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Objective: This study was performed to characterize selected rhodanine derivatives as potential
preclinical disease-modifying drugs for experimental osteoarthritis (OA) in mice.
Methods: Three rhodanine derivatives, designated rhodanine (R)-501, R-502, and R-503, were selected as
candidate OA disease-modifying drugs. Their effects were evaluated by intra-articular (IA) injection in OA
mouse models induced by DMM (destabilization of the medial meniscus) or adenoviral overexpression in
joint tissues of hypoxia-inducible factor (HIF)-2a or zinc importer ZIP8. The regulatory mechanisms
impacted by the rhodanine derivatives were examined in primary-culture chondrocytes and fibroblast-
like synoviocytes (FLS).
Results: All three rhodanine derivatives inhibited OA development caused by DMM or overexpression of
HIF-2a or ZIP8. Compared to vehicle-treated group, for example, IA injection of R-501 in DMM-operated
mice reduced median OARSI grade from 3.78 (IQR 3.00e5.00) to 1.89 (IQR 0.94e2.00, P ¼ 0.0001). R-502
and R-503 also reduced from 3.67 (IQR 2.11e4.56) to 2.00 (IQR 1.00e2.00, P ¼ 0.0030) and 2.00 (IQR 1.83
e2.67, P ¼ 0.0378), respectively. Mechanistically, the rhodanine derivatives inhibited the nuclear
localization and transcriptional activity of HIF-2a in chondrocytes and FLS. They did not bind to Zn2þ or
modulate Zn2þ homeostasis in chondrocytes or FLS; instead, they inhibited the nuclear localization and
transcriptional activity of the Zn2þ-dependent transcription factor, MTF1. HIF-2a, ZIP8, and interleukin-
1b could upregulate matrix-degrading enzymes in chondrocytes and FLS, and the rhodanine derivatives
inhibited these effects.
Conclusion: IA administration of rhodanine derivatives significantly reduced OA pathogenesis in various
mouse models, demonstrating that these derivatives have disease-modifying therapeutic potential
against OA pathogenesis.

© 2022 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
Introduction

Osteoarthritis (OA) can be initiated by multiple etiological
risk factors, including mechanical stress, metabolic stress, and/or
inflammaging1e3. These risk factors cause whole-joint disorders,
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such as cartilage destruction, synovial inflammation, osteophyte
formation, and subchondral bone sclerosis4. Progressive degener-
ation of articular cartilage is a hallmark of OA. Therefore,
chondrocytes are acknowledged to play a central role in OA path-
ogenesis4. An imbalance between anabolic and catabolic factors in
chondrocytes, such as matrix-degrading enzymes and/or cartilage
extracellular matrix (ECM) molecules, plays an important role in
the dysregulation of cartilage matrix homeostasis in OA5,6. Animal
model-based studies revealed that matrix metalloproteinase
(MMP)3, MMP13, and ADAMTS5 play crucial roles in OA cartilage
destruction7e9.
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Among the various experimental OA models in mice, destabili-
zation of the medial meniscus (DMM) is the best characterized
post-traumatic OA model that exhibits most of the manifestations
of OA10. We previously identified several critical catabolic media-
tors of OA pathogenesis in chondrocytes, including the transcrip-
tion factor, hypoxia-inducible factor (HIF)-2a11,12, and the zinc
importer, ZIP813,14. Our previous results revealed that adenoviral
overexpression of HIF-2a or ZIP8 in joint tissues is sufficient to
cause OA development by upregulatingmatrix-degrading enzymes,
even in the absence of mechanical stress, metabolic stress, and/or
inflammaging11e14. Therefore, the adenoviral overexpression of
HIF-2a and ZIP8 in joint tissues represents two distinct experi-
mental OA models in mice.

Although OA pathogenesis has been extensively studied, no
effective disease-modifying therapy for OA has been developed to
date. Therefore, it is important to identify and characterize poten-
tial disease-modifying drugs for OA. Rhodanine (2-thio-
xothiazolidin-4-one) is a 4-thiazolidinone subtype that exhibits
broad and potent activity and has been established as a biologically
important scaffold15. We previously identified a rhodanine deriv-
ative, designated rhodanine-501 (R-501) in this study, that exhibits
inhibitory effects on human immunodeficiency virus (HIV) by
modulating nucleocapsid protein16,17. In other work, rhodanine
derivatives have been developed as inhibitors of matrix metal-
loproteinases (MMPs)18 and were reported to exhibit in vitro
anti-degenerative effects on chondrocytes19. Here, we examined
the possible therapeutic potential of R-501 and two additional
structurally related rhodanine derivatives, R-502 and R-503, in
various experimental mousemodels of OA, including those induced
by DMM surgery and adenoviral overexpression of HIF-2a or ZIP8
in joint tissues. We report here the disease-modifying therapeutic
potential of these rhodanine derivatives against experimental OA in
mice.

Materials and methods

Rhodanine derivatives

We tested three rhodanine derivatives as possible therapeutic
drugs for OA. We first examined the therapeutic effects of R-501
and then extended our analysis to R-502 and R-503. The chemical
structures of these rhodanine derivatives are presented in Sup-
plementary Fig. 1(A). The methods for synthesizing these com-
pounds were previously described16. The purity of the rhodanine
derivatives was determined with the Shimadzu LC system (Kyoto,
Japan). Sample solution (10 mL) was injected on an ODS-C18 column
(150 � 4.6 mm, 5 mm). Components were resolved in a mixture of
water, acetonitrile, and formic acid (35:65:0.05). The flow rate was
1.0 mL/min, and the eluent was detected at 450 nm. The purity of
the obtained rhodanine derivatives was >99%. A high-performance
liquid chromatogram for R-501 is presented in Supplementary
Fig. 1(B).

Experimental OA in mice

Post-traumatic experimental OA was induced in 12-week-old
male C57BL/6J mice by DMM on the right knee10,13,20. Sham oper-
ation of the left knee of the same mouse was used as a control. Two
weeks after operations, mice were injected intra-articularly (IA)
with the indicated rhodanine derivatives in a volume of 10 ml, once
weekly for 3 weeks. We employed IA injection of rhodanine de-
rivatives because our aim was to examine local and direct effects
through which the derivatives could have therapeutic potential in
joint tissues. Mice were sacrificed at 8 weeks after DMM surgery
and subjected to histological analyses. Experimental OA was also
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
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induced by IA injection once weekly for 3 weeks with the indicated
plaque forming units (PFUs) of adenovirus expressing HIF-2a
(Ad-HIF-2a)11,12 or ZIP8 (Ad-ZIP8)13,14. Empty adenovirus (Ad-C)
was used as a negative control. Adenovirus was IA injected into
both knees of mice. The indicated concentrations of rhodanine
derivatives were co-injected with the adenovirus in a total volume
of 10 ml. Mice were sacrificed at either 3 or 8 weeks after the first IA
injection and subjected to histological analyses. The sample size
was determined according the methods established by Arifin
et al.21. We used at least six mice per group to enable comparisons
to bemade between pairs of groups inmultiple-group experiments.
The experimental design and numbers of mice in each group are
presented in Supplementary Fig. 2. All animal experiments were
approved by the Gwangju Institute of Science and Technology
Animal Care and Use Committee. All adenoviruses were purchased
from Vector Biolabs (Malvern, PA).

Histology and immunohistochemistry

Knee joint samples were fixed with 4% paraformaldehyde,
decalcified in 0.5 M EDTA, embedded in paraffin, sectioned at 5-mm
thickness, and stained with safranin-O and hematoxylin13,20. The
modified Mankin's score, OARSI grade, synovitis, and osteophyte
formationwere calculated as the average scores obtained from three
different sections selected at ~100-mm intervals. Each section was
scored by four observers, and the results are presented as the
average value obtained. OARSI gradewas expressed as themaximum
score observed among the medial femoral condyle, medial tibial
plateau, lateral femoral condyle, and lateral tibial plateau22. Cartilage
ECM loss, which was determined by safranin-O staining, was
quantified by modified Mankin's score (score 0: normal, 1: slight
reduction, 2: moderate reduction, 3: severe reduction, 4: absent)23.
Synovitis was determined by scoring synovial inflammation (grade
0e3) in joint sections24. Osteophyte formation was identified by
safranin-O staining and osteophyte maturity was scored as
described previously13,20. Subchondral bone sclerosis was indirectly
examined bymeasuring the thickness of the subchondral bone plate
(SBP) using an Aperio ImageScope (Vista, CA)13,20. The results are
presented as average values obtained from three joint sections.

Primary culture of chondrocytes and fibroblast-like synoviocytes
(FLS)

Chondrocytes were isolated from the femoral condyles and
tibial plateaus of both knees of 5-day-old ICR mice25. Pooled
chondrocytes (~107 cells) from ~10 pups of littermate were used for
one independent experiment. Cells were maintained in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal
bovine serum. On culture day 3, cells were treated with interleukin
(IL)-1b for 24 h or infected with the indicated multiplicity of
infection (MOI) of adenoviruses for 2 h. The cells were maintained
for an additional 24 h prior to further analysis. Synovial cells were
isolated from both knees of 8-week-old C57BL/6J mice13,20. A pool
of synovial cells from five mice was passage cultured in DMEM
supplemented with 10% fetal bovine serum. Passage 6e8 cells were
used as indicated in each experiment. Pure fibroblast-like syno-
viocytes (FLS) (>90% CD90þ/< 1% CD14þ) were identified by flow
cytometry using antibodies against CD90 and CD14 (Abcam,
Cambridge, UK). The numbers in cell culture experiments indicate
independent preparation of chondrocytes or FLS.

Intracellular Zn2þ imaging and quantitation

Intracellular Zn2þ was detected using FluoZin-3 AM (Invitrogen,
Waltham, MA)13,14, in chondrocytes or FLS. The cells were treated
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005
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with IL-1b or infected with Ad-C or Ad-ZIP8, along with the indi-
cated concentrations of rhodanine derivatives. The zinc chelator,
TPEN (N,N,N0,N0-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine),
was used as a positive control. The cells were treated with 1 mM of
FluoZin-3 AM in the presence of 0.02% Pluronic F-127 (Invitrogen)
for 30 min at 37�C, washed with phosphate-buffered saline, and
incubated for an additional 30 min at 37�C. Intracellular Zn2þ im-
ages were acquired with a fluorescence microscope, and popula-
tion-wide fluorescence intensity was measured using a SpectraMax
Gemini microplate fluorescence reader (Molecular Devices, San
Jose, CA) with excitation set at 488 nm, cut-off at 515 nm, and
emission at 530 nm13,14. Values for relative Zn2þ concentration
represent the relative fluorescence intensity normalized to the
vehicle-treated control group.

Immunofluorescence microscopy

Chondrocytes or FLS were treated with IL-1b or infected with
Ad-C, Ad-HIF-2a, or Ad-ZIP8 in the presence of rhodanine deriv-
ative or TPEN. The cellular localization of HIF-2a was detected by
immunofluorescence microscopy12,13,26. Cells cultured under the
various conditions were fixed in 4% paraformaldehyde, per-
meabilized with 0.2% Triton X-100 in PBS, and serially blocked
with Image-iT FX Signal Enhancer (Invitrogen) and PBS containing
1% bovine serum albumin. HIF-2a and MTF1 were detected with
primary antibodies against HIF-2a (NB100-122; Novusbio,
Centennial, CO) or MTF1 (NBP1-86380; Novusbio), followed by an
Alexa Fluor 488-conjugated secondary antibody (Invitrogen). At
least 200 cells were examined in multiple fields per condition,
and the percentages of nuclear HIF-2a- or MTF1-positive cells
were quantified.

HIF-2a and MTF1 reporter gene assays

The transcriptional activities of HIF-2a and MTF1 in chon-
drocytes and FLS were determined as described previously12,13,26.
The HIF-2a promoter-reporter gene was constructed in a pGL3
vector by inserting four tandem repeats of the HIF-2a-binding
oligonucleotide into the upstream region of the SV40 promoter.
Chondrocytes were transfected for 5 h with the HIF-2a promoter-
reporter gene (1 mg) and a Renilla luciferase expression vector
(0.1 mg) using Lipofectamine 2000 (Invitrogen). Cells were har-
vested 24 h after treatment, and firefly and Renilla luciferase
activities were measured using a Dual Luciferase Assay System
(Promega, Madison, WI). The MTF1 reporter gene assay kit was
obtained from SABiosciences (Solana Beach, CA). Chondrocytes
were transfected for 5 h with a metal response element (MRE)
reporter construct and a constitutive Renilla luciferase construct,
using Lipofectamine 2000. The cells were harvested 24 h after
treatment, and luciferase activity was measured. Transcriptional
activity was normalized with Renilla luciferase activity, and the
relative activity against vehicle-treated control group was
presented.

Reverse transcription-polymerase chain reaction (RT-PCR) and
quantitative PCR (qRT-PCR)

Total RNA extracted from mouse chondrocytes and FLS was
reverse transcribed, and the resulting cDNA was amplified by PCR.
The sequences of PCR primers are described previously11e14. qRT-
PCR was performed in a CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA) using SYBR Premix Ex Taq (TaKaRa
Bio Inc., Shiga-ken, Japan). The relative amounts of eachmRNA level
were normalized to b-actin levels, and the differences in mRNA
levels were calculated by the 2�DDCT method27.
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
Western blot analysis

Total cell lysates were prepared using RIPA lysis buffer (150 mM
NaCl, 1% NP-40, 50 mM Tris, 5 mMNaF), resolved by SDS-PAGE, and
blotted to membranes, and cellular proteins were detected with
appropriate antibodies (sc-13596 for HIF-2a and sc-6216 for Lamin
B; Santa Cruz Biotech, Dallas, TX). To detect secreted proteins,
900 mL of serum-free conditioned medium was subjected to
trichloroacetic acid precipitation, and the proteins were fraction-
ated by SDS-PAGE, transferred to a nitrocellulose membrane, and
detected using appropriate antibodies (ab52915 for MMP3 and
ab51072 for MMP13; Abcam, Cambridge, UK).

Isothermal titration calorimetry (ITC)

The binding affinity of each rhodanine derivative to Zn2þ ion
was determined by isothermal titration calorimetry (ITC) using an
Affinity ITC calorimeter (low-volume cell 190 mL; TA Instruments,
New Castle, DE) at 20�C28. Each rhodanine derivative was prepared
in buffer containing 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl.
ZnCl2 was loaded into a syringe (100 mL of 0.1 mM solution). The
desired rhodanine derivative (350 mL of 0.05 mM)was placed in the
cell of the calorimeter, and a titration curve was obtained by
injecting 2-mL aliquots of ZnCl2 into the cell 25 times with an in-
terval of 200 s between each injection. The enthalpy of the reaction
(DH0), the binding constant (Kd), and the stoichiometry value (n)
were calculated from the heat changes (dHi) measured upon the
association of the rhodanine derivative with Zn2þ ion. The titration
data were analyzed using the program NanoAnalyze (TA In-
struments) and fitted into an independent binding model.

Statistical analysis

For statistical comparison of experimental groups, the datawere
analyzed by the ShapiroeWilk test for normality and Levene's test
for homogeneity of variance. Parametric data such as qRT-PCR,
transcriptional activity, and Zn2þ concentration were log-trans-
formed before statistical analysis and compared by two-tailed
paired t-test. Thickness of SBP was also log-transformed and
compared by one-way analysis of variance (ANOVA) with Bonfer-
roni's post-hoc test. Non-parametric data such as OARSI grade, sy-
novitis, and osteophyte maturity were compared using
KruskaleWallis with Bonferroni's post-hoc test. Values for para-
metric data are shown asmean± S.E.M. with P-value, whereas values
for non-parametric data are shown as median ± interquartile range
(IQR) with P-value. Details of statistical results such as 95% CI for
difference between means or mean ranks are displayed in
Supplementary Table 1.

Results

Rhodanine derivatives inhibit DMM-induced post-traumatic OA in
mice

We first examined whether R-501 modulates post-traumatic OA
in mice by IA injecting the derivative into DMM-operated mice at
doses of 0.0075, 0.015, and 0.03 mg/kg body weight. We then
extended our work to R-502 and R-503 at the same doses. These
doses of the rhodanine derivatives did not cause any abnormality in
joint tissue histology or morphology [Fig. 1(A)]. OA manifestations
were examined at 8 weeks after DMM surgery. IA injection of each
rhodanine derivative significantly inhibited DMM-induced carti-
lage destruction [Fig. 1(A) and (B)]. The rhodanine derivatives also
inhibited SBP thickening [Fig. 1(A) and (C)], suggesting that they
decreased subchondral bone sclerosis. In contrast to these findings,
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 1 Osteoarthritis and Cartilage

Rhodanine derivatives inhibit DMM-induced post-traumatic OA in mice. Sham- and DMM-operated mice were IA injected with the indicated
concentrations of rhodanine derivatives and sacrificed at 8 weeks after DMM surgery (n ¼ 15 mice per group). (A) Representative safranin-O
staining images of joint sections from sham- and DMM-operated mice that were IA injected with vehicle or 0.03 mg/kg body weight of the
indicated rhodanine derivative. (BeD) Quantitation of OARSI grade (B), subchondral bone plate (SBP) thickness (C), and osteophyte maturity (D).
Data for OARSI grade and osteophyte maturity are presented as median ± interquartile range (IQR). The significance was evaluated by Kruskal
eWallis with post-hoc Bonferroni test. Values for SBP thickness represent the mean ± S.E.M., and significance was evaluated by one-way ANOVA
with post-hoc Bonferroni test. Scale bars: 50 mm.
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DMM-induced osteophyte maturity was not significantly modu-
lated by the rhodanine derivatives in our experimental system
[Fig. 1(A) and (D). Statistical details such as 95% CI of the difference
between the means and mean rank were presented in Supple-
mentary Table 1. Our results collectively suggest that the tested
rhodanine derivatives reduce DMM-induced OA cartilage destruc-
tion and subchondral bone sclerosis in mice.

Rhodanine derivatives inhibit HIF-2a-induced OA pathogenesis in
mice

Next, we examined the effects of the rhodanine derivatives on
HIF-2a-induced OA development. We previously demonstrated
that adenoviral overexpression of HIF-2a in whole-joint tissues is
sufficient to cause OA pathogenesis11,12. Consistently, we herein
observed ECM loss (assessed by modified Mankin's score) and sy-
novitis at week 3 after the first IA injection of Ad-HIF-2a [Fig. 2(A)
and (B)], whereas cartilage destruction (OARSI grade), SBP thick-
ening, and osteophyte formation were observed at 8 weeks after
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
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the first IA injection [Fig. 2(C) and (D)]. IA injection of each rho-
danine derivative significantly inhibited all testedmanifestations of
HIF-2a-induced OA, including synovitis, cartilage ECM loss, carti-
lage destruction, SBP thickening, and osteophyte formation
[Fig. 2(A)~2(D)]. Details of statistical results are presented in
Supplementary Table 1.

To begin elucidating the mechanisms through which these
rhodanine derivatives inhibit OA pathogenesis, we examined their
effects on the nuclear localization and transcriptional activity of
HIF-2a in chondrocytes. Immunofluorescence microscopy revealed
that Ad-HIF-2a-infected chondrocytes exhibited nuclear localiza-
tion of HIF-2a and a significant increase of HIF-2a transcriptional
activity [Fig. 3(A)e(C)]. Each rhodanine derivative significantly
inhibited this nuclear localization and transcriptional activation of
HIF-2a [Supplementary Table 1], but did not alter the mRNA or
protein levels of HIF-2a [Fig. 3(D)]. Therefore, rhodanine derivatives
appear to inhibit HIF-2a-induced OA by inhibiting the nuclear
translocation of HIF-2a and thereby blocking its transcriptional
activity.
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 2 Osteoarthritis and Cartilage

Rhodanine derivatives inhibit HIF-2a-induced OA pathogenesis in mice. Mice were IA injected with 1 � 109 PFU of Ad-C or Ad-HIF-2a plus
the indicated rhodanine (R) derivative (0.03 mg/kg body weight) once weekly for 3 weeks. Mice were sacrificed at 3 weeks (A and B) or 8 weeks (C
and D) after the first IA injection. Presented are representative safranin-O and hematoxylin staining images of joint sections (A and C) and
quantitation of OA manifestations (B and D). Data for Mankin's score, synovitis, OARSI grade, and osteophyte maturity are plotted as
median ± interquartile range (IQR), and significance was evaluated by KruskaleWallis with post-hoc Bonferroni test. Values for SBP thickness are
presented as mean ± S.E.M. and significance was evaluated by one-way ANOVA with post-hoc Bonferroni test. Scale bars: 50 mm.
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Rhodanine derivatives inhibit ZIP8-induced OA pathogenesis in mice

We previously showed that adenoviral overexpression of ZIP8 in
joint tissues causes OA pathogenesis13,14. ZIP8 overexpression in
chondrocytes causes an influx of Zn2þ, activation of the metal-
dependent transcription factor MTF1, and expression of matrix-
degrading enzymes, and thereby triggers OA pathogenesis in
mice13,14. Consistent with our previously reported results13, carti-
lage ECM loss and synovial inflammationwere observed at 3 weeks
after IA injection of Ad-ZIP8 in the present work [Fig. 4(A) and (B)].
These OA manifestations were significantly reduced by the co-in-
jection of each rhodanine derivative [Fig. 4(A) and (B); Supple-
mentary Fig. 3]. Cartilage destruction, SBP thickening, and
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
osteophyte formation were observed at 8 weeks after the first IA
injection, and all of these OA manifestations were almost
completely inhibited by IA administration of each rhodanine de-
rivative [Fig. 4(C) and (D); Supplementary Fig. 4; Supplementary
Table 1].

The mechanisms through which the rhodanine derivatives
inhibited ZIP8-induced OA pathogenesis were elucidated by
exploring how they affect Zn2þ homeostasis and downstream
regulatory pathways. The increase seen in the cellular Zn2þ levels of
chondrocytes treated with IL-1b [Fig. 5(A) and (B)] or infected with
Ad-ZIP8 [Fig. 5(C) and (D)] were not markedly modulated by the
examined rhodanine derivatives, whereas the metal ion chelator,
TPEN [N, N, N0, N0-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine],
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 3 Osteoarthritis and Cartilage

Rhodanine derivatives inhibit the transcriptional activity of HIF-2a in chondrocytes. Primary-culture mouse chondrocytes were infected
with 800 MOI of Ad-C or Ad-HIF-2a and treated with 1 mM of the indicated rhodanine (R) derivative for 24 h (n � 5 independent experiments).
Representative immunofluorescence microscopic images of DAPI and HIF-2a (A), quantitation of nuclear HIF-2a-positive chondrocytes (B),
relative HIF-2a transcriptional activity (C), and representative RT-PCR and Western blot images of HIF-2a (D) are shown. Means ± S.E.M. were
assessed by paired t-test (B and C).
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significantly reduced the cellular Zn2þ levels [Fig. 5(A)e(D); Sup-
plementary Table 1]. This suggests that rhodanine derivatives do
not modulate the ZIP8-mediated Zn2þ influx in chondrocytes.
However, the activation of the Zn2þ-dependent transcription factor,
MTF1, by IL-1b treatment or ZIP8 overexpression was significantly
inhibited by the rhodanine derivatives [Fig. 6(A); Supplementary
Table 1]. Our isothermal titration calorimetry assay revealed that
the rhodanine derivatives did not exhibit significant binding af-
finity for Zn2þ ion [Fig. 6(B)]. However, the nuclear localization of
MTF1 in chondrocytes treated with IL-1b or Ad-ZIP8 was markedly
inhibited by the rhodanine derivatives or TPEN [Fig. 6(C) and (D)].
Our results indicate that the rhodanine derivatives do not directly
bind to Zn2þ, but rather inhibit the nuclear translocation and
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
consequent transcriptional activation of MTF1 to inhibit ZIP8-
mediated OA pathogenesis.

Rhodanine derivatives inhibit the expression of matrix-degrading
enzymes in chondrocytes

As OA cartilage destruction is primarily caused by the upregu-
lation of matrix-degrading enzymes5,6, we examined how the
rhodanine derivatives affect the expression levels of MMP3,
MMP13, and ADAMTS5, which are known to play important roles in
animal models of OA7e9. The IL-1b-induced upregulations of the
encoding MMP3, MMP13, and ADAMTS5 were significantly
inhibited by R-501 and R-502, whereas R-503 exhibited less or no
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 4 Osteoarthritis and Cartilage

Rhodanine derivatives inhibit ZIP8-induced OA pathogenesis in mice. The indicated numbers of mice per group were IA injected with
1 � 109 PFU of Ad-C or Ad-ZIP8 plus the indicated rhodanine derivative (0.03 mg/kg body weight) once weekly for 3 weeks. (A and B) Mice were
sacrificed at 3 weeks after the first IA injection. Presented are representative safranin-O and hematoxylin staining images of joint sections (A) and
quantitation of the modified Mankin's score and synovitis (B). (C and D) Mice were sacrificed at 8 weeks after the first IA injection. Data for
Mankin's score, synovitis, OARSI grade, and osteophyte maturity are presented as median ± interquartile range (IQR), and significance was
evaluated by KruskaleWallis with post-hoc Bonferroni test. Values for SBP thickness are presented as mean ± S.E.M. and significance was
evaluated by one-way ANOVA with post-hoc Bonferroni test.
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significant inhibitory effect [Fig. 7(A); Supplementary Fig. 5(A);
Supplementary Table 1]. Similarly, the upregulations of these
mRNAs in chondrocytes overexpressing HIF-2a or ZIP8 [Fig. 7(B)
and (C); Supplementary Fig. 5(B) and 5(C)] were also significantly
inhibited by the rhodanine derivatives [Supplementary Table 1].
Consistently, the levels of MMP3 and MMP13 secreted by chon-
drocytes treated with IL-1b, Ad-HIF-2a, or Ad-ZIP8 were also
markedly reduced by the rhodanine derivatives [Fig. 7(D)]. Our
results indicate that the rhodanine derivative-mediated down-
regulation of matrix-degrading enzymes appears to be at least one
mechanism through which the rhodanine derivatives inhibit OA
cartilage destruction.
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
Rhodanine derivatives modulate the functions of FLS

Multiple cell types of joint tissues are involved in the OA pro-
cess. We therefore examined whether the rhodanine derivatives
could modulate HIF-2a signaling and the zinc-ZIP8-MTF1 axis in
mouse FLS. Overexpressed HIF-2awas localized in the nuclei of FLS
and exhibited increased transcriptional activity [Supplementary
Fig. 6(A)e6(C)], which was significantly inhibited by each of the
rhodanine derivatives [Supplementary Fig. 6(B) and (C); Supple-
mentary Table 1]. However, the mRNA and protein expression
levels of HIF-2a remained unaltered [Supplementary Fig. 6(D)].
Regarding the zinc-ZIP8-MTF1 axis in FLS, we found that ZIP8
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 5 Osteoarthritis and Cartilage

Rhodanine derivatives do not modulate zinc homeostasis in chondrocytes. (A and B) Primary-culture mouse chondrocytes were treated
with IL-1b in the absence or presence of 1 mM of the indicated rhodanine derivative for 24 h. The metal ion chelator, TPEN (1 mM), was used as a
positive control. Representative fluorescence microscopic images of DAPI and Zn2þ (A) and quantitation of relative Zn2þ concentrations (B, n ¼ 8
independent experiments). (C and D) Mouse chondrocytes were infected with Ad-ZIP8 in the absence or presence 1 mM of the indicated rho-
danine derivative or TPEN for 24 h. Representative fluorescence microscopic images of DAPI and Zn2þ (C) and quantitation of relative zinc ion
concentrations (D, n ¼ 11 independent experiments). Values are presented as the mean ± S.E.M. Significance was evaluated by paired t-test.
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overexpression or IL-1b treatment increased the cellular zinc level
in FLS. The rhodanine derivatives did not modulate the ZIP8-
mediated influx of Zn2þ into FLS [Supplementary Fig. 7(A)e(D)].
However, the nuclear localization of the MTF1 was significantly
inhibited by the rhodanine derivatives, as was the transcriptional
activation of MTF1 [Supplementary Fig. 7(E)e(I); Supplementary
Table 1]. These results indicate that the rhodanine derivatives
inhibit MTF1 transcriptional activity by blocking its nuclear
translocation.

Finally, we explored the effects of the rhodanine derivatives
on the expression levels of MMP3, MMP13, and ADAMTS5 in
FLS. The encoding mRNAs were found to be upregulated in FLS
under treatment with IL-1b or overexpression of HIF-2a or ZIP8,
and the rhodanine derivatives significantly inhibited the upre-
gulations of these enzymes at the mRNA and protein levels
[Supplementary Fig. 8(A)e(D); Supplementary Table 1]. Our
results collectively indicate that the tested rhodanine
derivatives inhibit HIF-2a signaling and the zinc-ZIP8-MTF1
axis and thereby downregulate the expression levels of matrix-
degrading enzymes in both chondrocytes and synoviocytes,
suggesting that both cell types are involved in the inhibitory
effects of these rhodanine derivatives on OA pathogenesis
[Fig. 7(E)].
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
Discussion

Although OA is a major cause of disability worldwide, there is
currently no approved disease-modifying OA drug (DMOAD)29. We
herein reveal that rhodanine derivatives could be novel DMOADs,
as the IA administration of three tested rhodanine derivatives
significantly reduced OA pathogenesis in various mouse models.
The tested rhodanine derivatives exhibited therapeutic potential
against not only DMM-induced post-traumatic OA but also against
the OA pathogenesis caused by the adenoviral overexpression of
HIF-2a or ZIP8. We previously demonstrated that the chondrocyte-
specific overexpression of HIF-2a or ZIP8 or their adenoviral over-
expression in whole-joint tissues causes OA development, whereas
deficiency of the genes encoding HIF-2a or ZIP8 was found to be
sufficient to reduce DMM-induced post-traumatic OA in mice11e14.
Based on our current observations, we hypothesized that these
rhodanine derivatives would decrease DMM-induced OA through
the inhibition of the HIF-2a and/or ZIP8 signaling pathways.
Indeed, we observed that the selected rhodanine derivatives
inhibited the transcriptional activity of HIF-2a and Zn2þ-dependent
MTF1 in chondrocytes and synoviocytes by blocking the nuclear
localizations of these transcription factors. Additionally, the rho-
danine derivative-mediated inhibition of the HIF-2a- or ZIP8-
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 6 Osteoarthritis and Cartilage

Rhodanine derivatives inhibit MTF1 transcriptional activity without binding to zinc ion in chondrocytes. (A) Relative transcriptional activity
of MTF1 in mouse chondrocytes treated with IL-1b (1 ng/mL) or infected with 800 MOI of Ad-C or Ad-ZIP8 in the absence or presence of 1 mM of
the indicated rhodanine derivative for 24 h (n ¼ 6 independent experiments). TPEN (1 mM) was used as a positive control. (B) Isothermal titration
calorimetry (ITC) was used to measure the binding affinity of rhodanine derivatives for Zn2þ. Each rhodanine derivative was dissolved at 0.05 mM
in 10% DMSO and titrated with 0.1 mM of ZnCl2. EDTA was used as a positive control for the binding to Zn2þ. The Kd of EDTA was the lowest
value measurable by the ITC experiment. Presented are representative results of six independent experiments. (C and D) Chondrocytes were
treated with IL-1b (C) or infected with 800 MOI of Ad-C or Ad-ZIP8 (D) in the absence or presence of 1 mM of the indicated rhodanine derivative or
TPEN. Representative immunostaining images of DAPI and MTF1 (left panels) and quantitation of nuclear MTF1-positive chondrocytes
(right panels, n ¼ 6 independent experiments). Values are presented as mean ± S.E.M. and were assessed by paired t-test (A, C, and D).
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induced upregulations of matrix-degrading enzymes appears to be
responsible for the ability of these compounds to inhibit OA carti-
lage destruction. The ability of the tested rhodanine derivatives to
inhibit OA cartilage destruction, which is a hallmark of OA, strongly
suggests that these rhodanine derivatives could be considered
novel DMOADs.

Currently, various novel chemicals have been suggested as po-
tential DMOADs. For instance, GLPG1972/S201086 and UBX0101,
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
which target ADAMTS5 and p53/MDM2, respectively, exhibited
therapeutic potential in an animal model of OA and have been
investigated in phase two clinical studies in patients with knee
OA30,31. Specific chemical inhibitors targeting OA-regulating pro-
teins in cartilage have also been investigated as potential DMOADs,
including inhibitor of secretory phospholipase A2, bromodomain-
containing-protein-4, and cyclin-dependent-kinase-932,33. Some
drugs approved by the U.S. Food and Drug Administration for other
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005



Fig. 7 Osteoarthritis and Cartilage

Rhodanine derivatives inhibit the expression of matrix-degrading enzymes in chondrocytes. (AeD) Mouse chondrocytes were treated with
IL-1b (1 ng/mL) or infected with 800 MOI of Ad-C, Ad-HIF-2a, or Ad-ZIP8 for 6 h in the absence and presence of 2 mM of the indicated rhodanine
derivative (n ¼ 6 independent experiments). mRNA levels of MMP3, MMP13, and ADAMTS5 were quantified by qRT-PCR analysis (AeC). Protein
levels of secreted extracellular MMP3 and MMP13 were determined by Western blot analysis (D). (E) Schematic illustration for the action of
rhodanine derivatives on experimental OA pathogenesis. Values are presented as means ± S.E.M., and were assessed by paired t-test.
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diseases are known to target proteins that regulate OA pathogen-
esis, and thus may be investigated for their potential to be repur-
posed as DMOADs. For example, the antidepressant, paroxetine,
which targets G protein-coupled receptor kinase 2, has shown
potential as a DMOAD in animal model-based studies34. Tofacitinib,
which inhibits Janus kinase and is used to treat rheumatoid
arthritis, psoriatic arthritis, and inflammatory bowel disease, was
found to significantly lower the arthritis score in a rat OA model
upon IA administration35.

In addition to the above DMOAD candidates, our current results
suggest that all three examined rhodanine derivatives could be
potential DMOADs. We analyzed several pharmacokinetic param-
eters of R-501 in rats and mice (manuscript in preparation). In rats,
we found that the bioavailability of orally administered R-501 is
36%. In mice, we found that the plasma concentration of R-501
peaked at 2 h after administration and the half-life of R-501 is
3.88 h in plasma (manuscript in preparation). In the present study,
we employed IA injection of rhodanine derivatives at dosages of
0.0075, 0.015, and 0.03 mg/kg body weight. At these dosages, we
did not see any morphological or histological abnormality in de-
rivative-treated joint tissues. Although these observations indicate
that the tested rhodanine derivatives do not exert apparent toxicity,
future work should examine the possible side effects of long-term
rhodanine derivative exposure in mice and rats.
Please cite this article as: Kwak J-S et al., Characterization of rhodanine
mouse osteoarthritis, Osteoarthritis and Cartilage, https://doi.org/10.1016
The clinical management of OA with potential DMOADs has
been complicated by the lack of an effective drug-delivery sys-
tem36. Many of these therapeutics target chondrocytes embedded
in the cartilage ECM, which poses significant delivery challenges for
many promising drugs37,38. Recently, nanoparticle-based targeted
drug delivery has been exploited in the treatment of OA32,37.
However, the delivery efficiency of rhodanine derivatives to chon-
drocytes of cartilage has not yet been determined. Moreover, rho-
danine derivatives may modulate other cell types of joint tissues,
such as synoviocytes, to inhibit OA pathogenesis. Indeed, we
demonstrated that rhodanine derivatives inhibit HIF-2a and the
zinc-ZIP8-MTF1 axis in both chondrocytes and synoviocytes, sug-
gesting that both cell types contribute to the ability of the rhoda-
nine derivatives to inhibit OA pathogenesis. Therefore, it is likely
that rhodanine derivatives dysregulate the cytoplasm-to-nucleus
transport of HIF-2a and MTF1. We cannot at this point speak to the
human relevance of rhodanine derivatives as possible OA thera-
peutics. As we examined the therapeutic potential of the rhodanine
derivatives strictly in mouse models of experimental OA, confir-
matory and mechanistic studies in human chondrocytes and
synoviocytes will be needed to support the human translation of
this work.

In conclusion, we found that IA administration of three rho-
danine derivatives significantly reduced OA pathogenesis in
derivatives as potential disease-modifying drugs for experimental
/j.joca.2022.04.005
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various mouse models, demonstrating the disease-modifying
therapeutic potential of these rhodanine derivatives against OA
pathogenesis.
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