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ABSTRACT: Osteoarthritis (OA) treatment is a highly unmet medical need. Development of a disease-modifying OA drug
(DMOAD) is challenging with no approved drugs on the market. Inhibition of ADATMS-4/5 is a promising OA therapeutics to
target cartilage degradation and potentially can reduce joint pain and restore its normal function. Starting from the reported
ADAMTS-5 inhibitor GLPG1972, we applied a scaffold hopping strategy to generate a novel isoindoline amide scaffold.
Representative compound 18 showed high potency in ADATMS-4/5 inhibition, as well as good selectivity over a panel of other
metalloproteases. In addition, compound 18 exhibited excellent druglike properties and showed better pharmacokinetic (PK)
profiles than GLPG1972 cross-species. Compound 18 demonstrated dose-dependent efficacy in two in vivo rat osteoarthritis models.
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Osteoarthritis (OA) is the most common chronic joint
disease that affects the knee or hip with symptoms

including joint pain and dysfunction.1 OA occurs mostly in
middle-aged and elderly people, and the global prevalence was
about 654 million cases in 2020.2 Pain and loss of functional
capacity from OA are also accompanied by increased risks of
additional diseases, such as diabetes, cancer, or cardiovascular
disease.3 OA is a whole joint disease, the structural changes of
which are found to be degradation of articular cartilage,
synovitis, and alterations in subchondral bone and other
periarticular tissues.4 Current osteoarthritis treatment methods
are limited to drugs that only relieve symptoms such as pain or
inflammation. No disease-modifying OA drug (DMOAD) has
been approved, and the only option is joint replacement
surgery for patients with severe degenerative joint disease.
Thus, development of disease-modifying OA drugs to arrest or
slow down disease progression is a highly unmet medical
need.5 However, discovery and development of DMOAD are
very challenging due to the complicated and not well-
understood OA pathology, limited drug discovery efforts, a
lack of in vivo efficacy models, and expensive and hard-to-
design clinical trials to meet meaningful symptom improve-
ment with concomitant structural benefits.

One major type of DMOAD is aimed at either reduction in
cartilage degradation or stimulation of cartilage production.
The principal function of cartilage in the joints is to provide
the capability of load bearing and compression resistance to
joints. The main component of cartilage is the extracellular
matrix comprising aggrecan and collagen. Aggrecan interacts
with hyaluronic acid in the synovial fluid to form aggregates
that promote resistance to compression and deformation.6

Studies suggested that aggrecan plays a critical role in cartilage
regulation. Aggrecan is a proteoglycan that possesses a core
protein with covalently attached sulfated glycosaminoglycan
(GAG) chains. Aggrecan can be cleaved by aggrecanases.
Inhibition of aggrecanase activity can result in restoration of
joint aggrecan levels, improvement in cartilage thickness, and
reduction in bone hardening.7
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ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) is a family of zinc ion-dependent
metalloproteases. ADAMTS-4 (aggrecanase 1) and ADAMTS-
5 (aggrecanase 2) are known to play primary roles in specific
aggrecan degradation. ADAMTS-4 and ADAMTS-5 degrade
aggrecan at Glu373−Ala374 in the interglobular domain and
the regions with sulfated glycosaminoglycan chains.6 The level

of these cleaved GAGs can be measured to detect the activity
of ADAMTS-4 and ADAMTS-5.
Several studies suggested that both ADAMTS-4 and

ADAMTS-5 are important for human osteoarthritis dis-
ease.8−14 Therefore, inhibition of ADAMTS-5 and/or
ADAMTS-4 to target cartilage breakdown has tremendous
therapeutic potential in OA treatment. Several studies to
develop ADAMTS-4/5 antibodies and small-molecule inhib-

Table 1. Discovery and Optimization of Bicyclic Amides 2−10
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itors have been reported. Merck KGaA developed a phase II-
ready anti-ADAMTS-5 nanobody, M6495, and out-licensed it
to Novartis in October 2020. A few scattered ADAMTS-4/5
small-molecule inhibitors from Wyeth,15 Japan Tobacco,16

GSK,17 AstraZeneca,18 Pfizer,19 DuPont,20 Eli Lilly,21−23 and
Galapagos24,25 were disclosed. AGG-523 and GLPG1972
entered phase I and phase II clinical trials, separately.
GLPG1972 showed acceptable efficacy in in vivo rat OA
models.25 However, GLPG1972 did not meet its primary
clinical endpoints in phase II clinical studies. Both GLPG1972
and ADAMTS-5 nanobody therapies were well tolerated and
generally safe.26,27

It is essential to distinguish the inhibition of ADAMTS-4/5
from other metzincin superfamily members, e.g., other
ADAMTS family members, ADAMs (a disintegrin and
metalloproteinases) and MMPs (matrix metalloproteinases).
Nonselective MMP inhibitors resulted in several side effects,
such as musculoskeletal syndrome (MSS), which hampered
their clinical success in the treatment of OA disease.21 The
active sites of MMPs have high structural homology to those of
aggrecanases.23 A well-tolerated ADAMTS-4/5 inhibitor for
OA treatment should have a high level of selectivity over other
MMPs and ADAMs.
Several cocrystal structures of small molecules with

ADAMTS-4 and ADAMTS-5 were reported and provided
basic guidance for rational drug design.19,21 Current small-
molecule ADAMTS-4/5 inhibitors generally contain three
sections: zinc-binding functionality (carboxylic acid, hydroxa-
mic acid, reverse hydroxamate or hydantoin), a hydrophobic
moiety, and a linker to put them together. It has been
challenging to identify candidates composed of polar
carboxylic acid and a highly lipophilic moiety to have moderate
plasma protein binding and a good oral PK profile.15,16,24

Many hydroxamate drugs failed in development due to
selectivity, toxicity, or stability issues.18−20 Hydantoin-based
ADAMTS inhibitors showed promising potential with in vitro
potency, PK properties, and in vivo efficacy.21−25 Eli Lilly
developed a series of hydantoin-derived ADAMTS-4/5
inhibitors with excellent oral bioavailability. Another hydantoin
molecule, GLPG1972 from Galapagos, finished phase II
clinical trials.
Herein, we report the discovery and optimization of

hydantoin-type ADAMTS-4/5 inhibitors featured by a novel
isoindoline amide scaffold for the treatment of osteoarthritis.
The most promising compound 18 showed high in vitro
potency as an ADAMTS-4/5 inhibitor, good druglike proper-
ties, and oral bioavailability. Molecule 18 exhibited clear dose-
dependent efficacy in two independent in vivo efficacy studies.

■ RESULTS AND DISCUSSION
During our search for novel ADAMTS-5 inhibitors, we initially
designed 1 as a potential inhibitor by intramolecular
cyclization (Table 1). Human ADAMTS-4/5 inhibition testing
showed that 1 has moderate potency, which prompted further
optimization using different bicyclic amide scaffolds.
Although initial [6,5]-fused bicyclic compounds 2 and 3

totally lost ADAMTS-5 potency, gratifyingly, [5,6]-fused
bicyclic compound 4 showed acceptable potency and [7,6]-
fused bicycle 5 exhibited very decent inhibition activity to
ADAMTS-4/5. Preliminary SAR exploration around [5,6]-
fused bicycles revealed substitution on phenyl ortho-position
(molecule 6) was not tolerable. SAR from [7,6]-fused bicycles
5 also indicated that phenyl ortho-substitution (molecule 7) led

to reduced potency. When the −OCH3 group in 7 was moved
from ortho- to meta-position, compound 8 had significantly
improved ADAMTS-5 potency. Further modifications on
meta-position by −F and −CF3 resulted in 9 and 10 with
low double-digit nanomolar potency both in ADAMTS-4 and
ADAMTS-5. However, [7,6]-fused bicycles 5 and 10 were
found to be metabolic labile and tend to form glutathione
(GSH) adduct by in vitro tests. As an effective tool to assess
the likelihood of reactive metabolite formation, GSH adduct
experiments allow the assessment of reactive metabolite-
associated toxicity risks. To treat chronic diseases such as
OA, safety profiling of DMOADs is one of the key parameters
to the success of drug development. Thus, we focused on
isoindoline-type [5,6]-fused bicycles to explore potent and safe
ADAMTS-4/5 inhibitors without in vitro GSH adduct
formation.
Monosubstitution on isoindoline meta-position suggested

−CF3 and −CHF2 as the best groups in which −CF3 was
preferred based on synthetic feasibility (Table 2, molecules

11−16). Furthermore, 14 with −CF3 substitution did not form
GSH adduct under our standard testing conditions. Based on
14, additional substituents were installed on the adjacent
position to make disubstituted compounds 17−20. Com-
pounds 18 and 20 both had improved ADAMTS-5 potency
with retained or better ADAMTS-4 potency. Compounds 18
and 20 were subjected to GSH adduct tests, and GSH adduct
was not observed for 18. Interestingly, for compounds 14, 17,
18, and 20, all of which were bearing −CF3 substitution, the
apparent size of their second substituent group (−H < −F <
−Cl < −CH3) had the same order with ADAMTS-5 potency,
88 nM (14) < 62 nM (17) < 51 nM (18) < 17 nM (20).
Other atom combinations in disubstituted derivatives 21−24
were also explored and 22 bearing di-Cl had the best potency.
However, again, GSH adduct was found in 22 metabolite tests,
which highlights the importance of the −CF3 group with
strong electron-withdrawing property to avoid GSH adduct
formation (18 vs 22). Balanced by the potency and GSH
adduct profile, 18 was selected for drug property evaluation
and PK profiling. Computational modeling was also performed

Table 2. SAR of Isoindoline Amides 11−24

cmpd R1 R2 ADAMTS-4/5 IC50 (nM) GSH adduct

11 H F 310/370
12 H Cl 91/190
13 H CN 430/2000
14 H CF3 60/88 no
15 H CHF2 30/66
16 H CH2CF3 43/130
17 F CF3 110/62
18 Cl CF3 88/51 no
19 CHF2 CF3 1500/390
20 CH3 CF3 23/27 yes
21 F CHF2 56/100
22 Cl Cl 30/32 yes
23 CH3 Cl 43/130
24 F F 260/330
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to study the binding mode of fused bicyclic amides 10 and 18
(see Figure S1 and docking pose discussion).
Molecule 18 was very stable to human, mouse, and rat liver

microsome metabolism with t1/2 longer than 67 min (Table 3).
Protein binding free fractions (%) of 18 in human, mouse, and
rat plasma were 3−6%. Compound 18 had moderate PBS7.4
solubility and showed no appreciable inhibition on hERG
(IC50 > 30 μM). Molecule 18 showed no appreciable
inhibition on major CYP isoforms at 30 μM (our highest
tested concentration), except moderate inhibition to CYP1A2,
a minor CYP isoform, with an IC50 of 1.4 μM.
In rat PK analysis, compound 18 showed slow plasma

clearance, good plasma t1/2, a high plasma exposure level, and
51% oral bioavailability. In mouse, dog, and monkey PK
studies, 18 demonstrated even better oral PK profiles with oral
bioavailabilities of 88, 121, and 67%, respectively (Table 3).
The excellent cross-species PK profiles of 18 suggested that it
can potentially reach and maintain high exposure in both
plasma and joint cartilage. Compound 18 was predicted to
have slow clearance and high oral bioavailability of 82% in
human PK (Table S1).

After the finding that CF3- and Cl-substituted isoindoline
amide in 18 is the best right-side piece, SAR was shifted to the
left-side hydantoin part. By replacing the cyclopropyl (cPr)
moiety in 18 with aryl groups, molecules 25−27 were
synthesized and evaluated (Table 4). All new compounds
had improved in vitro ADAMTS-5 potency, among which 25
was the best. Compounds 25−27 were submitted for rat PK
profiling. Unfortunately, none of them were able to show a PK
profile as good as 18, which suggested the importance of the
hydantoin C5 −cPr group in the improvement of PK. The
scientists from Galapagos also observed the same trend in their
scaffold that the −cPr hydantoin analogues showed superior
PK performance to aryl hydantoin counterparts.24

Beyond ADAMTS-4 and ADAMTS-5, compounds 18, 20,
25, 26, and GLPG1972 were evaluated against a panel of
proteases for selectivity (Table 5). These closely related, as
well as various families of proteases, were selected based on
their sequence and function similarity to ADAMTS-4/5,
disease relevance, and commercial availability. Both 18 and
25 showed better selectivity among 12 other proteases than 20
and 26. Also, 25 had a little bit better selectivity than 18. Both
compounds inhibited MMP2, MMP8, and MMP12 with

Table 3. ADME and PK Profiling of 18a

ADME
liver microsome t1/2 (min)

H/M/R
plasma (% unbound)

H/M/R
PBS7.4 solubility

(μM)
hERG IC50

(μM)
CYP IC50 (μM) (1A2, 2C9, 2C19, 2D6, 3A4-m,

3A4-t)

ADME >139/>139/>67 6/6/3 37 >30 1.4/>30/>30/>30/>30/>30
PK ig Cmax (ng/mL) iv t1/2 (h) iv CL (mL/min/kg) ig AUC0−t (ng/mL × h) F (%)

rat 1137 3.2 3.2 5283 51
mouse 1027 1.7 6.7 4285 88
dog 1374 6.1 2.6 14 729 121
monkey 714 7.3 2.7 7690 67
human (predicted) 7.4 1.9 82

aSD rat and C57 mouse PK dose: iv 1 mpk, ig 2mpk. Beagle dog and cynomolgus monkey PK dose: iv 0.5 mpk, ig 2mpk.

Table 4. SAR of the Hydantoin Moiety in 18 and 25−27
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similar inhibition to that of GLPG1972, although slightly
stronger MMP8 and MMP12 inhibition was observed in
compound 18. Despite clean protease selectivity, molecule 25
was abandoned due to its extremely low plasma exposure with
an oral bioavailability of 4% (Table 4).
Disease-related biology evaluation suggested no reported

potential issues when inhibiting MMP2, MMP8, and MMP12.
A recent selective MMP inhibitor survey suggested that
MMP2, MMP9, and MMP13 are not involved in the
musculoskeletal syndrome.28 No toxicity phenotypes were
reported from preclinical evaluations of MMP8 small-molecule
inhibitors and nanobodies.29−31 MMP12 inhibitors AZD1236
and FP-025 were developed for the treatment of COPD
(chronic obstructive pulmonary disease) and asthma. No
serious adverse events were observed in their phase I clinical
studies.32,33 GLPG1972 bears equipotent inhibition of
ADAMTS-5, MMP2, and MMP12. GLPG1972 was well
tolerated at all doses (up to 2100 mg once daily) in phase I
clinical trials.26 Thus, despite the slightly higher activity of 18
in inhibition of MMP2, MMP8, and MMP12 when compared
to GLPG1972, the imperfect protease selectivity from
inhibition of MMP12/8/2 does not raise safety and toxicity
“red flags” on compound 18.
Molecule 18 was selected as the final candidate for efficacy

studies after balancing potency, selectivity, safety profiling,
ADME properties, and cross-species PK results. Inhibition of
GAGs release in the mouse femoral head cartilage explant
assay was explored to assess ex vivo potency of 18. According
to the previous report, there was a good correlation between
ADAMTS-5 inhibition and the mouse cartilage explant assay,
but “a 100-fold shift was observed most likely reflecting easier

access of the compound to its soluble target in a biochemical
assay than in a 3D matrix environment”.24 In our case,
molecule 18 reached a 50% inhibition of GAG release at 10
μM concentration and the potency shift was about 200-fold
(ADAMTS-5 biochemical IC50 = 51 nM).
The next efficacy study was performed in a rat

monoiodoacetate (MIA) model, a well-established preclinical
model for osteoarthritis PD biomarker study.34−37 At day 0,
MIA, an aerobic glycolysis inhibitor, was injected into the
intra-articular space of the knee, which led to rapid progressive
disruption of cartilage. Then, the rats were treated with
compound 18 from day 3 to day 7. The levels of synovial
ARGs (a proteolytic fragment of aggrecan) as the PD
biomarker as well as PK parameters of 18 were measured to
assess the efficacy.
When rats were treated with 25, 50, and 75 mpk of molecule

18 (BID dosing), the corresponding ARGs release inhibition
was 18, 82, and 75%, respectively. Dose-dependent ARG
inhibition and drug exposure level were observed for both 25
and 50 mpk. The exposure of 18 reached a plateau both in
plasma and cartilage at 75 mpk. There was no significant
efficacy difference between the 50 and 75 mpk groups (Table
6).
The last OA efficacy model used was the rat medial

meniscus tear (MMT) model,38−40 in which we included one
group of GLPG1972 as the control. In this model, cartilage
damage and bone hardening were induced using surgical
intervention by transection of the ligament and meniscus of the
knee. Unilateral medial meniscal tear in rats resulted in rapidly
progressive cartilage degenerative changes characterized by
chondrocyte and proteoglycan loss, fibrillation, osteophyte
formation, and chondrocyte cloning. Then, the rats were
treated with 18 and GLPG1972 for 21 days. Endpoint efficacy
evaluation in the joint included histopathologic examination to
quantitatively assess cartilage damage and osteophyte for-
mation.
The overall cartilage pathology was evaluated by the

assessment of collagen matrix fibrillation or loss and
chondrocyte death or loss. For quantitative measurements,
the medial tibial plateau is divided into three zones to evaluate
the pathology of different load-bearing areas. Molecule 18
reduced cartilage degeneration in both 25 and 50 mpk groups,
and statistical significances were obtained in zone 2 and zone 3
(Figure 1). The total score of three zones for 18 at 50 mpk also
had statistical significance. While GLPG1972 at 75 mpk also
decreased cartilage degeneration scores compared to the
vehicle control, the difference was not statistically significant.
The bone osteophyte score was generated by measuring the

largest osteophyte in each section. Compound 18 at 50 mpk
showed slightly better efficacy than GLPG1972 at 75 mpk,

Table 5. Proteases Panel Selectivity of 18, 20, 25, 26, and
GLPG1972

proteases
18 IC50
(nM)

20 IC50
(nM)

25 IC50
(nM)

26 IC50
(nM)

GLPG1972
IC50 (nM)

ADAMTS-4 88 23 54 74 101
ADAMTS-5 51 27 25 32 29
ADAM10 30 000 36 380 30 000 23 460 30 000
ADAM17 30 000 3817 30 000 2160 30 000
MMP1 30 000 30 000 30 000
MMP2 29 685 20
MMP3 2953 65 990 15 210
MMP7 30 000 30 000 30 000
MMP8 21 7 317 6.6 141
MMP9 23 620 30 000 14 800
MMP10 5345 257 30 000 401 30 000
MMP12 1.5 13 32
MMP13 6214 168 17 580 1476 13 190
MMP14 3611 174 16 180 270 4233

Table 6. Compound 18 and GLPG1972 PK Results from Rat MIA PD Biomarker and Rat MMT Studies

rat MIA PD Biomarker rat MMT

cmpd

dose
(po,
mpk,
BID)

day 3 plasma AUC
(h × ng/mL) (n = 5)

mean (95% CI)

day 7 cartilage
concentration @ 3 h

(ng/g) (n = 5)
mean ± SEM

day 1 plasma AUC
(h × ng/mL) (n = 4)

mean (95% CI)

day 20 plasma AUC
(h × ng/mL) (n = 4)

mean (95% CI)

day 21 cartilage AUC
(h × ng/g) (n = 3)
mean (95% CI)

18 25 (50 507−77 431) 1973 ± 346 (52 853−83 360) (57 988−72 933) (11 743−20 028)
18 50 (116 997−175 491) 4618 ± 774 (100 018−205 838) (165 234−205 017) (20 987−69 494)
18 75 (112 578−207 374) 4177 ± 1251
GLPG1972 75 (16 852−25 966) (18 260−26 477) (3641−18 515)
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although no statistical significance was achieved for all three
groups (Figure 2a).
The cartilage degeneration and osteophyte scores were

summed to determine the total joint score without a femur,
which is the most important parameter in this MMT OA
model. Compound 18 at 50 mpk significantly reduced the total
joint score, while GLPG1972 at 75 mpk reduced the cartilage
and bone damage scores to some extent, but it had no
significant effect on the overall OA pathology (Figure 2b). It
was reported that GLPG1972 reduced joint damage
significantly in a female rat MNX model study.25 Compared
to its nonsignificant results from our male rat MMT model,
this inconsistency might be related to the differences in the
gender and sources of animals used in the two studies. The OA

diseases were induced by relatively complicated surgeries on
rats performed by different surgeons. Any potential difference
in disease extents induced could also contribute to the
inconsistent results. Together, these results indicate that
compound 18 has better efficacy than GLPG1972.
Plasma and cartilage PK results shown in Figure 3 and Table

6 clearly illustrated that 18 has better rat PK performance and
target engagement than GLPG1972, which could be attributed
to the longer t1/2, steady plasma concentration, and higher
plasma exposure of 18. Consistent with the results from the
MIA PD biomarker study, dose-dependent plasma exposure of
18 was observed in the MMT study. No plasma drug
accumulation happened in the period of this study from day
1 to day 20 (Table 6).

Figure 1. Compound 18 and GLPG1972 efficacy results in the rat MMT OA model: medial tibial cartilage degeneration score (*p ≤ 0.05, **p ≤
0.01, K−W test (Dunn’s posthoc) vs vehicle).

Figure 2. Compound 18 and GLPG1972 efficacy results in the rat MMT OA model: (a) medial tibial osteophyte score and (b) total joint score
without a femur (*p ≤ 0.05, K−W test (Dunn’s posthoc) vs vehicle).

Figure 3. Compound 18 and GLPG1972 plasma PK curves in the rat MMT OA model.
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Concluded from the above efficacy studies, molecule 18 was
able to inhibit mouse cartilage degradation in the ex vivo assay
and demonstrated dose-dependent therapeutic efficacy in two
in vivo preclinical rat OA models. Compound 18 showed
inhibition of 82% of PD biomarker compared to the vehicle
control in the MIA model. Compound 18 had a superior rat
PK profile and biologically better total joint score in the
surgery-induced rat MMT model than phase II clinical
compound GLPG1972. Combined with excellent human PK
prediction shown in Table 3, compound 18 would be expected
to have better responses and therapeutic outcomes than
GLPG1972 in human clinical testing.
GLPG1972 showed moderate clinical effects during OA

treatment. Lessons learned from GLPG1972 clinical trials are
“improving the bioavailability and specificity of drugs, and
better selection of patients in clinical trials”.41 Compound 18
may display better clinical responses with its much better oral
bioavailability than GLPG1972. However, its potency is not
improved compared to GLPG1972, and its exposure plateaus
when dosed high. These limitations remain as challenges when
considering compound 18 for its further development into an
efficacious oral small molecule for OA therapy. The risk of
musculoskeletal syndrome (MSS) also needs to be inves-
tigated. MSS is considered “to be the result of nonselectivity
(i.e., the inhibition of some other metalloproteases), or the
combined inhibition of a combination of several critical
MMPs”.42 Broad-spectrum MMP inhibitor batimastat and
MMP1 sparing molecule PG-116800 both failed in clinical
trials partially due to MSS.42 Although GLPG1972 has no
reported MSS cases in the clinical trials and the inhibition of
individual MMP2/8/12 does not raise toxicity “red flags,”
molecule 18 has stronger inhibition of MMP8/12 than
GLPG1972. The increased potential of MSS from combined
strong inhibition of MMP8/12 and ADAMTS-4/5 is still open
to be studied thoroughly.

■ CONCLUSIONS

We identified novel isoindoline amide 18 as a potent and orally
bioavailable ADAMTS-4/5 inhibitor possessing MMP2/8/12
potency for the treatment of osteoarthritis. Compound 18
exhibited excellent cross-species PK and satisfactory ADME
properties, especially clean in vitro liver safety as indicated by
GSH adduct analysis. In the rat MIA PD biomarker study,
compound 18 effectively inhibited aggrecan degradation as
illustrated by an 82% ARG release inhibition. In the rat MMT
osteoarthritis model, compound 18 significantly inhibited
cartilage degeneration and improved joint damage score
dose-dependently. The superior rat PK and biologically better
in vivo rat efficacy of 18 over GLPG1972 prompted a new class
of oral small-molecule drugs to be further investigated for the
treatment of osteoarthritis.

■ METHODS

General chemistry and instrument information, compounds’
synthetic procedure, molecular modeling, and ADME and PK
studies are described in the Supporting Information.
The animal experimental protocol used in this study was

approved by the Institutional Animal Care and Use
Committees (IACUC) of Bolder BioPATH. The experiments
were conducted in accordance with the Guiding Principles for
the Care and Use of Laboratory Animals and complied with
the ARRIVE guidelines. All animals survived to study

termination, and no statistical differences in absolute body
weight gain were observed between test groups and vehicle
groups. Vehicle: (5% dimethyl sulfoxide [DMSO], 20%
PEG400, 70% (10% D-α-tocopheryl poly(ethylene glycol)
1000 succinate [TPGS]), and 5% (1% hydroxypropyl
methylcellulose [HPMC])).

In Vitro Fluorescence Assay of ADAMTS-4 or
ADAMTS-5 Activity. A FRET (fluorescence resonance
energy transfer) peptide was cleaved by recombinant
ADAMTS-4 or ADAMTS-5 proteins into two separate
fragments, resulting in an increase of the fluorescence signal
tha t was quant ified . The pept ide was 5-FAM-
TEGEARGSVILLK(5-TAMRA)K-NH2, custom-synthesized
from ANASPEC. ADAMTS-4 recombinant protein (catalog#
4307-AD) and ADAMTS-5 recombinant protein (catalog#
2198-AD) were purchased from R&D Systems.
An assay buffer containing 50 mM HEPES pH 7.5, 100 mM

NaCl, 5 mM CaCl2, 0.1% CHAPS, and 5% glycerol was
prepared. A volume of 2.5 μL of the compound in the assay
buffer was dispensed to a 384-well plate, and 2.5 μL of
ADAMTS-4 or ADAMTS-5 protein (final concentration in the
reaction was 10 nM) was added. The compounds and proteins
were preincubated at room temperature for 15 min. Then, 5
μL of the substrate was added to each well. The final substrate
concentrations for ADAMTS-4 and ADAMTS-5 were 15 and 8
μM, respectively. The fluorescence signal in each well was
determined after incubation at 37 °C for 3 h on a TECAN
plate reader (excitation, 490 nm; emission, 520 nm).
The data was inputted into GraphPad Prism, and the IC50

values were calculated using function “log (inhibitor) vs
response − variable slope (four parameters)”.

Protease Selectivity. Protease panel selectivity was
performed by Reaction Biology (1 Great Valley Pkwy #18,
Malvern, PA).

Mouse Femoral Head Cartilage Explant Assay. Fresh
mouse femoral head cartilage was treated with IL-1a protein
(Sigma-Aldrich, catalog# I2778) in culture media to induce
cartilage catabolism. Then, the GAGs attached to the cleaved
aggrecan fragments (released into the media) and the GAGs
attached to the intact aggrecan were measured by dimethyl-
methylene blue dye in the Glycosaminoglycans Assay Kit
(Chondrex, catalog# 6022).
Femoral head cartilage samples were isolated from mice (25

days old, male, C57BL/6, from Charles River Lab) and put
into 2.0 mL tubes filled up with media (DMEM, 10% FBS, 4
mM glutamine, penicillin−streptomycin, 20 mM HEPES).
About 200 μL of media without FBS was added to each well of
a 48-well plate, and one piece of cartilage was transferred to a
well in the plate. Then, the media was aspirated, and
compounds and IL-1α protein were added to the plate in a
total volume of 400 μL of fresh media without FBS. The final
concentration of IL-1α was 1 ng/mL. The plate was incubated
at 37 °C for 72 h in a humidified incubator with a 5% CO2
supply.
The supernatant was transferred to a 1.5 mL tube and kept

at −20 °C. Each cartilage sample was transferred to another 1.5
mL tube containing 400 μL of freshly made papain solution.
The papain solution contained 125 μg/mL papain (Sigma-
Aldrich, catalog# P3125), 0.1 M sodium acetate (Sigma-
Aldrich, catalog# S7899), pH 5.5, 5 mM EDTA, and 5 mM L-
cysteine−HCl (Sigma-Aldrich, catalog# C7880). The cartilage
samples were kept rocking in a 60 °C water bath for 24 h.
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The lysates were vortexed for 10 s and spun at 10 000 rpm
for 2 min. Both the supernatant and the lysate samples were
diluted with PBS and mixed with 100 μL of dye from the
Glycosaminoglycans Assay Kit. The optical density from each
well was determined with a TECAN plate reader set to a
wavelength of 525 nm.
The concentrations of GAGs in the supernatant and lysates

were determined based on the standard curve with a dose
range of chondroitin sulfate provided in the kit. The
percentage of GAG release was calculated as follows

=
[ ]

[ ] + [ ]
×GAG%

GAG supernatant
GAG supernatant GAG lysate

100%
i
k
jjjjj

y
{
zzzzz

The test compound effect was expressed as the percent of
inhibition using the following formula
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Rat MIA PD Biomarker Experiment. Male Lewis rats
were randomized by body weight into groups (n = 5) on study
day 0. After randomization, the animals were anesthetized with
isoflurane (VetOne, catalog# 502017), and the right knees
were given a single (2 mg) intra-articular (IA) injection of
sodium iodoacetate (MIA) (40 μL of 50 mg/mL, Sigma,
catalog# I2512-25G) in saline (VetOne, catalog# 1510224).
The contralateral left knee was injected IA with saline. The rats
were dosed twice daily (BID) with 18 (25, 50, and 75 mg/kg)
by the oral (PO) route from day 3 to day 7.
Body weight measurements were performed on study days 0,

3, and 7. Interim blood collection for plasma occurred 1, 3, and
12 h postdose on day 3 and 1 h following the morning dose on
study day 7. The animals were euthanized for terminal sample
collection 3 h following the morning dose on day 7. Whole
blood was processed for plasma (K3EDTA, 2 × 1 mL/rat),
which was stored frozen at −80 °C. Right and left knees were
lavaged twice by injecting 100 μL of EDTA saline into the joint
followed by repeated flexion and extension. The fluid was
removed, placed on wet ice, and centrifuged within 10 min of
collection. The resulting supernatant was poured into tubes on
dry ice and stored frozen at −80 °C. Shavings of articular
cartilage from the tibial plateau of left knees were collected into
1.5 mL Eppendorf tubes and flash-frozen in liquid nitrogen.
ARG levels in synovial fluid were measured using ELISA.

BC-3 antibody (antiaggrecan ARGxx antibody [BC-3], Abcam,
catalog# ab3773) was purified and conjugated to horseradish
peroxidase (HRP). ELISA plates (NUNC# 473709) were
coated with aggrecan antibody (ThermoFisher# AHP0022) at
10 μg/mL, 100 μL/well, at 4 °C overnight. The plates were
washed with PBST (PBS + 0.05% Tween) three times and
blocked in buffer (2% BSA in PBST) shaking at room
temperature for 90 min. The samples were washed three times;
synovial fluid (100 μL samples) was added and incubated at
room temperature for 2 h. The samples were washed three
times, and 100 μL of BC-3 antibody conjugated to HRP was
added at room temperature for 90 min. Samples were washed
again, and then 100 μL of 3,3′,5,5′-tetramethylbenzidine
(TMB) was added at room temperature for 15 min. The
stop solution (0.25 M sulfuric acid) was added, and the results
were detected at OD450-OD620. Results were normalized
using urea.

Rat MMT Efficacy Study. Male Lewis rats were
randomized by body weight into groups (n = 12) on study
day −1. On study day 0, the animals underwent surgery to
perform a unilateral medial meniscal tear on the right knee.
The animals were treated with PO twice daily (BID) with 18
(25 and 50 mg/kg) and GLPG1972 (75 mg/kg) or vehicle.
The rats were dosed on days 0−20 (animals 1, 5, and 9 per
group) or days 0−21 (all other animals) and were euthanized
for necropsy on day 21 postsurgery (1, 3, 6, or 12 h after the
final dose). Endpoints for evaluation of therapeutic efficacy
included histopathologic examination to quantitatively assess
cartilage damage and osteophyte formation. Assessment is
made based on guidelines from the Osteoarthritis Research
Society International (OARSI).
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