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Sulfated galactan derivatives from Gracilaria fisheri
suppress the proliferation of MCF-7 breast
cancer cells by inducing cell cycle arrest
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Abstract. Breast cancer is one of the most prevalent diseases
affecting the female population, with its incidence increasing
globally. Previous studies have identified cyclins, CDKs and
upstream signaling molecules as key therapeutic targets, as their
overexpression can drive the transformation of normal cells
into cancerous ones. Sulfated galactan (SG), a polysaccharide
derived from Gracilaria fisheri, has demonstrated potential in
modulating cellular functions. Recent research suggests that
low molecular weight SG (LSG), when supplemented with
an octanoyl ester (LSGO), exhibits an enhanced biological
activity. However, the anticancer effects of SG and its deriva-
tives in breast cancer remain underexplored. The present study
thus aimed to examine the effects of SG, LSG and LSGO on
MCEF-7 breast cancer cells. Cytotoxicity was initially assessed
in L929 normal fibroblast cells and MCF-7 cells. While all
three forms were non-toxic to L.929 cells, LSGO exhibited
slight cytotoxicity and significantly induced cell cycle arrest
at the G2/M phase. Mechanistically, LSGO suppressed the
PIBK/AKT/mTOR and ERK pathways, downregulated cyclins
and CDKs, and led to cell cycle arrest and reduced cell prolif-
eration. These results suggest that the structural modification of
SG enhances its anti-proliferative capacity, highlighting LSGO
as a promising candidate for the treatment of MCF-7 cells.
Overall, these findings provide insight into the molecular
mechanisms by which SG derivatives affect breast cancer cell
proliferation and underscore their potential as anti-proliferative
agents targeting cell cycle regulatory proteins.
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Introduction

The majority of types of cancer, including breast cancer, result
from genetic and epigenetic alterations that disrupt normal
cellular signaling, leading to uncontrolled proliferation and
survival (1-3). Key pathways involved in breast cancer progres-
sion include the phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT)/mammalian target of rapamycin (mTOR)
and mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) signaling cascades, which
not only drive tumorigenesis, but also contribute to chemo-
therapeutic resistance (4,5). These pathways regulate cell cycle
progression by stimulating cyclin D1, a critical protein that
promotes cell division (6). The cell cycle, which consists of
four phases (GO/G1, S, G2 and M) (7), is regulated by cyclins
and cyclin-dependent kinases (CDKs) that form cyclin/CDK
complexes (8). This process is negatively regulated by CDK
inhibitors, such as p21, which suppress cyclin/CDK activity (9).
The dysregulation of p21 or the overexpression of cyclins and
CDKSs can lead to uncontrolled cell proliferation, a hallmark of
cancer (8). Notably, cyclin D1 and CDK4/6 are overexpressed
in breast cancer, along with elevated levels of the proliferation
marker, Ki-67 (10). Ki-67 levels rapidly decrease during cancer
cell apoptosis following treatment with chemotherapy (11).
However, the adverse effects of chemotherapy on normal cells
often limit its therapeutic success (12).

Natural products are increasingly being explored for their
anticancer potential due to their fewer adverse effects. Sulfated
galactan (SG), a polysaccharide isolated from the red seaweed,
Gracilaria fisheri (G. fisheri), has been shown to induce cell
cycle arrest in cholangiocarcinoma (CCA) by downregulating
cyclin and CDK expression, while upregulating tumor suppres-
sors, such as p21 and p53 (13). It has also been reported to
suppress CCA cell invasion and migration (14). Additionally,
chemical modifications, such as reducing molecular weight
and substituting functional groups, have been found to
enhance the anticancer properties of polysaccharides (15).In a
recent study, modified SG from G. fisheri with low molecular
weight (LSG), supplemented with an octanoyl ester (LSGO),
was found to exhibit an enhanced wound healing activity (16).
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However, the effects of SG and its derivatives, including LSG
and LSGO, on breast cancer remain unexplored. Therefore, the
present study aimed to evaluate the anticancer activities of SG
and its derivatives in the MCF-7 breast cancer cell line. The
mechanisms by which SG and its derivatives affect MCF-7 cell
proliferation, cell cycle regulation, protein expression and
mRNA expression were also investigated.

Materials and methods

Cell lines and cell culture. Human mammary gland epithelial
adenocarcinoma (MCF-7; cat. no. HTB-22) and normal fibro-
blast (L929; cat. no. CCL-1) cell lines were purchased from
the American Type Culture Collection (ATCC). MCF-7 cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM; Gibco™, Thermo Fisher Scientific, Inc.) containing
L-glutamine, pyridoxine hydrochloride and sodium bicar-
bonate (NaHCO,), supplemented with 10% fetal bovine serum
(FBS; Invitrogen, Thermo Fisher Scientific, Inc.) and 1%
antibiotic-antimycotic (penicillin/streptomycin; Invitrogen,
Thermo Fisher Scientific, Inc.). L929 cells were cultured in
minimum essential medium (MEM; Gibco™, Thermo Fisher
Scientific, Inc.), which contains L-glutamine and phenol red,
supplemented with 10% FBS and 1% antibiotic-antimycotic.
Both MCF-7 and 1929 cells were maintained under standard
conditions at 37°C in a humidified atmosphere of 5% CO,.

Evaluation of the cytotoxicity of SG and its derivatives in
MCF-7 and L929 cells. SG, LSG and LSGO were prepared
as previously described by Rudtanatip et al (16). MTT assay
was used to assess the cytotoxicity of SG, LSG and LSGO in
MCF-7 and 1929 cell cultures. MCF-7 and L1929 cells were
seeded into 96-well plates at a density of 2x10* cells/well and
allowed to attach for 24 h under standard incubator conditions.
The cells were then treated with various concentrations of
SG, LSG and LSGO (0, 125, 250, 500 and 1,000 pg/ml), as
well as paclitaxel (PTX; Intaxel® 6 mg/ml paclitaxel injec-
tion, Fresenius Kabi) and gemcitabine (GEM; gemcitabine
hydrochloride, Supelco, MilliporeSigma) (0, 0.2, 0.4, 0.6, 0.8
and 1 ug/ml) for 48 h. PTX and GEM served as the posi-
tive controls, while untreated cells were used as the normal
control. Following the treatment period, 20 1 MTT solution
(5 mg/ml; MilliporeSigma) were added to each well and incu-
bated for 3 h at 37°C. The medium was then removed, and
100 u1 dimethyl sulfoxide (DMSO; RCI Labscan™ Limited)
were added to dissolve the purple formazan crystals. The
plate was shaken on a microplate shaker for 20 min, and the
absorbance was measured at 540 nm using a microplate reader
(Varioskan® LUX, cat. no. N16044; Thermo Fisher Scientific,
Inc.). The results were reported as I1Cs, values, as previously
described (13). The concentrations of SG and its derivatives, as
well as those of PTX and GEM used in the present study were
based on a previous study by the authors and other relevant
studies (16-18).

Evaluation of cell morphology. The morphology of the
MCF-7 and 1929 cells treated with PTX, GEM, SG, LSG
and LSGO was also examined. The MCF-7 and 1929 cells
(6x10* cells/well) were cultured in a 24-well plate for 24 h, and
the cells were divided into six groups as follows: i) The normal

control (NC), no treatment; ii) PTX, cells were treated with
0.5 ug/ml PTX; iii) GEM, cells were treated with 0.5 pg/ml
GEM; iv) SG, cells were treated with 500 yg/ml SG; v) LSG,
cells were treated with 500 pgg/ml LSG; and vi) LSGO, cells
were treated with 500 ug/ml LSGO. The cells were treated
with 2 ml of the respective solution and incubated for 48 h
at 37°C before observing cell morphology under a Nikon
ECLIPSE TSI100 inverted microscope (Nikon Corporation).
Cell counts were analyzed in three randomly selected fields
at x200 magnification using ImagelJ software version 1.54g
(National Institutes of Health).

A concentration of 500 pg/ml was selected for use in subse-
quent assays, as both 500 and 1,000 pg/ml exerted comparable
moderate effects on cell viability without reaching the ICs,
value. The results of MTT assay confirmed that 500 pg/ml
produced similar outcomes to 1,000 pg/ml, supporting its use
in further experiments.

Evaluation of the anti-proliferative effect of SG and its
derivatives on MCF-7 cells. The results of cytotoxicity assay
indicated that although SG and its derivatives were not mark-
edly cytotoxic to the MCF-7 cells, they reduced cell numbers
by 20% compared to the control. This suggests that SG and
its derivatives may inhibit MCF-7 cell proliferation, as previ-
ously reported (13). The anti-proliferative effects of SG and its
derivatives were further investigated.

Experimental design. The MCF-7 cells were cultured and
divided into six groups as follows: i) NC, no treatment; ii) PTX,
cells were treated with 0.5 pg/ml paclitaxel; iii) GEM, cells
were treated with 0.5 ug/ml GEM; iv) SG, cells were treated
with 500 pg/ml SG; v) LSG, cells were treated with 500 pg/ml
LSG; and vi) LSGO, cells were treated with 500 pg/ml LSGO.

Hoechst/propidium iodide (PI) dual staining. The cytotoxic
effects of SG and its derivatives were further confirmed using
Hoechst/PI dual staining. The MCF-7 cells were plated on round
coverslips in a 24-well plate at a density of 6x10* cells/well in
DMEM and incubated for 24 h at 37°C. Following incubation,
the cells were treated with the respective solution for 48 h. The
cells were then washed with PBS and stained with Hoechst
(Merck KGaA) and PI (BioChemica, PanReac AppliChem)
at a 1:1 ratio for 30 min at room temperature. After staining,
the cells were washed three times with PBS in the dark. The
coverslips containing the stained cells were then mounted on
glass slides with a droplet of anti-fade solution. Finally, the
cells were observed under a confocal microscope (ZEISS
LSM 800, Carl Zeiss AG), as previously described (16). The
laser intensity wavelengths were 405 nm with a pinhole size
of 1.18 AU/45 ym for Hoechst staining and 561 nm with a
pinhole size of 0.90 AU/47 ym for PI staining. PI fluorescent
intensity was measured in three randomly selected fields at a
x200 total magnification using ImagelJ software version 1.54g
(National Institutes of Health).

Immunofluorescence staining of cell proliferation using the
Ki-67 biomarker. The MCF-7 cells seeded on round coverslips
in a 24-well plate were treated with the respective solution
for 48 h. Following treatment, the cells were fixed with 4%
paraformaldehyde in 0.1% Triton X-100 at room temperature
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for 15 min and were then washed three times with PBS.
Subsequently, the cells were blocked with 5% bovine serum
albumin (BSA; Capricorn Scientific GmbH) for 30 min at
room temperature. After blocking, the cells were washed with
PBS and incubated overnight at 4°C with a primary antibody
specific to mouse anti-Ki-67 (dilution 1:500; cat no. 14569982;
Invitrogen, Thermo Fisher Scientific, Inc.). The following day,
the cells were incubated with a fluorescent-labeled secondary
antibody (goat anti-mouse FITC-conjugated; dilution 1:500;
cat no. AP308F; Merck Millipore) for 1 h, at room temperature
in the dark. Following incubation, the cells were washed with
PBS in the dark and counterstained with Cell Mask™ Deep
Red plasma membrane stain (dilution 1:500; cat no. C10066;
Invitrogen, Thermo Fisher Scientific, Inc.) for 20 min at room
temperature. A total of 5 ul of antifade solution conjugated
with DAPI dye (ProLong™ Diamond Antifade Mountant
with DAPI, Invitrogen, Thermo Fisher Scientific, Inc.) was
then added to a glass slide. The round coverslips containing
the cells were then placed on the glass slide with a droplet of
antifade solution. Finally, the fluorescence intensity of Ki-67
was observed using a confocal microscope (ZEISS LSM 800,
Carl Zeiss AG), as previously described (19).

Evaluation of cell cycle arrest using flow cytometry. A
flow cytometry cell cycle arrest assay was used to evaluate
the mechanisms of action of SG and its derivatives. The
MCF-7 cells were seeded in a six-well plate at a density of
1.5x10° cells/well and allowed to adhere overnight. The cells
were then treated with PTX, GEM, SG, LSG and LSGO solu-
tions for 48 h. Following treatment, all adherent cells were
harvested by trypsinization, transferred to sterile Eppendorf
tubes, and centrifuged at 2,795 x g at 4°C for 5 min to pellet the
cells. The cell pellets were washed three times with cold PBS
and centrifuged at 2,795 x g at 4°C for 5 min. The supernatant
was discarded, and ice-cold 70% ethanol was added to fix the
cells. The pellets were then resuspended to obtain a single-cell
suspension and incubated at -20°C for 1 week. Following
incubation, the cell pellets were washed three times with PBS,
and the supernatant was removed. Nuclei were stained with
PI/RNase staining solution (FxCycle™ PI/RNase, Thermo
Fisher Scientific, Inc.) and incubated for 40 min in the dark at
room temperature. Flow cytometric analysis was performed
using a FACSCanto II flow cytometer (Model FACSCanto 11,
BD Biosciences). The percentage of cells in each phase of the
cell cycle was then analyzed (20).

Analysis of mRNA expression using reverse transcription-
quantitative PCR (RT-qPCR). TRIzol reagent (200 ul;
MilliporeSigma) was used for RNA extraction. RNA purity and
concentration were determined by measuring the absorbance
ratio at 260/280 nm using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Inc.). Complementary DNA (cDNA)
was synthesized from 1 yg RNA using the RevertAid First
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.)
through incubation at 42°C for 60 min, followed by heating at
70°C for 5 min. Subsequently, mRNA expression was analyzed
using qPCR with the synthesized cDNA and PCR Master Mix
(Molecular Biology, Thermo Fisher Scientific, Inc.), and forward
and reverse primers. The cycling conditions were as follows:
50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for
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15 sec, 60°C for 30 sec and 72°C for 30 sec. Data quantification
calculated using the 2224 method (21) was performed using the
Bio-Rad CFX Maestro software (Bio-Rad Laboratories, Inc.).
The primers used in the present study included Ki-67, PI3K,
AKT, mTOR, cyclin D1, CDK4, cyclin A, CDK2, p21, ERK 1/2
and GAPDH (Bionics). Forward and reverse primer sequences
were designed using NCBI/Primer-Blast, and their sequences
are provided in Table I.

Analysis of protein expression. The expression of proteins
involved in cell proliferation was determined after the
MCF-7 cells were treated for 48 h using western blot analysis.
Cells were harvested for protein extraction. The protein
concentration was quantified using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Inc.), and 50 ug
protein samples were separated by electrophoresis using 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were then transferred onto
a nitrocellulose membrane (Amersham™ Protran™ Premium
0.45 pm NC nitrocellulose western blotting membranes),
which was blocked with 4% BSA for 1 h at room temperature.
Each membrane was probed with primary antibodies (dilu-
tion 1:1,000) against mouse anti-Ki-67 (cat. no. 14569982;
Invitrogen, Thermo Fisher Scientific, Inc.), rabbit anti-PI3K
(cat. no. 42558S; Cell Signaling Technology, Inc.), rabbit
anti-phosphorylated (p)-AKT (cat. no. sc-135651; Santa
Cruz Biotechnology, Inc.), rabbit anti-AKT (cat. no. 8596S;
Cell Signaling Technology, Inc.), rabbit anti-p-mTOR
(cat. no. 5536S; Cell Signaling Technology Inc.), rabbit
anti-mTOR (cat. no. 2972S; Cell Signaling Technology Inc.),
mouse anti-cyclin D1 (cat. no. AHF0082; Invitrogen, Thermo
Fisher Scientific, Inc.), mouse anti-CDK4 (cat. no. AHZ0202;
Invitrogen, Thermo Fisher Scientific, Inc.), rabbit anti-p21
(cat. no. E2R7A; Cell Signaling Technology Inc.), rabbit
anti-cyclin A (cat. no. AF0142; Affinity Biosciences), rabbit
anti-CDK?2 (cat. no. MA5-17052; Invitrogen, Thermo
Fisher Scientific, Inc.), mouse anti-ERK1/2 (cat. no. 9102S;
Cell Signaling Technology Inc.) and rabbit anti-f-actin
(cat. no. AF7018; Affinity Biosciences) and incubated over-
night at 4°C. The membranes were then incubated with a
secondary antibody conjugated with horseradish peroxidase
(dilution 1:2,000; cat. no. 31460 for anti-rabbit antibody and
cat. no. 626520 for anti-mouse antibody; Invitrogen, Thermo
Fisher Scientific, Inc.) at room temperature for 1 h. Following
incubation, the membranes were washed with Tris-buffered
saline-Tween 20 (TBS-T) solution, and immunoreactivity was
enhanced using a chemiluminescence ECL-Western blotting
substrate kit (Clarity™ Western ECL substrate, Bio-Rad, USA).
Finally, protein bands were detected using the ChemiDoc
Touch imaging system (Amersham™ ImageQuant™ 800
biomolecular imager, Cytiva). Relative protein expression
was quantified using ImagelJ software version 1.32j (National
Institutes of Health) with band intensities standardized to
B-actin (22).

Statistical analysis. All experiments were performed in trip-
licate, and data are presented as the mean + SEM. Statistical
analysis was conducted using one-way ANOVA followed by
Tukey's multiple comparisons test using GraphPad Prism
software version 5 (Dotmatics).
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Table I. Nucleotide sequences of specific primers used for mRNA expression.

Gene names Primers Nucleotide sequences (5' to 3')
Ki-67 Forward GAAAGAGTGGCAACCTGCCTTC
Reverse GCACCAAGTTTTACTACATCTGCC
PI3K Forward AACACAGAAGACCAATACTC
Reverse TTCGCCATCTACCACTAC
AKT Forward TCTATGGCGCTGAGATTGTG
Reverse CTTAATGTGCCCGTCCTTGT
mTOR Forward GCTTGATTTGGTTCCCAGGAC
Reverse GTGCTGAGTTTGCTGTACCCA
Cyclin D1 Forward GCATGTTCGTGGCCTCTAAG
Reverse CGTGTTTGCGGATGATCTGT
CDK4 Forward TGAGGGTCTCCCTTGATCTGAG
Reverse AGGGATACATCTCGAGGCCA
p21 Reverse GCTTCATGCCAGCTACTTCC
Forward CCCTTCAAAGTGCCATCTGT
Cyclin A Forward GTCAGAGAGGGGATGGCAT
Reverse CCAGTCCACCAGAATCGTG
CDK2 Forward GAATCTCCAGGGAATAGGGC
Reverse CTGAAATCCTCCTGGGCTG
ERK1/2 Forward TGGCAAGCACTACCTGGATCAG
Reverse GCAGAGACTGTAGGTAGTTTCGG
GAPDH Reverse GGTGAAGGTCGGTGTGAACG
Forward CTCGCTCCTGGAAGATGGTG
Results Determination of the death and proliferation of MCF-7 cells

Effects of SG and its derivatives on the viability of MCF-7
and L929 cells. The cytotoxic effects of SG and its deriva-
tives on MCF-7 breast cancer and L.929 normal fibroblast
cells were evaluated and expressed as a percentage of the
control following 48 h of exposure at concentrations of 125,
250, 500 and 1,000 pg/ml. The results revealed that at 500
and 1,000 pg/ml, MCF-7 cell viability significantly decreased
from 100 to 80% (Fig. 1A), while L929 cell viability
exhibited no significant differences between the groups
(Fig. 1B). However, the IC;, values of SG, LSG and LSGO
in the MCF-7 cells were calculated to be 3,027, 2,416 and
1,757 pg/ml, respectively. Additionally, the anticancer drugs,
PTX and GEM, were used as positive controls to compare the
cytotoxic effects. PTX and GEM significantly reduced the
viabilities of both the MCF-7 and 1929 cells, with low ICs,
values of 0.54 and 0.57 pg/ml, respectively (Fig. 1C and D).
Cell morphology observed under a phase contrast microscope
revealed that the MCF-7 and 1929 cells treated with PTX and
GEM (Fig. 1E and F) exhibited characteristic cellular changes,
including shrinkage, membrane bleb formation and the loss of
normal shape. Notably, the L929 cells treated with SG and its
derivatives did not exhibit any noticeable changes compared
to the control. Moreover, the quantitative cell counts of MCF-7
and L1929 cells following treatment, shown in Fig. 1G and H,
were consistent with the results of MTT assay. These findings
suggest a selective effect of the compounds on cancer cells
without affecting normal cells.

caused by SG and its derivatives. The decreased viability
of the MCF-7 breast cancer cells following treatment with
SG and its derivatives may be associated with cell death
and/or inhibited cell proliferation. To investigate this, immu-
nofluorescence staining was performed using Hoechst/PI dual
staining and the Ki-67 biomarker. The results revealed that the
cells treated with 500 ug/ml SG and its derivatives exhibited
a slight increase in fluorescent PI intensity compared to the
normal control, consistent with the effects observed in the
PTX- and GEM-treated cells (Fig. 2). By contrast, treatment
with 500 ug/ml SG and its derivatives resulted in a significant
reduction in the fluorescent Ki-67 intensity compared to the
normal control, aligning with the results observed in the PTX-
and GEM-treated cells (Fig. 3A). Additionally, the mRNA and
protein expression levels of Ki-67 were significantly decreased
in the MCF-7 cells treated with SG derivatives, particularly
LSGO (Fig. 3B and C), corresponding to the effects observed
with PTX and GEM. These findings suggest that SG and its
derivatives exert anti-proliferative effects on MCF-7 cells.

SG derivatives promote MCF-7 cell cycle arrest. The present
study further investigated the anti-proliferative effects of SG
and its derivatives on MCF-7 cells by analyzing the DNA
content across different cell cycle phases using PI staining.
Flow cytometry profiles of the nuclear DNA content revealed
alterations in cell population distribution across phases
following treatment with SG and its derivatives compared to
the normal control (untreated cells), as shown in Fig. 4. In the
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Figure 1. Effects of PTX and GEM (at concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0 yg/ml) and SG, LSG and LSGO (at concentrations of 125, 250 500, and
1,000 pg/ml) on the viability of MCF-7 breast cancer cells and L929 normal fibroblast cells, as assessed using MTT assay. (A) Viability of MCF-7 cells treated
with SG, LSG and LSGO. (B) Viability of L929 cells treated with SG, LSG and LSGO. (C) Viability of MCF-7 cells treated with PTX and GEM. (D) Viability
of L929 cells treated with PTX and GEM. (E) Phase-contrast images illustrating morphological changes in MCF-7 cells following treatment with PTX, GEM,
SG, LSG and LSGO. (F) Phase-contrast images illustrating morphological changes in L.929 cells following treatment with PTX, GEM, SG, LSG and LSGO.
Scale bars, 100 xm. (G) Quantitative cell counts of MCF-7 cells treated with PTX, GEM, SG, LSG and LSGO. (H) Quantitative cell counts of L929 cells treated
with PTX, GEM, SG, LSG and LSGO. The results are presented as the mean+SEM (n=3) from three independent experiments. "P<0.03, statistically significant
difference compared to the normal control at a 95% confidence level. PTX, paclitaxel; GEM, gemcitabine; SG, sulfated galactan; LSG low molecular weight
SG; and LSGO, octanoyl ester-supplemented SG.
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Figure 2. Hoechst/PI dual staining in MCF-7 cells following treatment with
PTX, GEM, SG, LSG and LSGO. (A) Immunofluorescence confocal micro-
graphs illustrating the intensity levels of Hoechst and PI dual staining in
MCEF-7 cells following treatment. Scale bars, 20 ym. (B) Mean fluorescence
PI intensity in MCF-7 cells following treatment. The results are presented
as the mean + SEM (n=3) from three independent experiments. “P<0.05,
statistically significant difference compared to the normal control at a 95%
confidence level. PTX, paclitaxel; GEM, gemcitabine; SG, sulfated galactan;
LSG low molecular weight SG; and LSGO, octanoyl ester-supplemented SG.

normal control, the cells in the sub-G1/G1 phase accounted
for 61.70%, the S phase for 20.87% and the G2/M phase for
17.50%. However, the cells treated with SG and its derivatives
exhibited a decrease in the number of cells in the sub-G1/G1

phase, a slight increase in the number of cells in the S phase,
and a significant increase in the number of cells in the G2/M
phase compared to the normal control. Specifically, in the
SG group, the number of cells in the sub-G1/G1, S and G2/M
phases were 57.70, 22.73 and 19.53%, respectively. In the LSG
group, the number of cells in the sub-G1/Gl1, S and G2/M
phases were 55.74, 22.6 and 21.70%, respectively, while in
the LSGO group, the number of cells in the sub-G1/GI, S and
G2/M phases were 56.73,22.03 and 21.20%, respectively. This
increase in G2/M phase arrest was consistent with the results
observed in the PTX-treated group. Additionally, the analysis
of GEM-treated cells revealed a higher percentage of cells
in the sub-G1/G1 phase compared to the other phases. These
findings suggest that SG derivatives may effectively inhibit
MCF-7 cell proliferation by inducing cell cycle arrest at the
G2/M phase.

Decreased expression of mRNA and proteins involved in
MCF-7 cell cycle arrest caused by SG derivatives. The
expression of key mRNA and proteins involved in tumor
cell proliferation in MCF-7 cells, including those in the
PI3K/Akt/mTOR, MAPK and CDK pathways, was assessed
following treatment with SG and its derivatives using
RT-qPCR and western blot analysis. Compared to the controls,
the expression levels of PI3K/Akt/mTOR, MAPK and CDKs
were altered in the cells treated with SG and its derivatives,
in accordance with the effects observed in the PTX- and
GEM-treated groups. The results of RT-qPCR revealed that
the mRNA expression levels of PI3K, AKT, mTOR, cyclin D1,
CDKA4, cyclin A, CDK?2 and ERK were significantly decreased
in the cells treated with LSGO compared to the normal control
(Fig.5). Similarly, as demonstrated in Fig. 6, the protein expres-
sion levels of PI3K, p-AKT/AKT, p-mTOR/mTOR, cyclin DI,
CDK4, cyclin A, CDK?2 and ERK were significantly decreased
in the cells treated with LSGO compared to the NC. However,
the expression levels of some proteins (p-mTOR/mTOR,
CDK2 and ERK) were unaltered in the cell treated with SG
and LSG. Of note, p21 expression remained unaltered at both
the mRNA and protein levels in the cells treated with SG
derivatives. Notably, treatment with LSGO exerted a signifi-
cantly greater reduction in both mRNA and protein expression
levels, suggesting a superior anti-proliferative effect of LSGO
on MCF-7 cells.

Discussion

Breast cancer remains one of the most prevalent malignancies
worldwide (23). Despite advancements being made in treatment
strategies, managing the disease remains challenging, with
chemotherapeutic resistance and associated side-effects often
leading to treatment failure (24). In response, researchers are
exploring the potential of natural compounds in breast cancer
therapy, particularly for mitigating chemotherapy-induced
side-effects. Previous studies have demonstrated that poly-
saccharides inhibit cancer cell proliferation and survival by
inducing cell cycle arrest and apoptosis. For instance, serum
collected from fucoidan-treated rats was shown to inhibit the
proliferation and increase the apoptosis of MCF-7 cells (25).
Fucoidan from the brown algae, Fucus vesiculosus, at
concentrations ranging from 100 to 300 pxg/ml, has also been
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Figure 3. Expression levels of Ki-67 in MCF-7 cells following treatment with PTX, GEM, SG, LSG and LSGO. (A) Immunofluorescence confocal micrographs
illustrating Ki-67 expression in MCF-7 cells. Ki-67 protein is shown in green, nuclei were stained with DAPI (blue), and the cell plasma membrane was stained
with MitoTracker® Deep Red (red). Scale bars, 20 pm. (B) mRNA expression levels of Ki-67 in MCF-7 cells, assessed using reverse transcription-quantitative
PCR. (C) Protein expression levels of Ki-67 in MCF-7 cells, assessed using western blot analysis. The results are presented as the mean + SEM (n=3) from
three independent experiments. ‘P<0.03, statistically significant difference compared to the normal control at a 95% confidence level. PTX, paclitaxel; GEM,
gemcitabine; SG, sulfated galactan; LSG low molecular weight SG; and LSGO, octanoyl ester-supplemented SG.

reported to induce apoptosis and promote cell cycle arrest in
CL-6 CCA cells by increasing the levels of apoptotic protein
markers and decreasing the expression of cyclin and CDK
molecules (26). SG, extracted from the red algae, G. fisheri,
is a sulfated polysaccharide (SP) with a galactose backbone
and a high percentage of sulfate groups (27). It has been
shown to inhibit cell proliferation and induce cell cycle arrest
in HuCCA-1 cells by downregulating cyclin/CDK expression
following treatment at concentrations of 10 and 50 pg/ml (13).
Thus, the anticancer activity of polysaccharides may be influ-
enced by several factors, including their molecular structure,
dosage and the type of cancer cells involved (28). Additionally,
reducing molecular weight (15,29) and supplementing SP
with an octanoyl ester (16) have been found to enhance their
biological effectiveness. In the present study, the anticancer
activity of SG from G. fisheri, along with its structurally modi-
fied derivatives, LSG and LSGO, was investigated in MCF-7
breast cancer cells and L929 normal lung fibroblasts. The

effects were compared with those of unmodified SG and the
anticancer drugs, PTX and GEM. The concentrations used for
SG and its derivatives (125-1,000 pg/ml) in the present study
reflect typical dosing ranges for marine polysaccharides (17),
which generally exhibit lower cytotoxicity per unit mass
compared to small-molecule drugs such as PTX and GEM
(0.2-1 pg/ml) (18). This difference in dosage is necessary due
to variations in molecular size, bioavailability and mechanisms
of action.

The results of the present study demonstrated that SG
and its derivatives decreased cell viability and suppressed
MCEF-7 cell proliferation, in accordance with the reduced
Ki-67 expression and the induction of cell cycle arrest,
particularly in the cells treated with LSGO, similar to the
effects observed with PTX and GEM. Treatment with
LSGO in MCF-7 cells exerted a greater anti-proliferative
effect, indicating that its molecular structure is positively
associated with its biological activity (30). Furthermore, the
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molecular weight SG; and LSGO, octanoyl ester-supplemented SG.

enhanced anti-proliferative activity of LSGO suggests that
it may improve cellular internalization, thereby increasing
its overall efficacy (31). A high Ki-67 expression has been
shown to be associated with cancer proliferation and it
is a well-established indicator of prognosis and clinical
outcomes (32). Since Ki-67 remains active during the GI,
S, G2 and M phases of the cell cycle, it serves as a reliable
marker of cell proliferation and a recognized hallmark of
oncogenesis (33). Notably, the decreased Ki-67 expression
through antisense oligonucleotides has been shown to inhibit

cancer cell proliferation and tumor growth (34). Herein,
the reduction of Ki-67 expression in MCF-7 cells following
SG and its derivatives treatment suggests anti-proliferative
activity, consistent with previous findings on polysaccharides
extracted from Crataegus (Hawthorn), which inhibited
human colon cancer HCT116 cell proliferation by reducing
Ki-67 protein expression and inducing cell cycle arrest (35).
However, these effects were not observed in L.929 normal
fibroblasts, indicating a selective effect on breast cancer
cells (36). This selectivity may be attributed to differences
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in cellular metabolism, surface receptor expression, and
intracellular signaling between normal and cancer cells (37).

In the present study, these effects were achieved through
the downregulation of upstream signaling molecules of
PI3K/Akt/mTOR, ERK, and CDKs at both the gene and
protein levels. This downregulation may be attributed to the
structural similarity of SG derivatives to heparan sulfate
proteoglycans (HSPGs), which can bind to growth factor
receptors and/or ligands, thereby inhibiting receptor-ligand
complex formation (13). It has been demonstrated that natural
SPs share structural similarities with HSPGs and can mimic
their functions. These SPs can interfere with the binding of
growth factors to their receptors or co-receptors, leading to
the inhibition of downstream signaling pathway activation in
cancer cells (38). However, previous research indicates that SG
derived from G. fisheri does not directly interact with EGF, but
instead interacts with the EGFR, resulting in the downregu-
lation of EGFR activity in CCA cells (14). The competitive
binding of SG may disrupt receptor dimerization, leading
to a reduction in p-EGFR and p-ERK levels (14). Therefore,
by inhibiting growth factor receptors such as EGFR, SG

derivatives may indirectly regulate PI3K/Akt/mTOR and ERK
signaling molecules.

In MCF-7 cells treated with LSGO, the decreased expres-
sion of PI3K, AKT, mTOR and ERK at both the mRNA and
protein levels resulted in a reduction of cyclin D1 and CDK4
expression, the first protein complex to become active in the
G1 phase (39). The downregulation of cyclin D1 and CDK4
leads to the decreased transcription of key target genes,
including cyclin E, cyclin B, CDK2 and CDKI1, thereby
disrupting cell cycle progression from the Gl to S phase (40).
Furthermore, the downregulation of genes involved in the G1
and S phases also led to reduced expression of cyclin A and
CDK2 at both the gene and protein levels. Given their critical
roles in DNA synthesis, proper S phase progression, and the
transition from S to G2 phase, this reduction may significantly
affect cell cycle regulation (41). The findings of the present
study indicate that SG derivatives, particularly LSGO induced
cell cycle arrest at the G2/M phase in MCF-7 cells, poten-
tially through the downregulation of cyclin/CDK complexes,
particularly cyclin A and CDK2. These results are in contrast
to those of previous studies reporting that SG derived from
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Figure 6. Effects of PTX, GEM, SG, LSG and LSGO on protein expression levels in MCF-7 cells, assessed using western blot analysis. (A) Protein expression
levels of PI3K, p-AKT, AKT, p-mTOR, mTOR, cyclin D1, CDK4, p21, cyclin A, CDK2 and ERK 1/2 in MCF-7 cells treated with PTX, GEM, SG, LSG and
LSGO, assessed using western blot analysis. (B) Quantitative analysis of PI3K, p-AKT/AKT, p-mTOR/mTOR, cyclin D1, CDK4, p21, cyclin A, CDK2 and ERK
1/2 expression, normalized to -actin. The results are presented as the mean+SEM (n=3) from three independent experiments. “P<0.05, statistically significant
difference compared to the normal control at a 95% confidence level. PTX, paclitaxel; GEM, gemcitabine; SG, sulfated galactan; LSG low molecular weight
SG; and LSGO, octanoyl ester-supplemented SG.
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G. fisheri induces cell cycle arrest at the G1 phase in CCA
cells by downregulating cyclin D, cyclin E, CDK4 and CDK2.
This reduction in cyclin/CDK expression is associated with
the upregulation of p53 and p21, a key regulator of cyclin/CDK
inhibition (13). By contrast, these findings suggest that the
anti-proliferative effect of SG derivatives in MCF-7 cells is not
mediated by the increased expression of p21.

Another possible explanation for why SG derivatives
inhibit MCF-7 cell proliferation at the G2/M phase, including
the reduction of cyclin A and CDK2, may be related to the
structure-activity association of SG derivatives and cancer
cell type specificity (26). Polysaccharides from different
sources have been reported to induce cell cycle arrest
at various phases in different cancer cell lines (35). For
example, SP from Laetiporus sulphureus fruiting bodies has
been shown to induce cell cycle arrest at the GO/G1 phase
in triple-negative breast cancer MDA-MB-231 cells (42).
Similarly, a homogeneous polysaccharide from Crataegus
(Hawthorn) inhibited the proliferation of human colon
cancer HCT116 cells by inducing cell cycle arrest at the
S/G2 phase (35). Additionally, the combination of fucoidan
with natural/organic ingredients, including vegetable juice,
mulberry and wheatgrass, has been reported to increase the
proportion of cells arrested in the G2/M phase in oral squa-
mous cell carcinoma (43). The implications of the findings of
the present study extend beyond breast cancer treatment, as
the cell cycle regulatory proteins targeted by SG derivatives
are involved in various cancer types. While previous studies
have reported individual chemical modifications of SG, such
as molecular weight reduction and esterification, the present
study is the first to combine both modifications in a single
structure. This combination resulted in the disruption of
breast cancer cells and the inhibition of key signaling path-
ways in MCF-7 cells. These findings support the potential
use of LSGO as an optimized SG derivative with enhanced
anti-proliferative activity compared to either unmodified SG
or SG with reduced molecular weight alone. Although the
present study demonstrates the modulation of the PI3K/AKT
and ERK signaling pathways following treatment with SG and
its derivatives, further studies incorporating pathway-specific
inhibitors or gene silencing approaches are warranted to
validate the causal involvement of these pathways in medi-
ating the observed anti-proliferative and cytotoxic effects.
Additionally, future research is required to include Annexin
V/PI staining to clarify the apoptosis-related mechanisms of
SG and its derivatives, investigate their molecular interac-
tions with regulatory proteins, evaluate their efficacy in
in vivo models, and explore their potential synergy with
existing chemotherapeutic agents to reduce side-effects in
with breast cancer.

In conclusion, the results of the present study indicate
that SG derivatives from G. fisheri exhibit mild, yet effec-
tive anti-proliferative activity in MCF-7 cells by inhibiting
cell proliferation and inducing cell cycle arrest at the G2/M
phase. This effect is mediated through the inhibition of
upstream signaling molecules, cyclins and CDKs, which
regulate MCF-7 cell proliferation. These findings highlight the
potential use of SG derivatives, particularly LSGO, as natural
compounds for breast cancer treatment and warrant further
investigation into their clinical applications.
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