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Octanoyl esterification of low molecular weight
sulfated galactan enhances the cellular uptake
and collagen expression in fibroblast cells
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Abstract. Low molecular weight sulfated galactan (LMSG)
supplemented with octanoyl ester (Oct-LMSG) demon-
strated superior wound healing activity compared to the
unsupplemented LMSG in a fibroblast wound model. To test
the hypothesis that the increased bioactivity of Oct-LMSG
may depend on its penetration into the plasma membrane,
its cellular uptake was investigated and collagen production
in fibroblast cells was assessed for the first time. The cellular
uptake of Oct-LMSG was examined using indirect immuno-
fluorescence and a confocal laser scanning microscope. In
addition, the degree of fibroblast activation associated with
this uptake was evaluated. The results indicated increased
LMSG internalization in fibroblasts treated with Oct-LMSG.
Transmission electron micrographs revealed the ultrastructure
of active protein production in fibroblasts upon treatment with
Oct-LMSG. In addition, Oct-LMSG upregulated the expres-
sion of type I collagen mRNA and proteins, as well as related
signaling molecules involved in collagen synthesis, including
collagen type I al chain (CollAl), Coll A2, phosphorylated
(p)-Smad2/3 and p-Smad4. The current findings support
the notion that the supplementation of LMSG with octanoyl
enhanced its cellular uptake into fibroblasts and, as a result,
regulated the expression of type I collagen in fibroblasts via
the activation of the Smad signaling pathway. This study

Correspondence to: Dr Tawut Rudtanatip, Electron Microscopy
Unit, Department of Anatomy, Faculty of Medicine, Khon
Kaen University, 123 Moo 16 Thanon Mittraphap, Mueang,
Khon Kaen 40002, Thailand

E-mail: tawut@kku.ac.th

Key words: low molecular weight sulfated galactan, octanoyl ester,
collagen-I, Smad proteins, fibroblasts

demonstrates the therapeutic potential of Oct-LMSG in
promoting tissue regeneration.

Introduction

Wound repair is the result of multiple, well-coordinated events,
including hemostasis, inflammation, proliferation and wound
remodeling, which are associated with various cellular and
humoral mechanistic activities (1). It is well-documented that
during the proliferative phase of healing, fibroblast cell prolif-
eration and migration are crucial cellular mechanisms (2).
Fibroblasts, which were first described in the context of
wound healing, have a role in the synthesis of the extracellular
matrix (ECM) and successful granulation tissue forma-
tion (3). Collagen is a major protein in the ECM, responsible
for supporting cellular structure, stability and elasticity (4).
Type I collagen, the most abundant type present in the human
body, promotes cell proliferation as well as tissue connection
and attachment (5). The synthesis of collagen is regulated by
several factors. The transforming growth factor-p (TGF-p)
signaling pathway contributes to increased collagen biosyn-
thesis through the phosphorylation within the Smad signaling
pathway. Upon phosphorylation of Smad2/3, it complexes with
phosphorylated (p)-Smad4. This complex subsequently trans-
locates to the nucleus, activating genes that govern collagen
production (6).

Wound treatment remains an important medical and social
issue. Numerous individuals worldwide suffer from injuries,
burns, ulcers and surgical wounds, the treatment of which
requires significant financial and healthcare resources. The
search for effective,affordable,easily applicable wound-healing
drugs continues to be a pressing issue in modern medicine.

Sulfated polysaccharides (SP) are highly regarded as
wound-healing compounds due to their low toxicity, excellent
degradability, biocompatibility and wide-ranging pharma-
ceutical properties (7). For instance, Eucheuma Cottonii SP,
known for its antioxidant and antibacterial activities, has
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proven beneficial in the wound-healing process by preventing
further tissue damage and enhancing cell proliferation (8).
Gracilaria lemaneiformis SP demonstrated accelerated
wound healing in vitro human keratinocyte HaCaT cells due
to improved cell polarity and directed cell migration towards
the wound site (9). Furthermore, Sanguisorba officinalis L. SP
(SOSP) has been utilized for burn wound treatment in mice.
These outcomes suggest that SOSP enhances wound healing,
potentially through the promotion of collagen synthesis (10).
Sulfated galactan (SG) cold-water extracts from Gracilaria
fisheri, an SP with a complex structure of galactose monosac-
charide residues coupled with sulfate ester, exhibit various
pharmaceutical properties, including immune regulation (11),
antioxidant activity (12), antibacterial characteristics (13)
and promotion of wound-healing (14). However, the cellular
uptake of many bioactive compounds, such as drugs, may
be limited by several factors, including their hydrophobicity
and size. Octanoyl esterification can address these limita-
tions by increasing the lipophilicity (fat-solubility) of the
compound, enabling improved penetration through the cell
membrane (15). A previous study demonstrated that galactose
synthesized with octanoyl ester improved its accumulation
within the cell and its bioactivity (16). In addition, recent
research by our group indicated that a low molecular weight
(mw) SG (LMSG) with added octanoyl moiety (Oct-LMSG)
exhibited enhanced wound healing activity by activating cell
proliferation and migration in both in vitro scratched fibroblast
studies and in vivo excision wound rat models. The improved
wound healing observed in the scratched fibroblasts with
Oct-LMSG was attributed to the activation of proliferation
and migration-related mRNA and proteins (17). In the present
study, the hypothesis was tested that octanoyl esterification
enhances the membrane-penetrating efficacy of LMSG in
fibroblast cells and promotes collagen synthesis, which is an
essential molecule in tissue regeneration.

Materials and methods

Oct-LMSG. An octanoyl moiety was added to LMSG (mw,
7.87 kDa) to obtain Oct-LMSG following a previously
described protocol (17). The structure of Oct-LMSG, analyzed
by Fourier transform infrared and NMR spectroscopy (Fig. S1),
consists of the alternative 3-linked p-D-galactopyranose
and 4-linked 3,6-anhydro-a-L-galactopyranose or
a-L-galactopyranose-6-sulfate containing an octanoyl ester
moiety (Fig. 1).

Fibroblast culture and cell viability. 1.929 fibroblasts
purchased from the American Type Culture Collection were
cultured in Gibco Minimum Essential Medium (Gibco;
Thermo Fisher Scientific, Inc.) containing 2.2 g/l sodium
bicarbonate, 10% fetal bovine serum and 1% antibiotic-anti-
mycotic (Gibco; Thermo Fisher Scientific, Inc.) in a humidified
incubator containing 5% CO, at 37°C. To determine cell
viability, cells were seeded in a 96-well plate (3x10* cells/well)
and incubated with various concentrations of Oct-LMSG
(10-1,000 pg/ml) for 24 and 48 h at 37°C. Subsequently, cell
viability was measured with an MTT assay. In brief, the
wells containing cells were incubated with 10 ]l of medium
containing 5 mg/ml MTT (final concentration in the well,

0.5 mg/ml) for 4 h at 37°C in the dark. The medium was
removed and 100 ul dimethyl sulfoxide was added to each well
to solubilize formazan crystals in the cells. The absorbance
at 595 nm was measured using a Varioskan LUK multimode
microplate reader (Thermo Fisher Scientific, Inc.). The
viability of cells was expressed as a percentage of the control.

Cellular uptake study. Fibroblasts (3x10° cells/well) were
cultured overnight on poly-L-lysine-coated round-glass cover-
slips in a 24-well plate and treated with LMSG and Oct-LMSG
at a concentration of 100 yg/ml for 12 h at 37°C. Cells with
no treatment served as the control. The coverslips were
washed three times (3x10 min) with 100 xl1 PBS, fixed with
100 ul 4% paraformaldehyde in PBS for 20 min and blocked
with 100 gl 1% BSA in PBS for 30 min at room temperature
(RT). After washing, the coverslips were incubated with
anti-LMS5 primary antibody (monoclonal-rat IgG, specific to
p-D-galactan; dilution, 1:250; cat. no. LM5-050; Plant Probes)
overnight at 4°C, followed by incubation with the secondary
antibody, FITC-conjugated goat anti-rat IgG (dilution, 1:500;
cat. no. 31629; Thermo Fisher Scientific, Inc.), for 1 h at RT.
The cell nuclei were specifically stained with DAPI. The
cytoplasmic and plasma membranes of the cells were stained
with CellMask™ Deep Red Plasma Membrane Stain (Thermo
Fisher Scientific, Inc.) according to the manufacturer's proto-
cols. Cellular uptake of LMSG and Oct-LMSG was observed
under a confocal laser-scanning microscope (Zeiss LSMS800;
Carl Zeiss AG). In addition, the fluorescent label concentra-
tion was assessed by measuring the FITC intensity using a
Varioskan LUK multimode microplate reader (Thermo Fisher
Scientific, Inc.) to further investigate the cellular uptake of
Oct-LMSG in fibroblasts.

Cell-ultrastructure evaluation. After 12 h of treatment,
fibroblasts were immediately fixed in Karnovsky's fixative
for 30 min at RT. Cells were washed with PBS, centrifuged
at 1,500 x g for 1 min at 25°C and then post-fixed with 1%
0s0, in 0.1 M phosphate buffer for 1 h at RT. Fixed cells were
washed again and centrifuged at 1,500 x g for 1 min at 25°C.
The collected cell pellets were placed in a small cavity in solidi-
fied 2% agarose and filled with 2% liquefied agarose. After
solidification, the agarose containing the embedded cells was
cut into small cubes and dehydrated through a series of ethyl
alcohol gradients (at 50, 70, 80, 90 and 95% for 5 min each and
100% for 10 min). The agarose cubes were gently infiltrated
with propylene oxide, followed by a mixture of propylene
oxide and Epon 812 (1:1), and a mixture of propylene oxide and
Epon 812 (1:3) for 10 min each. They were finally infiltrated
with pure Epon 812 at RT overnight. The agarose cubes were
then embedded in fresh Epon 812 and polymerized at 60°C for
48 h. Ultra-thin sections were obtained using an Ultracut N
ultramicrotome (Reichert-Nissei; Leica Microsystems, Inc.).
Sections were stained with 5% uranyl acetate and 2% lead
citrate prior to observation under a JEM1010 transmission
electron microscope (TEM; JEM-1010; Jeol, Co., Ltd.).

Immunofluorescence. TEM results indicated an increase
in vesicles or granules within the cytoplasm of fibroblasts.
Therefore, immunofluorescent staining for type I collagen was
performed. Cells cultured on coated round-glass coverslips
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Figure 1. Scheme for reaction of LMSG added with octanoyl moiety and the structural features of Oct-LMSG after reaction. Oct-LMSG, low molecular weight

sulfated galactan added with octanoyl moiety.

were divided into three groups: i) Normal control-cells without
treatment; ii) Oct-LMSG-cells treated with 100 pg/ml of
Oct-LMSG; and iii) TGF-f-cells treated with 10 ng/ml of
TGF-p (Sigma-Aldrich; Merck KGaA), a known pro-fibrogenic
growth factor that binds with the cell membrane receptors of
fibroblasts and mediates type I collagen biosynthesis (6). After
12 h of treatment, cells were incubated with anti-collagen type I
al chain (CollAl) antibody (dilution, 1:250; cat. no. A22089;
ABclonal Science, Inc.) overnight at 4°C, followed by incu-
bation with the secondary antibody, FITC-conjugated goat
anti-rabbit IgG (dilution, 1:500; cat. no. 701078; Thermo Fisher
Scientific, Inc.), for 1 h at RT. As a negative control for immu-
nofluorescent staining, the sample was prepared by omitting
the secondary antibody. The cells were counter-stained with
DAPI (nuclei) and CellMask™ Deep Red Plasma Membrane
(cytoskeleton) according to the manufacturer's protocols.
Immunofluorescent images were observed under a fluores-
cence microscope (Leica DFC 7000T; Leica Microsystems,
Inc.).

Expression of type I collagen in fibroblasts. Fibroblasts
(3x106 cells/well) were cultured in a 6-well plate for 24 h
and then divided into three groups: i) Normal control-cells
without treatment; ii) Oct-LMSG-cells treated with 100 ug/ml
Oct-LMSG; and iii) TGF-fB-cells treated with 10 ng/ml TGF-3
as a positive control. Cells were treated with an Oct-SG or
TGF-p solution (2 ml) and further incubated for 6, 12 and 24 h
before being harvested for RNA and protein extractions.
RNA was extracted from cultured cells using 200 ul of
TRI Reagent® RNA Isolation Reagent (Sigma-Aldrich; Merck
KGaA) according to the manufacturer's protocol. The concen-
tration and quality of RNA was measured by determining
the absorbance ratio at 260/280 nm using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Inc.). RNA
(1 ug) was converted to cDNA using the Revert Aid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.).
Subsequently, mRNA transcription of CollAl, CollA2 and
GAPDH was amplified by quantitative (qQ)PCR using 2 ul of
c¢DNA with specific primers and conditions. The qPCR condi-
tions included initial denaturation at 95°C for 10 min, followed
by 40 cycles at 95°C for 10 sec, 60°C for 30 sec and 72°C for
30 sec. Coll Al-specific primers were 5'-GAGAGGTGAACA

AGGTCGCG-3' (forward) and 3'-AAACCTCTCTCGCCT
CTTGC-5' (reverse), Coll A2-specific primers were 5' CCC
AGAGTGGAACAGCGATT-3' (forward) and 3'-ATGAGT
TCTTCGCTGGGGTG-S' (reverse), and GAPDH-specific
primers were 5'-GGTGAAGGTCGGTGTGAA-3' (forward)
and 3'-CTCGCTCCTGGAAGATGGTG-5' (reverse) (14). The
amplification and analysis were performed on a QuantStudio™
6 Flex Real-Time PCR System device (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The relative gene expres-
sion in the different samples was calculated using the 2-44¢4
method (18). The relative mRNA transcription levels were
normalized to the GAPDH internal control and presented as a
fold-change relative to the control.

Proteins were extracted from the cells using a lysis
buffer containing 100X protease inhibitor solution
(MedChemExpress, LLC). The protein concentration was
determined using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Inc.). Proteins (40 ug/lane) were
then separated by 12%-SDS-PAGE and transferred to a
nitrocellulose membrane (Sigma-Aldrich; Merck KGaA).
The membrane was incubated with specific primary anti-
bodies for CollA1l (cat. no. A22089; ABclonal Science,
Inc.), CollA2 (cat. no. A21059; ABclonal Science, Inc.),
Smad2/3 (cat. no. 8685; Cell Signaling Technology, Inc.),
Smad4 (cat. no. 46535; Cell Signaling Technology, Inc.),
p-Smad?2/3 (cat. no. 8828; Cell Signaling Technology, Inc.)
and p-Smad4 (cat. no. AF8316; Affinity Biosciences, Inc.) at
a dilution of 1:1,000 at 4°C overnight, followed by incuba-
tion with HRP-conjugated secondary antibodies, anti-mouse
IgG (cat. no. 62-6520; AB_2533947) and anti-rabbit IgG
(cat. no. 31460; AB_228341; Thermo Fisher Scientific, Inc.)
at a dilution of 1:2,000 for 1 h at RT. Immunoreactive protein
bands were visualized using the Clarity™ Western ECL
substrate (Bio-Rad Laboratories, Inc.). The relative protein
expression was normalized to 3-actin as the internal control
(cat. no. AF7018; Affinity Biosciences, Inc.) and presented
as a fold-change relative to the control. Protein expression
was quantified by ImageJ 1.46r analysis software (National
Institutes of Health).

Statistical analysis. Data are presented as the mean + standard
error of the mean from three or more independent experiments.
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Figure 2. Cytotoxicity and cellular uptake study of Oct-LMSG in L929 fibroblasts. (A) Cytotoxicity effect of LMSG and Oct-LMSG on L929 fibroblasts
cultured for 24 and 48 h, as measured by MTT assay and (B) the graphs represent the fluorescent intensity value of FITC-conjugated LMSG in fibroblasts
detected by spectrofluorometer. Data are presented as the mean + standard error or the mean of three independent experiments. “P<0.05 vs. control; and
"P<0.05 vs. LMSG. (C) Confocal laser scanning micrographs showing the presence of FITC-conjugated LMSG in L929 fibroblasts after treatment with LMSG
and Oct-LMSG at the concentration of 100 xg/ml for 12 h (scale bar, 20 gm). Oct-LMSG, low molecular weight sulfated galactan added with octanoyl moiety.

All treated groups were compared with the control groups.
Statistical significance was analyzed using one-way ANOVA
followed by Tukey's multiple-comparisons test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Increased cellular uptake of Oct-LMSG. The cytotoxicity of
LMSG and Oct-LMSG to fibroblasts, as determined by the

MTT assay, indicated that there was no significant cytotox-
icity, and no difference between groups was observed after
24 and 48 h of incubation (Fig. 2A). To validate the hypothesis
that addition of the octanoyl moiety could mediate increases in
LMSG uptake into fibroblasts, an indirect immunofluorescent
labelling technique was performed and the FITC intensity
was quantified. As presented in Fig. 2C, the cells treated with
LMSG and Oct-LMSG followed by FITC labelling displayed
green fluorescence bound to the cells and localized within the
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Figure 3. TEM images showing the cultured L929 fibroblasts after Oct-LMSG and TGF-f treatment. Low-magnification TEM of (A) control fibroblasts,
(B) Oct-LMSG-treated fibroblasts and (C) TGF-f-treated fibroblasts. High-magnification TEM of (D) control fibroblasts, (E) Oct-LMSG treated fibroblasts
and (F) TGF-f treated fibroblasts (scale bars: Low magnification, 1 ym; high magnification, 500 nm). N, nucleus; V, vacuole; arrowhead, rough endoplasmic
reticulum; arrow, mitochondria; asterisk, vesicle; Oct-LMSG, low molecular weight sulfated galactan added with octanoyl moiety; TEM, transmission electron

microscopy.

cytoplasm (orange color dispersed in the cytoplasm shown in
merged micrographs). No green fluorescence was detected
in the control cells. The FITC-LMSG fluorescence intensity
of LMSG- and Oct-LMSG-treated cells was 4.69+0.89x10*
and 9.71+0.64x10* arbitrary units, respectively (Fig. 2B).
Comparison between LMSG and Oct-LMSG revealed that the
introduction of the octanoyl moiety increased the uptake of
LMSG into fibroblasts, suggesting that the cellular uptake of
LMSG was enhanced by octanoyl supplementation.

Ultrastructural changes of fibroblasts by Oct-LMSG
treatment. TEM analysis was performed to assess the ability
of Oct-LMSG to affect the ultrastructure of L929 fibroblasts.
It was noted that cultured fibroblasts in the control group
exhibited a small oval body occupied by the nucleus of a
heterochromatin structure and encircled by a small amount of
cytoplasm (Fig. 3A). In addition, high-magnification images
of these controls showed that the cytoplasm was filled with
sparse vesicles containing pale particles, rough endoplasmic
reticulum (rER) and mitochondria (Fig. 3D). By contrast,

fibroblasts cultured with Oct-LMSG and TGF-p displayed
primarily euchromatin nuclear features and were surrounded
by an extensive cytoplasmic medium containing abundant
vesicles, vacuoles and free ribosomes (Fig. 3B and C). Under
high magnification, these vesicles, which appeared to be
dilated cisternae of the rER, exhibited morphological differ-
ences from those of the control group, containing dense and
dark materials (Fig. 3E and F). The presence of euchromatic
nuclear features, increased rER-dilated cisternae and free ribo-
somes in the cytoplasm of fibroblasts treated with Oct-LMSG
indicated that Oct-LMSG could activate fibroblasts in a similar
manner to TGF-.

Oct-LMSG enhances the synthesis of type I collagen. To
investigate the effect of Oct-LMSG on the synthesis of type I
collagen in L.929 fibroblasts, cells were initially exposed to
Oct-LMSG (100 pg/ml) for 6, 12 and 24 h. Cells were also
treated with TGF-f3 (10 ng/ml), a growth factor that induces the
synthesis of collagen in fibroblasts (19). CollAl and CollA2
mRNA transcription following treatment were measured
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Figure 4. Effect of Oct-LMSG on type I collagen mRNA transcription in L929 fibroblasts. The mRNA levels of Coll Al and CollA2 were determined by
reverse transcription-quantitative PCR assay after treatment with either Oct-LMSG (100 pg/ml) or TGF- (10 ng/ml) for 6, 12 and 24 h relative to GAPDH.
Values are expressed as the mean + standard error of the mean of three independent experiments. "P<0.05 vs. control. Oct-LMSG, low molecular weight

sulfated galactan added with octanoyl moiety; CollAl, collagen type I al chain.
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Figure 5. Effect of Oct-LMSG on type I collagen protein expression in 1.929 fibroblasts. The Coll Al and CollA2 protein levels were detected by western blot
assay after treatment with either Oct-LMSG (100 pg/ml) or TGF-f (10 ng/ml) for 6, 12 and 24 h relative to -actin. Values are expressed as the mean + standard
error of the mean of three independent experiments. "P<0.05 vs. control. Oct-LMSG, low molecular weight sulfated galactan added with octanoyl moiety;

CollAl, collagen type I al chain.

via reverse transcription-qPCR analysis. As presented in
Fig. 4, Oct-LMSG and TGF-§ significantly elevated mRNA
transcription levels of CollAl and CollA2. The stimulatory
effect of Oct-LMSG on collagen mRNA transcription was
more pronounced at 6-12 h of incubation and tapered off to
control levels at the 24-h mark. Following this, the effect of the
Oct-LMSG on protein expression was determined by western

blot analysis. As with mRNA transcription levels, exposure to
Oct-LMSG increased expression of type I collagen proteins
(Coll1A1l and CollA2; Fig. 5), particularly CollAl protein
expression, which demonstrated a higher expression level that
was sustained throughout the first 24 h of incubation compared
to the control. In addition, Coll Al-immunofluorescent
staining was performed to confirm collagen synthesis in the
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Figure 6. Effect of Oct-LMSG on collagen production in 929 fibroblasts. The collagen synthesis was observed by Coll Al-immunofluorescence staining assay.
Fluorescent micrographs of Coll Al-stained fibroblasts. Cells were treated with either Oct-LMSG (100 pg/ml) or TGF-f (10 ng/ml) for 12 h and stained with
CollAl, followed by secondary conjugation with FITC antibodies. Cells were counterstained with DAPI (nucleus) and CellMask Deep Red (cell cytoskeleton).
Collagen-CollAl is represented by fluorescent green, DAPI by fluorescent blue and CellMask Deep Red by fluorescent red. The negative control was prepared
by omission of the secondary antibody, resulting in the absence of fluorescent green (data not shown). Merged fluorescent micrographs are also provided (scale
bars, 75 um). Oct-LMSG, low molecular weight sulfated galactan added with octanoyl moiety; Coll A1, collagen type I al chain.

fibroblasts. The result showed heightened fluorescein activity
in Oct-LMSG and TGF-f-treated fibroblasts compared to the
control (Fig. 6), indicating that increased collagen synthesis
was induced by Oct-LMSG. Taken together, these results
suggest that Oct-LMSG enhances the expression of type I
collagen in vitro.

Oct-LMSG activates the phosphorylation of Smad2/3/4
proteins in fibroblasts. Given that the TGF-f/Smad signaling
pathway is crucial in regulating CollAl synthesis (6), the
phosphorylation status of Smad proteins after Oct-LMSG
treatment was analyzed. The results indicated that p-Smad2/3
and p-Smad4 were upregulated after Oct-LMSG treatment
relative to controls and that the upregulated phosphorylation
had no effect on total protein levels, except for Smad2/3 at 12 h
of incubation (Fig. 7). These findings were consistent with
those of fibroblasts treated with TGF-f. Oct-LMSG signifi-
cantly upregulated p-Smad2/3 levels to 3.5+0.7-fold of the
control at 6 h, 9.3+1.2-fold of control at 12 h and 2.9+0.3-fold
of the control at 24 h of incubation. Concurrently, p-Smad4
levels also increased significantly with Oct-LMSG treatment
to 1.9+0.1-fold of the control at 6 h, 4.9+0.9-fold of the control
at 12 h and 1.8+0.2-fold of the control at 24 h of incubation.
These results indicated that Oct-LMSG enhances type I
collagen synthesis, at least in part, mediated by the phosphory-
lation of the Smad signaling pathway in fibroblasts.

Discussion

Wound healing is a complex process that involves the interac-
tion of cells, the extracellular matrix (ECM) and numerous
growth factors. Collagen fibers have an important role in
wound repair by recruiting fibroblasts and promoting the depo-
sition of new collagen in the injured tissues (20). Increased
collagen expression is known to significantly enhance tissue
recovery and appearance (21). Several studies have shown that
SPs derived from algae, such as Hizikia fusiforme (22), Fucus
vesiculosus (23) and Gracilaria fisheri (14), promote type I
collagen synthesis and facilitate tissue healing. Furthermore,
it has been observed that galactose conjugated with octanoyl
ester markedly enhances cellular uptake and bioactivity (16).
A recent study by our group reported that Oct-LMSG was able
to enhance wound healing activity both in vitro and in vivo by
stimulating the proliferation and migration of fibroblasts (17).
However, it has remained elusive whether Oct-LMSG can
penetrate the plasma membrane and has a potential role in
promoting type I collagen synthesis in fibroblasts. Therefore,
the aim of the present study was to investigate the ability
of Oct-LMSG to permeate the plasma membrane and regu-
late the expression of type I collagen mRNA and protein in
L929 fibroblast cultures. The underlying signaling pathway
of Oct-LMSG in promoting collagen synthesis was also
unraveled.
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Figure 7. Effect of Oct-LMSG on Smad signaling protein expression in L.929 fibroblasts. Smad2/3, Smad4, p-Smad2/3 and p-Smad4 protein levels were
detected by western blot assay after treatment with either Oct-LMSG (100 pg/ml) or TGF-f (10 ng/ml) for 6, 12 and 24 h relative to -actin. The values are
expressed as the mean + standard error of the mean of three independent experiments. "P<0.05 vs. control. Oct-LMSG, low molecular weight sulfated galactan

added with octanoyl moiety; p-Smad4, phosphorylated Smad4.

Conjugation of polysaccharides with delivery agents has
been shown to enhance their pharmacological properties by
increasing cellular uptake. For instance, in Hela cells, enhanced
cellular uptake was observed when SPs from Codium fragile
were conjugated with a selective drug delivery agent, folic
acid (24). Similarly, the cellular uptake of hyaluronic acid
(HA) was significantly increased in lung cancer cells when
HA oligosaccharides were conjugated to a polyethylene
glycol-phospholipid (25). The impact of medium-chain fatty
acid conjugated polysaccharides on cellular uptake has also
been demonstrated. Modification of the coix seed component
microemulsion (C-ME) with Oct-galactose ester significantly
increased C-ME uptake in HepG2 cells, suggesting that the
galactose ester with medium chain fatty acids provided a
significant advantage in cellular uptake (16). This finding aligns
with the present study, which demonstrated that Oct-LMSG
increases cellular uptake into L929 fibroblasts. Furthermore,

Oct-LMSG exhibited green fluorescence on the cell surface,
suggesting that LMSG probably interacted or bound to protein
receptors on the cell membrane (26). However, the interaction
between LMSG and protein receptors on the fibroblast cell
membrane warrants further investigation.

In the present study, TEM was performed to investigate the
impact of Oct-LMSG on the ultrastructure of fibroblasts. The
findings demonstrated that fibroblasts cultured with Oct-LMSG
exhibited changes in cytoplasmic organelles. These changes
included a prominent euchromatic nucleus, dilated cisternae of the
rER and increased presence of free ribosomes. These alterations
are typically associated with active fibroblasts. Previous studies
have documented that active fibroblasts can be identified under
TEM by their abundant rER, free ribosomes and prominent Golgi
apparatus, all indicative of cells involved in protein synthesis (27).
They also exhibited large and irregular nuclei with abundant
euchromatin (28). These characteristics align with earlier
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research (29) indicating that the calcium hydroxylapatite filler
affected the cytoplasmic organelles of fibroblasts, particularly
the rER profiles, which consist of ribosome-bound membranes
that often form dilated cisternae filled with electron-dense, finely
filamentous material. These alterations in the cytoplasm suggest
fibroblast activation, leading to the production of molecular
precursors of fibrillar components, primarily collagen, for the
ECM (29). The specific changes in the ultrastructural features in
the present study support the hypothesis that Oct-LMSG activates
fibroblasts. Furthermore, TEM images of cultured fibroblasts
treated with Oct-LMSG revealed the presence of cytoplasmic
vacuoles, suggesting that the compound may be internalized
through either endocytosis or macropinocytosis (19).

Collagen,amajor proteininthe ECM produced by fibroblasts,
has a crucial role in providing structural support, strength and
elasticity to tissues (4). Among the different types of collagens,
type I collagen is the most abundant in the human body and is
composed of the CollAl and CollA2 proteins (30). A previous
study indicated that CollAl is predominantly expressed in
fibroblasts, with a higher production ratio compared to Col1 A2
(ratio, 2:1) (31). In the present study, the stimulatory effect of
Oct-LMSG on the mRNA and protein levels of both CollAl
and CollA2 was confirmed, particularly on the significant
increase in Coll Al at 12 h compared to the control. This finding
indicates that Oct-LMSG sustains the stimulation of type I
collagen expression. In a previous study by our group, it was
demonstrated that increased collagen production by SG was a
result of elevated Coll A1 mRNA expression (14). The findings
from our group are consistent with other studies, which have
shown enhanced CollAl mRNA levels and collagen type I
protein synthesis in Hs27 human dermal fibroblasts treated
with emodin for 12 h (32). In addition, treatment of SPs from
Hizikia fusiforme improved collagen synthesis and protected
against UVB-induced collagen degradation (22). However,
these findings suggest that collagen biosynthesis may vary
depending on the cell type and culture conditions.

The TGF-B/Smad signaling pathway has a role in increasing
collagen production by inducing the phosphorylation of Smad2
and Smad3. When Smad2/3 is phosphorylated, it forms a
complex with p-Smad4, which then moves into the nucleus to
activate target genes responsible for producing procollagen, such
as CollAl and CollA2 (6). In the present study, the effects of
Oct-LMSG on type I collagen through the TGF-/Smad signaling
pathway were compared with those of exogenous TGF-f3 protein
and it was found that Oct-LMSG can penetrate fibroblast cells and
activate the TGF-p/Smad signaling pathway by phosphorylation.
Several studies have indicated that various compounds enhance
type I collagen expression through the TGF-f/Smad signaling
pathway, such as Pyropia yezoensis, a marine seaweed (33), and
poly-L-lactic acid (34). Furthermore, the present data indicate
that Oct-LMSG specifically activates Smad2/3 and Smad4 by
causing their phosphorylation, leading to increased expression
of CollAl and CollA2. As a result, Oct-LMSG shows potential
as a candidate for promoting type I collagen synthesis in the
pharmaceutical and cosmetic industries.

In conclusion, in the present study, it was demonstrated
that Oct-LMSG had significantly enhanced cellular uptake effi-
cacy as compared with LMSG in L1929 fibroblasts. Furthermore,
Oct-LMSG was found to increase the expression of type I collagen
mRNA and protein by activating the phosphorylation of the Smad

signaling pathway. These findings suggest that Oct-LMSG can
be used to stimulate collagen synthesis. However, wound healing
is a complex process related to numerous systemic cellular and
humoral actions. The effects of Oct-LMSG on different cell
types require further investigation.
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