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Aims Doxorubicin (Dox) is a potent anticancer agent that is widely used in the treatment of a variety of cancers, but its usage
is limited by cumulative dose-dependent cardiotoxicity mainly due to oxidative damage. Ataxia telangiectasia mutated
(ATM) kinase is thought to play a role in mediating the actions of oxidative stress. Here, we show that ATM in cardiac
fibroblasts is essential for Dox-induced cardiotoxicity.

Methods
and results

ATM knockout mice showed attenuated Dox-induced cardiotoxic effects (e.g. cardiac dysfunction, apoptosis, and mor-
tality). As ATM was expressed and activated predominantly in cardiac fibroblasts, fibroblast-specific Atm-deleted mice
(Atmfl/fl;Postn-Cre) were generated to address cell type-specific effects, which showed that the fibroblast is the key lin-
eage mediating Dox-induced cardiotoxicity through ATM. Mechanistically, ATM activated the Fas ligand, which subse-
quently regulated apoptosis in cardiomyocytes at later stages. Therapeutically, a potent and selective inhibitor of ATM,
KU55933, when administered systemically was able to prevent Dox-induced cardiotoxicity.

Conclusion ATM-regulated effects within cardiac fibroblasts are pivotal in Dox-induced cardiotoxicity, and antagonism of ATM and
its functions may have potential therapeutic implications.
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1. Introduction
Doxorubicin (Dox) is a widely used anticancer chemotherapeutic
agent. Unfortunately, its use is limited due to cumulative dose-
dependent cardiotoxic effects that lead to cardiac dysfunction, cardio-
myopathy, and eventually severe heart failure and death.1 Although the
precise mechanisms underlying Dox-induced cardiotoxicity are not
completely understood, most studies favour the fact that free
radical-induced oxidative stress plays a pivotal role, as Dox possesses
a chemical structure that generates reactive oxygen species (ROS) dur-
ing drug metabolism. Most studies both in vitro and in vivo suggest that
Dox-induced cardiotoxicity is associated with cardiomyocyte apop-
tosis and necrosis.2 –5

Ataxia telangiectasia mutated (ATM) kinase is a member of the phos-
phoinositide 3-kinase (PI3-kinase)-related protein kinase (PIKK) family,
which has been identified as the product mutated or inactivated in atax-
ia telangiectasia (A-T) patients.6 A key mediator of the DNA damage
response is ATM kinase, which has been implicated in playing a central
role in response to oxidative stress.7– 9 Our previous studies showed
that ATM mediates an instructive role in oxidative stress-induced endo-
thelial dysfunction and premature senescence.6 However, the role of
ATM in oxidative stress-induced Dox cardiotoxicity has remained
elusive.

The heart is composed of cardiomyocytes and interstitial fibroblasts
in addition to other cells. The uninjured adult murine myocardium is
composed of roughly 56% myocytes, 27% fibroblasts, 7% endothelial
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cells, and 10% vascular smooth muscle cells as well as other immune
cells.10 Studies on the heart have historically focused mainly on cardi-
omyocytes, but the role of cardiac fibroblasts has recently received in-
creasing attention as pivotal functions in the maintenance of cardiac
function, physiological cardiac remodelling after heart stress and patho-
logical remodelling have been demonstrated.11

In the present study, we hypothesised that ATM kinase might mediate
effects of oxidative stress in Dox-induced cardiotoxicity, and investigated
whether this molecule, as an oxidative stress-sensing molecule, mediates
the cardiotoxic effects of the oxidative agent, anthracycline. ATM indeed
mediated the effects of Dox-induced cardiotoxicity, but interestingly,
these effects were mediated specifically through the cardiac fibroblast
as shown using conditional knockout mice. Further, a specific antagonist
against ATM, KU55933, prevented Dox-induced cardiotoxicity. We,
therefore, found that ATM is a mediator of Dox-induced cardiotoxicity,
identified cell-type-specific mechanisms, and showed that ATM is a viable
target for potential therapeutic exploitation.

2. Methods

2.1 Animal experiments
Atm knockout mice (129S6/SvEvTac-Atmtm1Awb/J) were obtained from
Jackson Laboratory. All generations were from matings of heterozygous
parents. Age-matched, 8 weeks old, specific pathogen-free, male, wild-type
littermates, and Atm homozygous knockout mice (Atm2/2) (n ¼ 7, respect-
ively, weighing �20–25 g) were used. Dox treatment was performed with
a single intraperitoneal (i.p.) injection of Dox (Sigma-Aldrich) (15 mg/kg of
body weight) for indicated times. Wild-type C57BL/6 mice were purchased
from CLEA Japan. Wild-type mice received 5 mg/kg i.p. KU55933 (Tocris
Bioscience) or vehicle (10% DMSO/18% polyethylene glycol/72% sterile/
5% dextrose) as the control followed by a single i.p. injection of saline or
Dox (15 mg/kg of body weight). Mice were given KU55933 at 21, 2, 5,
and 8 days after Dox treatment. Fas ligand homozygous knockout mice
(FasL2/2) (B6Smn.C3-Faslgld/J) were obtained from Jackson Laboratory.
All homozygous generations were from matings of homozygous parents.
Mice were housed under constant temperature (23+ 18C) with a 12 h
light and 12 h dark cycle with free access to water and chow, and sacrificed
by cervical dislocation. All care and experimental procedures of animals
were in accordance with the guidelines for the Care and Use of Laboratory
Animals published by the National Institute of Health (NIH Publication,
eighth edition, 2011). All experiments were approved by the Ethics Com-
mittee for Animal Experiments and strictly adhered to the guidelines for
animal experiments of the University of Tokyo.

2.2 Conditional deletion of the Atm gene in
cardiac fibroblasts and cardiomyocytes in mice
Homozygous Atm-floxed mice (Atmfl/fl)12 were cross-bred with Postn-Cre13

or aMHC-Cre14 mice to generate fibroblast-specific Atm-deleted mice and
cardiomyocyte-specific Atm-deleted mice, respectively. Dox treatment was
performed with a single i.p. injection of Dox (15 mg/kg of body weight) for
indicated times.

2.3 Statistical analysis
All values are expressed as means+ SD. Differences between the two
groups were analysed using a non-parametric test (two-tailed Mann–Whit-
ney U test). Comparisons between multiple groups were done using
one-way or two-way ANOVA followed by a post hoc Tukey’s multiple
comparisons test. Survival curves after Dox injection were created using
the Kaplan–Meier method and compared by a log-rank test. All data
were analysed using Prism 6.0 (GraphPad Software) for Windows. P values
less than 0.05 were considered statistically significant.

A detailed description of the methods is provided in Supplementary
material.

3. Results

3.1 ATM plays an important role
in Dox-induced cardiotoxicity
Previous studies implicated oxidative stress as a major factor involved in
Dox-induced cardiotoxicity.2–5 The DNA damage response and its main
signalling pathway involving ATM have been implicated in playing a central
role in mediating the actions of oxidative stress.6–9 We first tested the
involvement of oxidative stress and ATM kinase in Dox-induced cardio-
toxicity. Oxidative stress, which was assessed by 2′,7′-dichlorofluorescein
(DCF) fluorescence using CM-H2DCFDA,15 was attenuated by a free
radical scavenger N-acetyl-L-cysteine (NAC) but not by an ATM kinase
inhibitor, KU55933 (see Supplementary material online, Figure S1A and
B). Dox-induced ATM phosphorylation, however, was attenuated both
by NAC and by KU55933 (see Supplementary material online, Figure
S1C), thus indicating that ATM is situated downstream of oxidative stress
in Dox-induced cardiotoxicity. To characterize the role of ATM in Dox-
induced cardiotoxicity in vivo, mice were treated once with Dox (15 mg/
kg of body weight by single i.p. injection) and then sacrificed after 7 days
and analysed. Although no apparent differences were seen in cardiac
morphology (see Supplementary material online, Figure S2A) between
wild-type mice and Atm homozygous knockout mice (Atm2/2),
Atm2/2 mice showed less decrease in heart weight/body weight (HW/
BW) ratio (Figure 1A), less increase in cardiac apoptosis (Figure 1B and
C), less impairment of cardiac systolic function (Figure 1D and E and see
Supplementary material online, Table S1), less compensatory dilatation
of the left ventricle, and less bradycardia (see Supplementary material
online, Figure S2B and Table S1). To evaluate the percentages of cardi-
omyocytes and cardiac fibroblasts in the apoptotic cell populations,
double fluorescent immunostaining of TUNEL with cardiomyocyte-
specific marker (troponin T) or cardiac fibroblast-specific marker
(vimentin) was done (see Supplementary material online, Figures S3A
and S4A). The results showed that �20% of apoptotic cells were car-
diomyocytes, whereas cardiac fibroblasts comprised �80% (see Sup-
plementary material online, Figures S3B and S4B). Moreover, no
apparent differences were seen in the percentages of cardiomyocytes
or cardiac fibroblasts in the apoptotic cell populations between the
two groups (see Supplementary material online, Figures S3B and
S4B). Interestingly, ATM activation was mainly detected in cardiac
fibroblasts of wild-type mice on Day 5 after Dox treatment on the
basis that phosphorylated ATM (ATM-S1981) was localised to cells
that stained positive for vimentin (see Supplementary material online,
Figure S5A and B). Moreover, ATM and phosphorylated ATM induced
by Dox were more robustly expressed in cardiac fibroblasts than
that in cardiomyocytes in vitro (see Supplementary material online,
Figure S5C). Fibroblasts appeared to be the key lineage responsible
for Dox-induced cardiotoxicity through ATM likely due to higher
levels of expression and activation of the protein in that cell.

3.2 Cardiac fibroblast-specific deleted
Atm mice ameliorates depression of left
ventricular function, cardiac apoptosis,
and mortality in response to Dox
As ATM activation was seen mainly in fibroblasts, which suggests that its
function in these cells might contribute to the phenotypes seen in
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Atm2/2 mice, the function of ATM in cardiac fibroblasts was next inves-
tigated using cell-specific conditional knockout mice. For this, car-
diac fibroblast-specific Atm-deleted mice (hereafter referred to as
Atmfl/fl;Postn-Cre) were generated using Atmfl/fl mice12 crossed with
fibroblast-restricted Cre transgenic (Postn-Cre) mice.13 Periostin (which is
encoded by Postn) was selectively induced in cardiac fibroblasts following
Dox treatment (mRNA expression in Figure 2A, protein expression in
Figure 2B). Cre-recombinase activity in the fibroblasts of Atmfl/fl;Postn-Cre
mice was also confirmed by in situ hybridization and immunohistochemistry
(see Supplementary material online, Figure S6A and B). Approximately 80%
of the Atm expression was deleted only in cardiac fibroblasts isolated from
Atmfl/fl;Postn-Cre mice when compared with control Atmfl/fl mice 7 days after
Dox administration (see Supplementary material online, Figure S7D and E).
Western blot analysis for ATM protein levels in the whole hearts of
Atmfl/fl;Postn-Cre mice showed marked reductions in contrast to robust
levels as seen in Atmfl/fl mice 7 days after Dox treatment (see Supplemen-
tary material online, Figure S7F). Although no apparent differences in cardiac
morphology (see Supplementary material online, Figure S8A) were seen be-
tween Atmfl/fl;Postn-Cre mice and Atmfl/fl mice, Atmfl/fl;Postn-Cre mice after
Dox administration showed less decrease in HW/BW ratio (Figure 2C),
less increase in cardiac apoptosis (Figure 2D and E), less impairment of car-
diac systolic function (Figure 2F and G and see Supplementary material

online, Table S), less compensatory dilatation of the left ventricles, and
less bradycardia (see Supplementary material online, Figure S8B and Table
S). However, no apparent differences were seen in the percentages of car-
diomyocytes and cardiac fibroblasts in the apoptotic cell populations be-
tween the two groups (see Supplementary material online, Figures S3C
and S4C). Furthermore, survival of Atmfl/fl;Postn-Cre mice was significantly
greater than that of Atmfl/fl mice 14 days after Dox treatment (Figure 2H).
Chronic administration of Dox (once every 7 days for 28 days) to
Atmfl/fl;Postn-Cre mice showed less cardiotoxic effects consistent with the
acute model, and also less fibrosis (see Supplementary material online,
Figure S9A–C). Collectively, these phenotypes demonstrate that ATM
expressed in cardiac fibroblasts principally mediates the effects of
Dox-induced cardiotoxicity.

3.3 Cardiomyocyte-specific deleted Atm
mice do not show different effects on
Dox-induced cardiotoxicity
The function of ATM in cardiomyocytes in Dox-induced cardiotoxicity
was then analysed using cardiomyocyte-specific Atm-deleted mice
(hereafter referred to as Atmfl/fl;aMHC-Cre) that were generated by
cross-breeding Atmfl/fl mice with cardiomyocyte-restricted Cre

Figure 1 Regulation of Dox-induced cardiotoxicity by ATM. Atm2/2 and wild-type mice were subjected to a single i.p. injection of saline or Dox
(15 mg/kg of body weight) for 7 days to induce cardiotoxicity. (A) HW/BW ratio (n ¼ 7 per group). (B and C) Dox-induced cardiac apoptosis as assessed
by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) staining. Immunoreactivity was visualised with diaminobenzidine
(brown). Haematoxylin was used as nuclear stain (blue). Arrows indicate representative TUNEL-positive cardiac cells (B). Scale bar, 50 mm. Apoptosis
index (percentage of TUNEL-positive nuclei) was calculated as TUNEL-positive nuclei/total nuclei × 100 (%). Apoptosis index of cardiac cells was
plotted (n ¼ 3 per group, total of 18 visual fields) (C). (D and E) Echocardiographic analysis (n ¼ 5 per group). M-mode echocardiographic tracings
(D) and left ventricular fractional shortening (LVFS) (E) of mice treated with saline or Dox. The results are expressed as means+ SD; *P , 0.05;
**P , 0.01; NS: not significant, by two-way ANOVA followed by a post hoc Tukey’s multiple comparisons test.
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transgenic mice (aMHC-Cre).14 Approximately 70% mRNA and 90%
protein expression of the ATM were deleted in cardiomyocytes
(see Supplementary material online, Figure S10A–C). When
Atmfl/fl;aMHC-Cre mice and control Atmfl/fl mice were subjected to
Dox, there were no apparent differences in cardiac morphology
(see Supplementary material online, Figure S11A), decrease in the

HW/BW ratio (Figure 3A), increase in cardiac apoptosis (Figure 3B
and C ), percentages of cardiomyocytes, and the cardiac fibroblasts in
the apoptotic cell populations (see Supplementary material online, Fig-
ures S3D and S4D), impairment of cardiac systolic function (Figure 3D
and E and see Supplementary material online, Table S), compensatory
dilatation of the left ventricle and echocardiographic parameters

Figure 2 Absence of Dox-induced cardiotoxicity in fibroblast-specific Atm-deleted mice. Atmfl/fl and Atmfl/fl;Postn-Cre mice were subjected to a single
i.p. injection of saline or Dox (15 mg/kg of body weight) for 7 days to induce cardiotoxicity. (A) Expression of periostin in cardiac fibroblasts and car-
diomyocytes. Cardiac fibroblasts and cardiomyocytes isolated from neonatal mice were treated with 1 mM of Dox for 12 or 24 h and then expression of
periostin was assessed using real-time PCR. (B) Expression of periostin in cardiac fibroblasts and cardiomyocytes after treatment with Dox as assessed by
western blot analysis. Cardiac fibroblasts and cardiomyocytes isolated from neonatal mice were treated with 1 mM Dox for indicated times. Cells were
lysed and subjected to western blot analysis with indicated antibodies. GAPDH was used as the loading control. (C) HW/BW ratio (n ¼ 7 per group).
(D and E) Dox-induced cardiac apoptosis as assessed by TUNEL staining. Immunoreactivity was visualised with diaminobenzidine (brown). Haematoxylin
was used as nuclear stain (blue). Arrows indicate representative TUNEL-positive cardiac cells (D). Scale bar, 50 mm. Apoptosis index (percentage of
TUNEL-positive nuclei) was calculated as TUNEL-positive nuclei/total nuclei × 100 (%). Apoptosis index of cardiac cells was plotted (n ¼ 3 per group,
total of 18 visual fields) (E). (F and G) Echocardiographic analysis (n ¼ 5 per group). M-mode echocardiographic tracings (F) and LVFS (G) of mice treated
with saline or Dox. The results are expressed as means+ SD; **P , 0.01; NS: not significant, by two-way ANOVA followed by a post hoc Tukey’s
multiple comparisons test. (H ) Kaplan–Meier survival analysis of Atmfl/fl (n ¼ 25) and Atmfl/fl;Postn-Cre (n ¼ 31) mice 2 weeks after treatment with
Dox. **P , 0.01 by log-rank test.
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(see Supplementary material online, Figure S11B and Table S1) or sur-
vival (Figure 3F) between the two groups, indicating that neither the
presence nor the absence of ATM in cardiomyocytes in mice affected
cardiotoxicity induced by Dox. Similar cardiotoxic effects were seen
with chronic administration of Dox (once every 7 days for 28 days)
in addition to fibrosis (see Supplementary material online, Figure
S12A–C). Thus, cardiotoxic effects of Dox through ATM are mediated
by cardiac fibroblasts but not by cardiomyocytes.

3.4 ATM mediates Dox-induced apoptosis
of cardiac fibroblasts but less in
cardiomyocytes in vitro
Dox induced cardiac apoptosis in wild-type mice, which was absent in
Atm2/2 mice and Atmfl/fl;Postn-Cre mice to a greater degree. Mechan-
isms in vitro were next addressed, namely, apoptosis which is thought
to be the most direct causative factor that contributes to Dox-induced
cardiotoxicity.16 Using neonatal rat cardiomyocytes and cardiac fibro-
blasts, Dox treatment resulted in a marked increase in apoptosis of car-
diac fibroblasts and cardiomyocytes, and administration of an inhibitor
of ATM, KU55933, effectively blocked cardiac fibroblast apoptosis but
only negligibly in cardiomyocytes after Dox treatment for 24 h

(Figure 4A–D). These results support the fact that cardiac fibroblasts
are the key lineage responsible for causing Dox-induced cardiotoxicity
through ATM.

3.5 ATM controls expression of FasL
in cardiac fibroblasts that mediate
Dox-induced cardiotoxicity
Because earlier studies have suggested that there are paracrine interac-
tions between cardiomyocytes and fibroblasts,17,18 we hypothesised
that ATM might directly control the expression of paracrine factors
in fibroblasts. To test this, antibody array analysis was done, which
showed marked increases in the apoptotic Fas ligand (FasL) after
Dox treatment in conditioned media of cardiac fibroblasts, which
was suppressed by KU55933 (see Supplementary material online,
Figure S13A and B). FasL levels secreted from cardiac fibroblasts that
were isolated from adult mice after treatment with Dox were also ap-
proximately two-fold higher than that from cardiomyocytes (see Sup-
plementary material online, Figure S13C). FasL and its receptor CD95
(Fas) showed increased expression in cardiac fibroblasts in a time-
dependent manner after treatment with Dox, which was less in cardi-
omyocytes (Figure 5A). To confirm whether the apoptosis of

Figure 3 Dox-induced cardiotoxicity in cardiomyocyte-specific Atm-deleted mice. Atmfl/fl and Atmfl/fl;aMHC-Cre mice were subjected to a single i.p.
injection of saline or Dox (15 mg/kg of body weight) for 7 days to induce Dox-induced cardiotoxicity. (A) HW/BW ratio (n ¼ 7 per group). (B and C)
Dox-induced cardiac apoptosis as assessed by TUNEL staining. Immunoreactivity was visualised with diaminobenzidine (brown). Haematoxylin was used
as nuclear stain (blue). Arrows indicate representative TUNEL-positive cardiac cells (B). Scale bar, 50 mm. Apoptosis index (percentage of TUNEL-
positive nuclei) was calculated as TUNEL-positive nuclei/total nuclei × 100 (%). Apoptosis index of cardiac cells was plotted (n ¼ 3 per group, total
of 18 visual fields) (C). (D and E) Echocardiographic analysis (n ¼ 5 per group). M-mode echocardiographic tracings (D) and LVFS (E) of mice treated
with saline or Dox. The results are expressed as means+ SD; **P , 0.01; NS: not significant, by two-way ANOVA followed by a post hoc Tukey’s
multiple comparisons test. (F ) Kaplan–Meier survival analysis of Atmfl/fl (n ¼ 28) and Atmfl/fl;aMHC-Cre (n ¼ 29) mice 2 weeks after treatment with
Dox. Note that there are no significant (NS) differences between Atmfl/fl and Atmfl/fl;aMHC-Cre mice.
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Figure 4 Regulation of Dox-induced apoptosis by ATM in cardiac fibroblasts in vitro. (A–D) Effects of ATM inhibitor (KU55933) on Dox-induced apop-
tosis of cardiac fibroblasts (CFs) or cardiomyocytes (CMs) were assessed by TUNEL staining. Cardiac fibroblasts or cardiomyocytes isolated from neo-
natal rats were pre-treated with 1 or 10 mM KU55933 for 30 min followed by administration of 1 mM Dox for 24 h and then immunostained for TUNEL
assay (brown). Haematoxylin was used as nuclear stain (blue). Arrows indicate representative TUNEL-positive cardiac fibroblasts (A) or cardiomyocytes
(C ). Scale bar, 100 mm. Apoptosis index (percentage of TUNEL-positive nuclei) was calculated as TUNEL-positive nuclei/total nuclei × 100 (%).
Apoptosis index of cardiac fibroblasts (B) or cardiomyocytes (D) was plotted. (E and F) Effects of conditioned medium from cardiac fibroblasts on Dox-
induced cardiomyocyte apoptosis were assessed by TUNEL staining. Cardiomyocytes isolated from neonatal rats were incubated for another 24 h in
conditioned medium prepared from cardiac fibroblasts pre-treated with KU55933 (an inhibitor of ATM, 10 mM) or Fas-Fc (neutralizing agent of FasL,
10 mg/mL) 30 min followed by administration of 1 mM Dox for 24 h, and then immunostained for TUNEL assay (brown) in cardiomyocytes. Arrows
indicate representative TUNEL-positive cardiomyocytes (E). Scale bar, 100 mm. Apoptosis index (percentage of TUNEL-positive nuclei) was calculated
as TUNEL-positive nuclei/total nuclei × 100 (%). Apoptosis index of cardiac cells was plotted (F). The results are expressed as means+ SD (n ¼ 3 per
group, total of nine visual fields); **P , 0.01; NS: not significant, by one-way ANOVA followed by a post hoc Tukey’s multiple comparisons test. Pre Tx,
pre-treatment; KU1, KU55933 1 mM; KU10, KU55933 10 mM; Sup. From CF, conditioned medium prepared from cardiac fibroblasts; Ctrl, Pre Tx-free
and Dox-free.
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Figure 5 Mechanism of FasL in regulating Dox cardiotoxicity. (A) Dox-induced FasL and CD95 expression as assessed by western blot analysis. Car-
diac fibroblasts and cardiomyocytes isolated from neonatal mice were incubated in 1 mM Dox for indicated times. Cells were lysed and subjected to
western blot analysis with indicated antibodies (n ¼ 3 per group). (B and C ) Effects of FasL on Dox cardiotoxicity in vivo. Cardiac fibroblasts (B) and
cardiomyocytes (C ) isolated from adult wild-type or FasL2/2 mice were treated with 1 mM Dox for 24 h and then assessed using the Cell Death
Detection ELISAPlus kit. The results are expressed as means+ SD (n ¼ 3 per group); **P , 0.01; NS: not significant, by two-way ANOVA followed
by a post hoc Tukey’s multiple comparisons test. (D) Effects of FasL on the apoptosis-related factor caspase-8 in vivo. Cardiac fibroblasts and cardiomyo-
cytes isolated from adult wild-type or FasL2/2 mice were treated with 1 mM Dox for indicated times and then assessed by western blot analysis (n ¼ 3
per group). (E) Dox-induced caspase-8 and -3 expressions as assessed by western blot analysis. Cardiac fibroblasts and cardiomyocytes isolated from
neonatal mice were incubated in 1 mM Dox for indicated times. Cells were lysed and subjected to western blot analysis with indicated antibodies (n ¼ 3
per group). GAPDH was used as the loading control.
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cardiomyocytes was induced by FasL secreted from cardiac fibroblasts,
Fas-Fc, which can neutralize FasL, was added to the medium before
stimulation by Dox. Significantly, cardiomyocytes cultured in medium
conditioned by cardiac fibroblasts treated with Fas-Fc or KU55933
showed less apoptosis when compared with cells cultured in medium
conditioned by control cells, thus indicating that FasL produced
from fibroblasts can directly regulate apoptosis of cardiomyocytes
(Figure 4E and F ). Moreover, to address whether FasL is a pivotal me-
diator of this mechanism in vivo, cardiac fibroblasts and cardiomyocytes
isolated from adult wild-type mice and FasL2/2 mice were treated with
Dox and then measured for apoptosis. Apoptosis of cardiac fibroblasts
was significantly attenuated in FasL2/2 mice compared with wild-type
mice treated by Dox; however, no difference was seen in cardiomyo-
cytes from these mice (Figure 5B and C ).

Dox-induced apoptosis of cardiomyocytes from rats occurred at
24 h when compared with mice at 48 h. Both similarly showed that
apoptosis of cardiac fibroblasts preceded that of cardiomyocytes
and was more robust (H. Zhan et al., unpublished observation).
Note that we focused on experimental conditions that show the in-
volved earlier and instructive events of apoptosis as regulated through
the cardiac fibroblast by ATM. Using these differentially isolated car-
diac fibroblasts and cardiomyocytes from adult wild-type and FasL2/2

mice, expression of a representative apoptosis-related factor,
caspase-8, was shown to be markedly increased in cardiac fibroblasts
isolated from adult wild-type mice when compared with FasL2/2

mice; however, there was no increase in cardiomyocytes
(Figure 5D). Under conditions in which Dox activated caspase-3 in
cardiomyocytes, Dox also activated caspase-3 in cardiac fibroblasts.
Caspase-3 was activated both in cardiomyocytes and in fibroblasts,
but as caspase-8 was selectively activated in fibroblasts but not in car-
diomyocytes (Figure 5E), involved pathways seem to differ between
these cell types. These data collectively suggest that FasL is a medi-
ator of ATM-mediated Dox cardiotoxicity via caspase-8 in vivo. These
findings are consistent with the results of earlier studies that showed
increased susceptibility of cardiomyocytes to Fas-mediated apoptosis
when damaged by Dox.19

3.6 KU55933, a potent and selective
inhibitor of ATM, prevents Dox-induced
cardiotoxicity
To test whether the inhibition of ATM activation may prevent Dox-
induced cardiotoxicity in vivo, KU55933, a potent and selective inhibitor
of ATM,20,21 was administered to Dox-treated mice. Although there
were no apparent differences in cardiac morphology (see Supplemen-
tary material online, Figure S14A), mice treated with KU55933 showed
less decrease in the HW/BW ratio (Figure 6A), less increase in cardiac
apoptosis (Figure 6B and C), less impairment of cardiac systolic function
(Figure 6D and E and see Supplementary material online, Table S1), less
compensatory dilatation of the left ventricle and less bradycardia (see
Supplementary material online, Figure S14B and Table S1), and mortality
(Figure 6F). However, no apparent differences were seen in the percen-
tages of cardiomyocytes and cardiac fibroblasts in the apoptotic cell
populations between the two groups (see Supplementary material on-
line, Figures S3E and S4E). Under these conditions, pre-treatment with
KU55933 attenuated Dox-induced activation of ATM (Figure 6G) in the
heart. Therefore, inhibition of ATM activation by KU55933 is effective
in preventing Dox-induced cardiotoxicity in vivo.

4. Discussion
Anthracyclines, as represented by doxorubicin (Dox), are widely used
for cancer therapy with usage limited due to their cumulative dose-
dependent cardiotoxicity that leads to irreversible degenerative cardio-
myopathy and heart failure in cancer patients.1 As described in the ESC
guidelines for the diagnosis and treatment of acute and chronic heart fail-
ure, anthracyclines are a major and central class of anticancer drugs
known to harbour cardiotoxic effects. Although multiple mechanisms
of Dox-induced cardiotoxicity, including DNA damage, free radical for-
mation, mitochondrial dysfunction, lipid peroxidation, altered calcium
handling, and activation of pro-apoptotic signalling cascades/inhibition
of survival signalling, have been implicated22 but not fully elucidated as
they are likely multifactorial, substantial evidence supports a key role
for Dox-induced oxidative stress in cardiotoxicity.23

The present study showed that ATM mediates Dox-induced cardio-
toxic effects (e.g. cardiac dysfunction, apoptosis, mortality). Further in-
vestigations identified that effects of ATM are predominantly mediated
by cardiac fibroblasts and not the cardiomyocytes through enhancing
release of FasL from the fibroblast, which in turn facilitates apoptosis
of cardiomyocytes. Oxidative stress as sensed through ATM mainly
in cardiac fibroblasts, therefore, plays an early instructive role in activa-
tion of cardiac apoptosis associated with Dox cardiotoxicity. Our re-
sults showed that, surprisingly, cardiac fibroblasts and not
cardiomyocytes, as would be expected a priori, not only sensed but
also acted in a regulatory manner in response to the oxidative stress
damage as caused by Dox.

On cell-type-specific mechanisms, to our knowledge, this is the first
study to have pursued the role of cardiac fibroblasts and factors in
these cells in the pathological mechanisms of Dox-induced cardiotoxi-
city. Investigations have shown effects of cardiomyocyte-specific abla-
tion of factors on anthracycline cardiotoxicity including topoisomerase
IIb,24 focal adhesion kinase,25 breast cancer susceptibility gene II
(BRCA2),26 survivin,27 and signal transducer and activator of transcrip-
tion 3 (STAT3)28 to mediate/promote cardiotoxic effects of Dox, and
RAS-related C3 botulinus toxin substrate 1 (Rac1) to inhibit effects.29

Cardiac sensitization to anthracycline toxicity has also been reported in
ventricular muscle-specific erbB4 knockout mice.30 A study using
cardiomyocyte-specific transgenic mice expressing nitric oxide syn-
thase 3 (NOS3)31 has further shown promoting the effects on Dox-
induced cardiotoxicity. Thus, these accumulating lines of evidence
have identified cardiomyocyte-mediated pathways involved in Dox-
induced cardiotoxicity. Of particular relevance to the present study,
cardiomyocyte-specific ablation of p53 has been shown to not suffi-
ciently inhibit Dox-induced cardiotoxicity.32 As ATM is one of the fac-
tors lying upstream of p53, these findings are supportive of a
non-cardiomyocyte mechanism mediated by p53, likely involving but
not restricted to the described pathway through the ATM-p53 axis
in the fibroblast that seems to be only partially dependent on ATM
(H. Zhan et al., unpublished observation). Although the present study
suggests that ATM in cardiac fibroblasts is important in Dox-induced
cardiotoxicity, alternative mechanisms underpinning Dox-induced car-
diac damage are also feasible. More importantly, interactions among
these factors and/or pathways and their effects on other cell types in
the cardiomyocyte and cardiac fibroblast remain unknown. Given the
cross-talk between both signalling pathway molecules and cell types
in the heart through these cells and likely other constituent cells as
well, it will be important to further identify and dissect the relative con-
tributions and importance of individual pathways and cells to unravel
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the full scope of mechanisms underlying Dox cardiotoxicity. The sche-
matic diagram represents a model of the molecular/cellular mechanism
of the effect of ATM in Dox-induced cardiotoxicity (see Supplementary
material online, Figure S15).

Clinically, Dox-induced cardiotoxicity is a substantial drawback of
anticancer therapy, notably for breast cancer and lymphoma in which
the use of Dox is limited because of cardiotoxic effects. Improvements
on anthracycline agents have been made such as development of newer

and less cardiotoxic agents such as epirubicin and idarubicin, and drug
delivery approaches such as the use of prodrugs and liposomal delivery.
Further, a variety of cardioprotective agents to prevent Dox-induced
cardiotoxicity have been tried, including statins, coenzyme Q10,
L-carnitine, carvedilol, N-acetyl-L-cysteine (NAC), combinations of vita-
mins E and C with NAC, digoxin, enalapril, phenethylamines, deferox-
amine, ethylenediaminetetraacetic acid (EDTA), superoxide dismutase,
and monohydroxyethylrutoside. At present, only the iron-chelating

Figure 6 Effects of ATM inhibitor, KU55933 (KU), on Dox-induced cardiotoxicity in vivo after 2 weeks. (A) HW/BW ratio (n ¼ 5 per group). (B and C)
Dox-induced cardiac apoptosis as assessed by TUNEL staining. Immunoreactivity was visualised with diaminobenzidine (brown). Haematoxylin was used
as nuclear stain (blue). Arrows indicate TUNEL-positive cardiac cells (B). Scale bar: 50 mm. Apoptosis index (percentage of TUNEL-positive nuclei) was
calculated as TUNEL-positive nuclei/total nuclei × 100 (%). Apoptosis index of cardiac cells was plotted (n ¼ 3 per group, total of 18 visual fields) (C). (D
and E) Echocardiographic analysis (n ¼ 5 per group). M-mode echocardiographic tracings (D) and LVFS of mice (E) treated with saline or Dox, or
KU55933 + Dox. The results are expressed as means+ SD; **P , 0.01 by one-way ANOVA followed by a post hoc Tukey’s multiple comparisons
test. (F ) Kaplan–Meier survival analysis of C57BL/6 mice 2 weeks after treatment with Dox (n ¼ 19) and C57BL/6 mice treatment with KU55933 + Dox
(n ¼ 19). **P , 0.01 by log-rank test. (G) Expression of ATM (S1981) and ATM examined by western blot analysis. GAPDH was used as the loading
control.
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EDTA derivative, dexrazoxane, which is thought to chelate and reduce
the number of metal ions complexed with the anthracyclines and
therefore reduce the formation of superoxide radicals, is presently re-
commended by the ESC for use as a cardioprotective agent for patients
receiving these anticancer agents.33,34 KU55933, which inhibited ATM
activity and thus was protective against cardiotoxic effects of Dox in
the present study, was developed and pursued as a possible anticancer
drug, in particular in patients with breast cancer. Nonetheless, we have
identified a novel cell-specific molecular signalling pathway that might
be potentially exploitable for therapeutic purposes.

Conceptually, the combined use of anticancer agents that inhibit ATM
to prevent cardiotoxicity by Dox might allow for effective methods to
overcome the limitations of the latter while allowing the combined effect
of the two anticancer agents with a possible use of lesser individual do-
sages through combinatorial sensitization effects.35,36 Cell-type-specific
targeted therapy (e.g. fibroblast-specific ATM antagonism), possibly in
combination with those targeting other pathways involved in Dox-
induced cardiotoxicity (e.g. cardiomyocyte-specific pathways), might
pose further therapeutic possibilities as lineage-restricted targets. With
newer anticancer agents such as trastuzumab, sorafenib, and sunitinib
also showing cardiotoxic effects but with lesser known mechanisms, simi-
lar approaches may have general and wide applicability.

4.1 Study limitations
The findings of the study are limited by the criteria of the employed
technical approaches. One is that aMHC-Cre-expressing mice are leaky
in expression in cardiomyocytes (�30% expression) and are some-
what a hypomorph rather than null deletion that limits the accuracy
of the statements made using these mice although these mice are the
best available at this time. Experiments using these mice warrant revi-
sitation once better and improved mice become available. Variability in
response to Dox according to animal species was another limitation,
specifically different apoptotic responses between rat- and mice-
derived cells as used in the present study. Importantly, the results
were consistent but differed in quantitative aspects (e.g. reduced Dox-
induced apoptotic effects on cardiomyocytes isolated from murine car-
diomyocytes). There are also limitations on the involved mechanisms.
Fas-mediated regulation was the centre of investigation in our studies,
but cross-talk with p53 in both an ATM-dependent and -independent
manner as well as relative contribution needs to be further delineated
in vivo in subsequent studies (e.g. fibroblast-specific FasL knockout mice
to delineate role and contribution of the ATM-p53 pathway).

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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