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Abstract: (1) Background: Rheumatoid arthritis (RA) is a chronic inflammatory condition
known for its symptoms of joint damage and cartilage breakdown. Current treatments
frequently result in adverse effects and show restricted efficacy in the long term. Den-
dropanax morbiferus, a plant recognized for its bioactive properties, demonstrates promise
in the treatment of inflammatory conditions. The objective of this study was to examine the
therapeutic properties of Dendropanax morbiferus Lév. water extract (DMWE) in RA through
the utilization of in vitro and in vivo models. (2) Methods: Ultra-high-performance liquid
chromatography (UPLC) analysis was used to identify bioactive compounds in DMWE. An-
tioxidant activity was evaluated using 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) radical-scavenging
assays. The in vitro experiments involved the treatment of CHON-001 cells with DMWE
in order to assess its impacts on inflammation and matrix metalloproteinase (MMP) ex-
pression. The impact of DMWE on the Janus Kinase 2 (JAK2) and Signal Transducer and
Activator of Transcription (STAT) signaling pathways was also assessed. RA was induced
in Balb/c mice who were subsequently treated with varying doses of DMWE to assess its
impact on joint morphology, edema, and body weight. (3) Results: DMWE demonstrated
substantial antioxidant activity and hindered the expression of MMP-2 and MMP-8 in
chondrocytes treated with IL-13. It additionally inhibited the JAK2/STAT pathway and
diminished inflammatory responses. Treatment with DMWE in living organisms led to a
decrease in joint swelling, improved weight regains, and maintained joint structure, with
higher doses exhibiting effects similar to those of the positive control, dexamethasone
(Dexa). (4) Conclusions: DMWE was found to have excellent in vitro antioxidant and
anti-inflammatory activities. In an RA-induced mouse model, DMWE-3 (500 mg/kg BW)
was found to effectively treat RA by reducing the concentration of pro-inflammatory factors
and preventing joint deformation.

Keywords: rheumatoid arthritis; Dendropanax morbiferus Lév. leaf; CHON-001 cells; Balb/c
mouse; micro-computed tomography; anti-inflammatory
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1. Introduction

Rheumatoid arthritis (RA) is a persistent autoimmune condition that predominantly
affects the joints, but may also have an impact on other tissues and organs [1]. Chronic
inflammation is characterized by the infiltration of immune cells, including macrophages,
T cells, and B cells, which release pro-inflammatory mediators and enzymes that degrade
extracellular matrix components [2]. This process harms the cartilage and bones within the
joints, resulting in joint destruction and subsequent functional impairment and deformation.
RA is mostly found in individuals between the ages of 30 and 60, with a higher incidence
among women than men. If left without proper medical intervention, this condition may
advance, ultimately resulting in joint deformities and complications affecting various
systems of the body.

An important factor in the development of RA lies in the communication between
immune system cells such as macrophages and T cells with cells in the affected joint [3].
Inflammatory cytokines such as tumor necrosis factor-o« (TNF-«), interleukin-13 (IL-1p3),
and interleukin-6 (IL-6) play a crucial role in the onset and advancement of RA. Recent
studies indicate that antigen-activated CD4"* T cells, monocytes, macrophages, and synovial
fibroblasts produce cytokines, which subsequently trigger the release of matrix metallo-
proteinases (MMPs) by chondrocytes, fibroblasts, and osteoclasts [4,5]. Subsequently, the
gradual destruction of the joints and impairment of function occur due to the erosion of
bone and cartilage.

The exact cause of RA is currently unknown, but it is thought to result from a combi-
nation of genetic susceptibility, environmental factors such as smoking and infection, and
hormonal influences. The main goals of treatment include disease-modifying antirheumatic
drugs and biological therapies that target particular immune pathways. In recent years,
preclinical trials have shown that natural plant extracts and compounds can potentially
reduce the symptoms associated with RA [6,7].

Dendropanax morbiferus has been reported to possess various health benefits, including
antioxidant [8,9], antimicrobial [10], antidiabetic [11], and hepatoprotective properties, as
well as effects related to metabolic disorders and pharmacological impacts [12]. However,
despite these promising advantages, research on the potential therapeutic efficacy of
Dendropanax morbiferus leaf water extract (DMWE) in the treatment of RA has been lacking.

With the critical involvement of chondrocytes in the pathogenesis of RA [13,14], the
aim of this research is to assess the therapeutic efficacy and mechanisms of action of DMWE
in RA through the use of chondrocyte cultures and animal model studies. We aim to
investigate the potential of DMWE as a novel therapeutic agent for RA by examining its
ability to modulate inflammatory Janus Kinase 2 (JAK?2)/Signal Transducer and Activator
of Transcription (STAT) pathways and regulate the expression of enzymes such as MMPs.

The main components of a hot water extract from DMWE were identified using
ultra-high-performance liquid chromatography-time-of-flight/tandem mass spectrometry
(UPLC-TOF/MS-MS), and its antioxidant and anti-inflammatory properties were verified
using in vitro studies. In addition, mice were orally given DMWE for a total of five weeks,
with administration commencing two weeks before and continuing for three weeks after
the initiation of RA. Macroscopic assessments were conducted to evaluate alterations
induced by RA, while micro-computed tomography (micro-CT) was utilized to assess
the effect on joint deformation. At the conclusion of the experiment, all animals were
euthanized, and serum was separated from blood collected via cardiac puncture. Changes
in the concentrations of inflammation-related cytokines (TNF-«, IL-6) in the serum were
then investigated. Ultimately, the therapeutic efficacy of the DMWE for RA was confirmed
based on a comprehensive analysis of macroscopic findings, micro-CT results, and changes
in the levels of inflammation-related cytokines.
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2. Materials and Methods
2.1. Sample Preparation

Dendropanax morbiferus leaves were provided by Hurim Hwangchil Co., Ltd. (Jinju,
Republic of Korea), cultivated and harvested in Hadong-gun (Gyeongsangnam-do, Repub-
lic of Korea). Dendropanax morbiferus leaves were extracted using hot water at 95-100 °C
for 4 h, and the sample was filtrated using a 100 pm micro-filter. Next, the filtered extracts
were concentrated at 14-16 brix at 45 °C using an evaporator under vacuum. After being
lyophilized at —40 °C for 96 h, the sample was ground into powder. The powder produced
through this process was named DMWE (yield: 22.57%) (Figure S1).

2.2. Condition of UPLC-QTOF/MS Analysis

The DMWE was analyzed using a Nexera XS ultra-performance liquid chromatogra-
phy (UPLC) system (Shimadzu; Kyoto, Japan) coupled to an X500R quadrupole time-of-
flight (QTOF)/mass spectrometry (MS) system (SCIEX ExionLC AD system; Framingham,
MA, USA) with an electrospray ionization (ESI) source [15]. A Pronto SIL (150 x 4.6 nm,
5 um, 120-5 C18 SH) (Bischoff Chromatography; Leonberg, Germany) was used for UPLC
with a column oven temperature of 35 °C. The flow rate was 0.5 mL/min, and the injection
volume was 10 pL. The mobile phase was 0.1% formic acid in HyO (solution A) and 0.1%
formic acid in acetonitrile (solution B). The gradient elution was as follows: from 0 to 10%
solution B for 0-10 min; from 10 to 15% solution B for 10-20 min; from 15 to 20% solution
B for 20-30 min; from 20 to 25% solution B for 30—40 min; from 25 to 40% solution B for
40-50 min; from 40 to 70% solution B for 50—-60 min; from 5 to 95% solution B for 60~65 min.
The identification of compounds using QTOF/MS was performed in both positive (ESI,
5500 V) ion modes. The conditions of MS were as follows: ion source gas 1 and gas 2, 50
and 60 psi; curtain gas, 30 psi; ion source temperature, 550 °C. The mass spectra were
recorded in the mass-to-charge (11/z) range of 100-1500 for QTOF/MS and 50-1500 for
MS/MS with collision energy (CE 45 V, CE spread 15 V). Data acquisition and compound
identification were performed using SCIEX OS software version 3.0.0.3339.

2.3. Antioxidant Evaluation

The radical scavenging activities of 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were measured
according to previously reported methods with slight modifications. For DPPH, the reagent
(0.15 mM in methanol; Sigma-Aldrich, St. Louis, MO, USA) was mixed with DMWE
solutions (1, 5, 10, and 50 mg/mL in distilled water) at a ratio of 2.5 mL to 1 mL, vortexed,
and incubated in the dark for 30 min [16]. Absorbance was measured at 518 nm using a
spectrophotometer (SpectraMax M2e, Molecular Devices, LLC, San Jose, CA, USA). For
ABTS, a solution was prepared by reacting 7 mM ABTS with 2.4 mM potassium persulfate
(1:1, v/v) in the dark for 16 h and diluted to an absorbance of 1.0 at 734 nm. DMWE
solutions (1, 5, 10, and 50 mg/mL) were mixed with 190 uL of ABTS solution in a 96-well
microplate and incubated at room temperature for 10 min, and absorbance was measured at
734 nm [17]. For both assays, distilled water and 1.0 mg/mL vitamin C served as negative
and positive controls, respectively. The radical scavenging activity was calculated as a
percentage using the formula.

ABNC - ABsam

Radical scavenging activity (%) = ( A
NC

) x 100

where: ABnc, absorbance of negative control; ABsam, absorbance of sample.
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2.4. Ln Silico Molecular Docking

The molecular docking of utin within the MMP-8 region was assessed using the 3D
crystallographic structure of MMP-8 obtained from the Protein Data Bank (PDB ID: 1BZS)
website. The enzyme’s crystal structure was modified using Discovery Studio Visualizer
software version 17.2.0.16349, 2016, by eliminating ligands and water molecules linked
to the PDB file. The docking procedure was conducted utilizing AutoDock 4.2 software
with the Lamarckian Genetic Algorithm, under the assumption of rigid ligands within the
macromolecule and full flexibility for the ligand. The universal gas constant in AutoDock
is denoted as R, with a value of 1.987 cal/(mol-K), and T represents the temperature in
Kelvin, with a default value of 298.15 K [18,19]. The software utilized for obtaining two-
dimensional and three-dimensional images of the selected most stable conformation was
Discovery Studio Visualizer version 21.1.0.20298.

2.5. Cell Culture and Cytotoxicity

The American Type Culture Collection (ATCC, University Boulevard Manassas, Man-
assas, VA, USA) provided the human chondrocyte CHON-001 cells, which were grown
in full DMEM with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and
100 g/mL streptomycin. The cells were incubated at a temperature of 37 °C in a humid
atmosphere with 5% CO,. To set the test substance treatment concentration, cultured
cells were plated at a density of 1 x 10* and treated with concentrations of 1, 2.5, 5,
12.5, 25, 50, and 100 pg/mL. After incubation for 24 h, 3-(4,5-Dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) reagent (at a concentration of 5 mg/mL; Duchefa
Biochemie, Haarlem, The Netherlands) was added, and the cells were incubated at 37 °C in
5% CO; for 2 h. Subsequently, 100 puL of 100% dimethyl sulfoxide was added to dissolve
the resulting formazan crystals, and the absorbance was measured at 570 nm [20]. After
seeding the cells, IL-1p was added at a concentration of 50 ng/mL, and the sample was
incubated for 24 h.

2.6. Western Bolt

CHON-001 cells were seeded in 6-well plates at a density of 3 x 10° cells/mL and
incubated for 24 h at 37 °C. After pretreatment with 0, 12.5, 25, or 50 pg/mL DMWE for 12 h,
the cells were stimulated with 50 ng/mL IL-1(3 for 24 h at 37 °C. Total protein was extracted
by adding lysis buffer (Millipore Sigma, Burlington, MA, USA) supplemented with 1X
Inhibitor cocktail solution (#P3300-005, Gendepot, Altair, TX, USA), placing the cells on ice
for 10 min and then centrifuging for 15 min at 12,000 rpm at 4 °C. Protein concentration
was quantified using an enhanced chemiluminescence protein assay kit (Beyotime Institute
of Biotechnology, Shanghai, China), and 20 ug protein/well was separated via 8%.

The separated proteins were subsequently transferred onto 0.2 pm polyvinylidene
fluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and blocked with
5% skimmed milk for 2 h at room temperature. The membranes were then placed in 5%
bovine serum albumin or Fraction V and incubated with the following primary antibodies
overnight at 4 °C: Cyclooxygenase-2 (COX-2, 1:1000), Inducible Nitric Oxide Synthase
(iNOS, 1:1000), MMP-2 (1:1000), MMP-8 (1:1000), Collagen Type II Alpha 1 Chain (COL2A1,
1:1000), p-JAK2 (1:1000), and p-STAT1 (1:1000). Following the primary antibody incubation
and washing with Tris-buffered saline (Beyotime Institute of Biotechnology) with 0.1%
Tween 20, the membranes were incubated with secondary antibodies (1:5000) for 2 h at
room temperature. Protein bands were visualized using an enhanced chemiluminescence
solution (Millipore Sigma) and were semi-quantified using Image Lab 3.0 software (Bio-Rad
Laboratories, Inc.) [21,22]. 3-actin was used as the loading control.
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2.7. Animal

Specific pathogen-free (SPF) female Balb/c mice, aged 6 weeks (weight, 15.54 & 0.88 g),
were procured from Samtaco Korea (Osan, Republic of Korea). Prior to their use in the
experiments, microbiological testing was conducted on all experimental animals to confirm
the absence of pathogens, thereby validating their SPF status. The animals were randomly
placed in groups of 8 in cages and allowed to acclimate to their environment for one
week. Bedding, feed, and drinking water were sterilized via autoclaving to maintain SPF
conditions, and both water and food were provided ad libitum. The ambient temperature
was maintained at 22 &= 1 °C, while humidity was controlled at 50 &= 10%. The ventilation
rate was adjusted automatically to achieve 10-20 exchanges per hour, and a 12 h light/dark
cycle was established (lights on: 7:00, lights off: 19:00) for the housing of the experimental
animals (Three-Shine Inc., Daejeon, Republic of Korea). All animal experiments were
approved by the Laboratory Animal Ethics Committee of the Daegu-Gyeongbuk Advanced
Medical Industry Promotion Foundation and conducted in accordance with its regulations
(Ethical Protocol Code: KMEDI-22092301-00 and Approval Date: 23 September 2022).

2.8. Animal Experiment Design

To ensure an even distribution of body weight across the test groups, each group con-
sisted of 8 animals, making up 6 experimental groups: negative control (NC), the collagen
antibody-induced arthritis (CAIA) and lipopolysaccharide (LPS)-induced model group
(PC), the dexamethasone-treated group (DEXA), and the DMWE-treated groups (DMWE-1,
DMWE-2, and DMWE-3). RA was induced in all groups of mice, except in the NC group,
following a previously described method [23]. Specifically, mice were intraperitoneally
injected once with 1.5 mg of an anti-collagen II antibody cocktail (Miceanti-type II collagen
5-clone monoclonal antibody cocktail kit, Chondrex, Redmond, WA, USA). Four days later,
an intraperitoneal injection of 25 mg lipopolysaccharide (LPS, Chondrex, Redmond, WA,
USA) was administered to induce RA [24]. The RA induction and drug administration
schedule are depicted in Figure 1. For the DEXA group, we administered intraperitoneally
at 0.5 mg/kg body weight (BW) once daily for 5 weeks, starting 2 weeks before RA induc-
tion and continuing for 3 weeks after induction, as referenced in a previous study [25]. For
the DMWE groups (DMWE-1, DMWE-2, DMWE-3), DMWE was administered orally at
doses of 125, 250, and 500 mg/kg BW, respectively, once daily at the same time each day
for 5 weeks, starting 2 weeks prior to RA induction and continuing 3 weeks after induction.
The NC and PC groups received phosphate-buffered saline (PBS) orally once daily during
the same period.

Start of Injection Injection End of
administration of ACAC of LPS experiment

| | | | ]

I 1 1 | 1

0 2 2.5 3 5 (weeks)
H H
Eo— Induction of RA ———’i
. 1]
' '

Administration of PBS/Dexamethasone/DMWE

Figure 1. Experimental timeline for induction and treatment of RA in an animal model.
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2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Using the serum obtained from animals, the concentrations of the inflammation-related
cytokines TNF-a and IL-6 were measured using a Mouse TNF-« ELISA kit (Sigma-Aldrich,
St. Louis, MO, USA) and Mouse IL-6 ELISA kit (Sigma-Aldrich, St. Louis, MO, USA) [26].
The experimental process was performed by referring to the manufacturer’s instructions.

2.10. Scoring of Inflammation Degree

After administering the medication for 5 weeks, starting 2 weeks before RA induction
and continuing until 3 weeks after RA induction, clinical observations were conducted
visually based on previously described methods [25,27]. The severity of the clinical findings
was scored on a scale from 0 to 4 according to the criteria outlined in Table 1.

Table 1. Grading scale for inflammation and edema in an arthritis model.

Grade Clinical Findings
0 Normal appearance, no signs of inflammation
1 Inflammation and edema present in one toe
’ Inflammation and edema present in one or more toes, but not involving the
entire foot
3 Inflammation and edema involving the entire foot
4 Joint stiffness and generalized inflammation throughout the foot

2.11. Micro-CT Imaging

After the experiment was completed, all of the experimental animals were sacrificed,
and the hind limbs were separated for each group. Then, before rigor mortis occurred, the
toes were stretched as much as possible and fixed in a 10% formaldehyde solution. Next,
the entire hind limb was scanned for 4.5 min using high-resolution micro-CT (Quantum FX
micro-CT Imaging System, PerkinElmer, Hopkinton, MA, USA) at an acceleration potential
of 90 kVp and a beam current of 180 pA. The field of view (FOV) was 40 mm, and the
voxel size was 78.125 pm. Considering the impact of resolution, the best possible image
parameters were obtained by adjusting the FOV. For one scan, the total X-ray dose was
set to 1100 mGy, and the micro-CT data were reconstructed and shaped using a software
program (OnDemand 3DTM, Cybermed, Seoul, Republic of Korea) and then analyzed.
Using the Micro-CT software program, version 1.15. the three-dimensional microstructure
of the ankle and toe bones of the left hind limb was analyzed to evaluate bone volume (BV),
total volume (TV), and BV /TV ratio [28].

2.12. Hematoxylin and Eosin (H&E) Staning

Ankle joint tissues were harvested and fixed in 4% paraformaldehyde, followed by
decalcification with 10% neutral buffered ethylenediaminetetraacetic acid. The tissues
were obtained, fixed, decalcified, embedded in paraffin, and sectioned at a thickness of
5 um [29]. The joint sections underwent deparaffinization using xylene and were dehy-
drated in a gradient ethanol series. The sections were stained with hematoxylin for 5 min,
differentiated with 1% hydrochloric acid ethanol for 30 s, treated with 0.2% ammonia for
bluing, and stained with 0.5% eosin for 10 min. Finally, the sections were observed under a
light microscope.

2.13. Statistical Analysis

Data are expressed as mean =+ standard error of the mean (SEM). Statistical analy-
ses were conducted using one-way analysis of variance (ANOVA) followed by Duncan’s
multiple-range test and the Kruskal-Wallis test for post hoc comparisons using the Statisti-
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cal Package for the Social Sciences version 20 (IBM, New York, NY, USA). A p-value of less
than 0.05 was considered statistically significant.

3. Results
3.1. Analysis of Principal Components of DMWE

The UPLC chromatogram of DMWE displays the presence of multiple bioactive
compounds. The peaks were identified as eight compounds: vulgaxanthin I, quercetin
3,4'-di-o-glucoside, schaftoside, Rutin, hyperin, caffeoyltartaric-p-coumaroyl acid, and
kaempferol-3-o-rutinoside (Figure 2). Rutin is acknowledged as the primary indicator com-
pound of DMWE. Additionally, Table 2 and Figure S2 illustrate the fragmentation pattern
of eight molecular structures, offering valuable information on the chemical composition
of DMWE.

180- 4
1504 o
S 120-
= 120
g ne
0 m/z 565
8 L \rll'l“ll u‘:h I 2. Qucrcclm 3 4 d| 0-glucoside 3. Schaftoside
2 gacanthin oH
< 90 . " . HO. OH
g ,,z%ou O o g@{iﬂou OH O:C)ICH_,
@ | HO. 0. (U HO.
= o O | OH [ |
< "Of\;: on o %0 on
60 - HOY Y OH O OH OH o ‘ O
° (Y] OH
m/z 611 w/z 465” m/z 458 m/z 595
4. Rutin 5. H\perm 6. p-Coumaroyl caffeoyl tartaricacid 7. Kaempfeol-3-O-rutinoside
30 1 S
O - L) 1 1 - L — 1 1 1
0 10 20 30 40 50 60 70
Time(min)
Figure 2. UPLC chromatogram of DMWE. Vulgaxanthin I (1), quercetin 3,4'-di-o-glucoside (2), schafto-
side (3), Rutin (4), hyperin (5), caffeoyltartaric-p-coumaroyl acid (6), kaempferol-3-O-rutinoside (7).
Table 2. Date for characterization of compounds in DMWE by UPLC-TOF-MS/MS.
Peak No. Retentlt?n Time Formula Identification Experiment MS/MS
(min) Mass (m/z)
1 15.73 C14H17N3Oy Vulgaxanthin I 340 322,209
Quercetin
2 18.99 Cy7H300q7 3,4’—di—O—glucoside 627 465, 303
3 21.19 CreHpgO14 Schaftoside 565 547,445, 325
4 23.98 C27H30016 Rutin 611 303
5 25.59 C21H20012 Hyperin 465 303
p-Coumaroyl caffeoyl
6 26.36 CyrH15011 tartaric acid 458 295, 277
7 28.41 CarH3oO15 Kaempferol-3-O- 595 287

rutinoside
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3.2. Antioxidant Activity in DMWE

Table 3 presents the results of the DPPH and ABTS radical scavenging activities. At
DMWE concentrations of 1, 5, 10, and 50 mg/mL, the DPPH radical scavenging activities
were 6.54 + 0.48%, 20.13 +£ 2.41%, 43.20 £ 5.89%, and 75.11 £ 3.08%, respectively. The posi-
tive control, vitamin C (91.64 £ 0.75%), showed statistically significantly higher scavenging
activity at all concentrations of DMWE (p < 0.05). However, the DPPH radical scavenging
activity of DMWE increased in a concentration-dependent manner, with a statistically
significant difference in DPPH radical scavenging activity between the DMWE-treated
groups (p < 0.05). At DMWE concentrations of 1, 5, 10, and 50 mg/mL, the ABTS radical
scavenging activities were 6.98 £+ 1.73%, 24.37 £ 2.22%, 40.13 £+ 4.31%, and 63.69 +£ 5.12%,
respectively. The positive control, vitamin C (92.49 £ 1.22%), exhibited statistically signifi-
cantly higher scavenging activity at all concentrations of DMWE (p < 0.05). Similarly to the
DPPH results, the ABTS radical scavenging activity of DMWE increased in a concentration-
dependent manner, with a statistically significant difference in ABTS radical scavenging
activity between the DMWE-treated groups (p < 0.05).

Table 3. DPPH and ABTS radical scavenging activities of DMWE.

. DPPH Radical ABTS Radical
. Concentration . .

Groups (me/ke) Scavenging Scavenging
8'%8 Activity (%) Activity (%)

Control 1 91.64 £0.752 9249 £1.222
1 6.54 £ 0.48 P 6.98 £1.73°

5 2013 £241°¢ 2437 £2.22°¢

DMWE 10 4320 +5.894 40.13 +4.314
50 7511 £ 3.08 ¢ 63.69 £5.12°¢

* Control: vitamin C 1 mg/kg; DMWE. The different superscript letters at the same column indicate statistically
significant difference (a, b, ¢, d, e, p < 0.05).

3.3. Molecular Docking Study of Rutin as a Potential MMP-8 Inhibitor for RA Therapy

The molecular docking analysis of Rutin with MMP-8 (PDB ID: 1BZS) revealed a bind-
ing affinity score of —7.7 kcal/mol, suggesting a strong interaction. Rutin formed multiple
hydrogen bonds with key amino acid residues, including Histidine 162, Glutamine 165,
and Alanine 163, stabilizing its interaction within the active site of MMP-8. Additionally,
mi-stacking interactions were observed, further enhancing ligand binding (Figure 3). MMP-8
plays a crucial role in the degradation of extracellular matrix components, contributing to
joint damage and inflammation in RA [30].

This result suggests that Rutin could serve as a natural MMP-8 inhibitor, potentially
mitigating the progression of RA through its anti-inflammatory and chondroprotective
properties.
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Interactions
l:l Conventional Hydrogen Bond

[ ] Carbon Hydrogen Bond

[ I Pi-Donor Hydrogen Bond

Figure 3. The catalytic domain of MMP-8 (PDB ID: 1BZS) with Rutin at the binding site.

3.4. DMWE Downregulates the IL-1B-Induced Upregulation of Inflammation Expression in
CHON-001 Cells

We treated the chondrocytes with DMWE at different concentrations (0~200 pg/mL)
for 24 h, respectively. The MTT assay indicated that chondrocyte viability was non-
significantly reduced after treatment with 12.5, 25, and 50 pg/mL DMWE for 24 h
(Figure 4a), respectively, indicating that DMWE at <50 pg/mL exhibited no obvious
cytotoxicity to chondrocytes. Hence, we selected DMWE at 12.5, 25, and 50 pug/mL to
explore its role in RA progression. In this study, the impact of DMWE on IL-13-induced
chondrocyte inflammation was examined through treatments at concentrations of 12.5,
25, and 50 pg/mL. The findings indicated a dose-dependent inhibitory effect of DMWE
on iNOS expression. Notably, the most substantial reduction in COX-2 expression was
observed at the highest concentration of 50 ug/mL DMWE. The positive control at a con-
centration of 10 pg/mL demonstrated greater effectiveness in comparison to the extract
(Figure 4b,c).
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Figure 4. Effects of DMWE on IL-13-induced inflammation activation in CHON-001 cell. (a) Cell
toxicity in CHON-001 Cells. Data represents the mean &+ SEM of three independent experiments.
(b) The protein expression levels were determined by Western blot with 3-actin as the internal control
(¢) quantification analysis. Data represent the mean + SEM. #*# p < 0.001 vs. untreated control.
*p <0.05 *p<0.01,** p < 0.001 vs. IL-1p3-treated group.

3.5. DMWE Downregulates the IL-1B-Induced Upregulation of MMPs Expression in
CHON-001 Cells

RA is a persistent inflammatory condition marked by the increased production of
inflammatory cytokines and MMPs, leading to cartilage deterioration and joint injury.
In order to assess the impact of DMWE on IL-13-induced MMP expression, CHON-001
cells were exposed to IL-13 at a concentration of 50 ng/mL in the presence or absence of
DMWE at varying concentrations (12.5, 25, and 50 ng/mL). Dexa at a concentration of
10 pg/mL was used. The Western blot analysis demonstrated that stimulation with IL-13
resulted in a notable increase in the expression of MMP-2 and MMP-8, suggesting their
role in extracellular matrix degradation and inflammatory pathways in RA. However, the
administration of DMWE resulted in a dose-dependent reduction in IL-13-induced MMP-2
and MMP-8 expression levels, indicating that DMWE may exert anti-inflammatory and
cartilage-protective effects. In addition, the inhibitory effects of DMWE were similar to
those of Dexa (Figure 5), a widely recognized anti-inflammatory medication, indicating its

potential usefulness in treating RA.
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Figure 5. Effect of DMWE on the expression of MMP-2 and MMP-8 in CHON-001 Cells. (a) The
protein expression levels MMP-2 and MMP-8 were determined by Western blot with -actin as the
internal control. (b) MMPs quantification analysis. Data represents the mean + SEM. # p <0.01,
### 1 < 0.001 vs. untreated control. *** p <0.001 vs. IL-1p -induced group.

3.6. DMWE Downregulates the IL-1B-Induced Upregulation of JAK2/STAT Pathway Expression
in CHON-001 Cells

To assess the suppressive impact of DMWE on the IL-13-induced activation of the
JAK2/STAT signaling pathway, CHON-001 cells were exposed to IL-13 (50 ng/mL) with
or without DMWE (12.5, 25, and 50 pg/mL). Dexa at a concentration of 10 pug/mL was
used. The analysis using Western blotting indicated that stimulation with IL-1§3 led to a
significant elevation in the phosphorylation levels of JAK2 and STAT1 in comparison to
the untreated control. However, treatment with DMWE at a concentration of 50 pg/mL
significantly inhibited the IL-13-induced phosphorylation of JAK2 and STAT1, suggesting
its ability to suppress inflammatory signaling in cartilage cells (Figure 6). These findings
indicate that DMWE could potentially serve as a therapeutic intervention for decreasing
inflammatory responses by modulating the JAK2/STAT pathway.
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Figure 6. Effect of DMWE on the expression of JAK2/STAT in CHON-001 Cells. (a) The protein
expression levels were determined by Western blot with 3-actin as the internal control. (b) p-JAK2
and p-STAT1 quantification analysis. Data represents the mean & SEM. ## p < 0.001 vs. untreated
control. * p <0.05; *** p <0.001 vs. IL-1B-induced group.

3.7. Changing of Body Weights

Figure 7 depicts the alterations in body weight noted across all groups from two weeks
before the onset of RA to three weeks after induction. Within the first two weeks after the
commencement of drug treatment, there were no notable discrepancies in body weight
among any of the groups. During the third week following the induction of RA, there was
a noticeable decrease in body weight within all experimental groups when compared to
the NC group, with statistical significance. Nevertheless, there were no notable differences
observed between the groups treated with DEXA and DMWE. During week four post drug
administration, all treatment groups exhibited significantly lower body weights compared
to the NC group. In contrast, the body weights of the groups DEXA, DMWE-2, and DMWE-
3 shows a significant increase when compared to the PC group. By the fifth week post drug
treatment, a notable and significant rise in body weight was observed across all treatment
groups compared to the PC group. Additionally, there were no significant differences in
body weights between the DEXA, DMWE-2, and DMWE-3 groups when compared to the
NC group.
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Figure 7. Changes in body weight as a percentage of DMWE in RA mice models. Statistical anal-
ysis was performed according to a two-way ANOVA with Dunnett’s multiple comparison test.
n = 8 for each group. it p <0.001 vs. negative control. * p < 0.05; *** p < 0.001 versus RA-induced
mouse model.

3.8. Anti-Inflammatory Effects of DMWE on Serum TNF-a and IL-6 in RA Mouse Models

The levels of TNF-« and IL-6 in the serum were measured in blood samples collected
from all animals in the study, starting two weeks before and lasting three weeks after the
induction of RA following drug administration. As shown in Figure 8a, the concentration
of TNF-« in the LPS-induced group was markedly increased compared to the NC group.
Treatment with DMWE at doses of 125, 250, and 500 mg/kg significantly reduced TNF-«
levels in a dose-dependent manner. The reduction observed at the highest dose (500 mg/kg)
was comparable to that of dexamethasone (0.5 mg/kg). Similarly, Figure 8b shows that
the IL-6 levels were significantly increased in the LPS-induced group compared to the NC
group. Treatment with DMWE at doses of 125, 250, and 500 mg/kg led to a marked decrease
in IL-6 levels, demonstrating a dose-dependent anti-inflammatory effect. Dexamethasone
administration also significantly reduced IL-6 levels. These findings suggest that DMWE
effectively attenuates the inflammatory response induced by LPS by reducing the serum
levels of the pro-inflammatory cytokines TNF-& and IL-6.

TNF-a IL-6
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Figure 8. Effects of DMWE on pro-inflammatory cytokine levels in serum in RA mice model. (a) The
serum levels of TNF-« and (b) IL-6 were detected using an ELISA. Data represents the mean 4= SEM.
n = 8 for each group. ¥ p < 0.001 vs. negative control. * p <0.05; *** p <0.001 vs. RA-induced mouse

model.
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3.9. Effects of DMWE on Hind Limb Edema in RA Mouse Models

Images of the hind limbs in mice with experimentally induced RA after a 5-week
treatment regimen are shown in Figure 9. All groups that were given DMWE demonstrated
a dose-dependent reduction in symptoms compared to the PC group. Remarkably, DMWE-
3 exhibited a level of enhancement comparable to that observed with DEXA, showing no
substantial deviation from the NC (Figure 9). Table 4 delineates the edema scores observed
in the hind limbs induced with RA after a 5-week treatment regimen. The edema scores in
each treatment group exhibited a notable decrease in comparison to the PC group with a
statistical significance level of p < 0.05. There were no statistically significant differences
observed between the groups receiving treatment with DMWE and the DEXA group, as
well as among the various groups treated with DMWE.

DMWE-2 DMWE-3 DEXA

Figure 9. Representative macroscopic photographs of Balb/C mice models. Negative control group
(NC); RA-induced model group (PC); DMWE-treated groups (DMWE-1, DMWE-2, and DMWE-3);
Dexametasone (DEXA).

Table 4. Critical arthritis index score.

Groups Score
NC 0.00 & 0.00 2
PC 3.80 £ 0.42°

DEXA 1.20 +0.42°¢
DMWE-1 1.80 & 0.79 <d
DMWE-2 1.40 + 0.52 <d
DMWE-3 1.20 + 0.42 <d

The different superscript letters indicate statistically significant differences (a, b, ¢, d, p < 0.05).

3.10. A Micro-CT Study on the Impact of DMWE on Bone Structure in RA Mouse Models

Figure 10 depicts micro-CT images of the left and right hind limbs acquired after a
5-week treatment regimen subsequent to RA induction. The NC group displayed typical
anatomical structures in both the left and right hind limbs, showing no signs of abnormal-
ities. On the other hand, the PC group showed notable abnormalities near the joints of
the hind limbs, as marked by red encircling, which can be attributed to RA. The DEXA,
DMWE-2, and DMWE-3 cohorts exhibited typical joint morphology, free from any defor-
mities induced by RA in the vicinity of the joints. In the DMWE-1 group, instances of
joint deformities were noted in specific areas surrounding the joints (highlighted by red
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circles) as a result of RA, while other joint areas appeared unaffected. Table 5 displays
the bone indices obtained using micro-CT analysis. The BV of the DEXA, DMWE-2, and
DMWE-3 groups exhibited a statistically significant increase when compared to the PC
group, whereas the BV of the DMWE-1 group did not demonstrate a significant difference.
Additionally, there were no notable variances in BV between the groups that received
DMWE treatment. The BV fraction of the DEXA, DMWE-2, and DMWE-3 groups exhibited
a statistically significant increase compared to the PC group, whereas that of the DMWE-1
group did not differ significantly. In the same vein, there were no significant variations in
BV/TV noted across the DMWE-treated groups.

DMWE-2 DMWE-3 Dexa

Figure 10. Micro-CT scanning of hind paws of mice from different groups. L: left, R: right. Red dotted
circle: observation of deformation around joints.

Table 5. Bone morphological microstructure of bone of hind paws in mice induced RA after adminis-
tration of DMWE.

Bonindex
Groups
BV (mm?3) TV (mm?3) BV/TV (%)

NC 0.37 +£0.012 1.29 + 0.00 28.91 +0.902
PC 0.27+ 0.05P 1.29 + 0.00 20.54 +3.69b
DEXA 0.34 +0.03¢ 1.29 4+ 0.00 26.45 +£2.70 €
DMWE-1 0.28 + 0.05 bd 1.29 + 0.00 21.37 + 4.05 bd
DMWE-2 0.31 4+ 0.07 < 1.29 + 0.00 24.03 4+ 5.43 <d
DMWE-3 0.33 4 0.04 <d 1.29 + 0.00 25.36 4+ 2.75 <

The different superscript letters at the same column indicate statistically significant differences (a, b, ¢, d, p < 0.05).
Bone volume (BV), total volume (TV).

3.11. Histopathological Analysis of Joint Tissues in RA Mouse Models

The NC group exhibits normal joint architecture without signs of inflammation, syn-
ovial hyperplasia, or cartilage erosion. The PC group shows severe synovial hyperplasia,
inflammatory cell infiltration, cartilage destruction, and pannus formation, which are
characteristic of RA pathology. DMWE-1 partially reduces synovial hyperplasia and in-
flammatory cell infiltration, although cartilage damage remains. The efficacy of DMWE in
alleviating RA symptoms is dose-dependent, with the DMWE-3 yielding results similar
to those of dexamethasone. DMWE-1 and DMWE-2 offer partial protection, but are less
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effective in reversing cartilage damage. At higher doses, DMWE demonstrates potent
anti-inflammatory and chondroprotective effects, supporting the hypothesis that it could
serve as a viable alternative to traditional RA treatments (Figure 11).

DMWE-2

Dexa

Figure 11. Histological analysis of joint tissues in the RA animal model treated with DMWE: RA
representative symptoms, Arrow: This location marks the area of lesion change, scale bar = 500 pm.

4. Discussion

RA is an autoimmune disorder that emphasizes the importance of timely diagnosis and
intervention [31]. At present, there is a lack of specific curative treatments for RA in clinical
practice, with pharmacotherapy being the primary therapeutic approach. Treatment goals
involve reducing pain, managing inflammatory processes, slowing down the progression
of the disease, and preserving joint function as much as possible. Recent research has sug-
gested that specific natural compounds could potentially assist in the management of RA
by helping to reduce inflammation, relieve pain, and possibly enhance joint health [32,33].
This study examines the therapeutic benefits of DMWE for RA, specifically in terms of
its anti-inflammatory and antioxidant properties. The analysis conducted using DMWE
UPLC-TOF-MS/MS resulted in the identification of seven distinct peaks. Rutin, a flavonoid
glycoside with the chemical formula Cy7H3(O14, is frequently present in a variety of plants,
particularly citrus fruits, apples, and buckwheat [34]. Several studies have explored its
anti-inflammatory, antioxidant [35], and potential therapeutic properties in addressing
conditions such as cardiovascular disease and diabetes [36]. In the current investigation,
Rutin was identified with a molecular weight of 611 m/z, and its fragmentation pattern in
the MS/MS spectrum revealed a prominent ion at 303 m/z. This indicates that structural
features, such as the flavonoid backbone and sugar components, play a role in its biolog-
ical function (Figure S2 and Table 2) [37]. DMWE, similar to other flavonoids, suggests
various biological effects through interactions with signaling pathways, including notable
antioxidants and anti-inflammatory activities that have implications for the management
of chronic diseases such as RA and other inflammatory conditions.

DMWE exhibited notable antioxidant properties by effectively scavenging DPPH
and ABTS radicals in a manner that correlated with the dosage administered (Table 3).
The antioxidant properties of these substances are essential for reducing oxidative stress,
a key factor in the development of RA. In vitro experiments additionally demonstrated
that DMWE effectively decreased the expression of pro-inflammatory enzymes. This
inhibitory effect suggests a potential mechanism by which DMWE could potentially prevent



Antioxidants 2025, 14, 548

17 of 22

inflammation, specifically targeting enzymes such as COX-2 and iNOS in chondrocytes
exposed to IL-1p3 (Figure 4).

RA is a persistent inflammatory disorder identified by the heightened production
of pro-inflammatory cytokines and MMPs [38], which lead to the breakdown of the ex-
tracellular matrix and consequent damage to the joints. During RA, increased levels of
MMP-2 [39,40] and MMP-8 [30,41] are crucial in the degradation of the extracellular matrix,
resulting in the destruction of cartilage and inflammation within the impacted joints. In
this investigation, we assessed the impact of the effects of DMWE on IL-13-induced MMP
expressions that were studied in CHON-001 cells, a chondrocyte model. The findings
indicate that IL-1f3, a pro-inflammatory cytokine commonly linked to the development of
RA, notably elevated the expression of MMP-2 and MMP-8 in CHON-001 cells, as validated
using Western blot analysis. This observation highlights the significant involvement of
MMPs in inflammation and cartilage degradation evident in RA. Significantly, the adminis-
tration of DMWE led to a reduction in IL-13-induced MMP-2 and MMP-8 expression in
a manner dependent on dosage, indicating the anti-inflammatory and chondroprotective
attributes of DMWE (Figure 5). The inhibitory effect of DMWE was comparable to that of
dexamethasone, a well-known anti-inflammatory drug, indicating that DMWE may offer
similar therapeutic benefits in the treatment of RA.

In RA, the upregulation of MMP-8 plays a pivotal role in extracellular matrix degra-
dation, leading to cartilage breakdown and inflammation in the affected joints. Further
analysis of the potential of Rutin, a marker compound known to be present in DMWE, as a
natural MMP-8 inhibitor via molecular docking studies, revealed a binding affinity score of
—7.7 kcal/mol (Figure 3).

Current management protocols recommend prompt and proactive treatment in order
to attain the objectives of minimizing disease activity or achieving remission expeditiously.
As a result, RA is presently treated using a wide range of therapeutic agents, including
steroidal /non-steroidal anti-inflammatory drugs and glucocorticoids, as well as synthetic
disease-modifying anti-rheumatic drugs of synthetic origin. These disease-modifying anti-
rheumatic drugs (DMARDs) consist of conventional synthetic methotrexate, biological and
biosimilar TNF-cc inhibitors, or IL-6 inhibitors and targeted synthetic JAK2 inhibitors, which
purposefully target specific immune cells, cytokines, or inflammatory pathways [42,43].

This study also highlights DMWE'’s ability to modulate the JAK2/STAT signaling
pathway, a key mediator in inflammatory processes. By inhibiting the phosphorylation of
JAK2 and STAT1, DMWE reduces the inflammatory response, providing further evidence
of its therapeutic potential in RA (Figure 6). The suppression of this pathway is crucial, as
it is often upregulated in inflammatory conditions and contributes to the persistence of
inflammation and joint destruction.

In RA, heightened vascular permeability, degradation of the extracellular matrix,
and infiltration of immune cells into the synovial tissue lead to the transformation of the
normally low-cellularity synovium into persistently inflamed tissue [44]. This process
includes the enlargement of the synovial lining, along with the stimulation of macrophages
and fibroblast-like synoviocytes [45]. Subsequently, these cells secrete various inflam-
matory mediators, including IL-1f3, IL-6, IL-8, TNF-«, granulocyte-macrophage colony-
stimulating factor, macrophage migration inhibitory factor, matrix-degrading enzymes
such as MMPs, and a disintegrin and metalloproteinase with thrombospondin motifs, as
well as prostaglandins, leukotrienes, and reactive nitric oxide species [46]. The extended
activated fibroblast-like synoviocytes play a role in cartilage degradation by developing
hyperplastic pannus tissue. Additionally, these cells have the capability to migrate between
joints and other organs, potentially spreading inflammation throughout the body [43,47,48].
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In vivo experiments using RA-induced mouse models showed that the oral admin-
istration of DMWE led to a significant reduction in joint swelling and improvements in
body weight and joint morphology (Figures 7 and 9). Notably, higher doses of DMWE
exhibited effects similar to those of dexamethasone, a standard anti-inflammatory drug
used in RA treatment. This suggests that DMWE may offer a viable alternative to traditional
pharmacological treatments, potentially reducing the reliance on synthetic drugs and their
associated side effects. In addition, we investigated the anti-inflammatory effects of DMWE
on pro-inflammatory cytokines TNF-« and IL-6 in an RA mouse model induced by LPS
administration. Our results demonstrate that DMWE treatment significantly reduced the
serum levels of both TNF-a and IL-6 in a dose-dependent manner, comparable to the effects
observed with dexamethasone (Figure 8).

TNF-o and IL-6 are key pro-inflammatory cytokines involved in the pathogenesis of
RA, contributing to the activation and maintenance of chronic inflammation within the
joint microenvironment. Increased levels of these cytokines contribute to tissue damage,
the infiltration of immune cells, and the sustained activation of inflammatory responses.
Therefore, the suppression of TNF-oc and IL-6 levels is considered an important therapeutic
target for the management of RA.

Micro-CT imaging further supported these findings by demonstrating preserved
bone structure and reduced joint deformities in DMWE-treated groups (Figure 10). A
histopathological analysis confirmed the protective effects of DMWE on joint tissues, with
higher doses effectively reducing synovial hyperplasia and inflammatory cell infiltration
(Figure 11). These results underscore the potential of DMWE in preventing the progression
of RA and preserving joint integrity.

This study provides compelling evidence that DMWE possesses significant antioxidant
and anti-inflammatory properties, making it a promising candidate for RA therapy. Its
ability to modulate key inflammatory pathways and protect joint tissues suggests that
DMWE could be developed into a natural therapeutic agent for RA. Future research
should focus on elucidating the detailed molecular mechanisms underlying its effects
and conducting clinical trials to confirm its efficacy and safety in humans. Additionally,
exploring the synergistic effects of DMWE with existing RA treatments could further
enhance its therapeutic potential.

5. Conclusions

This study confirms the excellent antioxidant and anti-inflammatory effects of DMWE.
These effects prevented the destruction of bone and cartilage caused by chronic inflamma-
tion in RA-induced mice, showing a strong therapeutic effect on RA. Therefore, the findings
indicate that DMWE (300 mg/kg BW) can be used as a natural auxiliary treatment for RA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14050548 /s1. Figure S1: Flow diagram for the preparation
of Dendropanax morbiferus Lév. leaf water extracts. Figure 52: Fragmentation scheme of the compounds
identified from the DMWE by the UPLC-TOF/MS analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

ABTS 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
ACAC Anti-collagen II antibody cocktail

ANOVA Analysis of variance

BCA Bicinchoninic acid

BV Bone volume

BW Body weight

CAIA Collagen Antibody-Induced Arthritis

COX-2 Cyclooxygenase-2

COL2A1 Collagen Type II Alpha 1 Chain

DEXA Dexamethasone

DMWE Dendropanax Morbiferus Lév. leaf water Extracts
DPPH 1,1-diphenyl-2-picrylhydrazyl

ESI Electrospray ionization source

ELISA Enzyme-Linked Immunosorbent Assay

FBS Fetal bovine serum

FOV Field of view

H&E Hematoxylin and Eosin

IL-6 Interleukin-6

iNOS Inducible nitric oxide synthase

JAK2 Janus Kinase 2

LPS Lipopolysaccharide

MMPs Matrix metalloproteinases

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
Micro-CT ~ Micro-computed tomography

m/z Mass-to-charge

NC Negative control

PBS Phosphate-buffered saline

PC Positive control

QTOF/MS  Quadrupole time-of-flight/mass spectrometry
RA Rheumatoid Arthritis
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SEM Standard Error of the Mean
SPF Specific pathogen-free
STAT Signal Transducer and Activator of Transcription

solution A 0.1% formic acid in H,O
solution B 0.1% formic acid in acetonitrile

vV Total volume
TNF-o Tumor necrosis factor-o
UPLC Ultra-High-Performance Liquid Chromatography

DMARDs Disease-modifying anti-rheumatic drugs
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