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Abstract
Background Knee osteoarthritis is a common degenerative joint disease involving multiple pathological processes, 
including energy metabolism, cartilage repair, and osteogenesis. To investigate the alterations in critical metabolic 
pathways and differential proteins in osteoarthritis patients through metabolomic and proteomic analyses and to 
explore the potential mechanisms underlying synovial osteogenesis during osteoarthritis progression.

Methods Metabolomics was used to analyze metabolites in the synovial fluid and synovium of osteoarthritis patients 
(osteoarthritis group: 10; control group: 10), whereas proteomics was used to examine differential protein expression. 
Alkaline phosphatase activity was assessed to evaluate osteogenesis.

Results Upregulation of the tricarboxylic acid cycle: Significant upregulation of the tricarboxylic acid cycle in the 
synovial fluid and synovium of osteoarthritis patients indicated increased energy metabolism and cartilage repair 
activity. Arginine metabolism and collagen degradation: Elevated levels of ornithine, proline, and hydroxyproline in 
the synovial fluid reflect active collagen degradation and metabolism, contributing to joint cartilage breakdown. 
Abnormal Phenylalanine Metabolism: Increased phenylalanine and tyrosine metabolite levels in osteoarthritis patients 
suggest their involvement in cartilage destruction and osteoarthritis progression. Synovial osteogenesis: Increased 
expression of type I collagen in the synovium and elevated alkaline phosphatase activity confirmed the occurrence 
of osteogenesis, potentially driven by the differentiation of synovial fibroblasts, mesenchymal stem cells, and 
hypertrophic chondrocytes. Relationships between differential proteins and osteogenesis: FN1 and TGFBI are closely 
associated with synovial osteogenesis, while the upregulation of energy metabolism pathways provides the energy 
source for osteogenic transformation.
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Background
Knee osteoarthritis (KOA) is the most common and 
damaging form of osteoarthritis, leading to significant 
societal and familial losses [1, 2]. With ongoing research, 
the definition of OA has evolved: it is characterized by a 
disruption in the balance of catabolism and anabolism of 
cartilage, subchondral bone, and the extracellular matrix 
(ECM) [3]. This disruption is influenced not only by 
mechanical factors but also by biological factors, which 
are critically important [4]. Initially, studies on the patho-
genesis of KOA focused predominantly on mechanical 
factors, attributing its onset to age, mechanical wear, 
and trauma [1, 5]. Inflammation is thought to arise from 
a chronic load and compromised joint biomechanics, 
leading to symptoms such as joint swelling, stiffness, 
and limited mobility [6]. However, subsequent studies 
have revealed that the activation of immune responses, 
the release of free radicals, elevated intraosseous pres-
sure, and the secretion of cytokines are integral to KOA 
pathogenesis, although the specific mechanisms involved 
remain fully understood [6]. Changes in subchondral 
bone in KOA patients are associated with mechanisms 
of elevated intraosseous pressure, which leads to necrosis 
of bone tissue and resorption and remodeling of necrotic 
trabecular bone, resulting in subchondral bone sclero-
sis. This, in turn, causes uneven stress on the cartilage, 
aggravating its deterioration [7]. Radiological examina-
tions typically reveal vital features such as joint space 
narrowing, osteophyte formation, and subchondral bone 
necrosis, usually indicating advanced stages of KOA that 
have surpassed the optimal treatment window [4, 8]. Fur-
thermore, the formation of free bodies in the knee often 
exacerbates pain and locking symptoms. Pathological 
changes occur well before clinical symptoms appear, with 
cartilage destruction central to the development of KOA, 
as increased destruction and reduced synthesis/repair of 
cartilage are the primary factors in its progression [9].

Throughout the progression of KOA, various changes 
in chondrocytes can be observed, characterized by the 
coexistence of necrosis and increased activity. The car-
tilage matrix also exhibited disordered collagen fiber 
arrangement and calcium crystal deposition. The pathol-
ogy of subchondral bone primarily arises from microfrac-
tures, leading to trabecular necrosis. The formation of 
osteophytes is associated with subchondral bone repair 
mechanisms [10]. As the cartilage gradually degener-
ates, the smoothness of the articular surface decreases, 
exposing the bone ends. The body initiates bone repair 

mechanisms in response to joint structure damage, lead-
ing to osteophyte formation at the joint margins [11, 12].

KOA is commonly accompanied by chronic inflam-
matory responses, with inflammatory cells from the 
synovium, cartilage, and surrounding tissues releasing 
various inflammatory mediators and growth factors, such 
as fibronectin 1 (FN1), transforming growth factor-beta 
(TGFBI), and fibroblast growth factor (FGF) [4, 13–15]. 
These factors stimulate the proliferation and differentia-
tion of cells in the subchondral bone and synovium, pro-
moting osteophyte formation. FN1 is a protein-coding 
gene associated with various diseases, including spondy-
loepiphyseal dysplasia, and its related pathways include 
signaling downstream of RAS mutations and integrin 
pathways. The gene ontology (GO) annotations related 
to this gene include heparin binding and protease bind-
ing. A significant paralog of this gene is TNC. TGF-β is 
a critical regulatory factor in osteophyte formation that 
plays a role in cartilage degeneration and stimulates the 
osteogenic differentiation of subchondral bone and syno-
vial fibroblasts, promoting osteophyte development [16]. 
TGF-β may further exacerbate osteophyte growth by 
facilitating the differentiation of mesenchymal stem cells 
into osteoblasts [17].

Inflammatory cells from the synovium, cartilage, and 
surrounding tissues release various inflammatory media-
tors and growth factors, such as FN1. In recent years, sin-
gle-omics technologies applied to multiple KOA samples 
(chondrocytes, synovial tissues, synovial fluid, plasma, 
and urine) have revealed numerous biomarkers associ-
ated with this disease; however, their mechanisms remain 
unclear [18]. It is well established that type I and type II 
collagen are the most abundant collagens in the bone and 
cartilage ECM, respectively [19]. Among the many KOA 
omics studies, the majority have focused on cartilage tis-
sue, chondrocytes, plasma, and urine [20–22]. Moreover, 
research on the synovium and synovial fluid has been 
relatively limited, likely due to difficulties in obtaining 
samples. The synovium and synovial fluid may mediate 
inflammation and immune responses in KOA pathogen-
esis. Since synovial fluid is the sole source of the liquid 
microenvironment of the knee joint and the synovium 
is its secretion source, both are critical for comprehen-
sively elucidating the pathogenesis of KOA. Therefore, 
this study aims to utilize human knee synovial tissue and 
synovial fluid samples, employing a combined approach 
of metabolomics and proteomics to identify differentially 
expressed biomarkers to provide theoretical insights into 
the mechanisms underlying the onset, progression, and 

Conclusions Alterations in energy metabolism, cartilage repair, and osteogenic mechanisms are critical. The related 
metabolites and proteins have potential as diagnostic and therapeutic targets for osteoarthritis.
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maintenance of KOA, as well as explore the potential 
mechanisms of osteogenesis in the synovium.

Methods
Ethical approval and patient inclusion
This project was approved by the Ethics Committee 
[Approval No. 2019(610)] and officially commenced in 
January 2018. All patients included in this study were 
part of this research sequence and signed informed con-
sent forms preoperatively. The same medical team per-
formed the preoperative diagnosis, surgical procedures, 
arthroscopic sample collection, and final diagnosis, with 
follow-up conducted by the authors. For this study, 10 
patients with KOA were selected as the experimental 
group, and 10 healthy controls were included during the 
same period for the metabolomics and proteomics analy-
ses. The baseline characteristics of the patients are pro-
vided in Table 1.

Inclusion criteria
KOA group: Patients were clinically diagnosed with 
knee osteoarthritis, with primary lesions in the medial 
or lateral compartments; aged 18–80 years; and received 
ineffective conservative treatment. Indications for 
synovectomy.

Control group: Patients with amputations (above the 
knee), extra-articular fractures, isolated meniscal injuries, 
or congenital discoid meniscus, with no synovial fluid or 
synovitis detected during arthroscopic exploration; age 
18–80 years; and undergoing arthroscopic exploration, 
fracture fixation, joint replacement, or amputation.

All patients were initially assessed by physicians with 
5–10 years of clinical experience through specialized 
interviews and physical examinations. Clinical charac-
teristics were recorded, especially knee redness, swelling, 
warmth, pain severity, joint effusion, and deformities. 
Two radiologists with 5–10 years of experience indepen-
dently evaluated X-rays and MR images. In the case of 
discrepancies, a senior radiologist made the final judg-
ment. Arthroscopic exploration was performed to assess 
synovial tissue under direct visualization, as was cartilage 
damage and the presence of free bodies. Synovial tis-
sue from multiple sites and synovial fluid were collected 

during surgery. The samples were centrifuged, frozen 
in liquid nitrogen, and stored at -80  °C for subsequent 
analyses.

Data-Independent Acquisition (DIA) proteomics
Synovial tissue sample preparation: Synovial tissue was 
ground thoroughly after being removed from − 80  °C 
storage. A mixture of 250 µL of PBS and protease inhibi-
tors was added, followed by the addition of 250 µL of SDS 
lysis buffer for protein denaturation. The mixture was 
centrifuged at 8000 × g for 1  min, and the supernatant 
was collected. The sample was then heated and sonicated 
and centrifuged at 8000 × g for 15 min, after which a sec-
ond supernatant was collected. The protein concentra-
tion was measured via a BCA kit.

Synovial fluid sample preparation: Synovial fluid sam-
ples were thawed and vortexed to remove high-abun-
dance proteins.

Protein digestion and peptide quantification: Protein 
solutions were reduced and alkylated with dithiothreitol 
and iodoacetamide, followed by digestion with trypsin 
overnight at 37  °C via FASP filters (PALL, OD010C34). 
Peptides were quantified via a Thermo Fisher protein 
quantification kit (23275).

DIA Proteomics and LC‒MS Analysis: Peptide samples 
were separated via low-pH reversed-phase C18 chro-
matography and analyzed on an Orbitrap Fusion Lumos 
mass spectrometer via DIA. The mass spectrometry 
parameters were set as follows: MSn level = 1, Orbitrap 
resolution = 60 K, scan range = 350–1550 m/z, maximum 
injection time = 50 ms, AGC target = 1.0e6; MSn level = 2, 
isolation window = 1.6, collision energy = 32%, Orbitrap 
resolution = 30  K, AGC 5.0e5. Proteins were identified 
and quantified through database searches, and missing 
data were estimated via KNN algorithms. Proteins with 
> 50% missing data or a coefficient of variation > 30% 
were excluded. Differential proteins (p < 0.05) were iden-
tified via ANOVA. Principal component analysis (PCA) 
and orthogonal partial least squares discriminant analysis 
(OPLS-DA) were subsequently conducted, followed by 
GO enrichment, KEGG pathway enrichment, and pro-
tein‒protein interaction network analyses via STRING 
(https://cn.string-db.org/). Upstream regulators of  s y n o v 
i a l differential proteins were predicted via IPA software. 
Correlation networks were constructed on the basis of 
Pearson correlation coefficients (r > 0.6 or r < -0.6) and 
visualized via Cytoscape.

Metabolomics
Synovial tissue sample preparation: Synovial tissue 
(10 mg per sample) was thawed at 4  °C, washed in PBS, 
and homogenized with 200 µL of precooled methanol-
water (MeOH = 4:1). After homogenization and ultra-
sonication, the samples were centrifuged at 13,300  rpm 

Table 1 Clinical characteristics of knee osteoarthritis patients 
with synovial hondromatosis vs. Normal subjects

N OA P value
N 10 10
Age, mean years (x ± s) 52.4 ± 12.0 55.9 ± 10.8 0.502
male, n (10%) 1(10%) 3(30%) 0.264
BMI(X̄±s, kg/m2) 24.3 ± 2.8 25.6 ± 3.3 0.369
Hospital length of stay, (X ̄±s day) 4.1 ± 0.7 4.7 ± 0.8 0.103
ROM(X̄±s) 126.5 ± 5.8 117.0 ± 17.0 0
Lysholm (X ̄±s, points) 67.8 ± 5.7 53.1 ± 7.2 0

https://cn.string-db.org/
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for 30 min at 4 °C. The supernatants were pooled, dried, 
and resuspended in 200 µL of Hillic solution for further 
analysis.

Synovial fluid sample preparation: Synovial fluid sam-
ples were thawed and vortexed, followed by the addition 
of 250 µL of methanol. After centrifugation, the superna-
tant was resuspended in Hillic solution and prepared for 
analysis.

LC‒MS/MS analysis: Samples were analyzed via a 
Thermo Q Exactive Plus mass spectrometer in positive 
and negative ion modes. Chromatographic separation 
was performed on an ACQUITY UPLC BEH amide col-
umn. Quality control samples (QCs) were prepared by 
pooling 20 µL of supernatant from each sample, and PCA 
was performed to assess the data quality.

Statistical analysis
Normality was tested via the Shapiro‒Wilk test. Nonnor-
mally distributed data were analyzed via the Wilcoxon 
rank-sum test, whereas customarily distributed data were 
analyzed via one-way ANOVA. A p value < 0.05 was con-
sidered statistically significant. Analyses were performed 
via IBM SPSS 22.0.

Results
Differential protein expression and functional enrichment 
analysis in the knee synovium
PCA was performed on the basis of protein expression 
data to visualize the relationships between the OA and 
N groups across different dimensions. Each point repre-
sents a replicate of the grouped experiments, with dif-
ferent colors distinguishing the groups (Supplementary 
Fig. 1A). The PCA demonstrated the precise spatial dis-
tribution within each group. In synovial proteomics, 174 
differentially expressed proteins (DEPs) were identified, 
with 67 proteins upregulated and 107 downregulated 
(Supplementary Table 1, Supplementary Fig. 1B). A vol-
cano plot further illustrated the significant differences in 
protein expression between the OA and control groups 
(Fig.  1A), and a heatmap confirmed the consistency of 
protein changes between the groups (Supplementary 
Fig. 2A). To explore the biological functions of the DEPs, 
GO enrichment analysis was performed, revealing asso-
ciations with biological processes such as cell adhesion, 
extracellular matrix organization, and collagen fibril 
organization (Fig. 1B). These processes are closely linked 
to cartilage degradation and synovial chondromatosis 
formation in OA. KEGG pathway enrichment analysis 
revealed that the DEPs were significantly enriched in 
complement and coagulation cascades, ECM-receptor 
interactions, and focal adhesion pathways, all of which 
are related to cartilage degradation and matrix remodel-
ing in synovial chondromatosis (Fig. 1C). Protein‒protein 
interaction (PPI) analysis revealed significant associations 

between FN1, TGFBI, COL1A1, COL3A1, and MMP2 
(Fig. 1D), highlighting their roles in extracellular matrix 
organization and synovial cartilage formation in OA 
through the complement and coagulation cascades and 
focal adhesion pathways.

Proteomic analysis of synovial fluid
PCA of protein expression data from synovial fluid also 
revealed distinct spatial distributions between the OA 
and control groups (Supplementary Fig. 3A). In total, 15 
DEPs were identified, with 8 upregulated and 7 downreg-
ulated (Supplementary Table 2, Supplementary Fig. 3B). 
The volcano plot revealed significant protein expression 
differences between the OA and control groups (Fig. 2A), 
and a heatmap confirmed the consistency of protein 
changes between the groups (Supplementary Fig.  4A). 
GO enrichment analysis of synovial fluid DEPs revealed 
associations with collagen matrix organization, extracel-
lular matrix organization, and collagen binding, which 
are related to cartilage degradation and synovial chon-
dromatosis formation in OA (Fig.  2B). KEGG pathway 
enrichment further revealed significant enrichment in 
the ECM-receptor interaction, complement and coagu-
lation cascades, and focal adhesion pathways, similar to 
the results of the synovial proteomics analysis (Fig. 2C). 
PPI analysis revealed significant associations between 
FN1, TGFBI, COL1A1, and MMP3 (Fig.  2D), indicating 
that these proteins play essential roles in ECM remodel-
ing and synovial cartilage formation in OA, with a trend 
similar to that observed in synovial tissue.

Integrated analysis and validation of synovial and synovial 
fluid differential proteins
KGML network analysis of both synovial and syno-
vial fluid proteomics revealed that the proteins FN1, 
COL1A1, and COL3A1, which are significantly associ-
ated with the ECM-receptor interaction, focal adhesion, 
and complement and coagulation cascade pathways, 
were upregulated (Fig. 3A). ECM remodeling plays a crit-
ical role in the development of OA-associated synovial 
chondromatosis. Western blot analysis confirmed that 
the expression levels of FN1, COL1A1, COL3A1, and 
TGFBI were significantly greater in the OA group than 
in the control group (Fig.  3B, C). Immunohistochemis-
try further confirmed that FN1 and TGFBI expression in 
synovial tissue was significantly elevated in OA patients 
compared with the control group (Fig. 3D-F).

Metabolomic analysis of the synovium and synovial fluid 
of OA patients
Metabolomic profiling was subsequently performed to 
analyze the metabolic changes in the synovium and syno-
vial fluid and investigate the underlying mechanisms of 
OA-associated synovial chondromatosis. QC sample 
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analysis confirmed the stability and reproducibility of the 
method (Supplementary Fig.  6A, 7A). Multivariate sta-
tistical analysis of the metabolomic data revealed clear 
group distinctions in the synovium (Supplementary 
Fig. 6B) and synovial fluid (Supplementary Fig. 7B). The 
OPLS-DA models demonstrated more distinct group 
separations, with R2Y and Q2 values both exceeding 0.5 
(Fig.  4A, D). Four thousand four hundred eighty-four 
metabolites were identified in the synovium and 2,243 in 
synovial fluid, with 693 differentially abundant metabo-
lites identified in the synovium and 341 in synovial fluid 
(Fig. 4B, E).

Among the differentially abundant metabolites, 328 
were selected from the synovium (240 upregulated and 
88 downregulated in OA), whereas 152 were chosen from 
synovial fluid (78 upregulated and 74 downregulated in 
OA). The two heatmaps confirmed the consistency of 

metabolite differences between the synovial fluid and 
synovial fluid groups (Supplementary Fig.  6C and 7C). 
The list of differentially abundant metabolites in joint and 
synovial fluid is presented in Supplementary Tables 3 and 
Supplementary Table 4. KEGG pathway enrichment anal-
ysis significant enrichment of the TCA cycle and phenyl-
alanine metabolism pathways in the synovium (Fig.  4C) 
and arginine biosynthesis and alanine, aspartate, and glu-
tamate metabolism in synovial fluid (Fig. 4F). These path-
ways are linked to increased energy metabolism, promote 
bone and cartilage repair and contribute to osteophyte 
formation and irregular cartilage proliferation.

To validate these findings, we measured four metabo-
lites in the synovium from both groups. Fumarate (TCA 
cycle), aspartate, arginine, and phenylalanine were sig-
nificantly elevated in OA patients (Fig. 5A, B and C, D), 
confirming the increased expression of key metabolites 

Fig. 1 Differential protein expression and functional enrichment analysis of the knee synovium. (A) Volcano plot of differentially expressed proteins 
in synovial tissue. The red dots represent proteins upregulated in the OA group compared with those in the N group, whereas the blue dots represent 
downregulated proteins. (B) GO enrichment analysis of differentially expressed proteins in synovial tissue, displaying the top 20 biological processes (Lis-
tHits > 1, p value smallest). The x-axis shows the number of foreground proteins, and the y-axis lists the GO terms. (C) KEGG enrichment analysis of differen-
tially expressed proteins in synovial tissue, showing the top 20 pathways. The x-axis represents the enrichment score, whereas the y-axis lists the pathways. 
(D) The left panel displays the protein‒protein interaction network of the top 25 most connected differentially expressed proteins in synovial tissue, with 
red circles representing upregulated proteins, blue circles representing downregulated proteins, and the circle size indicating the degree of connectiv-
ity. The right panel shows a bar graph of protein expression for the top 25 most connected proteins. A shared legend is displayed between both panels
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in the TCA cycle and energy metabolism pathways. The 
results revealed a significant increase in ALP activity in 
KOA patients (Supplementary Fig. 5A).

Integrated proteomic and metabolomic analysis in OA 
patients
We conducted combined proteomic and metabolomic 
analyses of OA patients on the basis of differentially 
abundant metabolite and protein screening results, 
KEGG pathway enrichment, functional analysis, IPA 
upstream regulator analysis, and protein–protein interac-
tion (PPI) network analysis. Boxplots revealed significant 
differences in the expression of differentially expressed 
proteins between the two groups (Fig. 6A, C). The find-
ings revealed that VWF, FN1, and TGFBI promote syno-
vial chondromatosis through ECM remodeling and the 
COL1A1 and COL3A1 signaling pathways (Fig.  6B). 

Furthermore, critical metabolites from alanine, aspar-
tate, and glutamate metabolism; arginine biosynthesis; 
and phenylalanine metabolism (e.g., aspartic acid, L-glu-
tamate, ornithine, phenylalanine) collectively increased 
fumaric acid levels, thereby enhancing the TCA cycle 
(Fig.  1). 6B, D, E). This metabolic reprogramming pro-
vides substantial energy for ECM remodeling and syno-
vial osteogenesis, as illustrated in Fig. 6B.

Discussion
Under normal physiological conditions, chondrocytes 
regulate cartilage metabolism, maintaining a balance 
between anabolic and catabolic processes to ensure 
cartilage homeostasis [23]. Throughout the progres-
sion of KOA, chondrocytes are influenced by various 
factors. First, biomechanical stimuli, such as increased 
stress from obesity, compression from intra-articular 

Fig. 2 Proteomic analysis of synovial fluid. (A) Volcano plot of differentially expressed proteins in synovial fluid. The red dots represent proteins upregu-
lated in the OA group, whereas the blue dots represent downregulated proteins. (B) GO enrichment analysis of differentially expressed proteins in syno-
vial fluid, showing the top 30 biological processes (selected from the three ontologies with ListHits > 1, p value smallest). The x-axis shows the number of 
foreground proteins, and the y-axis lists the GO terms. (C) KEGG enrichment analysis of differentially expressed proteins in synovial fluid, showing the top 
20 pathways. The x-axis represents the enrichment score, whereas the y-axis lists the pathways. (D) The left panel displays the protein‒protein interaction 
network of the top 25 most connected differentially expressed proteins in synovial fluid, with red circles representing upregulated proteins, blue circles 
representing downregulated proteins, and the circle size indicating the degree of connectivity. The right panel shows a bar graph of protein expression 
for the top 25 most connected proteins. A shared legend is displayed between both panels

 



Page 7 of 13Ge et al. Journal of Translational Medicine          (2025) 23:285 

Fig. 3 Integrated analysis and validation of Synovial and Synovial Fluid Differential proteins. (A) Example of the KGML network showing the relationships 
between differentially expressed proteins in synovial tissue and synovial fluid. Red triangles represent upregulated proteins, and green arrows represent 
downregulated proteins. (B) The expression levels of COL3A1, COL1A1, FN1, and TGFBI were evaluated via western blotting. (C) Quantification of COL3A1, 
COL1A1, FN1, and TGFBI expression (n = 3, data are expressed as the means ± SDs; two-way ANOVA followed by Tukey’s post hoc test). * indicates P < 0.05, 
** indicates P < 0.01, *** indicates P < 0.001. (D) IHC staining of FN1 and TGFBI in OA and normal (N) samples (scale bar = 100 μm). (E, F) Quantitative analy-
sis of FN1 and TGFBI immunohistochemistry results (n = 3; the data are expressed as the means ± SDs; two-way ANOVA followed by Tukey’s post hoc test)
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loose bodies, and uneven joint loading due to cartilage 
degeneration, disrupt the balance between cartilage syn-
thesis and degradation, exacerbating cartilage damage. 
Mechanical loading activates mechanoreceptors, includ-
ing mechanosensitive ion channels and integrins, on 
the surface of chondrocytes [24]. Additionally, the onset 
of inflammation plays a critical role in cartilage degra-
dation. The formation of cartilage degradation prod-
ucts, including damage-associated molecular patterns 
(DAMPs), leads to the release of proinflammatory cyto-
kines. Once released into the joint cavity, these cytokines 
stimulate synovial hyperplasia and perpetuate inflamma-
tion, contributing to synovitis and accelerating cartilage 
breakdown [25]. The synovium, which is composed of 
intimal and subintimal layers, is typically approximately 
5 mm thick in a healthy joint [26]. Previous KOA stud-
ies have identified two types of macrophages within the 

synovium: classical macrophages and inflammatory mac-
rophages [27].

Synovial fluid, which is secreted by the synovium, 
plays a critical role in cartilage nutrition and consists of 
synovium-derived hyaluronan–protein complexes and 
plasma-derived exudates. As the fluid in direct contact 
with articular cartilage, synovial fluid is the primary 
regulator of the joint’s physiological microenvironment. 
Owing to the avascular nature of cartilage, synovial fluid 
is the main source of nutrients and the primary reservoir 
for cartilage degradation products [28, 29].

In this study, we utilized DIA proteomics to analyze 
the protein profiles of synovium and synovial fluid from 
KOA patients. We identified 90 significantly altered pro-
teins with biological functions in the synovium, includ-
ing 41 upregulated and 49 downregulated proteins. One 
hundred fifty-five differentially expressed proteins were 
identified in the synovial fluid, with 8 upregulated and 

Fig. 4 Metabolomic analysis of the synovium and synovial fluid of OA patients. (A) OPLS-DA plot of the metabolomic data from the synovial samples of 
both groups. (B) Volcano plot of differentially expressed metabolites in synovial tissue. The red dots represent significantly upregulated metabolites in the 
OA group, the blue dots represent significantly downregulated metabolites, and the gray dots represent nonsignificant metabolites. (C) Bubble plot of 
the pathway enrichment analysis of the upregulated metabolites in synovial tissue showing the top 10 pathways. The x-axis represents the enrichment 
score, and the y-axis represents the pathways. The larger the bubble is, the greater the number of metabolites involved, and the color transition from blue 
to red indicates greater significance (smaller p value). (D) OPLS-DA plot of the metabolomic data from the synovial fluid samples of both groups. (E) Vol-
cano plot of differentially expressed metabolites in synovial fluid. The red dots represent significantly upregulated metabolites in the OA group, the blue 
dots represent significantly downregulated metabolites, and the gray dots represent nonsignificant metabolites. (F) Bubble plot of pathway enrichment 
analysis of differentially expressed metabolites in synovial fluid showing the top 10 pathways. The x-axis represents the enrichment score, and the y-axis 
represents the pathways. The larger the bubble is, the greater the number of metabolites involved, and the color transition from blue to red indicates 
greater significance (smaller p value)
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7 downregulated. GO enrichment analysis revealed that 
the differentially expressed proteins in both the synovium 
and synovial fluid were involved in cell adhesion, extra-
cellular matrix organization, and collagen fibril organi-
zation, suggesting a shared biological function between 
these tissues in KOA pathology. KEGG pathway analy-
sis revealed significant enrichment in the complement 
and coagulation cascades, ECM‒receptor interaction, 
and focal adhesion pathways in the synovium, with all 
pathways showing upregulation. Interestingly, the ECM‒
receptor interaction pathway was inhibited in both the 
synovium and synovial fluid, indicating persistent ECM 
activity.

FN1 was significantly upregulated in both the synovium 
and synovial fluid. Previous studies have shown that FN1 
contributes to cartilage fibrosis in OA by affecting colla-
gen deposition, particularly by activating type III colla-
gen. Transforming TGFBI is crucial for initiating immune 
cell differentiation and has been shown to induce 

antiangiogenic effects during critical stages of angiogen-
esis by inhibiting MMP-2 [29, 30]. Increased CD4 + T-cell 
subsets, high concentrations of TGFBI, and angiogenesis 
are associated with the pathogenesis of OA, with TGF-
β-dependent Smad2/3 phosphorylation and angiogenesis 
delaying cartilage degeneration and subchondral bone 
sclerosis, contributing to the progression of OA-related 
synovial chondromatosis [31].

ECM degradation is regulated primarily by MMPs, 
which are secreted by chondrocytes and synovial cells. 
MMP3 is typically secreted by chondrocytes and plays 
a crucial role in degrading the ECM and basement 
membranes [32, 33]. In our study, MMP3 and MMP2 
were upregulated in the synovium and synovial fluid of 
KOA patients. Additionally, TIMP1 was upregulated 
in the synovium of KOA patients. MMPs and their cor-
responding TIMPs are usually cosecreted by the same 
cells. When both are highly expressed, MMP3 levels are 
twice as high as TIMP1 levels, suggesting an active ECM 

Fig. 5 Integrated proteomic and metabolomic analysis in OA patients. (A) Fumarate levels in synovial tissue from OA patients (OA group) versus the 
normal group (N group), P = 0.0014. (B) Levels of aspartate in synovial tissue from KOA patients versus the normal group, P < 0.0001. (C) Arginine levels in 
the synovial tissue of OA patients compared with those in the normal controls, P < 0.0001. (D) Phenylalanine levels in the synovial tissue of KOA patients 
compared with those in the normal controls, P = 0.0003
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degradation process in the KOA synovium, with disrup-
tion of the TIMP1/MMP3 regulatory balance, contribut-
ing to KOA pathology.

In the normal synovium, collagen is almost absent; 
however, in our study, COL1A1 was highly expressed in 
the synovium and synovial fluid of KOA patients. Previ-
ous studies on KOA cartilage have reported a decrease in 
COL2A1 and an increase in COL1A1 during KOA pro-
gression, likely due to a shift from type II to type I col-
lagen and the formation of osteophytes. Nonetheless, no 
studies have identified this phenomenon in the synovium 
or synovial fluid. Our findings suggest that synovial 
osteogenesis may occur at advanced KOA stages, as indi-
cated by the formation of loose bodies with osteogenic 
characteristics that are detectable via radiological imag-
ing (X-ray, MRI). Further research is needed to elucidate 
the specific mechanisms involved in this process.

We also performed metabolomics analysis via LC‒MS/
MS and identified 328 significantly altered water-soluble 
metabolites in the synovium of KOA patients, includ-
ing 240 upregulated and 88 downregulated metabo-
lites. These metabolites were enriched in pathways 
such as riboflavin metabolism, phenylalanine metabo-
lism and biosynthesis, the TCA cycle, and linoleic acid 
metabolism. In the synovial fluid, 152 metabolites 
were significantly altered, with 78 upregulated and 74 

downregulated, and pathways such as arginine biosyn-
thesis, linoleic acid metabolism, alanine, aspartate, and 
glutamate metabolism, purine metabolism, and the TCA 
cycle were enriched.

Previous metabolomic analyses of synovial tissue in 
KOA have shown elevated levels of several TCA cycle 
intermediates, including citrate, aconitate, and malate, 
indicating the upregulation of this pathway in KOA. This 
finding is highly consistent with our study. Additionally, 
we observed significant increases in the TCA cycle inter-
mediates succinate and glutamine, which can be derived 
from α-ketoglutarate. Research on synovial fluid indicates 
that KOA patients exhibit higher metabolite levels in the 
TCA cycle and glycolysis than those with rheumatoid 
arthritis. Elevated TCA cycle activity in the synovium 
and synovial fluid reflects a high-energy metabolic state.

Arginine is a semiessential amino acid that serves as a 
precursor for various molecules, including urea, nitric 
oxide, proline, glutamate, creatine, and agmatine. Orni-
thine can form a metabolic precursor for proline, a 
critical amino acid enriched in collagen, aiding in synthe-
sizing collagen and polyamines and promoting cellular 
proliferation linked to fibrosis [34]. Our study revealed 
significantly elevated levels of ornithine, proline, and 
hydroxyproline in the synovial fluid of KOA patients 
compared with those of controls, with pathway analysis 

Fig. 6 Integrated proteomic and metabolomic analysis in OA patients. (A, C, D, E) Box plots showing the relative abundance of proteins and metabolites 
between the OA and control groups. The green boxes represent the control group, and the red boxes represent the OA group. * indicates P < 0.05, ** 
indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001. (B) Metabolic network of significantly differentially expressed metabolites and proteins 
in synovial tissue and fluid, with red triangles indicating upregulated expression in the OA group
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revealing significant enrichment in the arginine biosyn-
thesis pathway. Hydroxyproline, which is primarily found 
in collagen, is virtually absent from other proteins; its 
elevation reflects increased collagen degradation activity. 
Notably, no differences in ornithine, proline, or hydroxy-
proline levels were observed in the synovium, further 
suggesting that the high levels of hydroxyproline in syno-
vial fluid originate from joint degradation, leading to the 
release of significant amounts of hydroxyproline from the 
breakdown of type II collagen. Therefore, the increased 
levels of these amino acids in synovial fluid indicate that 
cartilage degradation surpasses synthesis, contributing to 
the progression of KOA and suggesting potential as diag-
nostic biomarkers.

Research has indicated that elevated phenylalanine 
levels are associated with osteophyte formation in KOA 
[34]. Given this context, we speculate that high levels of 
phenylalanine may exacerbate cartilage damage by pro-
moting the deposition of homogentisic acid in joint car-
tilage, leading to KOA progression. Our study revealed 
increased levels of phenylalanine in the synovium of 
KOA patients, along with elevated levels of tyrosine, a 
metabolite of phenylalanine, with KEGG analysis reveal-
ing upregulation of both phenylalanine metabolism and 
synthesis pathways. This finding indicates a high meta-
bolic state in both the synthesis and degradation of phe-
nylalanine, suggesting its close association with KOA 
progression.

Through metabolomics and proteomics, our study 
revealed the expression of COL1A1 in the synovium 
of KOA patients. To investigate whether osteogenesis 
occurred in the synovium, we assessed the activity of 
alkaline phosphatase (ALP), a critical marker of osteo-
genesis. The results revealed a significant increase in ALP 
activity in KOA patients, suggesting that the primary rea-
son for the high expression of COL1A1 is the occurrence 
of synovial osteogenesis. One limitation of this study is 
the relatively small sample size, particularly in the valida-
tion cohort for synovial tissue and synovial fluid analy-
ses. This limitation stems primarily from the challenges 
associated with obtaining these specialized samples from 
patients with osteoarthritis (OA), as they require invasive 
procedures such as arthrocentesis or joint replacement 
surgery and are not routinely collected in clinical prac-
tice. Owing to the small sample size, we were unable to 
perform certain analyses, such as correlating omics find-
ings with clinical severity indices (e.g., Kellgren-Law-
rence grade, WOMAC scores, or VAS for pain), which 
could provide further insights into the translational 
potential of the identified biomarkers in OA progression 
and severity [35]. Despite these constraints, we carefully 
selected samples that were representative of the OA dis-
ease spectrum, including patients at different stages of 
joint degeneration, and employed rigorous statistical 

methods to minimize the impact of potential random-
ness and enhance the reliability of our results.

To address these limitations, future studies should aim 
to expand the cohort size and include additional clinical 
data, such as radiographic assessments (e.g., Kellgren-
Lawrence grading), functional disability scores (e.g., 
WOMAC), and patient-reported outcomes (e.g., VAS 
for pain) [36]. Collaborative efforts with multiple clini-
cal centers, particularly those specializing in orthopedic 
surgery and rheumatology, may also help overcome the 
challenges of sample collection and facilitate larger-scale 
validation studies [37]. By doing so, we hope to further 
strengthen the generalizability of our findings and vali-
date the identified biomarkers as potential diagnostic or 
prognostic tools for OA.

First, fibroblasts possess inherent osteogenic capacity 
[12]. Synovial fibroblasts are widely present in the con-
nective tissues surrounding joints and originate from 
synovial mesenchymal stem cells. The fibrotic scar tissue 
formed during repair can undergo calcification, leading 
to bone formation [38]. Numerous in vitro experiments 
on ligament fibroblasts have demonstrated that growth 
factors such as BMP, TGFBI, and IGF-1 can induce osteo-
genic or chondrogenic differentiation. Similarly, synovial 
fibroblasts possess differentiation capabilities in vivo, 
although such differentiation is typically quiescent under 
normal conditions [39]. However, numerous in vivo stud-
ies have indicated that fibroblasts can transform into 
osteoblasts under specific stimuli. These studies suggest 
that synovial fibroblasts possess substantial osteogenic 
potential, although the mechanisms underlying this dif-
ferentiation in the absence of exogenous stimulation 
remain unclear. We hypothesize that the progression of 
KOA may induce the transformation of synovial fibro-
blasts into osteoblasts due to an inflammatory micro-
environment or free bone fragments. In addition to the 
capacity of synovial fibroblasts to differentiate under 
certain conditions, synovial mesenchymal stem cells also 
exhibit osteogenic differentiation potential. Research has 
indicated that exogenous COL1 can promote the osteo-
genic conversion of mouse synovial mesenchymal stem 
cells and contribute to matrix mineralization [40]. Our 
findings suggest that as type I collagen increases dur-
ing the progression of KOA, it may further induce the 
differentiation of synovial mesenchymal stem cells into 
osteoblasts. Moreover, chondrocytes undergo a process 
of proliferation and terminal hypertrophy, with hyper-
trophic chondrocytes confirmed to possess multidirec-
tional differentiation potential, including the ability to 
promote osteoblast formation directly. During KOA pro-
gression, cartilage degradation can lead to the shedding 
of cartilage chunks, which, along with synovial fluid, may 
eventually be encapsulated by the proliferating synovium. 
Therefore, there is a possibility that chondrocytes are 
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present in the synovium of KOA patients, indicating the 
potential for hypertrophic chondrocytes to differentiate 
into osteoblasts. The differential proteins FN1 and TGFBI 
identified in our proteomic analysis are closely associ-
ated with synovial osteogenesis. In contrast, metabolo-
mic analysis revealed that high energy metabolism (TCA 
cycle) expression provides the energy required for syno-
vial osteogenic transformation.

Conclusions
Alterations in energy metabolism, cartilage repair, and 
osteogenic mechanisms are critical. The related metabo-
lites and proteins have potential as diagnostic and thera-
peutic targets for osteoarthritis.
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