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Abstract: Cancer cachexia is a frequently neglected debilitating syndrome that, beyond representing
a primary cause of death and cancer therapy failure, negatively impacts on patients’ quality of life.
Given the complexity of its multisystemic pathogenesis, affecting several organs beyond the skeletal
muscle, defining an effective therapeutic approach has failed so far. Revamped attention of the sci-
entific community working on cancer cachexia has focused on mitochondrial alterations occurring
in the skeletal muscle as potential triggers of the complex metabolic derangements, eventually lead-
ing to hypercatabolism and tissue wasting. Mitochondrial dysfunction may be simplistically viewed
as a cause of energy failure, thus inducing protein catabolism as a compensatory mechanism; how-
ever, other peculiar cachexia features may depend on mitochondria. On the one side, chemotherapy
also impacts on muscle mitochondrial function while, on the other side, muscle-impaired regenera-
tion may result from insufficient energy production from damaged mitochondria. Boosting mito-
chondrial function could thus improve the energetic status and chemotherapy tolerance, and relieve
the myogenic process in cancer cachexia. In the present work, a focused review of the available
literature on mitochondrial dysfunction in cancer cachexia is presented along with preliminary data
dissecting the potential role of stimulating mitochondrial biogenesis via PGC-1a overexpression in
distinct aspects of cancer-induced muscle wasting.

Keywords: cancer cachexia; muscle wasting; mitochondria; regeneration; myogenesis; PGC-1a;
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1. Pathogenesis of Cancer Cachexia

Cancer is one of the most relevant causes of death all over the world and its incidence
is estimated to markedly increase globally in the next two decades (http://who.int/gho/da-
tabase/en (accessed on 17 August 2021). Patients affected by cancer very frequently de-
velop a complex multifactorial syndrome defined as ‘cachexia’. This is an urgent unmet
medical need. Indeed, about 90% of cancer patients are at risk of developing this syn-
drome, with a mortality rate that can reach up to 80% [1]. Cachexia markedly complicates
the management of cancer patients, reducing quality of life, tolerance to treatments, and
survival rates, the more so when anticancer treatments are adopted [2]. Consistently,
health care costs are higher in cachectic than in non-cachectic patients [3].

Loss of body weight and skeletal muscle mass, associated or not with reduced adi-
pose tissue, altered metabolism, and low-grade chronic inflammation are hallmarks of
cachexia [4]. Muscle wasting mainly results from an altered regulation of protein synthe-
sis and degradation rates, the latter generally prevailing over the former. Although pro-
tein hypercatabolism is one of the main features of cachexia, specifically interfering with
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the different intracellular proteolytic systems is only marginally effective in protecting
against cancer-induced loss of muscle mass and function [5,6].

In the last years, a number of studies focused on the possibility that altered energy
metabolism could be the trigger of muscle wasting. Indeed, metabolomic analyses have
shown that energy and protein metabolism are markedly perturbed in the skeletal muscle
and in the liver of tumor-bearing animals [7,8]. Consistently, hypermetabolism associated
with altered energy balance has been detected in about 50% of newly diagnosed cancer
patients [9]. Particularly relevant to the impaired energy metabolism is the occurrence of
mitochondrial dysfunction, resulting from the combined alteration of organelle biogene-
sis, dynamics, and disposal. Indeed, a considerably high number of studies reported per-
turbations of the mitochondrial system in the skeletal muscle of tumor hosts [10]. As an
example, both the oxidative capacity and the production of ATP are impaired in the mus-
cle of animals bearing cachexia-inducing tumors [11], a situation that is further exacer-
bated by chemotherapy [12]. Such mitochondrial alterations likely contribute to muscle
protein hypercatabolism [13]. Indeed, in experimental cancer cachexia, the former precede
the latter [14]. Consistent with data obtained on experimental models, a study reported
that about 50% of hypermetabolic cancer patients do not report any body weight loss and
impairment of performance status [9].

On the whole, the observations above suggest that mitochondria can become a po-
tentially useful therapeutic target to tackle cachexia. Along this line, exercise training is
one of the most explored strategies. While being quite a simple option, the benefits of
exercise on mitochondrial health can be achieved only when training is systematic, which
can be unachievable in cancer patients due to exercise intolerance as a consequence of co-
morbidities and/or fatigue. In the last decade, drugs mimicking exercise have been devel-
oped and investigated [15]. On the one side, this pharmacological approach overcomes
patient exercise intolerance, yet on the other it does not completely replace the beneficial
effects of training. In addition to exercise mimetics, several drugs able to improve energy
metabolism by indirectly impinging on mitochondria have been investigated for their pro-
tective action in experimental cancer cachexia [10]. In this regard, quite recent data pro-
vide evidence that the exposure of tumor-bearing mice to the Szeto-Schiller peptide (SS-
31), a drug able to directly target mitochondria, results in improved body weight loss,
restoration of muscle succinate dehydrogenase (SDH) activity and ATP levels, and preser-
vation of mitochondrial mass (see the next chapter for further details) [8].

Beyond directly targeting mitochondrial function, other exercise-mimicking strate-
gies have been tested in preclinical cancer cachexia models, potentially impacting on mi-
tochondrial health. As previously described, muscle wasting results from excessive pro-
tein degradation, although autophagy degradation may be halted by saturation or exhaus-
tion of the system. Consistently, pharmacological stimulation of autophagy using ra-
pamycin or AICAR (a known PGC-1a inducer) counteracts C26-induced muscle loss and
atrogene induction [16]. Additionally, antioxidants have been extensively tested for their
potential anti-cachexia activity, acting on the one hand by reducing the oxidative stress
(thus improving mitochondrial function) and slowing down inflammation, on the other
hand. Among the mostly studied antioxidants, resveratrol [17] and quercetin [18] have
produced more positive results. The other way round, the use of antioxidants in cancer
patients is not considered free from potential side effects, also in terms of tumor growth
promotion [19], limiting their use in multimodal anti-cachexia clinical trials.

In addition to the altered energy metabolism, and likely interconnected with the lat-
ter, delayed muscle regeneration has been shown to take place in both tumor-bearing an-
imals and cancer patients [20-23], with the transcription factor NF-«xB [18] and enhanced
activation of ERK stress kinase playing a role [17]. Similarly, overexpression in myogenic
precursors of Twistl, a transcription factor associated with the malignant progression of
several tumors, or of the zinc transporter ZIP14, is associated with impaired differentia-
tion and muscle atrophy in preclinical models of cancer cachexia [24,25]. While it is widely
accepted that mitochondria play a crucial role in maintaining muscle metabolic fitness, it



Cells 2021, 10, 3150

3 of 18

is still unclear if muscle metabolic homeostasis and regenerative capacity can be recipro-
cally regulated. A profound metabolic reprogramming, including the increase of mito-
chondrial mass, occurs in myogenic precursor cells after their activation [26,27], while
during regeneration, mitochondrial function is progressively restored to normal levels
[28]. Taken together, these observations suggest that energy metabolism, mitochondrial
function in particular, is relevant to correctly achieve muscle regeneration. Consistently,
the differentiation potential of human myogenic precursors can be enhanced by overex-
pression of peroxisome proliferator-activated receptor gamma coactivator 1a (PGC-1a), a
co-transcription factor working as a master regulator of mitochondrial biogenesis [29].
Along this line, our preliminary observations show that myogenic precursors isolated
from transgenic mice with muscle-specific overexpression of PGC-1la (MCK-PGC-1a
mice) and implanted into the muscle of wild-type (WT) animals fuse with existing myofi-
bers and promote an oxidative phenotype shift more efficiently than cells obtained from
non-transgenic animals (unpublished data).

2. Mitochondrial Alterations and Mitochondria-Targeted Anti-Cachexia Interventions

The unbalance between protein degradation and protein synthesis is one of the major
culprits of skeletal muscle loss during cancer [30]. Different lines of evidence demon-
strated that altered energy metabolism may potentially trigger or synergize with impaired
protein turnover to affect muscle mass and function. Indeed, alterations of metabolites
associated with glycolysis, TCA cycle, and fatty acid metabolism were detected in the
skeletal muscle of tumor-bearing animals and even worsened in the presence of chemo-
therapy [31]. The metabolome unbalance found in the skeletal muscle was also corrobo-
rated by the alteration of the mitochondrial homeostasis in different preclinical models of
cancer cachexia [31-33]. In this regard, protein levels of PGC-1a are found to be both de-
creased or unchanged in the skeletal muscle of animals carrying different types of cachec-
tic tumors, and under different types of chemotherapeutic regimens [11,14,31-35]. Alt-
hough a reduction of PGC-1a is not always detected in cachectic animals, mitochondrial
alterations found in cancer cachexia cover a broad spectrum, from the organelle biogene-
sis and correct morphology to the disposal systems, ultimately affecting their quantity and
function. In this regard, mitochondria are able to respond to muscle cues, remodeling their
morphology through two different processes collectively defined as mitochondrial dy-
namics, namely mitochondrial fusion and fission [36]. In the muscle of tumor-bearing
mice, the levels of mitochondrial dynamics indicators, such as Mfn2, Opal, Fis1, and Drp1,
are downregulated [11,31,32,37], suggesting an impairment of mitochondrial adaptation
to muscle homeostatic changes. Together with altered mitochondrial biogenesis and dy-
namics, the disposal of mitochondria (mitophagy) is also affected in cachectic skeletal
muscle, as suggested by the increase of bulk autophagy flux and of the mitophagy marker
BNIP3 in the skeletal muscle of C26-bearing mice. In the same study, the lipidated form
of LC3 II was found to be upregulated in mitochondrial-enriched fractions of cachectic
muscles [13], suggesting an increase of molecular tagging of mitochondria towards deg-
radation. In addition, another two independent reports demonstrated an increase in mi-
tophagy-related proteins, such as PINK1 and Parkin, further suggesting an activation of
mitochondrial degradation in the skeletal muscle of C26-bearing mice [11,34]. The altera-
tion of mitochondrial biogenesis and disposal are in accordance with the common finding
of reduced mitochondrial mass, commonly measured by quantifying protein or transcript
levels of mitochondrial proteins, such as cytochrome c (cyt c), SDHA, COX1V, TFAM, and
TOMM20, as well as the content of mitochondrial DNA [11,31,32,38]. The disrupted mito-
chondrial homeostasis found in cachectic animals results in reduced mitochondrial func-
tion combined with alterations in the levels of energy-related metabolites [8,11,12]. In-
deed, different studies show an impairment of mitochondrial respiration ex vivo or in
isolated mitochondria from cachectic muscles [8,13,14]. Altered mitochondrial function
also leads to increased ROS production and oxidative stress, further promoting mitochon-
drial damage [10]. In this regard, the mitochondria-specific phospholipid cardiolipin is
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particularly affected by oxidative stress [39]. Cardiolipin is an essential constituent of the
mitochondrial membrane and is crucial for proper mitochondrial function [40]. Our recent
results demonstrated that cardiolipin and its precursor phosphatidylglycerol were re-
duced in C26-bearing mice, suggesting an intrinsic alteration of the mitochondrial mem-
brane contributing to reduced mitochondrial function [8]. Another recent study confirmed
these results by showing alteration of the muscle phospholipid profile, including cardi-
olipins, in the skeletal muscle of urothelial carcinoma-bearing mice [41]. Importantly, mi-
tochondrial alterations have been validated in the skeletal muscle of patients affected by
cancer cachexia. As compared to weight-stable cancer patients, cachectic patients showed
increased muscle expression of Fis1 together with altered mitochondrial morphology [42].
Collectively, these studies implicate mitochondrial dysfunction as a key contributor to
muscle wasting.

As briefly introduced above, exercise is a pleiotropic and non-pharmacologic ap-
proach that, among many different targets, modulates mitochondria homeostasis. Count-
less evidence exists on how both aerobic and resistance exercise, or the combination of
both, are effective in counteracting muscle wasting in cachectic animals [11,16,33,34,43—
45]. The effect on muscle mass and function by exercise may rely in part on the increase
of mitochondrial quantity and quality. In this regard, increased PGC-1a levels were ob-
served in exercised C26-bearing mice treated or not with chemotherapy [11,34,45]. In
Apc+/Min and C26-bearing mice, exercise induces an increase of mitochondrial mass, sug-
gested by increased levels of cyt ¢, SDHA, and COX 1V [11,34,43,45]. Exercise impacts on
mitochondrial homeostasis in chemotherapy-treated cachectic mice also by increasing the
gene expression of the mitochondprial fusion protein Mfn2 and by suppressing mitophagy-
related genes [11]. Exercise-dependent improvement of the whole mitochondrial machin-
ery results in improved mitochondrial performance, indicated by increased SDH activity
and ATP content in the skeletal muscle of cachectic mice [11,34]. The beneficial effects of
exercise training on tumor-induced mitochondrial derangements provided an overview
of different targets that may be modulated to improve mitochondrial homeostasis and
possibly muscle wasting in cancer cachexia.

Despite the evidence supporting the relevance of cancer-induced disruption of skel-
etal muscle mitochondrial homeostasis, few studies have aimed to directly target mito-
chondrial alterations in cancer cachexia, so far. The above-mentioned mitochondrial-tar-
geting peptide Szeto-Schiller-31 (SS-31) proved effective in reversing mitochondrial dys-
function in several diseases [46-51]. The efficacy of this compound relies on its ability to
bind cardiolipin, protecting this key phospholipid from oxidation-induced damage, thus
promoting mitochondrial function [39]. In C26-bearing mice treated with chemotherapy,
S5-31 had protective effects against body and muscle wasting, along with improved mi-
tochondrial activity [8], associated with decreased mitophagy. The metabolomic profile of
SS-31-treated cachectic mice also revealed an increase of ATP levels, implying a partial
restoration of energy metabolism in the skeletal muscle [8]. Interestingly, systemic admin-
istration of 55-31, beyond targeting the skeletal muscle, positively influenced both the
liver and circulating metabolome by rescuing the levels of specific metabolites that are
decreased in cachectic animals, including glucose and glycogen [8]. In addition, the de-
pletion of liver glutathione observed in chemotherapy-treated C26-bearing mice was re-
versed by S5-31, suggesting an increase in the antioxidant capacity [8]. The improvement
of the liver metabolome by SS-31 directs the attention to the relevance of mitochondria to
other organs besides the skeletal muscle in correcting the systemic metabolic derange-
ments induced in cancer cachexia. Other mitochondria-targeted compounds have been
investigated for the treatment of cancer-induced cachexia. Among them, trimetazidine
(TMZ) targets B-oxidation by inhibiting the 3-ketoacyl-CoA thiolase activity in the mito-
chondrial matrix [52]. TMZ shifts glucose metabolism towards mitochondrial respiration,
reducing the lactate levels and increasing oxygen consumption [53]. In cachectic mice,
TMZ prompted a metabolic shift towards oxidative muscle fibers, increasing SDH activ-
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ity, and protein levels of PGC-1a and other mitochondrial-related proteins. Such improve-
ments result in increased muscle mass and strength as compared to untreated tumor-bear-
ing animals [38].

The complex metabolic impact of exercise or exercise mimetics renders the identifi-
cation of the key genes controlling mitochondrial and metabolic dysfunction in cancer
cachexia difficult. Additionally, only a few studies have implemented genetic approaches
to target mitochondria or metabolism-related genes to counteract cachexia. A recent study
investigated the role of the pyruvate dehydrogenase kinase 4 (PDK4), a mitochondrial
enzyme critical for regulating cellular energy metabolism [54]. PDK4 inhibits the activity
of the pyruvate dehydrogenase complex, responsible for the conversion of pyruvate into
acetyl-coenzyme A, thus regulating the influx of the three-carbon molecule into the TCA
cycle [54]. PDK4 has been found to be upregulated in the skeletal muscle of cachectic mice
and this alteration was associated with reduced PDH and SDH activity [55]. In addition,
the pharmacologic activation of PDK4 in healthy animals phenocopied the muscle wast-
ing features as well as the alteration of mitochondrial-related proteins observed in cancer-
induced cachexia [55]. Interestingly, in vitro deletion of PDK4 protected cultured myo-
tubes from tumor-conditioned medium-induced atrophy, suggesting PDK4 as a target to
improve the mitochondrial homeostasis and the energetic status of cachectic mice [55]. An
overview of the currently investigated mitochondria targets is presented in Figure 1.

Mitophagy
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Figure 1. Mitochondria-targeted anti-cachexia interventions. Interventions focused on mitochondria
to improve cancer and chemotherapy-induced muscle wasting may include the modulation of mi-
tochondrial biogenesis, dynamics (fusion and fission), and mitophagy. Different strategies have
been adopted to directly target mitochondria: S5-31 protects cardiolipin, enhancing mitochondrial
activity and energy production through increased electron transport chain (ETC) efficiency; trimet-
azidine (TMZ) inhibits the 3-ketoacyl-CoA thiolase (KAT) activity, shifting the mitochondrial me-
tabolism towards oxidative respiration and increasing mitochondrial function; the genetic deletion
of pyruvate dehydrogenase kinase 4 (PDK4) enhances the influx of pyruvate into the TCA cycle,
likely improving mitochondrial homeostasis. Image created with BioRender.com (accessed on 17
August 2021).

3. Role of Muscle PGC-1« in Cancer Cachexia

Starting from the observation that some of the exercise-based interventions and ex-
ercise mimetic effects in tumor-bearing animals are based on the ability to stimulate the
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expression and the activity of the master regulator of mitochondrial biogenesis PGC-1a,
several studies have focused on the impact of this transcriptional coactivator on muscle
phenotype, both in health and in wasting conditions, including cancer cachexia. Almost
20 years ago, Spiegelman’s group described for the first time PGC-1a preferential expres-
sion in oxidative fibers and characterized a transgenic mouse overexpressing PGC-1a spe-
cifically in the skeletal muscle (MCK promoter), showing a conversion towards slow-
twitch muscle fibers [56]. On the contrary, myocyte-specific (Myogenin/MEF2 Cre) PGC-
la and  deletion impairs mitochondrial electron transport chain activity without impair-
ing mitochondrial mass and physiological muscle function [57]. Despite being dispensa-
ble, PGC-1a mRNA rapidly decreases during atrophy induced experimentally by dener-
vation, cancer cachexia in AH-130-bearing rats, streptozotocin-induced diabetes, and sub-
total nephrectomy renal failure [58]. In the above-mentioned transgenic mice overexpress-
ing PGC-1a, muscle mass loss and the induction of atrogenes induced by denervation and
fasting were prevented via FoxO3 blockade [58], suggesting a mechanistic explanation for
the anti-cachexia effect of exercise training. On the same line, PGC-1a overexpression was
shown to prevent sarcopenia associated with aging or induced by hindlimb unloading
[59,60].

Whether PGC-1a is also able to counteract cancer-induced muscle wasting is, how-
ever, still debated. Our previous observation showed that PGC-1a overexpression was
either effective or not in preventing cancer-induced muscle wasting in young mice upon
LLC or C26 tumor growth, respectively [11,33]. The protection observed in mice bearing
the LLC tumor is in discordance with the data obtained by others [61] adopting apparently
the same experimental conditions, where the lack of muscle wasting prevention may be
potentially explained by the increased tumor growth observed in transgenic mice. Finally,
an alternative splicing PGC-1a isoform (PGC-1a4) induced by resistance exercise was dis-
covered [62] and muscle-specific overexpression determined muscle mass and strength
increase, along with resistance to LLC-induced muscle wasting. The inconclusive obser-
vations may also depend on the fact that most preclinical proof of concept data come from
studies using young animals, mainly for economic reasons, and not receiving chemother-
apy, both conditions that limit the translational value of such models [63]. We considered
such limitations and produced preliminary observations on the role of PGC-1a in an op-
timized preclinical model of cancer cachexia adopting both middle (14 months) and aged
(22 months) mice bearing the LLC tumor and receiving doxorubicin (see Appendix A for
details). Despite not protecting from body weight loss, PGC-1at overexpression counter-
acted muscle mass and strength loss in 14-month-old mice, while only improving muscle
strength in 22-month-old mice. Despite the transgene being active only in the skeletal
muscle, several parameters show a differential condition as compared to wild-type mice,
including heart, white adipose tissue, and hematocrit, suggesting that boosting skeletal
muscle mitochondrial biogenesis impacts on the whole body condition, deserving further
investigation.

Although preliminary, our observations prompt new lines of investigation in the can-
cer cachexia field. The preservation of heart mass observed in transgenic mice is consistent
with data obtained in experimental hearth failure [64,65], suggesting that PGC-1a overex-
pression could become a target to maintain exercise tolerance in cancer patients or at least
normal daily physical activity, an essential point in the assessment of quality of life. Be-
yond heart function, PGC-1a could increase exercise tolerance by improving anemia. To
date, no easy mechanistic explanation can be given to support this effect, although angio-
genesis has been reported as one of the systemic effects of PGC-1a [66]. Increased hema-
tocrit might be a consequence of enhanced muscle mitochondrial respiration and angio-
genesis, in order to supply an adequate amount of oxygen to peripheral tissues. Overall,
targeting PGC-1a in order to mimic exercise might be a promising strategy to contain the
functional decline induced by both tumor growth and chemotherapy in cachectic patients.
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4. Impact of Mitochondrial Dysfunction in Impaired Myogenesis during
Cancer Cachexia

Muscle metabolism is mainly considered as the coordinated set of biochemical reac-
tions occurring in adult muscle fibers, marginally considering the role of myogenic cell
turnover and the impact of their metabolism on the overall muscle function and metabo-
lism. Starting from the principle that the myogenic program is a highly energy-demand-
ing process, it is possible that, beyond the tumor- and host-derived circulating factors that
impair myogenesis [67], the alterations of energy metabolism present in cancer cachexia
also impair muscle regeneration. The scenario is even more complex when considering
that the muscle is not only composed of adult fibers and muscle-specific stem (satellite)
cells, since other non-satellite muscle progenitor and accessory cells present in the muscle
microenvironment have been causally associated with cachexia onset [68]. Both intrinsic
(satellite cell) and extrinsic niche/muscle fiber dysfunctions may coordinately alter the
myogenic program. The existence of an intrinsic satellite cell regeneration impairment has
been recently questioned, since satellite cells derived from C26-bearing mice are increased
as compared to healthy mice and retain their myogenic potential, growing and differenti-
ating normally [22,69,70], suggesting that extrinsic factors, metabolism first, may deter-
mine the impaired myogenesis. The other way round, in all the above-mentioned papers,
other accessory muscle cells were shown to be modulated in the muscle of C26-bearing
mice, including innate immune cells, mesoangioblasts, and other interstitial cells, showing
on the one side the canonical myogenic commitment (Pax7 expression, [22]) while, on the
other, an adipocyte-like differentiation when cultured in vitro, suggestive of an aberrant
metabolic and differentiative program [70]. The current hypothesis is that the alterations
of the muscle microenvironment, mainly reflected by increased proinflammatory signals,
do not allow satellite cell differentiation. However, inflammation might not be the only
trigger, although very few studies have investigated how metabolic determinants in the
stem cell niche impact on regeneration. The metabolic profile, the metabolism-associated
gene signature, and the metabolic requirements of satellite cells in different myogenic
states in young and old mice have recently been reported [71]. From this study it emerged
that in aging, when the regeneration capacity is impaired, satellite cells have low oxidative
phosphorylation and preferentially perform cytoplasmic glycolysis. Moreover, perturb-
ing the ability to oxidize fatty acids in healthy mice, a process requiring efficient peroxi-
somes and mitochondria, impairs muscle regeneration [71]. The results are in accordance
with previous ones showing the high metabolic demand of adult activated satellite cells,
supported by higher mitochondrial activity and autophagy [26]. Mitochondrial function
and energy availability in the satellite cell niche can thus represent limiting factors im-
pairing the myogenic process during cachexia. Along this line, a recent report highlighted
the importance of glutamine supplied locally from macrophages to support myogenesis
after injury or rescuing the ischemia or age-related myogenic alterations [72].

Muscle disuse, due to both fatigue and bedrest, frequently occurring in cancer pa-
tients, was shown to stimulate satellite cell activation and a regenerative response [73].
Unfortunately, muscle disuse in the presence of cancer exacerbates muscle wasting, po-
tentially via aberrant induction of myogenesis [74]. The satellite cell niche is strictly de-
pendent on the type, amount, and organization of the collagen present in the extracellular
matrix (ECM). During aging, the altered ECM drives a fibrogenic conversion of satellite
cells at the expense of their ability to complete the myogenic program [75]. Such an effect
is of particular relevance when considering the association between old age, cancer diag-
nosis, and cachexia. ECM remodeling occurring either during effective regeneration or
cachexia is due to a complex interaction involving innate and adaptive immune cells, fi-
broblasts, fibroadipogenic precursors (FAPs), and vessel associated pericytes [76], making
it clear that focusing only on proinflammatory mediators generates a reductionist view.
The contribution of each cell type and signals released to the alterations of the complex
orchestrated myogenic machinery is far from being fully elucidated, and will likely allow
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in the future the identification of new prospective therapeutic targets. The scenario is fur-
ther complicated by recent evidence that the muscle of cachectic animals and cancer pa-
tients shows signs of impaired innervation [77-79]. Muscle denervation, either resulting
from motor neuron or neuromuscular junction (NMJ) alteration, could thus represent the
primary cause or at least contribute to both myofiber atrophy and regeneration in cancer
cachexia. The other way round, sarcolemmal damage was reported in cancer cachexia [22]
and recently associated with loss of the dystrophin glycoprotein complex interacting pro-
tein myocilin [80], providing another potential trigger for satellite cell activation.

In order to restore the myogenic process, distinct approaches have been proposed in
the last years (Figure 2). MEK-ERK MAPK pathway inhibition, likely interfering with the
proinflammatory cytokine signaling cascade, was the first approach that proved effective
in preventing Pax7 accumulation and partially countering cachexia [21], also incidentally
confirmed in cancer patients [81]. Potentially acting through a similar mechanism of
downstream inflammatory mediators, NF-kB inhibition prevented Pax7-dependent inhi-
bition of myoblast fusion [22]. Interfering with the cytokine milieu could thus impact on
distinct aspects of cancer and cachexia, including impaired regeneration, as recently
shown by interleukin (IL)-4 administration that counteracted cachexia and prevented the
accumulation of satellite cells in C26-bearing mice, directly inducing myocyte differentia-
tion [70]. Beyond cytokines, circulating extracellular vesicles and their microRNA cargo
have also been implicated in impaired myogenesis [82] through toll-like 7 receptor (TLR7)
signaling. Consistently, a TLR7/8/9 antagonist prevented Pax7 overexpression and ca-
chexia onset [83]. Whether all these approaches rescue the myogenic program through a
direct transcriptional regulation of the myogenic genes or other mechanisms is still un-
known and the possibility that part of the action relies on cell metabolism is intriguing
and will likely be clarified in future studies. On this line, the fact that physical exercise
rescues muscle cell differentiation in tumor-bearing animals [84] suggests that metabolism
modulation may provide an effective tool targeting cachexia from a new perspective. An-
other point in favor of such hypothesis is the presence in cachexia of myosteatosis and
increased circulating free fatty acids that may produce lipotoxicity, leading to impaired
muscle performance and regeneration [85]. For a long time, it has been demonstrated that
satellite cell abundance is influenced by fiber metabolism, with the oxidative having more
and the glycolytic less satellite cells [86]. The same authors showed that promoting a gly-
colytic to oxidative fiber shift leads to an increase in the satellite cell number. Such a mech-
anism also proved effective during cancer cachexia. Indeed, the above described TMZ
anti-cachexia action, by promoting muscle oxidative metabolism via PGCla overexpres-
sion, enhanced myogenesis in C26-bearing mice [87].
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Figure 2. Cancer and the consequent inactivity impair the myogenic process, either directly via cy-
tokine release or through several mechanisms including neuromuscular junction (NM]) disruption,
and mitochondrial and sarcolemmal damage. Several interventions have been proposed, mainly
focused on signaling pathway inhibition, cytokine modulation, and exercise or exercise-mimicking
metabolism modulators. Image created with BioRender.com (accessed on 17 August 2021).

5. PGC-1a Overexpression Rescues Mitochondrial Content in Regenerating Muscles
of Tumor-Bearing Mice

Although several lines of evidence suggest a connection between altered metabolism
and impaired regeneration, it is still unclear whether transcription factors and coactivators
involved in the control of muscle metabolism play a role in controlling muscle repair. As
mentioned above, key mitochondrial players, such as PGC-1a, are found to be both unaf-
fected or modulated among different preclinical cancer cachexia models and cachectic
cancer patients. In details, chemotherapy-naive animals bearing either the LLC or the C26
tumor present with no changes in PGC-1a levels [33], yet our observations presented here
reveal that PGC-1a expression is significantly decreased in the skeletal muscle of C26-
bearing mice only when a muscle injury has been inflicted (i.m. injection of BaClz; Figure
3A,B, see Appendix A for methodological details). This new result suggests that PGC-1«x
repression might be partially accountable for defective muscle regeneration in cancer ca-
chexia, with the muscle progenitor being the main cell type requiring PGC-1a expression
to maintain skeletal muscle cellular turnover.

To further investigate this point, we tested whether forced overexpression of PGC-
1la was sufficient to improve deficient regeneration in cancer cachexia by injuring the skel-
etal muscle of MCK-PGC-1a mice bearing the C26 tumor. The muscle architecture 14 days
post-injury consisted of centrally nucleated myofibers (Figure 3C) with similar mean my-
ofiber cross-sectional (CSA) area in both WT (64.1 + 10.6% of uninjured muscle fibers) and
MCK-PGC-1a (65.5 + 27.5%) animals (Figure 3D), implying that PGC-1a overexpression
does not accelerate muscle regeneration in healthy conditions. Consistent with previous
reports [63], injured muscles of C26-bearing WT mice presented with delayed myofiber
CSA recovery (32.3 = 7.2%), which was not improved by PGC-1a overexpression (33.0 +
13.6%; Figure 3D).

Although forced expression of PGC-1a was not sufficient to rescue myofiber matu-
ration in cachectic animals, visual inspection revealed loss of pigmentation in injured
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muscles that was further aggravated in tumor bearers, suggestive of reduced mitochon-
drial content (Figure 3E). Macroscopic observations were supported by a decreased pro-
tein expression of cyt ¢ in cachectic WT animals, indicating a decrease in mitochondrial
mass (Figure 3F). On the contrary, injured muscles of cachectic MCK-PGC-1a mice pre-
sented with a marked brown coloring and spared levels of cyt ¢ protein (Figure 3E,F),
suggesting that PGC-1a overexpression preserves mitochondrial mass. On the whole, the
present results indicate that PGC-1a overexpression is not sufficient to rescue muscle re-
generation delay, although ameliorating the mitochondrial status, opening new possibil-
ities to therapeutically modulate the metabolism in association with myogenesis-specific
enhancers to impact on muscle regeneration in cancer cachexia.
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Figure 3. (A,B) Representative Western blotting bands and densitometric analysis of PGC-1a protein expression, normal-
ized by GAPDH. Data are reported as % + SD of the uninjured control group; (C,D) Representative H&E panels and CSA
quantification of injured muscles of either healthy or cachectic WT and MCK-PGC-1a mice. Data are expressed as % + SD
of the uninjured WT control group; (E) Representative pictures of tibialis anterior muscles according to its specific exper-
imental condition. (F) Representative Western blotting bands and densitometric analysis of cyt c protein, normalized by
GAPDH expression. Data are reported as % + SD of uninjured muscle in each experimental condition. For all panels, the
significance of the differences was assessed by Student’s t-test for independent samples: *p < 0.05, ***p < 0.001.

6. Conclusions

Based on the vast amount of data from both preclinical models and cancer patients,
muscle wasting in cancer cachexia is now considered as a complex metabolic syndrome,
with specific hallmarks, only in part shared with other wasting disorders. The emerging
role of mitochondrial and metabolic alterations along with the metabolism-targeted ap-
proaches, including the genetic PGC-1a overexpression described herein, will likely lead
to the optimization of new therapeutic options for cancer cachexia. Similarly to the hall-
marks of aging [88], we here propose a scheme (Figure 4) describing muscle atrophy dur-
ing cancer cachexia as a multi-phasic process characterized by initiating causes (primary
hallmarks focused on cancer cachexia etiology), followed by the adaptive responses acti-
vated in both muscle fibers and the stem cell compartment (antagonistic hallmarks), even-
tually leading to the cachectic phenotype (integrative hallmarks).

In the future, new tools allowing single-cell analyses, including mass spectrometry
imaging and single-cell metabolomics, will clarify how the distinct muscle components,
from adult muscle fibers to myogenic precursors and accessory cells, are affected by both
tumor growth and chemotherapy, potentially allowing the identification of new prospec-
tive therapeutic targets for cachexia directly impacting on cell metabolism.

Tumor growth

- . Primary hallmarks

o Chemothera

E Py Causes of damage

= Inactivity

» Inflammation

<

¢ Mitochondrial damage Antagonistic hallmarks
By Hypercatabolism Responses to damage
- Satellite cell activation

N

Impaired regeneration )
P g Integrative hallmarks

Phenotypic culprits
Muscle atrophy L g

Figure 4. Proposed schematic pathogenesis of muscle wasting in cancer cachexia according to primary, antagonistic, and
integrative hallmarks. Image created with BioRender.com (accessed on 17 August 2021).
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Appendix A

Appendix Al. PGC-1a Ouverexpression Improves Cachexia in Aged Tumor-Bearing Mice Receiv-
ing Chemotherapy

The impact of skeletal muscle-specific PGC-1a overexpression (MCK-PGC-1a mice)
was assessed in 14- and 22-month-old LLC tumor-bearing mice receiving doxorubicin
(DOX, 10 mg/kg BW, on days 10 and 19 after tumor implantation). It is noteworthy that
before tumor injection, body weight was 30 to 40% higher in MCK-PGC-1a mice than in
WT littermates, in both age cohorts. This observation is in contrast with data reported in
the literature that do not show any difference in terms of body weight among WT and
MCK-PGC-1a mice [59]. According to the extent of body weight loss (excluding the tumor
mass), all the animals in the present study can be defined as overtly cachectic (Figure Al).
Considering the results from a clinical point of view, muscle-specific PGC-1a overexpres-
sion does not prevent cancer cachexia, as body weight loss is assumed as the primary
endpoint. Despite a similar percentage of body weight loss, it is fundamental to distin-
guish the impact on fat and lean mass in the onset of cachexia. The results show that in
14-month-old mice, both gastrocnemius (GSN) muscle and heart mass were protected in
PGC-1a-overexpressing mice with respect to WT mice bearing the LLC tumor, whereas
only heart mass was improved in 22-month-old mice (Figure A1B). Epididymal white ad-
ipose tissue almost disappeared in WT mice, while it was still abundant in transgenic an-
imals in both age groups, possibly reflecting the different initial body fat content as re-
flected by the different initial body weight (Figure A1B). In PGC-1a-overexpressing mice,
mitochondrial alterations in the skeletal muscle may be attenuated due to increased mito-
chondrial turnover, similar to the observations obtained in denervated mice, where PGC-
la promotes mitophagy [89], thus potentially reducing the accumulation of mitochondrial
damage and accelerating DOX clearance.
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Figure Al. (A) Body weight change during tumor growth and chemotherapy experimental period of 14- and 22-month-
old WT (n=5; 7) and MCK-PGC-1a mice (1 = 5; 5) bearing the LLC tumor. Data are reported as % + SD of the initial body
weight (IBW); (B) Gastrocnemius (GSN), heart, and epididymal white adipose tissue (eWAT) weight; data are expressed
in mg + SD; (C) Voluntary grasping strength; data (means + SD) expressed in Newton. (D) Hematocrit. Data (means + SD)
expressed as percentages of total blood. For all panels, the significance of the differences was assessed by Student’s t-test
for independent samples: *p < 0.05, **p < 0.01, ***p <0.001 vs LLC DOX WT.

Impaired physical function resulting from muscle wasting is one of the factors that
mainly affects patients’ quality of life [90] and functional assays can be easily performed
in experimental settings, increasing the translational value. In this study, the grasping
strength test revealed a significant improvement in muscle strength in MCK-PGC-1a ver-
sus WT mice in both age cohorts (Figure A1C), consistent with an improvement in muscle
mass. Another frequently occurring symptom in both experimental and human cancer
cachexia is anemia [91]. Consistently, WT mice bearing the LLC tumor and treated with
DOX revealed a dramatic reduction in the hematocrit in both age cohorts (Figure A1D),
similarly to young LLC-bearing mice, as previously reported [92]. By contrast, hematocrit
was significantly higher in MCK-PGC-1a than in WT animals, irrespective of mouse age,
suggesting that muscle health can control erythrocyte turnover during cachexia.

Appendix A2. Animals and Experimental Design

Animals were maintained on a regular dark-light cycle of 12:12 h with a controlled
temperature (18-23 °C) and free access to food and water during the whole experimental
period.

—  For animal experiment 1 (Figure A1), 14- and 22-month-old male C57BL/6-Tg(Ckm-
Ppargcla)31Brsp/j mice, overexpressing PGC-1a in the skeletal muscle (MCK-PGC-
1a) (the Jackson Laboratory) [56], were used together with age-matched C57BL/6 WT
mice (Charles River, Wilmington, MA, USA).

—  For animal experiment 2 (Figure 3, Balb/c-MCK-PGC-1a mice were generated by
backcrossing with WT Balb/c mice (Charles River, Calco, Italy). The colony was main-
tained by breeding mice as hemizygotes for 8 generations. Both WT and MCK-PGC-
la male mice of 3 months of age were used in this study.
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Either 5 x 105 Lewis-Lung (LLC) or Colon26 (C26) carcinoma cells were injected sub-
cutaneously into tumor-bearing groups. Both C26 and LLC cells were grown in vitro in
DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 ug/mL streptomycin, 100
ug/mL sodium pyruvate, 2 mM L-glutamine, at 37 °C in a humidified atmosphere of 5%
CO:z in air. The day of tumor implantation, C26 cells were detached with trypsin, resus-
pended in sterile saline, and implanted in the back of the animals. Two doses of doxoru-
bicin (DOX, 10 mg/kg of body weight) were administered intraperitoneally 10 and 19 days
after tumor implantation. Injury experiments were performed by intramuscular (i.m.) in-
jection of 30 pL of 1.2% BaClz in the TA muscle. Contralateral TA muscles were injected
with filtered 0.9% NaCl solution and used as controls (saline). During all subcutaneous
and i.m. injections, the animals were anesthetized with 2% isoflurane in O2.

Body weight and food intake was periodically monitored, and grasping force was
assessed using a Panlab-Harvard Apparatus device (Panlab, Barcelona, Spain) before eu-
thanasia. Animals were sacrificed under anesthesia either 28 (LLC) or 14 days (C26) after
tumor implantation. After intracardiac blood collection, euthanasia was applied by means
of cervical dislocation. Skeletal muscles were excised, weighted, frozen in liquid nitrogen,
and stored at —80 °C for further analyses.

Appendix A3. Western Blotting

Total protein homogenates from tibialis anterior muscles were obtained by mechan-
ical tissue disruption in RIPA buffer containing protease inhibitors. Homogenates were
sonicated for 10 s at low intensity, centrifuged at 15,000 g for 5 min at 4 °C, and the su-
pernatant was collected. Total protein concentration was quantified with Bradford rea-
gent (Bio-Rad). Equal amounts of protein (10-30 ug) were heat-denatured in sample-load-
ing buffer, resolved by SDS-PAGE, and transferred to nitrocellulose membranes (Bio-
Rad). The filters were blocked with Tris-buffered saline (TBS) containing 0.05% Tween
and 5% non-fat dry milk and then incubated overnight with antibodies directed against
specific proteins: anti-cyt c (556433, BD Biosciences, Franklin Lakes, NJ, USA), anti-PGC-
la (AB3242, Merck-Sigma, Darmstadt, Germany), and anti-GAPDH (G8795, Merck-
Sigma, Darmstadt, Germany). Peroxidase-conjugated IgGs (Bio-Rad) were used as sec-
ondary antibodies. Quantification of the bands was performed by densitometric analysis
using a specific software (TotalLab, NonLinear Dynamics, Newcastle upon Tyne, UK).

Appendix A4. H&E Staining

TA muscles were frozen in melting isopentane cooled in liquid nitrogen and stored
at —80 °C. Transverse sections of 10 um from the midbelly region were cut on a cryostat,
left at room temperature for 10 min, and stored at -80 °C for later staining. Hematoxy-
lin/eosin staining (H&E) was performed following standard procedures. Slides were then
dehydrated using ethanol scale and xylene, and mounted using Eukitt Quick-hardening
mounting medium (03959, Merck-Sigma, Darmstadt, Germany). Images were captured by
a Leica DM750 optical microscope (Leica Camera AG, Wetzlar, Germany).
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