ORIGINAL ARTICLE
Journal of Cachexia, Sarcopenia and Muscle (2017)
Published online in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.12232

Mitochondrial degeneration precedes the
development of muscle atrophy in progression of
cancer cachexia in tumour-bearing mice
Jacob L. Brown1, Megan E. Rosa-Caldwell1, David E. Lee1, Thomas A. Blackwell1, Lemuel A. Brown2, Richard A. Perry2,
Wesley S. Haynie2, Justin P. Hardee3, James A. Carson3, Michael P. Wiggs4, Tyrone A. Washington2 & Nicholas P.
Greene1*
1

Integrative Muscle Metabolism Laboratory, Exercise Science Research Center, Department of Health, Human Performance and Recreation, University of Arkansas,
Fayetteville, AR72701, USA; 2Exercise Muscle Biology Laboratory, Exercise Science Research Center, Department of Health, Human Performance and Recreation, University of
Arkansas, Fayetteville, AR72701, USA; 3Integrative Muscle Biology Laboratory, Department of Exercise Science, University of South Carolina, Columbia, SC29208, USA;
4
Integrated Physiology and Nutrition Laboratory, Department of Health and Kinesiology, University of Texas at Tyler, Tyler, TX75799, USA

Abstract
Background Cancer cachexia is largely irreversible, at least via nutritional means, and responsible for 20–40% of cancerrelated deaths. Therefore, preventive measures are of primary importance; however, little is known about muscle perturbations prior to onset of cachexia. Cancer cachexia is associated with mitochondrial degeneration; yet, it remains to be determined if mitochondrial degeneration precedes muscle wasting in cancer cachexia. Therefore, our purpose was to determine
if mitochondrial degeneration precedes cancer-induced muscle wasting in tumour-bearing mice.
Methods First, weight-stable (MinStable) and cachectic (MinCC) ApcMin/+ mice were compared with C57Bl6/J controls for
mRNA contents of mitochondrial quality regulators in quadriceps muscle. Next, Lewis lung carcinoma (LLC) cells or PBS (control) were injected into the hind ﬂank of C57Bl6/J mice at 8 week age, and tumour allowed to develop for 1, 2, 3, or 4 weeks to
examine time course of cachectic development. Succinate dehydrogenase stain was used to measure oxidative phenotype in
tibialis anterior muscle. Mitochondrial quality and function were assessed using the reporter MitoTimer by transfection to
ﬂexor digitorum brevis and mitochondrial function/ROS emission in permeabilized adult myoﬁbres from plantaris. RT-qPCR
and immunoblot measured the expression of mitochondrial quality control and antioxidant proteins. Data were analysed by
one-way ANOVA with Student–Newman–Kuels post hoc test.
Results MinStable mice displayed ~50% lower Pgc-1α, Pparα, and Mfn2 compared with C57Bl6/J controls, whereas MinCC
exhibited 10-fold greater Bnip3 content compared with C57Bl6/J controls. In LLC, cachectic muscle loss was evident only at
4 weeks post-tumour implantation. Oxidative capacity and mitochondrial content decreased by ~40% 4 weeks post-tumour
implantation. Mitochondrial function decreased by ~25% by 3 weeks after tumour implantation. Mitochondrial degeneration
was evident by 2 week LLC compared with PBS control, indicated by MitoTimer red/green ratio and number of pure red
puncta. Mitochondrial ROS production was elevated by ~50 to ~100% when compared with PBS at 1–3 weeks post-tumour
implantation. Mitochondrial quality control was dysregulated throughout the progression of cancer cachexia in tumourbearing mice. In contrast, antioxidant proteins were not altered in cachectic muscle wasting.
Conclusions Functional mitochondrial degeneration is evident in LLC tumour-bearing mice prior to muscle atrophy. Contents
of mitochondrial quality regulators across ApcMin/+ and LLC mice suggest impaired mitochondrial quality control as a commonality among pre-clinical models of cancer cachexia. Our data provide novel evidence for impaired mitochondrial health prior to
cachectic muscle loss and provide a potential therapeutic target to prevent cancer cachexia.
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Introduction
1,2

Cancer is one of the leading causes of death worldwide.
Moreover, therapies to prevent mortality from cancer are
inadequate.3 Cancer cachexia is a wasting syndrome that occurs in up to 80% of cancer cases and is directly attributable
for up to 40% of cancer-related deaths.4–6 Cancer cachexia is
primarily deﬁned by an ongoing loss of skeletal muscle mass
and function, which nutritional therapies currently lack sufﬁcient efﬁcacy to reverse.4,6 Therefore, prevention remains a
substantial goal of cachexia research, and recent literature
calls for a focus on therapies to prevent cachexia.7 Prior evidence suggests that skeletal muscle oxidative capacity may
inﬂuence atrophy in cancer cachexia and other forms of muscle wasting.8–11 Mitochondria are organelles critical for muscle oxidative metabolism. In fact, mitochondrial quality may
be critical to the maintenance of skeletal muscle mass.12
We recently acquired evidence in ApcMin/+ mice, a genetic
model of colorectal cancer, suggesting impaired mitochondrial quality control in quadriceps muscle of weight-stable
(not yet cachectic) mice (Figure 1). These data suggest that
impaired mitochondrial quality may precede development
of cachexia and thus be a critical step in the development
of this condition, which has recently been discussed in detail.13 Therefore, to better deﬁne such impacts, we have
sought to investigate the development of mitochondrial impairments across a time course of cachectic development in
tumour-bearing mice.
Mitochondrial quality can be deﬁned as the general health
and function of the mitochondrial network.14 When the mitochondrial network is impaired, degeneration of the network
structure occurs leading to a loss of mitochondrial function
(impaired ATP production)15 and excess mitochondrial reactive oxygen species (ROS) production, disrupting cellular
health.16,17 These related but distinct events result in
impaired mitochondrial health and may initiate skeletal muscle atrophy.18–24 Cancer appears to impair the mitochondrial
network in skeletal muscle,25 which may lead to cancer
cachexia. In addition to mitochondrial degeneration in cancer
cachexia, a decreased content of ROS-eliminating enzymes
has been reported.26 Antioxidants may attenuate the progression of cancer cachexia by aiding in the elimination of cellular ROS,27 suggesting ROS as an instigator for cancer
cachexia. Considering these points, there is a clear need to
understand if mitochondrial degeneration, associated with
mitochondrial ROS production and impaired energy production, may be the initiating event behind the onset of cancer
cachexia.
Skeletal muscle has a series of processes involved in mitochondrial quality control to aid in the maintenance of the mitochondrial network.14,28 These processes are the biogenesis
of new mitochondrial components, fusion and ﬁssion of new
and damaged mitochondrial regions within the network
(dynamics), and the selective degradation of damaged

Figure 1 mRNA content of mitochondrial quality controllers in quadri+
ceps muscle of B6 and APC/Min mice. (A) mRNA content of mitochondrial biogenesis controllers. (B) mRNA content of mitochondrial
dynamic controllers. (C) mRNA content of mitophagy regulators. N of
5–6 was utilized for each group. Lettering denotes statistical signiﬁcance
at an alpha set at P < 0.05.

mitochondrial regions through the process of autophagy
(mitophagy).28 Mitochondrial biogenesis is primarily regulated by PGC-1α, a transcriptional co-activator that coordinates the transcription factors critical for the addition of
mitochondrial components.29 Mitochondrial dynamics is a
highly regulated process in which components of the mitochondrial network are enzymatically divided (ﬁssion) or
merged (fusion).28 Mitophagy is a highly selective engulfment
of mitochondria by autophagosomes and their subsequent
catabolism by lysosomes.30,31 Many of these mitochondrial
regulatory processes are impaired in cancer cachectic muscle,13,25,32 which may directly promote skeletal muscle atrophy33–35; however, current literature predominantly only
measures mitochondrial quality control regulators at lateJournal of Cachexia, Sarcopenia and Muscle 2017
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stage cancer cachexia. It is possible that this mitochondrial
degeneration occurs only after development of cancerinduced muscle wasting; however, currently, it is not known
if such mitochondrial degeneration may precede and potentially instigate the muscle wasting in cancer cachexia.
To our knowledge, mitochondrial degeneration during the
progression of cancer cachexia has not been examined over a
time course protocol; therefore, the purpose of this study
was to examine mitochondrial quality throughout the
progression of cancer cachexia in tumour-bearing mice. We
hypothesized that impaired mitochondrial quality would be
evident prior to the onset of cachexia. To test this hypothesis,
we measured multiple functional (ROS emission, respiratory
function, degeneration via pMitoTimer reporter gene) and
signalling aspects of the mitochondria across time course progression of cancer cachexia in tumour-bearing mice. Utilizing
direct and functional measurements of the mitochondrial
network over time course progression, we now highlight a
potential mechanism behind the onset of cancer cachexia.
We additionally provide evidence that signalling for mitochondrial quality control is impaired in pre-cachectic mice
from each of two pre-clinical models of cancer cachexia.
Our study provides a novel insight into mitochondrial perturbations prior to development of the cachectic phenotype.

Methods
Animals and interventions
Animal experiments were performed at two major institutions. All procedures were approved by the Institutional Animal Care and Use Committees of the University of Arkansas,
Fayetteville [Lewis lung carcinoma (LLC) experiments] and
University of South Carolina (ApcMin/+ experiments). A subset
of the mice used for the LLC experiment has previously been
reported on.36
In the current study, we have utilized two pre-clinical
models of cancer cachexia—the ApcMin/+ mouse, a genetic
model of colorectal cancer, and LLC implantation. Initial observations were made at the level of mRNA contents in the
ApcMin/+ and followed by functional assessments of mitochondrial quality through time course of tumour development using the LLC implantation model. As pre-clinical
models of cancer cachexia often exhibit inherent differences,
the utilization of two models additionally was utilized to add
surety that observations were not unique to any one model.

ApcMin/+ mice
Min/+

Apc
mice used in this study were on a C57BL/6 (B6) background and were originally purchased from Jackson

Laboratories. All mice used in the present study were obtained from the investigator’s breeding colony (JAC) within
the Center for Colon Cancer Research Mouse Core at the University of South Carolina. Experimental mice were group
housed, kept on a 12:12 h light–dark cycle, and had access
to standard rodent chow (No. 8604 Rodent Diet; Harlan
Teklad, Madison, WI) and water ad libitum. Male ApcMin/+
and B6 mice were aged to 18–20 weeks of age and stratiﬁed
based on cachexia severity at sacriﬁce as previously described.25 Experimental groups included [B6 (control)],
weight-stable ApcMin/+ mice (MinStable; no weight loss),
and cachectic ApcMin/+ mice (MinCC; 11.3% body weight loss).
Phenotypic description of ApcMin/+ mice is shown in Table 1.

Lewis lung carcinoma growth and tumour
implantation
Lewis lung carcinoma cells (ATCC CRL-1642) were plated in
250 mL culture ﬂasks in DMEM supplemented with 10% foetal bovine serum plus 1% penicillin and streptomycin. Once
conﬂuent, cells were trypsinized, counted, and diluted in
PBS for implantation. LLC cells were plated at passage 2.
Male C57BL/6J (stock 000664) mice were purchased from
Jackson Laboratories. The mice were kept on a 12:12 h
light–dark cycle with ad libitum access to normal rodent
chow and water. At 6 weeks of age, MitoTimer15 (a reporter
gene that directly measures mitochondrial quality) was delivered by electric pulse-mediated gene transfer to the ﬂexor
digitorum brevis (FDB) muscle on one foot of each mouse
(described in the succeeding texts). LLC cells (1 × 106)
suspended in 100 μL sterile PBS were implanted to the hind
ﬂank of mice at 8 weeks of age as described.36,37 The tumour
was allowed to develop for 1, 2, 3, or 4 weeks in separate cohorts of animals. For sham control, one group of mice received a bolus injection of 100 μL sterile PBS. PBS controls
were age-matched to the most cachectic group (4 weeks
post-implantation, 12 weeks of age at tissue collection).
Animal tissues were quickly collected under isoﬂurane anaesthesia prior to euthanasia. Tissues were weighed and snapfrozen in liquid nitrogen for further processing and stored

Table 1 Body and tissue weights in B6 and Apc
Variable
Peak BW (g)
Sac BW (g)
BW loss (g)
Quadriceps (mg)
Tibia (mm)

Min/+

mice

B6

MinStable

MinCC

27.4 ± 0.4
27.4 ± 0.4 a
0±0a
111.7 ± 4.7 a
17.5 ± 0.1

25.34 ± 0.7
25.34 ± 0.7 a
0±0a
103.5 ± 3.1 a
17.06 ± 0.1

25.5 ± 0.9
22.7 ± 0.8 b
11.3 ± 1.1 b
67 ± 5.5 b
17.2 ± 0.1

Tibia length was measured as an estimate of total body size which
did not differ between experimental groups; therefore, all tissue
weights are presented as non-normalized wet weights. Lettering
denotes statistical signiﬁcance at an alpha set at P < 0.05.
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at 80°C. Body weights between the PBS and 4 week group
were not different; however, the 4 week group lost a signiﬁcant amount of muscle mass. According to Fearon et al., loss
of skeletal muscle mass is an effective diagnostic criterion for
cancer cachexia.6 Phenotypic description of LLC tumourbearing mice is shown in Table 2.

Plasmid DNA ampliﬁcation and electroporation
DH5-α Escherichia coli containing pMitoTimer plasmid15 were
ampliﬁed and plasmid DNA isolated using PureLink HiPure
Plasmid Filter Maxiprep kit (Life Technologies, K210017).
Plasmid transfection to FDB muscle was performed as described by Laker et al.15 Brieﬂy, 10 μL of 0.36 mg/mL hyaluronidase (in saline) was injected with insulin syringe with a
30 gauge needle subcutaneously above the FDB muscle prior
to plasmid DNA injection. One hour after hyaluronidase injection, 20 μg of DNA was injected into the FDB muscle. Ten minutes following DNA injection, the mice were anesthetized,
and an electrical ﬁeld was delivered through gold-plated acupuncture needles placed at the heel of the foot and at the
base of the toes. Ten pulses were delivered at 20 ms
duration/pulse and 1 Hz at 75 V using an S88 stimulator
(Grass Telefactor).

Mitochondrial function and ROS production
This methodology was adapted from Min et al.38 Brieﬂy, small
strips of plantaris muscle, ~10 mg, were teased to near-single
ﬁbres and permeabilized with saponin to open small pores in
the membrane. Mitochondrial oxygen consumption (VO2) of
a permeabilized ﬁbre bundle was measured. Brieﬂy, mitochondria were primed with malate and glutamate. Maximal
respiration (ADP-stimulated, state 3) and state 4 respiration
(ADP-depleted respiration) were measured. The respiratory

control ratio (RCR) was calculated by dividing state 3 by state
4 respiration. The dry weight of the permeabilized mitochondria was used to normalize the results.
Mitochondrial ROS was measured in permeabilized
plantaris ﬁbres. All forms of ROS were converted to hydrogen
peroxide by the addition of superoxide dismutase 1. ROS
emission was measured using Amplex Red Hydrogen Peroxide Detection Kit. In the presence of peroxidase, the Amplex
Red reagent reacts with H2O2 in a 1:1 stoichiometry to produce the red ﬂuorescent oxidation product, resoruﬁn.
Plantaris muscle was utilized for mitochondrial respiration
and ROS analyses because it is a mixed ﬁbre type and as a
smaller muscle more easily teased apart into near single ﬁbre
bundles, which is required for the assay.

Fluorescence microscopy for MitoTimer
For MitoTimer, freshly harvested FDB muscles were ﬁxed for
20 min in 4% paraformaldehyde at room temperature and
washed 5 min in PBS. Muscles were then whole mounted
on gelatin-coated glass slides using 50% glycerol in PBS as
mounting media and cover slipped. MitoTimer images were
acquired at ×100 magniﬁcation using the FITC (green,
excitation/emission 488/518 nm) and TRITC (red,
excitation/emission 543/572 nm) channels on a Nikon Ti-S
inverted epiﬂourescent microscope (Melville, NY) with LEDbased light source with controlled acquisition parameters as
described by Laker et al.15 All slides were imaged the day of
tissue harvest. Acquisition parameters were set using a pilot
study of cachectic and control animals and maintained consistent throughout all experiments. A specially written
MATLAB program was a generous gift from Dr Z. Yan (U. Virginia) and was used to analyse MitoTimer red:green ratio and
pure red puncta as described by Laker et al.15 The assay is
best performed on freshly dissected muscles as time ex vivo

Table 2 Body and tissue weights at the time of harvest in Lewis lung carcinoma tumour-bearing mice
Variable (LLC)
Body weight (g)
Tumour weight (g)
BW—tumour (g)
TA (mg)
Gastroc (mg)
Plantaris (mg)
EDL (mg)
Soleus (mg)
Spleen (mg)
Lungs (mg)
EpiFat (mg)
Quadriceps (mg)
Tibia (mm)

PBS (N = 24)

1 week (N = 16)

2 weeks (N = 16)

24.9 ± 0.3 a
N/A
24.9 ± 0.3
45.1 ± 0.9 a
134.6 ± 2.1 a
18.3 ± 0.4 a
9.9 ± 0.4
8.7 ± 0.2 a
81.1 ± 3.2 a
151.2 ± 6.8
367.5 ± 12.9 a
152.3 ± 6.7
17.4 ± 0.1

23.9 ± 0.3 a
0.03 ± 0.007 a
23.9 ± 0.3
43.8 ± 1.2 a
129.5 ± 2.5 a
18.3 ± 0.3 a
9.4 ± 0.3
8.2 ± 0.2 a,b
81.9 ± 2.8 a
173.0 ± 8.9
332.5 ± 22.6 a
149.2 ± 5.7
17.4 ± 0.1

23.8 ± 0.6 a
0.2 ± 0.03 a
23.7 ± 0.6
44.5 ± 1.2 a
130.0 ± 4.1 a
18.1 ± 0.6 a
9.9 ± 0.3
8.1 ± 0.2 a,b
85.7 ± 2.6 a
161.7 ± 3.9
348.2 ± 12.8 a
147.8 ± 8.8
17.3 ± 0.1

3 weeks (N = 12)
24.4 ±
0.8 ±
23.6 ±
42.9 ±
125.2 ±
17.7 ±
9.6 ±
8.1 ±
222.8 ±
173.2 ±
316.7 ±
148.5 ±
17.4 ±

0.8 a
0.1 b
0.7
1.6 a
3.5 a,b
0.7 a
0.4
0.3 a,b
31.1 b
8.9
33.6 a
7.6
0.1

4 weeks (N = 14)
27.0 ± 0.6 b
3.5 ± 0.4 c
23.5 ± 0.6
38.3 ± 1.3 b
118.4 ± 4.1 b
15.9 ± 0.6 b
8.6 ± 0.5
7.7 ± 0.2 b
366.5 ± 31.8 c
156.8 ± 10.0
240.4 ± 19.2 b
127.1 ± 7.2
17.3 ± 0.1

N of 12–24/group as indicated on table was utilized. Tibia length was measured as an estimate of total body size which did not differ
between experimental groups; therefore, all tissue weights are presented as non-normalized wet weights. Lettering denotes statistical
signiﬁcance at an alpha set at P < 0.05.
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impacts the ﬂuorescent indicator of MitoTimer. Therefore, we
transfected and utilized the FDB which can be dissected,
whole mounted to microscope slide, and imaged within
30 min of the initial dissection.

Cryosectioning
Tibialis anterior (TA) muscles were embedded in optimal cutting temperature compound and frozen in liquid nitrogencooled isopentane. Sections were cut at 10 μm using a Leica
CM1859 cryostat (Leica Biosystems, Buffalo Grove, IL) and
stained for succinate dehydrogenase (SDH). Sections were
placed in incubation solution (50 mM sodium succinate,
50 mM phosphate buffer, 0.12 M KH2PO4, and 0.88 M
Na2HPO4), 0.5 mg/mL nitroblue tetrazolium for 40 min in a
37°C water bath. Slides were washed 3 min with dH2O and
imaged. Images were collected with Nikon Sight DS-Vi1 camera mounted on an Olympus CKX41 inverted microscope.
SDH+ (purple) and SDH– ﬁbres were counted, cross-validated
by two independent and blinded investigators, and circled for
cross-sectional area (CSA) analysis using Nikon Basic Research
Imaging Software (Melville, NY). There was no difference
between the measurements across two blinded researchers.
TA muscle was utilized because it is a bigger muscle, which
minimizes freezer damage to ﬁbres to centrally located muscle ﬁbres. Other muscles suitable for cryosectioning such as
the gastrocnemius were utilized for other analyses.

RNA isolation, cDNA synthesis, and quantitative
real-time PCR
RNA isolation, cDNA synthesis, and quantitative real-time PCR
were performed as we have previously described.14,39–41
Taqman probes or SYBR primers speciﬁc to Pgc-1α1, Cox4,
Pparα, Mfn2, Opa1, Drp1, MFF, Fis1, Bnip3, and Beclin1.
Taqman probes and SYBR primers have previously been reported in Greene et al.14

Immunoblotting
Immunoblotting performed as we have previously described.14,40–43 Membranes were probed overnight for primary antibodies. Protein targets were selected based upon
prior literature to encompass key components of each of
the mitochondrial quality control systems14,28 and ROS protection26,44 as previously described. Primary antibodies were
speciﬁc to mitochondrial content and biogenesis proteins:
COX-IV (Cell Signalling 4844S), VDAC (Cell Signalling 4866S),
PGC-1α (Santa Cruz sc-13067), PPARα (Santa Cruz sc-9000),
PPARδ (Santa Cruz sc-7197), and TFAM (Cell Signalling
7495). Mitochondrial dynamics proteins: MFN1 (Santa Cruz

sc-50330), MFN2 (Santa Cruz sc-50331), OPA1 (Santa Cruz
sc-367890), DRP1 (Cell Signalling 14647), and Fis1 (Novus
NB100-56646). Mitophagy proteins: BNIP3 (Cell Signalling
3769), PINK 1 (Santa Cruz sc-33796), p-PARKIN (Ser65, Abcam
ab154995), and PARKIN (Cell Signalling 42115). Antioxidant
proteins: SOD1 (Genetex GTX100554), SOD2 (Cell Signalling
131945), SOD3 (R and D Systems AF4817), GPx7 (Genetex
GTX117516), GPx3 (Genetex GTX89142), and catalase (Cell
Signalling 140975). Primary antibodies were isolated from
rabbit, mouse, and goat. Antibodies were diluted in Trisbuffered saline, 0.1% Tween 20 with 5% milk. Membranes
were imaged on Protein Simple FluorChem (Minneapolis,
MN) and analysed using Alpha View software. All bands were
normalized to the 45 kDa actin band of Ponceau S stain as a
loading control. There was no difference detected between
the 45 kDa actin band of Ponceau S stain across experimental
groups. Powdered gastrocnemius muscle (mixed ﬁbre type)
was utilized to represent both type I and II ﬁbres for immunoblot analysis.

Statistical analysis
For ApcMin/+, independent variables were B6 control, weightstable ApcMin/+ mice (MinStable), and cachectic ApcMin/+ mice
(MinCC). For LLC, independent variables were PBS and number of weeks tumour progressed. A one-way ANOVA was
employed as the global analysis for each dependent variable
in both experiments. Differences among means were determined by Student–Newman–Keuls post hoc test. For all experiments, the comparison-wise error rate, α, was set at
0.05 for all statistical tests. All data were analysed using the
Statistical Analysis System (SAS, version 9.3, Cary, NC, USA);
ﬁgures were compiled using GraphPad Prism (La Jolla, CA,
USA) and data expressed as mean ± standard error of the
mean.

Results
Mitochondrial quality control is dysregulated
before severe cancer cachexia in ApcMin/+ mice
ApcMin/+ mice were stratiﬁed into experimental groups based
on % total body weight loss from peak body weight as an estimate of cachectic development as previously described.25
Cachectic mice (MinCC) lost on average 11.3% body weight
by time of tissue harvest, while no loss was seen in B6 or
weight-stable (MinStable) controls (Table 1). Loss of body
weight coincided with reduction in quadriceps muscle mass.
While no signiﬁcant differences in muscle mass were observed between B6 (118 ± 4.6) and MinStable (103 ± 3.6),
MinCC (67 ± 5.5) quadriceps mass was reduced compared
Journal of Cachexia, Sarcopenia and Muscle 2017
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with both B6 and MinStable (Table 1). Intriguingly, the process of mitochondrial biogenesis was dysregulated in
MinStable mice indicated by a ~50% decrease in mRNA content of both Pgc-1α and Pparα (Figure 1A). Furthermore, a
~50% decrease in Mfn2 mRNA in weight-stable ApcMin/+mice
indicated alterations in mitochondrial fusion before cancer
cachexia occurred (Figure 1B). Bnip3 mRNA was increased
by 10-fold in MinCC only, which indicates an up-regulation
of mitophagy in mice with cancer cachexia (Figure 1C).

Characterization of the progression of Lewis lung
carcinoma-induced cancer cachexia
Body weights (body weight with tumour weight subtracted)
of the C57Bl/6J mice were not different between groups
throughout the 4 week progression of cancer cachexia; however, muscle wet weights of TA, gastrocnemius, plantaris,
quadriceps, and soleus were ~15–20% lower 4 weeks following tumour implantation compared with PBS, with no signiﬁcant differences in muscle weights between PBS, 1, 2, and
3 week animals (Table 2). Furthermore, epididymal fat decreased by ~35% in mice with 4 weeks tumour growth

J.L. Brown et al.

compared with PBS. Spleen weight, a surrogate marker for
inﬂammatory state, was 270 and 450% greater 3 and 4 weeks,
respectively, following tumour implantation when compared
with PBS control (Table 2).

Oxidative phenotype is diminished 4 weeks
following tumour implantation
The percentage of SDH+ ﬁbres in the TA muscle was ~20%
lower in mice 4 weeks following tumour implantation (Figure
2A and 2B), indicating a loss of muscle oxidative phenotype.
Furthermore, there was a greater number of small muscle
ﬁbres that are SDH 4 weeks following tumour implantation
compared with PBS control, while little difference was
observed in SDH+ suggesting speciﬁc atrophy of nonoxidative muscle ﬁbres (Figure 2C and 2D). There was a lower
mitochondrial content 4 weeks following tumour implantation compared with PBS indicated by a ~50% decrease in both
COX-IV and VDAC protein contents (Figure 2E–G). No signiﬁcant changes in SDH or mitochondrial content (COX-IV/VDAC)
were observed prior to 4 week tumour development.

Figure 2 Oxidative muscle ﬁbres and mitochondrial content across a time course progression of cancer cachexia in Lewis lung carcinoma tumour-bearing mice. (A–D) SDH staining performed in TA muscle. (A) Representative images for SDH stain across the different experimental groups. Scale bar is
50 μM long. (B) % SDH+ ﬁbres throughout the progression of cancer cachexia. (C) Cross-sectional area distribution of SDH+ ﬁbres. (D) Cross-sectional
area distribution of SDH ﬁbres. (E–G) Immunoblotting in gastrocnemius muscle. (E) and (F) Immunoblot quantiﬁcation of mitochondrial content
markers COX-IV (E) and VDAC (G). (G) Representative immunoblot images. N of 10 for each group was used for SDH analysis, and N of 8 for each group
was utilized for immunoblot analysis. Lettering denotes statistical signiﬁcance at an alpha set at P < 0.05.
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Mitochondrial degeneration occurs before cancer
cachexia
Mitochondrial network degeneration is evident 2 weeks
following tumour implantation. Examining the MitoTimer
ﬂuorescence spectra, we observed a ~50% and 4-fold greater
MitoTimer red:green ratio and number of pure red puncta,
respectively (Figure 3A–C). These measures were previously
validated by Laker et al.15 to directly indicate impaired mitochondrial quality. Furthermore, mitochondrial function (indicated by the RCR, the ratio of state 3:state 4 respiration)
was ~25 and 45% lower 3 and 4 weeks following tumour
implantation compared with PBS (Figure 3D). Moreover,
mitochondrial ROS production, indicated by H2O2 emission,
was 2-fold greater 1 week following tumour implantation
and remained elevated through 3 weeks post-tumour implantation compared with PBS (Figure 3E).

Lewis lung carcinoma impairs mitochondrial
quality control before development of cancer
cachexia
Lewis lung carcinoma implantation did not affect the mitochondrial biogenesis proteins PGC-1α, PPARα, or TFAM;
however, 1 week following tumour implantation, PPARδ protein content was ~40% lower compared with PBS, but not
signiﬁcantly different from control in other experimental
groups (2–4 weeks post-tumour implantation) (Figure 4A
and 4B). Mitochondrial dynamics was dysregulated as soon
as 1 week following tumour implantation. Opa1 (a protein
critical for mitochondrial inner membrane fusion) content
was ~45% lower than PBS control in all LLC tumour-bearing
groups (Figure 4C and 4D). Intriguingly, mitochondrial ﬁssion
proteins Drp1 and Fis1 were differentially expressed
throughout the progression of cancer cachexia. Drp1 protein

Figure 3 Mitochondrial degeneration precedes muscle wasting in cancer cachexia in Lewis lung carcinoma tumour-bearing mice. MitoTimer is a
mitochondrially targeted variant of DsRed validated by Laker et al.15 to emit green ﬂuorescence when mitochondria are healthy and shift to red when
mitochondria are damaged. (A–C) MitoTimer in FDB muscle. (A) Representative MitoTimer images taken at ×100 magniﬁcation. Scale bar is 20 μM in
length. (B) Quantiﬁcation of MitoTimer red:green ratio. (C) Quantiﬁcation of pure red puncta in MitoTimer. Locations of pure red puncta co-localize
with LC3 and appear to represent completely degenerated mitochondria targeted for autophagy.15 (D–E) Mitochondrial function and ROS emission
in plantaris muscle. (D) Respiratory control ratio (ratio of state 3:state 4 respiration) of permeabilized plantaris muscle. (E) Mitochondrial H2O2 production in permeabilized plantaris muscle. N of 12–24 per group was utilized for MitoTimer, while N of 12/group was utilized for respiration and
ROS production analysis. Lettering denotes statistical signiﬁcance at an alpha set at P < 0.05.
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Figure 4 Immunoblot analysis of mitochondrial quality control regulators during progression of cancer cachexia in gastrocnemius muscle of Lewis lung
carcinoma tumour-bearing mice. (A, B) Immunoblot quantiﬁcation (A) and representative immunoblots (B) of mitochondrial biogenesis regulators PGC1α, PPARα, PPARδ, and TFAM. (C, D) Immunoblot quantiﬁcation (C) and representative immunoblots (D) of mitochondrial dynamic regulators MFN1,
MFN2, OPA1, DRP1, and Fis1. (E, F) Immunoblot quantiﬁcation (E) and representative immunoblots (F) of mitophagy regulators BNIP3, PINK1, pPARKIN, and PARKIN. N of 7–8 per group was utilized for immunoblot analysis. Lettering denotes statistical signiﬁcance at an alpha set at P < 0.05.

content was ~45% lower 4 weeks following tumour implantation compared with PBS; an apparent lower Drp1 content
in 1–3 week tumour groups did not reach signiﬁcance
(Figure 4C and 4D). In contrast, Fis1 protein content was
elevated ~80% in 4 week cachectic animals compared with
PBS only (Figure 4C and 4D). Mitophagy regulator BNIP3
protein content was ~2-fold greater in 3 weeks following
tumour implantation compared with PBS (Figure 4E
and 4F). In contrast, PINK1, p-PARKIN, and PARKIN protein
content were not signiﬁcantly different among groups
(Figure 4E and 4F).

Antioxidant enzymes are unchanged despite
increased mitochondrial ROS production
Protein contents of SOD1, SOD2, SOD3, GPx3, GPx7, and catalase were not different among experimental groups (Figure 5).

Discussion
Current literature is clear that mitochondria are dysregulated
in cachectic skeletal muscle.25,32,45 However, our ﬁndings are
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Figure 5 Content of antioxidant enzymes during progression of cancer
cachexia in gastrocnemius muscle of Lewis lung carcinoma tumour-bearing mice. (A) Representative images of antioxidant enzymes. No statistically signiﬁcant ﬁndings were found. N of 7–8 per group was utilized
for immunoblot analysis.

intramyoﬁbrillar alterations prior to the onset of the cachectic phenotype.

Cancer cachexia alters mitochondrial quality
control signalling in ApcMin/+ mice
In our examination of the ApcMin/+ mouse, we note that
mRNA contents of regulators of mitochondrial biogenesis
(Pgc-1α and Pparα) and fusion (Mfn2) occur in the MinStable
condition, that is, in tumour-bearing mice who do not present
signs of the cachectic phenotype. In contrast, the mRNA content of mitophagy marker Bnip3 was elevated only in cachectic mice. These signalling data are similar to White et al.25
and suggested that mitochondrial quality control is impaired
prior to signs of cachexia beginning with down-regulations
of biogenic and fusion regulators and progressing to elevated
markers of mitophagy in cachectic mice. Considering these
data, we next elected to tease the mitochondrial degenerations in progression of cancer cachexia-induced muscle
wasting using a tumour implantation model (LLC) to allow
time course assessments of the functional mitochondrial
alterations in development of this condition.

the ﬁrst to demonstrate mitochondrial network deterioration, and dysfunction occurs before the onset of cancerinduced loss of muscle mass in tumour-bearing mice.
Recently, mitochondria have been implicated as critical controllers of skeletal muscle mass46; therefore, mitochondrial
degeneration may be a key promoter of cancer cachexia. Initial observations presented here and by White et al.25 compared mitochondrial quality control regulators across
degrees of cachexia in ApcMin/+ mice suggesting that impaired
mitochondrial quality precedes cachectic phenotype which
have herein been built upon via time course and functional
assessments in LLC tumour-bearing mice. The current study
demonstrates increased mitochondrial oxidative stress within
the muscle 1 week post-tumour implantation, followed by
mitochondrial network degeneration and lost mitochondrial
function 2 and 3 weeks post-tumour implantation, respectively. Moreover, mitochondrial quality control regulators
are altered throughout the progression of cancer cachexia
in both ApcMin/+ and LLC pre-clinical models suggesting that
early mitochondrial degenerations are a common alteration
in the development of muscle wasting in cancer cachexia
across pre-clinical models. Our ﬁndings clearly present functional mitochondrial degeneration as an early event preceding muscle wasting in the development of cancer cachexia
in both LLC tumour-bearing and ApcMin/+ mice. Furthermore,
to our knowledge, we are the ﬁrst to examine progression of
cancer cachexia by time course design. The data presented
herein demonstrate the imperative nature to elucidate

Cancer cachexia impairs oxidative phenotype and
mitochondrial content in skeletal muscle in Lewis
lung carcinoma tumour-bearing mice
Using this model (1 × 106 LLC cells implanted into the hind
ﬂank) of LLC-induced cancer cachexia, it takes 4 weeks for
the cachectic phenotype (muscle wasting) to develop.36,37,47
While our mice did not lose total body weight after 4 weeks
following tumour implantation, signiﬁcant muscle and fat
mass was lost along with an increased spleen mass indicative
of an inﬂammatory state,48 which is an effective diagnostic
criteria.6 Loss of oxidative phenotype in late-stage cancer cachexia has commonly been observed in the literature13,25,49;
however, oxidative phenotype throughout the progression
of cancer cachexia is understudied. Our data indicate that
loss of oxidative phenotype (SDH stain) and mitochondrial
content (COX-IV/VDAC) occurs concomitantly with cancerinduced muscle loss. Furthermore, when cancer cachexia
develops, our data indicate that oxidative muscle ﬁbres may
be resistant to atrophy during the initial stages of wasting
(CSA distribution by SDH stain). Based on our data and prior
reports, cancer cachexia preferentially impacts glycolytic
muscle ﬁbres; however, oxidative ﬁbres have superior antioxidant defences when compared with glycolytic ﬁbres,50,51
which may slow cancer cachexia. This is commonly observed
in cancer cachexia literature49 and indicates that oxidative
metabolism is an important factor for the maintenance of
muscle size. Therefore, muscle mitochondria may be a
Journal of Cachexia, Sarcopenia and Muscle 2017
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primary target of the cancer environment and may be a contributor to cancer-induced muscle wasting.13

Mitochondrial degeneration occurs prior to the
onset of cancer-induced muscle loss
To determine functional mitochondrial degeneration, we
examined multiple functional parameters including respiratory function, ROS emission, and ﬂuorescence-based measures of network degeneration. We measured a 2-fold
increase in ROS production 1 week post-tumour implantation. Chronically elevated ROS may be an instigating factor
for the muscle wasting observed in tumour-bearing mice as
it has been shown to promote protein catabolic functions.16,17 We do note that mitochondrial ROS production
appeared to normalize at 4 week post-tumour implantation;
however, these data are normalized to tissue mass, and it
must also be noted that at this time point, mitochondrial density is ~50% reduced by COX-IV and VDAC markers. Next, utilizing the reporter pMitotimer,15 we observed signs of
network degeneration 2 weeks following tumour implantation along with the sudden and dramatic appearance of pure
red puncta which by prior reports appear to be completely
degenerated mitochondria tagged for autophagic degradation.15 Degeneration of the mitochondrial network then leads
to impaired mitochondrial respiratory function, which we
observed 3 weeks following tumour implantation. These
combined ﬁndings suggest early and progressive derangements in mitochondrial health during the development of
cancer cachexia in tumour-bearing mice (Figure 6).
The mitochondrial aberrations described herein may
induce LLC-mediated cancer cachexia considering that damaged mitochondria have been shown to directly promote

Figure 6 Summary of functional mitochondrial derangements preceding
cachectic muscle wasting in tumour-bearing mice.
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atrophic signalling in skeletal muscle in other models.21–24
Furthermore, cellular energy stress induced by mitochondrial
dysfunction leads to skeletal muscle wasting.52 Our data
demonstrate clear evidence that mitochondrial degeneration
occurs before the development of cancer-induced muscle
wasting in tumour-bearing mice. Critically, these aberrations
are most likely due to inﬂuences of the tumour microenvironment as mitochondrial disruptions are observed only 1 week
following tumour implant when the animal presents as otherwise healthy.
To provide insight to how these mitochondrial derangements occur, we next examined mechanisms of the mitochondrial quality control system in the LLC mice as
mitochondrial degeneration observed in cancer-induced muscle wasting may be attributed to disruptions to these processes. While not all measured markers of mitochondrial
quality control were altered, we note that when impacts
were observed in mitochondrial biogenic (PPARδ) and fusion
(Opa1) proteins, these alterations were via down-regulation
and occurred shortly after tumour implantation (1 week). Intriguingly, ApcMin/+ mice exhibit a signiﬁcant reduction in Pgc1α mRNA content in MinStable mice, while PGC-1α protein
content is not altered throughout the progression of cancer
cachexia in the LLC pre-clinical model. This may be explained
by differences in the tumour microenvironment between the
pre-clinical models. Moreover, Pgc-1α mRNA content is not
different between MinCC and B6 control. At this time, we
are unable to be certain as the reason behind reduced Pgc1α mRNA in MinStable mice; however, differences in the inﬂammatory environment between the MinStable and MinCC
group may explain this53; however, this is only speculative.
Similar to ApcMin/+ mice, in LLC mice, the mitochondrial ﬁssion regulator Fis1 and mitophagy protein BNIP3 were both
met with induced expression and both only impacted later
in cachectic development. These observations in mitochondrial quality control are similar to those presented here in
the ApcMin/+ mouse, and congruent with prior literature in
cancer cachexia,32 whereby early down-regulations in
biogenic and fusion regulators followed by strong induction
of Bnip3 content is observed. These combined data suggest
early stage mitochondrial degeneration as a commonality in
two otherwise distinct pre-clinical models of cancer
cachexia.
These observations may directly tie to the development of
cachectic wasting. First, Opa1 has recently been identiﬁed as
a key controller of muscle size.54 Second, the induction of
Fis1 suggests an up-regulation in the amount of fragmented
mitochondria, which are typically inefﬁcient at generating
ATP55 leading to cellular energy stress and loss of muscle
mass. Furthermore, a decrease in content of these controllers
of mitochondrial dynamics may indicate alterations in the
balance of fusion and ﬁssion of the mitochondria.56 Finally,
mitophagy is regulated by two distinct processes: BNIP3mediated
mitophagy
and
PINK1-PARKIN-mediated
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mitophagy.57,58 While we have observed induction of BNIP3,
such an impact on PINK1-PARKIN expression was not seen.
This suggests differential regulation of BNIP3 compared with
PINK1-PARKIN whereby alterations present in cancer
cachexia selectively induce BNIP3-mediated mitophagy.
Considering the 2-fold increase of mitochondrial ROS production and the shift in MitoTimer ﬂuorescence spectra, we
next examined how cellular antioxidant defence mechanisms
might be impacted in the development of cancer cachexia.
Multiple lines of evidence suggest that excess ROS induces skeletal muscle atrophy.59–64 Intriguingly, we examined protein
contents of six antioxidant components all of which are unchanged despite an increase in mitochondrial ROS production,
suggesting a failure of the system to adequately respond to mitochondrial oxidative stress which may exacerbate free radicalinduced proteolysis during cancer cachexia. Unfortunately, we
were unable to perform functional enzyme activity assays of
antioxidant proteins to further elucidate the cellular response
to oxidative stress due to lack of tissue. Further experiments
should be performed to test these enzymatic activities to determine any alterations in function of antioxidant proteins.

Relationship between mitochondrial degeneration
and cancer cachexia
Mitochondrial degeneration is a common feature across
numerous models of skeletal muscle atrophy,12,65,66 including
cancer cachexia. In fact, mitochondrial degeneration may instigate skeletal muscle atrophy through mechanisms including
reduced protein synthesis, increased autophagic and
ubiquitin-proteasome-mediated protein catabolism, inﬂammation, and altered myogenesis all of which are perturbed in
cancer cachexia.18–24 In this study, we have clearly shown aberrations in the mitochondrial network, beginning with
increased ROS production and leading to loss of mitochondrial
function in cancer cachexia (Figure 6). Intriguingly, these alterations occur before cancer-induced loss of muscle mass occurs
(Figure 6), and while animals would otherwise appear healthy
suggesting mitochondrial degeneration in cancer cachexia is
largely resultant of the tumour microenvironment. Functional
data presented herein across time course with LLC-induced
muscle wasting coupled with signalling data presented from
the ApcMin/+ and LLC experiments suggest that early onset mitochondrial degeneration is likely a common factor in the development of cancer-induced muscle loss across pre-clinical
models which otherwise display distinct mechanistic traits.

Conclusions and future direction
In summary, this is the ﬁrst experiment to investigate mitochondrial degeneration and dysfunction throughout a time
course development of cancer cachexia in tumour-bearing

mice. While altered signalling of mitochondrial regulatory processes (biogenesis, dynamics, and mitophagy) provides important insight into potential mechanisms behind mitochondrial
degeneration, the current study directly measures mitochondrial quality (MitoTimer), mitochondrial ROS emission, and respiratory function (RCR) in order to fully assess mitochondrial
aberrations that occur throughout the progression of cancer
cachexia in a pre-clinical model. Intriguingly, mitochondrial
aberrations such as increased ROS production occur as soon
as 1 week after tumour implantation (Figure 6), which is likely
instigated by the tumour microenvironment; however, at this
time, we cannot rule out denervation, hypoxia, and/or apoptosis. Data from the current study implicate the importance
of early cancer detection as well as preventive measures for
cancer cachexia. However, cancer cachexia is often not
treated before stage IV of cancer is reached.67 These data suggest that targeting of mitochondrial quality may be vital for
the treatment and prevention of cancer cachexia whether
pharmacologically or through exercise.15,28 Although future
studies will need to validate promotion of mitochondrial quality as an efﬁcacious modality. To accomplish this, future experiments should be performed to determine if promoting
maintenance of mitochondrial quality may prevent cancerinduced muscle wasting. We now see a clear need for further
study of the early stage progression of cancer cachexia as well
as early stage impacts of the tumour microenvironment.
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