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Medium-Intensity Treadmill Exercise Exerts Beneficial Effects on Bone Modeling Through Bone Marrow Mesenchymal Stromal Cells












	 
	ORIGINAL RESEARCH
published: 24 November 2020
doi: 10.3389/fcell.2020.600639





[image: image]

Medium-Intensity Treadmill Exercise Exerts Beneficial Effects on Bone Modeling Through Bone Marrow Mesenchymal Stromal Cells

Lingli Zhang1, Yu Yuan1, Wei Wu1, Zhongguang Sun1, Le Lei1, Jing Fan2, Bo Gao2* and Jun Zou1*

1School of Kinesiology, Shanghai University of Sport, Shanghai, China

2Institute of Orthopedic Surgery, Xijing Hospital, Fourth Military Medical University, Xi’an, China

Edited by:
Changjun Li, Central South University, China

Reviewed by:
Rui Shao, Shanghai Jiao Tong University, China
Shaoting Fu, Shanghai Normal University, China
Shoutao Qiu, Shanghai Jiao Tong University, China

*Correspondence: Bo Gao, gaobofmmu@hotmail.com; Jun Zou, junzou@sus.edu.cn

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 30 August 2020
Accepted: 28 October 2020
Published: 24 November 2020

Citation: Zhang L, Yuan Y, Wu W, Sun Z, Lei L, Fan J, Gao B and Zou J (2020) Medium-Intensity Treadmill Exercise Exerts Beneficial Effects on Bone Modeling Through Bone Marrow Mesenchymal Stromal Cells. Front. Cell Dev. Biol. 8:600639. doi: 10.3389/fcell.2020.600639

As a type of multipotential cells, bone marrow mesenchymal stromal cells (BMMSCs) can differentiate into chondrocytes, osteoblasts, and adipocytes under different loading condition or specific microenvironment. Previous studies have shown that BMMSCs and their lineage-differentiated progeny (for example, osteoblasts), and osteocytes are mechanosensitive in bone. The appropriate physical activity and exercise could help attenuate bone loss, effectively stimulate bone formation, increase bone mineral density (BMD), prevent the progression of osteoporosis, and reduce the risk of bone fractures. Bone morphogenetic protein (BMP) is originally discovered as a protein with heterotopic bone-inducing activity in the bone matrix that exerts a critical role in multiple stages of bone metabolism. In the present study, the medium-intensity treadmill exercise enhanced bone formation and increased osteocalcin (OCN) and osteopontin (OPN) mRNA expression as well as activation of the BMP-Smad signaling pathway in vivo. In order to investigate the effect of a BMP-Smad signaling pathway, we injected mice with activated enzyme inhibitors (LDN-193189HCL) and subjected the mice to treadmill exercise intervention. LDN-193189HCL attenuated the BMD and bone mass mediated by medium-intensity exercise and BMP-Smad signaling pathway.
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INTRODUCTION

Bone is critical for the sports system. The existence and structure of bone depends completely on the formation, quantity, and activity of bone cells that are regulated by several factors, such as mechanical and chemical stimuli, receptor and signal transduction, transcription and translation, heredity, nutrition, and endocrines (Rodan, 1998). Exercise or mechanical stimulation is one of the main factors affecting bone mass; it does not completely inhibit the loss of bone mineral content with increasing age and menopause and has a positive effect on several circulational index of bone metabolism (Smith et al., 2014). The appropriate physical activity and exercise could help attenuate bone loss, effectively stimulate bone formation, increase bone mineral density (BMD), prevent the progression of osteoporosis, and reduce the risk of bone fractures (Smith and Gilligan, 1991). The exercise can also reduce the risk of falls and increase the bone strength, flexibility, balance, and reaction time (Smith and Gilligan, 1991). Thus, exercise is known to improve bone health based on two aspects primarily by increasing the growth period of peak bone mass (PBM) in children and adolescents and maintaining or slowing down the aging (especially emphasizes the premenopausal women) with respect to bone absorption rate (Sumida et al., 2014; Winther et al., 2014; Tucker et al., 2015). Long-time high-intensity exercise or physical activity were bad for bone healthy, such as soldiers and marathon runners.

Recent studies have greatly expanded the knowledge of mechanoresponse of mesenchymal stem cells and their roles on the maintenance of bone homeostasis (Potier et al., 2010). Many studies in the mechanosensibility of bone marrow mesenchymal stromal cells (BMMSCs) have indicated central roles of BMMSCs in locomotion induced bone mass increase (Casazza et al., 2012; Shin et al., 2013; Monika et al., 2015). As a type of multipotential cells, BMMSCs can differentiate into chondrocytes, osteoblasts, and adipocytes under different loading condition (Zhang et al., 2016) or specific microenvironment. Previous studies have shown that BMMSCs and their lineage-differentiated progeny (for example, osteoblasts), and osteocytes are mechanosensitive in bone (Wang et al., 2020). And it is suggested that constant loading in an appropriate intensity is able to switch the differentiation direction of BMMSCs from adipogenesis to osteoblastogenesis (Casazza et al., 2012; Monika et al., 2015). Besides, the increase of BMMSC proliferation induced by fluid shear stress also contributes to the number of total bone cell population (Riddle et al., 2005). Accordingly, a direct connection between locomotion and enhancement of bone quality is built in light of the mechanical ability of BMMSCs. It is still unclear how these ubiquious signals arising from mechanical stimulation are perceived by BMMSCs and then how the cells respond to them. The key regulatory signals are generated during exercise and that these factors are first and foremost mechanical in nature.

The differentiation of BMMSCs toward an osteogenic lineage relies on various of signaling pathways including: Bone morphogenetic protein (BMP), IGF, NOTCH, Hedgehog and Wnt signaling (James, 2013). BMP is originally discovered as a protein with heterotopic bone-inducing activity in the bone matrix. BMPs are multi-functional growth factors that belong to the transforming growth factor beta (TGF-β) superfamily (Di et al., 2003). The signaling transduction by BMPs occurs specifically via both canonical Smad-dependent pathways (TGF-β/BMP ligands, receptors and Smads) and non-canonical Smad-independent signaling pathway (MAPK pathway) (Chen et al., 2012). Mechanical load can stimulate the activation of osteoblasts. Effective osteogenesis differentiation is highly dependent on the growth factor signals and mechanical load. It is still unclear how exercise type, intensity, duration, and frequency affect bone mass and strength. Hitherto, exercise and mechanical load promoted the expression of BMP-related target genes in osteoblasts and improved the morphological structure and mechanical properties of bone.

In order to investigate the effect of a BMP-Smad signaling pathway, we injected mice with activated enzyme inhibitors (LDN-193189HCL) and subjected the mice to treadmill exercise intervention. BMD, bone mass, the content of osteoblasts and osteoclasts, and the index of serum and urine were tested. In this study, we aimed to investigate the influence of exercise on bone metabolism in mice with or without the inhibition of BMP-Smad signaling pathway.



MATERIALS AND METHODS


Treatment of Animals

Twelve 2-month-old C57BL/6 male mice were randomly divided into two groups with six mice in each group: control group (Control), and exercise group (Exercise) in part one experiment. Exercise group was assigned treadmill running for 5 weeks, 6 days per week. The exercise program was adapted from previous studies (Mehl et al., 2005; Ferreira et al., 2007). Briefly, the mice were trained on a treadmill (Figure 1A). The speed of exercise group was equivalent to 85% maximal oxygen uptake (VO2max).
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FIGURE 1. Exercise increased bone mineral density (BMD) and trabecular bone volume (BV/TV) of the femurs and activated bone morphogenetic protein signaling (BMPS) pathway. Mice were exercised for 5 weeks and then killed. The femurs of these mice were used for BMD and bone mass determination, and tibias were used for evaluating the mRNA expression and protein activation. (A) Treadmill running protocol. (B) BMD values of mice (n = 6). (C) The area of bone histomorphometry was used for calculating the bone mass and BV/TV values of mice (n = 6). (D) OCN mRNA expression of mice (n = 3). (E) OPN mRNA expression of mice (n = 3). (F) Activation of Smad1 proteins in mice (n = 3). *P < 0.05, **P < 0.01 as compared to the control group.


Seventy-two 7-week-old C57BL/6 male mice were divided into four groups in accordance with weight and BMD of mice with 18 mice in each group: control group (C), exercise group (E), LDN group (LDN+C), and exercise with LDN group (LDN+E) in part two experiment. Mice in the exercise group and exercise with LDN group were assigned treadmill running exercise at intensities for 6 weeks, 6 days per week (Figure 2A).
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FIGURE 2. Effects of exercise and LDN injection on mouse body weight and bone mineral density (BMD) of the femurs. Exercise increased cortical bone volume (BV/TV), and cortical thickness (Ct.Th) of tibia. Mice were exercised for 6 weeks in the presence or absence of LDN and then killed. The femurs of these mice were used for BMD determination. Body weights of mice in the four groups were recorded every week during the exercise. (A) Treadmill running protocol. (B) BMD values of mice (n = 10). (C) Average body weight was shown (n = 18). (D) Representative μCT images showed two-dimensional cortical and trabecular architecture in mouse tibia (n = 3). (E) Cortical bone volume per tissue volume (BV/TV). (F) Cortical thickness (Ct.Th). (G) Trabecular bone volume per tissue volume (BV/TV). (H) Trabecular number (Tb.N). (I) Trabecular thickness (Tb.Th). (J) Trabecular separation (Tb.Sp). *P < 0.05, **P < 0.01.


All mice were maintained at five mice per cage, and provided food and water ad libitum. All mice were housed in an environment maintained on a 12-h light–dark cycle at 22 ± 2°C. All the mice were anesthetized with ether inhalation the animals were euthanized by cervical vertebra dislocation.



LDN-193189HCL Injection

Mice in the LDN groups were injected with LDN (LDN-193189HCL, Selleckchem) on Wednesday from the third to sixth week by intraperitoneal injection (Yu et al., 2008a; Lee et al., 2011; Katagiri and Tsukamoto, 2013). LDN (3 mg/kg body weight) was mixed with DMSO and slowly added this DMSO liquor into physiological saline. LDN powder was completely dissolved using water bath ultrasonic and dissolved by 0.22 μm filter. Each mouse was weighed before injecting and the doses of LDN were adjusted.



Calcein Injection

A 20.0 mg calcein was mixed with 5 ml 4% NaHCO3 (PH: 8.0–8.5) and 5 ml stroke-physiological saline solution. Mouse bones were labeled with subcutaneously injected calcein (5 μl/g) at day 1 and 8 before the mice were killed at day 9.



BMMSCs Cultures and ALP Staining

The femurs of mice were used for BMMSCs extraction and culture. The bone marrow cells were washed out with α-MEM (HyClone, United States). After being centrifuged at 1000 rpm for 10 min, the pellets were resuspended in α-MEM supplemented with 10% fetal bovine serum (FBS) (Gibco, United States), and 1% penicillin-streptomycin (Invitrogen, United States). The cells were seeded at a density of 5 × 106 cells/well in 12-well plates. Alkaline phosphatase (ALP) staining was performed 7 days after seeding (Sigma-Aldrich ALP stain kit, United States), and images were captured using a microscope (Nikon Eclipse 90i and Nikon Elements AR 3 software, Japan). Colony-forming units (CFUs) were calculated from those images.



BMD Measurement of Total Femurs

The left femurs were used for BMD. Special attention was paid to avoiding damage of the bone cortex when removing the skin, muscles, and connective tissues. Before testing, the specimens were observed under a microscope to make sure all specimens were intact. The dual energy X-ray absorptiometry method was used for measurement of BMD (Osteocore3 Digital 2D, France) of the total left femurs.



Bone Histomorphometry

The right femurs were isolated, fixed in 4% paraformaldehyde (PFA) after washing with PBS, and then dehydrated in 70% ethanol. The specimens were dehydrated sequentially in ascending concentrations of ethanol (95%, 100%) and xylene, and then embedded in methyl methacrylate. The femurs were cut at 4-μm thickness using a microtome (Leica RM2265, Germany), transferred onto gelatin-coated slides, and dried overnight in an oven at 60°C. After the slices were stained using Masson’s method, the digitizing morphometric system (Osteomeasure High Resolution Color Subsystem) was used to measure the bone histomorphometric parameters. In the present study, the region of cancellous bone measured was 1–4 mm distal to the lower margin of the growth plate in the proximal femur (Figure 1C). The measured parameters for cancellous bone included bone volume (BV), the total tissue volume (TV), bone surface (BS), single-labeled surfaces (sLS), double-labeled surfaces (dLS) and so on. These data were used to calculate the percent cancellous mineral apposition rate (MAR), bone formation rate/bone volume (BFR/BV), bone formation rate/total tissue volume (BFR/TV), bone formation rate/bone surface (BFR/BS), bone volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp).



μCT for BMD and Bone Histomorphometry

The right tibias were observed under a microscope to ensure all specimens were intact. After fixation with 4% PFA and dehydrated in 70% ethanol, the specimens were scanned by a μCT scanner (Skyscan 1174; Bruker, Kontich, Belgium) with acquisition settings of: 40 kVp, 555 uA, filter AL 0.5 mm, and 9 micron isotropic resolution. Bone microarchitecture parameters of cortical bone and trabecular bone were measured using the built-in software as follows: bone volume (BV/TV), cortical thickness (Ct.Th), Tb.N, Tb.Th, and Tb.Sp.



Methods for Bone Biomechanics Measurement

The three-point bending method was performed for biomechanics analysis (Reger RGM-2020, China) immediately after BMD measurement. Then, a vernier caliper was used for measurement of femoral short axis, and minor axis in the central part of the direction of Tb.Th. When testing, the proximal and distal ends of the femur were fixed on the machine pedestal, with a 12-mm span and specimens in horizontal position. The probe moved continuously down at a speed of 1 mm/min for bending test with no preload. Data including maximum load, yield stress, and elastic modulus were automatically calculated by a computer program.



Real-Time PCR

The total RNA was isolated from the left tibias of mice using TRIzol (Sigma, United States) and reverse-transcription (Revert Aid first strand cDNA Synthesis Kit, Cat.#:K1622, Thermo Scientific, United States) was conducted using 1 μg of total RNA with oligo-dT primers at 42°C for 1 h. All PCRs were performed using 2 μg of respective cDNA with SYBR Green qPCR Master Mix (Roche, Switzerland). Osteocalcin (OCN) mRNA, osteopontin (OPN) mRNA, Osterix (OSX) mRNA, runt related transcription factor 2 (Runx2) mRNA, msh homeobox-2 (MSX2) mRNA, distal-less homeobox 5 (DLX5) mRNA, and GAPDH mRNA were measured by quantitative testing. Quantification of mRNA was performed using Step One PlusTM Sequencing Detection System (Life Technologies, United States). The mouse primers used in this study are presented in Table 1.


TABLE 1. RT-PCR primer Sequences.
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Western Blot Assay

The total proteins were extracted from other tibias with RIPA Lysis Buffer (Biyuntian, China) containing a protease inhibitor cocktail (Roche, Switzerland). Proteins were separated by 10% SDS-PAGE with 80 to 120 V, and then transferred onto a 0.45 μm PVDF membrane (Millipore, United States) with 300 mA for 2 h. The blotting membranes were blocked with 5% skim milk powder in 1 × TBS-Tween (TBST) for 1 h. After washing with 1 × TBST three times for 10 min once, the blotting membranes incubated with phospho-Smad1 (CST, #9553), Smad1 (CST, #9743), phospho-p44/42 MAPK (CST, #5726), p44/42 MAPK (CST, #9102), phospho-p38 MAPK (CST, #9211), p38 MAPK (CST, #9212), and β-Actin (CST, #5057). The molecular weight and gray value of the target strip were analyzed by the Image J system.



Serum and Urine Biochemical Maker Analysis

Massage technique was used to obtain urine samples, which were stored at −80°C until further analysis. All the mice were anesthetized with ether inhalation; after blood samples were collected, the animals were euthanized by cervical vertebra dislocation. The serum samples were collected from the blood. The levels of serum calcium and phosphorus were measured by colorimetric assays (Total Calcium LiquiColor kit: Stanbio, TX, United States; inorganic phosphorus mensuration reagent kit: Shanghai, China). Urinary deoxypyridinoline (DPD) levels were measured by enzyme-linked immunosorbent assay (DPD EIA kit; METRA, San Diego, CA, United States). Urinary carboxy-terminal collagen cross-linking telopeptide of type I collagen (CTX-I) levels were measured by enzyme-linked immunosorbent assay (RatLapsTM CTX-I EIA kit; Boldon, United Kingdom). Urinary creatinine (UCr) levels were measured by creatinine colorimetric assay using a creatinine mensuration reagent kit (Hubei, China).



Serum Starvation

The mouse embryo fibroblasts (MEFs) were extracted from embryo of C57BL/6 mice (Anna et al., 2014), 14–16 days pregnant. Embryo washed three times with PBS. After being detached with 0.25% trypsin-EDTA (Gibco, United States) for 30 min, the pellets were resuspended in high-MEM supplemented with 10% FBS (Gibco, United States), and 1% penicillin-streptomycin (Invitrogen, United States) at 37°C in 5%CO2 incubator. The cells were seeded in six-well plates. When cells reached 80–90% confluence, the essential medium was changed to high-MEM supplemented 1% penicillin-streptomycin without FBS for 4 h. After 4 h, four six-well plates were divided into four groups with six wells in each group, then supplemented with 1% penicillin-streptomycin and mice serum in different groups, respectively. After 30 min, the cells were collected and used for measuring the phospho-Smad1, Smad1, and β-Actin. After 1 h, another cells were collected and used for measuring the phospho-p44/42 MAPK, p44/42 MAPK, phospho-p38 MAPK, p38 MAPK, and β-Actin.



Statistical Analysis

All the data were expressed as mean ± SEM. Two-way analysis of variance (ANOVA) was performed, and statistical differences were calculated using independent sample T-test. Values of P < 0.05 were considered statistically significant. All statistical analysis was performed by statistical software SPSS 13.0 for Windows (version 13, SPSS, Chicago, IL, United States).



RESULTS


Treadmill Exercise Increases BMD, Bone Volume of 2-Month-Old Male Mice and Activates BMP-Smad Signaling Pathway

In the present study, 2-month-old male mice undergo 5-week treadmill exercise were analyzed for BMD and bone histomorphometry. We found that treadmill exercise significantly improved bone mass and quality including BMD and BV/TV compared to control littermates (Figures 1B,C), and was efficient to up-regulated the expression of OCN and OPN (Figures 1D,E). Mechanistically, western blot analysis showed that exercise activated the Smad1 protein phosphorylation (Figure 1F).



Treadmill Exercise Increases BMD, Cortical Bone BV/TV and Ct.Th of Tibia, and LDN Injection Shows a Significant Effect on Mouse Body Weight

To further investigate the role of BMP signaling in treadmill exercise-induced bone formation, 7-week-old male mice were performed a 6-week round exercise and injected specific BMP singnaling inhibitor – LDN. The mice ran at the speed of 18 m/min on a 5° slope, which is categorized as medium-intensity exercise. We found that 6 weeks of medium-intensity exercise significantly increased mice BMD. BMD in the E group was significantly higher than that in the C group (P < 0.01), and BMD in the LDN+E group was higher than that in the LDN+C group (P < 0.05); four times inhibition of BMP signaling decreased the BMD that was significantly lower in the LDN+E group than that in the E group (P < 0.01) (Figure 2B). Mouse body weight was measured every week during exercise and inhibition of BMP signaling (Table 2 and Figure 2C). Inhibition of BMP signaling decreased the mouse body weight; however, the exercise did not show a significant effect on mouse body weight during Inhibition of BMP signaling for 3 weeks. These results suggested that medium-intensity exercise increased the BMD in mice, whereas LDN attenuated the BMD.


TABLE 2. Effects of exercise and LDN on mouse body weight.

[image: Table 2]Next, exercise was found to increase the cortical bone BV/TV and Ct.Th of tibia (Figure 2D): cortical bone BV/TV in the E group was higher than that in the C group (P < 0.05), cortical bone BV/TV in the LDN+E group was significantly higher than that in the LDN+C group (P < 0.01) (Figure 2E); whereas, the Ct.Th in the E group was higher than that in the C group (P < 0.05) (Figure 2F). Inhibition of BMP signaling alone did not have any effect on the bone mass of tibia (Figures 2G–J). The data of three-point bending experiment including maximum load, yield stress, and elastic modulus were no difference between groups (Supplementary Figures S1A–C).



Medium-Intensity Exercise Increases Bone Formation and Inhibits Bone Resorption, and LDN Injection Inhibits the Exercise–Mediated Bone Formation and Promotes Bone Resorption

Mouse bones were labeled with subcutaneously injected calcein (5 μL/g) at days 1 and 8. After the slices were made, the bone volume was examined using bone histomorphometry (Figure 3A). We found that exercise increased the bone formation and LDN injection inhibited the exercise-based improvement in the bone formation. In addition, exercise increased the bone formation of femur: BV/TV and Tb.N in the LDN+E group were higher than those in the LDN+C group (Figures 3B,C), Tb.Sp in the LDN+E group was lower than that in the LDN+C group (Figure 3E), BFR/TV and BFR/BS in the E group were higher than those in the C group (Figures 3H,I). Also, we found that LDN injection inhibited the exercise-improved bone formation: BFR/BV, BFR/TV, and BFR/BS were lower in the LDN+E group than the E group (P < 0.05) (Figures 3G,I). Mice that were exercised for 6 weeks or injected with LDN alone revealed that BV/TV, Tb.N, and BFR/TV in the LDN+C group were lower than those in the E group (Figures 3B,C,H), while Tb.Sp in the LDN+C group was higher than that in the E group (Figure 3E). Tb.Th and MAR were no statistical differences (Figures 3D,F).
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FIGURE 3. Medium-intensity exercise increased bone formation and inhibited bone resorption, and LDN injection inhibited the exercise–mediated bone formation and promoted bone resorption. Mice were exercised for 6 weeks in the presence or absence of LDN and then killed. (A) Mouse bones were labeled with subcutaneously injected calcein (5 μl/g) at days 1 and 8 (n = 6). (B) Trabecular bone volume (BV/TV). (C) Trabecular number (Tb.N). (D) Trabecular thickness (Tb.Th). (E) Trabecular separation (Tb.Sp). (F) Mineral apposition rate (MAR) values of the four groups of mice. (G) Bone formation rate/bone volume (BFR/BV) values of the four groups of mice. (H) Bone formation rate/total tissue volume (BFR/TV) values of the four groups of mice. (I) Bone formation rate/bone surface (BFR/BS) values of the four groups of mice. (J) After the slices were stained using Masson’s method, the femur bones of six mice were used for bone histomorphometry analysis (n = 6). The photos of the masson staining. (K) Trabecular bone volume (BV/TV). (L) Trabecular number (Tb.N). (M) Trabecular thickness (Tb.Th). (N) Trabecular separation (Tb.Sp). (O) The serum calcium level (n = 8). (P) The serum phosphorus level (n = 8). (Q) The urinary deoxypyridinoline (DPD) level (n = 6). (R) The urinary carboxy-terminal collagen cross-linking telopeptide of type I collagen (CTX-I) level (n = 3). *P < 0.05, **P < 0.01.


After the slices were stained using Masson’s method, the femur bones of 6 mice were used for bone histomorphometry analysis (Figure 3J). Consequently, exercise could increase the bone formation of femur: BV/TV and Tb.N in the E group were higher than those in the C group (Figures 3K,L), while Tb.Sp in the E group was lower than that in the C group (Figure 3N). Moreover, BV/TV in the LDN+C group was lower than that in the E group (Figure 3K), while Tb.Sp in the LDN+C group was higher than that in the E group (Figure 3N) when mice were exercised for 6 weeks or injected with LDN alone. Tb.Th was no statistical difference (Figure 3M).

We measured the calcium and phosphorus levels in the serum and found that inhibition of BMP signaling increased these levels. The serum calcium level in the LDN+C group was significantly higher than that in the C group (P < 0.01) (Figure 3O), while the serum calcium and phosphorus levels were significantly higher in the LDN+E group than that in the E group (P < 0.01) (Figures 3O,P). The serum calcium level in the LDN+E group was significantly higher than that in the LDN+C group (P < 0.05) (Figure 3O). Importantly, we found that medium-intensity exercise significantly decreased circulating DPD and CTX-I level, indicating the inhibition effect of bone resorption potency. Moreover, Inhibition of BMP signaling could attenuate the inhibitory effect of medium-intensity exercise, indicating BMP signaling as the key modulator of treadmill exercise-induced bone remoldling. Also, the urinary DPD and CTX-I levels, two in vivo bone resorption markers, were measured. Exercise led to a decrease in the urine CTX-I levels, while Inhibition of BMP signaling promoted the bone resorption. DPD/Ucr in the LDN+C group was significantly higher than that in the C group (P < 0.01) (Figure 3Q); DPD/Ucr and CTX-I levels were higher in the LDN+E group than the E group (P < 0.05) (Figures 3Q,R).



Treadmill Exercise Activates Smad1 Protein Phosphorylation, and LDN Injection Inhibits the Expression of Osteoblast–Related Genes in Tibia

The mRNA expression of OCN was lower in the LDN+E group than the E group (P < 0.05) (Figure 4A). The mRNA expression of OSX, Runx2, MSX2, DLX5 were no statistical differences (Figures 4B–E). The left tibias were used for the evaluation of protein activation (Figure 4F). Western blot analysis with antibodies to p-Smad1 and Smad1 showed that p-Smad1 expression was higher in the E group than in the C group (P < 0.05) (Figure 4G), indicating that exercise could activate the Smad1 protein phosphorylation. Also, Smad1 expression was higher in the LDN+E group than the LDN+C group (P < 0.05) (Figure 4H), suggesting that exercise improves Smad1 protein expression. ERK expression was lower in the E group than the C group (P < 0.05) (Figure 4J). The ERK and P38 protein phosphorylation, P38 expression were no statistical differences (Figures 4I,K,L).
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FIGURE 4. Exercise could active Smad1 protein, and LDN injection inhibited the expression of osteoblast–related genes in tibia. Mice were exercised for 6 weeks in the presence or absence of LDN and then killed. The left tibias were used for the evaluation of gene expression and protein activation. (A) The mRNA expression of OCN (n = 4). (B) The mRNA expression of OSX (n = 4). (C) The mRNA expression of Runx2 (n = 4). (D) The mRNA expression of MSX2 (n = 4). (E) The mRNA expression of DLX5 (n = 4). (F) Representative images of protein expression by Western blot. (G,H) Western blot analysis with antibodies to p-Smad1 and Smad1 (n = 4). (I,J) Western blot analysis with antibodies to p-ERK and ERK (n = 4). (K,L) Western blot analysis with antibodies to p-P38 and P38 (n = 4). *P < 0.05.




Medium Level of Exercise Increases Osteogenic Differentiation of BMMSCs and Activates Smad1 Protein Phosphorylation, and LDN Injection Inhibits Smad1 Protein Phosphorylation

To further test whether medium level treadmill exercise have impact on BMMSCs, we isolated BMMSCs followed by previously described protocal and analyzed their colony-forming and osteogenic ability. ALP staining showed that medium level treadmill exercise markedly increase osteogenic differentiation potential. What’s more, inhibition of BMP signaling significantly attenuated. The ALP-positive CFU was measured, which indicated the number of osteogenic BMMSCs in the bone marrow. The medium level of exercise increased the number of osteogenic BMMSCs (Figures 5A,B).


[image: image]

FIGURE 5. Effects of exercise and LDN injection on the number of BMMSCs, and exercise activated Smad1 protein phosphorylation, and LDN injection inhibited Smad1 protein phosphorylation. Mice were exercised for 6 weeks in the presence or absence of LDN and then killed. The bone marrow cells were flushed out, plated, and cultured for 10 days, and then stained for ALP. (A) Representative images of colony-forming units (CFU) staining. (B) ALP quantitation results (n = 6). (C) The mouse embryo fibroblasts (MEF) were extracted from embryo of C57BL/6 mice, 14–16 days pregnant. The essential medium was changed to high-MEM without FBS, supplemented with mice serum in different groups, respectively. After 30 min, the cells were used for measuring the protein activity. Representative images of protein expression by Western blot. (D,E) Western blot analysis with antibodies to p-Smad1 and Smad1. (F,G) Western blot analysis with antibodies to p-ERK and ERK. (H,I) Western blot analysis with antibodies to p-P38 and P38. *P < 0.05, **P < 0.01.


Mouse embryo fibroblasts were extracted from embryo of C57BL/6 mice, 14–16 days pregnant. The essential medium was changed to high-MEM without FBS for 4 h, supplemented with mice serum in different groups, respectively. After 30 min, the cells were used for measuring the protein activity (Figure 5C). Exercise activated Smad1 protein phosphorylation, whereas LDN injection inhibited the Smad1 protein phosphorylation (Figures 5D,E). In addition, Inhibition of BMP signaling did not affect the phosphorylation of P38 and ERK proteins (Figures 5F–I).



DISCUSSION

The medium level exercise increased BMD and BV/TV of the femurs of 2-month-old male mice, in addition, increased the expression of osteoblast-related genes (OCN and OPN), and activated the BMP-Smad signaling pathway in vivo. OCN collagen constitutes osteoblast synthesis and secretion and is a specific marker of bone formation (Magni et al., 2016). OPN can stimulate the osteoblast proliferation and calcification, promote the adhesion of osteoclasts and bone matrix, and improve the bone resorption (Zhang et al., 2018). BMP signaling is one of the essential pathways involved in osteogenic differentiation of BMMSCs and regulation of bone formation (Huang et al., 2018). Therefore, we hypothesized that BMP-Smad signaling pathway mediates the treadmill exercise that can regulate BMMSCs to osteoblast differentiation in mice.

Mice were exercised for 6 weeks. Firstly, at the end of 2-week exercise training, the mice body weight of the four groups did not differ significantly. This exercise training was categorized as medium-intensity exercise, and the strength was about 85% VO2max (Droste et al., 2003; Kramer et al., 2006; Petzinger et al., 2013). The results suggested that the mice can adapt to medium-intensity treadmill exercise for 4 weeks, which is similar to that reported previously (Zhang et al., 2017). In addition, the medium level of exercise could activate Smad1 protein phosphorylation from serum starvation experiment in vitro; the experimental results were in agreement with previous studies. However, it did not activate P38 and ERK protein phosphorylation.

Previous studies have shown that resistance exercise stimulates bone formation and only slightly affects bone resorption (Smith et al., 2008, 2014) as exercise renders muscle tension via the mechanical stress pathways and stimulates the bone formation. But running exercise could increase the BMD of growing mice (Huang et al., 2003). After 6 weeks of exercise, the medium level of exercise significantly increased the BMD, the cortical bone volume, and Ct.Th of tibia. Furthermore, bone histomorphometry showed that the medium level of exercise led to an increase in BFR/TV, BFR/BS, trabecular bone volume, and Tb.N, accompanied by a decrease in bone separation. These results are consistent with those from previous studies, which showed that medium-intensity exercise enhanced the bone formation (Ronga et al., 2013; Smith et al., 2014; Iura et al., 2015; Li et al., 2015). There was no significant difference in maximum load, yield stress, and elastic modulus of femurs between groups, which may be due to the stable biomechanical properties of bone. Bone strength mainly includes bone mass and bone quality. Although bone mass determines about 80% of bone biomechanical strength, recent data show that BMD can’t completely provide bone biomechanical index (Hasegawa et al., 2001). In addition to bone mass, it is related to the internal structure of bone such as the three-dimensional architecture of bone and the connectivity between trabeculae. Due to the stability of bone biomechanical properties, the effect of external intervention is not significant.

In addition, the ALP-positive CFU, an indication of the number of osteogenic BMMSCs in the bone marrow. Mouse ALP is frequently measured and used as a bone marker in mammalian bone research (Halling et al., 2013). The osteoblasts activity is improved with increased ALP secretion (Shen et al., 2007). Exercise stimulates the ALP production by osteogenic cells in order to increase the mineralization of the newly forming bone (Roussignol et al., 2012; Wang et al., 2018). Supposedly, the increase in bone formation and the number of osteoblasts may be mediated by the increase in the number of osteogenic BMMSCs (Zhang et al., 2017). Osteoclasts constantly resorb old bone, and osteoblasts form osteoid that is converted into mineralized bone. The urinary levels of DPD and CTX-I were bone resorption markers in vivo (Woitge et al., 1998; Vesper et al., 2002; Carvalho et al., 2006), and exercise leads to a decrease in the urinary levels of CTX-I. Previous studies have shown that exercise decreases the bone resorption (O’Kane et al., 2006; Kishimoto et al., 2012; Pacheco-Costa et al., 2018). These results indicated that medium level exercise suppressed bone resorption, which contributed to the increase in bone mass.

Bone morphogenetic proteins exert their diverse biological effects through two types of transmembrane receptors: BMP receptor type I (BMPR-I) and type II (BMPR-II) possess intrinsic serine/threonine kinase activity (Heldin et al., 1997). Type I and II BMP receptors are highly homologous transmembrane serine/threonine kinases. Only when two type I and two type II receptors form the heterogeneous dimers in the BMP family, they exhibit a high affinity toward the ligand. An allele-specific RNAi has been established for the mutant type I receptor, ALK2 (Lowery and Rosen, 2012). LDN-193189HCL as a BMP signaling inhibitor have been developed for the specific inhibition of BMP type I receptor-Smad1/5/8 signaling axis (Katagiri and Tsukamoto, 2013; Yu et al., 2017), inhibited the kinase ALK2 (the amino acid sequence of ALK2 login NP001103675) in mice (Lowery and Rosen, 2012). Consecutively, LDN-193189 is a potent derivative of dorsomorphin, the first chemical inhibitor explicitly identified for the receptor-induced phosphorylation of Smad1/5/8s but not the MAP kinase pathway (Yu et al., 2008b; Katagiri and Tsukamoto, 2013).

Inhibition of BMP-Smad signaling reduced the body weight in mice. Thus, LDN injection might potentially lead to weight loss by reducing bone mass. Because LDN-193189 has been shown to reduce the heterotopic bone formation in a transgenic mouse model carrying a mutant ALK2 gene (Yu et al., 2008a; Katagiri and Tsukamoto, 2013). Furthermore, the pharmacological dose of LDN led to a slight decrease in BMD. The LDN injection further decreased the BFR/BV, BFR/TV, and BFR/BS in combination with the medium level of exercise in young mice. Moreover, the injection also decreased the osteoblast-related OCN mRNA expression. Activated Smads regulate the expression of transcriptional factors and transcriptional co-activators vital for osteoblasts differentiations (DLX5, Runx2, and OSX) (Chen et al., 2012). Herein, we have identified the altered expression of the BMP/Smad target gene, DLX5, which is an osteoblast-specific and BMP signaling specific transcription factor (Lee et al., 2003), critical for skeletal tissue development (Komori, 2019) and osteoblast differentiation (Tadic et al., 2002). Msx2 is the BMP/Smad target gene (Jovanovic et al., 2018), a homeodomain transcription factor relevant to osteoblast survival, programming (Tong and Lee, 2013), and orthotopic craniofacial bone formation (Jabs et al., 1993). The trend of MSX2 gene expression was similar to that of DLX5 and did not differ significantly. In addition, inhibition of BMP signaling increased the serum calcium and phosphorus levels, the bone absorption may be enhanced. The serum calcium and phosphorus levels were critical bone mineral components of the blood (Lin et al., 2012; Orcy et al., 2014). When bone is decomposed or resorbed, it releases calcium, phosphorus, and other minerals in the blood circulation. Injecting LDN could enhance bone resorption, but not significantly decrease the number of osteogenic BMMSCs. Simultaneously, it downregulates the level of Smad1 protein.

Furthermore, we found that the medium level exercise attenuated the decreasing BMD, cortical bone volume, trabecular bone volume, Tb.N, and serum calcium levels caused by LDN injection. Different intensities of exercise training affected the serum calcium levels differentially. The medium level of exercise combined with LDN injection also increased the Smad1 protein expression as compared to LDN injection alone.
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Treadmill running protocol
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