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Abstract: Background: Muscle wasting is a common phenomenon in oncology and appears to be alleviated by
exercise training. This study aims to determine the degree of aggressiveness of cancer-induced muscle wasting
in two different phenotypic muscles, and whether exercise training can attenuate this muscle dysfunction.
Methods: Fifty Sprague-Dawley rats were randomly assigned to four experimental groups, two control groups
(sedentary and exercised) and two breast cancer model groups (sedentary and exercised) induced by 1-methyl-
1-nitrosoureia (MNU). After 35 weeks of endurance training the animals were sacrificed and the gastrocnemius
and soleus muscles were harvested for morphometric analysis. Results: A significant reduction in cross-
sectional area (P <0.05) was found in both muscles of sedentary tumor-bearing animals. Interstitial fibrosis was
significantly higher in the gastrocnemius of sedentary tumor-bearing animals (P < 0.05), but not in the soleus.
A shift from large to small fibers was observed in the gastrocnemius of sedentary tumor-bearing animals. Long-
term exercise training was able to prevent this cancer-related muscle dysfunction. Conclusions: The
Gastrocnemius muscle showed a very pronounced reduction in cross-sectional area and marked interstitial
fibrosis in sedentary animals with tumors. The soleus muscle showed a less pronounced but significant
reduction in cross-sectional area, and collagen deposition did not differ between tumor groups. These
contrasting results confirm that cancer-induced muscle wasting can affect specific fiber types, and specific
muscles, namely fast glycolytic muscles, and that exercise training can act to improve it.

Keywords: breast tumor; exercise training; gastrocnemius; soleus; cancer-induced muscle wasting

1. Introduction

In skeletal muscle, a network of signaling pathways regulates protein synthesis and protein
degradation, and under certain physiological and pathological conditions this regulation can be
disrupted or disturbed leading to skeletal muscle atrophy [1]. This atrophy results from an imbalance
between protein degradation and protein synthesis and can be induced in skeletal muscle under
various conditions including physical inactivity, muscle disuse, cancer, and aging [1,2]. Several lines
of evidence clearly show that muscle wasting, due to reduced muscle mass and strength, is the major
contributor to all-cause mortality in chronic diseases such as cancer [3,4]. Tumor-induced metabolic
dysfunction, together with systemic inflammation [5], appears to affect protein turnover [6] and
promotes muscle wasting, characterized by a decrease in protein content, fiber diameter, force
production, and fatigue resistance, with serious implications for effective response to
pharmacological treatment in cancer patients [7-12]. There is increasing evidence that loss of muscle
mass is an inherent condition in these patients, regardless of the disease stage [13], and that loss of
appendicular lean mass is associated with increased mortality in all cancer sites [14-17].
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In addition, the ability of skeletal muscle to respond to various stimuli such as exercise,
immobilization, and disease, depends on its regenerative capacity, which allows damaged myofibers
to be replaced by new ones without altering the original tissue structure [18]. The ability to repair
under stress is achieved by replacing the original tissue with connective tissue (fibrosis), resulting in
the loss of the original structure and, therefore its functionality [19-21].

Considerable efforts have been made in recent years to understand the mechanisms underlying
muscle wasting and fibrosis and to find an effective agent to counteract both. Exercise has been
proposed as a possible intervention to mitigate and/or reverse this muscle dysfunction in cancer
patients, by downregulating the activity of pro-inflammatory cytokines, and by increasing the
phosphorylation of contractile proteins [22,23]. However, there are inconsistencies in the studies that
have examined the effects of cancer on muscle wasting, and it is not entirely clear which muscles are
favored in the process of cancer-induced atrophy. In contrast to inactivity-induced atrophy, which
mainly affects slow oxidative muscles, it is generally accepted that glycolytic muscles are more
susceptible to cancer-induced muscle wasting [24,25], and selective atrophy of type II fibers, which
may be accompanied by a fast-to-slow shift, has been reported in mouse models of cancer [26-28],
although, there are also conflicting results [29].

The present study used a mouse model of breast cancer to determine the animal’s response to
endurance exercise training, using two different phenotypic muscles (soleus and gastrocnemius). The
aim is to investigate the role of long-term exercise training on muscle wasting, and collagen
disposition, and to assess whether exercise can attenuate this and improve their regenerative
capacity.

2. Materials and Methods

2.1. Animal model and experimental design

The animals, 50 female Sprague-Dawley mice (38 days old; 289 + 17g body weight) from Harlan
Interfauna Inc. (Barcelona, Spain), were housed in collective cages (4 animals per cage) and
maintained under controlled atmospheric conditions (21-22°C; 60 + 5 % humidity) with a 12/12-hour
light/dark cycle and free access to food (standard laboratory diet 4RF21® Mucedola, Italy) and water.
After one week of acclimatization animals were randomly assigned to one of four experimental
groups: sedentary MNU (MNU+SED, n = 15); exercised MNU (MNU+EX, n = 15); sedentary control
(CONT+SED, n = 10) and exercised control (CONT+EX, n = 10). Animals in the MNU groups were
injected (i.p.) with 1-methyl-1-nitrosureia (ISOPAC®, Sigma Chemical Co., Madrid, Spain) at a dose
of 50 mL/kg, while the other two groups received only the vehicle (saline solution 0,9%). Two days
after carcinogen injection animals from the exercised groups started a treadmill running program
(TRP) for thirty-five weeks (Treadmill Control LE 8710, Harvard Apparatus, USA). Duration and
intensity of running were gradually increased during the first two weeks until 60 m/day, 5
days/week, and 20 m/m of speed were reached (an estimated work rate of 70% of maximal oxygen
consumption was reached [30]). The animal protocol was approved by the Portuguese Ethics
Committee for Animal Experimentation (General Directorate for Food and Veterinary) under license
number 008961. At the end of the experimental protocol, the animals were euthanized by i.p. injection
of ketamine (75mg/Kg, Imalgen® 1000, Merial SAS, Lyon, France) and xylazine (10 mg/Kg, Rompun®
2%, Bayer Healthcare S. A., Kiel, Germany). The Gastrocnemius and Soleus muscles were removed,
weighed, and prepared for histological analysis. Body weight was determined taking into account
baseline and final body weight, and weight gain in the control groups, to characterize overall wasting
[31].

2.2. Histology

Muscles were pinned to their in vivo length in a paraffin plate and fixed in this position with 4%
paraformaldehyde (in 0,1M PBS, pH 7,4; with 2,5% w/v Sucrose and 0,1% Glutaraldehyde) for 24
hours. The samples were washed in PBS 0,1M, pH 7,4, dehydrated in graded ethanol solutions,
cleared in xylene, and embedded in paraffin. Paraffin blocks were then sectioned at 5 um using a
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Leica 2125 rotary microtome (Leica Microsystems Inc.). The paraffin-embedded slides were
deparaffinized in xylene and hydrated through a graded series of ethanol.

Light microscope: For light microscopy analysis, the slides of gastrocnemius and soleus muscles
from each animal were stained with H&E for quantitative cross-sectional area (CSA) analysis, and
with PSR (Picrosirius red) for collagen content (CC) analysis.

2.3. Tissue analysis

Slides from one section of each muscle stained with PSR were scanned using a Virtual Slide
System VS110 (Olympus, Japan). The digital slides were analyzed to quantify collagen deposition
using Image Pro (Media Cybernetics, version 6.0). For CSA quantification, images were captured with
a coupled digital camera (Axio Imager Al, Carl Zeiss; Germany) and analyzed using NIH Image]
software (Image Processing and Analysis in Java). An average of 1468 + 189 fibers from each muscle
and each group were analyzed for CSA quantification, all digitized sections were used for CC.

To analyze the frequency of the fiber-size distribution, the fibers were divided into different
quartiles and categorized according to their size. In the gastrocnemius muscle, the fibers measuring
less than 792 um?2 and 977 um?2, for CONT+SED and CONT+EX respectively, were categorized as
small (quartile 1 — Q1), and those measuring more than 1616 um?2/1964 um?2, for CONT+SED and
CONT+EX respectively, were categorized as large (quartile 3 - Q3). The same procedure was used for
the soleus muscle (CONT+SED - Q1 <950 pm2; Q3 > 1589 um2 and CONT+EX - Q1 <1030 um2; Q3
>1751).

2.4. Statistical analysis

Graph Pad Prism software (version 10.0) was used for all analyses. Kruskall-Wallis one-way
analyses of variance, followed by Dunn’s multiple comparisons test were used to test differences
between groups in the absence of normality (muscle CSA and CC, and fiber diameter). Results are
presented as mean + standard deviation (SD), for weight, and as median and interquartile range (IQR)
for CSA and CC. Differences were considered significant at p < 0.05.

3. Results
3.1. Morphometric analysis of gastrocnemius and soleus muscles

3.1.1. Cross-sectional area

Although not significant, catabolic effects were observed in the gastrocnemius muscle weight of
MNU animals, along with a smaller decrease in soleus muscle (Table 1). In addition, a significant
reduction in gastrocnemius cross-sectional area was observed (Figure 1A) in MNU-treated animals
(p <0.0001), which was greater in sedentary animals (39% vs. 13%), and was prevented in 30% by
exercise training. The fiber cross-sectional area of the soleus muscle (Table 1) also shows a significant
reduction but only in MNU sedentary animals (12% Vs. 1%), probably related to physical inactivity
rather than cancer status (Figure 1B).

Table 1. Animal’s response to exercise training. Body weight and skeletal muscle weight are
expressed as mean + standard deviation. Cross-sectional area (CSA) of muscle fibers and collagen
content (CC), from gastrocnemius and soleus muscles, expressed as median with [interquartile
range]). Results from MNU (N-methyl-N-nitrosourea) groups and control groups. * vs. MNU+EX; ¥
vs. CONTHSED; ** vs. CONT+EX (p < 0.05).


https://doi.org/10.20944/preprints202308.2123.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2023 d0i:10.20944/preprints202308.2123.v1

MNU groups Control groups
Sedentary Exercised Sedentary Exercised
Body weight
Initial (g) 187.7=143 179.5£11.7 159.4=72 1543983
At sacrifice (g) 287.1=134 2943250 2983 =144 298.2+243
Acurate (g) 2725=139 281.8=316
Gain (g) 848=13.9 1023 +£31.6 1389=144 171.7+£48.7
Gastrocnemius weight (g) 362203 37006 3922022 416013
Gastrocnemius CSA (um?) 831 - [658-1042]*¥ 1084 — [841-1472]** 1178 - [792-1964] 1284 - [977-1616])
Gastrocnemius CC (%) 13.01 - [11.9-15.9]** 8.1-[5.4-9.25] 10.47-[7.1-13.4] 5.78 -[3.9-84]
Soleus Weight (g) 0.19=0.03 0.20=0.02 0.20=0.02 0.23£0.02
Soleus CSA (um?) 1104 - [903-1350]*¥ 1347 -[1078-1703] 1220 -[950-1589] 1320 -[1030-1751]
Soleus CC (%) 11.77-[8.3-13.9] 8.77-[6.4-12.0] 12.09 - [10.2-15.5]%* 7.47-[54-10.1]
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Figure 1. Morphometric results of the effect of exercise training on Gastrocnemius. (A) Gastrocnemius
CSA. (B) Morphometric results of the effect of exercise training on Soleus. Abbreviations: G,
Gastrocnemius; S, Soleus.

3.1.2. Fiber-size distribution

To analyze the frequency of fiber-size distribution, the fibers were divided into different
quartiles and categorized by measures.

Gastrocnemius: The frequency distribution of the gastrocnemius fibers (Figure 2A) showed, that
the tumor animals suffered atrophy mainly in the large fibers. The mean fiber diameter shows a
significant (p < 0.0001) decrease in the MNU-treated animals when compared with their control
counterparts (2164 + 244.8 pm?2 vs. 2846 + 577.5 uym2, and 2311 * 634.5 vs. 2547 + 677.6 pm?2 for
sedentary and exercising animals respectively). In addition, sedentary animals with tumors had 96%
fewer large fibers (1% vs. 25%), than controls. Fibers sized > 1750 um2 were almost absent and
completely disappeared around 2000 um?2 (Figure 2B).

The effect of exercise training was observed in the higher expression of large fibers in MNU-
exercised animals (Figure 2C), with 16% less than in CONT+EX (21% vs. 25%), but with 95% more
than in the MNU+SED ones (21% vs. 1%).
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Figure 2. Morphometric results of the effect of exercise training on Gastrocnemius. (A) Gastrocnemius
fiber Caliber. (B) Large and small fibers - Frequency of distributions. (C) H&E staining from all groups
(400 x magnification). Abbreviations: G, Gastrocnemius.

4

There appears to be a shift towards smaller fibers seems to occur in the gastrocnemius muscle
of the MNU animals, which was partially reduced by exercise. The MNU+SED animals have more
than 44% smaller fibers than the controls (45% vs. 25%), while the MNU+EX animals show a
difference of 11%. We believe that this may explain the differences observed in the gastrocnemius
cross-sectional area of the MNU+SED animals.

Soleus: The frequency of fiber-size distributions in the slow soleus (Figure 1B) also shows a
significant (p < 0.0001) atrophy of large fibers in MNU+SED animals, although less pronounced (42%)
than in the gastrocnemius.

A lower expression of large fibers was observed in MNU sedentary animals (Figure 3A) when
compared to control (11% vs. 25%), and a small difference (8%), probably induced by exercise, was
observed between active animals (23% vs. 25%).

A shift towards smaller fibers also seems to occur in sedentary animals with tumors, although
much less pronounced than in the gastrocnemius (Figure 3B), with 19% more expression of small
fibers in MNU+SED animals compared to CONT+SED (31% vs. 25%) (Figure 3C).


https://doi.org/10.20944/preprints202308.2123.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2023 doi:10.20944/preprints202308.2123.v1

40+
= MNU+SED_S 304 = CONT+SED_S
z T MNU+EX_S g ) CONT+EX_S
2 g g
8 & 20+
2 s
[
B
104
-] x o x
w w w w
7] X 7] ] 0—
C 3 2 ,: E =E--3-1-X-X-X-F-X-E-Y-X-1 =3-3 (=3 CO0O0O0O0O0O0O0O0O0O0O0O0O00O0O000
2 z z o nononomomwonmonwonmownwowm nowvwownwomwovwovwowvwomowow
§ = <] o NUOUMRONULNOANULNONWLNONWLN NOUNMNOANULNONULNONLNONWLIN
o N NNNOOOOS T T AN NNOOOOTTT T
Soleus 2 2
@ Large Fibers Small Fibers (CSA ym”) (CSA pm”)
b < 0,0001
c CONT+SED_S CONT+EX_S

Figure 3. Morphometric results of the effect of exercise training on Soleus. (A) Soleus Fiber Caliber.
(B) Large and small fibers - Frequency of distributions. (C) H&E staining from all groups (400 x
magnification). Abbreviations: S, Soleus.

The opposite results were observed between trained animals, where CONT+EX animals had 20%
more small fibers than the MNU+EX ones (25% vs. 20%), which can be another argument in favor of
inactivity-induced atrophy of the slow soleus.

3.1.3. Muscle collagen content

To verify the effect of exercise training on the regeneration versus fibrosis process, an analysis
of collagen content was performed. The replacement of functional tissue with dense connective tissue
occurred with a higher expression in the gastrocnemius than in the soleus, and exercise training
seems to increase their regenerative capacity. (Figure 4A).

The results showed a higher aggressiveness of tumorigenesis in the interstitial fibrosis of the
gastrocnemius than in the soleus, expressed by a significant (p = 0.0006) increase in collagen content
(45%) in MNU + SED animals (Figure 4B), when compared to trained animals (26% vs. 14%) and to
controls (26%). No significant differences (p = 0.0980) were observed in the soleus muscle collagen

deposition of the MNU groups (Figure 4C).
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Figure 4. (A) Gastrocnemius and Soleus muscle - PSR staining from all groups (400 x magnification).
(B) Data distribution of CC for Gastrocnemius muscle. (C) Data distribution of CC for Soleus muscle.

Abbreviations: G, Gastrocnemius; S, Soleus.

4. Discussion.

These results show that even without significant differences in body weight (Table 1), the
response to the cancer stimulus has significantly affected the capacity and function of the muscles
analyzed. The present results also show that although there was no significant evidence of muscle
weight, there was evidence of muscle wasting in MNU animals, which could be prevented by exercise
training. Considering that the interest in muscle function in oncology is mainly related to the study
of cachexia (a multifactorial syndrome that can account for a large number of deaths in the cancer
population), associated with cancer and that a loss of more than 5-10% of body weight is generally
considered to be the starting point for a cachectic state, these results confirm that the physiological
changes may be present before this cut-off point is reached [32]. Furthermore, it appears that the use
of body weight as a measure to determine cachexia is arbitrary and that the diagnostic criteria should
go beyond weight loss to include direct measures of body composition, particularly by monitoring
muscle loss [16,33].

The animals” response to tumor burden was different between the muscles studied, showing
greater aggressiveness in the gastrocnemius, consistent with the results of previous studies showing
that muscle atrophy in a cancerous state appears to be a phenotype-dependent phenomenon.
[24,25,34,35].
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Cross-sectional area analysis revealed significantly increased atrophy in both muscles in MNU
sedentary animals compared to all other groups, and collagen accumulation was significantly higher
in the gastrocnemius but not in the soleus. Sedentary animals with tumors had a total fiber CSA that
was 30% lower in the gastrocnemius and 10% lower in the soleus than in the respective controls. In
the gastrocnemius of control sedentary animals, atrophy is concentrated in smaller fibers, suggesting
that disuse atrophy is greater in this fiber size. In contrast, in cancer-sedentary animals, atrophy is
Given that the mechanisms regulating exercise training adaptations may be fiber-type-dependent
[36], it is possible to speculate that the fact that the gastrocnemius is predominantly composed of fast-
type fibers (15), and although we have no data allowing us to see if there was a shift in the fiber
profile, that considerable atrophy in fast-type fibers of gastrocnemius would be found accompanied
by a fast-to-slow shift since similar changes are seen in muscle biopsies of human cancer patients and
mouse models of cancer cachexia [25,27,37,38].

Regarding the soleus, the lack of differences observed between the exercised animals (MNU+EX
and CONT+EX) in the frequency of large fibers, and the lowest expression in the small fibers of the
same animals, could indicate that the higher differences found in the large fibers of the sedentary
animals may not reveal a cancer-induced muscle wasting but a disuse-induced muscle wasting.
Furthermore, the marked interstitial fibrosis found in the soleus between control groups, and the lack
of differences between the MNU animals seem to confirm this. Indeed, the replacement of muscle
fiber by collagenous tissue could be promoted by inactivity resulting in the inefficiency of the
regenerative capacity of skeletal muscle [18,19]. In addition, the overexpression of collagen tissue
found in the extracellular matrix of the gastrocnemius muscle could be related to the reduced
expression of dystrophin [39,40], which has been reported to be a type II fiber-specific condition in
tumor-bearing animals [26].

Furthermore, satellite cells, which are known to play an important role in muscle regeneration,
are altered in their proliferation and differentiation activity during cancer status [41]. As one of the
most efficient stimuli to induce satellite cell activation is exercise training, this may be another reason
to explain the reduction of fibrosis in exercised animals with tumor [42]. These contrasting data on
fibrosis content between the analyzed muscles is probably a further reinforcement in favor of a
selective atrophic state of type II fibers in response to tumor burden.

The different degrees of aggressiveness between cancer and disuse stimuli, and the different
susceptibility of fiber type, could also be related to differences in reactive oxygen species. Oxidative
fibers are more resistant to cancer-induced atrophy than glycolytic fibers, probably because this type
of stimulus induces less oxidative stress in the former [43]. Interestingly, this resistance to oxidative
stress appears to be greater in cancer-induced atrophic fibers than in disuse fibers, suggesting that
the activation of different protein degradation/synthesis pathways may depend on the type of
stimulus [8,35].

Our results demonstrated that despite the absence of cachectic evidence, skeletal muscle wasting
can occur in cancer and that exercise training can prevent it, which is consistent with the results of
several studies suggesting early intervention in the treatment of muscle wasting with a combination
of resistance and endurance training [44,45] to improve fatigability, reduce inflammation and
increase muscle protein synthesis [46].

5. Conclusions

Skeletal muscle is the most abundant tissue in healthy individuals and its importance extends
beyond voluntary movement, and any weakness in skeletal muscle results in some degree of
instability and inefficiency. Among other things, disease is one of the factors that can contribute to
the impairment of skeletal muscle function, which can adversely impact the Quality of life. Given
their important role in health and quality of life, it is crucial to understand the conditions under which
muscles respond positively to the atrophic stimulus. Our results show endurance training is an
important intervention to reverse cancer-related muscle wasting. These results show that tumor
appears to induce greater muscle wasting than disuse, and that endurance exercise appears to reverse
it, as active animals with tumor. In addition, it is possible to confirm the different degrees of
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aggressiveness induced by this cancer status in these fast and slow muscles, and that the larger fibers
are the chosen target. The ability to regenerate muscle tissue was also improved in trained animals,
showing that exercise is a powerful tool for muscle regeneration and growth.

In Summary, these data show that 35 weeks of endurance training can improve gastrocnemius
cancer-induced muscle wasting by modulating a shift in fiber size and reducing fibrosis.

Future studies should focus on understanding whether different types of training, namely
resistance training, targeting a specific type of muscle and a specific type of fibers, can prevent the
wasting of large fibers in glycolytic muscles.
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