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Abstract: For humans to explore and colonize the universe, both engineering and physiological
obstacles must be successfully addressed. A major physiological problem is that humans lose bone
rapidly in microgravity. Understanding the underlying mechanisms for this bone loss is crucial for
designing strategies to ameliorate these effects. Because bone physiology is entangled with other
organ systems, and bone loss is a component of human adaptation to microgravity, strategies to
reduce bone loss must also account for potential effects on other systems. Here, we consider the
receptors involved in normal bone remodeling and how this regulation is altered in low-gravity
environments. We examine how single cells, tissues and organs, and humans as a whole are affected
by low gravity, and the role of receptors that have been implicated in responses leading to bone loss.
These include receptors linking cells to the extracellular matrix and to each other, alterations in the
extracellular matrix associated with changes in gravity, and changes in fluid distribution and fluid
behavior due to lack of gravity that may have effects on receptor-based signaling shared by bone and
other regulatory systems. Inflammatory responses associated with the environment in space, which
include microgravity and radiation, can also potentially trigger bone loss.

Keywords: osteoclast; osteoblast; osteocyte; RANKL; RANK; osteoprotegerin; sclerostin; Wnt;
β-catenin; integrin

1. Introduction

Humans are adapted to life experienced in Earth’s gravity. It was noted in the ear-
liest space flights that astronauts and cosmonauts lost bone rapidly [1–4]. The bone loss
detected varied with the location and type of bone and was sufficient to be a major poten-
tial roadblock to human space travel [5]. The mechanisms underlying this response are
under intense scrutiny in order to identify the best approaches to counteract the delete-
rious effects of low gravity on bone. Addressing these questions is vital for the future of
space exploration.

Bone is continually remodeled [6]. This is important for maintaining bone strength,
adapting to the forces applied, and repairing both micro- and macro-damage. It is also
intimately linked to overall systemic physiology, particularly calcium and phosphate
regulation. Bone remodeling can, usefully, be considered to be the province of three
specialized cell types, although, as we will see, various other cell types and systemic
regulation systems impinge on the basic bone remodeling cycle (Figure 1). Below we
describe the cells that are central to the bone remodeling process and the core mechanisms
that regulate bone remodeling.

Receptors 2024, 3, 280–303. https://doi.org/10.3390/receptors3020014 https://www.mdpi.com/journal/receptors

https://doi.org/10.3390/receptors3020014
https://doi.org/10.3390/receptors3020014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/receptors
https://www.mdpi.com
https://orcid.org/0000-0002-4991-1185
https://orcid.org/0000-0001-7935-1062
https://orcid.org/0000-0002-0844-1965
https://doi.org/10.3390/receptors3020014
https://www.mdpi.com/journal/receptors
https://www.mdpi.com/article/10.3390/receptors3020014?type=check_update&version=1


Receptors 2024, 3 281

Receptors 2024, 3, FOR PEER REVIEW 2 
 

 

 
Figure 1. Simplified overview of the regulation of bone remodeling. Osteocytes positively regulate 
osteoclast differentiation with RANKL and negatively regulate osteoclasts with OPG. Osteocytes 
regulate osteoblasts with sclerostin, which blocks Wnt/beta catenin signaling, which stimulates os-
teoblasts to mineralize, as well as with OPG, which binds to RANKL and would be expected to 
inhibit RANKL reverse signaling. Osteoclasts regulate osteoblasts with RANK-containing EVs, 
which stimulate mineralization. RANK-EVs may also regulate osteocytes. This regulation is modi-
fied by various types of signals that either promote or inhibit bone resorption/bone formation or 
both. Microgravity has direct or indirect effects on most or all of the regulation. See text for detailed 
discussion. 

The current article examines bone loss in microgravity, focusing on receptors in-
volved at various levels of regulation implicated in bone loss. We also direct the reader’s 
attention to an excellent short review of the literature, which includes a detailed analysis 
of methods for simulating microgravity [7]. A very recent review examines mechanotrans-
duction pathways, including in microgravity, in greater detail than we provide [8]. 

We refer to microgravity simulations extensively in this review. In addition to Man, 
et al. [7], other articles are available for readers seeking a more detailed understanding of 
the strengths and weaknesses of various approaches to simulating microgravity [9,10]. 

2. Cells and Signaling Directly Involved in Bone Remodeling 
2.1. Osteoclasts 

Osteoclasts are cells of the hematopoietic lineage that are close relatives of dendritic 
cells [11]. They differentiate as the result of stimulation by a transmembrane protein, 
namely, the Receptor Activator of Nuclear Factor κB-Ligand (RANKL) [12,13]. RANKL 
(formerly known as osteoprotegerin-ligand, OPGL) is derived mostly from a second cell 
type, the osteocyte [14–17]. RANKL stimulates its receptor, Receptor Activator of Nuclear 
Factor κB (RANK), a transmembrane protein and member of the tumor necrosis factor 
(TNF) receptor superfamily that is present on the surface of osteoclast precursors and os-
teoclasts [18]. RANKL is a member of the TNF superfamily [13]. Like other members of 
the TNF superfamily, RANKL can be cleaved by exoproteases to release a soluble form 
[19]. 

RANKL binding to and stimulating RANK is required for osteoclast differentiation, 
activity, and survival [12]. RANKL is found in other types of cells, including T cells and B 
cells [13,20,21]. RANK is found in cells including dendritic cells and microglia [22,23]. 
RANKL and RANK are required for osteoclast formation. Knockout of these genes in mice 
leads to osteopetrosis because osteoclasts do not form [13]. Knockout mice also have 

Figure 1. Simplified overview of the regulation of bone remodeling. Osteocytes positively regulate
osteoclast differentiation with RANKL and negatively regulate osteoclasts with OPG. Osteocytes
regulate osteoblasts with sclerostin, which blocks Wnt/beta catenin signaling, which stimulates os-
teoblasts to mineralize, as well as with OPG, which binds to RANKL and would be expected to inhibit
RANKL reverse signaling. Osteoclasts regulate osteoblasts with RANK-containing EVs, which stimu-
late mineralization. RANK-EVs may also regulate osteocytes. This regulation is modified by various
types of signals that either promote or inhibit bone resorption/bone formation or both. Microgravity
has direct or indirect effects on most or all of the regulation. See text for detailed discussion.

The current article examines bone loss in microgravity, focusing on receptors involved
at various levels of regulation implicated in bone loss. We also direct the reader’s attention
to an excellent short review of the literature, which includes a detailed analysis of methods
for simulating microgravity [7]. A very recent review examines mechanotransduction
pathways, including in microgravity, in greater detail than we provide [8].

We refer to microgravity simulations extensively in this review. In addition to
Man, et al. [7], other articles are available for readers seeking a more detailed understanding
of the strengths and weaknesses of various approaches to simulating microgravity [9,10].

2. Cells and Signaling Directly Involved in Bone Remodeling
2.1. Osteoclasts

Osteoclasts are cells of the hematopoietic lineage that are close relatives of dendritic
cells [11]. They differentiate as the result of stimulation by a transmembrane protein,
namely, the Receptor Activator of Nuclear Factor κB-Ligand (RANKL) [12,13]. RANKL
(formerly known as osteoprotegerin-ligand, OPGL) is derived mostly from a second cell
type, the osteocyte [14–17]. RANKL stimulates its receptor, Receptor Activator of Nuclear
Factor κB (RANK), a transmembrane protein and member of the tumor necrosis factor
(TNF) receptor superfamily that is present on the surface of osteoclast precursors and
osteoclasts [18]. RANKL is a member of the TNF superfamily [13]. Like other members of
the TNF superfamily, RANKL can be cleaved by exoproteases to release a soluble form [19].

RANKL binding to and stimulating RANK is required for osteoclast differentiation,
activity, and survival [12]. RANKL is found in other types of cells, including T cells and
B cells [13,20,21]. RANK is found in cells including dendritic cells and microglia [22,23].
RANKL and RANK are required for osteoclast formation. Knockout of these genes in
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mice leads to osteopetrosis because osteoclasts do not form [13]. Knockout mice also have
alterations in immune cells and lack lymph nodes [13]. At a rudimentary level, osteoclast
formation is based on the relative levels of RANKL to RANK. The more RANKL stimulation,
the more osteoclasts and bone resorption, if all else is equal. This system is directly
modulated by osteoprotegerin (OPG), also a member of the TNF receptor superfamily
but lacking a transmembrane domain. OPG binds RANKL and competitively inhibits its
binding to RANK [12,24].

Osteoclasts also require the stimulation of the colony-stimulating factor-1 recep-
tor, c-Fms, although this is not as selective for the osteoclast lineage [25,26]. While the
RANKL/RANK system directly regulates osteoclasts, c-Fms stimulation is required; how-
ever, it is not thought to be regulatory [26].

Osteoclasts carry other receptors, including receptors for various chemokines and
cytokines, and also several toll-like receptors [27,28]. Stimulation of many of these recep-
tors modifies the response of osteoclasts to RANKL. As examples, the stimulation of the
TNF-alpha receptor and Toll-like receptor 4 synergize with RANKL, at least under some
conditions, to increase the osteoclasts’ response to RANKL [29,30].

When osteoclasts contact bone under permissive conditions, they develop a complex
and unique structure called the resorption complex [11]. The primary components of the
resorption complex are the actin ring and the ruffled membrane (ruffled border) (Figure 2).
The actin ring is composed of an organized assembly of individual structures called po-
dosomes, which are built around microfilaments that are oriented perpendicular to the
bone [31,32]. These podosomes undergo continuous polymerization at the cytosolic face of
the plasma membrane, where they contact the bone and depolymerize in the cytosol [33,34].
Polymerization produces force pushing against the membrane using the connections with
the larger cytoskeleton of the cell as anchorage [35]. The podosomes force the plasma
membrane to conform to the bone surface, forming a tight “seal” with the bone [35]. Struc-
tures with similar or identical composition to podosomes (which are also referred to as
invadopodia) occur in other cell types and are associated with the cell’s invasion through
an unmineralized matrix [36,37]. For example, metastatic cancer cells utilize podosomes to
escape from their site of origin [36,38]. When migrating through an unmineralized matrix,
the podosomes function individually or in unstructured arrays. Osteoclasts, however, must
essentially migrate through a mineralized matrix—the bone—and this requires a more
elaborate and specialized usage of the podosomes [35]. They are arranged into a ring
and press the membrane into the bone. This is resisted by focal adhesions mediated by
integrins, notably, alphaV beta3 and alphaV beta5 [39–41], elsewhere on the osteoclast’s
contact surface with the bone. These integrins also provide signals that are involved in
the activation of the osteoclasts to resorb. The actin ring functionally segregates a region
of the plasma membrane that becomes the ruffled border and an extracellular resorption
compartment that is separate from the general extracellular milieu [42].

The specialized ruffled border that forms is packed with an enzyme called the vacuolar
H+-ATPase (V-ATPase) [43]. V-ATPases are found in all cells and are essential housekeeping
enzymes tasked with acidifying lysosomes, endosomes, and Golgi compartments [44].
Normally, V-ATPase is present at low levels. V-ATPases are composed of at least 16 different
proteins organized into a complex with 29 subunits [45,46]. Like the ATP synthase (F-
ATPase) in mitochondria, a close relative, V-ATPases are rotary motors [44]. Unlike F-
ATPases, which use a proton gradient to drive ATP synthesis, V-ATPases utilize ATP
hydrolysis to pump protons against an electrochemical gradient. The V-ATPase, normally
present at low levels, is hugely (two orders of magnitude at least) upregulated in osteoclasts,
and two subunits of the V-ATPase have osteoclast-selective isoforms expressed [44,47,48].
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Figure 2. Resting and resorbing osteoclasts. (A,B). Inactive osteoclast on coverslip stained with phal-
loidin to detect actin filaments (green) and anti-E subunit of V-ATPase (red). V-ATPase is present in 
vesicles in the cytosol. Actin filaments are spread through the cytosol and an actin belt is located at 
the periphery of the cell (arrows). (C,D.) Resorbing osteoclasts on a bone slice. The actin ring is not 
at the periphery of the cell (arrows). Outside the actin ring attachments are made between the cells 
and the bone with integrins and bone matrix.  These resist the force produced by the actin ring 
pushing the membrane into the bone. V-ATPase is in the plasma membrane (ruffled border) which 
is bounded by the actin ring.  A second smaller resorbing osteoclast is on the upper left of (C,D). 
Scale bar = 100 microns in A and B and 20 microns in (C–E). Schematic of a vertical section through 
a resorbing osteoclast. The flesh color is bone, red is the acidified resorption compartment. V-
ATPases (small dark blue circles) stud the ruffled border. Light blue is the osteoclast, dark blue is 
nuclei, and green is the extracellular milieu.  

The specialized ruffled border that forms is packed with an enzyme called the vacu-
olar H+-ATPase (V-ATPase) [43]. V-ATPases are found in all cells and are essential house-
keeping enzymes tasked with acidifying lysosomes, endosomes, and Golgi compartments 
[44]. Normally, V-ATPase is present at low levels. V-ATPases are composed of at least 16 
different proteins organized into a complex with 29 subunits [45,46]. Like the ATP syn-
thase (F-ATPase) in mitochondria, a close relative, V-ATPases are rotary motors [44]. 

Figure 2. Resting and resorbing osteoclasts. (A,B). Inactive osteoclast on coverslip stained with
phalloidin to detect actin filaments (green) and anti-E subunit of V-ATPase (red). V-ATPase is present
in vesicles in the cytosol. Actin filaments are spread through the cytosol and an actin belt is located
at the periphery of the cell (arrows). (C,D.) Resorbing osteoclasts on a bone slice. The actin ring is
not at the periphery of the cell (arrows). Outside the actin ring attachments are made between the
cells and the bone with integrins and bone matrix. These resist the force produced by the actin ring
pushing the membrane into the bone. V-ATPase is in the plasma membrane (ruffled border) which
is bounded by the actin ring. A second smaller resorbing osteoclast is on the upper left of (C,D).
Scale bar = 100 microns in (A,B) and 20 microns in (C–E). Schematic of a vertical section through
a resorbing osteoclast. The flesh color is bone, red is the acidified resorption compartment. V-ATPases
(small dark blue circles) stud the ruffled border. Light blue is the osteoclast, dark blue is nuclei, and
green is the extracellular milieu.
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V-ATPases in the ruffle membrane pump large numbers of protons into the sealed
resorption compartment to maintain the pH at 5.0 or lower [42,43]. This is required to
solubilize bone minerals and provide a suitable environment for the activity of cathepsin K,
an acid cysteine proteinase that is secreted by the osteoclast into the resorption compart-
ment [49]. To prevent alkalization of the osteoclast cytosol, protons are generated through
carbonic anhydrase II, which converts carbon dioxide from mitochondrial metabolism to
protons and bicarbonate [50]. Glycolysis, which is coupled directly to V-ATPases through
aldolase, also generates protons as ATP [51,52].

The pumping of protons across the plasma membrane creates membrane potential.
Unless that potential is dissipated, the V-ATPase is unable to lower the pH below about 6.0,
which is not sufficient to resorb bone efficiently. A voltage-gated chloride channel, CLC-7,
and its subunit, OSTM1, respond to the increasing voltage generated by the V-ATPases
activity by allowing chloride ions to escape, neutralizing the membrane potential [53,54].
The chloride ions are replenished in the cell through a chloride/bicarbonate exchanger,
which also releases the bicarbonate generated by carbonic anhydrase as it produces protons.
The validity of this scheme is well supported by mutations in the osteoclast-selective a3
subunit of V-ATPase, in CLC-7, OSTM-1, and in carbonic anhydrase 2, which all lead to
defective osteoclastic bone resorption and osteopetrosis [53–56].

As would be expected for an enzyme of central importance to bone remodeling, direct
links to osteoporosis and bone loss in microgravity have been reported. The regulatory sub-
unit ATP6V1H has been tied to osteoporosis, first through single nucleotide polymorphism
analysis of osteoporotic patients, and then by knocking out an allele in a mouse model,
which showed an osteoporotic phenotype [57]. A mouse hind limb unloading model, which
is one method for simulating microgravity, showed that the gene was associated with bone
loss in unloaded bone [58].

Osteoclasts contain beta1, beta3, and beta5 integrins [59–61]. Alpha2 beta1 is the most
common beta1 integrin [62]. Beta3 and beta5 integrins are paired with alphaV [63–65].
Since alpha2 beta1 binds native collagen and alphaV beta3 and alphaV beta5 bind arginine–
glycine–aspartic acid (RGD) sequences that are cryptic in native collagen but exposed when
collagen is denatured by the actions of interstitial collagenase or structural damage, it has
been suggested that integrin switching is a major controller of osteoclast activation [66]. For
example, the action of interstitial collagenase was shown to stimulate osteoclast activation
through denaturing type I collagen and exposing cryptic RGD sequences [67–69].

Both Beta3 and Beta5 integrins have been shown to be involved in regulating osteo-
clastic activity in vitro and in mice [40,41]. Disruption of Beta3 and Beta5 leads to different
consequences with respect to osteoclast maturation, activity, overall bone remodeling, and
sensitivity to reduction in estrogen in female mice. Glanzmann’s Disease, which has a
bone phenotype, is caused by specific mutations in Beta3 integrin [70]. As we will see
in Section 5.1, the integrin signaling pathway has been implicated in low-gravity bone
loss [58,71–77]; however, the presence of these specific integrins, and others that use sim-
ilar downstream signaling pathways in various cell types, and the multifarious effects
microgravity has on humans, make it difficult to specifically identify the contributions of
different cells and integrins to the loss of bone.

Because bone is lost, it is clear that at least some osteoclast activity is present in micro-
gravity, and resorption by osteoclasts is not adequately coupled to new bone formation.
Changes in osteoclast activity, if any, could be the result of increased activity of osteoclasts,
or increased numbers of osteoclasts.

A direct method of testing whether osteoclasts are affected by microgravity was per-
formed by testing the ability of recombinant RANKL-stimulated Raw 264.7 osteoclast-like
cells capacity to differentiate and resorb osteologic discs (glass-discs covered with a propri-
etary hydroxyapatite mineral) which serve as a convenient substrate for osteoclasts [78].
RAW 264.7 cells comprise a mouse monocyte/macrophage cell line that does not require
CSF-1 [79]. When they are at the correct starting density and are stimulated with excess
recombinant RANKL, these cells differentiate into cells that morphologically and biochemi-
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cally resemble osteoclasts. When tested in space flight, these cells were more effective at
resorbing osteologic discs than identical cells at Earth gravity. This suggests that, under the
same level of stimulation, osteoclasts may resorb more efficiently in microgravity. However,
this system is an imperfect model for bone resorption. We have used Raw 264.7 cells
extensively in our research; however, unlike primary osteoclasts, we have not detected
V-ATPase-packed ruffled membranes. Nor, in our hands, do they form pits on bone slices.

It has been reported that rats and mice in space have the same or more osteoclasts in
microgravity compared with littermates on Earth, which suggests that regulatory signals
leading to osteoclast differentiation and survival may be enhanced in microgravity [80].
Although data are not definitive, osteoclast numbers and activity are probably similar or
higher in microgravity compared to Earth [80], which helps account for observed bone loss.

2.2. Osteoblasts

Osteoblasts are mesenchymal lineage cells specialized to form bone [81]. Osteoblasts
express RANKL and for many years it was thought that this RANKL was primarily respon-
sible for stimulating osteoclasts to resorb bone [82]. They also produce OPG, which binds
RANKL and competitively inhibits the binding between RANKL and RANK [82]. This
suggested that osteoblasts might be central controllers of bone remodeling by modulating
both the stimulation of bone resorption positively and negatively and forming bone to
replace bone that was removed. This was thought to be controlled by osteocytes, which
modulated remodeling indirectly. However, twin studies in 2011 provided evidence that
the RANKL that stimulates osteoclasts is mostly derived from osteocytes [15,16]. This
is discussed below in more detail. Thus, the central regulatory system controlling bone
remodeling is more complex than originally thought, and the roles of osteoclasts and
osteoblasts, and especially osteocytes, still require further clarification.

Osteoblasts respond to a variety of cytokines and hormones. Key among these is
parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D3 (vitamin D3) [83,84]. These
hormones link bone remodeling to systemic calcium and phosphate regulation. Crucial to
osteoblast differentiation are low-density lipoprotein receptor-related protein (LRP)5 and
LRP6 [85–87]. These receptors signal through the Wnt/Beta catenin pathway to promote
bone formation [88]. Mutations in LRP5 and LRP6 lead to very high bone density in
humans [89–91]. An important regulator of Wnt/beta catenin regulation in osteoblasts is
sclerostin, which is produced by osteocytes and is discussed in greater detail below [92].

Osteoblasts go through a series of differentiation steps prior to becoming bone-
forming osteoblasts [93]. Like osteoclasts, an important cell adhesion molecule receptor
that is involved in regulation is alphaV beta3 integrin. Osteoblasts also express Beta1
integrins [94,95]. An interesting recent finding is that a secreted growth factor called Nell-1,
which synergizes with Wnt/beta catenin signaling to promote bone formation, acts through
binding to Beta1 integrins [96,97]. This is a target for therapy to prevent bone loss in
microgravity. Various other factors regulate osteoblast differentiation including hormones
and various cytokines [98–101] (Figure 3A). Elements of the renin/angiotensin signaling
network (RAS) also regulate osteoblasts [102,103]. Both osteoblasts and osteoclasts carry
the angiotensin 2 receptor. Evidence suggests that local RAS is important for regulating
bone remodeling, but systemic RAS may also play a role. This is of interest as systemic
RAS responds to the low gravity environment [104,105].

Osteoblasts also respond to piezoelectricity, which emanates from the response of bone
to forces applied [106–108]. Voltage-gated channels on osteoblasts have been shown to
respond to piezoelectric stimulation. This is, therefore, potentially impacted in low gravity.
As we will see, osteocytes, the terminal differentiation state of the osteoblasts, which are
the most abundant cells in bone and form a network within the bone, may be the primary
direct target of low gravity-induced changes in piezoelectricity [108].
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mineralization mechanism: 1. A protein with a stretch of acidic amino acids and calcium ions. 2. The 
acidic region recruits calcium ions. 3. A larger shell of calcium ions, phosphate ions, and water; the 
PILP droplet develops. This infiltrates the collagen matrix and then forms a nano-crystal within the 
matrix. Altered fluid dynamics may affect this crystallization process. It is known that larger and 
more symmetrical crystals are formed in microgravity. Subtle alterations in PILP crystallization (for 
example, the formation of slightly larger crystals) could have profound consequences for the quality 
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The PILP droplet then allows the tiny nanocrystals to form within the organic scaffold. 

Figure 3. Osteoblast differentiation and mechanism by which osteoblasts mineralize bone:
(A) Osteoblasts differentiate from multipotent mesenchymal stem cells through a number of steps.
The schematic shows transcription factors that are crucial and signaling molecules involved. Note
that while Wnt/β-catenin is vital for osteoblast differentiation, various other factors contribute
to differentiation. Each differentiation stage contributes differently to signaling that occurs in the
local bone microenvironment. Osteocytes, the final differentiation stage of the osteoblast and the
most abundant cells in bone modulate the differentiation of the immature osteoblasts at every stage.
(B) PILP mineralization mechanism: 1. A protein with a stretch of acidic amino acids and calcium ions.
2. The acidic region recruits calcium ions. 3. A larger shell of calcium ions, phosphate ions, and water;
the PILP droplet develops. This infiltrates the collagen matrix and then forms a nano-crystal within
the matrix. Altered fluid dynamics may affect this crystallization process. It is known that larger and
more symmetrical crystals are formed in microgravity. Subtle alterations in PILP crystallization (for
example, the formation of slightly larger crystals) could have profound consequences for the quality
of bone.

Bone formation by osteoblasts is still not fully understood. It seems to involve a
process called polymer-induced liquid precursor (PILP) [109,110]. Bone is composed of
tiny, nanometer-scale crystals of hydroxyapatite deposited within a matrix that is primarily
composed of type I collagen [110]. This produces strength and resistance to catastrophic
fractures. Bone-associated proteins like osteopontin and bone sialoprotein have long
stretches of acidic amino acids and can also be heavily phosphorylated [111–113]. The PILP
process suggests that these acidic proteins gather a shell of calcium ions that resist crystal
formation until they infiltrate into the dense collagen matrix [110,114] (Figure 3B). The PILP
droplet then allows the tiny nanocrystals to form within the organic scaffold.

Does low gravity affect the PILP process, and might this have something to do with
bone loss? Direct tests have not been performed; however, it is of interest, as both reduced
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bone [115–117] and increased risk of kidney stones [118,119], also formed by PILP, are
risks for humans in space. The latter presumably arises in large measure due to increased
systemic calcium but is also associated with PILP-induced crystallization [120]. Altered
fluid dynamics, as described in a subsequent section, could affect the efficiency of the
PILP process. Although the growth of crystals, in general, is enhanced because of density
differences, fluid flows and sedimentation are reduced [121–123]; moreover, it is not known
how this affects the crystallization of minerals in bone. It has been reported that bone
maturation is disrupted in microgravity [124]. Moreover, changes in circulating calcium,
whatever the mechanism, will have effects on PTH and vitamin D3 signaling, which, in turn,
will affect bone remodeling, the uptake of calcium in the intestines, and the loss of calcium
in urine [125]. In humans, microgravity causes the net release of calcium from the bones,
leading to the suppression of parathyroid hormone (PTH) and a decrease in the levels of
circulating vitamin D3. As a result, calcium absorption in humans is reduced [126,127].

2.3. Osteocytes

Osteocytes are the most abundant cells in bone; yet, until recently, they have been
the least understood [128,129]. They are a further differentiation stage of osteoblasts and
become encased in bone, existing in a lacuna that permeates the bone [128]. The appearance
and organization of osteocytes in bone resembles a neural network, and it has been long
hypothesized that they sense changes in the bone, for example, force applied, and regulate
the actions of osteoclasts and osteoblasts in order to respond [130]. Osteocytes consist of
a cell body, and long dendrite-like processes extending into small lacunas establishing
communication networks within the bone. It has been reported that osteocytes undergo
apoptosis within three days of exposure to microgravity during spaceflight, resulting in a
higher number of unfilled lacunae [131,132].

The idea that osteocytes sense changes in the bone and regulate responses has proven
true, but only in the past two decades have some of the underlying mechanisms been
uncovered. As mentioned earlier, osteocytes are known to control bone remodeling. First,
most (90%) of bone resorption is stimulated using RANKL from osteocytes [15–17]. This
holds true for normal bone remodeling and also induced bone remodeling stimulated using
periodontal disease or orthodontic force application [133–135]. The pharmaceutical deno-
sumab (Prolia, Xgeva), which is a humanized monoclonal that binds RANKL and prevents
RANKL-RANK binding in a manner conceptually similar to OPG, is thus presumably
acting to inhibit osteoclast formation primarily by binding RANKL from osteocytes [136].
Denosumab is being tested to prevent bone loss in microgravity [137].

Second, sclerostin from osteocytes controls osteoblast differentiation by blocking
Wnt/Beta catenin signaling through LRP5 and LRP6 [92,128] (Figure 4). The pharmaceu-
tical romosozumab (Evinity) is a humanized monoclonal antibody that binds sclerostin
and prevents its interaction with LRP5/6, counteracting the effects of sclerostin. This
allows osteoblasts to progress freely toward the differentiation state where mineralization
occurs [138,139]. Interestingly, osteocytes also require Wnt/beta catenin signaling and may
also be a target of sclerostin [140]. The knockout of beta-catenin specifically on osteocytes
mostly blocked the accrual of bone mass and led to early death in mice [141]. Osteoclasts
were overabundant, and OPG was expressed at low levels. Thus, osteocytes may be an
important source of regulatory OPG downstream of WNT/beta catenin signaling.

Osteocytes, like osteoblasts and osteoclasts, contain both Beta1 and Beta3 integrins [142–146].
Beta1 integrins are paired with alpha2, alpha3, alpha4, and alpha5, while beta3 integrin
is mostly paired with alphaV. Recent results have shown that the knockout of integrin
beta3 in osteocytes resulted in reduced bone formation [143]. Knockout of beta 1 integrin
in osteocytes also reduced bone formation and impaired mechanotransduction [145].
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Figure 4. Sclerostin blocks Wnt/β-catenin signaling. When Wnt binds LRP5 or LRP6, Frizzled is
recruited and β-catenin stimulates nuclear genes that, ultimately, promote bone formation. When
sclerostin binds LRP5 or LRP6 in place of Wnt, Frizzled is not recruited, and β-catenin is degraded.
Bone formation is blocked and increased bone resorption occurs.

Exposure to microgravity during spaceflight has been discovered to hinder the process
of osteoblast differentiation into osteocytes. This results in the underdevelopment of
Golgi complexes in osteocytes, which are responsible for secreting matrix proteins. As a
consequence, there is a delay in the mineralization of the bone matrix [132].

Osteocytes have been shown to be affected by weightlessness [132]. In mice, osteocytes
are triggered to undergo apoptosis via microgravity [147]. Mechanical stimulation, integrin,
Src activity, and ERKs protect osteocytes from apoptosis [148]. Studies have implicated
beta1 integrin as contributing to the protection against apoptosis in osteocytes [144].

2.4. RANKL and RANK in Extracellular Vesicles

Until recently, it was thought that the key set of interactions in bone biology was
RANKL, either on the surface of osteoblasts or solubilized by an exoprotease, interacting
with RANK on the surface of osteoclast lineage cells. Soluble OPG, then, would modulate
that interaction by serving as a decoy receptor for RANKL. However, in the last decade, it
has emerged that both RANKL and RANK are packaged into extracellular vesicles (exo-
somes or microvesicles), tiny 30–150-nm vesicles released from cells (Figure 5) [149,150].
RANKL in extracellular vesicles can stimulate RANK to trigger osteoclast differentiation
and activity [151–153]. This may represent a solution to the conundrum of how RANKL
(a transmembrane protein) from osteocytes could stimulate most osteoclast differentia-
tion [129]. It is not clear that osteocytes are ever in contact with osteoclasts. Extracellular
vesicles from osteocytes, like sclerostin, which is a soluble cytokine, could, in principle,
migrate through lacuna to activate osteoclasts, although this has yet to be confirmed.
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Figure 5. Extracellular vesicles containing RANKL or RANK add increased complexity to the
RANKL/RANK/osteoprotegerin signaling network that is at the core of bone biology. Until recently,
RANKL stimulation of RANK to stimulate osteoclast formation and bone resorption by osteoclasts,
and the ability of osteoprotegerin to bind RANKL and competitively inhibit this signaling, were
considered the primary features of this network. Now, it is known that osteocytes contribute most of
the RANKL to stimulate osteoclasts, either directly or by producing RANKL-EVs. RANKL-EVs can
stimulate osteoclast formation and bone resorption through RANK stimulation, and RANK-EVs bind
to RANKL on osteoblasts to stimulate RANKL reverse signaling and bone formation. The latter serves
to couple bone resorption and bone formation. It is also possible that RANK-EVs can bind RANKL
or RANKL-EVs and competitively inhibit their stimulation of RANK on osteoclasts. RANKL-EVs
could serve as competitive inhibitors of RANK-EV’s stimulation of RANKL reverse signaling.

RANK in extracellular vesicles from osteoclasts binds to RANKL to stimulate a
RANKL reverse signaling pathway that pushes the osteoblastic lineage cells toward
maturation [154,155]. RANKL on osteoblasts, which are also typically separated from
osteoclasts physically, would then be viewed primarily as receptors rather than ligands. It
is not known if RANKL on osteocytes also responds to RANK-containing EVs [154].

In the context of microgravity, this raises the question of whether the release of extra-
cellular vesicles changes in low gravity. If so, this may influence bone remodeling outside
of other considerations. There have been several studies of extracellular vesicle release in
simulated or real microgravity from various cell types, mostly tumor cells [156–158]. These
studies suggest that there are significant changes in the number of extracellular vesicles
shed as well as in the overall composition of the extracellular vesicles in microgravity. It is
plausible that changes in the shedding of extracellular vesicles, simply due to microgravity,
may contribute to, and perhaps even be a primary factor in, bone loss in low gravity. For
example, changes in the biophysics of fluid behavior in microgravity may be sufficient to
alter the rate of release and the composition of regulatory extracellular vesicles released by
bone cells. This hypothesis warrants further testing.

3. Patterns of Human Bone Loss in Low Gravity

It is well known that humans lose bone on space missions, as much as 1–2% of bone
mass per month in weight-bearing bones [159]. However, this bone loss does not occur
equally throughout the body. There is, in fact, a significant gain in bone density in the
skull [160], only small losses in the upper limbs, and greater losses in bone in the pelvic
region and lower limbs [161–165]. This may be partially attributable to mechanical loading.
However, there are a number of findings that are not consistent with Frost’s mechanostat
hypothesis [166–168]. The mechanostat is a useful concept for explaining how mechanical
loading influences the mass (amount of bone) and architecture (bone’s arrangement). The
underlying idea is that, in the absence of disease, bone adapts to prevent fracturing in
response to normal activity. Elements of the response to spaceflight that are not consistent
with the mechanostat hypothesis include the fact that exercise does not fully protect against
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bone loss. This conclusion is based on a metanalysis from 2020 [159]. The bone gain
in the skull [160], which is mechanically neutral, is not consistent with the mechanostat
hypothesis. There is also no reduction in increased bone resorption over time, inconsistent
with the mechanostat hypothesis, which predicts that, after unloading, the bone should
adapt and resorption levels should fall [168].

Other factors have also been considered and tested that might underly bone loss in micro-
gravity. These include calcium homeostasis [169], stress [170,171], altered metabolism [172,173],
immune responses [174–177], systemic oxidative stress [178,179], changes in fluid distribu-
tion and composition [180–183], and radiation [184,185]. An examination of these potential
regulators, which are discussed in more detail in subsequent sections, does not provide a
clear picture. There is still room for new ideas, like altered extracellular vesicle release due
to low gravity. Indeed, it is possible that there are significant missing pieces to our current
understanding.

Data from long-term space missions suggest that bone loss moderates over time [159].
Bone loss during the longest missions was no worse than missions that were half as long.
This observation, however, may be influenced by different exercise programs, the taking
of anti-osteoporotic medications, different nutrition, and the genetic characteristics of the
people involved [159]. Upon returning to normal gravity most, but not all, of the lost bone
is recovered, although this takes several years [186]. Unfortunately, recovery of strength at
some weight-bearing sites does not adequately occur [186,187].

Finally, it is worth noting that the loss of bone is variable, suggesting that some
people are better suited for long-term missions in low gravity than others [159]. Recent
studies of muscle and bone loss in mice in simulated microgravity suggest a genetic basis
for differences [188,189], consistent with the idea that bone loss in microgravity may be
influenced by genes. In the future, astronaut selection may, in part, depend on genetic
characteristics that limit pathological responses to low gravity and other adverse, but
unavoidable, elements (radiation for example) of space flight [190].

4. Changes in Fluid Distribution and Circulation in Low Gravity

Gravity produces forces that profoundly affect fluids on Earth [191,192]. Since human
beings are typically 55–70% water [193], it is not surprising that low gravity experienced
by space travelers affects their cardiovascular system, lymphatic system, interstitial fluid
distribution, and even the fluid distribution inside cells.

Upon entering a low-gravity environment, the shape of the heart changes, and stroke
volume and cardiac output increase [182,194,195]. The heart does not have to work as hard
to pump blood, and, over time, cardiac atrophy occurs. Blood volume decreases. This is
regulated by atrial natriuretic peptide (ANP), its receptor, natriuretic peptide receptor-A
(NPR-A), and through changes in signaling through the renin/angiotensin/aldosterone
system [104]. Microgravity-induced changes in the cardiovascular system also trigger
increases in oxidative stress and inflammatory biomarkers [194]. All of these changes
could include crosstalk with bone remodeling regulation, as bone cells have receptors
and are controlled by many of the same signals involved in cardiovascular and immune
regulation [27].

In addition to profound changes in the cardiovascular circulation, the lymphatic
system is also altered by low gravity [196–198]. The lymphatic system is responsible for
the disposal of excess fluid, cells, and metabolic waste. It also contributes to immune
vigilance and in this role serves the innate immune system [174]. Severe problems with the
lymphatic system manifest as edema. In particular, space flight is associated with cephalad
fluid shifts and facial and intracranial edemas, termed spaceflight-associated neuro-ocular
syndrome [199].

At the cellular level, changes in fluid distribution may lead to cytoskeletal filament
reorganizations [77,181,200]. Since the cytoskeleton is linked to cell polarity, cell adhesions,
and signaling associated with cell–cell and cell–matrix adhesions, as well as from ligand
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receptors, such nanoscale alterations could represent major players in the changes that
trigger microgravity-induced bone loss [77,201–203].

5. The Effect of Microgravity on Cell–Cell and Cell–Extracellular Matrix Interactions
5.1. Low Gravity Effects on the Matrisome

The matrisome consists of core components, collagens, proteoglycans and extracellular
matrix glycoproteins, and other components of the extracellular matrix (ECM) including
collagenases and other kinases and phosphatases that modify the matrix, as well as se-
creted factors associated with the extracellular matrix [204]. The matrisome interacts with
cells through transmembrane receptors, most commonly integrins [205], which stimulate
changes in the cell’s behavior, including cytoskeletal reorganizations, the stimulation of
signaling pathways, and changes in gene expression [206].

The matrisome has been hypothesized to be a gravity sensor [74]. There are various
potential mechanisms. Changes in matrix protein expression could result in the altered
physical support of cells and altered signaling to the cells. There are many examples of
altered matrix protein expression in microgravity studies [72,73,207,208]. In bone, changes
in acidic matrix proteins like osteocalcin and osteopontin could alter mineralization rates
and quality due to their key role in the PILP process described earlier [110]. The expression
of proteinases and phosphatases could trigger remodeling of the ECM and affect signals
leading to bone remodeling [209,210]. For example, increased collagenase expression could
produce signals that stimulate increased activation of osteoclasts [68]. All of these changes
in matrisome protein expression have been observed either in space flight or in various
low-gravity-simulating model systems [74].

The matrix also produces piezoelectricity in response to force application. This is primarily
due to the deformation of collagen fibers [107]. The accumulated charge has been shown to direct
osteoblasts to specific locations and stimulate their activity [106,107,211,212]. Microgravity
would be expected to alter piezoelectric stimulation.

Mechanical force applied to a cell’s membrane, for example, when adhered to the
matrisome when the matrisome is deformed by mechanical force, stimulates the mechanical
sensor Piezo1 [213,214]. The force causes Piezo1 to open and allow an influx of Ca2+ ions,
which trigger signal transduction pathways that regulate differentiation, development, and
bone formation by osteoblasts.

The sensing mechanisms described above could deliver signals either directly due to
forces (or lack thereof) or could respond to the redistribution of fluid that occurs in low
gravity. The second idea is attractive given the increase in bone density in the skull, where
there is increased pressure compared with Earth’s gravity [159,215].

5.2. Evidence for Integrin-Mediated Response to Low Gravity

Soon after their discovery, integrins were postulated to be elements of the mechanisms
that lead to microgravity-induced bone loss. As discussed above, bone cells are known to
contain and be regulated by specific integrins. In 1995, it was reported that the integrin
LFA1 (alpha L beta 2 integrin) alters their distribution in space flight [216]. Studies have
subsequently shown that osteoblasts in low gravity or low gravity simulation lead to
reductions in cell adhesions through Beta 1 integrins, and this results in changes in the
extracellular matrix, decreased integrin expression, changes in the cell cycle, and changes
in focal adhesions [71,73,217]. Alterations in cell adhesion, integrin expression, as well as
the downstream signaling of integrins, have been described in various types of cells as the
result of microgravity [58,73,74,76,77,218,219].

Based on evidence that integrin responses are involved in bone loss associated with
microgravity, studies using simulated microgravity indicated that several pathways regu-
lated by integrins, through focal adhesion kinase (FAK), mTORC1, AMPK, and ERK1/2,
are affected by low gravity in an osteoblast-like cell line [220]. Microgravity was then
shown to downregulate FAK, Wnt/Beta catenin, and signaling downstream of Wnt/beta
catenin. As a consequence, several markers of osteoblast differentiation and bone formation
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were decreased. In a hind limb unloading model, bone loss was observed, and this was
prevented by using an activator of FAK [220]. Although this pathway may contribute to
bone loss in low gravity, FAK is crucial for many cell types under many conditions, and
unless an FAK-targeting treatment could be focused on osteoblasts, this does not appear to
provide a route for preventing bone loss in low gravity.

5.3. Cell–Cell Adhesions and Tight Junctions in Low Gravity

There is considerable evidence that in addition to cell–ECM adhesions, cell–cell ad-
hesions are also perturbed by low gravity [77]. One area where that is important is in the
behavior of cancer cells. Reduction in cell–cell adhesion may make metastatic cancers more
probable in low gravity [76,221–223]. This is combined with higher radiation, which could
lead to an increased appearance of cancer—a serious problem on long missions [76,224].
Such perturbations might affect the behavior of one or more of the types of bone cells [225].

Low gravity simulation and spaceflight have been shown to negatively impact the
blood–brain barrier. Proteomics showed alterations in the expression of cell–cell adhesion
molecules and Zonula occludins-1, a key component of tight junctions [226].

Endothelial leaks are also observed in astronauts, and together with alterations in the
heart and reductions in Mg2+ due to malabsorption, lead to dehydration, and all promote
increased oxidative stress, which is linked to bone loss in osteoporosis [77,227,228].

A crucial organ affected by low gravity is the kidney, where urine flow is attenu-
ated [229–231]. The parathyroid/kidney axis, sensing using the calcium-sensing receptor,
regulation through parathyroid hormone and vitamin D3, the role of the kidney in main-
taining water balance, and the homeostasis of calcium and other vital ions in the blood
represents an extraordinarily complex system [232]. The kidney, along with bone and
the intestines, are vital components of the regulatory system that maintains circulating
calcium levels within the very tight tolerances necessary for life, and this is regulated by
the PTH/vitamin D3 regulatory axis [233]. A recent meta-analysis found that PTH levels
decrease in microgravity [159]. This reduction also results in a reduction in vitamin D3,
which prevents the effective absorption of calcium from the intestines, leading to increased
bone resorption to mobilize calcium stored in the bone [159]. Although this represents a
satisfying and straightforward explanation for bone loss during space flight, it does not
account for the differential effects on bone depending on location, including increasing bone
density in the skull. It is also worth noting that there are variations in the PTH/vitamin D3
findings; therefore, all studies do not agree well with the conclusions of the meta-analysis.

In principle, the regulation of the PTH/vitamin D3 regulatory axis could also be
achieved at the receptor level. The parathyroid hormone type 1 receptor (PTH1R) is a class
B1 G protein-coupled receptor [234]. It plays several critical roles in bone turnover and
calcium homeostasis. The vitamin D receptor (VDR) is a member of the nuclear receptor
family and is found throughout the body [235]. However, these receptors are more difficult
to study in space than the hormones, and, to date, space or microgravity studies on these
crucial receptors are lacking.

The renin/angiotensin/aldosterone system is an important regulator associated with
kidney function [236]. It has been studied on several space flights; however, data are
somewhat conflicting [237]. In general, it seems there is a sharp decrease in renin and
aldosterone levels during the first 24 hours of flight, and then a rebound to preflight
levels or above. Since osteoclasts and osteoblasts have receptors for angiotensin II, these
fluctuations could directly affect bone remodeling [102].

6. Summary

Bone loss during space flight is a major physiological problem that must be satis-
factorily addressed in order to permit long space missions. The core regulations of bone
remodeling take place through RANKL/RANK/OPG and LRP5/6/WNT/beta catenin
signaling. Data suggest that at least five different layers of regulation may influence core
regulation leading to bone loss. Each of these has a specific set of receptors. First, reduc-
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tions in PTH/vitamin D3 and reduced stimulation of their receptors, PTH1R and VDR,
are involved in lower calcium uptake from the intestines, which leads to increased bone
resorption, which is required to mobilize calcium to maintain systemic calcium homeostasis.
Second, fluid redistribution in microgravity may contribute to changes in forces leading to
bone density increases in the skull and a reduction in bone density in load-bearing bones.
Piezo1 is a potential mediator of this response. Third, a reduction in direct mechanical force
on bone may trigger a loss of density on load-bearing bones. This may be mediated by
mechanical signals, and changes in piezoelectricity generation due to reduced mechanical
forces in microgravity may play a role. Fourth, perturbation in cytoskeletal components and
associated matrisome may cause various local and systemic problems affecting bone cells
directly or indirectly through inflammatory or stress responses. These may crosstalk with
bone regulation. Finally, changes in fluid flow characteristics at the micro- and nano-level
may have effects on cellular function, for example, through the disruption of cytoskeletal
processes and interactions with the matrisome, changing the rate of EV shedding or EV
composition, or altering the PILP process, which provides a likely mechanism for bone
formation.

It is clear that microgravity stresses various organ systems in humans, which is not
surprising given that our physiology is adapted to Earth’s gravity. It is remarkable that
humans adapt as well as they do to microgravity. Bone is integrated into overall physiology
because of its crucial role in systemic calcium regulation (Figure 6). Systemic calcium
must be maintained within the narrow tolerances required for human survival. While
it is important to prevent excess bone loss, it is also crucial to consider that bone loss in
microgravity is a component of a more general physiologic adaptation to microgravity that
involves multiple organ systems. Care must be taken that efforts to limit bone loss (for
example through antiresorptives) do not provoke catastrophic failures in other systems.
In preparation for long space voyages, to Mars or beyond, it is imperative that a better
understanding of the interconnected physiologic adaptations that occur to adapt to mi-
crogravity, and then again, to readapt to Earth’s (or another planet’s) gravity, is achieved.
Such knowledge should allow obvious problems like bone loss to be ameliorated without
deleterious off-target effects on other organ systems.
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In Earth gravity, it is well established that susceptibility to bone loss and osteoporotic
fractures is genetically linked [238–241]. Genetic links have also been identified for sus-
ceptibility to the medicine-related osteonecrosis of the jaw (MRONJ), a pathology that
occurs when people are treated with antiresorptives, including bisphosphonates and deno-
sumab [242]. Both of these have been advanced for use during space flight to reduce
bone loss [127]. Empirically, there are wide variations in the amount of bone lost by astro-
nauts and cosmonauts during space missions [243]. This may be the result of differential
activity in space and different regimens of training prior to space flight. For example,
initial research suggests that markers of bone turnover and exercise history predict bone
loss in microgravity [190]. Moreover, like on Earth, these may reflect genetic differences.
Direct evidence suggests that this is the case with respect to muscle wasting and bone
loss in mice [188,189], which have served as a useful model for human musculoskeletal
disorders. Currently, astronaut and cosmonaut selection includes numerous characteristics
that are genetically linked, including height, correctable vision, allergies, migraines, and
colorblindness [244]. In preparation for long space voyages, the identification and selection
of astronauts who naturally best resist bone loss, muscle wasting, and other deleterious con-
sequences of microgravity may be of paramount importance. As a deeper understanding
of bone loss in space develops, personalized medicine approaches can also be developed to
better enable spacefaring by people who are less able to adapt to microgravity [245,246].
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