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Cachexia is characterized by severe weight loss, including adipose and muscle wasting, and occurs in a large percentage
of cancer patients. Insulin resistance contributes to dysregulated metabolism in cachexia and occurs prior to weight loss
in mice with colon-26 tumor-induced cachexia. Therefore, we hypothesized that the insulin sensitizer, rosiglitazone,
would attenuate the loss of adipose and muscle to result in improved outcomes for mice with late-stage cachexia. Male
CD2F1 mice were inoculated with colon-26 adenocarcinoma cells or vehicle. Treatments included vehicle, rosiglitazone
(10 mg/kg body weight/day) or rosiglitazone plus pair-feeding to food intake of vehicle-treated mice with tumors.
Rosiglitazone delayed weight loss onset by 2 d over the 16 d duration of this aggressive tumor model. This finding was
associated, in part, with increased food intake. In addition, adipose mass, adipocyte cross-sectional area and inflam-
mation were improved with rosiglitazone. However, at the time of necropsy 16 d after tumor inoculation rosiglitazone
had no effect on retention of muscle mass, strength or proteolysis in late-stage cachexia. We did not measure stamina or
endurance in this study. In early-stage cachexia, rosiglitazone normalized PDK4 and PPAR-delta mRNA in quadriceps
muscle and rescued the decrease in insulin-stimulated glucose disappearance in mice with tumors. Rosiglitazone may
delay weight loss onset by decreasing tumor-induced markers of metabolic change in early-stage cachexia. These
changes predict for modest improvement in adipose, but no improvement in muscle strength in late-stage cachexia.

Introduction

Cachexia has recently been defined as a “multifactorial syndrome
characterized by severe loss of body weight, adipose mass, and
muscle and accompanied by increased protein catabolism due to
underlying disease(s).”1 An estimated 30–90% of cancer patients
develop cachexia, depending on the type of cancer.2,3 Diminished
skeletal muscle mass leads to severe weakness and fatigue, and
decreased tolerability and effectiveness of anticancer therapies.2,3

Besides decreased quality of life, cancer cachexia is estimated to
cause between 10–20% of cancer-related deaths.4,5

Both anorexia and dysregulated metabolism are key contribu-
tors to cachexia-induced weight loss.6 Strategies for improving
energy intake are necessary to counteract decreased appetite, and
in some cases, tumor-induced increases in metabolic rate.7

However, higher energy consumption is not adequate to stop or
reverse cachexia, particularly muscle wasting. Normalization of
metabolism is paramount for the effective utilization of nutrients.6

Glucose intolerance was noted in cancer patients nearly a
century ago.8 Numerous pre-clinical and clinical studies have
utilized exogenous insulin therapy to promote weight gain in

cachexia. Generally, insulin increases fat mass with little or no
improvement in lean mass in rodents and humans.9-14 Addition-
ally, insulin is an anabolic hormone that promotes growth of
many tumors,9-12 making insulin therapy potentially contra-
indicative for patients with cancer. Another problem with insulin
therapy for cachexia is the presence of insulin resistance, rendering
insulin less effective in eliciting an anabolic response. Insulin
resistance is present in patients with cancer cachexia.15,16 We
previously reported that the onset of insulin resistance occurs
prior to weight loss in mice with colon-26 tumors, suggesting a
role for insulin resistance in cachexia pathogenesis.17

Rosiglitazone is a peroxisome proliferator-activated receptor-
gamma (PPAR-c) agonist and insulin sensitizing agent primarily
used for treating type 2 diabetes mellitus. PPAR-c is a transcrip-
tion factor expressed most highly in adipose tissue, where it drives
adipocyte differentiation and lipogenesis. Adipogenesis results in
lipid partitioning away from non-adipose tissues and into adipose,
preventing ectopic lipid accumulation, an important contributor
to insulin resistance.18,19 In cachexia, ectopic lipid accumulation
and subsequent lipotoxicity would likely occur not as a result of
excess lipid as occurs in obesity and type 2 diabetes, but rather as
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a result of rapid delipidation and wasting of adipose tissue.
Rosiglitazone could preserve insulin sensitivity in mice with
cachexia by promoting adipogenesis and attenuating delipidation
of adipose tissue, potentially preserving insulin sensitivity. In
addition, rosiglitazone promotes an improved adipocytokine
profile, decreasing pro-inflammatory cytokine production and
increasing adiponectin.18,19 Anti-inflammatory properties of
rosiglitazone may be important in the study of cachexia as
tumor-induced inflammation is thought to be an important
component to dysregulated metabolism and weight loss in this
syndrome.20 In agreement with the known mechanisms of action
of rosiglitazone, treatment with rosiglitazone increased insulin
signaling and subsequently decreased proteolysis in muscle of
db/db mice,21 a model of insulin resistance and diabetes. We
found that rosiglitazone at 10 mg/kg body weight daily preserved
insulin sensitivity, decreased proteolytic gene expression, and
maintained adipose mass in early-stage cachexia in mice with
colon-26 tumors.17

The objective of the current study was to determine if the
effects of rosiglitazone to preserve insulin sensitivity in early-stage
cachexia17 lead to improved outcomes in mice with late-stage
cachexia. We, therefore, tested two hypotheses: 1) rosiglitazone
attenuates loss of body weight, adipose and muscle mass, and
muscle strength, and decreases proteolysis and inflammation in
late-stage cachexia in mice with colon-26 adenocarcinoma tumors;
and 2) differences in outcomes are associated with attenuated
tumor-induced changes in markers of metabolism.

Results

Late-stage cachexia study. Body and tissue weights. Sixteen days
after tumor inoculation, the PBS(+), RGZ(+) and RGZ-PF(+)
groups lost 15.1, 5.3 and 17.5% body weight compared with
baseline, respectively. This corresponded to 26.8, 20.3 and 29.3%
reductions when compared with the PBS(-) group at the end of
the study (Fig. 1A). The PBS(+) and RGZ-PF(+) groups had

Figure 1. Body weight and food intake. (A) Mice were inoculated with 1x106 colon-26 adenocarcinoma cells (+) or vehicle (-) and treated daily with
intraperitoneal injections of either RGZ or PBS. Some RGZ-treated mice with tumors were pair-fed (PF) to PBS-treated mice with tumors. Body weights
were measured daily. Groups with tumors were compared with the PBS(-) group for statistical analyses. *First day that the PBS(+) and RGZ-PF(+) groups
had decreased body weight compared with the PBS(-) group. #First day that the RGZ(+) group had decreased body weight compared with the PBS(-)
group. Significance continued through the remainder of the study. n = 13–15 mice/group. (B) Kaplan-Meier survival plot illustrating the difference in
weight loss incidence between PBS(+) and RGZ(+) groups. p value represents a comparison of the two groups using a Wilcoxon Signed Rank test.
(C) Food intake was measured daily throughout the study. Values represent the average intake per cage, n = three cages per treatment group. *First day
that the PBS(+) group had decreased food intake compared with the PBS(-) group. #First day that the RGZ(+) group had reduced food intake compared
with the PBS(-) group.
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decreased body weight compared with the PBS(-) group beginn-
ing on day 12, and the RGZ(+) group had decreased body weight
compared with the PBS(-) group beginning on day 14 (Fig. 1A).
Total weight loss at the end of the study was significantly
attenuated in the RGZ(+) group compared with the PBS(+) group
(Table 1). To examine the delayed onset of weight loss in the
RGZ(+) group, we analyzed time to weight loss incidence, defined
as ¢ 1g loss from the maximum body weight for each mouse.
One gram was chosen because it represented approximately 5%
of body weight, which is definitive of cachexia in humans.22 Mice
maintained weight significantly longer in the RGZ(+) group
(median 13 d) compared with the PBS(+) group (median 11 d)
(Fig. 1B).

The presence of tumor had a significant effect on the mass of
all tissue collected. Gastrocnemius and tibialis anterior muscle
masses were not different among the groups with tumors.
Quadriceps muscle mass was not different between the PBS(+)
and RGZ(+) groups, but the RGZ-PF(+) group was decreased by
21% compared with the PBS(+) group (Table 1). RGZ increased
epididymal, inguinal and brown adipose mass in the RGZ(+)
group by 2.75-, 5.10- and 2.15-fold respectively, compared with
the PBS(+) group. This significant increase was maintained in the
RGZ-PF(+) group for brown adipose (Table 1). No differences
were detected in tumor mass between groups (Table 1).

Food intake. Food intake declined with weight loss in all three
groups of mice with tumors. Similar to the pattern of delayed
weight loss in the RGZ(+) group, this group also had a delayed
onset of anorexia (Fig. 1C). Food intake was decreased in the PBS
(+) group compared with the PBS(-) groups beginning on day 10
(p , 0.01), whereas the RGZ(+) group did not have significantly
reduced food intake until day 14 (p , 0.001).

Proteolysis. Atrogin-1 and Murf-1 are E3 ligases in skeletal
muscle essential for proteasomal proteolysis.23,24 Bnip3 is involved
in the regulation of autophagy, or lysosomal proteolysis.25 There
was a significant effect of tumor to increase all three transcripts
(p , 0.001). Unlike our previous results in mice with early-stage
cachexia,17 RGZ was not effective in reducing proteolytic gene
expression in tumor-bearing mice with late-stage cachexia
(Fig. 2A).

Grip strength. There was no difference between groups in grip
strength at baseline (data not shown). For forelimb and hindlimb
tests, there was a significant effect of tumor to decrease grip
strength 15 d after tumor inoculation (p , 0.001). No difference
was detected when comparing the RGZ(+) and RGZ-PF(+)
groups to the PBS(+) group (Fig. 2B).

Epididymal adipose cross-sectional area. Epididymal adipocyte
cross-sectional area was measured to estimate adipocyte size.
There was a significant effect of tumor to decrease adipocyte cross-
sectional area regardless of treatment (p , 0.001; Fig. 3A), but
tumor-bearing mice treated with RGZ had increased adipocyte
area compared with tumor-bearing mice treated with PBS
(Fig. 3B and C).

Fasting glucose and insulin resistance. All groups with tumors
had decreased fasting glucose values compared with mice without
tumors, and the blood glucose response to insulin was blunted,
regardless of RGZ treatment (Table 1). On the contrary, plasma
levels of adiponectin, an insulin-sensitizing adipocytokine, were
improved in both RGZ-treated groups with tumors (Table 1),
although this was not reflected by increased transcript levels of
adiponectin in adipose tissue (Fig. 3D).

Inflammation. Inflammatory markers were modestly improved
with RGZ treatment in mice with tumors. IL-6 is the major

Table 1. Body weight change (g), tissue mass (mg) and plasma metabolites for late-stage cachexia study

No tumor Tumor Effect p value

PBS RGZ PBS RGZ RGZ-PF Treatment Tumor Treatment x Tumor

Body weight change 3.0 ± 0.3 3.4 ± 0.3 22.9 ± 0.4 21.0 ± 0.6* 23.3 ± 0.3 0.005 , 0.001 0.064

Quadriceps muscle 372 ± 19 347 ± 22 281 ± 19 271 ± 15 221 ± 14* 0.342 , 0.001 0.693

Tibialis Anterior muscle 96 ± 4 103 ± 4 68 ± 4 72 ± 5 65 ± 3 0.184 , 0.001 0.778

Gastrocnemius muscle 223 ± 9 227 ± 7 160 ± 8 177 ± 10 156 ± 6 0.226 , 0.001 0.421

Epidydimal adipose 664 ± 40 862 ± 31 91 ± 23 249 ± 55* 133 ± 21 , 0.001 , 0.001 0.636

Inguinal adipose 513 ± 28 580 ± 53 35 ± 16 179 ± 51* 64 ± 17 0.014 , 0.001 0.355

Brown adipose 132 ± 6 176 ± 9 40 ± 7 87 ± 11** 78 ± 5*** , 0.001 , 0.001 0.878

Tumor 1648 ± 98 1754 ± 87 1846 ± 102

Fasting glucose (mmol/L) 8.0 ± 0.3 7.5 ± 0.3 4.4 ± 0.8 3.6 ± 0.5 3.3 ± 0.4 0.174 , 0.001 0.804

Insulin-stimulated glucose
change (mmol/L) 21.6 ± 0.3 21.9 ± 0.4 0.2 ± 0.2 0.5 ± 0.2 0.3 ± 0.2 0.920 , 0.001 0.398

Adiponectin (ng/ml) 9202 ± 592 19342 ± 490 3384 ± 274 6431 ± 632** 6803 ± 574** , 0.001 , 0.001 , 0.001

IL-6 (pg/ml) 2 ± 1 5 ± 3 274 ± 101 134 ± 29 127 ± 31 0.087 , 0.001 0.075

NEFA (mEq/L) 0.33 ± 0.02 0.26 ± 0.02 0.25 ± 0.06 0.36 ± 0.10 0.35 ± 0.10 0.698 0.898 0.128

Mice were inoculated with 1x106 colon-26 adenocarcinoma cells (+) or vehicle (-) on day 0, and treated daily with IP injections of PBS or RGZ. Some RGZ(+)
mice were pair-fed to the PBS(+) group. Mice were sacrificed when there was ~30% difference in body weight between the PBS(-) and PBS(+) groups. Two-
way ANOVA was done to analyze tumor, treatment and tumor x treatment effects between the PBS(-), RGZ(-), PBS(+) and RGZ(+) groups. Two-sample t-tests
with the Bonferroni correction factor were done to determine differences between the RGZ(+) and RGZ-PF(+) groups compared with the PBS(+) group.
n = 13–15 mice/group, *p , 0.05, **p , 0.01, ***p , 0.001.
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inflammatory cytokine driving the wasting process in this
model.26 Plasma levels of IL-6 were elevated in mice with
tumors, and IL-6 was non-significantly decreased in both the
RGZ(+) and RGZ-PF(+) groups compared with the PBS(+) group
(Table 1). Levels of IL-6 mRNA in epididymal adipose tissue
were decreased in the RGZ(+) and RGZ-PF(+) groups compared
with the PBS(+) group (Fig. 3D). Transcript levels of TNF-a
mRNA were not changed, and F4/80, a marker of macrophage
infiltration, was reduced in RGZ(+) mice compared with PBS(+)
mice (Fig. 3D).

Early cachexia studies. Because of the delayed weight loss in
the RGZ(+) group compared with the PBS(+) group in mice with
late-stage cachexia, we examined metabolic markers in mice with
early-stage cachexia to determine how RGZ induces this weight-
maintaining effect. In the quadriceps muscle, tumor increased and
RGZ normalized transcript levels of pyruvate dehydrogenase
kinase-4 (PDK4), peroxisome proliferator activated receptor-delta
(PPAR-d), and uncoupling protein-2 (UCP2) (Fig. 4A), genes
involved in the substrate utilization switch from glucose to fatty
acids.27,28 There was a significant effect of tumor to diminish
insulin-stimulated removal of blood glucose (p = 0.027), and
when comparing the two tumor-bearing groups, RGZ signific-
antly increased glucose disappearance from the blood (Fig. 4B).
There was a significant effect of tumor to lower Akt activation
(p = 0.006) and RGZ to increase Akt activation (p = 0.005), but
the difference between PBS and RGZ-treated mice with tumors
was not significant (Fig. 4C). Overall, these data indicate that
RGZ may normalize the tumor-induced increase in lipid utiliza-
tion and decrease in glucose utilization in muscle of mice with
early-stage cachexia.

The mechanisms by which RGZ normalizes metabolism within
the muscle are likely multifactorial, and may occur as a result of
RGZ-induced metabolic changes in adipose tissue.19 In epididy-
mal adipose, RGZ normalized the tumor-induced decrease in
adiponectin and lipoprotein lipase gene expression and the tumor-
induced increase in IL-6 gene expression (Fig. 5A). There was
a significant effect of RGZ to lower serum NEFA (Fig. 5B;

p = 0.008), and comparing the two tumor groups, RGZ(+) had
decreased NEFA compared with PBS(+). No differences were
detected in Akt activation between groups (Fig. 5C).

Discussion

We previously demonstrated that RGZ improves insulin sensi-
tivity, decreases proteolytic gene expression, and maintains body
weight and adipose mass in tumor-bearing mice early in cachexia
pathogenesis, before significant muscle wasting occurs.17 The goal
of the present work was to determine if these early positive effects
translated to improved outcomes in late-stage cachexia, with the
clinical application being to determine potential strategies for
improving quality of life in patients with severe cachexia. We
found RGZ attenuated loss of body weight, adipose mass and
anorexia while decreasing markers of inflammation in mice with
late-stage cachexia. There was no effect of RGZ on muscle mass,
proteolytic gene expression, or grip strength. We did not measure
stamina or endurance in this study.

Delayed onset of weight loss was responsible for improved body
weight at the end of the study in RGZ-treated mice compared
with PBS-treated mice with tumors. Due to the short time-course
of this model, 2 d of weight maintenance may be clinically
relevant because preventing weight loss even for a short time may
improve responsiveness to and tolerability of anticancer therapies.3

The 2 d delay in weight loss in our 16 d study represents a 12.5%
increase in the time RGZ-treated mice maintained body weight
compared with PBS-treated mice. However, once mice began to
lose weight, RGZ did not appear to slow the rate of weight loss,
indicating RGZ may be more effective in the prevention rather
than the slowing of weight loss.

Some of the modest improvements in the RGZ-treated mice
were dependent on the delayed onset of anorexia as shown by the
difference in outcomes between RGZ-treated mice fed ad libitum
and those pair-fed to PBS-treated tumor-bearing mice. Previously,
we showed that pair-feeding mice without tumors to mice with
tumors resulted in a similar weight loss in both groups, despite an

Figure 2. Markers of muscle proteolysis and strength. (A) Quadriceps muscle mRNA expression of proteolytic genes in mice with (+) and without (-)
tumors treated daily with RGZ or PBS. Some tumor-bearing mice treated with RGZ were pair-fed [RGZ-PF(+)] to the PBS(+) group. n = 5–8 mice per group.
No differences between tumor groups were detected. (B) Forelimb and hindlimb grip strength (gF, grams of force) 15 d after inoculation with tumor or
vehicle. Each test was done in triplicate and averaged for each mouse. n = 13–15 mice per group. No differences between tumor groups were detected.
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absence of wasting in mice without tumors.29 Together these data
provide compelling evidence to support the necessity of treating
both decreased energy intake and dysregulated metabolism in
cachexia in order to see optimal outcomes.

Although rosiglitazone did not improve muscle mass in late-
stage cachexia, it did attenuate adipose wasting, an effect that
was diminished but not completely lost with pair-feeding. Loss
of muscle mass and strength is a primary contributor to the
morbidity of cachexia, but severe wasting of the adipose tissue
may contribute indirectly to muscle wasting through its contri-
bution to whole body metabolism.30

Cachexia and RGZ had opposing effects on adiponectin and
IL-6. Cachexia severely depleted plasma adiponectin concentra-
tions, but RGZ, independent of food intake, increased adipo-
nectin compared with cachectic mice without RGZ. Adiponectin,

an insulin-sensitizing adipocytokine with receptors in skeletal
muscle, is an important contributor to the cross-talk between adi-
pose and muscle. Binding to the adiponectin receptor in skeletal
muscle, adiponectin activates AMPK, subsequently activating
pathways to increase cellular energy status including glucose
uptake and fatty acid b-oxidation.31 AMPK phosphorylation was
not measured in the present study due to the confounding effects
of the insulin injection prior to necropsy, but this mechanism
should be explored in a future study. Due to the very late stage of
cachexia in our mice, it is possible that despite an improvement
in circulating adiponectin with RGZ, substrate availability was so
depleted that improvement in cellular energy status was no longer
possible without upregulation of proteolysis. Likewise, RGZ
decreased adipose transcript levels of IL-6 and non-significantly
decreased plasma IL-6, potentially relieving inhibition of insulin

Figure 3. Adipocyte size and inflammation. (A) Representative images of hematoxylin and eosin-stained epididymal adipose sections. Magnification =
200x; bar = 50 mm. (B) Cross-sectional area of adipocytes was analyzed using Image J software. Graph represents median of 900 cells per group (100 cells/
mouse x 9 mice). ***p , 0.001 compared with the PBS(+) group. (C) Histograms illustrating differences in the distribution of adipocyte cross-sectional
areas between groups. (D) Epididymal adipose relative mRNA expression of adipocytokines (adiponectin, IL-6, TNF-a), and a marker of macrophage
infiltration (F4/80), n = 5–7 mice per group for adiponectin, TNF-a, and F4/80, n = 11–14 mice per group for IL-6, *p , 0.05 compared with the PBS(+)
group.
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signaling in muscle.18 However, the hypoglycemia characteristic of
this model in late-stage cachexia may render the RGZ-induced
decrease in IL-6 less effective because of a lack of substrate
availability. Alternatively, although RGZ decreased IL-6 in mice
with tumors, plasma concentrations were still far higher than
non-tumor controls, suggesting that a possible threshold in IL-6
reduction must be attained in order to relieve inhibition of insulin
signaling.

RGZ exerted more potent effects in early stages of cachexia in
our mouse model, evidenced by the delayed onset of weight loss.
As a PPAR-gamma agonist, RGZ has adipogenic effects through
its regulation of adipocyte differentiation and lipid uptake in
adipose tissue.19 We have previously shown this adipogenic effect
of RGZ in early stage cachexia.17 Because adipose delipidation
begins earlier than muscle wasting in the colon-26 model,32

adipose mass preservation by RGZ may delay the catabolic milieu
characteristic of cachexia. Normalization of IL-6, adiponectin, and

LPL gene expression in adipose likely contributed to delayed
delipidation seen with RGZ. Adipose preservation may in turn
decrease circulating NEFA and IL-6 and increase circulating
adiponectin, as shown in the present study. Decreased exposure
of muscle to fatty acids, coupled with improved availability
of glucose as an energy source, most likely contributed to
normalization of fatty acid metabolism-related gene expression in
muscle.

Although the adipogenic effect of RGZ contributes to the
normalization of muscle metabolism in early-stage cachexia,17

these early improvements do not translate to improved muscle
mass or strength in late-stage cachexia. These findings support
recent recommendations for clinicians to distinguish between
patients with pre-cachexia and cachexia.1 The present study is
evidence for significant metabolic differences and treatment
responses in early and late stages of cachexia. Treatment plans
for patients should be developed on the basis of cachexia severity.

Figure 4. Early-stage cachexia quadriceps muscle gene expression and insulin sensitivity. (A) Quadriceps muscle mRNA expression in mice with (+) and
without (-) tumors and treated daily with RGZ or PBS. n = 4 for PBS(-) and RGZ(-), n = 12 for PBS(+) and RGZ(+). Different letters represent significant
differences between groups for each gene (p, 0.05). (B) After an overnight fast, blood glucose was tested before and 15 min after insulin administration
(IP injection, 0.75 U/kg body weight). The graph represents glucose change in 15 min. PBS(+) and RGZ(+) are significantly different using a Student’s
t-test. n = 4–5 mice per group. (C) Mice were sacrificed after 15 min glucose test and quadriceps Akt activation measured with protein gel blot. Pictured is
relative density of the ratio of phosporylated (Ser473) to total Akt with representative blots. n = 3–5 mice per group.
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Materials and Methods

Late-stage cachexia study. Study procedures were approved by the
Institutional Animal Care and Use Committee at The Ohio State
University. Five-week-old male CD2F1 mice (BALB/c x DBA/2;
Charles River Laboratories) were housed five per cage at 22 ±
0.5°C, with a 12h light/dark cycle, and free access to water and
pelleted AIN-93G purified diet (Research Diets). Mice acclimated
to the environment for approximately one week before the study
started.

Treatment groups. Mice were randomized into one of five
groups with 15 mice per group to equate average body weights.
Groups were: (1) no tumor with phosphate-buffered saline (PBS)
treatment [PBS(-)]; (2) no tumor with rosiglitazone treatment
[RGZ(-)]; (3) tumor with PBS treatment [PBS(+)]; (4) tumor with
rosiglitazone treatment [RGZ(+)]; (5) tumor with rosiglitazone

treatment, pair-fed to the PBS(+) group [RGZ-PF(+)]. The fifth
group was pair-fed to the PBS(+) group to control for any dif-
ferences in food intake occurring as a result of RGZ treatment.
RGZ (Cayman Chemical) was solubilized in dimethyl sulfoxide
(DMSO) as a stock solution and diluted in PBS prior to use.
Beginning on study day 0, mice were treated daily with intra-
peritoneal (IP) injections of RGZ (10 mg/kg body weight) or an
equal volume of PBS containing DMSO. Body weights and
food intake were also measured daily.

Colon-26 adenocarcinoma cell culture and tumor cell inocula-
tion. Colon-26 adenocarcinoma cells were cultured with RPMI
1640 + L-glutamine medium (Sigma-Aldrich) supplemented
with 5% fetal bovine serum and 1% Penicillin-Streptomycin
at 37°C and 5% CO2. On study day 0, 1.0 � 106 cells sus-
pended in 100 ml PBS were injected subcutaneously into the
right flanks of mice in the tumor groups. An equal volume

Figure 5. Early-stage cachexia epididymal adipose gene expression and Akt activation, and serum NEFA. (A) Epididymal adipose mRNA expression in
mice with (+) and without (-) tumors and treated daily with RGZ or PBS. n = 4 for PBS(-) and RGZ(-), n = 12 for PBS(+) and RGZ(+). Different letters
represent significant differences between groups for each gene (p , 0.05). (B) Fasting serum NEFA. n = 4 for PBS(-) and RGZ(-) and n = 9–11 for PBS(+)
and RGZ(+). Tumor-bearing groups are significantly different using a Student’s t-test. (C) Mice were sacrificed 15 min after insulin administration (IP
injection, 0.75 U/kg body weight) and epididymal Akt activation measured with protein gel blot. Pictured is relative density of the ratio of phosporylated
(Ser473) to total Akt with representative blots. n = 3–5 mice per group.
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of PBS was injected into mice in groups without tumors as a
control.

Necropsy. Mice were sacrificed when there was approximately a
30% difference in body weight between the PBS(-) and PBS(+)
groups. After a 4 h fast, blood glucose was tested using the One
Touch Ultra1 glucose meter and tail vein blood. An IP injection
of insulin (0.75 U/kg body weight; Humulin1 R, Eli Lilly and
Co.) was administered and 10 min later blood glucose was tested
again. Immediately thereafter, mice were over-anesthetized with
isofluorane and blood was collected via cardiac puncture. Blood
was collected in EDTA-containing tubes, centrifuged at 1500 x g
for 20 min to separate plasma, and frozen at -80°C until analysis.
Muscles, adipose depots and other organs were harvested,
weighed, frozen in liquid nitrogen, and stored at -80°C until
analysis. A section of epididymal adipose tissue was fixed in 4%
paraformaldehyde for histological analysis.

Early-stage cachexia study. Samples for quadriceps muscle
and epididymal adipose mRNA analysis and serum non-esterified
fatty acids (NEFA) were obtained from a study described else-
where.17 Briefly, male CD2F1 mice with and without colon-26
tumors were treated daily with either PBS or RGZ (10 mg/kg
body weight). Mice were sacrificed after an overnight fast when
there was a 9% body weight difference between PBS-treated mice
with and without tumors. Insulin-stimulated glucose change
and Akt activation were measured from a study in which mice
with and without tumors were treated daily with either PBS or
RGZ (10 mg/kg body weight). There were five mice in each
group. Mice were sacrificed 10 d after tumor inoculation, when
there was a 2.4% body weight difference between the PBS(-)
and PBS(+) groups, with the PBS(+) group weighing more.
After a 12 h overnight fast, an IP injection of insulin (0.75 U/kg
body weight) was given. Blood glucose was tested before and
15 min after insulin administration. Immediately after the
second glucose test, mice were sacrificed and quadriceps muscle
and epididymal adipose tissue were harvested for western blotting.

RT-PCR. Muscle RNA was extracted with TRIzol (Invitro-
gen), and epididymal adipose RNA with the RNeasy Lipid Tissue
Mini Kit (QIAGEN, Inc.). RNA concentration was determined
spectrophotometrically, and quality visualized on a 1% agarose
gel. RNA was reversed transcribed to cDNA using the High
Capacity cDNA Archive Kit (ABI). cDNA was amplified by real-
time PCR with TaqMan Gene Expression Assays (ABI) using
pre-designed and validated primers (FAM probes, ABI) under
universal cycling conditions defined by ABI. Target gene expres-
sion was normalized to the endogenous control (VIC probe,
mouse GAPD for muscle and 18 s for adipose). Samples were
run in triplicate and data expressed as 2-DDct relative to the control
group.33

Western blotting. Quadriceps muscle and epididymal adipose
tissue were homogenized in 10x and 3x lysis buffer respectively
(20 mM trizma base, 1% triton-X100, 50 mM NaCl, 250 mM
sucrose, 50 mM NaF, 5 mM Na4P2O7 · 10H2O) with Complete
Mini Protease Inhibitor Cocktail Tablets (Roche Diagnostics).
Supernatant protein concentration was determined with the BCA
Protein Assay (Pierce). Protein (60 mg/sample) was separated on
10% polyacrylamide gels and transferred to 0.45 mm nitrocellulose

membranes. Membranes were blocked with 5% non-fat dry milk
and incubated with primary antibody against phosphorylated
Akt (Ser 473; Cell Signaling). Bands were visualized with chemi-
luminescense using Kodak Image Station 2000RT (Eastman
Kodak). Membranes were then stripped and re-probed for total-
Akt (Cell Signaling). The relative ratio of phosphorylated to
total Akt was calculated from band densities using Kodak 1D
3.6 software.

Plasma metabolites. Plasma IL-6 and adiponectin were
measured by ELISA (Invitrogen and Millipore, respectively) and
NEFA by colorimetric assay (NEFA, WAKO) according to the
manufacturers’ protocols.

Grip strength. Forelimb and hindlimb grip strength were
measured one day prior to and 15 d after tumor inoculation with
the Columbus Instruments Grip Strength Meter. Forelimbs and
hind limbs of each mouse were tested three times consecutively
with ~5–10 s between replicates. The average of the replicates was
used for analysis.

Histology. Histology sections were prepared (OSU Pathology
Core Facility) from paraffin blocks with a thickness of 5 mm and
stained with hematoxylin and eosin (H&E) for analysis by light
microscopy. The cross-sectional area of 100 adipocytes from nine
mice in each group was measured using Image J software (NIH)
to quantify adipocyte size.

Statistics. Data were analyzed with two-sample t-tests to
compare differences between two groups, with the Bonferroni
correction factor applied for multiple comparisons. ANOVA was
used to determine differences among multiple groups, with
Tukey’s test being applied for multiple comparisons. Differences
in the medians for weight loss incidence and adipocyte cross-
sectional area were analyzed with the Wilcoxon Rank Sum test for
non-parametric data. Systat 13 was used for all analyses. p , 0.05
was considered statistically significant.

Conclusions

RGZ delayed weight loss onset and improved adipose mass,
adipocytokine profile and adipocyte cross-sectional area without
improving muscle mass, strength or proteolytic gene expression
in mice with late-stage cancer cachexia. The delayed onset of overt
cachexia seen with RGZ appears to be due to the normalization
of metabolic markers in both adipose and muscle, as well as
delayed anorexia. Because of the differential responses of mice to
RGZ in early- and late-stages of cachexia, future work should
focus on determining optimal treatment options for various stages
of cachexia.
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