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Cancer cachexia and skeletal muscle atrophy in clinical
studies: what do we really know?
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Abstract

Research investigators have shown a growing interest in investigating alterations underlying skeletal muscle wasting in
patients with cancer. However, skeletal muscle dysfunctions associated with cancer cachexia have mainly been studied in
preclinical models. In the present review, we summarize the results of clinical studies in which skeletal muscle biopsies were
collected from cachectic vs. non-cachectic cancer patients. Most of these studies suggest the presence of significant physio-
logical alterations in skeletal muscle from cachectic cancer patients. We suggest a hypothesis, which connects structural
and metabolic parameters that may, at least in part, be responsible for the skeletal muscle atrophy characteristic of cancer
cachexia. Finally, we discuss the importance of a better standardization of the diagnostic criteria for cancer cachexia, as well

as the requirement for additional clinical studies to improve the robustness of these conclusions.
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Introduction

Cancer cachexia is a complex multifactorial syndrome charac-
terized by involuntary and pathological weight loss, mainly
due to skeletal muscle wasting. Patients experience a deteri-
oration of their nutritional status, which is associated with a
profound weakening of the body. Formation of oedemas, loss
of appetite (or anorexia), and persistent fatigue are also ob-
served. These effects considerably reduce patients’ quality
of life and overall survival. Cancer cachexia is a cause of death
for 20-25% of patients,* and it is also a co-morbidity signifi-
cantly affecting their overall survival. In 2011, a consensus
of international experts defined cancer cachexia as being
characterized by a progressive loss of skeletal muscle mass,
with or without loss of adipose mass. This cachexia cannot
be fully supported by conventional nutritional support and
gradually leads to functional impairment.? It has been de-
scribed as a continuum with three stages of diagnosis: pre-
cachexia, cachexia, and refractory cachexia. The risk of

progression depends on the stage and the type of tumour,
the presence of systemic inflammation, the response to
antitumour treatment, as well as inter-individual variations
such as genetic predisposition, body composition, food in-
take, physical activity, and co-morbidities.>* It is however im-
portant to note that the severity of cachexia does not appear
to correlate with the size of the tumour.® The prevalence of
cachexia in cancer patients is estimated to be ~35%.° It can
even reach ~80-90% for gastric and pancreatic cancers, and

it is particularly prevalent in advanced stages of cancer.”®
Because of the pathophysiological complexity and multi-
factorial characteristics of this clinical syndrome, there is
currently no effective treatment for cancer cachexia.
Current research have focused on a multimodal approach,’
which includes adapted anticancer treatment'®*%; pharma-
cological treatment that aims in particular at reducing
systemic inflammation, counteracting the hypercatabolic
state of patients, and/or stimulating their appetite®®%;
15221, adapted physical activity?>2%;

nutrition care ; and
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psychosocial care.?>?® It is therefore essential to further
improve our understanding regarding the interplay of the
molecular mechanisms involved in the onset and progres-
sion of cancer cachexia. In particular, it is of crucial impor-
tance to better understand the pathophysiological basis of
skeletal muscle atrophy, which represents a major clinical
feature of cachexia.

To improve our knowledge of the factors regulating skele-
tal muscle mass loss, clinical studies are essential. The critical
point for clinical studies investigating cancer cachexia is to
identify cachectic vs. non-cachectic cancer patients groups.
The clinical definition established by Fearon et al. distin-
guishes between cachectic patients and non-cachectic pa-
tients based on weight loss and body mass index.?> This
definition has subsequently been validated in an international
multicentre study with 861 patients.>’” However, recent stud-
ies have demonstrated the importance of continually devel-
oping and updating these clinical criteria, which take into
account the evolution of the overweight and obesity
prevalence®® or the advanced age of most cachectic
patients.?®

The aim of this review was to offer an up-to-date synthesis
of the data, which suggest the presence of alterations in skel-
etal muscle from cachectic cancer patients. In addition, we
discuss the importance of a standardization for the diagnostic
criteria of cancer cachexia, as well as the need for additional
clinical studies to improve the robustness of the conclusions.

Methodology

Articles indexed in PubMed were queried to identify clinical
studies, which have analysed skeletal muscle from cachectic
cancer patients. Search terms included ‘[(cancer) OR (carci-
noma) OR (tumor) OR (malignant) OR (metastasis)] AND [(ca-
chexia) OR (sarcopenia) OR (weight loss) OR (malnutrition)]
AND [(skeletal muscle) OR (muscle mass) OR (lean body mass)
OR (rectus abdominis) OR (quadriceps)] * [(biopsy) OR
(biopsies)]’ + filters: humans; adult: 19 + years; and publica-
tion dates from 01/01/1900 to 18/02/2020 were included.
Among 749 publications identified through the database
search, we excluded duplicates, review articles, preclinical
studies, non-relevant or non-full-text clinical studies, as well
as clinical studies where cachectic cancer patients were com-
pared with healthy control patients.3®™3 Importantly, in that
case, it is not possible to distinguish between the specific
effects of cachexia and cancer on the various parameters ex-
amined. We also excluded a case study, which was carried
out on a cachectic cancer patient without comparison with
a population of non-cachectic patients.** The identified arti-
cles were manually searched to identify additional relevant
publications.

Thirty-one clinical studies were identified by this review of
the literature (Table 1). The vast majority of these studies dis-
cuss patients with gastrointestinal cancer, including cancer of
the oesophagus, stomach, liver, pancreas, colon, and anus.
The main mechanisms studied cover the structure and typing
of muscle fibres, pathways involved in proteolysis and protein
synthesis, as well as lipid and mitochondrial metabolisms.

Skeletal muscle alterations in cancer
cachexia

Structure and typing of muscle fibres

Up until now, cancer cachexia has mainly been studied in pre-
clinical models generally characterized by transplantation of
cancer cells or injection of carcinogens. The most studied
and best described models are colon-26 adenocarcinoma’”’
and Lewis lung adenocarcinoma.”® In these models, the
cross-sectional area of muscle fibres decreases,”® and this at-
rophy is more likely to affect type Il fibres.®°

In clinical studies, little is known about the possible alter-
ations in the structure and typing of muscle fibres in patients
with cancer cachexia (Table 1). Judge et al. have reported
increased fibrosis and collagen content in skeletal muscle
from cachectic pancreatic cancer patients.*> Skeletal muscle
ultrastructure also appears to be impaired, with an apparent
disorganization and autophagosome formation in gastric
cancer patients with cachexia.*® The protein expression of
myosin heavy chains, a major component of the muscular
contractile system, was increased (for isoforms 1, 4, and
8),%” decreased,*® or unchanged® in cachectic patients with
gastrointestinal cancer. Other muscular structural compo-
nents have also been studied. The protein expression of actin
and tropomyosin 1 and 2 was shown to be reduced*”**® while
that of p-dystroglycan was increased, and those of
B-sarcoglycan and dystrophin remained unchanged®® in
cachectic patients with gastrointestinal cancer. Skorokhod
et al. also identified genes associated (positively for most of
them) with cancer cachexia.>® These genes are involved in
muscle contraction and development (e.g. actin, titin,
tropomyosin, and troponin) and actin cytoskeleton rear-
rangement (e.g. cofilin, dystonin, and vinculin) in pancreatic
cancer patients.® While a significant reduction in the
cross-sectional area of muscle fibres was observed in gastro-
intestinal cancer patients with cachexia and muscle loss,*¢°?
Op den Kamp et al. found no such change in cachectic
patients with advanced non-small-cell lung cancer compared
with pre-cachectic patients.>” Finally, no significant alteration
in fibre typing associated with cancer cachexia has been
reported in clinical studies, either of gastrointestinal®>*® or
lung®* cancer.
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Muscle proteolysis and protein synthesis

In preclinical studies of cancer cachexia, there is abundant
evidence for increased proteolysis, particularly through
autophagy and the ubiquitin—proteasome system (UPS), and
decreased protein synthesis in skeletal muscle (see review®'”
83’). Activation of NF-kB by inflammatory cytokines may result
in muscle wasting in mouse models.®* NF-kB induces the
transcription of UPS genes, which activation has also been
observed in preclinical models.8%#2 Apoptotic processes may
also, at least in part, be responsible for muscle atrophy, as
suggested by the data from different preclinical studies.®>%2

However, results from clinical studies are much more con-
troversial (Table 7). Some studies have reported an increased
expression of autophagy markers (Beclin-1, LC3B, ATGS5,
ATG7, and p62)*%°1>>>7 and of UPS proteins (MuRF1 and
polyubiquitinylated  proteins),*® as well as muscle
atrophy-inducing pathway regulators (SMAD3)°! in cachectic
patients with mainly gastrointestinal cancer. Increased
proteasome activity in gastric cancer®® and increased protein
expression of proteasome 20S subunits in colorectal and pan-
creatic cancers® were also reported. Narasimhan et al. and
Skorokhod et al. have identified many genes positively (e.g.
protein degradation and ubiquitination genes) associated
with cancer cachexia in pancreatic and/or colorectal cancer
patients.>>®% Schmitt et al. have observed a decrease in the
expression of actors involved in protein synthesis and inhibi-
tion of protein degradation pathways (Akt, FOXO, mTOR,
and S6K) in pancreatic cancer.*® However, numerous clinical
studies have found no impairment in the signalling pathways
involved in the regulation of proteolysis and protein synthesis
in skeletal muscle from cachectic patients.*®>>°36162 |
many cases, no association with weight loss was observed®*~
6 in gastrointestinal and pulmonary cancers. Johns et al.
reported no difference in the levels of muscle atrophy inflam-
matory mediators phospho-NF-kB and phospho-STAT3
protein levels in gastrointestinal cancer patients with
cachexia.”* Regarding apoptotic pathways, de Castro et al.
have observed an increased expression of several
well-known markers (activated caspases 8 and 9 and phos-
phorylated p53) in gastrointestinal cancer patients with
cachexia.>® However, Bossola et al. have reported unchanged
number of apoptotic myonuclei when comparing gastric
cancer patients with mild or moderate—severe weight loss.®”

0.001 for both).

Significant association between mRNA expression of ubiquitin and TRAF6

Observations upon comparing CC vs. CNC patients
with WL (P

Muscle
iopsy
RA

Diagnostic criteria for CC

None

Healthy N = 29 (72% &)
Cancer N = 102 (71% &)

Population
Stages I-IV

Cancer
Stomach

Myosteatosis

Myosteatosis, which is defined as a pathological fat accumu-
lation in skeletal muscle, has been studied in a preclinical
tumour-bearing model (Ward colon tumour model).®° In that
case, the authors observed increased neutral lipids and total
triglyceride content within the rat gastrocnemius muscle
fibres. This observation is indicative of the presence of lipid

microtubule-associated protein 1-light chain 3 beta; MAFBx or atrogin-1, muscle atrophy F-box; Mfn, mitofusin; mTOR, mechanistic target of rapamycin; MuRF1, muscle RING finger-
1; MyHC, myosin heavy chains; MyoD, myoblast determination protein-1; Myf5, myogenic factor-5; MyoG, myogenin; NF-«kB, nuclear factor of kappa light polypeptide gene enhancer
in B-cells; NI, not indicated; Nix or BNIP3-like, NRF2, or NFE2L2, nuclear factor (erythroid-derived 2)-like 2; NSCLC, non-small-cell lung cancer; OPA1, optic atrophy type 1; Pax, paired box;
PGC1o, peroxisome proliferator-activated receptor gamma coactivator 1-a; PINK1, PTEN-induced kinase-1; PKR, protein kinase R; Q, quadriceps; RA, rectus abdominis; S6K1, protein S6
kinase 1; SMAD3, mothers against decapentaplegic homologue 3; SMI, skeletal muscle index; SNP, single nucleotide polymorphism; SOD2, superoxide dismutase-2; STAT3, signal trans-
ducer and activator of transcription 3; TEM, transmission electron microscopy; TFAM, mitochondrial transcription factor A; TIE1, tyrosine kinase with immunoglobulin-like and EGF-like

domains-1; TPM, tropomyosin; TRAF6, tumour necrosis factor receptor (TNFR)-associated factor-6; UCP, uncoupling protein; UPS, ubiquitin-proteasome system; WL, weight loss.

sponse protein-1; Fis1, mitochondrial fission protein-1; FOXO, forkhead box O protein; GABARAPL1, GABA type A receptor associated protein like-1; GCLM, glutamate-cysteine ligase
modifier subunit; HSP1, heat shock 70 kDa protein-1; IkBa, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor-o; IL, interleukin; LC3B or MAP 1-LC3B,

Akt or PKB, protein kinase B; ATG5/7, autophagy-related 5/7; BNIP3, BCL2 interacting protein-3; CaMKIIf, calcium/calmodulin-dependent protein kinase-IIp; CC, cancer cachectic; CNC,
cancer non-cachectic; CT, computed tomography; D, diaphragm muscle; E214k, 14 kDa ubiquitin-conjugating enzyme; elF2a, eukaryotic initiation factor-2¢; Egr-1, early growth re-

Table 1 (continued)
Clinical study
Sun et al.”®
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droplets, as well as increased mRNA levels of key transcrip-
tion factors involved in adipocyte gene expression (i.e.
C/EBPS, C/EBPa, and PPARY).

In cachectic cancer patients, weight loss has been associ-
ated with a greater number of intramyocellular lipid droplets,
as observed by electron microscopy of abdominal muscle
biopsies.®® In the clinical practice, studies of skeletal muscle
radiological attenuation by computed tomography scan have
shown that it is very variable in cancer patients. Its decrease
may, at least in part, reflect an accumulation of intramuscular

lipids®®°* and is associated with shorter survival.’? The spe-
cific  pathophysiological mechanisms that lead to
myosteatosis have not vyet been well-characterized.

Transcriptomic analyses have suggested that disruption in ox-
idative phosphorylation and lipid accumulation may contrib-
ute to myosteatosis, as observed in abdominal skeletal
muscle biopsies of patients with pancreatic or periampullary
cancer and with significantly low radiological attenuation of
skeletal muscle on computed tomography scan.®® Genetic
and transcriptomic studies of skeletal muscle biopsies ob-
tained from cachectic patients (mainly gastrointestinal can-
cers) have identified single nucleotide polymorphism® and
miRNA’® involved in lipid biosynthesis (Table 7). Narasimhan
et al. also found alternatively spliced genes, which are mostly
up-regulated, and encode enzymes and binding proteins from
the lipid biosynthesis pathways.®°

Mitochondrial metabolism

Previous studies have suggested an association between mi-
tochondria dysfunctions and skeletal muscle atrophy.*%°
Several preclinical and clinical studies have therefore investi-
gated mitochondrial metabolism dysregulation in skeletal
muscle in the context of cancer cachexia. Muscle atrophy as-
sociated with mitochondrial dysfunctions has been observed
in cachectic rodents. Among these dysfunctions, several pa-
rameters have been described, and they include increased
mitochondrial surface®®®’; impairment of mitochondrial dy-
namics such as increased fission (Fisl), decreased fusion
(Mfn1 and Mfn2), or biogenesis (PGC1a)%%; a decrease in
the activity of the respiratory chain complexes®™°: and an
increase in UCP-2 and UCP-3 gene expression,°%1% 3 ques-
tionable indicator of mitochondrial energy coupling. The
study by Brown et al. on preclinical models of cancer cachexia
suggested that alterations in dynamics (biogenesis and fu-
sion), mitochondrial quality, and function precede muscle at-
rophy and that a decrease in mitochondrial protein content
as well as an increase in mitophagy appears at a later stage
of cachexia.’**

Regarding clinical studies, mitochondrial metabolism has
rarely been studied in the context of cancer cachexia (Table
7). A recent clinical study by de Castro et al., including pa-
tients with gastric or colorectal cancer, revealed an increase

in Fis1 mRNA expression in skeletal muscle from cachectic pa-
tients compared with non-cachectic, but there was no modi-
fication in the levels of the fusion marker (Mfn2) and
mitochondrial biogenesis transcripts (TFAM and PGCla).>®
On the other hand, they showed by electron microscopy that
there was an increase in the intermyofibrillary mitochondrial
area, without modification in the number of mitochondrial
DNA copies. This finding could illustrate the absence of mod-
ification in mitophagy activity. The authors suggested that
these last observations supported the results from the pre-
clinical study by Brown et al. who showed that impaired mi-
tochondrial protein content and increased mitophagy only
appear at a much later stage in cancer cachexia.*®* Similarly,
Marzetti et al. have observed an increase in Fisl transcript
levels and no change in mRNA or protein expression levels
of markers of mitochondrial fusion (Mfn2 and OPA1) and mi-
tochondrial biogenesis (PGClo and TFAM) in cachectic pa-
tients with gastric cancer.”* Op den Kamp et al. have also
reported an absence of modification of the protein expres-
sion of the same markers of mitochondrial biogenesis (PGCla
and TFAM), as well as complexes of the respiratory chain in
cachectic patients suffering from pulmonary cancer.>® On
the other hand, Collins et al. have observed increased
UCP-3 (but not UCP-2) mRNA expression levels in patients
with gastrointestinal adenocarcinoma experiencing weight
loss.”? This finding suggests that increased proton leak may
contribute to skeletal muscle catabolism through enhance-
ment of energy expenditure. However, increase in skeletal
muscle UCP-3 mRNA is a poor index of mitochondrial energy
coupling. Finally, to our knowledge, it is important to note
that no clinical study has explored the mitochondrial func-
tionality in skeletal muscle from cachectic cancer patients.

Discussion and other perspectives

The overall result of clinical studies suggests the presence of
alterations in skeletal muscle from cachectic cancer patients
(Table 1). These alterations may affect the structure of mus-
cle fibres, the different pathways involved in proteolysis and
protein synthesis, lipid metabolism (myosteatosis), and mito-
chondrial metabolism (i.e. mitochondrial surface and dynam-
ics and mitochondrial DNA).

It is important to note that for most of the parameters
studied, which could play a role in muscle wasting, the results
of clinical studies diverge (Table ). A possible explanation for
these differences may be the lack of well-established diag-
nostic criteria. An improvement and better standardization
of the diagnostic criteria used for cancer cachexia identifica-
tion is utterly necessary. These criteria should include key ca-
chexia symptoms such as weight loss, taking body mass index
into account,®® muscle wasting,°>'°® appetite loss, perfor-
mance status, and blood chemistry. On the basis of these
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key components, Zhou et al. have proposed a clinically appli-
cable score for the classification of the various cachexia
stages observed in cancer patients.’®” De Castro et al. have
also used combined diagnostic criteria to discriminate cachec-
tic and non-cachectic cancer patients.>® To better improve
patient care, it would be preferable to diagnose patients as
soon as possible, possibly at a pre-cachectic state. Early diag-
nosis can reduce the risk of transition to a cachectic state
with an appropriate choice of therapeutic and supportive reg-
imens. But current diagnostic criteria are insufficient and in-
adequate to allow a good distinction between pre-cachectic
and non-cachectic patients.?” New clinical trials testing mus-
cle bioptic and biochemical/metabolic parameters are neces-
sary to develop validated criteria.

Besides diagnostic criteria, more obvious factors may ex-
plain why the results of clinical studies on skeletal muscle al-
terations in cancer cachexia diverge (Table 1): (i) The
heterogeneity of the cohorts, sometimes with several types
of cancer and a disproportionate distribution of these types
between the cachectic and non-cachectic groups. At this
time, we cannot exclude that each cancer can differently reg-
ulate cancer cachexia. Additionally, there is a disproportion-
ate distribution of men and women between groups. Sexual
dimorphism exists for several skeletal muscle parameters,
and hormonal differences may also have a significant impact
on cancer cachexia pathophysiology.*%¥ (i) Muscular lo-
calization of biopsies. Most samples were collected from
the rectus abdominis, but some clinical studies have used bi-
opsies from the quadriceps®’**5%%38473 or diaphragm
muscle.®* (iii) The number of patients included is often very
small and cannot provide sufficient statistical power. Thirteen
of 31 clinical studies had a total number of cancer patients
<20, and there were <30 patients in 20 studies, with a prev-
alence of cachexia of around 50% most of the time. (iv)
Methods of analysis. Some studies have relied on mRNA ex-
pression, while others have compared protein expression or
enzyme activity. These differences may explain the varying
results in clinical studies on muscle proteolysis.

Several blood components have been proposed to aid in
the diagnosis of malnutrition/cancer cachexia in patients. Nu-
merous recent clinical studies have observed an association
between the components listed hereafter and the cachectic
state of patients (Table 2): (i) markers of inflammation:
C-reactive protein; interleukins IL-1, IL-6, IL-8, IL-10; IFN-y;
and TNF-o; (ii) members of the TGF-B family: myostatin,
activin A, and GDF-15; (iii) factors derived from the tumour:
ZAG (or LMF), VEGF, and Midkine; (iv) lipolysis markers of
the adipose tissue: leptin, adiponectin, resistin, free fatty
acids, and glycerol; and (v) others: ghrelin, IGF-1, albumin,
and angiotensin Il. Other factors have also been studied,
and they include the proteolysis-inducing factor'?! and
markers of muscle degradation: 3-methylhistidine, titin frag-
ments, collagen fragments,*?? testosterone,*?® and the para-
thyroid hormone-related protein.’?* Nevertheless, there is

currently not enough clinical evidence to conclude on their
validity. To date, there is no validated biomarker for cancer
cachexia.

In addition to variation in the levels of factors discussed
before, heterogeneity in blood analysis data may also be
due to the fact that concentrations of markers, such as IL6,
TNFa, and leptin, may vary between day and intraday.?
These values may be partly associated to the patient’s circa-
dian rhythm and/or metabolic status.

It is interesting to note that C-reactive protein does not ap-
pear to be modulated by circadian rhythm or metabolic
status.*?%'27 Despite this observation, levels of C-reactive
protein, which is a well-accepted marker of systemic inflam-
mation, are not consistently increased in populations of pa-
tients with cancer cachexia®®%5774114112 (Taple 2). This
observation challenges the use of C-reactive protein in the
clinic as a complementary biomarker for cancer cachexia
diagnosis.

Considering the conflicting results obtained using muscle
biopsies from cachectic patients, no specific biomarker of
cancer cachexia has been identified at muscle levels.
Myokines, such as myostatin, irisin, activin A, IL-15, FGF21,
and GDF-15, were also considered as possible biomarkers
and therapeutic targets in cancer cachexia (see review'?)
(Table 2). The advantage of dosing muscle cytokines is that
it is less invasive than collecting biopsy to evaluate muscle
wasting. But more clinical data are needed to confirm this
suggestion.

Data extracted from preclinical and clinical studies are also
ambivalent. While most preclinical studies observed in-
creased proteolysis and  mitochondrial metabolism
dysregulations in cachectic rodents, such alterations were
not reported in numerous clinical studies on cancer cachexia.
Petruzzelli and Wagner hypothesized that these differences
were due to the severity of cachexia.'*® Rodent studies are
generally carried out during or after rapid and drastic weight
loss, while muscle wasting is much more progressive in ca-
chectic patients. The mismatch between the clinical reality
and animal models could at least partly contribute to the
poor translation observed in the field (see review3°).

Even if there are discrepancies in the results of clinical
studies, this review suggests the presence of defects in the
structure of muscle fibres, increase in proteolysis, decrease
in protein synthesis, alterations in lipid metabolism
(myosteatosis), and dysfunctions in mitochondrial structure
and metabolism (mitochondrial surface and dynamics and mi-
tochondrial DNA) (Table 1). Taken together, these observa-
tions suggest associations between structural and metabolic
alterations that may, at least in part, be responsible for the
skeletal muscle atrophy characteristics observed in cancer
cachexia.

In addition to these parameters, it is interesting to note
that endoplasmic reticulum (ER) stress has recently been
studied in the context of cancer cachexia (see review3?).
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Table 2 (continued)

Diagnostic criteria for CC Observations upon comparing CC vs. cancer non-cachectic patients

Cancer, population

Clinical study

33, CC: 70%

Stomach

N

IFN-y, pg/mL 0.8 (0.2-1.6) vs. 0.5 (0.2-1.6), P = ns

0.03 (0-0.07) vs.

IL-1B, pg/mL

Perte d'IMC > 10% in

6 months

Kerem et al.""®

0 (0-0.05), P = ns

1 3.4 (£0.1) vs. 3.8 (+0.07), P = 0.05

Albumin, g/dL

(1.4-6.2) vs.
= 0.005

(1-4.2), P
| 43.8 (£9.5) vs.

m —
«— NN

IL-6, pg/mL

Stages -1V

1 66.7 vs. 43.4, P < 0.001

Resistin, ng/mL

IGF-1, pg/mL

30, CC: 50%

N =

63.1 (x13.1), P < 0.001

1 3405 (+640) vs.
2623 (£665), P

0.003

Leptin, pg/mL

(170-381),

vs. 227

(232-378)

0.130
16.0 (13.7-17.8) vs.

328
p=

VEGF-A, pg/mL

2.6 (2.0-3.1), P = 0.61

2.8 (2.0-3.4) vs.

IL-1, pg/mL

3 months

Stomach, oesophagus Weight loss > 5% in

Krzystek-Korpacka

et al.'?

17.6 (15.9-19.8),

0.415
1975 (1356-2397) vs. 1375 (1133-1945),

P=

VEGF-C, ng/mL

(3.5-10.0) vs.
= 0.005

1.7-5.1), P
1 47.8 (26.9-68.0) vs.

©Q
«—m

IL-6, pg/mL

Stages II-IV

Midkine, pg/mL

IL-8, pg/mL

96, CC: 51%

N =

0.053

p=

21.8(18.0-35.4), P = 0.006

0.9 (0.4-2.6) vs.

0.207

1.5(0.9-2.7), P

TNF-a, pg/mL

CC, cancer cachectic; NI, not indicated; ns, non-significant.

An increase in the transcript levels (IRE1a, XPB-1, ATF6, and
DR5) and in protein levels (CHOP and phospho-elF2a) of cer-
tain ER stress markers has been reported in Lewis lung ade-
nocarcinoma mice. These observations demonstrate that ER
stress-induced compensatory unfolding protein response
(UPR) is increased in skeletal muscle from cachectic mice.**?
Furthermore, this preclinical study suggests a close relation-
ship between ER stress-induced UPR and muscle
proteolysis'3? (see reviews***3%). Furthermore, an increase
in gene expression of ER stress-induced UPR markers has re-
cently been reported in the vastus lateralis muscle in cachec-
tic patients with lung cancer.'® However, cancer cachectic
patients were compared with healthy controls in this study.

How can the parameters cited previously be associated
with muscle wasting? (Figure 1) Myosteatosis is defined by
lipid droplets accumulation in muscle. An accumulation of
toxic lipid intermediates, such as ceramides and diacylglyc-
erol, in lipid droplets may lead to increased proteolysis and
decreased protein synthesis through inhibition of the Akt
pathway*3® (Figure 1). These toxic lipid intermediates may
also induce ER stress.’®® To restore ER homeostasis, several
triggers of the UPR may be activated. They include PERK,
which may induce a decrease in protein synthesis through
the ATF4 pathway.'®” Intramuscular lipid accumulation may
also cause dysfunctions in mitochondrial metabolism,
through an inhibition of the electron transport chain and
fatty acid B-oxidation.**® Conversely, alterations in mitochon-
drial metabolism could limit fatty acid -oxidation, accentu-
ate the accumulation of lipid droplets, and thereby create a
vicious circle. Deterioration of mitochondrial metabolism
may also actively participate in muscle wasting via the pro-
duction of reactive oxygen species. Mitochondria and ER
can interact via specific contact sites termed
mitochondria-associated ER membranes, which are neces-
sary for several key processes, such as the formation of
autophagosomes, the regulation of mitochondrial morphol-
ogy, dynamics, quality control, calcium transport from the
ER to the mitochondria, lipid synthesis and transport, prote-
olysis, as well as cell death.**®3° |mpairment of
mitochondria-associated membrane function could worsen
dysfunctions in mitochondrial and lipid metabolisms and par-
ticipate in the increase proteolysis, thereby inducing atrophy
of skeletal muscle fibres and a decrease in skeletal muscle
mass.

Skeletal muscle metabolism degradation during cancer ca-
chexia has been poorly investigated in the context of obesity.
Cancer-induced skeletal muscle wasting and obesity present
common skeletal muscle pathological mechanisms, such as
insulin resistance, inflammatory state, and oxidative stress.
Indeed, obesity predisposes to a pro-inflammatory state via
increased inflammatory mediators, such as TNF-a and IL-6,
which stimulate the liver to synthesize and secrete
C-reactive protein. It is also associated with reduced levels
of adiponectin, which has anti-inflammatory function (see
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Figure 1 Summary of the hypothetical associations between metabolic and structural dysfunctions that may, at least in part, be responsible for skel-
etal muscle atrophy in cachectic cancer patients and for the aggravating role of obesity. In red are represented our hypotheses on the effects of cancer
cachexia and in green, our hypotheses on the effects of obesity. An accumulation of lipid droplets, mitochondrial dysfunctions, and endoplasmic re-
ticulum (ER) stress could lead to increased proteolysis, via the ubiquitin—proteasome system (UPS) and autophagy, and decreased protein synthesis,
both of which induce atrophy of skeletal muscle fibres and loss of muscle mass. The production of reactive oxygen species (ROS) following mitochon-
drial alterations may also participate in muscle wasting, by activating apoptotic pathways. In the adipose compartment, lipolysis, which is increased in
obese patients, could lead to a greater accumulation of lipid droplets in muscle fibres, mitochondrial dysfunctions, and disturbances in the integrity of
mitochondria-associated ER membranes (MAMs), which may worsen skeletal muscle atrophy.

review??°). This moderate inflammatory state might acceler-

ate cancer-induced cachexia. Effects of obesity on cancer ca-
chexia are currently debated in the scientific community.
While some scientists discuss the paradoxically protective ef-
fect of obesity,®** due to higher fat reserves, which would
preserve from a deleterious weight loss, others highlight the
danger of unseen muscle wasting.X*? It has been suggested
that the alterations of adipose tissue (when it occurs) pre-
cede muscle wasting in the development of cancer
cachexia.2**** Adipose tissue secretes adipokines, especially
in the context of obesity (see review**), which may have a
direct effect on skeletal muscle metabolism: leptin,
adiponectin, resistin, and visfatin are known mediators of tis-
sue inflammation and insulin sensitivity (see reviews**47),
Skeletal muscle may also release myokines, such as IL-6 and
IL-15, which  may increase white adipose tissue
lipolysis/lipogenesis ratio.*?®8149 A vicious circle may exist
between the increased adiposity and skeletal muscle wasting,
especially because of the reciprocal influence exerted by
these two tissues (see review!*°). For instance, adipose tissue
lipolysis may induce myosteatosis. In obese patients, basal

lipolysis has been reported to be increased in subcutaneous
fat cells, because of their larger surface area associated with
the secretion of inflammatory cytokines, such as TNF-o.'*!
Excessive lipolysis leads to elevated fatty acid availability for
skeletal muscle cells. Overloaded muscle fibres may present
increased lipid droplet content (size and/or number), which
leads to lipotoxic intermediate accumulation. In this context,
muscle proteolysis, mitochondrial dysfunctions, and mito-
chondrial production of reactive oxygen species should be in-
creased, which aggravates skeletal muscle wasting (Figure 1).
Potes et al. demonstrated that excess weight is associated
with increased ER stress marker levels in human vastus
lateralis.*>? But further studies need to be performed in pa-
tients suffering from cancer cachexia to verify the presence
or absence of ER stress and its interplay with the other mo-
lecular mechanisms involved in the onset and progression
of cancer cachexia.

Similarly to this adipose tissue—-muscle crosstalk, other tis-
sues might affect the skeletal muscle: (i) liver acute-phase
proteins, such as serum amyloid A, could participate in acti-
vating muscle wasting by enhancing proteolysis (see
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review?>3); (ii) in the context of cancer with bone metastases,

osteolysis induces the secretion of activin and TGF-3, which
are mediators of muscle proteolysis*>*; (iii) gut barrier dys-
function leads to increasing intestinal permeability of patho-
logic bacteria and endotoxemia and perpetuates systemic
inflammation known to drive muscle wasting'®>; and (iv) in-
teractions between systemic and brain inflammation®®® alter
the activity of the hypothalamus, responsible for the regula-
tion of anorexia'®’ and for the secretion of glucocorticoids,

which stimulate proteolysis in skeletal muscle.**®

Conclusion

The overall result of clinical studies suggests the presence of
alterations in skeletal muscle from cachectic cancer patients,
and these alterations could affect myofibers structure, prote-
olysis, and protein synthesis pathways, as well as lipid and mi-
tochondrial metabolisms. However, evidences are still weak
because clinical studies have often obtained contradictory re-
sults. Additional clinical studies are essential to further the
exploring and understanding of alterations underlying skele-
tal muscle wasting characteristic of cancer cachexia. More-
over, an improvement and better standardization of the
diagnostic criteria for cancer cachexia is crucial to ameliorate
the robustness of the conclusions.
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