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Abstract

Due to the importance of exercise in prehabilitation, we conducted this study to understand the
effects of different exercise intensities on cancer-related cachexia.

Forty adult male CDFI mice were randomly divided into a non-cancer control group (N=10, NC),
cancer control group (N=10, CC), cancer with moderate exercise group (N=10, ME, 70%
maxHR), and cancer with intense exercise group (N=10, SE, 90% maxHR) for obtaining data such
as tissue weight and body weight changes, quality of life (QolL) indicators, and levels of cytokines
and a muscle homeostasis regulatory protein.

We verified that mouse colonic carcinoma cancer cells metastasized based on our observation
that the weight of CC group lungs was almost 87% greater than NC group lungs. Survival rates of
SE, NC, ME, and CC groups were 100%, 100%, 80%, and 50%, respectively (p<0.01). Other results
such as tissue and body weight changes, QoL indicators, and protein analyses also supported our
hypothesis that the SE group had improved survival compared to CC and ME groups (p<0.05 and
p<0.01, respectively).

Our results suggest that exercise, especially intense exercise, improves QoL and survival rate and
prevents muscle atrophy. These data suggest that exercise is an optimal prehabilitation choice to
alleviate the negative impacts of cancer cachexia.

Key words: treadmill exercise, mice cancer model, prehabilitation, cancer cachexia, severe intensity exercise.

Introduction

The word cachexia is derived from the Greek
words kakos, bad and hexis, condition [1]. Cancer
cachexia is associated with a loss of fat and muscle
tissue, and results in higher mortality [2]. Cancer
cachexia is defined as a change of at least 5% in any of
3 parameters including muscle strength, fatigue,
anorexia, low fat-free mass, and normal biochemistry
[3].

The regulation of protein synthesis and
breakdown via the complex inflammation system is
thought to be involved in cachexia [4]. It is not known

exactly which proteolysis-related cascade is
specifically related with catabolism caused by cancer
cachexia, since different animal models have
indicated different molecular pathway mechanisms.
One study showed that in a cancer cachexia animal
model, degradation predominantly occurs via the
ubiquitin proteasome pathway [5].

Exercise, by virtue of its anti-inflammatory
effect, possibly facilitates the blockage of cytokines
such as tumor necrosis factor-alpha (TNF-alpha),
which is involved in catabolism during cancer
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cachexia. Thus, exercise can lead to improved
anticancer effects, muscle function, and quality of life
[6]. However, the restoration or improvement of
muscular strength and endurance through exercise is
dependent on the type of exercise and the degree of
nutrition [7].

In cardiovascular surgery, prehabilitation has
been shown to improve cardiac function, respiratory
recovery, and  postoperative  function  [8].
Prehabilitation is a form of pre-treatment, including
exercise training, to prevent or delay cancer cachexia
symptoms. In cancer cachexia, prognostic factors
should maximize the effect of prehabilitation by using
methods such as a cardiopulmonary exercise test
(CPET) to improve muscle function, survival rate,
recovery, post treatment function, and quality of life
[9].

There has yet to be a study on the effects of
exercise intensity in a mouse cancer model. We
hypothesized that: 1. Mice with cancer have a shorter
lifespan than non-cancer control mice. 2. Different
exercise intensities may affect cancer cachexia
symptoms to different degrees. High intensity
treadmill exercise produced a more positive affect on
cancer cachexia symptoms than moderate intensity

treadmill exercise in a mouse cancer model.

We aimed to emphasize the importance of
exercise for prehabilitation and to gain insight into the
effects of different intensities of treadmill exercise on
cancer cachexia symptoms.

Materials and Methods

Experimental animals and exercise protocol

Forty male CDF1 mice weighing 18-20 g at four
weeks of age were purchased from the Central
Animal Laboratory (Seoul, Korea) and randomly
divided into a non-cancer control group (N=10, NC),
cancer control group (N=10, CC), cancer with
moderate exercise group (N=10, ME), and cancer with
intense exercise group (N=10, SE) (Fig. 1). All animals
were supplied with standard chow and water ad
libitum. They were housed in a sterile room at 22-24 °C
with a 12:12 h light-dark cycle. For treadmill exercise,
a protocol modified from Zogaib [10] was used. The
mice ran on a motorized treadmill (45 min with 0°
slope) once every 2 days. Moderate-intensity exercise
was conducted at 0.5 km/h (70% maxHR) for the ME
group and 1.0 km/h (90% maxHR) for the SE group
[10].

Experiment flow

Control

CT26 cells
injection

Carcinogen
injection+
Mild exercise

Carcinogenic
injection+
Severe exercise

4 weeks

!

Y

Exercise (70% and 90% MaxHR 1/2days)

Target tissue sampling : Gastrocnemius, Soleus, Diaphragm , Lung)

Analysis

Tissues weight, In vivo imaging for cancer detection,
Target proteins (IGF-1, cytokines), Survival rate,

Quality of life (Behavior analysis, Food intake, Body weight)

Figure 1. Experiment design. Ten male mice were randomly divided into non-cancer control group (NC), cancer control group (CC), cancer with moderate
exercise group (ME), and cancer with intense exercise group (SE). Mice in ME and SE ran at 0.5 km/h (70% maxHR) and 1.0 km/h (90% max HR), respectively. After
the end of the experiments (4th week), all mice (except the mice dead in advance) were sacrificed under anesthesia.
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Animals were sacrificed at the end of
experiments (4% wk) by exsanguination during
anesthesia induced by a mixture of tiletamine,
zolazepam, and xylazine (40 mg/kg body mass). On
daily basis, the health of the animals was monitored.
Five (CC) and two (ME) mice were died before the
end of experiments.

Animal use and maintenance protocols were
approved by the Seoul National University Bundang
Hospital Institutional Animal Care and Use
Committee (BA-1506-178/040-01). The evaluation
criteria were: 1. The rationale and purpose of the
proposed use of animals. 2. Justification of species and
number of animals requested. 3. Unnecessary
duplication of tests or experiments. 4. Availability or
appropriateness of the use of less-invasive

procedures. 5. Adequacy of training and experience of
personnel. 6. Conducting multiple major surgical
procedures. 7. Unusual housing and husbandry
requirements. 8. Appropriate sedation, analgesia, and
anesthesia. 9. Method of euthanasia or disposition of
Criteria

animal. 10. and process for timely

Epiflurescance

intervention, removal, or euthanasia if required. 11.
Safety of working environment for personnel.

Cell culture

The mouse colon carcinoma cell line-derived CT
26 was purchased from the Korea Cell Line Bank (Cat.
No. 80009, Seoul, Korea) and cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100
IU/mL penicillin, and 100 mg/mL streptomycin in a
5% CO2/95% air humidified atmosphere [11]. CT 26
cells were passaged every 3-4 days and diluted to 1.5
x 105 cells per well (90 mm size in diameter) when the
cells became confluent.

Cancer cell metastasis

Harvested CT 26 cells (1 x 10° per mouse) were
injected into each mouse via the tail vein. Mice were
then returned to individual cages. Cancer cell-injected
mice were periodically examined with an in vivo
imaging system (Lumina II, Caliper Life Sci., N.E.,
U.S.), and lung cancers had metastasized on the 29th
day (the endpoint of experiments) after injection [2,
12] (Fig. 2).

Eaxfrerescence

EptAucrmscance

Figure 2. In vivo imaging of cancer metastasis in mice. Metastasis of the injected CT 26 cells was verified by an in vivo imaging system as described in Materials

and Methods.
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Tissue to body weight ratio

The body weight of each mouse was recorded
daily. The lung tissue, diaphragm, gastrocnemius
muscle, and soleus muscle were isolated at the end of
the study and the tissue to body weight ratios were
calculated to obtain the change in absolute value of
each tissue between groups.

Quality of life indicators: Behavior test, food
intake, and body weight change

We designed behavior tests to assess quality of
life (QoL). The behavior test included step counts and
average walking speed while a mouse moved 60 cm
within a 3 dimensional transparent box (Fig. 3, Fig.
S1).

Food intake is also usually used as a QoL
indicator [13] so the daily quantity consumed was
monitored. Daily body weight changes were also
recorded and are shown in Fig. 4.

Measuring IGF-1, IL-6, and TNF-alpha levels

Protein levels of IGF-1 were detected by a
multiplex ELISA array (Mouse/Rat IGF-1 Quantikine
#MG100, R&D systems, M.N., U.S.). Levels of IL-6
(Mouse IL-6 Quantikine #LXSAMSM, R&D systems,
M.N.,, US.) and TNF-alpha (Mouse TNF-alpha
Quantikine #LXSAMSM, R&D systems, M.N., U.S.) in
plasma were measured by ELISA. Blood samples
were collected from mice via the cardiac ventricle and
heparin serum plasma was stored at -80 °C until
analysis [14-16].

Y.
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Figure 3. Behavior test used in the mouse cancer model. To measure QoL in our animal cancer model, the behavior test was used since physical activity is
also a standard for QolL. Mice walked in a transparent tunnel (Length x width =200 x 20 cm) while a CCD camera recorded the mouse to analyze the average walking

speed and number of footsteps.
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Figure 4. Weight changes in the animal cancer model. As a Qol indicator, weight change was also tracked. The linear-mixed model with an interaction of
days and groups was used for statistical analysis and all groups were statistically different from each other, except CC and ME (p<0.01).
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Statistical analysis

All data are presented as the mean * standard
deviation (S.D.). The NC, CC, ME, and SE groups
were compared by Bonferroni analysis to determine
significant differences in protein analysis, food intake,
body weight, tissue weight, tissue weight to whole
body weight ratios, and behavioral test results. We
also used a linear mixed model to analyze differences
in food intake and body weight (Figs. 4 and 5).

For survival analysis, we calculated the
Kaplan-Meier survival rate followed by t-test for
mutual verification (Fig. 6). SPSS Version 18.0 was
used for all statistical analyses. A value of p<0.05 was
considered to indicate a statistically significant
difference in all analyses.

Results

Tissue weight

Four tissues (lung, diaphragm, gastrocnemius
muscle, and soleus muscle) were obtained at the end
of experiments for each group. Cancer cells

Table 1. Tissue weight and the ratio to body weight.

metastasized; the average lung weight of CC group
mice was almost 87% greater than lungs from NC
mice (Table 1). The maximum lung tissue weight with
tumor metastasis was about 1.33 g.

Lung tissue weight from the ME group was
about 59% greater than lung weight from NC group
mice, and there was no significant difference between
lung weights of SE and NC group mice. Tissue weight
to body weight ratios showed the same pattern as
tissue weight alone. However, there was no statistical
difference in lung weight.

For diaphragm tissue weight, there was a
significant difference between CC and SE groups
(p<0.01). Diaphragms were the heaviest in the SE
group. NC and ME group diaphragms were similar
and CC group diaphragms showed the lowest weight.
Gastrocnemius and soleus muscles showed a similar
pattern; they were most atrophied in the CC group,
moderately atrophied in the ME group, but
hypertrophied and maintained in the SE group
compared to the NC group (p<0.05, p<0.01).

Lung Diaphragm Gastrocnemius Soleus

Tissue weight (g) Ratio to weight Tissue weight (g) Ratio to weight Tissue weight (g) Ratio to weight Tissue weight (g) Ratio to weight
Normal control ~ 151. 67 £15.87  6.10 + 0.66 75.18 +6.92" 3.02+0.29 108.15 +7.07 4.35+0.27 6.10 £ 0.58" 0.24 £0.03
Cancer control ~ 284.24+284.48  1577+18.58  69.30 +12.21" 3.60 +1.12 79.87£9.20"%  413+0.96 4.62 £ 0.67" 0.24 £0.05
Moderate 240.49 £220.37 1243+17.14  78.41+16.28 3.52+1.24 106.46 £22.75"" 4.64+1.03 5.03 +0.76™ 0.22+£0.05
exercise
Severe exercise ~ 152.15+14.10 5.80 £0.37 88.62 +9.06 3.39+£0.37 124.35£8.40+" 4.75+0.34 6.95 +1.40+" 0.26 £0.05

N =10 for each group. Values are means # S.D. Gastrocnemius = Gastrocnemius muscle, Soleus = Soleus muscle, Moderate exercise = Cancer with moderate exercise, Severe exercise =
Cancer with severe exercise. “P<0.01: statistical significances between Normal control and Cancer control, “P<0.01: statistical significances between Cancer control and Moderate exercise,
“P<0.01: statistical significances between Cancer control and Severe exercise, and "P<0.05, "P<0.01: statistical significances between Moderate exercise and Severe exercise.

P = 0.006 between NC and SE
P = 0.000 between NC and ME

w |
P = 0.000 between NC and CC
P = 0.000 between SE and ME
- P = 0.000 between SE and CC
‘a T = P = 0.000 between ME and CC
~— . =
(0] s "':—\1—:‘_\*__
% ™ f o ’;""gj‘---- L { l
= I I e ? ------ %
0 5 10 15 20 25 30
day

wel@== Normal control, NC

===l = Moderate exercise, ME

- === Severe exercise, SE

Cancer control, CC

Figure 5. Food intake analysis. Daily food intake during the 29-day experimental period was analyzed by a linear-mixed model. The interaction between days and
groups was considered and all groups were significantly different from each other (p<0.01). The decreased food intake in each cancer group is shown compared to

the NC group.
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Quality of life indicators: Behavior test, food
intake, and body weight changes

Behavioral test results were analyzed by
Bonferroni analysis as shown in Table 2.

Only left forelimb step count showed a
significant difference between CC and ME groups
(p<0.05). Analysis of average walk speed showed that
mice in the CC group were the slowest among the
four groups. Mice in NC and ME groups had similar
average walking speeds and mice in the SE group
walked with the highest speed among the four
groups.

Linear-mixed analysis indicated that mice in the
SE group had similar food intake to the NC group
mice. ME group mice had moderate food intake

Table 2. Behavioral test.

quantity, and mice in the CC group had the lowest
food intake (p<0.01)

Linear-mixed model analysis indicates that the
degree of body weight decline was greatest in CC
group mice, moderate in ME group mice, and SE
group mice had similar body weights to NC group
mice (p<0.01) (Fig. 4).

Survival rate

The overall survival rates were 50% and 80% for
CC and ME, respectively. The survival rate for NC
and SE groups were 100%. Kaplan-Meier survival
analysis indicated that there are significant differences
(p<0.01) and we found that there are significant
differences between NC and CC (p<0.05) and between
SE and CC (p<0.05) by using t-test. Survival curves
are shown in Fig. 6.

Distance (cm) Right forelimb steps ~ Left forelimb steps  Right hindlimb steps Left hindlimb steps Total steps Average speed
(cm/sec)
Normal control 60 12.17 +£3.78 12.82 £3.50 12.28 £3.70 13.08 £ 4.40 51.46 £16.64 12.10 £6.93
Cancer control 60 13.24 £2.82 14.09 £2.71* 11.57 £1.69 11.57 £1.61 51.75+6.86  7.17 +3.09
Moderate 60 10.43 £1.57 10.29 £1.19* 10.07 £ 0.84 10.21 £1.00 42.67+473  12.05+7.03
exercise
Severe exercise 60 10.97 £1.92 11.33 £1.59 11.00 +£2.25 11.25+1.74 4455+724 1519+7.76
N =10 for each group. Values are means # S.D., *P<0.05 indicates significant differences compared to the normal control.
1.0 L—--ur-l--—--u--u--—--ur---—lr———————- |
0.8
L *
3 *
©
=
e 0.6+
J
)] .
0.4 -
P — Normal control
———— Severe exercise
0.2 Cancer control
= == = Moderate exercise

1 [ [
5 10 15 20 25 30

Day

Figure 6. Kaplan-Meier survival rate. High intensity treadmill exercise (90% maximal HR) in relation to moderate intensity treadmill exercise (70% maximal HR)
reduces mortality rate and the SE group showed a similar survival rate to the NC group. Survival was 100% for NC and SE groups, and survival was 80% and 50% for
ME and CC groups, respectively. Kaplan Meier survival analysis showed significant differences (p<0.01) and the significant differences between NC and CC (p<0.05)
and between SE and CC (p<0.05) were verified by t-test. *p<0.05 indicates significant difference.
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Muscular homeostasis and cytokine-related
proteins

IGF-1 was measured as a muscle mass mediating
factor and cytokines IL-6 and TNF-alpha were
measured as indicators of immune function (Figs. 7
and 8).

Levels of the cytokine TNF-alpha were highest in
CC group mice, moderate in ME mice, and SE mice
showed a similar level to NC. Levels of another

(a)

200

150

100

pg/mL

50

IL-6

3.0

1.5

pg/mL

TNF-a

cytokine, IL-6, were significantly different between
NC and CC, and between ME and SE (p<0.05, and
p<0.01, respectively).

We also measured a factor regulating muscle
mass, IGF-1. Levels of IGF-1 were similar between SE
and NC groups. Mice in the CC group had the lowest
IGF-1 levels and mice in the ME group had a
moderate level, although the difference between these
groups was not significant (Fig. 8).

1 Normal control
- Cancer control

Bl Moderate exercise
Hl Severe exercise

[ Normal control
Cancer control

Il Moderate exercise
Il Severe exercise

Figure 7. Cytokine levels in animal cancer model. Levels of IL-6 (a) and TNF-alpha (b) were measured from the sera of experimental mice.

200 '|'
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IGF-1
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Cancer control
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Il Severe exercise

Figure 8. Muscle homeostasis regulatory protein IGF-1 levels in serum. IGF-1 levels in plasma was measured. There was no significant difference among
group, however, there was a pattern shown that IGF-1 levels from the least to greatest were found in mice from the CC group, the ME group, and levels were similar

in mice from SE and NC group.
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Figure 9. Signal pathway of IGF-1 by exercise. IGF-1 measured in this study is known to be a major factor positively affecting muscle hypertrophy; however,
treadmill exercise did not change the quantity of IGF-1 in the sera of the experiment mice.

Discussion

We observed that the lung weight of CC group
mice was almost 87% greater than lungs of NC group
mice. Moderate exercise showed a modest benefit on
survival while intense exercise showed a greater
benefit. Other results such as tissue and body weight
changes, QoL indicators, and protein analyses also
supported our hypothesis that intense exercise
positively affects cancer cachexia symptoms greater
than moderate exercise or the no-exercise cancer
control (p<0.05 and p<0.01 respectively). Thus,
treadmill exercise, especially with severe intensity,
could positively affect QoL, survival rate, muscle
mass maintenance, and levels of cytokines and IGF-1
in a model of cancer cachexia.

Effective exercise type and intensity for
alleviating cancer cachexia

Oxidative exercise increases oxidative capacity
upon oxidative metabolic adaptation and promotes
maintenance of muscle mass. Resistance training is
usually known to cause muscle hypertrophy.
Resistance  training stimulates the complex
Akt/mTOR signaling cascade, however, resistance
training in cancer patients does not prevent muscle
atrophy via the same signaling pathway because this
pathway is not affected or is even already
hyperactivated in cancer [7] (Fig. 9).

The exercise program in this study included
different intensities of endurance exercise because

resistance training does not always play a role in the
anti-catabolic process in muscles during cancer
cachexia [7]. Consequently, we examined if exercise
intensity can elicit positive effects on symptoms of
cancer cachexia.

One of the main drawbacks of endurance
training is anemia [7]. However, animals used in this
study showed no indication of anemia because
intense exercise at 90% maxHR was able to be
performed for 45 min during each set of exercise.

The effect of prehabilitation on cancer
cachexia

Exercise capacity is gradually decreased as
cancer metastasis occurs and muscle cachexia is
subsequently induced [17].

We attempted to prevent cancer
cachexia-induced decreases in exercise capacity by
initiating a treadmill exercise regimen before muscle
atrophy occurred. This preventative treatment is
known as prehabilitation. The results from this study
indicate that most parameters analyzed to represent
cancer cachexia symptoms were affected according to
the degree of exercise intensity. Severe intensity
treadmill exercise resulted in favorable QoL indices,
high survival rate, and prevention or delay of muscle
atrophy. The different lung weights between groups
indicate that cancer cells successfully metastasized. In
vivo imaging also confirmed the metastasis (Fig. 2).
Hypertrophied diaphragms were observed between
CC and SE (p<0.01). The diaphragm, which directly
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functions for respiration, is divided into the lumbar
part that originates in the sternum, the rib part, and
the lower rib part. Treadmill exercises at 90% maxHR
for 45 min require severe extension and contraction of
the diaphragm, which induces hypertrophy of this
muscle that is susceptible to cancer cachexia. This
suggests that the degree of muscular hypertrophy has
a linear relationship with the volume and intensity of
exercise, and intense exercise can prevent the loss of
respiratory muscle function that leads to hypostatic
pneumonia which is a factor responsible for death in
48% of cancer patients [18].

QoL parameters

Body weight changes, food intake, and behavior
tests were conducted to assess QoL in our cancer
cachexia model. Previous cancer cachexia studies
showed that body weight changes and food intake
were valid parameters for QoL [7, 19], however, we
also added a behavior test in this study. In the
behavior test, analysis of average walking speed
showed that SE mice had a similar speed to NC mice,
and speed was decreased in ME and CC mice. This
suggests that active movement reflects animals” state
of health (Table 2).

Linear-mixed model analysis showed the same
pattern in body weight and food intake; that exercise
intensity is linearly related with QoL parameters
(p<0.01).

Cytokine-related proteins

Cytokines such as IL-6 and TNF-alpha are
secreted by cancer cells to modulate the immune
system. Those cytokines stimulate neurons, bone
marrow cells, adipocytes, and endothelial cells to
release signaling molecules as a complex biological
response in cancer cachexia. TNF-alpha, the most
relevant molecule for cancer cachexia, is able to
increase the expression of apoptosis-related genes via
the NF-kappaB signaling pathway, and IL-6 possibly
enhances proteolysis [20]. Hojiman et al reported that
during voluntary running, rats release adrenaline that
stimulates IL-6-carrying NK cells (leukocytes) to
cancer cells, which inhibits metastasis [21]. In our
results, IL-6 levels in the SE group were about 41%
and 89% lower than those in the NC and ME groups,
respectively (p<0.01), which possibly represses cancer
growth.

TNF-alpha, which is also involved in insulin
resistance, regulates the activity of cytokines to
mediate lipolysis, which may have a synergistic effect
on catabolism. However, our results showed that
TNEF-alpha levels from least to greatest were found in
CC mice, ME mice, and then SE and NC mice that had
similar levels [6].

Muscle homeostasis regulatory proteins

A study reported that lower IGF-1 levels appear
to be effective for alleviating spontaneous activity,
food intake, body weight, muscle mass loss, and
survival rate in cancer cachexia [13]. We suggested
that IGF-1 levels would be influenced by different
intensities of treadmill exercise in our cancer cachexia
animal model. Although there were no significant
differences between groups, our results showed a
similar pattern seen for the other parameters
measured, that the highest IGF-1 levels were seen in
SE and NC groups, followed by the ME group and CC
group (Fig. 8). This suggests that various muscle
regulatory factors may be involved in inducing
muscular hypertrophy (Fig. 9) [22, 23].

Conclusion

Our results suggest that metabolic changes
resulting from 90% maxHR exercise should be
simulated by developing an exercise modality with an
identical impact, since it is difficult to apply
preclinical trial data to clinical tests such as treadmill
exercises at 90% maxHR in cancer patients.

Our results also suggest that intense exercise has
positive effects on various cancer cachexia symptoms
assessed in this study, such as body weight changes
and survival rate when exercise and cancer metastasis
are simultaneously applied in a state of precachexia.
To produce the maximal effect, an exercise-oriented
lifestyle is optimal for cancer cachexia prehabilitation,
not just palliatively for a brief cure.

Supplementary Material

S1, Behavior test as a QoL indicator. We designed the
behavior test to measure animal quality of life.
http:/ /www.jcancer.org/v07p2378s1l.mp4
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