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�� Synovium

Advanced oxidation protein products 
induce inflammatory responses and 
invasive behaviour in fibroblast-
like synoviocytes via the RAGE-NF-
κB pathway

Aims
Rheumatoid arthritis (RA), which mainly results from fibroblast-like synoviocyte (FLS) 
dysfunction, is related to oxidative stress. Advanced oxidation protein products (AOPPs), 
which are proinflammatory mediators and a novel biomarker of oxidative stress, have 
been observed to accumulate significantly in the serum of RA patients. Here, we present 
the first investigation of the effects of AOPPs on RA-FLSs and the signalling pathway in-
volved in AOPP-induced inflammatory responses and invasive behaviour.

Methods
We used different concentrations of AOPPs (50 to 200 µg/ml) to treat RA-FLSs. Cell mi-
gration and invasion and the expression levels of tumour necrosis factor-alpha (TNF-α), 
interleukin-6 (IL-6), matrix metalloproteinase-3 (MMP-3), and MMP-13 were investigated. 
Western blot and immunofluorescence were used to analyze nuclear factor-κB (NF-κB) 
activation.

Results
AOPPs promoted RA-FLS migration and invasion in vitro and significantly induced the 
messenger RNA (mRNA) and protein expression of TNF-α, IL-6, MMP-3, and MMP-13 in 
dose- and time-dependent manners. Moreover, AOPPs markedly activated the phospho-
rylation of nuclear factor-κB (NF-κB) p65 protein, which triggered inhibitory kappa B-
alpha (IκBα) degradation, NF-κB p65 protein phosphorylation, and NF-κB p65 translo-
cation into the nucleus. Furthermore, treatment with a neutralizing antibody specific to 
receptor for advanced glycation end products (RAGE) significantly suppressed aggressive 
behaviour and inflammation, decreased TNF-α, IL-6, MMP-3, and MMP-13 expression, and 
blocked AOPP-induced NF-κB pathway activation.

Conclusion
The results indicate that AOPPs can enhance aggressive behaviour and the inflammatory 
response in RA-FLSs via the RAGE–NF-κB pathway. These results present AOPPs as a new 
class of potentially important mediators of progressive disease in RA patients.
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Keywords:  Rheumatoid arthritis, Advanced oxidation protein products, Fibroblast-like synoviocyte, Receptor for advanced glycation end products

Article focus
�� This study aims to investigate the rela-

tionship between advanced oxida-
tion protein products (AOPPs), their 

potential receptors, and the nuclear 
factor-κB (NF-κB) signalling pathway 
in rheumatoid arthritis fibroblast-like 
synoviocytes (RA-FLSs).
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Key messages
�� AOPPs act as a novel class of proinflammatory 

compounds in RA patients, and receptor for 
advanced glycation end products (RAGE) is a poten-
tial receptor.
�� FLSs are the main contributors to the formation of 

an invasive pannus in RA pathogenesis.
�� AOPPs promoted RA-FLS migration and invasion, 

as well as increasing tumour necrosis factor alpha 
(TNF-α), interleukin 6 (IL-6), matrix metallopro-
teinase-3 (MMP-3), and MMP-13 expression, and 
NF-κB pathway activation. However, blockade of 
RAGE significantly suppressed aggressive behaviour 
and inflammatory response.

Strengths and limitations
�� This study provides new insights into the molecular 

basis underlying AOPP-induced RA-FLS activation, 
potentially leading to novel potential targets for the 
treatment of RA.
�� Further studies in animal models may be required 

to verify our in vitro finding for AOPPs in the patho-
genesis of RA.

Introduction
Rheumatoid arthritis (RA) is a multisystem, chronic, 
relapsing immunoinflammatory disease with predom-
inant synovial proliferation and destruction of the 
articular cartilage.1,2 It is the most common inflamma-
tory arthritis, affecting approximately 1% to 2% of the 
general population worldwide.3,4 The exact aetiology of 
RA remains unknown, but there is increasing evidence 
to indicate that reactive oxidative stress plays a signif-
icant role in the pathogenesis of RA.5 Oxidative stress 
results from an imbalance between the peroxidation 
and antioxidant defense systems, followed by excessive 
reactive oxygen species (ROS) accumulation. Excess 
ROS can cause the degeneration of lipids, DNA, and 
proteins, inducing structural and functional changes 
in vivo.6,7 Many reports have confirmed that oxidative 
stress amplifies inflammation and destroys cartilage in 
the joints of arthritic animals and RA patients.8–11 Specif-
ically, advanced oxidation protein products (AOPPs), 
which are formed by the reaction between chlorinated 
oxidants (HOCl/OCl-) and proteins, have been widely 
reported to contribute to the pathogenesis of chronic 
kidney diseases and other diseases.12 In these reports, 
AOPPs were believed not only to be sensitive markers 
of oxidative stress but also to participate in the regu-
lation of cell functions; AOPPs may contribute to the 
inflammatory response.13-15 Baskol et al6 found that 
serum myeloperoxidase (MPO) activity and AOPP, 
3,4-Methylenedioxyamphetamine (MDA), and thiol 
levels were higher in an RA patient group than the 
control group, and only the AOPP level significantly 

differed between the active and inactive stages. There-
fore, the authors believed that AOPPs act as a novel class 
of proinflammatory compounds in RA patients. In our 
previous study, we also demonstrated that the AOPP 
level increased in RA patients and was closely related 
to the disease activity of RA.16 Whether the accumula-
tion of AOPPs in patients with RA accelerates disease 
progression remains unknown.

Fibroblast-like synoviocytes (FLSs) play a pivotal role 
in RA pathogenesis. Synovial hyperplasia is a hallmark 
of RA and the main contributor to the formation of an 
invasive pannus.17-20 The degree of synovial hyperplasia 
correlates with the severity of cartilage erosion, because 
RA-FLSs can not only invade the extracellular matrix 
(ECM) but also secrete multiple inflammatory cyto-
kines into the synovial fluid, such as interleukin-6 (IL-6), 
interleukin 1 beta (IL-1β), tumour necrosis factor alpha 
(TNF-α), and matrix metalloproteinases (MMPs), which 
destroy the cartilage and bone and exacerbate joint 
damage.21-23 However, little is known about the effects 
of AOPPs on RA-FLSs, and the mechanism by which 
AOPPs influence cellular function is poorly understood.

Previous studies have shown that the transmem-
brane receptors of AOPPs include receptor of advanced 
glycation end products (RAGE), CD36, and SR class 
A.24-26 RAGE is a multiligand member of the immuno-
globulin superfamily of cell-surface molecules.27 RAGE 
and the accumulation of its ligands, namely, AGEs, 
amyloid fibrils, S100/calgranulins, and AOPPs, are 
implicated in several pathological conditions, such as 
diabetes, immune/inflammatory disorders, dialysis-
related amyloidosis (DRA), and cancer.24,25,28-33 More-
over, it has been demonstrated that human synovial 
tissue and synovial fibroblasts constitutively express 
the receptor for AGEs (RAGE), the role of which in the 
activation of FLSs contributes to increasing joint inflam-
mation and upregulating corrosion.28 Chen et al34 also 
demonstrated that AGEs increased the invasiveness of 
RA-FLSs in a RAGE-dependent manner, as confirmed by 
the inhibitory effect of an anti-RAGE antibody. However, 
it is unclear whether AOPPs influence the function of 
RA-FLSs by binding to RAGE.

Nuclear factor-κB (NF-κB) molecules are a family of 
ubiquitously expressed transcription factors involved 
in immunity, stress responses, inflammatory diseases, 
cell proliferation, and cell death.35-38 The mechanisms 
underlying NF-κB activation are complex. In the inac-
tive state, NF-κB is largely located in the cytoplasm in 
complexes with IκB proteins. Following stimulation 
by an extracellular stimulus, IκB is rapidly phosphor-
ylated and degraded, allowing the release of NF-κB 
p65 and its subsequent translocation into the nucleus. 
Accumulated evidence suggests that NF-κB activation 
participates in the pathogenesis of RA by mediating the 
synthesis of chemokines (IL-8), cytokines (IL-1β, IL-6, 
and TNF-α), prostaglandin E2 (PGE2), and MMPs, which 
cause further cartilage degradation and inflammation of 
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Table I. Primers of targeted genes.

Gene Sense Sequence (5’→3’) Size, bp

IL-6 F CTGGTCTTTTGGAGTTTGAG 344

R TTTCTGACCAGAAGAAGGAA

TNF-α F GAGGCCAAGCCCTGGTATG 91

R CGGGCCGATTGATCTCAGC

MMP-3 F ATGAAGAGTCTTCCAATCCTACTGT 488

R CATTATATCAGCCTCTCCTTCATAC

MMP-13 F TCCTGATGTGGGTGAATACAATG 184

R GCCATCGTGAAGTCTGGTAAAAT

GAPDH F GGAGCGAGATCCCTCCAAAAT 191

R GGCTGTTGTCATACTTCTCATGG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-6, 
interleukin-6; MMP, matrix metalloproteinase; TNF-α, tumour 
necrosis factor alpha.

the synovial membrane (synovitis).38,39 Chen et al34 also 
showed that AGEs induced an inflammatory response 
via RAGE–NF-κB pathway activation. AOPPs are struc-
turally similar to AGEs and show similar biological activ-
ities.40 Here, we hypothesized that AOPPs contribute 
to the propagation of tissue destruction in RA via the 
pathway activation process used by AGEs.

Therefore, the purpose of this study was to investi-
gate the potential effects of AOPPs on RA-FLSs and to 
clarify whether AOPPs induce tissue destruction in RA 
via RAGE–NF-κB pathway activation.

Methods
AOPP preparation.  AOPP-human serum albumin was 
prepared in vitro by incubation of human serum albumin 
(HSA) (Sigma-Aldrich, USA) with 200 mM HOCl (Fluke, 
Switzerland) for 30 minutes in the absence of free ami-
no acids/carbohydrates/lipids to exclude the formation 
of AGE-like structures as previously described.24,41 The 
preparation was dialyzed against phosphate-buffered 
saline (PBS) at 4°C overnight to remove any endotoxin 
contamination, and endotoxin levels were determined 
with an amebocyte lysate assay kit (Sigma Chemical) 
and found to be below 0.025 EU/ml.
RA-FLS culture and treatment.  Synovial cells were iso-
lated and cultured. FLSs were prepared from synovial 
tissue collected from RA patients undergoing arthro-
plasty surgery. The present study was approved by 
the Ethics Committee of Nafang Hospital, Southern 
Medical University in Guangdong, China (NFEC-
20120201). Written informed consent was obtained 
from all patients. Synovial tissue samples from five RA 
patients were dissociated mechanically, washed in cold 
sterile PBS, and digested with 150 mg/ml dispase II 
(Roche, Switzerland) for four hours at 37°C with gentle 
agitation.42

RA-FLSs were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) (Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS, Gibco), 100 U/ml penicillin 
(Gibco), and 100 mg/ml streptomycin (Gibco) in a 37°C 
incubator containing a 5% CO2-enriched atmosphere. 
Cells from passages 3 to 8 were used in all experiments.

During most experiments, RA-FLSs (> 85% confluent) 
were cultured in DMEM supplemented with 1% serum 
for 12 hours before treatment with different doses of 
AOPP-HSA (50, 100, and 200 µg/ml), unmodified HSA 
(100 µg/ml), or a control (medium alone).
Cell migration and invasion assays.  RA-FLS migration 
was determined using Transwell chambers with 8 μm 
pores (Corning, USA).42 Briefly, 2 × 104 cells in 200 μl 
of 1% FBS DMEM were added in triplicate to the upper 
chambers of Transwell plates, and the lower chambers 
were filled with 800 µl of 10% FBS DMEM alone (con-
trol) or in combination with 100 µg/ml AOPP-HSA or 
unmodified HSA (100 µg/ml). After culturing at 37°C 
for 48 hours, the non-migrated cells were removed 
from the upper surface with cotton swabs, and the cells 

that invaded the matrix were fixed with 100% methanol 
for 30 minutes at room temperature, washed with PBS, 
and stained with 0.1% crystal violet (Merck Millipore, 
USA) solution for 30 minutes at room temperature. The 
number of cells that migrated through the membrane 
to the lower surface was counted in five representative 
microscopic fields (200× magnification).

Cell invasion was determined using Matrigel inva-
sion chambers (BD Biosciences, USA) according to the 
manufacturer’s instructions. The upper chambers were 
freshly coated with Matrigel, and medium was added 
to the lower chamber as described above.

The blocking test was performed as follows: RA-FLSs 
were pretreated with neutralizing antibodies specific 
for RAGE (R&D Systems, 10 µg/ml) for one hour, and 
followed by treatment with AOPP-HSA (100 µg/ml) 
for 48 hours. Then, cell migration and invasion were 
detected.
Enzyme-linked immunosorbent assay (measurement of 
IL-6, TNFα, MMP-3, and MMP-13).  RA-FLSs were stim-
ulated with the indicated concentration of AOPP-HSA 
(50, 100, or 200 µg/ml) for 48 hours or treated with 100 
µg/ml AOPP-HSA for the indicated time (6, 12, 24, or 
48 hours). Then, cell supernatants were collected and 
centrifuged at 12,000 g for 15 minutes. Supernatants 
were stored at -80°C until use. The levels of IL-6, TNFα 
(Boster, China), MMP-3, and MMP-13 (R&D Systems, 
USA) in the supernatant were quantified using enzyme-
linked immunoabsorbent assay (ELISA) kits according 
to the manufacturer’s protocol. The optical density 
(OD) was measured at 450 nm with a spectrophoto-
metric plate reader.

In a blocking test, RA-FLSs were pretreated with or 
without a neutralizing anti-RAGE antibody (10 µg/ml) 
for one hour, followed by treatment with AOPP-HSA 
(100 µg/ml) for 48 hours. The levels of IL-6, TNFα, 
MMP-3, and MMP-13 were detected. All experiments 
were performed in triplicate.
Real-time polymerase chain reaction (measurement of 
IL-6, TNFα, MMP-3, and MMP-13).  After stimulation as 
described for the ELISAs, total RNA was extracted from 
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Fig. 1

a) Advanced oxidation protein products (AOPPs) promote the migration and invasion of rheumatoid arthritis fibroblast-like synoviocytes (RA-FLSs) in vitro. 
After RA-FLSs were incubated with medium alone (control), native human serum albumin (HSA), or AOPP-HSA (100 μg/ml) for 48 hours, cell migration and 
cell invasion were measured. In the blocking test, RA-FLSs were pretreated with a neutralizing anti-receptor for advanced glycation end products (RAGE) 
antibody (10 µg/ml) for one hour, followed by treatment with AOPP-HSA (100 µg/ml) for 48 hours. b) and c) The migrated and invaded cells were imaged 
(200× magnification) and counted in five random fields for each treatment (n = 3). Data are presented as the mean and standard deviation of triplicates. Scale 
bar, 50 µm. *p < 0.05 versus medium alone (control). #p < 0.05 versus the AOPP group. Con, control.

lysed cells using TRIzol reagent (Invitrogen, USA). One 
microgram of total RNA sample with a 260/280 ratio of 
1.8 to 2.0 was used for reverse transcription (RT) using 
a PrimeScript RT reagent kit with gDNA Eraser (Takara 
Biotechnology, China) according to the manufacturer’s 
protocol. Sequences for the primers used are listed in 
Table I. Each specific primer was optimized for the concen-
tration, and the resulting complementary DNA (cDNA) 
was then polymerase chain reaction (PCR)-amplified us-
ing a SYBR Premix Ex Taq II kit (Takara Biotechnology) ac-
cording to the manufacturer’s instructions. Real-time PCR 
was carried out using the Applied Roche480 Real-Time 
PCR System (ABI, USA) with 40 cycles of denaturation at 
95°C for 30 seconds, annealing at 95°C for five seconds, 
and extension at 60°C for 34 seconds. Relative quanti-
fication of the expression of each gene was calculated 
after normalization to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) expression using the comparative Ct 
method. The results are shown as the percentage change 
in expression with respect to the control (medium alone) 
for all samples.

The blocking test was also performed according to the 
above steps.
Western blot and immunofluorescence analyses of NF-κB 
p65.  First, western blotting was performed to examine 
NF-κB activities. RA-FLSs were stimulated with the indi-
cated concentration of AOPP-HSA (50, 100, or 200 µg/
ml) for three hours or treated with 100 µg/ml AOPP-HSA 
for the indicated time (one, three, or six hours). Then, 
the cultured cells were lysed for protein extraction as de-
scribed previously. The protein samples were subjected 
to SDS-PAGE before being transferred to polyvinylidene 
fluoride (PVDF) membranes (Merck Millipore). The mem-
branes were blocked with 5% non-fat dry milk in Tris-
buffered saline-Tween (TBST) at room temperature for 
one hour and incubated overnight at 4°C with primary 
antibodies. The primary antibodies included rabbit anti-
phospho-p65, rabbit anti-p65, and rabbit anti-IκBα (Cell 
Signalling Technology, USA, 1:1,000). Next, the mem-
branes were washed three times with TBST and then 
incubated with a secondary antibody coupled to horse-
radish peroxidase. The proteins were visualized with an 
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Fig. 2

Advanced oxidation protein product-human serum albumin (AOPP-HSA)-induced nuclear factor-κB (NF-κB) activation in rheumatoid arthritis fibroblast-like 
synoviocytes (RA-FLSs). a) and b) Cultured RA-FLSs were incubated with the indicated concentrations of AOPP-HSA, medium alone (control), or native HSA 
for three hours. c) and d) Cultured RA-FLSs were incubated for the indicated times with AOPP-HSA (100 μg/ml), medium alone (control), or native HSA (100 
μg/ml). Decreasing expression of IκBα and increasing expression of phosphorylated NF-κB p65 occurred in dose-dependent (a) and b)) and time-dependent 
(c) and d)) manners. e) and f) Cultured RA-FLSs were incubated with medium alone (control), native HSA, AOPP-HSA (100 μg/ml), or AOPP-HSA (100 μg/ml) 
with a neutralizing antibody against receptor for advanced glycation end products (RAGE) (anti-RAGE Ab, 10 µg/ml) for three hours. Pretreatment with the 
antibody against RAGE effectively suppressed NF-κB activation. Data are presented as the mean and standard deviation of triplicates. *p < 0.05 versus medium 
alone (control). #p < 0.05 versus the AOPP group. Con, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IκB, inhibitory kappa B.
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Fig. 3

NF-κB p65 translocation was detected by immunofluorescence and 4′,6-diamidino-2-phenylindole (DAPI) staining. Fluorescence micrographs with staining for 
nuclear factor-κB (NF-κB) p65 (green) and nuclei (blue) after rheumatoid arthritis fibroblast-like synoviocytes (RA-FLSs) were treated with advanced oxidation 
protein product-human serum albumin (AOPP-HSA) (100 μg/ml), medium alone (control), or native HSA for three hours. Magnification 400×. White scale bars 
represent 50 µm. Representative images of three independent experiments were shown. Con, control; RAGE, receptor for advanced glycation end products.

enhanced chemiluminescent system (Pierce Chemical, 
USA), and the band densitometry was analyzed with 
Quantity One software (Bio-Rad, USA). GAPDH was used 
as an internal control.

We also tested the activation of NF-κB via immunofluo-
rescence.24 RA-FLSs were stimulated with AOPP-HSA (100 
µg/ml) for three hours. RA-FLSs were washed with PBS 
and fixed in 4% formaldehyde for 30 minutes at room 
temperature. After permeabilization with 1% Triton 
X-100 for ten minutes, the cells were blocked with PBS 
containing 5% bovine serum albumin for 30 minutes at 
room temperature, and immunofluorescence staining 
was performed using a specific rabbit monoclonal anti-
body against NF-κB p65 (Cell Signalling Technology, 
1:500), followed by staining with fluoresceine isothiocy-
anate (FITC)-conjugated goat anti-rabbit immunoglob-
ulins (Bioworld Technology, USA, 1:1,000). The slides 
were counterstained with 4',6-diamidino-2-phenylindole 
(DAPI). Finally, coverslips were mounted on the slides, 

and the fluorescence was visualized using a fluorescence 
microscope.

In addition, after pretreatment with neutralizing anti-
bodies for RAGE followed by AOPP-HSA (100 µg/ml) for 
three hours, the activation of NF-κB was tested by western 
blot and immunofluorescence analyses.
Statistical analysis.  All data were analyzed using SPSS 
13.0 software (SPSS, USA). The data are expressed as the 
mean and standard deviation (SD), and differences were 
analyzed using one-way analysis of variance (ANOVA) 
and an SNK post hoc test. A p-value < 0.05 was consid-
ered statistically significant.

Results
AOPPs promote the migration and invasion of RA-FLSs in 
vitro.  Initially, a Transwell assay was performed to de-
termine the roles of AOPP-HSA in regulating the migra-
tion and invasion of RA-FLSs (Figure  1a). The number 
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of migrated cells was higher when cells were cultured 
with 100 µg/ml AOPP-HSA for 48 hours than with the 
control treatment (medium alone) or unmodified HSA 
(Figure 1b) (migrated cell number: control group, 34.67 
(SD 4.51); HSA group, 32.67 (SD 2.06); AOPP group, 
71.67 (SD 2.52)). In the blocking test, AOPP-induced 
migration could be largely blocked by treatment with 
antibodies for RAGE (Figure 1b) (AOPPs + anti-RAGE Ab 
group, 48.01 (SD 2.65)).

The ability to invade cartilage is a critical pathogenic 
behaviour of rheumatoid synoviocytes. Therefore, we 
also examined the role of AOPPs in RA-FLS invasion using 
Matrigel-coated Transwell membranes (Figure  1). The 
Transwell assay showed that compared with control or 
unmodified HSA treatment, AOPP treatment increased 
the invasion of RA-FLSs (Figure 1c) (control group, 22.33 
(SD 4.16); HSA group, 27.67 (SD 5.03); AOPP group, 
80.67 (SD 3.06)). However, AOPP-induced invasion could 
be substantially suppressed by a RAGE blocking antibody 
(Figure  1c) (AOPPs + anti RAGE Ab group, 44.67 (SD 
5.03)).

AOPP-HSA upregulated the migration and invasion 
of RA-FLSs in vitro, suggesting that AOPP-HSA might be 
an important factor for mediating the invasive capacity 
of RA-FLSs. These effects could be substantially blocked 
by antibodies against RAGE, indicating that the invasive 
processes were dependent on RAGE.
AOPPs promote IL-6, TNFα, and MMP production and secre-
tion by RA-FLSs.  First, to test whether AOPPs could induce 
proinflammatory factor and MMP production in RA-FLSs, 
we analyzed the supernatant of RA-FLSs cultured with 
AOPPs by ELISA. The secretion of IL-6, TNF-α, MMP-3, 
and MMP-13 by RA-FLSs in the AOPP group was higher 
than that by RA-FLSs in the control group and occurred 
in a dose-dependent manner (Supplementary Figures ba 
to bd). Although the expression of cytokines was slightly 
lower in the 200 µg/ml AOPP group than the 100 µg/ml 
AOPP group, it was significantly higher than in the con-
trol group. Likewise, the secretion of IL-6, TNF-α, MMP-3, 
and MMP-13 increased 12 to 48 hours after 100 µg/ml 
AOPP-HSA treatment (Supplementary Figures be to bh). 
The protein secretion of IL-6, TNF-α, MMP-3, and MMP-
13 could be obviously blocked by pretreatment with an-
tibodies against RAGE (Supplementary Figures bi to bl).

Second, we further detected the messenger RNA 
(mRNA) levels of cytokines and MMPs after AOPP chal-
lenged. IL-6, TNF-α, MMP-3, and MMP-13 production was 
significantly enhanced in dose-dependent (Supplemen-
tary Figures ca and cb) and time-dependent manners 
(Supplementary Figures cc and cd). Consistent with 
the ELISA results, AOPP-HSA at 100 µg/ml exerted the 
maximal effect. The mRNA expression of IL-6, TNF-α, 
MMP-3, and MMP-13 could be also blocked by a RAGE 
blocking antibody (Supplementary Figures ce and cf).

No significant differences were found in protein secre-
tion or mRNA expression between the unmodified HSA 
and control groups, suggesting that the overexpression 

of cytokines and MMPs was associated with advanced 
oxidation of HSA. The above data indicate that RA-FLSs 
can be stimulated by AOPP-HSA to secrete and produce 
cytokines and MMPs at both the protein and gene levels, 
respectively, which may be involved in the pathological 
progression of RA and possibly mediated by RAGE.
AOPP activates NF-κB pathways in RA-FLSs.  We further in-
vestigated the involvement of the NF-κB signalling path-
way in AOPP-HSA-induced inflammatory responses in 
RA-FLSs. Two important steps before NF-κB activation are 
IκB degradation in the cytoplasm and NF-κB p65 translo-
cation into the nucleus.

First, western blotting was performed to examine 
NF-κB activities. Treatment with AOPP-HSA at different 
doses (50, 100, or 200 µg/ml) for three hours increased the 
phosphorylation of NF-κB p65 (Figure 2a) and decreased 
the IκBα protein level (Figure  2b) in a dose-dependent 
manner. AOPP-HSA at 100 µg/ml exerted the maximal 
effect. Moreover, treatment with AOPP-HSA (100 µg/ml) 
for the indicated times (one, three, or six hours) markedly 
induced the phosphorylation of NF-κB p65 (Figure  2c) 
and degradation of the IκBα protein (Figure 2d) in a time-
dependent manner. The maximum effect was achieved at 
three hours. To examine the potential mediators of NF-κB 
pathways, we also used a neutralizing antibody specific to 
RAGE to investigate its role. Pretreatment with antibodies 
against RAGE effectively suppressed AOPP-HSA (100 µg/
ml)-induced phosphorylation of NF-κB p65 (Figure  2e) 
and decreased the IκBα protein level (Figure 2f).

Next, we examined NF-κB p65 translocation into the 
nucleus. We performed immunofluorescence micros-
copy to assess the nuclear translocation of NF-κB. As 
shown in Figure 3, immunofluorescence staining showed 
the translocation of p65 into the nucleus of RA-FLSs after 
treatment with AOPP-HSA (100 µg/ml) for three hours; 
however, p65 remained in the cytoplasm in the cells in 
the control group and unmodified HSA group. NF-κB p65 
translocation into the nucleus was also decreased after 
pretreatment with antibodies against RAGE.

These data suggest that AOPP-HSA can induce the 
phosphorylation of p65, which leads to the nuclear trans-
location of p65 and ultimately activates NF-κB in RA-FLSs. 
These effects were associated with RAGE.

Discussion
The pathogenesis of RA is multifactorial, and recent 
research has indicated that highly reactive oxidative stress 
is involved in the pathogenesis of this disease.5,8–11 AOPPs 
have recently been identified as members of oxidated 
protein compounds and been found accumulated in RA 
patients.6,16 Our previous studies found that the concen-
tration of plasma AOPP in RA patients was 305.44 µmol/l 
(SD 20.44), while the physiological concentration of 
plasma AOPP in healthy people was 102.55 µmol/l (SD 
10.23).16 Consistent with our findings, Baskol et al6 found 
that there was a significant difference between concen-
trations of AOPPs in active and inactive stages of RA 
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patients, thereby further indicating the importance of 
AOPPs in the pathogenesis of RA. However, the effects of 
AOPPs on FLSs are still largely unknown.

The present study first demonstrated that AOPPs 
bound to RAGE and triggered downstream signal trans-
duction by NF-κB, resulting in the overexpression of 
TNF-α, IL-6, MMP-3, and MMP-13 at both protein and 
gene levels. This overexpression promoted the migration 
and invasion of RA-FLSs in vitro. AOPPs, but not native 
HSA, activated RAGE-dependent signals, suggesting that 
the triggering effect was due to AOPPs and not a prop-
erty of HSA.

Proinflammatory cytokines, such as IL-6 and TNF-α, 
are central to the damaging cascade that can activate 
RA-FLSs to release cytokines/chemokines, ROS, and other 
mediators that likely contribute to sustaining inflamma-
tory responses. In addition, these cytokines can further 
trigger the production of MMPs and result in heightened 
migration and invasion by RA-FLSs. MMPs, which are 
synthesized in the articular joints by synovial cells and 
chondrocytes, are considered to be crucial mediators 
of RA pathology.20-22 MMP-3 and MMP-13 play pivotal 
roles in the destruction of the bone and degradation of 
various components of the cartilage, and baseline levels 
of MMP-3 serve as a biomarker of progressive RA joint 
damage. Therefore, we suspect that AOPPs participate in 
the progression of RA by inducing the release of inflam-
matory cytokines and promoting joint damage.

In the present study, the important finding is that 
AOPPs activated RA-FLSs by interacting with RAGE. RAGE is 
a transmembrane receptor in the immunoglobulin super-
family that is capable of binding to a broad repertoire of 
ligands, including AOPPs. It has been demonstrated that 
human synovial tissue and synovial fibroblasts constitu-
tively express a RAGE.27,28,43,44 However, the relationship 
between AOPPs and RAGE is unclear. AOPPs are similar to 
AGEs in structure and biological activities.40 AGEs bound 
to RAGE have been implicated in inflammatory responses 
and ROS production in human umbilical vein endothelial 
cells (HUVECs), osteocyte-like cells, and other cells, and 
shown to result in several pathological conditions.44-47 Hou 
et al48 identified AGE-RAGE-synoviocyte interactions in 
the chronic inflammatory processes observed in dialysis-
related amyloidosis (DRA). Consistent with the above 
studies, we found that AOPPs work on RA-FLSs mainly 
by combining with RAGE. A neutralizing antibody specific 
for RAGE effectively reversed AGE-induced inflammatory 
responses and MMP production in RA-FLSs, indicating 
RAGE's important role in the effects of AOPPs on synov-
iocytes. Our study provides evidence that AOPPs act as 
functional ligands for RAGE in RA-FLSs. In addition, these 
observations support the hypothesis that AOPPs bound 
to RAGE trigger downstream signalling that transduces 
signals leading to the propagation of inflammation.

In addition, targeting NF-κB in vivo can suppress 
experimental arthritis in several animal models of inflam-
matory arthritis.49,50 Therefore, we observed the effect 

of AOPPs on NF-κB activation. In this study, increased 
phosphorylation of p65 was observed in RA-FLSs after 
treatment with AOPPs for one to six hours. Consistent 
with the increased phosphorylation of p65, degradation 
of IκBα also occurred. We further used immunofluores-
cence staining to show the translocation of p65 into the 
nucleus of RA-FLSs treated with AOPPs. However, when 
RAGE was blocked, reduced phosphorylation and nuclear 
translocation of p65 were observed. Therefore, we 
produced strong evidence to indicate that AOPPs may be 
involved in the activation of NF-κB in RA-FLSs via RAGE. 
However, Roman-Blas and Jimenez51 reviewed many 
studies to examine the contribution of NF-κB-related 
pathways to the pathogenesis of osteoarthritis and RA, 
and great efforts have been devoted to pharmacological 
studies on the modulation of NF-κB pathways.52–54 More-
over, other reports have explored whether p38 mitogen-
activated protein kinase (p38 MAPK) and the c-Jun 
N-terminal kinase pathway also participate in inflamma-
tion in FLSs.55–57 Therefore, further studies will be needed 
to identify NF-κB inhibitors and determine whether other 
transcription factors are involved in the AOPP-induced 
effects on RA-FLSs.

In summary, we identified that AOPPs induce invasion 
and proinflammatory changes in RA-FLSs by activating 
NF-κB via RAGE in vitro. These results present AOPPs 
as a new class and potentially important mediators of 
progressive disease in RA patients. Given their connection 
with RAGE, AOPPs may be a central binding factor, indi-
cating the possibility for the development of new thera-
peutic strategies to block RAGE-AOPP interactions or the 
use of a soluble form of this receptor.

Supplementary material
‍ ‍Figures showing the secretion and mRNA expres-

sion levels of IL-6, TNFα, and MMPs.
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