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Osteoarthritis, as a common joint disease among middle-aged and elderly

people, has many problems, such as diverse pathogenesis, poor prognosis and

high recurrence rate, which seriously affects patients’ physical and mental

health and reduces their quality of life. At present, the pathogenesis of

osteoarthritis is not completely clear, and the treatment plan is mainly to

relieve symptoms and ensure basic quality of life. Therefore, it is particularly

urgent to explore the pathogenesis of osteoarthritis. Protein, as organic

macromolecule which plays a major role in life activities, plays an important

role in the development of disease. Through protein omics, this study found that

with the increase of age, excessive sulfur oxidation occurred in endoplasmic

reticulum of chondrocytes, which then drove the occurrence of inflammatory

reaction, and provided a direction for the follow-up molecular targeted.
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Introduction

Osteoarthritis (OA) is a common chronic degenerative joint disease, which is

characterized by swelling, pain and stiffness of joints. In severe cases, it is

accompanied by dysfunction and loss of mobility (Abdel-Rahman et al., 2020). Its

main pathological damage is the loss and degeneration of articular cartilage (Jiang

et al., 2022). At present, the specific pathogenesis of the disease is still unclear. Some

factors can induce osteoarthritis, such as aging, obesity, inflammation, genetics, joint

wear and tear, etc., Among them, aging is considered to be the main factor (Mrtens

et al., 2022).

With the aging of the population in various countries, age-related diseases such as

osteoarthritis are highly valued. According to the statistics of the World Health

Organization, there are more than 350 million people with osteoarthritis worldwide,

and one out of every six people in Asia suffers from osteoarthritis. Taking China as an

example, as of 2017, the prevalence rate of knee arthritis was highest in the age group
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over 70 years old, with 26.3%, and the lowest in the age group

of 15–39 years old, with 3.1% (Li et al., 2020). After the age of

40, the prevalence increased linearly with age. At present, there

are many studies on aging and osteoarthritis, ranging from the

RNA level to the protein level. Based on existing studies (Liu

et al., 2021), (Miura et al., 2022), (Varela-Eirín et al., 2022),

this study found that with the increase of age, the number of

aging cells in articular cartilage increased, which promoted the

occurrence of inflammatory aging-related secretory

phenotype (SASP), and then led to an increase in the

expression of inflammatory response-related genes and

proteins. At the same time, it has been reported that

osteoarthritis is related to bone metabolism. Osteoarthritis

often leads to bone metabolism disorder, and the expression of

genes involved in metabolism is decreased (Sebastian et al.,

2020), (Eitner et al., 2022). At present, it is known that aging

can lead to inflammation of joints and bone metabolism

disorders, but the specific occurrence process and molecular

regulation mechanism are still unclear, which could not

provide a clear direction for disease treatment.

We used four-dimensional protein omics to analyze the

difference of protein in the articular cartilage of 2-month and

20-month-old mice. Results showed that compared with the 2-

month-old mice, the 20-month-old mice had enhanced

immune response and decreased metabolic response, which

was consistent with previous research results. Through

protein omics analysis and Western Blot experiment,

this study proved that the changes were caused by

excessive sulfur oxidation in endoplasmic reticulum and

increased folding of pseudoproteins after aging, which

increased metabolic pressure and promoted inflammatory

reaction, thus providing a new idea for the treatment of

osteoarthritis.

Method

Sample collection of experiment

The whole animal experimental process complied

with the animal ethics of the First Affiliated Hospital of

University of Science and Technology of China. First of

all, C57BL/6 mice aged 2 and 20 months raised

normally were selected as the control group (2-month-

old) and the experimental group (20-month-old) and

sacrificed by neck-break. The articular cartilage was

separated by artificial peeling and stored at −80°C for

further analysis.

FIGURE 1
Overview of the proteomic analysis results. (A) The work flow of this paper. (B) Number of Peptides and proteins Identified by proteomics. (C)
Principal Component Analysis Chart of Mouse articular cartilage.
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Proteomic analysis

Liquid nitrogen was added into the sample, and it was

completely ground into powder. Then, 4 times the volume of

lysis buffer was added, and the sample was broken by ultrasonic

wave. The supernatant was collected by centrifugation at 12,000 g for

10 min at 4°C, and the protein concentration was measured by BCA

kit. An equal amount of protein was taken from each sample, and

the volume was adjusted to be consistent with that of the lysis

solution. DTT with a final concentration of 5 mM was added and

denatured at 56°C for 30 min. Then IAA with a final concentration

of 11 mM was added, and incubated in the dark at room

temperature for 15 min. After centrifugation at room

temperature of 12,000 g for 20 min, firstly, 8 M urea was used to

replace urea three times, and then the replacement buffer was used

to replace urea three times. Trypsin was added at the ratio of 1:50,

and enzymolysis was carried out overnight. The peptide fragments

were recovered by centrifugation at 12,000 g for 10 min at room

temperature, and then recovered once with ultra-pure water, and the

peptide fragment solutions were combined two times. The peptide

fragment solution was further subjected to HPLC-MS.

Western blot

After the tissue proteins were extracted from the protein,

the concentration of protein was determined by BCA kit, and

the load of each sample was adjusted according to the

concentration of protein. After loading 12% acrylamide

gel, run it at 80 v for 30 min. After the mark starts to

separate, adjust the voltage to 120 v, and then run. When

the loading buffer flows to the bottom of the separation gel,

the membrane transfer begins. The order was three layers of

filter paper, gel, PVDF membrane and three layers of filter

paper. According to the molecular weight, the constant flow

membrane time is controlled. After the membrane transfer,

the protein bands were initially dyed with Ponceau S, and the

desired target bands were cut. After the target bands were

blocked at room temperature for 1 h on a 5% skim milk, the

primary antibodies were incubated overnight at 4°C. The

next day, the membrane was washed 5 times with TBST for

5 minutes each time, and the second antibody was incubated

at room temperature. The membrane was washed by TBST

for 5 times, each time for 5 min.

FIGURE 2
Gene Set Enrichment analysis and gene expression trend analysis in aging chondrocytes. (A) Gene set enrichment analysis of post-aging
upregulated protein (p < 0.01). (B) Gene set enrichment analysis of post-aging downregulated protein (p < 0.05). (C) Trend analysis showed the
related pathways involved in upregulating and downregulating proteins after aging.
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Result

Experimental design and proteomics
results

As shown in Figure 1A, three mice aged 2 months (the young

group) and three mice aged 20 months (the old group) were

selected, and the articular cartilage was obtained by artificial

stripping and subjected to Four-Dimensional Proteomics. Next, a

total of 28,536 specific peptides and 4902 corresponding proteins

fragments were detected by protein quantitative mass

spectrometry (Figure 1B). The repeatability of quantitative

analysis of protein was evaluated by principal component

analysis (Figure 1C). These results showed that a group of

FIGURE 3
KEGG pathway analysis of proteins with significant difference. (A)Number of differential proteins in articular cartilage after aging (Ratio>1.2, p <
0.01). (B) Volcano plots showing differential proteins. (C) Top 25 KEGG pathways of differential proteins. (D) The radar chart showed the relationship
between upregulated and downregulated genes and the KEGGpathway. (E) Sub-terms included in the radar chart term. (F)Network analysis of KEGG
pathways.
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obviously different protein of mouse articular cartilage were

obtained for enrichment analysis.

Unbiased bioinformatics analysis of
articular cartilage in young and aging mice

In order to better understand the difference of biological

function of articular cartilage between the young and the old

group, firstly, gene set enrichment analysis was performed on

all significantly expressed proteins. Compared with the control

group, the expression of collagen fiber tissue-related proteins

in the old group was generally downregulated (Figure 2A),

while the expression proteins related to the regulation of

leukocyte activation were generally upregulated in the old

group (Figure 2B). This further shows that aging can lead

to degeneration of articular cartilage and loss of collagen

fibers, accompanied by cell inflammation. At present, many

studies show that patients with metabolic syndrome are often

accompanied by osteoarthritis (Afifi et al., 2018), (Orlenko

et al., 2020), indicating that metabolic disorders is a possible

cause of osteoarthritis. According to reports, there are some

obstacles in glucose metabolism (Li et al., 2022), phospholipid

metabolism (Zhai, 2021) and amino acid metabolism (Chen

et al., 2018) in patients with osteoarthritis or animal

models, which can provide ideas for the diagnosis

and prevention of osteoarthritis. At the same time,

proteomics also found that the expression of fatty acid

biosynthesis related proteins in cartilage of OA aged mice

was downregulated (Figure 2C), but the specific formation

factors were still unclear. Therefore, statistical analysis was

made on the significantly upregulated and downregulated

proteins.

Metabolic disorder caused by misfolding
of endoplasmic reticulum protein

Compared with the control group, 276 proteins were

significantly up-regulated and 202 proteins were

significantly downregulated in the old group (Figure 3A).

From the volcano map, we can clearly see the proteins with

significant difference in expression (Figure 3B). By

summarizing the subcellular localization of the upregulated

and downregulated proteins, no significant differences in

protein localization were observed (Supplementary Figure

S1). The top 25 KEGG pathways were sequenced and

enriched by differentially expressed proteins. The most

significant enrichment pathway was the change in

metabolic pathway, and phagocytes, lysosomes and other

FIGURE 4
GO classification of significantly different proteins. (A) GO classification of 276 significantly upregulated proteins. (B) Network diagram analysis
of upregulated proteins. (C)GO classification of 202 significantly downregulated proteins. (D) Network diagram analysis of downregulated proteins.
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signaling pathways were enriched (Figure 3C). Based on radar

chart analysis of enrichment KEGG pathway, it was found that

the functions of enrichment pathway are mainly metabolism,

environmental treatment and cell processing (Figure 3D).

Among them, changes of metabolic pathways are unique to

some carbohydrate metabolism, amino acid metabolism and

lipid metabolism. At the same time, it is also found that

protein translation, protein folding storage and degradation

pathways in the gene information processing are significantly

abundant (Figure 3E). In order to clarify the relationship

between these altered KEGG pathways, network diagram

analysis was carried out, and it was found that endoplasmic

reticulum protein processing played a leading role, and could

cause a series of subsequent changes, such as apoptosis, fatty

acid biosynthesis, phagocytosis, lysosomes, etc., (Figure 3F),

which pointed out the direction for this study.

Endoplasmic reticulum oxidative stress
induces osteoarthritis

From a single level, GO analysis and network map analysis

were used to analyze the significantly upregulated and

downregulated protein, and the changes between them were

observed. Among the upregulated proteins, GO analysis

focuses on lysosomes, inflammatory immune response,

carbohydrate metabolism and reactive oxygen species

metabolism (Figures 4A,B). The main functional changes of

the downregulated proteins were protein folding, intracellular

protein stabilization, membrane localization, and error protein

handling (Figures 4C,D). The main organelle responsible for

translation and folding of protein is endoplasmic reticulum

(Supplementary Figure S2A), indicating that endoplasmic

reticulum played an important role in osteoarthritis. It has

been reported that endoplasmic reticulum oxidative stress

occurs in articular chondrocytes of OA patients, which

promotes apoptosis of chondrocytes (Bian et al., 2018), (Cao

et al., 2018). After treatment with antioxidants, they can protect

the chondrocytes, thus alleviating disease (Fu et al., 2022), (Hecht

et al., 2021), (Lin et al., 2021). Therefore, we conducted a further

study on the causes of endoplasmic reticulum stress.

Excessive sulfur oxidation in endoplasmic
reticulum leads to protein misfolding
reaction, inducing osteoarthritis

We selected key target proteins from the results of enrichment

analysis (Supplementary Table S1). The results of the proteomics

were verified byWestern blot. Some disulfide isomerases located on

the endoplasmic reticulum, such as PDIA6 (Choi et al., 2020), P4HB

(Jang et al., 2019) and ERP44 (Liyanage et al., 2019), are thiol redox

partners of thioredoxin family, assisting the folding of nascent

protein and the production of disulfide bonds. The expression

levels of these proteins in the chondrocytes of the old group

decreased (Figure 5), indicating that aging would lead to the

decline of the body’s ability to resist sulfur oxidation reaction,

excessive oxidation and dysfunction of endoplasmic reticulum,

and start the misfolding of protein, namely unfolded protein

reaction (UPR). Meanwhile, the expression level of ARFGAP3 (a

regulatory molecule responsible for intracellular material transport)

decreased significantly in the old group (Figure 5), indicating that

FIGURE 5
Western blot experiment verified the key differentially
expressed proteins.
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the vesicle transport system in the cell has failed, and the cell has

produced a large amount of waste. This required the lysosome to

initiate the self-clearance mechanism (Supplementary Figure S2B),

remove the excess waste, and increase the expression levels of

lysosomal related reaction enzymes LAMP1 (Chaudhry et al.,

2022) and LIPA (Morris et al., 2017) (Figure 5). However, the

implementation of these reactions requires a great deal of energy,

which requires the decomposition of fatty acids to provide energy.

Therefore, the expression of rate-limiting enzyme CPT1B in fatty

acid oxidation increased (Figure 5).

However, osteoarthritis can cause disorder of fatty acid

metabolism in articular chondrocytes (Figure 2C), and it can’t

provide energy well, which leads to the untimely removal of

excess waste, further aggravates the sulfur-oxygen reduction

reaction of endoplasmic reticulum and the misfolding of

protein, resulting in a vicious circle.

Discussion

Osteoarthritis is an age-related disease with articular cartilage

degeneration driven by multiple pathogenic factors. Cell

senescence caused by age is the main pathogenic factor of

osteoarthritis. Currently, the possible pathogenesis is mainly

focused on endoplasmic reticulum stress of chondrocytes (Cao

et al., 2018). In addition, many studies have found that some

traditional Chinese medicine extracts can alleviate the pain of

osteoarthritis patients by reducing the endoplasmic reticulum

stress of chondrocytes (Fu et al., 2022), (Bian et al., 2018), but

they still have not achieved the goal of targeted therapy.

In this study, proteomics was used to analyze the difference of

protein expression in articular chondrocytes of 2-month-old and 20-

month-old mice, and more than 400 different proteins were

screened out. It has been found that the processing error of

endoplasmic reticulum protein was the cause of cartilage

metabolic dysfunction and inflammatory reaction. The

experimental verification of related functional proteins showed

that with the increase of age, the expression level of thioredoxin

in endoplasmic reticulum decreased, and the oxidative stress of

endoplasmic reticulum caused unfolded protein reaction (UPR)

(Liang et al., 2021) and vesicle transport problem of protein

folding errors, which led to excessive cell waste. A large number

of lysosomes needed to be degraded, andmore energy was needed to

help the reaction. Therefore, the oxidative decomposition of fatty

acids provides energy but also aggravates the oxidative stress

response of cells (Zhang et al., 2022), forming a vicious circle. A

large number of articles show that excessive oxidation and UPR can

cause inflammatory reactions (Feng et al., 2021).

Here, we provide a new point of view, OA is a metabolic

disease, and excessive sulfur oxidation in the endoplasmic

reticulum leads to unfolded protein reaction, which then leads

to inflammation. This provides a new direction for the

symptomatic treatment of OA and also explains the

relationship between ER stress and OA. However, the

relevant mechanism in this research is not enough, it only

provides basic research. In the current study, we only

compared the samples from yang and old mice

chondrocytes. It would be better also checking the

expression of these different expressed proteins between

normal and OA chondrocytes in mice and human. That is

exactly what we will do in our later study. Also, there was a lack

of research on molecular targeted therapy before, and the

related research needed to be improved in the later stage.
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