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s u m m a r y

Objective: This study aimed to determine whether treadmill walking (TW) prevents the progression of
post-traumatic osteoarthritic changes in cartilage-subchondral bone unit, and whether the exercise
timing changes the exercise efficacy in destabilized medial meniscus (DMM) rat knees.
Design: Twelve-week-oldmaleWistar rats underwent DMM surgery on their right knees and sham surgery
on their left knees andwere assigned to either the sedentary (n¼ 10) orwalking (n¼ 24) groups. The rats in
thewalking groupwere subjected toTW fromday 2 through 4weeks, from4 through 8weeks, or fromday 2
through 8 weeks (n¼ 8 per group). Osteoarthritic changes of cartilage and subchondral bonewere assessed
with micro-computed tomography, histology, and immunohistochemistry 8 weeks after surgery.
Results: TW prevented the progression of cartilage and subchondral bone lesions induced by the DMM,
and increased bone morphogenetic protein (BMP)-2 and -6 expressions in superficial zone chondrocytes
and bone-lining cells including osteoblasts. Furthermore, the TW-induced increase in BMPs varied with
the exercise timing. Beginning TW 4 weeks after DMM surgery was the best option for increasing BMPs,
coinciding with the most robust prevention of osteoarthritic changes.
Conclusions: TW increased the expression of BMPs and prevented the progression of cartilage-
subchondral bone lesions in rat knees with a DMM. Selective exercise timing may be a key factor in
the development of an exercise regimen for preventing the progression of post-traumatic osteoarthritis
(PTOA). Furthermore, exercise may have favorable effects even after the PTOA has been developed.

© 2016 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Post-traumatic osteoarthritis (PTOA) is a common chronic joint
disease, causing approximately 10% of the overall prevalence of

symptomatic knee OA1. Effective viable treatments for PTOA are
required to reduce financial burden, but there is currently a lack of
effective disease-modifying therapies. Although OAwas historically
considered to be primarily a disease of the articular cartilage, it is
now considered to be a whole-joint disease typically accompanied
by subchondral bone lesions2. Accumulated evidence shows that
there is cellular interaction and molecular crosstalk between
articular cartilage and cortical subchondral bone3e5, which may
accelerate the progression of PTOA. A recent study revealed that the
treatment that suppressed abnormal subchondral bone remodeling
prevented secondary cartilage degeneration in an experimental
PTOA model6. Thus, development of better PTOA interventions that
target the entire joint instead of a single tissue, including the
cartilage-subchondral bone unit, is warranted.
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Chondrocytes and bone cells (including osteoblasts, osteoclasts,
and osteocytes) within the cartilage-subchondral bone unit sense
and respond to mechanical stimuli in a magnitude-dependent
manner7. Current understanding from in vitro studies is that
physiological mechanical loading has anti-inflammatory effects
that upregulate the chondrogenic and osteogenic activities of the
joint cells7,8, suggesting that exercise intervention may act as a
disease-modifying therapy for PTOA. However, there is a lack of
evidence of exercise efficacy on the cartilage-subchondral bone
unit in PTOA knees in vivo. Based on these ideas, we recently
demonstrated that moderate level treadmill exercise was effective
in preventing osteoarthritic changes to the cartilage-subchondral
bone unit in the rat model of destabilized medial meniscus
(DMM) through 4 weeks after surgery9. The pathologic changes in
the cartilage and subchondral bone alterations in this model are
similar to the changes seen in human PTOA10. Because 4 weeks
post-DMM would be still considered the transient period, further
investigation into the effects of exercise targeting the cartilage-
subchondral bone unit at later times, after PTOA has more devel-
oped, would be of interest.

Subjects in human OA clinical trials are likely to be at various
stages of the disease when an exercise intervention is initiated11.
Conversely, exercise is often initiated in pre-clinical animal models
shortly after the PTOA process begins12,13. Given that there is phasic
development of PTOA with early matrix remodeling and tran-
scriptional activity in an experimental PTOA model14, the response
to intervention for treating PTOA would depend on the timing of
the intervention. Nam et al. showed that the extent of cartilage
damage at the initiation of moderate level exercise determined its
effectiveness by having different regulatory effects on pro-
inflammatory gene networks or matrix synthesis in
monoiodoacetate-induced arthritis15. However, whether selective
initiation timing of moderate level exercise can more effectively
prevent cartilage-subchondral bone unit osteoarthritic changes is
still unknown.

The purpose of the current study was: (1) to examine the long-
term effects of moderate level treadmill exercise during the
development of PTOA on the cartilage-subchondral bone unit, and
(2) to investigate how the timing of initiation of exercise affects the
efficacy of the exercise on the cartilage-subchondral bone unit, in a
DMM rat model. The general hypotheses were that treadmill ex-
ercise prevents the progression of cartilage-subchondral bone
osteoarthritic changes, and that exercise started shortly after DMM
induction can better prevent the osteoarthritic changes than that
started after PTOA has developed.

Method

Animals and surgical induction of osteoarthritis

This study was approved by the animal research committee of
Kyoto University (approval number: Med Kyo 15025) and con-
ducted accordance with ARRIVE guideline16. Twelve-week-old
male Wistar rats (n ¼ 37; mean body weight: 272.1 g) were pur-
chased and kept three or four to a plastic cage in a 12-h light/dark
cycle at constant temperature on sawdust bedding. The animals
could move freely in the cages and had free access to food and
water. The pre-clinical model of DMM was performed as described
previously under anesthesia induced with 0.85 ml/kg somnopen-
tyl9. Briefly, the surgery involved an incision into the medial
capsule and transection of the anterior medial meniscotibial liga-
ment (MMTL) on the right knee. A sham operation was performed
on the left knee joint as an internal control using the same
approach, but without transecting the MMTL.

Gentle treadmill walking (TW) regimens

The animals were randomly assigned to the sedentary (n ¼ 10)
or walking (n ¼ 27) groups post-surgery to avoid any influence
from the date when the surgery was performed. To prevent the
animals from becoming differentially stressed, treadmill perfor-
mance on a 1e5 Likert scale17 was evaluated in each animal in the
walking group, as described previously9. Three of the 27 rats in the
walking group were excluded because they displayed insufficient
Likert scores, leaving 24 rats in the walking group. As described in
Fig. 1, animals in the walking group were randomly assigned to the
DMMþ TW0e8, DMMþ TW0e4, and DMMþ TW4e8 groups (n ¼ 8
per group). Subsequently, the animals in each walking group were
subjected to gentle TW on a motor driven treadmill (Natsume
Seisakusho Co., Tokyo, Japan) at 12 m/min for 30 min/day, 5 days/
week from day 2 through 8 weeks, day 2 through 4 weeks, or 4
weeks through 8 weeks, respectively (Fig. 1). This exercise regimen
was based on a protocol from an earlier study15. Previously, we
found no apparent cartilage degeneration on day 2, and close to
grade 3e3.5 cartilage damage at 4 weeks9, using the Osteoarthritis
Research Society International (OARSI) scoring system established
by Pritzker et al.18; to investigate the effects of exercise on already
degenerated cartilage, TW in the DMMþ TW4e8 group was started
4 weeks after DMM surgery. The animals in the sedentary group
were allowed to move freely in standard cages without any TW for
8 weeks. All rats were euthanized 8 weeks after surgery.

Micro-computed tomography (micro-CT) analysis of subchondral
bone changes

Before histological sectioning, all rat knee joints were scanned
using a micro-CT system (SMX-100CT, Shimadzu, Kyoto, Japan) at
voxel size 21 mm resolution. The reconstructed data sets were
examined using three-dimensional data analysis software
(Amira5.4, Visage, Berlin, Germany). The details of the scanning
protocol and data analysis were recently described9. Briefly, we
evaluated the subchondral bone plate thickness (Sb thickness) in
the weight-bearing region of the medial tibia, defined as a region in
the frontal plane of 0.5 mm mediolateral width and 1 mm ven-
trodorsal length. Additionally, the diameter of maximum sub-
chondral bone cyst (SBC), defined as a tunnel-like corridor
connecting the cartilage and subchondral bone marrow, and
average diameter of three SBCs were measured in each DMM knee
to allow comparison between groups. To analyze the proximal tibia,
the following trabecular bone parameters in the epiphysis distal to
the growth plate were evaluated: the trabecular bone volume
fraction (Trab BV/TV), trabecular bone thickness (Tb.Th), and
trabecular spacing (Tb.Sp)9. To determine whether the Trab BV/TV
changed locally after DMM induction9,19, the subchondral trabec-
ular bone volume fraction (Sb BV/TV) was assessed in the epiphysis
proximal to the medial subchondral bone plate.

Histological preparation and semi-quantitative analysis of
osteoarthritis severity

Decalcified paraffin sections were prepared from the rat knee
joints in the frontal plane according to the OARSI recommendations
described by Gerwin et al.20. Three 6 mm paraffin sections spaced at
200 mm intervals spanning each entire knee joint were stainedwith
toluidine blue to evaluate the severity of cartilage lesions, and
hematoxylineeosin to determine the severity of the subchondral
bone lesions. The OARSI scoring system, consisting of six grades and
four stages on a scale from 0 (normal) to 24 (severe cartilage
lesion)18, was used for semi-quantitative evaluation of cartilage
lesion severity. Themost severe score among the three sections was
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defined as the maximum OARSI score, and the summed total of the
three highest section scores was also determined and defined as
the summed OARSI score. These summed scores provide a measure
of the “extent” of the cartilage lesions, as a representation of their
relative volume, in the medial tibia.

Next, we evaluated the calcified cartilage and subchondral bone
damage score (SB damage score) on a scale from 0 (normal) to 5
(severe subchondral bone lesions) to assess the severity of sub-
chondral bone lesions, as described previously20. Aswas done for the
OARSI score, we calculated the maximum SB damage score and the
summed SB damage score. The OARSI and SB damage scores were
evaluated by a single trained observer (HI), and the intrarater reli-
ability scores were excellent for both the OARSI and the SB damage
scores (intraclass correlation coefficient: 0.92 and 0.97, respectively).

The number of empty osteocyte lacunae per square millimeter
and the total number of lacunae per square millimeter, the lacunae
density, in the subchondral bone surface were also calculated. Data
analysis methods were slightly modified from those described
recently9. Here, we measured the empty osteocyte lacunae and
lacunae density within standardized rectangular fields (100 mm
deep by 500 mm long) in the subchondral bone underneath the
calcified cartilage in the medial tibia.

Histochemical and immunohistochemical analyses

Osteoclasts and osteoblasts were visualized by histochemical
staining for tartrate-resistant acid phosphatase (TRAP) and alkaline
phosphatase (ALP) activities using the TRAP/ALP stain kit (Wako,
Osaka, Japan) according to manufacturer instructions. The distribu-
tion of TRAP- and ALP-positive cells in the subchondral bone was
qualitatively evaluated. Additionally, immunohistochemistry was
performed to determine the tissue distribution of type II collagen,
bone morphogenetic protein-2 (BMP-2) and BMP-6. The antigen
retrieval and blocking stepswere performed essentially as previously
described21. Sections were then incubated with anti-type II collagen
(diluted 1:200; Fine Chemical Co., Toyama, Japan), anti-BMP-2
(diluted 1:100; Abcam Co., Tokyo, Japan), or anti-BMP-6 (diluted
1:200; Abcam) primary antibodies. Detection was performed using
the streptavidinebiotineperoxidase complex techniquewith an Elite
ABC kit, and immunoreactivity was visualized by incubation with
diaminobenzidine solution (Vector Laboratories, Burlingame, CA,
USA) followed by counterstaining with hematoxylin. The primary
antibody was omitted from the negative control slides. The expres-
sion of type II collagen in the medial tibial cartilage was semi-

quantitatively analyzed by measuring the pixel intensity values in
the matrix staining on a scale from 0 to 255 (0 ¼ no staining;
255 ¼ maximum staining), using ImageJ software and methods
slightlymodified from those described previously22. Additionally, the
expression of BMP-2 and BMP-6 in the chondrocytes was defined as
the percentage of BMP-2- and BMP-6-positive chondrocytes within
the middle region of the medial tibia with a mediolateral width of
0.5 mm. The percentage of BMP-2- and BMP-6-positive bone-lining
cells, including osteoblasts, was also evaluated from standardized
rectangularfields (500 mmdeepand500mmlong, excludingSBCarea)
within the subchondral bone of themiddle region in themedial tibia.

Statistical analysis

Statistical analyses were performed using the JMP 11 software
program (SAS Institute, Cary, NC, USA), and data from the following
five groups were analyzed; the DMM-operated knee of the
sedentary group (DMM group) and the three walking groups
(DMMþ TW0e8, DMMþ TW0e4, and DMM þ TW4e8 groups), and
the sham operated knee of the sedentary group (sham group). The
data are displayed as means with uncertainty expressed as 95%
confidence intervals (mean ± 95% CI) for continuous data, and as
medians and ranges (median [lower rangeeupper range]) for cat-
egorical data. All continuous data were assessed for Gaussian dis-
tribution using the ShapiroeWilk normality test, and for
homoscedasticity using Bartlett's test. The differences among the
groups, considering the multiple testing error, were evaluated us-
ing analysis of variance, and post hoc TukeyeKramer tests were
used subsequently for parametric continuous data. The Krus-
kaleWallis tests and subsequently, post hoc SteeleDwass tests were
used for nonparametric continuous data or categorical data. In all
experiments, P-values < 0.05 were considered statistically signifi-
cant. Throughout this text, “n” represents the number of indepen-
dent observations from different animals per group.

Results

Gentle TW prevented the progression of articular cartilage lesions
and increased the expression of BMPs in superficial zone
chondrocytes

As shown in Fig. 2(A), the medial tibial cartilage in the DMM
group showed a severe proteoglycan loss, loss of the superficial
zone, and decrease in the number of chondrocytes. However, the

Treadmill walkingDMM + TW0–8
(n = 8)

DMM (right knee) or 
sham (left knee) surgery

No exercise

Micro-CT
Histological analysis

Treadmill walkingDMM + TW4–8
(n = 8)

Treadmill walking No exerciseDMM + TW0–4
(n = 8)

0

No exercise

5628

Sedentary
(n = 10)

Day(s)

Walking
(n = 24)

: Sacrifice

2

: No exercise

: Treadmill walking

(Week 4) (Week 8)

Fig. 1. Experimental protocols. All rats underwent DMM surgery on their right knee and sham surgery on their left knee and were assigned to either the sedentary group (n ¼ 10) or
the walking group (n ¼ 24). The rats in the walking group were randomly assigned to the DMM þ TW0e8, DMM þ TW0e4, and DMM þ TW4e8 groups (n ¼ 8 per group). The rats in
each walking group were subjected to TW (12 m/min, 30 min/day, 5 days/week) from day 2 through 8 weeks, day 2 through 4 weeks, or 4 weeks through 8 weeks, respectively. At 8
weeks after DMM induction, the rats were euthanized and assessed with micro-CT and histological analyses.
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cartilage in the three walking groups had a smooth surface with
viable superficial zone chondrocytes, particularly in the
DMM þ TW4e8 group, which was evidenced by a significantly
lower OARSI score in this group than that in the DMM group, in
both the maximum (5 [2e9] vs 12 [6e16.5]) and summed (10
[6e21] vs 27 [18e42]) scores [Fig. 2(B)]. The expression of type II
collagen in the cartilage in the DMM group exhibited a 25% lower
staining intensity than that in the sham group (P¼ 0.002), but there
were no significant differences between the DMM group and the
three walking groups [Fig. 2(C)].

Next, we investigated whether TW increased BMP-2 and -6
expressions in the chondrocytes (Fig. 3). Moderate biomechanical
stimuli have been shown to induce BMP-2 and -6 expressions in the
chondrocytes8, increasing proteoglycan and type II collagen syn-
thesis23,24. The results showed weak but widely BMP-2-positive
chondrocytes in the sham group [Fig. 3(A)]. However, in the
degenerated cartilage in the DMM group, there was a decrease in
BMP-2-positive chondrocytes. TW mitigated this loss of BMP-2-
positive chondrocytes to a varying extent depending on the

walking conditions. As shown in Fig. 3(B), only the cartilage in the
DMM þ TW4e8 group showed a significantly higher percentage of
BMP-2-positive chondrocytes than that in the DMM group
(30.3 ± 5.9% vs 18.3 ± 5.2%). Although, the percentages of BMP-2-
positive chondrocytes in the DMM and the three walking groups
were lower than those in the sham group (43.8 ± 5.9%), more
abundant and intense BMP-2 staining was found around the
degenerated cartilage in those groups compared to the normal
cartilage in the sham group.

In contrast to the BMP-2 staining pattern, the cartilage in the
sham group exhibited almost no BMP-6-positive (0.1 ± 0.2%)
chondrocytes [Fig. 3(C)]. Interestingly, most superficial zone
chondrocytes demonstrated BMP-6 expression in response toTW, a
slightly different pattern than that of the BMP-2 expression,
whereas chondrocytes in the DMM group exhibited only weak
BMP-6-positive superficial zone staining. The cartilage in the
DMM þ TW4e8 group had a significantly higher percentage of
BMP-6-positive chondrocytes (27.3 ± 6.5%) than that in the DMM
(12.9 ± 3.0%) and DMM þ TW0e4 (15.2 ± 5.0%) groups.
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Fig. 2. TW prevented the development of articular cartilage lesions induced by the DMM. A, Histological images of toluidine blue- and type II collagen-stained sections of the
medial tibia at 8 weeks after surgery. Magnification: �200. Scale bars ¼ 100 mm. AC: articular cartilage; SB: subchondral bone. B, Semi-quantitative analysis of the cartilage legions in
the medial tibia using the OARSI scoring system at 8 weeks after surgery. The maximum OARSI score (a), the most severe score among all three evaluated histological sections, and
the summed OARSI score (b), the summed total score of all three evaluated histological sections. Boxplots display the medians and interquartile ranges, and vertical bars display the
ranges of the independent experiment (n ¼ 10 for the sham and DMM groups, and n ¼ 8 for the DMM þ TW0e8, DMM þ TW0e4, and DMM þ TW4e8 groups). P-value was calculated
using the SteeleDwass test as post hoc analysis of the KruskaleWallis test. C, Type II collagen pixel intensity (range: 0e255, with 0 indicating no staining and 255 indicating
maximum staining) in the medial tibia at 8 weeks after surgery. Values are the means ± 95% CI of the independent experiment (n ¼ 10 for the sham and DMM groups, and n ¼ 8 for
the DMM þ TW0e8, DMM þ TW0e4, and DMM þ TW4e8 groups). P-value was calculated using the TukeyeKramer test as post hoc analysis of the analysis of variance.
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Gentle TW suppressed the increase in localized subchondral bone
lesions and improved osteocyte viability

The micro-CT analyses showed that the DMM-induced localized
subchondral bone perforations in the medial tibial plateau, which

were partially prevented by TW [Fig. 4(A)]. The measured
maximum and averaged SBC diameters on the frontal plane images
[Fig. 4(B)] showed suppression of SBC growth with TW; the
DMM þ TW4e8 group showed the most effective suppression of
SBC growth and significantly lower maximum and average SBC
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Fig. 3. TW regulated the secretion of BMPs by superficial zone chondrocytes. A, Representative medial tibial cartilage sections stained for BMP-2 and BMP-6 at 8 weeks after surgery.
Black arrow head indicates representative BMP-2- and BMP-6-positive chondrocytes. Magnification: �200. Insets: Higher magnification views (�500) of the boxed areas within the
same image. Scale bars ¼ 100 mm. AC: articular cartilage; SB: subchondral bone. B, C, Quantitative analysis of BMP-2 (B) and BMP-6 (C) secretion by chondrocyte. (a) Number of BMP-
2- and BMP-6-positive chondrocytes, (b) the number of chondrocytes, and (c) the percentage of BMP-2- and BMP-6-positive chondrocytes, which is the number of BMP-2- and BMP-
6-positive chondrocytes divided by the number of chondrocytes within an area with a mediolateral width of 0.5 mm in the middle region of the medial tibia respectively. Values are
the means ± 95% CI of the independent experiment (n ¼ 10 for the sham and DMM groups, and n ¼ 8 for the DMM þ TW0e8, DMM þ TW0e4, and DMM þ TW4e8 groups). P-value
was calculated using the SteeleDwass test as post hoc analysis of the KruskaleWallis test (for the number of BMP-2- and BMP-6-positive chondrocytes [a]) and TukeyeKramer test as
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diameters than the DMM group (maximum: 361.1 ± 68.5 mm
vs 586.0 ± 55.6 mm; average: 256.1 ± 50.9 mm vs 495.6 ± 56.0 mm).
Furthermore, TW, particularly in the DMM þ TW0e8 and the
DMM þ TW4e8 groups, mitigated the DMM-induced decrease in
the Sb BV/TV, resulting in a thick subchondral bone plate [Fig. 4(C)].
However, neither DMM surgery nor TW markedly affected the

trabecular bone parameters distal to the growth plate
(Supplementary Fig. 1).

Based on the micro-CT data, we histologically examined the
subchondral bone, focusingon themedial tibia (Fig. 5). TWprevented
theprogressionof subchondral bone lesions, includingbone collapse,
and suppressed the increase in osteocyte death induced by the DMM

Fig. 4. DMM-induced localized subchondral bone porosity in the medial tibial plateau that was prevented by TW. A, Representative three-dimensional and two-dimensional micro-
CT images of the subchondral bone in severe and mild osteoarthritic knees. Subchondral bone perforations (red arrow head) were found in the medial tibial plateau on the three-
dimensional surface views, particularly in the DMM group. The two-dimensional images of the knee joints show the presence of SBCs in the medial tibia (red arrow head) that
correspond to the region of the bone perforations found in the three-dimensional surface view. Osteophyte mineralization was confirmed at the medial margin with some inter-
individual variability in all samples of the DMM and the three walking groups (white arrow head). B, Measurement of SBC diameters. (a) The maximum SBC diameter, and (b) the
average of three SBC diameters. Horizontal bars display the means, and vertical bars display the 95% CI of the independent experiment (n ¼ 10 for the DMM group, and n ¼ 8 for the
DMM þ TW0e8, DMM þ TW0e4, and DMM þ TW4e8 groups). P-value was calculated using the TukeyeKramer test as post hoc analysis of the analysis of variance. C, Quantitative
analysis of the subchondral bone parameters. (a) The bone volume/total volume of subchondral bone underneath the subchondral bone plate (Sb BV/TV) and (b) Sb thickness in the
medial tibia. Values are the means ± 95% CI of the independent experiment (n ¼ 10 for the sham and DMM groups, and n ¼ 8 for the DMM þ TW0e8, DMM þ TW0e4, and
DMM þ TW4e8 groups). P-value was calculated using the TukeyeKramer test as post hoc analysis of the analysis of variance.
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[Fig. 5(A)]. As shown in Fig. 5(B and C), among the three walking
groups, the DMM þ TW4e8 group showed the lowest SB damage
scores (maximum: 2 [1e3]; summed: 4 [3e8]) and number of empty
lacunae (141.7 ± 31.8 /mm2), which were significantly lower than
those in the DMM group (SB damage score, maximum: 4 [2e5];
summed: 8 [4e14]; empty lacunae: 340.7 ± 93.5 /mm2).

Gentle TW modulated osteogenic activity in the bone-lining cells

In the DMM group, abnormal bone remodeling, as shown by
increased TRAP- and ALP-positive cells including osteoclasts and
osteoblasts in the fibrous marrow space, was found in the area of
the SBC identified by micro-CT [Fig. 6(A)]. The subchondral bone in
the three walking groups exhibited a decreased number of TRAP-
positive cells compared to the DMM group, and an increased
number of ALP-positive bone-lining cells, including osteoblasts,
particularly in the DMM þ TW0e8 and DMM þ TW4e8 groups.

We next examined the expression of BMP-2 and -6, which are
secreted in response to moderate biomechanical stimuli8 and

strongly accelerate osteogenesis25. Bone-lining cells including os-
teoblasts in the DMM þ TW0e8 and the DMM þ TW4e8 groups,
demonstrated a strong expression of BMP-2 and -6 [Fig. 6(A)]. The
percentages of BMP-2- and -6-positive bone-lining cells [Fig. 6(B
and C)] in the DMM þ TW4e8 group were significantly higher than
those in the DMM group (BMP-2: 85.6 ± 4.4% vs 74.8 ± 2.9%; BMP-6:
86.2 ± 2.1% vs 76.0 ± 4.5%). However, the percentages of BMP-2-
and -6-positive osteocytes were very low (<4%) and not signifi-
cantly different between the groups (data not shown). In addition,
the expression of BMPs in the osteophyte area was not markedly
changed in response to TW, and the osteophyte volumes assessed
by micro-CT were not significantly different between the groups
(Supplementary Fig. 2).

Discussion

In the current study, we demonstrated that TW prevented the
progression of both articular cartilage and subchondral bone le-
sions during the development of PTOA, even after PTOA has been
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Fig. 5. TW prevented the progression of subchondral bone lesions and suppressed the increase in osteocyte death induced by the DMM. A, Histological images of hematox-
ylineeosin-stained sections of the medial tibia. Magnification: �100. Scale bars ¼ 100 mm. AC: articular cartilage; SB: subchondral bone. Empty osteocyte lacunae was confirmed in
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damage scores. Boxplots display the medians and interquartile ranges, and vertical bars display the ranges of the independent experiment (n ¼ 10 for the sham and DMM groups, and
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(for the lacunae density [b]). Significantly different values (P < 0.05) are displayed in bold.
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developed. Furthermore, we found that TW regulates BMP-2 and -6
secretions by superficial zone chondrocytes and bone-lining cells,
which coincided with the prevention of osteoarthritic changes.
DMM has been known to elevate capacity for crosstalk between
cartilage and subchondral bone, which might lead progression of
PTOA4. Specifically, local factors secreted by human sclerotic oste-
oblasts contribute to downregulation of aggrecan and upregulation
of matrix metalloproteinases-3 and -13 by human chondrocytes5.
Conversely, treatment that targets a single tissue might lead to
improvement in the other tissue26. Recently, Nam et al. showed that
physiological biomechanical stimulation for osteoblast regulated
gene expression by chondrocyte via paracrine manner8. Addition-
ally, given that TW prevented SBC growth that are also cause of
elevated crosstalk between cartilage and subchondral bone, bene-
ficial effects of TW might include the modifying cellular and mo-
lecular interaction between cartilage and subchondral bone.

We demonstrated that the most effective TW regimen was
started 4 weeks post-DMM. These results are unexpected and show
opposite trends than those in a previous study that showed exer-
cise intervention at the early stages of cartilage damage provided
greater benefits in monoiodoacetate-induced arthritis15. In that
model, acute inflammation induces rapid chondrocyte death,
cartilage matrix loss, and osteoclast activation in the across the
joint surface, including both the medial and lateral compart-
ments27,28. In contrast, the DMMmodel induces mild focal cartilage
and subchondral bone damage that is restricted to the medial
compartment9,21. Although both models are used as representative
of PTOA, the DMM model shows a different time course for
degenerative changes than the monoiodoacetate model10. Loeser
et al. reported that the early phases at 2 and 4 weeks after DMM
inductionwere the most active in terms of matrix remodeling gene
expression14. Given that the level of inflammation present in the
joint possibly affects the biological response of cartilage to me-
chanical load29, these phasic development of DMM-induced PTOA
may be related to the response of chondrocytes and bone cells to
exercise in an attempt to delay the progression of PTOA.

We quantified the size of osteophytes and demonstrated no
significant size difference among the experimental conditions, in
which the BMP-2-positive osteophyte chondrocytes appear equal
(Supplementary Fig. 2). This finding might indicate that the pre-
ventive effects of exercise intervention on cartilage-subchondral
bone lesions might be independent of osteophyte growth. Never-
theless, the shape of the osteophyte probably affects the loading
characteristics more compared to the size of the osteophyte. It is
well-known that osteophyte formation is highly linked to changes
of loading environment in the knee joint, and osteophytes stabilize
anterioreposterior or varusevalgus laxities in the knee joint30,31,
which are associated with progression of PTOA32. Previously, we
confirmed osteophyte formation in the knee joint 4 weeks after
DMM induction21. These early bone adaptations in a DMM knee
might explain why the late TW that was initiated 4 weeks after
surgery was more effective in this study; the already created
osteophytes re-distribute mechanical loading and stabilize the
DMM-operated knee joint, which might enhance the effectiveness
of the TW in the prevention of PTOA progression.

We first found that TW promoted BMP secretions by superficial
zone chondrocytes as well as bone-lining cells. Our finding sup-
ports a previous in vitro study that showed that physiological
biomechanical stimulation upregulated BMP synthesis of chon-
drocytes and osteoblasts within osteochondral constructs8.
Currently, locally produced BMPs have been known to contribute to
the intrinsic repair capacity of damaged cartilage and enhance
cartilage repair24 after traumatic injury or in osteoarthritic carti-
lage33,34. Importantly, BMP-2 and -6 induce chondrogenesis in stem
cells and enhance cartilage matrix synthesis in vivo23,24,35e37, and

there is some in vitro evidence for an antagonistic activity of BMPs
on the effects of interleukin-138. Similar to their cartilage effects,
BMP-2 and -6 can enhance bone regeneration in vivo25. In partic-
ular, BMP-6 strongly promotes osteoblast differentiation and bone
formation39,40. There may be synergistic effects of the combination
of BMP-2 and -6, although such synergy has only so far been
examined in BMP-2 and -741. Although our findings were explor-
atory and hypothesis generating rather than conclusive, we sup-
pose that an increased secretion of BMP-2 and -6 in response to TW
may indicate an enhanced tissue-specific intrinsic repair capacity
by chondrocytes and osteoblasts in the DMM knee. Exercise-
elevated bone repair capacity might be supported by our findings
that TW after DMM improved osteocyte viability, elevated osteo-
blastic activity, and thickened the subchondral bone plate (Figs. 4
and 6). Since osteocytes act as mechanosensors that modulate the
activity of the main cell types regulating bone remodeling, TW
might modify the activated bone-remodeling process that, in turn,
thickens the subchondral bone plate. On a related note, there was
no significant difference in the BMP-2 and -6 expressions in the
osteocytes (data not shown), indicates that regulating the bone-
remodeling process might include more than secretion of BMPs
by osteocytes.

There are important limitations to the present study. Although
the DMM model exhibits histologic features similar to those
found in human PTOA10, this model is more severe than typical
human PTOA. Additionally, immunostaining for BMP-2 was
almost nonexistent in normal adult human articular cartilage42,
whereas BMP-2-positive chondrocytes were even found in the
cartilage of the sham knees in the present study; such differences
should be considered when trying to translate our findings to
human PTOA. Nevertheless, moderate levels of exercise may be
beneficial for improving knee cartilage glycosaminoglycan con-
tent in middle-aged individual and patients at high risk of
developing human OA11,43. Since patients in human clinical trials
will be at various disease stages when the intervention is initi-
ated, our findings highlight that the timing of exercise initiation
should be considered to develop better exercise regimens for
treating human PTOA. Another important limitation is lack of
variety in exercise intensity, although, we chose exercise protocol
based on earlier study that showed anti-inflammatory/matrix
synthesis effects of treadmill exercise in monoiodoacetate-
induced arthritis15. As articular cartilage responds to mechanical
stimuli with dose-dependent manner7,12,13,44, investigating mul-
tiple intensity level exercise would be worth doing to elucidate
whether these manners are confirmed even in cartilage-
subchondral bone unit. Nevertheless, exercise protocol used in
this study is consistent with previous studies that assessed
chondroprotective effects for adult or instability-induced OA
model rat knees (12e18 m/min for 30e60 min/day, 3e7 days/
week)12,13,15,45. Additionally, given that BMP-2 and -6 mRNA ex-
pressions were upregulated in cartilage and subchondral bone
after 2 days of exercise with 12 m/min in adult rat8, exercise in-
tensity used in this study would be sufficient to induce beneficial
effects on DMM rat knees.

In conclusion, this study showed that long-term gentle TW
prevents osteoarthritic changes in the cartilage-subchondral bone
unit, which coincides with increased BMP-2 and -6 secretions by
chondrocytes and bone-lining cells including osteoblasts. In addi-
tion, our results indicate that considering the timing of exercise
initiation is one of the options for determining exercise efficacy and
dynamically regulating BMP secretion. Furthermore, our data
indicate that exercise intervention may have favorable effects even
after PTOA has been developed. Further studies are needed to
establish a basis for developing the more suitable intervention for
preventing the progression of PTOA.
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