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Abstract: The current pharmacological therapies for osteoarthritis (OA) are mainly focused on symptomatic relief of
pain and inflammation through the use of nonsteroidal anti-inflammatory drugs (NSAIDs). Etoricoxib is a cyclooxy-
genase-2 (COX-2) selective NSAID with a higher cyclooxygenase-1 (COX-1) to COX-2 selectivity ratio than the other
COX-2 selective NSAIDs and a lower risk of gastrointestinal toxicity compared to traditional NSAIDs. In this study,
we first evaluated the anti-inflammatory and chondro-protective effects of etoricoxib on interlecukin-1B-stimulated
human osteoarthritic chondrocytes. We found that etoricoxib not only inhibited the expression of inflammation me-
diators COX-2, prostaglandin E, (PGE,), and nitric oxide, but also had a similar chondro-protective effect to celecoxib
through down-regulating matrix degrading enzymes matrix metalloproteinase-13 (MMP-13) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS-5). We then used PLGA-PEG-PLGA triblock copolymeric
nanoparticles (NPs) as a drug delivery system to locally deliver etoricoxib into the articular cavity to reduce the risk
of cardiovascular toxicity of etoricoxib when administered systemically or orally. The etoricoxib-loaded NPs showed
a sustained drug release over 28 days in vitro; in rat OA model, the intra-articular injection of etoricoxib-loaded
NPs alleviated the symptoms of subchondral bone, synovium, and cartilage. In conclusion, our study confirmed the
chondro-protective role of etoricoxib in OA, and proved the curative effects of etoricoxib-loaded PLGA-PEG-PLGA NPs
in vivo.
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Introduction

Osteoarthritis (OA) is a multifactorial degenera-
tive joint disorder associated with structural
changes of joint tissues, including loss of artic-
ular cartilage, remodeling of subchondral bone,
and inflammation of the synovium. OA causes
progressive disabilities in the elderly due to its
irreversible outcomes [1]. The treatments for
patients suffering from OA are currently very
limited because the pathological mechanism of
OA remains poorly understood [2]. To date, OA
pharmacological therapies are mainly focused
on symptomatic relief of pain and inflammati-
on using nonsteroidal anti-inflammatory drugs
(NSAIDs). The American College of Rheumato-
logy (ACR) recommends administering either a
traditional NSAID or a cyclooxygenase-2 (COX-

2) selective inhibitor for pain relief in patients
with OA [3, 4]. However, traditional NSAIDs are
linked to a higher risk of gastrointestinal (Gl)
toxicity due to their inhibition of cyclooxygen-
ase-1 (COX-1) enzyme, while COX-2 selective
inhibitors are associated with an elevated risk
of cardiovascular (CV) events [5, 6].

Etoricoxib is a COX-2 selective NSAID with a
higher COX-1 to COX-2 selectivity ratio than the
other COX-2 selective NSAIDs and a lower risk
of GI toxicity compared to traditional NSAIDs
[7]. In OA treatment, etoricoxib has shown a
comparable efficacy to traditional NSAIDs and a
greater efficacy than placebo [8, 9]. However, it
has been reported recently that etoricoxib
induces CV toxicity when administered systemi-
cally or orally [10, 11]. Direct intra-articular (lA)
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injection can minimize systemic side effects by
reducing the blood concentration of etoricoxib,
but repeated (e.g. weekly) injection increases
the risk of joint infection. Meanwhile, unformu-
lated molecules within the injected drugs are
cleared rapidly from the IA space [12]. In order
to reduce the distribution of etoricoxib in non-
target organs and prolong the drug retention in
the joint cavity, IA drug delivery system (DDS)
that delivers etoricoxib in a controlled manner
in the joint cavity for a longer duration of time
would be a better option.

An ideal IA DDS should offer controlled release
of the therapeutic agent with extended bio-
availability and joint retention, have no or mini-
mal safety concerns, promise a disease-modi-
fying effect and/or cartilage regeneration, and
be readily translatable. So far, the only FDA-
approved IA DDS is poly(lactic-co-glycolic acid)
(PLGA) [13]. Block co-polymers containing PLGA
and polyethyleneglycol (PEG) blocks are gaining
attention in controlled release due to their ther-
mogelling and biocompatible properties [14,
15]. The triblock copolymer PLGA-PEG-PLGA is
one the most widely studied polymer, and is
very suitable for delivering hydrophobic drugs
such as etoricoxib in a controlled manner.

In this study, we first investigated the effects of
etoricoxib treatment on human osteoarthritic
chondrocytes; we then used PLGA-PEG-PLGA
triblock copolymer to prepare the etoricoxib-
loaded nanoparticles (NPs); we finally delivered
the etoricoxib-loaded NPs in rat OA model, and
tested their efficacy in vivo.

Materials and methods

Isolation and culture of human osteoarthritic
chondrocytes

Cartilage specimens were obtained intraopera-
tively from patients (4 male and 14 female, ave-
rage age 65110 years) undergoing total knee
arthroplasties, with approval (No: 20180206-
0029) from Ethics Committee of Southwest
Hospital (Chongging, China). Chondrocytes we-
re isolated according to our previous protocol
[16]. Briefly, cartilage pieces were digested with
0.2% (w/v) collagenase type Il (Sigma) for 10 h
at 37°C. The resulting cell suspension was fil-
tered through a 40 pm cell strainer (BD Bio-
sciences), and centrifuged at 400 g for 5 min.
The collected cells were resuspended in high
glucose Dulbecco’s modified Eagle’s medium
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(DMEM; Gibco) supplemented with 10% fetal
bovine serum (TBD). Finally, cells were incubat-
ed in a humidified atmosphere of 5% CO, at
37°C. The medium was changed every 2-3 da-
ys. Chondrocytes at passage 1 were used in
the following experiments.

Live/dead cell staining and cell viability assay

The effects of etoricoxib on the viability of chon-
drocytes were evaluated using a Live/Dead
Staining kit (Yeasen). Briefly, Chondrocytes we-
re treated with etoricoxib at different concen-
trations (0, 10, 50, 100, 500, or 1000 pyM) for
48 h, then the cells were incubated in Assay
Buffer containing 2 uM Calcein-AM and 1.5 uM
propidum iodine (PI) for 15 min at 37°C. La-
beled cells were visualized using a confocal mi-
croscope (Olympus IX71). Live cells were stai-
ned green, whereas dead cells were stained
red.

To further evaluate the cytotoxicity of etoricox-
ib, Cell Counting Kit-8 (CCK-8; Dojindo Labo-
ratories) was used. Chondrocytes were cultured
in 96-well plates at a density of 7x103 cells per
well for 24 h. Then, cells were treated with etori-
coxib at different concentrations (0, 10, 50,
100, 500, or 1000 uM) for 48 h. After that, 10
pl of CCK-8 solution was added to each well,
and the mixture was incubated at 37°C for 2 h.
The optical density (OD) was read at a wave-
length of 450 nm with a microplate reader
(Thermo Fisher Scientific).

Treatment of human OA chondrocytes with
etoricoxib and IL-13

Chondrocytes at passage 1 were seeded in hi-
gh glucose DMEM supplemented with 2% FBS
overnight and were then stimulated with IL-13
(10 ng/ml) for 2 h followed treatment with etori-
coxib (10 uM). Chondrocytes treated with high
glucose DMEM supplemented with 2% FBS
were served as control.

Flow cytometry of cell apoptosis detection

Annexin V-FITC-PI kit (4A biotech) was used to
detect cell apoptosis. Briefly, cell suspension
(11068 cells in a 1.5 ml-centrifuge tube) was
centrifuged at 300 g for 5 min, and the super-
natant was discarded. Afterwards, 1 ml of PBS
was added to the cell pellet, and the samples
were centrifuged at 300 g for 5 min. This wa-
shing procedure was repeated twice. Subsequ-
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Table 1. Target gene primers

positively correlated to its

Name Forward Reverse

respective concentration of

COL2A1  TGCTGCCCAGATGGCTGGAGGA TGCCTTGAAATCCTTGAGGCCC
TCGAGGGTGTAGCGTGTAGAGA
GTTGGGCGGCAGGTACTG

MMP-13 ~ TCCTGGCTGCCTTCCTCTTCTTG ~ AGTCATGGAGCTTGCTGCATTCTC

ACAN TCGAGGACAGCGAGGCC
SOX9 GACTTCCGCGACGTGGAC

COX-2 and PGE,. The experi-
ment was repeated three ti-
mes.

Measurement of nitric oxide

ADAMTS-5 GACCGATGGCACTGAATGTAGGC TCTCCTCCACATACTCCGCACTTG

Cox-2 TGGTCTGGTGCCTGGTCTGATG ~ CCTGCTTGTCTGGAACAACTGCTC
iNOS GACTTTCCAAGACACACTTCAC ~ TTCGATAGCTTGAGGTAGAAGC
GGGCCGGACTCATAC

B-Actin CCTGGCACCCAGCACAAT

The nitric oxide (NO) levels in
the culture medium were de-
termined by the Griess reac-

ently, 100 pl of binding buffer, 5 ul of Annexin
V-FITC, and 10 ul of Pl were added, and the
samples were incubated at room temperature
(RT) for 15 min in the dark. Finally, 400 pl of
binding buffer was added to the samples, and
cell apoptosis was detected by flow cytometry.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted using RNA pure Total
RNA Kit (Bioteke), and the RNA concentration
was determined using a Nanodrop-2000 spec-
trophotometer (Thermo Scientific). CDNA was sy-
nthesized using Transcriptor-First-Strand-cDNA-
Synthesis-Kit (Roche) according to the manu-
facturer’s instructions. Quantitative real-time
PCR based on FastStart Essential DNA Green
Master (Roche) was performed. Relative gene
expression was calculated by the AACt method.
The ACt was calculated using the reference
gene B-actin. Target gene primers were pre-
sented in Table 1.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant of the culture medium was col-
lected after 72 h treatment of etoricoxib. The
expression of COX-2 and Prostaglandin E2
(PGE,) was detected using ELISA kits (CUSABIO).
According to the kit instructions, 100 pl stan-
dard or sample was added to each well and
incubated for 2 h at 37°C. Then, 100 pl of Biotin
antibody (1x) was added to each well and incu-
bated for 1 h at 37°C. After three washes, 100
ul of HRP-avidin (1x) was added to each well
and incubated for 1 h at 37°C. After five wash-
es, 90 ul of TMB Substrate was added to each
well and incubated for 20 min at 37°C in the
dark. Finally, 50 ul of Stop Solution was added
to each well. The OD value of each well was
measured at a wavelength of 450 nm. This was
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tion. Briefly, 50 pl of the cell
culture supernatant was re-
acted with an equal volume of Griess reagent
(Beyotime) in 96-well plates for 10 min at RT in
the dark. Nitrite levels were determined by
measuring the absorbance at 540 nm using a
spectrophotometer. The levels of nitrite were
normalized to standard values.

Western blot

The cells were lysed in RIPA with 1% PMSF
(Beyotime). Proteins were separated in 8% to
12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (according to the molecular
weights) and transferred to a PVDF membrane
(Beyotime) at 200 mA for 1.5 h at 4°C. The blot
was blocked with QuickBlock™ Blocking Buffer
(Beyotime) for 2 h at RT and incubated sepa-
rately with the following primary antibodies:
type Il collagen (1:5000; Abcam), aggrecan
(1:100; Abcam), SOX9 (1:1000; Abcam), MMP-
13 (1:3000; Abcam), a disintegrin and meta-
lloproteinase with thrombospondin motifs-5
(ADAMTS-5; 1:250; Abcam), B-actin (1:200;
San-ta Cruz) for overnight at 4°C, followed by
incubation with horseradish peroxidase-conju-
gated secondary antibody (Goat Anti-Mouse or
Goat Anti-Rabbit, 1:2000, Proteintech) for 1 h
at RT.

Immunofluorescence staining

Cells were washed with PBS and fixed with 4%
formaldehyde for 10 min at RT. Then, cells were
washed three times with cold PBS, and treated
with Triton X-100 (Beyotime) for 10 min at RT.
Cells were washed again three times with PBS
and blocked 1 h with Blocking Buffer (Beyotime)
at RT followed by incubation with primary anti-
bodies: Collagen Il (1:200; Abcam), Aggrecan
(1:100; Abcam), SOX9 (1:200; Abcam) for over-
night at 4°C. Next, the cells were washed th-
ree times with PBST, incubated with secondary
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antibody for 1 h at RT. Cell nuclei were counter-
stained with 2-(4-Amidinophenyl)-6-indolecar-
bamidine dihydrochloride (DAPI; Beyotime) for
5 min at 37°C. The images were obtained by
confocal fluorescent microscope (LSM710, Carl
Zeiss).

Preparation of etoricoxib-loaded PLGA-PEG-
PLGA triblock copolymer NPs

Etoricoxib (A3405, APExBIO)-loaded NPs were
prepared by Oil in Water (O/W) emulsion sol-
vent evaporation technique with a modificati-
on of literature procedure [17]. 15 mg of the
PLGA3000-PEG2000-PLGA3000 triblock copo-
lymers (Ruixi Biological, PL:GA=1:1, PDI<1.2)
and 7 mg of etoricoxib were dissolved in 1.5 mL
of dichloromethane (DCM), and the solutions
were added drop by drop to 10 mL of 0.5% poly
vinyl alcohol (PVA) aqueous solution for emulsi-
fication at 2500 rpm using magnetic stirrers.
The resulting emulsion was further stirred for 3
h at 2500 rpm to remove excess DCM and har-
den the formed NPs. The etoricoxib-loaded NPs
dispersion was filtered through a 0.45 pm
strainer to remove the larger particles and
again centrifuged at 15000 g for 30 min. The
supernatant was removed, and the NPs were
washed with deionized water three times, and
freeze-dried.

Characterization of NPs

The spectra of the PLGA-PEG-PLGA, etoricoxib,
NPs, and etoricoxib-loaded NPs were deter-
mined using Fourier transform infrared spec-
troscopy (FTIR) spectrometer (PerkinElmer, US).
The spectra between the wavelengths of 400
and 4000 cm™ were recorded. The morphology
of the NPs was studied using a field-emission
scanning electron microscopy (SEM; S-3400N
I, Hitachi) and a transmission electron micro-
scope (TEM; TECNAI 10, Philips). Samples were
mixed with Milli-Q water and a drop of the
resulting NP suspension was placed on a glass
slide, dried in air, and gold sputter-coated be-
fore SEM observation. For TEM analysis, a drop
of aqueous solution containing the NPs was
placed on carbon-coated copper grids. The sam-
ples were dried and kept under a desiccator
before being loaded onto a specimen holder,
operated at 200 kV. Samples were dispersed at
0.1 mg/ml in Milli-Q water in a fresh polysty-
rene cuvette, and were subjected to a minimum
of 12 runs after equilibrating at the desired
temperature for 5 min. The mean diameter,
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PDI, and Zeta potential of NPs were determin-
ed by dynamic light scattering (DLS).

In vitro release of etoricoxib from NPs

The drug release from the NPs was done using
dialysis membrane method [18] in PBS. 10 mg
of the drug-loaded NPs were dispersed in 2 ml
of PBS, and then transferred to a dialysis bag
(MWCO 3500), suspended in 500 ml of PBS at
37°C with continuous agitation. 1 ml buffer
was removed and replaced with the same am-
ount of fresh bufferat 1, 2, 3, 7, 14, 21, and 28
days. The amount of free etoricoxib in the
supernatant was measured by UV-Vis spectro-
photometer (NanoDrop 2000, Thermo Scien-
tific).

Cytotoxicity test of NPs

The cytotoxicity of etoricoxib NPs was evaluat-
ed by the CCK-8 assay. Briefly, passage 1 chon-
drocytes were plated in 96-well plates at a den-
sity of 7x10° cells per well, and then treated
with NPs that can respectively maximally re-
lease etoricoxib to 10 uyM according to the re-
lease curve. After incubation for 2 days with the
NPs, the absorbance was measured using a
spectrophotometric reader at 450 nm.

OA induction in rats

Animal experiments were approved by Animal
Ethics Committee of Third Military Medical Uni-
versity (No. 201805300061). A total of 20 he-
althy female Sprague-Dawley rats (8-week-old)
were supplied by the animal experiment center
of Third Military Medical University. OA was
induced by anterior cruciate ligament transec-
tion (ACLT) as previously described [19]. Rats
were anesthetized with 1% pentobarbital sodi-
um, and the right knee joint was exposed th-
rough a medial parapatellar approach. The pa-
tella was dislocated laterally, and the knee was
placed in full flexion followed by ACLT with mi-
Cro-SCisSsors.

IA injections

The rats were randomly divided into the follow-
ing four groups (n=5/group): (1) ACLT+ saline
(Control, 1A injections of 100 pl saline); (2)
ACLT+ etoricoxib (ETX, IA injections of 10 uM
etoricoxib in 100 pl saline); (3) ACLT+NPs (NPs,
IA injections of 6.93 ug NPs in 100 ul saline); (4)
ACLT+ etoricoxib NPs (ETX-NPs, IA injections of
6.93 pg ETX-NPs in 100 pl saline). IA injections
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Figure 1. Effect of etoricoxib on viability of human osteoarthritic chondrocytes. Cells were cultured with increasing
concentrations of etoricoxib (0, 10, 50, 100, 500, 1000 uM) for 48 h. The cell viability was determined by the Live-
Dead Cell Staining (A) and CCK-8 assay (B). (n=5, mean + SD, """P<0.001 in comparison with the control group).

were performed at 3, 6, and 9 weeks. Rats we-
re sacrificed for analysis at 12 weeks after OA
induction.

Microtomography and histology

High-resolution microtomography (UCT) scan-
ning (viva CT40; Scanco, Switzerland) was per-
formed to measure subchondral bone of knee
joints at 12 weeks after OA induction. The kn-
ees were fixed in 4% paraformaldehyde for 48
h. The epiphysis of the tibia was manually cho-
sen as the region of interest in 3D analysis of
the subchondral bone. After reconstruction, the
following parameters were measured: relative
bone volume to total volume (BV/TV), trabecula
number (Tb. N), trabecula separation (Th. Sp),
trabecula thickness (Tb. Th).

The joints were fixed in 4% (v/v) paraformalde-
hyde for 48 h, and tissues were decalcified in
10% wt EDTA disodium salt dehydrate (GRM-
1195, neofroxx, Germany) solution for 3 weeks
at RT. After serial dehydration, the samples
were embedded in paraffin and sectioned at 4
pm thickness. The sections were stained with
hematoxylin and eosin and safranin-O/fast gr-
een. Osteoarthritis Research Society Interna-
tional (OARSI) grading system was used to eval-
uate the degenerative status [20]. Scoring was
done by two blinded observers (TL and XW).
Immunohistochemistry (IHC) was performed us-
ing Biotin-Streptavidin HRP-based SPlink Dete-
ction Kits (ZSGB-BIO). After deparaffinization
and hydration with distilled water, the antigen
repair was conducted at 100°C for 10 min. Th-
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en the tissue slices were treated with H,O, for
about 20 min and then blocked for 30 min
avoiding the homologous serum. The diluted
(1:200-400) primary antibodies were used to
incubate the slices for overnight at 4°C. After
three times wash with PBS, the tissue slices
were incubated with biotinylated Goat Anti-
Mouse IgG for 15 min at RT. Subsequently, the
slices were treated with streptavidin avidin-bio-
tin enzyme complex for 15 min. Proteins were
visualized by the DAB solution kit (ZSGB-BIO).

Statistical analysis

Results were represented as mean + standard
deviation (mean + SD). The cytotoxicity of the
NPs to human chondrocytes was analyzed us-
ing t-tests, the other results were analyzed us-
ing one-way analysis of variance (ANOVA). "P<
0.05; ""P<0.01; ""P<0.001.

Results

Effects of etoricoxib on human OA chondro-
cytes viability and apoptosis

The human OA chondrocytes were treated with
various concentrations of etoricoxib (0, 10, 50,
100, 500, and 1000 pM) for 48 h. Live-dead
cell staining results (Figure 1A) showed that,
treatment with 500 yM and 1000 uM etori-
coxib resulted in a lower density of live cells
(green) and a greater distribution of dead cells
(red). Consistently, the CCK-8 assay (Figure 1B)
showed that treatment with 500 yM or 1000
MM etoricoxib reduced the cell viability to

Am J Transl Res 2019;11(11):6775-6789



IA injection of ETX-NPs attenuates OA

Control

IL-18

IL-1B+ETX

104

103

L

FL2-H
102

—
1

Rate of apoptosis (%)
N

0-

@\ R 3
& W x
(é N
W

Early apoptosis

104

Rate of apoptosis (%)
» &

0-

4

Late apoptosis

Figure 2. Effect of etoricoxib on apoptosis of human osteoarthritic chondrocytes. Flow cytometry was used to detect
the effect of etoricoxib on chondrocyte apoptosis. A. Representative images of the apoptosis analysis. B. Quantified
early apoptosis rate of chondrocytes. C. Quantified late apoptosis rate of chondrocytes.

81.56+4.43% and 67.93+3.16%, respectively,
both significantly lower than control. The con-
centration of 10 yM was used for subsequent
experiments because it is the maximum phar-
macological plasma concentration of etoricoxib
[21].

Flow cytometry was used to detect the effect of
etoricoxib on chondrocyte apoptosis. Annexin
V/PI double staining (Figure 2A) showed that
the increased apoptosis rate could be observed
in the IL-1B group, compared with the control
group; while the IL-1B+ETX group exhibited the
reducing trend of apoptosis rate. However,
there was no statistical difference between
groups in both early apoptosis rate (Figure 2B)
and late apoptosis rate (Figure 2C).
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Effects of etoricoxib on inflammatory factor
expression and ECM degradation in IL-1(3-
stimulated chondrocytes

Inflammation and ECM degradation are factors
that clearly enhance the progression of OA.
Here we examined the influence of etoricoxib
on the production of inflammatory mediators
(COX-2,iNOS, PGE,, and NO) and matrix degrad-
ing enzymes (MMP-13 and ADAMTS-5). We
found that IL-1 markedly increased the mRNA
expression of COX2,iNOS, MMP-13 and ADAMT-
5 compared with control group (Figure 3A-D),
while IL-13 and etoricoxib co-treatment (IL-1p3+
ETX) downregulated the expression of iNOS
(Figure 3B) and MMP-13 (Figure 3C). Consistent
with the RT-PCR results, the protein levels of
COX-2, MMP-13, and ADAMTS-5 in IL-1B+ETX
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Figure 3. Effects of etoricoxib on inflammatory factor expression and ECM degradation in IL-1B-stimulated chondro-
cytes. A-D. Gene expression of COX-2, iINOS, MMP-13, and ADAMTS-5 detected by qPCR analysis. E. Concentration
of COX-2 measured by ELISA. F. Protein expression of MMP-13 and ADAMTS-5 detected by western blot analysis. G.
Concentration of PGE, measured by ELISA. H. NO levels measured by Griess reaction. (NS: not significant, “P<0.05,

"P<0.01, *"P<0.001).

group were significantly lower than those in
IL-1B group (Figure 3E, 3F). Moreover, the con-
centration of PGE, and NO in IL-1B+ETX group
was significantly lower than IL-13 group (Figure
3G, 3H).

Effects of etoricoxib on the chondrogenic phe-
notype of IL-13-stimulated chondrocytes

The chondrogenic markers type Il collagen, ag-
grecan, and SOX9 were measured by immuno-
fluorescence staining, RT-PCR, and western
blot. We found that IL-1 stimulation induced a
weaker staining of these marker proteins, whe-
reas the staining intensity of IL-1B+ETX group
was comparable to that of control group (Figure
4A). PCR results showed that the mRNA expres-
sion of SOX9 (Figure 4B), ACAN (Figure 4C), and
COL2A1 (Figure 4D) in IL-1B+ETX group was
higher than that in control group and IL-1f3
group. The western blot results were consistent
with the immunofluorescence staining, with IL-
1B group having lower expression, and IL-13+
ETX group having comparable expression of
type Il collagen, aggrecan, and SOX9 compared
to control group (Figure 4E).

Characterization of etoricoxib-loaded PLGA-
PEG-PLGA NPs

FTIR analyses (Figure 5A) were used to find

any changes in the chemical structure of PLGA-
PEG-PLGA and etoricoxib during the formati-
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on of NPs. The FTIR spectra of pure etoricoxib
showed that the stretching vibration of C=N
group appeared at 1597.7 cm™. Pure PLGA-
PEG-PLGA copolymer showed that a peak at
1750.3 cm? belonged to the carbonyl group.
The absorption band of pure etoricoxib and
PLGA-PEG-PLGA both appeared on the FTIR
spectra of etoricoxib-loaded PLGA-PEG-PLGA
NPs; there were no new peaks, indicating no
chemical interaction between etoricoxib and
the NPs. The surface morphology of etoricoxib-
loaded PLGA-PEG-PLGA NPs was studied by
SEM and TEM (Figure 5B, 5C). From the micro-
graphs, it was clearly shown that the NPs were
spherical and regular in shape. The size distri-
bution of the NPs was characterized by DLS
(Figure 5D), the average diameter of the NPs
was 339 nm (PDI=0.207) with a uniform size
distribution. These nanoparticles had a slight
positive charge (1.68+0.85 mV) as determined
by zeta potential measurements.

In vitro release of etoricoxib from the NPs

To investigate whether etoricoxib-loaded PLGA-
PEG-PLGA NPs were able to slowly release eto-
ricoxib, in vitro release performance was test-
ed. Following a short initial burst release of
~26.92% of total drug load in the first three
days, etoricoxib was slowly released through-
out time (Figure 5E). Cell viability assay (Figure
5F) showed that the etoricoxib-loaded NPs did
not affect the viability of chondrocytes in vitro.
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significant, "P<0.05, ""P<0.01, "**P<0.001). E. Protein expression of type Il collagen, aggrecan, and SOX9.
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Figure 5. Characterization of etoricoxib-loaded PLGA-PEG-PLGA NPs. (A) FTIR analyses were used to find any chang-
es in the chemical structure of PLGA-PEG-PLGA and etoricoxib during the formation of NPs. SEM (B) and TEM (C)
images showed that the NPs were spherical and regular in shape. The size distribution of the NPs was characterized
by DLS (D), the average diameter was 339 nm (PDI=0.207). (E) In vitro release of etoricoxib-loaded NPs in PBS buf-
fer showed an initial burst release at the third day. (F) Cytotoxicity of the NPs to human chondrocytes.

In vivo performance of etoricoxib-loaded NPs tibial subchondral bone volume was deter-
in rat OA model mined by three-dimensional uCT (Figure 6A).

Quantitative analysis of the uCT data including
To examine the changes of subchondral bone bone volume/total volume (BV/TV), trabecular
after IA injection of etoricoxib-loaded NPs, the number, trabecular thickness, and trabecular
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Figure 6. The changes of subchondral bone after IA injection of etoricoxib-loaded NPs. uCT scanning was performed
to measure subchondral bone of knee joints at 12 weeks after OA induction (A). (B-E) Quantified bone volume/
total volume, trabecular number, trabecular thickness, and trabecular separation, respectively. (NS: not significant,

“P<0.05, ”"P<0.01).

separation were performed. The ETX-NPs group
showed an increase in both BV/TV (Figure 6B)
and trabecular number (Figure 6C) compared
with control group and NPs group. However,
there was no significant difference in trabecu-
lar thickness (Figure 6D) and trabecular sepa-
ration (Figure 6E) between groups.

After three IA injections (with 3 weeks interval
between each injection), the rats were sacri-
ficed at 12 weeks post OA induction (Figure
7A). There was no inflammation reaction or tis-
sue necrosis at the surgery site. Gross images
of the femoral condyle showed that, ETX group
and ETX-NPs group had a smoother articular
surface than control group (Figure 7B). Safra-
nin-O/Fast green staining further showed that
the ETX+NPs group had the best osteochondral
interface among all groups (Figure 7C). Con-
sistently, the OARSI score of ETX+NPs group
was 8.67+1.56, lowest of all groups (Figure
7D). Hematoxylin and eosin staining showed
that, the synovial lining cell layer slightly en-
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larged, and the density of the synovial stroma
slightly increased in the ETX-NPs group (Figure
7E). Similarly, the synovitis score of ETX+NPs
group was 1.45+0.69, lowest of all groups
(Figure 7F).

The metabolism of cartilage matrix was evalu-
ated by immunohistochemistry of matrix pro-
tein type Il collagen and aggrecan, and cata-
bolic markers MMP-13 and ADAMTS-5 (Figure
8). We found that the expression of type Il col-
lagen and aggrecan in the ETX-NPs group was
strengthened compared with other groups. Co-
rrespondingly, the expression of MMP-13 and
ADAMTS-5 in ETX-NPs group was lower than
that in other groups, indicating that IA injection
of ETX-NPs could inhibit the activity of matrix
degrading enzymes to maintain the cartilagi-
nous matrix.

Discussion

In the last decade, tremendous research work
on the NSAIDs treatment for OA has been done,
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and the understanding of NSAIDs has changed
dramatically. The COX-2 inhibitors not only act
as analgesics, but also show a great potential
in delaying OA progression. For example, the
selective COX-2 inhibitor celecoxib has shown a
protective effect on OA cartilage [22, 23]. Eto-
ricoxib is a highly selective COX-2 inhibitor.
Compared with celecoxib, etoricoxib has a high-
er selectivity for COX-2 and a long half-life (22
h). However, it is unclear whether etoricoxib has
a similar chondro-protective effect to celeco-
xib.

In this study, we for the first time investigated
the possible chondro-protective effect of etori-
coxib. In cellular experiments, we used articular
chondrocytes from OA patients, and stimulated
the cells with IL-1B. After IL-1B stimulation, we
found an upregulation of MMP-13, ADAMTS-5,
COX-2, and PGE,, and a downregulation of cho-
ndrogenic markers SOX9, type Il collagen, and
aggrecan. These changes could be mostly inhi-
bited when the IL-1B-treated chondrocytes we-
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re administered with etoricoxib, indicating a
chondro-protective role of etoricoxib in vitro.
Etoricoxib offset the impact of IL-1[ treatment
on COX-2 and PGE, expression, because etori-
coxib targets COX-2, and reduces the produc-
tion of PGE, by inhibiting COX-2. As for MMP-13
and ADAMTS-5, the former is mainly responsi-
ble for degrading type Il collagen [24], and the
latter is mainly responsible for degrading pro-
teoglycan [25]. Therefore, the expression of
MMP-13 and ADAMTS-5 is the core link of car-
tilage matrix degeneration in OA. There are at
least two isoforms of COX. COX-1 is expressed
constitutively for physiologic tissue homeosta-
sis, while COX-2 expression is induced during
inflammatory state. Among the COX metabo-
lites, PGE, is considered one of the major medi-
ators of inflammation. It is reported that the
spontaneous release of PGE, is at least 50-fold
higher than that in normal cartilage [26]. The
therapeutic effect of NSAIDs is mainly attribut-
ed to their ability to inhibit COX activity [22].
It has been shown that celecoxib can hinder
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Figure 9. Controlled release of etoricoxib delayed OA progression. Catabolic enzymes, such as MMP-13 and AD-
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pro-inflammatory cytokines, act on the synovium to induce joint inflammation, which further stimulates the release
of catabolic enzymes by chondrocytes. In this study we showed that the controlled release of etoricoxib effectively
inhibited the production of MMP-13 and ADAMTS-5, therefore delaying the OA progression of ACLT rats.

MMPs and aggrecanase from digesting ECM,
and restore matrix production by inhibiting COX-
2, PGE,, and NF-kB. Here we speculated that
COX-2 and PGE, could activate matrix degrad-
ing enzymes (Figure 9); although the detailed
mechanism is not yet clear, it is certain that
the effect of etoricoxib was partially achieved
by inhibiting the production of MMP-13 and

6785

ADAMTS-5 (Figure 8). Whether there are other
pathways involved in the protection of chondro-
cytes from IL-1B-induced matrix degradation
requires further investigation. In addition, we
found that the level of IL-1B-induced iNOS and
NO expression was lowered by etoricoxib admi-
nistration, but was still much higher than con-
trol (Figure 3B, 3H). This result was consistent
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with a previous study showing that IL-18 indu-
ced NO is involved in inhibition of proteoglycan
synthesis, independent of PGE,, and thus is
insensitive to regulation of COX-2 inhibitors
[27].

Drug administration by IA injection becomes an
emerging strategy for OA treatment as it mini-
mizes the adverse effects of drugs adminis-
tered systemically or orally, and maximizes lo-
cal effect [28]. However, traditional oral drugs
delivered via IA injection are limited by the lack
of sustained release [29], in this case an IA
DDS might be a better option. At present, the
use of PLGA-based DDS for OA treatment has
been approved by FDA [30]. Although many
benefits have been achieved, some shortcom-
ings also limit the further application of this
DDS. In particular, PLGA is a hydrophobic mac-
romolecule likely being scavenged by macro-
phages [31], meanwhile, the low loading capac-
ity and the high initial release of PLGA is not
favorable in drug delivery [32]. To overcome
these drawbacks, PLGA copolymers have at-
tracted increasing attention. The amphiphilic
triblock copolymer PLGA-PEG-PLGA can self-
assemble into NPs due to the hydrophobic
interaction between water insoluble segments
[33]. The PLGA-PEG-PLGA copolymer NPs have
good biocompatibility, biodegradability, high sta-
bility, and high loading capacity for hydrophobic
drugs, therefore they are ideal candidates for IA
DDS.

Drug release from a polymer DDS can be divid-
ed into three stages: (1) initial burst release of
drug; (2) diffusion release of drug due to disso-
lution of polymer; (3) second burst release of
drug due to polymer degradation [34]. In this
study, the in vitro release of etoricoxib from
PLGA-PEG-PLGA NPs was done through dialysis
in PBS. The initial burst release for the etoricox-
ib-loaded NPs was 26.92%, and second burst
release was observed in 21 days, indicating a
well-controlled release of etoricoxib. Similarly,
Kamali et al. also used PLGA-PEG-PLGA triblock
copolymer to successfully decrease the initial
burst release of buprenorphine from an in situ
forming gel [32]. The charge of particles is a
factor affecting the penetration and retention
in cartilage matrix [35]. The negatively charged
extracellular matrix inside cartilage provides a
unique opportunity to use electrostatic interac-
tions to augment transport, uptake and binding
of drug carriers. Positively charged drug-carri-
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ers showed faster penetration and higher upta-
ke than their neutral same-sized counterpart
[36].

Biocompatibility is a prerequisite for the suc-
cessful use of DDS in vivo. It has been reported
that IA injection of NPs could induce acute
inflammatory reactions in mouse joints [37]. In
this study, the biocompatibility of PLGA-PEG-
PLGA NPs were confirmed both in vitro and in
vivo: at cellular levels, the NPs had no signifi-
cant effect on chondrocyte viability; in animal
experiments, after IA injection of NPs, no in-
flammatory infiltration, hyperplasia, or necrosis
of synovium was observed. It seems that the
biocompatibility of a delivery vector is related
directly to the degree of the hydrophilicity of
material surface [38]. Here, the hydrophilic com-
ponent PEG might account for the excellent bio-
compatibility of PLGA-PEG-PLGA NPs.

Traditionally, OA was considered to be a dis-
ease affected by articular cartilage; nowadays
OA has been recognized as a disease of the
whole joint affecting articular cartilage, sub-
chondral bone, and synovium [39]. Here we
evaluated the changes of these tissues after
IA injection of etoricoxib-loaded NPs. Our uCT
data showed that, in ACLT-induced OA model
the subchondral bone resorption increased,
after etoricoxib treatment (both direct IA injec-
tion and IA DDS), the remodeling of subchon-
dral bone was delayed as compared to untreat-
ed control (Figure 6A-C). This is crucial because
in early OA the delayed bone remodeling would
slow down the degeneration of the overlying
articular cartilage [40, 41]. Increasing evidence
has shown that chronic inflammation plays an
important role in the pathogenesis of OA [42,
43], and the synovium is a major source of
inflammation [44]. Here we used histological
sections to evaluate the inflammatory condi-
tion of synovium. Inflammatory cell infiltration
and synovial tissue thickening were observed in
the rat OA model; after IA injection of etoricoxib-
loaded NPs, the inflammatory infiltration of
synovium was reduced (Figure 7E). The degen-
eration of the articular cartilage is another hall-
mark of OA. Here immunohistochemistry was
used to observe cartilage matrix. The light st-
aining of type Il collagen and aggrecan in con-
trol group indicated the loss of cartilage matrix
after OA induction, while the enhanced stain-
ing in ETX-NPs group indicated that sustained
release of etoricoxib prevented the further loss
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of cartilage matrix possibly through inhibiting
the activity of matrix degrading enzymes (MMP-
13, ADAMTS-5) and controlling the production
of local inflammatory mediators.

Poly caprolactone (PCL) microparticles (MPs)
[45] and PCL MPs loaded chitosan thermogels
[46] as IA DDS for etoricoxib have been studied
by Arunkumer et al. However, their studies only
showed a prolonged drug retention, and lacked
the actual therapeutic effect. Our study for the
first time verified the chondro-protective effect
of etoricoxib-loaded NPs in vivo. Besides, the
manufacturing process of PLGA-PEG-PLGA tri-
block copolymeric NPs is relatively simple, whi-
ch is conducive to future translational applica-
tion.

Conclusion

In this study, we confirmed that etoricoxib had a
chondro-protective effect in addition to its anti-
infammatory role in OA. The PLGA-PEG-PLGA
NPs as an |A DDS displayed a 28-days sus-
tained release of etoricoxib in vitro. When IA
delivered in rat OA model, etoricoxib-loaded
NPs relieved the symptoms of subchondral bo-
ne, synovium, and in particular, cartilage. There-
fore, etoricoxib might have a similar disease
modifying potential to celecoxib in OA, and IA
delivery of etoricoxib via PLGA-PEG-PLGA tri-
block NPs might be an effective modality for OA
treatment.
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