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Purpose: Osteoarthritis (OA) constitutes a widespread degenerative joint disease predominantly affecting the elderly, leading to
disability. There is still a lack of biomarkers for OA, so it cannot be intervened in time.

Methods: OA biomarkers were identified from human cartilage datasets using LASSO and SVM-RFE, followed by ROC analysis.
LOXL1 was prioritized for further research due to its high expression in OA cartilage and robust predictive performance. Anterior
cruciate ligament transection (ACLT) surgery-induced OA rats were used to explore the correlation between LOXL1 and inflammatory
factors and macrophages. Macrophage markers and cytokine secretion were detected from macrophages treated with LOXL1, or co-
cultured with chondrocytes after LOXL1 siRNA silencing.

Results: Five hub biomarkers with OA-specific expression were identified. Elevated LOXL1 correlated with IL-6 and IL-8 in patients
and increased M1 macrophages in OA rats. LOXL1-stimulated macrophages upregulated CD86 and inflammatory cytokines. Silencing
LOXL1 in chondrocytes reduced CD86, inflammatory cytokines, and NF-kB p65 and p-STAT3 expression in co-cultured macro-
phages, mitigating MMP13 and chondrocyte apoptosis. STAT3 and NF-«xB signal inhibition reduces p-STAT3, p-p65, CD86, IL-6 and
IL-1B expression in LOXL1-stimulated macrophages.

Conclusion: This study underscores the pivotal role of LOXL1 in activating M1 macrophages through NF-kB and STAT3 signaling,
thereby promoting pro-inflammatory cytokine secretion and contributing to OA pathogenesis. LOXL1 holds promise as a potential
marker for early diagnosis of OA inflammation and as a novel therapeutic target.
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Introduction

Osteoarthritis (OA) remains a predominant degenerative joint ailment causing disability among the elderly. Current
estimates indicate that 10% of the global population suffers from this condition,' with nearly half of those aged 60 and
above experiencing OA, highlighting its significant contribution to disability.> Consequently, OA imposes a considerable
economic burden on patients and public health systems worldwide, presenting a formidable challenge for aging
societies.” Conventional imaging techniques continue to be the “gold standard” for clinical OA diagnosis. However,
assessing joint space width through plain radiography often requires ongoing evaluation over 1 to 3 years. While
magnetic resonance imaging (MRI) offers enhanced sensitivity in detecting cartilage, bone, synovial effusion, and
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ligament changes, its widespread use is limited by high costs.* The lack of reliable diagnostic methods for detecting and
monitoring joint pathological changes poses a significant barrier to halting the clinical progression of OA.

OA manifests as the progressive degeneration of cartilage and ligaments, coupled with synovial inflammation. Chondrocytes,
the primary cellular components of articular cartilage, are critically implicated in regulating cartilage homeostasis." Despite
advancements in understanding OA pathogenesis, the precise mechanisms by which chondrocytes promote joint catabolic
activity remain incompletely understood. Notably, chondrocytes interact with synovial immune cells, initiating synovial
inflammation in the early stages of OA.’ Long-term inflammation results in cartilage loss and progressive joint
degeneration.®” Within the synovium, macrophages represent the predominant immune cell population, with activated synovial
macrophages releasing pro-inflammatory cytokines like IL-1f, TNF-0, and IL-6, which in turn stimulate chondrocytes to
produce matrix metalloproteinases and aggrecanases such as MMP-3, MMP-13, ADAMTS-4, and ADAMTS-5. These enzymes
lead to the degradation of extracellular matrix (ECM) components, including type II collagen (COL IT) and aggrecan (ACAN).*?
Degraded cartilage also releases inflammatory cytokines such as IL-6, IL-8, IL-1B, and TNF-o, creating an inflammatory
environment within the joints.'® Given the pivotal role of inflammation in initiating OA, there is significant interest in identifying
specific biomarkers that reflect macrophage activation and inflammatory responses. Additionally, new insights into the interac-
tions between chondrocytes and synovial macrophages provide novel perspectives for understanding OA pathogenesis
comprehensively.

This study, utilizing the GEO database within the R language and incorporating three microarray datasets (GSE178557,
GSE183531, and GSE169077) alongside one transcriptome RNA-seq dataset (GSE114007), elucidates the close association
between the chondrocyte-expressed LOXL1 gene and OA through bioinformatics and machine learning. The Lysyl oxidase-
like 1 (LOXLI1) protein, encoded by the LOXL1 gene and a member of the lysyl oxidase family, plays a critical role in
preserving ECM-rich tissues.'" LOXL1 has been implicated in the pathogenesis of diverse maladies such as glaucoma,'?
intrahepatic cholangiocarcinoma,'* and glioma.'* Our study revealed heightened expression of the LOXL1 gene and protein
in patients with OA, correlating positively with cytokines IL-6 and IL-8. Additionally, augmented expression of LOXL1 and
IL-6 was observed in the cartilage of OA rats, along with increased iNOS™ M1 macrophage expression in the synovium, with
LOXL1 showing positive correlations with IL-6 and iNOS. Stimulation of macrophages with LOXL1 protein resulted in
elevated CD86 expression and cytokine secretion, indicating that LOXL1 is a potential biomarker of OA inflammation.
Moreover, inhibiting chondrocyte LOXL1 expression may represent a novel strategy for OA therapy.

Material and Methods

Data Acquisition and Processing

The GSE178557, GSE183531, GSE169077, and GSE114007 datasets were sourced from the NCBI GEO public database
(http://www.ncbi.nlm.nih.gov/geo). GSE178557 includes 8 cartilage samples (n = 4 for the OA group, n = 4 for the
control group). GSE183531 includes 5 cartilage samples (n = 5 for the OA group). GSE169077 includes 11 cartilage
samples (n = 6 for the OA group and n = 5 for the control group). GSE114007 includes 38 cartilage samples (n = 20 for

the OA group, n = 18 for the control group). Datasets of the same sequencing type were analyzed collectively. The three
microarray datasets—GSE178557, GSE183531, and GSE169077—were merged to form the training set, with batch
effects adjusted using the combat function from the “SVA” package in R. The RNA-seq dataset, GSE114007, served as
the verification set. All datasets underwent standardized data preprocessing.

|dentification of Differentially Expressed Genes (DEGs)

Differentially expressed genes (DEGs) were identified from the GSE178557, GSE183531, and GSE169077 datasets
using the “limma” package for variance analysis, applying a filter condition of an adjusted p-value < 0.05 and log fold
change > 1. A heatmap of DEGs was generated with the “ggplot2” package. Additionally, the RNA-seq dataset
GSE114007 served as an independent validation set, where batch effects were removed and differential analysis was

conducted using the “DESeq2” package.
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Candidate Diagnosis Biomarker Selection

A comprehensive biomarker screening approach was employed, utilizing the Least Absolute Shrinkage and
Selection Operator (LASSO) logistic regression model and the Support Vector Machine Recursive Feature
Elimination (SVM-RFE) algorithm to identify OA-related biomarkers. LASSO, a regression analysis method
enhanced by regularization, effectively improves predictive accuracy. The “glmnet” package in R facilitated this
analysis, pinpointing genes significantly contributing to the discriminatory power between OA and healthy
samples. Support vector machine (SVM), a supervised machine learning technology extensively used for classi-
fication and regression analysis, was applied with Recursive Feature Elimination (RFE) to select the optimal genes
from the metadata cohort, thereby preventing overfitting. SVM-RFE identified the most discriminative gene set,
implemented via the R packages “e1071” “kernlab” and “caret.” Overlapping genes were then screened for further

analysis.

Diagnostic Value of Feature Biomarkers in OA

The diagnostic ability of biomarkers was assessed by quantifying their sensitivity and specificity through receiver
operating characteristic (ROC) curve analysis and measuring the area under the curve (AUC). The accuracy, sensitivity,
and specificity of these biomarkers were determined in the training set using the R package “pROC” and subsequently
validated in the verification set.

Clinical Specimens

Blood samples were collected from newly diagnosed, untreated patients with OA and a healthy cohort aged 50-85 years,
without osteoarthritis or rheumatoid arthritis. Exclusion criteria included post-medication follow-up, malignancies, severe
infections, endocrine or immune disorders, organ dysfunction, and psychiatric illnesses, to prevent interference with natural
cytokine levels. Written informed consent for blood sample usage was obtained from all participants. Human blood sample
procedure was in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and all subsequent
revision. The Ethics Committee of the Affiliated Hospital of Jiangsu University approved the study (KY2023K1109).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from blood samples of patients with OA and healthy individuals using the RNAeasy™ Blood
RNA Isolation Kit with Spin Column (Beyotime, Shanghai, China), and from cells using TRIZOL reagent (Invitrogen,
California, USA) according to the manufacturer’s instructions. Reverse transcription reactions were performed following
the HiScript II Q RT SuperMix for qPCR (Vazyme, Nanjing, China) protocol, followed by real-time fluorescence
quantitative PCR (qPCR) using ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). All data were
normalized to GAPDH expression levels. The primers used were: LOXL1 (Homo sapiens): forward (5'-
TGTACCGGCCCAACCAGAAC-3") and reverse (5'-CCGCACATCGTAGTCGGT-3"); GAPDH (Homo sapiens): for-
ward (5-GTCTCCTCTGACTTCAACAGCG-3') and reverse (5'-ACCACCCTGTTGCTGTAGCCAA-3"); LOXL1 (Mus
musculus): forward (5-ATGTGCAGCCTGGGAACTAC-3") and reverse (5-GCGACCTGTGTAGTGGATGT-3");
GAPDH  (Mus musculus): forward (5-CATCACTGCCACCCAGAAGACTG-3') and reverse (5'-
ATGCCAGTGAGCTTCCCGTTCAG-3).

Enzyme-Linked Immunosorbent Assay (ELISA) and Measurement of Cytokine Levels
Quantification of LOXL1 in serum and cell culture supernatants was conducted using an ELISA kit (Cusabio, Wuhan,
China), following the manufacturer’s instructions. Cytokine levels in serum and cell culture supernatants were quantified
using a twelve-cytokine detection kit (Biopredia, Taizhou, China) through multiplex flow cytometry luminescence, also
following the manufacturer’s instructions.
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Experimental Animals

Female Sprague-Dawley (SD) rats (6—8 weeks old, weighing approximately 250-300 grams) were housed under standard
conditions (22+1°C, 65-70% humidity). The rats were randomly assigned to two groups: sham surgery and anterior cruciate
ligament transection (ACLT) surgery. After anesthesia with 2% pentobarbital sodium, the right knee joints were surgically
prepared in a sterile manner. The anterior cruciate ligament was transected using a scalpel without damaging surrounding
structures. The incision was sutured to ensure proper healing. Prophylactic antibiotic treatment (30,000 units of penicillin)
was administered daily for 3 days post-surgery. After 9 weeks, the right knee cartilage and surrounding synovial tissue were
collected and fixed with 4% paraformaldehyde for further analysis. All animals were provided humane care, and were
conducted in accordance with the Guidelines for the Protection and Use of Experimental Animals and the Measures for the
Administration of Animal Use at Jiangsu University. The experimental procedures received approval from the Institutional
Animal Care and Use Committee (IACUC) of Jiangsu University (Permit Number: UJS-IACUC-AP-2023022005).

Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining in vivo
Rat cartilage tissues were fixed in formaldehyde and decalcified with EDTA solution for 35 days. Subsequently, the
tissues were dehydrated, embedded in paraffin, sectioned, and subjected to antigen retrieval. Endogenous peroxidase and
serum were blocked before overnight incubation with primary antibodies against LOXL1 (Boster, Wuhan, China; diluted
1:50), IL-6 (Servicebio, Wuhan, China; diluted 1:50), and IL-10 (Servicebio, Wuhan, China; diluted 1:50). This was
followed by incubation with secondary antibodies (Servicebio, Wuhan, China; diluted 1:50). DAB staining and
hematoxylin counterstaining were performed to visualize cell nuclei, and microscopic examination was conducted.

For immunofluorescence staining, samples underwent similar initial processing as in immunohistochemical analysis.
A mixture of primary antibodies against iNOS (Servicebio, Wuhan, China; diluted 1:50) and CD11b (Servicebio, Wuhan,
China; diluted 1:50), as well as Argl (Servicebio, Wuhan, China; diluted 1:50) and CD11b (Servicebio, Wuhan, China;
diluted 1:50), was added. Following overnight incubation, corresponding secondary antibodies (Servicebio, Wuhan,
China; diluted 1:100) were applied, and DAPI was used to counterstain cell nuclei. Images were captured using a laser
confocal microscope.

Flow Cytometry

Cells were stained with fluorophore-conjugated monoclonal antibodies following established protocols. Cultured cells
were washed with PBS, centrifuged, and the supernatant discarded. The cells were then resuspended in a staining buffer
and stained with anti-CD86 (BD Biosciences, San Diego, USA; 5uL / Test) for 30 minutes at 4°C in the dark. After two
washes, the cells were suspended in a staining buffer. Using the same method, cells were collected, fixed, permeabilized,
and stained with anti-CD206 (Biolegend, San Diego, USA; 5uL / Test), followed by incubation at 4°C in the dark for
60 minutes. After two additional washes, the cells were resuspended in staining buffer and analyzed using flow
cytometry. Chondrocyte apoptosis was assessed with the ANNEXIN V-FITC/PI apoptosis detection kit (Solarbio,
Beijing, China) according to the manufacturer’s instructions.

Cell Culture and Small-Interfering RNA Transfection

ATDCS5, RAW264.7, and THP-1 cells were obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology (Shanghai,
China). ATDCS cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
supplemented with 1% Penicillin-Streptomycin Solution and 10% Fetal Bovine Serum (FBS). RAW264.7 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1% Penicillin-Streptomycin Solution and
10% FBS. THP-1 cells were maintained in RPMI-1640 medium enriched with 1% Penicillin-Streptomycin Solution,
0.05 mm B-Mercaptoethanol, and 10% FBS. Differentiation of THP-1 cells into macrophages was achieved by adjusting
the cell density to 1x10° cells/mL, adding 100 ng/mL of Phorbol-12-myristate-13-acetate (PMA), and incubating at 37°C
with 5% CO2 for 24 hours until adherence. Macrophages were treated with recombinant Human LOXL1 protein
(Cusabio, Wuhan, China), NF-kB inhibitor SC75741 (Abmole, Shanghai, China), STAT3 inhibitor Stattic (APExBIO,
Houston, USA), or the above inhibitors combined with LOXL1 stimulation for 48 hours.
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Si-LOXL1 was procured from Nanjing Zebrafish Biotech (Nanjing, China). ATDCS cells were seeded in 6-well plates
and transfected after 24 hours of incubation. Using Lipo6000 transfection reagent (Beyotime, Shanghai, China), negative
control (NC-siRNA), LOXL1-siRNA1, and LOXL1-siRNA2 were introduced into the chondrocytes. Cellular RNA and
proteins were collected 48 hours post-transfection for analysis of transfection efficiency.

Co-Culture

Following the established transfection protocol, LOXL1-siCTRL (NC-siRNA), LOXL1-siRNA1, and LOXL1-siRNA2
were transfected into chondrocytes and cultured for 48 hours. Utilizing a Transwell system, ATDCS cells treated as
previously described were placed in the lower chamber and stimulated with IL-1p (10 ng/mL), while THP-1-induced
macrophages were situated in the upper chamber for co-culture over 72 hours, or RAW264.7 cells were seeded in the
upper chamber for 48 hours. Subsequently, THP-1-induced macrophages were collected for flow cytometry analysis, and
their supernatant was utilized for ELISA to measure LOXL1 secretion.

Following co-culture, RAW264.7 cells were harvested for Western blot analysis. For the rescue experiments,
RAW264.7 cells co-cultured with ATDCS cells transfected with LOXLI1-siRNA1 were stimulated with 8 pg/mL
recombinant mouse LOXL1 protein (Cusabio, Wuhan, China) for 24 hours. Subsequently, RAW264.7 cells from the
upper chamber were harvested for Western blot analysis.

Western Blotting

Cell samples were lysed in lysis buffer (Beyotime, Shanghai, China), and denatured proteins were separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis before being transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, USA). These membranes were blocked with 5% skim milk and incubated overnight at 4°C with
primary antibodies: anti-LOXL1 (Boster, Wuhan, China; diluted 1:500), anti-MMP13 (Proteintech, Wuhan, China; diluted
1:1000), anti-p-STAT3 (Affinity, Jiangsu, China; diluted 1:500), anti-STAT3 (Proteintech, Wuhan, China; diluted 1:2000),
anti-p-p65 (Proteintech, Wuhan, China; diluted 1:2000), anti-p65 (Santa Cruz, California, USA; diluted 1:200), anti-CD86
(Proteintech, Wuhan, China; diluted 1:1000), anti-Argl (Proteintech, Wuhan, China; diluted 1:5000), anti-human-IL-6
(Proteintech, Wuhan, China; diluted 1:500), anti-IL-1 (Proteintech, Wuhan, China; diluted 1:1000), anti-TNF-a (Affinity,
Jiangsu, China; diluted 1:500), anti-GAPDH (Proteintech, Wuhan, China; diluted 1:10,000), anti-IL-10 (Servicebio,
Wuhan, China; diluted 1:1000), anti-mouse-IL-6 (Servicebio, Wuhan, China; diluted 1:500), anti-B-actin (Affinity,
Jiangsu, China; diluted 1:3000), and anti-B-tubulin (Affinity, Jiangsu, China; diluted 1:2000). The membranes underwent
three washes with TBST for 5 minutes each, followed by a 60-minute incubation at room temperature with secondary
antibodies (Proteintech, Wuhan, China; diluted 1:5000). After an additional three washes with TBST, the membranes were
treated with an ECL exposure solution and subjected to chemiluminescence for protein visualization.

Immunofluorescence Staining in vitro

Following the established co-culture protocol, macrophages collected from the upper chamber were seeded onto sterile
cell slides. Once cells adhered, the complete culture medium was removed, and cells were washed three times with PBS.
Cells were then fixed in 4% paraformaldehyde at 4°C for 30 minutes, followed by three PBS washes. Permeabilization
was achieved by incubating cells with Triton X-100 for 10 minutes, followed by three additional PBS washes.
Subsequently, cells were blocked with 5% BSA for 30 minutes. Primary antibodies anti-p-STAT3 (Affinity, Jiangsu,
China; diluted 1:50) and anti-p-p65 (Proteintech, Wuhan, China; diluted 1:50) were added and incubated overnight at
4°C. After three washes with PBS, corresponding fluorescent secondary antibodies (Proteintech, Wuhan, China; diluted
1:100) were added and incubated at room temperature for 60 minutes in the dark. Following three final PBS washes, cells
were stained with DAPI for 5 minutes, washed with PBS, and imaged using a laser confocal microscope.

Statistical Analysis
Data analysis was performed using R software (version 4.2.2, https://www.r-project.org/) and GraphPad Prism 8.0

(GraphPad Software Inc., USA). Results are expressed as mean + standard error of the mean for normally distributed
data. One-way analysis of variance, followed by post hoc Tukey’s multiple comparisons test, was conducted to compare
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three or more groups, while Student’s ¢-test was employed to compare two groups. Correlations between two variables
were analyzed using Spearman or Pearson tests. Statistical significance was set at 0.05, with *p < 0.05, **p < 0.01, and
**%kp < 0.001.

Results

Identification of DEGs and Functional Validation

Human cartilage samples from patients with OA and healthy controls were screened through the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Three microarray datasets (GSE178557, GSE183531,
and GSE169077) were combined as the training set, while the RNA-seq dataset (GSE114007) served as the validation
set. In the training set, 32 DEGs were identified, with 9 genes significantly upregulated and 23 genes significantly

downregulated (Figure 1A). Candidate biomarker screening using machine learning was conducted with two distinct
algorithms: LASSO and SVM-RFE. The LASSO regression algorithm identified 9 feature genes as diagnostic markers
for OA (Figure 1B), while the SVM-RFE algorithm identified 25 feature genes (Figure 1C). Eight overlapping features
(LOXL1, HILPDA, IRAK3, BESTI1, HISTIHIC, CYP3AS, FAM65B, HSD11B1) were confirmed as OA-related
biomarkers (Figure 1D), potentially playing crucial roles in OA progression.

Predicted Performance of Biomarkers

To further evaluate the predictive value of these eight potential biomarkers, ROC analysis was performed on the training
dataset, revealing that all eight biomarkers exhibited an area under the curve (AUC) exceeding 0.8 for OA prediction
(Figure 2A). The differential expression of these biomarkers was validated using the RNA-seq dataset GSE114007
(Figure 2B). In patients with OA compared to the control cohort, the expression trends of LOXL1, BEST1, HILPDA,
HIST1H1C, and HSD11B1 mirrored those in the training set and showed significant disparities. Although the expression
trends of CYP3AS5, FAM65B, and IRAK3 remained consistent with the training group, no significant differences were
observed. Furthermore, ROC analysis of these biomarkers in the validation group (Figure 2C) indicated that LOXLI,
BEST1, HILPDA, HIST1HIC, and HSD11B1 had AUCs greater than 0.7 for predicting OA, indicating high predictive
accuracy. However, the ROC analysis results for CYP3AS, FAM65B, and IRAK3 were unsatisfactory. Consequently, five
hub biomarkers with OA-specific expression—LOXL1, BEST1, HILPDA, HIST1H1C, and HSD11B1—were identified.
Given the elevated expression of LOXL1 in the cartilage of patients with OA and its superior predictive performance,
LOXL1 was selected as the focal point for subsequent investigations.

Circulating LOXLI Expression Was up-Regulated and Associated with Inflammatory

Factors in Patients With OA

To confirm circulating LOXL1 levels in patients with OA, LOXL1 mRNA in whole blood and its protein in serum were
detected. As shown in Figure 3A and B, the levels of LOXL1 mRNA and protein were elevated in patients with OA
compared to the control group. Considering the critical role of inflammation in osteoarthritis, inflammatory cytokines in
the serum of patients with OA were also assessed. Patients with OA exhibited higher levels of IL-6 and IL-8 compared to
the control group (Figure 3C). Furthermore, LOXL1 levels positively correlated with IL-6 and IL-8 in the serum of
patients with OA (Figure 3D). These findings suggest that LOXL1 from chondrocytes is highly expressed in patients with
OA and is associated with the inflammatory response, indicating its potential as a marker of OA-related inflammation.

LOXLI Was Highly Expressed in Cartilage and Associated with iINOS™ M|
Macrophages in OA Rats

Considering the critical role of macrophages in OA inflammation, the expression of LOXL1 in cartilage, as well as
iNOS" M1 and Arg" M2 macrophages in the synovium of OA rats, was examined. Consistent with serum analyses in
patients with OA, a notable increase in LOXL1 and IL-6 levels within the cartilage of OA rats was observed, alongside
an elevated presence of iNOS® M1 macrophages in the synovial tissue (Figure 4A-D). Additionally, LOXL1 levels
positively correlated with the expression of IL-6 and iNOS (Figure 4E). These findings suggest that LOXL1 is associated
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with M1 macrophages and inflammatory cytokines in OA rat joints, indicating that LOXL1 may contribute to the
inflammatory response by promoting M1 macrophage activation in OA.

LOXLI Activates M| Macrophages in vitro

To investigate the effect of LOXL1 on macrophage activation, MO macrophages were treated with recombinant LOXL1
protein in vitro, and their surface molecules and cytokine secretion were analyzed. As shown in Figure 5SA, LOXLI-
treated macrophages exhibited a mature phenotype with uropods and ruffles, contrasting with the immature round
morphology observed in the control group. The expression of the Ml-related marker CD86 increased, whereas the
expression of the M2-related marker CD206 remained unchanged after LOXLI1 treatment (Figure 5B and C).
Additionally, the levels of IL-1p, IL-6, and TNF-a increased in LOXL1-treated macrophages compared to the control
group (Figure 5D). These results suggest that LOXL1 stimulates M1 macrophage activation in vitro.

LOXLI Knockdown Downregulates Cartilage Degradation Markers and Reduces
Chondrocyte Apoptosis

To investigate LOXL1’s pathophysiological role in chondrocytes, siRNA was used to inhibit its expression, verified
through qRT-PCR and Western Blot analysis. Figures 6A—C demonstrate reduced LOXL1 levels in siRNA1 and siRNA2
samples. Subsequently, LOXL1 knockdown led to a significant decrease in MMP13 expression, indicating diminished
cartilage degradation (Figure 6D and E), alongside a lower apoptosis rate (Figure 6F and G). These findings imply that
LOXL1 downregulation in chondrocytes alleviates cartilage degradation and apoptosis, suggesting that LOXL1 promotes
OA inflammation primarily via macrophage activation.

LOXLI Knockdown in Chondrocytes Decreases the Activation of Macrophages

To examine the impact of chondrocyte-derived LOXL1 on macrophage activation, macrophages were co-cultured with
LOXL1-knockdown chondrocytes, as depicted in the schematic diagram in Figure 7A. Figure 7B and C illustrate
a significant reduction in the M1 marker CD86 expression in the LOXL1-siRNA1 and LOXL1-siRNA2 groups compared
to the LOXL1-siCTR group. Although CD206 showed a slight increase, this change was negligible. Additionally,
LOXL1-siRNA1 and LOXL1-siRNA2 groups displayed downregulated levels of IL-6, IL-8, and TNF-a, along with
upregulated IL-10 levels, relative to the control group (Figure 7D). Furthermore, the supernatant from the LOXLI-
siRNA1 and LOXL1-siRNA2 groups in the co-culture system exhibited lower LOXL1 secretion by macrophages
compared to the control group (Figure 7E). Similarly, RAW264.7 cells were co-cultured with LOXL1-knockout
chondrocytes, as shown in Figure 7F. Compared to the LOXL1-siCTRL group, the LOXL1-siRNA group exhibited
a decrease in M1 marker CD86 expression, while M2 marker ARG1 remained unchanged. Furthermore, IL-6 and TNF-a
levels were downregulated in the LOXL1-siRNA1 group relative to the control group, while IL-10 showed no significant
change. Collectively, these findings suggest that LOXL1 silencing in chondrocytes diminishes the activation of co-
cultured macrophages.

LOXLI Activates M| Macrophage via NF-kB and STAT3 Signaling

Given the role of STAT3 and NF-kB signaling pathways in the secretion of inflammatory cytokines that activate

macrophages,' >

changes in these two pathways was analyzed in macrophages co-cultured with LOXL1-knockdown
chondrocytes. Immunofluorescence and Western Blot results showed that the phosphorylation levels of the key tran-
scription factors in the STAT3 and NF-kB signaling, p-STAT3 and p-p65, were inhibited in the LOXL1-siRNA group
compared to the LOXL1-CTRL group (Figure 8A-D). Furthermore, LOXL1-treated macrophages upregulate NF-«B p65
phosphorylation, but the addition of NF-«B inhibitor SC75741 downregulates the expression of M1 marker CD86, TNF-
o and IL-1p in a dose-dependent manner, with no effect on the expression of M2 marker Argl (Figure 8E). Similarly,
LOXLI1 treatment increases macrophage STAT3 phosphorylation, while STAT3 inhibitor Stattic decreases the expression
of CD86, IL-6 and IL-1p, but has no effect on the expression of M2 marker Argl (Figure 8F). Furthermore, p-STAT3 and

p-p65 were inhibited in RAW264.7 after co-cultured with LOXLI1-siRNA chondrocytes (Figure 8G). However,
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RAW264.7 cells co-cultured with LOXL1-knockdown chondrocytes were stimulated with recombinant mouse LOXL1
protein, an upregulation of phosphorylation levels of STAT3 and p65 in macrophages was observed, as well as an
increase in M1 marker CD86 and pro-inflammatory cytokines TNF-a and IL-1PB expression (Figure 8G). Thus, these
results demonstrate that LOXL1 promotes M1 macrophage activation via STAT3 and NF-«xB signaling.

Discussion

The diagnosis of OA relies on clinical symptoms combined with radiographic findings, such as joint space narrowing,
bone cysts, bone sclerosis, and osteophyte development, typically seen at advanced and often irreversible stages.'”'®
Consequently, OA treatment remains largely palliative. The search for biomarkers to diagnose OA and predict its
progression has gained significant attention.'” However, current markers based on cartilage degradation, including
type II collagen markers, hyaluronic acid, and matrix metalloproteinases, often do not correlate consistently with the
radiological progression of OA.?° Elevated levels of high-sensitivity C-reactive protein (hsCRP) in the early stages of
OA suggest that inflammation plays a role in the early pathophysiology of the disease.”' Early identification of
inflammatory biomarkers in OA and timely intervention can delay cartilage and bone damage, thereby reducing clinical
disability. Thus, inflammatory biomarkers for OA are promising both for screening and as a treatment cornerstone.

In this study, eight genes (LOXL1, HILPDA, IRAK3, BEST1, HISTIHIC, CYP3AS, FAM65B, and HSD11B1) were
identified as specific markers for OA using bioinformatics algorithms on public databases (GSE178557, GSE183531, and
GSE169077). Subsequent validation with the GSE114007 dataset confirmed five genes (LOXL1, HSD11B1, BESTI,
HILPDA, and HIST1H1) exhibiting trends consistent with those in the training dataset. Immune infiltration analysis
revealed that NK cells and macrophages particularly infiltrate the cartilage of patients with OA (data not shown). Given
the pivotal role of macrophages in initiating and sustaining inflammation in OA,?** it is inferred that LOXL1 may
contribute to the OA inflammatory response through its interaction with macrophages.

LOXL1 is expressed in elastic tissues, including the aorta, uterus, and 1ungs.24’25 Aberrant LOXL1 expression is
implicated in various pathological processes related to the imbalance between ECM synthesis and degradation, such as

12,27

idiopathic pulmonary fibrosis,?® pseudoexfoliation glaucoma, and pseudoexfoliation syndrome.'**® Additionally,

LOXLI plays a dual role in tumor formation, either promoting or inhibiting it.>> High LOXLI expression is associated

with invasive and metastatic traits in papillary thyroid cancer and lung cancer cells,**~"

while it suppresses invasion and
metastasis in colorectal and prostate cancer cells.”*>> However, the expression and role of LOXL1 in osteoarthritis (OA)
remain unexplored. Our study found that the LOXL1 gene has an impressive area under the curve (AUC) of 0.963 (95%
CI 0.867-1.000) in predicting OA, as revealed by ROC analysis. Transcriptome RNA-seq datasets further confirmed
elevated LOXL1 expression in patients with OA. Moreover, LOXL1 gene and protein levels were significantly higher in
patients with OA compared to healthy controls, correlating positively with inflammatory cytokines IL-6 and IL-8 in the
serum of patients with OA. These findings suggest that LOXL1 is a potential biomarker reflecting the inflammatory
response in patients with OA. Interestingly, recent studies have shown that LOXL1 expression is upregulated in the
synovium of patients with rheumatoid arthritis, and that knocking down LOXL1 can inhibit synovial inflammation.>*

Given the critical role of macrophages in OA inflammation, we analyzed the relationship between LOXL1 expression
and macrophages in an osteoarthritis rat model. Results indicated increased expression of LOXL1 and IL-6 in the
cartilage of osteoarthritis rats and a rise in iNOS™ M1 macrophages in the synovium. LOXLI expression correlated
positively with IL-6 and iNOS levels. M1 macrophages, characterized by their pro-inflammatory phenotype, secrete
cytokines such as TNF-a, IL-1B, and IL-6, which stimulate chondrocytes to produce ECM-degrading enzymes, exacer-
bating cartilage matrix degradation and perpetuating OA inflammation and progression.’>>° The presence of MI
macrophages in the synovial fluid of OA joints is positively associated with clinical symptoms like stiffness and
pain.*’ Conversely, M2 macrophages exhibit an anti-inflammatory phenotype, and the imbalance of increased M1 and
decreased M2 macrophages is directly related to OA severity.***° Moreover, activated macrophages are detectable at
early OA stages,’” and M1 macrophages accelerate OA progression in mice.*’ LOXL1 stimulated macrophages to
increase the expression of the M1 marker CD86, without affecting the M2 marker CD206, and increased the secretion of
IL-1B, IL-6, and TNF-a by macrophages in vitro. These results suggest that LOXL1 activates M1 macrophages, enhances
the secretion of inflammatory cytokines, and participates in the inflammatory response of OA.
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To assess the impact of LOXL1 on chondrocytes, LOXL1 was silenced using siRNA. This intervention led to reduced
expression of the chondrocyte degradation marker MMP-13 and decreased chondrocyte apoptosis, suggesting that
LOXLI1 silencing enhances the biological function of chondrocytes. The pro-inflammatory effects of LOXLI are likely
related to macrophage activation. Understanding the crosstalk between chondrocytes and synovial macrophages in the
occurrence and progression of OA not only elucidates OA pathogenesis but also facilitates the development of novel
therapeutic interventions. To investigate macrophage activation by chondrocyte-expressed LOXL1, LOXL1 was knocked
down in chondrocytes, which were then co-cultured with macrophages. The co-culture resulted in increased macrophage
CD86 expression and elevated levels of IL-1fB and IL-6. However, LOXL1 knockdown in chondrocytes led to reduced
CD86 expression and lower secretion of inflammatory cytokines in macrophages, indicating that chondrocyte-derived
LOXLI can activate M1 macrophages and promote inflammatory cytokine secretion.

NF-«kB signaling is an important transcription factor for macrophage activation, which regulates the secretion of a variety
of inflammatory cytokines and participates in inflammatory responses.”***>*> Moreover, NF-kB is involved in OA pathology
in a variety of patterns.** For example, NF-kB signaling induces the secretion of various matrix metalloproteinases such as
MMP1, MMP9 and MMP13, causing articular cartilage degeneration.*> NF-kB-mediated secretion of IL-1p, IL-6 and TNF-a.
not only participates in OA inflammation, but also induces the production of MMPs, and aggravates the destruction of OA
articular cartilage.**” Similarly, STAT3 signaling is also involved in macrophage polarization.* STAT3 is regulated by
a variety of cytokines and growth factors through JAK/STAT signaling, and is involved in the inflammatory and immune
responses of a variety of diseases.*®* Although JAK/STAT3 signaling activation promotes M2 macrophage polarization in
tumors,’® JAK2/STAT3 activity increases in inflammation, inhibits JAK/STAT3 signaling, and promotes M2 macrophage
polarization in pancreatitis and psoriasis.’'*> However, JAK2/STAT3 plays an important role in the initiation and progres-
sion of OA.>* High expression of JAK2/STAT3 signaling in osteoarthritis cartilage tissue, and high expression of JAK2 and
STAT3 reduce COL II level, resulting in cartilage matrix damage.>* In addition, proinflammatory cytokines released by
chondrocytes or synovial cells, such as IL-1B and IL-6, can regulate the JAK2/STAT3 pathway and initiate the OA
inflammatory response.’>>® Whether chondrocyte-derived LOXL1 stimulates M1 macrophage activation is mediated by
NF-xB and STAT3 signaling. As expected, LOXL1 knockdown in chondrocytes reduces NF-kB p-p65 and p-STAT3
expression in co-cultured macrophages. In addition, LOXL1-stimulated macrophages increase p-p65 and p-STAT3 expres-
sion, and LOXL1 in combination with NF-«kB or STAT3 inhibition, decreases NF-kB and STAT3 activation, and decreases
CD86 and IL-1f3, TNF-a or IL-6 expression. Thus, chondrocyte-derived LOXL1 activates macrophages through NF-xB and
STAT3 pathways, leading to increased inflammatory cytokine secretion.

Synovitis in OA is primarily driven by macrophages,’’ and the number of folate receptor (FR)-positive
macrophages in the joint correlates with the severity and symptoms of radiographic knee OA. Etarfolatide (EC20)
imaging identifies the inflammatory phenotype in OA patients in vivo by characterizing the expression of FR on
activated macrophages.’® However, EC20 imaging involves radiation exposure. Therefore, identifying a soluble
biomarker for activated macrophages could provide a way to recognize an inflammatory OA phenotype.>® Given that
LOXLI1 derived from chondrocytes activates M1 macrophages, it is necessary to further evaluate whether LOXL1
can be used for OA inflammatory phenotyping, whether it activates OA macrophages, and whether it mediates joint
structural progression.

Additionally, current OA management primarily focuses on pain relief and reducing inflammation, rather than
repairing cartilage defects or restoring normal joint function.® Therefore, delaying degradation due to chondrocyte
senescence and decreasing the inflammatory polarization of synovial macrophages could help cure OA. This also has
significant implications for the development of new therapeutic strategies and effective drugs.®' Given that LOXLI
knockdown reduces chondrocyte degradation and apoptosis and decreases M1 macrophage activation, targeting LOXL1
inhibition may offer a novel approach to prevent chondrocyte degradation and suppress macrophage-mediated inflam-
mation. Thus, LOXL1 is identified not only as a potential marker of OA inflammation but also as a promising therapeutic
target for OA management.
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Figure 9 Schematic diagram illustrating the hypothetical role of LOXLI in osteoarthritis (OA). Highly expressed LOXLI in chondrocytes stimulates macrophage activation,
leading to the production of inflammatory cytokines IL-Ip, IL-6, and TNF-o via the STAT3 and NF-«B pathway. This activation accelerates chondrocyte degeneration and
exacerbates OA inflammation.

Conclusion

This study identified that chondrocyte LOXLI1 is highly expressed in patients with OA and is associated with
inflammatory cytokines. LOXL1 primarily activates M1 macrophages via the NF-kB and STAT3 pathways, promoting
the secretion of inflammatory cytokines and contributing to OA pathogenesis (Figure 9). Consequently, LOXL1 holds
promise as a potential marker for early diagnosis of OA inflammation and as a novel therapeutic target.
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