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Aims

Rheumatoid arthritis (RA) is a common chronic immune disease. Berberine, as its main ac-
tive ingredient, was also contained in a variety of medicinal plants such as Berberaceae,
Buttercup, and Rutaceae, which are widely used in digestive system diseases in traditional
Chinese medicine with anti-inflammatory and antibacterial effects. The aims of this article
were to explore the therapeutic effect and mechanism of berberine on rheumatoid arthritis.

Methods

Cell Counting Kit-8 was used to evaluate the effect of berberine on the proliferation of RA
fibroblast-like synoviocyte (RA-FLS) cells. The effect of berberine on matrix metalloprotein-
ase (MMP)-1, MMP-3, receptor activator of nuclear factor kappa-B ligand (RANKL), tumour
necrosis factor alpha (TNF-a), and other factors was determined by enzyme-linked immu-
noassay (ELISA) kit. Transcriptome technology was used to screen related pathways and the
potential targets after berberine treatment, which were verified by reverse transcription-
polymerase chain reaction (RT-qPCR) and Western blot (WB) technology.

Results

Berberine inhibited proliferation and adhesion of RA-FLS cells, and significantly reduced
the expression of MMP-1, MMP-3, RANKL, and TNF-a. Transcriptional results suggested that
berberine intervention mainly regulated forkhead box O (FOXO) signal pathway, prolactin
signal pathway, neurotrophic factor signal pathway, and hypoxia-inducible factor 1 (HIF-1)
signal pathway.

Conclusion
The effect of berberine on RA was related to the regulation of RAS/mitogen-activated protein
kinase/FOXO/HIF-1 signal pathway in RA-FLS cells.
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Article focus Key messages

This study is the first to demonstrate
the anti-rheumatoid effect of berberine
in rheumatoid arthritis fibroblast-like
synoviocyte (RA-FLS) cells, and explore
the potential mechanism through the
biochemical index evaluation, transcrip-
tomics, and molecular biotechnology.

The RAS/mitogen-activated protein kinase
(MAPK)/forkhead box O (FOXO)/hypoxia-
inducible factor 1 (HIF-1) signal pathway
is considered the most important
pathway, and cyclin-dependent kinase 2,
FOXO3, MAPK, and signal transducer and
activator of transcription 3 were the key
targets, which may provide data refer-
ence for clinical use and drug develop-
ment in the future.
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Strengths and limitations
This paper studied the effect of RA-FLS-cellular
berberine on RA.
One limitation lies in the lack of animal experiments
in vivo, and should be further studied in this direction
in the future.

Introduction

Ranunculus Japonicus Thunb. is a perennial plant which
is classified as a pungent, warm, and poisonous herb
in traditional Chinese medicine (TCM). It was firstly
recorded in ‘Zhouhou Beiji Fang’ with the main function
of eliminating swelling, relieving pain, and preventing
malaria.! It is commonly used clinically to treat jaundice,
stomachache, malaria, asthma, toothache, migraine,
lymphatic tuberculosis, rheumatoid arthritis (RA), and
corneal opacity.?

Berberine, one of the most effective ingredients, is
widely distributed in many medicinal plants, such as
Berberidaceae, Ranuculaceae, Rutaceae, and so on. In
addition, berberine attracted extensive attention because
of its significant bioactivity, including anti-inflammatory,?
antibacterial,* antiviral, etc., which led to its widespread
use in a variety of bacterial-induced digestive diseases for
a long time. With the development of modern pharma-
cological research, berberine has proven to be effective
in treating and preventing many common metabolic
diseases including cardiovascular disease,>¢ diabetes,’
and neurodegenerative disease.® Furthermore, berberine
can inhibit the development and progression of various
cancers both in vitro and in vivo.?

RA is a chronic autoimmune disease whose main clin-
ical manifestations are synovitis and joint damage.'®'2 RA
fibroblast-like synoviocytes (RA-FLSs) are highly special-
ized mesenchymal cells in sensitive joint synovium with
strong invasive ability, and play an important role in
the progression of RA."® RA-FLSs can secrete a variety
of pathogenic mediators such as cytokines (tumour
necrosis factor alpha (TNF-a), interleukin-6 (IL-6), and
IL-23) and chemokines (receptor activator of nuclear
factor kappa-B ligand (RANKL), granulocyte-macrophage
colony stimulating factor, and matrix metalloproteinases
(MMPs)). They also induce the migration and differenti-
ation of other cells in the synovium of RA, accelerating
the disease’s progression. At present, the development
of targeted drugs has become one of the main research
directions in the prevention and treatment of RA, which
work by inhibiting the phenotype of RA-FLSs.™

Recently, medicinal chemistry and pharmacody-
namics research has shown that berberine (Figure 1) from
R. japonicus as a bioactive component may exert thera-
peutic effects in RA by inhibiting the aggressive pheno-
type of RA-FLSs.™ Our previous wound healing assay
results showed that the 5 yM berberine-treated group
and the 150 pg/ml R. japonicus extract-treated group
showed similar inhibition of RA-FLS migration expres-
sion.' Clinical studies have found that berberine shows
excellent therapeutic effects on RA.” One published

Fig. 1

The molecular structure of berberine.

study suggested that berberine significantly reduced
the incidence and severity of RA and inhibited the secre-
tion of anti-collagen antibodies, interferon-gamma, and
IL-17 in collagen-induced arthritis (CIA) mice. In addi-
tion, berberine could inhibit the formation and survival
of osteoclasts by antagonizing the induction of nuclear
factor kB (NF-kB) and AKT activation by RANKL. Similarly,
the results of our previous study found that berberine is a
major ingredient isolated from Ranunculus, which exhib-
ited a protective effect in RA treatment through biological
processes, while the mechanism remained unclear.'

In view of the importance of RA-FLSs in the occur-
rence, prevention, and management of RA, RA-FLS cells
were used to explore the protective effect of berberine on
RA synovitis and its exact mechanism through the tran-
scriptomics in our study, providing a reference for the
clinical application of berberine for the RA.

Methods

Reagents. Berberine (633-65-8) was purchased from
Chengdu Puth Biotechnology (China) with a purity of
more than 98%. We also used: fetal bovine serum (FBS)
(L20711 BI Transgen biotech, Australia); Dulbecco’s
Modified Eagle Medium (DMEM) (2049231, BIOIND,
Israel); Cell Counting Kit-8 (CCK-8) (DCM7126, Beijing
Lambolid Trading, China); lipopolysaccharide (12190801,
Beijing Trading, China); and TRIzol reagent (182806,
Semel Fishi Technology, USA). MMP-1 (L2104850),
MMP-3 (L201014164), RANKL (L201216066), and TNF-a
(L201215056) were all purchased from Wuhan Yunkun
Technology (China). We also used one-step removal of
premixed reagent for first chain synthesis of genomic
cDNA (U9126, Tiangen biochemical Technology, China)
and PerfectStart Green gqPCR SuperMix (+ Dye | /+ Dye
1) (010529, Beijing full Gold Biotechnology, China)
in the RT-gPCR. Phosphorylase inhibitor (TargetMol,
USA), bicinchoninic acid (BCA) protein concentration
determination kit (Beijing Soleibao Technology, China),
Oncogene homologue (GTPase Hras, HRAS) antibody
(Beijing Boosen Biotechnology, China), cyclic ade-
nine ribonucleotide dependent transcription factor 2
(ATF-2) antibody (Affinity, China), p-ATF-2 antibody
(Affinity), p38 antibody (Beijing Boosen Biotechnology),
p-p38 antibody (Affinity), MAPK1/2 antibody (Affinity);
p-MAPK1/2  antibody (Affinity), FOXO3 antibody
(Affinity), p-FOXO3 antibody (Affinity), HIF-1 a Antibody
(Affinity), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (Proteintech, China), and sheep
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Fig. 2

The effect of berberine on proliferation and adhesion of rheumatoid arthritis fibroblast-like synoviocytes (RA-FLSs). a) The results of Cell Counting Kit-8. b) Cell
adhesion test results. c) to f) Changes of matrix metalloproteinase (MMP)-1, MMP-3, receptor activator of nuclear factor kappa-B ligand (RANKL), and tumour

necrosis factor alpha (TNF-a) (*p = 0.05, **p = 0.010, ***p < 0.001, n = 3).

anti-rabbit-peroxidase (Beijing Boosen Biotechnology)
were used in the western blot experiment.

Cell culture. RA-FLSs, derived from synovial tissue of
patients with RA, were purchased from Beijing Beina
Chuanglian Biotechnology (China), and cultured with
DMEM medium with 10% FBS in 37.5°C and 5% CO,
incubator.

Preparation of liquid medicine. The berberine was dis-
solved in dimethyl sulfoxide (DMSO) to prepare the stock
solution. Before administration, the stock solution was
diluted with fresh DMEM culture medium with various
concentrations based on preliminary tests.

Cell proliferation and adhesion assay. The cells (3.5 x 10%/
ml) were cultured and treated with different concentra-
tions of berberine in a 96-well plate for 24 hours, and
the cell proliferation rate was detected by CCK-8 kit. The
cells (3.5 x 10%/ml) were inoculated into a 96-well plate
coated with human recombinant laminin for two hours,
subsequently incubated with 1% heat-denatured bovine
serum albumin V solution for one hour, and cultured for
four hours. CCK-8 kit was used for determination of the
adhesion rate (%) of each group according to formula.
ELISA. Cells growing in logarithmic phase were inoculat-
ed in a 100 mm cell culture dish with a cell density of
3.5 x 10° cells/ml for 24 hours. Subsequently, 10 ml of
berberine with different concentrations was used to re-
place the cell culture medium for 24 hours. At the end of
the experiments, the cell supernatant was collected from
different groups, centrifuged at 4°C at 1,000 g/min for
20 minutes, and stored as the test sample. The expression

levels of MMP-1, MMP-3, RANKL, and TNF-a in the super-
natant of the cells were evaluated according to the in-
structions of each kit. The experiment was repeated three
times for each index.

Gene expression detection. RNA was extracted with TRIzol
reagent; genomic DNA was removed by DNase | (TaKara,
Japan). The absorbance of RNA samples at 260 nm and
280 nm was read by NanoDrop 2000 (ThermoFisher
Scientific, USA) to determine the content and purity of
RNA samples. Agarose gel electrophoresis was used to
detect the integrity of the samples. TruSeq RNA tran-
scriptome library was prepared by RNA-seq sample
preparation kit (TransGen Biotech, China). The paired ter-
minal RNA-seq sequencing library was sequenced with
Illumina Novaseq 6000 (2 x 150 bp reading length) by
TBS380, and the sequencing work was completed by
Shanghai Meiji Biotechnology (China). The end readings
of the original pair were trimmed and quality-controlled
through the default parameters of the SeqPrep website™
and the default settings of the Sickle website.?’ The source
of the reference genome was the Ensembl Project,?' and
the TopHatm was used to compare the clean reads with
the reference genome in directional mode.?

Gene differential expression analysis. The gene abun-
dance was quantified by RSEM (University of Wisconsin-
Madison, USA). The differential expression between
groups was analyzed by the EdgeR package of R 3.6.3
software (R Foundation for Statistical Computing,
Austria). The screening threshold was | log2FC | 2 1 and
p < 0.05. Ggplot2 package (R Foundation for Statistical
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Fig. 3

a) Clustering heat map of differential transcripts. b) The principal component analysis (PCA). c) Volcanic map of berberine-regulated transcripts. d) Gene
ontology (GO) bar chart of differential transcripts. e) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway bubble diagram. AMPK, AMP-activated

protein kinase; FOXO, forkhead box O.
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Fig. 4

Analysis of the key targets of berberine against rheumatoid arthritis. a) Berberine core upregulated transcriptional protein-protein interaction (PPI) diagram. b)

Berberine core downregulated transcriptional PPl diagram.

Computing) was used to visualize the volcano map of the
transcripts from the different groups.

Enrichment analysis of GO and KEGG pathways. The dif-
ferential transcripts of each group were uploaded to the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) database (LHRI, USA) for enrichment
analysis of gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways.?* The enrich-
ment results of biological process (BP), cell component
(CC), molecular function (MF), and KEGG pathways were
downloaded into TXT format files, visualized by R3.6.3
software.

Core difference transcript screening. The differential tran-
scripts of each group were uploaded to the String data-
base for Protein-Protein Interaction analysis.?* The confi-
dence was set to 0.7. The analysis results were imported
into Cytoscape 3.6.1 software (National Resource for
Network Biology, USA).

Molecular docking. The 3D structures of small molecule
compounds obtained from the PubChem database and
the conformation of proteins collected from the Protein
Data Bank (PDB) database (USA) were transferred into
the PDB, Partial Charge, and Atom Type (PDBQT) format
through Chem3D software.?® Then, MGLTools was used
to perform the protein processing, including remov-
ing water, adding hydrogen bonds, detecting the root,
setting rotatable bonds, and computing the Gasteiger
charge. Subsequently, the active pocket was determined
according to the binding position of the protein and its in-
hibitor. Finally, molecular docking was performed using
AutoDock Vina 1.1.2 (Scripps, USA), the results of which

were visualized by PyMol (DeLano Scientific, USA). These
methods have previously been reported in Du et al.?
RT-qPCR. Total RNA from cells was extracted using TRIzol
reagent. The sequences from reverse transcription to
complementary DNA (cDNA) using kit one-step removal
of premixed reagent for first chain synthesis of genomic
cDNA, and g-PCR experiment using kit PerfectStart Green
gPCR SuperMix (+ Dye I/+ Dye Il) primers, are shown in
Supplementary Table i.

Western blot. The cells were lysed with radioimmuno-
precipitation assay (RIPA) buffer (Beyotime, China) con-
taining 0.1 mmol/l phenylmethylsulfonyl fluoride (PMSF)
on ice for 30 minutes. The supernatants were collected
by centrifugation (12,000 rpm, 10 mins, 4°C) and then
measured with the BCA assay. Aliquots of the samples
were subjected to sodium dodecyl-sulphate polyacryla-
mide gel electrophoresis (SDS-PAGE), and transported
on polyvinylidene difluoride (PVDF) membranes. After
blocking with 5% skim milk for two hours, the PVDF
membranes were incubated with primary antibodies and
respective secondary antibodies. The protein bands were
visualized with BeyoECL Plus Kit, and the grey values of
the target bands and background in the exposure results
were analyzed by Image] software (National Institutes of
Health, USA). These methods have previously been re-
ported in Zhao et al.?

Statistical analysis. GraphPad Prism 7.0 software (USA)
was used to determine whether the data were in accord-
ance with normal distribution. Ordinary one-way analysis
of variance (ANOVA) was used for statistical analysis. A p-
value < 0.05 was considered to be statistically significant.
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The pathways and molecular docking diagrams of berberine with the key targets. CDK2, cyclin-dependent kinase 2; EGFR, estimated glomerular filtration rate;
ENOT, enolase 1; ERK, extracellular signal-regulated kinase; Grb2, growth factor receptor-bound protein 2; FOXO, forkhead box O; HIF-1, hypoxia-inducible
factor 1; IKBKB, inhibitor of nuclear factor kappa-B kinase subunit B; IL6-R, interleukin-6 receptor; INS, insulin preproprotein; IRS, insulin receptor substrate;
NFkB, nuclear factor kappa B; PLK, polo-like kinase-1; RAS, renin-angiotensin system; TAB1, TAK1-binding protein 1; TAK1, TGF-activated kinase 1; SOS, salt

overly sensitive; STAT3, signal transducer and activator of transcription 3.

Results

Effect of berberine on RA-FLS cell proliferation. The effect
of berberine on the viability of RA-FLS cells was evaluat-
ed by CCK-8 method. The results showed that the cell
survival rate decreased with the increase of drug concen-
tration (Figure 2a). Compared with the control group,
berberine significantly inhibited the cell viability after 24-
hour administration of 80 uM (p = 0.025) and 160 uM (p
=0.008).

Berberine inhibits RA-FLSs cell adhesion. The adhesion
test was used to evaluate the effect of berberine on
the adhesion ability of RA-FLSs (Figure 2b). Compared
with the control cells, 2.5 yM and 5 uM berberine

significantly inhibited the adhesion ability of RA-FLSs cells
in a concentration-dependent manner (p < 0.001).
ELISA. Enzyme-linked immunosorbent assay (ELISA) de-
tection kits were used to detect the effect of berberine
on the expression of MMP-1, MMP-3, RANKL, and TNF-
a in the supernatant of RA-FLS cells. The results showed
that 2.5 yM and 5 pM berberine significantly decreased
the expression of MMP-1, MMP-3, RANKL, and TNF-a in
the supernatant of RA-FLS cells (p < 0.001) in a dose-
dependent manner (Figures 2c to 2f).

Results of differential analysis of gene expression. A total of
28,114 expressed genes were detected, including 27,706
known genes and 408 new genes. PCA analysis model

BONE & JOINT RESEARCH
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Fig. 6

The binding energies for the key targets docked into the berberine. a) AKT2-berberine (-9.1); b) AKT3 -berberine (-7.0); c) cyclin-dependent kinase 2 (CDK2)-
berberine (-10.1); d) enolase 1 (ENO1)-berberine (-7.1); e) forkhead box 3 (FOXO3)-berberine (-8.9); f) FOXO4-berberine (-9.0); g) hypoxia-inducible factor 1
alpha (HIF-1a)-berberine (-6.0); h) HRAS-berberine (-7.3); i) inhibitor of nuclear factor kappa-B kinase subunit B (IKBKB)-berberine (-7.7); j) mitogen-activated
protein kinase 1 (MAPK1)-berberine (-9.1); k) polo-like kinase-1 (PLK1)-berberine (-9.0); I) PLK4-berberine (-6.6); and m) signal transducer and activator of

transcription 3 (STAT3)-berberine (-7.9).

revealed a significant separation between the control and
treatment groups (Figure 3b). EdgeR was used to analyze
the differential transcripts between the berberine inter-
vention group and the control group with the screening
criteria of | log2FC | 2 1 and p > 0.05, and the transcript
was visualized in the form of a volcanic map (Figure 3c).
It was found that berberine could regulate 3,270 differen-
tial transcripts, including 1,765 upregulated transcripts
and 1,505 downregulated transcripts. Furthermore, the
differential transcripts of each group were visualized in
the form of a cluster heat map (Figure 3a), which showed
that the berberine-treated group could be distinguished
from the control group by hierarchical clustering of dif-
ferential genes.

Functional enrichment analysis of differential tran-
scripts. In total, 4,240 differential transcripts affected by
berberine were analyzed by GO enrichment analysis us-
ing the DAVID database. The first ten entries of BP, CC, and
MF were visualized (Figure 3d). The main changes in bio-
logical processes in which they participate were concen-
trated in cellular process, metabolism process, biological
regulation, and other processes. The main changes of dif-
ferentially expressed genes in cell components were lo-
cated in cell part, organelles, and cell membranes. In mo-
lecular functional analysis, gene expression level changes
showed various functions, mainly including binding,

catalytic activity, and molecular function regulation.
Furthermore, 4,240 differential transcripts of berberine
were analyzed by KEGG pathway enrichment analysis by
DAVID database, 60 KEGG pathways were enriched, and
the first 20 KEGG pathways were visualized, as shown in
Figure 3e. The enrichment results suggest that berber-
ine intervention mainly regulated Hippo signal pathway,
mammalian rapamycin target protein signal pathway,
adenylate-activated protein kinase signal pathway, FOXO
signal pathway, HIF-1 signal pathway, and Wnt signal
pathway. The previously predicted cross-analysis of tran-
scriptome results with network pharmacology analysis
highlighted four shared pathways including FOXO signal
pathway, prolactin signal pathway, neurotrophic signal
pathway, and HIF-1 signal pathway.'®

Screening of core differential transcripts. The String da-
tabase was used to analyze and screen the key differen-
tial genes from the different treatment groups (0.7 high
confidence), which was mapped by Cytoscape 3.6.1
software. The results showed that 1,127 upregulated and
961 downregulated differential transcripts were selected.
Furthermore, 349 nodes with more than 9° of freedom
were considered as the core nodes of berberine upregu-
lated transcripts (Figure 4a), and 294 nodes for downreg-
ulated transcripts (Figure 4b).
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Effect of berberine on core transcripts of forkhead box O (FOXO) and hypoxia-inducible factor 1 (HIF-1) signalling pathway. a) to m) The effect of berberine
on the transcriptional levels of mitogen-activated protein kinase 1 (MAPKT1), signal transducer and activator of transcription 3 (STAT3), cyclin-dependent
kinase 2 (CDK2), inhibitor of nuclear factor kappa-B kinase subunit B (IKBKB), FOXO3, polo-like kinase 1 (PLK1), HRAS, RAC serine/threonine protein kinase 2
(AKT2), AKT3, FOXO4, PLK4, enolase 1 (ENO1), and HIF-1 a after 24-hour administration (*p < 0.050, **p < 0.0, ***p < 0.001, ****p < 0.0001; n = 3). MRNA,

messenger RNA.

As can be seen from Figure 4, polo-like kinase-1
(PLKT), cyclin-dependent kinase-2 (CDK2), mitogen-
activated protein kinase 1 (MAPK1), signal transducer
and activator of transcription-3 (STAT3), forkhead box 3
(FOX03), and inhibitor of nuclear factor kappa-B kinase
subunit B (IKBKB) were important nodes in the network,
and they were all located in the FOXO signal pathway
and HIF-1 signal pathway. Berberine administration
could significantly affect FOXO signal pathway and HIF-1
signal pathway, so PLK1, CDK2, MAPK1, STAT3, FOXO3,
IKBKB, and their related genes in FOXO signal pathway
and HIF-1 signal pathway were selected for experimental
verification (Figure 5).

Molecular docking. In order to confirm the potential key
targets and related pathways of berberine against RA,
molecular docking was used to verify the reliability of the
prediction results above. The results showed that most
of the targets had good binding activity with berberine,
including MAPK1, STAT3, CDK2, IKBKB, FOXO3, PLKT,
HRAS, AKT2, AKT3, FOXO4, PLK4, ENO1, and HIF-1 a
(Figure 6).

RT-qPCR. The regulatory effect of berberine on the tran-
scriptional levels of core transcripts and key genes in
FOXO signal pathway and HIF-1 signal pathway was
verified by reverse transcription quantitative polymer-
ase chain reaction (RT-gPCR). The results are shown in

Figure 7. The results showed that berberine downregu-
lated MAPK1, STAT3, CDK2, IKBKB, HRAS, FOXO3, RAC
serine/threonine protein kinase 2 (AKT2), AKT3, FOXO4,
polo-like kinase 4 (PLK4), enolase 1 (ENOT1), and HIF-1 a
(p < 0.001). With the increase of drug concentration, the
inhibitory effect on the transcriptional level of the above
genes was enhanced.

Western blot. Western blot method was used to verify the
regulatory effect of berberine on the expression of core
proteins in the FOXO signal pathway and HIF-1 signal
pathway, as shown in Figure 8. After 24-hour administra-
tion, berberine at 2.5 and 5 uM could significantly reduce
the protein expression of HIF-1 a in a dose-dependent
manner, while 5 pM berberine could significantly de-
crease the protein expression level of HRAS, MAPK1/2, p-
MAPK1/2, FOXO3, and p-FOXO3 (p = 0.035).

Discussion

Clinically, RA is the most prevalent severe chronic inflam-
matory autoimmune disease which, along with pain,
swelling, and damage of synovial joints, brings great
inconvenience to the lives of patients and their families.?®
At present, the commonly used clinical treatment options
for RAare wide use of some drugs, including non-steroidal
anti-inflammatory drugs (NSAIDs), glucocorticoids,
disease-modifying antirheumatic drugs (DMARDs), and
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Effect of berberine on the expression of core proteins in forkhead box O (FOXO) and hypoxia-inducible factor 1 (HIF-1) signalling pathway. a) Western blot-
related bands of related proteins. b) to g) Bar charts representing the relative quantitative results of HRAS, mitogen-activated protein kinase 1 (MAPK1),
p-MAPK1, FOXO3, p-FOXO3, and HIF-1 a protein expression levels in turn (*p < 0.05, **p < 0.01, ***p < 0.001; n = 3). GADPH, glyceraldehyde 3-phosphate

dehydrogenase.

novel biological agents to alleviate or inhibit the devel-
opment of the disease. However, the adverse reactions
of the drugs are of common concern to clinicians and
patients.

TCM has long been used as a complementary and
alternative treatment for certain complex diseases
including RA, with the benefit of fewer adverse reactions
and side-effects. There is growing interest in TCM among
researchers, who believe that new and more effective
drugs could be developed from the medicinal plants.

Berberine, an isoquinoline alkaloid, is the major effec-
tive compound isolated from various medicinal plants,
such as Rhizoma Coptidis (Chinese name: Huang-Lian).
Emerging evidence has demonstrated that berberine
exerts some excellent effects in the clinical treatment of
digestive diseases, such as bacterial gastroenteritis and
dysentery. In addition, berberine has been reported to
exhibit anti-inflammatory effects and reduce blood lipid
and glucose. In recent years, modern pharmacology
has shown that berberine has remarkable effects on
heart failure, arrhythmia, cholesterol reduction, vascular
smooth muscle proliferation, and insulin resistance.
One recent clinical study showed that berberine has
excellent therapeutic effects on patients with RA.° The
previous experiment of our research group found that
berberine has anti-RA effects in RA-FLS cells, which play
an important role in RA development and were selected
in this research.’

Based on the previous study results, 2.5 and 5 yM
berberine were initially selected as an experimental
concentration to confirm the biological effect in RA-FLSs;

the results showed that berberine can significantly inhibit
the proliferation and adhesion of RA-FLS cells.

Accumulating evidence has demonstrated a correla-
tion between the RA process and a variety of MMPs, which
were released from RA-FLS cells and associated with the
degradation of articular cartilage and bone. Clinical
data found that the secretion of MMP-1 and MMP-3 in
serum of patients with early RA was significantly upreg-
ulated, and their expression was positively correlated
with joint swelling index, ESR, and CRP. Therefore, it is
suggested that the detection of the expression level of
MMP-1 and MMP-3 was helpful to judge the degree of
joint destruction and monitor disease progression in RA
patients; downregulating the expression of MMP-1 and
MMP-3 was beneficial to the prevention and treatment
of RA.Z3° More importantly, compared with FLS cells
from osteoarthritis (OA) and without vascular necrosis,
RA-FLSs showed stronger invasiveness and were posi-
tively correlated with the expression of MMP-1, MMP-3,
and MMP-10.

Furthermore, the tumour necrosis factor superfamily
TNF-a played an important role in the inflammation
and bone destruction of RA, since it could promote
the release of downstream inflammatory cytokines
and inflammatory response, leading to tissue damage.
RANKL, osteoclast differentiation factor, and osteoprote-
gerin ligand were bound up with the disease progression
of RA.3" RA-FLSs can activate macrophages and osteo-
clasts by secreting RANKL, and then induce osteoclast
formation.32 At present, biological agents targeting TNF
superfamily have been used to treat RA. In view of the
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positive regulation of MMP-1, MMP-3, TNF-a, and RANKL
on RA-FLS migration, ELISA assay was used to detect the
effect of berberine on the secretion of MMP-1 and MMP-3
in the supernatant of RA-FLS cells. The results showed
that berberine could significantly reduce the secretion of
MMP-1, MMP-3, TNF-a, and RANKL in the supernatant of
RA-FLS cells, thus effectively inhibiting the migration and
invasion of RA-FLS cells, and preventing RA synovitis.

In recent years, omics technology has been widely
used to investigate the mechanism of drug action and
screen the target of action, with a view to providing more
detailed biological response information. Therefore, in
this paper transcriptome assessment was performed to
describe the detailed characteristics of change profile
from the transcriptional level after the intervention of
berberine in RA-FLSs.

The results showed that berberine could cause signif-
icant changes in cell transcription. Compared with the
control group, berberine treatment caused significant
difference in 3,270 differential transcripts (| log2FC | >
1and p < 0.05), including 1,765 rising and 1,505 falling. In
order to further clarify the effects of the above differential
genes on biological events, GO and KEGG analyses were
used to elucidate the potential pathway of berberine in
the treatment of RA. The results showed that the pathway
affected by berberine include the positive regulation of
cell migration, the positive regulation of RNA polymerase
Il promoter transcription, protein phosphorylation, and
other biological processes, mainly affecting FOXO signal
pathway and HIF-1 signal pathway.

Ras family homologous proteins (i.e. HRAS, KRAS, and
NRAS) were expressed in RA synovium and RA-FLSs, and
preferentially in intimal lining. Each Ras family homol-
ogous protein has a unique contribution and overlap-
ping effect on the activation of FLS. Research has shown
that silencing the expression of three Ras proteins could
significantly inhibit the disease severity and joint destruc-
tion of CIA mice, while activation of each Ras homologue
could promote the secretion of IL-6 and MMP-3 induced
by IL-1B8, but only HRAS can increase the production of
interleukin 8 induced by IL-18.3* In RA-FLSs, HRAS-specific
Ras guanine nucleotide releasing factor 1 was activated
to promote the secretion of endogenous MMP-3, indi-
cating that negative regulation of HRAS expression could
inhibit the invasive phenotype of RA-FLS cells.?* In this
experiment, the downregulation of Ras expression as
well as the related protein were observed, indicating that
the protective effect of berberine against RA was related
to the extensive inhibition of Ras and its related proteins.

Furthermore, MAPK, PI3K/AKT, and other signal path-
ways were the downstream targets of Ras signal pathway
and activated in RA. MAPK signal pathway was involved
in the migration and invasion of RA-FLSs and the recom-
bination of actin cytoskeleton.?* Specifically, the protein
expression of MAPK1 and JNK in synovial fluid of patients
with RA was significantly increased, as were the phos-
phorylated proteins of these proteins.>¢ As the catalytic
subunit of IkB kinase complex (IKK), IKK B participates

in the activation of NF-kB pathway, while inactivation
of MAPK/NF- kB, and use of MAPK1/2 phosphorylation
inhibitors could result in the inhibition of proliferation,
migration, invasion, and inflammation of RA-FLS cells.?”
In addition, several novel p38 inhibitors can effectively
reduce the severity of the disease. Therefore, the devel-
opment of drugs targeting the MAPK signal pathway may
be an effective strategy to prevent and treat the progres-
sion of RA.3#

HIF-1, highly expressed in the synovium of RA, plays
a core role in the hypoxic environment of RA."® The
number of HIF-1-positive cells affects angiogenesis in RA
synovium. Downregulation of HIF-1 expression could
significantly inhibit angiogenesis induced by VEGF in
RA-FLSs, indicating that the HIF-1/VEGF axis could exert
important regulation of the angiogenesis process of RA.**
Furthermore, the infiltration level of myeloid cells at the
inflammatory site, and the degree of foot swelling and
disease progression, were inhibited in CIA mice lacking
HIF-1.4° However, overexpression of HIF-1 could promote
the expansion of FLS-mediated inflammatory Th1 and
Th17 cells in the synovium of RA, resulting in a signifi-
cant increase in the secretion of interferon-y and IL-17.41
HIF-1 could also promote the expression of MMP-1 and
MMP-13 mediated by IL-1B, and the secretion of MMP-2
and MMP-9 mediated by IL-17/TNF- a, thus enhancing
the migration and invasion ability of FLS.*> HIF-1 could
also induce osteoclasts to rapidly produce adenosine
triphosphate under hypoxia, leading to pathological
bone injury.®

In the FLS of synovial layer and synovial lining of
RA patients, the phosphorylation level of FOXO3 was
significantly upregulated, suggesting its inhibition
effect in RA.** In RA, the upregulation of FOXO3 and
promotion of inflammatory response was found after
inhibiting the expression of transforming growth
factor-B 1.* Cytoplasmic STAT3 was associated with RA
synoviocyte survival by interacting with autophagy-
related signal molecules such as FOXO1 and FOXO3.
Studies have suggested that expression of the STAT3
gene has been found to correlate with synovitis and
modulation of Th17 differentiation in RA patients,*¢
while STAT3 inhibition has been reported to mediate
chemokine expression in RA synoviocytes.”” Mean-
while, CDK is a member of the Ser/Thr kinase system
corresponding to cell cycle progression and CDK2
can regulate the expression of FOXO. Fu et al’s*® study
has shown that miR-124a suppresses cell proliferation
and chemokine secretion in FLS via its direct target
genes CDK2 and MCP-1. The inhibition of CDK2 could
produce a significantly protective effect during infec-
tion and acute systemic inflammation.* ATF-2 is the
downstream target of |JNK and p38 in MAPK signal
pathway and a member of activating protein 1 tran-
scription factor family.>® Additionally, another study
has provided evidence that reactive oxygen species and
inflammatory cytokines such as TNF-a could promote
the phosphorylation of ATF-2, which in turn leads to its
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activation.®' Similar results have been validated in a clin-
ical study, which found that peripheral blood mononu-
clear leucocytes (PBMCs) and ATF-2 expressed by FLS in
RA patients have potential proinflammatory activity.*?
In addition, in synovial tissue of RA patients the protein
expression and phosphorylation of ATF-2 were signifi-
cantly upregulated. Furthermore, in RA-FLSs the high
expression and phosphorylation of ATF-2 significantly
promoted the migration and invasion of RA-FLSs.
Knocking down ATF-2 could significantly inhibit the
migration and invasion of RA-FLSs, reduce the secretion
of IL-18 and MMP-13, and inhibit the expression of IL-6
induced by TNF- a.°°

ENOT1 is an important glycolytic enzyme that plays a
key role in aerobic glycolysis. Bae et al** reported that
PBMCs from RA patients expressed more ENO1 on their
surface compared with PBMCs from healthy controls
(HCs) or patients with OA, and those cells elicited an
enhanced inflammatory response after stimulation
with anti-ENO1 antibody. Moreover, apoB aggravated
arthritis by potentiating the inflammatory response via
its interaction with ENO1 expressed on the surface of
immune cells.>*

In order to further confirm the regulatory mechanism
of berberine on RA-FLSs, RT-gPCR was used to confirm
the transcriptional level of core differential transcripts
regulated by berberine, and western blot method was
used to verify the expression level and phosphorylation
level of proteins related to key pathways. The results
showed that berberine could significantly reduce the
transcriptional levels of MAPK1, STAT3, CDK2, IKBKB,
FOXO3, HRAS, AKT2, AKT3, FOXO4, PLK4, ENOT, and
HIF-1 a in RA-FLS cells in a concentration-dependent
manner. Similarly, western blot results showed that
protein expression of HRAS, MAPK1, FOXO3, and HIF-1
a, and the phosphorylation level of MAPK1 and FOXO3
in RA-FLS cells, were significantly downregulated by
berberine.

In conclusion, berberine may inhibit the prolifera-
tion, adhesion, and inflammation of RA-FLSs by regu-
lating RAS/MAPK/FOXO/HIF-1 signal pathway to exert
the therapeutic role in RA synovitis.

Supplementary material
Table showing primer details of reverse transcrip-
tion quantitative polymerase chain reaction.
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