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ABSTRACT

Cancer cachexia is characterized by anorexia, skeletal muscle atrophy,
and systemic inflammation. Fucoidan extracted from brown algae exhibits anti-
inflammatory and anticancer activities. However, whether fucoidan ameliorates tumour
and chemotherapy-induced muscle atrophy and -related cachectic symptoms remains
unknown. Compared with mice with bladder cancer treated with chemotherapy alone
(TGC group), those treated with a combination of low molecular weight fucoidan
(LMWF) and chemotherapy drugs such as gemcitabine and cisplatin (TGCF) showed
a significant reduction of body weight loss, muscle atrophy, and intestinal injury
and dysfunction. Moreover, myostatin, activin A, and pro-inflammatory cytokine
production, FoxO3 expression and activation, NF-kB activation, MuRF-1 and MAFbx/
atrogin-1 expression, and proteasome activity in muscle were significantly decreased
in the TGCF group compared with the TGC group. In addition, insulin-like growth factor
1 (IGF-1) expression and formation, and IGF-1-regulated mTOR/p70S6k/4EBP-1
protein synthesis signalling were elevated in the TGCF group compared with the
TGC group. Taken together, these results suggest that LMWF is a potential agent
for preventing cancer cachexia-associated muscle atrophy during chemotherapy.
Furthermore, the beneficial effect of LMWF may be attributed to suppressing NF-kB-
evoked inflammation, myostatin and activin A production, and subsequent muscle
proteolysis, and enhancing IGF-1-dependent protein synthesis.

INTRODUCTION

More than 80% of patients with advanced cancer
suffer from cachexia, which contributes to at least 20%
of deaths in cancer patients [1, 2]. Cancer cachexia is
characterized by severe body weight loss, skeletal muscle
atrophy, anorexia, fatigue, inflammation, and abnormal
metabolism, resulting in a significant decrease in the

quality of life, and poor tolerance to conventional cancer
treatments such as chemotherapy [3]. Steadily progressive
loss of skeletal muscle mass is the most prominent feature
of cachexia. Despite the use of the currently available
nutritional supplements or medications, muscle atrophy
remains a major problem in clinical therapy [4, 5]. Muscle
proteolysis is predominately mediated by the ubiquitin
(Ub) proteasome system (UPS) [6], and atrophying
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muscles show elevated UPS activity [7]. Activation of
the forkhead box O (FoxO), a transcription factor, can
increase proteasome activity through up-regulation
of muscle-specific Ub-conjugating E3 ligases such as
F-box (MAFbx)/atrogin-1 and muscle ring finger 1
(MuRF-1). Conversely, MAFbx or MuRF-1 deficient
mice exhibit a marked resistance to muscle atrophy [6];
therefore, targeting UPS can be an effective strategy for
ameliorating muscle wasting. Furthermore, myostatin
and activin overproduction, nuclear factor-kB (NF-
«kB)-evoked inflammation, impaired insulin-like growth
factor-1 (IGF-1)-induced protein synthesis in the host,
and the interactions between the tumor and host systems
all contribute to the development of cancer cachexia-
associated muscle atrophy [8, 9].

Accordingly to an epidemiological study, 23% of
patients with bladder cancer had clear signs of cancer-
related body weight loss [10]. Consistently, skeletal
muscle atrophy is often observed in animal bladder cancer
[11]. Currently, a combination treatment with gemcitabine
(2’, 2’-difluorodeoxycytidine, Gemzar) and cisplatin (cis-
diammine-dichloroplatinum) is considered the standard
regimen for advanced, metastatic bladder cancer therapy
[12, 13]. However, patients treated with chemotherapy
drugs, particularly cisplatin, frequently experience adverse
effects such as nephrotoxicity, ototoxicity, gastrointestinal
injury, and body weight loss, which limiting the clinical
application of these drugs [14, 15].Therefore, developing
more safe and effective drugs or supplements for
preventing chemotherapy-induced cytotoxicity and side
effects is necessary.

Fucoidan (Figure 1A), a class of fucose-enriched
sulphated polysaccharides, is isolated from brown algae.
Fucoidan has recently drawn considerable attention
because it has several beneficial functions, including
anti-inflammatory and anticancer activities [16-18].
Furthermore, the functions of fucoidan are mainly
dependent on its molecular weight, sulphate content,
and the algae species it is isolated from. Generally,
low molecular weight fucoidan (LMWF) has a greater
anticancer activity [19]. To date, the effects of LMWF on
cancer cachectic symptoms have not yet been elucidated.
Therefore, the present study investigated whether
LMWF supplementation ameliorates chemotherapy-
induced muscle atrophy in mice with bladder cancer, and
elucidated the underlying molecular mechanisms.

RESULTS

LMWEF reduces tumour growth, and intestinal
injury and dysfunction

After orthotopic implantation of T24 cells into the
bladder for two weeks, mice were treated with different
combinations of drugs for 21 days, and subsequent tests
were performed according to the study design (Figure 1A).

The mice were divided into following four groups: the (1)
normal group; (2) T group (tumour alone group); (3) TGC
group: a standard diet and an intraperitoneal injection of
gemcitabine (1000 mg/m? per 3 days) and cisplatin (75
mg/m?/week); and (4) TGCF group: a standard diet plus
LMWF (160 mg/kg/day, p.o.), and an intraperitoneal
injection of gemcitabine and cisplatin. The TGCF group
exhibited a stronger anticancer effect than that of the TGC
group, as evidenced by the reduction of bladder weight,
which reflects the tumour growth (Figure 1B). The TGC
group had the least food intake, and the food intake was
increased by LMWF treatment (Figure 1C). In addition,
compared with the TGC group, intestinal mucosal
structure damage and impaired digestive enzyme activity
such as leucine amino peptidase (LAP), a digestion
enzyme for peptides, and amylase (AMYL), a digestion
enzyme for sugars, were greatly improved in the TGCF
group (Figure 1D).

LMWEF attenuates mortality, muscle atrophy,
and proteasome activity

The survival rate was higher in the TGCF group
than in the TGC group (70% vs 50%) (Figure 2A). At the
end of the study, the mice in the T group lost 5.2+0.9%
of their initial body weight, whereas those in the normal
group gained body weight. The mice in the TGC and
TGCF groups lost 28.3+1.8%, and 16.2+1.2% of their
initial body weight, respectively (Figure 2A). Similarly,
compared with the TGC group, the loss of gastrocnemius
and soleus muscle mass (Figure 2B), and muscle atrophy
evaluated by histological examination (Figure 2C)
were remarkably reduced in the mice of TGCF group.
Moreover, a marked increase of muscular proteasome
activity, particularly chymotrypsin, was observed in the
TGC group mice, whereas this activity was attenuated in
the TGCF group mice (Figure 2D).

LMWF down-regulates muscle wasting-related
genes

The up-regulation of ActRIIB, FoxO3, MuRF 1,
and MAFbx, as well as the down-regulation of p-Akt
and p-FoxO3 accompanied by myostatin and activin A
overproduction in the muscle of the T and TGC group
mice were significantly reversed by the combination
treatment with LMWF (Figure 3A and 3B). Similarly,
immunofluorescence staining revealed that FoxO3,
MuRF 1, and MAFbx expression was markedly elevated,
particularly in the muscle of the TGC group mice, but
it was greatly suppressed in the mice of TGCF group
(Figure 3C). Additionally, the interaction of FoxO3 and
the 14-3-3 chaperone protein, examined through an
immunoprecipitation assay, was remarkably higher in
the TGCF group than in the T and TGC groups (Figure
3D). As expected, a significant increase of FoxO3 activity,
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Figure 1: Effects of LMWF on tumor growth, food intake and intestinal damage and function. The LMWF structure and
experimental design was shown A. The bladder weight B. daily food intake C. the morphological changes and the digestive enzyme activity
of intestines D. in different groups were determined. Data was expressed as mean £ SEM (n=5-10). *P < 0.05, **P < 0.01 versus normal
group; #P < 0.05, ##P < 0.01 versus TGC group.
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Figure 2: Effects of LMWF on survival rate and muscle atrophy. The survival rate and body weight A. a representative image
of the muscle of limb, and the weight of gastrocnemius and soleus muscle were photographed or measured B. The morphological changes
of gastrocnemius muscle stained with H&E (magnification, x200) C. and the proteasome activity D. in muscle were determined. Data was
expressed as mean + SEM (n=5-10). *P < 0.05, **P <0.01, ***P < 0.001 versus normal group. ##P < 0.01 versus TGC group.
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Figure 3: Effects of LMWF on muscle proteolysis-related gene expression. The atrogenic gene expression A. and the formation
of' myostatin, and activin A B. in muscle were determined. The amounts of FoxO3, MuRF-1 and MAFbx determined by immunofluorescence
staining assay C. and the association of p-FoxO3a with 14-3-3 chaperone protein D. FoxO3a transcription factor activity E. in skeletal
muscle were examined. Data was expressed as mean = SEM (n=5-10). *P < 0.05, **P < 0.01, ***P < 0.001 versus normal group. #P <
0.05, ##P < 0.01, ###P < 0.001 versus TGC group.

www.impactjournals.com/oncotarget 51612 Oncotarget



examined by using a FOXO3 DNA binding kit, was
observed in the TGC group, whereas it was markedly
reduced in the TGCF group (Figure 3E).

LMWEF inhibits inflammatory molecule
formation and NF-kB activation

Systemic inflammation is a critical factor causing the
development of cancer cachexia [20]. Compared with the T
and TGC group mice, the expression of pro-inflammatory
cytokines, including TNF-a, IL-6, IL-1f, and C-reactive
protein (CRP) (Figure 4A), and NF-«B and p-NF-«B in
the muscle determined by immunofluorescence staining
(Figure 4B) or Western blotting (Figure 4C) assays were
diminished after LMWF treatment.

LMWEF activates IGF-1-regulated signalling

As shown in Figure 5A, IGF-1 expression and
production, and IGF-1-regulated p-mammalian target of
rapamycin (p-mTOR)/p-p70S6K/p-4EBP-1 signalling
were significantly increased in the TGCF group compared
with the TGC group.

DISCUSSION

This is the first study to demonstrate that LMWF
supplementation  alleviates ~ chemotherapy-induced
cachectic symptoms, particularly skeletal muscle atrophy
in mice with bladder cancer. Several tumour and host
factors can induce muscle atrophy, mainly by increasing
muscle proteolysis, or reducing protein synthesis, or both
[9]. Myostatin, belonging to the transforming growth
factor-p (TGF-f) superfamily, is predominately expressed
in the skeletal muscle. It can inhibit skeletal muscle growth
by suppressing myoblast proliferation and myogenesis
[21]. In addition, activin A has been regarded as another
crucial stimulator for muscle atrophy. Overproduction of
myostatin and activin A is often seen in cancer patients
suffering from cachexia and experimental cancer cachexia
models [22, 23]. Conversely, blocking myostatin with
neutralizing antibodies or antagonists greatly increases the
muscle size and physical strength [24]. Upon activation,
both myostatin and activins bind to the same muscle
surface receptor complex that is composed of type-II
activin receptors (ActRIIA and ActRIIB) and type-I
activin receptors (ALK4 and ALKS), thereby triggering
muscle protein degradation through the UPS [24]. The
ubiquitination of protein substrate is controlled by a series
of enzymes. First, Ub is activated by Ub-activating enzyme
(E1), and then transferred to the active site of Ub carrier
protein by Ub-conjugating enzyme (E2). Subsequently,
Ub-protein ligases (E3) catalyse a conjugation reaction
that results in polyubiquitination of the protein substrate.
Only the Ub-targeted protein can be recognized by
proteasome, and processed into smaller peptides. MAFbx/

atrogin-1 and MuRF-1 are key E3 Ub-ligases accounting
for the muscle protein degradation under cachexia
conditions [25], and FoxO3 is primarily responsible for
the induction of MAFbx/atrogin-1 and MuRF-1. Notably,
FoxO activity is modulated by the change in subcellular
localization and degradation of the FoxO protein. Under
normal condition, FoxO is phosphorylated by Akt, and
the phosphorylated FoxO is exported from the nucleus
to the cytoplasm and degraded by proteasome in a
chaperone 14-3-3-dependent process [26]. Myostatn and
activin A activation reduces Akt activity, which leads
to an accumulation of dephospho-FoxO, the active
form of FoxO, thereby activating MuRF-1 and MAFbx
transcription. Our results confirmed that combination
treatment with LMWF significantly suppressed the
myostatin/activin A/FoxO3/MuRF-1/MAFbx signalling,
and proteasome activity in the muscle of the TGC group
mice, which may be due to up-regulation of p-Akt and
p-FoxO3. As expected, administration of LMWF strongly
increased the association of 14-3-3 with phospho-FoxO3
and inhibited FoxO3 transcriptional activity. Moreover,
maintaining intestinal structure and function is essential
for nutritional intake and body growth. After LMWF
treatment, the intestinal damage and dysfunction and
decreased food intake observed in the TGC group mice
were alleviated. Therefore, LMWF-mediated reduction of
muscle atrophy and body weight loss may be, at least in
part, attributed to the attenuation of the UPS and intestinal
dysfunction.

Previous studies have demonstrated that systemic
inflammation,  particularly =~ NF-kB-evoked  pro-
inflammatory cytokine formation, plays a critical role in
inducing muscle wasting by activating the UPS through
inhibition of Akt activity and impairment of muscle
differentiation and myogenesis [27-29]. The levels of pro-
inflammatory cytokines in the serum and NF-«xB activation
are dramatically increased in patients with cancer cachexia
[28]. Based on our findings that LMWF treatment greatly
reduced NF-xB activation, pro-inflammatory cytokine
formation, and CRP expression, a biomarker of systemic
inflammation [30], the anti-inflammatory activity of
LMWEF may also contribute to its anti-cachectic effect.

Finally, we investigated whether LMWF activates
protein synthesis-related signalling pathway. Several studies
have indicated that IGF-1 can stimulate protein synthesis
and muscle growth by activating PI3K/Akt/mTOR/
p70S6K/4EBP-1 signalling [31-33]. In addition, IGF-1 has
an inhibitory effect on proteolysis through the suppression
of FoxO accumulation and activation [32]. Therefore, IGF-
1 not only reduces muscle protein degradation but also
increases protein synthesis. A novel finding of this study is
that decreased IGF-1 expression and production and down-
regulation of mMTOR/p70S6K/4EBP-1 signalling observed
in the TGC group mice were markedly reversed in the
TGCEF group. Previous studies have proposed that elevation
of myostatin and pro-inflammatory cytokines may inhibit
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Figure 4: Effects of LMWF on pro-inflammatory cytokine expression and NF-kB activation. The protein levels of pro-
inflammatory cytokines, CRP, A. and NF-xkB B. and phospho-NF-kB C. in muscle were determined by immunofluorescence staining or
Western blotting assay. Data was expressed as mean + SEM (n=5-10). *P < 0.05, **P < 0.01, ***P < 0.001 versus normal group. #P < 0.05,
##P < 0.01 versus TGC group.
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IGF-1 bioavailability and IGF-1-regulated signalling [34,
35]. Accordingly, LMWF-induced IGF-1 expression and
IGF-1-dependent signalling are possibly associated with
the inhibition of myostatin formation and inflammatory
responses. In summary, we demonstrated that administration
of LMWF ameliorated tumour and chemotherapy-induced
muscle atrophy and -related cachectic symptoms. The
molecular mechanisms through which LMWF prevents
muscle mass loss may be largely attributed to the reduction
of UPS-induced muscle proteolysis by suppressing the
myostatin/activin A /FoxO3/MAFbx/MuRF-1 cascade and
NF-«B-evoked inflammation, and activating IGF-1-induced
protein generation, as well as preventing intestinal damage
and dysfunction (Figure 5B). Therefore, we can conclude
that LMWF may be a promising nutritional supplement or
chemotherapeutic adjuvant for minimizing chemotherapy-
induced muscle atrophy and toxicity.

MATERIALS AND METHODS

LMWEF preparation and reagents

The LMWF was a gift from Hi-Q Marine Biotech
International Ltd (Taiwan) and prepared as described
previously [36]. Briefly, the fresh dried Sargassum
hemiphyllum was boiled for 30 min. Then, the hot water
extract was lyophilized and 4 volumes of 95% ethanol
were added for overnight at 4°C. After the sample was
incubated with glycolytic enzyme for 6 h, the supernatants
were passed through a series of molecular weight cut-off
membranes to obtainthe LMWF that was mainly 760 Da.
The antibodies including anti-TNF-a, anti-IL-103, anti-
IGF-1, anti-MuRF-1, anti-MAFbX-1 and anti-f-actin were
purchased from Santa Cruz Biotechnology (CA, USA).
The anti-AKT, anti-phospho-AKT, anti-phospho-NF-
kB, anti-NF-kB, anti-phospho-FoxO3, anti-FoxO3, anti-
mTOR, anti-phospho-mTOR, antip70S6K, anti-phospho-
p70S6K, anti-4E-BP-1 and anti-phospho-4E-BP-1 were
purchased from Cell Signaling Technology (Danvers,
MA, USA). The anti-CRP was purchased from NOVUS
Biologicals (CO, USA), and the anti-myostatin, anti-IL-6,
anti-TNF-o, anti-IL-1 were purchased from GeneTex,
Inc. (CA, USA). Horseradish peroxidase (HRP)-labeled
secondary antibody was obtained from Abcam (Cambridge,
MA, USA). Cisplatin and gemcitabine were provided by
Eli Lilly (Indianapolis, IN, USA). The enzyme-linked
immunosorbent assay (ELISA) kits of myostatin, activin A,
and IGF-1 were purchased from R&D Systems, Inc. (MN,
USA). Other reagents were purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA).

Cell culture

The T24 human bladder cancer cell was purchased
from the Bioresource Collection and Research Center
(Taipei, Taiwan). T24 cells were incubated in RPMI11640

(Thermo Fisher Scientific Inc, Waltham, Utah, USA)
supplemented with 10 % fetal bovine serum (Thermo
Fisher Scientific Inc), 2 mmol/L L-glutamine, and 100
U/mL penicillin-streptomycin (Gibco, Carlsbad, St. CA,
USA). Cells were maintained in an incubator with room
air: CO, (95:5, v/v) at 37°C.

Animal model

The 7-week-old female athymic nude mice
(BALB/c) weighing ~25 g were used for the study. The
animal care and experimental procedures were conducted
in accordance with the Guiding Principle in the Care and
Use of Animals and approved by the Institutional Animal
Care and Use Committee of National Defense Medical
Center (IACUC 12156). The mice were anaesthetized
with an intraperitoneal injection of ketamine HCl/xylazine
(100 mg/15 mg body weight per mouse) for subsequent
procedure. The bladder was catheterized via the urethra
with a 24 gauge plastic intravenous cannula under sterile
conditions. Then, the bladder was instilled with 0.1 ml 0.1
N HCI solution for 15 seconds, and neutralized with 0.1
ml 0.1 N KOH. After the HCI and KOH were squeezed out
from the bladder, sterile saline was flushed, followed by an
instillation of 100 pl of T24 cells (5x10%) via the cannula.
In this study, there were four weight-matched groups as
described in Results. Originally, the number of mice of
each group was 10. Because the high mortality of cancer
cachexia, at the end of the study, the survival rate of tumor
alone or tumor-treated groups was 50% - 80%. Thus,
the final number of animals used for subsequent tests of
different groups was 5-10 mice.

Histological examination and
immunohistochemical staining

Tissues were fixed with 10% formaldehyde
and embedded in paraffin followed by H&E
staining to evaluate the pathological changes. For
immunohistochemical assay, muscle tissue sections
were incubated with various primary antibody of target
genes for overnight followed by addition of fluorescein
isothiocyanate (FITC)-coupled secondary antibody (1:200,
Abcam Cambridge, MA, USA) for 1 h. After extensive
washings with PBST, the coverslips were mounted onto
the glass slides and photographed with a fluorescence
microscope (Leica, Welzar, Germany). The intensity of
immunoreactivity was measured by using densitometer
and MetaMorph image analysis software.

Intestinal digestion enzyme activity assay

The intestinal extracts from jejunum were prepared
in 0.9% NaCl supplemented with proteinase inhibitors.
Then, the samples were used to measure the major
intestinal digestion enzyme activity such as LAP and
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AMYL according to the manufacturer’s instruction (Fuji
Photo Film Co. Ltd., Tokyo, Japan) [37].

Proteasome activity assay

The skeletal muscle (gastrocnemius muscle)
samples were rinsed in ice-cold phosphate-buffered
saline (PBS) to remove blood. The proteasome activity in
muscle including chymotrypsin, trypsin and caspase was
determined by using commercially available Proteasome-
Glo™ 3-Substrate Systems kit [38].

Western blotting

The protein samples (100 pg) were separated on
a 10% SDS-PAGE, and transferred onto nitrocellulose
membranes. After blocking with 5% nonfat dry milk
in 5% TBST for 1 h, the membranes were incubated
with various appropriately diluted primary antibody for
target genes at 4°C for overnight. After washing with
TBST, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibody for 1 h and the
immunoreactivity was visualized using enhanced HRP
substrate luminol reagent (Milipore,Billerica, MA, USA).

FOXO3A DNA binding assay

The transcription factor activity of FoxO3 was
determined using FoxO3 DNA binding ELISA kit
(LifeSpan BioSciences, Seattle, WA, USA) according to
the manufacturer’s instructions.

Statistical analysis

The experimental data were expressed as the
mean+SEM. One-way ANOVA with post hoc Bonferroni
test was used for statistical analysis. Results were
considered significant difference at a value of P < 0.05.
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