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Abstract

Introduction: Apurinic/apyrimidinic endonuclease 1 (APEX1) is a protein with elevated expression 
in synovial fluids from rheumatoid arthritis (RA) patients. However, its role in RA pathogenesis remains 
unexplored. This study investigated the influence of APEX1 on inflammatory pathways in fibroblast-like 
synoviocytes (FLS) isolated from RA patients.

Material and methods: FLS from RA patients (n = 5) were stimulated with recombinant tumor 
necrosis factor α (TNF-α) and interleukin (IL)-17. Subsequently, cells were treated with recombinant 
APEX1, and assessments were made on reactive oxygen species (ROS) production and mitochondrial 
membrane potential. Additionally, mRNA levels of IL-1 family members were quantified. Cell migration 
was evaluated through Transwell chamber assays, and levels of key secreted inflammatory cytokines 
were measured via enzyme-linked immunosorbent assay (ELISA).

Results: The results demonstrated that APEX1 significantly reduced mitochondrial-specific ROS 
expression and restored mitochondrial membrane potential in TNF-α/IL-17-stimulated RA FLS. Fur-
thermore, APEX1 treatments attenuated TNF-α/IL-17-induced activation of p38 MAPK, NF-κB, and 
PI3K 110δ signaling pathways. Similarly, APEX1 significantly diminished TNF-α/IL-17-induced ex-
pression of inflammatory cytokines, including IL-1 family members, IL-6, IL-8, and vascular endothelial 
growth factor (VEGF). Notably, APEX1 downregulated cell migration of TNF-α/IL-17-treated RA FLS 
via inhibition of matrix metalloproteinase 3 (MMP3).

Conclusions: These findings collectively underscore the role of APEX1 as a key mediator of cy-
tokine-amplified migration, modulating ROS and MMP3 in RA FLS, thus supporting its potential as 
a therapeutic target in RA treatment.

Key words: rheumatoid arthritis, inflammation, migration, reactive oxygen species, fibroblast-like 
synoviocytes.

(Cent Eur J Immunol 2024; 49 (2): 113-125)

Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune 

disease characterized by hyperplastic synovial pannus tis-
sue, synovial inflammation, and bone erosion [1, 2]. Fibro-
blast-like synoviocytes (FLS), residing in the intimal lining 
of the synovium, play a pivotal role in RA pathogenesis by 
promoting cartilage destruction [3]. Excessive FLS pro-
liferation, secretion of pro-inflammatory cytokines, and 
immune cell recruitment into the synovium contribute to 

RA development and progression [4]. Moreover, activated 
FLS exhibit heightened secretion of matrix metalloprotein-
ases (MMPs) and possess invasive properties, leading to 
cartilage and bone degradation [5]. These distinct features, 
including enhanced migratory capacity and cartilage inva-
siveness, characterize RA FLS [6].

Reactive oxygen species (ROS) function as signaling 
molecules regulating cellular processes such as migration, 
proliferation, and survival [7]. Dysregulated ROS levels 
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Table 1. Baseline characteristics of all patients included 
in this study

Variables Subjects with knee 
RA (n = 5)

Female (n, %) 5 (100)

Age (years, mean ±SD) 53.2 ±11.1 (35-61)

Duration of disease 
(months, mean ±SD)

143.6 ±79.3 (40-240)

Rheumatoid factor-positive, n (%) 5 (100)

Anti CCP antibody-positive, n (%) 4 (80)

DAS28 (ESR, mean ±SD) 2.84 ±1.72 (1.75-5.81)

Duration of treatment 
(months, mean ±SD)

141 ±85 (28-240)

Treatment (n, %)

Naive 0

Steroid 4 (80)

Methotrexate 4 (80)

Hydroxychloroquine 3 (60)

Sulfasalazine 1 (20)

Leflunomide 3 (60)

Tacrolimus 1 (20)

Biologic DMARD 1 (20), Golimumab

SD – standard deviation, DAS28 – 28-joint disease activity score, DMARD – dis-
ease-modifying antirheumatic drug.

can induce inflammation, cancer, aging, and autoimmune 
diseases, implicating their involvement in RA pathogenesis 
[8]. Specifically, circulating T cells isolated from RA pa-
tients exhibit elevated ROS production compared to healthy 
controls [9]. Additionally, treatment of RA FLS with Mito-
TEMPO, a mitochondria-targeted antioxidant, significantly 
attenuates their migration and invasion capabilities [10], in-
dicating a potential association between ROS and FLS mi-
gration. However, the precise factors underlying ROS-me-
diated migration in RA remain incompletely understood.

Apurinic/apyrimidinic endonuclease 1 (APEX1), also 
known as APE1 or redox factor-1 (Ref-1), plays a crucial 
role in DNA damage recognition and repair [11]. It serves 
as an antioxidant by reducing a redox-sensitive cysteine 
residue in activator protein-1 (AP-1) in response to oxi-
dative stress [12, 13]. Furthermore, APEX1 regulates the 
DNA binding affinity and transcription activity of key 
transcription factors such as p53, nuclear factor-kappa B  
(NF-κB), and hypoxia-inducible factor-1 (HIF-1), im-
pacting cellular processes including growth, survival, 
apoptosis, and inflammation [13, 14]. Elevated APEX1 
levels are observed in various diseases, such as psoriatic 
epidermis and serum from patients with coronary artery 
disease [15, 16]. Similarly, increased APEX1 levels are 
reported in synovial fluid from RA patients, correlating 
with increased disease severity [17]. However, the specific 
roles of APEX1 in RA FLS remain elusive.

Here, we investigated the effects of APEX1 on RA FLS 
under pro-inflammatory conditions induced by recombi-
nant tumor necrosis factor-alpha (TNF-α) and interleukin 
(IL)-17 [18, 19]. Our findings revealed that recombinant 
APEX1 treatment significantly reduced cytokine-induced 
ROS expression and migratory capacity. Additionally, 
APEX1 downregulated the activation of key signaling 
pathways, expression of pro-inflammatory cytokines, and 
MMP3 expression. These results suggest that APEX1 acts 
as a critical regulator of the ROS/MMP3-mediated migra-
tory pathway in RA FLS.

Material and methods

Human subjects and ethics statement

Synovial tissues were obtained from five female pa-
tients diagnosed with RA and undergoing synovectomy or 
joint replacement (Table 1). Diagnosis of RA conformed 
to the College of Rheumatology (ACR)/European League 
Against Rheumatism (EULAR) 2010 classification criteria 
[20]. Patients with inflammatory diseases such as septic 
arthritis, a history of knee surgery, infectious diseases, can-
cer, multiple sclerosis, stroke, or immune system disorders 
were excluded from the study.

Upon removal of fat and fibrous tissues, the synovi-
um was fragmented into small pieces and incubated with 
0.1% collagenase (Sigma-Aldrich, St. Louis, MO, USA) 
in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA) at 37°C for 
90 min. Isolated primary FLS with a purity > 95% (CD90+) 
were cultured and utilized for subsequent experiments af-
ter four to six passages. Dissociated cells were cultured in 
DMEM supplemented with 10% fetal bovine serum (FBS; 
Gibco, Thermo Fisher Scientific), 100 U/ml penicillin, and  
100 mg/ml streptomycin, and maintained in a 5% CO

2
 in-

cubator at 37oC.
This study adhered to the principles outlined in the 

Declaration of Helsinki and was approved by the Institu-
tional Review Board of Chungnam National University 
Hospital (CNUH 2019-12-068).

Flow cytometric analysis

FLS were stimulated with human recombinant TNF-α 
(10 ng/ml; PeproTech, Cranbury, NJ, USA), IL-17 (10 ng/
ml; PeproTech), and recombinant human APEX1 (Cat. # 
MR-EFAPE-100, MediRedox, Daejeon, Korea) for 24 h. 
Subsequently, cells were washed with phosphate-buffered 
saline (PBS) and incubated with MitoSOX Red Mitochon-
drial Superoxide Indicator (Invitrogen, Thermo Fisher Sci-
entific) for ROS detection. To determine the mitochondrial 
membrane potential, tetramethylrhodamine methyl ester 
(TMRM; Thermo Fisher Scientific) was used following 
the manufacturer’s instructions. Flow cytometric analysis 
was conducted using a FACSCanto II flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA), and data analysis 
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Table 2. Primers used for PCR

Sense primer Antisense primer

IL-1β GGATATGGAGCAACAAGTGG ATGTACCAGTTGGGGAACTG

IL-18 CAACAAACTATTTGTCGCAGGA TGCCACAAAGTTGATGCAAT

IL-33 ATCACGGCAGAATCATCGAG CTTATGGTGAGGCCAGAACG

IL-36α CATAAATTAGAGGTCCAAAATCG AAGGGGCTGGGTCAGCTAT

MMP3 GATGCCCACTTTGATGATGATGAA AGTGTTGGCTGAGTGAAAGAGACC

APEX1 CTGCTCTTGGAATGTGGATGGG TCCAGGCAGCTCCTGAAGTTCA

GAPDH CACATGGCCTCCAAGGAGTAA TGAGGGTCTCTCTCTTCCTCTTGT

was performed using FlowJo software (Tree Star, Ashland, 
OR, USA).

Western blot analysis

Cells were lysed on ice using a RIPA lysis kit (ATTO, 
Co., Tokyo, Japan), containing protease and phosphatase 
inhibitors. Following centrifugation for clarification, ly-
sates were analyzed using 8% SDS-PAGE. Proteins were 
transferred onto polyvinylidene (PVDF) membranes (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) and blocked 
with 5% non-fat dry milk (BD Biosciences) in PBS-T 
(PBS with 0.05% Tween 20). Membranes were incubated 
overnight at 4°C with antibodies against phospho-p38 mi-
togen-activated protein kinase (MAPK; Thr180/Tyr182), 
p38 MAPK, p-NF-κB p65 (Ser536), NF-κB p65, phos-
phoinositide 3-kinase delta isoform (PI3K p110δ), and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
All antibodies were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA) and diluted 1:1500 in PBS-T 
containing 5% non-fat dry milk. Following washing with 
PBS-T, membranes were incubated with peroxidase-con-
jugated goat anti-rabbit IgG (1:3000; AbFrontier Co., Ltd., 
Seoul, Korea). Target proteins were visualized using a che-
miluminescent HRP Substrate (Thermo Fisher Scientific).

Reverse transcription (RT)-PCR 
and quantitative (q)RT-PCR

Total RNA was extracted using TRI Reagent (Molec-
ular Research Center, Cincinnati, OH, USA) following 
the manufacturer’s instructions. Reverse transcription 
reactions were performed using ReverTra Ace qPCR RT 
Master Mix (TOYOBO, Osaka, Japan) to generate cDNA.

qRT-PCR analysis was conducted using SYBR Green 
Realtime PCR Master Mix (TOYOBO) as per the man-
ufacturer’s instructions. Primers synthesized by Bioneer 
(Daejeon, Korea) are listed in Table 2. Thermal cycling 
conditions included initial denaturation at 95°C for 5 min, 
followed by 40 cycles of 95°C for 10 s, 60°C for 15 s, and 
72°C for 20 s. A melting step from 72°C to 95°C was per-
formed after the last cycle. Thermal cycling was performed 
using a CFX Connect Real-Time PCR Detection System 

(Bio-Rad Laboratories, Inc.). Expression levels of target 
genes were normalized to GAPDH levels in the same sam-
ple by calculating the cycle threshold (Ct) value. Relative 
target gene expression was determined using the 2–ΔΔCT rel-
ative quantification method.

For conventional gel-based RT-PCR, synthesized 
cDNA was mixed with AccuPower RT PreMix (Bioneer) 
and 10 pmol of each specific PCR primer following the 
manufacturer’s protocol. Amplified products were sep-
arated on 1% agarose gels, stained with Midori Green 
Advance (NIPPON Genetics, Düren, Germany), and vi-
sualized under UV illumination using a GelDoc system 
(Bio-Rad Laboratories, Inc.).

Wound migration assay

FLS cultures at approximately 90% confluency were in- 
cubated with serum-free media. FLS monolayers were 
wounded using pipette tips and treated with recombinant 
TNF-α (10 ng/ml)/IL-17 (10 ng/ml) alone or in combi-
nation with recombinant APEX1 (1, 10, and 100 ng/ml). 
Wound closure was observed and photographed at 0 and  
24 h using an inverted microscope (Olympus, Tokyo, Ja-
pan) equipped with a 0.55-numerical aperture dry objective 
at a magnification of 40× (scale bar, 20 µm). To quantify 
migrated cells, images of the initial wounded monolayers 
were compared with corresponding images at the end of 
the incubation period. Image J software was employed for 
wound area quantification.

Transwell migration assay

FLS isolated from RA patients were cultured in se-
rum-free media for 5 h and then stimulated with re-
combinant TNF-α (10 ng/ml)/IL-17 (10 ng/ml) alone 
or in combination with recombinant APEX1 (1, 10, and  
100 ng/ml) for 24 h. Cells were centrifuged and load-
ed onto Transwell filters with an 8-μm pore size (Corn-
ing, NY, USA) placed on top of the migration chamber.  
The bottom chambers of the Transwell plates were filled 
with DMEM containing 10% FBS as a chemoattractant, 
and cells were incubated for an additional 24 h. Non-mi-
grating cells on the top membrane surface were removed 
by washing with PBS and cotton swabs. Invaded cells were 
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stained with crystal violet (Sigma-Aldrich) and counted in 
five random fields per sample under an inverted microscope 
(Olympus) equipped with a 0.55-numerical aperture dry ob-
jective at a magnification of 100× (scale bar, 100 µm).

Enzyme-linked immunosorbent assay (ELISA)

Concentrations of IL-6, IL-8, vascular endothelial 
growth factor (VEGF), and MMP3 were determined using 
ELISA kits specific for human IL-6 (Cat. # 555220, BD 
Biosciences), human IL-8 (Cat. # DY208, R&D Systems, 
Minneapolis, MN, USA), human VEGF (Cat. # DY293, 
R&D Systems), and MMP3 (Cat. # DY513, R&D Sys-
tems), following the manufacturers’ instructions. Cytokine 
levels were quantified by interpolation from a standard 
curve generated using a Sunrise absorbance reader (Tecan, 
Männedorf, Switzerland) at 450 nm.

siRNA transfection

A specific siRNA duplex targeting APEX1 was pur-
chased from Bioneer with the following sequences:  
5´-CAG AUA UAC UGU GCC UUC A-3´ and 5´-UGA 
AGG CAC AGU AUA UCU G-3´. Control siRNA (Cat. 
# SN-1003, Bioneer) was utilized as the negative control. 
Cells were transfected with 100 pmol of each siRNA du-
plex using Lipofectamine 3000 transfection reagent (Invi-
trogen, Thermo Fisher Scientific), following the manufac-
turer’s instructions. Downregulation of target expression 
was evaluated after 24 h of incubation.

Statistical analysis

Results are presented as mean ± standard deviation. 
Statistical analysis was conducted using the paired Stu-
dent’s t-test, with p-values < 0.05 considered statistically 
significant.

Results

APEX1 decreases TNF-α/IL-17-induced ROS 
in RA FLS

Previous studies have demonstrated the protective 
role of APEX1 against oxidative stress and DNA dam-
age during brain development [21]. To assess the direct 
influence of APEX1 on intracellular ROS levels in RA 
FLS, cells were treated with recombinant APEX1, and 
mitochondrial-specific ROS levels were evaluated using 
MitoSOX staining followed by flow cytometry analysis. 
The results revealed a significant decrease in ROS lev-
els within RA FLS mitochondria upon APEX1 treatment  
(Fig. 1A). Furthermore, APEX1 treatment effectively 
inhibited the ROS levels induced by TNF-α/IL-17 stim-
ulation (Fig. 1B). Additionally, assessment of mitochon-
drial transmembrane potential using TMRM staining [22] 
revealed that APEX1 treatment effectively restored the 

impaired mitochondrial transmembrane potential result-
ing from TNF-α/IL-17 stimulation (Fig. 1C). These find-
ings indicate that APEX1 acts as a regulator, mitigating 
ROS-induced damage in FLS derived from patients with 
RA.

APEX1 inhibits TNF-α/IL-17-induced 
inflammatory signaling in RA FLS

Excessive ROS stimulation triggers p-38 MAPK, NF-
κB, and PI3K signaling, leading to inflammation [23]. 
Here, stimulation of RA FLS with TNF-α/IL-17 led to 
increased phosphorylation of p-38 MAPK (1.73-fold) and 
p-NF-κB p65 (1.79-fold), along with activation of PI3K 
p100δ (1.82-fold) compared to control conditions (Fig. 
2A and p < 0.05). Treatment with APEX1 in the presence 
of TNF-α/IL-17 significantly attenuated these effects by 
36.70% (p-p38 MAPK), 32.42% (p-NF-κB p65), and 
33.86% (PI3K p100δ) compared to TNF-α/IL-17 stimu-
lation alone.

NF-κB, p38 MAPK, and PI3K activation is implicated 
in inflammatory diseases mediated by the IL-1 family [24-
26]. Therefore, we investigated whether APEX1 modulates 
the expression of IL-1 family members in RA FLS. Our re-
sults demonstrate that the elevated mRNA expression lev-
els of IL-1β, IL-18, IL-33, and IL-36α induced by TNF-α/
IL-17 stimulation were markedly suppressed by APEX1 
treatment (Fig. 2B, C). The most effective dose of APEX1 
in inhibiting TNF-α/IL-17-induced inflammatory signal-
ing was 10 ng/ml, consistent with the concentration that 
inhibited ROS generation. Although TNF-α/IL-17 leads to 
a different increasing trend among IL-1 family members, 
the overall tendency for levels to be decreased by APEX1 
has been consistently confirmed. Further studies are need-
ed to determine why are there such different suppressive 
effects by APEX1 among IL-1 family members. Addition-
ally, a similar effect of APEX1 was observed for mRNA 
expression levels of IL-36β and IL-37 (data not shown).

In line with these findings, we assessed the secretion 
of IL-1β and IL-36 in culture supernatants of RA FLS. 
Although APEX1 treatment suppressed the TNF-α/IL-17-
induced secretion of IL-1β and IL-36, only trace amounts 
of the secreted proteins were detected, with levels below  
10 pg/ml (Supplementary Fig. 1). Collectively, these find-
ings indicate that APEX1 modulates NF-κB-, p38 MAPK-, 
and PI3K-mediated inflammation in RA FLS.

APEX1 attenuates TNF-α/IL-17-mediated 
migration in RA FLS

Activated FLS exhibit heightened migratory capaci-
ty, leading to increased invasion into cartilage and bone 
damage compared to normal FLS [27]. Therefore, we as-
sessed FLS migration in response to TNF-α/IL-17 with or 
without APEX1 treatment using a scratch assay, where cell 
movement into a wounded area was evaluated. Our results 
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Fig. 1. Recombinant APEX1 reduces TNF-α/IL-17-induced ROS in RA FLS. A) RA FLS were treated with recombinant 
APEX1 (1, 10, and 100 ng/ml) for 24 h, and mitochondrial ROS levels were measured using MitoSOX mitochondrial 
superoxide indicator. Data represent one median experiment (left panel) with fold change of mean fluorescent intensity 
(MFI) compared to solvent control (right panel). Statistical analysis between solvent control and APEX1 was performed 
using the paired Student’s t-test. *p < 0.05. B) RA FLS stimulated with TNF-α (10 ng/ml)/IL-17 (10 ng/ml) alone or with 
recombinant APEX1 for 24 h were stained with MitoSOX. Data represent one median experiment (left panel), with fold 
change of MFI for MitoSOX compared to unstimulated control (right panel). Statistical analysis between TNF-α/IL-17 
and TNF-α/IL-17/APEX1 was performed using the paired Student’s t-test. *p < 0.05. C) RA FLS stimulated with TNF-α/
IL-17 alone or with recombinant APEX1 for 24 h were stained with tetramethylrhodamine methyl ester (TMRM) mito-
chondrial membrane potential probe. Data represent one median experiment (left panel) with fold change of MFI compared 
to unstimulated control (right panel). Statistical analysis between TNF-α/IL-17 and TNF-α/IL-17/APEX1 was performed 
using the paired Student’s t-test. * p < 0.05. Each symbol represents an individual donor (n = 5), and bars represent means
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Fig. 2. Recombinant APEX1 downregulates TNF-α/IL-17-mediated p38 MAPK and NF-κB phosphorylation, PI3K ac-
tivation, and IL-1 family production. A) Phosphorylation levels of p-p38 MAPK, p-NF-κB p65, and PI3K delta isoform 
(110δ) were evaluated by western blot in RA FLS stimulated with TNF-α (10 ng/ml)/IL-17 (10 ng/ml) alone or with 
recombinant APEX1 (10 ng/ml) for 30 min. Data represent one median experiment (left panel) with fold change of band 
intensity relative to unstimulated control (right panel). GAPDH served as a loading control. Each symbol represents an 
individual donor (n = 3), and bars represent means. Statistical analysis between TNF-α/IL-17 and TNF-α/IL-17/APEX1 
was performed using the paired Student’s t-test. *p < 0.05 
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Fig. 2. Cont. B) RA FLS were treated with TNF-α/IL-17 alone or with recombinant APEX1 (1, 10, and 100 ng/ml) for 
1 h, and IL-1β, IL-18, IL-33, and IL-36α mRNA levels were assessed by qRT-PCR. Data represent one experiment con-
ducted in triplicate with similar results
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Fig. 2. Cont. C) RA FLS were treated with TNF-α/IL-17 alone or with recombinant APEX1 (10 ng/ml) for 1, 3, and 6 h, 
and IL-1β, IL-18, IL-33, and IL-36α mRNA levels were analyzed. Data represent one experiment conducted in triplicate 
with similar results. Data are presented as mean ± standard deviation
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demonstrate that TNF-α/IL-17-induced cell migration is 
significantly reduced by APEX1 treatment (Fig. 3A). Ad-
ditionally, migration of RA patient-derived FLS following 
stimulation with TNF-α/IL-17 with or without APEX1 
was evaluated using a Transwell chamber assay, revealing 
a substantial decrease in cell migration upon treatment with 
recombinant APEX1 (Fig. 3B). Quantification of Transwell 
assay results by eluting the crystal violet dye with 0.1% 
SDS revealed that cell migration increased by 2.43-fold ver-

sus the control in response to cytokine stimulation alone, 
whereas APEX1 treatment (10 ng/ml) significantly down-
regulated expression by 44.22% compared to TNF-α/IL-17 
stimulation alone (Supplementary Fig. 2 and p < 0.05). 

Several cytokines are recognized as representative 
pro-inflammatory factors in RA FLS, including IL-6, IL-8, 
and VEGF [28]. Therefore, we measured the secreted lev-
els of these cytokines in culture supernatants from RA FLS 
stimulated with TNF-α/IL-17 and found that all were sig-
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Fig. 3. APEX1 mitigates TNF-α/IL-17-induced cell migration in RA FLS.  
A) RA FLS were subjected to a scratch assay, and migrated cells were photographed 
after stimulation with TNF-α (10 ng/ml)/IL-17 (10 ng/ml) alone or in combina-
tion with recombinant APEX1 (1, 10, and 100 ng/ml) for 24 h. Data represent one 
median experiment (upper panel), with fold change of wounding area compared 
to the 0 h time point (lower panel). Each symbol represents an individual donor  
(n = 5), and bars represent means. Statistical analysis between TNF-α/IL-17 
and TNF-α/IL-17/APEX1 was performed using the paired Student’s t-test.  
*p < 0.05. B) RA FLS were incubated with TNF-α/IL-17 alone or with recombi-
nant APEX1 for 24 h, and cell migration was assessed using a Transwell chamber 
with crystal violet staining. Data representing one median experiment, with fold 
change of the optical density, are displayed in Supplementary Fig. 2 (n = 5)
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Fig. 3. Cont. C) Culture supernatants of RA FLS were 
analyzed to measure secreted levels of IL-6, IL-8, 
and VEGF. Results are expressed as the mean ± SD 
of five independent donors. Statistical analysis be-
tween TNF-α/IL-17 and TNF-α/IL-17/APEX1 was 
performed using the paired Student’s t-test. *p < 0.05
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nificantly reduced by APEX1 treatment (Fig. 3C). These 
findings suggest that recombinant APEX1 alleviates FLS 
migration-mediated bone damage in RA.

APEX1 suppresses MMP3 expression in RA FLS

MMP3 expression correlates with cell migration and 
the inflammatory response in RA FLS and is regulated 
by the MAPK, NF-κB, and PI3K/Akt pathways [29, 30]. 
To investigate whether MMP3 expression is mediated by 
APEX1, RA FLS were stimulated with TNF-α/IL-17 with 
or without APEX1 for 3 h, and cytokine expression was 
assessed. TNF-α/IL-17 induced a 7.33-fold increase of 
MMP3 mRNA expression, whereas APEX1 treatment (10 
ng/ml) significantly downregulated expression by 67.39% 
compared to TNF-α/IL-17 stimulation alone (Fig. 4A, B). 
Additionally, secreted levels of MMP3 protein induced by 
TNF-α/IL-17 were reduced by APEX1 treatment (Fig. 4C).

To confirm the role of APEX1 in MMP3 expression, 
APEX1 mRNA levels in RA FLS were reduced using siRNA  
transfection. After 24 h, APEX1 silencing reduced APEX1 
mRNA levels by 0.07-fold compared to control siRNA 
(Fig. 4D). Upon confirmation of APEX1 silencing, MMP3 
expression significantly increased by 4.79-fold in RA FLS. 
Furthermore, expression of IL-1β (2.47-fold), IL-6 (3.23-
fold), and IL-36α (2.03-fold) mRNAs was also significant-
ly increased by APEX1 siRNA (data not shown). These 
results collectively indicate that recombinant APEX1 sup-
presses MMP3 production, ultimately reducing cell migra-
tion and aiding in alleviating inflammation in RA FLS.

Discussion
The synovium in RA exhibits heightened oxygen de-

mand due to immune cell infiltration, synovial hyperpla-
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Fig. 4. TNF-α/IL-17-activated MMP3 is suppressed by APEX1 in RA FLS. A) RA FLS were stimulated with TNF-α 
(10 ng/ml)/IL-17 (10 ng/ml) alone or with recombinant APEX1 (1, 10, and 100 ng/ml). After 3 h, mRNA expression of 
MMP3 was measured. Data represent one experiment, which was performed in triplicate with similar results. B) RA FLS 
were stimulated with TNF-α/IL-17 alone or with recombinant APEX1 for 1 or 3 h. Data show fold change of MMP3 
expression compared to unstimulated control. Data represent one experiment conducted in triplicate with similar results, 
and bars represent means. Statistical analysis between TNF-α/IL-17 and TNF-α/IL-17/APEX1 was performed using the 
paired Student’s t-test. *p < 0.05. **p < 0.01. C) RA FLS were incubated with TNF-α/IL-17 alone or with recombinant 
APEX1 for 24 h, and MMP3 levels in supernatants were measured by ELISA. Each symbol represents an individual donor 
(n = 5), and bars represent means. Statistical analysis between TNF-α/IL-17 and TNF-α/IL-17/APEX1 was performed 
using the paired Student’s t-test. *p < 0.05. D) The level of APEX1 was inhibited in RA FLS using siRNA transfection. 
After 24 h, mRNA expression of APEX1 and MMP3 was assessed. Each symbol represents an individual donor (n = 3), 
and the bar represents the mean. Statistical analysis between control siRNA and APEX1 siRNA was performed using  
the paired Student’s t-test. *p < 0.05
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sia, and angiogenesis [31]. FLS play a central role in RA 
inflammation, characterized by elevated ROS levels and 
metabolic dysregulation, contributing to RA pathogenesis 
[32]. Despite being present in the RA synovium, the role 
of APEX1, a known redox effector in various disorders, 
remains unexplored in RA. In this study, we investigated 
the antioxidant function of APEX1 in RA FLS, revealing 
its ability to diminish ROS levels and restore mitochon-
drial membrane potential in TNF-α/IL-17-stimulated RA 
FLS (Fig. 1). Furthermore, we observed significant attenu-
ation of TNF-α/IL-17-induced activation of key inflamma-
tion-associated signaling pathways, including p38 MAPK, 
NF-κB, and PI3K, upon recombinant APEX1 treatment 
(Fig. 2A). Additionally, APEX1 treatment downregulated 
the mRNA expression of IL-1 cytokine family members, 
commonly found in the inflammatory synovial environ-
ment during RA pathogenesis (Fig. 2B, C) [33].

In a prior investigation, we found a positive correlation 
between APEX1 levels and disease activity in RA patients 
[17]. These findings suggest that elevated APEX1 levels in 
the RA synovium might serve to mitigate disease progres-
sion by regulating redox homeostasis. This notion aligns 
with previous research indicating that increased APEX1 
expression promotes neuronal survival under oxidative 
stress in a neurodegenerative disorder model [34]. Howev-
er, contrasting findings by Nishi et al. suggest that APEX1 
activates NF-κB signaling by enhancing its DNA binding 
affinity in vivo [35]. Thus, the role of APEX1 as a reg-
ulator of redox homeostasis may be context-dependent, 
influenced by the specific redox environment. Given the 
excessive inflammatory state of RA, APEX1 holds prom-
ise as a potential therapeutic agent. Further investigation is 
warranted to evaluate the efficacy of recombinant APEX1 
in animal models of RA.

Due to the potential of excessive ROS to directly induce 
both cell migration and inflammation in RA, we examined 
the migratory capacity of FLS and cytokine production fol-
lowing recombinant APEX1 treatment [36]. Our findings 
demonstrate that APEX1 effectively inhibits cytokine-in-
duced cell migration, along with the secretion of IL-6, IL-8, 
and VEGF secretion in RA FLS (Fig. 3). These results sug-
gest that APEX1 not only suppresses cytokine-induced cell 
migration but also mitigates inflammation in the synovium. 
This aligns with a previous study using a vascular inflam-
mation model, where APEX1 attenuated the TNF-α-in-
duced inflammatory response by suppressing ROS, MAPK, 
and vascular cell adhesion molecule 1 (VCAM-1) [37].

MMP3 functions as a potent inflammatory factor by 
degrading the extracellular matrix, including the cartilage 
matrix, and the associated matrix components, and activat-
ing several pro-MMPs [38]. Here, we observed significant 
suppression of MMP3 expression in RA FLS following 
APEX1 treatment (Fig. 4). Given MMP3’s involvement 
in the initiation and progression of various disorders, these 
findings imply that APEX1 may have broader therapeutic 

potential as a treatment option for inflammation, cancer, 
and autoimmune diseases [30].

In this study, we investigated the inflammatory re-
sponse of synovial cells and the activation of associated 
signaling pathways following the administration of human 
recombinant APEX1 into a cell culture medium. One po-
tential mechanism through which APEX1 could suppress 
inflammation in this context is by directly modulating in-
flammatory signals after endocytosis of the APEX1 pro-
tein. Endocytosis serves as the primary pathway for protein 
uptake into cells. While most cells typically exhibit limited 
uptake of proteins through this process, FLS, if possessing 
macrophage-like characteristics, might exhibit a higher pro-
pensity for protein endocytosis, including APEX1, during 
inflammation [39]. Alternatively, APEX1 may regulate the 
activity of receptors responsible for detecting inflammatory 
signals in the extracellular fluid or disrupt disulfide bonds 
in inflammatory receptors via a thiol-exchange mechanism, 
thereby inhibiting inflammatory signaling [37].

Limitations of this study include the utilization of ex 
vivo human FLS, which may not fully reflect in vivo re-
sponses due to the small size of the sample obtained from 
RA patients. Therefore, future studies employing animal 
models of RA are warranted to better understand the role 
of APEX1 in this disease context.

Conclusions
Our study demonstrates that recombinant APEX1 sig-

nificantly reduces ROS production, inflammatory cytokine 
secretion, and activation of the MAPK, NF-κB, and PI3K 
pathways in RA FLS upon TNF-α/IL-17 stimulation, re-
sulting in inhibition of migration through MMP3 suppres-
sion. These findings suggest a novel approach for mitigat-
ing pathogenic inflammatory responses and could enhance 
our comprehension of the interplay between RA pathology 
and redox homeostasis.
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