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Fig. 9. Western blot analysis of IGFIR+/—IR—/— heart extracts after exercise or IGF-1 administration. (A) Expression of IGF1R 3 subunit protein (IGF1RB) and IR 3 subunit protein
(IRB) in the heart of WT and IGF1R+/—IR—/— mice. Sed and Swim represent a sedentary and a swimming group, respectively. (B) Tyrosine phosphorylation levels of IGF1R/IR and
activation of Akt in the heart of WT and IGF1R+/—IR—/— mice 5 minutes after IGF-1 administration. There are some IGF1R bands in the immunoprecipitates of IR and vice versa,
possibly due to antibody cross-reactivity. pY represents anti-phosphotyrosine antibody. IP and IB represent immunoprecipitation and immunoblot, respectively.

important difference between Kim's study and our own is that the
study of Kim et al used a more protracted exercise protocol (96 hours
total over 5 weeks) at a higher altitude (4000 ft above sea level). This
might be the reason for the activation of AMPK in CIGFRKO mice in
those studies but not in ours. In addition, Kim et al. [20] reported that
Akt activity was not altered between CIGFRKO mice and wild type
mice after exercise training, although the degree of exercise-induced
cardiac hypertrophy was significantly reduced in CIGFRKO animals.
In the present study, although exercise-induced cardiac hyper-
trophy was impaired in IGFIR—/—IR+/— mice, phospho-Akt levels
of IGFIR—/—IR+/— mice were comparable to those of wild type
mice (Fig. 7B). Likewise, although exercise-induced cardiac hypertro-
phy was severely impaired in IGFIR+/—IR—/— mice, phospho-Akt
levels in the heart were only slightly impaired in IGFIR+/—IR—/—
mice compared to those in wild type mice (Fig. 9B). Thus, the level of
activation of Akt does not necessarily correlate with the degree of
cardiac hypertrophy in Igflr and Igfir/Ir compound mutant mice.
Taken together, these two studies would suggest that deficiency of
IGF-1 signaling in the heart does not prevent exercise-induced
cardiac hypertrophy on the basis of reduced signaling via the IGF1R to
Akt, but may impact cardiac hypertrophy by indirect mechanisms. Our
data would suggest that these mechanisms become amplified when
insulin and IGF-1 signaling are simultaneously impaired.

In summary, we have demonstrated overlapping roles of IGF1R-
and IR-mediated signals in the development of exercise-induced
physiological cardiac hypertrophy (Fig. 10). The cross talk between
IGF1R- and IR-mediated signals might be in part at the level of ligand-
receptor interaction at the cell surface. Further elucidation of the
signaling pathways downstream of the insulin and IGF-1 receptors
that modulate physiological cardiac hypertrophy might identify novel
targets that could be exploited in the management of heart failure,
where evidence exists that function and prognosis might be increased
by exercise.
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Doxorubicin is known to have cumulative dose-dependent cardiotoxicity, and a tumor suppressor protein
p53 has been implicated in the pathogenesis of doxorubicin cardiotoxicity. However, how p53 is induced by
doxorubicin and mediates the cardiotoxic effects of doxorubicin remains elusive. In cultured cardiac
myocytes, doxorubicin induced oxidative stress, DNA damage, ATM activation, and p53 induction. A free
radical scavenger NAC attenuated all of these events, whereas an ATM kinase inhibitor wortmannin
attenuated doxorubicin-induced ATM activation and p53 induction but not oxidative stress. Doxorubicin

Keywords:
Do})l(orubicin treatment in vivo also induced oxidative stress, DNA damage, ATM activation, and p53 accumulation. These
Cardiomyopathy observations suggest that p53 induction by doxorubicin is mediated by oxidative DNA damage-ATM

p53 pathway. Doxorubicin-induced contractile dysfunction and myocyte apoptosis in vivo were attenuated in
Apoptosis heterozygous p53 deficient mice and cardiac-restricted Bcl-2 transgenic mice, suggesting that myocyte
Statins apoptosis plays a central role downstream of p53 in doxorubicin cardiotoxicity. We also tested whether
pitavastatin exerts protective effects on doxorubicin cardiotoxicity. Pitavastatin attenuated doxorubicin-
induced oxidative stress, DNA damage, ATM activation, p53 accumulation, and apoptosis in vitro. Pitavastatin
also attenuated myocyte apoptosis and contractile dysfunction in vivo. The beneficial effects of pitavastatin
were reversed by intermediate products of the mevalonate pathway that are required for the activation of
Rac1, and Rac1 inhibitor exhibited cardioprotective effects comparable to those of pitavastatin. These data
collectively suggest that doxorubicin-induced cardiotoxicity is mediated by oxidative DNA damage-ATM-
p53-apoptosis pathway, and is attenuated by pitavastatin through its antioxidant effect involving Racl
inhibition.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction doxorubicin induces p53 accumulation in the heart and that either

pharmacological or genetic ablation of p53 results in the attenuation

Doxorubicin is a potent chemotherapeutic agent used for a wide
variety of malignancies. However, the use of doxorubicin is limited
due to its cumulative dose-dependent cardiotoxicity, which some-
times results in doxorubicin cardiomyopathy [1,2]. Although the
precise mechanism of doxorubicin-induced cardiotoxicity is not
completely understood, oxidative stress has been proposed as one
of the mechanisms of cardiotoxicity by doxorubicin. Acute or chronic
doxorubicin cardiotoxicity is reduced in transgenic mice overexpres-
sing mitochondrial MnSOD or cysteine-rich metallothioneins, respec-
tively [3,4], supporting the idea that oxidative stress mediates
doxorubicin cardiotoxicity. It has also been suggested that a tumor
suppressor protein p53 is a critical mediator of doxorubicin
cardiotoxicity. This notion is supported by the observation that

* Corresponding author. Department of Cardiovascular Science and Medicine, Chiba
University Graduate School of Medicine, 1-8-1 Inohana, Chuo-ku, Chiba, 260-8670, Japan.
E-mail address: komuro-tky@umin.ac.jp (I. Komuro).

0022-2828/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.yjmcc.2009.07.024

of cardiotoxicity following doxorubicin treatment [5,6]. However,
how p53 is activated in the heart by doxorubicin or how p53 mediates
the cardiotoxic effects of doxorubicin remains elusive. Although
myocyte apoptosis induced by doxorubicin was attenuated by p53
ablation [5,6], this does not directly demonstrate the causative role of
cardiomyocyte apoptosis in doxorubicin-mediated cardiotoxicity. It
was recently shown that p53 inhibits hypoxia-inducible factor-1
(Hif-1) and thereby promotes myocardial ischemia [7]. More recently,
p53-dependent inhibition of mammalian target of rapamycin (mTOR)
was proposed as a mechanism of acute doxorubicin cardiotoxicity
independently of p53-induced apoptosis [8]. Thus, it is possible that
p53-dependent but apoptosis-independent mechanisms also contrib-
ute to the pathogenesis of doxorubicin cardiotoxicity.

The 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibi-
tors or statins are widely used as a cholesterol lowering drug, and also
known to be cardioprotective through lipid lowering-independent
pleiotropic effects [9]. For instance, statin treatment protects against
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stroke, ischemia-reperfusion injury, cardiac hypertrophy, and heart
failure in normocholesterolemic animals [10-13]. Most of these pleio-
tropic effects are thought to be mediated by inhibiting the synthesis of
isoprenoid intermediates such as farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP) downstream of the mevalonate
pathway [9]. FPP and GGPP serve as lipid attachments for the post-
translational modifications of a variety of proteins including small G
proteins. Of note, activation of NADPH oxidase requires geranylge-
ranylation of Rac1 [14], and it was shown that the protective effect of
statins against cardiac hypertrophy is mediated by its antioxidant effects
involving the inhibition of Rac1 activity [12]. Whether statins exert
protective effects against doxorubicin cardiotoxicity by similar mecha-
nisms remains unknown.

In this study we explored how p53 accumulation is induced by
doxorubicin and how p53 mediates the cardiotoxic effects of doxoru-
bicin. We also examined the potential mechanisms of cardioprotection
by statins against doxorubicin. We show that doxorubicin cardiotoxicity
is mediated by oxidative DNA damage-ATM-p53-apoptosis pathway
and attenuated by pitavastatin through the inhibition of Rac1 activity.

2. Materials and methods
2.1. Reagents

Doxorubicin was from Kyowa Hakko Kogyo (Tokyo, Japan).
N-acetyl-L-cysteine (NAC), mevalonolactone, farnesyl pyrophosphate
(FPP), geranylgeranyl pyrophosphate (GGPP), NADPH, and lucigenin
were from Sigma (St. Louis, Missouri). Wortmannin, farnesyltransfer-
ase inhibitor (FTI (FTI-276)), geranylgeranyl transferase inhibitor (GTI
(GTI-286)), Racl inhibitor (NSC23766), and apocynin were from
Calbiochem (San Diego, California). Dihydroethidium (DHE) and 5-
(and-6)-chloromethyl-2’, 7’-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA) were from Molecular Probes (Eugene,
Oregon). Hydrogen peroxide (H,0,) was from Wako (Osaka, Japan).
Pitavastatin was provided by Kowa (Tokyo, Japan).

2.2. Cell culture and treatment

Neonatal rat cardiomyocytes were prepared as previously des-
cribed [15]. Doxorubicin (1 pM) was added to culture media 24 h after
myocyte preparation. Where indicated, cells were pretreated for
30 min with the following compounds: wortmannin, 1-50 uM; NAC,
1-50 puM; pitavastatin, 0.1-10 uM; mevalonate, 200 pM; GGPP, 10 uM;
FPP, 10 puM; GTI, 30 pM; FTI, 20 nM; Rac1 inhibitor, 100 pM.

2.3. Animal models

C57BL/6 mice were purchased from SLC (Shizuoka, Japan). Hetero-
zygous p53 deficient mice on C57BL/6 background were from Jackson
Laboratory (Bar Harbar, Maine). For experiments using p53 heterozy-
gous knockout mice, C57BL/6 mice were used as controls. Generation
and genotyping of transgenic mice with cardiac-restricted overexpres-
sion of human Bcl-2 have been previously described [16]. Bcl-2
transgenic mice were on mixed background and their non-transgenic
littermates were used as controls. Doxorubicin treatment was per-
formed with intraperitoneal injection of doxorubicin (6 mg/kg) once a
week for 4 weeks. Pitavastatin (3 mg/kg) treatment was performed
with daily oral administration. All animal procedures were performed
with the approval of the Institutional Animal Care and Use Committee of
Chiba University.

2.4. Echocardiography
Transthoracic echocardiography was performed with Vevo 660

(VISUAL SONIC, Ontario, Canada) equipped with a 25-MHz imaging
transducer. All recordings were performed on conscious animals.
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2.5. Oxidative stress detection

Total intracellular oxidation in cultured cardiomyocytes was assessed
with 2/, 7'-dichlorofluorescein (DCF) fluorescence using CM-H2DCFDA.
Intracellular oxidative stress was monitored by microscopic observa-
tion and measurement of intracellular fluorescence intensity using the
Mithras LB940 (Berthold, Germany) as previously described [17].
Measurements were carried out for 5 samples in each group according
to the manufacturer's instruction. Histological detection of superoxide
production was assessed with DHE as previously described [18].

2.6. DNA damage detection

To assess DNA damage in cultured cardiomyocytes, CometAssay
(Trevigen, Gaithersburg, MD, USA) was performed according to the
manufacturer's instruction. During electrophoresis, undamaged DNA
remains within the confines of the nucleus, whereas damaged DNA
migrates out of the nucleus in the shape of a comet. Each comet was
assigned a value of 0 (no tail) to 4 (almost all DNA in tail), and 100
cells per slide and 3 slides per treatment were analyzed. To assess
DNA damage in the heart in vivo, paraffin sections of the heart
samples fixed in 10% formalin were stained with an antibody against
phosphorylated histone H2AX ('yH2AX) (Cell Signaling Technology,
Beverly, Massachusetts) and dystrophin (Novocastra Laboratories,
Newcastle, UK).

2.7. Western blot analysis

Western blot analysis was performed as previously described [7].
Unless mentioned otherwise, whole cell or tissue lysates were used for
analysis. For Rac1 subcellular localization assay, membrane and cytosolic
proteins were prepared using proteoextract native membrane protein
extraction kit (Calbiochem) according to the manufacturer's instruction.
Specific signals were detected using enhanced chemiluminescence
(Amersham, Buckinghamshire, UK). The primary antibodies used for
western blotting were as follows: phospho-ATM (S1981) (Rockland,
Philadelphia, Pennsylvania), ATM (Santa Cruz Biotechnology), phosho-
p53 (S15) (Santa Cruz Biotechnology), p53 (Cell Signaling Technology),
Bax (Santa Cruz Biotechnology), cleaved caspase-3 (Cell Signaling
Technology), Rac1 (Santa Cruz Biotechnology), and actin (Sigma).

2.8. NADPH oxidase assay

NADPH oxidase activity was measured as previously described
[19]. All measurements were performed as triplicates in 96-well
luminometer plates.

2.9. Cell death assay

The number of viable cells in vitro was determined with trypan
blue exclusion method [20]. For apoptosis analysis in vitro and in
vivo, TUNEL labeling was performed according to the manufac-
turer's protocol (In Situ Apoptosis Detection Kit; Takara, Shiga,
Japan). TUNEL-positive cells were counted in 3 randomly selected
low-power fields from each culture dish, 3 dishes for each group in
vitro. TUNEL/dystrophin double positive cells were counted in 20
randomly selected high-power fields from each heart sample in
vivo.

2.10. Statistical analysis

All values are expressed as means 4+ SEM. Multiple group compa-
rison was performed by one-way ANOVA followed by the Tukey's
HSD for comparison of means. Comparisons between two groups
were analyzed by two-way ANOVA. Data processing and analysis
were performed by using JMP version 5.1 (Statical Analysis



700 M. Yoshida et al. / Journal of Molecular and Cellular Cardiology 47 (2009) 698-705

class 0 class 1 class 2 class 3 class 4

12h

DCF
fluorescence

g

visual score
(arbitrary units)
8

Relative DCF
Fluorescence intensity
N
8
1

o

Oh 2h 4h 8h 12h 16h 24h

c Oh 2h 4h 8h 12h 16h 24h

a1 1 1 1 L1
P53 | - — |
Bax | o
Casp-3 | R ]

percentage of cells that
excluded trypan blue (%)

n j—— —— e
> 5
E 18
Dox: - 1 1 1 M) 8 §’
-
Wort: - - 50 - @ I g‘
som) R B
[$]
F Dox: - - 1 1 1 1 (uM)
Wort: 10 50 (uM)
N ......
20 - fluorescence

1.0 A

Relative DCF
Fluorescence imensity

0.0 4

204



M. Yoshida et al. / Journal of Molecular and Cellular Cardiology 47 (2009) 698-705 701

A Day7

c Oh 8h 16h 24h Day3 Day7 D

e | S S S |
MET T RN

3 0.4
* <y *
o) 2T T
= 2 o
© 2 7]
N a3
@ g S
1 35
3 ES
8
0 -

Oh 8h 16h  24h Day3 Day7 Oh 8h 16h 24h Day3 Day7

Fig. 2. Doxorubicin induces oxidative DNA damage, ATM kinase activation, and p53 accumulation in the heart in vivo. (A) Doxorubicin-induced oxidative stress in vivo. Oxidative
stress was assessed by DHE assay. (B) Doxorubicin-induced DNA damage in vivo. DNA damage was assessed by YH2AX staining. (C) Doxorubicin-induced ATM activation, p53
accumulation, and cardiomyocyte apoptosis in vivo. Left: Western blot analysis. Molecular weight of Bcl2 is 26 kDa. Right: quantification of Bax/Bcl2 ratio. *P<0.05 vs 0 h. (D)
Doxorubicin-induced cardiomyocyte apoptosis as assessed by TUNEL staining. Left: double-immunostaining for TUNEL (brown) and dystrophin (red) in the heart after doxorubicin
treatment. Scale bar, 100 pm. Right: time course of the number of TUNEL-positive cardiomyocytes. *P<0.05 vs 0 h.

Systems). Values of P<0.05 were considered to be statistically links oxidative stress to p53 accumulation [21,22], we tested

significant. whether DNA damage response mediates doxorubicin cardiotoxi-
city in cultured cardiac myocytes. Doxorubicin treatment induced

3. Results oxidative stress and DNA damage in cardiac myocytes, as
assessed by DCF fluorescence and CometAssay. Statistically

3.1. Doxorubicin induces p53 accumulation in cardiac myocytes via significant increase in DCF fluorescence and DNA damage was
oxidative DNA damage-ATM pathway observed from 4 h and 8 h after doxorubicin treatment,
respectively (Figs. 1(A) and (B)). Increased oxidative stress and

Previous studies implicated oxidative stress and p53 accumu- DNA damage was associated with an increase in phospho-ATM

lation in doxorubicin cardiotoxicity [1,2]. Because DNA damage (ataxia telangiectasia mutated) levels, p53 accumulation, and

Fig. 1. Doxorubicin induces p53 accumulation in cardiac myocytes through oxidative DNA damage-ATM pathway. (A) Doxorubicin-induced oxidative stress, Top: DCF fluorescence.
Bottom: quantification of DCF fluorescence. *P<0.05 vs 0 h. (B) Doxorubicin-induced DNA damage as assessed by CometAssay. Top: classification of comets from 0 (no tail) to 4 (almost all
DNA in tail). Middle: representative pictures of CometAssay at indicated time points. Bottom: time course of visual scores. White columns and black columns represent control (saline-
treated) group and doxorubicin-treated group, respectively. *P<0.05 vs control group at 0 h; ¥P<0.05 vs control group at the same time points. (C) Doxorubicin-induced ATM activation,
P53 accumulation, and cardiomyocyte apoptosis as assessed by Western blot analysis. cCasp-3, cleaved caspase-3. Molecular weights of the proteins are 370 kDa for pATM/ATM, 53 kDa for
p-p53/p53, 23 kDa for Bax, 19 kDa for cleaved caspase-3, and 42 kDa for actin. (D) Doxorubicin-induced cardiomyocyte death. Top: trypan blue exclusion assay. White columns and black
columns represent control (saline-treated) group and doxorubicin-treated group, respectively. *P<0.05 vs control group at 0 h; *P<0.05 vs control group at the same time points. Bottom:
TUNEL assay. White columns and black columns represent control (saline-treated) group and doxorubicin-treated group, respectively. *P<0.05 vs control group at 0 h; *P<0.05 vs control
group at the same time points. (E) NAC but not wortmannin attenuates doxorubicin-induced oxidative stress. Top: DCF fluorescence. Bottom: quantification of DCF fluorescence. *P<0.05
vs 0 h. (F) Both NAC and wortmannin attenuates doxorubicin-induced ATM activation and p53 accumulation. DCF fluorescence, ATM, and phospho-p53 were assessed 12 h,4 h,and 12 h
after doxorubicin treatment, respectively. Wort, wortmannin.
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apoptotic cell death (Figs. 1(C) and (D)). Definitive increases in
phospho-ATM and phospho-p53 were observed from 4 h after
doxorubicin treatment, followed by cleaved Caspase-3 expression
and apoptotic cell death from 8 h after doxorubicin treatment.
This is consistent with the notion that p53 phosphorylation by
ATM results in p53 stabilization, leading to apoptotic cell death.
Doxorubicin-induced oxidative stress was attenuated by a free
radical scavenger NAC but not by an ATM kinase inhibitor
wortmannin, whereas doxorubicin-induced p53 accumulation was
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reduced both by NAC and wortmannin (Figs. 1(E) and (F)),
indicating that ATM is situated downstream of oxidative stress in
doxorubicin-induced p53 accumulation. We also checked the
involvement of oxidative DNA damage-ATM pathway in doxoru-
bicin cardiotoxicity in vivo. Single intra-peritoneal injection of
doxorubicin (6 mg/kg) induced oxidative stress and DNA damage
as assessed by DHE assay and yH2AX staining, respectively (Figs.
2(A) and (B)). Doxorubicin-induced oxidative stress and DNA
damage in the heart were associated with a transient increase in
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Fig. 3. Doxorubicin cardiotoxicity is mediated by p53-dependent cardiomyocyte apoptosis. (A) Doxorubicin-induced cardiomyopathy in wild type mice. Top: representative
echocardiograms of the heart treated with normal saline (NS) or doxorubicin (Dox: 6 mg/kg) once a week for 4 weeks. Bottom left: left ventricular fractional shortening of mice treated
with normal saline (white columns) or doxorubicin (black columns), *P<0.05 vs 0 week; *P<0.05 vs normal saline-treated group at the same time point. Bottom right: number of TUNEL-
positive cardiomyocytes 4 weeks after doxorubicin treatment. *P<0.05 vs normal saline (NS)-treated group. (B) Doxorubicin-induced cardiomyopathy is attenuated in heterozygous
p53 deficient mice. Left: left ventricular fractional shortening of mice treated with normal saline (NS) or doxorubicin (Dox). Right: number of TUNEL-positive cardiomyocytes 4 weeks
after doxorubicin treatment. *P<0.05 vs saline-treated wild type mice; *P<0.05 vs doxorubicin-treated wild type mice. (C) Doxorubicin-induced cardiomyopathy is attenuated in
cardiac-specific Bcl-2 transgenic mice. Left: left ventricular fractional shortening of mice treated with normal saline (NS) or doxorubicin (Dox). Right: number of TUNEL-positive
cardiomyocytes 4 weeks after doxorubicin treatment. *P<0.05 vs saline-treated wild type mice; *P<0.05 vs doxorubicin-treated wild type mice.
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phospho-ATM levels, p53 accumulation (Fig. 2(C)), and apoptotic collectively suggest that doxorubicin treatment induces p53
cell death of myocytes as assessed by Bax/Bcl2 ratio and the accumulation via oxidative DNA damage-ATM pathway in cardiac
number of TUNEL-positive cells (Figs. 2(C) and (D)). These data myocytes.
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Fig. 4. Pitavastatin attenuates doxorubicin cardiotoxicity through its antioxidant effect involving Rac1 inhibition. (A) Pitavastatin attenuates doxorubicin-induced oxidative stress,
ATM activation, and p53 accumulation in vitro. Oxidative stress was assessed by DCF fluorescence, and ATM activation and p53 accumulation were assessed by Western blot analysis.
(B) Pitavastatin attenuates doxorubicin-induced myocyte death as assessed by trypan blue exclusion assay. White columns and black columns represent control (saline-treated)
group and doxorubicin-treated group, and V and P represent vehicle and pitavastatin treatment, respectively. *P<0.05 vs vehicle-treated control group at the same time points;
*P<0.05 vs pitavastatin-treated doxorubicin group at the same time points. (C) Intermediate products of the mevalonate pathway reverse the beneficial effects of pitavastatin on
doxorubicin cardiotoxicity. MEV, mevalonate. (D) GTI and Rac1 inhibitor but not FTI exhibit protective effects on doxorubicin cardiotoxicity. (E) Pitavastatin attenuates doxorubicin-
induced cardiomyopathy. Top: left ventricular fractional shortening of mice treated with normal saline (NS) or doxorubicin (Dox). Mice were further divided into vehicle-treated
group or pitavastatin-treated group. Bottom: number of TUNEL-positive cardiomyocytes 4 weeks after doxorubicin treatment. *P<0.05 vs saline/vehicle-treated group; *P<0.05 vs
saline/ pitavastatin-treated group; 'P<0.05 vs doxorubicin/vehicle-treated group. (F) Pitavastatin attenuates NADPH oxidase activity. White columns and black columns represent
control (saline-treated) group and pitavastatin-treated group, respectively. *P<0.05 vs lucigenin-treated control group; P<0.05 vs lucigenin/NADPH-treated control group;

*#P<0.05 vs lucigenin/NADPH/doxorubicin-treated control group; *P<0.05 vs control group with the same treatment. (G) Pitavastatin inhibits translocation of Racl to plasma
membrane. Molecular weight of Rac1 is 22 kDa.
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3.2. Doxorubicin cardiotoxicity is mediated by p53-dependent
cardiomyocyte apoptosis

We next examined the role of p53-dependent cardiomyocyte
apoptosis in doxorubicin-induced cardiotoxicity in vivo. After chronic
doxorubicin treatment, contractile function was impaired and
apoptotic cardiomyocyte death was increased compared with vehicle
treatment group in wild type mice (Fig. 3(A)). The deleterious effects
of doxorubicin were attenuated in p53 heterozygous knockout mice,
suggesting that p53 accumulation plays a causal role in doxorubicin
cardiotoxicity (Fig. 3(B)). p53-induced cardiomyocyte apoptosis,
myocardial ischemia, and mTOR inhibition have been implicated in
the pathogenesis of various forms of heart failure [1,2,7,8]. However,
doxorubicin cardiotoxicity was attenuated by cardiac-specific over-
expression of anti-apoptotic protein Bcl-2 (Fig. 3(C)), whereas myo-
cardial vessel density or myocyte size was not altered by chronic
doxorubicin treatment (data not shown). Thus, doxorubicin cardio-
toxicity is mediated by p53-dependent cardiomyocyte apoptosis.

3.3. Pitavastatin attenuates doxorubicin cardiotoxicity through its
antioxidant effect involving Rac1 inhibition

Because oxidative stress is a critical inducer of p53 accumulation in
the heart by doxorubicin and statins have been shown to have
antioxidant effects, we examined whether pitavastatin exerts protective
effects on doxorubicin cardiotoxicity. Pretreatment with pitavastatin
attenuated doxorubicin-induced oxidative stress, ATM phosphoryla-
tion, p53 accumulation, and cardiomyocyte death (Figs. 4(A) and (B)).
Statins are known to exert their lipid lowering-independent effects by
inhibiting the synthesis of isoprenoids that are critical for posttransla-
tional modification of a variety of proteins [9]. We therefore tested
whether pitavastatin attenuates doxorubicin cardiotoxicity through the
inhibition of mevalonate-dependent posttranslational protein modifi-
cations. Pretreatment with mevalonate, FPP, or GGPP reversed the
beneficial effects of pitavastatin on doxorubicin-induced oxidative
stress and p53 accumulation (Fig. 4(C)). Likewise, GTI but not FTI
reduced doxorubicin-induced oxidative stress and p53 accumulation
(Fig.4(D)), suggesting that the inhibition of protein geranylgeranylation
mediates the cardioprotective effects of pitavastatin. Because Rac1 is a
major regulator of NADPH oxidase activity and activated by geranylger-
anylation but not by farnesylation [14], we next examined the possible
involvement of Rac1 in pitavastatin-mediated protective effects against
doxorubicin. Indeed, treatment with a Rac1 inhibitor also attenuated
doxorubicin-induced oxidative stress and p53 accumulation to the
extent comparable with those of pitavastatin and GTI (Fig. 4(D)). Finally,
treatment with pitavastatin significantly attenuated chronic doxorubi-
cin treatment-induced cardiomyocyte apoptosis and contractile dys-
function in vivo (Fig. 4(E)), which is consistent with a recent report by
others [23]. In cultured myocytes, doxorunbicin augmented NADPH
oxidase activity, which was attenuated both by a NADPH oxidase
assembly inhibitor (apocynin) and a Rac1 inhibitor (Fig. 4(F)). Further-
more, pitavastatin attenuated Rac1 activity as assessed by subcellular
localization (Fig. 4(G)). These results collectively suggest that pitavas-
tatin attenuates doxorubicin cardiotoxicity through its antioxidant
effect involving Rac1 inhibition.

4. Discussion

4.1. Doxorubicin induces p53 accumulation in cardiac myocytes through
oxidative DNA damage-ATM pathway

Several lines of evidence suggest that oxidative stress and p53
accumulation are involved in doxorubicin-induced cardiotoxicity
[1,2]. Consistent with this notion, doxorubicin treatment induced
oxidative stress and p53 accumulation both in vitro and in vivo, and
reduction of oxidative stress by NAC treatment reduced doxorubicin-

induced p53 accumulation in vitro. Because DNA damage is induced
by doxorubicin and is a potent inducer of p53 in other cell types [21],
we examined whether DNA damage mediates doxorubicin-induced
p53 accumulation in cardiac myocytes. Indeed, doxorubicin treatment
induced DNA damage and ATM activation, and an ATM kinase
inhibitor wortmannin reduced p53 accumulation induced by doxo-
rubicin. These findings are consistent with the notion that ATM
activated by DNA damage phosphorylates and stabilizes p53 protein,
and suggest that doxorubicin induces p53 accumulation via oxidative
DNA damage-ATM pathway. However, it should be noted that p53
accumulation is not completely inhibited by treatment with NAC or
wortmannin. It was also reported that the cardioprotective effects of
antioxidants are not very remarkable in human clinical trials [24].
Thus, oxidative stress-independent mechanisms may also play a role
in doxorubicin-induced p53 accumulation.

4.2. Chronic doxorubicin cardiotoxicity is mediated by p53-dependent
cardiomyocyte apoptosis

Previous studies have shown that doxorubicin treatment induces
p53 accumulation in the heart, and reduction of p53 activity attenuates
deleterious effects of doxorubicin [5,6], suggesting that p53 plays a
causal role in doxorubicin cardiotoxicity. Because doxorubicin-induced
myocyte apoptosis was reduced by the inhibition of p53 activity, p53-
dependent cardiomyocyte apoptosis has been thought to play a crucial
role in doxorubicin cardiotoxicity. However, we have recently shown
that p53 inhibits the action of hypoxia-inducible factor-1 (Hif-1) and
Hif-1-dependent coronary angiogenesis in the heart under chronic
pressure overload, leading to contractile dysfunction [7]. More recently,
it was shown that p53-induced inhibition of mTOR activity mediates
acute doxorubicin cardiotoxicity independently of cardiomyocyte
apoptosis [8]. These results suggest that p53-dependent but apopto-
sis-independent mechanisms may be involved in the pathogenesis of
doxorubicin cardiotoxicity. We therefore re-evaluated the role of car-
diomyocyte apoptosis in doxorubicin cardiotoxicity using transgenic
mice in which cardiomyocyte apoptosis is inhibited by the over-
expression of Bcl-2 in the heart, and found that inhibition of myocardial
apoptosis significantly improved contractile dysfunction induced by
chronic doxorubicin treatment. We also found that doxorubicin
treatment did not result in myocardial hypoxia or reduction in myocyte
size. Thus, we conclude that chronic doxorubicin cardiotoxicity is
mediated by p53-dependent cardiomyocyte apoptosis. These data
collectively suggest that, although both acute and chronic doxorubicin
cardiotoxicity are mediated by p53, the downstream effectors of p53 in
these two situations may be partly distinct. This notion is supported by a
transcriptome analysis of acute and chronic doxorubicin cardiotoxicity,
in which a different set of genes were up- or down-regulated in the heart
after acute and chronic doxorubicin treatment, respectively [25]. It
should also be noted that in tumor cell lines, DNA damage induces both
p53-dependent and p53-independent apoptosis [26]. Whether DNA
damage-dependent p53-independent apoptosis plays a role in doxoru-
bicin cardiotoxicity remains to be elucidated.

4.3. Pitavastatin attenuates doxorubicin cardiotoxicity by inhibiting Rac1
activity

HMG-CoA reductase inhibitors or statins are widely prescribed drugs
that inhibit the rate-limiting enzyme for cholesterol synthesis in the
liver and lower serum cholesterol levels. However, these drugs also
exert cholesterol lowering-independent or pleiotropic effects, many of
which are thought to be mediated by their ability to inhibit the synthesis
of isoprenoid intermediates required for posttranslational protein
maodifications. Specifically, isoprenylation of small G proteins such as
Ras, Rho or Rac are critical for their proper membrane localization and
function, and statin-mediated inhibition of these small G proteins may
play arole in the pleiotropic effects of statins. Indeed, our in vitro studies
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using isoprenoid intermediates and pharmacological inhibitors strongly
suggest that inhibition of Rac1 activation by pitavastatin plays a crucial
role in the protective effects of pitavastatin on doxorubicin cardiotoxi-
city. Because Rac1 is a requisite component of NADPH oxidase, our
findings collectively suggest that pitavastatin attenuates doxorubicin
cardiotoxicity through its antioxidant effect involving Rac1 inhibition. It
was previously shown that oxidative stress is implicated in cardiac
hypertrophy and that statins attenuate myocardial hypertrophy
through Rac1 inhibition [12], suggesting that similar mechanisms may
be involved in the pathogenesis of cardiac hypertrophy and doxorubicin
cardiotoxicity.

In summary, we have shown that doxorubicin cardiotoxicity is
mediated by oxidative DNA damage-ATM-p53-apoptosis pathway in
vitro and in vivo, and attenuated by pitavastatin through its anti-
oxidant effect involving Rac1 inhibition. Further clinical studies are
mandatory to determine whether statins are really cardioprotective in
the setting of anticancer therapy using doxorubicin or related chemo-
therapeutic agents.
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Cardiac mast cells cause atrial fibrillation
through PDGF-A—-mediated fibrosis
In pressure-overloaded mouse hearts
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Atrial fibrillation (AF) is a common arrhythmia that increases the risk of stroke and heart failure. Here, we
have shown that mast cells, key mediators of allergic and immune responses, are critically involved in AF
pathogenesis in stressed mouse hearts. Pressure overload induced mast cell infiltration and fibrosis in the
atrium and enhanced AF susceptibility following atrial burst stimulation. Both atrial fibrosis and AF induc-
ibility were attenuated by stabilization of mast cells with cromolyn and by BM reconstitution from mast cell-
deficient WBB6F1-Kit"/"* mice. When cocultured with cardiac myocytes or fibroblasts, BM-derived mouse
mast cells increased platelet-derived growth factor A (PDGF-A) synthesis and promoted cell proliferation
and collagen expression in cardiac fibroblasts. These changes were abolished by treatment with a neutral-
izing antibody specific for PDGF o-receptor (PDGFR-a). Consistent with these data, upregulation of atrial
Pdgfa expression in pressure-overloaded hearts was suppressed by BM reconstitution from WBB6F1-Kit¥/™
mice. Furthermore, injection of the neutralizing PDGFR-o-specific antibody attenuated atrial fibrosis and
AF inducibility in pressure-overloaded hearts, whereas administration of homodimer of PDGF-A (PDGF-AA)
promoted atrial fibrosis and enhanced AF susceptibility in normal hearts. Our results suggest a crucial role
for mast cells in AF and highlight a potential application of controlling the mast cell/PDGF-A axis to achieve

upstream prevention of AF in stressed hearts.

Introduction

Atrial fibrillation (AF) is a supraventricular arrhythmia that
is characterized by rapid and fibrillatory atrial activation with
an irregular ventricular response. AF remains the most com-
mon arrhythmia encountered in clinical practice and is associ-
ated with an increased risk of stroke, heart failure, and overall
mortality (1). Several cardiovascular disorders predispose to AF,
such as coronary artery disease, valvular heart disease, congestive
heart failure, and hypertension, especially when LV hypertrophy
is present (1). Recent electrophysiological evidence has indicated
that the triggering ectopic foci act on predisposing substrates to
initiate single- or multiple-circuit reentry, leading to AF (2). The
most important histopathological change in AF is atrial fibro-
sis (3, 4). Accumulation of ECM proteins has been documented
in biopsied specimens of atrium from patients with AF (5), and
experimental studies using animal models have indicated that
interstitial deposition of dense ECM proteins causes separa-
tion between bundles of atrial myocytes and disturbs cell-to-cell
impulse propagation (3, 4). In addition, atrial fibrosis potentially
exaggerates myocardial ischemia by hampering oxygen diffusion
and alters the electrophysical and biomechanical properties of
atrial myocytes, allowing the initiation and perpetuation of AF
(4). The mechanisms underlying the development of atrial fibro-
sis in AF remain unclear, but evolving evidence has suggested
that inflammation is profoundly implicated in the process of
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the structural remodeling in the atrium (4, 6). Inflammatory
infiltrates were observed in the atrium of AF patients and animal
models (7, 8). Furthermore, inflammatory biomarkers such as
C-reactive protein were elevated in AF patients and were associ-
ated with the presence of AF and the future development of AF
(9, 10). However, it remains to be fully elucidated how inflamma-
tion is linked to the development of structural remodeling as a
susceptible AF substrate in stressed hearts.

Mast cells function as key effector cells during allergic and
immune responses through releasing preformed or newly synthe-
sized bioactive products (11). Recent studies have implicated mast
cells in inflammation and tissue remodeling (11, 12). Indeed, mast
cells reside in many tissues including the heart (13) and participate
in the inflammatory process underlying several cardiovascular dis-
orders, such as atherosclerosis (14, 15), aortic aneurysm (16, 17),
heart failure (18), viral myocarditis (19), and ventricular arrhyth-
mia during ischemia/reperfusion injury (20). In particular, mast
cell-derived IL-6 and IFN-y have been reported to promote ath-
erosclerosis and abdominal aortic aneurysm (15, 16). Meanwhile,
mast cells enhance the fibrogenic process through the release of
multiple proteases and inflammatory cytokines in the skin, lung,
and kidney (21-24). Here, we demonstrate that mast cells infil-
trate the atrium of pressure-overloaded mice and contribute to
the pathogenesis of atrial fibrosis and AF susceptibility. Mecha-
nistically, upregulation of PDGF-A mediates the fibrogenic effect
of mast cells in promoting AF. These results provide mechanistic
insights into the pathogenic role of mast cells in promoting an AF
substrate in stressed hearts.
Number 1
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Table 1

Echocardiographic measurements in TAC- and sham-operated mice with or

without treatment with cromolyn

research article

TAC-operated mice on day 10, as compared with
sham-operated mice (Figure 2A). Avidin conjugat-
ed to fluorochrome dyes binds to the negatively

charged heparin proteoglycans and identifies the

Sham TAC granules of mast cells (20, 26). In the left and right
Cromolyn &) (+) ) +) atria of TAC-operated mice, we observed a marked
Number 10 5 17 15 increase of mast cell activation with the presence of
HW/BW (mg/g)  4.55+0.11 4.64 + 0.04 524+ 0058 5540134 extruded avidin-positive granules close to cell sur-
HR (bpm) 610.10+7.59 613.20+3.44 599.24+730 622.67+7.05 face (Figure 2B). These results suggest that mast
LvDd (mm) 3.58£0.08 3.51+0.08 355+004  3.54+0.09 cells are accumulated and activated in the atrium
M e s e R oo

o 50, 240, 20, 610 g

LVPWth (mm) 0.65 £ 0.11 0.64 £ 0.04 08150010 08220014 Stabilization of mast cells by cromolyn attenuates AF

in TAC-operated hearts. Accumulation of mast cells

AP <0.01 versus sham. FS, fractional shortening; HR, heart rate; HW/BW, heart-to-body
weight ratio; LVDd, LV diameter in end diastole; LVDs, LV diameter in end systole;

LVPWth, LV posterior wall thickness in end diastole.

Results

Atrial burst stimulation induces AF in pressure-overloaded hearts. To
develop a model of AF associated with LV hypertrophy, we first
induced pressure overload in mice by producing transverse aorta
constriction (TAC) (25). On day 10, TAC-operated mice showed a
significant increase in heart-to-body weight and LV wall thick-
ness with preserved fractional shortening (Table 1). The atrium-
to-body weight ratios were increased 36%, from 0.22 + 0.02 mg/g
in sham-operated mice (n = 5) to 0.30 = 0.02 mg/g in TAC-oper-
ated mice (n = 5; P < 0.01), indicating that TAC operation induced
hemodynamic overload in both the atrium and ventricle. We
recorded ECGs using telemetry at 10 days after the operation, but
no episode of spontaneous AF was observed in TAC- or sham-oper-
ated mice (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI39942DS1).

To test the inducibility of AF, we applied programmed electrical
stimulation directly to right atrium under Langendorff perfusion
at 10 days after the operation. During the period for stabiliza-
tion prior to stimulation, spontaneous episodes of AF were not
observed in TAC- or sham-operated hearts. However, the induc-
tion of AF was attainable and reliably reproducible with pro-
grammed electrical stimulation of right atrium (Figure 1A). AF
was defined as an episode of rapid and chaotic atrial rhythm and
irregular ventricular response. AF was induced more frequently in
TAC-operated hearts (100%) than in sham-operated hearts (20%)
(Figure 1, A-C). In addition, the duration of AF episodes in TAC-
operated hearts was significantly longer than that in sham-oper-
ated hearts (Figure 1D). We also applied atrial stimulation under
Langendorff perfusion at 28 days after TAC operation. However,
TAC-operated hearts showed severe LV dysfunction (fractional
shortening, 16.6% = 8.4%) at this time point, and undesirable
arrhythmias such as ventricular fibrillation were induced each
time after stimulation, which hampered our evaluation of AF
arrhythmogenesis. Therefore, atrial burst stimulation under Lan-
gendorff perfusion at 10 days after TAC operation represents a
valid ex vivo model that permits study of AF substrate, especially
in the setting of LV hypertrophy.

Mast cells are accumulated and activated in the atrium of TAC-
operated mice. To assess the contribution of mast cells to atrial
arrhythmogenicity, we evaluated the contents of mast cells in
atrium by staining histological sections with toluidine blue. The
number of infiltrating mast cells showed a 2.5-fold increase in
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in the atrium indicated a causal link between infil-
tration of these cells and the pathogenesis of AF.
To determine the importance of mast cells in this
process, we systemically administered the mast
cell stabilizer cromolyn (14, 20) to TAC-operated
mice. In the atrium at 10 days after TAC operation, the degran-
ulation of mast cells was almost completely inhibited by cro-
molyn treatment (Figure 2B), although the mast cell contents
were not significantly decreased (P = 0.17; Figure 2A). Echocar-
diographic parameters regarding LV hypertrophy and systolic
function remained unchanged by cromolyn treatment (Table 1).
As revealed by histology, there was no significant difference in
the average size of ventricular myocytes between cromolyn- and
vehicle-treated mice (Supplemental Figure 2). In addition, the
atrium-to-body weight ratios at 10 days after TAC operation
were not significantly different between cromolyn- and vehicle-
treated mice (0.30 + 0.02 mg/g vs. 0.28 + 0.02 mg/g; P = 0.43).
These results suggest that cromolyn did not affect the hemo-
dynamic workload. However, as compared with vehicle-treated
mice, cromolyn-treated mice showed a remarkable reduction
in the incidence and duration of AF episodes after atrial burst
stimulation under Langendorff perfusion (Figure 3, A-C). To
validate and extend our ex vivo findings, we subjected anesthe-
tized mice to rapid transesophageal atrial pacing and simul-
taneous surface ECG recording at 10 days after the operation.
AF could be induced in vivo after atrial burst stimulation in
TAC-operated mice, but not in sham-operated mice (Figure 3,
D-F). Similarly, cromolyn treatment completely suppressed AF
induced by transesophageal atrial pacing in TAC-operated mice
(Figure 3, G and H).

Atrial fibrosis is a major feature of structural remodeling that
contributes to AF substrate (3, 4). In the atrium of TAC-operated
mice, Masson’s trichrome staining revealed areas of interstitial
fibrosis (Figure 3I), and hydroxyproline assay indicated deposition
of collagen (Figure 3]). Mast cell stabilization by cromolyn remark-
ably attenuated fibrotic changes in the atrium of TAC-operated
mice (Figure 3,Tand J). These results suggest that stabilization of
mast cells prevents atrial structural remodeling and AF inducibil-
ity in TAC-operated mice.

Reconstitution with BM cells from mast cell-deficient W/W* mice
attenuates AF in TAC-operated bearts. To further examine the role of
mast cells in AF, we utilized mast cell-deficient WBB6F1-Kit"/¥
(W/W") mice carrying compound heterozygous mutations of c-kit
(Kit", null; Kit", dominant negative). To circumvent the undesir-
able effects by altered c-kit signaling in nonhematopoietic cells,
we reconstituted C57BL/6 mice with BM cells from W/W" mice
or control WBB6FI-Kit*/* (+/+) mice. We first confirmed, by tolu-
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Induction of AF in Langendorff-perfused hearts of mice after TAC operation. (A) Termination of the burst of atrial stimulation triggers AF, char-
acterized by rapid and chaotic atrial rhythm and irregular ventricular response, in Langendorff-perfused hearts undergoing TAC operation (lower
panels), but not sham operation (upper panels). LA-MAP, monophasic action potential of left atrium; LV-MAP, monophasic action potential of
LV. (B) AF was triggered in mice undergoing TAC (n = 5) or sham (n = 5) operation by applying 3 series of bursts with 5-minute intervals. The
duration of AF episode occurring after each burst is plotted. (C) Incidence of AF episodes during 3 series of bursts in mice undergoing TAC (n = 5)
or sham (n = 5) operation. (D) Mean duration of AF episodes during 3 series of bursts in mice undergoing TAC (n = 5) or sham (n = 5) operation.
**P < 0.01 versus sham. Data are presented as mean + SEM.
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immunoregulatory and proinflammatory effects (11, 24).
To delineate mast cell-derived effectors that are involved
in the promotion of atrial fibrosis, we examined the gene
expressions of fibrosis-related effectors in BM-derived
mast cells (BMMCs) after coculture with cardiac myocytes
or fibroblasts (Figure 5, A and B, and Supplemental Figure
3). Notably, in quantitative real-time RT-PCR analysis, the
mRNA levels of murine Pdgfa in BMMCs were prominently
elevated after 6 hours coculture with neonatal rat cardiac
myocytes or fibroblasts (Figure S, A and B, and Supple-
mental Figure 3). In addition, the expression levels of Pdgfa

were upregulated in the atrium at 10 days after TAC opera-
tion, and they were significantly attenuated by reconstitu-
tion with W/W" BM (Figure 5C). These results suggest that
mast cells infilcrating the atrium are activated to increase
Pdgfa gene expression.

Next, we assayed the concentrations of PDGF-AA in
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Figure 2

Stabilization of mast cells infiltrating the atrium of TAC-operated mice by cro-
molyn. (A) Representative histological sections with toluidine blue staining for
detection of mast cells (purple) in the atrium. Wild-type mice were treated with
cromolyn (n = 7) or vehicle (n = 8), and subjected to TAC operation. Mast cell
content on day 10 was presented as mean + SEM. Sham-operated mice were
used as control (n = 5). *P < 0.05 versus sham. (B) Rhodamine-avidin staining
for visualization of mast cell degranulation. Scale bars: 10 um (A); 5 um (B).

idine blue staining, that mast cells were not present in the atrium
of mice reconstituted with BM cells from W/W"¥ mice (W/W"-
BMT mice) after TAC operation, although abundant mast cells
infiltrated the atrium of mice reconstituted with BM cells from
+/+ mice (+/+-BMT mice) after TAC operation (Figure 4A). Echo-
cardiographic examination revealed that LV hypertrophy after
TAC operation did not significantly differ between W/WY-BMT
and +/+-BMT mice, bur the fractional shortening in W/W¥-BMT
mice was slightly decreased compared with that in +/+-BMT
mice (Table 2). In spite of the reduced LV systolic function after
TAC operation, the atrium-to-body weight ratios were not sig-
nificantly different between +/+-BMT mice and W/W¥-BMT mice
(0.27 £0.02 mg/g vs. 0.31 + 0.05 mg/g; P = 0.54), and reconstitu-
tion with W/W¥BM induced a marked reduction in the incidence
and duration of AF episode after atrial burst stimulation com-
pared with +/+ BM reconstitution (Figure 4, B-D). In addition,
histological analysis and hydroxyproline assay revealed that atrial
fibrosis after TAC operation was attenuated in W/W'-BMT mice
compared with +/+-BMT mice (Figure 4, E and F). These results
suggest that deficiency of mast cells prevents atrial structural
remodeling and AF inducibility in TAC-operated mice.
BM-derived mast cells cocultured with cardiac myocytes or fibroblasts
release PDGF-A to promote fibrinogenesis. In response to a variety of
stimuli, mast cells are activated and release numerous bioactive
effectors that, either prestored or de novo synthesized, mediate
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medium conditioned by coculture of BMMCs and cat-
diac fibroblasts. The PDGF-AA concentration showed
a more than 3-fold increase after 6 hours coculture, and
this increase was remarkably blunted by stabilization
of BMMCs with cromolyn during the coculture (Figure
6A). The conditioned medium of coculture promoted cell
proliferation of cardiac fibroblasts, and the proliferative
effects were abrogated by addition of a neutralizing anti-
PDGF a-receptor (anti-PDGFR-a) antibody to the con-
ditioned medium (Figure 6B). Furthermore, the expres-
sion of Col3a1 in cardiac fibroblasts was upregulated after
coculrure with BMMC, and it was blunted by the treat-
ment with cromolyn or anti-PDGFR-o antibody (Figure
6C). Thus, BMMC-derived PDGF-A can induce cell pro-
liferation and collagen gene expression in cardiac fibro-
blasts. These results raise a possibility that infiltrating
mast cells promote atrial fibrosis and AF inducibility in a
PDGF-A-mediated pathway.

Administration of PDGF-AA enbances AF susceptibility in nor-
mal hearts. To examine functional significance of atrial Pdgfa
upregulation in the development of AF substrate, we admin-
istered PDGF-AA or vehicle to nonoperated mice and applied
atrial burst stimulation. Administration of PDGF-AA for 10
days induced systemic tissue fibrosis, which was particularly
prominent in atrium as compared with ventricle (Figure 7A). As
a consequence, PDGF-AA-treated hearts showed a significant
increase in the incidence and duration of AF episode after atrial
burst stimulation under Langendorff perfusion compared with
vehicle-treated hearts (Figure 7, B-D). These results suggest that
upregulation of Pdgfa in atrium can induce atrial fibrosis and
enhance AF inducibility in normal hearts.

Neutralization of PDGFR-a. attenuates AF in TAC-operated hearts.
Next, to examine the role of PDGF-A in the pathogenesis of AF
substrate, we inhibited the actions of PDGF-A in TAC-operated
hearts by systemic injection of a neutralizing antibody against
PDGFR-a. (APAS) (27). At 10 days after TAC operation, LV hyper-
trophy and contraction, as assessed by echocardiography, did not
significantly differ between neutralizing antibody-treated mice
(TAC-APAS mice) and control IgG2a-treated mice (TAC-IgG
mice) (Table 3). In addition, the atrium-to-body weight ratios
were not significantly different between TAC-APAS and TAC-IgG
mice (0.34 £ 0.02 mg/g vs. 0.31 + 0.03 mg/g; P = 0.44). How-
ever, neutralization of PDGFR-a induced a marked reduction
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Figure 3

Attenuation of AF and atrial fibrosis by mast cell stabilization by cromolyn. (A) Scatter plot of the duration of AF episodes occurring during 3 series
of bursts in Langendorff-perfused hearts (n = 10). (B) Incidence of AF episodes during 3 series of bursts under Langendorff perfusion (n = 10).
*P < 0.05 versus sham; #P < 0.05 versus TAC treated with vehicle. (C) Mean duration of AF episodes during 3 series of bursts under Langendorff
perfusion (n = 10). **P < 0.01 versus sham; #P < 0.01 versus TAC treated with vehicle. (D) Representative surface ECG in lead-Il deflection of AF
induced by termination of the burst of transesophageal atrial pacing in TAC-operated mice. (E) High-magnification view of the section delineated by
shaded box in D, showing AF with chaotic atrial rhythm and irregular ventricular response. (F) High-magnification view of the section delineated by
shaded box in D. AF was spontaneously converted to sinus rhythm. (G) Incidence of AF episodes during 3 series of transesophageal bursts (n = 6).
(H) Mean duration of AF episodes during 3 series of transesophageal bursts (n = 6). (I) Representative histological sections with Masson's trichrome
staining for visualization of atrial fibrosis (blue staining). Scale bars: 20 um. (J) Hydroxyproline content in the atrium. Number of mice for each experi-
ment is indicated in the bars. **P < 0.01 versus sham; #P < 0.01 versus TAC treated with vehicle. Data are presented as mean + SEM.

in the incidence and duration of AF episode both after atrial ~Discussion

burst stimulation under Langendorff perfusion (Figure 8, A-C)
and after transesophageal atrial pacing in vivo (Figure 8, D and
E). In addition, histological analysis and hydroxyproline assay
revealed that atrial fibrosis was attenuated in TAC-APAS mice
compared with TAC-IgG mice (Figure 8, F and G). Thus, the
effects of cromolyn treatment or BM reconstitution from W/WY
mice on AF substrate were reproduced by neutralization of
PDGFR-a in TAC-operated hearts. These results suggest that
PDGF-A mediates the deleterious effects of mast cells to pro-
mote atrial fibrosis and AF inducibility.

Clinical and experimental studies have suggested that inflamma-
tion underlies a susceptible AF substrate, which is characterized
by interstitial fibrosis in atrium. Our present study demonstrated
a hitherto unknown role of mast cells in the development of a sus-
ceptible AF substrate. Mast cells were accumulated and activated
in the atrium of pressure-overloaded mice, and pharmacological
stabilization or genetic depletion of mast cells prevented atrial
structural remodeling and reduced the incidence and duration of
AF following atrial burst stimulation. Notably, infiltrating mast
cells induced upregulation of PDGF-A in the atrium, and neutral-
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Attenuation of atrial fibrosis and AF by reconstitution with BM cells from W/W mice. (A) Representative histological sections with toluidine blue
staining. Mast cells were not present in the atrium of TAC-operated W/WY-BMT mice. (B) Scatter plot of the duration of AF episodes occurring dur-
ing 3 series of bursts in TAC-operated W/WY-BMT mice (n = 11) or +/+-BMT mice (n = 11). (C) Incidence of AF episodes during 3 series of bursts
(n=11). *P <0.05 versus +/+-BMT mice. (D) Mean duration of AF episodes during 3 series of bursts (n = 11). **P < 0.01 versus +/+-BMT mice. (E)
Representative histological sections with Masson’s trichrome staining for visualization of atrial fibrosis (blue staining). (F) Hydroxyproline content in
the atrium. Number of mice for each experiment is indicated in the bars. Scale bars: 10 um (A); 20 um (E). Data are presented as mean + SEM.
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Table 2

Echocardiographic measurements in TAC- or sham-operated W/WY-BMT or

Y
2

stimulation reproducibly induced AF either in ex
vivo or in vivo hearts subjected to pressure overload

+/+-BMT mice (Figures 1 and 3). Although the duration of AF was
limited in length as compared with that in large

Sham TAC animal models, a mouse model is powerful for dis-

section of the causal relationship between arrhyth-

- +/+-:MT W/W;-BMT +/+.:MT W/W;-BMT mogenesis and genetic or cellular factors. Although

umber . :

HW/BW (mg/g)  4.42:0.14 4425013  551:010°  534+0.16A reansceophageal pacing in vive I mininully v
HR (bpm) 63663778 62922289 613205934 61233678 sive for atrial stimulation, the incidence of AF was
LVDd (mm) 168 ; 0.05 3614007 355 ; 007 369+ 0.07 relarively low even in TAC-operated mice (50%), and
LVDs (mm) 230:005 215:005  205:004A  228+0.08° an anesthetic agent might influence the inducibil-
FS (%) 393:093  404:044 416026 38.96+1.320 ity and duration of AF in an in vivo model (28). In
LVPWth (mm) 061001  0.58+0.01 0.68+0.01A  0.66+0.02* this regard, atrial stimulation under Langendorff

AP < 0.01 versus sham. 8P < 0.01 versus TAC-operated +/+-BMT. °P < 0.05 versus sham.

DP < 0.05 versus TAC-operated ++-BMT.

ization of PDGFR-o. prevented atrial fibrosis and AF inducibility,
indicating a pivotal role of PDGF-A in mast cell-triggered AF. It
has been reported that atrial arrhythmias and fibrillation occur
with extremely low frequency in mice because the atrium is too
small in size to maintain multiple-circuit reentry (28). Indeed, we
did not detect any spontaneous episode of AF in TAC-operated
mice by ECG telemetry (Supplemental Figure 1), but atrial burst

perfusion is a suitable and reliable model of AF that
provides mechanistic and therapeutic insights into
development of an AF substrate in the setting of
hemodynamic overload.

Besides orchestrating allergic and immune responses, mast cells
participate in the inflammatory process that underlies the devel-
opment of cardiovascular diseases (11). Insomuch as the number
of infiltrating mast cells at the affected lesions is significantly
increased but yet relatively low, it has been difficult to characterize
the relevance of these cells to the pathogenesis of a disease. How-
ever, mice genetically deficient for mast cells allow assessment of
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the contributions of mast cell function to biological responses in
vivo (11). In this study, we utilized ¢-kit mutant W/W" mice that are
profoundly mast cell deficient (29) and virtually lack melanocytes
and interstitial Cajal cells (30). According to a recent paper, c-kit is
also expressed in cardiac stem cells and cardiac myocytes and plays
a regulatory role in the differentiation of these cells (31). Thus, to
avoid the effects of ¢-kit mutation on cardiac myocytes, we reconsti-
tuted CS7BL/6 mice with BM from W/W" mice. BM reconstitution
from W/W" mice influenced contractile function, which might be
related to hematological abnormalities such as macrocytic anemia
(32). In spite of the hemodynamic burden, atrial structural remod-
eling and AF susceptibility were blunted by BM reconstitution from
W/W" mice, which underpinned the functional importance of mast
cells in the AF pathogenesis of pressure-overloaded hearts.

Mast cells exist in the heart under physiological conditions
(13), and mast cell density in heart tissues of patients with car-
diomyopathy is elevated, as compared with normal hearts (33).
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Figure 6

BMMC-derived PDGF-A can induce cell proliferation and collagen gene
expression in cardiac fibroblasts. (A) ELISA analysis of PDGF-AA con-
tent in conditioned medium at baseline, 6 hours, and 24 hours after
coculture of BMMCs and cardiac fibroblasts with or without cromolyn
(10 uM). Experiments were repeated 5 times in triplicate. **P < 0.01 ver-
sus baseline; #P < 0.01 versus vehicle. (B) Number of viable cardiac
fibroblasts at baseline, 6 hours, and 24 hours after culture in medium-
conditioned coculture of BMMCs and cardiac fibroblasts with or without
a neutralizing anti-PDGFR-o antibody (2 ug/ml), as assessed by rela-
tive amount of ATP. Experiments were repeated 4 times in triplicate.
**P < 0.01 versus baseline; *P < 0.05; #*P < 0.01 versus vehicle. (C)
mRNA expressions of Col3a7 in cardiac fibroblasts cocultured with
BMMCs with or without cromolyn (10 uM) or a neutralizing anti—
PDGFR-a antibody (2 ug/ml) at baseline, 6 hours, and 24 hours. Exper-
iments were repeated 4 times in triplicate. **P < 0.01 versus baseline;
*P < 0.01 versus vehicle. Data are presented as mean + SEM.

Mast cells are long lived in the tissue and can reenter cell cycle
and proliferate locally (34). A variety of chemokines have been
identified that induce local recruitment of mast cells, such as
SCF, monocyte chemoattraction protein-1 (MCP-1), nerve
growth factor (NGF), and RANTES (24). In addition, interac-
tions between mast cells and connective tissue matrix compo-
nents have profound influences on the distribution of mast
cells in tissues (35-37). Although the most important trigger
for mast cell activation is antigen- and IgE-dependent aggre-
gation of IgE receptor (FceRI), mast cells can be activated by
various factors, such as cytokines, growth factors, and hormones
(11, 12, 24). In our study, coculture with cardiac myocytes or
fibroblasts per se promoted gene expression of some cytokines
in BMMCs. We postulate that a certain paracrine- or cell-to-cell
contact-dependent signaling may trigger mast cell activation in
hearts. Further investigation will be required to delineate the
precise mechanisms of how cardiac mast cells are accumulated
and activated in stressed hearts.

Mast cells secrete diverse chemical mediators, cytokines,
and growth factors upon exposure to a stimulus. This process
involves release of the mediators prestored in the granules
(degranulation) and de novo synthesis of mediators. Differential
synthesis of mast cell mediators is dependent on the particu-
lar mechanism of activation and the strength of the stimulus
and is crucially involved in the inflammatory process (12, 24).
We identified PDGF-A as a crucial molecule that mediates mast
cell-induced atrial fibrosis. Among the fibrogenic mediators,
upregulation of Pdgfa in BMMCs was pronounced after cocul-
ture eicher with cardiac myocytes or fibroblasts. In our coculture
experiments, BMMC-derived PDGF-A accelerated proliferation
of cardiac fibroblasts and stimularted synthesis of type III colla-
gen in cardiac fibroblasts. PDGF-A dimeric isoform (PDGF-AA)
selectively binds to PDGFR-a (38), and PDGF-AA infusion exert-
ed potent fibrogenic effects, particularly on atrium (Figure 7A),
consistent with a previous paper demonstrating that atrial fibro-
blasts showed higher reactivity to PDGF than ventricular fibro-
blasts (39). Importantly, the mRNA levels of Pdgfa in atrium were
significantly increased after TAC operation, which was blunted
by depletion of mast cells by BM reconstitution from W/Wv
mice. PDGF-A production in atrium is critically relevant to the
AF pathogenesis of pressure-overloaded hearts because neutral-
ization of PDGFR-a prevented atrial fibrosis and AF. Collective-
ly, our results suggest that atrial mast cells induce upregulation
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Figure 7

Systemic administration of PDGF-AA induces
atrial fibrosis and enhances AF susceptibility in
Langendorff-perfused hearts. (A) Representa-
tive histological sections with Masson’s trichrome
staining for visualization of fibrosis (blue staining)
in the atrium, ventricle, and kidney of mice admin-
istered PDGF-AA or vehicle. Scale bars: 20 pm.
(B) Scatter plot of the duration of AF episodes
occurring during 3 series of bursts in mice admin-
istered PDGF-AA (n = 6) or vehicle (n = 6). Dura-
tion of AF episodes occurring after each burst are
plotted. (C) Incidence of AF episodes during 3
series of bursts in mice administered PDGF-AA
(n =6) or vehicle (n = 6). (D) Mean duration of AF
episodes during 3 series of bursts in mice admin-
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of Pdgfa, leading to progression of a susceptible AF substrate
in pressure-overloaded hearts. At present, it remains uncer-
tain whether atrial mast cells are the sole source of PDGF-A.
Indeed, mast cell activation can influence the function of many
different cell types (12, 24), and especially, macrophages may
serve as a source of PDGF-A (38). Further studies using an intri-
care genetic model to delete Pdgfa specifically in mast cells will be
required to dissect the importance of mast cell-derived PDGF-A
in the pathogenesis of AF.

Several clinical studies have proved the efficacy of pharmaco-
logical inhibition of the renin-angiotensin system in the preven-
tion of atrial fibrosis and promotion of AF (40). The therapeutic
approach to attenuating or reversing the AF substrate is appeal-
ing. Our study highlighted the pathogenic role of mast cells in
promoting the AF substrate in pressure-overloaded hearts. Of
course, this observation must be further investigated in future
studies using large animal models for testing applicability to
clinical conditions because variability among species and experi-
mental models may give rise to differences in anatomical and
electrophysiological parameters (41). As a starting point for
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investigations, we propose that the mast cell-PDGF-A axis will
be a promising therapeutic target for the upstream prevention
of AF in stressed hearts.

Methods
Mice, TAC operation, and echocardiography. All of the experimental protocols
were approved by the Institutional Animal Care and Use Committee of Chiba
University. C57BL/6 mice, mast cell-deficient W/W" mice, and congenic +/+
littermates were purchased from Japan SLC. For TAC operation, 10-week-old
male mice were anesthetized by i.p. injection of pentobarbital, and respira-
tion was artificially controlled with a tidal volume of 0.2 ml and a respiratory
rate of 110 breaths/min. The transverse aorta was constricted with 7-0 nylon
strings by ligating the aorta with splinting a blunted 27-gauge needle, which
was removed after the ligation. After aortic constriction, the chest was closed
and mice were allowed to recover from anesthesia. We confirmed that the
magnitude of initial pressure elevation after aortic banding was identical in
all groups of mice. The surgeon had no information about the mice used in
this study. For evaluation of cardiac dimensions and contractility, transtho-
racic echocardiography was performed on conscious mice with the Vevo 770
Imaging System using a 25-MHz linear probe (Visual Sonics).
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