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Abstract

In fast- and slow-twitch limb and heart muscles of cachectic rats, redox balance and muscle structure were
explored. The nature of the oxidatively modified proteins also was identified in these muscles. Reactive carbonyls,
hydroxynonenal (HNE)- and malondialdehyde (MDA)-protein adducts, and antioxidant enzyme levels were
determined in limb and heart muscles of cachectic (7 days after inoculation of Yoshida AH-130 ascites hepatoma)
and control rats. Moreover, carbonylated proteins were identified (proteomics), and fiber-type composition
evaluated (morphometry) in these muscles. In cachectic rats, compared with the controls: (a) HNE- and MDA-
protein adducts levels were greater in gastrocnemius, tibialis anterior, soleus, and heart; (b) in the gastrocnemius,
type Il fiber size was reduced, and the intensity of carbonylated protein immunostaining was significantly greater
in these fibers; and (c) proteins involved in glycolysis, ATP production and distribution, carbon dioxide hydra-
tion, muscle contraction, and mitochondrial metabolism were significantly more carbonylated in limb and heart
muscles. Cancer cachexia alters redox balance in fast- and slow-twitch limb and heart muscles of rats, inducing
increased oxidative modifications of key proteins involved in muscle structure and function. Additionally, it
induces a reduction in type Il fiber size in the gastrocnemius, which is associated with increased protein oxidation.

Antioxid. Redox Signal. 12, 365-380.

Introduction

N ADVANCED MALIGNANT DISEASES, cachexia appears to

be one of the most common systemic manifestations. The
presence of cachexia always implies a poor prognosis, hav-
ing a great impact on the patients’ quality of life and survival
(17). Several important molecular mechanisms have been
shown to be involved in the increased muscle catabolism ob-
served in cancer-induced cachexia, such as greater ubiquitin-
proteasome-dependent proteolysis, apoptosis, and activation
of uncoupling proteins (1, 2, 42, 47). Interaction of these mech-
anisms leads to muscle-mass loss by promoting protein and
DNA breakdown and energy inefficiency.

In skeletal muscles, reactive oxygen and nitrogen species
(ROS and RNS, respectively) are normally synthesized at low
levels and are required for normal force production (36-38).
However, they may overwhelm tissue antioxidant capacity
when produced at high levels, thus leading to oxidative stress.

Oxidative imbalance has been shown to be involved in several
models of cancer-induced cachexia (3, 12, 16, 30), as well as in
immobilization-induced muscle atrophy (35). Proteins are
major targets of oxidative stress—derived effects on tissues (3,
4,7,10, 11, 14, 35, 50). Importantly, the oxidative posttrans-
lational modifications of proteins may cause loss of protein
function as a result of oxidation of residues in the protein
active site. In other cases, oxidation of critical residues may
also lead to increased proteolytic degradation of the modified
proteins (44). It was recently suggested that the ROS cascade
regulates pathophysiologic signaling, leading to proteolysis
and apoptosis when synthesized at high levels within the
myofibers (35).

In a previous study (3), we showed that increased oxidative
stress was associated with cancer-induced cachexia in the gas-
trocnemius muscles of rats. In that study, however, the nature
of the oxidatively modified proteins or the levels of protein
oxidation in muscles other than the gastrocnemius were not
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investigated. In addition, muscle structure was not explored
in that study (3). On this basis, it is now hypothesized that
excessive ROS production in fast- and slow-twitch limb and
heart muscles of cachectic animals will target key proteins
involved in muscle structure and function, which may even-
tually render them more susceptible to greater protein catab-
olism. Furthermore, in the present study, we also investigated
whether increased oxidative stress in cancer-induced ca-
chexia is muscle or fiber type specific or both. In the current
investigation, the ascites hepatoma Yoshida AH-130, a well-
validated model characterized by a rapid and progressive loss
of body weight and muscle mass (23), was used to induce
cancer cachexia in rats. According to this hypothesis, our main
objectives were established as follows: (a) to explore whether
increased oxidative stress occurs in different fast- and slow-
twitch limb and heart muscles of cachectic rats; (b) to identify
the nature of the oxidatively modified proteins (protein car-
bonylation indices) in the limb and cardiac muscles of both
tumor-bearing and control rats, (c) to investigate whether
carbonylation levels in each identified protein are differen-
tially regulated in the cachectic limb and cardiac muscles; (d)
to assess muscle fiber structure in fast- and slow-twitch limb
muscles of both groups of animals; and (e) to evaluate the
possible existence of a fiber-type specificity of protein oxida-
tion within the limb muscles of the cachectic rats.

Materials and Methods
Animal experiments

All animal experiments were conducted at Facultat de
Biologia, Universitat de Barcelona. This was a controlled study
designed in accordance with both the ethical standards on
animal experimentation in our institution (EU 609/86 CEE
and Real Decreto 1201/05 BOE 252, Spain) and the Helsinki
convention for the use and care of animals. All experiments
were approved by the institutional Animal Research Com-
mittee (Universitat de Barcelona).

Male Wistar rats (Interfauna, Barcelona, Spain), of ~6
weeks of age, were used in the different experiments. The
animals were maintained at 22 £2°C with a regular light-
dark cycle (light on from 08:00a.m. to 08:00 p.m.) and had
free access to food and water. The diet (B.K. Universal G.J./
S.L., Sant Viceng del Horts, Barcelona, Spain) consisted of
45.5-48.5% carbohydrate (3.5% absorbable glucose, 42-45%
starch), 18.5% protein, and 3.1% fat (the residue was non-
digestible material). The food intake was measured daily. Rats
were divided into two groups: (a) controls (n=7) and (b)
tumor-bearing hosts (1 =7). The latter received an intraperi-
toneal inoculum of 10° AH-130 Yoshida ascites hepatoma cells
obtained from exponential tumors (46). On day 7 after tumor
transplantation, the animals were weighed and anesthetized
with an IP injection of ketamine/xylazine mixture (3:1; Im-
algene and Rompun, respectively). The tumor was harvested
from the peritoneal cavity, and its volume and cellularity
evaluated. Moreover, gastrocnemius, tibialis anterior (TA),
extensor digitorum longus (EDL), soleus, and heart muscles
were obtained from both tumor-bearing and control animals.
A piece of the muscle specimens was immediately frozen in
liquid nitrogen and subsequently stored at —80°C, whereas
the other piece was immersed in an alcohol-formol bath for
2h, thereafter to be embedded in paraffin. Frozen tissues
were used for the analyses of redox balance and for protein
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identification (immunoblotting and proteomics analyses),
whereas morphometric analyses and localization of protein
carbonylation markers were evaluated on the paraffin-
embedded tissues (immunohistochemical analyses).

Muscle biology analyses

All the muscle-biology experiments were conducted blind
in the same laboratory, at Hospital del Mar-IMIM-Universitat
Pompeu Fabra (Barcelona).

Detection of reactive carbonyls in muscle proteins.
Changes in protein carbonylation in crude muscle homoge-
nates were detected by using the commercially available
Oxyblot kit (Chemicon International, Inc., Temecula, CA).
Carbonyl groups in the protein side chains were derivatized
to 2,4-dinitrophenylhydrazone (DNP) by reaction with 2,4-
dinitrophenylhydrazine (DNPH) according to the manufac-
turer’s instructions. In brief, 15 ug of protein was used per
derivatization reaction. Proteins were then denatured by ad-
dition of 12% SDS. The samples were subsequently deriva-
tized by adding 10 ul of 1x DNPH solution and incubated
for 20 min. Finally, 7.5 ul of neutralization solution and 2-
mercaptoethanol were added to the sample mixture. The
specificity of reactive carbonyl measurements was confirmed
by avoiding the derivatization process and by omission of
the primary antibody and incubation of the membranes only
with secondary antibody [Goat anti-rabbit IgG, horseradish
peroxidase (HRP)-conjugated, from the Oxyblot kit; dilution,
1/300]. DNP-derivatized proteins were loaded onto 12% tris-
glycine sodium dodecylsulfate polyacrylamide gels (SDS-
PAGE) and separated with electrophoresis.

Formation of hydroxynonenal- and malondialdehyde
(MDA)-protein adducts. Another mechanism of protein car-
bonylation is by the reaction of certain amino acids with
unsaturated aldehydes generated during the peroxidation of
polyunsaturated fatty acids. Lipid-derived aldehydes such as
HNE and MDA can thus cause further cellular damage by
binding to and modifying proteins, which leads to the for-
mation of stable aldehyde—protein adducts. HNE reacts with
lysine, cysteine, and histidine residues of proteins to form
Michael adducts, whereas MDA reacts with lysine residues to
form Schiff base adducts (39—41).

Immunoblotting of 1D electrophoresis. The effects of ROS
and RNS on muscle proteins were evaluated according to
methods published elsewhere (3-7, 10, 11). Frozen muscle
specimens from both tumor-bearing and control animals
were homogenized in a buffer containing N-2-hydroxyethyl
piperazine-N’-2-ethanesulfonic acid (HEPES), 50 mM; NaCl,
150 mM; NaF, 100mM; Na pyrophosphate, 10mM; ethyle-
nediaminetetraacetic acid (EDTA), 5mM; Triton-X, 0.5%,
leupeptin, 2 ug/ml; phenylmethylsulphonyl fluoride (PMSF),
100 ug/ml; aprotinin, 2 ug/ml; and pepstatin A, 10 ug/ml.
Samples were then centrifuged at 1,000 g for 30 min. The pellet
was discarded, and the supernatant was designated as a crude
cytoplasmic homogenate. Protein levels in each homogenate
were spectrophotometrically determined with the Bradford
technique by using triplicates in each case and bovine serum
albumin (BSA) as the standard (Bio-Rad protein reagent; Bio-
Rad Inc., Hercules, CA). The final protein concentration in
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each sample was calculated from at least two Bradford mea-
surements that were almost identical. Equal amounts of total
protein from crude muscle homogenates were always loaded
(20 ug per sample/lane) onto the gels, as well as identical
sample volumes/lanes.

Five totally independent sets of experiments were con-
ducted for each muscle (gastrocnemius, TA, EDL, soleus, and
heart) from both tumor-bearing and control animals, in which
oxidative stress markers and antioxidant mechanisms were
explored. For the purpose of comparisons between the two
groups of rats in each muscle, sample specimens were always
run together and kept in the same order. Proteins were then
separated with electrophoresis (SDS-PAGE), transferred to
polyvinylidene difluoride (PVDF) membranes, blocked with
nonfat milk, and incubated overnight with selective anti-
bodies. The following antibodies were used to detect indices
of protein carbonylation and nitration and antioxidant
mechanisms: anti-DNP moiety antibody (rabbit anti-DNP
antibody from the Oxyblot kit; dilution, 1:150), anti-HNE-
protein adducts (Alpha Diagnostic International, San Anto-
nio, TX; dilution, 1:2,000), anti-MDA-protein adducts anti-
body (Academy Bio-Medical Company, Inc., Houston, TX;
dilution, 1:4,000), anti-Mn SOD antibody (StressGen, Victoria,
BC, Canada; dilution, 1:5,000), and anti-catalase antibody
(Calbiochem, San Diego, CA; dilution, 1:2,000). Tissue ho-
mogenates obtained from rat brain mitochondria and rat
erythrocytes were used as positive controls of the enzymes
Mn-SOD and catalase, respectively. Specific proteins from all
samples were detected with HRP-conjugated secondary an-
tibodies and a chemiluminescence kit. For each of the anti-
gens, samples from the two groups of rats in each muscle were
always detected in the same film under identical exposure
times. The specificity of the different antibodies was con-
firmed by omission of the primary antibody and incubation of
the membranes only with secondary antibodies. Blots were
scanned with an imaging densitometer, and optical densities
of specific proteins were quantified with Diversity Database
2.1.1 (BioRad, Philadelphia, PA). Values of total reactive car-
bonyl groups, total HNE-protein adducts, and total MDA-
protein adducts in a given sample were calculated by addition
of optical densities (arbitrary units) of individual protein
bands in each case. Final optical densities obtained in each
group of rats for each muscle corresponded to the mean val-
ues of the different samples (lanes) of each of the antigens
studied.

To validate equal protein loading among various lanes,
SDS-PAGE gels were stained with Coomassie Blue and PVDF
membranes with Ponceau red staining.

Identification of carbonylated muscle proteins: 2D
electrophoresis. Carbonylated proteins (containing reactive
carbonyl groups) were separated and identified in gastroc-
nemius, TA, EDL, soleus, and heart muscles of both tumor-
bearing and control rats. Moreover, MDA-protein adducts
spots were also identified in all these muscles. The pro-
cedures followed in these experiments were previously
published (8-10, 26). In brief, 4 volumes of 10mM 24-
dinitrophenylhydrazine (DNPH) were first added (reactive
carbonylated proteins) to crude muscle homogenates (400 ug
protein/sample) and incubated for 30 min at room tempera-
ture to identify carbonylated proteins specifically. The reac-
tion was stopped by adding the neutralization solution. In

367

both cases, crude muscle homogenates (400 ug protein/
sample) were prepared for 2D-electrophoresis with the 2D
Clean up kit (Amersham Biosciences, Piscataway, NJ) by
following the manufacturer’s instructions. The samples were
then incubated for 15min on ice, centrifuged for 5min at
13,000 g, and the pellets were then washed 3 times and cen-
trifuged at 13,000 g for 5 min. The pellets were resuspended in
2D re-hydration buffer {8 M urea, 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM di-
thiothreitol (DTT), and 0.002% bromophenol blue}. Each
muscle sample was then separated into two portions (200 ug
total each), and both portions underwent 2-D electrophoresis.
First-dimensional protein separation was performed with the
Ettan IPGPhor 3 (GE Healthcare Biosciences AB, Uppsala,
Sweden). Samples were applied to immobilized pH gradient
(IPG) strips (18-cm nonlinear, pH 3 to 10; GE Healthcare
Biosciences AB) for 30 min at room temperature. The strips
were then covered with mineral oil overnight, and isoelectric
focusing was performed at a maximum of 10,000 V/h for up to
a total of 35,200 V-h.

For the second dimension, the IPG strips were equilibrated
at room temperature for 30 min in equilibration buffer (6 M
urea, 2% SDS, 50mM Tris-HCl, 30% glycerol, and 0.002%
bromophenol blue), to which 1% DTT was added before use.
An additional 30-min equilibration period was then used with
equilibration buffer to which 2.5% iodoacetamide was added.
The strips were then embedded in 0.5% agarose on the top of
30% acrylamide gels. The second-dimension SDS/PAGE was
performed for 5h, 70 mA per gel, at 250 V. One of the resulting
2D gels for each muscle sample was then stained with silver
stain. Gels were fixed overnight in a fixation solution (50%
acetic acid, 50% methanol), then rinsed twice in water, sen-
sitized for 1min in 0.2% sodium thiosulfate, followed by
rinsing in water and immersion for 30 min in a silver nitrate
solution (2% silver nitrate). Gels were then rinsed twice in
water and developed in a developer solution (20% sodium
carbonate, 0.05% formaldehyde, 0.004% sodium thiosulfate).
A stop solution (6% acetic acid) was then added for 15min,
followed by rinsing with water for 5min. Gels were then
stored in 1% acetic acid. The second gel derived from a given
sample underwent electrophoretic transfer to PVDF mem-
brane and immunoblotting with anti-DNP antibody or anti-
MDA-protein adducts antibody, as described earlier. Gels
and PVDF membranes were imaged with a digital camera and
aligned (Adobe Photoshop 8.0.1, San Jose, CA) so as to iden-
tify positive spots of either carbonylated proteins or MDA-
protein adduct on the gels. Optical densities (arbitrary units)
of the immunoblot spots corresponding to each oxidatively
modified protein were measured in each muscle of both
groups of animals by using Quantity One analysis software
4.6.5 (BioRad, Philadelphia, PA).

Identification of carbonylated proteins and MDA-protein
adducts: mass spectrometry. This was conducted in the
Proteomics Laboratory at Universitat Pompeu Fabra by
following the quality criteria established by ProteoRed stan-
dards (Instituto Nacional de Proteémica, Spain) and proce-
dures previously published (8-10, 26). Protein carbonylated
and MDA-protein adduct spots from silver-stained gels were
manually excised for in-gel digestion in a 96-well ZipPlate
placed in a Multiscreen vacuum manifold (Millipore, Billerica,
ME). Proteins were reduced, alkylated, and digested with
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sequence-grade trypsin (Promega, Madison, WI). Peptides
were eluted with 15-25 ul of 0.1% trifluoroacetic acid (TFA)
in 50% acetonitrile (ACN). Then 2.5 ul of tryptic digest was
deposited onto Mass Spec Turbo 192 type 1 peptide chips
pre-spotted with o-cyano-4-hydroxycinnamic acid (CHCA)
(Qiagen, Germantown, MD) and left for 3min for peptide
adsorption. Then each spot was washed for 5s with 1pul
of finishing solution (Qiagen) and left until dried. Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry (MS) was performed in a Voyager
DE-STR instrument (Applied Biosystems, Foster City, CA) by
using a 337-nm nitrogen laser and operating in the reflector
mode, with an accelerating voltage of 20kV. Samples were
analyzed in the m/z 800-3,000 range and were calibrated
externally by using a standard peptide mixture (Sequazyme
Peptide Mass Standards kit, Applied Biosystems). Peptides
from trypsin autolysis were used for the internal calibration.
Protein identification from MALDI-TOF results was done
with the MASCOT search engine (Matrix Science, London,
UK) by using human proteins available in the SwissProt
database as well in the NCBI nonredundant database for the
identification of the guinea-pig proteins. Moreover, the fol-
lowing parameters were used for database searches: one
missed cleavage allowed, plus Cys carbamidomethylation as
fixed and Met oxidation as variable modifications selected,
respectively.

Immunohistochemical analyses. Morphometric analyses
were carried out in the gastrocnemius, TA, EDL, and soleus
muscles from both tumor-bearing and control rats. On 3-um
muscle paraffin-embedded sections, myosin heavy chain-I
and -II isoforms were identified by using monoclonal anti-
myosin heavy chain-I (clone NOQ7.5.4D; Sigma, St. Louis,
MO) and monoclonal anti-myosin heavy chain-II antibodies
(clone MY-32, Sigma), respectively, as published elsewhere
(4, 7, 13). The cross-sectional area, mean least diameter, and
proportions of type I and type II fibers were assessed by
using a light microscope (Olympus, Series BX50F3, Olympus
Optical Co., Hamburg, Germany) coupled with an image-
digitizing camera (Pixera Studio, version 1.0.4; Pixera Cor-
poration, Los Gatos, CA) and a morphometry program (NIH
Image, version 1.60, Scion Corporation, Frederick, MD). At
least 150 to 200 fibers were measured and counted in each
muscle specimen.

Furthermore, the immunohistochemical localization of
reactive carbonyls and MDA-protein adducts was also ex-
plored on paraffin-embedded sections of the gastrocnemius,
TA, EDL, and soleus muscles by following methods previ-
ously published (5, 7, 8, 11). In brief, muscle samples were
immersed in subsequent baths of different degrees of alcohol,
formol, and xylol, before being embedded in paraffin. Slides
were then fixed in amino propyl-triethoxilane and acetone and
dried with heat (60°C). Three-micrometer muscle paraffin-
embedded sections were obtained by using a microtome. All
sections were deparaffinized and incubated with a citric acid
solution in a pressure cooker (antigen-retrieval protocol).
Carbonyl groups in the protein side chains were derivatized
to DNP by reaction with DNPH followed by the addition
of 7.5 ul of neutralization solution. Sections were then incu-
bated overnight with a polyclonal anti-DNP moiety anti-
body (1:150). After several washes in phosphate-buffered
saline (PBS), slides were incubated for 1h with biotinylated

MARIN-CORRAL ET AL.

secondary antibody (1:300) followed by HRP-conjugated
streptavidin and diaminobenzidine as a substrate. Slides
were counterstained with hematoxylene, dehydrated, and
mounted for conventional microscopy. Aside from those
slides that were exposed only to secondary antibodies, slides
not subjected to the derivatization process were also used
as negative controls.

Moreover, the histologic localization of MDA~-protein ad-
ducts was conducted by using the anti-MDA—protein adduct
antibody (1:20) with immunhistochemical procedures similar
to those described earlier.

Histologic scoring. The intensity of protein carbonyla-
tion and MDA-protein adducts was scored in a semiquanti-
tative manner by using methods similar to those previously
published (27, 43). In brief, in either type I or type II fibers,
positive-stained fibers for both reactive carbonyls and MDA~
protein adducts were classified according to the following
categories: 0, 1+, 2+, 3+, and 4+ (0 indicating the absence of
staining). A minimum amount of 200 fibers was counted in
each muscle preparation. The histochemical score (Hscore) for
each single fiber in each muscle preparation was calculated
blind by two independent observers as follows: percentage
of fibers in each category (P) multiplied by the correspond-
ing category (Hscore 1=P1x1; Hscore 2 =P2x2; Hscore 3 =
P3x3; and Hscore 4 =P4x4); where Hscore 1 was the low-
positive and Hscore 4 was the high-positive grade. Moreover,
Hscore 0 was established as the percentage of negative fibers.
Final scores in each category were the average of the scores
provided by the two independent observers (coefficient of
correlation, > =0.98). The Hscores were calculated in type I
and type II fibers of the gastrocnemius muscle in all tumor-
bearing and control rats.

Statistical analysis

Results are presented as mean and standard deviation.
Comparisons of the different variables between tumor-
bearing and control rats for each limb and heart muscle were
assessed by using the unpaired Student’s ¢ test. The sample
size chosen was based on previous studies (3, 5, 6, 11) and
on assumptions of 80% power to detect an improvement
of >20% in measured outcomes at a level of significance of
p <0.05.

Results
Characteristics of the study animals

Table 1 indicates the main characteristics of tumor-bearing
animals. The implantation of the Yoshida AH-130 ascites
hepatoma resulted in a decrease in muscle weights on day 7
after tumor transplantation (13% for gastrocnemius, 10% for
TA, 20% for EDL, 9% for soleus, and 20% for heart).

Muscle redox balance in limb muscles and heart
and oxidatively modified proteins

Oxidative stress markers. Several carbonylated protein
bands were identified in all the limb and heart muscles from
both tumor-bearing and control rats (Fig. 1A). The pattern
of the carbonylated protein bands differed across muscles
(Fig. 1A). Total reactive carbonyl groups were significantly
increased in the gastrocnemius of tumor-bearing rats com-
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TaBLE 1. WEIGHTS OF LiMB MUSCLES AND HEART
OF TUMOR-BEARING RATS

Control rats,  Tumor-bearing

Limb muscles and heart n=7 rats, n=7
Gastrocnemius 642 (56) 567 (33)?
Tibialis anterior 205 (13) 184 (11)*
Extensor Digitorum Longus 50 (4) 40 (4)°
Soleus 43 (2) 39 (2)*
Heart 455 (31) 373 (24)°

Results are expressed as mean (SD). Muscle weights are expressed
as mg/100 g of initial body weight.
Statistical significance of the results: %p<0.01 and ®p<0.001 (tumor-
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pared with control animals (Fig. 1B). However, no significant
differences were observed in total reactive carbonyl group
formation between cachectic and control animals in TA, EDL,
soleus, or heart muscles (Fig. 1B). Several carbonylated pro-
tein spots were identified in the skeletal and heart muscles of
both tumor-bearing and control rats (Fig. 1C).

Several HNE—protein adducts bands were identified in all
the limb and heart muscles from both tumor-bearing and
control rats (Fig. 2A). The pattern of the HNE-protein adduct
bands differed across muscles (Fig. 2A). Interestingly, levels of
HNE-protein adducts were greater in the gastrocnemius, TA,
soleus, and heart of tumor-bearing rats than in control ani-
mals (Fig. 2B). Moreover, several MDA-protein adducts
bands were identified in all the limb and heart muscles from

both tumor-bearing and control rats (Fig. 2C). The pattern of
the MDA-protein adducts differed across muscles (Fig. 2C).
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FIG. 1. (A) Representative examples of the different sets of reactive carbonyl immunoblots corresponding to the
muscles analyzed in the study: gastrocnemius, TA, EDL, soleus, and heart of tumor-bearing and control rats. Note that the
pattern and intensity of the different carbonylated protein bands varied across the different muscles. (B) Mean values and
standard deviation of total reactive carbonyls [optical densities (ODs) expressed in arbitrary units (au)] were significantly
greater (*p < 0.05) only in the gastrocnemius of cachectic rats (T) compared with control animals (Ctl). (C) Representative 2D
immunoblots corresponding to the detection of carbonylated proteins in crude muscle homogenates of gastrocnemius (top
panels) and heart (bottom panels) of control and cachectic rats (left and right panels, respectively). f-Enolase (1), fructose
biphosphate aldolase A (2), creatine kinase (3), carbonic anhydrase-3 (4), actin (5), tropomyosin (6), and ATP synthase (7)
were consistently oxidized in the gastrocnemius of both cachectic and control rats. Moreover, creatine kinase (1), actin (2),
tropomyosin (3), myosin-6 (4), myosin light chain (5), vacuolar proton pump (6), ATP synthase (7), NADH-ubiquinone
oxidoreductase (8), and aldehyde dehydrogenase mitochondria (9) were consistently oxidized in the hearts of both cachectic
and control rats. Albumin was also carbonylated in the muscles of both control and cachectic rats (arrows).
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FIG. 2. (A) Representative examples of the different sets of HNE-protein adduct immunoblots corresponding to the
muscles analyzed in the study: gastrocnemius, TA, EDL, soleus, and heart of tumor-bearing and control rats. Note that the
pattern and intensity of the different HNE-protein adduct bands differed across the different muscles. (B) Mean values and
standard deviation of HNE-protein adducts [optical densities (OD) expressed in arbitrary units (au)] were significantly
greater (*p < 0.05) in the gastrocnemius, TA, soleus, and heart of cachectic rats (T) compared with control animals (Ctl). (C)
Representative examples of the different sets of MDA—protein adduct immunoblots corresponding to the muscles analyzed in
the study: gastrocnemius, TA, EDL, soleus, and heart of tumor-bearing and control rats. Note that the pattern and intensity of
the different MDA-protein adduct bands differed across the different muscles. (D) Mean values (SD) of MDA-protein
adducts [optical densities (OD) expressed in arbitrary units (au)] were significantly greater (*p < 0.05) in the gastrocnemius,
TA, and heart of cachectic rats (T) compared with control animals (Ctl). (E) Representative 2D immunoblots corresponding to
the detection of MDA-protein adducts in crude muscle homogenates of gastrocnemius (top panels) and heart (bottom panels) of
control and cachectic rats (left and right panels, respectively). f-Enolase (1), creatine kinase (2), carbonic anhydrase-3 (3), actin
(4), tropomyosin (5), and ATP synthase (6) were consistently oxidized in the gastrocnemius of both cachectic and control rats.
Furthermore, creatine kinase (1), actin (2), tropomyosin (3), myosin-6 (4), myosin light chain (5), vacuolar proton pump (6),
ATP synthase (7), NADH-ubiquinone oxidoreductase (8), and aldehyde dehydrogenase mitochondrial (9) were consistently
oxidized in the hearts of both cachectic and control rats. Albumin also was modified by MDA in the muscles of both control
and cachectic rats (arrows).
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Levels of MDA-protein adducts were also significantly
greater in the gastrocnemius, TA, and heart of the cachectic
rodents than in the controls (Fig. 2D). Several MDA-protein
adducts spots were identified in the skeletal and heart mus-
cles of both tumor-bearing and control rats (Fig. 2E).

Oxidatively modified proteins. Glycolytic enzymes, crea-
tine kinase, carbonic anhydrase-3, contractile, and mitochon-
drial proteins were identified to be oxidatively modified in
the limb and heart muscles of the cachectic and control rats
(Tables 2-5). Importantly, enolase, creatine kinase, carbonic
anhydrase-3, actin, tropomyosin, and ATP synthase were
more intensely oxidized (both reactive carbonyls and MDA~
protein adducts) in the gastrocnemius of tumor-bearing rats
than in the control muscles (Figs. 3 and 4). Creatine kinase and
carbonic anhydrase-3 were predominantly carbonylated in
TA and soleus muscles, respectively, and oxidation levels
of carbonic anhydrase-3 were significantly increased in the
cachectic soleus compared with the controls (Figs. 3 and 4).
Moreover, tropomyosin was significantly more oxidized
(MDA-protein adducts) in TA and soleus, whereas MDA~
protein adduct levels of actin and creatine kinase were sig-
nificantly greater only in TA (Fig. 4). Interestingly, oxidation
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levels through MDA, but not through reactive carbonyl for-
mation, of creatine kinase, actin, tropomyosin, myosin, vac-
uolar proton pump, and of mitochondrial enzymes such as
ATP-synthase and NADH-ubiquinone oxireductase were sig-
nificantly greater in the hearts of the cachectic rats than in
control animals (Fig. 4). In EDL muscles, levels of carbonyl-
ation (reactive carbonyls and MDA-protein adducts) of the
identified proteins did not significantly differ between tumor-
bearing and control rats (Figs. 3 and 4).

Antioxidant mechanisms. The protein content of the mi-
tochondrial enzyme Mn-SOD was significantly greater than
that in control animals only in the hearts of tumor-bearing rats
(Figs. 4B and 5A). Catalase content was significantly increased
in the TA and heart muscles of cachectic rats compared with
the controls (Fig. 5C and D).

Muscle structure and its relations
with oxidative stress markers

Morphometric analyses. Proportions of either type I or
type II fibers did not significantly differ between tumor-
bearing and control animals in any of the limb muscles (Fig.
6A). Interestingly, compared with control animals, the size of

TABLE 2. IDENTIFIED CARBONYLATED PROTEINS IN LiMB MusCLES AND HEART OF TUMOR-BEARING AND CONTROL RATS

MASCOT Peptide

Muscles Identified carbonyalted proteins Accesion no. Mass score matched
Gastrocnemius Beta-enolase ENOB_RAT 47.326 120 16
Fructose biphosphate aldolase A ALDOA_RAT 39.783 87 9
Creatine kinase M-type KCRM_RAT 43.246 151 15
Carbonic anhydrase 3 CAH3_RAT 29.698 126 11
Actin, alpha skeletal muscle ACTS_RAT 42.366 93 9
Tropomyosin alpha-1 chain TPM1_RAT 32.718 190 17
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 167 17
Tibialis anterior Beta-enolase ENOB_RAT 47.326 90 10
Fructose biphosphate aldolase A ALDOA_RAT 39.783 92 11
Creatine kinase M-type KCRM_RAT 43.246 120 10
Carbonic anhydrase 3 CAH3_RAT 29.698 66 6
Actin, alpha skeletal muscle ACTS_RAT 42.366 184 16
Tropomyosin alpha-1 chain TPM1_RAT 32.718 60 7
Extensor digitorum Beta-enolase ENOB_RAT 47.326 137 15
longus Fructose biphosphate aldolase A ALDOA_RAT 39.783 109 12
Creatine kinase M-type KCRM_RAT 43.246 175 15
Carbonic anhydrase 3 CAH3_RAT 29.698 78 7
Actin, alpha skeletal muscle ACTS_RAT 42.366 70 7
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 156 18
Soleus Fructose biphosphate aldolase A ALDOA_RAT 39.783 72 7
Creatine kinase M-type KCRM_RAT 43.246 113 11
Carbonic anhydrase 3 CAH3_RAT 29.698 90 7
Actin, alpha skeletal muscle ACTS_RAT 42.366 122 12
Tropomyosin alpha-1 chain TPM1_RAT 32.718 181 19
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 167 17
Heart Creatine kinase M-type KCRM_RAT 43.246 155 16
Actin, alpha cardiac muscle 1 ACTC_RAT 42.334 82 9
Tropomyosin alpha-1 chain TPM1_RAT 32.718 131 13
Myosin-6 MYH6_RAT 224.168 920 16
Myosin light chain MYL3_RAT 22.256 94 9
Vacuolar proton pump subunit C1 VATC1_RAT 44.031 59 8
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 170 19
NADH-ubiquinone oxidoreductase NDUS1_RAT 80.331 70 9

75kDa subunit mitochondrial

Aldehyde dehydrogenase mitochondrial ALDH2_RAT 56.966 56 7

Database: SwissProt 56.0. Protein scores >56 are significant (p < 0.05).
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TABLE 3. IDENTIFIED MDA-PROTEIN ADDUCTS IN THE L1MB MUSCLES AND HEART
OF TUMOR-BEARING AND CONTROL RATS
MASCOT Peptide
Muscles Identified MDA-protein adducts Accesion no. Mass score matched
Gastrocnemius Beta-enolase ENOB_RAT 47.326 120 16
Creatine kinase M-type KCRM_RAT 43.246 151 15
Carbonic anhydrase 3 CAH3_RAT 29.698 126 11
Actin, alpha skeletal muscle ACTS_RAT 42.366 93 9
Tropomyosin alpha-1 chain TPM1_RAT 32.718 190 17
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 167 17
Tibialis anterior Beta-enolase ENOB_RAT 47.326 90 10
Fructose biphosphate aldolase A ALDOA_RAT 39.783 92 11
Creatine kinase M-type KCRM_RAT 43.246 120 10
Actin, alpha skeletal muscle ACTS_RAT 42.366 184 16
Tropomyosin alpha-1 chain TPM1_RAT 32.718 60 7
Extensor digitorum Beta-enolase ENOB_RAT 47.326 137 15
longus Fructose biphosphate aldolase A ALDOA_RAT 39.783 109 12
Creatine kinase M-type KCRM_RAT 43.246 175 15
Actin, alpha skeletal muscle ACTS_RAT 42.366 70 7
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 156 18
Soleus Beta-enolase ENOB_RAT 47.326 76 9
Fructose biphosphate aldolase A ALDOA_RAT 39.783 72 7
Creatine kinase M-type KCRM_RAT 43.246 113 11
Carbonic anhydrase 3 CAH3_RAT 29.698 20 7
Actin, alpha skeletal muscle ACTS_RAT 42.366 122 12
Tropomyosin alpha-1 chain TPM1_RAT 32.718 181 19
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 167 17
Heart Creatine kinase M-type KCRM_RAT 43.246 155 16
Actin, alpha cardiac muscle 1 ACTC_RAT 42.334 82 9
Tropomyosin alpha-1 chain TPM1_RAT 32.718 131 13
Myosin-6 MYH6_RAT 224.168 90 16
Myosin light chain MYL3_RAT 22.256 94 9
Vacuolar proton pump subunit C1 VATC1_RAT 44.031 59 8
ATP synthase subunit beta, mitochondrial ATPB_RAT 56.318 170 19
NADH-ubiquinone oxidoreductase NDUS1_RAT 80.331 70 9
75kDa subunit mitochondrial
Aldehyde dehydrogenase mitochondrial ALDH2_RAT 56.966 56 7

Database: SwissProt 56.0. Protein scores >56 are significant (p < 0.05).

type II fibers was significantly reduced (33%) in the gastroc-
nemius of tumor-bearing rats, whereas the reduction in type I
fiber size (24%) within the same muscle did not reach the
statistical significance (Fig. 6B). In TA, EDL, and soleus mus-
cles, no significant differences were observed between tumor-
bearing and control animals regarding the size of either type I
or type II fibers (Fig. 6B).

Fiber-type composition and oxidative stress. Interest-
ingly, in the gastrocnemius of cachectic animals, the im-
munohistochemical intensity of reactive carbonyls and
MDA-protein adducts was more prominent in type II than in
type I fibers of the cachectic rats (Fig. 6C; Tables 6 and 7).
Furthermore, type II fibers exhibited a significant increase in
the intensity of both reactive carbonyl and MDA-protein
adducts staining, as indicated by Hscore 4, in the gastrocne-
mius of tumor-bearing rats than in control muscles (Fig. 6C;
Tables 6 and 7).

Discussion

In the limb and cardiac muscles of cancer-induced cachectic
rats compared with control animals, the following changes
were observed: (a) greater protein carbonylation (both HNE-

and MDA-protein adducts) levels in the gastrocnemius, TA,
soleus, and heart; (b) a significant increase in Mn-SOD in the
heart, whereas catalase content was greater in both heart and
TA; (c) proteins involved in glycolysis, ATP production and
distribution, carbon dioxide hydration, muscle contraction,
and mitochondrial metabolism were significantly more oxi-
dized in the limb and heart muscles of the cachectic animals;
(d) the size of type II fibers was significantly reduced in the
gastrocnemius, but not in the other muscles, of the cachectic
animals; and (e) type II fibers of gastrocnemius muscles ex-
hibited a significant increase in protein carbonylation staining
in tumor-bearing rats.

Muscle redox balance

The Yoshida AH-130 ascites hepatoma is a suitable model
system for studying the mechanisms involved in cancer
cachexia. The growth of the tumor induces a progressive loss
of body weight and skeletal muscle proteins in the host. In-
terestingly, in the tumor-bearing animals, increased muscle
protein breakdown involves the activation of the ATP-
ubiquitin-dependent proteolytic pathway (23). In addition to
muscle protein loss, muscle DNA is decreased in these ani-
mals, leading to DNA fragmentation and apoptosis (47).
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TABLE 4. IDENTIFIED OXIDIZED PROTEINS IN LiMB MuUsCLES OF TUMOR-BEARING AND CONTROL RATS

Muscles Beta-enolase  Aldolase

Creatine kinase

Carbonic
anhydrase-3

ATP synthase

Actin  Tropomyosin  mitochondrial

Identified carbonylated proteins

Gastrocnemius
Control rats
Tumor-bearing rats

Tibialis anterior
Control rats
Tumor-bearing rats

Extensor digitorum longus
Control rats
Tumor-bearing rats

Soleus
Control rats
Tumor-bearing rats

++ 4+
++ 4+t

++ 4+ A+ A+t
++ ++ 4+ ++
++ ++ 4+t
++ ++

++

+4+ o+ +

Identified MIDA-protein adducts

Gastrocnemius
Control rats
Tumor-bearing rats

Extensor digitorum longus
Control rats
Tumor-bearing rats

Tibialis anterior
Control rats
Tumor-bearing rats

Soleus
Control rats
Tumor-bearing rats

4+ ++ A+t
4+ ++ ++

++ ++

++

++ ++ 4+ A+t
++ ++

++ o+ +

++

The present investigation is the first to provide evidence
of the posttranslational modifications induced by ROS on
proteins of fast- and slow-twitch fibers in limb and cardiac
muscles of rats exposed to cancer-induced cachexia for 7 days.
Interestingly, in agreement with our initial hypothesis, pro-
tein oxidation, as measured by either HNE- or MDA-protein
adducts, was increased in the gastrocnemius, TA, soleus, and
heart muscles of the cachectic rats compared with the con-
trols. However, levels of total reactive carbonyls, a marker of
direct reaction of multiple forms of ROS with proteins, were
significantly greater only in the gastrocnemius of the tumor-
bearing animals, but not in any of the other limb or heart
muscles. In view of these findings, it is possible to conclude

that peroxidation of membrane lipids within the myofibers is
likely to be a significant contributor to the observed post-
translational oxidative modifications of proteins in limb and
cardiac muscles of cachectic rats. Importantly, the current
findings also confirm results reported in a previous study in
which the redox balance was explored in the gastrocnemius
of rats exposed to the Yoshida ascites hepatoma for 7 days (3).

The mitochondrial enzyme Mn-SOD catalyzes the conver-
sion of two superoxide anions into hydrogen peroxide and
molecular oxygen. In this study, Mn-SOD protein levels were
significantly increased in the heart muscles of tumor-bearing
rats, whereas levels of this potent antioxidant did not differ
between cachectic and control animals in any of the limb

TABLE 5. IDENTIFIED OXIDIZED PROTEINS IN HEART OF TUMOR-BEARING AND CONTROL RATS

NADH-
Myosin  Vacuolar ubiquinone Aldehyde
Creatine light proton  ATP synthase oxidoreductase ehydrogenase
Muscles Kinase Actin Tropomyosin Myosin-6  chain ~ pump  mitochondrial ~mitochondrial mitochondrial
Identified carbonylated proteins
Heart
Control rats + + + + + + + + +
Tumor- bearing + + + + + + + + +
rats
Identified MIDA-protein adducts
Heart
Control rats + + + + + + + + +
Tumor- bearing + + + + + + + + +

rats
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FIG. 3. Mean values and standard deviation of total reactive carbonyls [optical densities (ODs) expressed in arbitrary
units (au)] of each identified protein in limb and heart muscles of cachectic and control rats. Note that levels of reactive
carbonyls of several muscle proteins [enolase, aldolase, creatine kinase (CK), carbonic anhydrase (CA)-3, actin, tropomyosin
(tropoMy), ATP synthase, and NADH-ubiquinone oxidoreductase (NADH-ubiQ)] were significantly greater in gastrocne-
mius, soleus, and heart, but not TA or EDL, of cachectic rodents than in control animals. Moreover, My-6, myosin light chain
(MyLC), vacuolar proton pump (VPP), and aldehyde-dehydrogenase (DH) also were oxidized in the cardiac muscles,
without showing significant differences between cachectic and control rats. Statistical significance is expressed as follows:
tumor-bearing rats (T) versus control rats (Ctl): *p < 0.05; **p < 0.001.

muscles. Catalase is a ubiquitous heme protein with great cat-
alytic activity, responsible for the detoxification of H,O, in
tissues, together with peroxiredoxins and glutathione perox-
idases. Interestingly, in tumor-bearing rats, the heart and TA
muscles exhibited a significant increase in catalase content
compared with those of control animals. Taken together, these
findings may suggest that in cancer cachectic muscles, regu-
latory mechanisms responsible for the induction of antioxi-
dants, especially of mitochondrial SOD, could be altered
(24, 25).

In the EDL muscle of tumor-bearing animals, cachexia did
not modify any of the oxidative-stress parameters or antiox-
idant mechanisms, although the muscle exhibited a consid-
erable percentage of weight loss. The specific function of this
limb muscle in the rat may explain these findings, because TA,
characterized by similar fiber-type composition, exhibited

significant increases in protein oxidation (HNE- and MDA~
protein adducts) and catalase content in the cachectic animals
compared with the control rats. The differences encountered
between these two limb muscles may have implications in the
design of future studies attempting to explore the specific
mechanisms whereby redox imbalance may trigger muscle
wasting in different limb muscles of cachectic animals.

Identified oxidized proteins in limb and cardiac muscles

In the current study, to understand the pathophysiologic
consequences of the posttranslational oxidative modifications
of muscle proteins, the nature of the oxidatively modified
proteins was identified. Importantly, this study is the first to
report that proteins involved in glycolysis, ATP production
and distribution, carbon dioxide hydration, and muscle con-
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FIG.4. Mean values (SD) of total MDA-protein adducts [optical densities (OD) expressed in arbitrary units (au)] of each
identified protein in limb and heart muscles of cachectic and control rats. Note that levels of MDA-protein adducts of
several muscle proteins [enolase, aldolase, creatine kinase (CK), carbonic anhydrase (CA)-3, actin, tropomyosin (tropoMy),
ATP synthase, My-6, myosin light chain (MyLC), vacuolar proton pump (VPP), NADH-ubiquinone oxidoreductase (NADH-
ubiQ), and aldehyde-dehydrogenase (DH)] were significantly greater in gastrocnemius, TA, soleus, and heart, but not EDL,
of cachectic rodents than in control animals. Statistical significance is expressed as follows: tumor-bearing rats (T) versus

control rats (Ctl): *p < 0.05; **p < 0.01; ***p < 0.001.

traction were shown to be significantly more oxidized in
limb muscles, especially the gastrocnemius, of cachectic rats
than in control rodents. Furthermore, the heart muscles of the
tumor-bearing animals also exhibited a significantly increased
oxidation (via MDA) of additional proteins such as vacuolar
proton pump, NADH-ubiquinone oxidoreductase (mitochon-
drial respiratory chain complex I), and mitochondrial aldehyde
dehydrogenases, which are usually involved in reactive alde-
hyde detoxification. In view of these findings, it is possible to
conclude that in cancer-induced cachexia, muscle proteins are
selectively targeted by ROS, and increased protein carbonyla-
tion is differentially regulated among limb and heart muscles.

Importantly, previous studies, in which in vivo or in vitro
models were used, already demonstrated oxidation of the
proteins identified in the present investigation (8-10, 14, 15,
18,19, 26,29, 32-34, 44, 45, 48, 49). For instance, we previously
showed that glycolytic enzymes, creatine kinase, carbonic

anhydrase-3, and o-actin were oxidatively modified in the
diaphragms of endotoxemic rats (8, 18) and in the quadriceps
(9, 10) and diaphragms of patients with severe COPD (26). In
addition, the vacuolar proton-pump enzyme was shown to
be inhibited by H,O; in brain synaptic vesicles (48). Interest-
ingly, creatine kinase, myosin light chain, ATP synthase, and
NADH-ubiquinone oxidoreductase were also identified to
be oxidatively modified in rabbit myocardium exposed to
ischemia/reperfusion periods (49). In other studies, mito-
chondrial complex I also was shown to be inactivated (32, 33),
whereas aldehyde dehydrogenase enzymes were differen-
tially regulated (34) by increased oxidative stress in the rat
brain (32) and in gastrocnemius and heart of senescent rats
(33, 34). It follows that these posttranslational modifications
usually occur in critical amino acid residues of proteins sen-
sitive to both selective oxidation and nitration phenomena
(45), which may result in either gain (fibrinogen) (15) or loss of
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FIG. 6. (A) Proportions of type I and type II fibers (left and right panels, respectively) did not significantly differ between
tumor-bearing (T) and control rats (Ctl) in any of the limb muscles. (B) The size of type I fibers (left panel) did not significantly
differ between cachectic and control rats in any of the limb muscles. However, the size of type II fibers (right panel) was
significantly reduced (33%; **p < 0.01) in the gastrocnemius of the tumor-bearing rats (T) compared with the controls (Ctl). (C)
Representative examples of type I and type II fibers (left and right top panels, respectively) in the gastrocnemius of a tumor-
bearing rat. Representative examples of MDA-protein adduct and reactive carbonyl immunostaining in the gastrocnemius of
the same tumor-bearing animal (left and right bottom panels, respectively). Note that the staining of both MDA-protein adducts
and reactive carbonyls was more prominent within the type II fibers of this limb muscle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www .liebertonline.com/ars).
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TABLE 6. HisToCHEMICAL SCORES CORRESPONDING
TO PROTEIN CARBONYLATION STAINING IN TYPE |
AND TYPE II F1BERS OF THE GASTROCNEMIUS
MuscLE IN RaTs

Control Tumor-bearing
Type I fibers, Hscore 0, % 1.7 (1.4) 1.1 (1.5)
Type 1I fibers, Hscore 0, % 0 0.1 (0.1)
Type I fibers, Hscore 1, % 58 1 (11.8) 48.7 (4.9)
Type 1I fibers, Hscore 1, % 1(2.8) 6.3 (3.1)
Type I fibers, Hscore 2, % 81 3 (3.9) 92.2 (16.3)
Type 1I fibers, Hscore 2, % 145.4 (5.6) 129.8 (18.8)
Type I fibers, Hscore 3, % 13.5 (18.9) 43.2 (33.9)
Type II fibers, Hscore 3, % 55 4 (14.8) 79.9 (38.9)
Type I fibers, Hscore 4, % 1(4.2) 2.1 (2.8)
Type 1I fibers, Hscore 4, % 9 (3.5) 28.6 (4.9)%

Results are expressed as mean (SD).
Statistical significance of the results: “p <0.001, differences in
tumor-bearing rats compared to control animals.

protein function (15, 19, 24, 25, 29, 32, 33, 45, 48, 49), as well as
in accelerated protein degradation by the proteasome (31, 44).
Clearly, future studies will shed light on the specific mecha-
nisms whereby the posttranslational oxidative modifications
may lead to muscle protein loss or dysfunction or both in
cancer-induced cachexia models.

Muscle structure and fiber-type oxidative stress

The size of fast-twitch fibers was significantly reduced
(33%) in the gastrocnemius of the cachectic rats compared
with control animals. As far as we are concerned, this is the
first study in which muscle structure has been explored in
both fast- and slow-twitch limb muscles of rats exposed to
cancer-induced cachexia. In a previous investigation, soleus
muscle fibers from Apc™™/* mice also were shown to be of
smaller size to those of the control wild-type animals (28).
Nonetheless, the structure of the fast-twitch muscles was not
explored in that study (28). In the current investigation, limb
muscles exhibiting rather pure slow- or fast-twitch pheno-
types did not show any significant differences in muscle

TABLE 7. HisToCHEMICAL SCORES CORRESPONDING
TO MDA-PROTEIN ADDUCTS STAINING IN TYPE I
AND TyPE II FIBERS OF THE GASTROCNEMIUS
MuscLE IN RaTs

Control Tumor-bearing
Type I fibers, Hscore 0, % 17.4 (7.6) 9.1 (11.1)
Type 1I fibers, Hscore 0, % 0.9 (0.6) 0
Type I fibers, Hscore 1, % 54.1 (7.2) 54.8 (15.4)
Type 1I fibers, Hscore 1, % 8.3 (2.6) 6.1 (2.9)
Type I fibers, Hscore 2, % 82.2 (9.5) 65.8 (19.5)
Type 1I fibers, Hscore 2, % 55.4 (6.3) 52.7 (4.7)
Type I fibers, Hscore 3, % 21.6 (5.9) 334 (14.2)
Type 1II fibers, Hscore 3, % 1259 (8.4) 138.2 (35.4)
Type I fibers, Hscore 4, % 0 4.8 (4.6)
Type 1I fibers, Hscore 4, % 88.1 (7.1) 129.0 (18.8)°

Results are expressed as mean (SD).
Statistical significance of the results: “p <0.001, differences in
tumor-bearing rats compared to control animals.
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structure between tumor-bearing and control rats. Impor-
tantly, the present data are consistent with previous obser-
vations, in which a loss in the number and size of type II fibers
was reported in the vastus lateralis of elderly subjects (20-22).
Normal aging is usually associated with sarcopenia, which is
characterized by reduced both muscle mass and strength. In
this regard, phenotypic changes encountered in senescent
muscles may resemble those also occurring in cachectic mus-
cles because of the presence of a malignant disease. Future
studies will provide insight into the molecular triggers and
signaling pathways leading to protein loss, predominantly in
fast-twitch fibers of cachectic animals. It could be concluded,
however, that increased protein oxidation may be one up-
stream mechanism likely involved in protein hypercatabolism
or apoptosis or both within fast-twitch fibers in cancer-
induced cachexia, because reactive carbonyl and MDA-
protein adduct staining was significantly more prominent in
type II fibers of the cachectic rats than in control animals.
Although we acknowledge that these results must be inter-
preted cautiously, we also believe that these preliminary
findings will serve as the basis for the design of future in-
vestigations attempting to explore whether increased oxida-
tive stress leads to type II fiber atrophy and loss in cachectic
muscles. Clearly, future studies will shed light on the specific
pattern of muscle fiber-type composition observed in cancer-
induced cachexia as well as on the similarities or differences
(or both) with other chronic conditions also characterized by
muscle-mass loss and atrophy.

Study limitations

A first limitation in this investigation is related to its de-
scriptive nature. However, on the basis of currently available
literature, it is not possible to answer the questions that the
study addresses. Therefore, our study represents a first at-
tempt to determine whether protein carbonylation is differ-
entially regulated in several skeletal and cardiac muscles of
cancer cachectic rodents and whether the carbonylated pro-
teins are selectively targeted in this model. Mechanistic in-
sights into the direct implications of protein carbonylation on
muscle atrophy will be clearly provided in future studies.

A second limitation has to do with the lack of functional
data in this study. As previously mentioned, a first step in this
field of investigation was to explore the specificity of the ox-
idative phenomena of skeletal and cardiac muscle proteins as
well as their differential regulation in cancer cachexia. Future
studies will definitely be designed to assess specifically the
functional effects of carbonylation on the target proteins as
well as its biologic implications on mitochondrial function,
muscle metabolism, and contractile properties.

The fact that any respiratory muscle, particularly the dia-
phragm, was not analyzed in the present investigation con-
stitutes another potential limitation that deserves specific
attention. In this regard, at an initial stage of this line of re-
search, we chose to focus selectively on the peripheral mus-
cles, because so far these have been shown to be most affected
in cancer cachexia models (3, 12, 16, 46, 47). Moreover, the
current investigation is somehow an extension of a previously
published study (3), in which the gastrocnemius was shown
to be severely affected in cancer cachexia, and protein oxi-
dation levels were considerably increased in this muscle.
Clearly, in our group, ongoing studies are currently being
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conducted, in which the specificity and differential regula-
tion of protein carbonylation and other indices of oxidative
stress, as well as their functional implications, will be widely
explored in the diaphragm of rodents exposed to cancer-
induced cachexia. Furthermore, corresponding results will be
compared with those obtained in the peripheral skeletal and
cardiac muscles.

Conclusions

We conclude that cancer cachexia alters the redox balance
in several fast- and slow-twitch limb and heart muscles, in-
ducing significantly increased oxidative modifications of pro-
teins involved in glycolysis, ATP production and distribution,
carbon dioxide hydration, muscle contraction, and mitochon-
drial metabolism. Furthermore, cancer-induced cachexia leads
to a reduction in the size of fast-twitch fibers in the gastroc-
nemius muscle, which is associated with greater protein car-
bonylation within these fibers.
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Abbreviations Used

ACN = acetonitrile
BSA =bovine serum albumin
CHAPS = 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate
CHCA = a-cyano-4-hydroxycinnamic acid
DNA = deoxyribonucleic acid
DNP = 2,4-dinitrophenyhydrazone
DNPH = 2,4-dinitrophenylhydrazine
DTT = dithiothreitol
EDL = extensor digitorum longus
EDTA = ethylenediaminetetraacetic acid
HCI = hydrochloric acid
HNE = hydroxynonenal
HEPES = N-(2-hydroxyethyl) piperazine-N’-
(2-ethanesulfonic acid)
HRP = horseradish peroxidase
Hscore = histochemical score
Ig =immunoglobulin
IPG = immobilized pH gradient
MDA =malondialdehyde
MALDI-TOF = matrix-assisted laser desorption/ionization
time-of-flight
MS = mass spectrometry
PMSF = phenylmethylsulfonyl fluoride
PVDF = polyvinylidene difluoride
RNS =reactive nitrogen species
ROS = reactive oxygen species
SDS-PAGE = sodium dodecylsulfate polyacrylamide gel
TA =tibialis anterior
TFA = trifluoroacetic acid
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