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Abstract
Background

Rheumatoid arthritis (RA) is a chronic inflammatory disease that leads to progressive joint damage.
Circular RNAs (circRNAs) can regulate the inflammatory response of fibroblast-like synoviocytes (FLSs)
in rheumatoid arthritis (RA) and influence the disease progression. Paeoniflorin (PF) is the main active
ingredient extracted from Paeonia lactiflora Pallas and is known for its anti-inflammatory effect. This
study aims to explore the potential mechanisms by which hsa_circ_009012 and PF regulate the
inflammatory response in RA.

Methods

RNA expression of hsa_circ_009012, has-microRNA-1286 (miR-1286), toll-like receptor 4 (TLR4), NOD-
like receptor thermal protein domain associated protein 3 (NLRP3) were assessed by real-time
quantitative polymerase chain reaction (RT-qPCR) or western blotting (WB). Cell inflammation markers
(TNF-q, IL-1B, IL-6) were assessed by RT-qPCR and immunofluorescence (IF). Counting Kit-8 (CCK-8)
assay, flow cytometry, and transwell assay were utilized to test cell viability, cell cycle distribution, and
migration.

Results

Hsa_circ_009012 was highly expressed in RA-FLSs. Hsa_circ_009012 overexpression facilitated the
inflammation in RA-FLSs and was closely associated with the miR-1286/TLR4 axis. Paeoniflorin inhibited
inflammation and the expression of hsa_circ_009012 and TLR4, while upregulating the expression of
miR-1286 in RA-FLSs. Moreover, the upregulation of hsa_circ_009012 reversed the repressive effect of
paeoniflorin on RA-FLSs progression.

Conclusion

Paeoniflorin inhibits the inflammation of RA-FLSs via mediating the hsa_circ_009012/miR-
1286/TLR4/NLRP3 axis.

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by symmetric polyarthritis. RA

exhibits synovial inflammation which is the fundamental pathological alteration in the early stage of

disease, then synovium proliferates and pannus forms that damages joints and impairs joint function,

ultimately results in disability[”. RA is a major global public health challenge, according to the global

epidemiological study on RA in 2017, the age-standardized global prevalence and annual incidence rates
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of RA were 0.246% and 0.015%, which show an increasing trend 23] The etiology of RA has not yet been
fully clarified, but it generally involves a complex interplay among genetic susceptibility, environmental
exposures, microbial infections, and immune dysregulation["" 51 American college of rheumatology
guideline for the treatment of rheumatoid arthritis indicates that the treatment of RA includes
nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids (GC), conventional synthetic disease-
modifying antirheumatic drugs (csDMARDs), biologic DMARDs (bDMARDs) and targeted synthetic
DMARDSs (tsDMARDs), as well as joint replacement surgery!® 7. However, in practical clinical treatment,
biologic agents and targeted synthetic drugs are more prone to adverse reactions and individual
variability in efficacy, coupled with their high cost, which often leads to these treatments not being
prioritized as the first-choice options®~1%. Therefore, finding a safe, effective, and cost-efficient
approach to control joint damage caused by RA has become an important goal in treating this disease.

Circular RNAs (circRNAs) are a novel class of non-coding RNAs (ncRNAs) that form a covalently closed
loop structure lacking 3' PolyA tails and 5' caps, which makes them effectively resistant to degradation
by the ribonuclease R (RNase R)[”]. Additionally, circRNAs exhibit characteristics including tissue
specificity, conservation, and widespread expression, playing a significant regulatory role in the process
of gene expressiont'219] |n recent years, an increasing number of genetic studies related to the
pathogenesis of RA (including gene-arrays and new generation sequencing studies) revealed gene
expression signatures and networks in synovial tissue and peripheral blood mononuclear cells (PBMCs)
[16-18] Fyrthermore, research on post-transcriptional mechanisms of gene regulation has identified
ncRNAs associated with disease activity, inflammation, pannus formation and bone destructionl'9l,
These ncRNAs play a significant role in the diagnosis and treatment of RA as biomarkers, mediators of
pathogenesis and potential therapeutic targets!'® 20,

Paeoniflorin (PF), the main active ingredient in traditional Chinese medicine Paeonia lactiflora Pallas,
holds significant value in treating RA. PF is widely used to alleviate arthritis symptoms in RA patients, as
its anti-inflammatory properties aid in reducing pain and swelling?'l. Furthermore, PF also contributes to
slowing down the progression of RA, reducing joint structure damage, and can play a significant role in
the long-term management of RA22l. And PF is considered a relatively safe drug option suitable for
patients who experience adverse reactions to conventional treatments or biologics[zz]. However, there is
currently no literature reporting treatment targeting has_circ_009012 in RA. In previous research, our
research team found differential expression of has_circ_009012 in peripheral blood mononuclear cells
(PBMCs) between healthy controls and RA patients!'® 23l and has_circ_009012 might play a role in the
onset and progression of RA by regulating relevant pathways through the targeting of miRNAs. This
study aims to observe the impact of PF on the expression of has_circ_009012 in RA-FLS, exploring the

regulatory mechanism of PF targeting has_circ_009012, thus offering novel insights into PF therapy for
RA.

2. Materials and methods
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2.1. Cell culture and paeoniflorin treatment

Human fibroblast-like synoviocyte (H-FLS) and RA-FLS cell lines (Jennio Biotechnology, Guangzhou,
China) were incubated with Dulbecco's modified eagle medium (DMEM; Baikaimei Biotechnology,
Shenzhen, China) including 10% fetal bovine serum (FBS; Procell Life Science&Technology, Wuhan,
China) and 1% penicillin/streptomycin (P/S; Baikaimei Biotechnology, Shenzhen, China). Cells were
routinely grown in the humidified condition at 37 °C and 5% CO,. For paeoniflorin treatment, RA-FLSs
were exposed to various doses (0, 25, 50, 75, 100 and 200 pg/ml) of paeoniflorin (Yuanye Bio-
Technology, Shanghai, China) for 24 and 48 h.

2.2. Cell transfection

Small interfering RNA against hsa_circ_009012 (si-circ_009012#1, #2, #3) and scramble control si-NC,
hsa_circ_009012 overexpression vector (ad-circ_009012) and its control (pCDH-ciR), miR-1286 mimic
and inhibitor and related controls (miR-NC) were synthesized by GeneCreate (Wuhan, China). RA-FLSs
were plated into 6-well plates and then transfected with the compositions using Lipofectamine 3000. The
transfection efficiency was assessed using RT-gPCR after 48h post-transfection.

2.3. Reverse-transcription quantitative polymerase chain
reaction (RT-qPCR)

Trizol total RNA extraction reagent (TRANS, Beijing, China) for RNA isolation and cDNA first chain
synthesis kit (TRANS, Beijing, China) for reverse transcription were carried out as per the instruction
books. The quantification detection was conducted through UltraSYBR One Step RT-qPCR Kit (ComWin
Biotech, Beijing, China) and miRNA fluorescence quantitative qPCR detection kit (Vazyme Biotech,
Nanjing, China). B-actin and U6 were selected as the control genes, and the relative level was analyzed

via the 272ACt method(?4l. The specific primers were provided in Table 1.

Page 4/26



Table 1

Primer sequences used for RT-gPCR.

Gene Primer sequences

Forward (5-3") Reverse (5-3")
Has_circ_009012 CTAGAAGCCACCCAAACTGCCAC  GGCCCTCTCCACATAGTCTACCG
TNF-a GCTTGTTCCTCAGCCTCTTCTCC GAGGGTTTGCTACAACATGGGCT
IL-18 CCTGAGCTCGCCAGTGAAATGAT TTGTCCATGGCCACAACAACTGA
IL-6 CACAGACAGCCACTCACCTCTTC CAGTGCCTCTTTGCTGCTTTCAC
NLRP3 AGATGGAGTTGCTGTTTGACCCC ACGCCCAGTCCAACATCATCTTC
TLR4 CCTGGACCTGAGCTTTAATCCCC AGGGCTAAACTCTGGATGGGGTT
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
Hsa-miR-1286 CGCGTGCAGGACCAAGATG AGTGCAGGGTCCGAGGTATT
Hsa-miR-1272 GGATGATGATGGCAGCAAATT AGTGCAGGGTCCGAGGTATT
Hsa-miR-1248 GCGACCTTCTTGTATAAGCACTGT AGTGCAGGGTCCGAGGTATT

2.4. Cell Counting Kit-8 (CCK-8) assay

After transfection for various time points, the viability detection by CCK-8 cell viability assay kit
(Baikaimei Biotechnology, Shenzhen, China) was implemented as per the guidelines. RA-FLSs were

pipetted with 10 uL CCK-8 reagent and incubated at 37 -C for 1.5 h. The microplate reader was employed
for detecting the optical density at 450 nm.

2.5 Cell cycle assay

H-FLSs and RA-FLSs were seeded into 6-well plates at 5x10° cells. Each group was set three parallel
wells. After 48 h transfection, cells were collected by trypsinization, resuspended thrice in cold PBS and
fixed with 75% ethylalcohol for 6 h at 4°C. Finally, the distribution of cell cycle was analyzed by flow
cytometry (Meilun Biotech, Dalian, China). The percentage of cells in the G1-S and S-G2 phases were
analyzed using Modfit software.

2.6 Transwell Assay

Cell migration and invasion abilities were assessed via transwell chambers (Corning, NY, USA) pre-
coated without or with Matrigel. The treated RA-FLSs were injected into the upper chamber. In the
meantime, the lower chamber was filled with 10% FBS. Then, RA-FLSs were treated with crystal violet. At
last, the migrated and invaded cells were calculated under a microscope at 100x magnification.

2.7 Immunofluorescence (IF) analysis
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H-FLSs, non-transfected and transfected RA-FLSs were fixed with 4% paraformaldehyde for 30 min at
room temperature and then permeabilized in PBS containing 0.5% Triton X-100 on ice for 20 min. The
sections were washed with PBS for three times, and immunostained with primary antibodies, and
incubated overnight in a wet chamber at 4°C. The dilutions of antibodies were TNF-a (1:50), IL-1B (1:50),
IL-6 (1:50) and NLRP3 (1:50). All antibodies were provided by Biosynthesis biotechnology (Beijing,
China). Then, the cells were stained with the corresponding secondary antibody, and incubated at room
temperature for 50 mins. Cell nuclei were stained with DAPI.

2.8 Western blot (WB)

Protein was extracted using RIPA buffer (Solarbio Science & Technology, Beijing, China) with 1% protease
inhibitor, and concentration was determined with a BCA kit (Biosharp, Anhui, China) following the
manufacturer’s protocols. The protein sample (10 pg/lane) was separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto the polyvinylidene fluoride (PVDF)
membrane. Then, the membranes were blocked with 5% non-fat milk for 1 h, and then incubated with
primary antibodies, including TLR4 (ab13556, 1:500 dilution, 96kDa, Abcam), NLRP3 (ab232401, 1:500
dilution, 118kDa, Abcam) and GAPDH (ab245355, 1:3000 dilution, Abcam) overnight at 4°C. Then the
membranes were incubated with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (ab205718, 1:8000 dilution, Abcam) for 2h. Finally, the blots were visualized using ECL reagent
(Meilun Biotech, Dalian, China). The grey values of proteins were analyzed utilizing Image J software
(NIH, Bethesda, MD, USA). Relative protein expression was normalized to the control group, with GAPDH
as a loading control.

2.9 Network pharmacological analysis

The chemical structures and canonical SMILES of PF were obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/), and the drug targets were identified by the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Platform[2°! (TCMSP) (https://tcmsp-
e.com/tcmsp.php), the STITCH[2®! (http://stitch.embl.de/, ver.5.0) database and the Swiss Target
Prediction Databasel?”! (http://swisstargetprediction.ch/) for drug target prediction analysis, followed by
the Genecards!?8! database (https://www.genecards.org/) to identify RA disease targets. The UniProt[2%
database (https://www.uniprot.org/) was used to normalize gene information and further remove
duplicate genes and pseudogenes. Finally, overlapping genes between drug targets and RA targets were
extracted for Venn diagramming by R software (version 4.3.1).

The overlapping targets of the predicted targets of PF and RA targets were imported into the STRING!O!
database (https://string-db.org), limiting the study species to “"Homo sapiens”. The minimum interaction
score was set to 0.400, and the rest parameters were kept at default settings to obtain the PPI network

in which PF plays arole in RA. The results were imported into Cytoscape[3” v.3.10.1 software to analyze
the core targets in the PPl network, and screen out the drug and disease core targets in the PPl network.
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The overlapping target genes were converted to their specific Ensembl gene names
(www.ensembl.org/biomart/) via the R software. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis using the R package “clusterProfile” and
“org.Hs.eg.db”. Enrichment results were visualized using the “enrichlot” and “ggplot2” R packages. The
above-mentioned steps were done by R software 4.3.1 (x64). The final results are presented as bar and
bubble plots. P values < 0.05 or g values < 0.05 were considered statistically significant. Molecular
functions (MF), biological processes (BP), and cellular components (CC) enriched in overlapping genes
were identified by GO analysis, and the top 30 KEGG pathways enriched in overlapping genes were
identified by KEGG analysis.

These results were summarized and loaded into Cytoscape v.3.10.1 to construct a PF-target-GO-KEGG-
RA network graph. In the network, edges represent interactions between nodes and nodes represent
drugs, diseases, pathways, and targets.

2.10 Statistical analysis

The cellular experiments were performed 3 biological replicates with 3 technical replicates. Statistical
analysis was conducted using SPSS 27.0 (SPSS Inc., Chicago, IL, USA) and the data were represented as
mean t standard deviation (SD). Difference between the two groups was analyzed via independent
sample t test. Differences between multiple groups were assessed by one-way analysis of variance
(ANOVA) followed by Tukey post-hoc test. P value < 0.05 was statistically significant.

3. Result
3.1 Hsa_circ_009012 exhibited a higher level in RA-FLSs

The expression of has_circ_009012 was detected by RT-qPCR in cells from H-FLS and RA-FLS groups.
Has_circ_009012 showed a significant upregulation in RA-FLSs compared to H-FLSs, and the difference
in Has_circ_009012 expression between the two groups is statistically significant (Fig. 1A). This result is
consistent with the expression trend of has_circ_009012 observed in PBMCs from healthy controls and

RA patients in our previous studies!'® 23],

3.2 Hsa_circ_009012 inhibition repressed cell proliferation,
cell cycle progression, cell migration and inflammatory
response

RT-qPCR results showed that hsa_circ_009012 was evidently downregulated by si-circ_009012#1 in RA-
FLSs, contrasted to si-NC group (P < 0.05, Fig. 1B). Therefore, si-circ_009012#1 was chosen for
subsequent experiments (hereafter referred to as si-circ_009012). Cell growth analysis by CCK-8 assay
demonstrated that cell viability (Fig. 1C) was suppressed after transfection of si-circ_009012. Cell
transition from G0/G1 to S phase was prevented by si-circ_009012, suggesting that knockdown of
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hsa_circ_009012 resulted in cell cycle arrest in RA-FLSs (Fig. 1D, E). Cell migration and invasion were
investigated by transwell assay. As shown in Fig. 1F and G, hsa_circ_009012 knockdown significantly
restrained RA-FLSs migration and invasion.

Additionally, RT-qPCR (Fig. TH-K) and immunofluorescence (Fig. 1L) indicated that hsa_circ_009012
interference significantly reduced the expression of TNF-q, IL-13, IL-6 and NLPRP3 mRNA in RA-FLSs.
These data indicated that hsa_circ_009012 knockdown suppressed cell proliferation, cell cycle
progression, migration and inflammatory response of RA-FLSs.

3.3 Hsa_circ_009012 interacted with has-miR-1286

Venn Diagram analysis exhibited that hsa-miR-1272, hsa-miR-1286, hsa-miR-1248, hsa-miR-486-3p and
hsa-miR-296-5p were mutually predicted as the targets for circ_0088036 in circBank®? and
circinteractomel33! (Fig. 2A). Then, hsa-miR-1272, hsa-miR-1286, and hsa-miR-1248 were selected for
further validation by RT-gPCR in this study. RT-qPCR results (Fig. 2B-D) showed that hsa-miR-1272, hsa-
miR-1286, and hsa-miR-1248 were downregulation in RA-FLSs, and their expression levels were
upregulated after knocking down has_circ_009012. This suggests a potential regulatory relationship
between has_circ_009012 and hsa-miR-1272, hsa-miR-1286, and hsa-miR-1248. Therefore, hsa-miR-
1286, which exhibited the most prominent differential expression, was selected for subsequent studies.

3.4 Hsa_circ_009012 regulate inflammation in RA-FLS via
the miR-1286/TLR4/NLRP3 pathway

TargetScanHuman8.0[34] has identified binding sites between hsa-miR-1286 and TLR4. Additionally, TLR4
is closely associated with inflammation and can activate NLRP3 through multiple signaling pathways,
thereby promoting the release of inflammatory factors. Therefore, we investigated the mechanism by
which hsa-miR-1286 and TLR4 participate in the inflammatory response in RA-FLS by RT-qPCR and
western blot. RT-gPCR has affirmed that miR-1286 mimic transfection for miR-1286 overexpression and
miR-1286 inhibitors transfection for miR-1286 inhibition were conspicuous, contrasted to miR-NC control
groups (Fig. 3A). Subsequently, RT-qPCR results (Fig. 3B-F) indicated that miR-1286 overexpression and
inhibition respectively suppressed and promoted the expression of inflammatory factors (TNF-q, IL-18,
IL-6), TLR4 and NLRP3 mRNA. And the same expression trend of TLR4 and NLRP3 proteins was
confirmed by Western blot (Fig. 3G-I).

3.5 Network pharmacological analysis reveals paeoniflorin
regulates TLR4-related signaling pathways in inflammatory
responses of RA.

Paeonia lactiflora Pallas, as a traditional Chinese medicine, has been used for over a thousand years in
the treatment of pain, inflammation, and immune system disorders. Total glycoside of paeony (TGP) is
extracted from the dried root of Paeonia lactiflora Pallas. Paeoniflorin (PF) is the major active
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component of TGP. Paeoniflorin has been shown to exhibit anti-inflammatory and immunomodulatory
effects by restoring abnormal signal transduction in RA-FLSs!33L. To further delve into the main signaling
pathways involved in the anti-inflammatory effects of PF in RA, detailed study of paeoniflorin was
conducted using network pharmacology analysis (Fig. 4).

3.5.1 Potential targets and overlapping genes screening of
PF and RA

The targets of PF were searched and predicted by the TCMSP, STITCH, and Swiss Target Prediction
Database, resulting in the identification of 114 targets after merging and eliminating duplicate genes.
4170 targets for RA disease were identified by using the Genecards database (set species as “Homo
sapiens” and gene status as “validated”). After steps such as screening and deduplication, the
overlapping genes of PF and RA were limited to 72 (Fig. 5A).

3.5.2 GO and KEGG enrichment analysis and construction
of PPl network

GO and KEGG enrichment analysis closely related to PF and RA was performed.

The GO results suggest that biological processes associated with PF treatment of RA included the
positive regulation of cytokine production, the positive regulation of MAP kinase activity, the positive
regulation of kinase activity, the positive regulation of protein serine/threonine kinase activity, and the
positive regulation of protein kinase activity; the associated cellular components included vesicle lumen,
membrane raft, membrane microdomain, cytoplasmic vesicle lumen, and secretory granule lumen; the
related molecular functions included metalloendopeptidase activity, protein tyrosine kinase activity,
growth factor receptor binding, metallopeptidase activity, and endopeptidase activity (Fig. 5B).

The KEGG results showed that the potential mechanisms of PF treatment against RA involved MAPK,
PI3K-Akt, Ras, NF-kappa B, Toll-like receptor, IL-17 signaling pathway (Fig. 5C). Based on the
abovementioned results, a drug-disease-target-GO-KEGG network map was constructed (Fig. 6A).

72 intersecting genes were uploaded to the STRING database, and the PPl network results were
imported into Cytoscape v.3.10.1 software to build the network. The node colour and size were adjusted
according to the degree value (Fig. 6B). The top 20 core genes were identified by the numbers of
interconnected nodes (Fig. 6C).

Additionally, using the Cytoscape plug-in MCODE algorithm to analyze potential protein function
modules, with K-Core set to 2. We analyzed the closely connected functional modules in the PPl network
using the MCODE function and identified three types of modules with a K-Core value > 2 in the network,
as shown in Fig. 6D. These three clusters represent target proteins that are closely related to each other
to accomplish specific molecular functions through interactions. Among them, the score for cluster 1
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MCODE was 9.357, for nodes was 17, for edges was 150, involving TLR4, FGF2, SRC, and other related
target proteins. The score for cluster 2 MCODE was 9.000, for nodes was 19, and for edges was 162,
involving GAPDH, TNF, IL6, EGFR, MMP9 and other related target proteins. The score for cluster 3
MCODE was 7.143, for nodes was 8, and for edges was 50, involving ADK, ADA, GATR, and other related
target proteins.

In summary, the main signaling pathways involved in the anti-inflammatory effects of PF in RA include
the MAPK signaling pathway, PI3K/Akt signaling pathway, NF-kB signaling pathway, and Toll-like receptor
signaling pathway. Among these, TLR4 has been identified as the core target through which PF exerts its
anti-inflammatory effects in RA. This is related to the signaling pathways through which hsa_circ_009012
regulates the inflammatory response in RA-FLSs. Therefore, this study further investigates the
relationship between Paeoniflorin's anti-inflammatory effects, Hsa_circ_009012, and its effect on the
TLR4 gene.

3.6 Paeoniflorin inhibits proliferation and hsa_circ_009012
expression in RA-FLSs

To ascertain the role of paeoniflorin in RA progression, RA-FLSs were stimulated with different doses of
paeoniflorin (0, 25, 50, 75, 100, 200 pg/ml) for 24h and 48h. The CCK-8 assay illustrated that paeoniflorin
suppressed the viability of RA-FLSs dose-dependently (Fig. 7A). Therefore, 50ug/ml and 24h were
selected as treatment conditions for paeoniflorin in the following research. Next, RT-qPCR results

(Fig. 7B) indicated that paeoniflorin can downregulate the expression of hsa_circ_009012 in RA-FLSs.

3.7 Paeoniflorin inhibits inflammation in RA-FLSs, while the overexpression of hsa_circ_009012 counters
the effects of Paeoniflorin in RA-FLSs

RT-qPCR has affirmed that ad-circ_009012 transfection for hsa_circ_009012 was conspicuous,
contrasted to pCDH-ciR control groups (Fig. 8A). To explore whether hsa_circ_009012 is regulated by
paeoniflorin in RA, RA-FLSs were introduced with pCDH-ciR or ad-circ_009012 before paeoniflorin
administration. RT-qPCR (Fig. 8B-G) and western blot (Fig. 8H-J) results showed that paeoniflorin
suppressed the expression of inflammatory factors (TNF-q, IL-1B, IL-6), TLR4, and NLRP3 mRNA, as well
as TLR4 and NLRP3 proteins. Simultaneously, paeoniflorin promoted the expression of has-miR-1286.
Additionally, these effects these impacts were abolished by upregulating hsa_circ_009012.

4. Discussion

RA is primarily characterized by autoimmune dysfunction and chronic inflammation!36l. In most cases,
the inflammatory process of RA initially affects a single joint, but it commonly progresses to involve
nearly all joints[37]. The progression of RA leads to reduced quality of life, bone and cartilage damage,
even deformities and disabilities, thereby increasing disability and mortality rates!.. Therefore, exploring
potential therapeutic targets associated with the immunoinflammatory mechanisms in synovial tissue is
crucial. The pathophysiology of RA involves various cell types, including FLSs, macrophages, B cells, T
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cells, chondrocytes, and osteoclasts, all of which participate in the process of joint destructionl38l,
Numerous studies suggest that activated FLSs present in the synovium of RA patients are among the
key contributors to the joint destruction process[39]. Activated RA-FLSs exhibit characteristics similar to
tumor cells, including enhanced proliferation, invasion, migration capabilities, and the release of
numerous inflammatory factors, which lead to inflammation spread, bone and cartilage destruction, and
induction of immune cell infiltration into the synovium!®9. In recent years, extensive studies have
revealed that circRNAs play a significant role in regulating gene expression, signaling pathways, or
cellular functions of RA-FLSs, thereby modulating the onset and progression of RA#!. This study found
that, compared to H-FLSs, has_circ_009012 expression was significantly elevated in RA-FLSs, consistent
with the expression trend of has_circ_009012 observed in PBMCs from healthy controls and RA patients
in our previous studies!'® 23] Additionally, has_circ_009012 may regulate the inflammatory response and
biological functions of RA-FLSs through a ceRNA mechanism, exacerbating the development of RA.

CircRNAs are ncRNAs that have garnered increasing attention in RA following the exploration of miRNAs
and IncRNAs. Compared to traditional linear RNAs, circRNAs form a covalently closed loop structure
which lacks 3' PolyA tails and 5' caps, making them effectively resistant to degradation by the
ribonuclease R (RNase R)["'l. Furthermore, circRNAs exhibit characteristics such as tissue specificity,
conservation, and ubiquitous expressiont'2~14 42 pye to these characteristics, circRNAs hold greater
potential as a diagnostic biomarker for diseases!*3~46l. Our preliminary studies had explored the circRNA
expression profiles in PBMCs of RA patients by microarray assay and receiver operating characteristic
(ROC) analysis, then identified hsa_circ_101328 and hsa_circ_009012 exhibit specificity and sensitivity in
RA, which indicates that circRNAs hold significant promise as a diagnostic biomarker in RA with broad
application prospects[1 6,23] Additionally, circRNAs can be modulated by drugs and function by sponging
miRNAs to reduce the availability of miRNAs targeting mRNA. This contributes to mRNA stability or
protein expression, thereby impacting the inflammatory response and biological functions of RA-FLSs!7~
49] To investigate the role of hsa_circ_009012 in RA-FLSs, this study conducted loss-of-function
experiments by transfecting RA-FLSs with si-circ_009012 and si-NC. The results revealed that knocking
down hsa_circ_009012 suppressed the inflammatory response of RA-FLSs by reducing the expression of
TNF-q, IL-1B, IL-6, and NLRP3 mRNA.

CircRNAs can function by sponging miRNAs to reduce the abundance of miRNAs in the cytoplasm,
consequently promoting mRNA translation primarily occurring in the cytoplasm[SO]. This study predicted
the miRNAs targets of hsa_circ_009012 based on the circBank®2 and circinteractomel®3, and identifying
has-miR-1286 as a potential target of hsa_circ_009012. Subsequently, TargetScanHuman8.0[34] identified
the binding sites between has-miR-1286 and TLR4. To further investigate the role of has-miR-1286 in RA-
FLSs, we constructed overexpression and inhibition of has-miR-1286 in RA-FLSs. RT-qPCR and western
blot results indicated that has-miR-1286 overexpression and inhibition respectively suppressed and
promoted the expression of inflammatory factors (TNF-q, IL-1B, IL-6), and NLRP3 by targeting TLR4.
Previously, reports have revealed that overexpression of miR-1286 can inhibit the growth of A549 cancer
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cells in non-small cell lung cancer (NSCLC)[5” and suppress the migration and invasion capabilities of
gastric cancer cells52. This study similarly found a disease-inhibiting effect when overexpressing miR-
1286 in RA-FLSs which exhibiting characteristics akin to tumor cells.

Toll-like Receptor 4 (TLR4) is one of the members of the Toll-like receptor family and plays a crucial role
in recognizing and responding to pathogens, initiating immune responses[53]. As an upstream regulator
of the nuclear factor-kappa B (NF-kB) signaling, TLR4 activates NF-kB, inducing the transcription of
NLRP3 and other key pro-inflammatory genes (including prolL-1B)[®* %5 TLR4 can also activate NLRP3
through the receptor-interacting protein 1 (RIP1)-FAS-associated death domain protein (FADD)-caspase 8
pathway, promoting the release of pro-inflammatory mediators (such as IL-1B, IL-18), leukotrienes, and
prostaglandins[56]. Our study found that overexpressing has-miR-1286 might suppress the inflammatory
response of RA-FLSs by reducing the expression of TNF-q, IL-18, IL-6, and NLRP3 through TLR4.
Therefore, hsa_circ_009012 might regulate the inflammatory response of RA-FLSs by targeting the has-
miR-1286/TLR4/NLRP3 axis.

Furthermore, abundant studies had indicated that paeoniflorin, owing to its anti-inflammatory effects,
plays a significant role in various inflammatory diseases, including RA, and had been verified to
ameliorate aberrant biological functions in RA-FLSs!2"- 3% 57. 58] This study observed high expression of
hsa_circ_009012 in RA-FLS, which was downregulated after paeoniflorin intervention. As there is
currently no literature documenting the relationship between paeoniflorin and hsa_circ_009012, our
study focused on the anti-inflammatory effects of paeoniflorin. RT-gPCR and western blot results
revealed that paeoniflorin exhibits an anti-inflammatory effect by downregulating the expression of
hsa_circ_009012, has-miR-1286, TNF-q, IL-13, IL-6, TLR4, and NLRP3 in RA-FLSs. Additionally, the
overexpression of hsa_circ_009012 reversed the anti-inflammatory effect of paeoniflorin in RA-FLSs.
This aligns with previous research, which reported that intervention with paeoniflorin suppressed the
inflammatory response, proliferation, migration, and invasion capabilities of RA-FLSsP3L. These findings
suggest that paeoniflorin may inhibit the inflammatory response of RA-FLSs through the
hsa_circ_009012/has-miR-1286/TLR4/NLRP3 axis.

5. Conclusion

This study conducted in vitro cultivation of RA-FLSs and observed the overexpression of
hsa_circ_009012, which facilitated inflammatory responses in RA-FLSs. Furthermore, it is likely that
hsa_circ_009012 may regulate the inflammatory response of RA-FLSs through the has-miR-
1286/TLR4/NLRP3 axis. Additionally, paeoniflorin was found to downregulate hsa_circ_009012 and
suppress the inflammatory response of RA-FLSs via the has-miR-1286/TLR4/NLRP3 axis, thereby
controlling the progression of RA.
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Figure 1

(A) The expression of hsa_circ_009012 in H-FLSs and RA-FLSs was detected by RT-qPCR. (B) RT-gPCR
was applied for quantification of hsa_circ_009012 after transfection of si- circ_009012#1, si-
circ_009012#2, si- circ_009012#3 and si-NC. (C) CCK-8 assay was used for detecting cell viability
detection. (D-E) Flow cytometry was used to analyze cell cycle progression. (F-G) Transwell assay was
used to assess cell migration. (H-K) RT-qPCR was used to detect the expression of TNF-q, IL-1B, IL-6, and
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NLRP3 mRNA. (L) Immunofluorescence was used to detect the expression of TNF-q, IL-1B, IL-6 and
NLPRP3.
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(A) The miRNA targets from circBank and circinteractome were selected through Venn Diagram. (B-D)
RT-qPCR was used to detect the expression of hsa-miR-1272, hsa-miR-1286, and hsa-miR-1248.
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Figure 3

(A) RT-gPCR was applied for quantification of has-miR-1286 after transfection of miR-1286 mimic and
miR-1286 inhibitor and miR-NC. (B-F) RT-qPCR was used to detect the expression of TNF-q, IL-1B, IL-6,
NLRP3 and TLR4 mRNA. (G-1) Western blot was used to detect the expression of NLRP3 and TLR4
proteins.
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Framework based on an integration strategy of network pharmacology.
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Figure 6

(A) Network diagram of PF-RA-target-GO-KEGG relationship. (B) PPI network of 72 overlapping genes. (C)
Top 20 core genes in the PPl network. (D) The most significant module identified by MCODE plug-in.
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(A) RA-FLSs were stimulated with different doses of paeoniflorin (0, 25, 50, 75, 100,200 pg/ml) for 24h
and 48 h, and cell viability was determined by using CCK-8 analysis. (B) After RA-FLSs were treated with
paeoniflorin (50 pg/ml) for 24 h, RT-gPCR was used to detect the expression of hsa_circ_009012.
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Figure 8

(A) RT-gPCR was applied for quantification of has_circ_009012 after transfection of ad- circ_009012 and
its control (pCDH-ciR). (B-G) After RA-FLSs were treated with paeoniflorin (50 pg/ml) for 24 h, RT-qPCR
was used to detect the expression of has-miR-1286, TNF-q, IL-1B, IL-6, and NLRP3 mRNA. (H-J) After RA-
FLSs were treated with paeoniflorin (50 pg/ml) for 24 h, western blot was used to detect the expression
of TLR4 and NLRP3 proteins.
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