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Objectives

The objectives of this study were: 1) to examine osteophyte formation, subchondral bone
advance, and bone marrow lesions (BMLs) in osteoarthritis (OA)-prone Hartley guinea pigs;
and 2) to assess the disease-modifying activity of an orally administered phosphocitrate
‘analogue’, Carolinas Molecule-01 (CM-01).

Methods

Young Hartley guinea pigs were divided into two groups. The first group (n=12) had drink-
ing water and the second group (n=9) had drinking water containing CM-01. Three guinea
pigs in each group were euthanized at age six, 12, and 18 months, respectively. Three guinea
pigs in the first group were euthanized aged three months as baseline control. Radiological,
histological, and immunochemical examinations were performed to assess cartilage degen-
eration, osteophyte formation, subchondral bone advance, BMLs, and the levels of matrix
metalloproteinse-13 (MMP13) protein expression in the knee joints of hind limbs.

Results

In addition to cartilage degeneration, osteophytes, subchondral bone advance, and BMLs
increased with age. Subchondral bone advance was observed as early as six months, whereas
BMLs and osteophytes were both observed mainly at 12 and 18 months. Fibrotic BMLs were
found mostly underneath the degenerated cartilage on the medial side. In contrast, necrotic
BMLs were found almost exclusively in the interspinous region. Orally administered CM-01
decreased all of these pathological changes and reduced the levels of MMP13 expression.

Conclusion

Subchondral bone may play a role in cartilage degeneration. Subchondral bone changes
are early events; formation of osteophytes and BMLs are later events in the OA disease pro-
cess. Carolinas Molecule-01 is a promising small molecule candidate to be tested as an oral
disease-modifying drug for human OA therapy.
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The primary hypothesis of this study is
that osteoarthritis development is charac-
terized by multiple pathological bone
changes in the knee joints of Hartley
guinea pigs: age-dependent subchondral
bone advance, osteophyte formation,
and bone marrow lesions.

The secondary hypothesis is that orally
administered Carolinas Molecule-01 (CM-
01) not only inhibits cartilage degeneration
butalso inhibits pathological bone changes.

Subchondral bone change is an early
event in osteoarthritis development.

Osteophytes and bone marrow lesions are
later events in osteoarthritis development.
Carolinas Molecule-01 (CM-01) is a
promising small molecule candidate to
be tested as an oral disease-modifying
drug for osteoarthritis therapy. It exerts
its disease-modifying effects by targeting
pathological calcification, production of
MMP13, and pathological bone changes.
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Strengths and limitations
This is the first study to demonstrate that an orally
administered phosphocitrate analogue displays a
strong disease-modifying activity in the Hartley
guinea pigs. The small molecule CM-01 not only
inhibits cartilage degeneration but also inhibits path-
ological bone changes.
We investigated the effects of Carolinas Molecule-01
(CM-01) in osteoarthritis development, but not the
effects of CM-01 in reversing osteoarthritis develop-
ment.
This study was performed in guinea pigs and the
results may not translate to humans. There was also
no specific assessment of toxicity.

Introduction

Osteoarthritis (OA) is a degenerative joint disease charac-
terized by cartilage degeneration, synovitis, osteophyte
formation, and development of bone marrow lesions
(BMLs). These pathological changes are associated with
severe joint pain. Osteoarthritis is one of the most preva-
lent causes of disability in the ageing population and has
enormous economic and social consequences. However,
existing non-surgical treatment options, such as non-
steroidal anti-inflammatory drugs (NSAIDs), oral ster-
oids, or steroid knee injection, only provide symptomatic
relief and have no effect on the progression of cartilage
degeneration, osteophyte formation, or the develop-
ment of BMLs. There is a pressing need for the develop-
ment of a structural OA disease-modifying drug that not
only gives symptomatic relief but can also arrest the pro-
gression of OA.

The biochemical events involved in the initiation or
progression of OA are poorly understood. Extracellular
matrix (ECM)-degrading enzymes and inflammatory
cytokines, including matrix metalloproteinases (MMPs), a
disintegrin and metalloproteinase with thrombospondin
type 1 motif 5 (ADAMTSS), interleukin-1 (IL-1), and
necrosis factor alpha (TNF-a), have been implicated in
OA."3 Small molecules and biologics targeting MMPs,
IL-1, or TNF-a. have been examined for OA intervention;
however, results of clinical trials with these small mole-
cules or biologics were disappointing.3¢ Activation and
abnormal phenotypic changes of articular chondrocytes
have also been implicated in OA.7-? Articular chondro-
cytes may obtain properties similar to those of terminal
differentiating chondrocytes. This phenotypic change
may lead to cartilage calcification, subsequent chondro-
cyte death, and the replacement of calcified zone carti-
lage by subchondral bone. However, the process of
age-dependent replacement of calcified zone cartilage by
subchondral bone, and its role in articular cartilage thin-
ning or cartilage destruction, have not been examined.

Bone marrow lesions (BMLs) are characterized by
decreased signal intensity on T1-weighted images and

increased signal intensity on T2-weighted images. They
are associated with ageing, knee injury, joint pain, and
cartilage loss.’0-14 Histological examinations of knee spec-
imens derived from OA patients indicated that BMLs seen
on MRI were associated with fibrosis, necrosis, and scle-
rotic bone.’>'¢ |t has been hypothesized that fibrotic
BMLs are a source of knee pain because of their associa-
tion with nerve growth factor.” Elucidating the develop-
ment of BMLs may contribute to a better understanding
of their natural history and their relationship with carti-
lage degeneration.

Hartley guinea pigs develop OA spontaneously, and
are widely used to study the pathogenesis of OA and to
test disease-modifying drugs.'8-2" Although BMLs have
been reported,?>?4 their types, locations, and age-
dependent development have not been fully examined.
Contradicting data regarding the locations and age-
dependent development have been reported. Watson
et al?? reported that bone marrow cysts were observed in
Hartley guinea pigs as young as two months old, and
that these cysts were mainly located in the central inter-
spinous region or the area of cruciate ligament insertions,
whereas de Bri et al?®> and Tessier et al?* reported that
bone marrow cysts were observed in the medial side, and
that these lesions were absent in Hartley guinea pigs
younger than six months old. Therefore, further examina-
tions are needed to determine the types, locations, and
age-dependent development of BMLs in the Hartley
guinea pigs. These data may advance our understanding
of the OA disease process and help to develop therapeu-
tic strategies for pain intervention, as well as preventing
and treating OA.

Phosphocitrate (PC) is a powerful calcification inhibi-
tor. It prevents soft-tissue calcification and has been
reported to have no toxic side effect in rats in doses up to
150pumol/kg/day.?>-?7 We recently demonstrated that
intraperitoneal injection of PC and PC analogues inhibited
cartilage degeneration in Hartley guinea pig models of
post-traumatic OA.?82° However, the prospect of PC as an
oral disease-modifying drug for human OA therapy might
be limited because PC contains a phosphate-oxygen
atom-carbon (P-O-C) bond and five negative charges. The
P-O-C bond is vulnerable to degradation by alkaline phos-
phatases in vivo, and the five negative charges make PC
less permeable to intestinal membrane. In this study, we
sought to examine osteophytes, subchondral bone
advance, and the development of BMLs in OA-prone
Hartley guinea pigs and assess the disease-modifying
effects of an orally administered small molecule, Carolinas
Molecule-01 (CM-01). Carolinas Molecule-01 is a small
molecule that has structural similarities to PC, yet contains
fewer negative charges and is resistant to alkaline phos-
phatases. It may be a more promising small molecule can-
didate than PC to be tested as an oral disease-modifying
drug for human OA therapy.
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Table 1. Semi-quantitative histological grading scheme for subchondral bone advance

Grade Description

0 Distance between the uppermost front of subchondral bone and tidemark is large (more than five cells away)
1 Distance between the uppermost front of subchondral bone and tidemark is moderate (four to five cells)

2 Distance between the uppermost front of subchondral bone and tidemark is small (two to three cells)

3 Distance between the uppermost front of subchondral bone and tidemark is extremely small (one cell)

4 The uppermost front of subchondral bone reaches to tidemark

Materials and Methods

Safranin-O and Fast green were obtained from Poly-
sciences, Inc. (Warrington, Pennsylvania). An antibody
specific to MMP13 was obtained from LifeSpan Bio-
Sciences, Inc. (Seattle, Washington). A secondary reagent
forimmunostaining (ImMmPRESS reagent kit) was obtained
from Vector Laboratories, Inc. (Burlingame, California).
CM-01 was obtained from a commercial source and for-
mulated in our laboratory.

Animals. Three-week-old male Hartley guinea pigs were
obtained from Charles River Laboratories (Wilmington,
Massachusetts) and individually housed in solid-bottom
cages. Female Hartley guinea pigs have smaller body
weight and develop much less severe OA than male
Hartley guinea pigs with increasing age; to minimize the
variation in body weight and OA severity in each age
group, we chose to use only male Hartley guinea pigs.
Guinea Pig Chow (No. 5025; Ralston Purina, Richmond,
Indiana) and water were available ad libitum.

After two weeks’ acclimatization, these guinea pigs
were randomly divided into two groups. The first group
(n=12) had drinking water, while the second group
(n=9) had drinking water containing CM-01 (3g/l).
Three guinea pigs in each group were euthanized at the
age of six, 12, and 18 months, respectively, by adminis-
tration of Euthasol (Virbac Animal Health, Inc., Fort
Worth, Texas). An additional three guinea pigs in the first
group were euthanized aged three months and used as a
baseline control. Hind limbs were collected, fixed in 10%
formalin for 24 hours, and transferred to 70% ethanol
until use. This study was performed according to the
guidelines set out by the Institutional Animal Care and
Use Committee (IACUC) of Carolinas Medical Center,
which approved the animal protocol.

Radiological and histological analyses. Radiographs of
the knee joints were obtained with a digital radiography
system (piXarray 100; Bioptics, Inc., Tucson, Arizona).
These radiographs were used to evaluate meniscal calci-
fication and osteophytes. After dissecting the knee joints,
tibial plateaus were decalcified in a formic acid/sodium
citrate solution (Thermo Fisher Scientific, Fair Lawn, New
Jersey) for two weeks and cut coronally in the center to
produce two equal portions. Both portions were embed-
ded in paraffin and sectioned (4 um) with a Leica RM2025
microtome (Leica Biosystems Nussloch GmbH, Nussloch,
Germany). Four sections from each tibial plateau were
stained with Safranin-O-Fast green. These sections were

graded blindly by two laboratory personnel (AS and
YS) per a modified Mankin criteria.?® Subchondral bone
advance was graded per the criteria described in Table I.
In total, 24 sections (12 from left knee and 12 from right
knee) from each group were examined.

Thickness of articular cartilage and volume of cartilage
bars or islands. The thickness of the articular cartilage
was determined using Image] photo analysis software
(version 1.8.0_45; National Institutes of Health (NIH),
Bethesda, Maryland). First, the central portion of Safranin-
O-Fast green-stained sections were captured with a digi-
tal camera (Sony DSC-S500; Sony Corp., Tokyo, Japan)
equipped with a microscope (Nikon Optiphot-2; Nikon
Corporation, Tokyo, Japan). The area of articular carti-
lage in the central most degenerated area was measured.
Cartilage thickness was obtained by dividing the area
with the length of cartilage measured. In total, 12 sec-
tions from each group were examined.

The area of articular cartilage bars or islands embed-
ded within subchondral bone was also determined using
NIH Image). Briefly, cartilage bars (stained red) embed-
ded within subchondral bone were selected using the fol-
lowing image thresholding and Lab colour space
parameters: L, 0/255; A, 145/255; B, 0/255. After selec-
tion was completed, the area of cartilage bars (particle
size setting: 0.0001 to 0.1000) in each section was auto-
matically calculated. In total, 12 sections from each group
were examined. The areas of articular cartilage bars were
used as indirect indicators of the volume of cartilage bars.
Normalized thicknesses of articular cartilage and normal-
ized volume of cartilage bars were used in all analyses.
Determination of the location and numbers of bone mar-
row lesions. Safranin-O-Fast green-stained sections were
examined to determine the types, locations, and num-
bers of BMLs within the epiphysis of each guinea pig. In
total, 24 sections (12 from left knee and 12 from right
knee) from each guinea pig group were examined by two
laboratory personnel (AK and YS).

Immunostaining of MMP13. Two sections from each tibial
plateau were deparaffinized with xylene and rehydrated
with graded ethanol. Endogenous peroxidase activity
was blocked by incubation of the sections with deionized
water containing 3% H,0,. Non-specific binding was
blocked by incubating the sections with 100l of 10%
normal horse serum diluted in base solution (4% bovine
serum albumin and 5% non-fat dry milk in phosphate-
buffered saline (PBS)) for 30 minutes. These sections
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Fig. 1

Radiographs of knee joints. Carolinas Molecule-01 (CM-01) reduced the sizes of calcified anterior horn of menisci and the sizes of osteophyte. Solid arrows,

calcified anterior horn of the menisci; hollow arrows, osteophytes.

were then incubated with the primary antibody (1:100
dilution) for one hour, washed three times with PBS, then
followed by incubation with the secondary reagent for 30
minutes. Negative control was performed using mouse
Immunoglobulin G (IgG). Slides were rinsed three times
with PBS and stained with 3,3’-diaminobenzidine. Slides
were counterstained with light green, dehydrated, and
mounted with resinous mounting media. These slides
were graded blindly by two laboratory personnel (AS and
YS) on a scale of O to 5, as previously described.?8:3 In
total, 12 sections (six from the left knee and six from the
right knee) from each group were examined.

Statistical analysis. Results of cartilage thickness, area or
volume of cartilage bar orislands, and the number of BMLs
were presented as mean * sD. The differences between
different age groups were analyzed with one-way analysis
of variance (ANOVA). The difference between untreated
and CM-01-treated groups was analyzed using Student’s
t-test after passing normality and equal variance tests.
Histological and immunostaining scores (variables pre-
sented as ordinal data) were also presented as the mean
+ sD. The differences between different age groups were
analyzed with one-way ANOVA. The difference between
untreated and CM-01-treated groups was analyzed using
the Mann—Whitney U test or Student’s t-test. In all cases,
p <0.05 was considered statistically significant. Statistical
analysis was performed using the statistical analysis tool
in SigmaPlot software, version 12 (Systat Software, Inc.,
San Jose, California).

Results

CM-01 inhibited meniscal calcification and osteophyte for-
mation. Meniscal calcification, consistent with previous
findings,3132 increased with age in the Hartley guinea
pigs (data not shown). As expected, CM-01, a power-
ful calcification inhibitor,?° reduced meniscal calcifica-
tion (Fig. 1). The sizes of the calcified anterior horns of
menisci in the CM-01-treated guinea pigs were smaller
than the sizes of the calcified anterior horns of menisci
in untreated control guinea pigs. Osteophyte formation
also increased with age. Osteophytes were not observed
in the three- and six-month-old guinea pigs but small-
or moderate-sized osteophytes were observed in two
12-month-old control guinea pigs. Large-sized osteo-
phytes were observed in all three 18-month-old control
guinea pigs. In contrast, osteophytes were not observed
in any of the CM-01-treated guinea pigs.

Cartilage degeneration and subchondral bone advance.
Representative Safranin-O-stained sections of the medial
tibial plateau are shown in Figure 2. As can be seen,
minor surface irregularities and mild proteoglycan loss
occurred in the superficial zone of articular cartilage in
the six-month-old, compared with the three-month-old,
guinea pigs. Structural lesions and proteoglycan loss
became more evident and extended into the middle zone
of articular cartilage in the 12-month-old guinea pigs,
and these lesions further extended into the deep and cal-
cified zones in the 18-month-old guinea pigs. Complete
loss of a small or a large trunk of articular cartilage was
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Fig. 2

Safranin-O-stained sections of medial tibial plateaus. Solid black arrows, the central most degenerated area; hollow black arrows, tidemarks; solid yellow
arrows, uppermost front of subchondral bone; hollow yellow arrows, calcified zone cartilage; red arrows, articular cartilage bars or islands embedded within

subchondral bone. CM-01, Carolinas Molecule-01.
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Graphs showing a) histological scores of cartilage and b) subchondral bone advance. Histological scores of articular cartilage in 18-month-old untreated guinea
pigs and age-matched Carolinas Molecule-01 (CM-01)-treated guinea pigs were 13.68 (sb 1.44) and 7.02 (sD 0.04), respectively. Histological score of subchon-
dral bone advance in 18-month-old untreated and age-matched CM-01 treated guinea pigs were 3.73 (sb 0.42) and 1.32 (sp 0.19), respectively. *p <0.05,

versus untreated control (Mann-Whitney U test).

also observed in the 18-month-old guinea pigs. The
number of chondrocytes within the articular cartilage
decreased with age, indicating that chondrocyte loss is
associated with the progression of cartilage degenera-
tion. In contrast, only mild surface lesions and moder-
ate proteoglycan loss were observed in the age-matched
CM-01-treated guinea pigs. The number of chondrocytes
within the articular cartilage in CM-01-treated guinea
pigs remained relatively unchanged with increasing age.

Several other differences were noted. The first was that
the tidemarks appeared more visible in the six-month-old
guinea pigs than in the three-month-old guinea pigs or
the six-month-old CM-01-treated guinea pigs. Second,
the uppermost front of the subchondral bone was closer
to the tidemark in the untreated guinea pigs than it was in
the age-matched CM-O1-treated guinea pigs. Third, the
calcified zone was narrower and the depth of cartilage
bars or islands extending into the subchondral bone was
less in the untreated guinea pigs than in the age-matched

CM-01-treated guinea pigs. These differences indicated
that CM-01 inhibits age-dependent cartilage calcification
and the replacement of calcified zone cartilage by the sub-
chondral bone. In other word, CM-01 inhibits the advance
of subchondral bone towards the articular surface.
Histological scores of articular cartilage are provided in
Figure 3. As shown, cartilage degeneration progressed
slowly from three to six months, and then accelerated rap-
idly afterwards. Orally administered CM-01 inhibited this
age-dependent cartilage degeneration significantly,
resulting in a reduction of about 48% in the histological
score in the 12- and 18-month-old guinea pigs (p <0.05).
Subchondral bone advance, different from cartilage
degeneration, progressed steadily from three months to
18 months according to the histological scores. Orally
administered CM-01 inhibited this advance almost com-
pletelyinthe 12-and 18-month-old guinea pigs (p <0.05).
Articular cartilage thickness and cartilage bar volume. The
thickness of the articular cartilage in the central area of
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Graphs showing a) articular cartilage thickness and b) cartilage island volume in the central area of the medial tibial plateau. Light orange bars, normalized carti-
lage thickness and island volume in the untreated guinea pigs; dark orange bars, normalized cartilage thickness and island volume in the Carolinas Molecule-01
(CM-01)-treated guinea pigs. *p < 0.05, at 18 months versus 12 months (Student’s t-test); Tp < 0.05, at 18 months CM-01-treated versus 18 months untreated
control (Student’s t-test). £p < 0.05, at 18 months versus three months (Student’s t-test).

the medial tibial plateau was thicker in the 12-month-
old than in the three-month-old but it then decreased
at 18 months of age (Fig. 4). The increase observed
from three months to 12 months likely indicates nor-
mal age-dependent cartilage development, which was
accompanied by moderate cartilage degeneration due to
spontaneous OA with the increase in age. The dramatic
decrease in the cartilage thickness in the 18-month-old
guinea pigs compared with the 12-month-old guinea
pigs was clearly caused by severe cartilage degeneration
or cartilage loss due to OA progression (Fig. 2). Consistent
with its OA disease-modifying activity, CM-01 inhibited
articular cartilage thinning in the 18-month-old guinea
pigs significantly (p <0.05). The articular cartilage in the
central area of the medial tibial plateau in the 18-month-
old CM-01-treated guinea pigs was 62% thicker than the
articular cartilage in the same area in the age-matched
untreated guinea pigs.

The volumes of articular cartilage bars or islands
embedded within the subchondral bone in the untreated
guinea pigs decreased with age, indicating increased
conversion of the articular cartilage bars into subchon-
dral bone or increased subchondral bone advance
towards the articular cartilage surface. In contrast, the
volumes of articular cartilage bars in the CM-01-treated
guinea pigs increased with age, especially in the
18-month-old guinea pigs. This increase was consistent
with the age-dependent increase in the articular cartilage
thickness in the CM-O1-treated guinea pigs. In the
18-month-old CM-01-treated guinea pigs, the volume of
articular cartilage bars or islands was 73% larger than the
volume of articular cartilage bars or islands in the age-
matched untreated guinea pigs. These findings indicate
that CM-01 not only inhibits the development of articular
cartilage surface lesions and damage, but also either

inhibits the replacement of calcified zone articular carti-
lage by the subchondral bone or inhibits age-dependent
subchondral bone advance towards the articular carti-
lage surface.

Types and locations of bone marrow lesions. Examinations
of Safranin-O-Fast green-stained sections revealed the
presence of three types of BMLs within the epiphysis
(Fig. 5). Fibrosis (fibrotic BMLs) was characterized by
fibrotic tissues embedded within the bone marrow or
subchondral bone. Necrosis (necrotic BMLs) was char-
acterized by an empty space enclosed by a thin fibrotic
membrane or a fibrocartilaginous membrane. In some
cases, small amounts of regenerated fibrocartilaginous
tissues were present within the enclosed space. Cysts
were characterized by a space filled with gel-like sub-
stances. Of the three types of BMLs, fibrosis was the
most prevalent (between 70% and 75% of all BMLs) and
cysts were the least prevalent (between 3% and 4% of all
BMLs). More than 60% of fibrosis was found underneath
the most degenerated articular cartilage on the medial
side. The other 40% of fibrosis was found in the central
interspinous region (area of cruciate ligament insertions).
Necrosis and cysts were almost exclusively found in the
central interspinous region. As shown in Figure 5, the
number of BMLs increased with age. The increase was
gradual between three months and 12 months, and then
became rapid afterwards. Consistent with its OA disease-
modifying activity, orally administered CM-01 reduced
the number of BMLs significantly in the 18-month-old
guinea pig compared with the age-matched untreated
control (p=0.042).

Levels of MMP13. Representative images of MMP13
immunostaining are provided in Figure 6. As can be
seen, the levels of MMP13 protein were much higher in
the 12-month-old guinea pigs than in the six-month-old
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a) Three types of bone marrow lesions (BMLs) within the epiphysis: fibrosis, necrosis, and cysts. Fibrosis (fibrotic BMLs) was characterized by fibrotic tissues
embedded within the bone marrow or subchondral bone (red arrows). Necrosis (necrotic BMLs) was characterized by an empty space (hollow black arrows)
enclosed by a thin fibrotic membrane (stained green) or a fibrocartilaginous membrane (stained red). In some cases, small amounts of regenerated fibrocarti-
laginous tissues were present within the enclosed space (solid black arrow). Cysts were characterized by a space filled with gel-like substances (yellow arrows).
b) Graph showing that the mean number of BMLs in the three-, six-, 12-, and 18-month-old guinea pigs were 0.5 (sb 0.87), 1 (sp 1), 3.17 (sp 1.61), and 11.17
(sD 5.01), respectively. The number of bone marrow lesions was significantly smaller in the 18-month-old Carolinas Molecule-01 (CM-01)-treated guinea pigs
(2.50, sb 0.50) compared with the untreated control (11.17, sp 5.01). *p < 0.05, versus untreated control (Student’s t-test).
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a) Immunostaining of matrix metalloproteinase-13 (MMP13) in the central area of the medial tibial plateau and immunostaining scores. Solid black arrows, mid-
dle and deep zones; hollow black arrows, superficial zone. b) Graph showing that mean immunostaining scores in the 12- and 18-month-old untreated guinea
pigs, and in age-matched Carolinas Molecule-01 (CM-01)-treated guinea pigs, were 4.00 (sD 0.94), 4.45 (sp 0.86), 2.12 (sp 0.67), and 2.97 (sb 0.94), respec-
tively. *p < 0.05, versus three-month old controls (one-way analysis of variance). p < 0.05, versus age-matched untreated controls (Mann-Whitney U test).

guinea pigs in all three zones, indicating an age-
dependent increase in the production of MMP13 by OA
chondrocytes. The increase in the levels of MMP13 pro-
tein was associated with severe cartilage degeneration.
Consistent with its OA disease-modifying activity, CM-01
treatment resulted in decreased levels of MMP13 protein,
especially in the middle and deep zones in the six-month-
old CM-01-treated guinea pigs. In the 12-month-old
guinea pigs, CM-01 treatment resulted in dramatically
decreased levels of MMP13 protein in all three zones
(left panel). We graded these slides as described above
in the Methods section. The immunostaining scores of
MMP13 protein increased slightly from the age of three
months to six months, and then increased significantly
afterwards (p <0.05) (Fig. 6). Orally administered CM-01

inhibited this age-dependent increase of MMP13 protein
levels noticeably, resulting in reductions of 47% and 41%
in the immunostaining score of MMP13 protein in the
12-month-old and 18-month-old guinea pigs, respec-
tively, compared with the age-matched untreated con-
trol guinea pigs (p < 0.05) (Fig. 6).

Discussion

Subchondral bone consists of a subchondral bone plate,
underlying trabecular bone, and bone marrow space.
Although OA is characterized by progressive damage to
the articular cartilage, there are significant changes in
the bone of affected joints, indicating that OA is also a
bone disease.33-35 In this study, we demonstrate that, in
addition to cartilage degeneration, subchondral bone
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advance towards the articular cartilage was increased
with age in the OA-prone Hartley guinea pigs. With the
increased subchondral bone advance, the thickness of
cartilage of the calcified zone and the volume of cartilage
bars or islands were decreased. These findings indicate
that the replacement of calcified cartilage by the sub-
chondral bone may play a role in articular cartilage thin-
ning or destruction. Itis likely that articular chondrocytes
in the calcified zone gradually recapitulate a develop-
mental molecular programme that resembles the endo-
chondral pathway of ossification. Carolinas Molecule-01
exerted its OA disease-modifying effects, in part, by
inhibiting this molecular programme and blocking the
subchondral bone advance.

Osteophytes and BMLs were also increased with age in
the Hartley guinea pigs. However, unlike subchondral
bone advance, which was observed in the six-month-old
guinea pigs, osteophytes were not observed at the six-
month stage, and were only observed in the 12- and
18-month-old guinea pigs judged by radiological exami-
nations. These findings indicate that osteophyte forma-
tion is likely an intermediate or later event in the OA
disease process, whereas subchondral bone advance is
an early event. Although BMLs were presentin the guinea
pigs at all ages, the most dramatic increase in the number
of BMLs occurred in the 18-month-old guinea pigs, indi-
cating that a surge in the number of BMLs was a later
event in the OA disease process. Our finding is consistent
with the previous findings that BMLs were associated
with severe cartilage loss and joint pain, both of which
are characteristics of late-stage human OA.11-14

The most prevalent type of BML was fibrosis. The
amount of fibrosis increased with age and more than
60% of fibrosis was located underneath the most degen-
erated articular cartilage on the medial side, indicating
their association with severe cartilage degeneration.
Fibrosis has been hypothesized to be a source of knee
pain because of its association with severe cartilage
loss.'7. Necrosis, on the other hand, was located almost
exclusively in the central interspinous region. This differ-
ence in the locations between the two types of BML sug-
gests that the development of fibrosis is likely to be an
OA-related phenomenon and the development of necro-
sis is likely to be an age-related phenomenon. Increased
compressive stress due to severe cartilage degeneration
and hypomineralization of the subchondral bone may
predispose the underlying marrow or subchondral bone
to fibrotic lesions, whereas accumulated tensile stress in
the central interspinous region due to advanced age or
overuse may predispose the underlying marrow or sub-
chondral bone to necrotic lesions.

We have shown previously that intraperitoneal injec-
tion of PC or PC analogue inhibited cartilage degeneration
in a Hartley guinea pig model of post-traumatic OA.28:2° In
this study, we show that orally administered CM-01 not

only inhibited cartilage degeneration, but also inhibited
meniscal calcification, subchondral bone advance, osteo-
phyte formation, and BMLs. The reduction in articular car-
tilage degeneration was accompanied by a significant
reduction in the level of MMP13 protein expression, a
major collagen ll-degrading enzyme within the articular
cartilage. These findings demonstrate that CM-01 is a
promising OA disease-modifying drug candidate. As
osteophytes and BMLs are associated with both joint pain
and severe cartilage loss, our findings indicate that CM-01
may not only delay or arrest the progression of OA but
may also have a joint pain-relieving effect.

Our study has limitations. One limitation is that we only
investigated the effects of CM-01 in preventing the devel-
opment of OA and pathological bone changes but did not
investigate the effects of CM-01 in reversing the develop-
ment of OA and these pathological bone changes. Another
limitation is that this study was performed in guinea pigs
and the results may not translate to humans. There were
also no specific assessments of toxicity. Future studies are
needed to address these limitations.

In summary, our study indicates that subchondral
bone may play a role in the development of cartilage
degeneration. Subchondral bone advance was the earli-
est pathological change, cartilage structural lesions were
the intermediate pathological change, while severe carti-
lage loss, osteophyte formation, and a dramatic surge in
the number of BMLs were the later pathological changes
within the knee joints in Hartley guinea pigs. Formation
of fibrotic BMLs, but not necrotic BMLs, was likely an OA
disease-related phenomenon. Orally administered CM-01
displays a strong inhibitory activity on all these pathologi-
cal changes, and, therefore, CM-01 is a promising small
molecule candidate to be tested as an oral disease-
modifying drug for human OA therapy.

References
1. Goldring SR, Goldring MB. The role of cytokines in cartilage matrix degeneration in

osteoarthritis. Clin Orthop Relat Res 2004;427(Suppl):S27-S36.

Martel-Pelletier J, Welsch DJ, Pelletier JP. Metalloproteases and inhibitors in

arthritic diseases. Best Pract Res Clin Rheumato/ 2001;15:805-829.

. Burrage PS, Brinckerhoff CE. Molecular targets in osteoarthritis: metallo-

proteinases and their inhibitors. Curr Drug Targets 2007;8:293-303.

Hellio Le Graverand-Gastineau MP. OA clinical trials: current targets and trials for

0A. Choosing molecular targets: what have we learned and where we are headed?

Osteoarthritis Cartilage 2009;17:1393-1401.

Calich AL, Domiciano DS, Fuller R. Osteoarthritis: can anti-cytokine therapy play a

role in treatment? Clin Rheumatol 2010;29:451-455.

. Malemud CJ. Anticytokine therapy for osteoarthritis: evidence to date. Drugs Aging
2010;27:95-115.

. Lotz MK, Otsuki S, Grogan SP, et al. Cartilage cell clusters. Arthritis Rheum
2010;62:2206-2218.

. van der Kraan PM, van den Berg WB. Chondrocyte hypertrophy and osteoarthritis:
role in initiation and progression of cartilage degeneration? Osteoarthritis Cartilage
2012;20:223-232.

. Tchetina EV, Squires G, Poole AR. Increased type Il collagen degradation and very
early focal cartilage degeneration is associated with upregulation of chondrocyte
differentiation related genes in early human articular cartilage lesions. J Rheumatol
2005;32:876-886.

[ad

w

b

L

(=]

~

(-]

BONE & JOINT RESEARCH



10.

1

-

12.

1

w

14.

15.

1

(=1

17.

1

1

o

20.

21.

22

23.

2

=

EFFECTS OF A PHOSPHOCITRATE ANALOGUE ON OSTEOPHYTE, SUBCHONDRAL BONE ADVANCE, AND BONE MARROW LESIONS IN HARTLEY GUINEA PIGS

Antony B, Venn A, Cicuttini F, et al. Correlates of knee bone marrow lesions in
younger adults. Arthritis Res Ther2016;18:31.

. Felson DT, Chaisson CE, Hill CL, et al. The association of bone marrow lesions

with pain in knee osteoarthritis. Ann Intern Med 2001;134:541-549.

Lo GH, McAlindon TE, Niu J, et al. Bone marrow lesions and joint effusion
are strongly and independently associated with weight-bearing pain in knee
osteoarthritis: data from the osteoarthritis initiative. Osteoarthritis Cartilage
2009;17:1562-1569.

. Hunter DJ, Zhang Y, Niu J, et al. Increase in bone marrow lesions associated

with cartilage loss: a longitudinal magnetic resonance imaging study of knee
osteoarthritis. Arthritis Rheum 20086;54:1529-1535.

Roemer FW, Guermazi A, Javaid MK, et al. Change in MRI-detected subchondral
bone marrow lesions is associated with cartilage loss: the MOST Study. A longitudinal
multicentre study of knee osteoarthritis. Ann Rheum Dis 2009;68:1461-1465.

Zanetti M, Bruder E, Romero J, Hodler J. Bone marrow edema pattern in
osteoarthritic knees: correlation between MR imaging and histologic findings.
Radiology 2000;215:835-840.

. Hunter DJ, Gerstenfeld L, Bishop G, et al. Bone marrow lesions from osteoarthritis

knees are characterized by sclerotic bone that is less well mineralized. Arthritis Res
Ther2009;11:R11.

Walsh DA, McWilliams DF, Turley MJ, et al. Angiogenesis and nerve growth
factor at the osteochondral junction in rheumatoid arthritis and osteoarthritis.
Rheumatology (Oxford)2010;49:1852-1861.

. Jimenez PA, Glasson SS, Trubetskoy OV, Haimes HB. Spontaneous

osteoarthritis in Dunkin Hartley guinea pigs: histologic, radiologic, and biochemical
changes. Lab Anim Sci 1997;47:598-601.

. Dequeker J, Mokassa L, Aerssens J, Boonen S. Bone density and local growth

factors in generalized osteoarthritis. Microsc Res Tech 1997,37:358-371.

Huebner JL, Hanes MA, Beekman B, TeKoppele JM, Kraus VB. A comparative
analysis of bone and cartilage metabolism in two strains of guinea-pig with varying
degrees of naturally occurring osteoarthritis. Osteoarthritis Cartilage 2002;10:
758-767.

Sun Y, Scannell BP, Honeycutt PR, et al. Cartilage Degeneration, Subchondral
Mineral and Meniscal Mineral Densities in Hartley and Strain 13 Guinea Pigs. Open
Rheumatol J 2015;9:65-70.

Watson PJ, Hall LD, Malcolm A, Tyler JA. Degenerative joint disease in the
guinea pig. Use of magnetic resonance imaging to monitor progression of bone
pathology. Arthritis Rheum 1996;39:1327-1337.

de Bri E, Jonsson K, Reinholt FP, Svensson 0. Focal destruction and remodeling
in guinea pig arthrosis. Acta Orthop Scand 1996;67:498-504.

. Tessier JJ, Bowyer J, Brownrigg NJ, et al. Characterisation of the guinea pig

model of osteoarthritis by in vivo three-dimensional magnetic resonance imaging.
Osteoarthritis Cartilage 2003;11:845-853.

N

5

26.

2

~

28.

29.

30.

3

=1

33.

34.

35.

165

. Sallis JD, Cheung HS. Inhibitors of articular calcium crystal formation. Curr Opin

Rheumatol 2003;15:321-325.

Shankar R, Crowden S, Sallis JD. Phosphocitrate and its analogue N-sulpho-2-

amino tricarballylate inhibit aortic calcification. Atherosclerosis 1984;52:191-198.

. Sallis JD, Thomson R, Rees B, Shankar R. Reduction of infection stones in rats by

combined antibiotic and phosphocitrate therapy. J Uro/ 1988;140:1063-1066.

Sun Y, Haines N, Roberts A, et al. Disease-modifying effects of phosphocitrate and

phosphacitrate-B-ethyl ester on partial meniscectomy-induced osteoarthritis. BMC

Musculoskelet Disord 2015;16:270.

Sun Y, Roberts A, Mauerhan DR, Hanley EN, Hanley EN Jr. Biological effects

and osteoarthritic disease-modifying activity of small molecule CM-01. J Orthop Res

2017 (Epub ahead of print) PMID: 28544002.

Sun Y, Mauerhan DR, Kneisl JS, et al. Histological examination of collagen and

proteoglycan changes in osteoarthritic menisci. Open Rheumatol J 2012;6:24-32.

. Kapadia RD, Badger AM, Levin JM, et al. Meniscal ossification in spontaneous
osteoarthritis in the guinea-pig. Osteoarthritis Cartilage 2000;8:374-377.

. Thomsen JS, Straarup TS, Danielsen CC, Oxlund H, Briiel A. Relationship

between articular cartilage damage and subchondral bone properties and meniscal

ossification in the Dunkin Hartley guinea pig model of osteoarthritis. Scand J

Rheumatol 2011;40:391-399.

Felson DT, Neogi T. Osteoarthritis: is it a disease of cartilage or of bone? Arthritis

Rheum 2004;50:341-344.

Radin EL, Rose RM. Role of subchondral bone in the initiation and progression of

cartilage damage. Clin Orthop Relat Res 1986;213:34-40.

Funck-Brentano T, Cohen-Solal M. Subchondral bone and osteoarthritis. Curr

Opin Rheumatol 2015;27:420-426.

Funding Statement

None declared

Author Contributions

Y. Sun: Designing the study, Acquiring, analyzing, and interpreting the data,
Drafting and approving the manuscript.

A. ). Kiraly: Acquiring, analyzing, and interpreting the data, Approving the
manuscript.

A. R. Sun: Acquiring, analyzing, and interpreting the data, Approving the
manuscript.

M. Cox: Acquiring the data, Approving the manuscript.

D. R. Mauerhan: Designing the study, Drafting and approving the manuscript.

E. N. Hanley |r: Designing the study, Drafting and approving the manuscript.

Conflicts of Interest Statement

None declared

© 2018 Sun et al. This is an open-access article distributed under the terms of the
Creative Commons Attributions licence (CC-BY-NC), which permits unrestricted use,
distribution, and reproduction in any medium, but not for commercial gain, provided
the original author and source are credited.

VOL. 7, NO. 2, FEBRUARY 2018



