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Abstract 

Chemotherapy is an effective first-line cancer-treatment to slow or even cure cancer. Despite 

it being widely used to treat a variety of cancers, the majority of agents used induce a myriad of 

serious sequalae. Recently, chemotherapy emerged as a key contributing factor to the induction of 

devastating wasting condition, cachexia. Cachexia involves the progressive loss of body mass, 

underscored by severe skeletal muscle wasting and dysfunction (skeletal myopathy). Unravelling 

the molecular mechanisms involved in the onset and persistence of chemotherapy-induced cachexia 

represents a complex scientific challenge and is of great clinical interest to identify novel drug targets 

and efficacious adjuvants. 

This thesis characterised the impact of individual chemotherapeutic agents on the skeletal 

muscular system of mice [doxorubicin (DOX) and irinotecan (IRI), 5-fluorouracil (5FU)] and 

evaluated the therapeutic efficacy of mitoprotective adjuvant candidates, sodium nitrate (with DOX) 

and BGP-15 (for 5FU and IRI) to protect body mass and skeletal muscle during chemotherapy. 

Additionally, since chemotherapeutic agents are usually administered to cancer patients in 

combination regimens which might escalate cachexia, we also characterised the impact of the ‘7+3’ 

(cytarabine and daunorubicin) chemotherapy induction regimen (CIR) utilised as standard 

treatment against acute myeloid leukemia. In this regard, we developed and characterised a novel 

murine model of AML CIR-induced cachexia. We also used this model to trace the course of cachexia 

during and after treatment and to evaluate whether voluntary exercise could be protective. 

The major findings of thesis were that the onset and severity of chemotherapy-induced 

cachexia is agent/regimen specific. While DOX, an anthracycline and topoisomerase-II inhibitor, and 

IRI, a topoisomerase- I inhibitor, induced a cachectic phenotype characterised by diminished body 

composition indices, and skeletal myopathy, 5FU, an anti-metabolite, did not cause cachexia. 

Interestingly, the multi-agent CIR induced severe cachexia. The recovery post-CIR was mixed with 

skeletal muscle mass returning to normal levels, while body and lean mass not completely 

recuperating in the 2-week recovery period. At the molecular level, the expression of key structural 
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cytoskeletal proteins, i.e. dystrophin, were impacted by IRI and 5FU whether skeletal myopathy was 

observed or not. These data suggest that loss of dystrophin might be an early event in the myopathy 

associated with cachexia.  With regard to the adjuvant candidates evaluated, sodium nitrate was not 

protective against DOX-induced cachexia, despite protecting against early signs of cardiomyopathy. 

BGP-15 displayed modest protection against IRI-induced cachexia but was not afforded the 

opportunity when evaluated in combination with 5FU. Alongside the CIR voluntary activity was not 

protective against cachexia, rather it potentiated CIR-induced cachexia, likely driven through 

enhanced loss of fat mass. Overall, these findings highlight that further investigation is required 

regarding the efficacy of mitoprotective adjuvant therapies against chemotherapy-induced cachexia.  
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Simple Summary: In addition to cancer-related factors, anti-cancer chemotherapy treatment can
drive life-threatening body wasting in a syndrome known as cachexia. Emerging evidence has
described the impact of several key chemotherapeutic agents on skeletal muscle in particular, and
the mechanisms are gradually being unravelled. Despite this evidence, there remains very little
research regarding therapeutic strategies to protect muscle during anti-cancer treatment and current
global grand challenges focused on deciphering the cachexia conundrum fail to consider this aspect—
chemotherapy-induced myopathy remains very much on the dark side of the cachexia sphere. This
review explores the impact and mechanisms of, and current investigative strategies to protect against,
chemotherapy-induced myopathy to illuminate this serious issue.

Abstract: Cancer cachexia is a debilitating multi-factorial wasting syndrome characterised by severe
skeletal muscle wasting and dysfunction (i.e., myopathy). In the oncology setting, cachexia arises
from synergistic insults from both cancer–host interactions and chemotherapy-related toxicity. The
majority of studies have surrounded the cancer–host interaction side of cancer cachexia, often over-
looking the capability of chemotherapy to induce cachectic myopathy. Accumulating evidence in
experimental models of cachexia suggests that some chemotherapeutic agents rapidly induce cachec-
tic myopathy, although the underlying mechanisms responsible vary between agents. Importantly,
we highlight the capacity of specific chemotherapeutic agents to induce cachectic myopathy, as not
all chemotherapies have been evaluated for cachexia-inducing properties—alone or in clinically
compatible regimens. Furthermore, we discuss the experimental evidence surrounding therapeutic
strategies that have been evaluated in chemotherapy-induced cachexia models, with particular focus
on exercise interventions and adjuvant therapeutic candidates targeted at the mitochondria.

Keywords: cachexia; chemotherapy; exercise therapy; mitoprotection; muscle wasting; myopathy;
pharmaceutical adjuvants; skeletal muscle

1. Introduction

Chemotherapy constitutes a group of anti-neoplastic agents that were progressively
discovered throughout the 19th century and became commonplace in oncological treat-
ment as first-line or complementary therapeutic strategies for nearly all cancer types [1].
In general, chemotherapy targets cell cycle arrest through DNA-damage pathways that
promote apoptotic cell death, although agents are heterogeneously stratified into different
classes depending on their mode of action [2]. Independent of their different mechanisms,
chemotherapies remain effective at inducing cancer cytotoxicity to abate the hyper-active
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neoplastic cell cycle [3]. Despite exerting anti-cancer efficacy, chemotherapy also elicits
detrimental off-target side-effects to otherwise healthy cells due to their non-specific cy-
totoxicity [4]. Systemic toxicities are pervasive in the blood cell population as well as
the central and peripheral nervous, gastrointestinal, cardiovascular, and integumentary
systems [5–8]. Over the past decade, interest has developed concerning the non-specific im-
pact of chemotherapy-induced toxicity on the skeletal muscular system [9–11]. Specifically,
chemotherapeutic agents reduce body mass concurrent with skeletal muscle atrophy and
dysfunction (referred to herein, as cachectic myopathy). These side-effects are clinically
evident during patient deconditioning in the oncological setting [12], where weight loss
and fatigue are two key debilitating events prominent in metabolic wasting syndrome,
cachexia [13].

Cachexia is a multifactorial condition characterised by the loss of body mass and com-
position (highlighted by lean mass loss, with or without loss of fat mass) and progressive
functional impairment [14]. The centrally afflicted organ in cachexia is skeletal muscle,
which is driven by a multitude of factors including metabolic dysregulation; anorexia;
systemic inflammation; and insulin resistance [15]. Skeletal muscle mass is an integral
prognostic marker in cancer cachexia diagnosis—this is because increased adiposity de-
sensitises the utility of body weight and body mass index (a crude indicator of body compo-
sition) during cachexia diagnosis [16,17]. Once instigated, cachectic myopathy propagates
a vicious cycle involving increased risk of dose-related toxicities, which influences patient
risk stratification and clinical decision making [18]. The result is compromised treatment
efficacy (i.e., dose-reduction or treatment cessation) that increases the risk of morbidity
and mortality [18]. Cachectic myopathy is the result of two synergistic insults from each
of: (1) cancer–host interactions and (2) chemotherapy toxicity [15,19]. These effects can be
acute, yet are most often life-long [20]. While the number of studies concerning cachexia
is increasing exponentially, the proportion of these studies focusing on the impact of
chemotherapy is far behind [9].

Overall, cancer cachexia represents a significant burden on patients and clinicians,
with estimates suggesting that cachexia affects 50–80% of cancer patients and accounts
for up to 20% of cancer deaths [21]. There are no current treatment options outside of
standard nutrition interventions for body mass loss, which are largely unsuccessful [22,23].
Thus, cachexia is a significant unmet challenge in need of pre-clinical investigations to
identify novel drug-targets and evaluate therapeutic interventions for clinical translation.
Herein, we present a review of the literature surrounding experimental chemotherapy-
induced cachexia, with particular focus on the skeletal muscle-specific side-effects and
underlying mechanisms of myopathy. We also discuss the challenges associated with
current experimental approaches used to investigate chemotherapy-induced cachexia and
adjuvant strategies to protect against it.

2. Mechanisms of Chemotherapy-Induced Cachectic Myopathy

Chemotherapeutic agents work through different modes of action, which likely in-
fluences the degree to which they can induce cachectic myopathy. However, of the agents
that do induce myopathy, there are some common underlying mechanisms [9]. It has
been proposed that chemotherapy promotes systemic inflammation via the central nervous
system, specifically through stimulation of the hypothalamus–pituitary–adrenal axis, to
induce an adaptive illness response [24]. This response simultaneously induces the release
of glucocorticoids and the production of pro-inflammatory cytokines (e.g., interleukin-1α
and β, interleukin-6, and tumour necrosis factor-α (TNF-α)), which are both key events
in the induction of skeletal muscle atrophy [25,26]. In particular, over-production of
pro-inflammatory cytokines can directly induce skeletal muscle atrophy via engagement
of membranous receptors and activation of a pro-catabolic transcription program [9,13].
Braun et al. proposes that instigation of the inflammatory milieu caused by chemotherapy
increases activity of the gene, regulated in development and DNA damage response 1
(REDD1), which is associated with skeletal muscle atrophy [24]. REDD1 transcription
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regulates the adaptive stress response including the activation of stress-sensitive molecular
targets, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and mito-
gen activated protein kinase (MAPK) [27,28]. These two targets share common signalling
pathways during oxidant-induced stress [29]. In particular, MAPK activity promotes phos-
phorylation of the NF-κB subunit, p65, resulting in NF-κB activation and the induction
of skeletal muscle atrophy [29]. This atrophic response is achieved primarily through the
ubiquitin-proteasome system (UPS)-mediated transcription of classic atrogenes, the E3
ubiquitin ligases, MuRF-1, and Atrogin-1 [30,31]. Additionally, it has been demonstrated
by our laboratory and others that several chemotherapeutic agents can promote reactive
oxygen species (ROS) production in C2C12 myotubes, which is associated with impaired
myotube morphometry [32–35]. These data suggest that stress-sensitive molecular targets
could be common signalling pathways in chemotherapy-induced cachectic myopathy.
Furthermore, excessive ROS production is associated with the onset of mitochondrial dys-
function, an event postulated to be the crucial trigger for the induction of skeletal muscle
wasting by chemotherapy [36].

As well as through directly targeting differentiated skeletal muscle tissue, chemother-
apeutic agents also target myoprogenitor activity (i.e., satellite cell replication), which
impacts skeletal muscle growth, repair, and turnover (as reviewed by us previously [37]).
Many chemotherapeutic agents arrest cell cycling as their principal mechanisms of action
against rampant cancer cell proliferation, resulting in visible side-effects in high-turnover
cells including hair, bone marrow, skin, and gastrointestinal epithelium. It has recently
emerged that muscle satellite (stem) cells, which normally undergo rapid proliferation
and differentiation in response to muscle damage (e.g., inflammation) and growth factors
(e.g., growth hormone and androgens) are also impacted, contributing to the net loss of
muscle mass observed during cancer-related cachexia [38–40].

The research to date has predominantly focused on three key chemotherapeutic agents
to study the mechanisms that govern chemotherapy-induced cachectic myopathy: the
anthracycline, doxorubicin (DOX); the platinum-based alkylating agent, cisplatin (cis-
diamminedichloroplatinum(II) (CDDP)); and the anti-metabolite, 5-fluorouracil (5FU). As
such, we will further explore the current understanding of the connection between these
stress-signalling cascades and the induction of cachectic myopathy in the context of specific
chemotherapeutic agents and/or regimens.

2.1. Doxorubicin (DOX)

DOX is a member of the anthracycline class of chemotherapies, and, as such, it elic-
its cytotoxicity via topoisomerase-II inhibition to induce DNA damage and cell cycle
arrest [41]. Despite its potent anti-cancer efficacy, DOX is notorious for its cardiotoxic
properties, which significantly limits its clinical utility [42]. Subsequently, there has been
substantial interest in the effect of DOX on skeletal muscle health (summarised in Figure 1),
particularly since skeletal muscle is an active compartment in the metabolism of DOX
and its metabolites (e.g., DOX metabolite, doxorubicinol) is retained within skeletal mus-
cle tissue for up to five days post-intravenous delivery [43,44]. The clinical implications
of DOX administration are remarkable. Patients often present with debilitating fatigue,
muscle weakness, and impaired ambulatory capacity [45,46]. At the cellular level, DOX
treatment induces skeletal muscle dysfunction [47,48] characterised by reduced force pro-
duction, impaired calcium (Ca2+) dynamics, and increased susceptibility to physiological
fatigue [47–49]. Importantly, Gilliam et al. highlighted that these symptoms are dependent
on the activity of pro-inflammatory cytokine, TNF-α [50]. This pro-inflammatory scenario
has been shown to promote pyroptosis, a biological process of programmed cell death,
which is characterised by the nucleotide binding oligmerisation domain (NOD), leucine
rich repeat-containing proteins (NLR) family member, NRLP3 inflammasome formation,
and activation of apoptotic caspases [51,52]. Furthermore, TNF-α mediates skeletal muscle
contractile dysfunction through enhanced ROS production [53], although this is considered
to be an additive effect to DOX-induced oxidative stress. DOX can directly stimulate ROS
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production through redox cycling at NADH dehydrogenase/Complex I of the mitochon-
drial electron transport chain [54]. As a result, ROS are produced, in particular superoxide
anion radicals, via the reduction of DOX’s quinone moiety to an unstable semiquinone [54].
This redox cycling significantly elevates skeletal muscle hydrogen peroxide (H2O2) emis-
sion without perturbing homeostatic antioxidant buffering capacity [55–57] and alters
bioenergetic efficiency by impinging on the functionality of respiratory complexes, leading
to modifications that promote oxidative damage (e.g., lipid peroxidation) [56,58]. Recent
findings from the Hulmi group suggest that DOX-induced skeletal muscle perturbations
are predominately influenced by enhanced transcription of REDD1 as part of the tran-
scriptional program regulated by oxidative stress sensitive tumour suppressor protein,
p53, a master regulator of cellular homeostasis [59–61]. Interestingly, there are few data
connecting the promotion of inflammatory cytokines and oxidative stress from DOX to
increased NF-κB activity in skeletal muscle, which is a downstream target of REDD1 tran-
scription. Supriya et al. showed that DOX potentiated NF-κB activity in the skeletal muscle
of diabetic mice [62]. The authors suggested that several mechanisms downstream of
REDD1 were likely contributing [62].

Enhanced oxidative damage from DOX administration induces modifications that
increase the catabolism of myofibrillar proteins, in particular actin and myosin, two in-
tegral proteins of the contractile apparatus [33,63]. The pro-catabolic signalling-cascade
potentiated by DOX can activate multiple proteolytic systems including the UPS, au-
tophagy, apoptotic caspases, and Ca2+-dependent proteases (i.e., calpains) [56,63,64]. The
pro-catabolic shift in skeletal muscle protein balance has led to the consensus that DOX
can cause skeletal muscle mass loss [11]. While DOX mechanisms are largely centred
around proteolysis, there is also a rationale to suggest DOX impairs anabolism. This is
highlighted by a reduced rate of protein synthesis independent of the classical signalling
of mechanistic target of rapamycin complex 1 (mTORC1) [59], a key mediator of protein
synthesis (for extensive review see [65]). There is also some evidence that DOX admin-
istration can impair the regenerative capacity of muscle through inhibiting satellite cell
proliferation [66]. These data implicate alternative pathways that regulate protein synthesis
during DOX administration. One such pathway was the activation of the endoplasmic retic-
ulum stress/unfolded protein response signalling cascade, which can negatively regulate
protein synthesis [67]. However, there were divergent responses between different types of
striated muscle (i.e., heart, diaphragm, and limb skeletal muscles) and the expression of
markers involved in this signalling cascade, elicited by DOX [55,68]. Thus, further research
is required to enrich the understanding of the processes regulating the skeletal muscle
protein balance during DOX treatment.
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Figure 1. Known mechanisms of doxorubicin (DOX)-induced cachectic myopathy. DOX promotes 
reactive oxygen species (ROS) production primarily via Complex I dysfunction, which induces 
mitochondrial dysfunction and tumour-necrosis factor-α (TNF-α)-dependent inflammation, which 
can promote pyroptosis via increased nucleotide binding oligmerisation domain, leucine rich re-
peat-containing protein 3 (NLRP3) inflammasome formation, and activation of apoptotic caspases. 
This stimulates a regulation in the development and DNA damage response 1 (REDD1) transcrip-
tion program, which overarches DOX-induced cachectic myopathy. DOX also reduces the replen-
ishment of the satellite cell pool, which contributes to cachectic myopathy through impaired mus-
cle repair. Underlying skeletal muscle wasting, DOX increases protein degradation via the ubiqui-
tin-proteasomal system (UPS), autophagy, apoptotic caspases, and the calcium (Ca2+)-dependent 
proteases, calpains, while also reducing protein synthesis in a mammalian target of rapamycin 
complex 1 (mTORC1)-independent manner. While the exact mechanism has not been fully eluci-
dated, endoplasmic reticulum (ER) stress or the unfolded protein response (UPR) signalling may 
be contributing factors. DOX also alters Ca2+ dynamics and promotes oxidative damage to myofi-
brillar proteins causing skeletal muscle dysfunction. Created with biorender.com (accessed on 6 
July 2021). 

2.2. Cisplatin (CDDP) 
CDDP is a platinum-based alkylating agent that enhances DNA damage via the aqua-

tion of its chloride ligands to form a highly reactive mono-aquated complex. This complex 

Figure 1. Known mechanisms of doxorubicin (DOX)-induced cachectic myopathy. DOX promotes
reactive oxygen species (ROS) production primarily via Complex I dysfunction, which induces
mitochondrial dysfunction and tumour-necrosis factor-α (TNF-α)-dependent inflammation, which
can promote pyroptosis via increased nucleotide binding oligmerisation domain, leucine rich repeat-
containing protein 3 (NLRP3) inflammasome formation, and activation of apoptotic caspases. This
stimulates a regulation in the development and DNA damage response 1 (REDD1) transcription
program, which overarches DOX-induced cachectic myopathy. DOX also reduces the replenishment
of the satellite cell pool, which contributes to cachectic myopathy through impaired muscle repair. Un-
derlying skeletal muscle wasting, DOX increases protein degradation via the ubiquitin-proteasomal
system (UPS), autophagy, apoptotic caspases, and the calcium (Ca2+)-dependent proteases, calpains,
while also reducing protein synthesis in a mammalian target of rapamycin complex 1 (mTORC1)-
independent manner. While the exact mechanism has not been fully elucidated, endoplasmic
reticulum (ER) stress or the unfolded protein response (UPR) signalling may be contributing factors.
DOX also alters Ca2+ dynamics and promotes oxidative damage to myofibrillar proteins causing
skeletal muscle dysfunction. Created with biorender.com (accessed on 6 July 2021).
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2.2. Cisplatin (CDDP)

CDDP is a platinum-based alkylating agent that enhances DNA damage via the
aquation of its chloride ligands to form a highly reactive mono-aquated complex. This
complex can bind with DNA residues to develop CDDP-DNA adducts, which induce DNA
crosslinking and cell cycle arrest [69]. CDDP administration is associated with several
toxicities, notably nephrotoxicity and neurotoxicity [70,71]. However, it also has deleterious
impact on skeletal muscle (critically reviewed in detail previously [10,72]). CDDP was orig-
inally considered a potent inducer of negative protein balance—predominantly through
impacting caloric intake (i.e., food consumption), which drives protein degradation to re-
duce body and skeletal muscle mass [73] (Figure 2). Importantly, Sakai et al. demonstrated
that CDDP can drive protein degradation independently of caloric intake (through using
pair-fed controls), in part, via an Akt and forkhead box O (FoxO)-dependent signalling
cascade that enhances the transcription of atrogenes MuRF-1 and Atrogin-1 [74] while
synergistically activating other constituents of the UPS [75]. CDDP also promotes the accu-
mulation of autophagosomes (an indicator of autophagy-lysosome system dysregulation)
via a similar, although currently undefined, Akt/FoxO3a-dependent mechanism [34,76,77].
Furthermore, CDDP suppresses protein synthesis via a protein kinase B (Akt)-dependent
mechanism, which leads to the de-phosphorylation of p70S6k1, a downstream target of
mTORC1 [78]. Thus, muscle anabolism signalling also appears to be impacted by CDDP
(Figure 2). Damreuer et al. demonstrated that CDDP-mediated atrogene transcription
occurs in response to trans-activation of NF-κB, specifically through the heterodimerisa-
tion of key subunit proteins, p50 and p65 [79]. Enhanced proteolysis induced by CDDP
underscores skeletal muscle wasting, and this was initially thought to be the driver of
functional decline [80]. However, recent findings from Conte et al. demonstrate that CDDP
also dysregulates Ca2+ ion homeostasis, which is necessary for optimal skeletal muscle
function [81]. CDDP increases the intracellular concentration of Ca2+, compromises Ca2+

dynamics, and de-sensitises the excitability of action potentials, resulting in reduced force
production [82]. CDDP-induced oxidative stress is also thought to contribute to a dysfunc-
tional contractile apparatus, although the underlying mechanisms are presently unclear.
Sirago et al. proposed that CDDP drives H2O2 production and oxidative stress based
upon evidence of increased peroxiredoxin (PRX) sulphonylation in skeletal muscle [77,83],
which is also central to CDDP’s anti-cancer properties [84]. This mechanism has fascinating
potential for therapeutic intervention given that PRX suppression is a key stimulant for
NF-κB trans-activation [85], a critical target for CDDP-induced myopathy [9].

While CDDP is the predominate platinum-based chemotherapeutic agent experimen-
tally evaluated for its effect on skeletal muscle health, our laboratory and others have
demonstrated that analogues, carboplatin [86,87] and oxaliplatin (OXA) [88–90] can also
contribute to the induction of cachectic myopathy. A complicating factor in the research sur-
rounding platinum-based agents is the reliance on solvent, dimethyl sulphoxide (DMSO),
to prepare experimental drug solutions. Using DMSO to deliver the chemotherapeutic
agents CDDP and carboplatin suppresses their relative cytotoxicity in cell culture, whereas
the cytotoxicity elicited by OXA is not impacted [91,92]. This highlights the complexity of
interpreting the experimental data surrounding platinum-based complexes in comparison
to vehicle control groups that do not disclose information regarding DMSO utilisation, an
all too common feature in the accumulated literature thus far [92].
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bone constituent of multi-agent regimens. However, it can elicit debilitating side-effects 
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Figure 2. Known mechanisms of cisplatin (cis-diamminedichloropaltinum(II) (CDDP))-induced
cachectic myopathy. CDDP promotes reactive oxygen species (ROS) production potentially through:
(1) increased peroxiredoxin (PRX) sulphonylation; and (2) inflammation induced by pro-inflammatory
cytokine mediated nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) transcrip-
tion program activation, which is a central mechanism of CDDP-induced cachectic myopathy. The
underlying mechanism regulating CDDP-induced skeletal muscle wasting is increased protein
degradation involving elevated ubiquitin-proteasomal system (UPS) activity and the promotion
of macroautophagy. Additionally, there is evidence of reduced protein synthesis via mammalian
target of rapamycin complex 1 (mTORC1)-dependent signalling cascades. CDDP induces skeletal
muscle dysfunction through promoting aberrant calcium (Ca2+) dynamics and oxidative damage to
myofibrillar proteins. Created with biorender.com (accessed on 6 July 2021).

2.3. 5-Fluorouracil (5FU)

5FU is a chemotherapeutic agent from the anti-metabolite class that elicits cytotoxicity
via: (1) the misincorporation of nucleotides into RNA and DNA; and (2) the inhibition of
the nucleotide enzyme, thymidylate synthase. This leads to both DNA and RNA damage
and cell cycle arrest [93]. 5FU is primarily utilised against colorectal cancer as a back-
bone constituent of multi-agent regimens. However, it can elicit debilitating side-effects
independently [93], emphasised by gastrointestinal toxicities such as mucositis and en-
teric neuropathy [94–96]. With respect to the side-effects of 5FU on skeletal muscle, there
is mixed evidence as to whether it can independently drive the loss of mass and func-
tion [97–99]. Interestingly, VanderVeen et al. demonstrated that 5FU administration impairs
the homeostatic coordination of skeletal muscle repair and remodelling through reducing
M1-like macrophage abundance [98]. This suggests that 5FU dysregulates monocyte re-
cruitment and drives a shift towards a pro-fibrotic skeletal muscle microenvironment [98]
(Figure 3). The Bonetto group have extensively demonstrated that the 5FU-based combi-
nation regimen, FOLFIRI [5FU, leucovorin (LV), and irinotecan (IRI)], can drive cachectic
myopathy, with several mechanisms explored [35,100–103]. In skeletal muscle, FOLFIRI:
(1) promotes the phosphorylation of MAPK isoforms, p38 and ERK1/2; (2) increases serum
ROS levels; (3) reduces mitochondrial number and size; and (4) downregulates the ex-
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pression of protein markers indicative of mitochondrial maintenance and turnover (i.e.,
biogenesis, fission, and fusion) [35,101,102]. Despite FOLFIRI inducing cachectic myopathy,
the 5FU-based combination regimen FOLFOX [5FU, LV, and OXA] has limited impact on
skeletal muscle [35]. While these data may be accounted for by methodological specifics
concerning the treatment timeline and/or dosages of the FOLFOX constituents, it is an
interesting observation when considered in context of findings from our laboratory. We
have demonstrated that IRI (constituent of the FOLFIRI regimen) monotherapy induces
cachectic myopathy [104], which is characterised by reduced expression of dystrophin, a
key structural protein that connects the sarcolemma to the actin cytoskeleton and maintains
cytoskeletal integrity [104]. Similarly, we recently demonstrated that 5FU monotherapy
also reduces dystrophin protein expression, in addition to desmin, an intermediate filament
that provides stability to sarcomeres. However, these cytoskeletal protein changes are
not associated with overt cachectic myopathy or loss of function [99]. These findings
highlight that: (1) 5FU may prime skeletal muscle for myopathy by reducing the abun-
dance of key cytoskeletal structural proteins; and (2) these events (i.e., loss of dystrophin
and other cytoskeletal proteins) apparently precede alterations to skeletal muscle mass or
function (Figure 3). Our work suggests that cytoskeletal proteins may have potential as
early biomarkers for chemotherapy-induced cachectic myopathy, although this requires
further investigation to be confirmed.
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Figure 3. (5FU)-related cachectic myopathy. 5FU monotherapy promotes the phosphorylation of
atrophic regulators, p38 mitogen activated protein kinase (MAPK), and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB). These mechanistic targets are likely to be stimulated via signalling
modulators including reactive oxygen species (ROS). 5FU does induce a pro-fibrotic skeletal muscle
microenvironment and reduces the expression of the key cytoskeletal proteins, desmin and dystrophin,
which suggests that 5FU primes muscle for cachectic myopathy. Interestingly, when additional chemo-
toxic insult to skeletal muscle occurs alongside 5FU such as in 5FU combination regimens, the induction
of cachectic myopathy is observed. This is underscored by increased ROS production that stimulates the
phosphorylation of p38 MAPK and ERK1/2 alongside mitochondrial dysfunction, leading to skeletal
muscle wasting and dysfunction. Created with biorender.com (accessed on 6 July 2021).

2.4. Other Chemotherapeutic Agents

Several other chemotherapeutic agents have been investigated for their impact on
skeletal muscle, albeit to a far lesser extent than DOX, CDDP, and 5FU. Distinct from
platinum-based alkylating agents, chemotherapies arising from the alternative alkylat-
ing agent classes such as nitrosourea (i.e., cystemustine (CMN)) and nitrogen mustard
(i.e., cyclophosphamide (CYP)) have also been investigated for their effect on skeletal
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muscle [73,105–107]. Interestingly, in cancer-free mice, CMN acutely reduces body mass,
and, while post-chemotherapy catch-up growth is evident, skeletal muscle mass does not
completely recover [106]. However, in tumour-bearing mice, the effect of CMN manifests
differently. CMN treatment (10 days) reduces skeletal muscle mass, albeit, paradoxically,
concurrent with enhanced protein synthesis and reduced proteasome-dependent proteoly-
sis at the molecular level [105,106]. These data perhaps reflect an ongoing, yet unsuccessful,
attempt to recover skeletal muscle mass in response to CMN treatment. Similar to CMN,
CYP administration induces an acute loss of body mass followed by compensatory catch-up
growth in cancer-free mice, but skeletal muscle mass loss is only mildly impacted [107].
However, CYP reduces ambulatory capacity and skeletal muscle adenosine triphosphate
(ATP) production through impairing mitochondrial function [107]. CYP may also impact
skeletal muscle through inducing neutropenia (CYP is used experimentally to generate
rodent models of neutropenia) [108], possibly through impacting skeletal muscle repair
and remodelling efficiency. A similar effect has been reported for 5FU [98].

Gemcitabine (GCB) is a chemotherapeutic agent from the anti-metabolite class, which
has often been experimentally investigated as part of a combination regimen with CDDP
consistent with its clinical utility for the treatment of metastatic cancers [109–111]. Given the
extensive evidence supporting that CDDP treatment induces cachectic myopathy [10,72],
it is currently unclear as to what extent (if at all) GCB contributes. Current evidence
demonstrates that the CDDP and GCB combination potentiates tumour-induced skeletal
muscle mass loss and proteolytic activity, while GCB alone has no impact [112–114]. This
does not rule out the possibility that GCB exacerbates the effects of CDDP in skeletal
muscle. Another chemotherapeutic agent from the anti-metabolite class is methotrexate
(MTX), which is not only utilised in cancer, but in hyper-inflammatory conditions such as
rheumatoid arthritis [115]. There are no data available surrounding the effect of MTX on
skeletal muscle health in cancer-based models. However, in a mouse model of diabetes,
MTX was shown to elicit benefits on skeletal muscle glucose metabolism [116,117]. These
findings suggest that chemotherapeutic agents from the anti-metabolite class display a
modest myotoxic profile compared to other chemotherapy classes.

Mitotic inhibitors are a class of chemotherapeutic agents that have been investigated
for their effect on skeletal muscle, in particular taxanes and vinca alkaloids [118]. These
drugs are known for their microtubule de-stabilising properties and potent neurotoxic-
ity [119–121]. Docetaxel (DTX) is a taxane-based chemotherapy that demonstrably reduces
skeletal muscle mass. This effect is evidenced by serum markers of malnutrition and
inflammation, and a pro-catabolic transcriptional program, yet skeletal muscle contractile
function is not affected [122,123]. Paclitaxel (PTX) is another taxane-based agent, albeit not
extensively investigated with respect to skeletal muscle. Ramos et al. highlighted the ca-
pacity of PTX to alter skeletal muscle microtubule architecture observed through α-tubulin
disorganisation [118]. Additionally, alterations to microtubules by PTX are suggested to be
underpinned by impaired adenosine diphosphate (ADP)-dependent bioenergetics via the
binding of tubulin to the mitochondrial ADP/ATP exchanger voltage-dependent anion
channel (VDAC) [118]. Ramos et al. also studied the vinca alkaloid, vinblastine (VBL),
and demonstrated a similar capacity to alter tubulin architecture. However, distinct from
PTX, the connection with impaired ADP bioenergetics is seemingly independent of the
interaction between tubulin and VDAC [118]. Rather, the mechanism may be reflective of
the lesser-known role of VBL as an inhibitor of microtubule-associated proteins, 1A/1B
light chain 3B (LC3B)-II, degradation. Thus, VBL is a likely suppressor of auto-lysosomal
maturation and autophagic flux [124]. Further investigation of taxanes and vinca alkaloids
with regard to skeletal muscle health is warranted, given the association with microtubule
perturbations and induction of dystrophic phenotypes [125].

3. Therapeutic Strategies to Mitigate Chemotherapy-Induced Cachectic s Myopathy:
An Update

Currently, cachexia represents a significant unmet challenge in cancer, with no treat-
ment approved for clinical use. This is likely due to the complexity of the syndrome,
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especially at the skeletal muscle level. There are multiple contributing factors to the in-
duction of myopathy during anti-cancer therapy. For example, muscle deconditioning
due to hospitalisation-dependent factors such as prolonged periods of bed rest, reduced
opportunity to undertake physical activity, and depressive mood/fatigue could contribute
significantly to cachexia progression during chemotherapy administration [126]. Several in-
vestigations into therapeutic strategies to mitigate the debilitating effects of cancer cachexia
are underway with multiple candidates showing promise. These include exercise and multi-
target pharmaceutical/nutraceutical adjuvant interventions [127,128] (Figure 4). Herein,
we summarise the current knowledge and provide insights surrounding these candidate
strategies to better inform future investigations. In particular, this section will focus on
therapeutic strategies that elicit protection against mitochondrial dysfunction, a key mech-
anistic event in the induction of cachectic myopathy [129,130]. Specifically, mitochondrial
degeneration is suggested as an event preceding muscle wasting in cachexia [131], and
thus is a prime therapeutic target for early intervention.
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Figure 4. The impact of anti-cancer chemotherapy treatment on cachectic myopathy and possible protective therapeutic
interventions. Broadly, chemotherapeutic agents used in clinical cancer treatment can both directly and indirectly target
skeletal muscle through induction or amplification of systemic cachexia. The result is the initiation of a wasting and
dysfunction program within skeletal muscle, involving: increased muscle protein degradation, reduced protein synthesis,
mitochondrial dysfunction and oxidative stress, cytoskeletal disorganisation and reduction of key cytoskeletal proteins
that stabilise the muscle membrane, pro-fibrotic signalling within the extracellular matrix, and altered calcium (Ca2+)
dynamics. The result is muscle wasting and dysfunction that leaves patients weak and fatigued, which affects their capacity
to undertake activities of daily living and reduces quality of life. Several potential therapeutic approaches are currently being
investigated to protect against or treat these symptoms including appetite stimulants, activin receptor signalling inhibitors,
nutritional supplements, and phytotherapies. Novel therapeutic strategies could include exercise and mitoprotective
compounds (e.g., SS-31, BGP-15, dimethyl fumarate (DMF), epicatechin, and pterostilbene). Abbreviations: CNS AIR:
central nervous system acute illness response. Created with biorender.com (accessed on 6 July 2021).
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3.1. Exercise Interventions

Exercise is a non-pharmacological and cost-effective strategy that is currently being
investigated for therapeutic purposes against cachexia. The therapeutic potential of ex-
ercise in the cancer setting is multi-faceted, but includes both modulation of systemic
inflammation and regulatory control of the redox balance [130], two inherently related
mechanisms that drive cachexia [129]. These mechanisms are also prominent drivers of
chemotherapy-induced cachectic myopathy. Thus, exercise interventions could prevent the
atrophy and loss of function associated with anti-cancer chemotherapy treatment. As such,
exercise has been investigated in experimental models exploring its efficacy to mitigate
the impact of chemotherapy (particularly DOX) on skeletal muscle health (summarised
in Table 1). In general, exercise has shown modest protective efficacy against the loss of
skeletal muscle mass and functionality from chemotherapy administration [132]. Smuder
proposes that this is linked to the capacity of exercise to promote endogenous antioxidant
expression, protein chaperoning via heat shock protein-70 (HSP-70) to mitigate proteolytic
activity, and increased multi-drug resistant proteins [133]. It is important to note that the
majority of studies listed in Table 1 employed exercise as a pre-conditioning strategy prior
to the administration of DOX, demonstrating the capacity of exercise to prime skeletal
muscle to resist DOX-induced stress [63,64,134–138]. However, the clinical compatibility
of this approach is questionable since cancer treatment would need to be delayed while
muscles were conditioned using exercise programs. There is also a lack of data on the
efficacy of pre-treatment exercise strategies for other chemotherapeutic agents aside from
DOX. Jones and Alfano highlight a paucity of clinical studies investigating the utility
of exercise interventions in the pre-treatment stage [139]. Rather, exercise interventions
throughout the cancer survivorship continuum have predominantly been studied dur-
ing and post-chemotherapy treatment, as per the adapted Physical Exercise Across the
Cancer Experience (PEACE) framework [139]. To date, only four pre-clinical studies have
investigated the efficacy of exercise during chemotherapy administration. These studies
investigated different chemotherapeutic agents and/or regimens as well as diverse exercise
modalities [78,140–142]. This makes it difficult to form a consensus sufficient to facilitate
clinical exercise prescription based upon pre-clinical data. For example, some studies
employed a maximal treadmill running test to exhaustion [141,143]. This is a low-cost
alternative to incorporating the use of metabolic studies that enable the quantification of
peak/maximum oxygen consumption (VO2 peak/max), which can be used to identify
a relative exercise intensity [144]. Other studies have incorporated metabolic analyses
enabling calculation of a relative VO2 peak/max [144]. However, given the lack of con-
sistency across different rodent models, a knowledge gap remains in translating exercise
intensity criteria between rodents and humans [145]. Additionally, there are no known
experimental studies assessing the utility of exercise in the post-treatment recovery stage.

Thus far, animal experiments investigating the utility of exercise programs to resist
chemotherapy-induced cachectic myopathy have not been without their pitfalls. There are
numerous confounding variables highlighted in Table 1 including the selection of rodent
species, strain, age, gender, and muscle type. These are all factors that can influence the
protective efficacy of exercise in the context of chemotherapy-induced myopathy [145–149].
Additionally, tissue harvest time, relative to final chemotherapy dose, is a crucial consider-
ation since transient events versus adaptive responses can be confused when making static
measurements at a fixed timepoint. It is also imperative for experimental models to evalu-
ate the feasibility and efficacy of resistance training during chemotherapy administration,
since in vivo load-induced hypertrophy has emerged as having translational potential (for
review see [150]). Animal studies to date have predominately focused on endurance train-
ing. In particular, it would be of great interest to determine whether chemotherapy-treated
skeletal muscle could recover from the myotrauma induced by resistance training inter-
ventions. Indeed, Huang et al. [151] demonstrates that DOX can impair the inflammatory
response necessary for skeletal muscle repair and remodelling following damaged caused
by eccentric-exercise. Thus, further investigation is warranted.
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Experimental animal models used to investigate the efficacy of exercise interventions
during the administration of chemotherapy often utilise a treatment regimen that involves
the metronomic delivery of chemotherapeutic agents spread out over an extended dura-
tion. This approach, while clinically compatible, results in milder skeletal muscle effects
compared to the pre-conditioning studies, which utilise a single near-maximum tolerable
dosage (MTD) bolus injection of a clinically-relevant accumulated human dose [152]. How-
ever, metronomic delivery of chemotherapy is a more compatible representation of the
clinical scenario. This is especially true for DOX, which is clinically administered through
slow-intravenous infusion or as repeated fractional doses cyclically over several weeks,
to regulate plasma concentration of the drug. As such, severe cytotoxicity is prevented
while anti-cancer efficacy is maintained [153]. The utility of metronomic delivery regimens
in experimental models of chemotherapy cachexia still require a balance between retain-
ing a clinically compatible cumulative dose and maintaining survival of the animals, so
that exercise training interventions can be implemented. Going forward, future studies
should refer to current gold standard models published in both de Lima et al. [143] and
Ballaro et al. [89], which evaluate the effect of exercise during the synergistic-induction
of cachectic myopathy from both chemotherapy and cancer-related factors. If possible, a
chemotherapy control group should be included alongside a cancer control group when
models are being optimised. This would help inform decision making regarding choice of
exercise modality and secondary targets outside of mass and function preservation (e.g.,
mitigating systemic inflammation or insulin resistance) [50,154,155]. Current models need
to be improved to enrich the clinical interpretability of the findings, thus promoting wider
translational capability.

Current clinical studies indicate that aerobic exercise training can reduce fatigue and
anxiety/depressive moods to improve participation in physical activity, while resistance
exercise training can improve lean mass and muscular strength [156–158]. Interestingly,
there is only weak evidence that either exercise modality can preserve skeletal muscle
mass or cross-sectional area (CSA) [156,159,160]. This may reflect difficulties associated
with measuring muscle mass in humans [161] or the barriers associated with incorporat-
ing muscle biopsies in clinical trials such as high costs and low patient recruitment due
to the invasiveness of sampling. Nevertheless, these data highlight inconsistency with
data derived from chemotherapy treated, cancer-free mouse models, which demonstrate
protective efficacy from exercise (see Table 1) [78,142]. Perhaps even more interesting,
and consistent with the clinical data, is that exercise did not alter skeletal muscle mass or
CSA in two tumour-burdened mouse models treated with chemotherapy [89,143]. Thus,
tumour factors appear to be most influential in dictating whether skeletal muscle can be
modulated by exercise. While mass may not necessarily be modifiable by exercise therapy,
de Lima et al. importantly demonstrated that exercise training improved skeletal muscle
recovery after the cessation of chemotherapy, a paradigm yet to be explored in clinical
studies [143]. Considering that current exercise interventions only elicit modest protective
efficacy against chemotherapy and cancer-induced cachectic myopathy at best, there is an
emphasis to explore multi-modal therapeutic strategies that involve exercise prescription
programs alongside pharmacological interventions for synergistic benefits. Furthermore,
given that some cancer patients may have a reduced opportunity to undertake exercise
training due to hospitalisation-related deconditioning, multi-targeted pharmacological
and/or supplementary interventions strategies that mimic specific aspects of exercise
should be identified and explored for their therapeutic efficacy.
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Table 1. Experimental studies on the effect of exercise against chemotherapy-induced cachectic myopathy.

Study Animal Information Exercise Modality Chemotherapy Model Key Observations

Smuder et al.,
2011 [63]

6-month-old male
Sprague-Dawley rats

TR: F: 5 days; I: 30 m/min; D: 60 mins/day; T:
0◦ incline.

1 × IPI 20 mg/kg of DOX
post-exercise. Harvest 24 h post-IPI.

TR normalised oxidative stress and damage,
calpain activity and proteolysis of actin in SOL

muscles.
Smuder et al.,

2011 [64]
6-month-old male

Sprague-Dawley rats
TR: F: 5 days; I: 30 m/min; D: 60 mins/day; T:

0◦ incline.
1 × IPI 20 mg/kg of DOX

post-exercise. Harvest 24 h post-IPI.
TR normalised autophagy activity in SOL

muscles.

Bredahl et al.,
2016 [134]

Male Sprague-Dawley rats.
Age not specified

1. TR with progressive overload: F: 5
days/week, for 10 weeks; I: 20 to 30 m/min; D:

20 to 60 min/day; T: incline 0 to 18◦.
2. CHL: Progressive food and water elevation

to stimulate voluntary bi-pedal standing or
jumping [162].

1 × IPI 15 mg/kg of DOX
post-exercise. Harvest 5 days

post-IPI.

TR was not protective against body mass loss
and exacerbated EDL muscle mass loss.

RT did not alter body or skeletal muscle mass but
prevented SOL contractile dysfunction.

Kavazis et al.,
2014 [135]

6-month-old male
Sprague-Dawley rats

TR: F: 5 days; I: 30 m/min; D: 60 mins/day; T:
0◦ incline.

1 × IPI 20 mg/kg of DOX
post-exercise. Harvest 24 h post-IPI.

TR normalised MuRF-1 and myostatin
expression.

Mackay et al.,
2019 [136]

5-week-old male C57BL/6
mice

TR: F: 5 days; I: 70% of maximal speed; D: 60
mins/day; T: 0◦ incline.

1 × IPI 15 mg/kg of DOX
post-exercise. Harvest 72 h post-IPI.

TR partially mitigated body mass loss. TR did
not modulate DOX-induced iron dysregulation.

Morton et al.,
2019 [137]

6-month-old female
Sprague-Dawley rats

TR: F: 10 days; I: 30 m/min; D: 60 mins/day; T:
0◦ incline.

1 × IPI 20 mg/kg of DOX
post-exercise. Harvest 48 h post-IPI.

TR normalised DIA CSA, oxidative stress and
reduced mitochondrial accumulation of DOX.

Huertas et al.,
2020 [138]

6-month-old female
Sprague-Dawley rats

TR: F: 5 days/week, for 2 weeks; I: 30 m/min;
D: 60 mins/day; T: 0◦ incline.

1 × IPI 20 mg/kg of DOX
post-exercise. Harvest 48 h post-IPI.

TR normalised SOL dysfunction and the
transcription of AChR isoforms, δ and γ.

Dickinson
et al., 2017

[140]

8-week-old ovariectomised
female

Sprague–Dawley rats

TR with progressive overload: F: 5 days/week,
for 7 weeks, starting 1-week pre-IPI and

finishing 5 days post-IPI; I: 20 to 25 m/min; D:
30–40 min/day; T: 0 to 10◦ incline.

1 × IPI every 2 weeks, for 4 weeks
of 4 mg/kg DOX. Harvested 5 days

post-IPI.

Normalised REDD1 expression. No effect on
body mass or SOL muscle mass.

de Lima et al.,
2018 [141]

8–10-week-old male
C57BL/6 mice

TR: F: 5 days/week, for 6 weeks; I: 60% of
maximal speed D: 60 mins/day; T: 0◦ incline.

2 × IPI per week for 6 weeks of 2.5
mg/kg DOX. Harvest not described

relative to final IPI.

TR did not mitigate glucose intolerance, reduced
body or GSN mass or protein synthesis.

However, TR normalised corticosterone levels,
autophagy activity and ambulatory function.

Hojman
et al., 2014

[142]

8–12-week-old female NMRI
mice

VWR: VEH: 60–80 km/mouse/week; CDDP:
10–50 km/mouse/week.

1 × IPI per week of 4 mg/kg CDDP
for 6 weeks. Harvest 7 days post

final-IPI.

VWR partially mitigated the loss of lean and TA
mass and reduced atrogene expression. Did not

protect against body or fat mass loss.

Sakai et al., 2017
[78]

8–9-week-old male C57BL/6
mice

TR: F: once a day for 9 days–5 days/week
pre-CDDP and 4 days/week during CDDP

week; I: 15 m/min; D: 20 min/day; T: 0◦ incline.

1 × IPI 3 mg/kg CDDP daily for 4
days. Harvest 24 h post-IPI.

TR did not alter body mass loss, but partially
normalised QD mass and CSA, and atrogene

expression.
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Table 1. Cont.

Study Animal Information Exercise Modality Chemotherapy Model Key Observations

de Lima et al.,
2020 [143]

8–10-week-old male
C57BL/6 mice with LLC

[163]

TR: F: 5 days/week, for 2–3 weeks; I: 60% of
maximal speed; D: 60 mins/day; T: 0◦ incline.

2 × IPI per week for 6 weeks of 2.5
mg/kg DOX. Harvest 24 h or

1-week post-IPI.

TR did not alter body mass, but enhanced GSN
re-growth, normalised inflammation and

atrogene expression, and enhanced tumour
volume reduction.

Ballaro et al.,
2019 [89]

6-week-old female Balb/c
mice with c26 [164]

MWR: F: once a day, with 3 days on followed
by 1 day of rest for 4 weeks; I: 11 m/min; D: 45

mins/day; T: 0◦ incline.

1 × IPI per week of OXA 6 mg/kg
and 5FU 50 mg/kg, for 3 weeks

starting at day 7 of tumour
implantation. Harvest 7 days post

final IPI.

MWR did not alter GSN mass, but normalised
atrogene expression and mitochondrial

perturbations.

Abbreviations: 5FU: 5-fluorouracil; AChR; acetylcholine receptor; c26: c26 adenocarcinoma model; CDDP: cis-diamminedichloroplatinum(II) (cisplatin); CHL: chronic hind-limb loading; CSA: cross-sectional area;
DIA: diaphragm; DOX: doxorubicin; D: duration; EDL extensor digitorum longus; F: frequency; GSN: gastrocnemius; I: intensity; IPI: intraperitoneal injection; LLC: Lewis-lung carcinoma model; MWR: motorised
wheel running; OXA: oxaliplatin; QD: quadriceps; REDD1: regulated in development and DNA damage response 1; SOL: soleus; T: type; TA: tibialis anterior; TR: treadmill running; VWR: voluntary wheel running.
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3.2. Adjuvant Therapies

Complementary to exercise strategies, several adjuvant candidates have been evalu-
ated for their protective potential to combat chemotherapy-induced cachectic myopathy.
Drug candidates focus on different biochemical targets that are involved in diverse molec-
ular and physiological aspects that characterise the cachectic myopathy phenotype [40].
These candidates arise from a range of different therapeutic classes including activin
receptor signalling inhibitors [59,60,100,103,165], appetite stimulants [77,80,82,166–170],
nutritional supplements [171–176], and phytotherapies [112,113,177–185]. Activin re-
ceptor signalling inhibitors have shown strong pre-clinical efficacy to mitigate cancer
and chemotherapy-induced cachexia through preserving skeletal muscle mass and func-
tion [186]. However, there has been limited success in the clinical translation of this
pharmacological target, with a Phase II trial conducted by Novartis Pharmaceuticals
(NCT01433263) demonstrating that activin receptor antibody, BYM338 (Bimagrumab),
improved lean mass and muscle volume, but contributed to a net loss of body mass [187].

Appetite stimulants, in particular ghrelin receptor agonists, have shown promise in
the pre-clinical setting to normalise food intake and muscle mass/CSA of chemotherapy-
treated mice compared to healthy counterparts [80,82,170]. These findings translated
clinically as observed through the ROMANA 1 & 2 trials (NCT01387269 & NCT01387282),
where anamorelin (a ghrelin receptor agonist) increased body and lean mass of advanced
cancer patients. However, it was not approved for clinical use because it failed to improve
grip strength—a primary endpoint of the trial [188].

Nutritional supplements including essential amino acids and fatty acids have shown
the capacity to protect against cancer and chemotherapy-induced cachexia, highlighting
translational potential in single supplement interventions [189]. However, nutritional
supplements are only a complementary piece of the cachexia puzzle as their clinical utility
is primarily dependent on the anabolic potential of the individual [190]. Additionally,
nutrition-related guidelines in cancer are based mostly on expert consensus, rarely on
clinical trial evidence, highlighting a greater need to investigate multi-combination nu-
tritional supplement interventions at the clinical level [191]. Similarly, compounds from
the phytotherapies class have typically not been clinically evaluated for their therapeutic
efficacy to mitigate cachectic myopathy given their rare utility in Western medicine [192].
This aspect should be re-considered based on encouraging pre-clinical data—specifically,
the reduction of atrogene transcription, which underscores skeletal muscle wasting and
holds strong promise as a therapeutic target against cachexia [193].

An emerging therapeutic class of particular interest to our laboratory group, and oth-
ers, is the utility of mitoprotective compounds to combat skeletal muscle oxidative stress.
Enhanced ROS production is a common underlying mechanism associated with multiple
chemotherapies [32,33] and is a key contributing factor to mitochondrial dysfunction, a
tenet of cachectic myopathy [36,37]. To date, mitoprotective compounds have not been
evaluated in clinical trials. However, multiple mitoprotective agents have been experi-
mentally evaluated for their potential protective efficacy against chemotherapy-induced
cachectic myopathy, which will be discussed herein.

One of the first mitoprotective agents investigated for its therapeutic efficacy alongside
chemotherapy was SS-31, a cardiolipin-targeting peptide, which preserves mitochondrial
cristae structure and promotes oxidative phosphorylation [194]. SS-31 was shown to
attenuate DOX-induced activity of multiple proteolytic systems (e.g., UPS, apoptosis,
and calpains) in various muscle types, which prevented skeletal muscle atrophy [56,68].
Further, SS-31 normalises DOX-induced ROS emission in C2C12 myotube cultures and
rodent muscle, with the latter observed as an acute event [33,56]. However, Ballaro et al.
demonstrated that SS-31 administration yielded a modest mitoprotection, and subsequently,
limited therapeutic efficacy in a more clinically compatible model of cachectic myopathy. In
this study, mice were injected with C26 colorectal adenocarcinoma cells and metronomically
dosed with OXA and 5FU combination chemotherapy over five weeks [90]. These data
highlight that SS-31 may be more efficacious at a preventative stage of cachexia (i.e.,
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pre-cachexia) when mitochondria are less damaged [131]. Alternatively, SS-31 may elicit
specific mitoprotection against the anthracycline DOX, which induces mitochondrial stress
differently to platinum-based alkylating agents, albeit this would need to be confirmed in
future studies of DOX utilising more clinically compatible models.

Another adjuvant mitoprotective agent is BGP-15, a hydroximic acid derivative nico-
tinic acid-amidoxime small molecule that can preserve skeletal muscle metabolic home-
ostasis and mitochondrial quality control processes [195,196]. In particular, BGP-15 has
been touted as an inhibitor of poly-(ADP-ribose) polymerase-1 (PARP-1) and co-inducer of
HSP-70 [197,198], which are mechanisms associated with improved mitochondrial content,
function, and oxidative capacity [199,200]. Furthermore, BGP-15 has also shown pleiotropic
capacity to elicit mitoprotection independent of these mechanisms [201], a likely explana-
tion of its therapeutic potential in a range of myopathies [202–205]. Our laboratory group
has evaluated the therapeutic utility of BGP-15 alongside multiple chemotherapies includ-
ing OXA, IRI, and 5FU with mixed efficacy [88,99,104]. BGP-15 was protective against
OXA-induced lean mass loss, while also normalising ROS generation and mitochondrial
viability [88]. However, alongside IRI, BGP-15 paradoxically rescued (partially) body, lean,
and skeletal muscle mass in addition to muscle contractile function, while exacerbating the
IRI-induced muscle protein synthesis inhibition and reduced expression of the cytoskeletal
proteins, dystrophin, and β-dystroglycan [104]. The recovery of muscle mass and function
may have been due to BGP-15′s enhancement of ATP production and mitochondrial density.
Indeed, the latter was also enhanced when BGP-15 was delivered alongside 5FU and was
associated with improved mitochondrial fusion. Furthermore, BGP-15 suppressed the
5FU-induced phosphorylation of NF-κB and MAPK isoforms [99], two likely mechanisms
involved in the induction of cachectic myopathy. Given the heterogeneity of our find-
ings, further investigations are required with a focus on clinically compatible combination
chemotherapy regimens before BGP-15 can be considered a viable therapeutic candidate to
protect against cachectic myopathy.

Future studies investigating adjuvant mitoprotective candidates should consider
agents that can synergistically target chemotherapy driven oxidative damage, alongside
other signalling pathways involved in the induction of cachectic myopathy. One potential
compound is the nuclear factor erythroid 2-related factor 2 (Nrf2) transcriptional activator,
dimethyl fumarate (DMF). DMF is a methyl ester of fumaric acid purported to upregulate
cytoprotective response genes, and suppress NF-κB signalling, which imparts an anti-
oxidative and -inflammatory effect [206] Another Nrf2 activator with therapeutic potential
in this setting could be pterostilbene [207], a dimethoxylated analogue of resveratrol, a
compound with demonstrated efficacy against DOX-mediated skeletal and cardiac my-
opathy [208,209]. Like resveratrol, pterostilbene can prolong lifespan, mitigate oxidative
stress and normalise dysregulated autophagy in experimental models [210,211]. However,
pterostilbene has greater bioavailability and a longer half-life compared to resveratrol [212],
suggesting greater translational potential. Finally, epicatechin is another potentially viable
mitoprotective candidate, which activates Nrf2 to inhibit oxidative stress [213]. Inter-
estingly, epicatechin has been shown to restore the expression of dystrophin and other
key cytoskeletal proteins in models of myopathy such as Becker muscular dystrophy
and diabetes [214,215]. This highlights the protective potential of epicatechin against the
chemotherapy-induced reduction of dystrophin expression shown by our group [99,104],
and in cancer-induced cachectic myopathy in which dystrophin is also reduced [216]. Im-
portantly, the adjuvant candidates proposed are not associated with cancer growth, and
thus are unlikely to impact the anti-cancer efficacy of chemotherapy treatment [206,217,218].

Other compounds have also been evaluated for their therapeutic efficacy against
chemotherapy-induced cachectic myopathy, whereby mitoprotection is elicited as a sec-
ondary effect to the central mechanism. Sodium nitrate (SN) supplementation is one of
these strategies. SN potentiates the nitrate/nitrite/nitric oxide (NO) pathway to increase
endogenous NO production as the central mechanism [219]. Mitoprotection occurs con-
currently via an alternate pathway [220]. SN is cardioprotective during DOX treatment
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in mice, with the preservation of left ventricular function dependent on the mitigation of
oxidative stress and mitochondrial Complex I dysfunction [221,222]. However, our eval-
uation of SN supplementation alongside DOX administration failed to elicit a protective
effect against cachectic myopathy [223]. Interestingly, the metabolic cytoprotectant, met-
formin, has also been investigated alongside DOX and demonstrated no protective benefit
against chemotherapy-induced cachectic myopathy. These drug candidates both promote
adenosine monophosphate-activated protein kinase (AMPK) signalling to preserve cellular
energy status [220,224]. Thus, they may have greater utility as a therapeutic strategy to
mitigate aberrant skeletal muscle glucose uptake during chemotherapy treatment.

4. Future Directions and Conclusions

Chemotherapy is an under-appreciated contributing factor in the induction of cachec-
tic myopathy. To date, research has predominately contextualised cancer cachexia as
governed by tumour-related factors without considering the other side of the cachexia
sphere—chemotherapy [9]. This is problematic with respect to the clinical compatibility
of this paradigm, as the large majority of cancer patients typically receive chemotherapy
as part of their treatment strategy. This highlights the need for experimental studies to
reflect the synergistic insult from cancer and chemotherapy in the induction of cachectic
myopathy [15]. Models that allow the exploration of both factors in combination, and, us-
ing the spectra of chemotherapeutic agents, multi-therapy regimens, and cancer sub-types,
are required. Future investigations in this area also need to consider the impact of novel
chemotherapeutic agents in clinical trials across all cancers. For example, the therapeutic
utility of multi-kinase inhibitors is becoming increasingly prevalent [225] and they demon-
strably have cachexia-inducing properties [226,227]. Additionally, drug compounds that
are utilised to mitigate the side-effects of clinical chemotherapy treatment such as the well-
described gastrointestinal toxicities elicited by dexamethasone [228] need to be stratified
for their capacity to potentiate chemotherapy-induced cachectic myopathy [229,230].

The utility of a cachexia scoring system within investigative animal research such as
the animal cachexia score (ACASCO) [231] is warranted to justify a relative cachectic burden
concerning chemotherapy- and cancer-induced myopathy. This will assist with the clinical
interpretation of experimental findings, and where they fit within the cachexia diagnostic
continuum in human patients, which incorporates three key stages: pre-cachexia, cachexia,
and refractory cachexia [14]. Specific to chemotherapy-induced cachectic myopathy, a
modified scoring system should also be considered to incorporate biomarkers of oxidative
stress and skeletal muscle damage, which are currently being developed for other severe
skeletal myopathies that share similar features with cachectic myopathy (i.e., dystrophin
loss and oxidative stress) as highlighted by Grounds et al. [232].

Despite emerging as a burgeoning sub-field of skeletal muscle wasting conditions,
chemotherapy-induced myopathy is, to date, a pariah with respect to research effort and
directed funding in contrast to cancer-induced myopathy [9]—comparatively, it remains
on the ‘dark side’ of the cachexia sphere. Illuminating the mechanisms involved and the
physiological repercussions as well as actively pursuing protective therapeutics will enrich
clinical decision making, patient outcomes, and the quality of cancer survivorship.
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Preface 

Doxorubicin (DOX), a particularly toxic anthracycline, has been well studied regarding its 

effects on skeletal muscle [1]. In fact, most of the known mechanisms of chemotherapy-induced 

muscle wasting and dysfunction, have been elucidated in experimental studies using DOX [1]. In 

our first study, we selected DOX for this reason. But rather than deliver DOX through a single 

bolus maximum tolerated dose as has been commonly used in other studies [2-10], we delivered 

it using a low-dose, metronomic regimen, to align with the clinical use of DOX in anti-cancer 

treatment. Ours is the first study to investigate the impact of low-dose metronomic DOX 

administration on cachexia and skeletal muscle parameters. 

With respect to a therapeutic adjuvant, we chose to examine sodium nitrate (SN) 

supplementation. SN has been shown to protect cardiac muscle against DOX toxicity [11, 12] and 

we were interested to understand whether it could afford the same protection to skeletal muscle. 

In fact, some published research from our laboratory group, which examined the capacity for SN 

supplementation to attenuate the progression of severe muscle wasting disease, Duchenne 

muscular dystrophy (DMD), showed that SN exacerbates myopathy [13]. This finding was 

unexpected to us at the time, and we linked these negative effects to the heightened oxidative 

stress evident in dystrophic muscles [13, 14]. Since DOX induces mitochondrial dysfunction and 

oxidative stress [4, 15, 16], we wanted to confirm that SN wouldn’t exacerbate cachexia since it 

was being touted by Xi et al, for its capacity as a therapeutic adjuvant that could be rapidly 

implemented in the clinic to protect the heart against DOX toxicity [11]. 

The aims of this study were to quantitate the impact of low-dose metronomic DOX 

treatment on skeletal muscle and to evaluate whether SN could protect muscle against DOX. We 

hypothesized that: (1) the metronomic DOX treatment regimen would induces cachexia and 

skeletal muscle wasting and dysfunction; and (2) that SN would exacerbate DOX-induced skeletal 

myopathy as it did in our previous studies using dystrophic mdx mice. 
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Sodium nitrate co‑supplementation 
does not exacerbate low dose 
metronomic doxorubicin‑induced 
cachexia in healthy mice
Dean G. campelj1,2, Danielle A. Debruin1,2, Cara A. Timpani1,2, Alan Hayes1,2,3, 
Craig A. Goodman2,4 & emma Rybalka1,2*

The purpose of this study was to determine whether (1) sodium nitrate (SN) treatment progressed 
or alleviated doxorubicin (DOX)-induced cachexia and muscle wasting; and (2) if a more-clinically 
relevant low-dose metronomic (LDM) DOX treatment regimen compared to the high dosage bolus 
commonly used in animal research, was sufficient to induce cachexia in mice. Six-week old male 
Balb/C mice (n = 16) were treated with three intraperitoneal injections of either vehicle (0.9% NaCl; 
VEH) or DOX (4 mg/kg) over one week. To test the hypothesis that sodium nitrate treatment could 
protect against DOX-induced symptomology, a group of mice (n = 8) were treated with 1 mM  NaNO3 in 
drinking water during DOX (4 mg/kg) treatment (DOX + SN). Body composition indices were assessed 
using echoMRI scanning, whilst physical and metabolic activity were assessed via indirect calorimetry, 
before and after the treatment regimen. Skeletal and cardiac muscles were excised to investigate 
histological and molecular parameters. LDM DOX treatment induced cachexia with significant impacts 
on both body and lean mass, and fatigue/malaise (i.e. it reduced voluntary wheel running and energy 
expenditure) that was associated with oxidative/nitrostative stress sufficient to induce the molecular 
cytotoxic stress regulator, nuclear factor erythroid-2-related factor 2 (NRF-2). SN co-treatment 
afforded no therapeutic potential, nor did it promote the wasting of lean tissue. Our data re-affirm 
a cardioprotective effect for SN against DOX-induced collagen deposition. In our mouse model, SN 
protected against LDM DOX-induced cardiac fibrosis but had no effect on cachexia at the conclusion of 
the regimen.

Anthracyclines are a class of chemotherapeutic agents that are currently utilized as treatments for multiple 
cancers due to their potent anti-cancer  efficacy1. One of the most common anthracyclines in clinical use is 
doxorubicin (DOX), which inhibits topoisomerase-II, leading to DNA damage and cell cycle  arrest2. DOX also 
promotes toxicity through the reduction of its quinone moiety to an unstable semiquinone, during its metabo-
lism by NADH dehydrogenase/Complex I of the mitochondrial ETC. In this setting, it hijacks homeostatic 
redox cycling to induce formation of superoxide  (O2-) anion radicals and subsequently increases production of 
reactive oxygen species (ROS) leading to oxidative  damage3. Despite the robust anti-cancer effectivity of DOX, 
its staunch cytotoxic profile promotes non-specific, off-target effects in healthy tissue (in particular cardiac and 
skeletal muscle; for extensive reviews  see4,5, respectively) limiting its clinical utility and increasing the risk of 
morbidity and  mortality6. As such, there is warranted clinical interest in preserving cardiac and skeletal muscle 
health during DOX administration, and a variety of adjunct therapeutics have been purported to attenuate the 
negative side-effects of DOX on these tissues.

Of clinical interest, a potential therapeutic strategy to protect against DOX-induced cardiotoxicity is sodium 
nitrate (SN) co-supplementation. SN acts by augmenting the nitrate/nitrite/nitric oxide (NO) pathway via a 

open
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nitric oxide synthase (NOS)-independent mechanism, to increase NO  production7,8. Importantly, this strategy 
has been shown to have therapeutic cardioprotective effects in other pre-clinical models of  cardiomyopathy9–14. 
Pertinent to DOX-induced cardiomyopathy, two foundational studies have been conducted exploring the car-
dioprotective potential of SN co-supplementation. Data has demonstrated benefits to left ventricular function 
secondary to promoting anti-oxidant activity, and reducing oxidative stress via the inhibition of lipid peroxida-
tion and amelioration of mitochondrial Complex I  dysfunction15,16. Despite the strong cardioprotective efficacy 
of SN co-supplementation against DOX-induced cardiotoxicity, it is currently unclear as to whether SN co-
supplementation elicits protective effects against the skeletal muscle toxicity induced by DOX.

DOX-induced skeletal muscle toxicity is widely accepted to be a consequence of its metabolism at Complex 
I of the mitochondrial ETC, resulting in mitochondrial dysfunction secondary to the enhancement of oxida-
tive stress. As a consequence, DOX treatment is associated with skeletal muscle atrophy/wasting, as well as 
functional  deficits17–25 as characterized by reduced force production and increased susceptibility to skeletal 
muscle fatigue in pre-clinical animal  models26–29. These data are consistent with clinical descriptions of exer-
cise intolerance, a lesser capacity for activities of daily living and reduced quality of life in patients following 
chemotherapy  treatment30–32. The functional benefits of SN co-supplementation on the skeletal muscular system 
in both rodents and humans is well documented, whereby enhanced NO bioavailability augments functional 
adaptations that lower the oxidative cost of exercise, subsequently improving fatigue resistance and exercise 
 tolerance33–35. However, in skeletal myopathic conditions, SN co-supplementation has equivocally been shown 
to enhance  myopathy36,37. In a pro-oxidant setting, akin to that induced by DOX administration, enhancing the 
bioavailability of NO alongside superfluous superoxide anions driven by DOX metabolism leads to peroxynitrite 
formation and the exacerbation of nitrostative  stress38.Thus, an aim of this study was to determine whether SN 
co-supplementation could afford the same therapeutic benefit as that observed previously against DOX-induced 
cardiotoxicity, or whether SN co-supplementation would exacerbate myopathy as per our previous study in the 
mdx mouse model of Duchenne Muscular  Dystrophy37.

A second aim of this study was to investigate the effects of low-dose, metronomic (LDM) DOX administration 
on skeletal and cardiac muscle. A current problem with pre-clinical research using rodent models to investigate 
DOX-induced toxicity surrounds the administration of a single maximum tolerable dose (MTD) injection of 
DOX to induce a severe scenario of toxicity and  mortality39. This largely misrepresents the clinical scenario, 
in which DOX is administered repeatedly at a fractional dosage over a set time-course, to give a cumulative 
dose equivalent to the MTD. Recently, there has been interest in the LDM administration of chemotherapeutic 
agents to reduce systemic toxicity, whilst maintaining the anti-cancer efficacy of  treatment40,41. Remarkably, there 
is few data derived from animal studies using LDM DOX administration to investigate potential therapeutic 
adjuncts against DOX-induced side-effects. As such, the clinical applicability of experimental adjuvants is largely 
unknown. In this study we utilized a murine model of LDM administration of DOX in an attempt to reduce the 
severe toxicity profile associated with the MTD model, whilst still being able to make insights into DOX-induced 
cardiac and skeletal muscle toxicity. Furthermore, utilizing a LDM model of DOX administration allows for a 
more translatable screening of potential therapeutic strategies to protect against the negative side-effects elicited 
to cardiac and skeletal muscle from DOX.

Figure 1.  The effect of LDM DOX administration and SN co-supplementation on body mass and composition 
indices, muscle and organ mass. (A) Body mass was measured throughout the experimental timeline and 
repeated measures analysis performed. A 5% increase in body mass was observed between day 1 and 3 in the 
VEH mice (*p < 0.05), which was inhibited by DOX such that by day 3, both DOX and DOX + SN mice had 
a lower body mass compared to VEH (*p < 0.05). Body mass was stable from day 3 to 7 in VEH mice, but 
declined steadily with DOX treatment from day 5 (*p < 0.05) and DOX + SN treatment from day 3 (*p < 0.05). 
As such the body mass of DOX and DOX + SN mice was lower compared to VEH at day 5 and 7 (*p < 0.05). 
Weight loss during this period was actually exacerbated by SN supplementation (^p < 0.05 DOX + SN versus 
DOX). Body mass declined during the 24 h metabolic cage stay between day 7 and 8 in VEH mice (*p < 0.05) 
due to participation in voluntary wheel running. Exercise-induced weight loss was not observed in DOX and 
DOX + SN mice (since they did not run as far as VEH mice) albeit body mass was still lower for these groups 
compared to VEH mice (*p < 0.05). (B) As defined by a > 5% reduction in body mass displacement relative to 
the VEH, LDM DOX and DOX + SN treatment induced cachexia (*^p < 0.05). Mirroring body mass changes, 
both (C) lean and (D) fat mass was significantly lower in DOX and DOX + SN mice compared to VEH mice 
(*p < 0.05). (E) The mass of extensor digitorum longus (EDL), soleus (SOL), plantaris (PLNT) and tibialis 
anterior (TA) muscles was significantly reduced by DOX administered alone and in the DOX + SN treatment 
compared to VEH mice (*p < 0.05). However, when (F) muscle mass was corrected for final body mass (BM), 
there was no treatment effect observed. Like muscles, organ mass was either lower, or trended to be lower 
following DOX treatment either alone or in the DOX + SN treatment for each of (G) spleen (SPLN; *p < 0.05 for 
DOX and DOX + SN compared to VEH), kidneys (KIDS; p = 0.07 DOX versus VEH and *p < 0.05 DOX + SN 
versus VEH), fat (epididymal and subcutaneous; FAT; *p < 0.05 for DOX versus VEH and p = 0.05 for DOX + SN 
versus VEH) and liver (LIV; *p < 0.05 for DOX and DOX + SN versus VEH). (H) When corrected for final BM, 
DOX treatment showed specific targeting of both SPLN (*p < 0.05 for both DOX and DOX + SN versus VEH) 
and FAT (*p < 0.05 for DOX versus VEH) which was independent of overall body mass reduction . n = 7–8 per 
group.
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Results
Assessment of body composition indices, muscle and organ mass. We found that LDM DOX 
administration induced growth inhibition initially (i.e. from day 1–5), which progressively led to a loss of body 
mass from day 5 to 7 (p < 0.05 DOX and DOX + SN different from VEH; Fig. 1A & Supp Fig. 1) that was exacer-
bated by SN supplementation (p < 0.05 DOX + SN from DOX; Fig. 1A and Supp Fig. 1). Whereas VEH mice lost 
body mass during the 24 h spent (i.e. from day 7 to 8) in the metabolic cages with access to running wheels, DOX 
and DOX + SN treated mice did not (Fig. 1A). By the experimental endpoint at day 8, DOX-treated mice were 
cachetic (p < 0.05; Fig. 1B), but cachexia was neither exacerbated nor alleviated by SN treatment (i.e. DOX and 
DOX + SN mice were comparable in the degree of body weight displacement from VEH mice; Fig. 1B). Unsur-
prisingly, DOX-induced cachexia was mirrored in body composition indices measured via PRE- and POST-
treatment echoMRI scans. DOX administration induced significant lean and fat mass loss which could not be 
rescued by SN co-supplementation (p < 0.05; Fig. 1C, D & Supp Fig. 1). Interestingly, while this wasting pheno-
type was characterised by both the loss of raw skeletal muscle mass (p < 0.01; Fig. 1E) and organ mass (p < 0.0001; 
Fig. 1G), skeletal muscle mass (Fig. 1F) was not a specific target of DOX like some organs were (Fig. 1H) with 
spleen and fat mass being the only tissues to waste disproportionately to body mass (p < 0.05; Fig. 1H). There 
was no significant effect of SN co-supplementation on any measure of muscle or organ mass relative to DOX 
treatment alone (Fig. 1E–H). Our data highlight that LDM DOX administration induces a wasting phenotype 
that broadly impacts the skeletal muscles, adipose tissue and organs, but which specifically wastes the spleen and 
adipose tissue, which is neither rescued nor exacerbated by SN co-supplementation.

Assessment of ambulatory and metabolic activity via indirect calorimetry. DOX treatment has 
been previously shown to induce exercise intolerance in cancer  patients30, while dietary nitrate supplementa-
tion is a potentiator of exercise performance in healthy  humans42. Thus, in this study, we assessed the effects of 
LDM DOX and DOX + SN treatment on voluntary physical and metabolic activity over a 24 h period in mice. 
There was a strong trend for LDM DOX treatment to reduce wheel running activity between the PRE and 
POST periods compared to VEH (p = 0.08; Fig. 2A,B) and this effect was significant in the DOX + SN group 
(p < 0.05; Fig. 2A,B). The reduction in voluntary wheel running activity was concomitant with reduced energy 
expenditure in the PRE to POST treatment periods (p < 0.05; Fig. 2A,C), which was interesting because the PRE-
treatment energy expenditure of this particular cohort of mice was significantly higher than that of the VEH and 
DOX + SN groups (p < 0.05 for both; Fig. 2A). The DOX-induced reduction in energy expenditure was associated 
with reduced wheel-running activity (p < 0.05; Fig. 2B) rather than changes to metabolism, as reflected by the 
RQ (Fig. 2D), and thus, is likely comparable to mental and physical fatigue reported by human patients during 
chemotherapy  treatment43 rather than true physiological fatigue. SN co-supplementation had no effect on the 
DOX-induced changes in energy expenditure (Fig. 2A), but it did elevate the RQ compared to VEH (p,0.05; 
Fig. 2D) and there was a trend toward the same effect compared to DOX treatment alone (p = 0.09; Fig. 2D), 
suggestive of increased dependency on glucose as a substrate during activity.

Assessment of cardiac muscle mass and histology. Cardiotoxicity is a well-established side-effect 
of DOX treatment and severity is dose-dependent44. In our study, LDM DOX administration had no effect on 
heart mass (Fig.  3A,B), while SN co-supplementation reduced raw heart mass (p < 0.05, Fig.  3A), albeit this 
was not significant when normalised to body mass (Fig. 3B). We investigated histological changes induced by 
chemotherapy, with LDM DOX administration increasing the total diameter of the heart (p < 0.05; Fig. 3C). 
Interestingly, there were no significant effects elicited from LDM DOX administration on morphological cardiac 
muscle indices (Fig. 3D). LDM DOX administration did, however, increase collagen deposition in cardiac tissue 
(Fig. 3E), suggestive of early-stage myocardial fibrosis that would likely reduce the contractility of the  heart45,46. 
SN has demonstrable therapeutic benefit in mitigating DOX-induced cardiotoxicity in mice when supplemented 
prior to, and following, the administration of a single MTD bolus of  DOX15. In our study, DOX + SN treatment 
actually enhanced the DOX-induced reduction in heart mass (Fig. 3A), however, this appeared to be related to 
the larger body mass reduction observed with DOX + SN versus DOX-treatment alone since this effect was abol-
ished when heart mass was normalised to body weight (Fig. 3B). We did observe a strong trend for DOX + SN 
treatment to mitigate the enlarged total heart diameter induced by DOX-treatment (p = 0.08; Fig. 3C), and this is 
likely related to the beneficial effect that SN co-supplementation had on collagen deposition through the cardiac 
tissue, in which collagen content was reduced compared to both DOX and VEH mice (p < 0.05; Fig. 3E). Interest-
ingly, SN co-supplementation increased LV wall thickness compared to both VEH and DOX treatment (p < 0.05; 
Fig. 3D), however it significantly reduced the LV and RV lumen diameter (p < 0.05 DOX + SN versus VEH and 
DOX; Fig. 3D). Overall, our data suggest that SN co-supplementation has protective effects against a mild pro-
collagenic driven cardiofibrosis induced by LDM DOX treatment, which may be related to the smaller heart size.

Assessment of skeletal muscle histology. Neither DOX administration, nor SN co-supplementation, 
had a significant effect on the fibre CSA or skeletal muscle architecture of the TA when stained with H&E 
(Fig. 4A & B). Furthermore, there was no change in fat deposition, measured via ORO staining (Fig. 4C), nor 
mitochondrial abundance/activity, as indicated by SDH staining (Fig.  4D) from DOX administration or SN 
co-supplementation. To determine whether there were differential effects of DOX with and without SN co-
supplementation on oxidative versus glycolytic fibres, we conducted CSA analysis on distinct populations of 
these fibre types based upon SDH staining intensity. There was no effect of DOX on the CSA of either oxidative 
or glycolytic fibres (Fig. 4E). DOX + SN treatment significantly reduced the CSA of glycolytic fibres (p < 0.05 
DOX + SN versus VEH; p = 0.07 DOX + SN versus DOX; Fig. 4E) but had no effect on oxidative fibres, suggestive 
of nitrate-mediated fibre type transformation from IIb to IIa type.
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Assessment of molecular redox signalling pathways in skeletal muscle. Metabolised by Com-
plex I of the mitochondrial ETC, DOX is a well-known inducer of superoxide production as a by-product of its 
 metabolism4,5,13. Similarly, we have previously demonstrated that in a pro-oxidant environment, SN co-supple-
mentation has a damaging effect on skeletal muscle secondary to a higher peroxynitrite  production37. Thus, we 
next investigated whether oxidative or nitrostative stress played a role in the DOX-induced reduction in energy 
expenditure. Interestingly, there was no effect of LDM DOX administration on 4-hydroxy-2-nonenal (4-HNE; 
Fig. 5A,J), a marker of lipid peroxidation. However, there was a significant increase in nitrotyrosine (p < 0.05; 

Figure 2.  The effect of LDM DOX administration and SN co-supplementation on ambulatory and metabolic 
activity. (A) Data are displayed for ambulatory (wheel and cage meters) and metabolic activity (energy 
expenditure and respiratory quotient (RQ) parameters over 24 h in each of the PRE and POST treatment 
periods. (B) There was a strong trend for DOX to increase wheel running activity and a significant effect of 
DOX + SN treatment on wheel running activity in the PRE to POST treatment periods, (C) This was mirrored 
by significant reductions in energy expenditure between the PRE and POST treatment periods for both DOX 
and DOX + SN (*^p < 0.05). (D) While there was no effect of DOX on the respiratory quotient (RQ), DOX + SN 
significantly increased the RQ in favour of glucose as an energy substrate compared to VEH (*p < 0.05) and there 
was a strong trend for the same effect compared to DOX treatment alone (p = 0.09); n = 5–7 per group.
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Fig. 5B,J), a marker of excessive peroxynitrite  (ONOO-) production. Surprisingly, SN co-supplementation did 
not augment the DOX-induced increase in nitrotyrosine expression (p < 0.05; Fig. 5B,J). LDM DOX adminis-
tration also significantly increased the expression of the redox status sensor, nuclear factor erythroid-2-related 
factor 2 (NRF-2; p < 0.05; Fig. 5C,J), and this was unchanged by SN co-supplementation. Since NRF-2 is the mas-
ter regulator of the anti-oxidant response to cellular  stress47, we wanted to investigate changes to regulators or 
downstream targets of NRF-2. The protein expression of the negative regulator of NRF-2, Keap-1 (Fig. 5D,J), nor 
the serine 349 residue on p62 (Fig. 5E,J), which plays a role in balancing the NRF-2 and Keap-1 interaction, did 
not alter in response to LDM DOX administration. Interestingly, we were able to demonstrate that LDM DOX 
administration significantly upregulated DJ-1 protein expression, which is a positive regulator of NRF-2 activa-
tion through enhancing NRF-2 stability and reducing ubiquitination and Keap-1 dependent  degradation48,49, but 
not when co-supplemented with SN (p < 0.05; Fig. 5F,J). The protein expression of anti-oxidant enzymes that are 
transcriptional targets of NRF-2, being NAD(P)H dehydrogenase quinone-1 (NQO-1), superoxide dismutase-1 
(SOD-1) and heme oxygenase-1 (HO-1) (Fig. 5G-J), were not altered by LDM DOX administration nor SN co-
supplementation.

Assessment of molecular mitochondrial content signalling in skeletal muscle. In light of the 
observation that administration of the LDM DOX regimen increased NRF-2 protein expression in skeletal mus-
cle of mice with and without SN co-supplementation, and NRF-2 can modulate mitochondrial function and 
maintenance, we wanted to investigate whether molecular markers of mitochondrial content and remodelling 
were also affected. While we saw a trend for DOX to increase citrate synthase (CS) activity (p = 0.097; Fig. 6A), 
the gold standard marker of mitochondrial  content50 , there was no change to the protein expression of Complex 
I, II, IV and V from treatment groups (Fig. 6B, F) suggesting unchanged mitochondrial content. However, there 
was a strong trend for LDM DOX administration (p = 0.07; Fig. 6B) to reduce Complex III protein expression, 
whilst DOX + SN treatment did significantly reduce Complex III protein expression (p < 0.05; Fig. 6B, F). To 
assess damage to the mitochondrial pool, we also probed for cytochrome C (Cyt-c), which was significantly 
increased by both LDM DOX and DOX + SN treatment (p < 0.05, Fig. 6C, F). Following on from this finding we 
wanted to investigate if there were any effects on molecular markers of mitochondrial remodelling and stress, 
hence we probed for a member of the PGC-1 family (PGC-1β) and activation (phosphorylation) of adenosine 
monophosphate-activated protein kinase (AMPK). PGC-1β was significantly increased from LDM DOX admin-
istration (p < 0.05, Fig. 6D,F) but was normalised to VEH control levels by SN co-supplementation (p < 0.05, 
Fig. 6D,F). AMPK activation was unaffected by DOX treatment but was significantly increased by SN supple-
mentation (p < 0.05; Fig. 6E,F).

Discussion
The major findings in this study are that the LDM DOX chemotherapy regimen is sufficient to reduce body, lean 
and fat mass (i.e. induce cachexia) and cause malaise, as exhibited by reduced energy expenditure and wheel 
running activity. This study also supports the two main studies in the literature advocating the efficacy of SN co-
supplementation as a therapeutic strategy to mitigate DOX-induced  cardiofibrosis15,16. SN co-supplementation 
protected against a LDM DOX-induced collagen deposition within the heart, whilst not exacerbating the reduc-
tion in end-point body composition indices and muscle/organ mass. SN co-supplementation did not produce a 
beneficial effect, nor was it detrimental at the skeletal muscle level and it was unable to attenuate DOX-induced 
cachexia.

In this study, we were able to induce a progressive form of chemotherapy–induced cachexia with LDM DOX 
administration, as defined by the > 5% reduction in end-point body mass which was driven by reductions in 
both lean and fat  mass51 and was unaffected by SN co-supplementation. The wasting of lean tissue by LDM DOX 
administration was predominately driven by visceral organ (spleen, liver, kidney) mass loss, with no impact on 
hindlimb skeletal muscle mass relative to body weight, albeit hindlimb muscle mass was reduced by DOX com-
mensurate with the loss of body mass. We saw no evidence of muscle fibre atrophy (i.e. fibre CSA) of TA muscles. 
While this finding was unexpected, we postulate that skeletal muscle toxicity (similar to cardiac muscle toxicity) 

Figure 3.  The effect of LDM DOX administration and SN co-supplementation on cardiac muscle histology. (A) 
Heart mass was weighed immediately post-harvest, with DOX + SN treatment reducing heart mass compared 
to VEH (*p < 0.05) and DOX (^p < 0.05) mice. (B) When expressed as a percentage of the final body mass 
(BM), there were no significant differences in heart mass between groups. Gross morphological cardiac muscle 
indices were evaluated from H&E stained sections, measured in triplicate and normalised to (C) total heart 
diameter, which was increased in DOX mice (*p < 0.05) compared to VEH. However, DOX + SN treatment 
had a tendency (p = 0.08) to correct this DOX-induced change back to VEH control levels. (D) Next, we made 
morphological measurements of the cardiac muscle and ventricular lumen components of the lower hear 
(expressed as a percentage of total heart diameter). DOX + SN treatment increased the wall thickness of left 
ventricle (LV) compared to VEH (*p < 0.05) and DOX (^p < 0.05) mice, however, the intraventricular septum 
(IVS) and right ventricular (RV) wall thickness were unchanged from treatments. DOX + SN treatment also 
reduced the diameter of the LV and RV lumen (*p < 0.05 DOX + SN versus VEH and ^p < 0.05 DOX + SN versus 
DOX). (E) Representative images of the H&E sections displayed. (F) Heart sections were also stained using 
Masson’s trichrome to evaluate the relative percentage of collagen/fibrotic connective tissue. DOX-treated mice 
had a greater relative percentage of collagen (*p < 0.05) compared to VEH, while DOX + SN mice corrected this 
phenomenon by reducing the relative percentage of collagen compared to VEH (*p < 0.05) and DOX(^p < 0.05). 
n = 6–7.
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Figure 4.  The effect of LDM DOX administration and SN co-supplementation on skeletal muscle histology. Tibialis anterior 
(TA) muscles were cryosectioned and underwent H&E staining to assess skeletal muscle architecture and fibre cross-sectional 
area (CSA). (A) The relative distribution of fibre size normalized as a percentage of total fibres; and (B) mean muscle fibre 
cross sectional area (CSA); demonstrated no significant differences between groups. Skeletal muscle cross sections also 
underwent (C) Oil Red O (ORO) staining to evaluate lipid content; and (D) Succinate Dehydrogenase (SDH) staining to 
evaluate mitochondrial content. There were no significant effects of treatments on these indices. (E) To assess whether fibre 
types were affected differently by either DOX alone of with SN supplementation, SDH-stained sections were used to determine 
the CSA of isolated oxidative and glycolytic fibre populations. There was no effect of DOX treatment on the CSA of either 
oxidative or glycolytic fibres, however, DOX + SN treatment decreased the mean CSA of glycolytic fibres (*p < 0.05) n = 6–8.
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Figure 5.  The effect of LDM DOX administration and SN co-supplementation on molecular markers of 
oxidative stress and the anti-oxidant response in skeletal muscle. Western blotting experiments were undertaken 
utilizing soleus muscle homogenate. When probing for molecular markers of oxidative stress, there was no 
significant change in (A) 4-HNE protein expression, a marker of lipid peroxidation, between treatment groups, 
but there was a significant increase in (B) nitrotyrosine protein expression, a marker of excessive peroxynitrite 
 (ONOO-) production in DOX and DOX + SN treated mice (*p < 0.05) compared to VEH. There was also a 
significant increase in (C) NRF-2 protein expression, the master regulator of the anti-oxidant response to 
cellular stress, in DOX and DOX + SN treated mice (*p < 0.05) compared to VEH. (D) DJ-1 protein expression 
was probed for as a positive regulator of NRF-2 activation, which was interestingly, shown to increase in DOX 
mice (*p < 0.05) compared to VEH, whilst there was no significant change in DOX + SN treated mice. Negative 
regulators of NRF-2, i.e. (E) Keap-1, (F) phosphorylated  p62ser349 and total p62 (depicted as a ratio of the total), 
were not significantly changed from treatment. Downstream targets of the anti-oxidant response, i.e. (G) 
NQO-1, (H) SOD-1 and (I) HO-1 did not significantly change from treatment. (J) Representative images of the 
antibodies are displayed alongside a representative image of Coomassie Blue used to normalize to total protein 
content. n = 5–8.
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is dose  dependent44 since other studies that utilized a higher cumulative dose of DOX (i.e. 20–30 mg/kg) have 
demonstrated significant skeletal muscle  wasting17–20. Despite the lack of evidence for skeletal muscle wasting/
atrophy in this model, it is still of interest that our model of LDM DOX administration (12 mg/kg; total cumula-
tive dose over 7 days) can have a substantial acute effect on body and lean (visceral) mass i.e. an ~ 9% reduction 
compared to VEH control. This is comparative to a study by Nissinen et al. which utilized a cumulative dose of 
24 mg/kg over 4 weeks and demonstrated similar body and lean mass loss, although evidence of skeletal muscle 

Figure 6.  The effect of LDM DOX administration and SN co-supplementation on molecular markers of 
mitochondrial content in skeletal muscle. Western blotting experiments were undertaken utilizing soleus 
muscle homogenate. (A) CS activity was assessed as a gold standard marker of mitochondrial content. There 
was a trend towards increased CS activity induced by DOX (p = 0.07) but no effect of DOX + SN. Molecular 
indicators of mitochondrial complex protein content were probed for using the (B) OXPHOS cocktail, with 
no significant change in the protein expression of Complex V (CV)—ATP5A, Complex IV (CIV)—MTCO1, 
Complex II (CII)—SDHB and Complex I (CI)—NDUFB8 from treatment groups. However, the protein 
expression of Complex III (CIII)—UQCRC2 displayed a trend to be reduced in DOX mice (p = 0.07) compared 
to VEH, but was significantly reduced in DOX + SN treated mice (*p < 0.05) compared to VEH. Additionally, 
(C) Cytochrome-c (Cyt-c) protein expression, a marker of mitochondrial content, was significantly increased 
in both DOX and DOX + SN mice (*p < 0.05) compared to VEH. To assess mitochondrial remodelling, we also 
probed for a member of the PGC-1 family, i.e. (D) PGC-1β, which was shown to be significantly increased in 
DOX treated mice (*p < 0.05), but was normalised in DOX + SN mice compared to DOX (^p < 0.05) and VEH 
(p > 0.05). As a marker of metabolic stress, we also probed for (E) phosphorylated (i.e. activated) compared 
to total adenosine monophosphate activated protein kinase (AMPK) and showed no effect of DOX treatment 
alone, but a marked increase with DOX + SN treatment compared to VEH (p < 0.05). (F) Representative images 
of the antibodies are displayed alongside a representative image of Coomassie Blue used to normalize to total 
protein content. n = 5–8.
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mass loss was also  observed18 suggesting that skeletal muscle wasting induced from DOX administration is both 
a time and dose dependent event. Supporting this statement is a recent study by Tarpey et al.29, which utilized 
a single MTD injection of DOX (20 mg/kg) with mice culled 72-h post-injection, to demonstrate a significant 
reduction in body mass but no change in the mass or CSA of hindlimb skeletal muscle. Thus, the LDM DOX 
regimen utilised in this study represents a more clinically-relevant rodent model of DOX-induced cachexia in 
being able to induce similar body composition changes, without the severe systemic toxicity associated with the 
single MTD injection  model39. Further improvement to the LDM DOX administration model could involve 
increasing the cumulative dose while administering DOX over both a longer duration, and for multiple LDM 
cycles, to enhance the potential for the effective pre-clinical screening of therapeutics to mitigate the side-effects 
of chronic DOX-induced toxicity.

The regimen of LDM DOX administration used in our study allowed the observation of an acute mild pro-
collagenic cardiomyopathy involving early changes to the overall heart diameter, but with no change to crude 
heart mass. SN co-supplementation elicited a protective effect by preventing the induction of myocardial fibrosis. 
The increase in fibrotic tissue prevalence in the heart is a consistent hallmark of DOX-induced  cardiotoxicity52–56, 
and our data demonstrate this precedes DOX-induced myocardial toxicity. Surprisingly, SN co-supplementation 
increased left ventricular wall thickness compared to both the VEH and DOX control group. We postulate 
that this finding is relative to enhanced left ventricular performance, which has previously been demonstrated 
by Zhu et al., where SN supplemented prior to, and following, the administration of a single MTD bolus of 
DOX, improved left-ventricular ejection fraction and fractional shortening through improved  Ca2+ cycling and 
 contractility15. Interestingly, SN co-supplementation reduced total heart diameter, heart mass and the left and 
right ventricular lumen diameter relative to the DOX control group, which we hypothesise is part of the poten-
tial protective effect of SN co-supplementation during LDM DOX administration. In this regard, maintaining a 
smaller, but more efficient heart may be beneficial for resisting the cardiac fibrosis induced by DOX treatment. 
Indeed, smaller stature humans and animals are thought to be more resistant to cardiovascular disease than 
their taller/larger  counterparts57.

Fatigue and malaise represents a complex interplay between central nervous system drive, mental state and 
physiological function, and with chemotherapy treatment, is further complicated by nausea and a general feeling 
of unwell alongside altered gut function, which impacts macro and micro nutrient intake and  uptake58–60. Chemo-
therapy administration induces chronic and debilitating fatigue, and this manifests physiologically in the skeletal 
muscular system as contractile and mitochondrial dysfunction (reviewed by us  previously25). Thus, “fatigue” in 
the context of the present study likely represents the inability to generate both the mental and cellular energy 
to perform normal skeletal muscle function rather than true physiological fatigue, whereby normal skeletal 
muscle function cannot be durably maintained despite maximal effort. In this study, LDM DOX administration 
reduced voluntary wheel activity and energy expenditure in a synergistic manner, which was not alleviated by 
SN co-supplementation. DOX has previously been shown to impair skeletal muscle function and wheel running 
performance in mice, and this has been associated with mitochondrial dysfunction resulting from changes to the 
redox status of skeletal  muscle17,20,29,61,62. In our study, DOX-induced “fatigue” was associated with a molecular 
marker of increased nitrosative stress (i.e. abundance of proteins with nitrosylated tyrosines), an indicator of 
increased peroxynitrite  (ONOO-) levels. Excess peroxynitrite production can lead to impaired mitochondrial 
energy metabolism via inhibition of glycolysis and depletion of ATP  pools63. Interestingly, SN co-supplemen-
tation did not further exacerbate the DOX-induced increase in nitrotyrosine expression, which was surprising 
given that we have previously demonstrated an escalation of muscle damage when SN was supplemented to an 
already pro-oxidant environment in the dystrophic mdx mouse model of Duchenne Muscular  Dystrophy37. The 
postulated divergence in efficacy of SN co-supplementation between this study and our previous work in the 
mdx mouse is two-fold; with the first being acute versus chronic co-supplementation (i.e. 1 versus 8 weeks in this 
versus our mdx study) which may be protective rather than promotive of oxidative/nitrosative stress. The second 
factor is that the dynamics of the pro-oxidant environment may be influential. Dystrophic muscle is in a chronic 
state of oxidative stress, thus superfluous nitrate promoted excess peroxynitrite formation which exceeded the 
antioxidant buffering capacity, subsequently escalating myopathy. In contrast, LDM DOX administration which 
was metronomic and of reasonably short duration allowed for redox balancing in between doses in this study.

Surprisingly, the LDM regimen of DOX administration utilized in this study did not induce the expected 
increase in lipid peroxidation (a marker of oxidative stress), as indicated by 4-HNE protein expression. There 
have been mixed results in the literature to this effect, with Smuder et al. displaying a striking increase in 4-HNE 
protein expression when mice were culled 24 h post a single 20 mg/kg injection of  DOX23, whereas Gouspillou 
et al. were unable to show changes to 4-HNE protein expression when mice were treated with a cumulative dose 
of DOX, i.e. 40 mg/kg over 12 weeks20. Collectively, these data in conjunction with ours suggest that LDM DOX 
delivery induces hormesis through NRF-2 to protect the muscle from oxidative stress, and that DJ-1, which has 
antioxidant  properties48,49, is central to the hormetic response at the low DOX dose given in our study. In contrast, 
cytotoxic insults (i.e. single bolus MTD DOX treatment) overwhelms endogenous cytoprotective mechanisms 
to induce Phase II antioxidant enzymes such as  SOD23.

We have previously demonstrated that DOX induces mitochondrial toxicity and reduces the mitochondrial 
pool in cultured myoblasts and  myotubes64. In this study, we assessed the mitochondrial content by probing CS 
activity and mitochondrial ETC complex density in SOL and SDH content in TA, mitochondrial toxicity by prob-
ing Cyt-c, as well as the mitochondrial remodelling marker, PGC1β. We saw no change from either LDM DOX 
administration, nor SN co-supplementation, in the mitochondrial content of slow type I SOL muscle or the SDH 
content of whole fast type II TA cross-sections. However, both Cyt-c and PGC1β were elevated by DOX treatment 
highlighting the onset of mitochondrial toxicity and turnover as shown previously following the administra-
tion of various chemotherapeutic agents to human breast cancer cell  lines65. Sanchez-Alcazar et al. have shown 
that increased expression of Cyt-c within the mitochondria and induction of PGC1-mediated mitochondrial 



12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15044  | https://doi.org/10.1038/s41598-020-71974-z

www.nature.com/scientificreports/

biogenesis is an early cytoprotective response to anticancer agents, preceding Cyt-C release into the cytoplasm 
and the induction of  apoptosis65. LDM DOX administration appears sufficient to induce mitochondrial toxicity 
but also turnover to preserve skeletal muscle mass.

Surprisingly, and in contrast to the expression profile of all other mitochondrial ETC complex subunits, we 
observed a reduction in the protein expression of Complex III following DOX treatment (with and without 
SN). The reduction in the Complex III subunit, UQCRC2, was an unexpected finding, as previous studies have 
shown that after a single MTD injection of DOX neither the protein expression of UQCRC2 in permeabilized 
 myofibers62, nor the native protein content of Complex III in isolated mitochondria from skeletal muscle, is 
 altered29. However, we postulate that the reduction in UQCRC2 content from LDM administration and SN co-
supplementation could be a molecular marker of the exercise intolerance shown by DOX-treated mice in our 
activity/calorimetry studies. Others have shown increased UQCRC2 expression in the skeletal muscle of young 
mice exposed to cages with voluntary running  wheels66 and that Complex III activity is reduced in sedentary 
mice compared to mice that have undergone treadmill running-based exercise  training67. Interestingly, humans 
with mutations on the cytochrome b subunit of the Complex III assembly, display exercise intolerance and have 
a reduced protein expression of the UQCRC2 subunit in skeletal  muscle68–71.

NO signalling in skeletal muscle is strongly associated with glucose uptake and utilisation during  contraction72 
which may be beneficial in circumstances such as during DOX administration, where mitochondrial dysfunction, 
damage, toxicity and ROS production escalate and energy production capacity is compromised. We have previ-
ously demonstrated that nitrate supplementation can augment contraction-induced glucose uptake in healthy 
type II skeletal muscles, but rather has a suppressive effect on glucose uptake in the pro-oxidative environment of 
dystrophic mdx type II skeletal  muscles37. While we have not undertaken glucose uptake or contraction studies 
here, the activation (phosphorylation) of AMPK in DOX + SN treated SOL along with the higher RQ derived 
from calorimetry studies during voluntary wheel running activity, suggest a greater dependency on glucose 
metabolism following SN supplementation. Consistent with the known effects of nitrate supplementation on 
muscle fibre type switching from fast glycolytic (i.e. type IIb) to fast oxidative glycolytic (type IIa)  phenotype73, 
we have also demonstrated a reduction in the CSA of glycolytic fibres. These adaptations could be of benefit to 
skeletal muscles long term, particularly in mitigating the contractile dysfunction and higher fatiguability reported 
by others in  mice17,27 and  humans74 following chemotherapy administration.

There were several limitations of our research worthy of mention. Firstly, our study examined the effects of 
LDM DOX administration on skeletal and cardiac muscle in an attempt to generate more clinically-relevant data 
than traditional single bolus MTD DOX administration which is typically given in animal studies to elicit skeletal 
muscle wasting and cardiotoxicity: in hindsight, our study would have benefited greatly from including a MTD 
group treated both with and without SN to contrast the DOX delivery regimens and the efficacy of SN against 
them. Secondly, our choice of limb muscles with different fibre-type profiles makes it difficult to compare and 
contrast our histological data (derived from the predominantly fast type II fibre TA muscle) with our molecular 
data (derived from the predominantly slow type I SOL muscle). TA is a common choice for histological analyses 
in mouse hind limb muscle because it is of sufficient size to rigorously generate fibre size distributions (i.e. to 
count enough (> 250) fibres). We chose SOL for our molecular studies since these centred around mitochondrial 
and oxidation markers which are more pronounced in slow oxidative muscle—we have undertaken CSA analyses 
on oxidative (slow type I) and glycolytic (fast type II) fibre populations and demonstrated no differential effects 
of DOX on specific fibre types though. Thirdly, we used mice aged ~ 6w of age which is prior to complete sexual 
maturation at 8w of age. Therefore, the effects observed on body, lean and fat mass indices may be different at 
this age when mice are still growing, versus in mature adult or aging mice when growth has ceased.

In conclusion, we demonstrate that the LDM DOX chemotherapy regimen is sufficient to induce cachexia 
(lean and fat mass wasting inclusive) and fatigue as characterised by reduced participation in voluntary exer-
cise, which appears to be underlined by oxidative/nitrostative stress. Interestingly, the administration of LDM 
DOX induced mild oxidative stress in skeletal muscle, which subsequently evoked a NRF-2 driven anti-oxidant 
response through DJ-1. SN co-supplementation afforded no protective therapeutic potential alongside the admin-
istration of LDM DOX, but nor did it promote the wasting of lean tissue. Importantly, we have evidence of a 
SN co-supplementation driven cardioprotective effect against DOX-induced collagen deposition, however, the 
therapeutic efficacy of SN as an adjunct during DOX administration still requires further examination.

Methods
Animals. Experimental design and treatments. Six-week old male Balb/c mice were acquired from the Ani-
mal Resource Centre (ARC, Western Australia) and were randomly allocated to treatment groups (n = 8) upon 
arrival. Mice were housed on a 12-h light/dark cycle with ad  libitum access to food i.e. standard mice chow 
and water supply throughout the experiments. Mice were administered with either VEH (0.9% NaCl) or DOX 
(4 mg/kg in 0.9% NaCl; Sigma Aldrich, Australia) via intraperitoneal injection 3 times over a 7 day period (i.e. 
on day 1, 3 and 5; for a cumulative dose of 12 mg/kg) which is the equivalent to a low cumulative clinical  dose5,75, 
thus depicting a model of LDM DOX administration. SN was co-supplemented in drinking water ( 85 mg/L−1 
(1 mM) (Sigma Aldrich, Australia)) throughout the duration of the LDM DOX regimen in a third group of ani-
mals (DOX + SN group). This dose of SN is equivalent to that used previously by us and others, demonstrating 
efficacy to transiently increase plasma and skeletal muscle nitrate  levels37,76. Animals were weighed prior to the 
commencement of treatment (PRE), on each day of treatment and at the experimental endpoint. Food and water 
consumption were monitored throughout the duration of the treatment protocol.

Body composition analyses. Echo Magnetic Resonance Imaging (echoMRI) was utilized to assess the 
effect of DOX and DOX + SN on body composition. Live mice were placed into an echoMRI body composition 
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analyzer (EMR-150, Echo Medical Systems, USA) on day 1 (PRE) and day 8 (POST) of the treatment protocol. 
Total lean and fat mass were quantified via triplicate scans spaced 30 s apart. Data are the delta change in the 
mean of triplicate scans between the PRE and POST testing periods.

indirect calorimetry & activity monitoring. To evaluate the impact of DOX and DOX + DOX + SN on 
the physical and associated metabolic activity of mice, animals were individually housed for 24 h in Promethion 
Metabolic cages (Sable Systems, LV, USA) on day 0–1 (PRE) and day 7–8 (POST). Cages allowed free access to 
food, water and a running wheel. Real-time voluntary activity and whole-body metabolic activity was monitored 
throughout both 24-h periods, with the key variables of wheel running, ambulatory activity (pedestrian meters), 
energy expenditure and the respiratory quotient  (VCO2/VO2) analysed as described by us  previously77. Data 
presented are the total for a circadian cycle (i.e. of the diurnal phase recorded from 7am-7 pm and the nocturnal 
phase recorded from 7 pm-7am) in the PRE and POST periods, or the delta change between the PRE and POST 
periods..

Surgery. At the conclusion of treatment (POST) live analyses, non-recovery surgery was performed on 
animals. Mice were deeply anaesthetised via isoflurane inhalation (5% induction and 2–3% maintenance) and 
non-survival surgery was performed. Tissues of interest were surgically excised, weighed and snap-frozen for 
post-hoc analyses in the following order: (1) SOL muscle was taken for western blotting experiments; and (2) 
TA muscle and heart were taken for histological assessment. Additional tissues of interest harvested were skeletal 
muscles extensor digitorum longus (EDL) and plantaris (PLNT), alongside epididymal and subcutaneous fat, 
spleen, kidney and liver, which were also weighed prior to being snap-frozen.

Histological analyses. Skeletal muscle histology. All histological protocols were performed as described 
by us  previously37,78. To determine whether LDM DOX had atrophic effects on skeletal muscle and subsequently, 
whether DOX + SN either exacerbated or rescued any such atrophy, we next assessed the hindlimb muscle, TA 
histologically. TA muscles were cryopreserved in optimal cutting temperature compound (Sakura Finetek) us-
ing liquid nitrogen-cooled isopentane. TA’s were sectioned (10 µm, -20 °C, Leica CM1950) and mounted. Three 
histological stains were employed to assess various histopathological features. Haematoxylin & Eosin (H&E) was 
utilised to evaluate muscle fibre size and architecture. Oil Red O (ORO) staining evaluated lipid content within 
the whole muscle. Succinate dehydrogenase (SDH) staining was utilized to assess the SDH activity, which is in-
dicative of a more oxidative phenotype and subsequently a marker of both mitochondrial density and fibre-type 
transformation. For H&E, ORO and SDH, slides were imaged on a Zeiss Axio Imager Z2 microscope (Carl Zeiss 
MicroImaging GmbH, Germany) at 20 × magnification, respectively. All images were analysed using ImageJ 
software (NIH, USA).

To evaluate fibre type-specific effects of DOX and DOX + SN treatment, glycolytic and oxidative areas of the 
TA were identified in SDH stained sections and at least 250 fibres were counted for each fibre type (i.e. a total 
of at least 500 fibres per section) in each of those areas. The CSA of these fibres was determined as described by 
us  previously37,78.

cardiac muscle histology. The cardiotoxic effects of DOX are well established, and previous research sug-
gests a therapeutic effect for SN in this regard. Thus, in this study, we also sought to investigate the impact of 
our treatments on the heart. Whole hearts were snap-frozen before being transferred to a 10% neutral buffered 
formalin for 48 h for fixation. Once fixed, serial sections were cut at 10 µm diagonally at the mid-ventricle. 
H&E staining was performed to assess gross changes in cardiac muscle, with morphological indices measured 
including left and right ventricular diameter and thickness as well as interventricular septum  thickness79. Mas-
son’s Trichrome staining was performed to assess collagen/fibrotic connective tissue content. All sections were 
imaged at × 20 using a Zeiss Axio Imager Z2 microscope (Carl Zeiss MicroImaging GmbH, Germany). Masson’s 
trichrome stained sections were quantified using a colour histogram and calculated as a percentage of the total 
heart cross sectional area.

Western blot analyses. All western blotting protocols were performed as previously described by 
 us78,80. Since both DOX and SN are notorious producers of  ROS64,81, we next investigated the effect of DOX 
and DOX + SN treatment on molecular markers of oxidative stress related damage, downstream anti-oxidant 
response targets and mitochondrial content and remodelling/biogenesis. Western blot experiments were per-
formed from frozen SOL homogenates. SOL muscles were homogenized for 20-30 s in ice-cold Western Immu-
noprecipitation Kinase (WIK) buffer (40mMTris, pH 7.5; 1 mM EDTA; 5 mM EGTA; 0.5% TritonX-100; 25 mM 
β-glycerophosphate; 25  mM NaF; 1  mM  Na3VO4; 10  μg/ml leupeptin; and 1  mM PMSF). Homogenate was 
centrifuged at 3,500 rpm for 5 min at 4 °C, before the pellet was resuspended and the whole muscle homogenate 
was used for further analysis. Protein concentrations were determined using a sample assay kit (Bio-Rad Labora-
tories, Hercules, CA, USA), to ensure equal loading on the gels. Samples were prepared with equivalent amounts 
of protein (20–40 μg) in Laemmli buffer, heated for 5 min at 95 °C, and subjected to electrophoretic separation 
on 7.5% or 12% SDS-acrylamide gels. The only exception to this was when probing for the Total OXPHOS 
cocktail antibody samples were heated for 5 min at 40 °C, as per supplier recommendations. Following electro-
phoretic separation, proteins were transferred to a polyvinylidene fluoride (PVDF) membrane, blocked with 5% 
not-fat milk powder in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h followed by an overnight 
incubation at 4  °C with primary antibody dissolved in TBST containing either 1% BSA or 3% non-fat milk 
powder. The following antibodies were used: anti-4-HNE (1:1,000; #ab46545, Abcam), Total OXPHOS cock-
tail (1:1,000; #ab110413, Abcam), anti-PGC-1β (1:500; #ab176328, Abcam), anti  AMPKThr172 (1:1,000, #2535, 
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CST, anti-AMPK (1:1,000, #2603, CST), Cyt-c (1:2000; #11940, CST), anti-DJ-1 (1:1,000; #5933, CST), anti-
Keap-1 (1:1,000; # 8047, CST), anti-NQO-1 (1:1,000; #62,262, CST), anti-NRF-2 (1:1,000; #12721, CST), anti-
p62Ser349 (1:1,000; #95697, CST), anti-p62 (1:1,000; #5114, CST), anti-HO-1 (1:1,000; #ADI-SPA-894, Enzo Life 
sciences), anti-SOD-1 (1:2000; #ADI-SOD-101, Enzo Life Sciences) and anti-nitrotyrosine (1:1,000; #06–284, 
Millipore). After overnight incubation, the membranes were washed 3 separate times for 10 min each in TBST 
and then probed with a peroxidase-conjugated secondary antibody (1:5,000; anti-rabbit IgG, Vector Laborato-
ries or 1:20,000; anti-mouse IgG, Vector Laboratories) for 1 h at room temperature. Following another set of 3 
separate washes for 10 min in TBST, the blots were developed with a DARQ CCD camera mounted to a Fusion 
FX imaging system (Vilber Lourmat, Eberhardzell, Germany) using ECL Prime reagent (Amersham, Piscataway, 
NJ, USA). Once the images were captured, the membranes were stained with Coomassie Blue to verify equal 
loading of total protein in all lanes. Densitometric measurements were carried out using FusionCAPTAdvance 
software (Vilber Lourmat).

citrate synthase activity. CS activity was assessed as a marker of mitochondrial content on SOL homoge-
nates prepared for WB analyses and as described by us  previously37,78. Homogenates were added to reagent cock-
tail containing (100 mM TRIS buffer, 1 mM DTNB and 3 mM Acetyl CoA) and oxaloacetate (10 mM) was used 
to initiate the reaction in a plate-based spectrophotometer at 412 nm (25 °C for 5 m). CS activity was calculated 
using the extinction coefficient of 13.682.

Statistics. Data is presented as mean ± standard error of the mean, unless stated otherwise. Data sets were 
tested for normality using a Shapiro–Wilk test. For normal data, a one-way ANOVA with Tukey’s post-Hoc test 
was used to detect treatment differences for all data except for muscle and organ mass and cardiac muscle mor-
phology data where a two-way ANOVA was used with treatment and muscle/organ type/cardiac morphology 
as factors. Where interactions were detected, one-way ANOVA was used for multiple comparisons. Repeated 
measures ANOVA’s were used to assess time-dependent effects on body weight and body composition and vol-
untary activity/calorimetry changes between the PRE and POST periods. An α-value of 0.05 was considered 
significant. Data was analysed using Graphpad prism (GraphPad Software, San Diego, CA 92,108, USA).

ethical approval. All experimental procedures were approved by the Victoria University Animal Ethics 
Committee (AEETH15/006) and conformed to the Australian Code of Practice for the Care and Use of Animals 
for Scientific Purposes.
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Preface 

In this study, we transitioned away from DOX to evaluate other chemotherapeutic agents 

for their capacity to induce cachexia.  Given that cachexia is highly prevalent in solid-tumor 

cancers of the gastrointestinal system, such as colorectal cancer (CRC) [17], we were interested 

in the chemotherapies utilized in this setting. Two of the most common chemotherapy regimens 

administered in CRC are FOLFIRI and FOLFOX [18]. The FOLFIRI regimen comprises the 

concomitant delivery of irinotecan (IRI), 5-fluorouracil (5FU) and leucovorin (LEU), while the 

FOLFOX comprises oxaliplatin (OXA), 5FU and LEU. Subsequently, we were interested in 

evaluating these agents for their capacity to induce cachexia with a focus on perturbations to 

skeletal muscle homeostasis. This project arose out of mutual-interest between our skeletal 

muscle focused laboratory and a collaborating laboratory group interested in chemotherapy-

induced toxicities to the gastrointestinal tract (for publications see - [19-23]). As such, we were 

interested in evaluating the impact of these chemotherapy drugs on cachexia and skeletal muscle. 

Initial data from our laboratory highlighted that OXA induces skeletal myopathy, but does not 

alter body mass [24]. Further, findings from Barreto et al. demonstrated that the FOLFIRI is a 

more potent induced of cachexia compared to FOLFOX [25], thus we hypothesises that IRI might 

be a significant driver of muscle cachexia.  

Given we observed no therapeutic potential of SN supplementation when administered 

alongside DOX to mitigate muscle cachexia, we chose not to continue these investigations in this 

Chapter 3. Instead, we chose to investigate the therapeutic potential of mitoprotective compound, 

BGP-15 [26]. BGP-15 is marketed as a heat shock protein-70 (HSP-70) co-inducer and poly (ADP-

ribose) polymerase-1 (PARP-1) inhibitor [27, 28], that is protective in a range of myopathic 

conditions [29-31]. Additionally, we have previously shown that the combination of BGP-15 

alongside OXA is protective against chemotherapy-induced skeletal myopathy [24]. 

Subsequently, we aimed to evaluate the adjuvant therapeutic potential of BGP-15 in combination 
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with IRI. We hypothesized that IRI would cause cachexia involving skeletal muscle wasting and 

dysfunction, and that BGP-15 could therapeutically protect skeletal muscle from the insult of IRI.  
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Simple Summary: Both cancer and the chemotherapy used to treat it are drivers of cachexia,
a life-threatening body-wasting condition which complicates cancer treatment. Poly-(ADP-ribose)
polymerase (PARP) inhibitors are currently being investigated as a treatment against cancer. Here, we
present paradoxical evidence that they might also be useful for mitigating the skeletal muscle specific
side-effects of anti-cancer chemotherapy or exacerbate them. BGP-15 is a small molecule PARP inhibitor
which protected against irinotecan (IRI)-induced cachexia and loss of skeletal muscle mass and
dysfunction in our study. However, peculiarly, BGP-15 adjuvant therapy reduced protein synthesis
rates and the expression of key cytoskeletal proteins associated with the dystrophin-associated
protein complex and increased matrix metalloproteinase activity, while it increased the propensity
for fast-twitch muscles to tear during fatiguing contraction. Our data suggest that both IRI and
BGP-15 cause structural remodeling involving proteins associated with the contractile apparatus,
cytoskeleton and/or the extracellular matrix which may be only transient and ultimately beneficial or
may paradoxically onset a muscular dystrophy phenotype and be detrimental if more permanent.

Abstract: Chemotherapy-induced muscle wasting and dysfunction is a contributing factor to cachexia
alongside cancer and increases the risk of morbidity and mortality. Here, we investigate the effects
of the chemotherapeutic agent irinotecan (IRI) on skeletal muscle mass and function and whether
BGP-15 (a poly-(ADP-ribose) polymerase-1 (PARP-1) inhibitor and heat shock protein co-inducer)
adjuvant therapy could protect against IRI-induced skeletal myopathy. Healthy 6-week-old male
Balb/C mice (n = 24; 8/group) were treated with six intraperitoneal injections of either vehicle,
IRI (30 mg/kg) or BGP-15 adjuvant therapy (IRI+BGP; 15 mg/kg) over two weeks. IRI reduced
lean and tibialis anterior mass, which were attenuated by IRI+BGP treatment. Remarkably, IRI
reduced muscle protein synthesis, while IRI+BGP reduced protein synthesis further. These changes
occurred in the absence of a change in crude markers of mammalian/mechanistic target of rapamycin
(mTOR) Complex 1 (mTORC1) signaling and protein degradation. Interestingly, the cytoskeletal
protein dystrophin was reduced in both IRI- and IRI+BGP-treated mice, while IRI+BGP treatment
also decreased β-dystroglycan, suggesting significant remodeling of the cytoskeleton. IRI reduced
absolute force production of the soleus and extensor digitorum longus (EDL) muscles, while IRI+BGP
rescued absolute force production of the soleus and strongly trended to rescue force output of the
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EDL (p = 0.06), which was associated with improvements in mass. During the fatiguing stimulation,
IRI+BGP-treated EDL muscles were somewhat susceptible to rupture at the musculotendinous
junction, likely due to BGP-15’s capacity to maintain the rate of force development within a weakened
environment characterized by significant structural remodeling. Our paradoxical data highlight that
BGP-15 has some therapeutic advantage by attenuating IRI-induced skeletal myopathy; however,
its effects on the remodeling of the cytoskeleton and extracellular matrix, which appear to make
fast-twitch muscles more prone to tearing during contraction, could suggest the induction of muscular
dystrophy and, thus, require further characterization.

Keywords: anti-cancer treatments; chemotherapy; PARP-1 inhibitor; BGP-15; skeletal muscle;
cachexia; muscle wasting; myopathy; dystrophin; mechanotransduction

1. Introduction

Cachexia is a chronic and often fatal consequence of cancer and the chemotherapeutic agents
used to treat it. It is a complex wasting syndrome defined as a >5% loss of body mass, which features
lean tissue wasting with or without a loss of fat mass [1], as well as prominent skeletal myopathy
that manifests as both wasting and dysfunction [2–4]. Historically, cancer-related cachexia was
considered a tumor-induced phenomenon; however, mounting evidence suggests that chemotherapy
drugs plays a prominent role in the progression of cachexia independent of the tumor [5–8]. Several
chemotherapeutic agents from different drug classes (and with different mechanisms of action) elicit
skeletal muscle toxicity [9], which, at the molecular level, involves disruption of proteostasis in favor
of protein degradation and mitochondrial dysfunction through which oxidative stress/damage is
escalated [10–12]. Despite these data, most chemotherapeutic agents in clinical utility have not been
evaluated for their potential to induce skeletal myopathy. As such, muscle wasting as a side-effect of
anti-cancer chemotherapy treatment is a largely overlooked factor, despite contributing to dose-limiting
toxicities and poorer survival outcomes [13].

Irinotecan (IRI) is a chemotherapeutic agent commonly utilized as part of anti-cancer treatment
regimens against colorectal, pancreatic and small-cell lung cancer [14–16]. As a potent topoisomerase
I inhibitor [17], IRI treatment causes severe gastrointestinal toxicity, neutropenia and asthenia [18].
Recently, skeletal muscle wasting has also emerged as a major off-target event and is a key prognostic
indicator of mortality in IRI-treated cancer patients [19,20]. Recent studies have established that the
FOLFIRI (Folinic acid.leucovorin, fluorouracil and IRI regimen), in which IRI is a staple (in addition
to toleucovorin and 5-fluorouracil), induces skeletal muscle wasting and dysfunction in otherwise
healthy mice [11]. Although it has never been evaluated independently, IRI likely drives this myopathy,
since treatment with the FOLFOX (Folinic acid/leucovorin), fluorouracil and oxaliplatin) regimen,
which includes leucovorin and 5-fluorouracil but substitutes IRI for oxaliplatin, had no effect on
skeletal muscle [11]. Multi-omics analysis of FOLFIRI-treated mouse muscles [21,22] and in vitro cell
culture studies with IRI [23] implicate mitochondrial dysfunction, characterized by the downregulation
of proteins associated with mitochondrial dynamics and oxidative phosphorylation and reduced
adenosine triphosphate (ATP) synthesis, glucose metabolism and mitochondrial viability in this
myopathy. However, the molecular events occurring up- and/or downstream of the mitochondria that
result in muscle wasting and dysfunction are currently unknown. Therefore, in this study, our first aim
was to characterize the effect of IRI treatment on the skeletal muscular system in vivo and investigate
the underlying molecular mechanisms.

Currently, there is no approved treatment against cachexia, despite many adjuvant therapeutics
having been clinically evaluated (reviewed recently in [24]) Targeting the mitochondria could be
therapeutically advantageous in this regard since they appear implicit in IRI-induced skeletal
myopathy. One potential therapeutic candidate is the small molecule BGP-15, a hydroximic acid
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derivative nicotinic acid-amidoxime [25], which has demonstrated therapeutic potential in treating
skeletal myopathy associated with Duchenne Muscular Dystrophy [26,27], ventilation-induced
diaphragm dysfunction [28–31], sarcopenia [32], diabetes [33–35] and oxaliplatin treatment [36]. BGP-15
inhibits poly-(ADP-ribose) polymerase-1 (PARP-1) [37], a repressor of mitochondrial function [38,39],
and co-induces heat shock protein-70 (HSP-70) [40,41], which increases mitochondrial content, function
and oxidative capacity [42]. HSP-70 activation also plays a role in the maintenance of skeletal muscle
mass, in part, by regulating proteostasis [43]. Key to the success of any adjuvant administered to protect
against the side-effects of chemotherapy is that tumor growth is not accentuated—in a pre-clinical cancer
model, BGP-15 did not affect tumor growth [44], nor did it impact the anti-cancer efficacy of cisplatin [37].
Collectively, these data highlight that BGP-15 may be useful as an adjuvant candidate during anti-cancer
chemotherapy to mitigate cachectic skeletal myopathy. Thus, our secondary aim was to evaluate the
protective efficacy of BGP-15 adjuvant therapy against IRI-induced skeletal myopathy and investigate
the underlying mechanisms through which BGP-15 functions in the chemotoxic environment.

In this study, we conclude that anti-cancer IRI treatment causes significant cachexia featuring
muscle atrophy and dysfunction in mice, which could be attenuated with BGP-15 adjuvant therapy.
For the first time, we show that IRI causes cytoskeletal changes involving the loss of dystrophin protein
expression which negatively impact skeletal muscle mass and function. BGP-15 adjuvant therapy
causes further remodeling as well as pro-mitochondrial activity but makes fast-twitch muscles more
prone to tearing during fatiguing contraction. It is difficult to ascertain from our data whether BGP-15
adjuvant therapy is beneficial in the long term or whether it induces a type of muscular dystrophy
and is therefore deleterious. The potential negative impact of BGP-15 on the skeletal muscular system
when teamed with chemotherapeutic agents should be considered in the broader context of using
PARP inhibitors as staples in anti-cancer therapy.

2. Results

2.1. Irinotecan (IRI) Induces Cachexia Which Is Mitigated by BGP-15

In order to determine the capacity for IRI and IRI+BGP treatment to induce and mitigate cachexia,
respectively, body mass and composition, as well as skeletal muscle mass indices, were assessed.
IRI-treated mice lost ~5% of their body mass over the course of the treatment period, which was
partially mitigated by IRI+BGP treatment (p < 0.05; Figure 1A). When expressed relative to the vehicle
(VEH) group, which gained ~5% of their initial body mass over the treatment period, IRI treatment
caused marked cachexia with a ~10% displacement from normal/expected body mass (p < 0.05;
Figure 1B). Combined IRI+BGP treatment attenuated body mass displacement to <5% (pre-cachexia)
(p < 0.05 compared to IRI; Figure 1B). Unsurprisingly, lean mass data mirrored body mass data, with
IRI treatment inducing a ~5% loss of lean mass compared to VEH, which was also partially mitigated
by IRI+BGP treatment but still significantly lower than VEH control lean mass (p < 0.05; Figure 1C).
There was, however, no protective effect from IRI+BGP treatment on fat mass, with both IRI and
IRI+BGP treatment inducing a ~20% reduction in fat mass compared to VEH (p < 0.05; Figure 1D).
These reductions in body composition indices were not due to differences found in food consumption
between treatment groups (p > 0.05; Figure 1E).
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Figure 1. The effect of irinotecan (IRI) and IRI with BGP-15 (IRI+BGP) treatment on body composition
indices and food consumption. Body composition parameters were measured pre- and post-treatment
with body mass presented as (A) percentage change from Pre to Post treatment and (B) relative
displacement percentage compared to vehicle (VEH) from Pre to Post treatment. (C) Lean and (D) fat
mass are presented as a percentage change from Pre to Post treatment. (E) Food consumption was
monitored throughout the treatment period. * = p < 0.05 compared to VEH; ˆ = p < 0.05 compared to
IRI; n = 7–8.

2.2. IRI Treatment Causes Muscular Atrophy Which Is Normalized by BGP-15

To explore whether the IRI-induced loss of lean mass was emulated in skeletal muscle, we sought
to determine whether IRI and IRI+BGP treatment could influence crude mass of a selection of hindlimb
muscles or the cross-sectional area (CSA) of tibialis anterior (TA) fibers. There were no significant
differences in raw mass or the muscle to body mass ratios between treatment groups for extensor
digitorum longus (EDL), soleus (SOL) or heart muscles (p > 0.05; Figure 2A). However, both TA raw
mass and the TA to body mass ratio were significantly reduced following IRI treatment (p < 0.05),
which was protected against by IRI+BGP treatment (p < 0.05; Figure 2A). Histological fiber size
profiling demonstrated a left shift in the CSA frequency distribution induced by IRI treatment, which
was normalized to VEH control levels by IRI+BGP treatment (Figure 2B). Furthermore, mean fiber
CSA and the pooled fiber size distribution were also significantly reduced following IRI treatment
compared to VEH (p < 0.05; Figure 2C–E) and IRI+BGP treatment partially rescued both of these
measures (p < 0.05; Figure 2C–E). There was no evidence of muscle damage elicited by IRI treatment
by way of centronucleated fibers and immune cell infiltrate (Figure 2E).
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Figure 2. The effect of irinotecan (IRI) and IRI with BGP-15 (IRI+BGP) treatment on muscle mass and
fiber size. (A) Skeletal muscle masses of extensor digitorum longus (EDL), soleus (SOL), tibialis anterior
(TA) and heart were measured post-mortem and are presented as both raw mass and as a muscle
mass to body mass ratio. TA cross-sections were hematoxylin and eosin (H&E)-stained to assess the
skeletal muscle histological fiber size with data presented as (B) muscle fiber cross-sectional area (CSA)
percentage relative frequency distribution, (C) the mean group pooled muscle fiber CSA (of all fibers
counted) and (D) the group pooled fiber size distribution. (E) Representative images of H&E-stained
TA cross-sections show no evidence of muscle damage (e.g., centronucleated fibers and immune cell
infiltrate). Scale bar = 50 µm; * = p < 0.05 compared to VEH, ˆ = p < 0.05 compared to IRI; n = 6–8 for
muscle weights; n = 4–6 for histology.

2.3. IRI Reduces Protein Synthesis which Is Exacerbated by BGP-15

To investigate changes to molecular signaling of protein turnover as a potential mechanism for
IRI-induced muscle fiber atrophy, we initially assessed skeletal muscle protein synthesis signaling
via the in vivo surface sensing of translation (SUnSET) method [45], which measures the rate of
puromycin-labelled peptide production as an indicator of overall protein synthesis rates. IRI treatment
reduced protein synthesis compared to VEH, and surprisingly, IRI+BGP treatment further reduced
protein synthesis (p < 0.05; Figure 3A,J). These decreases in protein synthesis were independent of
a change in the phosphorylation of eIF2a, a highly characterized inhibitor of protein synthesis [46]
(p > 0.05; Figure 3B,J). Given its prominent role regulating skeletal muscle protein synthesis [47],
we next probed for markers involved in the activation of mammalian/mechanistic target of rapamycin
(mTOR) Complex 1 (mTORC1) signaling and mTORC1’s downstream targets. Interestingly, we
demonstrated no significant differences between treatment groups in AktThr308, p70s6k1Thr389 or
4E-BP1Thr37/46 phosphorylation (p > 0.05; Figure 3C–E,J), although there was a trend for IRI+BGP
treatment to increase p70s6k1 signaling relative to IRI (p = 0.08; Figure 3D,J). There was, however, a
reduction in AktSer473 phosphorylation with both IRI and IRI+BGP treatments (p < 0.05; Figure 3F,J),
a site targeted by mTORC2 (mTOR Complex 2) signaling [48]. On the alternative side of protein
turnover, we saw no significant effect between treatment groups in crude static molecular markers
of protein degradation, i.e., total ubiquitinated proteins, Atrogin-1 or muscle RING-finger protein-1
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(MuRF-1) (p > 0.05; Figure 3G–J). Full-length Western blots, densitometry data and total protein data
are provided in Figures S1, S2 and S4 and Table S1.
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and degradation signaling. Western blotting experiments were undertaken on tibialis anterior
(TA) homogenate—data are expressed as a relative percentage of the vehicle (VEH) control group.
Samples were probed for (A) puromycin as a marker of protein synthesis via the surface sensing of
translation (SUnSET) method, (B) eIF2aSer51 relative to total eIF2a, (C) AktThr308 relative to total Akt,
(D) p70s6kThr389 relative to total p70s6k, (E) 4E-BP1Thr37/46 relative to total 4E-BP1, (F) AktSer473 relative
to total Akt, (G) Ubiquitin, (H) Atrogin-1 and (I) MuRF-1. (J) Western blot representative images are
displayed alongside a Coomassie Blue representative image, which was used as the protein loading
control. * = p < 0.05 compared to VEH, ˆ = p < 0.05 compared to IRI; n = 5–8.
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2.4. Assessment of Molecular Markers of Sarcolemmal Membrane Integrity

Since IRI+BGP enhanced the IRI-induced reduction in protein synthesis rate without affecting
crude markers of protein degradation, we wanted to investigate whether this might be a consequence
of perturbed mechanotransduction through exploring skeletal muscle structural protein expression.
Utilizing homogenized TA muscles which are from the same hindlimb anterior compartment and
have similar fiber type distributions (i.e., predominately fast-twitch, glycolytic type II fibers) as EDL
muscles, we initially probed for laminin, which links the extracellular matrix (ECM) to the sarcolemmal
membrane. There was no significant effect on the protein expression of laminin between treatment
groups (p > 0.05; Figure 4A,M); however, when we assessed the protein expression of dystrophin, a key
structural protein that connects the sarcolemmal membrane to the actin cytoskeleton, IRI treatment
was found to induce a significant reduction, which was not mitigated by IRI+BGP treatment (p < 0.05;
Figure 4B,M). We then probed other key structural proteins located on the sarcolemmal membrane and
demonstrated that IRI+BGP treatment significantly reduced the protein expression of β-dystroglycan
relative to VEH- and IRI-treated mice (p < 0.05; Figure 4C,M), but there were no significant changes
from treatment to the protein expression of sarcoglycan isoforms α and δ (p > 0.05; Figure 4D,E,M).
There was no significant effect between treatment groups on the protein expression of the intermediate
filament desmin (p > 0.05; Figure 4F,M), a key structural protein that connects the sarcomere to the
subsarcolemmal cytoskeleton. Full-length Western blots, densitometry data and total protein data are
provided in Figures S2 and S4 and Table S1.

It has previously been shown in non-muscle cells that BGP-15 can induce remodeling of plasma
membrane lipid rafts, in part, by a Ras-related C3 botulinum toxin substrate 1 (Rac1) GTPase-dependent
mechanism [49]. Furthermore, Rac1 signaling has been shown to mediate matrix metalloproteinases’
(MMPs) activity in multiple cell types [50–53], which are a group of proteolytic enzymes that can
degrade key structural components of the contractile apparatus assembly and the ECM, such as
troponin and collagen, respectively, to facilitate remodeling [54–56]. As such, we wanted to assess
whether BGP-15 improved muscle mass and function through MMP-9 and MMP-2 activity-dependent
structural remodeling. Consistent with our HSP-70 protein expression data, there was no significant
effect of IRI or IRI+BGP treatment on Rac1 (p > 0.05; Figure 4G,M) or MMP-9 and MMP-2 protein
expression (p > 0.05; Figure 4H,I,M) when probing TA homogenate. However, when we evaluated
MMP-9 and MMP-2 activity in EDL homogenate (EDL muscles have a similar fiber type composition
to TA muscles) via gelatin zymography, we found a strong trend for IRI+BGP treatment to increase
MMP-9 activity relative to VEH (p = 0.08; Figure 4J,N) whilst also significantly reducing MMP-2 activity
compared to VEH and IRI treatments (p < 0.05; Figure 4K,N). We also identified that IRI+BGP treatment
shifted homeostatic MMP activity through increasing the MMP-9 to MMP-2 (MMP-9/MMP-2) activity
ratio compared to VEH and IRI treatments (p < 0.05 and p = 0.06, respectively; Figure 4L,N), an event
likely driven by contractile apparatus/cytoskeletal/ECM remodeling [55–57]. Full-length Western blots,
densitometry data and total protein data are provided in Figures S2 and S4 and Table S1.
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Figure 4. The effect of irinotecan (IRI) and IRI with BGP-15 (IRI+BGP) treatments on molecular
markers of sarcolemmal integrity and extracellular matrix (ECM) remodeling. Western blotting
experiments were undertaken in tibialis anterior (TA) muscle, with samples probed for (A) Laminin,
(B) Dystrophin, (C) β-dystroglycan (β-DGC), (D) α-sarcoglycan (α-SGC), (E) δ-sarcoglycan (δ-SGC),
(F) Desmin, (G) Rac1 and matrix metalloproteinase (MMP) isoforms (H) MMP-9 and (I) MMP-2. Gelatin
zymography experiments were conducted using extensor digitorum longus (EDL) muscle homogenate
(same anterior hindlimb muscle compartment as the TA) to assess the activity of (J) MMP-9 and (K)
MMP-2. (L) The ratio of MMP-9 to MMP-2 was utilized to indicate the shift of gelatinolytic MMP
activity. Western blotting data are expressed as a relative percentage of the vehicle (VEH) control group
and (M) representative images are displayed alongside the Coomassie Blue representative image, which
was used as the protein loading control. (N) Representative image of zymography data is displayed.
* = p < 0.05 compared to VEH; ˆ = p < 0.05 compared to IRI; n = 5–8.

2.5. Assessment of Skeletal Muscle Contractile Function

We examined the contractile function of the predominately slow-twitch SOL and the predominately
fast-twitch EDL muscles. We found no significant differences between treatment groups in the
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force–frequency relationships of either SOL or EDL muscles (p > 0.05; Figure 5A,B); however, we
demonstrated that the absolute force production of SOL and EDL muscles was significantly reduced by
IRI treatment (p < 0.05; Figure 5C,D). IRI+BGP treatment was protective against IRI-induced skeletal
muscle dysfunction with absolute force normalization in the SOL muscle (p < 0.05; Figure 5C) and
a strong trend toward improved absolute force production of the EDL muscle (p = 0.06; Figure 5D)
relative to IRI-treated animals. When we accounted for the physiological CSA, there was no significant
effect on specific force production of the SOL compared to VEH (p > 0.05; Figure 5E), but IRI treatment
did reduce specific force production of the EDL (p < 0.05; Figure 5F). Interestingly, there was a trend for
IRI+BGP treatment to improve the specific force production of the SOL relative to both IRI and VEH
groups (p = 0.09; Figure 5E); however, IRI+BGP exhibited no ameliorative effect on the IRI-induced
reduction in specific force production of the EDL (p > 0.05; Figure 5F). Mirroring the absolute force
data, we demonstrated a reduction in the twitch force (Pt) and the rate of force development (df/dt)
for EDL (p < 0.05; Figure 5G) and SOL (p < 0.05 and p = 0.08, respectively; Figure 5G) from IRI
treatment, which was mitigated by IRI+BGP treatment, normalizing twitch force to VEH control levels
(p < 0.05; Figure 5G). We then assessed two factors involved in calcium (Ca2+) handling (i.e., time to
peak tension (TTP) and half relaxation time ( 1

2 RT)), which may play a role in the underlying mechanism
of IRI-induced dysfunction; however, there was no significant effect of IRI or IRI+BGP treatment on
these measures (p > 0.05; Figure 5G). We also assessed fatigue susceptibility in SOL and EDL muscles
by conducting a fatiguing stimulation protocol that induces a progressive reduction in force output of
~65–75% (Figure 5H,I). There was no significant effect of IRI or IRI+BGP treatment on the fatigability of
SOL muscles (p > 0.05; Figure 5H), nor of IRI treatment on EDL muscles (p > 0.05; Figure 5I). However,
it was observed that IRI+BGP-treated EDL muscles had an increased susceptibility to rupture at the
musculotendinous junction during the fatigue protocol, with 50% (n = 3/6) tearing during the initial
3–4 stimulated contractions and the remaining 50% (n = 3/6) tearing but continuing to be partially
responsive to stimuli (Figure 5I). Despite these ex vivo functional observations, there was no significant
effect of IRI or IRI+BGP-15 on voluntary exercise, with wheel distance (p > 0.05; Figure 5J) and speed
(p < 0.05; Figure 5K) unaffected by treatment over a 24-h assessment period. There was, however, a
strong trend for IRI to reduce overall cage activity, which was not mitigated by IRI+BGP-15 treatment
(p = 0.07 for IRI and p = 0.05 for IR+BGP-15 versus VEH; Figure 5L).
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Figure 5. The effect of irinotecan (IRI) and IRI with BGP-15 (IRI+BGP) treatment on skeletal muscle
function. Soleus (SOL) and extensor digitorum longus (EDL) muscles underwent ex vivo assessment of
contractile function, with (A,B) force–frequency relationships and (C,D) absolute and (E,F) specific
force production determined. (G) Single twitch properties, i.e., Pt = single twitch force, TTP = time to
peak, 1

2 RT = half relaxation time and df/dt = rate of force production, were also evaluated for SOL and
EDL muscles. Additionally, (H) SOL and (I) EDL muscles underwent fatigue protocols (sequential
supramaximal tetanic stimulations) to assess fatigue susceptibility. To correlate ex vivo function data
with overall physical activity, mice were housed in Promethion metabolic cages containing running
wheels for 24 h prior to endpoint muscle collection. Voluntary wheel running (J) distance and (K) speed
were assessed in addition to (L) cage activity over these 24 h. * = p < 0.05 compare to VEH; # p = 0.08
compared to VEH, ˆ = p < 0.05 compared to IRI; n = 5–8.

2.6. Assessment of Skeletal Muscle Metabolic Phenotype

Since we have previously demonstrated that IRI treatment can reduce skeletal muscle
mitochondrial viability in vitro [58], we undertook mitochondrial profiling on muscles derived
from IRI- and IRI+BGP-treated mice to determine whether similar effects could be observed. Initially,
we assessed citrate synthase (CS) activity in TA homogenate as a marker of mitochondrial density.
While there was no significant effect of IRI treatment, IRI+BGP treatment significantly increased
CS activity compared to the VEH control group (p < 0.05; Figure 6A). Additionally, we conducted
mitochondrial metabolic phenotyping experiments in isolated flexor digitorum brevis (FDB) muscle
using extracellular flux technology to determine the relative contribution of oxidative and glycolytic
metabolism. There was no effect of IRI treatment on the resting basal respiration compared to VEH
(p > 0.05); however, IRI+BGP treatment significantly increased basal respiration compared to VEH and
IRI groups (p < 0.05; Figure 6B). Similarly, ATP production rate was significantly increased by IRI+BGP
treatment compared to the VEH and IRI groups (p < 0.05; Figure 6C); however, there was no significant
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effect of any treatment group on the coupling efficiency (p > 0.05; Figure 6D). Interestingly, IRI treatment
increased spare respiratory capacity relative to VEH (p < 0.05; Figure 6E), although IRI+BGP treatment
had no effect on this mitochondrial functional parameter (p > 0.05; Figure 6E). We also demonstrated
no impact of either IRI or IRI+BGP treatment on glycolytic metabolism as there was no significant
effect of treatment on basal extracellular acidification rate (ECAR) or ECAR metabolic potential, which
is indicative of the maximal ECAR capacity (p > 0.05; Figure 6F,G, respectively).
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Figure 6. The effect of irinotecan (IRI) and IRI with BGP-15 (IRI+BGP) treatment on skeletal muscle
mitochondrial metabolic phenotyping. (A) Tibialis anterior (TA) homogenate was analyzed for
citrate synthase (CS) activity as a marker of mitochondrial density. Isolated flexor digitorum brevis
(FDB) fibers were utilized for mitochondrial metabolic analyses with oxidative respiration indices,
i.e., (B) basal respiration, (C) adenosine triphosphate (ATP) production rate, (D) coupling efficiency,
(E) spare respiratory capacity, as well as glycolytic respiration indices, i.e., (F) basal extracellular
acidification rate (ECAR) and (G) ECAR metabolic potential, measured. Furthermore, Western
blotting experiments were undertaken and TA homogenate was probed for (H) total poly-(ADP-ribose)
polymerase-1 (PARP-1) and (I) heat shock protein-70 (HSP-70)—these data are expressed as a relative
percentage of the vehicle (VEH) control group. (J) Western blot representative images are displayed
alongside a Coomassie Blue representative image, which was used as the protein loading control.
* = p < 0.05 compare to VEH; ˆ = p < 0.05 compared to IRI; n = 4–8 for CS activity and n = 5–8 for
metabolic phenotyping and Western blotting.
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To examine whether the mechanisms underlying the enhanced mitochondrial function from
IRI+BGP treatment adhered to the previously confirmed targets of BGP-15 (i.e., HSP-70 co-induction
and PARP-1 inhibition) [26,37], we next undertook Western blotting in TA homogenates. We showed
that IRI+BGP treatment reduced total PARP-1 protein expression (p < 0.05; Figure 6H,J) but did not
alter HSP-70 protein expression (p > 0.05; Figure 6I,J). IRI treatment alone did not significantly affect
either target (p > 0.05; Figure 6H–J). Full-length Western blots, densitometry data and total protein
data are provided in Figures S3 and S4 and Table S1.

2.7. Assessment of Redox Balance and Mitochondrial Content Signaling Pathways in Skeletal Muscle

Since skeletal muscle dysfunction caused by chemotherapeutic agents has previously been
associated with oxidative stress potentiated through increased reactive oxygen species (ROS)
production [59], we wanted to investigate molecular markers of redox balance and mitochondrial
content in skeletal muscle. There was no effect of IRI or IRI+BGP treatment on the protein expression
of 4-Hydroxynoneal (4-HNE), a marker of lipid peroxidation, which is a key hallmark of oxidative
stress [60] (p > 0.05; Figure 7A,L); nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf-2), the master
transcriptional regulator of the anti-oxidant response to cellular stress (p > 0.05; Figure 7B,L); or the
downstream antioxidant targets of Nrf-2, hemeoxygenase-1 (HO-1) and superoxide dismutase-1 (SOD1)
(p > 0.05; Figure 7C,D,L). Similarly, there was no significant difference in the protein expression of
the negative regulator of Nrf-2, Kelch-like ECH-associated protein 1 (Keap-1), from IRI or IRI+BGP
treatment (p > 0.05; Figure 7E,L). Interestingly, the protein expression of DJ-1, a highly conserved protein
that can positively regulate Nrf-2 activity [61], was significantly increased by IRI+BGP treatment
compared to VEH (p < 0.05; Figure 7F,L), whilst there was a modest trend for IRI treatment to
increase DJ-1 protein expression relative to VEH (p = 0.09; Figure 7F,L).These data were further
supported by normal expression of mitogen-activated protein kinase (MAPK) signaling, i.e., p38, ERK
1/2 and JNK (p > 0.05; Figure 7G–I,L), which is sensitive to acute increases in oxidative stress [62],
between treatment groups. However, there was a modest trend for IRI+BGP treatment to increase
p38 phosphorylation relative to VEH (p = 0.09; Figure 7G,L). Additionally, there were no significant
differences between treatment groups in the protein expression of molecular markers of mitochondrial
remodeling (i.e., cytochrome c (Cyt-c); p > 0.05; Figure 7J,L) and content (i.e., commonly probed
protein subunits of the mitochondrial Complexes I–V; p > 0.05; Figure 7K,L). Full-length Western blots,
densitometry data and total protein data are provided in Figures S1, S3 and S4 and Table S1.
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Figure 7. The effect of irinotecan (IRI) and IRI with BGP-15 (IRI+BGP) treatment on oxidative and
mitochondrial stress signaling pathways. Western blotting experiments were undertaken and tibialis
anterior (TA) homogenate was probed for oxidative stress signaling markers; (A) 4-Hydroxynoneal
(4-HNE), (B) nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf-2), (C) hemeoxygenase-1 (HO-1),
(D) superoxide dismutase-1 (SOD1), (E) Kelch-like ECH-associated protein 1 (Keap-1), (F) protein
deglycase (DJ-1), and mitogen-activated protein kinases (MAPKs)—which are sensitive to oxidative
stress—(G) p38 (Thr180/Tyr182) relative to total p38, (H) extracellular signal-regulated protein kinase
(ERK1/2; Thr202/Tyr204) relative to total ERK1/2 and (I) c-Jun N-terminal kinase (JNK;Thr183/Tyr185)
relative to total JNK are displayed. Additionally, mitochondrial stress and content markers (J) Cyt-c
and (K) the OXPHOS cocktail, i.e., Complex V (CV) subunit ATP5A, Complex IV (CIV) subunit MTCO1,
Complex III (CIII) subunit UQCRC, Complex II (CII) subunit SDHB and Complex I (CI) subunit
NDUFB8, were probed for. These data are expressed as a relative percentage of the vehicle (VEH)
control group. (L) Western blot representative images are displayed alongside a Coomassie Blue
representative image, which was used as the protein loading control. * = p < 0.05 compare to VEH;
n = 5–8.

3. Discussion

This is the first study to examine the effect of IRI treatment and BGP-15 adjuvant therapy on
skeletal muscle mass and function. Our novel findings show that BGP-15 adjuvant therapy mitigates the
IRI-induced wasting phenotype, which is underscored by a protective maintenance of skeletal muscle
mass and fiber size. Fascinatingly, we observed a paradoxical finding where BGP-15 adjuvant therapy
exacerbated the IRI-induced reduction in protein synthesis independent of mTORC1 signaling but
ameliorated the IRI-induced skeletal muscle dysfunction, whilst also potentiating oxidative metabolism,
apparently through suppression of PARP-1. While we showed indications of cytoskeletal and/or ECM
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remodeling (through changes to the dystrophin-associated protein complex (DAPC) and the MMP-9 to
MMP-2 ratio) driven by both IRI and the addition of BGP-15, it is difficult to conclude whether these
changes are short-lived and ultimately beneficial or whether they detrimentally progress a muscular
dystrophy-like phenotype. Indeed, IRI+BGP-15 muscles were more prone to tearing due to the shear
stress associated with ex vivo fatiguing contraction, although there was no evidence of histopathology.

3.1. Skeletal Muscle Mass versus Protein Synthesis: The Paradoxical Effect of BGP-15 Adjuvant Therapy

We have demonstrated in this study that IRI induced a cachectic phenotype characterized by
skeletal muscle wasting, i.e., diminished crude TA mass and fiber CSA, mirroring previous data
where IRI administered as part of the FOLFIRI chemotherapy combination regimen contributed to
the induction of cachexia [11,63]. One of the underlying mechanisms of skeletal muscle mass loss
in the cachectic phenotype has been proposed to be impaired protein synthesis rates, which was
first demonstrated by Emery et al. [64] in cachectic cancer patients. More recently, in the absence
of cancer, chemotherapeutic agents such as doxorubicin have been shown to reduce skeletal muscle
protein synthesis rates independent of key mTORC1 and eIF2a regulatory signaling [65,66]. Consistent
with these data, we found that IRI-induced muscle wasting was independent of reduced protein
synthesis through mTORC1 inhibition. This suggests that IRI treatment alone, or in a combination
regimen, can significantly impact skeletal muscle mass, placing IRI amongst doxorubicin and cisplatin
as chemotherapeutic agents with skeletal muscle toxicity profiles [9]. Surprisingly, however, we found
that BGP-15 adjuvant therapy further reduced basal protein synthesis rates. One question that arises
from these data is: how did BGP-15 adjuvant therapy attenuate crude muscle and fiber wasting/atrophy
when protein synthesis was even lower than with IRI treatment alone? While this question remains
herein unanswered, if muscle mass is broadly determined by the balance between protein synthesis
and degradation rates, our data suggest that BGP-15 adjuvant therapy likely decreased the rate of
protein degradation to an even larger extent than the reduction in protein synthesis, leading to a net
increase in protein accretion. BGP-15 has previously been shown to co-induce HSP-70 [26,29,67], and
we postulate that the activation of HSP-70 may be a key factor in regulating (i.e., lowering) protein
degradation [43]. For example, the overexpression of HSP-70 has been shown to partially mitigate the
hindlimb unloading-induced escalation of proteolytic activity [68]. Unfortunately, we were unable
to detect the co-induction of HSP-70 by BGP-15 adjuvant therapy. In a C2C12 muscle cell culture,
we have observed that HSP-70 expression is significantly elevated at 30 min following treatment
with 1mM BGP-15 (administered with chemotherapeutic agent, 5-fluorouracil), reaching a peak at
1 h and subsiding by 2 h (D. Campelj [69]). Our observations are consistent with others describing
BGP-15-mediated HSP-70 induction < 24 h after treatment [26,29,67]. Thus, HSP-70 induction by
BGP-15 is acute. transient and, therefore, undetectable in our study as we harvested muscles 3 days
post the final treatment. A recent study by Salah et al. [28] illustrated that a 10-day treatment course of
daily, high-dose (40 mg/kg) BGP-15 could rescue a range of proteolytic post-translational modifications
induced by ventilation-induced diaphragm dysfunction. In contrast, our data show no effect of
BGP-15 adjuvant therapy on crude static markers of protein degradation (i.e., the protein expression of
atrogin-1, MuRF1 and total ubiquitinated proteins) at the end of the treatment period. However, we
cannot rule out decreased proteasomal and/or lysosomal activity, despite no change in the steady state
levels of these markers, or that changes in the markers may have occurred at an earlier time point.
Clearly, more studies are now required to explore this fascinating phenomenon further.

3.2. The Relationship between Protein Synthesis and Cytoskeletal Re-Modelling: A Potential Role for
Mechanotransduction?

Another question that arises from our data is: what was/were the mTORC1-independent
mechanism(s) responsible for the IRI- and BGP-15-mediated reduction in basal protein synthesis rates?
With regards to IRI treatment, one potential answer may lie in the suppression of Akt phosphorylation
at the Ser473 residue. AktSer473 phosphorylation is indicative of mTORC2 activity [48]; mTORC2 has
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recently emerged as a regulator of plasma membrane homeostasis [70], and specific to skeletal muscle,
sarcolemmal integrity is considered to be sensitive to AktSer473 phosphorylation [71]. Furthermore,
mTORC2 activity has recently been implicated in mechanical overload-induced increases in protein
synthesis and muscle growth (for a review, see [72]). Considering these two points, we postulate that
the reduction in protein synthesis induced by IRI treatment and exacerbated by BGP-15 adjuvant
therapy may be reflective of compromised mechanotransduction underlined by reduced AktSer473

phosphorylation and compromised cytoskeletal stability, although the timing of the cascade of events
is unknown. Indeed, we demonstrated a decrease in dystrophin expression from IRI treatment
(both alone and in combination with BGP-15) alongside a decrease in β-dystroglycan from BGP-15
adjuvant therapy, imitating the step-like reduction observed in protein synthesis rates. Altered
expression of cytoskeletal structural proteins in skeletal muscle of chemotherapy-treated mice has
previously been demonstrated via transcriptomic [73] and proteomic [22] screening; however, follow-up
analysis has not been conducted. Since it has long been speculated that skeletal muscle protein synthesis
regulation is tension-dependent [74], better understanding of the underlying mechanistic control of
the mechanotransduction signaling pathways that influence tension is of significant interest [72,75–80].
Importantly, our data are the first to identify the DAPC in the complex interplay between mTORC2
signaling, mechanotransduction and protein synthesis.

3.3. The Functional Consequence of Cytoskeletal Remodeling by IRI Treatment and BGP-15 Adjuvant Therapy

In this study, we demonstrate that IRI administration reduces skeletal muscle force production in a
muscle/fiber-type-independent manner, which is consistent with the dysfunction induced from other
chemotherapeutic agents [11,81,82]. A contributing factor to IRI-induced skeletal muscle dysfunction may
be the reduction in dystrophin protein expression, a key member of the DAPC, which acts as an anchoring
protein supporting the stability of sarcomeric and sarcolemmal proteins. Swiderski et al. [83] highlight
several amino acid residues in the cysteine-rich and C-terminus domains of the dystrophin protein that are
susceptible to post-translational modifications, including phosphorylation by multiple kinases, such as
Ca2+/calmodulin-dependent kinase, which can impact skeletal muscle function [84]. Indeed, the loss of
dystrophin has been associated with dysregulated Ca2+ signaling [85], which has also been observed as
a key perturbation underlying cisplatin- and doxorubicin-induced skeletal muscle dysfunction [86,87].
Thus, it would be of interest in future investigations to determine the post-translational modifications
to the dystrophin protein when challenged by multiple chemotherapeutic agents, including IRI. Since
BGP-15 adjuvant therapy preserved skeletal muscle contractile function, which has previously been
shown in other myopathic models [27,31,32,67], the reduction in both dystrophin and β-dystroglycan
expression appears not to have the same impact on muscle function as it does in muscular dystrophy
models. That being said, an interesting finding of our study was that IRI+BGP-15-treated EDL muscles
had an increased susceptibility to tear from the shear stress of repeated contractions during our ex
vivo fatigue protocol. This may be due, in part, to the increased force production and the combined
reduction in dystrophin and β-dystroglycan expression in the IRI+BGP-15-treated muscles compared
to the IRI-only-treated muscles. Indeed, protein constituents of the DAPC, such as dystrophin and
β-dystroglycan, play an integral role in preserving skeletal muscle stiffness and elasticity [88], assisting in
the maintenance of cytoskeletal integrity during muscle contraction [89]. In addition, we demonstrated
that BGP-15 adjuvant therapy increased the MMP-9/MMP-2 activity ratio, which is proposed to play
a role in remodeling of the ECM and cytoskeletal structural and contractile proteins in skeletal [56]
and cardiac muscle [55]. While the order of remodeling events cannot be ascertained from our data,
these events combined might account for proneness to musculotendinous rupture in IRI+BGP-15-treated
muscles, Future studies are required to elucidate the muscle- and ECM-specific remodeling that is
induced by IRI and BGP-15.
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3.4. BGP-15 Adjuvant Therapy Potentiates Skeletal Muscle Oxidative Metabolism through PARP-1 Inhibition

In this study, BGP-15 adjuvant therapy enhanced skeletal muscle oxidative metabolism, highlighted
by the increase in basal oxygen consumption rate, ATP production and CS activity. The pro-oxidative
metabolic effect of BGP-15 adjuvant therapy appears to be driven via the inhibition of PARP-1 and
perhaps even as a latent effect of the transient co-induction of HSP-70 [26,29,67] in response to IRI
treatment. PARP-1 inhibition exerts cellular protection in environments with excess PARP-1 activity,
which is considered to promote destabilization of the mitochondrial membranes, leading to the
impairment of mitochondrial function [90]. While we saw no evidence of increased PARP-1 or
reduced mitochondrial function elicited by IRI treatment, PARP-1 inhibition by BGP-15 still inferred
pro-mitochondrial activity. This could be due to the timepoint at which we harvested tissue (i.e., 3
days post final IRI injection), which may have preceded the acute mitochondrial perturbations elicited
by IRI, as previously published by us in C2C12 myoblasts and myotubes [58]. Furthermore, the
FOLFIRI regimen, of which IRI is a constituent, has been previously shown to induce acute skeletal
muscle mitochondrial perturbations, highlighted by impaired mitochondrial biogenesis and enhanced
pro-oxidant signaling [11]. This suggests that the metronomic delivery of IRI potentially instigates
mitohormesis in skeletal muscle, where, initially, there is an acute metabolic challenge exerted upon
mitochondria from IRI administration; however, with repeat insults from IRI, mitochondria adapt
and become more adept at handling the prolonged metabolic challenge [91]. In this scenario, PARP-1
inhibition would transiently enhance the mitochondrial adaptations to the metabolic challenges by
protecting against nicotinamide adenine dinucleotide (NAD) depletion and, through the promotion
of DJ-1, aiding metabolic re-programming [92]. This hypothesis is based on the assumption that
these mitohormetic protective adaptations include increasing PARP activity, for example, PARylation,
which is activated during mitochondrial DNA repair and integrity maintenance [93] at the expense of
depleting NAD and impairing mitochondrial function.

3.5. Limitations

There were some limitations to our research that are worthy of mention. In the first instance,
we conducted our study using 6-week-old mice and treated them over 2 weeks, up to 8 weeks of
age. Mice are considered sexually mature at 8 weeks of age; hence, we treated our mice during the
pubertal developmental period but measured the impact of treatment at sexual maturity. Cachexia is
well documented in pediatric cancer patients and involves both tumor- and chemotherapy-mediated
pathogenesis [94]. Notably, however, pediatric cancer cachexia differs from adult cachexia in that
it predominantly manifests as stunted growth [95] which, along with significant skeletal muscle
dysfunction, can persist throughout the lifespan [96]. While the cachexia observed in our IRI-treated
mice may have included an element of growth repression, we also observed loss of body, lean and
fat mass from the pre- to post-treatment period, which is consistent with the accepted definition of
cachexia [1]. Secondly, our experimental design lacked a BGP-15-only cohort. This would not have
been so problematic had BGP-15 not induced further inhibition of protein synthesis or expression of
the cytoskeletal mechanotransduction proteins, dystrophin and β-dystroglycan on top of that already
elicited by IRI. That being said, we postulate that these effects of BGP-15 are specific to its activity in an
IRI-induced cellular stress environment since induction of HSP-72 and repression of PARP-1 have been
previously associated with enhanced protein synthesis and skeletal muscle accretion [97].
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4. Materials and Methods

4.1. Animals

4.1.1. Ethical Approval

All experimental procedures were approved by the Victoria University Animal Ethics Committee
(AEETH15/006) and conformed to the Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes.

4.1.2. Experimental Design and Treatments

Male Balb/c mice were acquired from the Animal Resource Centre (ARC, Western Australia) and
randomly allocated to treatment groups (n = 8) upon arrival. Mice were housed on a 12-h light/dark
cycle with ad libitum access to food (i.e., standard mice chow) and water supply throughout the
experiments. Mice were administered either vehicle (VEH; 0.1% dimethyl sulfoxide (DMSO) in sterile
water), irinotecan (IRI; 30 mg/kg (Sigma Aldrich, Sydney, Australia) dissolved in 0.1% DMSO) or BGP-15
adjuvant therapy with IRI (IRI+BGP; 15 mg/kg (BGP-15 donated by N-gene Research Laboratories,
New York, NY, USA) dissolved in 0.1% DMSO). Treatments were administered via intraperitoneal
injection six times over a fifteen-day period (i.e., on days 1, 3 5, 8, 10 and 12). The cumulative dose of IRI
administered is equivalent to the 180 mg/m2 cumulative dose utilized in standard clinical regimens [98],
as previously described by us [99], while the dose of BGP-15 is equivalent to that previously used by our
group to protect against chemotherapy-induced skeletal myopathy [36]. Animals were weighed prior
to the commencement of treatment (PRE) on each day of treatment and at the experimental endpoint.
Food and water consumption were monitored throughout the duration of the treatment protocol.

4.2. Body Composition

Echo magnetic resonance imaging (echoMRI) was utilized to assess the effect of IRI treatment and
BGP-15 adjuvant therapy on body composition indices of lean and fat mass. Live mice were placed
into an echoMRI body composition analyzer (EMR-150, Echo Medical Systems, Houston, TX, USA) on
day 1 (Pre) and day 15 (Post) of the treatment protocol, as previously described [8]. Lean and fat mass
was quantified via triplicate scans spaced 30 s apart and reported as the mean of these triplicate scans.

4.3. Physical Activity Assessment

To evaluate the impact of IRI treatment and BGP-15 adjuvant therapy on the physical activity
of mice, animals were individually housed for 24 h immediately prior to treatment commencement
and the experimental endpoint in Promethion Metabolic cages (Sable Systems, Las Vegas, NV, USA).
Cages allowed free access to food, water and a running wheel. Real-time voluntary activity associated
with wheel running and general cage-based ambulatory activity was evaluated as described by us
previously [8,36]. Data presented pertain to the total 24-h post-treatment period.

4.4. Surgery

At the conclusion of the treatment regimen and following the final echoMRI scan, mice were deeply
anesthetized via isoflurane inhalation and administered an intraperitoneal injection of 0.040 µmol/g
puromycin (Millipore, Sydney, Australia) dissolved in 100 µL of 0.9% saline to measure protein
synthesis [45]. Thereafter, non-recovery surgery was performed. Muscles of interest were surgically
excised for ex vivo analysis in the following order: (1) left and right flexor digitorum brevis (FDB)
muscles for the measurement of mitochondrial functional parameters; (2) right extensor digitorum
longus (EDL) and soleus (SOL) muscles for the assessment of contractile properties. Following this, at
exactly 30 min after the injection of puromycin: (3) right tibialis anterior (TA) muscles were harvested
and immediately snap-frozen for Western blotting experiments; and (4) the left TA was weighed and
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prepared for histological assessment prior to snap-freezing. The remaining tissues were then harvested
(i.e., the left EDL and SOL and the heart), weighed and snap-frozen.

4.5. Ex Vivo Skeletal Muscle Contractile Function

Ex vivo evaluation of skeletal muscle contractile properties was performed as previously described
by us [100–102], using the predominantly fast-twitch fiber EDL and the predominately slow-twitch
fiber SOL muscles. These muscles were exposed and loops were tied at both tendons with 4.0 surgical
silk thread before being dissected from the hindlimb and placed into individual organ baths of a
Myodynamics Muscle Strip Myograph System (DMT-Asia Pacific, Bella Vista, Australia). Each organ
bath was filled with Krebs solution (NaCl 118 mM, MgSO4·7H2O 1 mM, KCl 4.75 mM, Na2HPO
1 mM, CaCl2 2.5 mM, NaHCO3 24 mM and glucose 11 mM; pH 7.4) infused with carbogen (5% CO2

in O2) and maintained at a temperature of 30 ◦C. The proximal end of the muscle was tied to the
force transducer, while the distal end was tied to a micromanipulator, with stimulating electrodes
flanking the muscle belly. Data were collected and analyzed using LabChart Pro version 8.0 software
(ADInstruments, Bella Vista, Australia). Initially, the optimal length (Lo) of each muscle was established
through the delivery of sequential twitch contractions, whilst incrementally stretching each muscle,
until the point where the greatest force that was produced by the muscle was found and the length
of the muscle at this point was measured with calipers. Once Lo was determined, a force–frequency
protocol was performed utilizing supramaximal square wave 0.2-ms pulses at an incremental range of
frequencies (i.e., 10, 20, 30, 40, 50, 60 80, 100, 120 and 150 Hz), with a 3-min rest period in between
each stimulation to prevent fatigue. The training duration of pulses was 350 and 500 ms for the EDL
and SOL muscles, respectively, due to their differing muscle fiber characteristics. The muscles were
then stimulated with three single-twitch contractions for the analysis of basic contractile properties,
i.e., peak twitch force (Pt), time to peak (TTP), half relaxation time ( 1

2 RT) and maximum rate of force
development (df/dt). To investigate fatigue susceptibility, muscles next underwent a three-minute
fatigue protocol, where EDL muscles were tetanically stimulated as above at 100 Hz, while SOL
muscles were tetanically stimulated every two seconds at 80 Hz to elicit a comparable level of fatigue.
Absolute force (Po) was considered as the force produced from the first tetanic response stimulated
during the fatigue protocol. Specific force (sPo) was assessed as a normalized force relative to the
physiological cross-sectional area (CSA) which takes into consideration three key variables of force
production (i.e., muscle mass, optimal length and muscle density (∼1.06 mg mm−3)), and was calculated
using the equation sPo = Po × (muscle mass/1.06 × Lo × fiber length:muscle length ratio), as previously
described [103].

4.6. Mitochondrial Respiratory Phenotyping

4.6.1. Flexor Digitorum Brevis Muscle Fiber Isolation

In order to conduct mitochondrial metabolic profiling, FDB muscles were harvested from both
feet and fibers were isolated using a protocol established by Schuh et al. [104], as performed by us
previously [36,102,105]. FDB muscles were incubated in 1 mL of pre-warmed dissociation medium
(Dulbecco’s modified Eagle medium (DMEM), Gibco 10566016; 2% FBS, Bovogen Biologicals; 4 mg/mL
collagenase A, Roche 10103586001; 50 µg/mL gentamycin, Sigma Aldrich, Sydney, Australia, G1397)
for 1 h and 45 min (37 ◦C, 5% CO2). Following this dissociation period, FDB bundles were placed into
~1.5 mL of incubation medium (DMEM, high glucose, GlutaMAX™ supplement, Gibco/Thermo Fisher
Scientific, Scoresby, Australia 10566016; 2% FBS, Bovogen Biologicals; 50 µg/mL gentamycin, Sigma
Aldrich G1397) and triturated with pipette tips of decreasing bore size to yield single fibers.

4.6.2. Seahorse Microplate Preparation

To facilitate fiber adherence to Seahorse XF24 cell culture V7 microplates (Seahorse Bioscience,
Mulgrave., Australia), wells were coated with 5 µL of extracellular matrix (Sigma Aldrich, Sydney,



Cancers 2020, 12, 3810 19 of 28

AustraliaE1270) diluted in DMEM (1:1). Then, 75 µL of isolated FDB fibers was aliquoted into coated
wells and confluency was determined using light microscopy. A minimum of ~60% confluency, i.e.,
the estimated percentage of the well bottom covered by isolated FDB fibers, was deemed optimal. If a
well did not meet this requirement, an additional 50 µL aliquot of fibers was dispensed into wells.

4.6.3. Mitochondrial Metabolic Profiling Using the XF24 Extracellular Flux Analyzer

Mitochondrial metabolic profiling was performed using extracellular flux analysis (Seahorse
Bioscience/Agilent, Mulgrave, Australia) as described by us previously [105]. Basal, phosphorylating,
maximal and non-mitochondrial respiration was measured initially through the sequential addition
of 2 µg/mL oligomycin, 400 nm carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) with
10 mM sodium pyruvate, and 1 µM antimycin A, respectively. The extracellular acidification rate
(ECAR) was concomitantly measured as an indicator of anaerobic glycolysis.

4.7. Skeletal Muscle Histology

All histological experiments were completed as previously described by us [36,105]. To determine
whether IRI had atrophic effects on skeletal muscle and, subsequently, whether BGP-15 adjuvant
therapy could rescue any atrophy, we histologically assessed TA muscles which were cryopreserved in
optimal cutting temperature compound (Sakura Finetek, Maumee, OH, USA). TAs were sectioned
(10 µm, −20◦C, Leica CM1950, Leica Biosystems, Mount Waverley, Australia) and mounted onto glass
slides and then stained with hematoxylin and eosin (H&E) to evaluate muscle fiber size through
CSA. All slides were imaged on a Zeiss Axio Imager Z2 microscope (Carl Zeiss MicroImaging GmbH,
Oberkochen, Germany) at 20× magnification and analyzed as described previously [36,105] using
ImageJ software (NIH, Bethesda, MD, USA).

4.8. Western Blot Analyses

Western blotting was utilized to explore the effect of IRI treatment and BGP-15 adjuvant therapy on
molecular signaling pathways surrounding protein synthesis and degradation, cell stress and membrane
structure. All Western blotting protocols were completed as previously described by us [45,105]. Frozen
TA muscles were homogenized using an Omni Tissue Homogenizer (TH220, Omni International,
Kennesaw, GA, USA) for 20 s in ice-cold Western immunoprecipitation kinase (WIK) buffer (40 mM
Tris, pH 7.5; 1 mM ethylenediaminetetraacetic acid (EDTA); 5 mM etheylen glycol-bis(β-aminoethyl
ether)-N, N, N’, N’-tetraacetic acid (EGTA); 0.5% TritonX-100; 25 mM β-glycerophosphate; 25 mM
NaF; 1 mM Na3VO4; 10 g/mL leupeptin; and 1 mM phenylmethylsulfonyl fluoride (PMSF). Muscle
homogenate was centrifuged at 3500 rpm for 5 min at 4 ◦C, before the pellet was resuspended and the
muscle homogenate was frozen for further analysis. Protein concentrations were determined using
a sample assay kit (Bio-Rad Laboratories, Hercules, CA, USA) to ensure equal loading on the gels.
Samples were prepared with equivalent amounts of protein in either 2× sodium dodecyl sulfate (SDS)
sample buffer (20% (v/v) glycerol; 100 mM Tris-Base, pH 6.8; 4% (w/v) SDS; 0.017% (w/v) bromophenol
blue; 0.25 M dithiothreitol (DTT)) or 4× Laemmli buffer (Bio-Rad Laboratories, Hercules, CA, USA)
reduced in 50 mM DTT, heated for 5 min at 95 ◦C and subjected to electrophoretic separation on 7.5–12%
SDS-acrylamide gels. Antibodies that required exceptions to this protocol include Total oxidative
phosphorylation (OXPHOS) cocktail (1:1000; ab110413; Abcam, Cambridge, UK), where samples were
heated for 5 min at 40 ◦C, and anti-α-sarcoglycan (1:200; IVD3(1)A9; Developmental Studies Hybridoma
Bank (DSHB)), which was probed in samples under non-denaturing and non-reducing conditions,
as per supplier recommendations. Following electrophoretic separation, proteins were transferred
to a polyvinylidene fluoride membrane, blocked with 5% not-fat milk powder in Tris-buffered saline
containing 0.1% Tween 20 (TBST) for 1 h followed by an overnight incubation at 4 ◦C with primary
antibody dissolved in TBST containing either 1% BSA or 3% non-fat milk powder. The following
primary antibodies were used: anti-phospho 4E-BP1(Thr37/46) (1:1000; #2855; Cell Signalling Technology
(CST, Danvers, MA, USA)), anti-4E-BP1 (1:1000; #9452; CST), anti-4-HNE (1:1000; ab46545; Abcam,
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Cambridge, UK), anti-phospho AktSer473 (1:2000; #4060; CST), anti-phospho AktThr308 (1:2000; #13038;
CST), anti-Akt (1:1000; #4691; CST), anti-Atrogin-1 (1:1000; AP2041; ECM Biosciences, Versailles, KY,
USA), anti-β-Dystroglycan (1:500; MANDAG2 (7D11); DSHB), anti-Cytochrome C (1:2000; #11940,
CST), anti-δ-Sarcoglycan (1:1000; ab137101; Abcam), anti-Desmin (1:1000; #5332; CST), anti-DJ-1 (1:1000;
#5933; 1:1000), anti-Dystrophin (1:200; ab15277; Abcam), anti-phospho eIF2aSer51 (1:1000; #3398; CST),
anti-eIF2a (1:1000; #5324; CST), anti-phospho ERK1/2(Thr202/Tyr204) (1:1000; #9101; CST), anti-ERK1/2
(1:1000; #9102; CST), anti-HO-1 (1:1000; ADI-SPA-896; Enzo Life Sciences, Farmigdale, NY, USA),
anti-HSP-70 (1:1000; ADI-SPA-812; Enzo Life Sciences), anti-phospho JNK(Thr183/Tyr185) (1:1000; #4668;
CST), anti-JNK (1:1000; #9252; CST), anti-Keap-1 (1:1000; #8047; CST), anti-Laminin (1:2000; L9393;
Sigma-Aldrich, Sydney, Australia), anti-MMP-2 (1:1000; ab92536; Abcam), anti-MMP-9 (1:300; AF909;
R&D Systems), anti-MuRF-1 (1:200; AF5366; R&D Systems, Minneapolis, MN, USA); anti-NRF-2
(1:1000; #12721, CST), anti-phospho p38(Thr180/Tyr182) (1:1000; #4511; CST), anti-p38 (1:1000; #9212; CST),
anti-phospho p70s6k(Thr389) (1:1000; #9234; CST), anti-p70s6k (1:1000; #2708; CST), anti-PARP-1 (1:1000;
9542, CST), anti-Puromycin (1:5000; MABE343; Merck Millipore, Bayswater, Australia), anti-Rac1 (1:500;
#05-389; Merck Millipore), anti-SOD1 (1:3000; ADI-SOD-101; Enzo Life Sciences) and anti-Ubiquitin
(1:3000; sc8017; Santa Cruz, Dalla, TX, USA). After overnight incubation, membranes were washed 3
separate times for 10 min each in TBST and then probed with a horseradish peroxidase-conjugated
secondary antibody (1:5,000; anti-rabbit IgG, 1:5,000; anti-goat IgG or 1:20,000; anti-mouse IgG,
Vector Laboratories, Burlingame, CA, USA) in 5% not-fat milk powder in TBST for 1 h at room
temperature. Membranes that were probed with anti-Puromycin were incubated in anti-mouse IgG Fc
2a-specific horseradish peroxidase-conjugated secondary antibody (1:50,000; Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA), as previously described [45]. Following another set of
3 separate 10-min washes in TBST, the blots were developed with a DARQ CCD camera mounted
to a Fusion FX imaging system (Vilber Lourmat, Eberhardzell, Germany) using ECL Prime reagent
(Amersham, Piscataway, NJ, USA). Once images were captured, the membranes were stained with
Coomassie Blue and then normalized to total protein. Densitometric measurements were carried out
using FusionCAPTAdvance software (Vilber Lourmat, Eberhardzell, Germany).

4.9. Citrate Synthase Activity

Citrate Synthase (CS) activity was measured as a marker of mitochondrial density and/or
anaplerosis. Homogenized TA muscles in WIK buffer (as described above) were added to the reagent
cocktail (100 mM Tris Buffer, 1 mM 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) and 3 mM Acetyl
CoA), and to initiate the reaction, oxaloacetate (10 mM) was added just prior to measuring CS activity
spectrophotometrically (412 nm, 25 ◦C, 5 min). CS activity was calculated using the extinction coefficient
of 13.6 [106] and expressed relative to muscle wet weight.

4.10. Zymography Analyses for Gelatinase Activity

Zymography was performed via gelatin-infused SDS-PAGE to detect the gelatinolytic activity of
matrix metalloproteinases (MMPs), specifically the isoforms MMP-2 and MMP-9, based on a previously
established protocol [56]. EDL muscles were placed in ice-cold zymography homogenization buffer
(50 mM Tris-HCl; 150 mM NaCl; 10 mM CaCl2; pH 7.5) and were homogenized using the Omni Tissue
Homogenizer (TH220, Omni International, Kennesaw, GA, USA) for 3 sets at medium speed for 8 s.
Muscle homogenate was centrifuged at 3500 rpm for 5 min at 4 ◦C, before the pellet was resuspended
and the muscle homogenate frozen for further analysis. Protein concentrations were determined using
an RC DC sample assay kit (Bio-Rad Laboratories, Hercules, CA, USA) to ensure equal loading on the
gels. Samples were then prepared in 4X SDS sample buffer (400 mM Tris-HCl, pH 6.8; 4% (w/v) SDS;
20% glycerol (v/v); 0.005% (w/v) bromophenol blue) under non-reducing, non-denaturing conditions,
with 100 µg of protein loaded onto 0.75-mm thick 7.5% SDS-acrylamide gels that were co-polymerized
with 1% (w/v) gelatin (Sigma, Sydney, Australia). After gel electrophoresis was completed, gels were
washed twice for 40 min in denaturing buffer (2.5% (v/v) Triton-X; 50 mM Tris-HCl; 5 mM CaCl2; pH 7.6)
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to remove SDS. After this, gels were washed twice for 15 min in renaturing buffer (50 mM Tris-HCl;
5 mM CaCl2; pH 7.6) before being incubated overnight (~18 h) at 37 ◦C in developing buffer (50 mM
Tris-HCl; 150 mM NaCl; 10 mM CaCl2; 1 µM ZnCL2; 0.02% (w/v) NaN3; pH 7.5). The gels were then
stained for 3 h in Coomassie Blue solution (0.05% (w/v) Coomassie Brilliant Blue; 30% (v/v) methanol;
10% (v/v) acetic acid) before being incubated for 3 h in de-stain solution (30% (v/v) methanol; 10%
(v/v) acetic acid), allowing the visualization of the digestion of gelatin (i.e., gelatinase activity) against
the dark blue background. Gels were imaged using an Epson Perfection V700 Photo Scanner (Epson,
Sydney, Australia). Samples were run in duplicate on separate gels, with images semi-quantitatively
analyzed using Image J software (NIH, Bethesda, MD, USA), according to a previously established
method [107], with the mean area density reported.

4.11. Statistics

Data are presented as mean ± standard error of the mean (SEM). Data were analyzed using
GraphPad prism v8 (GraphPad Software, San Diego, CA, USA). A one-way ANOVA with Tukey’s
post-hoc test was utilized to detect treatment differences for parametric data, while Dunn’s multiple
comparison test was utilized to analyze non-parametric data, with an α-value of 0.05 considered
significant. A two-way repeated measures ANOVA was used to detect differences between treatment
and stimulation frequency/time for force–frequency relationships and fatigue susceptibility studies,
with Tukey’s post-hoc test utilized for multiple comparisons.

5. Conclusions

This study shows, for the first time, that, independent of cancer, IRI treatment diminishes body
mass indices, underlined by reduced skeletal muscle mass and, subsequently, contractile function,
which were mitigated by the PARP inhibitor BGP-15. The protective effect of BGP-15 adjuvant therapy
occurred alongside a paradoxical reduction in protein synthesis rates, likely underlined by aberrant
proteostasis; however, this needs to be confirmed. Additionally, IRI treatment and BGP-15 reduced
mTORC2 signaling and caused changes to the expression of cytoskeletal mechanotransduction proteins
associated with the DAPC in a step-like manner that mirrored the reduction in protein synthesis rates.
These data highlight remodeling of the contractile apparatus, cytoskeleton and/or ECM that is induced
by IRI and even more so by IRI+BGP-15. It is difficult to conclude from our data whether BGP-15, when
teamed with IRI treatment, is beneficial for the skeletal muscular system or not, since on the one hand,
BGP-15 mitigated many of the cachectic side-effects of IRI treatment, but on the other hand, it made
fast-twitch muscles more prone to tearing, despite rescuing function. Time-course studies should
be undertaken to determine whether the down regulation of DAPC constituent proteins evoked by
both IRI and IRI+BGP-15 induces a muscular dystrophy-like phenotype in the long term. This aspect
should be of significant clinical consideration before instigating the mainstream use of PARP inhibitors
in anti-cancer treatment and when prescribing IRI-based chemotherapy regimens to patients, since the
maintenance of body and, particularly, skeletal muscle mass improves patient survival and long-term
outcomes during cancer treatment.
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Preface 

This study was an extension of the key concepts described in Chapter 3. In this study we 

replaced chemotherapeutic agent IRI, with 5FU, the backbone of both the FOLFIRI and FOLFOX 

regimens, and assessed its capacity to drive cachexia induction as a mono-therapy, independent 

of its utility in multi-agent regimens.  We also combined mitoprotective agent BGP-15 with 5FU, 

as it demonstrated modest therapeutic efficacy to protect against chemotherapeutic-induced 

skeletal myopathy in our previous investigations [24, 32]. The aim of this study was to evaluate 

the protective potential of BGP-15 in combination with 5FU treatment We hypothesized that 5FU 

would induce muscle cachexia and that BGP-15 could protect against these effects. 

 

 

 

 

 

 

 

 

  





 



pharmaceuticals

Article

Metronomic 5-Fluorouracil Delivery Primes Skeletal Muscle for
Myopathy but Does Not Cause Cachexia

Dean G. Campelj 1,2, Cara A. Timpani 1,2,3 , Tabitha Cree 1,2, Aaron C. Petersen 1,2, Alan Hayes 1,2,3 ,
Craig A. Goodman 2,4,* and Emma Rybalka 1,2,3,*

����������
�������

Citation: Campelj, D.G.; Timpani,

C.A.; Cree, T.; Petersen, A.C.; Hayes,

A.; Goodman, C.A.; Rybalka, E.

Metronomic 5-Fluorouracil Delivery

Primes Skeletal Muscle for Myopathy

but Does Not Cause Cachexia.

Pharmaceuticals 2021, 14, 478. https://

doi.org/10.3390/ph14050478

Academic Editor: Dinender K. Singla

Received: 31 March 2021

Accepted: 12 May 2021

Published: 17 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute for Health and Sport, Victoria University, Melbourne, VIC 8001, Australia;
dean.campelj@live.vu.edu.au (D.G.C.); cara.timpani@vu.edu.au (C.A.T.); tabitha.cree@live.vu.edu.au (T.C.);
aaron.petersen@vu.edu.au (A.C.P.); alan.hayes@vu.edu.au (A.H.)

2 Australian Institute for Musculoskeletal Science (AIMSS), Inherited and Acquired Myopathy Program,
Victoria University, St Albans, VIC 3021, Australia

3 Department of Medicine-Western Health, Melbourne Medical School, The University of Melbourne,
Melbourne, VIC 3021, Australia

4 Centre for Muscle Research (CMR), Department of Physiology, The University of Melbourne,
Parkville, VIC 3010, Australia

* Correspondence: craig.goodman@unimelb.edu.au (C.A.G.); emma.rybalka@vu.edu.au (E.R.)

Abstract: Skeletal myopathy encompasses both atrophy and dysfunction and is a prominent event in
cancer and chemotherapy-induced cachexia. Here, we investigate the effects of a chemotherapeutic
agent, 5-fluorouracil (5FU), on skeletal muscle mass and function, and whether small-molecule
therapeutic candidate, BGP-15, could be protective against the chemotoxic challenge exerted by 5FU.
Additionally, we explore the molecular signature of 5FU treatment. Male Balb/c mice received metro-
nomic tri-weekly intraperitoneal delivery of 5FU (23 mg/kg), with and without BGP-15 (15 mg/kg),
6 times in total over a 15 day treatment period. We demonstrated that neither 5FU, nor 5FU combined
with BGP-15, affected body composition indices, skeletal muscle mass or function. Adjuvant BGP-15
treatment did, however, prevent the 5FU-induced phosphorylation of p38 MAPK and p65 NF-κB
subunit, signalling pathways involved in cell stress and inflammatory signalling, respectively. This as
associated with mitoprotection. 5FU reduced the expression of the key cytoskeletal proteins, desmin
and dystrophin, which was not prevented by BGP-15. Combined, these data show that metronomic
delivery of 5FU does not elicit physiological consequences to skeletal muscle mass and function but
is implicit in priming skeletal muscle with a molecular signature for myopathy. BGP-15 has modest
protective efficacy against the molecular changes induced by 5FU.

Keywords: chemotherapy; cachexia; 5-fluorouracil; skeletal muscle; p38; NF-κB; dystrophin; desmin

1. Introduction

Colorectal cancer (CRC) is a significant contributor to worldwide morbidity and mor-
tality, with approximately 1.9 million new CRC cases and 900,000 CRC-related deaths
reported in 2020 (GLOBOCAN 2020) [1]. The underlying causes of CRC progression and
mortality are multi-faceted and still being discovered. A key risk factor that complicates
responsivity to anti-cancer treatment, and, therefore survivability, is the metabolic wasting
syndrome, cachexia, which is prevalent in ~45% of CRC patients [2]. Cachexia is charac-
terised by the ongoing loss of skeletal muscle mass, with or without loss of fat mass, where
patients are non-responsive to nutritional intervention and manifest progressive functional
impairment [3]. Clinically, skeletal muscle atrophy and poor recovery from the loss of
skeletal muscle mass have been established as two prominent prognostic factors of mortal-
ity in cachectic cancer patients [4]. Recently, anti-cancer treatment, i.e., chemotherapy, has
surfaced as a key contributor to the progression of cachexia, with emerging literature sug-
gesting that chemotherapy can induce skeletal muscle mass loss and dysfunction (skeletal
myopathy) [5,6] with lifelong impact [7].
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Chemotherapy is a mainstay of advanced CRC treatment strategies and is used
complementarily to surgical tumour resection or in advanced staging due to metastasis or
resistance to radiotherapy. The anti-metabolite, 5-fluorouracil (5FU), is primarily utilized in
the treatment of advanced CRC as a backbone constituent of multi-agent regimens, such as
FOLFIRI [5FU, leucovorin (LV) and irinotecan (IRI)] and FOLFOX [5FU, LV and oxaliplatin
(OXA)] (for extensive review, see [8]). 5FU administration can elicit significant side-effects
including, but not limited to, cardiotoxicity, gastrointestinal toxicity, neurotoxicity and pan-
cytopenia [9], with lean mass suggested to be an independent determinant of dose-limiting
toxicity from 5FU-based regimens [10]. Barreto et al. have demonstrated that the 5FU-based
FOLFIRI regimen induces a cachectic phenotype in cancer-free mice, underscored by the
loss of body and lean mass, and skeletal myopathy [11]. This was in contrast with the
FOLFOX regimen, which did not induce any of these effects [11]. These data suggest
that IRI is more impactful on the musculoskeletal system than OXA, and to this effect,
we have recently demonstrated that IRI causes acute cachexia, lean tissue wasting and
skeletal muscle dysfunction [12]. However, whether 5FU also induces cachectic wasting
and skeletal myopathy, independent from the other constituents in the FOLFIRI regimen,
is unclear [13,14]. Such information is of clinical importance so that the risk of cachexia
during administration of FOLFIRI and other 5FU-based regimens can be predicted and
clinically managed.

Chemotherapy-induced skeletal muscle wasting is underlined by compromised pro-
teostasis in favour of protein degradation [6]. It is characterised by a molecular signature
of myopathy involving the activation of the stress-inducible mitogen-activated protein
kinases (MAPK), p38 and ERK1/2 [11], and key transcription factor for inflammatory
genes, nuclear factor-κB (NF-κB) [15]. Since MAPK phosphorylation can interact with
NF-κB phosphorylation during oxidative stress [16], it is suggested that there is a link
between these two target pathways, leading to the induction of a pro-catabolic environ-
ment [17,18]. Specifically, 5FU is a potent activator of p38 MAPK signalling in vitro [19],
and in vivo evidence from the 5FU-based FOLFIRI regimen supports the same—increased
phosphorylation of p38 MAPK associated with enhanced oxidative stress and reduced
mitochondrial quality control signalling [11]. These data are consistent with findings from
our laboratory, where 5FU potentiated mitochondrial superoxide production and reduced
mitochondrial viability in C2C12 skeletal muscle cells [20]. The FOLFIRI regimen also
reduces mitochondrial content, which is associated with abnormalities in muscle morphol-
ogy at the level of the sarcomere [11,21]. This was of interest to our group since we have
recently shown that the chemotherapeutic agent, IRI, compromised cytoskeletal stability
through reducing dystrophin protein expression [12]. While the mechanism underlying
the effect of chemotherapy on skeletal muscle cytoskeletal composition is still undefined, it
may be an event related to chemotherapy-induced NF-κB activation [15], suggesting that
NF-κB activity plays a role in the decay of structural integrity of muscles [22]. Therefore, in
this study, our first aim was to characterise the effect of 5FU treatment on skeletal muscle
mass and function, and to investigate the underlying molecular mechanisms with empha-
sis on the potential connection between p38 MAPK and NF-κB signalling, mitochondrial
dynamics and structural cytoskeletal proteins.

There is estimated to be 3.15 million new CRC cases worldwide in 2040 [1], highlight-
ing the growing burden of cancer and the current need for novel therapeutic strategies to
support current anti-cancer treatments and promote survivability. BGP-15 is a nicotinic
amidoxime derivate and small-molecule therapeutic candidate which acts as a cytoprotec-
tant through the inhibition of poly (ADP) ribose polymerase -1 (PARP-1) and co-induction
of heat shock protein-70 (HSP-70) [23,24]. BGP-15-mediated PARP-1 inhibition and HSP-70
co-induction are associated with improved mitochondrial content, function and oxidative
capacity [25,26]. However, BGP-15 has also been shown to elicit mitoprotection indepen-
dent of these targets, highlighting its pleiotropic efficacy [27]. Consequently, BGP-15 has
promise in the treatment of a range of skeletal myopathies, including diabetes, Duchenne
Muscular Dystrophy and ventilation-induced diaphragm dysfunction (for extensive review



Pharmaceuticals 2021, 14, 478 3 of 20

see [28]). We have evaluated the adjuvant therapeutic potential of BGP-15 to protect against
the induction of skeletal myopathy from chemotherapeutic agents IRI and OXA [12,29],
with mixed efficacy. However, since 5FU is a potent activator of p38 MAPK, and BGP-15
has been shown to inhibit pan-MAPK activity [30], the potential for BGP-15 to be more
efficacious when administered with 5FU is substantial. Thus, our secondary aim was to
evaluate the protective efficacy of BGP-15 adjuvant therapy against 5FU-induced skeletal
myopathy and investigate the underlying mechanisms through which BGP-15 functions as
a p38 MAPK inhibitor in a chemotoxic environment.

2. Results
2.1. Assessment of Body Composition Indices, Skeletal Muscle Mass and Function

To explore the potential contribution of 5FU treatment on the induction of cachexia and
efficacy of 5FU+BGP treatment, we examined a suite of body composition and skeletal muscle
size indices. Interestingly, 5FU did not inhibit growth nor reduce body, lean or fat mass, and
subsequently, 5FU+BGP also did not affect these parameters (Figure 1A–C; Table S1). Consis-
tent with body composition data, raw skeletal muscle mass and skeletal muscle mass to body
mass ratios for EDL, SOL and TA muscles were not significantly different between treatment
groups (Figure 1D), although, 5FU+BGP displayed a trend to increase the TA to body mass
ratio compared to 5FU treatment (p = 0.07, Figure 1D). Organ mass also remained unchanged
between treatment groups (Table S1). We then undertook muscle fibre size analysis in TA
cross-sections, with no significant differences found between treatment groups for the relative
frequency percentage of muscle fibre cross-sectional areas (CSA) (Figure 1E,G) nor the mean
fibre CSA (Figure 1F,G). Next, we assessed the ex vivo contractile function of EDL and SOL
muscles. Neither 5FU, nor 5FU+BGP treatment affected skeletal muscle functional parameters
of EDL or SOL, with no change observed in force–frequency relationships (Figure 2A), force
production characteristics, i.e., Pt, Po, Pt/Po and sPo (Figure 2B).

2.2. Assessment of Cytoskeletal Structural Protein Expression

Previously, we have shown an association between skeletal muscle dysfunction and
reduced expression of proteins associated with the dystrophin-associated protein complex
(DAPC) induced by IRI treatment [12]. Thus, we investigated these parameters in the con-
text of this study. 5FU treatment induced a reduction in the abundance of the cytoskeleton
proteins, desmin and dystrophin (p < 0.05, Figure 3A,B), and 5FU+BGP treatment did not
protect against these changes. There was no impact of 5FU, nor 5FU+BGP, treatment on the
protein expression of additional cytoskeletal structural proteins laminin, β-dystroglycan,
δ-sarcoglycan, dystrobrevin, syntrophin and talin (Figure 3A,B). Next, we explored the
effect of 5FU and 5FU+BGP treatment on AktSer473 phosphorylation, an established target
of Mechanistic Target of Rapamycin Complex 2 (mTORC2) [31]. mTORC2 activity has been
shown to be involved in the regulation of plasma membrane homeostasis and cytoskeletal
organization [32]. Thus, we were interested in mTORC2 activity in the context of the
reduced expression of desmin and dystrophin—the phosphorylation of Akt Ser473 is indica-
tive of mTORC2 activation. We showed that 5FU treatment reduced the phosphorylation
of AktSer473 compared to VEH (p < 0.05, Figure 3C,E), while 5FU+BGP-15 treatment did
not alter the 5FU-induced changes to AktSer473 signalling (Figure 3C).
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Figure 1. The effect of 5-fluorouracil (5FU) and 5FU with BGP-15 (5FU+BGP) treatment on body composition and muscle
size indices. Body composition parameters were measured and presented as pre- and post-treatment data points for (A) body,
(B) lean and (C) fat mass. (D) Hindlimb skeletal muscles extensor digitorum longus (EDL), soleus (SOL), and tibialis
anterior (TA) were weighed post-treatment and data presented as raw mass and muscle to body mass ratios (# p = 0.07;
compared to 5FU). TA cross-sections were H&E-stained and underwent histological fibre size analysis with data presented
as (E) percentage relative frequency distribution of the muscle fibre cross-sectional area (CSA) and (F) mean muscle fibre
CSA. (G) Representative images of H&E-stained TA cross-sections are displayed. Scale bar = 100 µm. n = 7–8 for body
composition indices; n = 4–8 for muscle weights; n = 5–7 for histology. Data are mean ± SEM.
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Figure 2. The effect of 5-fluorouracil (5FU) and 5FU with BGP-15 (5FU+BGP) treatment on skeletal muscle contractile
function. Extensor digitorum longus (EDL) and soleus (SOL) muscles underwent ex vivo assessment of contractile functional
properties, with (A) force–frequency relationships and (B) force production characteristics analyzed, including; Peak twitch
force (Pt), Absolute tetanic force production (Po), twitch to tetanus ratio (Pt/Po), physiological cross-sectional area (pCSA)
and Specific force production (sPo). n = 4–8 for ex vivo contractile function. Data are mean ± SEM.
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Figure 3. The effect of 5-fluorouracil (5FU) and 5FU with BGP-15 (5FU+BGP) treatment on expression of cytoskeletal
structural proteins. Western blotting experiments were undertaken in tibialis anterior (TA) muscle homogenate, with
samples probed for (A,B) cytoskeletal structural proteins including; laminin (LAM), β-dystroglycan (β-DGC), δ-sarcoglycan
(δ-SGC), dystrophin (DYS), dystrobrevin (DBVN), syntrophin (SYTN), desmin (DES) and talin (TAL). (C) Phosphorylated
(Ser473) and total Akt were probed for as an indicator of mammalian target of rapamycin Complex 2 (mTORC2) activity.
(D) Ankrd2 was probed for as a marker of mechano-sensitvit. (E) Representative images for phosphorylated AktSer473,
total Akt and Ankrd2 displayed. Protein expression was normalised to total protein derived from Coomassie Brilliant Blue
(CBB) staining and presented relative to vehicle (VEH) control group. * = p < 0.05; n = 4 for VEH and n = 6–8 for 5FU and
5FU+BGP groups for Western blotting. Data are mean ± SEM.

Given our evidence that 5FU reduced desmin and dystrophin expression and AktSer473

phosphorylation, we investigated potential changes to the mechano-sensitive protein,
ankyrin repeat domain protein 2 (Ankrd2), a member of Muscle Ankyrin Repeat Domain
(MARP) family of titin filament-based stress response proteins [33]. Ankrd2 could be a
target of chemotherapy within skeletal muscle since it is responsive to oxidative stress, a
key mechanism of chemotherapy-induced muscle wasting. We demonstrated that 5FU
treatment did not affect Ankrd2 protein expression (Figure 3D,E). However, 5FU+BGP
treatment increased Ankrd2 expression relative to VEH (p < 0.05, Figure 3D,E). These data
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suggest that BGP-15 may be promoting a futile adaptive stress response that enhances
mechano-sensitivity, despite the perturbed cytoskeletal environment. Full-length blots are
provided in Figure S1 and densitometry summary data are provided in Table S2.

2.3. Assessment of Skeletal Muscle Stress Signalling

Since 5FU has been shown to potently activate p38-MAPK signalling [19], we wanted
to assess the effect of 5FU and 5FU+BGP treatment on p38-MAPK and other molecular
markers of skeletal muscle stress signalling. Consistent with the literature, 5FU treatment
increased the phosphorylation of p38; (p < 0.05, Figure 4A,E). However, the phosphoryla-
tion of other MAPK family members, ERK1/2 or JNK, were not affected (Figure 4B,C,E).
Importantly, 5FU+BGP-15 treatment completely mitigated the 5FU-induced increase in
p38 phosphorylation (p < 0.05, Figure 4A,E). Furthermore, and consistent with BGP-15′s
reported role as a suppressor of MAPK activity [28], 5FU+BGP-15 reduced basal levels of
ERK1/2 and JNK phosphorylation relative to 5FU treatment (p < 0.05, Figure 4B,C,E). 5FU
also increased the phosphorylation of the p65 subunit of NF-κB, a transcriptional media-
tor of pro-inflammatory genes [34], and this was inhibited by co-treatment with BGP+15
(p < 0.05, Figure 4D,E). Full-length blots are provided in Figure S2 and densitometry
summary data are provided in Table S2.

2.4. Assessment of Skeletal Muscle Oxidative Capacity and Mitochondrial Dynamics

Next, we examined skeletal muscle oxidative capacity and markers of mitochondrial
dynamics, as previously we have shown in vitro that 5FU reduces mitochondrial viability
in C2C12 myoblast and myotubes [20]. Further, BGP-15 adjunct therapy alongside the
anti-cancer agent, IRI, increased mitochondrial density and oxidative metabolism [12]. In-
terestingly, skeletal muscle oxidative capacity, as measured histologically via SDH staining,
was not affected by 5FU and 5FU+BGP treatment (Figure 5A–C). 5FU treatment did not
affect mitochondrial content as measured by CS activity (Figure 5D), although 5FU+BGP-15
treatment enhanced CS activity compared to VEH (p < 0.05, Figure 5D). We thought this
may occur through the proposed mechanistic targets of BGP-15, i.e., HSP-70 co-induction
or PARP-1 inhibition [23,24], which augment mitoprotection [25,26]. However, we demon-
strated that there was no change to the protein expression of HSP-70 or PARP-1 from 5FU
or 5FU+BGP treatment (Figure 5E,F,H). Next, we evaluated molecular markers of mitochon-
drial dynamics, including mitochondrial biogenesis, i.e., mitochondrial transcription factor
A (TFAM) and peroxisome proliferator-activated receptor-gamma coactivator-1 (PGC-1)
isoforms α and β, and mitochondrial fusion, i.e., optic atrophy 1 (OPA1), and fission, i.e.,
dynamin-related protein 1 (DRP1). There were no changes to TFAM, PGC-1α, PGC-1β and
DRP-1 from 5FU or 5FU+BGP treatment (Figure 5G,H), but there was a significant increase
in OPA-1 protein expression from 5FU+BGP treatment compared to VEH, with no change
pertaining to 5FU treatment (Figure 5G,H). This suggests that the increase in mitochon-
drial content with 5FU+BGP may, in part, be a result of enhanced mitochondrial fusion, a
reported pleiotropic effect of BGP-15 [35]. Full-length blots are provided in Figure S2.
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Figure 4. The effect of 5-fluorouracil (5FU) and 5FU with BGP-15 (5FU+BGP) treatment on molecular markers of cellular
stress. Western blotting experiments were undertaken on tibialis anterior muscle homogenate. Samples were probed
for (A) phosphorylated (Thr180/Tyr182) and total p38, (B) phosphorylated (Thr202/Tyr204) and total ERK1/2, (C) phos-
phorylated (Thr183/Tyr185) and total JNK, (D) phosphorylated (Ser536) and total NF-κB subunit protein p65. Data are
presented as phosphorylated to total protein ratios and normalised to total protein derived from Coomassie Brilliant Blue
(CBB) staining and expressed as a relative percentage of the vehicle (VEH) control grou (E) Western blotting and CBB
representative images are displayed. * = p < 0.05; n = 4 for VEH and n = 6–8 for 5FU and 5FU+BGP groups. Data are
mean ± SEM. ** = p < 0.01.
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Figure 5. The effect of 5-fluorouracil (5FU) and 5FU with BGP-15 (5FU+BGP) treatment on skeletal muscle oxidative
capacity and mitochondrial dynamics signalling. Succinate dehydrogenase (SDH) staining was performed on tibialis
anterior (TA) cross-sections. (A) SDH representative images displayed, with data presented as (B) overall SDH intensity and
(C) SDH intensity separated based on oxidative fibre phenotype, i.e., low oxidative, more oxidative and highly oxidative.
TA muscle homogenate was analyzed for (D) citrate synthase (CS) activity, as a marker of mitochondrial density. Further, TA
homogenate was utilized in Western blotting experiments with samples probed for (E) HSP-70, (F) PARP-1 and (G) a suite
of proteins related to mitochondrial dynamics including; TFAM, PGC-1α, PGC-1β, OPA1 and DRP1. Protein expression was
normalised to total protein derived from Coomassie Brilliant Blue (CBB) staining and presented relative to vehicle (VEH)
control group. (H) Western blotting and CBB representative images are displayed. * = p < 0.05; n = 6–8 for SDH histology;
n = 4 for VEH and n = 6–8 for 5FU and 5FU+BGP groups for CS activity and Western blotting. Data are mean ± SEM.
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2.5. Assessment of HSP-70 Expression and Cell Viability in C2C12 Myotubes

Given that we saw no change in HSP-70 protein expression in vivo, we wanted to
understand some of the potential reasons for these data. Thus, we pursued an in vitro
investigation utilising differentiated C2C12 myotubes to delineate the effect of BGP-15
treatment on HSP-70 expression in both a standard and 5FU-induced chemotoxic medium.
Importantly, we demonstrated that BGP-15 increased HSP-70 protein expression compared
to VEH (p < 0.05, Figure 6A). However, in a 5FU-induced chemotoxic medium, the induction
of HSP-70 by BGP-15 was blunted, thus remaining unchanged from VEH (Figure 6A).
Next, we assessed cell viability, through resazurin staining, confirming that 5FU treatment
induced a chemotoxic environment, compared to VEH (p < 0.05, Figure 6B,C). BGP-15
co-treatment displayed a modest improvement in cell viability, compared to 5FU (p < 0.05,
Figure 6B,C). However, it was still significantly reduced compared to both VEH and BGP
control groups (p < 0.05, Figure 6B,C). These data highlight that BGP-15 elicits pleiotropic
cytoprotection, that is in part, independent of HSP-70 induction, which is likely inhibited
when given alongside 5FU. These data support our in vivo data, where there was also no
effect of BGP-15 on HSP-70 expression. Full-length blots are provided in Figure S3.

Figure 6. The effect of BGP-15 (BGP), 5-fluorouracil (5FU) and 5FU with BGP (5FU+BGP) treatment
on HSP-70 expression and cell viabilityC2C12 myotubes were treated with BGP, 5FU and 5FU
with BGP before being prepared as lysates for Western blotting experiments. (A) C2C12 lysates
were then probed for HSP-70, with protein expression normalised to total protein derived from
Coomassie Brilliant Blue (CBB) staining data and data presented as a percentage of the vehicle
control group (VEH). (B) Cell viability was analyzed via the resazurin cell viability assay, with data
presented as a percentage of VEH. (C) Representative images for the cell viability assay are displayed.
Scale bar = 100 µm. * = p < 0.05; n = 3–4 for all C2C12 experiments. Data are mean ± SEM.
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3. Discussion

The major finding of this study is that metronomic delivery of 5FU reduced the
expression of key cytoskeletal proteins, desmin and dystrophin and increased the phos-
phorylation of p38 MAPK and NF-κB, events that are evident in other models of muscle
wasting. Despite this, 5FU did not impact body composition indices or alter whole muscle
mass or muscle fibre size. While our data suggest that these 5FU-mediated events are not
sufficient to elicit a myopathic phenotype, they may, prime the muscle to be more suscepti-
ble to adverse effects of other constituents of multi-agent regimens, such as LV and IRI for
FOLFIRI or LV and OXA for FOLFOX. Furthermore, this study found that, while BGP-15
co-therapy did not alter the 5FU-induced decrease in cytoskeletal protein abundance, it
mitigated the increase in p38 MAPK and NF-κB phosphorylation, which was associated
with improved mitochondrial content and fusion dynamics. Together these data suggest
that while 5FU primes the muscle for myopathy, BGP-15 has pleiotropic cytoprotectant
functions that protect against the activation of this molecular stress signature.

5FU treatment reduced the expression of key cytoskeletal proteins, desmin, an inter-
mediate filament that provides stability to sarcomeres, and dystrophin, a large protein that
connects the actin cytoskeleton to the sarcolemma, with the potential to compromise the
structural organization of skeletal muscle and alter intracellular signalling. Previously, we
have demonstrated that chemotherapeutic agent, IRI, also reduces dystrophin expression,
which was associated with reduced AktSer473 phosphorylation, a direct substrate of kinase
mTORC2 [12,31]. Phosphorylation of AktSer473 is a putative indicator of plasma membrane
homeostasis and cytoskeletal organization [32]. As such, our finding of reduced AktSer473

phosphorylation concomitant with a reduced desmin and dystrophin protein expression,
suggests that 5FU may have disrupted sarcolemmal homeostasis, cytoskeletal organiza-
tion and intracellular signalling. Consistent with our previous findings, BGP-15 adjuvant
therapy was not protective against the chemotherapy-induced reduction in the expression
of cytoskeletal proteins [12]. Desmin and dystrophin-related myopathies are often associ-
ated with debilitating dysfunction [36,37] and myopathy is compounded in desmin and
dystrophin double-knockout mice, which manifest a remarkable dystrophic phenotype
with profound deterioration of sarcomere organisation and Z-line alignment [38]. Our
data suggest that a critical level of desmin and dystrophin loss must occur before there
is evidence of functional and structural alterations. Indeed, Baretto et al. showed that
when administered over a longer duration (twice a week for 5 consecutive weeks), the
5FU-based FOLFIRI regimen reduced skeletal muscle function concurrent with aberrant
skeletal muscle morphology [11], highlighting a temporal component to observing loss of
function from metronomic delivery of chemotherapeutic agents. It would be of interest
in future studies to evaluate the expression of key cytoskeletal proteins and sarcomere
morphology in response to 5FU treatment longitudinally, to determine whether the muscles
can recover or whether they retain a propensity for myopathy, which may be exacerbated,
for example, by mechanical stressors such as exercise. Interestingly, we demonstrated novel
evidence that BGP-15 adjuvant therapy promotes the expression of mechano-sensitive
MARP family member, Ankrd2 [39]. We hypothesize that BGP-15 is escalating an adaptive
stress response targeting tension dynamics by enhancing mechano-sensitivity within the re-
duced desmin and dystrophin environment. Since Ankrd2 is localized to titin filaments and
Ankrd2 abundance is similarly increased in a conditional titin knockout mouse model [40],
it is possible that increased mechano-sensitivity and remodelling of titin dynamics are
an additional pleiotropic effect of BGP-15, which, although not warranted in this study
because 5-FU did not impact contractile function, contributes to its protective effect against
loss of muscle function with other chemotherapeutic agents [12].

Chemotherapeutic agents, irrespective of class, induce the activation of p38 MAPK
signalling as a function of their cytotoxic nature [41]. We demonstrated that 5FU treatment
increased the phosphorylation of p38 MAPK in skeletal muscle, which was consistent
with findings from Barreto et al. where 5FU, administered as a constituent of the FOLFIRI
chemotherapy regimen, led to enhanced p38 MAPK activity [11]. Contrary to the FOLFIRI
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regimen, neither ERK1/2 nor JNK phosphorylation were increased by 5FU treatment [11].
MAPKs have been shown to exhibit specific time- and dose-dependent profiles during
oxidative stress in C2C12 myoblasts [16]. Thus, we cannot rule out that ERK1/2 and
JNK could have been activated at an earlier timepoint. Additionally, it is well acknowl-
edged that p38 MAPK is positively associated with the NF-κB complex, with both targets
activated in response to oxidative stress [16] and mediators of inflammatory cytokine
production [19,42], although NF-κB signalling is purported to have a greater role in skeletal
muscle wasting conditions (for extensive review [34]). Indeed, we showed that 5FU-
induced p38 MAPK activation was associated with an increase in the phosphorylation of
NF-κB subunit protein, p65, an event depicting transactivation of NF-κB, which is essential
for enhancing its transcriptional activity [43]. Damrauer et al. similarly demonstrated
that anti-cancer agent, cisplatin, enhances NF-κB transcriptional activity through stim-
ulating the DNA-heterodimerization of subunits p50 and p65 in C2C12 myotubes [15].
However, chemotherapy-induced NF-κB activity in vitro reduced myotube diameter [15],
while in the current study, we saw no evidence of skeletal muscle atrophy. This suggests
the magnitude and persistency of NF-κB activity is important for atrophy induction, as the
metronomic regimen used in our study was protective of skeletal muscle mass. Interest-
ingly, BGP-15 mitigated the 5FU-induced increase in the phosphorylation of p38 MAPK
and NF-κB subunit protein p65 in our study. Further, BGP-15 reduced the phosphorylation
of MAPKs ERK 1/2 and JNK relative to 5FU. This is consistent with findings from Sarszegi
et al., where BGP-15 suppressed MAPK phosphorylation, which was enhanced during
imatinib (tyrosine kinase inhibitor)-induced cardiotoxicity [30]. While it is unsurprising
that BGP-15 acted as a repressor of MAPK activity, it is novel that BGP-15 also inhibited
the 5FU-induced activation of NF-κB. These data could suggest a negative feedback mech-
anism, since 5FU-induced p38 MAPK phosphorylation in vitro has previously been shown
to enhance the production of inflammatory cytokines, IL-6, TNF-α and IL-1β [19], which
are known stimulants of NF-κB activity [42]. Future studies are required to confirm that
5FU-induced phosphorylation of p38 MAPK and NF-κB subunit protein, p65, enhances
inflammatory cytokine production and that BGP-15 has an anti-inflammatory effect in
this context.

In this study, we observed no evidence of 5FU-induced alterations to oxidative capac-
ity, mitochondrial content or mitochondrial dynamics signalling, suggesting that 5FU may
require other cytotoxic-agents (e.g., the FOLFIRI regimen [11]) to perturb mitochondrial ac-
tivity in vivo. This is in contrast to in vitro models where we have shown that 5FU induces
mitochondrial stress in cultured C2C12 myoblasts and myotubes [20], where direct and
persistent interaction between 5FU and muscle cells appears more impactful. Consistent
with previous findings, we demonstrated that BGP-15 increases mitochondrial density
when administered alongside chemotherapy [12]. However, in contrast, we did not observe
a BGP-15-induced inhibition of PARP-1 expression in this study. Further, we did not detect
a change in HSP-70 expression in vivo at the time of tissue collection, although, we did find
that the addition of BGP-15 to 5FU-treated C2C12 myotubes blunted the induction of HSP-
70. We hypothesize that 5FU enhances the production of pro-inflammatory cytokines [19],
which have been shown to act as repressors to heat shock factor-1 transcription, inhibiting
the HSP-70 adaptive stress response [44,45]. This has led our laboratory, and others, to
postulate that BGP-15 acts as a cytoprotectant in response to chemical or disease-induced
stress, with the underlying protective mechanisms inconsistent and largely dependent
on the challenge elicited by a given stressor [27,46]. It is considered that BGP-15 may
elicit cytoprotection through pleiotropic mechanisms that regulate mitochondrial quality
control [47]. Indeed, we showed that BGP-15 adjuvant therapy did not affect mitochon-
drial biogenesis or fission signalling but did consistently promote mitochondrial fusion
signalling through increased OPA1 expression (compared to VEH), which was associated
with enhanced mitochondrial density.

An important, yet paradoxical, finding of this study was that 5FU treatment did not
elicit any consequences on body composition indices, skeletal muscle mass or function,
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despite the alterations to skeletal muscle stress signalling (i.e., p38 and NF-κB phosphory-
lation) that are usually associated with the induction of chemotherapy-induced cachexia
and skeletal myopathy [11,15]. The lack of change to these physiological parameters from
5FU treatment may be due to the metronomic delivery of chemotherapy, which typically
elicits less systemic toxicity than administration of single maximum tolerable dose (MTD)
bolus or sequential daily treatments [48,49]. Metronomic delivery could activate an adap-
tive hormetic response which prevents the induction of skeletal myopathy in the face of
low-grade stress signalling. Interestingly, when comparing to models that deliver 5FU
sequentially in a shorter and more intense regimen, such as the one used in VanderVeen
et al., i.e., 35 mg/kg once daily for 5 days (175 mg/kg cumulative), body mass was reduced,
but there was no impact on skeletal muscle mass [13]. Further, Chen et al. utilised a similar
regimen, i.e., 40 mg/kg once daily for 4 days (160 mg/kg cumulative), where there was
evidence of a latent loss of body and skeletal muscle mass when harvested 4 days post
final 5FU injection [14]. This highlights that 5FU-induced changes to muscle mass are
dependent on the intensity of regimen and require a certain temporal component before
they are physiologically exhibited. This concept is mirrored by functional studies, in which
metronomic delivery of 5FU did not affect whole body grip strength but did when deliv-
ered in a short and intense regimen [50]. Given these data, we believe that metronomic 5FU
may prime skeletal muscle with the molecular signature for myopathy without exerting a
great enough challenge to result in physiological consequences.

There were some limitations to the study presented. Here, we utilised 6-week-old
mice and treated them over 2 weeks, up to 8 weeks of age. Mice are generally considered
to approach a plateau of their growth phase at 8 weeks of age, thus we treated them
during this development period before measuring the impact of our interventions at sexual
maturity. This might contribute to the outcome of the data, compared to conducting these
interventions on sexually mature mice. However, both paediatric and adult cancer patients
receive chemotherapy, and can each be impacted by cachexia. Further investigation is
warranted in this model, with particular emphasis on a time-course study, involving both
short-term and long-term experimental endpoints to investigate the temporal nature of the
suite of proteins measured alongside the physiological parameters.

4. Materials and Methods
4.1. Animals
4.1.1. Ethical Approval

All experimental procedures were approved by the Victoria University Animal Ethics
Committee (AEETH15/006) and conformed to the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

4.1.2. Experimental Design and Treatments

Six week old male Balb/c mice were acquired from the Animal Resource Centre
(ARC, Murdoch, WA, Australia) and randomly allocated to treatment groups (n = 8) upon
arrival. Mice were housed on a 12 h light/dark cycle with ad libitum access to food
(AIN-93G, Speciality Feeds, Glen Forrest, WA, Australia) and water supply throughout the
experiments. Mice were administered either vehicle (VEH; 10% dimethyl sulfoxide (DMSO)
in sterile water), 5-fluorouracil (5FU; 23 mg/kg (Sigma Aldrich, North Ryde, Australia)
dissolved in 10% DMSO) or BGP-15 adjuvant therapy with 5FU (5FU+BGP; 15 mg/kg
(BGP-15 donated by N-gene R&D, Australia) dissolved in 10% DMSO). The 5FU dose and
regimen were used by us previously [51,52] and were effective at offsetting chemotoxicity
symptoms associated with irinotecan treatment in skeletal muscle [12]. Treatments were
administered via intraperitoneal injection 6 times over a 15 day period (i.e., on day 1, 3
5, 8, 10 and 12), resulting in a cumulative dose of 138 mg/kg and 90 mg/kg, of 5FU and
BGP-15, respectively. The dosage and frequency of 5FU administration, with and without
BGP-15, was based on previous published studies by us and our collaborators [12,51].
Repetitive chemotherapy dosing at set intervals (i.e., metronomic delivery) is compatible
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with the clinical treatment of cancer in contrast to the administration of a single bolus
maximum tolerated dose that is often investigated in basic science: we have discussed this
approach extensively before [48]. The selected dose is equivalent to the standard human
dose per body surface area [53], and has proven efficacy in mouse models of cancer [54]
and elicits toxicity in other physiological systems [51,52]. The BGP-15 dose was shown to
elicit skeletal muscle protection against chemotoxicity by us previously [12,29].Animals
were weighed prior to the commencement of treatment (pre), on each day of treatment and
at the experimental endpoint (post).

4.2. Body Composition

Echo Magnetic Resonance Imaging (echoMRI) was utilized to assess the effect of 5FU
treatment and BGP-15 co-therapy on body composition indices of lean and fat mass. Live
mice were placed into an echoMRI body composition analyzer (EMR-150, Echo Medical
Systems, Houston, TX, USA) on day 1 (pre) and day 15 (post) of the treatment protocol, as
previously described [48]. Lean and fat mass was quantified via triplicate scans spaced 30 s
apart and reported as the mean of these triplicate scans.

4.3. Surgery

At the conclusion of the treatment regimen and following the final echoMRI scan,
mice were deeply anaesthetised via isoflurane inhalation, before non-recovery surgery
commenced. Muscles of interest were surgically excised for ex vivo analysis in the fol-
lowing order: (1) right extensor digitorum longus (EDL) and soleus (SOL) muscles for the
assessment of contractile properties; (2) right tibialis anterior (TA) muscles were harvested
and immediately snap-frozen for Western blotting experiments; (3) left TA muscles were
weighed and prepared for histological assessment prior to snap-freezing. The remaining
tissues were then harvested (i.e., the left EDL and SOL), weighed and snap-frozen.

4.4. Ex Vivo Skeletal Muscle Contractile Function

Ex vivo evaluation of skeletal muscle contractile properties were performed as previ-
ously described by us [12,55], using the predominantly fast-twitch muscle, EDL and the
predominantly slow-twitch muscle, SOL. Briefly, muscles were tied with 4.0 surgical silk
thread, dissected from the hindlimb and attached to a transducer in individual organ baths
of a Myodynamics Muscle Strip Myograph System (DMT, Aarhus, Denmark). Each organ
bath was filled with Krebs solution (118 mM NaCl, 1 mM MgSO4.7H2O, 4.75 mM KCl, 1
mM Na2HPO, 2.5 mM CaCl2, 24 mM NaHCO3 and 11 mM glucose; pH 7.4) bubbled with
carbogen (5% CO2 in O2) and maintained at a temperature of 30 ◦C. Data were collected
and analyzed using LabChart Pro version 8.0 software (ADInstruments, Dunedin, New
Zealand). Supramaximal stimulations were delivered by flanking electrodes. Optimal
length (Lo) was established through sequential twitch contractions with incremental stretch,
with peak twitch force (Pt) derived at Lo. Peak tetanic force (Po) was obtained by delivering
pulse trains at 350msec and 500msec for the EDL and SOL, respectively at increasing fre-
quencies. Twitch to tetanus ratio (Pt/Po) was assessed as an indicator of elasticity/stiffness.
Specific force (sPo) was obtained by normalising force to the physiological cross-sectional
area (pCSA) as previously described [56].

4.5. Skeletal Muscle Histology

All histological experiments were completed as previously described [12,29]. To
determine whether 5FU had atrophic effects on skeletal muscle and, subsequently, whether
BGP-15 co-therapy could rescue any atrophy, we histologically assessed TA muscles which
were cryopreserved in optimal cutting temperature compound (Sakura Finetek, Torrance,
CA, USA). TA’s were sectioned (10 µm, −20 ◦C, Leica CM1950) and mounted onto glass
slides, then stained with haematoxylin and eosin (H&E), for muscle fibre size analysis,
and succinate dehydrogenase (SDH), as an indicator of oxidative capacity. H&E-stained
slides were processed on a Zeiss Axio Imager Z2 microscope (Carl Zeiss MicroImaging
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GmbH, Göttingen, Germany), and imaged at 50x magnification, with analysis conducted
as described previously [57]. SDH slides were processed the same way and imaged at 20x
magnification. SDH images were analyzed in two ways: first, the whole cross-section of
the TA was circled and the intensity density of the SDH stain was assessed using ImageJ;
and second, the staining intensity of 600 individual fibres was measured using ImageJ
with the maximum intensity density identified and used to determine a bottom, middle
and top third. The percentage of fibres that fell into each third was determined and the
data displayed as less oxidative (bottom third), more oxidative (middle third) and highly
oxidative (top third).

4.6. Western Blotting Analyses

Western blotting was utilised to explore the effect of 5FU treatment and BGP-15
co-therapy on molecular signalling pathways surrounding cell stress, mitochondrial bio-
genesis and cytoskeletal structural proteins. All Western blotting protocols were completed
as previously described [12]. Frozen TA muscles were homogenized using an Omni Tis-
sue Homogenizer (TH220, Omni International, Kennesaw, GA, USA) for 20 s in ice-cold
Western Immunoprecipitation Kinase (WIK) buffer (40 mM Tris, pH 7.5; 1 mM EDTA;
5 mM EGTA; 0.5% TritonX-100; 25 mM β-glycerophosphate; 25 mM NaF; 1 mM Na3VO4;
10 g/ml leupeptin; and 1 mM PMSF). Muscle homogenate was centrifuged at 3500 rpm
for 5 minutes at 4 ◦C, before the pellet was resuspended and the muscle homogenate was
frozen for future analysis. Protein concentrations were determined using a DC assay kit
(Bio-Rad Laboratories, Hercules, CA, USA), to ensure equal loading on the gels. Sam-
ples were prepared with equivalent amounts of protein in either 2X SDS sample buffer
(20% (v/v) glycerol; 100 mM Tris-Base, pH 6.8; 4% (w/v) SDS; 0.017% (w/v) bromophe-
nol blue; 0.25 M dithiothreitol (DTT)), heated for 5 minutes at 95 ◦C, and subjected to
electrophoretic separation on 7.5–12% SDS-acrylamide gels. Following electrophoretic
separation, proteins were transferred to PVDF membrane, blocked with 5% not-fat milk
powder in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 hour followed by
an overnight incubation at 4 ◦C with primary antibody dissolved in TBST containing
either 1% BSA or 3% non-fat milk powder. The following primary antibodies were used:
anti-phospho AktSer473 (1:3000; #4060; Cell Signalling Technology (CST)), anti-Akt (1:2000;
#4691; CST), anti-Ankrd2 (1:1000; #11821-1-AP; Proteintech), anti-β-Dystroglycan (1:1000;
MANDAG2 (7 D11); DSHB), anti-δ-Sarcoglycan (1:1000; ab137101; Abcam), anti-Desmin
(1:1000; #5332; CST), anti-Dystrobrevin (1:500; #610766; BD Biosciences), anti-Dystrophin
(1:500; ab15277; Abcam), anti-phospho ERK1/2 (1:750; #9101; CST), anti-ERK1/2 (1:1000;
#9102; CST), anti-DRP1 (1:1000; #8570; CST), anti-HSP-70 (1:1000; ADI-SPA-812; Enzo
Life Sciences), anti-phospho JNK (1:750; #4668; CST), anti-JNK (1:1000; #9252; CST), anti-
Laminin (1:2000; L9393; Sigma-Aldrich), anti-OPA1 (1:1000; #80471; CST), anti-phospho
p38 (1:750; #4511; CST), anti-p38 (1:1000; #9212; CST), anti-phospho p65 (1:750; #3033;
CST), anti-p65 (1:1000; #8242; CST), anti-PARP-1 (1:1000; #9542, CST), anti-PGC-1α (1:1000;
AB3242; Sigma-Aldrich), anti-PGC-1β (1:1000; ab176328; Abcam), anti-syntrophin (1:750;
MA1-745; Invitrogen), anti-talin (1:200; T3287; Merck-Millipore) and anti-TFAM (1:3000;
ab131607; Abcam). After overnight incubation, membranes were washed 3 separate times
for 10 minutes each in TBST and then probed with a horseradish peroxidase-conjugated
secondary antibody (1:5000; anti-rabbit IgG or 1:20,000; anti-mouse IgG, Vector Laborato-
ries) in 5% not-fat milk powder in TBST for 1 hour at room temperature. Following another
set of 3 separate 10-minute washes in TBST, the blots were developed with a DARQ CCD
camera mounted to a Fusion FX imaging system (Vilber Lourmat, Eberhardzell, Germany)
using ECL Clarity reagent (Biorad, Hercules, CA, USA). Once images were captured, the
membranes were stained with Coomassie Blue and then normalised to total protein. Den-
sitometric measurements were carried out using FusionCAPTAdvance software (Vilber
Lourmat, Eberhardzell, Germany).
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4.7. Citrate Synthase Activity

Citrate Synthase (CS) activity was measured as a marker of mitochondrial density [58].
Homogenized TA muscles in WIK buffer (as described above) were added to the reagent
cocktail (100 mM Tris Buffer, 1 mM DTNB, 3 mM Acetyl CoA) and to initiate the reaction,
oxaloacetate (10 mM) was added just prior to measuring CS activity spectrophotometrically
(412 nm, 25 ◦C, 5 min). CS activity was calculated using the extinction coefficient of 13.6 [59]
and expressed relative to muscle wet weight.

4.8. Cell Culture Experiments
4.8.1. C2C12 Cell Culture

C2C12 myoblasts (ATCC) were cultured and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS), 1% antibi-
otic/antimycotic, 1% Glutamax, and 1 mM sodium pyruvate (all cell culture reagents were
purchased from Gibco Invitrogen, Carlsbad, CA, USA). Cells were incubated at 37 ◦C
with 5% CO2. To induce differentiation, cells were plated at high confluence (~90%) and
changed to differentiation medium (supplemented DMEM containing 2% horse serum).
Cells were maintained in differentiation medium for 4–5 days to form myotubes before
commencing drug treatments. Differentiated myotubes were treated with vehicle control
(VEH; DMSO), BGP-15 control (BGP; 100 mM), 5FU (1 mM) and the 5FU+BGP combination
for 24 h prior to assays and protein collection.

4.8.2. Protein Collection

Cells were lysed and collected for Western blotting in radio immunoprecipitation
buffer (RIPA; 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl, 140 mM sodium chloride, 10%
sodium deoxycholate, and 1% triton-X 100) containing protease and phosphatase inhibitors
(Sigma Aldrich, St. Louis, MO, USA). The lysates were centrifuged at 13,000 rpm at 4 ◦C
for 30 minutes. The supernatants were collected and stored at −80 ◦C and the pellets
discarded. Western blotting was performed as described above.

4.8.3. Resazurin Cell Viability Assay

Confluent myotubes were treated with drugs of interest for up to 24 h in differen-
tiation medium prior to resazurin viability assay (Sigma Aldrich, St. Louis, MO, USA)
measurements. The resazurin assay solution was prepared at a 1:10 dilution of resazurin in
DMEM differentiation medium. Once the dye was added the plates were shielded from
light and stored at 37 ◦C with 5% CO2 for two hours. Following the incubation period,
the supernatant was transferred to an opaque 96 well plate for fluorometric reading (at
560 nm; Varioskan Flash plate reader) using SkanIt RE software (Thermo Fisher, Waltham,
MA, USA). Plates containing myotubes were rinsed with ice cold PBS and fixed with 100%
methanol, followed by Diff-Quick staining (Histolabs, Kew East, Australia). Plates were
left to dry overnight prior to imaging with an Olympus IX81 microscope (Olympus, Tokyo,
Japan) to observe morphological changes.

4.9. Statistics

Data are presented as the mean ± standard error of the mean (SEM). Data were
analyzed using Graphpad prism v9 (GraphPad Software, San Diego, CA, USA). A one-way
ANOVA was utilised to detect treatment differences for parametric data, while a two-
way repeated measures ANOVA was used to detect differences between treatment and
stimulation frequency/time for force–frequency relationships. Tukey’s post hoc test was
utilised for multiple comparisons testing, with an α-value of 0.05 considered significant.

5. Conclusions

This is the first study to demonstrate that metronomic delivery of 5FU reduces the
expression of desmin and dystrophin, which is not affected by BGP-15. However, BGP-15
mitigated the 5FU-induced increase in p38 and NF-κB phosphorylation, which was associ-
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ated with BGP-15 increasing mitochondrial density and fusion dynamics. Paradoxically,
metronomic delivery of 5FU did not impact body composition indices, nor skeletal muscle
mass and function. These findings suggest that the metronomic delivery of 5FU may prime
skeletal muscle with a molecular signature for myopathy but does not exert a great enough
challenge to result in physiological consequences within the treatment duration employed
in this study. Overall, these data highlight novel mechanisms surrounding the impact of
5FU treatment and BGP-15 adjuvant therapy on skeletal muscle, supporting the need for
further investigation, particularly in cancer-burdened mice to enhance the translational
potential of the dataset.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14050478/s1, Table S1: Organ to body mass ratios, Figure S1: Full-length Western blot
images relating to the skeletal muscle homogenate data presented in Figure 3, Figure S2: Densitometry
summary data from representative Western blot images, Table S2 Densitometry summary data from
representative Western blot images, Figure S3: Full-length Western blot images relating to the C2C12
myotube cell lysate data presented in Figure 6.
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skeletal muscle and physical activity 
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Chapter 5 

Cachectic muscle wasting in Acute Myeloid 
Leukemia: A sleeping giant with dire 

clinical consequences 
 

Campelj DG, Timpani CA, Rybalka E. Cachectic muscle wasting in acute myeloid leukemia: A 
sleeping giant with dire clinical consequences. Submitted: Journal of Cachexia Sarcopenia and 
Muscle; 13/05/2021 
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Preface   

In part 2 of this thesis, we transitioned to a more clinically compatible model of 

chemotherapy cachexia, utilising a multi-chemotherapeutic agent regimen. This is the normal 

delivery modality of chemotherapy in the clinic. Utilising a multi-agent regimen allows for the 

effect of drug-interactions and cumulative effects to be accounted for, which is likely an under-

appreciated variable in experimental models that assess the cachectic potential of mono-

chemotherapeutic agents. 

We were interested to understand the impact of chemotherapy for haematological 

cancers on muscle cachexia. While cachexia is predominately associated with signals emitted 

from solid-tumor cancers [33], particularly those of the gastrointestinal system and accessory 

organs [34-36], cachexia is also prevalent in haematological cancers, and this might be primarily 

associated with the potent anti-cancer regimens used to treat them. Acute myeloid leukemia. 

Thus, we hypothesized that the toxicity of chemotherapy would likely be the predominant factor 

driving cachexia in this setting. Recently, AML has emerged  as a haematological cancer where 

cachexia is observed [37]. The induction of cachexia during treatment with the firstline defence 

against AML, the  ‘7+3’ chemotherapy induction regimen (CIR) and prior to curative 

haematopoietic cell transplantation (HSCT), substantially reduces survivability of AML [38-40]. 

Here we undertook a comprehensive review of cachexia in the AML setting and the contributing 

factors that underly the onset of this debilitating condition.  
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Chapter 6 

Voluntary activity exacerbates cachexia 
induction from the acute myeloid leukemia 

‘7+3’ chemotherapy induction regimen  
 

 
Manuscript in preparation. 
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Preface   

Following from the literature review conducted in chapter 6, we decided to evaluate the 

‘7+3’ CIR utilized in AML for its capacity to induce cachexia. The CIR is comprised of co-

administration of chemotherapeutic agents, daunorubicin, an anthracycline analogue of potent 

DOX,  and the anti-metabolite, cytarabine. These two chemotherapies have never previously been 

assessed for their relative impact, alone or in combination, on the induction of cachexia or skeletal 

muscle homeostasis in vivo, although some insights are available based upon in vitro data for 

daunorubicin but not cytarabine, in which muscle atrophy was observed in C2C12 skeletal 

myotubes [41].  We wanted to determine whether body and muscle mass could recover from the 

insult of the AML CIR after treatment. Thus, we assessed the time course of recovery for 14 days 

after the conclusion of treatment. 

Additionally, we were interested in evaluating the efficacy of exercise as an adjuvant 

therapeutic strategy to mitigate CIR-induced cachexia. Exercise is a potent stimulus through 

which to naturally enhance mitochondrial density and function, and thus it may exert many of the 

protective properties we observed for BGP-15. The modality of exercise selected was voluntary 

activity, i.e. wheel running. This exercise modality has previously shown benefit to mitigate 

chemotherapy-induced cachexia [42]. It is also the most likely and accessible form of exercise that 

AML patients actively undergoing treatment would have in the clinical setting. Thus, we evaluated 

its protective efficacy alongside administration of the CIR.  

We hypothesised that the anti-AML CIR would induce cachexia, skeletal muscle wasting 

and fatigue and that exercise would protect muscles from wasting during treatment.  
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Chapter 7 

Summary, Limitations and Future 
Directions 
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7.1 Summary of the major findings 

The broad aim of this project was to evaluate the potential of an array of 

chemotherapeutic agents, administered as either monotherapies or in a clinically compatible 

multi-agent regimen, to induce cachexia and skeletal myopathy.  Further, we wanted to assess the 

capacity of select mitoprotective adjuvant therapeutic strategies, i.e. SN, BGP-15, and, voluntary 

activity, to combat chemotherapy-induced cachexia. 

As described in Chapter 1, chemotherapy-induced skeletal myopathy is an often-

overlooked contributing factor to the induction of cachexia in the cancer setting, with attention 

heavily focused on the influence of cancer-host interactions. Accumulating evidence in 

experimental models of cachexia demonstrate that select chemotherapeutic agents rapidly 

induce cachectic skeletal myopathy, although the underlying mechanisms are similar [1, 25, 46, 

104]. Additionally, not all chemotherapeutic agents display cachexia inducing properties, nor 

have they all been evaluated for their cachectic potential, either alone or in more clinically 

compatible multi-agent regimens. Indeed, in Part 1 of this thesis, we evaluated three different 

chemotherapeutic agents, i.e. DOX, IRI and 5FU, for their potential to induce cachexia [32, 50, 

105]. In Part 2 of this thesis, we transitioned to a more clinically compatible multi-agent regimen, 

evaluating the dual delivery of chemotherapies, daunorubicin and cytarabine, constituents of the 

CIR utilized in AML treatment. 

In Chapter 2, we demonstrated that DOX, is a potent cachexia-inducing chemotherapeutic 

agent – living up to its gold standard reputation [1]. This is despite administering DOX in a low-

dose, metronomic regimen to lower the risk of severe systemic toxicity associated with the high-

dose, single bolus protocol often described in the literature [2-10]. We demonstrated that DOX-

treated mice exhibited fatigue behavior, through reduced ambulation and energy expenditure. 

This was likely potentiated by underlying oxidative stress as evident by the upregulation of Nrf2, 

a key regulator of the antioxidant response.  
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In Chapter 3, we evaluated the potential of IRI as a monotherapy to induce cachexia, 

outside of its effects as part of the well characterized regimen associated with cachexia induction, 

FOLFIRI, involving concomitant delivery of 5FU, LEU and IRI [25, 106-108]. Importantly, we 

demonstrated that IRI-induces cachectic skeletal myopathy, as highlighted by the reduction in 

body mass and composition indices, and skeletal muscle mass and contractile function. These 

findings were underscored by a reduction in protein synthesis rate and expression of the 

cytoskeletal protein, dystrophin. This is the first ever study to highlight that the insult of IRI may 

promote a type of dystrophinopathy, which has been documented in both cachectic wasting 

caused by cancer [109].  

In Chapter 4, we evaluated the potential of 5FU administration to induce cachexia, 

another constituent of the FOLFIRI regimen. Interestingly, we demonstrated that 5FU does not 

induce cachexia, nor does it impact skeletal muscle mass or function. While these findings may be 

dependent on the metronomic delivery protocol [110], it highlights the notion that not all 

chemotherapeutic agents induce cachectic skeletal myopathy to the same extent. In particular, 

chemotherapeutic agents arising from the anti-metabolite class, like 5FU, show no evidence of 

impairing skeletal muscle mass or function, at least during a 2-week delivery regimen [111-114]. 

Despite the lack of physiological impact of 5FU on body and skeletal muscle mass, 5FU appeared 

to prime skeletal muscle for myopathy through a distinct molecular signature. This was 

highlighted by the increase in p38 MAPK and NF-κB phosphorylation, alongside the reduction in 

the expression of desmin and dystrophin in skeletal muscle. The latter findings signify that the 

loss of cytoskeletal proteins from chemotherapy may represent a precursor event prior to the 

induction of skeletal myopathy, thus uncovering a potential biomarker for early intervention. 

Collectively, our studies on mono-chemotherapy agents in Part I enabled important 

insights but were limited in their clinical compatibility – rarely are chemotherapeutic agents 

delivered as monotherapies.  Typically, they are administered as multi-agent regimens for 
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varying durations. This provides scope for potential drug interactions and compounding effects 

of individual drugs over the course of clinical treatment.  

In Part 2 of this thesis, we were interested to evaluate the impact of the CIR utilised in 

AML treatment on skeletal muscle. We chose the AML treatment regimen because muscle mass is 

integral to treatment success and eligibility for curative HSCT, and there is broad scope for muscle 

mass to waste during AML treatment for multiple reasons. These include, in addition to 

chemotherapy and cancer factors, disuse resulting from ward confinement during AML 

treatment, and the pan cytopenia caused by both the malignancy, and the CIR treatment. In 

chapter 5, we reviewed this concept and the reasons why skeletal muscle is driven to waste in 

AML patients, leading to dire consequences regarding survivability.  In particular, the intensity of 

chemotherapeutic treatment strategies, such as the universally utilised CIR, renders 

chemotherapy as the likely driver of cachexia in AML. It is acknowledged that additional, 

compounding factors are involved in the progression of this cachexia, including: myelogenous 

cytopenia-related factors, malnutrition, metabolic dysregulation, and instigation of the 

inflammatory milieu. Given the relative naivety of cachexia research in AML, we went on to 

investigate our primary interest in the contribution of chemotherapy as a driver of cachectic 

skeletal myopathy.  

In chapter 6, we developed a novel model of AML CIR-induced cachexia, by administering 

7-days of cytarabine concomitant with 3-days of daunorubicin. Indeed, the CIR induced 

significant cachexia, which was underpinned by the loss of lean and fat mass, skeletal muscle 

wasting and fatigue, similar to our findings in the DOX model evaluated in Chapter 2. CIR-induced 

cachexia did not immediately recover after chemotherapy was withdrawn, despite . the mass of 

the hindlimb skeletal muscles showing capacity to recover during the 2-weeks proceeding CIR 

treatment. Although body and lean mass did partially recover, CIR-treated animals were still 

considered cachectic as per the accepted definition at the conclusion of the 2-week recovery 

period. In this study, we also demonstrated that the CIR induces anemia, which was correlated 
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with the loss of lean and slow-twitch soleus mass. Our data suggest that anemia-related hypoxia 

may be a key underlying event of CIR-induced cachexia.  

Collectively, this thesis highlights the heterogenous capability of different 

chemotherapeutic agents to promote cachexia, and when cachexia is induced, similar sequelae are 

exhibited. 

The secondary aim of this thesis revolved around the evaluation of the therapeutic 

potential of mitoprotective adjuvant strategies to combat chemotherapy-induced cachexia. In 

Chapter 2, we investigated SN supplementation alongside DOX administration, given that it has 

previously displayed therapeutic efficacy to mitigate DOX-induced cardiomyopathy [11, 12]. SN 

can promote mitoprotection in a DOX-challenged environment through enhancing anti-oxidant 

activity to mitigate the deleterious impact from DOX-induced oxidative stress [12]. However, our 

group has previously established that SN promotes myopathy in skeletal muscle disease in which 

oxidative stress is abundant., i.e. in a murine model of Duchenne muscular dystrophy [13]. 

Interestingly, SN supplementation afforded no protective therapeutic potential alongside DOX, 

nor did it promote the onset of skeletal myopathy. This investigation suggests SN 

supplementation is not an appropriate therapeutic strategy to mitigate DOX-induced cachexia. 

We predict similar outcomes for SN supplementation as an adjuvant to any chemotherapeutic 

agent capable of inducing oxidative stress. 

In Chapter 3 and 4 we investigated the therapeutic potential of heat-shock protein-70 

(HSP-70) co-inducer and poly (ADP-ribose) polymerase-1 (PARP-1) inhibitor, BGP-15, alongside 

each of IRI and 5FU administration. BGP-15 displayed modest therapeutic potential alongside IRI, 

by mitigating the induction of cachexia and skeletal muscle myopathy. However, this protective 

effect was paradoxical in that BGP-15 exacerbated the IRI-induced reduction in protein synthesis, 

which was associated with further reduction of proteins associated with the DAPC (i.e. dystrophin 

and β-dystroglycan) in a step-like manner. This may depict remodeling of the contractile 

apparatus, cytoskeleton and/or the extracellular matrix. It is difficult to conclude from our data 
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whether BGP-15, when delivered alongside IRI, is beneficial for the skeletal muscular system or 

not, since on the one hand, BGP-15 mitigated many of the cachectic side-effects of IRI treatment, 

but on the other hand, it made fast-twitch muscles more prone to tearing, despite rescuing 

function. It was also difficult to ascertain the therapeutic efficacy of BGP-15 alongside 5FU, given 

that 5FU did not induce cachexia nor emit physiological consequences to skeletal muscle. BGP-15 

did appear to mitigate 5FU-increased in p38 mitogen-activated protein kinase (MAPK) and 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) phosphorylation, while 

increasing mitochondrial density and fusion dynamics. However, BGP-15 did not rescue the 

reduction in dystrophin and desmin expression from 5FU. 

 Finally, in Chapter 6, we evaluated the efficacy of voluntary activity alongside 

administration of the CIR. Interestingly, we demonstrated that voluntary activity exacerbates fat 

mass loss, driving cachectic wasting. This was underpinned by physical fatigue, including reduced 

wheel activity, energy expenditure, and, food intake. These insights suggest that rather than 

therapeutic, exercise therapy might actually promote cachexia during anti-cancer chemotherapy 

treatment. One reason for this may be that the AML CIR induces erythropenia and anemia, 

logically resulting in skeletal muscle hypoxia. This finding explains the physical fatigue observed 

in CIR-treated mice and could represent a novel driver of skeletal muscle cachexia in the AML 

setting.   

 

7.2 Study Limitations  

The specific limitations of each study are highlighted at the end of published/submitted 

experimental chapters (i.e. Chapters 2-4). Briefly, age of the mice was a key limitation given that 

in most of our studies, mice were still undergoing their rapid growth period at 6-weeks of age 

(sexual maturity achieved at approximately 8 weeks). Nevertheless, cachexia manifests across 

the lifespan [115], with pediatric cancer patients commonly administered chemotherapy, which 

can elicit lifelong impact on the skeletal muscular system [116, 117]. Thus our findings are still 
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pertinent and insightful. Secondly, our investigations are only conducted in male mice, thus a 

clear question remaints: Would the findings in this thesis be mirrored in the female population? 

Recently, Montalvo et al.  highlighted sex as a confounding variable that is often overlooked in 

relation to DOX-induced skeletal myopathy and responsivity to exercise interventions [118]. The 

inclusion of female in addition to male mice could have provided valuable insights relevant to the 

clinical treatment of AML, albeit, AML is more prevalent in males than in females [119]. Thirdly, 

these investigations, while deliberately conducted in cancer-free mice to ascertain the exclusive 

impact of chemotherapy on the induction of cachexia, do not address the clinical paradigm in 

which cachexia manifests, i.e. the synergistic insult of both tumor-host interactions and 

chemotherapy toxicity [44]. Future studies should also ascertain the combined effect of, for 

example, AML and the CIR on cachexia and fatigue. 

In Chapter 6, prominent limitations are observed that warrant a more complete 

discussion. Because of the COVID-19 pandemic and shut-down of our laboratory facilities for 

most of 2020, we were unable to mimic our analysis suite as per Chapters 2, 3 and 4. In particular, 

the ex vivo functional analyses of skeletal muscle contractile properties and the molecular 

investigations. Additionally, COVID-19 impacted completion of planned animal experiments, 

including the supplementation of mitochondrial-targeted compound, dimethyl fumarate 

(reviewed by our laboratory group here [120]), alongside CIR administration (for approved 

animal ethics application by the Victoria University Animal Ethics Committee see AEETH 

20/001). To best utilise time during this period, focus was placed upon on writing and publishing 

the studies described in Chapters 1-5. Subsequently, there was insufficient candidature time 

remaining to complete the extensive array of post-mortem analyses on the tissues collected in 

Chapter 6. This remains a goal of future experiments.  
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7.3 Future Directions  

The investigations undertaken in this thesis and their subsequent findings have 

prompted questions that warrant future scientific enquiry, including:  

1. What is the influence of other chemotherapeutic agents on body mass and skeletal muscle 

homeostasis? Further, what is the impact of clinically compatible multi-chemotherapeutic 

agent regimens on body mass and skeletal muscle homeostasis? As highlighted in Chapter 1, 

not all agents, nor multi-agent regimens, have been evaluated for their cachectic properties. 

These questions denote a long-term goal of this research area, with this thesis representing a 

substantial knowledge gain in this effort. 

2. Since, the findings of this thesis are predominately derived from younger/adolescent mice, 

and, that cancer is most frequently observed in the adult population, are there age-dependent 

effects arising from chemotherapy-induced cachexia? Further, are there long-term 

perturbations of chemotherapy administration to skeletal muscle homeostasis in aged 

mice/adult humans? Are there co-impacts on skeletal muscle from sarcopenia (the age-

related decline of skeletal muscle mass and function), cancer and chemotherapy? 

3. What is the underlying mechanistic interplay between chemotherapy-induced mitochondrial 

dysfunction and proteostasis? There is evidence that mitochondria regulate protein synthesis 

according to their energisation state and/or redox balance [121], thus it would be of interest 

to investigate these signalling cascades in response to chemotoxic stress. Further, can these 

signalling cascades be targeted to mitigate chemotherapy-induced skeletal muscle wasting 

and/or dysfunction? 

4. Does chemotherapy induce a mild-dystrophinopathy? While our data highlight dystrophin as 

a target of multiple chemotherapeutic agents (IRI and 5FU), it is currently unclear if the 

reduction of dystrophin is a cause or a consequence of skeletal myopathy. Subsequently, what 

are the time-course changes to dystrophin protein expression and binding dynamics to other 

cytoskeletal structural proteins relative to chemotherapy administration? Do perturbations 
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in dystrophin abundance and function recover post-chemotherapy? Could dystrophin 

expression be targeted to protect against or treat chemotherapy-induced muscle cachexia?   

5. What are the underlying mechanisms driving CIR-induced cachexia? Pertinent to the findings 

of this thesis, is normal dystrophin or other cytoskeletal protein expression and function 

perturbed from CIR administration? 

6. What is the role of anemia-related hypoxia in CIR-induced cachexia? Does the synergistic 

insult of AML and the CIR amplify the impact of anemia-related hypoxia and/or exaggerate 

the induction of cachexia? 
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