ratio IC50 ATPglu/IC50 ATPgal
> 2 is regarded as an indicator of mitochondrial toxicity [26]. Accordingly, we assumed
mitochondrial toxicity for sorafenib but not for imatinib. Nevertheless, we decided to
investigate the mechanisms of toxicity of both TKIs.

Figure 1. Membrane toxicity and intracellular ATP content in H9c2 cells exposed to imatinib and
sorafenib. (A,B) Membrane toxicity was assessed by the release of adenylate kinase (AK) after drug
exposure for 24 h under glucose and galactose media with imatinib (A) and sorafenib (B). Data
are expressed as % AK release in the presence of 0.1% Triton X (set at 100%). (C,D) Intracellular
ATP content after drug exposure for 24 h under glucose and galactose media with imatinib (C) and
sorafenib (D). Data represent the percentage of ATP content in the presence of 0.1% DMSO (set at
100%). Data represent the mean ± SEM of at least four independent experiments. * P < 0.05 versus
0.1% DMSO control.
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Table 1. Quantification of membrane toxicity and ATP depletion by imatinib and sorafenib in
H9c2 cells.

IC50 MT (µM) IC50 ATP (µM) IC50MTglu/IC50
MTgal

IC50ATPglu/IC50
ATPgal IC50MTglu/IC50ATPglu

glu gal glu gal

Imatinib >100 >100 19.5 22.3 n.d. 0.87 >5.1

Sorafenib 30.7 19.4 17.1 5.40 1.6 3.2 1.8

Abbreviations: glu, glucose; gal, galactose; MT, membrane toxicity; IC50, concentration of toxicant with 50% of
maximal effect.

2.2. TMRM Fluorescence Intensity as a Marker for Mitochondrial Membrane Potential in H9c2
Cells Exposed to Imatinib and Sorafenib

As a next step, we evaluated the effect of imatinib and sorafenib on TMRM fluo-
rescence intensity as a marker for mitochondrial membrane potential in H9c2 cells [27].
Imatinib decreased TMRM fluorescence intensity starting at 20 µM under glucose condi-
tions (P = 0.039), compared to 5 µM under galactose conditions (P = 0.031; Figure 2A). We
observed a dissipation in TMRM fluorescence intensity starting at 100 µM for sorafenib
under glucose (P = 0.032) and at 5 µM under galactose conditions (P = 0.0001; Figure 2B).
These data confirmed the role of mitochondrial toxicity for sorafenib and suggested that
mitochondrial damage could contribute to the toxicity of imatinib. However, we cannot
exclude a direct effect of imatinib and sorafenib on the plasma membrane potential with
this assay.

2.3. Mitochondrial Respiration in H9c2 Cells and in Rat Permeabilized Cardiac Fibers Exposed to
Imatinib and Sorafenib

In order to support these data, we determined respiratory capacities through the
complexes of the ETS in H9c2 cells using a high-resolution respirometry system. We
measured the respiratory capacities in three mitochondrial-coupling states: LEAK state
(native respiration in the absence of phosphorylation), OXPHOS state (fully active phos-
phorylation system), and ETS state (electron transfer uncoupled from the phosphorylation
system). Under glucose and galactose media, imatinib elicited no impact on LEAK state
(Figure 2C,D, respectively). Under the glucose condition, imatinib inhibited OXPHOS
CI- and CIII-linked capacity starting at 10 µM (Figure 2C). Under the galactose condition,
imatinib inhibited OXPHOS CI capacity starting at 20 µM and decreased CIII-linked respi-
ration starting at 5 µM (Figure 2D). Interestingly, imatinib did not affect OXPHOS CII- and
CIV-linked respiration under either media. Moreover, the maximal oxidative capacity (ETS
CI and ETS CII capacity) was not affected by the exposure of imatinib to H9c2 cells under
either media (Figure 2C,D). Under the glucose condition, sorafenib inhibited LEAK state at
20 µM and decreased OXPHOS CI-, OXPHOS CII-, and CIII-linked respiration starting at
5 µM (Figure 2E). Moreover, ETS CII capacity was lower in cells under glucose exposed to
sorafenib starting at 10 µM (Figure 2E). Under the galactose condition, sorafenib impaired
OXPHOS CI-, OXPHOS CII-, CIII-, and CIV-linked respiration in a concentration-dependent
fashion starting at 5 µM, except for CIV, starting at 10 µM (Figure 2F). Furthermore, ETS
CI capacity was decreased by sorafenib starting at 20 µM and 5 µM for ETS CII capacity
(Figure 2F).

In order to confirm these results, we isolated cardiac fibers from wild-type rats, which
we directly exposed to imatinib and sorafenib for 15 min in order to investigate the acute
effect of these toxicants on mitochondrial respiration. Then, we measured respiratory
capacities through the complexes of the ETC using an HRR system in the presence of the
drugs in the chambers of an Oxygraph-2k. We found that this acute exposure starting at
10 µM for imatinib was associated with decreased OXPHOS CI-linked respiration (P = 0.029)
and CIV-linked respiration (P = 0.032; Figure 3A). Short-term exposure of permeabilized
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cardiac fibers was also associated with decreased OXPHOS CI-linked substrate state starting
at 10 µM for sorafenib (P = 0.0074; Figure 3B).

Figure 2. Effects of imatinib and sorafenib on TMRE fluorescence intensity for mitochondrial mem-
brane potential and on mitochondrial respiratory capacities. (A,B) Relative change of mitochondrial
membrane potential difference in H9c2 cells exposed to imatinib (A) and to sorafenib (B) under
glucose and galactose media. (C,D) Respiratory capacities through complexes of the ETS in H9c2
cells exposed to imatinib for 24 h under glucose (C) and galactose (D) media. (E,F) Respiratory
capacities through complexes of the ETS in H9c2 cells exposed to sorafenib for 24 h under glucose (E)
and galactose (F) media. Data represent the mean ± SEM of at least four independent experiments.
* P < 0.05 versus 0.1% DMSO control.
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Figure 3. Effects of acute exposure of imatinib and sorafenib on mitochondrial respiratory capacities.
We exposed permeabilized cardiac fibers from rats to imatinib (A) and sorafenib (B) for 15 min and
then measured respiratory capacities through complexes of the ETS in the presence of the drugs or
DMSO 0.1%. Data represent the mean ± SEM of at least five independent experiments. * P < 0.05
versus 0.1% DMSO control.

2.4. Oxidative Stress in H9c2 Cells Exposed to Imatinib and Sorafenib

When the CI and CIII of the ETS are inhibited, they can increase superoxide production
within mitochondria, which is then dismutated to hydrogen peroxide (H2O2) by superoxide
dismutases (SOD) [28,29]. Accordingly, we measured the accumulation of superoxide anion
in H9c2 cells grown either in glucose- or galactose-supplemented media and exposed to
imatinib and sorafenib for 24 h. We found increased mitochondrial superoxide accumu-
lation starting at 50 µM when H9c2 cells were exposed to imatinib cultured in galactose
(P < 0.0001) but at 100 µM for imatinib cultured in glucose (P = 0.005; Figure 4A). Antimycin
A (100 µM), an inhibitor of CIII of the ETS, was used as a positive control and increased
superoxide accumulation under both conditions (3.9 ± 0.8 for glucose and 5.1 ± 1.4 for
galactose; P < 0.0001 for both conditions). As a second marker of ROS generation, we
measured cellular production of H2O2. The positive control (20 µM menadione) increased
H2O2 production in both media (6.4± 1.9 for glucose and 6.9± 1.1 for galactose; P < 0.0001
for both conditions). In low glucose-supplemented cells, imatinib and sorafenib started
to increase cellular production of H2O2 at 100 µM (P = 0.0019 and P < 0.0001, respectively;
Figure 4C,D, respectively), whereas under galactose condition, H2O2 production increased
at 10 µM for imatinib (P = 0.0064) and 5 µM for sorafenib (P = 0.033; Figure 4C,D, re-
spectively). Under low glucose, mRNA expression of Sod1, located in the cytosol and in
the intermembrane space of mitochondria, decreased in cells exposed to imatinib start-
ing at 20 µM (P = 0.016), whereas mRNA expression of Sod2, located exclusively in the
mitochondrial matrix, decreased starting at 10 µM (P = 0.040; Figure 4E,F, respectively).
In H9c2 cells exposed to sorafenib, Sod1 mRNA expression decreased starting at 10 µM
(P = 0.049) whereas Sod2 mRNA expression decreased at 20 µM (P = 0.025; Figure 4E and
4F, respectively). Another line of defense against ROS accumulation is represented by
the glutathione antioxidant system, which can scavenge ROS [30,31]. Imatinib and so-
rafenib depleted GSH content starting at 20 µM in the presence of glucose (P = 0.011 and
P = 0.012, respectively) and at 10 µM in the presence of galactose (P = 0.0009 and P = 0.002,
respectively; Figure 4G,H, respectively). As a positive control, 100 µM buthionine sulfox-
imine (BSO) was used and decreased the GSH content by more than 90% in both media
(P < 0.0001).
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Figure 4. Effects of imatinib and sorafenib on redox status. (A,B) Mitochondrial superoxide content
after 24 h exposure to imatinib (A) and sorafenib (B) under glucose and galactose media. (C,D) Cellu-
lar H2O2 content after 24 h exposure to imatinib (C) and sorafenib (D) under glucose and galactose
media. (E,F) Relative mRNA expression of Sod1 (E) and Sod2 (F) of cells exposed to imatinib (Ima)
and sorafenib (Sor) under glucose media. (G,H) GSH content after 24 h exposed to imatinib (E) and
sorafenib (F) under glucose and galactose media. Data represent the mean ± SEM of at least four
independent experiments. * P < 0.05 versus 0.1% DMSO control.
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2.5. Mitochondrial Morphology and Content in H9c2 Cells Exposed to Imatinib and Sorafenib

Transmission electron microscopy (TEM) was used to visualize changes in mitochon-
drial morphology in H9c2 cells exposed to 10 µM imatinib and 10 µM sorafenib for 24 h.
Cells treated with 10 µM imatinib or 10 µM sorafenib under both conditions presented
mitochondrial alterations such as an increase in mitochondrial size and disorganization and
partial destruction of mitochondrial cristae (Figure 5A). Accordingly, H9c2 cells treated with
10 µM imatinib had a higher mitochondrial volume fraction than control incubations under
galactose (P < 0.0001) but not under glucose conditions (Figure 5B). In comparison, sorafenib
increased the mitochondrial volume fraction at 10 µM for both conditions compared to
the respective controls (P < 0.0001 for both media; Figure 5B). However, the mitochondrial
volume fraction was higher under galactose compared to low-glucose conditions when
cells were exposed to 10 µM imatinib or sorafenib (P < 0.0001). In addition, we measured
mtDNA content as an indirect marker of mitochondrial content. Imatinib and sorafenib
decreased mtDNA content at 10 µM and 20 µM, respectively, under galactose (P = 0.024
and P = 0.047, respectively) but not under glucose conditions (Figure 5C,D, respectively).

Figure 5. Mitochondrial morphology and mtDNA content of H9c2 cells exposed to imatinib (Ima)
and sorafenib (Sor) for 24 h under glucose and galactose media. (A) Transmission electron microscopy
images of H9c2 cells exposed to 10 µM imatinib and 10 µM sorafenib under glucose and galactose
conditions (m: mitochondrion; scale bar = 1000 nm). (B) Mitochondrial volume fraction in H9c2 cells.
(C) Mitochondrial DNA content in H9c2 cells exposed to imatinib at 10 µM and 20 µM for 24 h under
glucose and galactose media. (D) Mitochondrial DNA content in H9c2 cells exposed to sorafenib
at 10 µM and 20 µM for 24 h under glucose and galactose media. Data represent the mean ± SEM
of at least three independent experiments. * P < 0.05 treatment groups versus 0.1% DMSO control;
$ P < 0.05 galactose versus glucose of the same treatment group.
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2.6. Cell Death in H9c2 Cells Exposed to Imatinib and Sorafenib

When oxidative stress overwhelms antioxidative defenses, it induces damage to pro-
teins, lipids, and DNA, which can then provoke apoptosis. To find out whether apoptosis is
associated with imatinib and sorafenib, we measured the activity of caspase 3/7. Imatinib
increased the activity of caspase 3/7 starting at 50 µM for both conditions (P = 0.039 for glu-
cose and P = 0.0025 for galactose). Sorafenib increased the activity of caspase 3/7 starting at
20 µM under galactose (P = 0.0009) but only at 50 µM under glucose (P = 0.014), suggesting
increased apoptosis (Figure 6A,B, respectively). As a second marker of cell death, we
evaluated DNA fragmentation in H9c2 cells. DNA fragmentation was not detectable up to
20 µM for imatinib under either condition (Figure 6C). Under the glucose condition, DNA
fragmentation increased for sorafenib starting at 20 µM (P = 0.021), whereas under the
galactose condition, DNA fragmentation started to increase at 10 µM (P = 0.037; Figure 6D).
Moreover, DNA fragmentation was higher under galactose compared to low-glucose
conditions when cells were exposed to 10 µM of sorafenib (P = 0.024).

Figure 6. Effects of imatinib (Ima) and sorafenib (Sor) on markers of apoptosis in H9c2 cells under
glucose and galactose media. (A,B) Caspase 3/7 activity after exposure to imatinib (A) and sorafenib
(B) for 24 h under glucose and galactose media. (C,D) DNA fragmentation observed in cardiomy-
oblast H9c2 cells after exposure to imatinib (C) and sorafenib (D) for 24 h under glucose and galactose
media. Data represent the mean ± SEM of at least three independent experiments. * P < 0.05 versus
0.1% DMSO control; $ P < 0.05 galactose versus glucose of the same treatment group.

3. Discussion

Imatinib and sorafenib are associated with cardiac toxicity, such as arrhythmias,
congestive heart failure, QT prolongation, and heart ischemia. The underlying mechanisms



Int. J. Mol. Sci. 2022, 23, 2282 10 of 19

of these cardiac adverse effects have yet to be fully elucidated. In the current study, we
provided evidence that acute exposure of isolated rat heart fibers to imatinib and sorafenib
impaired OXPHOS CI-linked respiration. In addition, short-term exposure to imatinib
also inhibited CIV-linked respiration. Furthermore, H9c2 cells cultured in glucose or
galactose media exposed to imatinib or sorafenib for 24 h showed a drop in intracellular
ATP content and dissipation of mitochondrial membrane potential. Detailed analysis
of the RETS indicated that imatinib inhibited CI- and CIII-linked respiration, whereas
sorafenib impaired CI-, CII-, and CIII-linked respiration. Both drugs caused mitochondrial
ROS accumulation, which was associated with depletion of glutathione and apoptosis of
H9c2 cells.

In our study, we used glucose and galactose media. Normal mammalian cells obtain
ATP from both glycolysis and OXPHOS. In comparison, cancer cells mainly obtain ATP
from glycolysis rather than OXPHOS in the presence of glucose. Despite the presence
of functional mitochondria, the Crabtree effect (favoring ATP production by glycolysis)
supports the survival of cancer cells in metabolic stress conditions [32]. In cancer cells, the
replacement of glucose with galactose shifts ATP generation towards OXPHOS because
glycolytic degradation of galactose via glucose yields no net ATP. Cells grown in the
presence of galactose instead of glucose were shown to increase expression of OXPHOS
constituents and to become sensitized to mitochondrial toxicants [24]. Sensitization of H9c2
cells to mitochondrial toxicants was the main reason to replace glucose with galactose in
the current investigation.

Imatinib reduced the ATP content of H9c2 cells starting at 10 µM under both culture
conditions and impaired membrane integrity starting at 100 and 50 µM under glucose and
galactose conditions, respectively. The concentration difference between the start of cellular
ATP depletion and membrane toxicity suggested mitochondrial toxicity [25]. However,
the IC50 for ATP depletion between glucose and galactose media was in the same range.
Our findings are comparable to those of Will et al., who reported ATP depletion in H9c2
cells exposed to imatinib for 24 h starting at 30 µM [21], which is slightly higher than in the
current study. In comparison, in neonatal rat ventricular myocytes, ATP depletion started at
5 µM imatinib [8], suggesting that the extent of mitochondrial toxicity of imatinib depends
on the cell type used and possibly on the culture conditions. In previous studies, changes
in the morphology of mitochondria and endoplasmic reticular (ER) membranes were
observed in biopsies of humans and in mice treated with imatinib [8]. In these studies, the
mechanism of mitochondrial toxicity of imatinib was considered to be mainly a consequence
of ER stress, which impaired the import of proteins into mitochondria [4,8]. Ultrastructural
changes in mitochondria were also observed in hearts of imatinib-treated patients [8] similar
to those observed in the current investigation. Studies with permeabilized heart muscle
fibers showed a decrease in respiratory capacity after 15 min of exposure to imatinib. This
finding suggests a direct toxicity on CI and CIV, which appears to be an early consequence
of the described defect in protein import due to ER stress. When inhibited, CI and CIII are
the main source of superoxide anions within mitochondria [28]. For this reason, imatinib
increased mitochondrial ROS production and accumulation, which was responsible for
apoptosis of H9c2 cells.

Typical plasma concentrations of imatinib in humans are in the range of 3 to 5 µM [33],
whereas we observed impairment of respiratory capacities starting at 10 µM. Imatinib
is heavily metabolized by CYP3A4; considering the high variability of CYP3A4 in the
population and the existence of CYP3A4 inhibitors, it appears to be possible that some
patients can reach cardiac imatinib concentrations in the toxic range.

Sorafenib increased membrane toxicity starting at 20 µM under both culture conditions
and reduced ATP content starting at 10 and 5 µM under glucose and galactose conditions,
respectively. Since the ratio IC50 ATPglu/IC50 ATPgal was higher than 2.0, we expected
mitochondrial toxicity for sorafenib. Accordingly, we found that the inhibition of CI-, CII-,
and CIII-linked respiration started at 5 µM, whereas mitochondrial ROS accumulation
and activation of caspase 3/7 started at 50 µM. Our data confirm recently published
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results showing increased mitochondrial ROS in isolated rat ventricular myocytes [34].
However, a previous study of human cardiomyocytes demonstrated an increase in ROS at
the cellular but not at the mitochondrial level [35]. This discrepancy can be explained by
the different cell models used and/or the different methods used for determination of ROS
accumulation. In our study, we measured mitochondrial and cellular ROS accumulation, as
well as markers of the antioxidant system, such as glutathione and superoxide dismutase
activities, in order to obtain a more complete picture of the redox state of H9c2 cells exposed
to TKIs.

Sorafenib has been described to reduce systolic function in mice [36,37], to impair
contractility of rat heart tissue [38], and to alter mitochondrial morphology in rats [23].
Furthermore, reversible cardiac toxicity of sorafenib has been described in human pa-
tients [9,14]. Studies in human patients [39] and in rats [23] suggest that sorafenib is a
toxicant for heart mitochondria. The current study confirmed these findings and showed
that sorafenib inhibits CI-, CII-, and CIII-linked respiration in H9c2 cells, which was respon-
sible for the accumulation of mitochondrial ROS at relevant concentrations. In comparison,
in a previous investigation sorafenib inhibited only CIII-linked respiration in isolated car-
diomyocytes and impaired the activities of both CII- and CIII-linked respiration in HeLa
cells [40]. One explanation for the discrepancy in results in the current study is the method
used for the determination of mitochondrial respiration. In the current study, we used
high-resolution respirometry with an Oroboros 2k-Oxygraph system, which is considered
to provide the best resolution and sensitivity in biological samples [41,42]. We also have to
take account that these studies used different cell lines and that the duration of exposure
with TKIs was different.

Similarly to imatinib, sorafenib was also acutely toxic to cardiomyocytes by directly
inhibiting CI-linked respiration. Acute toxicity was concentration-dependent and started at
10 µM in isolated cardiac myofibers. Typical plasma concentrations in patients for sorafenib
were approximately 5 µM [43,44], which is close to the concentration where we started to
see impairment of mitochondrial respiratory capacity.

Based on the results of the current study, we propose a two-step mechanism regarding
mitochondrial toxicity of imatinib and sorafenib. Acute exposure of myofibers to these
drugs mainly impairs the function of complex I of the electron transfer system, which is
associated with increased production of ROS and, depending on the strength of the insult,
a drop in ATP production and a decrease in mitochondrial membrane potential [28]. The
mechanism of the acute impairment of enzyme complexes of the electron transfer system by
these amphiphilic compounds is not exactly known but may be related to accumulation of
these drugs in the inner mitochondrial membrane. This may disturb the function of proteins
located in this membrane, such as enzyme complexes of the electron transfer system and/or
transporters of the substrates used for mitochondrial metabolism. In a second step, when
ROS production exceeds the mitochondrial antioxidative defense mechanisms, ROS start to
accumulate in mitochondria, leading to a decrease in mitochondrial and cellular glutathione
stores and impaired function of mitochondrial proteins and mitochondrial DNA. As shown
in the current investigation, in contrast to acute toxicity, this type of toxicity cannot be
reversed by removal of the toxic compounds.

4. Materials and Methods
4.1. Chemicals

Imatinib mesylate and sorafenib were purchased from Sequoia Research Products
(Pangbourne, UK). Stock solutions were prepared in dimethylsulfoxide (DMSO) and stored
at −20 ◦C. All other chemicals were supplied by Sigma-Aldrich (Buchs, Switzerland),
except where indicated.

4.2. Cell Culture

H9c2 cells were provided by Dr. Pfister (University Hospital, Basel, Switzerland).
H9c2 cells were kept under low-glucose and galactose media. In the low-glucose condi-
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tion, H9c2 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) containing
5.55 mM (1 g/L) glucose supplemented with 10% (v/v) heat-inactivated fetal bovine serum,
1 mM sodium pyruvate, 4 mM GlutaMax, 5 mM HEPES buffer, 100 U/mL penicillin, and
100 µg/mL streptomycin (Invitrogen, Basel, Switzerland). In the galactose condition, H9c2
cells were cultured in Dulbecco’s modified Eagle medium (DMEM, containing no glucose)
from Invitrogen (Basel, Switzerland) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum, 10 mM galactose, 5 mM HEPES buffer, 4 mM GlutaMax, 1 mM sodium
pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin. All cells were kept at 37 ◦C
in a humidified 5% CO2 cell culture incubator and passaged using trypsin. We determined
cell number with a Neubauer hemacytometer and cell viability with a trypan blue exclusion
method. Cells used for the incubations with the toxicants were >95% viable. In control
incubations, viability remained >95% after the final incubation for 24 h.

4.3. Membrane Toxicity in H9c2 Cells

A Toxilight assay from Lonza (Basel, Switzerland) was used to assess membrane
toxicity according to the manufacturer’s protocol. The release of adenylate kinase (AK)
was measured in the medium, reflecting the integrity of the plasma membrane. H9c2 cells
were treated for 24 h with 1 to 100 µM imatinib and sorafenib in the presence of glucose or
galactose media. After this incubation time, we removed 20 µL of supernatant from each
well and then transferred the supernatant into a new opaque 96-well plate. An amount of
100 µL of assay buffer was then added to each well. After 5 min incubation, luminescence
was measured using a Tecan M200 Pro Infinity plate reader (Männedorf, Switzerland).
A volume of 0.1% Triton X was used as a positive control. All data were normalized to
positive control incubations containing 0.1% Triton X (set at 100% cell lysis).

4.4. Intracellular ATP Content in H9c2 Cells

We used a CellTiter-Glo Luminescent cell viability assay from Promega (Wallisellen,
Switzerland) for determination of intracellular ATP in accordance with the manufacturer’s
instructions. Cells were seeded at 15,000 cells/well in a 96-well plate 24 h prior drug
treatment. H9c2 cells were treated with 1 to 100 µM imatinib and sorafenib for 24 h in the
presence of glucose and galactose media. We added 50 µL of assay buffer to each 96-well
plate containing H9c2 cells in 50 µL culture medium. After 15 min incubation, we measured
the luminescence using a Tecan M200 Pro Infinity plate reader (Männedorf, Switzerland).
Results were normalized to the 0.1% DMSO control condition.

4.5. Calculations of IC50 for Membrane Toxicity and ATP Content in H9c2 Cells

We calculated the IC50 for membrane toxicity (IC50-MT; drug concentration that causes
a 50% loss in membrane integrity compared to the positive control Triton-X) and cellular
decrease in ATP content (IC50-ATP; drug concentration that causes a 50% decrease in ATP
content compared to 0.1% DMSO control) according to a previous publication [26] based
on the data shown in Figure 1. Ratios of IC50-ATPglu/IC50-ATPgal or IC50-MTglu/IC50-
MTgal > 2 were considered indicators of mitochondrial toxicity.

4.6. TMRM Fluorescence Intensity for Mitochondrial Membrane Potential in H9c2 Cells

We determined the fluorescence intensity of tetramethylrhodamine methyl ester
(TMRM, Invitrogen, Basel, Switzerland) as a marker for mitochondrial membrane po-
tential in H9c2 cells as described previously [27]. H9c2 cells were treated for 24 h with
1 to 100 µM imatinib and sorafenib under glucose and galactose media. After treatment
with the drugs, cells were trypsinized. The cell pellet was then washed and resuspended
in Dulbecco’s phosphate buffered saline (DPBS). TMRM was dissolved in DMSO and
added to the resuspended cells at a final concentration of 50 nM. After 15 min incuba-
tion in the dark under agitation, cells were centrifuged and resuspended in DPBS for
analysis with flow cytometry using a FACS Calibur cytometer (BD Bioscience, Allschwil,
Switzerland). As an uncoupler of mitochondrial oxidative phosphorylation, carbonyl



Int. J. Mol. Sci. 2022, 23, 2282 13 of 19

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 9 µM) was used as a positive control
and was exposed to H9c2 cells for 30 min. Data were analyzed using CellQuest Pro 6.0
software (BD Bioscience, Allschwil, Switzerland). Results were normalized to the 0.1%
DMSO control condition.

4.7. High-Resolution Respirometry in H9c2 Cells

H9c2 cells were exposed to 5, 10, and 20 µM imatinib and sorafenib for 24 h in glucose
and galactose media. After exposure to the toxicants, cells were collected, centrifuged, and
washed before incubation in MiR05 buffer. Mitochondrial respiration measurements were
performed using an Oxygraph-2k (O2k) high-resolution respirometer (HRR) equipped with
DatLab software (Oroboros Instruments, Innsbruck, Austria). Temperature was maintained
at 37 ± 0.001 ◦C under constant stirring at 750 rpm. All experiments were performed
with oxygen concentration in the range of 210–50 µM O2. If necessary, reoxygenation
was performed by partially raising the chamber stopper for a brief air equilibration. Ex-
periments were realized in MiR05 buffer containing 0.5 mM EGTA, 3 mM magnesium
chloride, 20 mM taurine, 10 mM potassium dihydrogen phosphate, 20 mM HEPES, 110 mM
sucrose, 1 g/L fatty-acid-free bovine serum albumin, and 60 mM lactobionic acid, with
a pH of 7.4, as described in [45]. For permeabilization of the cells, we first determined
the optimal concentration of digitonin by inducing the maximal permeabilization of the
plasma membrane without affecting the outer or inner mitochondrial membrane, as de-
scribed in [45]. After routine respiration was established in the presence of cells, we added
digitonin (9 µg/million cells) for permeabilization of the plasma membrane. In a first pro-
tocol, we measured LEAK state in the presence of the NADH-linked substrates glutamate
(10 mM) and malate (2 mM), which transfer electrons along CI into the Q-pool. Then, we
measured the corresponding OXPHOS CI capacity by adding ADP (2 mM). Oligomycin
(2.5 µM) was added for the inhibition of the ATP synthase, and then the uncoupler carbonyl
cyanide p-trifluro-methoxyphenyl hydrazine (FCCP, 1 µM) enabled the determination of
CI-linked ETS capacity (ETS CI). Inhibition of CI by rotenone (0.5 µM) revealed the residual
oxygen consumption (ROX) and was used for correction for the chemical background.
Then, CIII-linked respiration was measured by adding duroquinol (500 µM). In the second
protocol, rotenone (0.5 µM) and succinate (10 mM) were added to fuel electrons to CII. ADP
(2 mM) was added for determination of OXPHOS CII capacity. Oligomycin (2.5 µM) was
then added for inhibition of the ATP synthase, and then FCCP (1 µM) enabled the determi-
nation of CII-linked ETS capacity (ETS CII). CIII was inhibited by antimycin A (2.5 µM).
Complex IV-linked respiration was measured by first adding ascorbate (2 mM) and then
N,N,N’,N’-Tetramethyl-1,4-phenylenediamine (TMPD; 0.5 mM). Chemical background
oxygen consumption was measured after inhibition of CIV with potassium chloride (KCN;
1 mM) and was used for correction of the chemical background. All oxygen fluxes were
corrected for instrumental background oxygen flux. Respiration rates are expressed as
pmol O2 s−1 million cells−1.

4.8. Rats

The experiments were performed in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8023, revised 1978)
and were approved on January 1, 2013 by the Cantonal Veterinary Office of Basel-Stadt,
Switzerland (License number 1745). Male Sprague–Dawley rats (n = 6, 250–300 g) were
obtained from Janvier Labs (Saint-Berthevin, France) and housed in a standard facility with
12 h light–dark cycles and controlled temperature (21–22 ◦C). The rats were fed a standard
pellet chow and water ad libitum. The rats did not receive any treatment. The rats were
anaesthetized with an intraperitoneal application of ketamine (160 mg kg−1) and xylazine
(20 mg kg−1). Removal of the beating heart was performed immediately. The apex was then
removed, and the left ventricle was dissected for preparation of permeabilized myofibers.
The left ventricle was immediately conserved in ice-cold BIOPS buffer containing 10 mM
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Ca-EGTA buffer, 0.1 µM free calcium, 5.77 mM ATP, 6.56 mM MgCl2, 20 mM taurine, 15 mM
phosphocreatine, 0.5 mM dithiothreitol, and 50 mM K-MES, pH 7.1 until analysis.

4.9. High-Resolution Respirometry in Rat Cardiac Permeabilized Fibers

Mitochondrial oxygen consumption was studied in saponin-skinned fibers as de-
scribed in [46]. Briefly, cardiac myofibers were separated under a binocular microscope
in BIOPS buffer at 4 ◦C. After dissection, cardiac fibers were transferred and incubated at
4 ◦C for 30 min into BIOPS buffer containing 50 µg mL−1 saponin under constant shaking.
Cardiac permeabilized fibers were then washed in BIOPS buffer for 10 min under intense
shaking to completely remove saponin. All oxygen measurements were performed at 37 ◦C
with an Oxygraph-2k apparatus equipped with DatLab software (Oroboros Instruments,
Innsbruck, Austria) [45]. Immediately after measurement of wet mass (2–3 mg), the sample
was transferred into 2.0 mL of MiR05 buffer, and we injected oxygen into the chambers
to a level close to 400 µM, as described in [45]. We acutely exposed fibers to imatinib
and sorafenib at 10, 50, and 100 µM for 15 min in the chambers. Then, the rate of basal
respiration was measured with NADH-linked substrates ((glutamate (10 mM) + malate
(2 mM)) before OXPHOS capacity was induced with ADP (2 mM). Under this condition,
we measured CI-linked OXPHOS (OXPHOS CI). After inhibition of CI with rotenone
(0.5 µM), respiration was restored with the addition of the CII substrate succinate (10 mM).
Under these conditions, CII-linked OXPHOS (OXPHOS CII) was measured. Then, we
inhibited CIII with antimycin A (2.5 µM), followed by the addition of artificial substrates
for CIV: first ascorbate (2 mM) and then TMPD (0.5 mM). To verify the integrity of the outer
mitochondrial membrane, we added cytochrome c (10 µM). The chemical background
resulting from autoxidation of ascorbate, TMPD, and cytochrome c was determined in the
absence of heart fibers in the chambers and was used for background correction [47]. Each
experiment was performed in duplicate in the presence of the drugs. All oxygen fluxes
were corrected for instrumental background oxygen flux. Respiration rates were expressed
in pmol O2 s−1 mg−1 wet weight.

4.10. Mitochondrial Superoxide in H9c2 Cells

Mitochondrial superoxide was assessed using MitoSOX Red (Invitrogen, Basel, Switzer-
land) according to the manufacturer’s manual. H9c2 cells were seeded into black costar
96-well plates (20,000 cells/well). H9c2 cells were treated with 1 to 100 µM imatinib and
sorafenib for 24 h in the presence of glucose or galactose media. The incubation with
100 µM antimycin A for 30 min was used as a positive control. After 24 h of exposure,
cell culture medium was removed, and 2.5 µM MitoSOX dissolved in 100 µL Dulbecco’s
phosphate-buffered saline (D-PBS) was added. After incubation for 10 min at 37 ◦C in the
dark, fluorescence was measured (excitation, 510 nm; emission, 580 nm) using a Tecan
M200 Pro Infinity plate reader (Männedorf, Switzerland). We normalized the results to
the protein content using a Pierce Bicinchoninic acid protein assay kit (Thermo Fischer
Scientific, Darmstadt, Germany) according to the manufacturer’s instructions. Results were
normalized to the 0.1% DMSO control condition.

4.11. Cellular Accumulation of H2O2 in H9c2 Cells

Production of reactive oxygen species (ROS) was assessed using a ROS-Glo assay
(Promega, Wallisellen, Switzerland). H9c2 cells were treated with 1 to 100 µM imatinib and
sorafenib for 24 h in the presence of glucose or galactose media. Menadione (20 µM) was
used as a positive control. The assay was performed according to manufacturer’s manual,
and luminescence was measured using a Tecan M200 Pro Infinity plate reader (Männedorf,
Switzerland). Results were normalized to the 0.1% DMSO control condition.

4.12. Cellular Reduced Glutathione (GSH) in H9c2 Cells

We used a luminescent GSH-Glo glutathione assay (Promega, Wallisellen, Switzerland)
to measure the reduced form of glutathione (GSH). H9c2 cells were treated with 1 to 100 µM
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imatinib and sorafenib for 24 h under glucose and galactose media. We used 100 µM
buthionine sulfoximine (BSO) as a positive control. The assay was performed according
to the manufacturer’s manual. After 15 min incubation in the dark, luminescence was
measured using a Tecan M200 Pro Infinity plate reader (Männedorf, Switzerland). Results
were normalized to the 0.1% DMSO control condition.

4.13. Quantitative RT-PCR in H9c2 Cells

H9c2 cells were treated with 10 and 20 µM imatinib and sorafenib for 24 h in the
presence of glucose medium. Total RNA was extracted from cells and purified using a
Qiagen RNeasy mini extraction kit (Qiagen, Hombrechtikon, Switzerland). The quantity
and purity of RNA were measured with a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wohlen, Switzerland). cDNA was synthesized from 1 µg RNA using the Qiagen
omniscript system. Real-time PCR measurement of individual cDNA was performed in
triplicate using SYBR green dye (Roche Diagnostics, Rotkreuz, Basel) containing 10 µM of
each primer (sense and antisense). The sequences of primer sets used are listed in Table 2.
Relative mRNA expression levels were calculated using the ∆∆CT method with 18s gene
as internal control, as previously described [48].

Table 2. Primer sequences used for quantitative real-time PCR amplification.

Target Gene Forward Primer 5′———>3′

Reverse Primer 5′———>3′ Species

Sod1 AGATGACTTGGGCAAAGGTG
CAATCCCAATCACACCACAA rat

Sod2 CTGGACAAACCTGAGCCCTA
GAACCTTGGACTCCCACAGA rat

18s TTGCTGACAGGATGCAGAAG
CAGTGAGGCCAGGATAGAGC rat

ND1 GCAGCTTAACATTCCGCCCAATCA
TACTGGTTGGCCTCCGATTCATGT rat

36B4 TGTGGGTGATCTGGTGATTGTGGT
AGGCATTTCAGGATACGCTCAGCA rat

4.14. Mitochondrial DNA Content in H9c2 Cells

H9c2 cells were treated with 10 and 20 µM imatinib and sorafenib for 24 h in the
presence of glucose or galactose media. We then determined the ratio of DNA content of
the mitochondrial gene ND1 and the nuclear gene 36B4 as a measure of the mitochondrial
DNA content (see Table 2 for primers) using quantitative RT-PCR as described in [49],
with some modifications. Total DNA was extracted using a DNeasy Blood and Tissue Kit
(Qiagen, Hombrechtikon, Switzerland) following the manufacturer’s instructions. The
concentration of extracted DNA was measured spectrophotometrically at 260 nm with a
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wohlen, Switzerland). Then, DNA
was diluted in RNase-free water to a final concentration of 10 ng/µL. The expression of
mitochondrial and nuclear genes was evaluated using SYBR green real-time PCR (Roche
Diagnostics, Rotkreuz, Basel) performed on an ABI PRISM 7700 sequence detector (PE
Biosystems, Rotkreuz, Switzerland). Quantification was performed using the comparative-
threshold cycle method [49].

4.15. Transmission Electron Microscopy in H9c2 Cells

H9c2 cells were treated with 10 µM imatinib and sorafenib for 24 h in the presence
of glucose or galactose media. After removal of the medium, cells were fixed with 3%
Karnofski paraformaldehyde and 0.5% glutaraldehyde in 10 mM PBS with a pH of 7.4 for
1 h. After washing with PBS, cells were post-fixed with 1% reduced osmium tetroxide for
40 min and then treated with 1% osmium tetroxide for 40 min. After serial dehydration
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in ethanol, cells were embedded in epoxy resin. We obtained thin sections (60 nm) with
a microtome Ultracut E from Leica (Biosystems Switzerland AG, Muttenz, Switzerland).
Sections were first stained with 6% uranyl acetate for 60 min, followed by staining with lead
acetate for 2 min. For analysis of the samples, we used a Moragagni electron microscope
from FEI (Hillsboro, OR, USA) at 80 kV.

We performed a blind analysis of randomly numbered electron micrographs using
ImageJ software (version 1.53, Madison, WI, USA). We conducted at least three independent
experiments, each performed in triplicate. For each condition, we analyzed 30–40 cells. We
first quantified the total area for each cell and then measured the total mitochondrial area
per cell. To calculate the mitochondrial volume fraction (reported in % of the cell volume),
the total mitochondrial surface was divided by the area of each cell and multiplied by 100,
as described in [50].

4.16. Caspase 3/7 Activity in H9c2 Cells

Cells were seeded at 15,000 cells/well in a 96-well plate 24 h prior drug treatment.
H9c2 cells were treated with 1 to 100 µM imatinib and sorafenib for 24 h under glucose
and galactose media. We used a luminescent Caspase-Glo 3/7 assay for determination of
caspase 3/7 activity (Promega, Wallisellen, Switzerland) according to the manufacturer’s
instructions. Luminescence was measured using a Tecan M200 Pro Infinity plate reader
(Männedorf, Switzerland). Results were normalized to the 0.1% DMSO control condition.

4.17. Quantitative DNA Fragmentation in H9c2 Cells

H9c2 cells were treated with 10 and 20 µM imatinib and sorafenib for 24 h under
glucose and galactose media. After exposure to imatinib and sorafenib, we removed the
media, and cells were washed twice with DPBS. Cells were then lysed with RIPA buffer
(50 nM, Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1 %
sodium dodecyl sulfate, and 1 mM EDTA). After cell lysis, an aliquot of the supernatant
was placed in streptavidin-coated wells and incubated with anti-histone biotin antibody
and anti-DNA peroxidase-conjugated antibody for 2 h at room temperature (Sigma-Aldrich,
Buchs, Switzerland). Afterwards, the sample was removed, and the wells were washed
three times with incubation buffer. After the final wash, we added 100 µL of the substrate
2,2′-azino-di(3-ethylbenzthiazolin-sulfonate) in each well for 20 min at room temperature.
Absorbance was measured at 405 nm using a plate reader. Results were expressed as
absorbance at 405 nm per minute per mg protein.

4.18. Statistical Analysis

Data are given as the mean± SEM of at least three independent experiments. Statistical
analyses were performed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA,
USA). For comparison of more than two groups, one-way ANOVA was used, followed by
comparison between treatments containing test compounds and the control group using
Dunnett’s post-test procedure. P-values < 0.05 (*) were considered significant.

5. Conclusions

In conclusion, imatinib and sorafenib impair the function of mitochondria in isolated
rat cardiac myofibers and in H9c2 cells starting close to plasma concentrations detected
in humans treated with these compounds. Acute damage to enzyme complexes of the
mitochondrial electron transfer system, which may be due to accumulation of the toxicants
in the inner mitochondrial membrane, causes mitochondrial ROS accumulation and sec-
ondary damage to mitochondrial proteins and function, eventually leading to apoptosis in
H9c2 cells. The development and application of ROS scavengers specifically targeted to
mitochondria could represent a strategy to prevent this type of toxicity.
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