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Abstract

Objective. The study aim was to evaluate the histological relationship between osteoarthritis (OA) and articular cartilage
in disuse atrophy induced by hindlimb unloading in a post-traumatic OA rat model. Design. Forty male rats were divided
into the 4 following experimental groups: control, hindlimb suspension (HS), OA induced by destabilization of the medial
meniscus (OA), and OA induction after hindlimb suspension (HS-OA). Histological changes in the articular cartilage of
the tibia were evaluated by the Osteoarthritis Research Society International (OARSI) scores and histomorphometrical
analyses at 2, 4, and 8 weeks after OA induction. Results. We confirmed that disuse atrophy of the articular cartilage was
caused by thinning of the articular cartilage and the decrease in matrix staining for the nonloading period of 4 weeks. The
OARSI scores and histomorphological analyses revealed that OA progressed significantly wider and deeper in the HS-OA
group than in the OA group over time. In the sham group, disuse atrophy of the articular cartilage recovered at 2 weeks
after reloading. Conclusions. This study revealed that OA progressed faster in cartilage atrophy than in normal articular
cartilage. Further studies are required for investigating the mechanisms of disuse atrophy of cartilage and its association
with OA using the biochemical and immunohistochemical analysis.
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Introduction amount of mechanical stress depending on the environment.”
Under no joint loading, the articular cartilage undergoes dis-
use histological changes reflected by thinning of the cartilage
and a decrease in matrix staining.”® Vincent et al.” defined this
histological change as cartilage atrophy. In our previous study,
we analyzed the histological effects of joint unloading on the
articular cartilage by knee compartments using a hindlimb
suspension rat model.” This result showed that the unloading
condition caused articular cartilage thinning for 2 weeks in the
patellofemoral compartment and for 4 weeks in the medial
tibiofemoral compartment.’

Mechanical stress, including joint loading, is an important
factor in osteoarthritis (OA) onset and progression.
Appropriate joint loading and exercise inhibit OA progres-
sion,' but excessive mechanical stress promotes OA progres-
sion.?? The guidelines published in 2014 and 2019 by the
Osteoarthritis Research Society International (OARSI) on
the nonsurgical treatment of OA include weight management
(i.e., weight loss) as the core treatment for all individuals.*?
In our previous study, we examined the histological effect of
unloading condition on OA progression by combining
hindlimb suspension and a monosodium IOdoa?eta‘[eﬁmduce‘d 'Section of Rehabilitation, Kanazawa University Hospital, Ishikawa, Japan
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articular cartilage is an important factor for the development
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In recent years, there has been debate on whether or not
cartilage atrophy is related to OA.” We speculated that the
articular cartilage in disuse atrophy is vulnerable to mechan-
ical loading and may be more likely to develop OA and that
cartilage atrophy induced by unloading condition may pro-
mote development of OA. However, at present, the mecha-
nism of the histological relationship between OA and the
disuse cartilage atrophy has not been elucidated. The study
aim was to investigate the histological relationship between
OA and articular cartilage in disuse atrophy induced by
hindlimb unloading in a post-traumatic OA rat model.

Methods

Experimental Animals and Animal Care

This study protocol was approved by the Animal Research
Committee of the Graduate School of Medicine of
Kanazawa University (Kanazawa, Japan; approval no.
204125) and was conducted in accordance with the ARRIVE
guidelines'® and the Guidelines for the Care and Use of
Laboratory Animals of Kanazawa University.

Forty male Wistar rats (8 weeks old) were purchased
from Japan SLC (Shizuoka, Japan) and housed under nor-
mal conditions for 1 week before starting the experiments
to acclimatize the animals to their new environment. The
rats were housed 1 per cage in a sanitary ventilated room
under controlled temperature and humidity conditions,
and a 12-hour light/dark cycle with ad libitum access to
food and water.

The experimental protocol is shown in Fig. 1. The rats
were divided into 4 groups: control (CON, n = 5), hindlimb
suspension (HS, n = 5), post-traumatic OA (OA, n = 15; 5
rats each for 2, 4, and 8 weeks), and OA after HS (HS-OA,
n = 15; 5 rats each for 2, 4, and 8 weeks). The rats in the
CON group were kept in a physiological environment, and
the rats in the HS group were subjected to tail suspension
for 4 weeks. After this period, the rats in both groups were
sacrificed and used to identify the disuse histological
changes of cartilage due to the unloading environment and
to confirm the histological condition before OA induction
in the OA and HS-OA groups. OA was induced by surgical
destabilization of the medial meniscus (DMM). In the OA
group, the DMM was performed after the rats were housed
under normal conditions for 4 weeks. In the HS-OA group,
the DMM was performed after the rats were subjected to
HS for 4 weeks. After OA induction, the rats in the HS-OA
group were not subjected to tail suspension. Rats subjected
to HS were allowed to walk freely using only their fore-
limbs. In the OA and HS-OA group, we set the experimental
period to 2, 4, and 8 weeks after OA induction. After the
start of the experiment, no further interventions, including
range of motion exercise, were performed during the exper-
imental period. No analgesics or anti-inflammatory drugs
were administered.
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Figure |. Schematic of the experimental protocol. The rats

in the CON group (n = 5) and OA group (n = |5) were kept
under normal conditions for 4 weeks, and the rats in the HS
group (n = 5) and HS-OA group (n = 15) were subjected to tail
suspension for 4 weeks. The rats in the OA and HS-OA groups
underwent DMM surgery on their left knee and sham surgery on
their right knee and were randomly assigned to 3 experimental
periods (n = 5, respectively). After each experimental period,
the rats were euthanized, and assessed by histological analyses.
CON, control; OA, osteoarthritis; HS, hindlimb suspension;
DMM, destabilization of the medial meniscus.

Hindlimb Suspension

In the HS and HS-OA groups, the rats were subjected to
tail suspension for 4 weeks. HS was performed according
to the tail suspension method described in our previous
studies.®>!! For details see Supplementary Method 1.

Surgical Induction of OA

The same highly experienced operators (I.T. and K.T.)
performed all DMM surgeries. In the OA and HS-OA
groups, the DMM was induced by transecting the medial
meniscotibial ligament (MMTL) in the left knee joint as
described previously.!>!'* In the OA and HS-OA groups, for
internal controls, a sham operation was performed on the
right knee joint by using the same approach without MMTL
transection.'>!® For details, see Supplementary Method 1.

Histological Preparation

Decalcified paraffin sections were prepared for histology as
described previously.® Both knees were excised frontally to
evaluate the histological changes in the medial tibiofemoral
joints. Three paraffin sections (3-pum thickness) spaced at
200-pm intervals were stained with hematoxylin—eosin and
toluidine blue to evaluate the severity of cartilage lesions.!”
The stained sections were viewed under a light microscope
and imaged by using a digital camera (BX-51 and DP-74;
Olympus Corporation, Tokyo, Japan).
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Histological Analyses

To clarify the histological changes that occur in OA, we
quantitatively evaluated the articular cartilage of the tibia in
the medial tibiofemoral joint by using the OA cartilage his-
topathology assessment system.!® The OARSI scoring sys-
tem, consisting of 6 grades and 4 stages on a scale from 0
(normal) to 24 (severe cartilage lesion), was used for semi-
quantitative evaluation of cartilage lesion severity.!® The
maximum OARSI score was the highest score among 3 sec-
tions and provides a measure of the “severity” of the carti-
lage lesions. The summed OARSI score was the total of the
3 section scores and provides a measure of the “extent” of
the cartilage lesions. '

To evaluate quantitatively calcified cartilage and sub-
chondral bone damage of the tibia in the medial tibiofemo-
ral joint, we used the calcified cartilage and subchondral
bone damage score.?’ This score was established by Gerwin
et al®® and ranges from 0 to 5, with higher values indicating
severe subchondral lesion.?’ For details, see Supplementary
Method 2.

All histological scores using these scoring systems were
determined by 2 blinded and trained independent observers
(M.H., a pathologist, and I.T.). In our previous study, inter-
class correlation coefficients for the intra- and interrater
reliabilities of the OARSI score with 95% confidence inter-
vals were excellent: 0.94 (0.92-0.95) and 0.91 (0.89-0.93),
respectively.®

Histomorphometrical Analyses

Histomorphometrical analyses for articular cartilage were
performed to evaluate the following four parameters: the
cartilage thickness, intensity of matrix staining with tolu-
idine blue, chondrocyte density, and osteophyte length.®%2!
For details, see Supplementary Method 1.

Statistical Analysis

All statistical analyses were performed by using JMP 14
software (SAS Institute, Cary, NC, USA). All data were sta-
tistically analyzed as parametric data. The sample size was
5 for each group. Descriptive statistics were calculated as
the median with interquartile range for the OARSI and sub-
chondral bone scores and as the mean with standard devia-
tion for body weight and histomorphometrical data. We
considered P < 0.05 as indicative of statistical significance
for all analyses; exact P values are shown in the figures. For
all the data, we performed analysis of variance followed by
the post hoc Tukey’s honest significant difference test.

A sample size calculation was performed by using the
sample size and power tool in G Power 3.1 (free; available
at https://www.psychologie.hhu.de/arbeitsgruppen/allge-
meine-psychologie-und-arbeitspsychologie/gpower.

html),?? based on pilot experimental data of the main param-
eter and the maximum and summed OARSI scores at 4
weeks, including the first 5 rats, in the OA and HS-OA
group. For these scores, a minimum of 3 and 5 were required
in the OA and HS-OA group, respectively, with a power of
0.80 and a significance level of P < 0.05. Therefore, we set
the sample size to 5 rats per group.

Results

General Condition

Within the first few minutes after discontinuation of the
inhalation-induced anesthesia with isoflurane, all animals
regained consciousness and mobility. None of the rats
exhibited any signs of tail infection or died during the
experimental period. Inflammation was macroscopically
and microscopically well-controlled. The body weights of
the rats throughout the experimental period are shown in
Supplementary Result 1.

Cartilage Atrophy

In Fig. 2, the unloading condition for 4 weeks induced his-
tological changes in the articular cartilage. This disuse
change included thinning and a decrease in matrix staining,
which are typical for cartilage atrophy. For details, see
Supplementary Result 2.

Histological Scores

In Fig. 3, OA progression was faster in the HS-OA group
than in the OA group. The maximum OARSI score was
higher in the HS-OA group than in the OA group at 4 and 8§
weeks after OA induction. Additionally, the summed
OARSI score was higher in the HS-OA group than in the
OA group during all experimental periods. There was no
significant difference in the subchondral bone damage
scores between the 2 groups at 2 and 4 weeks; however, the
score was higher in the HS-OA group than in the OA group
at 8 weeks (Figs. 3 and 4). For details, see Supplementary
Method 2 and Supplementary Result 3.

Histomorphometrical Analyses

Significant differences in the cartilage thickness, matrix
intensity, and chondrocyte density between both groups
were detected at 2 weeks but not at 4 and 8 weeks (Fig. 5).
There was no significant difference in osteophyte length
between the 2 groups during the experimental period. For
details, see Supplementary Result 4. In the sham limb, the
significant decrease in cartilage thickness and matrix stain-
ing caused by the unloading condition disappeared at 2
weeks after the surgery (Supplementary Results 2 and 4).
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Figure 2. Histological effect of the unloading condition on the tibial articular cartilage. (A) Change in articular cartilage thickness.
The tibial cartilage thickness was significantly thinned after 4 weeks of hindlimb suspension. (B) Change in the intensity of matrix
staining by toluidine blue. The staining intensity was significantly decreased after 4 weeks of hindlimb suspension (HS). (C)
Representative histological features of the tibial articular cartilage. In both groups, the articular cartilage surface was smooth and
intact, but in the HS group, thinning of cartilage, and decreased staining intensity were observed. Scale bar = 500 um.

Discussion

The purpose of this study was to investigate the histologi-
cal influence of disuse atrophy of the articular cartilage on
progression of OA induced by DMM in an HS rat model.
Our results showed that the histological change in both the
articular cartilage and subchondral bone in the HS-OA
group was significantly more severe and faster than that in
the OA group, and this histological finding suggested that
disuse atrophy of the articular cartilage accelerated OA
progression. Specifically, the histological change in the
HS-OA group progressed more widely at 2 weeks after
surgery, and the histological changes in the HS-OA group
progressed more widely and deeply at 4 and 8 weeks.
Additionally, the subchondral bone lesion was more severe
in the HS-OA group at 8 weeks, and the marked fragmen-
tation of the calcified cartilage/subchondral bone was
observed only in the HS-OA group. In the histomorpho-
metric analysis results, decreased chondrocyte density,
and matrix staining and thinning of articular cartilage
were observed at 2 weeks in the HS-OA group. The histo-
logical findings of this study are new histological evidence
of the onset and progression of OA and will be very useful
for basic and clinical studies.

Articular cartilage is an avascular tissue composed of a
specialized matrix of collagens, proteoglycans, and non-
collagen proteins in which chondrocytes constitute the
unique cellular component.?® Articular cartilage provides
a low-friction gliding surface that acts as a shock absorber
to minimize peak pressure on the subchondral bone.?
Although the details of the mechanism of cartilage atro-
phy are unknown, it is thought that the main factors are
reduced synthesis of proteoglycan and a mechanoadaptive

response to reduced load.” Many researchers have reported
basic evidence of cartilage atrophy in both humans?*?° and
animals.®?’ To summarize, the histological hallmark of
disuse cartilage atrophy is thinning of the cartilage and
reduced matrix staining.” These 2 characteristics are com-
mon to OA, but their mechanisms are different. Disuse
cartilage atrophy results in thinning of cartilage and a
decrease in matrix content due to a decrease in chondro-
cyte matrix synthesis, and the surface is smooth.” On the
other hand, in OA, chondrocytes secrete proteases, such as
metalloprotease and aggrecanase, resulting in a decrease
in the matrix content and a rough surface.?®?’ Therefore,
disuse cartilage atrophy and OA are clearly different path-
ological conditions.

However, our study results revealed that these 2 patholo-
gies are related and that cartilage atrophy is a condition in
which OA is prone to progress. In this regard, Vincent ez al.”
speculated as follows:

Chondrocytes have mechanostats and set a certain threshold.
This threshold changes as the cartilage mechanoadapts and
will be different for each individual according to genetics,
the mechanical integrity of the tissue, and the amount of load
usually experienced by the joint. When the mechanical load
is high and when the load is moderate but the joint has lost
its mechanoprotective mechanisms by cartilage atrophy,
chondrocytes determine that the stimulus has crossed a
threshold, the stimulus is recognized as detrimental, and the
chondrocytes activate OA-related pathways.

However, regarding disuse atrophy of articular cartilage, its
onset mechanism and the changes in chondrocyte metabo-
lism and mechanical strength have not been clarified. To
clarify the pathophysiology of OA in more detail, further
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Figure 3. Histological effect of disuse atrophy of articular cartilage on OA progression. Time-dependent changes in the maximum
OARSI score (A), summed OARSI score (B), and subchondral bone damage score (C). All scores significantly increased with time.
(D) Representative histological osteoarthritic features of the tibial articular cartilage. At 2 and 4 weeks, the toluidine blue—stained
area was decreased in the HS-OA group relative to that in the OA group. At 4 weeks, fibrillation and fissure were observed in the
OA group and HS-OA group, and erosion was also observed in the latter. At 8 weeks, cartilage thinning, fibrillation, and fissure were
observed in the OA group, and erosion and deformation of the articular surface were observed in the HS-OA group. Scale bar = 500
um. OA, osteoarthritis; HS, hindlimb suspension; OARSI, Osteoarthritis Research Society International.

research is needed from multiple fields on disuse atrophy of
articular cartilage.

Furthermore, the results of this study provided interest-
ing and potential data on disuse atrophy of articular carti-
lage. In the sham limb of the OA and HS-OA groups, the
histological changes in disuse atrophy, which occurred for 4
weeks before OA induction, generally recovered 2 weeks

after the OA induction (Supplementary Results 2 and 4). It
is known that cartilage thickness changes depending on the
load, and there are some reports that it increased with
repeated exercise.’*3! In addition, the metabolism of pro-
teoglycan reportedly is relatively fast (half-life: 8 days),??
and synthesis of proteoglycan increased after injury.** These
findings suggest that disuse atrophy of articular cartilage
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Figure 4. Representative histological changes in calcified cartilage and subchondral bone. According to the scoring system, (a) the
histological image in the sham limb at 8 weeks was grade 0. (b, ¢, and d) The histological images in the operated limb at 8 weeks
in the HS-OA group were grades 1, 2, and 3, respectively. Grade 0 indicates no remarkable histological change; grade | indicates
increased basophilia and minimal focal marrow change (red triangle); grade 2 indicates mild focal fragmentation of calcified cartilage
of the tidemark and thickening of subchondral bone (black triangle); and grade 3 indicates mild to marked fragmentation of calcified

cartilage/subchondral bone loss (yellow triangle). For grade definition, see Supplementary Method 2. Scale bar = 500 um. OA,
osteoarthritis; HS, hindlimb suspension.
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Figure 5. Histomorphological results of disuse atrophy of articular cartilage on osteoarthritis (OA) progression. Time-dependent
changes in cartilage thickness (A), matrix intensity (B), chondrocyte density (C), and osteophyte length (D). Significant differences

were observed at 2 weeks in all parameters except osteophyte length. However, at 4 and 8 weeks, there were no significant
differences in any of the parameters.

may be a reversible histological change that is expected to However, a single analytical method is not sufficient to pro-
be restored by reloading. vide a detailed picture of the disuse atrophy of articular car-

This study has one major limitation. In this study, tilage and its association with OA. Therefore, further
detailed histology was conducted as an analysis method. = multifaceted and more comprehensive studies such as
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immunohistochemical staining and in situ hybridization,
analysis to investigate proteins such as Western blotting and
enzyme-linked immunosorbent assay, analysis to examine
gene expression such as polymerase chain reaction, analysis
to investigate the mechanical strength of articular cartilage,
and analysis of synovial membrane and synovial fluid
would be essential.

In conclusion, the histological change of both the articu-
lar cartilage and subchondral bone was severe in the HS-OA
group, and OA progress faster in cartilage atrophy than in
normal articular cartilage. Clinically, health care profes-
sionals, such as orthopedic surgeons and physiotherapists,
should consider the possibility that when patients restart
exercise after long-term bed rest, such as walking or stand-
ing up, exercise may overload the articular cartilage, which
may lead to onset and progression of OA. In addition to the
histological results of this study, further studies are required
for investigating the mechanisms of disuse atrophy of carti-
lage and its association with OA using the biochemical
analysis for protein and gene expression and for synovial
membrane and synovial fluid.
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