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Shjﬂghj}, Czlfars‘ yereper Methods: Twenty-week-old male C57BL/6 mice were randomly divided into five

groups: model control group (MC group, n=6), treadmill model group (M group,
n=6), rehabilitation control group (RC group, n=6), treadmill model 4 rehabilitation
training group (M 4R group, n =6) and treadmill model + convalescent group (M4 C
group, n="6). Paraffin sections were used to observe the pathological changes in the
mouse knee joint in each group. A micro-CT was used to scan the knee joint to obtain
the morphological indexes of the tibial plateau bone. Real-time PCR was used to detect
the mRNA levels of inflammatory factors, synthetic and catabolic factors in cartilage.

Results: After high-intensity exercise for 4 weeks, the inflammation and catabolism of
the mouse knee cartilage were enhanced, and the anabolism was weakened. Further
study showed that these results were partially reversed after 4-week moderate-inten-
sity training. The results of hematoxylin—eosin staining confirmed this finding. Mean-
while, high-intensity exercise reduced the expression of INcRNA H19 in cartilage, while
the expression of INCRNA H19 increased after 4 weeks of moderate-intensity exercise.

Conclusion: High-intensity treadmill running can cause injury to the knee cartilage
in C57BL/6 mice which leads to PTOA and a decrease of INCRNA H19 expression in
cartilage. Moderate-intensity exercise can relieve PTOA and partially reverse INncRNA
H19 expression.

Keywords: Post-traumatic osteoarthritis, INncRNA H19, Subchondral bone, Cartilage,
Treadmill running

Background

Studies have shown that the knee cartilage bears about three times the body’s weight
while performing daily activities, about 10 times the body’s weight during running, and
about 20 times the body’s weight when participating in jumping [1-4]. Under normal
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circumstances, chondrocytes are subjected to mechanical loads of millions of cycles
per year [5]. However, an abnormal mechanical load that can be caused by factors such
as obesity, joint instability, and excessive load increase in the activities of daily life may
cause cumulative micro-injuries or trauma to the joints, and induce the conversion of
healthy cartilage to degenerative joint disease phenotype-osteoarthritis (OA) [5-7].
Post-traumatic osteoarthritis (PTOA) is an important subtype of OA, which is more
common in adolescents, and is usually closely related to acute sports injuries or exces-
sive exercise load [8]. It is believed that mechanical stimulation can affect the biosynthe-
sis of chondrocytes and alter cartilage morphology [9]. Previous studies have shown that
there is a biomechanical "window" that is required to maintain cartilage homeostasis. A
“too high” or “too low” load can cause a cartilage lesion [10], while the appropriate load
intensity can inhibit osteoclast activity in the subchondral bone, slow down the degener-
ation of the articular cartilage and prevent the development of PTOA. Numerous animal
experiments have verified that treadmill running can relieve and treat PTOA. This relief
includes a decline in Mankin scores and OARSI scores of the articular cartilage, reduced
bone mass loss of the subchondral bone, inhibition of proinflammatory factor produc-
tion such as interleukin-6 (IL-6) and tumor necrosis factor-a(TNF-a), and increased
IL-10 secretion to reduce joint inflammation. Also, moderate-intensity exercise can
inhibit the expression of matrix metalloproteinases (MMPs), and therefore reduce the
death of articular chondrocytes and matrix degradation [11]. Therefore, in animal exper-
iments, moderate-intensity treadmill running is often used in research on the therapeu-
tic mechanism of PTOA, [12, 13] while high-intensity treadmill running is often used in
research on the model of PTOA [14, 15].

Although more than 80% of the human genome is transcribed, less than 2% of the
human genome is transcribed as mRNA, and most of the rest is transcribed as non-
coding RNAs (ncRNAs). Long non-coding RNAs (IncRNAs) are ncRNAs that have a
length of over 200 nt and have no protein-coding function [16]. LncRNAs are widely dis-
tributed in the human genome [17]. Previous studies have focused on protein-encoded
RNA, rather than on non-coding RNA, which is thought to be the “junk RNA” or “tran-
scriptional noise” Unlike microRNAs (miRNAs), IncRNAs can be folded into complex
secondary or higher spatial structures to better identify targets [18]. With the devel-
opment of high-throughput sequencing technology in recent years, more studies have
shown that IncRNAs can regulate the expression of protein-coding genes in epigenetics,
transcription, and post-transcription, and therefore affect a series of biological processes
[19-21].

LncRNA H19, located in human chromosome 11p15.5, is one of the most famous
imprinted genes and is only transcribed from a maternally inherited allele [22]. LncRNA
H19 is highly expressed during the period of embryonic development, however, after
birth, its expression is decreased in tissues other than skeletal muscle. It only increases
again in a few tumor tissues [23-25]. LncRNA H19 is highly conserved in the evolution-
ary process and has a very low mutation rate in exons, which indicates that it has impor-
tant biological functions [26]. Studies have found that the high expression of IncRNA
H19 is closely related to the proliferation, differentiation, and metastasis of tumor cells,
[27] and the expression of IncRNA H19 is significantly correlated with the severity
of tumor invasion [28]. In addition, IncRNA H19 is also involved in the regulation of
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atherosclerosis, [29] myocardial injury, [30] skeletal muscle regeneration, [31] and osteo-
genic differentiation [32]. Recent studies have shown that 73 IncRNAs were up-regulated
and 48 IncRNAs were down-regulated in OA cartilage when it was compared with nor-
mal cartilage by microarray analysis. Among them, 21 IncRNAs, including IncRNA H19,
were up-regulated by more than two times the normal level [33]. The subsequent RT-
PCR further confirmed that pathological changes in OA may be related to the abnor-
mal expression of IncRNAs. At present, several studies have confirmed that IncRNAs
play an important role in OA lesions [34]. Steck et al. [35] studied the relationship
between IncRNA H19 and the development of OA lesions. In this study, the expression
of IncRNA H19 decreased in a culture environment with enhanced chondrocyte catabo-
lism. Conversely, the expression of IncRNA H19 increased in a culture environment with
enhanced chondrocyte anabolism. LncRNA H19 may be closely related to chondrocyte
metabolism. In a normal culture environment without the induction of inflammatory
factors, the levels of expression of IncRNA H19 and COL2A1 were significantly cor-
related, while in a culture environment induced by inflammatory factors, the levels of
expression of IncRNA H19 and COL2A1 were not significantly correlated, which indi-
cates that IncRNA H19 and COL2A1 were not simply co-regulated in the inflammatory
environment [35]. However, current studies on the relationship between IncRNA H19
and OA are only focused on the cellular level, and further studies need to identify the
specific regulatory mechanism of IncRNA H19 on OA. This study is based on the clinical
experience of exercise therapy in the treatment of PTOA and the early stage experimen-
tal knowledge of our team. We induced a mouse PTOA model through high-inten-
sity treadmill running, and then performed rehabilitation training on the PTOA mice
with moderate-intensity treadmill running. We noted the changes in the expression of
IncRNA H19 during the modeling and rehabilitation training in order to provide a refer-
ence for the related research on sports treatment of PTOA.

Results

Weight changes

As exhibited in Fig. 1A, the weights of the mice in the MC group fluctuated dynami-
cally as the mice aged but without significant change. During the modeling period of
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Fig. 1 A Weight changes in MC group and M group, B Weight changes in RC group, M+ R group, and
M+ C group. (MC group: model control group, M group: treadmill model group, RC group: rehabilitation
control group, M+ R group: treadmill model + rehabilitation training group, M+ C group: treadmill
model + convalescent group. N=6, *P < 0.05, intra-group comparison of M group;AP< 0.05, intra-group
comparison in M4 C group;*P<0.05, #P<0.001.)
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high-intensity treadmill running, the weights of the mice in the M group (treadmill
model group) continually declined, and there was a statistical difference when the mice
were 23 weeks old (fourth week of treadmill running), compared with 20 weeks old
(before treadmill running). Also, at the end of the modeling period (mice were 24 weeks
at this time), the mice in the M group weighed less than those in the MC group (model
control group), but there was no statistical difference. As shown in Fig. 1B, the weight
change in the RC group (rehabilitation control group) was almost the same as that in
the MC group, and also showed dynamic fluctuation without any significant change.
The weights in the M+ R group (treadmill model + rehabilitation training) continued to
decrease during the period of high-intensity and moderate-intensity treadmill running,
and there was a statistical difference at the age of 26 weeks. The weight in the M+C
group (treadmill model + convalescent group) showed a continuous trend of weight loss
during the high-intensity treadmill running. However, the weight in the M+ C group
showed a trend of regaining weight in the first week after the end of the modeling period
(mice were 25 weeks at this time). At the end of rehabilitation training (mice were
29 weeks at this time), the weights of mice in the M + R group and the M + C group were
lower than in the RC group, but there was no statistical difference.

Pathological changes

Pathological changes of the mice knee joints after high-intensity treadmill running

The paraffin sections of the knee joints of the mice were stained with hematoxylin—eosin
and safranin O—fast green staining, respectively. The stained sections were observed and
photographed using a 200 Olympus inverted microscope. The hematoxylin—eosin stain-
ing results showed that when compared with the MC group, the articular surface of the
knee joint in the M group was rough, with a few irregular cracks on the surface and a
decreased number of chondrocytes. Mankin scores indicated that there was a significant
statistical difference in the pathological changes of the cartilage. The fast green staining
results showed that the knee joint in the MC group had a smooth surface, while the knee
joint in the M group had obvious cracks, and the hyaline cartilage layer in the M group
was significantly thinner than in the MC group, with significant cartilage loss. There was
a significant difference in the OARSI score between the two groups (Fig. 2).

Pathological changes of mice knee joints after moderate-intensity rehabilitation training

The results of the hematoxylin—eosin staining showed that the articular cartilage surface
of the RC group was smooth without cracks, the chondrocytes were evenly distributed
and neatly arranged, and the tidal line was complete and visible. In the M+ C group,
there were irregular defects on the articular cartilage surface of the knee joint, the carti-
lage was somehow lost, and the distribution of chondrocytes was uneven and there was
a decreased number of chondrocytes. When compared with the M+ C group, the car-
tilage surface of the knee joint in the M+ R group was smoother, the cartilage layer was
thicker, and the distribution of the chondrocytes was normal. The results of the Mankin
score showed that the pathological changes of the knee cartilage in the M+R group
were less severe than in the M+ C group, and the difference was significant. The degree
of the pathological changes of the knee cartilage in the M +R group was more serious
than the changes in the RC group, but there was no significant difference. The safranin
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Fig. 2 The effect of high-intensity treadmill running on the cartilage of mice knee joints (A sections of

the knee joint of the high-intensity treadmill running mice with hematoxylin—eosin staining and saffron O
staining under the 200-fold light microscope; B Mankin and OARSI scores of hematoxylin-eosin staining and
saffron O staining in the knee joint of high-intensity treadmill mice; MC group: model control group, M group:
treadmill model group, N=6, **P<0.01, Mankin scores;""P < 0.01, OARSI score)

O—fast green stain showed that there was no obvious crack in the cartilage in the M+R
group. Staining also showed that some cartilage fibrosis and volume loss were found in
the M + R group when compared with the RC group, which indicates that the pathologi-
cal changes in the cartilage in the M+ R group were more serious than in the RC group,
and the OARSI score of the two groups was significantly different. When compared with
the M + C group, the pathological changes of the knee cartilage in the M+ R group were
less severe, but there was no significant difference in the OARSI score (Fig. 3).

Morphological changes of the subchondral bone of the knee joints in mice

Morphological changes of the subchondral bone of knee joints in mice after high-intensity
treadmill running

After scanning the knee joint, the medial and lateral subchondral bones of the tibial
plateau were reconstructed separately to obtain the morphological indexes of the sub-
chondral bone of the tibial plateau. The results showed that the BMD, BV/TV ratio, and
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Fig. 3 Effects of moderate-intensity treadmill rehabilitation training on mice knee cartilage (A
section-diagram of moderate-intensity treadmill running mice knee cartilage with hematoxylin—eosin
staining and safranin O—fast green stain under the 200-fold light microscope; B Mankin and OARSI
score of hematoxylin—eosin staining and safranin O—fast green stain of the knee cartilage of mice with
moderate-intensity treadmill running. RC group: rehabilitation control group, M+ R group: treadmill
model + rehabilitation training group, and M+ C group: treadmill model 4- convalescent group. n=6,
*P<0.01,**P<0.01, Mankin scores; P <0.01, OARSI score)

Tb.Th of the LM group was significantly higher than those in the LMC group. The above
data in the MM group were also higher than in the MMC group, but there was no sig-
nificant difference (Fig. 4 and Table 1).



Zhou et al. BioMedical Engineering OnLine (2021) 20:111 Page 7 of 22

Tibial plateau MC Y]
Fig. 4 Morphological changes of tibial plateau bone in mice of MC group and M group (A three-dimensional
(3D) reconstructed images of tibial plateau; B the image of tibial plateau of MC group was sectioned along
the horizontal plane, from the top at 40%; C the image of tibial plateau of M group was sectioned along the
horizontal plane, from the top at 40%. MC group: model control group, M group: treadmill model group)

Table 1 Morphological changes of the subchondral bone of the medial and lateral tibial plateau in
mice after high-intensity treadmill running

Group BMD(mg HA/ccm) BV/TV Tbh.N Tbh.Th Tb.Sp

LMC 92277 +4.282 0.544+0.187 7.2974+0.218 0.087 +0.003 0.13040.005
LM 958425+ 18.716% 0.583+0.031* 7.0324+0.349 0.100£0.005* 0.131+0.007
MMC 940.886+5.236 0.61940.0226 7.1994+0.218 0.109 4 0.005 0.1334+0.004
MM 974429+22.776 0.66840.033 713140253 0.127+£0.139 0.130+£0.011

Comparison of BMD, BV/TV, Tb.N, Tb.Th and Th.Sp of the subchondral bone of the medial and lateral tibial plateau in mice.
LMC group: MC group lateral tibia plateau, LM group: M group lateral tibia plateau, MMC group: MC group medial tibia
plateau, MM group: M group medial tibia plateau, n=3, *P<0.05, LM group vs LMC group

Morphological changes of the subchondral bone of knee joint in mice after moderate-intensity
treadmill running

In the lateral tibial plateau of subchondral bone, the BMD, BV/TV ratio, Tb.N, and
Tb.Th of the M + R group mice were higher than in the RC group when compared with
the RC group, and only the difference of the BMD was statistically significant. The BMD
and Tb.Th values of the lateral tibial plateau of the mice in the M+ C group were sig-
nificantly higher than those in the RC group; in the medial tibial plateau of subchondral
bone, the BMD values of the M+ C group were higher than the RC group and showed
a statistical difference. Meanwhile, when compared with the RC group, there was no
significant difference in the increase of BMD, BV/TV ratio, Tb.N, and Tb.Th and the
decrease of Tb.Sp of the M+ R group mice, compared with the RC group, there was no
significant difference (Fig. 5 and Table 2).

mRNA expression changes in the knee cartilage in mice

Changes in mRNA expression of the knee cartilage in mice after high-intensity treadmill
running

After modeling with high-intensity treadmill running, the total RNA of the right knee
cartilage in the MC group and the M group was extracted, and the expression of mRNA
levels of the anabolic factors COL2 and ACAN, catabolic factors MMP-13 and proin-
flammatory cytokines TNF-a and IncRNA H19 in the cartilage were detected using
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Tibial plateau RC M+R M+C
Fig. 5 Morphological changes of tibial plateau bone in mice of RC group, M+ R group, and M+ C group
(A three-dimensional reconstructed images of tibial plateau; B the image of tibial plateau of RC group was
sectioned along the horizontal plane, from the top at 40%; C the image of tibial plateau of M+ R group was
sectioned along the horizontal plane, from the top at 40%; D the image of tibial plateau of M+ C group was
sectioned along the horizontal plane, from the top at 40%. RC group: rehabilitation control group, M+R
group: treadmill model + rehabilitation training group, M 4+ C group: treadmill model + convalescent group)

Table 2 Morphological changes of the subchondral bone of the medial and lateral tibial plateau in
mice after moderate-intensity treadmill running

Group BMD(mg HA/ccm) BV/TV Tbh.N Tb.Th Tb.Sp

LRC 950.925 427.040 0.5712+.033 7.166+ 0441 0.094+0.008 0.131£0.004
LM+R 999.071 £ 15.379* 0.573440.037 7.370+£0.236 0.101£0.010 0.128£0.010
LM+C 987.680+5.319% 0.629+.0117 6.951+£0.375 0.111£0.005% 0.134£0.011
MRC 969.248+21.332 0.616£0.056 7.094+0.337 0.104£0.017 0.139£0.013
MM +R 1008.845£4.041 0.647£0.054 7.6554+0.318 0.119+£0.011 0.123+£0.011
MM +C 968.176 £ 4.204" 0.572£0.016 7.214+0.268 0.092+£0.001 0.127 £.006

Comparison of the BMD, BV / TV, Tb.N, Tb.Th and Th.Sp of the subchondral bone under the medial and lateral tibial plateau
in mice. (LRC group: RC group lateral tibia plateau, LM + R group: M + R group lateral tibia plateau, LM + C group: M+ C
group lateral tibia plateau, MRC group: RC group medial tibia plateau, MM + C group: M+ C group medial tibia plateau,
MM 4R group: M -+ R group medial tibia plateau. n=4, *P<0.05, LM + R group or LM+ C group VS LRC group, #P<0.01,
MM+ C group VS MRC group)

fluorescence quantitative PCR. As shown in Fig. 6, when compared with the MC group,
the levels of expression of COL2 and ACAN mRNA in the knee cartilage of the M group
decreased significantly, and the levels of expression of MMP-13 and TNF-a mRNA
increased significantly after the 4 weeks of high-intensity treadmill running. Meanwhile,
the expression of IncRNA H19 in the cartilage of the M group decreased significantly.
These results demonstrated that high-intensity treadmill running caused the occurrence
of PTOA in mice, and the expression of IncRNA H19 in the cartilage of the PTOA mice
was decreased due to the high-intensity treadmill running.

Changes in mRNA expression in the knee cartilage in mice after moderate-intensity
rehabilitation training

As shown in Fig. 7, when compared with the M+ C group, the levels of expression of
COL2 and ACAN mRNA in the knee cartilage of the M+ R group increased signifi-
cantly, and the levels of expression of TNF-a mRNA decreased significantly after 4
weeks of moderate-intensity treadmill rehabilitation training, but there was no signifi-
cant difference in the decrease of MMP-13 expression. In addition, IncRNA H19 in the
M+R group was significantly higher than in the M+ C group. When compared with
the RC group, the expression of COL2, ACAN, and IncRNA H19 in the cartilage of the
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Fig. 6 Changes in expression of COL2, ACAN, MMP-13, TNF-a mRNA and IncRNA H19 in mice knee cartilage
after high-intensity treadmill running (MC group: model control group M group: treadmill model group,
N=6,*P<0.05,**P<0.01)

M+ R group were all reduced, and there was no significant difference in the decrease of
COL2, while the expressions of MMP-13 and TNF-a were significantly increased. These
results indicated that after the moderate-intensity rehabilitation training, PTOA was

alleviated to a certain extent, and the expression of IncRNA H19 was increased.

Discussion

The mouse model is a commonly used animal model used to study OA [36] and gener-
ally includes treadmill running, drug injection, surgery, etc. [37—-39]. The mice PTOA
model can be successfully induced by treadmill running without the manual opera-
tion of the joint cavity, which avoids the difficulty of an operation on the joint cavity
and has the advantage of being non-invasive. Therefore, treadmill running is a good
modeling method in PTOA manufacturing. Meanwhile, as one of the effective meth-
ods to treat OA, exercise therapy has been widely used in clinical practice. Therefore,
we used moderate-intensity treadmill exercise as a rehabilitation training method for
PTOA mice. Previous studies have shown that exercise therapy can effectively lead
to weight loss, thereby reducing joint load and obesity, which is a high-risk factor
of OA, and thus alleviate the process of cartilage damage and degeneration [40]. In
the present study, we found that the weight of mice showed a continuous downward



Zhou et al. BioMedical Engineering OnLine (2021) 20:111 Page 10 of 22

CoL2 ACAN

c x < = *x

§ 15 . . ‘ — g 1.5 ; _ : A

3 - o - vR 8 _— . MR

g 101 | B M+C g 10] [ [ — £ m+C

4 F

o) I3)

O 0.5 < 0.5

[ [

2 =

5 5

& 00 & 00

MMP-13
c c
. - .

2 20 V4R g .l El M+R

g " E3 M+C %‘ B8 M+C

o 154 e | o

5 T 2

g rof L :

% osl 2 1

g ¥

B o0 g o

H19
1.5 " i .

@ ¢ ik | R VR

qg. 1.0 I B= m+C

3

[=2]

-

T

© 0.5

2

g =

€ o0
Fig. 7 Changes in mRNA and IncRNA H19 expressions of COL2, ACAN, MMP-13, TNF-a, and INcRNA H19
expressions of mice knee cartilage after moderate-intensity treadmill rehabilitation training (RC group:
rehabilitation control group, M+ R group: treadmill model + rehabilitation training group, M+ C group:
treadmill model + convalescent group. N=6, *P < 0.05, **P<0.01)

trend during the 4 weeks of treadmill running, but the average weight loss of mice in
the exercise group was within 3 g, indicating that the weight loss is due to the pro-
motion effect of exercise on the health of mice. The slight weight loss has very little
effect on the knee joint load, so the influence of weight factors on the progression
of PTOA can almost be ruled out in this experiment. In addition, obese mice often
exceed the weight of normal mice by more than 20%, thus knee joints will have a sig-
nificant increase in load, which will aggravate knee cartilage damage. In this experi-
ment, all the mice were fed conventionally, and the weights of mice in the exercise
group and the non-exercise group were in the normal range, which provides further
confirmation of the weight changes is very little on PTOA progression in this experi-
ment. Therefore, the damage of articular cartilage in MC group mice may only be
induced by high-intensity treadmill running and has nothing to do with changes in
body weight.

Under normal physiological conditions, the synthesis and degradation of the car-
tilage matrix maintain a dynamic balance. In OA, this homeostasis is disrupted,
the anabolic capacity of chondrocytes is reduced, and the catabolism capacity is
increased, which ultimately leads to the degradation of the extracellular matrix [41,
42]. It is generally believed that inflammatory factors such as IL-1p and TNF-a can
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effectively induce the expression of MMPs and other catabolic enzymes, leading to
disorders of extracellular matrix metabolism [43, 44]. Type II collagen is one of the
main protein macromolecules that constitutes the extracellular matrix. MMPs are
a family of 23 proteases, which have the specific function of hydrolyzing the triple
helix structure in type II collagen. Among them, three MMPs (MMP1, MMP3, and
MMP13) play a key role in regulating cartilage matrix degradation in OA [45]. In par-
ticular, MMP13 plays a central role in the regulation of OA chondrocyte homeostasis
and is considered to be the core factor for the irreversible degradation of type II car-
tilage collagen [46]. In this study, the expression of the inflammatory factor TNF-a in
the knee cartilage of high-intensity treadmill running mice was significantly higher
than in the blank control group, while the expression of COL2 and ACAN, which
represent cartilage anabolism, were significantly down-regulated, and the expres-
sion of MMP-13, which represents catabolism, was also significantly up-regulated.
Our experiment also conducted rehabilitation training on the PTOA mice through
moderate-intensity treadmill running. The results showed that when compared with
the PTOA mice in the M+ C group, moderate-intensity treadmill running partially
reversed the abnormal inflammatory and metabolic indicators.

The histological assessment system is considered to be the gold standard for evaluat-
ing OA in mice [47]. Currently, there are a variety of histological scoring methods used
to evaluate the degree of OA joint damage [48—50]. In this paper, we used Mankin and
OARSI scores to evaluate stained sections of mouse joints. The Mankin scores, first pro-
posed by Mankin et al. [51] in 1971, is the first widely accepted histopathological OA
grading system. As a classic OA histological scoring system, it was originally devel-
oped to evaluate the histological characteristics of human OA hip joint cartilage, but
was subsequently directly or modified and applied to other synovial joints and OA ani-
mal models. Mankin scores mainly focus on the structural changes of articular cartilage
and tidemarks, as well as the changes in chondrocytes and the content of proteoglycans
[52]. However, it should be noted that mouse cartilage is very thin, only a few cell lay-
ers thick, and there are no obvious distinguishable superficial, transitional and radial
zones, implying that the correlation between the scoring results and OA is suspicious
[53]. Therefore, the Mankin score seems to be insufficient for the evaluation of cartilage
damage in mice, while the evaluation of rat or human cartilage may be effective [54].
As the Mankin score is limited to the evaluation of cartilage changes and the evalua-
tion efficiency of mouse cartilage damage is not as efficient as that of rats or humans,
in our experiments, the OARSI scoring system was used at the same time. The OARSI
assessment system focuses on the depth of cartilage defects in the entire joint, includ-
ing subchondral bone changes in a high-level score. In addition, the OARSI score is a
semi-quantitative scoring system, which is relatively easy to apply to experienced and
novice raters, with less variability among different raters [47]. Custers et al. [55] con-
cluded that the reliability of the OARSI scoring system is higher than the Mankin score,
at least in the evaluation of the OA mouse model. In our experiment, by performing
Mankin and OARSI scores on pathological stained sections of mouse knee joints, it was
found that the surface of the knee joint in the M group was uneven, with a few cracks
and loss of cartilage volume. These results indicate that high-intensity treadmill running
successfully induced cartilage lesions in mice. Meanwhile, the Mankin score of the knee
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cartilage in the moderate-intensity treadmill group was also significantly lower than in
the convalescent group, although the reduction of the OARSI score was not statistically
significant. The possible reason for the difference in the results of the two evaluation sys-
tems is that, as discussed above, the Mankin score focuses on evaluating cartilage dam-
age, while the OARSI score focuses on the depth of cartilage defects involving the entire
joint. The motion-induce OA model in our experiment may be mainly manifested in car-
tilage lesions, so our Mankin score results showed significant differences, while the deep
joints of mice such as subchondral bone had no obvious lesions, resulting in the OARSI
score results showing only a trend of change and no statistical difference.

LncRNAs are ribonucleic acids that are widely distributed in the human genome and
have no protein-coding function. Changes in LncRNAs can cause abnormal expression
of genes and lead to various diseases and biological disorders. After using small interfer-
ing RNA to knock down the expression of IncRNA H19 in chondrocytes, Zhou et al.
[56] found that the proliferation of chondrocytes was significantly inhibited and the
apoptosis of chondrocytes increased, while the overexpression of IncRNA H19 could
significantly increase the proliferation of chondrocytes. Meanwhile, other studies have
found that overexpression of IncRNA H19 can significantly up-regulate the expression
of COL2A1 in chondrocytes, while knockout of IncRNA H19 can reduce the expres-
sion level of COL2A1 in chondrocytes [57]. These experiments demonstrated from the
cellular level that IncRNA H19 may be involved in the regulation of chondrocyte anab-
olism and apoptosis. Our animal experiment results showed that in the articular car-
tilage of PTOA mice induced by high-intensity exercise, there was a significantly low
expression of IncRNA H19, which indicates that IncRNA H19 may participate in the
pathogenesis of motion-induced PTOA. Further studies have shown that four weeks of
moderate-intensity treadmill running effectively alleviated the progression of motion-
induced PTOA mice. At the same time, the expression of IncRNA H19 in the articular
cartilage of moderate-intensity exercise training mice was significantly higher than that
of PTOA mice that were raised without exercise intervention. The above results indicate
that IncRNA H19 may be closely related to the occurrence and development of motion-
induced PTOA mice. It should be noted that the current main modeling method for OA
in mice includes surgical induction, collagen induction, and the induction of high-inten-
sity exercise used in this experiment. These different induction methods may involve dif-
ferent pathogenesis. For example, a collagenase injection uses chemical factors to induce
chondrocyte apoptosis and matrix degradation, which subsequently leads to subchon-
dral bone disease [58]. Surgical induction induces mechanical homeostasis failure of the
joints and results in the loss of mechanical properties of the knee joint and a change in
the subchondral bone microstructure, which increases the stress on the overburdened
articular cartilage and leads to wear and degradation [59]. Therefore, the regulatory
effect of IncRNA H19 on cartilage lesions in the above models may be different than
the high-intensity motion-induced PTOA mice model. Further research is needed to
fully understand the regulatory effect of IncRNA H19 in the cartilage degeneration of
motion-induced PTOA.

As discussed above, OA is an inflammatory joint disease affected by multiple fac-
tors, and different pathogenesis results in different times of appearance of cartilage
and subchondral bone disease. In OA induced by collagen injection, articular cartilage
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degeneration first, and then the subchondral bone lesions [58]. In the surgically induced
OA model, the microenvironment of the subchondral bone changes first, and then the
articular cartilage degrades [59]. In addition, the age-related spontaneous OA mouse
models [60] and the ovariectomized mouse OA models [61] can also come to the same
conclusion. In our experiments, we tried to evaluate the morphological changes of
the subchondral bone to initially explore the possible location of the first lesion in the
motion-induced OA model by micro-CT scan. The subchondral bone is in the process of
continuous and dynamic bone remodeling, which is regulated by osteoblasts and osteo-
clasts to ensure the stability of the subchondral bone microstructure. The occurrence of
abnormal subchondral bone remodeling is considered to be a typical marker of OA [62].
In the early stage of OA, bone resorption is dominant. The specific process is as follows:
abnormal mechanical stress leads to increased bone resorption, and the subchondral
bone presents an osteoporotic structure with reduced bone mass, increased trabecular
space, and thinning of the subchondral bone plate [63]. In this study, micro-CT scanning
of the M group knee joint showed that the BMD, BV/TV ratio, and Tb.N were higher
than the MC group. This suggests that high-intensity exercise-induced PTOA mice
may be in the early stages of cartilage injury, while there is no obvious morphological
change in the subchondral bone. Moreover, after 4 weeks of moderate-intensity tread-
mill rehabilitation training, the BMD, BV/TV ratio, Tb.Th, Tb.N of M+ R group were
higher than those in RC group, while Tb.Sp showed the opposite trend, which proved
that the subchondral bone of mice did not show the bone resorption phenomenon that
may appear in the early stage of OA. Also, in the middle and later stages of OA, bone
formation is dominant. The specific process is as follows: to maintain the normal biome-
chanical properties of subchondral bone, compensatory active bone formation occurs,
resulting in the abnormally high conversion of subchondral bone, leading to incomplete
mineralization of new bone tissue, even lower than that of healthy people and osteopo-
rosis patients. The manifestation is that the bone mass increases in subchondral bone,
and the volumetric BMD decreases, the shape of the trabecular bone is changed from
rod shape to plate shape, and the subchondral bone plate is significantly thickened [64].
In this experiment, the micro-CT scan results showed that both BMD and BV/TV of
subchondral bone increased after 4 weeks of high-intensity treadmill running, and the
trabecular bone did not appear to change shape due to early bone resorption, indicat-
ing the subchondral bone of mice did not show the characteristics of late OA at the
level of micro-CT. In summary, therefore, we speculate that the subchondral bone of
motion-induced OA mice may be in the pre-early stage of OA, neither in the early stage
of OA nor in the late stage of OA. A possible cause of this is that mechanical overload on
the subchondral bone may be compensated by microcracks. A microcrack is a normal
physiological activity of bone cells that is triggered by the mechanical load and is the
result of a joint attempting to maintain its integrity, that is, a microcrack may protect
the subchondral bone tissue from damage by distributing the mechanical load [65]. The
mechanism is that the microcracks of the subchondral bone appear to reduce the elastic
modulus of bone tissue, which affects its ability to resist the load of the bone cell. This
reduces its ability to absorb mechanical strain and leads to the subchondral bone having
a higher mechanical load, resulting in mechanical overload which causes bone matrix
damage and activated bone cells to produce the receptor activator of the NF-«B ligand
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(RANKL). Also, down-regulated osteoprotegerin (OPG) [66] induces osteoclast activa-
tion, strengthens bone absorption, and begins bone remodeling to promote bone repair
[67]. Therefore, the subchondral bone may compensate for bone injury by early bone
remodeling that is associated with microcracks, indicating that motion-induced early
OA damage does not first occurs subchondral bone, but in articular cartilage.

Here, we propose a promising research point by reviewing relevant literature and
combining our findings. It is well known that IncRNAs act as miRNAs sponges and
isolate miRNAs from the targeted coding transcript through shared miRNA binding
sites, thereby preventing miRNAs from binding to mRNA targets and ultimately affect-
ing a series of biological processes according to competing endogenous RNA (ceRNA)
hypothesis [68]. On the one hand, IncRNA H19 can act as a miRNA precursor to reg-
ulate the differentiation of bone marrow mesenchymal stem cells into osteoblasts. On
the other hand, IncRNA H19 can act as a competitive endogenous RNA by adsorbing
and inhibiting the expression of a variety of miRNAs, thereby participating in regulating
osteogenic differentiation (as shown in Table 3). Therefore, we speculate that IncRNA
H19 may also participate extensively in the regulation of subchondral bone metabolism
during the entire OA process by interacting with miRNAs, due to the uncoupled sub-
chondral bone in OA. Notably, in the middle and late stages of OA dominated by bone
formation, the new bone tissue is incompletely mineralized. Matrix mineralization plays
a key role in bone formation. Mineralized nodules are formed in osteoblasts at the end
of osteogenic differentiation [69]. Research by Wu et al. [70] showed that IncRNA H19 is
up-regulated in mineralized osteoblasts and promotes osteoblast matrix mineralization
by directly targeting the miR-185-5p/IGF1 axis, indicating that IncRNA H19 may be an
effective target for correcting uncoupled bone remodeling in the late stage of OA. In our
experiment, we established a specific OA model to preliminarily explore the relation-
ship between IncRNA H19 and the motion-induced OA model. Our results showed that
high-intensity mechanical stress reduced the expression of IncRNA H19 in mouse carti-
lage tissue, and moderate-intensity mechanical stress partially reversed the down-regu-
lation of IncRNA H19 expression. Consistent with our research results, Wang et al. [71]
found in an experiment of developmental dysplasia of the hip (DDH) that IncRNA-H19
was down-regulated in DDH patients. The intermittent cyclic mechanical stress (ICMS)

Table 3 Interaction between IncRNA H19 and miRNA during osteogenic differentiation

Authors Regulatory mechanism Function
He etal. [75] INcRNA-H19/miR-214-5p/BMP2 Osteogenic differentiationt
Gan et al. [76] INcRNA-H19/miR-19b-3p Osteogenic differentiationt
Bietal. [77] INcRNA-H19/miR-140-5p/SATB2 Osteogenic differentiation
Han et al. [78] INcRNA H19/miR-541-3p/APN Osteogenic differentiationt
Lietal. [79] INcRNA H19/miR-149/SDF-1 Osteogenic differentiationt
Wu et al. [68] IncRNA-H19/miR-138/PTK2 Osteogenic differentiation
Wang et al. [80] INCRNA-H19/miR-188/ LCoR Osteogenic differentiation
Adipogenic differentiationy,
Huang et al [81] INcRNA H19/miR-675/TGF-B31 Osteogenic differentiationt
Adipogenic differentiation,
Liang et al. [82] INcRNA-H19/miR-141/Wnt/B-catenin Osteogenic differentiation

INcRNA-H19/miR-22/ Wnt/B-catenin

Page 14 of 22
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cell force model was used to simulate the abnormal biomechanical environment in vitro
in this experiment. High-intensity ICMS promoted cartilage degradation and lead to
cytoskeletal reorientation. Overexpression of IncRNA H19 inhibited ICMS-induced
cartilage degeneration by directly targeting the miR-483-5p/Dusp5 axis. This experi-
ment indicates that IncRNA-H19 may be sensitive to changes in mechanical stress in
cartilage. In addition, previous studies established a model of disuse osteoporosis (DOP)
with mechanical stress reduction in rats and found that no mechanical load can induce
decreased expression of IncRNA H19 in bone tissue and lead to reduced bone formation
and DOP through a Wnt signaling cascade [72]. This suggests that IncRNA H19 may be
involved in the regulation of mechanical stress-related bone metabolic processes. Unfor-
tunately, our study failed to detect the expression of IncRNA H19 in the subchondral
bone of motion-induced PTOA mice, which would have made it possible to determine if
there is a difference or correlation between the regulatory effect of IncRNA H19 on bone
tissue in DOP and on subchondral bone tissue in motion-induced PTOA. In summary,
IncRNA H19 can interact with miRNA to promote osteogenic differentiation of BMSCs
and accelerate osteoblast matrix mineralization. It is worth noting that IncRNA H19 may
be involved in the regulation of mechanical-related cartilage degeneration and subchon-
dral bone formation. The above research results provide a new perspective on IncRNA
and OA for further research. IncRNA H19 may be involved in the regulation of cartilage
degeneration and calcification and subchondral bone remodeling in OA by interacting
with a variety of miRNAs, and it is reasonable to speculate that IncRNA H19 may be dif-
ferentially expressed in the early and late stages of OA, at least in the subchondral bone.
Further research is needed to confirm the regulation mechanism of IncRNA H19 on OA.

Conclusions

High-intensity treadmill running can cause knee cartilage injury in C57BL/6 mice,
induce PTOA, and decrease the expression of IncRNA H19 in the articular cartilage.
Also, moderate-intensity treadmill rehabilitation training can relieve motion-induced
PTOA in mice and increase the expression of IncRNA H19 in the articular cartilage.

Materials and methods

This study was carried out in strict accordance with the recommendations from the Eth-
ical Committee of Shanghai University of Sport on the Care and Use of Animal Subjects
in Research (Approval Number: 2018013), following the protocols approved by the com-
mittee. Thirty specific pathogen-free wild-type C57BL/6 male mice (19 weeks old) were
purchased from Shanghai Nanfang Biotechnology Co., Ltd. and used in the experiment.
The mice were maintained in separate cages in a pathogen-free barrier system animal
house at the Shanghai University of Sport. Each of the cages contained five mice. The
light inside the barrier was turned on at 8:30 a.m. and turned off at 8:30 p.m., which
simulated an alternating day and night for 12 h. The temperature in the animal house
was 22+ 2 °C, the humidity was 40-70%, and the mice were weighed every Monday.

Experimental grouping
All of the mice were acclimated to the new environment for a week. Then they were
randomly divided into 5 groups as follows: model control group, (MC group, n=56),
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Table 4 Grouping scheme of mice

Group Abbreviation Intervention scheme Age at the
time of
killing

Model control group (n=6) MC group No intervention 25w

Treadmill model group (n=6) M group 4w high intensity 25w

Rehabilitation control group (n=6) RC group No intervention 29w

Treadmill model 4 rehabilitation training  M+Rgroup 4w high intensity + 4w moderate- 29w

(h=06) intensity

Treadmill model 4 convalescent group  M+Cgroup 4w high intensity +4w no intervention 29w

(n=6)

o i §

. No intervention until sacrifice at 25 weeks old.
Experimental Scheme:

MC group

Adapdation to the 4w high-intensity treadmill running
new eavironment to establish OA model
Pre-adaptation before
high-intensity running

D

Experimental Scheme: 19w 20w 21w 25w

M group
1w Tw { 4w
‘/@ No intervention until sacrifice at 29 weeks old
Experimental Scheme:
RC group
Adapdation to the 4w high-intensity treadmill nunning 4w moderate-intensity treadmill nmning
new environment 10 establish OA model
Pre-adaptation before
JQ ligh-intensity numing
. . . .
Experimental Scheme: 19w 20w 2w 25w 29w
M#R group
roup I — 1w - W i aw
Adapdation to the 1w high-intensity treadmill running 4w o intervention
new environment 10 establish OA model
Pre-adaptation before
J@ highintensity running
. .

Experimental Scheme: 19w 20w 20w 25w 29w

MEC group 1w v — he P
Fig. 8 Experimental scheme of mice

treadmill model group (M group, n=6), rehabilitation control group (RC group,
n==6), treadmill model+ rehabilitation training group (M +R group, n=6) and
treadmill model 4 convalescent group (M + C group, n=6). The mice were 20 weeks
old when all of the groups began the experiment. The MC group and the RC group
did not receive any intervention, and the remaining three groups (M group, M+R
group, and M+ C group) were pre-adapted to low-intensity treadmill running for
1 week, and then high-intensity treadmill running for 4 weeks to create a mouse
model of PTOA. After 4 weeks of high-intensity treadmill running, samples were col-
lected from the MC group and the M group to test if high-intensity treadmill running
can successfully establish a PTOA model. Subsequently, the M + R group participated
in 4 weeks of moderate-intensity treadmill rehabilitation training, while the M+ C
group was conventionally raised in independent cages without any exercise interven-
tion. After 4 weeks of moderate-intensity treadmill running, samples were collected
from the RC group, the M+R group, and the M+ C group to test the rehabilita-
tion effect of moderate-intensity treadmill running on mice with PTOA, as shown in
Table 4 and Fig. 8.
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Treadmill running protocol

According to the literature [73, 74] and our research, the following experimental scheme
was developed. The mice began running on the treadmill at 14:00, five times a week,
for 80 min each time. The 80 min included 10 min of accelerated motion, 60 min of
uniform motion, and 10 min of decelerated motion. During the pre-adaptation period,
the uniform motion speed was gradually increased for 5 days. The speed was 10 m/min
on the first day, 12 m/min on the second day, 14 m/min on the third day, 16 m/min
on the fourth day, and 18 m/min on the fifth day. The gradient of the treadmill was 5°.
During the high-intensity treadmill running, the uniform speed was 20 m/min and the
treadmill slope was 5°. During the moderate-intensity rehabilitation training, the uni-
form speed of movement was 8 m/min, and there were no acceleration and deceleration
stages included in the scheme before or after the exercise. The exercise duration for this
moderate-intensity training was 40 min with no treadmill slope.

Sampling

When the treadmill running program was completed (at the fifth week for MC and M
group; at the ninth week for RC, M+ R, and M+ C group), the mice were anesthetized
by ether inhalation after fasting overnight. After the mice were completely anesthetized,
the mice were weighed, and the soft tissues around the knee joint such as the muscles
and ligaments were cut off of the lower limbs of the mice with ophthalmic shears, and
then the knee joint was cleaned with a PBS solution. The left knee joint was immediately
scanned using a micro-CT, and then the samples were placed in the refrigerator with 4%
paraformaldehyde solution at 4°C for 48 h. Next, the samples were placed in the decalci-
fying solution at room temperature for 30 days. During this time, the decalcifying solu-
tion was replaced once a day. The right knee joint was wrapped with gauze, soaked with
PBS, and stored in a refrigerator at — 80 “C for RNA extraction.

Paraffin embedding, sectioning, and staining

After the completion of the decalcification process, the knee joint samples were placed in
a stainless steel dish and washed with running water for 5 min. The residual soft tissues
around the knee joint were carefully trimmed with ophthalmic shears and the unrelated
bone was cut around. Only the intact knee joint was retained for paraffin embedding
which occurred at a later stage. Then, the knee joints of each group were placed in 50%
alcohol at room temperature for 12 h overnight, and the next day the knee joints were
dehydrated using gradient ethanol, transparentized with xylene, and embedded in wax.
Subsequently, a paraffin embedding machine was used for embedding and the pop-
liteal fossa of the knee joint was aligned to the bottom of the embedding box. The sec-
tion thickness of the paraffin was 5.0 um. The paraffin sections were stained according
to the standard instructions for hematoxylin—eosin staining and safranin O—fast green

staining.

Histological evaluation

Two widely accepted scoring systems are used to evaluate histological sections to assess
the severity of knee OA, including the Mankin histological histochemical grading sys-
tem and the OARSI histopathology assessment system. The Mankin score is evaluated
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from four aspects of cartilage structure, cell abnormality, matrix staining, and tidemark
integrity, and finally, the sum of the four scores was taken as the comprehensive score. 0
point implies normal cartilage. The higher the overall score, the more severe the OA car-
tilage lesions. In this experiment, we used the Modified Mankin score due to the more
reliable result [52]. In addition, we also used the OARSI grading system to evaluate the
pathology of the entire joint in the OA model. The OARSI score focuses on evaluating
the depth of cartilage defects. Importantly, the subchondral bone changes are also con-
sidered in the higher-level scores. The paraffin sections were scored by two independent
observers under a 200-fold light microscope according to the Mankin and OARSI scor-
ing standards. The means of the two groups were used as the final score.

micro-CT scan

A micro-CT was used to scan the knees of the mice. The scanning parameters were as
follows: FOV/diameter: 319,480 um, voxel size: 10.4 um, energy: 55 kv, intensity: 72 um,
and sample time: 250,000 us. When a knee was placed for scanning, we confirmed that
the angle of the placement was the same each time, and it was adjusted again in the pre-
scan window to ensure the effectiveness and accuracy of the scanning and post-recon-
struction. After the scan, 100 layers were selected to reconstruct the medial and lateral
tibial plateau of each group from the apex of the tibial plateau, and they were divided
into the following groups: MC group lateral tibia plateau (LMC group) and M group lat-
eral tibia plateau (LM), RC group lateral tibia plateau (LRC group), M+ R group lateral
tibia plateau (LM +R), M+ C group lateral tibia plateau (LM + C); MC group medial
tibia plateau (MMC group), M group medial tibia plateau (MM group), RC group medial
tibia plateau (MRC group), M+R group medial tibia plateau (MM+R group), and
M+ C group medial tibia plateau (MM + C group). At the same time, micro-CT soft-
ware was used to analyze the subchondral bone structure. The following measurement
parameters were used: (1) trabecular spacing (Tb.Sp); (2) trabecular thickness (Tb.Th);
(3) trabecular number (Tb.N); (4) bone volume fraction (BT/TV); and (5) bone mineral
density (BMD).

Real-time PCR detection

The knee joint samples were removed from the — 80 ‘C refrigerator and thawed. The soft
tissues around the knee joint, including the joint capsule, were carefully removed and the
articular cartilage on the tibial plateau and the femoral condyle were carefully detached.
Then, the articular cartilage was put into a small mortar and liquid nitrogen was added to
help grind the cartilage into a powder. The cartilage and remaining liquid nitrogen were
quickly spooned into the 1.5 ml EP tube before the liquid nitrogen evaporated (if the carti-
lage was not ground into a powder before the liquid nitrogen evaporated or the powder was
not scooped into the EP tube, a small amount of liquid nitrogen should be added again).
The total RNA was extracted from the powdered cartilage according to previous studies.
Subsequently, SYBR green from the Vazyme Company was used to prepare the correspond-
ing working fluid system according to the given instructions and it was added to a 96-well
plate for fluorescence quantitative amplification. With this, the expressions of IncRNA H19,
inflammatory factor TNF-q, cartilage anabolic factor COL2, ACAN, and cartilage catabolic
factor MMP-13 were detected. f-actin was used as an internal reference gene. The results
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Table 5 Primer sequence

Gene Primer sequence (5'-3’)

B-actin Forward: 5-CTGTCCCTGTATGCCTCTG-3'
Reverse: 5-ATGTCACGCACGATTTCC-3'

TNF-a Forward: 5-AGGCTGCCCCGACTACGT-3
Reverse:5'-GACTTTCTCCTGGTATGAGATAGCAAA-3

MMP-13 Forward: 5'-ACGTGTGGAGGTGAGGCATCC-3'
Reverse: 5-GCAGAAGGCAGACCGCAATGG-3

coL2 Forward: 5'-CAT GAC CTC GTG ATG AAC GTGT-3'
Reverse: 5-CGG GTG AGG ACG TTT ACA AAG-3'

INCRNA H19 Forward: 5-AGGCGAGGATGACAGGTGTGG-3'
Reverse: 5-GAACAGACGGCTTCTACGACAAGG-3'

ACAN Forward: 5-CACTCCTGCCTGCTATGGAATGC-3"

Reverse:5'-CCTGGTGATGCTGGTGCTGTTAG-3'

were analyzed using 2~ AL The primer premier 5.0 software was used to design all of the
primers that were involved in the study. The primer sequences are shown in Table 5.

Data analysis

All of the results were expressed as mean =+ standard deviation (X+SD), and SPSS 20.0
software was used for data analysis and processing. An independent sample T-test was used
to compare the MC group and the M group to judge whether or not the PTOA modeling
was successful. To judge the recovery effect, the RC group, the M+ R group, and the M+ C
group were compared using a one-way analysis of variance, and a post hoc Bonferroni’s
correction for multiple comparisons was used for between-group pairwise comparisons.
P<0.05 indicates that the results are statistically different.

Abbreviations

OA: Osteoarthritis; PTOA: Post-traumatic osteoarthritis; INcRNAs: Long non-coding RNAs; INcRNA H19: Long non-coding
RNA H19; OPG: Osteoprotegerin; RANKL: Receptor activator of the NF-kB ligand; DOP: Disuse osteoporosis; IL-6: Inter-
leukin-6; TNF-a: Tumor necrosis factor-a; MMPs: Matrix metalloproteinases; Tb.Sp: Trabecular spacing; Tb.Th: Trabecular
thickness; Tb.N: Trabecular number; BT/TV: Bone volume fraction; BMD: Bone mineral density; ceRNA: Competing
endogenous RNA.

Acknowledgements
Not applicable.

Authors’ contributions

All authors contributed to the study’s conception and design. Material preparation, data collection, and analysis were
performed by Xuchang Zhou, Hong Cao, and Miao Wang. The first draft of the manuscript was written by Xuchang Zhou
and Hong Cao. Wei Wu and Jun Zou supervised the project and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Funding

The work is supported by funding from the National Natural Science Foundation of China (NO. 81572242), Shanghai
Frontiers Science Research Base of Exercise and Metabolic Health and Shanghai Key Laboratory of Human Sport Compe-
tence Development and Maintenance (Shanghai University of Sport, No. 11DZ2261100).

Availability of data and materials
Data sharing does not apply to this article as no datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate
This study was carried out in strict accordance with the recommendations from the Ethical Committee of Shanghai
University of Sport on the Care and Use of Animal Subjects in Research (Approval Number: 2018013), following the



Zhou et al. BioMedical Engineering OnLine (2021) 20:111 Page 20 of 22

protocols approved by the committee. All mice were anesthetized before the extraction of knee cartilage and were
humanely euthanized after the procedures were completed.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 June 2021 Accepted: 3 November 2021
Published online: 18 November 2021

References

1. D'Lima DD, Patil S, Steklov N, Chien S, Colwell CW Jr. In vivo knee moments and shear after total knee arthroplasty. J
Biomech. 2007;40(Suppl 1):S11-7.

2. Fregly BJ, Besier TF, Lloyd DG, Delp SL, Banks SA, Pandy MG, et al. Grand challenge competition to predict in vivo
knee loads. J Orthop Res. 2012;30(4):503-13.

3. Heinlein B, Kutzner |, Graichen F, Bender A, Rohlmann A, Halder AM, et al. ESB Clinical Biomechanics Award 2008:
complete data of total knee replacement loading for level walking and stair climbing measured in vivo with a
follow-up of 6-10 months. Clin Biomech (Bristol, Avon). 2009,24(4):315-26.

4. Reilly DT, Martens M. Experimental analysis of the quadriceps muscle force and patello-femoral joint reaction force

for various activities. Acta Orthop Scand. 1972;43(2):126-37.

Guilak F. Biomechanical factors in osteoarthritis. Best Pract Res Clin Rheumatol. 2011;25(6):815-23.

6. Phan MN, Leddy HA, Votta BJ, Kumar S, Levy DS, Lipshutz DB, et al. Functional characterization of TRPV4 as an
osmotically sensitive ion channel in porcine articular chondrocytes. Arthritis Rheum. 2009;60(10):3028-37.

7. Haudenschild DR, D'Lima DD, Lotz MK. Dynamic compression of chondrocytes induces a Rho kinase-dependent
reorganization of the actin cytoskeleton. Biorheology. 2008;45(3-4):219-28.

8. Whittaker JL, Roos EM. A pragmatic approach to prevent post-traumatic osteoarthritis after sport or exercise-related
joint injury. Best Pract Res Clin Rheumatol. 2019;33(1):158-71.

9. Carter D, Beaupré G, Wong M, Smith R, Andriacchi T, Schurman D. The mechanobiology of articular cartilage devel-
opment and degeneration. Clin Orthop Relat Res. 2004;427:569-77.

10. Sun H. Mechanical loading, cartilage degradation, and arthritis. Ann N'Y Acad Sci. 2010;1211:37-50.

11. Allen J, Imbert |, Havelin J, Henderson T, Stevenson G, Liaw L, et al. Effects of treadmill exercise on advanced osteoar-
thritis pain in rats. Arthritis Rheumatol. 2017,69(7):1407-17.

12. HongY,Kim H, Lee Y, Lee S, Kim K, Jin Y, et al. Salutary effects of melatonin combined with treadmill exercise on
cartilage damage. J Pineal Res. 2014;57(1):53-66.

13. lijima H, AoyamaT, Ito A, Yamaguchi S, Nagai M, Tajino J, et al. Effects of short-term gentle treadmill walking on
subchondral bone in a rat model of instability-induced osteoarthritis. Osteoarthr Cartil. 2015;23(9):1563-74.

14. Franciozi C, TariniV, Reginato R, Gongalves P, Medeiros V, Ferretti M, et al. Gradual strenuous running regimen
predisposes to osteoarthritis due to cartilage cell death and altered levels of glycosaminoglycans. Osteoarthr Cartil.
2013;21(7):965-72.

15. Galois L, Etienne S, Grossin L, Watrin-Pinzano A, Cournil-Henrionnet C, Loeuille D, et al. Dose-response rela-
tionship for exercise on severity of experimental osteoarthritis in rats: a pilot study. Osteoarthritis Cartilage.
2004;12(10):779-86.

16. Spizzo R, Almeida MI, Colombatti A, Calin GA. Long non-coding RNAs and cancer: a new frontier of translational
research? Oncogene. 2012,31(43):4577-87.

17. Lipovich L, Johnson R, Lin CY. MacroRNA underdogs in a microRNA world: evolutionary, regulatory, and biomedical
significance of mammalian long non-protein-coding RNA. Biochim Biophys Acta. 2010;1799(9):597-615.

18. Li XL, Wu ZQ, Fu XB, Han WD. IncRNAs: insights into their function and mechanics in underlying disorders. Mutat
Res-Rev Mutat. 2014;762:1-21.

19. Fu XM, Guo W, Li N, Liu HZ, Liu J, Qiu SQ, et al. The expression and function of long noncoding RNA INcCRNA-ATB in
papillary thyroid cancer. Eur Rev Med Pharmacol Sci. 2017,21(14):3239-46.

20. Terracciano D, Terreri S, de Nigris F, Costa V, Calin GA, Cimmino A. The role of a new class of long noncoding RNAs
transcribed from ultraconserved regions in cancer. Biochim Biophys Acta Rev Cancer. 2017;1868(2):449-55.

21. Huang X, Zhou X, Hu Q, Sun B, Deng M, Qi X, et al. Advances in esophageal cancer: a new perspective on pathogen-
esis associated with long non-coding RNAs. Cancer Lett. 2018;413:94-101.

22. HungT, Chang HY. Long noncoding RNA in genome regulation: prospects and mechanisms. RNA Biol.
2010;7(5):582-5.

23. Goshen R, Rachmilewitz J, Schneider T, de Groot N, Ariel |, Palti Z, et al. The expression of the H-19 and IGF-2 genes
during human embryogenesis and placental development. Mol Reprod Dev. 1993;34(4):374-9.

24. Ariel I, Sughayer M, Fellig Y, Pizov G, Ayesh S, Podeh D, et al. The imprinted H19 gene is a marker of early recurrence
in human bladder carcinoma. Mol Pathol. 2000;53(6):320-3.

25. Ariel I, Ayesh S, Perlman EJ, Pizov G, Tanos V, Schneider T, et al. The product of the imprinted H19 gene is an oncofe-
tal RNA. Mol Pathol. 1997;50(1):34-44.

26. Hurst LD, Smith NG. Molecular evolutionary evidence that H19 mRNA is functional. Trends Genet. 1999;15(4):134-5.

27. LiZ LiY,LiY,RenK Li X, Han X, et al. Long non-coding RNA H19 promotes the proliferation and invasion of breast
cancer through upregulating DNMT1 expression by sponging miR-152. J Biochem Mol Toxicol. 2017;31(9):21933.

28. Biran H, Ariel |, de Groot N, Shani A, Hochberg A. Human imprinted genes as oncodevelopmental markers. Tumour
Biol. 1994;15(3):123-34.

w1



Zhou et al. BioMedical Engineering OnLine (2021) 20:111 Page 21 of 22

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Stuhlmdller B, Kunisch E, Franz J, Martinez-Gamboa L, Hernandez MM, Pruss A, et al. Detection of oncofetal H19 RNA
in rheumatoid arthritis synovial tissue. Am J Pathol. 2003;163(3):901-11.

Liu'Y, Xu XY, Shen'Y, Ye CF, Hu N, Yao Q, et al. Ghrelin protects against obesity-induced myocardial injury by regulat-
ing the INcCRNA H19/miR-29a/IGF-1 signalling axis. Exp Mol Pathol. 2020;114:104405.

Dey BK, Pfeifer K, Dutta A. The H19 long noncoding RNA gives rise to microRNAs miR-675-3p and miR-675-5p to
promote skeletal muscle differentiation and regeneration. Genes Dev. 2014;28(5):491-501.

Xie X, Liu M, Meng Q. Angelica polysaccharide promotes proliferation and osteoblast differentiation of mesenchy-
mal stem cells by regulation of long non-coding RNA H19: an animal study. Bone Joint Res. 2019;8(7):323-32.

Xing D, Liang JQ, LiY, Lu J, Jia HB, Xu LY, et al. Identification of long noncoding RNA associated with osteoarthritis in
humans. Orthop Surg. 2014;6(4):288-93.

Wang K, Chu M, Ding W, Jiang Q. Putative functional variants of INcRNA identified by RegulomeDB were associated
with knee osteoarthritis susceptibility. BMC Musculoskelet Disord. 2018;19(1):284.

Steck E, Boeuf S, Gabler J, Werth N, Schnatzer P, Diederichs S, et al. Regulation of H19 and its encoded microRNA-675
in osteoarthritis and under anabolic and catabolic in vitro conditions. J Mol Med (Berl). 2012;90(10):1185-95.
Mailhiot S, Zignego D, Prigge J, Wardwell E, Schmidt E, June R. Non-invasive quantification of cartilage using a novel
in vivo bioluminescent reporter mouse. PLoS ONE. 2015;10(7):e0130564.

Makii Y, Asaka M, Setogawa S, Fujiki S, Hosaka Y, Yano F, et al. Alteration of gait parameters in a mouse model of
surgically induced knee osteoarthritis. J Orthop Surg (Hong Kong). 2018;26(2):2309499018768017.

Hong Y, Kim H, Lee S, Jin Y, Choi J, Lee SR, et al. Role of melatonin combined with exercise as a switch-like regulator
for circadian behavior in advanced osteoarthritic knee. Oncotarget. 2017,8(57):97633-47.

Ni GX, Zhou YZ, Chen W, Xu L, Li Z, Liu SY, et al. Different responses of articular cartilage to strenuous running and
joint immobilization. Connect Tissue Res. 2016,57(2):143-51.

Russell EM, Miller RH, Umberger BR, Hamill J. Lateral wedges alter mediolateral load distributions at the knee joint in
obese individuals. J Orthop Res. 2013;31(5):665-71.

Lahm A, Kasch R, Mrosek E, Spank H, Erggelet C, Esser J, et al. Semiquantitative analysis of ECM molecules in the dif-
ferent cartilage layers in early and advanced osteoarthritis of the knee joint. Histol Histopathol. 2012,27(5):609-15.
LiY,Cao J,Han S, Liang Y, Zhang T, Zhao H, et al. ECM based injectable thermo-sensitive hydrogel on the recovery of
injured cartilage induced by osteoarthritis. Artif Cells Nanomed Biotechnol. 2018;46(sup2):152-60.

SunW, LiY, Wei S. miR-4262 regulates chondrocyte viability, apoptosis, autophagy by targeting SIRTT and activating
PI3K/AKT/mTOR signaling pathway in rats with osteoarthritis. Exp Ther Med. 2018;15(1):1119-28.

Loeser RF. Molecular mechanisms of cartilage destruction: mechanics, inflammatory mediators, and aging collide.
Arthritis Rheum. 2006;54(5):1357-60.

Tetlow LC, Adlam DJ, Woolley DE. Matrix metalloproteinase and proinflammatory cytokine production by
chondrocytes of human osteoarthritic cartilage: associations with degenerative changes. Arthritis Rheum.
2001;44(3):585-94.

McCulloch K, Litherland GJ, Rai TS. Cellular senescence in osteoarthritis pathology. Aging Cell. 2017;16(2):210-8.
Glasson SS, Chambers MG, Van Den Berg WB, Little CB. The OARSI histopathology initiative—recommendations for
histological assessments of osteoarthritis in the mouse. Osteoarthritis Cartilage. 2010;18(Suppl 3):517-23.

Walton M. Degenerative joint disease in the mouse knee; histological observations. J Pathol. 1977;123(2):109-22.
Wilhelmi G, Faust R. Suitability of the C57 black mouse as an experimental animal for the study of skeletal

changes due to ageing, with special reference to osteo-arthrosis and its response to tribenoside. Pharmacology.
1976;14(4):289-96.

Chambers MG, Bayliss MT, Mason RM. Chondrocyte cytokine and growth factor expression in murine osteoarthritis.
Osteoarthritis Cartilage. 1997,5(5):301-8.

Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic abnormalities in articular cartilage from
osteo-arthritic human hips. II. Correlation of morphology with biochemical and metabolic data. J Bone Joint Surg
Am. 1971;53(3):523-37.

van der Sluijs JA, Geesink RG, van der Linden AJ, Bulstra SK, Kuyer R, Drukker J. The reliability of the Mankin score for
osteoarthritis. J Orthop Res. 1992;10(1):58-61.

Pearson RG, Kurien T, Shu KS, Scammell BE. Histopathology grading systems for characterisation of human

knee osteoarthritis—reproducibility, variability, reliability, correlation, and validity. Osteoarthritis Cartilage.
2011;19(3):324-31.

Gerwin N, Bendele AM, Glasson S, Carlson CS. The OARSI histopathology initiative—recommendations for histologi-
cal assessments of osteoarthritis in the rat. Osteoarthritis Cartilage. 2010;18(Suppl 3):524-34.

Custers RJ, Creemers LB, Verbout AJ, van Rijen MH, Dhert WJ, Saris DB. Reliability, reproducibility and variability of
the traditional Histologic/Histochemical Grading System vs the new OARSI Osteoarthritis Cartilage Histopathology
Assessment System. Osteoarthritis Cartilage. 2007;15(11):1241-8.

Zhou QP, Zhang F, Zhang J, Ma D. H19 promotes the proliferation of osteocytes by inhibiting p53 during fracture
healing. Eur Rev Med Pharmacol Sci. 2018;22(8):2226-32.

Dudek KA, Lafont JE, Martinez-Sanchez A, Murphy CL. Type Il collagen expression is regulated by tissue-specific miR-
675 in human articular chondrocytes. J Biol Chem. 2010,285(32):24381-7.

Botter SM, van Osch GJ, Waarsing JH, van der Linden JC, Verhaar JA, Pols HA, et al. Cartilage damage pattern in
relation to subchondral plate thickness in a collagenase-induced model of osteoarthritis. Osteoarthritis Cartilage.
2008;16(4):506-14.

Zhen G, Wen C, Jia X, LiY, Crane JL, Mears SC, et al. Inhibition of TGF-beta signaling in mesenchymal stem cells of
subchondral bone attenuates osteoarthritis. Nat Med. 2013;19(6):704-12.

Anderson-MacKenzie JM, Quasnichka HL, Starr RL, Lewis EJ, Billingham ME, Bailey AJ. Fundamental subchondral
bone changes in spontaneous knee osteoarthritis. Int J Biochem Cell Biol. 2005;37(1):224-36.

Zhu'S, Chen K, LanY, Zhang N, Jiang R, Hu J. Alendronate protects against articular cartilage erosion by inhibiting
subchondral bone loss in ovariectomized rats. Bone. 2013;53(2):340-9.



Zhou et al. BioMedical Engineering OnLine (2021) 20:111 Page 22 of 22

62.

63.
64.

Goldring SR. Alterations in periarticular bone and cross talk between subchondral bone and articular cartilage in
osteoarthritis. Ther Adv Musculoskelet Dis. 2012;4(4):249-58.

Burr DB, Gallant MA. Bone remodelling in osteoarthritis. Nat Rev Rheumatol. 2012;8(11):665-73.

Karsdal MA, Leeming DJ, Dam EB, Henriksen K, Alexandersen P, Pastoureau P, et al. Should subchondral bone turno-
ver be targeted when treating osteoarthritis? Osteoarthritis Cartilage. 2008;16(6):638-46.

65. Wang G, Qu X, Yu Z. Changes in the mechanical properties and composition of bone during microdamage repair.
PLoS ONE. 2014;9(10):108324.

66. O'Brien CA, Nakashima T, Takayanagi H. Osteocyte control of osteoclastogenesis. Bone. 2013;54(2):258-63.

67. Zarka M, Hay E, Ostertag A, Marty C, Chappard C, Oudet F, et al. Microcracks in subchondral bone plate is linked to
less cartilage damage. Bone. 2019;123:1-7.

68. Wu J, Zhao J, Sun L, Pan Y, Wang H, Zhang WB. Long non-coding RNA H19 mediates mechanical tension-induced
osteogenesis of bone marrow mesenchymal stem cells via FAK by sponging miR-138. Bone. 2018;108:62-70.

69. Yamaguchi A, KomoriT, Suda T. Regulation of osteoblast differentiation mediated by bone morphogenetic proteins,
hedgehogs, and Cbfal. Endocr Rev. 2000;21(4):393-411.

70. Wu, JiangV, Liu Q, Liu CZ. IncRNA H19 promotes matrix mineralization through up-regulating IGF1 by sponging
miR-185-5p in osteoblasts. BMC Mol Cell Biol. 2019;20(1):48.

71. Wang CL, Zuo BL, Zhu JF, Xiao F, Zhang XL, et al. The long noncoding RNA H19 attenuates force-driven cartilage
degeneration via miR-483-5p/Dusp5. Biochem Biophys Res Commun. 2020;529(2):210-7.

72. LiB, LiuJ, Zhao J, Ma JX, Jia HB, Zhang ¥, et al. LncRNA-H19 modulates Wnt/beta-catenin signaling by targeting Dkk4
in Hindlimb unloaded rat. Orthop Surg. 2017,9(3):319-27.

73. Beckett J, Jin W, Schultz M, Chen A, Tolbert D, Moed BR, et al. Excessive running induces cartilage degeneration in
knee joints and alters gait of rats. J Orthop Res. 2012;30(10):1604-10.

74. Musumeci G, Trovato F, Pichler K, Weinberg A, Loreto C, Castrogiovanni P. Extra-virgin olive oil diet and mild physical
activity prevent cartilage degeneration in an osteoarthritis model: an in vivo and in vitro study on lubricin expres-
sion. J Nutr Biochem. 2013;24(12):2064-75.

75. He Q LiR, Hu B, Li X, WuY, Sun P, et al. Stromal cell-derived factor-1 promotes osteoblastic differentiation of human
bone marrow mesenchymal stem cells via the INCRNA-H19/miR-214-5p/BMP2 axis. J Gene Med. 2021;23(9):e3366.

76. Xiaoling G, Shuaibin L, Kailu L. MicroRNA-19b-3p promotes cell proliferation and osteogenic differentiation of
BMSCs by interacting with INcRNA H19. BMC Med Genet. 2020;21(1):11.

77. BiHU, Wang D, Liu X, Wang G, Wu X. Long non-coding RNA H19 promotes osteogenic differentiation of human
bone marrow-derived mesenchymal stem cells by regulating microRNA-140-5p/SATB2 axis. J Biosci. 2020. https://
doi.org/10.1007/512038-020-0024-y.

78. HanH,TianT, Huang G, Li D, Yang S. The IncRNA H19/miR-541-3p/Wnt/beta-catenin axis plays a vital role in
melatonin-mediated osteogenic differentiation of bone marrow mesenchymal stem cells. Aging (Albany NY).
2021;13(14):18257-73.

79. LiG,Yun X, YeK, Zhao H, An J, Zhang X, et al. Long non-coding RNA-H19 stimulates osteogenic differentiation of
bone marrow mesenchymal stem cells via the microRNA-149/SDF-1 axis. J Cell Mol Med. 2020;24(9):4944-55.

80. Wang, LiuW, Liu, CuiJ, Zhao Z, Cao H, et al. Long noncoding RNA H19 mediates LCoR to impact the osteogenic
and adipogenic differentiation of mBMSCs in mice through sponging miR-188. J Cell Physiol. 2018;233(9):7435-46.

81. Huang, Zheng, Jin C, Li X, Jia L, Li W. Long non-coding RNA H19 inhibits adipocyte differentiation of bone mar-
row mesenchymal stem cells through epigenetic modulation of histone deacetylases. Sci Rep. 2016;6:28897.

82. Liang WC, Fu WM, Wang YB, Sun YX, Xu LL, Wong CW, et al. H19 activates Wnt signaling and promotes osteoblast
differentiation by functioning as a competing endogenous RNA. Sci Rep. 2016;6:20121.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1007/s12038-020-0024-y
https://doi.org/10.1007/s12038-020-0024-y

	Moderate-intensity treadmill running relieves motion-induced post-traumatic osteoarthritis mice by up-regulating the expression of lncRNA H19
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Results
	Weight changes
	Pathological changes
	Pathological changes of the mice knee joints after high-intensity treadmill running
	Pathological changes of mice knee joints after moderate-intensity rehabilitation training

	Morphological changes of the subchondral bone of the knee joints in mice
	Morphological changes of the subchondral bone of knee joints in mice after high-intensity treadmill running
	Morphological changes of the subchondral bone of knee joint in mice after moderate-intensity treadmill running

	mRNA expression changes in the knee cartilage in mice
	Changes in mRNA expression of the knee cartilage in mice after high-intensity treadmill running
	Changes in mRNA expression in the knee cartilage in mice after moderate-intensity rehabilitation training


	Discussion
	Conclusions
	Materials and methods
	Experimental grouping
	Treadmill running protocol
	Sampling
	Paraffin embedding, sectioning, and staining
	Histological evaluation
	micro-CT scan
	Real-time PCR detection
	Data analysis

	Acknowledgements
	References




