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Abstract
Rosmarinic acid (RA) is a naturally occurring polyphenolic and is found in several herbs in the Lamiaceae family, such as, Perilla

frutescens. ADR is a potent anti-tumor drug, but is unfortunately potently cardiotoxic. This study was undertaken to investigate the

inhibitory effect of RA on ADR-induced apoptosis in H9c2 cardiac muscle cells at a mechanistic level. In vitro, ADR significantly

decreased the viabilities of H9c2 cells, and this was accompanied by apoptotic features, such as a change in nuclear morphology and

caspase protease activation. RA was found to markedly inhibit these apoptotic characteristics by reducing intracellular ROS generation

and by recovering the mitochondria membrane potential (Dc). In addition, RA reversed the downregulations of GSH, SOD and Bcl-2 by

ADR. In the present study, ADR was found to activate c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK),

transcriptional factor-activator-protein (AP)-1. We found that c-fos, Jun-B, Jun-D and p-c-Jun were super shifted by ADR, indicating that

these proteins have an important role in the ADR-induced AP-1 activation. The inhibitions of JNK and ERK using appropriate inhibitors

or dominant negative cell lines reduced ADR-induced apoptosis in H9c2 cardiac muscle cells. Taken together, these results suggest that

RA can inhibit ADR-induced apoptosis in H9C2 cardiac muscle cells by inhibiting ROS generation and JNK and ERK activation. Thus,

we propose that RA should be viewed as a potential chemotherapeutic that inhibits cardiotoxicity in ADR-exposed patients.
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1. Introduction

ADR is a quinone-containing anti-cancer drug that is

widely used to treat different types of human neoplastic

diseases and a wide range of solid tumors, including those

of the breast, lung and thyroid [1–3]. However, the clinical

usefulness of this drug is severely restricted because of the

development of severe cardiomyopathy or congestive heart

failureyearsafterADRtherapy[4,5].Significant effortshave

been directed toward developing an adjunctive therapy that

reduces ADR-induced cardiotoxicity and enhances its ther-

apeutic efficacy. The putative mechanism of ADR-induced
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cardiotoxicity involves its redox activation toa semi-quinone

intermediate and the formation of ROS, the latter of which

induces myocyte apoptosis [6]. The involvement of ROS is

evidence by the finding that ROS scavengers can inhibit

ADR-induced cardiomyocyte apoptosis [7]. Pharmacologi-

cal and clinical attempts to reduce ADR cardiotoxicity have

only been partially successful, potential species identified

include, ROS scavengers such as superoxide dismutase

(SOD), catalase and mannitol [8,9].

Rosmarinic acid (RA), a natural phenolic is found in

many Lamiaceae herbs, such as Perilla frutescens, sage,

basil and mint. RA has been reported to inhibit comple-

ment-dependent inflammatory processes [10] and may

have therapeutic potential [11]. Moreover, the medicinal

value of RA has been well recognized, especially in regard

to its anti-oxidant and anti-inflammatory activities [12,13].

However, the mechanism underlying these RA-induced

effects on the cardiovascular system is unknown. There-

fore, in this study we examined the effects of RA on ADR-

damaged cardiac muscle cells in the hope of elucidating its

mode of action (Fig. 1).
2. Materials and methods

2.1. Reagents

RA was isolated from L. lucidus (Labiatae) [14]. Dul-

becco’s Modified Eagle medium (DMEM), fetal bovine

serum (FBS), trypsin and other tissue culture reagents were

purchased from Life Technologies, Inc. (Gaithersburg,

MD). Bicinchoninic acid (BCA) protein assay reagents

were from Pierce; ADR was from Sigma; the annexin V-

FITC apoptosis detection kits (6993KK) were from Phar-

Mingen (San Diego, CA) and 3,30-diexyloxocarbo-cyanine

iodide (DiOC6(3)) was from Molecular Probes (Eugene,

Oregon). All other chemicals were purchased from either

Sigma or Aldrich (St. Louis, MO). All reagents were of at

least analytical grade, and plastic ware was purchased from

Falcon Inc. (Franklin Lakes, NJ).

2.2. Cell culture and viability

TheH9c2 rat cardiomyoblast cell line (ATCC, CRL-1446)

was maintained in DMEM containing 10% (v/v) heat-inac-

tivated FBS, penicillin G (100 U/mL), streptomycin

(100 mg/mL) and L-glutamine (2 mM). RA was dissolved
Fig. 1. Chemical structure of rosmarinic acid isolated from digitalis

purpurea.
inDMSOandaddedtowellsatafinalconcentrationof20 mg/

mL; the DMSO content never exceeded 0.1%. Cells were

incubated for 30 min before adding ADR. H9c2 cells were

then assessed with microscope for dead cells by Trypan blue

exclusion. Cell viability was calculated by dividing the non-

stained (viable) cell count by the total cell count.

2.3. Plasmids and transfections

Empty pcDNA3-vector (Invitrogen), or pcDNA3 con-

taining dominant-negative ERK (DN) (Invitrogen) or

dominant-negative (DN) JNK (Invitrogen) were trans-

fected into H9c2 cells (grown in six-well plates) using

LipofectAMINE Plus, according to the manufacturer’s

instructions (Life Technologies, Inc.). Transfections were

performed without serum for 3 h. Cells were selected for

resistance to neomycin (1.0 mg/mL) 2 days after transfec-

tion. Pools of transfectants and individual clones (between

5 and 33) were isolated and selected for further analysis.

2.4. Fluorescent staining of nuclei

H9c2 nuclei were stained with chromatin dye (Hoechst

33258). Briefly, cells were fixed with 3.7% paraformalde-

hyde for 10 min at room temperature, washed twice with

PBS, and incubated with 10 mM Hoechst 33258 in PBS at

room temperature for 30 min. After three washes, cells

were observed under a fluorescence microscope (MPS 60,

Leica). For c-Jun or phospho-c-Jun staining, the cells were

fixed with acetone/methanol (50:50) for 3 min at �20 8C.

Following fixation, they were blocked with 10% fetal

bovine serum in PBS for 1 h, incubated for 24 h at 4 8C
with antibody against c-Jun or phosphor-c-Jun at 1:100

dilution in PBS containing 3% bovine serum albumin,

washed with PBS and incubated for an additional hour

at room temperature with Cy2-conjugated anti-rabbit IgG

at a dilution of 1:800 in PBS containing 3% bovine serum

albumin. The cells were then viewed under a fluorescence

microscope (Axioplan 2, Carl Zeiss).

2.5. Preparation of cell extracts

Cells were harvested by centrifugation, washed with

PBS, and re-suspended in 0.1 mL of lysis buffer containing

1% Triton X-100, 10 mM Tris, pH 7.6, 50 mM NaCl, 0.1%

bovine serum albumin (BSA), 1 mM phenylmethyl sulfo-

nyl fluoride (PMSF), 1% aprotinin, 5 mM EDTA, 50 mM

NaF, 0.1% 2-mercaptoethanol, 5 mM phenylarsine oxide

and 100 mM sodium orthovanadate. After lysis on ice for

30 min, cell lysates were cleared by centrifugation at

14,000 � g at 4 8C for 20 min.

2.6. Western blotting analysis

After treating cells with ADR in the presence or absence

of RA, they were lysed, and identical amounts of lysates
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(50 mg of protein) was added to equal volumes of 3�
sample buffer, boiled at 98 8C for 5 min, and then separated

by 10% SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). After electrophoresis, proteins were transferred to

PVDF membranes using a semi-dry electrophoretic trans-

fer system (Alert Inc.). Membranes were incubated in 5%

dried skim milk at room temperature for 1 h and incubated

with Bcl-2, Bax, phospho-JNK, phospho-ERK, phospho-

p38, JNK, ERK, p38, phospho-ATF-2, phospho-c-Jun,

JNK, ERK, p38, c-Jun, Jun-B, Jun-D, or actin primary

antibodies at room temperature for 2 h. Antibody recogni-

tion was detected using the respective secondary antibody,

either anti-mouse or anti-rabbit IgG1 linked to horseradish

peroxidase at room temperature for 60 min. Expression

levels were normalized versus b-actin. Immunoreactive

bands were visualized using an enhanced chemilumines-
Fig. 2. The inhibitory effect of rosmarinic acid on H9c2 cell death caused by ADR

were pretreated with rosmarinic acid (20 mg/mL) for 30 min and then treated with

pretreated with rosmarinic acid (1, 5, 10, 20 mg/mL) for 30 min and then with ADR

for 30 min, and then with ADR 2 mM for 30 h. The cells were stained with Hoe

means � S.E. (n = 5). *P < 0.01; significantly different from ADR-treated H9c2
cence (ECL) kit (Amersham) and exposed to LAS 3000

(Fuji Film).

2.7. Determination of caspase-3 activity

H9c2 cells (3 � 106) were washed with PBS and incu-

bated for 30 min on ice with 100 mL of lysis buffer

(10 mM Tris–HCl, 10 mM NaH2PO4/NaHPO4, pH 7.5,

130 mM NaCl, 1% Triton1 X-100 and 10 mM sodium

pyrophosphate). Cell lysates were spun down, supernatants

were collected, and protein concentrations determined

using the BCA method. For each reaction, 30 mg of protein

was added to 1 mL of freshly prepared protease assay

buffer (20 mM HEPES pH 7.5, 10% glycerol, 2 mM

dithiothreitol) containing 20 mM of AC-DEVD-AMC

(Sigma–Aldrich). Reaction mixtures without cellular
. Cell death was assessed by Trypan Blue assay and morphology. (A) Cells

the indicated concentrations (1, 2, 4 mM) of ADR for 30 h. (B) Cells were

2 mM for 30 h. (C) Cells were pretreated with rosmarinic acid (20 mg/mL)

chst 33258 and observed under a fluorescence microscope. Data represent

cells.
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extracts were used as negative controls. Reaction mixtures

were incubated for 1 h at 37 8C and the aminomethyl-

coumarin liberated from AC-DEVD-AMC was determined

by spectrofluorometry (Hitachi F-2500) at 380 nm excita-
Fig. 3. The preventive effect of RA on ADR-modulated Bcl-2 expression.

(A) H9c2 cells were pretreated with 20 mg/ml RA for 30 min and then

treated with 2 mM ADR for 30 h. Bcl-2 family protein expressional changes

were analyzed by Western blotting with anti-Bcl-2, anti-Bax and anti-a-

actin (loading control) antibodies. Immunoreactive bands were visualized

by LAS-3000 (FUJI FILM). (B) The quantitative densitometric scanning

results were shown. The data shown represent means � S.E. (n = 3).
*P < 0.01; significantly different from ADR only treated H9c2 cells.
tion and 400–550 nm emission. Readings were corrected

for background fluorescence.

2.8. Cytofluorometric assessment of mitochondrial

membrane potential

A stock solution of DiOC6 (4 mmol/L) was prepared in

ethanol and stored in small lots at�20 8C; working solution

(dilution 1:2000 for DiOC6(3)) was made up in experimental

medium(DMEM)immediatelybeforeuse.Atotalof5 � 105

H9c2 cells were incubated in DMEM containing 100 nM

DiOC6(3) at 37 8C, and analyzed using a PAS cytofluorom-

eter (Partec) equipped with Partec software. Forward and

side scatters were gated for the major population of

normally sized cells and a minimum of 10,000 cells was

analyzed. The fluorescent probe DiOC6 was excited using a

488 nm argon laser, and emissions were collected through an

FL1 detector fitted with a 525 � 5 nm band pass filter.

2.9. DCFDA assay

Cells were incubated with 2 mM ADR and 500 mM H2O2

in the absence or presence for 30 min or 16 h and then treated

with 100 mM 20,70-dichlorofluorescin diacetate (DCF-DA;

Molecular Probes) at 37 8C for an additional 30 min. After

chillingon ice, cells werewashedwith cold PBS, removedby

scraping, and resuspended at 1 � 106 cells/mL in PBS con-

taining 10 mM EDTA. The fluorescence intensities of 20,70-
dichlorofluorescein formed by reaction between DCF-DA

and the intracellular ROS of >10,000 viable cells in each

sample were analyzed by PAS Vantage flow cytometry

(Partec) 488 nm excitation and 525 nm emission, respec-

tively. Data were collected and analyzed using Becton Dick-

inson Partec software. Experiments were repeated at least

three times with similar results. Data are expressed as histo-

grams representative of three independent experiments.
Fig. 4. The inhibitory effect of rosmarinic acid on caspase-3 activity

induced by ADR. Cells were pretreated with 20 mg/mL rosmarinic acid

for 30 min and then treated with 2 mM ADR for 6 h. Caspase-3 activity in

the cytosolic fraction was monitored by measuring the absorbance of the

cleaved fluorogenic substrate, AMC-DEVD. Data represent means � S.E.

(n = 3). *P < 0.001; significantly different from ADR only treated H9c2

cells.
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Fig. 5. The reversal of ADR-induced mitochondrial membrane potential (DCm) collapse by rosmarinic acid. Cells were treated with 2 mM ADR for 24 h in the

absence or presence of rosmarinic acid (20 mg/mL), and then incubated with DIOC6 (100 nM). Fluorescence intensities of lots of 10,000 cells were determines

by flow cytometry (Partec PAS). Control cells, Cells treated with ADR, or cells treated with ADR followed by RA.

Fig. 6. The inhibitory effects of rosmarinic acid, anti-oxidant molecules, and

anti-oxidants on H9c2 cell death induced by ADR. Cell death was assessed by

Trypan Blue assay and morphology. (A) Cells pretreated with/without ros-

marinic acid (10, 20 mg/mL), catalase (4 � 104 U/L), GSH (15 � 10�3 mol/

L),NAC(10�4 mol/L),MAN(2 � 10�2 mol/L)orSOD(1.2 � 105 U/L)were

treated with 2 mM ADR (B) Cells pretreated with/without rosmarinic acid

(20 mg/mL), probucol (10�4 mol/L), ascorbic acid (5 � 10�5 mol/L), or

alpha-tocopherol (10�4 mol/L) were treated with 2 mM ADR. The data shown

represent means � S.E. (n = 5). *P < 0.05, **P < 0.01, #P < 0.001; signifi-

cantly different from ADR only treated H9c2 cells.
2.10. Measurement of total glutathione in ADR-treated

H9c2 cells

After treating H9c2 cells with 2 mM ADR in the pre-

sence or absence of 20 mg/mL RA, 3 � 106 cells were

washed with PBS and incubated for 30 min on ice, cen-

trifuged, lysed with 0.5 mL of freshly prepared 1% (w/v)

sulfosalicylic and placed on ice for 15 min. They were then

centrifuged for 5 min at 10,000 � g and total glutathione in

supernatant was measured as previously described [15]

with minor modifications. Briefly, 100 mL of 0.1N HCl

was mixed with DTNB-containing buffer (110 mM

Na2HPO4, 40 mM NaH2PO4, 0.04% (w/v) bovine serum

albumin, 15 mM EDTA and 0.3 mM DTNB), and to this

mixture were added 100 mL of sample and 200 mL reagent

mix (50 mM HCl–imidazole (pH 7.2), 0.02% bovine serum

albumin, 2 mM NADPH and 1 unit/mL of Type IV yeast

glutathione reductase). A calibration curve was prepared

using GSH (0.3–50 mM) freshly prepared in 1% sulfosa-

licylic acid. Optical density at 412 nm was read for 10 min

at room temperature. Glutathione concentrations per 1010

cells were calculated.

2.11. Electrophoretic mobility shift assay

The probe used for electrophoretic mobility shift assays

(EMSA) was a 22-bp double-stranded construct with the

AP-1 consensus binding sequence (50-CGCTTGATGACT-

CAGCCGGAA-30). Probe end labeling was achieved using

T4 kinase and (g-32P) ATP. EMSAs were performed using

nuclear extracts (10 mg) from RA-treated or non-preteated

cells with or without ADR treatment. Specific competition

was induced by adding 200 ng of unlabeled double-

stranded 22-bp probe. Protein–DNA complexes were ana-

lyzed by electrophoresis on a 4% non-denaturing poly-

acrylamide gel. Gels were then vacuum-dried and

autoradiographed.

2.12. Statistical analysis

Statistical differences were evaluated in dose–response

experiments by analysis of variance (ANOVA) and in

hemodynamic variables over time between the control
and treatment groups were assessed by the two-tailed

Student’s t-test. Other tests used are indicated as appro-

priate and experiment numbers are included in figure

legends.
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3. Results

3.1. Rosmarinic acid-induced cell resistance to ADR-

induced cytotoxicity and apoptosis in H9c2 cells

In order to determine if RA modifies ADR-induced

responses in H9c2 cells, cells were exposed to RA

(20 mg/mL) and then stimulated with ADR (1, 2 or

4 mM). Fig. 2A shows the effect of treatment of RA on

the cytotoxicity exerted by ADR in this cell line over a

period of 30 h. At concentrations >0.1 mg/mL RA was

found to inhibit against ADR-induced cell death (Fig. 2B).

Maximum RA inhibition of ADR-induced toxicity (at an

ADR concentration 2 mM) was observed at 10 or 20 mg/

mL by Hoechst staining. The percentages of apoptotic cells

observed in the presence or absence of RA (20 mg/mL) are

shown in Fig. 2C, at this concentrations RA inhibited
Fig. 7. The inhibitory effects of rosmarinic acid on intracellular ROS induced ADR

for 30 min and then with 2 mM ADR. (B) Cells were pretreated with/without rosma

cells were incubated with the dye 20,70-dichlorofluorescin diacetate (100 mM) and

cytometry (Partec PAS). Data represent means � S.E. (n = 3). *P < 0.01; signific
ADR-induced apoptosis from 55 � 3.1 to 8 � 2.9%

(n = 5).

3.2. RA modulates Bcl-2 protein expression in

ADR-treated H9c2 cells

Bcl-2 proteins promote cell survival and suppress the

apoptotic cell death [16]. Therefore, we examined whether

the expressions of mitochondrial membrane-associated

Bcl-2 proteins are modulated by ADR. Accordingly,

H9ce cells were preteated with 20 mg/mL RA for

30 min and then treated with 2 mM ADR for 30 h

(Fig. 3). ADR treatment markedly reduced the expression

of anti-apoptotic Bcl-2, and increased the expression of

pro-apoptotic Bax. Consistent with its inhibitory effects,

RA prevented this downregulation of Bcl-2 and markedly

suppressed increased Bax expression (Fig. 3). b-actin was
or on H2O2. (A) Cells pretreated with/without rosmarinic acid (20 mg/mL)

rinic acid (20 mg/mL) for 30 min and then with 500 mM H2O2. In both cases,

the fluorescence intensities of lots of 10,000 cells were analyzed by flow

antly different from ADR only treated H9c2 cells.
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Fig. 8. The inhibitory effect of SOD on ADR-induced apoptosis in H9c2

cardiac muscle cells. (A) Cells were pretreated with/without 40 mM Mn-

TBAP or 1 mM MnSO4 for 30 min and then with 2 mM ADR. Trypan Blue

assays were then performed. Data represent means � S.E. (n = 3).
*P < 0.05; significantly different from control, #P < 0.05; significantly

different from ADR only treated H9c2 cells. (B) Cells were pretreated

with rosmarinic acid (20 mg/mL) for 30 min and then with ADR (2 mM) for

the indicated times (10, 20, 30 h). Cell extracts immunoblotted using a anti-

Mn-SOD, anti-Cu/Zn-SOD, and anti-a-actin antibodies, and immunoreac-

tive bands were visualized using an LAS-3000.
used as a loading control to confirm the natures of the Bcl-2

and Bax changes.

3.3. RA inhibit ADR-induced caspase-3 activation in

H9c2 cells

Caspase cascade activation is critical for apoptotic

initiation in many biological systems [17]. To determine

whether caspase-3 participates in ADR cytotoxicity, we

monitored its catalytic activity. It was found that its

catalytic activity significantly increased in a time-depen-

dent manner up to five-fold after ADR treatment, and that

this peaked at 6 h (data not shown). However, RA com-

pletely abolished this activation (Fig. 4).

3.4. RA prevents ADR-induced mitochondria

membrane potential (DCm) collapse in H9c2 cardiac

muscle cells

To elucidate the effect of RA on mitochondrial mem-

brane potential, cells were pretreated with 20 mg/mL RA

for 30 min and then treated with 2 mM ADR for 24 h.

Mitochondria membrane potential was then monitored by

flow cytometry using DiOC6. This analysis showed that

ADR reduced mitochondrial membrane potential, and that

pre-treatment with RA blocked this reduction (Fig. 5)

3.5. RA regulates intracellular ROS

The chemoprotective effects of caffeic (CA), chloro-

genic (CHA) and rosmarinic (RA) acids against ADR

toxicity have been previously examined in neonatal rat

cardiomyocytes, and RA was found to have the greatest

effect, and incidentally, the strongest anti-oxidant activity

[12,13]. To compare the anti-oxidant activity of RA with

that of known anti-oxidants, we examined the effects of

RA, catalase (CAT), reduced glutathione (GSH), N-acetyl

cysteine (NAC), mannitol (MAN) and superoxide dismu-

tase (SOD) in the presence of ADR. Treatment of H9c2

cells with RA, CAT, GSH, NAC, MAN, or SOD, signifi-

cantly reduced H9c2 cell death induced by ADR (Fig. 6A),

and the effect of RA peaked at 20 mM when it was similar

to 20 mM MAN. Moreover, RA (20 mg/mL) was found to

have a greater protective effect than the known anti-oxi-

dants probucol, alpha-tocopherol and ascorbic acid in this

cell system (Fig. 6B). To investigate the effect of RA on

intracellular ROS generation, cells were pretreated with

20 mg/mL RA for 30 min and then incubated with 2 mM

ADR for 16 h or 500 mM H2O2 for 30 min. Intracellular

ROS levels were then determined by flow cytometry using

the peroxide-sensitive fluorescent probe DCF-DA (20,70-
dichlorofluorescin diacetate), which in the presence of

intracellular ROS is oxidized to fluorescent 20,70-dichloro-

fluorescein [18]. Flow cytometric analysis showed that

intracellular ROS increased after treatment with 2 mM

ADR for 16 h (Fig. 7A) and 500 mM H2O2 for 5 min
(Fig. 7B). As was expected, RA pretreatment blocked

intra-cellular ROS generation by ADR and H2O2

(Fig. 7A and B).

3.6. Mn-SOD may participate in the inhibition of

ADR-induced apoptosis by RA

The SOD mimetic Mn-TBAP is a potent protective agent

against cardiomyocyte injury caused by ADR. To deter-

mine whether Mn-TBAP inhibits the apoptotic effect of

ADR on H9c2 cells, we examined the cytotoxic effect of

ADR (2 mM) on H9c2 cells in the presence or absence of

Mn-TBAP or MnSO4 (a control) after 30 h by Trypan Blue

assay. Mn-TBAP at 40 mM was found to significantly

inhibit H9c2 cells from ADR-induced cardiotoxicity, but

MnSO4 had no effect (Fig. 8A). To probe the inhibitory

effect of RA on ADR-induced H9c2 cell death, we exam-

ined Mn-SOD and Cu/Zn-SOD expressional regulation by

ADR. Fig. 8B shows that ADR treatment downregulated

Mn-SOD and Cu/Zn-SOD protein in a time dependent

manner, and that RA treatment recovered Mn-SOD and

Cu/Zn-SOD expression in H9c2 cells (Fig. 8B).
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Fig. 9. The upregulation of GSH by RA. (A) Cells were pretreated with/

without rosmarinic acid (20 mg/mL) for 30 h and then with 2 mM ADR, and

cellular GSH levels were assessed. (B) Cells were pretreated with/without

200 mM BSO for 24 h, then with rosmarinic acid (20 mg/mL) for 30 min,

and finally with 2 mM ADR for 30 h. Cell death was assessed by Trypan

Blue assay. The data shown represent means � S.E. (n = 3). *P < 0.01;

significantly different from ADR only treated H9c2 cells.
3.7. GSH is involved in the inhibition of ADR-induced

apoptosis by RA

GSH is a potent intracellular anti-oxidant, and it has

been reported that the depletion of GSH intracellularly

enhances the susceptibility of cardiac toxicity and

apoptosis [19]. Thus, we examined intracellular GSH
Fig.10. TheinhibitoryeffectofrosmarinicacidontheactivationofMAPKsby

ADR. Cells were pretreated with 20 mg/mL RA then treated with 2 mM. Cell

extracts were immunoblotted using anti-phospho-JNK, anti-phospho-ERK,

anti-phospho-p38, anti-JNK, anti-ERK, or anti-p38 antibodies.
expression in the presence or absence of ADR and/or

RA. Fig. 8A shows that ADR treatment significantly

reduced intracellular GSH levels, but that RA treatment

increased GSH levels. BSO is a potent and selective

inhibitor of glutamyl cysteinyl ligase, a rate-limiting

enzyme in the synthesis of GSH. We pretreated cells with

200 mM BSO for 24 h, and after refreshing the medium,

the cells were treated with 2 mM ADR in the absence or

presence of 20 mg/mL RA. RA treatment was found to

reduce ADR-induced cell death from 41 to 15%. However,

in the presence of BSO, RA treatment reduced ADR-

induced cell death from 15 to 50% (Fig. 9B). These, results

suggest that RA-induced GSH upregulation is required for

the inhibition of ADR by RA in H9c2 cardiac muscle cells.

3.8. RA inhibits JNK and ERK activation

We examined the activations of JNK, ERK and p38 in

ADR-treated H9c2 cardiac muscle cells. The activation

states of these components of the MAPK pathways were
Fig. 11. The effects of JNK and ERKon H9c2 cell death induced by ADR. (A)

Cellswereco-treated with2 mMADRfor30 h in thepresenceorabsenceof the

indicated inhibitors, i.e., SB202190 10 mM, PD98059 10 mM, or SP600125

10 mM. The data shown represent means � S.E. (n = 3). *P < 0.05 and
#P < 0.01; significantly different from ADR only treated. (B) pcDNA3,

JNK dominant negative, and ERK dominant negative cells were treated with

2 mM ADR for 30 h, and cell viability was determined by Trypan Blue assay.

Thedatarepresentmeans � S.E. (n = 3). **P < 0.05,##P < 0.01;significantly

different from pcDNA3-treated cells.
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determined using commercially available antibodies that

specifically recognize active (phosphorylated) forms. Cells

were pretreated with 20 mg/mL RA for 30 min and then

treated with 2 mM ADR for the indicated times (15 min,
Fig. 12. Rosmarinic acid inhibition of AP-1 transcription factor activation by ADR

absence or presence of 20 mg/mL RA. (A) Nuclear proteins were analyzed by elec

consensus oligodeoxynucleotide. (B) Cells were co-treated with 2 mM ADR for 1 h i

EMSA in absence or presence of antibodies to the indicated AP-1. DNA bindingactivi

by immunoblotting by probing with the indicated antibodies, and immunoreactive ban

Jun or anti-phospho-c-Jun antibodies, and nuclei were labeled with Hoechst 33258, a
30 min, 1 h, 2 h). RA was found to prevent the activation of

JNK as well as ERK, but had no effect on the activations of

p38 MAPK by ADR (Fig. 10). The total expressions of the

three MAPKs were unchanged (data not shown). To deter-
. H9c2 cells were co-treated with 2 mM ADR for the indicated times in the

trophoretic mobility shift assay (EMSA) for binding to a g-32P labeled AP-1

n the absence or presence of 20 mg/mL RA. Nuclear extracts were subjected to

ty was detected by autoradiography (A and B). (C) Cell extracts were examined

ds werevisualized using an LAS-3000. (D) The cells were labeled with anti-c-

nd observed under a fluorescence microscope (original magnification 1000�).
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mine whether the activations of these MAPKs are essential

for ADR-induced apoptosis, we inhibited the activations of

JNK and ERK, using the kinase inhibitors SP600125 and

PD98059, respectively, or used the dominant negative cell

lines JNK KD and MEK KD. All of these changes reduced

ADR-induced apoptosis in H9c2 cells (Fig. 11A and B).

These results indicate that JNK has an important role in

ADR-induced apoptosis, and that ERK is also involved in

this process, but to a lesser extent.

3.9. RA inhibits the activations of JNK and the

transcription factor AP-1

H9c2 cells were pretreated with 20 mg/mL RA for

30 min and then treated with 2 mM ADR for the indicated

times (15, 30, 60 and 120 min). Nuclear extracts were then

prepared and incubated in the presence of a g-32P-labeled

probe harboring the AP-1 consensus motif. Specificity was

confirmed using cold (unlabeled) probe inhibitors. As

shown in Fig. 12A, treatment of cells with ADR increased

AP-1 activation, but RA pretreatment inhibited this

activation.

AP-1 motifs (also known as TPA (12-O-tetradecanoyl-

phorbol-13-acetate) response elements) commonly bind

either Jun homodimers or Jun/Fos heterodimers. In parti-

cular, Jun family members are activated in a JNK-depen-

dent manner by the phosphorylation of serine or threonine

residues in their N-terminal regions [20,21], whereas Fos

family members are activated by the ERK-dependent

phosphorylation of Ser or Thr in their C-terminal region
Fig. 13. Schematic of the inhibition of ADR-induced H9c2 cardiac muscle

cell death by rosmarinic acid.
[22]. In order confirm that the protein bound to the probe

was AP-1, a supershift experiment was performed using

anti-ATF-2, anti-c-fos and anti-Jun family member (i.e.,

anti-c-Jun, anti-Jun-B, anti-Jun-D) antibodies. Our super-

shift assays indicated that ADR stimulated c-fos, Jun-B, c-

Jun and p-c-Jun to bind to the distal AP-1 site, and that RA

partially inhibits all of these effects of ADR (Fig. 12B).

Moreover, RA inhibited the ADR-induced expressions of

c-fos, Jun-B, c-Jun and p-c-Jun (Fig. 12C). In fact, c-Jun

and p-c-Jun are widely regarded as an inevitable conse-

quences of JNK activation. c-Jun and p-c-Jun subcellular

localizations were studied following after exposing H9c2

cells to 2 mM ADR. Cells were grown on glass coverslips

and pretreated or not with 20 mg/mL RA for 30 min and

then treated with 2 mM ADR for 2 h. When cells were

treated with ADR only activated c-Jun and p-c-Jun were

observed in the nucleus, but RA prevented activated c-Jun

and p-c-Jun nuclear accumulation (Fig. 12D). Our results

suggest that RA inhibits ADR-induced AP-1 (c-fos, Jun-B,

c-Jun and p-c-Jun) activation (Fig. 13).
4. Discussion

This study shows that RA effectively protects cardiac

muscle cells from ADR-induced cell death. Several studies

have indicated that apoptosis occurs in the human heart

during end stage cardiac failure or acute myocardial

infarction, which suggests that apoptosis is involved in

cardiovascular disease [23]. We expected at the beginning

of this study that apoptosis is involved in the genesis of

ADR-induced cardiomyopathy.

Bcl-2 is regarded as an important cellular component

that guards against apoptotic cell death and which is also

involved in many other cellular events. It has been reported

that the prevention of apoptosis is associated with the

upregulation of Bcl-2 and the downregulation of Bax

[24,25]. Because the anti-apoptotic functions of Bcl-2

can be antagonized by pro-apoptotic proteins like Bax,

the downregulation of Bax and the upregulation of Bcl-2

expression by RA might explain its anti-apoptotic effect

(Fig. 3).

Moreover, ADR-induced ROS release, and RA attenu-

ated this effect (Fig. 7). These observations highlight that

RA has anti-oxidant properties in addition to its inhibition

of ADR-induced cardiotoxicity.

ADR stimulates ROS release which may result in irre-

versible cardiomyopathy [8]. Most evidence supporting

this relation was obtained from in vitro studies, and

includes evidence that ADR increases lipid peroxidation

and free radical production in heart tissue, and that free

radical scavengers such as N-acetyl-cysteine, Vitamin E,

superoxide dismutase and catalase reduce the severity of

ADR-induced oxidative damage [26,27].

A number of studies have been undertaken to reduce

ADR-induced cardiotoxicity. ICRF187 ((s)-(+)-1,2-bis
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(3,5-dioxopiperazenyl) propane) has been approved Min-

otti and Schimmel as a treatment for those suffering from

the cardiotoxic effects of anthracycline drugs. However,

dexrazoxane (ICRF-187) is the only prophylactic treat-

ment approved for use in cancer patients to prevent

anthracycline-mediated cardiotoxicity. Its mode of action

appears to be due to its ability to remove iron from iron/

anthracycline complexes, and thus to reduce free radical

formation by these complexes. Dexrazoxane also influ-

ences cell biology due to its ability to inhibit topoisomerase

II and regulate cellular iron homeostasis. In a pilot study to

assess the efficacy of ICRF187 [(s)-(+)-1,2-bis (3,5-diox-

opiperazenyl) propane], it seemed to be provide highly

effective cardioprotection to a small group of children with

end-stage malignancy. Although the cardioprotective

effect of dexrazoxane in cancer patients undergoing

anthracycline-based therapy is well documented, the abil-

ity of this drug to modulate cellular iron metabolism and

ROS release may led to its wider application in cancer

therapy, immunology, or in the treatment of infectious

disease. RA has a strong anti-apoptotic effect against

ADR-induced cell death, which is similar to that of man-

nitol, and greater that those of NAC, SOD and catalase. In

the present study, the anti-oxidant effect of RA was not

compared with that of dexrazoxane. However, a compara-

tive study of this type is warranted to determine whether

RA can be used to prevent anthracycline-mediated cardi-

otoxicity in cancer patients.

In transgenic mice lines expressing elevated levels of Mn-

SOD, electron microscopy revealed dose-dependent ultra-

structural alterations and marked mitochondrial damage in

non-transgenic mice treated with ADR [28]. They also

showed that levels of serum creatine kinase and lactate

dehydrogenase in ADR-treated mice were significantly

higher than in non-transgenic mice than their transgenic

littermates expressing high level of Mn-SOD after ADR

treatment. These results support that free radical generation

play a major role in ADR toxicity, and suggest that mito-

chondria are a critical site of cardiac injury. Consistent with

these results, RA was found to stimulate Mn-SOD protein

expression and a single treatment with ADR was found to

reduce Mn-SOD protein expression in H9c2 cardiac

muscle cells (Fig. 8B). These results show that the induction

of Mn-SOD (using Mn-SOD mimetic agents-Mn-TBAP)

inhibits ADR-induced cytotoxicity (Fig. 8A).

Intracellular GSH content was increased by RA

(Fig. 9A). Furthermore, the depletion of glutathione by

BSO, a g-glutamyl cysteine synthetase inhibitor, in cardiac

muscle cells increased their susceptibility to injury by

ADR (Fig. 9B). BSO, a relatively specific inhibitor of

glutathione biosynthesis, is frequently used to manipulate

the level of glutathione in vitro and in vivo [29,30].

Substantial evidence suggests that multiple molecular

mechanisms contribute to the cytoprotective action of

GSH. GSH upregulation can promote non-enzymatic

hydroxyl radical detoxification and inhibit ADR-induced
cell death. Therefore, Mn-SOD and GSH upregulation by

RA contribute to the scavenging of free radicals and thus

inhibit cell death in cardiac muscle cells. This suggests that

the RA-induced inhibition of apoptosis is associated with

the regulations of Mn-SOD and GSH, and on its scaven-

ging of free radicals in cardiac muscle cells.

Another characteristic feature of ADR is that it activates

MAPK family members [31–33]. SP600125 or PD 98059

treated H9c2 cells, and dominant negative JNK and MEK1

mutant transfected H9c2 cells all showed ADR-induced

cell inhibition (Fig. 11). Moreover, RA inhibited the ADR-

induced activations JNK and ERK, suggesting that acti-

vated JNK and ERK are pro-apoptotic signals. The activa-

tion of ERK was previously found to suppress apoptotic

induction by ADR [34,35], but paradoxically, ADR acti-

vates ERK and also induces apoptosis. The findings of the

present study are consistent with two reports that suggested

that ERK activation mediates apoptosis [36,37]. In addi-

tion, the functional significance of JNK activation in cell

fate determination remains controversial. For example,

JNK activated by NO or oxidative stress was found to

inhibit apoptosis and thus promote cell survival [38,39],

but on the other hand, JNK activation was found to play a

pro-apoptotic role in the cell death of cardiac myocytes

induced by ADR [40]. In addition, ADR that activated

JNK, and also induced apoptosis, and ADR was also

reported to activate AP-1 [41]. Previous studies have

demonstrated that the AP-1 is an important regulator of

proliferation, transformation, and apoptosis, depending on

cell type [42,43]. Our results show that the inhibitions of

JNK and ERK down-regulate the activation of AP-1 tran-

scription factor, c-fos, Jun-B, c-Jun and p-c-Jun, which

suggests that the inhibition of ADR-induced apoptosis by

RA is associated with AP-1 inhibition.

In the present study, we found that CAT, GSH, NAC,

MAN and SOD all significantly reduced ADR-induced

H9c2 apoptosis, which suggest that ROS play an important

role in the induction of ADR-induced apoptosis. Our data

also show that RA has a greater anti-apoptotic effect than

probucol, ascorbic acid and alpha-tocopherol. Although

future studies are needed to examine whether RA has an

anti-apoptotic effect in vivo, our results provide evidence

for the first time that JNK and ERK activation can be pro-

apoptotic in ADR-treated cardiac muscle cells, and

strongly suggest that ROS is responsible for ADR-induced

JNK, and ERK activation. In addition, these results also

suggest that the inhibitory effect of RA is associated with

the upregulation of Mn-SOD and GSH and its scavenging

effect on free radicals in cardiac muscle cells.
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