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Abstract

Background Patients with breast cancer exhibit muscle weakness, which is associated with increased mortality risk
and reduced quality of life. Muscle weakness is experienced even in the absence of loss of muscle mass in breast cancer
patients, indicating intrinsic muscle dysfunction. Physical activity is correlated with reduced cancer mortality and dis-
ease recurrence. However, the molecular processes underlying breast cancer-induced muscle weakness and the benefi-
cial effect of exercise are largely unknown.
Methods Eight-week-old breast cancer (MMTV-PyMT, PyMT) and control (WT) mice had access to active or inactive
in-cage voluntary running wheels for 4 weeks. Mice were also subjected to a treadmill test. Muscle force was measured
ex vivo. Tumour markers were determined with immunohistochemistry. Mitochondrial biogenesis and function were
assessed with transcriptional analyses of PGC-1α, the electron transport chain (ETC) and antioxidants superoxide dis-
mutase (Sod) and catalase (Cat), combined with activity measurements of SOD, citrate synthase (CS) and
β-hydroxyacyl-CoA-dehydrogenase (βHAD). Serum and intramuscular stress levels were evaluated by enzymatic as-
says, immunoblotting, and transcriptional analyses of, for example, tumour necrosis factor-α (TNF-α) and p38
mitogen-activated protein kinase (MAPK) signalling.
Results PyMT mice endured shorter time and distance during the treadmill test (~30%, P < 0.05) and ex vivo force
measurements revealed ~25% weaker slow-twitch soleus muscle (P < 0.001). This was independent of cancer-induced
alteration of muscle size or fibre type. Inflammatory stressors in serum and muscle, including TNF-α and p38 MAPK,
were higher in PyMT than in WT mice (P < 0.05). Cancer-induced decreases in ETC (P < 0.05, P < 0.01) and antiox-
idant gene expression were observed (P < 0.05). The exercise intervention counteracted the cancer-induced muscle
weakness and was accompanied by a less aggressive, differentiated tumour phenotype, determined by increased CK8
and reduced CK14 expression (P < 0.05). In PyMT mice, the exercise intervention led to higher CS activity
(P= 0.23), enhanced β-HAD and SOD activities (P< 0.05), and reduced levels of intramuscular stressors together with
a normalization of the expression signature of TNFα-targets and ETC genes (P < 0.05, P < 0.01). At the same time, the
exercise-induced PGC-1α expression, and CS and β-HAD activity was blunted in muscle from the PyMT mice as
compared with WT mice, indicative that breast cancer interfere with transcriptional programming of mitochondria
and that the molecular adaptation to exercise differs between healthy mice and those afflicted by disease.
Conclusions Four-week voluntary wheel running counteracted muscle weakness in PyMT mice which was accompa-
nied by reduced intrinsic stress and improved mitochondrial and antioxidant profiles and activities that aligned with
muscles of healthy mice.
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Introduction

Breast cancer is the most commonly diagnosed cancer type in
women with around two million new cases per year
worldwide.1 Muscle weakness in cancer patients has tradi-
tionally been attributed to a decrease in muscle mass (i.e. at-
rophy); however, breast cancer patients exhibit a low
prevalence of cachexia.2,3 Nevertheless, loss in muscle
strength and reduced physical fitness are already experienced
in weight-stable, non-cachectic patients in the early stages of
breast cancer development.4,5 A marked reduction in muscle
force by 25% has been presented in the lower extremities of
breast cancer patients before and after anticancer
treatments.5 Overall, muscle weakness is associated with re-
duced quality of life and higher mortality risk in cancer, in-
cluding breast cancer,6 highlighting the critical role of
muscle function for physical health.

Pre-diagnosis and post-diagnosis recreational physical ac-
tivity offers a significant risk reduction for breast
cancer-related death.7–9 For example, post-diagnosis physical
activity of moderate intensity, equivalent of walking 3 to 5 h
per week or endurance exercise for 150 min/week, reduces
cancer death and breast cancer recurrence by ~30–40% as
compared with inactive individuals.7–10 This non-anabolic
physical activity does not build muscle mass but may instead
preserve muscle fibre area and mitochondrial oxidative ca-
pacity, thus improving the quality of the skeletal muscle.
Moreover, a comparison of skeletal muscle biopsies from
breast cancer patients under chemotherapy treatment, sub-
jected to different exercise regimens showed that the exer-
cise interventions prevented a reduction in muscle fibre
cross-sectional area and mitochondrial capacity which was
observed in the usual care group.11

Still, little is known about the molecular aspects of muscle
weakness and the beneficial effect of exercise in breast can-
cer, especially without interference of chemotherapeutic
drugs, which is not possible in a clinical setting. We used
in vivo endurance tests, ex vivo functional force measure-
ments of single fibres and whole muscle, combined with mor-
phological and molecular analyses to evaluate muscle
function and exercise-induced effects during progressive
breast cancer development. The breast cancer mouse model
PyMT (MMTV-PyMT, FVB background) resembling morpho-
logical and molecularly the human tumour progression was
used.12 Mice, 8 weeks old, without any anti-tumour treat-
ment underwent 4 weeks of voluntary in-cage wheel running
as exercise intervention, to elucidate the exercise-induced ef-
fects of skeletal muscle function in mice afflicted by breast
cancer.

Materials and methods

Study approval

All animal experiments complied with the Swedish Animal
Welfare Act, the Swedish Welfare ordinance, and regulations
of the Swedish authorities (N19-15, 3067-2018, 6847-2020).

Animals

Female mice (FVB/N-MMTV-PyMT) with polyoma virus mid-
dle T oncoprotein (PyMT) under the control of the mice mam-
mary tumour virus (MMTV) promotor, and their wildtype
(WT) littermates (WT, FVB/NRj background) were used.12

Mice were housed at the local animal facility with a 12 h
light/dark cycle and provided standard chow and water ad
libitum. Tumour dimensions were measured with standard
callipers. All mice were 8 weeks of age at the start of all ex-
periments and sacrificed at 12 weeks of age.

Treadmill running

A six-lane treadmill was used. Individual mice were separated
by partitions. After 4 days of acclimatization, the exhaustion
test was performed with a 10% inclination and speed incre-
ment from 6 m/min to maximal 33 m/min (kept till exhaus-
tion) by 3 m/min every 3 min. Exhaustion was determined
by the mice withstanding three manual pushes, in combina-
tion of a behavioural assessment when placed into a new
environment.

Voluntary wheel running

Mice were housed individually and given free access to either
a counting (active) or blocked (inactive) low-profile wireless
running wheel for 4 weeks (ENV-047 or ENV-044-02, Med As-
sociates Inc.).

Immunofluorescence analysis and FCSA (muscle
sections)

Serial transverse sections of fresh soleus muscles were used
for as previously described.13 Sections were incubated with
primary antibodies against myosin heavy chain (MHC) iso-
forms (MHC1, BA-D5; MHC2a, SC.71. Hybridoma Bank) and
thereafter with secondary antibodies (IgG2b Alexa Flour
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350, A21140; IgG1 Alexa Flour 488, A21121, Invitrogen). Sec-
tions were incubated with Wheat Germ Agglutinin conju-
gated with TX-Red (W21405, Invitrogen) to image the
sarcolemma. Fibre type distribution was determined based
on fibres expressing MHC1 (type-1 fibres), MHC2a (type-2a fi-
bres), and unstained fibres (type 2x/2b fibres). Fibre-type,
FCSA and FCSA distribution were analysed from 251 ± 23 fi-
bres per muscle on average.

Immunohistochemical analysis (tumour sections)

Sections of 10 μm tumour tissue were imaged for CK8
(ab59400) and CK14 (ab181595) as previously described.14

The images were quantified with Image J using 16–20 visual
fields/tumour. Equal colour threshold was used for all condi-
tions compared.

Ex vivo force measurement

Force measurements of soleus and extensor digitorum longus
(EDL) were performed as previously described.15 Electrically
stimulated force production was expressed as absolute force
(mN) and as specific force (kN/m2). To determine the specific
force, that is, force normalized to muscle size, absolute force
was divided with muscle cross-sectional area (CSA) which was
calculated by dividing the muscle mass by the muscle length
and muscle density (1.06 g/cm3). After the experiment, the
tendons were cut to determine muscle mass.

Single soleus fibre experiments

Isolated, intact single muscle fibres were mechanically dis-
sected from slow-twitch soleus muscles of PyMT and control
littermate mice and simultaneous quantification of force and
[Ca2+]i in living single fibres with a completely intact intracel-
lular milieu were performed as previously described in
detail.16 Some fibres were exposed to caffeine (5 mM), a po-
tent RyR1 agonist,17 and stimulated at 120 Hz.

Immunoblots (western blots)

Immunoblots were performed as previously described.13 Ho-
mogenized tibialis anterior (TA) or soleus (20 μg per well)
were separated and transferred to PVDF membranes
(Millipore). Membranes were incubated with primary anti-
bodies: phospho-p38 MAPK (#9211, Thr180/Tyr182, Cell Sig-
naling), p38 MAPK (#9212, Cell Signaling), RyR1 (#ab2868),
CSQ1,2 (#ab3516), and DHPR (#ab2864) and thereafter with
infrared-labelled secondary antibodies (IRDye 680, IRDye
800, LI-COR Biosciences). Detection and analyses were per-
formed with the LI-COR imaging system and normalized to to-

tal protein, which was determined by Ponceau S or
Coomassie staining.

Citrate synthase and β-hydroxyacyl-CoA
dehydrogenase activities activity assays

Soleus muscles were homogenized in ice-cold homogeniza-
tion buffer at pH 7.5 consisting of (mM): KH2PO4, 50; EDTA,
1; and 0.05% Triton X-100. The homogenate was centrifuged
at 1400 g for 1 min at 4°C. The supernatant was used to an-
alyse citrate synthase (CS) and β-hydroxyacyl-CoA dehydroge-
nase (β-HAD) activities using standard spectrophotometric
techniques.18 Activities were adjusted for protein
concentration.

TNF-α levels

A total of 5 μL serum or 5 μg soleus muscle protein lysates
were used to quantify TNF-α levels using an ELISA kit accord-
ing to the manufacturer’s instructions (ThermoFisher).

SOD activity assay

Gastrocnemius muscles (10 mg) were pulverized and homog-
enized in ice cold 0.1 M Tris/HCl, pH 7.4 buffer containing
0.5% Triton X-100, 5 mM β-ME, 0.1 mg/mL PMSF. SOD activ-
ity was determined with the colorimetric kit (#ab64354) ac-
cording to the manufacturer’s instructions. Values were
normalized to mg of muscle weight.

Gene expression analysis

Gene expression of gastrocnemius muscle was performed as
previously described.13 Analysis of gene expression was per-
formed with the ΔΔCt method, and gene expression was nor-
malized to ribosomal protein lateral stalk subunit P0 (RPLP0)
mRNA levels. Gene expression analyses are expressed as
mRNA levels relative to WT. Primer sequences used for gene
expression analysis can be found in the Supporting Informa-
tion, Table S1.

Statistics

Data are presented as mean ± SEM or as box-plot and
whiskers-plot with the median of the distribution indicated
as horizontal line, the boundaries indicate the medians of
the first and third quartiles, and the error bars extend to
the extremes of the observation. Two groups were analysed
by two-tailed unpaired Student’s t-test. Multiple comparisons
were analysed by analysis of variance (ANOVA). P values
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<0.05 were considered significant (*P < 0.05; **P < 0.01;
***P < 0.001). All statistical analysis was carried out with
Prism 7.0 (GraphPad).

Results

PyMT mice exhibit reduced physical performance
and muscle weakness

To test their overall physical performance, PyMT mice and
WT mice ran till exhaustion on a treadmill at 12 weeks of
age. PyMT mice ran ~20% shorter and covered ~30% less dis-
tance on the treadmill as compared with control WT mice
(Figure 1A and 1B). In addition to mobility hindrance due to
tumour mass, reduced physical performance may also be
the result of altered skeletal muscle function, including mus-
cle size, morphological changes, and/or intrinsic muscle dys-
function. Here, the muscle mass of hind limb muscles (TA;
EDL; soleus) was unchanged between PyMT and WT mice
(Figure 1C). Ex vivo isometric force measurements showed a
drastic reduction in absolute and specific force by ~22% of
PyMT slow-twitch soleus muscle as compared with WT mice
(Figure 1D and 1E). No difference in force production was ob-
served in fast-twitch EDL muscle (Figure S1A,B), and thus, fo-
cus was pointed towards slow-twitch (soleus) and mixed
muscle fibre types (TA and gastrocnemius). No difference in
size or distribution of muscle fibre cross-sectional area (FCSA)
or fibre type composition (MHC isoforms) was observed of
soleus muscle from PyMT and WT (Figure 1F–1I). Moreover,
no difference in expression levels of proteins essential for
the excitation–contraction coupling [the Ca2+ release channel
ryanodine receptor 1 (RyR1), Ca2+ buffering protein
calsequestrin (CSQ) 1 and 2, or the voltage-gated
dihydropyridine receptor (DHPR, Cav1.1)] was observed be-
tween soleus muscle from WT and PyMT mice (Figure S1C,
D). This shows that the observed muscle weakness was not
a result of reduced muscle size or altered morphology, but
rather due to intrinsic impairment of the muscular function
as evident in Figure 1E (specific force, kN/m2). Further simul-
taneous measurements of cytosolic Ca2+ concentrations ([Ca2
+]i) and force in single intact mechanically dissected soleus fi-
bres showed that the muscle weakness (Figure 1K and 1L)
was not associated with a difference in basal [Ca2+]i between
groups (0.054 ± 0.004 μM vs. 0.055 ± 0.02 μM, P = 0.96), but
tetanic [Ca2+]i was modestly reduced in soleus fibres from
PyMT mice (Figure 1J and 1K). Force-[Ca2+]i curves were con-
structed by fitting the mean data points to the following
equation: P = Pmax[Ca

2+]i
N/(Ca50

N + [Ca2+]i
N), where P is the

measured force, Pmax the predicted maximum force at satu-
rating [Ca2+]i, Ca50 the [Ca2+]i at 50% Pmax, and N describes
the steepness of the force-[Ca2+]i relationship. Pmax was
lower (382 vs. 263 kN/m2, P = 0.02) in PyMT fibres, whereas

no difference in Ca50 (0.56 vs. 0.47 μM. P = 0.44) or in the
steepness of the relationships (N 4.83 vs. 5.95, P = 0.51)
was observed between the two groups (Figure 1L). This im-
plies that the decreased force in PyMT fibres is the result of
myofibrillar impairment rather than a problem linked to re-
duced Ca2+ sensitivity. Moreover, fibres were exposed to caf-
feine (5 mM), a potent RyR1 agonist17 to assess whether an
increased [Ca2+]i could counteract the weakness. A tetanic
stimulation (120 Hz) in the presence of caffeine releases vir-
tually all Ca2+ stored in the sarcoplasmic reticulum and max-
imally activates the contractile machinery.19 Caffeine had a
large effect on [Ca2+]i, but no difference was observed be-
tween WT and PyMT soleus fibres (Figure 1M). The increased
tetanic [Ca2+]i with caffeine had no notable effect on force
production and hence could not counteract the muscle weak-
ness in PyMT mice (Figure 1N). That the force was not further
enhanced in WT can be explained by tetanic force at 120 Hz
being close to maximal already before caffeine application.
This shows that an increased tetanic [Ca2+]i in PyMT fibres
was not capable of counteracting the muscle weakness, em-
phasizing that the muscle weakness is the results of intrinsic
contractile dysfunction.

Voluntary running counteracts cancer-induced
muscle weakness

Eight-week-old PyMT and WT mice had individually ad
libitum access to running wheels for 4 weeks. PyMT and WT
mice spent approximately the same amount of time and ran
similar distances on the wheel (Figure 2A and 2B). The volun-
tary wheel running did not alter the tumour volume (Figure
2C) but developed a more favourable molecular profile of
the tumour14 with the luminal epithelial cell marker
cytokeratin (CK) 8 slightly increased and the invasive basal
marker CK14 decreased with exercise (Figure 2D and 2E). In
the performed treadmill exhaustion run, both groups showed
improvements in time spent running and meters covered af-
ter exercise (active wheels) as compared with non-exercised
mice (inactive wheels) (Figure 2F and 2G). The magnitude of
improvement (Figure 2F and 2G) was greater in WT than in
PyMT mice, showing that the breast cancer attenuates the re-
sponse to whole body physical exercise performance. To ex-
clude mammary tumours interference on the extremity’s
mobility in the treadmill test and to specifically address skel-
etal muscle and contractile function, skeletal muscles were
excised and force was measured ex vivo. No
exercise-induced changes in muscle mass was observed (Fig-
ure 2H), but ex vivo force measurements showed that the ex-
ercise remarkably counteracted cancer-induced muscle
weakness in slow-twitch soleus muscle of PyMT mice (Figure
2I and 2J). Thus, without any antitumor treatment, the exer-
cise recovered the intrinsic capacity of the muscle to gener-
ate force in mice with breast cancer.
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Figure 1 Reduced exercise performance and muscle weakness in PyMT mice. (A) Time (min) and (B) distance (meter) endured by PyMT and WT mice
during a treadmill exhaustion run test. (C) Muscle mass (mg) of tibialis anterior (TA), extensor digitorum longus (EDL) and soleus from PyMT and FVB
(WT) mice. (D, E) Ex vivo absolute force (D, mN) and specific force (E, kN/m2) production of soleus muscle from PyMT and WT mice. The
force-frequency relationship was determined at 1, 10, 15, 20, 30, 50, 70, 100, and 120 Hz (1000 ms tetanic duration). (F) Representative images of
cross-sectional muscle sections of soleus muscle. Fibre type distribution visualized by fluorescent imaging (20×); myosin heavy chain (MHC) 1 (type-
1 fibres, blue), MHC2a (type-2a, green). Wheat germ agglutinin (WGA, red) binds to glycoproteins of the cell membrane and used to stain skeletal
sarcolemma to determine cross sectional area. (G) Distribution of MHC isoforms, (H) fibre cross-sectional area (FCSA, μm2) and distribution of FCSA
area (I, %) of soleus muscle from PyMT and WT mice. (J–N) Specific force and calcium measurements in single soleus fibres. Original records of intra-
cellular (tetanic) Ca

2+
(J, [Ca

2+
]i, μM) and specific force (K, kN/m

2
) determined at 120 Hz stimulation frequency (500 ms train duration). (L) Force-Ca

2+

relationship at 15 to 150 Hz stimulation frequencies. (M, N) Caffeine exposure on single muscle fibres at 120 Hz. Intracellular Ca2+ (M, μM) and specific
force (N, kN/m

2
) with and without caffeine (5 mM, 2 min exposure) in PyMT and WT soleus fibres. (A, B, n = 6 per group; C, n = 8–10 per group; D, E,

n = 13–18 per group; F, I n = 5–6 per group with 251 ± 23 fibres per muscle analysed on average; L, n = 4–6 per group;M, N, n = 4 per group). D, E, I, and
L are presented as mean ± SEM; other average data are presented as box-plot and whiskers-plot, median of the distribution is indicated as horizontal
line, the boundaries indicate the medians of the first and third quartiles, and the error bars extend to the extremes of the observation. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Figure 2 Voluntary running counteracts muscle weakness. Time (A, h/24 h) and distance (B, km/24 h) mice ran per 24 h per week on the in-cage vol-
untary running wheels. (C) Average tumour volume in cm

3
measured from start of the exercise intervention at 8 weeks of age and weekly over 4 weeks.

Representative histochemical images (D) and quantification (E) of tumours stained for cytokeratin (CK) 8 and CK14 from PyMT mice at 12 weeks of age.
Time (F, min) and distance (G, meter) covered running on the treadmill exhaustion test of mice that had access to inactive (WT, PyMT) or active (WTEx,
PyMTEx) voluntary in-cage running wheels for 4 weeks. (H) Muscle mass of exercising PyMT an WT mice after 4 weeks of voluntary in-cage running
(WTEx, PyMTEx). (I, J) Ex vivo force production of soleus muscle from PyMT and WT mice. Ex vivo absolute force (I, mN) and specific force (J, kN/
m

2
) production of soleus muscle from PyMT and WT mice after 4 weeks of in-cage voluntary running (WTEx, PyMTEx). The force-frequency relationship

was determined at 1, 10, 15, 20, 30, 50, 70, 100, and 120 Hz (1000 ms tetanic duration). (A–C and F, G, n = 6–10 per group; D, E, n = 4 per group with
16–20 visual areas analysed per individual; H–J n = 8–12 per group). A–C and I, J are presented as mean ± SEM, other average data are presented as
box-plot and whiskers-plot, median of the distribution is indicated as horizontal line, the boundaries indicate the medians of the first and third quar-
tiles and the error bars extend to the extremes of the observation. *P < 0.05, **P < 0.01.
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Altered mitochondrial expression and activity in
skeletal muscle of PyMT mice

Reduced mitochondrial function and mitochondrial damage is
linked to reduced muscle function and muscle
weakness.13,20,21 Moreover, recent transcriptomics and prote-
omics analyses showed that mitochondrial ETC genes and pro-
teins were lower in skeletal muscle from breast cancer
patients than healthy controls.22 Here, 8 out of 12 mitochon-
drial genes representative of mitochondrial complexes I-IV
(CI-IV) and the ATP synthase (ATPase) were lower in
non-exercised gastrocnemius muscle of PyMT than inWTmice
(Figure 3A–3E). The exercise intervention normalized the gene
expression of included mitochondrial genes (CII-IV and
ATPase) (Figure 3A–3E). Mitochondrial complexes I–IV activi-
ties in gastrocnemius muscle of PyMT and WT mice (Figure
S1E–S1H) displayed the same pattern as the gene expression
profiles (mRNA levels, Figure 3A–3E), that is, non-exercised
muscle displayed lower activities in PyMT than WT mice and
running exercise resulted in increased activity of mitochon-
drial ETC completes (Figure S1E–S1H). The difference in activ-
ities was less distinct than in gene expression, exemplifying
that transcriptional changes may not directly be transferrable
intometabolic adaptations and could also reflect that the anal-
yses were performed in muscles consisting of different fibre
types. CS is an integral enzyme in the tricarboxylic acid cycle
and used as a marker of mitochondrial content, and β-HAD is
a key enzyme in fatty acid oxidation.23 Enzyme activities (i.e.
in non-exercised muscle) of CS and β-HAD appeared lower in
soleus muscle from PyMT than WT mice (CSWT: 6.2 ± 0.2 vs.
CSPyMT: 5.7 ± 0.2, P = 0.21, nmol/mg protein/min, n = 6. β-HAD-
WT: 0.60 ± 0.04 vs. β-HADPyMT: 0.44 ± 0.03, P< 0.05, nmol/mg
protein/min, n = 6) (Figure 3F and 3G). The exercise enhanced
the CS and β-HAD activity (Figure 3F and 3G). The magnitude
of improvement in treadmill running (Figure 2F and 2G) and
mitochondrial enzyme activities (Figure 3F and 3G) was
greater in WT than in PyMT mice after the exercise, indicating
that the cancer itself attenuates the response to physical exer-
cise in PyMT mice. Nevertheless, the mitochondrial ETC tran-
scriptional profiles and enzyme activities were improved in
PyMT mice after the exercise, which likely contributes to the
preserved muscle function observed with the exercise
intervention.

Reduced intramuscular stress response in PyMT
mice after exercise intervention

Tumour necrosis factor α (TNF-α) is a pro-inflammatory cyto-
kine which expression is generally elevated in breast cancer
and shown to correlate with higher malignancy grade and gen-
erally poor prognosis for the patient.24 TNF-α signalling has
been show to promotemitochondrial dysfunction and intrinsic
muscle weakness by depressing specific force of muscle

fibres.25,26 Skeletal muscle-specific inhibition of the TNF-α tar-
get inhibitor of kB-α (IkB-α) and nuclear factor-κB1 (NFκB1)
has been shown to protect against cytokine-induced muscle
weakness.27 Thus, the muscle weakness and the altered mito-
chondrial expression and activity could stem from an en-
hanced stress response with elevated TNF-α levels
originating from the tumour development in the PyMT mice.

TNF-α serum levels were higher in non-exercising PyMT
than WT mice, demonstrating a tumour-induced stress re-
sponse (Figure 4A). The exercise lowered the serum TNF-α
level in PyMT mice (Figure 4A) and a similar pattern was
observed in a serum cytokine antibody array (Figure S2A).
Intramuscular soleus TNF-α levels were also higher in non-
exercising PyMT than in WT mice. The exercise drastically
reduced the intramuscular TNF-α levels in PyMT mice (Figure
4B), as well as the expression of several TNF-α target genes;
TNF receptor-associated factor 2 (Traf2) (Figure 4C), IκB-α
(Figure 4D), ankyrin repeat domain 1 (Ank1) (Figure 4E) and
NFκB1 (Figure 4F), but not NFκB2 (Figure 4G). Moreover, the
phosphorylated active form (Thr180/Tyr181) of p38
mitogen-activated protein kinase (MAPK) that responds to cy-
tokines and cellular stress was higher in soleus muscle from
non-exercised PyMT than WT mice (Figure 4H and 4I). The ex-
ercise intervention decreased the stress response of PyMT
mice to levels comparable with WT mice (Figure 4H and 4I).
Thus, the exercise intervention with 4 weeks of in-cage run-
ning was able to efficiently reduce the systemic and intramus-
cular stress response in mice with breast cancer.

Pro-inflammatory cytokines as TNF-α can also induce pro-
duction of reactive oxygen species (ROS). To protect the mus-
cle from ROS and oxidative damage, skeletal muscle are
equipped with oxidative scavengers (antioxidants). Superox-
ide dismutase (Sod; isoform 1 localized in the cytosol, and 2
in the mitochondria) and catalase (Cat) are two essential an-
tioxidants; where Sod scavenges superoxide to hydrogen per-
oxide which is further metabolized to water by catalase.28 As
observed for ETC and ATPase genes, the exercise intervention
reversed Sod1, Sod2 and Cat gene expression in PyMT levels
comparable with non-exercised WT mice. (Figure 4J and 4K).
SOD activity (SOD1 and SOD2) (Figure 4M) showed a similar
pattern as the gene expression data (Figure 4J–4L) with the
exercise boosting the SOD activity in muscle of PyMT mice.
The enhanced antioxidant defence could contribute to im-
proved capacity to neutralize ROS and hence lowered intra-
muscular oxidative stress. No global change in carbonylation
levels (OxyBlot), as oxidative stress biomarker, were observed
in TA muscle between the two groups with or without exer-
cise intervention (Figure S2B and S2C). This was expected, tu-
mour-induced oxidative stress in peripheral muscle tissue is
likely low grade and continuous, and therefore not necessar-
ily detected using whole muscle extracts. In contrast, tumour
tissue from PyMT exhibited higher carbonylation levels than
WT mice and the exercise had no evident effect on carbonyl-
ation levels (Supplemental Fig, S2D-E).
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PPARγ coactivator-1α (PGC-1α) is an exercise-inducible
transcriptional co-activator linked to mitochondrial numbers
and volume, and improved exercise endurance in humans.
PGC-1α expression has been shown to be negatively regu-
lated by TNF-α through NF-κB and p38 MAPK.29 To evaluate
the PGC-1α response to exercise the gene expression was
measured in muscle of WT and PyMT mice that had been run-
ning for 4 weeks (WTEx, PyMTEx) or inactive (WT, PyMT), as
well as after all four groups had been challenged with a
treadmill exhaustion run (Figure 2F and 2G). In line with our
previous data and clinical studies,30,31 PGC-1α mRNA levels
were not elevated after 4 weeks of chronic exercise training

(Figure 4N), but the level was increased in muscles after the
treadmill run of exercised WT mice (WTEx) as compared with
non-exercised mice (WT). This treadmill-induced PGC-1α re-
sponse was not as evident in muscle from exercised PyMT
mice (PyMTEx), suggesting a tumour-induced dampening of
PGC-1α response and mitochondrial biogenesis (Figure 4O).
Our results show that muscle from PyMT mice had lower ex-
pression of mitochondrial genes involved in the ETC, ATP pro-
duction, and ROS scavenging, as well as lower mitochondrial
enzyme activity (CS, β-HAD), but higher levels of intramuscu-
lar stress signals (TNF-α, p38 MAPK). The PGC-1α response
was blunted in PyMT as compared with WT mice, which pro-

Figure 3 Running exercise reverses mitochondrial gene expression and activity in PyMT mice. mRNA expression of ETC genes in mitochondria from
soleus muscle of WT and PyMT mice after 4 weeks access to inactive (WT, PyMT) or active (WTEx, PyMTEx) in-cage running wheels. (A) Complex (C)
I; Ndufa1, Ndufa2. (B) CII; Sdha, Sdhb. (C) CIII; Cyc1, Uqcrc1. (D) CIV; Cox4i1, Cox5a, and ATPase (E); Atp5a1, Atp5b. Enzymatic activity of citrate syn-
thase (F; CS, nM/min/mg) and β-hydroxyacl-CoA dehydrogenase (G; β-HAD, nM/min/mg) in soleus muscles from WT and PyMT mice with or without
4 weeks of running exercise. A–E, n = 8–12 per group; F, G, n = 6–10 per group. Data presented as box-plot and whiskers-plot, median of the distri-
bution is indicated as horizontal line, the boundaries indicate the medians of the first and third quartiles, and the error bars extend to the extremes of
the observation. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 Decreased intramuscular stress in PyMT mice after voluntary running. (A) TNF-α (pg/mL) in serum, (B) TNF-α (pg/μg) in soleus muscle ho-
mogenate and mRNA gene expression of TNF-α target genes (Traf2, IƙB-α, Ank1, NfƙB1, NfƙB2) (C–G) in gastrocnemius muscle fromWT and PyMT mice
after 4 weeks access to inactive (WT, PyMT) or active (WTEx, PyMTEx) in-cage running wheels. Representative immunoblots (H) and quantification (I) of
phosphorylated and total p38 MAPK in TA muscle normalized to total protein (Ponceau S staining). (J–L) Antioxidant gene expression of SOD (Sod1, J;
Sod2, K) and catalase (Cat) (L) and enzymatic activity of SOD (SO1 and SO2 combined) per mg of muscle (M) in gastrocnemius muscle from WT and
PyMT mice after 4 weeks access to inactive (WT, PyMT) or active (WTEx, PyMTEx) in-cage running wheels. Gene expression of full-length PGC-1α (N–O)
in gastrocnemius muscle from WT mice after 4 weeks access to inactive or active in-cage running wheels (N) and after a treadmill exhaustion run after
4 weeks access to inactive or active in-cage running wheels (O) normalized to non-exercising mice (A–I, n = 6 per group; J–O, n = 8–12 per group;). Data
presented as box-plot and whiskers-plot, median of the distribution is indicated as horizontal line, the boundaries indicate the medians of the first and
third quartiles, and the error bars extend to the extremes of the observation. *P < 0.05, **P < 0.01.
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vides a possible molecular link to mitochondrial gene expres-
sion and enzyme activities. Nevertheless, the exercise inter-
vention was able to counteract the reduction in expression
levels and enzyme activities, and reduce the intramuscular
stress levels, resulting in improved force production and exer-
cise performance in PyMT mice.

Discussion

Loss of muscle mass is not a frequent complication in patients
with breast cancer, but they still experience muscle
weakness.3 In agreement, we found no signs of muscle atro-
phy in 12-week-old PyMT mice, but they had reduced physi-
cal capacity as shown in a treadmill endurance test and
exhibited muscle weakness according to force measure-
ments. Here, the tumour-induced muscular dysfunction could
be counteracted with 4 weeks of voluntary running. In addi-
tion, the exercise intervention induced beneficial molecular
adaptations targeted at mitochondrial content and activity
as well as systemic and intracellular stress relief, contributing
to an overall improvement of muscle function in PyMT mice.

The muscle weakness was primarily observed in
slow-twitch soleus muscle rather than fast-twitch extensor
digitorum longus (EDL) muscle. Cancer-induced molecular
changes in muscle of mixed fibre type (gastrocnemius, tibialis
anterior) were also observed (e.g. ETC activity) but appeared
more moderate compared with changes is slow-twitch soleus
muscle. Thus, varied fibre type-specific differences were ob-
served, which can have several underlying explanations. For
instance, slow-twitch oxidative soleus fibres are recruited at
a lower motor unit firing rate (~20 Hz) than fast-twitch glyco-
lytic EDL fibres (~70 Hz),32 and the twitch contraction time is
longer in slow-twitch muscle fibres than fast-twitch fibres.28

Thus, a higher number of slow-twitch fibres are activated dur-
ing everyday movement and exercise at a moderate intensity,
which demands a functional mitochondrial oxidative metabo-
lism, whereas the glycolytic capacity of muscle is not chal-
lenged to the same extent. Our data show signs of
decreased mitochondrial health in slow-twitch (and mixed)
muscle type, which likely contributes to the observed alter-
ations in oxidative slow-twitch, but not glycolytic fast-twitch
muscles of PyMT mice. On the other hand, in
tumour-bearing rodent models with a prominent muscle at-
rophy (bone cancer) slow-twitch muscle fibres appear more
protected from cancer-induced muscle loss than fast-twitch
muscle fibres.33 Recent analyses of different muscles (soleus,
EDL, gastrocnemius, etc.) displayed a high transcript
diversity,34 emphasizing the concept of skeletal muscle being
a family of tissues with the commonality of contractile func-
tion but differences in physiology and metabolism. Thus, a
muscle fibre type specific response to cancer-induced molec-
ular and metabolic changes should be elucidated further

since it might influence the choice of therapeutical interven-
tion to counteract cancer-induced muscle dysfunction.

Molecular pathways activated during breast cancer pro-
gression have been shown to overlap with intramuscular
stress signals, for example, TNF-α, NF-κB. Exercise and physical
activity are known to preserve muscle function through neu-
tralizing intracellular stress, and promoting a healthier mito-
chondrial pool. Although exercise is thought to be beneficial
breast cancer patients, the direct effects on cancer-related
outcomes is poorly understood, partly because the effect of
cancer itself versus anticancer treatment cannot be distin-
guished in clinical studies. Here, the PyMTmice did not receive
anticancer treatment, and thus the exercise-induced effects
presented here do not involve any treatment interference.
Mice were placed on running wheels at 8 weeks of age when
displaying palpable tumours. During the 4 weeks ad libitum
running wheel access, WT and PyMT mice ran the same time
and distance on the wheel, as previous reported.35 Our exer-
cise intervention improved the running capacity of both PyMT
and WT mice, as they ran for a longer time and endured a lon-
ger distance during the treadmill exhaustion test which is an
whole body performance indicator (Figure 2F and 2G), but
the amplitude of improvement was lower in PyMT mice than
healthy WT mice. Although the gain in running performance
was lower in PyMT than in WT mice, it completely
counteracted the muscle weakness observed in soleus muscle
of PyMT mice. In addition to muscle weakness, cardiovascular
disease (CVD) is a common co-morbidity in patients with can-
cer, including breast cancer,36,37 with a 2–6 times higher CVD
mortality risk than the general population.36 Endurance exer-
cise exerts beneficial effects on the whole body and can be
used as a powerful tool to enhance cardiac and skeletal muscle
function, subsequently reducing the mortality risk and en-
hancing the quality of life for patients with breast cancer.7 In
this study, the 4 weeks running and the subsequently im-
proved running performance in the treadmill endurance test
suggests favourable adaptations in both skeletal and cardiore-
spiratory health.

The PyMT mouse model is considered clinically relevant as
it recapitulates human breast cancer progression in vivo.12,38

The tumours of PyMT mice cluster with the luminal B subtype
of human breast cancers, which accounts for nearly 40% of all
breast cancers.39 At the start of the voluntary wheel running
(8-week-old mice), tumours are mostly in the adenoma stage
with limited invasive properties into the surrounding tissue.
At the experimental endpoint (12 weeks), most tumours are
in an early carcinoma stage, with a higher degree of cytolog-
ical atypia and begin of invasion of surrounding stroma.12 The
exercise started after tumour onset and thus mimics newly
diagnosed breast cancer patients starting to exercise; there-
fore, this exercise intervention was not expected to have ma-
jor effects on the tumour progression itself, as confirmed by
our data. However, pathological markers in the tumour alter-
nated towards a more favourable molecular tumour profile
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after the exercise, that is, a slight increase of CK8 expression,
indicates differentiation towards a normal luminal epithelial
phenotype and the CK14 decrease shows haltered tumour
dedifferentiation towards a more aggressive phenotype.14

Similarly, the same exercise intervention for 8 weeks from
4 weeks of age, did not alter tumour growth, but promoted
a less tumorigenic microenvironment in PyMT mice.35

Whereas voluntary running exercise for 10 weeks, starting
at 6 weeks of age, showed an attenuation of tumour size in
PyMT mice but had no significant effects on the tumour
microenvironment.35,40 Together, start date and duration of
the exercise are important in establishing the effects on tu-
mour growth and progression. Nevertheless, moderate exer-
cise (mimicked here with voluntary running) is shown to be
beneficial for patients with breast cancer, for example,
3–5 h of walking per week, post-diagnosis reduced breast
cancer mortality risk with ~35%.7,41

Chronic and prolonged elevated levels of pro-inflamma-
tory cytokines in plasma and/or intramuscularly, have detri-
mental effects on muscle function. In PyMT mice, a chronic
stress state was indicated by higher levels of TNF-α and
other cytokines in serum, higher intramuscular TNF-α levels
and increased p38 MAPK stress response which is a known
downstream target of TNF-α. Excess ROS contributes to oxi-
dative stress and hence intramuscular stress. Mitochondria
(primarily CI, CIII) and NADPH oxidases (NOX) 2 and 4 are
known sources of ROS.28 Here, muscle from PyMT mice
had lower expression of CI-CIV and ATPase, and Nox2 and

Nox4 genes (Figure S2F and S2G) than WT controls. At the
same time, no sign of global elevated oxidative stress levels
in muscle from PyMT mice could be detected. This does not
exclude local elevations of oxidative stress which could con-
tribute to muscle dysfunction. Prolonged mitochondrial dys-
function can eventually also lead to ROS accumulation, but
this could not be investigated here due to ethical restric-
tions regarding the experimental duration. For instance, re-
duced mitochondrial ETC content has been shown to result
in elevated oxidative stress,42 and hence, total content of
mitochondria (and likely NOX) does not reflect its capacity
to produce ROS.

Running exercise triggers mitochondrial biogenesis and the
antioxidant defence system in skeletal muscle. The exercise
intervention was able to normalize the intramuscular stress
levels and downstream TNF-α target gene expression in PyMT
mice to correspond to levels observed in that of WT mice.
Running also revoked the expression of ETC and antioxidants
genes, as well as CS, β-HAD and SOD enzyme activities. This
shows that breast cancer imposes a stress condition on the
skeletal muscle which can be mitigated with 4 weeks of vol-
untary running exercise. Furthermore, the acute exercise-in-
duced PGC-1α expression, and exercise-induced CS and
β-HAD activity increases were blunted in muscle from the
PyMT mice. This shows that breast cancer may interfere with
skeletal muscle transcriptional programming of mitochondria
and the molecular adaptation to exercise differs between
healthy and breast cancer mice.

Figure 5 Exercise in PyMT mice leads to a decrease in intramuscular stress-related pathways. Schematic illustration of our findings explaining under-
lying molecular mechanisms of muscle weakness in PyMT mice with breast cancer. (A) The breast cancer in PyMT mice leads to a reduced force pro-
duction in skeletal muscle, caused by an increase in pro-inflammatory cytokines in the skeletal muscle, and hence activating intramuscular
stress-related pathways via p38, TNF-α and NF-κB as well as decreasing ETC (P < 0.05, P < 0.01) and antioxidant genes. (B) Four weeks of in-cage
voluntary running reduced the intramuscular stressors and the mitochondrial complex and antioxidant transcriptional profiles and enzyme activities
increased to levels matching healthy WT controls. Together this contributed to that exercise counteracted the cancer-induced muscle weakness.
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Conclusions

Four-week voluntary wheel running was able to counteract
the weakness in PyMT mice and resulted in reduced intrinsic
stress and revoked mitochondrial and antioxidant gene ex-
pression and enzyme activities comparable with healthy WT
levels. Figure 5 summarizes the obtained results and the im-
pact of exercise in PyMT mice. This adds novel insight into
breast cancer-induced muscle weakness and molecular path-
ways that are involved in the beneficial effect of exercise on
tumour-inflicted muscle.
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