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Evidence for cardiac atrophic remodeling
in cancer-induced cachexia in mice
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Abstract. Cachexia is a common complication in cancer
patients, which dramatically reduces quality of life and survival.
In contrast to the well-studied feature of skeletal muscle loss,
alterations in cardiac muscle are unclear. Recently, we reported
that heart contractile function was significantly impaired in
mice with colon-26 (C26) tumors, a widely used rodent model
of cancer cachexia. In the present study, we investigated the
potential underlying mechanisms for decreased heart function,
specifically related to cardiac remodeling and atrophy. In
cachectic mice bearing C26 tumors compared to mice without
tumors, there was a gene expression pattern for cardiac
remodeling, including increased BNP and c-fos, decreased
PPARa and its responsive gene CPTIf, and a switch from
‘adult’” isoforms (MHCa, GLUT4) to ‘fetal’ isoforms (MHCP
and GLUT1). Echocardiography identified a decreased cardiac
wall thickness. RT-PCR and Western blotting revealed a
decreased amount of cardiac myofibrillar proteins MHC and
troponin I, induced expression of E-3 ligases (MuRF-1 and
Atrogin-1) and increased protein ubiquitination, providing
evidence for cardiac atrophy in mice with cancer cachexia.
Regulatory signaling pathways mediating these changes may
include p44/42 MAPK. Together, these data provide evidence
that pathways leading to cardiac remodeling and atrophy
occur in mice with C26 cachexia.

Introduction

Cachexia is a complex metabolic syndrome that occurs in
30-90% of cancer patients and is estimated to account for 22%
of cancer deaths (1,2). The prominent feature of cancer cachexia
is the severe loss of skeletal muscle mass and strength, which
contributes to weakness and fatigue and adversely affects
patients' quality of life and tolerability of cancer therapies (3).
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The decreased skeletal muscle mass in cancer cachexia is mainly
attributed to the marked induction of ubiquitin-proteasome
mediated proteolysis, where E3 ligases Atrogin-1 (also called
MAFbx) and MuRF-1 are commonly elevated (4,5).

In contrast to the well-defined mechanisms of skeletal
muscle atrophy, alterations in cardiac muscle have received
relatively little attention. It is unclear whether cancer cachexia
causes heart failure, although a 1975 observational study
reported that 7% of cancer deaths could be attributed to
cardiovascular insufficiency (6). In earlier studies using
tumor-bearing animals, cardiac performance measured ex
vivo was unaffected despite some evidence of abnormal
cardiac muscle metabolism (7,8). In a recent study from our
group, we found that heart contractile function was impaired
measured by echocardiography in mice with C26 tumor-
induced cachexia, and this was accompanied with increased
fibrosis, deranged myocardium structure, and altered gene
expression of contractile proteins (9). Springer and colleagues
(10) also reported deterioration of cardiac function in cachectic
rats with AH-130 hepatoma, with transient elevation of brain
natriuretic peptide (BNP). BNP is a hormone secreted by
cardiac myocytes and is generally highly expressed in the
fetal, but not adult myocardium. Increased BNP is considered
to be one of the events in cardiac remodeling indicating a
cardiac pathological response (11). From these studies, there is
now substantial evidence of heart function deterioration in
cancer cachexia, but the underlying mechanism remains to be
determined.

The purpose of the present study was to further characterize
the C26 tumor-induced cachexia mouse model to elucidate the
alterations in the cardiac muscle. We hypothesized that cardiac
remodeling and atrophy occur in mice with cancer cachexia, and
ubiqutin-proteasome mediated proteolysis may be a contributory
factor.

Materials and methods

Experimental animals and design. Five-week-old, male CD2F1
mice (BALB/c x DBA/2; Charles River Laboratories, Wilmington,
MA) were housed five per cage and fed the AIN-93G semi-
purified pellet diet (Research Diets, New Brunswick, NJ)
containing 7% fat by weight. When mice weighed approximately
20 grams (day 0), they were randomly assigned to either the
Tumor (n=15) or No Tumor (n=10) group, and were inoculated
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Figure 1. Gene expression of cardiac remodeling in mice in the No Tumor
group (n=10) compared to the Tumor group (n=14). "P<0.05.

Table I. In vivo echocardiographic data.

Parameters No Tumor Tumor
IVSs (mm) 1.21+0.04 0.87+0.04°
LVPWs (mm) 1.49+0.08 1.05+0.03°
IVSd (mm) 0.72+0.01 0.61+0.01°
LVPWd (mm) 0.89+0.08 0.7320.04
LVIDd (mm)* 34+0.1 3.3+0.1
LVIDs (mm)* 1.8+0.1 2.3+0.1°
LVEF (%) 85.2+1.6 67.1+2.3°
Fractional shortening (%) 48.6+2.1 32.3+1.7°

Values are means + SEM. IVSs, interventricular septum wall thickness
at systole; IVSd, interventricular septum wall thickness at diastole;
LVPWs, left ventricle posterior wall thickness at systole; LVPWd, left
ventricle posterior wall thickness at diastole; LVIDd, left ventricle
internal diameter at diastole; LVIDs, left ventricule internal diameter
at systole; LVEF, left ventricular ejection fraction. “These values have
been reported previously (9). °P<0.05.

subcutaneously in the flank region with either 1x10° colon-26
adenocarcinoma cells or PBS as vehicle, respectively. On day 17
post-inoculation, when there was a 20% difference in body weight
between the No Tumor and Tumor groups, mice were sacrificed
by cervical dislocation. Hearts were harvested first and ventricles
were processed for RT-PCR and Western blot analysis. All
procedures were in accordance with institution guidelines and
approved by the Institutional Animal Care and Use Committee
of The Ohio State University.

Echocardiography. At day 14 after tumor/PBS inoculation when
there was a 18% difference in body weight between the Tumor
and No Tumor group, echocardiography on mice was performed
using a GE Vivid7 ultrasound system (GE, Waukesha, WI) as
previously described (9).

Western immunoblots. Hearts were rapidly excised and a
portion of the ventricles was homogenized in lysis buffer
(20 mM trizma base, 1% Triton X-100, 50 mM NaCl, 250 mM
sucrose, 50 mN NaF, 5 mM Na,P,0,.H,0) with Complete
Mini Protease Inhibitor Cocktail Tablets (Roche Diagnostics,
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Figure 2. Detection and quantification of MHC (A) and Troponin I (B) protein
expression in mice in the No Tumor group (n=10) compared to the Tumor
group (n=14). "P<0.05. Representative Western blots using cardiac MHC and
Tropinin I antibodies are depicted, respectively. To control for equal loading of
the lanes, the blot was re-probed with anti-a-tubulin antibody.

Indianapolis, IN). Protein concentration was determined using
the BCA Protein Assay kit (Pierce, Rockford, IL).
Protein (60 pug per sample) was separated by SDS-PAGE, and
transferred to nitrocellulose membranes. Ponceau S Solution
(Sigma, St. Louis, MO) was used to examine bands for equal
loading for SDS- PAGE and confirm successful transfer to the
membrane. Membranes were probed for target proteins
according to manufacturer's protocol and then detected with
chemiluminescense (Super Signal, Pierce, Rockford, IL) using
Kodak Image Station 2000 RT (Eastman Kodak, Rochester,
NY). Polyclonal rabbit anti-phospho- and total-p44/42 MAPK
and p38 MAPK, anti-troponin I, anti-a-tubulin, and secondary
antibody (HRP- linked anti-rabbit IgG) were purchased from
Cell Signaling (Danvers, MA). Anti-MuRF1 was purchased
from Novus Biologicals LLC (Littleton, CO). Polyclonal
mouse anti-myosin heavy chain-cardiac and secondary
antibodies (HRP-linked anti-mouse IgG) were from Abcam
(Cambridge, MA).

RT-PCR analysis. RNA was isolated from the ventricles with
TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse
transcribed with the High Capacity cDNA Archive kit (ABI,



INTERNATIONAL JOURNAL OF ONCOLOGY 39: 1321-1326, 2011

5 - == No Tumor
—= Tumor

Relative expression
W

MuRF-1 Atrogin-1

No Tumor Tumor

SN S 8B W= MURF-1
S s ssms o o-tubulin

= . ]
0 o N R G 0 O

arb. units]

MuRF-1 protein expression
[

e e o9

o N A

Tumor

No Tumor

Figure 3. Analysis of MuRF-1 and Atrogin-1 mRNA expression by RT-PCR
(A) as well as MuRF-1 protein expression by Western blot analysis (B) in mice
in the No Tumor group (n=10) compared to the Tumor group (n=14). 'P<0.05.
Representative Western blots using a MuRF-1 specific antibody are depicted.
To control for equal loading of the lanes, the blot was re-probed with anti-
a-tubulin antibody.

Foster City, CA) according to the manufacturer's protocol.
RT-PCR analysis was performed with pre-designed primers
from Applied Biosystems (TagMan Gene Expression Assays).
Target gene expression was normalized to the endogenous
control 18S rRNA amplified in the same reaction and expressed
as 2"22¢T relative to the No Tumor group (12).

Statistical analysis. Data were analyzed using MINITAB 15
(State College, PA) and are presented as mean + standard
error of mean (SEM). Differences between the Tumor and No
Tumor groups were analyzed by unpaired, two-sample t-tests.
Differences were considered significant at P<0.05.

Results

Gene expression pattern associated with cardiac remodeling is
present in mice with cancer cachexia. Impaired cardiac function
is usually associated with a series of molecular alterations in
the myocardium, so-called cardiac remodeling. Molecular
alterations during cardiac remodeling include increased fibrosis,
reduced expression of PPARa and responsive genes (13),
re-expression of proto-oncogenes, and activation of fetal gene
expression (11,14,15). Our previous study demonstrated increased
interstitial fibrosis between cardiac myofibers, as well as a
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Figure 4. Detection of ubiquitinated proteins in the myocardium of mice in the
Tumor group (n=8) compared to the No Tumor group (n=8). Representative
Western blot analysis using an ubiquitin specific antibody is depicted. To
control for equal loading of the lanes, the blot was re-probed with anti-a-tubulin
antibody.

switch from ‘adult” isoform MHCa to ‘fetal’ isoform MHC in
the falling hearts of mice with cancer cachexia (9). In this study,
we found additional evidence of cardiac remodeling in cachectic
mice bearing C26 tumors. The expression of PPARa mRNA
and its responsive gene CPTIf mRNA were significantly
reduced, while the expression of BNP and proto-oncogene
c-fos mRNA were significantly induced in hearts of tumor-
bearing mice. In addition to the myofibrillar protein MHC
switching from adult to fetal isoform, there was a decreased
GLUTA4 (adult isoform) expression and an increased GLUT1
(fetal isoform) expression (Fig. 1).

Cardiac wall thickness is decreased in mice with cancer
cachexia. With impaired heart contractile function revealed
by significantly decreased fractional shortening (Table I), the
M-mode imaging from transthoracic echocardiography
identified a 28% decrease in interventricular septum (IVS)
wall thickness and a 30% decrease in posterior wall thickness
at systole, as well as a 15% decrease in IVS wall thickness at
diastole, suggesting cardiac wall atrophy in tumor-bearing
mice (Table I).

Myocardium protein degradation is increased in mice with
cancer cachexia. Corroborating the evidence of cardiac
atrophy identified by echocardiography, we found significantly
decreased proteins levels in the major cardiac myofibrillar
proteins, a 43% reduction in MHC (Fig. 2A) and a 58%
reduction in troponin I (Fig. 2B) in tumor-bearing mice
compared to mice without tumors. To determine whether the
ubiquitin-proteasome system is involved in the loss of
myofibrillar proteins, RT-PCR and additional Western blots
were performed. Significantly higher mRNA and protein
levels of MuRF-1 as well as a higher gene expression of
Atrogin-1 were evident in hearts of tumor-bearing mice
(Fig. 3A and B), consistent with a higher level of protein
ubiquitination (Fig. 4). These data suggest that the ubiquitin-
proteasome system may be contributing to the cardiac protein
loss in tumor-bearing mice.
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Figure 5. Detection and quantification of the activation (phosphorylated
form relative to total form) of p38 MAPK (A) and p44/42 MAPK (B) in the
myocardium of mice in the Tumor group (n=8) compared to the No Tumor
group (n=8). "P<0.05.

In cachexia, E-3 ligases (Atrogin-1 and MuRF-1) are
mainly induced by pro-inflammatory cytokines (16), which
are found to be elevated in our study. In the C26 mouse
model of cancer cachexia, IL-6 is the dominant
pro-inflammatory cytokine (17). We have found more than
100-fold induction in circulating IL-6 in tumor-bearing mice
(Belury MA, unpublished data), as well as increased local
inflammation in the heart (9). Different signaling pathways
mediated through pro-inflammatory cytokines have been
reported in cardiac atrophy, and MAPK activation has been
believed to be conserved, including p38 MAPK and p44/42
MAPK (13,16). Therefore, we performed Western blots to
detect activation of p38 MAPK and p44/42 MAPK. The
results showed a significantly elevated p44/42 MAPK
activation (phosphorylated form relative to total form) in the
myocardium of tumor-bearing mice compared to mice
without tumors (Fig. 5B), without a difference detected in
p38 MAPK activation (Fig. 5A).
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Figure 6. Proposed working model for the regulation of cardiac muscle
atrophy in mice with colon-26 tumor-induced cachexia.

Discussion

Our previous study uncovered an underappreciated deterioration
of heart contractile function in mice with C26 tumor-induced
cachexia (9). The present study investigates the underlying
mechanism of the decreased heart function. We found induction
of a gene expression pattern indicative of cardiac pathological
development in mice with cancer cachexia. In addition, echo-
cardiography demonstrated decreased cardiac wall thickness,
which is in accordance with the loss of major myofibrillar
proteins MHC and troponin I. The induced expression of
E-ligases (Atrogin-1 and MuRF-1), increased protein level of
MuRF-1, together with increased protein ubiquitination suggest
that ubiquitin-proteasome mediated proteolysis may in part
contribute to the cardiac muscle atrophy in mice with cancer
cachexia.

Cardiac remodeling usually occurs after injury to the heart
and is indicative of declined heart function. The remodeling
process is characterized by altered sarcomeric gene expression,
including activation of proto-oncogenes (c-fos, c-jun, c-myc,
hsp70) (15), and decreased expression of PPARa and PPARa-
regulated genes (13). Cardiac muscle derives the majority
(~70%) of its energy from lipid oxidation (18), and PPARa is
the major regulator of lipid metabolism in mammalian hearts.
It induces expression of CPT1, which is the key enzyme in the
outer membrane of mitochondria for fatty acid uptake and the
rate-limiting step for fatty acid B-oxidation. Inhibition of
PPARa regulation is associated with impaired oxidative
capacity (e.g. mitochondria biogenesis) and energy substrate
utilization switch from lipid to glucose, with a consequence of
compromised heart function (19). In patients with dilated
cardiomyopathy, there is a down-regulation of genes involved
in fatty acid oxidation, as well as the switch from fatty acid to
glucose utilization (20,21). We found a reduction in PPARa
and CPT1p expression in hearts of tumor-bearing mice compared
to mice without tumors, suggesting a reduced capacity of fatty
acid B-oxidation, which needs further confirmation by activity
assay.

Another key feature of the altered gene expression pattern
is the switch from ‘adult’ to a ‘fetal’ gene expression profile.
BNP is a hormone secreted by fetal cardiac myocytes, and we
found a significant BNP induction in the heart of C26 tumor-
bearing mice. Decreased MHCa and increased MHCP is
well-documented in heart failure, and this shift adversely
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impacts cardiac contractile capacity (15,22-24). In addition to
MHC isoforms, we also found a switch from GLUT4 to
GLUTI. Similar findings have been reported in both animals
and patients with heart failure (14,25). GLUT4 is mainly
found in adult muscle and adipose tissue and is responsible for
glucose uptake in response to insulin, while GLUT1 is widely
distributed in fetal tissues, and is responsible for low-level
basal glucose uptake. The GLUT isoform switch may be an
adaptive mechanism to compensate for the hypoglycemia that
occurs in later stages of cachexia in this model (26).

Re-activation of fetal gene expression occurs in both cardiac
atrophic and hypertrophic remodeling (27-29). In our studies,
several lines of evidence support the possibility of cardiac
atrophy in C26-tumor bearing mice. We found a 21% reduced
heart mass in cachectic mice bearing C26 tumors compared
to control mice (9), which is consistent with findings of others
that heart sizes were decreased by 20-29% in C26 tumor-
bearing mice and inhibin-deficient mice with gonadal cancers
(30). Moreover, the echocardiography clearly demonstrated
decreased cardiac wall thickness, suggestive of cardiac atrophy.
In support of this notion, Western blotting revealed a reduced
amount of MHC and troponin I. MHC accounts for the majority
of myofibrillar proteins and hydrolyzes ATP for muscle force
generation, while troponin I is the major regulator of the muscle
contractile apparatus (22). The degradation of contractile
proteins is negatively associated with maximal force gene-
ration (31). There has been evidence that MuRF-1 localizes to
the M line in the center of the thick filament and specifically
degrades troponin I in hearts (32) and MHC in skeletal muscle
(33,34), while Atrogin-1 (MAFbx) degrades Myo D (35). We
found increased MuRF-1 at both mRNA and protein levels,
together with increased Atrogin-1 gene expression. However,
Atrogin-1 protein level could not be determined due to a lack
of a specific antibody. Additionally, increased protein ubiquiti-
nation was detected. These data indicate that the cardiac
atrophy might occur in part through the activation of ubiquitin-
proteasome system in the tumor-bearing mice.

Chronic induction of pro-inflammatory cytokines, such as
TNF-a and IL-6 are associated with cardiac remodeling in
both human falling hearts and in experimental animal models
(36-38). These cytokines are potent activators of E-3 ligase
(MuRF-1 and Atrogin-1) expression in cardiac muscle (16).
Conraads and colleagues demonstrated that TNF-a plays an
important role in the process of left ventricular remodeling
following acute myocardial infarction. In the early hypertrophy
phase of cardiac remodeling, TNF-a activated Akt and down-
regulated the E3-ligases, therefore increased the level of
contractile proteins (troponin I in particular) and cardiac
hypertrophy in patients (39). But in a rat model of chronic heart
failure, which is a later phase of cardiac remodeling with left
ventricle dilation and wall thinning, TNF-a induced the
expression of Atrogin-1 through activation of p38 MAPK, and
induced MuRF-1 through p42/44 MAPK in cardiac muscle
(16). In our study using the C26 mouse model, IL-6 is the
major cytokine and found to be elevated in both heart and the
circulation (9,17). To investigate whether MAPK mediated
signaling is involved, we detected the activation (phosphory-
lation) of p38 MAPK and p44/42 MAPK, and only p44/42
MAPK was found to be activated in hearts of tumor-bearing
mice compared to mice without tumors. To elucidate whether

1325

p44/42 MAPK is required and sufficient to regulate cardiac
proteolysis, further mechanistic work should be addressed in
future studies, e.g. examining proteolysis in cardiomyocytes
under specific inhibition of the p44/42 MAPK activity.

In summary, cardiac atrophic remodeling occurs in the
cachectic mice bearing C26 tumors. Although partly speculative,
we would like to propose the hypothetical working model
outlined in Fig. 6. Future in vitro experiments will confirm the
role of pro-inflammatory cytokines in regulating cardiac
atrophy as well as the involvement of p44/42 MAPK pathway.
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