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ABSTRACT: Osteoarthritis (OA), a degenerative disease characterized by cartilage degradation and inflammation, occurs 
due to trauma caused by external stimuli or cartilage aging. Pyropia yezoensis is a red alga that belongs to the Porphyra fam-
ily and is consumed as food in Asia, especially Korea, Japan, and China. P. yezoensis contains various bioactive substances, 
including carotenoids, flavonoids, and vitamins, that exert anti-inflammatory, antioxidant, and anti-photoaging effects. In 
the present study, the anti-osteoarthritic effects of 30% fermented alcohol extract of P. yezoensis (30% FEPY) on interleu-
kin-1 beta (IL-1)-stimulated chondrocytes and a destabilization of the medial meniscus (DMM)-induced OA rat model 
were investigated. The results showed that pretreatment with 30% FEPY significantly reduced the IL-1-induced expres-
sion of inflammatory factors (e.g., inducible nitric oxide synthase and cyclooxygenase-2) and cartilage-degrading enzymes 
[matrix metalloproteinase (MMP) 1, MMP3, MMP13, a disintegrin and metalloproteinase with thrombospondin motifs 
(ADAMTS) 4, and ADAMTS5], which was analyzed using Griess reaction, enzyme-linked immunosorbent assay, and West-
ern blot analysis. The anti-osteoarthritic effects of 30% FEPY, which were mediated through mitogen-activated protein 
kinase and nuclear factor kappa-light-chain-enhancer of activated B cell signaling, were analyzed using Western blot 
analysis. In an in vivo study, Safranin O staining and immunohistochemistry analysis revealed that treatment with 30% 
FEPY significantly increased cartilage degradation and collagen type II protein expression in the DMM group. These find-
ings collectively suggest that 30% FEPY is a promising candidate for alleviating OA progression and developing new ther-
apeutic drugs.
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INTRODUCTION

Osteoarthritis (OA) is a degenerative disease that devel-
ops with age. In knee OA, patients often experience car-
tilage degradation and knee stiffness, inflammation, and 
pain (Chen et al., 2017). Traditionally, OA is viewed as 
non-inflammatory arthritis linked to weight gain or car-
tilage wear; however, it is currently recognized as an in-
flammatory joint disease (Robinson et al., 2016; Lee et 
al., 2023). Inflammation not only initiates OA but also 
accelerates its pathogenesis and influences pain develop-
ment (Orlowsky and Kraus, 2015; Lee et al., 2023). Cata-
bolic factors, including matrix metalloproteinases (MMPs) 
and a disintegrin and metalloproteinase with thrombo-
spondin motifs (ADAMTSs), which are upregulated by 
inflammation, promote the degradation of chondrocytes 
in the extracellular matrix (ECM) (Maldonado and Nam, 
2013). Specifically, interleukin-1 beta (IL-1) and tumor 

necrosis factor-alpha (TNF-) are important factors that 
are implicated in cartilage matrix degradation, chondro-
cyte death, and local chronic inflammation in the joint 
tissues of patients with OA (Cai et al., 2015; Jenei-Lanzl 
et al., 2019). These catabolic factors are expressed by nu-
clear factor kappa-light-chain-enhancer of activated B cell 
(NF-B) and mitogen-activated protein kinase (MAPK) 
signaling systems, which are involved in the overall physi-
ological activities of cells, including cell growth, inflam-
mation, and differentiation (Saklatvala, 2007; Cai et al., 
2023; Han et al., 2023). Therefore, inhibiting the NF-B 
and MAPK signaling pathways is considered a strategy 
to delay OA progression by reducing the expression of 
catabolic factors.

Pyropia yezoensis is a red alga that is consumed as food 
in Asia, especially Korea, Japan, China, and Taiwan (Ha 
et al., 2020). In East Asia, particularly Korea, P. yezoensis 
is widely cultivated, with an annual global production of 
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more than one million tons (fresh weight) and a market 
value of more than $1.5 billion annually (Sun et al., 
2015; Lee et al., 2018). P. yezoensis exerts various physio-
logical effects, including anti-inflammatory, antioxidant, 
anti-photoaging, and tissue-healing effects (Tao et al., 
2008; Ryu et al., 2014; Isaka et al., 2015). It contains 
25% to 50% proteins, 20% to 40% polysaccharides, vari-
ous vitamins, carotenoids, and essential minerals (Noda, 
1993; Lee et al., 2018). In particular, porphyra-334 and 
glycoproteins, which are found in large amounts in P. ye-
zoensis, are used as cosmetic or active ingredients to im-
prove liver function and muscle atrophy (Hwang et al., 
2008; Ha et al., 2020).

The anti-inflammatory effect of P. yezoensis is demon-
strated by its ability to suppress the expression of proin-
flammatory cytokines, treat conditions such as atopy and 
septic shock, and improve liver fat. However, the effect 
of P. yezoensis on degenerative arthritis remains unclear. 
Therefore, the present study aimed to analyze the chon-
droprotective effects of 30% fermented alcohol extract of 
P. yezoensis (30% FEPY) in primary cultured chondrocytes 
and in an destabilization of the medial meniscus (DMM)- 
induced experimental model.

MATERIALS AND METHODS

Preparation of 30% FEPY
P. yezoensis was purchased from Wando (Korea). It was 
washed several times with tap water to remove salt and 
then dried. Thereafter, the dried sample was extracted 
with 30% fermented alcohol at 90°C for 4 h and con-
centrated and spray-dried. Subsequently, the extracted 
powder was stored at 4°C.

Total sugar, polyphenol, flavonoid, and carotenoid 
analysis
The contents of bioactive compounds in P. yezoensis were 
analyzed in accordance with the method of Jang et al. 
(2024) with some modifications. To analyze the total sug-
ar content (TSC), P. yezoensis was extracted at 85°C for 
25 min. Subsequently, it was filtered, added with 1 mL 
of 5% phenol solution and 5 mL of 95% sulfuric acid, 
and allowed to react in the dark for 20 min. The absor-
bance was measured at 490 nm using an ultraviolet-visi-
ble (UV-VIS) spectrophotometer. The TSC was calculat-
ed using a standard glucose calibration curve (5－500 
g/mL). To analyze the total polyphenol content (TPC), 
5 mL of 10% Folin-Ciocalteu reagent was added to 1 mL 
of P. yezoensis extract and reacted for 5 min. Subsequently, 
the mixture was added with 4 mL of 7.5% Na2CO3, and 
color was developed in the dark for 1 h. The absorbance 
was measured at 765 nm using a UV-VIS spectrophoto-
meter. The TPC was calculated using a standard calibra-

tion curve with gallic acid as the standard. To analyze 
the total flavonoid content (TFC), 1.5 mL of methanol, 
0.1 mL of 10% aluminum nitrate [Al(NO3)3･9H2O], and 
0.1 mL of 1 M potassium acetate (CH3COOK) solution 
were sequentially added to 0.5 mL of P. yezoensis extract. 
Afterward, the mixture was added with 2.8 mL of dis-
tilled water. After thorough stirring and reaction for 40 
min at room temperature, the absorbance at 415 nm was 
measured using a UV-VIS spectrophotometer. The TFC 
was calculated using a standard calibration curve for 
quercetin. To analyze the total carotenoid content (TCC), 
P. yezoensis was ultrasonically extracted at 60°C for 1 h 
using a mixed solvent of hexane : EtOH : acetone : toluene 
at a ratio of 10:6:7:7. The absorbance was measured at 
446 nm using UV-VIS spectrophotometer. The TCC was 
calculated using a standard calibration curve for lutein.

High-performance liquid chromatography (HPLC) analysis
Chromatographic analyses were performed using a Nexera 
Series HPLC system. The UV absorbance was monitored 
at 450 nm. Quantification was performed by integrating 
peak areas at 450 nm, and separation was conducted us-
ing the YMC Carotenoid C30 (particle size, 5 m; 250× 
4.6 mm) with a temperature of 40°C and an injection 
volume of 10 L. The mobile phase comprised a 6:4 mix-
ture of acetone : distilled water (A) and a 6:4 mixture of 
MeOH:acetone (B), with acetone flowing at a rate of 0.5 
mL/min. The gradient conditions were as follows: (mobile 
phase A) 0－0.5 min, 40%; 0.5－3 min, 70%; 3－20 min, 
70%; 20－25 min, 90%; 25－42 min, 90%; 42－45 min, 
100%; and 45－60 min, 100%. P. yezoensis, astaxanthin, 
lutein, and zeaxanthin (Sigma-Aldrich) were used as sam-
ples and standards at 10 and 100 ppm concentrations, 
respectively.

Culture and cell viability assay of primary rat chondrocytes
Primary chondrocytes were isolated from five-day-old 
postnatal Sprague-Dawley rats. For isolated chondrocytes, 
the isolated cartilage tissue was washed with phosphate- 
buffered saline (PBS) containing 2× antibiotics (penicillin 
and streptomycin) and then enzymatically treated with 
0.3% collagenase overnight, in accordance with the meth-
od of previous studies with some modifications (Lee et 
al., 2020; Xia et al., 2023; Jang et al., 2024). After filter-
ing the cells with a cell strainer (0.45 m), they were 
plated at a density of 1×106 cells/mL. The cells were 
cultured in Dulbecco’s Modified Eagle Medium/Nutrient 
Mixture F-12 containing 10% fetal bovine serum and 1% 
antibiotic at 37°C with 5% CO2 for three days. The iso-
lated chondrocytes were used directly for experiments 
without subculture. For cell viability analysis against 30% 
FEPY, the primary chondrocytes were treated with 0.25 
to 1 mg/mL of 30% FEPY, reacted for 24 h, and then 
subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
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trazolium bromide (MTT) assay. The formazan produced 
was dissolved in dimethyl sulfoxide, and the absorbance 
was measured at 590 nm using a microplate reader (Epoch 
Biotek Instruments Inc.). All experiments were perform-
ed five times, and all animal procedures were approved 
by the Institutional Animal Care and Use Committee of 
Chosun University (CIACUC2022-A0019).

Measurement of nitrite oxide (NO) and prostaglandin E2 
(PGE2)
The primary chondrocytes were pretreated with 30% 
FEPY for 1 h and stimulated with IL-1 (10 ng/mL) for 
24 h. The culture medium (100 L) was mixed with 100 
L of Griess reagent [1% (w/v) sulfanilamide and 0.1% 
(w/v) naphthyl ethylenediamine in 5% (v/v) phosphoric 
acid]. The absorbance was measured at 540 nm using a 
microplate reader (Epoch Biotek Instruments Inc.). Nitrite 
was quantified by using a standard curve for sodium ni-
trite. The PGE2 concentration in the culture medium was 
measured using commercial enzyme-linked immunosor-
bent assay kits (R&D Systems) in accordance with the 
manufacturer’s protocols. All assays were performed in 
triplicate.

Western blot analysis
The primary chondrocytes were pretreated with 30% 
FEPY for 1 h and stimulated with IL-1 (10 ng/mL) for 
2 or 24 h. The total proteins were extracted using the 
PRO-PREP Protein Extraction Solution (iNtRON Bio-
technology). Meanwhile, nuclear and cytoplasmic pro-
teins were extracted using the NE-PERTM Nuclear and 
Cytoplasmic Extraction Reagents (Thermo Fisher Scien-
tific) in accordance with the manufacturer’s protocols. 
The protein concentration in each lysate was quantified 
using the Bicinchoninic Acid Protein Assay Kit (Pierce). 
The proteins (10 g each) were separated by size through 
10% to 14% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and then transferred to a polyvinylidene 
difluoride membrane (Bio-Rad Laboratories). The mem-
branes were reacted with 5% bovine serum albumin for 
20 min and then incubated overnight with specific pri-
mary antibodies at 4°C to prevent nonspecific antibody 
reactions. The membranes were washed with Tris-buf-
fered saline containing 0.1% Tween 20 and then incu-
bated with a horseradish peroxidase-conjugated secon-
dary antibody for 1 h. The protein bands were detected 
using an enhanced chemiluminescence kit (Millipore) and 
the MicroChemi 4.2 Imaging System (DNR Bioimaging 
Systems). The following specific primary antibodies were 
used: inducible nitric oxide synthase (iNOS; Abcam, 
1:2,000), cyclooxygenase-2 [COX-2; Cell Signaling Tech-
nology (CST), 1:1,000], MMP1 (Abcam, 1:2,000), MMP3 
(CST, 1:1,000), MMP13 (Abcam, 1:1,000), ADAMTS4 
(Abcam, 1:1,000), ADAMTS5 (Abcam, 1:1,000), colla-

gen type II (Invitrogen, 1:1,000), aggrecan (Invitrogen, 
1:1,000), extracellular signal-regulated kinase (ERK) 
(CST, 1:2,000), c-Jun N-terminal kinase (JNK) (CST, 1: 
2,000), P38 (CST, 1:2,000), p-ERK (CST, 1:2,000), p-JNK 
(CST, 1:2,000), p-P38 (CST, 1:2,000), phosphorylated in-
hibitor of kappa B  (p-IB-) (Invitrogen, 1:1,000), IB- 
(Invitrogen, 1:1,000), and p65 (Invitrogen, 1:1,000).

Alcian blue stain
The primary chondrocytes were plated at a density of 
1×106 cells/mL in a six-well cell culture plate. After 15 
h, they were treated with 30% FEPY and IL-1 (10 
ng/mL) at 1-h intervals. After 72 h, the cells were fixed 
with 95% ethanol for 30 min and stained with 1% 
Alcian blue in 0.1 N HCL for 18 h, as described in pre-
vious studies (You et al., 2017; Lee et al., 2020; Jang et 
al., 2024). Subsequently, the cells were photographed af-
ter removing unstained cells with 1×PBS.

Experimental animals and ex vivo and in vivo study design
Ex vivo and in vivo studies were performed in accordance 
with the methods of previous studies with slight mod-
ifications (You et al., 2017; Lee et al., 2020; Jang et al., 
2024). Sprague-Dawley rats (5-days or 6-weeks old) were 
purchased from Damool Science. For ex vivo study, the 
knees of 5-day-old postnatal rats were removed, and on-
ly the skin was removed and cultured in a chondrocyte 
growth medium at 37°C with 5% CO2 for 3 days. The 
culture medium was replaced daily. After 3 days of cul-
ture, the cells were pretreated with 30% FEPY for 1 h. 
Subsequently, they were treated with IL-1 (10 ng/mL) 
and further reacted for 48 h. After completion of the re-
action, the tissues were subjected to histological analy-
sis. For the in vivo study, the experimental animals were 
housed in constant temperature (21°C±1°C) and hu-
midity (55%±5%) conditions with a 12-h light/dark cy-
cle and allowed free access to water and feed. All animal 
handling procedures were planned following the Guide 
for the Care and Use of Laboratory Animals of the 
National Institutes of Health and approved by the Insti-
tutional Animal Care and Use Committee of Chosun 
University (CIACUC2022-A0019). The rats (n=24) were 
randomly divided into the following six groups: group 1 
(normal), group 2 (sham, 0.9% normal saline), group 3 
(DMM, 0.9% normal saline), and groups 4 to 6 (DMM, 
receiving 30% FEPY at 50, 100, and 200 mg/kg body 
weight, respectively). For DMM surgery, the experimental 
animals were anesthetized with isoflurane, and the me-
dial menisci of both knees were damaged. In the sham 
group, the medial meniscus was visualized but was not 
damaged. Starting the day after DMM surgery, 0.9% nor-
mal saline or 30% FEPY was orally administered for eight 
weeks. All experimental animals were sacrificed to ob-
tain knee tissues on the day after the last administration.
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Table 1. Content of bioactive substances in Pyropia yezoensis
Phytochemical (g/100 g dry weight)

TSC TPC TFC TCC

40.68±0.89 319.4±0.12 62.6±0.31 0.68±0.06

Values are presented as mean±SD.
TSC, total sugar content; TPC, total polyphenol content; TFC, 
total flavonoid content; TCC, total carotenoid content.

Fig. 1. Identification of Pyropia ye-
zoensis. (A) High-performance liq-
uid chromatography (HPLC) chro-
matogram of P. yezoensis. (B) Ac-
curate mass measurements of the 
three compounds in P. yezoensis 
using HPLC-electrospray ionization 
time-of-flight mass spectrometry. 
R.T., retention time; M.W., molecular 
weight; M.F., molecular formula.

Histology analysis and stain
The collected knee tissues were washed with 1×PBS for 
two days and then fixed with 10% neutral buffered for-
malin for two days at 4°C. The tissues were decalcified 
for 10 days in 0.5 M ethylenediaminetetraacetic acid for 
calcium removal and then dehydrated through a series of 
ethanol dilutions (70%－100%). For paraffin block fab-
rication, the samples were infiltrated with xylene for 
four hours and then embedded in paraffin blocks. Next, 
the tissues were cut into 10-m-thick sections, stained 
with Safranin O/Fast Green, and photographed under a 
microscope (Leica Camera AG).

Statistical analyses
All data were obtained from at least three independent 
experiments. The results are presented as the average 
mean±standard deviation. One-way analysis of variance 
followed by Tukey’s test was used for multiple group 
comparisons using GraphPad Prism 5.0 (GraphPad Soft-
ware Inc.). Statistical significance was considered at P< 
0.05.

Ethical approval
The animal study protocols were approved by the Institu-
tional Animal Care and Use Committee of Chosun Uni-
versity (CIACUC2022-A0019 and CIACUC2024-A0018).

RESULTS

Analysis of the phytochemical contents of P. yezoensis
The TSC, TPC, TFC, and TCC of P. yezoensis are shown 
in Table 1. The pretreatment method for the analysis of 
phytochemicals contained in P. yezoensis is described in 
the Materials and Methods section. The analysis results 
showed that the TSC was 40.68±0.89/100 g of glucose, 
the TPC was 319.4±0.12/100 g of gallic acid, the TFC 
was 62.6±0.31/100 g of quercetin, and the TCC was 
0.68±0.06 g/100 g of lutein. Carotenoids derived from 
seaweed are known for their active components, which 
exhibit various functionalities. Therefore, we analyzed the 

carotenoid components in P. yezoensis using HPLC. The 
results showed that P. yezoensis contains large amounts 
of organic pigments, including astaxanthin, lutein, and 
zeaxanthin (Fig. 1).

Effects of 30% FEPY on the viability of primary 
chondrocytes
The chondrocytes were treated with 0 to 2 mg/mL of 
30% FEPY for 24 h to evaluate its cytotoxicity. No cyto-
toxicity was observed with treatment of up to 2 mg/mL 
of 30% FEPY (Fig. 2).

Effects of 30% FEPY on the IL-1-induced expression of 
inflammatory factors in primary chondrocytes
Treatment with IL-1 only clearly increased the expres-
sion of nitrite (40.95±3.06 M) and PGE2 (1,488.24± 
29.80 pg/mL) compared with the control group (nitrite, 
0.90±0.83 M; PGE2, 743.65±24.83 pg/mL) as shown 
in Fig. 3A and 3B. However, pretreatment with 30% FEPY 
inhibited the induction of nitrite and PGE2 in a dose-de-
pendent manner. Pretreatment with 1 mg/mL of 30% 
FEPY resulted in nitrite and PGE2 inhibition rates of 34% 
(27.43±1.20 M) and 31% (1,033.41±62.08 pg/mL), 
respectively (Fig. 3A and 3B). Moreover, similar to the 
results of nitrite and PGE2, pretreatment with 30% FEPY 
significantly suppressed IL-1-induced iNOS and COX-2 
protein expression (Fig. 3C and 3D).

Effects of 30% FEPY on IL-1-induced catabolic factor 
expression in primary chondrocytes
MMPs and ADAMTSs are typical enzymes responsible 
for degrading the cartilage matrix. Therefore, inhibiting 
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Fig. 2. Effects of 30% fermented alcohol extract of Pyropia ye-
zoensis (FEPY) on the viability of chondrocytes. The cells were 
treated with 30% FEPY (0.25, 0.5, 1.0, and 2.0 mg/mL) for 24 
h, and their viability was determined by MTT assay. The cells 
incubated without 30% FEPY were used as controls and consid-
ered 100% viable. Data are represented as the mean±SD of 
three independent experiments.

Fig. 3. Effects of 30% FEPY on IL-1-induced expression of nitrite, PGE2, iNOS, and COX-2 in primary chondrocytes. The cells 
were pretreated with 30% FEPY (0.25, 0.5, and 1 mg/mL) for 1 h and treated with IL-1 (10 ng/mL) for 24 h. (A) Nitrite that 
accumulated in the cultured medium was analyzed by measuring the absorbance at 540 nm after reacting with the Griess reagent. 
(B) PGE2 that accumulated in the cultured medium was analyzed using ELISA kits. (C) The expression of iNOS and COX-2 proteins 
was determined using Western blot analysis. (D) The quantitative data of (C) were analyzed using ImageJ software, with -tubulin 
as an internal control. The results are represented as the mean±SD of three independent experiments. ##P<0.01 compared with 
the control group; *P<0.05, **P<0.01, and ***P<0.001 compared with IL-1-treated group. FEPY, fermented alcohol extract of 
Pyropia yezoensis; IL-1, interleukin-1; NO, nitrite oxide; PGE2, prostaglandin E2; iNOS, inducible nitric oxide synthase; COX-2, 
cyclooxygenase-2; ELISA, enzyme-linked immunosorbent assay.

their expression is closely associated with the delayed 
onset of OA (Maldonado and Nam, 2013). In the group 
treated with IL-1, the protein expression of MMP1, 
MMP3, MMP13, ADAMTS4, and ADAMTS5 increased; 

however, the expression was significantly decreased in 
the group pretreated with 30% FEPY (Fig. 4).

Effects of 30% FEPY on IL-1-induced degradation of 
anabolic factors in primary chondrocytes
Collagen type II and aggrecan are essential components 
of the ECM and contribute significantly to cartilage struc-
ture and function. Matrix-degrading enzymes, including 
MMPs, cause ECM degradation, which is one of the lead-
ing causes of OA (Maldonado and Nam, 2013). IL-1 sig-
nificantly decreased the protein expression of collagen 
and aggrecan, but the decreased expression was reversed 
by pretreatment with 30% FEPY (Fig. 5A and 5B). The 
in vitro effects of 30% FEPY were verified through organ 
culture. The knee tissues of rats were excised, treated 
with 30% FEPY and IL-1 (10 ng/mL), and cultured for 
48 h. Afterward, they were subjected to histological anal-
ysis (Fig. 5C). The articular cartilage was stained using 
Safranin O and Alcian blue reagents, which stain the car-
tilage matrix. The results showed that the control group 
had a dark stain on the cartilage surface, whereas the 
IL-1 alone group had a fainter stain and color (Fig. 5D 
and 5E). On the other hand, in the group pretreated 
with 30% FEPY, the stain was restored to a darker color 
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Fig. 4. Effects of 30% FEPY on IL-1-induced catabolic factors in primary chondrocytes. The cells were pretreated with 30% FEPY 
(0.25, 0.5, and 1.0 mg/mL) for 1 h and treated with IL-1 (10 ng/mL) for 24 h. (A) The protein levels of MMP1, 3, and 13 were 
determined using Western blot. (B) The quantitative data of (A) were analyzed using ImageJ software. (C) The protein levels of 
ADAMTS4 and ADAMTS5 were determined using Western blot analysis. (D) The quantitative data of (C) were analyzed using ImageJ 
software, with -tubulin as an internal control. The results are represented as the mean±SD of three independent experiments. 
##P<0.01 compared with the control group; **P<0.01 and ***P<0.001 compared with the IL-1-treated group. FEPY, fermented 
alcohol extract of Pyropia yezoensis; IL-1, interleukin-1; MMP, matrix metalloproteinase; ADAMTS, a disintegrin and metal-
loproteinase with thrombospondin motif. 

because of proteoglycan protecting the cartilage matrix 
(Fig. 5D and 5E).

Effects of 30% FEPY on the IL-1-induced phosphorylation 
of MAPKs and NF-B signaling activation in primary 
chondrocytes
The phosphorylation of MAPKs (ERK, JNK, and P38) 
and nuclear translocation of NF-B p65 were analyzed 
using Western blot analysis to determine the mechanism 
underlying the chondroprotective effects of 30% FEPY. 
IL-1 induced the phosphorylation of ERK, JNK, and P38. 
However, pretreatment with 30% FEPY significantly in-
hibited their phosphorylation without affecting the total 
protein expression levels (Fig. 6A and 6B). In addition, 
IL-1 induced the phosphorylation and degradation of 
IB-, thereby enhancing the nuclear translocation of the 
NF-B subunit p65. Nevertheless, this effect was reversed 
by pretreatment with 30% FEPY (Fig. 6C and 6D). These 
findings suggest that the anti-osteoarthritic effects of 
30% FEPY may be mediated through MAPKs and NF-B 
signaling.

Effects of 30% FEPY administration on DMM-induced OA 
rat model
To evaluate the anti-osteoarthritic effects of 30% FEPY 
in vivo, an experimental animal OA model was construct-

ed using DMM surgery, which mimics the development 
of OA in humans. The effects of 30% FEPY on the devel-
opment of DMM-induced OA were assessed by evaluat-
ing collagen type II expression and using Safranin O/Fast 
Green staining based on the Osteoarthritis Research So-
ciety International (OARSI) score (Gerwin et al., 2010). 
The content of proteoglycans was depleted in the group 
that underwent DMM surgery, but it was recovered in 
the group that received daily oral administration of 30% 
FEPY for eight weeks (Fig. 7A). The OARSI score of the 
DMM surgery group was 12, whereas the OARSI scores 
of the groups receiving 30% FEPY at 50, 100, and 200 
mg/kg were 7, 6, and 5, respectively (Fig. 7B). Moreover, 
the oral administration of 30% FEPY significantly sup-
pressed the degradation of collagen type II by DMM. 
These results suggest that 30% FEPY can alleviate OA 
development in vivo.

DISCUSSION

Cartilage comprises water, chondrocytes, and the ECM. 
As cartilage functions under avascular, aneural, and anaer-
obic conditions, chondrocytes are the only cells respon-
sible for cartilage health (Sophia et al., 2009). The ECM, 
which comprises fibrillar and non-fibrillar collagen and 
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Fig. 5. Effects of 30% FEPY on IL-1-induced anabolic factors in primary chondrocytes and organ culture. The cells were pretreated 
with 30% FEPY (0.25, 0.5, and 1.0 mg/mL) for 1 h and treated with IL-1 (10 ng/mL) for 24 h. (A) The protein levels of collagen 
type II and aggrecan were determined using Western blot analysis, with -tubulin as an internal control. (B) The quantitative 
data of (A) were analyzed using ImageJ software. (C) The proteoglycan concentration of chondrocytes was analyzed using Alcian 
blue staining. Five-day-old postnatal Sprague-Dawley rats were cultured for three days. Then, they were pretreated with 30% 
FEPY for 1 h and treated with IL-1 (10 ng/mL) for 48 h. (D, E) Histological analysis was performed using Safranin O and Alcian 
blue staining to analyze the proteoglycan content of articular cartilage. ##P<0.01 compared with the control group; *P<0.05 and 
**P<0.01 compared with the IL-1-treated group. FEPY, fermented alcohol extract of Pyropia yezoensis; IL-1, interleukin-1. 

negatively charged proteoglycans synthesized from chon-
drocytes, possesses viscoelastic properties, enabling it to 
recover from mechanical deformation (Mow et al., 1994; 
Sanchez-Adams et al., 2014; Al-Maslamani et al., 2022). 
Therefore, healthy chondrocytes and their dense ECM 
are essential for maintaining healthy cartilage.

OA is induced by cartilage destruction caused by pro-
inflammatory cytokines, including IL-1 and TNF- (Cai 
et al., 2015; Jenei-Lanzl et al., 2019). Elevated levels of 
IL-1 have been reported in the synovial fluid, sub-
chondral bone, and cartilage tissue of patients with OA 
(Wang et al., 2017; Mai et al., 2023). In the pathogenesis 

of OA, IL-1 not only triggers the initiation and progres-
sion of ECM degradation but also induces the expres-
sion of other catabolic factors, including iNOS, NO, 
COX-2, PGE2, TNF-, MMPs, and ADAMTSs (Daheshia 
and Yao, 2008; He et al., 2020). Among the catabolic 
factors of the cartilage ECM, the MMP family is a signifi-
cant factor involved in cartilage destruction as it degrades 
collagen and proteoglycans, which are the main compo-
nents of the ECM (Lee et al., 2023). MMP1 and MMP13 
have the unique ability to disrupt the triple-helical struc-
ture of fibrillar collagen (Visse and Nagase, 2003). MMP3 
is upregulated in the early stages of OA and is respon-
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Fig. 6. Effects of 30% FEPY on the IL-1-induced phosphorylation of MAPKs and activation of NF-B in primary chondrocytes. 
The cells were pretreated with 30% FEPY (0.25, 0.5, and 1.0 mg/mL) for 1 h and treated with IL-1 (10 ng/mL) for 1 h. (A) The 
protein levels of phosphorylated MAPKs (ERK, JNK, and p38) were determined using Western blot analysis. (C) The protein levels 
of IB- and NF-B p65 were determined using Western blot analysis, with -tubulin as an internal control. (B, D) The quantitative 
data of (A) and (C) were analyzed using ImageJ software. ##P<0.01 compared with the control group; *P<0.05, **P<0.01, and 
***P<0.001 compared with IL-1-treated group. FEPY, fermented alcohol extract of Pyropia yezoensis; IL-1, interleukin-1; NF-B, 
nuclear factor kappa-light-chain-enhancer of activated B cell; MAPK, mitogen-activated protein kinase; ERK, extracellular sig-
nal-regulated kinase; JNK, c-Jun N-terminal kinase; IB, NF-kappa-B inhibitor alpha.

sible for cleaving collagen type II and aggrecan (Visse and 
Nagase, 2003; Lee and Kang, 2023). The members of the 
ADAMTS family, including ADAMTS4 and ADAMTS5, 
are proteolytic enzymes that accelerate OA by degrading 
collagen type II and aggrecan (Kapoor et al., 2011; He et 
al., 2020). Therefore, inhibiting the expression of ECM 
catabolic factors by suppressing inflammation is one strat-
egy for mediating OA progression. Our results showed 
that 30% FEPY inhibited the IL-1-induced elevated ex-
pression of iNOS, NO, COX-2, PGE2, MMP1, MMP3, 
MMP13, ADAMTS4, and ADAMTS5 and decreased ex-
pression of collagen type II and aggrecan. These results 
are consistent with those of previous studies that have 
analyzed the ameliorating effects of OA. Bone marrow 
mesenchymal stem cell-derived exosomes have been re-
ported to promote cartilage repair by inhibiting the IL- 
1-induced elevated expression of MMP13 and ADAMTS5 
and promoting the synthesis of collagen type II and ag-
grecan (He et al., 2020). Schisandra chinensis extract was 
reported to exhibit an alleviating effect on OA via in-
hibiting the expression of MMP3 and COX-2 induced by 
IL-1 and showed better effects than the active ingre-
dient schisandrol A (Han et al., 2023).

MAPK and NF-B signaling are essential in various 
cellular responses, including stress, inflammation, and 
OA (Gottschalk et al., 2016; Ahmed et al., 2018; Han et 
al., 2023). IL-1 mainly activates the MAPK and NF-B 
signaling pathways and affects MMP, COX-2, and iNOS 
expression (Daheshia and Yao, 2008; Chow and Chin, 
2020). MAPKs, including ERK, JNK, and P38, are acti-
vated via phosphorylation to regulate the secretion of in-
flammatory cytokines, and the MAPK signaling pathway 
stimulates the activation of the NF-B signaling pathway. 
NF-B signaling is activated through the translocation of 
the p65 subunit to the nucleus upon degradation of NF- 
B-bound IB protein inhibitor (Chow and Chin, 2020; 
Park et al., 2024). Our results showed that 30% FEPY 
inhibited the IL-1-induced phosphorylation of MAPKs 
(ERK1/2, JNK, and P38) and translocation of the NF-B 
p65 subunit to the nucleus, suggesting that the chon-
droprotective effects of 30% FEPY are at least partially 
activated via the MAPK and NF-B signaling pathway.

In an in vivo study, we analyzed the therapeutic poten-
tial of 30% FEPY on OA by using a DMM-induced de-
generative arthritis animal model. DMM surgery, which 
induces meniscal damage and subsequent degeneration, 
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Fig. 7. Protective effects of 30% FEPY against cartilage degradation in DMM-induced rats. (A) Histopathological features of knee 
joint tissues in DMM-induced rats. (B) OARSI score using blind testing. (C) Immunohistochemical staining of collagen type II protein 
in cartilage tissue. ##P<0.01 compared with the control group; ***P<0.001 compared with the DMM surgery group. FEPY, fermented 
alcohol extract of Pyropia yezoensis; DMM, destabilization of the medial meniscus; OARSI, Osteoarthritis Research Society 
International.

closely mimics the progression of degenerative arthritis 
in humans because of aging. It is a surgical technique 
that is primarily utilized in in vivo research for joint im-
provement (Bove et al., 2006; Gregory et al., 2012). The 
daily oral administration of 30% FEPY for eight weeks 
in the DMM surgery group significantly decreased pro-
teoglycan loss. In addition, immunohistochemistry anal-
ysis revealed that the anabolic marker, collagen type II, 
was significantly downregulated in the DMM surgery 
group. By contrast, the expression of collagen type II was 
significantly increased in the group pretreated with 30% 
FEPY. These results suggest that 30% FEPY may help 
treat OA.

Although this study demonstrated that the excellent 
chondroprotective effects of 30% FEPY could delay OA 
progression, it has some limitations. While the total con-
tent of the bioactive components of P. yezoensis was ana-
lyzed, we did not come close to identifying the active in-
gredients associated with the chondroprotective effects 
of 30% FEPY. Thus, further studies are needed to identi-
fy the active ingredients in order to elucidate the exact 
mechanism of action of the extract. Another limitation is 
that only one type of animal model was used to evaluate 
the efficacy of joint improvement. Although OA induced 
by DMM surgery closely mimics OA in humans, it can-
not represent the development of OA. In most cases, OA 
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is caused by natural aging. However, the recent increase 
in leisure exercise has led to an increased incidence of 
post-traumatic OA among younger generations. There-
fore, if the cartilage protection and joint improvement 
effects of 30% FEPY are proven through efficacy analysis 
not only in medial meniscotibial ligament (DMM sur-
gery) damage but also in OA induced by anterior cru-
ciate ligament transection or monosodium iodoacetate 
injection, this extract may become a material worth de-
veloping not only as a health functional food but also as 
a medicine.

In conclusion, pretreatment with 30% FEPY effectively 
inhibited the IL-1-induced elevated expression of in-
flammatory factors (NO, iNOS, PGE2, and COX-2) and 
cartilage-degrading enzymes (MMP1, MMP3, MMP13, 
ADAMTS4, and ADAMTS5). Moreover, 30% FEPY in-
hibited the degradation of collagen type II and aggrecan 
induced by IL-1. In an in vivo study, the administration 
of 30% FEPY to a DMM-induced OA rat model for eight 
weeks prevented the degradation of collagen type II in 
the cartilage matrix. These findings suggest that 30% 
FEPY exerts anti-osteoarthritic effects by modulating 
MAPK and NF-B signaling in IL-1-induced chondro-
cytes and DMM-induced OA rat model.
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