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Intensity-dependent effect of treadmill running on
differentiation of rat bone marrow stromal cells
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Abstract. The effect of running on bone mass depends on its
intensity. However, the underlying molecular mechanism that
associates running intensity with bone mass is unclear. The
current study examined the effects of treadmill running at
different intensities on bone mass and osteogenic differentia-
tion of bone marrow stromal cells (BMSCs) in a rat model.
A total of 24 male Wistar rats were randomly divided into
groups and subjected to no running (Con group), low-intensity
running (LIR group), moderate-intensity running (MIR
group), and high-intensity running (HIR group). Histological,
immunohistochemistry and micro-CT examinations were
performed on the femora harvested after 8 weeks of treadmill
running. The study demonstrated that treadmill running
affected trabecular bone mass in an intensity-dependent
manner. In addition, such an intensity-dependent effect
was also demonstrated on the osteogenic and adipogenic
differentiation and proliferation of BMSCs. Furthermore,
the Wnt/B-catenin signaling pathway may be involved in the
running-induced increase in bone mass in rats in the MIR
group. There appears to be a biomechanical ‘window’, in
which running-induced strain signals can increase the number
of BMSCs and progenitor cells (specific to the osteoblast
lineage) causing upregulation of osteogenesis and downregu-
lation of adipogenesis of BMSCs. This finding may provide
insight into the molecular and cellular mechanisms responsible
for bone homeostasis.
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Introduction

Running is one of the most common weight-bearing exercises
and promotes general health and well-being (1,2). However,
the effect of running on bone mass is poorly understood. In a
review, Iwamoto ef al (3) demonstrated that treadmill running
may increase bone mass in young and adult rats, particularly
within the long bones at weight-bearing sites. However,
Bourrin et al (4) reported that excessive treadmill running may
cause the opposite effect on rat tibia. In parallel, the deleterious
effects of endurance running on bone have also been reported
in populations exposed to high-intensity exercise (5,6). These
inconsistent findings clearly imply that intensity may be an
important factor influencing the effect of running on bone
mass. However, the association between running intensity and
bone mass is poorly understood.

It is well documented that, at the tissue level, bone adapts
to changes in mechanical loading. Bone formation in healthy
adults is mainly determined by the mechanical load history (7).
In addition, animal models have demonstrated that bone
remodeling is associated with a number of loading parameters,
including the magnitude of the load (8,9). The mechanisms
involved in bone adaptation involve a multistep process of
cellular mechanotransduction that stimulates bone remodeling
resulting in either bone formation or resorption (10). However,
the cellular basis whereby bone adapts to mechanical loads
remains unclear (10). According to the mechanostat theory,
bone mass adjusts when a typical load diverges from a physi-
ological ‘set-point’, similar to a thermostat (7). The resident
cells within bone tissue detect and subsequently respond to
changes in the mechanical load. It is, therefore, hypothesized
that treadmill running at different intensities would lead to
different cellular responses, and, consequently, different bone
adaptations.

Although osteocytes (which comprise >90% of bone cells)
are most likely responsible for sensing mechanical loads (11),
evidence suggests that mechanical signals are influenced
by the resident bone cell population and by their progeni-
tors (12). Bone marrow stromal cells (BMSCs) are a type of
self-renewing multipotential stem cell which can differentiate
into a number of lineages, including osteoblasts, chondro-
blasts, and adipocytes (13). A body of evidence also suggests
that bone adaptation is associated with either osteogenic or
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adipogenic differentiation of BMSCs (12,14-17). Specifically,
mechanical stimuli may have an important role in influencing
the osteogenic differentiation process of BMSCs and their
production of mineralized matrix in vivo and in vitro (18). In
addition, increased adipogenesis was observed at the expense of
osteogenesis under conditions of hind limb unloading (19) and
joint immobilization (20), whereas, mechanical loading (21)
and climbing exercises (22), upregulated osteogenesis and
downregulated adipogenesis of BMSCs. However, the method
whereby BMSCs respond to mechanical signals induced by
treadmill running remains unclear, and, in particular, how
such a response is associated with to running intensity.

It is thought that cartilage and bone may respond to
mechanical loading in an intensity-dependent manner (23).
Using a rat model, we previously demonstrated that treadmill
running with low-to-moderate intensity maintains cartilage
homeostasis, whereas, high-intensity running may cause carti-
lage degradation (24). In the present study, the same animal
model was used to examine the effect of different intensities
of treadmill running on bone mass. To further gain insight into
the mechanisms responsible for the differentiation potential of
BMSCs, both osteogenic and adipogenic lineages were inves-
tigated under various mechanical loading conditions.

Materials and methods

Experimental animals and exercise protocols. This study
was approved by the animal ethics committee of Nanfang
Hospital, Southern Medical University (Guangzhou, China).
The methods were performed out in accordance with the
approved guidelines. A total of 24 specific pathogen-free
grade adult male Wistar rats (13-14 weeks old, 180-220 g)
were randomized into four even groups (n=6 per group)
as follows: Control (CON); low-intensity running (LIR);
moderate-intensity running (MIR); and high-intensity
running (HIR). All animals were housed in cages with a
temperature of 22+1°C, 40-70% humidity and a controlled
light/dark cycle of 12/12 h. Furthermore, food and water were
provided ad libitum. Animals in the Con group maintained
a sedentary lifestyle. Those in LIR, MIR, and HIR groups
were subjected to treadmill running according to the running
protocols described previously (24). The constant speed and
inclination varied as follows: LIR, 15.2 m/min with 0° incline
for 60 min, 5 days/week; MIR, 19.3 m/min with 5° incline for
60 min, 5 days/week; and HIR, 26.8 m/min with 10° incline
for 60 min, 5 days/week.

After 8 weeks, all animals were sacrificed under anesthesia
by cervical dislocation. Bilateral femora from each animal
were dissected free of soft tissues and maintained in cold
phosphate-buffered saline (PBS) on ice. The bones were cut
open at both ends and bone marrow was collected from their
central shafts. The distal end of the left femur from each rat
was fixed in 10% formalin for histological and immunohisto-
chemistry examinations, while the distal end of the right femur
was used for micro-computed tomography (CT) scanning.

Histological and immunohistochemistry examinations.
Following dissection of the distal end of the left femur from
each rat, it was immediately immersed in fixative solution
(10% formalin at pH 7.4) for 24 h for histological, morphological
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and immunohistochemistry examinations. Decalcification was
accomplished in 10% ethylenediaminetetraacetic acid solu-
tion prior to embedding of the samples in paraffin wax. They
were then transversally sectioned in the diaphyseal region at a
thickness of 5 ym.

To assess adipocyte density, sections were stained with
hematoxylin and eosin (H&E). Density of adipocytes (adipo-
cyte number per mm? marrow area, excluding trabeculae)
was measured and quantified with image analysis software
(Nikon H600L microscope and image analysis system; Nikon
Corporation, Tokyo, Japan) by calculating the mean value
of three sequential images from each of the six animal
specimens. 3-catenin was immunostained using the two-step
immunohistochemistry method as previously described (25).
The areas of interest (AOI) were selected via the irregular AOI
tools using Image-Pro Plus 6.0 software (Media Cybernetics,
Inc., Rockville, MD, USA). The ratio of integrated optical
density (IOD) to area in each region was also calculated using
Image-Pro Plus 6.0 software (Media Cybernetics, Inc.), and
subsequently averaged for B-catenin content in each section.

Micro-CT measurements. Within ~1 week after fixation, the
distal ends of the right femurs were scanned using a micro-CT
scanner (SkyScan 1076 Micro-CT system; Bruker Corporation,
Billerica, MA, USA). The scanner was set at a voltage 88 kV,
a current of 100 #A and a resolution of 18 ym per size. The
region of interest was the area 1.0 mm below the lower end of
the growth plate extending 3.2 mm distally. A global threshold
90 to 255 was used for all samples to identify mineralized
tissue/soft tissue. For analysis of trabecular bone, a cube of
trabecular bone with a size of 1.04x1.04x1.04 mm?® in the
ROI was selected. Three-dimensional structural parameters
measured included trabecular bone volume (BV/TV), bone
mineral density (BMD), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), structure
model index (SMI) and the degree of anisotropy (DA).

Rat BMSCs cultures. Immediately after the distal ends of
both femora were excised, the bone marrow was flushed into
a 15 ml sterile centrifuge tube using L-Dulbecco's modified
Eagle's medium (L-DMEM; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) containing 10% fetal bovine
serum stromal medium. The marrow isolate was centrifuged
at 179 x g for 5 min at room temperature, and the pellet was
resuspended in 4 ml L-DMEM supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.).

Colony-forming unit (CFU) assay.For CFU-fibroblast (CFU-F)
assay, bone marrow femora were flushed into L-DMEM and
centrifuged at 179 x g for 5 min at room temperature. The
medium was then suspended in L-DMEM supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.). Following
7 days of incubation at 37°C, non-adherent cells were removed
by rinsing with PBS. Adherent stromal cells were plated on
a 35 mm sterile culture dish (2x10° cells/dish) and incubated
in L-DMEM supplemented with 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.). At day 10, the cultures were fixed with
4% paraformaldehyde for 20 min at room temperature and
stained with 0.1% crystal violet for 30 min. The number of
colonies was counted under a light microscope.



; DIDOS
EJ PUBLICATIONS

MOLECULAR MEDICINE REPORTS 17: 7746-7756, 2018

Table I. Primer sequences used for reverse transcription-quantitative polymerase chain reaction.

Product
Gene Forward Reverse size (bp)
GAPDH 5'-GGCACAGTCAAGGCTGAGAATG-3' 5'-ATGGTGGTGAAGACGCCAGTA-3' 143
RUNX2 5'-GGCCACTTACCACAGAGCTA-3' 5'-GAGGCGGTCAGAGAACAAAC-3' 109
SP7 5'-GTCCTCTCTGCTTGAGGAAG-3' 5'-CTGTTGAGTCTCGCAGAGG-3' 107
Collagen I 5'-CATGTTCAGCTTTGTGGACC-3' 5'-TTAGGGACCCTTAGGCCATT-3' 120
ALP 5'-AACAACCTGACTGACCCTTC-3' 5'-TCCACTAGCAAGAAGAAGCC-3' 92
PPARY2 5'-GATCCTCCTGTTGACCCAGA-3' 5'-CTGATTCCGAAGTTGGTGGG-3' 119
[-catenin 5'-TTGTACGAGCACATCAGGAC-3' 5'-GCACCCTTCAACTATCTCCTC-3' 101
Osteocalcin 5'-GACTGCATTCTGCCTCTCTG-3' 5'-ATTCACCACCTTACTGCCCT-3' 100

RUNX2, runt related transcription factor 2; Sp7, Sp7 transcription factor; ALP, alkaline phosphatase; PPARY2, peroxisome proliferator

activated receptor y2.

For CFU-osteoblast (CFU-Ob) assay, BMSCs were initially
cultured in stromal medium. After 7 days, cells were cultured in
osteogenic induction medium consisting of DMEM, 10% FBS,
20 mmol/l dexamethasone, 10 mmol/I 3-glycerophosphate and
50 pg/ml sodium 2-phosphate ascorbate. At day 14, the plates
were stained with an alkaline phosphatase (ALP) staining kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
for 30 min.

Cell proliferation assay. For a proliferation assay, cells were
cultured in 96-well plates at a concentration of 5x10* cells/well
for 10 days. The culture medium (L-DMEM supplemented
with 10% FBS) was changed every 2-3 days. Cell prolifera-
tion was detected using methyl thiazolyl tetrazolium (MTT)
assay. Briefly, 20 ul MTT (5 mg/ml; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) was added to each well for 4 h
at 37°C. Subsequently, the supernatant was replaced with
150 ml DMSO. After 15 min oscillation, the optical density
(OD) was quantified at 490 nm using a SpectraMAX M2
microplate reader.

Osteogenic differentiation. Cells were plated at 5x10° cells/well
in 12-well plates and cultured in DMEM (Sigma-Aldrich;
Merck KGaA). At day 10, the medium was replaced with
fresh osteogenic induction medium containing 10 mmol/l
[-glycerophosphate, 50 ug/ml sodium 2-phosphate ascorbate,
20 mmol/l dexamethasone (Sigma-Aldrich; Merck KGaA).
Medium was changed every 3 days. Osteogenic differentiation
of BMSCs was assessed on day 14 using ALP activity assay
and staining, and on day 21 using Alizarin red S staining.

ALP activity and mineralization analysis. Following culture
of cells in osteogenic induction medium for 14 days, rat
BMSCs were fixed with 4% paraformaldehyde at room
temperature for 10 min. ALP activity assay was performed
using a p-nitrophenyl phosphate assay according to a previ-
ously described protocol (26). For mineralization analysis,
cells were cultured in osteogenic medium for 21 days. The
extent of matrix mineralization was measured by Alizarin
red S (Sigma-Aldrich; Merck KGaA) staining which was
then quantified using 0.5 N HCI and 5% SDS as previously

described (26). The OD was then quantified at 490 nm using a
SpectraMAX M2 microplate reader.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Primary stromal cells were cultured for 10 days as
described above. Total RNA was isolated from BMSCs using
the TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. RT was
performed on 0.5 mg total RNA using a Prime Script RT
reagent kit with gDNA Eraser (Takara Biotechnology Co.,
Ltd., Dalian, China). The qPCR assay was performed using
the SYBR-Green PCR master mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The 244% relative quantifica-
tion method (27) was used to calculate gene expression levels
relative to the CON group. Values were normalized to GAPDH
expression. The primer sequences for qPCR are presented
in Table I. The reported data represent the mean expression
from three experiments.

Statistical analysis. Results are expressed as the
mean + standard deviation. Statistical analysis was performed
using a one-way analysis of variance and Tukey's test for post
hoc analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

MIR has an anabolic effect on trabecular bone. To
determine bone adaptation to running at different intensi-
ties, the metaphyseal femur was examined by micro-CT.
Compared with the Con group, denser and better-organized
trabeculae were observed in the MIR group (Fig. 1A-D).
Micro-CT analysis of 3D microarchitecture parameters
from trabecular bone harvested from the distal rat femora
are summarized in Fig. 1E. The results suggested that MIR
significantly affected the amount and structural organization
of trabecular bone. MIR led to significantly higher BV/TV
than in the controls (P=0.002), indicating a stimulatory effect
on trabecular bone mass. Although MIR failed to significantly
affect the Tb.Th (thickness) and DA of trabecular bone, MIR
significantly decreased the value of Tb.Sp (P=0.006) and
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E
Con LIR MIR HIR

BVITV (%) 27.43£5.03 34231544 42.58+4.81*% 30.8146.86
BMD (g/cm?) 0.265+0.039 0.310£0.011 0.299+0.060 0.275£0.040
Tb.N (1/mm) 2.428:0.591 2.758+0.655 3.013+0.535 2.609+0.277
Tb.Th (mm) 0.116+0.013 0.121£0.006 0.119£0.009 0.11740.007
Tb.Sp (mm) 0.441:0.188 0.293:0.078 0.2270.083* 0.290:0.094
SMI 1.729:0.380 1.438£0.342 1.169:0.594* 1.470£0.412
DA 0.546:0.025 0.4890.056* 0.509+0.023 0.516+0.025

Figure 1. 3D images of right femoral metaphyseal from (A) Con, (B) LIR, (C) MIR and (D) HIR groups. As compared with Con group, denser and
better-organized trabeculae were observed in the MIR group. In addition, microarchitecture parameters of trabecular bone from distal femur in four groups
were also presented, and (E) the results demonstrated that MIR significantly affected the amount and structural organization of trabecular bone (n=6 per
group). "P<0.05 vs. Con group. Con, control; LIR, low-intensity running; MIR, moderate-intensity running; HIR, high-intensity running; BV/TV, trabecular
bone volume; BMD, bone mineral density; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; SMI, structure model index;

DA, degree of anisotropy.

SMI (P=0.043) compared with the Con group, suggesting
a reduction in trabecular separation with a more plate-like
architecture. Thus, the trabeculae became denser following
MIR. Notably, there were no obvious changes in either the
LIR or HIR groups, except for a significant increase in DA
in the LIR group compared with the Con group (P=0.012).
These data indicate that running affects trabecular bone in an
intensity-dependent manner, and MIR can enhance trabecular
bone mass to improve structural organization.

MIR enhances the osteogenic potential of BMSCs. CFU-F
(Fig.2A) and CFU-Ob (Fig. 2B) assays were performed to eluci-
date the differentiation potential of BMSCs. It was observed
that the number of bone marrow cells that were capable of
forming colonies were similar to the CON group for all three
running groups (Fig. 2C). This result suggests that, regardless

of the intensity, running failed to affect the total number of
progenitor cells present. By contrast, in comparison with the
Con group, significantly higher numbers of ALP-positive colo-
nies were observed in the MIR group (P=0.001), but not in LIR
or HIR groups (Fig. 2C), indicating that MIR, but not LIR or
HIR, may enhance the osteogenic potential of BMSCs.

MIR enhances the capacity for osteogenic differentiation and
maturation of BMSCs. Changes in BMSC proliferation were
evaluated using an in vitro colorimetric assay. As compared
with untreated Con cells, cell proliferation was signifi-
cantly enhanced in MIR-treated BMSCs, but not in LIR-or
HIR-treated BMSCs (Fig. 3A). In addition, the BMSC ability
for osteogenic differentiation was examined by ALP staining
and Alizarin red S staining. The number of ALP-positive
cells changed in an intensity-dependent manner (Fig. 3B). In
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Figure 2. Assays for the number of CFU for fibroblasts and osteoblasts. (A) CFU-F and (B) CFU-Ob assays were performed in duplicate in 6-well plates with
5x10° nucleated cells/well. A representative well is presented for each group. (C) Quantitative results for these assays are also presented as bar graphs. In
all groups, the number of bone marrow cells capable of forming fibroblast colonies is similar. Compared with the Con group, a significantly higher number
of ALP-positive colonies were present in the MIR, but not in LIR and HIR groups (n=6 per group). 'P<0.05 vs. Con group. Con, control; LIR, low-intensity
running; MIR, moderate-intensity running; HIR, high-intensity running; CFU, colony forming units; CFU-F, CFU-fibroblasts; CFU-Ob, CFU-osteoblasts.

a parallel experiment, ALP activity was found to change in a
similar manner (Fig. 3B). The most intensive ALP staining and
highest ALP activity was observed in MIR-treated BMSCs. A
significant difference in ALP activity between MIR-treated
and untreated BMSCs was detected (P=0.020).

To further investigate the terminal differentiation state
of BMSCs in each group, cells were cultured in osteogenic
induction medium for 21 days and stained with Alizarin red S
to visualize mineralized bone nodules. Results demonstrated
that BMSCs from all groups formed mineralized nodules in a
pattern similar to that seen in ALP staining (Fig. 3C). Mineral
content was also quantified in parallel. The most intense
ARS staining and the highest mineral content were observed
in MIR-treated BMSCs. There was a significant difference
in mineral content between the MIR-treated and untreated
BMSCs (Fig. 3C). These data suggested that MIR enhanced
the capacity for osteogenic differentiation and maturation of
BMSCs, whereas, LIR or HIR did not.

MIR upregulates mRNA expression of osteogenic genes.
The effect of running on osteogenic differentiation was also
investigated by assessing mRNA expression of a number of
osteogenesis-associated genes in cultured BMSCs, including
RUNX?2, SP7, ALP, osteocalcin, and collagen I (Fig. 4). As
compared with the Con group, MIR was observed to signifi-
cantly enhance mRNA expression of all the genes analyzed,
which are involved in various stages of osteogenic differentia-
tion of BMSCs. No significant difference in mRNA expression

of these genes was detected between LIR and the Con group.
Compared with the Con group, HIR produced a significant
decrease in mRNA expression of RUNX?2 and collagen I,
and a significant increase in the mRNA expression of osteo-
calcin. These results indicated that the effect of running on
mRNA expression of osteogenic genes varied with intensity.
In addition, MIR may affect various steps of osteogenic
differentiation of BMSCs, and upregulate mRNA expression
of multiple osteogenic genes.

MIR inhibits the adipogenesis of BMSCs. The marrow
adipocyte density was assessed with H&E staining of the
femoral diaphyseal section (Fig. SA-D). Compared with the
Con group (34.50+5.16), a significant decrease in adipo-
cyte density was observed in the MIR group (27.50+5.00;
P=0.035), but not in the LIR (33.00+4.97) or HIR (38.50+6.22)
groups (Fig. 5E). Consistent with the intensity-dependent
effect on adipocyte density in bone marrow and adipogenic
differentiation of isolated BMSCs from treadmill-treated rats,
RT-gPCR analyses revealed an intensity-dependent effect on
expression of peroxisome proliferator activated receptor vy
(PPARY). In comparison to the Con group (1.00+0.27), MIR
BMSC samples exhibited significantly reduced expression of
PPARY (0.27+0.03; P=0.001), whereas, LIR (0.67+0.10) and
HIR (1.05+0.11) were not significantly different to the control
(Fig. 5F). These observations suggested that, in addition to
the increase in osteogenesis, MIR also induced a reduction in
adipogenesis in BMSCs.


https://www.spandidos-publications.com/10.3892/mmr.2018.8797

LIU et al: EFFECT OF RUNNING ON DIFFERENTIATION OF BMSCs

7751

A 1
081
8 061
-
8 04
021
0 .
B

Con LIR

MIR HIR

0.6

0.4 -

=2
(&

Relative ALP activity
(OD 405/570)

Mineral content (OD 490)

Con LIR

MIR HIR

Figure 3. Effect of running on BMSC proliferation and osteogenic differentiation. The rats were either untreated Con, or exposed to LIR, MIR or HIR for
8 weeks. (A) An in vitro colorimetric assay was used to examine cell proliferation. (B) In addition, BMSCs from rats in each group were cultured in osteogenic
induction media for 10 days and assayed for ALP activity. (C) Cells were cultured in osteogenic induction medium for 21 days and stained with Alizarin
red to visualize mineralized bone nodules (n=6 per group). "P<0.05 vs. OD, optical density; Con group. Con, control; LIR, low-intensity running; MIR,
moderate-intensity running; HIR, high-intensity running; ALP, alkaline phosphatase.

MIR stimulates 3-catenin protein expression in vivo and gene
expression in BMSCs. We investigated whether running could
enhance the expression of [3-catenin in the femoral diaphysis
of rats. There was low B-catenin staining in sections from the
Con group (Fig. 6); however, -catenin signals were observed
on the cells located in the extracellular matrix (ECM) in the
treadmill-treated groups; the most intense and concentrated
B-catenin signals appeared in the MIR group (Fig. 6A-D).
The B-catenin content in each group was quantified, and the

results demonstrated a significant increase in MIR (4.46+0.84;
P<0.001), but not in LIR (2.42+0.64) and HIR groups
(2.79+0.29), as compared with Con group (2.07+0.60; Fig. 6E).
In addition, RT-qPCR was used to analyze the relative mRNA
expression of [-catenin, which is part of the Wnt signaling
pathway (25). Compared with the Con group (1.00+0.13),
a significant difference in mRNA expression of [3-catenin
was observed in MIR (1.81+£0.17; P=0.001), but not in LIR
(1.37+0.18) and HIR groups (1.36+0.21; Fig. 6F). These data
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Figure 4. Effect of running on the relative expression of osteogenesis-associated genes in cultured BMSCs analyzed by reverse transcription-quantitative
polymerase chain reaction, including RUNX2, SP7, ALP, osteocalcin, and Col I a (n=6 per group). 'P<0.05 vs. Con group; “P<0.001 vs. Con group. Con group.
Con, control; LIR, low-intensity running; MIR, moderate-intensity running; HIR, high-intensity running; RUNX2, runt related transcription factor 2; Sp7, Sp7

transcription factor; ALP, alkaline phosphatase; Col I a, collagen 1.

demonstrated that MIR stimulates [3-catenin protein expres-
sion in vivo and 3-catenin gene expression in BMSCs.

Discussion

The present study investigated the effects of three different
running intensities (LIR, MIR, and HIR) on trabecular bone
remodeling using a rat model. The differentiation of BMSCs
was also examined under different mechanical conditions
to gain insight into the mechanisms responsible for bone
homeostasis. By regulating the osteogenic and adipogenic
differentiation of the BMSCs, an intensity-dependent effect of
running on bone remodeling was noted. This effect may occur
by activating the Wnt/p-catenin signaling.

Although a number of studies have examined the effect of
treadmill running on bone mass in normal and also ovariec-
tomized rats (3,25,28), few studies have attempted to compare
variations in running intensity on bone mass. As assessed
by micro-CT, the results of the current study indicated that
running affects trabecular bone in an intensity-dependent
manner. MIR was able to enhance trabecular bone mass with
better structural organization compared with either LIR or
HIR. Similar intensity-dependent effects from squatting exer-
cises have been reported in an ovariectomized rat model (29).
The intensity-dependent effect observed in the present study is
likely associated with the different mechanical loads placed on
rat femora using the three different running intensity protocols
(LIR, MIR and HIR).

In the LIR group, no beneficial effect was observed on
bone mass, which is consistent with a number of human and
animal studies (30,31). Animal studies have reported that the
induced mechanical strain must reach a ‘set point’ threshold
before an osteogenic effect is initiated. Once this threshold is
exceeded, bone formation is positively correlated with peak
strain magnitude (32,33). In this study, LIR may have induced
a mechanical strain that was below the ‘set point’ threshold,
whereas, the induced mechanical strain by MIR exceeded the
threshold. As excessive loading, or prolonged unloading, may
have detrimental effects on bone (10), the finding that HIR had
little effect on either bone amount or structure in the present
study suggests that HIR may induce a mechanical load close to
the microdamage threshold.

Notably, using the same animal model, we previously
demonstrated that running with low-to-moderate intensity can
maintain the integrity of cartilage, whereas, high-intensity
running damages articular cartilage (24). Similar to cartilage,
there is likely a biomechanical ‘window’ that is required to
maintain optimal bone homeostasis. The running-induced
strain signals within this biomechanical ‘window’ could result
in proliferation and osteogenic differentiation of BMSCs. This
may partially explain the observation of intensity-dependent
bone adaptation in rat femora.

Bone has a remarkable ability to adjust its mass and
architecture in response to mechanical loading, which may be
associated with the ability of bone cells to sense tiny strains
within the bone matrix. The effect of mechanical stimuli
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Figure 5. Effect of running on bone marrow adipocyte density and expression of PPARy in cultured BMSCs. Hematoxylin and eosin staining of the femoral
diaphyseal sections in (A) Con, (B) LIR, (C) MIR and (D) HIR groups (scale bar, 100 mm). (E) The marrow adipocyte density was quantified in the four groups.
(F) Expression of PPARY2 was determined by reverse transcription-quantitative polymerase chain reaction (n=6 per group). "P<0.05 vs. Con; “P<0.001 vs. Con
group. Con, control; LIR, low-intensity running; MIR, moderate-intensity running; HIR, high-intensity running; PPARY2, peroxisome proliferator activated

receptor y2.

on bone cell metabolism may be modulated by a number of
variables, such as the type of bone cell (34) and the amount
of mechanical stimuli (35). It appears that the magnitude of
the load has a crucial role in the response of bone cells to
mechanical loading. Jagodzinski et al (36) demonstrated that
8% cyclic stretching in silicone-dishes significantly increased
the secretion of differentiation markers by both osteoblasts and
BMSCs compared with either 2% cyclic stretching or no stimu-
lation. Bacabac et al (34) overstimulated bone cells with noisy
fluid shear stress and suggested that noise enhances the molec-
ular response through a threshold-activated mechanism. Our
results indicated that mechanical strain must reach a ‘set point’
threshold before the proliferation and osteogenic differentiation
of BMSCs can be activated. On the other hand, too much strain
can induce microdamage in the matrix and exacerbate the
death of cells adjacent to the damaged matrix (37). Excessive
cycles may have an inhibitory (rather than a stimulatory) effect
on osteoblast proliferation (38). The results of the current study
suggested that HIR may exert too much strain, which may fail
to activate (or even suppress) the proliferation and osteogenic
differentiation of BMSCs.

In the present study, the proliferation and osteogenic differ-
entiation potential of BMSCs were investigated in an attempt
to delineate the underlying mechanism responsible for the
adaptation of trabecular bone to treadmill running at different
intensities. From the results of MTT assays, MIR was demon-
strated to stimulate the proliferation of BMSCs, whereas,
LIR or HIR did not. The results also revealed that running
did not induce alteration in CFU-F. Similar results were
previously reported in rats following climbing exercises (22)
and unloading (39), indicating that mechanical loading had
no impact on the total number of progenitor cells present.
By contrast, MIR was found to increase CFU-Ob, while LIR
and HIR did not. It was reported previously that climbing
exercises (22) and unloading (39) may lead to an increase and
decrease in CFU-Ob, respectively. As such, there is likely a
biomechanical ‘window’, in which the running-induced strain
signals increase the number of BMSCs and progenitor cells
specific to the osteoblast lineage.

The results of the current also suggested that running
affects the osteogenic differentiation of BMSCs in an
intensity-dependent manner. Osteoblastic differentiation is a
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Figure 6. Protein expression of (3-catenin in femoral diaphyseal bone as detected by immunohistochemistry and the gene expression of f3-catenin cultured
BMSCs analyzed by reverse transcription-quantitative polymerase chain reaction. 3-catenin staining in the (A) Con, (B) LIR, (C) MIR and (D) HIR groups.
(E) The B-catenin content from staining of each group was quantified using Image-Pro-Plus. (F) mRNA expression of 3-catenin (n=6 per group). “P<0.001 vs.
Con group. Con, control; LIR, low-intensity running; MIR, moderate-intensity running; HIR, high-intensity running.

complex process that involves differentiation of mesenchymal
cells into pre-osteoblasts and osteoblasts, ultimately leading
to synthesis and deposition of bone matrix proteins. This
process is initially driven by RUNX2, and then by SP7. It
is characterized by expression of ALP and osteocalcin, and
mineralization of the ECM (21). RUNX2 is a key transcrip-
tion factor required for osteoblast differentiation. SP7 is a late
bone marker required for differentiation of pre-osteoblasts
into functioning osteoblasts (40). ALP is a marker of early
osteoblast differentiation, associated with synthesis of organic
bone matrix before mineralization of the organic bone matrix.
Collagen I is the most abundant protein in the bone ECM
with a high level of expression in osteoblasts. The expression
of collagen I gene occurs at all stages during bone develop-
ment (41). Osteocalcin is expressed by mature osteoblasts in
association with matrix mineralization (42). The increased
mRNA expression of these transcription factors, together
with the enhanced capacity for osteogenic differentiation
and maturation of BMSCs (as reflected by ALP activity and
Alizarin red S staining), indicated that MIR may stimulate the
osteoblastic differentiation of BMSCs at various stages of this

process. However, no significant change in mRNA expression
of these transcription factors (nor in osteogenic differentiation
and maturation of BMSCs) was observed in the LIR group.
A significant decrease in mRNA expression of RUNX?2 and
collagen I was observed in the HIR group, with a significant
increase in osteocalcin mRNA expression.

In addition to osteogenic differentiation, running also
affects the adipogenic differentiation of BMSCs in an
intensity-dependent manner. MIR led to a dramatic decrease
in adipocyte density and expression of PPARy, whereas, LIR
or HIR did not. As adipocytes and osteoblasts share a common
stromal precursor cell pool in the bone marrow, the inverse
relationship between osteogenic and adipogenic differen-
tiation of BMSCs has been extensively studied (12,16,20-22).
Consistent with these reports, the results of the current
study demonstrated that MIR induces a decrease in marrow
adiposity, which accompanied an observed increase in overall
bone volume. In support of the histological increase in marrow
adiposity, MIR-treated BMSCs had a significantly lower
adipogenic potential, suggesting that MIR treatment alters the
microenvironment to support bone formation and inhibit fat
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formation within the bone marrow. Concordantly, expression
of PPARY in cultured BMSCs decreased. PPARY causes bone
loss in animals and humans, at least in part due to the suppres-
sion of osteoblast differentiation from BMSCs (21,43,44).
Previously, treadmill running with moderate intensity led to
positive inhibition effect on bone marrow adipogenesis and
expression of PPARYy in ovariectomized rats (28). The in vivo
findings of the present study are supported by the in vitro
observation that MIR-treated BMSCs exhibited a decrease in
adipogenic differentiation potential, illustrating that MIR may
directly inhibit adipogenic commitment of BMSCs.

Mechanical loading is crucial for bone cells to adjust
bone architecture in order to maintain bone strength (45).
It is believed that the Wnt/B-catenin signaling pathway is
involved in this response, since Wnt/B-catenin signaling is not
only a normal physiological response of bone to mechanical
loading (46,47), but is also a component of the early response
of osteoblastic bone cells to load-bearing (44). In the current
study, the enhancement of protein and gene expression of
[-catenin induced by MIR may have mediated the activation of
transcription factors such as RUNX2 (16), and the downregula-
tion of PPARYy (48), thus biasing BMSC differentiation away
from adipogenesis and towards osteoblastogenesis (49). The
results of the present study suggested that the effect of MIR
on decreasing fat mass and increasing bone mass may function
through the regulation of BMSC differentiation via inhibiting
PPARY and stimulating [3-catenin. Since the level of $-catenin is
an indication of the Wnt/B-catenin signaling activation (50), the
results support an involvement of the Wnt/B-catenin signaling
pathway in MIR-induced increase in bone mass in rats.

In conclusion, the present study demonstrated that tread-
mill running appears to affect trabecular bone mass in an
intensity-dependent manner. In addition, a biomechanical
‘window’ may exist that maintains optimal bone homeostasis.
By regulating the osteogenic and adipogenic differentiation of
the BMSCs, an intensity-dependent effect of running on bone
remodeling was observed. This result may provide insight into
the molecular and cellular mechanisms responsible for bone
adaptation by activating the Wnt/p-catenin signaling.
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