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ABSTRACT

Rheumatoid arthritis (RA) displays very similar characteristics to those of tumor cells, platycodin D (PD)
is a triterpenoid saponin abundant in Platycodon grandiflorum (PG), plays an important role in the
inhibition of tumor growth. Our previous experiments confirmed that PD inhibited MH7A cell
proliferation and migration, but it's possible mechanism remain unclear. This study aimed to reveal
the mechanism of PD on RA, based on network pharmacology analysis. Rat of CIA was treated with
the different doses PD. The arthritis score and paw volume were evaluated, ankle imaging changes
were observed via myosseous ultrasound, all rats were anaesthetized by intraperitoneal injection of
25% urethane (1mL/100g), and ankle histopathology was observed using hematoxylin and eosin (HE)
staining. Cell (MH7A) Counting Kit 8 (CCK8) was used to measure cell activity, and JC-1 assay kit and
flow cytometry were employed to examine the cell mitochondrial membrane potential and apoptosis.
The expression levels of Sonic hedgehog (Shh) signaling pathway-related proteins were observed by
Western blotting. Cell inflammation levels of tumor necrosis factor alpha (TNF-a) and interleukin (IL)-6
being determined via enzyme-linked immunoassay ELISA and g-PCR. In total, the saponin PD significantly
improves joint synovium inflammation and apoptosis in CIA rats. The activity of administered MH7A
was significantly inhibited, the mitochondrial membrane potential decreased, the expression level of
the Shh signaling pathway-related protein SuFu increased, the expression levels of SHh and Gli
decreased, and cell serum levels of TNF-a and IL-6 decreased significantly. Therefore, PD exhibits
therapeutic potential for synovial hyperplasia in RA.
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cells as well as effector cells; they abnormally proliferate [4]
and are directly involved in pannus formation [5]. Nevertheless,
the mechanism of the activation of the RA-FLS transition
requires further study, as do suitable treatment targets.
Traditional Chinese Medicine has recently attracted significant
research attention owing to its remarkable efficacy and few
side effects [6]. Platycodin D (PD) is one of the main active

Introduction

Rheumatoid arthritis (RA) is a systemic, chronic, and inflam-
matory immune disease that is characterized by systemic
multi-joint involvement [1]. Its progression can cause joint
deformity and may result in permanent disability, leading to
a tremendous economic burden on patients and their families
[2]. The cause of RA has not yet been fully elucidated, and

there is a lack of specific treatment options [3]. Moreover,
the primary pathology of joints in patients with RA involves
synovitis associated with hyperplasia. This is a consequence
of the numerous fibroblast-like synoviocytes (FLS) abundant
in mesenchymal cells that are the structural cells that define
organ architecture. Abnormally activated FLS (the major sub-
type of synovial cells), which are the primary producers of
key components of synovial fluid and synovial stroma, dom-
inate in RA and drive inflammation, possibly determining
the course of the disease. FLS act as synovial mesenchymal

ingredients of Platycodon grandiflorum; it has many pharma-
cological effects, such as anti-inflammatory [7] and anti-tumor
properties [8]. Moreover, PD can improve the symptoms of
collagen-induced arthritis in DBA/1] mice and reduce the
level of oxidative stress index myeloperoxidase (MPO) and
lipid oxidation end product malondialdehyde (MDA) [9]. A
previous study by our research group confirmed that PD can
inhibit the proliferation and invasion and promote the apop-
tosis of MH7A cells and induce growth arrest in the G0/G1
phase of these cells [10]. However, its specific mechanism of
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action remains unclear, particularly in FLS. Therefore, in this
study, we explored the potential targets and action pathways
of PD using animal models and bioinformatics, with RA-FLS
being used in an in vitro experimental verification model.
Thus, the aim of this study was to improve current under-
standing regarding the selection of RA treatments.

Methods
Animal model and experimental design

Wistar male rats were adaptively fed for 7 days. Subsequently,
fully dissolved bovine collagen in 0.05mol/L acetic acid
(concentration = 2mg/mL) with a complete adjuvant in a
1:1 ratio was injected subcutaneously via the tail root of
each animal to induce arthritis. The PD group was admin-
istered different doses of PD (50 or 150 mg/kg) and 1.8 mg/
kg leflunomide (LEF) after initial collagen immunization.
The clinical arthritis indexes in the collagen-induced arthri-
tis (CIA) animal model were estimated as follows: 0: normal;
1: mild, apparent swelling limited to individual digits; 2:
moderate, redness and swelling of the ankle; 3: redness and
swelling of the paw including digits; and 4: maximally
inflamed limb with involvement of multiple joints. The
arthritis score for each mouse was the sum of all four paws,
totaling between 0 and 16 points for each mouse. The swell-
ing volume of the left hind paw of each rat was measured
before the first immunization and then repeated on days
0, 7, 14, 21, and 28. The change in paw volume for each
group was calculated as follows: the volume of hind paw
swelling (AmL) = V, - V,, where V, is the volume before
complete Freund’s adjuvant (CFA) immunization (mL) and
V, is the volume at t day after CFA immunization (mL)
[11]. After 4weeks, all rats were anesthetized by intraperi-
toneal injection of 25% urethane (1mL/100g), following
which blood, synovial, and ankle joint samples were col-
lected (with rats in a fasted state). All experimental animals
were euthanized depletory after anesthesia. The ankle joint
was scanned with a B-ultrasound probe and the findings
were interpreted by imaging practitioners. The synovial
samples were stained with hematoxylin and eosin (HE).

Library and software

PubChem database (https://pubchem.ncbi.nlm.nih.gov/) [12];
the Swiss Target Prediction Database (http://www.
swisstargetprediction.ch/) [13]; the GeneCards database
(https://www.genecards.org/) [14]; TCM Integrated
Pharmacology Research Platform (TCMIPhttp://www.tcmip.
cn/TCMIP/ index.php/Home/) [15]; the DAVID database
(https://david.ncifcrf.gov/) [16]; GeneMANIA (http://www.
genemania.org/) [17] were used.

Screening of components and pharmacological
biotargets of PD

Composition of PD is input into PubChem database to
collect its chemical structure; import each chemical structure

into Swiss TargetPrediction database to predict the action
target and obtain the action target.

Screening drug-disease biotargets of RA

With “Rheumatoid arthritis” as the keyword, relevant target
information was retrieved in GeneCards and TCMIP data-
bases, integrating two databases to retrieve results and
remove duplicate values to obtain disease-related targets.
Map Wayne was used to get a common target of the active
drug ingredient with RA.

Common biotarget enrichment analysis

Typical targets were imported through the DAVID database.
Path enrichment analysis was conducted through gene ontol-
ogy (GO) and Kyoto encyclopedia of genes and genomes
(KEGG), and the resultant data were visualized using
Cytoscape software. The common targets were imported
into the String database to obtain the protein-protein inter-
action (PPI) network diagram, which was visualized using
Cytoscape software.

Quantitative reverse-transcriptase PCR

Total RNA was extracted using TRIzol reagent. The con-
centration was measured, and target gene primers were
added. Subsequently, each sample was reverse-transcribed
using the cDNA synthesis kit according to the manufactur-
er’s protocol. The thermocycling conditions were as follows:
42°C for 2min-> 37°C for 15min-> 85°C for 5s, 30 cycles,
and storage at 4°C. For endogenous controls, B-actin was
used to normalize mRNA expressions. To examine relative
gene expression, qPCR was conducted using a TB Green
Premix Ex Tap PCR kit (Applied Takara, Code No. RR047A).
Target gene expression was evaluated via the AACt method
after reverse transcription and amplification.

CCK 8 and flow cytometry measurement

Depending on cell growth, the growth area was allowed
to reach 80%-90% confluence for subsequent experiments.
After vaccination with a cell density of cells per well in
a 96-well plate, wells were prepared with different con-
centrations of PD (5, 10, 15, 20, 25, and 30mg/L); 0.1%
dimethyl sulfoxide (DMSO) was added into the medium
for the control group. Subsequently, 10 uL of Cell Counting
Kit 8 (CCK-8) reagent was added to each well, and the
plate was placed in an incubator and cultivated for 1-2h.
Enzyme markers were then used to detect the light density
value (OD) of each well at 450 nm. The cell suppression
rate was calculated as 1 - A drug/A control x 100%. The
rate of apoptosis was measured via flow cytometry. Using
FL-1 and FL-2 channels and a cross gate blank to com-
pensate for single-dye regulation, 3000 to 10,000 cells per
cell population were collected per tube, and the detection
data were analyzed using BD AccuriC6 Software.
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Western blot assays

A cell suspension was routinely prepared and cultured at a
cell density of 5x10°mL™" and a volume of 1mL per well.
After cell adhesion, for the administration group, the treated
cells were added at different concentrations (5, 10, and
15pmol/L); GANT-61 was then added to the positive drug
group (10pmol/L). After being cultured for 4h in 0.1%
DMSO, cells were collected, and 200 uL of precooled radio
immuno precipitation assay (RIPA) lysis buffer was added.
The protein concentration was determined using the bicin-
choninic acid (BCA) assay, following which 5x protein sample
buffer was added at a ratio of 4:1. Electrophoresis was then
conducted for 90 min, and samples were incubated overnight
at 4°C. The following day, the samples were placed into a
chemiluminescence imaging system (Bio-Rad) for 90min,
and Image ] software was used for protein strip analysis.

JC-1 assay kit and ELISA

The cells were treated using the “2.2” method and inoc-
ulated into 24-well culture plates with coverslips at a cell
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density of 10x10° cells/mL and volume of 500 L/well. PD
(5, 10 and 15mg/L) were then added after wall attachment.
For the positive drug group, medium containing GANT-61
(10 umol/L) was added, and samples were left for 24 h.
Changes in the mitochondrial membrane potential and
apoptosis were observed using a microplate imaging system
according to the manufacturer’s instructions of mitochon-
drial membrane potential (JC-1) assay kit. The superior
inflammatory level of RA primary and MH7A cells was
detected via the ELISA method strictly following the man-
ufacturer’s instructions for determining IL-6 and TNF-a.
Finally, the OD of each sample was calculated for statistical
analysis.

Statistical analysis

Statistical analysis using GraphPad Prism8.0 (Graphpad
Software, Inc) software, the measurement data by
mean + standard deviation (x+s), when meeting the normal
distribution, do not meet the normal distribution using the
Man-Whitney test. All experiments underwent single factor
variance analysis (one-way ANOVA).

MH7A(RA-FLS)
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Figure 1. The workflow of this study.
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Results
Arthritis score and paw volume

The flowchart shows all essential procedures in our study
(Figure 1). Compared with those in the normal group, the
paw volume was significantly increased (p<0.05) and the
arthritis score and paw volume were significantly reduced
in the PD group (p<0.05) (Figure 2).

HE staining and iconography

Musculoskeletal ultrasound revealed that the ankle synovial
thickness of healthy rats was normal with no blood flow
signal. Model rats had thickened ankles that were not
smooth and serrated, with dot and bar blood flow signals.
Furthermore, less smooth thickening and punctate blood
flow signal were observed in low-dose PD rats than in

10+ -o- Model

- PD(50mg/kg)
—& PD(150mg/kg)
6+ T -*- LEF(1.8mglkg)

Arthritis assessment
N &

0 10 20 30
Days after immunization

PD 50mg/kg

PD 150mg/kg

Normal
Model
PD(50mg/kg)

PD(150mgkg)
LEF(1.8mg/kg)

tid e

Arthritis paw volume (ml)
>

0 10 20 30

Days after immunization

Figure 2. Arthritis score and paw volume. A-E: Normal; Model; PD (5mg/kg); PD (15mg/kg); LEF (1.8 mg/kg) treatments. F and G: the effects of each group

at arthritis score and paw volume.

E-Y
1

Histopathology
N

o
1

cellular infiltration  synovial proliferation

cartilage erosion

E= model

E3 PD(50mg/kg)

E3 PD(150mg/kg)
I LEF(1.8mg/kg)

pannus formation

Figure 3. The effects of each group treatments on rat (A) iconography of synovial thickness, (B) change of histopathology, (C) the ankle was evaluated in
each group using a scoring system including cellular infiltration, synovial proliferation, cartilage erosion, and pannus formation. Data are expressed as the

mean+S.D, n=3,*p<0.05, **p<0.01 vs. model.
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Figure 4. Venn diagram of shared biological targets (A) and molecular functions (B). GO enriched terms of potential targets for biological processes (C) and
KEGG enriched terms (D).

the high-dose group. The slight synovial thickening in the
high-dose PD group showed no blood flow signal (Figure 3A).
The pathological changes in the ankle joints were evaluated
in each group using a scoring system by inflammatory cell

infiltration, synovial proliferation, cartilage erosion, pannus
formation, and the results showed the PD (50 mg/kg) group
had a slight improvement of cell infiltration and synovial
proliferation, whereas the PD (150 mg/kg) groups and the
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sum of Q1-UR and Q1-LR; FL1-A: Annein-V staining, FL2-A: Pl staining and effect of platycodin D was measured by flow cytometry on apoptosis of MH7A cells.

Table 1. Effect of platycodin D on proliferation of MH7A cells (x£s, n=5).

PD(mg/1) (24h) (48h)

0 100.00% =+ 12.98% 100.00% =+ 12.14%
5 82.78% + 17.97% 102.9% =+ 21.08%
10 45.24% = 11.90%** 43.53% = 8.03%**
15 23.13% + 8.56%** 16.27% + 4.61%**
20 9.47% =+ 2.05%** 6.57% = 1.84%**
25 2.53% * 2.30%** 2.37% £ 0.67%**
30 1.61% + 1.46%** 1.43% + 0.18%**

Compared with the blank control group,*p <0.05, **p <0.01.

LEF (1.8 mg/kg) group showed the significantly enhanced
therapeutic effect (Figure 3B and C).

Network pharmacology analysis

Drug anti-RA target prediction of 20 drug major
component-related action targets were obtained by the Swiss
Target Prediction database, and 2855 disease-related action
targets were obtained by GeneCards and TCMIP and
obtained 9 drug-disease common targets (Figure 4A). Based
on the GeneMANIA database, we analyzed the co-expression
network and related pathways of these genes. These genes
were mainly involved in regulating mitochondrial apoptosis,
RNA polymerase II, and mitochondrial membrane perme-
ability during apoptosis. Co-expression was 34.39%, physical
interaction was 22.26%, co-localization was 7.38%, genetic
interaction was 23.47%, prediction was 11.62%, and pathway
was 0.87% (Figure 4B). The GO and KEGG pathway enrich-
ment analysis results were obtained through the DAVID
database, including RNA polymerase II promoter, cell pro-
liferation and transcription (Figure 4C), with 37 pathways
enriched, target-pathway, and the drugs mainly treated RA
by participating in signaling pathways such as apoptosis,
Hedgehog, p53, and EGFR (Figure 4D).

Effect of PD on RA-FLS function

The effect of plasticine D on the proliferation and activity
of RA-FLS cells was studied. With increased cytosine
D concentration compared with control (0mg/L), half of
the inhibition concentration in RA-FLS cells was 8.892mg/L
(p <0.01) and 7.696mg/L (p<0.01)(Table 1, Figure 5A,B).
Compared with the control group (0mg/L), after 24h of
MHT7A cells treated with PD (5mg/L, 10mg/L, 15mg/L) the
apoptosis rate was 8.03%, 0.09%, 35.95%, 1.08% (p<0.01),
respectively (p<0.01). This result indicated that PD can
induce apoptosis in MH7A cells (Figure 5C).

Validation of the effect of PD on the RA-FLS
mechanism

PD significantly reduced SHh, Glil, and BCL-2 protein
expression (p<0.05) and substantially increased SuFu expres-
sion (p<0.05) (Figure 6A). JC-1 staining revealed that both
PD (15mg/mL) and GANT-1 significantly promoted apop-
tosis, red fluorescence was diminished, and green fluorescence
was enhanced, indicating that PD can inhibit the activation
of the Hedgehog signaling pathway and apoptosis (Figure
6B). The expression of inflammatory factors in RA-FLS cells
in each group was examined by ELISA and QPCR. PD sig-
nificantly decreased the expression of TNF-a compared with
that of the control group (p<0.05) (Figure 6C,D), and the
concentration of cellular IL-6 expression was significantly
reduced (p<0.05) (Figure 6C,D). These findings indicate that
PD inhibits the RA-FLS inflammatory response.

Discussion

In RA, synovial fibroblasts contribute to joint damage by
stimulating both pro-inflammatory and tissue destructive
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pathways. Currently, various conventional anti-rheumatic
drugs are available for the treatment of RA [18]. Nonetheless,
disease-modifying anti-rheumatic drugs and biologicals do
not address all the clinical issues, including efficacy and

toxicity [19]. Therefore, seeking safer and more effective
preparations from traditional Chinese medicines is import-
ant. The major chemical components of P. grandiflorum
include saponins, flavonoids, and polysaccharides. Among
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them, the saponin PD is a pentacyclic triterpenoid saponin
monomer [20]. PD can inhibit nitric oxide production and
inflammation. Its anticancer activity has also been exten-
sively studied; however, its mechanism in relation to RA
remains unclear. In this study, we assessed the therapeutic
effects of PD in rats with CIA, which is a well-established
in vivo model that reflects the common immunological and
pathological features of RA. The paw volume and arthritis
global assessment were used as the indicators of disease
progression. Our results demonstrate that PD improved
joint inflammation and synovial hyperplasia in rats with
CIA. Histopathologic and ultrasound examinations of the
joints further demonstrated the protective and
anti-inflammatory effects of PD via reducing inflammatory
cell infiltration and synovial hyperplasia, as well as joint
cartilage and bone erosion. PD could be a promising
anti-rheumatic drug as it has been shown to exert
anti-inflammatory, antioxidative, and immunomodulatory
effects in DBA/1] mice [9]

Because RA-FLS are similar to tumor cells, we demon-
strated that PD had a significant cytotoxic effect through
cell growth and migration-induced apoptosis within a spe-
cific dose range. They are linked to vital processes in RA
such as chronic synovitis and joint destruction. Therefore,
many studies have investigated the application of apoptosis
in the treatment of RA, as this could have great significance
for future targeted therapy. Perlman et al. revealed that
Bcl-2 is more expressed in FLS of RA than in synovial
tissue of osteoarthritis. Moreover, they found that knocking
out the Bcl-2 gene in relation to RA led to a reduction in
Bcl-2 expression in vitro [21]. Decreased cell viability in
FLS has been shown to alter mitochondrial permeability
and induce the release of Cyt c, resulting in the activation
of Caspase-9 and Caspase-3, as well as DNA fractures.

Based on these findings, the present study used net-
work pharmacology to study the potential mechanism of
action of PD in the treatment of RA. The disease targets
of PD as an RA drug included BCL2LI1, F2, GLII, Jun,
and STAT3. In particular, BCL2L1 has been identified as
an important apoptotic member [22].The GLII gene is
localized in humans as one member of the encoding zinc
finger protein family; it activates Gli to initiate Bcl-2
expression [23]. The c-Jun terminal kinase (JNK) is an
important contributor in the pathology of RA because its
phosphorylation initiates the expression of matrix metal-
loproteinases (MMPs) to promote bone destruction.
Transcriptional activation factor 3 (STAT3) is involved in
cell proliferation and differentiation under JAK signaling
[24]. Based on this, several of the major biological func-
tions enriched by these disease targets were identified
using the KEGG signaling pathway and co-expression
network. In detail, these were p53, Shh, EGFR, the reg-
ulation of mitochondrial membrane permeability, apopto-
sis, intracellular receptor signaling, and other biological
processes. These findings show that PD can treat RA
through multi-target and multi-pathway cooperation.
Mechanistically, this may have occurred by inhibiting the
activation of the Shh signaling pathway. RA-FLS exist in
a synchronic inflammatory microenvironment [25]. The

Shh signaling pathway is conservative. When signaling is
activated, Shh binds to Ptchl, thereby inhibiting Smo by
releasing the activated form of Gli-A. In this way, it par-
ticipates in target gene transcription and expression [26].
This in turn results in the activation of Caspase-9 and
Caspase-3, causing DNA fractures [27]. Furthermore, the
Shh signaling pathway is known to be involved in the
circumstances, development, and metastasis of multiple
tumors [28]. Activated Shh signals and the increased pro-
liferation and migration of FLS have been reported in
synovial tissue obtained from patients with RA [29]. The
aggressiveness of overexpressed Shh on cartilage during
the inhibition of GLI1 can significantly reduce FLS pro-
liferation [30]. Moreover, the activation of Shh signaling
promotes the expression of pro-inflammatory cytokines,
such as IL-6 and TNF-q, in FLS. This behavior is similar
to the intervention effect of GANT-61 [31], which is a
molecular inhibitor of Shh signaling. This suggests that
the activation of Shh signaling occurs in patients with
RA, and that Shh signaling is involved in the activation
of RA-FLS. In this study, the results of our in vivo exper-
iments have shown that PD was effective in alleviating
disease progression in rats with CIA, including regulating
apoptosis of FLS and reducing the production of
pro-inflammatory factors (TNF-a and IL-6). Our findings
further suggest that PD might regulate mitochondrial
apoptosis through the Hedgehog signaling pathway.
Further studies should explore the mechanisms of cellular
types of apoptosis associated with PD in vitro.

Conclusion

In summary, apoptosis is one of the most effective thera-
peutic targets for PD, a saponin that can be isolated from
P. grandiflorum, for the treatment of RA. This therapeutic
effect functions through the Shh signaling pathway, as con-
firmed herein by experiments performed with RA-FLS.
Further studies are needed to reveal the multiple pathways
for a range of predicted targets. It is expected that such
results could provide a theoretical basis and reveal a ther-
apeutic strategy for targeted RA-FLS therapy.
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