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Moderate exercise protects
against joint disease in a murine
model of osteoarthritis
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Exercise is recommended as a hon-pharmacological therapy for osteoarthritis
(OA). Various exercise regimes, with differing intensities and duration, have been
used in a range of OA rodent models. These studies show gentle or moderate
exercise reduces the severity of OA parameters while high intensity load bearing
exercise is detrimental. However, these studies were largely conducted in rats
or in mouse models induced by severe injury, age or obesity, whilst
destabilization of the medial meniscus (DMM) in mice has become a widely
accepted model due to its lower variability, moderate progression and
timescale. The present study was undertaken to provide insight into the
effect of moderate exercise on early joint pathology in the DMM mouse
model. Exercise was induced a week after induction by forced wheel
walking for three or 7weeks. Joints were analyzed by microcomputed
tomography and histology. Assessment of skeletal parameters revealed that
exercise offered protection against cartilage damage after 7 weeks of exercise,
and a temporary protection against osteosclerosis was displayed after 3 weeks
of exercise. Furthermore, exercise modified the metaphyseal trabecular
microarchitecture of the osteoarthritic leg in both time points examined.
Collectively, our findings corroborate previous studies showing that exercise
has an important effect on bone in OA, which subsequently, at 8 weeks post-
induction, translates into less cartilage damage. Thus, providing an exercise
protocol in a surgical mouse model of OA, which can be used in the future to
further dissect the mechanisms by which moderate exercise ameliorates OA.
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Introduction

Osteoarthritis (OA) affects ~80% of people aged over 50. It is
characterized by structural and functional changes in articular
joints, with concomitant pain and loss of joint mobility that
significantly impairs quality-of-life. To delay rapid progression of
OA, international guidelines recommend therapeutic exercise
(Fernandes et al., 2013; McAlindon et al., 2014; Bannuru et al.,
2019). Numerous studies have shown that exercise regimes,
especially aerobic and strengthening, when monitored closely
and performed regularly, lead to an improvement in joint
movement, physical activity and pain (Fransen et al, 2015;
Barton et al., 2021; Raposo et al., 2021). Exercise also induces
weight loss, reduces inflammation (Messier et al., 2013; Onu
et al,, 2021) and has an important positive psychological impact
in humans (Hurley et al, 2018; Wang and Ashokan, 2021).
Whilst clinical studies consistently support exercise as a
possible treatment for OA, there is a lack of understanding of
how exactly exercise improves the joint.

To better understand the effects of exercise in the
osteoarthritic joint, the last decade has seen an increase in
studies of exercise on rodent OA in vivo models. The exercise
regimes and the models of OA induction are varied (Table 1). In
male rats, Iijima and others surgically induced OA via the
destabilization of the medial meniscus (DMM) (Glasson et al.,
2007), which in rodents results in progressive development of OA
with cartilage damage, osteosclerosis, variable synovitis, ligament
damage/calcification and osteophyte formation (Glasson et al.,
2007; Jackson et al., 2014; Huesa et al.,, 2016). Studies utilizing
DMM induction of OA on rats followed by treadmill exercise
showed that 1) gentle treadmill walking prevented OA changes
specially subchondral bone growth (Iijima et al., 2015), 2) longer
rest before starting exercise was more beneficial (lijima et al,
2016) and finally 3) that intense treadmill running is more
detrimental to the joint (Iijima et al, 2017). Forced
mobilization on a rotating cylinder in a rat transection of the
anterior cruciate ligament (ACL-T) model induced increased
cartilage degradation, subchondral plate failure and -earlier
subchondral bone sclerosis, suggesting that repetitive load-
bearing exercise is detrimental (Appleton et al, 2007).
However, a more severe model of OA on rats (ACL-T and
DMM together) showed moderate to reduce progression of
OA and this improvement was enhanced by reducing body
weight load to 60%. In mice, exercise has also been explored,
where OA was induced by high fat diet (Griffin et al., 2012; Hahn
et al,, 2021), age (Lapveteldinen et al., 1995), ACL rupture (Hsia
et al,, 2021), spaceflight/limb unloading (Kwok et al., 2021),
ACL-T (Oka et al, 2021) or DMM exacerbated by restricted
movement (Kim et al., 2013). Similar to the rat model, high
intensity exercise resulted in aggravated OA whilst moderate
treadmill or voluntary wheel exercise improved OA parameters
in the joint.
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One commonality of these mouse models is that the
induction of OA is either very long or more severe than the
standard, more commonly used, DMM. DMM on mice offers a
widely accepted model due to its moderate progression,
reproducibility, and timescale, better reflecting the course of a
large proportion of human post-traumatic OA cases, as well as
offering the availability of transgenics. In this study, we
investigated the effects of moderate forced exercise in the
mouse DMM model. To do so, we generated an exercise
protocol that allows for a period of recovery after injury/
induction before a type of exercise that mimics long daily
walks. We then assessed joint osteoarthritic structural changes,
such as cartilage damage, inflammation, and bone micro-
structure. In this study we sought to establish and characterize
an exercise model of OA in mice that would facilitate
mechanisms

investigation of the underpinning  the

amelioration of OA by moderate exercise.

Methods
Animals, induction of OA and exercise

DMM (Glasson et al., 2007) was performed on 10-week-
old male C57BL/6 mice weighing on average 26.0 £ 1.4g. A
total of 42 mice were purchased (Envigo, United Kingdom)
and placed in plastic cages with sawdust bedding (4-five
animals per cage) in a 12-h light/dark cycle at constant
temperature. Animals were monitored daily, allowed to
move freely in cages and provided free access to food,
water and environmental enrichment. A week before
surgery, all mice were tested for a few minutes on regulated
rotating wheels (Campden Instruments Ltd. Loughborough)
and those capable of using the wheels were selected for the
exercise group. Exercise was set for 850m/day at a speed of
3.8 m/min, with 18s break every 4min. The total distance was
divided in two sessions with a 2-3 h break in between. At
surgery animals were given analgesics (Buprenorphine,
0.1 mg/kg). Exercise commenced 1-week post-surgery and
continued 5 days/week for three or 7 weeks. Experimental
groups are indicated in Supplementary Table SI. At
endpoint, blood and tissues were collected. Legs were
harvested for assessment via microcomputed tomography
(LCT) and histology. Subcutaneous, gonadal, and brown fat
pads, together with quadriceps and soleus muscles, were
dissected and weighed (wet weight). The analysis was
conducted blind; groups were only revealed at the end of
all analysis. All procedures were in accordance with Home
Office regulations and experimental design was pre-approved
by the Ethical Review Committee at the University of
Glasgow. The study is reported in accordance with
ARRIVE guidelines (https://arriveguidelines.org).
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TABLE 1 Published exercise and load studies on rodent models of osteoarthritis, summarizing the experimental set up and intensity of exercise,

loading or unloading protocols and the effects these had in the joint.

Authors Year of Model OA Type of exercise  Speed Duration Result
publication induction
Appleton et al. 2007 Male Rat ~ ACL-T and Rotating cylinder 4 rpm 30 min 3 days/wk up to Forced mobility accelerates OA
partial 20 weeks onset and severity
meniscectomy
Hao et al. 2021 Male rat ACL-T + DMM  Treadmill running vs. 15 m/ 30 min/d, 5 days/wk for Exercise reduced progression
Treadmill running with  min 4 weeks of OA and this improvement
60% body weight was enhanced by reducing
body weight load to 60%
Tijima et al. 2015 Male rat DMM Gentle treadmill 6 m/min  From day 2 for 1, 2 and Showed prevention of OA
walking 4 weeks 30 min 5 days/wk  changes, especially in the
subchondral bone
Tijima et al. 2016 Male rat DMM Moderate treadmill 12 m/ from day 2 for 4 weeks, Longer rest from induction
walking min from week 4 through showed better prevention from
8 weeks, or from day OA changes
2 through 8 weeks 30 min
5 days/wk
Tijima et al. 2017 Male rat DMM Moderate vs. high 12 or From 4 weeks to 56 weeks  Intense treadmill exercise is
speed treadmill 24 m/ 30 min 5 days/wk detrimental to the OA joint
min
Griffin et al. 2012 Male mice  High fat diet Voluntary running N/A from 20 to 24 weeks of age  Exercise reduced progression
wheel of OA.
Hahn et al. 2021 Male mice  High fat diet Voluntary running N/A from week 26-52 No improvement to articular
wheel cartilage and synovial fluid
metabolite links to
subchondral bone structure
Hsia et al. 2021 Female Non-invasive Hind limb unloading One week after induction  Less osteophyte formation in
mice ACL rupture then resume normal unloaded group
activity up to 4 weeks
Kim et al. 2013 Male and  DMM + Treadmill running 15 m/ 6 days/wk Increased severity of OA
female restricted cage min lesions in exercise group
mice
Kwok et al. 2021 Male mice  space flight or 35 days of space flight 10.2m/ 3 days/wk up to day Either spaceflight or unloading
limb unloading or hind limb unloading  min 80 after unloading or generated cartilage and menisci
followed by exercise 1) space flight degradation. Exercise reduced
climbing or 2) treadmill cartilage degradation and
improved thickness
Lapvetelainen 1995 Male mice  Not induced Treadmill running 133 m/  From 2 months old up to  Running increased the
et al. min 6, 10, 14 and 18 months incidence and severity of OA.
old. 75 min 5 days/wk
Oka et al. 2021 Male mice ACL-T High speed treadmill 18 m/ 30 min 3 days/wk for Deterioration of the cartilage
min 4 weeks due to exercise

Microcomputed tomography

Knees were fixed (4% paraformaldehyde) for 24 h and stored
(70% ethanol). Joints were analyzed by uCT using the Skyscan
1272 (Bruker, Belgium; 0.5 aluminium filter, 50kV, 200uA, voxel
size 4.57 um, 0.5" rotation angle). Scans were reconstructed in
NRecon software (Bruker, Belgium), with stacks analyzed: 1)
osteophytes identified in three-dimensional reconstructions and
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volume measure by selecting a region of interest (ROI) in 2D
stacks as previously described (Huesa et al., 2016) and 2)
subchondral bone within the tibial epiphysis was selected
(from the growth plate to subchondral plate) in a volume of
interest (VOI) under the increased loading area (Das Neves
Borges et al., 2014). 3) Tibial metaphyseal trabecular bone was
analyzed in a stack of 200 slices taken ~230 um from the lower
end of the growth plate.
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Bonferroni correction. Movement in DMM groups was analyzed by Standard student t-test. *p < 0.05, **p < 0.01.
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Histology and scoring

After uCT, joints were decalcified (Formical 2000; Decal
Chemical, United States) overnight, embedded in paraffin wax
and coronal sections (5 pm) cut, and stained with haematoxylin
and Safranin-O/Fast-Green. Using a validated scoring system
(Glasson et al., 2010) ranging from 0 (normal) to 6 (>80% loss of
cartilage), the tibial quadrant in 8-10 sections from each mouse
was graded by two scorers blinded to the specimens, with scores
averaged. There was good agreement between scorers; intraclass
correlation coefficient of 0.9 (95% CI 0.82-0.95), mean difference
in score being 0.12 (95% CI 0.19-0.33). Synovitis was assessed
using a validated scoring system (Jackson et al., 2014). This was
modified to focus on pannus formation, synovial membrane
thickening and sub-synovial hyperplasia. There was agreement
between scorers; intraclass correlation coefficient of 0.88 (95% CI
0.79-0.94), mean difference in of 0.002 (95%
CI —0.07 to 0.35).

score

Nocturnal activity

Nocturnal activity was measured by placing a mouse in an
activity cage (Activmeter, Bioseb, France). Activity monitoring
was conducted in the last 2 weeks of the 8-week protocol. Cage
activity measurements represent averaged total movements
throughout 16 h of recording.

Statistics

Data were tested for normality with a Shapiro-Wilk test
(GraphPad Prism, v9.4.1) and presented as mean +* standard
deviation or showing each data point highlighting the mean/
median. Differences were statistically analyzed by t-test or two-
way analysis of variance (ANOVA) with Bonferroni correction
for multiple comparisons. Non-normal distribution or datasets
too small to test for normality were compared by non-parametric
tests such as Mann-Whitney test for un-paired data and
Wilcoxson for paired data. Data is available upon request.

Results

Moderate exercise shows signs of
physiological changes

Exercise induced a reduction in weight gain regardless of the
type of surgery (DMM/Sham, two-way ANOVA, p =
0.006 Exercise vs. Non exercise), which was evident 5 and
6 weeks after initiation of exercise (Figure 1A&B). This was
reflected in the loss of white adipose tissue (WAT), measured
as percentage tissue weight to total body weight (Figure 1C&D).
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Subcutaneous and gonadal WAT were significantly lower in the
exercise group 8-week post-DMM surgery, whilst inter-scapular
brown adipose tissue (iBAT, Figure 1E) was significantly higher
in the exercise group, regardless of surgical intervention. No
changes in muscle mass were noted (Figure 1F&G). Recognizing
that forced exercise might induce changes in the overall activity,
we measured overnight activity in the DMM group comparing
exercised to non-exercised (n = 6 per group). There was no
significant difference in nocturnal distance travelled between the
groups, and therefore forced exercise did not have a meaningful
impact on the total amount of voluntary exercise/activity
undertaken (Figure 1H). To calculate the weekly distance
travelled we added 7 times the voluntary distance travelled to
5 times the calculated distance of the forced exercise (Figure 1I).
This resulted in an increased mean weekly distance travelled
(1.5 times higher) within the exercise group. Thus, exercise
increased physical activity by 50%. We did not observe
significant changes in pain behaviors as measured by dynamic
weight bearing (Supplementary Figure S1).

Exercise reduces subchondral bone
osteosclerosis at 4 weeks

Moderate exercise did not lead to any significant
histological changes in articular cartilage damage (Figures
2A,B) or synovitis (Figure 2C) at the early 4-week time
point. The number of osteophytes, measured as protruding
bone formation on the medial side of the subchondral bone, was
also not statistically significant at 4-week (Figure 2D). Despite
this, 70% of exercise samples had two or more osteophytes
whilst only one sample out of 7 (14%) in the non-exercise group
had two or more osteophytes. A Fisher exact test where data was
separated into two groups, 1) one osteophyte or less and 2) two
osteophytes or more, indicated the exercise group was
significantly different from the non-exercise group (p =
0.0498). This
during the initial phase of the model, when the subchondral

indicates increased osteophyte formation
bone is adapting to the new loading resulting from the
destabilization. This increase in osteophyte formation may
be indicative of faster subchondral bone expansion, yet we
found no changes in subchondral osteophyte volume at this
time point (Figure 2E). Subchondral osteosclerosis, measured as
the ratio-metric comparison of subchondral bone % BV/TV in
the medial tibial compartment of the knee and the contralateral
leg (SC % BV/TV, Figure 2F and Table 2), was evident in all
DMM groups. Yet, osteosclerosis was significantly reduced in
exercised mice (Table 2; Figure 2G). DMM also induced
changes to metaphyseal trabecular bone, but only in the
exercise group where the ipsilateral leg had less trabecular
bone, due to a decrease in the number of trabeculae, which
were also more plate-like (structural model index, SMI,
Table 2).
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TABLE 2 MicroCT analysis of trabecular and subchondral bone changes in the DMM groups. BV/TV = Bone volume/Tissue volume. Tb.Th = trabecular thickness. Tb.No = Trabecular number. Tb.Sp. =
Trabecular space. Tb.Pf = Trabecular pattern factor (connectivity). SMI = Structural model index (shape). DA = Degree of anisotropy (organization). SC = Subchondral. Bone scl = bone osteosclerosis.
Each time point was analyzed with a Two-Way ANOVA, comparing relative changes to the contralateral leg and also interrogating the effect of exercise. Data was also compared between exercise and

non-exercise within the DMM joint normalized against the contralateral leg (NE vs. E). p values under 0.05 were considered significant.
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FIGURE 3

Disease parameters on mice 8 weeks after induction of OA. (A) Representative images of the joint at 8 weeks, stained with SafraninO for
cartilage and Fast Green for bone. (B) Cartilage score. (C) Synovitis score. (D) Osteophyte number. (E) Osteophyte volume. (F) Comparison of medial
subchondral bone compartment density (% BV/TV) between the operated ipsilateral (Ipsi) and control contralateral (Contra) legs in (F) sham and (G)
DMM groups. (H) Change in tibial subchondral bone sclerosis (Ipsi—Contra). Comparison between exercise and non-exercise groups was done

with a 2-way ANOVA with Bonferroni correction unless data was not normally distributed, in which case it was then compared by a Mann-Whitney
test. Paired comparisons were conducted via a paired t-test. *p < 0.05, **p < 0.01.
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Moderate exercise protects against
osteoarthritis-related pathology at
8 weeks

While no difference was detected in cartilage damage
between exercised and non-exercised groups at 4-week post-
surgery, there was lower cartilage damage at 8-week in the
exercised group (Figures 3A,B). DMM-driven synovitis was
significantly higher than the sham control only in the non-
exercise group (Figure 3C), however, this was not significant
when comparing to the DMM exercise group (p = 0.06). 8 weeks
after induction, osteophytes merge with the surrounding bone as
the subchondral plate expands, and thus protruding osteophytes
are difficult to discern. The outcome of this is that most DMM
operated mice presented with one or less visible osteophytes
(Figure 3D). Notably, at this time point subchondral bone
expansion is clearly visible in 2D images, and quantification
revealed that subchondral osteophyte volume was equivalent
between the non-exercise and exercise group (Figure 3E).

Medial subchondral bone osteosclerosis was again evident in
the DMM ipsilateral leg (Figures 3F,G), yet the change between
ipsilateral and contralateral was similar in the non-exercise and
exercise group (Figure 3H). However, the increase in trabecular
thickness in the subchondral bone was significantly lower in the
exercise group (Table 2). Furthermore, tibial trabecular bone of
the operated leg was still structurally different only in the
exercised DMM group when compared to the contralateral leg
8-week after surgical intervention. The trabecular bone was more
connected (Trabecular pattern factor, Tb.Pf.) and more plate-like
(structural model index, SMI), yet less organized (degree of
anisotropy, DA, Table 2).

Discussion

In the present study, we used a moderate form of exercise
requiring mice to walk 850 m a day, 5 days/week, which had no
impact on the normal nocturnal activity. Hence, this did result in a
1.5 fold increase of physical activity in the exercised mice. This
protocol allowed for recovery from surgical intervention before the
start of forced exercise unlike other reported protocols which were
initiated shortly after intervention or later when disease is established.
Also, we induced OA by surgical DMM, which is a model of post-
traumatic OA. DMM is milder in comparison to other more extreme
forms of induction such as ACL-Tless variable than ageing,
spontaneous or high fat diet models and resembles a proportion
of human OA cases. We assessed whether the selected protocol
exerted any physiological benefits. Exercise resulted in a decrease in
weight gain and loss of WAT mass, indicating that this form of
exercise, although moderate, exerted a physiological effect. This is an
important aspect to consider, as it is well established that weight loss
reduces risk of OA, as well as improving outcomes in established OA
(Messier et al., 2013; Hunter et al., 2015; Panunzi et al., 2021).
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Importantly, our induced moderate form of exercise resulted
in protection against cartilage damage after 7-week of exercise. In
addition to the significant changes in cartilage, evaluation of
trabecular bone in the exercise DMM group revealed a more
plate-like micro-structure with increased connectivity, similar to
findings observed by Hahn et al. (2021), and known for offering
higher bone strength (Teo et al., 2007). Moreover, there was an
early, albeit temporary, improvement in subchondral bone
osteosclerosis in the exercise group; expressed by the
significantly smaller increase in bone density of the subchondral
bone. It has been shown that increased bone density of the
subchondral bone microarchitecture, as induced by PTH
dosing, correlated with cartilage degeneration in mice (Orth
et al, 2014). We observed a similar correlation where lower
cartilage damage corresponded to lower subchondral bone
density (Supplementary Figure S2). There was also an initial
increase in osteophyte formation, which may indicate an
acceleration of the subchondral bone expansion (Iijima et al.,
2017) that ensues in the bone adaptation phase of the DMM
model to dissipate the increased load. Quantification of the
subchondral ~ bone (eg
osteophyte volume) did not correspond with prior studies

observed  end-stage expansion
(Tijima et al., 2017) where an exercise-induced reduction was
shown. This may be due to differences of DMM in rats in
comparison to mice. Regardless of this inconsistency, the bone
features we show in this study suggest that there is an improvement
in the way the damaged joint is loaded in the exercised
group. Notably, bone adapts to changes in mechanical loading
and the DMM model substantially changes the way the joint is
loaded. In essence, instead of the meniscus dissipating the load in
the joint, this is transmitted primarily through cartilage and
subchondral bone (Das Neves Borges et al, 2014). Thus, the
delay in subchondral osteosclerosis we report in the exercise
group, together with the change in the microarchitecture of the
metaphyseal trabecular bone, suggest that exercise changes the way
in which the load is dissipated throughout the joint. In explanation,
it is conceivable that load is shifted to the metaphysis rather than
subchondral bone. Furthermore, this delay in osteosclerosis might
underpin the 8-week cartilage protection we observed. Indeed, it
has previously been observed that subchondral bone changes occur
rapidly, preceding significant cartilage damage in this OA model
(Huesa et al., 2016). In addition to the observed bone changes,
prior studies have demonstrated that DMM reduces muscle
function four and 8-week post-surgery (van der Poel et al,
2016). It therefore has to be taken into consideration that
exercise induced improvement in muscle strength, resulting in
joint stabilization and altered load (Knoop et al., 2013; Nha et al.,
2013). However, we did not observe any macroscopic changes in
muscle mass, thus further studies are required to definitively
address this question. Finally, going forward it is also important
to consider that the effect of exercise may transcend load and
cellular the
also observed

influence
which

fundamentally signaling  in

the

joint

environment, contributes to
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pathological changes (Griffin et al., 2012; Hahn et al., 2021; Vadala
et al., 2020).

In summary, this study establishes a model of early moderate
exercise that leads to reduced body weight gain, cartilage
trabecular
microarchitecture on a widely used model of OA in mice, thus

degradation, delays osteosclerosis, and changes
amenable to mechanistic studies utilizing transgenic animals. Such

investigations may be particularly important as exercise
programmes may be inappropriate for many patients, and low
adherence to long term physiotherapy reduces effectiveness of
prescribed exercise (Nicolson et al., 2018). It is important to note
that the murine exercise protocol used simulates the situation of a
human exercising shortly after sustaining a joint injury of a type
likely to induce OA onset. The current study does not, however,
address how this type of exercise regime would affect established
OA; this is a key question that future studies should address.
Furthermore, it will be important to conduct longer-term studies
that would indicate if this form of moderate exercise affords long-

term or merely transient benefit to the joint tissues.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by The Ethical
Review Committee at the University of Glasgow.

Author contributions

Conceptualization WF, JL, CG, and CH. Methodology CH, WE,
and JL Formal analysis CH Investigation CH, LD, KM, MF, AO,
KM, SM, GL, AC, RV, WF, and JL Data Curation CH and LD
Writing — Original Draft WF, JL, CG, and CH Writing — Review
and Editing GL and AC,Visualization CH and RV Supervision WF,
JL, CG, GL, AC, and CH Project administration WF, JL, CG, and
CH Funding acquisition WF, JL, CG, and CH.

References

Appleton, C. T., McErlain, D. D., Pitelka, V., Schwartz, N., Bernier, S. M., and
Henry, J. L. (2007). Forced mobilization accelerates pathogenesis: Characterization
of a preclinical surgical model of osteoarthritis. Arthritis Res. Ther. 9, R13. doi:10.
1186/ar2120

Barton, C., Bell, E., Crossley, K., Goff, A., O’Halloran, P., and Wallis, J. (2021).
Does exercise-therapy increase physical activity in people with knee osteoarthritis?
A systematic review. J. Sci. Med. Sport. 24. doi:10.1016/j.jsams.2021.09.169

Bannuru, R. R., Oscani, M. C,, Vaysbort, E. E., Arden, N. K., Bennel, K., and
Kraus, V. B. (2019). OARSI guidelines for the non-surgical management of knee,

Frontiers in Physiology

10

10.3389/fphys.2022.1065278

Funding

This work (CH and LD) was supported by an Arthritis
Research United Kingdom programme grant (20199) and
Versus Arthritis Early Career Fellowship (CH, 22483). MF,
AO, and KM were supported by University of the West of
Scotland studentships. SM was supported by a Medical
Research Scotland studentship.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.1065278/full#supplementary-material

SUPPLEMENTARY FIGURE S1

Dynamic weight bearing as a measure of surrogate pain (Bioseb, France).
Data expressed as the ratio of the load between the ipsilateral and
contralateral load (Ipsi/Contra). Data expressed as Mean + Standard
deviation.

SUPPLEMENTARY FIGURE S2

Correlation of Cartilage damage and subchondral bone density 8 weeks
after DMM induction, taking data from both exercise and non-exercise
groups.

SUPPLEMENTARY TABLE S1
Experimental groups in the study.

hip, and polyarticular osteoarthritis. Osteoarthr. Cartil. 27 (11), 1578-1589. doi:10.
1016/jj0ca.2019.06.011

Das Neves Borges, P., Forte, A. E., Vincent, T. L., Dini, D., and MarenzanaM.
(2014). Rapid, automated imaging of mouse articular cartilage by microCT for
early detection of osteoarthritis and finite element modelling of joint
mechanics. Osteoarthr. Cartil. 22 (10), 1419-1428. doi:10.1016/j.joca.2014.
07.014

Fernandes, L., Hagen, K. B., Bijlsma, J. W. J., Andreassen, O., Christensen, P.,
Conaghan, P. G., et al. (2013). EULAR recommendations for the non-

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.1065278/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.1065278/full#supplementary-material
https://doi.org/10.1186/ar2120
https://doi.org/10.1186/ar2120
https://doi.org/10.1016/j.jsams.2021.09.169
https://doi.org/10.1016/j.joca.2019.06.011
https://doi.org/10.1016/j.joca.2019.06.011
https://doi.org/10.1016/j.joca.2014.07.014
https://doi.org/10.1016/j.joca.2014.07.014
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1065278

Huesa et al.

pharmacological core management of hip and knee osteoarthritis. Ann. Rheum. Dis.
72, 1125-1135. doi:10.1136/annrheumdis-2012-202745

Fransen, M., McConnell, S., Harmer, A. R,, Van der Esch, M., Simic, M., and
Bennell, K. L. (2015). Exercise for osteoarthritis of the knee: A Cochrane systematic
review. Br. J. Sports Med. 49 (24), 1554-1557. doi:10.1136/bjsports-2015-095424

Glasson, S. S., Chambers, M. G., Van Den Berg, W. B., and Little, C. B. (2010). The
OARSTI histopathology initiative — recommendations for histological assessments of
osteoarthritis in the mouse. Osteoarthr. Cartil. 18 (3), S17-523. doi:10.1016/j.joca.
2010.05.025

Glasson, S. S., Blanchet, T. J., and Morris, E. A. (2007). The surgical
destabilization of the medial meniscus (DMM) model of osteoarthritis in the
129/SvEv mouse. Osteoarthr. Cartil. 15 (9), 1061-1069. doi:10.1016/j.joca.2007.
03.006

Griffin, T. M., Huebner, J. L., Kraus, V. B, Yan, Z., and Guilak, F. (2012). Induction of
osteoarthritis and metabolic inflammation by a very high-fat diet in mice: Effects of short-
term exercise. Arthritis Rheum. 64, 443-453. doi:10.1002/art.33332

Hahn, A. K., Batushansky, A., Rawle, R. A, Prado Lopes, E. B, June, R. K., and
Griffin, T. M. (2021). Effects of long-term exercise and a high-fat diet on synovial
fluid metabolomics and joint structural phenotypes in mice: An integrated network
analysis. Osteoarthr. Cartil. 29 (11), 1549-1563. doi:10.1016/j.joca.2021.08.008

Hsia, A. W, Jbeily, E. H., Mendez, M. E., Cunningham, H. C,, Biris, K. K, Bang,
H., et al. (2021). Post-traumatic osteoarthritis progression is diminished by early
mechanical unloading and anti-inflammatory treatment in mice. Osteoarthr. Cartil.
29 (12), 1709-1719. doi:10.1016/j.joca.2021.09.014

Huesa, C,, Ortiz, A. C,, Dunning, L., McGavin, L., Bennett, L., McIntosh, K., et al.
(2016). Proteinase-activated receptor 2 modulates OA-related pain, cartilage and
bone pathology. Ann. Rheum. Dis. 75 (11), 1989-1997. doi:10.1136/annrheumdis-
2015-208268

Hunter, D. J., Beavers, D. P., Eckstein, F., Guermazi, A., Loeser, R. F., and Nicklas,
B. F. (2015). The intensive diet and exercise for arthritis (IDEA) trial: 18-month
radiographic and MRI outcomes. Osteoarthr. Cartil. 23, 1090-1098. doi:10.1016/j.
joca.2015.03.034

Hurley, M., Dickson, K., Hallett, R., Grant, R., Hauari, H., Walsh, N, et al. (2018).
Exercise interventions and patient beliefs for people with hip, knee or hip and knee
osteoarthritis: A mixed methods review. Cochrane Database Syst. Rev. 4, CD010842.
doi:10.1002/14651858.CD010842.pub2

lijima, H., Aoyoma, T., Ito, A., Tajino, J., Nagai, M., and Kiyan, W. (2016).
Exercise intervention increases expression of bone morphogenetic proteins and
prevents the progression of cartilage-subchondral bone lesions in a post-traumatic
rat knee model. Osteoarthr. Cartil. 24, 1092-1102. doi:10.1016/j.joca.2016.01.006

Tijima, H., Ito, A, Tajino, J., Nagai, M., and Kiyan, W. (2015). Effects of short-term
gentle treadmill walking on subchondral bone in a rat model of instability-induced
osteoarthritis. Osteoarthr. Cartil. 23, 1563-1574. doi:10.1016/j.joca.2015.04.015

Tijima, H., Ito, A., NagaiM.,TaJino, J., Yamaguchi, S., Kiyan, W., et al. (2017).
Physiological exercise loading suppresses post-traumatic osteoarthritis
progression via an increase in bone morphogenetic proteins expression in an
experimental rat knee model. Osteoarthr. Cartil. 25 (6), 964-975. doi:10.1016/j.
joca.2016.12.008

Jackson, M. T., Moradi, B., Zaki, S., Smith, M. M., McCracken, S., Smith, S. M., et al.
(2014). Depletion of protease-activated receptor 2 but not protease-activated receptor

1 may confer protection against osteoarthritis in mice through extracartilaginous
mechanisms. Arthritis Rheumatol. 66 (12), 3337-3348. doi:10.1002/art.38876

Kim, B. J., Kim, D. W., Cho, J. H,, Lee, J., Park, D. Y., and Min, B. H. (2013).
Establishment of a reliable and reproducible murine osteoarthritis model.
Osteoarthr. Cartil. 21, 2013-2020. doi:10.1016/j.joca.2013.09.012

Knoop, J., Dekker, J., Leeden, V., Esch, V., Thorstensson, C. A., and Gerritsen, M. (2013).
Knee joint stabilization therapy in patients with osteoarthritis of the knee: A randomized,
controlled trial. Osteoarthr. Cartil. 23, 1025-1034. doi:10.1016/jjoca.2013.05.012

Frontiers in Physiology

1

10.3389/fphys.2022.1065278

Kwok, A. T., Mohamed, N. S,, Plate, J. F., Yammani, R. R., Rosas, S., Bateman, T.
A, etal. (2021). Spaceflight and hind limb unloading induces an arthritic phenotype
in knee articular cartilage and menisci of rodents. Sci. Rep. 11 (1), 10469. doi:10.
1038/541598-021-90010-2

Lapveteldinen, T., Nevalainen, T., Parkkinen, J. J., Arokoski, J., Kiraly, K,
HyttinenM., et al. (1995). Lifelong moderate running training increases the
incidence and severity of osteoarthritis in the knee joint of C57BL mice. Anat.
Rec. 242 (2), 159-165. doi:10.1002/ar.1092420204

McAlindon, T. E., Bannuru, R. R, Sullivan, M. C., Arden, N. K., Hawker, G.
A., and Henrotin, Y. (2014). ‘OARSI guidelines for the non-surgical
management of knee osteoarthritis. Osteoarthr. Cartil. 22, 363-388. doi:10.
1016/j.joca.2014.01.003

Messier, S. P., Mihalko, S. L., Legault, C., Miller, G. D., Nicklas, B. J., DeVita, P.,
etal. (2013). Effects of intensive diet and exercise on knee joint loads, inflammation,
and clinical outcomes among overweight and obese adults with knee osteoarthritis:
The IDEA randomized clinical trial. JAMA 310, 1263-1273. d0i:10.1001/jama.2013.
277669

Nha, K. W,, Dorj, A., Feng, J., Shin, J. H.,, Kim, J. I, Kwon, J. H,, et al. (2013).
Application of computational lower extremity model to investigate different
muscle activities and joint force patterns in knee osteoarthritis patients during
walking. Comput. Math. Methods Med. 2013, 314280. doi:10.1155/2013/
314280

Nicolson, P. J. A., Hinman, R. S., Kasza, J., and Bennell, K. L. (2018).
Trajectories of adherence to home-based exercise programs among people
with knee osteoarthritis. Osteoarthr. Cartil. 26 (4), 513-521. doi:10.1016/j.joca.
2018.01.009

Oka, Y., Murata, K., Kano, T., Ozone, K., Arakawa, K., Kokubun, T., et al. (2021).
Impact of controlling abnormal joint movement on the effectiveness of subsequent
exercise intervention in mouse models of early knee osteoarthritis. Cartilage, 13,
13345-1344S. doi:10.1177/1947603519885007

Onu, L, Iordan, D. A, and Codreanu, C. M. (2021). Anti-inflammatory effects of
exercise training. A systematic review. Balneo PRM Res. J. 12 (4), 418-425. doi:10.
12680/balneo.2021.473

Orth, P., CucchiariniM.,Wagenpfeil, S., Menger, M. D., and Madry, H.
(2014). PTH [1-34]-induced alterations of the subchondral bone provoke
early osteoarthritis. Osteoarthr. Cartil. 22 (6), 813-821. doi:10.1016/j.joca.
2014.03.010

Panunzi, S., Matltees, S., De Gaetano, A., Capristo, A., Bornstein, S. R., and
Mingrone, G. (2021). Comparative efficacy of different weight loss treatments on
knee osteoarthritis: A network meta-analysis. Obes. Rev. 22, €13230. doi:10.1111/
obr.13230

Raposo, F., Ramos, M., and Lucia Cruz, A. (2021). Effects of exercise on knee
osteoarthritis: A systematic review. Musculoskeletal Care. 19 (4), 399-435. doi:10.
1002/msc.1538

Teo, J. C. M,, Si-Hoe, K., Keh, J., and Teoh, S. (2007). Correlation of cancellous
bone microarchitectural parameters from microCT to CT number and bone
mechanical properties. Mater. Sci. Eng. C 27, 333-339. doi:10.1016/j.msec.2006.
05.003

Vadala, G., Di Giacomo, G., Ambrosio, L., Cannata, F., Cicione, C., Papalia, R.,
et al. (2020). Irisin recovers osteoarthritic chondrocytes in vitro. Cells 9 (6), 1478.
doi:10.3390/cells9061478

van der Poel, C., Levinger, P., Tonkin, B. A., LevInger, I., and Walsh, N. C.
(2016). Impaired muscle function in a mouse surgical model of post-
traumatic osteoarthritis. Osteoarthr. Cartil. 24, 1047-1053. do0i:10.1016/j.
joca.2015.12.008

Wang, Y., and Ashokan, K. (2021). Physical exercise: An overview of benefits
from psychological level to genetics and beyond. Front. Physiol. 12, 731858. doi:10.
3389/fphys.2021.731858

frontiersin.org


https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1136/bjsports-2015-095424
https://doi.org/10.1016/j.joca.2010.05.025
https://doi.org/10.1016/j.joca.2010.05.025
https://doi.org/10.1016/j.joca.2007.03.006
https://doi.org/10.1016/j.joca.2007.03.006
https://doi.org/10.1002/art.33332
https://doi.org/10.1016/j.joca.2021.08.008
https://doi.org/10.1016/j.joca.2021.09.014
https://doi.org/10.1136/annrheumdis-2015-208268
https://doi.org/10.1136/annrheumdis-2015-208268
https://doi.org/10.1016/j.joca.2015.03.034
https://doi.org/10.1016/j.joca.2015.03.034
https://doi.org/10.1002/14651858.CD010842.pub2
https://doi.org/10.1016/j.joca.2016.01.006
https://doi.org/10.1016/j.joca.2015.04.015
https://doi.org/10.1016/j.joca.2016.12.008
https://doi.org/10.1016/j.joca.2016.12.008
https://doi.org/10.1002/art.38876
https://doi.org/10.1016/j.joca.2013.09.012
https://doi.org/10.1016/j.joca.2013.05.012
https://doi.org/10.1038/s41598-021-90010-2
https://doi.org/10.1038/s41598-021-90010-2
https://doi.org/10.1002/ar.1092420204
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1001/jama.2013.277669
https://doi.org/10.1001/jama.2013.277669
https://doi.org/10.1155/2013/314280
https://doi.org/10.1155/2013/314280
https://doi.org/10.1016/j.joca.2018.01.009
https://doi.org/10.1016/j.joca.2018.01.009
https://doi.org/10.1177/1947603519885007
https://doi.org/10.12680/balneo.2021.473
https://doi.org/10.12680/balneo.2021.473
https://doi.org/10.1016/j.joca.2014.03.010
https://doi.org/10.1016/j.joca.2014.03.010
https://doi.org/10.1111/obr.13230
https://doi.org/10.1111/obr.13230
https://doi.org/10.1002/msc.1538
https://doi.org/10.1002/msc.1538
https://doi.org/10.1016/j.msec.2006.05.003
https://doi.org/10.1016/j.msec.2006.05.003
https://doi.org/10.3390/cells9061478
https://doi.org/10.1016/j.joca.2015.12.008
https://doi.org/10.1016/j.joca.2015.12.008
https://doi.org/10.3389/fphys.2021.731858
https://doi.org/10.3389/fphys.2021.731858
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1065278

	Moderate exercise protects against joint disease in a murine model of osteoarthritis
	Introduction
	Methods
	Animals, induction of OA and exercise
	Microcomputed tomography
	Histology and scoring
	Nocturnal activity
	Statistics

	Results
	Moderate exercise shows signs of physiological changes
	Exercise reduces subchondral bone osteosclerosis at 4 weeks
	Moderate exercise protects against osteoarthritis-related pathology at 8 weeks

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


