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Abstract

Objective. Osteoarthritis (OA) progression has been shown to increase the expression of inflammatory cytokines in
joints, leading to the destruction of cartilage matrix. Interleukin (IL)- 13 is a potent inflammatory cytokine associated with
osteoarthritic synovial fluid. The protective effects of polysaccharides from Enteromorpha prolifera against acute hepatic
injury was reported. Design. In this study, we examined the effects of Enteromorpha polysaccharide extracts (EPEs) in
the treatment of OA. The effects of the EPEs were assessed using an IL-1B-stimulated SW 1353 and SW982 cells. The
expression levels of specific mRNA and proteins were evaluated using semi-quantitative reverse transcription polymerase
chain reaction (sqRT-PCR) and western immunoblotting. An OA animal study involving C57BL/6] mice was also conducted
to assess the effects on tactile sensitivity and anterior cruciate ligament transection (ACLT). Results. Acidic polysaccharide
extract (APE) was shown to significantly reduce cytokine and chemokine mRNA levels in IL-1B-stimulated SW1353 and
SW982 cells and attenuate the expression of proinflammatory cytokines and p38/AP-1 in SW1353 cells. APE was also
shown to minimize the effect of osteolytic lesions in the knee joints of ACLT-induced osteoarthritic mice. Conclusions. APE
is a potent inhibitor of joint degeneration associated with OA.
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Introduction

Osteoarthritis (OA) is a chronic disease characterized by
articular cartilage degeneration and joint inflammation,
which leads to chronic disability.! It has been estimated
that 18% of females and 9.6% of males beyond the age of
40 have symptomatic OA. Increased expression of inflam-
matory mediators in the joints has been found to lead to the
destruction of the cartilage matrix in the progression of
OA.3? Current treatments for OA are meant to alleviate
pain, delay or prevent disease progression, and maintain the
quality of life.®* However, most treatment regimens focused
on relieving pain through the use of systemic or local drugs,
physical therapy, or surgery.”®

Chondrocyte function has been found to be associated
with inflammatory cytokines production and catabolic fac-
tors that contribute to the promote the development of OA.*

In many cases, this leads to the transient accumulation and
activation of innate immune cells. Interleukin (IL)-1 is a
potent inflammatory cytokine identified in osteoarthritic
synovial fluid.’ Cartilage catabolic effects, cell proliferation,
and regeneration can be triggered by IL-1f expression.
IL-1B expression can also activate the mitogen-activated
protein (MAP) kinase signaling pathway and enhance the
expression of cartilage matrix-degrading enzymes, such as
cyclooxygenase 2 (COX2), IL-6, tumor necrosis factor alpha
(TNF-a), and matrix metalloproteinases (MMPs).> The
expression of chemokines, such as chemokine (C-C motif)
ligand 1 (CCL-1), in OA also plays an important role.'°
Elevated cytokine expression has been linked to joint disor-
ders and other pathological conditions. Note that the use of
non-steroidal anti-inflammatory drugs (NSAIDs) for the
treatment of such disorders can have many adverse
effects. 12

@ (& | Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and
distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/CAR

158

CARTILAGE 13(4)

Numerous plant extracts possess anti-inflammatory and
antioxidant effects. Enteromorpha prolifera is a form of the
green algae Ulva widely distributed along seashores around
the world.!>!* Polysaccharides are the major active compo-
nents isolated from Enteromorpha prolifera. They have
been shown to have multiple beneficial effects, including
anti-oxidation, anti-microbial actions, anti-hyperlipidemia,
immunomodulation, and glucose metabolism. Recent stud-
ies have shown that Enteromorpha prolifera accelerates the
metabolism of fat and decreases plasma lipoproteins lev-
els'®; however, the protective effects of Enteromorpha pro-
lifera against OA have not been widely studied. In this
study, Enteromorpha polysaccharide extracts (EPEs) were
obtained using different extraction methods. Our objective
was to investigate the role of Enteromorpha prolifera on
chondrocytes, macrophages, and synovium cells in OA
models, and thereby assess the clinical applicability of
Enteromorpha prolifera in OA treatment.

Materials and Methods

Materials and Reagents

Celecoxib (Pfizer Inc., Manhattan, NY), Ketoprofen (Swiss
Co., Ltd., Tainan, Taiwan), Zoletil (Virbac., Grasse, Carros,
France), and recombinant mouse IL-13 (ACROBiosystems.,
Newark, DE) were purchased from commercial companies.
p38 (MAPK) beta and AP1/JUN antibodies were purchased
from Thermo Fisher Scientific Inc. (Waltham, MA). Rabbit
polyclonal COX-2 and TNF-a, horseradish peroxidase
(HRP)-anti-rabbit, or mouse IgG antibodies were purchased
from Santa Cruz Biotechnology, Inc. (Delaware, CA).
Entermorpha prolifera was used to prepare EPEs included
hot water polysaccharide extract (HPE), basic polysaccha-
ride extract (BPE), and acidic polysaccharide extract (APE),

provided by the Kinmen Fisheries Research Institute,
Taiwan. Pulverized EPEs were extracted at a vehicle to raw
material ratio of 50 mL/g via ultrasonic-assisted extraction
using a frequency of 40 kHz at 100 °C over a period of 1.5
h. Neutralized water-soluble EPEs were precipitated by the
addition of 95% EtOH (v/v) over a period of 48 h, followed
by protein depletion. Finally, the extracts were concentrated
using a rotary evaporator and powdered using a freeze-dry-
ing system (Kingmech, FD 20L-6S, Taipei, Taiwan). The
individual total polysaccharide yield was determined via
the phenol-sulphuric acid method using glucose as a stan-
dard reference.

Determination of Cell Viability

SW1353 and SW982 cells were seeded in 96-well flat-bot-
tomed microtiter plates were maintained in an incubator at
37 °C. After incubation for 24 h with the HPE (0.04 mg/
mL), BPE (0.13 mg/mL), APE (0.4 mg/mL), or IL-1 (5 ng/
mL), the in vitro cytotoxicity of each EPE was assessed
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assays.'®

Inhibition of Nitric Oxide (NO) Production

All measurements of nitrite (a stable metabolite of NO)
using a commercial NO detection kit (Griess Reagents
System, Promega, Madison, WI) and according to manufac-
turer’s instructions. Briefly, each supernatant was combined
with an equal volume of Griess reagent in a 96-well plate
and incubated for 10 min. Absorbance was then measured
using an enzyme linked immunosorbent assay (ELISA)
reader at a wavelength of 540 nm (Tecan). A sodium nitrite
standard curve was used to calculate the NO level.!”
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Table I. Oligonucleotides Primers Used in This Study.

Gene Name Primer Name Sequence (5’ to 3’)

TNF-a TNF-a-F CGCGGATCATGC TTTCTGTG
TNF-a-R GGACTAGCCAGGAGGGAGAA

IL-1B IL-1B-F TCA AAGCAATGTGCTGGTGC-3
IL-1B-R ACCTAGCTGTCAACGTGTGG

IL-6 IL-6-F CAAATTCGGTACATCCTCGAC
IL-6-R CTACGTTATTGGTGGGGACTG

MMP-9 MMP-9-F ATGAGTTCGGCCACGCGCTGGGCTT
MMP-9-R GACTCAAAGCAGTAGCCGT

MMP-13 MMP-13-F CATTTGATGGGCCCTCTGGCCTGC
MMP-13-R GTTTAG GGTTGGGGTCTTCATCTC

CCL-11 CCLII-F CCCAACCACCTGCTGCTTTAACCTG
CCLII-R TGGCTTTGGAGTTGGAGAGATTTTTGG

CCR-3 CCR3-F CCACACTCTGAGAATGACCATC
CCR3-R GCCCAGGTGCATGAGCAAGTGCC

TNF-o. = tumor necrosis factor alpha; IL = Interleukin; MMP = matrix metalloproteinases.

The mRNA Isolation and Semi-Quantitative
Reverse Transcription Polymerase Chain

Reaction (sqRT-PCR)

We isolated mRNA and synthesized cDNA from SW1353
and SW982 cells after administering EPEs (0.01 or 0.04
mg/mL) plus IL-1B (5 ng/mL). The mRNA expression level
was quantified using sqRT-PCR as previously described,'®
and each experiment was performed in triplicate. All prim-
ers are listed in Table 1.

Western Blotting Analysis

The protein extraction and western blot analysis method
was performed in accordance with methods described pre-
viously."” Briefly, protein samples were transferred to a
nitrocellulose membrane (NC) via a 4% stacking gel and
10% resolving gel electrophoresis for analysis. After block-
ing with non-fat milk buffer, the membranes were then
incubated with anti-TNF-a (1:500) or anti-COX-2 (1:2,000)
antibodies for 1 h. The NC membranes were incubated with
the appropriate secondary antibodies diluted 1:5,000 for 1
h. In measuring the immunoreactive proteins expression of
TNF-a and COX-2, followed by development using a cold-
light image analyzer (FUJIFILM LAS-3000).!6

Immunofluorescence Staining

To perform an immunofluorescence staining, SW1353 cells
were fixed in 4% paraformaldehyde in PBS a for 30 min.
Following this, the cells were stained with rabbit anti-p38
(MAPK) beta or anti-AP-1 (JUN) antibodies (1:200) for
overnight. After washing with PBS, the cells were then
incubated with anti-rabbit fluorescein-5-isothiocyanate

(FITC) (1:500) at room temperature for 1 h. Finally, cells
were stained using DAPI at room temperature for 10 min,
after which the cells underwent imaging using an Olympus
IX81 microscope (Olympus, Tokyo, Japan).

Molecular Weight Determination by Gel-
Permeation Chromatography

A test sample of EPE was diluted to a concentration of 5
mg/mL in 20 mL of distilled water and utilized for injection.
The samples were eluted using distilled water at a flow rate
of 0.6 mL/min on a 45 °C column for gel-permeation chro-
matography (GPC). Dextran T10, T40, T70, and T500 were
used to calibrate the polysaccharide molecular weight esti-
mations. The regression line of the standard molecular
weight versus elution volume plot was used to calculate the
molecular weight of each fraction.

Animals and Treatment

Mice were purchased from the BioLASCO Taiwan Co.,
Ltd. All experimental protocols and procedures involving
C57BL/6J mice (Gender: male; Age: 5 to 6 weeks old;
Body weight: 25 to 30 g; Total numbers: n = 35) were
approved by the Institutional Animal Care and Use
Committee (IACUC) of the Southern Taiwan University of
Science and Technology (approval no. STUST-
TACUC-106-02), and they were conducted according to the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. For the treatment of mice,
BPE, APE or celecoxib (100, 300 or 30 mg/kg, respec-
tively) was conducted over a period of 28 days by oral
administration, and the effect of celecoxib is relative to the
treated group as a positive control. Specifically, a single
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experimenter (CPJ) with more than 1 year of experience in
oral gavage of mice administered all treatments once daily
for 28 consecutive days. The body weight of mice was
assessed on a weekly basis during the tests.

Tactile Sensitivity Testing and Radiographic
Assessments

Tactile sensitivity assay was performed as previously
described.?° Briefly, when the stimulus was administered, a
positive reaction was defined as a quick withdrawal of the
hind paw, and the number of positive responses for each
stimulus was recorded. Tactile threshold was defined as a
withdrawal reaction in 5 of 10 trials to a particular stimulus
intensity, and thresholds were calculated once per mice. To
understand changes in bone lesions and bone remodeling,
and X-rays were obtained using a radiographic assessment
method and Faxitron Specimen Radiography System (Field
Emission Corp., McMinnville, OR).2

Histopathological Examination

Harvested samples were fixed in 4% paraformaldehyde, fol-
lowed by dehydration and embedding into paraffin. 5-pum
sections were made for hematoxylin and eosin (HE) staining
with safranin-O/fast green counterstain (Sciencell Research
Laboratories., Carlsbad, CA). Stained slides were mounted
in Micromount (Leica) and Motic BA 400 microscope with
Motic Advance 3.0 software (Motic Co., Fujian, China).
Finally, the classification of OA cartilage in the grading of
animal cartilage were based on established criteria as previ-
ously reported,?® by two blinded, experienced pathologists.

Statistical Analysis

Data were presented as mean = SEM and analyzed using
Sigma Plot 10.0 software (SPSS Inc., Chicago, IL). All data
were representative of at least three independent triplicate
experiments. The statistical significance of mean values
between groups was evaluated by ¢ one-way analysis of
variance (ANOVA) and Tukey’s test. *P < 0.05 and **P <
0.01; *P < 0.05 and *P < 0.01 was chosen to be statisti-
cally significant, respectively.?!

Results

APE Significantly Inhibits NO Production with
the Lowest Cytotoxicity in IL-1B-Stimulated
SW1353 and SW982 Cells

HPE, BPE, and APE (0.04, 0.13 and 0.4 mg/mL, respec-
tively) as well as IL-1 (5 ng/mL) were tested in vitro using
MTT assays in SW1353 and SW982 cells over a period of
24 h. APE (at any dose) and IL-1f (at 5 ng/mL) were shown

not significant effect on the growth of SW1353 (Fig. 1A) or
SW982 cells (Fig. 1B). HPE at a high-dose (0.4 mg/mL)
had a remarkable effect on both cell lines, reducing cell
viability to 73% and 66% of the controls ("P < 0.05 and *P
< 0.05). BPE at a high dose (0.4 mg/mL) had cytotoxic
effects on SW982 cells (Fig. 1B) after 24 h of incubation.
Following co-treatment with IL-13 and HPE, BPE, or APE
for 24 h, we observed a marked increase in NO levels (mea-
sured as the stable non-volatile break-down product nitrite),
compared to IL-1p treatment alone (*"P < 0.01). Only at a
low dose (0.01 mg/mL) did APE significantly suppress NO
production in IL-1B-stimulated SW1353 (Fig. 1C) or
SWI82 cells (Fig. 1D), compared to IL-1p treatment alone
(*P < 0.01 and #P < 0.01, respectively).

APE Profoundly Reduces Cytokine and
Chemokine mRNA in IL-1B-Stimulated SW 1353
and SW982 Cells

Our objective in this study was to investigate the effects
of EPEs (HPE, BPE, and APE) on cartilage integrity
(joint wear and deformation) in the development of OA
and to identify which EPE is the best candidate for devel-
opment as a pharmacologic treatment aimed at preventing
OA progression. TNF-a, IL-1B, and IL-6 are the main
pro-inflammatory cytokines, and MMP-9 and MMP-13
are major enzymes targeting type Il collagen, type IV col-
lagen, osteonectin, and proteoglycan in cartilage.
Chemokines (CCL-11 and CCR-3) induce the expression
of MMP-13 and other catabolic mediators in articular
chondrocytes. They promote IL-6 production from syno-
vial fibroblasts, which are involved in the pathophysiol-
ogy of OA. After a 24-h incubation with EPEs plus IL-1f,
the expression of genes encoding proteins in terms of
synovial joint and cartilage homeostasis was examined in
SW1353 or SW982 cells.

sqRT-PCR results revealed significantly elevated mRNA
levels of IL-1B, IL-6, TNF-a., MMP-9, MMP-13, CCL-11,
and CCR-3 in IL-1B-treatment group, compared with the
vehicle control (**P < 0.01). Low-dose (0.01 mg/mL)
treatment using BPE or APE was shown to reduce the
mRNA levels of /L-1PB, IL-6, TNF-o., MMP-9, CCL-11, and
CCR-3 (but not MMP-13) in SW1353 (Fig. 2A) and SW982
cells (Fig. 2B), compared with the IL-1B-treatment group
(*P < 0.05, respectively). Interestingly, APE treatment at a
high dose (0.04 mg/mL) significantly decreased the mRNA
levels of all biomarkers in SW1353 cells (**P < 0.01,
respectively) but only decreased the mRNA levels of IL-13,
1L-6, TNF-a., MMP-9, CCL-11, and CCR-3 in SW982 cells
(**P < 0.01), respectively, compared to IL-1pB-treatment
group. Overall, by decreasing upstream cytokine signaling
and the gene expression of several proinflammatory cyto-
kines, treatment with APE had anti-inflammatory effects in
vitro in a dose-dependent manner.
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Figure |. Cytotoxicity assay and effect of EPEs on NO production in IL-13-stimulated SW 1353 and SW982 cells. MTT assay results

from SW1353 (A) and SW982 (B) cells after a 24-h incubation with either IL-1f or HPE, BPE, or APE. "P<< 0.05 indicates a significant
difference compared to the control. At 24 h after IL-1J co-treatment with HPE, BPE, or APE, we estimated NO production in the cell
culture medium using the Griess assay: SW 1353 (C); and SW982 (D). Untreated cells served as nonstimulated controls. Cells treated
with IL-1 served as stimulated controls. *p < 0.05; #p < 0.05 and **p < 0.01; ##p < 0.01 indicates a significant difference compared
to d.d H,O or IL-1p treatment alone. EPE = Enteromorpha polysaccharide extracts; NO = Nitric Oxide; IL = Interleukin; HPE =
hot water polysaccharide extract; BPE = basic polysaccharide extract; APE = acidic polysaccharide extract.

APE Attenuated the Expression of
Proinflammatory Cytokines and p38/AP-1 in IL-
| B-Stimulated SW 1353 Cells

To elucidate the anti-OA effects of EPEs, we analyzed the
expression of cellular transforming growth of TNF-o and
COX-2 protein in SW1353 cells relative to B-actin after 24 h.
We observed significantly lower HPE protein expression in
SW1353 cells only at the high-dose (0.04 mg/mL) BPE and
APE treatment groups (*P < 0.05, #P < 0.01, respectively),
compared to IL-1p treatment alone (Fig. 3A). We observed
lower COX-2 expression levels (Fig. 3B) in the low-dose
(0.01 mg/mL) BPE and APE treatment groups, compared
with the celecoxib (10 uM)-treated group (*P < 0.05, P <
0.05, respectively). Interestingly, a high-dose (0.04 mg/mL)

of HPE had no inhibitory effect on COX-2 expression but
dramatically increased the expression of TNF-a, compared
to the IL-1 treatment group (¥***P > 0.001).
Proinflammatory genes encoding TNF-o and COX-2 are
transcribed by these factors in injured chondrocytic cells.
We investigated the inhibitory effects of EPEs (HPE, BPE,
and APE) on the IL-1B-induced p38/AP-1 pathway via
immunofluorescence of chondrocytes. Administering IL-1(3
(5 ng/mL) significantly elevated the fluorescence intensity
of p38 (Fig. 3C) and AP-1 (Fig. 3D) after 24 h, whereas
administering a low dose of APE (0.01 mg/mL) had a strong
inhibitory effect on p38 (MAPK), FITC (+) cells; in green
color, in SW1353 cells, compared to IL-1p treatment alone
(*P < 0.05, *P < 0.05, and *P < 0.01, respectively, Fig.
3E). DAPI staining confirmed that IL-1B (5 ng/mL)
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Figure 2. sqRT-PCR results indicating the effects of EPEs on the gene expression of cytokines and chemokines in IL- | 3-induced
SW1353 or SW982 cells. Cell lines SW1353 (A) and SW982 (B) were incubated in the presence of HPE, BPE, or APE followed by

stimulation using IL- 1 for 24

h. The treated cells were analyzed using sqRT-PCR to estimate the expression levels of IL-13, TNF-a,

IL-6, MMP-9, MMP-13) and CCL-1 | and CCR-3, compared to the vehicle control. GAPDH was used as an internal control. sqRT-PCR
= semi-quantitative reverse transcription polymerase chain reaction; EPE = Enteromorpha polysaccharide extracts; IL = Interleukin;
HPE = hot water polysaccharide extract; BPE = basic polysaccharide extract; APE = acidic polysaccharide extract; TNF-a. = tumor

necrosis factor alpha; MMP =

matrix metalloproteinases.
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Figure 3. Protein expression of pro-inflammatory cytokines or p38 (MAPK) and AP-1 (JUN) in IL-IB-induced SW1353 cells using
western blot analysis or immunofluorescence staining. Chondrosarcoma cell line SW1353 underwent co-stimulation with IL-1{3 and
HPE, BPE, or APE for 24 h, after which the relative protein expression levels of COX-2 and TNF-awere estimated using Western
blot analysis; B-actin as a control. The data are respectively expressed as the COX-2/B-actin (A) and TNF-o/p-actin (B) ratios.
Immunofluorescence staining was used to determine p38 (MAPK) (C) and AP-1 (JUN) (D) expression in IL-1B3-induced SW1353
cells. Fluorescence images of p38 (MAPK) and AP-I (JUN) FITC-conjugated goat anti-mouse IgG antibodies stained green (nucleolar),
where the nuclei are counterlabeled using the DNA-selective dye DAPI (blue). Bars=20 um; 40X magnification. (E) Quantification
of fluorescence intensity p38 (MAPK) and AP-1 (JUN). Scale Bars =20 pum; 40X magnification. *p <0.05; #p < 0.05 and **p < 0.01;
#p< 0.0l indicates a significant difference compared to d.d H,O or IL-Ip treatment alone. IL = Interleukin; HPE = hot water
polysaccharide extract; BPE = basic polysaccharide extract; APE = acidic polysaccharide extract; COX-2 = cyclooxygenase 2;
TNF-o. = tumor necrosis factor alpha; FITC = fluorescein-5-isothiocyanate.
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significantly suppressed SW1353 cell proliferation by
decreasing the number of DAPI (+) cells at 24 h (in blue
color), compared to the control (*P < 0.05). Treatment with
APE or BPE at a low dose (0.01 mg/mL) for 24 h led to an
obvious decrease in the number of DAPI (+) cells at 24 h,
compared to IL-1 (5 ng/mL) treatment alone (Fig. 3C and
3D).

Properties of EPE Polysaccharides

Using the phenol/sulfuric acid method, we discovered that
the three extracts of Entermorpha prolifera (HPE, BPE, and
APE) respectively contained 21.3, 18.6, and 19.5 mg/mL of
crude water-soluble polysaccharides (data not shown).
Based on linear regression calculations of standard dex-
trans, the molecular weight of the polysaccharides, which is
generally presented as a mean value distributed over a given
range, is shown in Fig. 4. In this study, GPC revealed that
the mean molecular weight distributions of the EPEs ranged
from 0.590 kD to 27,584.667 kDa. GPC profiles revealed
that the average molecular weights (Mws) were as follows:
7 HPE fractions (peak no.1: 27,584.667 kDa; peak no.2:
5,759.930 kDa; peak no.3: 4,835.963 kDa; peak no.4:
13.234 kDa; peak no.5: 3.514 kDa; peak no.6: 2.08 kDa;
peak no.7: 0.612 kDa; Fig. 4A), 6 BPE fractions (peak no.1:
10,621.6 kDa; peak no.2: 198.917 kDa; peak no.3: 123.884
kDa; peak no.4: 5.810 kDa; peak no.5: 1.049 kDa; peak
no.6: 0.861 kDa; Fig. 4B), and 5 APE fractions (peak no.1:
572.064 kDa; peak no.2: 4.310 kDa; peak no.3: 2.005 kDa;
peak no.4: 0.590 kDa; peak no.5: N.A; Fig. 4C).

FTIR analysis of HPE, BPE, and APE revealed the trans-
mittance at various wave numbers, to expose the key func-
tional groups in the polysaccharides. Wide stretching peaks
at 3356.40 cm'(HPE), 3350.26 ¢cm™'(BPE), and 3367.76
cm’'(APE) can be attributed to hydroxyl functional groups.
The peaks appearing at 1222.3 cm™ (HPE), 1230.85 cm
'(BPE), and 1201.3 cm™'(APE) can be attributed to S=O
bending vibrations. The absorption peaks at 846.35 cm’!
(HPE), 848.49 cm™'(BPE), and 849.16 cm™'(APE) can be
attributed to the stretching and bending vibrations of COS.
The weak bands at 1031.21 cm™ (HPE), 1026.80 cm
(BPE), and 1032.05 cm™!(APE) can be attributed to an o-
glycosidic bond (COH and COC) in the polysaccharide
framework (data not shown).

Alleviating the Effects of ACLT-induced Joint
Pain and EPEs Reduced the Extent of Osteolytic
Lesions in Knee Joints in ACLT-Induced OA Mice

PWT decreases via the progression of OA and correspond-
ing secondary clinical symptoms, which suggests the occur-
rence of mechanical hyperalgesia. Thus, we used the von
Frey test to examine the effects of HPE, BPE, and APE on
pain in mice that underwent ACLT surgery (Fig. SA).

Baseline (BL) von frey testing was performed twice at an
interval of 1 week, during which no repeated measure effects
or interactions were noted. Thus, to facilitate analysis, we
averaged the BL data. Relative to averaged BL values, ACLT
surgery (saline-treatment alone) produced significant, pro-
gressive, and robust (almost 50%) decreases in withdrawal
thresholds in both hind paws, compared with the sham-oper-
ation group (**P < 0.01). At 28 days of EPEs treatment
after ACLT, BPE (300 mg/kg/day) and APE (100 and 300
mg/kg/day) were shown to decrease secondary allodynia
(i.e., a decrease in thresholds) similar to that obtained using
celecoxib (10 mg/kg/day) (P < 0.05), compared to the
saline group (*P < 0.05 and *P < 0.05; #P < 0.01 and P <
0.05, respectively). These results indicate that the ACLT-
induced mechanical hyperalgesia in OA mice was due pri-
marily to tactile hypersensitivity of the paw, which means
that BPE or APE treatment could theoretically reduce much
of the nerve pain. Note that low-dose APE treatment (100
mg/kg/day) would be expected to have the strongest effect.

Abnormal bone architecture and soft bone loss in the
subchondral bone of the femur and tibia observed using
radiographic analysis. At 28 days post-sham surgery, the
femur and tibia in sham-operated controls were relatively
well preserved. (Fig. 5B); however, bone lesions and prom-
inent bone formation extending into soft tissue were found
in the saline-treated ACLT group (Fig. 5C). A high dose of
BPE (300 mg/kg/day) (Fig. SE and 5F) and moderate to
high doses of APE (100 or 300 mg/kg/day) (Fig. 5G and
5H) significantly decreased the extent of osteolytic lesions
and bone spurs, compared to the saline group (Fig. 5C).
Compared to sham-operated controls, the similar results
were not observed between the 10 mg/kg/day of celecoxib
treatment (Fig. 5D) and the saline treatment (Fig. 5C). The
appearance of the bones in the groups that received APE or
BPE (100 or 300 mg/kg/day) was similar to that of the
sham-operated control. Overall, the effects of APE treat-
ment were more pronounced than that of BPE and cele-
coxib, both of which failed to prevent subchondral bone
formation or moderate the loss of cartilage.

EPEs Moderated Cartilage Degeneration in the
Knee Joints of ACLT-Induced OA Mice

The effect of EPEs on articular cartilage and subchondral
bone in OA mice was analyzed by staining bone sections
with HE (Fig. 6A to 6G). The population with a smooth
surface and an intact superficial and upper zone of the car-
tilage of normal chondrocyte was found in sham-operated
control (Fig. 6A). We also observed chondrocyte degenera-
tion, erosion of articular cartilage, matrix changes, and typi-
cal chondrocyte clustering with apparent hypocellularity at
saline group (Fig. 6B). Administering BPE or APE at a dose
of 300 mg/kg/day (Fig. 6E and 6G) outperformed celecoxib
treatment (Fig. 6C) in maintaining a round chondrocyte
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Figure 4. Profile of the molecular weight distribution of EPEs using gel permeation chromatography analysis. We obtained the
molecular weight distributions of HPE (A), BPE (B), and APE (C) from gel-permeation chromatography using the equations used

to calculate standard dextran linear regression. The polysaccharides from the EPEs ranged from >5000 kDa to <10 kDa. The data
represents the average molecular weight of the entire polymer distribution. EPE = Enteromorpha polysaccharide extracts; HPE = hot
water polysaccharide extract; BPE = basic polysaccharide extract; APE = acidic polysaccharide extract; MW = molecular weights.

phenotype and smooth cartilaginous tissue. In histopatho-
logically classifying the severity of osteoarthritic lesions
(denudation or deformation) in the cartilage of ACLT-
induced mice after 28 days, we employed the Mankin score
based on OA grading of cartilage structure and cell distribu-
tion (Fig. 6H). Administering BPE (100 or 300 mg/kg/day)
or APE (100 or 300 mg/kg/day) had effects similar to those
observed in the celecoxib group (*P < 0.05) in terms of
reducing cartilage destruction in a dose-dependent manner.

These treatments resulted in uneven surfaces and chondro-
cyte degeneration in the superficial layer as well as signifi-
cantly lower Mankin scores (*P < 0.05 and #P < 0.01; #P
< 0.05 and #P < 0.001 vs. the saline-treated group) (***P
< 0.001 vs. the sham-operated control).

Accordingly, we sought to determine the efficacy of BPE
and APE on OA progression by examining the structural
integrity of articular cartilage (AC)/Meniscus (M) via micro-
scope analysis with safranin-O staining (orange) and a
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Figure 5. Influence of EPEs on tactile sensitivity in ACLT-induced OA-related allodynia, and radiographic results illustrating the effects
of EPEs on ACLT-induced osteolytic bone lesions in OA mice. (A) Quantification of the tactile sensitivity of withdrawal threshold
(PWT) values for ACLT-induced OA mice at each groups (n = 5). *p < 0.05; #p < 0.05 and **p < 0.01; #p < 0.0l indicates a
significant difference compared to vehicle control (sham) or saline-treated (ACLT) mice. (B to H) Representative radiographic results
from each groups in ACLT-induced osteolytic bone lesions in OA mice. EPE = Enteromorpha polysaccharide extracts; ACLT =
anterior cruciate ligament transaction; OA = Osteoarthritis; BPE = basic polysaccharide extract; APE = acidic polysaccharide extract.

survey developed by Osteoarthritis Research Society
International (OARSI) (Fig. 6I to 60). In evaluating the
symptoms of OA, severe OA damage to the cartilage and
meniscus in the saline-treated group was detected 28 days
after ACLT induction using safranin-O staining (a sensitive
indicator of proteoglycan content). Note that at this point,
moderate pathological osteoarthritis changes such as articu-
lar cartilage degeneration, proteoglycan loss, cartilage flut-
ter, and cartilage erosion were found in mice. The average
OARSI score in the saline-treated group was 13.7 = 2.5
(Fig. 6J and 6P), compared to sham-operated control, which
obtained a score of 2.1 = 0.6 (Figs. 61 and 6P) (**P < 0.01).

Cartilage erosion and cartilage degradation in knee joints
were less extensive in the APE treatment group (300 mg/kg/
day, Fig. 60) than in the BPE treatment group (300 mg/kg/
day, Fig. 6M). Note that the OARSI score in the BPE group
(Fig. 6P; 4.0 = 0.8 and 7.4+ 1.5, respectively; P < 0.001
and #P < 0.01, respectively) was significantly lower than in
the saline-treated group (Fig. 6J and 60). Overall, BPE or
APE treatment (100 mg/kg/day) resulted in a suitable num-
ber of articular chondrocytes, the retention of proteoglycan,
and a thinner calcified cartilage zone (Fig. 6L and 6N) with
a significantly lower OARSI score (Fig. 6P; 8.9 = 1.3 and
5.2 * 0.8, respectively; P < 0.05 and #*P < 0.001,
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Figure 6. Morphological examination and histological changes of knee joints in ACLT-induced OA mice via HE or safranin-O/fast
green staining. Representative joint sections from each groups in ACLT-induced OA mice. H&E staining showing signs of inflammation,
synovial hyperplasia, and cartilage fissures along with disoriented and scattered dead chondrocytes (A to H). Safranin-O/fast green
staining (orange-red color indicates proteoglycan levels) showing degenerative changes in sagittal sections revealed the architecture
(meniscus and cartilage) of the knee joint (I to P). Scale Bars=20 pm; original magnification, X 400. M, meniscus; AC, articular
cartilage. Quantification of the scores for all fields following staining at each groups (n = 5) (H and P). **P < 0.01; ***P < 0.001; #P <
0.05, ##P < 0.01 and ###P < 0.001, respectively. ACLT = anterior cruciate ligament transaction; OA = Osteoarthritis;

HE = hematoxylin and eosin; BPE = basic polysaccharide extract; APE = acidic polysaccharide extract.

respectively) relative to the celecoxib group (Fig. 6K and
6P; *P > 0.05). Taken together, these results indicate that
APE significantly attenuated cartilage damage, making it a
potent inhibitor of degenerative joint disease in cases of OA.

Discussion

OA is a discontinuous phasic disease with slow progression,
which alters all tissue in the affected joint and leads to
chronic disability. At present, evidence from a diabetic mice
model suggests that polysaccharides, such as those extracted

from Enteromorpha prolifera, play an important role in anti-
inflammation.?? In this study, we demonstrated that poly-
saccharides extracted from EPEs could attenuate the
overexpression of cytokines and chemokines in IL-1[3-
insulted chondrocytes.

Previous studies have determined that IL-1 and TNF-a
are secreted early in the progress of OA.% IL-1P is known
to play a significant role in the pathogenesis of OA, in
vitro. IL-1p insult stimulates COX-2 expression, which is
responsible for PGE2 and has been implicated in bone
resorption and joint pain in OA.?* Researchers have also
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reported on the upregulated production of MMPs and other
inflammatory cytokines in cases of OA.? Inhibition of
IL-1pB-stimulated production of inflammatory mediators is
a potential approach for the treatment of OA. In the present
study, pretreatment with EPEs significantly reduced IL-1[3-
stimulated MMPs and COX-2 expression (Figs. 3 and 4).

MMPs as proteolytic enzymes, which play a key role in
the degradation of articular cartilage,?® making it a potential
target for the OA treatment. The abundant expression of
MMPs in joint disorders is largely due to their ability to
degrade the extracellular matrix (ECM). The fact that
MMP-1, MMP-3, and MMP-13 are mainly present in carti-
lage suggests that it is involved in OA progression.?’-?
Here, we sought to determine whether EPEs inhibit IL-1(-
induced expression and/or activity of MMPs and inflamma-
tory mediators in chondrocytes. IL-1B induced MMP-1,
MMP-3, MMP-13, and a disintegrin and metalloproteinase
with thrombospondin motifs 4 (ADAMTS-4) expression in
human tendon cells was reported.?® In this study, IL-1B was
shown to induce the expression and activity of MMP-9 and
MMP-13 in articular chondrocytes. Thus, it appears that
EPEs exert chondroprotective effects, suggesting that EPEs
could be a novel agent for the control of cartilage damage in
OA (Fig. 3).

The strong expression of inducible nitric oxide synthase
(INOS), COX2, and MMPs in arthritic joints can be attrib-
uted to a tightly regulated and synchronized signaling cas-
cade involved in the MAPK signaling pathway.’*3! NO
generation suppresses iINOS phosphorylation, thereby
delaying the activation of p38 and the extracellular signal-
regulated kinase 1/2 (ERK1/2) MAP kinases. NO activates
ERK signaling by downregulating MAP kinase phospha-
tase was reported.>> MAPKs are activated via the phosphor-
ylation of specific tyrosine and threonine residues in
response to inflammatory signals. In our study, IL-13 was
shown to enhance the p38 (MAPK) and ERK signaling
pathways.

To further validate our in-vitro findings, we evaluated
the potential of EPEs to alleviate ACLT-induced joint pain
of osteolytic lesions or cartilage degeneration in knee joints
at ACLT-induced OA mice (Figs. 5 and 6). After 28 days of
EPE treatment following ACLT, it was demonstrated that
BPE (300 mg/kg/day) and APE (100 and 300 mg/kg/day)
reduced secondary allodynia similar to that obtained using
celecoxib (10 mg/kg/day). These results indicate that the
BPE or APE treatment could theoretically reduce much of
the nerve pain (Fig. 5). Giving BPE (100 or 300 mg/kg/
day) or APE (100 or 300 mg/kg/day) produced benefits
similar to those seen in the celecoxib group in terms of
lowering the cartilage damage when histopathologically
grading the severity of osteoarthritic lesions in the cartilage
of ACLT-induced mice after 28 days. In addition, safranin-
O staining was used to find severe OA damage to the carti-
lage and meniscus in the saline-treated group at after 28

days ACLT induction. Treatment with BPE or APE (100
mg/kg/day) resulted in a suitable number of articular chon-
drocytes, the retention of proteoglycan, and a thinner calci-
fied cartilage zone. Taken together, our findings show that
APE significantly attenuated cartilage damage, making it a
potent inhibitor of degenerative joint disease in cases of
OA (Fig. 6).

However, our data suggest that APE may be a potent
inhibitor of joint degeneration associated with OA, in-vitro
and in-vivo studies. Although the molecular mechanism of
APE in OA is still not clear, it is possible that they reduce or
protect the IL-1B-stimulated SW1353 cells from the expres-
sion of proinflammatory cytokines and p38/AP-1. In addi-
tion, the exact structure and molecular weight of effective
small molecules in APE extracts still need to be further iden-
tified. Further research is required to test this hypothesis and
to identify the exact effective small molecule structures.

In conclusion, the different methods used in EPE extrac-
tion were shown to affect the bioactivity of the resulting
polysaccharide molecules in the extracts. Extraction via hot
water produced EPEs with a larger number of high molecu-
lar weight polysaccharides. APE-produced EPEs proved
particularly effective in attenuating the expression of cyto-
kines and chemokines in the OA model. Thus, it appears
that acid-phase extraction could be used to produce nutri-
tional supplements for OA therapy. APE significantly
reduced TNF-a expression and chemokine release, thereby
reducing oxidative stress and also played an important role
as an MMP activator against IL-1B-induced inflammation.
Thus, it appears that APE could be used to produce nutri-
tional supplements in the prevention and treatment of OA.
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