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ABSTRACT 

Approximately half of all cancer patients undergo cachexia, a paraneoplastic condition 

characterized by unintended weight loss, skeletal muscle atrophy, and impaired physical 

function.  Using a pre-clinical mouse model, we compared the effects of high-tension muscle 

loading (i.e. resistance exercise) and low-tension muscle loading (i.e. aerobic exercise).  We 

hypothesized that high tension exercise would: 1) ameliorate the adverse effects of cachexia on 

body composition, functional performance, and muscle size to a greater extent than low tension 

exercise; and 2) induce changes in gene expression profiles and muscle signaling events to favor 

protein synthesis and suppress protein degradation.  Twelve-month old Balb/c mice were initially 

assigned to control (n=16), low tension exercise (Low Ex, n=16), or high tension exercise (High 

Ex, n=16).  Mice in Low and High Ex groups performed wheel running and weighted ladder 

climbing, respectively.  Wheel running was implemented using a motorized wheel at speeds 

increased progressively to 7 m/min for 60 min/d, 5 d/wk.  To achieve resistance overload, mice 

were subjected to weighted ladder climbing 3 d/wk.  The initial resistance was 50% of body 

weight with 10% increases bi-weekly.  After 8 weeks of training, half of the mice in each initial 

group were given a subcutaneous injection of colon-26 (C26) tumor cells, followed by an 

additional 2.5 weeks of training.  Overall, 6 groups were studied including: 1) Control (n=8), 2) 

C26 (n=8), 3) Low Ex (n=8), 4) Low Ex + C26 (n=8), 5) High Ex (n=8), and 6) High Ex + C26 

(n=8).  Body composition and function were evaluated before and after exercise training while 

the gastrocnemius and plantaris muscles were excised at sacrifice and analyzed by RT-PCR, 

western blotting, and histological techniques.  Two mice from the High Ex + C26 group (25%) 

met the endpoints for early euthanasia while all other tumor bearing groups completed the study.  

For sensorimotor function, significant performance declines occurred in all groups except Low 

Ex + C26 (Control: -16%, p=0.006; C26: -13%, p=0.001; Low Ex + C26: -1%, p=0.769; High 

Ex + C26: -23%, p=0.003), with post-training values being greater in Low Ex + C26 compared 

to C26 (+12%, p=0.08) and High Ex + C26 (+20%, p=0.01).  Significant absolute strength 

declines were observed in all groups (Control: -7%, p=0.021; C26: -23%, p=0.001; Low Ex + 

C26: -14%, p=0.003; High Ex + C26: -19%, p=0.002), with lower post-values in C26 (-19%, 

p=0.004) versus Control but not in Low Ex + C26 and High Ex + C26 when compared to Control 

(p>0.05).  When strength was normalized to body mass, significant pre to post reductions were 
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observed in all groups (Control: -7%, p=0.01; C26: -21%, p=0.005; High Ex + C26: -10%, 

p=0.004) except Low Ex + C26 (p>0.05), with lower post-measurements in C26 (-18%, p=0.02) 

but not Low Ex + C26 and High Ex + C26 when compared to Control (p>0.05). Gastrocnemius 

mass was significantly smaller in C26 (-13%, p=0.004), Low Ex + C26 (-14%, p=0.002), and 

High Ex + C26 (-19%, p<0.001) when compared to Control.  There were no differences in 

gastrocnemius mass amongst the three tumor bearing groups (p>0.05).  Similarly, myofiber 

cross-sectional area of the gastrocnemius was significantly lower (p<0.001) in C26 (1150.77 ± 

82.85 µm2; -46%), Low Ex + C26 (1431.20 ± 132.24 µm2; -32%), and High Ex + C26 groups 

(1266.61 ± 114.86 µm2; -40%) when compared to Control (2118.15 ± 58.79 µm2).  No 

significant differences were noted between the three tumor bearing groups (p>0.05).  There was 

an enlargement of spleen mass in C26 (+195%, p<0.001), Low Ex + C26 (+114%, p<0.001), and 

High Ex + C26 (+203%, p<0.001) when compared to Control.  However, spleen mass in Low Ex 

+ C26 was significantly lower than the other tumor bearing groups including C26 (-27%, 

p=0.008) and High Ex + C26 (-29%, p=0.008).  IGF-IEa mRNA abundance in the plantaris of 

High Ex + C26 significantly exceeded Control (+79%, p=0.016) while its expression in Low Ex 

+ C26 (+62%, p=0.053) and C26 (+51%, p=0.066) tended to be greater than Control.  Regarding 

the myogenic regulatory factors, transcript levels of myogenin in C26 mice were not different 

from Control (p>0.05); however, they were significantly greater in High Ex + C26 versus 

Control (+126%, p=0.036) and C26 (+150%, p=0.018).  Overall, these findings refute the 

hypothesis that resistance loading would provide the greatest degree of protection against cancer 

cachexia.  Given that 25% of High Ex + C26 mice became moribund before the end of the 

experiment, the possibility exists that high levels of muscle loading may contribute to declines in 

health.  The induction of myogenin by High Ex + C26 only, coupled with increased IGF-I 

expression provides some degree of support for this notion as it suggests that cachectic muscle 

exposed to high forces may be activating compensatory mechanisms to cope with the dual 

stressors imposed by tumor and mechanical loads that ultimately ends up being futile.  In 

contrast, low tension loading preserved physical function and possibly reduced inflammation, 

suggesting that aerobic exercise performed at a regular weekly frequency may contain 

therapeutic value for patients with cancer cachexia, albeit in the absence of muscle mass 

retention.  
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CHAPTER ONE 

INTRODUCTION 

Cancer cachexia refers to the progressive, involuntary loss of body weight resulting from 

the malignant transformation of tissues [1].  These losses can be accounted for primarily by 

skeletal muscle wasting [2]; however, degeneration of adipose tissue may also occur [3-5].  

While cachexia can manifest in most cancer patients, the incidence varies depending on the type 

of malignancy present. In a cohort of 3,000 patients, weight loss exceeding 5% occurred in 85% 

of gastric, 83% of pancreatic, 57% of small cell lung, and 54% of colon cancer patients [6].  

These proportions may further fluctuate as a function of diagnostic criteria used to define 

cachexia (e.g. ICD-9 code vs. weight loss>5%) [7].  With respect to patient outcomes, quality of 

life and prognosis may be adversely affected in several ways.  Impaired muscle force expression 

has been reported in both tumor-bearing animals and humans exhibiting cachexia [8-10].  

Diminished fatigue resistance has also been documented during cancer-induced muscle wasting 

[2].  As a result, one’s ability to perform activities of daily living may be compromised.  

Moreover, cancer cachexia has been associated with increased metastatic disease [11], lower 

treatment efficacy [12], increased toxicity in response to chemotherapy [13], and reduced 

survival [11].  In all, cachexia has been estimated to account for approximately 20-30% of 

cancer-related deaths [14-16]. 

From a pathophysiological perspective, several metabolic derangements inclusive of 

suppressed protein synthesis [17-21], accelerated protein degradation [22, 23], disrupted adenine 

nucleotide homeostasis [24-26], and impaired oxidative capacity [27] have been demonstrated 

during experimental cancer cachexia.  Evidence suggests that these modifications can be partly 

accounted for by protein degradative and inflammatory factors produced by the cancerous cell 

mass [28-30], systemic host inflammatory responses [30, 31], and altered expression patterns of 

genes with a regulatory role in muscle metabolism [26].  The resultant muscle phenotype is one 

likely to exhibit features consistent with diminished fatigue resistance and reduced contractility.  

Unfortunately, countermeasures intended to reduce the burden of these metabolic derangements 

lack sufficient support to be confidently included in therapeutic strategies.  Pharmacological 

agents acting on components of catabolic (e.g. tumor necrosis factor-α) [32-34] and anabolic 

(e.g. steroid analogues) [35] signaling have been investigated extensively with promise but have 
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not met standards for approved use.  Furthermore, caloric support in the form of appetite 

stimulants (e.g. megestrol acetate) has yielded positive results regarding the restoration of body 

weight; however, this occurs in the absence of improvements in muscle quantity and physical 

work capacity [36-38]. 

According to Reid et al., cachectic patients and their respective family members 

expressed frustration at the lack of information on supportive therapies [39].  This may possibly 

be attributed to the scarce availability of data that can guide clinical practice.  Research directed 

at identifying effective therapies for cachexia may enable patients and family members to be 

better informed while also producing improved countermeasure strategies.  As such, it would be 

worthwhile to consider the viability of all therapeutic options.  Relative to other therapies being 

studied, exercise countermeasures (ExC) have been less frequently explored.  Consequently, the 

importance of integrating exercise therapy into clinical practice has not been strongly 

established.  Nevertheless, available pre-clinical studies have provided evidence that low tension 

ExC may be a valuable therapeutic modality [17, 40, 41].  This countermeasure strategy consists 

of low muscular tension development sustained for an extended duration, which in practical 

terms is characteristic of aerobic exercise.  Although low tension ExC have been shown to 

preserve muscle mass in the face of cachexia, most experts acknowledge high tension exercise 

(e.g. resistance exercise) to be the more potent anabolic stimulus and consequently, the more 

suitable countermeasure against muscle wasting conditions.  This exercise mode involves large 

muscular tension generation of limited duration and is typically associated with resistance 

exercise in humans.  To our knowledge, the efficacy of high tension skeletal muscle loading has 

been evaluated only in a handful of pre-clinical studies.  As expected, high tension loading 

induced moderate to robust increases in muscle mass relative to control (+24~66%) [42, 43].  

These pre-clinical investigations, however, utilized highly invasive techniques (e.g. synergist 

ablation surgery, electrical stimulation) to induce high tension loading and mimic resistance 

exercise.  While these methods provide a powerful growth stimulus that can induce hypertrophy 

in as little as 2 wks [44], they do not accurately reflect the mechanical stress of resistance 

exercise protocols implemented in clinical settings.  Furthermore, we unaware of any previous 

efforts to define the cellular and molecular mechanisms accounting for the protective nature of 

mechanical loading during cancer cachexia.  This information contains significant public health 

relevance because these mechanisms can be considered potential targets for pharmacological 
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intervention.  They also constitute gene and protein level data that can complement traditional 

indices used in ExC efficacy analysis (e.g. functionality).  Therefore, evaluating high tension 

ExC is warranted to reveal practical information of clinical relevance and to define the 

mechanisms of muscle plasticity during exercise-induced mechanical loading.       

Significance of Study 

The number of individuals affected by cancer cachexia in the United States exceeds 

approximately 1.3 million [45, 46].  While most patients can undergo cachexia, the incidence 

varies from 30-80% depending on the type of malignancy present [6].  With respect to patient 

outcomes, quality of life and prognosis is adversely affected on a number of levels.  Impaired 

muscle force production [8, 10], premature fatigue [2], reduced muscle oxidative capacity [27], 

and diminished maximal oxygen consumption (VO2max) [8] have been reported to occur as a 

result of cachexia, which in turn may compromise one’s ability to perform activities of daily 

living (ADL).  Indeed, impaired physical functioning and fatigue constitute consistently reported 

outcomes that reduce quality of life in cancer patients [47, 48].  Moreover, cancer cachexia has 

been associated with lower treatment efficacy [12], increased toxicity in response to 

chemotherapy [13], and reduced survival [11].  Overall, cachexia has been reported to account 

for approximately 20-30% of cancer-related deaths [14, 15].    

To address the burden of cachexia, research has been directed towards nutritional and 

pharmacological interventions.  While the former has been shown to restore body weight losses, 

increased fat mass or water retention often account for this outcome [36-38].  Regarding the 

latter, candidate pharmacological agents are in various stages of randomized trials.  While 

several agents have demonstrated promise as forms of treatment, none are currently approved for 

use [45].  Overall, very few treatment options exist.  According to Reid and colleagues [39], 

patients undergoing cachexia expressed frustration at both the lack of information on supportive 

therapies and the unresponsiveness of health care providers in recognizing and dealing with the 

condition.  Cancer cachexia therefore represents a major unmet medical need of patients [39, 49].  

Research directed at identifying effective therapies may enable patients and their family 

members to be better informed while also producing improved countermeasure strategies.  To 

our knowledge, this is the first attempt to test different types of exercise therapies for the deficits 

which occur during cancer cachexia by analyzing cachexia-related outcomes spanning multiple 

biological levels of organization.  This is also the first effort to define the mechanisms 



4 
 

underlying skeletal muscle plasticity during exercise-induced mechanical loading in cancer 

cachexia.  Such information provides the foundation for follow-up work that can establish 

definitively, the role of a specific target in the control of muscle mass during cancer cachexia, 

which in turn can lead to development of drug interventions.  The broad relevance of this work 

will advance progress towards the development of therapies, both exercise and pharmacological, 

to alleviate suffering from this debilitating condition.  

Specific Aims 

Using a well-recognized pre-clinical animal model, our overall objectives were: 1) to 

better establish the importance and appropriate application of exercise therapies for cancer 

cachexia by evaluating how increased skeletal muscle loading via different types of ExC (high 

vs. low tension) affects the course of cancer cachexia, and 2) to define the underlying 

mechanisms of skeletal muscle plasticity during exercise-induced mechanical loading.  In pursuit 

of these objectives, the following specific aims were explored:   

Aim 1: Determine the extent to which a high-tension exercise countermeasure affected 

cancer-induced muscle wasting in middle-aged tumor bearing mice.  In this aim, a clinically 

relevant high-tension exercise protocol was evaluated in comparison to low tension exercise and 

control in tumor bearing and non-tumor bearing CD2F1 mice.  Mice were randomly assigned to 

either sedentary control (n=16), high tension ExC (n=16), or low tension ExC (n=16).  Animals 

assigned to ExC groups were administered their respective exercise for 8 wks.  After 8 wks of 

ExC has been completed, half of the animals in each initial experimental condition were 

randomly divided into tumor bearing and non-tumor bearing (n=8/group).  Mice assigned to 

tumor bearing groups were inoculated with C26 tumor cells to induce cachexia.  Following 

tumor cell inoculation, animals in ExC groups completed an additional 2 wks of exercise.  Our 

approaches included dual energy x-ray absorptiometry (DXA) and functional tests pre and post-

experiment to measure in vivo changes in body composition and functionality in the same 

animals.  Muscle tissue was also excised post-experiment to assess indices of hypertrophy (i.e. 

wet mass, myofiber cross-sectional area (CSA)) while tumor burden was evaluated according to 

its final mass. 

Aim 2: Determine the mechanisms by which a high tension exercise countermeasure 

modulates skeletal muscle protein turnover in middle-aged tumor bearing mice.  Our approach 

for this aim involved isolated tissues from tumor bearing and non-tumor bearing CD2F1 mice 
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that performed high or low tension exercise or remained sedentary.  Collected tissues were then 

assayed for the following: 1) protein synthesis [mRNA levels of IGF-I; protein levels of total and 

phospho-mTOR; and 2) protein degradation (i.e. mRNA levels of myostatin, atrogin-1, and 

MuRF1; total and protein levels of phospho-FoxO3a).  This aim was intended to reveal whether 

high tension exercise differentially regulates key systemic/cellular/molecular mechanisms of 

cancer cachexia in a manner that coincides with the preservation of muscle mass, to a greater 

extent than low tension exercise.   

Research Hypotheses 

Our working hypotheses were as follows: 1) A clinically relevant high tension ExC will 

ameliorate the deficits associated with cancer cachexia to a greater degree than low tension ExC.  

This will be reflected by the preservation of whole muscle wet mass, greater myofiber CSA, and 

greater performance on tests of functionality; and 2) High tension ExC will upregulate protein 

synthesis signaling and downregulate protein degradation signaling to a greater extent than low 

tension ExC.  This will be reflected by increased IGF-I mRNA and phosphorylated mTOR 

levels, decreased mRNA expression of myostatin, atrogin-1, and/or muscle ring finger 1 

(MuRF1), and increased phosphorylation of FoxO3a.   

Assumptions 

1. All instrumentation yielded valid measurements during the course of the experiment. 

2. All animals were pathogen free and healthy. 

3. All animals were exposed to similar conditions and differ only by treatment. 

Delimitations 

1. This study utilized animals to study cancer cachexia, therefore, it cannot fully model the 

human condition in its entirety. 

2. This study did not explore survival time as is typical for studies related to cancer because 

doing so most likely will exceed available resources. 

3. This study used middle aged mice instead of young adult mice because cancer and 

cachexia most likely occurs during that timeframe in humans. 

Limitations  

1. The animal model of cachexia used does not relate to a specific form of cancer. 

2. The animal model of cachexia used induces rapid skeletal muscle wasting, a feature not 

typical of human cancer cachexia. 
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3. The amount of exposure to a given exercise type differed slightly from animal to animal 

depending on individual tolerance. 

Definition of Terms 

Cachexia.  A generalized state of ill health characterized by involuntary weight loss and 

skeletal muscle wasting that may occur with or without loss of adipose tissue.  This disease state 

is present not only during cancer, but also other chronic diseases such as rheumatoid arthritis, 

chronic obstructive pulmonary disorder (COPD), heart failure, renal failure, and HIV/AIDS. 

Countermeasure.  Any device or strategy (e.g. nutrition, drugs, exercise) intended to 

prevent or treat the debilitating effects of a given illness, disease, or environment (e.g. 

microgravity). 

High Tension Exercise.  Any exercise which generates or induces a high degree of 

skeletal muscle loading, usually over a short period of time.  Generally associated with resistance 

exercise in humans (i.e. weight training). 

Inflammation.  A response of the immune system to disease or infection that is intended 

to limit harmful effects.  Some salient features include fever, suppressed skeletal muscle protein 

synthesis, and the synthesis and secretion of the acute phase response proteins by the liver. 

Low Tension Exercise.  Any exercise that generates a low degree of skeletal muscle 

loading that occurs for an extended period of time.  Typically associated with endurance or 

aerobic exercise in humans. 

Malignancy.  Cells that have undergone cancerous transformation; being in a tumor-

bearing state. 

Metastatic Disease.  The spread of cancer from its site origin to other organs (e.g. breast 

cancer as the primary disease with metastases of bone). 

Oxidative Capacity.  The ability of the working muscle to resynthesize adenosine 

triphosphate through oxidative metabolism. 

Pre-Clinical.  An animal based study modeling a given human condition or disease that 

tests the efficacy and/or safety of a therapy.  Can also be an animal based study aimed at 

identifying the underlying mechanisms of a certain disease that may be difficult to explore in 

humans. 

Protein Turnover.  The cellular and molecular processes which govern protein synthesis 

and protein degradation, two key events which regulate the size of whole muscle mass. 
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Tumor Burden.  Typically refers to the tumor weight or growth rate.  Used as one index 

of disease state or progression. 
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CHAPTER TWO 

REVIEW OF LITERATURE 

Cancer Cachexia and Patient Outcomes 

 Unintended weight loss and skeletal muscle wasting are hallmark features of cancer 

cachexia [1].  One of the major effects of these changes are impairments in physical function that 

arise partly from alterations in contractile function (e.g. muscle strength, power) and metabolism  

(e.g. maximal oxygen consumption) [8], which in turn can impinge upon one’s ability to perform 

basic activities of daily living.  As a result, quality of life during the survivorship period will 

likely be drastically reduced.  In this section of the review, changes in skeletal muscle structure, 

function, and metabolism consequent to cancer cachexia will be presented to illustrate how 

cachexia ultimately affects the cancer patient experiencing this debilitating condition.  The 

impact on prognosis and survival will also be discussed in an effort to put forth the importance of 

this condition as a major, unmet medical need. 

Effect on Muscle Volume, Function, and Metabolism 

 Detailed data documenting the influence of cachexia on muscle mass in cancer patients 

has been limited overall.  Examinations of regional muscle mass are difficult to accomplish in 

humans because different muscle groups cannot be excised in its entirety and weighed.  This is in 

contrast to animal models of cancer cachexia in which whole muscle from different regions can 

be surgically removed and studied.  In humans, measurements of whole muscle volume (i.e. 

CSA) are often acquired, which will typically require expensive equipment to perform 

sophisticated techniques such as MR imaging.  An advantage of this approach is that the imaging 

process is performed in vivo on intact muscle.  This technique can be complemented by in vitro 

analysis of myofiber size from biopsy samples, which provides useful information on 

morphology but has the disadvantage of being highly invasive.  Using both of these approaches, 

Weber and Colleagues examined both whole muscle and myofiber CSA of the quadriceps 

muscle in patients with cancer cachexia (using >10% loss of pre-illness weight as the diagnostic 

criteria), and healthy age, height, and sex matched volunteers [8].  Quadriceps volume as 

determined by MR imaging was approximately 30% lower in cachectic patients compared to the 

healthy controls (45 vs 67 cm2).  Consistent with the lower whole muscle volume, myofiber CSA 

was also decreased by roughly 30% in cachectic patients relative to healthy controls (2854 vs 
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4181 μm2).  Given the observed reduction in whole muscle volume and myofiber size, it would 

be reasonable to expect impaired muscle function in patients with cancer cachexia.  Indeed, 

cachectic individuals demonstrated lower absolute isokinetic (101 vs. 167 Nm) and isometric 

strength (107 vs. 160 Nm).  Interestingly, when these strength values were expressed relative to 

whole muscle volume, no statistically significant differences were observed.  This suggests that 

the deficit in absolute strength found in cachectic patients could be accounted for primarily by 

losses of muscle mass.  As such, the authors stated that preserving muscle mass in the face of 

cachexia should be considered an important means of ameliorating the functional limitations that 

occur. 

 The decrease in muscle size and function is a consistent finding in the work of others who 

have addressed human cancer cachexia.  Interestingly, sex may also appear to be a factor. which 

may influence the degree to which cachexia affects muscle mass and performance.  Stephens et 

al. studied MR-determined quadriceps muscle volume and various indices of muscle function in 

cachectic gastrointestinal cancer patients (>10% weight loss) and healthy controls separated by 

gender [50].  They found that in male patients with cachexia, quadriceps CSA, quadriceps 

strength, lower limb power, and muscle quality was significantly lower than their healthy 

counterparts.  In female patients with cachexia, only quadriceps strength and muscle quality was 

significantly less than healthy controls.  This suggests that to some degree, cachexia 

differentially affects muscle mass and function depending on sex, with men exhibiting a greater 

susceptibility to negative change.  In support of this notion, cachectic men showed lower 

physical function, fatigue, and quality of life scores compared to cachectic women.  The 

investigators did not completely elaborate on the reason for the apparent sex differences; 

however, they did note that others also reported that muscle wasting occurred to a greater extent 

in male versus female lung cancer patients [51].  From a therapeutic standpoint, the sex 

differences in these parameters could have implications for countermeasure strategies.  Men 

undergoing cachexia may need to partake in a countermeasure regimen much more multi-modal 

and aggressive in nature to address the various morphological/functional deficits, particularly the 

loss of muscular power, which is a major contributor to functional capacity.  With no muscle 

mass differences between weight losing female cancer patients and their healthy counterparts, a 

countermeasure strategy focusing on maintaining and/or enhancing muscle performance may be 

of value.  It is also interesting to note that in contrast to the aforementioned work by Weber and 
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colleagues, Stephens et al. found that in both men and women undergoing cancer cachexia, 

muscle quality was significantly reduced compared to their respective healthy controls.  This 

might indicate that the strength declines recorded in cachectic patients arose from some inherent 

impairment to the contractile apparatus rather than losses in muscle size as alluded to by Weber 

et al.  Regardless, the data obtained from these human studies generally support the negative 

impact of cancer cachexia on muscle mass and function.  

 Although changes in human muscle contractile function (e.g. strength, velocity, and 

power) have been relatively well studied, fewer investigations have examined how cachexia 

affects other whole body indices of performance such as maximal oxygen consumption (VO2max).  

The lack of such data is understandable considering the strenuous nature of evaluating VO2max, 

particularly with cachectic patients already exhibiting decreased functionality.  To our 

knowledge, only a single study has assessed VO2max in patients with cancer cachexia [8].  Using 

a cycle ergometer, cachectic patients and healthy age, height, and sex-matched volunteers 

underwent a graded exercise test with concurrent measurement of expired gases.  In patients with 

cachexia, VO2max was reduced by 41% compared to healthy controls (22.7 vs. 32.1 ml/kg/min).  

Such data are valuable because VO2max is a general indicator of health and physical work 

capacity [52].  The low VO2max observed in cachectic patients (22.7 ml/kg/min) likely contributes 

to decreased spontaneous physical activity levels, fatigue, and difficulty performing activities of 

daily living.  Indeed, studies that have employed accelerometers found that in patients with 

cancer cachexia, step counts (representative of physical activity) were significantly lower 

compared to healthy volunteers (~500 vs. 700 counts) [48].  Moreover, self-scored quality of life 

parameters such as physical functioning, general health, and vitality were also significantly lower 

in cachectic cancer patients compared to normative values [48].  Collectively, both objective 

assessments and self-reported scores suggest an overall decline in physical functioning as a result 

of cachexia.  Countermeasures for cachexia therefore, should have as one of its objectives 

improvements in VO2max and physical activity levels, which in turn may favorably affect quality 

of life. 

Effect on the Systemic Environment 

 Cancer cachexia in humans has been suggested to be associated with elevated systemic 

inflammation [53], a response of the immune system to disease or infection.  The purported 

existence of a heightened inflammatory state is not surprising when considering that 
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inflammatory signaling mediators play a role in regulating food intake as well as protein 

turnover, two features which are altered during the course of cachexia (i.e. reduced food intake, 

elevated protein degradation, and suppressed protein synthesis) [53].  Several recent studies 

however, do not appear to entirely support the presence of elevated systemic inflammation as a 

unique occurrence to cachectic cancer patients.  For instance, Burney et al. analyzed blood 

samples from male cancer patients with cachexia, male patients without cachexia, and healthy 

controls for inflammatory markers such as C-reactive protein (CRP), interleukin-6 (IL-6), 

interleukin-1  (IL-1 ), tumor necrosis factor-α (TNF-α), and interferon-  (IFN- ) [54].  For the 

latter three cytokines (IL-1 , TNF-α, IFN- ), there were no significant differences between 

groups.  On the other hand, serum IL-6 and CRP were significantly greater in cancer cachexia 

patients compared to healthy controls, but they were not different from cancer patients without 

cachexia.  Based on these data, it appears that elevations of the inflammatory cytokine IL-6 and 

the acute phase protein product CRP are not unique to cachexia, but could be considered 

outcomes of being in a tumor-bearing state.  Such a conclusion should be taken with caution; 

however, given the inconsistencies.  As an example, Stephens et al. reported corroborating data 

that CRP levels were significantly increased in cancer cachectic men compared to healthy 

controls, but that those values were not significantly different from cancer patients without 

cachexia [50].  In contrast, pancreatic cancer patients with cachexia had significantly greater 

CRP levels relative to patients bearing the same malignancy but without cachexia [11].  There is 

certainly the possibility that differences in these inflammatory mediators may exist as a function 

of the particular malignancy that is the cause of cachexia. 

 In addition to the potential etiological role of inflammation, a decrease in anabolic factors 

may also be relevant to the onset and/or progression of cancer cachexia.  There is evidence from 

cross-sectional studies to support this assertion.  For example, using only male subjects, Burney 

et al. measured total testosterone and bioavailable testosterone levels in healthy controls, cancer 

patients with cachexia, and cancer patients without cachexia [54].  They reported that in patients 

with cachexia, total testosterone was lower than the other two groups; however, significance was 

obtained only in comparison to non-cachectic patients.  Similarly, bioavailable testosterone was 

lower in cachectic men compared to the other two groups although significance was reached only 

when compared to the control group.  In any case, plasma values for these markers point to the 

existence of a hypogonadic state in this particular cohort of male cancer patients with cachexia.  
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This change in the systemic environment may be a causative factor in muscle tissue wasting 

characteristic of cancer cachexia.  

 It also appears that there may be gender differences in the circulating systemic 

environment.  For instance, Stephens et al. analyzed CRP levels from male and female cancer 

patients with and without cachexia [50].  In comparison to healthy controls, both cachectic and 

non-cachectic men had significantly greater CRP (+347-356%); however, both cancer patient 

groups were not different from each other.  For women, patients with cachexia had significantly 

greater circulating CRP levels compared to both control (+1293%) and non-cachectic patients 

(+316%).  These findings suggest that CRP may be used as a diagnostic marker for women 

undergoing cachexia but that it may not be as useful for such a purpose in men because there 

were no differences in CRP levels between cachectic and non-cachectic male cancer patients.  

Moreover, these differences have additional implications considering that CRP has often been 

linked to poor prognosis and survival in cancer cachexia [55].  With the very large increase over 

control exhibited by cachectic women (+1293%), one could suggest that perhaps women with 

cachexia may be at greater risk for reduced survival.      

Effect on Prognosis and Survival 

 Since cachexia causes a rapid decline in health and quality life, it is no surprise that this 

debilitating condition has been linked with poor prognosis and reduced survival.  Bachmann and 

colleagues reported such outcomes during their examination of pancreatic cancer patients with 

cachexia in comparison to those bearing the same malignancy but without cachexia [11].  For 

instance, those with cachexia had a significantly greater frequency of metastases relative to 

patients without cachexia (47 vs. 24%), which is suggestive of a link between cachexia and the 

degree by which the cancer has spread.  Additionally, the resection rate for cachectic patients 

was only 38% compared to 95% for pancreatic cancer patients without cachexia.  This indicates 

that the successful removal of the tumor was performed to a significantly greater extent in 

patients without cachexia.  In terms of survival, the probability of survival over time was 

significantly reduced in patients with cachexia.  Even amongst patients that underwent successful 

surgical resection with curative intent, patients suffering from cachexia had lower survival time 

compared to their weight-stable counterparts.  Although merely descriptive, these findings 

suggest that being in a cachectic state may create an environment that directly or indirectly 

negatively impacts prognosis and survival. 
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 Further extending the previous work on cachexia and survival, De Fabbro and colleagues 

examined the association between systemic markers and survival within a cohort of cachectic 

men using a retrospective analysis of medical records [55].  The specific blood markers analyzed 

from these cachectic men included C-reactive protein (CRP), an acute phase protein product 

synthesized by the liver as part of the inflammatory response to disease or infection, and the 

male sex hormone testosterone.  Median serum levels of total testosterone were 185 ng/dL, a 

significantly reduced amount when compared to the lower limit of the normal range (240 ng/dL).  

The authors noted that roughly 76% of their patients would be considered hypogonadic.  With 

respect to CRP levels, the median value was 20 mg/L, which would be considered elevated 

above normal values.  To examine the relationship between these blood markers [inflammation 

(CRP) and anabolism (testosterone)] and survival, patients were stratified as above or below 185 

ng/dL for testosterone, and above or below 10 mg/L for CRP.  When performing the survival 

analysis with patients grouped above or below those values, they found that cachectic men below 

the cutoff for testosterone had significantly reduced survival compared to those above the cutoff 

(median survival time = 433 vs. 93 days).  Likewise, cachectic men that had CRP values above 

the cutoff (indicative of inflammatory state) had significantly lower survival time compared to 

their counterparts below the cutoff (median survival time = 110 vs. 324 days).  Not surprisingly, 

in cachectic men with testosterone values below the median along with CRP values above the 

median (i.e. hypogonadism and inflammation), survival time was also significantly lower 

compared to their counterparts above and below the cutoffs for testosterone and CRP, 

respectively (median survival time = 89 vs. 324 days).  In all, this study not only demonstrated a 

heightened inflammatory state to be linked with reduced survival within a cachectic cohort, but 

also that hypogonadism in advanced cancer patients with cachexia is also linked to shorter 

survival time.  These findings have useful clinical implications as these blood markers can be 

utilized as indices of health status and prognosis.  They also have implications for the 

identification of targeted therapies, as they suggest that testosterone replacement may be an 

effective option to improve patients’ outcomes. 

Mechanisms of Cancer Cachexia  

 The development and application of animal models are central to biomedical research.  

The use of animal models permits critical in-depth examination of biological processes that 

would otherwise not be feasible or ethical for study in humans.  This is especially important for 
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research directed towards identifying the major regulatory events governing disease states.  In 

other words, animal models of various human diseases provide a valuable platform for 

understanding the underlying mechanisms responsible for disease onset and progression.  This in 

turn, provides the foundation for follow-up work intended to identify treatments and therapies.  

In the last few decades, several animal models of cancer cachexia have been developed precisely 

for the aforementioned reasons.  Specifically, these animal-based studies have been employed: 1) 

to understand the key cellular and molecular events which lead to the development or 

progression of cancer cachexia, and 2) to test therapeutic strategies that can effectively serve as a 

countermeasure against this debilitating condition.  Generally speaking, these models involve 

inoculation of rodents with a cachexia-inducing tumor cell line [56], transplantation of a tumor 

fragment that generates cachexia [2], or use of genetically modified mice that naturally develop 

tumors and subsequent cachexia [57]. 

  Defining the etiology of cancer cachexia remains a work in progress; however, 

mechanistic examinations in animal models have provided much insight on potential mediators 

and signaling pathways.  It is generally accepted that the wasting of skeletal muscle central to the 

cachectic phenotype arises from tumor-host interactions [58].  For instance, the tumor can 

secrete products that act directly on skeletal muscle to signal the degradation of proteins [29, 59].  

Meanwhile, the host mounts an inflammatory response to the presence of the tumor that when 

persistent, can promote tissue catabolism [53].  There may also be a reduction of circulating or 

local anabolic factors as a result of the underlying disease [54, 55].  The collective net effect of 

these components alters the balance of protein metabolism to favor degradation over synthesis, 

thereby leading to muscle atrophy.  Several mediators and pathways implicated in the 

development of cachexia have been described below.  Although they have been presented 

separately, it should be noted that a degree of cross-talk exists between the pathways. 

Interleukin-6 Signaling 

Pro-inflammatory cytokines such as TNF-α, IL-6, IL-1 , and IFN-  appear to be key 

mediators of cachexia.  IL-6 in particular appears to be a strongly associated with cachexia based 

on evidence from animals and humans.  For instance, elevated levels of circulating IL-6 are 

frequently observed in the widely employed colon 26 (C26) [60, 61], lewis lung [26], and 

ApcMin/+ [9, 26, 62] murine models of cancer cachexia.  Likewise, increased circulating IL-6 has 

also been reported in cancer patients demonstrating cachexia [63, 64].  Recently, compelling 
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evidence has been documented to substantiate the role of IL-6 as a critical contributor to 

cachexia in the ApcMin/+ mouse model of colon cancer.  Baltgalvis and colleagues [62] tested the 

effects of IL-6 ablation by comparing ApcMin/+/IL-6-/- mice (IL-6 null) to ApcMin/+ and C57BL/6 

mice.  Muscle weight in the ApcMin/+ mice was significantly lower than both C57BL/6 and 

ApcMin/+/IL-6-/- mice.  In fact, C57BL/6 and ApcMin/+ /IL-6-/- mice exhibited near identical muscle 

weights, indicating that muscle loss does not occur in tumor-bearing animals who had IL-6 

ablated.  This is consistent with the inhibition of cancer-induced muscle wasting that occurs in 

response to anti-body mediated neutralization of the soluble IL-6 receptor [65].  When the same 

three strains of mice were used to test the effects of IL-6 overexpression, muscle wasting 

occurred in ApcMin/+ and ApcMin/+/IL-6-/- mice but not C57BL/6 mice [62].  The ability of IL-6 to 

induce wasting when overexpressed in tumor-bearing ApcMin/+ mice further corroborates its 

function as a mediator of cachexia development. 

Assuming a major regulatory role for IL-6 in the development of cancer cachexia, the 

issue of which signaling components are important in relaying the signal downstream have been 

a point of interest.  Bonetto et al. used microarray analysis to evaluate genome-wide transcript 

expression in C26 tumor-bearing mice and found evidence of elevated IL-6 along with signal 

transducer and activator of transcription-3 activity (STAT-3) [60].  This was reflected by the 

upregulated expression of STAT-3 target genes (e.g. acute phase response genes) in cachectic 

muscle as well as significantly greater STAT-3 phosphorylation at Y705.  The expression of 

acute phase response genes in skeletal muscle (e.g. fibrinogen) was particularly interesting 

because the acute phase response to disease or infection arises primarily from IL-6/STAT-3 

signaling in the liver [66].  Based on their findings, the authors provided a convincing 

mechanistic framework for cancer-induced muscle wasting in which the IL-6/STAT-3 pathway 

also recapitulated in skeletal muscle.  As such, increased STAT-3 activity could represent a link 

between IL-6 and muscle wasting through its ability to upregulate the expression of acute phase 

response genes in skeletal muscle [60].  This may represent a re-prioritization of protein 

synthesis in a manner, which favors acute phase products that are secreted instead of structural 

and contractile proteins.  Additionally, the same laboratory group reported significantly greater 

STAT-3 phosphorylation in three other models of cachexia including the B16.F10 melanoma, 

lewis lung carcinoma, and ApcMin/+ mice [67].  STAT-3 inhibition by transfection of a dominant 

negative STAT-3 also significantly reduced muscle loss in C26 tumor-bearing mice [67].  
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Collectively, it appears that heightened STAT-3 activity plays a critical role in mediating muscle 

wasting in a broad number of experimental cancer cachexia models. 

Insulin-Like Growth Factor-I (IGF-I) Signaling 

It has been well established that IGF-I signaling promotes muscle growth and prevents 

atrophy [68, 69].  The binding of IGF-I with its receptor initiates a signaling cascade involving 

the activation of protein kinase B (Akt), mammalian target of rapamycin (mTOR), and 70 kDa 

ribosomal protein S6 kinase (p70S6k) [68, 70].  Further downstream, the inhibitory protein 

eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) suppresses the activity of 

eukaryotic translation initiation factor 4E (EIF-4E) [71].  Phosphorylation of 4E-BP1 by mTOR 

on the other hand, removes 4E-BP1 inhibition of EIF-4E and allows translational signaling 

events to proceed [72, 73].  During experimental cancer cachexia, downregulation of the IGF-I 

signaling pathway has been reported in several studies. For instance, Costelli et al. [74] observed 

decreased circulating and muscle transcript levels of IGF-I concurrently with muscle wasting in 

rodents bearing the Yoshida AH-130 hepatoma.  Similarly, Constantinou et al. [26] found 

decreased IGF-I mRNA along with increased expression of 4E-BP1 in mice undergoing 

cachexia.  The increased levels of 4E-BP1 may inhibit EIF-4E activity, thereby attenuating 

downstream events leading to protein synthesis.  These outcomes appear consistent with reports 

on muscle IGF-I signaling in ApcMin/+ mice [65].  Cachectic ApcMin/+ mice demonstrated lower 

IGF-I mRNA expression (-28%) and decreased phosphorylation of mTOR (-50%), p70S6k (-

37%), and 4E-BP1 (-55%).  The suppression of anabolic signaling molecule phosphorylation 

occurred in concert with a decreased rate of myofibrillar protein synthesis.  Taken together, these 

modifications indicate a cancer-induced alteration in protein turnover (i.e. suppression of protein 

synthesis) that may contribute to muscle wasting. 

Forkhead Box O (FoxO) Activity 

The IGF-I pathway inhibits muscle atrophy at least partly through Akt phosphorylation of 

the FoxO transcription factors [69], three of which are present in skeletal muscle including 

FoxO1, FoxO3a, and FoxO4 [75].  Phosphorylation by Akt sequesters FoxO and prevents it from 

translocating to the nucleus where it can drive the expression of atrophy-related genes such as 

atrogin-1 and muscle ring finger-1 (MuRF1) [76].  These muscle-specific E3 ubiquitin ligases 

are frequently used markers of ubiquitin-proteasome activity, one of the major proteolytic 

systems responsible for degradation of cellular constituents [77].  Myofibrillar proteins in 



17 
 

particular have been identified as substrates for E3 ligases [78], supporting the role of the 

proteasome in mediating cancer-induced muscle wasting.  Indeed, elevated levels of atrogin-1 or 

MuRF1 mRNA or protein have been documented in multiple experimental models of cancer 

cachexia including mice bearing the C26 [2, 79, 80] and lewis lung carcinoma [75] as well as 

ApcMin/+ mice [9].  Likewise, increased expression of other components of the ubiquitin-

proteasome system has also been reported in experimental cancer cachexia [22, 81].   

The regulation of atrogin-1 and MuRF1 gene transcription are believed to be under the 

control of FoxO in a variety of muscle wasting conditions but also specifically in cancer 

cachexia [75].  Supporting data can be derived from in vitro studies, where exposure of 

myotubes to C26 conditioned medium upregulated atrogin-1 transcriptional activity (determined 

from reporter assay) along with an increase in the active, dephosphorylated forms of FoxO1 and 

FoxO3 [59].  In support of this data, Reed et al. found that in mice bearing the lewis lung 

carcinoma, FoxO transcriptional activity increased ~3 fold, which corresponded with elevated 

mRNA expression of both E3 ligases [75].  Moreover, injection of a dominant negative FoxO 

ablated atrogin-1 and MuRF1 mRNA expression while also preventing myofiber atrophy [75].  

Taken together, these findings suggest that the activity of FoxO and its target genes represent an 

important pathway contributing to cancer-induced skeletal muscle wasting.    

Proteolysis-Inducing Factor 

The tumor-secreted proteolysis-inducing factor (PIF) was isolated and identified by the 

Tisdale group using the MAC16 murine model of cancer cachexia [29].  Because PIF was also 

found in the urine of weight-losing cancer patients but not their weight-stable counterparts, the 

investigators proposed that this tumor-derived product likely induces cachexia in both mice and 

humans [29].  In a subsequent study, the same group reported that re-introduction of PIF into 

non-tumor bearing mice caused weight-loss and atrophy of lower limb muscles [82].  The ability 

of PIF to induce generalized wasting supports its purported role as a cachectic factor [82].  Upon 

binding to its membrane bound receptor, PIF provides the signal for protein degradation through 

subsequent activation of nuclear factor kappa B (NF-κB) [83], a transcription factor also 

involved in transducing the upstream signals provided by inflammatory cytokines (e.g. TNF-α) 

[84].  The regulation of NF-κB occurs through the inhibitory protein IκB [85].  When bound by 

IκB, NF-κB is localized in the cytoplasm, and transcriptional activity is suppressed; however, 

phosphorylation of IκB by IκB kinase (Iκκ) removes this inhibition [86].  This allows nuclear 
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translocation of NF-κB to proceed, resulting in the transcription of its target genes [86].  

Interestingly, NF-κB appears to mediate protein degradation through the ubiquitin-proteasome 

system [83].  Thus, both NF-κB and FoxO appear capable of upregulating proteasome activity in 

skeletal muscle, which highlights the importance of these transcription factors in regulating 

cancer-induced muscle atrophy.   

Myostatin Signaling 

Myostatin belongs to the transforming growth factor-  (TGF- ) family of ligands as a 

skeletal muscle specific member that negatively regulates muscle mass [87].  Mutations in the 

myostatin gene produce a hypermuscular phenotype observed in a number of different species 

[88-92].  Moreover, overexpression of myostatin has been shown to reduce muscle mass [93] 

while pharmacological inhibition of myostatin signaling promotes muscle growth [94, 95].  

Recently, myostatin signaling has been implicated as a mechanism that may at least partially 

contribute to wasting during cancer cachexia [59].  Costelli et al. reported significantly elevated 

muscle expression of myostatin mRNA and protein in rodents demonstrating cachexia [96].  

Additional evidence for the potential contribution of this signaling pathway to the development 

of cachexia can be inferred from studies administering a decoy activin type IIB receptor 

(ActRIIB) [61, 97, 98].  The cell surface version of this receptor binds TGF-  ligands such as 

myostatin and exerts inhibitory effects on muscle growth through activity of the transcription 

factor Smad 2/3 [99, 100].  Administration of a decoy ActRIIB, however, completely reversed or 

attenuated cancer-induced muscle wasting in mice as evidenced by improvements in whole body 

lean tissue and individual muscle masses of the lower limb (i.e. gastrocnemius, soleus, and EDL) 

[61, 97, 98]. 

Interestingly, a recent report provided evidence that the C26 tumor commonly used in 

experimental cancer cachexia serves as a source of secreted myostatin.  Lokireddy and 

colleagues utilized proteomic analysis of collected C26 conditioned medium as well as 

conditioned medium from excised C26 tumors [59].  In addition to detecting the presence of 

myostatin protein, the investigators also found elevated levels of Activin A, a related TGF-  

superfamily member that can also initiate signal transduction across ActRIIB.  The presence of 

both myostatin and activin was verified with follow-up immunoblot analysis of conditioned 

medium.  Immunocytochemical techniques applied to C26 cells and the resected C26 tumor also 
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revealed the expression of myostatin.  These findings strongly suggest that myostatin can be 

considered a tumor-specific product capable of inducing cachexia in the host.   

Regarding downstream signaling events, previous in vitro work implicates the Smad and 

FoxO transcription factor families [101, 102].  Using human myotubes, Trendelenburg et al. 

reported that myostatin-mediated atrophy occurred as a result of reduced protein synthesis 

through inhibition of the Akt/mTOR pathway [100].  Because Akt phosphorylates and maintains 

FoxO in the inactive state [76], downregulation of this pathway would likely promote FoxO 

activity.  Likewise, Lokirredy et al. found that myostatin-treated human myotubes underwent 

significant atrophy, demonstrated a loss of sarcomeric proteins, showed suppressed Akt 

phosphorylation, and displayed increased ubiquitin ligase expression [102].  These alterations 

suggest that myostatin promotes muscle wasting by increasing protein degradation and inhibiting 

protein synthesis.  They also reported the increase in ubiquitin ligase expression and loss of 

sarcomeric proteins to be dependent on the interactions between Smad 3 and FoxO1.  More 

specifically, the authors suggested that myostatin-mediated muscle atrophy resulted from Smad 3 

regulation of FoxO1 such that the latter would be present at increased levels.  This was 

evidenced by the increased phosphorylation of Smad 3 along with elevated protein levels of 

FoxO1 following myostatin treatment, changes which were blocked by exposure to a Smad 3 

inhibitor.  Combined with the inhibition of Akt activity, the active, dephosphorylated form of 

FoxO1 could accumulate and subsequently drive the expression of the ubiquitin ligases.  

Although this has not been replicated specifically in models of cancer cachexia, previous work 

has demonstrated the major regulatory role of FoxO in cachectic mice bearing the lewis lung 

carcinoma [75].  When taking into account the evidence that myostatin may be a tumor-secreted 

product [59], it is possible that cancer-induced muscle wasting may also arise from Smad and 

FoxO interactions. 

Myogenesis and Regenerative Capacity 

Because skeletal muscle fibers are post-mitotic, the regenerative process falls under the 

domain of satellite cells [103].  These muscle stem cells are architecturally positioned between 

the basement membrane and sarcolemma of the myofiber [104].  In response to regenerative 

stimuli such as injury, disease, or mechanical loading, satellite cells are activated to produce 

progeny that can be incorporated into existing myofibers or fuse together to form new myofibers 

[103, 105].  Some of the major signals that direct satellite cell activity include circulating or local 
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factors (i.e. mitogens), the paired box transcription factors (e.g. Pax7), and the myogenic 

regulatory factors (e.g. MyoD and myogenin) [105, 106].  Pax7 expression occurs predominantly 

during quiescence or in the proliferative state whereas the myogenic regulatory factors govern 

terminal differentiation [106, 107].  Recent evidence suggests an impairment of the 

aforementioned myogenic events in cell culture studies.  Lokireddy et al. [59] observed 

suppressed proliferation (i.e. cell number) with the addition of C26 conditioned medium to 

C2C12 myoblasts, suggestive of impaired myogenesis while in a tumor-bearing state.  They also 

reported that exposure to C26 conditioned medium inhibited differentiation as indexed by 

reduced myotube number, myosin heavy chain content, and MyoD and myogenin protein.  

Likewise, Guttridge et al. reported an absence of myosin heavy chain in addition to a reduction 

in MyoD mRNA and protein as a result of NF-κB activity in CβC1β cells [84].  This impairment 

of myogenic differentiation in vitro agrees with related work done in a murine model of 

cachexia.  Penna and colleagues [108] reported greater immunolabeled Pax7 as well as increased 

and decreased Pax7 and myogenin protein, respectively, in cachectic muscle obtained from C26 

mice.  The authors suggested that the increase in Pax7 expression (as occurs during proliferation) 

possibly represented an accumulation of satellite cells that because of the concurrent reduction in 

myogenin levels, lacked the ability to differentiate into muscle precursors.  Thus, muscle wasting 

in cancer cachexia could be associated with a decreased aptitude of satellite cell progeny to 

differentiate, thereby reflecting an impaired regenerative capacity. 

PGC-1α Activity 

The transcriptional co-activator peroxisome proliferator activated receptor gamma co-

activator 1α (PGC-1α) is a major regulator of oxidative metabolism [109].  Animals lacking 

PGC-1α exhibit abnormal skeletal muscle energetics [110] while transgenic expression induces 

mitochondrial biogenesis [111], an event involving the coordinated expression of nuclear and 

mitochondrial genes.  The products of PGC-1α target genes provide increased enzymatic 

capacity for the major metabolic pathways housed in the mitochondria [112].  Consequently, 

transgenic animals display greater fatigue resistance [113], improved muscle oxidative capacity 

[111], and increased aerobic work capacity [114].  Not surprisingly, decreased PGC-1 family 

members have been observed in multiple models of cancer cachexia [26, 27].  Likewise, 

myotubes treated with C26 conditioned medium demonstrated reduced PGC-1α protein.  The 

depression of PGC-1α activity could partially explain losses of oxidative capacity and VO2max in 
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animals and humans undergoing cachexia.  On the other hand, artificially increasing PGC-1α has 

been shown to provide therapeutic effects against energetic deficits and abnormal oxidative 

metabolism [109, 115].  Interestingly, PGC-1α has also been reported to confer protection 

against muscle atrophy in aging [115] and denervated animals [116].  Maintaining or increasing 

PGC-1α may therefore be critical to protect against disease states associated with defective 

metabolism such as cancer cachexia. 

Animal Models and Human Cancer Cachexia 

  While the ubiquitin-proteasome system appears to be a central component of cancer-

induced muscle wasting based on pre-clinical animal studies, a recent investigation employing 

global molecular profiling on human skeletal muscle (rectus abdominis) obtained from cancer 

patients revealed that FoxO and Eγ’s did not relate significantly with weight loss [117].  Instead, 

the investigators reported that the gene signature produced from microarray analysis had not 

been previously associated with cachexia in previous pre-clinical models.  Of the genes 

correlating with weight loss, eight were validated by qRT-PCR including adenomatosis 

polyposis coli down-regulated 1(APCDD1), Ca2+/calmodulin dependent protein kinase 2 beta 

(CAMK2B), eukaryotic initiation factor 3, subunit I (EIF-3I), hepatocyte growth factor-regulated 

tyrosine kinase substrate (HGS), nuclear distribution gene C homolog (NUDC), polymerase 

(RNA) mitochondrial (POLRMT), tyrosine kinase with immunoglobulin-like and EGF-like 

domains 1 (TIE1), and tuberous sclerosis 2 (TSC2).  Additional validation of these genes was 

performed using two different types of muscle (i.e. diaphragm, vastus lateralis) obtained from a 

second cohort of patients.  Between the two cohorts, only CAMK2B correlated significantly with 

weight loss in all muscle types analyzed.  TIE1 correlated significantly with weight loss only in 

the vastus lateralis.  Increased expression of both genes has been previously observed with 

endurance exercise and the investigators proposed that their chronic, improper activation can 

lead to reduced muscle protein synthesis.  The apparent discrepancy concerning mechanisms of 

cancer cachexia between animal models and humans highlights the need for additional 

mechanistic work that can reconcile these inconsistencies. 

Skeletal Muscle Loading and Cancer Cachexia 

Skeletal muscle loading can generally be classified as low muscular tension development 

over an extended duration, or high tension generation of limited duration, features characteristic 

of aerobic and resistance exercise, respectively.  Adaptive responses at the whole body, cellular, 
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and molecular levels exhibit specificity to the mode of exercise performed.  For instance, 

increased strength [118-121], power [118, 122, 123], muscle-CSA [124-126], RNA content 

[127], and protein content [127] typically occur following resistance exercise training.  

Activation of signaling components associated with muscle growth has also been demonstrated, 

constituting changes at the protein level preceding development of a hypertrophic phenotype that 

may act in favour of enhanced force production [70, 128].  On the other hand, aerobic exercise 

training has been shown to enhance exercise capacity [129, 130], augment VO2max [129, 131], 

increase oxidative enzymes [132], and elevate mitochondrial content [133].  Increased drive for 

mitochondrial biogenesis resulting from the coordinated expression of mitochondrial and nuclear 

encoded genes at least partly underlies several of these adaptive responses which may favour 

improved muscle oxidative capacity and endurance exercise performance [134, 135].  Both 

forms of loading have been administered in pre-clinical animal models of cancer cachexia using 

forced running on treadmills, swimming, and voluntary exercise wheels as aerobic exercise 

interventions along with electrical stimulation and functional overload as artificial resistance 

exercise interventions. 

Effect of Low Tension Loading 

The majority of pre-clinical studies have employed low tension skeletal muscle loading in 

the form of aerobic exercise training with generally overall favorable effects on muscle mass.  

For instance, Deuster et al. implemented 7 wks of moderate intensity treadmill training at a 

frequency of 3 d/wk [41].  Tumor-bearing rodents subjected to the aerobic exercise training 

program exhibited significantly greater body weight adjusted gastrocnemius wet mass compared 

to sedentary tumor-bearing animals (+22%, p<0.05).  Further, normalized gastrocnemius mass 

did not differ significantly from sedentary control animals (5.82 g/kg vs. 5.89 g/kg, p>0.05), 

suggesting that repeated bouts of low tension contractions can attenuate wasting to a degree 

where muscle mass displays a size comparable to healthy controls.  Likewise, Penna and 

colleagues also used a treadmill to test the therapeutic value of low tension loading on muscle 

mass in the face of cachexia [136].  In this particular investigation, the effects of both aerobic 

exercise (5 d/wk for 2 wks) and eicosapentaenoic acid (EPA) were tested as a combined 

countermeasure against cancer cachexia.  Because their experimental design did not include an 

exclusive exercise-only group, it is difficult to derive information about the utility of low tension 

exercise countermeasures; however, some useful information may still be inferred.  For instance, 
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the authors reported that tumor-bearing rodents underwent significant lower limb muscle wasting 

as expected (gastrocnemius, tibialis anterior) compared to control.  While both hindlimb muscle 

weights were still significantly reduced in the exercise + EPA and EPA-only groups compared to 

control, the weight of the gastrocnemius muscle from the exercise + EPA group was significantly 

greater than the tumor-bearing group.  Given that no such occurrence was observed for the EPA-

only group, it could be suggested that the muscle preserving effect demonstrated by the EPA + 

exercise group could be attributed primarily to the exercise stimulus independent of EPA.  

Consistent with the rescue of muscle mass, the investigators reported that the exercise + EPA 

group had grip strength values which were significantly greater than the tumor-bearing group, a 

positive effect on functionality that was not exhibited by the EPA-only group.  Thus, these 

findings point to a possible role of low tension skeletal muscle loading via aerobic exercise as a 

means to at least partially attenuate the negative effect of a malignancy on muscle mass and 

strength. 

These results appear in agreement with a pair of studies by Daneryd et al. [137, 138], 

who reported an increased RNA to protein ratio and protein synthesis in tumor-bearing rats 

provided access to exercise wheels.  In similar fashion, Mehl et al. administered 9 wks of 

moderate intensity treadmill training at a frequency of 6 d/wk in ApcMin/+ mice, a murine model 

with a genetic mutation that predisposes them to developing intestinal adenomas and subsequent 

cachexia [139].  Although not significant, gastrocnemius mass normalized to tibial length was 

greater than values reported for control animals (+7%, p>0.05).  Recently, Salomao and 

Colleagues reported that 8 wks of swim training in rats inoculated with Walker 256 cell lines 

increased wet mass (+15%, p<0.05), elevated protein content (+10%, p<0.05), augmented 

protein synthesis, attenuated protein degradation, and increased myosin content relative to 

sedentary tumor-bearing animals [17].  Interestingly, 6 wks of swim training at the same training 

frequency of 5 d/wk did not significantly alter epitrochlearis mass and protein content in tumor-

bearing rodents compared to sedentary tumor-bearing animals [40].  The factor contributing to 

this discrepancy remains unclear, though the difference in training duration may be a possible 

explanation.  Regardless, the majority of data from pre-clinical studies have shown that low 

tension loading has the potential to exert positive effects on muscle metabolism in concert with 

consistently greater mass compared to non-exercised animals bearing tumors. 
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In contrast to the relatively greater abundance of data addressing low tension exercise 

effects on muscle mass and metabolism, much less information exists at the gene or protein 

level.  Careful consideration of the signaling pathways regulating muscle mass or energy 

metabolism may be a useful means of evaluating the value of an exercise countermeasure that 

can complement existing approaches focusing on whole muscle mass and function.  We are 

aware of a single study that has reported on muscle protein expression in response to low tension 

loading via aerobic exercise.  In this study, White et al. examined the impact of a 6 d/wk for 12 

wks aerobic exercise training protocol on protein markers of mitochondrial remodeling using the 

ApcMin/+ mouse model of cancer cachexia in conjunction with interleukin-6 (IL-6) overexpression 

[140].  As expected, ApcMin/+ mice subjected to IL-6 overexpression demonstrated cancer 

cachexia as reflected by significantly lower gastrocnemius mass compared to control.  This 

induction of atrophy occurred in concert with reduced PGC-1α expression, an acknowledged 

master regulator of mitochondrial biogenesis.  This may be of physiological significance because 

PGC-1α activity regulates both oxidative metabolism as well as protein turnover through its 

inhibition of FoxO, which drives the expression of atrophy-related genes [116].  Consequently, a 

decrease in PGC-1α activity may underlie the losses of muscle oxidative capacity in cachectic 

animals and humans, as well as protein degradation by releasing its inhibition of FoxO.  

Interestingly, when cachectic animals subjected to IL-6 overexpression performed aerobic 

exercise training, gastrocnemius mass was similar to control, indicating that muscle atrophy did 

not occur.  Furthermore, aerobic exercise training significantly increased PGC-1α expression 

over sedentary control while also maintaining FoxO in the phosphorylated, inactive state.  Both 

represent favorable protein level changes by low tension exercise that at least partially explains 

its protective effect.  Collectively, these findings have exciting implications for exercise 

countermeasure strategies, particularly those that are low tension in nature because it 

demonstrated effectiveness at staving off the catabolic stimuli presented by the naturally 

occurring intestinal tumors in addition to the introduction of high circulating IL-6 levels. 

Effect of High Tension Loading 

As a potent anabolic stimulus, resistance exercise would appear to be the ideal 

countermeasure to cachexia; however few have examined its effectiveness as a therapy for 

cancer cachexia.  To our knowledge, the efficacy of actual resistance exercise countermeasures 

for cancer cachexia has not yet been tested.  Rather, the currently available pre-clinical studies 
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have utilized invasive procedures such as surgery and electrical stimulation to mimic resistance 

exercise as opposed to voluntary resistance exercise.  Thus, it should be noted that the outcomes 

resulting from these powerful growth stimuli most likely does not accurately reflect the 

mechanical strain of actual resistance exercise that would be implemented in clinical settings.  In 

any case, studies administering either functional overload or electrical stimulation to model 

resistance exercise training have reported favourable outcomes regarding the retention of muscle 

mass.  An early investigation by Norton et al. reported that combined soleus and plantaris wet 

weight on the overloaded limb significantly exceeded (+24%, p<0.05) the contralateral sham-

operated limb in tumor-bearing rodents [141], findings subsequently corroborated by Otis et al. 

(+24%, p<0.05) using the same functional overload model [43].  al-Majid and McCarthy 

implemented electrical stimulation of the sciatic nerve to evaluate plasticity of muscles in the 

anterior and posterior compartments of the lower leg in mice bearing the C26 tumor [42].  

Weight and protein content of the EDL were 62% and 25% greater, respectively, in the 

stimulated leg compared to the contralateral non-stimulated side.  In contrast, electrical 

stimulation did not affect control muscles, suggesting that the stimulus sufficient for load-

induced growth in healthy muscle differs from cachectic muscle.  Taken together, it appears that 

high tension loading provides an adequate stimulus to at least partially retain muscle mass while 

in a tumor-bearing state.  The efficacy of actual resistance exercise as opposed to artificial, 

invasive methods meant to mimic resistance exercise remains to be seen.   

The C26 Murine Model of Cancer Cachexia  

One of the most frequently utilized and well-characterized animal models of cancer 

cachexia is the C26 carcinoma [56, 59-61, 67, 80, 142, 143].  This tumor can be introduced into 

mice either by inoculation with a cell suspension containing C26 tumor cells (the most common 

method of exposure), or by transplantation of a C26 tumor fragment.  The C26 tumor  was first 

reported by Corbett and Colleagues in 1975 in an effort to develop an animal model of colon 

cancer suitable for use in chemotherapy studies [144].  In this investigation, established 

carcinogens including dimethylhydrazine (DMH), N-methyl-N-nitro-N-nitrosoguanidine 

(MNNG), and N-nitroso-N-methylurea (NMU) were introduced intrarectally to four different 

inbred strains of mice to induce colon tumors.  This resulted in the induction of 82 total tumors 

which were subsequently transplanted.  Of the 82 initial colon tumors that were transplanted, 

four survived and underwent serial passage.  One of the four tumors to survive the initial 
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transplant designated Colon 26 (i.e. no. 26 of 82) originated from BALB/c females and was 

classified as a grade IV tumor.  To our knowledge, this was the first mention of the C26 tumor 

and its use as a model for cancer-related research. 

Although originally intended for use in chemotherapy studies, Tanaka and colleagues 

obtained C26 tumor cells to determine its suitability as a model of cancer cachexia [145].  In this 

investigation, C26 tumor cells were cultured in vitro and inoculated into the flank of 5 week old 

CD2F1 mice.  They found that as tumor burden increased from 2 to 4 to 6 g, carcass weight 

decreased by 0.8, 3.9, and 4.3 g, respectively.  Such alterations indicate that as tumor mass 

increased over time, body weight declined.  This is in contrast to three other tumor models they 

examined in which there were minimal changes or slight gains in carcass weight even when 

tumor burden reached 6 g.  Moreover, gastrocnemius weight was significantly lower in C26 

tumor bearing mice relative to control animals at 2 weeks post-inoculation, a pattern of decline 

that continued over time.  Likewise, adipose tissue weight was also significantly lower in tumor 

bearing animals at each timepoint assessed compared to controls.  Because food intake did not 

differ between tumor bearing animals and controls, suppressed energy intake likely did not 

account for the generalized wasting.  Collectively, this data suggests that in mice bearing the C26 

tumor, wasting of both skeletal muscle and adipose may account for the body weight losses 

observed with increasing tumor burden.  Since cancer patients with cachexia also experience 

generalized wasting, particularly of skeletal muscle as well as the fat compartment, the authors 

concluded that the use of C26 tumor cells in mice serves a suitable model for cancer cachexia.  

Currently, the C26 model continues to appear frequently in contemporary animal based studies 

of cancer cachexia, suggesting that it has become established and well-accepted amongst 

researchers. 

Effect on Muscle Mass 

 As skeletal muscle wasting is the major feature of cancer cachexia, it is important to 

understand how the C26 tumor affects muscle mass, morphology, and protein isoform 

expression.  In early work by Tanaka et al. [145], C26 tumor bearing mice had approximately 

30% lower gastrocnemius mass compared to healthy controls ~3 weeks post-inoculation.  

Likewise, Murphy and colleagues examined lower limb muscle mass in 12-week old CD2F1 

mice 3 weeks after injecting C26 cells and found that the gastrocnemius was 19% lower than 

pair-fed control animals [79].  This reduction in whole muscle mass occurred in conjunction with 



27 
 

a 22% decrease in median myofiber CSA relative to pair-fed controls, suggesting that the 

observed myofiber atrophy accounted for the wasting of whole muscle.  The degree of atrophy 

documented in this instance appears to be on the lower end of observed values in C26 tumor 

bearing mice, as others have reported gastrocnemius wasting comparable or greater than that of 

Tanaka et al.  For instance, Di Marco and colleagues found that the gastrocnemius atrophied by 

approximately 33% compared to control animals three weeks after the inoculation of C26 cells 

[143].  This loss of whole muscle mass was accompanied by a corresponding 40% decrease in 

mean myofiber CSA.  Meanwhile, Diffee et al. and al-Majid and McCarthy found that 

gastrocnemius weight was 40% and 37% lower, respectively, in tumor-bearing mice compared to 

control animals.  The similar degree of atrophy between these two studies most likely occurred 

as a consequence of the same laboratory group being associated with both projects, therefore it 

would be reasonable to believe that the same cell line and treatment conditions were employed.  

In all, it appears that approximately 20-40% loss of gastrocnemius mass can be expected 2-3 

weeks after the inoculation of mice with C26 tumor cells.  The variability may possibly be 

accounted for by differences in methodology such as the source of the cell line as well as the 

incubation period. 

 An interesting aspect of cachexia that merits further consideration is the susceptibility of 

different skeletal muscle fiber types to cancer-induced wasting, especially with the C26 tumor.  

Skeletal muscle is a heterogeneous tissue consisting of fiber types that differ in their contractile 

and metabolic characteristics [146].  Myofibers that express the slow myosin heavy chain 

isoform, contain abundant mitochondria and oxidative enzymes, and have slow contractile 

velocities are typically referred to as slow, type I fibers.  In contrast, myofibers that 

predominantly express the fast myosin heavy chain isoform, contain greater proportions of 

glycolytic enzymes, and have fast contractile velocities are categorized as fast, type II fibers.  

Different regional muscle groups contain varying proportions of slow and fast fibers [146].  The 

soleus muscle in the posterior compartment of the lower legs consist largely of slow myofibers, 

whereas the gastrocnemius and extensor digitorum longus (EDL), also located in the lower leg, 

contain a larger proportion of fast myofibers [146].  Evidence suggests that in some instances, 

the C26 tumor differentially affects muscle groups of different fiber types but in others, there 

appears to be no difference in the degree of wasting.  For example, al-Majid and McCarthy found 

that two and a half weeks after inoculation of C26 cells, the gastrocnemius and soleus muscles 
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atrophied by 37% and 7%, respectively.  The large disagreement in atrophy between the 

gastrocnemius and soleus muscles suggest that myofibers are affected by cancer to different 

degrees, and that slow fibers in particular are less susceptible to this catabolic stimulus than fast 

fibers.  At the molecular level, some data supports the inherent resistance of slow fibers to 

wasting through PGC-1α activity.  PGC-1α, a major regulator of mitochondrial biogenesis, is 

abundantly expressed in slow myofibers and has been shown to inhibit atrophy signaling [116].  

It would be conceivable, therefore, that slow muscles contain intrinsic protection from a 

catabolic stimulus such as cancer by way of PGC-1α mediated inhibition of atrophy signaling.   

In contrast, however, others have reported no major difference in atrophy between 

predominantly slow vs. fast muscles.  Three weeks after transplantation of a C26 tumor 

fragment, Aulino and colleagues found that the EDL and soleus muscles underwent similar 

degrees of atrophy (-33%) [2].  Further, Diffee et al. observed that the gastrocnemius and soleus 

muscles atrophied by 40% and 51%, respectively [56].  Thus, in this case the soleus appeared to 

be more susceptible the catabolic stimulus of cancer by undergoing a greater level of wasting.  

Based on the existing evidence, a definitive statement pertaining to the role of muscle fiber types 

and the extent of cancer cachexia would be difficult to put forth. 

Effect on Functionality and Physical Activity Level 

 The extent to which the C26 tumor and ensuing cachexia affect muscle function and 

spontaneous physical activity levels have been well-defined.  Murphy and colleagues 

administered a vast number of sophisticated tests to comprehensively assess muscle performance 

and physical activity levels during the course of C26-induced cancer cachexia [79].  In this 

investigation, 12-week old CD2F1 mice were evaluated on grip strength, rotarod performance, 

spontaneous locomotor activity, and in situ contractile function of the tibialis anterior three 

weeks following the injection of C26 cells.  This timeframe (2-3 wks of tumor growth) is 

typically used to allow for the development and subsequent study of cancer cachexia.  As 

expected, grip strength expressed in absolute and relative terms were reduced by 22% and 23%, 

respectively, in C26 tumor bearing mice compared to controls.  Likewise, latency-to-fall during 

the rotarod test, an index of both motor and muscle performance, was significantly lower (-55%) 

in cachectic C26 mice compared to control animals.  Similarly, in situ strength and fatigability of 

the tibialis anterior muscle was significantly lower in C26 mice relative to controls.  With respect 

to indices of spontaneous locomotor activity, C26 mice with cachexia demonstrated reduced 
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movement distance and duration, lower movement velocity, and greater time spent in a sedentary 

state relative to control animals.  Taken together, this finding indicates that cancer cachexia 

adversely affects the ability to produce maximum force in addition to impairing overall activity 

level, findings which are consistent with other studies that have evaluated muscle function in 

C26 tumor bearing mice [61, 147].  Since humans undergoing cachexia have also been shown to 

exhibit impaired maximum strength and lower levels of daily physical activity [8, 48], the C26 

mouse appears to be an appropriate means to model the functional limitations inherent to the 

human condition. 

Effect on Whole Body Metabolism 

 In contrast to the well characterized functional features of cachectic C26 tumor bearing 

mice, information pertaining to whole body metabolism has received less attention, particularly 

how rates of oxygen consumption, energy expenditure, and substrate utilization are altered.  

These features merit careful consideration because they likely relate to physical work capacity 

and the ability to perform basic activities of daily living.  In one study that examined these 

parameters, significantly lower maximal rates of oxygen consumption and total energy 

expenditure values were found in cachectic C26 mice compared to control animals, outcomes 

which have also been demonstrated in human cancer cachexia [79].  In addition, carbohydrate 

and fat oxidation relative to total energy expenditure were significantly suppressed and elevated, 

respectively, in C26 mice compared to non-tumor bearing controls.  These are alterations which 

have also been shown to parallel the human condition and according to the authors, may be 

suggestive of insulin resistance [79].  Collectively, it appears that the metabolic impairments 

observed in cachectic C26 mice also resemble human cancer cachexia.                               

Summary and Future Research Directions 

While the overall body of work in the areas of skeletal muscle loading, exercise, and 

cancer cachexia may be considered diminutive in quantity and sporadic, evidence supports the 

use of different loading types as countermeasures to the associated metabolic abnormalities.  

Recent pre-clinical studies continue to provide new information concerning the cellular and 

molecular events which contribute to the onset and progression of cachexia.  Similar mechanistic 

approaches have been applied less frequently in pre-clinical studies employing ExC.  An 

evaluation of exercise dependent expression of muscle mass and energy metabolism regulators 

may be an effective means to evaluate the efficacy of exercise training countermeasures for 
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cancer cachexia.  A translational approach integrating gene expression profiles with clinically 

relevant indices such as muscle function and performance following different types of exercise 

training interventions may be especially insightful.  More specifically, it may be worthwhile to 

examine responses across multiple levels of biological organization (i.e. molecular to whole 

body) following manipulations in exercise training parameters such as the mode, frequency, 

intensity, and duration.  Since exercise training prescription for cancer cachexia has not been 

extensively investigated, these experimental approaches may yield relevant, translational 

information pertinent to program design that can serve as a foundation for follow-up human 

studies. 
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CHAPTER THREE 

RESEARCH DESIGN AND METHODS 

Overview of Experimental Design 

A combination of cross-sectional and repeated measures designs was used for this project 

in which high tension exercise was evaluated in comparison to low tension exercise and control 

in tumor bearing and non-tumor bearing Balb/c female mice (12 months old, Harlan Laboratories 

Inc. USA).  After one week of acclimation, all animals were familiarized to an equal but low 

amount and intensity of high and low tension exercise.  After the one week familiarization 

period, mice were assessed on all in vivo measures including functionality and body 

composition.  After acquiring these initial measures, mice were randomly assigned to either 

control (n=16), high tension exercise (High Ex, n=16), or low tension exercise (Low Ex, n=16) 

groups.  Animals assigned to High and Low Ex groups were administered their respective 

exercise for 8 wks while control animals were not exposed to any exercise.  After 8 wks of 

exercise was completed, half of the animals in each initial experimental condition were randomly 

divided into tumor bearing and non-tumor bearing (n=8/group).  Mice in tumor bearing groups 

were then inoculated with C26 cells to induce cachexia.  Thus, six groups were studied in this 

project including control, C26, Low Ex, Low Ex + C26, High Ex, and High Ex + C26.  

Following tumor cell inoculation, animals in Ex-C26 groups completed an additional 2.5 weeks 

of exercise.  At the end of the experimental period, identical in vivo measures were repeated on 

all animals for a total of two time points (pre and post).  They were then sacrificed by overdose 

with an injectable anesthetic.  Gastrocnemius and plantaris muscles were excised, weighed, 

sectioned, snap frozen, and stored at -80°C for subsequent in vitro analyses.  

All animals were sheltered at The National High Magnetic Field Laboratory under the 

care of our institutional Laboratory Animal Resource Department.  The room was maintained on 

a 12:12 hour light:dark cycle with the light period beginning at 0700 [139].  Mice were housed 

individually and provided standard rodent chow and water ad libitum.  Body weight and food 

consumption was measured weekly until tumor cell inoculation.  After the tumor cells were 

injected, body weight and food consumption was measured daily.  All animals were monitored 

daily by animal care and research technicians for signs of distress, pain, injury, or disease.  A 

university veterinarian was notified when any of these situations arose.   
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High Tension Exercise (Resistance Exercise Training)   

High tension exercise training was conducted on a ladder 100 cm long with grips 1 cm 

apart and positioned at 85° relative to the floor [148].  High tension exercise groups performed 

ladder climbing three times per week for 10 weeks.  Weight loading was done at the base of the 

tail with a soft foam clip.  The initial resistance (weight) attached to animal’s tail was 50% of the 

mouse’s body weight, which was increased progressively, i.e. 10% bi-weekly.  Prior to training, 

mice were familiarized with the ladder for one week without any weight.  The training protocol 

consisted of 1 repetition without weight (i.e. warm-up) and 5 sets of 3 repetitions with weight.  

One and two minutes of rest were provided between repetitions and sets, respectively.  Criteria 

for animal exhaustion (training cessation) include: 1) sliding down the ladder despite assistance 

provided by the investigator in the form of pushing at the hips twice and 2) failure to reach the 

pre-labeled fourth distance point (7 distance points were labeled on the ladder) within 90 

seconds.  This protocol has been previously implemented in our laboratory and no injuries were 

observed with progressively increased loading.   

Low Tension Exercise (Aerobic Exercise Training) 

A motorized exercise wheel designed specifically for 20 mice to be exercised 

simultaneously was used to administer low tension ExC (Model 80800A, Lafayette Instrument, 

Lafayette, IN).  Moreover, the speed of the device could be programmed for a specific period of 

time similar to the treadmill, thereby allowing the investigators complete control of the ExC 

dosage being administered.  As was the case with high tension exercise, mice were familiarized 

to the motorized wheel for one week.  After familiarization, exercise began with a 5-min warm-

up at 4-5 m/min, followed by the main low tension exercise protocol, which was progressively 

increased up to 7 m/min for 60 minutes.  Low tension exercise was performed 5 times per week 

for a total of 10 weeks.  All mice were monitored visually for signs of pain and distress during 

and after the exercise period, with the session being terminated if the former occurred.    

C26 Cachexia Model and Inoculation 

The C26 tumor cells were kindly provided by Dr. Donna McCarthy (The Ohio State 

University), and they were cultured in vitro with RPMI 1640 supplemented with 10% fetal 

bovine serum and 1% penicillin/streptomycin.  Before injection, cells were counted using a 

hemocytometer and resuspended at a concentration of 5.0 x 106 cells/ml in phosphate buffered 

saline (PBS).  Mice were gently restrained, and those assigned to tumor bearing groups were 
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inoculated between the scapulae with a 0.1 ml cell suspension while non-tumor bearing mice 

were injected with 0.1 ml of PBS [56, 80]. 

Tissue Collection 

 Animals were euthanized by ketamine/xylazine overdose administered intraperitoneally 

(300 mg/kg and 30 mg/kg), which is consistent with the recommendations of the American 

Veterinary Medical Association’s β007 Guidelines on Euthanasia.  Animals were sacrificed for 

tissue collection at the end of the experimental period and tissue collection was conducted 48 

hours after the last ExC session.  The gastrocnemius and plantaris muscles were surgically 

removed from the right side, weighed, sectioned, frozen in liquid nitrogen, and stored at -80°C 

for future analyses.  The gastrocnemius and plantaris muscles were also excised from the left 

hindlimb and mounted cross-sectionally in tragacanth gum, followed by freezing in liquid 

nitrogen-cooled isopentane for histological analysis.   

Specific Aim 1 

 Specific Aim 1 was to determine the extent to which a high tension exercise 

countermeasure affects cancer-induced muscle wasting in middle-aged tumor bearing mice. 

Working Hypothesis for Aim 1 

Our working hypothesis for Aim 1 was that a clinically relevant high tension ExC would 

ameliorate the deficits associated with cancer cachexia to a greater degree than low tension ExC.   

Muscle Mass and Myofiber Cross-Sectional Area (CSA).  Hindlimb muscles were excised 

at sacrifice and weighed while histological analysis will be performed on mounted skeletal 

muscle tissue to quantify myofiber CSA in vitro.  We anticipated that the high tension ExC 

would be most effective in preserving/increasing muscle mass and myofiber size. 

Body Composition.  Whole body lean mass, fat mass, and total mass was determined by 

DXA scanning.  We expected high tension ExC to be most effective for the preservation of lean 

mass and total mass.   

Functionality.  Indices of functionality included strength and sensorimotor coordination.  

We expected exercised animals to improve and retain functionality to a greater degree than 

sedentary animals.  High tension ExC in particular would be most effective due to the specific 

adaptations induced by this type of exercise (i.e. strength over aerobic capacity).  

Tumor Burden.  Tumor burden was evaluated according to its final mass recorded at 

sacrifice.  Low tension ExC had been previously demonstrated to decrease intestinal tumor 
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burden [139] and we expected to observe a similar outcome.  While low tension ExC was 

employed in the majority of cancer prevention studies examining physical activity paradigms, 

few have investigated the role of high tension ExC.  This project aimed to better clarify the effect 

of high tension ExC on tumor burden.     

Approaches for Aim 1 

Muscle Wet Weight and Histochemistry 

Whole muscle was surgically excised at sacrifice and immediately weighed to determine 

muscle mass while sectioning and staining was performed as we have previously described 

[126].  Transverse sections of mounted muscle (8 µm) was cut from the midbelly of the 

gastrocnemius on a cryostat at -20°C.  Cross-sections were then stained with hematoxylin.  High 

resolution images were obtained at 40x and image analysis was performed using NIH-ImageJ 

software by a single investigator blinded to the identity of the sample.  Total average area within 

the membrane outline was used to determine the CSA expressed in µm2.  

 Body Composition 

Mice were transported to the Sandels Building, room 0001, where the DXA (iDXA 

Lunar, GE) is housed.  Transportation was conducted in accordance with the FSU Animal 

Transportation Guidelines.  For the pre-experiment measurement, the animals were anesthetized 

with subcutaneous a ketamine/xylazine (70 mg/kg and 3 mg/kg BW) injection and the mice were 

positioned dorso-ventral so that the entire body and tail were measured in the scan.  Disposable 

plastic trays, with sticky tape, were used for immobilizing the mice.  The X-ray process to obtain 

a single full scan takes approximately 2 minutes.  Following the completion of an image scan the 

DXA system automatically implements specialized software to identify bone tissue from either 

fat tissue or from lean tissue.  Post-DXA mice were placed back into their cages and the cages 

placed partially onto heating pads.  Animals were monitored for respiratory rate visually and 

were continuously monitored until they were able to achieve and maintain sternal recumbency.  

If the anesthetic period was prolonged, 5 ml of sterile lactated ringers was given SQ.  After the 

scan animals were supervised at the DXA site until they were fully recovered from anesthesia 

(moving around in cage) and ready for transport back to their housing location.  For the post-

experiment measurement, mice were first euthanized by ketamine/xylazine overdose and the 

tumor removed prior to the final scan.  The post-measurement was conducted in this fashion to 
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remove the confounding influence of the tumor mass on body composition, particularly the lean 

tissue compartment.   

Tests of Functionality 

Limb Strength.  A force transducer (DFS-101 Force gauge, AMETEK TCI, CA) 

interfaced to a data acquisition system was used to measure strength [149].  To conduct this test, 

the animal’s forelimbs were placed on a tension bar while restrained manually by the scruff of 

the neck and base of the tail.  The investigator then gently pulled back on the animal until it lost 

its grip.  Each animal performed three trials with the greatest force produced used for subsequent 

analysis.  The greatest force produced relative to the body weight of each mouse (i.e. relative 

strength) was also analyzed.  The same investigator conducted all assessment trials. 

Sensorimotor Coordination.  The inclined plane test assessed the ability of each animal to 

adapt appropriately to perturbations in environmental conditions [150].  To conduct this test, 

each animal was placed on the surface of a rectangular plexiglass plane (60 x 122 cm) at an 

incline (beginning at 30 degrees).  Animals were placed facing the upper edge of the apparatus at 

a distance approximately 10 cm from the top.  If the animal could establish stable footing (i.e. 

doesn’t slide backward) within five seconds, the trial was scored as a success.  The animal was  

given a maximum of three trials at any given angle.  If an animal successfully completed a given 

angle, the incline was increased by two degrees and another assessment was administered.  This 

process was repeated until the incline became too steep for the animal to establish stable footing.  

In the event that the animal failed to successfully complete the initial 30-degree trial, the angle of 

inclination was decreased by two degrees until a successful trial was obtained.  Angle of first 

fall, total number of falls, and threshold angle (last angle at which animal succeeded at least 

once) was determined. 

Tumor Burden 

Based upon previous work, we expected that a solid tumor would be palpable at 7 days 

post-inoculation [80] and attain a mass of 2.1 ± 0.2 g at 21 days post-inoculation [56] (6.5% of 

non-tumor body weight).  At sacrifice, the tumor was removed, washed in PBS, weighed, and 

stored.   

Specific Aim 2  

 Specific Aim 2 was to determine the mechanisms by which a high tension exercise 

countermeasure modulates skeletal muscle protein turnover in middle-aged tumor bearing mice.  
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Working Hypothesis for Aim 2 

Our working hypothesis for Aim 2 was that a high tension ExC would upregulate protein 

synthesis signaling and downregulate protein degradation signaling to a greater extent than low 

tension ExC.   

Protein Turnover.  Markers of protein synthesis was indexed by IGF-I signaling (i.e. 

IGF-I mRNA and protein levels of phosphorylated mTOR) while protein degradation was 

indexed by myostatin signaling (i.e. myostatin mRNA) and ubiqutin-proteasome activity 

(atrogin-1 and MuRF-1 mRNA; phosphorylated FoxO3a).  We hypothesized that high tension 

ExC would activate IGF-I signaling while also suppressing myostatin signaling and ubiquitin-

proteasome activity.  Changes in these regulatory events by high tension ExC could provide a 

potent stimulus to modify protein turnover to favor muscle growth.   

Approaches for Aim 2 

Laboratory Methods for Tissue Analysis 

RNA Isolation.  The RNA isolation procedure was performed as we have previously 

described [151].  Briefly, frozen muscle samples were homogenized, and total RNA was 

extracted using Ribozol reagent, followed by precipitation with isopropanol, 2 ethanol washes, 

drying, and suspension in nuclease-free water at a ratio of 0.8 μl per mg of muscle.  RNA 

quantification was determined spectrophotometrically. 

RT-PCR.  One μg of RNA was reverse transcribed in a total volume of β0 μl using 

SuperScript II Reverse Transcriptase with a mix of oligo(dT) (100 ng/reaction) and random 

primers (200 ng/reaction).  After 50 min incubation at 45°C, the RT reaction mixtures were 

heated at 90°C for 5 min to discontinue the reaction and then stored at -80°C for subsequent PCR 

analyses.  A relative RT-PCR method using 18S ribosomal RNA as an internal standard was 

used to determine relative expression levels of target mRNAs.  For each PCR reaction, 18S (with 

a 324-bp product) was co-amplified with each target cDNA (mRNA) to express each as a ratio of 

target mRNA/18S.  Twenty-five μl of PCR product (ββμl of reaction mixture with γμl loading 

buffer) was separated by electrophoresis (100V) in 2% agarose gel.  Gels were run with 

molecular weight markers (100bp Hyper Ladder) to confirm the expected size of each mRNA.  

Ethidium bromide (0.1 μg/ml) was pre-mixed into gel and images was captured under UV light 

and analyzed by densitometric scanning. 
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Western Blotting.  Western blotting was performed as we have previously described 

[128].  Briefly, frozen muscle samples were homogenized in lysis buffer and protein 

concentration was determined using the BCA method [152].  Crude muscle homogenate (40 µg) 

was fractionated on 4-20% SDS-polyacrylamide gels.  The gels were then transferred to 

polyvinylidene difluoride membranes, which were subsequently blocked in 3% milk in 

phosphate-buffered saline with 0.1% Tween 20 (PBS-T).  Primary antibodies for p-mTOR 

(Ser2448), mTOR, p-FoxO3a, and FoxO3a (Cell Signaling, Beverly, MA) were diluted 1:250 in 

the block followed by overnight incubation at 4°C.  Anti-rabbit IgG horseradish peroxidase 

conjugated secondary antibody (Cell Signaling, Beverly, MA) was incubated with the 

membranes at 1:10,000 dilutions for 1 hr in 3% milk in PBS-T.  Membranes were visualized 

with enhanced chemi-luminescence followed by capture with camera and quantification of blots 

by densitometry.  Phosphorylated targets were expressed relative to total levels. 

Sample Size Determination and Statistical Analysis 

This project contained six groups totaling forty-eight mice (n=8/group).  Group sizes 

were determined by a-priori power analysis using an effect size calculated from a previous study 

in which skeletal muscle loading increased lower limb muscle mass in CD2F1 mice injected with 

C26 tumor cells [42].  Parameters for the power analysis included α=0.05 and 1- =0.80.  As we 

proposed to use the same mouse and tumor cell line with a similar treatment, we believed that it 

was appropriate to use this data set in the power analysis.   

To evaluate the impact of C26 tumor cell inoculation, analysis was conducted on control 

vs. C26 mice using 2-way ANOVA and t-tests for in vivo and in vitro measurements, 

respectively.  To assess the impact of high and low tension exercise training in tumor-free mice, 

comparisons were performed between control, low Ex, and high Ex groups by 2-way and 1-way 

ANOVA for in vivo and in vitro outcomes, respectively.  To evaluate the potential 

countermeasure effect of high and low tension exercise in tumor bearing mice, analysis was 

conducted on control, C26, low Ex + C26, and high Ex + C26 groups using 2-way ANOVA and 

1-way ANOVA for in vivo and in vitro measurements, respectively.  Total food consumed during 

an 18-day period after tumor cell injection was analyzed between the aforementioned cluster of 

group by 1-way ANOVA.  Follow-up testing was conducted using t-tests or Tukey’s HSD post 

hoc tests to localize main or interaction effects.  P-values < 0.05 were considered significant.   
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CHAPTER FOUR 

RESULTS 

Survival 

 Two high-tension exercised C26 mice (n=2/8; 25%) met the endpoints for early 

euthanasia.  These mice demonstrated weight loss that reached 20% of pre-injection body weight 

as well as a body condition appearance consistent with emaciation on days 13 and 15 post-

inoculation, therefore, they were euthanized on those respective days according to institutional 

guidelines.  All other mice completed the full duration of the experiment. 

Food Intake 

The total amount of food consumed during an 18-day period after cell inoculation was 

not significantly different between control and C26 (p>0.05, Table 1).  Food intake during the 

same period was not significantly affected by exercise in non-tumor bearing mice as shown by 

comparisons between control, low Ex, and high Ex (p>0.05, Table 1).  Likewise, food intake was 

not altered in exercised tumor bearing mice as displayed by comparisons between control, C26, 

low Ex + C26, and high Ex + C26 (p>0.05) (Table 1). 

 

Table 1.  Total food consumed during an 18-day period after tumor cell inoculation.  Values are mean ± SE.   

Control C26 Low Ex Low Ex + C26 High Ex High Ex + C26 

72.66 ± 2.43 g 74.16 ± 2.93 g 69.50 ± 2.80 g 80.65 ± 1.73 g 68.93 ± 3.11 g 71.88 ± 3.99 g 

   

Neuromuscular Function and Body Composition 

Effect of C26 Tumor Cell Inoculation 

 To examine the impact of C26 tumor cell inoculation on body composition and 

neuromuscular function, analysis was performed on control and C26 mice.  No significant group 

x time interaction was found for sensorimotor function during the incline plane test (p>0.05).  

However, a significant main effect of time was observed in which follow-up tests demonstrated 

similar pre to post reductions in both groups (control: -16%, p=0.006; C26: -13%, p=0.001) 

(Figure 1).  In contrast, a significant interaction was observed for absolute grip strength 

(p=0.012).  At pre-experiment, strength levels were not different between control and C26 

(p>0.05) (Figure 2).  After 10 weeks, both groups exhibited strength declines (control: -7%, 
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p=0.021; C26: -23%, p=0.001), with values at post being significantly lower in C26 (-19%, 

p=0.005) (Figure 2).  When strength was adjusted for body mass, there was a strong tendency 

towards an interaction of group x time (p=0.052).  Follow-up tests were conducted in 

consideration of this tendency, which revealed similar relative strength values before exercise 

training (p>0.05), significant declines over the course of 10 weeks in both groups (control: -7%, 

p=0.01; C26: -21%, p=0.005), and lower values in C26 at after exercise training (-18%, p=0.02) 

(Figure 3). 

 

 

Figure 1.  Sensorimotor function in control and C26 mice.  Values are mean ± SE.  Intxn, 
interaction effect.  ME, main effect.  NS, not significant.  * Significantly less than pre within 
group (p<0.05). 
 

 

Figure 2.  Grip strength in control and C26 mice.  Values are mean ± SE.  Intxn, interaction 
effect.  ME, main effect.  * Significantly less than pre within group (p<0.05).  ^ Significantly less 
than control at post  (p<0.05). 
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Figure 3.  Grip strength adjusted for body mass in control and C26 mice.  Values are mean 
± SE.  Intxn, interaction effect.  ME, main effect.  * Significantly less than pre within group 
(p<0.05).  ^ Significantly less than control at post  (p<0.05). 

 

With respect to DXA-determined body composition, a significant interaction was noted 

for total body mass (p=0.04) while the interaction for fat mass tended toward significance 

(p=0.065). When compared at pre, no differences in total or fat mass was detected (Figures 4 and 

5).  After 10 weeks, total body and fat mass in control remained constant (p>0.05) while C26 

underwent significant pre to post declines in both total body mass (-8%, p=0.006) and fat mass (-

33%, p=0.002) (Figures 4 and 5).  At post, C26 showed significantly lower total body mass (-

6%, p=0.048) and a tendency for less fat (-20%, p=0.07) (Figures 4 and 5).  No significant 

interaction or main effect was noted for lean mass (p>0.05) (Figure 6). 

 

 

Figure 4.  Total body mass in control and C26 mice.  Values are mean ± SE.  Intxn, 
interaction effect.  ME, main effect.  * Significantly less than pre within group (p<0.05). 
^ Significantly less than control at post  (p<0.05). 
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Figure 5.  Fat mass in control and C26 mice.  Values are mean ± SE.  Intxn, interaction effect.  
ME, main effect.  * Significantly less than pre within group (p<0.05).   
 

 

Figure 6.  Lean mass in control and C26 mice.  Values are mean ± SE.  Intxn, interaction 
effect.  ME, main effect.  NS, not significant.   

 

Effect of Exercise in Non-Tumor Bearing Mice 

 To evaluate the influence of high and low tension exercise training on body composition 

and neuromuscular function in healthy, non-tumor bearing mice, analysis was conducted on 

control, low Ex, and high Ex.  A significant group x time interaction was found for sensorimotor 

function (p=0.02), with post-hoc tests revealing no group differences at pre (p>0.05), significant 

declines over 10 weeks in control (-16%, p=0.006) but not low Ex and high Ex (p>0.05), and 

greater post-values in low Ex (+18%, p=0.005) and high Ex (+16%, p=0.012) versus control 

(Figure 7).  There were no differences in sensorimotor performance between the two training 

groups at post (p>0.05) (Figure 7).  With respect to absolute strength, no significant group x time 

interaction was observed (p>0.05); however, there was a significant main effect of time 

(p=0.000) that follow-up tests showed to be accounted for by decreased strength in all groups 

(control: -7%, p=0.021; low Ex: -13%, p=0.002; high Ex: -6%, p=0.006) (Figure 8).  

Additionally, post-training strength tended to be greater in high Ex vs. low Ex (+10%, p=0.059).  
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No significant interaction was detected for body mass adjusted strength (p>0.05); however, there 

was a significant main effect of time (p<0.001) that post hoc tests showed to be driven by 

reductions in all groups (control: -7%, p=0.01; low Ex: -8%, p=0.04; high Ex: -6%, p=0.04) 

(Figure 9). 

 

 

Figure 7.  Sensorimotor function in exercised mice.  Values are mean ± SE.  Intxn, interaction 
effect.  ME, main effect.  NS, not significant.  * Significantly less than pre within group 
(p<0.05).  @ Significantly greater than control at post (p<0.05). 

 

 

Figure 8.  Grip strength in exercised mice.  Values are mean ± SE.  Intxn, interaction effect.  
ME, main effect.  NS, not significant.  * Significantly less than pre within group (p<0.05).   
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Figure 9.  Grip strength adjusted for body mass in exercised mice.  Values are mean ± SE.  
Intxn, interaction effect.  ME, main effect.  NS, not significant.  * Significantly less than pre 
within group (p<0.05).   
 

 Regarding the body composition parameters, there was a group x time interaction for 

total mass that tended towards significance (p=0.059) and a significant main effect of time 

p=0.001) that follow-up tests indicated to be driven by losses over time in low Ex (-6%, 

p=0.003) and high Ex (-3%, p=0.02) but not control (p>0.05) (Figure 10).  With respect to fat 

mass, there was a significant main effect of time (p=0.003) that post hoc tests found to be 

accounted for by declines in low Ex only (-10%, p=0.02) (Figure 11).  No significant interaction 

or main effect was observed for lean mass (p>0.05) (Figure 12). 

 

 

Figure 10.  Total body mass in exercised mice.  Values are mean ± SE.  Intxn, interaction 
effect.  ME, main effect.  * Significantly less than pre within group (p<0.05).  
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Figure 11.  Fat mass in exercised mice.  Values are mean ± SE.  Intxn, interaction effect.  ME, 
main effect.  NS, not significant.  * Significantly less than pre within group (p<0.05).  

 

 

 

Figure 12.  Lean mass in exercised mice.  Values are mean ± SE.  Intxn, interaction effect.  
ME, main effect.  NS, not significant.  

 

Effect of Exercise in C26 Tumor Bearing Mice  

 To evaluate potential countermeasure effects of high and low tension exercise training in 

C26 tumor bearing mice, comparisons were performed between control, C26, low Ex + C26, and 

high Ex + C26.  For sensorimotor function, a significant group x time interaction was 

documented (p=0.004) in which there were no group differences at pre (p>0.05), significant 

performance declines over 10 weeks in all groups except low Ex + C26 (control: -16%, p=0.006; 

C26: -13%, p=0.001; low Ex + C26: -1%, p=0.769; high Ex + C26: -23%, p=0.003), and greater 

post-training values in low Ex + C26 compared to C26 (+12%, p=0.08) and high Ex + C26 

(+20%, p=0.01) (Figure 13).    
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Likewise, a significant interaction was found for absolute grip strength (p=0.028), with 

post-hoc tests showing no differences at pre (p>0.05), significant pre to post declines in all 

groups (control: -7%, p=0.021; C26: -23%, p=0.001; low Ex + C26: -14%, p=0.003; high Ex + 

C26: -19%, p=0.002), and lower post-values in C26 (-19%, p=0.004) versus control but not in 

low Ex + C26 and high Ex + C26 when compared to control (p>0.05) (Figure 14).  When 

strength was normalized to body mass, a significant interaction was also observed (p=0.028).  

Follow-up tests revealed no relative strength differences at pre (p>0.05), significant pre to post 

reductions in all groups  (control: -7%, p=0.01; C26: -21%, p=0.005; high Ex + C26: -10%, 

p=0.004) except low Ex + C26 (p>0.05), and lower post-measurements in C26 (-18%, p=0.02) 

but not low Ex + C26 and high Ex + C26 when compared to control (p>0.05) (Figure 15). 

 

 

Figure 13.  Sensorimotor function in exercised C26 mice.  Values are mean ± SE.  Intxn, 
interaction effect.  ME, main effect.  * Significantly less than pre within group (p<0.05).  % 
Significantly greater than C26 at post (p<0.05).  $ Significantly greater than high tension 
exercised C26 mice at post (p<0.05)  

 

 

Figure 14.  Grip strength in exercised C26 mice.  Values are mean ± SE.  Intxn, interaction 
effect.  ME, main effect.  * Significantly less than pre within group (p<0.05).  ^ Significantly less 
than control at post (p<0.05).  
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Figure 15.  Grip strength adjusted for body mass in exercised C26 mice.  Values are mean ± 
SE.  Intxn, interaction effect.  ME, main effect.  * Significantly less than pre within group 
(p<0.05).  ^ Significantly less than control at post.   

 

 With respect to DXA-determined body composition parameters, a significant interaction 

was noted for total body mass (p<0.001).  Follow-up tests indicated no group differences at pre 

(p>0.05), a maintenance over the course of 10 weeks in control (p>0.05) but not C26 (-8%, 

p=0.006), low Ex + C26 (-18%, p=0.001), or high Ex + C26 (-15%, p=0.000), and lower post-

values in low Ex + C26 (-13%, p=0.01) and high Ex + C26 (-14%, p=0.01) but not C26 (-6%, 

p>0.05) when compared to control (Figure 16).  For fat mass, a significant interaction was not 

observed (p>0.05); however, there was a significant main time effect (p<0.001) that post hoc 

tests found to be accounted for by losses in all tumor bearing groups (C26: -33%, p=0.002; low 

Ex + C26: -40%, p=0.016; high Ex + C26: -40%, p=0.007) rather than control (p>0.05) (Figure 

17).  No significant interaction or main effect was detected for lean mass (p>0.05) (Figure 18). 

 

 

Figure 16.  Total body mass in exercised C26 mice.  Values are mean ± SE.  Intxn, interaction 
effect.  ME, main effect.  * Significantly less than pre within group (p<0.05).  ^ Significantly less 
than control at post (p<0.05).  
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Figure 17.  Fat mass in exercised C26 mice.  Values are mean ± SE.  Intxn, interaction effect.  
ME, main effect.  NS, not significant.  * Significantly less than pre within group (p<0.05).   

 

 

Figure 18.  Lean mass in exercised C26 mice.  Values are mean ± SE.  Intxn, interaction effect.  
ME, main effect.  NS, not significant.   
 

Tissue Weights 

Effect of C26 Tumor Cell Inoculation 

 The impact of C26 tumor cell inoculation on organ weights are shown in Figures 19-20.  

In comparison to controls, C26 tumor bearing mice exhibited significantly lower  (p<0.05) 

gastrocnemius (control: 117.51 ± 1.99 vs. C26: 102.33 ± 3.14 mg) and plantaris mass (control: 

12.26 ± 0.38 vs. C26: 10.59 ± 0.41 mg).  Additionally, C26 tumor bearing mice showed 

significantly greater liver (control: 1435.82 ± 43.59 vs. C26: 1931.08 ± 58.16 mg) and spleen 

mass (control: 101.62 ± 5.01 vs. C26: 299.58 ± 10.58 mg) versus controls. 
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Figure 19.  Muscle wet weight in control and C26 mice.  Values are mean ± SE.  GAS, 
gastrocnemius.  PLT, plantaris.   

 

 

Figure 20.  Liver and spleen wet weight in control and C26 mice.  Values are mean ± SE.   

 

Effect of Exercise in Non-Tumor Bearing Mice 

 The influence of high and low tension exercise training on organ weights in healthy, non-

tumor bearing mice are shown in Figures 21-22.  There were no significant differences (p>0.05) 

in gastrocnemius mass between control, low Ex, and high Ex.  However, plantaris mass was 

significantly greater in high Ex compared to control (control: 12.26 ± 0.38 vs. high Ex: 13.73 ± 

0.30, p=0.023).  Likewise, plantaris mass in high Ex significantly exceeded low Ex (high Ex: 

13.73 ± 0.30 vs. low Ex: 12.23 ± 0.55 mg, p=0.020).  There were no group differences (p>0.05) 

in liver or spleen mass. 
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Figure 21.  Muscle wet weight in exercised mice.  Values are mean ± SE.  GAS, 
gastrocnemius.  PLT, plantaris.   
 

 

Figure 22.  Liver and spleen wet weight in exercised mice.  Values are mean ± SE.   
 

Effect of Exercise in C26 Tumor Bearing Mice 

 The effect of exercise training on organ weights in C26 tumor bearing mice are presented 

in Figures 23-24.  When compared to control, gastrocnemius mass was significantly smaller in 

C26 (-13%, p=0.004), low Ex + C26 (-14%, p=0.002), and high Ex + C26 (-19%, p<0.001).  

There were no differences in gastrocnemius mass amongst the three tumor bearing groups 

(p>0.05).  In similar fashion, plantaris mass was also significantly lower in C26 (-14%, 

p=0.039), low Ex + C26 (-14%, p=0.044), and high Ex + C26 (-17%, p=0.015) when compared 

to control, with no other group differences noted (p>0.05).  Significant liver hypertrophy was 
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seen in C26 (+34%, p<0.001), low Ex + C26 (+21%, p=0.017), and high Ex + C26 (+30%, 

p=0.001) in comparison to control.  There were no differences in liver mass amongst the tumor 

bearing groups (p>0.05).  Likewise, there was an enlargement of spleen mass in C26 (+195%, 

p<0.001), low Ex + C26 (+114%, p<0.001), and high Ex + C26 (+203%, p<0.001) versus 

control.  However, spleen mass in low Ex + C26 was significantly lower than the other tumor 

bearing groups including C26 (-27%, p=0.008) and high Ex + C26 (-29%, p=0.008).  Lastly, 

there were no differences in tumor mass between groups (C26: 1385.53 ± 154.29, low Ex + C26: 

1323.83 ± 302.62, high Ex + C26: 1621.97 ± 204.02 mg; p>0.05). 

 

 

Figure 23.  Muscle wet weight in exercised C26 mice.  Values are mean ± SE.  GAS, 
gastrocnemius.  PLT, plantaris.   
 

 

Figure 24.  Liver and spleen wet weight in exercised C26 mice.  Values are mean ± SE.   
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Myofiber Cross-Sectional Area 

Effect of C26 Tumor Cell Inoculation 

 Myofiber CSA was significantly lower in C26 mice relative to controls (control: 2118.15 

± 58.79 vs. C26: 1150.77 ± 82.85 µm2, p<0.0001) (Figure 25). 

 

A. 

   

 

 

B. 

 

Figure 25.  Myofiber cross-sectional area in control and C26 mice.  A.  Graphical 
representation of mean values.  B.  Representative cross-sections imaged at 40x.  Values are 
mean ± SE.   

C26 Control 
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Effect of Exercise in Non-Tumor Bearing Mice 

 There were no significant differences (p>0.05) between control (2118.15 ± 58.79 µm2), 

Low Ex (1709.14 ± 196.99 µm2), and High Ex (2100.59 ± 148.37 µm2) (Figure 26). 

 

A. 

 

 

B. 

 

Figure 26.  Myofiber cross-sectional area in exercised mice.  A.  Graphical representation of 
mean values.  B.  Representative cross-sections imaged at 40x.  Values are mean ± SE.   
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Figure 26.  Continued.  Myofiber cross-sectional area in exercised mice.  A.  Graphical 
representation of mean values.  B.  Representative cross-sections imaged at 40x.  Values are 
mean ± SE.   

 

Effect of Exercise in C26 Tumor Bearing Mice  

 When compared to controls (2118.15 ± 58.79 µm2), myofiber CSA was significantly 

lower (p<0.001) in C26 (1150.77 ± 82.85 µm2; -46%), Low Ex + C26 (1431.20 ± 132.24 µm2; -

32%), and High Ex + C26 groups (1266.61 ± 114.86 µm2; -40%) (Figure 27).  No significant 

differences were noted between the three tumor bearing groups (p>0.05) (Figure 27). 

 

A. 

 

Figure 27.  Myofiber cross-sectional area in exercised C26 mice.  A.  Graphical 
representation of mean values.  B.  Representative cross-sections imaged at 40x.  Values are 
mean ± SE.   
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B. 

 

 

Figure 27.  Continued.  Myofiber cross-sectional area in exercised C26 mice.  A.  Graphical 
representation of mean values.  B.  Representative cross-sections imaged at 40x.  Values are 
mean ± SE.   
 

Gene Expression 

Effect of C26 Tumor Cell Inoculation 

In comparison to controls, C26 mice showed tendencies for greater MuRF1 (+48%, 

p=0.06), atrogin-1 (+88%, p=0.07), and myostatin (+36%, p=0.11) mRNA abundance in the 

gastrocnemius (Figure 28).  Expression of  IGF-IEa and IGF-IEb mRNA in the gastrocnemius 

was not significantly different between the two groups (p>0.05) (Figure 29).  For the plantaris, 

expression of MuRF1, atrogin-1, and myostatin mRNA was not significantly different (p>0.05) 

between C26 mice and controls (Figure 30). There was a tendency; however, for greater IGF-IEa 

mRNA in the plantaris of C26 mice (+51%, p=0.066) but this was not the case for IGF-IEb 

(p>0.05) (Figure 31). 
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Figure 28.  Proteolytic mRNA expression in the gastrocnemius of control and C26 mice.  
Values are mean ± SE.  GAS, gastrocnemius.   

 

 

Figure 29.  Growth factor mRNA expression in the gastrocnemius of control and C26 mice.  
Values are mean ± SE.  GAS, gastrocnemius.   
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Figure 30.  Proteolytic mRNA expression in the plantaris of control and C26 mice.  Values 
are mean ± SE.  PLT, plantaris.   

 

 

Figure 31.  Growth factor mRNA expression in the plantaris of control and C26 mice.  
Values are mean ± SE.  PLT, plantaris.   
 

Effect of Exercise in Non-Tumor Bearing Mice 

 Gene responses to aerobic or resistance training in healthy, non-tumor bearing mice were 
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muscles (p>0.05) (Figures 32 and 34).  With respect to growth factor expression, no group 

differences were noted for IGF-IEa in either muscle analyzed (p>0.05), nor were differences 

observed for IGF-IEb mRNA abundance in either lower limb muscle (p>0.05) (Figures 33 and 

35). 

 

Figure 32.  Proteolytic mRNA expression in the gastrocnemius of exercised mice.  Values 
are mean ± SE.  GAS, gastrocnemius.   

 

 

Figure 33.  Growth factor mRNA expression in the gastrocnemius of exercised mice.  
Values are mean ± SE.  GAS, gastrocnemius.   
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Figure 34.  Proteolytic mRNA expression in the plantaris of exercised mice.  Values are 
mean ± SE.  PLT, plantaris.   
 

 

Figure 35.  Growth factor mRNA expression in the plantaris of exercised mice.  Values are 
mean ± SE.  PLT, plantaris.   
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expression of proteolytic mediators and growth factors was evaluated by performing analysis on 
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differences in MuRF1, atrogin-1, or myostatin mRNA abundance in either the gastrocnemius or 
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plantaris muscles (p>0.05) (Figures 36 and 38).  Regarding muscle growth factor transcript 

levels, no group differences were noted in the gastrocnemius (p>0.05) (Figure 37); however, 

IGF-IEa mRNA abundance in the plantaris of high Ex + C26 significantly exceeded controls 

(+79%, p=0.016) while its expression in low Ex + C26 strongly tended to be greater than 

controls (+62%, p=0.053) (Figure 39).  Furthermore, there were strong tendencies for greater 

IGF-IEb transcripts in high Ex + C26 (p=0.069) and low Ex + C26 (p=0.078) when compared to 

control (Figure 39). 

 

 

Figure 36.  Proteolytic mRNA expression in the gastrocnemius of exercised C26 mice.  
Values are mean ± SE.  GAS, gastrocnemius.   

 

 

 

Figure 37.  Growth factor mRNA expression in the gastrocnemius of exercised C26 mice.  
Values are mean ± SE.  GAS, gastrocnemius.   
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Figure 38.  Proteolytic mRNA expression in the plantaris of exercised C26 mice.  Values are 
mean ± SE.  PLT, plantaris.   
 

 

 

Figure 39.  Growth factor mRNA expression in the plantaris of exercised C26 mice.  Values 
are mean ± SE.  PLT, plantaris 
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CHAPTER FIVE 

DISCUSSION 

 This investigation aimed to evaluate potential countermeasure effects of high and low 

tension exercise for cancer cachexia using a pre-clinical mouse model.  This information 

contains clinical relevance because it addresses the adaptive responses of cachectic muscle to 

two classical exercise modes typically prescribed in therapeutic settings.  Consequently, insight 

on the proper application of exercise strategies specific to cancer cachexia may be derived.  We 

hypothesized that high tension exercise would: 1) ameliorate the adverse effects of cachexia on 

body composition, functional performance, and muscle size to a greater extent than low tension 

exercise; and 2) induce changes in gene expression profiles and muscle signaling events to favor 

protein synthesis and suppress protein degradation.  The major findings of the present work are: 

1) 25% of high tension exercised C26 mice (n=2/8) met the endpoints for early euthanasia while 

all other tumor bearing groups completed the study; 2) High Ex + C26 mice exhibited losses of 

sensorimotor function and absolute/relative strength longitudinally, however, the degree of 

strength decline was less severe compared to C26 mice; 3) Low Ex + C26 mice maintained 

sensorimotor function and relative strength longitudinally, which was not evident in controls, 

C26, or High Ex + C26 groups; 4) neither exercise mode attenuated muscle atrophy or weight 

loss, however, Low Ex + C26 mice suppressed the enlargement of spleen mass observed in all 

other tumor bearing groups, pointing to a possible anti-inflammatory effect of low tension 

loading performed for an extended duration; 5) neither exercise mode altered E3 ubiquitin ligase 

or myostatin gene expression in C26 mice; 6) C26, Low Ex + C26, and High Ex + C26 groups 

demonstrated an ability to induce insulin-like growth factor (IGF-I) mRNA expression relative to 

controls, with the greatest change shown by High Ex + C26; and 7) only High Ex + C26 mice 

exhibited increased mRNA abundance of the myogenic regulatory factor myogenin when 

compared to both controls and C26 mice (data not shown in results; see section on 

“Compensatory Mechanisms Associated With Mechanical Overload”, page 70, paragraph 3 for 

discussion on post hoc decision to examine myogenic regulatory factor expression).   

Overall, these findings were inconsistent with (refute seems too strong) the hypothesis 

that resistance loading provides the greatest degree of protection against cancer cachexia.  Given 

that 25% of High Ex + C26 mice became moribund before the end of the experiment, the 
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possibility exists that high levels of muscle loading may actually exacerbate cachexia.  The 

induction of myogenin only by High Ex + C26 mice, coupled with increased growth factor 

expression provides some degree of support for this notion as it suggests that cachectic muscle 

exposed to high forces may be activating compensatory mechanisms to cope with the dual 

stressors imposed by tumor and mechanical load that ultimately ends up being futile.  In contrast, 

low tension loading preserved several indices of physical function and possibly reduced 

inflammation, suggesting that aerobic exercise performed at a regular weekly frequency may 

contain therapeutic value for patients with cancer cachexia, albeit in the absence of muscle mass 

retention.  

Evidence for C26 Tumor-Induced Cachexia 

 C26 mice demonstrated classical features of cancer cachexia such as weight loss (-8%), 

functional declines (-16 to -23%), and fat mass depletion (-33%) longitudinally whereas controls 

showed either no change or less severe deficits.  Additionally, C26 mice showed lower muscle 

mass (-13 to -14%), myofiber atrophy (-46%), liver hypertrophy (+34%), and an enlarged spleen 

(+195%) compared to controls .  Total food consumed during an 18-day period after tumor cell 

inoculation was also not significantly different between the two groups, an outcome consistent 

with prior pre-clinical work that suggests the generalized wasting to be attributable to factors 

other than energy intake [42, 56].  Overall, these tumor-induced changes in body composition, 

function, and tissue weights align with previous pre-clinical investigations of cancer cachexia 

that used the C26 cell line [42, 56, 60, 61, 143, 153].  They can also be considered broadly 

representative of findings from clinically oriented projects that documented body composition 

and function in cachectic patients [8, 50, 154, 155].   

While acknowledging the presence of cachexia in our C26 mice, several points of interest 

merit further discussion.  In particular, C26 mice showed no significant loss of lean mass over 

time as measured by DXA.  This finding is in contrast to the work of Wysong et al., who 

reported a loss of lean mass in the same C26 mouse model using nuclear magnetic resonance 

analysis [153].  One possible explanation for the apparent lack of lean tissue loss could be the 

substantial enlargement of the liver and spleen in C26 mice, which is factored into the 

determination of lean mass by DXA.  Indeed, the liver has been reported to occupy a greater 

percentage of fat free mass over time in cachectic patients [154].  Consequently, it is conceivable 

that the presence of hepatosplenomegaly could at least partially conceal the true degree of lean 
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tissue loss.  Also of note, while body weight and muscle mass in C26 mice was significantly 

lower than controls as expected, the degree of loss was considerably milder compared to 

previous pre-clinical investigations.  For instance, tumor-free body weight of our C26 mice at 

sacrifice was only 6% lower than controls whereas Diffee et al. reported 30% lower values using 

the same cell line, number of injected cells, and cell incubation period [56].  Furthermore, 

gastrocnemius mass in C26 mice has been reported to be 20-40% lower than controls after 

identical or comparable tumor cell incubation periods (i.e. ~3 weeks) [42, 56, 79, 143, 145].  In 

contrast, the present study found gastrocnemius mass to be only 8% lower versus tumor-free 

mice.   Thus, the middle-aged mice used in this study demonstrated relatively mild cachexia 

when injected with C26 cells, an outcome that may depend on the inherent properties of the cells 

themselves.  Indeed, Murphy et al. reported “mild” and “severe” forms of cachexia in mice 

inoculated with C26 cells obtained from different laboratories [79].  Consequently, the cachectic 

phenotype can exhibit considerable variability even within the same C26 cell line. 

At the transcript level, we observed tendencies for greater abundance of MuRF1 (+48%, 

p=0.06), atrogin-1 (+88%, p=0.07), and myostatin (+γ6%, p=0.11)  mRNA’s.  Based on previous 

pre-clinical investigations, we fully expected the induction of these proteolytic mediators to 

exceed the levels attained in the present work.  For instance, Xu and colleagues reported atrogin-

1 mRNA expression in C26 mice to be over 500% greater than controls [80].  Likewise, Wysong 

et al. found that C26 mice showed roughly 7- and 6-fold greater MuRF1 and atrogin-1 mRNA 

levels, respectively, relative to controls [153].  The extent of E3 induction reported by these 

authors far exceeded what occurred in the present study.  One possible explanation is the severity 

of cachexia that developed as a result of tumor cell inoculation, which could be characterized as 

mild based on the degree of weight loss and whole muscle atrophy in our C26 mice.  

Consequently, the level of E3 expression corresponded accordingly with the level of cachexia.  

Indeed, previous work reported that E3 abundance increased robustly with severe vs. mild C26 

cachexia [79].  The highest level of E3 mRNA expression has also been reported to occur when 

the rate of muscle loss was the greatest during disuse and denervation-induced atrophy [156].  

This is not likely to be a complete explanation; however, as myofiber atrophy in our C26 mice 

was considerable (-46% vs. controls) despite mild body and whole muscle weight loss.  Perhaps 

E3 expression had already begun a return to basal levels after an intial rapid rise shortly after 

tumor cell inoculation.  Because we did not collect tissue at various time points following cell 



64 
 

injection, we cannot address the time course of E3 expression in middle-aged C26 tumor bearing 

mice.  It is worth mentioning that the age of our mice was a departure from previous pre-clinical 

studies, which predominantly used young adults.  The contribution of age to these disparate 

outcomes, however, remains unclear.   

Adaptive Responses to High and Low Tension Exercise 

 To define the training adaptations to our high and low tension exercise prescription in 

tumor-free mice, analysis was conducted on control, Low Ex, and High Ex groups.  This analysis 

was performed to provide information on the adaptive responses to each exercise type in mice 

not subjected to the stress of tumor burden.  This in turn, provided a framework from which to 

compare and contrast the effect of the same exercise prescription in C26 mice.  We found that 

weighted ladder climbing as a method of resistance overload was sufficient to induce muscle 

hypertrophy as shown by significantly greater plantaris mass in High Ex compared to both 

controls and Low Ex.  Furthermore, the observed body composition alterations were not 

surprising as both exercise types caused weight loss while remaining constant in controls.  Only 

Low Ex demonstrated significant fat loss longitudinally although High Ex showed a comparable 

response.  Because there were no significant changes in lean mass in any group, the weight loss 

shown by Low Ex and High Ex were likely accounted for by reductions in fat mass.   

Regarding sensorimotor performance (i.e. inclined plane test), favorable outcomes were 

observed as both Low Ex and High Ex mice maintained function over time whereas controls 

underwent significant declines during the same period.  Interestingly, absolute and relative 

strength decreased significantly from pre to post in all three groups, suggesting that neither 

exercise type could stave off  the strength decline that occurred naturally in these mice (i.e. as 

shown by controls).  This constitutes a surprising result as strength improvement can be 

considered a bonafide adaptation to high resistance loading [157].  An alternative interpretation 

may be put forth when considering the specific test used to assess strength.  In the determination 

of grip strength, the force measured represents tension generated by the forelimb muscles only.  

Consequently, this test may not have contained sufficient sensitivity to accurately measure whole 

body strength responses to resistance loading.  Some degree of support for this idea can be 

derived from the positive sensorimotor function results, which required whole body performance 

as opposed to isolated limbs. 
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With respect to transcript expression of the E3 ubiquitin ligases and myostatin, no effect 

of low or high tension exercise was noted in either muscle analyzed (p>0.05).  Likewise, no 

group differences were observed in IGF-IEa or IGF-IEb mRNAs in either muscle studied 

(p>0.05).  In a recent study, increased transcript expression of MuRF1 and greater ubiquitin 

proteasome activity occurred in aerobically trained mice concurrent with skeletal muscle 

enhancements such as increased exercise capacity, capillarization, and fiber CSA [158].  The 

authors interpreted the presence of proteasome hyperactivity concurrent with favorable training 

adaptations as evidence for a proteasome-dependent muscle remodeling response as opposed to 

one underlying atrophic processes.  Because the low tension exercise training frequency and 

duration in the present work  was similar, as was the timing of tissue collection (i.e. 48 hrs after 

last exercise bout), we anticipated a similar outcome; however, this did not occur.  A possible 

explanation may be that any detectable remodeling occurred at a time point preceding our tissue 

collection (8 wks in Ref. 157 vs. 10 wks in the present study).  For myostatin transcripts, we did 

not observe an effect of either exercise mode whereas prior studies found downregulated mRNA 

expression after both low and high tension exercise training in rodents and humans [159-161].  

Additionally, we did not find expression of the muscle-specific isoforms IGF-IEa and IGF-IEb  

to be elevated after training while others have shown increased expression after acute resistance 

loading and following training [162].  The simplest explanation for these discrepant findings 

could be that an accumulated training effect would be difficult to detect because analysis was 

conducted on tissue collected 48 hrs after the last exercise session to minimize the acute impact 

of exercise loading.  Indeed, Agergaard et al. did not find any significant change in myostatin 

gene expression after resistance training in muscles collected 72 hrs after the last exercise bout 

while downregulated levels were noted when assessed after acute resistance loading [163].   

Adaptive Responses of C26 Mice to High and Low Tension Exercise 

 We did not observe any convincing evidence to substantiate a countermeasure effect of 

high tension exercise.  Instead, application of high mechanical stress may have exacerbated the 

cachectic state because 25% of High Ex + C26 mice became moribund before the end of the 

experiment as shown by severe weight loss, poor body condition appearance, and 

unresponsivness to external stimuli.  As a result, these mice required early euthanasia whereas all 

other tumor bearing groups were able to complete the study.  This outcome alone, if indeed 

representative of what occurs with high tension loading, would be a substantial cause for 
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concern.  Additionally, the remaining High Ex + C26 mice underwent significant reductions in 

each performance measurement including sensorimotor function, grip strength, and relative grip 

strength.  The hindlimb muscles also atrophied slightly more than the C26 mice (High Ex + C26: 

-17 to -19% vs. C26: -13 to -14%) though these two groups were not significantly different from 

each other.  Because the same high tension exercise prescription caused plantaris hypertrophy in 

non-tumor bearing mice, cachectic muscle appears to demonstrate anabolic resistance to a 

growth stimulus.  Furthermore, tumor weight exceeded what was measured in C26 mice by 236 

mg (+17%).  Despite this difference not being statistically significant, any increase in tumor 

burden with the application of a treatment should be a cause for concern, especially considering 

that cancer treatment and management remains the first priority for patients [164].  The only 

apparent benefit shown by High Ex + C26 mice was a lesser degree of absolute and relative 

strength decline compared to their C26 counterparts.  Aside from this nominal benefit, there were 

no other noticeable countermeasure effects of high tension loading.   

In Low Ex + C26 mice, significant body weight loss also occurred over time (-16%) that 

likely resulted from the additive effects of the tumor and aerobic exercise as each individually 

caused reductions of 8% and 6%, respectively.  They also demonstrated hindlimb muscle atrophy 

that was identical to C26 mice (-13 to -14%).  Interestingly, while gastrocnemius CSA in Low 

Ex + C26 was significantly lower than controls, it exceeded the C26 mean by approximately 280 

µm2 (p=0.237).  Despite not being significantly greater that C26, calculation of an effect size 

statistic using the standardized mean difference resulted in a d value of 1.0, which could be 

interpreted as a large effect of low tension exercise according to Cohen’s conventions.  

Nevertheless, in spite of this weight and muscle loss, Low Ex + C26 mice were able to maintain 

sensorimotor function and relative strength levels longitudinally.  This ability to maintain 

sensorimotor function and relative strength was particularly impressive considering that all other 

groups including controls, C26, and High Ex + C26 underwent significant functional declines.  

Adaptations of the nervous system may have accounted for the beneficial effect on these 

functional parameters as low tension loading had no effect on muscle mass.  Furthermore, Low 

Ex + C26 mice were able to suppress the enlargement of spleen mass that occurred in all tumor 

bearing groups.  Although this suppression was not robust enough to reach control levels, spleen 

mass was significantly lower than the other two tumor bearing groups (i.e. C26 and High Ex + 

C26).  Since splenomegaly can result from persistent systemic inflammation that has been shown 
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to occur during cancer cachexia, low tension exercise may be an effective anti-inflammatory 

therapy.  Collectively, these findings suggest that low tension exercise provided an adequate 

amount of mechanical loading without extending to a point of diminishing returns as appeared to 

be the case with high tension exercise, thereby highlighting the potential therapeutic application 

of aerobic exercise to preserve whole body function and reduce systemic inflammation, albeit in 

the absence of muscle and body mass retention.  It may also be worth mentioning that Low Ex + 

C26 consumed the most food during the post inoculation window (+9-17% vs. all groups) that 

despite being non-significant may still be of practical benefit for cachectic cancer patients that 

exhibit reduced food intake.   

Although mRNA levels of MuRF1, atrogin-1, and myostatin only tended to be greater 

(gastrocnemius) or were not different (plantaris) in the C26 mice relative to controls, we still 

assessed the extent to which exercise influenced their abundance as they have previously shown 

relevance in cancer cachexia and other muscle wasting conditions [165].  In the gastrocnemius of 

Low Ex + C26 mice, mRNA levels of MuRF1 (-19%), atrogin-1 (-39%), and myostatin (-9%) 

were lower than in C26 mice; however, this did not reach statistical significance (p>0.05), nor 

did it coincide with the preservation of muscle mass.  Similarly, the gastrocnemius of High Ex + 

C26 showed non-significant decreases in the expression of MuRF1 (-36%), atrogin-1 (-26%), 

and myostatin (-36%) compared to controls (p>0.05), and this also occurred without the 

preservation of muscle mass.  The limited number of pre-clinical investigations that have 

examined the impact of exercise training on transcripts and signaling events related to protein 

turnover reported generally favorable outcomes.  For instance, White et al. found aerobic 

exercise training to inactivate FoxO1 and suppress mRNA expression of atrogin-1 concurrent 

with the preservation of muscle mass in ApcMin/+  mice [140].  In a murine model of cardiac 

cachexia, aerobic exercise training completely reversed muscle atrophy in addition to 

suppressing the robust increases in atrogin-1 and MuRF1 that were induced as a result of heart 

failure [166].  This impressive outcome may suggest that exercise training can have divergent 

effects that varies depending on the specific cachectic condition, with cardiac cachexia perhaps 

demonstrating greater responsiveness to mechanical loading compared to cancer cachexia.  With 

respect to myostatin, high resistance loading has been shown to correct muscle atrophy and 

myostatin hyperexpression in nephrectomized rats (model of muscle atrophy by kidney failure).  

In the present work, High Ex + C26 mice showed a non-significant decrease (-36%) in myostatin 
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mRNA levels that occurred in the absence of muscle mass retention.  This is also somewhat 

supportive of the idea that cachectic conditions which arise from different chronic diseases 

respond differently to mechanical overload.  Overall, this finding may suggest that the exercise 

stimulus may not have affected catabolic gene expression to an extent necessary to retain muscle 

mass. 

Compensatory Mechanisms Associated with Mechanical Overload 

 Transcript levels of IGF-IEa and its load-sensitive counterpart IGF-IEb were measured 

with the intention of evaluating the anabolic (i.e. growth promoting) potential of each exercise 

countermeasure.  RT-PCR analysis of plantaris muscles revealed significantly greater expression 

of IGF-IEa in High Ex + C26 (+79%, p=0.016) and a strong tendency for greater levels in Low 

Ex + C26 (+62%, p=0.053) relative to controls.  The same general pattern of response also 

occurred for IGF-IEb, where strong tendencies toward greater mRNA abundance were found in 

both groups relative to controls (High Ex + C26: +127%, p=0.069; Low Ex + C26: +116%, 

p=0.078).  This might indicate that cachectic tumor bearing muscle retains the ability to induce 

IGF-I expression in response to exercises that contain low and high mechanical stress.  Such 

changes could be considered favorable for muscle growth/preservation; however, the plantaris of 

Low Ex + C26 and High Ex + C26 still atrophied to a similar extent as C26 mice.   

An alternative interpretation can be put forth when also considering the IGF-I responses 

of C26 mice relative to controls.  In the isolated analysis to evaluate the effect of C26 tumor cell 

inoculation (i.e. controls vs. C26), C26 mice showed a strong tendency for greater IGF-IEa 

mRNA in the plantaris (+51%, p=0.066).  Similarly, they also showed greater mRNA levels of 

IGF-IEb (+52%), though this did not attain statistical significance (p=0.248).  Nevertheless, 

based on these outcomes it appears that C26 muscle expresses IGF-I even without an exercise 

stimulus, suggesting an attempt to counteract the catabolic effect of the tumor.  This is an 

interesting finding that largely disagrees with previous pre-clinical work, where downregulated 

IGF-I mRNA expression has been reported in AH-130 [74], C26 [167], and ApcMin/+ [65] models 

of cancer cachexia.  Perhaps of greater interest, IGF-I abundance in C26 muscle increased further 

after low and high tension exercise training, with the greatest elevation demonstrated by High Ex 

+ C26.  Overall, the IGF-I responses of C26 muscle to both forms of exercise could be perceived 

as a compensatory means to cope with the dual stressors imposed by tumor burden as well as the 

mechanical forces applied to muscle by exercise, particularly more so with high resistance 
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overload.  This is consistent with the increased muscle IGF-I response reported following 

damaging resistance exercise [168], which has been suggested to be a mechanism that initiates 

the regenerative process through satellite cell activity. 

Since the muscles of exercised C26 mice appeared to be attempting to initiate a 

regenerative response to the dual stressors imposed by the tumor and muscle loading, we made a 

post hoc decision to determine the mRNA expression levels of MyoD and myogenin, two muscle 

specific transcription factors involved in the differentiation phase of the regenerative program.  

Upon activation by regenerative cues such as injury or by growth factors, satellite cells 

proliferate and differentiate to repair localized muscle damage, or they may fuse together to form 

new fibers in the face of considerable muscle injury.  If the increased abundance of IGF-I in the 

muscles of exercised C26 mice indeed represents a compensatory mechanism, we posited that 

transcripts of one or both of the myogenic regulatory factors would also be expressed at greater 

levels.  When compared to controls, mRNA levels of MyoD and myogenin in C26 mice were not 

significantly different (p>0.05), indicating no effect of the tumor on expression of myogenic 

regulatory factors.  When analysis was performed on controls, C26, and exercised C26 mice, we 

observed significantly greater myogenin mRNA abundance in High Ex + C26 versus controls 

(+126%, p=0.036) and C26 (+150%, p=0.018).  MyoD expression was not different between the 

groups (p>0.05).   

 

 

Figure 40.  Myogenic regulatory factor mRNA expression in the plantaris of exercised C26 

mice.  Values are mean ± SE.  PLT, plantaris 
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The upregulated expression of myogenin exclusively in High Ex + C26 is a unique 

response that may be attributed to the stress created by high resistance loading coupled with the 

tumor burden.  This interpretation is supported by the lack of myogenin induction by the tumor 

itself (i.e. C26 vs. controls), or by exercise alone (i.e. controls vs. Low Ex and High Ex, data not 

shown).  The exclusive induction of myogenin in High Ex + C26 may be supportive of the idea 

that resistance overload while in a tumor bearing state challenges the host such that greater 

elements of the regenerative program are being activated to cope, but which ultimately ends up 

being futile.  Under this premise, these findings represent gene level data that support the 

profoundly stressful nature of high tension exercise and its possible exacerbation of cachexia.  It 

is also worth mentioning that the expression of myogenin in Low Ex + C26 was also increased 

over controls (+67%, p=0.368) and C26 (+84%, p=0.230) though this did not reach statistical 

significance.  These increases generally mirror the pattern of response in High Ex + C26, 

therefore, it could be suggested that low tension exercise in a tumor bearing state also generates a 

degree of stress that may lead to an attempt at initiating the latter phase of regeneration.  

Therefore, care must be taken in the planning and programming of low tension exercise even in 

light of the positive impact on whole body function in order to minimize any possibility of 

exacerbating cachexia. 

Perspectives and Conclusions 

 Therapies for cancer cachexia are likely be multi-modal in nature, consisting of multiple 

arms targeting different pathological features.  This project aimed to advance our understanding 

of how exercise might be used as a countermeasure for cancer cachexia and ultimately, gain 

insight into whether or not it merits consideration for inclusion as part of multi-modal therapeutic 

strategies.  In the present work, we observed divergent adaptive responses to low and high 

tension exercise (i.e. aerobic and resistance exercise), the two classical exercise types typically 

prescribed in clinical or athletic settings.  High tension exercise training did not demonstrate any 

substantial countermeasure effect for cancer cachexia.  In fact, several high tension exercised 

C26 mice required euthanasia prior to the end of the experiment as a result of their deteriorating 

condition.  This outcome alone, if indeed attributed to high tension loading, would be a 

considerable cause of concern and may preclude its use at all.  In contrast, low tension exercise 

showed several beneficial effects such as maintenance of whole body function, which did not 

occur in controls, C26, or high tension exercised C26 mice.  This positive impact on whole body 
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function could presumably translate into activities of daily living being performed with greater 

ease, thereby enhancing quality of life.  Additionally, low tension exercise may reduce systemic 

inflammation, an outcome that may be of benefit to cancer patients as inflammation not only 

represents a major regulator of cancer cachexia progression, but one that also has links to cancer 

itself.  Follow-up investigations that employ a dose-response approach to low tension exercise 

may provide useful information on the optimal prescription and programming that would yield 

the greatest therapeutic benefits.  Investigations that also incorporate other therapeutic elements 

to allow for studies on exercise-drug, exercise-nutrition, or exercise-drug-nutrition interactions 

within the context of cancer treatments (i.e. chemo and radiation therapies) may contain 

considerable value because they may be more representative of therapies to be used in clinical 

settings for cachectic patients. 
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APPENDIX A 

ANIMAL CARE AND USE COMMITTEE STUDY APPROVAL 
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APPENDIX B 

ANIMAL MONITORING FORM 

 



7
4
 

 

 

ANIMALID: 

Days Date Time Body Body Tumor Tumor Food/ Feces and Mobility L.ethargic Respiratory Evaluator 
Post- Weight Condition Diameter Appearance Water Urine (Y/ N) Difficulty 

Injection (g) Score (mm) [ntal<e (Y / N) 

11 

12 

13 

14 

---15 

---16 

17 

Additional Comments {Vocalization, Restlessness, Grooming Behavior, Hunched Posture, Cyanosis, Diarrhea/Constipation, Bloody Discharge): 
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APPENDIX C 

RESISTANCE LOADING SCHEDULE 
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