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Abstract

Purpose To evaluate the effect of proteasome inhibitor

MG132 in cancer cachexia and to delineate the molecular

mechanism underlying.

Methods We established an experimental cancer cachexia

model by subcutaneously implanting colon 26 cells into the

armpits of BALB/c mice. Following administration of

MG132 at various time points, body weight, food intake,

gastrocnemius muscle weight, spontaneous activity and

survival of tumor-bearing mice were examined along with

tumor growth. Moreover, cachectic markers including

glucose, triglyceride, albumin and total proteins as well as

levels of the proinflammatory cytokines TNF-a and IL-6 in

serum and gastrocnemius tissue were measured. Finally,

mRNA and protein levels of p65, IjBa, and ubiquitin E3

ligases MuRF1 and MAFbx in gastrocnemius muscle were

assessed.

Results MG132 treatment significantly alleviated cancer

cachexia as demonstrated by attenuated weight loss, altered

carbohydrate metabolism and muscle atrophy and

increased spontaneous activity and survival time of tumor-

bearing mice. MG132 reduced tumor growth and the levels

of TNF-a and IL-6 in serum and gastrocnemius tissue.

NF-jB, MuRF1 and MAFbx were also inhibited by

MG132. Unexpectedly, MG132 was more efficient when

administrated during the early stages of cachexia. MG132

had no effect on food intake of tumor-bearing mice.

Conclusion Our results demonstrate that MG132-induced

inhibition of the ubiquitin–proteasome pathway in cancer

cachexia decreased the activity of NF-jB and the degra-

dation of IjBa, and reduced the levels of TNF-a and IL-6

in serum and gastrocnemius tissue, accompanied by

downregulation of MuRF1 and MAFbx. These data suggest

that MG132 is a potential therapeutic and preventive agent

for cancer cachexia.
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Introduction

Cancer cachexia affects 80 % of patients with advanced

tumors of the brain, pancreas, lung and stomach and

accounts for over 30 % of cancer-related deaths (Tisdale

2009; Fearon 2008). This multifactorial syndrome is

characterized by progressive depletion of skeletal muscle,

which is often, but not always, accompanied by loss of

body fat (Fearon et al. 2011). Cachexia-induced muscle

wasting and weight loss have a detrimental effect on the

patient’s quality of life and are the major factors contrib-

uting to death (Fearon 2008). However, there are few

therapeutic options available for cancer cachexia, and

conventional nutritional support cannot fully reverse these

cachectic manifestations (Fearon et al. 2011). Thus, it is

important to elucidate the underlying molecular mecha-

nisms to develop novel treatment strategies and improve

the current therapeutics for cancer cachexia.

Elevated levels of proinflammatory cytokines, including

tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6),

L. Zhang � H. Tang (&) � Y. Kou � Y. Zheng � Q. Wang �
X. Zhou � L. Jin

Department of General Surgery, The First Affiliated Hospital of

Chongqing Medical University, 400016 Chongqing, China

e-mail: tanglihua6969@sina.com

R. Li

Department of Infectious Diseases and Gastroenterology,

Children’s Hospital Affiliated to Chongqing Medical University,

400016 Chongqing, China

123

J Cancer Res Clin Oncol (2013) 139:1105–1115

DOI 10.1007/s00432-013-1412-6



contribute to the pathogenesis of cancer cachexia by

mediating systemic inflammation, which in turn promotes

the degradation of muscle proteins (Saini et al. 2006). In

response to proinflammatory cytokines, NF-jB, a tran-

scription factor regulating the expression of a number of

proinflammatory markers such as cytokines and chemo-

kines, is activated, thus establishing a positive feedback

loop that results in overstimulation of NF-jB, fibrosis and

degradation of specific muscle proteins (Kumar et al. 2004;

Li et al. 2008). Muscle protein degradation is mediated by

the lysosomal system, cytosolic protease and ubiquitin–

proteasome pathway. Among these mechanisms, the

ubiquitin–proteasome pathway plays a predominant role

and accounts for the majority of skeletal muscle degrada-

tion in cancer cachexia (Melstrom et al. 2007). The key

enzyme in the ubiquitin–proteasome system is E3 ubiquitin

ligase. Two E3 ligases, atrogin-1 (MAFbx) and muscle

RING finger protein 1(MuRF1), are involved in skeletal

muscle atrophy (Gomes et al. 2001; Bodine et al. 2001).

Accumulating data have demonstrated that both MAFbx

and MuRF1 are regulated by NF-jB (Judge et al. 2007; Cai

et al. 2004; Adams et al. 2008).

With regard to the regulatory roles of NF-jB and the

ubiquitin–proteasome pathway in muscle atrophy, it is

intriguing to hypothesize that proteasome inhibitors could

attenuate cancer cachexia. MG132 is a specific, potent and

reversible proteasome inhibitor and blocks the degradation

of ubiquitin-conjugated IjB, thereby inhibiting NF-jB

activation (Inoue et al. 2009). It was recently shown that

MG132 could reduce immobilization-/disuse-induced

skeletal muscle atrophy via inhibiting NF-jB (Caron et al.

2011; Jamart et al. 2011). In the present study, we evalu-

ated the potential effect of MG132 in cancer cachexia and

found that MG132 ameliorated cancer cachexia by atten-

uating the activation of the NF-jB pathway.

Materials and methods

Reagents

Rabbit polyclonal antibodies against IjBa and the p65

subunit of NF-jB were obtained from Proteintech (IL,

USA). Anti-MAFbx, MuRF1 and b-actin antibodies were

purchased from Santa Cruz Biotechnology (CA, USA). The

protease inhibitor MG132 was dissolved in DMSO (25 mg/ml)

and diluted to a final concentration of 0.1 mg/kg prior to

injection (Ma et al. 2011).

Animal studies

Male BALB/c mice (6–8 weeks old; 20–24 g) were

obtained from the Experimental Animal Center of

Chongqing University of Medical Sciences, China. All animal

experimental procedures were reviewed and approved by the

Institutional Animal Care and Use Committee of Chongqing

University of Medical Sciences. Animals were housed in a

temperature-controlled room (22 ± 1 �C) on a 12-h light/

dark cycle and provided with food and water ad libitum for

7 days to acclimate to local conditions.

To induce cancer cachexia in mice, a total of 48 mice

were injected subcutaneously with murine colon 26 ade-

nocarcinoma (C26) cells, a gift from the Department of

Pathology, Chongqing University of Medical Sciences. In

detail, logarithmically growing C26 cells were harvested

using trypsinization and suspended in PBS at a density of

1 9 107 cells/ml. One hundred microliters of cell suspen-

sion was then injected subcutaneously into the armpits of

each mouse on day 0. Sixteen animals receiving an injec-

tion of PBS alone served as healthy controls (HC). As

cancer cachexia is characterized by progressive weight

loss, depletion of body fat, anorexia, asthenia, wasting,

fatigue and impaired immune function (Agustsson et al.

2007; Faber et al. 2008), we recorded spontaneous physical

activity, condition of the fur and body weight of the ani-

mals on a daily basis. In addition, tumor growth was

monitored, and the tumor volume was determined using the

following formula: tumor volume V (mm3) = (a 9 b2)/2,

where a represents the length in millimeter and b the width

in millimeter.

Tumor-bearing mice were subsequently treated with

MG132 or PBS at various time points and randomized into

three groups with 16 mice in each group. The MG132

prevention group (MP) was treated with MG132 from day

5 (Zhou et al. 2010) when the tumor was palpable. The

MG132 treatment group (MT) was injected intraperitone-

ally with MG132 from day 12 when advanced cachexia

symptoms were observed. The cancer cachexia group (CC)

was injected with sterile PBS under similar conditions. On

day 19, blood sampling from the retro-orbital plexus was

performed on 8 mice in each group. Serum was obtained by

clotting of the blood at room temperature for 1 h followed

by centrifugation at 4,000 rpm/min for 10 min and frozen

at -20 �C prior to analyses. Thereafter, these mice were

killed via cervical dislocation. Tumors and gastrocnemius

muscles of the left leg were dissected and weighed. Muscle

specimens were snap-frozen at -80 �C or fixed in 10 %

buffered formalin for histochemistry studies. For the

remaining mice (8 mice from each group), spontaneous

physical activity, food intake and survival time were

recorded and analyzed.

Histology

Gastrocnemius muscles were embedded in paraffin

and sectioned. Serial 5-lm slices were stained with
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hematoxylin and eosin (H and E). Images were acquired

using an inverted light microscope (200 9 magnification)

and analyzed with Image J software (http://rsb.info.nih.

gov/ij/). Approximately 200 muscle fibers from each muscle

were analyzed for cross-sectional area quantification.

Analytical methods

Serum glucose, triglyceride, total protein and albumin were

measured using an automated biochemistry analyzer. TNF-a
and IL-6 levels in the serum and gastrocnemius muscles were

determined using a sandwich ELISA according to the manu-

facturer’s protocol.

Real-time PCR

Total RNA was isolated from gastrocnemius muscles

using TRIzol� reagent (TaKaRa, China) and reverse-

transcribed to cDNA according to the manufacturer’s

instructions. Real-time PCR was performed using the

SYBR Green quantitative reverse transcription PCR

System (KAPA Biosystems, USA). Each real-time PCR

(20 ll) contained 2 ll of diluted cDNA, 0.8 ll of primers,

10 ll of KAPA SYBR fast qPCR master mix and ddH20.

The primers used are summarized in Table 1. Real-time

PCR was performed using an ABI Prism 7,500 sequence

detection system (Applied Biosystems), with the follow-

ing reaction conditions: 95 �C for 1 min, followed by 40

cycles of a three-step reaction, denaturation at 95 �C for

5 s, annealing at 58 �C for 15 s and extension at 72 �C for

15 s. Melting curve analyses were performed with the

Bio-Rad CFX Manager v1.6 (Bio-Rad) to ensure ampli-

fication specificity. Transcript levels of the target genes

were normalized to GAPDH, and the relative fold change

in expression was calculated using the comparative Ct

method.

Western immunoblot

Nuclear and total proteins extracted from gastrocnemius

muscles and tumor tissues were quantified using a BCA

assay. Protein lysates were subsequently resolved using

10 % SDS–PAGE and transferred onto a polyvinylidene

difluoride membrane (Beyotime Institute of Biotechnology,

China). Following blocking with 5 % skim milk at 37 �C

for 1 h, membranes were incubated with specific primary

antibodies overnight at 4 �C. Thereafter, the membranes

were washed with TBST and incubated with the secondary

goat anti-rabbit IgG–HRP (horseradish peroxidase) conju-

gate for 1 h at room temperature.

Protein bands of interest were visualized following a

final wash with TBST. The developed films were analyzed

using the Gel Image System software.

Statistical analyses

Statistical analyses were performed using SPSS 17.0, and

data are expressed as mean ± standard deviation (x ± s).

One-way ANOVA was performed when more than two

animal groups were compared, whereas SNK-q analyses

were employed for pairwise comparison. Survival was

analyzed using a log-rank test. P \ 0.05 was considered

statistically significant.

Results

MG132 ameliorates weight loss and inhibits

tumor growth

The C26 tumor–bearing mice underwent lethal wasting as

demonstrated by progressive weight loss during tumor

growth (Tanaka et al. 1990). To evaluate the effect of

MG132, we administered MG132 to the tumor-bearing

mice at various stages of cachexia and analyzed changes

in body weight. Although there was no apparent differ-

ence 5 days postimplantation in terms of body weights,

significant difference was noted between mice from the

MP and CC groups or the MP and MT groups, starting

from day 12 (P \ 0.5). After 19 days, significant weight

loss was observed in mice from CC, MP and MT groups

(P \ 0.5). Moreover, a drastic difference in terms of the

carcass weights after excision of tumor burden was noted

between MP and CC groups (P \ 0.001). Interestingly,

only slight but not significant difference in body weights

were observed between these two groups (1a). Other than

body weight, tumor weights and volumes were also

recorded for all tumor-bearing mice. As shown in Fig. 1b–d,

tumor volumes and weights of MP mice were 54.41 and

Table 1 Primers for real-time PCR

Primer Sequence from 50 to 30

IjBa forward 50-ATGGAAGTCATTGGTCAGGTG-30

IjBa reverse 50-ACAGGCAAGATGTAGAGGGGTA-30

p65 forward 50-GGATGGCTACTATGAGGCTGAC-30

p65 reverse 50-GAAAGGGGTTATTGTTGGTCTG-30

MAFbx forward 50-GAAGAGAGCAGTATGGGGTCAC-30

MAFbx reverse 50-CTTGAGGGGAAAGRGAGACG-30

MuRF1 forward 50-GGAACACGAAGACGAGAAAATC-30

MuRF1 reverse 50-TGGCTATTCTCCTTGGTCACTC-30

GAPDH forward 50-GGTGAAGGTCGGTGTGAACG-30

GAPDH reverse 50-CTCGCTCCTGGAAGATGGTG-30
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48.96 % of those of CC mice, respectively. When

administrated during advanced cachexia from day 12,

MG132 was less effective in alleviating weight loss and

inhibiting tumor growth (P \ 0.001), while the body

weights of mice from the MT group remained 17.40 %

heavier than those of CC mice. In addition, tumor volumes

and weights of the MT group were 48.96 and 61.25 % of

those of CC mice, respectively (Fig. 1b–d). Besides

weight loss, anorexia is another characteristic symptom of

cancer cachexia. Consistent with a previous study, no

significant differences in food intake were observed

between groups (Tanaka et al. 1990) (data not shown).

These results demonstrated that MG132 ameliorated

weight loss and inhibited tumor growth of C26 tumor–

bearing mice.

MG132 reverses skeletal muscle atrophy, increases

spontaneous physical activity and prolongs life span

of tumor-bearing mice

During cancer cachexia, a marked decrease in skeletal muscle

mass of the hind limb was observed in tumor-bearing CC mice

(Fig. 2a Left). Moreover, gastrocnemius muscle weights

(Fig. 2a Right) and cross-sectional areas (Fig. 2b) of CC mice

were 52.53 and 51.46 % of those of HC mice, respectively. In

contrast, gastrocnemius muscle weights of MP or MT mice

were 52.10 or 31.82 % higher than those of CC mice, respec-

tively. Histological analyses further demonstrated that MG132

rescued, at least partially, gastrocnemius muscle atrophy, as the

gastrocnemius cross-sectional areas of MP or MT mice were

59.60 or 30.24 % larger than those of CC mice (Fig. 2b).

Fig. 1 MG132 ameliorates weight loss and inhibits tumor growth in

colon 26 (C26) tumor–bearing mice. BALB/c mice of similar weight

were randomized into four groups, including: healthy controls (HC),

untreated tumor-bearing cancer cachexia group (CC), MG132

prevention group (MP; tumor-bearing mice receiving MG132 treat-

ment 5 days following inoculation) and MG132 treatment group (MT;

administration of MG132 was begun at day 12 following tumor

implantation). To establish the experimental cancer cachexia model,

colon carcinoma C26 cells were implanted into CC, MT and MP

groups on day 0. Upon inoculation, body weight and fur condition

were monitored on a daily basis. On days 0, 5, 12 and 19

postimplantation, the body weights of mice were recorded before

euthanasia. a Eight mice from each group were killed and tumor

volumes from all three groups of tumor-bearing mice were calculated.

b Representative measurement of tumor volume. c Quantification of

tumor volumes. d Quantification of tumor weight. Columns and bars

represent means from three independent experiments (x) and standard

deviation (s). **P \0.001 when compared with HC mice; ##P \
0.001 when compared with CC mice; $P \ 0.05, $$P \ 0.001 when

compared between MP and MT mice
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Moreover, MG132 treatment led to increased sponta-

neous physical activity and prolonged survival of tumor-

bearing mice. Compared with HC mice, CC mice exhibited

a significant reduction in spontaneous physical activity and

total distance was 28.24 % of HCs (Fig. 2c). In response to

MG132 treatment, significant increases in spontaneous

physical activity were observed in the MP and MT groups.

Furthermore, MG132 treatment beginning at day 5 was

more effective in restoring spontaneous physical activity of

tumor-bearing mice (Fig. 2c). We next recorded survival

time of tumor-bearing mice and plotted the Kaplan–Meier

survival curves. The survival time for mice from the MP

and MT groups was 9 and 5 days longer than those of CC

mice, respectively. However, it seemed that survival time

was not correlated with the timing of the first dose of

MG132 during the course of cachexia (Fig. 2d). Thus,

MG132 could reverse skeletal muscle atrophy, increase

spontaneous physical activity and prolong life span of

tumor-bearing mice, particularly during early stages of

cancer cachexia.

MG132 restores carbohydrate metabolism

of tumor-bearing mice

Despite reduced calorie intake, significant higher rates

of glucose and triglyceride–fatty acid cycling and

Fig. 2 MG132 preserves
skeletal muscle, increases
spontaneous physical activity
and prolongs survival of tumor-

bearing mice. a Representation

of gastrocnemius muscle of

tumor-bearing mice (Left panel)
and quantification of muscle

mass (Right panel). b H&E

staining of the myofiber cross-

section (Left panel) and area of

the myofiber cross-section

(Right panel). c Spontaneous

activity as measured by an

infrared monitoring system

(Tokyo, Japan). d Kaplan–

Meier survival curve was

plotted based on the data from

the remaining 8 mice from each

group. Columns and bars

represent means from three

independent experiments (x)

and standard deviation (s).

**P \ 0.001 when compared

with HC mice; #P \ 0.05,

##P \ 0.001 when compared

with CC mice; $P \ 0.05,

$$P \ 0.001 when compared

between MP and MT mice
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gluconeogenesis were observed in patients with cachexia

(Holroyde et al. 1984). To examine the effect of MG132 on

altered metabolic pathways of cachectic mice, we mea-

sured glucose, triglyceride, albumin and total protein levels

in the serum. As shown in Fig. 3a–d, CC mice showed

significantly reduced levels of glucose, albumin and total

protein compared with HC mice. Interestingly, elevated

levels of triglyceride were observed in CC mice (Fig. 3b).

Administration of MG132 restored serum glucose, albumin

and total protein levels and reduced the triglyceride level.

In addition, administration of MG132 during the early

stages of cachexia is more effective in restoring carbohy-

drate metabolism (Fig. 3 a–d). These data suggest that

MG132 efficiently restored the defects in carbohydrate

metabolism of tumor-bearing mice.

MG132 suppresses upregulation of TNF-a and IL-6

in serum and gastrocnemius muscles of tumor-bearing

mice

It is well documented that a number of proinflammatory

cytokines including TNF-a, IL-6, IL-1 and interferon c
play critical roles in the development of cancer cachexia

(Argiles and Lopez-Soriano 1999). To examine whether

MG132 exerts its anti-cachexia functions by attenuating

the expression and secretion of proinflammatory cytokines,

we performed ELISA to measure TNF-a and IL-6 levels in

serum and gastrocnemius muscles from tumor-bearing

mice. As shown in Fig. 4a–d, TNF-a and IL-6 levels in

both serum and gastrocnemius tissues were significantly

higher in CC mice as compared to HC mice, while the

serum levels of TNF-a in MT and MP mice were 49.19 and

20.87 % lower than those of CC mice, respectively. Sim-

ilarly, IL-6 levels in the serum of MT or MP mice were

51.85 or 41.89 % lower than those of CC mice, respec-

tively (Fig. 4a–b). In gastrocnemius muscles from MP or

MT mice, TNF-a and IL-6 levels were also significantly

reduced, and the effect was more prominent when MG132

was administered during the early stages of cachexia

(Fig. 4c–d). Therefore, MG132 suppresses the upregulation

of TNF-a and IL-6 in the serum and gastrocnemius mus-

cles of tumor-bearing mice.

MG132 inhibits the NF-jB-mediated

ubiquitin–proteasome pathway

Our data demonstrated that elevated proinflammatory

cytokine levels are accompanied by progression of cancer

cachexia. Expression of these cytokines is regulated by NF-

jB. In turn, these cytokines serve as potent activators of

NF-jB, whose activation plays a critical role in skeletal

muscle atrophy (Li et al. 2008; Guttridge et al. 2000). The

ubiquitin–proteasome pathway is involved in the degrada-

tion of regulatory and structural muscle proteins, such as

Fig. 3 MG132 treatment
restores carbohydrate
metabolism in tumor-bearing
mice. Blood sampling was

performed on day 19 before

killing. Serum levels of glucose

(a), triglyceride (b), albumin (c)

and total protein (d) were

measured. Data are represented

as mean ± SD (x ± s).

*P \ 0.05, **P \ 0.001 when

compared with HC mice;

#P \ 0.05, ##P \ 0.001 when

compared with CC mice;

$P \ 0.05 when compared

between MP and MT mice
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myofibrillar proteins. Increased activation of NF-jB leads

to skeletal muscle atrophy by enhancing the ubiquitin–

proteasome proteolytic pathway (Cai et al. 2004; Cao et al.

2005). Recent data showed that MG132 reduces skeletal

muscle atrophy by inhibiting NF-jB activation (Caron

et al. 2011; Jamart et al. 2011). These data led us to

hypothesize that MG132 ameliorates cachexia by pre-

venting skeletal muscle atrophy through regulation of NF-

jB-mediated ubiquitin–proteasome proteolysis. We

examined the expression of IjBa, p65, MuRF1 and MA-

Fbx in the gastrocnemius muscles of tumor-bearing mice

using real-time PCR and western immunoblot. Dramatic

reductions in mRNA of IjBa were observed in CC mice as

compared to those of the HC group (Fig. 5a), while mRNA

levels of p65, MAFbx and MuRF1 were significantly

increased in tumor-bearing CC mice (Fig. 5b–d). MG132

elevated the mRNA of IjBa, at the same time attenuating

mRNA levels of p65, MAFbx and MuRF1. Moreover,

these effects were more evident in mice receiving the first

dose of MG132 during the early course of cachexia

(Fig. 5a–d). Similar protein patterns were also observed

(Fig. 6a–d). These results demonstrated that MG132

inhibits NF-jB-mediated ubiquitin–proteasome proteolysis

in cachectic animals, particularly during the early stages of

cancer cachexia.

To examine whether the anti-cancer effect of MG132

was also involved in NF-jB-mediated ubiquitin–protea-

some proteolysis, we examined IjBa and p65 levels using

immunoblotting and found that NF-jB signaling was

inhibited by MG132 (Fig. 7). However, the expression of

MAFbx and MuRF1 was not affected by MG132 treatment

(data not shown).

Discussion

As a highly debilitating characteristic of many cancers,

cachexia complicates cancer treatment, diminishes the

quality of life and reduces the life span of patients with

advanced malignancy (Dodson et al. 2011). Though a

number of pharmacotherapeutic agents with various

mechanisms of action are currently being evaluated, there

are currently no drugs approved for the prevention and

treatment of cancer cachexia. Regarding its critical roles in

muscle atrophy, targeting NF-jB pathway is a promising

strategy. A study with curcumin demonstrated that inhib-

iting NF-jB signaling resulted in muscle regeneration in

mice (Thaloor et al. 1999). Direct targeting of NF-jB DNA

binding sites by intratumoral injection of oligonucleotides

inhibited cachexia in a mouse model (Kawamura et al.

Fig. 4 MG132 treatment
reduces the elevated levels of
TNF-a and IL-6 in tumor-

bearing mice. a TNF-a and

b IL-6 levels in serum were

evaluated by ELISA. c TNF-a
and d IL-6 levels in

gastrocnemius muscles were

measured using ELISA. Data

are represented as

mean ± standard deviation (x ±

s). *P \ 0.05, **P \ 0.001

when compared with HC mice;

#P \ 0.05, ##P \ 0.001 when

compared with CC mice;

$P \ 0.05, $$P \ 0.001 when

compared between MP and MT

mice
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1999). Moreover, epigallocatechin-3-gallate, the principal

polyphenolic component in green tea, was shown to regu-

late NF-jB and attenuate skeletal muscle atrophy in cancer

cachexia (Wang et al. 2011). It is known that proteasome

inhibitors could block the activation of NF-jB through

stabilization of the phosphorylated IjBa. Therefore, we

speculated that proteasome inhibitors might ameliorate

cancer cachexia by inhibiting the NF-jB pathway. To test

this hypothesis, we established a cancer cachexia mouse

model that was treated with MG132, a proteasome inhib-

itor, at various time points during cachexia. We found that

MG132 could effectively reverse skeletal muscle atrophy

and inhibit tumor growth, accompanied by downregulation

of the NF-jB/ubiquitin–proteasome pathway.

MG132 is a potent and reversible proteasome inhibitor

whose clinical implications have been studied extensively.

For instance, MG132 together with the immunosuppres-

sant, celastrol, improved sialidosis (O’Leary and Igdoura

2012). In severe acute respiratory syndrome (SARS),

MG132 effectively inhibited the replication of SARS

coronavirus (Schneider et al. 2012). Moreover, MG132 was

shown to alleviate liver injury induced by intestinal

ischemia in rats (Jing et al. 2012) and was able to suppress

cytomegalovirus-specific immune responses (Wang et al.

2011). Recently, the therapeutic potential of MG132 for

cancer treatment has been evaluated. Regardless of cancer

type, MG132 is a promising anti-cancer agent functioning

by inhibiting tumor cell growth and inducing cancer cell

apoptosis (Guo 2012; Sung et al. 2012; Zanotto-Filho et al.

2012; Lombardo et al. 2012). In the present study, we

showed that skeletal muscle atrophy induced by cachexia

was significantly reversed with MG132 treatment. Our

results are consistent with previous studies which showed

that MG132 prevented muscle dystrophy (Winder et al.

2011), disuse-induced atrophy (Caron et al. 2011) and

immobilization-mediated skeletal muscle atrophy (Jamart

et al. 2011). By ameliorating skeletal muscle atrophy and

reducing tumor burden, MG132 treatment led to reduced

weight loss, improved spontaneous activity and longer

survival time in tumor-bearing mice, suggesting that

MG132 is a potential therapeutic agent for cancer cachexia

treatment. Moreover, administration of MG132 during the

early stages of cancer cachexia was more effective in

alleviating cachectic manifestations, supporting the obser-

vation that preventative interventions in the management of

cancer cachexia are important (Fearon et al. 2011).

Previous studies have indicated that proinflammatory

cytokines, including TNF-a and IL-6, play critical roles in

Fig. 5 MG132 reduced gene
expression NF-jB ubiquitin–

proteasome pathway. Relative

mRNA levels of IjBa (a), p65

(b), MuRF1 (c) and MAFbx (d)

of gastrocnemius muscles were

determined using real-time

PCR. Data are represented as

mean ± SD (x ± s). *P \ 0.05,

**P \ 0.001 when compared

with HC mice; #P \ 0.05,

##P \ 0.001 when compared

with CC mice; $P \ 0.05 when

compared between MP and MT

mice
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regulating muscle mass and protein degradation during

cachexia (Carson and Baltgalvis 2010; Pajak et al. 2008). We

observed in the current study that elevated serum and gas-

trocnemius muscle levels of TNF-a and IL-6 were correlated

with enhanced muscle wasting and weight loss during

cachexia, whereas administration of MG132 led to signifi-

cant reductions in TNF-a and IL-6 in serum and gastrocne-

mius muscle, accompanied by alleviated cancer cachexia

manifestations. Previous studies have demonstrated that

MG132 could reduce pain and inflammation through inhib-

iting NF-jB signaling (Ahmed et al. 2010). Our data indi-

cated that the anti-cachexia effect of MG132 was also

mediated by suppressing the NF-jB pathway. An elevated

expression of IjBa and reduced levels of p65 in gastrocne-

mius muscle were observed in mice receiving MG132

treatment. In agreement with a previous study which showed

that inhibiting the expression of MuRF1 and MAFbx could

reverse skeletal muscle atrophy and muscle protein degra-

dation (Glass 2010), we showed that MG132 significantly

reduced MuRF1 and MAFbx. Moreover, western immuno-

blot with protein extracted from tumor tissue revealed that

MG132 could impede tumor growth by targeting NF-jB

pathway, like what has been observed in Zanotto-Filho

et al.’s study (Zanotto-Filho et al. 2012). However, ubiqui-

tin–proteasome pathway seems not to contribute to the anti-

cancer effect of MG132 as the expression of MAFbx and

MuRF1 was not affected. Therefore, MG132 may attenuate

cancer cachexia by blocking activation of NF-jB and hence

upregulation of TNF-a and IL-6, inhibiting the downstream

ubiquitin–proteasome pathways such as MuRF1 and

Fig. 6 MG132 decreased the
elevated protein levels of p65,
MuRF1 and MAFbx and
reduced the expression of IjBa.
Western immunoblot analyses

were performed to detect the

effect of MG132 on protein

levels of IjBa (a), p65 (b),

MuRF1 (c) and MAFbx (d) in

gastrocnemius muscles. Upper
panel represents an

immunoblot, while the lower
panel indicates quantification of

protein band intensity using Gel
Image System software for each

protein. Data are represented as

mean ± SD (x ± s). *P\0.05,

**P \ 0.001 when compared

with HC mice; #P \ 0.05,

##P \ 0.001 when compared

with CC mice; $P \ 0.05,

$$P \ 0.001 when compared

between MP and MT mice
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MAFbx, thereby ameliorating muscle atrophy and muscle

protein degradation.

In summary, MG132 treatment could effectively alle-

viate C26-tumor-induced cancer cachexia by preventing

weight loss and muscle atrophy and increasing spontaneous

activity and survival time. Moreover, the anti-cachexia

effect of MG132 is potentially interacting through regula-

tion of NF-jB, its downstream ubiquitin–proteasome

pathway. Given the high efficacy of MG132, particularly

when administrated during the early stages of cancer

cachexia, our data also indicated that MG132 might be

used as a preventative measure for cancer cachexia.
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