
ORIGINAL ARTICLE

Decreased NADPH oxidase expression and antioxidant
activity in cachectic skeletal muscle

Melanie J. Sullivan-Gunn &

Siun P. Campbell-O’Sullivan & Michael J. Tisdale &

Paul A. Lewandowski

Received: 22 February 2011 /Accepted: 27 July 2011 /Published online: 11 August 2011
# The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract
Background Cancer cachexia is the progressive loss of
skeletal muscle protein that contributes significantly to
cancer morbidity and mortality. Evidence of antioxidant
attenuation and the presence of oxidised proteins in patients
with cancer cachexia indicate a role for oxidative stress.
The level of oxidative stress in tissues is determined by an
imbalance between reactive oxygen species production and
antioxidant activity. This study aimed to investigate the
superoxide generating NADPH oxidase (NOX) enzyme and
antioxidant enzyme systems in murine adenocarcinoma
tumour-bearing cachectic mice.
Methods Superoxide levels, mRNA levels of NOX enzyme
subunits and the antioxidant enzymes superoxide dismutase
(SOD), glutathione peroxidise (GPx) and catalase was
measured in the skeletal muscle of mice with cancer and
cancer cachexia. Protein expression levels of NOX enzyme
subunits and antioxidant enzyme activity was also mea-
sured in the same muscle samples.
Results Superoxide levels increased 1.4-fold in the muscle
of mice with cancer cachexia, and this was associated with

a decrease in mRNA of NOX enzyme subunits, NOX2,
p40phox and p67phox along with the antioxidant enzymes
SOD1, SOD2 and GPx. Cancer cachexia was also
associated with a 1.3-fold decrease in SOD1 and 2.0-fold
decrease in GPx enzyme activity.
Conclusion Despite increased superoxide levels in cachectic
skeletal muscle, NOX enzyme subunits, NOX2, p40phox and
p67phox, were downregulated along with the expression and
activity of the antioxidant enzymes. Therefore, the increased
superoxide levels in cachectic skeletal muscle may be
attributed to the reduction in the activity of endogenous
antioxidant enzymes.
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1 Introduction

Cancer cachexia is a condition of progressive muscle
wasting that develops as a secondary condition in response
to tumour growth [1]. While cachexia develops in a wide
range of pathologies including anorexia nervosa, acquired
immunodeficiency syndrome, amyotrophic lateral sclerosis,
congestive heart failure and various malignant cancers,
cancer cachexia has been reported to develop at a faster rate
than any other cachectic condition [1]. Approximately half
of all patients with cancer experience cachexia and almost a
third of mortalities are estimated to result from cachexia [2].
Tumour growth induces a specific catabolic response in
skeletal muscle that causes the accelerated loss of protein,
characterised by the significant loss of body weight [3].
Animal tumour models have been used to investigate
cancer cachexia, developing up to 30% loss in body weight
after tumour cell implantation. NMRI mice implanted with
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murine adenocarcinoma (MAC) 16 present with solid
tumour growth and cachexia [4], as have been shown in
rats bearing the Yoshida AH-130 hepatoma [5], character-
istic of the human cancer cachectic condition.

An abundance of evidence exists for the induction of the
ubiquitin (Ub)-proteasome proteolytic pathway in the
development of cancer cachexia; however, evidence of
protein oxidation in cancer cachectic patients suggests the
involvement of reactive oxygen species (ROS) [6]. Studies
in both humans and animals with cancer cachexia have
shown the presence of oxidised proteins [6]. Furthermore,
cancer patients have been shown to present with elevated
levels of serum ROS and lower antioxidant levels [7],
indicative of a pro-oxidative shift. Similarly, increased
levels of ROS have been shown in cachectic tumour-
bearing rats, with no compensatory response from antioxidant
enzymes [5]. Although the catabolic mechanism leading to
the severe muscle wasting associated with cancer develop-
ment remains relatively unknown, there is evidence to
suggest a role for ROS [7].

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) is a multicomponent enzyme that when
activated catalyzes the production of superoxide anion
(O2

−). The NOX2 enzyme consists of five subunits
segregated into membrane bound, NOX2 (gp91phox) and
p22phox, and cytosolic, p67phox, p47phox and p40phox, units.
On stimulation, the protein components of the NOX2
enzyme assemble, forming the active oxidase and the
production of O2

− [8]. It has been apparent in recent years
that non-phagocytes possess homologues to NOX2, and
that these NOX enzymes may activate in a similar manner
to the well-established phagocyte NOX2 enzyme [9].
Currently, there are five known NOX homologues
(NOX1-5) found to function in a variety of tissues, with
the expression of both NOX2 and NOX4 enzyme subunits
in skeletal muscle tissue, although its function in this
particular cell system remains undefined [10]. Despite the
unknown functionality of the NOX enzymes in skeletal
muscle tissue, O2

− generated from NOX has been impli-
cated in progressive skeletal muscle damage [11]. The
abundance of evidence for NOX enzyme-generated O2

− in
disease [11], establishes its potential role in the catabolic
skeletal muscle wasting in cancer cachexia.

It is well-known that ROS are generated in skeletal
muscle as an essential by-product of cellular metabolism
and oxidative enzymes [12]. Due to the high metabolic
activity and oxidative capacity of skeletal muscle, the
antioxidant system is a crucial component for the mainte-
nance of cellular oxidative homeostasis [13]. With the
knowledge that ROS are likely catabolic factors in the
development of cancer cachexia, antioxidant enzymes are
of equal importance for their crucial role in the maintenance
of cellular oxidative homeostasis and the protection against

harmful ROS [13]. O2
− is dismutated by the O2

− specific
antioxidant enzyme, superoxide dismutase (SOD). Three
distinct forms of SOD exist in the intracellular cytoplasmic
compartment (SOD1), mitochondria (SOD2) and extracel-
lular matrix (SOD3) [14]. The SOD enzymes catalyse the
conversion of O2

− to H2O2, which is further converted by
catalase and glutathione peroxidise (GPx) scavenging [14].
A depression in these antioxidant enzyme systems can
consequently lead to an imbalance in cellular oxidation and
oxidative tissue damage [13], which has been shown
particularly in response to disease [5]. Endogenous anti-
oxidants such as SOD and GPx are low in cancer patients
presenting with high levels of ROS, indicating the importance
of tight regulation from endogenous antioxidants [7].

The Ub-proteasome proteolytic pathway has been
established in cancer-induced cachexia. In addition,
tumour-derived factors such as TNF-α and proteolysis-
inducing factor (PIF) are well recognised in the cancer
cachectic condition [15]. What is yet to be elucidated,
however, are the downstream mediators of this complex
system, in response to tumour growth and development of
cancer cachexia. A study by Russell et al. [16] proposed a
cachectic pathway of increased Ub gene expression,
downstream of NOX-generated ROS production, estab-
lishing a potential role for the NOX enzymes in mediating
skeletal muscle atrophy through the Ub-proteasome
proteolytic pathway.

Therefore, this study aims to investigate the O2
−

generating NOX and antioxidant enzyme systems in a
well-established animal model of cancer cachexia. In
particular, this study aims to determine O2

− levels and
NOX enzyme system expression (NOX2, NOX4, p22phox,
p40phox, p47phox, p67phox and Rac1) in the skeletal muscle
of cachectic (MAC16) tumour-bearing mice compared to
non-cachectic (MAC13) tumour-bearing mice. Further-
more, this study aims to determine levels of the primary
antioxidants for O2

− and H2O2 dismutation (SOD1, SOD2,
SOD3, catalase and GPx), in the skeletal muscle of tumour-
bearing cachectic mice (MAC16) compared to tumour-
bearing non-cachectic (MAC13) mice.

2 Methods

2.1 Animal model of cancer-induced cachexia

All experimental procedures were carried out with approval
from the Victoria University Animal Ethics Committee
(AEETH 07/05). Two weight-matched groups of female
BALB/c nu/nu mice were maintained under controlled
environmental conditions, 12-h light/dark cycle, 21°C±
2°C, 30% humidity, in conventional cages with ad
libitum access to standard chow and water throughout
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the course of the study. As has previously been
described [4], donor mice were used to establish and
maintain a tumour line, which consistently produced
tumour growth (MAC13) (n=3) and tumour growth with
cachexia (MAC16) (n=4). Tumour fragments grown and
maintained in donor mice were dissected and re-implanted
subcutaneously into the flank of recipient mice with
frequent monitoring and recording of body weight and
tumour size. With cachectic weight loss evident at
approximately 9–12 days post implantation, mice were
anaesthetised, using pentobarbital sodium (70 mg/kg), for
tissue collection before weight loss exceeded 25% of
original body weight or before tumour growth exceeded
1,000 mm3. Skeletal muscle tissue was collected, weighed
and immediately snap-frozen in liquid nitrogen and stored
at −80°C for later use.

2.2 Detection of O2
− by DHE fluorescence staining

Skeletal muscle O2
− was measured using O2

−-sensitive
Dihydroethidium (DHE) dye. Cell-permeable DHE reacts
with O2

−, converting DHE into ethidium fluorescence.
DHE (5 μM) was applied to quadriceps cross-sections
(5 μm) and incubated in a light-protected oven at 37°C for
30°min. The sections were washed with PBS to remove
excess DHE, and fluorescence was assessed by way of
fluorescence microscopy (Axiocam HBO 50/AC, Zeiss,
Germany). The muscle was analysed in three sections to
obtain measurements from the whole tissue. Ethidium
fluorescence density was detected from the whole section
with MCID imaging software (Imaging Research Inc,
Australia) and expressed as arbitrary units of fluorescence.

2.3 Reverse transcription real-time PCR

RNA was extracted from frozen quadriceps muscle using
Tri Reagent (Molecular Research Centre), according to the
manufacturer's protocol. Total RNA concentration was
determined spectrophotometrically at 260 nm. Prior to
reverse transcription (RT), all RNA samples were DNase-
treated (Promega), and first-strand cDNA was generated
from 1-μg RNA using AMV RT (Promega). Pre-designed
TaqMan Gene Expression Assays (Applied Biosystems)
were used containing specific primers and probes for the
genes of interest. Real-time PCR was performed using
Applied Biosystems 7500 detection system and PCRs were
performed using TaqMan Gene Expression Master Mix
(Applied Biosystems). To compensate for variations in
input RNA amounts and efficiency of reverse transcription,
GAPDH mRNA was quantified and all results were
normalised to these values. Fluorescent emission data were
captured and mRNA levels were analysed using the CT

value [17].

2.4 Protein electrophoresis and western blotting

Protein was extracted from frozen quadriceps muscle
homogenised in ice-cold radio-immunoprecipitation assay
buffer containing Tris–HCl (50 mmol/L; pH 7.4), NaCl
(150 mmol/L), NP-40 (1%), sodium deoxycholate (0.5%)
and SDS (0.1%) and centrifuging at 13,000×g for 15 min at
4°C, to remove insoluble material. The protein concentra-
tion was determined by the Bradford method (Bio-Rad) and
equal amounts of protein were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes. The
membranes were blocked for 2 h at room temperature in
Tris-buffered saline containing Tris–HCl (20 mM; pH 7.6)
NaCl (137 mM) and Tween 20 (0.1%) with 5% BSA and
probed with primary antibodies for either NOX2
(gp91phox), p40phox, p67phox or GAPDH (1:200; Santa Cruz
Biotechnology) overnight at 4°C. Antibody binding was
detected using horseradish peroxidase-conjugated secondary
antibody (1:50,000; Santa Cruz Biotechnology). The protein
bands were detected by SuperSignal West Dura chemilumi-
nescence reagents (Thermo Scientific). The LAS 4000
Imaging System (Fujifilm Life Science, USA) was used to
visualize protein bands, and densitometry was performed with
MultiGauge software (Fujifilm Life Science, USA). To
compensate for variation in protein loading, the relative
density of immunoreactive bands were normalised to the
density of the corresponding bands for GAPDH.

2.5 Antioxidant enzyme activity and hydrogen
peroxide assays

Spectrophotometric assay kits were used to measure SOD
(Cayman-706002), catalase (Cayman-707002) and GPx
(Cayman- 703102) activity and hydrogen peroxide (Cayman-
600050) levels, in muscle homogenates. Frozen muscle pieces
(100 mg) were placed in ice-cold HEPES buffer (20 mM)
containing EGTA (1 mM), mannitol (210 mM) and sucrose
(70mM) and adjusted to a pH of 7.2 (10ml/g). Muscle aliquots
were homogenised in buffer, using a glass on glass homoge-
niser, and centrifuged at 1,500×g for 5 min at 4°C to remove
insoluble connective tissue. For the detection of SOD1 and
SOD2, cytosolic and mitochondrial fractions were separated.
The supernatant was centrifuged at 10,000×g for 5 min
at 4°C, and the resulting supernatant, containing the
cytosolic fraction, was collected for SOD1 enzyme
analysis. The remaining pellet containing the mitochon-
drial fraction was resuspended and homogenised in ice-
cold HEPES buffer (20 mM) for SOD2 enzyme analysis.
SOD1 and SOD2 activity was measured in cytosolic and
mitochondrial muscle fractions, respectively. The amount
of enzyme activity and hydrogen peroxide levels were
calculated and standardised for protein using the Bradford
method (Bio-Rad).
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2.6 Statistical analysis

Statistical analysis was performed using SPSS statisti-
cal package (version 15.0). Results are expressed as
mean±SEM. Differences were determined by one-way
ANOVA with Tukey HSD as posthoc to determine
significant differences between groups, and results were
considered statistically significant if p values were equal
to or <0.05.

3 Results

3.1 Establishment of murine model of cancer and cancer
cachexia

Female BALB/c nu/nu mice were implanted with the
MAC13 cell line (n=12) that had previously developed a
tumour in the same mouse model at approximately 9–
12 days post implantation (n=3) and where the animal did
not lose weight. Another group of female BALB/c nu/nu
mice were implanted with the MAC16 cell line (n=16) that
had previously developed a tumour in the same mouse
model at approximately 9–12 days post implantation (n=4)
and lost approximately 15–25% of their original body
weight were used in this study. Mouse body weight and
skeletal muscle weights were recorded at tissue collection
and evaluated as a measure of body mass and skeletal
muscle cachexia for all mice. Body weight and quadricep
weights were significantly less in cachectic (MAC16
tumour-bearing mice) when compared to mice with cancer
alone (bearing MAC13 tumours) (p<0.001; p=0.003,
Table 1). To account for any differences in calorie intake
between the groups, food intake was recorded throughout
the course of the study and showed no differences between
cachectic and cancer mice (Table 1).

3.2 O2
− levels in skeletal muscle of cancer and cancer

cachectic mice

O2
− levels were measured by histological DHE fluores-

cence in skeletal muscle sections from mice with cancer

and cachexia. Skeletal muscle O2
− levels were significantly

higher in cachectic mice (9.36±2.67 AU) when com-
pared to mice with cancer (6.47±0.77 AU) alone (p=
0.001, Fig. 1).

3.3 mRNA expression of pro-oxidant and antioxidant
enzymes in skeletal muscle of cancer and cancer
cachectic mice

The mRNA level of the NOX2 and NOX4 enzyme systems
previously shown to express in skeletal muscle to generate
O2

− were measured in mice with cancer and cancer
cachexia. The mRNA of the regulatory and catalytic
NOX2 enzyme subunits NOX2, p40phox and p67phox were
lower in the skeletal muscle of cachectic mice when
compared to mice with cancer alone (p=0.031; p<0.001;
p=0.002, Table 2). However, the mRNA expression of the
additional NOX enzyme subunits, NOX4, p22phox and
p47phox and Rac1 were similar in skeletal muscle from mice
bearing with cancer and cancer cachexia (Table 2). The
mRNA level of SOD antioxidant enzymes responsible for
the dismutation of O2

− were measured in mice with cancer
and cancer cachexia. The mRNA level of the SOD1 and
SOD2 were significantly lower in the skeletal muscle from
cachectic mice when compared to mice with cancer alone
(p=0.007; p<0.001, Table 2). Similarly, the mRNA level of
the H2O2 scavenging antioxidant enzyme GPx was lower in
skeletal muscle from cachectic mice compared to mice with

Table 1 Mean body weight, quadriceps weight and food intake of
mice with cancer and cancer cachexia

Weight Cancer Cachexia

Body weight (g) 22.3±0.3 17.1±0.3*

Quadriceps (mg) 117.0±4.2 90.1±2.1*

Food intake (g) 3.6±0.3 3.6±0.5

The values represent the mean±SEM

*P<0.003, statistically significant differences
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Fig. 1 O2
− levels in the skeletal muscle of mice with cancer and

cancer cachexia. The values represent the mean±SEM. Statistically
significant difference *P=0.001. a O2

− levels detected by dihydroe-
thidium (DHE) fluorescence expressed as arbitrary units of fluores-
cence . The values represent the mean±SEM. Statistically significant
difference *P=0.001. b Histological DHE fluorescence in the skeletal
muscle of mice with cancer and cancer cachexia
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cancer alone (p<0.001, Table 2). However, the antioxidant
enzymes SOD3 and catalase had similar mRNA levels in
both groups (Table 2).

3.4 Protein levels of NOX2 enzyme subunits in skeletal
muscle of cancer and cancer cachectic mice

Changes in the mRNA levels of the key NOX2 enzyme
subunits—NOX2, p40phox and p67phox—lead to further
analysis of protein expression. The protein expression of
the regulatory and catalytic NOX2 enzyme subunits
NOX2 and p40phox were lower in cachectic mice when
compared to mice with cancer alone (p=0.021; p<0.012,
Fig. 2). However, the protein expression of p67phox was
similar in skeletal muscle from mice in both groups
(Fig. 2).

3.5 Antioxidant enzyme activity and hydrogen peroxide
levels in skeletal muscle of cancer and cancer cachectic
mice

To validate changes in mRNA and protein levels, SOD1,
SOD2, catalase and GPx activity levels were measured in
skeletal muscle of mice with cancer and cancer cachexia.
SOD1 and GPx activities were significantly lower in
skeletal muscle from cachectic mice (SOD1 9.9±0.9 U/mg
protein, GPx 0.74±0.22 mmol/min/mg protein) when com-
pared to mice with cancer alone (SOD1 11.2±0.8 U/mg
protein, GPx 1.48±0.08 mmol/min/mg protein) (p<0.003,
Table 3). However, levels of SOD2 and catalase activity were
similar in both groups of (Table 3). H2O2 levels were similar

in skeletal muscle from cachectic mice and mice with cancer
alone (Table 3).

Table 2 Gene expression in skeletal muscle of mice with cancer and
cancer cachexia

Cancer Cachexia

Gene expression (AU)

NOX2 11.8±2.3 5.0±1.1*

p22phox 88.7±2.9 75.5±10.5

p40phox 21.4±2.8 7.9±1.6*

p47phox 5.7±1.2 7.3±1.4

p67phox 367±92.7 15.6±3.3*

NOX4 4.3±0.6 8.5±2.7

Rac1 3.6±1.1 7.5±1.6

SOD1 350±36.5 120±37.8*

SOD2 122±8.0 59.4±5.4*

SOD3 2.6±0.3 1.8±0.3

Gpx 23.5±2.3 12.8±1.2*

Catalase 49.3±7.3 43.2±5.6

The values represent the mean±SEM

*P<0.003, statistically significant differences
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Fig. 2 Protein expression levels of NOX2 enzyme subunits in the
skeletal muscle of mice with cancer and cancer cachexia. The
values represent the mean±SEM. Statistically significant differences
*P<0.05. a NOX2, b p40phox, c p67pho
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4 Discussion

Levels of O2
− were increased in cancer-induced skeletal

muscle cachexia. Evidence of this was found with increased
levels of O2

− detected by DHE fluorescence in the skeletal
muscle of cachectic mice, when compared to non-cachectic
mice. However, the NOX enzyme systems do not appear to
be the source of increased O2

− in cancer-induced skeletal
muscle cachexia. In fact, we observed a decrease in the
expression of the NOX2 enzyme subunits, NOX2, p40phox

and p67phox in cachectic skeletal muscle. Although this
study would imply an additional source of O2

− production
in cancer-induced skeletal muscle cachexia, what may be of
greater importance is the decrease in antioxidant enzyme
function, primarily responsible for O2

− dismutation. While
this study may be indicative of a lack of compensation by
SOD1 and GPx, it may give evidence for their depression, in
response to cancer induction and lack of dismutation of even
normal cellular O2

− production. The decrease in antioxidant
gene expression and activity that function as part of the
cellular defence system, for the elimination of O2

− and H2O2,
may indicate antioxidant dysfunction in cachectic skeletal
muscle, rather than an increase in ROS production.

Cancer induces changes in skeletal muscle that lead to an
imbalance in protein synthesis and degradation, resulting in
muscle protein loss and function [1]. Interestingly, not all
cancer patients develop this secondary condition, and it is
this phenomena that has made the development of cancer
cachexia relatively undefined [1, 2]. In order to investigate
this complex condition, we investigated a model that
utilises two similar MAC models, only one of which
induces the secondary muscle wasting condition of cancer
cachexia. The significant decline in body weight (15–25%)
and skeletal muscle mass that was observed in mice bearing
the MAC16 tumour, demonstrated the development of
cancer-induced skeletal muscle cachexia. While the
MAC16 cancer cachectic model is well-established in NMRI
mice [4], this study mimics the cachectic condition in
MAC16 tumour-bearing nude mice. This model of cancer
and cancer cachexia establishes a direct comparison between

a cancer control and cancer cachectic mouse model.
Contrasting studies have implicated the importance of calorie
restriction in the development of cancer cachexia; however,
our study, like others [18], did not observe any change in
food intake from cachectic mice. This study therefore
suggests a more complex catabolic-mediated response to
protein degeneration, in the development of cancer cachexia.

The physical changes in skeletal muscle were mirrored
by significant cellular oxidative changes in response to
MAC16 induction and cachectic development. In particular,
the significant increase in O2

− levels observed in cachectic
skeletal muscle indicates that O2

− is implicated in the
cancer cachectic condition. Previous studies have proposed
a central mediating role for ROS in the development of
cancer cachexia [5, 18]; however, the source of ROS in this
process remains to be elucidated. The knowledge that the
NOX enzyme system functions primarily to produce O2

−

[19], recognises NOX-generated O2
− as more than a by-

product of cellular metabolism, but rather a product of a
regulated response to stimuli for a physiological purpose.
This function of NOX makes this enzyme system the
potential source of O2

−, vulnerable to changes associated
with the cancer condition and development of cachexia. To
our knowledge, this study is the first to investigate the
NOX enzymes in cancer cachectic skeletal muscle. Inter-
estingly, the NOX2 enzyme has consistently been shown to
increase in degenerative conditions [19]; however, this
study does not support an increase in the NOX2 enzyme in
cancer cachexia.

It is evident, however, from this study and others, that
the absence of a functioning antioxidant enzyme system to
dismutate O2

− is present in cancer cachectic skeletal muscle
[20]. Cellular oxidative stress has been implicated in
skeletal muscle wasting conditions with marked attenuation
following antioxidant induction [21]. Despite the increase
in O2

- in cachectic skeletal muscle that is indicative of a
need for SOD activity, we observed a depression in SOD1
activity levels. Furthermore, our SOD gene expression data
would appear to suggest that the inability for SOD to
compensate for the increase in O2

− is regulated at the gene
level. Alterations in this important protective system can
lead to oxidative imbalance, and induce critical changes to
cellular structure and function [20]. Antioxidant enzymes
are valuable indicators of ROS production as well as
changes in cellular redox signalling and evidence of cell
functionality [13]. The consequences of SOD antioxidant
enzyme modifications have been demonstrated in studies
investigating SOD knockout models. Muller et al. [22]
demonstrated an age-dependent loss of muscle mass in
mice lacking SOD1, as well as a significant decrease in
their average life span. Furthermore, Sun et al. [23]
investigated the effects of SOD1 and SOD2 overexpression
in Drosophila that demonstrated a decrease in cumulative

Table 3 Enzyme activity and H2O2 levels in skeletal muscle of mice
with cancer and cancer cachexia

Cancer Cachexia

SOD1 (U/mg protein) 23.3±0.8 17.8±0.9*

SOD2 (U/mg protein) 11.2±0.8 9.9±0.8

Catalase (mmol/min/mg protein) 4.1±0.4 3.5±0.2

GPx (mmol/min/mg protein) 1.48±0.08 0.74±0.22*

H2O2 (μM) 1.11±0.07 1.15±0.04

The values represent the mean±SEM

*P<0.003, statistically significant differences
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oxidative damage and increased metabolic potential, with
an increased life span by up to 37% and 75%, respectively.
These models demonstrate a crucial role for SOD1 shown
through its significant contribution to oxidative damage and
muscle degeneration.

It is also not surprising that with a decline in O2
−

dismutation by SOD, to convert O2
− to H2O2, the gene

expression and activity of the H2O2 scavenging antioxidant
enzyme GPx would also decrease. Consequently, these
important cellular systems would indeed contribute to
significant changes in redox-sensitive signalling pathways
in cancer cachexia. SOD, not only has a crucial role in
eliminating O2

− accumulation, but also plays an important
role in intracellular redox-sensitive signalling and regula-
tion of oxidative systems [13]. As ROS have been
described as important mediators of redox-sensitive intra-
cellular signalling, so too are the antioxidants that regulate
them. It is well-known that with the generation of
intracellular O2

−, SOD1 functions to dismute O2
− to H2O2

[14]. H2O2 in particular, has been shown to be involved in
numerous signalling cascades, and therefore, its cellular
regulation, via SOD, has the potential to influence a
number of important cellular pathways [24]. The changes
in SOD1 function would indeed have critical consequences
to cellular function that is most certainly redox-related.

A circulatory protein, PIF was first described as a
causative agent in cachexia when it was discovered in mice
expressing the MAC16 tumour [25]. As this glycoprotein
was initially discovered in the sera of mice bearing the
cachectic MAC16 tumour, but not in the sera of the mice
bearing the non-cachectic MAC13 tumours, it was regarded
as an important factor in the development of cancer
cachexia [25]. The accelerated loss of skeletal muscle
protein in cachexia has been attributed to Ub-proteasome
pathway activation [15, 26], and PIF has been shown to
induce this pathway of skeletal muscle atrophy [26].
Although the PIF/Ub pathway indeed plays an important
role in the development of cancer cachexia [15], a number
of additional mechanisms are most likely involved [27].
Preproteasomal mechanisms, mediators, receptor binding,
signalling pathways and activation of specific transcription
factors are all important considerations [3] and ROS have
been implicated in these cellular processes.

Collectively, the results of this study suggest influential
signalling involving O2

− and antioxidant enzymes in cancer
cachectic skeletal muscle. However, the signalling pathway
(s) leading to the decrease in the NOX2 subunits and
antioxidant enzyme expression, together with decreased
antioxidant enzyme activity in cachectic skeletal muscle
remains undefined. In response to ROS, cells activate the
expression of a number of genes via transcription factor
regulation, leading to modifications in the gene expression
of important proteins, including antioxidant enzymes [13]

and those involved in muscle protein synthesis and
regeneration [28]. Furthermore, it is possible to speculate
that the downregulation of the NOX2 enzyme system is a
compensatory response to O2

− accumulation, induced
primarily by SOD and GPx antioxidant system dysfunction
and is therefore a regulated response to O2

− build-up in the
cellular system. However, with the knowledge that ROS
can cause damage to cellular proteins [29], it is possible
that the decrease in the NOX2 enzyme subunits and
antioxidant enzymes is a result of protein oxidation. With
this in mind, it would be important to investigate these
oxidative systems and the oxidative status of cachectic
skeletal muscle during the progression of the disease.

5 Conclusion

It is evident from cachectic studies that show the presence
of oxidised proteins and attenuation following antioxidant
administration that ROS play an important role in the
development of cachexia. Although the exact mechanisms
are poorly defined, experimental research in the NOX
enzyme systems have indicated a number of important roles
for ROS, in addition to direct oxidative tissue damage, for
its involvement in redox-sensitive signalling pathways.
While studies have implicated the involvement of ROS in
the pathogenesis of cachexia and have suggested a role for
NOX, this study suggests that the increase in O2

− in
cachectic skeletal muscle is a result of antioxidant dysfunc-
tion. However, what remains unclear is whether this result
is a regulated response in the cellular system or an
important contributor to the changes observed in skeletal
muscle physiology. Furthermore, with the well-established
role for the Ub-proteasome pathway in cancer cachexia, the
increase in O2

− levels in our study provides evidence of a
signalling role for O2

− in this pathway of skeletal muscle
atrophy in cancer cachexia. While these results, along with
the additional findings of this study indeed demonstrate
complex changes in cachectic skeletal muscle, this multi-
factoral condition coupled with a multifunctional system,
further demonstrates the complexity of skeletal muscle
response(s) to cancer induction. It is therefore important to
understand further the role that these oxidative and
antioxidative systems play in the skeletal muscle system
and development of cancer cachexia.
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