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Chronic inflammation and excessive loss of skeletal muscle usually occur during cancer cachexia, leading to functional impairment
and delaying the cure of cancer. The release of cytokines by tumor promotes the formation of reactive oxygen species (ROS), which
in turn regulate catabolic pathways involved in muscle atrophy. ROS also exert a dual role within tumor itself, as they can either
promote proliferation and vascularization or induce senescence and apoptosis. Accordingly, previous studies that used antioxidants
to modulate these ROS-dependent mechanisms, in cancer and cancer cachexia, have obtained contradictory results, hence the
need to gather the main findings of these studies and draw global conclusions in order to stimulate more oriented research in
this field. Based on the literature reviewed in this paper, it appears that antioxidant supplementation is (1) beneficial in cancer
cachectic patients with antioxidant deficiencies, (2) most likely harmful in cancer patients with adequate antioxidant status (i.e.,
lung, gastrointestinal, head and neck, and esophageal), and (3) not recommended when undergoing radiotherapy. At the moment,
measuring the blood levels of antioxidants may help to identify patients with systemic deficiencies. This approach is simple to realize
but could not be a gold standard method for cachexia, as it does not necessarily reflect the redox state in other organs, like muscle.

1. Introduction are produced endogenously (e.g., mitochondrial respiratory
chain) and intervene in essential physiological mechanisms
including phagocytosis, redox signaling, neurotransmission,
proliferation, differentiation, and apoptosis [6-8]. Contrari-
wise, in pathological conditions, excessive ROS levels could
lead to the development of oxidative stress (OS). OS is defined
as a “disruption of the redox balance towards an increase
in prooxidant over the capacity of antioxidants, leading to a
perturbation of redox signaling and control and/or molecular
damage” (i.e., lipids, protein, and DNA) [5, 9].

Several pieces of evidence suggest a key role for ROS
in the development of muscle atrophy in response to the
inflammatory profile related to cancer cachexia [10, 11].
Importantly, ROS also exert a double-faced role in tumor

Approximately, 50% of patients with advanced stage of cancer
experience cachexia and more than the third die following
the loss of ~75% of skeletal muscle mass [1]. Cachexia is
defined as a multifactorial syndrome characterized by a loss
of more than 5% of total body weight mainly due to skeletal
muscle wasting with or without depletion of adipose tissue
[2]. Thus, the management of cancer cachexia is primordial to
achieve a successful treatment. Pharmacological agents and
single-nutritional interventions proposed to treat cachexia
mainly resulted in an increase of fat mass but failed to
effectively restore lean body mass [3, 4]. Indeed, muscle
wasting is the component of cachexia that has the greatest
negative impact on quality of life and anticancer treatment

efficiency [2], hence the need to ameliorate our knowledge
and understand the underpinning molecular mechanisms
involved in cachexia-associated muscle catabolism.

Reactive oxygen species (ROS) are highly reactive, unsta-
ble, and short-lived molecules that play a crucial role in
both health and disease [5]. Physiological amounts of ROS

through triggering either growth/progression or death [8].
Accordingly, a number of clinical and preclinical studies of
cancer and cancer cachexia have used antioxidants including
vitamins E and C, -carotene, a-lipoic acid, carbocysteine,
and N-acetylcysteine, to antagonize or modulate these ROS-
sensitive mechanisms. Unfortunately, the obtained results
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were not always positives but sometimes without any signif-
icant effect or even deleterious [12-19]. Indeed, if the use of
antioxidants appears to be complicated in cancer, it could
be even more problematical in cancer cachexia given the
intricate tissue crosstalk and the disruption of redox balance
that takes place in many organs, including skeletal muscle,
heart, liver, and blood [17, 20, 21]. In other words, high levels
of ROS could be present at different sites, at the same time,
and exert distinct roles in an organ-dependent manner. For
example, the inhibition of ROS could be beneficial in skeletal
muscle to reduce the magnitude of atrophy but deleterious
within tumor as this may accelerate proliferation and growth
[17, 22]. This multiorgan presence of ROS confers to cachexia
an overelaborate nature and, thus, makes the intervention
with antioxidants more perplexing.

Additionally, the self-prescription and uncontrolled use
of supplements by patients may distort the conclusions
regarding benefits or harms of antioxidant supplementation.
Epidemiological studies have shown that more than 50% of
patients increase their consumption of complements after
diagnosis of cancer, without any medical prescription [23].
Antioxidant and nutritional supplements are used by cancer
patients as they believe that these compounds feature a pow-
erful anticancer activity [24]. Definitely, an adequate uptake
of multivariate/multicolor fruits and vegetable is necessary
for a healthy life-style and the world cancer research fund
(WCRF) advise cancer patients to obtain antioxidants from
food rather than supplements [25], whereas the random
consumption of high-doses antioxidant complements is a
real threat for cancer patients, as it can alter the efficacy of
anticancer therapies and negatively influence tumor growth
[26]. The use of antioxidants in cancer and cachexia has
always been a polemical issue, hence the need to gather the
main existing knowledge in an attempt to answer a number
of essential questions and improve our understanding on this
topic: how can the undifferentiated use of supplements by
cancer patients impact tumor and anticancer treatment? Can
some tumor types also benefit from antioxidants? How can
we improve the use of such compounds? What is the factor
that will provide eligibility for a cancer patient to undergo
antioxidant supplementation?

2. Multiorgan Presence of Oxidative Stress
Markers during Cancer Cachexia: Skeletal
Muscle, Blood, Heart, and Liver

Clinical Studies. Oxidative damage markers were increased in
the skeletal muscle of cachectic patients. Specifically, patients
with lung cancer exhibited an increase in the levels of protein
carbonyls in vastus lateralis, which correlated positively with
muscle proteolysis [28]. The interesting study from Buck’s
team showed that lipid peroxidation adducts, malondialde-
hyde (MDA), were elevated within skeletal muscle (i.e., vastus
lateralis) of patients with colon, lung, and esophageal cancer
comparing to control subjects [29]. In addition to muscular
OS, systemic OS seems to be exacerbated specifically after the
onset of cachexia, since ROS production in the blood was
greater in cachectic patients with lung cancer, comparing to
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noncachectic patients with lung cancer [30]. Mantovani and
coworkers established a direct association between systemic
OS and the performance status of cachectic patients. They
found that the high blood levels of ROS were somehow
associated with increased fatigue, decreased autonomy, and
elevated concentrations of proinflammatory cytokines [31].
Liver biopsies from cachectic patients with esophageal, lung,
and kidney carcinomas also revealed an increase in hepatic
MDA-protein adducts [32]. Interestingly, the inflammatory
profile associated with cachexia reduced the hepatic drug
clearance in cancer patients via depressing the expression
of cytochrome P450 (CYP) in liver, namely, CYP3A [33,
34]. This could prolong the blood exposures of drugs and
increase toxicity risk in patients undergoing chemotherapy.
Furthermore, CYP3A is involved in the metabolism of several
opioid analgesics used to alleviate cachexia symptoms; thus
the decrease in CYP3A expression and activity could also

affect the management of pain in cancer cachectic patients
(33, 34].

Animal Studies. OS was also reported in skeletal muscle
and other tissues of cachectic animals. For example, protein
carbonylation and lipid peroxidation adducts, namely, 4-
Hydroxynonenal (4-HNE) and MDA, were increased in
the gastrocnemius (Gas) muscle of rats bearing Yoshida
AH-130 hepatoma tumor [35]. In our own laboratory, we
have shown that implantation of colon 26 (C26) cells into
BALB/c mice induced cachexia and skeletal muscle atrophy.
Cachectic C26 mice exhibited a net augmentation in pro-
tein carbonyls and 4-HNE content within plasma, without
any change in skeletal muscle. The absence of muscular
oxidative damage in our model could be attributed to the
upregulation of catalase expression, exclusively, in atrophied
muscles [17]. Other experimental studies have also shown
that mice bearing Walker 256 and MAC13/16 tumors devel-
oped cardiac cachexia in response to DNA and/or protein
oxidative damage in heart tissues [20, 36]. Additionally,
mice bearing C26 tumor exhibited an upregulation in gene-
specific inflammation within heart and manifested a reduc-
tion in cardiomyocytes diameter, loss of ventricular mass,
and systolic dysfunction [37-39]. Indeed, the treatment of
primary rat cardiomyocytes with the conditioned milieu of
C26 cells induced atrophy, increased mitochondrial stress,
and triggered an aberrant lipid oxidation metabolism [39].
These data suggest that tumor-borne factors promote cardiac
dysfunction in cachexia. Besides heart atrophy, cachexia was
able to suppress the expression of CYP in liver of mice [40]
and increase ROS production ~12-fold in liver of cancer
bearing rats [21]. Therefore, tumor-derived factors are mainly
responsible for the deregulation of body redox homeostasis
and the development of OS that might lead to multiorgan
failure and enhance cachexia progression (Figure 1). As
skeletal muscle wasting is a key feature of cancer cachexia,
hereafter, we will focus and describe main ROS-dependent
mechanisms involved in muscle proteolysis and the interplay
between tumor and muscle.
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FIGURE 1: The central role of tumor in the development of oxidative stress at multiple organs during cachexia. Tumor is the main responsible
factor for the development of OS at different organs and the consecutive disruption of their vital functions. Indeed, chemicals released by
tumor in the systemic circulation can reach multiple destinations like heart, muscle, and liver. For example, TNF-« and IL-6 can induce
anorexia, leading to inadequate synthesis of reducing compounds like NADPH in the liver. Additionally, IL-6, TNF-«, and myostatin (Mstn)
upregulate the activity of ROS-producing enzymes within heart/skeletal muscles, leading to the activation of several catabolic pathways and
muscle proteolysis. As a direct result, heart/skeletal muscles are atrophied, oxidative injuries accumulated, and antioxidant (AO) defense
becomes inefficient, giving way to multiorgan failure and cancer cachexia evolution.

3. ROS Production and Inflammation:
Causality Link and Principal Mechanisms

3.1. Tumor-Derived Chemicals

Clinical Studies. Proinflammatory cytokines, transforming
growth factor-beta (TGF-) family ligands, and other tumor-
specific mediators like proteolysis-inducing factor (PIF) are
expressed and released continuously by tumor cells [41].
Once in bloodstream, these mediators can easily reach
skeletal/cardiac muscles and promote ROS formation by
binding to their cognate receptors expressed on the sur-
face of muscle cells [42]. Basically, ROS promote muscle
wasting and cachexia progression through the activation of
three main catabolic pathways: ubiquitin proteasome system
(UPS), autophagy lysosome pathway, and calcium-dependent
calpain pathway. Elevated levels of tumor necrosis factor-
a (TNF-«), interleukin-6 (IL-6), and PIF were reported in
biological fluids (e.g., blood and urine) of patients experienc-
ing cachexia [28, 29, 31, 43]. In pancreatic cancer patients,
systemic inflammation was correlated with the activation of
proteasome system in skeletal muscle [44]. Interestingly, gas-
tric cancer patients with no weight loss exhibited an increase
in calpain activity in the rectus abdominis muscle, without
any change in the expression of key components of the UPS,
MuRF-1, and MAFbx [45]. On the other hand, proteasome
activity was significantly higher within rectus abdominis of

weight-losing patients with advanced stage of gastric cancer
[46]. These findings may emphasize the fact that calpains
are activated earlier during cachexia related to gastric cancer,
before substantial weight loss and hypercatabolism of skeletal
muscle by the UPS. In other cancers, such as esophageal
cancer, muscle proteolysis seems to be dependent on the
activities of lysosomal proteases, cathepsins B and L, indicat-
ing a possible involvement of autophagy in the pathogenesis
of muscle wasting clinically [47]. Together, these data may
suggest that the activation of a specific catabolic pathway
depends on the type of cancer and, therefore, the nature of
circulating humoral factors. For example, excessive skeletal
muscle loss and cachexia related-death culminate in patients
with colorectal, pancreatic, and lung cancer, whereas those
with breast, sarcomas, and non-Hodgkin’s lymphoma are
usually spared [48].

Animal and Cell Culture Studies. The presence of high ROS
levels within muscle cells alters the function of numerous
organelles, which in turn may induce muscle dysfunction
and foster the degradation process of sarcomeric proteins
[49]. For example, hydrogen peroxide (H,0,) induces endo-
plasmic reticulum stress leading to myoplasmic calcium
(Ca**) accumulation and, therefore, the activation of calpains
[50, 51]. Calpains promote the disintegration of sarcomere
structure and liberation of actin/myosin filaments for the
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FIGURE 2: Role of ROS as a second messenger in the activation of proteolysis pathways. Tumor cells produce great amounts of proinflammatory
cytokines and TGF-f3 family ligands, such as TNF-a and Mstn, respectively. Once in bloodstream, these mediators can easily reach skeletal
muscle and activate several catabolic pathways, by signaling through their specific receptors. TNF-« induces the activation of NOX found
in muscle fibers. The elevated activity of NOX and XO (XO is usually located within blood capillaries irrigating muscle) during cachexia
is responsible for the great production of anion superoxide (O,"") molecules, which are rapidly converted into hydrogen peroxide (H,0O,).
Accumulation of H,0,within muscle fibers induces sarcoplasmic reticulum stress and the subsequent massive release of calcium (Ca*") ions.
The increase of intracellular Ca®" concentrations activates calpains 1and 2 (Cap-1and Cap-2), which in turn promote sarcomere disintegration
and myofibrillar proteins liberation. H,O,can activate IkB kinase (IKK) or SMAD3, leading to the phosphorylation of IkB and the dissociation
of the NF-kB/IkB complex. Subsequently, NF-«B is released and ready to translocate into the nucleus. Additionally, P-SMAD2/3 transducers
remove the sustained inhibitory phosphorylation of P-FOXO1/3 exerted by Akt and, therefore, allow its nuclear accumulation. Upon their
entry into the nucleus, P-NF-«B and FOXO1/3 promote the transcriptional activation of MURF-1 and MAFDbx, respectively. Then, MURF-1
and MAFbx tagged myofibrillar proteins with polyubiquitin chains to undergo proteolytic processing by the proteasome core (adapted from

(27]).

proteasome machinery [49]. In parallel, ROS mobilize vari-
ous transcriptional factors directly involved in the regulation
of genes related to catabolic pathways. A previous study
demonstrated that nuclear factor-xB (NF-xB) was rapidly
activated by H,O,, following treatment of C2C12 muscle cells
with TNF-« [10]. We have also shown that circulating levels
of TNF-« were increased in cachectic mice bearing colon
tumor and coincided with a greater phosphorylation of the
NF-«B (p65) subunit, within atrophied muscles [17]. The
nuclear accumulation of NF-xB promotes the transcriptional
upregulation of muscle-specific E3 ubiquitin-ligases, MuRF-
1 and MAFbx, which in turn tag myofibrillar proteins (i.e.,
myosin) with polyubiquitin chains for proteasome processing
[52]. NF-xB also induces the expression of proteasome
subunits and proinflammatory cytokines, like IL-6, thereby
maintaining a vicious circle [53, 54]. In the same way, IL-
6 was described as a potent activator of signal transducer
and activator of transcription 3 (STAT3), which controls
the activation of UPS-dependent elements [55] and both
expression and activity of cathepsins B and L in the atrophied

muscles [11]. Accordingly, the blockade of IL-6 with a specific
antibody attenuated cachexia severity and muscle wasting in
C26 mice [11]. High levels of Forkhead box (FOXO) were also
reported in muscles of cachectic animals [56]. Thus, emerging
pieces of evidence suggest a possible role for ROS in con-
trolling the transcriptional activity of FOXO [57], which is a
master regulator of a plethora of genes related to the UPS and
autophagy mechanisms such as autophagosome biosynthesis
and autophagosome-lysosome fusion [58]. Figure 2 illustrates
the role of ROS as a second messenger in the activation of
main catabolic pathways within skeletal muscle, in response
to bona fide tumor cytokines.

3.2. Eicosanoids

Clinical Studies. Lipoxygenase (LOX) and cyclooxygenase
(COX) are two enzymes producing potent inflammatory
mediators called eicosanoids. Brain, skeletal muscle, and
some tumor types express both enzymes and specific recep-
tors for eicosanoids [59]. Three isoforms are identified for
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LOX (5-LOX, 12-LOX, and 15-LOX) and two for COX
(COX-1 and COX-2). Arachidonic acid (AA) constitutes the
main substrate for LOXs, to produce leukotriene (LT) and
hydroxyeicosatetraenoic (HETE) acid, and for COX in the
synthesis process of prostaglandin (PG) and thromboxane
(TAX) [59]. Clinically, six-week selective inhibition of COX-
2, using celecoxib, reduced the severity of cachexia symptoms
in lung cancer patients through improving muscle strength
and lowering the circulating levels of C-reactive protein
(CRP) (marker of systemic inflammation) [60]. Treatment
with celecoxib, during four months, was also effective in
attenuating the blood levels of TNF-«, decreasing fatigue, and
increasing lean body mass in patients with ovary, pancreas,
and colorectal cancer [61]. Similar findings were obtained
from patients with head and neck cancer treated with cele-
coxib for three weeks [62]. These clinical results suggest a
potential role for COX-2 in promoting chronic inflammation
observed in cancer cachexia and the related muscle wasting.
Nonetheless, there is a lack of information concerning the
regulation of LOX in clinical cancer cachexia.

Animal and Cell Culture Studies. In experimental cancer
cachexia, the inhibition of 5-LOX using CV-6504 attenuated
tumor growth and cachexia progression in animals bearing
MACI6 and MAC26 adenocarcinoma [63, 64]. Additionally,
the inhibition of COX-1/2 using indomethacin or COX-
2 with NS 398 rescued muscle wasting related to Lewis
lung carcinoma (LLC) or C26 tumor but had no effect
on muscle loss in mice bearing B16 melanoma [65, 66].
Importantly, the preservation of muscle mass was due to
the regression of tumor growth and reduction in circulating
eicosanoids and IL-6 amounts as well as the decrease in TNF-
« receptor-1 levels within Gas muscles [65-67]. These find-
ings indicate that the crosstalk between tumor and skeletal
muscle and the resulting catabolic response depend largely
on LOX/COX metabolites and cytokines. Importantly, these
eicosanoids could mediate the catabolic actions of tumor-
derived cytokines through activating a number of ROS-
producing enzymes and increasing ROS generation [68, 69].
For example, in response to specific tumor factors, high levels
of 15-HETE could be produced to enhance ROS production
and protein degradation within muscle cells [69]. There-
fore, we suppose that “cytokines-eicosanoids-ROS-muscle
catabolism” is the main axis through which tumor induces
muscle loss during cachexia.

4. Main Sources of ROS in Cancer Cachexia
4.1. Elevated Activity of ROS-Producing Enzymes

4.1.1. Xanthine Oxidase

Clinical Studies. In normal conditions, the highest levels of
xanthine oxidoreductase (XOR) activity are present in intes-
tine of mammals, contrary to muscles tissues in which XOR
activity is very low [70]. XOR exists in two interconvertible
forms that are xanthine dehydrogenase (XDH) and xanthine
oxidase (XO). In several pathological states, the presence of
proinflammatory cytokines promotes the cleavage of XDH

to XO, which instead uses molecular oxygen to catalyze the
hydroxylation of hypoxanthine to xanthine and, then, to
uric acid, producing ROS, mainly anion superoxide (O, ")
and H,0, [71]. The role of XO was mainly addressed in
cancer patients, regardless of the stage of cachexia. Herein,
we will describe a number of these studies, in an attempt
to elaborate a hypothesis about the eventual role of XO
in cancer cachexia. Studies in humans demonstrated an
increase in blood XO activity in patients with non-small-cell
lung carcinoma (NSCLC), small-cell lung carcinoma (SCLC),
head and neck carcinoma, and liver cancer compared to
control patients [72-74]. The activity of XO was in most cases
positively correlated with prooxidant parameters in blood
samples (i.e., lipid peroxidation adducts) [72, 74]. An elevated
activity of XO was also noted in the plasma of patients with
acute lymphoblastic lymphoma, while patients with cervix
cancer exhibited a low activity of XO [75]. However, there
is a lack of information concerning the modulation of XO
activity in the skeletal muscle of cancer patients. Based on
clinical data, it appears that the activity of XO in blood is most
likely elevated in cancer patients and, therefore, its inhibition
could be beneficial. Accordingly, accumulating evidences
from animal studies globally support an involvement of XO
in the pathophysiology of cancer cachexia. Thus, the activity
of XO is expected to increase in cachectic cancer patients, but
clinical studies are still needed to confirm such hypothesis.

Animal Studies. In the experimental models of cancer
cachexia, rats bearing Yoshida tumor and mice bearing
MACI6 adenocarcinoma, the activity of XO was elevated
in skeletal and/or cardiac muscles and correlated with an
increase in muscle oxidative damage [20, 76-78]. Although
XO is not usually present at high levels within skeletal
muscle, the hyperactivation of XO during cachexia could
be explained by an increase in the cleavage of XDH to XO
[76]. The small number of studies that addressed the role of
XO in cachexia-induced muscle wasting demonstrated that
targeting XO with selective inhibitors such as allopurinol
(4 and 40 mg/kg/day), oxypurinol (4 and 40 mg/kg/day),
and febuxostat (5mg/kg/day) can reduce body weight loss
and skeletal muscle/heart atrophy [76-78]. The molecular
mechanisms behind these beneficial effects of XO inhibi-
tion are mainly (1) attenuation of oxidative damage within
skeletal muscle, (2) inhibition of DNA binding potential of
transcription factors like NF-«B and STAT-3, (3) reduction
of proinflammatory cytokines expression, (4) decrease in the
expression of key components of the UPS (e.g., ubiquitin,
MuRF-1), and (5) reinforcement of protein synthesis path-
ways (e.g., Akt activation) [76-78]. Preliminary results from
our laboratory indicate that treatment of C26 tumor-bearing
mice with allopurinol (50 mg/kg/day) partially prevented the
decrease in extensor digitorum longus (EDL) muscle fiber
diameter but failed to improve total body and skeletal muscle
weight loss (Table 1). This could be attributed to the fact
that protein carbonyls and 4-HNE content, although present
in plasma, were absent in skeletal muscle, while in the
study of Springer et al., showing improvement of muscle
mass after allopurinol administration, the content of protein
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TaBLE 1: Impact of allopurinol on cachexia symptoms in C26 mice. Balb/C mice subcutaneously inoculated with 1 x 10° C26 cells have received
daily dose of allopurinol (50 mg/kg/day) or vehicle (PBS). Mice weight was daily monitored and skeletal muscles were weighted at the end of
the protocol. Fiber diameter was determined from at least 100-150 fibers per muscle histological section, stained with the Gomori method.

Data are mean + SEM (n = 8/group).

Control C26 C26-allo
Initial body weight (g) 23.6+0.6 23.4+0.6 239407
Final body weight (g) 259+0.5 215+21 201+18
ABody weight (g) 23+05 -2.2+2.05° -3.8+13"
Soleus weight (mg) 71+1.7 6.4+23 7+33
Gas weight (mg) 128.1+14.4 94.5 +15.1 915 + 22.7°
EDL weight (mg) 10.7 £ 2.3 8+1.8° 8.2+15°
EDL fiber diameter (ym) 41.62+24 29.8 +5.7° 36.8+5.2°

P < 0.001 versus control; *P < 0.01 versus C26; Gas: Gastrocnemius; and EDL: extensor digitorum longus.

carbonyls was greater within wasted muscles and significantly
decreased in response to allopurinol [76]. Additionally, allop-
urinol failed to attenuate systemic oxidative damage in C26
mice. This may indicate that XO is not a primary actor in the
pathogenesis of muscle wasting related to C26 tumor.

4.1.2. Nicotinamide Adenine Dinucleotide Phosphate Oxidase

Clinical Studies. The family of nicotinamide adenine dinu-
cleotide phosphate oxidase (NOX) produces both O,"” and
H,0,[79]. Seven isoforms have been identified to produce
ROS, among which NOX-4 produces H,0, and NOX-
1, NOX-2, and NOX-5 generate O,” [79]. In conditions
evoking chronic inflammation, which is the case of cachexia,
high amounts of ROS originating from NOX could negatively
influence gastrointestinal and pancreatic cancer development
[80]. Clinically, the expression of NOX-1 and NOX-4 in
tumor was associated with poor survival and cancer relapse
[81, 82]. Another isoform, NOX-5, was also found to be over-
expressed in numerous cancers, including colon, melanoma,
breast, lung, and prostate cancer [80]. However, the role of
NOX in cancer and cancer cachexia has not been addressed
in depth clinically and further studies are needed to establish
its exact role. At the moment, it seems that the expression
of NOX within tumor is associated with cancer progression
[80].

Animal and Cell Culture Studies. TNF-a, IFN-y, PIF, and
Angiotensin-II (Ang-II) are known to induce ROS pro-
duction via the activation of NOX [83, 84]. In a model
of Ang-II-infused mice, the high formation of O, levels
within muscles upregulated the expression of E3-ligases
MuRF-1/MAFbx and promoted proteasome-mediated pro-
teolysis [83]. This elevated production of O, was NOX-
dependent, since its blockade with a specific inhibitor, apoc-
ynin, partially prevented atrophy. Contrariwise, it is thought
that the enhanced O,” formation within skeletal muscle
of cachectic mice bearing MACI6 tumor was due to an
aberrant antioxidant response rather than an increase in NOX
activity [85]. PIF was able to promote phospholipase A2-
catalyzed release of AA from membrane phospholipids. The
conversion of AA into 15-HETE, by 15-LOX, promoted NOX-
induced O, production and the subsequent activation of

NE-xB/UPS proteolysis pathway in muscle cells [69]. In
addition to skeletal muscle, LOX/NOX signaling is one of
the prosurvival mechanisms that makes pancreatic cancer
cells unresponsive to anticancer treatments [86]. Since NOX
controls the activation of various downstream kinases that
play an essential role in proliferation, differentiation, and
inflammation, the silencing of NOX isoforms, especially
NOX-4, could provide a particular therapeutic interest to
limit cancer cells proliferation and reduce the magnitude of
muscle degradation.

4.1.3. Nitric Oxide Synthase

Clinical Studies. Nitric oxide (NO) is a free radical produced
enzymatically by NO synthase (NOS) from L-arginine. NOS
exists in three different isoforms: Type I NOS and Type
III NOS (eNOS), expressed constitutively in the skeletal
muscle, and Type II NOS also called inducible NOS (iNOS)
expressed exclusively in the presence of proinflammatory
cytokines such as TNF-«, IFN-y, and IL-1 [87]. At high con-
centration, NO can induce nitrosative stress through reacting
with O,” and, subsequently, producing elevated levels of
peroxynitrite molecules extremely injurious for muscle [5].
Nitrotyrosine is usually used as a biomarker to evaluate
the level of nitrosative damage. Today, it is admitted that
the arginine/NO metabolism is altered in cachectic patients
and responsible for the inhibition of protein synthesis and
activation of proteolysis [88]. High NO levels were found in
plasma of patients with gastric cancer comparing to those
without cancer [89]. Cachectic patients with advanced stages
of cancer presented a greater NO production, nitrotyrosine
content, and iNOS expression in skeletal muscle tissues,
comparing to noncachectic subjects [29, 87]. Importantly,
iNOS was also found to be expressed in tumor tissues of
patients and its expression correlated positively with tumor
size and aggressiveness, especially in breast and colorectal
cancer [90].

Animal and Cell Culture Studies. In cachectic nude mice
overexpressing TNF-« gene, the NOS system was activated
and responsible for the disruption of D-Jun/myogenin-
complex binding to the myosin creatinine phosphokinase
enhancer (MCK-E) box, leading to muscle atrophy and
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dedifferentiation [91]. The inhibition of NOS, by nitro-L-
arginine, prevented weight loss and muscle wasting in TNF-
a-treated animals [91]. Apoptosis is one of the mechanisms
that could be involved in muscle atrophy. Caspase-3, jointly
with calpains, mediates the dissociation of actinomyosin
complex, making myofilaments susceptible to UPS degrada-
tion [49]. Interestingly, a link between iNOS and apoptosis
activation has been suggested, since the administration of
IL-15 to cachectic rats inhibited apoptosis by disturbing
TNF-« signaling and the resulting NO formation [92]. In
C2CI2 cells, TNF-a« and IFN-y were able to induce the
activation of NF-xB and its downstream target iNOS [93].
The activation of TNF-a/NF-xB/iNOS pathway was efficient
to promote the degeneration of muscle via stimulating the
loss of proteins playing a key role in muscle cell proliferation
and differentiation such as MyoD [93]. These compelling
evidences indicate that selective inhibition of iNOS could
decelerate cachexia progression in cancer.

4.2. Mitochondrial Dysfunction. A scarce number of preclin-
ical studies have addressed the mitochondrial events that
occur within skeletal muscle during cancer cachexia but data
from humans are still lacking. Mitochondrial dysfunction
and altered mitochondrial plasticity are a primary source
of ROS generation in cachexia. ROS exert direct deleterious
effects on mitochondrial respiratory chain (MRC) complexes
(i.e., complexes I, II, and IV) by decreasing their activities
in skeletal and respiratory muscles of cachectic mice [94].
Thus, it makes sense that ROS-mediated MRC dysfunction
could lead to impaired oxidative phosphorylation and low
adenosine triphosphate (ATP) synthesis. In numerous animal
models of cachexia related muscle wasting, skeletal mass
degradation was associated with a decrease in respiratory
chain activity and low ability of wasted muscles to synthetize
the required ATP [95, 96]. Indeed, treatment of C2CI2
muscle cells with LLC conditioned culture medium (rich
in proinflammatory mediators) increased ROS production
and reduced ATP production [97]. These disruptions in
respiratory chain function were mainly due to mitochondrial
loss (i.e., mitophagy), structural abnormalities (i.e., giant
mitochondria), and increased uncoupling proteins (UCPs)
expression, namely, UCP2 and UCP3 [98, 99]. As depicted in
Figure 3, a weak ATP production leads to alow mitochondrial
transmembrane potential [100], allowing mitochondria to
generate excessive amounts of ROS potentially damaging for
mitochondria membrane and muscle. Thus, there is a ROS-
ATP-ROS loop during cachexia. ROS primarily produced in
response to inflammatory stimuli disturb the MRC function
within muscle, leading to a decreased ATP formation [97].
This poor ATP level is a favorable condition for high mito-
chondrial ROS production [100], thereby maintaining the
vicious circle. The mitochondrial energetic inefficiency and
the subsequent accumulation of oxidative insults may impede
the capacity of muscle to generate sufficient force and ensure
basic physical needs [101]. This ROS-dependent mechanism
observed in skeletal, cardiac, and respiratory muscles may in
part explain the increased fatigue and decreased autonomy
observed in cachectic individuals with advanced stages of
cancer.

4.3. Defective Antioxidant Responses

Clinical Studies. In addition to the above-mentioned sources
of ROS, the loss of antioxidant counterbalance and control
can exacerbate OS in cancer cachexia. At the systemic level,
SOD activity was upregulated in patients, with stage II to
stage IV cancer, presenting a good performance status, while
SOD activity decreased along with GPx activity in cachectic
patients with compromised physical performance at stage
IV [31], indicating that high grade cancer and poor muscle
strength are, most likely, associated with a weak enzymatic
antioxidant activity. Furthermore, patients bearing breast
or colon cancer displayed a low blood level of reduced
glutathione (GSH) [102]. The decrease in GSH content may be
due to a decrease in the available substrates needed for GSH
synthesis. In fact, glucose plays a pivotal role in the synthesis
of compounds with high reducing potential, like NADPH,
through the pentose phosphate pathway. NADPH is required
for (1) the reduction of GSH disulphide (GSSG) to GSH,
by the GSH reductase, and (2) formation of active catalase
tetramers [103]. The perturbations in glucose metabolism and
reduced nutrients supply, due to symptoms such as anorexia
and vomiting, can lead to an inadequate synthesis of reducing
compounds and, therefore, may explain the GSH deficiency
observed in cachectic individuals [104].

Animal and Cell Culture Studies. Treatment of C2C12 cells
with TNF-a caused a net decrease in GSH content, which
coincided with elevated ROS generation and atrophy devel-
opment [105]. In line with these in vitro findings, both
expression and activity of SOD and GPx decreased in the
skeletal/cardiac muscles of cachectic mice [20, 85, 106]. On
the other hand, other experimental studies found that the
expression of SOD was upregulated within atrophied skeletal
muscles [28, 76]. We have reported an increase in catalase
expression within skeletal muscle of cachectic mice without
any change in CuZnSOD and MnSOD expression [17].
Nonetheless, studies that denoted an increase in SOD activity
have also demonstrated an increase in OS profiles, suggesting
that SOD activation was ineflicient and insuflicient to antag-
onize muscular and systemic OS. An accumulation of high
H,0, rates due to the elevated SOD activity might explain
this paradox. However, data available from the literature
strongly suggest that the decrease of muscle and blood GSH
content, GSH/GSSG ratio, and GPx activity occur during
cancer cachexia related muscle wasting. In addition to the
involvement of ROS in the pathophysiology of muscle wast-
ing, these species directly regulate the growth/death balance
within tumor itself and several ROS-dependent mechanisms
have been unveiled (see Section 6).

5. The Dual Role of ROS in Tumor

Clinical Studies. The role of ROS in cancer has been previously
discussed in detail [107, 108]. Contrary to skeletal muscle in
which lessening oxidative damage is relatively advantageous
during cachexia, the reduction of tumor OS could be delete-
rious in some cases. ROS play a dual role within tumor; on
the one hand they have the ability to promote tumorigenesis
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FIGURE 3: Mitochondrial dysfunction in wasted muscles. High ROS amounts present within atrophied muscles impair mitochondrial ATP
synthesis by causing direct oxidative damage in the electron transport chain. This weak ATP production leads to a low mitochondrial
transmembrane potential, allowing mitochondria to produce very excessive rates of ROS, thereby maintaining the vicious circle. All these
events contribute to muscle wasting development through impairing muscle contractibility and ability to generate force.

and vascularization [109]. On the other hand they can induce
DNA damage, cell cycle arrest, and apoptosis [8]. This double-
faced role of ROS was underscored clinically. Accordingly,
high levels of ROS were detected in human hepatocellular
cancerous tissues comparing to normal adjacent tissues [110].
It is though that ROS accumulation could promote cancer
progression via the activation of several transcriptional fac-
tors, including FOXO6, regulating the expression of cell cycle
genes (i.e., p27 and cyclin-DI) [110]. Thus, in this case, the
inhibition of ROS could be beneficial to slow cancer growth.
But ROS can also generate intracellular signals that stimulate
cell death, and new anticancer targeted therapies using
encapsulated nanoparticles (i.e., HSP90 inhibitor) mainly
rely on the generation of excessive ROS amounts to promote
apoptosis and improve cancer care [111]. Therefore, can some
tumor types also benefit from antioxidants? Indeed, the impact
of antioxidant supplementation on both tumor progression
and regression was mainly addressed in animals.

Animal Studies. Accumulating evidence from high-quality
studies indicates that antioxidants could be detrimental in
cancer bearing mice. Piskounova et al. elegantly demon-
strated that high ROS levels protected against melanoma
metastasis in NSG mice, since metastatic cells presented
a lower ROS generation comparing to subcutaneous non-
metastatic tumor [112]. Similar findings were obtained by
Le Gal et al. showing that administration of antioxidants
enhanced the invasive potential of melanoma tumors without
affecting proliferation [113]. Thus, in addition to the mod-
ulation of cell cycle, ROS control tumor behavior through
the regulation of cytoskeletal proteins involved in cell migra-
tion and invasion [113]. We have recently shown that the
reduction of tumor OS in cachectic mice bearing C26 colon

cancer accelerated proliferation [17]. Contrariwise, in rats
bearing AT-1 prostate cancer, the inhibition of OS decreased
tumor oxidative damage and proliferation [114], indicating
that the reduction of OS could either enhance or slow
tumor proliferation and progression depending on tumor
type and localization. In other words, the redox state of
tumor is an important factor that could swing the balance
of a given antioxidant treatment towards the beneficial or
harmful side. Thereafter, in some cases the inappropriate
use of antioxidants could promote tumor growth through
decreasing ROS production and oxidative damage. A direct
consequence of the enhanced tumor growth is an increase
in the circulating levels of tumor-derived mediators and the
subsequent cachexia development.

6. Antioxidant Supplementation in
Cancer Cachexia: Impact and Molecular
Mechanisms

6.1. Antioxidant Vitamins and Carotenoids

Clinical Studies. No previous studies have addressed the role
of individual vitamins in cancer cachexia. Antioxidants were
usually given as a mixture containing vitamins, polyphenols,
and other antioxidant compounds [13, 14]. Most interven-
tion studies with antioxidant vitamins performed on cancer
patients did not explore the concept of cachexia or take into
account cachexia staging criteria to select patients. However,
as mentioned above, tumor occupies a central role in the
development of cachexia; thus, in a first step it could be
helpful to draw a global view about the impact of vitamins
on cancer itself with the aim of better using these products in
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cancer cachexia. Data available from clinical studies suggest a
lack of convincing evidence concerning the beneficial effects
of vitamin supplementation in cancer patients [115]. The
systematic review and meta-analysis of Bjelakovic et al. incor-
porated the results of 14 randomized trials and concluded that
high-doses of vitamin A/E and 3-carotene were associated
with increased mortality in patients with gastrointestinal
cancer [18,116]. Accordingly, the meta-analysis from Pais and
Dumitragcu indicated that the combination of f-carotene
with vitamin E could increase mortality in patients with
colorectal cancer [117]. Interestingly, this increase in mortality
seems to be more pronounced when doses of vitamin E
exceeded 134 mg/day [118]. Thus, if antioxidant vitamins are
problematical in some cases, how should we improve the use
of such compounds? In other words, what is the factor that will
provide eligibility for a cancer patient to undergo antioxidant
supplementation? The response seems to be provided by
the randomized double-blinded trial “SUVIMAX.” At the
baseline, healthy men enrolled in the study exhibited a
low blood antioxidant status compared to healthy women,
because of the reduced intake of fruits/vegetables often
observed in men’s alimentary habits [119]. After eight years of
daily supplementation with complements including vitamin
C/E and f-carotene at nutritional doses, men presented a
reduced risk of 31% to prostate cancer, while women with
adequate antioxidant status at the baseline developed an
increased risk of 67% to skin cancer [119], indicating that
only individuals with particular antioxidant deficiencies will
benefit from supplementation in terms of cancer prevention.
This conclusion, although obtained in disease-free subjects,
could be logically transposable to cancer cachectic patients.
The small number of intervention studies with antioxi-
dants conducted on cachectic patients with head and neck,
ovary, colorectal, lung, and breast cancer supports the evi-
dence that vitamins in combination with other antioxidants
could be beneficial in patients with weak blood antioxidant
activity and high ROS levels [120]. Intriguingly, a previous
study has shown that patients with lung cancer exhibited
low blood levels of vitamin E comparing to controls, but the
depletion of vitamin E was more pronounced in cachectic
patients [30]. This may indicate that even in the same type
of cancer the doses of vitamins must be adapted taking into
account the presence or absence of cachexia. Recently, the
French speaking society of clinical nutrition and metabolism
(SFNEP) has discouraged the use of a-tocopherol and f-
carotene for patients with esophageal and head and neck
cancer without diagnosed deficiency [121]. The SENEP has
also stressed out the negative impact of a high-dose and long-
term antioxidant vitamins administration on the effectiveness
of radio/chemotherapy [121]. Accordingly, supplementation
with vitamin E and f-carotene increased cancer recurrence
and overall mortality in head and neck cancer patients under-
going radiotherapy [122]. According to the review of Harvie
it seems that the association of antioxidant vitamins with
radiotherapy reduces its anticancer potential [24]. However,
there is a lack of evidence concerning the combination of
vitamins with chemotherapy. At the moment, the best way to
provide an effective nutritional support for cachectic cancer
patients is to determine and adapt vitamins doses on a

patient-by-patient basis. The supplementation must target
cachectic patients exhibiting reduced blood levels of vitamins
A, C, and E, B-carotene, and lycopene [123, 124].

Animal Studies. Experimental models of cancer permitted
us to understand some of the mechanisms borrowed by
vitamins to induce their deleterious effects. The principal and
commonly described mechanism was via lessening oxidative
damage and ROS-induced apoptosis in tumor. In preclinical
studies vitamin E, in the form of a-tocopherol, was the most
used antioxidant vitamin given its kinetic ability to scavenge
certain free radicals (k ~ 10°-10° M~!s7!) [125]. Vitamin E
(100-500 mg/kg) accelerated lung cancer progression in mice
through decreasing ROS production and oxidative damage
to DNA (i.e., 8-oxoguanine) within tumor [126]. Moreover,
vitamin E enhanced the proliferation of lung cancer cells
by reducing the expression of the redox-dependent protein
p53, which is responsible for cell cycle arrest and apoptosis
induction [126]. Vitamins C (8 mg/kg) and E (40 mg/kg)
were also able to attenuate the anticancer activity of cisplatin
combined with an omega-3 enriched diet, by decreasing lipid
peroxidation in lung tumor tissue [127]. Since muscle wasting
is a key feature of cancer cachexia, most experimental studies
have attempted to use antioxidants with the aim of preventing
OS in muscle but did not take into account the redox status
of tumor. Although vitamin E was able to attenuate skeletal
muscle proteolysis in unloaded mice by reducing muscular
OS [128], the use of a mixture containing nutritional doses of
vitamins A (0.06 mg/kg), C (11.53 mg/kg), and E (1.73 mg/kg)
selectively reduced oxidative damage in C26 tumor and
promoted its growth but exacerbated OS within skeletal
muscle [17]. Remarkably, these findings may indicate that the
use of antioxidant vitamins is more complicated in cachexia-
related muscle wasting due to the ambivalence of OS between
skeletal muscle and tumor.

6.2. Polyphenols

Clinical Studies. Cachectic patients with head and neck, colon,
and lung cancer presented higher ROS levels and low enzy-
matic antioxidant activity in the blood compared to healthy
individuals [129]. Their supplementation with an antioxi-
dant formula containing polyphenols (300 mg/kg) partially
reduced systemic OS and improved performance status [15].
Green tea polyphenols (474 mg/day) also attenuated ROS
levels in plasma of patients with liver cancer undergoing
arterial infusion chemotherapy [130]. A short-term treatment
of prostate cancer patients with green tea extracts reduced
the circulating levels of prostate-specific antigen (PSA) and
vascular endothelial growth factor (VEGF), supporting a
potential positive role for polyphenols in cancer prevention
and treatment [131].

Animal Studies. Epigallocatechin-3-gallate (EGC-3-G) and
theaﬂavin-3,3'—digallate, found in green and black tea, respec-
tively, were effective in reducing skeletal muscle atrophy
caused by cachexia, through inhibiting TNF-a-mediated
activation of NF-xB system [132, 133]. Rats bearing Walker
256 tumor receiving daily intraperitoneal (IP) quercetin
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injections (10 mg/kg) presented tumor regression and pro-
longed survival [134]. These beneficial effects of quercetin
on tumor growth could be attributed to its antiangiogenic
properties, as evidenced by the inhibition of VEGF pro-
duction in liver extracts [134]. Furthermore, oral quercetin
supplementation (25mg/kg) improved the musculoskeletal
function and altered IL-6 production in cachectic Apc™i™/*
mice, independently of tumor burden [135]. Accordingly, the
phosphorylated levels of STAT3 (downstream effector of IL-
6) were decreased in skeletal muscle of ApcMin/ * mice sup-
plemented with quercetin, while the phosphorylation status
of NF-«B remained unchanged [135]. Resveratrol, abundantly
found in the skin of grapes, peanuts, and pines, seems to
exert its antiwasting effects in vivo largely depending on
tumor type and the route of administration. Oral resveratrol
(200 mg/kg) therapy reduced muscle loss through impairing
the DNA binding activity of NF-«B (p65) subunit in both
skeletal and cardiac muscles of mice bearing C26 tumor, with-
out influencing tumor growth [136], whereas IP resveratrol
injection failed to ameliorate muscle wasting in mice bearing
LLC (1 mg/kg) or Yoshida AH-130 (5 and 25 mg/kg) tumor
[137]. Although most of these studies found that polyphenols
positively affected muscle mass and function, there is a
lack of evidence concerning their effects on tumor growth.
Globally, tumor weight was the sole parameter used to
underscore tumor regression; this data must be consolidated
by performing direct analysis on tumor proliferation (e.g., Ki-
67, mitotic index), apoptosis, OS, and local inflammation.

6.3. Multimodal Therapy. Since the etiology of cachexia is
multifactorial, antioxidants alone cannot fully prevent or
reverse muscle atrophy during cachexia. Thus, treatments
should be multidimensional to alleviate cachexia symptoms
and overcome related sufferance. However, with respect to
the topic and aims of the present review, we will discuss
in this paragraph only studies that have integrated antiox-
idants in their treatment arms against cachexia (Table 2).
In a randomized phase III study, treatment of gynecologi-
cal cancer patients with antioxidants, namely, a-lipoic acid
and carbocysteine, combined with megestrol acetate (MA,
appetite stimulant) and L-carnitine (antioxidant properties)
decreased fatigue, circulating TNF-« concentrations, and
ROS blood levels, whereas MA alone failed to induce any
significant changes in all these parameters [12]. Decidedly,
the pioneer work of Mantovani’s team clearly indicates that
the supplementation of cancer cachectic patients with a
cocktail of antioxidants, including polyphenols, vitamins,
and cysteine-containing compounds, alone or associated
with drugs like MA, L-carnitine, and thalidomide (immune-
modulatory function), increased the activity of GPx and
reduced ROS levels in blood [15, 138]. Additionally, this
combination regimen can effectively ameliorate lean body
mass and the performance status in cachectic patients,
as assessed by the European cooperative oncology group
(ECOG) scale. These clinical positive outcomes could be
attributed to the presence of high ROS amounts and the
low activity of antioxidant enzymes in blood samples at the
baseline. Consistent with this interpretation, the study of
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Block et al. showed that supplementation with high-doses
vitamins C (1000 mg) and E (800 UI) during two months
reduced the plasmatic levels of isoprostane (marker of lipid
peroxidation), only if it was superior to 50 yg/mL [139]. This
indicates the existence of plasmatic critical threshold values
for antioxidants and OS biomarkers. When the plasmatic
values of antioxidants are inferior to the normal or when
blood ROS levels are much higher than healthy control,
then antioxidant supplementation will be potentially posi-
tive, thence the importance of performing laboratory blood
tests in order to determine the antioxidant status before
starting intervention. Another interesting detail that may
explain the beneficial effects in these trials was, probably,
the short duration of treatment going from ten days to
four months. Supplementation for a short period seems
to be beneficial even when high-doses of antioxidants are
used. Furthermore, short-term supplementation was likely
to reduce chemotherapy-related toxicity and side-effects in
cachectic patients, without affecting its anticancer potential
[140].

6.4. Self-Prescription Supplements by Cancer Patients: An
Alarming Phenomenon. Patients are highly interested in
vitamins and other antioxidant supplements, as they believe
that these compounds are natural and beneficial for health
[24]. The prevalence of supplements use is approximately
60% in lung, 49% in colon, and 35% in prostate cancer
patients [141-143]. Previous studies have shown that the use
of alternative medicine was associated with higher education,
regular physical activity, fear of cancer recurrence, influence
of family members, and participation in social groups [142,
144]. So, how can this undifferentiated use of supplements
by cancer patients impact tumor and anticancer treatment?
As mentioned in previous paragraphs, it seems that sup-
plementation with antioxidants can reduce the efficiency
of radiotherapy [24], but the limited number of results
from clinical and preclinical studies prevented an evidence-
based conclusion. Practitioners usually prohibit the use of
supplements during chemotherapy or radiotherapy, as a
preventive strategy against an unproven product that could
be deleterious for patients’ health [145]. Thus, a special
attention must be given for cancer patients with comorbidity
such as age-related eye disease, since they usually take
antioxidant supplements as part of their treatment [24].
To maximize gain, patients not receiving or after achieving
radio/chemotherapy, should be monitored for antioxidants
use in the context of a well-defined treatment plan [146].
Supplementation with simpler antioxidant mixtures may be
also preferred over complex cocktails [146]. Approximately,
50% of patients taking antioxidants or multivitamins did not
inform their treating physician; the main reason was that
physician did not ask about it [142]. Importantly, patients
who discussed the use of supplements were less susceptible
to using it [142]. Therefore, clinicians can better control the
random use of such compounds by openly discussing with
patients about their self-prescription of antioxidants and the
potential harms of random use. As illustrated in Figure 4, we
suppose that an autoprescription of megadoses antioxidants
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FIGURE 4: Hypothetical model for the eventual beneficial or deleterious interactions of antioxidants with tumor. ROS play a Janus-faced role
by controlling both tumor growth and arrest. The levels of ROS produced within tumor depend on tumor type/localization and whether
or not patient is undergoing radio/chemotherapy. Moderate-to-high ROS levels promote tumor proliferation, resulting in an increase in the
levels of tumor-derived factors and the subsequent development of muscle atrophy. While high-to-excessive production of ROS activates
tumor apoptosis and reduces the related catabolic response, the supplementation with antioxidants may decrease ROS at both systemic and
muscular level but could also interact with tumor leading sometimes to undesirable consequences. For example, when excessive levels of
ROS are produced within tumor, megadoses of antioxidants, used randomly, could increase tumor proliferation and/or inhibit apoptosis, by
reducing oxidative damage in tumor cells. On the other hand, an appropriate use of antioxidants can decrease the risk of cancer development
or even slow ROS-dependent cancer growth. The probability of reaping these antioxidant-related benefits could be much higher when

supplementation is provided on a single-patient basis.

during a long period could protect tumor and reduce the
efficacy of anticancer therapies.

6.5. Exercise: A Good Alternative to Antioxidants in Can-
cer Patients? Physical activity is well-known to produce
moderate levels of ROS and induce hormetic adaptations
within skeletal muscle [147]. Adapted activity promotes the
expression of antioxidant genes (i.e., SODI and GPX) and
increases GSH content, which in turn counteract muscular
oxidative damage [147]. Additionally, adapted exercise evokes
anti-inflammatory responses by producing high amounts
of IL-4, IL-10, and IL-15 that antagonize the effects of
proinflammatory cytokines and block the activation of the
aforementioned procatabolic pathways [148]. We have previ-
ously reviewed the impact of physical activity levels on cancer
progression and noticed that data available from the literature
support a global positive effect of moderate exercise on
tumor growth and survival in cancer patients [149]. In 2012,
Battaglini and his team proposed their theoretical model
of “Exercise Anticachectic Hypothetical (EACH) model.”
They demonstrated that regular physical activity regimen
can positively influence skeletal muscle myoplasticity, in
leukemia and breast cancer patients [150, 151]. In other
studies, the application of resistance or moderate endurance
exercise program improved muscle function and decreased

fatigue and proinflammatory cytokines production (i.e., IL-
Ira and IL-6) in prostate and breast cancer patients under-
going radiotherapy [152, 153]. Globally, both resistance and
endurance exercise improved muscle strength in early stage
cancer patients [154]. However, there is a need for clinical
trials to determine the effectiveness of exercise in cachectic
patients with advanced stages of cancer [155]. It seems that
moderate-to-high endurance exercise could be more suitable
than resistance exercise to counteract muscle atrophy. In fact,
resistance exercise results mainly in the activation of the
anabolic Akt/mTOR pathway [156], but the anticachexia role
of Akt is still a subject of debate and some experts in the
filed consider the activation of Akt useless in the prevention
of muscle wasting [157]. Additionally, recent evidence from
animal studies suggest that moderate endurance exercise
improves muscle mass [158], reduces fatigue, and extends
survival, while resistance exercise worsens cachexia symp-
toms [157, 159]. Endurance is still the most used exercise
mode given its capacity to drive metabolic adaptations in
skeletal muscle, through activating mitochondrial biogenesis,
improving the oxidative capacity of muscle, and increasing
antioxidant activity and anti-inflammatory response [147,
160, 161]. Therefore, endurance exercise could be proposed in
the early stage of disease for precachectic patients to delay
the onset of cachexia and preserve muscle function. It is
important to (1) individualize the level of physical activity
based on the cardiopulmonary capacity and muscle strength
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of patient, (2) if possible, increase the intensity of exercise
progressively to reap greater physiological adaptations, and
(3) specify the treatment according to the primary end
point of the study [162]. For example, a moderate-intensity
endurance exercise could be proposed for patients to improve
the cardiorespiratory function [163], while high-intensity
endurance exercise could be prescribed to induce enzymatic
adaptations in skeletal muscle [161]. The capacity of cancer
patients with advanced stage of cachexia to perform exercise
could be limited owing to anemia and cardiac dysfunction
[157]. Thus, exercise could be replaced with other adapted
activities such walking in order to avoid further muscle
atrophy due to immobilization [164].

7. Conclusive Remarks and Future Directions

Emerging pieces of evidence suggest that the use of antiox-
idants cannot be standardized for all patients but should be
individualized according to patient’s need. The administra-
tion of high-doses antioxidants for a long period of time
was most likely harmful in patients with gastrointestinal,
head and neck, and lung cancer, especially if patients were
smokers, undergoing radiotherapy, and/or with adequate
antioxidant status, while, individuals with antioxidant insuf-
ficiency responded positively. In keeping with these findings,
the small number of studies performed on cachectic cancer
patients exhibiting low antioxidant status or high ROS blood
levels indicated that a short-term supplementation (up to
six months) was effective in improving physical function
and quality of life. Interestingly, it seems that even in the
same type of cancer an antioxidant treatment could be more
or less advantageous depending on whether the patient is
cachectic or not, hence the importance to add cachexia on
the list of criteria used to select patients for an antioxidant
intervention. In the light of these findings, random com-
plementation cannot prevail. Patients may obtain antioxi-
dants from fruits/vegetables (five portions of 80 g/day), while
supplements must be reserved for those with particular
needs. Accordingly, the measurement of blood antioxidant
levels could be a simple approach to identify patients with
specific deficiencies and, therefore, improve the use of such
compounds in cancer cachexia. We might underscore that,
given the multiorgan presence of OS in cancer cachexia,
systemic antioxidant status does not necessarily reflect the
redox events occurring in other organs like muscle, and
the absence of antioxidant deficiency or high ROS rates in
blood does not mean that muscles are spared from oxidative
damage and atrophy. Nonetheless, this method remains
more appropriate to the clinical context nowadays, where
performing skeletal muscle biopsies is restricted for ethical
and methodological reasons. Based on literature, natural
polyphenols appear to be more effective than vitamins in
cancer cachexia, probably, due to their capacity to modulate
redox status, epigenetic pathways, and cellular senescence
[165]. Furthermore, adapted physical activity could be a
promising strategy for cachectic patients, as it positively
affects muscle performance, OS parameters, and systemic
inflammation. However, there is a real need for new clinical
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studies on a larger scale to further explore the role of
antioxidants and physical activity in cancer cachexia. At the
moment, a regimen combining moderate physical activity
with an appropriate nutritional care could be the optimal way
to improve quality of life, preserve muscle endurance, and
naturally ameliorate enzymatic antioxidant defense in cancer
cachectic patients.

Competing Interests

The authors of this paper declare no conflict of interests.

Funding

Mohamad Assi is a recipient of a Ph.D. research fellowship
(no. 2012/22) from the Brittany Region Council. This work
was supported by the University of Rennes 2.

Acknowledgments

The authors thank Dr. Frédéric Derbré and Dr. Nicolas Pierre
for helpful discussions.

References

[1] S.J. Wigmore, C. E. Plester, J. A. Ross, and K. C. H. Fearon,
“Contribution of anorexia and hypermetabolism to weight loss
in anicteric patients with pancreatic cancer;” The British Journal
of Surgery, vol. 84, no. 2, pp. 196-197, 1997.

[2] K. Fearon, E Strasser, S. D. Anker et al., “Definition and
classification of cancer cachexia: an international consensus,”
The Lancet Oncology, vol. 12, no. 5, pp. 489-495, 2011.

[3] N. P. Gullett, V. C. Mazurak, G. Hebbar, and T. R. Ziegler,
“Nutritional interventions for cancer-induced cachexia,” Cur-
rent Problems in Cancer, vol. 35, no. 2, pp. 58-90, 2011.

[4] C. L. Loprinzi, A. M. Bernath, D. J. Schaid et al, “Phase
III evaluation of 4 doses of megestrol acetate as therapy for
patients with cancer anorexia and/or cachexia,” Oncology, vol.
51, supplement 1, pp. 2-7, 1994.

[5] R. Kohen and A. Nyska, “Oxidation of biological systems:
oxidative stress phenomena, antioxidants, redox reactions, and
methods for their quantification,” Toxicologic Pathology, vol. 30,
no. 6, pp. 620-650, 2002.

[6] B. Halliwell, “Oxidative stress and neurodegeneration: where
are we now?” Journal of Neurochemistry, vol. 97, no. 6, pp. 1634-
1658, 2006.

[7] B. Halliwell, “Phagocyte-derived reactive species: salvation or
suicide?” Trends in Biochemical Sciences, vol. 31, no. 9, pp. 509-
515, 2006.

[8] M. Schieber and N. S. Chandel, “ROS function in redox
signaling and oxidative stress,” Current Biology, vol. 24, no. 10,
pp. R453-R462, 2014.

[9] D. P. Jones, “Redefining oxidative stress,” Antioxidants and
Redox Signaling, vol. 8, no. 9-10, pp. 1865-1879, 2006.

[10] Y.-P. Li, R. J. Schwartz, I. D. Waddell, B. R. Holloway, and M.
B. Reid, “Skeletal muscle myocytes undergo protein loss and
reactive oxygen-mediated NF-kappaB activation in response to
tumor necrosis factor alpha,” The FASEB Journal, vol. 12, no. 10,
pp. 871-880, 1998.



14

(11]

(12]

(16]

(17]

(20]

(21]

[22]

J. Fujlta, T. Tsujinaka, M. Yano et al., “Anti-interleukin-
6 receptor antibody prevents muscle atrophy in colon-26
adenocarcinoma-bearing mice with modulation of lysosomal
and ATP-ubiquitin-dependent proteolytic pathways,” Interna-
tional Journal of Cancer, vol. 68, no. 5, pp. 637-643, 1996.

A. Maccio, C. Madeddu, G. Gramignano et al., “A randomized
phase IIT clinical trial of a combined treatment for cachexia
in patients with gynecological cancers: evaluating the impact
on metabolic and inflammatory profiles and quality of life;
Gynecologic Oncology, vol. 124, no. 3, pp. 417-425, 2012.

C. Madeddu, M. Dessi, E Panzone et al., “Randomized phase
II clinical trial of a combined treatment with carnitine +
celecoxib + megestrol acetate for patients with cancer-related
anorexia/cachexia syndrome;” Clinical Nutrition, vol. 31, no. 2,
pp. 176-182, 2012.

G. Mantovani, A. Maccio, C. Madeddu et al., “Randomized
phase III clinical trial of five different arms of treatment in 332
patients with cancer cachexia,” The Oncologist, vol. 15, no. 2, pp.
200-211, 2010.

G. Mantovani, A. Maccio, C. Madeddu et al., “A phase II study
with antioxidants, both in the diet and supplemented, pharma-
conutritional support, progestagen, and anti-cyclooxygenase-
2 showing efficacy and safety in patients with cancer-related
anorexia/cachexia and oxidative stress,” Cancer Epidemiology,
Biomarkers & Prevention, vol. 15, no. 5, pp. 1030-1034, 2006.

G. Mantovani, A. Maccio, C. Madeddu et al., “The impact of
different antioxidant agents alone or in combination on reactive
oxygen species, antioxidant enyzmes and cytokines in a series
of advanced cancer patients at different sites: correlation with
disease progression,” Free Radical Research, vol. 37, no. 2, pp.
213-223, 2003.

M. Assi, F. Derbré, L. Lefeuvre-Orfila, and A. Rébillard, “Antiox-
idant supplementation accelerates cachexia development by
promoting tumor growth in C26 tumor-bearing mice,” Free
Radical Biology & Medicine, vol. 91, pp. 204-214, 2016.

G. Bjelakovic, D. Nikolova, R. G. Simonetti, and C. Gluud,
“Antioxidant supplements for prevention of gastrointestinal
cancers: a systematic review and meta-analysis,” The Lancet, vol.
364, no. 9441, pp. 1219-1228, 2004.

M. L. Lesperance, I. A. Olivotto, N. Forde et al., “Mega-dose
vitamins and minerals in the treatment of non-metastatic breast
cancer: an historical cohort study,” Breast Cancer Research and
Treatment, vol. 76, no. 2, pp. 137-143, 2002.

E. C. A. Hinch, M. J. Sullivan-Gunn, V. C. Vaughan, M.
A. McGlynn, and P. A. Lewandowski, “Disruption of pro-
oxidant and antioxidant systems with elevated expression of the
ubiquitin proteosome system in the cachectic heart muscle of
nude mice;” Journal of Cachexia, Sarcopenia and Muscle, vol. 4,
no. 4, pp. 287-293, 2013.

J.-E. Dumas, C. Goupille, C. M. Julienne et al., “Efficiency of
oxidative phosphorylation in liver mitochondria is decreased in
a rat model of peritoneal carcinosis,” Journal of Hepatology, vol.
54, no. 2, pp. 320-327, 2011.

Y. von Grabowiecki, C. Licona, L. Palamiuc et al., “Regulation
of a Notch3-Hesl pathway and protective effect by a tocopherol-
omega alkanol chain derivative in muscle atrophy,” The Journal
of Pharmacology and Experimental Therapeutics, vol. 352, no. 1,
pp. 23-32, 2015.

C. M. Velicer and C. M. Ulrich, “Vitamin and mineral supple-
ment use among US adults after cancer diagnosis: a systematic
review; Journal of Clinical Oncology, vol. 26, no. 4, pp. 665-673,
2008.

(24]

[26]

(27]

(30]

(31]

(33]

[34]

(37]

(38]

Oxidative Medicine and Cellular Longevity

M. Harvie, “Nutritional supplements and cancer: potential
benefits and proven harms,” in American Society of Clinical
Oncology Educational Book/ASCO. Meeting, pp. e478-e486,
American Society of Clinical Oncology, 2014.

“World Cancer Research Fund and American Institute for
Cancer Research. Cancer survivors,” 2014, http://www.dietand-
cancerreport.org/cancer_prevention_recommendations/recom-
mendation_cancer_survivors.php.

B. D. Lawenda, K. M. Kelly, E. J. Ladas, S. M. Sagar, A.
Vickers, and J. B. Blumberg, “Should supplemental antioxidant
administration be avoided during chemotherapy and radiation
therapy?” Journal of the National Cancer Institute, vol. 100, no.
11, pp. 773-783, 2008.

M. J. Tisdale, “Mechanisms of cancer cachexia,” Physiological
Reviews, vol. 89, no. 2, pp. 381-410, 2009.

E. Puig-Vilanova, D. A. Rodriguez, J. Lloreta et al., “Oxidative
stress, redox signaling pathways, and autophagy in cachectic
muscles of male patients with advanced COPD and lung
cancer; Free Radical Biology & Medicine, vol. 79, pp. 91-108,
2015.

S. Ramamoorthy, M. Donohue, and M. Buck, “Decreased Jun-
D and myogenin expression in muscle wasting of human
cachexia,” American Journal of Physiology—Endocrinology and
Metabolism, vol. 297, no. 2, pp. E392-E401, 2009.

N. Fortunati, R. Manti, N. Birocco et al.,, “Pro-inflammatory
cytokines and oxidative stress/antioxidant parameters charac-
terize the bio-humoral profile of early cachexia in lung cancer
patients,” Oncology Reports, vol. 18, no. 6, pp. 1521-1527, 2007.
G. Mantovani, A. Maccio, C. Madeddu et al., “Quantitative
evaluation of oxidative stress, chronic inflammatory indices and
leptin in cancer patients: correlation with stage and perfor-
mance status,” International Journal of Cancer, vol. 98, no. 1, pp.
84-91, 2002.

M. Buck, L. Zhang, N. A. Halasz, T. Hunter, and M. Chojkier,
“Nuclear export of phosphorylated C/EBP 8 mediates the inhi-
bition of albumin expression by TNF-«,” The EMBO Journal,
vol. 20, no. 23, pp. 6712-6723, 2001.

L. P.Rivory, K. A. Slaviero, and S. J. Clarke, “Hepatic cytochrome
P450 3A drug metabolism is reduced in cancer patients who
have an acute-phase response;” British Journal of Cancer, vol. 87,
no. 3, pp. 277-280, 2002.

T. Naito, M. Tashiro, T. Ishida, K. Ohnishi, and J. Kawakami,
“Cancer cachexia raises the plasma concentration of oxymor-
phone through the reduction of CYP3A but not CYP2D6 in
oxycodone-treated patients,” Journal of Clinical Pharmacology,
vol. 53, no. 8, pp. 812-818, 2013.

E. Barreiro, B. de la Puente, S. Busquets, F. J. Lopez-Soriano, J.
Gea, and J. M. Argilés, “Both oxidative and nitrosative stress are
associated with muscle wasting in tumour-bearing rats,” FEBS
Letters, vol. 579, no. 7, pp- 1646-1652, 2005.

E H. Borges, P. C. Marinello, A. L. Cecchini, E P. Blegniski, E. A.
Guarnier, and R. Cecchini, “Oxidative and proteolytic profiles
of the right and left heart in a model of cancer-induced cardiac
cachexia,” Pathophysiology, vol. 21, no. 4, pp. 257-265, 2014.
A.M.Y. Shum, D. C. Y. Fung, S. M. Corley et al., “Cardiac and
skeletal muscles show molecularly distinct responses to cancer
cachexia,” Physiological Genomics, vol. 47, no. 12, pp. 588-599,
2015.

A. Wysong, M. Couch, S. Shadfar et al., “NF-«B inhibition pro-
tects against tumor-induced cardiac atrophy in vivo,” American
Journal of Pathology, vol. 178, no. 3, pp. 1059-1068, 2011.



Oxidative Medicine and Cellular Longevity

(39]

(40]

(43

[44]

(46

(47

(48]

=
o)

(50]

(54]

M. Schifer, C. U. Oeing, M. Rohm et al., “Ataxin-10 is part of a
cachexokine cocktail triggering cardiac metabolic dysfunction
in cancer cachexia,” Molecular Metabolism, vol. 5, no. 2, pp. 67—
78, 2016.

J. A. Last, K. Gohil, V. C. Mathrani, and N. J. Kenyon, “Systemic
responses to inhaled ozone in mice: cachexia and down-
regulation of liver xenobiotic metabolizing genes,” Toxicology
and Applied Pharmacology, vol. 208, no. 2, pp. 117-126, 2005.

M. J. Tisdale, “Cachexia in cancer patients,” Nature Reviews
Cancer, vol. 2, no. 11, pp. 862-871, 2002.

P. G. Arthur, M. D. Grounds, and T. Shavlakadze, “Oxidative
stress as a therapeutic target during muscle wasting: considering
the complex interactions,” Current Opinion in Clinical Nutrition
and Metabolic Care, vol. 11, no. 4, pp. 408-416, 2008.

P. Cariuk, M. J. Lorite, P. T. Todorov, W. N. Field, S. J. Wigmore,
and M. J. Tisdale, “Induction of cachexia in mice by a product
isolated from the urine of cachectic cancer patients,” British
Journal of Cancer, vol. 76, no. 5, pp. 606-613, 1997.

C. H. C. DeJong, S. Busquets, A. G. W. Moses et al., “Systemic
inflammation correlates with increased expression of skele-
tal muscle ubiquitin but not uncoupling proteins in cancer
cachexia,” Oncology Reports, vol. 14, no. 1, pp. 257-263, 2005.

L. J. Smith, Z. Aversa, P.-O. Hasselgren et al., “Calpain activity
is increased in skeletal muscle from gastric cancer patients with
no or minimal weight loss,” Muscle and Nerve, vol. 43, no. 3, pp.
410-414, 2011.

M. Bossola, M. Muscaritoli, P. Costelli et al., “Increased muscle
proteasome activity correlates with disease severity in gastric
cancer patients,” Annals of Surgery, vol. 237, no. 3, pp. 384-389,
2003.

N. Tardif, M. Klaude, L. Lundell, A. Thorell, and O. Rooyackers,
“Autophagic-lysosomal pathway is the main proteolytic system
modified in the skeletal muscle of esophageal cancer patients,”
The American Journal of Clinical Nutrition, vol. 98, no. 6, pp.
1485-1492, 2013.

W. D. DeWys, W. E. Malone, R. R. Butrum, and M. A. Sestli,
“Clinical trials in cancer prevention,” Cancer, vol. 58, no. 8,
supplement, pp. 1954-1962, 1986.

P. Costelli, P. Reffo, F. Penna, R. Autelli, G. Bonelli, and F. M.
Baccino, “Ca**-dependent proteolysis in muscle wasting,” The
International Journal of Biochemistry and Cell Biology, vol. 37,
no. 10, pp. 2134-2146, 2005.

J. M. McClung, A. R. Judge, E. E. Talbert, and S. K. Powers,
“Calpain-11is required for hydrogen peroxide-induced myotube
atrophy,” American Journal of Physiology—Cell Physiology, vol.
296, no. 2, pp. C363-C371, 2009.

N. Pierre, C. Barbé, H. Gilson, L. Deldicque, J.-M. Raymackers,
and M. Francaux, “Activation of ER stress by hydrogen peroxide
in C2CI2 myotubes,” Biochemical and Biophysical Research
Communications, vol. 450, no. 1, pp. 459-463, 2014.

J. Khal, A. V. Hine, K. C. H. Fearon, C. H. C. Dejong, and
M. J. Tisdale, “Increased expression of proteasome subunits
in skeletal muscle of cancer patients with weight loss,” The
International Journal of Biochemistry ¢ Cell Biology, vol. 37, no.
10, pp. 2196-2206, 2005.

S. M. Wyke and M. J. Tisdale, “NF-«B mediates proteolysis-
inducing factor induced protein degradation and expression
of the ubiquitin-proteasome system in skeletal muscle,” British
Journal of Cancer, vol. 92, no. 4, pp. 711-721, 2005.

T. A. Libermann and D. Baltimore, “Activation of interleukin-6
gene expression through the NF-kappa B transcription factor,”

(55]

(56]

(57]

(58]

(59]

(60]

[61]

(63]

[65]

(66

(69]

15

Molecular and Cellular Biology, vol. 10, no. 5, pp. 2327-2334,
1990.

A. Bonetto, T. Aydogdu, X. Jin et al., “JAK/STAT3 pathway
inhibition blocks skeletal muscle wasting downstream of IL-
6 and in experimental cancer cachexia,” American Journal of
Physiology—Endocrinology and Metabolism, vol. 303, no. 3, pp.
E410-E421, 2012.

J. Zhao, J.J. Brault, A. Schild et al., “FoxO3 coordinately activates
protein degradation by the autophagic/lysosomal and proteaso-
mal pathways in atrophying muscle cells;” Cell Metabolism, vol.
6, no. 6, pp. 472-483, 2007.

L.-O. Klotz, C. Sanchez-Ramos, I. Prieto-Arroyo, P. Urbanek,
H. Steinbrenner, and M. Monsalve, “Redox regulation of FoxO
transcription factors,” Redox Biology, vol. 6, pp. 51-72, 2015.

M. Sandri, “Protein breakdown in muscle wasting: role of
autophagy-lysosome and ubiquitin-proteasome,” International
Journal of Biochemistry and Cell Biology, vol. 45, no. 10, pp. 2121-
2129, 2013.

J. A. Ross and K. C. H. Fearon, “Eicosanoid-dependent cancer
cachexia and wasting,” Current Opinion in Clinical Nutrition
and Metabolic Care, vol. 5, no. 3, pp. 241-248, 2002.

L. C. A. Cerchietti, A. H. Navigante, and M. A. Castro, “Effects of
eicosapentaenoic and docosahexaenoic n-3 fatty acids from fish
oil and preferential Cox-2 inhibition on systemic syndromes in
patients with advanced lung cancer;” Nutrition and Cancer, vol.
59, no. 1, pp. 14-20, 2007.

G. Mantovani, A. Maccio, C. Madeddu et al., “Phase II non-
randomized study of the efficacy and safety of COX-2 inhibitor
celecoxib on patients with cancer cachexia,” Journal of Molecular
Medicine, vol. 88, no. 1, pp. 85-92, 2010.

V. Lai, J. George, L. Richey et al., “Results of a pilot study of the
effects of celecoxib on cancer cachexia in patients with cancer of
the head, neck, and gastrointestinal tract,” Head and Neck, vol.
30, no. 1, pp. 67-74, 2008.

H. J. Hussey, M. C. Bibby, and M. J. Tisdale, “Novel anti-
tumour activity of 2,3,5-trimethyl-6-(3-pyridylmethyl)-1,4-ben-
zoquinone (CV-6504) against established murine adenocarci-
nomas (MAC),” British Journal of Cancer, vol. 73, no. 10, pp.
1187-1192, 1996.

C. Cahlin, J. Gelin, D. Delbro, C. Lonnroth, C. Doi, and K.
Lundholm, “Effect of cyclooxygenase and nitric oxide synthase
inhibitors on tumor growth in mouse tumor models with
and without cancer cachexia related to prostanoids,” Cancer
Research, vol. 60, no. 6, pp. 1742-1749, 2000.

E. Graves, E. Ramsay, and D. O. McCarthy, “Inhibitors of COX
activity preserve muscle mass in mice bearing the Lewis lung
carcinoma, but not the B16 melanoma,” Research in Nursing and
Health, vol. 29, no. 2, pp. 87-97, 2006.

A. Hitt, E. Graves, and D. O. McCarthy, “Indomethacin pre-
serves muscle mass and reduces levels of E3 ligases and TNF
receptor type 1 in the gastrocnemius muscle of tumor-bearing
mice;” Research in Nursing and Health, vol. 28, no. 1, pp. 56-66,
2005.

T. W. Davis, B. S. Zweifel, ]. M. O’Neal et al., “Inhibition of
cyclooxygenase-2 by celecoxib reverses tumor-induced wast-
ing,” The Journal of Pharmacology and Experimental Therapeu-
tics, vol. 308, no. 3, pp- 929-934, 2004.

K.-J. Cho, J.-M. Seo, and J.-H. Kim, “Bioactive lipoxygenase
metabolites stimulation of NADPH oxidases and reactive oxy-
gen species,” Molecules and Cells, vol. 32, no. 1, pp. 1-5, 2011.

S. T. Russell, H. Eley, and M. J. Tisdale, “Role of reactive oxygen
species in protein degradation in murine myotubes induced



16

(73]

(74]

(75]

[76]

[77]

(82]

by proteolysis-inducing factor and angiotensin II,” Cellular
Signalling, vol. 19, no. 8, pp. 1797-1806, 2007.

D. A. Parks and D. N. Granger, “Xanthine oxidase: biochemistry,
distribution and physiology,” Acta Physiologica Scandinavica.
Supplementum, vol. 126, no. 548, pp. 87-99, 1986.

A. Meneshian and G. B. Bulkley, “The physiology of endothelial
xanthine oxidase: from urate catabolism to reperfusion injury

to inflammatory signal transduction,” Microcirculation, vol. 9,
no. 3, pp. 161-175, 2002.

H. Kaynar, M. Meral, H. Turhan, M. Keles, G. Celik, and
E Akcay, “Glutathione peroxidase, glutathione-S-transferase,
catalase, xanthine oxidase, Cu-Zn superoxide dismutase activi-
ties, total glutathione, nitric oxide, and malondialdehyde levels
in erythrocytes of patients with small cell and non-small cell
lung cancer;” Cancer Letters, vol. 227, no. 2, pp. 133-139, 2005.

C.-C. Lin and M.-C. Yin, “B vitamins deficiency and decreased
anti-oxidative state in patients with liver cancer,; European
Journal of Nutrition, vol. 46, no. 5, pp. 293-299, 2007.

M. T. Kalcioglu, A. Kizilay, H. R. Yilmaz et al, “Adeno-
sine deaminase, xanthine oxidase, superoxide dismutase, glu-
tathione peroxidase activities and malondialdehyde levels in the
sera of patients with head and neck carcinoma,” Journal of Ear,
Nose, and Throat, vol. 12, no. 1-2, pp. 16-22, 2004.

Z. Q. Samra, S. Pervaiz, S. Shaheen, N. Dar, and M. A. Athar,
“Determination of oxygen derived free radicals producer (xan-
thine oxidase) and scavenger (paraoxonasel) enzymes and lipid
parameters in different cancer patients,” Clinical Laboratory,
vol. 57, no. 9-10, pp. 741-747, 2011.

J. Springer, A. Tschirner, K. Hartman et al., “Inhibition of
xanthine oxidase reduces wasting and improves outcome in a
rat model of cancer cachexia,” International Journal of Cancer,
vol. 131, no. 9, pp. 2187-2196, 2012.

J. Springer, A. Tschirner, K. Hartman, S. Von Haehling, S.
D. Anker, and W. Doehner, “The xanthine oxidase inhibitor
oxypurinol reduces cancer cachexia-induced cardiomyopathy;’
International Journal of Cardiology, vol. 168, no. 4, pp. 3527-
3531, 2013.

M. Konishi, L. Pelgrim, A. Tschirner et al., “Febuxostat improves
outcome in a rat model of cancer cachexia,” Journal of Cachexia,
Sarcopenia and Muscle, vol. 6, no. 2, pp. 174-180, 2015.

K. Bedard and K.-H. Krause, “The NOX family of ROS-
generating NADPH oxidases: physiology and pathophysiology,”
Physiological Reviews, vol. 87, no. 1, pp. 245-313, 2007.

K. Roy, Y. Wu, J. L. Meitzler et al., “NADPH oxidases and
cancer,” Clinical Science, vol. 128, no. 12, pp. 863-875, 2016.

S. Y. Ha, Y. Paik, J. W. Yang, M. J. Lee, H. Bae, and C. Park,
“NADPH oxidase 1 and NADPH oxidase 4 have opposite
prognostic effects for patients with hepatocellular carcinoma
after hepatectomy,” Gut and Liver, 2016.

L. Singh, N. Saini, N. Pushker, S. Sen, A. Sharma, and S.
Kashyap, “Prognostic significance of NADPH oxidase-4 as an
indicator of reactive oxygen species stress in human retinoblas-
toma,” International Journal of Clinical Oncology, 2016.

S. Sukhanov, L. Semprun-Prieto, T. Yoshida et al., “Angiotensin
11, oxidative stress and skeletal muscle wasting,” The American
Journal of the Medical Sciences, vol. 342, no. 2, pp. 143-147, 2011.
S. Hubackova, A. Kucerova, G. Michlits et al., “IFNy induces
oxidative stress, DNA damage and tumor cell senescence
via TGFB/SMAD signaling-dependent induction of Nox4 and
suppression of ANT2,” Oncogene, 2015.

(85]

(86]

(87]

(88]

(90]

[92]

(95]

[96]

Oxidative Medicine and Cellular Longevity

M. J. Sullivan-Gunn, S. P. Campbell-O’Sullivan, M. J. Tisdale,
and P. A. Lewandowski, “Decreased NADPH oxidase expres-
sion and antioxidant activity in cachectic skeletal muscle;
Journal of Cachexia, Sarcopenia and Muscle, vol. 2, no. 3, pp. 181-
188, 2011.

M. Edderkaoui, P. Hong, E. C. Vaquero et al, “Extra-
cellular matrix stimulates reactive oxygen species produc-
tion and increases pancreatic cancer cell survival through
5-lipoxygenase and NADPH oxidase,” American Journal of
Physiology—Gastrointestinal and Liver Physiology, vol. 289, no.
6, pp. G1137-G1147, 2005.

M. B. Reid, “Role of nitric oxide in skeletal muscle: synthe-
sis, distribution and functional importance,” Acta Physiologica
Scandinavica, vol. 162, no. 3, pp. 401-409, 1998.

N. Buijs, J. Luttikhold, A. P. J. Houdijk, and P. A. M. van
Leeuwen, “The role of a disturbed arginine/NO metabolism in
the onset of cancer cachexia: a working hypothesis,” Current
Medicinal Chemistry, vol. 19, no. 31, pp. 5278-5286, 2012.

E. Bakan, S. Taysi, M. F. Polat et al., “Nitric oxide levels and lipid
peroxidation in plasma of patients with gastric cancer;” Japanese
Journal of Clinical Oncology, vol. 32, no. 5, pp. 162-166, 2002.

E. Dabbeche-Bouricha, N. Hadiji-Abbes, R. Abdelmaksoud-
Damak et al., “Quantitative measurement of iNOS expression
in melanoma, nasopharyngeal, colorectal, and breast tumors of
Tunisian patients: comparative study and clinical significance,”
Tumor Biology, vol. 37, no. 4, pp. 5153-5164, 2016.

M. Buck and M. Chojkier, “Muscle wasting and dedifferen-
tiation induced by oxidative stress in a murine model of
cachexia is prevented by inhibitors of nitric oxide synthesis and
antioxidants,” The EMBO Journal, vol. 15, no. 8, pp. 1753-1765,
1996.

M. Figueras, S. Busquets, N. Carb¢ et al., “Interleukin-15 is able
to suppress the increased DNA fragmentation associated with
muscle wasting in tumour-bearing rats,” FEBS Letters, vol. 569,
no. 1-3, pp. 201-206, 2004.

S. Di Marco, R. Mazroui, P. Dallaire et al., “NF-xB-mediated
MyoD decay during muscle wasting requires nitric oxide
synthase mRNA stabilization, HuR protein, and nitric oxide
release,” Molecular and Cellular Biology, vol. 25, no. 15, pp. 6533-
6545, 2005.

C. Fermoselle, E. Garcia-Arumi, E. Puig-Vilanova et al., “Mito-
chondrial dysfunction and therapeutic approaches in respira-
tory and limb muscles of cancer cachectic mice,” Experimental
Physiology, vol. 98, no. 9, pp. 1349-1365, 2013.

C. Constantinou, C. C. Fontes de Oliveira, D. Mintzopoulos et
al,, “Nuclear magnetic resonance in conjunction with functional
genomics suggests mitochondrial dysfunction in a murine
model of cancer cachexia,” International Journal of Molecular
Medicine, vol. 27, no. 1, pp. 15-24, 2011.

D. Antunes, A. I. Padrdo, E. Maciel et al., “Molecular insights
into mitochondrial dysfunction in cancer-related muscle wast-
ing,” Biochimica et Biophysica Acta—Molecular and Cell Biology
of Lipids, vol. 1841, no. 6, pp. 896-905, 2014.

J. B. McLean, J. S. Moylan, and E H. Andrade, “Mitochondria
dysfunction in lung cancer-induced muscle wasting in C2CI12
myotubes,” Frontiers in Physiology, vol. 5, article 503, 2014.

A. Aria Tzika, C. C. Fontes-Oliveira, A. A. Shestov et al.,
“Skeletal muscle mitochondrial uncoupling in a murine cancer
cachexia model,” International Journal of Oncology, vol. 43, no.
3, pp. 886-894, 2013.



Oxidative Medicine and Cellular Longevity

[99]

(100]

[101]

(102]

(103]

[104]

[105]

[106]

(107]

(108]

[109]

[110]

[111]

[12]

(113]

[114)

J. P. White, K. A. Baltgalvis, M. J. Puppa, S. Sato, J. W. Baynes,
and J. A. Carson, “Muscle oxidative capacity during IL-6-
dependent cancer cachexia,” American Journal of Physiology—
Regulatory Integrative and Comparative Physiology, vol. 300, no.
2, pp. R201-R211, 2011.

G. Loschen and A. Azzi, “Proceedings: formation of oxygen
radicals and hydrogen peroxide in mitochondrial membranes,”
Hoppe-Seyler’s Zeitschrift fiir Physiologische Chemie, vol. 355, no.
10, p. 1226, 1974.

J. M. Argilés, E J. Lopez-Soriano, and S. Busquets, “Muscle
wasting in cancer: the role of mitochondria,” Current Opinion
in Clinical Nutrition and Metabolic Care, vol. 18, no. 3, pp. 221-
225, 2015.

J. Navarro, E. Obrador, J. Carretero et al., “Changes in glu-
tathione status and the antioxidant system in blood and in
cancer cells associate with tumour growth in vivo,” Free Radical
Biology and Medicine, vol. 26, no. 3-4, pp. 410-415, 1999.

A. Kashiwagi, Y. Nishio, T. Asahina et al., “Pyruvate improves
deleterious effects of high glucose on activation of pentose
phosphate pathway and glutathione redox cycle in endothelial
cells;” Diabetes, vol. 46, no. 12, pp. 2088-2095, 1997.

A. Maccio, C. Madeddu, D. Massa et al., “Interleukin-6 and
leptin as markers of energy metabolicchanges in advanced
ovarian cancer patients;,” Journal of Cellular and Molecular
Medicine, vol. 13, no. 9, pp. 3951-3959, 2009.

R. C.J. Langen, A. M. W. J. Schols, M. C. J. M. Kelders, E. E
M. Wouters, and Y. M. W. Janssen-Heininger, “Inflammatory
cytokines inhibit myogenic differentiation through activation of
nuclear factor-«B,” FASEB Journal, vol. 15, no. 7, pp. 1169-1180,
2001.

R. Mastrocola, P. Reffo, E Penna et al.,, “Muscle wasting in
diabetic and in tumor-bearing rats: role of oxidative stress,” Free
Radical Biology ¢ Medicine, vol. 44, no. 4, pp. 584-593, 2008.
S. S. Sabharwal and P. T. Schumacker, “Mitochondrial ROS
in cancer: initiators, amplifiers or an Achilles’ heel?” Nature
Reviews Cancer, vol. 14, no. 11, pp. 709-721, 2014.

C. C. Benz and C. Yau, “Ageing, oxidative stress and cancer:
paradigms in parallax,” Nature Reviews Cancer, vol. 8, no. 11, pp.
875-879, 2008.

P. Wang, Q. Shi, W.-H. Deng et al., “Relationship between
expression of NADPH oxidase 2 and invasion and prognosis of
human gastric cancer,” World Journal of Gastroenterology, vol.
21, no. 20, pp. 6271-6279, 2015.

H. Chen, Y. Chen, J. Wu et al, “Expression of FOXO6 is
associated with oxidative stress level and predicts the prognosis
in hepatocellular cancer: A Comparative Study,” Medicine, vol.
95, no. 21, article 3708, 2016.

T.Y. Lin, W. Guo, Q. Long et al., “HSP90 inhibitor encapsulated
photo-theranostic nanoparticles for synergistic combination
cancer therapy,” Theranostics, vol. 6, no. 9, pp. 1324-1335, 2016.
E. Piskounova, M. Agathocleous, M. M. Murphy et al., “Oxida-
tive stress inhibits distant metastasis by human melanoma cells,”
Nature, vol. 527, no. 7577, pp. 186-191, 2015.

K. Le Gal, M. X. Ibrahim, C. Wiel et al., “Antioxidants can
increase melanoma metastasis in mice,” Science Translational
Medicine, vol. 7, no. 308, Article ID 308re8, 2015.

]. Gueritat, L. Lefeuvre-Orfila, S. Vincent et al., “Exercise
training combined with antioxidant supplementation prevents
the antiproliferative activity of their single treatment in prostate
cancer through inhibition of redox adaptation,” Free Radical
Biology & Medicine, vol. 77, pp. 95-105, 2014.

[115]

(116]

(117

[118]

[119

(120]

[121]

[122

(123]

[124]

[125]

[126]

(127

[128]

17

N. Mut-Salud, P. J. Alvarez, J. M. Garrido, E. Carrasco, A.
Arénega, and E Rodriguez-Serrano, “Antioxidant intake and
antitumor therapy: toward nutritional recommendations for
optimal results,” Oxidative Medicine and Cellular Longevity, vol.
2016, Article ID 6719534, 19 pages, 2016.

G. Bjelakovic and C. Gluud, “Surviving antioxidant supple-
ments,” Journal of the National Cancer Institute, vol. 99, no. 10,
pp. 742-743, 2007,

R. Pais and D. L. Dumitragcu, “Do antioxidants prevent col-
orectal cancer? A meta-analysis,” Romanian Journal of Internal
Medicine, vol. 51, no. 3-4, pp. 152-163, 2013.

E. R. Miller III, R. Pastor-Barriuso, D. Dalal, R. A. Riemersma,
L.J. Appel, and E. Guallar, “Meta-analysis: high-dosage vitamin
E supplementation may increase all-cause mortality,” Annals of
Internal Medicine, vol. 142, no. 1, pp. 37-46, 2005.

S. Hercberg, P. Galan, P. Preziosi et al., “The SUVL.MAX study:
a randomized, placebo-controlled trial of the health effects
of antioxidant vitamins and minerals,” Archives of Internal
Medicine, vol. 164, no. 21, pp. 2335-2342, 2004.

G. Mantovani, C. Madeddu, and A. Maccio, “Cachexia and
oxidative stress in cancer: an innovative therapeutic manage-
ment,” Current Pharmaceutical Design, vol. 18, no. 31, pp. 4813
4818, 2012.

French Speaking Society of Clinical Nutrition and Metabolism
(SENEP), “Clinical nutrition guidelines of the French Speaking
Society of Clinical Nutrition and Metabolism (SFNEP): sum-
mary of recommendations for adults undergoing non-surgical
anticancer treatment,” Digestive and Liver Disease, vol. 46, no. 8,
pp. 667-674, 2014.

I. Bairati, F. Meyer, M. Gélinas et al, “Randomized trial
of antioxidant vitamins to prevent acute adverse effects of
radiation therapy in head and neck cancer patients,” Journal of
Clinical Oncology, vol. 23, no. 24, pp. 5805-5813, 2005.

J. Crespo-Sanjuan, M. D. Calvo-Nieves, B. Aguirre-Gervds
et al, “Early detection of high oxidative activity in patients
with adenomatous intestinal polyps and colorectal adenocar-
cinoma: myeloperoxidase and oxidized low-density lipoprotein
in serum as new markers of oxidative stress in colorectal cancer,”
Laboratory Medicine, vol. 46, no. 2, pp. 123-135, 2015.

S. T. Mayne, B. Cartmel, H. Lin, T. Zheng, and W. J. Goodwin
Jr., “Low plasma lycopene concentration is associated with
increased mortality in a cohort of patients with prior oral,
pharynx or larynx cancers,” Journal of the American College of
Nutrition, vol. 23, no. 1, pp. 34-42, 2004.

H.J. Forman, K. J. A. Davies, and F. Ursini, “How do nutritional
antioxidants really work: nucleophilic tone and para-hormesis
versus free radical scavenging in vivo,” Free Radical Biology ¢
Medicine, vol. 66, pp. 24-35, 2014.

V. L. Sayin, M. X. Ibrahim, E. Larsson, J. A. Nilsson, P.
Lindahl, and M. O. Bergo, “Antioxidants accelerate lung cancer
progression in mice,” Science Translational Medicine, vol. 6, no.
221, Article ID 221ra215, 2014.

D. Yam, A. Peled, and M. Shinitzky, “Suppression of tumor
growth and metastasis by dietary fish oil combined with
vitamins E and C and cisplatin,” Cancer Chemotherapy and
Pharmacology, vol. 47, no. 1, pp. 34-40, 2001.

S. Servais, D. Letexier, R. Favier, C. Duchamp, and D. Des-
planches, “Prevention of unloading-induced atrophy by vitamin
E supplementation: links between oxidative stress and soleus
muscle proteolysis?” Free Radical Biology and Medicine, vol. 42,
no. 5, pp. 627-635, 2007,



18

[129]

(130]

(131]

(132]

[133]

[134]

[135]

(136]

(137]

[138]

(139

(140]

[141]

[142]

G. Mantovani, A. Maccio, C. Madeddu et al., “Antioxi-
dant agents are effective in inducing lymphocyte progression
through cell cycle in advanced cancer patients: assessment of the
most important laboratory indexes of cachexia and oxidative
stress,” Journal of Molecular Medicine, vol. 81, no. 10, pp. 664-
673, 2003.

Y. Baba, J.-I. Sonoda, S. Hayashi et al., “Reduction of oxidative
stress in liver cancer patients by oral green tea polyphenol
tablets during hepatic arterial infusion chemotherapy,” Exper-
imental and Therapeutic Medicine, vol. 4, no. 3, pp. 452-458,
2012.

J. McLarty, R. L. H. Bigelow, M. Smith, D. Elmajian, M.
Ankem, and J. A. Cardelli, “Tea polyphenols decrease serum
levels of prostate-specific antigen, hepatocyte growth factor, and
vascular endothelial growth factor in prostate cancer patients
and inhibit production of hepatocyte growth factor and vascular
endothelial growth factor in vitro,” Cancer Prevention Research,
vol. 2, no. 7, pp. 673-682, 2009.

H. Wang, S. Bian, and C. S. Yang, “Green tea polyphenol EGCG
suppresses lung cancer cell growth through upregulating miR-
210 expression caused by stabilizing HIF-1a,” Carcinogenesis,
vol. 32, no. 12, Article ID bgr218, pp. 1881-1889, 2011.

Y.-C. Liang, Y.-C. Chen, Y.-L. Lin, S.-Y. Lin-Shiau, C.-T. Ho, and
J.-K. Lin, “Suppression of extracellular signals and cell prolif-
eration by the black tea polyphenol, theaflavin-3,3’-digallate,”
Carcinogenesis, vol. 20, no. 4, pp. 733-736, 1999.

C. A. Camargo, M. E. E da Silva, R. A. da Silva, G. Z. Justo, M.
C. C. Gomes-Marcondes, and H. Aoyama, “Inhibition of tumor
growth by quercetin with increase of survival and prevention
of cachexia in Walker 256 tumor-bearing rats,” Biochemical and
Biophysical Research Communications, vol. 406, no. 4, pp. 638—
642, 2011.

K. T. Veldzquez, R. T. Enos, A. A. Narsale et al., “Quercetin
supplementation attenuates the progression of cancer cachexia
in ApcMin/+ mice,” The Journal of Nutrition, vol. 144, no. 6, pp.
868-875, 2014.

S. Shadfar, M. E. Couch, K. A. McKinney et al., “Oral resveratrol
therapy inhibits cancer-induced skeletal muscle and cardiac
atrophy in vivo,” Nutrition and Cancer, vol. 63, no. 5, pp. 749-
762, 2011.

S. Busquets, G. Fuster, E. Ametller et al., “Resveratrol does not
ameliorate muscle wasting in different types of cancer cachexia
models;” Clinical Nutrition, vol. 26, no. 2, pp. 239-244, 2007.

G. Mantovani, A. Maccio, C. Madeddu et al., “Reactive oxygen
species, antioxidant mechanisms and serum cytokine levels in
cancer patients: impact of an antioxidant treatment,” Journal of
Cellular and Molecular Medicine, vol. 6, no. 4, pp. 570-582,2002.
G. Block, C. D. Jensen, J. D. Morrow et al., “The effect of vitamins
C and E on biomarkers of oxidative stress depends on baseline
level,” Free Radical Biology & Medicine, vol. 45, no. 4, pp. 377-
384, 2008.

A. A. Argyriou, E. Chroni, A. Koutras et al., “A randomized
controlled trial evaluating the efficacy and safety of vitamin
E supplementation for protection against cisplatin-induced
peripheral neuropathy: final results,” Supportive Care in Cancer,
vol. 14, no. 11, pp. 1134-1140, 2006.

R.S. Sandler, S. Halabi, E. B. Kaplan, J. A. Baron, E. Paskett, and
N. J. Petrelli, “Use of vitamins, minerals, and nutritional supple-
ments by participants in a chemoprevention trial,” Cancer, vol.
91, no. 5, pp. 1040-1045, 2001.

J. D. Hall, E. A. Bissonette, J. C. Boyd, and D. Theodorescu,
“Motivations and influences on the use of complementary

[143

[144]

[145]

[146]

(147]

[148]

(149]

(150

[151]

[152]

[153]

(154]

(155]

[156]

[157]

Oxidative Medicine and Cellular Longevity

medicine in patients with localized prostate cancer treated with
curative intent: Results of a Pilot Study,” BJU International, vol.
91, no. 7, pp. 603-607, 2003.

A. Jatoi, B. Williams, E. Nichols et al., “Is voluntary vitamin
and mineral supplementation associated with better outcome
in non-small cell lung cancer patients? Results from the Mayo
Clinic lung cancer cohort,” Lung Cancer, vol. 49, no. 1, pp. 77-84,
2005.

M. M. Lee, J. S. Chang, B. Jacobs, and M. R. Wrensch,
“Complementary and alternative medicine use among men
with prostate cancer in 4 ethnic populations,” American Journal
of Public Health, vol. 92, no. 10, pp. 1606-1609, 2002.

G. M. D’Andrea, “Use of antioxidants during chemotherapy
and radiotherapy should be avoided,” CA: A Cancer Journal for
Clinicians, vol. 55, no. 5, pp. 319-321, 2005.

M. L. Hardy, “Dietary supplement use in cancer care: help or
harm,” Hematology/Oncology Clinics of North America, vol. 22,
no. 4, pp. 581-617, 2008.

M.-C. Gomez-Cabrera, E. Domenech, and J. Vifa, “Moderate
exercise is an antioxidant: Upregulation of antioxidant genes by
training,” Free Radical Biology and Medicine, vol. 44, no. 2, pp.
126-131, 2008.

A. M. W. Petersen and B. K. Pedersen, “The anti-inflammatory
effect of exercise;” Journal of Applied Physiology, vol. 98, no. 4,
pp. 1154-1162, 2005.

A. Rebillard, L. Lefeuvre-Orfila, J. Gueritat, and J. Cillard,
“Prostate cancer and physical activity: adaptive response to
oxidative stress,” Free Radical Biology and Medicine, vol. 60, pp.
115-124, 2013.

C. Battaglini, M. Bottaro, C. Dennehy et al., “The effects of
an individualized exercise intervention on body composition
in breast cancer patients undergoing treatment,” Sao Paulo
Medical Journal, vol. 125, no. 1, pp. 22-28, 2007.

C. L. Battaglini, A. C. Hackney, R. Garcia, D. Groff, E. Evans,
and T. Shea, “The effects of an exercise program in leukemia
patients,” Integrative Cancer Therapies, vol. 8, no. 2, pp. 130-138,
2009.

M. E. Schmidt, A. Meynkohn, N. Habermann et al., “Resistance
exercise and inflammation in breast cancer patients undergoing
adjuvant radiation therapy: mediation analysis from a ran-
domized, controlled intervention trial,” International Journal of
Radiation Oncology Biology Physics, vol. 94, no. 2, pp. 329-337,
2016.

D. A. Galvao, D. R. Taaffe, N. Spry, D. Joseph, and R. U. Newton,
“Combined resistance and aerobic exercise program reverses
muscle loss in men undergoing androgen suppression therapy
for prostate cancer without bone metastases: a randomized
controlled trial,” Journal of Clinical Oncology, vol. 28, no. 2, pp.
340-347, 2010.

G. B. Stene, J. L. Helbostad, T. R. Balstad, I. I. Riphagen, S. Kaasa,
and L. M. Oldervoll, “Effect of physical exercise on muscle mass
and strength in cancer patients during treatment—a systematic
review;” Critical Reviews in Oncology/Hematology, vol. 88, no. 3,
pp. 573-593, 2013.

A. J. O. Grande, V. Silva, R. Riera et al.,, “Exercise for can-
cer cachexia in adults,” The Cochrane Database of Systematic
Reviews, no. 11, Article ID CD010804, 2014.

S. C. Bodine, “mTOR signaling and the molecular adaptation to
resistance exercise;,” Medicine and Science in Sports and Exercise,
vol. 38, no. 11, pp. 1950-1957, 2006.

J. M. Argilés, S. Busquets, E J. Lopez-Soriano, P. Costelli, and
E Penna, “Are there any benefits of exercise training in cancer



Oxidative Medicine and Cellular Longevity

[158]

(159]

(160]

[161]

[162]

(163]

[164]

[165]

cachexia?” Journal of Cachexia, Sarcopenia and Muscle, vol. 3,
no. 2, pp. 73-76, 2012.

E. Pigna, E. Berardi, P. Aulino et al., “Aerobic exercise and
pharmacological treatments counteract cachexia by modulating
autophagy in colon cancer,” Scientific Reports, vol. 6, Article ID
26991, 2016.

A. V. Khamoui, B. S. Park, D. H. Kim et al., “Aerobic and resis-
tance training dependent skeletal muscle plasticity in the colon-
26 murine model of cancer cachexia,” Metabolism: Clinical and
Experimental, vol. 65, no. 5, pp. 685-698, 2016.

D. J. Bishop, C. Granata, and N. Eynon, “Can we optimise the
exercise training prescription to maximise improvements in
mitochondria function and content?” Biochimica et Biophysica
Acta—General Subjects, vol. 1840, no. 4, pp. 1266-1275, 2014.

J. D. MacDougall, A. L. Hicks, J. R. MacDonald, R. S. Mckelvie,
H. J. Green, and K. M. Smith, “Muscle performance and
enzymatic adaptations to sprint interval training,” Journal of
Applied Physiology, vol. 84, no. 6, pp. 2138-2142, 1998.

J. P. Sasso, N. D. Eves, J. E. Christensen, G. J. Koelwyn, J. Scott,
and L. W. Jones, “A framework for prescription in exercise-
oncology research,” Journal of Cachexia, Sarcopenia and Muscle,
vol. 6, no. 2, pp. 115-124, 2015.

V. A. Convertino, “Blood volume response to physical activity
and inactivity, The American Journal of the Medical Sciences,
vol. 334, no. 1, pp. 72-79, 2007.

G. D. Stewart, R. J. E. Skipworth, and K. C. H. Fearon, “Cancer
cachexia and fatigue,” Clinical Medicine, vol. 6, no. 2, pp. 140-
143, 2006.

A. M. Mileo and S. Miccadei, “Polyphenols as modulator of
oxidative stress in cancer disease: new therapeutic strategies,”
Oxidative Medicine and Cellular Longevity, vol. 2016, Article ID
6475624, 17 pages, 2016.

19



