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Abstract

Cancer cachexia is a debilitating syndrome mainly characterized by muscle and fat wasting, leading to the
progressive loss of body weight and complicating the management of cancer patient. In particular, the loss of muscle
weight is a negative prognostic factor, being associated with chemotherapy toxicity and reduced survival. Increased
inflammation and protein dysmetabolism are some of the impairments that lead to muscle wasting in cancer
patients. Together with these alterations, tumor growth and chemotherapy administration may affect mitochondrial
function, impinging on the muscle energy metabolism. Indeed, therapeutic approaches poised to correct both
hypercatabolism and mitochondrial alterations could be effective in preventing cancer-induced muscle wasting.
Among the non-pharmacological approaches, exercise training is one of the best modulator of muscle physiology
able to impinge on both protein and energy metabolism. However, the wasting phenotype that characterizes cancer
patients could be not compatible with physical training, prompting the development of different strategies to
improve muscle metabolism. The aim of this mini-review is to discuss both the beneficial effects and the limitations
of exercise training in cancer cachexia and the adoption of drugs able to modulate exercise-induced pathways.
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INTRODUCTION

Cachexia is a metabolic disorder that occurs in different chronic diseases, including cancer, heart failure,
kidney disease, chronic obstructive pulmonary disease, sepsis and rheumatoid arthritis”. The prevalence
of cachexia is particularly high in cancer patients, ranging from 50% to 80%, depending on tumor typem.
Cancer cachexia is characterized by body weight loss, systemic inflammation and metabolic alterations.
The occurrence of this syndrome affects patient’s quality of life and increases both morbidity and
mortality due to cardiovascular complications, immune disorders and nutritional deficiency™". Body
weight loss is mainly due to the consistent depletion of muscle and fat mass, that is frequently worsened
by chemotherapy toxicity””. Humoral mediators and altered energy balance activate proteolysis in the
skeletal muscle of cancer hosts, ultimately leading to protein and organelle disposal®. However, the specific
blockade of intracellular muscle proteolytic systems does not prove effective in counteracting cancer-
induced wasting[Hl, focusing the investigation to upstream pathways that regulate muscle metabolism
and energetics. In particular, several lines of evidence show that alterations of the energy metabolism and
mitochondrial impairments may contribute to the onset and progression of muscle wasting in cancer"
In this regard, cancer hosts are characterized by low nutrient intake and increased energy expenditure'".
Whereas the former is induced by anorexia, dysphagia and/or altered absorption, due to chemotherapy
or to tumors with esophageal/gastrointestinal localization™, the latter is enhanced by tumor metabolism,
inflammation and mitochondrial alterations"”. Notably, one of the first evidences of energy wasting in
cancer cachexia derive from studies on uncoupling proteins (UCPs), whose expression is increased in the
skeletal muscle and adipose tissue of tumor-bearing animals and cancer patients™". Along this line, a
time-course analysis in lewis lung carcinoma (LLC)-bearing mice has shown that mitochondrial ROS
emission, mitochondrial degradation and respiratory function are impaired prior to the loss of muscle
mass in the host mice and, interestingly, some of these alterations appear early after tumor implantation®
A proteomic profiling of both skeletal and cardiac muscles of C26-bearing mice, another syngeneic model
of cancer cachexia, has revealed an impaired expression of proteins involved in energy homeostasis and
mitochondrial function™”. Consistently, cachectic cancer patients show altered levels of proteins accepted
as markers of mitophagy, such as Parkin, PTEN-induced putative kinase 1 (PINK1) and BCL2/adenovirus
E1B 19 kDa protein-interacting protein 3 (BNIP3), and mitochondrial dynamics, such as mitofusin 2
(Mfn2) and mitochondrial fission 1 protein (Fis1)"*"”. In addition, it is well established that anti-cancer
treatments alter mitochondrial homeostasis. In this regard, healthy mice treated with FOLFOX or FOLFIRI
(the combination of 5-fluorouracil and leucovorin with either oxaliplatin or irinotecan, respectively)
present with reduced mitochondrial mass and oxidative capacity in the skeletal muscle®™. Similar results
have been reported in C26-bearing mice treated with chemotherapy (oxaliplatin and 5-fluorouracil)™,
showing that anti-cancer treatment significantly increased the lifespan of C26-bearing mice but exacerbate
muscle wasting as compared to untreated C26 hosts”". Such wasting effect has been associated with
reduced peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-10) and cytochrome
c expression and with increased markers of mitophagy, together with impaired oxidative capacity and
ATP levels™. Using a proteomic approach, alterations of the tricarboxylic acid (TCA) cycle and impaired
expression of markers of mitochondrial fusion, fission and biogenesis have been reported in both untreated
and chemotherapy-treated C26-bearing mice®™. A metabolic profiling performed in the same C26 hosts
exposed to chemotherapy shows that glycolysis and B-oxidation are also impaired"™”.

Opverall, since muscle metabolic phenotype in cancer hosts is severely impaired by both tumor growth and
chemotherapy, strategies targeting mitochondria and/or improving the oxidative capacity could usefully
integrate a multimodal therapy for cancer cachexia.

EXERCISE AS A MODULATOR OF MUSCLE METABOLISM

Physical activity is associated with several metabolic adaptations that particularly affect the skeletal
muscle™. Depending on the type and frequency of exercise, different targets are preferentially regulated.
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Acute exercise leads to transient muscle molecular changes (e.g., temporary increase in specific mRNA
expression), whereas chronic exercise induces physiological adaptations that could modify muscle
phenotype[“]. Regarding the differences in terms of exercise type, resistance training imposes a low-
repetition and high-intensity demand on the skeletal muscle, whereas endurance exercise does the
opposite””, resulting in specific skeletal muscle adaptations. Thus, resistance training leads to the induction
of myofibrillar protein synthesis and increased anaerobic capacity, whereas endurance exercise sessions
mainly lead to improved mitochondrial density and function, oxygen delivery and uptake, anti-oxidant
defenses and resistance to fatigue”. The beneficial effects of exercise have been tested in different chronic
conditions, including coronary heart disease, type 2 diabetes mellitus, obesity and aging”**”. Notably,
both exercise types exert beneficial effects in cachectic animals. Resistance training by ladder climbing
has been reported to relieve body weight loss, muscle wasting and inflammation in tumor-bearing rats”**’
and to increase the expression of factors associated with myogenesis in cachectic mice™. In Apc”™"
mice overexpressing IL-6, endurance exercise prevents body weight loss, improves insulin sensitivity,
increases mitochondrial biogenesis and muscle oxidative capacity and restores normal signaling through
Akt and 5° AMP-activated protein kinase (AMPK)""**. Endurance exercise by voluntary wheel running
is effective also in C26-bearing mice, reducing body weight loss, muscle wasting and the expression of
markers of autophagy and proteasome-dependent degradation™’. However, the combination of the two
types of exercise could result in better outcomes in cancer hosts. This was suggested by the results of an
exercise protocol in which the slope was increased in a mild intensity run protocol using a motorized
wheel. Indeed, this protocol mixed endurance exercise, due to the moderate and continuous training, to
the resistance exercise, resulting by the increased hill as compared to the flat treadmill run. Notably, C26
hosts performing this exercise protocol have shown improved muscle wasting and strength, together with
reduced autophagy and oxidative stress markers”. On the contrary, endurance exercise with treadmill
in a flat mode does not succeed in improving cachexia in C26 hosts™”. The effect of exercise trough a
motorized wheel has also been tested in a model of cancer (C26 tumor) and chemotherapy-induced muscle
wasting, partially preventing the loss of muscle mass and strength®. These improvements are associated
with a partial restoration of mitochondrial homeostasis™". Notably, exercise increases mitochondrial
mass, normalizes the levels of PINK1, BNIP3 and Mfn2, improves the succinate dehydrogenase (SDH)
activity and increases energy stores”". In a recent study, the resistance exercise component has been
further increased by combining the motorized wheel to the ladder climbing. This combined protocol
relieves muscle wasting in C26-bearing mice, reducing autophagy markers and increasing muscle oxidative
metabolism™",

The effects of physical training in cancer patients may vary depending on tumor type, stage and exercise
modalities. A systematic review analyzing the effectiveness of aerobic exercise during chemotherapy
treatment in cancer patients, has shown beneficial effects in terms of both quality of life and muscle
function™”. In chemotherapy-treated breast cancer patients, exercise increases muscle fiber cross-sectional
area, citrate synthase activity, mitochondrial complex protein levels and muscle capillarization™”
Supervised progressive resistance training increases muscle strength in pancreatic cancer hosts™”;
similarly, it decreases fatigue and improves quality of life in head and neck cancer patients"”. Although
these encouraging data, exercise has some limitations in terms of feasibility and patient compliance. In this
regard, a study in a cohort of 196 cancer patients with established cachexia has shown a scarce adherence
to exercise programs, with low ability to perform either aerobic or resistance training[“]. Along this line,
cancer patients with severe or refractory cachexia have a lack of interest in, or cannot cope with, exercise
or do not complete the initially planned program”. In addition, exercise is not free of risks and may harm
cancer patients presenting with co-morbities (anemia or cardiac dysfunctions)™” or with excessive loss
of muscle mass and low energy availability. Depending on exercise type and duration, physical activity
may worsen body and muscle wasting also in cachectic animals. Notably, in C26-bearing mice 2-week-
long treadmill run exacerbates body and muscle wasting as compared to sedentary tumor bearers™”. In
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Figure 1. Exercise mimetics may positively affect cachexia progression and low exercise performance. In cancer patients, tumor growth
and chemotherapy may induce anemia, cardiac dysfunction and mitochondrial alterations, leading to loss of muscle mass and reduced
exercise performance. Exercise-like drugs may relieve muscle wasting and/or support cancer patients practicing exercise

addition, exercise performed in late-stage cachexia reduces the survival of C26-bearing mice exposed to
chemotherapy®. Given these premises, strategies that circumvent the limitations of exercise or improve
exercise capacity could be useful for cancer hosts who are intolerant to physical training™' [Figure 1].

TARGETING EXERCISE-INDUCED PATHWAYS AND MUSCLE METABOLISM AS THERAPEUTIC
STRATEGY

One of the most relevant player in the exercise-induced adaptations in the skeletal muscle is the co-
transcription factor PGC-1a, that responds to energy demand by enhancing the transcription of genes
involved in mitochondrial biogenesis and turnover, leading to increased muscle oxidative capacity[“’“]
In this regard, the ablation of PGC-1a in mice has been shown to blunt the increase of autophagy and
mitophagy induced by exercise, to decrease mitochondrial mass and to impair exercise performance'**.
Conversely, PGC-1a overexpression increases mitochondrial content, fast-to-slow muscle fiber switch and
induces a set of genes associated with energy metabolism"”*". Moreover, PGC-1¢. transgenic animals show
an improvement of satellite cell activation and proliferative potential . Indeed, PGC-1a. plays an important
role in modulating muscle homeostasis and its downregulation is correlated with different wasting
conditions, such as aging, muscle disuse and denervation™ ", In aged mice, PGC-10 overexpression has
been shown to counteract the loss of muscle mitochondrial enzymes, to increase markers of autophagy and
to preserve both neuromuscular junctions”” and exercise capacity™”. In muscle disuse and denervation,
increased PGC-1a expression prevents muscle atrophy and the activation of catabolic pathways®**.
In cancer cachexia, muscle PGC-1a protein expression is reduced in different animal models and such
impairment does not always reflect a reduction of the transcript level®. Otherwise, some studies also
reports an increase of PGC-Ia gene expression”™”. Independently from PGC-1a, muscle mitochondrial mass
and metabolism are severely affected in tumor-bearing animals"”, suggesting that PGC-1a is not the only
determining factor in impaired mitochondrial function. In cachectic animals, conflicting results are also
reported regarding PGC-1a. overexpression. Whereas Wang et al.*? demonstrate that the muscle-specific
upregulation of PGC-1a does not protect LLC-bearing mice from muscle atrophy in the same animal
model Pin et al.*” show increased muscle mass and reduced atrogin-1 and muscle RING-finger protein-1
(MuRF-1) gene expression as compared to wild-type tumor bearers. However, both the studies suggest that
forcing the expression of PGC-1a in the skeletal muscle could have some limitations, such as the increase
in tumor mass""*"
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The effects of boosting mitochondrial biogenesis have been tested also in cancer and chemotherapy-
induced muscle wasting. In this condition, PGC-1a overexpression does not improve muscle mass, whereas
this effect is achieved by moderate exercise™. This could suggest that enhancing mitochondrial biogenesis
is not sufficient to mimic the effects of exercise and that it does not necessarily reflect an increase of
mitochondrial function, both being affected in chemotherapy-treated tumor hosts”".

The modulations triggered by exercise may be mimicked by pharmacological and dietary compounds"**?.,
Some of them have been extensively studied, such as 5-aminoimidazole-4-carboxyamide ribonucleoside
(AICAR), glitazones, metformin and sirtuin 1 (SIRT1) activators, also reporting their effectiveness in
preventing cancer-induced muscle wasting"**". Also erythropoietin (EPO), an endogenous cytokine
essential for the growth and differentiation of red blood progenitor cells, has shown some exercise-like
effects that go beyond the increase in oxygen delivery. Indeed, the EPO receptor (EpoR) is expressed
in different tissues other than hematopoietic cells, such as heart, skeletal muscle, adipose tissue, brain
and pancreas”™. In this regard, EPO stimulates SIRT1 signaling in human cardiomyocytes treated with
doxorubicin, increasing the levels of PGC-1a, nuclear respiratory factor 1 (NRF1), citrate synthase and
cytochrome ¢ oxidase IV®". EPO exposure of C2C12 myocyte cultures and primary skeletal myoblasts
in vitro results in increased mitochondrial mass, PGC-1a levels, citrate synthase activity and oxygen
consumption rate®™. Similarly, transgenic mice expressing high levels of EPO show increased proportion
of oxidative fibers and improved mitochondrial activity in the skeletal muscle, together with increased
PGC-10. and AMPK activation”. Recombinant EPO administration to humans also results in increased
mitochondrial oxidative phosphorylation and electron transport capacity®. Consistently, LLC-
bearing mice treated with EPO show increased SDH activity, ATP content and PGC-1a expression in
the skeletal muscle™. These effects are enhanced by combining exercise training and EPO, protecting
the mitochondrial compartment and resulting in increased muscle strength as compared to untreated
sedentary cancer hosts™

Another modulator of muscle metabolism is trimetazidine (TMZ). The effects of TMZ are primarily
related to the ability to block B-oxidation, by inhibiting the 3-ketoacyl-CoA thiolase (3-KAT) activity in the
mitochondrial matrix”. This inhibition results in a metabolic shift towards glucose oxidation, optimizing
oxygen utilization and decreasing lactate levels'*”’. TMZ is used to treat chronic stable angina and ischemic
cardiomyopathy[“], reducing symptoms and improving exercise performance'*”. The effects on patients
with cardiovascular diseases could be also related to the protection of the mitochondrial compartment. In
this regard, TMZ is able to correct the toxicity induced by palmitate in cultured cardiomyocytes, increasing
mitochondria mass, volume and function'®’. Positive effects have been achieved by TMZ also on C2C12
myotubes exposed to TNF-a or to growth factor deprivation. Notably, TMZ induces the activation of
anabolic pathways and reduces the expression of atrogin-1 and MuRF1, protecting C2C12 myotubes from
atrophy*”. Of relevance, TMZ is also able to induce autophagy in vitro®. Moving to in vivo models, TMZ
improves muscle strength of aged mice, coupled with a muscle metabolic shift towards oxidative metabolism,
suggested by increased levels of the slow myosin heavy chain (MyHC) isoform'”. Similarly to aged muscle,
TMZ induces exercise-like effects also in the skeletal muscle of tumor-bearing animals. In this regard,
TMZ administration partially protects C26-bearing mice from muscle atrophy (myofiber cross sectional
area) and dysfunction, increasing slow MyHC content, SDH-positive myofibers and markers associated
with mitochondrial mass and biogenesis[“]. An increase in vascular endothelial cadherin (Ve-cadherin) and
vascular endothelial growth factor (VEGF) expression, two known markers of angiogenesis, has also been
detected in tumor-bearing mice after TMZ administration'®. Of relevance, TMZ seems to induce its effects
quickly in the skeletal muscle. Indeed, 15 min ex-vivo TMZ treatment of EDL muscle (mostly composed by
glycolytic fibers) is enough to reduce both contraction and relaxation rates'®”, favoring the occurrence of a
phenotype typical of slow-twitch muscle’®”.
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Figure 2. Exercise-like responses in the skeletal muscle may be induced by drugs acting on PGC-1a expression and activity. Exercise
modulates different pathways involved in the regulation of protein homeostasis and energy metabolism. During exercise, PGC-Ta
activation increased mitochondrial biogenesis, favoring oxidative capacity, and inhibits FoxO3, reducing proteasome-dependent
degradation. Similarly to exercise, EPO and TMZ are able to activate energy sensors, such as AMPK and SIRT1, that induce PGC-1a
and its downstream targets

Exercise is also able to activate myogenesis, impinging on satellite cells (SCs) proliferation and
differentiation™. Accordingly, TMZ treatment modulates the behavior of differentiating murine myoblast,
increasing fusion capacity, markers of myogenesis and MyHC levels”". These effects are associated with
increased expression of metabolic regulators such as PGC-1a and activated AMPK, suggesting an increase
in oxidative metabolism"”". Similar results have been obtained in isolated murine SCs, in which TMZ
increases some markers of differentiation as compared to control™. Myogenesis is impaired in cachectic
animals and cancer patients, likely contributing to muscle wasting”>"”. In this regard, the effect of TMZ
on myogenesis markers has been tested on C26-bearing mice, showing increased levels of MyoD and
Myogenin[”]. Such results suggest that TMZ could potentially protect against myogenesis impairments.

CONCLUSION

The research on the etiopathogenesis of cancer cachexia has unraveled different metabolic alterations
that lead to the wasting phenotype of cancer patients. Exercise training is one of the best approaches
able to correct the metabolic impairments of tumor hosts, such as inflammation, hypercatabolism and
energy deficit. However, being the skeletal muscle severely affected in cancer cachexia, often the physical
(and psychological) state of cancer patients is not permissive for practicing exercise. Also due to these
reasons the search for pharmacological strategies able to modulate exercise-induced pathways is rapidly
growing. In this regard, exercise beneficial effects in cancer cachexia could depend, partially at least, on
the expression of PGC-1a. Consistently, drugs able to enhance the expression of this co-transcription factor,
together with strategies that increase mitochondrial function, could be effective in improving muscle wasting
[Figure 2]. However, beyond the alterations of the mitochondrial homeostasis, muscle depletion relies also
on inflammation, activation of catabolic pathways and, frequently, depression of protein synthesis. Along
this line, a combinatorial therapy targeting each of these alterations could be the best choice to counteract
cancer-induced muscle wasting.
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