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1 |  INTRODUCTION

Cachexia is a progressive syndrome involving the loss of skel-
etal muscle mass, with or without the loss of adipose tissue, 

due to an underlying disease, such as cancer. The severity 
of muscle mass loss, inflammation, loss of function and fa-
tigue occurring in cancer cachexia is described as progress-
ing through three stages of cancer cachexia: precachexia, 
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Abstract
Cancer cachexia is the loss of lean muscle mass with or without loss of fat mass that 
is often highlighted by a progressive loss of skeletal muscle mass and function. The 
mechanisms behind the cachexia-related loss of skeletal muscle are poorly under-
stood, including cachexia-related muscle functional impairments. Existing models 
have revealed some potential mechanisms, but appear limited to how the cancer de-
velops and the type of tumors that form. We studied the C57BL6/J (B6) ApcMin/+ 
Tg::Fabp1-Cre TG::PIK3ca* (CANCER) mouse. In this model, mice develop highly 
aggressive intestinal cancers. We tested whether CANCER mice develop cancer ca-
chexia, if muscle function is altered and if sex differences are present. Both female 
and male mice, B6 (CONTROL) and CANCER mice, were analyzed to determine 
body weight, hindlimb muscle mass, protein concentration, specific force, and fatiga-
bility. Female CANCER mice had reduced body weight and hindlimb muscle mass 
compared with female CONTROL mice, but lacked changes in protein concentration 
and specific force. Male CANCER mice had reduced protein concentration and re-
duced specific force, but lacked altered body weight and muscle mass. There were no 
changes in fatigability in either group. Our study demonstrates that CANCER mice 
present an early stage of cachexia, have reduced specific force in male CANCER 
mice and develop a sex-dependent cachexia phenotype. However, CANCER mice 
lack certain aspects of the syndrome seen in the human scenario and, therefore, using 
the CANCER mice as a preclinical model does not seem sufficient in order to maxi-
mize the translation of preclinical findings to humans.
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cachexia, and refractory cachexia (Fearon et al., 2011). The 
mechanisms underlying the development and progression of 
cancer cachexia are yet to be fully understood, but cancer-re-
lated systemic inflammation appears to negatively affect 
muscle mass (Argilés, Busquets, Toledo, & López-soriano, 
2009; Tisdale, 2009; VanderVeen, Fix, & Carson, 2017a). 
Approximately 60%–80% of cancer patients with advanced 
tumors suffer from cachexia (Tan & Fearon, 2008) and the 
syndrome is the cause of death in more than 20% of cancer 
patients (Tisdale, 2009). As the number of cancer survivors 
continues to rise (Howlader et al., 2016; Siegel, Miller, & 
Jemal, 2017), there is an increased urgency to better under-
stand cancer cachexia and its long-term impact on overall 
health and well-being.

Previous studies of cancer cachexia, in both clinical and 
preclinical settings, have focused primarily on the ongoing 
loss of muscle mass with little attention paid to changes in 
muscle functional properties despite the fact that reduced 
quality of life and increased risk of mortality, common 
outcomes of cancer cachexia, are due to increased mus-
cle fatigue and functional impairments (Murphy & Lynch, 
2009). From the few preclinical studies measuring muscle 
function, via in vitro and in situ measures in various mouse 
models, tumor-bearing mice tend to show reductions of 
specific force within various hindlimb skeletal muscles 
and the diaphragm, while also resulting in increased fa-
tigability of tumor-bearing muscles (Aulino et al., 2010; 
Murphy, Chee, Trieu, Naim, & Lynch, 2012; Roberts, Frye, 
Ahn, Ferreira, & Judge, 2013; VanderVeen, Hardee, Fix, 
& Carson, 2017b). Further determination of altered mus-
cle functional properties accompanying the loss of muscle 
mass in cancer cachexia may lead to a more complete un-
derstanding of the cancer cachexia mechanism and there-
fore lead to potential therapeutic targets.

The most commonly studied animal model of cachexia, 
the Colon-26 (C26) mouse (Aulino et al., 2010; Roberts et al., 
2013), develops tumors following subcutaneous injection or 
grafting of C26 carcinoma cells into the flank of CD2F1or 
BALB/c mice (Aulino et al., 2010; Ballarò, Costelli, & 
Penna, 2016; Talbert, Metzger, He, & Guttridge, 2014). C26 
mice experience rapid and drastic losses of skeletal muscle 
mass resulting from the extraneous inoculations or grafts and, 
therefore, may not appropriately model how cancer develops 
nor the progressive nature of cachexia in humans (Fearon 
et al., 2011; Talbert et al., 2019). An autochthonous model 
would likely more fully mimic the human condition. The 
ApcMin/+ mouse spontaneously develops intestinal polyps, and 
has also been used to study cancer cachexia (Hetzler, Hardee, 
LaVoie, Murphy, & Carson, 2017; Mehl, Davis, Berger, & 
Carson, 2005). ApcMin/+mice develop cachexia over a greater 
time period (between 14 and 24 weeks of age (Mehl et al., 
2005)) compared with the C26 mouse (Moser, Pitot, & Dove, 
1990). In addition, ApcMin/+mice are often categorized by 

the amount of body weight lost (White et al., 2011), better 
representing the progressive nature of the syndrome (Fearon 
et al., 2011). Despite these advantages, there are some disad-
vantages of the ApcMin/+mouse as a model for human tumor 
development. For example, ApcMin/+mice typically develop 
several benign adenomas within the small intestine (Su et al., 
1992), which may not adequately represent cancer cachexia 
in humans, who develop cachexia primarily as a result of 
solid tumors, such as carcinomas (e.g., adenocarcinomas) 
(Tan & Fearon, 2008).

The tumor-bearing ApcMin/+ Tg::Fabp1-Cre TG::PIK3ca* 
(CANCER) mouse has been used to study colon cancer devel-
opment, progression, and response to therapy (Deming et al., 
2014; Foley et al., 2017). In these mice, tumors most often 
develop following the spontaneous loss of the Apc wild-type 
allele. Some of these tumors also express an activated form of 
the PI3K kinase because Cre recombinase is expressed mo-
saically and removes a STOP sequence upstream of PIK3ca* 
transgene (Deming et al., 2014). These genetic alternations 
are relevant as both APC and PIK3CA mutations are com-
monly present in human colorectal cancers (Samuels et al., 
2004). CANCER mice develop adenocarcinomas located 
within the small intestine and colon that are highly aggres-
sive and sometimes metastasize to regional lymph nodes and 
other organs (Deming et al., 2014). We sought to determine 
whether CANCER mice could better represent how cancer 
cachexia develops in colorectal cancer patients.

In addition, it has been suggested that there are sex dif-
ferences in both how cachexia develops and in the severity 
of the loss of muscle mass and function (Montalvo, Counts, 
& Carson, 2018), but few studies have directly addressed 
these sex differences. Female patients and rodents with can-
cer appear to benefit from the anti-inflammatory effects 
of estrogen (Hetzler et al., 2015, 2017; Koo et al., 2008), 
which corresponds with data indicating that male cancer pa-
tients lost more body weight, muscle mass and have higher 
rates of mortality compared with their female counterparts 
(Baracos, Reiman, Mourtzakis, Gioulbasanis, & Antoun, 
2010; Hendifar et al., 2009).

In this study, we aimed to determine whether (a) CANCER 
mice develop a cancer cachexia phenotype seen in humans, 
(b) muscle function is altered in these tumor-bearing mice, 
and (c) sex differences in the degree of cachexia exist when 
comparing female versus male CANCER mice. We tested 
these aims by comparing body weight, muscle mass, protein 
concentration, specific force, and fatigue between female 
C57BL6/J (CONTROL) and female CANCER mice and also 
between male CONTROL and male CANCER mice. We hy-
pothesized that 1) CANCER mice would develop cachexia 
and model the human condition, 2) CANCER mice, regard-
less of sex, would have reduced specific force and increased 
fatigability, and 3) male CANCER mice would exhibit a more 
severe cancer cachexia phenotype.
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2 |  METHODS

2.1 | Experimental animals

B6 female (n = 11) and male (n = 15) CANCER mice and B6 
female (n = 9) and male (n = 9) age-matched CONTROL mice 
were housed under protocols approved by the Institutional 
Animal Care and Use Committee at the University of 
Wisconsin (Madison, WI). Both female and male mice were 
studied to determine whether sex differences exist in the 
CANCER mouse model. CANCER mice, ApcMin/+; Fabp1-
Cre 1Jig; Gt(ROSA)26Sortm7(Pik3ca*,EGFP)Rsky, were generated 
as previously described (Deming et al., 2014). CANCER 
mice spontaneously developed several tumors located within 
the colon due to the presence of tissue-specific Cre recom-
binase expressed mosaically from the Fabp1-Cre transgene 
in the distal sections of the small intestine and colon. Cre 
recombinase induced the deletion of a stop sequence, allow-
ing Pik3ca* to be expressed. All mice were housed in cli-
mate-controlled rooms with 12-hr light/dark cycles and given 
standard rodent chow and water ad libitum. After weaning, 
the body weight of CANCER mice was measured weekly 
until euthanasia. Tumor mice were killed when moribund, 
which occurred between 50 and 70 days of age owing to ad-
vanced disease. Mice were considered moribund when they 
exhibited signs of anemia, which is secondary to bleeding in-
testinal tumors, or from obstructive enteropathy due to large 
colon tumors.

2.2 | Hindlimb Dissection & Muscle 
Function Protocol

Hindlimb skeletal muscles (extensor digitorum longus 
(EDL), gastrocnemius (GAS), plantaris (PL), soleus (SOL), 
and tibialis anterior (TA)) were quickly excised and weighed 
upon euthanasia. Muscles not used for contractile measure-
ments were quick frozen in liquid nitrogen and stored at 
−80°C for subsequent analysis. The tibia was dissected to 
determine tibia length, an indicator of animal body size that 
is independent of changes in muscle and fat mass.

After dissecting the hindlimb muscles, the EDL was at-
tached to a contractile apparatus capable of measuring force 
(Aurora Scientific Model 801C) via hooks tied to the prox-
imal and distal tendons. Muscles were perfused at room 
temperature with oxygenated (95% O2, 5% CO2) Tyrode's 
solution (NaCl 145  mM, KCl 5  mM, CaCl2 2mM, MgCl2 
0.5 mM, NaH2PO4 0.4 mM, NaHCO3 24 mM, EDTA 0.1 mM, 
Glucose 10 mM) throughout the experiment. Muscles were 
electrically stimulated by two parallel platinum electrodes. 
Maximal twitch and tetanic force optimal length was deter-
mined in each muscle by adjusting the length of the mus-
cle until twitch force reached its maximum, as described 

previously (Tetri et al., 2018). After determining maximal 
force, there was a 15-min period of rest until fatigability was 
tested. The EDL was stimulated at 100 Hz for 500 ms every 
5 s. The force from eight tetanic stimulations were averaged 
to assess maximal tetanic force production. The EDL under-
went continuous stimulation for 10 min, and then the maxi-
mal tetanic force was measured again. Force after 10 min of 
continuous stimulation was calculated as a percent of max-
imum force, and this was termed the “fatigue force.” The 
EDL was allowed to recover for 20 min with no stimulation 
and force was once again measured to ensure that the muscle 
remained viable. Although force and fatigability tests vary 
greatly throughout the literature, we modeled our protocol 
to correspond with other cancer cachexia functional proto-
cols (Murphy et al., 2012; Roberts et al., 2013). Fatigability 
was defined as the decline in tetanic force following 10 min 
of continuous stimulation. A representative test is shown in 
Figure  1. Following fatigue measurements, fatigued EDL 
muscles were weighed, quick frozen in liquid nitrogen and 
stored at −80°C.

2.3 | Protein quantification

Previously quick frozen in liquid nitrogen and stored at 
−80°C hindlimb muscles (EDL, GAS, and TA) were homog-
enized in nonidet P-40 lysis buffer. Total protein concentra-
tion (mg protein/mg muscle mass) was determined using the 
Bradford method (Bradford, 1976).

2.4 | Statistical analysis

A Shapiro–Wilk test was completed to test for normal-
ity between groups. Based upon a non-normal distribution 
of hindlimb muscle mass, a two-tailed Wilcoxon rank-sum 
test was used to compare muscle mass differences between 

F I G U R E  1  Representation of fatigability measured by 
continuously stimulating the EDL muscle for 10 min. Recovery of the 
EDL was defined as any increase in force following 20 min with no 
stimulation
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CONTROL and CANCER mice: female CONTROL mice 
versus female CANCER mice and male CONTROL mice 
versus male CANCER mice. Student's t-tests were used for 
all other group comparisons. Correlations were determined 
by Pearson's correlation and linear regression was used to 
determine significant relationships between the outcome var-
iables. All statistical analyses were performed using a statisti-
cal program called SPSS. Significance was set at p ≤ .05 and 
all values presented as means ± SD.

3 |  RESULTS

3.1 | Animal characteristics

To determine whether CANCER mice develop cancer ca-
chexia, we measured body weight and hindlimb muscle 
mass in both CANCER and CONTROL mice. Both female 
and male CANCER mice had large tumors present (1–5 vis-
ible) within the intestinal epithelium upon dissection. Female 
CANCER mice had a significantly shorter lifespan compared 
with male CANCER mice (Figure 2a). Additionally, Female 
CANCER mice had significantly reduced body weight com-
pared with female CONTROL mice (Figure 2b). When body 
weight was normalized to tibia length, female CANCER 
mice still trended smaller compared with female CONTROL 
mice, but was not statistically significant (p = .08, Figure 2c). 
Male CANCER mice did not differ from male CONTROL 
mice when analyzing body weight and body weight to tibia 
length (Figure 2b-c). When body weight was analyzed as a 
ratio of the final body weight compared with the highest body 
weight achieved during 8 weeks of measurement, both male 
and female CANCER groups had reductions in body weight 
(Figure 2d).

3.2 | Skeletal muscle mass

Female CANCER mice had a reduction in absolute mass of 
several hindlimb muscles (EDL, GAS, PL and TA) compared 
to female CONTROL mice (Figure  3a). Female CANCER 
mice had reduced muscle mass to tibia length ratio in the 
EDL (p = .06), TA, PL, and GAS, but not within the SOL 
(Figure 3b). There were no differences in absolute hindlimb 
muscles mass between male CANCER and male CONTROL 
mice (Figure 3a). Male CANCER mice had a significant 
reduction in TA mass to tibia length compared with male 
CONTROL mice (p = .03), but the other hindlimb muscles 
failed to show any differences (Figure 3b). Lastly, both fe-
male and male CANCER mice had reduced TA mass to body 
weight ratios (Figure 3c), but other hindlimb muscle mass 
to body weight ratios did not differ between CANCER and 
CONTROL mice, regardless of sex.

3.3 | Protein concentration

Myofibrillar proteins contribute to a significant proportion of 
skeletal muscle mass. We measured the protein concentration 
(mg protein/mg muscle mass) of the EDL, GAS, and TA to 
determine if either proteolysis or declines in protein synthesis 
were occurring prior to or during declines in skeletal muscle 
mass. We were interested in measuring the protein concentra-
tion of the EDL to determine whether protein quantity was 
positively associated with EDL-specific force. In addition to 
measuring EDL protein concentration, we measured TA pro-
tein concentration because both female and male CANCER 
mice showed evidence of TA atrophy, normalized to tibia 
length and body weight. The generous size of the GAS made 
it highly feasible to study GAS protein concentration.

There was no significant difference in the EDL protein 
concentration measured in female CONTROL mice and fe-
male CANCER mice, but male CANCER mice had reduced 
EDL protein concentration compared with male CONTROL 
mice (p < .05; Figure 4). In male CANCER mice, there were 
reductions in EDL protein concentration despite the main-
tenance of EDL muscle mass, shown previously in Figure 
3a–c. Female CANCER mice had increased TA protein con-
centration compared with female CONTROL mice (p < .005; 
Figure 4), despite the reduction in TA mass in the female 
CANCER group shown in Figure 3a–c. There was no sig-
nificant difference in the TA protein concentration between 
male CANCER and CONTROL mice. Lastly, GAS protein 
concentration was not statistically different in either female 
or male groups.

3.4 | Specific force

Functional measurements, specific force and fatigue, were 
measured in the EDL muscle to determine whether there 
were changes in function were occurring at the cellular level 
beyond changes in muscle mass or protein. The EDL was 
utilized for in vitro functional measurements due to its small 
size and fiber type composition. Glycolytic muscles, such as 
the EDL, might be sensitive to changes associated with can-
cer cachexia (Carson, Hardee, & VanderVeen, 2016). There 
was no difference in specific force between female CANCER 
mice and female CONTROL mice (Figure 5). Male CANCER 
mice produced significantly less specific force (EDL force 
normalized to EDL mass) compared with male CONTROL 
mice (p < .03; Figure 5).

3.5 | Fatigability

There were no differences in fatigability, the amount of force 
generated relative to the initial force, between CANCER and 
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CONTROL mice at 5 min and 10 min of continuously stimu-
lation (Figure 6), regardless of sex. All EDL muscles recov-
ered from 10 min of fatiguing stimulation.

4 |  DISCUSSION

To our knowledge, this is the first study to quantify skel-
etal muscle atrophy and muscle function in the CANCER 
mouse. The previously used ApcMin/+mouse results in a high 
prevalence of adenomas and thus may not accurately rep-
resent the cancer cachexia phenotype in humans. CANCER 
mice carry genetic alterations in genes that are commonly 
mutated in human colorectal cancers (Deming et al., 2014). 
Patients with solid tumors (e.g., carcinomas) have been 
shown to experience the greatest amount of body weight 
loss (Tan & Fearon, 2008). We utilized CANCER mice to 
study cancer cachexia to employ a tumor model that more 
closely represents the human scenario. We concluded that 
this model of colon cancer presented an early stage of can-
cer cachexia with body weight loss relative to peak body 
weight, muscle-specific loss in mass- and a sex-dependent 
reduction in force production. Despite this, we concluded 
that this mouse model might not be the ideal preclinical 
model for closely mimicking the human condition based 
primarily upon the short lifespan of CANCER mice owing 
to the highly aggressive cancers.

It has been suggested that cancer cachexia affects fe-
males and males differently both in animal models and 
human subjects (Clocchiatti, Cora, Zhang, & Dotto, 2016; 
Norman et al., 2012). Hetzler and colleagues found that 

male ApcMin/+cachectic mice have greater reductions in body 
weight compared with female ApcMin/+cachectic mice, despite 
a similar tumor burden (Hetzler et al., 2015). In this study, 
female CANCER mice exhibited more severe reductions in 
body weight and muscle mass compared with male CANCER 
mice, whereas male CANCER mice had a greater reduction 
in EDL protein concentration and specific force. Our results 
might differ from previous studies owing to different animal 
models being studied, further indicating the importance of 
modeling how cancer spontaneously develops and progresses 
in the human condition.

As in healthy individuals, skeletal muscle mass is influ-
enced by sex hormones. Androgens have a large anabolic effect 
in males in part due to augmented expression of insulin-like 
growth factor-1 in skeletal muscle which activates the protein 
synthesis pathway (Anderson, Liu, & Garcia, 2017). Men with 
cancer have a higher prevalence of hypogonadism compared 
with the general population and it has been suggested that 
cancer patients with hypogonadism have both reduced qual-
ity of life and survival (Burney & Garcia, 2012). In addition, 
estrogen appears to have a protective effect, increasing the 
survival of young women with colorectal cancer (Koo et al., 
2008). Estrogen has been found to have both an anti-inflam-
matory effect and to reduce protein degradation via inhibition 
of the proteasome pathway (Anderson et al., 2017). Hetzler 
and colleagues found that cachectic female ApcMin/+mice had 
reduced uterine weight, which corresponded with a reduc-
tion in estrogen levels and a more severe cachexia phenotype 
(Hetzler et al., 2017). It is plausible that the observed sex dif-
ferences seen in the CANCER model could be due, at least 
in part, to cancer-related hormonal changes. Although some 

F I G U R E  2  Lifespan and body weight analysis. (a) Lifespan comparison between male and female CANCER mice. (b) Body weight and (c) 
body weight to tibia length ratio compared between sex and genotype. (d) Final body weight compared with peak body weight in male CANCER 
and female CANCER mice. Body weight compared to initial body weight throughout the lifespan of each (e) male and (f) female CANCER mouse. 
Sample sizes for male CONTROL, male CANCER, female CONTROL, and female CANCER mice body weight measurements were 9, 13–15, 9, 
and 9–11, respectively. * represents p ≤ .05 and # represents p = .08
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investigators have begun studying these differences, sexual 
dimorphism in cancer cachexia is still largely unexplored, es-
pecially when considering contractile properties.

To date, the cachexia literature has primarily focused 
on the effects of cancer on skeletal muscle mass. Our study 
aimed to address a gap in the literature by also measuring 
muscle function in tumor-bearing mice. We found a reduc-
tion in specific force (force normalized to EDL mass) in 
male CANCER mice compared with male CONTROL mice 

F I G U R E  3  Hindlimb skeletal muscle mass. (a) Absolute hindlimb muscle mass, (b) muscle mass to tibia length ratio and (c) muscle mass 
to body weight ratio compared between sex and genotype. Sample sizes for male CONTROL, male CANCER, female CONTROL, and female 
CANCER mice per hindlimb muscle were 8–9, 12–14, 9, and 9–11, respectively. * represents p ≤ .05, ** represents p ≤ .005 and # represents 
p < .07

F I G U R E  4  Protein Concentration of hindlimb skeletal muscles 
(EDL, GAS, and TA) compared between sex and genotype. Sample 
sizes for male CONTROL, male CANCER, female CONTROL, and 
female CANCER mice per hindlimb muscle were 8, 11–13, 7, and 6–8, 
respectively. * represents p ≤ .05 and ** represents p ≤ .005

F I G U R E  5  Specific force of the EDL hindlimb muscle. n = 7 
male mice and n = 6 female mice per group. * represents p < .05
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(p  <  .03). These findings are consistent with other studies 
showing that hindlimb-specific force is reduced in male tu-
mor-bearing mice (Roberts et al., 2013; VanderVeen, Hardee, 
et al., 2017). To our knowledge, this is the first study show-
ing no change in specific force in tumor-bearing female mice. 
In addition to the decline in EDL-specific force measured in 
male CANCER mice, there was also a reduction in the EDL 
protein concentration in the male CANCER mice compared 
with male CONTROL mice, although EDL force and protein 
concentration were not correlated together. The reduction in 
protein concentration matched with a decrease in specific 
force might indicate that contractile proteins, such as myosin 
(Diffee, Kalfas, Al-Majid, & McCarthy, 2002), are affected 
by cancer cachexia.

We initially hypothesized that all CANCER mice would 
have increased fatigability compared with CONTROL mice 
due to previous evidence that cancer cachexia is associated 
with reductions in skeletal muscle mitochondrial func-
tion (Carson et al., 2016). Instead, we found that there was 
no difference in fatigability between CANCER mice and 
CONTROL mice, regardless of sex. Whereas other studies 
have suggested that muscles from C26 and ApcMin/+mice 
have increased fatigability (Roberts et al., 2013; VanderVeen, 
Hardee, et al., 2017). The fatigue protocol used in this study 
has previously been used to study fatigability and mitochon-
drial function in premature rats exposed to postnatal hyper-
oxia and it was found that increased fatigability, using this 
protocol, was correlated with mitochondrial dysfunction 
(Tetri et al., 2018). Thus, the lack of cachexia-related changes 
in fatigability measured in our study suggests a lack of sig-
nificant changes in mitochondrial function in these muscles. 
Our results may differ from previous works due to different 
time points and models of cancer cachexia being studied. For 
example 18-week-old ApcMin/+mice had increased fatigabil-
ity of the TA, but 12-week-old ApcMin/+mice did not show 
any differences in fatigability when compared with nontu-
mor-bearing, age-matched littermates (VanderVeen, Hardee, 
et al., 2017). In this study, we utilized approximately 8-week-
old mice to measure fatigue, thus it is possible there was not 
enough time for mitochondrial changes to accumulate and 

affect fatigability in CANCER mice. In addition, previous 
muscle functional studies have used C26 and ApcMin/+mice, 
which, as previously mentioned, develop cancer differently 
(e.g., inoculation versus. genetic mutations) and, therefore, 
might alter fatigue differently.

Fearon and colleagues defined cancer cachexia as a pro-
gressive syndrome categorized into three stages: precachexia, 
cachexia, and refractory cachexia (Fearon et al., 2011). 
Criteria for categorization includes food intake, catabolic 
drive, muscle mass, strength, psychosocial effects, and func-
tional measures. In this study, there appears to be different 
amounts of the muscle mass loss and functional impairments 
when compared with other mouse models of cancer cachexia 
(e.g., C26 and ApcMin/+mice), specifically when considering 
the lack of body weight and muscle mass loss observed in 
male CANCER mice. These different results might be due 
to various stages of the progressive syndrome being studied. 
We suggest that the CANCER mouse best represented the 
precachexia stage. In addition to studying various stages, cur-
rent animal models used to study cancer cachexia develop 
cancer differently (e.g., inoculations versus mutated genes). 
Studying various stages and types of cancer development 
might affect the cachexia phenotype being studied. Thus, fu-
ture works should better identify if the varying stages and 
preclinical models studied affect our understanding of the 
syndrome in humans and the ability to translate findings to 
humans.

We originally hypothesized that declines in skeletal mus-
cle mass would also lead to declines in the protein concentra-
tion of those muscles. However, female CANCER mice had 
reduced muscle mass without congruent declines in protein 
concentration of the EDL and GAS. Female CANCER mice 
even had augmented protein concentration within the TA 
muscle compared with female CONTROL mice. In addition, 
male CANCER mice had reduced protein concentration of 
the EDL compared with male CONTROL mice, but the de-
clines in protein concentration measured were independent of 
any significant declines in skeletal muscle mass of the EDL. 
Muscle mass is determined by more than just the mass of 
myofibril proteins, making it plausible that there were other 
variables, such as fat or connective tissue, contributing to 
muscle mass and protein concentration measurements in this 
study.

Although there are advantages to utilizing ApcMin/+ 
Tg::Fabp1-Cre TG::PIK3ca* (CANCER) mice to study ca-
chexia, this animal model does have limitations. CANCER 
mice quickly develop aggressive cancer and succumb to the 
disease often by 60 days of age, which did not allow for study-
ing the progressive nature of cancer cachexia. This model 
mimics human colorectal cancer better than others that have 
been employed because the tumors progress to a malignant 
state owing to alterations in two driver genes. However, the 
rapid rate of progression might limit the time necessary for 

F I G U R E  6  Fatigability of the EDL. There were no significant 
differences between groups at either 5 or 10 min of fatiguing 
stimulation. n = 7 male mice and n = 6 female mice per group



8 of 9 |   GREENMAN Et Al.

cachectic changes as manifested in muscle function or body 
weight to occur. In addition, while CANCER mice carry mu-
tations in the Apc and Pik3ca genes, and the homologs of 
these genes are often mutated in human colorectal cancers, 
many other genes have also been associated with the disease. 
There is a need for other animal models that might better 
mimic the timing and other characteristics of human cancer 
development.

5 |  CONCLUSION

In conclusion, our study showed that the CANCER mice 
may present an early stage of cancer cachexia, had altered 
muscle function and developed sex differences. But, de-
spite these outcomes, findings from CANCER mice are 
still limited in how well this preclinical model translates to 
the human condition. Female CANCER mice experienced 
reductions in body weight and muscle mass compared with 
female CONTROL mice, whereas male CANCER mice had 
reduced protein concentration and skeletal muscle function 
compared with male CONTROL mice. Fatigability did not 
change in either group. We suggest that sex differences ob-
served in cancer cachexia may be dependent on, not only 
hormonal changes seen in the literature, but also the vari-
ous animal models being studied (the type of mutations 
occurring, the location of the tumors and the age of the 
animals being studied). Despite efforts to model the human 
condition with CANCER mice, the limited lifespan on the 
CANCER mice seems to limit the ability to translate our 
findings to humans. Future works should continue to focus 
on the variable results found between animal models, when 
measuring outcome variables such as skeletal muscle mass 
and function, and how well these data translate to patients 
within various different stages of cancer cachexia.
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