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Background: EC-18, a synthetic monoacetyldiaglyceride, exhibits protective effects against lung inflammation,
allergic asthma, and abdominal sepsis. However, there have been no investigations to determine whether EC-18 has
preventive potential in autoimmune diseases, especially rheumatoid arthritis (RA).

Methods: To investigate the efficacy of EC-18 on the development of RA, EC-18 was administered in a collagen-
induced arthritis (CIA) murine model and disease severity and the level of inflammatory cytokines in the joint were
investigated. The effect of EC-18 on the inflammation-related factors was investigated by flow cytometry, ELISA,
western blot, and real-time PCR in splenocytes from mice and in peripheral blood mononuclear cells from healthy
and patients with RA. The effect of EC-18 on osteoclastogenesis was investigated.

Results: EC-18 effectively reduced the clinical and histological severity of arthritis, similar to Janus kinase inhibitors
include tofacitinib and baricitinib, in CIA. Furthermore, EC-18 exhibited a synergistic effect with methotrexate in pre-
venting CIA. Treatment with EC-18 effectively reduced the production of inflammatory cytokines in immune cells and

osteoclast differentiation in mice and patients with RA.

Conclusion: These results suggest that EC-18 may be an effective strategy for RA.
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Introduction

Rheumatoid arthritis (RA) is the most prevalent chronic
disease characterized by the infiltration of inflammatory
cells into hyperplastic synovial tissues that results in the
subsequent destruction of the adjacent articular cartilage
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and bone structure. This progressive immune activation
and joint deterioration can lead to functional impair-
ment, occupational disability, and decreased quality of
life for patients with RA [1].

Although the pathogenesis of RA is not fully under-
stood, numerous factors have been shown to drive the
development of RA, including multiple cytokines, pro-
teolytic enzymes, and prostanoids [1, 2]. In inflamed RA
joints, proinflammatory cytokines, such as interleukin
(IL)-1B, tumor necrosis factor (ITNF)-a, and IL-6, pro-
duced by inflammatory cells play critical roles as induc-
ers of prolonged local inflammation underlying the
pathogenesis of RA and leading to bone destruction [2].
IL-1p and TNF-a stimulate synovial fibroblasts to secrete
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degradative enzymes including matrix metalloprotein-
ases (MMPs) and cathepsins, causing articular cartilage
degradation [3]. IL-17-producing T helper (Th17) cells,
which are characterized by the production of their signa-
ture cytokine, IL-17A, are associated with various auto-
immune diseases, including RA and multiple sclerosis [3,
4]. In RA, IL-17 activates pathogenic cells by inducing
the production of proinflammatory cytokines, includ-
ing IL-1B, IL-6, and TNF-a [5-7], and activated signal
transducer and activator of transcription 3 (STAT3) was
shown to be present in inflamed synovia in an animal
model of RA [8].

Osteoclasts, which are specialized bone-resorbing
multinucleated cells, are a major contributor to bone
erosion in RA patients [9]. Differentiation and function
of osteoclasts are promoted by macrophage colony-stim-
ulating factor (M-CSF) and receptor activator of nuclear
factor kappa-B (NF-kB) ligand (RANKL). In addition,
synoviocytes and immune cells within the RA inflamed
joint produce inflammatory cytokines such as TNF-a and
IL-1, which promote osteoclast differentiation and bone
destruction [10, 11].

Janus kinase (JAK)/STAT pathway plays a central role
in mediating signal transduction of diverse cytokines,
interferons, and growth factors [12]. Recently, small mol-
ecules that inhibit JAKs are attracting attention as prom-
ising therapeutics in the treatment of RA. Tofacitinib
and baricitinib are JAK inhibitors that are approved for
the treatment of RA [13]. Tofacitinib is a potent pan-
JAK inhibitor that specifically inhibits JAK3 and JAK1
whereas baricitinib is a selective inhibitor with higher
selectivity for JAK1 and JAK2 [14, 15].

1-palmitoyl-2-linoleoyl-3-acetylglycerol (PLAG) is a
monoacetyldiaglyceride that occurs naturally in a variety
of seed oils and in bovine udder and milk fat [16-18]. It
has also been isolated from the antlers of Sika deer (Cer-
vus nippon Temminck) [19]. These antlers are one of
the most important traditional oriental medicine used
in East Asia more than 2000 years for the treatment of
various diseases, including bone-resorbing diseases [19,
20]. Recently, EC-18 (a synthetic copy of PLAG) has been
chemically synthesized from glycerol, palmitic acid, and
linoleic acid and was shown to have identical efficacy to
that of naturally derived monoacetyldiaglyceride [21,
22]. Previous studies showed that EC-18 exerts anti-
inflammatory effects against lung inflammation, allergic
asthma, and abdominal sepsis [23-25].

This study was performed to investigate the effects of
EC-18 on the development of RA in a collagen-induced
arthritis (CIA) mouse model. EC-18 effectively reduced
the clinical and histological severity of arthritis, similar to
tofacitinib and baricitinib, in CIA. Furthermore, EC-18
exhibited a synergistic effect with methotrexate (MTX)
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in ameliorating CIA. Treatment with EC-18 effectively
reduced the production of inflammatory cytokines in
immune cells and osteoclast differentiation in mice and
human patients.

Materials and methods

Animals

Six-week-old male DBA/1] and C57BL/6 mice were pur-
chased from Orient Bio Inc. (Seongnam, Korea). The
mice were maintained under specific pathogen-free con-
ditions at the Institute of Medical Science of the Catholic
University of Korea with ad libitum access to water and
were fed standard mouse chow (Ralston Purina, St. Louis,
MO, USA). All experimental procedures were performed
in accordance with the Laboratory Animals Welfare Act,
the Guide for the Care and Use of Laboratory Animals,
and the Guidelines and Policies for Rodent Experiments
provided by the Department of Laboratory Animals of
the Institutional Animal Care and Use Committee of
the Catholic University of Korea and conformed to all
National Institutes of Health (USA) guidelines (permit
numbers: 2016-03-02, 2017-08-03, 2018-05-28). To mini-
mize animal suffering, all mice were fully anesthetized
under gas anesthesia using isoflurane (2-2.5%) and sacri-
ficed by cervical dislocation.

CIA induction and treatment with EC-18

CIA was induced as described previously [26]. To induce
CIA in mice, type II collagen (CII) was dissolved over-
night in 0.1 N acetic acid (4 mg/mL) with gentle rotation
at 4°C. Seven-week-old male DBA/1] mice were injected
intradermally at the base of the tail with 100 ug of CII
emulsified in Freund’s adjuvant (Chondrex). Two weeks
later, 100 pg of type II collagen dissolved and emulsified
1:1 with incomplete Freund’s adjuvant (Difco) was admin-
istered to the hind leg of mice as a booster injection. To
examine the preventive effects of EC-18 on the develop-
ment of arthritis, mice were administered via oral gavage
with the vehicle only (2.5 % DMSO in PBS), baricitinib (3
mg/kg, 0.4 % DMSO in PBS), tofacitinib (15 mg/kg, 1.2
% DMSO in PBS), or EC-18 (250 mg/kg, 2.5 % DMSO in
PBS), which was developed as an oral treatment, once
daily from day 21 after the first immunization. To evalu-
ate the synergistic effects of EC-18 with MTX, mice were
administered via oral gavage with the vehicle only (2.5 %
DMSO in PBS), MTX (1.5 mg/kg, 0.1 % DMSO in PBS),
EC-18 (125 mg/kg, 2.5 % DMSO in PBS), or MTX com-
bined with EC-18 once daily from day 21 after the first
immunization. The mice were scored using the arthri-
tis index, which indicates the onset and severity of joint
inflammation, twice weekly for up to 8—-10 weeks after
the first immunization.
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Clinical assessment of arthritis

To assess the severity of joint inflammation, the arthritis
index was scored twice weekly from the onset of arthri-
tis for up to 8—10 weeks after the primary immunization.
The severity of arthritis was assessed on a scale of 0—4
on 4 paws per mouse (maximum score of 16) according
to the following criteria, as described previously [27]: 0
= no edema or swelling, 1 = slight edema and erythema
limited to the foot or ankle, 2 = slight edema and ery-
thema from the ankle to the tarsal bone, 3 = moderate
edema and erythema from the ankle to the tarsal bone,
and 4 = edema and erythema from the ankle to the entire
leg. Incidence was calculated as 25% of the presence of
arthritis symptoms in one foot. The arthritic score and
incidence for each mouse were expressed as the sum of
the scores of four limbs.

Antibodies

The following antibodies were used for immunohisto-
chemistry: rabbit polyclonal anti-IL-6 (1:50, ab7737),
rabbit polyclonal anti-TNF-a (1:150, ab6671), rabbit
polyclonal anti-IL-17 (1:600, ab79056), rabbit monoclo-
nal anti-STAT3 (phosphor Tyr705) (1:100, ab76315), rab-
bit monoclonal anti-tartrate-resistant acid phosphatase
(TRAP) (1: 100, ab191406), and rabbit IgG, monoclonal
[EPR25A] isotype control (1:100, ab172730) were from
abcam; rabbit polyclonal anti-IL-13 Ab (1:400, NB600-
633) was from Novus Biologicals. The following anti-
bodies were used for western blot: mouse monoclonal
anti-p-actin Ab (1:1000, sc-47778) were from Santa Cruz
Biotechnology; rabbit monoclonal anti-STAT3 (phos-
phor Y705) (1:2000, #9145), rabbit polyclonal anti-STAT3
(phosphor S727) (1:1000, #9134), and mouse monoclonal
STAT?3 (124H6) Ab (1:1000, #9139) were from Cell signal-
ing; rabbit monoclonal anti-GAPDH [EPR16891] (1:2000,
ab181602) was from abcam. The following antibodies
were used for flow cytometry for mouse: rat monoclonal
PerCP-Cyanine5.5 anti-CD4 (0.25 pg/test, #45-0042-82)
and rat monoclonal FITC anti-IL-17A Ab (0.25 pg/test,
#11-7177-81) were from Thermo Fisher Scientific; rat
PE/Cyanine5 IgG2a « isotype control (#400510) and rat
FITC IgG2a, K isotype control Ab (#400505) were from
BioLegend. The following antibodies were used for flow
cytometry for human: mouse monoclonal PE/Cyanine7
anti-human CD4 (5 pl per test, #300512) and rat mono-
clonal FITC IgG2a, « isotype control Ab (#400505) were
from BioLegend; mouse monoclonal PE anti-human
IL-17 (0.25 pg/test, #12-7179-42), mouse monoclonal
APC anti-CD25 (0.125 pg/test, #17-0259-42), rat mono-
clonal FITC anti-Foxp3 (0.5 pug/test, #11-4776-42), mouse
PE-Cyanine7 IgGl, « isotype control (# 25-4714-42),
mouse PE IgGl, K isotype control (#12-4714-42), and
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mouse APC IgG1, and « isotype control Ab (#17-4714-
42) were from Thermo Fisher Scientific.

Histopathology

Mouse joint tissues were fixed in 10% neutral-buffered
formalin, decalcified in decalcifying agent (National
Diagnostics, Atlanta, GA, USA), embedded in paraffin,
and cut into sections 5 pm thick. The sections of ankle/
tarsal bones were stained with hematoxylin and eosin
(H&E) and safranin O and scored as described previously
[28]. Inflammation was scored using the following cri-
teria: 0, normal; 1, minimal infiltration of inflammatory
cells and/or mild edema; 2, mild infiltration; 3, moderate
infiltration; 4, marked infiltration; and 5, severe infiltra-
tion of the synovium by inflammatory cells. Bone ero-
sion was scored using the following criteria: 0, normal; 1,
clearly invisible bone resorption in trabecular and corti-
cal bone; 2, clearly invisible bone resorption in slightly
increased trabecular and cortical bone; 3, clearly visible
bone resorption in the trabecular and cortical bones.
Cortex thickness decreases and trabecular loss occurs;
4, no distortion on the cortical bone surface and the
thickness of trabecular and cortical bone is reduced; 5,
decreased cortical bone surface and thickness of trabec-
ular and cortical bone. Cartilage damage was evaluated
by staining with Safranin O and toluidine blue, and the
extent of damage was scored using the following criteria:
0, normal; 1, minimal loss of cartilage without apparent
chondrocyte loss or collagen disruption; 2, chondrocyte
loss and/or collagen disruption and mild loss of cartilage
(superficial); 3, moderate loss of chondrocyte loss and/or
collagen disruption and cartilage (depth to middle zone);
4, marked loss of chondrocyte loss in various areas and/
or collagen disruption and cartilage (depth to deep zone);
and 5, severe chondrocyte loss and/or collagen disrup-
tion and (depth to tidemark) severe loss.

Immunohistochemistry

Sections were treated with 3% (v/v) H,O, in methanol
to block endogenous peroxidase activity. Immunohisto-
chemistry was performed using the Envision Detection""
kit (DAKO Agilent Technologies Inc., Santa Clara, CA,
USA). Tissue sections were incubated with primary anti-
bodies against IL-6, TNF-q, IL-1p, IL-17, phosphorylated
(p) STAT3 (Tyr705), and TRAP for 2 h at room tempera-
ture. Sections were then incubated with a biotinylated
secondary Ab and streptavidin—peroxidase complex for
30 min. The final colored products were developed using
chromogen diaminobenzidine, and the sections were
examined under a photomicroscope (Olympus, Tokyo,
Japan). Two independent, blinded observers assessed the
number of positive cells per section at high-power field
(magnifications x400). To analyze osteoclast parameters,
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osteoclast surface normalized to the bone surface were
assessed by bone histomorphometric analyses (Image]
software).

Isolation of splenocytes and cell stimulation

Splenocytes and splenic CD4" cells from normal
C57BL/6 or CIA mice were isolated as described pre-
viously [29]. Mouse spleens were ground using steri-
lized glass slides with frosted ends and red blood cells
were lysed in hypotonic ACK buffer (0.15 mM NH,C], 1
mM KCO;, and 0.1 mM EDTA, pH 7.4). The remaining
splenocytes were filtered through a 40-um cell strainer
(Falcon, Durham, NC) and maintained in RPMI 1640
medium containing 5% fetal bovine serum (Thermo
Fisher Scientific, MA, USA). To purify splenic CD4+ T
cells, the splenocytes were incubated with CD4-coated
magnetic beads and isolated on MACS separation col-
umns (Miltenyi Biotec). Splenocytes were pretreated
with EC-18 for 2 h and then stimulated with 100 ng/
ml lipopolysaccharide (LPS) (Sigma-Aldrich #14391)
for 3 days. ThO cells were stimulated only with 0.5 pg/
ml anti-CD3 (BD Pharmingen #553057) and 1 pg/ml
anti-CD28 (BD Pharmingen #553294) antibodies with-
out the addition of cytokines. Th17 differentiation was
induced via treatment with anti-CD3, anti-CD28, 20 ng/
ml IL-6 (R&D systems #406-ML), 2 ng/ml transforming
growth factor (TGF)-B (PeproTech #100-21C), 5 pg/ml
anti-IFN-y Ab (R&D systems #MAB485), and 5 ug/ml
anti-IL-4 Ab (R&D systems #MAB404). For regulatory
T (Treg) polarization, anti-CD3, anti-CD28, anti-IFN-y
anti-IL-4 antibodies, and TGF-B (5 ng/ml) were added
to the culture. Splenic CD4" cells were pretreated with
EC-18 for 2 h and then stimulated under ThO, Th17, or

Table 1 Clinical characteristics of patients with rheumatoid arthritis
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Treg conditions for 3 days. To determine the levels of p-
STAT3 by western blot, CD4™ cells were stimulated with
IL-6 for 30 min or anti-CD3 and anti-CD28 Ab for 12 h
in the presence of EC-18.

Isolation of human peripheral blood mononuclear cells
and cell stimulation

Human blood was obtained from patients with RA
(Table 1). The diagnosis of RA was confirmed according
to the revised criteria of the American College of Rheu-
matology [30]. Normal healthy volunteers were included
as controls. All patients provided informed consent in
accordance with the guidelines of the Declaration of
Helsinki. Approval by the ethics committee of Seoul St.
Mary’s Hospital (Seoul, Korea) was obtained for all pro-
cedures (permit numbers: KC17MNSI0405, KC17T-
NSI0704). Peripheral blood mononuclear cells (PBMCs)
were separated from the buffy coat using Ficoll-Hypaque
(Pharmacia Biotech, Piscataway, NJ, USA). The cells were
pretreated with EC-18 for 2 h and then stimulated with
anti-CD3 Ab (0.5 pg/ml) for 12 h, 2 days, or 3 days.

Mouse in vitro osteoclastogenesis

Bone marrow-derived monocytes/macrophages (BMMs)
were isolated from the tibias and femurs of the mice by
flushing the bone marrow cavity with o-minimum essen-
tial medium (MEM; Invitrogen, Carlsbad, CA, USA).
The cells were incubated with a-MEM containing 10%
fetal bovine serum for 12 h to separate the floating and
adherent cells. Floating cells (1 x 10° cells/500 pl) were
cultured in the presence of M-CSF (10 ng/ml) for 3 days
to form osteoclast precursor cells (preosteoclasts). Three
days later, the nonadherent cells were washed out, and

Patient number 1 2 3 4

Age 47 54 64 41

Sex M F F F

Body mass index 250 255 220 21.7

Disease duration 72 months 176 months 140 months 281 months

RF 1759 199.6 108.3 723

Anti-CCP titer 340 100 80 7.6

DAS28-CRP 248 2.3 245 332

ESR 25 3 4 19

CRP 0.20 0.29 038 047

Medication MTX + tocilizumab + predniso-  MTX MTX MTX + tacrolimus

lone 5mg +prednisolone

5mg

Comorbid disease Hyperlipidemia

Osteoporosis

Diabetes mellitus, osteoporosis,
hyperlipidemia

Osteoporosis

M male, F female, mo month, RF rheumatoid factor (normal < 14 1U/ml), anti-CCP anti-cyclic citrullinated peptide antibody (normal < 5 units/ml), DAS28 disease
activity score 28, CRP c-reactive protein (mg/dL), ESR erythrocyte sedimentation rate (mm/h), MTX methotrexate
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preosteoclasts were stimulated with EC-18 in the pres-
ence of 10 ng/ml macrophage colony-stimulating fac-
tor (M-CSFE, PeproTech #300-25) and 50 ng/ml RANKL
(PeproTech #310-01) for 4 days to generate osteoclasts.
On day 2, the medium was replaced with fresh medium
containing M-CSF, RANKL, and EC-18. TRAP stain-
ing (Cosmo Bio, #PMC-AKO04F) was performed accord-
ing to the manufacturer’s instructions. Mouse BMM:s
were prepared using the method described above and
were cultured in 48-well OAAS plates (Osteogenic Core
Technologies, Choongnam, Korea). Erosive areas were
identified using the Tomoro analySIS TS Lite program
(Olympus, Miinster, Germany).

Human in vitro osteoclastogenesis

PBMCs (5 x 10° cells/500 pl) were incubated at 37°C
for 2 h to separate nonadherent and adherent cells, and
the adherent cells were then cultured with M-CSF (100
ng/ml) for 3 days. After 3 days, these preosteoclast cells
were cultured further in the presence of M-CSF (25 ng/
ml), RANKL (30 ng/ml), and EC-18 for 9 days to gener-
ate osteoclasts. On day 3, the medium was replaced with
fresh medium containing M-CSF, RANKL, and EC-18.
TRARP staining (Cosmo Bio) was performed according to
the manufacturer’s instructions.

Analysis of gene expression using real-time polymerase
chain reaction (PCR)

Total RNA was extracted using TRI Reagent (Molecular
Research Center), and cDNA was synthesized with Dyne
first-strand ¢cDNA synthesis kit (Dyne Bio) according
to the manufacturer’s protocol. Polymerase chain reac-
tion amplification and analysis were performed using a
LightCycler 2.0 instrument (Roche Diagnostics, Indian-
apolis, IN, USA) and the accompanying software (version
4.0). All reactions were performed using a SensiFAST""
SYBR® Hi-ROX kit (Meridian Bioscience, Cincinnati,
OH, USA), according to the manufacturer’s instructions.
The following primers were used for mouse sequences:
TRAP, 5-TCCTGGCTCAAAAAGCAGTT-3' (sense),
5-ACATAGCCCACACCGTTCTC-3' (antisense); car-
bonic anhydrase II, 5-TGGTTCACTGGAACACCA
AA-3' (sense), 5-AGCAAGGGTCGAAGTTAGCA-3/
(antisense); calcitonin receptor, 5-CGGACTTTGACA
CAGCAGAA-3' (sense), 5-AGCAGCAATCGACAA
GGAGT-3' (antisense); and B-actin, 5-GTACGACCA
GAGGCATACAGG-3' (sense), 5-GATGACGATATC
GCTGCGCTG-3' (antisense). The following primers
were used for human samples: RORc, 5-AGTCGGAAG
GCAAGATCAGA-3' (sense), 5-CAAGAGAGGTTC
TGGGCAAG-3' (antisense); Foxp3, 5-CACTGCCCC
TAGTCATGGT-3' (sense), 5-GGAGGAGTGCCTGTA
AGTGG-3' (antisense); and B-actin, 5-GGACTTCGA
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GCAAGAGATGG-3' (sense), 5-TGTGTTGGGGTA
CAGGTCTTTG-3' (antisense). The levels of mRNA
expression were normalized relative to that of B-actin
mRNA.

Enzyme-linked immunosorbent assay (ELISA)

The levels of IL-6, IL-13, TNF-a, IL-17, and IL-10 for
mouse (DY406, DY401, DY410, DY421, DY417) or
human (DY206, DY201, DY210, DY317, DY217B) were
performed using DuoSet ELISA kits (R&D Systems).
HRP-avidin (R&D Systems) was used for color develop-
ment. The absorbance of each sample was measured at
405 nm (A,y;) using an ELISA microplate reader (Molec-
ular Devices, Sunnyvale, CA, USA).

Measurement of IgG2a and type Il collagen-specific IgG2a
Blood was taken from the orbital sinus of mice, and the
sera were stored at -20°C until use. The concentrations
of IgG2a and anti-ClI-specific IgG2a antibodies were
measured using a mouse IgG2a ELISA quantification kit
(Bethyl Lab Co., Montgomery, TX, USA). The absorb-
ance at 405 nm was measured with an ELISA microplate
reader (Molecular Devices).

Flow cytometry

For surface marker staining, single-cell suspensions were
washed with FACS buffer and incubated with fluoro-
chrome labeled-antibodies for 30 min at 4°C. For intra-
cellular staining, single-cell suspensions were cultured
with 25 ng/ml PMA (Sigma-Aldrich, p8139) and 250
ng/ml ionomycin (Sigma-Aldrich, 10634) with the addi-
tion of GolgiStop (BD Biosciences, #554715) for 4 h.
After surface staining, cells were fixed and permeabilized
with Cytofix/Cytoperm according to the manufacturer’s
instructions (BD Biosciences, #554715). For intracellular
Foxp3 staining, a Foxp3/Transcription Factor Staining
Buffer kit was used (Invitrogen, #00-5523-00) after sur-
face staining. After washing with Perm/Wash buffer, anti-
bodies for intracellular staining were added for 30 min at
4°C. To identify murine Th17 cells, the cells were intra-
cellularly stained with anti-IL-17-FITC Ab, followed by
anti-CD4—PerCPCy5.5 Ab. To identify human Th17 cells,
the cells were intracellularly stained with anti-IL-17-PE
Ab, followed by anti-CD4-PE/Cyanine7 Ab. To identify
human Treg cells, the cells were intracellularly stained
with anti-Foxp3-FITC Ab, followed by anti-CD4-PerCP
and anti-CD25-APC Ab. Stained cells were analyzed on
a FACSCalibur (BD Biosciences) or CytoFLEX (Beckman
Coulter). Events were collected and analyzed with FlowJo
software (Tree Star).
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Western blot analysis

Cells were lysed in Halt protein lysis buffer containing
Halt phosphatase inhibitor (Thermo Scientific Pierce,
Waltham, MA, USA), and protein concentrations were
determined using the Bradford protein assay (Bio-Rad,
Hercules, CA, USA). Proteins were separated using
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, transferred onto Hybond ECL membranes (GE
Healthcare, Waukesha, WI, USA), and incubated with
antibodies against p-STAT3 (Tyr705, Ser727), STATS3,
and B-actin or GAPDH for 10 min using the SNAP i.d.
Protein Detection System (Millipore, Billerica, MA,
USA). After washing, HRP-conjugated secondary Ab
was added and incubated for 10 min. Ab binding was
detected using an enhanced chemiluminescence detec-
tion kit (Pierce, Rockford, IL, USA) and Hyperfilm (Agfa,
Mortsel, Belgium). Images were scanned on an Epson
Perfection V700 photo scanner and quantification of
intensity was performed using an Image] software. The
levels of interest protein were normalized relative to that
of B-actin or GAPDH as a loading control, and relative
level of interest protein at nil condition was considered
as 1.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism, version 8 for Windows (GraphPad Software). P
values were calculated using the two-tailed paired ¢-test
and two-way analysis of variance (grouped). P < 0.05 was
considered statistically significant. P values are presented
within each figure or figure legend.

Results

EC-18 prevents the severity of experimental arthritis

To examine whether EC-18 could prevent the develop-
ment of arthritis in vivo, EC-18 was orally administered
to CIA once daily from day 21 after CII immunization
(Fig. 1A). Tofacitinib and baricitinib were used as positive
controls for EC-18. EC-18 effectively reduced both the
arthritis score and disease incidence of arthritis, similar
to tofacitinib and baricitinib, in CIA (Fig. 1B). Histologi-
cal examination of joints stained with H&E and safranin
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O showed that the paws and ankles of EC-18-treated
mice exhibited less severe inflammation, bone damage,
and cartilage damage compared with the vehicle-treated
control group (Fig. 1C). The amount of IgG2a was lower
in the serum of mice treated with EC-18 or baricitinib
compared to that in vehicle-treated controls (Fig. 1D).
The joints of experimental arthritic mice treated with
baricitinib also exhibited control of joint damage and
inflammation, similar to the EC-18 group. To assess the
anti-arthritic effects of EC-18, joint sections were immu-
nostained for inflammatory cytokines, including IL-6,
TNEF-a, and IL-17. EC-18 treatment reduced the levels
of these inflammatory cytokines in joint synovial mem-
brane from EC-18-treated mice compared with those in
vehicle-treated controls (Fig. 2).

Combined treatment with EC-18 and MTX effectively
prevented experimental arthritis

MTX is a first-line disease-modifying antirheumatic
drug (DMARD) commonly used in RA [31]. Conven-
tional treatment of RA is usually based on low doses
of MTX [32]. To examine whether EC-18 has syn-
ergistic effects with MTX in the prevention of CIA,
we compared the modulating effects of EC-18 alone
and EC-18 combined with MTX on the severity of
arthritis in a mouse model (Fig. 3A). To investigate
the additive effect when treated with MTX, 125 mg/
kg EC-18, which is half of the dose used in Fig. 1, was
administered. As shown in Fig. 3B, EC-18 effectively
controlled the development of experimental arthri-
tis, and the effect was maintained until 10 weeks
after the first immunization, which was similar to
the therapeutic efficacy of MTX. Notably, com-
bined treatment with EC-18 and MTX suppressed
the experimental arthritis score and incidence to
a much greater extent than either of these drugs
alone (Fig. 3B). Histological examination of joints
revealed that combination therapy with EC-18 and
MTX resulted in decreased infiltration of inflamma-
tory cells and less severe cartilage loss in CIA than
treatment with the vehicle only (Fig. 3C). The level
of ClII-specific IgG2a was lower in the serum of mice

(See figure on next page.)

Fig. 1 Treatment with EC-18 ameliorated the severity of experimental arthritis. The vehicle only, tofacitinib (15 mg/kg), baricitinib (3 mg/kg), or
EC-18 (250 mg/kg) was orally administered to mice once daily from day 21 after the first immunization (n=10/group). A A graphic scheme of CIA
induction and drug administration. B Arthritis development was assessed based on the arthritis score (left) and incidence (right) (n = 10/group).
The severity of arthritis was assessed on a scale of 0-4 according to the criteria and incidence was calculated as 25% for one foot with arthritis
symptoms. *P<0.05, **P<0.01, ***P <0.001 vs. vehicle-treated control group by two-way ANOVA (Bonferroni posttests). C At 60 days after the first
immunization with type Il collagen (ClI), sections of ankle joint tissue of subjects with the average arthritis score of each group (n=5/group) were
stained with hematoxylin and eosin (H&E) (original magnification x40) and safranin O (original magnification x 200). Joint tissue from normal
mice was used as a control. Representative histological features are shown. Two independent, blinded observers assessed the cartilage damage,
inflammation, and bone damage was assessed on a scale of 0-4 according to the criteria. D At 60 days after the first immunization, serum level of
|gG2a was measured via enzyme-linked immunosorbent assay (ELISA). *P <0.05, **P < 0.01, ***P <0.001 vs. vehicle-treated control group
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Fig. 1 (Seelegend on previous page.)
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Fig. 2 Treatment with EC-18 suppressed the levels of inflammatory cytokines in vivo. The vehicle only, tofacitinib (15 mg/kg), baricitinib (3 mg/kg),
or EC-18 (250 mg/kg) was orally administered to mice once daily from day 21 after the first immunization. At 60 days after the first immunization
with ClI, the mice were sacrificed and examined to assess changes in the number of cytokine-positive cells in joint synovial membrane. Sections of
joint tissues of subjects with the average arthritis score of each group (n=5/group) were stained with antibodies against interleukin (IL)-6, tumor
necrosis factor (TNF)-a, and IL-17 (original magnification x400). Joint tissue from normal mice was used as a control (n=3). The graphs present the
number of Ab-positive cells for each cytokine. *P < 0.05 vs. vehicle-treated control group

treated with EC-18 plus MTX compared to that in  cells compared to those of vehicle-treated controls
vehicle-treated controls, but there was no statisti- (Fig. 4C). Figure 4A and B show the location of syn-
cal significance (Fig. 3D). Furthermore, the joints ovium (red line box) and isotype control staining
of EC-18 plus MTX-treated CIA mice had fewer images for IHC in the joint of vehicle or MTX and
IL-6-, TNF-a-, IL-1B-, IL-17-, and STAT3-positive EC-18 combined treatment group, respectively.

(See figure on next page.)

Fig. 3 EC-18 combined with methotrexate attenuated the severity of collagen-induced arthritis. The vehicle only or EC-18 (125 mg/kg) was
administered to mice once daily from day 21 after the first immunization, and methotrexate (1.5 mg/kg) was administered three times a week by
oral feeding (n=10/group). A A graphic scheme of CIA induction and drug administration. B Arthritis development was assessed based on the
arthritis score (upper) and incidence (lower). *P <0.05, **P <0.01, ***P <0.001 vs. vehicle-treated control group by two-way ANOVA (Bonferroni
posttests). C At 70 days after the first immunization with ClI, sections of ankle joint tissues of subjects with the average arthritis score of each
group (n=>5/group) were stained with H&E (original magnification x40) and safranin O (original magnification x200). Representative histological
features are shown. Two independent, blinded observers assessed the cartilage damage, inflammation, and bone damage was assessed on a
scale of 0—4 according to the criteria. D At 70 days after the first immunization, serum level of Cll-specific IgG2a were measured via enzyme-linked
immunosorbent assay (ELISA) (n=8/group). *P<0.05, **P<0.01, ***P<0.001 vs. vehicle-treated control group
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EC-18 reduces the production of IL-17 in mice in vitro

To determine the effects of EC-18 on the regulation of
immune cells in vitro, murine splenocytes from naive
mice were cultured with EC-18 in the presence of LPS
for 4 days. Treatment with EC-18 reduced the produc-
tion of IL-6 and IL-1p in the culture supernatants of sple-
nocytes (Fig. 5A). Furthermore, treatment with EC-18
reduced the secretion of IgG in the culture supernatants
of splenocytes (Fig. 5B). To determine whether EC-18
could control the secretion of IL-17 in T cells, isolated
splenic CD4+ T cells from naive mice were cultured with
or without EC-18 under Th17-polarizing condition. EC-
18-treated CD4+ T cells were less prone to differentiate
into Th17 cells compared to untreated cells, although
there was no statistical significance (Fig. 5C). However,
treatment of EC-18 dose dependently suppressed the
amount of IL-17 in the culture supernatant of CD4+ T
cells compared to untreated cells (Fig. 5D). To determine
whether EC-18 can directly act on STAT3 phosphoryla-
tion, mouse splenic CD4+ T cells from naive mice were
stimulated with IL-6 or anti-CD3/anti-CD28 Ab in the
presence of EC-18 and the levels of p-STAT3 (Tyr705 or
Ser727) were measured, respectively. As shown in Fig. 5E,
treatment with EC-18 inhibited IL-6-stimulated phos-
phorylation of STAT3 (Y705) in splenic CD4+ T cells.
EC-18 also inhibited STAT3 phosphorylation (S727) in
murine splenic T cells through anti-CD3/anti-CD28 Ab
stimulation (Fig. 5E). Next, we used splenic CD4+ T
cells from CIA mice to determine whether EC-18 treat-
ment had a regulatory effect on T cells of CIA mice.
Treatment with EC-18 reduced the secretion of IL-17
in the supernatant of splenic CD4™" cells from CIA mice
under Th17-polarizing condition (Fig. 5F). The secretion
of the anti-inflammatory cytokine IL-10 in the superna-
tant of splenic CD4" cells from CIA mice was increased
by EC-18 under anti-CD3 and anti-CD28 Ab stimulation
(Fig. 5) Gand Treg-polarizing conditions (Fig. 5H).

EC-18 decreases the production of inflammatory

cytokines in human PBMCs by downregulating STAT3
phosphorylation

To determine whether EC-18 could reduce the produc-
tion of inflammatory cytokines in human cells, PBMCs
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from healthy controls and patients with RA were cultured
with EC-18 in the presence of anti-CD3 Ab for 3 days.
The amounts of IL-6, TNF-a, and IL-17 in the culture
supernatant of PBMCs from healthy controls were sig-
nificantly reduced by EC-18 (Fig. 6A). The levels of secre-
tion of these inflammatory cytokines upon stimulation
with anti-CD3 Ab were higher in the PBMCs of patients
with RA compared to those from healthy subjects, and
EC-18 effectively inhibited the production of IL-6 and
IL-17 (Fig. 6A). To investigate whether EC-18 could mod-
ulate the balance between Th17 cells and Tregs, PBMCs
from healthy controls were cultured with EC-18 and
stimulated with anti-CD3 Ab for 3 days. EC-18 treatment
tended to decrease the frequency of Thl7 cells while
increasing the frequency of Tregs in a dose-dependent
manner (Fig. 6B). To evaluate the effects of EC-18 on
the regulation of STAT3 phosphorylation, PBMCs from
healthy controls were cultured with EC-18 and stimu-
lated with anti-CD3 Ab for 12 h. Treatment with EC-18
reduced the level of p-STAT3 (Tyr705) compared to that
in vehicle-treated controls (Fig. 6C). EC-18 reduced the
mRNA expression of ROR, a transcriptional regulator of
Th17 cells, but increased the mRNA expression of Foxp3,
a transcriptional regulator of Tregs (Fig. 6D).

EC-18 inhibits osteoclastogenesis in mouse and human
cells

To determine the effects of EC-18 in osteoclastogen-
esis, tissue sections from EC-18- or vehicle-treated CIA
(Fig. 3) were stained for TRAP. As shown in Fig. 7A,
the number of TRAP?' osteoclasts and percentage of
osteoclast surface/bone surface decreased in the talus
endosteal surface, where bone is resorbed by osteoclasts
[33], of the joint tissue from EC-18-treated CIA compared
to vehicle-treated CIA mice. Next, we investigated the
effects of EC-18 on in vitro osteoclast formation. BMMs
isolated from normal C57BL/6 mice were cultured with
M-CSF and RANKL in the presence or absence of EC-18.
Treatment of murine BMMs with EC-18 effectively
reduced their differentiation into TRAP' mature osteo-
clasts as well as resorbed area compared with untreated
control cells (Fig. 7B). Treatment with EC-18 also inhib-
ited the expression of osteoclastogenic markers, such as

(See figure on next page.)

cytokine. *P<0.05, **P <0.01 vs. vehicle-treated control group

Fig. 4 EC-18 combined with methotrexate reduced the levels of inflammatory cytokines in vivo. The vehicle only or EC-18 (125 mg/kg) was
administered to mice once daily from day 21 after the first immunization, and methotrexate (1.5 mg/kg) was administered three times a week
by oral feeding. At 70 days after the first immunization with ClI, the mice were sacrificed and examined to assess changes in the levels of
inflammatory cytokines in joint tissues of subjects with the average arthritis score of each group (n=5/group). A, B H&E and isotype staining
for immunohistochemistry of joint sections from vehicle-treated (A) or EC-18 plus MTX-treated (B) CIA mice. Rabbit monoclonal Ab for
immunohistochemistry was used as isotype control. Immunohistochemistry was performed on the areas delineated by a box in H&E images.
Arrows indicate synovium. C Sections of joint tissues were stained with antibodies against IL-6, TNF-q, IL-1(3, IL-17, and p-STAT3 (Tyr705) (original
magnification x400). Joint tissue from normal mice was used as a control (n=2). The graphs present the number of Ab-positive cells for each
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Fig. 5 Treatment with EC-18 decreased the production of inflammatory mediators in vitro. A, B Splenocytes (1 x 10° cells/ml) from C57BL/6 mice
were stimulated with EC-18 (10 or 100 pug/ml) or vehicle for 2 h and then untreated (Nil) or treated with lipopolysaccharide (LPS; 100 ng/ml) for 3
days. Levels of IL-6, IL-18 (A) and IgG (B) in the culture supernatant were determined using ELISA. C, D Splenic CD4™" cells (5 x 10° cells/500 ul) were
stimulated with EC-18 (10 or 100 pg/ml) or vehicle for 2 h and then cultured under IL-17-producing T helper (Th17) cell-activating conditions with
anti-CD3, anti-CD28, anti-IL-4, anti-IFN-y antibodies, TGF-B3, and IL-6 for 3 days. The cells were re-stimulated with phorbol 12-myristate 13-acetate
(PMA) and ionomycin in the presence of GolgiStop for 4 h to detect intracellular IL-17. The percentage of IL-17% cells among CD4™ cells was
analyzed using flow cytometry. Values are shown as percentages of positive cells (C). Levels of IL-17 in the culture supernatant were determined
using ELISA (D). E Splenic CD4+ T cells (5 x 10° cells/5 ml) from C57BL/6 mice were untreated (Nil) or treated with IL-6 for 30 min or anti-CD3/
anti-CD28 Ab for 12h in the presence of EC-18 and the levels of p-STAT3 (Tyr705 or Ser727) were measured by immunoblotting, respectively. Data
are representative of three independent experiments. F-H At 56 days after the first immunization with ClI, splenic CD4™ T cells (5 x 10° cells/500
ul) were stimulated with EC-18 (10 or 100 ug/ml) or vehicle for 2 h and then cultured under Th17-activating conditions (F), with anti-CD3 and
anti-CD28 antibodies (G), or under regulatory T cell (Treg)-polarizing conditions with anti-CD3, anti-CD28, anti-IL-4, anti-IFN-y antibodies, and TGF-3
(H) for 3 days. Levels of IL-17 (F) and IL-10 (G, H) in the culture supernatant were determined using ELISA. Data are presented as the means £ SEM of
three independent experiments. *P < 0.05, **P<0.01, ***P<0.001 vs. vehicle-treated control

(See figure on next page.)

Fig. 6 EC-18 suppressed the production of inflammatory cytokines in human cells by reducing signal transducer and activator of transcription
(STAT) 3 phosphorylation. A Peripheral blood mononuclear cells (PBMCs) (1 x 10° cells/1 ml) from healthy controls (n =3, white bar) or patients
with RA (n=4, black bar) were cultured with EC-18 (10 or 100 ug/ml) or vehicle for 2 h and then untreated (Nil) or treated with anti-CD3 Ab for 3
days. Levels of IL-6, TNF-g, and IL-17 in the culture supernatant were determined using ELISA. B PBMCs (1 x 10° cells/1 ml) from healthy controls
were cultured with EC-18 (10 or 100 ug/ml) or vehicle for 2 h and then untreated (Nil) or treated with anti-CD3 Ab for 3 days. To detect intracellular
IL-17, the cells were re-stimulated with PMA and ionomycin in the presence of GolgiStop for 4 h. The percentages of IL-17+ or CD25%Foxp3™ cells
among CD4% cells were analyzed using flow cytometry. Values are percentages of positive cells. € PBMCs (5 x 10° cells/5 ml) from healthy controls
were cultured with EC-18 (10 or 100 ug/ml) or vehicle for 2 h and then untreated (Nil) or treated with anti-CD3 Ab for 12 h. p-STAT3 (Tyr705) and
STAT3 levels were determined via western blot analysis. Data are representative of three independent experiments. D PBMCs (1 x 10° cells/1

ml) from healthy controls were cultured with EC-18 (1 pg/ml) or vehicle for 2 h and then with or without anti-CD3 Ab for 48 h. RORc and Foxp3
mMRNA expression was determined using real-time polymerase chain reaction (PCR). Data are presented as the means &= SEM of three independent
experiments. *P<0.05, **P<0.01, ***P<0.001 vs. vehicle-treated control
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TRAP, carbonic anhydrase II, and calcitonin receptor
(Fig. 7C). To examine whether EC-18 could modulate
the differentiation of osteoclasts in human cells, PBMC-
derived monocytes from healthy controls were cultured
with M-CSF and RANKL in the presence or absence of
EC-18. Treatment with EC-18 inhibited osteoclast forma-
tion compared with the untreated controls (Fig. 7D).

Discussion

In this study, we investigated the preventive effects on RA
of EC-18, which is chemically synthesized from glycerol,
palmitic acid, and linoleic acid, but is chemically identical
to naturally derived EC-18. Our results showed that the
application of EC-18 in vivo significantly prevented the
clinical and histological severity of experimental arthri-
tis, similar to tofacitinib and baricitinib, in CIA. Moreo-
ver, combined treatment with EC-18 plus MTX exhibited
synergistic effects for the improvement of CIA compared
to treatment with each of these drugs alone. Mechanisti-
cally, EC-18 effectively suppressed in vitro production of
inflammatory cytokines, including IL-6, IL-1p, IL-17, and
TNEF-a, in immune cells and inhibited the osteoclast dif-
ferentiation of mouse and human cells.

In traditional oriental medicine, Sika deer antler is
considered to have beneficial therapeutic properties for
the treatment of a wide variety of medical conditions,
including mastitis, uterine fibroids, and mammary
hyperplasia [19]. Sika deer antler contains a number of
ingredients, among which it has recently been shown
that monoacetyldiaglyceride has pharmacological prop-
erties, including hematopoietic and antitumor effects
[21, 34, 35]. Although EC-18 was initially approved
as a functional food in Korea, the United States FDA
approved EC-18 for the treatment of severe chemo-
therapy-induced neutropenia in patients with advanced
breast cancer being treated with intermediate febrile
neutropenia risk chemotherapy [36]. In this study, we
evaluated the efficacy of experimental arthritis treat-
ment using chemically synthesized EC-18 with an
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efficacy similar to that of naturally derived EC-18 [21,
22]. Consistent with previously reported results [37], in
this study we demonstrated that treatment with EC-18
ameliorated the development of experimental arthritic
mice, and this effect was similar to that of treatment
with tofacitinib or baricitinib, which are orally adminis-
tered JAK inhibitors with low molecular weights.

MTX is a first-line DMARD that acts by disrupting the
folic metabolic pathway and is a competitive inhibitor
of the folate-dependent enzyme dihydrofolate reductase
[31, 32, 38]. MTX has been shown to alleviate articular
damage in RA and play a role in humoral and cellular
immune responses [39, 40]. However, the clinical use of
MTX has several side effects, including nausea, vomit-
ing, anemia, neutropenia, pulmonary fibrosis, diarrhea,
dermatitis, bone marrow depression, mucositis, bruis-
ing, and hepatitis [31, 32, 41]. Neurath MF et al. reported
that MTX prevented CIA by lowering TNF-a produc-
tion from splenic T cells in vivo and in vitro [42]. In
addition, the CIA improvement efficacy was maintained
even when MTX was combined with apoptotic cell-based
therapy, which controls chronic inflammatory disorders
by lowering the proinflammatory state and inducing
tolerance to auto-antigens [43]. We found that the com-
bined treatment with EC-18 and MTX controlled the
development of experimental arthritis than either drug
alone. These results suggest that EC-18 has potential as
an effective therapeutic strategy for MTX-insufficient
responders. However, it was not observed that the com-
bination of EC-18 and MTX significantly lowered auto-
reactive and arthritogenic IgG antibodies reactive to CII
in the serum [44]. It is necessary to investigate the syn-
ergistic effect of EC-18 and MTX combined therapy by
increasing the number of mice in the experimental group
and varying the measurement time point.

In this study, we showed that EC-18 reduces the pro-
duction of inflammatory cytokines including IL-17,
IL-6, and TNF-a in vitro in murine splenocytes and in
human PBMC:s. In particular, EC-18 suppressed the level

(See figure on next page.)

Fig. 7 EC-18 inhibited osteoclastogenesis in mouse and human cells. A The vehicle or EC-18 (125 mg/kg) was administered to mice once daily
from day 21 after the first immunization. At 70 days after the first immunization with ClI, sections of joint tissues were stained with antibodies
against TRAP (original magnification x40 or x400) (n = 5/group). Representative histological features are shown. The graphs present the number
of TRAP-positive osteoclasts (left) and quantitative analysis of osteoclast surface/bone surface (right) in the talus endosteal surface of joint section.
B, C Bone marrow-derived monocytes/macrophages (BMMs) (1 x 10° cells/500 ul) from normal C57BL/6 mice were cultured with macrophage
colony-stimulating factor (M-CSF) for 3 days. Then nonadherent cells were washed out and adherent cells were cultured in the presence of M-CSF
and receptor activator of nuclear factor kappa-B ligand (RANKL) with EC-18 (10 or 100 pg/ml) or vehicle for 4 days. Cells were stained to assess
tartrate-resistant acid phosphatase (TRAP) activity, and the number of multinucleated TRAPY cells was determined (upper). Osteoclasts were
generated in OAAS plates in the presence of EC-18 for 6 days to assess their functional activity (lower, original magnification, x 100). Resorbed
areas were examined using the Tomoro analySIS TS Lite program (B). The mRNA levels of TRAP, carbonic anhydrase II, and calcitonin receptor were
determined using real-time PCR (C). D Human PBMCs from healthy controls (5 x 10° cells/500 pl) were incubated for 2 h and then the adherent
cells were cultured with M-CSF for 3 days. Then the cells were stimulated with EC-18 (10 or 100 pg/ml) or vehicle in the presence of M-CSF and
RANKL for 9 days. Cells were stained to assess TRAP activity, and the number of multinucleated TRAPT cells was determined. Data are presented as
the means & SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle-treated control
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of p-STAT3. Kim et al. showed that EC-18 inhibits IL-6
production by blocking STAT3 activity through LPS
stimulation in RAW 264.7 macrophages and fibroblast-
like synoviocytes from RA patients [37]. These results
suggest that EC-18 is effective in blocking the activity
of STAT3, a component of the JAK downstream sign-
aling pathway. In addition to inhibiting STAT3 activ-
ity through EC-18, we observed that EC-18 could also
inhibit the level of p-NF-kB p65 in murine splenic
nonCD4 cells (data not shown). Moreover, treatment
with EC-18 lowered the number of cells expressing
either IL-6 or TNF-«a in the synovium of CIA mice. In
the early stages of joint inflammation, activated NF-«xB
is observed in human synovial tissue, and NF-kB pro-
motes constitutive IL-6 production in synovial fibro-
blasts from RA patients [45, 46]. Shin et al. reported that
EC-18 suppressed the increases in neutrophils and the
levels of inflammatory cytokines such as IL-6 and TNF-a
in bronchoalveolar lavage fluid and attenuated IkB and
NF-«B phosphorylation in lung tissues [23]. These evi-
dence show that EC-18 may decrease IL-6 and TNF-a
by controlling the activity of NF-kB. EC-18 also lowered
the levels of IL-4, IL-5, and IL-13 in bronchoalveolar
lavage fluid and expression of iNOS in lung tissue from
OVA-challenged asthmatic mice [24]. Yoon et al. dem-
onstrated that EC-18 inhibited the activity of STATS6, a
transcriptional activator of IL-4 expression, in mono-
cyte and T lymphocyte cell lines, and lowered the levels
of IL-4 and IgE in mice with DNCB-induced atopy-like
dermatitis [22]. As the study of how EC-18 acts on intra-
cellular signaling pathways has not been well studied,
further studies are needed on the molecular mechanism
by which EC-18 acts within the pathogenic cells.

Our in vivo and in vitro results show that EC-18 may
act on the osteoclast differentiation. There is a lot of evi-
dence that the regulation of JAK/STAT is important for
bone homeostasis, but it is not fully understood. Osteo-
clast-specific STAT3 deficiency caused decreased osteo-
clast differentiation and bone resorption, but increased
bone mass in mice through physical association of STAT3
and c-Fos to regulate the transcription of NFATc1 [47].
Osteoblast-specific disruption of STAT3 caused an osteo-
porotic phenotype through decreased mineral apposition
rate and bone formation rate [48]. Recently, Adam et al.
demonstrated that JAK inhibition can repair bone ero-
sion by enhancing osteoblast function and mineralization
activity without affecting osteoclastogenesis [49]. These
reports suggest that the action of STAT3 in bone homeo-
stasis is very complex. In this study, we found that EC-18
could act directly or indirectly on the differentiation
of osteoclasts involved in bone destruction in rheuma-
toid arthritis. Further studies on the action mechanisms
of EC-18 in maintaining the balance between bone
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formation and bone resorption are needed. Our results
were limited in that although a low-dose combination of
MTX and EC-18 was found to have potential for prevent-
ing experimental arthritis, it is still necessary to study the
mechanism by which combined treatment with EC-18
and MTX exerts a greater disease-improving effect com-
pared to MTX treatment alone.

Conclusion

Taken together, the data presented here showed that
EC-18 alone or in combination with MTX was effective
in preventing experimental autoimmune arthritis via the
regulation of inflammatory cytokines and the frequency
of Thl7 cells in CIA and human patients. Further-
more, EC-18 was shown to modulate osteoclastogen-
esis in mouse and human cells. These findings suggest
that EC-18 may have potential as a new therapy for RA.
Future studies using models of T- and B cell-independ-
ent arthritis models such as collagen antibody-induced
arthritis and serum transfer arthritis are needed for more
specific clarification of the anti-inflammatory efficacy of
EC-18.
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