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Downhill running increases bone mass
accumulation and bone tissue morphology through
TGF- β /Smad pathway in mice
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Abstract
Background: Compelling evidence has demonstrated that impact exercise can help to accumulate more
bone mass. However, the cellular mechanism is less clear. The current study aimed to examine the effects
of downhill running on osteoblast formation and the ability of mineralization in mice. The expression of
transforming growth factor-b (TGF-b)/Smad pathway molecules was also determined.

Methods: Twenty-eight 4-week-old C57BL/6 female mice were randomly assigned to either downhill
running group (DG) or control group (CG). DG mice received a daily forty-minute downhill training on a
decline treadmill (9 o decline) for 8 weeks. Eight weeks later, all mice were killed. Bone marrow stromal
cells were collected and cultured for assessment of osteoblastic differentiation and the capacity of
osteoblastic mineralization. We determined the protein (Western Blot) and mRNA (RT-PCR) expression of
TGF-b, p-Smad2/3/4, and Runx2 in bone tissue. The bone mineral density (BMD) and histomorphological
changes were also examined.

Results: Eight-week training signi�cantly increased bone mineral density (BMD) and enhanced the
expression of alkaline phosphatase positive (ALP + ) osteoblasts in tibia epiphysis. Downhill running also
promoted bone volume fraction (BV/TV), trabecular number (Tb.N) and trabecular thickness (Tb.Th),
while it decreased the trabecular separation (Tb.Sp). Additionally, the numbers of alkaline phosphatase
positive colony forming units-�broblastic (ALP  CFU-f) cells and the area of mineralized nodule
formation were signi�cantly higher in training group compared with the control group. Furthermore, the
mRNA expression of TGF-b, Smad2, Smad3, Smad4 and Runt-related transcription factor 2 (Runx2) were
signi�cantly elevated by downhill training, and the protein expression of p-Smad2, p-Smad3, p-Smad4
and Runx2 also increased in exercise group.

Conclusion: The �ndings suggested that downhill running enhanced bone accrual in mice mainly by
promoting osteoblastic differentiation and the ability of mineralization. The bene�cial changes partly be
regulated by TGF-b/Smad signaling pathway.

Background
Osteoporosis and subsequent fracuture are one major source of public health problems among older
people [1]. It was reported that 50% of survivors after fracture failed to regain their former levels of
autonomy and mobility [2], and the mortality rate during the �rst year after hip fracture was between 8.4%
and 36.0% [3]. The current evidence highlights the need for preventive strategies to prevent osteoporosis
and the incidence of fractures in older populations. It has been reported that exercise training signi�cantly
increases bone formation [4–6]. Among the various types of exercise, impact exercise is referred to as an
effective training mode because exercise-generated mechanical strain greatly promotes the accumulation
of bone mass [7–9]. However, the regulating mechanism remains unclear.

The bone mass accumulation is the results of �ne balance between osteoblast-regulated formation and
osteoclast-modulated resorption. Exercise increases bone mass mainly by promoting the differentiation
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and proliferation of osteoblasts. Luu et al [10] found that in vitro low magnitude mechanical stimulus
signi�cantly increased bone marrow stromal cells (BMSCs) proliferation and osteoblast differentiation.
Mori et al [11] reported that climbing exercise markedly promoted osteoblast differentiation, and
increased alkaline phosphatase positive colony forming units-�broblastic (ALP+CFU-f) numbers, which
was su�cient to offset the effect of Aldh2 knockout on osteoblastic differentiation. Another studies [12]
showed that free wheel running potentially promoted osteoblastogenesis.

However, seldom had studies explored the interaction between impact exercise and osteoblastic
differentiation in growing mice; and the signaling pathways that mediate the response of osteoblastic
formation to exercise in growing mice is still unclear. transforming growth factor-β (TGF-β), a secreted
factor highly expressed in bone, plays an important role in bone development and remodeling [13, 14]. By
stimulating Type I receptors, TGF-β initiates the phosphorylation of Smad 2 and Smad 3 proteins, which
subsequently bind with Smad 4 and up-regulate Runt-related transcription factor 2 (Runx2) expression in
nuclei [15, 16]. However, no studies were conducted to explore the role of TGF-β/Smad signal pathway in
regulating the effects of impact exercise on the promotion of osteoblastic differentiation and osteogenic
ability in growing mice. To address this question is important because it helps to improve our
understanding about the mechanism of exercise promoting pubertal bone development. Therefore, we
examined the effects of downhill running exercise on osteoblast formation and mineralization in growing
mice. The expression of TGF-β/Smad pathway molecules was also determined.

Methods

Experimental animals and training protocol
Twenty-eight four-week-old female C57BL/6 mice (Means ± SD: 15.1 ± 1.9 g) were purchased from B&K
Laboratory Animal Company (Shanghai, China). After one week of acclimatization, twenty-eight mice
were assigned randomly into two groups: downhill running group (DG, n = 14) and control group (CG, n = 
14). Downhill running exercise were carried out on a 9o decline treadmill (Hangzhou, China) at a speed of
0.8 Km/h for 6 training days per week. At the �rst week, the mice were trained 20 min every day during the
�rst two days and then training time increased by 5 minutes daily until 40 minutes a day. The exercise
intervention lasted for 8 weeks. After 8-week interventions, all of the mice were subjected to euthanasia
under anesthetization (5% chloral hydrate at a dose of 3 ml/kg body weight) and samples were collected.

Mice were housed four per cage and under a standard laboratory conditions (temperature: 23 ± 2 Co;
humidity: 55 ± 5%), with a 12-hour light-dark cycle. All mice were free to access the food (B&K Laboratory
Animal Company, Shanghai, China) and deionized water at all time. The weight of mice was measured
weekly. The experimental protocols were approved by the Experimental Animal Care and Use Committee
at East China Normal University (license NO: m20150311) and conformed to the guidelines for the use of
laboratory animals published by the People’s Republic of China Ministry of Health (25 January 2008).

Bone marrow stromal cell culture
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Six mice of each group were prepared for primary culture of cells. Mice were euthanized under
anesthesia, and bilateral femurs and tibiae were taken from each mouse and cleaned of all attached soft
tissues. Both ends of femur and tibia were removed to expose the bone marrow cavity. The bone marrow
was isolated from the bone cavity and a single-cell suspension was prepared by repeated aspiration. The
total bone marrow cells were counted in hemocytometer and cultured in alpha minimal essential
medium(α-MEM; GIBCO, USA) supplemented with 10% fetal calf serum (GIBCO, USA), 1000 U/ml
cipro�oxacin (sigma). Cells were disseminated into 6-well plates (Costar, USA) at a concentration of 1 × 
107cells /well in 2 ml α-MEM, and incubated at 37 °C in a humidi�ed atmosphere of 5% CO2 in air. The
medium was changed every other day to remove the non-adherent cells. On day 7 of culture, the α-MEM
added 100 U/ml glycerophosphoric acid (sigma) and 1000 U/ml ascorbic acid (sigma) were used to
induce the bone marrow cells differentiate to osteoblast, medium was changed every other day. On the
7 day since differentiation, the alkaline phosphatase positive colony forming units-�broblastic (ALP CFU-
f) were �xed with 10% paraformaldehyde(PFA) for 10 min at RT. After washing with PBS, the cells were
stained with10mL dye solution (0.03 g Fast Red Violet LB Salt, 0.09gAS-MX) for 20 min in the dark place.

Mineralized nodule formation of osteoblasts
Bone marrow cells were disseminated into 6-well plates at the concentration of 1 × 107cells in 2 ml α-
MEM, which was the same with supplemented in the CFU-f assay. On day 21 of culture, cells were �xed
with 10% PFA for 10 min and washed with deionized water, the cells were stained with 4% silver
nitrate(sigma) and under the irradiated with ultraviolet (Sigma) for 20 min. The surface of per well were
covered with dark stain, representing mineralized nodules, was measured by an imaging software
program [17, 18].

ALP Activity
Tibiae were �xed in 10% PFA for 12 h, decalci�cated in 10% EDTA for 2 weeks and used the OCT to
freezing the tibiae sample. A 6-µm section was cut from the frozen samples and chose one section for
dying from every 4–6. Used the stain dye (0.03 g Fast Red Violet LB Salt (Sigma),0.09gAS-MX(Sigma)) to
assay the ALP activity in the tibial epiphysis. Each slice was photographed (20 × magni�cation) under the
microscope.

Histomorphometry
The right tibias were �xed with 10% PFA, dehydrated in a graded ethanol series (75%, 85%, 95% and
100%), and embedded in methyl methacrylate resin(MMA). A 12-µm section was cut from the tibia
samples with a sliding microtome (leica, German). The sections were wiped off MMA with 1-Acetoxy-2-
methoxyethane (AME) and did Von kossa/van gieson staining. The index of trabecular bone volume
fraction (BV/TV, %), trabecular number (Tb.N, N/mm), trabecular thickness (Tb.Th, µm) and trabecular
separation (Tb.Sp, µm), BV/TV(%), Tb.N (N/mm), Tb.Th (µm) and Tb.Sp (µm) of section were measured
by osteomesure software (Tenovo, USA) under electron microscope(DM400, Leica, German ).

Bone mineral density examination
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After the addition of paraformaldehyde, the left forelimb was kept in 75% ethyl alcohol at 4 °C until the
bone mineral density (BMD) measured. Bone mineral density was measured at the middle segment of left
radius using Dual Energy X-ray Absorptiometry (DEXA) (Hologic Discovery A, USA).

RT-PCR analysis
RT-PCR analysis was performed at one step, using the One-Step RT-PCR kit (Takara, China), to determine
the mRNA expression levels of TGF-β, Smad2, Smad3, Smad4 and Runx2. Total RNA was extracted from
bone tissues after treatment using Trizol agent (Sigma, USA) and tested its purity and concentration.
cDNA was obtained by using the reverse transcription kit (TakaRa, China), ampli�ed through quantitative
PCR kit (TakaRa, China) and the conducted reaction conditions were denaturation at 94 °C for 4 min,
94 °C for 10 min, 55 °C for 30 s, 72 °C for 30 s, 94 °C for 30 s, 55 °C for 30 s, 94 °C for 30 s, for forty-�ve
cycles. The premers were synthesized by Sangon Biotech Co., Ltd (Shanghai, China) (TGF-β, Forward: 5′-
AGGGCTACCAGCCAA CTTC-3′ and Reverse: 5′-CCACGTAGTAGACGATGGGC-3′, Smad2, Forward: 5′-
CTGTGACGCATGGAAGGTCT-3′ and Reverse: 5′-CCACGTAGTAGACGATG GGC-3′, Smad3, Forward: 5′-
CAGCGAGTTGGGGAGACATT-3′ and Reverse: 5′-T GTAAGTTCCACGGCTGCAT-3′, Smad4, Forward: 5′-
CGATGGAATTTTACATAC G-3′ and Reverse: 5′-CGCCTAAGTTGCTAGGTGG-3′, Runx2, Forward: 5′-GTCC
TATGACCAGTCTTACC-3′ and Reverse: 5′-GATGAAATGCCTGGGAACTG-3′, β-actin: Forward: 5′-
ACCCAGAAGACTGTGGATGG-3′ and Reverse: 5′-TTCAGC TCAGGGATGACCTT-3′). Each gene was
performed for three repetitions. Used the method of 2−△△Ct to calculate the expression of each gene's
mRNA.

Western Blot
Extraction all the mice bone tissue protein, and the procedure and methods of detecting the cytokines
protein expression in bone were consistent with the related study [19]. The antibodies involved in the
experiments includes p-Smad2 (CST, USA), p-Smad3 (CST, USA), p-Smad4(CST, USA) and Runx2 (CST,
USA), derived from rabbits. The dilution ratio of all the antibodies is 1:1000. Blots were tested by the
Alpha gel imaging system (AlphaImager HP, USA) and used the Quantity One software (Bio-Rad Inc, USA )
to determine the gray values. The ratio of gray values of target genes to the internal reference is the
expression of target genes.

Statistical analysis
All data are presented as mean ± SD. The experimental data were statistical by Excel, and use the method
of independent sample T test by SPSS 20.0 to analyze the differences of variables between two groups.
The level for statistical signi�cance was set at P values < 0.05.

Results

The effects of downhill running on BMD and ALP activity



Page 6/15

We here developed an animal model to elucidate the effects of exercise on the changes in BMD and the
number of ALP+ osteoblasts in bone tissue. After 8-week downhill running exercise, a signi�cant gain of
BMD was found in the exercise group (P < 0.001) compared with the control group (Fig. 1/C). Downhill
running also enhanced osteoblast formation in bone tissue; the ALP activity of osteoblasts increased in
epiphytical lines in exercise intervention group compared with the control group (Fig. 1A&B).

Histomorphological changes in bone tissue
To demonstrate the bene�cial effects associated with downhill running, we further examined the
histomorphological changes in bone tissue. Findings demonstrated that BV/TV (P < 0.05), Tb.N (P < 0.05)
and Tb.Th (P < 0.001) were signi�cantly higher (Fig. 2/A, B & C), while the Tb.Sp (P < 0.01) was lower in in
the downhill running group compared with the control group (Fig. 1/D), which suggested downhill running
could signi�cantly increase morphological structure of bone.

The capacity of osteoblast differentiation and
mineralization
We collected bone marrow stromal cells and cultured in α-MEM. At 14 days, we stained ALP CFU-f cells
and observed the numbers under the confocal microscope. Results suggested that downhill running
signi�cantly increased the numbers of ALP CFU-f cells (P < 0.001) compared with the control group
(Fig. 3/A, B & E). We further examined whether those increased ALP CFU-f cells have the enhanced
capacity of mineralization. On day 21 of culture, the cells were stained with 3% silver nitrate solution.
Findings demonstrated the mineralized areas was signi�cantly higher in downhill running groups (P < 
0.05) compared with the control group (Fig. 3/C, D & F). It was suggested that downhill running could
promote the capacity of osteoblast formation and mineralization in growing mice.

Analyses with RT-PCR and Western blot
To test the potential mechanism that regulated the impact of exercise on osteogenic formation, we
determined the protein and mRNA expression of TGF-β, Smad2/3/4, and Runx2 in bone tissue. Western
blot analysis indicated that the expression of p-Smad2 (P < 0.05), p-Smad3 (P < 0.05), p-Smad4 (P < 0.01)
and Runx2 (P < 0.05)were higher in exercise group compared with the control group (Fig. 4). The mRNA
levels of TGF-β(P < 0.05), Smad2(P < 0.01), Smad3(P < 0.05), Smad4(P < 0.01) and Runx2 (P < 0.05)were
also signi�cantly elevated by downhill running (Fig. 5).

Discussion
This study found that 8-week downhill training signi�cantly increased the mineral materials and
morphological structure of bone; it also promoted osteoblastic differentiation and the ability of
mineralization. Furthermore, the expression of TGF-β/Smad signaling molecules were also markedly
enhanced by exercise.
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Our �ndings demonstrated that downhill running was an effective training mode in promoting bone mass
accrual and improving morphological structure in growing mice. Downhill running can generate an
e�cient mechanical strain on bone tissue with the similar way like that of impact exercise. A large
number of studies have reported that impact exercise can signi�cantly increase bone mass accumulation
in adolescent [7–9]. However, the regulatory mechanism is not determined.

Bone can adapt both materially and structurally to increased mechanical loading. As a type of impact
exercise, downhill running generated a ground-reaction strain on bone tissue and stimulated bone re-
modeling. It has been reported that this type of exercise can signi�cantly increase intracellular calcium
signaling and enhance �uid �ow near the osteocytes [20, 21]. But its effects on osteoblastic
differentiation is not explored in growing bone. Our study demonstrated that downhill running can also
stimulate the differentiation and function of osteoblasts. It is suggested that the up-regulated
osteoblastic differentiation and mineralized ability in training mice might contribute to the increased bone
formation.

However, it is still unclear the molecular signalings that modulates the effects of downhill running
exercise on osteoblastic differentiation in growing mice. It has been reported that the TGF-β/Smad
pathway plays an important role in regulating osteoblast formation [16, 22]; but the changes and
functions of TGF-β/Smad pathway in response to downhill running has not been determined in growing
mice yet. Our study showed that the molecular expression of TGF-β, Smad2, Smad3, and Smad4 were
signi�cantly increased in exercising mice, and the downstream regulatory gene Runx2 was also enhanced
markedly. Given the important role of TGF-β/Smad pathway in promoting the commitment of BMSCs to
osteoblasts [13–16], the �ndings suggested that exercise-associated increment of osteoblastic
differentiation and mineralization might be regulated partly by TGF-β/Smad pathway.

Conclusion
This study has con�rmed that 8-week downhill running promoted bone formation through up-regulating
osteoblast differentiation and mineralization in growing mice. Our study also indicated that the exercise-
associated bene�ts on bone is partly regulated by the TGF-β/Smad signaling pathway. The �ndings have
clinical signi�cance because it provides an feasible strategy for treatment of osteoporosis in older
people. One limitation of this study is that we did not explore molecular networks that regulate the
interaction between TGF-β/Smad signaling pathway and osteoblast differentiation. Therefore, our future
research work is to address this question. Nevertheless, our study improves our understandings about the
factors that modulate the effects of impact exercise on bone mass accumulation in growing bone.
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Figures

Figure 1

Change in ALP activity and bone mineral density (BMD) A, B: ALP activity. *** denotes p<0.001
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Figure 2

Changes in morphological structure of bone A: trabecular bone volume fraction (BV/TV); B: trabecular
number (Tb.N); C: trabecular thickness (Tb.Th); D: trabecular separation (Tb.Sp). * denotes p<0.05; **
indicates p<0.01
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Figure 3

Changes in the numbers of alkaline phosphatase positive colony forming units-�broblastic (ALP CFU-f)
cells and the area of mineralized nodules A, B: ALP CFU-f cells; C, D: the area of mineralized nodules. *
denotes p<0.05.
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Figure 4

Protein expression of Runx2 and p-Smad2/3/4 A, E: Runx2; B, F: p-Smad2; C, G: p-Smad3; D, H: p-Smad4.
* denotes p<0.05; ** indicates p<0.01
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Figure 5

mRNA expression of TGF- , p-Smad2/3/4, and Runx2 A: TGF- ; B: Smad2; C: Smad3; D: Smad4; E: Runx2.
* denotes p<0.05; ** indicates p<0.01

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

NC3RsARRIVEGuidelinesChecklist�llable.pdf

https://assets.researchsquare.com/files/13ffbb90-04de-41b8-a8d4-d5f9eddc0fd6/v1/NC3Rs%20ARRIVE%20Guidelines%20Checklist%20(fillable).pdf

