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Abstract

Background Although anthracyclines such as daunomycin (DM) and adriamycin, are potent
chemotherapeutic agents, they have serious adverse effects including cardiac toxicity. In the present
study, we investigated the molecular mechanisms of DM-induced cardiomyocyte impairment.
Methods and Results When cultured cardiac myocytes of neonatal rats were exposed to 1 uM
DM for 24 h, many cells became positive for TUNEL staining with morphological changes
characteristic of apoptosis. Fragmentation-of DNA into oligonucleosome-sized fragments was
recognized by agarose gel electrophoresis in DM-treated myocytes. DM activated three members of
mitogen-activated protein kinase (MAPK) dose-dependently, such as extracellular signal-regulated
protein kinases (ERKSs), c-Jun NH,-terminal kinases, and p38MAPK in cardiac myocytes.
Oxy.radical scavengers or Ca2* chelators inhibited DM-induced activation of ERKs and p38MAPK.
DM-induced activation of ERKs was also inhibited by overexpression of dominant negative mutants
of Ras (D.N.Ras), while the p38MAPK activation was attenuated by D.N.Rho. The number of DM-
induced apoptotic cells was markedly increased when the ERK signaling pathway was selectively
blocked by a specific MEK inhibitor PD98059, while pretreatment with a specific inhibitor of
p38MAPK SB203580 significantly reduced the number of apoptosis.

Conclusions These results suggest that DM activates MAPKs through reactive oxygen species and
Ca2+ and that the MAPK family plays irﬁportant roles in DM-induced apoptosis in cardiac myocytes.
ERKs protect cardiomyocytes from apoptosis, whereas p38MAPK is involved in the induction of

cardiomyocyte apoptosis.

Key words: daunomycin* ERKs+ p38MAPK * apoptosis * cardiomyocyte
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Introduction

Anthraéyclines such as daunomycin (DM) and adriamycin (AM) are very powerful antineoplastic
agents which are widely used in the treatment of cancer. The clinical usefulness of these agents s,
however, limited due to serious adverse effects inclﬁding cardiotoxicity (1,2). These cardiotoxic
effects result in cardiac dysfunction, cardiomegaly, and finally congestive heart failure (3). Although
exposure to DM or other anthracycline derivatives has been reported to i)lock cell cycle at G, stage (4)
and induce apoptosis in tumor cells (5), the mechanism of myocardial impairment by anthracyclines
remains }Jncertain. It has been reported that AM enhances peroxidation of lipids in myocardial
membrane (6) and that Sulfhydryl reagents inhibit AM-induced cardiotoxicity (7, 8). These
observations suggest that anthraéyclines impair myoca'rdium through the production of reactive
oxygen species (ROS) (2, 9).

The MAPK family is an important mediator of signal transduction and activated by a variety of
stimuli such as many growth factors and cellular stresses (10). Among the MAPK family, especially
three members, such as extracellular signal-regulated kinases (ERKSs) (1 1 12), c-Jun NHj,-terminal
kinases (JNKs, also called SAPKSs) (13, 14), and p38MAPK (15), have been well characterized.
These MAPKSs are activated by dual phosphorylation on threonine and tyrosine residues within the
motif Thr-X-Tyr in subdomain VIII (10). MAPK kinase kinases phosphorylate and activate MAPK
kinases, which in turn phosphorylate and activate MAPKs. Each MAPK is activated through the
specific kinase cascade. Many studies on the action of growth factors have elucidated physiological
functions of ERKs. ERKs are activated by a variety of signaling molecules such as tyrosine kinases
(TKs), Ras, protein kinase C (PKC), protein kinase A (PKA), or Ca?*+ (16-18), through Raf-1 and
MAPK/ERK kinase (MEK), and play essential roles in the control of cell growth and differentiation
(19). ERK:s are also activated by oxidative stress and play critical roles in survival of NIH 3T3 cells
(20), PC12 cells (21), and cardiac myocytes (22). In contrast, JNKs are weakly activated by growth
factors and phorbol esters, but marléedly activated in response to tumor necrosis factor-a (TNF-a),
ultraviolet irradiation, and cellular stresses (13, 14 23). Recently, cumulative evidence suggests that
activation of JNKs has been associated with induction of apoptosis (24, 25). Likewise, p38MAPK,

also called RK (26) and CSBP (27), a mammalian homolog of the yeast high-osmolarity glycerol
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response-1 kinase (HOG1) (15), is also strongly activated by TNF-a and environmental stresses
including osmotic shock and UV irradiation (28). An important physiological substrate of p38MAPK
1s MAPK—activated protein kinase-2, which phosphorylates heat shock profein (hsp27) as part of the
cellular response to stress (26). Recently, it has been reported that small GTP proteins of the Rho
family, Racl and Cdc42, regulate the INK/p38MAPK pathway (29-31). More recently, Strutt et al.
have also shown that RhoA is also involved in regulation of INK/SAPK-like kinases, which are
required for the generation of tissue polarity (32).

Although many studies have been performed to elucidate the molecular mechanism of
anthracycline-induced myocardial impairments (1-3, 6, 8, 9), little is known about the precise
intracellular signals which lead to the injury. In the present study, we showed that DM induces
cardiémyocyte death including é;.poptOSiS and that the MAPK family plays a pivotal role in the

process.



Materials and Methods

Materials. [y-32P]ATP was purchased from Du Point-New England Nuclear Co. (Boston, MA).
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), Tyrphostin (A25) and
Genistein was from GIBCO BRL Co. (Gaithersburg, MD). Calphostin C was from Funakoshi Co.
(Tokyo, Japan). Anti-hemagglutinin (HA) monoclonal antibody and anti-phospho-specific
p38MAPK éntibody were from Mitsubishi Biochemical Laboratories (Tokyo, Japan) and New
England Biolébs, Inc (Bevely, MA), respectively. M2 Flag monoclonal antibody was from Kodak
Co. (New Haven, CT). Horseradish peroxidase-conjugated anti rabbit IgG antibody (HRP-anti-
rabbit IgG) and enhanced chemiluminescence reaction system (ECL) were from Atnersham Co.
(England). Daunomycin and apoptosis ladder detection kit were purchased from Wako Pure
Chemical Industries, Ltd. (Tokyo, Japan). 12-O-tetradecanoylphorbol-13-acetate (TPA) and myelin
basic protein (MBP) and other reagents were purchased from Sigma Chemical Co. (St. Louis, MO).
cDNA plasmids: Both HA-tagged ERK2 (HA-ERK?2) and Flag-tagged p38MAPK (Flag-
p38MAPK) weré kind giftsvfrom M. Karin (30). Expression vectors encoding Rho-GDI, various
mutants of RhoA, Rac1, and Cdc42 were provided by J.S. Gutkind et al (31), and D.N.Ras was
provided by Y. Takai (33): All plasmid DNA was prepared by using QIAGEN plasmid DNA

preparation kits (Hilden, Germany).

Cell culture. Primary cultures of cardiac myocytes were prepared from ventricles of one-day old
Wistar rats as described previously (34) according to the method of Simpson and Savion (35). In
brief, cardiomyocytes were plated at a field density of 1x10° cells/cm? on 35 mm culture dishes with
2 ml of culture medium (DMEM with 10% FBS). The population of nonmyocytes was <10% of the
total cell population. Twenty four hours after seeding, the culture medium was changed to DMEM

with 0.1% FBS and cells were cultured for 48 h to 72 h before stimulation.

Transfection. Twenty four hours after plating the cells on culture dishes, DNA was transfected by

the calcium phosphate method as described previously (36). For each dish, 2.5 ug of Flag-



p38MAPK or HA-ERK2 plasmid was co-transfected with 7.5 pg of control vector plasmid, Rho-
GDI, or various D.N. mutants. After 15 h of transfection, the culture medium was removed, and

cells were washed with PBS and maintained in DMEM with 0.1% FBS for 48 h to 72 h before

treatment with DM or other reagents.

Assay of ERK activity. The activity of ERKs was measured by "in gel assay" using MBP-
containing gel as described previously (37). In brief, cells were lysed with 100 ul of Buffer A (25
mM Tris-HCI pH 7.4, 25 mM NaCl, 1 mM sodium onhovaﬁadate, 10 mM sodium pyrophosphate,
10 nM okadaic acid, 0.5 mM EGTA, and 1mM phenylmethylsulfonyl ﬂuoride) and 25 pl of cell
lysates were applied to an SDS-polyacrylamide gel containing 0.5 mg/ml MBP. ERKs in the gel were
denatured in 6 M guanidine HCl and renatured in S0 rr'le Tris-HCI (pH 8.0) containing 0.04% Triton
X-100 and 5 mM 2-mercaptoethanol. The phosphorylative activity of ERKs was assayed by

incubating the gel with [y-32PJATP. After incubation, the gel was washed, dried, and subjected to

autoradiography.

Assay of transfected HA-tagged ERK2. The activity of transfected ERK2 was determined by
MBP kinase assay as described previously (37). In brief, cardiomyocytes were lysed with Buffer A
and the lysates were incubated with an anti-HA polyclonal antibody for 1 h at 4°C. After incubation,
the immunécomplex was precipitated using protein A sepharose, washed, resuspended in 25 ul of the
kinase buffer B (25 mM Tris-HCI pH 7.4, 10 mM MgCl,, 1 mM DTT, 40 uM ATP, 2 uCi [y-
32P]ATP, 2 uM Protein kinase inhibitor, and 0.5 mM EGTA), and incubated with 25 ug MBP as a
substrate at 25°C for 10 min. After incubation, the reaction was terminated by addition of Laemmli
sample buffer (0.002% bromophenol blue, 10 mM sodium phosphate buffer pH 7.0, 10% glycerol,
0.4% SDS, 1% 2-mercaptoethanol) to the samples, and the samples were boiled for 5 min. The

supernatants were subjected to SDS-PAGE, and the gel was dried and subjected to autoradiography.

Assay of JNK activity. Cardiac myocytes were stimulated by 100 uM DM for 20 min at 37°C

and lysed on ice with Buffer A. The cell lysates were obtained by centrifugation at 12,000 rpm for 20

min at 4°C and 100 pl of the lysates were incubated at 4°C for 30 min with 1 pg of glutathione S-
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transferase (GST) -c-Jun (amino acid number 1-79 of humun c-Jun) fusion protein bound- to
glutathione sepharose beads in the kinase reaction buffer C containing 25 mM Tris-HCl (pH 7.4), 10
mM MgCl,, 1 mM DTT, 0.5 mM EGTA, 40 uM ATP, and 1 uCi [y-32P]ATP, as described
previously (13, 38). The reaction was terminated by boiling after addition of Laemrhli sample buffer.
After centrifugation, supernatant was subjected to SDS-PAGE. The gel was dried and subjected to
autoradiography.

In addition, kinase z;ctivity of JNK was determined by the immune complex kinase assay 'using
an anti-JNK polyclonal antibody (Santa Cruz Biotechnology, Inc) as described previously (39). In
brief, cell lysates were incubated with 2 ug of the anti-JNK antibody at 4°C for 12 h and then
incubated with 50 pl of protein A-Sepharose at 4°C for 40 min. After washed twice with ice-cold
lysis buffer, each sample was miixed with 1 ug of the GST-c-Jun (1-79) protein in 8 ul of buffer C
and incubated at 30°C for 30 minutes. The reaction was terminated by boiling after addition of
Laemmli sample buffer. After ’centrifugation, supernatant was subjected to SDS-PAGE. The gel was

dried and subjected to autoradiography.

Western blot analysis. Protein extracts were subjected to Western blot analysis as
- described previously (22) using. p38MAPK-specific antibody. Anti-phosphorylated p38MAPK
antibody recognizes only activated p38MAPK that is phospholated on Thr-180 and Tyr-182. The
anti-rabbit IgG conjugated with HRP was used as the secondary antibody for p38MAPK and immune
complexes were visualized using the ECL detection kit according to the manufacturer’s directions.
pP38MAPK phosphorylation examined by Western blot analysis using phospho-specific pP38MAPK
antibody is well correlated with the p38MAPK activity as reported before (22).

For the Western blot analysis of Flag-p38MAPK, the Flag-p38MAPK-transfected cells were
harvested in Buffer A. Flag-p38MAPK was immunoprecipitated with an anti-Flag M2 monoclonal
antibody. The anti-mouse IgG conjugate& with HRP was used as the secondary antibody and

immune complexes were visualized as mentioned above.

Assay of p38MAPK activity. After transfection of Flag-p38MAPK, the myocytes were
incubated with 100 uM DM for 30 min. Cardiomyocytes were lysed with Buffer A and the
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transfected p38MAPK was then immunoprecipitated with an anti-Flag M2 monoclonal antibody. The
immune complex was resuspended in the kinase buffer B and incubated with MBP as a substrate at

25°C for 10 min. The sample was subjected to SDS-PAGE, and the gel was dried and subjected to

autoradiography.

Immunofluorescent cytochemistry. After transfection of HA-ERK?2, Flag-p38MAPK or myc-
tagged D.N.Rho, the myocytes plated on a cover glass were fixed with 4% paraformaldehyde
solution for 30 min at room temperature and treated with 0.3% Triton X-100 for 15 min to improve
permeability to the regents. After wash with PBS, the samples were incubated for 1 h at37°C with
the phalloidin-TRITC antibody (red) that identifies filamentous actin. Next, the samples were
incubated with anti-HA, anti-Flag M2, or anti-myc monoclonal antibody for 1 hat37°C and then
incubated with an anti-mouse IgG conjugated to FITC (green) for 1 h at room temperature. These

samples were analyzed by fluorescence microscopy.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
analysis. Cardiomyocytes plated on a cover glass were fixed with 4% paraformaldehyde solution
for 30 min at room temperature. After wash with PBS, the samples were incubated with a
monoclonal antibody against myosin heavy chain (MF-20) (40) for 1 h at37°C, and then incubated
with an anti-mouse IgG conjugated with rhodamine for 1 h at room temperature. Next, 50 ul terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) reaction mixture
containing both terminal deoxynucleotidy! transferase and fluorescein isothiocyanate (FITC)-

conjugated dUTP was added on the each sample for 1 h at 37°C. These samples were analyzed by

fluorescence microscopy.

Agarose gel electrophoresis for DNA fragmentation. To examine the DNA laddering
formation, we used the apoptosis ladder detection kit (Wako Pure Chemical Industries, Ltd. Tokyo,
Japan). Briefly, cells (1X105) were lysed in 180 pl of enzyme reaction solution and 20 pl of enzyme
activator solution followed by incubation with 40 ug RNase and 100 g proteinase K for 30 min at

50°C, and DNA was extracted by 50% isopropanol. The DNA was then ethanol precipitated and

e,



finally resuspended in TE buffer. The DNA was electrophoretically fractionated on 1.5% agafose gel

and stained with fluorescent SYBR® Green I as described by the protocol.

Statistics. Statistical comparison of the control group with treated groups was carried out using

one-way ANOVA and Dunnett’s z test. The accepted level of significance was P<0.05.



Results

DM induces apoptosis in cardiac myocytes.

DM has been reported to induce apoptosis in a variety of cells such as Hela S3, Jurkat, ST4, and
PF382 cells (5, 41). Thus, we first examined whethér DM also induces apoptosis of cardiac
myocytes. When cultured cardiac myocytes of neonatal rats were exposed té 1uM DM for24h,a
considerable number of myocytes (~24%) showed positive TUNEL staining compared with ;he
vehicle-treated cells (~3%) (Fig. 1A, B). Many TUNEL-positive cells had condensed nuclei, which
are characteristic of apoptosis (Fig. 1A). When TdT was not added in the reaction solution, no
myocytes were stained positively (data not shoWn), indicating that the specific labeling targets were
the r_nultitude of new 3'-OH DNA ends generated by DNA fragméntation induced by DM. We next
examined whether DM induces DNA fragmentation using agarose gel electrophoresis. The
characteristic degradation of genomic DNA into oligonucleosomal-length fragments was observed

when cardiac myocytes were exposed to 1 uM DM for 24 h (Fig. 1C).

DM activates MAPKs in cardiac myocytes.

Many lines of evidence have suggested that MAPKSs are key molecules in intracellular signal
transduction pathways and play important roles in cell survival or death (19, 20, 42). To elucidate the
molecular mechanism of DM-induced a-poptosis of cardiac myocytes, we examined whether DM
activates MAPKSs including ERKs, JNKs, and p38MAPK in cardiac myocytes. When cardiac
myocytes were exposed to various concentrations of DM (0.1 uM— 1 mM) for 20 min, ERKs were
activated in a dose-dependent manner (Fig. 2A). A significant increase in the activity of ERKs was
detected from 1 uM DM, and maximum activation was obtained by 100 uM DM (Fig. 2A). When
being incubated with 1 mM DM for 20 min, many cardiac myocytes were dead and therefore the
activity of ERKSs per plate was very low (Fig. 2A). The increase in the ERK activity was first

~ detected at 5 min after the addition of 100 uM DM, peaked at 15 min, and gradually decreased
thereafter (Fig. 2B). One h after the addition of 100 uM DM, the activity of ERKs returned to basal
levels. JNKs (Fig. 3A) and p38MAPK (Fig. 4A) were also activated by DM at the dose similar to the
case of ERKs. Unlike the ERK activity, the activity of JNKs and p38MAPK was high even after
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treatment with 1 mM DM (Fig. 3A and 4A). Since many cardiac myocytes were dead after incubation
with 1 mM DM, this result suggests that the activity of INKs and p38MAPK of each remaining
cardiomyocyte might be very high. Activation of INKs (Fig. 3B) and p38MAPK (Fig. 4B) by 100
uM DM was detected from 5 min and peaked at 30 min. The phosphorylation of JNKs and
p38MAPK was observed even at 60 min after addition of 100 uM DM.

ROS is involved in activation of ERKs and p3SMAPK.

We next examined how DM activates MAPKs in cardiac myocytes. Since ROS haye been reported té
be generated from cells which are exposed to DM (2, 9), and to activate MAPKSs in many cell types
(20, 22), we exérnined whether ROS are involved in DM-induced activation of MAPKs. Cardiac
myocytes were exposed to DM after pretreatment with dimethyl sulfoxide (DMSO) (a diffusible
scavenger of - OH), catalase (a oxidoreductase of H»O,), or N-(2-mercaptopropionyl)-glycine (MPG)
(a rapidly diffusible scavenger of HyO,, O™+, and -OH). DMSO and catalase strongly suppressed
DM-induced acti.vation of ERKs (Fig. 5A) and p38MAPK (Fig. 5B). In contrast; heat-inactivated
catalase did not show any inhibitory effects on the DM-induced activation of these kjnases (data not .
shown). The pretreatment with MPG completely blocked activation of ERKSs (Fig. 5A) and
p38MAPK (Fig. 5B). However, superoxide dismutase (SOD), a scavenger of O™+, did not show
inﬁibitory effects on ERKSs and p38MAPK (Fig. 5A, B). These results suggest that among ROS,
H,0; and “OH, but not O,--, may be involved in DM-induced activation of MAPKs in cardiac

myocytes.

DM-induced ERK activation is dependent on Ras and Raf-1 in cardiac myocytes.

We further examined the DM-induced intracellular signaling pathways leading to activation of ERKs.
DM increased the activity of transfected HA-ERK?2 in cardiac myocytes (Fig. 6A). Overexpression of
D.N.Ras or D.N.Raf-1 strongly suppressed DM-induced ERK2 abtivatiori (Fig. 6A). In contrast,
overefcpression of D.N.Ras or D.N.Raf-1 did not affect activation of p38MAPK induced by DM
(Fig. 6B). These data suggest that Ras and Raf-1 play critical roles in DM-induced activation of
ERKSs and that p38MAPK is activated by DM through pathways different from those of ERKs.
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DM-induced p38MAPK activation is dependent on Rho in cardiac myocytes.

" It has recently been reported that among Rho family GTP-binding proteins, Racl and Cdc42 regulate
the activity of JNKs and p38MAPK in a variety of cell types (29-31). More recently, Strutt et al. has
also shown that INK/SAPK-like kinases are regulated by RhoA signaling cascade (32). We thus
examined whether small G proteins of Rho family are involved in DM-induced p38MAPK activation
in cardiac myocytes. DM activated the transfected p-38MAPK in cardiac myocytes (Fig. 7A, top).
Inhibition of Rho family functions by overexpression of D.N.RhoA, D.N.Racl, D.N.Cdc42, or Rho
GDP dissociation inhibitor (RhoGDI) suppressed DM-induced p38MAPK activation (Fig. 7A, top).
Among these dominant negative mutants, RhoGDI most strongly suppressed the activation of
p38MAPK by DM. In contrast, DM-induced ERK activation was not affected by overexpression of
dominant negative mutants of these Rho family small G proteins (Fig. 7B). To determine whether
dominant negative mutants of RhoA, Racl, and Cdc42 are expressed in cardiac myocytes, we
transfected the myc-tagged dominant negative mutants into cardiac myocytes and stained the cultured
cells using an anti-myc monoclonal antibody and the phalloidin-TRITC. Expression of the dominant
negative mutants of RhoA, Racl, and Cde42 was observed in 1-2% of cardiac myocytes (data not |
shown). To determine whether expression levels of transfected Flag-p38MAPK are equal among .
various conditions, we performed Western blot analysis using an anti-Flag M2 monoclonal antibody.
The transfected each mutant was equally expressed in cultured cardiac myocytes (Fig.7A, bottom). In
addition, when constitutively active mutants of RhoA, Racl, and Cdc42 were cotransfected into
cardiomyocytes with p38MAPK, the activity of the transfected p38MAPK was markedly activated
(data not shown). These results suggest that Rho family small G proteins play important roles'in

activation of p38MAPK by DM in cardiac myocytes.

DM-induced activation of ERKs and p38MAPK is dependent on Ca?* but
independent of PKC, PKA, and TKs in cardiac myocytes.

We have recently reported that Ca2+ plays an important role in activation of ERKs and JNKs in
cardiomyocytes (39, 43). To elucidate whether Ca2+ is involved in DM-induced activation of
MAPKSs, we examined the activity.l of ERKs and p38MAPK after chelation of 'Ca2+ with 5mM EGTA
or 40 uM BAPTA. Chelation of intracellular or extracellular Ca?* by pretreatment with 5 mM EGTA
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for 2 min or 40 uM BAPTA for 30 min, respectively, suppressed activation of ERKs and p38MAPK
(Fig. 8A, B). Complete depletion of intracellular free Ca2+ by BAPTA may cause certain stress to
cardiae myocytes and activate ERKSs and p38MAPK (Fig. 8A, B). These results suggest that Ca2+ is
involved in DM-induced activation of ERKs and p38MAPK in cardiac myocytes. On the other hand,
downregulation of PKC by pretreatment with 0.1 uM TPA for 24 h (44) or by pretreatment with 1
uM Calphostin C, a Speciﬁc inhibitor of PKC, for 60 min (45) did not have any effects on DM-
induced ERK ot p38MAPK activation (Fig. 8C, D). Likewise, inhibition of PKA by pretreatment
with 100 uM RpcAMP (18) for 10 min did not affect DM-induced ERK or p38MAPK activation (Ft g
8C, D). After pretreatment for 30 min with 50 uM Tyrphostin (A25) or 20 uM Genistein, two
chemically and mechanistically dissimilar tyrosine kinase inhibitors (46, 47), cardiac rr‘lyocytes' were

| stimulated with 100 uM DM for 20 min. The activatic;n of ERKSs or p38MAPK by DM was not
affected by the pretreatment with these tyrosine kinase inhibitors (Fig. 8C, D). TPA did not activate
ERKS in cardiac myocytes after pretreatment with TPA for 24 h and Calphostin C for 60 min (Fig.
8C). ERKSs were not activated by isoproterenol and insulin after pretreatment with RpcAMP for 10
min, or Tyrphostin (A25) and Genistein for 30 min (Fig. 8C), respectively. These results suggest
that PKC, PKA, and TKs were fully inhibited by each pretreatment. Taken together, these results

+ suggest that DM induces activation of ERKs and p38MAPK through the pathway independent of
PKC, PKA, or TKs in cardiac myocytes. ’

ERKSs and p38MAPK play opposite roles in DM-induced myocardial apoptosis.
Finally, to elucidate the roles of MAva in the development of cardiomyocyte apoptosis, we
examined apoptotic death of cardiac myocytes following the DM treatment in the presence or absence
of the MAPK inhibitors, PD98059 for ERKs or SB203580 for p38MAPK. PD98059 has been
reported to specifically inhibit MEK1 and MEK_?. which are specific activators for ERKSs but not for
P38MAPK or JNKs (48). When cardiac myocytes were pretreated with 50 uM PD98059 for 60 min,
DM-induced ERK activation was completely suppressed, while p38MAPK was not (data not shown).
When nuclei of cardiac myocytes were stained by TUNEL method, few cardiac myocytes (less than
3%) were positive in untreated cultures (Fig. 9A). After incubation with 1 uM DM for 24 h, the

number of TUNEL-positive cardiac myocytes was increased (~24%)(Fig. 9A). When the ERK
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signaling pathway was blocked by the pretreatment with 50 uM PD98059 for 1 h, the number of

TUNEL-positive myocytes was further increased by over two folds (~53%) (Fig. 9A). Treatment
with Pb98059 significantly increased the number of TUNEL-positive cells even in the absence of DM
(~10%) (Fig. 9A). We further examined DNA fragméntation by agarose gel electrophoresis (49).
When cardiac myocytes were exposed to 1 uM DM for 24 h, extracted genomic DNA showed a
prominent DNA ladder, characteristic of apoptosis (Fig. 9B). When cardiac myocytes were pretreated
with PD98059, DM-induced DNA fragmentation became more prominent (Fig. 9B). Next, we
examined apoptotic death of cardiac myocytes following DM exposure in the presence or absence of a
p38MAPK inhibitor SB203580, which specifically inhibits p38MAPK, but not ERKs or JNKs even

at 100 uM (50). Treatment with less than 5 uM of SB203580 showed no significant inhibition in
DM-induced apoptosis. However, DM-induced apopt'osis was significantly suppressed by the
pretreatment with 10 uM SB203580 for 2 h (~18%)(Fig. 9A). DM-induced DNA fragmentation was
also reduced by the pretreatment with 10 uM SB203580 (Fig. 9B). The concentration of 10 uM
SB203580 has been widely used to inhibit pP38MAPK in many cell types (51, 52). To further
elucidate the roles of ERKs and p38MAPK, we transfected HA-ERK2 and Flag-p38MAPK into
cultured cardiac myocytes and exé.mined apoptosis. Strong signals of both HA-ERK?2 and Flag-
p38MAPK were observed in the cytoplasm of cardiomyocytes before addition of DM and they were
translocated into the nucleus after DM treatment (Fig. 9C), suggesting that DM activates both ERKs
and p38MA.PK in cardiac myocytes. When we double-immunostained the cells using TUNEL and
either anti-HA or anti-Flag monoclonal antibody, many p38MAPK-transfected cells, but not ERK2-
transfected cells showed TUNEL positive after starvatio.n of 48 h (Fig. 9D). Furthermore, when the .
transfected cells were incubated with 1 uM DM for 4 h, almost all p38MAPK-transfected cells were
TUNEL positive (data not shown); In contrast, none of ERK2-transfected cells were TUNEL
positive (data not shown). These results also suggest that p38MAPK induces apoptosis of
cardiomyocytes while ERKs protect cardiomyocytes from apoptosis. Collectively, ERKs and
p38MAPK play opposite roles in DM-induced myocardial apoptosis. ERKs protect cardiac myocytes
from DM-induced apoptosis, whereas p38MAPK induces apoptosis.
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Discussion

A growing body of evidence suggests that apoptosis is an active process induced by a variety of
stresses (21, 25, 42). Even the cells that lose their proliferative ability, like cardiac myocytes,
undergo apoptosis by a variety of stimuli (22, 53, 54). The present study demonstrates that DM
induces apoptosis of cardiac myocytes possibly through the production of ROS. Three members of
the MAPK family were activated in cardiac myocytes by DM, and among them ERKs and p38MAPK
play opposité roles in the induction of apoptotic death. ERKs, which are activated by DM through
Ras and Raf-1, protect cardiomyocytes from apoptosis, whereas p38MAPK, which is activated
fhrough the Rho family, is involved in DM-induced apoptosis of cardiomyocytes. Furthermore,
activation of ERKSs and p38MAPK by DM is depgnder'xt on Ca?+, but independent of PKC, PKA, or
TKS in cardiac myocytes. |
Recently, apoptosis has been suggested to play a critical role in a variety of cardiovascular
diseases, including myocardial infarction, heart failure, and atherosclerosis (55). We examined
TUNEL staining and DNA ladder formation to determine whether DM induces apoptosis of cardiac
myocytes. Although we used 100 uM DM to examine the DM-evoked signaling pathway in the
present study, we obtained basically same results even with 1 uM DM. 1 uM DM significantly
activated ERKSs, JNKs, and p38MAPK _in cardiac myocytes through the same signaling pathway as
we showed using 100 uM DM. Since activation was not prominant with 1 uM DM, we showed the
data obtained with 100 uM DM. To examine the cardiotoxicity of DM, we used 1 uM DM. It has
been reported that the plasma kinetics of anthracyclines following standard bolus administration in
patients exhibit peak plasma concentration of higher than 5 uM (56) and previous studies on
cardiomyocytes demonstrated that treatment for 24-48 h at 1 uM AM produces morphological and
ultrastructural changes characteristic of AM cardiotoxicity (57). 1 uM DM has also been used to
induce apoptosis in P388 murine leukemia cells in 4-24 h (58). Although it is difficult to precisely
estimate the amount of necrotic death and apoptotic death of cardiac myécytes, the present results
suggest that at least a part of cultured cardiomyocytes show apoptotic cell death after exposure to DM.
Since we can easily detect the ladder formation, at least more than 10% of cells may be dead by

apoptosis. Ferrans and colleagues have reported that cells of the kidney and the intestine, but not of
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the heart, are dead by apoptosis at 7 days after the administratibn of AM (59, 60). However, itis
possible that apoptosis occurs more rapidly in the heart after administration of AM, leaving no residue
at 7 days. In fact, Unverferth et al. have reported that AM markedly alters the morphology of the
human myocardial nucleus and nucleolus at 4 hours after treatment, and that these changes diminish
with 24 hours (61). Since apoptosis usually occurs in isolated single cell, the remnants of which are
engulfed by peripheral phagocytic cells of the macrophage/monocyte lineage, and apoptosis dose not
induce persisting changes in tissue such as the inflammation and scarring that characterize necrosis, it
should be difficult to detect apoptotic cells in tissue. During preparation of our manuscript, Wang et
al. have reported that DM induced apoptosis in the cultured cardiomyocytes of neonatal rats (62).

Anthracycline-induced cardiotoxicity has been reported to be related to the generation of ROS
(2,9). AM stimulates NADPH oxidase-like activity in the cardiac sarcoplasmic reticulum and thereby
induces oxidative stress in the myocardium (9). Cardiac glutafhione peroxidase is also reported to be
inhibited by AM (63). We showed here that MPG (a rapidly diffusible scavenger of H;O; , O;7,
and -OH ), DMSO (a -OH specific scavenger), and catalase (H,O, oxidoreductase), but not SOD (a
scavenger of O,"+), markedly repressed DM-mediated activation of ERKs and p38MAPK. It has
been reported that the pretreatment with catalase and mannitol (a quencher for -OH) but not with SOD
mitigates the reduction in contractile function of the papillary muscles, decreases lipid peroxidase and
reduces ultrastructure damage due to AM (2). These results and observations suggest that -OH and
H,0;, but niot Oy, are mainly involved in the DM-induced activation of MAPKs and acute cardiac
injury, although it is also possible that dismutation of O, could result in further H,O; and -OH
generation or that SOD, a large molecular weight scavenger of Oy, remained in the extracellular
space.

ERKs are activated by serial activation of Raf-1 and MEK in mammalian cells (19). However,
the signal transduction pathways leading to activation of Raf-1 are different according to cell types and
stimuli (16-18). It has been reported that angiotensin II (Ang II) activates Src family tyrosine kinases
and Ras in smooth muscle cells through G protein-coupled Ang II type I receptor, resulting in
activation of ERKs (64, 65). In contrast, we have recently reported that protein kinase C (PKC), but '
not Src family or Ras, is critical for Ang II-induced ERK activation in cardiac myocytes (45).

Although PKC is partially involved in ERK activation by H,O5 in Jurkat T cells (66), Ras, but not
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PKC, is necessary for ERK activation by HQOZ in cardiac myocytes (22). In this study, we
demonstrated that DM activates ERKs through Ras and Raf-1, but not through PKC, PKA or TKs in
cardiac myocytes. Although stimulation of TKs often activates ERKs through Ras (16, 17), the DM-
induced ERK activation was not inhibited by the pretreatment with Tyrphostin (A25) or Genistein.
These results suggest that although we cannot exclude a possibility that Tyrphostin (A25)- and
Genistein-insensitive TKs may mediate DM-induced activation of ERKSs, TKs may not be involved in
activation of DM-induced ERK signaling pathway.

The si gnaling pathway leading to activation of p38MAPK was different from that of ERKs.
DM-induced p38MAPK activation was not inhibited by D.N.Ras or D.N.Raf-1. PKC, PKA, and
TKs are also not involved in DM-induced p38MAPK activation. It has been reported that small GTP-
binding proteins of the Rho family, including Racl and Cdc42, regulate the activity of JNKs and
pP38MAPK (29-31). Recently, Strutt et al. have also shown that RhoA regulates JNK/SAPK-like
kinases, which are required for the generation of Drosophila tissue polarity (32). During the
preparation of oﬁr manuscript, Roberts et al. have demonstrated that, in A549 lung carcinoma cells,
H20O; induces JNK activation via RhoA-dependent pathway (67). In the present study, we examined
whether Rho family small GTP-binding proteins are responsible for DM-induced activation of
p38MAPK in cardiac myocytes. Overexpression of Rho-GDI, D.N.RhoA, D.N.Racl, and
D.N.Cdc42 significantly suppressed DM-induced p38MAPK activation, but not DM-induced ERK
activation. These ;esults suggest that all three members of Rho family are involved in DM-induced
p38MAPK activation in cardiac myocytes. It has been reported that the Rho family proteins regulate
p38MAPK through the p21-activated kinase (PAK) (29). It needs further study to elucidate whether
PAK is involved in DM-induced activation of p38MAPK.

In the present study, EGTA and BAPTA potently inhibited the DM-induced activation of ERKs
and p38MAPK. It is generally regarded thaf rapidly raised intracellular Ca2+, in response to multiple
hormones, neurotransmﬁters, and immune effecters, regulates myriad cellular processes, including
gene expressiori ar‘ld cell growth (68, 69). It has been reported that Ca2+ activates ERKs by
modulating PKC activity (38) or by activating Ca2+-dependent tyrosine kinases (70), and that
Ca?*/calmodulin-dependent protein kinases may regulate the JNK cascade (71, 72). It should be
determined how Ca?* is involved in DM-induced activation of ERKs and p38MAPK.
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Many lines of evidence have suggested that the members of MAPKs, including ERKSs, INKs,
and p38MAPK, play important roles in cell survival and death (25, 42). Activation of the ERK
signaling pathway may function to protect cells from a variety of cellular stresses (20-22, 42). On the
contrary, the JNK and p38MAPK signaling pathways have been suggested as the apoptosis-inducing
pathways (24, 42, 73). JNKs and p38MAPK are activated by a variety of sfrgsses such as

_ rnechanical stretch (38), ischemia/reperfusion (74), and AnglI (39) in cardiomyocytes, but the role of
INK/p38MAPK activation in cardiomyocytes was unknown. DM activated all three members of
MAPKsina different manner. Although the activation of ERKs and JNKs/p38MAPK occurred at
almost the same time, the inactivation of JNKs/p38MAPK was preceded by the one of ERKs.
Furthermore, unlike the very low ERK activity, the activity of JNKs and p38MAPK remained quite
high even after being dead durifig incubation with DM. From the differences, though uncausal to
apoptosis, it at least suggested that ERKs and JNKs/p38MAPK may play distinct role in DM-induced
cardiac apoptosis. Pretreatment of PD98059, a specific inhibitor of MEK-1, made the DNA
fragmentation prominent and increased the number of apoptotic cells. Moreover, PD98059 treatment
itself also induced apoptosis in our system. On the contrary, pretreatment of SB203580, a specific
inhibitor of p38MAPK, reduced the number of apoptotic cells. In addition, most of p38MAPK-
transfected cells, but not ERK2-transfected cells, became TUNEL positive, suggesting that activation
of p38MAPK induces apoptosis in cardiac myocytes. Moreover, when the transfected cells were
incubated with 1 uM DM for 4 h, almoét all p38MA PK-transfected cells were TUNEL positive. In
contrast, none of ERK2-transfected cells were TUNEL positive. These results suggest that ERKs are
important to prevent cardiac myocytes from DM-induced apoptosis, whereas p38MAPK is crucial for
promoting apoptosis in cardiac myocytes. Like ERKs/p38MAPK, DM-induced activation of INKs
was inhiBited by various inhibitors such as catalase, EGTA, BAPTA, and DMSO (data not shown).
However, phannécological specific inhibitors of JNKs are not available at present, we did not
evaluate the role of JNKs in DM-induced cardiac apoptosis in this study.

A major question concerns the mechanism of how MAPKSs are involved in DM-induced
apoptosis in cardiomyocytes. Many studies have suggested that ERKs play pivotal roles in cell
growth and survival (19, 20). ERKSs phosphorylate and activate many molecules and some of them

may be involved in preventing cells from apoptotic death as well as in promoting cell growth. It
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remains to be determined what molecules are targets of ERKSs and are involved in inhibition of
apoptosis. Some anti-apoptotic factors such as Bcl-2 and Bcl-x; may be such candidates (75).
Caspases, such as ICE and CPP32, are critically involved in apoptosis of many cell types (76).
JNKSs have been reported to activate the caspase-like proteases in U937 cells (77). Caspases are
regulated not only by post-translational processing but also by transcriptional control (78). AP-1,a
transcription factor downstream of JNKs, may be involved in this transcriptional regulation (79).
Another possibility is that DM induces secretion of some factors such as Fas ligand and TNF-a by
activating p38MAPK and these factors trigger apoptosis. It has been reported that p38MAPK
regulates expression of TNF-a (27), a well known apoptosis-inducing cytokine, and that
hemodynamic overload induces TNF-o production in adult feline myocardium (80). TFhese
observations suggest that DM may activate p38MAPK which induces cardiomyocyte apoptosis via
production of TNF-a.

In summary, the present study demonstrates that DM induces apoptosis of cardiomyocytes
through the production of H,O, and -OH. DM activates ERKs through Ras- and Raf-1-dependent
pathways in cardiac my'ocytes, and activation of ERKSs is important for protecting cardiomyocytes
from apoptosis. On the other hand, DM activates p38MAPK through the Rho family-dependent
pathways in cardiac myocytes, and activation of pP38MAPK is critical for induction of cardiomyocyte
apoptosis. Although it remains to be determined how each member of MAPK family is involved in
cardiomYoc’:yte apoptosis, the present st;.ldy may pave the way to prevent cardiomyocyte injury from

anthracyclines.
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Figure legends'

Figure 1. DM induces cardiomyocyte apoptosis.

A. After treatment with 1 uM DM for 24 h, cardiomyocytes were marked by staining with a
monoclonal anti-sarcomeric myosin heavy chain antibody (MF-20) followed by incubation with an
anti-mouse IgG conjugated with TRITC (a,c). TUNEL staining using FITC—coﬁjugated antibody was
performed as described in Materials and Method (b, d). a, b, untreated cardiomyocytes; c, d,
mrdiomyocyfes incubated with 1 uM DM for 24 h. B. The number of TUNEL-positive
cardiomyocytes was presented as a percentage of MF-20-positive cardiac.myocytes (n=100) from
three independent experiments (mean+S.E.). *P<0.05 versus control. C. Genomic DNA was
extracted from cultured cardiac myocytes (1x 105 cells). DNA was fractionated by electrophoresis in
1.5% agarose gel and stained by fluorescent SYBR® Green1 . lane 1, molecular weight markers;

lane 2, vehicle; lane 3, 1 uM DM for 24 h. Molecular weight is shown at the left.

Figure 2. DM activates ERKSs in cardiac myocytes.

Cardiac myocytes were incubated for 20 min with indicated concentrations of DM (A) or with 100 uM
DM for indicated periods of time (B) and lysed with ice-cold lysis buffer A. Kinase assays in MBP-
containing gels were performed as described in Materials and Methods. The cell lysates were applied

to SDS-polyacrylamide gel containing MBP. Phosphorylation of MBP was assayed by incubating the
gel with [y-32PJATP. After incubation, the gel was washed, dried, and then subjected to

autoradiography. The intensity of each band on the autoradiogram was quantified by densitometric
scanning, and the activity of ERKSs is shown as percent increase in the average from four independent

experiments compared with unstimulated controls (100%). *P<0.05 versus control.

Figure 3. DM activates JNKs in cardiac myocytes.

Cardiac myocytes were incubated for 20 min with indicated concentrations of DM (A) or with 100 uM

DM for indicated periods of time (B) and lysed with ice-cold lysis buffer A. A. The cell lysates were
incubated at 4°C for 30 min with 1 pg of GST-c-Jun (1-79) fusion protein in the kinase reaction

buffer C containing [y-32P]JATP. B. Cell lysates were immunoprecipitated with an anti-JNK
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antibody and protein A-Sepharose and incubated with [y-32PJATP and GST-c-Jun (1-79) protein as a
subétrate. The samples were applied to 12% SDS-polyacrylamide gels. The gel was washed, dried,
and thén subjected to autoradiography. The intensity of each band on the autoradiogram was
quantified by densitometric scanning, and the activity of JNKs is shown as percent increase in the
average from four independent experiments compared with unstimulated controls (100%). *P<0.05

versus control.

Figure 4 . DM activates p38MAPK in cardiac myocytes.

Cardiac myocytes were treated for 20 min with indicated concentrations of DM (A) or with 100 uM
DM for indicated periods of time (B) and lysed with ice-cold lysis buffer A. Cell lg/sates were
subjected to SDS-PAGE, and Westem blot analysis w;as performed using an anti-phosphorylated
p38MAPK specific antibody. The blot was developed by ECL as described in Materials and
Methods. The intensity of each band on the autoradiogram was quantified by densitometric scanning.
The activity of pP38MAPK is shown as percent increase in the average from four independent

experiments compared with unstimulated controls (100%). *P<0.05 versus control.

Figure 5. DM activates ERKs and p38MAPK through - OH and H;O;.
Cardiac myocytes were preincubated with SOD (50 mM) for 90 min and DMSO (0.5%), catalase (500
U/mg), or MPG (20mM) for 30 min. After incubation for 20 min with 100 uM DM, the activity of

ERKs (A) and p38MAPK (B) was assayed as described under the Fig. 2 and 4 legend, respectively.

Representative autoradiograms from three independent experiments are shown.

Figure 6. Ras and Raf-1 are critical for DM-induced ERK activation.
HA-ERK?2 or Flag-p38MAPK was transfected into Cardiac myocytes, and the myocytes were treated
with 100 uM DM for 15 min for ERKs or 30 min for p38MAPK. The transfected ERK2 and

p38MAPK were immunoprecipitated with an anti-HA polyclonal antibody and an anti-Flag

monoclonal antibody, respectively. The immunecomplex was incubated with {y-32P]JATP and MBP

as a substrate. Aliquots of the reaction mixture were subjected to SDS-PAGE, and the gel was
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washed, dried, and subjected to autoradiography. A representative autoradiogram of ERK?2 (A) and
p38MAPK (B) from three independent experiments is shown.

Figure 7. DM-induced p3SMAPK activation is dependent on Rho.

After transfection of expression plasmids encoding Flag-p38MAPK or HA-ERK2 with D.N.RhoA,
D.N.Racl, D.N.Cdc42, or RhoGDI, cardiac myocytes were maintained in DMEM with 0.1% FBS
for 48 h and then treated ;vith 100 uM DM for 30 min for p38MAPK or 15 min for ERK2. The
activity of thé transfected p38MAPK or ERK?2 was assayed as described under Fig. 6 legend.
Representative autoradiograms of p38MAPK (A, top) and ERK2 (B) and from three independent
experiments are shown. Western blot analysis using anti-Flag M2 monoclonal antibody was

performed to show equal expression of Flag-p38MAPK in each case (A, bottom).

Figure 8. DM-induced activation of ERKs and p38MAPK is dependent of Ca2+but
independent of PKC, PKA, and TKs in cardiac myocytes.

A, B. Extracellular and intracellular Ca2+ was chelated by incubation for 2 min with 5 mM EGTA and
for 30 min with 40 QM BAPTA, respectively. Cardiac myocytes were treated with 100 uM DM for
20 min, and activities of ERKSs (A) and p38MAPK (B) were assayed as described in the Fig. 2 and 4
legend, respectively. Repreéentative autoradiograms from three independent experiments are shown.
C, D. PKC'was downregulated by incubation of cardiac myocytes with 0.1 uM TPA for 24 hor
inhibited by pretreatment with 1 uM Calphostin C for 60 min. PKA was inhibited by pretreatment
with 100 uM RpcAMP for 10 min. Receptor or cytoplasmic TKs were inhibited by prétreatment with
50 uM Tyrphostin (A25) or.20 uM Genistein for 30 min. Cardiac myocytes were treated by 100 uM
DM for 20 min or by TPA (0.1 uM), isoproterenol (1 uM), or insulin (1 uM) for 8 min and activities
of ERKSs (C) and p38MAPK (D) were measured as described under Fig. 2 and 4 legend, respectively.

Representative autoradiograms from three independent experiments are shown.

Figure 9. ERKs and p38MAPK play opposite roles in DM-induced cardiac

apoptosis.
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After preincubation with 50 uM PDS8059 for 60 min or 10 uM SB203580 for 2 h, cardiomyocytes
were incubated with 1 uM DM for 24 h. A. TUNEL staining was performed as described under Fig.
1legend. One hundred of MF-20—positive cardiac myocytes were counted, and the number of
TUNEL-positive cells was presented as a percentage from three independent experiments
(mean+S.E.). *P<0.05 versus control; **P<0.05 versus DM treatment. B. Genomic DNA was
extracted and fractionated in a 1.5% agarose gel as described in Fig. 1 legend. lane 1, DNA size
markers; lane 2, vehicle; lane 3, 1 uM DM for 24 h; lane 4, pretreatment with 50 uM PD98059 for
60 min+1 uM DM for 24 h; and lane 5, pretreatment with 10 uM SB203580 for 2 h+1 uM DM for
24 h. C. After transfected with HA-ERK?2 or Flag-p38MAPK, cardiomyocytes were stimulated by
100 uM DM for 20 min and stained using phalloilin-TRITC (g-1) and either anti-HA or anti-Flag M2
antibodies, followed by incubation with an anti-mousé I1gG conjugated with FITC (a-f). aand g,
untré:ated cardiomyocytes; b and h, cardiomyocytes with DM treatment; ¢ and i, Flag-p38MAPK-
transfected cardiomyocytes without DM treatment; d and j, Flag-p38MA PK-transfected
cardiomyocytes with DM treatment; e and k, HA-ERK?2-transfected cardiomyocytes without DM
treatment; fand 1, HA-ERK2-transfected cardiomyocytes with DM treatment. D. After transfected
with HA-ERK?2 or Flag-p38MAPK, cardiomyocytes were stained with TUNEL method (d-f) and
either anti-HA (c) or anti-Flag M2 (a) antibodies and anti-HA plus anti-Flag M2 antibodies (b),
followed by incubation with an anti-mouse IgG conjugated with TRITC. band e, untreated
cardiomyocytes; ¢ and f, HA-ERKZ—trz;nsfected cardiomyocytes; aand d, Flag-p38MAPK-

transfected cardiomyocytes.



