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要旨

抗癌剤ダウノマイシンρ切による非可逆性心筋障害は致死的であり、その病

態解明と予防・治療法の開発が急務となっている。最近、心不全ゃある種の心筋

症において心筋細胞にアポトーシスが起こっていることが報告され、その病態

形成における役割が注目されている 1)。また、mitoge.n-activatedprはei.n.民国記

。仏PK)の新しいファミリーである C-Ju.nNIも-t町出血l魁..nase(応IT<)と p38MAPK
が同定され、その働きのひとつとしてアポトーシスとの関連が報告されている

2)。一方、われわれは、 DMによる心筋障害の一因として知られている活性酸

素がp38MAPKを介して培養心筋にアボトーシスによる細胞死を誘導すること

が報告した3)。そこで今回、 DMによる心筋細胞アボトーシスと MAPキナー

.ゼファミリーの関係をさらに詳細に解析した。

KEY WORDS 
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目的

DMは心筋細胞に傷害を与え、心不全が引き起こされます。この心不全はDM治

療における致命的な副作用のーっとして挙げられます。この発症機序の解明を

目指し、我々は、 DMによる心筋細胞アポトーシスと MAPキナーゼファミリー

の関係を解析する。

方法

1) MAPキナーゼ活性測定

ERKとp38MAPKは血ye1inba豆cpro創立(MBP)を、 JNKはc-Jun蛋白を基質にし

てその活性を測定した。さらに、 p38MAPKについてはリン酸化p38MAPKを特

異的に認識する抗体によってそのリン酸化について検討した。

2)心筋細胞のアボトーシスの検出

DM最終濃度1O-6Mで24時間の刺激を行い、 4%パラフ才ルムアルデヒドにて

固定し、心筋細胞の細胞質をミオシンに対する抗体を用いて、また核を TID沼L

法にてこ重染色を行った。さらに DNAの電気泳動を行い、 ladder形成の有無を

調べた。

結果

1 )心筋細胞のアボトーシス

lO-~MDM 刺激により、心筋細胞に多数の坑応JEL 陽性像 (24%) が確認された。

コントロールの培養心筋の染色像では百応JEL陽性像(3%)はほとんど確認され

なった。アガロースゲル電気泳動法では、アポトーシスに特徴的なladd町

fぽ盟組onが10・旬DM刺激で見られた。

2) MAPキナーゼの活性化

次に DMに誘導されたアポトーシスの形成機序を解析するために、細胞の増殖・

分化・アポトーシスに重要な役割を果たしている MAPキナーゼファミリーの活

性について検討した。 MAPキナーゼのうち、 ERK、JNK、p38MAPKはいず

れも活性化されたが、 ERKは15分にその活性のピークを認め、応JKと

p38MAPKは30分に認めた。また 10・ι1O-3Mの範囲において濃度依存性に活性

化された。

次にERKとp38MAPKの上流について解析を行った。種々の細胞において

Ras、

Raf-1は成長因子などの刺激により ERKの上流で活性化されることが知られて



いるが4)、R部、Raf-lのdominant-negative血utant(D.N.)の過剰発現によって、

DM刺激によるERKの活性化は抑制された。一方、 DM刺激によるp38MAPK

の活性化はR酒、Raf・1のD.N.では抑制されず、Rhoファミリー(RhoA， Rac 1， 

Cdc42)のD.N.や、Rhoを不活性化の状態のままにしてその機能を抑制する

Rho GDP dissociation inhibi丘on侭hoGDI)の過剰発現により部分的に抑制された。

また逆にRhoファミリーの抑制はERKの活性化に影響を与えなかった。。この

ことから ERKの上流にR邸、 Raf.・1蛋白が存在し、 p38MAPKの上流にRho蛋

白が存在することが示唆された。

さらにDMによるERKとp38MAPKの活性化のメカニズムを明らかにするた

めに、フリーラジカル消去剤(OHの消去剤DMSO;H202を還元する Ca凶ぉe; 

OH， H202 と ~-をともに消去する N-οー血町国ptopropion;列)-gl}7í也e) 及び細胞内

及び細胞外臼2+キレート剤BAPTA-AMとEGI'Aにて前処置すると ERKと

p38MAPKの活性化が抑制された。一方、 PKC、PKA、チロシンキナーゼの阻

害薬の前処置では、 ERKとp38MAPKの活性化は抑制されなかった。

3) MAPキナーゼの役割

DM刺激により心筋細胞は一部、細胞質の縮小、核の濃染、縮小といった形態

学的にアポトーシスを示し、 DNAのladder形成も認められた。 ERKの特異的

な阻害剤であるPD98059の前処置によりアポトーシスを示す細胞数は増加し、

DNAのladd町の形成は増加した。逆に、 p38MAPKの特異的な阻害剤である

SB203580の前処置によりアポトーシスを示す細胞数は減少し、 DNAのladder

の形成も減少した。

考察

近年、細胞内の最も基本的なシグナル伝達経路を構成すると考えられてきた

MAPキナーゼのファミリー (ERK，応IT<，p38MAPK)がアボトーシスと関連し

ているとの報告がいくつかなされている2}。U1dmの研究により、 ERKの活

性化が心肥大や心肥大時の遺伝子発現に重要であると報告され5)、

あJK/p38MAPKの活性化がアボトーシスの誘導に重要であると報告された2)。

今回の結果により、ラットの培養心筋細胞における抗癌剤DM刺激によりアポ

トーシスが起こっていることが生化学的及び形態学的に証明された。 DMによ

り産生されたフリーラジカル (H.，O，と OH)が心筋細胞障害を引き起こすこと

がフリーラジカル消去剤により明らかとなったがその過程において ERKは細

胞保護に、 p38MAPKは障害に働いていることが示唆された。 ERKの上流には



R出-Raf・1が、 p38MAPKの上流にはRhoが存在することも判明した。

Rho蛋白は最近、細胞の骨格や接着を制御する機能を有することで注目され

てきた低分子量 G蛋白であり、種々の細胞で応~K 及び p38MAPK のカスケード

の上流にあることが報告されている5) 0 DMによるp38MAPKの活性化をRho

蛋白のω出nant-nega丘.vemutantが抑制することより、心筋細胞における DM刺

激のシグナル伝達においても重要な役割を果たしていることが示唆された。ど

のようにRho蛋白が活性化されるか、またp38MAPKを活性化するかは今後の

課題である。

ζ:a2+は細胞内の情報伝達系の中で普遍的なシグナル物質として働いている。

細胞内或いは細胞外ea2+キレート剤にて前処置すると、 ERKとp38MAPKの活

性化が同時に抑制されたことから、仁:a2+はERKとp38MAPKの共通の上流に存

在することカ考示唆された。 ea2+がDMによる MAPKファミリーの活性化にどの

ように関与するのかを今後検討する予定である。また、どのような機序でERK

が細胞保護に、 p38MAPKがアポトーシス誘導に働いているかについても、今

後の検討課題である。
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研究計画書

(一}研究の背景及び目的

l 抗癌剤ダウノマイシン (D附による非可逆性心筋障害は致死的であり、その病態解明

と予防・治療法の開発が急務となっている。最近、心不全ゃある種の心筋症において心筋

細胞にアポトーシスが起こっていることが報告され、その病態形成における役割が注目さ

れている。また、出toge.n-activatedpro凶a組m田 (MAPK)の新しいファミリーであるC-Ju.n

NIも・臼m担叫恒国民(応IT<.)と p38MAPKが同定され、その働きのひとつとしてアボトーシ

スとの関連が報告されている。そこで本研究は、 DMによる心筋細胞アポトーシスと

MAPキナーゼファミリーの関係を詳細に解析する。

2 高血圧の持続によって標的臓器に障害が起こり、その結果脳卒中、心筋梗塞、高血圧

性心不全、突然死、腎不全などが正常血圧者より高率に発症する。そのため本研究は、持

続的な高血圧負荷に対する、心筋細胞の適応及び破綻現象について、分子機構の面から病

態生理の解明を試みる。

(二)進行状況と今後のスケジュール

1 1997年4月から抗癌剤ダウノマイシンによる心筋障害のメカニズムおよびその分子

機序をテーマに研究を行い、この一年間で解明された結果は以下のである。

( 1 )抗癌剤ダウノマイシンはApopt凶isによる心筋障害を引き起こした。

(2) MAPキナーゼスーパーファミリー (ERK，p38MAPK)は抗癌剤ダウノマイシンに

よるApopto釘において、 ERKが細胞保護に、 p38MAPKが障害に働く。

(3) ERKの上流にはRぉ-Raf.・1が、 p38MAPKの上流にはRhoが存在する。

以上の結果をアメリカのCな叩latio.n誌に投稿した。

2 1998年2月から液性因子回do由e1in.1 (Ef -1)による心肥大の分子機序を解析し、現在

までに以下の結果を得た。

( 1 )訂・1は心筋細胞の特異的な胎児遺伝子sMHCを活性化した。

(2)訂・1による sMHCの活性化に臼何回加。血1in-depe.ndent魁血民日および

Ca2+同1mω叫担，-dep阻de皿phosphatasec叫ci.ne町並が関与した。

以上の結果を論文にまとめているところである。また、この研究結果を 1998年 11月にア

メリカ心臓病学会(必弘)で報告 (p倒的であった。

3 持続的な高血圧負荷に対して、心筋細胞の適応及び破綻現象の病態生理を解明する



ために、細胞肥大を引き起こす心筋細胞特異的な分泌蛋白のc10nn血gと解析を行う。具

体的に説明すると、

(1)培養心筋細胞を町ー1で刺激して、 differe凶a1display法にて新しい遺伝子を探究する。

(2)・その新しい遺伝子の配列をもとに、オリゴヌクレオチドを作成し、マウス心筋細胞

の遺伝子ライブラリーを用いて分泌蛋白遺伝子を単離、 PCR法で増幅後、塩基配列を決

定する。

(3) 心筋特異的な分泌蛋白の遺伝子配列をもとに、この蛋白のアミノ酸一次構造を決定

する。次に、特異抗体を作成し、その心筋細胞における局在、受容体の分布、生理作用、

圧負荷あるいはAngII、ET・1、カテコラミン負荷による発現の増強を解析する。さらに、

プロモーター領域の解析に着手する。

(4) 前述の心筋細胞特異的な分泌蛋白のノックアウトマウスの作成に着手する。さらに、

そのノックアウトマウスにおける心肥大反応にどのように関係しているか、ノックアウト

マウスにおける蛋白の局在、圧負荷による変動を解析する。

(三)博士号取得後の計画

以上の研究をさらに発展させ、心肥大・心不全の病態生理の解明を行うとともに新しい機

序に基づく治療法の開発を目指す。
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Abstract 

Background Although anthracyclines such出 daunomycin(D附組dadriamycin， are potent 

chemotherapeutic agents， they have serious adverse effects including cardiac toxicity. In the present 

study， we investigated the molecular mechanisms of DM-induced回rdiomy∞yteimpairment 

Methods and Results When cultured伺 rdiacmy∞y胞sofnωna阻1rats were exposed to 1μM 

DM for 24 h， many cells b民amepositive for TUNEL s阻iningwith mo中hologi伺 1changes 

charac也risticof句。ptωis.Fragmentation of DNA into oligonucleosome-sized fragments wぉ

recognized by ag訂osegel electrophor回isinDM-紅白，tedmy∞戸田.DM  activated three members of 

mitogen-activated protein kinase (MAPK) do田-de戸ndently，such as extracelluIar signal-regulated 

protein kinases (ERKs)， c・JunNH2・terminalkinぉes，叩dp38MAPK in cardiac my'∞y飽s.

Oxyradical sω.vengers or Ca2+ chelators inhibited DM-induced activation of ERKS釦 dp38MAPK

DM-induced activation of ER.Ks wぉalsoinhibited by overexpression of dominant negative mu回nts

ofRぉ (D.N.Ras)，while the p38加1APKactivation w出 attenuatedby D.N.Rho. The number of DM-

induced apoptotic cells wぉmarkedlyincreased when the ERK signaling pa出waywぉ selectively

blocked by a specific I'v伍Kinhibitor PD兜059，while pretreatment with a specific inhibiぬrof

p38MAPK SB203580 significantly reduced the number of apoptosis. 

Conclusions These resuIts sugg回t出atDM activates MAPKs through reactive oxygen species叩 d

Ca2+ and that the MAPK f;出国lyplays important roles in DM-induced apoptosis in cardiac my∞yt回.

ER.Kspro旬ctcardiomy∞yt白 fromapoptosis， whereas p38MAPK is involved in the induction of 

αrdiomy∞yte apoptωis. 

Key words: daunomycin・ERKs・p38MAPK・apoptosis・C訂正副omy∞y匂

つ



Introduction 

An吐uacyclin国 such笛 daunomycin(DM)釦dadriamycin (AM)訂every powerf叫組出回pl出tic

agen包which訂ewidely used in the tr，伺回entof cancer. The clinical usefulness of these agen也is，

however， limited due to serious adverse effects including伺 rdioωxicity(1，2). These cardiotoxic 

ef[i田tsresult in cardiac dysfunction， cardiomega1y， and finally ∞ng回世veh伺rtfail町'e(3). Although 

exposure to DM  or other anthracycline derivatives has been reported to block cell cycle at G2 s也ge(4) 

and induce apoptosis in tumor cells (勾，the mechanism of my∞ardial impaiInlent by an吐rracyclines

remains unαrtain. It hぉ beenreported that AM  enhanc回 peroxidationof lipids in my'α~dial 

membrane(め組dthat Sulfhydryl r，回.gentsi叫ribitAM-induced伺 rdioto泊city(7， 8). These 

observations sugg回t血atanthracyclines impair myα溜 dium出roughthe production of reactive 

oxygen species (ROS) (2， 9). 

The MAPK family is an important mediator of signal transduction and activated by a v紅白tyof

stimuli suchぉ m釦 ygrow血factorsand cellular stress回 (10).Among the MAPK family， especially 

three members， suchぉ extracellularsignal-regulated kinases (ERKs) (11， 12)， c-Jun NH2・teImInal

kinぉes(JNKs， also called SAPKs) (13， 14)，釦dp38ν1APK(1:り，have been well characterized. 

TheseMAPKs訂'eactivated by dual phosphorylation on出reonineand tyrosine residu回 withinthe 

motifThr-X-Tyrin subdomain VIn (10). MAPK kinぉekinぉesphωphoryla同 andactivate MAPK 

kin笛 es，which in tum phosphorylate組 dactivate恥仏PKs.Eachル1APKis activated through the 

叩ecifickinase cascade. M組 ystudies on也eaction of growth factors have elucidated physiological 

functions of ERKs. ERKs訂'eactivated by a variety of signaling molecules such出 tyrosinekinぉes

(TKs)， Ras， protein kinase C (PKC)， protein kinase A (PKA)， or Ca2+ (16-18)， through Raf・1釦d

MAPKlERK kinぉe(恥伍ぬ，and play essential rol回 inthe control of cell growth and differenti油on

(19). ERKS訂'ealso activated by oxidative s紅白S組 dplay critical roles in survival of NIH 3T3 cells 

(20)， PC12 cells (21)， and cardiac my'∞ytes (22). In co山部t，丑{Ks訂eweakly activated by grow出

factors and phorbol esters， but markedly activated in response to tumor necrosis factor-α(TNF-α)， 

ul回 violetirradiation， and cellular s佐田ses(13， 14，23). Recently， cumulative evidence suggests that 

activation of JNKs hぉ beenassociated with induction of apoptosis (24， 2:り.Likewise， p38MAPK， 

also called RK (2め釦dCSBP(2η，a mammalian homolog of the yeぉthigh-osmo凶ityglycerol 

3 



r回ponse・1kinぉe(HOG1) (15)， is also strongly activated by TNF-αand environmental stresses 

including osmotic shock and UV irradiation (28). An important physiological subs岡崎ofp38MAPK

isMAPK・activa包dprotein kinase-2， which phosphorylates heat shock protein (hsp2η 笛 partofthe 

cellular r'回ponseぬS紅白s(26). Recently， it hぉ b田nreported出atsmall GTP proteins of the Rho 

family， Rac1 and Cdc42， regulate the JNK/p38MAPK pathway (29・31).More recentlY' Strutt et al. 

have also shown血atRhoA is also involved in regulation of JNK/SAPK-like kinases， which訂e

req凶redfor the generation of ti認uepo凶ity(32). 

Al由oughmany studies have been perfoロnedto elucidate the molecular mechanism of 

anthracycline-induced my∞ardial impairments (1-3， 6， 8， 9)， little is known about the pr，田lse

intracellular signals which lead to the injury. In the prl回entstudy， we showed出atDM  induces 

cardiomy∞yte death including apoptosis and出atthe MAPK family plays a pivotal role in出e

process. 
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Materials and Methods 

Materials. [y_32P]ATP w鎚 purchぉedfrom Du Point-New England Nuclear Co. (Boston， MA). 

Dulbecco's modified Eagle's medium (DMEM)， fe凶 bovineserum (FBS)， Tyrphostin (A25) and 

Genistein w田 fromGIBCO BRL Co. (G出血ersburg，MD). Calphostin C wぉ fromFunakoshi Co. 

σokyo，Jap叩).Anti-hemagglutinin{HA) monoclonal anti加dyand anti-phospho・specific

p38MAPK antibody were from Mitsubishi Bi∞hemi伺1Laboratories (Tokyo， Jap釦)andNew 

England Biolabs， Inc (Bevely， MA)， res戸ctivel子M2Aag monoclonal antibodY wぉfromKodak

Co. (New Haven， CT). Horseradish peroxidase-conjugated anti rabbit IgG antibody (HRP-anti-

rabbit IgG) and enhanced chemiluminescence reaction system (ECL) were from Amersham Co. 

(England). Daunomycin and apoptosis ladder detection kit were purchぉedfrom Wako Pure 

Chemical Industries， Ltd. (Tokyo， Jap佃).12-o..te回 de国noylphorbol・13・ace阻teσPA)and myelin 

basic protein (MBP) and other reagents were purchased from Sigma Chemical Co. (St Louis， MO). 

cDNA plasmids. Both HA-tagged ERK2 (HA-ERK2) and Aag-tagged p38MAPK (Aag-

p38MAPぬwerekind gifts from M. K紅白(30).Expressio“vectors encoding Rho・GDI，various 
mutan也ofRhoA， Rac1， and Cdc42 were provided by 1.S. Gutkind et al (31)， and D.N.Ras was 

provided by Y. Tak出(33);All plasmid DNA was prep訂'edby using QIAGEN plasmid DNA 

preparation kits (Hilden， Geπnany). 

Cell culture.昨imarycultur，問。fc訂diacmy∞y也swere prep訂edfrom ventricles of one-day old 

Wistar rats出 describedpreviously (34) according to the method of Simpson and Savion (35). In 

brief， cardiomy∞ytes were plated at a field density of 1x 1()5 cells化m2on 35 mm culture dishes with 

2 ml of culture medium (DMEM with 10% FBS). The population of nonmy∞ytes was <10% of the 

b凶 cellpop叫ation.Twenty four hours after seeding， the culture medium wぉchangedtoD加ffiM

with 0.1 % FBS加 dcells 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 phospha包methodas described previously (36). For each dish， 2.5μgofAag-
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p38MAPK or HA-ER.K2 pl出midwぉ ccトtransfected wi血7.5μgof control vector plasmid， Rho・

GDI， or various D.N. mu也n也.After 15 h of transfection， the culture medium wぉ removed，and 

cells were washed wi出PBSand maintained in DMEM with 0.1 % FBS for 48 h to 72 h before 

treatment with DM or other rl回 gents.

Assay of ERK activity. The activity of ERKs wぉ measuredby "in gelぉsay"using MBP-

containing gel as described previously (3η. In brief， cells were lysed with 100μ1 of Buffer A (25 

mM  Tris-HCl pH 7.4， 25 mM  NaCl， 1 mM sodium orthovanadate， 10 mM  sodium pyrophosphate， 

10 nM okadaic acid， 0.5 mM  EGT A，釦d1mM phenylme血ylsulfonylfluoride) and 25μ1 of cell 

ly回teswere applied to an SDS-tolyacryl自由degel containing 0.5 mg/ml MBP. ERKs in the gel were 

denatured in 6 M guanidine HCl and renatured in 50 mM  Tris-HCl (pH 8.0) con回ining0.04% Triton 

X-l00叩 d5mM2・mercaptoethanol.The phosphorylative activity of ERKs w鎚出sayedby 

incubating the gel with [y・32P]ATP. After incubation， the gel was washed， dried， and subjected to 

autoradiography. 

Assay of transfected HA-tagged ERK2. The activity of transfected ERK2 wぉ determinedby 

恥ffiPkinぉe出sayぉ describedpreviously (3η. In brief， cardiomyocytes were lysed with Buffer A 

釦 d出elysates were incubated with an a，nti-HA polyclonal antibody for 1 h at 4
0C. After incubation， 

the immunocomplex wぉ precipitatedusing protein A田ph訂 O$e，washed， resuspended in 25μlof出e

kinase buffer B (25 mM  Tris-HCl pH 7.4， 10 mM  MgCh， 1 mM  DTT， 40μMATP，2μCi [y-

32P]ATP，2μM Protein kinase inhibitor， and 0.5 mM  EGTA)， and incubated wi出25μgMBPぉ a

substra旬 at250C for 10 min. After incubation， the r回 ctionwぉ terminatedby addition of Laemmli 

sample buffer (0.002% bromophenol blue， 10 mM  sodium phosphate buffer pH 7.0， 10% glycerol， 

0.4% SDS， 1 % 2・mercaptoeth叩 01)to the s出nples，and the samples were boiled for 5 min. The 

supema阻ntswe同 subjectedto SDS-PAGE， and出egel was dried and subjected to autoradiography. 

Assay of JNK activity. Cardiac my∞yt回 werestimulated by 1∞μM DM for 20 min at 370C 
and lysed on ice wi出BufferA. The celllysates were obtained by centrifugation at 12，0∞中mfor20 

min at40C and 100μ1 of the lysates were incubated at 4
0C for 30 min with 1μg of glu阻出ioneS-
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紅蜘宙1S白f白'erase(GωSTη) 

glu包血iぬones詑ep凶h訂。s民eb伺d也si加n血ek尉jna鎚sereaction buffer C containing 25 mM  Trisシ-HCα1(pH 7.4め)， 10

mMMgC12， 1 mMDTT，0.5mMEGTA，40，...MATP，釦d1μCi[y..32P]ATP，ぉdescribed

previously (13，38). The r，回ctionwぉ terminatedby boiling after addition of Laemmli田mplebuffer. 

After centrifugation， supema阻ntwぉ subj回 tedto SDS-PAGE. The gel w笛 driedand subj田tedto 

autoradiogrョphy.

In addi tion， kjn部eactivity of応JKwぉde包rminedby the immune complex kjnaseぉsayusing

組組6・応OCpolyclonal antibody (San阻 CruzBiotechnology， Inc)ぉdescribedpreviously (39). In 

brief， celllysa陪swere incubated with 2μg of the anti-応[[(antibody at40C for 12 h and then 

incubated with 50μ1 of protein A -Sepharose at 40 C f or 40 min. After washed twice wi th ice-cold 

lysis buffer， each sample was nIixed with 1μg of the GST -c-Jun (1・79)protein in 8μ1 ofbuffer C 

and incubated at 300C for 30 minut回.The reaction wぉ terminatedby boiling after addition of 

Laemmli回mplebuffer. After centrifugation， supema回ntwぉ subjectedto SDS-PAGE The gel wぉ

dried and subjected to autoradiography. 

Western blot analysis.針。teinextracts were subjec包dto Westem blot analysisぉ

described previously (22) using p38恥1APK-specific如 tibody.Anti-phosphorylated p38MAPK 

釦 tibodyr民ogniz回 onlyactivated p38MAPK出atis phospholated on Thr・180組 dTyr-182. The 

a組ntιiト-ra三b凶bi比tIgGc∞。可u喝ga副te吋dwithf恨PW笛凶e吋d鎚 thesecondary antibody for p:ρ68恥M仏APKand immune 

∞mple~却eswer陪'evisualized using the ECL d白et旬ecti。∞nk厄jt according to the ma釦nuぱlfa卸ct旬ur，詑'er内J乍'sdirections. 

p38MAPK phosphorylation examined by Westem blot analysis using phospho・specificp38恥1APK

antibody is well correlated with the p38MAPK activity出向portedbefore (22). 

For the Westem blot叩 alysisof Aag-p38MAPK，出eAag-p38MAPK-transfected cells we回

h訂V凶 tedin Buffer A. Aag-p38恥仏PKw邸 immunoprecipitatedwith an anti-Aag M2 mon∞lonal 

antibody. The anti-mouse IgG co吋ugatedwith f張PWぉ usedas the second訂yantibody and 

im!llune complexes were visualized as mentioned above. 

Assay of p38MAPK activity. After 回 nsfectionof Aag-p38MAPK，血emy∞yt田 were

incubated with 100μM DM for 30 min. Cardiomyocytes were lysed with Buffer A and the 
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仕組sfectedp38MAPK w出血enimmunoprecipitated with an anti-Rag M2 monoclonal antibody. The 

immune complex wぉr自国pendedin the kinase buffer B and incubated wi也MBPぉ asubstrate at 

250C for 10 min. The sample wぉ subjectedto SDS-PAGE， and出egelw出合iedand subjec胞dto 

autoradiography. 

Immunofluorescent cytochemistry. After町田lsfectionof HA-ERK2， Rag-p38MAPK or myc-

tagged D.N.Rho，血.emy∞yt回 platedon a cover gl出swere fixed with 4% paraformaldehyde 

solution for 30 min at r，∞m temperature and treated with 03% Triton X-1OO for 15 min to improve 

permeability to血eregen也.After wash with PBS，出esamples were incubated for 1 h at 37
0C with 

血ephalloidin-TRITC antibody (red)血atidentifies filamentous actin. Next， the samplとswere

mc伽 edwi血anti・HA，組6・RagM2， or anti-myc monoclonal antibody for 1 h at37
0C and蜘

incubated with an anti-mouse IgG co吋ugatedto ATC (green) for 1 h at r∞m tempera加問.These 

samples were analyzed by fluorescence microscopy. 

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 

analysis. Cardiomyocytes plated on a cover glぉswere fixed with 4%戸raformaldehydesolution 

for 30 min at r∞m temperature. After wash with PBS，由e回mpl回 wereincubated with a 

monoclonal antibody against myωin heavy chain (MF-20) (40) for 1 h at37
0C， and血enincubated 

with an anti-mouse IgG conjugated with rhodamine for 1 h at rl∞mtempera出向.Next， 50μ1 terminal 

deox戸lUcleotidyl回 lsferaseσぜり-mediateddUTP nick end labeling (TUNEL) reaction mixture 

containing bo血terminaldeoxynucleotidyl transferase釦 dfluorescein iso血i∞yanate(ATC)ー

conjugated dUTP wぉ addedon the each sample for 1 h at 37
0C. These samples were analyzed by 

fluorescence microscopy. 

Agarose gel electrophoresis for DNA fragmentation. To examine the DNA laddering 

formation， we used血eapoptosis ladder detection kit (Wako Pure Chemical Industries， Ltd. Tokyo， 

Japan). Briefly， cells (lX1()5) were lysed in 180μ1 of enz戸nereaction solution and 20μ1 of e皿yme

activator solution followed by incubation with 40μg RNase and 100μg proteinase K for30 min at 

50
0C， and DNA wぉ extractedby 50% isopropanol. The DNA w出血enethanol precipi也tedand 
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finally resuspended in TE buffer. The DNA wぉ electrophoreticallyfractionated on 1.5% ag訂osegel 

and stained wi出fluorescentSYBR@ Green 1ぉ describedby the protocol. 

Statistics. Statistiω1 comparison of血e∞ntrolgroup with treated groups wぉ C訂討edout using 

one-way ANOVA and Dunnett's t也氏 Theal∞eptedlevel of significance w笛 Pく0.05.

9 



ResuIts 

DM  induces apoptosis in cardiac myocytes. 

DM has been reported to induce apoptosis in a v紅白tyof cells suchぉ HelaS3， Jurkat， ST4，叩d

PF382 cells (5，41). Thus， we first examined whether DM  also induces apoptosis of cardiac 

my∞ytes. When cultured伺 rdiacmy∞ytesof neona阻1rats were exposed to 1μMDMfor24h， a 

considerable number of myocytes ( .... 24%) showed positive TUNEL staining compared with the 

vehicle-treated cells ( .... 3%) (Fig. 1A， B). Many TUNEL-positive cells had condensed nuclei， which 

訂'echaracteristic of apoptωis (Fig. 1A). When TdT wぉ notadded in the reaction solution， no 

my∞:yt回 werestained positively (da阻 notshown)， indicating血叫thespecific labeling包rgetswere 

the multitude of new 3'-OH DNA. en也genera也dby DNA fragmen胞tioninduced by DM. We next 

examined whether DM induces DNA fragmentation using ag訂osegel electrophoresis. The 

characteristic degradation of genomic DNA into oligonucleosomal-leng血fragmentswas observed 

when cardiac my∞ytes were exposed to 1μM DM for 24 h (Fig. 1C). 

DM  activates MAPKs in cardiac myocytes. 

Many lines of evidence have sugges胞d出at恥仏PKsare key molecules in intracellular signal 

仕ansductionpathways組 dplay important roles in cell survival or death (19， 20， 42). To elucidate the 

molecular tnechanism of DM-induced apoptosis of cardiac my∞ytes， we examined whether DM 

activates加仏PKsincluding ERKs， JNKs， and p38MAPK in cardiac my∞ytes. When cardiac 

my'∞ytes were exposed to vario凶 concentrationsof DM  (0.1μM-1m恥1)for 20 min， ERKs were 

activated in a dose-dependent m出mer(Fig. 2A). A significant incr.田sein the activity of ERKs w出

detected from 1μM DM， and maximum activation wぉob包inedby 100μM DM (Fig. 2A). When 

being incubated with 1 mM  DM for 20 min， manyαrdiac my'∞yt回 weredead and therefore the 

activity of ERKs per plate was very low (Fig. 2A). The increase in血.eERK activity was first 

detected at 5 min after the addition of 1∞μMDM，戸akedat 15 min， and gradually decreased 
thereafter (Fig. 2B). One h after出eaddition of 100μMDM，血eactivity of ERKS returned to加sal

levels. JNKs (Fig. 3A) and p38恥1APK(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 w出 higheven after 
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tr，伺tmentwith 1 mM DM (Fig. 3A and 4A). Since rn釦ycardiac rny'∞yt回 weredead after incubation 

wi th 1 mM DM， this res叫tsugg回ts出atthe activity of JNKS and p38MAPK of each rernaining 

cardiomy∞y句 rnightbe very high. Activation of丑ぽs(Fig. 3B)釦 dp38MAPK (Fig. 4B) by 100 

μMDMwぉ detectedfrom 5 min and peaked at 30 min. The phosphorylation of別Ksand

p38MAPKw出 observedeven at 60 rnin after addition of 100μMDM. 

ROS is involved in activation of ERKs and p38MAPK. 

We next exarnined how DM activates MAPKs in cardiac my∞y也s.Since ROS ha;ve been reported to 

be generated frorn cells which訂'eexposed to DM (2， 9)， and to activate MAPKs in rn組 ycellザpes

(20，22)， we examined whether ROS訂einvolved in DM-induced activation of MA:PKs. Cardiac 

my∞yt'回 wereexpo民dto DM after pretr，田国entwith 'dirnethyl sulfoxide (DMSO) (a diffusible 

S伺vengerof . OH)，伺阻lぉe(a oxidoreductase of H20:2)， or N-(2・rner，伺ptopropionyl)-glycine(MPG) 

(a rapidly diffusible scavenger ofH2~， ~-'，釦d.O町. DMSOandca阻iぉestrongly suppressed 

DM-induced activation of ERKS (Fig. 5A) and p38MAPK (Fig. 5B). In contrぉt，heat-inactivated 

ca也lasedid not show如 yinhibitory effects on the DM-induced activation of these kinases (data not 

shown). The pretrea回 entwith恥1PGcomple凶yblocked activation of ERKs (Fig. 5A) and 

p38MAPK (Fig. 5B). However， superoxide disrnutase (SOD)， a scavenger of ~・" did not show 

inhibitory effects on ERKs and p38:tv仏PK(Fig. 5A， B). These results suggest出atamong ROS， 

H2~ and .OH， but not ~-'， rnay be involved in DM-induced activation of MAPKs in cardiac 

rny'∞yt回.

DM-induced ERK activation is dependent 00 Ras and Raf・1io cardiac myocytes. 

We further exarnined the DM-induced intracellular signaling pa出waysleading to activation of ERKs. 

DM increased the activity of transfected HA-ERK2 in cardiac rny∞戸es(Fig. 6A). Overexpression of 

D.N.Rぉ orD.N.Raf-l strongly suppressed DM-induced ERK2 activation (Fig. 6A). In contrast， 

overexpression of D.N.Rぉ orD.N.Raf-l did not affect activation of p38MAPK induced by DM 

(Fig. 6B). These da阻 suggest出atRas and Raf-l play criti伺 1roles in DM-induced activation of 

ERKs佃d出atp38MAPK is activated by DM through pathways different frorn those of ERKs. 
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DM-induced p38MAPK activation is dependent on Rho in cardiac myocytes. 

It has recently been repoロed血at出nongRho family GTP-binding pro旬ins，Rac1 and Cdc42 regul幻e

血.eacti vi ty of丑~組dp38加1APKina v紅白tyof cellザpes(29-31). More r田ently，Strutt et al. h出

also shown that JNKISAPK-like kin出回訂eregulated by RhoA signaling cascade (32). We thus 

examined whether small G proteins of Rho fi出国lyareinvolved in DM-induced p38MAPK activation 

in cardiac my∞yt白.DM  activated the transfec也dp38MAPK in cardiac my∞戸es(Fig. 7A， top). 

1nhibition of Rho family functions by overexpression of D.N.RhoA， D.N.Rac1， D.N.Cdc42， or Rho 

GDP dissociation inhibitor (RhoGD1) suppressed DM-induced p38MAPK activation (Fig. 7A， top). 

Among these dominant negative mutants， RhoGDI most strongly supprl回sed血eactivation of 

p38MAPK by DM. 1n con紅白t，DM-induced ERK activation wぉnotaff ected by oveI奴 pressionof 

dominant negative mu也凶ofthese Rho family small G proteins (Fig. 7B). To determine whether 

dominant negative mutants ofRhoA， Rac1， and Cdc42訂'eexpressed in cardiac my'∞yt白，we

transfected the myc・阻ggeddominant negative mu阻ntsinto cardiac my∞yt白 andstained the cul tured 

cells using an anti-myc monoclonal antibody and the phalloidin-TRITC. Expression of the dominant 

negative mutants of RhoA， Rac1，叩dCdc42 was observed in 1-2% of cardiac my'∞ytes (da阻 not

shown). To determine whether expression levels of transfected Flag-p38恥仏PK訂eequal among 

various conditions， we performed Westem blot analysis using an anti-Flag M2 monoclonal antibody. 

The transfected each mutant wぉ equallyexpr'回sedin cultured cardiac my'∞yt回 (Fig.7A， bottom). ln 

addition， when constitutively active mu包ntsof RhoA， Rac1， and Cdc42 were cotransfectβd into 

cardiomy'∞ytes with p38MAPK，出eactivity of the transfected p38MAPK wぉ markedly acti vated 

(data not shown). These results suggest that Rho family small G proteins play important roles'in 

activation of p38MAPK by DM in伺 rdiacmy'∞yt田.

DM-induced activation of ERKs and p38MAPK is dependent on Ca2+ but 

independent of PKC， PKA， and TKs in cardiac myocytes. 

We have recently reported that Ca2+ plays an impo目前ltrole in activation of ERKs and JNKS in 

伺 rdiomy∞ytes(39，43). To elucidate whether Ca2+ is involved in DM-induced activation of 

MAPKs， we examined the activity of ERKS and p38MAPK after chelation of Ca2+ wi出5mMEGTA

or40μM BAPT A. Chelation of intracellular or extracellular Ca2+ by pretreatment with 5 mM  EGT A 
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for 2 min or 40μM BAPT A for 30 min， res戸ctively，suppressed activation of ERKs釦dp38MAPK

(Fig. 8A， B). Complete depletion of intracellular free Ca2-1・byBAPT A may cause certain st問ssto 

cardiac my∞yt回 andactivate ERKs組dp38MAPK (Fig. 8A， B). These results suggest that Ca2+ is 

involved in DM-induced activation of ERKS組 dp38MAPK in cardiac my'∞ytes. On the other hand， 

downregulation of PKC by pretr自国entwith 0.1μMTPA for24h(44) orbypre紅白岡entwith 1 

μM Calphostin C， a specific inhibitor of PKC， for 60 min (4:りdidnot have any effi田tsonDM-

induced ERK or p38MAPK activation (Fig. 8C， D). Likewise， inhibition of PKA by pre町間.tment

with 100μM RpcAMP (18) for 10 min did not affect DM-induced ERK or p38MAPK activation (Fig. 

8C， D). After pretr，伺町lentfor 30 min wi出50μMTy中hostin(A25) or 20μM Genistein， two 

chemically and mechanistically dissimilar守rosinekin出einhibitors (46，4η，伺rdiacmy'∞yteswere 

stimulated with 1∞μM DM for 20 min. The activation of ERKs or p38MAPK by DM w邸 not
affected by出epretrea凶 entwi出thesetyrosine kinぉeinhibitors (Fig. 8C， D). TPA did not activate 

ERKs in cardiac my∞ytes after pretreatment wi血TPAfor 24 h and Calphostin C for 60 min (Fig. 

8C). ERKs were not activated by isoproterenol and insulin after pre紅白tmentwith RpcArv伊 for10 

min，orTy中hostin(A25) and Genistein for 30 min (Fig. 8C)， respectively. These results suggest 

出atPKC， PKA， and TKs were fully inhibited by each pretrea回lent.Taken together， these results 

， suggest that DM induces activation of ERKs and p38MAPK through the pathway independent of 

PKC， PKA， or TKs in cardiac my∞ytes. 

ERKs and p38MAPK play opposite roles in DM-induced myocardial apoptosis. 

Finally， to elucidate the roles of rv仏PKsin the development of c訂diomy∞:yteapoptωIS， we 

examined apoptotic d白血ofcardiac my'∞y胞sfolIowing the DM treatment in the presence or absence 

of the MAPK inhibitors， PD98059 for ERKs or SB203580 for p38MAPK. PD98059 has been 

reported to叩ecifi伺 llyinhibit MEK1 and MEK2， which訂es戸cificactivators for ERKS but not for 

p38MAPKor必収s(48). When cardiac myα;yt回 werepre町'eatedwith 50μM PD98059 for 60 min， 

DM-induced ERK activation wぉ completelysuppressed， while p38MAPK w出 not(data not shown). 

When nuclei of cardiac my∞y白swere stained by TUNEL method， few cardiac my∞:yt回(l回S由加

3%) were positive in untreated cultures (Fig. 9A). After incubation with 1μM DM for 24 h， the 

number ofTUNEL-positive cardiac my∞yteswぉ increased(-24%)(Fig. 9A). When the ERK 
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signaling pa血waywasbl∞ked by也epretr伺凶lentwith50μM PD98059 for 1 h， the number of 

TUNEL-positive my∞yteswぉ furtherincreased by over two folds ( ..... 53%) (Fig. 9A). Treatment 

wi血PD98059significantly increased the number of TUNEL-positive cells even in the absence of DM 

(-10%) (Fig. 9A). We further examined DNA fragmen凶 onby agarose gel electrophoresis (49). 

When回rdiacmy'∞:ytes were exposed to 1μ，M DM  for 24 h， extracted genomic DNA showed a 

prominent DNA ladder， characteristic of apopωsis (Fig. 9B). When cardiac my∞:yt田 werepretreated 

with PD98059， DM-induced DNA fragmentation became more prominent (Fig. 9B). Next， we 

examined apoptotic d伺出ofcardiac my∞yt回 followingDM  exposure in出epr，回enceor absence of a 

p38MAPK inhibitor SB203580， which specifically inhibits p38MAPK， but not ERKs or JNKs even 

at100μM (50). Tr田町lentwi出less由組5μMof SB203580 showed no significant inhibition in 

DMてinducedapoptosis. However， DM-induced apoptosis wぉ significantlysuppressed by the 

pretreatment with 10μM SB203580 for 2 h (-18% )(Fig. 9A). DM-induced DNA fragmentation w笛

also reduced by the pretreatment with 10μM SB203580 (Fig. 9B). The concentration of 10μM 

SB203580 has been widely used to inhibit p38MAPK in many cell typ回 (51，52). To further 

elucidate the roles of ERKs and p38MAPK， we transfected HA-ERK2 and Flag-p38MAPK into 

cultured cardiac my'∞yt田 andexamined apoptosis. Strong signals of both HA-ERK2 and Rag-

p38MAPK were observed in the cytoplasm of cardiomyocytes before addition of DM and由eywere

translocated into the nucleus after DM trea回 ent(Fig. 9C)， suggesting that DM activates both ERKs 

釦 dp38MAPK in cardiac my'∞ytes. When we double-immunostained the cells using TUNEL and 

either anti-HA or anti・Flagmonoclorial antibody， many p38MAPK-transfected cells， but not ERK2・

transfected cells showed TUNEL positive after starvation of 48 h (Fig. 9D). Furthermore， when the 

transfected cells were incubated with 1μM DM for 4 h， almost all p38MAPK-佐賀lSfectedcells were 

TUNEL positive (data not shown). In contrast， none of ERK2・transfectedcells were TUNEL 

positive (da同notshown). These results also suggest出atp38MAPK induces apoptosis of 

伺 rdiomy∞yteswhile ERKs pro旬ct伺rdiomy∞ytesfrom apoptosis. Collectively， ERKs釦d

p38MAPK play opposi胞 rolesin DM-induced myocardial apoptosis. ERKs protectωrdiac my∞ytes 

from DM-induced apoptosis， whereas p38MAPK induces apoptosis. 
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Discussion 

A growing加dyof evidence sugg回ts出atapoptosis is an active pr'∞田sinduced by a v釦etyof 

stresses (21，25，42). Even吐lecells that lose their proliferative ability， like cardiac my∞戸回，

undergo apoptosis by a variety of stimuli (22， 53， 54). The p問sentstudy demonstrates也剖DM

induces apoptosis of cardiac my∞yt回 possiblyt祉ough出eproduction of ROS. Three members of 

也eMAPK family were activated in cardiac my'∞yt白 byDM，叩damong them ERKS and p38MAPK 

play opposi陪 rol田 m血einduction of apoptotic death. ERKs， which are activated by DM  through 

Rお釦dRaf-1， protect c訂diomy∞ytesfrom apoptosis， whereas p38MAPK， which is activated 

伽'Oughthe Rho family， is involved in DM-induced apoptosis of c訂'diomy∞yt，回.宇urthermore，

activation of ERKs and p38恥1APKby DM  is dependent on Ca2+，' but independent of PKC， PKA， or 

TKsin伺 rdiacmy∞ytes. 

Recently， apoptosis has been suggested to play a critical role in a v紅白tyof cardiovascular 

diseases， including my∞訂'dialinfarction， heart failure， and atherosclerosis (5':り.We examined 

TUNEL staining釦 dDNA ladder formation to determine whether DM induc回 apopωsisof cardiac 

my∞ytes. Although we used 100μM DM to examine the DM-evoked signaling pa出wayinthe 

present s同dy，we obtained basically same results even with 1μMDM.1μMDMsigni目白川y

activated ERKs， JNKs， and p38MAPK in cardiac my∞ytes出roughthe same signaling pathwayぉ

we showed using 100μM DM. Since activation wぉ notprominant with 1μM DM， we showed the 

da也obtainedwi出 1∞μMDM. To examine the cardiotoxicity of DM， we used 1μMDM.lthas 
been reported曲目白eplぉmakinetics of anthracyclines following standard bolus adminis回 tionin

patients exhibit peak plasma concentration of higher白血5μM(56) and previous studies on 

cardiomy'∞y也sdemonstrated出attr伺 tmentfor 24-48 h at 1μMAMproduc回 mo中hologiαland

UI官邸truct山富1chang田 ch釘却teristicof AM  cardiotoxicity (5η. 1μMDMhぉalsobeen used to 

induce apoptosis in P388 murine leukemia cells in 4-24 h (58). Although it is difficult to precisely 

白血latethe amount of necrotic death and apoptotic d白血ofぬrdiacmy∞ytes，出eprl回entr回ults

suggest出atat leasta戸rtof cultured cardiomyocytes show apoptotic cell death after exposure to DM. 

Since we c釦 easilydetect the ladder formation， at least more出an10% 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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出.ehe訂t，訂edead by apoptosis at 7 days after the administration of AM  (59， 60). However， it is 

possible出atapopt，ωis0∞u四 morerapidly in the heart after administration of AM， leaving no residue 

at 7 days. In fact， Unverferth et al. have reported出atAM  markedly al也rsthe morphology of the 

humanmy∞訂dialnucleus and nucleolus at 4 hou四 aftertr自国ent，and that these changes diminish 

with 24 hours (61). Since apoptosis usually ∞curs in isolated single cell， the remnants of which訂e

eng叫fedby peripheral phag∞y世ccells of the macrophage/mon∞yte lin回.ge，and apoptosis dose not 

induce persisting changes in tissue such白血einflammation and scar司ng血atcharacterize necrosis， it 

should be difficult to detect apoptotic cells in tissue. During prep訂ationof our manuscript， Wang et 

al. have reported出atDM  induced apopむsisin the culturedαrdiomy，∞ytes of neonatal rats (62). 

An出racycline司inducedcardiotoxicity hぉ beenreported to be related to the g叩 erationof ROS 

(2，9). AM stimulates NADPH oxidase-like activity irithe cardiac s訂'coplasrnicreticulurn and thereby 

induces oxidative stress in the myocardiurn (9). Cardiac glutathione peroxidase is also repo口edto be 

inhibited by AM (63). We showed here出atMPG (a rapidly diffusible scavenger of H2Uz ， O2-，， 

and ・OH)，DMSO(a・OHspecific scavenger)，叩dca凶ぉe(H2Uz oxido日ductase)，but not SOD (a 

scavenger of 02-・)，markedl y reprl回sedDM-mediated activation of ERKs叩dp38加1APK.Ithas 

been reported that the pretr回 tmentwith ca匂laseand mannitol (a quencher for'O町 butnot with SOD 

mitigates the reduction in contractile function of the papillary muscles， decreases lipid peroxi也氏釦d

reduces ultrastructure damage due to AM (2). These results and observations sugg回t出at・OHand

H2Uz， but ilot 02-'，訂.emainly involved in the DM-induced activation of MAPKs and acute伺 rdiac

i吋ury，although it is also possible that dismutation of oz・.could result in fu巾 erH2Uz and .OH 

generation or出atSOD， a large molecular weight scavenger of Oz-'， remained in the extracellular 

space. 

ERKs are activated by serial activation of Raf・1組 dMEK in mammalian cells (19). However， 

the signal transduction pathways leading to activation of Raf-1 are different according to cell typ白釦d

stimuli (1ι18). It has been reported出atangio胞nsinII (Ang II) activates Src family tyrosine kinases 

andR出 insmooth muscle cells through G protein-coupled Ang II ty戸 1receptor， resulting in 

activation ofERKs (64， 6':り.In contrast， we have recently reported that protein kinぉeC (PKC)， but 

not Src family or R笛，is critical for Ang II-induced ERK activation in cardiac my∞ytes (4':り.

Although PKC is p訂tiallyinvolved in ERK activation by H20z in Jurkat T cells (66)， Ras， but not 
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PKC， is necess訂yfor ERK activation by H2Uz in c訂diacmy∞yt白 (22).In this study， we 

demonstrated出atDM activates ERKs出roughRお釦dRaf-1， but not 伽'OughPKC， PKA， or TKs in 

cardiacmy∞ytes. Although stimulation ofTKs often activates ERKs through Ras (16， 1η，由eDM-

induced ERK activation wぉ notinhibited by也epretr回国entwithTy中hω出 (A25)or Genistein. 

The田 resultssuggest也atalthough weωnnot exclude a possibili守也atT戸phω出 (A25)・叩d

Genistein-insensitive TKs may mediate DM-induced activation of ER.Ks， TKs may not be involved in 

activation of DM-induced ERK signaling pathway. 

The signaling pathway leading to activation of p38Iv仏PKw出 differentfrom血atofERKs.

DM-induced p38MAPK activation was not inhibited by D.N.Ras or D.N.Raf・1.PKC， PKA， and 

TKS訂'ealso not involved in DM-induced p38MAPK activation. It has been reported血atsmall GTP-

bind~ng proteins of the Rho family， including Rac1 ana Cdc42， regulate出eactivity of JNKS and 

p38MAPK(29・31).Recently， Strutt et al. have also shown that RhoA regulates JNKISAPK-like 

kinases， which are required for the generation of Drosoplula tissue polarity (32). During the 

preparation of our manuscript， Roberts et al. have demonstrated出at，in A549 lung carcinoma cells， 

H20z induces別 Kactivation via RhoA-dependent pathway (6'η. In the present s同dy，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 p38恥1APKactivation， but not DM-induced ERK 

activation. These results suggest也atall three members of Rho [;自由ly訂einvolved in DM-induced 

p38MAPKactivationin伺 rdiacmy∞ytl低 1t has been reported血at血eRho family proteins regulate 

p38MAPK through the p21・activa胞dkinぉe(PAK) (29). It needs further study to elucidate whether 

PAK is involved in DM-induced activation of p38MAPK. 

In the pIi回entstudy， EGTA and BAPT A potently inhibited the DM-induced activation of ERKS 

佃 dp38MAPK It is genera11y regarded出atrapidly raised intracellular Ca2-1・，in response to multiple 

hormones， neuro回 nsmitters，and immune effecters， regulat白 myriadcellular prl∞ess処 including

gene expression and ceIl grow出(6'8，69).It hぉ beenreported that Ca2+ activates ERKs by 

modulating PKC acti吋tyσ8)or by activating Ca2+-dependent tyrlωine kin出回(70)，釦dth拭

Ca2+/calmodulin-dependent protein kinases may回gulate出eJNKcぉcade(71，72). It should be 

determined how Ca2+ is involved in DM-induced activation of ERKs and p38MAPK. 
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Many lines of evidence have suggested that the members of 'tv仏PKs，including ERKs，舟夜s，

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 

con位百y，血eJNK and p38MAPK signaling pathways have been sugg回tedぉ theapoptosis-inducing 

pathways (24，42， 73).舟.JKsand p38MAPK訂eactivated by a variety of stresses suchぉ

mechanica1 stretch (38)， ischemia/reperfusion (74)， and AngII (39) in cardiomy∞ytes， but the role of 

EぽJp38MAPKactivation in伺rdiomy∞yt国 Wお unknown.DM  activated all three members of 

MAPKs in a different m出mer.Al出ough血eactivation of ERKs and応区s/p38MAPKoccurred at 

almost the s出netime， the inactivation of JNKs/p38MAPK wぉ precededby the one of ERKs. 

Furthermore， unlike the very low ERK activity，出eactivity of応ほsand p38MAPK remained quite 

high even after being dead duriIig incubation with DM. From the differences，出oughuncausal to 

apoptωis， it at least suggested血atERKs釦d斤.JKsIp38'tv仏PKmay play distinct role in DM-induced 

伺 rdiacapoptosis. pr抑制mentof PD98059， a specific inhibitor of恥fEK-1，made the DNA 

fragmentation prominent and increぉedthe number of apoptotic cells. Moreover， PD98059 treatment 

itself also induced apoptosis in our system. On the con佐訂y，pretr伺 tmentof SB203580， a specific 

inhibitor of p38MAPK， reduced the number of apoptotic cells. In addition， most of p38MAPK・

transfected cells， but not ERK2・町ansfectedcells， became TUNEL positive， suggesting that activation 

of p38MAPK induces apoptosis in cardiac my∞ytes. Moreover， when the transfected cells were 

incubated with 1μM DM for 4 h， almost all p38MAPK-transfected cells were TUNEL positive. In 

contrast， none of ERK2・transfectedcells were TUNEL positive. These results suggest that ERKs are 

impo口組tto prevent cardiac my∞ytes from DM-induced apoptosis， whereas p38MAPK is crucial for 

promoting apoptosis in cardiac my∞ytes. Like ERKs/p38MAPK， DM-induced activation of JNKs 

wぉ inhibitedby various inhibitors suchぉ ca阻lase，EGTA， BAPT A， and DMSO (da也 notshown).

However， ph訂macologiω1specific inhibitors of n可Ks訂enot available at present， we did not 

evaluate the role of JNKS in DM-induced cardiac apoptosis in this study. 

A major question concems出emechanism of how MAPKs are involved in DM-induced 

apoptosis in cardiomyocytes. Many studies have suggested出atERKs play pivo也1roles in cell 

grow出andsurvival (19，20). ERKs phosphoryla也andactivate m如 ymolecules and some of them 

may be involved in preventing cells from apoptotic death as wellぉ inpromoting cell growth. 1 t 
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remains to be determined what molecules訂e回rgetsof ERKS and are involved in inhibition of 

apoptosis. Some anti-apoptotic facぬrssuchぉ Bcl-2and Bcl-x.l may be such candidates (7:'り.

Cぉp鎚eS，suchぉICEand CPP32，訂'ecritically involved in apoptosis of many cell types (76). 

身長shave been reported to activate the cぉpおかlikeprot，回sesin U937 cells (7η.Cぉp出回訂e

reg叫atednot only by post-紅型1S1ationalpr'∞essing but also by transcriptional control (78). AP-l， a 

蜘 lscriptionfactor downs紅白血of到Ks，may be involved in也is凶 lscriptionalregulation (79). 

Another possibility is that DM induc回 secretionof some factors suchぉ Fasligand and TNF・αby

activating p38MAPK and these factors trigger apoptosis. It h笛 b記nreported that p38MAPK 

regulates expre回ionofTNF-α(2η，a wel1 known apoptosis-inducing cytokine， and that 

hemodynamic overload induces TNF-αproduction in adult feline my∞ardium (80). These 

observations suggest血atDM may activate p38MAPK which induces伺 rdiomyocyteapoptosis via 

production of TNF司α.

Insumm訂y，出epr'回entstudy demonstrates that DM  induces apoptosis of伺 rdiomy∞yt白

血roughthe production of H2Uz and .OH. DM activates ERKs through Ras-and Raf・1・dependent

pathways inαrdiac my∞yt回，and activation of ERKs is important for protecting c訂diomy'∞ytes

from apoptosis. On the other hand， DM activates p38MAPK through出eRho [;出nily-dependent 

pa血waysin cardiac my∞ytes， and activation of p38MAPK is critical for induction ofαrdiomy'∞yte 

apoptosis. Al出oughit remains to be determined how each member of加仏PKfamily is involved in 

伺 rdiomyoむyteapoptosis，出epresent s同dymay pave the way to prevent cardiomyocyte i吋uryfrom 

anthracyclines. 
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Figure legends 

Figure 1. DM  induces cardiomyocyte apoptosis. 

A. Af:記r位田町lentwith 1μMDMfor24h，c訂diomyl∞y也swere marked by staining with a 

mon∞lonal anti-sar，∞meric myosin h創'Ychain antibody (l¥tfF・20)followed by incubation with an 

叩.ti-mo凶 eIgG∞吋ugatedwi出TRITC(ぇc).TUNEL staining using FITC-co吋ugated組 tibodywぉ

performed as described in Materials and Me出od(b， d). a， b， untreated cardiomyocytes; c， d， 

但 rdiomy∞y胞sincubated wi也1μMDM for 24 h. B. The number of TUNEL-positive 

位 rdiomy∞yteswぉ presentedぉ apercen阻geofMF・20・positive伺rdiacmy'∞ytes(n=loo) from 

three independent experiments (mean:!:S.Eふ*pく0.05versus control. C. Genomic DNA w出

ex回ctedfrom cultured伺rdiacmy'∞y回 (1x1OScells). DNA wぉ fractionatedby electrophor，田lsm

1.5% ag訂osegel and stained by fluorescent SYBR@ Green 1. lane 1， molecular weight markers; 

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

Figure 2. DM  activates ERKs in cardiac myocytes. 

C訂diacmy∞yt回 wereincubated for 20 min wi出indicatedconcentrations of DM (A) or wi出1∞μM
DM for indicated periods of time (B) and lysed wi出ice-coldlysis buffer A. Kinase assays in加1BP-

con阻i凶nggels were performedぉ describedin Materials and Methods. The celllysat回 wereapplied 

to SDS-polyacrylamide gel con回mmg恥1BP.Phosphorylation of MBP wおおsayedby incubating the 

gel with [y_32P]ATP. After incubation，出egel was washed， dried， and then subjected to 

autoradiography. The intensity of each band on出eautoradiogram wぉ quantifiedby densitoine町ic

sc出ming，and出eactivity of ERKs is shownぉ percentincreぉein the average from four independent 

experiments compared wi血unstimulatedcontrols (100%). *P<0.05 versus control. 

Figure 3. DM  activates JNKs in cardiac myocytes. 

Cardiacmyl∞yt回 wereincuba民dfor 20 min with indicated concentrations of DM (A) or with 1∞μM 
DM  for indicated periods of time (B) and lysed with ice-cold lysis buffer A. A. The celllysates were 

incubated at 40C for 30 min with 1μg of GST -c-Jun (1・79)fusion pro旬inin the kinase reaction 

buffer C containing [y_32P]ATP. B. Celllysates were immunoprecipitated with組組ti・応JK
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antibody and protein A -Seph訂oseand incubated wi血[y32P]ATPand GS1二c-Jun(1・79)protein出 a

substrate. The詞mpleswere applied to 12% SDS-polyacry加nidegels. The gel wぉ washed，dried， 

and出ensubjected to autoradiography. The intensity of each band on也.eautoradiogram wぉ

quantified by densitometric sωnning， and the activity of JNKS is shownぉ percentincr，国民inthe 

average from four independent experiments com戸redwith unstimulated controls (100%). *P<0.05 

versus control. 

Figure 4. DM  activates p38MAPK in cardiac myocytes. 

C訂diacmy'∞yt国 weretreated for 20 min with indicated concen回 tionsof DM (A) or with 1∞μM 
DM for indica臼dperiods of time (B)釦 dlysed with ice-cold lysis buffer A. Celllysates were 

subj~cted to SDS-PAGE，組dW田temblot analysis wぉ performedusing an anti-phosphorylated 

p38MAPK specific antibody. The blot wぉ developedby ECLぉ describedin Materials and 

Methods. The intensity of each band on出eautoradiogram wぉ quantifiedby densiぬmetricscanning. 

The activity of p38加1APKis shownぉ percentincrease in the average from four independent 

experiments comp訂edwith unstimulated controls (100%). *pく0.05versus control. 

Figure 5. DM  activates ERKs and p38MAPK through・OHand H202・

Cardiacmy，∞ytes were preincubated wjth SOD (50 m恥1)for 90 min and DMSO (0.5%)，伺阻iぉe(500

U/mg)， or MPG (2白nM)for 30 min. After incubation for 20 min with 100μMDM，由eactivity of 

ERKs(A)叩 dp38MAPK (B) wおおsayedぉ describedunder the Fig. 2 and 41egend， respectively. 

Representative autoradiograms from three independent experiments are shown. 

Figure 6. Ras and Raf・1are critical for DM-induced ERK activation. 

HA-ERK2 or Flag-p38MAPK was transfl田 tedinto Cardiac my'∞ytes，叩d血emy∞yteswere treated 

with 100μM DM  for 15 min for ERKs or 30 min for p38MAPK. The transfected ERK2 and 

p38MAPK were immunoprecipi阻.tedwi血組組ti・HApolyclonal antibody and叩 anti-Flag

monoclonal antibody，間S戸ctively.The immunecomplex wぉ incubatedwith [y_32P]ATP and MBP 

ぉ asubs岡崎.Aliquots of the reaction mixture were subjected to SDS-PAGE， and the gel wぉ
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washed， dried， and subj記憶dto autoradiogrョphy.A問prl回entativeautoradiogram of ERK2 (A)釦 d

p38MAPK (B) from three independent experiments is shown. 

Figure 7. DM-induced p38MAPK activation is dependent on Rho. 

After transfection of expr回sionplぉmi也encodingAag-p38恥仏PKor HA-ERK2 with D.N.RhoA， 

D.N.Racl， D.N.Cdc42， or RhoGDI，伺rdiacmy∞yt関 weremaintained in DMEM wi由0.1%FBS 

for48hand血entreated with 100μM DM for 30 min for p38MAPK or 15 min for ERK2. The 

activity of也etransfected p38MAPK or ERK2 w鎚おsayedぉ describedunder Fig. 6legend. 

RepIi邸en回tiveautoradiograms of p38MAPK (A， top) and ERK2 (B) and from three independent 

experiments訂eshown.Wes臼rnblot analysis using anti-Aag加包monoclonalantibody wぉ

perfoロnedto show equal expression of Rag-p38MAPK in eachαse (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+ w出 chelatedby incubation for 2 min with 5 mM  EGTA and 

for30min wi吐140μMBAPT A， respectively. Cardiac my'∞ytes were treated with 100μMDMfor 

20 min， and activities of ERKs (A)叩 dp38MAPK (B) were邸sayedぉ describedin the Fig. 2 and 4 

legend， respectively. Representative autoradiograms from three independent experiments are shown. 

C， D. PKC. was downregulated by incubation of cardiac my∞ytes wi出0.1μMTPAfor24hor 

inhibited by pretreatment with 1μM Calphostin C for 60 min. PKA wぉ inhibi旬dby pretreatment 

with 100μM RpcAMP for 10 min. Receptorぽ cytoplぉmicTKswe問 inhibitedby pretr，回町1entwith 

50μM Tyrphostin (A25) or 20μM Genistein for 30 min. Cardiac my∞ytes were treated by 100μM 

DM  for 20 min or by TPA (0.1μ附，isoproterenol (1μ附，or insulin (1μM) for 8 min and activities 

ofERKs (C)釦 dp38MAPK (D) were measured as described under Fig. 2 and 4legend， respectively. 

Representative auぬradiogramsfrom three independent experiments訂.eshown.

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

apoptosis. 
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After preincubation with 50μM PD98059 for 60 min or 10μM SB203580 for 2 h，回rdiomyocytes

were incubated wi出1μMDM for 24 h. A. TUNEL s匂iningwas performedぉ describedunder Fig. 

11egend. One hundred of MF・20ーpositiveαrdiacmy'∞yt偲 werecounted， and the number of 

TUNEL-pωitive cells wぉ prl田entedぉ apercen阻gefrom three independent experiments 

(mean:l::S.Eふ *P<O.05ve四国 controlゾザ~.05ve四国 DMtreatment B. Genomic DNA was 

extracted and fractionated in a 1.5% agarose gelぉ describedin Fig. 11egend. lane 1， DNA size 

markers; lane 2， vehicIe; lane 3， 1μM DM for 24 h; lane 4， pre紅白出lentwi血50μMPD98059 for 

6Omin+1μM DM  for 24 h; and lane 5， pretrl伺 tmentwi由 10μMSB203580 for 2 h+1μMDMfor 

24 h. C. After transfected with HA-ERK2 or Aag-p38MAPK， c訂diomy∞yteswere stimulated by 

100μM DM  for 20 min and stained凶 ingphalloilin-TRITC (g-l) and either anti-HA or anti-Aag M2 

antibodies， followed by incubation with組組かmouseIgG conjugated with ATC (a-f). a and g， 

untreated cardiomyocytes; b and h， c訂diomy∞yt白 wi出DMtrea回 ent;c and i， Flag-p38恥1APK-

紅白lsfectedc訂'diomy∞yt回 withoutDM tre剖ment;d and j， Aag-p38MAPK・transfec凶

ぬrdiomy∞yteswi血DMtr伺町lent;e and k， HA-ERK2・transfected c訂diomy∞:yteswithout DM  

trea町lent;f釦 dl，HA-ERK2・transfectedcardiomyocytes wi出DMtrl田町lent.D. After transfected 

with HA-ERK2 or Aag-p38lv仏 PK，αrdiomy∞yt回 werestained with TUNEL me出，od(d-f) and 

either anti司HA(c) or anti-Flag M2 (吋叩ti加di田 and釦 ti-HAplus anti-Aag M2 antibodies (b)， 

followed by incubation with an anti-mouse IgG conjugated with TRITC. b and e， untreated 

回 rdiomy∞yt回;c釦 df，HA-ERK2・transfectedcardiomy∞ytes; a and d， Flag-p38MAPK・

位百1Sfectedcardiomy∞ytes. 
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