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Exercise promotes bone formation
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Abstract

BACKGROUND

Regular physical activity during childhood and adolescence is beneficial to bone
development, as evidenced by the ability to increase bone density and peak bone mass

by promoting bone formation.

AIM
To investigate the effects of exercise on bone formation in growing mice and to

investigate the underlying mechanisms.

METHODS

20 growing mice were randomly divided into two groups: Con group (control group, n
= 10) and Ex group (treadmill exercise group, n = 10). Hematoxylin-eosin staining,
immunohistochemistry, and micro-CT scanning were used to assess the bone

formation-related indexes of the mouse femur. Bioinformatics analysis was used to find

potential miRNAs targets of long non-coding RNA H19 (IncRNA H19). RT-qPCR and




Western Blot were used to confirm potential miRNA target genes of IncRNA H19 and

the role of IncRNA H19 in promoting osteogenic differentiation.

RESULTS

Compared with the Con group, the expression of bone morphogenetic protein 2 was
also significantly increased. The micro-CT results showed that 8 wk moderate-intensity
treadmill exercise significantly increased bone mineral density, bone volume fraction,
and the number of trabeculae, and decreased trabecular segregation in the femur of
mice. Inhibition of IncRNA H19 significantly upregulated the expression of miR-149
and suppressed the expression of markers of osteogenic differentiation. In addition,
knockdown of IncRNA H19 significantly downregulated the expression of autophagy
markers, which is consistent with the results of autophagy-related protein changes

detected in mouse femurs by immunofluorescence.

CONCLUSION

Appropriate treadmill exercise can effectively stimulate bone formation and promote
the increase of bone density and bone volume in growing mice, thus enhancing the
peak bone mass of mice. The IncRNA H19/miR-149 axis plays an important regulatory

role in osteogenic differentiation.
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Core Tip: Adolescence is a critical period for laying the foundation for optimal peak

bone mass in adulthood. Studies have shown that pre-puberty and early puberty are the
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periods when bones are most responsive to mechanical loading. It is essential to explore
the effect of exercise on promoting bone formation in adolescence and its underlying
mechanisms. In this paper, we explored the promotional effects of treadmill exercise on
bone formation in growing mice and further explored the underlying mechanisms. Our
results validate that moderate intensity running exercise is effective in stimulating bone
formation and promoting increases in bone mineral density and bone mass, thereby
enhancing peak bone mass in growing mice. Notably, the long non-coding RNA H19
(IncRNA H19)/microRNA-149 (miR-149) axis plays an important regulatory role in the
osteogenic differentiation of bone mesenchymal stem cells. Overall, this paper
emphasizes that exercise may promote bone formation in mice through the IncRNA

H19/miR-149 axis, which may be closely related to the activation of autophagy.

INTRODUCTION

Bone tissue is a dense connective tissue that is part of the endoskeleton of vertebrates.
Physiologically, bonenis subjected to a dynamic mechanical environment of continuous
remodeling through two coordinated and synchronized processes, including osteoblast-
driven bone formation and osteoclast-driven bone resorption, which help the bone to
develop an optimized morphological structure to adapt to changing loads and maintain
homeostasisl'l. As a typically mechanically responsive tissue, bone can respond to
stimuli of mechanical loading: physiological loading induces bone formation, whereas
lack of loading or overloading can lead to bone resorption(23l. Mechanical loading is a
major regulator of bone formation and resorption, playing a crucial role in the metabolic
homeostasis of bonel45l.

Osteoporosis is one of the mosEerious health problems in older women. Current
strategies to prevent osteoporosis in women focus on increasing peak bone mass at
skeletal maturity and reducing bone loss in midlife and late menopausel®7l. Previous
studies have demonstrated that 25%-40% of adult bone mass is gained during puberty,
a critical period for laying the foundation for optimal peak bone mass in adulthood[®!,

which helps to reduce the chances of osteoporosis in old agel®!%. Regular physical
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activity during childhood and adolescence is beneficial for musculoskeletal
development, and its beneficial effects can continue into adulthood and even old
agel'l12l. Therefore, exercising at an appropriate intensity during adolescence is crucial
for increasing peak bone mass. Currently, however, there is a lack of clarity regarding
the underlying mechanisms by which exercise promotes bone formation during
puberty.

Long non-coding RNAs (IncRNAs) are by-products of RNA polymerase II
transcription, a group of non-coding transcripts > 200 nucleotides in length, which do
not have the function of coding proteinslt314]. Unlike microRNAs (miRNAs), which are
non-coding RNAs that do not encode proteins, IncRNAs can fold into complex
secondary or _higher spatial structures, allowing for better target recognitionll.
Accumulating studies have shown that IncRNAs can regulate the expression of protein-
coding genes epigenetically, transcriptionally, and post-transcriptionally, thereby
affecting a range of biological processes, including the regulation of bone
metabolism(16.17]. Studies have shown that IncRNAs exhibit the following three
functions during osteogenic differentiation: (1) regulating osteogenic differentiation by
Eediating epigenetic modifications; (2) regulating osteogenic differentiation through
signaling pathways; and (3) regulating osteogenic differentiation by acting as miRNA
sponges or precursor structures(’®'?. Some of the IncRNAs were found to be

echanosensitive and regulated by mechanical stress, including IncRNA H19[20-22],
LncRNA H19, located on human chromosome 11 5, is one of the best-known
imprinted genes(?>24l. LncRNA H19 was found to beﬁghly expressed in adult muscle
issues and upregulated during differentiation and regeneration of adult myoblasts(®l.
In addition, IncRNA H19 may be involved in the regulation of atherosclerosis!?],
myocardial injury!?], and osteogenic differentiation!?sl. It has been shown that inhibition
of IncRNA H19 promotes osteogenic differentiation of human adipogenic stem cells!?l.
However, another study found that IncRNA H19 deficiency could inhibit osteogenic
differentiation of bone mesenchymal stem cells (BMSCs)[3031l. The possible reason for

this is the difference in stem cell types. In addition, simple ex vivo experiments cannot
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adequately reflect the complex biological response processes in organisms. Therefore,
the potential regulatory role of IncRNA H19 in osteogenic differentiation needs to be
further elucidated.

Our previous study found that exercise protects against cartilage damage in mice by
upregulating IncRNA H19[22]. Since bone is also a major effector organ of mechanical
exercise, we hypothesized that exercise may promote osteogenic differentiation by
modulating IncRNA H19 expression. Based on the clinical experience of exercise
therapy to promote peak bone mass and the foundation of our team's previous research,
this study aimed to observe the effect of moderate-intensity treadmill exercise to
promote bone formation in growing-age mice and to further investigate the regulatory
role of IncRNA H19 in this process, which is of great significance for bone health in the
general population and for the development of new strategies for the treatment of bone-

related diseases.

MATERIALS AND METHODS

Animal experiments
All procedures of this study were reviewed and approved by the Ethics Committee of
Exercise Science Experiment of Beijing Sport University (Approval No. 2023026A).
Twenty 3-wk-old female C57BL/6 mice were purchased from Beijing Huafukang Bio-
technology Co. Ltd. and housed in an SPF-class animal laboratory environment with
temperature and relative humidity at (22 £ 2) °C and 55%-75%. Normal circadian
rhythms were administered. All mice are allowed to move freely within the cage.
Adaptive feeding of mice for one week is required before the formal experiment begins.
After the end of adaptive feeding, twenty mice were randomly divided into two
groups: Con group (control group, n = 10) and Ex group (treadmill exercise group, n =
10). Mice in the Con group were free to move around the cage, while mice in the Ex
group were forced to perform treadmill exercises. The treadmill exercise program was
developed based on the experience of our group's previous research(22323], The protocol

during the formal treadmill exercise experiment was one hour per day, five days per




week, for a total of eight weeks. It should be noted that during the formal experiment,
the speed was gradually increased from 5 m/min to 15 m/min in the first five minutes
at the beginning of each running exercise, followed by running at a constant speed of 15
m/min for 50 min, and the speed was gradually reduced from 15 m/min to 0 m/min in
the last five minutes at the end of the running exercise. The specific treadmill running
program is shown in Table 1. After eight weeks of treadmill running training, all mice
were anesthetized by inhalation of isoflurane and subjected to neck transection. Before
sacrifice, all mice were fed water without feeding for 24 h. No mice showed abnormal

mortality in this experiment.

Hematoxylin-eosin staining

After PFA fixation, the mouse tibia was placed in EDTA decalcification solution for 2-3
wk for decalcification. The decalcification solution was changed every other day. The
standard for complete decalcification is that the needle tip of the syringe can easily
penetrate the cortical bone. The samples were then dehydrated, transparent, waxed,
embedded in a tissue wax block, and finally sectioned (4 pm per section). Subsequently,
routine hematoxylin-eosin (HE) staining was performed according to the instructions.
After staining, the sections were observed and photographed under an inverted optical

microscope.

Immunohistochemical staining

Mouse tibia paraffin sections were placed in a 60 °Coven for 30 min and then subjected
to treatment with xylene, xylene, xylene, 100% ethanol, 95% ethanol, and 80% ethanol.
After dewaxing, antigen repair, blocking, primary antibody incubation, secondary
antibody incubation, and DAB staining were performed. The staining process was
terminated after positive expression was observed under the microscope. Subsequently,
the nucleus was stained using hematoxylin staining. Conventional dehydration and

xylene transparency were performed. Finally, neutral resin adhesive was used for
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sealing. The sections were observed and photographed under an inverted optical

microscope.

Immunofluorescence staining

Similar to the immunohistochemical staining steps, the mouse tibia paraffin sections
were sequentially subjected to dewaxing, antigen repair (microwave repair can reduce
bone tissue loss), blocking, primary antibody incubation (anti-Beclin1, abmart, T55092),
secondary antibody incubation, re-antigen repair, addition of primary antibody (anti-
P62, abmart, T55546), secondary antibody incubation, DAPI re-staining of the cell
nucleus, and blocking. Finally, images were taken under the SP8 Leica laser confocal
microscope. The nucleus was stained blue (excitation wavelength 330-380 nm, emission
wavelength 420 nm), Beclinl protein was stained red (excitation wavelength 510-560
nm, emission wavelength 590 nm), and P62 protein was stained green (excitation

wavelength 465-495 nm, emission wavelength 515-555 nm).

micro-CT

The mouse knee joints were carefully isolated, and the intact tibiae were placed in PFA
fixative for 48 h for fixation before micro-CT scanning. The Skyscan1276 scanning
device was used to scan the rat knee joint. The knee was placed in the Skyscan1276 ex
vivo sample scanning bed. The scanning parameters were as follows: Camera pixel size
(pm) = 9.01; source voltage (kV) = 69; source current (pA) = 100; image pixel size (pm) =
9.92. After scanning, NRecon and DataViewer software were used to adjust all tibial
samples to the same position in the 3D axes to facilitate subsequent more precise
selection of the region of interest for reconstruction. CTan software was used for further
analysis of bone microstructural parameters, including bone mineral density (BMD),
bone volume fraction (BV/TV), the number of trabeculae (Tb.N), and trabecular
segregation (Tb.Sp). The place where the growth plate disappeared was chosen as the
starting point of the region of interest, and 100 Layers were selected upwards as the

region of interest for 3D reconstruction. Finally, CTvox was used for 3D reconstruction
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of regions of interest. After the micro-CT scan was completed, the tibia was placed in an
EDTA decalcification solution for decalcification for subsequent paraffin embedding

and pathological sectioning.

Extraction of primmary bone marrow mesenchymal stem cells

The lower limb of the mouse was severed at the hip joint (pay attention to preserving
the intact femoral trochanter). The muscles and other soft tissues of the lower limbs
were carefully peeled off. Subsequently, the femur and tibia were carefully separated at
the knee joint (the fibula can be detached). Sterile ophthalmic scissors were used to cut
both ends of the femur and tibia to expose the bone marrow cavity. Then, a 1 mL
syringe was used to draw a complete culture medium containing 10% FBS and rinse the
bone marrow cavity until all the tissue in the bone marrow cavity was washed down
and appeared white. Finally, a pipette was used to repeatedly blow the culture medium
containing bone marrow tissue and inoculate it into a 10cm culture dish. After 4-6 d, the

cells can adhere to the culture dish.

Alkaline phosphatase staining

After the osteogenic induction and differentiation of primary BMSCs, the PBS solution
was washed three times, followed by PFA to fix the BMSCs for 10-15 min. PBS solution
was used to wash the cells three times again. Finally, an alkaline phase (ALP) staining
solution (Sigma, B5655) was used to stain the cells. BMSCs were incubated at room
temperature and in a dark environment, and the staining of cells was observed in real

time. After a significant blue color appeared, the staining was terminated.

Alizarin red staining

After the osteogenic induction and differentiation of primary BMSCs, the PBS solution
was washed three times, followed by PFA to fix the BMSCs for 10-15 min. PBS solution
was used to wash the cells three times again. Finally, an alizarin red staining solution

(Servicebio, G1038) was used to stain the cells. BMSCs were incubated at room
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temperature, and the staining of cells was observed in real-time. After a significant red

color appeared, the staining was terminated.

Bioinformatics analysis

The sequence and annotation information of IncRNA-H19 was queried through the
NCBI database to understand the biological function, expression pattern, and
regulatory mechanism of this gene. The sequence of IncRNA-H19 was predicted to
clarify the structure of its miRNAs containing target sites. Four websites, ENCORI,
mricode, DINATOOLS, and LncACTdb, were used for predictive analysis of miRNA
target genes for IncRNA H19 (ENCORIL https:/ /rnasysu.com/encori/index.php;
mricode: http:/ /www.mircode.org; DINATOOLS: http:/ /diana.imis.athena-
innovation.gr/DianaTools/index.php?r=site/index; LncACTdb: http://www.bio-
bigdata.net/LncACTdb/index.htm). The intersection of the four sites identified four
potential target miRNAs (miR-148a, miR-185, miR-212, and miR-149).

Cell transfection experiment in vitro

Primary BMSCs were washed three times using PBS when they grew to 30%-50%
fusion. Specialized media for cell transfection with low serum was used. The si-IncRNA
H19 and NC with Lipofectamine® 3000 Liposome transfection reagent (Invitrogen,
L3000015) were added to low-serum cell transfection-specific medium, respectively.
After 8 h, a 10% FBS complete culture medium was used to replace the low serum

culture medium for subsequent experiments.

RT-qPCR

The total RNA of the cells was extracted using the Trizol method to detect the
expression of target genes. Briefly, cells were washed three times with PBS. Six-well
plates were prepared by adding 1 mL of Trizol to each well and transferring to 1.5 mL
EP tubes. Subsequently, 200 pL of chloroform was added to each well, shaken

vigorously, and centrifuged at 12000 rpm, 4 °C for 15 min. An equal amount of

9/26




isopropanol was added to the supernatant, mixed upside down, and then centrifuged at
12000 rpm, 4 °C for 15 min. 1 mL of 75% ethanol was added to the supernatant and
centrifuged at 7500 rpm, 4 °C for 5 min. The supernatant was discarded and air-dried so
that the alcohol could be completely evaporated. Add 20 pL of DPEC water to dissolve
the RNA. RNA concentration was measured using a spectrophotometer. The Takara
SYBRGreen kit (Takara, RR820A) was used for real-time fluorescent quantitative
amplification of target genes. P-actin was used as an internal reference. The 2-2ACT
method was used to analyze the data. As shown in Table 2, all primers involved were

designed using Primer Premier 5.0 software.

Western Blot

RIPA lysate was used to extract total protein from BMSCs for the detection of target
protein expression. Briefly, BMSCs were washed three times with PBS, and 100 pL of
Ripa lysate containing 1% protein phosphatase inhibitor was added to a six-well plate.
The adherent primary BMSCs were scraped off using a cell scraper and transferred to
1.5 mL EP tubes, which were shaken on ice for 20 min and then sonicated. After
centrifugation at 12000 rpm for 20 min, the supernatant was taken and transferred to a
1.5 mL EP tube. Then, after measuring the protein concentration with the BCA kit to
homogenize the protein concentration, the protein loading buffer was added and
cooked at 100 °C for 8 min. The proteins were separated using SDS-PAGE gel
electrophoresis and then transferred to PVDF membranes. Subsequently, the protein-
containing PVDF membrane was subjected to blocking, primary antibody incubation,
and secondary antibody incubation. Finally, the chemiluminescent solution was used to
develop the protein image. Anti-ALP (Invitrogen, PA5-106391), anti-bone
morphogenetic protein 2 (BMP2) (Invitrogen, PA5-85956), anti-SP7 (Invitrogen, PA5-
115697), anti-Beclinl (abmart, T55092), Anti-microtubule-associated protein 1 light
chain 3 beta (LC3B) (abmart, T55992), anti-p-actin (abmart, TP70573), anti-GAPDH
(abmart, MG212519S), and anti-pB-tublin (abclonal, A12289) were used as primary

antibody. The interest protein grayscale values were counted using Image ] software.
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Data analysis

The data from each group were analyzed using SPSS 20.0 software. GraphPad Prism 8
was used to graph statistical data. Results are expressed as mean + SD. Independent
samples t-test was used to compare the differences between two groups, while one-way
ANOVA and the LSD method were used to compare the differences between multiple

groups. P < 0.05 indicates a significant difference.

RESULTS
Exercise promotes bone formation in growing mice
Growth-phase mice were selected to undergo mandatory 8 wk of moderate-intensity
treadmill exercise to stimulate bone formation, thereby enhancing peak bone mass. As
shown in Figure 1A, compared with the Con group, the femoral growth plate of mice in
the Exercise group was significantly thickened, accompanied by distinct chondrocyte
stratification: resting-zone chondrocytes, proliferating chondrocytes, and hypertrophic
chondrocytes, which is suggestive of an active osteogenic function.
Immunohistochemical staining showed that the expression of BMP2, a marker of
osteogenic differentiation, was also significantly increased in the Ex group of mice
(Figure 1B). A recent study found that exercise may alleviate bone loss in aging mice by
modulating autophagy!®l. Therefore, we preliminarily examined the expression of
markers of autophagy in the femur and found that the level of autophagy was
significantly increased in the femur of mice in the Ex group (Figure 1C). Consistently,
icro-CT results showed that 8 wk of moderate-intensity treadmill exercise
significantly increased BMD, BV/TV, and Tb.N) and decreased Tb.Sp in the femur of
mice (Figure 1D-E). Thus, we found that 8 wk of moderate-intensity treadmill exercise
significantly promoted femoral bone formation and increased peak bone mass in

growing mice, which may be related to the activation of autophagy.

Exercise promotes osteogenic differentiation of mouse BMSCs
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BMSCs from the femur and tibia of Con and Ex group mice were extracted for
osteogenic differentiation induction using an osteogenic differentiation medium to
verify whether exercise increased peak bone mass in growing mice by promoting
osteogenic differentiation of BMSCs. First, we performed stem cell characterization of
primary cells extracted from mouse bone marrow. As shown in Figure 2A and B,
primary mouse BMSCs subjected to ALP staining and alizarin red staining showed
good stem cell properties 7 and 14 d after osteogenic induction of differentiation,
respectively. Subsequently, we explored the possible mechanisms by which exercise
promotes osteogenic differentiation by bioinformatics analysis to find potential miRNA
targets of IncRNA H19. As shown in Figure 2C and D, bioinformatics analysis

gested four potential miRNAs (miR-148a, miR-185, miR-212, and miR-149). Further,
RT-gPCR results showed that the expression of miR-149 was significantly down-
regulated in Ex-group BMSCs, which was opposite to the expression trend of IncRNA
H19 (Figure 2E and F), suggesting that miR-149 may be a direct target gene of IncRNA
H19 during the osteogenic differentiation of BMSCs. In addition, we found that
compared to the Con group, the mRNA and protein expression levels of osteogenic
differentiation markers of BMSCs in the Ex group were significantly higher, including
ALP and BMP2 (Figure 2E-H). Notably, autophagy-related protein markers such as
Beclinl and LC3B were also significantly up-regulated in BMSCs from the Ex group
(Figure 2G and H). Thus, exercise significantly promotes osteogenic differentiation of
BMSCs in growth-phase mice, which may be associated with activation of the IncRNA
H19/miR-149 axis and autophagy.

Exercise promotes osteogenic differentiation of BMSCs through upregulation of
IncRNA H19/miR-149

Cell transfection techniques were used to inhibit the expression of IncRNA HI19 to
verify that the IncRNA H19/miR-149 axis can mediate the process of exercise-
promoting osteogenic differentiation in BMSCs. Wild-type mouse BMSCs were

extracted for 3 d for osteogenic differentiation induction, as the effective time for si-
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RNA transfection was 48-72 h. It was found that ALP staining was hampered after
IncRNA H19 was knocked down (Figure 3A). However, there was no significant
difference in the results of alizarin red staining due to the short time of osteogenic
induction of differentiation (Figure 3B). Subsequently, we examined the expression of
genes and protein markers related to osteogenic differentiation after the knockdown of
IncRNA H19. As shown in Figure 3C-E, inhibition of IncRNA H19 significantly
suppressed osteogenic differentiation of BMSCs, characterized by a significant decrease
in the expression of markers of osteogenic differentiation such as ALP, Runx2, and
BMP2. Meanwhile, the knockdown of IncRNA H19 can significantly upregulate miR-
ﬁ expression, which further demonstrates that the IncRNA H19/miR-149 axis may
play an important regulatory role in the osteogenic differentiation of BMSCs. In
addition, we found that inhibition of IncRNA H19 significantly abolished the activation
of Beclinl and LC3B, resulting in reduced levels of autophagy (Figure 3D and E). The
above results suggest that exercise can promote osteogenic differentiation of BMSCs by
upregulating the IncRNA H19/miR-149 axis, which may be related to the activation of
autophagy.

DISCUSSION
Peak bone mass acquired during adolescence is essential for bone health. The gradual
loss of bone mass in adulthood is irreversiblel®). However, exercise is effective in
increasing peak bone mass during puberty. More peak bone mass means an increase in
relative bone mass in adulthood, which can effectively reduce the risk of osteoporotic
fracturesl'?l. Therefore, it is valuable to explore in depth the potential role of exercise in
promoting bone formation during adolescence. In this study, the promotional effect of
treadmill exercise on bone formation in growing mice and its underlying mechanisms
were explored.

Since mice reach sexual maturity at 6-8 wk and can be defined as adult mice at 12
wkB3l 4-wk-old growing mice were selected to perform treadmill exercises. Previous

studies have shown that short-term programs and/or low-intensity exercise programs
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are not effective in stimulating bone formation, regardless of gender or age, while high-
intensity gercise imposes excessive loads on the bone, causing damage to the bone
tissuel®l. Hamann et all®! suggested that there may be a critical strain threshold to
stimulate bone formation. For example, Maurel et all3’! observed no increase in whole-
body BMD after exercise, which could be attributed to insufficient intensity of the
exercise program. Furthermore, another study demonstrated that a population-based
moderate-intensity physical activity intervention program during childhood appears to
exert beneficial effects on several musculoskeletal characteristicsi®8l. In addition, most
studies have shown that moderate-intensity exercise with a mean duration of 8 wk or
more can promote improvements in bone microarchitecture®*-42l. Therefore, for the
present study, moderate-intensity treadmill exercise was chosen as the intervention for
growing mice for 8 wk. o

Our results showed a significant increase in BMD, BV/TV, and Tb. N and a decrease
in trabecular separation in the femur of mice in the Ex group compared to the Con
group, suggesting that 8 wk of moderate-intensity treadmill exercise is effective in
stimulating bone formation and significantly increasing BMD in growing mice, which
contributes to the enhancement of the peak bone mass in adulthood. Notably, in HE
staining, we found that the thickness of the growth plate of mice in the Ex group was
significantly increased, and the proliferation and differentiation of cells in all layers of
the bone growth plate were active. The growth plate, a cartilaginous tissue located
between the epiphysis and the diaphysis, is the main differentiation region for
longitudinal bone growth and consists mainly of chondrocytes and extracellular
matrix[¥#]. During the juvenile period, the proliferation and differentiation of cartilage
are balanced with the rate of new bone production, thus ensuring that the growth plate
can maintain a certain thickness while the length of the diaphysis increases. With age,
the proliferative potential of chondrocytes in the growth plate of adolescent children is
gradually exhausted. When the proliferative and osteogenic activity of cartilage ceases,
the growth plate is completely ossified and fused, accompanied by a reduction in the

width of the growth plate. Simultaneously, the longitudinal growth of the long bones
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stopsl®l. Impaired or premature closure of the bone growth plate function can lead to
short stature, limb length incongruity, and abnormal skeletal development in children
since continued maturation of bone growth plate cartilage can provide a scaffold for
bone deposition(#l. It was found that the proliferation and hypertrophy of chondrocytes
in the epiphyseal plate were more pronounced in joints subjected to weight-bearing
stress. The stress-affected cell proliferation and differentiation were closely related to
the elevated expression level of parathyroid hormone-related protein (PTHrP)B7.
Another study found that short-term cyclic stress can upregulate the expression of
PTHrP in growth plate chondrocytes, which in turn affects growth plate
developmentl8l. In the present study, the improvement in the thickness of the distal
femoral growth plate by exercise may be an important reason for promoting bone
formation and bone growth in growing mice. In addition, the growth plates are more
susceptible to injury since they are composed of cartilage, which is weaker than solid
bonel*l. It has been shown that shock loading inhibits bone growth throughout
adolescence in young rats. This may be due to excessive shock loading, causing damage
to the bone growth plate, which in turn inhibits normal bone formationl*l. Therefore,
we have to emphasize the necessity of controlling the intensity of exercise when
performing exercise interventions in mice during the growth period. Moreover, the
timing of growth plate development is the limiting factor in determining height!5051],
Therefore, we propose the hypothesis that exercise may also promote an increase in
BMD and peak bone mass by prolonging the development time/delaying the healing
time of the growth plate in mice.

To investigate the effects and potential mechanisms of exercise to promote
osteogenesis in growing mice, BMSCs from the femur and tibia of Con and Ex group
mice were extracted for further experiments. We found that the expression of IncRNA
H19 was significantly higher in BMSCs in the Ex group compared to the Con group,
while the mRNA and protein expression levels of ALP and BMP2 were significantly
higher, suggesting that exercise significantly promotes the osteogenic differentiation of

BMSCs in growth-phase mice, which may be related to the upregulation of IncRNA
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H19. Subsequently, small interfering RNA was used to inhibit IncRNA H19 expression
in BMSCs to verify whether exercise promotes osteogenic differentiation via IncRNA
H19. The results showed that si-H19 significantly inhibited osteogenic differentiation of
BMSCs by ALP staining, although alizarin red staining showed no significant difference
due to the too-short time of osteogenic differentiation. RT-qPCR with WB analysis also
further demonstrated that si-H19 significantly inhibited osteogenic differentiation of
BMSCs. Therefore, exercise may promote osteogenesis by upregulating IncRNA H19.
Since IncRNA H19 can act as a miRNAs sponge to regulate bone formation during
osteogenic differentiationl8], we further identified five potential miRNAs targets of
IncRNA H19 by bioinformatics analysis. Combined with bioinformatics analysis, we
preliminarily found that the expression of miR-149 was decreased during osteogenic
differentiation of BMSCs by RT-qPCR, which was opposite to the expression trend of
IncRNA H19, suggesting that miR-149 may be a direct target gene of IncRNA H19
during the osteogenic differentiﬁion of BMSCs. It has been reported that miR-149 is
involved in the regulation of calcium ions, bone matrix mineralization, and bone
resorption, as well as the differentiation and maintenance of bone tissue by targeting
multiple pathways and genes(>2. Furthermore, miR-149 was found to be associated with
osteosarcoma. 1iR-149 can target the expression of BMP9 to promote osteosarcoma
progression!®l. In the present study, we found that the expression of miR-149 was
significantly upregulated after knockdown of IncRNA H19, which further
demonstrated that the IncRNA H19/miR-149 axis may play an important regulatory
role in the osteogenic differentiation of BMSCs.

It is worth mentioning that in our study, compared with the Con group, _the
expression level of Beclinl protein in the femur of mice in the Ex group was
significantly increased while the expression of P62 protein was significantly decreased.
Furthermore, the expression levels of Beclinl and LC3B were also significantly up-
regulated in the BMSCs of mice in the Ex group. It indicates that exercise may promote
bone formation in mice by activating autophagy. Beclinl, p62, and LC3B are regulators

of autophagy. High expression of Beclinl accompanied by a decrease in p62 protein
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suggests that autophagy is activated, and vice versal®l. utophagy is a self-degradation
process that balances energy sources in response to cellular stressli55l. Autophagy plays
an important role in bone homeostasis. Studies have shown that estradiol can rescue
osteoblasts from apoptosis by promoting autophagy through the Er-Erk-mTOR
pathwayl56l. Ad&tionally, autophagy is closely related to osteoblast differentiation and
mineralization. Mineral needle-like structures within the cytoplasm are mainly located
in autophagy-like vesicles. Inhibition of autophagy leads to a decrease in the
mineralization capacity of osteoblasts, whereas inhibition of autophagic flow prevents
the outward transport of minerals from osteoblastsl>758l. Previous studies have found
that under mechanical stress, osteoblasts can promote osteoclastogenesis through
autophagy-mediated receptor ac&'vator of nuclear factor xB ligand (RANKL)
secretion[>?l. Recent studies have reported that miRNAs play an important role in
autophagy regulation. Wang et all®’l found that miR-140-5p and miR-149 can enhance
chondrocyte autophagic activity by regulating the number of autophagic vesicles in
human primary chondrocytes. In our study, we found that inhibition of IncRNA H19
significantly down-regulated the expression of Beclinl and LC3B, leading to a decrease
in autophagy levels. This suggests that exercise can promote osteogenic differentiation
of BMSCs through up-regulation of the IncRNA H19/miR-149 axis, which may be
related to the activation of autophagy. That is, exercise may promote osteogenic
differentiation through IncRNA H19/miR-149/autophagy in growth-stage mice.
Unfortunately, in this study, we did not provide sufficient evidence to support this
hypothesis. In addition, it is well known that exercise inhibits adipogenesis. In HE
staining, we found that there was no significant change in adipocytes in the bone
marrow cavity of mouse femurs after 8 wk of exercise, which may be because we used
mice that were not disease models, such as the osteoporosis model. Therefore,
osteoporosis model mice can be selected to further explore whether exercise can inhibit
lipogenic differentiation through the IncRNA H19/miR-149 axis while promoting
osteogenic differentiation. And, it can also be deeply explored whether this process is

similarly related to the regulation of autophagy.
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CONCLUSION

In summary, our study demonstrated that moderate intensity running exercise can
effectively stimulate bone formation and promote the increase of bone density and bone
volume in growing mice, thlﬁenhancing the peak bone mass of mice. Notably, the
IncRNA H19/miR-149 axis plays an important regulatory role in the osteogenic
differentiation of BMSCs, and this process may be related to the activation of

autophagy.

ARTICLE HIGHLIGHTS

Research background
It is well known that exercise promotes bone growth and development. However, the
underlying mechanisms by which exercise promotes bone formation are not fully

understood.

Research motivation

Our previous findings suggest that the mechanosensitive IncRNA H19 is involved in
the regulation of cartilage homeostasis. Therefore, we propose the hypothesis that
mechanosensitive IncRNA H19 may be involved in mediating the process of exercise-
promoted bone formation. This study will provide more theoretical basis for exercise

promoting bone health.

Research objectives

The aim of this study was to investigate whether mechanosensitive IncRNA H19 could
promote bone formation by targeting miR-149. This study reveals for the first time the
potential regulatory role of the IncRNA H19/miR-149 axis in exercise-promoted bone

formation, providing a scientific basis for the promotion of bone health by exercise.

Research methods
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The potential role of IncRNA H19/miR-149 axis in exercise-promoted bone formation
was fully validated in vivo and in vitro by RT-qPCR, WB, IF, IHC, and micro-CT

combined with bioinformatics analysis.

Research results

In vivo, exercise could activate autophagy by promoting the expression of IncRNA H19
and inhibiting the expression of miR-149, thereby promoting bone formation. In vitro,
knockdown of IncRNA H19 was able to inhibit autophagy by upregulating miR-149
expression, thereby inhibiting osteogenic differentiation of bone mesenchymal stem

cells.

Research conclusions
Exercise can promote autophagy and bone formation through activation of the IncRNA

H19/miR-149 axis.

Research perspectives
The potential role of the IncRNA H19/miR-149/autophagy axis in exercise-promoted
bone formation was further validated by gain of function and loss of function in animal

experiments.
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