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Purpose: Fucoidan is a natural bioactive product with broad therapeutic applications.
Hepatocellular carcinoma (HCC) is a common malignancy of the liver associated with
a relatively high mortality rate; thus, effective treatments are urgently needed. Here, the
effects of fucoidan on HCC and the underlying mechanism were explored.

Methods: The proliferation and apoptosis of two HCC cell lines (BEL-7402 and LM3)
treated with different concentrations of fucoidan or saline were assessed. The levels of
proliferating cell nuclear antigen (PCNA) and CCKS8 assay were used to determine prolif-
erative capabilities of BEL-7402 and LM3 cells. Apoptosis of LM3 cells was assessed by
Hoechst 33342 staining, Western blotting and flow cytometry. The capability of fucoidan to
inhibit the growth of LM3 cells was investigated by monitoring of the p38 MAPK/ERK
pathways and the upstream kinases, PI3K/Akt. LM3 xenograft tumors were used for in vivo
verification.

Results: Cell proliferation and apoptosis assays consistently showed that fucoidan has an
inhibitory effect on cell growth. Fucoidan significantly promoted apoptosis of LM3 cells
through a mechanism involving activation of caspases 8, 9, and 3 accompanied by changes in
B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated X protein (Bax), as well as changes in the
phosphorylation of p38 MAPK and ERK. Fucoidan also altered the phosphorylation of its
upstream kinase, Akt. Fucoidan treatment markedly reduced the growth of LM3 xenograft
tumors, consistent with the in vitro results.

Conclusion: Fucoidan conveys antitumor effects and, thus, should be further explored as
a potential treatment option for HCC.
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Introduction
Fucoidan is a fucose-rich sulfated carbohydrate derived from brown seaweed, that
possesses anti-oxidant, anti-viral, anti-angiogenic, anti-inflammatory, anti-
proliferative, and anti-bacterial properties as well as anticancer activities against
various tumors, especially those of the digestive system.' The mechanisms under-
lying the anticancer activities of fucoidan may be related to the targeting of multiple
signaling molecules and receptors of various cells, including immune and tumor
cells, which could directly induce apoptosis and cytotoxicity of cancer cells.®
According to recent global cancer statistics, hepatocellular carcinoma (HCC)
remains the most common malignancy of the liver.” Even though considerable

effort has been devoted to the treatment of HCC, the mortality rate remains
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alarmingly high.® Due to the high frequency of recurrence
after surgery and progression after chemoembolization,
which underscores the need to identify novel effective
adjuvant therapies to improve patient survival.” The patho-
genesis of HCC is complex and involves the Wnt/B-
catenin, mTOR, and MAPK/ERK signaling pathways.'®'?

Apoptosis is activated through both the mitochondrial
(intrinsic) and death receptor (extrinsic) pathways.13 The
mitochondrial pathway is regulated by the Bcl2 family
proteins.'* After activation, Bax and Bak undergo homo-
oligomerization and are embedded in the mitochondrial
outer membrane, resulting in functional disorders of the
membrane. Subsequently, permeabilization of the mito-
chondrial outer membrane induces the liberation of pro-
apoptotic factors (cytochrome c¢) to the cytosol, which
eventually leads to activation of the caspase cascade.
However, this process can be prevented by the antiapop-
totic Bcl2 proteins, which can interact with the BH3
domains of Bax/Bak.'>'® Bcl-2 expression was found to
be elevated in a variety of tumors, including HCC.'”'®
Studies have also confirmed the abnormal activation of
several pathways associated with apoptosis resistance in
HCC, such as the JAK/STAT, RAS/ERK, PI3K/AKT path-
ways, and the inhibition of p38 MAPK pathway, which
promotes apoptosis.'*** Moreover, B-thujaplicin triggers
apoptosis and cell cycle arrest via the p38/ERK MAPK
signaling pathway, which causes death of autophagic
HepG2 of the Akt/mTOR
pathway.”' Therefore, it is important to verify the thera-

cells via suppression
peutic effect of drugs for the treatment of HCC by improv-
ing sensitivity to apoptosis.

Studies have confirmed that fucoidan can effectively
inhibit the replication of the hepatitis B virus in

22 .
1. Moreover, fucoi-

HepG2.2.15 cells and a mouse mode
dan may control HCC metastasis via targeting ITGaV[33
and ID-1.>* Also, fucoidan can defend primary hepato-
cytes by resisting bile acid-induced apoptosis and simulta-
neously prevent the invasive capabilities of HCC cells by
increasing expression of NDRG-1/CAP43.2* Fucoidan sig-
nificantly blocks the proliferation of human hepatoma
HLF cells, a poorly differentiated HCC cell line, and
maintains the cell cycle in the G1/S phase.” Hence, the
hypothesis of the present study is that fucoidan can induce
apoptosis and inhibit the proliferation of HCC cells via
modulation of the p38 MAPK/ERK and PI3K/Akt path-
ways. Here, a mouse xenograft tumor model was used to
assess the potential of fucoidan as an adjuvant therapeutic
agent against HCC.

Materials and Methods

Reagents

Fucoidan derived from brown seaweed (Fucus vesiculo-
sus) was obtained from Sigma-Aldrich Corporation (St
Louis, MO, USA) and stored at —20°C until use.
Fucoidan, which is composed of 44.1% fucose, 31.1%
ash, and 26.3% sulfate, plus a small amount of aminoglu-
cose, was dissolved in normal saline at a concentration of
10 mg/mL. Primary antibodies against B-actin, proliferat-
ing cell nuclear antigen (PCNA), Bax, Bcl-2, caspase-9,
caspase-8, caspase-3, ERK, p-ERK (Thr202/Tyr204), p38
MAPK, p-p38 MAPK, PI3K, Akt and p-Akt were obtained
from Cell Signaling Technology, Inc. (Danvers, MA,
USA). A Cell Counting Kit-8 (CCKS8) was purchased
from Dojindo Molecular Technologies, Inc. (Kumamoto,
Japan).

Cell Culture

Two HCC cell lines, BEL-7402 and LM3, were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and maintained in Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, Shanghai,
China) supplemented with 100 U/mL penicillin, 10%
fetal bovine serum (HyClone Laboratories, Inc., South
Logan, UT, USA), and 100 pg/mL of streptomycin
(Invitrogen Canada Inc., Burlington, ON, Canada) at
37°C under an atmosphere of 5% CO,/95% air.

Cell Proliferation and Viability

The BEL-7402 and LM3 cells were seeded in 96-well
plates at a concentration of 5 x 10° cells/well. After
1 day of stabilization, the cells were incubated with var-
ious concentrations of fucoidan for the indicated times at
five replicates at each concentration. Cell proliferation and
viability were measured with a CCKS8 kit. Following the
addition of CCKS reagent (10 pg), the culture plates were
incubated at 37°C for 2 h. The absorbance of each well
was measured with a Synergy™ Multi-Mode Microplate
Reader (BioTek Instruments, Inc., Winooski, VT, USA) at
a wavelength of 450 nm.

Cell Apoptosis Analysis

LM3 cells at the logarithmic growth phase were seeded into
the wells of six-well plates at a density of 1 x 10° cells/mL
and treated with fucoidan for 48 h. Afterward, the cells were
collected, washed with ice-cold phosphate-buffered

saline (PBS), and stained with Annexin V-fluorescein
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isothiocyanate and propidium iodide. The proportion of
stained cells was analyzed with a BD FACSCanto™ II
flow cytometer (BD BioScience, San Jose, CA, USA).

Hoechst 33342 Staining

Following treatment with fucoidan for 2 days, the cells were
washed with PBS and stained with Hoechst 33342 solution
(Sigma Aldrich) (1 pL to 200 pL of PBS). Then, the six-
well plates were maintained at 4°C for 20 min in the dark.
The proportion of blue fluorescent cells were examined by
fluorescence microscopy (Leica Microsystems, Wetzlar,
Germany).

RNA Extraction and Quantitative

Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted from the cells with Trizol reagent
(Thermo Fisher Scientific, Waltham, MA, USA) and then
reverse-transcribed into complementary DNA using the
(TaKaRa
Biotechnology Co., Ltd., Dalian, China). The gene expres-

PrimeScript™  reverse transcription kit
sion levels of Bcl2 and Bax were determined by a 7900HT
fast real-time PCR system (Applied Biosystems, Foster

City, CA, USA) with primers listed in Table 1.

Western Blot Analysis

Cellular proteins were extracted with radioimmunopreci-
pitation assay buffer. Equal amounts of protein (30 pg)
12%
polyacrylamide gel electrophoresis, then transferred to

were separated by sodium dodecyl sulfate-
polyvinylidene fluoride membranes, which were blocked
in PBS containing Tween 20 (PBST) with 5% non-fat milk
at room temperature for 60 min. Afterward, the mem-
branes were incubated with primary antibodies overnight
at 4°C. The next days, the membranes were washed with
PBST and then incubated with the secondary antibody at

room temperature for 60 min. The protein bands were

Table | Nucleotide Sequences of Primers Used for qRT-PCR

Gene Primer Sequence (5'-3")

Bax Forward CCCGAGAGGTCTTTTTCCGAG
Reverse CCAGCCCATGATGGTTCTGAT

Bcl-2 Forward GGTGGGGTCATGTGTGTGC
Reverse CGGTTCAGGTACTCAGTCATCC

B-actin Forward CTGGAACGGTGAAGGTGACA
Reverse AAGGGACTTCCTGTAACAATGCA

scanned with the Odyssey® Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, USA).

Animal Experiments and Ethics Statement
Six nude mice were housed at a constant temperature of
22°C and humidity of 55% under a 12 h light-dark cycle,
and monitored daily. All animal experiments were con-
ducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.
The protocols of the animal experiments were approved by
the FEthics Committee of the Affiliated Hospital of
Qingdao University (Qingdao, China). A mouse xenograft
model was established by hypodermic injection of LM3
HCC cells into the upper flank region of each mice at
a density of 5 x 10° (100 pL). When the area of the
subcutaneous tumor tissue reached 1.0 mm?, the mice
were assigned to a vehicle (saline) group or a fucoidan
treatment group (25 mg/kg/day) (n=3 mice/group).
Fucoidan was dissolved in physiologic saline for oral
administration. Mouse weight and tumor volume were mea-
sured every 3 days. Then, the mice were anesthetized and
sacrificed by cervical dislocation. Tumor tissues were photo-
graphed with the use of a digital camera. Kidneys, liver, lung,
spleen and tumor tissue were removed for further analyses.

Hematoxylin and Eosin (HE) Staining

Fresh tissues were fixed in 4% paraformaldehyde, embedded
in paraffin, and then stored at room temperature. Specimens
were sliced to a thickness of 5 pm, and stained with HE for
subsequent experiments. Staining of the cytoplasm and
nuclear region was observed under a light microscope.

Immunohistochemical Analysis

The paraffin-embedded sections were dewaxed in xylene
and rehydrated with ethanol. After washing with PBS
solution, the microwave restoration method was used for
antigen retrieval. The sections were incubated with pri-
mary antibodies of Ki-67 (dilution, 1:100) at 4°C over-
night and secondary antibodies for 30 min at 37°C.
Samples were then stained with 3,3'-diaminobenzidine
and visualized under a microscope equipped with
a digital camera.

Statistical Analyses

All experimental data are expressed as the mean + SD.
One-way analysis of variance (ANOVA) and the Student’s
t-test were used to identify significant differences between
the control and experimental groups. All experimental data
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were acquired from at least three independent experiments.
All statistical analyses were performed with IBM SPSS
Statistics for Windows, version 20.0 (IBM Corporation,
Armonk, NY, USA). A probability (p) value of <0.05 was
considered statistically significant.

Results

Fucoidan Inhibits the Proliferation of
HCC Cells

The effect of fucoidan on the proliferation of HCC cells
was examined using the CCK8 kit. Treatment of LM3 and
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Figure | Influences of fucoidan on HCC cell proliferation.

BEL-7402 cells with various concentrations of fucoidan
(50400 pg/mL) for 24, 48, or 72 h reduced cellular
viability in a concentration- and time-dependent manner
(Figure 1A and B, respectively). Cell proliferation was
inhibited by up to 39%, 65%, and 76% at fucoidan con-
centrations of 200, 300 and 400 pg/mL, respectively, for
72 h. PCNA, which was first discovered in the serum of
patients with systemic lupus erythematosus in 1978, plays
a central role in cellular growth and is an established
molecular marker of cell proliferation.”>*® Western blot
analysis showed that fucoidan downregulated PCNA
levels in LM3 and BEL-7402 cells (Figure 1C). These
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Notes: (A) BEL-7402 and LM3 cells were treated with dd H2O (control) and fucoidan (50ug/mL, 100ug/mL, 200ug/mL, 300ug/mL, 400ug/mL) for 72 h. The data showed
that fucoidan reduced HCC cell proliferation in a dose-dependent; (B) BEL-7402 and LM3 cells were treated with dd H2O (control) and fucoidan (50—400 pg/mL) and
measured at 24 h, 48 h, and 72 h. The statistical data showed that fucoidan lessened HCC cell proliferation in a time-dependent manner; (C) The Western blotting indicated

the protein levels of PCNA .
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findings revealed that fucoidan markedly inhibits the
growth of HCC cell lines.

Fucoidan Causes Apoptosis of HCC Cells
LM3 HCC cells were treated with various doses of fucoidan
for up to 48 h and then subjected to Western blotting, flow
cytometry, and Hoechst 33342 staining to examine the
effects of fucoidan on apoptosis. The results of flow cyto-
metry showed that the percentages of early and late apop-
totic cells were significantly greater in the group exposed to
fucoidan for 48 h as compared to the control groups
(Figure 2A). Hoechst 33342, which binds to double-
stranded DNA, accumulates rapidly in apoptotic cells.
Nuclear fragmentation and chromatin condensation, which
are characteristic of apoptotic cells, were observed in fucoi-
dan-treated cells stained with Hoechst 33342 reagent, as
indicated by bright blue fluorescence (Figure 2A).
Caspases are a family of cysteinyl aspartate-specific protei-
nases that are activated to promote programmed cell death
via both the intrinsic and extrinsic pathways, which leads to
morphological changes.?’*® Western blot analysis showed
that fucoidan augmented the levels of active caspase-3, -9
and -8, and cleaved poly (adenosine diphosphate-ribose)
polymerase (PARP) in a concentration-dependent manner
(Figure 2B).

Fucoidan Alters the Expression Levels of

Bcl-2 Family Proteins

The Bcl-2 family is crucial for modulation of the mito-
chondrial apoptotic process.”’ The Bcl-2 family proteins
adjust cell death primarily by controlling intracellular pro-
apoptotic and anti-apoptotic signals.'* Members of Bcl-2
family proteins include pro-apoptotic BH3-only proteins,
pro-apoptotic pore-formers and anti-apoptotic proteins,
which are principally involved in the intrinsic pathway of
apoptosis.'> As compared with the untreated control,
fucoidan treatment (200400 pg/mL) for 48 h decreased
the cytosolic levels of the anti-apoptotic protein Bcl-2 in
a dose-dependent manner and augmented the cytosolic
levels of the pro-apoptotic protein Bax (Figure 2B). The
results of qRT-PCR analysis showed that the mRNA
expression levels of Bax and Bcl-2 in LM3 cells assessed
by qRT-PCR showed that the mRNA expression levels of
Bax increased in LM3 cells, while those of Bcl2 decreased
in a dose-dependent manner (Figure 2C), indicating that
fucoidan promoted apoptosis by reducing the ratio of Bcl-
2 to Bax.

Fucoidan Induces Apoptosis of HCC
Cells via the p38 MAPK/ERK and PI3K/
Akt Pathways

Next, the mechanism underlying the effects of fucoidan on
LM3 cells was investigated. Briefly, the effect of fucoidan
treatment on the expression levels of MAPKs was inves-
tigated to confirm if this signaling pathway participates in
regulation of apoptosis. The results showed that fucoidan
promoted the phosphorylation of p38 MAPK and reduced
the phosphorylation of ERK in a dose-dependent manner
(Figure 3A and B, respectively). Examination of the
upstream pathways demonstrated that fucoidan clearly
suppressed the activation of PI3K and inhibited phosphor-
ylation of Akt in a concentration-dependent manner
(Figure 3C). These findings demonstrate that fucoidan
prevents the proliferation of LM3 cells from possibly by
regulation of the p38 MAPK/ERK and PI3K/Akt
pathways.

Fucoidan Inhibits the Growth of HCC

Cells in Vivo

To verify the inhibitory effects of fucoidan on the growth
of HCC cells in vivo, nude mice were subcutaneously
injected with LM3 to generate a xenograft model. After
tumor formation, nude mice received a daily dose of
fucoidan (25 mg/kg) or saline. After 3 weeks of feeding,
visible changes were observed (Figure 4A). As shown in
Figure 4B, mouse weight and tumor volume increased
more rapidly in the vehicle group than in the fucoidan-
treated group. HE and immunohistochemical staining of
Ki-67 were used to examine the level of necrosis and
proliferation, respectively. As compared to the saline-
treated group, Ki-67 staining showed that the degree of
nuclear fragmentation was distinctly reduced in the fucoi-
dan-treated (Figure 4C). Fucoidan was not toxic to the
liver, kidney, lung, or spleen tissues (Figure 4D). These
data indicate that fucoidan has an inhibitory effect on the
proliferation of HCC cells and is not toxic to organisms.

Discussion

HCC is associated with high morbidity and mortality rates
worldwide.”*® HCC is generally diagnosed at an advanced
stage, thus effective treatment is lacking. Fucoidan con-
tinues to attract increasing attention as a natural product
for the treatment of HCC and may be less toxic than
synthetic drugs. The current study explored the mechanism
underlying the anticancer effects of fucoidan to determine
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Figure 2 Effects of fucoidan on HCC cell apoptosis.

Notes: (A) LM3 cells were disposed with dd H2O (control) and fucoidan (200pg/mL, 300ug/mL, 400ug/mL) for 48 h. Flow cytometry was used to determine the apoptosis
of LM3 cells; Nuclear fragmentation of LM3 cells was observed and captured by fluorescence microscopy after fucoidan treatment for 48 h (Magnification 200x); (B) The
protein levels of PARP, Bax, Bcl-2, Caspase-3, Caspase-9, and Caspase-8 were determined by Western blotting. (C) The mRNA expression of Bax and Bcl-2 was determined

using qRT-PCR (n = 3, *‘#‘+p<0.05 for fucoidan versus control)
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Notes: (A) LM3 cells were treated with dd H2O (control) and fucoidan (200ug/mL, 300ug/mL, 400ug/mL) for 48 h. The protein levels of ERK, p-ERK, p38 and p-p38 were
determined by Western blotting; (B) The ratios of ERK and p-ERK, p38, and p-p38 were calculated using the Odyssey two-color infrared laser imaging system (n = 4, *'#'J'p <
0.05 for fucoidan versus control); (C) The protein levels of PI3K, Akt, and p-Akt were determined by Western blotting; the ratios of Akt and p-Akt were evaluated using the

Odyssey two-color infrared laser imaging system (n = 3, T

whether it is suitable treatment option for HCC. The anti-
neoplastic effect of fucoidan was confirmed in vivo using
an LM3 xenograft model. The results showed that fucoi-
dan alone exerted a favorable anti-tumor effect in vivo.
Moreover, HE staining showed that fucoidan had no
obvious toxic effects on the liver, spleen, lung, or kidney

p < 0.05 for fucoidan versus control).

of the experimental mice and, thus, should be considered
as a relatively safe treatment option.

Cell proliferation is pivotal for the growth and inva-
sive capabilities of HCC cells. Measurement of PCNA
mRNA levels and the CCK8 assay were used to com-

prehensively assess the proliferation of HCC cell lines.
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Notes: (A) Morphological images of LM3 cell xenograft tumors in nude mice after 3 weeks of injection. (B) The changes in mouse weight and tumor volume were recorded
at the prescriptive time points. (C) Immunohistochemical staining for Ki-67 (magnification 500%) and HE (magnification 100x) indicates the level of necrosis and
proliferation. (D) HE staining of liver, lung, spleen and kidney showed no significant changes in the fucoidan-treated group (magnification 100%).

The results showed that fucoidan inhibited the prolifera-
tion of LM3 and BEL-7402 cells in a time- and dose-
Next,
fucoidan and apoptosis of HCC cells was examined.

dependent manner. the relationship between
The distinct morphological changes and increased num-
ber of apoptotic LM3 cells, as determined by flow
cytometry and Hoechst 33342 staining, were consistent
with the decreased Bcl-2 to Bax ratio. The levels of
caspases and PARP suggest that fucoidan-induced apop-
tosis of HCC cells is caspase-dependent and involves
both the extrinsic and intrinsic pathways of apoptosis.
These results confirmed that fucoidan possesses anti-
proliferation activities mediated by the induction of
apoptotic cell death, as reported previously.*'*

The effects of fucoidan are mediated by the PI3K/AKT,
ERK, INK, p38 MAPK, AMPK, GSK and Wnt signaling
pathways.®** Specifically, the PI3K/AKT pathway com-
monly inhibits apoptosis and promotes cell proliferation,
while the MAPK pathway modulates cell proliferation,

differentiation, apoptosis, and survival.>> MAPKs are
a family of serine/threonine kinases that transmit extracellu-
lar signals in response to specific intracellular signaling via
the ERK, p38 MAPK and JNK pathways.*® Activation of the
JNK and p38 MAPK is necessary for programmed cell death,
and ERKs are related to cancer cell proliferation and resis-
tance to apoptosis.>” The p38 MAPK pathway is triggered by
environmental stress, inflammatory cytokines, and various
mitogens.>® Phospho-p38 MAPK not only activates tran-
scription factors in response to different stimuli, but also
phosphorylates cytoplasmic proteins, including members of
the Bcl family.*® The ERK pathway is activated by the small
guanine nucleotide-binding protein Ras, which can interact
with growth factors and mitogens. After phosphorylation of
two residues, ERK1/2 phosphorylates nuclear and cytoplas-
mic substrates and transactivates transcription factors to
enhance cell proliferation and survival.***' Therefore, these
signaling pathways were investigated to gain insight into the
mechanism underlying fucoidan-induced apoptosis of HCC
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Figure 5 The underlying mechanism of fucoidan action.
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Notes: Fucoidan induced the inhibition of PI3K, activation of P38 MAPK and inhibition of ERK lead to decrease in the ratio of Bcl-2 to Bax, which induce mitochondrial
dysfunction. The caspases were then activated to induce cell death via mitochondrial apoptosis.

cells. The results of the present study primarily disclosed that
the p38 MAPK and ERK pathways are involved in a series of
protein kinase cascades and play critical roles in the modula-
tion of fucoidan-induced apoptosis of HCC cells. Fucoidan
enhanced the phosphorylation of p38 MAPK and inhibited
that of ERK in a dose-dependent manner, suggesting that the
p38 MAPK and ERK pathways are crucial for fucoidan-
induced apoptosis of HCC cells. Increased phosphorylation
of p38 MAPK reduces the expression of Bcl2 proteins and
controls the translocation of Bax from the cytosol to the
mitochondria in response to a variety of stimuli, such as
caspase 9 and 3, while suppression of the ERK pathway
activates Bax, which results in apoptotic cell death.*>**
Previous studies have reported a complex crosstalk
between the MAPK and PI3K/Akt pathways at different stages
of signal transduction.***® To further elucidate the mechan-
istic events driving fucoidan-induced apoptosis of HCC, the
PI3K/Akt signaling pathway was explored. The results
revealed that fucoidan suppresses the PI3K/Akt pathway in
HCC cells. These data show that the fucoidan-induced apop-
tosis of HCC cells occurs via activation of p38 MAPK signal-
ing and inhibition of ERK signaling, which may be suppressed
via inactivation of the upstream PI3K/Akt pathways, as

a regulatory process. The inactivation of ERK and activation
of p38 MAPK decrease the ratio of Bcl-2 to Bax, which results
in mitochondrial dysfunction and the release of apoptogenic
proteins from the mitochondria to the cytosol, thereby ulti-
mately activating caspases 3 and 9 (Figure 5).

Conclusion

The results of the present study demonstrated that fucoidan
mediates apoptosis through the p38 MAPK/ERK signaling
pathways and plays an anti-tumor role in HCC. The under-
lying mechanism may be dependent on the inhibition of
the upstream PI3K/Akt pathway, although further research
is needed to confirm these results. The favorable effects of
fucoidan suggest its potential as a new anticancer drug for
the treatment of HCC.
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