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Abstract

Aim: Loss of skeletal muscle mass is a common clinical finding in cancer patients.
The purpose of this meta-analysis and systematic review was to quantify the effect
of doxorubicin on skeletal muscle and report on the proposed molecular pathways
possibly leading to doxorubicin-induced muscle atrophy in both human and animal
models.

Methods: A systematic search of the literature was conducted in PubMed, EMBASE,
Web of Science and CENTRAL databases. The internal validity of included studies
was assessed using SYRCLE’s risk of bias tool.

Results: Twenty eligible articles were identified. No human studies were identified
as being eligible for inclusion. Doxorubicin significantly reduced skeletal muscle
weight (ie EDL, TA, gastrocnemius and soleus) by 14% (95% CI: 9.9; 19.3) and
muscle fibre cross-sectional area by 17% (95% CI: 9.0; 26.0) when compared to ve-
hicle controls. Parallel to negative changes in muscle mass, muscle strength was even
more decreased in response to doxorubicin administration. This review suggests that
mitochondrial dysfunction plays a central role in doxorubicin-induced skeletal mus-
cle atrophy. The increased production of ROS plays a key role within this process.
Furthermore, doxorubicin activated all major proteolytic systems (ie calpains, the
ubiquitin-proteasome pathway and autophagy) in the skeletal muscle. Although each
of these proteolytic pathways contributes to doxorubicin-induced muscle atrophy, the
activation of the ubiquitin-proteasome pathway is hypothesized to play a key role.
Finally, a limited number of studies found that doxorubicin decreases protein synthe-
sis by a disruption in the insulin signalling pathway.

Conclusion: The results of the meta-analysis show that doxorubicin induces skel-
etal muscle atrophy in preclinical models. This effect may be explained by various
interacting molecular pathways. Results from preclinical studies provide a robust

setting to investigate a possible dose-response, separate the effects of doxorubicin
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1 | INTRODUCTION

Doxorubicin is the most widely used anthracycline cytostatic
agent offering the most favourable approach to treating solid
tumours and haematological malignancies." The main anti-
neoplastic effects of doxorubicin include its ability to inter-
fere with the DNA helix and to bind proteins involved in DNA
replication and transcription."” Ultimately, such interactions
result in cell death because of an inhibition of DNA, RNA and
protein synthesis. However, because of this non-specific mech-
anism of action, healthy cells with a high proliferative potential
are also affected. As a consequence detrimental side effects,
including nausea, hair and weight loss, fatigue, cardiotoxicity
and skeletal muscle atrophy, presently limit the clinical use of
higher and more effective doses of doxorubicin when adminis-
tered systemically.l'3 Strategies to resolve this problem would
entail either local delivery of the drug to tumours* or concom-
itant administration of drugs to limit or even prevent unwanted
side effects. The latter will require improved understanding of
the mechanistic basis of doxorubicin-induced damage to non-
tumour cells. The present study was undertaken to specifically
evaluate and review current knowledge of the relation between
doxorubicin treatment and skeletal muscle tissue.

Patients undergoing cytotoxic chemotherapy often ex-
perience changes in body mass and composition because of
reduced food intake and metabolic changes, including the
development of an inflammatory environment, an increased
energy expenditure and excess catabolism.” Estimates sug-
gest that up to 80% of patients with cancer experience weight
loss.” Excessive wasting of skeletal muscle is assumed to
contribute to these alterations in body mass. The prevalence
of muscle atrophy varies from 14% in patients with early stage
breast cancer, to 27% in patients with advanced breast cancer
and 55%-56% in patients with non-Hodgkin lymphoma. Up to
now, the extent to which cytotoxic chemotherapy contributes
to skeletal muscle atrophy is not clear. Therefore, the goal of
the present study was to determine the extent to which skeletal
muscle tissue is impacted by doxorubicin treatment. To date,
preclinical studies have shown that chemotherapy alone, inde-
pendent of neoplastic disease, can promote muscle loss.* In
patients with cancer with both early and advanced stage dis-
ease, the loss of muscle mass negatively affects clinical and
patient-reported outcomes.'? It can lead to the loss of muscle

ubiquitin-proteasome pathway

from tumour-induced atrophy and to examine underlying molecular pathways. More
research is needed to confirm the proposed signalling pathways in humans, paving

the way for potential therapeutic approaches.

doxorubicin, mitochondrial dysfunction, muscle atrophy, reactive oxygen species, skeletal muscle,

strength, progressive functional impairment, increased levels
of fatigue and, thereby decreased quality of life."'? The com-
bination of fatigue and reduced muscle strength is a significant
burden for cancer patients and can last up to 10 years follow-
ing the cessation of chemothelrapy.13 Furthermore, it has been
reported that skeletal muscle loss is a strong prognostic fac-
tor for prognosis and drug-associated toxicity, regardless of
body weight loss.'*1 Conversely, cancer patients with higher
muscle mass generally tolerate higher, and, therefore, more
effective doses of chemotherapy, which in turn increases the
chance of disease-free survival.'®!”

Since it has been suggested that doxorubicin induces
skeletal muscle atrophy, it is important to develop a counter-
measure to prevent doxorubicin-induced skeletal muscle
atrophy by acquiring a detailed understanding of the mech-
anisms responsible for this unwanted side effect. While the
mechanisms by which cancer induces skeletal muscle atro-
phy have been extensively studied,”'"'® less is known about
the specific effects of doxorubicin on skeletal muscle tissue.
Emerging evidence suggests that doxorubicin induces ox-
idative stress >!%% possibly leading to mitochondrial dys-
function, a process closely associated with the activation of
proteolytic signalling pathways. Another molecular pathway
that seems to be involved in doxorubicin-induced skeletal
muscle wasting is the ubiquitin-dependent proteasome path-
way.23 In addition, autophagy has also been put forward as
a potential mechanism involved in doxorubicin-induced pro-
tein degradation.23’24 However, individual studies have been
focusing on particular molecular pathways instead of com-
paring the relative contribution of these pathways to doxoru-
bicin-induced skeletal muscle atrophy. Therefore, the exact
mechanisms and molecular pathways responsible for doxoru-
bicin-induced skeletal muscle atrophy remain elusive.

Currently, reports on the effect of doxorubicin on human
skeletal muscle tissue are limited. Available data on the effect
of doxorubicin on skeletal muscle tissue and the above men-
tioned molecular pathways are mainly obtained from animal
models. Although animal models do not replicate all aspects
of muscle atrophy in humans, results from preclinical stud-
ies do provide a controlled and valuable model to examine
the effect of doxorubicin on skeletal muscle and identify the
proposed molecular pathways in a cancer and non-cancer set-
ting.18 Furthermore, results from preclinical studies provide
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arobust setting to investigate a possible dose-response, sepa-
rate the effects of doxorubicin from tumour-induced atrophy
and to examine underlying molecular pathways and test po-
tential therapeutic targets.

The aim of this meta-analysis and systematic review was
to evaluate and review current knowledge of the effects of
doxorubicin on skeletal muscle tissue, in terms of skeletal
muscle weight, muscle fibre cross-sectional area (CSA), and
muscle strength, and to provide insight into the underlying
molecular mechanisms behind these effects. First, we quanti-
fied the effect of doxorubicin on skeletal muscle (ie skeletal
muscle weight and muscle fibre CSA) by conducting a meta-
analysis. Second, we evaluated the findings of studies that
assessed muscle strength and the molecular pathways of the
effect of doxorubicin on skeletal muscle tissue in both human
and animal models. Lastly, we delineated the potential sig-
nificance of these proposed mechanisms with respect to the
development of targeted therapeutic strategies.

2 | RESULTS

21 |

Details of the study selection process are depicted in a flow
chart (Figure 1). The search strategy retrieved 367 unique re-
cords. The selection procedure resulted in 20 eligible articles.

Study selection process

)
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2.2 | Study characteristics

Details of the study characteristics (eg strain, dosing sched-
ule and concentration) are shown in Table 1. Studies con-
ducted in humans were not identified as being eligible
because of the absence of an appropriate control group.
All eligible articles involved studies conducted in rodents
without tumours, of which 9 were in mice and 11 in rats.
Data were predominantly obtained in males (75%). A dose
of 20 mg/kg in rodents is in the range of the commonly
used human dose when scaled according to the commonly
applied methods.?>® Nine studies used this dose (45%),
whereas various lower doses were used in the other stud-
ies. The majority of studies (75%) examined the short-term
effects (20-72 hours) of doxorubicin on skeletal muscle,
whereas six studies examined the long-term effects (5 days
to 4 weeks, which is equivalent to 2-11 human years27) of
doxorubicin.

23 |

The risk of bias and study quality assessment of individual
studies is presented in Data S3. When assessing the in-
dividual components of the SYRCLE’s risk of bias tool,
inadequate reporting of the methodology often led to an
unclear risk of bias (Figure 2A). Of the three entries that

Risk of bias and quality of reporting

Records identified through
database searching

Additional records identified
through other sources
(n=441) (n=0)

Identification

[

Screening ]

[

Eligibility ]

[

)

Included

FIGURE 1 PRISMA Flow Diagram
of the study selection process

| ]

Records after duplicates removed
(n=367)

I

Records screened for
eligibility >
(n= 367)

]

Full-text articles

Records excluded
(n=343)

Full-text articles excluded

assessed for eligibility
(n=24)

l

Additional articles from
reference list
(n=3)

]

Articles included in
qualitative and
quantitative synthesis
(meta-analysis)
(n=20)

with reasons
(n=7)
- Mix of chemotherapeutic
agents (n = 3)
- No appropriate control
(n=3)
- Wrong outcome (n = 1)
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FIGURE 2 Risk of bias graphs.
Graph A displays the risk of selection,
performance, detection, attrition and other
biases, which were assessed in all included
studies using SYRCLE’s risk of bias tool.
Graph B displays the reporting of six

key quality indicators. Review authors’
judgements about each item are presented as
absolute numbers across all included studies

(A)

Random group allocation (selection)
Groups similar at baseline (selection)
Blinded group allocation (selection)
Random housing (performance)

Blinded intervention (performance)

Random outcome assessment (detection)

Blinded outcome assessment (detection)
Reporting of drop-outs (attrition)

Other biases
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Risk of bias

Low
Unclear
m High

T T T

0 5 10 15

.l N

o

(B)

Any randomization

Temperature regulation
Ethical approval

Conflict of interest statement

are related to selection bias, random and blinded group
allocation were most poorly reported. Originally, the de-
tails of methods used for both randomization and blind-
ing of the outcome assessor were unclear in all included
articles. Only after contacting the authors, these methods
were clarified for nine studies. Studies that matched vehi-
cle control and intervention groups on important baseline
characteristics were indicated as low risk of selection bias.
All authors failed to report details on measures to reduce
performance and detection bias. Again, after contacting the
authors, these details were clarified.

The overall reporting of quality indicators for the 20 in-
cluded studies is presented in Figure 2B. For 12 (60%) studies,
it was reported that the experimental groups were random-
ized in some way. Blinding of the experiment at any level
was not reported in any of the studies. In only two studies
(10%), a sample size calculation was reported to support the
chosen group sizes. Approximately half of the studies (45%)
reported that the temperature of the animal room was regu-
lated within a physiological range. In the majority of studies
(95%), a statement of ethical approval was reported. A con-
flict of interest statement was present in 11 studies (55%), in

]

Any blinding  INEEEGEGEEE—
Sample size calculation |
]

I

Number of studies

Reporting of Quality Indicators

Reported
m Not reported

0 5 10 15 20
Number of studies

which the authors of two of these studies reported a possible
conflict of interest.

2.4 | Effects of doxorubicin on muscle
mass and cross-sectional area

In general, doxorubicin administration resulted in a sig-
nificant decrease in body weight, however, because of
the heterogeneity in reporting, specifics cannot be con-
cluded.”>'*?%3* In one study, the reduced body weight was
sustained for 4 weeks after the cessation of chemotherapy.28
The decrease in body weight was accompanied by a re-
duction in skeletal muscle weight and a decrease in lean
body mass and fat mass.'*!??83132343¢ Our meta-analysis
revealed that doxorubicin treatment significantly reduced
skeletal muscle weight by 14% (95% CI: 9.9 to 19.3) com-
pared to vehicle control (Figure 3). The negative effect
of doxorubicin on skeletal muscle weight was most pro-
nounced in the extensor digitorum longus muscle compared
to other limb muscles.

In line with reduced skeletal muscle weight, treated
animals tended to have a decreased muscle fibre
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CSA.!1321:23.28-31.37 Specifically, doxorubicin administra-
tion in rats resulted in a significant decrease in type I mus-
cle fibre CSA (slow twitch oxidative; SO), type Ila (fast
twitch oxidative glycolytic; FOG) and type IIx/b muscle
fibre CSA (fast twitch glycolytic; FG) in the diaphragm,
plantaris and soleus muscles.”' Our meta-analysis demon-
strated that doxorubicin administration significantly re-
duced muscle fibre CSA (pm2) by 17% (95% CI: 9.0 to
26.0; 7 studies) when compared to vehicle controls (Figure
4). Yu et al (2014 and 2015) assessed the gastrocnemius
muscle fibre size by measuring the feret diameters of the
fibres. Both studies did not observe a significant differ-
ence in the mean fibre size.”>*

Parallel to negative changes in muscle mass, muscle
strength was even more decreased in response to doxo-
rubicin administration. Gilliam et al (2011) showed that
doxorubicin treatment exacerbated diaphragm dysfunc-
tion, since maximal absolute force was depressed with
50%-60% in doxorubicin-treated animals.”” When nor-
malized for muscle fibre CSA, specific force remained de-
pressed. These findings are in line with three other studies
demonstrating that doxorubicin administration at clinical

doses results in skeletal muscle weakness, as shown by
the decrease in muscle-specific force.”!*1* Hydock et al
(2011) observed that decrements in skeletal muscle func-
tion, measured as maximal twitch force, were dose depen-
dent.>? Doxorubicin treatment resulted in a 45%, 60% and
74% reduction in maximal twitch force of the soleus in rats
receiving injections of 10, 12.5 or 15 mg/kg respectively.
Correspondingly, Ge et al (2014) reported a significantly
lower force-frequency relationship in doxorubicin-treated
animals compared to the control animals, indicating an im-

paired muscle function.*

3 | POTENTIAL MOLECULAR
MECHANISMS OF DOXORUBICIN-
INDUCED MUSCLE ATROPHY

Muscle atrophy occurs as a result of increased protein degra-
dation as well as from decreased protein synthesis. Increased
protein degradation is mainly driven by oxidative stress, au-
tophagy and activation of the ubiquitin-proteasome pathway,
whereas reduced protein synthesis is most likely driven by an

Percentage change

Study Mean change in muscle weight 95% Cl Weight
Grabowiecki (2015) —'— -18.60 [-23.01;-14.19] 13.7%
Nissinen (2016) . -7.37 [-10.77; -3.97] 14.4%
; ,
Grabowiecki (2015) - -22.28 [-26.35;-18.21] 14.0%
Nissinen (2016) E -9.33 [-12.64; -6.02] 14.5%
H
Hydock (2011) —'— -10.59 [-19.34; -1.84] 10.3%
Nissinen (2016) - -7.09 [-13.27; -0.91] 12.4%
Gilliam (2009) —~— -17.71 [-23.32;-12.10] 12.8%
Hydock (2011) —a— -26.53 [-38.58;-14.48] 7.9%
Random effects model < -14.42 [-19.26; -9.58] 100.0%
I? = 87%, P< .01 T [T 7
Residual heterogeneity: I =90%, P < .01 -30-20-10 0 10 20 30

FIGURE 3 Forest plot of meta-analysis estimates of the effect of doxorubicin on skeletal muscle weight (gram). Results are presented as
percentage change in muscle weight with accompanying 95% CI. Subgroup analyses were conducted to assess the effect of doxorubicin on specific

limb muscles
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Percentage change

Study Mean change in muscle fiber size 95% Cl Weight
Gilliam (2009) —- ~15.15 [-21.95; -8.35] 14.6%
Gilliam (2011)a : -8.57 [-10.36; —6.78] 16.0%
Gilliam (2011)b : -16.13 [-36.23; 3.97] 8.4%
Gilliam (2016) g -18.33 [-23.06; —13.60] 15.3%
Lima Junior (2016) -26.83 [-28.22; —-25.44] 16.0%
Min (2015) —= ~22.71 [-28.55; -16.87] 15.0%
Nissinen (2016) —h. -13.67 [-20.45; -6.89] 14.6%
Random effects model <> —17.46 [-25.93; —8.98] 100.0%
I” = 98%, P < .01 IR L
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FIGURE 4 Forest plot of meta-analysis estimates of the effect of doxorubicin on muscle fibre CSA (pm?). Results are presented as

percentage change in muscle fibre size with accompanying 95% CI

altered response to growth-promoting pathways. However,
the exact molecular mechanisms behind doxorubicin-in-
duced muscle atrophy are currently not fully elucidated.

3.1 | Ocxidative stress induced by
mitochondrial dysfunction following
doxorubicin administration

The majority of skeletal muscle cells are terminally differ-
entiated and may not be significantly affected by the main
anti-cancer effect of doxorubicin (ie inhibition of DNA rep-
lication). Instead, doxorubicin is suggested to induce atrophy
partly through causing mitochondrial dysfunction in skel-
etal muscle.>"” Initially, chemotherapeutic agents have the
potential to attenuate mitochondrial respiration.41 Gilliam et
al (2013) and Gilliam et al (2016) evaluated mitochondrial
function in permeabilized fibre bundles from the gastrocne-
mius and soleus muscle, respectively, and observed a rapid
(ie within 2 hours) decrease in mitochondrial respiratory ca-
pacity following a single doxorubicin injection (20 mg/kg),
resulting in impaired electron transport.l‘%’19 In these studies,
mitochondrial respiration was repressed through the reduc-
tion of respiration supported by complex I (pyruvate/gluta-
mate) and complex II (succinate) substrates'>!? and through
the increased production of H,0, (~52%) by the mitochon-
drial respiratory chain in skeletal muscle."” Interestingly,
cancer combined with doxorubicin treatment diminished
the effects of either treatment or neoplastic disease alone,
resulting in the production of H,O, comparable to vehicle
controls.”* A study from Min et al (2015) confirmed that
doxorubicin administration (ie single injection of 20 mg/kg)
alone results in a decreased mitochondrial respiratory capac-
ity and increased mitochondrial uncoupling and dysfunc-
tion, when measured in permeabilized muscle fibres of the
diaphragm, soleus and plantaris muscles.?! This disruption in

electron flow is a potential source of reactive oxygen species
(ROS) production. Furthermore, doxorubicin administra-
tion reduced the respiratory control ratio (RCR),?! which is
an indicator of mitochondrial uncoupling and dys’function.42
These findings suggest that mitochondria are a major source
of (mitochondrial) ROS formation in skeletal muscle in re-
sponse to doxorubicin.'*"

Reactive oxygen species are oxygen-derived molecules
that can cause damage to DNA and proteins if ROS levels are
dramatically increased and not neutralized by antioxidants.*
ROS, such as hydrogen peroxide (H,O,), are the normal
products of metabolism and involved in multiple cellular sig-
nalling pathways. However, increased levels induced by envi-
ronmental stress or reduced antioxidant activity may lead to
oxidative stress, which in turn results in oxidative damage.43

Reactive oxygen species are the potential mediators of
chemotherapy-induced skeletal muscle atrophy, and able
to contribute to muscle atrophy both directly (ie through
oxidative damage) and indirectly (ie through redox signal-
ling in proteolytic pathways).'' In response to the oxidative
stress that is induced by the above-mentioned mechanisms,
lipid peroxidation occurs and biologically active aldehydes
are produced, including 4-hydroxy-2-nonenal (4-HNE).»!
Additionally, 4-HNE can induce oxidative damage by form-
ing adducts with muscle proteins. These 4-HNE protein con-
jugates can be measured as a biomarker of lipid peroxidation
to determine oxidative modification of muscle proteins. Two
studies demonstrated that doxorubicin administration re-
sulted in significantly increased levels of 4-HNE modified
proteins.m’44

While ROS levels have been shown to be elevated fol-
lowing doxorubicin administration, the levels of heat shock
proteins (HSPs) have been shown to decrease in the soleus
muscle, indicating a reduced capacity to protect the muscle
fibre against oxidative stress.** HSPs play a role in protein
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synthesis and have been shown to protect cells from protein
damaging stressors (eg mitochondrial production of ROS).

These findings suggest that mitochondrial respiration
is negatively affected by doxorubicin, resulting in excess
ROS production and compromising the ability to maintain
a normal redox state of structural and functional proteins
in skeletal muscle. It can be speculated that the mitochon-
drial production of ROS is a major contributor to doxo-
rubicin-induced skeletal muscle atrophy (Figure 5; red
pathway).

3.2 | Activation of proteolytic signalling
pathways in skeletal muscle

In addition to increased mitochondrial ROS formation,
doxorubicin is also capable of (in)directly increasing the ac-
tivity of several proteolytic pathways in skeletal muscle.*!
Specifically, increased activity of calpain and caspase and
the activation of both the autophagic signalling pathway and
ubiquitin-proteasome pathway have been described to be
possibly involved in doxorubicin-induced muscle atrophy.
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FIGURE 5 A proposed schematic diagram of signalling pathways for doxorubicin-induced muscle atrophy. Many intracellular pathways

participate in doxorubicin-induced muscle atrophy. The pathways are divided in three main pathways in this diagram: (a) The disrupted insulin

signalling pathway leading to decreased protein synthesis, indicated in blue; (b) The autophagic signalling and ubiquitin-proteasome proteolysis

pathway leading to increased protein degradation, indicated in green; and (c) Oxidative stress leading to mitochondrial degradation, indicated

in red. Insulin-like growth factor 1 (IGF-1) normally stimulates protein synthesis through Akt and mTOR. The insulin signalling pathway is

disrupted in doxorubicin-induced muscle atrophy and the expression of important proteins (ie GLUT4 and AMPK) involved in glucose uptake

is decreased, which results in decreased protein synthesis. Myostatin (Mstn) increases protein degradation by activating forkhead (FOXO)

family transcription factors. This allows for the increased transcription of important atrophy-related genes (ie atrogin-1/MaFbx and MuRF-1).

Furthermore, mitochondrial respiration is negatively affected by doxorubicin, resulting in excess ROS production. On the one hand this results in

the activation of calpain-1 and caspase-3, which are proteases that are capable of, respectively, promoting muscle atrophy by cleaving structural

proteins and degrading intact myofibrillar proteins. The activity of these two proteases is increased following doxorubicin administration, leading

to proteolysis. On the other hand, it results in mitochondrial degradation, which leads to skeletal muscle atrophy. Note that underlined proteins are

upregulated in response to chemotherapy
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Calpain-1 and caspase-3 are proteases that are capable of,
respectively, promoting muscle atrophy by cleaving struc-
tural proteins and degrading intact myofibrillar proteins.**
Two studies showed that doxorubicin administration re-
sulted in an increased calpain-1 and caspase-3 activity in
soleus muscle.”"** Moreover, doxorubicin-mediated mi-
tochondrial ROS production can potentially also promote
this proteolysis via oxidative modification of myofibrillar
proteins.** Smuder et al (2010) found that oxidative modi-
fication increases the susceptibility of myofibrillar proteins
to degradation via calpain-1 and caspase-3.22 In this study,
myosin, actin, troponin I as well as a-actinin were shown
to be more susceptible to degradation by calpain-1 and —2
following oxidation.”? In a study of Yu et al (2014) a similar
trend of the change in caspase-3 activity was observed, how-
ever, the difference between intervention and control did not
reach significance.23

In addition to alterations in mitochondrial function and
protein modifications, chemotherapy can also induce myonu-
clear DNA damage and subsequent calpain-1 and caspase-3
activation leading to apoptosis. The DNA damaging effect in
skeletal muscle was confirmed by the increase in the number
of TUNEL-positive nuclei in skeletal muscle in response to
doxorubicin treatment.”'**** The number of TUNEL-posi-
tive nuclei can be used as an index of apoptosis.

The increase in the number of TUNEL-positive nuclei was
accompanied with elevated apoptotic DNA fragmentation23
and the abundance of both pro-apoptotic Bax and anti-apop-
totic Bcl-2 proteins were significantly increased in the soleus
muscle of doxorubicin-treated mice compared to vehicle con-
trol.?> The authors speculate that this increase in the protein
content of Bcl-2 might serve as a self-defence mechanism of
skeletal muscle tissue against doxorubicin exposure.

Dirks-Naylor et al (2013) aimed to determine the effects
of doxorubicin administration on proteome lysine acetylation
status, an indicator of the apoptotic environment, and the
expression of various caspases involved in the initiation of
apoptosis. In contrast to aforementioned studies, doxorubicin
did not affect the expression and activation of caspases.45 The
differences in results may be attributable to differences in ex-
perimental design.

Calpain and caspase

3.2.2 | Autophagy

Autophagy is a highly regulated process that can be divided
into six different stages: initiation, nucleation, elongation,
closure, maturation and degradation.46 On the one hand,
it removes damaged organelles and protein aggregates to
maintain cell survival, while, on the other hand, upregu-
lated autophagy activity can induce apoptosis-mediated cell
death. Smuder and colleagues hypothesized that doxorubicin
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administration increases the expression of autophagy mark-
ers in type I specific soleus muscle.**

The initial step in the autophagic signalling pathway
involves the formation of an isolation membrane. This
membrane will form into a mature autophagosome by the
recruitment of proteins. This process is regulated by Atg pro-
teins. The autophagosome initiation protein, Beclin-1, plays
a key role in autophagy by localizing Atg proteins to the
isolation membrane.*® Smuder et al (2011) found that both
Beclin-1 mRNA and protein levels were elevated in the so-
leus muscle of doxorubicin-treated mice.>*

Furthermore, formation of the autophagosome involves
interaction of other Atg proteins. Specifically, Atgl2, Atg7,
Atg4 and LC3 play important roles in the maturation process
of the autophagosome.24 Findings indicate that Atgl2 mRNA
and protein levels, levels of the Atgl2-Atg5 complex, protein
levels of Atg7 and LC3 mRNA expression levels were sig-
nificantly increased in the soleus muscle following doxoru-
bicin administration compared to the vehicle control glroup.24
In addition, the ratio of LC3 II-to-LC3 I was assessed. This
ratio is an indicator of the formation of autophagosomes and
commonly used as a marker of autophagy. The LC3II/LC3I
was increased in the doxorubicin group compared to vehicle
control.**

In contrast, Yu et al (2014) demonstrated that the ex-
pression of autophagic markers in gastrocnemius muscle
remained unchanged after 5 days following doxorubicin ad-
ministration.”* This inconsistency can be attributed to the
variation of experimental period (5 days in the study of Yu vs
24h after doxorubicin administration in the study of Smuder).
Therefore, Yu et al (2014) conducted an additional experi-
ment to examine the activation of autophagic signalling at
24h and observed that autophagic signalling was activated
at this time point as indicated by the ratio of LC3 II-to-LC3
1% These results suggest that autophagy is upregulated 24h
post-doxorubicin administration and returns to baseline lev-
els 5 days after doxorubicin administration.

During elongation of the isolation membrane, proteins
and organelles are sequestered in the cytosol. The autopha-
gosome can fuse with lysosomal vesicles to form the autol-
ysosome where cytoplasmic contents of the autophagosome
can be degraded. Cathepsin B, D and L function as lysosomal
proteases and are highly expressed in tissues with high pro-
tein turnover rates during muscle atrophy.24 Data reveal that
cathepsin L mRNA and protein expression is increased in
the soleus muscle following doxorubicin treatment.”* In con-
trast, the muscle levels of cathepsin B and D mRNA were not
increased.

Another study showed that doxorubicin treatment in-
creased the transcription of BNIP3 in soleus muscle.*” This
result was consistent with the previous studies indicating that
doxorubicin induces autophagy in skeletal muscle. BNIP3, a
FoxO target gene, is a pro-apoptotic BH3-only protein that
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induces autophagy and promotes mitochondrial dysfunction.
Under normal conditions, the protein Beclin-1 forms a com-
plex with Bcl-2. However, Bcl-2 releases Beclin-1 during
stressful conditions in order to bind to BNIP3 to promote au-
tophagy. As a consequence, increased expression of BNIP3
can promote autophagy and apoptosis in skeletal muscle.*’

Overall, these data suggest that doxorubicin adminis-
tration induces autophagy through upregulation of several
proteins in the autophagic signalling pathway that could
promote increased protein breakdown (Figure 5; green
pathway).

3.2.3 | Ubiquitin-proteasome pathway

Increased muscle proteolysis occurs mostly through acti-
vation of the ubiquitin-proteasome pathway.47 E3 ligases
(ie Atrogin-1/MaFbx and MuRF-1) in this pathway control
polyubiquitination, which is a rate-limiting step in the ubiqg-
uitin-proteasome proteolysis pathway. E3 ligases are directly
involved in skeletal muscle protein breakdown by targeting
proteins for degradation.

In addition to contributing to autophagy, FoxO activa-
tion can also increase the transcription of atrogenes. Data
demonstrate that doxorubicin administration induces muscle-
specific overexpression of Forkhead-box O1 (FoxOl) and
FoxO3 mRNA.*” Activation of the forkhead transcription
factor family has been shown to be involved in the activa-
tion of proteolytic pathways in skeletal muscle through the
increased transcription of important atrophy-related genes (ie
atrogin-1/MaFbx and MuRF-1), which in turn is regulated by
Akt. The study of Kavazis et al (2014) revealed that the lev-
els of atrogin-1/MaFbx and MuRF-1 mRNA were increased
in soleus muscle in sedentary animals following doxorubicin
administration.*” These results are in line with the findings of
Hulmi et al (2017), who showed that E3 ubiquitin ligase atro-
gin-1 mRNA was significantly increased by doxorubicin.*

The findings of Yu et al (2014) on the effects of doxo-
rubicin administration on Akt signalling in skeletal muscle
are consistent with the aforementioned studies, showing that
doxorubicin has an inhibitory effect on the phosphorylation
of Akt in skeletal muscle.”

Although previous studies on protein degradation found
increased markers of the ubiquitin-proteasome pathway, the
evidence is inconsistent. Nissinen et al (2016) also assessed
whether doxorubicin-induced muscle atrophy was because
of increased protein degradation by investigating atrophy-
related genes that have previously been shown to be up- or
downregulated in cancer cachexia. In contrast to other stud-
ies, no systematic changes in these genes by doxorubicin were
found.®?® Therefore, a gene set enrichment analysis (GSEA)
was conducted to detect the small changes in several genes.
This analysis revealed a significant increase in the proteolytic
pathway and apoptosis, and a trend in the caspase cascade.”®

Of the individual atrogenes, FoxO1 was the only gene that
was significantly induced by doxorubicin.”® An explanation
as to why Nissinen er al (2016) observed only a small upreg-
ulation in the protein involved in the proteolytic pathway may
be attributed to the dosage. The dosage used (15 mg/kg) was
relatively low compared to the ones typically used (20 mg/
kg). Therefore, it can be speculated that the mechanisms be-
hind muscle atrophy are dose dependent.

FoxO signalling has also been shown to regulate myosta-
tin expression.47 Myostatin is a growth factor that negatively
regulates muscle growth and can promote the expression
of atrogin-1/MaFbx through FoxO activation. Kavazis et al
(2014) showed that the soleus muscle of animals treated with
doxorubicin contained higher levels of myostatin mRNA
compared to vehicle control*’ (Figure 5; green pathway).
This finding suggests that muscle cell differentiation and re-
generation might be impaired.

3.3 | Decreased protein synthesis

In addition to its potential to induce cellular pathways involved
in protein degradation, data also indicate that doxorubicin is
capable of decreasing protein synthesis. MAPK signalling
is associated with the regulation of muscle size. Nissinen
et al (2016) reported that the phosphorylation of ERK1/2, a
classical MAP kinase, was acutely downregulated in doxo-
rubicin-treated mice.”® A similar decrease in ERK1/2 phos-
phorylation has been previously reported by Yu ef al (2014).
However, after 2 and 4 weeks, ERK1/2 phosphorylation lev-
els were again comparable to vehicle control. Nissinen et al
(2016) also found that muscle protein synthesis was dimin-
ished 20 hours following doxorubicin administration, which
was revealed by a method called “surface sensing of transla-
tion.” No changes because of treatment were observed in the
activation of mMTORCI1 signalling and Akt phosphorylation.28
Furthermore, a significant increase in the mRNA expres-
sion of REDD1 was found in doxorubicin-treated animals.*®
REDDI is a protein related to muscle atrophy and decreased
protein synthesis.28 This finding suggests that doxorubicin-
induced REDDI1 expression could contribute to decreased
protein synthesis.

3.3.1 | Insulin signalling pathway

De Lima Junior et al (2016) found that doxorubicin ad-
ministration induced muscle atrophy together with a severe
glucose intolerance.*® Doxorubicin-treated animals showed
increased levels of glucose, insulin and free fatty acids in
serum 72 hours after treatment. The doxorubicin-treated
group showed impaired insulin sensitivity, but the protein
expression of insulin receptor (IGF-1), Akt and PI3-K did
not change in skeletal muscle. Nevertheless, other proteins
(ie IRS-1 and GSK3-b) involved in the insulin pathway
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exhibited decreased expression.30 Moreover, mRNA and
protein levels of GLUT4 and AMPk « were decreased.” It
may be that part of the insulin signalling pathway is disrupted
in doxorubicin-induced muscle atrophy, and that the expres-
sion of important proteins involved in glucose uptake is de-
creased, which might result in decreased protein synthesis
(Figure 5; blue pathway).

4 | DISCUSSION

This meta-analysis showed that doxorubicin treatment
caused an average of 14% reduction in muscle weight and
an average of 17% reduction in muscle fibre CSA. Parallel
to negative changes in muscle mass, muscle strength was
also decreased in response to doxorubicin administration.
Muscle atrophy can result from both increased protein deg-
radation and decreased protein synthesis.” For each mech-
anism discussed in this review only a few reports exist.
Moreover, strains, doxorubicin concentrations, and dosing
schedules differ between these reports; therefore, it is dif-
ficult to determine how firmly established a given mech-
anism is. Based on the current systematic review we can
conclude that mitochondrial dysfunction plays an important
and central role in doxorubicin-induced skeletal muscle at-
rophy. The increased production of ROS plays a key role
within this process. Furthermore, the included studies dem-
onstrated that doxorubicin activates all major proteolytic
systems (ie calpains, the ubiquitin-proteasome pathway and
autophagy) in the skeletal muscle. Although each of these
proteolytic pathways contributes to doxorubicin-induced
muscle atrophy, the activation of the ubiquitin-proteasome
pathway is hypothesized to play a key role. Finally, a lim-
ited number of studies investigated the capability of doxo-
rubicin to decrease protein synthesis by a disruption in the
insulin signalling pathway.

When comparing the results of this meta-analysis to
other models of skeletal muscle atrophy, we found that a
7-day hind limb suspension resulted in a comparable de-
crease in soleus (27.1%) and gastrocnemius muscle (21.5%)
weight to body weight ratio in wildtype mice.*® Moreover,
evidence shows that the network of interacting signalling
pathways that we found to be involved in doxorubicin-in-
duced skeletal muscle atrophy, also share common path-
ways with disuse atrophy.49 Given the similarities between
these two models of skeletal muscle atrophy, we hypothe-
size that disuse might be involved in doxorubicin-induced
skeletal muscle atrophy. Up to now, it is unknown whether
rodents receiving chemotherapy move less compared to
control rodents. In line with this hypothesis, we can assume
that anti-disuse (physical activity or exercise) might coun-
teract this doxorubicin-induced atrophy. We will elaborate
on this topic in the last paragraph of the discussion.
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Studies in this review show that doxorubicin treatment
can lead to oxidative stress, autophagy and activation of the
ubiquitin-proteasome pathway. However, it cannot be fully
determined whether these effects were because of the di-
rect effects of doxorubicin or because of reduced food and
water intake, since most studies did not control for this factor.
Interestingly, a study by Gilliam and colleagues showed that
doxorubicin treatment led to a 50%-70% reduction in food and
water intake 24 hours after drug administration.’' Based on
this finding, Dirks-Naylor et al (2013) hypothesized that the
reduction in lean body mass may in part simply be explained
by a reduced food and water intake.* Earlier research has al-
ready shown that anorexia stimulates catabolic pathways and
proteolysis in skeletal muscle in general. In order to assess
the direct effects only, future studies should add an additional
group of mice (healthy pair-fed) to control for any possible
effects of reduced food intake by healthy mice resulting from
chemotherapy. To do so, healthy mice without chemotherapy
should receive the food intake of mice with chemotherapy.

The findings of this systematic review highlight that
there are both similarities and differences between stud-
ies in the underlying molecular mechanisms found to be
induced by doxorubicin. The dose of doxorubicin, the
mode of administration, timing of measurement (acute
vs long-term effect in rodents receiving a single chemo-
therapy dose) and type of muscle studied might play im-
portant roles in the identification of doxorubicin-induced
alterations in underlying molecular pathways. The dose of
20 mg/kg of doxorubicin can be assumed to be in the clin-
ical relevant range for humans.>>?° However, a lower dose
was administered in approximately half of the studies. As a
consequence, this might have hampered the comparability
of the results. In future studies, the use of this specific dose
(ie 20 mg/kg) would enable more stringent comparisons
and is recommended to unequivocally establish the rele-
vance of the proposed mechanisms.

4.1 | Limitations

First, reporting of the methodology of experimental animal
studies was typically poor. Indeed, this issue has been pre-
viously and repeatedly raised, leaving the present research
at substantial risk of bias.”® The urgency of this issue was
confirmed by the results of the risk of bias assessment,
since many items were indicated as “unclear” risk of bias.
Although many components of the SYRCLE’s risk of bias
tool are performed in experimental animal studies, they
are not commonly reported. This might hamper the inter-
nal validity of the study and increase the risk of bias (ie
selection, attrition, performance and detection bias). To
partially overcome this problem, authors were contacted
to clarify some components of this tool. Future preclinical
studies should consider using the Design and Execution of
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Protocols for Animal Research and Treatment (DEPART)
and Animals in Research: Reporting In Vivo Experiments
(ARRIVE) guidelines in order to reduce variability and the
risk of bias and increase translation to the human condi-
tion. In addition, these guidelines address all parameters
required for complete study reporting and subsequently,
improve the quality of evidence for inclusion of preclinical
research in meta-analyses and systematic reviews.

Second, the preclinical studies included in this systematic
review did not resemble the clinical scenario, where only
subjects diagnosed with cancer receive chemotherapy. Most
experimental animal models do not take into consideration
the complexity of the interactions between tumour and che-
motherapy, thereby limiting the findings of the underlying
molecular pathways that are activated only in the presence of
chemotherapeutic agents. During cancer, the hormonal and
cytokine environment is different, which might affect molec-
ular signalling pathways. Therefore, it is difficult to general-
ize the results of experimental animal studies to humans.”'
Ideally, the effect of doxorubicin on skeletal muscle tissue
should be compared in tumour-bearing and non-tumour-
bearing animals. However, results from preclinical studies
provide a controlled and valuable model to examine molec-
ular pathways, investigate a possible dose-response, separate
the effects of doxorubicin from tumour-induced atrophy and
test potential therapeutic targets. Nevertheless, more research
is needed to confirm the proposed signalling pathways in hu-
mans paving the way for potential therapeutic approaches.

Numerous studies have shown that parameters of body
composition, including loss of muscle mass, muscle weak-
ness and increases in adipose tissue are associated with un-
favourable health outcomes. However, knowledge regarding
muscle loss during systemic treatment and its probable clin-
ical impact in human is lacking. To date, only two human
studies evaluated the changes in body composition during the
course of disease, while incorporating the effects of systemic
treatment. A study by Rier et al (2018) showed that muscle
attenuation (ie muscle density) significantly decreased in pa-
tients with metastatic breast cancer receiving paclitaxel.52 In
patients treated with anthracyclines, muscle attenuation did
not significantly change. The amount of muscle mass and ad-
ipose tissue remained stable during the treatment with both
paclitaxel and anthracyclines. Kurk et al (2018) found that
skeletal muscle mass appeared to be influenced by the in-
tensity of palliative systemic treatment in patients with met-
astatic colorectal cancer.” Specifically, this study reported
that skeletal muscle mass loss during initial treatment with
six cycles of CAPOX-B was reversible during less intensive
maintenance treatment with CAP-B or observation. However,
when a more intensive treatment was reintroduced, skeletal
muscle mass decreased again. Nevertheless, it remains dif-
ficult to determine the true impact of systemic treatment on
muscle in human without a valid reference population, since

it is unethical to refrain from prescribing systemic treatment
when it is indicated. Furthermore, other factors might be of
influence as well, including decreased physical activity lev-
els and nutritional intake. Finally, these studies depend on
CT-scans taken in routine care (ie every 9 weeks), which
hampers the possibility to assess the acute effects of systemic
treatment on muscle. All aforementioned caveats show the
importance of preclinical studies in addition to human stud-
ies, since it allows us to determine the true impact of systemic
treatment. In addition, preclinical studies enable us to inves-
tigate the underlying mechanisms as well.

4.2 | Outlook

Treatment that concomitantly decreases protein degrada-
tion and increases protein synthesis in skeletal muscle would
be most beneficial to prevent doxorubicin-induced skeletal
muscle atrophy. Nevertheless, an adequate intake of nutrients
should be a prerequisite of any treatment in order to maintain
or gain muscle mass.>* In a recent study, Hulmi and cowork-
ers proposed blocking of activin receptor type IIb (ACVR2B)
ligands by administration of soluble ligand binding domain
of ACVR2B (sACVR2B-Fc) to counteract doxorubicin-in-
duced skeletal muscle atrophy. They found that sACVR2B-
Fc treatment effectively prevented doxorubicin-induced loss
of muscle mass and was even able to increase muscle mass
because of reduced activation of the p53-p21-REDDI1 path-
Way.36 Furthermore, a preclinical study of Min ef al (2015)
revealed that treatment with mitochondrial-targeted antioxi-
dant (SS-31) prevents the doxorubicin-induced increase in
mitochondrial ROS production and muscle atrophy.5 > Except
for pharmacological treatments, emerging evidence suggests
that exercise might ameliorate the detrimental effects of dox-
orubicin on skeletal muscle tissue. A recent review of Powers
et al (2019), including preclinical studies, suggests that en-
durance exercise training performed prior to doxorubicin
treatment protects against doxorubicin-induced skeletal mus-
cle atrophy by the prevention of excess oxidative stress and
the activation of proteolytic signalling pathways.56 Indeed,
the beneficial effects of exercise are confirmed in human
studies with several clinical trials showing that combined re-
sistance and endurance training has positive effects on mus-
cle strength in cancer patients undergoing chemotherapy.5 739
Mijwel et al (2018) compared the effects of different exercise
regimens (moderate-intensity aerobic combined with high-
intensity interval training vs resistance combined with high-
intensity interval training) with usual care on skeletal muscle
morphology in breast cancer patients receiving chemother-
apy and found that resistance combined with high-intensity
interval training resulted in a significant increase in type I
muscle fibres, whereas aerobic combined with high-intensity
training counteracted a decline in type I muscle fibres.% Only
the resistance combined with high-intensity interval training
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prevented a decline in type Ila muscle fibres. Furthermore,
they showed that both exercise regimens are potent stimuli
in counteracting a reduction in mitochondrial content as rep-
resented by citrate synthase activity. They also found a sig-
nificant increase in protein levels of SOD2, a scavenger of
ROS, in the usual care group, whereas SOD2 remained stable
in both exercise groups. These findings illustrate the impor-
tance of implementing exercise programs for patients with
cancer during chemotherapy to counteract the detrimental ef-
fects of chemotherapy by preserving skeletal muscle mass.

43 | Conclusion

In conclusion, the findings of this meta-analysis indicate that
doxorubicin administration is associated with skeletal muscle
atrophy in terms of reduced skeletal muscle weight, muscle
fibre CSA and muscle strength. Furthermore, we provide an
overview of how multiple pathways interact and are involved
in the development of doxorubicin-induced skeletal muscle
atrophy. Reactive oxygen species, the ubiquitin-proteasome
system and autophagic markers are suggested to play a pivotal
role in doxorubicin-induced skeletal muscle atrophy. Although
our knowledge with respect to the underlying mechanisms of
doxorubicin-induced muscle atrophy considerably expanded
the past decade, we would like to propose that first, the precise
mechanisms of chemotherapy-induced skeletal muscle atro-
phy need to be carefully characterized using valid study de-
signs, allowing for replication and comparison of studies. This
would help to determine the relative contribution of each path-
way involved and to identify and develop treatments that might
protect against chemotherapy-induced skeletal muscle atrophy.
This first step is particularly important for chemotherapeutic
agents that are in widespread clinical use. Furthermore, the ef-
fect of doxorubicin should be assessed in the context of can-
cer and comorbidities (eg heart failure or diabetes), since this
might elicit different pathways and as a consequence different
strategies might be needed to address this problem. Finally,
little is known about the effects of doxorubicin on skeletal
muscle nuclear epigenetics and effective biomarkers of early-
stage muscle atrophy. The latter is important to detect the loss
of skeletal muscle mass at an early stage, since this might in-
crease the effectiveness of a treatment and subsequently, the
possibility to reverse this negative effect. We anticipate that if
future studies head into these directions, this will provide the
basis for the development of targeted counterstrategies.

5 | MATERIALS AND METHODS

This meta-analysis and systematic review is based on eligible,
published results of human and animal experiments studying
the effect of doxorubicin on skeletal muscle tissue and/or the
proposed underlying mechanisms of this effect. The inclusion
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criteria were specified in advance. The requirements of the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) statement were followed (Data Sl).61

5.1 | Search strategy and selection of studies

A comprehensive and systematic search of the literature
was conducted in PubMed, EMBASE, Web of Science and
CENTRAL databases (last search performed February 5th,
2018). A Population Intervention Comparison Outcome
(PICO) framework was adopted to structure the search strat-
egy. The search strategy was developed in collaboration
with an information specialist from the university library
of Karolinska Institutet, Sweden. The searches were limited
to animal and human studies and no time filter was applied.
Only Dutch and English articles, published in peer-reviewed
journals, were considered. The detailed search strategy
is provided in Data S2. Reference lists of the selected rel-
evant papers were scrutinized to identify additional eligible
studies. The citations with abstracts were uploaded into a
reference database (Mendeley) and checked for duplicates.
Subsequently, the citations with abstracts were uploaded into
the web application Rayyan for efficient abstract screening.62

First, two researchers (AEH and KAB) independently
assessed all titles and abstracts. Subsequently, the full-text
of all publications potentially eligible for inclusion was as-
sessed. Discrepancies were resolved by discussion and if nec-
essary a third reviewer (AMM) was consulted. Studies were
included when they met the pre-specified inclusion criteria:
(a) design: randomized controlled trials (RCT) or controlled
trials (CT); (b) population: humans, aged 18 years and older,
diagnosed with a solid tumour or (non-) tumour-bearing an-
imals in vivo; (c) intervention: doxorubicin administration;
(d) comparison: an appropriate control group (defined as
a control comparison group without tumour not receiving
doxorubicin at any time point during the trial or control com-
parison group with tumour not receiving doxorubicin at any
time point during the trial); (e) outcome: (1) quantification
of the effect of doxorubicin on skeletal muscle (in terms of
CSA of skeletal muscle fibres (pmz) or muscle mass (mg/g))
and/or (2) a description of the proposed underlying molecu-
lar pathways of this effect.

5.2 | Risk of bias assessment

The internal validity of included studies was indepen-
dently assessed by two researchers (AEH and KAB) using
SYRCLE’s risk of bias tool.” This tool is based on the
Cochrane Collaboration risk of bias tool®® and has been
adapted to aspects of bias that play a role in experimental
animal studies. The tool contains 10 entries, which are related
to 6 types of bias: selection bias, performance bias, detec-
tion bias, attrition bias, reporting bias and “other” biases. The



HIENSCH ET AL.

=LLB A CTA PHYSIOLOGICA

score “yes” indicates a low risk of bias, whereas “no” indi-
cates a high risk of bias and “?” an unclear risk of bias.

In order to give a representative and realistic overview of the
internal validity of all included studies, authors of the included
studies were contacted and asked to clarify some components
of this tool if not reported in the publication. In addition to
SYRCLE’s risk of bias tool, five entries were added to over-
come the problem of judging too many items as unclear risk
of bias. Therefore, data on five study quality indicators were
extracted: (a) any measure of randomization; (b) any measure
of blinding; (c) temperature regulation; (d) ethical approval and
(e) conflict of interest statement. For these additional items, a
“yes” indicates reported, and a “no” indicates unreported.

53 |

One investigator (AEH) extracted data. Information from pa-
pers was extracted related to: study aim, study design, type
of study population, sample size, demographical charac-
teristics and outcome measures. The primary outcome, the
effect of doxorubicin on skeletal muscle, was measured as
skeletal muscle fibre CSA (pmz) and/or as muscle weight of
soleus, gastrocnemius, tibialis anterior or extensor digitorum
longus muscle. Group averages (mean) with corresponding
standard deviation (SD) or standard error (SE), and number
of animals per group (n) were extracted for both outcomes, if
available. The authors were contacted to request these point
estimates and measures of variability, if the results were pre-
sented incomplete or graphically only. In case of no response,
graphically presented data were converted to numerical data
by eyeballing.

Data extraction

5.4 | Data-analysis

Data were synthesized to compare the outcomes, skeletal
muscle fibre CSA and skeletal muscle weight, for subjects re-
ceiving doxorubicin and subjects not receiving doxorubicin.
Percentage change in the outcome was calculated (eg mean
muscle weight in the doxorubicin-treated group minus mean
muscle weight in the vehicle control group, divided by mean
muscle weight in the vehicle control group) with correspond-
ing 95% confidence interval (CI). The percentage change in
the outcome across all individual studies was pooled to obtain
an overall percentage change and 95% CI. For the outcome
skeletal muscle weight, subgroup analyses were conducted
to assess the effect of doxorubicin on specific limb muscles.
Heterogeneity was quantified by I°. Since significant hetero-
geneity was present, a random effects model was applied to
account for variation between studies. Data were analysed
using R version 3.5.0.

Regarding the underlying molecular mechanisms of doxo-
rubicin-induced skeletal muscle atrophy, a qualitative sum-
mary of the available evidence was produced.
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