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Taurine suppresses doxorubicin-triggered oxidative stress and cardiac
apoptosis in rat via up-regulation of PI3-K/Akt and inhibition of p53, p38-JNK
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A B S T R A C T

The objective of the present study was to investigate the signaling mechanisms involved in the

beneficial role of taurine against doxorubicin-induced cardiac oxidative stress. Male rats were

administered doxorubicin. Hearts were collected 3 weeks after the last dose of doxorubicin and were

analyzed. Doxorubicin administration retarded the growth of the body and the heart and caused injury

in the cardiac tissue because of increased oxidative stress. Similar experiments with doxorubicin

showed reduced cell viability, increased ROS generation, intracellular Ca2+ and DNA fragmentation,

disrupted mitochondrial membrane potential and apoptotic cell death in primary cultured neonatal

rat cardiomyocytes. Signal transduction studies showed that doxorubicin increased p53, JNK, p38 and

NFkB phosphorylation; decreased the levels of phospho ERK and Akt; disturbed the Bcl-2 family

protein balance; activated caspase 12, caspase 9 and caspase 3; and induced cleavage of the PARP

protein. However, taurine treatment or cardiomyocyte incubation with taurine suppressed all of the

adverse effects of doxorubicin. Studies with several inhibitors, including PS-1145 (an IKK inhibitor),

SP600125 (a JNK inhibitor), SB203580 (a p38 inhibitor) and LY294002 (a PI3-K/Akt inhibitor),

demonstrated that the mechanism of taurine-induced cardio protection involves activation of specific

survival signals and PI3-K/Akt as well as the inhibition of p53, JNK, p38 and NFkB. These novel findings

suggest that taurine might have clinical implications for the prevention of doxorubicin-induced

cardiac oxidative stress.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Doxorubicin (DOX) is one of the most effective anthracyclin
drugs known for the treatment of a variety of cancers, including
lymphoma, leukemia, and solid tumors [1,2]. However, some
restrictions have been imposed on its clinical use because of
profound cardiotoxicity [3,4]. A number of studies have suggested
that doxorubicin induces cardiac oxidative stress and cardio-
toxicity by reducing myocardial antioxidants [5], perturbing
adrenergic function [6], disturbing calcium handling [7] and
releasing cardiotoxic cytokines [8]. Several investigators have
made efforts to understand the signaling pathways responsible for
DOX-induced cardiac apoptosis, although the roles of oxidative
Abbreviations: CAT, catalase; DOX, doxorubicin; GSH, glutathione; GSSG, glutathi-

one disulfide; GPx, glutathione peroxidase; HDL, high-density lipoprotein; LDH,

lactate dehydrogenase; MDA, malondialdehyde; MAPKs, mitogen-activated protein

kinases; NF-kB, nuclear factor kappa B; PI3-K, phosphatidylinositol 3-kinase; ROS,

reactive oxygen species; SOD, superoxide dismutase; TAU, taurine.
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stress in the intracellular signaling pathways and apoptosis in this
pathophysiology have already been established [9,10].

It is well known that DOX-induced cardiotoxicity occurs via
p53-mediated apoptosis [11]. However, some other recent reports
have suggested that DOX induces apoptosis in cardiomyocytes via
both p53-dependent and p53-independent pathways [12,13]. In
the present study, we aimed to investigate the involvement of p53
in DOX-induced cardiac apoptosis. It is also known that nuclear
transcription factor kappa B (NF-kB) and mitogen-activated
protein kinase (MAPK) signaling pathways are the primary
intermediates for the induction of apoptosis by oxidative stress.
In the cardiovascular system, extracellular signal-regulated kinase
(ERK1/2) is activated by various growth factors and hypertrophic
agents that in turn offer cell survival and cytoprotection [14]. c-Jun
N-terminal kinases (JNKs) and p38-MAPKs, however, are activated
by cellular oxidative stress and correlate with the cardiac
pathophysiology and apoptotic cell death [15,16]. Translocation
of the NF-kB complex into the nucleus occurs where it can mediate
gene transcription in response to cellular activation by extracellu-
lar stimuli and regulate the inflammatory response, apoptosis and
carcinogenesis. However, depending on the type of cells and the
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pathophysiology, NF-kB can either promote or inhibit pro-
grammed cell death [17,18]. The literature suggests that DOX
induces the activation of both MAPKs and NF-kB in cardiac
pathophysiology [19,20]. In the present study, we also investigated
the role of MAPKs and NF-kB during DOX-induced myocardium
apoptosis in vivo using a rat model and examined whether MAPKs
are responsible for the activation of NF-kB and cell death induced
by doxorubicin in cardiomyocytes.

The major intracellular free b-amino acid taurine is present in
most mammalian tissues and obtained largely from diets [21,22]. It
is also known as a conditionally essential amino acid that plays an
important role in protecting biological systems from injuries [23–
29]. It can attenuate oxidative stress [30], reduce the levels of pro-
inflammatory cytokines [31], inhibit apoptosis [32,33] and control
blood pressure [34] and calcium homeostasis [35]. Various studies
have investigated the protective role of taurine in DOX-induced
cardiac pathophysiology. However, little is known about the
molecular mechanisms of its protective role in DOX-induced
cardiac damage [36,37]. Huang et al. [38] demonstrated decreased
cardiac index, left ventricular systolic pressure, SR (Ca2+)-ATPase
activity and SERCA2a mRNA levels and increased Myo(Ca2+) in
DOX-treated rabbits. The authors [38] also showed that taurine
supplementation could alleviate the increase in left ventricular
diastolic pressure and Myo(Ca2+) and the decrease in SERCA2a
mRNA induced by doxorubicin. In the present study, we
investigated the signaling mechanisms underlying the protective
role of taurine against doxorubicin-induced cardiac apoptosis and
oxidative stress using a rat model. We studied the signaling
mechanism of the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) pathways, as these pathways play important roles in
the development heart disease and protect cells undergoing
apoptosis [39–43]. In this study, we provide evidence for the
protective role of anti-apoptotic taurine in doxorubicin-induced
cardiotoxicity, which makes this molecule an interesting target for
future therapies.

2. Materials and methods

2.1. Chemicals

Taurine (2-aminoethane sulfonic acid), fluo-3, doxorubicin,
bovine serum albumin (BSA), Bradford reagent, collagenase type II,
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine sera
(FBS), LY294002, PS-1145, SB203580, SP600125, anti-JNK, anti-
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p38, anti-ERK, anti-Bcl 2, anti-Bcl XL, anti-caspase 3, anti-Akt and
anti-NFkB antibodies were purchased from Sigma–Aldrich Chemi-
cal Company (St. Louis, MO, USA). All other antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, USA). Kits
for measurement of LDH, HDL and total cholesterol were
purchased from Span diagnostic Ltd., India, and a creatine kinase
assay kit was purchased from sigma diagnostics (St Louis, MO,
USA). A DNA isolation kit was purchased from G-Bioscience (St
Louis, MO, USA). All other chemicals were purchased from Sisco
Research Laboratory, India.

2.2. Animals

Four-week old Swiss albino male rats weighing approximately
120–130 g and adult albino Swiss strain mice weighing between
20 and 25 g were purchased from M/S Gosh Enterprises, Kolkata,
India. Animals were acclimatized under laboratory conditions for
two weeks prior to experiments. All animal experiments were
carried out according to the guidelines of the institutional animal
ethical committee.

2.3. Determination of dose-dependent activity of taurine by creatine

kinase (CK) assay

For this study, rats were randomly distributed into eight groups,
each consisting of six animals. The first two groups served as
normal controls, which received only water as vehicle, and toxin
controls, which received doxorubicin (DOX) in three equal doses
(3 mg/kg body weight, i.p. on alternate days). The remaining six
groups of animals were treated with six different doses of taurine
(50, 75, 100, 150, 200 and 250 mg/kg body weight in distilled
water, orally on alternate days) followed by doxorubicin (each
injection was given 1 day after taurine).

On day 28 after the first administration of medication (normal
saline or doxorubicin), the animals were sacrificed under light
ether anesthesia. Blood samples were drawn from the caudal vena
cava, collected in test tubes containing heparin solution, and
centrifuged at 1500 � g for 10 min to obtain serum. CK (creatine
kinase) activity in the sera was estimated using standard kits.

2.4. Experimental design for in vivo treatments

The experimental design needed for the present in vivo study is
summarized as follows: 6-week-old rats were randomly assigned
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to four groups. Rats in the ‘‘control group’’ received only water as
vehicle. Rats in the ‘‘DOX group’’ received doxorubicin (DOX) in
three equal doses (3 mg/kg body weight, i.p.) on alternate days for
a cumulative dose of 9 mg/kg body weight. This cumulative dose
(9 mg/kg) was equivalent to 630 mg for a 70 kg man, just above the
threshold at which doxorubicin cardiomyopathy is expected to
occur clinically [44]. Rats in the ‘‘TAU group’’ received taurine in
three equal doses (150 mg/kg body weight in distilled water,
orally) on alternate days for a cumulative dose of 450 mg/kg body
weight. Rats in the ‘‘TAU + DOX group’’ received the same dose of
taurine as the ‘‘Taurine-treated group’’, followed by a dose of Dox
identical to the ‘‘DOX group’’ (each dose was given 1 day after
taurine). The study design is summarized in Fig. 1.

On day 28, after the first administration of medication (normal
saline, doxorubicin, or taurine), the animals were sacrificed under
light ether anesthesia and hearts were collected.

2.5. Determination of heart-to-body weight ratio

After sacrifice, the hearts from experimental animals were
quickly excised and weighed. The ratio of heart weight to body
weight was then measured for each rat.

2.6. Harvest of serum and cardiac samples

The rats were sacrificed at day 28 after the first administration
of medication (normal water, doxorubicin or taurine). The body
weight (taken before) and heart weight were measured and
compared between groups. Blood samples were drawn from the
caudal vena cava, collected in test tubes containing heparin
solution, and centrifuged at 1500 � g for 10 min to obtain serum.
The cardiac tissues were either fixed in 10% formalin for
histopathologic examinations or stored at �80 8C until later
analysis.

2.7. Preparation of cardiac tissue homogenates

The hearts were minced, washed, and homogenized in a Dounce
glass homogenizer in 10 mM HEPES-KOH/1 mM EGTA buffer (pH
7.5) containing 250 mM sucrose and supplemented with protease
and phosphatase inhibitors. The homogenates were spun for
10 min at 2000 � g to discard the myofilaments at 4 8C. The
supernatant was collected and used for the in vivo experiments.-
Determination of protein contentThe protein content of the
experimental samples was measured using the Bradford method
[45] with crystalline BSA as a standard.

2.9. Biochemical analyses

Specific markers related to cardiac dysfunction (e.g., creatine
kinase, total cholesterol and HDL cholesterol levels) in the sera
were estimated using standard kits. The lipid peroxidation was
estimated according to the method of Esterbauer and Cheeseman
[46]. LDH activity was determined according to the method of
Kornberg [47]. Antioxidant enzyme activity (SOD, CAT, GPX) and
cellular metabolite levels (GSH and GSSG) in the heart tissue were
determined following the method described by Das et al. [48].

2.10. Measurement of the cardiac taurine level

The cardiac taurine level was measured according to the
method of Ferreira et al. [49]. In brief, sulfosalicylic acid solution
was added to the homogenate and allowed to stand for 10 min. It
was then filtered through W42 paper and derivatized with o-
phthalaldehyde and 2-mercaptcethanol. The derivative was then
analyzed by HPLC using a UV absorbance detector at 350 nm.
2.11. Cardiomyocyte isolation and in vitro experimental protocol

Primary cultures of neonatal cardiomyocytes were prepared
according to the procedure described by Sil et al. [50]. After 4 days
of culture, these preparations contained >95% cardiomyocytes.
Cardiomyocytes were then treated with taurine (25 mM), doxoru-
bicin (1 mM) and taurine coupled with doxorubicin (1 h after) for
24 h and were harvested at 4 8C for further molecular and
biochemical analyses.

2.12. Assessment of cardiomyocyte viability

Viability of cardiomyocytes was determined using the MTT
assay. Briefly, 250 mL of MTT solution (300 mg/mL) was added to
the culture medium (200 mL in each well) of cardiomyocytes
cultured in 24-well plates 1 h before the end of 24 h treatment and
incubated at 37 8C for 30 min. After incubation, supernatants were
discarded, and 200 mL of dimethyl sulfoxide was added and mixed
thoroughly to dissolve the crystals. Absorbance was measured at
570 nm and 630 nm.

2.13. Measurement of intracellular ROS production

Cardiomyocytes were incubated with DCF-DA (10 mM) for 1 h
at 37 8C in the dark. After treatment, the cells were immediately
washed and resuspended in PBS. Viable cells incorporated and
deacetylated DCFH-DA to 20,70-dichlorofluorescin (DCFH), which is
not fluorescent. DCFH reacts quantitatively with oxygen species to
produce the fluorescent dye 20,70-dichlorofluorescein (DCF).
Fluorescence emission was measured by flow cytometry using a
525 nm band pass filter, which provides an index of the
intracellular oxidative metabolism.

2.14. Flow cytometric and DNA electrophoresis analyses of

cardiomyocyte apoptosis

Cardiomyocytes were washed with PBS, centrifuged at 800 � g

for 6 min, resuspended in ice-cold 70% ethanol/PBS, centrifuged at
800 � g for a further 6 min, and resuspended in PBS. Cells were then
incubated with propidium iodide (PI) and FITC-labeled Annexin V for
30 min at 37 8C. Excess PI and Annexin V were then washed off; cells
were fixed and then analyzed by flow cytometry using a FACS
Calibur (Becton Dickinson, Mountain View, CA) equipped with a
488 nm argon laser light source, a 525 nm band pass filter for FITC-
fluorescence and a 625 nm band pass filter for PI-fluorescence using
CellQuest software. A dot plot of PI fluorescence (y-axis) versus FITC
fluorescence (x-axis) was prepared.

DNA fragmentation was also assayed by electrophoresing
genomic DNA samples isolated from normal and experimental
rat hearts, as above, on an agarose gel containing ethidium
bromide by the procedure described by Sellins and Cohen [51].

2.15. Isolation of mitochondria and determination of mitochondrial

membrane potential (Dcm)

Mitochondria were isolated from the cardiomyocytes. The
cardiomyocytes were isolated in 10 mL buffer containing 0.1 M
Tris–Mops, pH 7.4, 20 mL 1 M sucrose, and 1 mL 0.1 M EGTA–Tris
buffer, pH 7.4. The cardiomyocytes were then sonicated and
centrifuged at 800 � g for 10 min at 4 8C, and the supernatant was
collected and centrifuged for 30 min at 10,000 � g. The superna-
tant was then discarded, and the mitochondria pellet were
resuspended in the same buffer and recentrifuged for 10 min at
10,000 � g. This supernatant was also discarded, and the final
mitochondrial pellet was resuspended in PBS. It was stored at
�80 8C until use. Analytic flow cytometric measurements for the
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Fig. 2. Dose dependent effect of taurine on CK activities. Cont: CK activity in normal

rats; DOX: CK activity in rats received doxorubicin (DOX) in three equal doses

(3 mg/kg body weight, i.p.) on alternate days; TAU-50, TAU-100, TAU-150, TAU-200

and TAU-250: CK activities in rats received taurine in three equal doses (50, 100,

150, 200 and 250 mg/kg body weight respectively in distilled water, orally) on

alternate days followed by DOX exposure. Each column represents mean � SD, n = 6.

‘‘a’’ indicates the significant difference between the control and DOX-exposed groups

and ‘‘b’’ indicates the significant difference between TAU + DOX treated and DOX-

exposed groups. (Pa < 0.05, Pb < 0.05).
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membrane potential (Dcm) of isolated mitochondria were
performed using a FACScan flow cytometer with an argon laser
excitation at 488 nm and a 525 nm band pass filter. The
mitochondrial membrane potential (Dcm) was estimated on the
basis of cell retention of the fluorescent cationic probe rhodamine
123.

2.16. Measurement of intracellular free Ca2+

Intracellular Ca2+ levels were determined using the intracellular
Ca2+ probe Fluo 3/acetoxymethyl ester (Molecular Probes, Inc.),
which binds Ca2+ with a 1:1 stoichiometry. Cardiomyocytes were
incubated in the dark with 250 nM Fluo-3 for 30 min at 37 8C.
Fluorescence was measured on FL1 (530 nm) in a BD Biosciences
FACScan flow cytometer with excitation at 488 nm, and CellQuest
software was employed for subsequent data analysis.

2.17. Preparation of cytosolic and nuclear extracts from

cardiomyocytes

Nuclear and cytosolic proteins were extracted from cardio-
myocytes according to the procedure described by Goren et al.
[52]. This nuclear extract was subjected to immunoblotting
analysis to determine the protein expression of NF-kB in vitro.

2.18. Immunoblotting

An equal amount of protein (50 mg) from each sample was
resolved by 10% SDS-PAGE and transferred to a PVDF membrane.
Membranes were blocked at room temperature for 2 h in blocking
buffer containing 5% non-fat dry milk to prevent nonspecific
binding and were then incubated with anti-p-53 (1:1000 dilution),
anti-phospho and anti-total p-38 (1:1000 dilution), anti-phospho
and anti-total ERK1/2 (1:1000 dilution), anti-phospho and anti-
total p-JNK (1:1000 dilution), anti-phospho and anti-total NF-kB
(p65) (1:250 dilution), anti-phospho and anti-total IKK-a/b
(1:1000 dilution), anti-phospho and anti-unphospho Ik�-a
(1:1000 dilution), anti-Bad (1:1000 dilution), anti-Bax (1:1000
dilution), anti-Bcl-2 (1:1000 dilution), anti-Bcl-xL (1:1000 dilu-
tion), anti-cytochrome c (1:1000 dilution), anti-caspase 9 (1:1000
dilution), anti-caspase 3 (1:1000 dilution), anti-caspase 12 (1:1000
dilution), anti-PARP (1:1000 dilution), anti-Akt (1:100 dilution)
and anti-PI3-K (1:100 dilution) primary antibodies separately at
4 8C overnight. The membranes were washed in TBST (50 mmol/L
Tris–HCl, pH 7.6, 150 mmol/L NaCl, 0.1% Tween 20) for 30 min,
incubated with the appropriate HRP-conjugated secondary anti-
body (1:2000 dilution) for 2 h at room temperature and developed
by the HRP substrate 3,30-diaminobenzidine tetrahydrochloride
(DAB) system (Bangalore Genei, India).

2.19. Histological studies

Hearts from the normal and experimental rats were fixed in 10%
buffered formalin and were processed for paraffin sectioning.
Sections of approximately 5 mm thickness were stained with
hematoxylin and eosin to study the heart histology of all
experimental rats.
Table 1
Effect of doxorubicin and taurine on the heart and body weight of experimental anima

Name of the parameters Control group

Body weight(g) 174.0�6.71

Heart weight(g) 1.28� 0.04

Ratio of the heart weight to the body weight (%) 0.736� 0.02

Values are expressed as mean� SD, for 6 animals in each group.
2.20. Statistical analysis

All the values are expressed as mean � S.D. (n = 6). Significant
differences between the groups were determined with SPSS 10.0
software (SPSS Inc., Chicago, IL, USA) for Windows using a one-way
analysis of variance (ANOVA), and the group means were compared
by Duncan’s Multiple Range Test (DMRT). A difference was considered
significant at the P < 0.05 level.

3. Results

3.1. Dose-dependent study of taurine by CK assay

Creatine kinase (CK) was assayed to determine the optimum
dose necessary for taurine to protect the rat heart against DOX-
induced cardio-toxicity. The results suggest that DOX intoxication
(3 mg/kg body weight, i.p. on alternate days) increased the serum
CK activity, but it could be prevented by taurine treatment up to a
dose of 150 mg/kg body weight in distilled water, orally, 1 day
before each dose of doxorubicin (Fig. 2). However, a higher dose of
taurine provided no additional benefit to serum CK activity, and so
150 mg/kg body weight taurine was selected for subsequent in
vivo experiments.

3.2. Suppression of the deleterious effects of doxorubicin by taurine on

the body and heart growth

During treatment, all animals appeared lively and no mortality
was encountered in either of the groups. Among the four groups of
ls.

DOX group TAU + DOX group TAU group

142.6�5.13 168.0�6.14 178.8�6.29

1.10�0.03 1.24 � 0.05 1.30�0.05

0.771�0.03 0.738� 0.02 0.727�0.02



Table 2
Effect of doxorubicin and taurine on the levels of the serum markers related to cardiac dysfunction.

Name of the parameters Control group DOX group TAU + DOX group TAU group

CK (U/L) 1235�20.75 3649�48.42a 1530�21.51b 1186�20.15

Total cholesterol (mg/dL) 98.51�2.35 192.42�5.73a 116.46 �3.48b 102.62�2.82

HDL cholesterol (mg/dL) 22.09�0.87 14.06� 0.41a 20.62�0.72b 21.48�0.81

LDH (U/L) 206.3�6.31 323.8�8.27a 254.9�7.58b 198.5�6.21

Values are expressed as mean� SD, for 6 animals in each group. ‘‘a’’ values differ significantly from control (Pa< 0.05); ‘‘b’’ values differ significantly from DOX (Pb< 0.05).

Table 3
Effect of doxorubicin and taurine on the status of the thiol based antioxidants and lipid peroxidation.

Name of the parameters Control group DOX group TAU + DOX group TAU group

MDA (nmol/mg protein) 1.62�0.04 4.27�0.18a 2.41�0.11b 1.27� 0.03

GSH (nmol/mg protein) 18.96�0.57 13.12�0.46a 16.48�0.49b 19.68� 0.59

Redox ratio (GSH/GSSG) 46.06�1.53 7.56�0.27a 36.27�1.19b 48.94�1.57

Values are expressed as mean� SD, for 6 animals in each group. ‘‘a’’ values differ significantly from control (Pa< 0.05); ‘‘b’’ values differs significantly from DOX (Pb<0.05).
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animals, the DOX group had gained less body weight and heart
weight compared with those in the control group at 28 days.
However, treatment with taurine increased the body and heart
weight compared with doxorubicin-treated rats, demonstrating
the growth-impeding effect of doxorubicin and the counteracting
action of taurine against doxorubicin (Table 1). Conversely, the
relative heart weight index (heart weight to body weight ratio) was
similar among all four groups at 28 days (Table 1).

3.3. Taurine attenuated cardiotoxicity and oxidative stress induced by

doxorubicin

In the present study, doxorubicin induced severe biochemical
changes and oxidative damage in the heart tissues. Myocardial
damage in the DOX group was assessed by measuring total and
HDL cholesterol, LDH and CK activity. DOX exposure significantly
increased total cholesterol and LDH levels and CK activity, but it
decreased HDL cholesterol level (Table 2). Treatment with taurine,
however, maintained these levels near baseline (Table 2).

Doxorubicin is a potential source of ROS. The formation of ROS
is considered the rate-limiting step in lipid peroxidation. The
biochemical determination of malondialdehyde (MDA) indicates
lipid peroxide formation. We observed that DOX significantly
Table 4
Effect of doxorubicin and taurine on the activities of the antioxidant enzymes in cardi

Name of the parameters Control group DO

SOD (Unit/mg protein) 98.20�2.91 47

CAT (mmol/min/mg protein) 52.21�1.61 29

GPx (nmol/min/mg protein) 139.49�4.28 87

Values are expressed as mean� SD, for 6 animals in each group. ‘‘a’’ values differ signific

Table 5
Taurine concentration in the heart tissues of experimental animals.

Name of the parameter Control group DO

Taurine (mmol/g tissue) 30.21�1.05 19

Values are expressed as mean� SD, for 6 animals in each group. ‘‘a’’ values differs significa

values indicate significant difference between TAU + DOX and control (Pc<0.05); ‘‘d’’ valu
increased the MDA level in heart tissue compared with the normal
group (Table 3). However, treatment with taurine significantly
reduced this level (Table 3).

Increased oxidative stress decreases intracellular GSH and
increases the formation of GSSG, thereby leading to imbalance in
the GSH/GSSG redox couple. In the present study, DOX treatment
significantly reduced the cardiac GSH level and the GSH/GSSG ratio
(Table 3). Treatment with taurine, however, maintained these
levels near baseline (Table 3).

Anti-oxidant enzyme activities (SOD, CAT, GPx) reflect the level
of oxidative stress of the tissue examined. The anti-oxidant
enzyme activities in the hearts of all groups of rats are illustrated in
Table 4. Compared with the control groups, doxorubicin-exposed
hearts possessed significantly less anti-oxidant enzyme activity,
whereas taurine treatment effectively prevented doxorubicin-
induced reduction of anti-oxidant enzyme activity.

3.4. Effect of doxorubicin on the cardiac taurine level

Table 5 shows the level of taurine in the heart tissue of DOX-
exposed animals. Doxorubicin administration caused a signifi-
cant reduction in the taurine level in cardiac tissues, but it was
significantly prevented by taurine treatment. Conversely, the
ac tissue.

X group TAU + DOX group TAU group

.48�1.27a 87.24�2.48b 98.22�3.27

.80�1.21a 49.02�1.58b 51.17�1.59

.14�2.35a 121.43�4.07b 141.2�4.08

antly from control (Pa< 0.05); ‘‘b’’ values differs significantly from DOX (Pb<0.05).

X group TAU+DOX group TAU group

.5�0.48a 25.3� 0.89b,c,d 38.8�1.09

ntly from control (Pa<0.05); ‘‘b’’ values differs significantly from DOX (Pb< 0.05). ‘‘c’’

es differs significantly from TAU (Pd<0.05).



Fig. 3. (A and B) Impact of DOX and taurine on cell viability, ROS production, mode of cell death and Dcm in cardiomyocytes. Panel A: dose dependent effect of DOX on cell

viability; Panel B: dose dependent effect of taurine on DOX-exposed cardiomyocytes; Cont: cell viability in normal cardiomyocytes; DOX-0.1, DOX-0.5, DOX-1.0, DOX-1.5 and

DOX-2.0; cell viability in DOX-exposed cardiomyocytes for 8 h at a dose of 0.1, 0.5, 1.0, 1.5 and 2 mM; TAU-10, TAU-20, TAU-25, TAU-30, and TAU-40: cell viability level in

cardiomyocytes treated with taurine (1 h prior to DOX addition) and DOX for 24 h at a dose of 10, 20, 25, 30 and 40 mM. ‘‘a’’ indicates the significant difference between the

control and DOX-treated cells, ‘‘b’’ indicates the significant difference between DOX and taurine-DOX treated cells. Each column represents mean � SD, n = 6; (Pa < 0.05,

Pb < 0.05). (C–F) Impact of DOX and taurine on ROS production, mode of cell death and Dcm in cardiomyocytes. Panel C: the intracellular ROS production was detected by flow

cytometer. Cont: ROS production in normal cardiomyocytes. DOX-30, DOX-60: ROS production in DOX-exposed cardiomyocytes after 30 and 60 min of intoxication. Results

represent one of the six independent experiments. Panel D: percent distribution of apoptotic and necrotic cells using flow cytometer. Results expressed as dot plot representing as

one of the six independent experiments. Panel E: DNA fragmentation pattern on agarose/EtBr gel. Lane 1: Marker (1 kb DNA ladder); Lane 2, Lane 3, Lane 4: DNA isolated from

normal, DOX intoxicated and taurine treated cardiomyocytes respectively. Arrows indicate ladder formation. Panel F: mitochondrial membrane potential (Dcm) was measured

using flow cytometer with FL-1 filter. Results represent one of the six independent experiments. ‘‘a’’ indicates the significant difference between the control and DOX-treated cells.

‘‘b’’ indicates the significant difference between DOX and TAU + DOX treated cells. ‘‘c’’ indicates the significant difference between the control and TAU + DOX treated cells. ‘‘d’’

indicates the significant difference between TAU and TAU + DOX treated cells. (Pa < 0.05, Pb < 0.05, Pc < 0.05, Pd < 0.05).
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taurine level was lower in taurine-DOX treated animals
compared with the animals treated with taurine alone.

3.5. Taurine protected against doxorubicin-induced cytotoxicity and

apoptosis

To determine the effects of DOX on the viability of cardio-
myocytes, the cells were treated with various concentrations
(0.1–2 mM) of DOX and the viable cell numbers were estimated
using the MTT assay. DOX reduced the number of viable
cardiomyocytes in a concentration-dependent manner (Fig. 3A).
DOX, at the 1 mM dose, reduced cell viability to 50% compared
with untreated cardiomyocytes. Therefore, this dose of DOX was
selected for the subsequent in vitro studies. However, cardio-
myocyte treatment with increasing concentrations of taurine
dose-dependently suppressed DOX-induced reductions in cell
viability. Treatment with 25 mM taurine was found to be effective
in preventing DOX-induced (1 mM) reductions in cell viability
(Fig. 3B). Taurine in the absence of DOX exerted no effect on the
cardiomyocyte viability.

After 30 min of DOX intoxication, we observed that
production of intracellular reactive oxygen species (ROS) was
increased and this level was further increased at 1 h. By itself,
taurine treatment of the cardiomyocytes did not show any effect
on ROS levels (Fig. 3C). However, the DOX-induced increase in
ROS production was significantly mitigated by taurine treat-
ment.

To estimate the number of apoptotic cells, the cells were
stained with annexin V and propidium iodide and were then
analyzed via flow cytometry. We observed a significant increase in
apoptotic cell numbers in the DOX-treated cardiomyocytes. The
treatment of cells with taurine, however, mitigated this effect.
Taurine alone exerted no effect on apoptosis in cardiomyocytes
(Fig. 3D).
We next examined the DNA fragmentation pattern to show the
apoptotic changes in the cardiomyocytes. DOX caused a DNA
ladder fragmentation (a hallmark of apoptosis) (Fig. 3E). Taurine
treatment effectively reduced the DNA laddering in the DOX-
treated cardiomyocytes.

3.6. Taurine suppressed doxorubicin-induced disruption of

mitochondrial membrane potential (Dcm)

Maintenance of intact mitochondrial membrane potential
(Dcm) is fundamental to cell survival, and the loss of (Dcm)
triggers a cascade of reactions leading to cell apoptosis. To
determine whether doxorubicin induced apoptosis through
disrupting Dcm while taurine sustained it, Dcm was measured
using flow cytometry. We observed that DOX exposure signifi-
cantly reduced Dcm in mitochondria isolated from the rat heart,
whereas taurine treatment increased Dcm, confirming the
disruptive effect of doxorubicin and the preservative effect of
taurine on mitochondrial Dcm (Fig. 3F).

3.7. Taurine inhibited DOX-induced intrinsic apoptotic pathways in

cardiomyocytes and heart

As taurine suppressed DOX-induced apoptosis, we assessed the
effects of DOX and taurine on the levels of Bcl-2 family proteins,
mitochondrial cytochrome c release and DOX-induced cleavage of
caspases and PARP in cardiomyocytes and rat hearts. Immuno-
blotting studies demonstrated that doxorubicin down-regulated
the anti-apoptotic (Bcl-2, Bcl-xL) and up-regulated the pro-
apoptotic (Bax, Bad) Bcl-2 proteins in cardiomyocytes and in
heart tissue (Fig. 4A–D), whereas taurine treatment effectively
repressed these doxorubicin-evoked pro-apoptotic events.

Cytochrome c is located in the mitochondrial intermembrane
space in the resting state. Stimuli that disrupt mitochondrial



Fig. 4. Immunoblot analysis on mitochondrion-dependent pathway in absence (DOX) and presence of taurine (TAU + DOX) in both heart and cardiomyocytes. Panel A: Bax,

Panel B: Bcl-xL, Panel C: Bad, Panel D: Bcl-2, Panel E: cytosolic cytochrome c. b actin was used as an internal control. Data represent the average � SD of 6 separate experiments

in each group. ‘‘a’’ indicates the significant difference between the control and DOX-exposed groups, ‘‘b’’ indicates the significant difference between the DOX treated and taurine

treated groups.(Pa < 0.05, Pb < 0.05).
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potential (Dcm) induce cytochrome c release from mitochondria
to the cytosol and trigger downstream cell signaling events that
lead to apoptosis. The immunoblotting study demonstrated that
cytosolic cytochrome c abundance increased in doxorubicin-
treated cardiomyocytes (Fig. 4E) but remained practically unal-
tered when treated with taurine. These findings indicate that
taurine treatment can counteract doxorubicin-triggered cyto-
chrome c release in cardiomyocytes.

Cardiomyocyte apoptosis was also studied in terms of caspase-
3 activation and PARP cleavage. Treatment of the cardiomyocytes
with DOX resulted in a marked increase in the levels of cleaved
caspase-9 and caspase 3 at 6 h, and taurine inhibited these effects
(Fig. 5A and B). Cleaved PARP levels were increased dramatically by
DOX treatment, and this effect was also significantly inhibited by
taurine treatment (Fig. 5C).

3.8. Taurine attenuated the doxorubicin-induced increase in

intracellular Ca2+ and the sarcoplasmic reticulum-mediated apoptotic

pathway

To investigate the involvement of the ER/SR-mediated
pathway of apoptosis, we analyzed the intracellular Ca2+



Fig. 5. Immunoblot analysis of caspases 3, 9 and PARP in absence (DOX) and presence of taurine (TAU + DOX) in cardiomyocytes. Panel A: time dependent effect on caspase 3

activation after DOX exposure in cardiomyocytes, Panel B: time dependent effect on caspase 9 activation after DOX exposure in cardiomyocytes, Panel C: PARP. b actin was

used as an internal control. Data represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the control and DOX-

exposed groups, ‘‘b’’ indicates the significant difference between the DOX treated and taurine treated groups (TAU + As).(Pa < 0.05, Pb < 0.05).
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level and caspase-12 expression because increased intracellular
Ca2+ concentrations significantly increase susceptibility to
apoptosis via activation of caspase-12. As depicted in the
histogram in Fig. 6A, cardiomyocytes exposed to DOX had
increased FL1 fluorescence, indicating an increased concentra-
tion of intracellular Ca2+ after 30 min of DOX exposure.
Intracellular Ca2+ was further increased after 1 h of DOX
exposure. DOX exposure also significantly increased the cellular
level of caspase-12 (Fig. 6B), indicating the involvement of ER/
SR-mediated apoptosis. However, taurine treatment could
reduce these intracellular Ca2+ concentrations and caspase-12
activation.

3.9. Taurine repressed the DOX-induced activation of p53

To delineate the signaling pathway of DOX-induced apoptosis,
cellular p53 expression was examined. The expression of p53 was
markedly up-regulated in the hearts and cardiomyocytes exposed
to DOX (Fig. 7). However, treatment with taurine could counteract
this DOX-induced alteration.

3.10. Phosphorylation of IKKa, IKKb, NFkB and IkBa

In the present study to investigate the pro-apoptotic effect of
NF-kB in DOX-induced myocardial injury, we examined the
phosphorylation of IKKa, IKKb, NF-kB and Ik�a The phosphory-
lation pattern of Ik�a, IKKa, IKKb and NFk�was examined in the
cardiomyocytes exposed to DOX, taurine, and taurine + DOX. DOX
exposure caused a significant increase in Ik�a, IKKa, IKKb and
NFkB phosporylation and a decrease in unphosphorylated Ik�a
compared with the respective control group after 24 h (Fig. 8A–C).
As shown in Fig. 8C, the expression of phospho NF-kB increased
with time in DOX-treated cardiomyocytes, beginning at 3 h of
incubation. Taurine treatment alone did not cause any change in
these parameters, whereas the DOX-induced increase in IKKa,
IKKb, NFkB and Ik�a phosphorylation was prevented by taurine
treatment (Fig. 8A–C).

3.11. Inhibition of DOX-induced apoptosis by an NFkB inhibitor

To investigate the role of NFkB in the DOX-induced
cellular response, we used the IKK inhibitor PS-1145. Cardio-
myocytes were pre-incubated with PS-1145 (25 mM) for 15 min
followed by DOX exposure (1 mM for 24 h). Cardiomyocyte
apoptosis was studied by evaluating caspase-3 activation and
PARP cleavage after inhibiting IKK with PS-1145. PS-1145
dramatically blocked DOX-induced caspase-3 activation and
PARP cleavage (Fig. 9A and B). These results confirm that NFkB
activation functions as a pro-apoptotic factor in DOX-induced
cardiomyocyte apoptosis.

3.12. Phosphorylation of different MAPKs in doxorubicin-induced

cardiac pathophysiology

Phosphorylation of ERK1/2, p38, and JNK kinases was examined
in the hearts and cardiomyocytes of the control, DOX, taurine + -
DOX and taurine groups, and the immunoblotting data are shown
in Fig. 10A–D. Phosphorylation of ERK1/2 was significantly reduced
in the DOX group compared with the control group in both rat
hearts (after 28 days) and cardiomyocytes (after 24 h incubation),
and taurine could not prevent this decrease (Fig. 10A). By contrast,
as shown in Fig. 10B–C, phosphorylation of both JNK and p38 was
significantly increased in the DOX group compared with the
control group in both rat hearts (after 28 days) and cardiomyocytes



Fig. 6. Investigation of sarcoplasmic reticulum-mediated pathway in absence (DOX) and presence of taurine (TAU + DOX) in cardiomyocytes. Panel A: intracellular Ca2+ levels

were monitored at 30 and 60 min after DOX administration by flow cytometer. Panel B: intracellular Ca2+ level after 60 min of DOX administration and effect of taurine.

Results represent one of the six independent experiments. Panel C: protein level of caspase 12, b actin was used as an internal control. Data represent the average � SD of 6

separate experiments in each group. ‘‘a’’ indicates the significant difference between the control and DOX-exposed groups, ‘‘b’’ indicates the significant difference between the DOX

treated and taurine treated groups.(Pa < 0.05, Pb < 0.05).

Fig. 7. Investigation of the involvement of p53 in response to DOX and taurine (TAU + DOX) in rat hearts and cardiomyocytes. b actin was used as an internal control. Data

represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the control and DOX-exposed groups, ‘‘b’’ indicates the

significant difference between the DOX treated and taurine treated groups.(Pa < 0.05, Pb < 0.05).
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Fig. 8. Immunoblot analysis of IKKa/b, NFkB and IkBa proteins in response to DOX and taurine (TAU + DOX). Panel A: phospho and unphospho IkBa. b actin was used as an

internal control. Panel B: phospho and total IKKa/b, b actin was used as an internal control. Panel C: phospho and total NFkB as well as time dependent effect on NFkB

activation, g tubulin was used as an internal control. Data represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the

control and DOX-exposed groups, ‘‘b’’ indicates the significant difference between the DOX treated and taurine treated groups.(Pa < 0.05, Pb < 0.05).
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Fig. 9. Immunoblot analysis of IKKa/b, NFkB, caspase 3 and PARP in cardiomyocytes in response to PS-1145. Cardiomyocytes were pre-treated with 25 mM PS-1145 for

15 min, then treated with DOX (1 mM) for 24 h. Panel A: phospho NFkB, g tubulin was used as an internal control. Panel B: phospho IKKa/b, Panel C: caspase 3, Panel D: PARP.

b actin was used as an internal control. Data represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the control and

DOX-exposed groups, ‘‘b’’ indicates the significant difference between the DOX treated and taurine treated groups.(Pa < 0.05, Pb < 0.05).
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(after 24 h incubation). In cardiomyocytes, we also performed a
time-dependent study with DOX and found that the effect on
phospho-JNK and p38 occurred very early within 1 h of incubation
with DOX (Fig. 10D). Taurine in the taurine + DOX group, however,
prevented this DOX-induced activation of p38 and JNK.

3.13. Effects of JNK and p38 MAPK inhibition on DOX-induced

apoptosis

We next investigated the effect of MAPK inhibition on DOX-
induced apoptosis. We pre-treated cardiomyocytes with 10 mM
SP600125 (a JNK inhibitor) and SB203580 (a p38 inhibitor)
separately for 15 min for two different sets of experiments and
then studied the effects of DOX and taurine on IKKa, IKKb, NF-kB
activation and cell viability. Both JNK and p38 inhibition significant-
ly inhibited IKKa, IKKb, NF-kB phosphorylation (Fig. 11A and B) in
DOX-exposed cardiomyocytes and increased cell viability (Fig. 11C).
There was a similar trend following taurine treatment, suggesting
that taurine inhibits DOX-induced NF-kB phosphorylation and
apoptosis by suppressing the activation of JNK and p38.

3.14. Potential protective mechanisms activated by taurine

We investigated the protective effect of taurine on DOX-
induced cardiotoxicity by evaluating the phosphorylation patterns
of Akt and PI3-K in DOX-induced cardiac pathophysiology.
Doxorubicin significantly decreased Akt phosphorylation
(Fig. 12A) and PI3-K protein levels (Fig. 12B), whereas taurine
treatment maintained them at the levels seen in control animals.
We next investigated the effect of PI3-K/Akt inhibition on DOX-
induced apoptosis. PI3-K/Akt inhibition by LY294002 further
reduced cardiomyocyte viability compared with doxorubicin alone
(Fig. 12C). However, during taurine treatment without the
inhibitor, cardiomyocyte viability was markedly enhanced. With
the addition of the inhibitor, the protective effect of taurine was
substantially reduced (Fig. 12C), indicating that the Akt activation
pathway is protective against the progression of cardiac apoptosis.

3.15. Taurine phosphorylates Bad through PI3-K/Akt in cardiac

myocytes

We subsequently examined the effect of taurine on Bad
phosphorylation in cardiac myocytes. Fig. 13 shows that the
protein content of phosphorylated Bad was decreased in DOX-
treated cardiomyocytes. However, treatment with taurine in-
creased Bad phosphorylation in DOX-treated cardiomyocytes
(Fig. 13). Similarly, taurine by itself caused a significant increase
in Bad phosphorylation. To test whether taurine induced Bad
phosphorylation via a PI3-kinase/Akt dependent pathway, myo-
cytes were preincubated with 10 mM LY294002 for 30 min before
taurine treatment. LY294002 blocked the taurine-induced Bad
phosphorylation in DOX-treated cells (Fig. 11). When Bad is
phosphorylated, it becomes inactivated and prevented from
binding to Bcl-2/Bcl-xL, thereby promoting cell survival.

3.16. Histological assessment

Fig. 14 illustrates the histological assessments of different
cardiac segments of experimental animals. DOX injection caused
disorganization of the normal radiating pattern of cell plates in the
heart. Treatment with taurine reduced such changes, and the
hearts appeared similar to that of normal.

4. Discussion

In the present study, we demonstrated that taurine provides
dramatic recovery of rat heart and neonatal myocytes exposed to
doxorubicin via the inactivation of p53 and JNK-p38. Additionally,
taurine also increased Bad phosphorylation via the PI3Kinase/Akt
signaling pathways. Thus, we propose that taurine mediates
cardiomyocyte protection by regulating p53, JNK-p38 and
increasing PI3Kinase/Akt activation.

Treatment of cancer patients with DOX might be responsible for
the development of cardiomyopathy, which can lead to heart
failure [53]. The data presented herein demonstrate that DOX
administration increased the serum cardiotoxicity indices (LDH
and CK), and this rise could cause heart failure [53]. The increase in
serum cardiac enzyme content could be due to increased release
after the doxorubicin-induced lipid peroxidation (oxidative stress)
of cardiac membranes. However, we observed that this patho-
physiological condition could be reversed upon taurine treatment.
Oxidative stress due to increased ROS production plays a key role
in the triggering and progression of DOX-induced myocardial
dysfunction [9,10]. Intracellular GSH plays an important role in
cellular defense against oxidative stress. Cardiac GSH depletion
and the accumulation of its oxidized product, GSSG, occur during



Fig. 10. Immunoblot analysis on MAPKinase family proteins in response to DOX and taurine (TAU + DOX). Panel A: Phospho and total ERK1/2, Panel B: phospho and total JNK,

Panel C: phospho and total p38, Panel D: time dependent effect on JNK and p38 activation after DOX exposure in cardiomyocytes. b actin was used as an internal control. Data

represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the control and DOX-exposed groups, ‘‘b’’ indicates the

significant difference between the DOX treated and taurine treated groups,‘‘c’’ indicates the significant difference between the control and TAU + DOX treated cells, ‘‘d’’ indicates the

significant difference between TAU and TAU + DOX treated cells. (Pa < 0.05, Pb < 0.05, Pc < 0.05, Pd < 0.05).
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oxidative stress caused by increased cellular demand and lead to
impaired cell function [54,55]. In DOX-treated hearts, we observed
increased oxidative damage, as shown by markedly increased lipid
peroxidation products (MDA), depleted GSH (and increase in
GSSG) levels and decreased antioxidant enzyme activities.
However, taurine supplementation effectively reduced these
alterations in DOX-induced cardiac pathophysiology.

DOX-induced mitochondrion-dependent apoptotic death of
cardiomyocytes is the most direct cause of DOX cardiotoxicity. In
this pathophysiology, pro-apoptotic Bcl-2 members, mitochondri-
al effectors and caspases are activated to provoke apoptotic cell
death [11]. DOX-induced extrinsic receptor-mediated and the ER/
SR pathways are also known for inducing apoptotic cell death [56].
In the present study, we observed that DOX induced apoptosis
(confirmed by flow cytometry and DNA fragmentation analyses),
up-regulated pro-apoptotic (Bad, Bax) and down-regulated anti-
apoptotic (Bcl-2, Bcl-xL) proteins, reduced mitochondrial mem-
brane potential, increased cytochrome c release into the cytosol
and the cleavage of caspases 9 and 3 and PARP in cardiomyocytes.
Additionally, DOX significantly increased intracellular Ca2+ con-
centrations and activated caspase-12, an ER/SR stress-associated
caspase. The increased intracellular Ca2+ can in turn induce ROS
production through Ca2+-sensitive ROS-generating enzymes and
the increased ROS production further releases Ca2+ from the



Fig. 10. (Continued ).
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sarcoplasmic reticulum [57]. However, Liu et al. [11] demonstrated
that the extrinsic receptor-mediated pathway was not activated at
the dose of DOX used in the present study. Thus, DOX could
activate the mitochondrial and ER/SR-mediated apoptotic signal
transduction pathways in cardiomyocytes under the present
pathophysiological conditions. However, taurine could antagonize
all of these DOX-mediated pro-apoptotic events.

Numerous studies have shown that DOX-induced apoptotic
death of cardiomyocytes is associated with increased expression of
p53 tumor suppressor protein [11] in response to both DNA
damage and oxidative stress. Once activated, it up-regulates the
downstream gene Bax and thereby activates the intrinsic apoptotic
pathway [58]. In the present study, we observed that p53
expression was increased in both hearts and cardiomyocytes
exposed to DOX. However, taurine modulated this activation of
p53.

One of the major signal-transduction pathways activated in
response to oxidative stress is the NF-kB pathway [59,60]. Its
activation might either promote or block cell death, depending
upon the cell types and the nature of oxidative stimuli used in a
particular study [61,62]. Our results showed that DOX exposure
induced NF-kB phosphorylation in cardiomyocytes, suggesting
that NF-kB activation is pro-apoptotic in DOX-induced myocardial
injury. Our findings also indicated that DOX activates NF-kB
through a mechanism that requires IkBa phosphorylation, as
evidenced by Western blot analysis. Moreover, when cardiomyo-
cytes were pre-exposed to PS-1145, a specific IKK inhibitor,
caspase-3 activation and PARP cleavage were not observed,
indicating that DOX induces cardiomyocyte apoptosis by activat-
ing nuclear factor kB. However, taurine protected cardiomyocytes
from apoptosis by inhibiting NF-kB activation.

It is well known that MAPKs play important roles in cell
proliferation, differentiation and death. These kinases are also
involved in the response to ROS-induced oxidative stress. In the
present study, we therefore studied the effects of DOX and
taurine on MAPK (ERK, JNK, and p38-MAPK) signaling pathways
by immunoblot analysis to further investigate the effects of
taurine on the inhibition of apoptosis. DOX exposure signifi-
cantly increased the phosphorylation of JNK and p38, whereas
the phosphorylation of ERK in both rat hearts and cardiomyo-
cytes was decreased. In addition, a specific inhibitor of JNK,
SP600125, or a specific inhibitor of p38, SB203580, suppressed
DOX-induced NF-kB activation. Thus, decreased NF-kB activity
by these specific inhibitors strongly indicates the involvement of
JNK and p38 MAPK in DOX-induced NF-kB activation. However,
taurine prevented these DOX-induced changes in JNK and
p38 phosphorylation, thereby blocking NF-kB activation and
apoptosis.



Fig. 11. Immunoblot analysis of IKKa/b, NFkB and cardiomyocytes viability in response to SB203580 and SP600125. Cardiomyocytes were pre-treated with 10 mM SB203580

and SP600125 for 15 min, then treated with DOX (1 mM), taurine (25 mM, added 1 h prior to DOX treatment) for 24 h. Panel A: phospho IKKa/b, b actin was used as an

internal control. Panel B: phospho NFkB, g tubulin was used as an internal control. Panel C: effects of SP600125 and SB203580 on cell viability. Data represent the

average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the control and DOX-exposed groups, ‘‘b’’ indicates the significant difference

between the DOX treated and taurine/SP600125/SB203580 treated groups.(Pa < 0.05, Pb < 0.05).
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A large number of studies have shown that the PI 3-kinase/Akt
signaling pathway provides an important cell survival signal in
cardiomyocytes [39–43]. In our present study, PI 3-kinase and p-
Akt levels were reduced in DOX-exposed rat hearts and
cardiomyocytes compared with the control groups. Similarly,
DOX exposure also reduced Bad phosphorylation in cardiomyo-
cytes. These alterations in PI 3-kinase, phosphorylated Akt and
phosphorylated Bad due to DOX exposure were attenuated by
treatment with taurine because of either increased synthesis or
less degradation of these proteins in the presence of taurine.
Studies with the PI3-K/Akt specific inhibitor LY294002 showed
that it could block taurine-induced Bad phosphorylation and that it
reduced cell viability in DOX-treated cardiomyocytes. This
observation indicates that taurine induced Bad phosphorylation,
thereby conferring protection against DOX via a PI 3-kinase/Akt-
dependent pathway.

The sulfur-containing b-amino acid taurine (2-aminoethane-
sulfonic acid) is found in relatively high concentrations in the heart
compared with other organs, at approximately 25% in humans and
50% in rodents. In addition, taurine is neither metabolized nor
incorporated into cellular proteins in mammals, suggesting an
important requirement for free cytosolic taurine in the normal
physiology [29,63]. Because taurine possesses potent antioxidant
properties in various pathophysiological states [64–68], its
depletion causes severe cardiomyopathy and heart failure
[69,70]. Therefore, myocardial taurine levels should be increased
with the help of external agents (like taurine) to protect the
cardiovascular system from DOX exposure. In the present study,
we observed that the cardiac taurine level was decreased in DOX-
exposed rats, whereas treatment with taurine significantly
increased its level in cardiac tissue.

In conclusion, the present study has demonstrated the mecha-
nism of action of the protective role of taurine against doxorubicin-
induced cardiac oxidative stress. This in vivo and in vitro study
clearly showed that doxorubicin impaired cardiac cell survival at
least partially through the activation of p53 and JNK-p38, which



Fig. 12. Immunoblot analysis of AKT, PI3-K and cell viability in response to taurine and LY294002. Cardiomyocytes were pre-treated with 10 mM LY294002 for 30 min, then

treated with DOX (1 mM), taurine (25 mM, added 1 h prior to DOX treatment) for 24 h. Panel A: phospho and total AKT, Panel B: PI3-K, b actin was used as an internal control.

Panel C: effect of LY294002 on cell viability. Data represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates the significant difference between the control

and DOX-exposed groups, ‘‘b’’ indicates the significant difference between the DOX treated and taurine treated groups, ‘‘e’’ indicates the significant difference between the DOX

treated and LY294002 + DOX treated groups, ‘‘f’’ indicates the significant difference between the LY294002 + DOX treated and LY294002 + DOX + TAU treated groups and ‘‘g’’

indicates the significant difference between the LY294002 + DOX + TAU treated and TAU + DOX treated groups. (Pa < 0.05, Pb < 0.05, Pe < 0.05, Pf < 0.05, Pg < 0.05).
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Fig. 13. Immunoblot analysis of phosphorylation of Bad in response to LY294002 and taurine. Cardiomyocytes were pre-treated with 10 mM LY294002 for 30 min, then

treated with DOX (1 mM), taurine (25 mM, added 1 h prior to DOX treatment) for 24 h. Data represent the average � SD of 6 separate experiments in each group. ‘‘a’’ indicates

the significant difference between the control, DOX-exposed groups, ‘‘b’’ indicates the significant difference between the DOX treated and taurine treated groups, ‘‘d’’ indicates the

significant difference between TAU and TAU + DOX treated cells. ‘‘h’’ indicates the significant difference between the control and TAU treated groups, ‘‘i’’ indicates the significant

difference between the TAU treated and LY294002 + TAU treated groups.(Pa < 0.05, Pb < 0.05, Pd < 0.05, Ph < 0.05, Pi < 0.05).
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ultimately led to NF-kB activation via the IKK pathway and
mitochondrion-dependent cell apoptosis. Taurine treatment ame-
liorated nearly all of these apoptotic actions of doxorubicin via the
inhibition of the p53- and JNK-p38-dependent pathways and up-
regulation of PI3-K/Akt phosphorylation (as indicated in the
proposed scheme of Fig. 15). These impressive benefits and the
Fig. 14. Haematoxylin and eosin stained cardiac section of normal, DOX and taurine-tre

plates in the heart in DOX-exposed animals.
absence of toxicity with taurine supplementation may provide clues
to understanding the cardiac protective mechanism of taurine. We,
therefore, propose that increased dietary taurine intake represents
an important nutritional modification that may provide a useful
intervention to reduce the worldwide burden from doxorubicin-
induced cardiovascular disease.
ated rats (10�). Arrows indicate disorganization of normal radiating pattern of cell



Fig. 15. Schematic diagram of the DOX induced cardiotoxicity and its prevention by taurine.
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