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A B S T R A C T   

Osteoarthritis (OA) is a prevalent chronic disease, characterized by chronic inflammation and cartilage degra
dation. This study aims to deepen the understanding of OA’s pathophysiology and to develop novel therapeutic 
strategies. Our study underscores the pivotal role of Epiphycan (EPYC) and the IL-17 signaling pathway in OA. 
EPYC, an essential extracellular matrix constituent, has been found to exhibit a positive correlation with the 
severity of OA. We have discovered that EPYC modulates the activation of the IL-17 signaling pathway within 
chondrocytes by regulating the interaction between IL-17A and its receptor, IL-17RA. This regulatory mechanism 
underscores the intricate interplay between the extracellular matrix and immune signaling in the pathogenesis of 
OA Another finding of our study is the therapeutic effectiveness of protocatechualdehyde (PAH) in OA. PAH 
significantly reduces chondrocyte hypertrophy and supports cartilage tissue recovery.by targets EPYC. To reduce 
the side effects of orally administered PAH and maintain its effective drug concentration, we have developed a 
decellularized matrix hydrogel loaded with PAH for intra-articular injection. This novel drug delivery system is 
advantageous in minimizing drug-related side effects and ensuring sustained release PAH within the joint cavity.   

1. Introduction 

OA, a disease associated with aging, poses a significant threat to the 
health of the elderly globally, particularly among those aged 65 and 
older [1,2]. The hallmark characteristics of OA encompass hypertrophy 
of the cartilage, the development of osteophytes, and hyperplasia of the 
synovium [3,4]. Although several causes of OA have been identified, 
including obesity, trauma, and genetics, its underlying mechanisms 
remain unclear [5,6].Currently, the research direction of OA patho
genesis is gradually shifting from solely studying chondrocytes to 
exploring the extracellular matrix (ECM) of chondrocytes and the local 
microenvironment of cartilage [7–10]. EPYC, a member of the small 
leucine-rich repeat proteoglycan (SLRP) family characterized by its 
abundance of leucine-rich repeat sequences [11]. It can interact with 
collagen fibers and other ECM proteins, promoting the formation of type 

I collagen fibers [12]. Unlike its SLRP counterparts, EPYC is predomi
nantly expressed within cartilage, where it plays an indispensable role in 
both the development of cartilage and the maintenance of joint integrity 
[13]. It has been recently reported that EPYC is significantly upregulated 
in the ECM tissues of patients with OA, suggesting its potential utility as 
a novel biomarker for the disease’s diagnosis [14]. Currently, there is a 
lack of further in-depth research regarding the EPYC protein. 

Interleukin 17A (IL-17A) is a pro-inflammatory cytokine secreted by 
Th17 cells [15]. IL-17A cytokines bind to the IL-17RA/IL-17RC hetero
dimer, subsequently activating the IL-17 signaling pathway and trig
gering an immune response [16]. During the course of OA, IL-17 can 
influence the inflammatory response, complement production and 
hypoxia response [17,18]. Increasing research indicates that the ECM 
can regulate the binding of immune chemokines and cytokines to their 
corresponding receptors on the cell surface, thereby initiating changes 
in cellular mechanisms. Can the ECM protein EPYC regulate the binding 
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of inflammatory factors like IL-17A to receptors on the surface of 
chondrocytes? This is one of our primary research focuses. 

Commonly used drug treatments in clinical practice, such as non- 
steroidal anti-inflammatory drugs, have side effects, such as gastroin
testinal discomfort [19,20]. Therefore, finding a drug with fewer side 
effects to reverse the progression of OA is crucial. PAH, a natural 
phenolic compound found in the traditional Chinese herb Salvia mil
tiorrhiza, is known for its anti-inflammatory and antioxidant, with 
minimal toxic side effects [21–24]. Recent studies have revealed that 
PAH can protect human dermal fibroblasts from photoaging by inhib
iting the expression of matrix metalloproteinases and pro-inflammatory 
factors [25], Whether PAH can exert its anti-inflammatory effects in OA 
remains unknown, as there are currently no studies on its mechanism of 
action in this context. 

To achieve prolonged drug release of PAH within the organism and 
enhance its targeting towards EPYC, a bioactive scaffold with good 
biocompatibility, mechanical properties, and biodegradability is essen
tial. Cartilage decellularized matrix (DECM) hydrogel has the advantage 
of reduced immunogenicity while retaining the components, structure, 
and function of the ECM [26,27]. Given the presence of aldehyde and 
hydroxyl groups in PAH, it is capable of engaging in a Schiff base re
action with amines in an alkaline setting, suggesting that PAH can 
chemically bond with the DECM hydrogel. This interaction is antici
pated to augment the hydrogel’s mechanical and biological attributes. 
Furthermore, as the DECM hydrogel degrades, it can facilitate a 
controlled release of PAH.As EPYC is a component of the ECM of carti
lage, using cartilage DECM hydrogel loaded with PAH will provide more 
opportunities for PAH to interact with EPYC, thereby enhancing its 
therapeutic efficacy of OA. In this experiment, we successfully prepared 
the PAH@DECM hydrogel, achieving the slow release of PAH. With the 
degradation of DECM, the released PAH is gradually utilized by chon
drocytes, playing roles in anti-inflammation and promoting chondrocyte 
migration and proliferation. 

In this study, we report for the first time that in OA, the upregulated 
expression of EPYC enhances the binding of the inflammatory chemo
kine IL-17A to its chondrocyte surface receptor IL-17RA, further acti
vating the IL-17 signaling pathway and exacerbating the progression of 
OA. We have discovered for the first time that PAH has a therapeutic 
effect on OA and can act on EPYC to downregulate its expression, 
reversing the pro-OA effects of EPYC. Leveraging these insights, and 
aiming to mitigate the first-pass effect and minimize PAH’s side effects, 
we have engineered a composite material consisting of PAH and DECM 
hydrogel. This innovative combination is anticipated to augment the 
therapeutic efficacy of PAH in the treatment of OA. These findings are of 
significant importance for a deeper understanding of the pathogenesis of 
OA and the development of new treatment methods (Graphical 

Abstract). 

2. RESULTs 

2.1. EPYC can regulate the progression of OA 

Fig. 1A serves as a summary diagram for the content of this section. 
To identify genes with differential expression in OA, we sourced datasets 
GSE55235 and GSE55457 from the GEO database, encompassing 
sequencing data from both 20 healthy and 20 OA-affected joint tissues. 
After analyzing the GSE data, we created volcano plots (Fig. 1B) and 
heatmaps (Supplementary S1A). Relative to the healthy control group, 
there was a marked decrease in the expression levels of molecules like 
SIK1, APOLD1, and GRB10 within the OA group, whereas an increase 
was observed for CX3CR1, EPYC, SCRG1, among others (Fig. 1C). Cur
rent research on OA is gradually expanding from focusing solely on 
chondrocytes to encompassing the microenvironment in which chon
drocytes exist. The ECM and collagen fibers form the scaffold of cartilage 
tissue and constitute the primary living environment for chondrocytes, 
while also serving as substrates for the ADAMs family of proteases and 
the MMPs family of proteases. Consequently, EPYC, one of the differ
entially expressed genes highlighted above, has garnered our interest. 
EPYC is a proteoglycan from the type III SLRPs family and is a compo
nent of the ECM. It interacts with collagen fibers and the ECM, facili
tating the synthesis of type I collagen fibers, and is crucial for cartilage 
development and the preservation of joint integrity [13]. Recently, it has 
been reported to be associated with the development of OA and may 
serve as a novel biomarker for diagnosing OA [14]. In light of these 
findings, we intend to further explore the regulatory mechanisms of 
EPYC in the etiology and progression of OA Further mining of the GSE 
datasets with a focus on EPYC revealed significant differences in the 
expression levels of EPYC between healthy individuals and those with 
OA (Fig. 1D). The constructed ROC curve also suggests that EPYC pos
sesses high diagnostic sensitivity for OA (Fig. S1B). 

Next, to validate the differential expression of EPYC in the GSE 
dataset, we established an in vivo OA DMM animal model. Regularly 
harvested rat cartilage sections demonstrated a significant upregulation 
of EPYC expression in cartilage tissue following DMM surgery, as evi
denced by immunohistochemistry (Fig. 1E). Hematoxylin and Eosin 
(H&E) and Safranin O-fast green (SOFG) staining revealed that, 
compared to sham rats, cartilage damage, significant loss of collagen 
fibers, and reduced joint space occurred post-DMM surgery, suggesting 
that increased EPYC expression is associated with cartilage degeneration 
and OA progression (Fig. 1FG). The OARSI scores for the medial tibia 
plateau (MTP) and medial femoral condyle (MFC) (Fig. S1C), as well as 
the total OARSI score, were calculated, showing a significant increase in 

Abbreviations and acronyms: 
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Thrombospondin Motifs 4 

co-IP co-immunoprecipitation 
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OARSI scores in rats post-DMM surgery (Fig. 1H). We also built an in 
vitro synovial cell-chondrocyte co-culture model. Synovial cells were 
cultured in the upper chamber of a transwell co-culture system, while 
chondrocytes were cultured in the lower chamber, both treated with IL- 
1β (Fig. 1I). synoviocytes secrete a range of immune chemokines and 
inflammatory factors, including IL-17, IL-6, TNF, etc., playing a signif
icant role in regulating the joint microenvironment and stimulating 
catabolic pathways in chondrocytes [28]. Western blot in vitro results 
from cell experiments were consistent with the immunohistochemistry 
results from animal experiments, showing increased expression of EPYC 
at both 7D and 14D time points in the synoviocyte-chondrocyte 
co-culture model (Fig. 1J). To examine EPYC’s regulatory influence in 
OA, we engineered plasmids for both overexpression and knockdown of 
EPYC, subsequently assessing their efficacy (Fig. S1D). PCR results after 
transfecting the synoviocyte-chondrocyte co-culture model with plas
mids indicated that overexpression of EPYC further inhibited the tran
scription levels of the proteoglycan Aggrecan and collagen fiber Col2, 
while increasing the transcription levels of the proteases ADATS5 and 
MMP13. Knockdown of EPYC could reverse the hypertrophy of chon
drocytes stimulated by IL-1β (Fig. 1K). These results suggest that EPYC 
expression levels rise in OA, and it can regulate the severity of OA. 

2.2. EPYC can regulate the expression of IL-17A 

Fig. 2A provides a summary diagram for the content of this section. 
The differentially expressed genes derived from the GSE dataset un
derwent Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis. GO enrichment analysis revealed 
that in OA patients, as compared to healthy individuals, there is 
abnormal activation of leukocytes, dysregulated activity of chemokines, 
disrupted chemokine-mediated signaling pathways, and disturbance in 
chemokine homeostasis. Chemokines are intimately connected to 
inflammation, which is, in turn, tightly coupled with alterations in the 
inflammatory microenvironment. This guides the onset and progression 
of a range of diseases, including OA, heterotopic ossification, and oste
osarcoma [29,30]. (Fig. 2B). KEGG results indicated that most differ
entially expressed genes are related to the IL-17 signaling pathway 
(Fig. 2C). The IL-17 signaling pathway has been repeatedly reported in 
relation to OA. The IL-17 family consists of six cytokines (IL-17A to F), 
with IL-17A being the most extensively studied and considered the most 
influential [15,17,31,32]. Studies have shown that the levels of IL-17A 
in the serum and synovial fluid of OA patients are higher than those in 
healthy individuals and are positively correlated with measures of pain, 
functionality, and disease severity [18,33]. When comparing 

Fig. 1. (A) The expression level of EPYC is elevated in OA, and it plays a regulatory role in determining the severity of OA. (B) Volcano plots obtained through the 
analysis of datasets GSE55235 and GSE55457. (C) The top 5 upregulated and downregulated genes with the most significant differential expression in the datasets. 
(D) The expression difference of EPYC between the Normal group and the OA group in the dataset.wilcox.tests p = 1.7e− 10.(E) Immunohistochemical staining results 
of EPYC at different weeks in the Sham and DMM groups, along with corresponding bar charts. Scale bar, 100 μm. All data are presented as mean ± SD; N = 3; **P <
0.01. (F) H&E and (G)SOFG staining results in the Sham and DMM groups at different weeks.Scale bar, 200 μm. N = 3. (H) OARSI score in the Sham and DMM 
groups. All data are presented as mean ± SD; N = 6, ****P < 0.0001. (I) Schematic illustration for synoviocyte-chondrocyte co-culture model. (J) Observation of 
EPYC expression level changes at 7 and 14 days post IL-1β stimulation in the co-culture model using in vitro Western Blot analysis. along with corresponding bar 
charts. All data are presented as mean ± SD; **P < 0.01, ****P < 0.0001. (K) Using RT-PCR to observe changes in the transcription levels of MMP13, ADATS5, 
Aggrecan, and Collagen II following the overexpression and knockdown of EPYC. All data are presented as mean ± SD; N = 3, ****P < 0.0001. 

J. Huang et al.                                                                                                                                                                                                                                   



Materials Today Bio 27 (2024) 101124

4

inflammatory and non-inflammatory synovium in OA patients, it was 
found that IL-17A concentration is increased in inflammatory OA tis
sues, associated with the release of IL-6, IL-23, and TGF-β1 [34]. To 
validate the role of IL-17A in OA, we first conducted animal validation 
experiments. Immunohistochemistry (Fig. 2D) and ELISA (Fig. 2E) re
sults demonstrated significantly higher IL-17A expression levels in the 
knee joints of rats subjected to DMM surgery than in those of the control 
group. The IL-17A cytokine, by binding to the IL-17RA/IL-17RC heter
odimer complex, activates downstream signaling pathways, leading to 
an immune response [35]. Research indicates that the ECM regulates 
cellular activity states by either blocking or promoting the binding of 
cytokines to cell surface receptors. As established in the previous sec
tion, we have confirmed the upregulation of the ECM component EPYC 
in OA. Therefore, we considered whether EPYC could regulate the IL-17 
signaling pathway by modulating the binding of IL-17A to its receptor 
IL-17RA. Immunofluorescence results from the co-culture model showed 
that after IL-1β treatment, co-localization of IL-17A with chondrocytes 
increased, suggesting accumulation of IL-17A at chondrocyte surface 
receptors. Overexpression of EPYC could enhance this trend, while 
knocking down EPYC could reverse it (Fig. 2G). ELISA results from the 
synoviocyte-chondrocyte co-culture model suggested that over
expression of EPYC can enhance the chemotactic properties of IL-17A 
secreted by synoviocytes, accumulating in the underlying chon
drocytes (Fig. 2F). These results suggest that during the course of OA, the 

secretion of the chemokine IL-17A is dysregulated, the IL-17 signaling 
pathway in chondrocytes is activated, and EPYC plays a regulatory role 
in this process. 

2.3. PAH can alleviate the symptoms of OA 

Fig. 3A presents a summary diagram of the content for this section. 
Having previously established the regulatory effects of EPYC on OA and 
IL-17A, we now proceed to investigate novel therapeutic strategies that 
target EPYC. PAH, an active component of the natural product Salvia 
miltiorrhiza, possesses various pharmacological activities including 
anti-inflammatory and antioxidant properties (Fig. 3B). PAH has been 
reported to have excellent anti-inflammatory and antioxidant proper
ties. It can promote diabetic wound healing in an inflammatory envi
ronment by modulating macrophage polarization and has been proven 
to protect endothelial cells from TNF-α-induced damage by inhibiting 
the expression of ICAM-1 and VCAM-1, as well as by stimulating 
macrophage RAW264.7 to scavenge free radicals [21], thereby exerting 
its anti-inflammatory and antioxidant effects. As is widely known, 
inflammation plays a crucial role in OA. The potential of PAH to man
ifest anti-inflammatory effects within the context of OA has yet to be 
explored, given the current absence of studies regarding its therapeutic 
application in OA. Molecular docking experiments were conducted to 
assess the interaction between PAH and EPYC. The docking results show 

Fig. 2. (A) In OA, IL-17A exhibited increased expression levels and was regulated by EPYC. (B) GO analysis of datasets GSE55235 and GSE55457. (C) KEGG analysis 
of datasets GSE55235 and GSE55457. (D) Immunohistochemical staining results of IL-17A at different weeks in the Sham and DMM groups, along with corresponding 
bar charts. Scale bar, 100 μm. All data are presented as mean ± SD; N = 3; **P < 0.01. (E) ELISA experiments were conducted on tissue samples from Sham and DMM 
groups at various weeks to observe the concentration of IL-17A. All data are presented as mean ± SD; N = 3; **P < 0.01. (G) Immunofluorescence assays were 
conducted in the co-culture model to investigate the alterations in IL-17A localization following EPYC knockdown and overexpression, along with corresponding bar 
charts. Scale bar, 100 μm. All data are presented as mean ± SD; N = 3; *P < 0.05. ****P < 0.0001. (F) In the co-culture in vitro model, ELISA experiments were 
conducted to observe changes in IL-17A concentration following the knockdown and overexpression of EPYC. All data are presented as mean ± SD; N = 3; ***P <
0.001. ****P < 0.0001. 
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that PAH and EPYC molecules have multiple potential hydrogen bond 
binding sites (Fig. 3C) and good binding affinity (Supplementary ma
terials 1). This suggests that PAH may target EPYC and have potential 
therapeutic effects on OA. H&E (Fig. 3D) and SOFG (Fig. 3E) staining 
demonstrated significant inflammatory cell infiltration in the DMM 
group during the first week, which was less pronounced in the PAH 
group. By the second week, the DMM group exhibited joint cartilage 
damage characterized by surface fissures and minor cartilage loss, while 
the PAH group showed comparable but milder damage. At four weeks, 
the DMM group presented with more profound cartilage damage, 
penetrating approximately halfway into the joint surface, whereas the 

PAH group demonstrated cartilage loss with some surface erosion. By 
eight weeks, the DMM group displayed a complete absence of a normal 
cartilage layer, contrasting with the PAH group, which showed cartilage 
surface erosion but without deep penetration. 

After the DMM surgery in rats, the OARSI score increased, which was 
reversed following the administration of PAH (Fig. S2A, Fig. 3F). 
Thereafter, the therapeutic effects and underlying mechanisms of PAH 
on osteoarthritis were further substantiated through cellular assays. 
Initially, the optimal concentration of PAH for cellular experiments was 
ascertained using the CCK8 assay. The findings at 24 and 48 h suggested 
minimal effects on chondrocyte proliferation at concentrations below 

Fig. 3. (A) PAH is capable of treating OA. (B) The molecular structure of protocatechualdehyde comprises a benzene ring with two hydroxyl groups (-OH) attached 
to adjacent carbon atoms (positions 3 and 4), and an aldehyde group (-CHO) attached to the benzene ring at position 1. This arrangement categorizes PAH as a 
dihydroxybenzaldehyde. The hydroxyl groups and aldehyde group are responsible for its chemical properties and biological activities. (C) Schematic diagram of the 
molecular docking between PAH and EPYC, and the Illustration of the interaction sites between PAH and EPYC. (D) H&E staining results in the Sham, DMM and PAH 
groups at different weeks.Scale bar, 200 μm. N = 3. (E) SOFG staining results in the Sham, DMM and PAH groups at different weeks.Scale bar, 200 μm. N = 3. (F) 
total OARSI score, in the Sham, DMM and PAH groups. All data are presented as mean ± SD; N = 6, ****P < 0.0001, compared with Sham group. &&&& < 0.0001, 
compared with DMM group. (G) After administering IL-17A (50 ng/mL) and various concentrations of PAH to chondrocytes, changes in chondrocyte proliferation 
levels were observed using the CCK8 assay. All data are presented as mean ± SD; N = 6, **P < 0.01, ****P < 0.0001, compared with IL-17A (+) PAH (− ) group. #<

0.05, ### < 0.001, compared with IL-17A (− ) PAH (− ) group. (H) Results of Edu staining and corresponding bar graphs for in vitro co-cultured cells treated with 
different concentrations of PAH. All data are presented as mean ± SD; N = 3, ****P < 0.0001, compared with IL-1β (− ) PAH (− ) group. #### < 0.0001, compared 
with IL-1β (+) PAH (− ) group. (I) Using RT-PCR to observe changes in the transcription levels of MMP13, ADATS5, Aggrecan, and Collagen II following the 
administration of\ PAH. All data are presented as mean ± SD; N = 3, ****P < 0.0001, compared with IL-1β (− ) PAH (− ) group. # < 0.05, ## < 0.01, #### <
0.0001, compared with IL-1β (+) PAH (− ) group. 
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10 μM, prompting the selection of 5 μM and 10 μM for subsequent ex
periments (Fig. 3G). SOFG of chondrocytes showed that administration 
of PAH significantly reversed the loss of cartilage matrix in chondrocyte 
in a concentration-dependent manner (Fig. S2B). Edu staining results 
indicated that PAH administration inhibited apoptosis in chondrocytes 
and increased the number of highly proliferative cells (Fig. 3H). PCR 
assay results demonstrated that PAH administration suppressed the 
transcription of hypertrophic markers, including ADAMTS5 and 
MMP13, in chondrocytes while upregulating the transcription of ECM 
components such as COL2 and Aggrecan (Fig. 3I). During OA onset, 
joints are infiltrated by inflammatory factors, limiting proliferation and 
increasing apoptosis of chondrocytes, and accelerating the loss of 
collagen fibers and proteoglycans in the ECM. Our experimental results 
suggest that PAH can similarly exert its anti-inflammatory effects in OA, 
protecting chondrocytes and the ECM. 

2.4. PAH can regulate the expression of EPYC and IL-17A 

In the previous section, we confirmed the therapeutic effect of PAH 
on OA; hence, we plan to further investigate whether PAH exerts its 
therapeutic action on OA by acting on EPYC and IL-17A. Immunohis
tochemical analysis of animal tissue sections indicates that PAH 
administration significantly diminishes the expression levels of EPYC 
(Fig. 4A) and IL-17A (Fig. 4B). In the DMM animal model and 
synoviocyte-chondrocyte co-culture model, Western Blots (Fig. 4C–F) 
and ELISA experiments (Fig. 4D and E) were performed. These assays, 

aligning with the immunohistochemical findings, demonstrated that 
PAH downregulates the expression levels of EPYC and IL-17A. In vitro 
IL-17A immunofluorescence experiments also showed that PAH de
creases the co-localization of IL-17A with chondrocytes in a 
concentration-dependent manner (Fig. 4G). Collectively, these findings 
imply that the therapeutic effectiveness of PAH in the treatment of OA 
may be realized through its modulation of EPYC and IL-17A. 

2.5. EPYC regulated the binding of IL-17A to IL-17RA in chondrocytes 

Fig. 5A is the summary diagram of this section’s content. In the 
preceding section, we established that EPYC and IL-17A contribute to 
the pathogenesis of OA, with EPYC modulating IL-17A. This prompted 
us to investigate whether EPYC’s pro-OA effect is mediated through the 
regulation of IL-17A. To verify this, we conducted Rescue experiments. 
PCR findings (Fig. 5B) indicated that administering IL-1β to the 
synoviocyte-chondrocyte co-culture elevates the transcription of hy
pertrophic markers like ADATS5 and MMP13 in chondrocytes. This 
elevation is negated by EPYC knockdown, but further administration of 
IL-17A (50 ng/mL) reverses this negation. Similarly, EPYC knockdown 
reverses the IL-1β-induced downregulation of cartilage matrix compo
nents, including COL2 and Aggrecan. However, adding IL-17A subse
quently leads to a decrease in their transcription levels again. SOFG and 
Edu staining results align with PCR findings. Administering IL-17A alone 
promotes cartilage matrix loss; knocking down EPYC alone reverses this 
phenotype of cartilage matrix loss; concurrently administering IL-17A 

Fig. 4. PAH exerts regulatory effects on EPYC and IL-17A. (A) Results of immunohistochemical experiments for EPYC on pathological sections from DMM rat models 
treated with PAH, along with corresponding bar graphs. Scale bar, 100 μm. All data are presented as mean ± SD; N = 3; **P < 0.01. compared with Sham group. 
##P < 0.01. compared with DMM group. (B) Results of immunohistochemical experiments for IL-17A on pathological sections from DMM rat models treated with 
PAH, along with corresponding bar graphs. Scale bar, 100 μm. All data are presented as mean ± SD; N = 3; **P < 0.01. compared with Sham group. ##P < 0.01. 
compared with DMM group. (C) Results of Western Blot experiments and corresponding bar graphs for tissue samples harvested at different weeks from rat models 
treated with PAH. All data are presented as mean ± SD; **P < 0.01. compared with Sham group. #P < 0.05, ##P < 0.01. compared with DMM group. (D) ELISA 
experiments were conducted on tissue samples from Sham, DMM and PAH groups at various weeks to observe the concentration of IL-17A. All data are presented as 
mean ± SD; N = 3; **P < 0.01. compared with Sham group. ##P < 0.01. compared with DMM group. (E) Conducting ELISA experiments in the in vitro co-culture 
model to observe the concentration results of IL-17A before and after administering PAH. All data are presented as mean ± SD; N = 3; **P < 0.01. compared with 
Sham group. #P < 0.05, ##P < 0.01. compared with DMM group. (F) Conducting Western Blot experiments in the in vitro co-culture model to observe the changes in 
expression levels of EPYC and IL-17A before and after administering PAH, along with corresponding bar graphs. ****P < 0.0001. compared with IL-1β (− ) PAH (− ) 
group. ###P < 0.001, ####P < 0.0001. compared with IL-1β (+) PAH (− ) group. (G) Performing immunofluorescence experiments in the in vitro co-culture model 
to observe changes in the co-localization of IL-17A with chondrocytes before and after administering PAH, along with corresponding bar graphs. Scale bar, 100 μm. 
N = 3, ****P < 0.0001. compared with IL-1β (− ) PAH (− ) group. ###P < 0.001, ####P < 0.0001. compared with IL-1β (+) PAH (− ) group. 
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with EPYC knockdown reverses the effect of EPYC knockdown alone, 
exacerbating chondrocyte apoptosis and reducing proliferation 
(Fig. S3A, Fig. 5C). To further ascertain whether EPYC can modulate the 
binding of IL-17A to its receptor IL-17RA, we performed experiments to 
assess the interaction between IL-17A and IL-17RA. Results show that 
administering IL-1β can promote the binding of IL-17A to its receptor IL- 
17RA, while overexpressing EPYC further enhances this binding. 
Knocking down EPYC has the opposite effect (Fig. 5D). Dual immuno
fluorescence staining for IL-17A and IL-17RA reveals that EPYC over
expression increases the co-localization of IL-17A with its receptor IL- 
17RA. Conversely, knocking down EPYC or administering PAH re
duces the overlap of IL-17A/IL-17RA fluorescence staining (Fig. 5E).The 
results suggest that the pro-OA effect of EPYC depends on mediating the 
binding of IL-17A to its receptor IL-17RA. 

2.6. The therapeutic effect of PAH on OA is dependent on its regulatory 
mechanism on EPYC 

Fig. 6A is the summary diagram of this section’s content. In our 
previous studies, we demonstrated that EPYC exacerbates OA by 
modulating the interaction between IL-17A and IL-17RA. Additionally, 
PAH has been validated as a therapeutic agent for OA. Based on this, we 
speculate that PAH may indirectly affect IL-17A by targeting EPYC, 
thereby offering therapeutic benefits for OA. To validate this hypothesis, 
we conducted a series of experiments. In our co-culture system, we 
found that PAH significantly reversed the increase in transcription levels 
of hypertrophic markers like ADATS5 and MMP13 induced by IL-1β. 

Nonetheless, the overexpression of EPYC alone exacerbated the hyper
trophic tendency of chondrocytes. Encouragingly, simultaneous 
administration of PAH could reverse the adverse effects brought by 
overexpression of EPYC. The results for cartilage ECM markers such as 
COL2 and Aggrecan were opposite (Fig. 6B). SOFG and Edu staining 
indicated that overexpression of EPYC exacerbated the loss of cartilage 
matrix, but this was mitigated by co-administering PAH, reducing 
collagen loss and other consequences of EPYC overexpression (Fig. S4A). 
In the in vitro ELISA experiments, we noted a significant reduction in IL- 
17A accumulation in chondrocytes after simultaneous administering 
PAH compared to the overexpression of EPYC alone (Fig. 6C). Further
more, administering PAH alongside EPYC overexpression could reverse 
the effects of EPYC overexpression alone, thereby enhancing chon
drocyte proliferation and reducing apoptosis (Fig. 6D). Immunofluo
rescence assessment of IL-17A showed that IL-1β administration resulted 
in IL-17A accumulation on chondrocyte surfaces, a phenomenon that 
was further amplified by the overexpression of EPYC. Notably, concur
rent administration of PAH could reverse the IL-17A accumulation effect 
caused by EPYC overexpression (Fig. 6E). co-IP results show that 
administering PAH has an effect similar to knocking down EPYC, 
significantly reducing the binding of IL-17A to IL-17RA（Fig. 5D）. 
Synthesizing these findings, we conclude that the therapeutic efficacy of 
PAH in treating OA is attributable to its direct modulation of EPYC and 
its indirect regulation of IL-17A. This discovery provides an important 
theoretical basis for developing new OA treatment strategies. 

Fig. 5. (A)The control of EPYC over the severity of OA is contingent upon its influence on the functions of IL-17A. (B) Using RT-PCR to observe changes in the 
transcription levels of MMP13, ADATS5, Aggrecan, and Collagen II in vitro chondrocytes following the knockdown of EPYC and simultaneous administration of IL- 
17A (50 ng/mL). All data are presented as mean ± SD; N = 3, ***P < 0.001. ****P < 0.0001. (C) Observing changes in chondrocyte proliferation levels in vitro 
chondrocytes using Edu staining following the knockdown of EPYC and simultaneous administration of IL-17A (50 ng/mL), along with corresponding bar charts. 
Scale bar, 100 μm. N = 3, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) Conducting co-immunoprecipitation (co-IP) experiments to observe changes in the binding 
levels of IL-17A to IL-17RA in chondrocytes under IL-17A stimulation in vitro, following either overexpression or knockdown of EPYC, or administration of PAH. **P 
< 0.01. compared with OE-EPYC (− ) Si-EPYC (− ) PAH (− ) group. ##P < 0.01. compared with OE-EPYC (+) Si-EPYC (− ) PAH (− ) group. (E) Conducting 
immunofluorescence experiments to observe the changes in the co-localization levels of IL-17A with chondrocytes under IL-17A stimulation in vitro, following either 
overexpression or knockdown of EPYC, or administration of PAH. Scale bar, 100 μm. N = 3, **P < 0.01. compared with OE-EPYC (− ) Si-EPYC (− ) PAH (− ) group. 
##P < 0.01. compared with OE-EPYC (+) Si-EPYC (− ) PAH (− ) group. 
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Fig. 6. (A) The therapeutic efficacy of PAH in treating OA is dependent on EPYC. (B) Using RT-PCR to observe changes in the transcription levels of MMP13, 
ADATS5, Aggrecan, and Collagen II in vitro chondrocytes following the overexpression of EPYC and simultaneous administration of PAH (10 μM). All data are 
presented as mean ± SD; N = 3, *P < 0.05, ***P < 0.001, ****P < 0.0001.(C) Conducting ELISA experiments to observe changes in the concentration levels of IL-17A 
in co-culture model under IL-1β stimulation in vitro, following the overexpression of EPYC and simultaneous administration of PAH. All data are presented as mean 
± SD; N = 3, *P < 0.05, ***P < 0.001, ****P < 0.0001. (D) Observing changes in chondrocyte proliferation levels in vitro chondrocytes using Edu staining following 
the overexpression of EPYC and simultaneous administration of PAH (10 μM), along with corresponding bar charts. Scale bar, 100 μm. N = 3, **P < 0.01, ***P <
0.001, ****P < 0.0001. (E) Conducting immunofluorescence experiments to observe the changes in the co-localization levels of IL-17A with co-culture model under 
IL-1β stimulation in vitro, following overexpression of EPYC and simultaneous administration of PAH (10 μM). Scale bar, 100 μm. N = 3, **P < 0.01, ***P < 0.001, 
****P < 0.0001. 
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2.7. PAH@DECM significantly reduces side effects while achieving better 
therapeutic effects 

In the aforementioned study, oral administration of PAH demon
strated favorable therapeutic effects on OA. However, we observed 
significant side effects in various organs of the rats. After oral admin
istration of PAH, there was an increase in inflammatory cells in the lung 
tissue; the liver exhibited a loss of hepatic tissue; the spleen showed 
unclear boundaries between the red and white pulp, with the disap
pearance of splenic cords; the kidneys had increased inflammatory cell 
proliferation and damage to the renal corpuscles; no significant abnor
malities were observed in the heart (Fig. 7A). For this purpose, we 
successfully prepared cartilage DECM hydrogel, which self-crosslinks 
into a gel at 37 ◦C. Following the addition of varying concentrations 
of PAH, the gelation time of the cartilage DECM hydrogel at 37 ◦C was 
significantly reduced, taking only 20 and 14 min, respectively (Fig. 7B). 
Scanning electron microscope (SEM) images (Fig. 7C) reveal the retic
ular porous structure of the cartilage DECM hydrogel. Compared to the 
unmodified form, the PAH@DECM hydrogel becomes increasingly 
dense and regular with escalating PAH concentrations, preserving its 
distinct reticular porous structure. The pore size of the PAH@DECM 
hydrogel ranges from 100 to 200 μm, which is beneficial for cell pro
liferation and the transfer of nutrients. Combining the hydrogel degra
dation ratio (Fig. 7D) and the PAH release percentage of the hydrogel 
(Fig. 7E), we found that PAH is gradually released as the hydrogel de
grades. Notably, the incorporation of PAH significantly retards the 
degradation rate of the cartilage DECM hydrogel, thereby maintaining a 
therapeutic concentration of PAH within the joint. Next, we calculated 
the porosity of the hydrogel using the solution replacement method and 
found that the porosity of the hydrogel decreases as the PAH drug 
loading concentration increases (Fig. 7F). The above results indicate that 
loading with PAH alters the cross-linking degree of the cartilage DECM. 
The swelling behavior of the hydrogel indicates that the water absorp
tion capacity of the cartilage DECM without PAH loading is 256 % of its 
own weight, while after loading with PAH, the swelling rate of PAH@
DECM increased to 357 % and 396 %, respectively, depending on the 
PAH concentration (Fig. 7G). This increase is predominantly attribut
able to the two hydroxyl groups present in PAH’s molecular structure, 
which confer substantial hydrophilicity, thus enhancing the scaffold’s 
swelling rate. Mechanical strength is an important parameter for eval
uating the potential application of hydrogels in cartilage tissue engi
neering. The DECM hydrogel itself has relatively weak mechanical 
strength, but when used as a drug carrier, its ultimate strength gradually 
increases with the increase of PAH concentration, from 53 kPa to 122 
kPa (Fig. 7H). In response to this phenomenon, we hypothesize that the 
simple DECM has a loose structure and a reticular form, leading to 
relatively low ultimate strength. However, during the loading process of 
PAH, the aldehyde groups of PAH chemically react with the amine 
groups of Col2 in the DECM, and the hydroxyl groups of PAH form 
hydrogen bonds with the hyaluronic acid in the matrix, ultimately 
enhancing the mechanical properties. The FTIR analysis of the DECM 
hydrogel revealed alterations in the peaks at 1041 cm− 1 and 2359 cm− 1. 
The wavenumber region around 1041 cm− 1 is typically indicative of the 
stretching vibrations associated with the C–O single bonds, suggesting 
that the phenolic hydroxyl groups of PAH may interact with the peptide 
chains, proteins, or polysaccharides within the DECM through hydrogen 
bonding, leading to the formation of a stable complex. The emergence of 
a new peak at 2359 cm− 1 is likely related to the involvement of PAH in 
the polymerization reaction of the DECM, resulting in the creation of a 
novel polymeric network. These changes in the absorption peaks and the 
associated bonding interactions indicate that the incorporation of PAH is 
actively involved in the crosslinking process of the DECM (Fig. 7I). In 
prior research, it was noted that PAH enhanced chondrocyte prolifera
tion (Fig. 3G). To further investigate whether PAH, when integrated 
with DECM to form PAH@DECM, maintains its ability to stimulate cell 
proliferation, we conducted an additional CCK-8 assay. The results 

showed no significant difference in cell proliferation among the three 
groups on the first day of chondrocyte culture (Fig. 7J). However, dif
ferences emerged after the third day, with PAH-loaded DECM demon
strating stronger proliferation-promoting capabilities. By the seventh 
day of culture, the proliferation-promoting ability of the PAH@DECM 
hydrogel group was significantly higher than that of the DECM group, 
with higher concentrations of PAH showing better effects. Immunoflu
orescence staining (Fig. 7K) and cell migration experiments (Fig. 7L) 
revealed that compared to the DECM group, chondrocytes grew and 
spread well in the PAH@DECM hydrogel. With increasing PAH loading 
concentrations, there was improved cell proliferation and migration, 
consistent with the CCK8 results. To verify that the PAH@DECM 
hydrogel does not affect the efficacy of PAH, we conducted animal ex
periments using the previously mentioned DMM rat model.The results 
showed that compared to oral administration of PAH, the PAH@DECM 
hydrogel demonstrated a better therapeutic effect on OA, with reduced 
cartilage loss in rats. Relying on the biocompatibility of DECM with the 
ECM within the joint cavity, the targeting action of PAH was further 
enhanced. Immunohistochemical results showed that the PAH@DECM 
hydrogel exhibited a stronger ability to suppress the expression levels of 
EPYC and IL-17A (Fig. 7M). The above results demonstrate that the 
PAH@DECM hydrogel we constructed has advantages in sustained 
release, targeting, swelling, and mechanical strength, which can mini
mize side effects and achieve better therapeutic effects in OA. 

3. Methods 

3.1. Retrieval from GEO database 

To establish an OA diagnostic model, The mRNA expression profile 
data for GSE55235 and GSE55457 were obtained from the GEO database 
(https://www.ncbi.nlm.nih.gov/geo/), following the methodologies 
outlined in the referenced literature [36,37]. GSE55235 includes 
sequencing data of cartilage samples from 10 OA patients and 10 normal 
controls. GSE55457 includes sequencing data of cartilage samples from 
10 OA patients and 10 normal controls. 

3.2. Construction of osteoarthritis Rat model 

All surgical procedures adhered strictly to the guidelines set by the 
National Institutes of Health (NIH) for the care and use of laboratory 
animals. These procedures received approval from the Animal Ethics 
Committee of Shanghai Tenth People’s Hospital, affiliated with Tongji 
University School of Medicine, under the approval number SHDSYY- 
2023-3825. Male SD rats (age: 8 weeks; weight: 300–320 g) were pur
chased from Shanghai Jiesjie Experimental Animal Co. (Approval 
Number: SCXK 2023–0004, Shanghai, China), and an OA knee joint rat 
model was established by surgically damaging the medial meniscus 
(DMM). In brief, the rats were randomly divided into three groups, 
named the Sham group, DMM group and the PAH group. Prior to the 
sham surgery, rats in the Sham group were anesthetized intraperitone
ally with 35 mg/kg pentobarbital. The skin and joint capsule were 
incised, followed by sequential suturing of the joint capsule and skin. In 
the OA group, the medial meniscus and anterior cruciate ligament were 
excised, and the joint capsule and skin were sutured. Postoperatively, 
each rat was injected with ibuprofen to alleviate pain and given peni
cillin to prevent infection. Three days after surgery, the rats were forced 
to exercise on a custom treadmill for 1 h daily for six weeks. In the PAH 
group of rats, PAH was administered orally at a dose of 8 mg/kg/day 
every other day for a continuous period of 14 days following the DMM 
treatment. 

3.3. Histological slice preparation 

Rats were euthanized by an overdose injection of 8 % pentobarbital 
(40 mg/kg). The knee joints were excised and fixed in 4 % (v/v) 
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paraformaldehyde (PFA) for 24 h. Subsequently, the joints were decal
cified in 10 % (v/v) ethylenediaminetetraacetic acid (EDTA) for 4 
weeks, with fresh EDTA replacement every 2 days. For subsequent 
staining analysis, specimens were dehydrated, embedded in paraffin, 
and sliced into 0.5 μm thick slides in the sagittal plane. 

3.4. H&E staining and SOFG staining 

Rats were raised for 6 weeks, after which they were euthanized, and 
their knee joints were harvested. The knee joints were then fixed in 10 % 
formaldehyde at 4 ◦C for a period exceeding 48 h. Subsequently, a 
decalcification process was conducted in a 0.5 mol/L EDTA solution 
with a pH of 7.4 for a duration of 14 days. Following decalcification, the 
specimens were embedded in paraffin. The paraffin blocks were subse
quently sectioned into 5 μm slices, and staining was performed ac
cording to standardized procedures utilizing H&E staining reagents 
(Servicebio, G1005-1) and SOFG staining reagents (Solarbio, G2540 
G1371). Evaluation was carried out using the scoring system established 
by the OARSI [38]. 

3.5. EdU cell proliferation assay and quantification 

Chondrocytes were seeded in culture dishes and allowed to adhere 
overnight. For proliferation assessment, cells were incubated with 10 μM 
EdU (Beyotime, C0071S) for 4 h. Post-incubation, cells were fixed with 
4 % paraformaldehyde for 15 min at room temperature and per
meabilized with 0.5 % Triton X-100 for 20 min. The EdU incorporation 
was detected using a Click-iT EdU Alexa Fluor 488 Imaging Kit, 
following the manufacturer’s instructions. This involved applying the 
Click-iT reaction cocktail to the cells, allowing the reaction to proceed 
for 30 min protected from light. After washing with 3 % BSA in PBS, cell 
nuclei were counterstained with DAPI for 5 min. 

3.6. Western Blots 

Following RIPA lysis, protein lysate samples were obtained from 
each group. The protein concentration within the samples was deter
mined using the BCA technique. Protein samples were separated by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently 
transferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF 
membrane was blocked in 5 % BSA solution at room temperature for 2 h 
and then incubated overnight at 4 ◦C with the primary antibody. After 
washing with TBST solution, the secondary antibody was incubated at 
room temperature for 1 h. Subsequently, the membrane was washed 
three times with TBST solution and protein bands were visualized using 
ECL reagent and the Tanon 5200 chemiluminescence imaging system. 
Gray values were assessed using Image J software. The primary anti
bodies used in this experiment included anti-EPYC antibody (Novusbio, 
70,338), anti-β-actin antibody (Service, GB11001), anti-IL-17A antibody 
(Affinity, DF6227) 

3.7. Gene expression analyze 

Total RNA was extracted and purified from processed cells using 
TRIzol Reagent (Invitrogen). RNA concentration was determined using a 
Multiskan Go (Thermo Scientific) instrument. Samples were then 
reverse transcribed from RNA to cDNA using the PrimeScript RT Master 
Mix Kit (TAKARA). Real-time PCR analysis was performed using SYBR 
Premix Ex TaqII (TAKARA) following the manufacturer’s instructions. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an 
internal reference control. The sequences involved in this study are as 
follows.  

Genes Sequence 5’ -3′ 

Rat actin beta-RT-F CACCCGCGAGTACAACCTTC 
Rat actin beta-RT-R CCCATACCCACCATCACACC 
Rat Col2a1 –F TGTATGGAAGCCCTCGTCCT 
Rat Col2a1 –R TGCCCCTTTGGCCCTAATTT 
Rat Aggrecan –F TCGGATCCCCAAATCCCTCA 
Rat Aggrecan –R GTAGCTCGGAAGGCATAAGCA 
Rat MMP-13 –F ACCATCCTGTGACTCTTGCG 
Rat MMP-13 –R TTCACCCACATCAGGCACTC 
Rat ADAMTS5 –F AGTACAGTTTGCCTACCGCC 
Rat ADAMTS5 –R AGGACACCTGCGTATTTGGG 
Rat EPYC –F ATGTGCCACCAAGACAAATGA 
Rat EPYC –R GTTGGTGCAGCCAATGTAGC 
Rat IL-17A –F TGAAGGCAGCGGTACTCATC 
Rat IL-17A –R GGGTGAAGTGGAACGGTTGA  

3.8. Enzyme-linked Immunosorbent assay 

Chondral tissues from each group of rats were processed with pre- 
chilled physiological saline in a specified ratio. The chondral tissues 
were homogenized into 10 % tissue homogenate using a 1 mL homog
enizer and centrifuged at 10,000 rpm for 10 min. Subsequently, the 
supernatant was collected and distributed. The supernatant obtained 
from the chondral tissues was analyzed using an IL-17A ELISA kit 
(Elabscience, E-EL-M0047). The detailed steps were performed 
following the instructions provided with the kit. 

3.9. Immunohistochemical staining 

Tissue sections were prepared for immunohistochemical staining. 
Antigen retrieval was performed by incubating the sections with 0.1 % 
trypsin at 37 ◦C for 40 min or by incubating with citrate buffer at 95 ◦C 
for 20 min. The following primary antibodies were used for immuno
histochemistry: EPYC antibody (Novusbio, 70,338) and IL-17A antibody 
(Affinity, DF6227). 

3.10. Immunofluorescent staining 

Tissue sections were prepared for immunofluorescence staining. 
After dewaxing the sections in xylene and ethanol, antigen retrieval was 
performed at 37 ◦C in a 2 mg/mL trypsin solution for 1 h. Subsequently, 

Fig. 7. Characterization of PAH@DECM Hydrogel Materials. (A) After oral administration of PAH and intra-articular injection of PAH@DECM, side effects were 
observed in rat organ sections through HEstaining. (B) Illustration depicting the alteration in gelation time following the addition of PAH. 1: DECM group; 2: 0.0 
5PAH@DECM group; 3: 0.1PAH@DECM group. (C) SEM images of scaffold morphologies for three groups. Scale bar, 200 μm. EHT = 3.00 kV Mag = 50X Siganl 
A = SE2 (D) Degradation rates of various scaffold systems over time. N = 3. (E) Drug release rates of PAH over time in the three scaffold systems. N = 3. (F) Porosity 
measurements of the three different scaffold systems. N = 3, *P < 0.05. (G) Swelling rates over time for the three scaffold systems. N = 3. (H) The ultimate strength of 
the three scaffold systems. N = 3, *P < 0.05, **P < 0.01. (I) The FTIR analysis of the dECM hydrogel revealed alterations in the peaks at 1041 cm− 1 and 2359 cm− 1. 
(J) Results from the CCK8 assay observing the effects of the three scaffold systems on chondrocyte proliferation at three time points: 1 day, 7 days, and 14 days. (K) 
Conducting immunofluorescence experiments, Actin staining was utilized to observe the spread and growth of chondrocytes across the three scaffold systems, while 
Dapi staining was employed to assess the impact of each scaffold system on chondrocyte proliferation. Scale bar, 100 μm, N = 3. (L) Transwell experiments were 
conducted to observe the changes in cell migration capabilities of chondrocytes after growth on the three different scaffold systems. Scale bar, 100 μm, N = 3, *P <
0.05. (M) Observation on pathological sections from DMM rat models to compare the therapeutic effect of PAH@DECM intra-articular injection on OA and its 
regulatory impact on EPYC and IL-17A, in contrast to the simple intra-articular injection of PAH. Scale bar for H&E and SOFG, 200 μm, Scale bar for EPYC and IL- 
17A, 100 μm. N = 3, *P < 0.05, **P < 0.01, compared with Sham group. #P < 0.05, compared with DMM group. 

J. Huang et al.                                                                                                                                                                                                                                   

mailto:0.05PAH@DECM
mailto:0.05PAH@DECM
mailto:0.1PAH@DECM


Materials Today Bio 27 (2024) 101124

12

the sections were immersed in PBS three times for 5 min each, followed 
by blocking with 10 % goat serum at room temperature for 2 h and 
incubation with various primary antibodies at 4 ◦C for 8 h. The sections 
were then washed three times with PBST solution and incubated in the 
dark at room temperature with the corresponding secondary antibodies 
for 1 h. After staining the cell nuclei with DAPI, the sections were 
observed and photographed under a fluorescence microscope (Olympus, 
Japan). The primary antibodies used in the experiment included anti-IL- 
17A antibody (Affinity, DF6227) and anti-IL-17RA antibody (Abcam, 
Ab180904). 

3.11. Procurement and cultivation of chondrocytes and synoviocyte 

Chondrocytes were obtained from Wuhan Procell (CP-R092), and 
synoviocytes were procured from Wuhan Procell (CP-R083). Both 
chondrocytes and synoviocytes were cultured in DMEM medium sup
plemented with 10 % fetal bovine serum and 1 % penicillin- 
streptomycin-glutamine. Cell growth was maintained in a humidified 
incubator at 37 ◦C with 5 % CO2. 

3.12. Construction of a synoviocyte-chondrocyte Co-culture model 

The experimental procedure involved the pre-treatment of rat 
chondrocytes with IL-1β (10 ng/m) for a duration of 24 h. These pre
treated chondrocytes were then resuspended at a concentration of 1 ×
10^5 cells per well, with a total volume of 2 mL. Subsequently, they were 
introduced into the lower chambers, specifically designed as 6-well 
migration chambers (SARSTEDT, 83.3930.041). The upper chambers 
were prepared by seeding rat synoviocytes at a density of 1 × 10^5 cells 
per well within 6-well plates. The culture medium utilized was DMEM, 
generously supplemented with 10 % FBS. Incubation conditions were 
maintained at 37 ◦C with 5 % CO2 in a humidified incubator. Following 
an incubation period spanning 24–48 h, the lower cell population was 
harvested for subsequent analyses. 

3.13. Molecular docking experiments 

To conduct a detailed analysis of the binding affinities and interac
tion mechanisms between PAH and EPYC, we utilized AutodockVina 
1.2.2, an advanced in silico protein–ligand docking software. The mo
lecular structure of PAH was meticulously sourced from the PubChem 
Compound database (https://pubchem.ncbi.nlm.nih.gov/). Concur
rently, the 3D coordinates of EPYC were precisely acquired from the 
Protein Data Bank (PDB) (http://www.rcsb.org/pdb/home/home.do). 
In our docking analysis, all protein and molecular files underwent a 
rigorous conversion to PDBQT format, ensuring the exclusion of all 
water molecules and the addition of polar hydrogen atoms for enhanced 
accuracy. The grid box was strategically centered to encompass the 
domain of each protein while allowing for unimpeded molecular 
movement. This grid box was configured to dimensions of 30 Å × 30 Å 
× 30 Å, with a grid point distance meticulously set at 0.05 nm. The 
molecular docking studies were conducted with precision using Auto
dock Vina 1.2.2 (http://autodock.scripps.edu/), ensuring a compre
hensive and accurate representation of the molecular interactions under 
investigation. 

3.14. Co-immunoprecipitation 

Primary chondrocytes were cultured in DMEM with supplements, 
stimulated with IL-17A, and then lysed using RIPA buffer. The cell ly
sates underwent pre-clearance with protein A/G agarose beads to reduce 
non-specific binding. This was followed by overnight incubation with 
anti-IL-17A antibody (Cell signal，13838s), after which protein A/G 
agarose beads were added to the mixture for complex formation. Sub
sequent to washing the beads to remove unbound proteins, the protein 
complexes were eluted and subjected to SDS-PAGE and Western blot 

analysis. Immunoblotting was performed using an anti-IL-17RA anti
body (Abcam，Ab180904) and visualized using an ECL system. The 
binding affinity between IL-17A and IL-17RA was quantified using 
image J, ensuring the use of appropriate controls for validation. It is 
critical to maintain cold conditions throughout the process and to select 
specific antibodies for accurate results. 

3.15. Cytotoxicity analyzes 

Cell proliferation was measured using the Cell Counting Kit-8 (CCK- 
8, Biosharp, BS350B) as per the manufacturer’s instructions. Chon
drocytes were initially cultured under optimal conditions until an 
adequate level of confluence was achieved. This stage was followed by 
the administration of IL-17A at a concentration of 50 ng/mL to the 
cultured cells. Subsequently, these cells were subjected to a series of 
treatments with PAH at various concentrations, namely 0, 1 μM, 2 μM, 5 
μM, and 10 μM. Post-PAH exposure, the cells were incubated with the 
CCK-8 solution, allowing sufficient time for colorimetric development. 
Absorbance readings were then meticulously acquired using a spectro
photometer at the 450 nm wavelength; 50 μL of hydrogel was spread on 
a 96-well plate. After gelation, chondrocytes were seeded on the 
hydrogel and incubated in proliferation medium. After 3 and 7 days of 
co-cultivation, 100 μL of CCK-8 solution was added and incubated in a 5 
% CO2 incubator at 37 ◦C for 2 h. The absorbance was measured at 450 
nm using a spectrophotometer. The cells were then fixed, permeabilized, 
and incubated with actin working solution at room temperature for 2 h, 
followed by the addition of DAPI to observe cell growth on the hydrogel 
scaffold. Cell counting was performed, and the data were represented as 
the mean ± SD of three replicates. 

3.16. Preparation of PAH@DECM hydrogel 

We utilized the DECM preparation method developed by Freytes 
[39], briefly summarized as follows: Porcine knee joints were purchased 
from a local market, from which the cartilage was stripped, washed with 
PBS, treated with liquid nitrogen, pulverized, and then incubated in 1 % 
TritonX-100 solution at room temperature for 48 h. The decellularized 
matrix pieces were then removed, thoroughly rinsed with PBS, lyophi
lized, ground into powder, and stored. Subsequently, the dry decellu
larized matrix and pepsin were dissolved in 0.01 mol/L HCl, agitated at 
37 ◦C for 24 h, followed by the addition of PAH to prepare the drug 
solutions with concentrations of 0.05 mol/L and 0.1 mol/L, designated 
as PAH@DECM pre-gels (0.05PAH@DECM and 0.1PAH@DECM). The 
pH was adjusted to 7.4 on ice to form a cold pre-gel, which was then 
stored at 4 ◦C. This was subsequently placed at 37 ◦C to observe gel 
formation. 

3.17. SEM observation 

Using a scanning electron microscope (SEM) to observe the network- 
like porous structure of PAH@DECM. Different groups of hydrogels 
were immersed in 2 mL of PBS at 37 ◦C for 24 h to reach swelling 
equilibrium. After freeze-drying the hydrogels, they were cut into small 
pieces longitudinally and then gold-coated for direct observation using a 
scanning electron microscope, the thickness of the metal film deposited 
is approximately 5–10 nm. 

3.18. Porosity analysis 

We calculated the porosity of the hydrogel using the solvent 
replacement method. In brief, a Petri dish was filled with anhydrous 
ethanol at room temperature and weighed, denoted as m1. A hydrogel 
with a mass of ms was immersed in anhydrous ethanol for 1 h, and the 
entire assembly was weighed as m2. After removing the sample, the 
remaining assembly was weighed as m3. The porosity of the hydrogel 
was calculated using the following formula: Porosity (100 %) = [(m2 - 
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m3 - ms)/(m1 - m3)] × 100 %. 

3.19. Analysis of PAH release and In vitro degradation analysis of the 
scaffold 

We measured the absorbance at 280 nm using a UV–Vis spectro
photometer and calculated the release amount by comparing it to a 
standard concentration. In summary, the hydrogel was soaked in PBS in 
a 24-well plate, and every 3 days within a 30-day period, 100 μl of the 
solution was taken and replenished with 100 μl of fresh PBS. The 
released PAH was quantified, and the release rate was used to quanti
tatively analyze the release capability of PAH in PAH@DECM. The 
hydrogel was placed in a PBS lysozyme solution (containing 10 μg/mL 
lysozyme, pH = 7.4), and cultured at 37 ◦C. Every 3 days during a 30-day 
period, the supernatant was removed, washed twice with deionized 
water, dried, and weighed. The weight was denoted as mt, and the 
weight on the 0th day was m0. The degradation rate D (100 %) was 
calculated using the formula: D (100 %) = (m0 - mt)/m0 × 100 %. Data 
are presented as the mean ± SD of three replicates. 

3.20. Swelling analysis 

Cylinder-shaped cross-linked samples were immersed in PBS at 37 ◦C 
for different durations: 1 min, 3 min, 5 min, 10 min, 30 min, 1 h, 1.5 h, 2 
h, 2.5 h, 3 h, and 4 h. After each specified time interval, the samples were 
removed and weighed, denoted as mt. Finally, they were freeze-dried, 
and the dry weight was recorded as md. The swelling ratio (100 %) 
was calculated using the following formula: S = [(mt - md)/md] × 100 
%. 

3.21. Mechanical Property testing 

The mechanical properties of the hydrogel were tested through 
compression experiments under a loading mode. Cylindrical hydrogel 
samples (5 mm in height, 10 mm in diameter, n = 4) were prepared and 
placed on the lower platen at a speed of 1 mm/min. The compression 
force was continuously recorded until the hydrogel deformed under the 
upper platen. 

3.22. Cell migration assay 

To investigate the effect of PAH@DECM on chondrocyte migration, 
1 × 10^5 chondrocytes in serum-free medium were seeded in the upper 
chamber of a Transwell system (BD Falcon, USA), with different 
hydrogels added to the lower chamber. Migration was allowed for 8 h. 
Cells in the upper chamber were then removed, and the remaining cells 
on the lower surface of the Transwell were fixed with 4 % para
formaldehyde. After staining with 0.2 % crystal violet, migrated cells 
were visible under a microscope. 

3.23. Fourier transform infrared spectroscopy 

The chemical structure and the integrity of chemical bonds within 
the scaffold are assessed using Fourier transformed infrared spectros
copy (FTIR), with spectral analysis conducted over a wavenumber range 
of 500–4000 cm− 1。 

3.24. Statistical analysis 

The experimental results presented in this study were analyzed using 
Prism 7.0 software (GraphPad Prism). Data are expressed as mean ±
standard deviation (SD). Statistical significance between two or multiple 
groups was calculated using the two-tailed Student’s t-test or two-way 
ANOVA, followed by Dunnett’s test for multiple comparisons. A P- 
value of less than 0.05 was considered statistically significant. 

3.25. Disscussion 

OA is a chronic degenerative disease characterized by chronic 
inflammation and cartilage degeneration [40,41]. Under pathological 
conditions, the equilibrium between ECM degradation and synthesis in 
articular chondrocytes is disrupted, leading to chondrocyte apoptosis 
and the loss of joint cartilage. In this study, we found that the expression 
level of EPYC, a component of ECM, is significantly upregulated in OA, 
and its level is closely related to the progression of OA. Concurrently, 
PAH can exert its anti-inflammatory effects in OA, thereby serving a 
therapeutic role in OA. By constructing in vivo and in vitro models of 
EPYC overexpression and knockdown in OA, we discovered that the 
expression level of EPYC regulates the expression of IL-17A in the body 
and mediates the effects of IL-17A on chondrocyte hypertrophy and 
proliferation phenotypes. Mechanistically, EPYC promotes the binding 
of the inflammatory chemokine IL-17A, secreted by synovial cells, to the 
chondrocyte surface receptor IL-17RA. This interaction activates 
downstream signals of the IL-17 signaling pathway, leading to chon
drocyte hypertrophy, inhibition of chondrocyte proliferation, and 
exacerbation of OA progression. PAH indirectly inhibits the activation of 
the IL-17 signaling pathway by modulating the expression level of EPYC, 
suppresses chondrocyte hypertrophy, and enhances chondrocyte pro
liferation, thereby exerting a therapeutic effect on OA. To our knowl
edge, this is the first study to validate the therapeutic effect of the 
natural phenolic compound PAH on OA. Furthermore, this paper is the 
first to report that EPYC promotes the progression of OA by regulating 
the binding of IL-17A to its receptor IL-17RA. 

The data we obtained from the GEO database shows that compared 
to healthy individuals, patients with OA exhibit abnormal activation of 
leukocytes, dysregulation of chemokine activity, disruption of 
chemokine-mediated signaling pathways, and perturbation of chemo
kine homeostasis (Fig. 2B). Chemokines are closely associated with 
inflammation, which in turn has a complex relationship with changes in 
the inflammatory microenvironment. The KEGG results showed that 
most differentially expressed genes are associated with the IL-17 
signaling pathway (Fig. 2C). The IL-17 signaling pathway has been 
repeatedly reported to be related to OA. IL-17 is a family of six cytokines 
(IL-17A-F), with IL-17A being the most studied and significant [17,31, 
32,42]. Studies have shown that the extracellular matrix (ECM) regu
lates the activation state of cells by blocking or facilitating the binding of 
cytokines to cell surface receptors. 

The IL-17 signaling pathway has been reported to play a significant 
role in OA. Wang et al. have shown that the stimulation of chondrocytes 
with IL-17 triggers the production of reactive oxygen species, Monocyte 
Chemoattractant Protein-1 (MCP-1), and IL-1β. This is accompanied by 
an increase in aging-associated β-galactosidase activity, prolongation of 
the resting/gap phase (G0/G1) in the cell cycle, and a reduction in the 
duration of the S phase of DNA synthesis. Collectively, these effects 
result in premature senescence of chondrocytes and a worsening of 
osteoarthritis [32]. Another study has demonstrated that IL-17 treat
ment of chondrocytes activates the NF-κB and MAPK signaling cascades 
and upregulates the expression of metabolic factors involved in cartilage 
degradation, such as IL-6, MMP3, and A Disintegrin And Metal
loproteinase with Thrombospondin Motifs 4 (ADAMTS-4). This pro
motes the breakdown of the cartilage matrix, disrupts the internal 
homeostasis of the cartilage, and intensifies the progression of OA [43]. 
Our experimental results demonstrate that EPYC significantly activates 
the IL-17 signaling pathway by promoting the binding of IL-17A to the 
chondrocyte surface receptor IL-17RA, thereby aggravating the pro
gression of OA. Studies have confirmed that IL-17A can also exert effects 
through signaling pathways such as the NF-kb pathway, MAPK pathway, 
and MAP kinase pathway [44]. The synergistic interaction between 
IL-17 and TNF-α can activate the production of pro-inflammatory me
diators such as IL-1β, IL-6, IL-8, PGE2, and MMPs, thus facilitating the 
progression from early inflammation to chronic arthritis [45]. The 
research findings regarding the IL-17 signaling pathway are consistent 
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with the results of this study. 
Cartilage tissue is predominantly composed of the ECM, which ac

counts for over 90 % of its total volume, with chondrocytes making up 
less than 10 %. The ECM’s collagen and PGs are the primary macro
molecules that endow articular cartilage with its load-bearing capabil
ities. In the early phases of OA, there is often a disruption in the 
metabolism of proteoglycans. The ECM is pivotal in the pathology of OA, 
with its degradation being a significant indicator of the disease’s onset. 
Chondrocytes, the sole organized cells within articular cartilage, are 
responsible for synthesizing the dense components of the ECM. They are 
instrumental in maintaining cartilage homeostasis by balancing the 
metabolism of ECM degradation and synthesis. The cartilage’s ECM is 
essential for preserving its biomechanical properties, enabling it to 
distribute pressure and shear stress during joint motion and to provide 
resilient support.EPYC is a component of ECM that interacts with 
collagen fibers and proteoglycan, promoting the formation of type I 
collagen fibers [12] and playing a significant role in cartilage develop
ment and the maintenance of joint integrity [13]. Recently, EPYC has 
been reported to potentially play an important role in OA [14], but the 
underlying mechanisms remain to be elucidated. Our study compre
hensively validates the regulatory role of EPYC in chondrocyte hyper
trophy and proliferation. 

The natural phenolic compound PAH is reported to have anti- 
inflammatory effects. PAH is known to reduce the secretion of pro- 
inflammatory cytokines, such as TNF-α and IL-6, by inhibiting the 
MAPK pathway, thus playing a role in the treatment of septic shock [46]. 
Additionally, it has been proven to protect human dermal fibroblasts 
from photoaging by inhibiting the expression of matrix metal
loproteinases and pro-inflammatory factors [25]. We discovered that 
PAH also exerts an anti-inflammatory role in OA, mediating its phar
macological effects through its modulation of EPYC. Overall, our 
research emphasizes the key role of EPYC in regulating chondrocyte 
hypertrophy and proliferation. EPYC enhances the binding of the in
flammatory chemokine IL-17A to its chondrocyte surface receptor 
IL-17RA, thereby further activating the IL-17 signaling pathway and 
exacerbating the trend of OA. Conversely, PAH inhibits the expression of 
EPYC, indirectly suppressing the IL-17 signaling pathway, and pre
venting the further exacerbation of OA. The research findings regarding 
the PAH are consistent with the results of this study. 

In addition to mechanistic studies, we have also provided a practical 
approach for clinical translation of PAH delivery, by combining DECM 
with PAH for intra-articular injection. DECM is a biological material 
crafted by eliminating cellular components from biological tissues while 
retaining the ECM’s three-dimensional architecture and bioactive mol
ecules. Owing to its hydrogel characteristics and excellent biocompati
bility, DECM is increasingly becoming a focal point in tissue engineering 
research. The process of creating DECM hydrogels involves techniques 
such as freeze-drying, grinding, enzymatic digestion, and neutralization 
with alkali to adjust the solution’s ion concentration. These hydrogels, 
which coagulate at lower temperatures and take shape at 37 ◦C, 
demonstrate favorable biological attributes. However, the preparation 
of DECM hydrogels through modifications in pH, salt, ion concentration, 
and temperature can only achieve a certain level of gelation and does 
not significantly enhance the mechanical properties of the DECM 
hydrogel. Further advancements are necessary to improve the me
chanical integrity of these biomaterials for effective tissue repair and 
regeneration, The solution we propose is that the crosslinking interac
tion between PAH and the DECM hydrogel prevents rapid decomposi
tion and excessive swelling of the matrix. Furthermore, during the slow 
degradation of the DECM hydrogel, PAH is steadily released into the 
joint. This approach initially circumvents the first-pass effect of PAH and 
enhances the drug concentration within the arthritic cavity, thereby 
mitigating drug side effects. Furthermore, This demonstrates good drug- 
loading and controlled-release capabilities, swelling capacity, appro
priate degradation, and porosity, thereby enhancing drug efficacy. 
Corresponding cell and animal experiments have shown that 

PAH@DECM can further enhance the therapeutic effects of PAH for OA, 
presenting a viable drug delivery material for the clinical application of 
PAH in OA treatment. However, our study also has some limitations. 
there are aspects of this study that warrant further refinement. Our 
research has conclusively demonstrated that EPYC plays a regulatory 
role in the progression of OA. Nonetheless, the upstream mechanisms 
responsible for the upregulation of EPYC expression throughout the 
disease course of OA are not yet fully understood. We aim to investigate 
these mechanisms in subsequent studies. This dedicated effort aims to 
establish a robust groundwork for its prospective utilization as an 
innovative biomarker in diagnosing OA, thereby charting a novel ther
apeutic trajectory for OA management. 
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