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Abstract

Purpose The aim of this study was to investigate the effects of creatine supplementation on muscle wasting in Walker-256
tumor-bearing rats.

Methods Wistar rats were randomly assigned into three groups (n=10/group): control (C), tumor bearing (T), and tumor
bearing supplemented with creatine (TCr). Creatine was provided in drinking water for a total of 21 days. After 11 days
of supplementation, tumor cells were implanted subcutaneously into T and TCr groups. The animals’ weight, food and
water intake were evaluated along the experimental protocol. After 10 days of tumor implantation (21 total), animals were
euthanized for inflammatory state and skeletal muscle cross-sectional area measurements. Skeletal muscle components of
ubiquitin—proteasome pathways were also evaluated using real-time PCR and immunoblotting.

Results The results showed that creatine supplementation protected tumor-bearing rats against body weight loss and skeletal
muscle atrophy. Creatine intake promoted lower levels of plasma TNF-a and IL-6 and smaller spleen morphology changes
such as reduced size of white pulp and lymphoid follicle compared to tumor-bearing rats. In addition, creatine prevented
increased levels of skeletal muscle Atrogin-1 and MuRF-1, key regulators of muscle atrophy.

Conclusion Creatine supplementation prevents skeletal muscle atrophy by attenuating tumor-induced pro-inflammatory
environment, a condition that minimizes Atrogin-1 and MuRF-1-dependent proteolysis.

Keywords Muscle loss - Proteolysis - Oxidative stress - Cachexia - Cancer

Introduction

Muscle wasting is the main component of cancer cachexia,
leading to a progressive impairment of work capacity [1],
that compromises the effectiveness of therapeutic treatment
and constitutes a stronger hallmark of poor prognosis in
cancer patients [2]. Currently, muscle wasting caused by
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cancer is used as a pointer for survival prognosis [3-5].
Studies suggest that muscle wasting during cancer results
from an imbalance between degradation and protein syn-
thesis, mediated specially by cytokines and reactive oxygen
species (ROS) [6, 7]. The upregulation of pro-inflamma-
tory cytokines and ROS formation may promote muscu-
lar catabolism via the ubiquitin—proteasome (Ub) system,
which is considered the main mechanism responsible for the
enhanced muscle protein degradation in cancer cachexia [8].
Muscle atrogenes F-Box (MAFbx)/Atrogin-1 and muscle
ring-finger-1 (MuRF-1) are two muscle-specific E3 ubig-
uitin ligases that promote polyubiquitination of proteins to
target them for proteolysis by the Ub system [3]; the skel-
etal muscle protein expression of Atrogin-1 and MuRF-1 are
increased in skeletal muscle under atrophy-inducing differ-
ent conditions, including cancer cachexia [9].

After its popularization in the sports field in the 1990s,
creatine supplementation has been introduced in the medical
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field due to its therapeutic and prophylactic effects on dis-
eases involving muscle loss, such as Duchenne syndrome,
amyotrophic lateral sclerosis, and disuse atrophy, among
others [10—17]. The proposed mechanisms for the action
of creatine in these diseases are based on their interaction
with cellular bioenergetics (creatine phosphate system) due
to its capacity to increase the mitochondria ATP pool and
energetic regulation (the pleiotropic effect of creatine sup-
plementation is addressed by Wallimann et al. [18], while
the therapeutic role of creatine is revised by Gualano et al.
[11]). Recently, creatine supplementation has demonstrated
antioxidant properties as well as effectiveness to counter-
acting elevated pro-inflammatory cytokines [16, 19-23].
Despite the promising results, to date only two papers effec-
tively have studied the effects of creatine supplementation
on cancer cachexia. Deminice et al. [24] and Campos-Ferraz
et al. [20] demonstrated that creatine supplementation can
prevent body weight loss and tumor growth, and it presents
anti-inflammatory effect in tumor-bearing rats. However, the
effects of creatine supplementation on cancer-induced mus-
cle wasting and its mechanisms of action remain unknown.

Therefore, the aim of this study was to investigate the
effects of creatine supplementation on muscle wasting in
Walker-256 tumor-bearing rats. We hypothesized that cre-
atine supplementation may mitigate inflammation and oxi-
dative damage brought about by tumor growth, important
trigger of proteolytic signalling via Atrogin-1 and MuRF-1.

Methods

Thirty male Wistar rats (initially weighing ~220 g) obtained
from the Biological Sciences Center, at the State University
of Londrina, were housed in collective cages on a 12 h light/
dark cycle at a mean temperature of 22 °C, with free access
to food and water for the entirety of the experimental proto-
col (Nuvilab CR1; Nuvital Nutrients Ltda., Curitiba, Brazil).
All procedures were approved by the Ethics Committee for
Animal Use at the same institution and were in accordance
with the ethical standards of Brazilian College of Animal
Experimentation as well as the Declaration of Helsinki and
its later amendments. Animals were randomly assigned to
three groups designated as control (C, n=10), tumor-bearing
(T, n=10), and tumor-bearing supplemented with creatine
(TCr, n=10). The TCr group was provided 8 g/l creatine
monohydrate in their drinking water (1.0 +0.1 g/kg/day) for
a total of 21 days. After 11 days of creatine supplementa-
tion, Walker-256 carcinoma cells were injected subcutane-
ously into the right flank of the T and TCr animals. Creatine
supplementation was maintained after inoculation and the
animals were euthanized 10 days after cell implantation.
21 days of creatine supplementation was previously dem-
onstrated to increase intramuscular creatine content [24].
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10 days of tumor growth was chosen based on previous stud-
ies demonstrating that it promoted muscle atrophy [25]. Dur-
ing the experiment, food/water intake was measured daily,
and the animals’ body weight was measured every 2 days.
Body weight gain was determined as gain of body weight
in the 10 days between tumor inoculation and euthanasia.

Tumor implantation

Tumor implantation was carried out as previously described
by Padilha et al. [25]. Briefly, tumor cells were obtained
from ascitic intraperitoneal tumors (2.0 x 10° cells in 0.5 ml
PBS) in host animals. The percentage of viable cells was
determined by the trypan blue dye exclusion method (nonvi-
able cells stained blue), using a Neubauer chamber. T and
TCr groups received a Walker-256 cell suspension (7.0 x 10’
cells in 0.5 ml of PBS) injected subcutaneously into the right
flank of the animals. Control rats were inoculated in the
same region with 0.5 ml of PBS.

Euthanasia and tissue preparation

After 10 days of tumor growth, rats were anesthetised with
an intraperitoneal injection of ketamine and xylazine (90 and
10 mg/kg, respectively) and euthanized by exsanguination.
Euthanasia was performed between 9 and 12 a.m. Approxi-
mately 3 ml of blood was collected from inferior vena cava
into heparinized tubes; the blood was then centrifuged at
1000g for 15 min and plasma was collected and stored at
— 80 °C until analysis. The soleus and extensor digitorum
longus (EDL) were dissected and weighed; the sum of both
was used as a gross muscle mass parameter. Half sections
of soleus and EDL muscles were quickly frozen in liquid
nitrogen and stored at — 80 °C for future analysis, while the
remaining sections were prepared for histological analy-
sis (for fiber cross-sectional area assessment). The spleen
was also removed, weighted, and prepared for histological
analysis. Epididymal and retroperitoneal fat was identified,
excised, and weighed; the sum of both was used as the gross
fat mass parameter.

Histological analysis

For optical microscopy analysis, one portion of soleus and
EDL muscles, as well as spleen were fixed in 4% formalde-
hyde for 24 h, dehydrated with graded ethanol, and embed-
ded in paraffin blocks as described by Fonseca et al. [26].
Serial sections (5 pm) were performed and stained with
hematoxylin and eosin (H&E). For skeletal muscle fibers’
cross-sectional area (CSA) determination, images captured
by an optical microscope at a magnification of 200X were
quantified (~ 1200 fibers per group). Spleen images captured
from an optical microscope at a 200X magnification were
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used for white spleen pulp and follicle size determination.
In both cases, images were processed using ImageJ software
(Wayne Rasband, National Institutes of Health, USA).

Cytokines and lipid peroxidation assay

Plasma interleukins necrosis factor-alpha (TNF-a, Ref:
#88-7340-88) and interleukin 6 (IL-6, Ref: #88-7064-88)
were determined using the ELISA kit Ready-SET-Go from
eBioscience (San Diego, CA). The lipid peroxidation marker
malonaldehyde (MDA) was measured in the EDL muscle
using HPLC (Shimadzu® SPD-20 UV/VIS, Kyoto, Japan)
as described by Spirlandelli et al. [27].

Gene expression

Total RNA was isolated from 100 mg of soleus muscle
using a RiboPure Kit (Ambion, part number AM 1924,
USA). Total RNA was quantified by spectrophometer at
OD 260/280 (NanoDrop2000c, ThermoScientific, USA).
Additional DNase I treatment (DNA-free Kit, Ambion, part
number AM1906, USA) was employed to remove contami-
nating DNA. cDNA was synthesized from 1000ng of total
RNA using high-capacity cDNA Reverse Transcription
Kit (Applied Byosystems, part number 4374966, USA).
Quantitative real-time PCR was performed using a 7500
Fast Real-time PCR System (Applied Biosystems, USA).
The following Tagman® Gene Expression Assays (Applied
Biosystems, USA) were used in this study: Fbxo 32 (F-box
protein 32) Rn00591730_m; mTOR (mechanistic target of
rapamycin, serine/threonine kinase) Rn00571541_ml. Beta
actin was used as the reference gene for the normalization
of the reaction. Relative quantification was determined by
the 2724CT method.

Immunoblotting

EDL and soleus muscle pieces (50 mg) were homogenized in
a buffer solution containing 50 mM HEPES, 40 mM NaCl,
2mM EDTA, 1,5 mM Na;VO,, 50 mM NaF, 10 mM sodium
pyrophosphate, 10 mM sodium betaglycerolphosphate, 1%
Triton-X 100, and a protease Inhibitor Cocktail (cOm-
plete™, ROCHE), then centrifuged at 13,000 rpm at 4 °C.
The supernatant was isolated for protein assay using QPRO-
BCA kit Standard (Cyanagen Srl). After protein quantifica-
tion the samples were separated on 10% acrilamide gel and
transferred to PVDF membrane (Bio-Rad, Immun-B10t®),
blocked with 5% non-fat milk and immunoblotted with pri-
mary rabbit antibodies FBX032 (ab74023, Abcam, UK),
MuRF-1 (ab172479, Abcam, UK), and GAPDH (G9545,
Sigma-Aldrich®). The secondary antibody was Goat Anti-
Rabbit IgG (Bio-Rad laboratories, USA). Band densi-
tometries were obtained using Image J software. Membranes

contained samples from all studied groups. Normalization
was made by dividing the densitometry value of each band
of interest by the raw densitometry value of GAPDH [28].

Statistical analyses

Data are reported as mean + standard deviation. All data
were tested for normal distribution by Shapiro—Wilk. Since
CSA analysis of soleus and EDL muscles presented abnor-
mal distributions, differences between groups were assessed
with a Kruskal-Wallis’ test followed by Dunn’s post hoc.
Intergroup differences for the remaining variables were
tested with one-way ANOVA followed by Tukey’s post hoc.
The significance level was set at P <0.05 in all cases.

Results

After 10 days of tumor growth and compared to C, tumor-
bearing rats demonstrated a significant decrease in body
weight gain, which was partially attenuated by creatine
supplementation (Fig. la). Although tumor-bearing rats
demonstrated 9 and 15% reduction in relative muscle and
fat mass, respectively, compared to controls, statistics dem-
onstrated no differences in muscle or fat mass between
groups (Fig. 1b, ¢). No differences in food (C 24.6+1.4; T
23.4+1.8; TCr 24.4+ 1.6 g/day/animal) or water intake (C
41.942.2, T45.5+3.0, TCr 43.2 +4.2 ml/day/animal) were
observed between groups along the protocol.

Tumor development promoted skeletal muscle atrophy
when compared to control, as evidenced by the reduction in
the cross-sectional area of soleus and EDL muscles. Muscle
atrophy was attenuated in both muscles by creatine supple-
mentation (Fig. 2).

Figure 3 demonstrates that the plasmatic levels of TNF-a
and IL-6 in tumor-bearing rats were 1.5 and 3.5-fold higher,
respectively, when compared to C. In contrast, creatine sup-
plementation prevented elevated TNF-o and IL-6 plasma
concentration (Fig. 3a, b). Creatine supplementation also
mitigated tumor-induced elevated lipid peroxidation mark-
ers MDA (Fig. 4c) Creatine supplementation also pre-
vented increased follicle and white spleen pulp size induced
by tumor growth, despite not preventing splenomegaly
(Fig. 3d-g).

mRNA and protein levels of key triggers of protein deg-
radation are presented in Fig. 4. Creatine-supplemented
tumor-bearing rats presented lower Atrogin-1 mRNA levels
when compared to both C and T groups (Fig. 4a). Creatine
supplementation also prevented tumor-induced increases in
MuRF-1 and Atrogin-1 protein content in the EDL muscle
(Fig. 5b). This pattern, however, was not observed in the
soleus muscle (Fig. 4¢).
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Discussion [10-17], we propose a study to investigate the possible

As loss of muscle mass and weakness are key factors for
cancer cachexia and patient survival, the counteraction
of muscle wasting is emerging as a therapy of choice to
combat cancer cachexia. Since creatine has emerged as a
therapeutic adjuvant in several muscle-wasting disorders
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anti-atrophy effects of creatine supplementation against
cancer-induced muscle wasting. Our results clearly dem-
onstrated that creatine supplementation effectively pre-
vents tumor-induced body weight loss and muscle wast-
ing by decreasing the Atrogin-1 and MuRF-1 proteolysis
signaling associated with reduced lipid peroxidation and
inflammation markers (see Fig. 5, a schematic illustration
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of the main results obtained). All of this was more evident
in EDL glycolytic compared to the skeletal muscle oxida-
tive soleus.

Although there was no gross modification of total mus-
cle weight as previously demonstrated [25], 10 days of
Walker-256 tumor cell inoculation promoted microscopi-
cally detected muscle atrophy. Our data demonstrated a
reduction of the cross-sectional area in both tumor-bear-
ing soleus and EDL muscles, compared to control rats.
This skeletal muscle atrophy was promoted by a catabolic
state inherent to systemic organic response against tumor
growth, as demonstrated by splenomegaly, altered spleen
morphology, elevated plasma interleukins and muscle lipid
peroxidation. Indeed, chronic inflammation and ROS for-
mation are both major drivers of cachexia [3]. Nowadays,
abundant evidence reveals that oxidative stress [7] and
elevated inflammatory cytokines [29-31] activate all four
proteolytic pathways (the Ub system, autophagy, calpains,
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size of groups C (control), T (tumor) and TCr (tumor-creatine supple-
mented). Values are presented as mean +SD. ““Different letters rep-
resent statistical difference (P <0.05) by one-way ANOVA followed
by Tukey’s post hoc

and caspase-3) for skeletal muscle protein breakdown. Ub
has been demonstrated as the pathway primarily responsi-
ble for muscle protein degradation in cancer cachexia [32].
Significant myotube atrophy with Atrogin-1 overexpression
was observed in the C2C12 cells treated with TNF-a [33,
34]. Meanwhile, knockdown of Atrogin-1 by small interfer-
ing RNA (siRNA) protected C2C12 cells from the adverse
effect of TNF-a [8]. Experiments regulating functions in
tumor-bearing mice also support the requirement of IL-6 in
cachexia. Increased circulating IL-6 in cachectic APCM™+
is associated with increased Atrogin-1 levels [35]. Thus, the
presence of the inflammatory mediators TNF-a and IL-6
triggers E3 ligases that mediate the breakdown of myofi-
brillar proteins by the Ub and promote muscle atrophy [32].
MuRF-1 and Atrogin-1 are key E3 ligases which mediate
sarcomeric breakdown and inhibition of protein synthesis
[36]. Thus, Atrogin-1 and MuRF-1 have been demonstrated
to be highly specific markers of muscle atrophy including
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cancer cachexia [8]. Our study clearly demonstrated that a
pro-inflammatory environment imposed by tumor growth
promoted activation of the catabolic Ub system mediated
by upregulation of key E3 ligases MuRF-1 and Atrogin-1.
In the past few years, studies have demonstrated that cre-
atine supplementation prevents muscle loss and function
in patients with rheumatoid arthritis [37], chronic obstruc-
tive pulmonary disease [38], Duchenne dystrophy [17],
and cast immobilization [39]. The authors speculate that
this improvement is based on creatine’s ability to increase
water retention due to its osmotic properties [39]. This sug-
gested that the cell’s hydration state is an important fac-
tor in the control of protein turnover, being related to the
MAPK (mitogen-activated protein kinase) pathway, which
plays an important role in the regulation of protein synthesis
[38, 39]. Other authors believe that the effects of creatine on
muscle loss protection are due to (1) its antioxidant action
[23], (2) its anti-inflammatory action [40], (3) its ability to
stimulate faster differentiation of myoblasts by transcription
of myogenic regulatory factors [41, 42] and/or (4) the inter-
action in degradation pathways by attenuating the levels of
p53 (protein related with muscle apoptosis) [43]. Remark-
ably, our data demonstrated that creatine supplementation
was able to prevent overexpression of the key E3 ligases
Atrogin-1 and MuRF-1, and then counteract muscle atro-
phy induced by cancer cachexia. These data are new and
pioneering and are probably related to the action of creatine
in mitigating oxidative damage and systemic inflammation.
The data also agree with other studies that demonstrated
the antioxidant effects of creatine [23, 44—46]. Lawler et al.
[23] demonstrated a direct dose-response relationship of
creatine concentration with anion superoxide (O,™), perox-
ynitrite (ONOO-), and 2,20-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) as determined by the rate of
renewal of the ABTS radical, and concluded that creatine
has a significant role as an antioxidant. Studies in vivo from
our laboratory confirmed the in vitro findings on the poten-
tial of creatine to remove reactive oxygen species [45, 46].
The anti-inflammatory action of creatine has also been dem-
onstrated in rodents and humans [40, 42, 47]. Khanna and
Madan [40] were the first to demonstrate creatine protection
against inflammation using models of arthritis induced by
carrageenan (50-500 mg kg™!), nystatin (500 mg kg™!), and
formaldehyde (100-500 mg kg™'). Nomura et al. [47] dem-
onstrated that creatine supplementation inhibited endothelial
permeability, neutrophil adhesion, and adhesion molecule
expression in cultured endothelial cells treated with H,O,
and TNF-a. Studies in humans demonstrated that creatine
supplementation can inhibit elevated TNF-a and IL-6
induced by strenuous exercise [19, 48, 49]. More recently,
Campos-Ferraz et al. [20] demonstrated that creatine sup-
plementation reduced plasma levels of IL-6 in a 15-day
model of a Walker-256 tumor. Thus, our study provides

robust indicatory that the anti-atrophy effects of creatine
are inherent to its antioxidant and anti-inflammatory effects
that prevent key E3 ligases’ overexpression and severe mus-
cle protein breakdown, even if in a muscle-fiber-dependent
manner. This data are novel and particularly relevant since
all cancer-induced muscle loss treatments are palliative.
Creatine can be a safe and cheap adjuvant tool to counteract
muscle loss during cancer.

It is noteworthy that, although tumor growth could pro-
mote atrophy in both the soleus and EDL muscles, Atrogin-1
and MuRF-1-dependent proteolytic pathway activation is
more preeminent in the EDL muscle. It is in accordance with
the previous studies demonstrating that fast-twitch glycolytic
fibers such as EDL are more vulnerable than slow-twitch
oxidative fibers such as soleus under a variety of atrophic
conditions, including cancer cachexia [50]. Interestingly,
our study demonstrated that creatine supplementation could
prevent muscle atrophy in both slow-twitch soleus and fast-
twitch EDL muscles. Creatine is taken up by both slow and
fast-twitch muscle fibers, but fast-twitch fibers have a greater
capacity for creatine storage than slow-twitch [18]. Whether
fast-twitch fibers are more susceptible to creatine and phos-
phocreatine loss under muscle-wasting conditions such as
cachexia is unknown.

In conclusion, our findings provide initial evidence that
creatine supplementation mitigates skeletal muscle wasting
resulting from cancer cachexia. Remarkably, creatine sup-
plementation prevents skeletal muscle atrophy by attenuat-
ing tumor-induced oxidative damage and pro-inflammatory
environment. This condition decreases the expression of
important regulators of ubiquitin proteasome-mediated
skeletal muscle protein breakdown such as Atrogin-1 and
MuRF-1.
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