
lable at ScienceDirect

Clinical Nutrition 40 (2021) 2443e2455
Contents lists avai
Clinical Nutrition

journal homepage: http: / /www.elsevier .com/locate/c lnu
Original article
Myokines in treatment-naïve patients with cancer-associated cachexia

Gabriela S. de Castro a, *, Joanna Correia-Lima a, Estefania Simoes a, Camila E. Orsso b,
Jingjie Xiao b, c, Leonardo R. Gama d, Silvio P. Gomes a, e, Daniela Caetano Gonçalves a, f,
Raquel G.F. Costa a, Katrin Radloff a, Ulrike Lenz a, Anna E. Taranko a, Fang Chia Bin g,
Fernanda B. Formiga g, Louisie G.L. de Godoy g, Rafael P. de Souza h, Luis H.A. Nucci h,
Mario Feitoza h, Claudio C. de Castro i, j, Flavio Tokeshi j, Paulo S.M. Alcantara j,
Jose P. Otoch j, Alexandre F. Ramos d, k, Alessandro Laviano l, Dario Coletti m, n,
Vera C. Mazurak b, Carla M. Prado b, Marilia Seelaender a

a Cancer Metabolism Research Group, Universidade de Sao Paulo Instituto de Ciencias Biomedicas, Departamento de Biologia Celular e do Desenvolvimento
and Faculdade de Medicina da Universidade de Sao Paulo, Departamento de Cirurgia, LIM 26-HC, S~ao Paulo, Brazil
b University of Alberta, Department of Agricultural, Food and Nutritional Science, Canada
c Covenant Health Palliative Institute, Edmonton, Alberta, Canada
d Departamento de Radiologia e Oncologia & Instituto do Câncer do Estado de S~ao Paulo, Universidade de Sao Paulo, S~ao Paulo, Brazil
e Universidade de Sao Paulo Faculdade de Medicina Veterinaria, Departamento de Cirurgia, Brazil
f Universidade Federal de Sao Paulo, Instituto de Biociencias, Santos, Brazil
g Santa Casa de Misericoria de Sao Paulo, S~ao Paulo, Brazil
h Instituto do Cancer Arnaldo Vieira de Carvalho, S~ao Paulo, Brazil
i Universidade de Sao Paulo Faculdade de Medicina, Departamento de Radiologia, S~ao Paulo, Brazil
j Universidade de Sao Paulo Hospital Universitario, S~ao Paulo, Brazil
k Escola de Artes, Ciencias e Humanidades, Universidade de Sao Paulo, S~ao Paulo, Brazil
l Department of Translational and Precision Medicine, Sapienza University, Rome, Italy
m Sorbonne Universit�e, Department of Biological Adaptation and Aging, B2A, Paris, France
n Department of AHFMO - Unit of Histology and Medical Embryology, Sapienza University of Rome, Rome, Italy
a r t i c l e i n f o

Article history:
Received 10 June 2020
Accepted 26 October 2020

Keywords:
Cancer
Cachexia
Skeletal muscle
Myokines
Tumor
* Corresponding author.
E-mail addresses: gsalimcastro@gmail.com, gab

Castro).

https://doi.org/10.1016/j.clnu.2020.10.050
0261-5614/© 2020 The Author(s). Published by Elsevie
s u m m a r y

Cancer-associated cachexia is a complex metabolic syndrome characterized by weight loss and systemic
inflammation. Muscle loss and fatty infiltration into muscle are associated with poor prognosis in cancer
patients. Skeletal muscle secretes myokines, factors with autocrine, paracrine and/or endocrine action,
which may be modified by or play a role in cachexia. This study examined myokine content in the
plasma, skeletal muscle and tumor homogenates from treatment-naïve patients with gastric or colorectal
stages I-IV cancer with cachexia (CC, N ¼ 62), or not (weight stable cancer, WSC, N ¼ 32). Myostatin,
interleukin (IL) 15, follistatin-like protein 1 (FSTL-1), fatty acid binding protein 3 (FABP3), irisin and
brain-derived neurotrophic factor (BDNF) protein content in samples was measured with Multiplex
technology; body composition and muscle lipid infiltration were evaluated in computed tomography,
and quantification of triacylglycerol (TAG) in the skeletal muscle. Cachectic patients presented lower
muscle FSTL-1 expression (p ¼ 0.047), higher FABP3 plasma content (p ¼ 0.0301) and higher tumor
tissue expression of FABP3 (p ¼ 0.0182), IL-15 (p ¼ 0.007) and irisin (p ¼ 0.0110), compared to WSC.
Neither muscle TAG content, nor muscle attenuation were different between weight stable and cachectic
patients. Lumbar adipose tissue (AT) index, visceral AT index and subcutaneous AT index were lower in
CC (p ¼ 0.0149, p ¼ 0.0455 and p ¼ 0.0087, respectively), who also presented lower muscularity in the
cohort (69.2% of patients; p ¼ 0.0301), compared to WSC. The results indicate the myokine profile in
skeletal muscle, plasma and tumor is impacted by cachexia. These findings show that myokines even-
tually affecting muscle wasting may not solely derive from the muscle itself (as the tumor also may
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contribute to the systemic scenario), and put forward new perspectives on cachexia treatment targeting
myokines and associated receptors and pathways.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cachexia is a complex metabolic syndrome and a comorbidity of
cancer, characterized by ongoing muscle loss with or without fat
loss [1]. Cancer-associated cachexia occurs in around 80% of pa-
tients with advanced disease [2]. Muscle loss is markedly related to
poor prognosis during cancer treatment, reduced quality of life, and
decreased survival [3,4]. Systemic inflammation is a hallmark of
cachexia and is hypothesized to be one of the driving forces
inducing tissuewasting [5]. This chronic inflammatory profile is the
result of the complex combination of tumor-secreted factors and
the host's unbalanced immune/inflammatory response to the
presence of the tumor [6,7].

Skeletal muscle corresponds to approximately 40% of the total
body weight, and this tissue secretes several factors that act in
autocrine, paracrine and/or endocrine manner regulating muscle
physiology itself and that of remote organs [8]. These muscle-
derived factors are known as myokines. Among them, myostatin,
a member of the transforming growth factor b (TGF-b) superfamily,
is postulated to be involved in the pathogenesis of cancer-
associated cachexia, owing to its role in the negative regulation of
muscle mass, through binding to type II activin receptors. Although
several studies with animal models of cancer cachexia have shown
thatmyostatin is implicated in skeletal muscle loss [9e11], a clinical
trial studying patients with pancreatic cancer failed to show any
benefit of antimyostatin antibody treatment in preserving muscle
mass or improving patients’ overall survival [12]. Moreover, plasma
myostatin has been reported to be low in patients with colorectal or
lung cancer cachexia [13]. We chose to investigate myokines pre-
viously described to be modulated by cachexia.

Interleukin (IL) 15 is a myokine involved in the regulation of
skeletal musclemass. IL-15 treatment decreasedmuscle loss in a rat
model of cancer cachexia, diminishing protein breakdown when
administered subcutaneously [14]. In a mouse model of breast
cancer, overexpression of IL-15 attenuated skeletal muscle fatigue
[15]. Furthermore, serum IL-15 has been reported to be inversely
correlated with the percentage of body weight loss in patients with
cancer cachexia [16]. In spite of that, systemic administration of IL-
15 increases skeletal muscle apoptosis in rats [17]. Follistatin-like
protein 1 (FSTL-1) is a myokine that stimulates angiogenesis and
vascularization in the skeletal muscle [18]. FSTL-1 gene expression
was found to be diminished in the skeletal muscle of cancer
cachexia models [19], while little is known about FSTL-1 in the
human form of the syndrome. Fatty acid binding protein 3 (FABP3)
is a cytoplasmic fatty acid carrier that facilitates the transport of
lipophilic substances from sarcolemma to cellular compartments. It
has been shown that FABP3 is part of the secretome of the soleus
and gastrocnemius rat muscles [20]. Physical exercise is able to
increase FABP3 circulating levels [21] and its mRNA in skeletal
muscle [22]. Moreover, circulating levels of FABP3 have been
inversely associated with skeletal muscle attenuation (or skeletal
muscle density) in patients with pancreatic cancer and cachexia
[23], but a direct correlation with cachexia is still missing.

Other myokines, such as irisin and brain-derived neurotrophic
factor (BDNF) have not been studied in the context of cancer
cachexia. Irisin, a newly discovered myokine, seems to act as a pro-
myogenic factor in skeletal muscle of mice, stimulating satellite
2444
cells activation and decreasing protein degradation, by inhibiting
the protein expression of atrogin-1 and muscle RING-finger pro-
tein-1 [24]. Postmenopausal women with sarcopenia [25] and pa-
tients with colorectal [26] and breast [27] cancer show lower levels
of irisin. The neurotrophin BDNF is ubiquitously expressed in the
nervous system, where it participates in the survival and growth of
neurons and in synaptogenesis [8]. Skeletal muscle has an abun-
dant number of neurotrophin receptors and can express BDNF both
in physiology and disease [8]. BDNF is also expressed in satellites
cells, being thus implicated in skeletal muscle regeneration [8,28].
Finally, it has been shown that exercise increases the circulating
levels of BDNF [29,30].

Considering the important roles of myokines for regulation of
skeletal muscle and for the function of peripheral organs/tissues, as
well as for central nervous system physiology our aim was to
measure myostatin, FSTL-1, IL-15, FABP3, irisin, and BDNF content
in the skeletal muscle, tumor and plasma of patients with cancer-
associated cachexia, and to examine the possible association
among myokines, body composition parameters and circulating
inflammatory factors. Therefore, myokine quantification was car-
ried out along computed tomography (CT) image analysis as to
establish association patterns. Finally, we also evaluated the pres-
ence of myosteatosis, by studying CTs and the expression of pro-
teins involved inmuscle lipid storage and uptake, and bymeasuring
triacylglycerol (TAG) in skeletal muscle samples.
2. Methods

2.1. Patients

All procedures adopted in this study were approved by the
Ethics Committee on Research Involving Human Subjects of the
Institute of Biomedical Sciences (CAAE nº 00475118.7.0000.5467
and 5493116.6.0000467), and by the University of Alberta Research
Ethics Office (Pro00056656); and were performed following the
principles of the Declaration of Helsinki. Patients with gastric or
colorectal cancer of both sexes (ages 30e90 years) were recruited at
the University Hospital of University of S~ao Paulo, at the Santa Casa
de Misericordia Hospital, and at the Instituto do Cancer Arnaldo
Vieira de Carvalho (S~ao Paulo, SP), after providing fully informed
consent. Biopsies from the rectus abdominis muscle and from the
tumor were collected during surgery. Height and weight were ob-
tained by the hospital staff (using platform scales with height rod,
while patients were wearing hospital gown and no shoes). Blood
collection, weight change evaluation and obtainment of question-
naire answers occurred 18 he2 h or immediately before the sur-
gery. Exclusion criteria were: continuous use of anti-inflammatory
treatment in the past six months, use of antibiotics in the previous
month, engagement in regular physical exercise in the past six
months, chemotherapy or radiotherapy in the past 5 years, ac-
quired immunodeficiency syndrome, auto-immune disorders, liver
or kidney failure, body mass index (BMI) > 29.9 kg/m2, uncon-
trolled diabetes mellitus and any acute and/or chronic inflamma-
tion from other aetiologies apart from cachexia.

Identification of cancer-associated cachexia followed the criteria
proposed by Evans at al. (2008) [1]. Anorexia symptoms and quality
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of life scores were obtained with validated questionnaires e

Functional Assessment of Anorexia/Cachexia Therapy Anorexia/
Cachexia Subscale/European Society for Clinical Nutrition and
Metabolism (FAACT-ESPEN) [31] and European Organization for
Research and Treatment of Cancer (EORTC QLQ-STO22) [32]. Pa-
tients with cancer-associated cachexia (CC group) presented> 5% of
body weight loss in the last six months or BMI < 20 kg/m2; meta-
bolic alterations characterized by increased levels of serum C-
reactive protein (CRP), lower serum albumin or blood hemoglobin;
and presence of self-reported symptoms, such as anorexia, fatigue
and impaired functional ability. Patients with cancer who did not
meet these criteria were assigned to the weight stable cancer group
(WSC).

2.2. Body composition

Computed tomography (CT) scans, obtained prior to abdominal
surgery for tumour resection at the participating hospitals, were
retrieved for the secondary purpose of analysis of body composi-
tion; no additional images were requested for the purpose of this
study. CT scans were analysed at the Human Nutrition Research
Unit (University of Alberta, Canada) by a trained researcher blinded
to the Patient's group. A single axial CT image at the third lumbar
vertebra was selected for body composition assessment, using Sli-
ceOmatic (v.5.0, Tomovision, Montreal, Canada). Skeletal muscle
and adipose tissue (AT) were segmented using tissue-specific
Hounsfield Units (HU; �29 to þ150 for skeletal muscle, �190
to�30 for subcutaneous and intermuscular AT, and�150 to�50 for
visceral AT) [33] and manually corrected as necessary. Muscle and
AT cross-sectional area (square centimetres e cm2) was calculated
automatically as the sum of pixels multiplied by the pixel surface
area [34]. Lumbar adiposity corresponds in this manner, to the sum
of subcutaneous, visceral, and intermuscular AT area (all in cm2).
Skeletal muscle index, lumbar AT index, visceral AT index and
subcutaneous AT index were calculated based on the cross-
sectional area normalized by height square (m2). Low skeletal
muscle index was classified as stated in the ESPEN guidelines for
nutrition in cancer patients [35] (men < 55 cm2/m2 and
woman < 39 cm2/m2). Muscle radiodensity was also explored and
reported as mean HU; reduced muscle attenuation is reflective of
intermuscular AT or poor “quality” skeletal muscle mass.

2.3. Circulating parameters

Prior to surgery for tumor resection, blood samples were
collected in tubes for plasma and serum separation. Tubes were
centrifuged at 3000 rpm for 15 min at 4 �C and plasma and serum
were placed inmicrotubes and stored at�80 �C for further analysis.
Available commercial kits were used to obtain the serum concen-
tration of CRP (ultrasensitive CRP Turbiquest plus, cat. nº 331,
Labtest, Lagoa Santa, MG, Brazil), albumin (cat. nº 19, Labtest, Lagoa
Santa, MG, Brazil), total cholesterol (cat. nº 76, Labtest, Lagoa Santa,
MG, Brazil), LDL cholesterol (cat. nº 129, Labtest Lagoa Santa, MG,
Brazil), HDL cholesterol (cat. nº 98, Labtest, Lagoa Santa, MG, Brazil)
and TAG (cat. Nº 87, Labtest, Lagoa Santa, MG, Brazil) in an auto-
matic analyser (LABMAX 240® equipment, Labtest, Lagoa Santa,
MG, Brazil). Serum IL-6, IL-8, IL-15 and tumor necrosis factor (TNF)
a, as well as circulating plasma myokines were measured using
Multiplex technology with Magpix instrument (Life Technologies,
Grand Island, NY, USA)with commercial kits (HCYTMAG-60 K-PX29
for IL-6, IL-8, TNFa and IL-15 and HMYOMAG-56 K for myokines,
Merck-Millipore, St. Charles, MO, USA). IL-15 was not detected in
plasma samples, but in serum. The intra and inter-assay coefficient
of variation (CV) for CRP was 2.9% and 6.7%; for albumin was 1.1%
and 1.6%; for total cholesterol 1.3% and 2.2%; for LDL cholesterol was
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0.8% and 1.5%; for HDL cholesterol was 0.7% and 1.2%; for TAG was
1.1% and 1.8%; for IL-6 was 2.0% and 18.3%; for IL-8 was 1.9% and
3.5%; for TNFawas 2.6% and 13%; for serum IL-15 was 2.7% and 8.1%
respectively, as stated by the manufacture. Plasma FABP3, FSTL-1
and BDNF intra and inter-assay CV was <10% and <15%, respec-
tively, as stated by the manufacturer.

2.4. Skeletal muscle and tumor protein quantification

Biopsies of rectus abdominis and tumor were collected during
surgery for tumor resection. Protein extraction from 50 mg of
frozen tissue was performed using radioimmunoprecipitation
assay (RIPA) buffer (10 mM Tris base, 0.01 mM EDTA, 0.1 mM
Sodium Chloride and 1% Triton X-100), with proteinase and
phosphatase inhibitors (Roche, Mannheim, Germany), with a
Polytron, on ice. The homogenate was centrifuged at 14,000�g,
for 30 min, at 4 �C, the liquid upper phase was collected and
transferred to a new tube. This centrifugation procedure was
repeated, and the homogenate obtained from the second centri-
fugation was used to quantify total protein employing the Brad-
ford protein assay (Bio-rad Laboratories; Hercules, CA, USA), and
a standard curve of bovine serum albumin. Myokine quantifica-
tion in skeletal muscle and tumor samples was performed with a
commercial kit (HMYOMAG-56 K, Merck-Millipore, St. Charles,
MO, USA), using Multiplex technology and Magpix instrument
(Life Technologies, Grand Island, NY, USA). The intra and inter-
assay CV for FABP3, FSTL-1, BDNF, IL-15, irisin and myostatin
was <10% and <15%, respectively, as declared by the
manufacturer.

2.5. Gene expression assessment

Total RNA from skeletal muscle samples was extracted using
TRIzol® reagent (Trizol reagentdInvitrogen, Life Technologies,
Carlsbad, CA, USA). RNA quality was verified in agarose gels and RNA
concentration was quantified using a spectrophotometer (Fisher
Scientific, Biotek, Winooski, USA). cDNA synthesis from mRNA was
carried out using a reverse transcription kit (High Capacity cDNA
Reverse Transcription Kit, Life Technologies). Sybr green master mix
(Fast SYBR® Green Master Mix, Thermo Fisher Scientific, Vilnius,
Lithuania) and specific primers for each gene (Invitrogen, Life Tech-
nologies, Carlsbad, CA, USA)were used to perform real time qPCR in a
QuantStudio 12 K Flex Real-Time PCR System instrument (Applied
Biosystems, Carlsbad, CA, USA). Relative gene expression was
normalized against the housekeeping gene gyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and calculated by the compar-
ative 2-DDCTmethod. Sense (forwarddF) and antisense (reversedR)
primers sequences used were: CD36 F e GATTAATGGTACA-
GATGCAGCCT, CD36 R e GGAAGAACAAATCTATACACAGGG; Perilipin
2 F e GGTGTTTGATTTCACCACCA, R e ATTCAACATCTTGCCCTGAG;
Perilipin 5 F e CTTCCCTTTCTCCAGCAACC; Perilipin 5 R e CCAGTA-
CAACATCCACAGCA; GAPDH F e CCTCTGACTTCAACAGCGAC, GAPDH
R e CGTTGTCATACCAGGAAATGAG.

2.6. Muscle triacylglycerol content measurement

The total lipid content of the rectus abdominis biopsies was
extracted following the method proposed by Folch et al. [36]. After
lipid extraction, the chloroform solution was transferred to a clean
glass tube dried under nitrogen flow. Lipids were resuspended in
isopropanol and muscle TAG content was measured employing a
commercial kit following the manufacturer's instructions (cat. nº
87, Labtest, Lagoa Santa, MG, Brazil). The intra and inter-assay CV
for TAG was 1.1% and 1.8%, as stated by the manufacturer.
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2.7. Statistical analysis

All data was tested for normality and homoscedasticity -
D'Agostino & Pearson omnibus normality test, ShapiroeWilk
normality test and KolmogoroveSmirnov normality test. Para-
metric data was compared using the unpaired Student T-test and
are represented bymean ± standard error of mean. Non-parametric
parameters were compared using ManneWhitney test and are
represented by median [interquartile range]. Chi-square test was
employed to compare dichotomized parameters. Statistical analysis
was performed using GraphPad Prism 6 and GNU R (version 4.0).
Level of significance was set at a p value < 0.05 (two-tailed).
G*Power software [37] was used to calculate the effect size and
post-hoc power based on the variables mean, standard deviation
and sample size of each variable for each group. Results of the post-
hoc power analysis are presented in Supplemental Table 1.

A logistic regression analysis was performed by calculating a
binomial logistic model of the group classification for each myo-
kine. Then we use the multiplicative coefficient of the logistic
model, b1 to compute the odds ratio (OR), given by eb1 :

ln
�

pðyÞ
1� pðyÞ

�
¼ b0 þ b1x

For statistically significant results, the OR values should be
interpreted as follows: if OR > 1, a higher concentration of myokine
is associated with greater odds of patients with cancer being
affected by cachexia; if OR < 1, a higher concentration of myokine is
associated with smaller odds of cachexia. For OR z 1, we can not
assure a statistical relationship between themyokine concentration
and the clinical condition. The OR value indicates how many times
the odds increases when the explanatory variable (x ¼ log2ðMÞ)
increases by unity, that is, when the myokine concentration (M)
doubles:

OR¼oddsðxþ 1Þ
oddsð x Þ ¼odds½log2ðMÞ þ 1�

odds½log2ðMÞ� ¼odds½log2ð2,MÞ�
odds½log2ðMÞ�

The p values were corrected for multiple tests using the method
of Hommel (1988) [38]. The q values of false discovery rate (FDR)
were calculated according to Benjamini and Hochberg (1995) [39].

Non-adjusted Spearman correlation and Spearman correlation
adjusted by BMI were performed to test associations between
myokines and anthropometrical and inflammatory parameters.
3. Results

3.1. Cachexia features in patients with cancer

Patients with cancer-associated cachexia (CC group, N ¼ 62)
presented lower body weight, lower BMI and higher weight loss in
the last six months, compared with weight stable cancer patients
(WSC group, N ¼ 32), Table 1. Furthermore, CC patients showed
higher scores for anorexia symptoms, in the FAACT-ESPEN ques-
tionnaire. The quality of life for cancer patients questionnaire
showed that CC presented impaired function and increased
disease-related symptoms, which included fatigue and lower
appetite, as compared with WSC.
3.2. Circulating parameters and inflammatory markers

The comparison of the general clinical parameters of the two
groups showed that CC presented anemia, lower levels of LDL
cholesterol and of HDL cholesterol, in comparison toWSC, as shown
in Table 1. Systemic inflammationwas present in cachectic patients,
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as demonstrated by the higher levels of serum CRP, IL-6 and IL-8, in
relation to WSC. Functional deficit and a symptomatological dif-
ferences were revealed by the FAACT-ESPEN and functional and
symptoms scale questionnaires.

3.3. Muscle, tumor and circulating levels of myokines

Skeletal muscle myokine concentration was measured in ho-
mogenates of rectus abdominis biopsies and are shown in Fig. 1A-F.
FSTL-1 was significantly lower in the muscle of CC (p ¼ 0.047,
Fig. 1B), compared to WSC. The muscle content of FABP3, BDNF, IL-
15, irisin and myostatin did not differ between WSC and CC
(p ¼ 0.2989, p ¼ 0.4045, p ¼ 0.1072, p ¼ 0.8683 and p ¼ 0.2114,
respectively).

Circulatingmyokines presented a different pattern of alterations
in cachexia, as compared to those reported for the muscle. FABP3
was higher in CC, compared to WSC. No differences were observed
for FSTL-1 (p ¼ 0.7243), BDNF (p ¼ 0.0865) and IL-15 (p ¼ 0.2552),
as shown in Fig. 2A-D. Irisin and myostatin could not be detected in
plasma samples.

The analysis of the same factors in tumor homogenates was then
performed. CC showed higher FABP3, IL-15 and irisin protein
amount in the homogenates compared toWSC, as shown in Fig. 3A,
D and E, respectively. FSLT-1 (p ¼ 0.8609, Fig. 3B), BDNF
(p¼ 0.3955, Fig. 3C) andmyostatin (p¼ 0.1746, Fig. 3F) content was
not different between the groups. Addressing colon/rectum tumors
separately from stomach tumors did not change the data
significantly.

After myokines quantification, we performed a binomial logistic
regression (Table 2) to evaluate the capacity of each myokine as a
predictor for cancer cachexia. Each myokine has a specific number
of observations, and, consequently, an independent logistic
regression model estimate. The concentration of the myokine were
transformed using the base 2 logarithm for enhancing the linear
relationship between the log odds of the response variable required
for logistic regression and for a clearer interpretation of the results.
Tumor IL-15 and irisin presented odds ratio of 8.36 (p¼ 0.0334) and
5.55 (p ¼ 0.0375), respectively, indicating that these tumor myo-
kines could identify patients with cancer cachexia. However, after
adjusting for multiple tests, the statistical significance was lost. In
complement, we also computed the FDR to incorporate the sample
size variability in our interpretation of the results [40]. Plasma
BDNF, skeletal muscle FSTL-1, tumor FABP3, IL-15 and irisin pre-
sented a FDR of z20%, indicating that they are good candidates for
future mechanistic studies. Thus, there are about four myokines
which could be potential predictors of cachexia in cancer patients
out of six, a valuable reduction on the amounts of myokines to be
evaluated experimentally.

Patients with cachexia presented lower lumbar AT index,
visceral AT index and subcutaneous AT index, compared to WSC
patients (Table 3). As sex differences influence body composition,
we performed analysis of WSC and CC also by gender. Female
cachectic patients showed lower visceral AT index and a tendency
of lower lumbar AT index compared to weight stable female pa-
tients. Skeletal muscle index categorization showed that CC pa-
tients demonstrated higher frequency of low muscle index
compared to patients in the WSC group. A positive association was
observed for lumbar AT index and BMI (Fig. 4A) and for lumbar AT
index and muscle attenuation (Fig. 4B). Since CC showed reduced
AT, we hypothesize that skeletal muscle from these patients might
be actively uptaking and accumulating fatty acids released by AT.

No changes were observed for gene expression of CD36
(p ¼ 0.4133, Fig. 5B), a membrane protein that facilitates fatty acid
transport into skeletal and cardiac myocytes, adipocytes and
enterocytes [41], neither for perilipin 2 and 5 (p ¼ 0.2697 and



Table 1
General parameters of weight-stable cancer (WSC) and cancer-associated cachexia (CC) groups.

WSC n CC n p Value

Sex (male/female)b 15/17 39/23 0.13641364
Tumor stagea b

I-II 21 25 0.0148
III-IV 8 31

Tumor locationb

Stomach 5 17 0.2006
Colon/rectum 27 45

Age (year) 61.9 ± 1.7 32 61.2 ± 1.6 62 0.7945
Height (m) 1.64 ± 0.02 32 1.67 ± 0.01 62 0.1557
Weight previous to diagnosis (kg) 68.4 ± 2.0 32 73.2 ± 2.0 62 0.1286
Weight (kg) 68.0 ± 2.0 32 61.2 ± 1.6 62 0.01
Weight loss (kg) 0.0 [0.0; 0.0] 32 10.0 [7.0; 14.0] 62 <0.0001
Weight loss (%) 0.0 [0.0; 0.0] 32 15.1 [9.4; 19.4] 62 <0.0001
BMI (kg/m2) 25.3 ± 0.5 32 21.8 ± 0.4 62 <0.0001
Questionnaires
FAACT-ESPEN 37.00 [34.25; 39.00] 32 33.00 [22.00; 37.00] 59 <0.0001
Global Health Score 66.67 [66.67; 83.33] 31 66.67 [50.00; 83.33] 53 0.2860
Functional Scale 86.67 [73.33; 94.45] 29 71.11 [62.22; 86.67] 60 0.0038
Symptoms Scale 12.82 [7.69; 23.08] 29 23.08 [13.46; 35.90] 60 0.0032
Biochemical parameters
Albumin (g/dl) 3.67 [3.12; 4.07] 31 3.30 [2.75; 4.05] 62 0.1349
Haemoglobin (mg/dl) 13.50 [11.70; 14.30] 29 11.25 [9.68; 12.00] 58 <0.0001
Cholesterol (mg/ml) 183.5 [156.0; 245.1] 30 163.5 [127.0; 211.9] 62 0.0843
HDL cholesterol (mg/ml) 44.32 ± 3.00 31 35.75 ± 1.63 61 0.0075
LDL cholesterol (mg/ml) 114.15 [73.25; 142.8] 30 81.00 [64.00; 120.0] 59 0.0443
Triacylglycerol (mg/dl) 142.00 [104.00; 181.0] 31 129.0 [77.25; 178.3] 62 0.1699
C-reactive protein (mg/l) 4.60 [1.07; 12.27] 31 10.69 [5.70; 12.31] 62 0.0041
IL-6 (pg/ml) 2.30 [0.50; 3.91] 20 7.16 [3.34; 24.86] 32 <0.0001
IL-8 (pg/ml) 10.61 [7.47; 15.60] 19 27.82 [12.94; 74.19] 31 0.0007
TNFa (pg/ml) 12.76 [8.64; 20.57] 19 15.20 [10.01; 27.13] 31 0.116

Data are expressed as mean ± standard error or as median [first quartile; third quartile]. Student's t test was used to compare means and ManneWhitney test was used to
compare median values between WSC and CC patients.
Bold: p value lower than 0.05.

a Missing tumor stage: 3 patients in the WSC and 6 patients in the CC.
b Chi-square test. WSCdweight-stable cancer patients; CCdcachectic cancer patients.

Fig. 1. Myokines in skeletal muscle homogenates from WSC and CC patients. Data are expressed as mean ± standard error or median and interquartile range. Student's t test was
used to compare means values and ManneWhitney test was used to compare median values between WSC and CC patients. FABP3 e fatty acid binding protein 3; FSTL-1 e

follistatin-like protein 1; BDNF e brain-derived neurotrophic factor; IL-15 e interleukin 15; WSC e weight-stable cancer patients; CC e cachectic cancer patients.
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p ¼ 0.1821, Fig. 5C,D, respectively), structural proteins in the
phospholipid monolayer involving lipid droplets. Moreover, TAG
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content did not differ between skeletal muscle of CC and WSC
(p ¼ 0.66, Fig. 5A). Still, muscle TAG was negatively associated with



Fig. 2. Comparison of circulating myokines between WSC and CC groups. Data are expressed as mean ± standard error or median and interquartile range. Student's t test was used
to compare means values and ManneWhitney test was used to compare median values between WSC and CC patients. FABP3 e fatty acid binding protein 3; FSTL-1 e follistatin-like
protein 1; BDNF e brain-derived neurotrophic factor; IL-15 e interleukin 15; WSC e weight-stable cancer patients; CC e cachectic cancer patients.
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muscle attenuation (rs ¼ 0.60, p ¼ 0.001, Fig. 5E) and positively
associated with lumbar AT index (rs ¼ 0.55, p ¼ 0.025, Fig. 5F).
Skeletal muscle TAG content was inversely correlated with muscle
radiodensity and muscular TAG was proportional to body adiposity
in this cohort.
Fig. 3. Tumor protein content of FABP3, IL-15 and irisin are higher in patients with cancer-ca
Student's t test was used to compare means values and ManneWhitney test was used to com
3; FSTL-1 e follistatin-like protein 1; BDNF e brain-derived neurotrophic factor; IL-15 e in
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3.4. Associations of myokines and anthropometrical and
inflammatory parameters

Non-adjusted Spearman correlation and Spearman correlation
adjusted by BMI formyokines and anthropometrical measurements
chexia. Data are expressed as mean ± standard error or median and interquartile range.
pare median values between WSC and CC patients. FABP3 e fatty acid binding protein
terleukin 15; WSC e weight-stable cancer patients; CC e cachectic cancer patients.



Table 2
Binomial logistic regression to assess the ability of each myokine in predicting cancer cachexia.

n Odds Ratio 95% CI p Value Adjusted p Value FDR q Value

Skeletal muscle myokines
FABP3 (pg/mg of protein) 30 1.67 0.74e4.28 0.2398 0.8770 0.3837
FSTL-1 (pg/mg of protein) 25 0.40 0.12e0.99 0.0743 0.6689 0.2027
BDNF (pg/mg of protein) 28 0.69 0.31e1.36 0.3107 0.8770 0.4519
IL-15 (pg/mg of protein) 30 2.02 0.70e7.49 0.2293 0.8770 0.3837
Irisin (pg/mg of protein) 30 1.05 0.55e2.04 0.8770 0.8770 0.8770
Myostatin (pg/mg of protein) 30 1.46 0.60e3.98 0.4157 0.8770 0.5542
Circulating myokines
FABP3 (pg/ml) 34 3.76 1.20e15.74 0.0386 0.4562 0.2027
FSTL-1 (pg/ml) 17 0.92 0.57e1.45 0.7086 0.8770 0.8098
BDNF (pg/ml) 33 1.42 0.99e2.19 0.0760 0.6843 0.2027
IL-15 (pg/ml) 32 2.07 0.71e7.37 0.2111 0.8770 0.3837
Tumor myokines
FABP3 (pg/mg of protein) 17 5.40 1.64e93.18 0.0609 0.5996 0.2027
FSTL-1 (pg/mg of protein) 15 1.21 0.52e2.97 0.6535 0.8770 0.8043
BDNF (pg/mg of protein) 16 1.13 0.47e2.76 0.7787 0.8770 0.8306
IL-15 (pg/mg of protein) 17 8.36 1.82e128.94 0.0334 0.4008 0.2027
Irisin (pg/mg of protein) 16 5.55 1.61e53.72 0.0375 0.4494 0.2027
Myostatin (pg/mg of protein) 16 1.96 0.72e6.74 0.2198 0.8770 0.3837

FABP3 e fatty acid binding protein 3; FSTL-1 e follistatin-like protein 1; BDNF e brain-derived neurotrophic factor; IL-15 e interleukin 15; CI e confidence interval; FDR e

false discovery rate.

Table 3
Body composition characteristics.

WSC n CC n p Value

Skeletal muscle index (cm2/m2) 43.33 [40.87; 47.88] 16 45.37 [39.84; 53.25] 39 0.5316
Male 43.20 [41.10; 54.10] 9 49.80 [44.60; 55,40] 27 0.2444
Female 43.40 [38.50; 45.10] 7 38.05 [34.78; 40.78] 12 0.1148

Muscle attenuation (HU) 36.42 [30.75; 40.21] 16 39.20 [31.25; 43.78] 39 0.4731
Male 36.60 [29.95; 42.48] 9 39.90 [33.50; 45.75] 27 0.3027
Female 35.50 [31.60; 40.33] 7 36.12 [25.14; 40.96] 12 0.7051

Skeletal muscle index categorizationa n (%)b

Low 56.3 9 69.2 27 0.0306
Normal 43.7 7 30.8 12

Lumbar AT index (cm2/m2) 101.9 ± 10.65 16 69.31 ± 7.06 39 0.0149
Male 88.87 ± 14.52 9 67.34 ± 8.26 27 0.2027
Female 118.7 ± 14.24 7 73.75 ± 13.94 12 0.0501

Visceral AT index (cm2/m2) 48.13 [23.33; 60.27] 16 27.46 [8.31; 45.34] 39 0.0455
Male 44.14 ± 6.93 9 36.09 ± 5.28 27 0.4270
Female 43.28 [21.11; 60.05] 7 9.43 [6.97; 35.94] 12 0.0449

Subcutaneous AT index (cm2/m2) 55.54 ± 7.18 16 35.05 ± 3.82 39 0.0087
Male 41.57 ± 8.04 9 28.83 ± 3.56 27 0.1065
Female 73.49 ± 9.39 7 49.05 ± 8.40 12 0.0806

a Sex-specific “ESPEN guidelines on nutrition in cancer patients” [35]. Data are expressed as mean ± standard error or as median [first quartile; third quartile]. Student's t
test was used to compare means and ManneWhitney test was used to compare median values between WSC and CC patients.

b Chi-square test. AT e adipose tissue; WSC d weight-stable cancer patients; CC d cachectic cancer patients.
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and inflammatory markers was also performed for each group
(Supplemental Figs. 1, 2, 3 and 4). In WSC, non-adjusted correla-
tions showed associations between: skeletal muscle FABP3 and
serum TNFa (rs ¼ 0.82, p ¼ 0.0108); skeletal muscle BDNF and
serum TNFa (rs ¼ 0.72, p ¼ 0.0369); skeletal muscle irisin and
serum CRP (rs ¼ 0.70, p ¼ 0.0145); skeletal muscle irisin and serum
TNFa (rs ¼ 0.73, p ¼ 0.0311); plasma FABP3 and weight previous to
diagnosis (rs ¼ 0.53, p ¼ 0.0346); plasma FSTL-1 and weight pre-
vious to diagnosis (rs¼ 0.77, p¼ 0.0251); plasma FSTL-1 andweight
(rs ¼ 0.73, p ¼ 0.0378); serum IL-15 and serum IL-8 (rs ¼ 0.77,
p ¼ 0.0137); tumor IL-15 and muscle attenuation (rs ¼ 0.94,
p ¼ 0.0167) and tumor myostatin and kg of weight loss (rs ¼ 0.82,
p ¼ 0.0458); tumor myostatin and % of weight loss (rs ¼ 0.82,
p ¼ 0.0458).

In WSC, Spearman correlations adjusted by BMI indicated the
following associations: skeletal muscle IL-15 and lumbar AT index
(rs ¼ 0.95, p ¼ 0.0011); skeletal muscle irisin and serum TNFa
(rs ¼ 0.75, p ¼ 0.0255); skeletal muscle myostatin and serum TNFa
(rs ¼ 0.72, p ¼ 0.0369); plasma FABP3 and weight previous to
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diagnosis (rs ¼ 0.54, p ¼ 0.0338); plasma FABP3 and weight
(rs ¼ 0.53, p ¼ 0.0385); plasma FSTL-1 and weight previous to
diagnosis (rs ¼ 0.76, p ¼ 0.0368); plasma FSTL-1 and weight
(rs ¼ 0.74, p ¼ 0.0458); serum IL-15 and kg of weight loss (rs ¼ 0.79,
p ¼ 0.0098) and serum IL-15 and % of weight loss (rs ¼ 0.79,
p ¼ 0.0098).

CC non-adjusted correlations indicated the following associa-
tions: tumor FABP3 and CRP (rs ¼ 0.71, p ¼ 0.0227); tumor FABP3
and IL-8 (rs ¼ 0.76, p ¼ 0.0368); tumor BDNF and visceral AT index
(rs ¼ 0.89, p ¼ 0.0333); tumor BDNF and serum IL-8 (rs ¼ 0.79,
p ¼ 0.0480); tumor IL-15 and subcutaneous AT index (rs ¼ 0.94,
p ¼ 0.0167); tumor IL-15 and serum IL-6 (rs ¼ 0.83, p ¼ 0.0154).
Spearman correlations adjusted by BMI performed among CC group
parameters showed associations between: skeletal muscle BDNF
and visceral AT index (rs ¼ �0.74, p ¼ 0.0458); tumor FSTL-1 and
CRP/albumin ratio (rs ¼ 0.70, p ¼ 0.0433); tumor BDNF and serum
IL-8 (rs ¼ 0.82, p ¼ 0.0341); tumor IL-15 and serum IL-8 (rs ¼ 0.90,
p ¼ 0.0046) and tumor myostatin and serum IL-8 (rs ¼ 0.74,
p ¼ 0.0458). The adjusted correlations indicated that BMI is not an



Fig. 4. Lumbar adipose tissue index is associated with A) body mass index, and B) muscle attenuation. Nonparametric Spearman correlation was used to determine associations
between body compartments analyzed by computed tomography. BMI e body mass index; AT e adipose tissue; WSCdweight-stable cancer patients; CCdcachectic cancer patients.
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important confounding factor to the associations between myo-
kines and inflammatory markers.

Correlations analysis between skeletal muscle and tumor myo-
kines of the WSC and CC groups is shown in Supplemental Tables 2
and 3, respectively. In the WSC, tumor FSLT-1 was negatively
associated with skeletal muscle irisin (rs ¼ �0.89, p ¼ 0.0333,
n ¼ 6). CC presented a positive association between tumor BDNF
and skeletal muscle FABP3 (rs ¼ 0.74, p ¼ 0.0458, n ¼ 8). We could
not perform correlations between circulating and tissues myokines
due to the low number of matching samples.

4. Discussion

Skeletal muscle wasting in cancer has been substantially studied
due to its relevance to patient's prognosis and quality of life [3].
However, few human studies have evaluated the role of skeletal
muscle as a player in tissue crosstalk in cancer cachexia. Animal
models of cachexia have demonstrated that myokines are able to
regulate muscle mass in pathological conditions [9e11]. Never-
theless, we failed to observe robust differences in myokine content
in the skeletal muscle of patients with cancer cachexia. Thus, we
hypothesized that the tumor might contribute in cachexia with
synthesis and secretion of these factors, subsequently affecting
skeletal muscle biology and taking part in wasting. We have shown
for the first time, that patients with cancer-associated cachexia
present lower content of skeletal muscle FSTL-1, higher levels of
plasma FABP3 and higher tumor content of FABP3, IL-15 and irisin,
in comparison to patients with cancer who do not develop the
syndrome. A relevant finding was that myokines were differently
expressed in tumors from CC and WSC.

Muscle FSTL-1 expression was lower in CC in relation to WSC.
This protein is primarily produced by cells with mesenchymal
origin [42], including skeletal [43] and cardiac [44] fibers. Fontes-
Oliveira reported that FSTL-1 gene expression is diminished in
extensor digitorum longus muscle in cachectic rats bearing AH-
130 Yoshida ascites hepatoma cells, as compared to control ani-
mals [19]. In muscle tissue, FSLT-1 synthesis seems to be modu-
lated by inflammatory stimuli, as myotubes present increased
FSTL-1 secretion into culture media after treatment with IL-1b
and interferon gamma [43]. FSTL-1 can act as a hormone [45].
Furthermore, FSTL-1 expression is higher in myotubes compared
to myoblasts and its synthesis increases along cell differentiation,
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suggesting a role in muscle homeostasis [43]. Changes in FSTL-1
during muscle differentiation are regulated by MyoD, a tran-
scription factor with a central role in myoblast differentiation
[46]. MyoD increases the expression of microRNA (miR) 206
which degrades FSTL-1 mRNA [46]. Intense exercise results in
increased serum FSLT-1 concentration, compared to basal state in
trained humans [43]. FSTL-1 is also extensively studied in the
context of cardiac and vascular disease, in which circulating levels
of FSTL-1 are increased [47], although likely displaying a protec-
tive role, since FSTL-1 seems to have anti-apoptotic effects in
cardiac myocites [48]. Skeletal muscle vascularization is impor-
tant for both muscle performance and growth. Ouchi et al. [18]
showed that specific skeletal muscle transgenic Akt1 over-
expression enhanced FSTL-1 in both gastrocnemius muscle and in
the plasma and increased capillary vessel formation in rats [18].
Moreover, in a mice model of vascular insufficiency, the use of
adenoviral vectors expressing FSTL-1 increased FSTL-1 protein
content in the ischemic tissue, enhanced capillary density and
flow recovery, in comparison with control mice, on the 14th
postoperative day [18]. In endothelial cells, FSTL-1 increases
endothelial nitric oxide synthase and Akt phosphorylation, as well
as endothelial cell differentiation and migration, concomitant
with a decrease in endothelial cells apoptosis. These findings
indicate that FSTL-1 is a myokine playing a pivotal part for skeletal
muscle vascularization [18]. Thus, reduced skeletal muscle con-
tent of FSTL-1 in patients with cancer cachexia may be causative to
the reduced muscle performance (e.g. fatigue) [49] and impaired
muscle regeneration, commonly reported [50].

FABP3 is an intracellular lipid transporter highly expressed in
cardiac and skeletal muscles. Hormones, nutritional state and
physical exercise are known metabolic stimuli able to modulate
FABP3 content in the skeletal muscle [51]. Although no differences
were observed in this tissue, FABP3 content were increased in both
the plasma and the tumor of CC, as compared to WSC. In mice
cardiomyocites, miR-1 negatively regulates FABP3 expression [52]
and, since miR-1 downregulates cardiac hypertrophy [53], increase
in FABP3 levels may be indicative of the opposite phenomenon, i.e.
underlying striated muscle atrophy. In agreement, previous litera-
ture demonstrated that circulating FABP3 may be indicative of
muscle damage, as its concentration increases after heart ischemic
injury [54,55] and after skeletal muscle injuries [56e58]. In poly-
myositis, serum FABP3 levels are negatively associated with muscle



Fig. 5. Skeletal muscle gene expression of proteins related to lipid metabolism and total content of muscle TAG. Data are expressed as median and interquartile range. RT-PCR was
used to assess mRNA expression levels (WSC, n ¼ 9e10; CC, n ¼ 16). ManneWhitney test was used to compare medians between WSC and CC patients. Nonparametric Spearman
correlation was used to verify a correlation between muscle TAG (mg/g tissue) and muscle attenuation (HU) and muscle TAG and lumbar AT index (cm2/m2). TAG e triacylglycerol;
AT e adipose tissue; WSC e weight-stable cancer patients; CC e cachectic cancer patients.
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strength [58]. In view of that and based on our results, we suggest
that quantification of circulating FABP3 may also be employed as a
biomarker of cancer-associated cachexia. The increased amount of
tumor FABP3 seems to be associated with poor prognosis, as non-
small cell lung cancer biopsies show augmented mRNA and pro-
tein content of FABP3 and FABP4, when compared with paired non-
cancerous tissue [59]. Similarly, both proteins are positively asso-
ciated with advanced tumor node metastasis and worse overall
survival [59]. Moreover, FABP3 expression in gastric carcinoma is
associated with invasion, metastasis and lower survival [60].
Nevertheless, FABP3 is downregulated in breast [61,62] and em-
bryonic tumors [63], suggesting the existence of a complex regu-
lation of FABP3 and possibly, heterogeneity among tumor types.We
show here that in cancer cachexia, FABP3 is increased in the plasma
and in tumor homogenates; and also, that tumor FABP3 is positively
associated with the circulating levels of CRP and IL-8 in CC. Based
on these findings, we propose that higher FABP3 in the circulation
may be related to systemic inflammation in patients with gastro-
intestinal cancer.
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Tumor homogenate IL-15 was higher in CC compared to WSC.
This cytokine has been shown to increase the immune response
against the tumor in mice [64,65] and is present in the tumor
microenvironment as its complexed and soluble forms e IL-15-IL-
15 receptor a (IL15Ra). In this scenario it regulates tumor-
infiltrating lymphocytes, as seen in mice bearing the B16 mela-
noma [64]. Treatment of mice with lung cancer with
intraperitoneally-injected IL-15 decreases the number of tumor
nodules, while increasing the expression of immune system
negative regulatory checkpoint, the programmed death-1 (PD-1).
At the same time, it augments the secretion of the immunosup-
pressive cytokine IL-10 by CD8þ T cell [65]. Positive staining for IL-
15 in tumor biopsies is higher in patients with mucosal hyperplasia
in colon cancer, as compared with those without this alteration
[66]. Tissue growth factor b expression is concurrent in several IL-
15-producing colon cancers [66]. Interleukin-15 was found to have
antiapoptotic effects and to increase expression of proliferation and
angiogenesis markers in IEC6 intestinal epithelial cells, which was
prevented by anti-IL-15 Ab or anti-IL-15 Ra Ab treatment [66].
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Although IL-15 acts as a chemoattractant for natural killer (NK)
cells, in metastatic colon cancer NK cells infiltrating tumors do not
correlate with IL-15 concentration and were fewer, in comparison
to the numbers observed in nonmetastatic tumors [66]. Our pre-
vious work showed that tumor homogenates from CC patients with
colon cancer presents increased protein content for TGF-b and
higher presence of angiogenic markers, together with higher
deposition of collagen fibers [67], reduced percentage of M2 mac-
rophages and increased content of proinflammatory cytokines, in
relation to WSC [7]. Therefore, IL-15 expression seems to be
correlated with tumor growth and metastatic potential, being a
likely player in inducing increased tumor inflammation observed in
cachexia.

We found that irisin protein expressionwas higher in the tumor
samples from CC, in relation toWSC. Lung [68], liver [69] and other
gastrointestinal tumors [70] also were shown to express a high
content of irisin. In spite of this increase amount of irisin within
tumors, lower serum concentration of irisin has been reported in
patients with colorectal [26] and breast cancer [27], compared to
healthy subjects. In the non-small cell lung carcinoma, irisin was
detected in the cytoplasm of cancer cells and in the cytoplasm of
tumor stromal cells, but not in normal lung parenchyma [68]. The
increased content in tumor cells may be due to the higher glycolytic
rate in such cells, as in muscle cells irisin seems to increase glucose
uptake by enhancing p38 mitogen-activated protein kinase acti-
vation, through AMPKa2 and GLUT4 translocation to the plasma
membrane [71]. Furthermore, irisin has been related to browning of
white AT, as it can increase Uncoupling Protein 1 expression in
adipocytes mitochondria [72]. To the best of our knowledge, this is
the first study to report higher irisin content in tumors of cachectic
patients, when compared to those of weight stable counterparts.
This strongly suggests a new role for this myokine in cancer
cachexia.

It is also primordial to evaluate muscle fat infiltration beyond
assessingmusclemass, asmyosteatosis is related to shorter survival
in patients with cancer cachexia [4,73]. Thus, we evaluated skeletal
muscle fat infiltration as an indicator of muscle quality, by
measuring muscle TAG and the gene expression of proteins
involved with fatty acid uptake and storing. In our cohort of pa-
tients with cancer cachexia submitted only to tumor resection as
primary treatment at the time of tissue collection, we did not
observe increase in muscle fat infiltration. However, the cachectic
patients in the study showed decreased lumbar AT index, visceral
AT index and subcutaneous AT index, all of which have also been
linked to decreased survival [74,75]. A negative association of
muscle TAG content and muscle attenuation was found in this
study, and previously observed by Bhullar et al. [76].

In addition, lumbar AT index was positively associated with BMI
and negatively associated with muscle attenuation, showing that
patients with lower adiposity also present lower BMI and muscle
fat infiltration. Moreover, 56% of the WSC patients, even in the
absence of weight loss, also showed low skeletal muscle index. In a
longitudinal study that evaluated consecutive CTs from patients
with gastrointestinal cancer, skeletal musclemasswas stable in 45%
of the time analyzed, and the percentage of patients who lost
muscle and AT increased closer to death [77]. In another study,
patients with pancreatic cancer that presented AT wasting showed
the same overall media survival as patients with pancreatic cancer,
with both AT andmuscle wasting [74]. Furthermore, higher skeletal
muscle and AT wasting, simultaneous to increase in tumor burden
were observed in patients with colorectal cancer, suggesting that
catabolism of both tissues may occur along disease progression
[78]. Despite the lower lumbar AT index in CC, we failed to detect
changes in the gene expression of proteins related to skeletal
muscle metabolism and TAG content. Nevertheless, skeletal muscle
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TAG was positively associated with the lumbar AT index measured
by CT analysis, showing that increased adiposity was associated
with muscle lipid content. Myosteatosis has been observed in pa-
tients with colorectal cancer and is positively associated with BMI,
total adiposity and AT depots evaluated by CT analysis [73].

We have previously demonstrated that CC patients present
disrupted mitochondrial morphology, increased apoptosis and
dysfunctional autophagy in the skeletal muscle [79], alterations
that are driven by increased sustained systemic inflammation
[80e82] and correspond to the initial phases of muscle loss [83,84].
Previous work showed that in subcutaneous AT, the consequences
of cancer cachexia are related to an increased presence of inflam-
matory cells in this tissue [85], a higher content of pro-
inflammatory factors [7] and tissue remodeling [86]. In the pre-
sent study, increased systemic inflammation was demonstrated by
the observed higher levels of circulating CRP, IL-6 and IL-8 in pa-
tients with CC. Cachexia was also associated with increased self-
related symptoms and lower functional capacity. Patients with
cancer cachexia presented lower serum HDL and LDL cholesterol,
which may be part of the natural course of cachexia. Previous
research has shown that patients with pancreatic ductal adeno-
carcinoma also showed a decrease in serum lipids, concomitant
withweight loss, and decreased ATandmusclemass 18 to 6months
before cancer diagnosis [87].

The description of lowermuscle FSTL-1 and consequent possible
compromised skeletal muscle vascularization; the higher content
of FABP3, a circulating muscle damage marker; and the higher tu-
mor FABP3, IL-15 and irisin, (proteins related to increased tumor
metabolic activity and tumor growth); in addition to lower body
adiposity, systemic inflammation and more advanced tumor stages
consists on the main contribution of this study for the under-
standing of human cachexia. Correlation analysis showed that in-
flammatory parameters were associated with myokines in
circulation, skeletal muscle and tumor. It has been shown that
proteins secreted by L6 skeletal muscle cells aremodulated by TNFa
treatment [88] and that C2C12 myotubes show increased secretion
of activin after treatment with tumor-conditioned media [89].
Furthermore, inverse association of tumor FSTL-1 and muscle irisin
in WSC group may indicate a possible role of modulation of the
skeletal muscle in the prevention of tumor progression, as tumor
FSTL-1 is related to tumor aggressiveness [90], and that skeletal
muscle irisin content responds to physical activity [72]. In the CC
group, a positive association between tumor BDNF and skeletal
muscle FABP3, may be associated with the more advanced tumor
stage and more profound skeletal muscle damage in this group, as
tumor BDNF influences tumor progression [91], and skeletal muscle
FABP3 is increased in patients with muscle inflammation and
muscle weakness [58].

So far, there is no stablished treatment to cachexia. Physical
activity is able reduce the risk of developing several types of cancer
[92] and reduces mortality after colon cancer diagnosis [93]. These
effects may be mediated by skeletal muscle-secreted myokines
[94]. In an animal model, physical exercise blunted tumor growth
through epinephrine-dependent mobilization of NK cells and
higher immune cell infiltration into tumors [95]. Furthermore,
inflammation and insulin-related pathways are regulated by
physical exercise in patients with cancer [96] suggesting that
physical exercise is a promising therapy for patients with cancer
cachexia.

One of the limitations of this study is that the quantity of tissue
available for biopsies was frequently small, as a consequence, it was
not always possible to perform all measurements with the same
sample number and with the tissues from the same patient. That
also prevented the correlation analysis between circulating and
tissues myokines. A healthy control group is missing, however,
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when comparing two groups of patients with tumors we may
affirm that the differences were caused by cachexia. The small
sample size is a limitation that influenced the effect size and also
precluded matching groups on gender, age and date of diagnosis.
However, these parameters were found not to differ statistically
between groups. Finally, tissue irisin quantification by antibody-
based methods, although being a common method employed in
the literature, does not equal mass spectrometry analysis [97].

This study provided an overview of the structural and metabolic
changes of the muscle mass, but we could not relate these with
functional measures (i.e., handgrip strength and gait speed). The
number of females was lower thanmale patients and the number of
patients per group was also different. Despite these limitations, we
believe this to be the first study to present the cachexia-related
alterations of the myokines in rectus abdominis and tumor bi-
opsies from cancer patients.

In conclusion, the different myokine content in skeletal muscle,
plasma and tumor from patients with cancer-associated cachexia
may have a role in tumor evasion, inflammation and tissue
remodeling. These changes may be implicated in the decreased
capacity for skeletal muscle regeneration, increased muscle
breakdown and tumor aggressiveness associated with cachexia. It
is also noteworthy that these results demonstrate that reports on
animal models of cancer cachexia not always mirror findings in
humans.
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R, Radloff K, et al. Systemic inflammation in cachexia - is tumor cytokine
expression profile the culprit? Front Immunol 2015;6. https://doi.org/
10.3389/fimmu.2015.00629.

[8] Lee JH, Jun HS. Role of myokines in regulating skeletal muscle mass and
function. Front Physiol 2019. https://doi.org/10.3389/fphys.2019.00042.

[9] Costelli P, Muscaritoli M, Bonetto A, Penna F, Reffo P, Bossola M, et al. Muscle
myostatin signalling is enhanced in experimental cancer cachexia. Eur J Clin
Invest 2008. https://doi.org/10.1111/j.1365-2362.2008.01970.x.

[10] Liu CM, Yang Z, Liu CW, Wang R, Tien P, Dale R, et al. Myostatin antisense
RNA-mediated muscle growth in normal and cancer cachexia mice. Gene Ther
2008. https://doi.org/10.1038/sj.gt.3303016.

[11] Busquets S, Toledo M, Orpí M, Massa D, Porta M, Capdevila E, et al. Myostatin
blockage using actRIIB antagonism in mice bearing the Lewis lung carcinoma
results in the improvement of muscle wasting and physical performance.
J Cachexia Sarcopenia Muscle 2012. https://doi.org/10.1007/s13539-011-
0049-z.

[12] Golan T, Geva R, Richards D, Madhusudan S, Lin BK, Wang HT, et al.
LY2495655, an antimyostatin antibody, in pancreatic cancer: a randomized,
phase 2 trial. J Cachexia Sarcopenia Muscle 2018. https://doi.org/10.1002/
jcsm.12331.

[13] Loumaye A, De Barsy M, Nachit M, Lause P, Frateur L, Van Maanen A, et al. Role
of activin A and myostatin in human cancer cachexia. J Clin Endocrinol Metab
2015. https://doi.org/10.1210/jc.2014-4318.

[14] Carb�o N, L�opez-Soriano J, Costelli P, Busquets S, Alvarez B, Baccino FM, et al.
Interleukin-15 antagonizes muscle protein waste in tumour-bearing rats. Br J
Cancer 2000. https://doi.org/10.1054/bjoc.2000.1299.

[15] Bohlen J, McLaughlin SL, Hazard-Jenkins H, Infante AM, Montgomery C,
Davis M, et al. Dysregulation of metabolic-associated pathways in muscle of
breast cancer patients: preclinical evaluation of interleukin-15 targeting fa-
tigue. J Cachexia Sarcopenia Muscle 2018. https://doi.org/10.1002/
jcsm.12294.

[16] Martínez-Hern�andez PL, Hernanz-Macías �A, G�omez-Candela C, Grande-
Arag�on C, Feliu-Batlle J, Castro-Carpe~no J, et al. Serum interleukin-15 levels in
cancer patients with cachexia. Oncol Rep 2012. https://doi.org/10.3892/
or.2012.1928.

[17] Pistilli EE, Alway SE. Systemic elevation of interleukin-15 in vivo promotes
apoptosis in skeletal muscles of young adult and aged rats. Biochem Biophys
Res Commun 2008. https://doi.org/10.1016/j.bbrc.2008.05.188.

[18] Ouchi N, Oshima Y, Ohashi K, Higuchi A, Ikegami C, Izumiya Y, et al. Folli-
statin-like 1, a secreted muscle protein, promotes endothelial cell function
and revascularization in ischemic tissue through a nitric-oxide synthase-
dependent mechanism. J Biol Chem 2008. https://doi.org/10.1074/
jbc.M803440200.

[19] Fontes-Oliveira CC, Busquets S, Fuster G, Ametller E, Figueras M, Olivan M,
et al. A differential pattern of gene expression in skeletal muscle of tumor-
bearing rats reveals dysregulation of excitation-contraction coupling
together with additional muscle alterations. Muscle Nerve 2014. https://
doi.org/10.1002/mus.23893.

[20] Roca-Rivada A, Al-Massadi O, Castelao C, Senín LL, Alonso J, Seoane LM, et al.
Muscle tissue as an endocrine organ: comparative secretome profiling of
slow-oxidative and fast-glycolytic rat muscle explants and its variation with
exercise. J Proteomics 2012. https://doi.org/10.1016/j.jprot.2012.06.037.

[21] Hutchinson KA, Mohammad S, Garneau L, McInnis K, Aguer C, Adamo KB.
Examination of the myokine response in pregnant and non-pregnant women

https://doi.org/10.1016/j.clnu.2020.10.050
https://doi.org/10.1016/j.clnu.2008.06.013
https://doi.org/10.1016/j.clnu.2008.06.013
https://doi.org/10.1016/S1470-2045(00)00033-4
https://doi.org/10.1158/1078-0432.CCR-08-2242
https://doi.org/10.1158/1078-0432.CCR-08-2242
https://doi.org/10.1200/JCO.2012.45.2722
https://doi.org/10.1200/JCO.2012.45.2722
https://doi.org/10.1097/00075197-199805000-00002
https://doi.org/10.1097/00075197-199805000-00002
https://doi.org/10.1016/j.ejca.2005.07.026
https://doi.org/10.3389/fimmu.2015.00629
https://doi.org/10.3389/fimmu.2015.00629
https://doi.org/10.3389/fphys.2019.00042
https://doi.org/10.1111/j.1365-2362.2008.01970.x
https://doi.org/10.1038/sj.gt.3303016
https://doi.org/10.1007/s13539-011-0049-z
https://doi.org/10.1007/s13539-011-0049-z
https://doi.org/10.1002/jcsm.12331
https://doi.org/10.1002/jcsm.12331
https://doi.org/10.1210/jc.2014-4318
https://doi.org/10.1054/bjoc.2000.1299
https://doi.org/10.1002/jcsm.12294
https://doi.org/10.1002/jcsm.12294
https://doi.org/10.3892/or.2012.1928
https://doi.org/10.3892/or.2012.1928
https://doi.org/10.1016/j.bbrc.2008.05.188
https://doi.org/10.1074/jbc.M803440200
https://doi.org/10.1074/jbc.M803440200
https://doi.org/10.1002/mus.23893
https://doi.org/10.1002/mus.23893
https://doi.org/10.1016/j.jprot.2012.06.037


G.S. de Castro, J. Correia-Lima, E. Simoes et al. Clinical Nutrition 40 (2021) 2443e2455
following an acute bout of moderate-intensity walking. Front Physiol 2019.
https://doi.org/10.3389/fphys.2019.01188.

[22] Lammers G, Poelkens F, van Duijnhoven NTL, Pardoel EM, Hoenderop JG,
Thijssen DHJ, et al. Expression of genes involved in fatty acid transport and
insulin signaling is altered by physical inactivity and exercise training in
human skeletal muscle. Am J Physiol Endocrinol Metab 2012. https://doi.org/
10.1152/ajpendo.00356.2012.

[23] Shahda S, Narasimhan A, Kays J, Perkins SM, Cheng L, Hannaford KN, et al.
Identification of circulating protein biomarkers for pancreatic cancer cachexia.
BioRxiv 2018:359661. https://doi.org/10.1101/359661.

[24] Reza MM, Subramaniyam N, Sim CM, Ge X, Sathiakumar D, McFarlane C, et al.
Irisin is a pro-myogenic factor that induces skeletal muscle hypertrophy and
rescues denervation-induced atrophy. Nat Commun 2017. https://doi.org/
10.1038/s41467-017-01131-0.

[25] Park HS, Kim HC, Zhang D, Yeom H, Lim SK. The novel myokine irisin: clinical
implications and potential role as a biomarker for sarcopenia in post-
menopausal women. Endocrine 2019. https://doi.org/10.1007/s12020-018-
1814-y.

[26] Zhu H, Liu M, Zhang N, Pan H, Lin G, Li N, et al. Serum and adipose tissue
mRNA levels of ATF3 and FNDC5/irisin in colorectal cancer patients with or
without obesity. Front Physiol 2018. https://doi.org/10.3389/
fphys.2018.01125.

[27] Provatopoulou X, Georgiou GP, Kalogera E, Kalles V, Matiatou MA,
Papapanagiotou I, et al. Serum irisin levels are lower in patients with breast
cancer: association with disease diagnosis and tumor characteristics. BMC
Cancer 2015. https://doi.org/10.1186/s12885-015-1898-1.

[28] Clow C, Jasmin BJ. Brain-derived neurotrophic factor regulates satellite cell
differentiation and skeltal muscle regeneration. Mol Biol Cell 2010. https://
doi.org/10.1091/mbc.E10-02-0154.

[29] Ferris LT, Williams JS, Shen CL. The effect of acute exercise on serum brain-
derived neurotrophic factor levels and cognitive function. Med Sci Sports
Exerc 2007. https://doi.org/10.1249/mss.0b013e31802f04c7.

[30] M�aderov�a D, Krumpolec P, Slobodov�a L, Sch€on M, Tirp�akov�a V, Kovani�cov�a Z,
et al. Acute and regular exercise distinctly modulate serum, plasma and
skeletal muscle BDNF in the elderly. Neuropeptides 2019. https://doi.org/
10.1016/j.npep.2019.101961.

[31] Arezzo di Trifiletti A, Misino P, Giannantoni P, Giannantoni B, Cascino A, Fazi L,
et al. Comparison of the performance of four different tools in diagnosing
disease-associated anorexia and their relationship with nutritional, functional
and clinical outcome measures in hospitalized patients. Clin Nutr 2013
Aug;32(4):527e32. https://doi.org/10.1016/j.clnu.2012.11.011.

[32] Aaronson NK, Ahmedzai S, Bergman B, Bullinger M, Cull A, Duez NJ, et al. The
European organization for research and treatment of cancer QLQ-C30: a
quality-of-life instrument for use in international clinical trials in oncology.
J Natl Cancer Inst 1993;85:365e76. https://doi.org/10.1093/jnci/85.5.365.

[33] Miller KD, Jones E, Yanovski JA, Shankar R, Feuerstein I, Falloon J. Visceral
abdominal-fat accumulation associated with use of indinavir. Lancet 1998.
https://doi.org/10.1016/S0140-6736(97)11518-5.

[34] Mourtzakis M, Prado CMM, Lieffers JR, Reiman T, McCargar LJ, Baracos VE.
A practical and precise approach to quantification of body composition in
cancer patients using computed tomography images acquired during routine
care. Appl Physiol Nutr Metabol 2008;33:997e1006. https://doi.org/10.1139/
H08-075.

[35] Arends J, Bachmann P, Baracos V, Barthelemy N, Bertz H, Bozzetti F, et al.
ESPEN guidelines on nutrition in cancer patients. Clin Nutr 2017 Feb;36(1):
11e48. https://doi.org/10.1016/j.clnu.2016.07.015.

[36] Folch J, Lees M, Stanley GHS. ARTICLE: a simple method for the isolation and
purification of total lipides from animal tissues. J Biol Chem 1957;226:
497e509. https://doi.org/10.1007/s10858-011-9570-9.

[37] Faul F, Erdfelder E, Lang AG, Buchner AG. *Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav
Res Methods 2007. https://doi.org/10.3758/BF03193146.

[38] Hommel G. A stagewise rejective multiple test procedure based on a modified
bonferroni test. Biometrika 1988. https://doi.org/10.1093/biomet/75.2.383.

[39] Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B 1995. https://doi.org/
10.1111/j.2517-6161.1995.tb02031.x.

[40] Benjamini Y. Discovering the false discovery rate. J R Stat Soc Ser B Stat
Methodol 2010. https://doi.org/10.1111/j.1467-9868.2010.00746.x.

[41] Glatz JFC, Luiken J. From fat to FAT (CD36/SR-B2): understanding the regu-
lation of cellular fatty acid uptake. Biochimie 2017;136:21e6. https://doi.org/
10.1016/j.biochi.2016.12.007.

[42] Chaly Y, Hostager B, Smith S, Hirsch R. Follistatin-like protein 1 and its role in
inflammation and inflammatory diseases. Immunol Res 2014. https://doi.org/
10.1007/s12026-014-8526-z.

[43] G€orgens SW, Raschke S, Holven KB, Jensen J, Eckardt K, Eckel J. Regulation of
follistatin-like protein 1 expression and secretion in primary human skeletal
muscle cells. Arch Physiol Biochem 2013. https://doi.org/10.3109/
13813455.2013.768270.

[44] Wei K, Serpooshan V, Hurtado C, Diez-Cunado M, Zhao M, Maruyama S, et al.
Epicardial FSTL1 reconstitution regenerates the adult mammalian heart. Na-
ture 2015. https://doi.org/10.1038/nature15372.

[45] Miyabe M, Ohashi K, Shibata R, Uemura Y, Ogura Y, Yuasa D, et al. Muscle-
derived follistatin-like 1 functions to reduce neointimal formation after
vascular injury. Cardiovasc Res 2014. https://doi.org/10.1093/cvr/cvu105.
2454
[46] Rosenberg MI, Georges SA, Asawachaicharn A, Analau E, Tapscott SJ. MyoD
inhibits Fstl1 and Utrn expression by inducing transcription of miR-206. J Cell
Biol 2006;175:77e85. https://doi.org/10.1083/jcb.200603039.

[47] Mattiotti A, Prakash S, Barnett P, van den Hoff MJB. Follistatin-like 1 in
development and human diseases. Cell Mol Life Sci 2018. https://doi.org/
10.1007/s00018-018-2805-0.

[48] Oshima Y, Ouchi N, Sato K, Izumiya Y, Pimentel DR, Walsh K. Follistatin-like 1
is an Akt-regulated cardioprotective factor that is secreted by the heart. Cir-
culation 2008. https://doi.org/10.1161/CIRCULATIONAHA.108.767673.

[49] Coletti D, Berardi E, Aulino P, Rossi E, Moresi V, Li Z, et al. Substrains of inbred
mice differ in their physical activity as a behavior. Sci World J 2013. https://
doi.org/10.1155/2013/237260.

[50] Talbert EE, Guttridge DC. Impaired regeneration: a role for the muscle
microenvironment in cancer cachexia. Semin Cell Dev Biol 2016. https://
doi.org/10.1016/j.semcdb.2015.09.009.

[51] Storch J, Thumser AEA. The fatty acid transport function of fatty acid-binding
proteins. Biochim Biophys Acta Mol Cell Biol Lipids 2000;1486:28e44. https://
doi.org/10.1016/S1388-1981(00)00046-9.

[52] Varrone F, Gargano B, Carullo P, Di Silvestre D, De Palma A, Grasso L, et al. The
circulating level of FABP3 is an indirect biomarker of microRNA-1. J Am Coll
Cardiol 2013. https://doi.org/10.1016/j.jacc.2012.08.1003.

[53] Han M, Toli J, Abdellatif M. MicroRNAs in the cardiovascular system. Curr Opin
Cardiol 2011;26:181e9. https://doi.org/10.1097/HCO.0b013e328345983d.

[54] Gururajan P, Gurumurthy P, Nayar P, Srinivasa Nageswara Rao G, Babu S,
Cherian KM. Heart fatty acid binding protein (H-FABP) as a diagnostic
biomarker in patients with acute coronary syndrome. Heart Lung Circ
2010;19:660e4. https://doi.org/10.1016/j.hlc.2010.06.665.

[55] Kleine AH, Glatz JFC, Van Nieuwenhoven FA, Van der Vusse GJ. Release of
heart fatty acid-binding protein into plasma after acute myocardial infarction
in man. Mol Cell Biochem 1992. https://doi.org/10.1007/BF01270583.

[56] Bodi�e K, Buck WR, Pieh J, Liguori MJ, Popp A. Biomarker evaluation of skeletal
muscle toxicity following clofibrate administration in rats. Exp Toxicol Pathol
2016. https://doi.org/10.1016/j.etp.2016.03.001.

[57] Pritt MI, Hall DG, Recknor J, Credille KM, Brown DD, Yumibe NP, et al. Fabp3 as
a biomarker of skeletal muscle toxicity in the rat: comparison with conven-
tional biomarkers. Toxicol Sci 2008. https://doi.org/10.1093/toxsci/kfn042.

[58] Zhang L, Zhou H, Peng Q, Jiang W, Qiao W, Wang G. Fatty acid binding
protein 3 is associated with skeletal muscle strength in polymyositis and
dermatomyositis. Int J Rheum Dis 2017. https://doi.org/10.1111/1756-
185X.12838.

[59] Tang Z, Shen Q, Xie H, Zhou X, Li J, Feng J, et al. Elevated expression of FABP3
and FABP4 cooperatively correlates with poor prognosis in non-small cell
lung cancer (NSCLC). Oncotarget 2016. https://doi.org/10.18632/
oncotarget.10086.

[60] Hashimoto T, Kusakabe T, Sugino T, Fukuda T, Watanabe K, Sato Y, et al.
Expression of heart-type fatty acid-binding protein in human gastric carci-
noma and its association with tumor aggressiveness, metastasis and poor
prognosis. Pathobiology 2004. https://doi.org/10.1159/000080061.

[61] Lopes-Coelho F, Andr�e S, F�elix A, Serpa J. Breast cancer metabolic cross-talk:
fibroblasts are hubs and breast cancer cells are gatherers of lipids. Mol Cell
Endocrinol 2018. https://doi.org/10.1016/j.mce.2017.01.031.

[62] Conway K, Edmiston SN, May R, Kuan PF, Chu H, Bryant C, et al. DNA
methylation profiling in the Carolina Breast Cancer Study defines cancer
subclasses differing in clinicopathologic characteristics and survival. Breast
Cancer Res 2014. https://doi.org/10.1186/s13058-014-0450-6.

[63] Song GX, Shen YH, Liu YQ, Sun W, Miao LP, Zhou LJ, et al. Overexpression of
FABP3 promotes apoptosis through inducing mitochondrial impairment in
embryonic cancer cells. J Cell Biochem 2012. https://doi.org/10.1002/
jcb.24243.

[64] Santana Carrero RM, Beceren-Braun F, Rivas SC, Hegde SM, Gangadharan A,
Plote D, et al. IL-15 is a component of the inflammatory milieu in the tumor
microenvironment promoting antitumor responses. Proc Natl Acad Sci U S A
2019. https://doi.org/10.1073/pnas.1814642116.

[65] Yu P, Steel JC, Zhang M, Morris JC, Waldmann TA. Simultaneous blockade of
multiple immune system inhibitory checkpoints enhances antitumor activity
mediated by interleukin-15 in a murine metastatic colon carcinoma model.
Clin Cancer Res 2010. https://doi.org/10.1158/1078-0432.CCR-10-1966.

[66] Kuniyasu H, Ohmori H, Sasaki T, Sasahira T, Yoshida K, Kitadai Y, et al. Pro-
duction of interleukin 15 by human colon cancer cells is associated with in-
duction of mucosal hyperplasia, angiogenesis, and metastasis. Clin Cancer Res
2003.

[67] Lima JDCC, Simoes E, de Castro G, Morais MRPT, de Matos-Neto EM, Alves MJ,
et al. Tumour-derived transforming growth factor-b signalling contributes to
fibrosis in patients with cancer cachexia. J Cachexia Sarcopenia Muscle 2019.
https://doi.org/10.1002/jcsm.12441.

[68] Nowinska K, Jablonska K, Pawelczyk K, Piotrowska A, Partynska A,
Gomulkiewicz A, et al. Expression of irisin/FNDC5 in cancer cells and stromal
fibroblasts of non-small cell lung cancer. Cancers (Basel) 2019. https://doi.org/
10.3390/cancers11101538.

[69] Gaggini M, Cabiati M, Del Turco S, Navarra T, De Simone P, Filipponi F, et al.
Increased FNDC5/Irisin expression in human hepatocellular carcinoma. Pep-
tides 2017. https://doi.org/10.1016/j.peptides.2016.12.014.

[70] Aydin S, Kuloglu T, Ozercan MR, Albayrak S, Aydin S, Bakal U, et al. Irisin
immunohistochemistry in gastrointestinal system cancers. Biotech Histochem
2016. https://doi.org/10.3109/10520295.2015.1136988.

https://doi.org/10.3389/fphys.2019.01188
https://doi.org/10.1152/ajpendo.00356.2012
https://doi.org/10.1152/ajpendo.00356.2012
https://doi.org/10.1101/359661
https://doi.org/10.1038/s41467-017-01131-0
https://doi.org/10.1038/s41467-017-01131-0
https://doi.org/10.1007/s12020-018-1814-y
https://doi.org/10.1007/s12020-018-1814-y
https://doi.org/10.3389/fphys.2018.01125
https://doi.org/10.3389/fphys.2018.01125
https://doi.org/10.1186/s12885-015-1898-1
https://doi.org/10.1091/mbc.E10-02-0154
https://doi.org/10.1091/mbc.E10-02-0154
https://doi.org/10.1249/mss.0b013e31802f04c7
https://doi.org/10.1016/j.npep.2019.101961
https://doi.org/10.1016/j.npep.2019.101961
https://doi.org/10.1016/j.clnu.2012.11.011
https://doi.org/10.1093/jnci/85.5.365
https://doi.org/10.1016/S0140-6736(97)11518-5
https://doi.org/10.1139/H08-075
https://doi.org/10.1139/H08-075
https://doi.org/10.1016/j.clnu.2016.07.015
https://doi.org/10.1007/s10858-011-9570-9
https://doi.org/10.3758/BF03193146
https://doi.org/10.1093/biomet/75.2.383
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.1467-9868.2010.00746.x
https://doi.org/10.1016/j.biochi.2016.12.007
https://doi.org/10.1016/j.biochi.2016.12.007
https://doi.org/10.1007/s12026-014-8526-z
https://doi.org/10.1007/s12026-014-8526-z
https://doi.org/10.3109/13813455.2013.768270
https://doi.org/10.3109/13813455.2013.768270
https://doi.org/10.1038/nature15372
https://doi.org/10.1093/cvr/cvu105
https://doi.org/10.1083/jcb.200603039
https://doi.org/10.1007/s00018-018-2805-0
https://doi.org/10.1007/s00018-018-2805-0
https://doi.org/10.1161/CIRCULATIONAHA.108.767673
https://doi.org/10.1155/2013/237260
https://doi.org/10.1155/2013/237260
https://doi.org/10.1016/j.semcdb.2015.09.009
https://doi.org/10.1016/j.semcdb.2015.09.009
https://doi.org/10.1016/S1388-1981(00)00046-9
https://doi.org/10.1016/S1388-1981(00)00046-9
https://doi.org/10.1016/j.jacc.2012.08.1003
https://doi.org/10.1097/HCO.0b013e328345983d
https://doi.org/10.1016/j.hlc.2010.06.665
https://doi.org/10.1007/BF01270583
https://doi.org/10.1016/j.etp.2016.03.001
https://doi.org/10.1093/toxsci/kfn042
https://doi.org/10.1111/1756-185X.12838
https://doi.org/10.1111/1756-185X.12838
https://doi.org/10.18632/oncotarget.10086
https://doi.org/10.18632/oncotarget.10086
https://doi.org/10.1159/000080061
https://doi.org/10.1016/j.mce.2017.01.031
https://doi.org/10.1186/s13058-014-0450-6
https://doi.org/10.1002/jcb.24243
https://doi.org/10.1002/jcb.24243
https://doi.org/10.1073/pnas.1814642116
https://doi.org/10.1158/1078-0432.CCR-10-1966
http://refhub.elsevier.com/S0261-5614(20)30596-3/sref66
http://refhub.elsevier.com/S0261-5614(20)30596-3/sref66
http://refhub.elsevier.com/S0261-5614(20)30596-3/sref66
http://refhub.elsevier.com/S0261-5614(20)30596-3/sref66
https://doi.org/10.1002/jcsm.12441
https://doi.org/10.3390/cancers11101538
https://doi.org/10.3390/cancers11101538
https://doi.org/10.1016/j.peptides.2016.12.014
https://doi.org/10.3109/10520295.2015.1136988


G.S. de Castro, J. Correia-Lima, E. Simoes et al. Clinical Nutrition 40 (2021) 2443e2455
[71] Lee HJ, Lee JO, Kim N, Kim JK, Kim HI, Lee YW, et al. Irisin, a novel myokine,
regulates glucose uptake in skeletal muscle cells via AMPK. Mol Endocrinol
2015. https://doi.org/10.1210/me.2014-1353.

[72] Bostr€om P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGC1-a-
dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature 2012. https://doi.org/10.1038/nature10777.

[73] Souza NC, Gonzalez MC, Martucci RB, Rodrigues VD, de Pinho NB, Ponce de
Leon A, et al. Frailty is associated with myosteatosis in obese patients with
colorectal cancer. Clin Nutr 2020 Feb;39(2):484e91. https://doi.org/10.1016/
j.clnu.2019.02.026.

[74] Kays JK, Shahda S, Stanley M, Bell TM, O'Neill BH, Kohli MD, et al. Three
cachexia phenotypes and the impact of fat-only loss on survival in FOLFIR-
INOX therapy for pancreatic cancer. J Cachexia Sarcopenia Muscle 2018.
https://doi.org/10.1002/jcsm.12307.

[75] Ebadi M, Martin L, Ghosh S, Field CJ, Lehner R, Baracos VE, et al. Subcutaneous
adiposity is an independent predictor of mortality in cancer patients. Br J
Cancer 2017. https://doi.org/10.1038/bjc.2017.149.

[76] Bhullar AS, Anoveros-Barrera A, Dunichand-Hoedl A, Martins K, Bigam D,
Khadaroo RG, et al. Lipid is heterogeneously distributed in muscle and asso-
ciates with low radiodensity in cancer patients. J Cachexia Sarcopenia Muscle
2020. https://doi.org/10.1002/jcsm.12533.

[77] Prado CM, Sawyer MB, Ghosh S, Lieffers JR, Esfandiari N, Antoun S, et al.
Central tenet of cancer cachexia therapy: do patients with advanced cancer
have exploitable anabolic potential? Am J Clin Nutr 2013. https://doi.org/
10.3945/ajcn.113.060228.

[78] Lieffers JR, Mourtzakis M, Hall KD, McCargar LJ, Prado CMM, Baracos VE.
A viscerally driven cachexia syndrome in patients with advanced colorectal
cancer: contributions of organ and tumor mass to whole-body energy de-
mands. Am J Clin Nutr 2009. https://doi.org/10.3945/ajcn.2008.27273.

[79] de Castro GS, Simoes E, Lima JDCC, Ortiz-Silva M, Festuccia WT, Tokeshi F,
et al. Human cachexia induces changes in mitochondria, autophagy and
apoptosis in the skeletal muscle. Cancers (Basel) 2019. https://doi.org/
10.3390/cancers11091264.

[80] Norton JA, Moley JF, Green MV, Carson RE, Morrison SD. Parabiotic transfer of
cancer anorexia/cachexia in male rats. Cancer Res 1985.

[81] Tisdale MJ. Mechanisms of cancer cachexia. Physiol Rev 2009;89:381e410.
https://doi.org/10.1152/physrev.00016.2008.

[82] Fearon KCH, Glass DJ, Guttridge DC. Cancer cachexia: mediators, signaling,
and metabolic pathways. Cell Metabol 2012;16:153e66. https://doi.org/
10.1016/j.cmet.2012.06.011.

[83] Vanderveen BN, Fix DK, Carson JA. Disrupted skeletal muscle mitochondrial
dynamics, mitophagy, and biogenesis during cancer cachexia: a role for
inflammation. Oxid Med Cell Longev 2017. https://doi.org/10.1155/2017/
3292087. 2017.

[84] Rosa-Caldwell ME, Fix DK, Washington TA, Greene NP. Muscle alterations in
the development and progression of cancer-induced muscle atrophy: a
2455
review. J Appl Physiol 2020;128:25e41. https://doi.org/10.1152/
japplphysiol.00622.2019.

[85] Batista ML, Henriques FS, Neves RX, Olivan MR, Matos-Neto EM,
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