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Conversion of protein –SH groups to disulfides is an early event during protein oxidation, which has prompted
great interest in the study of thiol proteins. Chemical carcinogenesis is strongly associated with the formation
of reactive oxygen species (ROS). The goal of this study was to detect thiol proteins that are sensitive to ROS
generated during diethylnitrosamine (DEN) metabolism in the rat liver. DEN has been widely used to induce
experimental hepatocellular carcinoma. We used modified redox-differential gel electrophoresis (redox-DIGE
method) and mass spectrometry MALDI-TOF/TOF to identify differential oxidation protein profiles associated
with carcinogen exposure. Our analysis revealed a time-dependent increase in the number of oxidized thiol
proteins after carcinogen treatment; some of these proteins have antioxidant activity, including thioredoxin,
peroxirredoxin 2, peroxiredoxin 6 and glutathione S-transferase alpha-3. According to functional classifications,
the identified proteins in our study included chaperones, oxidoreductases, activity isomerases, hydrolases and
other protein-binding partners. This study demonstrates that oxidative stress generated byDEN tends to increase
gradually through DEN metabolism, causes time-dependent necrosis in the liver and has an oxidative effect on
thiol proteins, thereby increasing the number of oxidized thiol proteins. Furthermore, these events occurred
during the hepatocarcinogenesis initiation period.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Oxidative stress is often defined as an imbalance of pro-oxidants and
antioxidants. Increasing evidence shows that reactive oxygen species
(ROS) are important in cellular signal transduction under physiological
and pathophysiological conditions [1]. ROS include free radicals such as
hydroxyl and superoxide radicals as well as non-radical species, includ-
ing hydrogen peroxide and singlet oxygen. Sources of ROS in several cell
types include auto-oxidation ofmitochondrial respiratory chain compo-
nents and oxidases, such as other protein-binding partners including
NADPH oxidase, lipooxygenase and cytochrome P-450. The cytochrome
P-450 monooxygenase system of the hepatic endoplasmic reticulum
generates a substantial amount of ROS during xenobiotic metabolism
[2], such as diethylnitrosamine (DEN) metabolism at the initiation
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stage of chemical hepatocarcinogenesis [3–5]. ROS generated during
DENmetabolism potentially react with various biomolecules, including
nucleic acids, proteins and lipids [6,7]. Cysteine residues of proteins
can be oxidized by a wide spectrum of radical and non-radical species,
usually at rates that are several orders of magnitude higher than
the rates in other amino acids [8]. Cysteine oxidativemodifications con-
stitute simple scavenging pathways but are also involved in redox sens-
ing, activation, catalysis, switching and cellular signaling [9–11]. Among
the different oxidative modifications, disulfide formation is currently of
great interest because it has been identified to serve diverse functions in
many proteins [12].

DEN is a complete carcinogen that can act as a tumor initiator
and promoter in multistage models of hepatocarcinogenesis. When it
is used as a tumor initiator in the Solt and Farber model, DEN is usually
given as a single dose of 200 mg/kg to induce pronounced liver necrosis
and gene mutations in the hepatocytes [13]. Our studies have shown
that the omission of DEN during hepatocarcinogenesis induction nearly
blocks preneoplastic lesion formation [4,14]. This result suggests that
DEN-produced ROS generated alterations that, together with DNA
alkylation damage, lipid oxidation and protein oxidation, are necessary
for hepatocarcinogenesis development. The damage produced by oxi-
dative mechanisms could result in the inactivation or loss of tumor
suppressor genes, which can lead to the initiation or progression of
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hepatocarcinogenesis [4,13,15]. We propose that the oxidation of thiol
proteins is an initial alteration participating in the induction of liver can-
cer because thiol groups are reactive and susceptible to reverse oxida-
tion in the form of disulfide bond formation. The conversion of –SH
groups to disulfides is an early observable event during radical-mediated
protein oxidation that results in protein conformational changes,
inactivation, fragmentation and degradation [16]. These findings
have generated interest in the study of redox changes by evaluating
thiol proteins in liver homogenates and by histological analysis. Our
goal was to detect the profile of thiol proteins sensitive to ROS gen-
erated during DEN treatment in the rat liver using the redox-DIGE
method. Here, we present an analysis of changes in the amount of
oxidized thiol proteins, which were correlated with the time after
carcinogen exposure, and the principal thiol oxidation changes,
which were correlated with the areas of necrosis.
2. Materials and methods

2.1. Experimental groups

Male Fischer 344 rats (180–200 g)were obtained from the Production
Unit of Experimental Laboratory Animals at UPEAL-Cinvestav (Cinvestav,
Mexico City,Mexico). The rats hadunlimited access towater andwere fed
a laboratory animal diet. All experiments were performed according to
the Institutional Animal Care and Use Committee guidelines. Twenty
rats were divided into four groups: three groups were intraperitoneally
injected with DEN (Sigma, St. Louis, MO, US) dissolved in distilled water
at a concentration of 200 mg/kg body weight. The groups were anesthe-
tized and sacrificed by exsanguination at 6 h (DEN 6), 12 h (DEN 12)
or 24 h (DEN 24) after DEN administration. The fourth group, without
DEN administration, was the non-treated group (NT) (Fig. 1A). Livers
were excised and stored at−80 °C for further analyses.
Fig. 1. A. Experimental protocol. Twenty rats were randomized into four groups: three
groups were treated with 200 mg/kg body weight of DEN and the fourth group was not
treated (NT). The groups were sacrificed (↑s) at 6 h (DEN 6), 12 h (DEN 12) and 24 h
(DEN 24). B. The redox-DIGE technique. Free protein thiols were alkylated with NEM,
and the disulfides were reduced with TCEP. Proteins from animals exposed to a redox
challenge of DEN and proteins from the NT animals were labeled with Cy5-maleimide,
and the thiol groups in an internal standard (IS) were taggedwith Cy3-maleimide. Samples
from each group were mixed with the IS and resolved by two-dimensional electrophoresis
on the same gel and fluorescently scanned.
2.2. Necrosis quantification

Paraffin-embedded liver sections with a thickness of 5 μm were
mounted on silanized slides and processed for hematoxylin and
eosin staining (H&E) and histological examination (n = 5). Micro-
scopic images of necrotic areas were captured with a digital camera
(Color view 12, Soft Imaging System GmbH, Germany) and quanti-
fied according to Macias-Perez [17] using AnalySIS software (Analy-
SIS, Soft Imaging System GmbH, Germany).

2.3. Reduced (GSH) and oxidized (GSSG) glutathione determination in liver

The fluorometric assays for measuring GSH and GSSG (Sigma, St.
Louis, MO, US) were performed according to Hissin and Hilf [18]. Briefly,
liver pieces (250 mg)were homogenized on ice using a polytronhomog-
enizer. The homogenization solution consisted of 3.75 ml of EDTA buffer,
pH 8, and 1 ml of 25% H3PO4, whichwas used as protein precipitant. The
total homogenate was centrifuged at 4 °C at 100,000 ×g.

2.4. Histological detection of oxidized thiols

Fresh liver slices with a thickness of 6 μm were mounted on
gelatinized slides, and proteins with free thiol groups were blocked
by incubating the slices with 100 mM N-ethylmaleimide (NEM)
(Sigma, St. Louis, MO, US) and 100 mM iodoacetamide (IAM) (Sigma,
St. Louis, MO, US) in 100 mM Tris–HCl, pH 6.8, for 30 min. To remove
excess NEM and IAM, the slices were washed three times with PBS,
pH 6.8, for 10 min at room temperature. Disulfides were reduced using
25 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (Sigma,
St. Louis, MO, US) in PBS, pH 6.8, for 20 min. The reversibly oxidized
thiol proteinswere labeledwith Cy5-maleimide (GE Healthcare, Uppsala,
Sweden), incubated for 45 min in the dark and washed three times with
PBS, pH 6.8, for 10 min. Imageswere obtained and analyzed using a Zeiss
Fluorescence Microscopy Axioscope.

2.5. Protein extraction

From each liver sample, 100 mg of frozen tissue was extracted and
suspended in lysis buffer [10 mM Tris–HCl (pH 7.4), 150 mM NaCl
and 1% (v/v) Triton X-100)] and solubilized at room temperature. Sam-
ples were centrifuged at 1800 ×g for 15 min at 4 °C. The supernatants
were recovered and centrifuged at 20,800 ×g for 30 min for collection.
The proteins were desalted using Amicon ultrafiltration columns,
MWCO3 kDa (Millipore), and the total protein concentrationwasmea-
sured spectrophotometrically using the Bio-Rad RC protein assay.

2.6. 2D-DIGE

To determine the global status of reversible thiol oxidation, we gen-
erated an internal standard (IS), which was a pool of equal amounts of
all biological samples labeled with Cy3-maleimide from CyDye DIGE
Fluor Labeling kit for Scarce Samples (GE Healthcare, Uppsala, Sweden).
For each experiment, 5 μg of IS wasmixedwith 5 μg of protein from each
NT and treated rat and labeled with Cy5-maleimide, according to the
redox-DIGE method [19], using four rats from each group. The redox-
DIGE techniquewas performedwith somemodifications (Fig. 1B). Briefly,
for analytical purposes, 300 μg of protein was alkylated with 50 μl of
100 mM NEM for 5 min at 37 °C. NEM was removed using Micro Bio-
Spin 6 chromatography columns (Bio-Rad, Hercules, CA, USA). Then,
5 μg of NEM-modified protein fromeach sample (NT andDEN treatment)
was reduced using 2 mM TCEP at 37 °C for 60 min in the dark. Fluores-
cent labeling was achieved by incubation with 40 μM Cy5-maleimide at
37 °C for 30 min for NT and DEN treatment, and 40 μM Cy3-maleimide
was used for labeling of the IS. The labeling reaction was quenched by
adding an equal volume of 2× buffer containing 7 M urea, 2 M thiourea,
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4% (v/v) CHAPS, 2% (v/v) pharmalyte and 130 mMDTT (Sigma, St. Louis,
MO, US). The labeling procedures were performed in the dark.

After labeling, samples were processed for 2D electrophoresis.
The labeled proteins from each group (NT, DEN 6, DEN 12 and DEN
24) were separated in duplex with the IS sample. In total, 10 μg of
protein was diluted to 450 μl with rehydration solution (7 M urea,
2 M thiourea, 2% (v/v) CHAPS, 2% (v/v) pharmalyte and 0.002% (w/v)
bromophenol blue) and adsorbed overnight onto 24 cm, pH 3–11
nonlinear immobilized pH gradient (IPG) strips (GEHealthcare, Uppsala,
Sweden). Isoelectric focusing was performed on an IPGphor 3 (GE
Healthcare, Uppsala, Sweden) for a total of 60,000 Vh at 20 °C at 50 μA.
The strips were loaded onto a 12% SDS polyacrylamide gel and overlaid
with 0.5% (w/v) agarose in SDS running buffer [5 mM Tris, pH 8.3,
192 mMglycine and0.1% (w/v) SDS] containing0.2 mg/ml bromophenol
blue. Gels were run in the Ettan DALTtwelve large vertical system (GE,
Healthcare, Uppsala, Sweden) at 60 V for 30 min and then at 100 V
until the bromophenol blue dye front had run off the bottom of the gels.

2.7. Gel imaging and analysis

After 2D electrophoresis, the gels were scanned with the Ettan DIGE
Imager (GE Healthcare, Uppsala, Sweden), and fluorescent spots of Cy3
and Cy5 were viewed using 540-nm and 595-nm lasers with 635-nm
and 680-nm emission filters, respectively. All gels were scanned at a
100-μm pixel resolution. Gel analysis was performed using DeCyder
software version 6.5 (GE Healthcare, Uppsala, Sweden); first, a range
approach for determining significance thresholds was established
using the DIA (Differential In-Gel Analysis) module, which is a 2D gel
analysis software package designed specifically for DIGE. Spots were
co-detected between the two fluorescence images from a single gel.
Spots with a volume less than 0.01% of the total fluorescence or a
slope (change in fluorescent intensity vs. pixel width) greater than 1
was excluded as artifacts. To select increased or decreased oxidized pro-
teins in the treatment groups, we used the NT group as a reference for
measuring a two-fold change.

2.8. Biological variation analysis and hierarchical clustering according to
the behavior of oxidized thiol proteins

To determine the behavior of oxidized thiol proteins throughout the
DEN treatment, we used the Biological Variation Analysis (BVA)Module
of the DeCyder 2D software. This module processes multiple gel images
by performing gel-to-gel matching of spots, which permits quantitative
comparisons of protein expression across multiple gels. The images are
matched to a single master image to identify common protein spots.
Various experimental designs can be assigned in BVA, which allows sta-
tistical analysis tools to highlight proteins that demonstrate significant
protein changes under different experimental conditions, such as the
DEN treatment. Cy5-maleimide signals from each treatment condition
weremerged for normalizationwith respect to the IS. Based on the nor-
malized abundance of each group, we determined the oxidation levels
of DEN treatment groups relative to the NT group. The values obtained
were expressed as the average ratio ± SD of four samples. The cutoffs
were set for values displayed between −∞ and −2 that represented a
decrease in oxidation, and values between +2 and +∞ represented
an increase in oxidation. One-way ANOVA was used for analysis, and
proteins with P ≤ 0.05 were classified as having significant changes in
their oxidation state. The profile of proteins with a modified oxidation
status was analyzed through hierarchical clustering as determined by
Euclidian distance using Hierarchical Clustering Explorer 3.5 software,
which is available on the internet (http://www.cs.umd.edu/hcil/hce/).

2.9. In-gel protein digestion

Protein spots from gels were chosen for Mass Spectrometry (MS)
analysis and processed according to established methods. Briefly, gel
pieces were destained with 50% (v/v) acetonitrile (ACN) in 50 mM am-
monium bicarbonate for 5 min at 50 °C. The destained gels were
dehydrated with 100% (v/v) ACN for 5 min at room temperature and
then trypsinized with 20 μl of 25 ng/μl trypsin in 50 mM ammonium bi-
carbonate. The samples were incubated for 17 h to achieve in-gel tryptic
digestion at 37 °C. Peptides were extracted from the gel by pooling three
cycles of extracts obtained from the incubation of gel pieces in formic acid
in 50% ACN at room temperature for 30 min. The extract was evaporated
to a final volume of 10 μl. C18 ZipTips (Millipore) were used to remove
the salt. The peptides were stored at −20 °C. All digested proteins were
examined in aMALDI-TOF/TOFmass spectrometer (4800 Proteomics An-
alyzer, Applied Biosystems)with alpha-cyano-4-hydroxy-trans-cinnamic
acid as thematrix.We identified proteins primarily fromMS/MS analysis
using Protein Pilot 2.0. The searches were conducted using the Rattus
norvegicus database, trypsin was used as the digestion enzyme and a
variable amount of oxidation on cysteine residues and NEM were the
modifications. The proteins identified were classified according to their
biological processes in the Uniprot database available on the Web.

2.10. Immunoblotting

Immunoblotting was used to validate the differential expression of
MS-identified proteins. All of the samples used for immunoblotting
analysis of DEN treatments were from the same preparations employed
for 2D-DIGE analysis. Briefly, 100 μg of protein samples was denatured
in Laemmli sample buffer (final concentrations: 50 mM Tris, pH 6.8,
10% glycerol, 2% SDS and 0.01% bromophenol blue) at 100 °C for
10 min. A 12% and 15% SDS-PAGE were loaded with the protein to
detect serum albumin (#07-248, Upstate technology, Lake Placid, NY.,
USA) and hemoglobin subunit beta-1 (#31116 Santa Cruz Biotechnology,
Santa Cruz, CA., USA), respectively and transferred to PVDF membranes.
To detect serum albumin, the blot was treated according to the
manufacturer's instructions. To detect hemoglobin subunit beta-1 the
blot was blocked for 1 h with PBS and 5% milk, the primary antibody
was incubated in PBS with 7% milk and 1% albumin overnight at 4 °C.
After three washes, the membranes were incubated with peroxidase-
conjugated anti-rabbit or anti-goat IgG antibody for 1 h, washed tree
times, and detected for chemiluminescence (Santa Cruz, CA., USA).

2.11. Statistical analysis

Analyses were performed using SigmaStat 3.1.1 software (Systat
Software, Inc., Point Richmond, CA). One-way ANOVA was performed
for analysis among groups.

3. Results

3.1. Increased necrosis after DEN treatment

Previous reports have shown that DEN induces necrosis during
its metabolism [14]. Liver damage was evaluated histologically by
hematoxylin and eosin staining. Our results confirm that DEN induces
necrosis during the first 6 h of treatment with 6% of the total tissue
area showing necrosis, and this phenomenon increased gradually
throughout the DEN treatment, with the necrotic area reaching 12% at
12 h post treatment and 15% at 24 h post treatment relative to the NT
group (Fig. 2E). Fig. 2B, C and D shows acute intoxication with general-
ized necrosis at 24 h, which was characterized by severe degeneration
of hepatocytes and inflammatory cell infiltration around the central
vein relative to the NT group (Fig. 2A).

3.2. Increased oxidative stress after DEN exposure

DEN is biotransformed by mono-oxidase systems dependent on
mixed-function cytochrome P-450, and its metabolic activation is
reported to be responsible for the onset of toxic effects [20]. Glutathione
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Fig. 2.Necrosis measurement after DEN treatment. A) Hematoxylin and eosin staining of representative normal liver sections (NT) and liver sections with DEN treatment at 6 h (B), 12 h
(C) and 24 h (D). E) Quantification of necrotic areas in the liver, quantified in 10 fields per rat at 10× magnification (n = 5). *P ≤ 0.05 relative to the NT group.
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emerges as the first defense for maintaining appropriate redox envi-
ronments. To examine oxidative stress during DEN-initiated rat liver
carcinogenesis, we studied reduced glutathione (GSH), oxidized
glutathione (GSSG), the glutathione ratio (GSH/GSSG) and total glu-
tathione (GSH + GSSG) in liver tissue for temporal changes after
DEN exposure. A significant increase of GSH was observed at 24 h
post treatment relative to the NT group (Fig. 3A); however, GSSG
showed a time-dependent significant increase from 6 to 24 h after
treatment (Fig. 3B). Therefore, a reduction of the GSH/GSSG ratio
was observed as a result of intoxication with DEN (Fig. 3C).
The total content of glutathione increased significantly from 12
to 24 h post treatment (Fig. 3D). The reduced GSH/GSSG ratio is
considered to result from increased oxidative stress after DEN expo-
sure accompanied by de novo synthesis of cellular glutathione from
12 h onward.

3.3. In situ detection of oxidized thiol proteins in rats treated with DEN

To investigate thiol oxidation within a histological context and
the role of specific cell types in oxidative imbalance, the redox-DIGE
technique was used to detect the presence of oxidized thiols in liver
histological sections during a 24-h DEN treatment. This time frame was
used because it presented the highest oxidation value. We used a similar
reaction scheme for the 2D-gel procedure but with tissue and using the
following controls: when the free thiolswere blockedwithNEM followed
by labelingwith CY5 coupled toNEM, no signal was detected, which indi-
cated effective blocking (Fig. 4A,III); when disulfides were reduced with
TCEP without blocking of the free thiols, homogeneous labeling resulted
that revealed the total thiol in the liver tissue (Fig. 4A,I). To detect the
thiols oxidized by the DEN treatment, free thiols were blocked and
disulfides reduced for labeling with Cy5-maleimide. The positive signal
was present only around the central vain, specifically where the necrotic
areawas located (Fig. 4A,II). Panel 4B shows the thiols oxidized after 24 h
of DEN treatment. Fig. 4B,I and V, shows an area with a positive Cy5-
maleimide signal around the central vain, where necrosis is present.
DAPI staining revealed nuclear DNA fragmentation in the hepatic cells
in the positive area, in contrast to the area without signal where the nu-
clei were intact (Fig. 4B,VI). This phenomenon can be observed in both
figures (Fig. 4B,III and IV), i.e., in themerged image and the phase contrast
image of the same field. This result shows that a modified redox-DIGE

image of Fig.�2


Fig. 3. Dynamics of glutathione species after DEN treatment. A) Reduced glutathione (GSH), B) oxidized glutathione (GSSG), C) GSH/GSSG ratio and D) total glutathione (GSH + GSSG)
determined in rat liver tissue treated with DEN and in tissue from non-treated rats. Each bar represents the mean value of experiments performed in each group treatment (n = 5).
*P ≤ 0.05 relative to the NT group.
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technique can be used to detect thiol proteins modified under oxidative
stress and their location in the liver,whichwasmainly around the central
vein, where the necrotic area was located.

3.4. Liver disulfide proteomic changes after DEN treatment

A major cellular consequence of reactive oxygen species is the
reversible modification of protein thiol side chains, which can affect
molecular functions. A 2D-DIGE technique was used to detect proteins
with modified thiols during DEN metabolism. A total of 584 thiol pro-
teins matched the respective proteins in the NT group at all treatment
times, based on the BVA software analysis. One-way ANOVA and two-
fold changes were the criteria used to define significant changes in oxi-
dation level. In total, 92 spots showed statistically significant changes,
and 401 spots were increased or decreased by at least two-fold in at
least one of the treated groups with respect to the NT group. Both
criteria were met in 73 spots (Fig. 5A), with 27 labeled with red circles
in Fig. 6, and these spots were identified by mass spectrometry
(Table 1). The graph (Fig. 5B) shows the number of thiol proteins oxi-
dized by each treatment, relative to the NT group. The white bar indi-
cates the number of thiol proteins with at least a two-fold decrease
in oxidation; the black bar indicates proteins with at least a two-fold
increase in oxidation. The results show that during the initial phase of
treatment (DEN 6), oxidation decreased for a large number of proteins
(68, 9.1%). At DEN 12, this number decreased (39, 5.2%), whereas at
DEN 24, the number of proteins with decreased oxidation was higher
than DEN 6 (77, 9.9%). DEN 6 and DEN 12 presented the same number
of proteins with increased oxidation (54, 7.2%), and at DEN 24, the
number of proteins with increased oxidation nearly doubled relative
to the other treatment times (109, 14%). These results indicate a time-
dependent increase of oxidation in thiol proteins, with the highest frac-
tion of oxidized proteins observed at 24 h after DEN treatment.

3.5. Determining the oxidation profile of thiol proteins throughout
DEN treatment

To determine the oxidation status of thiol proteins that showed sta-
tistically significant changes in oxidation during the DEN treatment, we
used the BVA Module of DyCyder 2D software. We found 73 proteins
with significant oxidation changes in at least one of the 6-h, 12-h or
24-h DEN treatment groups relative to the NT controls. The hierarchical
clustering of these 73 proteins mainly identified two groups of proteins
with different behaviors (Fig. 7). The first group included proteins with
a decrease in oxidation, among which we identified seven proteins:
chaperone activity of Bc1 complex-like, regucalcin, serum albumin,
fructuose-1,6-biphosphatase 1, protein Cep 135 and alpha 2u-globulin.
The second group consisted of proteins that had an increase in oxidation
during the DEN treatment. We identified 22 spots that corresponded to
11 proteins such as fatty acid-binding protein, hemoglobin subunit
beta-1, hemoglobin subunit beta-2, hemoglobin subunit alpha 1/2
and SH3-binding domain glutamic acid-rich, as well as proteins were
related to the detoxification system such as glutathione S-transferase
alpha-3, lactoylglutathione lyase, cytochrome b5a, peroxiredoxin 2,
peroxiredoxin 6 and thioredoxin.

3.6. Changes in thiol oxidation induced by DEN treatment are not correlated
with the abundance in protein level in the rat liver

The serumalbumin is themost abundant serumprotein in the circu-
latory system [21] and represent the largest fraction (N80%) of free thiol
in the plasma. In our study, we found this protein to have decreased
thiol oxidation after 6 h of DEN treatment and a progressive decrease
at 12 and 24 h. In order to distinguish between changes in protein
thiol oxidation vs changes in protein amounts, we validated bywestern
blot changes in protein abundances under the same conditions used
to measure protein oxidation. When we analyzed serum albumin, we
found no significant decrease in total protein at 6 h, 12 h and 24 h of
DEN treatment with respect to the NT group (Fig. 8A).

Other protein analyzedwas hemoglobin subunit beta-1, it is amono-
meric globin chain that contains a heme prosthetic group that can be
reversibly bound to the gaseous ligands nitric oxide, carbon monoxide,
and oxygen [22]. Recent studies revealed that hemoglobin is expressed
in human hepatocytes and is increased in steatosis to nonalcoholic
steatohepatitis and the oxidative stress upregulates hemoglobin ex-
pression and hemoglobin overexpression suppresses oxidative stress
in HepG2 cells [23]. In our study, this protein had the most significant
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Fig. 4.Histological labeling of oxidized thiols. A. The positive control (A, I) shows total thiols in tissue where free thiols were not blocked. DEN treatment induced an increase in disulfides
(A, II). No signalwas detected in the negative control (A, III), where the reducing stepwith TCEPwas omitted.Magnification 10×. B. Thiols oxidized at 24 h after DEN treatment (B, I), DAPI
staining (B, II), merged image of panels A and B (B, III) and phase contrast image of the same field (B, IV). The bar indicates 50 μm. BV–VIII represent a 40× magnification of the image
indicated by the arrow.
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changes in the increase of thiol oxidation after 6 h of DEN treatment
and a progressive increase at 12 and 24 h, however, when we analyzed
this protein by western blot, we did not find significant increase in total
protein at 6 h, 12 h and 24 h of DEN treatment with respect to the NT
group (Fig. 8B).

4. Discussion

Manymechanismsmay induce protein oxidation, and potentially all
amino acyl side chains can becomeoxidized. There is no single universal
marker for protein oxidation because some modifications are specific
with regard to both the residue oxidized and the product generated.
Other oxidations can alter multiple residues and may yield several
products. The specificity of protein oxidation enables modifications of
the oxidative state to be used as oxidative stress markers because they
provide information regarding the type of ROS involved in an oxidative
process [24]. The modification of thiol proteins is important because of
the role of cysteine; disulfide oxidation is important in the activity of
proteins and enzymes. However, the identification of modified proteins
has been difficult because of the dynamic nature of redox reactions of
proteins and the low sensitivity of measurement methods. Our goal
was to evaluate early oxidative changes of thiol proteins in an extreme

image of Fig.�4


Fig. 5. A. One-way ANOVAwith P ≤ 0.05 and fold changes of−2 and+2were used to determine spots with significant changes in oxidation status. B. Thewhite bars indicate the number
of proteins with a decrease of at least two-fold in oxidation relative to NT. The black bars indicate the number of proteins with an increase of at least two-fold in oxidation with respect to
the NT group. The percentage of proteins shown in B was calculated with respect to the total number of proteins matched.
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situation, where incremental ROS formation occurs as a result of DEN
treatment. DENhas been commonly used to induce hepatocarcinogenesis
because it causes degenerative, proliferative and neoplastic lesions in the
rat liver [25]. Previous reports shown the rol of DEN inDNA alkylation [3],
andwe have previously demonstrated that it produces lipid peroxidation
in the rat liver [4,5]. However, at the protein level, few studies have eval-
uated the oxidative effects of DEN on proteins [25], and thus, this is the
first study to observe the effects of DEN on thiol proteins of the liver
and their histological localization. To determine the profile of oxidized
thiol proteins, we used the redox-DIGEmethod, which is a global proteo-
mic technique that can identify ROS-sensitive thiol proteins in isolated or-
ganelles, intact cells and the whole organism. This method involves
labeling protein thiols in a non-treated group, which is used as control,
and in redox-challenged sampleswith twodifferentfluorescent dyes con-
taining thiol-reactive maleimide groups, changes in relative fluorescence
are detected on a single 2D gel [26]. In our proteomic analysis of oxidized
thiol proteins in rats, 584 proteins showedmerged signals over the differ-
ent treatment times and were thus sensitive to redox changes and 73 of
these proteins were differentially oxidized and modified by ROS as a re-
sult of theDEN treatment. Althoughweexpected an increase in the oxida-
tion of thiol proteins, we also found that in almost half of the proteins, a
decrease in thiol oxidation level had occurred. The increase in protein
Fig. 6. 2D-DIGE of thiol-oxidized proteins in the rat liver. Representative 2D-DIGE images of non
TOF (See Table 1 for protein identification details). (n = 4).
oxidation can be explained by the formation of internal disulfides, the
mixing of disulfides with glutathione and the formation of sulfenic
groups, and an over-expression of proteins may explain the increase in
the number of oxidized thiol groups. It is difficult to explain the mecha-
nism that regulates the decrease in oxidation; however, irreversible
over-oxidation of thiol groups will produce a decrease in labeling, as ob-
served for the irreversible formation of products such as sulfonic or
sulfinic acid. An alternative mechanism may include a decrease in the
level of total protein by degradation or fragmentation as a result of oxida-
tion. However, as was shown in the results sections, the changes in the
increase or decrease of thiol oxidation levels for serum albumin
andHemoglobin subunit beta-1 did not correlatewith changes in protein
abundance. Interestingly, oxidation of thiol proteins increased from the
initial phase of treatment to 24 h, which is the specific period when
DENmetabolism is reported to occur. The ratio of GSH to GSSG in our ex-
periments during this period indicated a significant increase of oxidative
stress generated by carcinogen treatment; however, we cannot rule out
the possibility that the progressive increase in oxidation fromROS gener-
ation during DENmetabolismwas also a result of oxidative stress gener-
ated by necrosis and inflammation of the liver [14]. This finding agreed
with the analysis of oxidation in situ, where the thiol groups were effec-
tively labeled with Cy5-maleimide in the same area of tissue where
-treated and DEN-treated conditions; 27 spots (red circles) were identified byMALDI-TOF/
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Table 1
Proteins that are differentially oxidized in DEN treatments identified by MS.

Match
ID

Identified proteins Symbol Accession
no.

MW
(Da)

pI Protein
coverage
(%)

Score No.match
peptides

Molecular function ANOVA Fold change

One-
way

DEN
6/NT

DEN
12/NT

DEN
24/NT

57 Serum albumin Alb P02770 68730.8 6.09 38.5 32.84 12 Transport 0.015 −1.51 −1.35 −2.87
397 Frutuosa-1,6-biphosphatase 1 Fbp1 P19112 39609.37 5.54 43.8 10.38 5 Carbohydrate

metabolism
0.0076 −1.24 −1.33 −3.57

420 Frutuosa-1,6-biphosphatase 1 Fbp1 P19112 39609.37 5.54 57.6 25.96 8 Carbohydrate
metabolism

0.013 1.7 1.69 2.3

476 Regucalcin Rgn Q03336 33389.85 5.27 69.2 12.83 4 Ascorbate
biosynthesis

0.0021 −1.08 −2.9 −3.12

559 Tropomyosin alpha-3 chain Tmp3 Q63610 29006.57 4.75 59.7 16.63 6 Brain development 0.028 −1.07 1.52 1.6
631 Peroxiredoxin 2 Prx2 P35704 21783.69 5.34 59.1 16.77 3 Response to

oxidative stress
0.028 1.19 1.57 2.27

663 Lactoylglutathione lyase Glo1 Q6P7Q4 20819.61 5.12 58.7 8.54 3 Lyase 0.0067 −1.12 2.01 2.3
693 Protein Cep 135 Cep135 D3ZI35 133387.29 5.98 12.1 1.7 1 Centriole replication 0.016 −1.64 −1.61 2.54
722 Peroxiredoxina 6 Prx6 O35244 24818.6 5.64 42.4 11.53 3 Oxidoreductase 0.0099 1.14 1.89 1.85
723 Peroxiredoxina 6 Prx6 O35244 24818.6 5.64 42.4 11.53 3 Oxidoreductase 0.054 1.23 1.2 1.96
740 Chaperone activity of Bc1

complex-like
Adck3 Q5BJQ0 72225.61 6.03 12 7.4 3 Chaperone 0.00075 1.11 −3.14 −5.23

755 Alpha 2u-globulin 2μG P02761 20736.83 5.85 52.5 6.11 2 Behavior, Transport 0.0037 −3.71 −1.44 −2.96
756 Alpha 2u-globulin 2μG P02761 20736.83 5.85 66.3 19.3 4 Behavior, Transport 0.029 2.22 −1.75 −1.03
777 Cytochrome b5a Cyb5a D4A1G4 11481.7 5.42 64 10 6 Metal ion binding 0.026 1.22 3.15 3.46
793 Fatty acid-binding protein Fabp P02692 14272.52 7.79 81.9 17.76 4 Transport 0.041 1.84 8.31
797 Hemoglobin subunit beta-2 Hbb2 P11517 15982.43 8.91 63.9 17 5 Oxygen transport 0.0099 2.17 6.08
798 Hemoglobin subunit beta-2 Hbb2 P11517 15982.43 8.91 55.1 12 5 Oxygen transport 0.011 1.71 2.7 4.82
799 Hemoglobin subunit beta-1 Hbb P02091 15979.39 7.87 80.3 17 3 Oxygen transport 0.0036 2.57 2.02 5.69
805 Hemoglobin subunit alpha 1/2 Hba1 P01946 15328.53 7.81 50 11.7 2 Oxygen transport 0.011 1.31 5.11
807 Hemoglobin subunit beta-1 Hbb P02091 15979.39 7.87 88.4 20.09 3 Oxygen transport 0.012 2.58 1.48 5.87
808 Hemoglobin subunit beta-1 Hbb P02091 15979.39 7.87 74.1 16.44 3 Oxygen transport 0.00068 3.45 2.86 9.32
810 SH3-binding domain glutamic

acid-rich protein like
Sh3bgrl B5DFD8 12800.26 5.01 50.9 4.49 2 SH3 domain binding 0.032 1.3 2.21 2.76

811 Hemoglobin subunit beta-1 Hbb P02091 15979.39 7.87 56.5 13.22 2 Oxygen transport 0.0036 1.59 −1.13 2.36
813 Glutathione S-transferase alpha-3 Gst3 P04904 25319.39 8.78 44.8 17.62 6 Glutathione

tranferase activity
0.0053 1.81 1.87 8.78

815 Hemoglobin subunit beta-1 Hbb P02091 15979.39 7.87 48.3 14 3 Oxygen transport 0.0062 1.77 5.39
821 Fatty acid-binding protein Fabp P02692 14272.52 7.79 78 20.79 4 Transport 0.0071 4.94 1.28 4.24
829 Fatty acid-binding protein Fabp P02692 14272.52 7.79 70.9 16 4 Transport 0.021 3.83 1.31 2.62
830 Fatty acid-binding protein Fabp P02692 14272.52 7.79 80.3 12.97 4 Transport 0.0033 2.09 1.79 5.36
831 Fatty acid-binding protein Fabp P02692 14272.52 7.79 42.2 7.84 2 Transport 0.00072 −1.37 3.32 3.62
841 Thioredoxin Trx P11232 11673.47 4.8 12.4 2 1 Electron transport 0.11 4.51 −1.34 6.87

The no. of accession and the biological functionwere obtained fromUniprot (http://www.uniprot.org). One-way ANOVA (P ≤ 0.05) and the fold change of differentially oxidized proteins
(+2, −2) across DEN6/NT, DEN 12/NT and DEN24/NT were calculated considering n = 4. Isoelectric point (pI) and molecular weight (MW), expressed in Daltons (Da).
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necrosis was located, and the DAPI and phase contrast images, which
showed nuclear DNA fragmentation in the hepatic cells with respect to
the surrounding area. Our results indicate that the sensitivity of the
redox-DIGE modified technique permitted detection of disulfide varia-
tions after oxidative insult. Although oxidative stress is an area of active
investigation inmany fields of medical research, no tools are available to
image the thiol oxidation of proteins of intact tissues. This method offers
the advantage of being a specific histological oxidative analysis.

Both criteria used to detect differentially oxidized proteinsweremet
by 73 of the thiol proteins thatmet the criteria; therefore, these proteins
were analyzed with regard to their function. The proteins whose thiol
groups were modified by ROS during DEN treatment were thioredoxin,
glutathione S-transferase alpha-3 and peroxiredoxin 2 and 6. GSH and
thioredoxin can regulate the redox state of thiol proteins by reducing
oxidized cysteine residues or by consuming oxidants such as H2O2

via the glutathione peroxidase/glutathione reductase and peroxiredixin/
thioredoxin reductase pathways [27]. Previous studies in Jurkat cells
treated with H2O2 showed an increase in the thiol oxidation of
stress-related proteins such as thioredoxin and peroxiredoxin-2
[28]. This result is consistent with our finding that thioredoxin
and peroxiredoxin-2 showed increases of 2.27 and 6.87-fold in
oxidation, respectively. This finding demonstrates that under an ox-
idative insult, the antioxidant system is activated. Thioredoxin and
peroxiredoxin 6 are differentially expressed in DEN-induced HCC sam-
ples [25] and serum levels of thioredoxin increase by nearly two-fold
in HCC patients [29].
An important aspect of some proteins identified in our study is
that they have been proposed to be biomarkers of HCC in proteomic
studies; such proteins include fatty acid-binding protein 1, regucalcin,
fructuose-1,6-biphosphatase, cytochrome b5, thioredoxin, SH3-binding
glutamate-rich protein and albumin. These proteins are down-regulated
in patients with HCC, except for thioredoxin, which is up-regulated
[30–33]. In our study, the oxidation of fatty acid-binding protein 1was in-
creased 8-fold at 24 h post treatment. Another protein that we detected
was albumin. This protein participates in the regulation of osmotic pres-
sure, the binding and transport of endogenous and exogenous com-
pounds and antioxidant functions. In vivo and in vitro, albumin may be
oxidatively modified in different ways with different agents and at differ-
ent sites. These modifications have various consequences on its physio-
logical functions [34]. We found a decrease in thiol oxidation of albumin
related to DEN treatment, whichwas not correlatedwith a significant de-
crease in the protein expression level. An increase in the levels of oxidized
thiol proteins inmouse liver following acetaminophen administration has
been found, and it has been proposed that acetaminophen promotes the
conversion of the enzyme xanthine dehydrogenase to its oxidized form.
This conversion, in conjunction with the degradation of the adenine nu-
cleotide pool, may lead to the production of ROS and the subsequent ox-
idation of thiol proteins [35]. In contrast, rats treatedwith acetaminophen
may experience an increase in protein thiol content, but there is no clear
explanation for the increase; it may be an adaptivemechanism to combat
free radicals generated by acetaminophen [36]. To explain the albumin re-
sults, we propose that these effects are due to another kind of oxidation
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Fig. 7.Hierarchical clustering of 73 thiol proteinsmodified byDEN treatment. BVAModule
of DeCyder 2D software was used to perform the statistical analysis, and 73 proteins were
identified to display significant oxidation changes during DEN treatment by one-way
ANOVA and also to demonstrate at least a two-fold change in at least one of the treatment
groups. The green color indicates decreased oxidation and the red color indicates in-
creased oxidation relative to the NT contros. The names and numbers at the right indicate
thematch ID of spots detected in the 2Dgel and thenameof proteins identifiedbyMS. The
dendrogram indicates the similitude grade between the proteins with oxidized thiol
groups. The analysis was performed for two groups. One-way ANOVA with P ≤ 0.05 was
used to determine statistical significance.
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state that is more stable, probably an irreversibly oxidized form, such as
sulfinic or sulfonic acids, which are increased in different pathologies [8]
and would not be detected by our method. It is also possible that
even higher oxidation states exist, such as carbonyl groups, which
are commonly found in albumin [37] and in patients with hepatocel-
lular carcinoma, where ROS, hydroxyl radicals in particular, modify
this protein [38]. It seems that some toxins administered in rats,
such as carbon tetrachloride, have the capacity to up-regulate this
protein in liver [39].

Although protein expression patterns are not necessarily equivalent
to mRNA expression patterns, the present findings can be compared
to results from published microarray studies in carcinogen-induced
HCC. For example, alpha-2-microglobulin showed decreased thiol oxi-
dation levels shortly after the DEN treatment that further decreased
up to 24 h after treatment. These data are consistent with our previous
reports in which Fischer 344 and Sprague–Dawley rats of a modified
resistant hepatocyte model sacrificed at 25 days showed a decrease in
alpha-2-microglobulinmRNA [40,41]. This result has also been reported
in Fischer 344 rats treated with only DEN and partial hepatectomy [7].
We propose that DEN, within the first few hours after its adminis-
tration, promotes transcriptional changes that lead to a decline in
alpha-2-microglobulin mRNA concomitantly with reduced transla-
tional efficiency, thereby resulting in a decrease in the amount of
alpha-2-microglobulin and subsequently in thiol oxidation.

The proteins with the highest thiol oxidation were hemoglobin
subunit beta-1, hemoglobin subunit beta-2 and hemoglobin subunit
alpha 1/2, with changes of 9.08, 6.8 and 5.11-fold, respectively. He-
moglobin is a predominant component of erythrocytes and functions
as an oxygen transporter in blood. The major hemoglobin form in
adults is a tetramer consisting of two - and β-subunits ( 2, β2), each of
which contains a heme group [42]. Hemoglobin expression has been
reported in non-erythrocytes, including neurons [43], mesangial cells of
the kidney [44] and macrophages [45]. Recently, hemoglobin alpha
and hemoglobin beta were reported to be expressed in hepatocytes and
up-regulated in nonalcoholic steatohepatitis (NASH). It was shown that
oxidative stress increases hemoglobin expression, and hemoglobin
over-expression suppresses oxidative stress in HepG2 cells exposed
to H202 [23]. In our study, the increase of thiol oxidation in the he-
moglobin subunit beta-1 does not correlate with an increase of
protein total expression, these findings suggest that this protein
can participate as a scavenger of oxidative stress and may protect
the rat hepatocytes from oxidative damage in the liver caused by
DEN. To determine the role of these proteins under oxidative insult,
such as DEN treatment in our model, more experiments are neces-
sary to determine whether they have an antioxidant capacity.

In conclusion, we present a new technique for detecting thiol pro-
teins oxidized by DEN treatment in 2D gels and at the histological
level. DEN administration increases oxidative stress in the liver,
which is reflected in the increase in necrosis around the central
vein, the increase in GSSG level and the increase in thiol oxidation
of proteins. These results, however, depend on the time of DEN treat-
ment. Hepatic cells promote de novo synthesis of GSH as a protective
mechanism to offset ROS damage. These changes are involved in the
early stages of hepatocarcinogenesis.
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