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Early suppression of adipocyte lipid turnover induces
immunometabolic modulation in cancer
cachexia syndrome
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ABSTRACT: Cancer cachexia is a multifactorial syndrome characterized by body weight loss, atrophy of adipose
tissue (AT) and systemic inflammation. However, there is limited information regarding the mechanisms of
immunometabolic response in AT from cancer cachexia. Male Wistar rats were inoculated with 2 x 107 of
Walker 256 tumor cells [tumor bearing (TB) rats]. The mesenteric AT (MeAT) was collected on d 0, 4, 7 (early
stage), and 14 (cachexia stage) after tumor cell injection. Surgical biopsies for MeAT were obtained from
patients who had gastrointestinal cancer with cachexia. Lipolysis showed an early decrease in glycerol release
in TB d 4 (TB4) rats in relation to the control, followed by a 6-fold increase in TB14 rats, whereas de novo
lipogenesis was markedly lower in the incorporation of glucose into fatty acids in TB14 rats during the
development of cachexia. CD11b and CD68 were positive in TB7 and TB14 rats, respectively. In addition, we
found cachexia stage results similar to those of animals in MeAT from patients: an increased presence of CD68",
iNOS2*, TNFa™, and HSL" cells. In summary, translational analysis of MeAT from patients and an animal
model of cancer cachexia enabled us to identify early disruption in Adl turnover and subsequent in-
flammatory response during the development of cancer cachexia.—Henriques, F. S., Sertié, R. A. L., Franco,
F. O., Knobl, P., Neves, R. X,, Andreotti, S., Lima, F. B., Guilherme, A., Seelaender, M., Batista, M. L., Jr. Early
suppression of adipocyte lipid turnover induces immunometabolic modulation in cancer cachexia syndrome.
FASEB ]. 31, 1976-1986 (2017). www.fasebj.org
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Cancer cachexia (CC) is a multifactorial syndrome char-
acterized by unintentional loss of adipose tissue (AT)
and skeletal muscle, which cannot be fully reversed
by conventional nutritional support and leads to pro-
gressive functional impairment (1, 2). This paraneoplastic
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syndrome affects ~50% of patients with cancer, may
account for 20-25% of all cancer-attributed deaths, and
is the primary cause of asthenia, respiratory compli-
cations, poor response to chemotherapy, increased
susceptibility to infection, and poor quality of life in
these patients (3).

At present, the loss of body weight in CC has been
thought to be a result of profound changes in metabolic
pathways of tissues and organs, which cannot be solely
explained by enhanced energy expenditure or malnutri-
tion (4). In this regard, the role of early AT dysfunction
seems to have gained importance in the onset and progress
of many alterations induced by the syndrome (5, 6). Dif-
ferent mechanistic possibilities have been proposed to
explain the changes in AT in cachexia: for example, in-
crease in lipolytic activity, decrease in the activity of lipo-
protein lipase (LPL), reduction of de novo lipogenesis, and,
consequently, decreased lipid [triacylglycerol (TG)] de-
position (4, 7). In addition, alterations in AT metabolism
have been recently described as suggesting a browning

0892-6638/17/0031-1976 © FASEB

85U9017 SUOLULUOD BAIER.D 3dedlt|dde au) A pauseob ae sajolie YO 38N JO SaInJ 0} Akeiq1T 3UlUO AB]1M U (SUOIPUOD-pUe-SWLBIW0D A3 | IM Aseiq U1 |UO//:SdNY) SUOIPUOD pUe SLWLB | 34} 835 *[£202/10/92] uo Ariqiiauliuo AB1IM ‘S3d VO Ad HTSTTO9TOZ [1/960T 0T/10p/wiod Ao 1w Akeuqipui|uo-gese)//sdny Wo. papeojumoq G ‘LTOZ ‘09890€ST


http://www.fasebj.org
http://www.fasebj.org
mailto:migueljr4@me.com
http://www.fasebj.org

process of white AT in cachexia (8, 9), with reduced
adipogenesis, AT turnover (5, 10, 11), and enhanced
inflammatory signaling (12, 13).

Adipocyte lipid (Adl) turnover determines AT mass
[i.e., the balance between incorporation and removal of
TG into adipocytes, in which lipolysis (hydrolysis of in-
tracellular TGs)] is the most important factor for lipid
removal (14). In CC, human and animal models (15) have
shown an increased rate of lipid mobilization, and lon-
gitudinal studies have shown that patients with CC lose
AT mass before wasting of the muscle mass can be de-
tected (16). In addition to that, an accelerated rate of AT
loss is believed to be associated with shorter survival
time during cancer progression (17). However, few
studies have addressed the possible putative mecha-
nisms behind the impairment of Adl turnover, and very
little is known about how these factors contribute to the
body weight loss observed during cancer cachexia
development.

It has been proposed that chronic systemic in-
flammation in response to the progression of CC has a
relevant contribution from AT, as we and others have
shown (10, 12, 18, 19). A very early down-regulation of
adipogenic and lipogenic (5, 20) pathways, as well as of
browning genes (8), has been shown in the AT in a murine
cachexia model. In the cachectic stage, AT remodeling is
characterized by the presence of adipocyte atrophy, fol-
lowed by fibrosis and increased inflammatory cell in-
filtrate, as shown in both murine models (5, 20) and
patients with CC (10). In the latter, immune cell infiltration
in the tissue was characterized by the presence of crown-
like structures composed of CD68" macrophages sur-
rounding adipocytes and by an increased number of CD3"
lymphocytes, more evident in the fibrotic areas. However,
despite consistent evidence showing major impairment in
AT metabolism, as far as we know, no studies have
addressed the possible relationship between metabolic
and inflammatory AT modulation in progressive
cachexia—in particular, in samples from the mesenteric
depot—in that subcutaneous and omental depot have
most often been used in studies on cachexia and AT
remodeling.

To obtain greater insight into AT remodeling during
the development of cancer-related cachexia and also into
the possible association between Adl turnover and in-
flammatory profile, we have analyzed the mesenteric AT
(MeAT) depot in tumor-bearing (IB) rats at early and
cachetic stages and in patients with cancer, to allow for
some translational data. As cachexia has been proposed to
consist of 3 stages (21), efforts to detect the primary
changes in the earlier cachexia stages may provide the
basis for future intervention, hence preventing refractory
disease.

We thus present results regarding the time course of
Adl turnover and the pathways that may be involved
in the progression of cachexia. Furthermore, we ex-
amined the presence of inflammatory cells during the
development of cachexia and the association between
infiltration and the alterations of the parameters of
interest. Our findings indicated a discrete early im-
pairment in the uptake and synthesis of fatty acids
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(FAs), followed by an increase in inflammatory cell
infiltration and lipolysis, which become more evident
in the cachexia stage. These results also suggest that
the AT remodeling induced by CC consists of a non-
resolving aseptic inflammation triggered by an im-
paired early Adl turnover, induced by CC.

MATERIAL AND METHODS
Animals

Male adult Wistar rats (200-280 g), obtained from the Central
Animal House of the University of Mogi das Cruzes, were
maintained in plastic cages, under controlled temperature
conditions (22 = 1°C), receiving water and food ad libitum
(NuvilabCR1-Nuvital; Curitiba, Parana, Brazil). The Uni-
versity of Mogi das Cruzes Ethics Committee for Animal
Research approved all the adopted procedures. To induce
CC, we injected Walker 256 tumor cells (2 X 107 cells) sub-
cutaneously into the right flank of animals (5, 18). The ani-
mals were held in collective cages, containing 5 animals/
cage. Body weight was assessed daily, and food intake ond 7
and 14 after injection, both always in the afternoon. To re-
cord the development of CC, experiments were performed in
the time-course study when rats were killed by decapitation
after 12 h of food withdrawal on d 0, 4, 7 (early stage) or 14
(cachexia stage) after injection (5-8 animals at each time
point). Animals without tumor inoculation and with only
vehicle solution were used as controls.

Blood samples and AT collection

After decapitation, trunk blood was collected into 15-ml conical-
bottom Falcon tubes containing EDTA (1.8 mg/ml of blood) and
centrifuged at 500 g for 10 min, and the plasma was separated
and stored at —80°C. MeAT (after carefully dissecting of the
adjacent lymph nodes) was removed, weighed, snap frozen in
liquid nitrogen, and stored at —80°C.

Patients and sample collection

Patients were recruited between November 2008 and July 2010 at
the University Hospital of the University of Sdo Paulo (1 = 12).
The inclusion criteria were no prior cancer treatment and will-
ingness to participate. The exclusion criteria were chemotherapy
at the time of the study; continuous anti-inflammatory therapy;
kidney or liver failure; and acquired immunodeficiency syn-
drome, inflammatory bowel disease, or chronic inflammatory
processes not related with cachexia, including autoimmune
disorders. The study was approved by the Human Ethics
Committee of the University of Sdo Paulo Hospital (CEP-ICB/
USP 1117/13, CEP-HU/USP 752/07, and 1117/13, CAAE
0031.0.198.019-07). The patients were separated into 3 groups,
based on diagnosis after surgery (22). They were subdivided into
CC (n = 7), weight-stable cancer (WSC; n = 4) and (noncancer)
control (n =5) groups. The patients were considered cachectic
based on criteria from the international consensus (20). Ca-
chexia was defined as weight loss >5% during the past 6 mo
or any degree of weight loss >2% the during the past 6 mo
with body mass index (BMI) < 20 kg/m?. The stable-weight
groups were regarded as those with no important weight
change during the past year and BMI < 25 kg/m”. In the
cancer groups (CC and WSC), the tumor primary location
was the colon (n = 3), stomach (n = 2), and pancreas (n = 2).
The control group included patients undergoing surgery for
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incisional hernia (1 = 3) and chronic cholecystitis (1 = 2). The
study was designed as intention to compare; therefore, all
subjects were kept in the analyses, despite a few missing
measurements.

Mesenteric white AT (~1 g, by approximate anatomic site),
was collected within a 5-min interval, by a process similar to that
described elsewhere (12). This procedure presents a minimal
degree of risk and does not interfere with the standard surgery
procedure. Clinical parameters of the patients were also collected
as described previously (12). Tumor staging was determined
after surgery according to the guidelines of the Union for In-
ternational Cancer Control (UICC) TNM (tumor site, lymph node
involvement, and metastatic spread) classification system (23).

General biochemical parameters in rats

The concentration of TG, glucose, and total protein were mea-
sured with commercial kits (Labtest, Lagoa Santa, Brazil).

Stromal vascular fraction isolation

Fragments of AT samples were placed in digestion bulffer
[DMEMV; Sigma-D5671, 5% bovine serum albumin (BSA), 2 mg/ml
collagenase type II (Thermo Fisher Scientific, Waltham, MA,
USA)] and digested for 30 min at 37°C. After that, samples were
centrifuged at 200 rpm for 30 s at room temperature. The pellet
[stromal vascular fraction (SVF)] was snap frozen in liquid ni-
trogen and stored at —80°C.

Immunohistochemistry

MeAT samples were fixed in HistoChoice MB (Amresco, Solon,
OH, USA) for 3 h at room temperature. Deparaffinized sections
(5 pm) were incubated with 0.3% H,O, in methanol for 5 min
(until quenching of endogenous peroxidase activity and blocking
of free protein-binding sites with 5% normal goat serum). Sec-
tions were immunostained for immune cells, with the following
primary antibodies: anti-CD11b (ab75476); anti-CD68 (KP1;
ab955); anti-TNFa (ab6671); anti-HSL (ab45422); anti-FASN
(3180); and anti-INOS2 (ab3523) (all from Cell Signaling Tech-
nology, Danvers, MA, USA). Specific secondary antibodies were
polymer peroxidase, using Histofine Simple Stain Max-PO
(Nichirei Biosciences, Tokyo, Japan). Histochemical reactions
were performed with Sigma Fast 3,3-diaminobenzidine as the
substrate (Sigma-Aldrich, St. Louis, MO, USA). Sections were
counterstained with hematoxylin.

Real-time quantitative PCR

Total RNA was isolated from MeAT samples by using the
RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s recommendations. Comple-
mentary DNA synthesis was performed with 10 pl assay mix
containing 2 pg total RNA. The reaction mixture was stored at
—80°C until the PCR step. The following primers were used:
C-X-C motif chemokine ligand (CXCL)2 (forward, 5'-AATGCCT-
GACGATACC-3' and reverse, 5'-GAGTGGCTATGACTTC-
TGTCTGG-3'); C-C motif chemokine ligand (CCL)-5 (forward,
5'-ATATGGCTCGCACACCACTC-3' and reverse, 5'-TGACA-
AAGACGACTGCAAGG-3"); CCL3 (forward, 5'-CGGTTTCT-
CTTGGTCAGGAA-3'" and reverse, 5'-CTTCTCCTATGGACG-
GCAAA-3"); CCL2 (forward, 5'-AATGAGTCGGCTGGAGAA-
CTAC-3' and reverse, 5'-CTCACTTGGTTCTGGTCCAGTT-3');
CD11C (forward, 5-AGGTGTTGCTCCTGAGTGAG-3' and
reverse, 5'-TGCCTGGGCTCTCAGAAATG-3"); IL10 (forward,
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5'-ACGCTGTCATCGATTTCTCC-3' and reverse, 5'-TGGCCT-
TGTAGACACCTTTG-3'); TNFa (forward, GCTCCCTCTCAT-
CAGTTCCA-3' and reverse, 5'-GCTTGGTGGTTTGCTACGAC-3");
and arginase (forward, 5'-GGAAGAAAAGGCCCATTCAC-3'
and reverse, 5'-CTGTAAGGTAGGCCTCCCACA-3'). The
results for mRNA concentrations were expressed as a ra-
tio over RPL-19, which was amplified as a housekeeping
gene, adopting the following primers: RPL-19 (forward,
5'-GGGAAGAGGAAGGGTACTGC-3" and reverse, 5'-
GACGGTCAATCTTCTTAGATTCC-3"). Analyses of real-
time RT-PCR products were performed with the Prism
7500 SDS software (Thermo Fisher Scientific). Relative quanti-
fication of mRNA amount was obtained by the 2744
method (24).

Western blot analysis

Frozen tissue was homogenized in RIPA buffer. Homogenates
were centrifuged at 13,500 g for 20 min at 4°C, the supernatants
(fatty layers) were discarded, and the infranatant was saved.
Samples containing 50 pg protein were separated by electro-
phoresis on a 10% SDS-polyacrylamide gel. Proteins were then
transferred to PVDF membranes at 100 V for 1 h. PVDF mem-
branes were then blocked in Tris-buffered saline (TBS) containing
0.1% Tween 20 and 5% milk for 70 min. The PVDF membranes
were incubated with primary antibodies (all from Cell Signaling
Technology) against acetyl-CoA carboxylase (ACC; 3662; 1:
2000); p-ACC (Ser79; 3661; 1:1000); HSL LIPE (ab45422; 1:4000);
p-HSL Ser565 (4137; 1:2000); p-HSL Ser660 (4126; 1:4000); FASN
(3180; 1:1000), ATGL (2138; 1:2000); AMPK (25322; 1:2000); and
p-AMPK (Thr172; 2531; 1:2000), all overnight. The membranes
were incubated with the secondary antibodies goat anti-rabbit
IgG conjugated to horseradish peroxidase (HRP; 7074; 1:3000;
Cell Signaling Technology) for 1 h at room temperature and
were detected by ECL Prime (Amersham, Little Chalfont, United
Kingdom). For the control of protein loading and transfer, we
used Ponceau staining of the membranes. Quantification of the
antigen—antibody complex was performed by the ImageJ] Anal-
ysis Software (National Institutes of Health, Bethesda, MD,
USA).

ELISA

The level of TNFa in serum was quantitated by ELISA (DuoSet
ELISA; R&D Systems, Minneapolis, MN, USA), according to
manufacturer’s instructions. The optical density was measured at
OD 450 nm (Synergy H1 Hybrid Reader; Biotek, Winooski,
VT, USA).

Insulin tolerance test

The tests were performed at 8:00 aMm after food had been
withheld for 12 h. In 11-wk-old animals under light anesthesia
(sodium thiopental; 2 mg/100 g of body weight), insulin was
loaded (75 mU/100 g) and injected as a bolus, and blood
glucose levels were determined at 0, 5, 10, 15, 30, 45, 60, and
90 min after injection.

Lipolysis assay

Isolated adipocytes were suspended in 40 pl of Kreb’s/
Ringer/phosphate buffer (pH 7.4, with 1% BSA) in 0.6 ml
microtubes with 20 pl of adenosine deaminase (0.2 U/ml)
and were incubated at 37°C for 5 min (as to degrade endog-
enously released adenosine). For additional analyses of the
effect of TNFa on lipolysis, the same cells were stimulated
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with 100 ng/ml TNFa for 12 h. Afterward, the cells were
incubated for 1 h at 37°C either in presence of isoproterenol
(B-adrenergic agonist) for determination of glycerol concen-
tration (25). The concentration in the medium of released
glycerol was quantified with a commercially available re-
agent (Sigma-Aldrich), measured according to the manu-
facturer’s instructions.

Lipogenesis assay

Isolated adipocytes were suspended at 1:5 volume in Krebs/
Ringer /phosphate buffer pH (pH 7.4, with 1% BSA with 2 mM
glucose) at 37°C and saturated with a gas mixture of CO, (5%)/
O, (95%). Aliquots (450 wl) were transferred to polypropylene
test tubes (17 X 100 mm) containing 5 wl (0.05 nCi/tube) of
D—[U—“C]-glucose, in the presence or absence of insulin (10 nM).
The analyses were performed with minor modifications to a
published procedure in Borges-Silva et al. (25).

Statistical analysis

Data were analyzed, according to specific measurement, by
Student’s t test, 1- and 2-way ANOVA, followed by Tukey’s
post hoc comparison tests, with Prism software 6.0 (GraphPad,
La Jolla, CA, USA). A value of P < 0.05 was considered
significant for all statistical tests. Data are expressed as
means * SEM.

RESULTS
Characterization of cachexia syndrome

To investigate the effects of CC on Adl turnover, Walker
256 tumor cells (2 X 10”cells) were injected subcutaneously
into the right flank of the rats, and the progression of CC
was assessed on d 4, 7 (early stage), and 14 (cachexia stage).
It is important to emphasize that the controls were of the
same age and were euthanized on the same days, to allow
for the assessment of growth pattern and any other po-
tential age-related changes. The effects noted when ca-
chexia was established (d 14) consisted of body weight loss
(10.3%; P < 0.01), accompanied by dyslipidemia, evi-
denced by increased plasma levels of triglycerides (34.3%;
P <0.01). Hypoglycemia, another of the described features
of the syndrome was also observed [decrease in 17.6% in

glycemic level (P < 0.01) in TB d 14 (TB14) rats in
relation to controls (age-matched non-TB rats)], as
shown in Table 1. After a very discrete effect of early
cachexia detected in the insulin tolerance test on d 4,
an established CC stage (d 14) showed accentuated
insulin resistance, with no response to insulin stim-
ulation over 90 min (Supplemental Fig. S1). Food
intake for the groups over the 14 d of treatment was
similar (data not shown).

De novo lipogenesis is reduced early in CC

In an attempt to evaluate the main metabolic alterations
during the development of the syndrome, we analyzed
the lipogenesis (on d 4 and 14) in isolated cells in re-
sponse to insulin stimulation (Fig. 1). Isolated adipose
cells from the MeAT depot were assessed for their
ability to incorporate p-[U-"*C]-glucose into TG, having
shown no changes in cachectic animals in either of the
two experimental periods, compared with their re-
spective controls (Supplemental Fig. 52). To obtain
more information regarding Adl turnover, we also
evaluated the incorporation of glucose into lipid
and glycerol TG moieties. De novo lipogenesis was
assessed by addressing the difference between
insulin-stimulated and basal conditions. Cachectic rats
(TB14), demonstrated a reduction of 73.5% (P < 0.05) in
the incorporation of glucose into FAs, when compared
with the control. Also, when comparing the TB and
control groups at different experimental time points (d 4
and 14), the cells from the TB group lost their ability to
respond to insulin stimulation because of cachexia. In the
unstimulated (basal) condition, glycerol incorporation
tended to be lower in TB rats than in controls (P = 0.056)
on d 4 (Fig. 1A). Glucose in response to glycerol in-
corporation (glycerol synthesis from glucose) showed
an increase on d 14 vs. 4 (P < 0.005) in both groups,
indicating that this parameter was not modulated by
cachexia (Fig. 1B). To deepen the lipogenic pathway
analysis, we also assessed FASN, p-ACC (Ser79 to total),
and p-AMPK (Thr172 to total) protein expression. AMPK
phosphorylation was increased in TB14 rats (P = 0.0056)
when compared with controls. FASN and p-ACC (Ser79)
did not change at any time point analyzed (Fig. 1C).

TABLE 1. General characteristics of animal groups during the development of CC

Tumor cell inoculation group

Parameter Control (d 4) TB4 Control (d 14) TB14

n 6 7 5 8

BW (g) 2489 = 11.2 234.4 = 28.8 327.2 + 21.7 293.5 = 13.9*
Tumor weight (g) - 24 * 0.8 - 25.8 = 2.7
BW increase (%) - - 31.5 + 3.2 17.7 = 1.9*
Glucose (mg/dl) 121.0 = 12.2 121.3 £ 9.4 108.5 = 12.7 102.9 = 6.7
TG (mg/dl) 84.22 + 2.7 98.74 * 6.6 91.81 = 7.1 139.8 £ 23.6%
Total protein (g/dl) 4.48 = 0.1 459 = 0.2 444 = 0.2 4.32 = 0.1

*P < 0.05 vs. control (d 14); TP < 0.05 vs. control (d 4).
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Figure 1. Lipogenesis modulation during CC. A) Basal and insulin-stimulated lipogenesis. B) Variation (A) of basal and insulin-
stimulated conditions. C) Immunoblot analysis for components of lipogenesis pathway from MeAT on d 4 and 14 after tumor cell
inoculation. Blots were rearranged, and representative images were selected for p-ACC (Ser79), ACC, p-AMPK (Thr172), AMPK,
and FASN and Ponceau Red staining (normalized protein). Values are means = sem (5-8 animals at each time point). “P < 0.05,
time effect (d 4 vs. 14); *P < 0.05, tumor effect (TB vs. control).

To evaluate parameters related to the uptake of FAs and
structural proteins of the lipid droplets, we also analyzed the
gene expression of LPL, cell death-inducing DFFA-like ef-
fector (CIDE)-A, and CIDEC (Supplemental Fig. S3). De-
creases of 44% (P < 0.05) ond 4, and 0f 56% (P < 0.05) ond 14
were observed in LPL gene expression from MeAT from
TB rats. Furthermore, the structural protein markers of
lipid droplets behaved similarly: CIDEA showed a 35%
reduction (P < 0.05) on d 4 and a 69% reduction (P <
0.05) on d 14, whereas CIDEC was reduced by 53% only
ond 4 (P <0.05).

Lipolysis is related to increased levels of
p-HSL Ser660

Lipolysis is the catabolic branch of the FA cycle that
provides FAs in times of metabolic need. Lipogenesis
is the anabolic branch that removes FAs when they are
present in excess. In the cachexia stage, lipolysis is the
most well-described event, responsible for disruption
in Adl turnover. In relation to the adipocyte basal rates
of lipolysis (unstimulated), we observed an unexpected
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decreasein glycerol release in TB4 rats in relation to the
control group ond 4 (63.9%; P < 0.001), followed by an
increase in p-HSL (Ser565) expression (78.1%; P <
0.05), which inhibits HSL activity. During cachexia de-
velopment, an increase on d 14 in the TB group was
demonstrated in relation to the control group (46.8%; P <
0.05) (Fig. 2A). Isoproterenol stimulation in isolated adi-
pocytes induced an increase of 62.1% (P < 0.01) that was
observed, only in TB animals (d 4 X 14). In the cachexia
stage, increased lipolysis was paralleled by increased
levels of both p-HSL (Ser660) protein expression, in the
MeAT samples, and nonesterified FAs, in the plasma from
cachectic TB14 rats. No changes were detected in p-HSL
(Ser565) and ATGL protein expression (Fig. 2B) in the
cachexia stage.

Cachexia induces a temporal increase in
immune cell infiltration

AT inflammation is another feature recently demon-

strated in the AT remodeling process induced by CC
(10, 19). However, there is no information regarding
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conditions (A). B) Immunoblot analysis for components of lipolysis from MeAT on d 4 and 14 after tumor cell inoculation. Blots
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0.05, tumor effect (TB vs. control).

acute and chronic inflammatory events in this sce-
nario, nor any yet described connection with impair-
ment of metabolic parameters and inflammation.
Thus, we evaluated the presence of CD11b" cells
(neutrophil marker), as well as the presence of CD68"
cells (macrophages) during CC (Fig. 3A). Immuno-
staining for CD11b was detected only in TB7 rats, with
no detection in TB14 rats. CD68-positive cells were
detected only on d 14. Considering the profile of the
appearance of inflammatory cell infiltrate associated
with cachexia observed in this study, we also aimed to
verify specific chemoattractants for polymorpho-
nuclear cells: CCL3 and CXCL2, as well as CCL2, for
macrophages. CCL3 and CXCL2 expression was in-
creased ~7.2 and 9.7-fold, respectively (P < 0.01),

IMMUNOMETABOLIC MODULATION IN CANCER CACHEXIA

only in TB7 rats after inoculation of tumor cells, in the
SVF from MeAT, when compared with controls, and
no changes were detected in TB14 rats. CCL2 showed
increased (10.1-fold; P < 0.01) gene expression only in
the MeAT from TB14 rats (Fig. 3B). Furthermore, in
cachectic TB14 rats, we found that these macrophages
underwent polarization to the M1 phenotype, in view
of the high expression of CD11c and arginase found in
TB14 rats (10.8- and 3.1-fold, respectively; P < 0.01;
Fig. 3C).

TNFa is related to increased lipolysis in CC

Plasma levels of TNFa in TB14 rats showed a 2.0-fold in-
crease compared with the controls. Having detected an
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immunometabolic disruption in TB14 rats, character-
ized by an increased presence of inflammatory cells,
macrophages in particular, which was concomitant to
increased lipolysis, we performed an experiment to
determine whether TNFa actually contributes to the
lipolytic effect observed in cachexia (Fig. 3D, E). We
measured glycerol released (basal and Isoproterenol-
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stimulated) in isolated adipocytes cultured over 12 h
with TNFa (100 ng/ml) in both groups (control and
TB). A comparison of the values found in the response
(to TNFa stimulus) with those of the basal condition
showed a high increase (6.5-fold) in glycerol release
in TB14 rats, as compared to the matching control
group (d 14).
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and blue is the nuclear counterstain.

Patients with CC show immunometabolic
disarrangement in MeAT

Toinvestigate whether similar findings would be found in
patients, the presence of infiltrated cells (CD68 and
iNOS2), inflammation (TNFa), and lipolytic markers
(HSL) in the MeAT obtained from patients with CC (Fig.
4) was studied. An increased density of CD68" cells was
observed in the CC group. We also found increased
iNOS2" cells, suggesting that these macrophages were
polarized to M1. Anincreased number of TNFa.* cells in the
CC were also detected, as well as an increase in the pres-
ence of HLS" cells. HSL staining was detected in the area
with the higher presence of infiltrated cells in the CC group,
suggesting possible immunometabolic modulation during

IMMUNOMETABOLIC MODULATION IN CANCER CACHEXIA

human cachexia. The subjects in the 3 groups were of
similar age and BMI (data not shown). The CC group
showed values ranging from 6 to 23% of body weight loss in
the previous 6 mo and C-reactive protein ranging from 4.6
to 11.9 pg/ml, indicating that we studied cachexia staging
in patients. Regarding the patients with WSC, there was
no significant body weight change in the previous 6 mo,
and C-reactive protein values ranged from 1.4 to 5.8 pg/ml.

DISCUSSION
Cachexia induces profound immunometabolic changes

that result in an impairment of AT function in CC, a pro-
cess characterized by AT remodeling (10, 14, 20). We
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investigated the role of Adl turnover and inflammation of
MeAT, and we demonstrated early metabolic changes,
especially those related to de novo lipogenesis, indicating a
discrete and silent disruption in Adl turnover. At the ca-
chexia stage (d 14), disruption in Adl turnover was ac-
centuated, as shown by the impaired ability to synthesize
lipids from glucose (de novo lipogenesis), as well as by the
increased lipolysis. Another interesting aspect was the
inflammatory profile of MeAT, with increased neutrophil
leukocyte infiltration (acute inflammatory signals), fol-
lowed by macrophage infiltration in fully established
cachexia. The translational approach adopted herein
enabled the finding that the immunometabolic profile
observed in the animal model was also present in MeAT
obtained from patients with CC. Finally, lipolysis was
progressively enhanced during the development of ca-
chexia, and TNFa seemed to play a relevant role as a
modulator of this pathway, notably during the more
advanced stage of the disease.

Adl turnover has been characterized in human obesity,
by a consistent predominance of lipogenesis over lipolysis
(26). In CC, few studies have addressed this question, and
most of them have evaluated the mechanisms behind the
typically increased lipolysis. However, recently, an early
down-regulation of lipogenic genes was shown in an an-
imal model of cachexia (Walker 256) (5). In addition, in the
cachexia stage, accentuated reduction in de novo lipogen-
esis from adipocytes was the most prevalent finding.
Those changes were followed by the down-regulation of
LPL gene expression, already evident from the early ca-
chexia stage (d 4), in addition to AMPK activation. In
particular, this effect was shown to be consistently present
in CC, indicating that modulation of Adl turnover during
early stages of the syndrome may be associated with ac-
tivation of AMPK in Walker 256 TB rats. In this respect, a
recent study demonstrated activation of AMPK during
cachexia in C-26 TB rats (27). Such activation is related to
reduced transcript levels of LPL, Ap2, and CD36 in ca-
chectic rats, suggesting some degree of repression in the
uptake or intracellular handling of FAs—hence, demon-
strating impairment of de novo lipogenesis.

Taking into account that the deregulation of Adl turn-
over is the basis for the development of the cachectic
condition, we also assessed several steps in the lipolytic
pathway in AT. In TB rats, the deregulation of lipolysis (in
vitro) revealed a distinct profile, depending on the degree
of disease progression—that is, in an early stage (d 4) or in
a more advanced stage of cachexia (d 14). In the first, the
basal rate of lipolysis was reduced and was accompanied
by increased p-HSL (Ser565) expression, which is regu-
lated by AMPK activation and consequently, inhibits HSL
activity (28). Patients with CC show reduced spontaneous
basal lipolysis with elevated ex vivo responses to cat-
echolamines and natriuretic peptides (14). On the other
hand, there is no information regarding the stage of ca-
chexia in such patients, and possible translational corre-
lation is limited.

During the cachexia stage (d 14), adipocytes from TB
rats exhibited increased rates of lipolysis under both basal
and stimulated situations. Of note, modulation of key
regulators of the lipolytic pathway in cachexia correlate
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with several studies in humans and other animal models
(5, 15, 27, 29). In particular, increased lipolysis in the ad-
vanced cachexia stage is a change described to be the most
directly related to the central metabolic dysfunction of AT.
We have been able to add further information concerning
the modulation in adipose Adl turnover in TB animals
during a period when cachexia was not as evident (d 4).
However, further studies are needed to determine the role
of early impairment on lipid turnover at different stages of
cachexia.

AT has been implicated in chronic systemic in-
flammation that occurs during CC development, which
has been proposed to present a relevant contribution from
the AT, as we and others have already shown (10, 12, 18,
19). In this study, we described the presence of in-
flammatory cells in MeAT during different stages of CC.
On d 7, a period when the classic signs of cachexia are not
easily detected or diagnosed, there was an increase in the
presence of neutrophils. Such an acute inflammatory
event, involving a plethora of cachexia signals, suggests
the existence of a precocious acute inflammatory signal in
MeAT. In patients with cancer, increased expression of
neutrophil-derived proteases from blood samples was
recently demonstrated, both before and during cachexia,
suggesting that these biomarkers contribute to the early
diagnosis and prevention of cachexia (30). In addition,
the presence of CD68" cells in MeAT seems to be fol-
lowed by the polarization of macrophages developing
into an activated M1 proinflammatory state, observed
only in the advanced cachexia stage. However, addi-
tional studies are needed to confirm these observations.

In patients with cancer, modifications of macrophage
infiltration and subphenotype profiles of AT were recently
demonstrated (18). However, this characterization was
undertaken in the subcutaneous depot with no in-
formation related to visceral depots—in particular in the
mesenteric depot. In fact, in AT, during atrophy induced
by cachexia, M1 macrophages infiltrate the tissue and may
secrete proinflammatory molecules, such as TNFo, 11-18,
and IL-6, which, in turn, may modulate Adl turnover. In
this respect, TB animals showed, simultaneous with body
weight loss, dyslipidemia and AT inflammation and in-
creased levels of serum TNFa in the advanced cachexia
stage. Moreover, adipocytes from TB animals were more
sensitive to the magnitude of isoproterenol stimuli and
demonstrated higher lipolytic response when cultured
with TNFa.

In general, one feature of AT inflammation is en-
hanced local release of TNFa, which originates from fat
cells and nonfat cells within AT (18). Although other
cytokines/chemokines are also released within AT,
only TNFa has a pronounced lipolytic effect in human
adipocytes (31). To the best of our knowledge, we have
shown, for the first time, that an increase in tissue and
systemic TNFa levels may be an important factor for
modulating lipolysis in CC, at least in Walker 256 TB
animals. However, not only increased production and
secretion of TNFa, but also alterations in its signal
transduction pathways activated by the cytokine may
be essential for the increased lipolysis observed in de-
velopment of cachexia (14, 32).
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To add translational data to this study, we analyzed, in
MeAT, inflammatory and metabolic (immunometabolic)
parameters from patients with CC. Such a modification
was followed by the presence of CD68-labeled AT mac-
rophages localized to crowns surrounding adipocytes,
similar to what we had previously reported for subcuta-
neous AT samples (10). As far as we know, although this
structure has already been described in subcutaneous AT
samples, this is the first time that it has been described in
such visceral AT samples. Also, with regard to the meta-
bolic parameters, an increased HSL-labeled cell presence
inthe AT from patients with CC appears to be accentuated
in areas with the higher accumulation of infiltrating in-
flammatory cells. In patients with cancer, elevated HSL
mRNA and protein levels from subcutaneous AT have
been shown to contribute to increased lipolysis (29).
However, further studies are needed to determine the
possible lipid turnover disruption in AT from different
groups of patients with cancer at different stages during
the development of the disease.

The limitations of the study should be acknowl-
edged. We performed a descriptive analysis of the time
course of cachexia development in the Walker 256
tumor experimental model of induced cachexia. The
same immunometabolic modification observed in the
AT, evident in both animals and patients with cancer,
should be extended into different experimental models
of cachexia. Regarding patients with cancer, we per-
formed qualitative analyses in a limited number of
patients with CC. We have not attempted to adopt this
staging system to classify cachexia, because of the rel-
atively small sample.

In summary, translational analysis of MeAT from pa-
tients and an animal model of CC enabled us to identify
the very early changes in Adl turnover and the sub-
sequent inflammatory response profile associated with
AT remodeling induced by cachexia. Our results shed
new light on the putative mechanisms behind the early
and discrete impairment of AT lipid metabolism during
the development of AT atrophy and the cachexia process,
suggesting that aseptic inflammation may be triggered by
an impaired Adl turnover in this setting. Such disruption
is already evident, even before any detection of classic
markers of inflammatory response, characterized by an
increase in M1 phenotype macrophages in the advanced
cachectic stage. Thus, together with our novel findings,
the ability of TNFa to potentiate the effect of isoproterenol
inducing lipolysis during advanced cachexia may be
useful in elucidating the mechanisms underlying AT
dysfunction in this syndrome, as well as in providing in-
sight to the development of new strategies intended to
prevent or mitigate this condition.
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