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Abstract: The lack of gravitational loading is a pivotal risk factor during space flights. Biomedical
studies indicate that because of the prolonged effect of microgravity, humans experience bone mass
loss, muscle atrophy, cardiovascular insufficiency, and sensory motor coordination disorders. These
findings demonstrate the essential role of gravity in human health quality. The physiological and
pathophysiological mechanisms of an acute response to microgravity at various levels (molecular,
cellular, tissue, and physiological) and subsequent adaptation are intensively studied. Under the
permanent gravity of the Earth, multicellular organisms have developed a multi-component tissue
mechanosensitive system which includes cellular (nucleo- and cytoskeleton) and extracellular (ex-
tracellular matrix, ECM) “mechanosensory” elements. These compartments are coordinated due to
specialized integrin-based protein complexes, forming a distinctive mechanosensitive unit. Under
the lack of continuous gravitational loading, this unit becomes a substrate for adaptation processes,
acting as a gravisensitive unit. Since the space flight conditions limit large-scale research in space,
simulation models on Earth are of particular importance for elucidating the mechanisms that provide
a response to microgravity. This review describes current state of art concerning mammalian ECM as
a gravisensitive unit component under real and simulated microgravity and discusses the directions
of further research in this field.
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1. Introduction

The extracellular matrix (ECM) is a constituent of all tissues, representing an inte-
grating network that consists of specific and similar attributes. The ECM always includes
collagen and noncollagen proteins, glycoproteins, and proteoglycans [1,2]. The molecular
composition of these structures demonstrates a huge diversity determined by the functional
needs of a particular tissue. Meanwhile, it is the structural uniformity that ensures the
operation of the ECM as a putative gravity detector. It is reasonable to assume that ECM
components can act as an extracellular “mechanical sensor”.

To date, the ECM as a complementary counterpart of gravireception has been studied
to a lesser extent than the cellular one. At the same time, the data from space flights and
ground-based simulations clearly demonstrate that the skeleton with a well-represented
ECM is most sensitive to the lack of gravitational loading [3-5]. It is obvious that further
progress in the elucidation of the mechanisms of physiological adaptation to micrograv-
ity requires the analysis of gravisensitive unit components with a special focus on the
involvement of ECM structures.

2. Cells in the Local Microenvironment: Functional Unit of Mechanoreception

Terrestrial Gravity: The physiological homeostasis of tissues and organs of multicellular
organisms is the result of the interaction of cellular and noncellular components that form
tissue-specific local milieu. It is believed that a tissue niche is an ensemble that includes
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cells and the cell secretion products: the ECM and soluble and matrix-deposited biologically
active mediators [6]. Cells and matrix components are combined into a unified system
by specialized transmembrane structures [7]. Tissue-specific cell populations, various
combinations of ECM molecules and soluble and bound mediators create all the diversity
of tissues that exist in the body. The homeostasis of such a structural and functional unit is
regulated by a bidirectionally controlled feedback loop of cellular (nucleus and cytoskeleton)
and extracellular (ECM) elements [8]. The physical properties of the ECM and its molecular
composition influence cell migration, proliferation, and differentiation [9,10]. The niche
cells continuously produce ECM molecules and enzymes involved in ECM remodeling
or degradation, affecting the composition and topography of the surrounding ECM, thus
closing the feedback loop. Under gravitation of the Earth, multicellular organisms have
formed a mechanism for perceiving external mechanical stimuli (compression, tension,
twisting), which includes all niche components [11].

According to Ingber’s tensional integrity (tensegrity) model, microtubules and cross-
linked microfilament bundles form a rigid framework, which ensures cellular resistance
against compression [12] (Figure 1A). The plasticity of this framework upon alteration of
the external environment is provided by tension-responsible single microfilaments and
intermediate filaments tightly interconnected with compression-resistant structures pre-
sented by actin fibers and microtubules. Such an integrated cytoskeleton is the intracellular
recipient of external mechanical influences, with the signal transmitted to the nuclear lam-
ina and then to the nucleoskeleton [13,14] (Figure 1B). The ECM has its own structures to
provide tensegrity. Reticulin and elastin fibrils act as tension elements, and collagen fibers
as well as the ground substance act as compression resistance elements. The intracellular
and extracellular tensegrity compartments interact using transmembrane focal adhesion
complexes recognized as the principal element that transmits information from the ECM to
the cytoskeleton (Figure 1B). The conversion of mechanical stimuli from the extracellular to
intra-nuclear compartments is executed through highly specialized molecular hubs [15].
The interaction of cytoskeleton and ECM elements is carried out through transmembrane
adhesion sites (Figure 1C, Table inset). Focal adhesion (FA) complexes built by the het-
erodimeric cell surface receptors, integrins, considered as principal molecules, mediated
ECM-actin cytoskeleton interaction. Integrin dimers outside of cells are connected with
ECM structures, while their transmembrane domains are linked to intracellular actin stress
fibers. External stimuli induce cell-matrix adhesion and subsequent signaling cascades
evolving tyrosine kinase (FAK) phosphorylation to support cytoskeletal rearrangement
and further intracellular transduction of stimuli into the nucleus [16]. In addition, there
are the complexes of other receptors executing cell-ECM communication. Dystrophin
glycoprotein complexes (DGC) link laminins with actin filaments through dystrophin [17].
Discoidin domain receptors (DDR) are known to bind collagens to myosin—actin com-
plexes [17]. Elastin-laminin receptors (ELR) mediate interplay between laminin/elastin
and a-tubulin/F-actin [18]. Syndecans (SDC) connect fibronectins with actin microfila-
ments [19]. Hyaluronan receptors (CD44) contain binding sites for collagens, laminins, and
fibronectins and link these ECM structures with actin cytoskeleton [20].

Inside the cells, the transmission of mechanical stimuli is executed through the cy-
toskeletal filaments to the specialized structure in the nuclear membrane-linker of the
nucleoskeleton and cytoskeleton (LINC) complex, that provides a functional link between
the cytoplasmic and nuclear (lamin) network [21] (Figure 1C). Interconnected cellular
and extracellular compartments form a mechanosensitive unit, which jointly provides a
response to mechanical loading, converting mechanical stimuli into biochemical signals
provided by signaling cascades known as mechanotransduction [22-25]. Under micrograv-
ity, the mechanosensitive unit has to adapt to the reduced gravitational loading, reacting as
a gravisensitive unit.
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Figure 1. The functional unit of mechanoreception: cellular and extracellular compartments.
(A) Ingber’s tensegrity model. (B) Cellular and extracellular mechanosensitive patterns. Tensegrity
stabilizing elements (tension and compression) are modulated by microgravity (ug). (C) Interconnec-
tion between extracellular and cellular mechanosensitive compartments. Transmembrane complexes
(TCs): FAs—focal adhesion complexes; DGC—dystrophin glycoprotein complexes; DDR—discoidin
domain receptors; ELR—elastin-laminin receptors; SDC—syndecans; CD44—hyaluronan receptors;
LINC—the linker of nucleoskeleton and cytoskeleton. Table inset—extracellular ligands and its
receptors. (A-C) Compression-resistant elements are colored in green. Tensional elements are colored
in red. (Created with Biorender.com, https://biorender.com/ (accessed on 10 August 2022).

Microgravity: Over the past decades, real and simulated microgravity studies provided
significant progress in the elucidation of the cellular shoulder of the gravisensitive unit
response. Under microgravity, cells have been shown to develop numerous, often reversible
morphological and functional changes, including cytoskeletal element remodeling, changes
in gene expression, and mosaic rearrangement of intracellular regulation systems, which
has been detailed in several reviews [26-30]. Alterations in the shape, size, and adhesive
properties associated with microtubule and F-actin reorganization have been shown in a
variety of cell types [28,30-33]. These perturbations are based on a significant shift in the
transcriptional and translational activity of cytoskeleton-associated genes and molecules,
respectively [34,35].

The molecular mechanisms of alterations in cellular tensegrity have not been fully
investigated. The gravity-dependent reorganization of tubulin structures is assumed to
be regulated by the microtubule organizing center [32,36,37]. A decreased expression of
actin and actin-associated proteins, namely Arp2/3 and RhoA, under microgravity may
result in the actin cytoskeleton disruption [32,37-39]. Opposing views are also available,
indicating an increased F-actin level and stress fibril formation resulting in the formation
of lamellipodia protrusions [40]. The actin cytoskeleton is considered as the intracellular
effector of mechanical stimuli perception from transmembrane integrin complexes [14].

The apparent contradictions in the findings on the cytoskeleton may be explained by
time-dependent changes in the cytoskeleton components under real or simulated micro-
gravity. Upon microgravity simulation, F-actin redistribution to the cellular periphery and
a decrease in the stress fibril volume were demonstrated as early as after 30 min of exposure.
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In addition, changes in cytoskeletal gene expression which occurred rapidly were transient
and correlated with the cytoskeleton rearrangements [41]. After 120 h, cells partially or
completely re-established the actin cytoskeleton microarchitecture. Such restoration upon a
long-term simulated microgravity appear to reflect the process of adaptation to the altered
gravitational parameters. Interestingly, no pronounced disturbances of microtubule struc-
tures were observed at the mentioned time points [10]. The above may indicate that the
tubulin compartment is the least gravity-sensitive cytoskeleton structure.

The transmission of a mechanical signal through integrins is associated with the clus-
tering of these receptors and the formation of focal contacts. Several studies have shown
changes in the molecular structure of the focal contacts due to the cytoskeleton-ECM
association under microgravity [39,40,42]. The transcription profile of integrin-encoding
genes and the expression of the corresponding molecules have been shown to significantly
change. A downregulation of some genes encoding focal contact proteins, including FAK,
DOCK1 and PTEN, was demonstrated, while CAV1 (caveolin) and RB2/p130 were upregu-
lated [42,43]. Under simulated microgravity, a decreased number of focal adhesion sites
on cells and their redistribution to the area above the nucleus were observed after 30 min
and reached their maximum at 48-120 h. The changes over time were quite consistent
with the above-mentioned F-actin stress fibrils remodeling [26]. The decreased numbers
and sizes of focal contacts may adversely affect the ability of cells to adhere, migrate, and
maintain their viability [44-47]. These findings suggest that transient rearrangements of the
cytoskeleton and associated surface receptors may be the primary events of cell adaptation
to microgravity since they are manifested very shortly after the gravitational field alteration.

More recently, a specialized structure known as the linker of nucleoskeleton and cy-
toskeleton (LINC) was found in the nuclear lamina. LINC provides a functional interaction
between the supporting structures of the cytoplasmic and nuclear compartments [48].
Therefore, the nuclear lamina acts as a mechanosensitive element that regulates both the
biochemical and physical nucleo- and cytoskeleton linking [49-51].

Unlike the cytoskeletal and transmembrane compartments, the study of microgravity
effects in the ECM is at an early stage. This may be due to methodological difficulties, such
as the molecular diversity of the ECM and the complexity of isolation and analysis. At the
same time, the structural uniformity of the ECM in various tissues and organs can augment
the function of the ECM as an integral gravity sensor. Before proceeding to a more detailed
discussion of the currently available data on the fate of ECM under real and simulated
microgravity, it seems appropriate to give a brief summary of the contemporary views on
the ECM.

3. Extracellular Matrix Composition and Tensegrity

For decades, ECM was considered to play a structural role only in tissue shape main-
tenance under mechanical loading and physical support for cell adhesion and migration.
Recent studies have shown that the ECM also plays an important instructive role, provid-
ing biochemical and biomechanical signals that affect cell activity, including migration,
adhesion, phenotypic modulation, and survival. With regard to the subject of this review,
the question arises whether ECM can act as a mechanosensitive detector, triggering the
tissue response circuit to mechanical impact or its deprivation under microgravity.

According to modern concepts, ECM not only forms a three-dimensional molecular
network around cells, thus providing physical maintenance of tissue integrity and elasticity
but is also a flexible structure constantly being remodeled through protease/antiprotease
activity to control tissue homeostasis [52,53].

Recently, the “matrisome” term has been proposed to describe ECM and associated
molecules [54]. This includes the core matrisome, matrisome-associated molecules, and
matrisome-affiliated molecules.

Core matrisome ECM is presented by collagens, glycoproteins, and proteoglycans.
Collagens are the core structural proteins of ECM and are classified as fibrillar (collagen
types I-III, V, and XI) and nonfibrillar [55]. The contribution of collagen fibers to the
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overall tissue structural integrity depends on the fiber density, orientation, cross-linking,
pre-stressing, and interaction with other matrix components [56]. Being the most abundant
proteins in mammals, collagen fibers provide tissue stiffness (the degree of tension changes
under stress) and strength (maximum stress at break) that limits their flexibility. Having a
relatively short half-life, they are not subject to mechanical fatigue [56].

Glycoproteins, such as elastins, laminins, fibronectins, thrombospondins, tenascins,
and nidogen, possess a variety of functions due to their various molecule-binding do-
mains [57,58]. In addition to their involvement in the formation of the ECM structure (due
to binding to other ECM components), glycoproteins play an essential role in ECM—cell
interaction (glycoprotein RGD domains are ligands for integrins) [59].

Elastic fibrils play a key role in providing tissue extensibility and resilience (the
ability to recoil upon unloading). The synthesis of elastin mainly occurs during the fetal
period [60]. After birth, elastogenesis is attenuated and disappears at puberty [61]. The
neo-synthesis of elastin is low or inexistent [62]. Thus, elastic fibrils are deposited and
mature for decades and are the most biologically, chemically, and thermally stable ECM
components, providing “mechanical memory” [63]. In this regard, the mechanical damage
or proteolytic degradation to which they are subjected can result in irreversible changes in
tissue shapes and functions [56].

Proteoglycans (such as aggrecan, versican, perlecan, and decorin) form a “brush”
with glycosaminoglycans (GAG) side chains attached to a core protein. Hyaluronic acid
is unique among other GAGs since it is synthesized on the cell membrane and does not
bind to core protein but can noncovalently bind to other proteoglycans. Proteoglycans
are commonly classified as intracellular, cell surface-bound, pericellular, and extracellular
and provide tissue hydration by retaining water [55]. Extracellular proteoglycans and
hyaluronic acid fill the spaces between cells, being localized throughout the collagen
fibers forming the so-called ground substance. The entire intercellular transport passes
through the ground substance, and growth factor deposition/release occurs therein. This
mixed gel-like complex of GAGs, proteoglycans, and glycoproteins (mainly laminin and
fibronectin) has a very high ability to retain water. This property ensures tissue resistance
against compression. In addition, the ground substance provides the correct stacking of
tropocollagen molecules in fibrils and fibril packaging in collagen fibers that are also in
charge of pressure resistance [55].

Matrisome-associated molecules include ECM remodeling regulators, and secreted and
deposited factors. ECM degrading enzymes (matrix metalloproteinases, serine proteases,
and cathepsins) can directly degrade matrix proteins to produce signaling molecules
(matrikines) or release deposited growth factors. Transglutaminases, lysyl oxidases, and
prolyl hydroxylases provide ECM maturation in extracellular spaces, thus forming a
tissue-specific microenvironment [63]. The balance of proteases and relevant inhibitors is
important to maintain the homeostasis of adult tissues under normal development. Their
misbalance can result in various pathological processes, including tumor progression [1].

ECM structures are able to bind and deposit various biologically active mediators,
growth factors, cytokines, and morphogens. These mediators can be released in response
to microenvironmental signals [64]. Various combinations of matrix molecules have been
found to bind and retain growth factors such as TGF-3, hepatocyte growth factor (HGF),
insulin-like growth factor (IGF), and platelet-derived growth factor (PDGF) [2]. This makes
it possible to stabilize and increase the local levels of mediators, guide their diffusion
through the matrix, and protect against proteolytic degradation [65,66]. In addition, cells
produce fibronectin, proteoglycans, and several other ECM macromolecules in a soluble
form. These macromolecules can be considered as a special group of local mediators,
affecting the neighboring cells only [65]. Unlike other local soluble mediators, they quickly
lose motility and therefore cannot diffuse from their secretion sites. In the extracellular
space, these molecules join the ECM to form an insoluble network. The products of
glycoprotein fragmentation, matrikines, with their regulatory functions different from
those of the original full-sized molecules, are retained in the ECM as well [67,68].
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Matrisome-affiliated molecules include cytokines, mucins, secreted lectins, galectins,
semaphorins, and plexins that are not constitutive components of ECM but may be associ-
ated with it on a functional request [69].

Therefore, the ECM determines the structural integrity in the extracellular space by
presenting cell adhesion sites, thereby limiting or stimulating cell movement and controlling
the diffusion of morphogens. Therefore, the ECM can be considered as a so-called “tissue
code or language” since its rigidity, elasticity, or hydration determine the mechanical
properties of the tissue [70]. In the implementation of ECM tensegrity, elastic structures act
as a tensional element, while individual collagen fibers as well as ground substance are
compression-resistant elements [11]. The extracellular tensegrity network is considered as
a solid-state regulatory system for all cell functions responsible for alterations in genes and
proteins, as well as for changes in cell shapes and motility [11,71,72].

The interaction of cellular and extracellular tensegrity systems supports tissue me-
chanical homeostasis. To provide this, cells have to use feedback mechanisms that detect
changes in the ECM and restore values to their steady-state levels. For example, an acute
increase in stiffness should trigger mechanisms that make the ECM more flexible, whereas
an acute reduction in stiffness should trigger pathways that increase stiffness.

There are several questions on whether and how the major mechanical properties of
compression and tension of the existing ECM change upon gravity deprivation. How can
this affect the properties of the de novo synthesized matrix?

4. Extracellular Matrix and Microgravity

Gravity is a universal mechanical stimulus that determines the mechanical homeostasis
of tissues on the Earth. Accordingly, the ECM tensegrity stabilizing elements, i.e., tension
and compression, will be affected by gravitational unloading at all structural levels of the
body. From this point of view, the skeletal system is most sensitive due to a significant
amount of ECM.

Normal bone tissue homeostasis is based on the dynamic balance between two closely
related physiological processes: the formation and degradation of the bone matrix [73].
This ensures the functional adaptation of bone tissue depending on the requirements of
the “external mechanical field”, including the levels of loading support, as has been shown
in vivo [74-76].

With the beginning of human exploration of space, the issue of microgravity effects on
the bone system has become particularly important. To date, it is known that bone mass
may decrease due to the attenuation of mechanical impulses with the lack of mechanical
loading (hypokinesia, hypodynamia, or immobilization) [77]. It was assumed to occur due
to the dysregulation of concomitant adaptive bone tissue remodeling. Similar deformations
were supposed to occur under microgravity [4,74,78]. The changes in mineral metabolism
and human bone tissue state during space missions have fully justified these theoretical
prerequisites. The data set of the detected physiological changes included the loss of total
bone mass, demineralization of bones bearing an axial support loading on the Earth, a
negative calcium balance, and increased bone resorption markers in blood and urine [4,78,79].
These data convincingly indicate that atrophic bone tissue rearrangements do occur under
microgravity, with their severity largely depending on the bone location relative to the
gravity vector [4,80-82]. Obviously, this fact can significantly limit the duration of a
human stay in space due to the potential risk of osteoporosis and be followed by adverse
consequences upon the return to the gravity of Earth.

During manned space flights, special attention is paid to countermeasures to reduce the
adverse effects of microgravity, which can attenuate the severity of changes in the skeletal
system. Therefore, the examination of the effects of real and simulated microgravity in
experimental animals is of particular interest because of the absence of preventive measures.

The opportunities for aboard animal experiments are extremely limited. Only a few of
such studies have obtained data on ECM and its components. In rats, after 18-22 days at the
Bion-M1 Cosmos biosatellite program, a reduced mineralization of bone tissue, an inhibition
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of periosteal and endosteal remodeling in trabecular bones and the vertebrae, a decreased
number of osteoblasts, and an unchanged number of osteoclasts were observed [83-88].

A reduced level of collagen type I and the appearance of collagen type III typical of
embryonic tissues and early stages of inflammation and healing were found in the bone
tissue [89]. In STS-1 and STS-2 experiments, after 9-14 days of zero gravity, mice had initial
signs of tibial osteopenia and inhibition of bone growth in length [87]. Downregulation of
genes encoding bone tissue proteins, osteonectin, osteocalcin, and collagen type I in femoral
bone cells was observed [90]. The exposure of murine embryonic bone tissue culture at
the Kosmos-2229 biosatellite was followed by the rate reduction in mineralization with a
simultaneous increase in the tissue resorption rate [91].

After a 30-day flight at the Bion-M1 biosatellite, significant alterations were found in
murine cartilage tissues: a decrease in articular cartilage proteoglycans associated with the
downregulation of genes encoding mechano-responsive and structural cartilage matrix
proteins, fibromodulin (FMOD), osteoglycin (OGN), clusterin (CLU), decorin (DCN), colla-
gen X (COL10A1), trombospondin-4 (TSP4), and cartilage oligomeric protein (COMP). In
contrast, no such disturbances were found in the sternal cartilage. The authors emphasized
that it was the weight-bearing articular cartilage and not the minimally loaded sternal
fibrocartilage that was adversely affected by microgravity [92].

Aboard the ISS, live imaging of medaka fish demonstrated an excessive DsRed-
osteocalcin glycoprotein fluorescence compared to the ground control in pharyngeal bone
osteoblasts at flight day 1. At flight days 5 and 8, the increased fluorescent signal persisted.
Post-flight HiSeq global gene analysis found upregulation of genes encoding matrix pro-
teins of osteoblasts: OCN (osteocalcin) and collagen type X (COL10A1). Based on the above,
the authors concluded that the transcriptional response to microgravity developed very
rapidly [93].

In 2021, Fu et al. published the results of a meta-analysis of available data on space
flight bone tissue changes in rodents and primates. All experiments reported a decreased
bone mass, more significant in trabecular bones compared to the cortical bones. The bones
that were weight bearing under normal gravity were affected to a greater extent than the
minimally loaded ones. Changes in the lower extremity bones were much more pronounced
than that in the upper ones. The rate of trabecular bone mass loss was almost independent
of the flight duration and was —1.7% a day. In comparison, the authors indicated that this
parameter was much lower for astronauts (0.7-2.7% per month) due to the countermeasures
undertaken. Osteoblast indices in the rodent trabecular bone were significantly lower than
in cortical bones, while the numbers of osteoclasts showed no changes in rats and varied in
mice. Based on the meta-analysis, the authors concluded that microgravity causes a bone
tissue deficiency in rodents and primates, which may be associated with the decreased
activity of osteogenic cells [94].

The hind limb suspension model is the most common one for ground-based micro-
gravity simulation experiments. In specially equipped cages, rodents are placed in such
a way that the hind limbs are deprived of support, while the animals can move freely on
their front paws and have unlimited access to water and food [95]. Rodent experiments of
various durations (up to 28 weeks) demonstrated a significant decrease in the bone mass
in the trabecular parts of the femur and tibia, similar to the effects of inflight experiments
(1.1-3.5% a day). In addition, similar to during the flights, the changes in the trabecular
parts of bones were more significant than in the cortical ones.

Local bone mass losses under mechanical load deficiency or microgravity suggest
that a mechanical signal (or its lack) can also be perceived at the cell level. The stromal
lineage cells represented both by differentiated and progenitor elements can be involved in
the process.

In vitro, experiments of various durations using osteogenic precursors have been
performed in several space flights. Both at the unmanned Foton-10 satellite [96] and in
the manned STS-54 [97] and STS-59 [98] missions, a downregulation of OCN-encoded
glycoprotein osteocalcin was detected from flight day 5 to day 12. In addition, experiments
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at Foton-10 and STS-59 demonstrated a decreased transcription of COL1A2 (collagen type
I). With increased flight duration, after 17 days on board STS-80, the expression of a number
of osteogenesis-related genes (ALPL, alkaline phosphatase; ON, osteonectin; and OCN,
osteocalcin) in human fetal osteoblasts showed no differences from ground controls [99].

Therefore, inflight observations are the basis to believe that microgravity adversely
affects the transcription of genes encoding ECM proteins during up to 14-day flights. The
increased fluorescent signal of DsRed-osteocalcin described in medaka fish may indicate
the post-translational effects of microgravity [93].

To study the effects of gravity deprivation on cells on the Earth, various simulating
equipment has been developed. These devices include 2D and 3D clinostats, a random
positioning machine (RPM), and rotary wall vessels (RWYV) [100]. The common feature
of all ground-based devices is the randomization of cell position relative to the gravity
vector. Such equipment provides the opportunity to elucidate the mechanisms of the
altered hypogravity impact on cells and to adapt methodological approaches prior to their
use in space missions.

Gravity vector randomization studies using 2D /3D clinostats and RPMs detected mul-
tidirectional changes in the transcription of genes encoding structural proteins, as well as
of ECM-associated and affiliated molecules. Buken et al.(2019), after a three-day fibroblast
RPM exposure, described an increase in COL4A5 and transcription/translation of the major
ECM glycoprotein, fibronectin FN /FN. In MC3T3-E2 osteoblasts, the transcription of genes
encoding enzymes that provide extracellular post-translational modification of collagen fibers,
PLOD1 and PLOD2, and the functional activity of these enzymes were increased during
clinorotation [101]. After 7 days of 2D clinorotation, an increase in the expression of COLI and
COL3 was observed in MSCs [102]. On the other hand, there is evidence of a decrease in the
expression of COL1A and FBN1 (fibrillin) after 7 day’s aclinorotation [102,103]. Regardless
of the model and exposure time, a downregulation of OMD (osteomodulin) that regulates
adhesion was shown in the preosteoblasts [26,104]. In addition to changes in structural
proteins, a decreased transcription of genes encoding molecules associated with ECM
metabolism, transcription factors, cbfal/RUNX2, and growth factors BMP3, FGF4, GDF2,
and GDF3 was observed [26,105].

The available data suggest the existence of complex time-dependent changes in the
transcriptional activity of matrix-associated genes. After 5 days at RPM, the transcription of
COL1A1, COL2A1, and COL9A1 was downregulated in bone marrow MSCs. After 10 days,
no difference was found, and after 20 days, a significant upregulation compared to the static
control was observed. At the same time, after 10 and 20 days of exposure, the expression
of OMD was reduced, and the expression of OCN had no differences vs. static control [26].
According to Ratushnyy and Buravkova (2017), after a 96-h of adipose MSC exposure at RPM,
upregulation of COL12A1, COL15A1, COL16A1, COL1A1, COL5A1, and COL8A1 and the
glycoproteins THBS1, THBS2, THBS3, LAMA, SPARC, TNC, VCAN, and VTN was observed.
With a longer exposure (10 days), the number of ECM genes with an altered transcription
decreased. An increase was found only in COL11A1, LAMB3, and TN [43].

In addition to the stromal cell transcriptional activity, several studies (cited above)
analyzed the ECM features per se. Zhivodernikov et al. (2020) described a decrease in
collagenous and an increase in noncollagenous proteins in MSC ECM after a 10-day RPM
exposure [106]. After 12 days of MSC clinorotation, a decreased mineralization of the
ECM was detected [107]. A similar effect was found after a 20-day RPM exposure of
osteo-induced MSCs [26]. Interestingly, a long-term (20 days) RPM microgravity simulation
had different effects on the mineralization efficacy of the ECM secreted by stromal cells of
different commitments: calcium deposition was attenuated in osteo-committed MSCs, and,
on the contrary, it was increased in osteoblasts [26].

The data from several studies clearly demonstrated the significant alteration in the
transcription levels of matrisome-related genes in stromal lineage cells. This list includes
genes encoding core matrisome compression-resistant proteins such as collagens (COL),
laminins (LAMA, LAMB), as well as glycoproteins: trombospondins (THBS), fibrillin (FBN),
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tenascin (I'NC), vitronectin (VIN), etc. In addition, the genes of the ECM-remodeling
protein encoding lysyl hydroxylases (PLOD1, PLOD?2) also changed transcription. Above
glycoproteins, so-called matricellular proteins are involved in the regulation of tissue devel-
opment, function, and regeneration by controlling cellular response. These molecules act
as a depot of growth factors and other bioactive mediators. The retention/release of these
molecules governs cell adhesion, migration, proliferation, differentiation, etc. [6]. The com-
plex changes in transcription/production of matrisome components under microgravity
no doubts modifies not only the gravisensitivity of cells, but their functions as well. Under
short-term real or simulated microgravity, multidirectional changes in the transcriptional
activity of ECM-associated genes were found to provide the adaptation of stromal lineage
cells with the above impact. In general, the direction of these changes is independent of the
commitment level of stromal precursors. The few observations regarding ECM features
make it possible to conclude that the ECM content and its mineralization decrease as a
result of microgravity.

5. Concluding Remarks

The lack of gravitational loading turned out to be the most important challenge that
humanity faced after leaving the surface of the Earth. Microgravity determines the quality
of life of humans and other mammals aboard spacecraft, changing the biomechanics of the
body at all levels: at the macroscale level (e.g., organs and tissues), microscale level (e.g.,
individual cells), and at the nanoscale level (e.g., molecular complexes or individual pro-
teins) [108]. When applied to cell niches, these are feedback loops involving extracellular,
transmembrane, cellular, and nuclear compartments. From the point of view of mechanobi-
ology, all these compartments are mechanosensitive, and their interaction determines the
execution of mechanotransduction, thus providing adaptation to changes in the mechanical
field. It is obvious that the lack of a permanent gravitational load significantly modulates
all structural compartments of mechanoreception and mechanotransduction (Figure 2).

Figure 2. Mechanoreception check-points and microgravity. Both extracellular and cellular com-
partments of the mechanosensitive functional unit are targets for gravity deprivation signals. The
extracellular matrix (ECM), cytoskeleton (SC), and nucleoskeleton (NS) structures may be considered
as gravity sensors. Specialized molecular hubs, transmembrane complexes (TCs), and the linkers of
nucleoskeleton and cytoskeleton (LINC), provide the conversion of altered gravity signals into the
nucleus mediating microgravity-affected mechanotransduction. Compression-resistant ECM and CS
elements are colored in green. Tensional elements are colored in red.
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In space flights, as well as in ground-based experiments, the coupling of mechanical
incoming and biochemical outgoing signals due to the interaction of cellular tensegrity
system and integrin-based focal adhesion sites (mechanotransduction) have been studied
in detail. Here, we attempted to highlight data on the changes in the extracellular tensegrity
system under gravity deprivation. The papers related to stromal and skeleton tissues as the
most affected ones during space flights were selected for analysis. It turned out that most
available data were from the analysis of the transcriptional/translational activity of stromal
lineage cells, whereas observations on the changes in the ECM under altered gravitational
load were few [102,106]. The loss of bone and muscle mass, undoubtedly associated with
changes in the connective tissue properties of ECM, is one of the most noticeable adverse
effects of microgravity [4,80]. These facts support the urgent need to expand and structure
the knowledge on ECM mechanosensitivity in the context of gravity deprivation.

Author Contributions: Writing—original draft preparation, E.A. and O.Z,; figures’ preparation, D.M.
and I.Z.; writing—review and editing, E.A. and L.B.; supervision, L.B.; project administration, O.K.;
funding acquisition, L.B. All authors have read and agreed to the published version of the manuscript.

Funding: The reported study was funded in part by the RFBR according to the Research Project
No. 19-29-04026 and supported by the Program of Basic Research of IBMP RAS (Project No. 65.3).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Daley, W.P; Peters, S.B.; Larsen, M. Extracellular matrix dynamics in development and regenerative medicine. J. Cell. Sci. 2008,
121, 255-264. [CrossRef] [PubMed]

2. Gattazzo, F; Urciuolo, A.; Bonaldo, P. Extracellular matrix: A dynamic microenvironment for stem cell niche. Biochim. Biophys.
Acta 2014, 1840, 2506-2519. [CrossRef] [PubMed]

3. White, R.J.; Averner, M. Humans in space. Nature 2001, 409, 1115-1118. [CrossRef]

4. Oganov, V. Modern analysis of bone loss mechanisms in microgravity. J. Gravit. Physiol. 2004, 11, P143-P146.

5. Blaber, E.; Marcal, H.; Burns, B.P. Bioastronautics: The influence of microgravity on astronaut health. Astrobiology 2010, 10,
463-473. [CrossRef]

6. Bandzerewicz, A.; Gadomska-Gajadhur, A. Into the tissues: Extracellular matrix and its artificial substitutes: Cell Signalling
Mechanisms. Cells 2022, 11, 914. [CrossRef] [PubMed]

7. Campbell, I.D.; Humphries, M.]. Integrin structure, activation, and interactions. Cold Spring Harb. Perspect. Biol. 2011, 3, a004994.
[CrossRef]

8. Haller, SJ.; Dudley, A.T. Extracellular mechanotransduction. J. Gen. Physiol. 2022, 154, €202113026. [CrossRef]

9.  Baker, BM.,; Trappmann, B.; Wang, W.Y.; Sakar, M.S.; Kim, LL.; Shenoy, V.B.; Burdick, J.A.; Chen, C.S. Cell-mediated fibre
recruitment drives extracellular matrix mechanosensing in engineered fibrillar microenvironments. Nat. Mater. 2015, 14,
1262-1268. [CrossRef]

10. Handorf, AM.; Zhou, Y.; Halanski, M.A.; Li, W]. Tissue stiffness dictates development, homeostasis, and disease progression.
Organogenesis 2015, 11, 1-15. [CrossRef]

11.  Noguera, R.; Nieto, O.A ; Tadeo, I; Farifias, F.; Alvaro, T. Extracellular matrix, biotensegrity and tumor microenvironment. An
update and overview. Histol. Histopathol. 2012, 27, 693-705. [PubMed]

12.  Ingber, D.E.; Wang, N.; Stamenovic, D. Tensegrity, cellular biophysics, and the mechanics of living systems. Rep. Prog. Phys. 2014,
77,046603. [CrossRef] [PubMed]

13. Jansen, K.A.; Donato, D.M.; Balcioglu, H.E.; Schmidt, T.; Danen, E.H.; Koenderink, G.H. A guide to mechanobiology: Where
biology and physics meet. Biochim. Biophys. Acta 2015, 1853, 3043-3052. [CrossRef]

14. Argentati, C.; Morena, F; Tortorella, I.; Bazzucchi, M.; Porcellati, S.; Emiliani, C.; Martino, S. Insight into Mechanobiology: How
stem cells feel mechanical forces and orchestrate biological functions. Int. J. Mol. Sci. 2019, 20, 5337. [CrossRef] [PubMed]

15. Ingber, D.E. Tensegrity: The architectural basis of cellular mechanotransduction. Annu. Rev. Physiol. 1997, 59, 575-599. [CrossRef]

16. Giannone, G.; Dubin-Thaler, B.J.; Rossier, O.; Cai, Y.; Chaga, O.; Jiang, G.; Beaver, W.; Dobereiner, H.G.; Freund, Y.; Borisy, G.
Lamellipodial actin mechanically links myosin activity with adhesion-site formation. Cell 2007, 128, 561-575. [CrossRef]

17. Leiphart, R.J.; Chen, D.; Peredo, A.P.; Loneker, A.E.; Janmey, P.A. Mechanosensing at cellular interfaces. Langmuir 2019, 35,
7509-7519. [CrossRef]

18.  Venticinque, L.; Jamieson, K.V.; Meruelo, D. Interactions between laminin receptor and the cytoskeleton during translation and

cell motility. PLoS ONE 2011, 6, e15895.


http://doi.org/10.1242/jcs.006064
http://www.ncbi.nlm.nih.gov/pubmed/18216330
http://doi.org/10.1016/j.bbagen.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24418517
http://doi.org/10.1038/35059243
http://doi.org/10.1089/ast.2009.0415
http://doi.org/10.3390/cells11050914
http://www.ncbi.nlm.nih.gov/pubmed/35269536
http://doi.org/10.1101/cshperspect.a004994
http://doi.org/10.1085/jgp.202113026
http://doi.org/10.1038/nmat4444
http://doi.org/10.1080/15476278.2015.1019687
http://www.ncbi.nlm.nih.gov/pubmed/22473691
http://doi.org/10.1088/0034-4885/77/4/046603
http://www.ncbi.nlm.nih.gov/pubmed/24695087
http://doi.org/10.1016/j.bbamcr.2015.05.007
http://doi.org/10.3390/ijms20215337
http://www.ncbi.nlm.nih.gov/pubmed/31717803
http://doi.org/10.1146/annurev.physiol.59.1.575
http://doi.org/10.1016/j.cell.2006.12.039
http://doi.org/10.1021/acs.langmuir.8b02841

Life 2022, 12, 1343 11 0f 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Afratis, N.A ; Nikitovic, D.; Multhaupt, H.A.; Theocharis, A.D.; Couchman, J.R.; Karamanos, N.K. Syndecans—Key regulators of
cell signaling and biological functions. FEBS J. 2017, 284, 27-41. [CrossRef]

Chua, I.L.S,; Kim, H.-W.; Lee, ].H. Signaling of extracellular matrices for tissue regeneration and therapeutics. Tissue Eng. Regen.
Med. 2016, 13, 1-12. [CrossRef]

Goelzer, M.; Goelzer, J.; Ferguson, M.L.; Neu, C.P,; Uzer, G. Nuclear envelope mechanobiology: Linking the nuclear structure and
function. Nucleus 2021, 12, 90-114. [CrossRef] [PubMed]

Huang, H.; Kamm, R.D.; Lee, R.T. Cell mechanics and mechanotransduction: Pathways, probes, and physiology. Am. J. Physiol.
(Cell. Physiol.) 2004, 287, C1-C11. [CrossRef]

Discher, D.E.; Janmey, P.; Wang, Y.L. Tissue cells feel and respond to the stiffness of their substrate. Science 2005, 310, 1139-1143.
[CrossRef]

DuFort, C.C.; Paszek, M.].; Weaver, V.M. Balancing forces: Architectural control of mechanotransduction. Nat. Rev. Mol. Cell. Biol.
2011, 12, 308-319. [CrossRef]

Walters, N.J.; Gentleman, E. Evolving insights in cell-matrix interactions: Elucidating how non-soluble properties of the
extracellular niche direct stem cell fate. Acta. Biomater. 2015, 11, 3-16. [CrossRef] [PubMed]

Buravkova, L.B.; Gershovich, PM.; Gershovich, ].G.; Grigor’ev, A.I. Mechanisms of gravitational sensitivity of osteogenic
precursor cells. Acta Nat. 2010, 2, 28-36. [CrossRef]

Hughes-Fulford, M. The role of signaling pathways in osteoblast gravity perception. . Gravit. Physiol. 2002, 9, P257-P260.
[PubMed]

Crawford-Young, S.J. Effects of microgravity on cell cytoskeleton and embryogenesis. Int. J. Dev. Biol. 2006, 50, 183-191.
[CrossRef] [PubMed]

Ulbrich, C.; Wehland, M.; Pietsch, J.; Aleshcheva, G.; Wise, P; van Loon, J.; Magnusson, N.; Infanger, M.; Grosse, J.; Eilles, C.; et al.
The impact of simulated and real microgravity on bone cells and mesenchymal stem cells. Biomed. Res. Int. 2014, 2014, 928507.
[CrossRef]

Vorselen, D.; Roos, W.H.; MacKintosh, F.C.; Wuite, G.J.; van Loon, J.J. The role of the cytoskeleton in sensing changes in gravity
by nonspecialized cells. FASEB |. 2014, 28, 536-547. [CrossRef]

Buravkova, L.B.; Romanov, Y.A. The role of cytoskeleton in cell changes under condition of simulated microgravity. Acta Astronaut.
2001, 48, 647-650. [CrossRef]

Corydon, T.J.; Kopp, S.; Wehland, M.; Braun, M.; Schutte, A.; Mayer, T.; Hulsing, T.; Oltmann, H.; Schmitz, B.; Hemmersbach, R,;
et al. Alterations of the cytoskeleton in human cells in space proved by life-cell imaging. Sci. Rep. 2016, 6, 20043. [CrossRef]
Thiel, C.S.; Tauber, S.; Lauber, B.; Polzer, J.; Seebacher, C.; Uhl, R,; Neelam, S.; Zhang, Y.; Levine, H.; Ullrich, O. Rapid
morphological and cytoskeletal response to microgravity in human primary macrophages. Int. J. Mol. Sci. 2019, 20, 2402.
[CrossRef]

Infanger, M.; Kossmehl, P.; Shakibaei, M.; Bauer, J.; Kossmehl-Zorn, S.; Cogoli, A.; Curcio, F,; Oksche, A.; Wehland, M.; Kreutz, R.;
et al. Simulated weightlessness changes the cytoskeleton and extracellular matrix proteins in papillary thyroid carcinoma cells.
Cell. Tissue Res. 2006, 324, 267-277. [CrossRef] [PubMed]

Tauber, S.; Lauber, B.A.; Paulsen, K,; Layer, L.E.; Lehmann, M.; Hauschild, S.; Shepherd, N.R.; Polzer, J.; Segerer, ].; Thiel, C.S;
et al. Cytoskeletal stability and metabolic alterations in primary human macrophages in long-term microgravity. PLoS ONE 2017,
12, €0175599. [CrossRef] [PubMed]

Lewis, M.L.; Reynolds, J.L.; Cubano, L.A.; Hatton, J.P.; Lawless, B.D.; Piepmeier, E.H. Spaceflight alters microtubules and increases
apoptosis in human lymphocytes (Jurkat). FASEB J. 1998, 12, 1007-1018. [CrossRef]

Corydon, T.J.; Mann, V; Slumstrup, L.; Kopp, S.; Sahana, J.; Askou, A.L.; Magnusson, N.E.; Echegoyen, D.; Bek, T.; Sundaresan,
A.; et al. Reduced expression of cytoskeletal and extracellular matrix genes in human adult retinal pigment epithelium cells
exposed to simulated microgravity. Cell. Physiol. Biochem. 2016, 40, 1-17. [CrossRef]

Louis, E; Bouleftour, W.; Rattner, A.; Linossier, M.-T.; Vico, L.; Guignandon, A. Rho-GTPase stimulation is associated with stron-
tium chloride treatment to counter simulated microgravity-induced changes in multipotent cell commitment. NP] Microgravity
2017, 3, 7. [CrossRef]

Tan, X.; Xu, A.; Zhao, T.; Zhao, Q.; Zhang, J.; Fan, C.; Deng, Y.; Freywald, A.; Genth, H.; Xiang, J. Simulated microgravity inhibits
cell focal adhesions leading to reduced melanoma cell proliferation and metastasis via FAK/RhoA-regulated mTORC1 and
AMPK pathways. Sci. Rep. 2018, 8, 3769. [CrossRef]

Nassef, M.Z.; Kopp, S.; Wehland, M.; Melnik, D.; Sahana, J.; Kruger, M.; Corydon, T.J.; Oltmann, H.; Schmitz, B.; Schutte, A.; et al.
Real microgravity influences the cytoskeleton and focal adhesions in human breast cancer cells. Int. . Mol. Sci. 2019, 20, 3156.
[CrossRef]

Gershovich, PM.; Gershovich, J.G.; Zhambalova, A.P; Romanov, Y.A.; Buravkova, L.B. Cytoskeletal proteins and stem cell
markers gene expression in human bone marrow mesenchymal stromal cells after different periods of simulated microgravity.
Acta Astronaut. 2012, 70, 36—42. [CrossRef]

Grenon, S.M.; Jeanne, M.; Aguado-Zuniga, J.; Conte, M.S.; Hughes-Fulford, M. Effects of gravitational mechanical unloading
in endothelial cells: Association between caveolins, inflammation and adhesion molecules. Sci. Rep. 2013, 3, 1494. [CrossRef]
[PubMed]


http://doi.org/10.1111/febs.13940
http://doi.org/10.1007/s13770-016-9075-0
http://doi.org/10.1080/19491034.2021.1962610
http://www.ncbi.nlm.nih.gov/pubmed/34455929
http://doi.org/10.1152/ajpcell.00559.2003
http://doi.org/10.1126/science.1116995
http://doi.org/10.1038/nrm3112
http://doi.org/10.1016/j.actbio.2014.09.038
http://www.ncbi.nlm.nih.gov/pubmed/25266503
http://doi.org/10.32607/20758251-2010-2-1-28-35
http://www.ncbi.nlm.nih.gov/pubmed/15002570
http://doi.org/10.1387/ijdb.052077sc
http://www.ncbi.nlm.nih.gov/pubmed/16479487
http://doi.org/10.1155/2014/928507
http://doi.org/10.1096/fj.13-236356
http://doi.org/10.1016/S0094-5765(01)00023-6
http://doi.org/10.1038/srep20043
http://doi.org/10.3390/ijms20102402
http://doi.org/10.1007/s00441-005-0142-8
http://www.ncbi.nlm.nih.gov/pubmed/16432709
http://doi.org/10.1371/journal.pone.0175599
http://www.ncbi.nlm.nih.gov/pubmed/28419128
http://doi.org/10.1096/fasebj.12.11.1007
http://doi.org/10.1159/000452520
http://doi.org/10.1038/s41526-016-0004-6
http://doi.org/10.1038/s41598-018-20459-1
http://doi.org/10.3390/ijms20133156
http://doi.org/10.1016/j.actaastro.2011.07.028
http://doi.org/10.1038/srep01494
http://www.ncbi.nlm.nih.gov/pubmed/23511048

Life 2022, 12, 1343 12 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ratushnyy, A.Y.; Buravkova, L.B. Expression of focal adhesion genes in mesenchymal stem cells under simulated microgravity.
Dokl. Biochem. Biophys. 2017, 477, 354-356. [CrossRef] [PubMed]

Guignandon, A.; Akhouayri, O.; Usson, Y.; Rattner, A.; Laroche, N.; Lafage-Proust, M.H.; Alexandre, C.; Vico, L. Focal contact
clustering in osteoblastic cells under mechanical stresses: Microgravity and cyclic deformation. Cell. Commun. Adhes. 2003, 10,
69-83. [CrossRef] [PubMed]

Jo, ]J.; Abdi Nansa, S.; Kim, D.H. Molecular regulators of cellular mechanoadaptation at cell-material interfaces. Front. Bioeng.
Biotechnol. 2020, 8, 608569. [CrossRef]

Ahn, C.B.; Lee, ].H,; Han, D.G.; Kang, HW.; Lee, S.H.; Lee, ].I; Son, K.H.; Lee, ].W. Simulated microgravity with floating
environment promotes migration of non-small cell lung cancers. Sci. Rep. 2019, 9, 14553. [CrossRef]

Dietz, C.; Infanger, M.; Romswinkel, A.; Strube, F.; Kraus, A. Apoptosis induction and alteration of cell adherence in human lung
cancer cells under simulated microgravity. Int. J. Mol. Sci. 2019, 20, 3601. [CrossRef]

Lombardi, M.L.; Jaalouk, D.E.; Shanahan, C.M.; Burke, B.; Roux, K.J.; Lammerding, J. The interaction between nesprins and sun
proteins at the nuclear envelope is critical for force transmission between the nucleus and cytoskeleton. J. Biol. Chem. 2011, 286,
26743-26753. [CrossRef]

Fedorchak, G.R.; Kaminski, A.; Lammerding, ]. Cellular mechanosensing: Getting to the nucleus of it all. Prog. Biophys. Mol. Biol.
2014, 115, 76-92. [CrossRef]

Navarro, A.; Collins, M.; Folker, E. The nucleus is a conserved mechanosensation and mechanoresponse organelle. Cytoskeleton
2016, 73, 59-67. [CrossRef]

Belaadi, N.; Aureille, J.; Guilluy, C. Under pressure: Mechanical stress management in the nucleus. Cells 2016, 5, 27. [CrossRef]
[PubMed]

Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195-4200. [CrossRef] [PubMed]
Clause, K.C.; Barker, T.H. Extracellular matrix signaling in morphogenesis and repair. Curr. Opin. Biotechnol. 2013, 24, 830-833.
[CrossRef]

Hynes, R.O.; Naba, A. Overview of the matrisome—An inventory of extracellular matrix constituents and functions. Cold Spring
Harb. Perspect. Biol. 2012, 4, a004903. [CrossRef] [PubMed]

Iozzo, R.V.; Schaefer, L. Proteoglycan form and function: A comprehensive nomenclature of proteoglycans. Matrix. Biol. 2015, 42,
11-55. [CrossRef]

Humphrey, ].D.; Dufresne, E.R.; Schwartz, M.A. Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell.
Biol. 2014, 15, 802-812. [CrossRef]

Halper, ].K.M. Basic components of connective tissues and extracellular matrix: Elastin, fibrillin, fibulins, fibrinogen, fibronectin,
laminin, tenascins and thrombospondins. Adv. Exp. Med. Biol. 2014, 802, 31-47.

Zollinger, A.J.; Smith, M.L. Fibronectin, the extracellular glue. Matrix. Biol. 2017, 60-61, 27-37. [CrossRef]

Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697-715. [CrossRef]

Uitto, J.; Christiano, A.M.; Kahari, V.M.; Bashir, M.M.; Rosenbloom, J. Molecular biology and pathology of human elastin. Biochem.
Soc. Trans. 1991, 19, 824-829. [CrossRef]

Swee, M.H.; Parks, W.C.; Pierce, R.A. Developmental regulation of elastin production. Expression of tropoelastin pre-mRNA
persists after down-regulation of steady-state mRNA levels. |. Biol. Chem. 1995, 270, 14899-14906. [CrossRef]

Petersen, E.; Wagberg, F.; Angquist, K.A. Serum concentrations of elastin-derived peptides in patients with specific manifestations
of atherosclerotic disease. Eur. J. Vasc. Endovasc. Surg. 2002, 24, 440-444. [CrossRef]

Lu, P; Takai, K.; Weaver, V.M.; Werb, Z. Extracellular matrix degradation and remodeling in development and disease. Cold
Spring Harb. Perspect. Biol. 2011, 3, a005058. [CrossRef]

Discher, D.E.; Mooney, D.].; Zandstra, PW. Growth factors, matrices, and forces combine and control stem cells. Science 2009, 324,
1673-1677. [CrossRef]

Rahman, S.; Patel, Y.; Murray, J.; Patel, K.V.,; Sumathipala, R.; Sobel, M.; Wijelath, E.S. Novel hepatocyte growth factor (HGF)
binding domains on fibronectin and vitronectin coordinate a distinct and amplified Met-integrin induced signalling pathway in
endothelial cells. BMC Cell Biol. 2005, 6, 8. [CrossRef]

Martino, M.M.; Brkic, S.; Bovo, E.; Burger, M.; Schaefer, D.J.; Wolff, T.; Gurke, L.; Briquez, P.S.; Larsson, H.M.; Gianni-Barrera, R.;
et al. Extracellular matrix and growth factor engineering for controlled angiogenesis in regenerative medicine. Front. Bioeng.
Biotechnol. 2015, 3, 45. [CrossRef]

Bellon, G.; Martiny, L.; Robinet, A. Matrix metalloproteinases and matrikines in angiogenesis. Crit. Rev. Oncol./Hematol. 2004, 49,
203-220. [CrossRef]

Adair-Kirk, T.L.; Senior, R.M. Fragments of extracellular matrix as mediators of inflammation. Int. |. Biochem. Cell. Biol. 2008, 40,
1101-1110. [CrossRef]

Naba, A.; Clauser, K.R.; Ding, H.; Whittaker, C.A.; Carr, S.A.; Hynes, R.O. The extracellular matrix: Tools and insights for the
“omics” era. Matrix. Biol. 2016, 49, 10-24. [CrossRef]

Rozario, T.; DeSimone, D.W. The extracellular matrix in development and morphogenesis: A dynamic view. Dev. Biol. 2010, 341,
126-140. [CrossRef]

Mustata, T.; Rusu, V. Mechanotransduction and tensegrity (I). Rev. Med. Chir. Soc. Med. Nat. Iasi. 1998, 102, 25-35. [PubMed]


http://doi.org/10.1134/S1607672917060035
http://www.ncbi.nlm.nih.gov/pubmed/29297120
http://doi.org/10.1080/cac.10.2.69.83
http://www.ncbi.nlm.nih.gov/pubmed/14681058
http://doi.org/10.3389/fbioe.2020.608569
http://doi.org/10.1038/s41598-019-50736-6
http://doi.org/10.3390/ijms20143601
http://doi.org/10.1074/jbc.M111.233700
http://doi.org/10.1016/j.pbiomolbio.2014.06.009
http://doi.org/10.1002/cm.21277
http://doi.org/10.3390/cells5020027
http://www.ncbi.nlm.nih.gov/pubmed/27314389
http://doi.org/10.1242/jcs.023820
http://www.ncbi.nlm.nih.gov/pubmed/21123617
http://doi.org/10.1016/j.copbio.2013.04.011
http://doi.org/10.1101/cshperspect.a004903
http://www.ncbi.nlm.nih.gov/pubmed/21937732
http://doi.org/10.1016/j.matbio.2015.02.003
http://doi.org/10.1038/nrm3896
http://doi.org/10.1016/j.matbio.2016.07.011
http://doi.org/10.1146/annurev.cellbio.12.1.697
http://doi.org/10.1042/bst0190824
http://doi.org/10.1074/jbc.270.25.14899
http://doi.org/10.1053/ejvs.2002.1750
http://doi.org/10.1101/cshperspect.a005058
http://doi.org/10.1126/science.1171643
http://doi.org/10.1186/1471-2121-6-8
http://doi.org/10.3389/fbioe.2015.00045
http://doi.org/10.1016/j.critrevonc.2003.10.004
http://doi.org/10.1016/j.biocel.2007.12.005
http://doi.org/10.1016/j.matbio.2015.06.003
http://doi.org/10.1016/j.ydbio.2009.10.026
http://www.ncbi.nlm.nih.gov/pubmed/10756840

Life 2022, 12, 1343 13 of 14

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Huang, C.; Miyazaki, K.; Akaishi, S.; Watanabe, A.; Hyakusoku, H.; Ogawa, R. Biological effects of cellular stretch on human
dermal fibroblasts. J. Plast. Reconstr. Aesthet. Surg. 2013, 66, e351-e361. [CrossRef] [PubMed]

Florencio-Silva, R.; Sasso, G.R.d.S.; Sasso-Cerri, E.; Simoes, M.J.; Cerri, P.S. Biology of bone tissue: Structure, function, and factors
that influence bone cells. Biomed. Res. Int. 2015, 2015, 421746. [CrossRef] [PubMed]

Yeh, ].K.; Aloia, ].E; Tierney, ].M.; Sprintz, S. Effect of treadmill exercise on vertebral and tibial bone mineral content and bone
mineral density in the aged adult rat: Determined by dual energy X-ray absorptiometry. Calcif. Tissue Int. 1993, 52, 234-238.
[CrossRef]

Raisz, L.G. Physiology and pathophysiology of bone remodeling. Clin. Chem. 1999, 45, 1353-1358.

Reijnders, K.; Coppes, M.; van Hulzen, A.; Gravendeel, J.; Ginkel, R.J.; Hoekstra, H. Image guided surgery: New technology for
surgery of soft tissue and bone sarcomas. Eur. J. Surg. Oncol. 2007, 33, 390-398. [CrossRef]

Zerath, E. Gravitational microenvironment and bone tissue: Lessions from space studies. In Adaptation Biology and Medicine;
Moravec, J., Takeda, N., Singai, PK., Eds.; Narosa Publishing House: New Deli, India, 2002; pp. 202-210.

Vico, L.; Hinsenkamp, M.; Jones, D.; Marie, P]J.; Zallone, A.; Cancedda, R. Osteobiology, strain, and microgravity. Part II: Studies
at the tissue level. Calcif. Tissue Int. 2001, 68, 1-10. [CrossRef]

Grimm, D.; Grosse, ].; Wehland, M.; Mann, V.; Reseland, J.E.; Sundaresan, A.; Corydon, T.J. The impact of microgravity on bone in
humans. Bone 2016, 87, 44-56. [CrossRef]

Sibonga, J.; Evans, H.J.; Sung, H.G.; Spector, E.; Lang, T.; Oganov, V.S.; Bakulin, A.V.; Shackelford, L.; LeBlanc, A.D. Recovery of
spaceflight-induced bone loss: Bone mineral density after long-duration missions as fitted with an exponential function. Bone
2008, 41, 973-978. [CrossRef]

Nagaraja, M.P; Risin, D. The current state of bone loss research: Data from spaceflight and microgravity simulators. J. Cell.
Biochem. 2013, 114, 1001-1008. [CrossRef]

Smith, S.; Heer, M.; Shackelford, L.; Sibonga, J.; Spatz, ].; Pietrzyk, R.; Hudson, E.; Zwart, S. Bone metabolism and renal stone risk
during International Space Station missions. Bone 2015, 81, 712-720. [CrossRef] [PubMed]

Jee, W.S.; Wronski, T.J.; Morey, E.R.; Kimmel, D.B. Effects of spaceflight on trabecular bone in rats. Am. |. Physiol. 1983, 244,
R310-R314. [CrossRef] [PubMed]

Wronski, T.J.; Morey, E.R. Effect of spaceflight on periosteal bone formation in rats. Am. J. Physiol. Regul. Integr. Comp. Physiol.
1983, 244, R305-R309. [CrossRef]

Zernicke, R.F; Vailas, A.C.; Salem, G.]J. Biomechanical response of bone to weightlessness. Exerc. Sport. Sci. Rev. 1990, 18, 167-192.
[CrossRef]

Pedrini-Mille, A.; Maynard, J.A.; Durnova, G.N.; Kaplansky, A.S.; Pedrini, V.A.; Chung, C.B.; Fedler-Troester, ]. Effects of
microgravity on the composition of the intervertebral disk. J. Appl. Physiol. 1992, 73, S26-532. [CrossRef] [PubMed]

Durnova, G.; Kaplansky, A.; Morey-Holton, E. Histomorphometric study of tibia of rats exposed aboard American Spacelab Life
Sciences 2 Shuttle Mission. |. Gravit. Physiol. 1996, 3, 80-81. [PubMed]

Ilyin, E. Historical overview of the Bion project. J. Gravit. Physiol. 2000, 7, S1-S8.

Arnaud, S.B.; Buckendahl, P; Durnova, G.; Bromage, T.; Yamauchi, M. Bone biochemistry in rat femoral diaphysis after space
flight. J. Gravit. Physiol. 2000, 7, 7-15.

Evans, G.L.; Morey-Holton, E.; Turner, R.T. Spaceflight has compartment- and gene-specific effects on mRNA levels for bone
matrix proteins in rat femur. J. Appl. Physiol. 1998, 84, 2132-2137. [CrossRef]

Van Loon, ] .J.; Bervoets, D.J.; Burger, E.H.; Dieudonne, 5.C.; Hagen, ] W.; Semeins, C.M.; Doulabi, B.Z.; Veldhuijzen, ].P. Decreased
mineralization and increased calcium release in isolated fetal mouse long bones under near weightlessness. |. Bone Miner. Res.
1995, 10, 550-557. [CrossRef]

Fitzgerald, J.; Endicott, J.; Hansen, U.; Janowitz, C. Articular cartilage and sternal fibrocartilage respond differently to extended
microgravity. NP] Microgravity 2019, 5, 3. [CrossRef] [PubMed]

Chatani, M.; Morimoto, H.; Takeyama, K.; Mantoku, A.; Tanigawa, N.; Kubota, K.; Suzuki, H.; Uchida, S.; Tanigaki, F.; Shirakawa,
M.; et al. Acute transcriptional up-regulation specific to osteoblasts/osteoclasts in medaka fish immediately after exposure to
microgravity. Sci. Rep. 2016, 6, 39545. [CrossRef] [PubMed]

Fu, J.; Goldsmith, M.; Crooks, S.D.; Condon, S.E,; Morris, M.; Komarova, S.V. Bone health in spacefaring rodents and primates:
Systematic review and meta-analysis. NP] Microgravity 2021, 7, 19. [CrossRef] [PubMed]

Globus, R.K.; Morey-Holton, E. Hindlimb unloading: Rodent analog for microgravity. J. Appl. Physiol. 2016, 120, 1196-1206.
[CrossRef]

Carmeliet, G.; Nys, G.; Bouillon, R. Microgravity reduces the differentiation of human osteoblastic MG-63 cells. JBMR 1997, 12,
786-794. [CrossRef]

Bikle, D.D.; Harris, J.; Halloran, B.P.; Morey-Holton, E. Altered skeletal pattern of gene expression in response to spaceflight and
hindlimb elevation. Am. |. Physiol. Endocrinol. Metab. 1994, 267, E822-E827. [CrossRef]

Landis, W.]J.; Hodgens, K.J.; Block, D.; Toma, C.D.; Gerstenfeld, L.C. Spaceflight effects on cultured embryonic chick bone cells.
JBMR 2000, 15, 1099-1112. [CrossRef]

Harris, S.A.; Zhang, M; Kidder, L.S,; Evans, G.L.; Spelsberg, T.C.; Turner, R.T. Effects of orbital spaceflight on human osteoblastic
cell physiology and gene expression. Bone 2000, 26, 325-331. [CrossRef]


http://doi.org/10.1016/j.bjps.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24055333
http://doi.org/10.1155/2015/421746
http://www.ncbi.nlm.nih.gov/pubmed/26247020
http://doi.org/10.1007/BF00298725
http://doi.org/10.1016/j.ejso.2006.10.030
http://doi.org/10.1007/BF02684996
http://doi.org/10.1016/j.bone.2015.12.057
http://doi.org/10.1016/j.bone.2007.08.022
http://doi.org/10.1002/jcb.24454
http://doi.org/10.1016/j.bone.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26456109
http://doi.org/10.1152/ajpregu.1983.244.3.R310
http://www.ncbi.nlm.nih.gov/pubmed/6829790
http://doi.org/10.1152/ajpregu.1983.244.3.R305
http://doi.org/10.1249/00003677-199001000-00008
http://doi.org/10.1152/jappl.1992.73.2.S26
http://www.ncbi.nlm.nih.gov/pubmed/1526953
http://www.ncbi.nlm.nih.gov/pubmed/11540293
http://doi.org/10.1152/jappl.1998.84.6.2132
http://doi.org/10.1002/jbmr.5650100407
http://doi.org/10.1038/s41526-019-0063-6
http://www.ncbi.nlm.nih.gov/pubmed/30793021
http://doi.org/10.1038/srep39545
http://www.ncbi.nlm.nih.gov/pubmed/28004797
http://doi.org/10.1038/s41526-021-00147-7
http://www.ncbi.nlm.nih.gov/pubmed/34075059
http://doi.org/10.1152/japplphysiol.00997.2015
http://doi.org/10.1359/jbmr.1997.12.5.786
http://doi.org/10.1152/ajpendo.1994.267.6.E822
http://doi.org/10.1359/jbmr.2000.15.6.1099
http://doi.org/10.1016/S8756-3282(00)00234-9

Life 2022, 12, 1343 14 of 14

100.

101.

102.

103.

104.

105.

106.

107.

108.

Bradbury, P; Wu, H.; Choi, ].U.; Rowan, A.E.; Zhang, H.; Poole, K.; Lauko, J.; Chou, J. Modeling the impact of microgravity at the
cellular level: Implications for human disease. Front. Cell. Dev. Biol. 2020, 8, 96. [CrossRef]

Buken, C.; Sahana, J.; Corydon, T.; Melnik, D.; Bauer, J.; Wehland, M.; Kriiger, M.; Balk, S.; Abuagela, N.; Infanger, M.; et al.
Morphological and molecular changes in juvenile normal human fibroblasts exposed to simulated microgravity. Sci. Rep. 2019, 9,
11882. [CrossRef]

Ebnerasuly, F; Hajebrahimi, Z.; Tabaie, S.M.; Darbouy, M. Simulated microgravity condition alters the gene expression of some
ECM and adhesion molecules in adipose derived stem cells. Int. ]. Mol. Cell. Med. 2018, 7, 146-157. [PubMed]

Makihira, S.; Kawahara, Y.; Yuge, L.; Mine, Y.; Nikawa, H. Impact of the microgravity environment in a 3-dimensional clinostat
on osteoblast- and osteoclast-like cells. Cell. Biol. Int. 2008, 32, 1176-1181. [CrossRef] [PubMed]

Pardo, S.; Patel, M.; Sykes, M.; Platt, M.; Boyd, N.; Sorescu, G.; Xu, M.; Loon, J.; Wang, M.; Jo, H. Simulated microgravity using
the Random Positioning Machine inhibits differentiation and alters gene expression profiles of 2T3 preosteoblasts. Am. J. Physiol.
Cell. Physiol. 2005, 288, C1211-C1221. [CrossRef] [PubMed]

Dai, Z.; Wang, R.; Ling, S.; Wan, Y.M.; Li, Y. Simulated microgravity inhibits the proliferation and osteogenesis of rat bone marrow
mesenchymal stem cells. Cell. Prolif. 2008, 41, 375. [CrossRef]

Zhivodernikov, I.V,; Ratushnyy, A.Y.; Matveeva, D.K.; Buravkova, L.B. Extracellular matrix proteins and transcription of matrix-
associated genes in mesenchymal stromal cells during modeling of the effects of microgravity. Bull. Exp. Biol. Med. 2020, 170,
230-232. [CrossRef]

Uddin, S.M.Z.; Qin, Y.X. Enhancement of osteogenic differentiation and proliferation in human mesenchymal stem cells by a
modified low intensity ultrasound stimulation under simulated microgravity. PLoS ONE 2013, 8, €73914.

Urbanczyk, M.; Layland, S.L.; Schenke-Layland, K. The role of extracellular matrix in biomechanics and its impact on bioengi-
neering of cells and 3D tissues. Matrix. Biol. 2020, 85-86, 1-14. [CrossRef]


http://doi.org/10.3389/fcell.2020.00096
http://doi.org/10.1038/s41598-019-48378-9
http://www.ncbi.nlm.nih.gov/pubmed/31565646
http://doi.org/10.1016/j.cellbi.2008.04.027
http://www.ncbi.nlm.nih.gov/pubmed/18550393
http://doi.org/10.1152/ajpcell.00222.2004
http://www.ncbi.nlm.nih.gov/pubmed/15689415
http://doi.org/10.1111/j.1365-2184.2008.00525.x
http://doi.org/10.1007/s10517-020-05040-z
http://doi.org/10.1016/j.matbio.2019.11.005

	Introduction 
	Cells in the Local Microenvironment: Functional Unit of Mechanoreception 
	Extracellular Matrix Composition and Tensegrity 
	Extracellular Matrix and Microgravity 
	Concluding Remarks 
	References

