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Abstract Doxorubicin (DOX) is a widely used anti-

tumor agent. The clinical application of the medication is

limited by its side effect which can elicit myocardial

apoptosis and cardiac dysfunction. However, the underly-

ing mechanism by which DOX causes cardiomyocyte

apoptosis is not clear. The aim of present study is to

investigate the role of high-mobility group box 1 (HMGB1)

in DOX-induced myocardial injury, and signal pathway

involved in regulation of HMGB1 expression in cardio-

myocytes with DOX. We found treatment of isolated

cardiomyocytes and naive mice with the DOX resulted in

an increased HMGB1 expression which was associated

with increased myocardial cell apoptosis. Pharmacological

(A-box) or genetic blockade (TLR4 deficiency, TLR4-/-)

of HMGB1 attenuated the DOX-induced myocardial

apoptosis and cardiac dysfunction. In addition, our study

showed that DOX resulted in an increment in the genera-

tion of peroxynitrite (ONOO-) and an elevation in phos-

phorylation of c-Jun N terminal kinase (JNK). Pretreatment

of myocytes with FeTPPS, a peroxynitrite decomposition

catalyst, prevented DOX-induced JNK phosphorylation,

HMGB1 expression, myocardial apoptosis and cardiac

dysfunction. Genetic (JNK-/-) or pharmacological

(SP600125) inhibition of JNK ameliorated the DOX-

induced HMGB1 expression and diminished myocardial

apoptosis and cardiac dysfunction. Taken together, our

results indicate that HMGB1 mediates the myocardial

injury induced by DOX and ONOO-/JNK is a key regu-

latory pathway of myocardial HMGB1 expression induced

by DOX.
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Introduction

Doxorubicin (DOX; Adriamycin) is a potent and widely

used anti-tumor agent. It is particularly effective in treating

breast and bladder cancer, Hodgkin’s lymphomas, and

acute leukemia [22, 23]. However, clinic use of this med-

ication is limited due to its toxicity to the heart which could

result in irreversible myocardial injury and dysfunction

[22, 23]. The current consensus held is that DOX induces

myocardial cell oxidative stress, lipid peroxidation, inhi-

bition of nucleic acid and protein synthesis [7, 32]. In

addition, myocardial apoptosis is a key component of

DOX-induced cardiotoxicity which could ultimately lead

to cardiac failure [10]. However, the mechanism involved

in the induction of the cardiomyocyte apoptosis remains

unclear. Thus, the major aim of the present study is to
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investigate the underlying mechanism by which DOX

induces myocardial apoptosis and establish optimal thera-

peutic approaches to prevent the injury induced by the

medication.

Previous studies have demonstrated that induction of

reactive oxygen species (ROS) including superoxide (O2
-)

anion, hydroxyl radical and hydrogen peroxide, plays a key

role in the pathogenesis of DOX-induced myocardial injury

[10, 23]. Peroxynitrite (ONOO-) is a product of the reac-

tion between nitric oxide (NO) and superoxide anion

(O2
-), which can exert both oxidant and nitrosant activity

[2, 16]. ONOO- has a high affinity to tyrosine residues,

resulting in posttranslational modification of protein-bound

tyrosine to 3-nitrotyrosine (3-NT). Recent studies have

uncovered that peroxynitrite generation plays critical roles

in ischemia-/reperfusion-induced myocardial injury and

cardiac failure [9, 13, 15]. It has been demonstrated

that myocardial nitrotyrosine formation was increased in

DOX-treated rodents and believed to be contributing to the

DOX-induced myocardial depression [16]. However,

the downstream events of the peroxynitrite induction by the

DOX remain unknown.

High-mobility group box 1(HMGB1) is an ‘‘alarmin’’

protein, which could trigger inflammatory responses in

neighbor cells when the organisms are under stress or

bacteria invasion [3, 6, 12]. In general, HMGB1 is pas-

sively released from necrotic cells [20]. Recent study

indicated that it can be actively secreted by viable cells

under certain pathological conditions [8]. The HMGB1

plays its biological roles by interaction with its receptor

[e.g., Toll-like receptor-4 (TLR-4)] [18]. Activation of the

receptor can lead to activation of NFjB, which will further

increase expression of leukocyte adhesion molecules and

the production of proinflammatory mediators by both

hematopoietic and endothelial cells, thereby promoting

inflammation and causing organ and cell damage [25, 27].

We and others have previously demonstrated that

HMGB1 plays important roles in LPS-induced myocardial

dysfunction as well as in ischemia-/reperfusion (I/R)-

induced myocardial injury [1, 29, 30]. In mice with

endotoxemia, LPS activates TLR4/PI3Kc pathway which

leads to an increased myocardial HMGB1 and contributes

to decrease in myocardial contractility. While in I/R-

induced myocardial apoptosis, HMGB1 contributes to

myocardial apoptosis by potentiating the effect of TNFa. It

seems that in different pathological situations, HMGB1

plays its roles by various mechanisms. The above findings

promote us to further explore potential role(s) of HMGB1

in DOX-induced myocardial apoptosis and study the

underlying cell signaling pathway by which the expression

of HMGB1 is regulated. Using both in vitro and in vivo

approaches, we provided evidences that (1) DOX could

promote cardiomyocytes to increase HMGB1 expression,

which contributes to DOX-induced myocytes apoptosis and

cardiac dysfunction; (2) Activation of c-Jun N terminal

kinase (JNK) by ONOO- after DOX treatment represents a

key regulator of DOX-induced expression of HMGB1.

Materials and methods

Mice

C57BL/6 mice (wild type, 6 weeks old, 25 g) were

obtained from Charles River Laboratories Canada

(St. Constant, Quebec, Canada). TLR4-/- mice and

JNK-/- mice on C57BL/6 background were purchased

from the Jackson Laboratory (Bar Harbor, ME). The mice

were housed in Vivarium Service at Victoria Research

Labs with a 12 h light/dark cycle and free access to rodent

chow and tap water. The mice were used for in vivo study.

The breeding pairs of above mice were used for generating

neonatal mice for isolation of cardiomyocytes for in vitro

experiments. The procedure was performed in accordance

with the ‘‘Guide for the Care and Use of Laboratory

Animals’’ (NIH Publication No. 85-23, National Academy

Press, Washington, DC, revised 1996). The study protocol

was approved by Animal Care and Use Committee of

Jiangsu University and University of Western Ontario.

Neonatal cardiomyocytes

Neonatal cardiomyocytes were isolated and cultured as

described previously with some modifications [19]. Briefly,

hearts were harvested from neonatal mice, minced and

digested with Liberase (15 lg/ml, Roche) in Ca?? and

Mg?? free Hank’s balance salt solution. After a washing

step, the cells were suspended in Medium 199 (Sigma) with

10 % fetal bovine serum (FBS, Gibco). The cardiomyo-

cytes were enriched by a pre-plating approach (to remove

contaminating cells) before seeded into cell culture plates.

After 48–72 h culture, the cells formed a confluent

monolayer, consisting of 95 % cardiomyocytes, beating

synchronically and could be used for in vitro experiments

at this time.

Concentration of HMGB1 in plasma of circulation

and supernatant of medium

Circulating HMGB1 in plasma and HMGB1 in cell culture

medium were determined by ELISA as described previ-

ously with some modifications [29]. Briefly, the samples

were collected and added into 96-well enzyme immuno-

assay plates coated with mouse anti-HMGB1 mAb (5 lg/

ml, abcam). After incubation overnight at 4 �C, a biotin-

conjugated rabbit anti-HMGB1 mAb (1:1,000, abcam) was
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added to the enzyme immunoassay plate. Subsequently, an

Extravidin–HRP (1:2,000, Sigma) was added. Finally,

TMB substrate (Cell Signaling) was added to amplify the

immunity reaction. Color was developed, and optical

density was determined by microplate reader (BIO-RAD)

at 405 nm.

Knockdown HMGB1 with shRNA plasmid

HMGB1 small hairpin RNA plasmid (HMG-1 shRNA

plasmid) and a negative control shRNA plasmid were

purchased from Santa Cruz biotechnology, Inc. The

transfection of shRNA plasmid was performed using

Lipofectamine 2000 (Invitrogen) according to the manu-

facturer’s instructions. Briefly, the neonatal cardiomyo-

cytes were plated in 48-well plates in completed M199.

Subsequently, the myocytes were transfected with HMG-1

shRNA plasmid or negative control. Forty eight hours after

the shRNA transfection, the myocytes were ready for

experiments.

Western blot analysis of HMGB1 expression,

phosphorylated-JNK and myocardial nitrotyrosine

Expression of HMGB1 in myocardial tissue and in

cardiomyocytes, phosphorylation of JNK and myocardial

nitrotyrosine were evaluated by Western blot analysis.

Cardiomyocytes and myocardial tissue lysates were ana-

lyzed using 12 % sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) and transferred to nitro-

cellulose membranes (Bio-Rad). Subsequently, the mem-

branes were incubated with primary antibodies against

following molecules, HMGB1 (1:2,000, abcam), JNK

(1:1,000, Cell Signaling), phospho-JNK (1:1,000, Cell

Signaling), nitrotyrosine (mono-antibody, 1:1,000, abcam)

and b-actin (1:6,000, abcam) at 4 �C overnight, respec-

tively. The membranes were then incubated with HRP-

labeled secondary antibody at 37 �C for 2 h. Signals were

detected by enhanced chemiluminescence (Amersham,

USA). Densitometric analysis for the blots was performed

with Multi-analyst image software.

Peroxynitrite production

Peroxynitrite within the cardiomyocytes was determined

by measuring the oxidation of intracellular dihydrorhod-

amine 123 (DHR123; Molecular Probe), an fluorescence

probe sensitive to peroxynitrite, as described previously

[19]. Briefly, the cells were preloaded with DHR123

(10 lmol/L) for 1 h followed by DOX (0.5 lM) treatment.

Subsequently, the cells were washed with cold PBS and

lysed with CHAPS solution (0.1 % CHAPS, 50 mM

K2HPO4, 0.1 mM EDTA, pH = 7.0) and DHR123

oxidation was measured with a Spectrofluorophotometer at

excitation and emission wavelengths of 502 and 523 nm,

respectively.

Apoptosis of cardiomyocytes

Apoptosis of cardiomyocytes was assessed by measuring

the caspase-3 activity with an assay kit (Enzo) and detec-

tion of histone-associated DNA fragments with a Cell

Death Detection ELISA assay kit (Roche) according to the

manufacturer’s instructions. The caspase-3 activity was

measured at 6 h after DOX treatment, while detection of

histone-associated DNA fragments was done 24 h post

DOX treatment.

Mouse model of DOX-induced cardiotoxicity

Male C57BL/6 wild type mice, TLR4-/-, and JNK-/-

mice in C57BL/6 background were administrated intra-

peritoneally (i.p.) with a single dose of doxorubicin

(Sigma) at 20 mg/kg. The mice given equal volume of

vehicle were served as control. Myocardial function was

assessed 5 days after the injection and mouse myocardium

and blood sample were collected for detecting related

parameters. For some experiments, DOX-treated mice were

given either a selective peroxynitrite scavenger and

decomposition catalyst 5,10,15,20-Tetrakis (4-sulfona-

tophenyl) porphyrinato Iron (III) Chloride (FeTPPS;

10 mg/kg, i.p.) started 1 h before DOX injection and

continued in third and fifth day (10 mg/kg, i.p.) thereafter;

or A-box (20 mg/kg, i.p.), a HMGB1 inhibitor, every other

days starting 4 h after the DOX treatment.

Immunohistological analysis of nitrotyrosine

Myocardial tissue was fixed in 4 % formalin. The embed-

ded tissue was cut into 5 lm slices. Tissue sections were

incubated with a mouse anti-nitrotyrosine mAb (1:50,

abcam) overnight at 4 �C. Subsequently, the sections were

incubated with HRP conjugated goat anti-mouse secondary

antibody (1:200, abcam) at room temperature for 1 h.

Finally, color was developed with a peroxide-based sub-

strate Vectastain DAB kit (BD Biosciences).

TUNEL assay

Paraffin sections were prepared, and in situ detection of

apoptosis in the myocardial tissues was performed with an

In Situ Cell Death Detection Kit, Fluorescein (Roche)

following the instructions. After TUNEL labeling, sections

were stained with mouse monoclonal Troponin T (1:100,

abcam) for 1 h, followed by incubation with appropriate

secondary antibody conjugated with Texas Red (1:200,

Basic Res Cardiol (2012) 107:267 Page 3 of 12

123



Santa Cruz). Nucleus were labeled with DAPI, and the

TUNEL positive cells were observed using microscope

(Zeiss, using 409 objective). The percentage of apoptotic

cells per total cells was determined in five randomly chosen

fields.

Myocardial function

Myocardial function was measured as described previously

[29]. In brief, mice were anesthetized with i.p. injection

of ketamine (150 mg/kg) and xylazine (5 mg/kg), and

mechanically ventilated. A Millar tip transducer catheter

(Model SPR-893, 1.4 Fr.) was positioned in the left ven-

tricle via the right carotid artery. Post recording the

basic hemodynamic parameters, left-ventricular pressure–

volume loops were generated by occlusion of the inferior

caval vein using a PowerLab system (AD Instruments)

connected to the Millar catheter. After recording heart rate

(HR), end systolic volume, end diastolic volume, left-

ventricular end systolic pressure (LVESP), left-ventricular

end diastolic pressure (LVEDP), ±dP/dt, the inferior cava

vein was occluded and pressure–volume loops were

recorded. Subsequently, the end-systolic pressure–volume

relation (ESPVR) was generated from pressure–volume

loops and served as an index of myocardial contractility.

Statistical analysis

Data are expressed as mean ± SEM and analyzed with

SPSS11.0 statistical software. Comparisons of data among

groups were made using one-way analysis of variance

(ANOVA) with Bonferroni’s post-test. A P value \0.05

was considered as a statistical significance.

Results

HMGB1 mediates DOX-induced myocardial apoptosis

HMGB1 is a cytokine which has been demonstrated

involved in ischemia-/reperfusion-induced myocardial

injury and sepsis-induced myocardial depression [1, 29,

30]. To assess whether HMGB1 plays a role in DOX-

induced myocardial apoptosis, we first evaluated HMGB1

expression and releasing by DOX-treated cardiomyocytes.

As shown in Fig. 1a, treatment of cardiac myocytes with

DOX resulted in increased HMGB1 expression and

releasing. In addition, the DOX treatment induced myocyte

apoptosis (Fig. 1b). TLR4 is a receptor that HMGB1 can

interact with [24, 31]. To determine whether HMGB1

mediates the DOX-induced myocytes apoptosis, either

pharmacological (A-box) or genetic inhibition of HMGB1

(TLR4 deletion and HMG1 shRNA plasmid transfection)

was employed in the experiments. We found inhibition of

HMGB1 with the A-box attenuated the DOX-induced

apoptosis (Fig. 1b); as compared to cardiomyocytes

derived from wild type mice, DOX induced much less

apoptosis in cardiomyocytes derived from TLR4 deficient

mice (Fig. 1c). To further confirm the role of HMGB1 in

the DOX-induced myocardial apoptosis, HMGB1 knock

down approach was used in our study. As shown in SFig. 1,

the transfection of HMG-1 shRNA plasmid into cardiac

myocytes resulted in a 70 % reduction in HMGB1

expression in naı̈ve cells and prevented the increase in

HMGB1 expression in DOX-treated cardiomyocytes. The

knock down HMGB1 attenuated apoptosis in myocytes

with DOX (Fig. 1d).

JNK is involved in HMGB1 expression

in cardiomyocytes with DOX

JNK is a kinase which has been reported involved in cell

apoptosis and inflammation [11, 14, 21, 26]. To investigate

whether JNK regulates DOX-induced HMGB1 expression,

cardiomyocytes were treated with DOX and JNK phos-

phorylation was assessed. As shown in Fig. 2a, the treat-

ment of cardiomyocytes with DOX resulted in activation of

JNK as indicated by an increase in JNK phosphorylation

which peaked at 10–15 min after the DOX treatment. To

determine whether activation of JNK contributes to increase

in HMGB1 expression by cardiomyocytes after the DOX

treatment, both pharmacological and genetic inhibition of

JNK were used in the study. As shown in Fig. 2b, the DOX-

induced increase in myocytes HMGB1 protein expression

was prevented by a JNK inhibitor, SP600125. Furthermore,

DOX induced much less HMGB1 production in cardio-

myocytes derived from JNK-/- mice as compared to those

of myocytes from wild type mice (Fig. 2c). Collectively,

these findings indicate that DOX-induced expression of

HMGB1 is dependent on activation of JNK.

DOX increases intracellular ONOO-, activates JNK

and regulates HMGB1 expression in cardiomyocytes

which results in myocyte apoptosis

ONOO- is a reactive oxygen species, which is produced

from reaction between nitric oxide (NO) and the superoxide

anion (O2
-). It represents a key effector which mediates

DOX-induced cardiomyocyte apoptosis [16]. In present

study, we measured intracellular ONOO- levels using

DHR123 as intracellular ONOO- probe. We found that

challenge of cardiomyocytes with DOX resulted in an

increased ONOO- generation, which is peaked at 10 min

after DOX treatment (Fig. 3a). However, the production of

ONOO- was significantly attenuated by FeTPPS, a selec-

tive decomposition catalyst of ONOO- (Fig. 3b). These
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results illustrated that DOX can increase ONOO- levels in

cardiomyocytes, which was diminished by FeTPPS.

Next, we further assessed the role of ONOO- in JNK

activation and HMGB1 expression in cardiomyocytes with

DOX. We found that DOX-induced JNK activation and

HMGB1 expression in cardiomyocytes were prevented by

FeTPPS (Fig. 3c, d). However, as compared to cardio-

myocytes derived from wild type mice, myocytes from

JNK deficient mice had similar levels of ONOO- after the

DOX treatment (SFig. 2a). These results indicated that

ONOO- is involved in regulation of DOX-induced

HMGB1 expression in cardiomyocytes; and increase in that

ONOO- is an upstream event of JNK activation.

Since HMGB1 contributes to the DOX-induced cardio-

myocyte apoptosis and is regulated by ONOO-/JNK

pathway, we further evaluated the role of ONOO-/JNK

Fig. 1 HMGB1 contributes to

DOX-induced cardiomyocytes

apoptosis. a Cardiac myocytes

were treated with DOX

(0.5 lM). At the time indicated,

cardiomyocytes and cell culture

medium were harvested.

Intracellular and released

HMGB1 of cardiomyocytes was

analyzed by Western blot and

ELISA, respectively.

b Inhibition of HMGB1

prevented the myocyte

apoptosis induced by DOX.

Cardiac myocytes were

challenged with DOX with or

without A-box (10 lg/ml) for 6

or 24 h, myocyte apoptosis was

determined by caspase 3 activity

and cell death ELISA assays.

c Cardiac myocytes derived

from wild type and TLR4-/-

mice were challenged with

DOX for 6 or 24 h, and the

control myocytes were treated

with vehicle. The myocyte

apoptosis was determined.

n = 3. *P \ 0.05 compared

with time 0, or control group,
#P \ 0.05 compared with DOX

group or wild type myocytes

with DOX group. d Cardiac

myocytes were transfected with

HMG1 shRNA plasmid or

shRNA negative control

plasmid followed by DOX

treatment for 6 or 24 h,

respectively. The myocyte

apoptosis was determined by

caspase 3 activity and cell death

ELISA. n = 3. *P \ 0.05

compared with negative control

group, #P \ 0.05 compared

with negative control ? DOX

group
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pathway in DOX-induced myocyte apoptosis. As shown in

Fig. 4a, DOX-induced myocyte apoptosis was diminished

by either FeTPPS or SP600125. In addition, DOX-induced

apoptosis was attenuated significantly in JNK-/- cardio-

myocytes as compared to those of cardiomyocytes derived

from wild type mice (Fig. 4b).

ONOO-/JNK pathway regulates myocardial HMGB1

expression in mice with DOX

In order to confirm the silent features uncovered by our

in vitro experiments, we designed in vivo experiments.

As shown in Fig. 5a–c, increased ONOO- generation

and JNK activation were detected in myocardium of

mice with DOX. In addition, the DOX-induced ONOO-

production and JNK activation were greatly attenuated

when the DOX-treated mice were given FeTPPS. Fur-

thermore, increased myocardial HMGB1 expression in

mice with DOX was prevented by FeTPPS (Fig. 5d). To

evaluate the role of JNK on DOX-induced myocardial

HMGB1 expression, JNK1 deficient mice were admin-

istrated with DOX and myocardial HMGB1 expression

and circulating HMGB1 were assessed. As compared to

wild type mice, the myocardial levels of HMGB1 and

circulating HMGB1 in JNK1 deficient mice were

decreased (Fig. 5e). However, myocardium of JNK1

deficient mice had similar levels of peroxynitrite after

DOX as compared to those of wild type counter part

(SFig. 2b). The above results support our in vitro find-

ings that ONOO-/JNK pathway regulates the myocardial

HMGB1 expression.

Inhibition of HMGB1 and ONOO-/JNK pathway

prevents the DOX-induced myocardial apoptosis

and dysfunction

In order to evaluate the role of HMGB1 on DOX-

induced myocardial apoptosis and dysfunction, the DOX-

treated mice were given A-box, a HMGB1 receptor

competitive inhibitor. In addition, TLR4 deficient mice

were administrated with DOX. The A-box treatment

attenuated DOX-induced myocardial apoptosis (Fig. 6b),

and prevented the DOX induced myocardial dysfunction

Fig. 2 JNK is pivotal in DOX-induced HMGB1 expression in

cardiomyocytes. a. Cardiac myocytes were treated with DOX. At

the time indicated, the myocytes were harvested and JNK activation

was assessed by Western blot for detection of JNK phosphorylation.

b Inhibition of JNK prevents the DOX-induced HMGB1 expression.

Cardiac myocytes were treated with DOX, with or without SP600125

(10 lM) for 4 h. Myocyte HMGB1 expression was assessed with

Western blot. c Deficiency in JNK prevents the DOX-induced

HMGB1 expression. Cardiac myocytes from wild type and JNK1

deficient mice were challenged with DOX for 4 h, and the control

myocytes were challenged with vehicle. HMGB1 expression was

assessed with Western blot. n = 3. *P \ 0.05 compared with time 0

or control group, #P \ 0.05 compared with DOX group or wild type

myocytes with DOX

b
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(Fig. 7a, SFig. 3). Treatment of TLR4 deficient mice

with DOX induced limited myocardial apoptosis and

dysfunction as compared to their wild type counterpart

(Figs. 6d, 7c and SFig. 3).

To further evaluate the role of ONOO-/JNK on DOX-

induced myocardial apoptosis and dysfunction, mice with

DOX were treated with FeTPPS and JNK1 deficient mice

were administrated with DOX, myocardial apoptosis and

cardiac function were assessed. As shown in Fig. 6b,

administration of FeTPPS to mice with DOX attenuated

myocardial apoptosis and improved the cardiac function

(Fig. 7a, SFig. 3). Similarly, as compared to wild type

mice, JNK1 deficient mice incurred less myocardial

apoptosis and dysfunction after the administration of the

DOX (Figs. 6c, 7b and SFig. 1). The results further confirm

our in vitro findings which indicate that ONOO-/JNK

pathway is involved in the DOX-induced myocardial

apoptosis and cardiac dysfunction.

Discussion

Doxorubicin is an antitumor agent with side effect on

myocardium which can cause myocardial injury [22, 23].

HMGB1 is a ‘‘danger signal’’, whose release from cells

serves to inform adjacent (or remote) cells of infection and/

or injury, so that an appropriate defensive immune

response can be generated [3, 6, 12]. Myocardial cells

increase HMGB1 expression and release HMGB1 to

extracellular milieu under stressful conditions; i.e., sepsis

and ischemia-/reperfusion [1, 29, 30]. Extracellular

HMGB1 exerts pro-inflammatory activity by binding to its

receptors and contributes to myocardial apoptosis and

dysfunction. In the present study, we addressed the role of

HMGB1 in DOX-induced myocardial apoptosis. We

demonstrate for the first time that (1) DOX can increase

cardiomyocyte HMGB1 expression which contributes

to DOX-induced myocardial apoptosis and cardiac

Fig. 3 Peroxynitrite (ONOO-) is involved in HMGB1 expression in

cardiomyocytes with DOX. a DOX treatment increased ONOO-

production in cardiomyocytes. Cardiac myocytes were treated with

DOX. At the time indicated, the ONOO- was detected with DHR123

(10 lM), a fluorescence probe for ONOO-. b FeTPPS, a cell

permeable selective decomposition catalyst of ONOO-, prevented the

increase in peroxynitrite induced by DOX. FeTPPS (25 lM) was

added into the cell culture medium 1 h before DOX treatment.

Intracellular ONOO- was determined 10 min after DOX treatment.

c Cardiomyocytes were treated with DOX for 15 min, JNK

phosphorylation was analyzed with Western blot. Inhibition of

ONOO- with FeTPPS prevented DOX-induced increase in myocyte

JNK phosphorylation. d Cardiomyocytes were treated with DOX for

4 h, HMGB1 expression was analyzed with Western blot. Inhibition

of ONOO- with FeTPPS prevented DOX-induced increase in

myocyte HMGB1 expression. n = 3. *P \ 0.05 compared with time

0 or control group, #P \ 0.05 compared with DOX group
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dysfunction; (2) regulation of HMGB1 expression is

dependent on ONOO-/JNK pathway.

One of major mechanism involved in cardiomyocytes

apoptosis during DOX-induced cardiomyopathy is the

induction of myocardial oxidative stress and nitrosative

stress attributed to the generation of reactive oxygen spe-

cies (ROS) and reactive nitrogen species, most notably

peroxynitrite (ONOO-) derived from nitric oxide (NO) and

superoxide (O2
-). Intracellular peroxynitrite further acti-

vates signaling pathway and causes injury to myocytes [16,

17]. One potential mechanism is that the peroxynitrite

induces stress to myocardial cells and results in increase

expression of HMGB1 due to the activation of the signal-

ing pathway during DOX-induced cardiotoxicity. In our

study, we have demonstrated that DOX treatment resulted

in the induction of ONOO- which was evident by the

increased DHR123 oxidation in cardiomyocytes. In myo-

cardial tissue, the induction of ONOO- was marked by

nitrotyrosine which was increased in the mice injected with

DOX. As the selective decomposition catalyst of ONOO-,

FeTPPS could reduce the formation of ONOO-, which has

been demonstrated in our study and in the previous study

[4]. Meanwhile, FeTPPS can prevent the increase in

HMGB1 expression and attenuate cardiomyocyte apoptosis

induced by DOX. These results indicate that ONOO-

induced by DOX is involved in the regulation of myocar-

dial HMGB1 expression and contributes to cardiomyocyte

apoptosis.

c-Jun N terminal kinase (JNK) is an important mem-

ber of the mitogen-activated protein kinase (MAPK)

superfamily, which is readily to be activated by many

environmental stimuli [5, 14]. As a pro-apoptotic kinase,

JNK is believed to play pivotal roles in cardiomyocyte

apoptosis in various pathologies [14, 28]. The main

mechanism of JNK activation is the cell stress including

the ROS, such as ONOO- [11, 14, 21]. In our study, we

found that DOX increased myocyte ONOO- generation,

which in turn caused the activation of JNK. Inhibition of

ONOO- with FeTPPS can prevent the activation of JNK

and attenuate the DOX-induced myocyte apoptosis. Fur-

ther, genetical (JNK-/-) and pharmacological (SP600125)

inhibition of JNK offered significant protection against

apoptosis induced by DOX. Those results support that

ONOO-/JNK pathway is a pivotal mechanism in the

DOX-induced myocyte apoptosis.

The regulatory pathways involved in the HMGB1

expression differ in different conditions. We have previ-

ously reported that TLR4/PI3Kc pathway regulates myo-

cardial HMGB1 expression in sepsis [29]. However,

others have demonstrated that the peroxynitrite contributes

to the HMGB1 up regulation in infracted myocardium

[13]. In the present study, our results indicate that DOX-

induced HMGB1 expression is regulated by JNK activa-

tion based on following evidences, (1) DOX induced

activation of JNK at 10–15 min, and increased expression

of HMGB1 at about 4 h, which implied that HMGB1

Fig. 4 Inhibition of ONOO-/

JNK pathway attenuated DOX-

induced cardiomyocyte

apoptosis. a Cardiac myocytes

were pretreated with FeTPPS or

SP600125 followed by DOX

treatment. Myocyte apoptosis

were determined with caspase 3

activity and cell death ELISA

assay. b Cardiomyocytes

derived from wild type or

JNK-/- mice were treated with

DOX or vehicle, and myocyte

apoptosis was assessed. n = 3.

*P \ 0.05 compared with

control group, #P \ 0.05

compared with wild

type ? DOX group or
?P \ 0.05 compared with DOX

only group
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might be the downstream event to the activation of JNK in

DOX-induced apoptosis; (2) suppression of JNK led to

reduced HMGB1 expression in both in vitro and in vivo

settings.

As shown in our study, neither genetic methods (JNK

and TLR4 deficiency) nor pharmacological inhibitors

(A-box, FeTPPS and SP600125) to inhibit HMGB1 could

completely rescue the myocytes from DOX-induced injury.

It implies that in addition to the release of HMGB1 in

cardiac tissue, there are other mechanisms that contribute

to DOX-induced myocardial injury. As reported by others

[28], such mechanisms include inhibition of nucleic acids

Fig. 5 ONOO-/JNK pathway

regulates myocardial and

circulating HMGB1 in mice

with DOX. Mice were injected

(intraperitoneal, i.p.) with DOX

(10 mg/kg), while control mice

were injected with equal volume

of vehicle. For DOX mice

treated with FeTPPS, they were

given FeTPPS (10 mg/kg, i.p.)

every other day starting 1 h

before the administration of

DOX. On day 5 after DOX,

cardiac tissue was harvested for

myocardial level of ONOO-

with nitrotyrosine staining and

HMGB1 expression by Western

blot. a Images are represents of

nitrotyrosine staining of tissue

section of 5 separate mouse

hearts. b Western blot analysis

was done to quantify the

myocardial nitrotyrosine.

Myocardial levels of ONOO-

were increased in mice with

DOX which were attenuated by

FeTPPS treatment.

c Myocardial JNK

phosphorylation was increased

in mice with DOX which was

greatly attenuated by FeTPPS.

d Myocardial levels of HMGB1

were increased in hearts of mice

with DOX. FeTPPS treatment

attenuated the increase in

myocardial HMGB1 induced by

DOX. n = 3, *P \ 0.05

compared to control, #P \ 0.05

compared with DOX group.

e Deficiency in JNK1 prevented

the DOX-induced increase in

myocardial and circulating

HMGB1. n = 3. *P \ 0.05

compared with control,
#P \ 0.05 compared with WT

mice with DOX
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and protein synthesis, lipid peroxidation, and release of

vasoactive amines. Previous studies have discovered that

HMGB1 is a ligand of several receptors which include

TLR4, TLR2 and RAGE [18, 25]. In our study, deletion of

TLR4 can only partially abrogate the DOX-induced myo-

cardial apoptosis and dysfunction. This implies HMGB1

may mediate the DOX-induced myocardial injury through

other receptors (i.e., TLR2, and RAGE).

Fig. 6 Inhibition of ONOO-/JNK/HMGB1 pathway attenuates myo-

cardial apoptosis in mice with DOX. Wild type, TLR4-/- and

JNK1-/- mice were i.p. injected with either vehicle or DOX. For

inhibition of ONOO-, FeTPPS (10 mg/kg, i.p.) were given every

other day starting 1 h before the administration of DOX. For

pharmacological inhibition of HMGB1, A-box (20 mg/kg) was given

to DOX mice every other days starting 4 h after the DOX treatment.

Myocardial apoptosis was assessed 5 days after the DOX treatment.

a Representative images of TUNEL staining. b–d Quantitative

analysis of myocardial apoptosis. For each section, 10 high-power

fields were counted for apoptotic cells. n = 5. *P \ 0.05 compared

with control, #P \ 0.05 compared with WT mice with DOX

Fig. 7 Inhibition of ONOO-/JNK/HMGB1 pathway improves myo-

cardial function in mice with DOX. The mouse treatment groups were

same as in Fig. 6. Myocardial function was assessed 5 days after the

DOX treatment with pressure–volume loop analysis system. Left

ventricle end systolic pressure–volume relation (ESPVR, mmHg/ll)

was determined and was used as index of myocardial contractility.

n = 5. *P \ 0.05 compared with control, #P \ 0.05 compared with

WT mice with DOX
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In summary, the present study showed that HMGB1 was

involved in DOX-induced apoptosis of cardiomyocytes and

cardiac dysfunction. In addition, ONOO-/JNK pathway

has been identified as a regulator for expression of HMGB1

after DOX treatment. These results suggested that inhibi-

tion of HMGB1 could provide a means of reducing DOX-

induced cardiomyopathy.
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