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A B S T R A C T

Muscle atrophy exacerbates disease outcomes and increases mortality, whereas the preservation of skeletal muscle
mass and function play pivotal roles in ensuring long-term health and overall quality-of-life. Muscle atrophy
represents a significant clinical challenge, involving the continued loss of muscle mass and strength, which
frequently accompany the development of numerous types of cancer. Cancer cachexia is a highly prevalent
multifactorial syndrome, and although cachexia is one of the main causes of cancer-related deaths, there are still
no approved management strategies for the disease. The etiology of this condition is based on the upregulation of
systemic inflammation factors and catabolic stimuli, resulting in the inhibition of protein synthesis and
enhancement of protein degradation. Numerous necessary cellular processes are disrupted by cachectic pathol-
ogy, which mediate intracellular signalling pathways resulting in the net loss of muscle and organelles. However,
the exact underpinning molecular mechanisms of how these changes are orchestrated are incompletely under-
stood. Much work is still required, but structured exercise has the capacity to counteract numerous detrimental
effects linked to cancer cachexia. Primarily through the stimulation of muscle protein synthesis, enhancement of
mitochondrial function, and the release of myokines. As a result, muscle mass and strength increase, leading to
improved mobility, and quality-of-life. This review summarises existing knowledge of the complex molecular
networks that regulate cancer cachexia and exercise, highlighting the molecular interplay between the two for
potential therapeutic intervention. Finally, the utility of mass spectrometry-based proteomics is considered as a
way of establishing early diagnostic biomarkers of cachectic patients.
1. Introduction

Skeletal muscle mass and function are crucial to long-term health and
quality-of-life, accounting for ~40% of the total body mass in healthy
adults.1,2 Beyond its obvious involvement in force generation for move-
ment, it also contributes to skeletal support, thermoregulation, and plays
a fundamental role in metabolism.3 Therefore, pathological conditions
that attenuate muscle development, maintenance, and function severely
impact quality-of-life.

Cachexia is an incredibility complex and debilitating condition that
describes muscle wasting and weight loss secondary to many chronic
diseases, such as cancer,4 organ dysfunctions including renal or respira-
tory failure,5 and autoimmune disease.6 The agreed diagnostic criteria
for cachexia are weight loss greater than 5% during the past 6 months in
the absence of simple starvation, or weight loss greater than 2% in in-
dividuals with a bodymass index (BMI)< 20 kg⋅m-2 or sarcopenia.7,8 The
clinical problem is significant with ~35% of cancer patients estimated to
be affected by cachexia in the UK, and 50%–80% globally.9 Further, it is
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responsible for more than 20% of all cancer related deaths and almost 1
million cancer survivors display a history of sarcopenia.10 Despite ad-
vancements in oncology treatment strategies, the prevalence of cancer
cachexia remains alarmingly high. It is a common complication in the
late stages of most cancers and can also develop early during others (e.g.,
pancreatic, gastroesophageal, lung), currently affecting up to 80% of all
cancer patients at some point over the course of their disease.11 Cachexia
is a hypercatabolic state characterised by the progressive wasting of
skeletal muscle and is strongly associated with reduced treatment toler-
ance leading to increased morbidity rates. Once the condition becomes
clinically evident it is exceptionally difficult to reverse. However, there
are currently no agreed early biomarkers to effectively detect cachexia,
and at present there is a distinct paucity of high efficacy treatment
strategies available.12,13 Thus, highlighting an urgent requirement for the
development of effective therapies and early diagnosis tools to improve
treatment responses, ultimately permitting intervention trials that miti-
gate disease progression and extend patient survival.

It is important to state that while there are some strategies that
address cancer cachexia, there is no primary recognised intervention for
20 January 2024
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Abbreviation list:

3 MH 3-methylhistidine
Ac Acetylation
ACTRIIB Activin type II receptor
AMP Adenosine monophosphate
AMPK Adenosine monophosphate-activated protein kinase
AngII Angiotensin II
AT1R Type 1 angiotensin II receptors
ATP Adenosine triphosphate
BMI Body mass index
C26 Colon‑26
Ca2þ Calcium ion
CaM Calmodulin
CaMKII Calcium Calmodulin-dependent protein kinase II
CaMKK Calcium Calmodulin-dependent protein kinase kinase
CXCR4 C‑X‑C chemokine receptor type 4
DEG protein degradation
EDL Extensor digitorum longus
ERK 1/2 Extracellular signal-regulated kinase 1/2
FAK Focal adhesion kinase
FOXO Forkhead box transcription factor
FOXO1 Forkhead box protein O1
JAK/STAT Janus kinase/signal transducers and activators of

transcription
JNK c-Jun N-terminal kinase
IGF-1 Insulin-like growth factor
IL-1 β Interleukin 1-beta
IL-1 βR Interleukin 1-beta receptor

IL-6 Interleukin-6
IL-6R Interleukin 6 receptor
MAFbx Muscle atrophy F-box protein 1
METs Metabolic equivalents
MPS Muscle protein synthesis
mRNA Messenger ribonucleic acid
mTOR Mammalian target of rapamycin
MuRF1 Muscle ring finger protein 1
NF-κB Nuclear factor kappa B
P Phosphorylation
p38 MAPK p38 mitogen-activated protein kinase
p53 Tumour protein p53
p70 S6K p70 ribosomal S6 kinase
PCR Polymerase chain reaction
PIF Proteolysis inducing factors
PIFR Proteolysis inducing factor receptor
PGC-1⍺ Peroxisome proliferator-activated receptor-gamma

coactivator 1-alpha
PTMs Post translational modifications
RNA-seq RNA sequencing
ROS Reactive oxygen species
SDF1 Stromal cell-derived factor 1
SMAD 2/3 Suppressor of Mothers against Decapentaplegic 2 and 3
SWATH-MS Sequential window acquisition of all theoretical mass

spectra
TNFα Tumour necrosis factor alpha
TNF αR Tumor necrosis factor alpha receptor
UPS Ubiquitin proteasome system
Yap Yes-associated protein
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treatment, and some approaches that are currently considered for its
management can be inconsistent in their success. For example, oral and/
or parenteral nutritional strategies include high calorie, high protein
diets aimed at mitigating weight loss and muscle wasting.14–16 Pharma-
cological interventions including selective androgen modulators,17,18

non-steroidal anti-inflammatory drugs,19,20 ghrelin agonists,21,22 and
omega-3-fatty acids,23,24 or more recently the use of cannabinoids25 all of
which focus on the promotion of healthy muscle mass and function, as
well as improving skeletal muscle metabolic health. Multimodal ap-
proaches are often the most common management strategy where a
combination of interventions can have synergistic affects in managing
cachexia.12,26 However, the effectiveness of such an approach can vary
widely among individuals and can highly depend on factors such as the
type of cancer, stage of cachexia, overall health of the individual, and
treatment regimen. Additionally, cachexia is a complex syndrome with
multiple underlying mechanisms, making it difficult to establish a single
universal solution. It is also important to note that current anti-cancer
treatments (e.g., chemotherapy) add further complexity to identifying
the underlying molecular signatures responsible for cachexia, and can
often have a negative impact on muscle metabolism and wasting.27,28

However, amid the array of potential interventions, exercise and struc-
tured physical activity may prove to be a promising avenue for
addressing cancer cachexia.29 Historically, exercise was viewed with
caution in cancer patients due to concerns regarding physical strain and
potential exacerbation of cachexia-related symptoms. However, it is now
well established that exercise interventions hold the potential to atten-
uate muscle wasting and enhance physical function, thus improving
overall quality-of-life for cancer patients.29–31 More recently, there now
shows promise, with growing clinical evidence to suggest that properly
designed exercise interventions can exert positive influence on
cachexia-related outcomes.32–35

This review aims to bring together current knowledge regarding the
interaction between cancer cachexia and the use of exercise as a
2

therapeutic intervention. Moreover, new perspective will be added by
considering the novelty of emerging -omics technology in the field of
exercise and cancer cachexia. By exploring the molecular, physiological,
and clinical dimensions of this interaction, this review seeks to elucidate
the potential mechanisms by which exercise may counteract the delete-
rious effects of cancer cachexia. Finally, recognising the paramount sig-
nificance that new early detection methods would offer. The potential of
cutting-edge discovery techniques, such as mass spectrometry-based
proteomics are considered. Taken together, the understanding of the
molecular interplay of exercise and cancer cachexia, along with the in-
formation gained by novel -omics approaches can potentially illuminate a
path towards combining new robust diagnosis methods, and effective
early treatment strategies, to ultimately combat disease progression and
improve overall quality-of-life for those affected by this debilitating
condition.

2. Cachexic mechanisms of muscle loss

Cancer cachexia is a multifactorial syndrome, of which the patho-
genesis involves a complex interplay of factors. The development of
cachexia is common during the progression of several types of malignant
tumors, primarily upper gastrointestinal, pancreatic, and lung can-
cers.11,36 Cancer cachexia is divided into three consecutive clinical
stages; pre-cachexia, cachexia, and refractory cachexia, though patients
may not experience all three stages. The incidence and severity of
cachexia are highly heterogeneous and depend on the type, location, and
stage of the tumour. At present, there are no specific biomarkers for early
stage cachexia identification. Staging is therefore entirely determined
according to the clinical manifestations and characteristics of the patient.
To date, the mechanism by which cancer cachexia induces muscle
wasting has not been fully resolved. However, it is clear there is an
imbalance between skeletal muscle protein synthesis and degradation
during the progression of the disease.7 Emery et al.,37 was one of the first
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to suggest that muscle mass in cancer cachexia is regulated primarily by
alterations in protein synthesis with changes in protein degradation
likely to be secondary. The authors used L-leucine stable isotope infusion
to measure whole body protein synthesis and observed synthetic rates of
cachexia patients to be almost 4%/d less than healthy controls. However,
it is important to acknowledge that traditional amino acid tracer tech-
niques may also be influenced by the metabolism and transport rates in
particular tissues when taking whole body measures. Synthesis values
from amino acid tracer studies also represent averages across the entire
proteome i.e., data from mixtures containing many hundreds of proteins.
Moreover, the calculation of degradation rate using this technique is less
than ideal due to the rate of appearance of the labelled amino acids not
being truly reflective of actual degradation rates. This is attributed to the
problem of tracer ‘label recycling’ where tracer can be reincorporated
into new protein.38 Thus, providing end values that are potentially
misleading. Another early study Lundholm et al.,39 arrived at a similar
conclusion to Emery et al., by measuring the release of 3-methylhistidine
(3 MH) from leg tissue of cancer cachexia patients. Insignificant levels of
3 MH were measured for cachectic patients, whilst both acutely ill pa-
tients and healthy controls showed significant release. 3 MH is a post
translationally methylated histidine found in myofibrillar proteins,
commonly used as a marker of myofibrillar degradation because it cannot
be further metabolised or recycled for use in protein synthesis.40,41 3 MH
methods are controversial42 and the routine measurement of 3 MH in
urine means the degradation information is not specific to a specific
muscle or muscle type. This positions the utility of this method with a
Fig. 1. Catabolic signaling involved in muscle wasting.
In cachexic conditions, inflammatory factors, and cytokines (e.g., IL-6, IL-1β, TNFα) fr
and FOXO through various signaling cascades, ultimately leading to the activation of t
muscle wasting. Activin A can also bind to ACTRIIB, in turn phosphorylating SMAD2
system. Glucocorticoids and AngII can also play a role in the activation of the ubiquitin
to muscle wasting. Calcium dependent proteolysis is also activated by the calpains d
ACTRIIB, Activin type II receptor; AngII, Angiotensin II; AT1R, Type 1 angiotensin II
beta; IL-1βR, Interleukin 1-beta receptor; TNFα, Tumor necrosis factor alpha; TNFαR
Proteolysis inducing factor receptor; FOXO, Forkhead box transcription factor; JAK
Reactive oxygen species; SMAD 2/3, Suppressor of Mothers against Decapentaplegic 2
Muscle ring-finger protein-1; Ca2þ, Calcium ion.
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very limited scope, especially when trying to study pathologies or
adaptive models where there is a changing protein mass such as in cancer
cachexia. Despite lack of understanding of the relative contributions of
synthesis and degradation in cachexia, there are obvious changes pre-
sent. Which in part, can be attributed to the upregulation of inflamma-
tory mediators,43–45 the activation of related transcription factors such as
Forkhead box O,46 and their associated signalling pathways.47–51 Sys-
temic inflammation plays a significant role in the development of
cachexia. However, exercise is known to acutely promote inflammatory
signalling pathways that benefit muscle metabolic health and function.
Whereas cachexia is associated with chronically elevated systemic
inflammation which can negatively impact muscle health, and is linked
to abnormalities in the expression of proteins such as Angiotensin II,52

insulin-like growth factor-1,53 and protein kinases such as adenosine
monophosphate-activated protein kinase (AMPK),54,55 as well as mito-
chondrial dysfunction.56–58

Presently, there are three major pathways that are thought to solely
govern skeletal muscle protein degradation. The ubiquitin proteasome
system (UPS), the cell autophagy/lysosomal pathway, and the calcium
(Ca2þ)-activated degradation pathway.59–61 Among these pathways the
principal mode of degradation is the UPS.62 In cancer cachexia the
activation of these protein degradation pathways is frequently concom-
itant with the presence of inflammatory mediators (Fig. 1), including
interleukin-1β,45 interleukin-6 (IL-6),55 and tumour necrosis factor alpha
(TNFα).63 Additionally, the presence of these factors in cachexia is often
associated with the phosphorylation48 or aberrant expression of key
om tumors and immune cells induce activation of the transcription factors NF-kB
he ubiquitin proteasome system and the autophagy/lysosomal system to result in
/3, resulting in muscle atrophy through activation of the ubiquitin proteasome
proteasome system and the autophagy/lysosomal system, respectively, and lead
uring cachexic conditions, contributing to the muscle wasting process.
receptors; IL-6, Interleukin 6; IL-6R, Interleukin 6 receptor; IL-1β, Interleukin 1-
, Tumor necrosis factor alpha receptor; PIF, Proteolysis inducing factors; PIFR,
/STAT, Janus kinase/signal transducers and activators of transcription; ROS,
and 3; NF-kB, Nuclear factor-κB; MAFbx, Muscle-specific F-box protein; MURF1,
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molecules involved in metabolism.49 Furthermore, the abnormal catab-
olism that is observed in cachexia has previously been related to the
dysfunction of several organelles; principally the endoplasmic reticu-
lum56 and the mitochondria.57 Currently, there are two predominant E3
protein ligases that have been conclusively recognised for their pro-
nounced involvement in the proteolysis underlying muscle atrophy.64–66

These ligases are the muscle atrophy F-box protein 1 (MAFbx), also
known as atrogin-1, and the muscle ring finger protein 1 (MuRF1).67

Their activity is closely regulated by several pathways associated with
cachexia, encompassing nuclear factor kappa B (NF-κB), IL-6, and p38
mitogen-activated protein kinase (p38 MAPK) signalling
pathways.43,68–70 Remarkably, several investigations have identified the
presence of these proinflammatory and transfer factors, alongside the
activation of their associated pathways in skeletal muscle, consistently
demonstrating their integral involvement to cachexia-induced muscle
wasting. Noteworthy among these factors are TNFα71 and Twist1,72

while significant pathways include the NF-κB73 and the p38 MAPK sig-
nalling pathway,70 all upregulated in cancer cachexia.

The overexpression of proinflammatory factors, transcription factors,
or constituents of associated signalling pathways, within the framework
of cancer cachexia, all appear to culminate in a collective influence on the
E3 ligases MuRF1 and MAFbx.74,75 This convergence instigates the
stimulation of proteasome hydrolysis within the UPS, thereby initiating
the process of skeletal muscle protein degradation to promote muscle
loss.74,76 Some evidence would suggest that in cancer cachexia, the bal-
ance between synthesis of new proteins and the degradation of existing
proteins is tipped towards the latter.7,77 For example, atrophy in myo-
tubes can be induced by expressing ubiquitin ligase MAFbx in a rodent
model. Consistent with this observation, mice deficient in either MAFbx
or MuRF1 have been found to be resistant to atrophy.78 Besides degra-
dation of proteins via the UPS, the autophagy/lysosomal degradation
pathway is similarly important in skeletal muscles.79 Both protein
degradation pathways are controlled by Forkhead-box protein O3,66 and
in vivo, and in vitro investigations have consistently demonstrated that
increased expression of stromal cell-derived factor 1 (SDF1) or its re-
ceptor C-X-C chemokine receptor type 4 (CXCR4) offers a partial safe-
guard against muscle atrophy,80–82 both known to be reduced in
cachexia.83 Furthermore, Martinelli et al.,80 revealed an inverse rela-
tionship between the expression levels of SDF1/CXCR4 in the rectus
abdominis muscle of cancer patients and the expression of MAFbx and
MuRF1 expression levels in muscle atrophy. Another study also illus-
trated that the administration of recombinant adeno-associated viral
vectors promoted the overexpression of the Smad7 gene in skeletal and
cardiac muscle, reducing SMAD2/3 phosphorylation downstream of
Activin A receptor type-2B, consequently inhibiting the expression levels
of the muscle atrophy-associated ligases MuRF1 and MAFbx.84 In
contrast, a separate earlier study employed reverse
transcription-quantitative PCR to analyse the expression of E3 ligases
MuRF1 and MAFbx, and no significant correlation was established be-
tween mRNA expression levels and cancer-associated weight loss.85

Nonetheless, the predominant body of evidence for the involvement of
degradation pathways in cancer cachexia originates from animal models
of muscle wastage. Thus, further clinical investigations necessitate a
more extensive sample pool to explore the regulatory dynamics of protein
degradation in human muscle loss, particularly in the context of cancer
cachexia pathology.

Various proinflammatory factors have been demonstrated to play a
pivotal role in the atrophic processes attributed to cancer
cachexia.44,55,86,87 Notably, IL-6 is produced by macrophages88 and fi-
broblasts,89 and its secretion has been identified in tumour cells as well.90

Interestingly, there have been several reports that have identified a
correlation between profound weight loss resultant from cancer cachexia
and elevated levels of circulating IL-6.91,92 Moreover, Op den Kemp
et al.,93 revealed that individuals afflicted with non-small cell lung cancer
experiencing cachexia exhibit reduced muscle fibre cross-sectional area
alongside significantly increased plasma IL-6 concentrations. The
4

IL-6/JAK/STAT3 signalling pathway has also been identified to have an
essential role in the contribution of the progression of cancer cachexia
through its regulatory capacity in the inflammatory response.44,87 Pin
et al.,83 conducted intraperitoneal injections of ES-2 human ovarian
cancer cells into Nod-SCIDγ mice to establish a cancer cachexia model.
The experiment revealed a significant elevation in IL-6 and phosphory-
lated STAT3 levels within the plasma of treated mice compared to control
animals. Similarly, ES-2-conditioned medium led to a marked increase in
STAT3 phosphorylation in C2C12 myotubes and subsequently induced
muscle atrophy in differentiated myotubes. However, the authors tried to
rescue the muscle wasting with use of an IL-6/STAT3 signalling inhibitor
and was able to successfully restore myotube size. A previous study using
a similar cancer cachexiamodel investigated a dose-dependent inhibitory
effect of IL-6 on mammalian target of rapamycin (mTOR) activity.55

Importantly, this study discerned that the dampening effect of IL-6 on
mTOR function was contingent upon the activation of AMPK, and inde-
pendent of STAT signalling in myotubes.55 In addition to alleviating
suppression of anabolic signalling, AMPK inhibition concurrently atten-
uated IL-6 induced expression of MAFbx and ubiquitinated proteins.
Therefore, there appears growing evidence to position IL-6 as an inhib-
itor to protein synthesis through the dampening of mTOR activity by
AMPK activation. There is also further evidence to show that the acti-
vation of AMPK can also promote hydrolysis of muscle protein primarily
by the UPS and autophagy.94 However, in skeletal muscle AMPK is a
master regulator of metabolism and plays an integral role in protein
turnover. Accumulating data would suggest that modulation of activity of
AMPK substrates will constitute good future candidates for muscle
wasting therapy. In this context, it is important to understand the precise
mechanisms that regulate protein degradation to develop and improve
therapeutic strategies against conditions like cachexia. Among the sig-
nalling pathways that control proteolysis, AMPK may play a key role that
should be further addressed, with attempts to evaluate the effects of
physical exercise considered.

The cell autophagy/lysosomal and the Ca2þ-dependent protein
degradation pathways are two other processes that are currently
regarded to be heavily involved in skeletal muscle protein degradation.
Earlier research has underscored the significant involvement of the
autophagy/lysosome system in the modulation of muscle mass.79

Notably, various essential constituents of the autophagy mechanism
have been found to undergo transcriptional upregulation during periods
of muscle atrophy.95–97 Transgenic mouse models of cancer cachexia,
for example colon-26 (C26), have previously been used to study the
effects of autophagy inhibition (Beclin-1 knockout), or promotion
(tumour protein p53 inducible nuclear protein 2 overexpression), dur-
ing cancer-induced muscle loss.95 The authors revealed that Beclin-1
knockout was ineffective in preventing muscle atrophy in
tumour-bearing mice, whereas p53-mediated autophagy further exac-
erbated the muscle loss, suggesting that autophagy is not the primary
mode of degradation but complimentary during cancer cachexia. In-
creases in autophagy have also been shown to have a direct relationship
with a decrease in muscle mitochondrial function.98 Recent findings
suggest that activin A can regulate mitochondria.99 Activin A is a re-
ceptor complex consisting of transmembrane serine/threonine kinases
which can autophosphorylate, binding and activating SMAD tran-
scriptional regulators.100 However, Pettersen et al.,95 revealed that
activin A can also operate in an autocrine fashion to stimulate the
synthesis and release of IL-6 from cancer cells. By inhibiting activin
signalling, the production of IL-6 in cancer cells was diminished, along
with the cancer cells capacity to induce accelerated autophagy in
non-cancerous cells in vivo, resulting in the reversal of cachexia relates
symptoms and decline in all assessed muscle groups. Energy and
oxidative stress are elevated in cancer patients,101,102 with evidence
existing for the functional role of MAP-kinase signalling in mediating
oxidative stress through autophagy in cachectic muscle wasting.70 In
response to oxidative stress, an autophagy related gene, Atg7, expressed
in the autophagy/lysosomal proteolytic pathway, as well as the E3
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ligases MuRF1 and MAFbx have been identified to be temporally
associated with the activation of the p38 MAPK pathway, independent
of both NF-kB and FOXO dependent transcriptional activation in
cultured muscle cells.103 However, there is recent evidence to now
demonstrate that the hippo pathway noncanonically drives autophagy
and cell survival in response to energy stress, largely through activation
of the kinase MAP4K2, from the MAP kinase family, which phosphor-
ylates LC3A at residue serine 87 promoting autophagy in cancer.104

There is a strong association between cancer cachexia-induced mus-
cle loss and mitochondrial dysfunction, with several studies now
demonstrating a clear connection.105–108 To illustrate, Marzetti et al.,55

examined the expression of key mediators in pathways related to mito-
chondrial quality control using muscle biopsies obtained from patients
with gastric adenocarcinoma. Patients were split in to three groups (n ¼
9, in each), those diagnosed with cancer cachexia, those with cancer only
and a control group. Notably, the patients with cachexia exhibited an
upregulation in the expression levels of the mitotic protein Fis1, while a
mitochondrial outer membrane GTPase protein, known to mediate
mitochondrial clustering and fusion, Mitofusin-2, decreased in these
patients. Consequently, these findings indicate an association between
cachexia and alterations in mitochondrial dynamics in the muscle that
reduce mitochondrial quality control. Interestingly, previous in-
vestigations have demonstrated that mitochondrial degeneration pre-
cedes muscle atrophy in the development of cancer cachexia in
tumour-bearing mice, providing novel evidence to suggest that mito-
chondrial dysregulation can directly precede cachexia-induced muscle
loss.108 Neyroud et al.,109 established a C26-induced cancer cachexia
model in CD2F1 mice and observed the mitochondrial respiratory ca-
pacity and content of skeletal muscle. Indeed, skeletal muscle mito-
chondrial respiration, mitochondrial coupling and the mitochondrial
content were all reduced, suggesting a link between mitochondrial dys-
regulation and cachexia. However, a better understanding of the mech-
anisms responsible for cancer-induced mitochondrial dysfunction are
required, if future therapeutic treatments are to combat mitochondrial
alterations in muscle atrophy.

3. The molecular response of exercise

It is beyond the scope of this review to discuss the molecular re-
sponses to exercise in its entirety. For this, readers are directed to an
excellent comprehensive resource by Egan & Sharples,110 and an exten-
sive account of current research and understanding of muscle hypertro-
phy by Roberts and colleagues.111 Alternatively, this review will briefly
highlight the importance of exercise adherence to long term health and
discuss some of the molecular networks that overlap in cancer cachexia,
and those known to be ‘switched on’ by exercise. Therefore, identifying
important targets that can be exploited to potentiate or augment the
benefits of exercise in potential therapeutic treatments for cachexia
patients.

Current public health recommendations recognise regular exercise
and physical activity as a cornerstone in the prevention, management,
and treatment against the emergence of numerous chronic con-
ditions.112–115 As such, the progression and preservation of functional
capacity is achieved through a combination of aerobic fitness and skeletal
muscle strength, which is central to healthy aging across the lifespan. In
this regard, the American College of Sports Medicine recommends that
adults engage in moderate-intensity cardiorespiratory exercise for 150
min per week, e.g., 30 min sessions 5 days per week. Alternatively, more
vigorous-intensity exercise can be done in> 20min sessions 3–4 days per
week (i.e., � 75 min/week). Various combinations of moderate and
vigorous intensity exercise can be prescribed based on metabolic equiv-
alents (METs), which relate the metabolic cost of an activity to the in-
dividual's resting VO2max. For example, a mixed program of activities
that achieves a total energy expenditure of 500-1 000 METs per week
conveys significant health benefits.116 Skeletal muscle is an important
component of exercise capacity, and in the context of disease and aging,
5

the maintenance of muscle mass and function becomes a key determinant
of health span and quality-of-life.114 To maintain and enhance muscle
mass and strength, resistance exercises at an intensity of 75%–85% of one
repetition maximum, completed in 1–3 sets of 8–12 repetitions per ses-
sion are recommended.116 These benefits are largely conferred by a
comprehensive overhaul of skeletal muscle architecture due to the
implementation of regular structured exercise training. The underlying
mechanics of which are underpinned by a substantial body of research
spanning nearly five decades, dedicated to unravelling the molecular
responses of skeletal muscle in response to exercise training.110,111

The onset of acute exercise presents a multitude of challenges for the
maintenance of homeostasis. However, through the continuation of ex-
ercise, the resultant physiological stress leads to the alterations of key
determinants associated with neuronal, mechanical, metabolic, and
hormonal factors acting as primary messengers to form molecular signals
for the initiation of signal transduction and other associated molecular
responses to exercise (Fig. 2). These alterations include, in cell membrane
electrolyte balance, changes in muscle cell and tissue volume, shifts in
regulators governing energy producing pathways, and ATP turnover.117

For example, elevated intracellular calcium concentrations,118 metabo-
lites linked to cytosolic phosphorylation potential, reactive oxygen spe-
cies, and the redox state of mitochondria,119 as well as decreases in
muscle glycogen levels, and intracellular partial pressure of oxygen and
pH.120 The above is by no means an exhaustive list of cooccurring re-
sponses originating from within the contracting muscle. However, there
are also many external factors to the muscle that circulate systemically
impacting upon the molecular responses to exercise. These include the
prevailing hormonal environment, such as concentrations of catechol-
amines (e.g., epinephrine and norepinephrine), cytokines like tumour
necrosis factor alpha (TNFα) and interleukin-6 (IL-6), hormones
including insulin-like growth factor (IGF-1), and substrates such as
glucose, amino acids and free fatty acids, as well as the possible
involvement of a collection of these exercise-related factors acting in an
autocrine or paracrine manner (e.g., IL-6, IGF-1).121,122 Nevertheless, the
degree of alteration brought about by exercise to any given factor is
predominately dictated by the intensity, duration, and specific type of
exercise. Moreover, many acute responses continue in the hours after the
cessation of exercise as part of the restoration of homeostasis, which
include inflammatory and anti-inflammatory responses, restoration of
fluid balance, and the replenishment of substrates utilised during exer-
cise, as well as elevations in muscle protein synthesis.123–127

In relation to cancer cachexia, exercise has profoundmolecular effects
on the body, particularly in terms of improving muscle health, a critical
factor for the elderly and individuals with muscle pathologies and
comorbidities.30,128 These effects are driven by intricate signalling
pathways and molecular interactions resulting in enhanced muscle
function, mass and overall well-being.129–131 At the cellular level, exer-
cise triggers a cascade of molecular events that stimulate muscle growth
and repair.132 One key player in this process is IGF-1, a hormone pro-
duced during exercise activities which exerts influence on the mamma-
lian target of rapamycin (mTOR) pathway, regulating protein synthesis,
leading to muscle hypertrophy and improved muscle quality.133–135 Ex-
ercise also influences mitochondrial biogenesis, with regular physical
activity enhancing mitochondrial function and content, improving en-
ergy production, and reducing oxidative stress.136 This is particularly
important for older individuals and those with muscle pathologies, as
mitochondrial dysfunction is inextricably linked to muscle atrophy and
weakness.57,108 The onset of exercise also includes an increase in the
circulation of a diverse range of ‘exercise factors’, usually small pepti-
des/proteins produced by muscle cells during contraction, but also
include metabolites and several RNA species, which together have
collectively been termed by the field as “myokines” or “exer-
kines”.122,137–140 Myokines have anti-inflammatory properties and can
modulate metabolism contributing to improved muscle health and
overall systemic effects. Notable myokines include irisin and IL-6, which
play roles in fat metabolism141 and immune regulation.142



Fig. 2. Schematic of signal transduction-to-transcription coupling in skeletal muscle.
At the onset of exercise myofibrillar contractile activity results in multiple biochemical stimuli localised to the contracting muscles. These perturbations in skeletal
muscle homeostasis lead to the activation of signaling molecule networks, including protein kinases, phosphatases, and deacetylases. All of which are integrated into
physiological processes by downstream targets, including transcription factors and transcriptional coregulators. These events occur in a temporal manner, such that
kinase activation and pre-transcriptional regulation occur rapidly during exercise and recovery, but transcript alterations resulting in translational events take time.
The activation, contribution, and magnitude of the described pathways and downstream targets are dependent on the intensity, duration, and mode of the exercise
stimulus. Here, linear pathways are depicted, but these pathways demonstrate some degree of dependence, crosstalk, interference, and redundancy in their regulation,
making the exact contribution of each signaling pathway to measured changes in gene expression difficult to isolate.
ATP, Adenosine triphosphate; AMP, Adenosine monophosphate; ROS, Reactive oxygen species; Ca2þ, Calcium ion; AMPK, AMP-activated protein kinase; p38 MAPK,
p38 mitogen-activated protein kinase; ERK 1/2, Extracellular signal-regulated kinase 1/2; JNK, Jun N-terminal kinase; CaMKII, Calmodulin-dependent protein kinase
II; FAK, Focal adhesion kinase; P, Phosphorylation; Ac, Acetylation; PGC-1⍺, Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha; FOXO1, Forkhead
box protein O1; p53, Tumour protein p53; mTOR, Mammalian target of rapamycin; p70 S6K, p70 ribosomal S6 kinase; MAFbx, Muscle-specific F-box protein; MuRF1,
Muscle RING-finger protein-1.
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The cytokine/myokine IL-6, which is secreted by both immune cells
and myofibers, remains the best described in terms of kinetics of response
to exercise and subsequent metabolic and/or molecular effects. During
and soon after a single session of aerobic143 or resistance144 exercise,
circulating IL-6 is robustly observed to increase (several-fold).145 IL-6 is
mostly derived from contracting skeletal muscle where it is transcribed,
translated, and released from myofibers during exercise.146,147 It is also
sensitive to nutritional status (i.e., exogenous carbohydrate ingestion and
endogenous glycogen concentration),148,149 and exerts relevant meta-
bolic effects during and after exercise, e.g., enhanced hepatic glucose
output, adipose tissue lipolysis, and skeletal muscle insulin
sensitivity.150–153 For most other exercise factors, beyond reports that
indicate a change in circulating concentrations in response to acute ex-
ercise, the information available is severely lacking. However, there is
growing evidence to suggest other small molecules such as metabo-
lites,154,155 RNAs,156,157 and proteins140,158 respond to exercise in a
similar manner and exert positive systemic effects. Despite sometimes
inconsistent reports in relation to exerkines, there is strong speculation
that these exercise factors could serve as the initiating signals for the
adaptations that occur in response to repeated sessions of exercise,
including local signals in skeletal muscle stimulated by contraction.159

During skeletal muscle contraction, changes in calcium (Ca2þ) flux
are crucial and involve the intermediate Ca2þ-binding protein Calmod-
ulin (CaM). CaM is a versatile signal transducer that undergoes confor-
mational alterations before activating other CaM-binding proteins;
particularly downstream kinases, and the phosphatase calcineurin.119,160

In human skeletal muscle, Calcium Calmodulin-dependent protein kinase
II (CaMKII) stands as the dominant isoform.161,162 The activation of this
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multifunctional serine/threonine protein kinase is mediated by
Ca2þ-dependent CaM binding, triggering autophosphorylation at Thr287
and activation of a Ca2þ/CaM-independent form.118 Phosphorylation
grants CaMKII partial autonomy from Ca2þ/CaM; thus, following a
transient cessation in Ca2þ release, the kinase maintains elevated activity
above basal levels.162 This sustained CaMKII enzymatic activity enable
continuous downstream substrate phosphorylation upon repeated stim-
ulation i.e., multiple exercise efforts.163 Aerobic exercise is known to
amplify CaMKII phosphorylation in an intensity-dependent
manner,161,164,165 potentially due to heightened Ca2þ release at greater
force outputs from additional muscle fibre recruitment.166 There is also a
suggestion that Ca2þ signalling could be responsive to distinct exercise
types (e.g., aerobic vs. resistance), given the differential amplitude and
frequency of Ca2þ kinetics resulting from their respective contraction
patterns.118 This theoretically leads to varying signal transduction pat-
terns.167 Nonetheless, despite increased phosphorylation following
short-duration, maximally intense bouts of electrically stimulated con-
tractile activity in rodent skeletal muscle.168–171 CaMKII phosphorylation
often remains unchanged in human skeletal muscle after resistance
exercise.172–174 Whether this distinction in response to aerobic versus
resistance exercise holds significant implications for exercise types and
its application to clinical scenarios is still awaiting clarification. Regret-
tably, many studies that compare signalling pathways in response to
acute aerobic and resistance exercise, whether in parallel groups Camera
et al.,175 or a within-subject crossover design176–179 did not measure
CaMKII phosphorylation. Notably, a correlation between increased
resting CaMKII levels and hypertrophy in human vastus lateralis muscle
has been previously reported,180 prompting speculation regarding the
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potential role of CaMKII in exercise-induced muscle hypertrophy. How-
ever, the investigation of CaM kinases in skeletal muscle glucose trans-
port, lipid intake, oxidation, mitochondrial biogenesis, or remodelling
primarily revolves around mechanistic studies employing a combination
of Ca2þ-releasing agents and CaM kinase inhibitors.181–188 Therefore, the
precise mechanism through which CaM kinases participate in skeletal
muscle plasticity remains incompletely defined.

Ca2þ related signalling exemplifies the intricate nature of cross talk
among signal transduction pathways. For instance, CaM kinases are
recognised as an upstream regulator of AMP-activated protein kinase
(AMPK), enabling phosphorylation at Thr172 and thereby triggering
AMPK activation.189,190 Interestingly, AMPK activation has previously
been shown to be directly activated from the initiation of Ca2þ signalling
in myotubes, even in the absence of contraction.182 Additionally, there is
existing evidence suggesting that p38 mitogen-activated protein kinase
(MAPK) functions downstream of CaMKII, regulating peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1α)
through a pathway initiated by Ca2þ flux.186 Further studies have also
established relationships between Ca2þ related signalling and pathways
associated with protein kinase C, reactive oxygen species, as well as
mechanosensory signal transduction in the context of skeletal muscle
hypertrophy.191 MAPKs constitute a conserved family of ser-
ine/threonine kinases including extracellular signal-regulated kinase
(ERK 1/2), c-Jun N-terminal kinase (JNK), and p38 MAPK. These kinases
orchestrate signal transduction cascades pivotal in physiological pro-
cesses like cell proliferation, differentiation, hypertrophy, inflammation,
gene expression, and apoptosis.192–194 Their resultant activation re-
sponds to changes such as growth factors (e.g., IGF-1) and cytokines (e.g.,
IL-6).194 Within an exercise context, the phosphorylation and activation
of p38 MAPK are consistently observed in response to acute aerobic
exercise,164,179,195–200 and high intensity exercise,165,195–197,199–202 with
the caveat of, increases are sometimes observed to be of a greater
magnitude in response to higher intensities or a greater metabolic stress
of exercise,164,165 and lower within trained individuals.179,198 However,
ERK 1/2 has been demonstrated to have a mechanistic role in the regu-
lation of fatty acid oxidation in skeletal muscle during low-to moderate
exercise intensities by modulating CD36 translocation to the plasma
membrane for fatty acid uptake.203–205 Notably, experiments in a
perfused rat hindlimb models reveal interactions between CaMKII,
CaMKK signalling, involving both AMPK-dependent and -independent
regulation, with ERK 1/2 signalling in both a time and
intensity-dependant manner.204

MAPKs are also proposed to regulate protein translation and muscle
hypertrophy through mTORC1-dependent and -independent
pathways.206–208 More recently, there has been a focus on ERK1/2 and
JNK activation after resistance exercise due to the purported roles of
these kinases in mechanosensory signal transduction and muscle hyper-
trophy.191,209 However, several studies have reported no change in
phosphorylation following acute resistance exercise.210–212 Holm
et al.,213 has suggested that their activation may be dependent on the
intensity and/or volume of the resistance exercise session. However, the
predominance of eccentric or concentric contractions have further been
reported to influence the activation patterns of MAPKs,214,215 with
eccentric contractions producing greater activation,216–218 perhaps hav-
ing implications in a clinical setting. Notably, in a series of in situ ex-
periments using rat plantaris muscle, ERK1/2 and JNK, but not p38
MAPK, were found to be phosphorylated in a tension-specific manner,
with JNK being established as the most mechanosensitive of the three
MAPKs in this context.215 This is noteworthy because JNK has been
proposed as a positive regulator of muscle hypertrophy through the in-
hibition of SMAD2-dependent myostatin activity, whereas
muscle-specific JNK knock-out mice have a blunted hypertrophic
response to two weeks of functional overload from synergistic abla-
tion.208 These observations have led to the strong implication of a role for
JNK in the mechanosensory regulation of muscle protein synthesis
(MPS), translation, and muscle hypertrophy, with increased ERK1/2
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phosphorylation being consistently observed in response to acute resis-
tance exercise in human skeletal muscle.210,219–224 Greater ERK1/2
phosphorylation is observed with a higher number of muscle contrac-
tions,211 higher volume,225 and higher intensity.213 Therefore, the
cellular perception of mechanical cues is achieved through the stimula-
tion of these mechanosensing proteins. The list of potential regulators of
hypertrophy through mechanotransduction continues to expand and to
date includes costamere-associated proteins such as focal adhesion ki-
nase (FAK), Yes-associated protein (Yap) of the Hippo signalling
pathway, integrins, titin, BAG family molecular chaperone regulator 3,
filamin-C, and stretch-activated ion channels.134 The activity of these
proteins is the subject of much investigation for their role in mechano-
sensory signal transduction, especially in the context of resistance exer-
cise and the regulation of MPS and hypertrophy. Thus, they are well
positioned as candidates for potential therapeutic targets in clinical
populations once research has defined their complete functional roles.

Proteostasis and the dynamics of protein turnover are central to
phenotypic plasticity. As such, the phenotypic and functional conse-
quences of exercise are entirely dependent on changes at the protein
level. Be that in the form of altered abundance, or the turnover of the
regulatory mechanisms that determine the activity or function of the
muscle cell. In human skeletal muscle, proteins display global turnover
rates of ~1.0%–1.5% per day in young healthy individuals.226,227

However, a dynamic equilibrium exists in that protein degradation (DEG)
exceeds MPS in the fasted state and during exercise, whereas MPS ex-
ceeds DEG in the fed state and in the postexercise period.126,228 The net
positive balance induced by exercise can be augmented by ingestion of
protein to increase MPS.229 Thus, aerobic exercise and resistance exer-
cise, either alone or combined with appropriate nutrition strategies in-
fluence protein turnover and skeletal muscle remodelling by acutely
increasing the degree by which MPS exceeds DEG.176,230–233 Central to
muscle hypertrophy in response to resistance exercise training is the
contention that repeated transient increases in MPS through exercise,
and appropriate nutrition intake result in the accumulation of predomi-
nantly myofibrillar proteins, which thereby increase the size of the
exercise-trained muscle.126 Recent advances in stable isotope protein
labelling with deuterium oxide234 and dynamic proteome profiling235

have produced a number of studies detailing the contribution of synthesis
and degradation to changes in protein abundance of individual
proteins.236–240 Unsurprisingly, at the level of individual proteins, there
is considerable variation in turnover rates and the balance between
synthesis and degradation during changes in abundance in response to a
stimulus.238,241 For example, Murphy et al.,233 investigated the response
of skeletal muscle to 2 weeks of resistance exercise training under energy
restriction in humans, they observed a notable 26% increase in
whole-muscle MPS. However, at the individual protein level, 175 of the
190 identified proteins exhibited a significant increase in synthesis rate
in exercised muscle, including mitochondrial and sarcoplasmic proteins.
Interestingly, there was a broad range in the synthesis rates of these
measured proteins, as low as 0.2%/day, to as high as 15%/day. During
the adaptation to exercise there are changes in the abundance of indi-
vidual muscle proteins which must be accounted for alongside the effects
of exercise on MPS. In experiments were MPS are reported but protein
abundance data are not investigated, it is not certain whether the re-
ported changes to MPS result in gains to protein abundance or if they
represent a change to the rate of protein turnover, therefore missing a
crucial dimension to the information gained about changes to the pro-
teome in response to exercise.

4. Exercise in cachexia and application of -omics technologies

Exercise has been reported to increase insulin sensitivity, protein
synthesis rates, and antioxidant enzyme activity,242 with continuous
training improving muscle strength, lean body mass, and attenuating
inflammatory markers.243,244 Standard exercise testing methods are
generally appropriate for patients with cancer who do not require
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medical clearance or who have been medically cleared for exercise with
awareness towards a patient's health history, any comorbid chronic dis-
eases and health conditions, or any general exercise contraindications
before commencing health-related fitness assessments or the designing of
exercise prescriptions.30 However, research regarding exercise in-
terventions as a method of management for cancer cachexia is still in its
infancy. Al-Majid et al.,245 was the first to directly examine the effect of
resistance exercise training on cancer-related muscle wasting. The au-
thors measured this effect on muscle mass and protein content in C-26
tumour bearing mice. The dorsiflexors and plantar flexors muscles were
stimulated to contract eccentrically and concentrically by using an
electrical stimulation protocol similar to.246 The protocol consisted of 10
sets of 6 repetitions per session and was used on alternate days for a total
of 8 sessions. The mass and protein content of the stimulated EDL muscle
was significantly higher (62% and 25%, respectively) than those of the
non-stimulated EDL, and training did not have significant effects on the
mass or protein content of other muscles in the tumour bearing mice, or
control muscles. These results demonstrate that resistance training can
significantly attenuate cancer-related wasting of the EDL muscle in C-26
mice. The lack of effect of the same training protocol on the EDL muscle
in the control animals suggests that the volume and intensity of exercise
training adequate to decrease muscle wasting is not sufficient to induce
hypertrophy of healthy muscles. In contrast to resistance exercise,
endurance exercise is very well tolerated by clinical patients, has no
equipment constraints, and confers anti-inflammatory effects even at low
intensities.247 In this regard, endurance exercise has also been investi-
gated using pre-clinical models. For example, Deuster et al.,248 was
among the first to use endurance exercise in attempt to modify tumour
progression in cachexia. They randomly assigned Walker 256 tumour
bearing rats to an exercise or sedentary group. Exercise consisted of
treadmill running at 20 m⋅min�1, 3 times per week for 100 min sessions
for 7 weeks. Exercised animals were reported to have significantly
greater (~22%) muscle: body mass ratios than their sedentary counter-
parts which demonstrated that exercise had contributed to the attenua-
tion of muscle wasting. Muscle protein synthesis was also measured using
3H tyrosine incorporation into gastrocnemius muscle, andmuscle protein
degradation was estimated using urinary 3-methylhistidine excretion. In
sedentary animals, synthesis was measured to be significantly depressed
(~35%) throughout training when compared to exercised animals.
However, degradation was observed to be significantly elevated (~10%)
in sedentary animals but only until day 28 of training when the degra-
dation rate for exercised animals became greater than that for sedentary
animals. These data suggest that although exercise may have initially
protected the animal from cancer-related muscle wasting, ultimately the
energy cost of exercise may have accelerated a catabolic state. More
recently, Lira et al.,249 studied the effect of submaximal prolonged ex-
ercise training on cachexia. Animals were subject to forced treadmill
running at 60% V_O2max for 60 min/day, 5 days/week, for 8 weeks. The
authors show that this training protocol is able to fully re-establish liver
lipid metabolism (long-chain fatty acid oxidation, very low-density li-
poprotein assembly and secretion, long-chain fatty acid re-esterification),
markedly affected by cachexia. Interestingly, exercise training also
caused tumour mass to decrease 10-fold, therefore, it is possible to
conclude that endurance training not only promotes the re-establishment
of lipid metabolism in cachectic tumour-bearing animals, especially in
relation to very low-density lipoprotein secretion and assembly. But also
regular structured exercise may be important for improving morbidity
related with cachexia. However, much more work is required to appre-
ciate the full impact exercise induced benefits to cachexia.

The existing literature has produced contrasting results, but together
share the goal of mediating the key domains of cancer cachexia through
exercise, including nutritional status, muscle mass, and physical function.
For example, Uster et al.,32 examined the effects of a combined exercise
and nutrition program on cancer cachexia patients. The patients in the
intervention group received a minimum of three individual nutritional
counselling sessions and participated in a 60 min exercise program twice
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a week for 12 weeks. The results demonstrate that the intervention did
not improve overall quality-of-life assessed by the European Organisation
for Research and Treatment of Cancer Quality-of-Life Questionnaire.
However, patients in the exercise group increased their protein intake
and reported a decline in nausea and vomiting. Whilst clinical implica-
tions may be limited from these findings, there were no measures of
muscle mass taken, the effects of aerobic exercise were not investigated,
and the frequency of exercise did not meet minimum guidelines. How-
ever, these data do demonstrate that structured exercise can contribute to
an adequate dietary intake and well-being, in patients that would
otherwise struggle to meet dietary requirements. More recently, aerobic
exercise through treadmill running has been shown to suppress cancer
cachexia-induced muscle atrophy, in vivo, by activating adiponectin sig-
nalling.250 Furthermore, Wiskemann et al.,29 conducted a randomised
controlled trial for patients with pancreatic cancer. Here, patients were
asked to perform resistance exercise twice a week for 24 weeks. Im-
provements in elbow and knee flexor/extensor muscles were observed,
although there were no significant changes in patients body weight.
There is much work to be done to define the optimal intersection be-
tween exercise and cachexia, but the above findings provide strong
rationale for exploring structured exercise as a therapeutic intervention
further in a more robust manner.

Omics technologies are utilised in clinical research principally for the
identification of new biomarkers and/or to uncover predictors or novel
pathways involved in the pathophysiology of different disease states. In
the context of cachexia, previous pioneering work has found that mul-
tiple types of skeletal muscle atrophy involve a common program of gene
expression. For example, the transcriptional induction of E3 ligases (i.e.,
MAFbx andMURF1) are considered a standard response in multiple types
of skeletal muscle wasting, such as cancer cachexia, denervation, kidney
failure, and infections.251–254 However, these early seminal studies were
based on gene expression analysis via microarrays, which have technical
limitations compared to current RNA sequencing (RNA-seq) technolo-
gies, such as decreased coverage and a lower quantitative range of
detection for gene expression changes.255,256 In recent years, application
of RNA-seq to the analysis of muscle wasting has indeed provided novel
insight into the transcriptional changes associated with muscle atrophy
and homeostasis.257–261 In addition to gene expression changes, muscle
atrophy is also characterised by profound remodelling of the proteome
due to changes in protein synthesis and degradation.262–265 However, the
application of proteomics to studymuscle atrophy is an approach that has
been employed by only a few studies,266–272 some of which have limited
proteome coverage due to technical constrains or focus on a single type of
muscle atrophy.

Contrary to these previous data suggesting a common molecular
signature underlies all types of muscle atrophy. Hunt et al.,273 used
RNA-seq and quantitative mass spectrometry to determine the molecular
changes that occur in mouse skeletal muscle during atrophy, induced by
dexamethasone, cancer cachexia, or aging. The authors detected >

15 000 unique mRNAs and ~5 000 unique proteins for each model
(overlap of ~13 000 mRNAs and ~3 000 proteins), uncovering a
remarkable diversity in the mRNA and protein changes induced by
distinct atrophic stimuli. By surveying the proteomic changes that
characterise these different modes of atrophy, Hunt et al.,273 show that
distinct catabolic stimuli induce muscle wasting via largely different
molecular changes, including a significant disconnect between tran-
scriptional and proteomic changes. On this basis, these integrated ana-
lyses indicate that muscle atrophy occurs via stimulus-specific protein
changes molecularly differentiating types of muscle wasting that other-
wise have remarkable phenotypic similarities. Together, these data
provide a rich resource for data mining to help understand the specificity
of muscle atrophy and provide potential leads that could be targeted in a
clinical context to prevent muscle wasting. However, this study does not
examine muscle wasting in human samples meaning that the clinical
application of these data can only be postulated upon. Ebhardt et al.,274

used a range of omics approaches in clinical cohorts, quantifying the
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soluble proteome of muscle biopsies from cancer cachexia patients,
comparing them with regular cancer patients and healthy controls.
Advanced high mass accuracy mass spectrometers in SWATH-MS
acquisition mode were used, in combination with protein arrays to
quantify phospho epitopes, and morphology was assessed using fluor-
escent microscopy. Comparing the proteomes of these cohorts, the au-
thors quantified changes in muscle contractile myosin proteins and
energymetabolism proteins allowing for a clear identification of cachexic
patients. Despite the low patient cohort numbers and the conservative
number of proteins quantified (~500), these data show promise in laying
the foundation for the further understanding of cachexia-induced muscle
wasting, as well as a way to potentially overcome the ambiguous weight
loss measure used by clinicians for defining cachexia, instead replaced by
a precise protein signature.

Most recently, Murgia et al.,275 applied mass spectrometry-based
proteomics to measure plasma protein abundance changes in response
to 10 days of bed rest in humans. To validate the correlation between
muscle atrophy, in parallel, a cohort of cancer patients with or without
cachexia and age-matched controls were analysed. The analysis resulted
in the quantification of over 500 proteins, but just six proteins were
identified to distinguish subjects from those developing
unloading-mediated muscle atrophy from those who maintained their
initial muscle mass. Taken together, these findings highlight that prote-
omic changes can be explored as potential biomarkers of muscle atrophy
occurring under cancer cachexia conditions. However, precision medi-
cine in this regard requires the association of molecular entities to clin-
ical phenotypes such as disease stage and trajectory, or even drug
responsiveness. Proteomic measurements of clinical specimens provide
direct and informative insights into the biochemical and signalling state
of the tested samples, of which, the proteins can be reliably measured in
formalin-fixed paraffin-embedded tissues, blood, and body fluids.
Furthermore, mass spectrometry-based proteomic measurements are
robust because the measurement results are relatively insensitive to
experimental variation. The proteomic characterisation of single cells is
also now feasible with steadily increasing depth and throughput, as well
as methods that have now been developed to access and quantify unique
and functionally informative levels of the proteome, including proteo-
forms with PTMs, structural features, and the composition of complexes.
Finally, targeted mass spectrometry also has the power to validate po-
tential proteomic derived biomarkers which would help to reliably pre-
dict the molecular signatures of cancer cachexia-induced muscle wasting
in humans.

5. Conclusions

It is well documented that muscle wasting exacerbates disease out-
comes and increases mortality, whereas preserving skeletal muscle mass
and function is protective.276–279 However, the mechanisms responsible
for muscle atrophy are only in part understood, and currently there are
limited therapies available for patients with co-occurring clinical con-
ditions i.e., cancer cachexia. The pathogenesis of cancer cachexia is
extremely complex and previous studies have produced inconsistent re-
sults when attempting to decode the molecular signatures responsible.
Consequently, there is no single treatment that can effectively reverse
cachexia, and there is no consensus in clinical guidelines for its man-
agement. Therefore, the lack of treatment options combined with the
complicated pathogenesis necessitate the development of robust early
detection and diagnosis methods, in combination with therapeutic in-
terventions that activate multiple molecular pathways and targets for its
effective management.

Regular structured exercise holds the potential to combat many of the
adverse effects associated with cancer cachexia, primarily by stimulating
muscle protein synthesis, enhancing mitochondrial function, and pro-
moting the release of myokines. As a result, muscle mass and strength
increase, leading to improved mobility, balance, and quality-of-life. To
this aim, the understanding of the molecular responses to exercise can
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assist in the fine-tuning of exercise training prescription and additional
co-intervention strategies. More research is still required, but a better
understanding of how these physiological processes and molecular net-
works manifest in cancer cachexia may facilitate the further development
of personalised exercise medicine. To help achieve this, quantitative
proteomics has become a robust high-throughput technology capable of
generating massive datasets from minute amounts of biospecimens from
clinical cohorts. Thus, in utilising the power of mass spectrometry-based
proteomics there is the potential for far-reaching applications in the early
detection of cancer cachexia, and for the resolution of the underlying
molecular mechanisms. This understanding of the molecular landscape
will then allow healthcare professionals to incorporate regular structured
exercise into treatment plans to harness these molecular mechanisms,
enhancing muscle function and ultimately attenuating the progression of
the disease.
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