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Abstract

Purpose Cancer-induced muscle wasting (i.e., cancer cachexia, CC) is a common and devastating syndrome that results in
the death of more than 1 in 5 patients. Although primarily a result of elevated inflammation, there are multiple mechanisms
that complement and amplify one another. Research on the use of exercise to manage CC is still limited, while exercise for CC
management has been recently discouraged. Moreover, there is a lack of understanding that exercise is not a single medicine,
but mode, type, dosage, and timing (exercise prescription) have distinct health outcomes. The purpose of this review was to
examine the effects of these modes and subtypes to identify the most optimal form and dosage of exercise therapy specific
to each underlying mechanism of CC.

Methods The relevant literatures from MEDLINE and Scopus databases were examined.

Results Exercise can counteract the most prominent mechanisms and signs of CC including muscle wasting, increased pro-
tein turnover, systemic inflammation, reduced appetite and anorexia, increased energy expenditure and fat wasting, insulin
resistance, metabolic dysregulation, gut dysbiosis, hypogonadism, impaired oxidative capacity, mitochondrial dysfunction,
and cancer treatments side-effects. There are different modes of exercise, and each mode has different sub-types that induce
vastly diverse changes when performed over multiple sessions. Choosing suboptimal exercise modes, types, or dosages can
be counterproductive and could further contribute to the mechanisms of CC without impacting muscle growth.

Conclusion Available evidence shows that patients with CC can safely undertake higher-intensity resistance exercise pro-
grams, and benefit from increases in body mass and muscle mass.

Keywords Cancer cachexia - Inflammation - Tumor - Exercise - Muscle wasting - Muscle atrophy
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loss) during cancer manifestation and treatment, which can-
not be reversed by conventional nutritional support, leading
to progressive functional impairment and death (Fearon et al.
2011). Half of all cancer patients develop cachexia, and this
estimate increases to 80% in hospitalized or advanced-stage
patients (Tisdale 2003). Cachexia is observed in 80% of gas-
tric, pancreatic, and esophageal, ~70% of head-and-neck,
~60% of lung, colorectal, lymphoma, and prostate, and 54%
of malignant pleural mesothelioma cancer patients (Laviano
and Meguid 1996). Moreover, CC is the immediate cause
of death of at least 22% of all cancer patients (Argilés et al.
2014). Notably, aside from cancer, cachexia is observed in
the late stages of almost every major chronic illness (Farkas
et al. 2013), such as HIV/AIDS (prevalence 35%), chronic
heart failure and chronic obstructive pulmonary disease
(20%), chronic kidney disease (40%), and rheumatoid arthri-
tis (10%) (von Haehling and Anker 2010). Despite the preva-
lence and severity, cachexia remains under-researched, while
treatment options are limited, due to treatment inadequacy
and inconsistency (Roeland et al. 2020).

CC progression is often described as a continuum,
advancing from pre-cachexia to cachexia, and finally to
refractory cachexia, where the expected survival is less
than 3 months (Fearon et al. 2011). Even though its patho-
logic mechanisms are complex (see Fig. 1), it is often mis-
takenly regarded as a uniform condition, with little under-
standing that the underlying causes can be heterogeneous.
Causes of CC can be malnutrition/anorexia (Fredrix et al.
1990), elevated inflammation (Tisdale 2005; Argilés et al.
2014), or even treatments such as chemotherapy (Brierley
et al. 2019). Due to the complexity and varying proportion
of underlying causes, a one-size-fits-all approach cannot
be assumed, and different treatment strategies must be
employed to counteract the patient’s mechanism profile.

While pharmacological interventions to reduce inflam-
mation, stimulate appetite, or reduce muscle wasting
already exist (Saeteaw et al. 2020), these should ideally
be accompanied with adjunct non-pharmacological treat-
ments, such as exercise, to amplify treatment effectiveness.
Awareness that exercise as a medicine can be effective
and reliable in cancer supportive care is well-established
(Schmitz et al. 2019); however, there is a lack of under-
standing that exercise is not a single medicine, but mode,
type, dosage, and timing (exercise prescription) have dis-
tinct effects on the components of health and fitness. For
example, resistance exercise training (RET) consists of
high-tension muscle contractions against a heavy external
load and when performed regularly and in sufficient vol-
ume leads to increased muscle mass and strength (Grgic
et al. 2019). On the other hand, endurance exercise con-
sists of long durations of low-tension muscle contractions
which result in increased respiration, cardiac output,
and blood flow, leading to increased oxidative capacity,
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improved cardiovascular function, and fatigue resistance
(Egan and Zierath 2013). Therefore, the different exercise
modes will be reviewed to explore potential applications
of targeted exercise medicine for CC management.

Apart from different exercise modes, different types of each
mode can also elicit distinct and clinically-relevant outcomes.
For example, during RET, different contractions are per-
formed, such as concentric, eccentric, and isometric. Eccentric
(lengthening) contractions are performed when the force gen-
erated by the muscle is less than the external load, causing the
muscle to lengthen while resisting the external load. In con-
trast, concentric (shortening) contractions in which the force
is greater than the load, allows the muscle to shorten (Vogt
and Hoppeler 2014). During exercise composed of eccentric
contractions (eccentric RET), the same muscle work can be
produced with only ~ 15% of the metabolic demand of equiva-
lent concentric RET, which enables the performance of more
contractions for the same effort (Lastayo et al. 1999). Simi-
larly in endurance training, due to cancer-related fatigue and
reduced physical capacity, non-continuous training (interval)
with short bursts of work and longer rests might be more toler-
able than a single continuous effort. Moreover, higher-intensity
interval endurance training (HIIET) is as effective at increasing
muscle oxidative capacity as lower-intensity continuous endur-
ance training (LICET) (Gibala and McGee 2008).

Recently, the American Society of Clinical Oncology
published their guideline on the management of CC and
concluded that exercise after the onset of CC is ineffective
(Roeland et al. 2020), and therefore not recommended. These
recommendations are particularly surprising, given that they
were based on no trials (Roeland et al. 2020). Even in animal
CC models, RET increases body (Donatto et al. 2013) and
muscle mass (Hardee et al. 2016). Moreover, RET trials in
cancer patients with particularly aggressive CC forms (e.g.,
pancreatic cancer) already exist (Table 1). Notably, RET did
not only preserve muscle mass in patients with pancreatic
and lung CC (Naito et al. 2019), but even increased body
(Wiskemann et al. 2019) and muscle mass (Kamel et al. 2020)
in patients with pancreatic CC, and increased muscle mass in
head and neck cancer patients undergoing radiotherapy with
large (> 8.5%) body mass loss (Lgnbro et al. 2013a). There-
fore, CC patients may experience clinically-significant muscle
mass and strength gains following supervised RET (Lgnbro
et al. 2013a; Naito et al. 2019; Wiskemann et al. 2019; Kamel
et al. 2020). However, more trials are needed to examine the
most effective RET type, and the specific exercise parameters
(i.e., intensity, volume, time under tension) to simultaneously
increase muscle mass and reduce inflammation.

The purpose of this review is to examine the most promi-
nent CC mechanisms, and provide a rationale for research
recommendations on specific exercise modes (and types) that
could be used as a targeted non-pharmacological therapy inte-
grated with the patient’s clinical treatment plan to not only
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reduce the side effects of cancer treatments but also improve
their effectiveness, and reduce disease severity by reversing the
multiple physiological mechanisms driving CC.

Muscle mass wasting and increased protein
turnover

The most devastating symptom of CC is muscle wasting,
which can result from a variety of mechanisms (Fig. 1).

mobilizing factor, PIF proteolysis-inducing factor, REE resting
energy expenditure, TGF-f transforming growth factor beta, TNF-a
tumor necrosis factor alpha

Muscle mass is sustained by an intricate balance of protein
breakdown and synthesis, known as protein turnover. Mus-
cle proteins are in a constant state of turnover to maintain
protein homeostasis, but CC disrupts this process, as there is
simultaneously excessive protein breakdown and suppressed
protein synthesis (White et al. 2013). Although increased
body mass is desirable during CC, it is more important for
the gained mass to be composed of muscle rather than fat.
Specifically, skeletal muscle is an important resource for

@ Springer



Journal of Cancer Research and Clinical Oncology

0 Auo
350[ dnoIS UOTJUSATAIUT A[IYM NG
ue9[ jo 3Y G'G 150 dnoi3 areo-fens)

y1Suans paseaIour ‘g pourejuIey

paurejuUTew 1M UOTIoUNJ A[oSnul
puE ‘SSBU 9[dsNW [BIA[YS pue Apog
yISuams 9[osSNU PAsLaIour
puE A UBS[ UT 9SBAIOUT % €'Y
y13uans pasearour yjog ‘dnoid Afuo
-9SI0J9X9 Q) JOJ %8'7 PUE UOHEIUAW
-o1ddns oy JoJ A UBS[ UI ASBAIDUT %G
dnoi3 Sur
-SIOIOXQ-UOU B JOAO SQUII[-IOMO] pue
-1oddn yjoq jo ‘yiSuans pue ‘ssewr
Jrosnu “Ajrqowt ur sjustwosordury
(%€ — :areo-Tensn
‘94T + UOTUSAIUT) JUBOYIUSIS J0U
sem JAg ued[ ur sdnoi3 ueamiaq 2ouo
-IOIp INq YISUSI)S [ISNW UI SISBAIIU]

swojdwAs

9seasIp pue 9J1] Jo Afenb ur saouIf

-J1p oy ‘dnoi3 jusrdype-uou uey)
juaraype ur yiduans [edrsAyd 1oneg

JISIA PUODAS © JOJ POUINIOI OYM
asoyy 10j NG pue anedde posearouy

$9100S
[euoninnu pue ‘uoissaxdap ‘oJif jo A1
-Tenb paaoxdwrt ing (3 G —) NG Ueo[

Jo ssof 9onpai 0} pafrey wesoxd oy,
Sureq[[om [euonounj pue [BUOHOWD
‘TeorsAyd ‘swoidwAs erxoyoed
-erxaIoue ‘gyyedde ‘eosneu ‘ured ‘uon
-ouny rearsAyd pasoaduwir ‘oruro ay3 03

SIISTA JooMm-Q UaM]dq JAg PIZI[IqelS

pasiazad

-nsun yoam-g ‘pasiatedns yoom-9
{(spueq 9s1010%9) [HY Yoom-7

$19S 7 ‘Ut 91 (31em JO wnwIrxew

J0 %08-0L) 1ADIT pue ‘(xew-dax

30 %08-0L Ym S)as T pue suon
-noder 71-8) LAY APfeamIq yoom-g |

suonnadal () Jo s19S € LAY WIom

-Kpoq paseq-awoy] (AUNIUIED-]

pue ‘910 SWAZU0d ‘spIoe ourwe

ureyo-payouelq) uonejuawarddns
‘3uI[esunood [RUONLIINU JO SYAIM §

(INY ST-8 JO 8198 ¢—7) LAY
ApoQ-o[oyMm (SUOISSas ()¢) Joam-7 |

uonejuowerddns urayord

PUB QUIBIID INOYNM IO YIM THY
Kpog-o[oym (SUOISSIS ()§) Joom-g[

(suonnodar g1—§ ¢s10s ¢
AT sauedonred ays Jo %08-06)
LAY Apog-o[oyMm (;_3ooM 7) Yoam-g|

(Na T1-8
8198 ¢) ILHY JO SUOISSas ¢ ISed Iy

LADIT paseq-ouwioy A[oomIq Yoom-9
SIUI[O ISIOIAXD Uk Ul

SUOTIEPUSWITIOOAT ASIOIOXS PIEPUR)S

pue UeIONAIP B AQ SUIASUNOD AIejoIq

1Y aatssarSoxd
pUB UOTJUSAIIUT S[KISIYI] Joom-7 |

(0200) T8 10
uBySneA Se JWes (BIXJYOLD IJURD
10 901AI0S [eorul[o Areur[drosipnnjz

SSO[ N9

juenjed
ur sso[ JNF %0¢ Pa1oadxa A[reordAy,

sjuaned jo
%0t Ut DD W3y 07 > Xopul g

e ym syuaned ur 9,z < Jo syjuowt 9
Surpaoard oy urmp 2,6 < Jo sso] INg

SUIUOW 7 Ul %G’ < SSO N 951e]

SyuoUl 7 Ul 9G'g < SSO[ JN 9818

sypuowt g Ised oY) I9A0 %G < SSO] NG

(%1°L) ssol NG

DD PeY %1¥y

(%6 sem
ueIpoW) %G < SSO[ N JO AI0ISIH

BIXAYORD

K1oyoenyor pey (%81) 6T pue

“BIXOUOED PRy (%]G) €8 “BIXAYIELD

-a1d pey syuened (%¥) L %01
SeM duI[aseq Je SSof INg yiuow-9

Kdeojorper SuroSropun
sjuoned 100UEBD JOoU pue pedy G|

Kderoyy
-owayd Jurodrepun juaned 100uLd
onearoued AT a3e)s Jo Apnis-ose)

Aderoypowrayd 10j pa[npayos
I00ued Suny pue onearoued paouBApY

Aderoorper Surogopun
syuaned 190uBD Yoou pue peay 9¢

Adeioyjorper Surogiopun
sjuoned 195UBD JOU puE pedy |7

DD onearoued Yim sjusned

Adeioyjorper Surogiopun
sjuoned J90UBD JOU pue peay 7|

190UBD
Suny o1qeradour yym syuaned Gi

BIXAUIBD J00ued Yiim sjuaned 1G]

Kdeoyjorper JuroSiopun
sjuoned J95UED JOU puE pedy )9

syuoned 190ued 79|

(€107) 'Te 10 s150Y

(81027) T8 19 SIPIN

(6107) 'Te 19 O1eN

(e€T0T) Te 10 01qUAT

(Q€107) T8 19 01qUAT

(0200) Te 10 [owey

(8100) 'T& 10 91019

(0207) ‘Te 10 Ayoueq

(1102) 'Te 3 01qqed [°g

(9102) "Ie ¥ 1zzodeD)

(1200) T8 10 puelg

SawodInQ

UOTJUIATIU]

BLIOILIO BIXAYOR))

uonerndog

Apmgs

BIXOUOED JOOUBD U)IM SUBWINY SUIAJOAUI S[BLI} SUTUTR) 9SI10I0XH | 3|qel

pringer

Qs



Journal of Cancer Research and Clinical Oncology

wnwixew uonnadar pyy ‘Sururer) 9SIOIOXI OURISISAI 77y ‘SUTUIRI) 9OUBINPUS SNONUNUOD AJISUANUI-MO] JFD]T “BIXAYIRD IdouRd ) ‘ssewl Apoq /g

dnoi13 SursIoroxs-uou € I9A0

(%1°¢) NG pue ‘m3uans £poq-1omo]
pue -19ddn pasearour Apueoyrusis
dnoi3 paseq-orurpo ay3 A[uo nq
‘(%1°¥9) PIseq-OIUI[d SNSIA (%1'8L)

PIsEq-oWoy UdYM doUdIAYpe JAYSTH

sjuounurodde

QATINOASUOD 0M] USIMIS] YITULI)S
[euonouny paaoldwr 906 < pue ‘@oud
-IoJuINOIID 9posnw wire roddn-prux
PaseaIdut %46 ‘syusunuiodde 0ATINOIS
-U0d 0M) UdamIeq ures JNg 3Y-7 <

M sawodino aantsod pakerdsip %6t

9SIN0OJ [BIIUI[D pue

911 Jo Ayenb ‘on3ney ‘ayejur A1e3o1p
‘snje)s feuonINnU ur JuowaAoidwr
J0j puan ‘yiuans dudpuey ur
SOSBIOU] "9JBd-[eNSN SA JOUBOYTUSIS

YoraI JOU PIP JAIg UBS[ UT SOSBAIOU]

SSew d[osnu Jso[ Yjoq ‘N g

3s0[ dnoi3 [onuod ATuo y3noy) uorg

(suonnadar 71§

'89S € ‘INY-T JO %08-0S) dUI[d
9SIOIOXA UE UT UOISIATdNS Iopun
powroyiad J0 owoy Je Y0 1Y

Apog-aoym (,_3om 7) stpuow-g

SUTWEB)IA-T)[NW PUE ‘OUIZ ‘[I0 Yysy
Jjo uonejuawo[ddns ‘sjorp urajord
pue £310u0 Y31y ‘(;_Yoom  ~ {SaSIO

-10X2 G) LY POseq-owoy Joom-9

weidord 9S10I9X9 pue ‘uonLINu ‘uon

-eyuowo[ddns YoLI-oUIONI[ Yoom-7 |

LHd
pue [FDIT paseq-ouwoy A[yoomiq
(p) ‘3urpesunod feuonInnu () ‘uon
-pjuowelddns yd4q (q) ‘uonesrpaw

K1ojewuregur-nue (v) Jo syeam 9 | %0T > Pue :,w/SY g > Xopur INg

(spuowr 9 Ise Ut %01 <)

SSO[ JNF pey muﬁvﬁma o} Jo JleH

(BT < ss0

WStom qIm 07> TINE 10 %S < $SO]
N ‘SKep (06 > [BAIAINS) BIXOUIRD
K1010R1J21 PRy 9% (¢ pue ‘(uonew
-WRYUI JTW)SAS ‘97 < SSO[ NG
Wi 07> INE 10 %S < ssol W) o1
-090RD AIIM %19 ‘(%G > SSO[ INY)

anoayoed-a1d axem sjuaned Jo %9

syjuowr 9 snoradxd oY) ur sso|

100uEd dnearoued yim syuaned g9

syuaned 100UBd g6

sjuaned 100ULD PAdUBAPE TG

Kderoypowraydo 3ur
-JUAUIIOd JIdUEBD un| IO dNeaIduRd

(6107) 'Te 10 UUBWAYSIA

(0207) 'Te 10 ueySnEA

(0207) T 10 Y101S

(0200
Te 10 peisfeq “(L10T) Te 10
wroy[os “(ST0T) e 12 eseey]

SawodInQ

UOTJUIATIIU]

BLIOILIO BIXAYOR))

uonerndog

Apmgs

(ponunuoo) | sjqey

pringer

a's



Journal of Cancer Research and Clinical Oncology

cancer patients, not only for metabolic, hormonal, and physi-
cal capacity reasons, but also because low muscle mass sig-
nificantly predicts chemotherapy-induced toxicity and sur-
vival (Pin et al. 2018).

It is well established from a variety of studies that RET
stimulates myofibrillar protein synthesis, whereas endur-
ance training stimulates mitochondrial synthesis (Grgic et al.
2019). Consequently, endurance exercise training does not
promote the same degree of skeletal muscle hypertrophy as
RET (Grgic et al. 2019). However, recent reviews on exer-
cise during CC have surprisingly recommended endurance
over RET for preventing muscle wasting during CC (Aquila
et al. 2020). In fact, when performing LICET concurrently
with RET, it can result in smaller muscle growth compared
to RET alone due to physiological interference (Wilson et al.
2012). For example, we have reported that prostate cancer
patients who underwent androgen-deprivation therapy and
RET, had greater increases in appendicular muscle mass
versus those that included additional 20-30 min of LICET
(Newton et al. 2019). Nevertheless, studies with preclinical
models showed that endurance exercise might prevent mus-
cle loss (Jee et al. 2016), however, only the mice undergo-
ing higher-intensity activity (90% of maximum heart rate,
every second day exercise for 45 min) preserved their mus-
cle weight, while moderate intensities (70% of maximum
heart rate) did not elicit the same effects (Jee et al. 2016).
Moreover, lack of adequate intensity could have led to null
findings in a study where patients with lung and pancreatic
CC undergoing radiotherapy underwent 6-weeks of home-
based exercise and supplementation (Solheim et al. 2017).
The program consisted of twice-weekly LICET (30 min) and
thrice-weekly RET, however, the exercises performed were
of very light loads, such as body-weight pushups against
the wall, and failed to significantly reduce muscle wasting
(Solheim et al. 2017). Overall, current evidence suggests
that heavier muscle loading is preferable and likely to be
essential for hypertrophy.

During CC, metabolic and signaling pathways that
increase protein synthesis are suppressed while pathways
that decrease protein synthesis are activated, with this
phenomenon considered the primary mechanism for mus-
cle wasting (Tisdale 2009). Specifically, type II myofiber
atrophy is particularly prevalent during CC, occurring to a
greater degree than type I myofiber atrophy (Mendell and
Engel 1971). Moreover, it is well-established that mTOR
complex 1 (mTORC1) plays a central role in mechanical
load-induced muscle growth by activating downstream
substrates such as p70S6k, which is an integral pathway
for muscle protein synthesis (Goodman et al. 2011). This
pathway is regulated by signaling molecules such as insu-
lin-like growth factor 1 (IGF-1), which is progressively
decreased in tissue and blood during CC (White et al. 2013;
Martins et al. 2018). However, it appears that this problem
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is multi-faceted, as exogenous IGF-1 treatment does not
attenuate CC-induced muscle wasting (Costelli et al. 2006).
Additionally, pathways that suppress protein synthesis, such
as those involving AMPK, FoxO, STAT3, and myostatin are
up-regulated during CC (White et al. 2013; Hardee et al.
2016, 2020). Previous investigations showed that eccentric
RET stimulates pathways commonly affected during CC
that cause muscle hypertrophy (IGF-1, mTORC1, p70S6k)
and suppressed pathways that cause atrophy (FoxO, AMPK,
STAT3, MuRF-1, myostatin) (Hardee et al. 2016, 2020;
Tatebayashi et al. 2018; Martins et al. 2018), and those
effects are often greater compared to equivalent concentric
RET. Additionally, greater increases in type II myofiber
size are observed from eccentric compared to concentric
or even conventional RET (both concentric + eccentric),
at least in healthy humans (Hather et al. 1991; Hortobagyi
et al. 1996, 2000; Friedmann et al. 2004; Friedmann-Bette
et al. 2010; English et al. 2014; Horwath et al. 2019). CC
reduces muscle protein synthesis, partially through elevated
IL-6 (Tisdale 2005; Argilés et al. 2014). Nevertheless, 14
sessions of maximal eccentric RET effectively increased
protein synthesis (p70S6K and rpS6), reversed inhibitors of
protein synthesis (MuRF-1), and reduced the CC-induced
atrophy in mouse gastrocnemius (Tatebayashi et al. 2018).
This was also verified by another group, as eight sessions
of maximal eccentric RET improved oxidative metabolism,
reduced muscle wasting, and increased basal muscle protein
synthesis and mTORC1, and surprisingly, these improve-
ments were positively correlated with plasma IL-6 levels
(Hardee et al. 2020). These findings have significant impli-
cations for clinical practice due to the potential of repeated
RET (particularly eccentric) in ‘exploiting’ elevated inflam-
mation to proportionately increase muscle growth (see also
“Systemic inflammation”).

Apart from signaling factor changes, CC can induce
long-term muscle composition changes. For example, in
mice with CC, muscle non-contractile tissue (fibrosis) was
~2.1-fold greater compared to healthy controls, but 2 weeks
(4 week™!) of eccentric RET reduced fibrosis by 20% (Har-
dee et al. 2016). Another muscle-wasting mechanism dur-
ing CC is dystrophin loss without an inherent genetic issue,
leading to myofiber integrity impairments, muscle protein
breakdown and wasting (Acharyya et al. 2005). In contrast,
increased muscle integrin concentration can compensate
for the lack of dystrophin in dystrophic animals by main-
taining muscle mobility and structure and increasing mus-
cle mass (Burkin et al. 2005). Integrin concentrations in
humans increase after long-term eccentric RET (Mavropa-
lias et al. 2021b), but there is a lack of information regarding
the effects of concentric RET. We have recently reported
that 20-30 min of eccentric RET per week elicited large
increases (in some cases >30%) in muscle cross-sectional
area in healthy men after only 8 weeks (Mavropalias et al.
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2021b). Given that integrins sense mechanical tension and
stimulate protein synthesis, increased integrin concentration
following eccentric RET could enhance anabolic signaling,
thereby further amplifying muscle growth (Burkin et al.
2005).

Thus, eccentric RET appears to be specific and potent for
counteracting the multiple causes of wasting at the myofiber
level and could be very beneficial if incorporated as an addi-
tional brief component after a conventional RET program.

Systemic inflammation

Persistently elevated circulating levels of interleukins,
C-reactive protein (CRP), tumor-necrosis factor alpha (TNF-
a), and interferon-y are hallmark indicators and primary
drivers of CC (Tisdale 2005; Argilés et al. 2009, 2014).
These tumor-driven cytokines cause multiple health issues,
such as anorexia, and increased metabolic rate, lipolysis,
and proteolysis, among others (Tisdale 2005; Argilés et al.
2009, 2014). Therefore, controlling systemic inflammation
is critical for CC prevention and management.

Exercise is generally thought to induce a pro-inflamma-
tory state for a few hours following a session and thus may
seem contra-indicated in the presence of already exacerbated
inflammation. However, pro-inflammatory cytokines, such
as TNF-a and interleukin-1, do not markedly increase after
exercise, suggesting that the exercise-induced inflammatory
profile differs from that induced by disease. In fact, muscle-
derived IL-6 following exercise may inhibit the effects of
pro-inflammatory cytokines such as TNF-a (Pedersen et al.
2001). Therefore, acute (a few hours post-exercise) exer-
cise-induced increases in cytokine levels do not exacerbate
already high-inflammation states but may instead exert an
inflammation-controlling effect.

IL-6 is a critical cytokine for muscle metabolism, as it
mediates muscle growth demonstrated by both in-vivo and
in-vitro studies (Serrano et al. 2008). However, when chroni-
cally elevated, circulating IL-6 negatively correlates with
myofiber cross-sectional area and protein synthesis (Har-
dee et al. 2020). Exercise training can lower elevated IL-6,
as 12 weeks (3 week™!) of either descending or ascend-
ing stair-walking in women decreased resting IL-6 levels
(— 24%) (Chow et al. 2020). In pre-clinical CC models,
muscle growth induced by 2 weeks (4 week™!) of eccentric
RET positively correlated with circulating IL-6 (Hardee
et al. 2020), such that higher serum IL-6 was associated
with greater muscle protein synthesis. This suggests that
in mice with CC, repeated eccentric RET might mediate
muscle protein synthesis through inflammation (greater
inflammation induces greater muscle protein synthesis), a
finding which may hold potential for CC patients. It is cur-
rently unknown if this effect is induced by concentric or
conventional RET, however, based on its ability to control

IL-6 in healthy women (Chow et al. 2020), pathways that
mediate protein synthesis through elevated IL-6 might also
be activated during concentric RET.

CRP is the most practical, cost-effective, and scientifi-
cally robust CC biomarker, with important roles in prog-
nosis, and utility to predict quality of life in CC patients
(Fearon et al. 2011; Laird et al. 2016). The results of one
meta-analysis were that RET reduces CRP levels, but only
when the programs included more than eight exercises, were
performed at least 3 week™!, and for longer than 12 weeks
(Sardeli et al. 2018). However, 1 year of biweekly RET was
also effective in reducing CRP levels by ~10% in women
(Olson et al. 2007). Regarding type, RET either with eccen-
tric or concentric movements reduced CRP levels (25%) in
sedentary humans, however, the authors reported that eccen-
tric RET was significantly more efficient (~2.5 times) than
concentric after adjusting for energy expenditure (Zeppet-
zauer et al. 2013). Specifically for cancer, a meta-analysis
showed that a combination of RET and endurance training
can reduce CRP levels (Khosravi et al. 2019). Regarding
endurance exercise, patients with different cancer types had
a 6% reduction in CRP levels after 12 weeks (3 week™!)
of HIIET, but this was significantly different to the LICET
group who exhibited a 19% increase (Toohey et al. 2016).
These findings show a clear beneficial effect of RET of all
types in reducing CRP levels in both healthy and cancer
patients, however, there appears to be a preference for HIIET
over LICET in cancer patients, although the information at
this stage is limited.

Chronically elevated TNF-a, both circulating and in
muscle, is a common symptom during CC, and has been
also shown to be inversely associated with muscle protein
synthesis (Greiwe et al. 2001; Argilés et al. 2009, 2014).
However, 3 months (3 week™!) of lower-body RET was
effective in reducing TNF-« levels in the muscle of frail
elderly individuals (Greiwe et al. 2001). In another study,
12 weeks (3 week™!) of descending stair walking (eccentric
exercise for knee extensors) was more effective (— 40%)
than ascending stair walking training (— 24%) at decreasing
TNF-a levels in women (Chow et al. 2020). While research
on humans is limited, non-RET endurance training can pre-
cipitate decreased TNF-a levels, however, intensity matters,
as 8 weeks (5 week™!) of HIIET was more effective than
LICET in reducing TNF-a in mouse renal tissue (Leite et al.
2021).

Elevated circulating interferon-y is another commonly-
observed disease sign during CC (Argilés et al. 2009).
Interferon-y is produced by activated T and natural killer
cells, and animal studies have shown that increased
interferon-y production rapidly develops CC, and that CC
can be reversed by blocking interferon-y (Argilés et al.
2009). In elderly women, 12 weeks (3 week™!) of whole-
body light-load (elastic bands) RET reduced interferon-y
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levels (12%) (Roh et al. 2020). Moreover, patients with pros-
tate cancer decreased interferon-y levels after only 8 weeks
(3 week™!) of RET (Papadopoulos et al. 2021). Although
further information regarding responses to long-term exer-
cise training is currently limited, these results are promis-
ing and suggest that even light-load RET might effectively
reduce interferon-y levels.

Therefore, RET appears to be effective in reducing
elevated TNF-a, CRP, and interferon-y, while simultane-
ously ‘exploiting’ elevated IL-6, typically observed during
CC, to increase muscle protein synthesis. When combined
with HIIET, the inflammation-controlling effect may be
potentiated.

Reduced appetite and anorexia

Reduced appetite and anorexia contribute greatly to CC,
especially during head-and-neck, gastrointestinal, and colo-
rectal cancer (Fredrix et al. 1990). In fact, the disease pro-
file of CC can appear similar to starvation, however, muscle
wasting often precedes decreased energy intake, and can
occur even without anorexia, in both humans and animals
(Tisdale 2001).

Both acute sessions and 12 weeks (3 week™!) of exercise
involving eccentric RET decreased preference and implicit
wanting for sweet foods, but increased preference for fatty
foods (Thivel et al. 2020). This might be particularly benefi-
cial during CC, as patients are urged to consume an energy-
dense diet composed of high amounts of fat (Arends et al.
2021). Equivalent concentric RET increased hunger and
desire to eat more than eccentric, even though both concen-
tric and eccentric RET equally increased total energy con-
sumption (Thivel et al. 2020). Speculatively, due to the lower
energy expenditure of eccentric RET (Lastayo et al. 1999),
the increased energy consumption might result in a higher
net energy balance compared to concentric. These findings
suggest that eccentric might be preferable to concentric RET
in simultaneously increasing preference for energy-dense
foods and energy consumption, however, it is unknown if
this applies during CC.

Regarding endurance training, post-exercise appetite or
ad libitum energy consumption were unchanged after a sin-
gle session of either LICET or HIIET (Poon et al. 2018).
However, after 16 weeks (5 week‘l), both LICET and
HIIET, when combined with RET, increased fasting hunger,
desire to eat, and total energy consumption in adolescents
(Miguet et al. 2020). In another study, 12 weeks (3 week™)
of either HIIET or LICET increased fasting and postpran-
dial feelings of hunger with no differences between type,
however energy consumption was unchanged (Martins et al.
2017). One possible reason for this discrepancy is that the
second study did not include RET (Martins et al. 2017).
Even though more research is needed, especially during
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CC, these results suggest that a combination of RET and
endurance training might increase hunger and total energy
consumption.

Increased energy expenditure and fat wasting

Despite reduced physical activity, energy expenditure
increases during CC (Fredrix et al. 1990). This hyper-
metabolic state is thought to occur from a combination of
elevated inflammation and resting lipolysis (Fredrix et al.
1990). When combined with appetite reductions, it inevi-
tably leads to fat and muscle wasting. Apart from being
amplified by the increased energy expenditure, fat wasting
is primarily induced by increased lipolysis, as there is an
increased turnover of free fatty acids and glycerol, caused by
elevated TNF-a (Mathur and Pedersen 2008; Tisdale 2009).
Exercise increases energy expenditure; thus, CC manage-
ment should include exercise modes that promote muscle
growth with the lowest energy expended.

Endurance training has almost double the energy expendi-
ture compared to RET, when matched for relative intensity
(Bloomer 2005). Moreover, due to its capacity to induce
white adipose tissue browning, mitochondrial biogenesis,
fat loss, and thermogenesis, which are existing problems
during CC (Grgic et al. 2019), LICET is less optimal dur-
ing CC. Surprisingly, recent reviews recommended endur-
ance training over RET to reduce muscle wasting during CC
(Aquila et al. 2020). However, due to the above-mentioned
contra-indications, LICET may be suboptimal against mus-
cle wasting during CC. Nevertheless, in some cases, even
higher-intensity endurance training modalities of shorter
durations may be beneficial. For example, in mice with CC,
10 weeks of higher-intensity continuous endurance exer-
cise (5 week™!, 30 min/day, 85% VO,,,,,) increased lifes-
pan, reduced tumor mass, and prevented reductions in total
body fat (Bacurau et al. 2007). However, there is a lack of
information on endurance training interspaced with rest on
energy expenditure in CC patients. Interestingly, in healthy
runners replacing LICET with HIIET did not impair aerobic
capacity or muscle oxidative capacity, but decreased energy
expenditure during running (laia et al. 2009); however, these
results may differ during CC. Therefore, HIIET could be
beneficial during CC, but priority should be given to RET
when aiming to increase muscle mass with lower energy
expenditure.

Regarding RET types, during eccentric RET the same
muscle work can be produced with only ~ 15% of the meta-
bolic demand, while cardiovascular demand is ~40% less
when compared to concentric RET (Lastayo et al. 1999).
These characteristics are attractive for implementation dur-
ing CC, as eccentric RET can stimulate muscle hypertrophy
but with much lower energy expenditure.
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Insulin resistance, dyslipidemia, and gut dysbiosis

Peripheral insulin resistance (Puppa et al. 2014) and gut
bacteria dysbiosis (Bindels et al. 2016) are common CC
mechanisms. Specifically, myofiber glucose uptake is insu-
lin-dependent via GLUT4, but CC decreases muscle glu-
cose uptake and GLUT4 expression, resulting in peripheral
insulin resistance (Puppa et al. 2014). Additionally, meta-
bolic dysregulation during CC involves lipid metabolism
abnormalities, as indicated by abnormal blood lipid profiles
(dyslipidemia) (Puppa et al. 2014).

A single 30-min low-frequency concentric-only electrical
muscle stimulation session increased muscle GLUT4 mRNA
levels (4.7-fold) in mice with CC, despite being suppressed
by CC at rest (Puppa et al. 2014). Moreover, 6 weeks of
concentric RET (loaded ladder climbing) increased GLUT4
expression in diabetic mice (Dehghan et al. 2016). Several
studies demonstrated that LICET also increases GLUT4
expression in both skeletal and cardiac muscle (Bowman
et al. 2021). Additionally, 6 weeks (3 week™!) of 4-6 sets
of 30-s maximal bicycling increased muscle GLUT4 con-
tent by ~20% compared to baseline in healthy men (Burgo-
master et al. 2007). Despite a lack of information regarding
the effects of long-term exercise on muscle GLUT4 levels
during CC, it appears that exercise modes that rely heavily
on muscle glucose metabolism, such as concentric RET or
endurance training, might be more effective than eccentric
RET in increasing GLUT4 expression.

While the effects of exercise on insulin resistance dur-
ing CC are unexamined, even a once-per-week (8 weeks),
30-min bout of eccentric RET (knee extensions) improved
resting blood lipid profile (TG — 12.8%, TC — 8.8%, HDL-C
9.3%, LDL-C — 16.4%) and insulin sensitivity (resting glu-
cose — 12%, insulin — 12%, homeostasis model assessment
(HOMA) — 24%, HbA1C — 10.6%) in women, whereas
equivalent concentric RET did not (Paschalis et al. 2011).
Similar improvements were observed with elderly men
after 12 weeks of once-per-week eccentric knee exten-
sion RET (resting glucose — 5%, insulin — 24%, HOMA
— 28%, HbA1C — 6%, oral glucose tolerance test — 12%, TG
—16%, TC — 8%, HDL-C 12%, LDL-C — 7%), and elderly
women after 12 weeks (2 week™!) of downstairs walking
(TG - 20%, TC — 10%, HDL-C 10%, LDL-C — 13%, rest-
ing glucose — 9%, insulin — 18%, HOMA — 26%, HbA1C
— 5%, oral glucose tolerance test — 11%), but these findings
were not observed after equivalent concentric exercise (Chen
et al. 2017a, b). These results are promising, and the effects
might be further potentiated with greater weekly frequency
and whole-body programs, however, this needs to be exam-
ined during CC.

Although dyslipidemia and insulin resistance are com-
monly counteracted through nutrition strategies by reducing
body fat, exercise might be a preferable method, especially

during CC. For example, after 12 weeks (3 week™!) of
HIIET in men aiming to improve body composition, there
was a 32% reduction in HOMA, and plasma insulin concen-
tration (— 28%), without reductions in muscle mass (Mat-
inhomaee et al. 2014). However, the group that underwent
only dietary intervention without exercise had decreases
in HOMA (10%) and plasma insulin concentration (12%),
their muscle mass was also significantly decreased (2.2 kg)
(Matinhomaee et al. 2014). Both groups reduced fat mass
as the primary study aim, but it is important to note that CC
patients are already encouraged to consume energy-dense
foods (Arends et al. 2021), which may further dysregulate
their blood lipid profile; thus, attempting to improve blood
lipid profile and insulin resistance through nutrition alone
can be suboptimal due to reductions in energy intake and
muscle loss (Matinhomaee et al. 2014). These studies indi-
cate that nutritional interventions alone are insufficient and
might result in further muscle loss, whereas exercise can
improve CC-induced metabolic dysregulation and muscle
mass.

Gut dysbiosis has been traditionally addressed with nutri-
tional and pharmacological interventions (Bindels et al.
2016), however, regular endurance exercise can confer ben-
efits to gut microbiota. For example, 6 weeks (3 week™!)
of LICET in sedentary women improved gut microbiota
composition and function (Munukka et al. 2018). In another
study, 6 weeks (3 week™!) of LICET in sedentary women
improved gut microbiota composition and function regard-
less of diet, but those benefits were lost once exercise ceased
(Allen et al. 2018). There is a lack of studies investigating
the effects of RET on gut health, or comparing the effective-
ness of LICET and HIIET, especially during CC, however,
exercise seems promising for improving gut dysbiosis.

Hypogonadism

Hypogonadism is the impaired gonad function (testes or
ovaries), resulting in decreased sex hormone production, a
symptom typically observed in both men and women with
CC, with a prevalence of 70% in men with CC (Burney et al.
2012). Hypogonadism during cancer results in a deteriora-
tion in muscle mass, quality of life, and survival (Burney
et al. 2012). In fact, blood testosterone levels in both men
and women with CC inversely associate with overall survival
(Bilir et al. 2015). A common method to treat low testoster-
one levels is testosterone treatment, which improves muscle
mass, quality of life, and physical activity in both men and
women with CC (Wright et al. 2018). However, a study in
elderly hypogonadal men showed that exercise training was
more effective than treatment in increasing aerobic capacity,
and equally effective for muscle growth, leading the authors
to conclude that exercise should be evaluated as an anti-
aging intervention in preference to therapy (Chasland et al.
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2021). A possible explanation is that testosterone receptor
content in muscle is more important than serum testoster-
one levels for loading-induced muscle growth (Morton et al.
2018). Overall, there seems to be some evidence to suggest
that testosterone administration alone for hypogonadism and
muscle growth may be suboptimal, as low muscle testos-
terone receptor content may reduce treatment effectiveness.
Moreover, there could be a role for exercise, when used syn-
ergistically with exogenous testosterone.

Despite multiple studies showing the effectiveness of
both eccentric and concentric RET in increasing circulat-
ing free testosterone levels shortly after exercise (Krae-
mer et al. 2006), it is more clinically meaningful to exam-
ine resting level changes following long-term training, as
these changes will exert chronic benefits. In a study with
elderly hypogonadal men, 12 weeks of RET (3 week™!) and
LICET increased resting blood testosterone levels (7%), but
this improvement was not statistically significant, whereas
the group that received testosterone therapy had a ~25%
increase compared to the placebo group, irrespective of exer-
cising or not (Chasland et al. 2021). Nevertheless, greater
muscle loading increased muscle testosterone receptor con-
tent in animals, which in turn could amplify the signaling
potential of circulating testosterone (Lee et al. 2003). This
might explain the similar muscle growth (4 0.7 kg) observed
in both the exercise-only and the testosterone-only groups
(despite the latter having higher serum testosterone levels),
and the greater muscle growth in the testosterone-plus-
exercise group (1.4 kg) versus the testosterone-only group
(0.7 kg) (Chasland et al. 2021). These findings suggest that
exercise training can not only increase serum testosterone
but also enhance testosterone signaling potential for mus-
cle growth, possibly through increasing muscle testoster-
one receptor content. However, the effectiveness of exercise
training in improving hypogonadal status during CC remains
to be examined.

Impaired oxidative capacity and mitochondrial
function

The muscle mitochondrial oxidative pathway, which is
critical for cellular metabolism and growth, is profoundly
impaired during CC by tumor-induced inflammation, lead-
ing to fatigue, weakness, and muscle protein breakdown
(VanderVeen et al. 2017). Activation of transcription fac-
tors, such as NF-kB and STAT?3, in muscle during CC leads
to mitochondrial dysfunction (VanderVeen et al. 2017), and
are relevant as therapeutic targets.

The STAT3 signaling pathway is considered important
for muscle wasting in CC and other conditions with elevated
IL-6, while STAT3 inhibition prevents CC in preclinical can-
cer models (Bonetto et al. 2012). Long-term eccentric RET
might reduce the activation of STAT3. In mice with CC, only
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2 weeks (4 week™!) of eccentric RET significantly reduced
muscle STAT3 activation (Hardee et al. 2020). However,
if this occurs in the muscles of humans with CC, and if
equivalent concentric RET is similarly effective, remains
uninvestigated.

Regarding NF-kB, in the brain of mice with Parkinson’s
disease, 5 weeks (5 week™!) of loaded ladder climbing
(typical rodent concentric RET protocol) decreased NF-kB
expression (Kim et al. 2021). Moreover, 8 weeks (5 week™ )
of HIIET was more effective than LICET in reducing NF-xB
levels in mouse renal tissue after injury (Leite et al. 2021). In
humans, eccentric RET increased inflammation to a greater
degree than equivalent concentric RET, however repeating
the same session does not trigger the same inflammatory
response. For example, although circulating NF-kB levels
increased after eccentric exercise in elderly men, repeating
the same session after 8 weeks of eccentric lower-limb RET
did not produce any significant changes (Jiménez-Jiménez
et al. 2008). Repeated exercise not only protects against
NF-kB elevations but may actively decrease it. This was
shown in elderly women, where 12 weeks (3 week™!) of
whole-body light-load RET (elastic bands) significantly
reduced serum NF-kB levels (6%) (Roh et al. 2020). More-
over, circulating TLR4 levels (which lead to NF-xB acti-
vation and by themselves suppress protein synthesis) were
down-regulated after 6 weeks (3 week™!) of eccentric knee-
extension RET in healthy women (Fernandez-Gonzalo et al.
2014), however, there is a lack of information regarding
changes after concentric RET. While these results appear
promising, more research is needed to clarify the effects of
exercise training on muscle NF-kB and STAT3 levels, par-
ticularly during CC.

Apart from transcription factors, it is important to exam-
ine changes in the final physiological properties of inter-
est, namely mitochondrial content and oxidative capacity.
Although a single 30-min concentric RET session did not
improve mitochondrial biogenesis in mice with severe CC
(Puppa et al. 2014), eccentric RET counteracted the overall
muscle oxidative capacity loss (succinate dehydrogenase
enzyme activity) and improved the distribution of oxida-
tive-rich myofibers (Sato et al. 2019). Moreover, 2 weeks
(4 week™!) of eccentric RET improved muscle oxidative
capacity, and mitochondrial content (increased cytochrome-c
oxidase enzyme activity) in CC muscle (Hardee et al. 2016,
2020), but the effects of concentric RET remain unexam-
ined. Interestingly, increased basal protein synthesis was
positively correlated with increased mitochondrial content
(Hardee et al. 2020). These findings highlight the impor-
tance of controlling oxidative capacity and mitochondrial
content in CC muscle for restoring protein synthesis.

It is well known that endurance training can improve
oxidative capacity. Interestingly, only 14 days (6 total ses-
sions) of 4-6 sets of 30-s maximal bicycling induced similar
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improvements to a group that was performing 90-120 min
continuous bicycling in muscle oxidative capacity, buffer-
ing capacity (HIIET 7.6% vs LICET 4.2%), and glycogen
content (HITET 28% vs LICET 17%) (Gibala et al. 2006).
Longer training periods produce similar results, as 6 weeks
(3 week™!) of 4-6 sets of 30-s maximal bicycling induced
similar improvements to a group that was performing
90-120 min continuous bicycling in mitochondrial biogen-
esis (PGC-1a levels), glycogen content, and oxidative capac-
ity (Burgomaster et al. 2007, 2008). HIIET can produce
similar muscle oxidative capacity and cardiovascular adap-
tations to LICET but in a more time- and energy-efficient
manner, and thus may be preferable for improving muscle
oxidative capacity and mitochondrial function.

Together, these studies indicate that RET and HIIET
could be tested as an energy-efficient strategy to improve
oxidative capacity and mitochondrial content during
CC, although more research is required to examine this
hypothesis.

Side effects of cancer treatments

Exercise can not only counteract the health effects of CC but
also the side effects of treatments. CC patients are often at
advanced stages of their disease and will undergo multiple
treatments to control cancer progression, but such treatments
can cause serious side effects. As outlined below, several
studies have established the safety and effectiveness of exer-
cise in ameliorating treatment side effects.

Curative cancer treatment often involves surgery, which
can cause further health complications and increase risk for
other conditions. For example, after cancer-related surger-
ies for lung, prostate, and colorectal cancer, patients have
increased risks of cardiovascular-related events, post-oper-
ative complications, and suffer large reductions in muscle
mass and strength (Singh et al. 2017; Ashton et al. 2021).
This can be particularly detrimental during CC, as it further
accelerates muscle wasting, and significantly decreases sur-
vival (Choi et al. 2018). Exercise is safe and effective for
improving aerobic exercise capacity, muscle strength, and
health-related quality of life after prostatectomy (Singh et al.
2017; Ashton et al. 2021). For example, 6 weeks (2 week™ )
of RET and 20 min of LICET increased muscle strength
(24%), which was maintained post-surgery (Singh et al.
2017), however, it is impossible to make inferences about its
effectiveness in attenuating the 2.7 kg loss of muscle experi-
enced post-surgery, as there was no non-exercising group. In
a similar study with the inclusion of a non-exercising group,
exercise not only improved endurance exercise capacity
and muscle strength after prostatectomy but also prevented
increases in weight and fat mass occurring in the non-exer-
cising group (Ashton et al. 2021). Systematic reviews have
indicated that pre-surgical exercise for patients with prostate,

lung, colorectal, colon, pancreatic, and bladder cancer may
improve pre- and post-operative physical capacity, muscular
strength, and quality of life, and decrease length of hospital
stay, and post-operative complications (Singh et al. 2017).

Another common cancer-related treatment is chemother-
apy which is a particularly critical topic during CC, as not
only does muscle wasting during CC result in greater chemo-
therapy toxicity and dose reduction, but chemotherapy can
cause CC or exacerbate existing CC (Brierley et al. 2019).
Additionally, chemotherapy results in side effects, such as
low energy, stress, nausea, and pain. Exercise can ameliorate
these negative side effects (Johnsson et al. 2019). Notably,
in women with breast cancer, 26 endurance exercise (both
high- and moderate-intensities) and 31 RET sessions after
chemotherapy onset improved energy and reduced nausea
(Johnsson et al. 2019).

Radiation and hormone therapies are also common and
often combined. Androgen-deprivation therapy decreases
muscle and bone mass, physical function, and causes fatigue
and metabolic syndrome (Galvao et al. 2008; Grossmann
et al. 2011). These side effects are somewhat similar to
the effects of CC, and can collectively increase the risk of
falling, osteoporosis, and bone fractures and compromise
quality of life (Galvao et al. 2008; Grossmann et al. 2011).
Moreover, radiotherapy is commonly performed during
androgen-deprivation therapy and can amplify the negative
side effects of the latter, as radiotherapy can cause muscle
atrophy, fibrosis, and fatigue (Kim et al. 2015). A combina-
tion of RET and LICET, performed either 2 or 3 times per
week for 12 weeks prevented muscle loss in prostate can-
cer patients undergoing androgen-deprivation therapy, even
when combined with radiotherapy (Newton et al. 2021).

Therefore, apart from benefits in health parameters
relevant to CC, another reason to consider incorporating
exercise during CC management is reduced treatment side
effects.

Application and future research directions

MEDLINE and Scopus databases were searched with pub-
lished studies included until August 2021. Search terms
included various combinations of: cachexia; sarcopenia;
malnutrition; atrophy; muscle wasting; cancer; tumor;
muscle; lean mass; exercise; training; physical activity.
Secondary searches involved reference lists of eligible
articles as well as systematic reviews and meta-analyses
assessing interventions given to patients on ADT. The key
criterion was to identify studies that included patients with
substantial weight loss (=5%) (Fearon et al. 2011) at the
time of intervention, utilizing an exercise or multi-modal
intervention, while including a measure of body mass or
composition. From the identified studies (Table 1), we
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conclude that whole-body RET is safe and effective during
CC, however, it is difficult to draw clear conclusions, as in
half of those studies only some of the participants had CC,
and many studies implemented a multi-modal program of
exercise and nutrition. Nevertheless, a study implemented
6-month (2 week™) whole-body RET either at home or
performed under supervision in an exercise clinic, and half
of the participants had pancreatic CC (Wiskemann et al.
2019). Even though there was higher adherence with home-
based (78.4%) versus clinic-based (64.1%), only the clinic-
based group significantly increased upper- and lower-body
strength, and body mass (3.1%). Notably, the RET was of
typical intensity (50-80% of the participant’s maximum
strength) and volume (3 sets; 8—12 repetitions) to induce
muscle hypertrophy in healthy populations (Wiskemann
et al. 2019). In another study, patients with pancreatic CC
underwent 12 weeks (2 week™") of whole-body RET, similar
to the previous study (50-80% of the participant’s 1-repeti-
tion maximum; 3 sets; 8—12 repetitions) (Kamel et al. 2020).
There were improvements in mobility, muscle mass (1-2%),
and strength, of both upper- and lower-limbs compared to a
non-exercising group. Therefore, even higher-intensity (80%
intensity) whole-body RET typically prescribed for healthy
populations is safe and effective during CC and could be
safely implemented in future research.

The information included in this review suggests that
RET (see Fig. 2), and specifically types focusing on the
eccentric portion of the movement, are potentially more tol-
erable, efficient, and effective in counteracting CC mecha-
nisms, and increasing muscle mass when compared to endur-
ance training. Apart from greater muscle growth at lower
energy costs, eccentric RET is also more time-efficient, as
only 20-30 min of eccentric RET per week can elicit large
increases (>30%) in muscle size (Mavropalias et al. 2021b).
However, researchers should be aware that unaccustomed
high-intensity eccentric RET can induce muscle soreness,
decreased muscle strength, and increased circulating lev-
els of intramuscular proteins such as creatine kinase (Mav-
ropalias et al. 2021a). Consequently, we recommend that
intensity, in either concentric or eccentric RET, is increased
over several sessions, while submaximal exercise (pre-con-
ditioning) can protect against future higher-intensity exer-
cise (Mavropalias et al. 2020). As eccentric RET appears to
be more specific and potent for counteracting the multiple
causes of wasting at the myofiber level than conventional
or concentric RET, could be very beneficial if incorporated
as an additional brief component after a conventional RET
program.

Moreover, there is unexplored potential of repeated RET
(particularly eccentric) in ‘exploiting’ elevated inflamma-
tion to proportionately increase muscle growth. As yet, the
effectiveness of exercise training in improving inflamma-
tion, as well as appetite, insulin resistance, dyslipidemia, and
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hypogonadism, in patients with CC remains unexamined.
Further, a combination of RET and HIIET might improve
hunger, total energy consumption, oxidative capacity, mito-
chondrial content, and gut microbiota composition and func-
tion. Well-controlled trials involving patients with CC are
required to answer these research questions.

It is preferable that research projects are conducted in a
clinical setting with appropriate exercise equipment, as it
is otherwise difficult to elicit clinically meaningful muscle
growth with body weight exercises alone, especially when
unsupervised. This was shown in a study where only the
CC patients who underwent supervised whole-body RET
increased upper- and lower-body strength, and body mass
(Wiskemann et al. 2019). While CC patients have lower
muscle strength and exercise capacity compared to healthy
individuals, the exercise principles for muscle growth
must be still adhered to; it is well established that suffi-
cient intensity and volume, and progressive manipulation
of these parameters are required for muscle growth (Grgic
et al. 2019), which may be challenging with light-load or
bodyweight-only exercises. Moreover, adequate supervision
cannot be provided to the same extent during home-based
exercise.

Choosing suboptimal exercise modes can be counterpro-
ductive, and could further contribute to CC without impact-
ing muscle growth. For example, LICET can increase energy
expenditure, fat loss, and mitochondrial biogenesis in adi-
pose tissue (Grgic et al. 2019; McKie and Wright 2020), and
although these would be desirable in healthy individuals,
these are CC mechanisms and could exacerbate the disease,
and thus progressive RET should be focused. If progressive
HIIET is incorporated in research, the intensity should be
closer to the higher spectrum of the participant’s individual
exercise capacity (e.g., assessed through perceived effort),
and not ‘high intensity’ as defined based on healthy persons.
Moreover, HIIET should be performed on exercise equip-
ment in which the patient is safely secured, without risking
falls or being unable to stop immediately, such as recumbent
bikes for the lower limbs, and sitting arm cranks or row-
ing ergometers for the upper limbs. The patient’s perceived
effort, heart rate, and signs of faintness or pain should be
closely monitored by exercise professionals.

Conclusion

Cachexia is a common and devastating symptom of many
chronic conditions. In this review, the multiple disease mech-
anisms and signs were outlined and these are often comple-
mentary and amplify one another. Additionally, evidence
from the available literature indicates that exercise therapy
could potentially counteract most of the CC mechanisms
and side effects from cancer-related treatments commonly
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administered during CC. Prevention and early treatment
of CC have been extensively recommended (Fearon et al.
2011), but in many cases, prevention is not possible, as the
patient is already in mid-CC when diagnosed (Fearon et al.
2011), highlighting the need for more trials in advanced CC
stages. To date, most of the available evidence is limited
to animal models of CC or healthy humans, although this
still provides valuable information. Nevertheless, the avail-
able evidence is still limited, while exercise during CC has

been discouraged (Roeland et al. 2020), despite its success
in increasing muscle and body mass in humans with par-
ticularly aggressive CC forms (Lgnbro et al. 2013a; Naito
et al. 2019; Wiskemann et al. 2019; Kamel et al. 2020). As
a result, there is an urgent need for human trials to examine
the effectiveness of RET in counteracting CC mechanisms
and increasing muscle mass.

As outlined in the sections above, due to the increased
energy expenditure, adipose tissue mitochondrial biogenesis,
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and muscle wasting typically observed during CC, LICET is
discouraged, and instead different forms of RET should be
investigated to determine their effectiveness in counteract-
ing muscle wasting but adjusted to the needs and capacity
of the patient. Regarding specific RET types, eccentric RET
appears promising in increasing protein synthesis regard-
less of elevated inflammation, resulting in muscle growth at
lower energy costs. However, even conventional eccentric/
concentric RET, when progressively increased in volume
and intensity, is a potent, easily accessible, low-cost, and
safe therapy for research in the management of CC-induced
muscle wasting.
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