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Abstract

Objective. Rebamipide has antioxidant effects and is a drug with a local rather than systemic mechanism of action. Oxidative
stress and inflammation in chondrocytes are the major factors contributing to the development and progression of
osteoarthritis (OA). Since OA is mainly developed in weight bearing or overused joints, the locally sustained therapy
is effective for targeting inflammatory component of OA. We investigated the effects of intra-articular injection of
rebamipide loaded nanoparticles (NPs) in OA rat model. Design. We fabricated rebamipide-loaded methoxy poly(ethylene
glycol)-b-poly(D,L-lactide) (MPEG-PDLLA) and poly(D, L-lactide-co-glycolide) (PLGA) NPs that allow the sustained release
of rebamipide. In vitro, chondrocytes from rat were used to investigate the cytotoxicity and anti-inflammatory effect of
rebamipide-loaded NPs. In vivo, monosodium iodoacetate (MIA)-induced OA rats were divided into 7 groups, consisting
of healthy control rats and rats injected with MIA alone or in combination with NPs, rebamipide (I mg)/NPs, rebamipide
(10 mg)/NPs, rebamipide (10 mg) solution, or oral administration. Results. In vitro, rebamipide/NPs dose-dependently
suppressed the mRNA levels of pro-inflammatory mediators, including interleukin (IL)-1p, IL-6, tumor necrosis factor-
o, matrix metalloproteinase (MMP)-3, MMP-13, and cyclo-oxygenase-2. In vivo, the mRNA levels of pro-inflammatory
components most markedly decreased in the intra-articularly injected rebamipide (10 mg)/NP group compared to other
groups. Macroscopic, radiographic, and histological evaluations showed that the intra-articular injection of rebamipide/
NPs inhibited cartilage degeneration more than rebamipide solution or rebamipide administration. Conclusions. Using
a chemically induced rat model of OA, intra-articular delivery of rebamipide was associated with decreased local and
systemic inflammatory response decreased joint degradation and arthritic progression.
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role in chondrocyte insensitivity to the anabolic actions
of insulin-like growth factor-1, which leads to the patho-
logical degradation of the cartilage extracellular matrix.
ROS cause cellular damage, and excessive production of

Introduction

Osteoarthritis (OA) is the most common chronic degen-
erative disease in the elderly and various factors affect

the development and progression of OA. Continuous oxi-
dative stress in chondrocytes is an important factor con-
tributing to the development of OA.! Oxidative stress is
produced by the imbalance between the production and
clearance of reactive oxygen species (ROS), which is
high in OA cartilage, causing chronic inflammation.?
One of the oxidants, nitric oxide (NO), and ROS, plays a

oxidants is associated with the apoptosis of cartilage
chondrocytes.> Apoptotic cell death is associated with
senescence, and oxidative stress-induced cell death is
observed in OA chondrocytes.* In addition to aging, vari-
ous inflammatory cytokines affect the development of
OA, and one of the key cytokines, interleukin-1 beta (IL-13),
also stimulates the production of ROS.’ Inflammatory
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cytokines, such as IL-1P3, IL-6, and tumor necrosis
factor-a. (TNF-a) are highly upregulated in OA joints
and expression of matrix degrading proteases leads to
cartilage extracellular matrix degradation.? ROS and
inflammation are considered as possible targets for the
treatment of OA.

Oxidative stress is caused by an imbalance of ROS and
antioxidant defense, and attempts have been made to sup-
press ROS production in OA.® Tenoxicam has an antioxi-
dant effect and improves OA,” and celecoxib or hyaluronan
can reduce nitrite and NO.”® In an animal study, statin were
shown to be effective in improving OA through antioxidant
action.” Rebamipide protects the gastrointestinal mucosa
by inhibiting inflammation through an antioxidant mecha-
nism that scavenges hydroxyl radicals and suppresses
superoxide production.'® In addition, rebamipide inhibits
the signal transducer and activator of transcription factor 3,
suppresses the nuclear factor (NF) kappa-B transcription
factor, and inhibits the expression of the receptor activator
of nuclear factor kappa-B ligand, preventing the progres-
sion of arthritis.'%!> NF-kappa B activation is inhibited in
the presence of antioxidants.'3> The antioxidant and anti-
inflammatory effects of rebamipide have been applied to
various diseases, such as liver injury, dry eye, and Behget’s
disease.>'! Rebamipide also attenuates subchondral tra-
becular bone resorption and produces proteoglycans.'*!
In previous animal studies, systemic administration of
rebamipide was found to be effective in improving
arthritis.>'® However, rebamipide is considered to have a
local rather than systemic effect with respect to the mecha-
nism of action.!” Thus, topical rebamipide is used as a topi-
cal agent for the treatment of ocular dryness.'®

Currently, intra-articular injections are mainly adminis-
tered with steroids and hyaluronic acid. Rebamipide may
directly affect directly joints presenting OA via intra-
articular injection. However, the half-life of rebamipide is
approximately 2 h;'® therefore, a repetitive intra-articular
injection of rebamipide may be necessary. For the long-
term sustained release of the drug, nanoparticulate drug
carriers have been developed as advanced drug delivery
systems. Methoxy poly(ethylene glycol)-b-poly (D,L-
lactide) (mPEG-PDLLA) is an amphiphilic diblock copo-
lymer synthesized by ring-opening polymerization and is

widely used because of its biodegradability and non-
cytotoxicity.?’ Poly(D,L-lactic-co-glycolic acid) (PLGA)
is a polymer that is widely used because of its favorable
degradation characteristics and good biocompatibility
compared to various other types of nanoparticles (NPs).?!
In this study, we examine the effect of sustained intra-artic-
ular delivery of rebamipide on cartilage degeneration in
vivo using a chemically induced model of rat OA.

Methods

Materials

The mPEG-PDLLA (molecular weight [MW]: 5,000—
20,000 Da) was purchased from Akina Inc. (West Lafayette,
IN, USA). PLGA (50:50; Resomer® RG505) was supplied
by Boehringer Ingelheim (Ingelheim, Germany).
Rebamipide was purchased from the Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Dimethyl sulfoxide
(DMSO) and lipopolysaccharide (LPS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). A cellulose-ester
dialysis membrane (MW cut-off [MWCO]: 6-8 kDa) was
obtained from Spectrum Laboratories (CA, USA).
Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum, phosphate-buffered saline (PBS), IL-1f3 and
penicillin-streptomycin were obtained from Gibco BRL
(Rockville, MD, USA). Chondrocytes were purchased from
Lonza Ltd. (Walkersville, MD, USA).

Fabrication of mPEG-PDLLA and PLGA NPs and
Rebamipide-Loaded NPs

To fabricate the rebamipide-loaded NPs, mPEG-PDLLA
(40 mg mL!') and PLGA (160 mg mL™") were dissolved in
DMSO solution and slowly stirred for 30 min at room tem-
perature, followed by the addition of rebamipide (0.2 or 2
mg for 1 and 10 mg [w/w] of the total polymer) and stirred
for 24 h. The resulting solution was dialyzed against dis-
tilled water (DW) and lyophilized. The mPEG-PDLLA and
PLGA NPs without rebamipide were similarly fabricated
as the mPEG-PDLLA and PLGA NPs with rebamipide.
The mPEG-PDLLA and PLGA NPs loaded with rebamip-
ide (1 or 10 mg) are hereafter referred to as rebamipide
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(I mg)/NPs and rebamipide (10 mg)/NPs. In addition,
mPEG-PDLLA and PLGA NPs without rebamipide are
hereafter referred to as NPs.

Characterization of Bare NPs and Modified NPs

We confirmed the shapes of NPs with or without rebamip-
ide using a JEM-F2100 (JEOL Ltd., Japan) field emission-
transmission electron microscope (FE-TEM). Before the
FE-TEM exhibition, each specimen (100 pg) was placed in
a tube with EtOH (1 mL) and scattered by a bath-type soni-
cator (Powersonic 405; 40 kHz, power: 350 W, Hwashin
Tech Co., Ltd. Korea) for 1 h at 4°C. Each NP (10 ug) was
carefully moved on to a TEM grid (CF200-Cu, Electron
Microscopy Sciences, Hatfield, PA, USA), and the shape of
each NP was monitored using FE-TEM at 200 kV. To per-
form particle range tests using dynamic light scattering
(DLS), NPs with or without rebamipide were dispersed
using a bath-type sonicator containing DW for 1 h at 4°C.
The size distribution and zeta potential values were deter-
mined using a DLS instrument (Malvern Zetasizer 3000,
Malvern, UK) equipped with a helium-neon laser at a wave-
length of 633 nm. The zeta potential, the electrostatic poten-
tial at the slipping plane, is used to exam colloid-electrolyte
interactions, and the basic principle is that particles with
opposite charge surfaces are attracted, while particles of
similar charge are repelled.?>?3 Zeta potential is one of the
main properties that can affect the stability and cell immer-
sion of NPs by measuring the surface charge in suspension
through electrophoretic light scattering. The higher zeta
potential, the higher is the repulsion force between the par-
ticles and the lower the probability for a collision with sub-
sequent aggregating.”* To investigate the amount of
rebamipide loaded on NPs, 10 mg of rebamipde (1 mg)/NPs
and 10 mg of rebamipde (10 mg)/NPs were dissolved in 2
mL of dichloromethane. Then, PBS (2 mL) was added to
the rebamipide/NPs solution. The rebamipide concentration
was determined from the standard curve of various rebamip-
ide solution using the following standard curve equation:

Y = 0.1655 + 0.00317, R%: 0.99

The drug concentration in each group was measured using a
Flash Multimode Reader (Varioskan™, Thermo Scientific,
USA) at 315 nm.

Rebamipide Release from Rebamipide/NPs

To investigate the release of rebamipide from rebamipide
(1 mg)/NPs and rebamipide (10 mg)/NPs, each concentra-
tion of rebamipide/NPs, distributed in 1 mL of PBS solution
(pH 7.4), was added to a dialysis bag (MWCO 6-8 kDa).
Each bag containing the substrate was carefully transferred
into a 50 mL tube with 5 mL of PBS solution (pH 7.4),

followed by gentle shaking (100 rpm) in a water bath at
37°C. At predetermined time intervals points (1, 5, 9, and
12h,and 1, 3, 5,7, 14, 21, and 28 days), the supernatant of
each rebamipide/NPs was harvested and replaced with fresh
PBS. The amount of rebamipide from the NPs was investi-
gated by measuring the absorbance at 315 nm using a mul-
timode reader.

Cytotoxicity Test

The cytotoxicity of NPs, rebamipide (1 mg)/NPs, rebamip-
ide (10 mg)/NPs, and rebamipide (10 mg) solution was
tested against chondrocyte on days 1 and 3. Cells (5 X 10*
cells/well) were seeded into 96-well culture plates and
allowed to adhere for 24 h, followed by the addition of
DMEM in the presence or absence of 100 pg/mL NPs with
or without rebamipide. The cell were treated with rebamip-
ide solution as positive control. On the first and third day of
incubation, the cells were washed with PBS and cell count-
ing kit-8 (CCK-8) reagents (Dojindo, Tokyo, Japan) were
added, followed by incubation for 1 h. The optical density
was monitored at 450 nm using a Flash Multimode Reader
(Varioskan™, Thermo Scientific).

In Vitro Anti-Inflammatory Effects on
Inflamed Chondrocytes

To examine the effect of rebamipide/NPs on the mRNA
levels of pro-inflammatory cytokines in LPS + IL-1B3-
promoted chondrocytes, cells (1 X 103 cells/well) were
seeded in 24-well plates and treated with LPS (10 ng/mL)
and IL-1B (10 ng/mL) solutions and with NPs, rebamipide
(1 mg)/NPs, and rebamipide (10 mg)/NPs (at a concentra-
tion of 100 pg/mL) or rebamipide (100 pg/mL) and incu-
bated at 37°C in a humidified 5% CO, atmosphere. LPS- and
IL-1B-stimulated cells were used as positive controls, and
non-stimulated cells were used as negative controls. The
expression of IL-1f, IL-6, TNF-a, matrix metalloprotein-
ase-3 (MMP-3), MMP-13, and cyclo-oxygenase-2 (COX-
2) was measured. At 1- and 3-day time-points, cells were
harvested for total RNA isolation. Total RNA was isolated
using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA,
USA). For the reverse transcription of the total RNA (1 ng)
into complementary deoxyribonucleic acid (cDNA),
AccuPower RT PreMix (Bioneer, Daejeon, Korea) was
used. All PCR amplifications were performed using
AccuPower PCR PreMix (Bioneer, Daejeon, Korea). The
primer sequences of the pro-inflammatory genes are
described in the Supplementary Materials (Table 1). PCR
amplification and detection were conducted using an
ABI7300 Real-Time Thermal Cycler (Applied Biosystems,
Foster City, CA, USA). The relative mRNA levels of
inflammatory markers were normalized to those of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH).
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Table I. All Primers of the Pro- and Anti-Inflammatory
Component Target Genes Subjected to Real-Time PCR in Vitro
and in Vivo.

Gene Primer sequence

IL-1 (F) 5'-CCA CCT CCA GGG ACA GGA TA-3’
IL-1 (R) 5-AAC ACG CAG GAC AGG TACAG -3
IL-6 (F) 5-CCGTTT CTACCT GGAGTT TG -3’
IL-6 (R) 5-GTT TGC CGA GTA GAC CTC AT -3’
TNF-a (F) 5- CTC CCA GAA AAG CAAGCAAC -3
TNF-a (R) 5'- CGA GCA GGA ATG AGA AGA GG-3’
MMP-3 (F) 5-ACC TGT CCC TCC AGA ACC TG-3’
MMP-3 (R) 5-AAC TTC ATA TGC GGC ATC CA-3’
MMP-13 (F) 5-AAG GAG CAT GGC GAC TTC TA-3
MMP-13 (R) 5-GGT CCT TGG AGT GGT CAA GA-3’
COX-2 (F) 5-CAG CCA TAC TAT GCC TCG GA-3’
COX-2 (R) 5-GGA TGT CTT GCT CGT CGT TC-3’

PCR = polymerase chain reaction;IL = interleukin; F = forward; C =
cytosine; A = adenine;

T = thymine; G = guanine; R = reverse; TNF = tumor necrosis factor;
MMP = matrix metalloproteinase.

OA-Induced Animal Model and Experimental
Plan

For the in vivo study, 28 male Sprague-Dawley 8-week-old
rats were supplied by DooYeal Biotech (Seoul, Korea).
Among these 28 rats, 4 rats without treatment were used as
the negative control. MIA-induced model was used for OA
model. MIA is an inhibitor of glyceraldehyde-3-phosphate
dehydrogenase, which causes chondrocyte death, cartilage
degeneration, osteophyte. In addition MIA-induced model
elevated the expression changes of MMP and pro-inflam-
matory cytokines such as IL-1B and TNF-a..?* The intra-
articular cavity of the remaining 24 rats was administered
50 uL of MIA (10 mg/mL in PBS [pH 7.4]) using a 1-cm?
syringe. After the injection of MIA, four rats were main-
tained as positive controls and given no NPs with or without
rebamipide. NPs, rebamipide (1 mg)/NPs and rebamipide
(10 mg)/NPs were mixed with 1 mL of 2% carboxymethyl
cellulose (CMC) solution. One week after MIA injection,
the remaining rats, excluded from the positive control, were
treated with 200 pL of CMC solution containing NPs,
rebamipide (1 mg)/NPs or rebamipide (10 mg)/NPs. As a
drug control, 200 uL rebamipide solution (10 mg/mL) was
intra-articulary injected into rats. As another drug control,
rebamipide (10 mg/kg/day) was administered orally for 8
weeks. The number of rats per each treated group was four.
Figure 1 showed the overview of this study. The actual
treatment dosages of rebamipide were 1.55 pg/each rat for
rebamipide (1 mg)/NPs and 13.82 pg/each rat for rebamip-
ide (10 mg)/NPs. The actual dose of oral rebamipide was
2.11 mg/kg/day for each rat, respectively. The total dose of
rebamipide orally administered for 4 or 8 weeks was 59.08
or 118.16 mg/kg for each rat, respectively. At the end of the

animal experiments, all rats were euthanized to demonstrate
the therapeutic effect of rebamipide/NPs. The knee joints of
the euthanized rats were analyzed using micro-computed
tomography (micro-CT) and safranin-O/fast green staining.
The whole blood of the rats was isolated 4 and 8 weeks
following the administration of the NPs with or without
rebamipide, rebamipide solution, and oral rebamipide to
confirm the anti-inflammatory effect of rebamipide/NPs.
The in vivo study was approved by the Institutional Animal
Care and Use Committee of the Korea University Medical
Center (KOREA-2018-0112).

Histological Examination and Micro-CT

For ex vivo characterization, the right knee of the rats was
fixed for 24 h in 3.7% formaldehyde and subsequently
decalcified in 10% formic acid for 4 weeks. The decalci-
fied tissue was embedded in paraffin and cross-sectioned to
a thickness of 8 pum in a longitudinal parallel direction
using a microtome machine (HM 355S Automatic
Microtomes, Thermo Scientific Inc., USA). The sectioned
tissues were then stained with hematoxylin and eosin
(H&E) and safranin-O/fast green staining. The stained tis-
sues were observed under a light microscope (CX31RTSF;
Olympus, Tokyo, Japan). The histology of specimen was
assessed by a pathologist. To confirm the changes in the
subchondral bone, each sample was subjected to micro-CT
(Albira IT Imaging System, Carestream Health). The micro-
CT system was operated at 40 kV, a current of 250 pA, and
a nominal resolution of 9 pm/pixel. The result of micro-CT
was assessed by two authors independently, and validated
by another author.

In Vivo Anti-Inflammatory Effects

Total RNA was extracted from the whole blood of rats using
the QIAamp RNA Blood Mini Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions at 4 and
8 weeks after the administration of NPs with or without
rebamipide, rebamipide solution, and oral rebamipide.
Then, 1 pg of total RNA was used for cDNA synthesis via
reverse transcription with AccuPower RT PreMix (Bioneer,
Daejeon, Korea) in accordance with the manufacturer’s
instructions. The primer sequences described above for the
in vitro anti-inflammatory study were used as templates for
PCR. PCR amplification and detection were performed
using an ABI7300 Real-Time Thermal Cycler (Applied
Biosystems) with the triplication of each cDNA. The levels
of these pro-inflammatory factors were normalized to those
of GAPDH. All experiment process including RNA extrac-
tion and PCR analysis were performed simultaneously on a
single batch with the same library and time after collecting
the samples from the experiment.
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Figure |. The experimental overview of the study. NPs = nanoparticles.

Statistical Analysis

All tests were repeated 3 times. Data are expressed as
mean * standard deviation, and statistical significance was
determined using one-way ANOVA in SigmaPlot (Systat
Software, Inc., IL, USA) via the Holm-Sidak #-test for mul-
tiple comparisons. P-values were compared among all
rebamipide members. Differences were considered statisti-
cally significant at P-values < 0.05 and < 0.01.

Results

Characteristics of NPs with or without
Rebamipide

The morphology of the NPs, rebamipide (1 mg)/NPs, and
rebamipide (10 mg)/NPs were confirmed by FE-TEM.
Each NP group exhibited by TEM had a spherical form
and was nanosized. The average NP sizes and polydisper-
sity indices were 241.70 £ 38.29 nm and 0.312 for NPs,
231.00 = 40.80 nm and 0.294 for rebamipide (1 mg)/NPs,
and 238.00 £ 34.07 nm and 0.307 for rebamipide (10 mg)/
NPs (Fig. 2), respectively. The demonstrated zeta potential
values were -14.20 = 2.17 mV for NPs, -19.73 = 1.1l mV
for rebamipide (1 mg)/NPs and -33.97 = 2.61 mV for
rebamipide (10 mg)/NPs (Fig. 3). The loading amount
(percentage) of rebamipide in the rebamipide (1 mg)/NPs

Intensity (Percent) >

100
Size (d.nm)

Intensity (Percent) m

100
Size (d.nm)

Intensity (Percent) O

100 1000 10000
Size (d.nm)

Figure 2. Particle size and distribution of (A) NPs, (B)
rebamipide (I mg)/NPs, and (C) rebamipide (10 mg) /NPs.
Transmission electron microscope scale bar = 0.5 pm.
NPs = Nanoparticles.

+

and rebamipide (10 mg)/NPs was 7.73 0.54 png
(77.33 £ 5.40%) and 69.08 = 3.34 pg (69.08 * 3.34%),
respectively.
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Dialysis membrane method was used to confirm the
release kinetics of rebampide from NPs. A dialysis mem-
brane method set-up is divided into two compartments, 1
consisting of a dialysis device surrounded by a NP formula-
tion or free drug solution, and the other consisting of a sink
transmitter.2%?” The release kinetics of NPs was measured
by combining results of drug diffuse in a sink transmitter
and the drug releasing from NPs the medium inside the
dialysis device. The release kinetics of rebamipide from
rebamipide (1 mg)/NPs and rebamipide (10 mg)/NPs for up
to 28 days are shown in Figure 4A. On day 1, the amounts
of the released rebamipide (percentage) were 4.49 = 0.03
ug (58.16 = 0.39%) for rebamipide (1 mg)/NPs and 41.18
* 0.36 ng (60.27 = 0.52%) for rebamipide (10 mg)/NPs.
After 28 days, rebamipide (1 mg)/NPs and rebamipide (10
mg)/NPs released 7.22 * 0.06 ng (93.45 = 0.82%) and
62.17 £ 0.75 pg (90.65 £ 1.09%) of rebamipide, respec-
tively. Figure 4B shows the cytotoxicity results for each
group at 1 and 3 days of incubation with the chondrocytes.
Cell viability after treatment with each NP substance was
over 95% for 3 days compared with that of the control.

Gene Levels of Cytokines in IL-1 & LPS-
Promoted Chondrocytes after Treatment with
Rebamipide/NPs

To determine whether rebamipide/NPs remarkably sup-
pressed the IL-1- and LPS-promoted inflammatory response
in chondrocytes, we conducted real-time PCR to estimate
the mRNA levels of pro-inflammatory elements (i.e., IL-18,
IL-6, TNF-a, MMP-3, MMP-13, and COX-2) in chondro-
cytes treated with NPs, rebamipide (1 mg)/NPs, rebamipide
(10 mg)/NPs or rebamipide for 1 or 3 days (Fig. 5 and
Suppl. Table S1). Compared with cells without IL-1 and
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Figure 4. (A) In vitro cumulative release profiles of rebamipide
release from rebamipide (I mg)/NPs and rebamipide

(10 mg)/NPs. (B) Cytotoxicity assays following treatments of
chondrocytes with nanoparticles (NPs), rebamipide (I mg)/NPs,
rebamipide (10 mg)/NPs, and rebamipide (10 mg) on days | and
3. NPs = nanoparticles.

LPS induction, IL-1- and LPS-induced cells exhibited an
upregulation of pro-inflammatory elements for 3 days. The
mRNA levels of IL-1p, IL-6, TNF-a, MMP-3, MMP-13,
and COX-2 in cells treated with NPs were similar to those
in cells treated with IL-1 and LPS, whereas the expression
levels of pro-inflammatory elements in IL-1- and LPS-
induced chondrocytes cultured with rebamipide/NPs
decreased in a time- and concentration-dependent manner.
Moreover, IL-1B, IL-6, TNF-o, MMP-3, MMP-13, and
COX-2 gene levels in IL-1- and LPS-promoted cells treated
with rebamipide solution were prominently suppressed
compared with those in all other groups.

Changes in Pro-Inflammatory Factors in Vivo

Four and 8 weeks after the administration of the NPs with
or without rebamipide treatment for MIA-induced OA in
rats, we performed real-time PCR to analyze the changes in
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Figure 5. The mRNA expression levels of pro-inflalmmatory component, including (A) IL-1f3, (B) IL-6, (C) tumor necrosis
factor-alpha, (D) MMP-3, (E) MMP-13, and (F) cyclo-oxygenase-2 in IL-1- and LPS-stimulated chondrocytes treated with NPs,
rebamipide (I mg)/NPs, rebamipide (10 mg)/NPs, and rebamipide (10 mg) after | and 3 days of incubation. P-value was indicated
by using one-way ANOVA via the Holm-Sidak multiple comparison test. IL = interleukin; MMP = matrix metalloproteinase; LPS =
lipopolysaccharide; NPs = nanoparticles; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; TNF = tumor necrosis factor;
COX = cyclo-oxygenase. **P < 0.01.
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the mRNA levels of the pro-inflammatory elements (IL-1f,
IL-6, TNF-a,, MMP-3, MMP-13, and COX-2) using whole
blood samples. As shown in Figure 6 and Supplementary
Table S2, the mRNA levels of pro-inflammatory compo-
nents in the NPs-only group improved in time-dependent
manner, similar to those in the MIA-induced group. At 4
weeks, the levels of the 6 genes in the rats treated with
the rebamipide/NPs at both rebamipide concentrations
decreased greatly compared to those in the rats treated with
NPs. Moreover, differences in the mRNA levels of IL-1,
IL-6, TNF-o., MMP-3, MMP-13, and COX-2 were substan-
tially reduced in the whole blood of rats between the oral
rebamipide-treated group and the NP-treated group, with
similar reduction in difference observed between the
rebamipide solution-treated group and the NP-treated
group. At 8 weeks, the IL-1p, IL-6, TNF-a, MMP-3, MMP-
13, and COX-2 gene levels were markedly reduced in the
rebamipide/NP-treated group in a time-dependent manner,
whereas they increased slightly in both the rebamipide-
treated group and rebamipide solution-treated group in a
time-dependent manner. In particular, at 8 weeks after MIA
injection, the mRNA expression levels of IL-6 were
increased by approximately 3.7 times compared to the con-
trol. While after the intra-articular injection of rebamipide
(10 mg)/NPs, the mRNA expression levels of 1L-6 were
increased by approximately 2.5 times. This indicated that
the mRNA expression level of IL-6 between MIA only and
rebamipide (10 mg)/NPs injection groups was reduced by
approximately 34%. In the case of the mRNA expression
level of TNF-a, it was increased by approximately 3.5
times compared to those of control at 8 weeks after MIA
injection. While after the intra-articular injection of remaip-
ide (10 mg)/NPs, the mRNA expression level of TNF-o was
increased by approximately 2.4 times, which was reduced
by approximately 31% compared to those of MIA injection
only.

Gross, Radiologic, and Histological
Determinations

Eight weeks after treatment with rebamipide oral adminis-
tration, rebamipide solution, rebamipide (I mg)/NPs or
rebamipide (10 mg)/NP injections, gross and radiological
examinations were conducted to confirm cartilage altera-
tions and amelioration of OA progression. As described in
Figure 7A, rats treated with only MIA or with MIA and NPs
displayed severe joint surface irregularities, space narrow-
ing, articular cartilage erosions, subchondral bone sclerosis,
and femoral condyle demolition. The rats in the oral
rebamipide administration or rebamipide solution injection
groups showed irregular surfaces and erosions of cartilage
compared to the rats in the MIA-only or MIA + NP treat-
ment groups. Intra-articular treatment with NPs containing
rebamipide (1 or 10 mg) in rats with MIA-promoted OA

remarkably decreased the erratic cartilage surface and sub-
chondral sediment. In particular, the rebamipide (10 mg)/
NP-injected group exhibited an even articular surface,
which was analogous to that seen in the control group.
Gross examinations were also performed to further demon-
strate cartilage transformation during the progression of OA
(Fig. 7B). MIA-only and MIA with NP injection groups
revealed whole spaces of cartilage destruction with irregu-
lar surface fibrillation. Treatment with oral rebamipide or
rebamipide solution resulted in partial degenerative
changes. Treatment of OA with rebamipide/NP resulted in
less degradation of cartilage surfaces compared to the
rebamipide oral administration or rebamipide solution treat-
ments. The injection of rebamipide (10 mg)/NPs in joints
with OA resulted in the lowest degradation of cartilage sur-
faces compared to the other treatment groups.

The results of H&E staining showed a clear alteration in
the cartilage lesion between all rebamipide treatment groups
(Fig. 7C). MIA-only and NP-treated groups showed rough-
ness and destruction of the cartilage and meniscus. The
rebamipide solution-injected group and the orally adminis-
tered rebamipide group showed surface roughness, but mild
cartilage destruction compared with the MIA-only and NP
groups. Rats treated with NPs with different rebamipide
concentrations (1 or 10 mg) exhibited little cartilage break-
down and surface roughness. Owing to the anti-inflamma-
tory activity of the rebamipide released from the NPs, the
rebamipide (10 mg)/NP-treated group displayed very little
surface roughness as well as a minimum degree of cartilage
destruction among the treated groups. In H&E staining, the
cytoplasm and nucleus are mainly stained. In the control
and rebamipide (10 mg)/NPs groups, the cytoplasms of the
cartilage were intact and purple nuclei were visible, whereas
in the MIA group, the cytoplasms and nuclei of the cartilage
were hardly visible and in rebamipide oral administration
group, the cytoplasms reduced and nuclei were almost
invisible. The results of safranin-O staining allowed the
determination of proteoglycan content during the progres-
sion of OA. In the MIA-only and NP treatment groups, a
loss of proteoglycan to the deep area of the cartilage layers,
subchondral bone exposure, and erosion and fibrillation of
cartilage were observed (Fig. 7D). The rebamipide solution-
injected group or rebamipide orally administered group
showed a loss of proteoglycan in the superficial and inter-
mediate layers of the cartilage layer. A slight loss of proteo-
glycan in the superficial zone of cartilage layers was
observed in the rebamipide (1 mg)/NP group. However,
rebamipide (10 mg)/NP-treated group showed a minor loss
of proteoglycan in the superficial area of the cartilage layer,
and most of the proteoglycan in the cartilage was retained.
Osteoarthritis Research Society International (OARSI)
scoring was conducted to further confirm the in vivo
restraint effect of rebamipide/NPs on the progression of
MIA-induced OA (Fig. 8). Significant differences were



Kim et al.

A B
8 8
mmm  Control . Control
— MIA —= MIA
mmm NPs @ NPs
LW — 6 C—3 Rebamipide (1 mg)/NPs W . 6 { T— Rebamipide (1 mg)/NPs
o E Em  Rebamipide (10 mg)/NPs Ox B R ebamipide (10 mg)/NPs
P4 o @8 Rebamipide oral administration 20 @ Rebamipide oral administration
§ < mmm  Rebamipide (2 mg) solution § & = R ebamipide (2 mg) solution
o 4 4
0 a rox* - L] O Q s
9% 23 A =
A -
| =
O= 2 0= 2
0 . 0- :
Baseline 4 8 Baseline 4 8
Time (weeks) Time (weeks)
C D
8 8
mmm Control mmm Control
== MIA — MIA
mmm NPs — mmm NPs
w f 64 = Rebam!p!de (1 mg)/NPs W X 6 C— Rebamipide (1 mg)/NPs
O - Rebam!p!de (10 mg)/!\ll?s ) (U=} mmm Rebamipide (10 mg)/NPs
20 i | Rebam!p!de oral admlnls_tratlon 20 === Rebamipide oral administration
§ < mmm Rebamipide (2 mg) solution < g mmm Rebamipide (2 mg) solution
O 4 u 4
O 3 O
3 © *
a - *x [m) o T arr - L]
| [T o -, - s
O£ o)
L £ 29 L= 2]
0 n 0 -
Baseline 4 8 Baseline 4 8
Time (weeks) Time (weeks)
E F
8 8
Em  Control mmm Control
=3 MIA == MIA
P mmm NPs —_ mmm NPs o
W L 6] == Rebamipide (1 mg)/NPs W T 6 T Rebamipide (1 mg)/NPs
o E B Rebamipide (10 mg)/NPs (O = mmm Rebamipide (10 mg)/NPs
P4 < B Rebamipide oral administration Z 0 &= Rebamipide oral administration
< o mmm Rebamipide (2 mg) solution § g mmm Rebamipide (2 mg) solution
x4 4
o® ON oy e -
b= — e 2 a s
25 - RC 2
N
0 -
L Baseline 3 % Baseline 4 8
Time (weeks) Time (weeks)

Figure 6. The mRNA expression levels of pro-inflammatory components, including (A) IL-1(3, (B) IL-6, (C) tumor necrosis factor-
alpha, (D) MMP-3, (E) MMP-13, and (F) cyclo-oxygenase-2 in whole blood samples from the MIA-induced OA rats in each group.
Whole blood was obtained at baseline and 4th and 8th weeks after treatment of rebamipde. Each mRNA expression level was
evaluated using real-time PCR analysis. The number (n) of animals per group was 4 and the data are expressed as the mean =
standard deviation. P-value was indicated by using one-way ANOVA via the Holm-Sidak multiple comparison test.

IL = interleukin; MMP = matrix metalloproteinase; MMP = matrix metalloproteinase; MIA = monosodium iodoacetate;

OA = osteoarthritis; PCR = polymerase chain reaction; NPs = nanoparticles; GAPDH = glyceraldehyde 3-phosphate
dehydrogenase; TNF = tumor necrosis factor; COX = cyclo-oxygenase. *P < 0.05 and **P < 0.01.
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Figure 7. (A) Micro-computed tomography, (B) gross morphology, (C) hematoxylin and eosin staining results, and (D) safranin-O
staining results of the rat knee joint at the ninth week of MIA injection (eighth week of rebamipide treatment). The treated groups
were divided into the (a) control, (b) MIA, (c) MIA + NPs, (d) MIA + rebamipide (I mg)/NPs, (e) MIA + rebamipide (10 mg)/NPs,
(f) oral administration, and (g) rebamipide solution groups. Arrows indicate erosions. The number (n) of animals per group was 4.
MIA = monosodium iodoacetate; NPs = nanoparticles.
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Figure 8. Osteoarthritis Research Society International scores
of the rat knee joints during at the ninth week of monosodium
iodoacetate injection (eighth week of rebamipide treatment).
The score was measured by averaging the values of "4 rats
belonging to each of the 7 groups. MIA = monosodium
iodoacetate; NPs = nanoparticles; OARSI = Osteoarthritis
Research Society International.

observed between the OARSI scores obtained after rebamip-
ide oral administration, rebamipide solution, and rebamip-
ide/NP injection and those obtained after MIA induction
and NP injection (**P < 0.01). In addition, the OARSI
scores in the rebamipide (10 mg)/NP-treated group were
considerably lower than those in the MIA induction, NP
alone, rebamipide oral administration, rebamipide solution,
and rebamipide (1 mg)/NPs (¥**P < 0.01) groups.

Discussion

OA initiates cartilage damage, causes synovial inflamma-
tion and sclerosis of subchondral bones, and damages bones
resulting in the formation of osteophytes.?® Disease-
modifying OA drugs (DMOADs) have been developed to
inhibit the progression of OA by targeting each process.
Phase 3 studies on inducible NO synthase inhibitors, gene
therapy, and existing possible DMOADs, such as diacerein,
calcitonin, and doxycycline, are being conducted, and drugs
that inhibit various mechanisms that affect the development
of OA are being studied.?’ Oxidative stress plays a critical
role in the development and progression of OA, and drugs
that inhibit oxidative stress are fundamental DMOADs.
Rebamipide is an oxygen radical scavenger that inhibits
oxidative stress and osteoclastogenesis, and is considered a
drug that can be used as a DMOAD.!° In this study, rebamip-
ide-loaded mPEG-PDLLA and PLGA NPs released
rebamipide in a sustained manner for up to approximately 2
months without cytotoxic effects against synoviocytes. In
addition, rebamipide released from NPs in the joint cavity

significantly reduced the mRNA levels of pro-inflammatory
cytokines in the blood and inhibited the progression of OA
by protecting against cartilage degradation. In particular, a
single intra-articular injection of rebamipide (10 mg)/NPs
was more effective locally and systemically in inhibiting
OA progression than daily rebamipide consumption.

Both mPEG-PDLLA and PLGA are NPs that have been
used for cancer treatment, with tested efficacy and stability.
When rebamipide was loaded onto the NPs of these 2 sub-
stances, the product maintained the nanosize and reduced
inflammation in synoviocytes and chondrocytes without
cytotoxicity. The MIA + NP-treated group showed no sig-
nificant elevation in pro-inflammatory cytokines in the
early or late stage compared to the MIA-treated group;
therefore, the mPEG-PDLLA and PLGA NPs did not
worsen arthritis. In addition, approximately 60% of
rebamipide was released from the mPEG-PDLLA and
PLGANPs in 2 days, and rebamipide was gradually released
continuously, which may suppress the elevation of IL-1(3
and TNF-a levels in synoviocytes. Although evaluated in
vitro for up to 7 weeks, the slope of the cumulative release
of rebamipide over time gradually decreased for both
rebamipide (1 mg)/NPs and rebamipide (10 mg)/NPs, but
the total cumulative dose of rebamipide continued to
increase.

OA progresses by increasing ROS levels due to oxida-
tive stress caused by several factors, such as aging. ROS
increase the secretion of pro-inflammatory cytokines, such
as IL-1 and TNF-a, in chondrocytes and increase the
expression of enzymes related to the progression of OA,
such as MMP-1 and COX-2.28 IL-1 and TNF-a further acti-
vate the cells to promote the secretion of other inflamma-
tory or catabolic enzymes, such as NO synthase-2, COX-2,
MMP-1, MMP-3, and MMP-13.3° IL-1 is a powerful
inducer of cartilage degradation and induces the mRNA
expression of disease-relevant proteases, such as MMP13
and ADAMTSS5.3! TNF-o. upregulates MMP gene expres-
sion and induces cartilage degeneration.’? In in vitro stud-
ies, rebamipide/NPs were less effective in suppressing the
mRNA levels of pro-inflammatory cytokines and enzymes
than rebamipide alone, possibly because of the relatively
low drug concentrations maintained by the sustained release
of the drug following the slow degradation of mPEG-
PDLLA and PLGA NPs. These findings are similar to the
results of the previous study that diacerein, which is
considered as a DMOAD, also inhibited the expression of
pro-inflammatory cytokines in LPS + IL-1B-promoted
synoviocytes when the drugs were loaded to PLGA NPs.3

Since rebamipide has been developed as a gastrointesti-
nal protective drug, it is unclear whether rebamipide has the
role of inhibiting joint inflammation and OA progression
after intra-articular injection in vivo even if inhibition of
OA-related inflammatory mediators was detected in vitro.
To test the efficacy of rebamipide/NPs in vivo, MIA-induced
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OA rat models were established. MIA induces inflamma-
tion, subchondral bone damage, and chondrocyte death by
inhibiting GAPDH, resulting in the development of OA.** A
single intra-articular injection of rebamipide solution
showed anti-inflammatory effect at 4 weeks; however, the
anti-inflammatory effect decreased at 8 weeks, which may
be due to the short half-life of rebamipide and the short
retention time of the drug in the joint cavity. Moreover,
rebamipide/NPs significantly reduced the levels of pro-
inflammatory cytokines and enzymes in whole blood com-
pared with the daily oral administration of rebamipide.
Furthermore, macroscopic and histological evaluations
showed that in rats intra-articularly injected with rebamip-
ide (10 mg)/NPs, the prevention of cartilage degradation
was more pronounced than that observed in the rats given a
daily oral administration of rebamipide. However, there are
limitations as a pilot study due to its small sample size in
this study; thus, a caution is required in interpretation of this
study and a larger-scale study will be required for a further
validation study. Several drugs that can reduce ROS, such
as vitamin C, coenzyme Q10, and hyaluronic acid, are
expected to prevent structural changes in OA cartilage;
however, there is no consistent evidence that these antioxi-
dants are effective in treating OA.?® Rebamipide, which has
an antioxidant effect, can protect cartilage via systemic
(oral administration) and focal dissemination (intra-articu-
lar injection) in OA.>!! Upon comparing the clinical treat-
ment dosage of rebamipide (10 mg)/NPs (13.82 ug/rat) and
the daily oral administration dosage of rebamipide (118.16
mg/rat), the intra-articular injection of rebamipide/NPs
emerges as the more effective treatment approach for pro-
tecting the cartilage and suppressing the expression of
inflammatory cytokines. In addition, rebamipide shows dif-
ferent aqueous solubility depending on the pH.>* When
rebamipide was loaded on mPEG-PDLLA and PLGA NPs,
it was continuously released in the environment, including
acidic environments in the inflamed synovial fluid, and the
released rebamipide worked effectively on the cartilage
affected by OA.

In conclusions, the sustained drug delivery system
involving rebamipide-loaded mPEG-PDLLA and PLGA
NPs suppressed the mRNA levels of pro-inflammatory ele-
ments in inflamed synoviocytes stimulated by LPS and
IL-1. A single intra-articular injection of rebamipide/NPs
also suppressed inflammatory reactions and appeared
to mitigate cartilage degradation in MIA-induced OA.
Considering the actual treatment dosage and the degree of
anti-inflammatory effect, rebamipide/NP injection appeared
to be more effective in the treatment of OA than the intra-
articular injection or daily oral administration of rebamip-
ide alone. The preliminary results of this pilot study support
further adequately powered in vivo study of the effect of
intra-articular administration of rebamipide NPs for the
treatment of OA; ultimately optimization of doses and dose
schedules are also warranted.
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