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中  文  摘  要

	一、研究背景和目的
间充质干细胞（mesenchymal stem cells, MSCs）是目前公认的生成组织工程化肌腱、血管、骨等组织最有前途的种子细胞之一。有学者发现牙周膜细胞有诱导MSCs呈现典型的牙周膜细胞的特点，提示MSCs很可能是牙周膜细胞的前体细胞，在牙周组织修复和再生中有良好的临床应用前景。牙周组织重建作为正畸牙移动的生物学基础，其机制涉及到错综复杂的生理和病理组织改变，MSCs很可能在该过程中发挥关键性作用。应力作为正畸医师的“药”，其对正畸牙移动过程中的骨重建作用是不容置疑的。正畸力作用下MSCs能分化为成骨细胞，并同时诱导生成破骨细胞，分别进行牙槽骨的沉积与吸收，实现牙周骨组织的重建。因此，以MSCs为研究对象是进一步探索正畸牙移动机制的必由途径。以往大多数生物力学研究集中关注成骨分化晚期的力学刺激效应机制，但应力是如何调控MSCs向成骨细胞早期分化并同时影响破骨细胞的诱导生成，目前尚未见报道。研究这一问题对于进一步阐明正畸牙牙周对矫治力的生物学反应机制至关重要。
目前，已有众多学者致力于以骨组织工程为代表的干细胞力学生物学研究，前期研究已显示了力学刺激应用于干细胞骨组织重建修复的优势，但相关力学作用机制研究尚较缺乏，这无疑制约着力学生物学在该领域的进一步有效应用。因此深入研究应力对MSCs成骨分化的调控及其机制，尤其是成骨分化的早期启动阶段，可能将会给干细胞骨组织重建修复提供新的思路。
本研究从细胞和分子水平上观察检测动态与静态压应力刺激对大鼠骨髓MSCs成骨诱导分化早期阶段成骨和破骨生成能力的影响。研究分为三个部分：压应力对骨髓MSCs成骨分化早期阶段成骨生成能力的影响；压应力对骨髓MSCs成骨分化早期阶段促成骨生成的力学信号通路（ERK/p38 MAPK）研究；压应力对骨髓MSCs成骨分化早期阶段破骨诱导生成能力的影响。
二、研究方法
采用贴壁法分离培养大鼠骨髓MSCs（2～3周龄Sprague-Dawley雄性大鼠，约80～100 g）。根据细胞表面抗原、成脂与成骨分化检测对MSCs进行鉴定，成骨诱导剂（OS）采用0.05 mmol/L AsAp、10 mmol/L β-GP、10-8 mol/L Dex。根据前期预实验MSCs成骨诱导检测碱性磷酸酶ALP比活性，选定MSCs成骨诱导0、3和7天三个时间点代表其成骨分化早期阶段三个分化时间点。取生长良好的2～4代MSCs以2×104/cm2接种，亚融合后分别成骨诱导3天和7天。然后将OS培养液换为普通培养液，使用本课题组与四川大学生物力学实验室合作研制的细胞压应力数控加载系统对大鼠骨髓MSCs分化早期阶段（0、3、7天）分别施加动态压应力（10～36 kPa，0.25 Hz）和静态压应力（23 kPa）刺激，加力时间每天1小时，持续1、3、5天。动、静态压应力数控加载由基于Boland C++ Build 5开发平台自行设计的加载控制软件实现。
从细胞和分子水平上观察检测动态（10～36 kPa，0.25 Hz）与静态（23 kPa）压应力刺激对大鼠骨髓MSCs成骨诱导分化早期阶段的影响。采用MTT法检测增殖活力，酶比活力定量检测ALPase表达，荧光实时定量（Real-Time）RT-PCR技术检测成骨分化关键调控因子Runx2与Osx的基因表达、破骨诱导关键性决定因子RANKL与OPG的基因表达。并将加力后的成骨分化早期阶段MSCs与单核细胞株（RAW264.7）进行共培养，培养液中加入破骨诱导分化剂地塞米松Dex（10-7 mol/L）和1,25(OH)2 VitD3（10-8 mol/L），48小时半换液一次，共培养9天，重酒石酸盐抗酸性磷酸酶（TRAP）试剂盒染色观察其破骨诱导生成能力的变化。
本课题组还进一步研究了压应力对骨髓MSCs成骨分化早期阶段促成骨生成的MAPK力学信号通路（ERK/p38 MAPK）参与情况，采用Western Blot方法检测了ERK与p38 MAPK蛋白的表达。根据参考文献和本实验前期浓度梯度实验确定ERK1/2信号通路特异性阻断剂PD98059作用终浓度为10 μmol/L，该浓度PD98059能有效抑制ERK1/2磷酸化，并且PD98059加入后对细胞生长无明显影响，细胞脱落凋亡现象很少。研究添加ERK通路抑制剂PD98059对力学诱导作用的影响。
三、研究结果
1. 动、静压应力对MSCs早期成骨分化增殖活力基本无影响，除了未诱导MSCs（OS，0天）加载静压力5天后增殖活性有明显增强。关于静压力增强MSCs增殖活性的机制报道目前较少，其具体机制尚不明确。
2. 加载动、静态压应力后成骨特异性表达的ALP比活性、成骨特异性转录因子Runx2和Osx mRNA基因表达变化趋势较为一致，即动、静态压应力均能增强MSCs成骨分化，甚至对于完全未诱导MSCs（OS，0天）动、静态压应力均能使相应成骨指标大幅度提高，其中动压力组增强幅度大于静压力组。Runx2基因对力学刺激反应极其敏感，这可能是因为本实验所选择的MSCs分化阶段属于早期，完全未诱导MSCs（OS，0天）Runx2基因表达量极低的原因；另一方面，该结果也提示压应力很有可能就是通过调控Runx2基因这一关键节点实现大鼠骨髓MSCs的骨向分化诱导效应。
3. 本研究结果显示p38 MAPK未参与压应力诱导的MSCs成骨分化过程，而动、静态压应力作用均能使各分化点MSCs ERK1/2发生不同程度的磷酸化激活。
4. ERK1/2特异性阻滞剂PD98059处理后，加力组和未加力组成骨分化相关指标均有不同程度降低，压应力力学信号对施加阻滞剂PD98059组有一定的维持成骨分化状态的作用，提示ERK1/2通路参与了早期成骨分化过程以及力学诱导的成骨分化作用，压应力力学信号促进MSCs成骨分化。PD98059对加力各组Runx2基因表达均有抑制作用，但抑制后的Runx2 mRNA水平与对照组相比仍然处于较高水平，这进一步证实Runx2 mRNA表达对应力作用反应敏感，在此过程中ERK1/2磷酸化有一定的参与，但可能不在整个压应力力学信号的传入与输出中扮演关键角色。
5. 动、静态压应力作用下MSCs成骨分化早期阶段ERK1/2磷酸化高峰水平随诱导的时间增加而有增强的趋势，但高峰期出现时间有先后，总体上动压力组到达高峰期的时间要早于相应静压力组，这可能是静压力的促成骨分化作用较为缓慢的原因之一。
6. 动、静态压应力作用下MSCs成骨分化早期阶段RANKL/OPG mRNA表达比值增高，静压力作用稍强于相应动压力组，与单核细胞株（RAW264.7）共培养TRAP染色结果与之相似。MSCs成骨分化早期阶段各分化时间点（OS，0天、3天、7天）的破骨生成能力对压应力的反应敏感程度不尽相同，这也提示应力作用下的早期牙周组织重建生物学机制的复杂性。
7. 综合三部分的研究结果，发现加载压应力可以使成骨分化早期阶段的MSCs进一步成骨向分化，同时其破骨诱导生成能力也有一定的增强，这可以由RANKL与Runx2之间可能存在的相互关联来解释。但这一猜想需要进一步的相关研究来证实，如通过抑制Runx2基因表达检测RANKL表达的变化，或对RANKL基因启动子区域的进一步研究可能将会有助于揭示RANKL诱导激活的机制。
四、研究结论
动、静态压应力均能促进MSCs成骨分化早期阶段进一步骨向分化，甚至对于完全未诱导MSCs（OS，0天）动、静态压应力也均能使相应成骨指标有大幅度提高，其中动压力比静压力作用更快、更强。p38 MAPK未参与压应力诱导的MSCs成骨分化过程，而动、静态压应力作用均能使各分化点MSCs ERK1/2发生不同程度的磷酸化激活，ERK1/2通路参与了早期成骨分化以及力学诱导的成骨分化作用。压应力力学信号促进MSCs成骨分化而抑制其成脂分化，该作用有可能不是仅通过ERK1/2磷酸化实现的。静、动态压应力均有较强的促MSCs破骨诱导分化作用。MSCs成骨分化早期阶段各分化时间点对压应力的反应不尽相同，提示早期骨重建复杂的生物学机制。


关键词：压应力；力学生物学；成骨早期分化；破骨生成；间充质干细胞
Effects of hydrostatic pressures on osteogenesis and osteoclastogenesis of MSCs at the early stage of osteoblastic differentiation
Liu Jun
ABSTRACT
	Objectives: Mesenchymal stem cells (MSCs) are currently recognized as one of the most promising the seed cells for tissue engineering of tendon, blood vessels and bone. Studies have found that periodontal ligament cells can induce MSCs to show typical characteristics of periodontal ligament cells, suggesting that MSCs are likely the precursor cells of periodontal ligament cells and have good clinical application prospect in periodontal tissue repair regeneration. Complex physiological and pathological changes are involved in the mechanism of periodontal tissue remodeling, the biological basis of orthodontic tooth movement (OTM). MSCs are likely to play a key role in the process. The impact of mechanical stress (the orthodontist's ‘medicine’) on orthodontic tooth movement in the process of bone remodeling is unquestionable. Under the orthodontic force, MSCs may differentiate into osteoblasts and meanwhile induce osteoclastogenesis, resulting in deposition and absorption of alveolar bone, respectively. So to use MSCs as the research object is necessary for further investigation of the mechanism of orthodontic tooth movement. Currently, most studies on the effects of mechanical stress focus on the late stages of osteoblast differentiation examining either osteoblasts or osteoblast-like cells. An important area not yet defined is how mechanical stress regulates MSCs differentiation into osteoblasts initially and meanwhile induces osteoclastogenesis. Evaluating the initial effects of mechanical stress on MSCs could provide insight into the mechanisms both of orthodontic tooth movement and bone regeneration.
Methods and Materials: MSCs were isolated from bone marrow of 2-week-old male Sprague-Dawley rats. Cells were resuspended in 5 ml of complete medium, plated in a 25 cm2 glass tissue culture flask and cultured in a humidified atmosphere of 95% air with 5% CO2 at 37°C. After 2 days, the culture medium and non-adherent cells were removed. MSCs were identified as CD44(+), CD54(+), and CD34(-); furthermore, MSCs cultured in adipogenic, osteogenic, or chondrogenic media differentiated into adipocytes, osteoblasts, and chondrocytes, respectively. cells were grown in osteogenic medium consisting of the same culture medium with the addition of osteogenic supplements (OS) - 10 nM dexamethasone, 10 mM β-glycerolphosphate, and 0.05 mM 2-phosphate-ascorbic acid. To investigate the effects of mechanical stress on MSCs during their initial osteodifferentiation (i.e. osteoblastic early progenitors), we used MSCs that had not yet expressed obvious osteoblastic phenotype such as alkaline phosphatase (ALPase) activity at the stages of 3- and 7-day-culture (OS-3d and OS-7d). The OS medium was changed into ordinary culture medium right before OS-3d and OS-7d MSCs were exposed to pressure in order to examine the exact mechanobiological responses of MSCs and exclude the effects of osteogenic agents. A custom-made, computer-operated dynamic and static pressure system was designed, fabricated and used in the present study. The pressure system exposed cells to mechanical stimulation by increasing the pressure of the gaseous phase above the supernatant media. Cells were exposed to dynamic (10-36 kPa, at 0.25 Hz frequency and with a sinusoidal wave) or static (23 kPa) pressure, respectively, for 1 h daily for the next one, three and five consecutive days. The mechnobiological effects on both osteogenesis and osteoclastogenesis were detected on cellular and molecular levels, including assay of cell proliferation and viability, assay of ALPase activity, analysis of gene expression of two key osteoblast-specific transcription factors (Runx2 and Osx) and key regulators of osteoclastogenesis (RANKL and OPG) using real-time polymerase chain reaction (PCR) with SYBR Green I. Furthermore, MSCs induced by OS for 0 - 7 days were cocultured with RAW264.7 (a murine macrophage cell line) after exposed to pressures and then osteoclastogenesis assay were performed by TRAP staining. Whether MAPKs signaling pathway (ERK/p38 MAPK) were involved in the situation was also investigated by detecting ERK and p38 MAPK protein expression using Western Blot. Cell cultures were treated with 10 μM PD98059 for 4 h before pressure treatment and afterwards to inhibit ERK activity.
Results: 
(1) Compared to controls, no significant change in proliferation was caused by either type of pressure, except for OS-0d MSCs exposed to static pressure for 5 d which had obvious increase of proliferation (p < 0.05). 
(2) The level of ALPase, Runx2 mRNA and Osx mRNA significantly increased by the application of both pressures, suggesting that exposure to both dynamic and static pressures could induce further osteogenesis of MSCs at the initial stage of osteodifferentiation. Dramatically increased of Runx2 mRNA levels were noted in the present study, possibly because MSCs during their initial osteodifferentiation express low levels of Runx2 mRNA and pressure exposure induces a de novo elevated expression of their genes. Runx2 mRNA levels were highly sensitive to pressure signals, suggesting that the gene might be regulated as a key factor when pressure signals induced osteodifferentiation. 
(3) Both pressures resulted in significant increases in the phosphorylation of ERK1/2 at different levels but no activation of p38 MAPK. 
(4) Pretreatment with PD98059 (a specific inhibitor of phospho-ERK1/2) suppressed hydrostatic pressure-induced expression of the specific osteogenic target genes with different degrees. PD98059 blockade of ERK activity also downregulated the expression of osteogenesis-related factors in MSCs with no pressure exposure, supporting that ERK1/2 pathway was involved in the initial osteodifferentiation of MSCs. Moreover, our study showed that pressure signals could maintain the status of osteodifferentiation of MSCs despite PD98059 inhibition of both the osteodifferentiation and the transduction of pressure signals partially. 
(5) After exposure to static pressure for 5 d, the peak levels of ERK activation increased over the time of osteoinduction. When treated with dynamic pressure, OS-3d and OS-7d MSCs also expressed higher peak levels of ERK1/2 activation than OS-0d MSCs but at different loading times. Generally, dynamic pressure groups reached the peak levels sooner than static pressure groups. 
(6) MSCs exposed to either dynamic or static pressure during initial osteodifferentiation promoted osteoclastogenesis with the up-regulation of RANKL/OPG ratio. Overall in OS-0d and OS-7d MSCs, the static pressure had a greater influence on the RANKL/OPG ratio than the dynamic one; whereas there was no significant difference in the ratio between the two types of pressure treatment in OS-3d MSCs. Our study used the direct cell-to-cell contact coculture model to examine the osteoclastogenesis induced by mechanically loaded MSCs. The results of TRAP + MNCs formation in coculture assay and RANKL/OPG gene expression ratio were consistent with each other. Different points of initial osteodifferentiation of MSCs had varying responses to either type of pressure, suggesting the complexity of the initiating mechanism of bone remodeling and regeneration upon pressure. 
(7) By overall analysis of the findings of the three parts of this dissertation, compressive stress loading could induce early osteodifferentiation of MSCs and meanwhile pressure-exposed MSCs during early osteodifferentiation could promote osteoclastogenesis. It may be explained by the possible interrelationship between RANKL and Runx2, which, however, needs further investigations to be confirmed, such as detecting the changes of RANKL expression before and after inhibiting Runx2 gene expression, or uncovering the mechanism of RANKL activation by further study of RANKL gene promoter region.
Conclusions: Both dynamic and static pressures could induce further osteogenesis of MSCs at the early stage of osteodifferentiation, even for totally undifferentiated MSCs. The former showed quicker and stroger effects than the latter. The phosphorylation of p38 MAPK did not involved in the pressure-induced osteogenesis while both pressures resulted in significant increases in the phosphorylation of ERK1/2, which played a role in both the early stage of osteoblastic differentiation and pressure-induced osteogenesis. The mechanical stimuli could promote osteogenesis and inhibit adipogenesis, which might not restrictly depend on the phosphorylation of ERK1/2. The static pressure had stronger effects in osteoclastogenesis than the dynamic one. Last but not least, the various differentiated MSCs at the early stage of osteoblastic differentiation showed quite different reponses to mechanical stimuli. It suggests the complicated mechanism of initial alveolar remodeling during OTM. 
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