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Cachexia is associated with increased morbidity and mortality in cancer. The White adipose tissue (WAT)
synthesizes and releases several pro-inflammatory cytokines that play a role in cancer cachexia-related
systemic inflammation. IFN-y is a pleiotropic cytokine that regulates several immune and metabolic
functions. To assess whether IFN-y signalling in different WAT pads is modified along cancer-cachexia
progression, we evaluated IFN-y receptors expression (IFNGR1 and IFNGR2) and IFN-vy protein expression
in a rodent model of cachexia (7, 10, and 14 days after tumour implantation). [FN-y protein expression
was heterogeneously modulated in WAT, with increases in the mesenteric pad and decreased levels in
the retroperitoneal depot along cachexia progression. Ifngr1 was up-regulated 7 days after tumour cell
injection in mesenteric and epididymal WAT, but the retroperitoneal depot showed reduced Ifngri gene
expression. [fngr2 gene expression was increased 7 and 14 days after tumour inoculation in mesenteric
WAT. The results provide evidence that changes in IFN-y expression and signalling may be perceived
at stages preceding refractory cachexia, and therefore, might be employed as a means to assess the early
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stage of the syndrome.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cancer-associated cachexia is a syndrome clinically charac-
terised by alterations in energy intake, and muscle and white adi-
pose tissue (WAT) wasting. It cannot be fully reverted by
conventional nutritional support, and is markedly associated with
decreased survival. Furthermore, it augments chemotherapy-
related toxicity, and presents major clinical relevance [1]. Three
stages may be distinguished in this multifactorial syndrome, rang-
ing from pre-cachexia to refractory cachexia, and effective thera-
pies aiming at preventing the onset of the last stage are the focus
of a growing number of studies [2].

The aetiology of cancer-cachexia is not completely understood
and several factors are involved, including systemic inflammation,
metabolic alterations and the action of tumour-related factors,
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such as proteolysis-inducing factor and lipid mobilizing factor/zi
nc-o-2-glycoprotein [3]. WAT inflammation is a common finding
in human cachexia and in animal models [4-7]. The anatomical
localisation of the adipose depot determines its relative contribu-
tion to systemic inflammation in cachexia [4,8]. Therefore, there
is regional specificity of WAT in regard to this aspect. Inflammation
in cachexia involves the enhanced production and circulation of
pro-inflammatory cytokines and eicosanoids [7]. Serum concentra-
tion of pro-inflammatory cytokines, such as TNF-a, IL-1, IL-6 and
IFN-v is often increased in patients and rodent models with cancer-
cachexia [4,9-11]. We have shown that, both Walker-256 tumour
bearing rats and cachectic colon cancer patients, the adipose tissue
plays a relevant role in the establishment of chronic systemic
inflammation [4-6].

As part of the adaptive immune response, IFN-vy is produced by
immune cells and acts through biding to IFN-y receptor subunits
(IFNGR1 and IFNGR2). After binding to its receptor, intracellular
signal transduction induces the target genes mediating the biolog-
ical functions of this cytokine [12,13]. Initially identified as an
antiviral effector, IFN-y acts upon several aspects of immune
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response and, more recently, has been shown to induce cachexia in
rodent models [14-16]. However, the role of IFN-y in cancer
cachexia progression is not fully elucidated. In this study, we
examined IFN-y expression and signalling modification in different
WAT pads along the aggravation of cachexia in the Walker-256
rodent model.

2. Material and methods
2.1. Animals

Male adult Wistar rats (200-250 g), obtained from the Institute
of Biomedical Sciences, University of Sao Paulo, were maintained
under a 12 h light/12 h dark cycle (lights on at 6h00), and con-
trolled temperature conditions (23 +1 °C), receiving water and
food (commercial chow, Nuvilab1, Nuvital, Brazil) ad libitum. The
Ethical Committed for Animal Research (Institute of Biomedical
Sciences/University of Sdo Paulo) approved all of the adopted pro-
cedures, which were carried out in accordance with the Ethical
Principles stated by the Brazilian College of Animal Experimenta-
tion; protocols n8041/2005.

2.2. Experimental design

To evaluate IFN-y expression along cancer-associated cachexia
progression, rats (n = 48) were randomly divided into four groups
(n=12/group): one group was euthanized before tumour inocula-
tion (TO group); in animals of the other three groups, Walker-256
tumour cells (2 x 107 cells) in a 1 ml PBS solution were injected
subcutaneously, into the right flank [17]. Rats were euthanized
on days 7, 10, and 14 (T7, T10 and T14, respectively) after tumour
cell injection. At the end of the protocol, animals were fasted over-
night (12 h) and killed by decapitation at the start of the light cycle.
Such experimental design was previously characterised and
employed by our group, and shown to induce decrease in body
weight, food intake, skeletal muscle and WAT wasting, in addition
to reduction of adipocyte cross section area 14 days after tumour
inoculation [8,18]. Three WAT depots, the mesenteric (MEAT),
retroperitoneal (RPAT), and epididymal (EAT) pads, were excised,
frozen in liquid nitrogen, and stored at —80 °C, until analysis. All
experiments were performed with whole tissue (cell populations
were not isolated) fragments. Serum samples were obtained by
centrifugation of blood at 1500g for 10 min at 4 °C and then stored
at —80°C.

2.3. Serum determinations

Serum total cholesterol, triglycerides (TG), low-density lipopro-
tein (LDL), and high density lipoprotein (HDL) were quantified
using commercial kits (Labtest®, Brazil). Glycerol and non-
esterified fatty acid were quantified using Free Glycerol Reagent
kit (Sigma, USA) and HR Series NEFA-HR (Wako, Japan),
respectively.

2.4. WAT adipokine levels

Frozen WAT from rat samples (0.4-0.7 g) were homogenised in
RIPA buffer (0.625% Nonidet P-40, 0.625% sodium deoxycholate,
6.25 mM sodium phosphate, and 1 mM ethylene-diamine tetraace-
tic acid at pH 7.4), containing protease inhibitor cocktail (Sigma).
Homogenates were centrifuged at 12,000g for 10 min at 4 °C, the
supernatant was collected, and protein concentration was deter-
mined by Bradford assay (Bio-Rad, USA) with bovine serum albu-
min as reference. WAT whole tissue samples from the 3 pads
were employed for the assessment of IFN-y protein expression

by ELISA (DuoSet ELISA, R&D Systems, USA). For IFN-y (DY485)
assay sensitivity was found to be 5.0 pg/ml in the range of
31.2-2000 pg/ml. The intra- and inter-assay variability for IFN-y
was 2.7-5.2% and 4.9-9.5%, respectively. All samples were run as
duplicates, and the mean value was reported.

2.5. Quantitative PCR

Quantitative real-time PCR was performed as previously
described [19]. In brief, frozen whole tissue samples of WAT
(100-150 mg) different depots was employed to extract total
RNA with the phenol-chloroform method, using the Trizol reagent
(Invitrogen Life Technology, USA). The first strand of cDNA was
generated from 1 pg of total RNA in the presence of Oligo dT and
MMLYV reverse transcriptase, according to manufacturer’s instruc-
tion (Invitrogen Life Technology). PCR amplification was performed
in duplicate using SYBR Green® PCR Master Mix (Applied Biosys-
tems, USA) in an ABI 7300 Real-time PCR System (Applied Biosys-
tems) using primers as shown in Supplementary Table 1. Gene
expression was normalised to the RPL19 gene. Data were calculated
employing the 2 2A¢T method and are presented as the fold
change in gene expression relative to the control sample [20].

2.6. Statistical analysis

Data were analysed by one-way analysis of variance (ANOVA)
and expressed as means + SEM. Pearson correlation coefficient (R)
was adopted to determine the relationship between food intake
and tumour weight. P-value of <5% was considered statistically
significant. The statistical analysis was performed with GraphPad
Prism (Prism 5.01; GraphPad Software, La Jolla, CA).

3. Results

3.1. Characterisation of cancer-cachexia progression in the Walker-
256 rat model

As illustrated in Table 1, our previous studies showed body
weight loss (range 8.9-11%) and mesenteric WAT mass alterations
in Walker-256 tumour-bearing rats, when compared with the con-
trol group [8,18,21-23]. In addition, several inflammatory markers
(e.g. TNF-o, IL-6, and IL-1pB) were upregulated in WAT in our model,
as well as, tumour bearing animals presented anorexia in one
study (Table 1). Supporting these data, in this study we observed
a progressive reduction of food intake, a remarkeble and feature
of cancer cachexia, during the 14 days following tumour cell injec-
tion (reaching —11% on day 14; p <0.05) (Fig. 1A). As expected,
tumour weight increased along cancer cachexia progression
(Fig. 1B). To assess the possible relation between food intake
reduction and tumour growth, we performed correlation analysis
between the parameters, and no association was observed in T7
and T10. Decreased food intake was significantly correlated with
tumour weight in T14 (R*> = —0.52; P =0.01) (Fig. 1C).

Table 1

Cancer cachexia features observed in Walker-256 tumour-bearing rats.
Weight Anorexia TNF-o IL-6 IL-1p Mesenteric adipose Ref.
loss (%) (%) (%) (%) (%) tissue mass (%)
-14 ND 39 38 ND 25 [21]°
-84 ND ND ND ND —40 [8]
ND -21 ND ND ND ND [22]
-11 ND ND ND ND 4 [18]
-11 ND 87 33 570  —42 [23]°

@ Cytokine levels in mesenteric white adipose tissue in tumour-bearing rats when
compared with control group. ND: not determined.
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Fig. 1. Characterisation of cancer-cachexia progression. (A) Reduction in food
intake along cachexia progression. Food intake was assessed at the indicated time
points and expressed as percentage of day 0 consumption. Data are means + SEM
(n=12). *P<0.05 vs day 0. (B) Absolute tumour mass. Data are means + SEM
(n=12). (C) Correlation between relative tumour weight and relative food intake.

Table 2
Lipid profile, glucose and protein plasma concentration in tumour-bearing rats in the
different phases of cancer cachexia.

TO T7 T10 T14
NEFA (mE/mL) 0.75+0.04 0.80+0.04 3.51+131 1.14:£0.20"
Glycerol (mg/mL) 0.14+0.04 0.09+0.01 0.14+0.04 0.11 +0.02
TAG (mg/mL) 549+53 82.8%27.0 704+202 89.5%152
Cholesterol (mg/mL) 63.0+9.4 58.4+4.7 64.3 £8.7 62.9+5.6
LDL (mg/mL) 16.9+25 15.2+1.7 19.0+26 19.2+24
HDL (mg/mL) 333%22 31425 333+3.2 31.3+1.1
Glucose (mg/mL) 1349+6.2 1253+10.5 120.6+83 1134+128
Protein (mg/mL) 43.8+46 439+7.0 402+54 36.7%53

Lipid profile, glucose and protein were measured 0 (TO), 7 (T7), 10 (T10) and 14
(T14) days after tumour implantation. Data are express as mean +SEM (n=8).
NEFA: non-esterified fatty acids; TAG: triglycerides; LDL: low-density lipoprotein;
HDL: high-density lipoprotein.

" P<0.05 vs TO.
f P<0.05 vs T7.

Table 2 shows the lipid profile, serum glucose and protein con-
tent along the progression of cachexia. Triglyceride concentration
augmented 50% (P < 0.05) and 63% (P < 0.05) in T7 and T14, respec-
tively, and NEFA increased 1.5-fold (P <0.05) in T14, compared
with TO. A progressive decrease in serum glucose concentration

was observed, starting on day 10 after tumour inoculation, and
the lowest concentration was observed in T14. Total protein con-
centration was similarly reduced in T14 (Table 2).

3.2. INF-y protein expression in WAT along the progression of cachexia

IFN-v alterations were examined during cachexia progression. A
progressive increase of INF-y protein expression was observed in
MEAT, reaching the peak in T14 (2.2-fold in T14 vs TO; P < 0.05).
On the other hand, in RPAT, INF-y protein expression decreased
progressively with the lowest concentration being found in T14
(=50% in T14 vs TO; P < 0.05), while no alteration was detected in
INF-vy levels in EAT (Fig. 2).

3.3. IEN-y receptor expression along cachexia progression

Ifngrl gene expression was up-regulated in MEAT (2.6-3.1-fold
vs TO; P <0.05), reaching the peak seven days after tumour cell
injection. In EAT, Ifngr1 gene expression was increased 5.3 and
3.4-fold in T10 and T14, respectively, when compared with TO
(P<0.05; P<0.05). A reduction of Ifngrl gene expression
(51-64% vs TO group; P <0.01) was found four days after tumour
cell injection in RPAT (Fig. 3A). Ifngr2 gene expression suffered
up-regulation (2.5-fold vs TO; P<0.05) in MEAT in T7 and T10
(Fig. 3B). Cachexia did not change Ifngr2 gene expression in EAT
and RPAT (Fig. 3B) for any of the time points studied.

4. Discussion

The hallmarks of cancer cachexia are anorexia, weight loss,
skeletal muscle and WAT catabolism, and systemic inflammation
[3,24]. WAT is a key component of the pathophysiology of cachex-
ia, as it not only suffers marked metabolic and morphological rear-
rangement, yet also reacts by producing many cytokines and
chemoattractants, which induce local and systemic inflammation,
as described for the herein adopted animal model of cachexia
and for cachectic patients [25]. We have previously shown that
WAT produces TNF-a, IL-6, and IL-1B, in addition to MCP-1 and
other inflammatory factors in cachexia [21]. In spite of the vast
knowledge on the role of cytokines, such as IL-6 and TNF-o in
the setting of this paraneoplastic syndrome, not so much is known
regarding INF-y signalling and receptors. To the best of our knowl-
edge, there are no available studies showing INF production by
WAT in cachexia, despite of this cytokine’s potential importance
in the modulation of inflammation. Recently, we demonstrated
that the production of TNF-a, IL-1p, IL-6 and IL-10 in WAT of
Walker 256 tumour-bearing rats is dependent on time and on
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Fig. 2. Depot-specific modulation in IFN-y protein expression along experimental
cachexia progression in WAT. Data are expressed as means + SEM (n = 8). MEAT:
mesenteric adipose tissue; RPAT: retroperitoneal adipose tissue; EAT: epididymal
adipose tissue. *P < 0.05 vs day 0.
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Fig. 3. WAT IFN-v receptor gene expression along cachexia progression. Ifngr1 (A) and Ifngr2 (B) gene expression was assessed at the indicated time points in WAT. Data are
expressed as means + SEM (n = 5). MEAT: mesenteric adipose tissue; RPAT: retroperitoneal adipose tissue; EAT: epididymal adipose tissue. *P < 0.05 vs day 0; **P < 0.01 vs day

0.

the anatomical localisation of the pad [23]. These results were
shown to be related with heterogeneous activation of the inflam-
masome and of the NFKB pathways in adipocytes, and in whole
adipose tissue samples. We now report that, in the same cachexia
model, WAT-associated IFN-y content and receptor expression
likewise present a time-dependent and depot-specific alteration.

Downstream effectors of IFN-v signalling are JAK-STAT pathway
and more recently described, the IRF transcription factor family
members [26]. For instance, IRF4 transcription factor sensitive
isoproterenol-induced lipolysis in vitro and in vivo and up-
regulates the transcription of key lipid metabolism-associated
genes, which could control, at least partly, lipid catabolism in
WAT [27]. Interestingly, adipocytes isolated from cachectic cancer
patients are more sensitive to noradrenaline-induced lipolysis [28].
However, whether IFN-y sensitizes cells to noradrenaline-induced
lipolysis or acts simply in a synergic manner in the process,
remains to be further evaluated. The present data clearly indicate
that IFN-y pathway is upregulated in a depot-specific and time-
dependent form in rat WAT, suggesting that IFN-y may be impor-
tant for lipid metabolism regulation and WAT wasting modulation
in cachexia.

IFN-y may contribute to WAT depletion by controlling the tran-
scription of several enzymes involved in lipid metabolism [29].
IFN-v reduces LPL activity in WAT and lipid uptake in 3T3-L1 cells
[30]. In addition, corroborating this hypothesis, in adipocytes or in
treated mice, IFN-y robustly augments NEFA content [31]. A sec-
ond potential mechanism for WAT depletion during cachexia is
the induction of adipose cell death. However, 3T3-L1 cells treated
with IFN-y do not present enhanced apoptosis, suggesting specific
modulation of metabolism function rather than cytotoxic effects as
a mechanism of IFN-y action [32]. The physiological outcome of
systemic IFN-y increase is insulin resistance and the increase of
NEFA, through reduction of glucose uptake and enhanced lipolysis
in adipocytes and likely, in skeletal muscle cells, all of which are
frequently observed in cachexia patients [33]. In the present study,
IFN-v could be strongly associated with WAT lipolysis, as we found
higher levels of FFA in late-stage cachexia (Table 2), in parallel with
the progressive increase of IFN-y protein expression in WAT, along
the time course protocol. This finding is interesting, as it suggests
that adipose biopsies (preferentially of subcutaneous adipose tis-
sue in patients) might predict the depth of the cachectic stage. A
limitation of the study is that we did not assess which adipose tis-
sue cell population was associated with the changes. Since
immune cells produce IFN-y and both tumour-bearing rats and
cachectic patients show marked macrophage infiltration in adipose
pads [7,12], it is at this time, impossible to rule out a major contri-
bution of such cells or any other component of the stromal-

vascular fraction. Nevertheless, we may argue that for clinical pur-
poses, whole tissue measurements present higher interest.

WAT depot-specific cytokine modulation in cachexia has been
previously shown and with the present data we add information
regarding this aspect [6,34]. The increased protein expression of
IFN-y in WAT observed along cancer cachexia may contribute to
the twofold increase in serum IFN-y of Walker-256 tumour-
bearing rats [16]. In addition, it is worth to note that serum levels
of IFN-y are augmented in advanced prostate carcinoma [11].
Immunocompromised mice inoculated with IFN-y producing
tumour cells or, still, rats treated with repetitive doses of recombi-
nant murine IFN-y develop anorexia-cachexia in few days [14,15].
On the other hand, IFN-y monoclonal antibody administration
attenuates weight loss in these rodent models and increases sur-
vival by 50% in tumour-bearing animals, when compared with con-
trols [14,15].

In conclusion, we present evidence that IFN-y signalling path-
way is in a time and depot-specific manner dysregulated in the
WAT of cachectic tumour-bearing rats, which could contribute, as
already shown for other adipose tissue-derived cytokines, for
cachexia-associated systemic inflammation.
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