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A B S T R A C T   

Cardiotoxicity is one of the severe adverse effects of chemotherapeutic agents. Imatinib was previously reported 
to induce cardiotoxicity. Autophagy is an intracellular bulk protein and organelle degradation process, but its 
roles in cardiac diseases are unclear. We examined whether imatinib induces cardiomyocyte autophagy, and the 
role of autophagy in imatinib-induced cardiotoxicity using in vitro and in vivo experiments. In in vitro experi
ments, neonatal rat cardiomyocytes were treated with imatinib (1, 5, or 10 μM; 6 h). Myocyte autophagy was 
assessed by microtubule-associated protein light chain (LC) 3-II, beclin 1, mature cathepsin D, and acridine 
orange-stained mature autolysosome expression. Imatinib increased their expression, suggesting that it induced 
autophagy. Consequently, imatinib altered the production of mitochondria-derived reactive oxygen species 
(ROS) and loss of mitochondrial membrane potential, which were assessed by the fluorescent indicator MitoSOX 
and JC-1, respectively, leading to cardiomyocyte apoptosis. 3-methyl-adenine (3MA), an autophagic inhibitor, 
exacerbated imatinib-induced apoptosis by 30 %. In in vivo experiments, C57BL/6 mice were treated with 
imatinib (50 and 200 mg/kg/day) for 5 weeks in the presence or absence of 3MA. Echocardiographic mea
surement revealed that imatinib (200 mg) caused dilatation of the left ventricle (LV) and reduced LV fractional 
shortening. Apoptosis and LC3-II expression in cardiac tissue were increased by imatinib. Co-treatment with 3MA 
and imatinib further impaired imatinib-induced cardiac apoptosis and LV dysfunction. This study suggests that 
imatinib induces cardiomyocyte apoptosis, leading to cardiac dysfunction. Imatinib increases cardiomyocyte 
autophagy as a consequence of apoptosis and autophagy has a pro-survival role in imatinib-induced cardiac 
impairment.   

1. Introduction 

Cancer is an age-related disease and leading cause of death in 
developed countries [1]. In aging societies, the number of cancer pa
tients is increasing and recent anti-cancer therapy using chemothera
peutic agents has markedly improved the prognosis of cancer patients, 
resulting in a larger population of long-term cancer survivors [2]. 
However, chemotherapy-induced cardiotoxicity remains a significant 
adverse effect and is of considerable interest [3]. Among 
chemotherapy-induced cardiotoxicities, those of doxorubicin are 
well-known and have been investigated [4–6]. Recently, cardiac com
plications of targeted chemotherapeutic agents, such as tyrosine-kinase 
inhibitors, were reported [7–9]. 

Imatinib is a small-molecule inhibitor of tyrosine kinase, and has 
markedly improved the clinical outcomes of chronic myelogenous 

leukemia (CML) and gastrointestinal stromal tumors (GIST) [10,11]. In 
CML and GIST, a specific Bcr-Abl fusion protein and c-kit are respec
tively observed, and are both inhibited by imatinib [12,13]. In addition 
to these two proteins, imatinib inhibits c-Abl and platelet-derived 
growth factor receptors (PDGFRs) [7,14]. Cardiac disorders by imati
nib have received considerable attention as important adverse effects 
because severe cardiac failure has also been reported [7]. Although the 
rate of congestive heart failure varies [15–17], elderly patients with 
previous cardiac disorder were reported to be susceptible to 
imatinib-induced heart failure and cardiac complications remain 
important adverse effects of imatinib-based therapy [18,19]. In animal 
in vivo and in vitro studies, imatinib also induced cardiotoxicity, and 
several mechanisms of imatinib-induced cardiotoxicity have been pro
posed, including endoplasmic reticulum (ER) stress, mitochondrial 
damage [7,10,20], and impairment of cardiac progenitor cells [9]. 
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Autophagy was demonstrated to be a self-proteolysis system char
acterized by the sequestration and enclosure of intracellular compo
nents, and their following degradation by lysosomes [21,22]. This 
phenomenon is conserved in many species from yeast to mammals and is 
known as a cell survival mechanism during malnutrition [22]. In this 
autophagic process, initiation stimuli, such as AMP activated kinase 
(AMPK) activation, precedes the complex formation of beclin 1 and 
vesicle-mediated vacuolar protein sorting 34, which promotes the 
cascade of phagophore formation [23]. After elongation of the phag
ophore by autophagy-related gene (Atg) proteins, 
microtubule-associated protein light chain 3B (LC3-II) associates with 
the double membrane of the autophagosome. Autophagosomes are 
tagged by ubiquitination and fuse with lysosomes to form autolyso
somes, and mature acidic autolysosomes are then degraded by lysosomal 
enzymes [23,24]. Autophagy also mediates development and differen
tiation, and the impairment of autophagy was reported to lead to 
abnormal growth and diseases, including muscular disorders and neural 
degradation [25]. On the other hand, autophagy-related cell death has 
been reported under specific pathological conditions [26–32]. 

In cardiac tissue, autophagy mediates development and function, 
and is also observed in failing myocardium in human and animal models 
[26,33–35] such as dilated cardiomyopathy [33], ischemic heart dis
eases [34], and pressure overload-induced cardiomyopathy [35]. In 
ischemic heart diseases, autophagy induction by food restriction 
improved cardiac function [36]. On the other hand, in terminal heart 
failure, autophagic myocyte death was found [37]. Myocyte loss due to 
fatal injury, such as necrosis, apoptosis, and autophagy, leads to cardiac 
dysfunction and exacerbates cardiac failure because cardiomyocytes are 
terminally differentiated cells and lose their proliferative ability [26, 
38]. The role of autophagy, which is pro-survival or pro-death, in these 
failing conditions is not fully understood. Recently, imatinib was re
ported to induce autophagy in neuroblastoma cells [39]. Therefore, the 
purpose of this study was to assess whether imatinib induces cardiac 
failure and autophagy, and its roles in cardiomyocyte death and heart 
function using cultured neonatal cardiomyocytes and the adult heart. 

2. Methods 

All procedures complied with the ARRIVE guidelines and conformed 
to the Guide for the Care and Use of Laboratory Animals published by the 
US National Institutes of Health. The protocol was approved by the 
Animal Care and Use Committee of Kyoto Pharmaceutical University. 

2.1. In vitro culture of neonatal cardiomyocytes 

Neonatal rat ventricular myocytes were isolated from Wistar rats 
(Japan SLC Inc., Hamamatsu, Japan) and cultured in Dulbecco’s Modi
fied Eagle’s Medium (DMEM) as described previously [40]. Briefly, the 
left ventricle was minced by scissors and digested using 0.2 % collage
nase at 37 ◦C. After aggregated tissue was removed by filtration, cells 
were then pre-plated for 1.5 h to remove non-myocytes. Nonadherent 
cardiomyocytes were plated at 2 × 105 cells/24-well glass-base plate for 
microscopic analyses or 2.5 × 106 cells/6-cm dish for other analyses in 
DMEM containing 10 % fetal bovine serum (FBS), gentamycin, and 
bromodeoxyuridine (BrdU 10− 4 mol/L) for 2 days. BrdU was used to 
prevent the proliferation of contaminated nonmyocytes. The car
diomyocytes were then incubated in DMEM containing 5 % FBS without 
BrdU and gentamycin. All experiments were performed 48− 72 h after 
this incubation. 

2.1.1. Experimental protocols for cultured cardiomyocytes 
Cultured cardiomyocytes were washed with phosphate-buffered sa

line (PBS), followed by a final incubation in serum-deprived DMEM. 
During the final incubation, cardiomyocytes were incubated with ima
tinib (1–10 μmol/L) for 6 h. To evaluate the roles of autophagy in 
imatinib-induced myocyte injury, pharmacological inhibition by 3- 

methyl-adenine (3MA) was performed in addition to imatinib adminis
tration. To examine the source of reactive oxygen species (ROS) pro
duction by imatinib, myocytes were stimulated by 10 μmol/L of imatinib 
in the presence of butylated hydroxyanisol (BHA) (10 μmol/L), a mito
chondrial ROS scavenger. 

2.1.2. Western blot analysis 
Cardiomyocytes were lysed in RIPA lysis buffer (Santa Cruz, CA, 

USA) containing 1 % Protease Inhibitor Cocktail (Nacalai Tesque, Inc., 
Kyoto, Japan) at 4 ◦C for 10 min. Cell extracts were centrifuged at 
3000×g at 4℃ for 10 min and supernatants were used as protein ex
tracts. Protein concentrations in protein extracts were assessed by the 
Lowry methods. Equal amounts of protein extracts were then subjected 
to polyacrylamide gel electrophoresis, followed by electroblotting onto 
polyvinylidene difluoride membranes. After blocking with 5 % skim 
milk in PBS for 3 h, the membranes were incubated with rabbit poly
clonal antibody against microtubule-associated protein 1 light chain 3 
protein (LC3, 1:1000, M115-3, MBL Co. Ltd., Ina, Japan), mouse 
monoclonal antibody against beclin 1 (1:1000, 612112, BD Biosciences, 
NY, USA), or goat polyclonal antibody against cathepsin D (1:1000, sc- 
6487, Santa Cruz, CA, USA) at 4℃ overnight. Then, the membranes 
were incubated with horseradish peroxidase (HRP)-conjugated anti- 
rabbit IgG (1:1,000, GE Healthcare, UK, for LC3), HRP-conjugated 
anti-mouse IgG (1:1,000, GE Healthcare, UK, for beclin 1), or HRP- 
conjugated anti-goat IgG (1:1,000, sc-2354, Santa Cruz, CA, USA, for 
cathepsin D) as secondary antibodies at room temperature for 2 h and 
processed for chemiluminescent detection using enhanced chem
iluminescence (ECL, GE healthcare, UK). Actin (1:2,000, mouse anti- 
actin monoclonal antibody, Chemicon International, Temecula, USA; 
1:2,000, anti-mouse IgG HRP conjugated, GE Healthcare, UK) was used 
as a loading control. The protein amounts of LC3-II (16 kD), beclin 1 (61 
kD), mature cathepsin D (33 kD), and actin (43 kD) on Western blotting 
were quantified by densitometry. 

2.1.3. Flow cytometric analysis of mature autolysosomes 
Mature autolysosomes were assessed by acridine orange staining to 

detect acidic vesicular organelles in the cytoplasm. At the end of the 
experimental period, myocytes were incubated with acridine orange 
(2.5 μg/mL) for 15 min. After washing with PBS, myocytes were de
tached from the culture dish using trypsin and collected. After centri
fugation and washing with PBS, cardiomyocytes were suspended in 
FACS buffer containing PBS, 0.5 % bovine serum albumin (BSA), and 0.5 
mol/L ethylenediaminetetraacetic acid (EDTA) (1.5 × 106 cells/mL), 
and counted by flow cytometry (FACS Caliber flow cytometer, Becton- 
Dickinson, Franklin Lakes, NJ, USA). Green and red fluorescence in 10 
× 104 cells were analyzed using the FL1 and FL3 channels, respectively. 
CellQuest software was used to assess acridine orange-positive 
cardiomyocytes. 

2.1.4. Intracellular ROS 
Intracellular ROS production in cultured cardiomyocytes was eval

uated using a fluorescent probe, dihydroethidium (DHE). DHE (2.5 
μmol/L) was added to the cardiomyocytes 30 min before the end of the 
experiment. After washing with PBS, DHE fluorescence was examined 
using the optical microscope system (Olympus IX71, Olympus Japan, 
Tokyo, Japan). Fluorescence emission at 575 nm was acquired with 
excitation at 540 nm. The average fluorescence intensity in myocytes 
was quantified using ScnImage software. 

2.1.5. Mitochondrial ROS 
A fluorescent probe, MitoSOX (Molecular Probes, Eugene, USA), was 

used to evaluate mitochondrial ROS production in cultured car
diomyocytes. MitoSOX (0.5 μmol/L) was added to the cardiomyocytes 
15 min before the end of the experiment. After washing with PBS, 
confocal fluorescence images were obtained using the fluorescence mi
croscope LSM510 (Carl Zaiss Co., Oberkochen, Germany). Fluorescence 
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emission at 590 nm was acquired with excitation at 514 nm. The average 
fluorescence intensity in myocytes was quantified using ScnImage 
software. 

2.1.6. Mitochondrial membrane potential 
Mitochondrial transmembrane potential was assessed using the 

fluorescent probe JC-1 (Molecular Probes, Eugene, USA). Car
diomyocytes were incubated with JC-1 (10 μmol/L) at 37 ◦C for 5 min 
before the end of the experimental period. After washing with PBS, 
confocal fluorescence images were obtained using the fluorescence mi
croscope LSM510 (Carl Zaiss, Oberkochen, Germany). Fluorescence 
emission at 527 and 590 nm was measured after excitation at 488 nm. 
The ratio of red fluorescence area to the total mitochondrial area was 
quantified using ScnImage software. 

2.1.7. Assessment of myocyte apoptosis 
Cultured cardiomyocytes were fixed with 2 % phosphate buffered 

paraformaldehyde for 5 min followed by 5-minute permeabilization 
with 0.5 % Triton X-100. Nuclei were then stained with 4′,6′-diamidino- 
2 phenylindole (DAPI). Fragmented or condensed nuclei were identified 
as apoptotic nuclei. Using ten photomicrographs of randomized and 
non-overlapping fields, the number of apoptotic nuclei was counted and 
the degree of apoptosis was expressed as a percentage of the total 
number of nuclei counted. 

2.1.8. Caspase-3 activity 
Caspase-3 activity was assessed using an APOCYTO Caspase-3 

Colorimetric Assay Kit (MBL Co. Ltd., Nagoya, Japan). According to 
the manufacturer’s instructions, cultured cardiomyocytes were collected 
by scraping and centrifuged at 400×g at 4 ◦C for 5 min. Then, car
diomyocytes were lysed in lysis buffer (in kit) and clarified by centri
fugation at 10,000×g at 4 ◦C for 5 min. Supernatants of cell extracts 
were then incubated with 10 mmol/L of DTT and the labeled caspase-3 
substrate DEVD- p-nitroanilide (DEVD-pNA) at 37 ◦C for 24 h (in kit). 
Caspase-3 activity was quantified by the production of substrate cleav
age (pNA) at 405 nm. Protein concentrations of cell lysates were 
measured by the Bradford method. 

2.2. In vivo experiments 

2.2.1. Animals and experimental protocol 
Male C57BL/6 mice (20–25 g) were purchased from Japan SLC Inc. 

(Hamamatsu, Japan) and divided into five groups: 1) control group 
(cont), 2) low-dose imatinib-treated (50 mg/kg/day) group (imatinib- 
50), 3) high-dose imatinib-treated (200 mg/kg/day) group (imatinib- 
200), 4) co-treatment with 3MA and high-dose imatinib group (3MA +
imatinib-200), and 5) 3MA-treated group (3MA). Imatinib was orally 
administered by gavage every day for 5 weeks in low- and high-dose 
imatinib-treated groups, and a similar volume of tap water was 
administered by gavage as a placebo in control and 3MA groups. 3MA 
(50 mg/kg) was administered by intraperitoneal injection weekly 
throughout the experimental period. After 5 weeks, mice were subjected 
to echocardiography under light anesthesia. Then, the mice were 
sacrificed, and the heart and lung were excised and weighed. The left 
ventricle (LV) was separated from the right ventricle and cut trans
versely at the middle level. The apical part of the LV was frozen for 
Western blotting and the basal part was fixed for histological 
examination. 

2.2.2. LV echocardiographic studies 
Transthoracic echocardiography was performed to evaluate the 

cardiac function using a 15-MHz sector scan probe (SONOS 5500, 
Phillips Medical Systems Japan, Tokyo, Japan) at the end of the exper
imental period. The LV end-diastolic diameter (LVEDd) and end-systolic 
diameter (LVEDs) were measured at the level of the papillary muscle 
using M-mode recordings. LV fractional shortening (FS) was calculated 

as FS (%) = ((LVEDd-LVEDs)/LVEDd) ×100. 

2.2.3. Histological analysis 
After fixation with 4 % paraformaldehyde phosphate buffer, pH 7.4, 

LV tissue was embedded in paraffin. Tissue samples were cut into 4-μm 
sections and stained with Masson’s trichrome or Sirius Red. Car
diomyocyte size was quantitatively evaluated using the cross-sectional 
area of myocytes in Masson’s trichrome-stained sections. Twenty inde
pendent fields of the myocardium from each mouse were photographed 
using an optical microscope system (Olympus IX71, Olympus Japan, 
Tokyo, Japan). The circumferences of 200 myocytes in true transverse 
sections, defined as those with circular capillary profiles and myofiber 
shapes, were traced and inner pixels were counted. Interstitial fibrosis 
was analyzed using Sirius Red-stained sections and five independent 
fields of the myocardium from each mouse were photographed. Intra
muscular pink-red pixels were counted as the area of interstitial fibrosis, 
and the ratio was calculated as the sum of the interstitial fibrosis area 
divided by the sum of all tissue areas in the field. 

2.2.4. In situ detection of apoptosis 
Apoptotic cell death was evaluated by the TUNEL method using an 

APOP TAQ kit (Oncor, Gaithersburg, MD). LV sections (4-μm-thick) 
were deparaffinized and incubated with proteinase K (20 μg/mL) at 
room temperature for 15 min. To block internal peroxidase activity, 
samples were treated with 3 % hydrogen peroxidase for 5 min. After 
applying equilibrium buffer (in kit), the specimens were incubated with 
terminal deoxynucleotidyl transferase at 37 ◦C for 1 h. The reaction was 
finalized by adding stop solution (in kit). Specimens were then incu
bated with antidigoxigenin peroxidase solution at room temperature for 
30 min and peroxidase activity was visualized using 0.025 % 3,3′-dia
mino benzidine solution. The sections were counterstained with hema
toxylin to visualize the nuclei. We counted 3000 nuclei using a light 
microscope and calculated the ratio of TUNEL-positive nuclei. 

2.2.5. Western blot analysis 
LV tissues were minced and homogenized in Tris buffer containing 

50 mmol/L of Tris-HCl, 1 mmol/L of EDTA⋅2Na, 1 mmol/L of EGTA, 1 % 
Triton X100, and 1 % Protein Inhibitor Cocktail (Nacalai Tesque Inc. 
Kyoto, Japan), pH 7.4. Homogenates were then centrifuged at 8000×g at 
4 ◦C for 10 min. Supernatants were used for protein extraction. The 
protein concentrations of extracts were measured using the Lowry 
method. After electrophoresis and electroblotting onto PVDF mem
branes, the membranes were incubated with rabbit polyclonal antibody 
against LC3 (1:1000, M115-3, MBL Co. Ltd., Ina, Japan) followed by 
incubation with HRP-conjugated anti-rabbit IgG (1:1,000, GE Health
care, UK) (mentioned above in Methods in vitro experiments). Actin was 
used as a loading control. The protein amounts of LC3-II and actin on 
Western blotting were quantified by densitometry. 

2.2.6. Statistical analysis 
All values are expressed as the mean ± SEM. Statistical analysis was 

performed by one-way ANOVA combined with Fisher’s multiple com
parison test (Figs. 1a, 2 b, 3 d, 5 a–c, 6 a, b, 7 c, d, 8 b, and Table 1) or the 
Student’s t-test (Figs. 1b, c, 3 g, and 4 c, f). Values of p < 0.05 were 
considered significant. 

3. Results 

3.1. In vitro experiments 

3.1.1. Imatinib induced autophagy in cardiomyocytes 
Imatinib increased the expression of the autophagosome indicator 

LC3-II in a dose-dependent manner and imatinib (10 μmol/L) signifi
cantly increased the level of LC3-II expression by 2.5-fold (Fig. 1a). 
Imatinib (10 μmol/L) also significantly increased beclin 1, another in
dicator of autophagosomes, and mature cathepsin D expression, an 
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indicator of lysosomal function (Fig. 1b, c). In addition, imatinib 
increased acridine orange-stained mature autolysosome expression in a 
dose-dependent manner, and a significant increase was noted after 
imatinib treatment at 5 and 10 μmol/L (Fig. 2a, b). Imatinib induced 
autophagy in a dose-dependent manner and 10 μmol/L of imatinib was 
used in the following examinations. 

3.1.2. Imatinib increased the mitochondrial ROS level and impaired 
mitochondrial membrane potential in cardiomyocytes 

Imatinib treatment (10 μmol/L) increased the intracellular ROS level 
detected by DHE staining (Fig. 3a, b). The imatinib-induced DHE fluo
rescence was markedly reduced by co-treatment with BHA, a mito
chondrial ROS scavenger (Fig. 3c, d), suggesting that imatinib increased 

ROS production via mitochondria. We also confirmed mitochondrial 
ROS generation by imatinib using the mitochondrial ROS indicator 
MitoSOX. Imatinib treatment (10 μmol/L) increased mitochondrial ROS 
(Fig. 3e–g). ROS-producing damaged mitochondria elicit the loss of 
mitochondrial membrane potential. JC-1 staining revealed that imatinib 
reduced red fluorescence and increased green fluorescence in mito
chondria, reflecting the loss of mitochondrial membrane potential 
(Fig. 4a–c). 

3.1.3. Imatinib induced apoptosis in cardiomyocytes 
Imatinib treatment (10 μmol/L) significantly increased condensed 

and fragmented nuclei, detected by nuclear staining with DAPI, sug
gesting that imatinib increased apoptotic nuclei (Fig. 4d–f). The ratio of 

Fig. 1. Imatinib increases LC3-II, beclin 1, and 
mature cathepsin D expression. Neonatal 
cultured cardiomyocytes were treated with 
imatinib (1-10 μmol/L) for 6 h. Representative 
expression of LC3-I and LC3-II (a, top panel), 
beclin 1 (b, top panel), and mature cathepsin D 
(c, top panel). Actin was used as a loading 
control. The expression levels of LC3-II (a, 
bottom panel), beclin 1 (b, bottom panel), and 
mature cathepsin D (c, bottom panel) were 
quantified and presented as bar graphs (n = 6- 
8). * p < 0.05 versus cont. LC3: microtubule- 
associated protein 1 light chain 3 protein.   

Fig. 2. Imatinib increases acridine orange- 
stained mature autolysosome expression in 
cultured cardiomyocytes. (a) Representative 
plots of acridine orange-stained myocytes. 
Neonatal cultured cardiomyocytes were treated 
with imatinib (1-10 μmol/L) for 6 h. After 
staining with acridine orange, myocytes were 
analyzed by flow cytometry. (b) Quantitative 
analysis of acridine orange-stained organelles. 
Bars indicate the average percentage of myo
cytes with high red-low green relative staining 
(upper left column) (n = 5-6). * p < 0.05 vs. 
cont.   
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apoptotic nuclei was increased 4-fold by imatinib (10 μmol/L), consis
tent with the synchronous increase in caspase-3 activity in car
diomyocytes (Fig. 5a, b). Therefore, imatinib increased apoptosis in 
cardiomyocytes. 

3.1.4. Role of autophagy in imatinib-induced apoptosis in cardiomyocytes 
We next examined the effects of autophagy inhibition on myocyte 

apoptosis. First, we confirmed that 3MA significantly inhibited imatinib- 
induced autophagy using acridine orange staining (Fig. 5c). Autophagy 
inhibition by 3MA further increased the ratio of apoptotic nuclei and 
caspase-3 activity compared with imatinib-treated myocytes (Fig. 5a, b). 

3.2. In vivo experiments 

3.2.1. Imatinib increased LC3-II expression in cardiac tissue 
The expression of LC3-II protein in cardiac tissue is shown in Fig. 5a 

and b. LC3-II protein expression was increased by imatinib in a dose- 
dependent manner and imatinib (200 mg/kg) significantly increased 
the expression level of LC3-II, suggesting that it induced autophagy in 
cardiac tissue (Fig. 6a). In addition, 3MA reduced this imatinib-induced 
LC3-II expression (Fig. 6b). 

3.2.2. Effects of imatinib on body and organ weights, and the role of 
imatinib-induced autophagy 

Body and organ weights of mice at the end of the experimental 
period are shown in Table 1. Significant differences were not observed in 
body weight among all groups. Ratios of heart weight/body weight, LV 
weight/body weight, and lung weight/body weight were increased by 

imatinib treatment in a dose-dependent manner, and imatinib (200 mg/ 
kg) significantly increased these ratios. Co-administration of 3MA and 
imatinib (200 mg/kg) further increased these ratios. 

3.2.3. Cardiac function in mice treated with imatinib and the role of 
imatinib-induced autophagy 

At the end of the experimental period cardiac function was examined 
by echocardiography (Table 1). Imatinib dilated LV and reduced LV 
systolic function in a dose-dependent manner, and significant differ
ences were observed at 200 mg/kg. In addition, 3MA further impaired 
LV dilatation and augmented the reduction in left ventricular fractional 
shortening. 

3.2.4. Cardiac histomorphometry after imatinib treatment and the role of 
imatinib-induced autophagy 

We examined the effects of imatinib on cardiomyocyte size and 
interstitial fibrosis in cardiac tissue, and evaluated the role of autophagy 
in these histological changes. Representative photomicrographs of 
Masson’s trichrome- and Sirius Red-stained LV sections at the end of the 
experiment are shown in Fig. 7a and b, respectively. Myocyte size was 
slightly but significantly increased by imatinib (200 mg/kg), and co- 
administration with 3MA further increased it (Fig. 7c). The ratio of 
interstitial fibrosis was not affected in the imatinib (200 mg/kg)-treated 
group. However, co-administration with 3MA markedly increased the 
fibrosis area (Fig. 7d). Therefore, cardiac autophagy alleviated myocyte 
hypertrophy and interstitial fibrosis during imatinib treatment. 

Fig. 3. Imatinib induces mitochondrial ROS production. Neonatal cultured cardiomyocytes were treated with imatinib (10 μmol/L) for 6 h in the presence or absence 
of butylated hydroxyanisol (BHA) (10 μmol/L), a mitochondrial ROS scavenger, and stained with DHE, an intracellular ROS indicator (a - c). Imatinib increased the 
intensity of DHE fluorescence and co-incubation with BHA attenuated it (d). Cultured cardiomyocytes were next stained with MitoSOX, a mitochondrial ROS in
dicator (e, f). Imatinib increased the intensity of MitoSOX fluorescence (g). Intensities of fluorescence were analyzed and shown as relative fluorescence intensities to 
cont (d, g) (n = 7). Bars indicate 100 μm (a – c), 50 μm (e, f). * p < 0.05 vs. cont, # p < 0.05 versus imatinib. 
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Fig. 4. Imatinib reduces the mitochondrial 
membrane potential accompanied by myocyte 
apoptosis. Neonatal cultured cardiomyocytes 
were treated with imatinib (10 μmol/L) for 6 h 
and stained with JC-1, an indicator of mito
chondrial membrane potential (a, b). Imatinib 
reduced the red fluorescence in mitochondria 
and increased the green fluorescence in mito
chondria (dissipated mitochondrial membrane 
potential). The ratio of red fluorescence in 
mitochondria was analyzed (c) (n = 7). The 
morphology of nuclei was assessed by nuclear 
staining with DAPI (d, e). Arrowheads indicate 
apoptotic nuclei (e). Ratio of apoptotic car
diomyocytes after imatinib treatment (f) (n =
9). Bars indicate 100 μm (a, b) and 20 μm (d, e). 
* p < 0.05 versus cont.   

Fig. 5. Imatinib induces apoptosis and auto
phagy inhibition by 3MA further exacerbated it 
in cardiomyocytes (a, b). Percentage of 
apoptotic cardiomyocytes after imatinib treat
ment (10 μmol/L for 6 h) in the presence or 
absence of 3MA (a) (n = 9). Caspase-3 activity 
in myocytes after treatment with imatinib in the 
presence or absence of 3MA (b). Results were 
expressed as the relative differences to the 
control group (cont) (n = 5-8). Effects of 3MA, 
an autophagy inhibitor, on imatinib-induced 
acridine orange-stained autolysosome expres
sion in cultured cardiomyocytes (c). The bar 
graph indicates the average percentage of 
myocytes with high red-low green relative 
staining (c) (n = 6-7). * p < 0.05 versus cont, # 
p < 0.05 versus imatinib.   

M. Kobara et al.                                                                                                                                                                                                                                



Toxicology Reports 8 (2021) 1087–1097

1093

3.2.5. Apoptosis in cardiac tissue after imatinib treatment and the role of 
imatinib-induced autophagy 

In situ detection of apoptosis in cardiac tissue was performed by 
TUNEL staining (Fig. 8a, b). Representative photomicrographs of LV 
sections after imatinib treatment are shown in Fig. 8a. The ratio of 
TUNEL-positive nuclei slightly but significantly increased in the imati
nib (200 mg/kg)-treated group (Fig. 8b). In addition, this ratio was 
further increased by co-administration with 3MA. 

4. Discussion 

The present study demonstrated that imatinib increases car
diomyocyte autophagy and apoptosis in association with mitochondrial 
ROS production and loss of mitochondrial membrane potential in 
neonatal cultured cardiomyocytes. The inhibition of myocyte autophagy 
exacerbated myocyte apoptosis. In addition, in in vivo experiments, 
imatinib increased cardiac apoptosis and autophagy in association with 
cardiac dysfunction, and an autophagy inhibitor further increased 
apoptosis, and exacerbated left ventricular dysfunction and histological 
impairment. 

In the present study, we examined the dose-dependent effects of 
imatinib from 1 to 10 μmol/L on cultured neonatal cardiomyocytes and 

50 to 200 mg/kg/day on adult mice. In the clinical treatment of CML and 
GIST, imatinib is administered daily at 400–800 mg, and the maximum 
concentration was reported to be almost 5–10 μmol/L at 28 days of 
continuous drug treatment. Therefore, we examined imatinib at 1–10 
μmol/L in this experiment. In previous in vitro studies of cultured 
neonatal cardiomyocytes and myoblast cell lines, such as H9C2 and HL1, 
different doses of imatinib from 0.1 to 100 μmol/L were examined [7,16, 
20,41]. In these reports, fatal cell injury and mitochondrial damage were 
observed at 5 μmol/L or higher [7,41]. The present study demonstrated 
that imatinib (10 μmol/L) increases mitochondrial ROS in association 
with disruption of mitochondrial membrane potential, leading to myo
cyte apoptosis, consistent with previous studies. In addition, in the in 
vivo study, we administered imatinib at 50 and 200 mg/kg/day, which is 
higher than the human clinical dose (8–15 mg/kg/day). As imatinib is 
metabolized faster in mice than in humans [42], oral administration of 
imatinib at 200–400 mg/kg/day was reported to be comparably effec
tive [7,43]. In the previous animal report, mice treated with imatinib 
(50 mg/kg/day) did not exhibit overt cardiac damage based on the ratio 
of heart to body weights, and only had reduced kinase phosphorylation 
of Akt and extracellular signal-regulated kinase (ERK) [16]. In the pre
sent examination, imatinib (50 mg/kg/day) did not alter the ratio of 
heart weight to body weight (Table 1), consistent with previous reports 

Table 1 
Body and organ weights, and echocardiographic assessment at the end of the experiment. (n = 5–8).   

cont imatinib-50 imatinib-200 3MA+imatinib-200 3MA 

BW (g) 25.8 ± 0.8 25.5 ± 1.1 23.9 ± 0.5 24.0 ± 0.5 26.3 ± 0.9 
HW/BW (mg/g) 4.50 ± 0.11 4.65 ± 0.09 4.83 ± 0.12* 5.19 ± 0.09*,# 4.47 ± 0.16 
LVW/BW (mg/g) 3.08 ± 0.06 3.30 ± 0.11 3.52 ± 0.09* 3.90 ± 0.09*,# 3.16 ± 0.10 
LungW/BW (mg/g) 4.75 ± 0.11 5.03 ± 0.06 5.18 ± 0.04* 5.68 ± 0.13*,# 4.63 ± 0.25 
LVDd (mm) 2.62 ± 0.07 2.66 ± 0.15 3.09 ± 0.06* 3.47 ± 0.08*,# 2.74 ± 0.07 
LVFS (%) 63.0 ± 2.0 62.7 ± 3.6 50.5 ± 0.8* 40.4 ± 2.6*,# 58.0 ± 1.3 

BW: body weight, HW: heart weight, LVW: left ventricular weight, LungW: lung weight, LVDd: left ventricular end-diastolic dimeter, LVFS: left ventricular fractional 
shortening. 

* p < 0.05 versus cont. 
# p < 0.05 versus imatinib-200. 

Fig. 6. Imatinib increases LC3-II expression in cardiac tissue. Mice were treated with imatinib (50 or 200 mg/kg/day) for 5 weeks. Western blots of LC3-I and LC3-II 
(a, top panel), and expression levels of LC3-II (a, bottom panel) in cardiac tissue after imatinib treatment (n = 5). Effects of 3MA (50 mg/kg/week, i.p.) on imatinib- 
induced LC3-II expression (b) (n = 5). * p < 0.05 versus cont, # p < 0.05 versus imatinib-200. 
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[16]. Therefore, in the present study, the effects of imatinib at 200 
mg/kg/day on cardiotoxicity in the mice model were mainly examined 
and our findings of cardiotoxicity were due to the clinical dose of 
imatinib. 

In the present study, imatinib increased myocyte ROS, which were 
diminished by BHA, a mitochondrial ROS scavenger, and it also 
increased the fluorescence of the mitochondrial ROS indicator MitoSOX, 
suggesting that imatinib increased mitochondrial ROS production. 
Under physiological conditions, mitochondria generate ROS through 

oxidative phosphorylation and these ROS are promptly removed by Mn 
SOD. However, under pathological conditions, excessive mitochondrial 
ROS injure mitochondria and reduce their membrane potential [44,45]. 
In the present study, imatinib depleted the mitochondrial membrane 
potential in association with ROS production, consistent with prior 
studies [7,46]. Injured mitochondria are a major inducer of myocyte 
apoptosis due to the following cytochrome c release and caspase 3 
activation [26,38]; therefore, the increased apoptotic nuclear fragmen
tation and caspase-3 activation by imatinib observed in the present 

Fig. 7. Effects of imatinib, and the roles of autophagy in its effects on myocyte hypertrophy and interstitial fibrosis. Imatinib induced myocyte hypertrophy but not 
interstitial fibrosis in cardiac tissue, whereas autophagy inhibition exacerbated both histological changes. Mice were treated with imatinib (200 mg/kg/day) with or 
without 3MA (50 mg/kg/week, i.p.) for 5 weeks. Light micrographs show Masson’s trichrome-stained (a) and Sirius Red-stained LV cross-sections (b) at the end of the 
experiment. Bars indicate 50 μm (a) or 100 μm (b). (c) Cardiomyocyte cross-sectional area in LV (n = 8). (d) Percentage of interstitial fibrosis in LV (n = 8). * p < 0.05 
versus cont. # p < 0.05 versus imatinib-200. 

Fig. 8. Imatinib induced apoptosis in cardiac 
tissue, which was further increased by auto
phagy inhibition. Light micrographs show ter
minal deoxynucleotidyl transferase-mediated 
dUTP nick end-labeling (TUNEL) staining of 
cardiac tissues at the end of the experiment (a). 
Arrowheads indicate apoptotic nuclei. Scale 
bars, 100 μm. inset: the TUNEL-positive nucleus 
under high magnification. Scale bars, 10 μm. 
Ratio of TUNEL-positive nuclei after imatinib 
treatment (b) (n = 8). * p < 0.05 versus cont, # 
p < 0.05 versus imatinib-200.   
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study may have been due to mitochondrial injury. On the other hand, an 
increase in mitochondrial ROS production by mitochondrial electron 
transport chain inhibition induces autophagy [30], and oxidized and 
damaged mitochondria are expected to induce autophagy and mitoph
agy, a specific type of autophagy for mitochondria [23,47]. This sup
ports that imatinib increased mitochondrial ROS and impaired the 
mitochondrial membrane potential, which also induces an autophagic 
response, although we cannot exclude the possibility that other mech
anisms, such as inhibition of c-abl-mTOR by imatinib, also induced 
autophagy [39]. Taken together, imatinib increased mitochondrial ROS 
and injury, leading to myocyte apoptosis and autophagy at higher 
clinical doses. 

In the present study, imatinib increased the mature autolysosome 
indicator acridine orange-stained vacuoles and mature cathepsin D 
expression, in addition to LC3-II and beclin 1expression, which suggests 
that imatinib induces autophagic degradation. Accumulation of the 
autophagy indicator LC3-II usually reflects increased autophagy; how
ever, impairment of lysosomal degradation also induces autophagosome 
accumulation and the increase in LC3-II [36]. In a neuroblastoma cell 
line, imatinib was previously reported to improve lysosome function and 
remove intracellular protein aggregates by targeting abl activity [39]. 
On the other hand, imatinib was reported to impair lysosome function at 
higher concentrations [48]. Therefore, we examined mature cathepsin D 
expression as an indicator of lysosomal enzyme activation in the present 
study and confirmed that imatinib also activated lysosomal enzyme 
concomitant with the increase in LC3-II. Moreover, in the process of 
autophagic degradation, acidification of autolysosomes occurs [49] and 
we confirmed that imatinib also increased acidic mature autolysosomes 
using acridine orange-staining. Therefore, a clinical dose of imatinib 
induces autophagic degradation. 

Imatinib-induced autophagy is a pro-survival management method 
against apoptotic cell death because the inhibition of autophagy by 3MA 
exacerbated imatinib-induced apoptotic cell death in vitro and in vivo. 
Two types of autophagy inhibitors are usually used under pathological 
conditions: inhibitors of autophagosome formation and inhibitors of 
autolysosome degradation. With these two types of autophagy in
hibitors, the latter types cause the accumulation of autophagosomes and 
Watanabe et al. reported that excessive accumulation of autophago
somes injured cardiac tissue [36]. Therefore, in the present study, to 
examine the roles of imatinib-induced autophagosome formation and 
autolysosome degradation in myocyte apoptosis, we selected 3MA as an 
inhibitor of autophagosome formation instead of autolysosome in
hibitors, such as bafilomysin and croloquin, and it exacerbated apoptotic 
cell death in cultured cardiomyocytes and cardiac tissue. There are 
several lines of evidence supporting a link between apoptosis and 
autophagy in cardiac diseases. In ischemic myocardium, pressure 
overload-induced cardiomyopathy, and septic heart injury, the inhibi
tion of autophagy exacerbates myocyte apoptosis and cardiac function 
[34,36,50,51]. On the other hand, in cardiomyopathy in patients and 
animal models, autophagic myocyte death is observed as cellular 
degeneration [30,37]. Of note, in doxorubicin-induced cardiac toxicity, 
controversial effects of autophagy were reported; inhibition of auto
phagy by GATA4 and beclin 1 silence attenuated cardiac injury, and 
increased autophagy by metformin also attenuated cardiac injury [31, 
32,52]. A balance between injury of intracellular organelles and levels of 
autophagy, and inhibition targets in the autophagic pathway may affect 
the roles of autophagy in pathological conditions. In the present 
imatinib-induced cardiac injury, autophagy had a pro-survival role to 
ameliorate mitochondrial apoptosis. 

In the present in vivo study, imatinib increased apoptosis in associ
ation with myocyte hypertrophy, but not interstitial fibrosis, and 3MA 
increased both of these histological changes. In the failing heart, myo
cyte hypertrophy and interstitial fibrosis are usually present together, 
but in the present model, imatinib induced myocyte hypertrophy, but 
did not increase interstitial fibrosis. Myocyte hypertrophy under imati
nib treatment was previously reported and the present study is 

consistent with these prior studies [7]. Imatinib inhibits the PDGF 
signaling pathway in addition to bcr-abl tyrosine kinase, and Wang 
previously reported that imatinib suppressed isoproterenol-induced 
cardiac fibrosis by inhibiting the PDGF signaling pathway [53]. There
fore, inhibition of this pathway may have affected the interstitial fibrosis 
in the imatinib-treated heart and co-treatment with 3MA exacerbated 
cardiac failure, which led to the adverse interstitial fibrosis. Taken 
together, pro-survival signaling of autophagy attenuated 
imatinib-induced cardiac histological changes, leading to the preserva
tion of cardiac function. 

Cardiotoxicities are important side effects during anti-cancer ther
apy. In addition to well-known anthracycline-induced cardiac toxicities, 
those of tyrosine-kinase inhibitors have been recently reported, 
including imatinib, sorafenib, and sunitunib [6–9,46,54]. These com
pounds inhibit different kinds of tyrosine-kinases. However, these 
compounds impair mitochondrial respiration in common, and mito
chondrial injury plays a critical role in these compounds-induced car
diac dysfunctions in animal models [54]. Therefore, the present results 
are consistent with those of prior studies. Cardiomyocytes produce an 
enormous amount of adenosine triphosphate (ATP) by mitochondria to 
maintain cardiac contraction and malfunctioning mitochondria cause an 
impairment of energy metabolism and contractile dysfunction in myo
cytes. In addition, activation of mitochondrial apoptotic pathway by 
injured mitochondria leads to myocytes loss and residual myocytes 
receive mechanical load more, which activates neuro-humoral factors 
including norepinephrine and angiotensin II and leads to LV dysfunction 
in association with histological changes, such as myocyte hypertrophy 
and cardiac fibrosis [44]. Therefore, in the present study 
imatinib-induced mitochondrial ROS production and associated myo
cyte loss by apoptosis would exacerbate cardiac dysfunction. In the 
present model autophagy inhibition would obstruct the removal of 
injured mitochondria and exacerbate mitochondrial apoptotic path
ways. Recent evidence suggests that sirtuin-3, a mitochondrial deace
tylase, attenuates doxorubicin-induced mitochondrial impairment by 
reduction of mitochondrial oxidative stress in cultured H9C2 cells and 
the overexpression of sirtuin-3 attenuates ventricular dysfunction by 
amelioration of oxidative stress, suggesting that in the present study 
autophagy has an endogenous protective pathway to remove malfunc
tional mitochondria and inhibit apoptosis [55,56]. 

In conclusion, imatinib induces myocyte mitochondrial injury and 
apoptosis, leading to cardiac dysfunction. Imatinib also induces myocyte 
autophagy and autophagy plays a pro-survival role in imatinib-induced 
cardiotoxicity. 
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