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Redox-proteomic analysis of doxorubicin-induced
altered thiol activity in cardiomyocytes†

Szu-Ting Lin,a Hsiu-Chuan Chou,b Yi-Wen Chena and Hong-Lin Chan*a

Doxorubicin is an anticancer drug used in a wide range of cancer therapies, yet some side effects have

been reported. One of these is cardiotoxicity, including cardiomyopathy and ultimately congestive heart

failure. This damage to the heart has been shown to result from doxorubicin-induced reactive oxygen

species. However, the cellular targets of doxorubicin-induced oxidative damage on cardiomyocytes

are largely unknown. For this, a cysteine-labeling-based two-dimensional difference gel electrophoresis

(2D-DIGE) combined with MALDI-TOF/TOF mass spectrometry (MALDI-TOF/TOF MS) were employed to

analyze the impact of doxorubicin treatment on the redox regulation in rat cardiomyocytes. This study

demonstrated 25 unique protein features that had significantly changed in their thiol reactivity and

revealed that doxorubicin-induced cardiotoxicity involves dysregulation of protein folding, translational

regulation and cytoskeleton regulation. Our work shows that this combined proteomic strategy provides

a rapid method to study the molecular mechanisms of doxorubicin-induced cytotoxicity in the heart. The

identified targets may be useful for further evaluation as potential cardiotoxic biomarkers during damage

to the heart induced by doxorubicin, as well as possible diagnostic or therapeutic applications.

1. Introduction

Doxorubicin is one of the anticancer drugs used in the treatment
of a number of cancers, such as breast cancer, lung cancer and
many other carcinoma types.1–3 Doxorubicin’s exact mechanism
of action is complex; for example, it interacts with DNA by
intercalation to inhibit the synthesis of DNA and RNA. Addition-
ally, some side effects of doxorubicin have been reported, and one
of these is cardiotoxicity, including cardiomyopathy and ultimately
congestive heart failure.4 Although the details of the causal
mechanism of doxorubicin-induced cardiotoxicity remains largely
unclear, most of the evidence shows that doxorubicin is reduced to
its semiquinone form by the mitochondria electron transport
system. The semiquinone subsequently reacts with oxygen, iron
and hydrogen peroxide to produce reactive oxygen species leading
to cell apoptosis and myocyte damage.5,6

Proteomics is a powerful tool to monitor protein expression
and protein activity changes in response to a specific treatment.

2-DE remains an important technique in proteomics for global
protein profiling within biological samples and plays a com-
plementary role to LC-MS-based analysis. However, reliable
quantitative comparison between gels remains the primary chal-
lenge in 2-DE analysis. A significant improvement in gel-based
protein detection and quantification was achieved by the intro-
duction of 2D-DIGE, where several samples can be co-detected on
the same gel using differential fluorescent labeling. This approach
alleviates gel-to-gel variation and allows comparison of the
relative amount of resolved proteins across different gels using
a fluorescently-labeled internal standard. Moreover, the 2D-DIGE
technique has the advantages of a broader dynamic range of
detection, higher sensitivity and greater reproducibility than
traditional 2-DE.7 Recently, a cysteine-labeling version of 2D-DIGE
was developed using ICy dyes (iodoacetyl cyanine dyes), which
react with the free thiol group of cysteines via alkylation. A pair
of ICy dyes (ICy3 and ICy5) have been used to monitor redox-
dependent protein thiol modifications in model cell systems.8–10

The aim of this investigation was to conduct an in vitro
investigation into doxorubicin-induced cardiotoxicity using
quantitative redox-proteomic strategies, including ICy dyes-
based labeling and MALDI-TOF MS, to monitor redox-dependent
protein thiol modifications, to increase our understanding of
the molecular processes involved, and to identify potential
cardiotoxic biomarkers with possible diagnostic or therapeutic
applications.
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2. Materials and methods
2.1. Chemicals and reagents

Generic chemicals were purchased from Sigma-Aldrich (St. Louis,
USA), while reagents for 2D-DIGE were purchased from GE
Healthcare (Uppsala, Sweden). The synthesis of the ICy3 and
ICy5 dyes has been previously reported in our previous publica-
tion.11 All primary antibodies were purchased from Genetex
(Hsinchu, Taiwan), and anti-mouse and anti-rabbit secondary
antibodies were purchased from GE Healthcare (Uppsala,
Sweden). All of the chemicals and biochemicals used in this
study were of analytical grade.

2.2. Cell lines and cell culture

The rat cardiomyocyte cell line H9C2 was purchased from the
American Type Culture Collection (ATCC) (Manassas, VA) and was
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) FCS, L-glutamine (2 mM), strepto-
mycin (100 mg mL�1) and penicillin (100 IU mL�1) (all from Gibco-
Invitrogen Corp., UK). All cells were incubated in a humidified
incubator at 37 1C and 5% CO2. Cells were passaged at 80–90%
confluence by trypsinization according to standard procedures.

2.3. Assay for endogenous reactive oxygen species using
DCFH-DA

H9C2 cells (10 000 cells per well) were incubated with the
indicated concentrations of doxorubicin for 20 min. After two
washes with PBS, cells were treated with 10 mM of 2,7-dichloro-
fluorescin diacetate (DCFH-DA; Molecular Probes) at 37 1C for
20 min, and subsequently washed with PBS. Fluorescence
was recorded at an excitation wavelength of 485 nm and an
emission wavelength of 530 nm.

2.4. MTT cell viability assay

H9C2 cells growing exponentially were trypsinized, counted
using a haemocytometer and 10 000 cells per well were seeded
into 96-well plates. The culture was then incubated for 24 h
before pre-treatment with the indicated concentrations of
doxorubicin for 20 min or left untreated. After removal of the
medium, 50 mL of MTT working solution (1 mg mL�1) (Sigma)
was added to the cells in each well, followed by a further
incubation at 37 1C for 4 h. The supernatant was carefully
removed. 100 mL of DMSO was added to each well and the
plates shaken for 20 min. The absorbance of samples was then
measured at 540 nm in a multi-well plate reader. Values were
normalized against the untreated samples and were averaged
from 4 independent measurements.

2.5. Flow cytometry analysis for apoptosis detection

An Annexin-V/propidium iodide (PI) double assay was performed
using the Annexin V, Alexa Fluors 488 Conjugate Detection kit
(Life technologies). Following doxorubicin treatment, cells were
typsinized from the culture dish and washed twice with cold
PBS. 1 � 106 cells were resuspended in 500 mL binding buffer
and stained with 5 mL Alexa Fluors 488 conjugated Annexin V
according to the manufacturer’s instructions. 1 mL 100 mg mL�1

propidium iodide (PI) was added and mixed gently to incubate
with cells for 15 min at room temperature in the dark. After the
incubation period, samples were subjected to FCM analysis
for 1 h using BD Accuri C6 Flow Cytometry (BD Biosciences,
San Jose, CA). The data were analyzed using Accuri CFlow@ and
CFlow Plus analysis software (BD Biosciences).

2.6. Redox-2D-DIGE and gel image analysis

For redox-DIGE analysis, cells were lysed in 2-DE buffer (4% w/v
CHAPS, 8 M urea, 10 mM Tris-HCl pH 8.3 and 1 mM EDTA) in
the presence of ICy3 or ICy5 (80 pmol mg�1 protein) on ice to
limit post-lysis thiol modification. Test samples were labeled
with the ICy5 dye and mixed with an equal amount of a
standard pool of both samples labeled with ICy3. Since ICy
dyes interfered with the protein assay, protein concentrations
were determined on replica lysates not containing any dye.
Lysates were left in the dark for 1 h followed by labeling with
Cy2 to monitor protein levels. The reactions were quenched
with DTT (65 mM final concentration) for 10 min followed by
L-lysine (20-fold molar ratio excess of free L-lysine to Cy2 dye) for
a further 10 min. Volumes were adjusted to 450 mL with buffer
plus DTT and IPG buffer for rehydration. Isoelectric focusing
was then performed using a Multiphor II apparatus (GE
Healthcare) for a total of 62.5 kV h at 20 1C. Strips were then
equilibrated in 6 M urea, 30% (v/v) glycerol, 1% SDS (w/v),
100 mM Tris-HCl (pH 8.8) with 65 mM dithiothreitol for 15 min,
and then in the same buffer containing 240 mM iodoacetamide for
a further 15 min. Equilibrated IPG strips were transferred onto
24 � 20 cm 12.5% polyacrylamide gels cast between low-
fluorescence glass plates and bonded to one of the plates. The
strips were overlaid with 0.5% (w/v) low melting point agarose in
running buffer containing bromophenol blue. The gels were run in
an Ettan Twelve gel tank (GE Healthcare) at 4 W per gel at 10 1C
until the dye front had completely run off the bottom of the gels.
Gels were then scanned directly between the glass plates using an
Ettan DIGE Imager (GE Healthcare) according to the manufac-
turer’s instructions. Image analysis was performed using DeCyder
2-D Differential Analysis Software v7.0 (GE Healthcare) to co-detect,
normalize and quantify the protein features in the images. Features
detected from non-protein sources were filtered out. All of the
individual samples were run triplicate in this experiment and all of
the statistic comparisons used in this assay were performed with
two group paired Student t-test. Spots displaying a Z1.3 average-
fold increase or decrease in abundance with a P value o 0.05 were
selected for protein identification.

2.7. Protein staining, in-gel digestion and MALDI-TOF/TOF
MS analysis

Colloidal coomassie blue G-250 staining was used to visualize
Cy-dye-labeled protein features in 2-DE followed by excised
interested post-stained gel pieces for MALDI-TOF MS identifi-
cation. The detailed procedures for protein staining, in-gel
digestion, MALDI-TOF MS analysis and the algorithm used
for data processing were described in our previous publica-
tion.12 The spectrometer was also calibrated with a peptide
calibration standard (Bruker Daltonics) and internal calibration

Paper Molecular BioSystems

D
ow

nl
oa

de
d 

by
 N

at
io

na
l T

si
ng

 H
ua

 U
ni

ve
rs

ity
 o

n 
05

 F
eb

ru
ar

y 
20

13
Pu

bl
is

he
d 

on
 2

1 
D

ec
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2M
B

25
36

7D
View Article Online

http://dx.doi.org/10.1039/c2mb25367d


This journal is c The Royal Society of Chemistry 2013 Mol. BioSyst., 2013, 9, 447--456 449

was performed using trypsin autolysis peaks at m/z 842.51 and
m/z 2211.10. Peaks in the mass range of m/z 800–3000 were
used to generate a peptide mass fingerprint that was searched
against the Swiss-Prot/TrEMBL database (2010_04) with 515 203
entries using Mascot software v2.3.00 (Matrix Science, London,
UK). The following parameters were used: Rattus; tryptic digest
with a maximum of 1 missed cleavage; carbamidomethylation
of cysteine, partial protein N-terminal acetylation, partial
methionine oxidation, partial modification of glutamine to
pyroglutamate, ICy3 (C34 H44 N3 O) and ICy5 (C34 H42 N3 O)
and a mass tolerance of 50 ppm. Identifications were accepted
based on significant MASCOT scores (P o 0.05), at least 4
peptides per protein, spectral annotation and observed versus
expected molecular weight and pI on 2-DE. MALDI-TOF/TOF
analysis was performed on the same instrument using the LIFT
mode. MS/MS ion searches were performed using MASCOT
with the same search parameters as above and using an MS/MS
tolerance of �0.2 Da.

2.8. Validation of thiol reactivity changes by
immunoprecipitation coupled to immunoblotting

Doxorubicin-treated H9C2 cells were lysed in the presence of
ICy3 or ICy5 dyes to limit post-lysis thiol modification. The
labeling reactions were performed in the dark at 37 1C for 1 h
and then quenched with a 2-fold molar excess of DTT for
10 min. 500 mg of ICy dye-labeled cell lysate was then diluted
20-fold with NP40 buffer containing protease inhibitors and
then incubated with 5 mg of primary antibody and 40 mL of a
50% slurry of protein A-Sepharose for 16 h at 4 1C. Immune
complexes were then washed three times in lysis buffer and boiled
in Laemmli sample buffer prior to resolving by SDS-PAGE. ICy
images were scanned directly between low-fluorescence glass plates
using an Ettan DIGE Imager (GE Healthcare) followed by immuno-
blotting analysis with the same primary antibody to detect the
specific protein. The immunoblotting procedure is described above.

2.9. Immunofluorescence

For immunofluorescence staining, cells were plated onto cover-
slips (VWR international) for overnight incubation. The cells
were fixed with PBS containing 4% (v/v) paraformaldehyde for
25 min, washed three times with PBS, and followed by permea-
bilization in PBS containing 0.2% (v/v) Triton X-100 for 10 min.
Coverslips were rinsed and blocked in PBS containing 5% (w/v)
BSA for 10 min before incubation with primary antibodies
diluted in 2.5% BSA/PBS for 1 h. After being washed three
times with PBS, samples were incubated with the appropriate
fluorescently labeled secondary antibodies diluted in 2.5% BSA/
PBS for 1 h. Coverslips were then washed three times with PBS
and at least twice with ddH2O before mounting in Vectashield
mounting medium (Vector Lab). Coverslip edges were sealed
with nail polish onto glass slides (BDH) and then dried in
the dark at 4 1C. For image analysis, cells were imaged using a
Zeiss Axiovert 200 M fluorescent microscope (Carl Zeiss Inc.,
Germany). The laser intensities used to detect the same
immunostained markers were identical, and none of the laser

intensities used to capture images were saturated. Images were
exported as .tif files using the Zeiss Axioversion 4.0.

3. Results
3.1. Doxorubicin induces generation of intracellular ROS in
H9C2 cells

Previous reports have shown that doxorubicin is able to induce
apoptosis in cardiomyocytes through the generation of ROS.13,14

However, there is no report demonstrating the alteration of thiol
reactivity on cysteine residues, since the free thiol group of
cysteine residues is a potent nucleophilic agent, and is able to
undergo a number of redox-induced modifications under physio-
logical conditions. Using DCF fluorescence as the readout, the
treatment of H9C2 cells with indicated concentrations of doxo-
rubicin (0–40 mM) for 20 min resulted in a dose-dependent increase
in ROS generation compared with untreated H9C2 cells (Fig. 1).

In order to evaluate the effect of short-term exposure of doxo-
rubicin on H9C2 viability, we exposed H9C2 cells to the same dose
range (0–40 mM) of doxorubicin for 20 min and performed MTT and
apoptotic assays. The results showed no significant changes in cell
viability and cell apoptosis during doxorubicin treatments (Fig. 1A
and B) implying short-term treatment of doxorubicin in the indi-
cated concentrations is able to induce ROS generation in cardio-
myocytes, but not obviously interfere with H9C2 cell viability.

3.2. Redox proteomic analysis of doxorubicin-induced
cysteine modifications of H9C2 proteins

Doxorubicin has been reported to induce cytotoxicity via ROS
generation (see Introduction) and we also confirmed ROS

Fig. 1 MTT assay and flow cytometry analysis to monitor cell viability and cell
apoptosis in response to indicated concentrations of doxorubicin. (A) MTT-based
viability assays were performed on H9C2 cell cultures following treatments with
different concentrations of doxorubicin (10 mM, 20 mM, 30 mM and 40 mM) or left
untreated. Values were normalized against untreated samples and were the
average of 4 independent measurements +/� the standard deviation. The statis-
tical analysis was performed with two group paired Student t-tests. (B) H9C2 cells
treated with different concentrations of doxorubicin were incubated with Alexa
Fluors 488 and propidium iodide in 1� binding buffer at room temperature for
15 min, and then stained cells were analyzed by flow cytometry to examine the
effect of different doxorubicin concentrations on the apoptosis of H9C2 cells.
Annexin V is presented in the x-axis as FL1-H, and propidium iodide is presented in
the y-axis as FL2-H. The LR quadrant indicates the percentage of early apoptotic
cells (Annexin V positive cells), and the UR quadrant indicates the percentage of
late apoptotic cells (Annexin V positive and propidium iodide positive cells).
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generation in cardiomyocytes (Fig. 2). We thus hypothesized that
doxorubicin-induced ROS might deregulate or damage cellular
proteins by oxidative modification of their cysteinyl thiol groups.
Hence, we applied a recently developed redox-2D-DIGE strategy
utilizing iodoacetylated ICy dyes15 to assess doxorubicin-induced
changes in cardiac protein thiol reactivity. Doxorubicin-treated
(40 mM/20 mM) or vehicle-treated H9C2 cells were lysed in the
presence of ICy5 in triplicate. Individual ICy5-labeled samples were
then run on 2D gels against an equal load of a ICy3-labeled
standard pool comprised of an equal mixture of both sample types
to aid in spot matching and to improve the accuracy of quantifica-
tion (Fig. 3). The ICy5-labeled samples were subsequently labeled
with lysine Cy2 dye as an internal protein level control, which was
used to normalize the corresponding ICy5/ICy3 signals. In total
1854 protein features were detected, of which 82 displayed statis-
tically significant differences in labeling due to doxorubicin treat-
ment (Fig. 3). CCB post-staining and matching with fluorescence
images allowed confident picking of 62 gel features, and 25 of these
were identified as unique gene products by MALDI-TOF peptide
mass fingerprinting or MALDI-TOF/TOF peptide sequence analysis
(Table 1 and Fig. 3). For example, the redox-2D-DIGE combining
peptide sequencing profiles listed in Fig. 4C contribute to the

identification of nucleoside diphosphate kinase A (NDK A), which
shows a 1.60-fold and 1.71-fold increase of ICy signals treated with
20 mM and 40 mM doxorubicin in comparison with no treatment,
respectively (Fig. 5C). Subsequent validation of the alterations of
thiol reactivity of the identified proteins by combined immunopre-
cipitation with immunoblotting showed that the free thiol group
levels were increased 1.21-fold and 1.34-fold during 20 mM and
40 mM doxorubicin treatment in comparison with no treatment
(Fig. 5C). The results further confirm the accuracy of redox-2D-
DIGE on monitoring the changes of free thiol content of cardiac
proteins. Also, the same experimental design confirmed that the
free thiol content of beta-tubulin and calumenin changed during
doxorubicin treatment (Fig. 5A and B). Notably, the differentially
labeled proteins were mostly cytoplasmic and fell into several
functional groups, including protein folding, translation regulation,
biosynthesis, intracellular transport, calcium binding, glycolysis,
mitotic control and protein degradation (Fig. 6).

3.3 Doxorubicin-induced changes in cell morphology and
cytoskeleton organization

Our redox-proteomic analysis revealed the involvement of
doxorubicin-induced cardiotoxicity in dysregulation of protein

Fig. 2 DCFH assay to monitor doxorubicin-induced intracellular ROS in H9C2 cells. DCFH-based intracellular ROS production assays were performed where 100 000
H9C2 cells were plated into 24-well plates in medium containing 10% FBS. After 24 h, the cells were treated with the indicated concentrations of doxorubicin for a
further 20 min. Cells were then treated with 10 mM of DCFH-DA at 37 1C for 20 min and the fluorescence was recorded at excitation and emission wavelengths of
485 nm and 530 nm, respectively. Values were normalized against untreated samples and were the average of 4 independent measurements +/� the standard
deviation. All of statistical comparisons used in this assay were performed with two group paired Student t-tests.
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folding, translational regulation and cytoskeleton regulation.
The high proportion of proteins identified with roles in cyto-
skeletal regulation and cytoskeleton organization prompted
us to examine the effect of doxorubicin treatment on the
cytoskeletal proteins (F-actin and beta-tubulin) expression,
localization and organization. The immunofluorescence results
indicated that doxorubicin treatment resulted in modification
of the actin cytoskeleton and tubulin with a loss of cytoplasmic
filamentous tubulin, a loss of cytoplasmic stress fibers of actin
and the loss of uniform cell shape with the altered distributions
of actin and tubulin in H9C2 cells (Fig. 7). Notably, the DAPI
nucleus stains were significantly reduced in doxorubicin trea-
ted H9C2 cells implying that a possible fluorescence quench
might take place between doxorubicin and the DAPI dye due to
the emission wavelength of DAPI overlapping with the excita-
tion wavelength of doxorubicin (480 nm).

4. Discussion

Myocardial damage induced by doxorubicin is mainly due to
the generation of ROS. If one can understand the molecular
targets of doxorubicin-induced ROS, then the doxorubicin-
induced myocardial dysfunction could be prevented or alle-
viated. Based on this concept, several studies have evaluated
the effects of doxorubicin and the protective mechanism on
myocardial ischemia in animals and patients.16,17 However, an
incomplete understanding of the roles of ROS on doxorubicin-
induced myocardial ischemia, together with the seemingly
conflicting results regarding the effects of antioxidants have
discouraged their therapeutic application. In this study, we
examined the molecular mechanisms of doxorubicin-induced
cytotoxicity in cardiomyocytes in vitro. Using 2D-DIGE and
MALDI-TOF/TOF MS, 25 unique doxorubicin-modulated altera-
tions in protein thiol reactivity have been identified in H9C2
cells. The results demonstrate that this strategy is powerful
enough to identify a broad-ranging signature in response to
doxorubicin-induced cardiac injury, with the altered protein
thiol reactivity having main roles in protein folding, transla-
tional regulation and cytoskeleton regulation. Although the
overall coverage of protein mixtures identified by LC-based
mass spectrometry analysis is generally recognized to be higher
than that of 2-DE-based protein analysis, 2-DE-based proteomic
analysis offers the benefit of direct protein quantification at the
protein level with reduced analytical variation.7 Our study also
demonstrated that treatment of H9C2 cells with doxorubicin
results in the generation of ROS. Since ROS can activate multi-
ple signaling pathways, regulate a variety of cellular activities
and modulate disease progression, it is essential to study the
molecular events related to their effects. In addition, ROS are
reported to modify protein cysteinyl thiol groups, leading to
oxidative damage.18–20 Hence, our previously established
cysteine-labeling 2D-DIGE strategy using ICy3/ICy5 dyes was
used to determine the altered protein thiol reactivity in H9C2
due to ROS generation.

The ICy labeling data presented supports the hypothesis
that doxorubicin can induce the formation of free thiols in

certain proteins through disruption of disulphide bonds;
meanwhile, doxorubicin-induced ROS might directly oxidize
thiol groups to form the sulfenic, sulfinic or sulfonic acid
forms of cysteine, which would not interact with the ICy dyes.
These thiol modifications have been reported to perturb the
normal functions of the proteins.21 In the current study, twenty-
five proteins with differential thiol reactivity were identified by
MALDI-TOF and/or MALDI-TOF/TOF MS. Identified proteins,
such as nucleoside diphosphate kinase A and phosphoglycerate
kinase 1 are reported to maintain cell metabolism, and both
displayed an increase in ICy dye labeling following doxorubicin
treatment (Table 1). Thus, their cysteine residues must be
reduced to generate new thiol groups for ICy labeling, implying
possible oxidative damage and deregulation of these proteins.
Phosphoglycerate kinase 1 was found to be altered significantly
by doxorubicin treatment, suggestive of direct oxidative
modification. In support of this observation, we found reduced
ICy labeling of phosphoglycerate kinase 1 after treatment with
doxorubicin. The modulation of the phosphoglycerate kinase
1 supports that oxidative stress can redirect carbohydrate fluxes
into the pentose phosphate pathway to generate increased
reducing power in the form of NADPH at the expense of
glycolysis.

In contrast, several of the identified cytoskeleton proteins,
such as vimentin and cofilin-1, displayed a decrease in ICy dye

Fig. 3 Analysis of doxorubicin-induced cysteine-modification in H9C2 cells with
cysteine labeling 2D-DIGE. (A) Lysates from H9C2 cells treated with 20 mM/40 mM
of doxorubicin or left untreated were subjected to redox 2D-DIGE analysis as
described in the Materials and Methods section. Images of protein samples from
untreated and doxorubicin-treated H9C2 are displayed. (B) Differentially labeled
protein features are annotated with spot numbers.
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labeling following doxorubicin treatment (Table 1). As a result,
their free thiol groups must be oxidized in response to doxo-
rubicin treatment to block ICy labeling, implying possible
oxidative damage and deregulation of these proteins. Cofilin-1
is an actin depolymerizing factor (ADF) that is responsible for
the disassembly of actin filament. It controls actin filament
dynamics and is essential for cell proliferation, migration
and cell cycle progression.22 Our immunostain study also
confirmed the inference that doxorubicin treatment resulted
in the loss of cytoplasmic stress fibers of actin and the loss of a
uniform cell shape with the altered distributions of actin in
H9C2 cells. The deregulation of cofilin is associated with
various cancers, such as colon cancer and breast cancer.23,24

In addition, cofilin-1 activity is also modulated by oxidation.
Klamt et al. found that oxidation of cofilin induces the loss of
actin-binding ability and stimulated the release of cytochrome c,Ta
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Fig. 4 Protein identification by MALDI-TOF/TOF sequence analysis. (A) 78 kDa
glucose-regulated protein/Grp78, (B) Cofilin-1 and (C) nucleoside diphosphate
kinase A were resolved by MALDI-TOF/TOF MS.
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and induced cell apoptosis.25 In our redox proteomic analysis,
we observed that cofilin-1 decreases labeling in normalized
cysteine levels on doxorubicin-treated H9C2 cells implying
cofilin-1 is in an oxidative status after doxorubicin treatment,
which might affect the actin filament dynamics, induce cell
apoptosis and reduce the process of wound healing.

Although cysteine labeling 2D-DIGE can be used to monitor
thiol reactivity alteration of target proteins, there are some
limitations of the technique used in this study. Firstly, the
cysteine-labeling 2D-DIGE experiment is based on fluorescence-
based protein thiol group quantification, which can detect a
sub-nanogram level of ICy dye-labeled proteins; in contrast, our

post-staining experiment is based on modified CCB staining
with a sensitivity of around 20–50 nanograms.11 Accordingly,
numerous differential ICy dye-labeled low-abundant proteins
can be detected by a fluorescent scanner, but failed to be
visualized with CCB staining. This is the reason why just more
than 50% of the differential labeling features on cysteine
labeling 2D-DIGE can be picked for MALDI-TOF and/or
MALDI-TOF/TOF MS identification. Secondly, the cysteine
labeling 2D-DIGE technique can only be used to monitor the
free thiol group modifications on cysteine residues; however,
this technique can not tell what kinds of cysteine modifications
(sulfenic, sulfinic, sulfonic or glutathionated modifications)
take place. Last but not least, the cysteine labeling strategy
uses a high dye to protein ratio (80 pmol dye/mg protein)
for redox-2D-DIGE analysis to increase the sensitivity of the
detection of thiol-containing proteins. However, the high dye to
protein level increases protein precipitation and decreases the
total resolved protein spots.

In conclusion, the present study offers an insight into the
mechanisms of doxorubicin-induced apoptosis in cardiomyo-
cytes and shows a link between ROS generation and the cell
damaging process. The findings of this study may have clinical
implications in that doxorubicin treatment has been routinely
used in destroying fast-growing cancer cells, but with the
serious side-effect of cardiotoxicity. Additionally, numerous
identified cellular targets might be useful for the evaluation
of heart damage induced by doxorubicin.

Fig. 5 Immunoprecipitation combining immunoblotting to validate identified
proteins (beta-tubulin, calumenin and nucleoside diphosphate kinase A) with
cysteine modifications in doxorubicin-treated H9C2 cells. ICy dye-labeled protein
samples from H9C2 cells were either untreated or treated with 20 mM/40 mM of
doxorubicin followed by immunoprecipitatied with Grp78, cofilin-1 and nucleo-
side diphosphate kinase A antibody to confirm the alterations of thiol reactivity in
Grp78, cofilin-1 and nucleoside diphosphate kinase A, respectively. The image
was visualized by an Ettan DIGE imager (top-left panels). Immunoblotting against
the corresponding antibody was performed to gain the protein level (top-left
panels). The normalized ratios between ICy dye signal and protein immuno-
blotted level are shown in the top-right panels. The standardized abundances
between ICy dye signal and NHS-Cy2 signal from DeCyder software are shown
in the bottom panels. All of results were calculated from three independent
IP-WB experiments.

Fig. 6 Distribution of differential ICy-labeled proteins from doxorubicin-
treated and untreated H9C2 cells according to (A) subcellular location and (B)
biological function.
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2-DE Two-dimensional gel electrophoresis
CCB Colloidal coomassie blue
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ddH2O Double deionized water
DIGE Differential gel electrophoresis
DTT Dithiothreitol
FCS Fetal calf serum
MALDI-TOF MS Matrix assisted laser desorption ionization-

time of flight mass spectrometry
TFA Trifluoroacetic acid
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