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Low bone mineral density is associated with the onset of
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Background and purpose The primary event preceding the onset
of symptoms in spontaneous osteonecrosis in the medial femoral
condyle (SONK) may be a subchondral insufficiency fracture,
which may be associated with underlying low bone mineral den-
sity (BMD). However, the pathogenesis of SONK is considered to
be multifactorial. Women over 60 years of age tend to have higher
incidence of SONK and low BMD. We investigated whether there
may be an association between low BMD and SONK in women
who are more than 60 years old.

Methods We compared the BMD of 26 women with SONK
within 3 months after the onset of symptoms to that of 26 con-
trol women with medial knee osteoarthritis (OA). All the SONK
patients had typical clinical presentations and met specified crite-
ria on MRI. The BMDs measured at the lumbar spine, ipsilateral
femoral neck, and knee condyles and the ratios of medial condyle
BMD to lateral condyle BMD (medial-lateral ratios) in the femur
and tibia were compared between the two groups. The medial-lat-
eral ratios were used as parameters for comparisons of the BMDs
at both condyles.

Results The mean femoral neck, lateral femoral condyle, and
lateral tibial condyle BMDs were between x% and y% lower in
the SONK patients than in the OA patients (p < 0.001). The mean
femoral and tibial medial-lateral ratios were statistically signifi-
cantly higher in the SONK patients than in the OA patients.

Interpretation A proportion of women over 60 years of age
have low BMD that progresses rapidly after menopause and can
precipitate a microfracture. These findings support the subchon-
dral insufficiency fracture theory for the onset of SONK based on
low BMD.

The pathogenesis of spontaneous osteonecrosis of the medial
femoral condyle (SONK) remains unclear, although a primary

vascular insult and trauma are widely accepted as common
causes. However, the pathogenesis of SONK is probably mul-
tifactorial (Zanetti et al. 2003, Robertson et al. 2009). Thus, it
may be difficult to explain SONK for all ages and both sexes
based on a single factor.

Lotke et al. (1977) first suggested a connection between
the onset of SONK and subchondral fracture, which was sup-
ported by later reports based on MRI and pathological find-
ings (Lecouvet et al. 1998, Yamamoto and Bullough 2000,
Takeda et al. 2008). A subchondral insufficiency fracture may
result from underlying osteoporosis (Yamamoto and Bullough
2000). This is consistent with a history of sudden onset of pain
without a traumatic event (Ahlbéck et al. 1968). In other cases,
obesity (Zanetti et al. 2003), overlying degenerative cartilage
changes, meniscal tears (Ahlbick et al. 1968), and meniscal
injury (Robertson et al. 2009) may cause increased mechani-
cal loading in the affected condyle, resulting in subchondral
fracture.

One study using high-resolution quantitative computed
tomography revealed that osteopenia and osteoporosis could
be detected in two-thirds of patients with SONK diagnosed
by MRI (Zanetti et al. 2003). These observations suggest that
some cases of SONK are induced by subchondral insufficiency
fracture that may be associated with an underlying low BMD.
The incidence of SONK is more common in women than in
men, and most of the patients are over 60 years of age (Lotke
et al. 1977). A proportion of women older than 60 years have
low BMD that progresses rapidly after menopause. Therefore,
investigation of women older than 60 years—who may have a
common factor—may be useful in clarifying the pathogenesis
of SONK. In addition, because previous papers (Houpt et al.
1983, Mears et al. 2009, Robertson et al. 2009) have suggested
the presence of preexisting knee osteoarthritis (OA) in patients
with SONK, we compared patients with SONK and patients
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Patients with SONK
N =89
Excluded:
Men,n=14
Women, n=75
Excluded:
Age =60 years
n=10
Age >60 years
n=65
Excluded:
23 months after onset
n=33
<3 months after onset
n=32
Excluded:
History of trauma and
previous arthroscopic
treament
n=6

Patients enrolled
n=26

Figure 1. Flow diagram for identifying patients with SONK who were
eligible.

with medial knee OA. We assessed the relationship between
recent onset of SONK and low BMD at various locations.
We also compared the size of lesions by MRI in our SONK
patients with those in previous reports.

Patients and methods

Subjects

Between April 2005 and March 2009, we treated 89 consecu-
tive patients with SONK. To target women over 60 years, we
excluded 14 men and 10 women who were aged 60 years or
less. To minimize the influence of disuse osteoporosis, women
with SONK were only enrolled if no more than 3 months had
elapsed between the onset of SONK and the time of the BMD
measurements. Consequently, of the 65 patients remaining,
we excluded 33 women because more than 3 months had
elapsed since the onset of symptoms. In addition, we excluded
4 women for having a history of trauma and 2 women for pre-
vious arthroscopic treatment. None of the patients with SONK
who were included in the study had corticosteroid injections,
oral corticosteroid medication, or alcohol abuse. 26 patients
remained (Figure 1). All patients were examined by radiogra-
phy of the knee, knee MRI (Figures 2 and 3), and dual X-ray
absorptiometry examinations of the lumbar spine, proximal
femur, and knee condyles.

The mean delay between the onset of SONK and its diag-
nosis based on MRI and BMD measurements was 7 (2-12)
weeks. All patients were initially managed nonoperatively.
Worsening of knee pain in 15 patients led to surgical treatment
mean 17 (6-38) weeks after the initial visit (in 8 patients: high
tibial osteotomy; and in 7: a total or unicompartmental knee
arthroplasty). Histological sections were obtained from the 15
patients who underwent surgery after a diagnosis of SONK.

Figure 2. A. An AP radiograph from a 74-year-
old woman, who had had sudden onset of right
knee pain 7 weeks previously, showing a radio-
lucent oval lesion in the medial femoral condyle.
The patient was classified as being at stage 2 of
SONK and Kellgren-Lawrence grade 3.

B. A coronal T2-weighted MRI showed an
area of low signal intensity.

C. A sagittal T2-weighted MRI with fat sup-
pression showed subchondral changes and
extensive bone marrow edema.
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Figure 3. A. An AP radiograph from a 65-year-
old woman, who had had sudden onset of
left knee pain 10 weeks previously, showing
no lesions in the medial femoral condyle. The
patient was classified as being at stage 1 of
SONK and Kellgren-Lawrence Grade 1.

The diagnoses of the remaining 11 patients were based on the
clinical presentation and imaging findings.

The clinical assessment was primarily based on the criteria
established by Ahlbick et al. (1968) and Lotke et al. (1977),
comprising sudden onset of severe pain and localized tender-
ness over the medial femoral condyle.

Previous studies (Houpt et al. 1983, Mears et al. 2009, Rob-
ertson et al. 2009) have suggested the potential of preexisting
knee OA in patients with SONK. In patients with medial knee
OA, varus alignment can serve as a marker of disease severity
or progression (Hunter et al. 2007). Thus, we formed a control
group of 26 medial knee OA patients who were matched with
respect to age, body mass index, and femorotibial angle (the
OA group). These patients were considered to have knee OA if
they had Kellgren-Lawrence grades (Kellgren and Lawrence
1957) of 2 or higher, and with a medial joint space narrowing
of Ahlbick grade I (Ahlbédck 1968) or lower. Thus, patients
with obliteration of the medial joint space were excluded.

The Knee Society knee, pain, and function scores (Insall et
al. 1989) were assigned at the first visit.

The study was approved by our institutional review board
(number of approval: 1-10-2005-74), and all patients provided
informed consent for participation in the study.

Radiography

AP and lateral knee radiographs were taken with the patients
standing. Limb alignment was expressed as the femorotibial
angle obtained from the AP knee radiograph. The radiograph
was also used to determine the stage of progression of SONK,

B. A coronal T2-weighted MRI showed an
area of low signal intensity.

C. A sagittal T2-weighted MRI with fat sup-
pression showed subchondral changes and
bone marrow edema.

which was classified into 4 stages (Koshino 1982): stage 1,
normal radiographic appearance; stage 2, a radiolucent sub-
chondral oval lesion or flattening of the convexity of the
condyle, or both; stage 3, expansion of the radiolucent area
surrounded by a sclerotic halo and a calcified plate; stage 4,
secondary osteoarthritic changes. 6 knees with stage-1 disease
had MRI confirmation and, on follow-up, had stage-2 disease
or higher on plain radiographs within 1 year of the onset of
disease.

MRI

We used a 1.5-T GE Sigma Scanner (General Electric Medical
Systems, Milwaukee, WI). Spin-echo pulse sequences were
used exclusively for T1-weighted spin-echo images (repetition
time, 610 ms; echo time, 22 ms) and T2-weighted spin-echo
images (repetition time, 3,500 ms; echo time, 89 ms). Fat-sup-
pressed images were also obtained. A slice thickness of 3 mm
was chosen. The MRI diagnostic criteria for SONK included
a discrete low-intensity area on the T1-weighted image and
a corresponding low-intensity area with a surrounding high-
intensity area, suggestive of bone marrow edema, on the
T2-weighted and fat-suppressed images of the medial femoral
condyle (Lotke and Ecker 1988, Lecouvet et al. 1998).

All the SONK patients had findings in the weight-bear--
ing area on MRI. In addition, we used the necrotic angle to
measure the size of the epiphyseal lesion on MRI (Mont et
al. 2000). The arcs of involvement of the subchondral lesion
were measured using the center of the radius of the lesion, as
measured from the epiphyseal scar in the sagittal and coro-
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Figure 4. The necrotic angle (Mont et al. 2000) was measure in the sag-
ittal plane (A) and the coronal plane (B). The 2 angles were summed to
give the combined necrotic angle. In this case, the combined necrotic
angle was 108° (40° + 68°).

nal planes (Figure 4). The 2 angles were summed to give the
combined necrotic angle, which was used to assess the total
lesions. Lesions of 150° or less were categorized as small,
lesions of 151-249° were categorized as medium, and lesions
of 250° or more were categorized as large.

BMD

We measured the BMD values at L2-1L4 in the lumbar spine,
the femoral neck, and the knee condyles using a QDR-4500
bone densitometer (Hologic Inc., Bedford, MA). We found no
evidence of ipsilateral femoral neck BMD loss compared with
the contralateral femoral neck BMD in either the SONK group
or the OA group (p = 0.9 and p = 0.4, respectively). The BMD
measurements for the knee condyles were performed with the
patient in the supine position on the scanning table, with the
knee flexed at an angle of 20° and the axis of the tibia parallel
to the scanning table. In the tibial condyles, 5 square regions
of interest were marked under a line on the proximal tibia.
The medial tibial condyle BMDs in 2 medial square regions of
interest and the lateral tibial condyle BMDs in 2 lateral square
regions of interest were calculated for the tibia (Figure 5). In
addition, we calculated the lateral and medial femoral con-
dyle BMDs in square regions of interest of the same size as
those on the proximal tibia marked on the femoral condyles.
The ratios of the medial condyle BMD to the lateral condyle
BMD (medial-lateral ratios) in the femur and tibia were used
as parameters for comparisons of the BMDs at both condyles.
Previous data have shown that this method is reliable (Aka-
matsu et al. 1997).

The patients were categorized according to the WHO defini-
tion (1994). A T-score of more than —1 was defined as normal,
osteopenia was defined as a T-score of —1 to —2.49, and osteo-
porosis was defined as a T-score of —2.5 or less. In addition,
low BMD was defined as a T score of —1 or less, which meant
the sum of osteopenia and osteoporosis.

Statistics
Data were expressed as the mean with 95% confidence inter-

Figure 5. An AP dual X-ray absorptiometry image of the right knee of a
74-year-old woman 7 weeks after the onset of pain (the same patient
as in Figure 2) showing a necrotic lesion surrounded by a sclerotic
area in the medial femoral condyle. In the tibial condyles, five square
regions of interest were marked on the frontal view. A line extending
to the lateral and medial edges of the proximal tibia was divided into
5 equal lengths and 5 square regions of interest were marked under-
neath it. The medial tibial condyle BMDs in the 2 medial square regions
of interest and the lateral tibial condyle BMDs in the 2 lateral square
regions of interest were calculated for the tibia. In addition, the lateral
and medial femoral condyle BMDs were calculated in square regions
of interest of the same size as those on the tibial condyles located on
a line passing through the tips of the medial and lateral condyles, with
the midpoints of their distal sides at the points of contact.

val (CI). Values were checked for normal distribution with
the Shapiro-Wilk test. Differences between the groups were
determined by Student’s t-test for continuous variables with
normal distribution (age, height, weight, femorotibial angle,
lumbar spine BMD, femoral neck BMD, lateral femoral con-
dyle BMD, medial tibial condyle BMD, lateral tibial condyle
BMD, and medial-lateral ratios); the Mann-Whitney test
was used for continuous variables without normal distribu-
tion (BMI, Knee Society scores, and medial femoral condyle
BMD); and the Pearson chi-square test (low BMD or normal
based on the T scores at the lumbar spine) or Fisher’s exact
probability test (low BMD or normal based on the T-scores
at the femoral neck) was used for nominal variables. SPSS
software version 17 was used for the statistical analyses.
Values of p < 0.05 were considered significant. We performed
a priori power analysis to ensure that the study was not under-
powered. Since were no similar previous studies, we com-
pared the BMDs between the two groups using a Cohen’s
large effect size of 0.8 and a significance level of 0.05. We
found that 80% power corresponded to a sample size of 26
subjects per group.
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Table 1. Patient characteristics. The values are given as mean (95% Cl)

The mean femoral neck BMD was lower
in the SONK group than in the OA group

(CI for difference: —0.12 to -0.04; p <

Variable SONK OA 95% Cl p-value

(n=26) (n=26) for difference 0.001). All the knees in the SONK group
B a had low BMDs at the femoral neck, and 20
N, om 180 (147152 152 (o184 521015 0as  of26kncesinthe OA group had low BMDs
Weight, kg 55 (52-59) 55 (52-58) -4.0t045 092 at the femoral neck (p = 0.02). However,
ﬁOdy mass index, kg/m? 25 (23-26) 24 (25-25) 0.4° there was no statistically significant differ-

nee Society score, points . .
Knee ) 53 (48-58) 72 (66-78) <0.001P ence in mean lumbar spine BMD between
Pain 20 (17-24) 35 (31-39) <0.001b the 2 groups. The mean lateral femoral and
Function 47 (40-53) 77 (68-86) <0.001°  ipial condyle BMDs were significantly
a Student's t-test. lower in the SONK group than in the OA
b Mann-Whitney test. group (CI for difference: -0.19 to —-0.07,
p < 0.001; and CI for difference: —0.20 to
Table 2. Imaging findings -0.06, p < 0.001, respectively). However,
the mean medial femoral and medial tibial
Variable SONK oA 95%Cl  pvalue condyle BMDs were similar betweeq the
(n = 26) (n=26) for difference two groups. The mean femoral and tibial
medial-lateral ratios were significantly
Femorotibial angle (°) 180 (179-181) 179 (178-190) -0.2t0 2.1 0.12 higher in the SONK group than in the OA

Kellgren-Lawrence grade (knees)

Grade 1 5 0

Grade 2 19 8

Grade 3—4 2 18
Radiographic stage (knees)

Stage 1 7

Stage2 19

Stage 3t0 4 0

Combined necrotic angle (°)
Lesion size (knees)

165 (154-176)

group (CI for difference: 0.17-0.58, p =
0.001; and CI for difference: 0.01-0.34,
p = 0.04, respectively) (Table3).

Discussion

We found that BMD of the femoral neck,
lateral femoral condyle, and lateral tibial
condyle were significantly lower in the

Small 7
Medium 19
Large 0
2 Student’s t-test.
Results

2 of the authors (YA, NM) measured the femorotibial angle on
135 knee radiographs and the interobserver interclass correla-
tion coefficient was 0.996. In addition, the same authors clas-
sified the SONK lesions, and the kappa coefficient to deter-
mine the interobserver agreement of the radiographic staging
was 0.88.

At entry into the study, the mean Knee Society knee, pain,
and function scores were higher in the OA group than in the
SONK group (Table 1).

All knees with spontaneous osteonecrosis had femorotibial
angles of more than 174°; the Kellgren and Lawrence grades
were grade 1 in 5 knees, grade 2 in 19 knees, and grade 3 in
2 knees. In the OA group, the Kellgren and Lawrence grades
were grade 2 in 8 knees and grades 3—4 in 18 knees. The radio-
graphic stages of SONK at the time of diagnosis were stage
1 in 7 knees and stage 2 in 19 knees. The mean combined
necrotic angle of the SONK group was 165°. Small lesions
were noted in 7 knees and medium lesions were noted in 19
knees (Table 2).

SONK patients than in the OA patients.

Also, the femoral and tibial medial-lat-

eral ratios were significantly higher in the

SONK patients than in the OA patients.

Our findings support the subchondral
insufficiency fracture theory for the onset of SONK from low
BMD in women > 60 years of age.

The SONK group had a significantly lower BMD at the fem-
oral neck than the OA group, and all the SONK patients had
low BMDs at the femoral neck. In addition, similar to the case
of the femoral neck, the SONK group had significantly lower
BMDs at the lateral femoral and lateral tibial condyles than the
OA group. The lateral condyle BMDs represent the BMD of
the ipsilateral lower extremity in all of the knee condyles, as we
found in a previous study (Akamatsu et al. 2009). These find-
ings therefore suggest that recent onset of SONK has an asso-
ciation with low BMD in women over 60 years. The SONK
group had lower BMD values at the femoral neck, but not at
the lumbar spine, than the OA group. The hip is less affected
by OA with age than the spine. Because lumbar spine osteo-
phytes affect most subjects over 60 years and indicate false
higher lumbar spine BMD values, diagnosis of osteoporosis in
the elderly should be based on hip BMD (Liu et al. 1997). We
therefore evaluated the BMD values at the femoral neck.
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Table 3. BMD at various locations and medial-lateral ratios. The values are given as mean (95% CI)

Variable SONK OA 95% CI p-value
(n=26) (n=26) for difference

Lumbar spine BMD, g/cm? 0.79 (0.73-0.84) 0.84 (0.79-0.89) -0.13t0 0.02 0.2b
Based on the T score at the lumbar spine

Low BMD 2/ Normal BMD (knees) 20/6 20/6 1.0
Femoral neck BMD, g/cm? 0.54 (0.51-0.56) 0.62 (0.59-0.65) -0.12t0 -0.04 <0.001P
Based on the T score at the femoral neck

Low BMD 2/ Normal BMD (knees) 26/0 20/6 0.01
Medial femoral condyle BMD, g/cm? 1.04 (0.96-1.12) 1.02 (0.95-1.09) 1.0¢
Lateral femoral condyle BMD, g/cm? 0.57 (0.53-0.61) 0.70 (0.65-0.75)  -0.19t0~0.07 <0.001°
Femoral medial-lateral ratio 1.86 (1.69-2.03) 1.48 (1.36-1.60) 0.17 t0 0.58 0.001 P
Medial tibial condyle BMD, g/cm? 0.78 (0.69-0.86) 0.82 (0.75-0.89) -0.1510 0.04 0.2b
Lateral tibial condyle BMD, g/em? 0.52 (0.48-0.57) 0.65 (0.60-0.71) -0.20 to —0.06 <0.001b
Tibial medial-lateral ratio 1.45 (1.31-1.59) 1.27 (1.18-1.36) 0.0110 0.34 0.04b

2| ow BMD was defined as a T score of -1 or less.
b Student's t-test.
¢ Mann-Whitney test.

Abnormal medial-lateral ratio, which is a parameter for
comparison of the medial condyle BMD with the lateral
condyle BMD, in patients with knee OA is associated with
increases in varus deformity (Akamatsu et al. 1997), bone
marrow lesions, osteophytes, joint space narrowing, and scle-
rosis (Lo et al. 2006). We have found study on the comparison
in the medial-lateral ratios between the SONK and the OA
groups. The higher femoral medial-lateral ratio in the SONK
group than in the OA group in our study corresponds to previ-
ous scintigraphic findings that the mean medial-lateral ratios
of the distal femur plus proximal tibia in the early phase of
SONK were higher than the ratios in knee OA (Muheim et al.
1970). We speculate these results show new bone formation
accompanying the onset of SONK. We detected bone forma-
tion in the medial femoral condyle prior to the radiographic
detection of the surrounding sclerotic halo.

Previous papers (Houpt et al. 1983, Mears et al. 2009, Rob-
ertson et al. 2009) have suggested the presence of preexisting
knee OA in patients with SONK. It is likely that knee OA is
common in women older than 60 years, and that most of our
SONK patients had knee OA before the onset of osteonecro-
sis. We found Kellgren-Lawrence grades of 2 or higher in the
knees of 21 of the 26 patients with SONK. This finding of pre-
existing knee OA in our SONK group is similar to published
results (Houpt et al. 1983, Mears et al. 2009). Furthermore,
overlying degenerative cartilage changes and medial menis-
cus or meniscal root injury (Ahlbdck et al. 1968, Robertson et
al. 2009), which could be degenerative osteoarthritic changes,
may weaken the load-bearing capacity (Narviez et al. 2003)
and occur with increased loading at the medial femoral con-
dyle, resulting in subchondral fracture. Thus, the pathogenesis
of SONK may not only be related to low BMD but also to
preexisting knee OA.

The degree of the combined necrotic angle on MRI corre-
lates with the prognosis (Mont et al. 2000, Yates et al. 2007),

with one report describing patients who had small combined
necrotic angles of 150° or less and who were all clinically
recovered at mean 5 months after the onset of disease (Yates
et al. 2007). The mean combined necrotic angle in our SONK
group was 165°. One reason for this difference may be related
to the fact that our SONK patients all had lesions in the weight-
bearing area, unlike in the previous study (Yates et al. 2007).

Our study design had several limitations. First, since we
limited our study to subjects who presented within 3 months
of the onset of clinical symptoms, only a small number of eli-
gible patients were enrolled—and all cases were diagnosed
with stage-1 or stage-2 disease using plain radiographs. The
unremarkable radiographic changes delayed the diagnosis
(Ahlbick et al. 1968), and it was difficult to compile patients
with SONK at the early stage after disease onset. Second, the
lower Knee Society function score in the SONK group than
in the OA group resulted from restricted activities of walk-
ing and climbing or descending stairs because of severe pain.
However, we considered that limiting the duration to within 3
months of the onset of symptoms minimized the influence of
disuse osteoporosis, because we found no evidence of differ-
ences between the bilateral femoral neck BMDs in the SONK
group and the OA group at entry into our study. The distinc-
tions between SONK and the osteonecrotic-like lesions found
in knee OA using MRI were equivocal (Ahuja and Bullough
1978). Therefore, the criteria of typical clinical presentations
(Ahlbéck et al. 1968, Lotke and Ecker 1988) and lesions in the
weight-bearing area (Lotke and Ecker 1988) were essential for
diagnosis of SONK in our study.

A recent report has indicated that the use of bisphosphonate
prevents collapse in osteonecrosis of the femoral head (Lai
et al. 2005). Future investigations should consider whether
increasing the BMD, including the use of medications for
osteoporosis, is an appropriate nonoperative approach to treat-
ment of patients with SONK.
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Abstract
Objective Excessive mechanical stress on the cartilage
causes the degradation of the matrix, leading to the osteo-
arthritis (OA). Matrix metalloproteinases 13 (MMP13)is a
major catalytic enzyme in OA and p38 plays an important
role in its induction. However, precise pathway inducing p38
~activation has not been elucidated. We hypothesized here
that the small GTPase Rho and its effector ROCK might
function in upper part of the mechanical stress-induced
matrix degeneration pathway.
Methods Bovine metacarpal phalangeal articular cartilage
explants were loaded with 1 MPa dynamic compression for
6 h with or without a ROCK specific inhibitor Y27632 or/
and a p38 specific inhibitor SB202190. Then p38 phos-
phorylation and MMP13 expression were assessed by
western blot or/and quantitative RT-PCR. Rho-activity was
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measured by pull-down assay using glutathione S-transfer-
ase fusion protein of Rho binding domain.

Results Cyclic compression caused Rho activation, p38
phosphorylation and MMP13 expression. Both Y27632 and
SB202190 were found to block the mechanical stress-
enhanced p38 phosphorylation and subsequent MMP13
expression.

Conclusions The present results show that p38 phos-
phorylation and MMP13 expression are regulated by Rho/
ROCK activation, and support the potential novel pathway
that Rho/ROCK is in the upper part of the mechanical
stress-induced matrix degeneration cascade in cartilage
comprised of p38 and MMP13.

Keywords Mechanical stress - Osteoarthritis -
Matrix metalloproteinase - Cartilage - Rho/ROCK

Introduction

Alterations of the pattern of weight loading on the joint and
resulting mechanical stresses to the articular cartilage tissue
may be an important risk factor for initiation and progression
of osteoarthritis (OA). In fact, a variety of factors such as joint
instability caused by ligament injury, overuse or obesity can
contribute to the alteration of the mechanical environment in
the joint, and are now regarded as predisposing factors of OA.
[1-6]. In healthy cartilage, chondrocytes mediate matrix
remodeling through a balance between the synthesis and
degradation of the extracellular matrix components. This
process is regulated by cytokines, signaling molecules such as
mitogen-activated protein kinases (MAPKSs), transcription
factors and enzymes, and these factors are influenced by the
mechanical environment [2, 7, 8]. Therefore, the identification
of precise cascades from mechanical stress through
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degradation of the cartilage matrix is urgently needed in
promoting therapeutic strategies to prevent or treat OA.

It is well established that matrix metalloproteinases
(MMPs) accelerate chondrocyte-mediated matrix degrada-
tion. Accumulation of MMPs in the synovial fluids due to
joint injury has been considered to play an important role in
the progression of OA. There are many MMPs involved in
cartilage degradation. MMP13 has been considered as the
major enzyme involved in OA cartilage erosion [9, 10].
Recent observations indicate that p38 is a major signaling
molecule in the induction of MMP13 [11-13]. However,
detailed mechanisms regulated by the p38 activity with the
mechanical stresses have not been clarified. In other cell
types, such as cardiomyocytes, it has been reported that
small GTPase Rho could be activated by mechanical forces
[14]. The Rho family of small GTP-binding proteins
comprises a group of signaling molecules that are activated
by a variety of biologically active substances while the
GTP-bound form of Rho activates ROCK by binding to the
Rho-binding domain (RBD) in ROCK. The ROCK regu-
lates a wide range of biological processes, including
reorganization of the cytoskeleton, transcriptional regula-
tion, cell motility, mitogenesis and apoptosis [15, 16]. It
has also been suggested that some major signaling mole-
cules in cell physiology including p38 [17, 18] exists as
down-stream of the Rho/ROCK signaling cascades.

Here, we focused small GTPase Rho and its effector
ROCK as a primary transducer of mechanical stress. Our
hypothesis is that Rho/ROCK activity is essential in the
mechanical stress-induced p38 activation and MMP13
expression. To determine above hypothesis, we applied
" cyclic compression on bovine cartilage explants and
observed Rho activity, p38 and MMP13 expressions.

Materials and methods

Preparation of the bovine cartilage explant
and compression experiment

Full thickness explants of articular cartilage (5 mm diam-
eter) were harvested from the condylar ridge of the
metacarpophalangeal joints of freshly slaughtered calves
about 10 months of age, which were donated from the local
slaughterhouse. The explants were cultured in «MEM
(Invitrogen, Carlsbad, CA, USA) with 10 % heat inacti-
vated FCS, and 1 % penicillin/streptomycin (Invitrogen).
All compression experiments were performed after allow-
ing explants to equilibrate in culture for 72 h after harvest
as previously reported [19]. The test and control explants
were removed from adjacent sites on the joint surfaces and
paired at harvest to minimize the site-dependent variations.
For each experiment, the explants were placed into
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individual compression wells in 1 ml of culture medium.
Prior to the compression treatment, the cartilage explants
were precultured in serum-free culture medium composed
of 0.1 %BSA (Sigma-Aldrich, St. Louis, MO, USA),
DMEM/F-12, 1 % insulin-transferrin selenium (Invitro-
gen), 1 % sodium pyruvate (Invitrogen) and 1 % anti-
biotic and anti-micotic solution for 24 h to avoid unnec-
essary evocation of signaling molecules by FCS. We used
Y27632 (Wako Pure Chemical Industries, Osaka, Japan) at
30 pM to inhibit Rho-kinase activity and SB202190 (Wako
Pure Chemical Industries) at 15 pM to inhibit p38 activity.
All experiments were performed at 37 °C and 5 % CO,,
95 % in air. Compressive loads were applied to individual
explants using the Biopress system: the Flexercell Com-
pression Plus System, FX-4000C (Flexcell International,
NC, USA). Mechanical loads were applied as a square
waveform at 0.5 Hz (1 s on, 1s off) corresponding to
stress magnitudes of 1 MPa for 6 h to induce degenerating
reactions as previously reported [20, 21]. All control
specimens were cultured in an unloaded state.

Fluorescent microscopic observation of the activated
p38 in the compression-treated cartilage

The compression-treated cartilages were placed in Tissue-
Tek cryomolds (Sakura Fine Tek, Tokyo, Japan), embed-
ded in Tissue-Tek OCT compound and frozen on dry ice.
Cryosectioning was performed on a Leica CM3050S
cryomicrotome (Leica Instruments, Houston, TX, USA).
Eight micrometer serial sections were adhered to Poly-prep
poly-L-lysine coated slides and visualized on a microscope.
Then the slides were fixed in Mildform 10 N for 1 h,
washed twice with PBS and blocked by Block ace (Dai-
nippon Pharmaceutical, Osaka, Japan) for 1h. For
immunofluorescent observation, the specimens were incu-
bated with 1/200 diluted anti-phospho-p38 (T180/Y182)
rabbit monoclonal antibody (Cell Signaling Technology,
Inc., MA, USA, #4511) in 4 °C overnight. The specimens
were then washed twice with PBS containing 10 % Block-
ace, incubated with 1/1,000 diluted FITC-conjugated anti-
rabbit IgG bovine secondary antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA). After twice washing,
FITC labeled specimens were stained with 1/1,000 diluted
DAPI and observed using a fluorescent microscope (BZ-
9000, Keyence, Osaka, Japan).

Western blot analysis

Cartilage explants or cultured chondrocytes were collected,
homogenized in SDS buffer (4 % SDS, 125 mM tris—gly-
cine, 10 % 2-mercaptoethanol, 2 % bromophenol blue in
30 % glycerol) and subjected to polyacrylamide gel elec-
trophoresis in the presence of SDS (SDS/PAGE) followed
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by electrotransfer onto PVDF membrane (Hybond-P;
Amersham Pharmacia Biotech, Buckinghamshire, UK).
The blotted membranes were blocked overnight with Block
ace and treated with each primary antibody overnight at
4 °C. Antibody incubations and washes were performed in
0.1 %Tween-20 in PBS throughout. Detection was realized
by enhanced chemiluminescence with an ECL plus western
blotting detection system (Amersham Pharmacia Biotech,
Buckinghamshire, UK) and CCD-based chemiluminescent
analyzer LAS 4000. Relative expression level of Rho was
quantified by normalizing western blot signals to the
housekeeping protein GAPDH. Primary antibodies used in
this study were as follows: anti-GAPDH mouse monoclo-
nal antibody (Abnova, Taipei, Taiwan, 226-335); anti-
phospho-p38 (T180/Y182) rabbit monoclonal antibody
(Cell Signaling Technology, Inc., #4511); anti-p38 rabbit
polyclonal antibody (Cell Signaling Technology, Inc.,
#9212); anti-MMP13 sheep polyclonal antibody (AbD
Serotec, Oxford, UK, #5980-1311).

Rho activity analysis

For Rho GTPase analysis, we performed GST pull-down of
activated Rho proteins using Active Rho Pull-Down and
Detection Kit (Pierce Biotechnology, IL, USA).

Briefly, explants were homogenized by handy-type
homogenizer (Multipro 395; Dremel Corporation, WI,
USA) in Lysis buffer. Cultured chondrocytes were washed
twice with ice-cold PBS and lysed by Lysis buffer. Then
the lysates were centrifuged and the supernatants were
incubated with affinity gel-bound GST-Rhotekin RBD
fusion protein that specifically binds GTP-Rho, and affinity
purification was performed with glutathione agarose resin.
Total cell lysate or pull-down material was resolved by
10 % SDS-PAGE, followed by immunoblotting with anti-
Rho rabbit polyclonal antibody (Thermo Scientific Inc.,
MA, USA).

Primary culture of the bovine articular chondrocyte
and Rho activation by lysophosphatidic acid (LPA)
treatment

Chondrocytes were isolated from the articular cartilage by
enzymatic digestion with 2 mg/ml of collagenase (Wako
Pure Chemical Industries, Osaka, Japan) for 12 h at 37 °C.
After filtration, cells were seeded in culture plates and
cultured in 10 % FCS supplemented «MEM. Cells were
cultured at 37 °C and 5 % CO,, 5 % O,. Prior to exposure
of LPA, the bovine primary chondrocytes were precultured
in serum-free culture medium composed of 0.1 % BSA
(Sigma-Aldrich, St. Louis, MO, USA), DMEM/F12, 1 %
insulin-transferrin  selenium (Invitrogen), 1 % sodium
pyruvate (Invitrogen) and 1 % anti-biotic and anti-micotic

solution for 24 h. To induce Rho activation, 5/10/20 uM
LPA (BIOMOL International, PA, USA) was added and
cultured for 6 h before analysis of the MMPI3 gene
expression by quantitative RT-PCR. For inhibition exper-
iment of p38 or ROCK signaling, SB202190 or Y27632
were added at 1/5/15 or 1/10/30 pM at the same time with
LPA administration.

RNA extraction, reverse transcription and quantitative
RT-PCR (gRT-PCR) analysis

Explants or cultured chondrocytes were treated with TRI-
zol reagent (Invitrogen) and cDNA was prepared from total
RNA using random primers under standard conditions with
the High Capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). Quantitative RT-PCR
was performed using Perfect real-time SYBR green II
(Takara Bio, Inc., Shiga, Japan). PCR amplifications were
performed with the Thermal Cycler Dice Real Time PCR
System (Takara Bio, Inc.) at 95 °C for 10 s followed by 40
cycles of 95 °C for 5's, 60 °C for 30 s. To quantify the
relative expression of each gene, the Ct (threshold cycle)
values were normalized for endogenous reference
(ACt = Ctaprpis — Clgapang) and compared with a cali-
brator, using the AACt method (AACt = ACtympie —
ACt aibrator)- Each primer pair used in this study were as
follows:

Gapdh forward GTGAAGGTCGGAGTGAACG;
reverse TAAAAGCAGCCCTGGTGAC,
MMPI13 forward TCCCTTGATGCCATAACCAGTC;
reverse AACAGCTCTGCTTCAACCTGC. ,

Statistical analysis of the data

Significant difference was detected by Tukey—Kramer HSD
test or Student’s ¢ test. A p value of less than 0.05 was
considered significant difference.

Results

Cyclic compression provoked small GTPase Rho
activation, p38 phosphorylation and MMP13
expression

First, we determined whether MAPK p38 and its down-
stream molecule MMP13 could be induced by applying the
cyclic compression. Phosphorylated p38 was detected at
0.5, 1, 3 and 6 h. MMP13 expressions were detected after
3 h compression (Fig. 1a). When observed by immuno-
fluorescence with an antibody to the phosphorylated p38,
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Fig. 1 Effect of compression load to the bovine cartilage explants.
a Western blot analysis for p38 and MMP13. Phosphorylated p38 (P-
p38) was detected in all compressed samples and MMP13 expressions
were detected in the samples stimulated for 3 and 6 h. T-p38 means
total p38. b Immunofluorescent observation of the phosphorylated
p38 (P-p38)

clear localization to the nuclei after 6 h continuing com-
pression (Fig. 1b). From these results, we concluded that
6 h compression at the present condition was sufficient to
initiate the mechanical stress induced matrix-degrading
reaction. Then we examined Rho activity to confirm par-
ticipation of Rho into the mechanical stress-induced
reaction, and found that the Rho activation was initiated at
0.1 h of compression and continued to at least 6 h of
compression (Fig. 2a). When the activation was quantified
approximately 30 times significant increase of the activated
Rho was found after 6 h of compression (Fig. 2b).

Rho activation induced p38 phosphorylation
and subsequent MMP13 expression in cultured

chondrocyte

Although some major signaling molecules including p38
exist in down-stream of the Rho/ROCK signaling cascades
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Fig. 2 Rho activation by the cyclic compression stimulation. a Acti-
vated Rho was detected by GST-pull down method in compression
treated samples. b Densitometry based quantification of GTP bounded
Rho (GTP-Rho). Asterisk means significant differences at p < 0.05.
Bars show the mean score of three independent experiments and bars
depict SD

[17], the effect of Rho/ROCK activation on chondrocyte is
still unclear. Then we examined whether Rho activation can
bring p38 phosphorylation and subsequent induction of
MMP13 expression in chondrocyte by stimulating the
bovine primary chondrocyte with LPA, which can chemi-
cally invigorate the Rho activity. LPA dramatically activated
Rhbo (Fig. 3a), and caused p38 phosphorylation (Fig. 3b).
Furthermore, an increase of MMP13 expression in LPA
treated chondrocyte was observed by western blot and gRT-
PCR. Administration of SB202190, a selective inhibitor of
p38 mitogen-activated protein kinase, into the LPA treated
chondrocyte resulted in suppression of the MMP13 gene
expression in dose dependent manner (Fig. 3c). On the other
hand, adding SB202190 did not lead to diminishing of the
phosphorylation status of the p38 as previously reported
[22]. Rho-kinase inhibitor Y27632 administration also
attenuated the enhancement of the p38 phosphorylation by
the LPA treatment when observed by western blot and qRT-
PCR (Fig. 3b, c). These results clearly show the possibility
that the Rho activation can lead to upregulation of the p38
phosphorylation and following MMP13 expression.

Mechanical stress induced p38 phosphorylation
and MMP13 upregulation could be inhibited
by administration of ROCK inhibitor

To determine whether p38 phosphorylation and MMP13
expression induced by mechanical stress could be regulated
with Rho/ROCK, we applied mechanical stress on the
cartilage explant in the presence of SB202190 or/and
Y27632. Both SB202190 and Y27632 clearly blocked
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Fig. 3 LPA administration
activated Rho and p38, and
induced MMP13 expression.

a Detection of activated Rho by
GST-pull down. LPA treatment
induced Rho activity. b Western
blot analysis for p38 and
MMP13 of LPA treated primary
chondrocyte. ¢ gqRT-PCR
analysis for MMP13 gene
expression. Different characters
mean significant differences
between each experimental
group at p < 0.05. NT means
non-treated control. All
experimental groups included
the vehicle of SB202190
(DMSO) at same concentration. c
Bars show the mean score of

three independent experiments

and bars depict SD 16
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stress-enhanced p38 phosphorylation and decreased
MMP13 quantity. Interestingly, in the present western blot
analysis, both activated and inactivated forms of MMP13
were decreased by addition of SB202190 or/and Y27632
(Fig. 4a). qRT-PCR analysis also demonstrated that
MMP13 expressions were significantly decreased by the
ROCK inhibition (Fig. 4b). At least in the present study,
clear differences were observed in the strength of the
inhibition effect to the MMP13 expression between the
S$B202190 and the Y27632. Thus it is possible to assume
that the main molecular signaling of mechanical stress-
induced matrix degrading reaction leads to MMP13
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expression is simply through Rho/ROCK activation and
p38 phosphorylation, corresponds to our hypothesis.

Discussion

We considered here that Rho/ROCK is a critical element in
the mechanotransduction pathway in the cartilage and
possibly involved in the pressure overload-induced matrix
degeneration reactions of the cartilage.

Recent studies have demonstrated that p38 can be an
effector kinase of mechanotransduction in various types of
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Fig. 4 ROCK inhibition blocked the cyclic compression induced p38
phosphorylation and MMP13 expression. a Western blot analysis for
p38 and MMP13. b qRT-PCR analysis for MMP13. Both SB202190
(p38 inhibitor) or/fand Y27632 (ROCK inhibitor) supplementation
during compression treatment blocked mechanical stress induced
MMPI3 expression. Asterisk means significant differences at
p <0.05. All experimental groups included the vehicle of
SB202190 (DMSO) at same concentration. Bars show the mean
score of three independent experiments and bars depict SD

cells. Its function was closely related to chondrocyte matrix
metabolism and cell physiology, for example it was shown
that p38 could lead to inducing expression of transcription
factor Sox9, which regulates the expression of several
cartilage-specific matrix components via p38 phosphory-
lation [23]. Functions of p38 in the cartilage development
are important; inhibition of p38 by a dominant-negative
(DN) construct, which can interfere with p38 activation
results in deficient endochondral bone formation and death
shortly after birth. Even if the DN mutation occurs in
monoallelic, the heterozygotes represent articular cartilage
defects in the knee joints [24]. These facts apparently
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indicate that p38 is basically essential to articular cartilage.
On the other hand, in adult articular tissues, p38 is known
to play an important role in inflammatory processes and
some evidence suggests that the activity of the p38 can
bring about negative effects for the cartilage matrix
maintenance [25, 26]. In both OA and rheumatoid arthritis
(RA) chondrocytes, it has been shown that p38 is selec-
tively activated to increase MMP13 in response to an
inflammatory cytokine IL.-1 [13]. Furthermore, Ziegler
et al. [27], demonstrated that mechanical stress induced
p38 activation could result in MMP13 expression using
periodontal ligament cells. Also in the present study,
loading of compressive stimulation led to increased p38
phosphorylation and subsequent MMP13 expression.
Though the detailed meaning of the mechanical stimula-
tion-reacted evocation of p38 is up for debate, at least these
facts suggest that p38 is a major signaling molecule in the
induction of MMP13 in articular cartilage, and exploring
the upper molecule of p38 is necessary to control the
mechanical stress-inducible matrix degeneration reaction
of the cartilage. Interestingly, it was reported that the
mechanical stimulation-induced p38 phosphorylation is
dependent on the a-smooth muscle actin (SMA) filament-
dependent pathway [18]. In this work, it was also demon-
strated that inhibition of Rho kinase intensely blocked
SMA filament assembly, and subsequent mechanical
stress-induced p38 activation. Upregulation of Rho activity
by mechanical forces has already been demonstrated in
various types of cells [14, 28-30] and the direct evocation
of p38 phosphorylation by Rho/ROCK has also been
reported in cancer cells [17]. Therefore, it is reasonable to
consider that small GTPase Rho and its effector kinase
ROCK may function in the upper part of the mechanical
stress-induced matrix-degrading cascade in cartilage com-
prised of p38 and MMP13.

Clinically, most important finding from this study may
be a fact that the ROCK inhibition actually showed
inhibitory effect of p38 and MMP13. To date, specific
inhibitors to p38 would be anticipated as novel medicine to
RA and OA [31, 32]. On the other hand, since p38 also
relates to development and maintenance of chondrocyte
specific characteristics, complete interception may result in
serious side effects such as defective regeneration of the
injured tissues. It is possible that Rho/ROCK inhibition
brings about novel alternative strategies for controlling the
stress cascades while leading to unfavorable p38 activation
and followed by negative reactions of chondrocyte, since it
does not directly target p38 and not inhibit p38 activity
completely.

To date, some beneficial effects by targeting of ROCK
by the specific inhibitor has already determined in patients
with cardiovascular diseases such as systemic hypertension
[33] and chronic heart failure [34]. However, little is
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known about the molecular mechanisms that contribute to
increased Rho/ROCK activity or the downstream targets of
the Rho/ROCK. The Rho/ROCK functions in chondrocyte
are also almost uncovered, but some researchers reported the
negative effects of Rho/ROCK on the chondrocyte pheno-
type. In recent studies it was described that the effects of
Rho/ROCK  signaling on chondrogenesis appear to be
mediated by regulation of both expression and activity of the
Sox9 [35]. RhoA, which is the predominant Rho isoform
and important possible activator of ROCK, especially
inhibits both chondrogenesis and hypertrophic chondrocyte
differentiation, while inhibition of RhoA or ROCK promotes
chondrocyte maturation. Tew et al. [23] reported that ROCK
inhibition by Y27632 increased Sox9 expression in articular
chondrocytes, and Novakofski et al. [36], confirmed that
inhibition of RhoA by the Rho antagonist C3 transferase
increased expression of Sox9 and its target genes collagen II
and aggrecan. Importantly, there are reports demonstrating
activation of the RhoA in chondrocyte by inflammatory
stimulation, such as the cytokine interleukin 1o [36] or
transforming growth factor « [37], and the Rho/ROCK sig-
naling is involved in catabolic pathways of chondrocyte
homeostasis such as expression of MMP13. Also in our
studies, ROCK activation by the overload of the mechanical
stress brought about the MMP13 expression. On the other
hand, insulin-like growth factor 1, which is an anabolic
factor known to plays a key role in the regulation of chon-
drocyte proteoglycan (PG) metabolism, was reported to
repress the RhoA activity [36] contrarily. These results
suggest that the Rho/ROCK activity is fundamentally
evoked when the cartilage is exposed to the unfavorable
extracellular factors such as inflammatory cytokines or
destructive mechanical stress, and control of its function
directly may lead to inhibit the collagenolytic molecules and
to enhance the chondrogenesis.

In contrast, Woods et al. [38] demonstrated that the ROCK
inhibition resulted in diminished mRNA levels of the tran-
scriptional co-activators L-Sox5 and Sox6 and a decrease in
Sox9 activity subsequently in the three-dimensional micro-
mass cultures of mouse primary limb mesenchymal cells.
Interestingly, they previously reported that Rho/ROCK inhi-
bition results in the enhancement of chondrogenesis such as
Sox9 activity and collagen II and aggrecan expression in
monolayer cultures of a chondrocytic cell line ATDCS and
primary chondrocytes [39], and they concluded that the role of
Rho/ROCK was dependent on the cellular context [38]. To
date, it was also broadly accepted that the moderate
mechanical stimulation enhances matrix synthesis of the
chondrocyte [40~42]. From this aspect, if the Rho/ROCK is a
common sensor of the wide mechanotransduction, we need to
assume the potential risk of complete ROCK inhibition that
may leads to diminution of chondrocyte matrix synthesis on
the cartilage tissue level. Moreover, the present results were

obtained in the model study using bovine normal cartilage
tissue with the serum-free condition, thus we think over-
interpretation for clinical utility should be avoided. In the
actual condition of the OA joint, the injured cartilage may
receive multiple stresses adding with the mechanical force in
synovial fluid including inflammatory cytokines. Therefore,
actual reproducibility in the human OA joint and the realistic
value of drugs targeting Rho/ROCK in the treatment of OA
needs to be carefully examined in future studies. However,
based on some results in vitro and an evidence of pharmaco-
logical effects such as pain reduction and chondroprotective
effect of a ROCK inhibitor in the rat OA model [43], itis clear
that the Rho/ROCK inhibitors are interesting candidates for
OA treatment. Detailed elucidation for the function of Rho/
ROCK in chondrocyte will directly lead to novel and effective
way for prevention and cure of OA.
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MicroRNAs (miRs) are ~ 22 nucleotide non-cording forms of RNA and exhibit tissue or developmental stage
specific expression patterns. Recent findings show taht the expression of miR-140, which is specifically ex-
pressed in chondrocytes, is reduced in OA chondrocytes. Furthermore, knockdown of miR-140 in mice chon-
drocytes promotes arthritis in mice. In addition to this, several other miRs have also been shown to play im-
portant roles in chondrocytes. Thus, miRs should be critical factors for cartilage development and homeostasis.
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