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Abstract: The aims of this study were to explore the change of synovial fluid (SF) proteome in a knee osteoarthritis 
(KOA) rabbit model, and to provide a new target for the treatment of knee osteoarthritis at the proteomic level. 
Sixteen New Zealand rabbits were randomly and equally divided into two groups. Group A rabbits were subjected to 
right anterior cruciate ligament transection (ACLT), while group B rabbits were subjected to sham ACLT. Six weeks 
later, the proteomes of knee joint SF from group A and B rabbits were analyzed using a label-free quantitative 
proteomic analysis method. We extracted 944 relevant items from GO BlastGO2 for the 23 proteins differentially 
expressed between the two groups. The final annotation results were 23 protein sequences annotated by 462 GO 
items. According to the KEGG gene database of rabbit protein sequences, as well as annotation of the KO numbers 
of homologous/similar proteins to the relevant 64 KEGG pathways, we extracted the sequences of 16 significantly 
differently expressed proteins among the relevant 64 KEGG messages/metabolism pathways. These included adi-
ponectin, pyruvate kinase, bisphosphoglycerate mutase, HtpG/heat shock proteins, hemoglobin subunit alpha-1 
2, VCP (CDC48), 14-3-3 protein beta/theta/zeta, and ferritin heavy chain, whose levels were decreased in group 
A. The other proteins were fibrinogen alpha/beta/gamma chain, carboxylesterase 2, paraoxonase/arylesterase 1, 
apolipoprotein A-I, immunoglobulin heavy chain, and transferrin, whose levels were increased in group B. The identi-
fied differentially expressed proteins indicate the change of SF proteomic expression in KOA and may provide protein 
targets for treating this condition. 

Keywords: Proteome, synovial membrane, osteoarthritis, synovial fluid

Introduction

Osteoarthritis (OA) is a common cause of mus-
culoskeletal disability. The main pathological 
change of OA is progressive articular cartilage 
degeneration, however, synovitis is another 
major factor in the development of OA [1, 2]. 
Some researchers regard synovitis as the main 
cause of pain and edema in OA patients [3]. In 
OA the synovial volume increases because the 
synovial membrane becomes inflamed and se- 
crets synovial fluid (SF) and its components, 
such as tumor necrosis factor (TNF) and inter-
leukins (ILs) [4]. Decreasing the degree of syno-
vitis is an important aim in OA therapy. 

Some of the proteins in SF are secreted by the 
synovial membrane or chondrocytes or result 
from a diffusion process from abnormally ele-
vated plasma levels. Therefore most studies 
have assayed blood markers as indicators of 
SF inflammation. But some inflammation mark-

ers of SF cannot diffuse into blood; therefore, 
direct investigation of SF should confirm the 
pathological change of OA. 

Recently, reports have been published on stud-
ies of human or animal articular synovial fluid 
(SF) and cartilage proteomes using isobaric 
tags for relative and absolute quantification 
(iTRAQ) or mass spectrometry (MS) [5-7]. How- 
ever, changes in synovial fluid proteins of a  
rabbit model of knee osteoarthritis (KOA) have 
not been reported, so in this study we aimed  
to determine the change of synovial fluid pro-
teome in a surgery-induced rabbit model of 
knee osteoarthritis (KOA). 

Materials and methods

Animals

Sixteen healthy 6-month-old New Zealand whi- 
te (NZW) rabbits (eight male, eight female), wei- 
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ghing 2.5~3.0 kg, were recruited. All protocols 
were in line with national legislation and guide-
lines for laboratory animal care and use of the 
People’s Republic of China Ministry of health, 
and were approved by the local ethics commit-
tee. All rabbits were killed by air embolisation 
six weeks after the OA modeling operation. 
NZW rabbits were provided by the Fujian 
University of Traditional Chinese Medicine  
animal testing center, batch number: SCXK 
(Shanghai) 2012-0011.

Main reagents and apparatus 

Easy nLC Liquid Chromatograph (Thermo Sci- 
entific), Q Exactive Mass Spectrometer (Ther- 
mo Scientific), AKTA Purifier 100 (GE Health- 
care), Multiskan FCMicroplate Photometer (Th- 
ermo Scientific), centrifuges (Eppendorf 543- 
0R), Concentrator Plus/Vacufuge (Eppendorf- 
Concentrator Plus), Electrophoresis (GE Heal- 
thcare EPS601), MP Fastprep-24 Automated 
Homogenizer (MP Biomedicals), ultrasonic liq-
uid processors (ScientzJY92-II, Ningbo), elec-
tric thermostatic incubator (Jinghong GNP-
9080, Shanghai), vortex (QiTeQT-1, Shanghai), 
electronic balance (METLER TOLED AL104), 
MaxQuant 1.3.0.5 (Max Planck Institute of Bio- 
chemistry in Martinsried, Germany), Perseus 
1.3 (Max Planck Institute of Biochemistry in 
Martinsried, Germany), glycerol (G0854, Sang- 
on/500 ml), bromophenol blue (161-0404, 
Sangon), SDS (161-0302, Bio-Rad), urea (161-
0731, Bio-Rad), Tris (A6141, Sigma), DTT (161-
0404, Bio-Rad), iodoacetamide (IAA, 163-21- 
09, Bio-Rad), KH2PO4 (10017618, Sinopharm), 
KCl (10016318, Sinopharm), HCl (10011018, 
Sinopharm), BCA Protein Assay Kit (P0012, Be- 
yotime), Bovine Serum Albumin (BSA) (A0332-
25G, Sangon), NH4HCO3 (A6141, Sigma), tryp-
sin (317107, Promega), formic acid (FA, 06450, 
Fluka), trifluoroacetic acid (TFA, T6508, Sigma), 
acetonitrile (CAN, I592230123, Merck), 10-kDa 
ultrafiltration tube (Sartorius), C18 cartridge 
(66872-U, Sigma), Multiple Affinity Removal LC 
Column-Human 14/Mouse 3 (Agilent), iTRAQ 
Reagent-4/8 plex Multiplex Kit (AB SCIEX), dis-
solution buffer (AB SCIEX), SCX chromatogra-
phy column: Polysulfoethyl 4.6 × 100 mm col-
umn (5 μm, 200 Å) (PolyLCInc, Columbia, MD, 
USA), C18 Trap Column: Thermo Scientific Ac- 
claim PepMap100, 100 μm × 2 cm, nanoViper 
C18, 3 μm, 100 Å, C18 Analytical Column: Th- 
ermo Scientific EASY Column, 10 cm, ID 75 μm, 

3 μm, C18-A2, 5 × loading buffer: 10% SDS, 
0.5% bromophenol blue, 50% glycerol, 500 mM 
DTT, 250 mM Tris-HCl, pH 6.8, SDT lysis buffer: 
4% SDS, 100 mM Tris-HCl, 1 mM DTT, pH 7.6, 
UA buffer: 8 M urea, 150 mM Tris-HCl, pH 8.0, 
SCX Buffer A: 10 mM KH2PO4 pH 3.0, 25% CAN, 
SCX buffer B: 10 mM KH2PO4 pH 3.0, 500 mM 
KCl, 25% CAN, HPLC Buffer A: 0.1% FA, HPLC 
buffer B: 0.1% FA, 84% CAN. 

Animal grouping

Animals were randomly divided into group A 
(KOA model) or group B (sham KOA model). 
Each group included eight rabbits.

KOA model 

Animals were subjected to right knee anterior 
cruciate ligament transection (ACLT) as previ-
ously described [8]. Rabbits were anesthetized 
by intraperitoneal injection of 5% chloral hydra- 
te (3 ml/kg). The rabbit was then fixed in the 
animal-fixing frame, and the right knee shaved 
and sterilized. A section of the medial joint was 
revealed. We dislocated the patella and sepa-
rated and cut the anterior cruciate ligament in 
group A (ACLT). ACLT was confirmed by Lachman 
testing by the surgeon. We only dislocated the 
patella but did not cut the anterior cruciate  
ligament in group B. After washing the joint  
with sterile saline, the incision was sealed and 
sterilized. After the operation the rabbits were 
housed in separate cages, allowed to move 
freely, and were routinely cared for. 

Specimen collection

Six weeks after ACLT, the rabbits were anesthe-
tized with 5% chloral hydrate. SF samples (0.5 
ml) were taken from the knee joint cavity of  
the suprapatellar bursa, collected in an Eppen- 
dorf tube, and condensated for 5 minutes at 
room temperature. The solution was centrifug- 
ed at 12,000 × g for 5 min at room temperature 
and the supernatant was transferred to a new 
tube and stored at -80°C for future use. 

Protein cleavage and quantification for a label-
free experiment

SDT buffer was added to the sample. The lysate 
was sonicated and then boiled for 15 min.  
After centrifugation at 14000 g for 40 min, the 
supernatant was quantified with a BCA Protein 
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Assay Kit (Bio-Rad, USA). The sample was 
stored at -80°C.

SDS-PAGE separation

Twenty micrograms of protein from each sam-
ple was mixed with 5 × loading buffer and boil- 
ed for 5 min, centrifuged at 14000 × g for 10 
min and separated by 12.5% SDS-PAGE (14 
mA, 90 min). The protein bands were observed 
by Coomassie Blue R-250 staining.

Filter-aided sample preparation (FASP diges-
tion)

Two hundred micrograms of proteins for each 
sample were incorporated into 30 μl of SDT 
buffer (4% SDS, 100 mM DTT, 150 mM Tris- 
HCl pH 8.0). The detergent, DTT, and other low-
molecular-weight components were removed 
using UA buffer (8 M urea, 150 mM Tris-HCl, pH 
8.0) by repeated ultrafiltration (Microcon units, 
10 kDa). Then, 100 μl of iodoacetamide (100 
mM IAA in UA buffer) was added to block redu- 
ced cysteine residues and the samples were 
incubated for 30 min in the dark. The filters 
were washed with 100 μl of UA buffer three 
times and then 100 μl of 25 mM NH4HCO3 buf-
fer twice. Finally, the protein suspensions were 
digested with 4 μg of trypsin (Promega) in 40 μl 
of 25 mM NH4HCO3 buffer overnight at 37°C 
and the resulting peptides were collected as a 
filtrate. The peptides of each sample were de- 
salted on C18 Cartridges [EmporeTM SPE Car- 

tridges C18 (standard density), bed I.D. 7 mm, 
volume 3 ml, Sigma], concentrated by vacuum 
centrifugation, and reconstituted in 40 µl of 
0.1% (v/v) formic acid. The peptide content was 
estimated by UV light spectral density at 280 
nm using an extinction coefficient of 1.1 of 
0.1% (g/l) solution, which was calculated based 
on the rate of tryptophan and tyrosine among 
vertebrate proteins. 

Products of protein glycolysis analyzed by LC-
MS/MS

LC-MS/MS analysis was performed on a Q Ex- 
active mass spectrometer (Thermo Scientific) 
that was coupled to Easy nLC (ProxeonBiosys- 
tems, now Thermo Fisher Scientific) for 60 min. 
The mass spectrometer was operated in posi-
tive ion mode. MS data were acquired using  
a data-dependent top 10 method dynamically 
choosing the most abundant precursor ions 
from the survey scan (300-1800 m/z) for HCD 
fragmentation. Automatic gain control (AGC) 
target was set to 3e6 and maximum injection 
time to 10 ms. The dynamic exclusion duration 
was 40.0 s. Survey scans were acquired at a 
resolution of 70,000 at m/z 200, resolution for 
HCD spectra was set to 17,500 at m/z 200, 
and isolation width was 2 m/z. Normalized col-
lision energy was 30 eV and the underfill ratio, 
which specifies the minimum percentage of the 
target value likely to be reached at the maxi-
mum fill time, was defined as 0.1%. The instru-

Table 1. The parameters analyzed using Maxquant software
Item Value
Enzyme Trypsin
Max Missed Cleavages 2
Max Missed Cleavages 2
Main search 6 ppm
First search 20 ppm
MS/MS Tolerance 20 ppm
Fixed modifications Carbamidomethyl (C)
Variable modifications Oxidation (M), Acetyl (Protein N-term)
Database See the project report
Database pattern Reverse
Peptide FDR ≤ 0.01
Protein FDR ≤ 0.01
Time window (match between runs) 2 min
Protein Quantification Razor and unique peptides were used for protein quantification
LFQ [8] True
LFQ min. ratio count 1
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ment was run with peptide recognition mode 
enabled.

Data analysis by Maxquant software 

We analyzed the data using MaxQuant soft-
ware version 1.3.0.5 (Max Planck Institute of 
Biochemistry, Martinsried, Germany) [9] The 
ProteinPilot parameters are presented in Table 
1. 

Statistics and bioinformatic analysis of per-
seus

The database files from Maxquant were ana-
lyzed by Perseus software (version 1.3.0.4). 
Then Gene Ontology (GO) Annotation, KEGG 
Pathway Annotation, Hierarchical Clustering 
and Protein-Protein Interact (PPI) Network anal-
ysis were performed. The whole process of SF 
protein detection is summarized in Figure 1.

Quantitated protein sequences were extracted 
in batch form from the UniProtKB database 
(2015.03 version) and were stored in FASTA for-
mat (201504012FBOYJZXNU.fasta). We used 
localized sequence software, NCBI BLAST+, to 
compare the identification of proteins with pro-

Proteins do not independently execute their 
function but act in coordination with other  
proteins to accomplish biochemical reactions. 
Thus, the biological processes in cells can be 
systematically and wholly understood by path-
way analysis. KEGG is one of the databases 
used to study biochemical reaction pathways. 
We utilized the KEGG Automatic Annotation 
Server to compare target protein sequences 
with the KEGG gene database of rabbit protein 
sequences and then annotated the KO num-
bers of homologous/similar proteins to the rel-
evant KEGG pathways.

Results 

The protein contents of samples and OD280 
contents of peptides in the two groups

The protein contents of samples in the two 
groups are shown in Table 2. Group A was 
19.67 (μg/μl), group B was 25.20 (μg/μl).

SDS-PAGE analysis

According to the Coomassie brilliant blue atlas, 
the clear separation of bands of proteins in dif-
ferent groups (Figure 2) indicates well extract-
ed protein. 

Protein glycolysis analysis by LC-MS/MS in 
groups A and B

According to the NCBI BLAST and the SwissProt 
Mammalian database, and with the require-
ment of a ratio > ±2.0 and P < 0.05, we identi-

Figure 1. Outline of SF proteome analysis.

teins sequences in the Swi- 
ssProt Mammalian Databa- 
se. According to the similarity 
principle, the functional mes-
sages of homologous prote- 
ins could be used to note the 
target proteins. We only re- 
served the top ten proteins 
sequences with e-values ≤ 
1e-3 for the following an- 
alysis.

We then applied the mapping 
function in Blast2GO (Version 
2.8.0) to extract the quantita- 
ted proteins sequences which 
correlated with GO functional 
items to annotate protein fun- 
ctions.

Table 2. The protein contents and OD280 
levels of peptides in groups A and B

Group Volume 
(μl)

Protein contents 
(μg/μl)

OD280  
(μg/μl)

A 200 19.67 1.58
B 200 25.20 1.17
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fied 228 proteins in the two groups. We con-
firmed 23 significantly differentially expressed 
proteins. The comparable similarity range were 
48%-100%, most similarity was ≥ 81% (Figure 
3). 

We extracted 944 relevant items in GO Blast- 
GO2 for the 239 differentially expressed pro-
teins. We annotated 22 proteins and 450 GO 
function items, the average level of GO was 
7.12 (Figure 4). 

The final annotation resulted in 23 proteins se- 
quences annotated by 462 GO items. The GO 
level 2 protein function distribution is shown in 
the Figure 5. 

According to the KEGG Automatic Annotation 
Server, we compared the target protein sequ- 
ences with rabbit protein sequences in the 

KEGG gene database, and then annotated the 
KO numbers of homologous/similar proteins to 
the relevant KEGG pathways. Finally, we extra- 
cted 16 significantly differentially expressed 
protein sequences including relevant KEGG 
messages/metabolism pathways (Table 3). All 
of the figures of the annotation pathways were 
saved in map files, with the significantly differ-
entially expressed proteins highlighted in gre- 
en. The 16 proteins included adiponectin (ADI), 
pyruvate kinase (PK/pyk), bisphosphoglycerate 
mutase (BPGM), heat stroke protein 90A (HSP- 
90A), hemoglobin subunit α (Hb), viral citrulli-
nated peptide (VCP), 14-3-3 protein β/δ, and 
ferritin heavy chain (FHC), whose levels were 
lower in the model group. The other proteins 
were fibrinogen (Fb) α/β/γ chain, carboxylester-
ase (CES) 2, paraoxonase/arylesterase 1 (PON-
1), apolipoprotein A-I (AopA-1), immunoglobulin 
heavy chain (IGH), and transferrin (TF), whose 
levels were lower in the normal group. The re- 
sults of protein content ratios and significant- 
ly differentially expressed proteins in group A 
and group B are shown in Table 3.

Discussion

OA is usually diagnosed according to the combi-
nation of symptoms (such as local pain and 
swelling), and the X-ray or MRI findings (hyper-
osteogeny or synovial hyperplasia proximal to 
cartilage lesions, particularly in the bursa sup- 
rapatellaris and posterior cruciate ligament of 
the knee) [2]. The most common pathological 
change of OA is the progressive degeneration 
of articular cartilage, but a previous study pro-
posed that synovitis is a significant cause of 
pain and edema in OA patients [10]. The SF vol-
ume can increase because the synovial mem-
brane secretes the SF and its components, 
such as tumor necrosis factor (TNF) and inter-
leukin (IL), which may undergo biochemical and 
chemical changes due to the inflammation. 
Thus, we focused on the synovitis and SF ch- 
anges in OA. 

Although studies have indicated that IL-6, clus-
ter of differentiation 4 (CD4), CD8+ T cells, and 
adipocytokines (such as adiponectin and lep- 
tin) are vital inflammatory factors for the pro-
cess of synovitis [11, 12], these biomarkers do 
not have specificity for the diagnosis of synovi-
tis in OA. Over the last 10 years, proteomics 
has been used to identify and quantify all of  
the proteins in tissues or cells directly, which 

Figure 2. SDS-PAG electrophoregram. 
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has been considered to be a valuable method 
for elucidating the molecular basis of disease 
etiology. Recently, the proteomes of human 
articular chondrocytes, synovial membrane, SF 
serum, and urine were characterized by two‑ 
dimensional polyacrylamide gel electrophore-
sis (2-DE) and tandem mass spectrometry [5-7, 
13-15]. However, to the best of our knowledge, 
although different proteomic methods have 
been developed, only the label-free method 
can authenticate any type of protein, and the ad- 
vantages of label-free quantitation include that 
it is rapid and cheap, and does not use a stable 
isotope as the internal standard [16]. In the 
present study, we detected the difference of 
proteomics in SF of KOA model and sham KOA 
model groups by the label-free method. Our 
results indicated that the levels of some pro-
teins in SF differed significantly between the 
KOA model and sham KOA model groups. The 
different proteins vary in their distributions and 
functions, which can affect the process of KOA. 

than in healthy subjects [17]. Other research-
ers reported that they can detect the expres-
sion of the ADI receptor in SF in OA patients 
[18, 19]. In addition, Francin et al. also reported 
that ADI was not detected in healthy cartilage, 
while this adipokine was upregulated in dam-
aged cartilage tissue in OA patients. They found 
a positive correlation between ADI and MMP-
13, while AdipoR1 was related to the expres-
sion of type 2 collagen, aggrecan, and Sox9 
[20]. Nihan et al. [21] showed that plasma ADI 
concentrations were associated with both clini-
cal and radiological disease severity in knee OA 
patients. Moreover, Antonella et al. [22] found 
that, after mud-bath therapy in patients with 
knee OA, the ADI, resistin, and visfatin levels in 
serum decreased significantly. We found that 
the protein expression in SF was lower in the 
KOA model group than in the sham model 
group. Moreover, Chen et al. [23] documented 
that ADI possesses protective function against 
OA by regulating the IL-1β-induced expression 

Figure 3. The distribution of sequences comparing similarity. 

Figure 4. The distribution of GO levels.

By comparison of the differen-
tial protein expression pat-
terns in the SF between KOA 
and sham KOA, we identified 
23 functional proteins includ-
ing 16 proteins that partici-
pate in 64 metabolic and 
transduction pathways. The 
results demonstrate that the 
levels of ADI, PK/pyk, BPGM, 
HSP90A, Hb subunit α, VCP, 
14-3-3 protein β/δ/zeta, and 
FHC proteins were lower in 
the model group than in the 
sham model group and that 
the levels of Fb α/β/γ chain, 
CES-2, PON-1, AopA-1, IGH, 
and TF proteins were higher in 
the model group than in the 
sham model group. Moreover, 
the results showed that so- 
me proteins, namely, BPGM, 
Hb subunitα-1 2, VCP/CDC4, 
14-3-3 protein β/δ/zeta, FHC, 
and CES 2, were not identified 
in the KOA model. 

Adiponectin (ADI) is one of  
the endogenous bioactive pe- 
ptide compounds involved in 
the process of OA. The level of 
ADI was previously reported 
to be higher in OA patients 



Change of synovial fluid proteome

2093	 Am J Transl Res 2018;10(7):2087-2101

of MMP-13. We speculate that the conflicting 
findings over the effect of adiponectin on OA 
may be due to its variable intra-articular 
content. 

There are four PK isoenzymes, LPK, RPK, 
M1PK, and M2PK [24]. Recently, Bluemlein et 
al. revealed that M2PK is always the most 
abundant isoform; it catalyzes the conversion 
of phosphoenolpyruvate to pyruvate in the 
pathway of glycolysis [25]. Another study dem-
onstrated that M2PK regulates cell prolifera-
tion [26]. Oremek found that the PK concentra-
tions of plasma were increased in patients with 
rheumatic diseases [27], but the relationship 
between PK/PYK and OA was not reported. Our 
results showed that the content of PYK protein 
was decreased in KOA SF, which can stimulate 
synovial damage. PKY influences tissue metab-
olism via the glycolysis, purine metabolism, car-
bon metabolism, biosynthesis of amino acids, 
and diabetes mellitus pathways. Our results 
indicated that PYK may inhibit the process of 
OA by regulating glycolysis, but this requires fur-
ther analysis. 

BPGM is a multifunctional enzyme that cata-
lyzes both the synthesis and the degradation of 
2,3-diphosphoglycerate (2,3-DPG) and exerts 

three different activities, in that it functions  
as a 2,3-DPG synthetase, a phosphoglycerate 
mutase, and a 2,3-DPG phosphatase. In hu- 
mans, BPGM occurs only in erythrocytes and 
plays a pivotal role in the dissociation of oxy- 
gen from hemoglobin via 2,3-DPG. A further 
study reported that BPGM activity was decre- 
ased in erythrocytes of diabetic patients [28]. 
However, the relationship of BPGM with OA has 
not been reported. Wang clarified that BPGM 
can affect the entire process of histidine phos-
phorylation [29]. Our results indicated that the 
content of BPGM protein decreased in SF of  
the KOA model, which causes synovial damage. 
According to the KEEG pathway, BPGM takes 
part in glycolysis, gluconeogenesis, and gly-
cine/serine/threonine metabolism. It may influ-
ence the OA process by intervening in erythro-
cyte metabolism, causing a lack of oxygen, and 
then inducing the synthesis of cartilage matrix. 

Apaf-1 and TNF are closely related to OA, while 
HSP90 blocks the apoptosis of cells through 
depressing the oligomerization of Apaf-1 [30, 
31]. HSP90 can also inhibit apoptosis induced 
by TNF through maintaining protein stability 
during receptor interaction, enhancing NF-kB 
activities, and regulating the AKT enzyme [32]. 
Therefore, the HSPs serve as a kind of stress 

Figure 5. The GO level 2 protein function distribution.
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Table 3. The protein content ratios of the KOA model and normal groups for significantly differentially 
expressed proteins
Protien 
ID KO Map ID Pathway Definition name P-Value Model/ 

normal ratio 
G1TV17 K07296 ko04152 AMPK Adiponectin 0.0007531 0.108176237

ko04920 Adipocytokine

ko04932 Non-alcoholic fatty liver disease

ko03320 PPAR

ko04930 Type II diabetes mellitus

P11974 K00873 ko00010 Glycolysis/Gluconeogenesis Pyruvate kinase 0.006569 0.111

ko00230 Purine metabolism

ko00620 Pyruvate metabolism

ko01200 Carbon metabolism

ko01230 Biosynthesis of amino acids

ko04922 Glucagon

ko04930 Type II diabetes mellitus

ko05203 Viral carcinogenesis

ko05230 Central carbon metabolism in cancer

P07952 K01837 ko00010 Glycolysis/Gluconeogenesis Bisphosphoglycerate mutase 0.002857 0.129

ko00260 Glycine, serine and threonine metabolism

P30946 K04079 ko04141 Protein processing in endoplasmic reticulum HtpG, HSP90A 0.00010752 0.341

ko04151 PI3K-Akt signaling pathway

ko04612 Antigen processing and presentation

ko04621 NOD-like receptor

ko04626 Plant-pathogen interaction

ko04914 Progesterone-mediated oocyte maturation

ko04915 Estrogen signaling pathway

ko05200 Pathways in cancer

ko05215 Prostate cancer

G8ZF33 K13822 ko05144 Malaria Hemoglobin subunit alpha-1 2 0.003087 0.13

G1SR03 K13525 ko04141 Protein processing in endoplasmic reticulum VCP, CDC4 0.011217 0.139

ko05134 Legionellosis

G1T7R2 K06630 ko04110 Cell cycle 14-3-3 protein beta/theta/zeta 0.003154 0.136

ko04114 Oocyte meiosis

ko04391 Hippo

ko04722 Neurotrophin signaling pathway

ko04151 PI3K-Akt Hippo

ko05203 Viral carcinogenesis

ko05169 Epstein-Barr virus infection

G1T6Q8 K03904 ko04978 Mineral absorption Ferritin heavy chain 0.001823 0.149

G1T0X2 K03903 ko04610 Complement and coagulation cascades Fibrinogen alpha chain 1.61E-05 4.409

ko04611 Platelet activation

G1TZV1 K03927 ko00983 Drug metabolism - other enzymes Carboxylesterase 2 0.002528 4.501

G1TKX3 K03905 ko04610 Complement and coagulation cascades Fibrinogen gamma chain 0.000638 4.847

ko04611 Platelet activation

ko05150 Staphylococcus aureus infection

G1T0W8 K03904 ko04610 Complement and coagulation cascades Fibrinogen beta chain 0.000568 5.372

ko04611 Platelet activation

G1SN96 K01045 ko00363 Bisphenol degradation Paraoxonase/arylesterase 1 4.66E-06 5.388

ko00627 Aminobenzoate degradation

B7NZM1 K08757 ko05143 African trypanosomiasis Apolipoprotein A-I 9.31E-05 5.883

ko03320 PPAR

ko04975 Fat digestion and absorption

ko04977 Vitamin digestion and absorption
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P01879 K06856 ko04020 Calcium signaling Immunoglobulin heavy chain 0.00053 7.419

ko04064 NF-kappa B

ko04145 Phagosome

ko04151 PI3K-Akt

ko04640 Hematopoietic cell lineage

ko04650 Natural killer cell mediated cytotoxicity

ko04662 B cell receptor

ko04664 Fc epsilon RI 

ko04666 Fcgamma R-mediated phagocytosis

ko04672 Intestinal immune network for IgA production

ko05140 Leishmaniasis

ko05143 African trypanosomiasis

ko05146 Amoebiasis

ko05150 Staphylococcus aureus infection

ko05152 Tuberculosis

ko05162 Measles

ko05169 Epstein-Barr virus infection

ko05202 Transcriptional misregulation in cancer

ko05310 Asthma

ko05320 Autoimmune thyroid disease

ko05322 Systemic lupus erythematosus

ko05323 Rheumatoid arthritis

ko05330 Allograft rejection

ko05340 Primary immunodeficiency

ko05414 Dilated cardiomyopathy

ko05416 Viral myocarditis

G1TKE4 K14736 ko04978 Mineral absorption Transferrin 1.32E-05 40.15

ko04066 HIF-1

protein, and can affect the differentiation, mat-
uration, and metabolism of chondrocytes. The 
expression of HSP70 and aggrecan was great-
est in the rat OA model group subjected to  
both microwaves and glutamine administra-
tion, in which OA progression was suppressed 
[33]. Meanwhile, the relationship of HSPs to  
the SF or synovium has not been reported. Our 
results indicate that HSPs/90 was lower in SF 
of the KOA model group, which may be associ-
ated with resistance to synovial and cartilage 
destruction. HSPs/90 influences tissue metab-
olism by facilitating the processing of proteins 
in the endoplasmic reticulum, the PI3K-Akt sig-
naling pathway, antigen processing and presen-
tation, the NOD-like receptor signaling pathway, 
plant-pathogen interaction, progesterone-medi- 
ated oocyte maturation, and the estrogen sig-
naling pathway. 

Hb of normal human adults is a heterotetramer, 
α2β2. Because each α subunit has one cysteine 
residue at αCys104 and each β subunit has 
two cysteine residues at βCys93 and βCys112, 
there are three types of (and a total of six) cys-
teine residues in each hemoglobin molecule. 

Cysteine residues play a unique role in human 
Hb by affecting its cooperative oxygen binding 
behavior and the stability of its tetrameric stru- 
cture [34]. The correlation of Hb subunit α-1/2 
and OA has not been documented. Our results 
indicate that the level of Hb subunit α-1 2 in the 
KOA group decreased; Hb subunit α-1 2 may 
thus convey oxygen to the benefit of cartilage, 
thereby preventing synovial and cartilage des- 
truction. Huang reported that the β subunit of 
hemoglobin affects the intramolecular transfer 
of nitric oxide. We believe that this would im- 
pact on the antioxidative effects; specifically, if 
the level of the β subunit of hemoglobin protein 
decreased, the process of OA would accelerate 
[35]. Strader et al. also documented that a no- 
vel subunit-specific mechanism in hemoglobin 
could influence the function of aspartate, the 
conversion of which increased in β/γ chains 
with increasing peroxide [36]. 

Sudha et al. [37] found that VCP antibody in 
serum was significantly increased in patients 
with early rheumatoid arthritis; this reveals the 
viral etiology in early rheumatoid arthritis, and 
Lucas et al. [38] revealed that VCP protein in- 
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creased in patients with Paget’s disease. Mi- 
randa-Hernández et al. found that rituximab  
for the treatment of RA inhibits B-lymphocyte 
proliferation through complement-dependent 
cytotoxicity (CDC) [39]. However, we did not ch- 
aracterize the relationship between VCP and 
OA. Although no reports on the relationship be- 
tween CDC with OA have been published, our 
results revealed that the level of VCP in SF was 
lower in the KOA group. VCP/CDC4 takes part in 
the processing of proteins in the endoplasmic 
reticulum. However, Bateman et al. found that, 
in OA, genes encoding components of the cell 
death pathway in mice with osteoarthritis were 
dysregulated, and endoplasmic reticulum stre- 
ss transcriptional networks were activated, re- 
sulting in further gene dysregulation and the 
molecular basis of cartilage destruction [40]. 
Therefore, we think that VCP/CDC4 may pre-
vent synovial and cartilage destruction via the 
endoplasmic reticulum pathway, but the down-
regulation of VCP in SF of KOA was contradicted 
by Bateman’s results, so we should obtain fur-
ther insight into the correlation of VCP and KOA.

14-3-3 proteins are a conserved family of se- 
ven isoforms with diverse cellular functions; 
they are predominantly found intracellularly. 
The 14-3-3ε isoform is highly expressed in the 
joints of patients with rheumatoid arthritis and 
strongly correlates with the expression of me- 
talloproteinases [41]. Sabrina et al. [42] report-
ed that 14-3-3ε is a novel soluble mediator 
critical in the communication between subch- 
ondral bone and cartilage in OA. They specu-
lated that s14-3-3ε is a potential target for a 
future OA drug. We found that the 14-3-3 pro-
tein β/δ/ζ levels were decreased in SF of the 
KOA model; the 14-3-3 proteins β/δ regulated 
cell cycle, oocyte meiosis, pathway signaling 
pathway, neurotrophin signaling pathway, PI3K-
Akt signaling pathway, and viral carcinogene- 
sis, the difference between our present results 
and those of Bateman et al. [40] may be due to 
some different pathological changes between 
RA and OA. 

HFC is a cellular iron storage protein; it is relat-
ed to the total body iron status, and affects the 
oxidative stress reaction in domestic and farm 
animals. Mewar et al. reported [43] that antifer-
ritin antibodies are observed in a subset of 
patients with RA, which present early in the dis-
ease course and are associated with the sever-
ity of radiographic damage. We found that the 

HFC protein level was decreased in SF in the 
KOA model; HFC takes part in the protein pro-
cessing mineral absorption signaling pathway. 
We know that mineral absorption is very impor-
tant for bone metabolism and oxidative stress 
reaction, which is one of the major factors af- 
fecting the OA process. In view of this, the rela-
tionship between OA and HFC may be an issue 
for future analysis. 

Kong identified three proteins (apolipoprotein, 
haptoglobin precursor, and fibrinogen D frag-
ment) that are related to joint diseases in SF 
samples of OA, by using 1DE and 2DE technol-
ogy [44]. Belcaro et al. found that fibrinogen 
levels were lowered to 62.8% of initial values 
after intervention with pycnogenol, which ex- 
erts anti-inflammatory activity in osteoarthritic 
joints [45]. Richette et al. reported that the 
fibrinogen level was decreased after massive 
weight loss in obese patients with KOA [46]. 
Fibrinogen γ and β chains were upregulated in 
osteoarthritic human synovial tissue [47]. Our 
results indicate that the Fb protein level in SF  
of the KOA model was increased compared 
with that in the sham KOA, which would relieve 
the inflammation of synovial membrane. Fb 
affects tissue metabolism by complement and 
coagulation cascades, and platelet activation 
pathways. 

Satoh et al. [48] divided the CES gene family 
into CES1, CES2, CES3, CES4, and CES5. The 
CES2 family includes CES2A1 and CES2A10, 
which can protect organisms against the entr- 
ance of exogenous compounds. However, some 
researchers have discovered high activity of 
CESs in the blood of many mammals, including 
humans [49]. The relationship between carbo-
xylesterase 2 and OA has not previously been 
documented, but since CES2 plays a leading 
role in drug metabolism, we consider that it 
could be a target for treating OA.  

PON1 functions in paraoxon hydrolysis. Some 
studies have indicated that PON1 expression 
was decreased after the injection of substanc-
es such as oxidic LDL, oxidic lipidosome, IL-1β, 
and TNF-α into HepG2 cells [50]. PON1 activity 
declined in an environment of oxidative stress, 
which can cause telomere instability and a 
decrease in the synthesis of functional glycos-
aminoglycan in chondrocytes [51]. We assert 
that the PON family can repress the develop-
ment of OA because the pathology of this dis-
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ease is correlated with both inflammatory fac-
tors and stress. This is supported by the report-
ed finding that serum PON1 activity may be a 
useful adjunctive indicator of the severity of 
knee OA during follow-up [52]. All of the above-
mentioned articles focused on the relationship 
between serum PON and OA, but the expres-
sion of PON in SF of OA has rarely been report-
ed. Our results indicated that the PON protein 
level was upregulated in SF of the KOA model, 
so we speculate that the inflammatory reaction 
increases in KOA with the upregulation of PON 
in SF. PON affects metabolism via the bisphe-
nol degradation and aminobenzoate degrada-
tion pathways, but the relationships of these 
pathways with OA have not been investigated. 

Many studies have shown that TNF-α plays a 
very important role in the pathology of OA. As- 
pasia et al. found that increasing AopA-1 and 
AopB levels can enhance the risk of knee OA 
[53]. Moreover, Okabe et al. showed that APOL-
1 mRNA expression decreased in patients with 
no sign of arthritis [54]. ApoA-1 is a vital factor 
in the pathogenesis of OA. Our research found 
that AopA-1 protein expression was higher in SF 
in the KOA model than in the sham group. We 
assume that AopA-1 induces synovial and carti-
lage lesions, and is significantly reduced in nor-
mal SF. Moreover, some researchers showed 
that AopA-1 is the most prominent protein sh- 
owing a significant decrease in osteopenic fe- 
murs [55]. AopA-1 can affect fat digestion and 
absorption, vitamin digestion and absorption, 
and influence the course of OA [56, 57].

Immunoglobulin heavy variable chain (IgVH) is 
involved in the activity of immunoglobulins wi- 
thin the IgA, IgM, and IgG classes [58]. Skriner 
et al. [59] analyzed the synovial exosomes in 
patients with RA using electron microscopy, 
and detected IgG and IgM molecules. Their 
results demonstrated increases in the levels of 
fibrin chain fragment, fibrinogen chain precur-
sor, and fibrinogen D fragment, which are relat-
ed to the metabolism of antibodies. Studies 
have also shown that Ig variable H chain (VH) 
gene usage by synovial B cells in OA yielded 
conflicting results with regard to clonal expan-
sion and somatic hypermutation [60-62]. Our 
study showed that the IgVH protein expression 
in SF is higher in the KOA model group than  
in the sham group. We thus assume that the 
functions of IgVH may further aggravate syno-

vial inflammation and cartilage damage. Reng-
Rong [63] et al. discovered that the synovial 
membrane in OA patients contains the Ig H 
chain variable region (VH) genes of B cells. 

TF/TRF transfers Fe into cells, the correlation 
between TF and osteoarticular diseases has 
been studied. Alexander et al. [64] suggested 
that the role of transferrin is not vital for chon-
drocyte survival or matrix synthesis. Chales et 
al. regarded arthropathy as a major and distinc-
tive manifestation of hemochromatosis, resem-
bling degenerative joint disease with involve-
ment of unusual articular sites, almost identi-
cal to the arthropathy in calcium pyrophosphate 
dihydrate crystals deposition disease (chondro-
calcinosis); early biomarkers show increasing 
serum tranferrin saturation [65]. Huleihel et al. 
found that IL-1 can induce TRF secretion from 
Sertoli cells in vitro, meaning that a reduced  
IL1 content would inhibit the TRF level [66]. In 
the present study, we found that TF protein con-
tent was higher in SF of the KOA model group 
than in the sham KOA model group, indicating 
that TRF enhances inflammation and affects 
the progression of KOA through mineral absor- 
ption and the HIF-1 signaling pathway [67].

In conclusion, our results demonstrated that 
the levels of ADI, PK/pyk, BPGM, HSP90A, Hb 
subunit α, VCP, 14-3-3 protein β/δ, and FHC 
proteins were decreased and those of the Fb 
α/β/γ chain, CES-2, PON-1, AopA-1, IGH, and TF 
proteins were increased in SF of the KOA model. 
In addition, we found that the ratio of ADI and 
TF was lowest in the KOA model group and high-
est in the sham KOA model group, so regulating 
the content of ADI and TF may provide a new 
approach for treating KOA. 
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