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Higher tumor mass and lower adipose mass are
associated with colon-26 adenocarcinoma-induced
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TAYLOR BANH!, DEENA SNOKE'!, RACHEL M. COLE!, AUSTIN ANGELOTTT',
PATRICK M. SCHNELL? and MARTHA A. BELURY"

1Interdisciplinary PhD Program in Nutrition, The Graduate School;

Division of Biostatistics, College of Public Health; 3Depalrtment of Human Sciences,
College of Education and Human Ecology, The Ohio State University, Columbus, OH 43201, USA

Received May 22, 2018; Accepted September 19, 2018

DOI: 10.3892/0r.2019.7079

Abstract. Cachexia is responsible for nearly 20% of all
cancer-related deaths, yet effective therapies to prevent or treat
the disease are lacking. Clinical studies have shown that male
patients lose weight at a faster rate than females. Additionally,
an ‘obesity paradox’ may exist where excess adiposity may
confer survival to patients with cancer cachexia. To further
explore these phenomena, the aim of this study was to evaluate
the role of changes of adipose tissue mass, sex status, and
tumor mass on outcomes of male, female and ovariectomized
(OVX) mice with C-26 adenocarcinoma-induced cachexia. We
used EchoMRI to assess body composition and grip strength
to measure muscle function. Body weights and food intake
were measured daily. Mice were euthanized 19 days post-
inoculation. Post-necropsy, muscle fiber cross-sectional areas
were quantified and real-time PCR was performed for genes
relating to proteolysis. Survival curve, correlation and multiple
linear regression analyses were performed to identify predic-
tors of cachexia. Female and OVX tumor mice developed
cachexia similarly to males, as evidenced by loss of skeletal
and adipose masses, decreased grip strength, and increased
proteolytic gene expression. Notably, female and OVX tumor
mice had earlier onset of cachexia (=5% weight loss) than
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male tumor mice. Larger tumor mass and lower adipose mass
were the strongest predicting factors for increased severity
of cachexia, regardless of sex or ovariectomy status. These
results indicated that the impact of sex status may be subtle in
comparison to the predictive effect of tumor and adipose mass
in mice with C-26-induced cachexia.

Introduction

Cancer cachexia is a multifactorial disease characterized by
ongoing loss of skeletal muscle mass (with or without adipose
mass) that leads to functional impairment (1) and contrib-
utes to 20% of all cancer-related deaths (2). Since much of
the research in cancer cachexia has historically focused on
muscle loss, the role of adipose in this disease is less under-
stood. The loss of adipose mass often precedes the loss of
lean (i.e., muscle) mass in cancer cachexia and can predict
for mortality in cancer patients (3-7). Similar to other wasting
diseases like end-stage chronic kidney disease and chronic
heart failure (8), an ‘obesity paradox’ may exist in patients with
cancer cachexia, where obese individuals develop cachexia at
a slower rate than lean patients (9). Possible explanations for
this obesity paradox may relate to adipose tissue's potential
protective effects, including: i) acting as a large energy reser-
voir in a state of negative energy balance and ii) secreting
important adipokines for regulating whole-body metabolism
and inflammation.

Several clinical studies have reported that male cancer
patients lose weight at a faster rate than females (10-13),
although explanations for this finding are lacking. In the
general population, females tend to have ~10% more adiposity
than men at the same BMI (14), which may fit the obesity
paradox idea in patients with cancer cachexia. The role of
menopause, a condition associated with an increase in adipose
mass (15), is also unclear in cancer cachexia.

Understanding the interactions between adiposity and sex
as contributors to the pathogenesis of cancer cachexia could aid
in developing more effective therapies for patients. However,
findings from clinical studies are often complex and difficult to
interpret due to the heterogeneity of cancer types and potential
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pre-disposing factors in patients. To circumvent these issues,
studies aiming to understand the development and progression
of cancer cachexia often utilize rodent models. The colon-26
(C-26) adenocarcinoma model is a well-characterized model of
cancer cachexia due to its ability to mimic many of the human
pathophysiology and underlying molecular mechanisms
driving the disease (16). Like humans, C-26 tumor-bearing
mice exhibit reduced body mass (e.g., muscle and adipose
loss), systemic inflammation and activation of ubiquitin ligases
in skeletal muscle which leads to protein degradation (17,18).
The functional impairments of muscle (e.g., muscle strength
and force, respiratory failure, heart failure) observed in
patients with cancer cachexia are also reproduced in C-26
tumor-bearing mice (19,20). Anorexia, another important
factor that contributes to body wasting in people (21), has been
reported in C-26 tumor-bearing mice (22). The phenotypes
of the C-26 tumor mouse model are highly reproducible and
provide researchers a standardized model that can be used to
elucidate mechanisms that contribute to cachexia and develop
pre-clinical therapies that may potentially slow or reverse the
disease.

The aim of this study was to evaluate the changes of adipose
tissue mass, sex status and tumor mass on outcomes of mice
with C-26 adenocarcinoma-induced cachexia. Our study
revealed that female and ovariectomized (OVX) mice developed
cachexia sooner than male mice and that independent of sex,
this finding was related to higher tumor mass and lower adipose
mass predicting for the onset and severity of weight loss.

Materials and methods

Colon-26 adenocarcinoma cell culture. C-26 adenocarcinoma
cells were cultured with Roswell Park Memorial Institute
media (RPMI 1640) + L-glutamine (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) supplemented with 5% fetal
bovine serum and 1% penicillin-streptomycin at 37°C and
5% CO,.

Experimental animals and study design. CD2F1 mice
(n=20 five-week old males, n=20 nine-week old intact females,
n=20 nine-week old OVX females) of similar weight (~20 g)
were purchased from Charles River (Wilmington, MA,
USA). Mice were housed in a vivarium equipped with room
temperature of 22+0.5°C, a 12-h light/dark cycle, and free
access to food and water. Upon arrival, mice were housed in
groups of 5 mice per cage and allowed 1 week to acclimate
to environmental conditions. On the day of tumor cell inocu-
lation (day 0), half of the mice in each group (male, female,
OVX) were subcutaneously injected into the right flank with
1x10% C-26 cells suspended in 100 pl phosphate buffered
saline (PBS). An equal volume of PBS was injected into the
right flank of mice serving as controls for each of the 3 groups.
The weight of all mice in the study ranged from 18.9-21.5 g
at day 0. Bodyweight and food intake of mice were measured
daily. Mice were euthanized in a fed state (~1300 h), by
heart puncture under anesthesia with cervical dislocation at
19 days post-inoculation. Tissues and blood were immedi-
ately collected and prepared for analyses as described below.
Experiments involving mice were approved by The Ohio State
University Institutional Animal Care and Use Committee.
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EchoMRI. To assess time-course changes in body composi-
tion in live mice, EChoMRI™ (Houston, TX, USA) was
used at 3 time-points: 24 h prior to tumor cell inoculation,
day 8 post-inoculation and days 17-19 post-inoculation
(day of necropsy).

Grip strength. Mice were acclimated to forelimb and hind-
limb grip strength testing for 1 week and grip strength was
measured beginning on day 7 post-inoculation, followed by
days 14 and 19 post-inoculation (day of necropsy) with the
Columbus Instruments Grip Strength Meter (Columbus, OH,
USA). Forelimb and hindlimb grip strength of each mouse
were tested 3 times consecutively with 1 min rest between
replicates; the replicate average was used for analysis.

Muscle fiber cross-sectional area. To determine muscle fiber
size via cross-sectional area (CSA), freshly isolated gastrocne-
mius samples were mounted with Optimal Cutting Temperature
(OCT) compound, and snap-frozen with liquid nitrogen-cooled
isopentane. Mounted samples were sectioned using a cryo-
stat (Leica; Wetzlar, Hesse, Germany). Three serial sections
(10 um) spanning the length of each gastrocnemius muscle
were prepared and stained with hematoxylin and eosin (H&E).
Images were acquired using an Olympus IX71 microscope and
cellSens Standard software (Center Valley, PA, USA). Muscle
fiber CSA was quantified by fiber diameter (ImagelJ; National
Institutes of Health, Bethesda, MD, USA). An evaluator manu-
ally outlined and quantified individual fibers for a separate
blinded evaluator, who then grouped results accordingly for
data analysis. Results from each of the 3 sections per muscle
were averaged prior to statistical analysis.

ELISA. Plasma IL-6 (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and adiponectin (EMD Millipore,
Billerica, MA, USA) were measured by ELISA according to
the manufacturers' protocol.

Real-time quantitative PCR. Muscle RNA was extracted with
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. RNA concentration was deter-
mined (NanoDrop 1000; Thermo Fisher Scientific, Inc.) and
RNA quality was confirmed by 1% agarose gel. RNA was
reverse transcribed to cDNA (High Capacity cDNA Archive Kit,
Applied Biosystems; Thermo Fisher Scientific, Inc.). The cDNA
was amplified by real-time quantitative PCR with TagMan
Gene Expression Assays using pre-designed and validated
primers under universal cycling conditions defined by Applied
Biosystems (Thermo Fisher Scientific, Inc.) The primers used
were MuRF-1 (product ID code: Mm01185221_m1), Atrogin-1
(product ID code: Mm00499523_m1) and Bax (product ID
code:Mm00432051_m1)obtained from ThermoFisher Scientific,
Inc. The thermocycling conditions were: 95°C for 10 min,
followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min.
Target gene expression was normalized to the endogenous control
GAPDH (product no. 4352339E; Thermo Fisher Scientific, Inc.)
amplified in the same reaction and expressed as 2P relative
to the control group (23).

Statistical analysis. Data are presented as the mean + standard
error of the mean (SEM). Plasma IL-6 and adiponectin data
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Table I. Characteristics of male, female, and OVX tumor mice.
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Male Female OovX

Control Tumor Control Tumor Control Tumor
Tumor-free necropsy body weight (g) 22.5+0.5 18.0+0.5* 20.4+0.2 15.3+0.4* 22.8+0.6 17.3+0.7*
Cumulative food intake (g/mouse) 33.2+0.2 27.2+1.5 27.6x1.0 23.3+1.2 30.5¢14 25.5+2.0
Quadriceps muscle (mg) 168+2 133+4° 155+2 117£5% 167+4 130+5°
Gastrocnemius muscle (mg) 13743 113+4* 123+3 10142 12943 115+5
Soleus muscle (mg) 6.5+0.3 4.8+0.3 6.1+0.3 53+04 6.3:04 4.5+0.5
Muscle fiber CSA (um?) 1850+102 1542+119 2187+72 1283+118* 2104+215 1492460
Inguinal adipose (mg) 563461 209+68* 437438 67£19° 71052 191+44*
Epididymal adipose (mg) 451+30 125+42° 292420 60+10* 418+35 110+222
Heart (mg) 125+5 130+7 107+3 105+4 1133 1117
Liver (mg) 765+16 899+28* 730124 809+50 825+10 87126
Spleen (mg) 59+2 206+11* 80+4 160+15° 75+2 190+13*
LOG plasma IL-6 (pg/ml) 1.2+0.2 2.5+0.2 1.5+0.1 2.5+0.1° 1.1£0.2 24+0.1*
LOG plasma adiponectin (xg/ml) 1.0£0.0 0.5+0.1* 1.1£0.0 0.5+0.1° 1.0+£0.0 0.7£0.0*

“Indicates significantly different from respective control by Student's t-test with Bonferroni correction (a=0.05/3, P<0.016). Data are expressed
as the mean + SEM; n=8-10 mice/group for all measurements, except, cumulative food intake n=2 cages/group and muscle fiber CSA

n=3-5 mice/group. OVX, ovariectomized; CSA, cross-sectional area.

were log-transformed to reduce skewedness of distribution.
Differences between male, female, and OVX tumor groups
were analyzed by one-way analysis of variance (ANOVA)
followed by post-hoc Tukey's test. Differences between
control and tumor groups were analyzed by Student's t-test
with Bonferroni correction for multiple hypothesis testing
(0=0.05/3). A one-sample t-test with Bonferroni correction
was used to test for differences between beginning and final
measurements within a single group. Pearson's correlation and
multiple linear regression analyses were used to determine
interactions of variables and outcomes in the experimental
model. All statistical tests were performed using the software
GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA,
USA) with the exception of multiple linear regression analysis,
which was performed with R (Vienna, Austria). All tests were
performed at the 5% significance level, adjusting for multi-
plicity where noted.

Results

Characterization of C-26 cachexia between male, female and
OVX mice. By 19 days post-inoculation, all tumor-bearing
mice in the male, female and OVX groups developed cachexia
as defined by =5% weight loss (Fig. 1A and B); tumor-free
necropsy body weight was significantly smaller in all
tumor-bearing groups compared to their respective control
groups at the end of the study (Table I, P<0.016). Three female
tumor mice and two OVX tumor mice were euthanized prior
to day 19 post-inoculation (i.e., days 17 and 18), due to early
body weight loss >20% of peak body weight and signs of mori-
bundity (e.g., diminished movement, anorexia). When tumor
mass was normalized to tumor-free bodyweight at necropsy,
female tumor mice had significantly higher tumor mass per
gram of bodyweight compared to male and OVX tumor mice

(Fig. 1C, P=0.012 and P<0.001 vs. male and OVX tumor
mice, respectively). Anorexia (e.g., decreased food intake) was
evident in all tumor-bearing groups (Fig. 1D), and cumulative
food intake was lower compared to their respective control
groups (Table I). To assess changes in body composition over
time, EchoMRI analysis was performed on mice before tumor
inoculation, at midpoint (day 8 post-inoculation) and the day
of necropsy (days 17-19 post-inoculation). There were no
changes in lean body mass (Fig. 1E), while adipose mass was
reduced at the end of the study in all 3 tumor groups (Fig. 1F,
P<0.016). Female tumor mice lost significantly more adipose
mass (expressed as the percentage change of initial) than OVX
tumor mice at the end of the study (Fig. 1F, P=0.036).

Effect of C-26 cachexia on skeletal muscle tissue. Despite
no significant changes in lean body mass as measured by
EchoMRI (Fig. 1E), all tumor groups experienced decreases
in skeletal muscle masses compared to their respective control
groups (Table I, P<0.016). There were no significant differ-
ences in skeletal muscle masses among the 3 tumor groups
(Fig. 2A). Similarly, there were no significant differences
in average muscle fiber cross-sectional area (Fig. 2B and C),
although female tumor mice had a significantly higher % of
small fibers (range 0-499 ym?) than male tumor mice (Fig. 2D,
P=0.03). As a measurement of muscle function, grip strength
was measured at days 7, 14 and 19 post-inoculation. Data were
normalized to day 7 post-inoculation (before onset of cachexia),
when peak forelimb grip strength was observed in all 3 tumor
groups. OVX tumor mice had significantly decreased fore-
limb grip strength at the end of the study (Fig. 2E, P<0.016),
while female tumor mice exhibited a similar trend (P=0.026).
The change in forelimb grip strength was not significantly
different between groups at the end of the study (P=0.104
and P=0.075 for female and OVX tumor mice vs. male tumor
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Figure 1. Characteristics of C-26 tumor-bearing male, female and OVX mice. (A) Daily body weights of tumor-bearing mice over the 19-day experimental
period. (B) C-26 tumor cell inoculation induced body weight loss in all mice at necropsy. (C) Tumor mass expressed as a percentage of tumor-free body
mass in mice. (D) Food intake of tumor mice. Food intake was calculated by dividing total food consumed each day by the number of mice in each cage
(n=2 cages/group). (E and F) Lean body mass and adipose mass changes of tumor mice over the experimental period. Data are expressed as the mean + SEM
(n=9-10/group, unless otherwise indicated). Significant differences (P<0.05) are represented by different letters (a, b) using one-way ANOVA with post-hoc
Tukey's test. Significant differences (P<0.016) between day 0 and day 19 within a single group are represented by * (Fig. 1F, all 3 groups). C-26, colon-26;

OVX, ovariectomized.

mice, respectively). There were no significant differences in
hindlimb grip strength between the 3 tumor groups (Fig. 2F).
The C-26 model of cancer cachexia is known for its aggressive
ability to induce muscle wasting. The primary mechanism
responsible for C-26-induced muscle wasting is through the
ubiquitin proteasome system (UPS) (24). Consistent with
other studies using the C-26 model of cancer cachexia (25-27),
male, female and OVX tumor groups exhibited significant
increases in mRNA levels of E3 ubiquitin ligases Atrogin-1
and MuRF-1 in quadriceps muscle in comparison to their
respective controls (data not shown); however, these genes

were not significantly different between the 3 tumor groups
(Fig. 2G). Another mechanism involved in cancer-induced
muscle wasting is through Bcl-2-like protein 4 (Bax)-regulated
apoptosis (18). While Bax mRNA levels were significantly
higher in the 3 tumor groups in comparison to their respective
controls (data not shown), they were not significantly different
between the 3 tumor groups (Fig. 2G).

Effect of C-26 cachexia on non-skeletal muscle tissues and
plasma biomarkers. Male, female and OVX tumor groups
exhibited significant decreases in both inguinal (subcutaneous)
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Figure 2. C-26 cachexia induces loss of muscle mass and function in male, female and OV X mice. (A) Muscle weights of tumor mice at necropsy. (B) Hematoxylin
and eosin staining of representative gastrocnemius sections of tumor mice (magnification, x20; scale bar, 50 ym). (C) Quantification of gastrocnemius CSA
(n=3-5/group). (D) Frequency distribution of gastrocnemius CSA (n=3-5/group). (E and F) Change in forelimb and hindlimb grip strength of tumor mice from
peak grip strength (day 7 post-inoculation). (G) Relative gene expression of markers related to muscle wasting; relative fold change was normalized to male
control mice, which was set at 1 (data not shown). Data are expressed as mean + SEM (n=8-10/group unless otherwise indicated). Significant differences
(P<0.05) are represented by different letters (a, b) using one-way ANOVA with post-hoc Tukey's test. Significant differences (P<0.016) between Day 7 and
Day 19 within a single group are represented by * as observed in E, OVX tumor. C-26, colon-26; OVX, ovariectomized.
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Figure 3. C-26 cachexia induces adipose loss, increases plasma IL-6 and decreases plasma adiponectin in male, female and OVX mice. (A) Adipose depot
weights of tumor mice at necropsy. (B) Heart, liver and spleen weights of tumor mice at necropsy. (C) Plasma IL-6 levels of tumor mice at necropsy. (D) Plasma
adiponectin levels of tumor mice at necropsy. Data are expressed as the mean + SEM (n=8-10/group). Significant differences (P<0.05) are represented by
different letters (a, b) using one-way ANOVA with post-hoc Tukey's test. C-26, colon-26; OVX, ovariectomized.

and epididymal (visceral) adipose depots compared to their
respective controls (Table I, P<0.016), but there were no
significant differences between the 3 tumor groups (Fig. 3A).
Heart and spleen masses were significantly lower in female
tumor mice compared to male tumor mice (Fig. 3B, P=0.014
and P=0.048, respectively), but this was not observed in OVX
tumor mice. Liver mass was similar between the 3 tumor
groups. IL-6 is the primary cytokine responsible for inducing
cachexia in the C-26 models (17). Male, female, and OVX
tumor groups had significantly higher levels of plasma IL-6
compared to their respective controls (Table I, P<0.016), but
these values were not significantly different between the 3 tumor
groups (Fig. 3C). Adiponectin, a hormone with whole-body
anti-inflammatory and insulin-sensitizing roles (28) was
significantly decreased in all tumor groups compared to their
respective controls (Table I, P<0.016); plasma adiponectin was
significantly higher in OVX tumor mice compared to male
tumor and female tumor mice (Fig. 3D, P=0.004 and 0.005 vs.
male and female tumor mice, respectively).

Relationship of tumor and adipose mass to the progression
of C-26 cachexia. Although the 3 tumor groups developed
cachexia (=5% BW loss) by the end of the study, the rate
of developing cachexia differed among groups (Fig. 4A,

P=0.04). Female and OVX tumor mice (50% incidence at
days 14.5 and 15.5 post-inoculation, respectively) appeared to
develop cachexia earlier than male tumor mice (day 17.5 post-
inoculation). To discern the possible reason(s) for differences
in susceptibility to developing cachexia, we performed correla-
tional analyses of potential factors that could contribute to body
weight loss. Tumor mass (expressed as tumor mass normalized
to tumor-free body mass) was correlated with percentage of
peak body weight loss (Fig. 4B, P<0.001), regardless of sex or
ovariectomy. Initial mouse body weight and lean body mass
(as measured by EchoMRI) did not predict for overall body
weight loss or adipose loss (data not shown). EchoMRI adipose
mass at midpoint (day 8 post-inoculation, before mice devel-
oped cachexia) predicted for overall percentage of adipose
loss at the end of the study (Fig. 4C, P=0.025). Since adipose
loss in tumor mice may be impacted by tumor mass, multiple
linear regression analysis was performed using percentage of
tumor mass and EchoMRI adipose mass (g) as co-variates
for overall percentage of adipose loss (Fig. 4D). There was
a significant effect of the percentage of tumor mass on the
percentage of adipose loss (P=0.022), when controlling for
EchoMRI adipose mass (g) (Table II). A 1 unit increase in the
percentage of tumor mass was associated with a 4.0 percentage
point loss of adipose mass. There was not a significant effect of
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EchoMRI adipose mass (g) on the percentage of adipose loss, P=0.003) and weaker evidence of association in OVX tumor
when controlling for the percentage of tumor mass (Table II,  mice (Table III, P=0.113).

P=0.09). The estimated effect of a 1-g increase in EchoMRI

adipose mass was a 5.9 percentage point decrease in adipose  Discussion

loss. When this multiple linear regression model was stratified

by sex/ovariectomy, we found a significant association between  Tumor and adipose mass as predictors for severity of cancer
tumor mass and adipose loss in female tumor mice (Table III,  cachexia. With the understanding that adiposity may predict
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Table II. Multiple linear regression analysis with adipose mass
and percentage of tumor/BW as predictors of percentage of
adipose loss in C-26 tumor-bearing mice.

Estimate  Standard
Variable ® error P-value
Intercept 59.5 194 0.005*
Adipose mass (g) -59 34 0.090
Percentage of tumor/BW 40 1.6 0.022*

“Indicates statistical significance P<0.05. BW, body weight; C-26,
colon-26.

Table I1I. Multiple linear regression analysis with adipose mass
and percentage of the tumor/BW as predictors of percentage
of adipose loss in C-26 tumor-bearing mice stratified by
sex/ovariectomy.

A, Male

Estimate  Standard
Variable B error P-value
Intercept 108.8 333 0.014*
Percentage of tumor/BW -155.2 353.3 0.674
Adipose mass (g) -6.3 5.0 0.250
B, Female

Estimate  Standard
Variable ® error P-value
Intercept -34 243 0.892
Percentage of tumor/BW 821.5 176.1 0.003*
Adipose mass (g) 1.9 41 0.666
C,0VX

Estimate  Standard
Variable ® error P-value
Intercept 29.2 65.8 0.671
Percentage of tumor/BW ~ 1029.3 567.8 0.113
Adipose mass (g) -10.9 14.1 0464

“Indicates statistical significance P<0.05/3 for Bonferroni correction.
BW, body weight; C-26, colon-26; OVX, ovariectomized.

for survival in cachexia (5), the primary aim of our study was
to evaluate the role of adipose tissue changes on outcomes
of mice with C-26 adenocarcinoma-induced cachexia. A
Kaplan-Meier survival curve analysis was performed to deter-
mine the time to incidence of cachexia (=5% body weight loss).
We found that both female and OVX tumor mice developed
cachexia sooner than male tumor mice (Fig. 4A). One likely
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explanation for this finding may be related to tumor mass,
which was significantly correlated to the percentage of body
weight loss in mice, regardless of sex or ovariectomy (Fig. 4B).
Another possible explanation for the earlier incidence of
cachexia in female and OVX tumor mice could be explained
by low adipose mass as a predictor of C-26-induced weight
loss. We found that tumor mice having less adipose mass
(calculated through EchoMRI at day 8 post-inoculation, before
onset of cachexia) was associated with higher percentage of
adipose loss (Fig. 4C), but not the percentage of body weight
loss (data not shown), at the end of the study. The discrepancy
of findings between the percentage of adipose loss and the
percentage of body weight loss could be explained by relatively
minute changes in lean body mass masking the pronounced
adipose wasting observed (Fig. 1E and F). Corroborating
the idea that having more adipose mass may be protective in
cancer cachexia, OVX mice in the Apc™™* model were also
protected from body weight loss during cachexia due to their
transient weight gain after ovariectomy (29). The earlier onset
of cachexia in female and OVX tumor mice in our study may
have had an impact on their muscle function, as suggested
by the trend of decreased forelimb grip strength at the end
of the study in comparison to male tumor mice (Fig. 2E).
It should be noted that for 2 female and 2 OVX tumor mice
euthanized early due to signs of moribundity, final grip
strength measurements were not obtained.

To distinguish between the effects of tumor mass and
adipose mass on cachexia independently, we performed
multiple linear regression correlating these variables to the
percentage of adipose loss in mice (Table II and Fig. 4D). We
found a significant effect of tumor mass on the percentage
of adipose loss (P=0.022) when adjusting for EchoMRI day
8 adipose mass (g). However, there was weaker evidence
(P=0.09) for the effect of EchoMRI day 8 adipose mass (g)
on the percentage of adipose loss, when accounting for tumor
mass. A stratified analysis by sex/ovariectomy suggests that it
is the association in the female tumor group (and to a lesser
extent the OVX tumor group) that is driving the association
between tumor mass and adipose loss (Table III). However,
ANOVA did not detect a statistically significant interac-
tion between sex/ovariectomy and tumor mass in predicting
adipose loss (P=0.064). To the best of our knowledge, the
impact of initial adipose mass predicting for weight loss at
the onset of cachexia studies in mice has not been addressed.
This is a fundamental question of the ‘obesity paradox’, which
postulates that excess adiposity may counterintuitively confer
survival in specific populations of individuals with chronic
diseases and cancer (8,9). To directly address whether having
excess adipose could improve outcomes of cancer cachexia, a
future study should evaluate mouse models of obesity in the
C-26 adenocarcinoma and other models of cancer cachexia.

Effect of sex status in cancer cachexia. The secondary aim of
our study was to evaluate the role of sex status on outcomes
of mice with C-26 adenocarcinoma-induced cachexia. Many,
but not all clinical studies report a higher incidence of cancer
cachexia in men than women (10-13). Additionally, male cancer
patients lose weight at a faster rate than female patients, which
contributes to impaired quality of life and shorter survival
time after initial diagnosis (12,30-32). These findings indicate
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that sex may play a role in cancer cachexia development and
progression. However, pre-clinical studies elucidating sex
differences in cancer cachexia are scarce (29,33,34). A study
using the C-26 model found that estrogen receptor signaling
in female mice was responsible for reducing the severity
of cancer cachexia in comparison to male mice (33). In the
genetic Apc”™* model of cancer cachexia, lower circulating
IL-6 was partially responsible for the reduced severity of
cancer cachexia in female mice, although the study did not
evaluate if estrogen was differentially regulating IL-6 func-
tion (34). Notably, the initiation of acyclicity (e.g., loss of
estrogen cycling) brought on by cachexia, but not ovariectomy
was a predictor of cachexia severity in this mouse model (29).

In the present study, female and OVX tumor mice
experienced body weight loss (Fig. 1B) and muscle loss
(Fig. 2A) similar to male tumor mice, which is in contrast
to other studies showing less muscle wasting in female
mice (29,33,34). These previous studies did not observe a
difference in tumor burden between male and female mice,
whereas we found that female tumor mice had larger tumors
when expressed as a percentage of their necropsy body
weight (Fig. 1C). One possible explanation for this could
be the tumor growth-promoting effects of estrogen (35),
although to our knowledge, the sensitivity of C-26 cells to
estrogen has not been tested. Female and OVX tumor mice
exhibited adipose loss similar to male tumor mice; however,
female tumor mice lost significantly more adipose than OVX
tumor mice (Fig. 1F). This observation could be predicted
by at least 2 factors associated with cachexia, e.g., higher
tumor mass and lower adipose mass. Female tumor mice
had significantly smaller heart and spleen masses than male
tumor mice (Fig. 3B) at the end of the study; this difference
could possibly be attributed to initial body weight differ-
ences and lower lean masses (measured through EchoMRI)
in female tumor mice at day O compared to male tumor mice
(data not shown). Quadriceps mRNA markers of proteolysis
and apoptosis were also similar between the 3 tumor groups.
While Hetzler et al observed lower plasma IL-6 in female
mice of the Apc™"* model of cancer cachexia (34), we did
not find differences in plasma IL-6 between sexes of C-26
tumor-bearing mice (Fig. 3C). Moreover, we did not observe
an association between plasma IL-6 with body weight loss
or tumor mass in any of the tumor groups (data not shown).
Plasma adiponectin was significantly decreased in all 3
tumor groups in comparison to their respective controls
(Table I); however, OVX tumor mice had significantly
higher, while male tumor mice and female tumor mice had
significantly lower adiponectin. However, we did not find any
relationship between plasma adiponectin with plasma IL-6
or body weight loss in the 3 tumor groups (data not shown).
Overall, our results indicated that female and OVX tumor
mice respond to C-26-induced cachexia similarly to their
male counterparts.

Strengths and limitations. A major strength of this study is the
extensive characterization of male, female and OVX mouse
response to C-26 cachexia by measuring key physiological
outcomes beyond body weight loss and tumor mass. These
include measurements of body composition and food intake
over time, plasma markers, muscle fiber cross-sectional area,
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and muscle grip strength. In addition, this study utilized
Kaplan-Meier survival curve analysis to elucidate differences
in progression of cachexia, as well as multiple linear regression
modeling to find key predictors (i.e., tumor mass and adipose
mass) of body wasting independent of sex and ovariectomy.
A limitation of the current study is that initial body weights
of female and OVX mice were not equal to that of males at
the beginning of the study, thus introducing body weight and
adiposity as a variable that may have influenced outcomes such
as tumor mass. Additionally, estrogen and testosterone levels
were not measured in this study, thus we could not extensively
explore their influences on skeletal muscle metabolism. As
with other rodent models of cancer cachexia, the C-26 model
has its limitations. Foremost is that the C-26 model is a xeno-
graft model whereby tumor cells are transplanted into mice,
while human cancers arise from spontaneous genetic muta-
tions (36). Another key difference is the timing and progression
of cachexia, since C-26 mice often develop cachexia rapidly
within 3 weeks of inoculation to achieve a final tumor mass up
to 10% of body weight. In contrast, humans generally develop
cachexia over the span of months, and have much smaller ratio
of tumor to body weight burden. Despite these limitations, the
C-26 model currently remains a useful and efficient model to
study the pathogenesis of cancer cachexia.

Overall, this study revealed that higher tumor mass and
lower adipose mass are key predictors of cancer cachexia in
the C-26 adenocarcinoma model. The role of sex status may
be subtle as female and OVX mice develop symptoms of
C-26 adenocarcinoma-induced cancer cachexia similarly to
male mice. To directly address the potential protective role of
adipose mass in cancer cachexia, a future study should assess
outcomes of cancer cachexia in obese vs. lean mice.
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