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Abstract:

 Astronauts experience weightlessness-induced bone loss due to an unbalanced process of bone remodeling that involves bone mesenchymal stem cells (bMSCs), as well as osteoblasts, osteocytes, and osteoclasts. The effects of microgravity on osteo-cells have been extensively studied, but it is only recently that consideration has been given to the role of bone MSCs. These live in adult bone marrow niches, are characterized by their self-renewal and multipotent differentiation capacities, and the published data indicate that they may lead to interesting returns in the biomedical/bioengineering fields. This review describes the published findings concerning bMSCs exposed to simulated/real microgravity, mainly concentrating on how mechanosignaling, mechanotransduction and oxygen influence their proliferation, senescence and differentiation. A comprehensive understanding of bMSC behavior in microgravity and their role in preventing bone loss will be essential for entering the future age of long-lasting, manned space exploration.
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1. Introduction

The studies of the bone loss observed in astronauts after spaceflight [1] and in ground simulated microgravity experiments (bed rest, hindlimb unloading [HLU] experiments, as well as in vitro studies of cellular models) have been extensively reviewed by Nagaraja and Risin [2]. Bone loss ranges from 1%–2% to 12%–24% per month in space-flown animals [3] and from 2%–9% in astronauts, with slow and often only partial recovery. This degeneration has been mainly attributed to altered bone tissue regenerative growth and repair, and a distorted responsiveness to factors present in the micro-environment: i.e., reduced or absent gravitational forces decrease the integrity of osteoblasts and increase bone resorption by osteoclasts. However, it is only recently that consideration has been given to the possibility that unbalanced bone remodeling in spaceflight may be orchestrated by bone marrow mesenchymal stem cells (bMSCs) as well as osteoblasts, osteocytes and osteoclasts [4,5,6,7,8].

Mesenchymal stem cells (MSCs) represent a stem cell population present in adult tissues that can be isolated, expanded in culture, and characterized in vitro and in vivo. Their ability to self-renew, their multipotent differentiation capacity or simply their stem capability are the main features. Bone marrow mesenchymal stem cells (bMSCs) can differentiate efficiently and robustly into anchorage-dependent cells, such as osteoblasts, chondrocytes, and adipocytes [9] and also produce active substances regulating bone homeostasis [10]. In terms of bone remodeling, the key components and biological functions of bMSCs in vivo are in part controlled by their niches located mainly in perivascular areas of bone marrow or close to the endosteum [11,12,13,14].

Over the last 10 years, studies have shown that all cells can respond to applied or cell-generated mechanical forces by activating mechanosensors that mediate the complex process of biological mechanotransduction [15,16,17]. Accordingly, it is widely recognized that defects in mechanotransduction can contribute to human diseases and atypical mechanical stresses, and that the normal mechanotransduction modulate cell processes and cause tissue function impairment or failure [17,18]. The cytoskeleton, the extracellular matrix (ECM) and adhesion complexes, and membranes are the first and most common cell mechanosensors. As all proteins are deformable and therefore subject to mechanical modulation, many enzymes that change their conformation in response to force, such as kinases, phosphatases, GTPases, cyclases, and G protein-coupled receptors, create transduction pathways that lead to mechanical stress. Force transduction can also involve changes in the kinetic rate constant of a mechanosensitive enzyme or, more qualitatively, expose cryptic binding sites on a molecule [19]. The mechanotransduction mechanisms involved in bone repair and regeneration have been interpreted [20] on the basis of the tensegrity [21,22] and mechanosome theories [23]. In space research, mechanotransduction has been mainly investigated in studies of bone loss under simulated microgravity conditions, whereas most the studies of flown cells and yeast considered the cytoskeleton the main mechanosensor [24,25,26].

The aim of this review is to describe and critically examine the published data about the effects of microgravity on the characteristics and activities of bMSCs focusing on bone remodeling.



2. Considerations Concerning Approaches and Models

The planning and the ultimate success of a space flight experiment depends on cost-efficient studies of well-planned projects using microgravity simulators and reliable biological data derived from consolidated model systems.

Stem cells are classically defined on the basis of their multipotency and self-renewal capacity [27], but many authors [12,28,29] have pointed out ambiguities regarding the nature, identity, function, isolation and experimental handling of MSCs. Given the ability of bMSCs to differentiate to osteoblasts, adipocytes and chondroblasts under standard in vitro conditions, differences in the methods used to select bMSC populations give rise to difficulties in interpreting the results. Over the years, conventional selection based on cell adherence to plastic has been improved by the use of isolation based on surface mesenchymal markers, such as STRO-1, CD146, CD105, ALP, CD49a and CD271 in human cell cultures, and nestin, CD105, VCAM1 and CD90 in mice cell cultures [9]. However, the heterogeneity of bMSC culture procedures still makes it difficult to draw any definite conclusions from the literature.


2.1. Microgravity Simulators

The characteristics, configurations and limitations of the most widely used microgravity simulators (the 2-D clinostat, the random positioning machine [RPM], the rotating wall vessel [RWV] and the more recent diamagnetic levitation) have recently been reviewed. It is worth noting that the various simulators operate on the basis of different physical principles, and the experimental conditions and methods of simulating microgravity are often not equally suited for the chosen processes and organisms. Some papers provide inadequate descriptions of how the simulators were operated and/or the type of stimulation used (i.e., acceleration and/or shearing forces), thus leading to confusing and/or contradictory results [30]. Furthermore, a number of national space agencies have developed their own microgravity simulators, the characteristics of which are often not completely revealed and, in today’s very active field of tissue engineering, a number of bioreactors have been developed with the aim of scaling up MSC cultures [31,32,33].



2.2. Experimental Model Organisms

It is not clear what model system is the most suitable for space research. As the mouse has been generally considered an ideal organism because of its striking similarity to humans and the fact that it can be used as a genetic model for understanding human biology and disease, it has also been selected for in vitro and in vivo space research.

The bMSC cultures used in many in vitro experiments were not well characterized because of differences in the isolation protocols (see above), passages (the maximum lifespan of hMSCs is 41 ± 10 population doublings in the case of young donors and 24 ± 11 population doublings in the case of older donors) [34], different growth factors [35] and proliferative potential [36,37,38]. It is also necessary to reinterpret some of the data in the light of the updated characterization of some of the model cell cultures used in simulated microgravity and spaceflight experiments. For example, the cultures were cell lines rather than isolated primary bone cells [39,40,41,42,43,44] and, although they had some osteoblastic features, they were different in terms of their proliferation kinetics, osteoid production and receptor activities.

In the case of in vivo experiments, difficulties arise from the poorly standardized age, sex and strain of the animals, and differences in the experimental protocols and times of exposure to microgravity [2].



2.3. Osteogenic Media

Dexamethasone (DEX) and 1α,25-dihydroxy Vitamin D3 (Vit D3) are the most widely used non-proteinaceous chemical compounds known to promote the osteogenic differentiation of MSCs in vitro [45], although DEX is generally chosen for laboratory experiments because of its rapid action. However, there are major differences between the two compounds: when used in experiments of osteogenic differentiation, Vit D3 is less efficient in promoting adipocyte and osteoclast differentiation. In detail, Vit D3 (but not DEX): (a) induces the expression of bone morphogenetic protein-2 (BMP-2) during osteoblast differentiation [46]; (b) inhibits adipocyte differentiation and gene expression in murine bMSCs [47,48]; (c) stabilizes its own receptor, Vitamin D receptor (VDR) [48]; and (d) inhibits adipogenesis in the TMS-14 line of pre-adipocytes that support osteoclast-like cell formation [49].

Recently, MC3T3-6OSE2-Luc cells [50], osteoblasts transfected with a vector expressing luciferase under the control of runt-related transcription factor (Runx) responsive consensus, were cultured under simulated microgravity with or without Vit D3. In simulated microgravity after 48 h of clinorotation, luciferase activity was lower than that at 1 g; the same trend was true also after treatment with Vit D3i.e., lower in simulated microgravity than at 1 g condition. Co-immunoprecipitation showed that the interaction between VDR and Runx2 was decreased by simulated microgravity. On these bases, the authors conclude that gravity affects the response of Runx2 to Vit D3. These results are in keeping with a recent report showing that a rapid decrease of bone mineral density correlated with polymorphisms for the genes of VDR and of collagen, type I, alpha 1 (Col1a1) in the majority of cosmonauts [51].



2.4. Oxygen Tension (pO2)

In vivo, human MSCs reside in specific “perivascular niches” [52] in close association with cells, blood vessels and matrix glycoproteins. This three-dimensional space provides a highly specialized microenvironment in which contact and communication are critical for MSC self-renewal and multipotency. The control of the niche depends on the dynamic equilibrium of many factors (oxygen concentration, cytokine gradients, pH, ionic and electrical potentials, available nutrients, substrate mechanics and mechanical forces) that act in temporal and spatial patterns [53].

Although MSCs are located close to vascular structures, the various tissues in which they are found are characterized by a low oxygen tension (pO2) of about 2%–8% [54] that has been interpreted as a source of selective advantages, one of the most important being the possibility of escaping the DNA damage caused by the generation of reactive oxygen species (ROS). It has been shown that pO2 plays a key role in regulating the fate of stem cells [54]. Under hypoxia, hypoxia-activating factors (HIFs) are stabilized and translocated to the nucleus, where they act as transcription factors for genes regulating proliferation and differentiation. Under normoxic conditions, HIFs are degraded and the genes that regulate osteogenic differentiation are promoted [33]. However, like most other cells, stem cells are typically cultured in traditional incubators in 20% O2, even though the variation in oxygen tension must be considered an additional variable in studies of the responses induced by microgravity [6].

In the niches, bMSCs are very close to the blood vessels that assist the diffusive mass transport of various compounds (particularly oxygen) in order to maintain their viability. This could explain why in rats subjected for 28 days to HLU the reduced blood flow and, consequently, bone perfusion corresponds to alterations in the balance between bone resorption and bone formation This finding is in line with those of in vitro studies indicating that diffusive mass transport is impaired under conditions of microgravity, thus possibly leading to deficiencies in the molecules involved in mechanosignalling and/or mechanotransduction (ions, prostaglandin E2, transcription factors, etc.) [55,56,57]. One recent study has confirmed that osteogenesis is highly dependent on oxygen supply [58].

3. bMSC Proliferation, Telomerase Activity, and Differentiation in Simulated and Real Microgravity

Cells are profoundly affected by the reduction in gravitational force. Data are sometimes conflicting, but some common denominators have been individuated, from the relevant cytoskeletal disorganization, which is implicated in mechanotransduction and affects cell signaling, proliferation, migration and death, to a massive genetic reprogramming, as an attempt to adapt to microgravity [59,60].



3.1. Experiments in Simulated Microgravity

Some conflicting results about the proliferative behavior of MSCs in ground-based, simulated microgravity studies can be found and should be ascribed to the differences of the experimental conditions, i.e., the type of microgravity simulator used, the growth on 2D or 3D, different levels of oxygenation and different growth factors utilized. Among them, it has been reported that simulated microgravity inhibits the growth of rat bMSCs by arresting the cells in the G0/G1 phase of cell cycle and reduces the sensitivity of the cells to various growth factors [61]. It also retards their differentiation towards osteoblasts. These results were confirmed and broadened by showing that simulated microgravity forces the differentiation of rat bMSCs towards adipocytes, which are considered force-insensitive cells [62].

Analogously, simulated microgravity reduces osteoblastogenesis of human bMSCs and induces adipogenesis. Briefly, human bMSCs failed to express alkaline phosphatase (AP), collagen 1, osteonectin, and Runx2, whereas PPAR-γ2 (which is important for adipocyte differentiation), adipsin, leptin and glut-4 were all highly expressed after 7 d of simulated microgravity. The cells also showed decreased ERK and increased p38 phosphorylation, the pathways that respectively regulate the activity of Runx2 and PPAR-γ2 [4]. The reduction in osteoblastic differentiation and induction of adipocytic differentiation, initially associated with reduced integrin signaling [63] was then mainly attributed to the large increase in G-actin, reduced RhoA activity and the subsequent phosphorylation of cofilin [64].

Gene expression analyses have been used by other groups to evaluate the effects of different periods of simulated microgravity on human bMSCs. Briefly, 120 hours up-regulated the expression of the genes generally involved in cell adhesion, the regulation of proliferation and some signaling pathways, and down-regulated the expression of those involved in cell differentiation [65]; 20 days induced significantly altered the expression of 144 genes mainly involved in inflammatory responses, intracellular interactions, matrix and adhesion, metabolic processes, signaling and regulation, including 30 that were up-regulated, whereas the expression of many of the genes involved in osteogenic differentiation (COLI5A1, CXCL12, DPT, WISP2) or interactions between MSCs and other bone marrow cells (CXCL12; SCG2) was reduced [66]. The effects of seven days were analyzed using a whole genome microarray and gene ontology (GO) [67], and the results indicated 882 down-regulated and 505 up-regulated genes. GO clustering for molecular function revealed that most of the genes related to the cytoskeleton, nucleus and extracellular matrix (ECM) were down-regulated, whereas cell membrane protein and chromatin-related genes were up-regulated. Clustering of the genes in groups of related biological processes indicated the down-regulation of cell proliferation and apoptosis, cell adhesion, and differentiation. Clustering them into groups related to different signaling pathways showed that the genes related to cell adhesion, cell communication, cell cycle, and cytoskeleton were down-regulated, whereas those relating to cytokine/cytokine receptor interactions, MAPK cascade, the metabolism of various amino acids, and cell lineage were up-regulated. The overall conclusion was that specific genes of osteogenesis are mainly down-regulated in comparison with static cultures, whereas adipogenic differentiation benefits from microgravity. Although these experiments were performed using different microgravity simulators (desktop RPM for [65,66] and RWV for [67]) and the gene expression analyses were unrelated, the overall picture indicates that microgravity decreases osteogenesis and increases adipogenesis.

The same conclusions were reached using HLU model, which is significantly similar to spaceflight in terms of functional and structural changes and is therefore considered a good model for in vivo microgravity simulation, although it is important to note that spaceflight unloads the entire body whereas HLU only unloads the hindlimbs [68]. In one experiment [69], rats had their hind limbs elevated for five days, after which their tibial bMSCs were harvested and cultured. In comparison with controls, they expressed 50% less c-fos mRNA and 35% less osteocalcin mRNA, and there was a significant decrease in proliferation and mineralization; there was also an apparent discrepancy between increased AP gene expression and decreased in AP enzyme activity. Experiments based on 14 days of HLU have shown that the number of femoral osteoprogenitors identified on the basis of osteoblast CFUs decreased by 71% in six-week-old rats and only 16.6% in six-month-old rats, which highlights the importance of animal selection; moreover, the proliferative capacity of osteoblastic colonies identified on the basis of colony size of young rats was reduced by 20% [70]. The overall mechanisms of MSC proliferation and osteogenesis under conditions of microgravity is still unclear; nevertheless, simulated microgravity has been successfully used in the development of tissue engineering and, particularly, in the field of bone and cartilage reconstruction, as recently summarized by Barzegari and Saei [71].

Although various lines of evidence indicate that stem cells have evolved more stringent mechanisms of genome integrity protection than differentiated and proliferating cells, it is generally agreed that telomeric DNA undergoes gradual erosion as MSCs accumulate consecutive doublings [72], and that MSCs show an age-related increase in mutation with patterns of clonal evolution toward tumor formation [73]. Yuge et al. [74] found that seven days of simulated microgravity did not alter the telomere length or telomerase activity of human bMSCs, but this was not confirmed when rat bMSCs were exposed to five days of simulated microgravity as there was a significant decrease in telomerase activity, decreased osteogenesis and increased adipogenesis [75].



3.2. Experiments in Space

The space flight opportunities for biomedical experiments are rare and suffer from a number of operative constraints that could bias the validity of the experiment itself, but remain a unique opportunity to confirm and explain the effects due to microgravity, that are only partially activated/detectable in simulated conditions. In our experience [76,77], many studies performed in simulated microgravity were the basis to shape up a simple, suitable, hopefully significant spaceflight experiment. At the moment, however, no clear results from experiments focussing on bMSCs in real microgravity are available. Most of the cells used until now possess a “mature” phenotype or are not fully characterized. In one such study, murine osteoclast precursors were cultured for four days in space on a synthetic three-dimensional bonelike biomaterial, whereas osteoclasts (OCs) were cultured for 10 days (OSTEO experiment. ESA FOTON M3 mission). In comparison with ground control samples, the real microgravity led to a several-fold increase in the genes involved in osteoclast maturation and activity, such as integrin β3, cathepsin K, MMP-9 and the calcitonin receptor [78]. During the same FOTON M3 mission, murine osteoblasts and osteoclasts were cultured with the aim of making a post-flight analysis of focal adhesion sites, microtobules, F-actin and nuclear morphology: the results indicated variations in cell shape, an increase in the diameter of intact nuclei, and significantly more disrupted and often fragmented or condensed nuclei, all of which is highly suggestive of programmed cell death [43].

Due to the limited spaceflight opportunities, most of the data come from animal (rat and mouse) models with the results being obtained from experiments performed at the end of the mission when the animals were sacrificed. It is worth noting that the developmental status of the animals plays an important role as space-flown old rats are less responsive to microgravity (there are fewer changes in their skeletal structures), probably due to a lower metabolic rate and increased cell aging [79], but their production of early osteoblastic progenitors and pre-osteoblastic cells is unaltered [80].

A recent study has compared the effects of a long 91-day stay on the ISS on wild-type and pleiotrophin-transgenic mice, but the results indicating that transgenic mice better tolerate microgravity need to be confirmed [81].




4. Mechanobiology

Physics plays a decisive role in controlling the fate of stem cells. Higuera et al. have recently published a review on how MSCs respond to physical forces [82]. Clarifying the mechanisms that are disturbed by reduced gravity will not only be useful to overcome spaceflight-induced alterations, but also will improve strategies for new biotechnological applications.

As has been pointed out by many authors, stem cells have structural, mechanical, and biochemical properties that are quite different from those of fully differentiated cells, such as their cytoskeletal organization and elasticity, membrane tension, cell shape, and adhesive strength. Some of these properties may play an important role in cell fate and differentiation [83]. MSCs consistently proliferate or differentiate upon cues from hydrostatic pressure, diffusive mass transport, shear stress, surface chemistry, mechanotransduction, and molecular kinetics.

A number of recent and sophisticated studies have shown that cell adhesion, and responses to mechanical stimuli such as compressive, shear, and osmotic stresses, cyclic stretching, hydrostatic pressure and matrix stiffness influence the differentiation of MSCs into specific lineages [84]. It has also been shown that the ECM and its physical and biophysical interactions with cells can influence cell development and fate [85].

It has been reported that in vitro MSCs respond to a fluid flow stimulus by releasing ATP and increasing their proliferation, with the activation of MAP kinase signaling and an increase in intracellular calcium [86]. This behavior indicates that MSCs respond to biophysical signals via mechanisms similar to those of more mature cell types [87]. An updated and fascinating description of MSC mechanobiology has recently been published [88].

Now that it seems to have been established that the shape and fate of MSCs are greatly influenced by their mechanical interactions with the micro-environment, the important thing is to elucidate how their mechanical cues are sensed and transduced into signals that will modulate gene expression. A recent interesting article suggests that the sensors and mediators of the mechanical inputs derived from the ECM are Yes-associated protein (YAP) and a transcriptional co-activator with a PDZ-binding motif (TAZ) (Figure 1) [89].

Figure 1. A simplified diagram of the signaling pathways involved in contractility-based mechanosensing and mesenchymal stem cell (MSC) proliferation.
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5. Conclusions

Unfortunately, the mechanisms responsible for the bone loss suffered by astronauts have not yet been identified. However, the interest in regenerative medicine, and particularly the use of stem cells, is greatly improving our understanding of the influence and importance of the environment on stem cell fate. Mechanical forces are as crucial as genes and chemical signals for controlling the embryological development, morphogenesis, and tissue patterns. Cells are sensitive to the environment to which they respond by means of mechanosensors and mechanotransduction pathways that are still not completely clear. The life, self-renewal and differentiation of MSCs are determined by many physical and chemical inputs that ultimately lead to activation of a specific transcriptional program. Although mechanobiology is a relatively young area of research, recent results explain the alterations in fundamental biological mechanisms induced by the absence of gravity, and future research will help us to interpret the interconnections between chemical processes and mechanical cues with the support of mathematical relationships provided by physics. Combining insights on MSC behavior from simulated and real microgravity can offer new perspectives thus paving the way to the exploitation of novel strategies to prevent or cure diseases on earth and in space.
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