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Introduction
Fragility fractures in older adults are often preceded by a loss 

of muscle mass and strength. Similarly, bone loss that occurs with 
prolonged bed rest or exposure to simulated microgravity is also 
preceded by rapid loss of muscle mass [1].

It is known that the hostile environment of space has a significant 
impact on human physiology. Specifically, exposure to simulated 
microgravity causes a substantial mechanical unloading of mammalian 
tissues, resulting in rapid alterations of their physiology, which 
represents a significant risk for the long period of human stay in space 
[2-4]. 

Many of the pathophysiological adaptations that occur during 
spaceflight cannot be adequately counteracted by exercise or 
nutritional supplementation. Therefore, in order to develop highly 
effective countermeasures and prevent spaceflight induced diseases, it 
is essential to discover the underlying molecular mechanisms, so as to 
also understand the pathophysiology of diseases occurring on Earth, 
such as osteoporosis, muscle atrophy, cardiovascular diseases and 
immune system dysfunctions. 

Based on this evidence, the aim of our review was to summarize the 
current scientific knowledge on the cellular and molecular mechanisms 
that are at the basis of muscle-bone crosstalk and that occur under 
simulated microgravity conditions, so as to promote the development 
of therapeutic approaches to inhibit the loss of bone and muscle mass 
and, at the same time, prevent the onset of fragility fractures.

Simulated microgravity

The absence of gravity in space, also known as zero gravity, can 
be simulated on Earth as microgravity. Simulated microgravity is a 
condition in which a system is subject to a gravitational field of very 
low value and is studied in different scientific and technological fields 
to highlight phenomena that on Earth are masked by the effects of the 
high gravitational field.

It is known that the gravitational field played an important role in 
shaping evolution when life moved from water to land, thus influencing 
much of the physical and biological phenomena throughout Earth’s 
history [5]. Initially it was believed that gravity influenced natural 
selection only by limiting the range of acceptable body size; according 
to this principle, living organisms should develop systems to provide 
cell membrane rigidity, fluid flow regulation and appropriate 
structural support for locomotion [5]. The first empirical experiments, 
mostly conducted by Russian scientists in the 1960s, were unable to 
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demonstrate the existence of profound changes caused by exposure 
to simulated microgravity, but instead fed false notions that the near 
absence of gravity has no significant effect on living organisms [6,7].

Only later, with the beginning of the first investigations in the 
space environment, it was discovered that biological properties change 
with the decrease of gravitational force, emphasizing the relationship 
between physical force and biological function [5]. In fact, it has been 
observed that cells exposed to simulated microgravity can be deeply 
affected by the physical changes that occur in this unique environment 
and that include the loss of gravity-dependent convection, negligible 
hydrodynamic shear and lack of sedimentation [8,9]. These changes can 
significantly alter cell responses to a wide array of environmental and 
internal biophysical stresses [10]. As a result, enzymatic, genetic, and 
epigenetic processes change, causing modifications in cells and tissues 
shape, function, and behavior [11,12]. 

The main damages caused by the gravitational environment 
include loss of bone [13-15] and muscle mass [16,17], cardiovascular 
dysfunction [18,19], alteration in the fracture healing processes [20,21] 
and wounds repair [22], impairment of the immune response [23,24]. 
Therefore, since it is known that simulated microgravity can disrupt 
fundamental mechanisms of different biological processes, these 
studies are used both to investigate the effects of permanence in space 
on astronauts and to identify mechanisms involved in “terrestrial” 
pathologies.

The musculoskeletal system: The musculoskeletal system, an 
organ system comprised primarily of the skeleton and skeletal muscle, 
has been one of the main focuses of simulated microgravity research 
in the last ten years. These studies have focused on the evidence that 
many of the changes observed in astronauts during spaceflights are 
reminiscent of the onset and progression of diseases associated with 
aging on Earth, such as osteoporosis, arthrosis, and sarcopenia.

The skeleton system: Bone is a multifunctional tissue that performs 
two main functions: to provide mechanical integrity for both movement 
and protection, and to help regulate mineral homeostasis through 
involvement in metabolic pathways [25].

It is known that biomechanical forces play a critical role in the 
development of the skeletal system and that the architecture of bone 
is related to the mechanical stresses that are exerted on it [26-30]. 
The skeleton, in fact, is a metabolically active organ that undergoes 
continuous remodeling throughout life, during which mature bone 
tissue is removed from the skeleton (a process called bone resorption) 
and new bone tissue is formed (a process called ossification) [31]. 

Two main types of cells are responsible for bone metabolism: 
osteoblasts, which secrete new bone, and osteoclasts, which break down 
bone. To maintain bone homeostasis, it is essential that there is close 
collaboration between these two types of cells and other cell populations 
present in bone remodeling sites, such as immune cells [32]. 

An imbalance in the regulation of the two processes of bone 
remodeling promotes the onset of many metabolic bone diseases, 
including osteoporosis [33].

Physiological effects of simulated microgravity on bone cells: In a 
simulated microgravity environment, mechanical stress is non-existent, 
resulting in rapid and severe decoupling between bone formation and 
bone resorption.

It is known that simulated microgravity causes immense changes 
in bone tissue that result in a decrease in bone mass and lead to early 

onset osteoporosis in many astronauts [34-37]. These changes produce 
a condition known as spaceflight osteopenia, which is characterized by 
an increase in bone resorption by osteoclasts and a decrease in bone 
formation by osteoblasts [36].

In recent years, many studies have been conducted to identify the 
alterations and mechanisms induced by simulated microgravity at 
the cellular level, with particular attention to the effects of simulated 
microgravity on mesenchymal stem cells, osteoblasts, and osteoclasts.

Mesenchymal Stem Cells: Mesenchymal Stem Cells (MSCs) are 
multipotent stem cells found in the bone marrow and are important 
for their ability to differentiate into cartilage cells (chondrocytes), bone 
cells (osteoblasts) and fat cells (adipocytes) [38]. It has been reported 
that simulated microgravity can induce physiological changes in 
MSCs, including maintaining them in an undifferentiated state and 
enhancing cell proliferation and differentiation in a single lineage [39]. 
For example, it has been observed that loss of gravity in space or lack of 
physical activity due to spinal and brain injury can significantly reduce 
mechanical stress, leading to a decreased rate of osteogenesis and an 
increased rate of adipogenesis [40,41]. 

The lack of mechanical stimuli seems to keep MSCs in a quiescence 
state; however, the exact mechanism of simulated microgravity 
induced osteogenic-adipogenic shift is not yet clear. One of the most 
reliable hypotheses is that the simulated microgravity acts on MSCs 
by suppressing osteogenesis through the inhibition of the Mitogen-
Activated Protein Kinase (MAPK) signaling pathway and promoting 
adipogenesis by increasing Peroxisome Proliferator-Activated Receptor 
gamma (PPAR-γ) expression [42]. Alternatively, the inhibition of 
osteogenic differentiation of MSCs and osteogenic precursor cells 
induced by simulated microgravity could be attributed to F-actin 
cytoskeletal disorders [43] and alterations of Rho GTPase activity 
[41,44,45].

Osteoblasts: MSCs can differentiate into osteoblasts through a 
complex process, regulated by numerous transcription and growth 
factors [46]. Under normal conditions, the up-regulation of these 
factors induces an increase in Alkaline Phosphatase (ALP), Osteocalcin 
(OCN) expression and bone formation; on the contrary, if the factors 
involved in the differentiation process are altered, bone loss may occur 
[47].

It is known that osteoblasts are responsible for bone formation and 
play an important role in maintaining bone homeostasis [48]. Osteoblast 
dysfunction may be the main cause of bone loss [49]. Carmeliet et al. 
stated that ALP expression and activity decrease significantly following 
exposure to simulated microgravity, and other studies have also shown 
a trend toward a decrease in bone formation markers, including ALP 
and OCN [50].

It has also been observed that simulated microgravity can inhibit the 
differentiation of osteo-progenitor cells into mature osteoblasts [34,41], 
as well as reduce the osteogenic potential of bone marrow MSCs [51]. 
Based on this evidence, it has been hypothesized that bone loss induced 
by simulated microgravity could be attributed to osteoblasts, because 
of their reduced activity and proliferation, reduced differentiation, and 
decreased reactivity to bone-related factors in the microenvironment 
[52]. 

Although these mechanisms have not yet been fully understood, 
numerous scientific evidences have shown that in vitro osteoblastic cells 
are sensitive to simulated microgravity [53,54]. Specifically, it has been 
observed that exposure to simulated microgravity induces alterations 
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in the cytoskeletal organization in ROS17/2.8 cells, a mature clonal 
osteoblastic cell line that responds to stretch by proliferating when 
exposed to the gravitational environment [55]. There is also growing 
evidence that the cytoskeleton is closely related to nuclear morphology 
and function [56], and the enlarged nuclei observed in flight osteoblasts 
could be a result of cytoskeletal disruption [13]. In addition, it has also 
been shown that actual or simulated weightlessness disrupts osteoblasts 
microfilaments, resulting in defective bone formation [57,58], and that 
the disorganization of microfilaments is caused by the inhibition of Rho 
by Random Positioning Machine (RPM) [59].

Osteoclasts: Several studies suggest that simulated microgravity 
leads to a decrease in osteoblast function and an increase in 
osteoclastogenesis, thus contributing to bone loss [60-62].

It is known that osteoclasts are multinucleated bone-resorbing 
cells and can degrade mineralized matrices, such as bone and calcified 
cartilage [63]. It has been suggested that osteoclast differentiation 
improves under simulated microgravity conditions, since an increase 
in collagen telopeptides was observed in media samples retrieved from 
space [64]. Finally, from a molecular point of view, it has been observed 
that under simulated microgravity conditions, several elevated growth 
factors in pre-osteoclast cells can alter Receptor Activator of Nuclear 
Factor Kappa-B Ligand (RANKL) and Osteoprotegerin (OPG) levels in 
bone environments and thus facilitate increased osteoclast activity [65].

The skeletal muscle: The muscles are necessary for movement and 
to counteract gravity, and they must be used to maintain structure and 
function. It is known that muscle mass and strength may decrease in 
response to actual and simulated microgravity exposure [66]. In fact, 
the absence of load forces during spaceflight can cause muscle atrophy, 
changes in muscle fiber composition and gene expression, as well as a 
reduction in regenerative muscle growth [17,67].

Undoubtedly, skeletal muscle mass loss in response to simulated 
microgravity exposure has been a medical and physiological concern 
since the first space missions [68] and, together with changes in neural 
drive, is one of the main determinants of the decline in muscle strength 
and power [69]. However, despite the considerable knowledge acquired 
on the physiological changes induced by spaceflight, the mechanisms of 
muscle atrophy and the effectiveness of in-flight countermeasures have 
yet to be fully clarified.

Experiments conducted on animal models have shown that postural 
muscles, generally containing a higher percentage of slow fibers, are 
more prone to atrophy than non-postural muscles [70-72]. Similar 
results have also been found for human skeletal muscles, since the 
effects of simulated microgravity seem to be more evident in antigravity 
muscles, that is muscles that play a postural role under standard gravity 
conditions (1 g), such as the calf muscles (soleus and gastrocnemius) 
and the quadriceps [73-75]. 

In fact, during spaceflight or in a microgravity environment, 
humans do not need to support their bodies; so, the antigravity muscles 
become atrophied [66]. It has been observed that after only 8 days of 
spaceflight, the volume of quadriceps and triceps surae decreased by 
-6.0 and -6.3%, respectively, and from -5.5 to -15.4% and from -8.8 to 
-15.9%, respectively, after 9-16 days of spaceflight [76,77].

Most studies have also shown that extensor muscles are more 
affected by simulated microgravity than their antagonistic counterparts, 
the flexors [75]. For example, Widrick et al. observed that flexor fibers 
are less affected than extensor fibers following a 17-day spaceflight [78]; 
however, as the duration of the mission lengthened, all skeletal muscles 

seemed to be affected by simulated microgravity conditions in a similar 
way [73].

Existing data on the effect of spaceflight on human skeletal muscles 
are quite heterogeneous, both in terms of size and rate of atrophy, 
probably due to various factors, such as age, pre-flight fitness level 
and nutritional status, as well as content and adherence to on-board 
countermeasures [67].

Discordant data also concern the type of muscle fiber mainly 
affected by atrophy in simulated microgravity conditions. Several 
studies conducted on rats have shown that type I muscle fibers, which 
are slow and resistant to fatigue, atrophy preferentially in simulated 
microgravity [16,75]. Regarding to human skeletal muscles, in some 
cases it has been observed that type II fibers were affected as much as 
type I fibers were [75,78,79]; in other cases, however, it has been shown 
that prolonged exposure to the gravitational environment induced a 
significant decrease in the cross-sectional area of fibers from the vastus 
lateralis muscle, with a greater decline in type II fibers and a smaller 
decline in type I fibers [79].

Muscle-bone crosstalk: Bone and muscle tissue share a common 
destiny throughout the life of an individual, not only from a functional 
but also morphological and structural point of view [80]. 

Initially, it was thought that the muscle-bone crosstalk was only 
mechanical in nature: bone provides attachment sites for muscle, and 
skeletal muscle imparts a force on the bone to facilitate the body’s 
locomotion [81]. The bone, in fact, can adjust their mass and structure 
according to the variations of the mechanical load applied by the 
muscle. This mechanical perspective implies that a decline in muscle 
function causes a decrease in the loading of bone, which results in bone 
loss [82]. However, the reduction in bone mass does not fully explain 
the occurrence of sarcopenia, nor does muscle atrophy account for the 
totality of osteoporosis [83], although sarcopenia and osteoporosis 
often develop in parallel in many patients. In this regard, the term 
“osteosarcopenia” has recently been coined to indicate the coexistence 
of these two chronic musculoskeletal conditions that are associated 
with aging [84]. Osteoporosis, a condition of low bone mass and micro-
architectural deterioration bone [85], and sarcopenia, the loss of muscle 
mass, strength and function [86], often coexist in a fragile subgroup 
of the elderly population, leading to significantly worse outcomes than 
those observed in both conditions alone.

The molecular mechanisms that cause both muscle and bone loss 
are still unclear. However, the scientific literature agrees in supporting 
the paradigm that the nature of muscle-bone crosstalk is not only 
mechanical, but also biochemical, since muscle and bone tissues are 
closely related to each other and, when the aging process begins to 
occur on one of them, the functionality of the other is also affected [87]. 
From this point of view, sarcopenia and osteoporosis are two sides of 
the same coin, that of bone fragility, and occur in parallel in the elderly 
subject.

Muscle-bone biochemical crosstalk: All cellular elements 
responsible for the metabolic turnover of bone, including osteoblasts, 
osteocytes, osteoclasts, chondroblasts and chondrocytes, act under 
the influence of muscle, emphasizing the key role of this tissue in the 
definition of bone quality.

Emerging evidence suggests that Bone Morphogenetic Proteins 
(BMPs) play an important role in both muscle and bone homeostasis 
[88]. BMPs are molecules belonging to the Transforming Growth 
Factor-Beta (TGF-β) family, which is involved in various biological 
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processes related to proliferation, differentiation, morphogenesis, 
homeostasis, and cell regeneration [89,90]. These proteins regulate gene 
expression by phosphorylation of some transcriptional factors (Smad 1, 
5 and 8), while their activity is inhibited by the secretion of factors such 
as Noggin and Chordin, which prevent the binding of growth factors to 
their receptor [91].

It has recently been shown that BMP expression plays a role in the 
control of adult skeletal muscle mass and regeneration [89,92,93], since 
an association between BMP-2 and BMP-4 expression and satellite cell 
activity has been found [94].

It is known that satellite cells play an indispensable role in muscle 
regeneration: in fact, the self-renewing proliferation of these cells not 
only contributes to the maintenance of the stem cell population, but 
also provides numerous myogenic cells, which proliferate, differentiate, 
merge and induce the formation of new myofibers, thus promoting 
the reconstitution of a functional contractile apparatus [95]. Not 
surprisingly, the loss of satellite cells and/or their degeneration could be 
related to the altered muscle metabolism that characterizes osteoporotic 
patients.

It has also been hypothesized that the quality of muscle tissue 
depends on the balance between BMP signalling and myostatin 
signalling [96], which is known to affect muscle mass through negative 
regulation of myogenesis [97]. In vitro experiments have shown that 
myostatin can block the proliferation of myoblasts, as well as the 
proliferation and renewal of satellite cells [98].

Based on this evidence, spaceflight and prolonged bed rest can 
be considered useful human models to understand the effects of 
mechanical unloading on muscles and bones. In fact, the definition of 
the mechanisms linking muscle and bone in the context of disuse is 
fundamental for the development of therapeutic approaches to inhibit 
muscle and bone mass and ultimately prevent fragility fractures.

Effects of simulated microgravity on muscle-bone crosstalk: 
Many of changes observed in astronauts during spaceflight recall the 
onset and progression of diseases associated with aging on Earth, 

although they occur much faster. Therefore, it has been hypothesized 
that changes observed in response to simulated microgravity may 
share the common physiological basis with some of physiological 
adaptations typical of aging, such as the loss of bone and muscle mass 
that characterizes the main musculoskeletal disorders [99].

Considering that primary cultures of human satellite cells represent 
a useful scientific model to identify biomolecular processes involved 
in muscle mass loss linked to the alteration of the normal mechanical 
load, in a recent study we investigated the role of myostatin and BMP-2 
in the response of human satellite cells of control (CTRL), osteoporotic 
(OP) and osteoarthritic (OA) patients to normogravity and simulated 
microgravity regimens [99].

Our results showed that in the very early phases of simulated 
microgravity condition, satellite cells are more active than those 
subjected to the normogravity regime, as demonstrated by both 
the increase in the number of myotubes and the significant increase 
in BMP-2 expression in all experimental groups. However, with 
prolongated exposure to simulated microgravity regime, satellite cells 
and new formed myotubes underwent to degeneration and cell death.

We observed that simulated microgravity was also able to induce 
significant changes in myostatin expression, with group-dependent 
variations, since OP patients had a significant reduction in myostatin 
expression compared to CTRL and OA patients [99].

Based on the obtained results, we hypothesized that the main 
cause of reduced satellite cells function could be alteration of systemic 
factors, such as BMPs and myostatin, which play important roles in the 
regulation of muscle growth and atrophy. It is possible that exposure 
to simulated microgravity amplifies these mechanisms, inducing 
significant reductions in the size, volume, and strength of skeletal 
muscles, leading to further muscle atrophy and weakening, as well as 
subsequent bone loss [100,101]. Undoubtedly, this negative influence 
of simulated microgravity on muscle-bone crosstalk could favor the 
onset of osteosarcopenia and, therefore, contribute to the development 
of greater bone fragility (Figure 1).

Figure 1. Effects of simulated microgravity on the musculoskeletal system and the pathophysiology of osteosarcopenia
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Bone loss in space is mainly attributable to an imbalance in the 
bone remodeling process, reflecting increased bone resorption and 
reduced bone formation [102].

Not surprisingly, it has been observed that astronauts undergo bone 
mass loss at a rate of 0.5 to 1.5% per month during a 4- to 6-month 
spaceflight, and that the Bone Mineral Density (BMD) of the proximal 
femur can only be partially recovered at 1 year after re-exposure to 
Earth gravity [103,104]. It has been proposed that changes in bone and 
muscle mass under these conditions occur in such a way that muscle 
atrophy precedes the decline in bone mass [105,106]; however, it would 
appear that muscle loss can be recovered about six times faster than 
bone loss in astronauts after return to normal gravity [107]. These 
results suggest that decreased muscle-derived forces may primarily 
drive bone loss with unloading.

Conclusions
In this review, we discussed and summarized the effects of 

spaceflight on living organisms, focusing our attention on the specific 
effects of simulated microgravity on bone and muscle cells. 

Studies on animal and human models indicate that muscle loss 
can occur rapidly with disuse or immobilization. In addition, muscle 
atrophy appears to contribute directly to bone loss mainly through 
increased bone resorption by osteoclasts.

Numerous scientific evidence has suggested significant differences 
in the proteins and molecules expression involved in muscle-bone 
crosstalk under simulated microgravity conditions compared to 
normal gravity; this information is essential to understand the cellular 
and molecular bases of the main musculoskeletal disorders associated 
with aging on Earth, with onset and progression similar to many of the 
changes occurring in astronauts during spaceflight.

The highly integrated changes in skeletal muscle and bone observed 
in several clinical studies suggest that independent therapeutic 
approaches targeting sarcopenia or osteoporosis alone may not be 
sufficient for effective prevention of fragility fractures, and that new 
strategies are needed to improve both tissues simultaneously. Further 
studies will be essential to fully characterize the processes involved in 
the cellular response to simulated microgravity and to identify specific 
therapeutic targets for the prevention and treatment of bone and muscle 
pathological conditions related to the alteration of normal mechanical 
load.
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