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� The chronic and repeated gouty
arthritis (GA) could be induced by
repeated-injection of monosodium
urate (MSU) in the joints of rats.

� The repeated attacks of MSU-induced
chronic GA significantly produced
osteoclast activated protein
expression, osteolysis and cartilage
degeneration.

� NSAID, etoricoxib not only attenuated
nociception but also played a
protective role on cartilage in chronic
and repeated attacks of GA.

� NSAID, etoricoxib could attenuate the
chronic and repeated gouty-induced
osteoclastogenesis.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o
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Deposition of monosodium urate (MSU) crystals in the joint or synovium is the major factor in Gouty
arthritis (GA). The clinical features of chronic and recurrent GA include pain and the subsequent devel-
opment of chronic tophaceous GA with multiple tophi deposits accompanied by osteolysis. The majority
of previous animal studies have focused on MSU-induced acute GA without making observations regard-
ing osteolysis. In the study, intra-articular injections of MSU into the knee (2 times/week for 10 weeks)
was used to induce chronic and recurrent attacks of GA that in turn induced progressive osteolysis.
Moreover, we also evaluated whether the clinical, nonsteroidal anti-inflammatory drug (NSAID) etori-
coxib attenuated the osteoclastogenesis of progressive osteolysis. The knee morphometry and the expres-
sion of osteoclastogenesis-related proteins (cathepsin K and matrix metalloproteinase-9 and -13) in the
knee were examined by micro-CT and immunohistochemistry, respectively. Results showed that oral
etoricoxib not only significantly attenuated the nociceptive behaviors of the rats but that it also inhibited
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the expression of osteoclastogenesis-related proteins in their knee joints in chronic and recurrent attacks
of GA. Our findings thus suggest that NSAIDs not only inhibit nociception but also prevent the progression
of osteolysis in chronic and repeated attacks of GA.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Deposition of monosodium urate (MSU) crystals which is a pur-
ine metabolite that is found in the synovial fluid of joints in most
mammals is the major factor in Gouty arthritis (GA) [1,2]. In clin-
ical practice, the normal diagnosis of GA is based on the concentra-
tion of uric acid in the serum or synovial fluid or of tophus material
in the joints [1,3]. GA is also a kind of polyarthritis which is char-
acterized by sudden onset and accompanied by severe pain in the
joints of toes, fingers, ankles, shoulders, and knees [4]. Patients
who do not receive effective urate-lowering therapy will progress
to severe GA characterized by frequent arthritic flares and chronic
inflammation that is often accompanied by pain and functional
disability [5]. The deposition of MSU is the main cause of inflam-
mation and joint swelling in GA. Accordingly, MSU crystals injec-
tion into the joints of animal models causes thermal hyperalgesia
and mechanical allodynia [6–9]. MSU produces nociceptive stimu-
lation that is accompanied by edematogenic responses in the joints
that could be mediated by different infiltrating inflammatory cells,
such as neutrophils, mast cells, and other leukocytes, as well as by
inflammatory cytokines, including inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and interleukin-1bata (IL-1b),
among others [3,7,10]. In terms of animal models of gout, most
researchers have used air pouch models and MSU-induced models
that can only be utilized to evaluate the acute phase of inflamma-
tory change and cytokine release in acute gout attacks [7,11–13].
However, the frequent arthritic flares of GA that lead to chronic
phase (including inflammation and pain) also play important roles
in GA [4]. Thus, the progression of the chronic phase of GA still
needs to be clarified through investigations of more suitable ani-
mal models.

MSU crystal deposition is also associated with the joint disfunc-
tion seen in the chronic phase of clinical GA [14,15]. Advanced
imaging modalities used in clinical diagnosis, including magnetic
resonance imaging (MRI), ultrasonography and micro-computed
tomography (micro-CT) imaging, have demonstrated that chronic
tophaceous GA can cause osteolysis [15–19]. However, the major-
ity of previous animal studies have focused on MSU-induced acute
GA without making observations regarding osteolysis [11,20,21].
In our own previous study, osteoclastic-related proteins (cathepsin
K and matrix metalloproteinase (MMP)-9) of the joints were
observed in MSU-induced acute GA but without apparent cartilage
damage and bone erosion [22]. In contrast, in clinical observation,
frequent arthritic flares of severe and chronic tophaceous gout
would enhance the osteoclastogenesis of erosive joint damage seen
in long-term functional impairment [21,23]. Pineda et al. indicated
that the injection of MSU in a rabbit model could change the joint
structure in the early phase to mimic the characteristics of GA in
humans [17]. Our own previous study found that acute GA was
accompanied by the upregulation of the osteoclastic-related pro-
teins TRAP, cathepsin K, and MMP-9 in the joint tissues of MSU-
treated rats. However, the details of osteoclastogenesis or osteoly-
sis process in this MSU-induced chronic and recurrent GA model
were still unclear. Therefore, in the present study, we sought to
establish chronic, recurrent, and frequent MSU-induced arthritic
flares of GA accompanied by progressive osteolysis in rats.

It has long been known that frequent arthritic flares lead to
osteolysis through osteoclastogenesis [15–19]. Osteoclasts are
differentiate frommonocyte/macrophage lineage and are responsi-
ble for bone resorption [21]. The upregulation of osteoclasts in
inflamed joints would lead to a broke balance between bone
resorption and formation [24]. Cathepsin K and MMPs, which are
expressed by osteoclasts, chondrocytes, and infiltrating cells, can
cause collagen degradation and bone loss [15,24,25]. The activation
of osteoclastogenesis primarily involves the receptor activator of
nuclear factor c-B (RANK) and the RANK ligand (RANKL) pathway,
which is uptream for the expression of cathepsin K and MMPs
[15,24]. McQueen et al. demonstrated that MSU-induced osteoclas-
togenesis results in joint destruction via promotion of the RANK/
RANKL pathway and osteoclast maturation in GA [15]. Orally
administered non-steroidal anti-inflammatory drugs (NSAIDS)
and colchicine are the first-line agents for the systemic treatment
of the acute phase of GA, and NSAIDs are a convenient and well-
accepted option for treating GA in the absence of contraindications.
However, while NSAIDs can improve the acute pain and inflamma-
tion of acute GA by reducing pro-inflammatory mediator produc-
tion and the infiltration of inflammatory cells into the joint
tissue [3,26]. The preventive effects of NSAIDs against chronic
and recurrent GA-induced osteoclastogenesis still need to be
examined in the chronic phase of GA.

In the present study, therefore, we evaluated the nociceptive
behaviors and immunohistopathology of the joints of rats with
chronic and recurrent attacks of GA induced by intra-articular
injections of MSU (2 times/week for 10 weeks). Moreover, we also
examined the effects of the NSAID, etoricoxib on the MSU-induced
nociceptive behaviors and the progression of osteolysis in those
rats. To evaluate the morphometric change of the joint structure,
micro-CT analysis and histopathological analysis (safranin O/fast
green staining) were performed to observe the joint destruction.
Furthermore, immunohistochemical and TRAP stainings were per-
formed to clarify the role of osteoclastogenesis in the process of
osteolysis, as well as the beneficial effects of etoricoxib in chronic
and repeated attacks of GA.

Materials and methods

Animals

In this study, we used wistar rats (250–300 g) for inducing
chronic GA which got from LASCO Inc., Taipei, Taiwan. Rat were
keep in plastic cages with freely available fodder and water, and
controlled temperature (24 ± 2 �C) with a 12-h light/dark cycle.
The use of rats complied with the Guiding Principles in the Care
and Use of Animals as approved by the Council of the American
Physiology Society and approved by the institutional Animal Care
and Use Committee of National Sun Yat-Sen University (approve
number: 10424 and 10537). All experiments are made to minimize
rats suffering and reduce the number of rats used.

Preparation of MSU and chronic, recurrent attacks of gouty arthritis
model

The method of MSU crystals preparation was following the
method reported by by Seegmiller et al. [23]. Briefly, uric acid (cat-
alog No. 1198772, Sigma, St. Louis, MO, USA) was dissolved in boil-
ing water (1 g in 200 ml with 6 ml of 1 N NaOH). PH value was
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adjusted to 7.2 by HCI. We have stirred and cooled the solution to
room temperature, and stored at 4 �C overnight. The precipitate
was filtered with filter paper and dried under low heat to obtain
MSU crystal. The MSU crystals were mixed with phosphate-
buffered saline (PBS, 2.5 mg/0.1 ml PBS) for injecting into the med-
ial side of the knee (intra-articular (i.a.) knee injection) of each rat
under 2.5% isoflurane. More specifically, to establish a chronic,
recurrent attacks of GA model, we injected MSU into the knee of
each rat two times per week from the 1st through 10th weeks.

Experimental design

Rats used were stochastically divided into 4 groups: control
group (n = 6) received PBS injection into the knee two times per
week from the 1st through 10th weeks. MSU group (n = 6) received
MSU injections into the knee two times per week from the 1st
through 10th weeks. MSU + etoricoxib group (n = 6) was orally
administered etoricoxib (18 mg/kg) two times per week 6 h after
each MSU injection in the knee from the 1st through 10th weeks.
Etoricoxib alone group (n = 6) was only orally administered etori-
coxib (18 mg/kg) two times per week from the 1st through 10th
weeks. The nociceptive behaviors and joint swelling of the rats in
each group were observed and measured from the 1st through
10th weeks. The rats were then sacrificed at the 10th week and
subjected to micro-CT analysis, histopathological analysis, TRAP
staining, and immunochemical staining.

Joint width measurement

To measure the knee joint width of rats. The vernier calipers
(Aesculap, Germany) were used to measure the medial side to
the lateral side of the knee at the level of the medial to the lateral
joint lines.

Nociceptive behaviors

Mechanical allodynia
To measure the mechanical allodynia of rats, the calibrated von

Frey filaments (North Coast Medical, Inc. Morgan Hill, CA, USA) was
used. A series of von Frey filaments (the rage of stiffness is
0.2–15 g) were used to measure on the mid-plantar hind paw site.
The chaplan’s ‘‘up-down” method was followed by involved the
use different fibers with used to determine the 50% withdrawal
threshold with 5 s touch time and 5 times during 3-min intervals
[27]. The positive response is mean that are any discomfort action
(exp: vocalization, flinching) or attempt to withdraw the paw
[8,27].

Thermal hyperalgesia

To measure the thermal hyperalgesia of rats, the IITC analge-
siometer (IITC Inc., Woodland Hills, CA, USA) were used and was
following from previous studies [28–30]. Briefly, we placed the rats
into brown plastic box on top of an elevated glass plate. The heat
stimulator was positioned and directed onto the mid-plantar site
of hind paw with using a low-intensity heat (active intensity = 25).
Record the respond time of a positive response (licking or with-
drawal). Paw withdrawal latency (seconds) was record with a
cut-off time (30 s) and use the average of more than 2 time per
paw response [28,30].

Weight-bearing distribution

To measure the distribution of weight-bearing on the hind paw,
the channel weight averager (Sigma Technology Corporation, TW)
which independently measured each hind paw was used. The dif-
ference of weight-bearing on hind paw was adopted as index for
joint discomfort and was determined. Briefly, rats were placed into
brown plastic chamber and checked each hind paw rested on a
separated force plate. For assess the weight bearing of each hind
paw (in grams), the average of 5-s period was detected and each
data point is the mean of 3 during 5-s readings. The difference
between right (ipsilateral) and left (contralateral) expressed as
the hind paw weight distribution [31].

Sample preparation of knee

At 10th weeks, we sacrificed the rats by deep anesthesia with
2.5% isoflurane and perfused intracardially with 0.4 L PBS (contain
1% sodium nitrite and 0.2 U/mL heparin). And the rats were per-
fused intracardially by 4% paraformaldehyde in PBS. We collect
the knee of the hind limb and fixed that samples in 10% neutral for-
malin for one week at 4 �C for micro-CT scanning. And then knee
samples were then decalcified for histopathological evaluation
and immunohistochemical staining.

Micro CT imaging

Three-dimensional reconstructions of the rat knees were
obtained by micro focal computed tomography (Skyscan 1076,
Bruker, MA, USA) performed by the Taiwan Mouse Clinic, Taiwan.
For each rat, the proximal ends of the right tibia were scanned with
a voxel size of 9 lm. The x-ray tube voltage was 50 kV, and the cur-
rent was 140 lA, with a 0.5 mm aluminum filter. Each scan was
carried out through 180 degrees, with a rotation step of 0.8 degrees
and an exposure time of 3300 ms at each step. For analysis of the
subchondral plate, the region of interest with an area of 1.6 � 1.
5 mm2 was selected. Bone mineral density and the thickness of
the subchondral plate were measured and calculated. For analysis
of the subchondral trabecular bone, a cuboid of trabecular bone
with a size of 1.6 � 1.5 � 0.6 mm3 beneath the region of interest
(ROI) of the subchondral plate was selected. The trabecular thick-
ness, trabecular separation, and trabecular number were calculated
for the subchondral trabecular bone.

Histopathological evaluation

12.5% ethylenediaminetetraacetic acid (EDTA) in PBS (2–
3 weeks) was used for sample decalcification (2–3 weeks). We
deparaffinized and dehydrated the samples by xylene and ethanol
(Tissue-Tek, Sakura Finetek Japan Co., Ltd, Japan) and embedded in
paraffin. 2-mm sections (HM340E, Microm, Biotechnical Services,
Inc., USA) were prepared for histopathological evaluation. These
staining sections were analyzed under by microscope (DM
6000B, Leica Inc., Germany) with image output system (idea SPOT,
Diagnostic instruments Inc., USA). The mothed of histopathological
evaluation is modify from Gerwin er al. and Kao et al. for cartilage
degeneration score, total cartilage degeneration width, significant
cartilage degeneration width and zonal depth ratio of lesions with
safranin-O/fast green staining images [32,33].

Tartrate-resistant acid phosphatase (TRAP) staining

To measure osteoclast markers, the section was staining by
TRAP staining (Sigma-aldrich, catalogue no. 386A, Saint Louis,
MO, USA) with according to the instructions of the manufacturer.
Briefly, we deparaffinized and dehydrated the samples by xylene
and alcohol. Samples were covered with fixative buffer for 30 s
and then rinsed in deionized water. Naphthol AS-BI phosphoric
acid solution and Fast Garnet GBC base solution (Sigma-aldrich,
catalogue no. 386A, Saint Louis, MO, USA) were used for TRAP
staining with cover samples for 2 h at 37 �C. The samples were then
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washed with pure water and counterstained with hematoxylin.
Each section was observed and recorded by upright microscope
with image capture system. The calculating average of TRAP-
positive cells was analyzed under 200� magnification in six differ-
ent fields.

Immunohistochemistry

The method of immunohistochemical staining for rat knee sam-
ple as follow the previous studies [22,29,31]. Briefly, the sections
were deparaffinized and dehydrated by xylene and ethanol.
Endogenous peroxidase was quenched by H2O2 (3%), and the anti-
gen were retrieved by proteinase K (20 mM; Sigma, St Louis, MO,
USA). The 4% normal horse serum in PBS was used for minimizing
the non-specific adsorption. And the sections were incubated with
primary anti-bodies, including anti-cathepsin K (1:100; Abcam;
catalogue no. ab25916; polyclonal antibody), anti-MMP9 (1:100;
Abcam; catalogue no. ab76003; monoclonal antibody) and anti-
MMP13 (1:100; Abcam; catalogue no. ab39012; polyclonal
antibody) at overnight at 4 �C, respectively. Biotin-conjugated
anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA) and
avidin-biotin peroxidase in combination with an ABC kit (Vectas-
tain ABC kit; Vector Labs, Burlingame, CA, USA) were used for
specific labeling. And we use 3,30-diaminobenzidine tetrahy-
drochloride (DAB) to react with sample. Each section was analyzed
by microscope and image output system. We acquired the
immunoreactive positive cell on 200� magnification in six fields.

Double-immunofluorescent staining

For double-immunofluorescent staining of RANKL with
osteoblast markers (osteocalcin) [34], the paraffin sections were
incubated with a mixture of anti-RANKL (1:200 dilution, cat. Sc-
7628; Santa Cruz; polyclonal goat antibody) with anti-osteocalcin
(1:200 dilution cat. Orb1266; polyclonal rabbit antibody) antibod-
ies. And the second antibody was the mixture of Alexa Fluor 488-
conjugated chicken anti-mouse IgG antibody (1:200 dilution; cat.
A-21200; Molecular Probes, Eugene, OR, USA; green fluorescence)
and DyLight 549-conjugated donkey anti-rabbit IgG antibody
(1:400 dilution, cat. 711-506-152; Jackson ImmunoResearch Labo-
ratories Inc., West Grove, PA, USA; red fluorescence) was used for
incubated with the section for 90 min at room temperature. The
confocal images were acquired using a Leica TCS SP5 II confocal
microscope (Leica Instruments, Wetzlar, Germany).

Statistical analysis

All data are presented as mean ± SEM. The data for nociceptive
behaviors; knee swelling; micro CT analysis; and the quantitativa-
tion of TRAP-, cathepsin K-, MMP-9-, and MMP-13-positive cells
were analyzed by Kruskal–Wallis one-way analysis of variance
after normality test. And one-way analysis of variance followed
by the Student–Newman–Keuls post hoc test was used for ana-
lyzed other data. P values less than 0.05 were considered signifi-
cant difference.
Result

Effects of etoricoxib on inflammatory response of MSU-induced
chronic, recurrent attacks of GA model.

Fig. 1A shows the effects of recurrent injections of MSU into a
knee joint in terms of the differences between bilateral knee joints.
The results showed that recurrent injections of MSU could
progressively increase the mean joint size from 0.57 ± 0.18 mm
to 3.41 ± 0.18 mm by the 10th week. Furthermore, the oral admin-
istration of etoricoxib after MSU injection resulted in the width of
the knee joint being increased from 0.04 ± 0.05 mm to 2.5 ± 0.1 mm
by the 10th week. Meanwhile, the oral administration of etoricoxib
without MSU injection did not result in any change in swelling of
the knee compared to the control group. Representative macro-
scopic photographs of the recurrent MSU injections into the knee
joint are shown in Fig. 1B. The MSU group presented swelling of
the knee after the recurrent injections of MSU into the knee joint.
However, the oral administration of etoricoxib could effectively
reduce the swelling after MSU injections into the knee joints of
rats.

Effects of etoricoxib on recurrent MSU injection induced nociceptive
behaviors

Fig. 1C shows, however, that the effects of the recurrent injec-
tions of MSU into the knee joint induced thermal hyperalgesia.
The mean paw withdrawal latency of the MSU group progressively
decreased from 20.6 ± 2.2 s to 13.5 ± 1.9 s in the 10th week. Mean-
while, the oral administration of etoricoxib after MSU injection
resulted in the paw withdrawal latency being decreased from
27.3 ± 0.8 s to 25.4 ± 0.5 s. These results showed that recurrent
injections of MSU could aggravate thermal hyperalgesia but also
that oral the administration of etoricoxib could significantly reduce
the thermal hyperalgesia induced by the recurrent injections of
MSU in rats. Fig. 1D and Fig. 1E show, respectively, that the recur-
rent injections of MSU progressively decreased the mean paw
withdrawal threshold from 6.6 ± 0.2 g to 1.8 ± 0.8 g and increased
the mean changes in hind paw weight distribution from
42.2 ± 2.6 g to 56.9 ± 7 g at the 10th week. Meanwhile, the oral
administration of etoricoxib after MSU injection resulted in the
paw withdrawal threshold being decreased from 6.8 ± 0.1 s to
6 ± 0.3 s at the 10th week and the changes in hind paw weight dis-
tribution being increased from 12.3 ± 6.1 g to 18 ± 9 g at the 10th
week. In addition, the oral administration of etoricoxib without
MSU injection did not result in any significant differences in noci-
ceptive behaviors compared to the control group. The above results
indicated that the administration of etoricoxib could attenuate the
thermal hyperalgesia, mechanical allodynia, and weight bearing
distribution effects of MSU-induced chronic, recurrent attacks of
GA in rats.

Micro CT analysis of etoricoxib on MSU-induced chronic, recurrent
attacks of GA

Fig. 2A illustrates that the bone contact was high and the sur-
faces of the knee joints were smooth in control rats. In addition,
there was no bone erosion on the subchondral plate visible in
the sagittal views of the control group. In contrast, obvious bone
destruction of the surface of the knee joints was observed in the
MSU group. Furthermore, there was clear bone erosion on the sub-
chondral plate visible in the sagittal views of the MSU groups. In
comparison with the control group, there was also significantly
lower bone mineral density (BMD) (0.48 ± 0.008 gcm�3 for the con-
trol group and 0.41 ± 0.016 gcm�3 for the MSU group, p = 0.05) and
subchondral plate thickness (0.23 ± 0.006 mm of control group and
0.16 ± 0.003 mm for MSU group, p 5 0.001) in the MSU group
(Fig. 2B & C). Meanwhile, etoricoxib markedly attenuated the
MSU-induced joint destruction on the surfaces of the knee and
the bone erosion of the subchondral plate. In comparison with
the MSU group, there was significantly higher BMD (0.41 ± 0.016
gcm�3 for MSU group and 0.46 ± 0.009 gcm�3 for MSU + etoricorxib
group, p = 0.026) and subchondral plate thickness (0.16 ± 0.003
gcm�3 for MSU group and 0.21 ± 0.004 gcm�3 for MSU + etoricorxib
group, p 5 0.001) in the MSU + etoricoxib group (Fig. 2B & C). Also,



Fig. 1. MSU to induce chronic and recurrent attacks of GA model. Time courses of the effects of etoricoxib on MSU-induced knee swelling (A), thermal hyperalgesia (C),
mechanical allodynia (D), and hind paw weight-bearing deficits (E) in chronic GA. Oral administration of etoricoxib reduced MSU-induced knee swelling in the GA model.
Each value show as mean ± SEM for each group. Results demonstrate that MSU significantly induced nociceptive behaviors and knee swelling and that etoricoxib could
significantly reduce those effects. (B) Representative macroscopic images of the knee from the control, MSU, MSU + etoricoxib, and etoricoxib alone groups. Scale bar = 1 cm. *
p < 0.05 symbolize significant variation between MSU and control groups at each time point. # p < 0.05 symbolize significant variation between MSU + etoricoxib and MSU
group at each time point.

Fig. 2. Micro-CT scan on knee of MUS-induced chronic, recurrent attacks of GA model. (A) Representative three-dimensional renderings of surface of knee, sagittal views, and
trabecular bone scanned by micro-computed tomography. Red arrow indicates apparent bone erosion on surface of knee. Quantitative analysis of BMD (B), subchondral plate
thickness (C), trabecular number (D), trabecular separation (E), and trabecular thickness (F), and analysis ROI (red frame) from surface of knee and sagittal views, respectively.
* p < 0.05 symbolize significant variation between MSU and control groups. # p < 0.05 symbolize significant variation between MSU + etoricoxib and MSU group. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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there was no significant structure change of the subchondral plate
in etoricoxib alone group compared to the control group. The
subchondral trabecular bone was also examined and analyzed by
micro-CT. The region of interest (red box) of the subchondral
trabecular bone is shown in the sagittal views of each group. In
comparison with the control group, there were significant
decreases of trabecular bone number (3.3 ± 0.12 mm�1 for control
group and 2.3 ± 0.02 mm�1 for MSU group, p 5 0.001) and
trabecular bone thickness (0.14 ± 0.002 mm of control group and
0.11 ± 0.001 mm for MSU group, p 5 0.001) and a significant
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increase of trabecular separation (0.17 ± 0.012 mm of control
group and 0.26 ± 0.015 mm for MSU group, p = 0.00) in the MSU
group (Fig. 2D-F). In comparison with the MSU group, meanwhile,
the trabecular bone number (2.3 ± 0.02 mm�1 for MSU group and
3.15 ± 0.19 mm�1 for MSU + etoricorxib group, p = 0.002) and tra-
becular bone thickness (0.11 ± 0.001 mm of MSU group and 0.13
± 0.002 mm for MSU + etoricorxib group, p 5 0.001) were signifi-
cantly higher and the trabecular separation (0.26 ± 0.015 mm of
MSU group and 0.2 ± 0.04 mm for MSU + etoricorxib group,
p = 0.025) was significantly lower in the MSU + etoricoxib group.
At the same time, there were no significant structure changes of
the trabecular bone in the etoricoxib alone group compared to
the control group.
Histopathological evaluation of etoricoxib on MSU-induced chronic,
recurrent attacks of GA

To evaluate MSU-induced chronic, recurrent attacks of GA on
rats, we prepared sections of knee joints from control, MSU,
MSU + etoricoxib, and etoricoxib alone groups, and staining them
with H&E stain for the synovial tissue and with safranin O/fast
green for the cartilage and bone (Fig. 3). The images revealed the
severe inflammation on synovial tissue, including the infiltration
of numerous immune cells, in the synovial tissue of the MSU group,
as well as the slight inflammatory response, including the infiltra-
tion of fewer immune cells, in the synovial tissue of theMSU + etori-
coxib group. The safranin O/fast green staining revealed apparent
cartilage and bone erosion in the MSU-rats, while also showing
that the administration of etoricoxib reduced the cartilage and
bone erosion in the MSU + etoricoxib group. Table 1Fig. 3 presents
a representative histopathological analysis of the cartilage degen-
eration score, total cartilage degeneration width, significant carti-
Fig. 3. Histopathological evaluation of MUS-induced chronic, recurrent attacks of GA mo
O/Fast green staining images for cartilage and bone, and TRAP staining images for osteoc
alone groups. Oral administration of etoricoxib reduced that MSU-induced inflammatio
apparent cartilage and bone erosion. Arrows indicate TRAP-positive cell. (For interpretat
version of this article.)
lage degeneration width, and zonal depth ratio of lesions. In
comparison with the control group, there were significant increases
in the cartilage degeneration score (0 ± 0 for control group and
13.5 ± 0.72 for MSU group, p 5 0.001), total cartilage degeneration
width, and significant cartilage degeneration width (0 ± 0 mm for
control group and 10.7 ± 0.81 mm for MSU group, p 5 0.001) of
the MSU group. In comparison with the MSU group, meanwhile,
the cartilage degeneration score (0 ± 0 mm for control group and
9.4 ± 1.10 mm for MSU group, p 5 0.001), total cartilage degenera-
tion width (10.7 ± 0.81 mm of MSU group and 2.1 ± 1.34 mm for
MSU + etoricorxib group, p 5 0.001), and significant cartilage
degeneration width (9.4 ± 1.10 mm of MSU group and 0.5 ± 0.49
mm forMSU + etoricorxib group, p = 0.025) were significantly lower
in theMSU + etoricoxib group (Table 1). Furthermore, therewere no
significant histopathological changes in etoricoxib alone group
compared to the control group. Overall, the results indicated that
the administration of etoricoxib could effectively lessen the
histopathological changes resulting from recurrent MSU injections.
Effects of etoricoxib on TRAP positive cell of subchondral bone

The TRAP staining was used for the analysis of osteoclast forma-
tion, which plays an important role in joint destruction. Fig. 3A
illustrates the distribution of TRAP-positive cells in the subchon-
dral bone of knee joints from control, MSU, MSU + etoricoxib,
and etoricoxib alone groups. The TRAP-positive cells appeared to
be increased in the subchondral bone of the MSU group. In compar-
ison with the control group, the number of TRAP-positive cell was
significantly increased in the MSU group (0 ± 0 cells/mm2 of con-
trol group and 46 ± 10 cells/mm2 for MSU group, p 5 0.001),
whereas the administration of etoricoxib in the MSU + etoricoxib
group reduced the MSU-induced increase in the number of TRAP-
del. Representative hematoxylin/eosin staining images for synovial tissue, Safranin
last of the knee joint sections of the control, MSU, MSU + etoricoxib, and etoricoxib
n, cartilage damage, and osteoclast formation in the chronic GA model. * indicates
ion of the references to color in this figure legend, the reader is referred to the web



Table 1
Histopathological analysis. The representative histopathological analysis results of cartilage degeneration score, total cartilage degeneration width, significant cartilage
degeneration width, zonal depth ratio of lesions, and quantitative analysis of TRAP-positive cells. * p < 0.05 symbolize significant difference between MSU and the control groups.
# p < 0.05 symbolize significant difference between MSU + etoricoxib and the MSU group.

Control MSU MSU + etoricoxib Etoricoxib alone

Cartilage degeneration score 0 ± 0 13.5 ± 0.72* 1.3 ± 0.9# 0 ± 0
Total cartilage degeneration width (mm) 0 ± 0 10.7 ± 0.81* 2.1 ± 1.34# 0 ± 0
significant cartilage degeneration width (mm) 0 ± 0 9.4 ± 1.10* 0.5 ± 0.49# 0 ± 0
Zonal depth ratio of lesions 0 ± 0 2.6 ± 0.17* 0.7 ± 0.9# 0 ± 0
The number of TRAP positive cells (mm�2) 0 ± 0 46 ± 8.7* 23.5 ± 5# 0 ± 0
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positive cell (46 ± 10 cells/mm2 of MSU group and 23 ± 0.7 cells/
mm2 for MSU + etoricorxib group, p = 0.049). Meanwhile, there
was no significant difference in the number of TRAP-positive cells
between the control group and the etoricoxib alone group. Thus,
taken together, the results indicated that recurrent MSU injections
significantly promote osteoclast formation but that this promotion
is inhibited by the administration of etoricoxib

Effects of etoricoxib on MMP-9, MMP-13 and cathepsin K protein
expression of synovial tissue

Fig. 4A illustrates the distribution of MMP-9-, MMP-13-, and
cathepsin K-positive cells in the synovial tissue of knee joints from
the control, MSU, MSU + etoricoxib, and etoricoxib alone groups.
The MMP-9-, MMP-13-, and cathepsin K-positive cells appeared
Fig. 4. Immunohistochemical staining of MMP-9, MMP-13, and cathepsin K in synovial
control, MSU, MSU + etoricoxib, and etoricoxib alone groups. Quantitative analysis resu
tissue are shown. Each value show as mean ± SEM for each group. Scale bar = 100 lm.
p < 0.05 symbolize significant variation between MSU + etoricoxib and MSU group.
to be increased in the synovial tissue of the MSU group. In compar-
ison with the control group, the numbers of MMP-9 (2.1 ± 1.48
cells/mm2 of control group and 1991.4 ± 113.7 cells/mm2 for
MSU group, p 5 0.001), MMP-13 (3.6 ± 2.53 cells/mm2 of control
group and 1361.0 ± 42.60 cells/mm2 for MSU group, p 5 0.001),
and cathepsin K (7.1 ± 2.78 cells/mm2 of control group and
1194.6 ± 73.12 cells/mm2 for MSU group, p 5 0.001) positive cells
were significantly up-regulated in the MSU group (Fig. 4B-D).
However, the administration of etoricoxib in the MSU + etoricoxib
group reduced this MSU-induced increase in the numbers of MMP-
9 (1991.4 ± 113.7 cells/mm2 of MSU group and 1042.4 ± 27.91
cells/mm2 for MSU + etoricorxib group, p 5 0.001), MMP-13
(1361.0 ± 42.60 cells/mm2 of MSU group and 823.5 ± 57.99 cells/
mm2 for MSU + etoricorxib group, p 5 0.001), and cathepsin K
(1194.6 ± 73.12 cells/mm2 of MSU group and 799.8 ± 54.10
tissue. (A) Positive cells are indicated in brown (arrows) in joint sections from the
lts of MMP-9- (B), MMP-13- (C), and cathepsin K- (D) positive cells of the synovial
* p < 0.05 symbolize significant variation between MSU and the control groups. #
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cells/mm2 for MSU + etoricorxib group, p = 0.001) positive cells.
Meanwhile, no significant differences in the numbers of MMP-9-,
MMP-13-, and cathepsin K-positive cells in synovial tissue between
the control and etoricoxib alone group be observed. Thus, taken
together, the results indicated that recurrent MSU injections signif-
icantly up-regulate MMP-9, MMP-13, and cathepsin K in synovial
tissue but that this up-regulation is inhibited by the administration
of etoricoxib.
Effect of etoricoxib MMP-9 MMP-13 and cathepsin K protein
expression of cartilage

Fig. 5A illustrates the distribution of MMP-9-, MMP-13-, and
cathepsin K-positive cells in the cartilage of knee joints from the
control, MSU, MSU + etoricoxib, and etoricoxib alone groups. The
MMP-9-, MMP-13-, and cathepsin K-positive cells appeared to be
increased in the cartilage of the MSU group. In comparison with
the control group, the numbers of MMP-9 (0 ± 0 cells/mm2 of con-
trol group and 784.9 ± 52.12 cells/mm2 for MSU group, p 5 0.001),
MMP-13 (0 ± 0 cells/mm2 of control group and 913.7 ± 109.71
cells/mm2 for MSU group, p 5 0.001), and cathepsin K (42.0 ± 12.
02 cells/mm2 of control group and 409.3 ± 11.02 cells/mm2 for
MSU group, p 5 0.001) positive cells were significantly up-
regulated in the MSU group, while the administration of etoricoxib
in the MSU + etoricoxib group reduced this MSU-induced increase
Fig. 5. Immunhistochemical stain of MMP9 MMP13 and cathepsin K on cartilage of knee.
MSU, MSU + etoricoxib groups and etoricoxib alone groups. (B) Quantitative analysis of M
value show as mean ± SEM for each group. Scale bar = 100 lm. * p < 0.05 symbolize signifi
variation between MSU + etoricoxib and the MSU group. (For interpretation of the refer
article.)
in the numbers of MMP-9 (784.9 ± 52.12 cells/mm2 of MSU group
and 621.2 ± 24.60 cells/mm2 for MSU + etoricorxib group,
p = 0.004), MMP-13 (913.7 ± 109.7 cells/mm2 of MSU group and
598.9 ± 55.99 cells/mm2 for MSU + etoricorxib group, p = 0.007),
and cathepsin K (409.3 ± 11.02 cells/mm2 of MSU group and 150.
6 ± 35.01 cells/mm2 for MSU + etoricorxib group, p 5 0.001) posi-
tive cells (Fig. 5B-D). Meanwhile, no significant differences in the
numbers of MMP-9-, MMP-13-, and cathepsin K-positive cells in
cartilage between control and etoricoxib alone group be observed.
Thus, taken together, the results indicated that recurrent MSU
injections significantly up-regulate MMP-9, MMP-13, and cathep-
sin K protein expressions in cartilage but that this up-regulation
is inhibited by the administration of etoricoxib.
Effect of etoricoxib on RANKL and osteocalcin on bone marrow of
subchondroal bone marrow

To further confirm the participation of the RANK/RANKL path-
way in the recurrent and chronic MSU-induced joint destruction
of GA, we also used confocal microscopy to observe RANKL-
positive cells with osteocalcin (a marker of osteoblasts) in sub-
chondral bone marrow. Fig. 6 demonstrates that the RANKL-
positive cells (Green color) were apparent in the MSU group, while
the administration of etoricoxib in the MSU + etoricoxib group
could reduce the number of RANKL-positive cells. Similar effects
(A) Positive cells is shown in red-brown (arrow) in ankle joint sections from control,
MP 9 (B), MMP 13 (C) and cathepsin K (D) positive cell on cartilage are shown. Each
cant variation between MSU and the control groups. # p < 0.05 symbolize significant
ences to color in this figure legend, the reader is referred to the web version of this



Fig. 6. Immunofluorescence staining of RANKL and osteocalcin in bone marrow of subchondral bone marrow. Representative confocal microscopy images showing the
localization of RANKL (green) and osteocalcin (red) in subchondral bone marrow of the control, MSU, MSU + etoricoxib, and etoricoxib alone groups. Colocalization is
symbolize by yellow color and arrows. The results showed that RANKL is primarily colocalized with osteoblasts. Scale bars = 50 mm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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on osteocalcin-positive cells were observed in the MSU and
MSU + etoricoxib groups. In addition, localization with RANKL-
(Green color) and osteocalcin- (red color) positive cells in the sub-
chondral bone marrow of control, MSU, MSU + etoricoxib, and
etoricoxib alone groups was demonstrated by double-labeling
immunofluorescent staining. Merged images shown that RANKL
colocalized with osteocalcin (yellow, white arrow). Thus, osteo-
blasts in the subchondral bone marrow of the MSU rats were the
major cell type expressing RANKL in GA, while the administration
of etoricoxib reduced the secretions of osteoblasts and the expres-
sion of RANKL in GA. Meanwhile, there were no apparent RANKL-
or osteocalcin-positive cells in the etoricoxib alone group. Thus,
the results indicated that the administration of etoricoxib attenu-
ates recurrent MSU injection-induced osteoblast expression of
RANKL in GA.
Discussion

In this study, we investigated chronic and recurrent attacks of
GA induced by recurrent intra-articular injections of MSU in rats.
In doing so, we examined the nociceptive behaviors and chronic
inflammatory responses in the chronic and recurrent phase of
GA. Our results showed that the oral administration of etoricoxib
could effectively inhibit the chronic nociceptive behaviors and
reduced joint edema of chronic GA. Specifically, we demonstrated
osteolysis in an MSU-induced chronic and recurrent GA rat model.
The micro-CT analysis and histopathological evaluation results
showed that significant osteolysis and inflammation were induced
by recurrent injections of MSU. In addition, evaluations of osteo-
clastogenesis and related protein (cathepsin k, MMP 9 and
MMP13) were performed by TRAP staining and immunohisto-
chemical staining. The double-immunofluorescent staining results
illustrated that RANKL-positive osteoblasts were upregulated by
the recurrent MSU injections and that osteoclastogenesis was pro-
moted in chronic GA.
In clinical practice, GA is considered a form of chronic pain and
inflammatory arthritis. According to epidemiological statistics, it
affects about 1–4% of the general population (about 5% of men
and 1% of women), and up to 80% of patients will experience a
recurrent attack within 3 years [1,3]. Moreover, diagnosis is usually
made clinically, supported by the presence of hyperuricemia,
which would induce the deposition of MSU under normal condi-
tions [1,2]. GA patients suffering from burning sensations and/or
allodynia have been reported, and the thermal hyperalgesia and
mechanical allodynia in acute gout animal models have previously
been measured [7,35,36]. Frequent stimulation with MSU would
lead to chronic inflammation and pain with edematogenic
responses in the joints that could be accompanied by increased
levels of different infiltrating inflammatory cells and inflammatory
mediators [3,7,10]. Several previous studies, including our own,
have demonstrated that leukocyte infiltration and pro-
inflammatory proteins, such as iNOS, COX-2, and c-fos, play impor-
tant roles in MSU-induced acute gout animal models [8,37,38]. In
this study, our results demonstrated that the time-course effects
of recurrent MSU injections include the significant aggravation of
nociceptive behaviors accompanied by increasing swelling of the
joint. Typical representative macroscopic photographs and
histopathological evaluations showed obvious inflammatory
responses after recurrent injections of MSU. Furthermore,
immunohistochemical analysis showed that MMP-9-, MMP-13-,
and cathepsin K-positive cells, which also play significant roles in
inflammatory responses, were upregulated in synovial tissues
[39,40]. Orally administered NSAIDs and colchicine are the first-
line agents for systemic treatment of the acute phase of GA in clin-
ical practice, and NSAIDs are a convenient and well-accepted
option for treating GA in the absence of contraindications [3,26].
Relatedly, while the anti-inflammatory property of colchicine has
been explained, NSAIDs have been shown to be a better option
for the analgesic treatment of GA in clinical contexts [41]. More-
over, the higher toxicity (1.2 mg/daily in humans) and lower toler-
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ability (2 mg/daily in humans) of colchicine have been found to be
harmful to patients, including the induction of adverse gastroin-
testinal effects [42]. In one study, NSAIDs were found to have bet-
ter tolerability and lower toxicity than colchicine in humans. Thus,
etoricoxib (60–120 mg/daily for human), which is also a drug used
clinically to treat GA, was used as a positive control in this exper-
iment [43]. The results showed that the administration of etori-
coxib could inhibit the chronic nociception and decrease the joint
swelling resulting from frequent stimulation with MSU. Typical
representative macroscopic photographs and histopathological
evaluations also illustrated that such inflammatory responses
could be ameliorated by etoricoxib treatment. Moreover, MMP-9,
MMP-13-, and cathepsin K-positive cells were also downregulated
after the oral administration of etoricoxib and frequent stimulation
with MSU. Therefore, our data suggested, among other things, that
frequent stimulation with MSU could induce and aggravate chronic
nociceptive behaviors and inflammation in rats in a manner
approximating the chronic and severe phase of GA in humans.

Joint damage is a late feature of GA and includes cartilage dam-
age and bone erosion, which have been shown to be closely asso-
ciated with MSU crystal deposition inducing inflammatory
responses [37]. In previous histological studies, MSU crystals were
found to be frequently deposited within or adjacent to cartilage
and to lead to cartilage damage and bone erosion in patients
[37,44]. Accurate imaging modalities, namely, micro-CT and MRI,
have revealed the abnormalities in joints seen in clinical practice
are caused by MSU crystal deposition [15,45]. Relatedly, CT is prob-
ably a more accurate imaging tool for the definition of MSU
crystals-induced bone erosion. Pineda et al. indicated that the
injection of MSU in a rabbit model could change the joint structure
in the early phase to mimic the characteristics of GA in humans. In
this study, the micro-CT images revealed bone erosion on the sur-
faces of knees with decreases in subchondral plate thickness after
recurrent injections of MSU. In past clinical research, the changes
in subchondral structures induced by tophi deposition have been
described via MRI, CT, and ultrasonography [45,46]. The bone mar-
row edema of severe GA can also be detected through MRI or CT
[46,47]. In the present study, the trabecular bone was scanned by
micro-CT, and significant decreases of BMD, trabecular number,
and trabecular thickness, as well as a significant increase in trabec-
ular separation, were detected. Moreover, the histological results
indicated that the cartilage degeneration score and width, as well
as the zonal depth ratio of lesions, of the MSU group showed signif-
icant differences compared to the control group. In addition,
immunohistochemical staining demonstrated that recurrent injec-
tions of MSU upregulated MMP-9, MMP-13, and cathepsin K pro-
tein expression in chondrocytes. Thus, recurrent injections of
MSU promote joint destruction. However, the oral administration
of etoricoxib could significantly improve the cartilage and bone
erosion in this MSU-induced chronic, recurrent GA model. There-
fore, recurrent injections of MSU imitate the clinical characteristics
of the severe phase of GA, while the administration of etoricoxib
not only attenuates nociceptive behaviors but also improves the
joint damage caused by chronic GA.

In our previous study, osteoclast-related proteins (including
cathepsin K and MMP-9) in the joint were observed in MSU-
induced acute gout but without apparent cartilage damage and
bone erosion [22]. In the present study, our micro-CT analysis
revealed that significant osteolysis could be induced by recurrent
injections of MSU. The histopathological evaluations further
demonstrated cartilage damage and synovial inflammation, while
the upregulation of the number of TRAP-positive cells indicated
that osteoclastogenesis could play an important role in the osteol-
ysis of chronic GA. In past clinical research, osteolysis has been
reported as a clinical characteristic of the severe phase of GA that
is tightly regulated by interactions between osteoclasts and osteo-
blasts [15]. The RANK/RANKL pathway plays an important role in
osteoclastogenesis, and the RANKL which is secreted by activated
T cells and mature osteoblasts is a major factor for osteoclast dif-
ferentiation [21,24,48]. In this study, confocal images showed that
the double-labeling of RANKL- and osteocalcin-positive cells was
apparent in the subchondral bone marrow. Thus, the results indi-
cate that RANKL could be expressed by osteoblasts and promote
osteoclastogenesis after recurrent MSU injections. However, our
micro-CT analysis and histopathological evaluations also proved
that the oral administration of etoricoxib could significantly reduce
the osteolysis caused by GA. The number of TRAP-positive cells
was also significantly reduced after etoricoxib treatment, and con-
focal images demonstrated that RANKL/osteocalcin-positive cells
were obviously reduced after etoricoxib treatment. Therefore,
taken together, the results showed that recurrent injections of
MSU could mimic the characteristics of human GA with osteolysis
but also that NSAIDs, such etoricoxib, are beneficial for the anti-
osteoclastogenesis of GA.

In the present study, we used a selective COX-2 inhibitor, etori-
coxib, due to its standard use as a clinical drug in GA patients, as a
positive control for this rat model. It has been documented that
COX-2 played a role in cartilage and bone erosion through the
over-production of prostaglandin H2 (PGH2) and prostaglandin E2
(PGE2).[49]. PGH2 is the precursor for PGE2, prostaglandin D2, pros-
taglandin F2, and Thromboxane A2. The PGE2-EP4 (PGE2 receptor)
signaling pathways activated through a PGH2 derivative such as
PGE2 leading to MMPs upregulation induced collagen type II degra-
dation resulting in cartilage degeneration in arthritis [49,50,56,57].
In synovial tissue, COX-2 also contributed to PGH2 and PGE2 pro-
duction and lead to MMPs upregulation through the PGE2-EP4
pathway [49]. Several studies have indicated that the upregulation
of MMPs plays an important role in cartilage degeneration [58]. In
the present result, the immunohistochemical staining showed that
the protein expression of MMPs and cathepsin k are upregulated
after repeat MSU injection and attenuated by etoricoxib treatment.
Previous studies demonstrated that MSU could induce inflamma-
tory responses in chondrocyte and fibroblast with upregulating
of COX-2 expression [54,55]. From the above evidence, we sug-
gested that etoricoxib could inhibit MMPs upregulation and carti-
lage degeneration through inhibiting of COX-2 to promote PGH2

production in GA. Nakata et al. (2018) indicated that the COX-2
activated PGE2/PGE2-EP4 pathway resulted in osteoclastogenesis
on murine osteocyte of arthritis [49]. Moreover, several studies
have found that the COX-2 promoted PGE2/PGE2-EP4 pathway
could upregulate RNAKL expression in osteoblast and promote
osteoclast maturation [51–53]. In this study, TRAP and RANKL/os-
teoclain positive cells are upregulated after repeated MSU injec-
tions and attenuated by etoricoxib. We proposed that etoricoxib
attenuated repeat MSU injection-induced bone erosion might be
through the inhibition of osteoclastgenesis by RNAK/RANKL path-
way regulating. We will include the previously mentioned para-
graph in the discussion to clarify how etoricoxib is involved in
cartilage degeneration and beneficial in anti-osteoclastogenesis.
Conclusion

In conclusion, an investigation of MSU-induced chronic and
recurrent attacks of GA in rats was performed in this study. Chronic
nociceptive behaviors and chronic inflammatory responses were
induced in rats by recurrent intra-articular injections of MSU.
Micro-CT and histopathological evaluations further demonstrated
joint destruction with osteolysis after recurrent MSU injections.
Moreover, MMP-9, MMP-13 and cathepsin K in cartilage and syn-
ovial tissue were found to be significantly upregulated by recurrent
MSU injections. Meanwhile, it was also found that the oral admin-
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istration of an NSAID drug, etoricoxib, could be a useful strategy for
inhibiting chronic nociception, chronic inflammation, and cartilage
damage via reduced synovial inflammation stemming from
reduced MMP-9, MMP-13, and cathepsin K expression after recur-
rent MSU injections. Moreover, TRAP staining and confocal images
demonstrated that recurrent MSU injections induced osteoclasto-
genesis through osteoblasts expressing RANKL and promoted the
RANK/RANKL pathway in this chronic GA model. However, the oral
administration of etoricoxib could reduce the expression of TRAP-
positive cells and RANKL/osteocalcin-positive cells in subchondral
bone marrow. Thus, taken together, the results showed that recur-
rent injections of MSU could mimic the clinical characteristics of
the chronic and severe phase of GA but also that the administration
of NSAID drugs, such etoricoxib, could serve as a useful strategy for
decreasing the osteolysis caused by GA. Therefore, we strongly rec-
ommend the use of NSAIDs as a useful and beneficial therapeutic
strategy for recurrent or chronic GA.
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