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Abstract. Fucoidan, a sulfated polysaccharide present in 
marine brown seaweed, has been demonstrated to inhibit in vivo 
and in vitro growth of cells. The present study was conducted 
in HT‑29 human colon cancer cells cultured at a high density, 
and examined the potential underlying mechanisms by which 
fucoidan exerts its anti‑proliferative effects, which remain 
poorly understood. Fucoidan treatment of high‑density HT‑29 
cells resulted in the inhibition of cell growth and increased 
apoptotic cell death. Flow cytometric analysis revealed that 
fucoidan treatment led to sub‑G1 phase cell cycle arrest. This 
was associated with decreased protein expression levels of 
Retinoblastoma protein and E2 factor protein. In conclusion, 
the results of the present study demonstrated that fucoidan 
possesses anticancer activity against high density HT‑29 cells 
by inhibiting cell growth and cell cycle progression.

Introduction

Colorectal cancer is the third most prevalent cancer worldwide. 
Treatment of this disease is challenging due to high rates of 
metastasis and recurrence (1,2). Cell interactions in the tumor 
microenvironment may promote the survival, proliferation, 
malignancy and drug resistance of tumor cells (3). Accumulating 
evidence suggests a need to identify factors associated with this 
microenvironment, to develop strategies for the prevention of 
tumor progression (4‑6).

Seaweeds have been extensively investigated as sources 
of natural bioactive compounds. Complex polysaccharides, 
including sulfated polysaccharides, from brown, red and 
green seaweeds exert a wide range of biological effects (7‑9). 
Fucoidan, a fucose‑rich polysaccharide present in brown 
seaweed, has been revealed to exert various biological effects, 

including anticancer activities (10). Fucoidan induces tumor 
cell injury leading to growth arrest and tumor suppression 
via apoptosis (11). Previous studies have demonstrated that 
fucoidan is cytotoxic to a number of cancer cell types, and acts 
to increase apoptosis, and decrease invasion, metastasis and 
angiogenesis (12‑15). In particular, apoptosis was induced in 
HT‑29 colon cancer cells with treatment with a low concentra-
tion (20 µg/ml) fucoidan (16).

A number of studies have been performed using low 
molecular weight fucoidan  (17,18) and investigating the 
synergistic effects of fucoidan with other components  (5), 
particularly chemotherapeutic agents. Fucoidan has been 
revealed to reduce the toxicity of certain anticancer drugs, and 
to prolong the survival of patients with unresectable advanced 
or recurrent colorectal cancer (11,19).

Recent studies have indicated the influence of the microen-
vironment on tumor progression, including the inflammatory 
response (3,20). Cell density is associated with environmental 
factors including accumulation of inhibitors, influence of 
substrates and exhaustion of essential nutrients or serum 
growth factor (21). Therefore, the aim of the present study was 
to investigate in detail the effects of fucoidan treatment on 
HT‑29 colon cancer cells cultured at a high density.

Materials and methods

Fucoidan. Fucoidan purified from Fucus vesiculosus (catalog 
no. F5631) was purchased from Sigma‑Aldrich; Merck KGaA 
(Darmstadt, Germany). Fucodian was dissolved in RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) at concentrations of 100, 250, 500 or 1,000 µg/ml.

Cell culture. HT‑29 human colon adenocarcinoma cells 
(catalog no. 30038) were purchased from the Korean Cell Line 
Bank (Seoul, Korea). The cells were cultured in RPMI‑1640 
medium supplemented with 10% fetal bovine serum (HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) containing 
100 U/ml penicillin and 100 mg/ml streptomycin, in an incu-
bator with 5% CO2 at 37˚C. HT‑29 cells were cultured at 50% 
growth (4x104 cells/well) at normal density and 80% growth at 
high density (1x106 cells/well).

Cell proliferation assay. Cell proliferation was estimated using 
a Cell Titer 96® Aqueous Non‑Radioactive Cell Proliferation 
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assay kit (catalog no. G5430; Promega Corporation, Madison, 
WI, USA). Cells were seeded in 96‑well plates at a density 
of 1x106 cells/well in 100 µl medium and allowed to attach 
for 24 h. Attached cells were treated with 100, 250, 500 or 
1,000 µg/ml fucoidan in serum‑free medium (SFM) for 24 
or 48 h. The cell proliferation assay solution was added and 
incubated for 30 min, and the absorbance of each well was 
measured at a wavelength of 490 nm using a Benchmark 
microplate reader (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA).

Cell cytotoxicity assay. Cell cytotoxicity was estimated using 
a neutral red assay (22). Cells were seeded in 96‑well plates 
at 1x106 cells/well in 100 µl medium and allowed to attach 
for 48 h. Attached cells were treated with 100, 250, 500 or 
1,000 µg/ml fucoidan in SFM for 24 or 48 h. Subsequently, 
10 µg/ml Neutral Red solution and 50 mM sodium citrate with 
50% ethanol (pH 4.2) were added and incubated for 20 min, 
and the absorbance of each well was measured at a wavelength 
of 510 nm using a Benchmark microplate reader (Bio‑Rad 
Laboratories, Inc.).

Flow cytometric analysis. Cells were harvested and washed 
once with PBS, fixed with ice‑cold 70% ethanol and stored at 
4˚C. Prior to analysis, the cells were washed once again with 
PBS. The experiments were carried out using an Annexin 
V‑fluorescein isothiocyanate (FITC) apoptosis detection kit 
(BD Biosciences, San Jose, CA, USA). Briefly, cells were 
resuspended at 1x106 cells/well in 100 µl Annexin V binding 
buffer [10 mM 4‑(2‑hydroxyethyl)‑1‑piperazineethanesulfonic 
acid/NaOH (pH 7.4), 140  mM NaCl and 2.5  mM CaCl]. 
Annexin V‑FITC and propidium iodide (PI) were subsequently 
added, according to the manufacturer's protocol, and cells were 
incubated on ice for 15 min in the dark. Cells were acquired 
using a FACSCalibur flow cytometer (BD Biosciences).

Cell cycle analysis. Cells were harvested and washed once 
with PBS, fixed with ice‑cold 70% ethanol and stored at 4˚C. 
Prior to analysis, the cells were washed once again with PBS, 
resuspended in 1 ml PI solution [0.1 mg/ml RNase A, 50 µg/ml 
PI, 0.1% (w/v) sodium citrate and 0.1% (v/v) NP‑40], and incu-
bated on ice for 30 min in the dark. Cells were acquired using 
a flow cytometer (FACSCalibur), and CellQuest™ analysis 
program software, version 5.1 (BD Biosciences) was used to 
determine the relative DNA content based on the presence of 
red fluorescence.

Hoechst 33342 staining. HT‑29 cells were cultured for 48 h 
in SFM containing fucoidan. Subsequently, cells were washed 
with PBS and fixed with 10% formaldehyde. Cells were washed 
once again with PBS, following which 2 µg/ml Hoechst 33342 
solution was added. Cells were incubated for 30 min at room 
temperature in the dark, and observed under a fluorescence 
microscope.

Western blot analysis. HT‑29 cells were cultured with 0, 250, 
500 or 1,000 µg/ml fucoidan for 48 h. Subsequently, cells 
were washed with PBS and lysed in radioimmunoprecipita-
tion assay lysis buffer (20 mM Tris, 1 mM EDTA, 150 mM 
sodium chloride, 1 mM EGTA, 1% Triton X‑100, 2.5 mM 

sodium pyrophosphate; pH 7.5) containing protease inhibitors 
(1 µg/ml leupeptin, 1 mM β‑glycerophosphate, 1 mM phenyl-
methanesulfonyl fluoride and 1 mM sodium orthovanadate) on 
ice for 30 min. The extracts were centrifuged at 9,750 x g for 
10 min at 4˚C and the supernatant was used for western blot 
analysis.

Total protein (40  µg) was electrophoresed on 10‑15% 
SDS‑PAGE gels and transferred to polyvinylidene difluo-
ride membranes (EMD Millipore, Billerica, MA, USA). 
Membranes were blocked with 1% bovine serum albumin 
(BSA; GenDepot Inc., Barker, TX, USA) in TBS (5  mM 
Tris‑HCl, 20 mM sodium chloride; pH 7.4) containing 0.1% 
Tween‑20 (TBST) and incubated with primary antibodies 
diluted 1:1,000 in 1% BSA‑TBST with gentle shaking at 4˚C 
overnight. Membranes were washed twice with TBST for 
15 min each time, following which the membranes were incu-
bated with corresponding horseradish peroxidase‑conjugated 
(HRP) secondary antibodies (diluted 1:10,000) for 2  h at 
room temperature. Following a final wash, protein bands were 
detected using a SuperSignal West Dura Extended Duration 
Substrate kit (Thermo Fisher Scientific, Inc.) and developed 
using Kodak X‑ray film (Eastman Kodak Company, Rochester, 
NY, USA). Densitometry results were visualized on the 
Fujifilm Multi Gauge system version 3.0 program (Fujifilm, 
Tokyo, Japan). The following primary antibodies were used: 
anti‑FAS (catalog no. se‑7886; anti‑rabbit), anti‑pro‑caspase‑8 
(catalog no.  sc‑7890; anti‑rabbit), anti‑pro‑caspase‑9 
(catalog no.  sc‑7885; anti‑rabbit), anti‑pro‑caspase‑7 
(catalog no. sc‑6138; anti‑goat), anti‑pro‑caspase‑3 (catalog 
no.  sc‑7148; anti‑rabbit), anti‑Bcl‑2 (catalog no.  sc‑492; 
anti‑rabbit), anti‑Bcl‑xL (catalog no.  sc‑7195; anti‑rabbit), 
anti‑Bad (catalog no. sc‑7869; anti‑rabbit), anti‑Bax (catalog 
no. sc‑493; anti‑rabbit), anti‑cyclin D1 (catalog no. sc‑753; 
anti‑rabbit), anti‑phospho‑RB (catalog no. sc‑21875; anti‑goat), 
anti‑E2F (catalog no.  sc‑251; anti‑mouse) and anti‑β‑actin 
(catalog no. sc‑47,778; anti‑mouse). These were all obtained 
from Santa Cruz Biotechnology, Inc. (Dallas, TX USA). The 
secondary antibodies used were HRP‑conjugated anti‑mouse 
IgG (catalog no. sc‑2031; Santa Cruz Biotechnology, Inc.), 
anti‑rabbit (catalog no. A‑0545; Sigma‑Aldrich), and anti‑goat 
(catalog no. A50‑101P; Bethyl Laboratories Inc., Montgomery, 
TX, USA).

Statistical analysis. Data are presented as the mean ± standard 
deviation of at least three independent experiments. Significant 
differences among multiple mean values were assessed 
by one‑way analysis of variance followed by the Duncan's 
multiple range test using PASW software version 18 (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of fucoidan on growth of HT‑29 colon cancer cells. 
Previous studies have demonstrated that low concentrations 
(0‑20 µg/ml) of fucoidan induce apoptosis (16). The present 
study aimed to assess the effect of high concentration 
(0‑1,000 µg/ml) fucoidan in high density cells (1x106 cells/well). 
Prior to assessing the effect of fucoidan on the viability in 
HT‑29 cells cultured at a high density, the toxicity of fucoidan 
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was evaluated using high concentrations. As determined by 
the neutral red assay, cytotoxicity was not detected at any 
concentration of fucoidan assessed (Fig. 1A). To investigate 
the effect of fucoidan on cell growth, HT‑29 cells were treated 
with 0‑1,000 µg/ml fucoidan for 24 or 48 h. As presented 
in Fig. 1B, cell growth was significantly inhibited following 
treatment with 500 µg/ml fucoidan for 48 h compared with 
control untreated cells.

Effect of fucoidan on apoptosis of HT‑29 colon cancer cells. 
Subsequently, it was analyzed whether the growth inhibi-
tory effect of fucoidan was due to apoptosis. Apoptosis was 
evaluated using two separate assays. Cells double positive for 
Annexin V‑FITC and PI (late apoptotic or necrotic cells) were 
observed 48 h following fucoidan treatment (Fig. 2A) and 
increased in a dose‑dependent manner (Fig. 2B). In addition, 
the effect of fucoidan treatment on the nuclear morphology 
of HT‑29 cells was analyzed to determine whether apoptosis 
was involved in fucoidan‑induced cell death. Condensed and 
fragmented nuclei and a reduced cell volume were evident in 
1,000 µg/ml fucoidan‑treated cells, in contrast to untreated 
cells. These observations indicated that the decrease in cell 
viability observed following fucoidan treatment is associated 
with the induction of cell death.

Effect of fucoidan on cell death‑associated protein expression 
levels in HT‑29 colon cancer cells. The effect of fucoidan 
treatment on the cell death characteristics of high‑density 
HT‑29 cells was assessed. Western blot analysis revealed 
that fucoidan had effects on various cell death‑associated 
proteins, including decreased pro‑caspase‑9, pro‑caspase‑7, 
pro‑caspase‑3, Bcl‑2, Bcl‑xL and increased Fas and Bax 
protein expression levels (Fig. 3).

The cell cycle phage distribution of exponentially growing 
HT‑29 cells was analyzed following fucoidan treatment. 
Compared with the untreated control, fucoidan‑treated cells 
accumulated in the sub‑G1 phase of the cell cycle (Fig. 4A). 
To further investigate the molecular mechanisms underlying 
fucoidan‑induced sub‑G1 arrest, the HT‑29 cells were treated 
with fucoidan, and western blot analysis was performed to 
detect cell cycle progression‑associated proteins. Fucoidan 
treatment decreased the protein expression levels of phos-
phorylated Rb protein and E2F (Fig. 4B). However, fucoidan 
did not significantly affect the protein expression levels of 
cyclin D1. Therefore, fucoidan treatment may inhibit cell 
cycle progression in high‑density HT‑29 cells, and this may 
be associated with the suppression of cancer cell proliferation 
induced by fucoidan.

Discussion

Cell density is an important factor that affects the meta-
static aggressiveness of cancer cells (4). The generation of 
cancer cells is due to accumulated abnormalities in multiple 
cell regulatory systems and is reflected in various aspects 
of cell behavior  (4,23). The metastatic activity of cancer 
cells may be suppressed by alterations in the environment, 
including cell density (4,21). Cell density may be regulated 
by the Yes‑associated protein‑mediated Hedgehog signaling 
pathway (24).

There is increased interest in the use of bioactive natural 
compounds for the treatment of various diseases, including 
cancer. Of various marine resources, algae are particularly 
important sources of these compounds.

Fucoidan is a primary sulfated polysaccharide present in 
brown seaweed. It has been well characterized and revealed 
to have various biological functions (9,10,15). It has recently 
been reported that fucoidan may have therapeutic potential 
for the treatment of inflammatory diseases (25) and microglia 
activation‑mediated neurodegenerative diseases  (26,27). 
Furthermore, fucoidan inhibits cancer cell proliferation and 
suppresses cell growth by inducing apoptosis and cell cycle 
arrest (12‑14). However, this effect is limited in terms of cancer 
cell and the molecular mechanisms underlying its antiprolif-
erative effects in different cellular environments, including 
high or low cell densities, remain to be fully elucidated.

Fucoidan has been widely investigated due to its anticancer 
effects and low toxicity. Previous studies have demonstrated 
fucoidan to be a potential preventive or therapeutic agent in 
cancer (13,20). The antitumor effects of fucoidan may be asso-
ciated with the inhibition of tumorigenesis via the induction 
of cell death.

Previous studies suggest that tumor progression is influ-
enced by the microenvironment, including the inflammatory 
response  (3,20). Cell density has been demonstrated to be 
associated with environmental factors including accumulation 
of inhibitors, substrates and exhaustion of essential nutrient or 
serum growth factor (21). However, the specific mechanisms 
underlying the anticancer effects of fucoidan with regards to 
the cellular environment remain to be fully elucidated. The 
present study aimed to assess the association between cell 
density and environmental factors in HT‑29 colon cancer cells. 

Figure 1. Effect of fucoidan on the growth of HT‑29 colon cancer cells. HT‑29 
cells were seeded in 96‑well plates at a density of 1x106 cells/well and subse-
quently treated with 0‑1,000 µg/ml fucoidin for 24 h or 48 h. (A) Cytotoxic 
cells were estimated by the neutral red assay, and (B) viable cells were esti-
mated by the proliferation assay. Data are expressed as the mean ± standard 
deviation. According to Duncan's multiple range test, *P<0.05 vs. control 
group; #P<0.05 vs. control group. NS, not significant.
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Following this, the effects of fucoidan treatment on HT‑29 
colon cancer cells cultured at a high density were investigated.

Previous studies used cells at a normal density of 
4x104  cells/well and low concentrations of 0‑20  µg/ml 
were used. However, in the present study, a high density of 
1x106 cells/well and a low concentration of 0‑1,000 µg/ml were 
used to investigate cell viability and cytotoxicity.

Cytotoxicity was not detected at any concentration 
(0‑1,000 µg/ml) or time point (24, 48 h) with fucoidan treat-
ment. Cell viability was significantly inhibited following 
treatment of fucoidan compared with untreated cells. In 
particular, the viability was reduced to 50% at 500 µg/ml 
concentration when treated with fucoidan for 48 h.

Following this, inhibition of cell viability with treat-
ment of fucoidan was analyzed by flow cytometry using an 
Annexin  V‑FITC apoptosis detection kit. The number of 
living cells in the untreated group was 81.6±2.4%, however 
decreased to 58.7±4.4% with 500 µg/ml fucoidan. In addition, 
apoptotic cells, when treated with fucoidan, were increased 
to 7.43±0.5% at 100 µg/ml and 22.5±2.5% at 1,000 µg/ml 
compared with untreated cells (5.17±1.1%).

Typically, morphological alterations, including destruction 
of the cell membrane and condensation of the chromosome 
and formation of apoptotic bodies, occur in the process of 

cell apoptosis. The morphological alterations of nuclei were 
investigated in order to provide direct evidence of apoptosis 
with treatment of fucoidan. Apoptotic bodies were detected by 
DNA fragmentation specific to nuclei. Therefore, inhibition of 
viability of HT‑29 cells with fucoidan treatment was closely 
associated with the induction of apoptosis and DNA synthesis.

The effect of fucoidan treatment on apoptotic character-
istics of high‑density HT‑29 cells was examined. Western 
blot analysis revealed that fucoidan had effects on various 
apoptosis‑associated and survival proteins.

Receptors including Fas are important in the physiological 
regulation of apoptosis. Apoptosis is triggered by these 
factors and acts as a defense against diseases that occur in 
various tumors or disorders of the immune system. In addi-
tion, apoptosis is an important mechanism that maintains 
homeostasis (28,29). The Fas receptor is activated when the 
Fas binds to Fas ligand. The death‑inducing signaling complex 
(DISC) is formed by the binding of the Fas‑associated death 
domain (FADD) to the death domain of the cytoplasmic 
tail. Then, pro‑caspase‑8 binds to the death effector domain 
of FADD. Pro‑caspase‑8 bound to FADD is activated by 
autocleavage (30,31).

In present study, the extrinsic pathway was investigated 
via the protein expression levels of Fas and pro‑caspase‑8 

Figure 2. Effect of fucoidan on the apoptosis of HT‑29 colon cancer cells. HT‑29 cells were treated with 0‑1,000 µg/ml fucoidan for 48 h. (A) Cells were stained 
with PI and Annexin V, and analyzed by flow cytometry. The living cells are indicated in the lower left region, and ‘apoptotic cells’ indicates the cells in early 
stages of apoptosis in the upper right region. Cells in late apoptotic stages were indicated in the lower right region. (B) The percentages of living and apoptotic 
cells of total cells were quantified from the flow cytometric analysis. (C) Cells were fixed and stained with Hoechst 33342. Nuclear morphology was imaged 
using a fluorescence microscope (magnification x200). Arrows indicate typical apoptotic cells containing apoptotic bodies (magnification, x400). Data was 
expressed as the mean ± standard deviation. According to Duncan's multiple range test, *P<0.05 vs. control group; #P<0.05 vs. control group.
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Figure 3. Effect of fucoidan on cell death‑associated protein expression levels in HT‑29 colon cancer cells. Following fucoidan treatment, western blotting was 
performed to detect the cell death‑associated proteins Fas, pro‑caspase‑8, pro‑caspase‑9, pro‑caspase‑7, pro‑caspase‑3, Bcl‑2, Bcl‑xL, Bad and Bax; β‑actin 
served as a loading control. Data was expressed as the mean ± standard deviation. According to Duncan's multiple range test, *P<0.05 vs. control group (Fas, 
pro‑caspase‑9, Bcl‑2); #P<0.05 vs. control group (pro‑caspase‑8, pro‑caspase‑7, Bcl‑xL); **P<0.05 vs. control group (pro‑caspase‑3, Bax). NS, not significant. 
Bcl‑2, B‑cell lymphoma 2; Bcl‑xL, B‑cell lymphoma‑extralarge; Bad, B‑cell lymphoma 2‑associated death promoter; Bax, B‑cell lymphoma 2‑associated 
X protein. 

Figure 4. Effect of fucoidan on cell cycle progression in HT‑29 colon cancer cells. HT‑29 cells were treated with 0‑1,000 µg/ml fucoidan for 48 h. (A) Flow 
cytometric analysis of cell cycle progression in HT‑29 cells following fucoidan treatment. The cells with hypodiploid DNA (sub‑G1 phase) contents are under-
going apoptotic DNA degradation. (B) Western blot analysis of the cell cycle‑associated proteins cyclin D1, phospho‑RB and E2F; β‑actin served as a loading 
control. Data was expressed as the mean ± standard deviation. According to Duncan's multiple range test, *P<0.05 vs. control group; **P<0.05 vs. control group; 
#P<0.05 vs. control group; ##P<0.05 vs. control group; ***P<0.05 vs. control group; ###P<0.05 vs. control group. NS, not significant. Phospho‑RB, phosphorylated 
Retinoblastoma protein; E2F, E2 factor. 
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in high density HT‑29 cells treated with fucoidan. Fucoidan 
treatment increased the expression levels of the Fas protein in 
a dose‑dependent manner and decreased the expression levels 
of pro‑caspase‑8 protein (Fig. 3). The intrinsic pathway was 
additionally investigated, with the protein expression levels of 
pro‑caspase‑9, ‑7 and ‑3 in high density of HT‑29 cells treated 
with fucoidan. Treatment with this reagent decreased the 
protein expression levels of pro‑caspase‑9, ‑7 and ‑3 (Fig. 3).

The present study investigated if fucoidan affects the 
Bcl‑2 family signaling associated with cell survival (Bcl‑2 
and Bcl‑xL) and cell death (Bad and Bax). Fucoidan treatment 
increased the expression level of Bax protein in a concentra-
tion‑dependent manner, and decreased the expression levels of 
Bcl‑2, and Bcl‑xL (Fig. 3).

The present study demonstrated that a high‑concentration 
of fucoidan induced a decrease in cell viability and morpho-
logical changes including nuclear fragmentation. Therefore, 
characterization of apoptosis was investigated in the cell 
cycle of HT‑29 high‑density cells treated with fucoidan. 
The number of cells in the sub‑G1 phase, when treated with 
fucoidan, was increased to 15.3±2.0% at 100  µg/ml and 
48.3±1.0% at 1,000 µg/ml compared with untreated cells 
(9.0±0.1%) (Fig. 4A). Conversely, the number of cells in G1, 
S, G2/M phase were decreased compared with untreated 
cells.

The present study then investigated the expression levels 
of proteins that regulate the cell cycle of the G1 phase. The 
level of cyclin D1 protein expression was not affected by treat-
ment with fucoidan (Fig. 4B). The phosphorylation level of 
RB proteins that regulate the S phase transition in G1 were 
examined. The phosphorylation level of RB was decreased 
in a dose‑dependent manner with fucoidan treatment. The 
E2F protein was inhibited by binding to phosphor‑RB 
in the G1 phase. The expression level of E2F protein 
decreased in a dose‑dependent manner with fucoidan treat-
ment (Fig 4B). These results suggested that the decreased 
DNA synthesis inhibited phosphorylation of the RB 
protein by creating a complex between E2F and the RB 
protein. Therefore, treatment with a high concentration of 
fucoidan arrested the G1 phase and inhibited cell growth 
(cell viability).

The present study was conducted on high‑density cultured 
HT‑29 colon cancer cells to investigate the potential mecha-
nisms by which fucoidan exerts its effects. The association 
between cellular environment and the functional effects of 
fucoidan should be considered during future studies and the 
development of fucoidan as a potential therapeutic agent for 
the treatment of cancer.
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