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Cancer cachexia is a progressive metabolic disorder that results in depletion of adipose tissue and skeletal muscle. A
growing body of literature suggests that maintaining adipose tissue mass in cachexia may improve quality-of-life and
survival outcomes. Studies of lipid metabolism in cachexia, however, have generally focused on later stages of the
disorder when severe loss of adipose tissue has already occurred. Here, we investigated lipid metabolism in adipose,
liver and muscle tissues during early stage cachexia — before severe fat loss - in the colon-26 murine model of cachexia.
White adipose tissue mass in cachectic mice was moderately reduced (34-42%) and weight loss was less than 10% of
initial body weight in this study of early cachexia. In white adipose depots of cachectic mice, we found evidence of
enhanced protein kinase A - activated lipolysis which coincided with elevated total energy expenditure and increased
expression of markers of brown (but not white) adipose tissue thermogenesis and the acute phase response. Total
lipids in liver and muscle were unchanged in early cachexia while markers of fatty oxidation were increased. Many of
these initial metabolic responses contrast with reports of lipid metabolism in later stages of cachexia. Our observations
suggest intervention studies to preserve fat mass in cachexia should be tailored to the stage of cachexia. Our
observations also highlight a need for studies that delineate the contribution of cachexia stage and animal model to

altered lipid metabolism in cancer cachexia and identify those that most closely mimic the human condition.

Introduction

Cancer cachexia is a progressive, multi-factorial metabolic syn-
drome that results in marked loss of adipose tissue and skeletal
muscle mass." Cachexia effects approximately 30% of cancer
patients and is associated with significant morbidity and mortality®
that is predominantly due to muscle loss.>* Fat loss, however, may
precede muscle wasting in cachexia’ and several recent longitudinal
studies in cancer patients found accelerated loss of adipose tissue
predicted poorer survival.”® Moreover, in 2 different murine mod-
els of cancer cachexia, preserving fat mass by genetically inhibiting
lipolysis also preserved skeletal muscle mass.” Thus, unveiling the
mechanisms of adipose tissue depletion may contribute to the
development of therapies that improve both survival and quality-
of-life outcomes in cachectic patients.

Fat loss from adipose tissue in cancer cachexia is partly the
result of increased lipolysis."®'® Elevated rates of lipolysis in
cachexia would contribute to loss of total body fat only if lipid
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utilization were also increased. Indeed, clinical studies have
reported elevated rates of whole body fatty acid oxidation in
losing (>10% of initdal body weight)
121718 Studies of cachexia in rodents suggest activation of

weight
patients.
thermogenesis (i.e., increased mitochondrial uncoupling of oxida-

cancer

tive phosphorylation and elevated fatty acid 3-oxidation) in brown

** may contribute to elevated whole body lipid uti-

adipose tissue'”
lization in cachexia, at least in later stages of cachexia.”’ Addition-
ally, recent studies in healthy rodents and human adipocytes have
linked stimulation of lipolysis in white adipose tissue with
increased fatty acid oxidation®"*? and uncoupling”"*>** in white
adipose depots. This “brown-like” adipocyte phenotype in white
adipose tissue might also contribute to elevated whole body lipid
utilization in cachexia and thus depletion of adipose tissue. Consis-
tent with these studies, a gene expression profile of subcutaneous
adipose tissue comparing cachectic cancer patients (~10% weight
loss) to weight-stable cancer patients demonstrated genes related to

fatty acid degradation and oxidative capacity were more highly
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expressed in cachectic patients and coincided with elevated levels
of whole body fatty acid oxidation.'®

While studies of adipose tissue suggest lipolysis and oxidation
of fatty acids within adipocytes may be enhanced in later stages
of cachexia, studies of liver and muscle tissue suggest there is a
reduction in fatty acid oxidation/oxidative capacity in hepato-
cytes”*” and myocytes®® and consequently, lipid accumulation
in these tissues”>>*?% in more advanced stages of cachexia.

To our knowledge, studies of lipid metabolism in adipose,
liver and muscle tissues have not been reported for early stages of
cachexia when weight loss is less than 10% of initial body weight
and adipose tissue loss is significant, but not severe. Therefore,
the purpose of the current study was to characterize lipolysis and
processes that promote lipid utilization within adipose tissue in
the colon-26 model of cancer-induced cachexia during the early
stage of wasting; that is, at the onset of anorexia and before severe
body weight loss occurred. The secondary objective was to deter-
mine the extent of lipid accumulation and the capacity for lipid
utilization in muscle and liver in early cachexia in this model.
Results presented here demonstrate that lipid metabolism in the
early stage of colon-26 tumor-induced cachexia is distinctly dif-
ferent from that reported in later stages of cachexia in the same
model and in other cachexia models. These initial metabolic
changes preceding later stages of cachexia® may offer new treat-
ment and intervention targets to preserve fat mass.

Results

Effects of colon-26 carcinoma on adipose and muscle tissues
in early cachexia

Because C-26 carcinoma may induce anorexia in mice,> %% we
included a pair-fed group in our study to determine effects of
tumor independent of food intake. Cumulative food intake in
the Tumor group was significantly lower compared to the No
Tumor group beginning on day 11 of the study (Fig. 1A). On
day 12 (study end), cumulative food intake in the Tumor group
was decreased 9% compared to the No Tumor group but was
not different from Pairfed mice (Fig. 1A). Tumor mice lost 8%
of their initial body weight by the end of the study (initial body
weight, 20.7 £ 0.3 g; final tumor-free body weight, 19.0 %+
0.6 g, P < 0.05). Tumor mass (1125 & 127 mg) was markedly
lower than in our previous studies of late cachexia.’"?* Com-
pared to the No Tumor group, final tumor-free body weight and
muscle mass in the Tumor group were each reduced 13% but
were not different from the Pairfed group (Fig. 1B and C).
Markers of muscle proteolysis, however, were significantly
increased in the Tumor group compared to Pairfed mice
(Fig. 1D) indicating a significant effect of tumor on proteolytic
gene expression exceeding that explained by reduced food intake.

Despite similar food intakes, body weights and muscle mass,
epididymal white adipose tissue (€WAT), inguinal white adipose
tissue (iWAT), and interscapular brown adipose tissue (iBAT)
mass were decreased 30, 31, and 26% respectively in Tumor mice
compared to Pairfed mice (Fig. 1C). These losses in the Tumor
group were even greater when compared to the No Tumor group
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(eWAT, —34% vs No Tumor; iWAT, —42% vs No Tumor;
iBAT, —44% vs No Tumor) (Fig. 1C). In contrast, iWAT and
eWAT mass were not different between Pairfed and No Tumor
groups (Fig. 1C). Consistent with ¢eWAT mass, cross-sectional
area of epididymal adipocytes was also significantly decreased in
Tumor mice compared to Pairfed and No Tumor groups, 28 and
35% respectively (Fig. 1E), indicating decreased adipocyte size
partly explains reductions in adipose mass in Tumor mice. Adipo-
cyte cross-sectional area, however, was not different between No
Tumor and Pairfed groups (Fig. 1E).

There were significant correlations between tumor-free body
weight and adipose tissue mass (eWAT, r = 0.81, P < 0.001;
IWAT, r = 0.84, P < 0.001). Because there were differences in
tumor-free body weights among groups and body weight had a sig-
nificant effect on adipose tissue mass (IWAT and eWAT, P <
0.001), we adjusted for this difference when comparing adipose tis-
sue weights using ANCOVA. eWAT and iWAT mass were signifi-
cantly decreased in Tumor mice compared to Pairfed mice
(P < 0.001) but were not different than the No Tumor group after
controlling for body weight. eWAT mass in No Tumor mice was
also significantly decreased compared to Pairfed mice (P < 0.001)
after adjusting for body weight. This analysis, coupled with the mus-
cle mass data, demonstrates that eWAT mass is preferentially pre-
served in response to reduced food intake in Pairfed mice which
does not occur in tumor-bearing mice. The relationship between

tumor-free body weight and eWAT mass is plotted in Fig. 1F.

Colon-26 carcinoma increases PKA activated lipolysis in
early cachexia

The totality of evidence from human and animal studies sug-
gests elevated lipolysis plays a key role in adipose tissue wasting
in cachexia.’”® To determine the contribution of lipolysis to
reductions in white adipose mass in Tumor mice in early
cachexia, we measured unstimulated (basal) and stimulated lipol-
ysis in fresh eWAT explants of all mice in the fed state at nec-
ropsy. Basal lipolysis, expressed as glycerol released per mg of
eWAT explant, was significantly higher in Tumor mice com-
pared to No Tumor mice, but was not different from Pairfed
mice (Fig. 2A). In contrast, when explants were stimulated in
vitro with the P adrenergic agonist isoproterenol, glycerol
released was not different among groups (Fig. 2A).

In an attempt to explain the basis of the lipolysis assay results,
we measured lipase activation (phosphorylation) and lipase
expression levels in the adipose tissues excised at necropsy. Con-
sistent with the basal lipolysis explant assay findings, phosphory-
lated hormone sensitive lipase (HSL) Ser563 protein levels in
eWAT, a surrogate marker for protein kinase A (PKA) activated
lipolysis, was 9-fold higher in Tumor mice compared to No
Tumor mice, but was not different from Pairfed mice (Fig. 2B).
There were no differences in protein or mRNA expression of the
key lipases, adipose triglyceride lipase (ATGL) and HSL, among
groups (Fig. 2C and D). To further investigate our finding of
PKA activated HSL, we immunoblotted proteins extracted from
eWAT with a primary antibody specific for substrates phosphory-
lated by PKA at the consensus sequence RRXS/T. Qualitative
analysis revealed enhanced phosphorylation of this consensus site
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Figure 1. Food intake, body and tissue weights, and muscle and adipose tissue catabolism. (A) Cumulative food intakes, n = 10 per group. (B) Tumor-
free body weights at study end, n = 10 per group. (C) Muscle and adipose tissue weights at study end, n = 10 per group. (D) Expression of genes
involved in proteolysis in quadriceps muscle, n=8 -10 per group. (E) eWAT adipocyte cross-sectional area, 150 cells/mouse x 9 mice per group with repre-
sentative images of H&E stained eWAT. Magnification: 200 x; Scale Bar: 50 pm. (F) eWAT mass by tumor-free body weight. eWAT mass in Tumor mice
was significantly lower than Pairfed mice but no different than the No Tumor group by ANCOVA with tumor-free body weight as a covariate (P < 0.001,
post-hoc LSD test; n = 10 per group). Values represent means =+ s.e.m. Data in A - E were evaluated by ANOVA with post-hoc Fisher’s test. Different let-
ters indicate statistically significant differences among groups, P < 0.05. quad, quadriceps; eWAT, epididymal white adipose tissue; iWAT, inguinal white
adipose tissue; iBAT, interscapular brown adipose tissue; MuRF1, muscle ring finger protein 1.
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Figure 2. Basal and stimulated lipolysis and lipolytic gene/protein expression (A) Unstimulated (basal) and isoproterenol stimulated release of glycerol
per mg of eWAT explants, n = 9-10 per group. (B) Ratio of phosphorylated HSL Ser563 to total HSL protein with representative blots in eWAT, n = 9-10
per group. (C) eWAT protein expression with representative blots of ATGL and HSL, n = 7-8 per group. (C) eWAT mRNA expression, n = 9-10 per group.
(E) Western blots of phosphorylated PKA substrates in eWAT. (F) Ratio of phosphorylated HSL Ser563 to total HSL protein with representative blots in
iWAT, n = 8-10 per group. Values represent means =+ s.e.m. Data in A-D, F were analyzed using one-way ANOVA with post-hoc Fisher’s test. Different let-
ters indicate statistically significant differences among groups, P < 0.05. ATGL, adipose triglyceride lipase; HSL, hormone sensitive lipase; PKA, protein
kinase A.

in the Tumor group (n = 8) compared to No Tumor group  phosphorylated HSL Ser563 protein levels in iWAT were signifi-

(n = 4). Representative blots are shown in Figure 2E. Similar to

our

findings

in
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cantly increased in Tumor mice compared to No Tumor and
revealed  Pairfed mice (Fig. 2F).
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There was a significant correlation between basal lipolysis
rates and eWAT mass (r = —0.48, P < 0.01). Because there
were differences in eWAT mass among groups and eWAT
mass had a significant effect on basal lipolysis rate (P < 0.05),
we adjusted for this difference to compare basal lipolysis data.
There were no differences in basal lipolysis between Tumor
and No Tumor (? = 0.381) or Tumor and Pairfed groups
(P = 0.337) after adjusting for eWAT mass. This analysis
indicates eWAT mass may modulate glycerol release in Tumor
mice.

Colon-26 carcinoma increases energy expenditure and
temperature, but reduces activity in early cachexia

To investigate the extent to which differences in energy
expenditure might explain decreased adipose mass in the
Tumor group in early cachexia, we utilized indirect calorimetry
to measure metabolic parameters for 24 hours in 6 mice from
each group. We found 24 h total energy expenditure (TEE) —
measured on study days 10 and 11 — was significantly increased
in Tumor mice compared to Pairfed mice but was no different
than the No Tumor group (Fig. 3A). Energy balance (energy
intake minus TEE) for this 24 h period was significantly
decreased in the Tumor group compared to the No Tumor
group but no different than the
Pairfed group (Fig. 3A). To further

significantly increased compared to Pairfed mice (P < 0.05)
but were not different than No Tumor mice (No Tumor,
36.4 £ 0.4°C; Tumor, 36.4 £ 0.2°C; Pairfed, 35.3 =+
0.1°C). Mean rectal temperatures of all mice in the Tumor
group over the 12 d of the study, however, were increased
compared to both Pairfed and No Tumor groups (No
Tumor, 36.4 £ 0.1°C; Tumor, 36.7 £+ 0.1°C; Pairfed,
36.1 £ 0.1°C, P < 0.001). A plot of daily temperatures
(Fig. 3D) demonstrates an effect of tumor on temperature
as carly as day 3 and shows reduced food intake in Pairfed
mice coincides with a significant reduction in temperature
that is not evident in the Tumor group.

Colon-26 carcinoma increases lipid utilization in early
cachexia

Analysis of calorimetric data showed the respiratory exchange
ratio (RER) in the Tumor group was significantly lower than
mice in the No Tumor group (P < 0.01), but no different than
the Pairfed group (No Tumor, 0.86 £+ 0.02; Tumor, 0.79 £
0.01, Pairfed, 0.80 = 0.00). Based on RER values, 70% of the
Tumor and Pairfed group’s total energy was derived from lipid
whereas 48% of total energy was derived from lipid in the No
Tumor group.

investigate the effects of the colon-

A

26 tumor on energy expenditure, 20;.-

we analyzed calorimetry data after
controlling for potential confound-
ers (body weight and activity).
Body weights, however, were not
different among groups during indi-
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(Fig. 3B). A plot of energy expendi-
ture against activity counts every 20
minutes for Tumor and Pairfed
mice is presented in Fig. 3C. Con-
with energy expenditure
data, rectal temperatures of Tumor

sistent

mice taken on the day of indirect
were

Figure 3. Energy metabolism in cachectic mice (A) Total energy expenditure, energy intake and energy
balance on study days 10-11 (24 h), n = 6 per group. (B) Locomotor activity (beam break counts) and
energy expenditure analyzed by ANCOVA with activity as a covariate on study days 10-11. Energy expen-
diture was significantly increased in Tumor mice compared to Pairfed mice (P < 0.01, post-hoc LSD test;
n = 6 per group). (C) Plot of average energy expenditure by average activity count every 20 minutes for
Tumor and Pairfed mice. (D) Rectal temperatures on study days 0-12, n = 10 per group. Values represent
means =+ s.e.m. Except when otherwise noted, data were analyzed using one-way ANOVA with post-hoc
Fisher's test. Different letters indicate statistically significant differences among groups, P < 0.05.

calorimetry  measurements
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Figure 4. Gene and protein expression in brown adipose tissue (A)
mRNA expression of markers of fatty acid uptake and utilization in iBAT,
n = 8-10. (B) mRNA expression of genes related to brown adipose ther-
mogenesis in iBAT, n = 9-10. (C) Ratio of UCP1 protein to B-actin with
representative blots in iBAT, n = 8-10 per group. Values represent
means =+ s.e.m. Data were analyzed using one-way ANOVA with post-
hoc Fisher’s test. Different letters indicate statistically significant differen-
ces among groups, P < 0.05.

Colon-26 carcinoma increases markers of fatty acid
oxidation and thermogenesis in brown adipose tissue in early
cachexia

In iBAT, mRNA expression of the fatty acid uptake enzyme,
lipoprotein lipase (LPL), was increased in Tumor mice compared
to No Tumor mice (Fig. 4A). Expression of the key lipid uptake
and transporter protein [fatty acid translocase, cluster of differen-
tiation (CD36)] and genes involved in promoting fatty acid oxi-
dation [peroxisome proliferator activated receptor & (PPARS)]
and mitochondrial oxidative phosphorylation [cytochrome c oxi-
dase subunit 4 (COX4), cytochrome c¢ oxidase subunit 8b
(COX8B)] were increased in Tumor mice compared to Pairfed
mice but were no different than the No Tumor group (Fig. 4A).
Glycerokinase (GYK), the key kinase involved in maintaining
adequate stores of triglycerides for oxidation in BAT** was also
significantly increased in Tumor mice compared to both Pairfed
and No Tumor groups (Fig. 4A). Previous studies have suggested
brown adipose thermogenesis is associated with wasting in later
stages of cachexia'”?*> which would explain increased expres-
sion of genes related to lipid uptake and utilization in iBAT.
mRNA the (p38a  MAPK),

expression  of key kinase

www.tandfonline.com

transcriptional co-activators [peroxisome proliferator activated
receptor gamma coactivator lat (PGCla), PR domain zinc finger
protein 16 (PRDM16)], activating enzyme [Type II iodothyro-
nine deiodinase (DIO2)] and uncoupling protein [uncoupling
protein 1 (UCP1)] contributing to thermogenic capacity were
significantly increased in Tumor mice compared to Pairfed mice
but were no different than the No Tumor group with the excep-
tion of DIO2 (Fig. 4B). There were no differences in protein
expression of UCP1 (normalized to B-actin) among groups
(Fig. 4C). However, significant correlations were found between
UCP1 protein expression and rectal temperatures (r = 0.64, P <
0.05) and basal lipolysis (r = 0.68, P < 0.05) within the Tumor
group. Taken together these findings suggest compensatory sup-
pression of thermogenic gene expression in response to reduced
food intake is lost in tumor-bearing mice.

Colon-26 carcinoma increases markers of fatty acid
oxidation, not thermogenesis in white adipose tissues in early
cachexia

Next, we investigated whether markers of fatty acid oxidation
and thermogenesis were altered in white adipose tissue. In eWAT,
mRNA expression of the transcription factor involved in promoting
fatty acid oxidation, PPARS, was increased in Tumor mice com-
pared to Pairfed mice but was no different than the No Tumor
group (Fig. 5A). The downstream target of PPARS that promotes 3
oxidation, acyl CoA oxidase 1 (ACOX1), was significantly increased
in the Tumor group compared to both No Tumor and Pairfed
groups (Fig. 5A). No significant differences were detected, however,
in carnitine palmitoyltransferase 18 (CPT1) or the mitochondrial
cytochrome ¢ oxidase subunits, COX4 or COX5a, among groups
(Fig. 5A). mRNA expression of the key kinase (p38a MAPK) and
activating enzyme (DIO2) involved in promoting the expression of
UCP1 (thus thermogenesis) were increased in Tumor mice com-
pared to both No Tumor and Pairfed groups (Fig. 5B). However,
no differences in mRNA expression of the thermogenic regulatory
proteins PGCl-a or PRDM16 (Fig. 5B) or protein expression of
UCP1 (Fig. 5C) were detected among groups. Similar results were
found for iWAT for mRNA (Fig. 6A) and protein expression
(Fig. 6B). These findings indicate early cachexia is not marked by
WAT browning,

Colon-26 carcinoma increases markers of fatty acid
oxidation in liver and muscle, not lipid accumulation in early
cachexia

To further investigate whole body lipid utilization, we mea-
sured lipid accumulation and markers of fatty acid oxidation in
liver and muscle. Total extracted hepatic lipids in the Tumor
group were not different than in Pairfed and No Tumor groups
in this early stage of cachexia (Fig. 7A). Furthermore, gene
expression of markers of fatty acid oxidation (ACOX1, CPT1a)
were increased in Tumor mice compared to No Tumor mice
(Fig. 7A) and coincided with elevated mRNA expression of the
hepatic acute phase proteins fibrinogen and C-reactive protein
(CRP) (Fig. 7B). Livers were enlarged in Tumor mice compared
only to Pairfed mice (Fig. 7B). Similarly, in quadriceps muscle,
total extracted lipids were not different among groups (Fig. 7C).

Cancer Biology & Therapy 891
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Figure 5. Gene and protein expression in eWAT (A) mRNA expression of
markers of fatty acid utilization in eWAT, n = 8-10 per group. (B) mRNA
expression of genes related to thermogenesis in eWAT, n = 9-10 per
group. (C) Protein expression of UCP1 normalized to B-actin in eWAT, n
= 8-10. Values represent means =+ s.e.m. Data were analyzed using
one-way ANOVA with post hoc Fisher's test. Different letters indicate sta-
tistically significant differences among groups, P < 0.05.

mRNA expression of LPL was increased in Tumor mice com-
pared to Pairfed mice while pyruvate dehydrogenase kinase-4
(PDK4), the key gene involved in the switch from glucose to fatty
acid utilization®® was significantly elevated in Tumor mice com-

pared to both No Tumor and Pairfed mice (Fig. 7C).
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ues represent means =+ s.e.m. Data were analyzed using one-way
ANOVA with post hoc Fisher's test. Different letters indicate statistically

significant differences among groups, P < 0.05.

Discussion

Loss of adipose tissue in cancer cachexia has been intensely
studied.®"' 143738 Mechanistic studies suggest PKA-induced
lipolysis is not enhanced in late stage cachexia;>® instead,
increased expression of lipases may be responsible for lipid catab-
olism in adipose tissue in these more advanced stages of
cachexia.'*® Studies have also reported enhanced lipid accumu-
lation in muscle in cachectic patients with increased weight
#2359 and hepatic steatosis in fully-established cachexia in
experimental tumor-bearing animals.”>*° Lipid metabolism in
early cachexia, when weight loss is less severe, has been minimally
studied. In the present study, we investigated lipid metabolism in

loss

the colon-26 murine model of cancer cachexia at the onset of
anorexia and weight loss. We report here that early cachexia is
characterized by moderate reductions in adipose tissue mass,
mild muscle wasting, and PKA-activated lipolysis without
enhanced accumulation of hepatic and muscle lipids. Addition-
ally, mice in the early phase of the cachexia trajectory exhibited
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Figure 7. Liver/quadriceps lipid stores and gene expression (A) Total
hepatic lipids, n = 10 per group and mRNA expression of genes related
to fatty acid oxidation in liver, n = 9-10 per group. (B) mRNA expression
of genes related to hepatic acute phase protein response, n = 10 per
group. (C) Total quadriceps muscle lipids, n = 10 per group and mRNA
expression of genes related to lipid metabolism in quadriceps, n = 8-10
per group. Values represent means =+ s.e.m. Data were analyzed using
one-way ANOVA with post hoc Fisher’s test. Different letters indicate sta-
tistically significant differences among groups, P < 0.05.
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abnormally elevated markers of thermogenesis in brown, but not
white, adipose tissue and elevated energy expenditure when food
intake was considered. Our observations suggest that different
lipid metabolic responses may occur in different stages** and/or
models of cancer cachexia.!

Studies of both early and late cachexia consistently demonstrate
that reduced food intake alone cannot explain loss of body

220 or fat mass.>>*”?® In the present study, by adjusting for

weight
tumor-free body weight, we also demonstrated that adipose mass
in pair-fed mice is preferentially preserved in response to reduced
food intake, a metabolic adjustment that does not occur in tumor-
bearing mice. Healthy mammals compensate for reduced caloric
intake by reducing resting energy expenditure and/or activity.***
When food restrictions are mild, saved energy may be preferen-
tially directed to fat stores at the expense of fat free mass.***
Indeed, liver and muscle mass in pair-fed mice were reduced.
Although cachectic mice significantdy reduced their locomotor
activity in our study, total energy expenditure in cachectic mice
remained elevated compared to pair-fed mice. While differences in
muscle work efficiency may have contributed to the differences in
total energy expenditure,*®® these data suggest that resting energy
expenditure in cachectic mice is abnormally elevated in early
cachexia when food intake is taken into consideration.

Elevated total and resting energy expenditures have been
reported in both human and rodent studies of cachexia.'>>*4%4?
Several mechanisms have been suggested to be responsible for
this increase, including futile cycling, systemic inflammation,
adrenergic stimulation, and brown adipose tissue thermogene-
sis.”” In the present study of early cachexia, we show increased
expression of genes related to BAT thermogenesis in cachectic
mice compared only to pair-fed mice. Our results are subtly dif-
ferent with Tsoli et al who reported activation of BAT thermo-
genesis in anorectic C-26 mice in a later stage of cachexia relative
to ad-libitum fed controls.*® Thus, in early cachexia, markers of
brown adipose thermogenesis are not increased per se (compared
to ad-libitum fed controls), but rather these genes are not appro-
priately suppressed in response to reduced food intake. Markers
of the hepatic acute phase protein response, on the other hand,
were significantly elevated in our cachectic mice compared to
both control groups in this study of early cachexia. Because this
response is the first reaction to immunological stress’' and is
5253 this finding is not surprising. The
acute phase response is associated with significant increases in
4954 which may explain the increase in

linked to cancer cachexia,

resting energy expenditure
body temperature in cachectic mice as early as day 3 of our study.

Although markers of BAT thermogenesis were abnormally
elevated, we did not find evidence of “browning” of white adi-
pose tissues in early cachexia. In theory, any signal that can suffi-
ciently stimulate protein kinase A (PKA) pathways could induce
brown-type adipocytes with thermogenic capacity in white adi-
pose tissue.””> While some markers of fatty acid oxidation were
increased in eWAT, many markers of "browning" and mitochon-
drial electron transport in white adipose tissues of cachectic mice
did not differ from control mice in our study of early cachexia.
This contrasts with findings in late cachexia in the MAC-16
model of cachexia, where analysis of epididymal adipose tissue
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revealed remodeling reminiscent of brown-type adipocytes acco-
mpanied by increased mRNA expression of PGC-1a.>” Our
findings are also in contrast with a recent study by Petruzzeli et
al. that demonstrated a switch from white to brown fat in several
different mouse models of cachexia®® where the change occurred
before muscle wasting in some models (so called, initial stages of
cachexia). However, in each of the studies, loss of gonadal and
).>® Our study
captured lipid metabolism when adipose tissue loss was less severe

inguinal adipose tissue was severe (more than 50%

(approximately 30-40%); thus, in an earlier stage of adipose tis-
sue depletion. In our study, tumor-bearing mice with greater adi-
pose tissue loss tended to have higher UCP1 protein expression
in eWAT (data not shown) compared to cachectic mice with less
adipose tissue loss supporting the high variability of our data
when averaged per group (Fig. 5C). In iWAT a similar trend was
noted although less uniform. However, even cachectic mice with
relatively lower UCP1 protein expression incurred moderate
losses of adipose tissue (data not shown) suggesting that notable
wasting of adipose tissue may be required before WAT browning
occurs in the colon-26 model.

Our data strongly suggest PKA-activated lipolysis in white
adipose tissues is enhanced in mice during early cachexia. Lipo-
lytic rates (unstimulated) and PKA-phosphorylated residues in
eWAT of cachectic mice were consistent with pair-fed controls.
This decidedly contrasts with a report of late stage cachexia
where, unlike in pair-fed mice, PKA-induced lipolytic pathways
were not activated in colon-26 tumor-bearing mice. Instead,
increased expression of ATGL protein coupled with activation by
5-AMP activated kinase (AMPK) was suggested to explain
enhanced lipolysis.”® We detected no significant difference in
ATGL protein expression in our study of early cachexia although
a trend to increase was noted. Stimulated lipolytic rates were not
different among groups suggesting the non-significant increase in
ATGL protein expression did not influence lipolytic rate in our
study. Additionally, phosphorylated levels of AMPK were
unchanged in our study (data not shown). Thus, in early
cachexia, lipolysis may more closely resemble the normal meta-
bolic response to an energy deficit. This conclusion and our
results mirror one of the few fatty acid kinetic studies in cachectic
cancer patients with low levels of metabolic stress. In this study,
lipolytic rates of unstressed cachectic patients (perhaps analogous
to early cachexia) were similar to nutritionally matched controls
suggesting a commensurate and “normal” metabolic response to
equivalent energy imbalances in cachectic patients and matched
controls.'" Interestingly, in this kinetic study and others,””*®
body composition was also suggested to influence lipolytic rate,
and we also found adiposity (eWAT mass) had a significant effect
on unstimulated lipolysis in early cachexia.

Unlike reports in humans and other experimental models of
progressed cachexia, lipid accumulation was not enhanced in liver
and quadriceps muscle in our colon-26 tumor- bearing mice in
early cachexia. Increased expression of genes related to fatty acid
utilization and the absence of lipid accumulation in liver and
quadriceps muscle suggests fatty acids were effectively oxidized to
meet energy demands in these tissues. This contrasts with find-
ings in humans where significant intramyocellular lipid
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accumulation occurs in later stages of cachexia®?? which has
been speculated to be a consequence of alterations to mitochon-
drial oxidative capacity found in advanced states of cachexia.”®
That ubiquitin-proteosome-dependent proteolysis is an ATP-
consuming process may explain the increased expression of
markers of lipid uptake and utilization in muscle in early cachexia
when proteolysis, accompanied by anorexia, commences.

Our findings in liver also are in contrast to the few other stud-
ies of hepatic lipid metabolism in cachexia, albeit in late cachexia.
2630 and reductions in fatty acid oxidation/oxidative
capacity”*”>? in the liver have been reported in the Walker 256

carcinosarcoma cachexia model when weight loss was substantial.

Steatosis

In our study of early cachexia, markers of fatty acid oxidation
were increased in liver and measurements of hepatic total lipids
were not different among groups. Our findings are surprising
given the strong association between the acute phase response
and reduced hepatic fatty acid oxidation.®® Although it is possible
that the acute phase response was not as robust in our study of
early cachexia, differences in cytokine production (thus, the acute
phase response) between the colon-26 and Walker 256 cachexia
models®"*** may better explain these disparate findings.

In summary, in the present study we found PKA-induced lipol-
ysis is enhanced in early cancer cachexia which coincided with ele-
vated total energy expenditure and increased expression of markers
of BAT thermogenesis when food intake is considered and the
hepatic acute phase response. Lipid utilization in muscle and liver
did not appear compromised in this early stage of colon-26
tumor-induced cachexia. That adipose tissue lipid metabolism was
distinctly different from reports of later cachexia in the same
model suggests studies of treatment interventions to preserve fat
mass should be tailored to the stage of cachexia. Additionally,
hepatic lipid metabolism in the colon-26 cachexia model may be
different than other rodent models of cachexia because of tumor-
type, species, and/or stage of cachexia. This warrants further inves-
tigation to delineate the contribution of cachexia stage and model
to altered lipid metabolism in cancer cachexia.

Materials and Methods

Experimental animals and study design

Five- week-old male CD2F1 mice (BALB/c x DBA/2,
Charles River Laboratories) weighing between 19 and 22 g were
randomized by weight on study day 0 into one of 3 groups: No
Tumor (n = 10), Tumor (n = 10), and Pairfed (n = 10). Mice
were then injected subcutaneously into the right flank with 1.0 x
10° colon-26 carcinoma cells suspended in 100 wl PBS (Tumor
group) or PBS only (No Tumor, Pairfed groups). We used the
established colon-26 model of cachexia with young mice,” a
model shown to induce similar effects in older mice.* Mice were
housed individually at a temperature of 22 4+ 0.5°C on a 12 h
light (0600-1800 h) and 12 h dark (1800-0600 h) cycle and
provided free access to water. Mice in the No Tumor and Tumor
groups were fed ad-libitum with AIN-93G semi-purified pelleted
diet (Research Diets). Pairfed mice were rationed the average
amount of AIN-93G diet consumed by the Tumor group the

Volume 16 Issue 6



day before. On study days 10 and 11, mice were housed in Com-
prehensive Lab Animal Monitoring System chambers (Columbus
Instruments) at a temperature of 22 £ 0.5°C on a 12 h light/
dark cycle for 24 h of indirect calorimetry measurements. Mice
were sacrificed in the fed state on study day 12 (No Tumor, n =
5; Tumor, n = 10) and day 13 (No Tumor, n = 5 ; Pairfed, n =
10). Data from the Pairfed group were shifted back one day to
ensure equivalent food intake for comparisons with Tumor mice.
Mice were anesthetized with isoflurane and euthanized by cervi-
cal dislocation. Adipose tissues, quadriceps muscle, and liver
were excised, weighed, frozen in liquid nitrogen, and then stored
at —80°C undil further analysis. Sections of e WAT were collected
for fixation in 4% paraformaldehyde for paraffin embedding and
for ex vivo lipolysis assays (see below). All study procedures were
approved by the Institutional Animal Care and Use Committees

at The Ohio State University.

Colon-26 carcinoma cell culture

Murine colon-26 (C-26) carcinoma cells were cultured in a
growth media containing RPMI 1640 (Invitrogen) + L-glutamine
(Sigma-Aldrich) supplemented with 5% fetal bovine serum (Invi-
trogen) and 1% Penicillin-Streptomycin (Invitrogen) at 37°C with
5% CO,. Cells were harvested at 80% confluence and resuspended
in PBS at a concentration of 1.0 x 10100 pl for injection.

Body weight, food intake, and rectal temperature
measurements

Body weight, food intake, and rectal temperatures using a
Thermalert TH-8 rodent rectal thermometer (Physitemp Instru-
ments) were measured daily between 0830-0930 h.

RT- PCR

Total RNA was extracted from adipose tissue using the
RNeasy® Lipid Tissue Mini Kit (Qiagen) according to manufac-
turer directions. Total RNA was extracted from liver and quadri-
ceps muscle using Qiazol (Qiagen). RNA concentration was
assessed using spectrophotometry by measuring absorbance at
260 nm (A260). RNA was reverse transcribed to cDNA with a
High Capacity cDNA Archive Kit (Applied Biosystems). Using
an Applied Biosystems 7300 instrument, cDNA was amplified
via real-time PCR using predesigned primers and probes
(TagMan Gene Expression Assays, Applied Biosystems) for tar-
get and housekeeping genes. Target gene expression was normal-
ized to 18S rRNA or GAPDH and expressed as 2-AACT relative
to the No Tumor group.®®

Histology

Histology sections (5 wm) of epididymal white adipose tissues
from each mouse were mounted on glass slides and stained with
hematoxylin and eosin (H&E) by the Histology Core Labora-
tory, OSU College of Veterinary Medicine for analysis by
microscopy. Images were captured using a light microscope
(Olympus 1 x 50 microscope) with a Pixera Pro 150ES digital
camera (Pixera). Microscopic fields (3—4 fields per slide) were
randomly chosen by one evaluator for imaging. Image] software
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(NIH) was used by the same evaluator to quantify the cross-sec-
tional area of 150 adipocytes for each mouse (9 mice per group).

Hepatic and muscle lipids

Total lipids were extracted from ~25 and 65 mg sections of
livers and muscle respectively from each mouse using the Folch
method.® Lipids were extracted using a 2:1 v/v solution of chlo-
roform and methanol and a 0.88% KCI solution wash. Samples
were centrifuged at 1000 g to facilitate phase separation. The
organic lower phase was transferred into a pre-weighed tube and
then dried under nitrogen. After drying, tubes were reweighed to
determine final total lipid weight per sample.

Ex-vivo lipolysis assay

Epididymal adipose tissue explants (~30 mg) freshly isolated
from each mouse during necropsy were incubated at 37°C in
600 pl of Krebs-Ringer bicarbonate HEPES buffer containing
3% fatty acid free BSA Fraction V (Calbiochem) with or without
10 M isoproterenol (Calbiochem). After 3 h of incubation, ali-
quots were collected and assayed for glycerol content using the
Free Glycerol Determination Kit (Sigma-Aldrich). Levels of glyc-
erol were normalized to the weight of the explants.

Immunoblotting

Frozen adipose tissues were homogenized in lysis buffer com-
posed of 20 mM Trizma base, 1% Triton-X100, 50 mM NaCl,
250 mM sucrose, 50 mM NaF, and 5 mM Na4P207 - 10H20
with the addition of Complete Mini Protease Inhibitor Cocktail
Tablets (Roche Diagnostics) and PhosSTOP Phosphatase Inhibitor
Cocktail Tablets (Roche Diagnostics). Homogenates were rocked
for 1 h at 4°C and then centrifuged at 16.1k x g for 15 minutes at
4°C. Supernatant was collected and protein concentration was
determined by BCA Protein Assay Kit (Pierce). Proteins analyzed
were separated using sodium dodecylsulfate polyacrilamide gel elec-
trophoresis and transferred to nitrocellulose membranes using Tow-
bin transfer buffer (25 mM Tris, 192 mM glycine, and 20%
methanol). Membranes were blocked with 5% non-fat dry milk in
Tris Buffered Saline with 0.1% Tween-20 for 2 h and incubated
overnight at 4°C with primary antibodies (Cell Signaling Technol-
ogy and Abcam). After washing, membranes were incubated for 1 h
at room temperature with HRP-linked and-rabbit IgG, (Cell Signal-
ing Technology). Bands were detected by chemiluminescence using
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo-
scientific) followed by exposure using Carestream Image Station
4000GL PRO (Carestream Molecular Imaging). Densiometric
analysis was conducted using Carestream Molecular Imaging Soft-
ware. [3-actin was used as a loading control.

Indirect calorimetry

Six mice from each group were housed individually in Com-
prehensive Laboratory Animal Monitoring System chambers for
metabolic measurements on days 10-11 (No Tumor, n=3 ;
Tumor, n=6) and days 11-12 (No Tumor, n=3 ; Pairfed, =6).
Measurements in Pairfed mice were performed the day after
Tumor mice to ensure Pairfed mice were provided food rations
equivalent to that consumed by the Tumor group during indirect
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calorimetry. Oxygen consumption rate (VO,), carbon dioxide
production rate (VCO,), and locomotor activity (beam breaks)
were collected every 20 minutes over 24 hours using CLAMS.
Respiratory exchange ratio (RER) was calculated as the ratio of
VCO, to VO,. Energy expenditure was calculated as calorific
value (CV) x VO,, where CV is 3.815 + 1.232 X RER.*” To
approximate energy balance, absolute energy expenditure was
subtracted from the caloric value of food intake for each mouse.
To determine the effect of cachexia on energy metabolism,

energy expenditure data were analyzed by ANCOVA.®®

Statistics

Data are expressed as means =+ s.e.m. Statistical analyses con-
sisted of 2-tailed unpaired Student’s t-test and one-way ANOVA
with post-hoc Fisher’s test when differences between groups were
significant. Some measures were log-transformed for analysis to
meet test assumptions: muscle MuRF1, Atrogin-1; iBAT LPL,
COX4, DIO2; WAT phosphorylated HSL:HSL ratios; liver
ACOX1, CRP, fibrinogen. However, untransformed means are

presented for interpretability. Some data were analyzed using
ANCOVA to remove the effects of confounding variables.®®
MINITAB 16, Microsoft Excel, and IBM SPSS v21 were used
for data analysis. P-value < 0.05 was considered significant.
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