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Abstract: Muscle and skeleton structures are considered most susceptible to negative factors of
spaceflights, namely microgravity. Three-dimensional clinorotation is a ground-based simulation
of microgravity. It provides an opportunity to elucidate the effects of microgravity at the cellular
level. The extracellular matrix (ECM) content, transcriptional profiles of genes encoding ECM and
remodelling molecules, and secretory profiles were investigated in a heterotypic primary culture
of bone marrow cells after 14 days of 3D clinorotation. Simulated microgravity negatively affected
stromal lineage cells, responsible for bone tissue formation. This was evidenced by the reduced ECM
volume and stromal cell numbers, including multipotent mesenchymal stromal cells (MSCs). ECM
genes encoding proteins responsible for matrix stiffness and cell-ECM contacts were downregulated.
In a heterotypic population of bone marrow cells, the upregulation of genes encoding ECM degrading
molecules and the formation of a paracrine profile that can stimulate ECM degradation, may be
mechanisms of osteodegenerative events that develop in real spaceflight.

Keywords: microgravity simulation; 3D clinorotation; mice; bone marrow; stromal lineage cells;
multipotent mesenchymal stromal cells; extracellular matrix; transcriptomics

1. Introduction

Microgravity is one of the most important factors determining the state of living
beings in spaceflight. In studying the mechanisms of microgravity effects, the analysis of
bone tissue remodelling is of particular importance. Atrophic changes in bone tissue have
been observed in astronauts after long-term missions [1–8]. In general, there was a loss of
1.0–1.5% of bone mineral density per month of spaceflight [2].

Experiments with animals in space suggested that the impairment of bone formation
could be considered a key event in bone loss. For instance, bone formation was suppressed
during spaceflight in young rats. In mature rats, bone resorption predominated with little
change in bone formation [9–15]. It was suggested that the observed changes in bone tissue
may be related to the disruption of extracellular matrix (ECM) remodelling in the cells of the
stromal lineage [16,17]. Various techniques for ground-based simulation of microgravity
effects provide an opportunity to at least partially fill this gap. Several approaches have
been developed to simulate the effects of spaceflight in ground-based conditions. These
include physiological level or in vitro experiments. To study the effects of microgravity on
cells, various devices have been developed to simulate gravity deprivation. Currently, 3D
clinorotation, which provides continuous random changes in orientation relative to the
vector of gravity, is most widely used for studies at the cellular level [18].

Exposure to microgravity for several days showed a marked suppression of differen-
tiation of human bone marrow mesenchymal stem cells into osteoblasts, manifested by
decreased expression of ALP, a lack of mineralization, and downregulation of COL1A1,
SPARC, and RunX2 [19]. A change in the functional activity of bone marrow stromal progen-
itors led to remodelling of the ECM. The genes encoding collagen types I, III, IV, V, VI, and
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VIII; osteocalcin; and osteopontin were downregulated, whereas matrix metalloprotease
genes were upregulated [20–25].

The above data suggest that the metabolism of the ECM of stromal lineage cells is
seriously compromised following microgravity. It is known that the renewal of the bone
osteogenic cells comes from the pool of stromal lineage cells localized in the bone marrow,
in which they are a part of the haematopoietic niche. Haematopoietic lineage cells have a
strong paracrine effect on the functional activity of stromal cells [26]. Therefore, to study
the effects of simulated microgravity on the state of the stromal lineage cells, we used a
heterotypic population of adherent cells from mouse bone marrow. This was performed to
preserve the close interaction with the rest of the bone marrow cells that is so important for
the fate of osteoprogenitors.

In this work, the ECM content, the transcriptional profiles of genes encoding ECM
and remodelling molecules, and the secretory profiles of cultured cells were investigated in
a heterotypic primary cell culture of bone marrow cells.

2. Results and Discussion
2.1. Characterization of the Heterocellular Bone Marrow Population in Primary Culture

Marrow-derived adherent cells are a well-established heterocellular population that
comprise at least two morphological subtypes: fibroblastic colonies and clusters of macro-
phages [27,28]. They have long been used in vitro experiments to study the effects of
various factors on haematopoietic cells, including those from bone marrow [27,28]. We
applied this cellular model to study the effects of simulated microgravity on stromal lineage
cells in heterotypic cooperation.

After 14 days in culture, differences in cell morphology were observed between Earth’s
gravity (1 g) and simulated microgravity (sµg) samples (Figure 1). In the 1 g group, there
were numerous areas of high cell density corresponding to the morphological features of
bone marrow stromal cells. Macrophage-like cells were located at the periphery of such
clusters. After sµg, there were fewer such cell clusters and the density of cells within them
was lower. Macrophage-like cells were present in greater numbers and were located in the
space between the stromal cells (Figure 1).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  2  of  14 
 

 

SPARC, and RunX2 [19]. A change in the functional activity of bone marrow stromal pro-

genitors led to remodelling of the ECM. The genes encoding collagen types I, III, IV, V, VI, 

and VIII; osteocalcin; and osteopontin were downregulated, whereas matrix metallopro-

tease genes were upregulated [20–25]. 

The above data suggest that the metabolism of the ECM of stromal lineage cells is 

seriously compromised following microgravity. It is known that the renewal of the bone 

osteogenic cells comes from the pool of stromal lineage cells localized in the bone marrow, 

in which they are a part of the haematopoietic niche. Haematopoietic lineage cells have a 

strong paracrine effect on the functional activity of stromal cells [26]. Therefore, to study 

the effects of simulated microgravity on the state of the stromal lineage cells, we used a 

heterotypic population of adherent cells from mouse bone marrow. This was performed 

to preserve the close interaction with the rest of the bone marrow cells that is so important 

for the fate of osteoprogenitors. 

In this work, the ECM content, the transcriptional profiles of genes encoding ECM 

and remodelling molecules, and the secretory profiles of cultured cells were investigated 

in a heterotypic primary cell culture of bone marrow cells. 

2. Results and Discussion 

2.1. Characterization of the Heterocellular Bone Marrow Population in Primary Culture 

Marrow-derived adherent cells are a well-established heterocellular population that 

comprise at least two morphological subtypes: fibroblastic colonies and clusters of mac-

rophages [27,28]. They have long been used in vitro experiments to study the effects of 

various  factors on haematopoietic cells,  including  those  from bone marrow  [27,28]. We 

applied this cellular model to study the effects of simulated microgravity on stromal line-

age cells in heterotypic cooperation. 

After  14  days  in  culture,  differences  in  cell morphology were  observed  between 

Earth’s gravity (1 g) and simulated microgravity (sµg) samples (Figure 1). In the 1 g group, 

there were numerous areas of high cell density corresponding to the morphological fea-

tures of bone marrow stromal cells. Macrophage-like cells were located at the periphery 

of such clusters. After sµg,  there were  fewer such cell clusters and  the density of cells 

within them was lower. Macrophage-like cells were present in greater numbers and were 

located in the space between the stromal cells. (Figure 1). 

 

Figure 1. Bone marrow cells after 14 days in primary culture. Representative images, phase contrast, 

magn. 200×. Higher magnification in insets: stromal fibroblast-like cells are marked with a red arrow; 

macrophage-like cells are marked with a black arrow. 

After enzymatic detachment, cells were counted. Adherent cell numbers in the 1 g 

group were 1.4 × 106 ± 0.04 (p ≤ 0.05) compared to 1.1 × 106 ± 0.04 (p ≤ 0.05) following sµg. 

Figure 1. Bone marrow cells after 14 days in primary culture. Representative images, phase contrast,
magn. 200×. Higher magnification in insets: stromal fibroblast-like cells are marked with a red arrow;
macrophage-like cells are marked with a black arrow.

After enzymatic detachment, cells were counted. Adherent cell numbers in the 1 g
group were 1.4 × 106 ± 0.04 (p ≤ 0.05) compared to 1.1 × 106 ± 0.04 (p ≤ 0.05) following
sµg. Thus, there was a small but significant decrease in total cell numbers after micrograv-
ity simulation.
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Phenotyping of cultured bone marrow cells was performed using cytofluorometric
analysis. A panel of antibodies against the following antigens was used: CD29, CD45,
CD105, and Sca-1 (stem cell antigen). This allowed for the separation of hematopoietic
(CD45+) and stromal (CD45−) cells (Figure 2A). The presence of Sca-1 was used to deter-
mine the proportion of progenitor cells (Sca-1+) in both populations (Figure 2B). In addition,
among the stromal cells, we determined the proportion of multipotent mesenchymal stro-
mal progenitor cells (MMSCs) characterized by their phenotype (CD45−, CD29+, CD105+,
and Sca1+) (Figure 2C). Three-quarters of the cells after 1 g belonged to the stromal differon
(CD45−) (Figure 2D). Two-thirds of the latter cells could be attributed to stromal precursors
(CD45−Sca1+) (Figure 2D).
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of murine bone marrow cells using combinations of PE (CD29), FITC (CD105), PerCP (CD45), and
APC (Sca-1). Representative dot plots show original compensated data (logarithmic display). (D) Per-
centage of cells with different phenotypes, 1 g; (E) percentage of cells with different phenotypes, sµg.

After microgravity simulation, the proportion of stromal cells (CD45−) decreased and
represented about half of all bone marrow cells (Figure 2E). Approximately one-third of
the stromal cells had a progenitor phenotype (CD45−Sca1+) (Figure 2E). The percentage
of hematopoietic progenitors (CD45+Sca1+) among the CD45+ after sµg was 43%, while
following 1 g, it was approximately 10% (Figure 2D,E). The percentage of MSCs (CD45−,
CD29+, CD105+, and Sca1+) in 1 g was 11% (Figure 2D). In sµg, the percentage of MSCs
was half as high (Figure 2E).

Thus, exposure of the mouse bone marrow heterocellular population to simulated
microgravity resulted in a decrease in the total number of cells. Morphological analysis,
using flow cytometry, revealed a change in the ratio of stromal to hematopoietic cells in
favour of the latter. Not only did the total number of stromal cells decrease at sµg but also
stromal precursor cell numbers were reduced, including the most primitive—MSCs.

A decrease in the proportion of stromal lineage cells could be caused by a reduction in
their proliferative activity. Such an effect has previously been described after microgravity
simulation. Clinorotation of human MSCs for 1 h to 10 days and for 20 days resulted in
inhibition of their proliferation [29,30]. Three-dimensional clinorotation of rat bone marrow
mesenchymal cells for 24–96 h also resulted in arrest in the G0/G1 phase and inhibition of
proliferation [31].

2.2. Stromal Lineage Cells and Extracellular Matrix

It is reasonable to suppose that if the proliferative activity of stromal cells is sig-
nificantly impaired, other functions may also be compromised, particularly the major
stromal function of extracellular matrix (ECM) production. The ECM of mammalian tissues
in vivo is a complex structure consisting of many molecular components such as fibrils,
fibril-associated cross-linking elements, and specific ligands that interact with cellular
receptors [32]. Physical aspects include stiffness, elasticity, viscoelasticity, etc. [33].

After exposure at 1 g and sµg, ECM proteins were detected histochemically in bone
marrow cell cultures (Figure 3A). According to a semiquantitative colorimetric assay, the
amounts of both collagenous and non-collagenous proteins were decreased following sµg
(p ≤ 0.05) (Figure 3A). Earlier studies have shown similar changes in collagenous and non-
collagenous protein levels after 10 days of 3D clinorotation of MSCs from human adipose
tissue [34]. In addition, a decrease in alkaline phosphatase activity and ECM in rat bone
marrow MSCs and human MSCs was observed after 14 days of 3D clinorotation [19,35,36].

We hypothesized that the detected changes in ECM components following micro-
gravity simulation might be associated with changes in the transcriptional activity of the
corresponding genes. To analyse the differential gene expression, we used the RT2 Profiler
PCR Array Mouse Extracellular & Adhesion Molecules Kit, which allows us to evaluate
the activity of genes encoding different functional groups of the ECM and its associated
molecules (Figure 3B). After sµg, the expression profile of ECM genes changed. The genes
encoding bone interstitial fibrillar collagen types II and III were downregulated (Figure 3B).
Tnc, Emilin1, and Thbs1 encoding protein cores of corresponding glycoproteins demon-
strated elevated transcription. Changes in the transcription of the major components of
the basement membrane were also observed. Collagen IV (Col4a1 and Col4a2) mRNA
increased. Downregulation of the genes encoding laminin-221 (Lamb2 and Lama2) was
detected. Laminin-221 belongs to the classical laminin subfamily [37], typical of stiff tis-
sues [38]. The gene for laminin-321 (Lama3) (naked laminin subfamily), typical of skin, was
upregulated. At the same time, the transcription of the fibronectin gene, whose protein
ensures the binding of laminins to collagen IV in the basement membrane, did not change
(https://reactome.org/PathwayBrowser/, accessed on 19 May 2023).

https://reactome.org/PathwayBrowser/
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Figure 3. The effects of simulated microgravity on the ECM content and transcriptomic activity
of genes encoding ECM proteins in cultured bone marrow cells. (A) Semiquantative colorimetric
estimation of collagenous and non-collagenous proteins. * Significant difference from 1 g. Data
are presented as mean ± SEM (M ± SEM), p ≤ 0.05. (B) Differential expression of genes encoding
structural components of ECM in primary bone marrow cells. The data are presented as fold changes,
sµg vs. 1 g. ↑—up; ↓—down; and↔—no change.

Previously, downregulation of COL1A and COL1A2 has been reported in human
bone marrow MSCs and mouse osteoblasts after microgravity simulation in vitro for
3–21 days [19,39–43]. Microgravity exposure of human fibroblasts also previously resulted
in upregulation in COL4A5 [44], in agreement with our study.

As shown previously, ECM stiffness can determine the functional activity of cells. For
example, proliferation and osteodifferentiation of bone marrow MSCs are more pronounced
on stiffer substrates [45,46]. Downregulation of collagen II and III expression in sµg culture
resulting in a reduction in ECM stiffness may also influence the expression of other matrix
proteins. If this is the case, proliferative activity and osteodifferentiation may be reduced
after microgravity simulation. Indeed, similar effects have been observed in human bone
marrow MSCs after 14 days of 3D clinorotation [47]. The changes in the ratio of stromal
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progenitors with different levels of commitment at sµg described above could be explained
if a similar pattern was realized in our experiments. That is, a decrease in the total number
of stromal cells and a decrease in the number of stromal precursors, including MSCs.

2.3. Transcriptomic Analysis of Genes Encoding Regulatory Molecules

The above results from the analysis of genes encoding structural proteins of the ECM
are mostly related to stromal lineage cells, since they are the predominant contributors to
ECM production in bone marrow. At the same time, the source of paracrine factors that
govern ECM remodelling is not only the stromal cells themselves. It is also, perhaps to a
greater extent, the hematopoietic cells that are present in large numbers in the bone marrow.
Therefore, the data on changes in the transcriptional activity of genes of those molecules
involved in ECM remodelling, as well as the paracrine profile in heterocultures, certainly
apply to cells of both stromal and hematopoietic lineages (Figure 4A).
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Figure 4. The effects of simulated microgravity on transcriptomic and secretory profiles of cultured
bone marrow cells. (A) Differential expression of genes encoding matrix metalloproteases and their
tissue inhibitors. The data are presented as fold changes, sµg vs. 1 g. ↑—up; ↓—down; and↔—no
change. Mmp (1a, 2, 8, 9, 11, 12, 13, and 14)—matrix metalloproteinase (1a, 2, 8, 9, 11, 12, 13, and 14);
Adamts (1, 2, and 5)—a disintegrin and metalloproteinase with thrombospondin motifs (1, 2, and 5);
TIMP (1, 2, and 3)—tissue inhibitors of metalloproteinases (1, 2, and 3); and (B)—paracrine mediator
levels in conditioned medium of bone marrow cultures. The levels of cytokines were characterized
semiquantitatively using a fluorescent dot-blot assay. The data are presented as arbitrary units of
fluorescence. *—significant difference from 1 g. Data are presented as M ± SEM, p ≤ 0.05.
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The estimation of MMP activity has several technical limitations. In particular, MMPs
are expressed as zymogens that require activation in tissue via various mechanisms before
they can have a biological effect. Therefore, Hardy et al. [48] suggested considering MMP
transcription as a likely proxy to characterize MMP activity. We have applied this approach
in our experiments. After sµg, an upregulation of MMP genes was observed (Adamts1,
Adamts5, Mmp11, Mmp12, Mmp13, Mmp14, Mmp1a, and Mmp2), while genes encoding
MMP inhibitors were downregulated (Timp1, Timp2, and Timp3). The level of Timp-1 in
the conditioned medium was also reduced.

It is known that MMP-1, -2, -13, and -14 play important roles in the remodelling of
tissue ECM [49]. MMP-1 and -2 degrade collagen I and II [48]. MMP-2, -12, and -14 cleave
non-collagenous proteins bound to the bone matrix, such as osteonectin, vitronectin, osteo-
pontin, and bone sialoprotein, and control the availability of growth factors attached to cell
membranes and ECM [48]. MMP-2, -12, -13, and -14 play important roles in bone matrix
reorganization and regulation of cell–matrix and cell–cell interactions. The reduced activity
or absence of MMP-9 is often associated with abnormal bone morphology, in particular
impaired ossification and cartilage hypertrophy in tubular bones [50–52]. In addition,
MMP-14 promotes the release of RANKL and orients the RANK/RANKL/osteoprotegerin
axis toward osteoclast maturation and activation. Our data on differential expression of
protease/inhibitor genes could suppose the shift in remodelling molecules to enhance ECM
degradation [53].

Table 1 summarizes the biological processes in which the molecules encoded by the
differentially expressed genes are involved. After sµg, the expression of genes whose prod-
ucts are involved in the processes of cell adhesion, cell differentiation, positive regulation
of cell communication, regulation of cell migration, extracellular matrix organization, and
negative regulation of metallopeptidase activity was downregulated. The upregulated
genes encode molecules involved in negative regulation of cell-matrix adhesion, negative
regulation of cell adhesion, negative regulation of angiogenesis, cell migration, extracellular
matrix degradation, collagen catabolism, and basement membrane organization.

Table 1. Gene ontology (GO) enrichment analysis of gene expression data.

Downregulation Upregulation
Cell adhesion Negative regulation of cell-matrix adhesion

Lama2, Lamb2, Tgfbi, Col3a1, Sparc Thbs1
Cell differentiation Negative regulation of cell adhesion

Lama2, Lamb2, Tgfbi, Col2a1, Col3a1, Mmp8, Mmp9,
Lama2, Lamb2, Spp1, Timp2 Thbs1, Mmp2

Positive regulation of cell communication Negative regulation of angiogenesis
Lama2, Col3a1, Spp1, Timp2, Timp3, Mmp8, Mmp9 Adamts1, Adamts5, Col4a2, Thbs1, Emilin1

Regulation of cell migration Cell migration
Lama2, Col3a1, Sparc, Mmp9, Timp1 Mmp2, Lama3, Thbs1, Emilin1
Extracellular matrix organization Extracellular matrix disassembly

Tgfbi, Col2a1, Col3a1, Mmp8, Mmp9, Lamb2 Mmp13
Negative regulation of metallopeptidase activity Collagen catabolic process

Timp1, Timp2, Timp3 Adamts2, Mmp1a, Mmp2, Mmp13
Basement membrane organization

Col4a1, Col4a2, Lama3
Data were created using string-db.org. Mmp (1a, 2, 8, 9, 11, 12, and 13)—matrix metalloproteinase (1a, 2, 8, 9, 11,
12, and 13); Adamts (1, 2, and 5)—a disintegrin and metalloproteinase with thrombospondin motifs (1, 2, and 5);
TIMP (1, 2, and 3)—tissue inhibitors of metalloproteinases (1, 2, and 3); Col (2a1, 3a1, 4a1, and 4a2)—collagen (2a1,
3a1, 4a1, and 4a2); Lam (a2, a3, and b3)—laminin (a2, a3, and b3); Tgfbi—transforming growth factor, beta-induced;
Sparc—osteonectin (secreted protein acidic and rich in cysteine); Spp1—osteopontin (secreted phosphoprotein 1);
Thbs1—thrombospondin 1; Emilin1—elastin microfibril interfacer 1.
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Based on the data presented above, it could be concluded that there was a shift in
the transcriptional profile of genes encoding components of the ECM and its remodelling
molecules after microgravity simulation. This was manifested via a downregulation of
genes encoding fibrillar collagens, whereas genes encoding basement membrane collagens,
laminins, and glycoproteins were upregulated. Genes whose products are responsible
for catabolic processes in the ECM were also upregulated. In tissues, the activity of such
molecules could ensure the predominance of matrix degradation.

After sµg, there was a significant change in the profile of soluble mediators in the
conditioned medium of the cultured bone marrow cells (Figure 4B). TNF-a, TREM-1, CCL1,
IL-13, IL-2 and IL-7 were not detected. The levels of CXCL9/MIG, RANTES, and IL-
27, which regulate macrophage chemotaxis, and macrophage colony-stimulating factor
(M-CSF), which determines the differentiation of macrophages [54–57], were reduced. At
the same time, the levels of IP-10, MIP-2, MCP-5 and IL-23 increased. These cytokines
are shown to play an important role in the activation of neutrophils and macrophages,
including osteoclasts [58–62].

The data on the shift in the profile of soluble mediators led to the conclusion that
the paracrine microenvironment created at sµg can stimulate ECM degradation. This can
be supported by an increase in IL-23. IL-23 initiates the processes of ECM degradation
by stimulating the production of RANKL [63]. At the same time, there was a decrease in
the levels of IL-2 and IL-27, which support the production of ECM. Increased levels of
the chemokines IP-10, MCP-5, and MIP-2, which enhance macrophage chemotaxis and
activation [59,64,65], possibly indicate an increase in cells with proteolytic activity. The
secretion of proinflammatory cytokines increased, which may lead to osteoclast activation,
which, if TIMP-1 secretion is suppressed, may be a prerequisite for the activation of the
ECM degradation processes. This hypothesis is supported by the observed decrease
in ECM proteins and in the activity of the genes that encode them. The reduction in
regulatory molecules of migration and chemotaxis in the conditioned medium may explain
the observed transcriptomic changes of related molecules that govern these processes.

We were therefore able to show that simulated microgravity negatively affects stromal
lineage cells, which are responsible for bone tissue formation. This was evidenced by the
reduced ECM volume and stromal cell numbers, including MSCs. There was a change in the
expression of ECM genes, with a downregulation of genes whose proteins are responsible
for matrix stiffness and cell-ECM contacts. There was also increased activity of MMP
genes and the formation of a paracrine profile that can stimulate ECM degradation in a
heterotypic population of bone marrow cells.

It is generally accepted that microgravity leads to impaired mechanosensitivity and
subsequent mechanotransduction [66–68]. A complex of extracellular (ECM) and intra-
cellular (cytoskeleton) structures connected by transmembrane proteins is responsible for
the perception of mechanical (gravitational) stimuli. The removal of the gravitational load
provokes a change in cell mechanotransduction, primarily at the transcriptional level. We
assume that the downregulation of genes whose proteins are responsible for matrix stiffness
and cell–cell contacts detected in our study is indicative of an impaired mechanotransduc-
tion, since most of these proteins are involved in the mechanosensitivity path-way. This,
in turn, may lead to the inhibition of cell adhesion and intercellular interaction, as well
as stromal lineage cells’ differentiation. On the other hand, we showed that simulated
microgravity resulted in increased MMP gene activity and a paracrine profile capable of
promoting ECM degradation in a heterotypic bone marrow cell population. We hypothesize
that the complex of these gravity-dependent changes may be one of the mechanisms of
osteodegenerative phenomena that develop under real spaceflight conditions.

3. Materials and Methods
3.1. Experimental Animals

We used 6–8-week-old male BalbC mice in this study and followed protocols approved
by the Commission on Biomedical Ethics of the Institute of Biomedical Problems (Minutes
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No. 497 dated 7 July 2018). All mice were housed in cages in the animal facility for at least
1 week for acclimation prior to experimental use. We used cervical dislocation to euthanize
the animals.

3.2. Bone Marrow Cell Isolation and Enumeration

Right and left femur and tibia bones were obtained from each animal (n = 6). Bone
marrow (BM) was isolated according to our modification of the generally accepted pro-
cedure [69]. Briefly, BM cells were flushed out from the tibia and femur bone cavities
into 50 mL centrifuge tubes. After centrifugation at 500× g for 5 min, supernatants were
removed and cell pellets were resuspended in full culture medium (a-MEM; Gibco, Life
Technology Ltd., Paisley, UK), containing 20% EFV (HyClone laboratories, Logan, UT, USA),
2 mM L-glutamine (Gibco, Life Technology Ltd., Paisley, UK), and streptomycin/penicillin
(100 µg/100 units/mL) (PanEco, Moscow, Russia). The viable nucleated cells were counted
in a Neubauer chamber. The trypan blue exclusion test was applied to exclude dead cells.

3.3. Cell Culture

After isolation and counting, cells were pooled and divided into 2 groups: (1) 1 g—
cells following Earth’s gravity (standard culture conditions)—and (2) sµg—cells following
3D clinorotation during 14 days (simulated microgravity). There were three independent
experiments with two technical repetitions in each group. Cells were seeded at a density of
6 × 105 cells/cm2 in culture flasks (25 cm2, NUNC, Nalge Nunc International, Roskilde,
Denmark) or slide flasks (10 cm2 NUNC, Nalge Nunc International, Roskilde, Denmark)
in three replicates. Cultivation was performed in growth medium (a-MEM; (Gibco, Life
Technology Ltd., Paisley, UK), containing 20% FBS (HyClone laboratories, Logan, UT, USA),
2 mM L-glutamine (Gibco, Life Technology Ltd., Paisley, UK), and streptomycin/penicillin
(100 µg/100 units/mL) (PanEco, Moscow, Russia) for 4 days following 1 g. On day 5, the
medium containing non-adherent cells was discarded, the vials were completely filled with
fresh medium, air bubbles were removed, and the caps were tightly closed (Figure 5).
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Figure 5. Study design. Bone marrow cells were isolated from hindlimb bones of male BalbC mice
(n = 6). After isolation and counting, cells were pooled and divided into 2 groups: 1 g—standard
culture conditions and sµg—3D clinorotation during 14 days. There were three independent experi-
ments with two technical repetitions in each group. Cells were seeded in culture flasks for 4 days
following 1 g. On day 5, the medium containing non-adherent cells was discarded and the vials were
completely filled with fresh medium. Heterotypic bone marrow cell cultures were exposed under 1 g
or sµg for 14 days. After the end of the experiment, the cells were used for ex vivo assays.
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3.4. In Vitro Simulation of Microgravity Effects (3D Clinorotation)

In our experiments we used Gravite® equipment (Space Bio-Laboratories Co., Ltd.,
Hiroshima, Japan). According to the manufacturer’s manual, Gravite® is a multidirectional
G-force generator controlling the rotation of two axes simultaneously. This unique feature
allows for cancellation of the cumulative gravitational vector at the center of the device to
create 10–3 g. Gravite equipment with culture flasks was placed in the laboratory thermostat
(KIM, Kasimov, Russia) at 37 ◦C. For 1 g, culture flasks were placed on the bottom of the
same thermostat. Heterotypic bone marrow cell cultures were exposed to 1 g or sµg for
14 days.

3.5. Histochemical Evaluation of ECM Components

Cultured adherent bone marrow cells were fixed with 4% paraformaldehyde and
stained with Sirius Red (Thermo Scientific Chemicals, Waltham, MA, USA) to detect collage-
nous proteins or with Fast Green FCF (Thermo Scientific Chemicals, Waltham, MA, USA)
for non-collagenous proteins. The dyes were extracted with 25 mM NaOH in methanol
and the optical density of the solution was measured using a PR2100 spectrophotometer
(Bio-Rad Laboratories, Hercules, CA, USA).

3.6. Immunophenotyping of Cultured Primary Bone Marrow Cells

After 14 days of exposure at 1 g or sµg, cultured adherent bone marrow cells were
washed with phosphate-buffered saline (PBS). Trypsin-EDTA solution (Gibco, UK) was
used to detach cells. After centrifugation with PBS, cell pellets were resuspended in
PBS and used for flow cytometry. A commercial Mouse Mesenchymal Stem Cell Multi-
color Flow Cytometry Kit (R&D Systems Inc., Minneapolis, MN, USA) was used for
immunophenotyping according to the manufacturer’s instructions. Isotypic IgG conjugated
with PE, FITC, PerCP, and APC, included in the kit, was used as a negative control. Cells
were analysed using a Cytoflex flow cytometer (Beckman Coulter, Brea, CA, USA) with the
following parameters: FITC excitation 488, emission 525/40; PE excitation 488, emission
585/42; PerCP excitation 488, emission 690/50; and APC excitation 638, emission 660/0.
The data were analysed using Kaluza Analysis 2.1 data processing and imaging software
(Beckman Coulter, Brea, CA, USA).

3.7. Quantitative Real-Time PCR

Total RNA was isolated using QIAzol lysis reagent (Qiagen Sciences LLC, German-
town, MD, USA), followed by a reverse transcription reaction using a QuantiTect Reverse
Transcription Kit (Qiagen Sciences LLC, Germantown, ML, USA) according to the manu-
facturer’s instructions. The cDNA was used for quantitative PCR using a commercial RT2

Real Time SYBR Green/ROX PCR master mix (Qiagen Sciences LLC, Germantown, MD
20874, USA) and RT2 Profiler PCR Array Mouse Extracellular & Adhesion Molecules kit
(Qiagen Sciences LLC, Germantown, MD, USA). The expression level was assessed using
the 2−∆∆Ct method according to the manufacturer’s recommendation (Qiagen Sciences
LLC, Germantown, MD, USA).

3.8. Paracrine Activity

Soluble bioactive mediators in conditioned medium from cultured bone marrow cells
were measured using a Mouse Cytokine Array Panel A (R&D Systems Inc., Minneapolis,
MN, USA) according to the manufacturer’s instructions. After performing dot-blots, the
levels of cytokines were characterized by the intensity of chemiluminescence using Bio-Rad
ChemiDoc™ Imaging Systems (Bio-Rad Laboratories, Hercules, CA, USA). Image analysis
was performed using Image Lab 5.0 software (Bio-Rad Laboratories, Hercules, CA, USA).
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3.9. Statistical Analysis

Statistical analysis was performed using Microsoft Excel 2010 and Statistica 7.0, using
the analysis of variance method. Data are presented as mean ± SEM. The differences were
considered significant at p < 0.05.

Author Contributions: Conceptualization, L.B. and E.M.; Methodology, E.M.; Software, A.R. and E.T.;
Validation, E.A. and L.B.; Formal analysis, E.T. and A.R.; Investigation, E.M., E.T. and A.R.; Resources,
E.M., E.T. and A.R.; Data curation, E.M., E.T. and A.R.; Writing—original draft preparation, E.M.;
Writing—review and editing, E.M., E.A. and L.B.; visualization, E.M., E.A. and L.B.; Supervision, E.A.
and L.B.; Project administration, L.B.; Funding acquisition, E.M. All authors have read and agreed to
the published version of the manuscript.

Funding: The study was supported by RSF project № 23-25-00271.

Institutional Review Board Statement: The experiments were approved by the Commission on
Biomedical Ethics of the Institute of Biomedical Problems (Minutes No. 497 dated 7 July 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to Institution policy.

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

References
1. Sibonga, J.D.; Evans, H.J.; Sung, H.G.; Spector, E.R.; Lang, T.F.; Oganov, V.S.; Bakulin, A.V.; Shackelford, L.C.; LeBlanc, A.D.

Recovery of Spaceflight-Induced Bone Loss: Bone Mineral Density after Long-Duration Missions as Fitted with an Exponential
Function. Bone 2007, 41, 973–978. [CrossRef] [PubMed]

2. LeBlanc, A.; Schneider, V.; Shackelford, L.; West, S.; Oganov, V.; Bakulin, A.; Voronin, L. Bone Mineral and Lean Tissue Loss after
Long Duration Space Flight. J. Musculoskelet. Neuronal Interact. 2000, 1, 157–160. [PubMed]

3. Alexandre, C.; Vico, L. Pathophysiology of Bone Loss in Disuse Osteoporosis. Jt. Bone Spine 2011, 78, 572–576. [CrossRef]
[PubMed]

4. Whedon, G.D.; Rambaut, P.C. Effects of Long-Duration Space Flight on Calcium Metabolism: Review of Human Studies from
Skylab to the Present. Acta Astronaut. 2006, 58, 59–81. [CrossRef]

5. Heer, M.; Kamps, N.; Biener, C.; Korr, C.; Boerger, A.; Zittermann, A.; Stehle, P.; Drummer, C. Calcium Metabolism in Microgravity.
Eur. J. Med. Res. 1999, 4, 357–360. [PubMed]

6. Oganov, V.S.; Grigor’ev, A.I.; Voronin, L.I.; Rakhmanov, A.S.; Bakulin, A.V.; Schneider, V.S.; LeBlanc, A.D. Bone mineral density in
cosmonauts after flights lasting 4.5-6 months on the Mir orbital station. Aviakosm. Ekolog. Med. 1992, 26, 20–24.

7. Vico, L.; Collet, P.; Guignandon, A.; Lafage-Proust, M.-H.; Thomas, T.; Rehailia, M.; Alexandre, C. Effects of Long-Term
Microgravity Exposure on Cancellous and Cortical Weight-Bearing Bones of Cosmonauts. Lancet 2000, 355, 1607–1611. [CrossRef]

8. Oganov, V.S. Modern Analysis of Bone Loss Mechanisms in Microgravity. J. Gravit. Physiol. 2004, 11, P143–P146.
9. Collet, P.; Uebelhart, D.; Vico, L.; Moro, L.; Hartmann, D.; Roth, M.; Alexandre, C. Effects of 1- and 6-Month Spaceflight on Bone

Mass and Biochemistry in Two Humans. Bone 1997, 20, 547–551. [CrossRef]
10. Caillot-Augusseau, A.; Lafage-Proust, M.-H.; Soler, C.; Pernod, J.; Dubois, F.; Alexandre, C. Bone Formation and Resorption

Biological Markers in Cosmonauts during and after a 180-Day Space Flight (Euromir 95). Clin. Chem. 1998, 44, 578–585. [CrossRef]
11. Smith, S.M. Collagen Cross-Link Excretion during Space Flight and Bed Rest. J. Clin. Endocrinol. Metab. 1998, 83, 3584–3591.

[CrossRef]
12. Lueken, S.A.; Arnaud, S.B.; Taylor, A.K.; Baylink, D.J. Changes in Markers of Bone Formation and Resorption in a Bed Rest Model

of Weightlessness. J. Bone Miner. Res. 1993, 8, 1433–1438. [CrossRef] [PubMed]
13. Smith, S.M.; Wastney, M.E.; Morukov, B.V.; Larina, I.M.; Nyquist, L.E.; Abrams, S.A.; Taran, E.N.; Shih, C.Y.; Nillen, J.L.; Davis-

Street, J.E.; et al. Calcium Metabolism before, during, and after a 3-Mo Spaceflight: Kinetic and Biochemical Changes. Am. J.
Physiol. 1999, 277, R1–R10. [CrossRef] [PubMed]

14. Smith, S.M.; Wastney, M.E.; O’Brien, K.O.; Morukov, B.V.; Larina, I.M.; Abrams, S.A.; Davis-Street, J.E.; Oganov, V.; Shackelford,
L.C. Bone Markers, Calcium Metabolism, and Calcium Kinetics during Extended-Duration Space Flight on the Mir Space Station.
J. Bone Miner. Res. 2005, 20, 208–218. [CrossRef]

15. Smith, B.J.; King, J.B.; Lucas, E.A.; Akhter, M.P.; Arjmandi, B.H.; Stoecker, B.J. Skeletal Unloading and Dietary Copper Depletion
Are Detrimental to Bone Quality of Mature Rats. J. Nutr. 2002, 132, 190–196. [CrossRef] [PubMed]

16. Grimm, D.; Hemmersbach, R. Translation from Microgravity Research to Earth Application. Int. J. Mol. Sci. 2022, 23, 10995.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.bone.2007.08.022
https://www.ncbi.nlm.nih.gov/pubmed/17931994
https://www.ncbi.nlm.nih.gov/pubmed/15758512
https://doi.org/10.1016/j.jbspin.2011.04.007
https://www.ncbi.nlm.nih.gov/pubmed/21664854
https://doi.org/10.1016/j.actaastro.2005.03.074
https://www.ncbi.nlm.nih.gov/pubmed/10477499
https://doi.org/10.1016/S0140-6736(00)02217-0
https://doi.org/10.1016/S8756-3282(97)00052-5
https://doi.org/10.1093/clinchem/44.3.578
https://doi.org/10.1210/jc.83.10.3584
https://doi.org/10.1002/jbmr.5650081204
https://www.ncbi.nlm.nih.gov/pubmed/8304043
https://doi.org/10.1152/ajpregu.1999.277.1.R1
https://www.ncbi.nlm.nih.gov/pubmed/10409251
https://doi.org/10.1359/JBMR.041105
https://doi.org/10.1093/jn/132.2.190
https://www.ncbi.nlm.nih.gov/pubmed/11823577
https://doi.org/10.3390/ijms231910995
https://www.ncbi.nlm.nih.gov/pubmed/36232297


Int. J. Mol. Sci. 2023, 24, 13746 12 of 14

17. Herranz, R.; Anken, R.; Boonstra, J.; Braun, M.; Christianen, P.C.M.; De Geest, M.; Hauslage, J.; Hilbig, R.; Hill, R.J.A.; Lebert,
M.; et al. Ground-Based Facilities for Simulation of Microgravity: Organism-Specific Recommendations for Their Use, and
Recommended Terminology. Astrobiology 2013, 13, 1–17. [CrossRef]

18. Borst, A.G.; van Loon, J.J.W.A. Technology and Developments for the Random Positioning Machine, RPM. Microgravity Sci.
Technol. 2009, 21, 287–292. [CrossRef]

19. Zayzafoon, M.; Gathings, W.E.; McDonald, J.M. Modeled Microgravity Inhibits Osteogenic Differentiation of Human Mesenchy-
mal Stem Cells and Increases Adipogenesis. Endocrinology 2004, 145, 2421–2432. [CrossRef]

20. Ishijima, M.; Tsuji, K.; Rittling, S.R.; Yamashita, T.; Kurosawa, H.; Denhardt, D.T.; Nifuji, A.; Ezura, Y.; Noda, M. Osteopontin Is
Required for Mechanical Stress-Dependent Signals to Bone Marrow Cells. J. Endocrinol. 2007, 193, 235–243. [CrossRef]

21. Ontiveros, C.; McCabe, L.R. Simulated Microgravity Suppresses Osteoblast Phenotype, Runx2 Levels and AP-1 Transactivation.
J. Cell. Biochem. 2003, 88, 427–437. [CrossRef] [PubMed]

22. Rucci, N.; Rufo, A.; Alamanou, M.; Teti, A. Modeled Microgravity Stimulates Osteoclastogenesis and Bone Resorption by
Increasing Osteoblast RANKL/OPG Ratio. J. Cell. Biochem. 2007, 100, 464–473. [CrossRef]

23. Zhang, C.; Li, L.; Jiang, Y.; Wang, C.; Geng, B.; Wang, Y.; Chen, J.; Liu, F.; Qiu, P.; Zhai, G.; et al. Space Microgravity Drives
Transdifferentiation of Human Bone Marrow-derived Mesenchymal Stem Cells from Osteogenesis to Adipogenesis. FASEB J.
2018, 32, 4444–4458. [CrossRef] [PubMed]

24. Pan, Z.; Yang, J.; Guo, C.; Shi, D.; Shen, D.; Zheng, Q.; Chen, R.; Xu, Y.; Xi, Y.; Wang, J. Effects of Hindlimb Unloading on Ex Vivo
Growth and Osteogenic/Adipogenic Potentials of Bone Marrow-Derived Mesenchymal Stem Cells in Rats. Stem Cells Dev. 2008,
17, 795–804. [CrossRef] [PubMed]

25. Buravkova, L.; Larina, I.; Andreeva, E.; Grigoriev, A. Microgravity Effects on the Matrisome. Cells 2021, 10, 2226. [CrossRef]
[PubMed]

26. Buravkova, L.B.; Andreeva, E.R.; Lobanova, M.V.; Cotnezova, E.V.; Grigoriev, A.I. The Differential Expression of Adhesion
Molecule and Extracellular Matrix Genes in Mesenchymal Stromal Cells after Interaction with Cord Blood Hematopoietic
Progenitors. Dokl. Biochem. Biophys. 2018, 479, 69–71. [CrossRef]

27. Bentley, S.; Foidart, J. Some Properties of Marrow Derived Adherent Cells in Tissue Culture. Blood 1980, 56, 1006–1012. [CrossRef]
28. Reimann, J.; Burger, H. In Vitro Proliferation of Haemopoietic Cells in the Presence of Adherent Cell Layers. I. Culture Conditions

and Strain Dependence. Exp. Hematol. 1979, 7, 45–51.
29. Merzlikina, N.V.; Buravkova, L.B.; Romanov, Y.A. The Primary Effects of Clinorotation on Cultured Human Mesenchymal Stem

Cells. J. Gravit. Physiol. 2004, 11, P193–P194.
30. Gershovich, J.G.; Buravkova, L.B. Morphofunctional Status and Osteogenic Differentiation Potential of Human Mesenchymal

Stromal Precursor Cells during in Vitro Modeling of Microgravity Effects. Bull. Exp. Biol. Med. 2007, 144, 608–613. [CrossRef]
31. Dai, Z.Q.; Wang, R.; Ling, S.K.; Wan, Y.M.; Li, Y.H. Simulated Microgravity Inhibits the Proliferation and Osteogenesis of Rat

Bone Marrow Mesenchymal Stem Cells. Cell Prolif. 2007, 40, 671–684. [CrossRef]
32. Karamanos, N.K.; Theocharis, A.D.; Piperigkou, Z.; Manou, D.; Passi, A.; Skandalis, S.S.; Vynios, D.H.; Orian-Rousseau, V.;

Ricard-Blum, S.; Schmelzer, C.E.H.; et al. A Guide to the Composition and Functions of the Extracellular Matrix. FEBS J. 2021,
288, 6850–6912. [CrossRef] [PubMed]

33. Akhmanova, M.; Osidak, E.; Domogatsky, S.; Rodin, S.; Domogatskaya, A. Physical, Spatial, and Molecular Aspects of Extracellular
Matrix of In Vivo Niches and Artificial Scaffolds Relevant to Stem Cells Research. Stem Cells Int. 2015, 2015, 167025. [CrossRef]
[PubMed]

34. Zhivodernikov, I.; Ratushnyy, A.; Buravkova, L. Simulated Microgravity Remodels Extracellular Matrix of Osteocommitted
Mesenchymal Stromal Cells. Int. J. Mol. Sci. 2021, 22, 5428. [CrossRef] [PubMed]

35. Nishikawa, M.; Ohgushi, H.; Tamai, N.; Osuga, K.; Uemura, M.; Yoshikawa, H.; Myoui, A. The Effect of Simulated Microgravity
by Three-Dimensional Clinostat on Bone Tissue Engineering. Cell Transplant. 2005, 14, 829–835. [CrossRef] [PubMed]

36. Saxena, R.; Pan, G.; McDonald, J.M. Osteoblast and Osteoclast Differentiation in Modeled Microgravity. Ann. N. Y. Acad. Sci.
2007, 1116, 494–498. [CrossRef]

37. Aumailley, M.; Brucknertuderman, L.; Carter, W.; Deutzmann, R.; Edgar, D.; Ekblom, P.; Engel, J.; Engvall, E.; Hohenester, E.;
Jones, J. A Simplified Laminin Nomenclature. Matrix Biol. 2005, 24, 326–332. [CrossRef]

38. Durbeej, M. Laminins. Cell Tissue Res. 2010, 339, 259–268. [CrossRef]
39. Narayanan, R.; Smith, C.L.; Weigel, N.L. Vector-Averaged Gravity-Induced Changes in Cell Signaling and Vitamin d Receptor

Activity in MG-63 Cells Are Reversed by a 1,25-(OH)2D3 Analog, EB1089. Bone 2002, 31, 381–388. [CrossRef]
40. Mayer-Wagner, S.; Hammerschmid, F.; Redeker, J.I.; Schmitt, B.; Holzapfel, B.M.; Jansson, V.; Betz, O.B.; Müller, P.E. Simulated

Microgravity Affects Chondrogenesis and Hypertrophy of Human Mesenchymal Stem Cells. Int. Orthop. (SICOT) 2014, 38,
2615–2621. [CrossRef]

41. Meyers, V.E.; Zayzafoon, M.; Gonda, S.R.; Gathings, W.E.; McDonald, J.M. Modeled Microgravity Disrupts Collagen I/Integrin
Signaling during Osteoblastic Differentiation of Human Mesenchymal Stem Cells. J. Cell. Biochem. 2004, 93, 697–707. [CrossRef]
[PubMed]

42. 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]

https://doi.org/10.1089/ast.2012.0876
https://doi.org/10.1007/s12217-008-9043-2
https://doi.org/10.1210/en.2003-1156
https://doi.org/10.1677/joe.1.06704
https://doi.org/10.1002/jcb.10410
https://www.ncbi.nlm.nih.gov/pubmed/12532319
https://doi.org/10.1002/jcb.21059
https://doi.org/10.1096/fj.201700208RR
https://www.ncbi.nlm.nih.gov/pubmed/29533735
https://doi.org/10.1089/scd.2007.0254
https://www.ncbi.nlm.nih.gov/pubmed/18710346
https://doi.org/10.3390/cells10092226
https://www.ncbi.nlm.nih.gov/pubmed/34571874
https://doi.org/10.1134/S1607672918020047
https://doi.org/10.1182/blood.V56.6.1006.1006
https://doi.org/10.1007/s10517-007-0387-1
https://doi.org/10.1111/j.1365-2184.2007.00461.x
https://doi.org/10.1111/febs.15776
https://www.ncbi.nlm.nih.gov/pubmed/33605520
https://doi.org/10.1155/2015/167025
https://www.ncbi.nlm.nih.gov/pubmed/26351461
https://doi.org/10.3390/ijms22115428
https://www.ncbi.nlm.nih.gov/pubmed/34063955
https://doi.org/10.3727/000000005783982477
https://www.ncbi.nlm.nih.gov/pubmed/16454357
https://doi.org/10.1196/annals.1402.033
https://doi.org/10.1016/j.matbio.2005.05.006
https://doi.org/10.1007/s00441-009-0838-2
https://doi.org/10.1016/S8756-3282(02)00836-0
https://doi.org/10.1007/s00264-014-2454-3
https://doi.org/10.1002/jcb.20229
https://www.ncbi.nlm.nih.gov/pubmed/15660414
https://doi.org/10.1016/j.cellbi.2008.04.027


Int. J. Mol. Sci. 2023, 24, 13746 13 of 14

43. Gershovich, P.M.; Gershovich, J.G.; Buravkova, L.B. Cytoskeleton Structure and Adhesion Properties of Human Stromal Precursors
under Conditions of Simulated Microgravity. Cell Tissue Biol. 2009, 3, 423–430. [CrossRef]

44. Buken, C.; Sahana, J.; Corydon, T.J.; Melnik, D.; Bauer, J.; Wehland, M.; Krüger, 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] [PubMed]

45. Wen, J.H.; Vincent, L.G.; Fuhrmann, A.; Choi, Y.S.; Hribar, K.C.; Taylor-Weiner, H.; Chen, S.; Engler, A.J. Interplay of Matrix
Stiffness and Protein Tethering in Stem Cell Differentiation. Nat. Mater. 2014, 13, 979–987. [CrossRef]

46. Harris, G.M.; Piroli, M.E.; Jabbarzadeh, E. Deconstructing the Effects of Matrix Elasticity and Geometry in Mesenchymal Stem
Cell Lineage Commitment. Adv. Funct. Mater. 2014, 24, 2396–2403. [CrossRef] [PubMed]

47. Li, L.; Zhang, C.; Chen, J.; Hong, F.; Chen, P.; Wang, J. Effects of Simulated Microgravity on the Expression Profiles of RNA during
Osteogenic Differentiation of Human Bone Marrow Mesenchymal Stem Cells. Cell Prolif. 2019, 52, e12539. [CrossRef] [PubMed]

48. Hardy, E.; Fernandez-Patron, C. Destroy to Rebuild: The Connection Between Bone Tissue Remodeling and Matrix Metallopro-
teinases. Front. Physiol. 2020, 11, 47. [CrossRef]

49. Paiva, K.B.S.; Granjeiro, J.M. Matrix Metalloproteinases in Bone Resorption, Remodeling, and Repair. In Progress in Molecular
Biology and Translational Science; Elsevier: Amsterdam, The Netherlands, 2017; Volume 148, pp. 203–303, ISBN 978-0-12-812776-6.

50. Vu, T.H.; Shipley, J.M.; Bergers, G.; Berger, J.E.; Helms, J.A.; Hanahan, D.; Shapiro, S.D.; Senior, R.M.; Werb, Z. MMP-9/Gelatinase
B Is a Key Regulator of Growth Plate Angiogenesis and Apoptosis of Hypertrophic Chondrocytes. Cell 1998, 93, 411–422.
[CrossRef]

51. Nyman, J.S.; Lynch, C.C.; Perrien, D.S.; Thiolloy, S.; O’Quinn, E.C.; Patil, C.A.; Bi, X.; Pharr, G.M.; Mahadevan-Jansen, A.; Mundy,
G.R. Differential Effects between the Loss of MMP-2 and MMP-9 on Structural and Tissue-Level Properties of Bone. J. Bone Miner.
Res. 2011, 26, 1252–1260. [CrossRef]

52. Kojima, T.; Hasegawa, T.; De Freitas, P.H.L.; Yamamoto, T.; Sasaki, M.; Horiuchi, K.; Hongo, H.; Yamada, T.; Sakagami, N.; Saito,
N.; et al. Histochemical Aspects of the Vascular Invasion at the Erosion Zone of the Epiphyseal Cartilage in MMP-9-Deficient
Mice. Biomed. Res. 2013, 34, 119–128. [CrossRef]

53. Lynch, C.C.; Hikosaka, A.; Acuff, H.B.; Martin, M.D.; Kawai, N.; Singh, R.K.; Vargo-Gogola, T.C.; Begtrup, J.L.; Peterson, T.E.;
Fingleton, B.; et al. MMP-7 Promotes Prostate Cancer-Induced Osteolysis via the Solubilization of RANKL. Cancer Cell 2005, 7,
485–496. [CrossRef] [PubMed]

54. The Chemokine FactsBook; Elsevier: Amsterdam, The Netherlands, 1997; ISBN 978-0-12-709905-7.
55. Meka, R.R.; Venkatesha, S.H.; Dudics, S.; Acharya, B.; Moudgil, K.D. IL-27-Induced Modulation of Autoimmunity and Its

Therapeutic Potential. Autoimmun. Rev. 2015, 14, 1131–1141. [CrossRef] [PubMed]
56. Yoshimoto, T.; Chiba, Y.; Furusawa, J.-I.; Xu, M.; Tsunoda, R.; Higuchi, K.; Mizoguchi, I. Potential Clinical Application of

Interleukin-27 as an Antitumor Agent. Cancer Sci. 2015, 106, 1103–1110. [CrossRef] [PubMed]
57. Sharma, G.; Dutta, R.K.; Khan, M.A.; Ishaq, M.; Sharma, K.; Malhotra, H.; Majumdar, S. IL-27 Inhibits IFN-γ Induced Autophagy

by Concomitant Induction of JAK/PI3 K/Akt/MTOR Cascade and up-Regulation of Mcl-1 in Mycobacterium Tuberculosis
H37Rv Infected Macrophages. Int. J. Biochem. Cell Biol. 2014, 55, 335–347. [CrossRef] [PubMed]

58. Langowski, J.L.; Zhang, X.; Wu, L.; Mattson, J.D.; Chen, T.; Smith, K.; Basham, B.; McClanahan, T.; Kastelein, R.A.; Oft, M. IL-23
Promotes Tumour Incidence and Growth. Nature 2006, 442, 461–465. [CrossRef] [PubMed]

59. Qin, C.-C.; Liu, Y.-N.; Hu, Y.; Yang, Y.; Chen, Z. Macrophage Inflammatory Protein-2 as Mediator of Inflammation in Acute Liver
Injury. World J. Gastroenterol. 2017, 23, 3043–3052. [CrossRef] [PubMed]

60. van den Borne, P.; Quax, P.H.A.; Hoefer, I.E.; Pasterkamp, G. The Multifaceted Functions of CXCL10 in Cardiovascular Disease.
BioMed Res. Int. 2014, 2014, 893106. [CrossRef]

61. Bodnar, R.J.; Yates, C.C.; Wells, A. IP-10 Blocks Vascular Endothelial Growth Factor-Induced Endothelial Cell Motility and Tube
Formation via Inhibition of Calpain. Circ. Res. 2006, 98, 617–625. [CrossRef]

62. Cauli, A.; Piga, M.; Floris, A.; Mathieu, A. Current Perspective on the Role of the Interleukin-23/Interleukin-17 Axis in
Inflammation and Disease (Chronic Arthritis and Psoriasis). Immunotargets Ther. 2015, 4, 185–190. [CrossRef]

63. Ignatenko, G.A.; Nemsadze, I.G.; Mirovich, E.D.; Churilov, A.V.; Maylyan, E.A.; Glazkov, I.S.; Rumyantceva, Z.S. The Role of
Cytokines in Bone Remodeling and the Pathogenesis of Postmenopausal Osteoporosis. Med. Her. South Russ. 2020, 11, 6–18.
[CrossRef]

64. Sarafi, M.N.; Garcia-Zepeda, E.A.; MacLean, J.A.; Charo, I.F.; Luster, A.D. Murine Monocyte Chemoattractant Protein (MCP)-5:
A Novel CC Chemokine That Is a Structural and Functional Homologue of Human MCP-1. J. Exp. Med. 1997, 185, 99–110.
[CrossRef] [PubMed]

65. Liu, M.; Guo, S.; Hibbert, J.M.; Jain, V.; Singh, N.; Wilson, N.O.; Stiles, J.K. CXCL10/IP-10 in Infectious Diseases Pathogenesis and
Potential Therapeutic Implications. Cytokine Growth Factor Rev. 2011, 22, 121–130. [CrossRef] [PubMed]

66. 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] [PubMed]

67. Po, A.; Giuliani, A.; Masiello, M.G.; Cucina, A.; Catizone, A.; Ricci, G.; Chiacchiarini, M.; Tafani, M.; Ferretti, E.; Bizzarri,
M. Phenotypic Transitions Enacted by Simulated Microgravity Do Not Alter Coherence in Gene Transcription Profile. NPJ
Microgravity 2019, 5, 27. [CrossRef] [PubMed]

https://doi.org/10.1134/S1990519X09050046
https://doi.org/10.1038/s41598-019-48378-9
https://www.ncbi.nlm.nih.gov/pubmed/31417174
https://doi.org/10.1038/nmat4051
https://doi.org/10.1002/adfm.201303400
https://www.ncbi.nlm.nih.gov/pubmed/25530746
https://doi.org/10.1111/cpr.12539
https://www.ncbi.nlm.nih.gov/pubmed/30397970
https://doi.org/10.3389/fphys.2020.00047
https://doi.org/10.1016/S0092-8674(00)81169-1
https://doi.org/10.1002/jbmr.326
https://doi.org/10.2220/biomedres.34.119
https://doi.org/10.1016/j.ccr.2005.04.013
https://www.ncbi.nlm.nih.gov/pubmed/15894268
https://doi.org/10.1016/j.autrev.2015.08.001
https://www.ncbi.nlm.nih.gov/pubmed/26253381
https://doi.org/10.1111/cas.12731
https://www.ncbi.nlm.nih.gov/pubmed/26132605
https://doi.org/10.1016/j.biocel.2014.08.022
https://www.ncbi.nlm.nih.gov/pubmed/25194337
https://doi.org/10.1038/nature04808
https://www.ncbi.nlm.nih.gov/pubmed/16688182
https://doi.org/10.3748/wjg.v23.i17.3043
https://www.ncbi.nlm.nih.gov/pubmed/28533661
https://doi.org/10.1155/2014/893106
https://doi.org/10.1161/01.RES.0000209968.66606.10
https://doi.org/10.2147/ITT.S62870
https://doi.org/10.21886/2219-8075-2020-11-2-6-18
https://doi.org/10.1084/jem.185.1.99
https://www.ncbi.nlm.nih.gov/pubmed/8996246
https://doi.org/10.1016/j.cytogfr.2011.06.001
https://www.ncbi.nlm.nih.gov/pubmed/21802343
https://doi.org/10.1016/j.matbio.2019.11.005
https://www.ncbi.nlm.nih.gov/pubmed/31805360
https://doi.org/10.1038/s41526-019-0088-x
https://www.ncbi.nlm.nih.gov/pubmed/31799378


Int. J. Mol. Sci. 2023, 24, 13746 14 of 14

68. Monti, N.; Masiello, M.G.; Proietti, S.; Catizone, A.; Ricci, G.; Harrath, A.H.; Alwasel, S.H.; Cucina, A.; Bizzarri, M. Survival
Pathways Are Differently Affected by Microgravity in Normal and Cancerous Breast Cells. Int. J. Mol. Sci. 2021, 22, 862.
[CrossRef] [PubMed]

69. Markina, E.; Andreeva, E.; Andrianova, I.; Sotnezova, E.; Buravkova, L. Stromal and Hematopoietic Progenitors from C57/BI/6N
Murine Bone Marrow After 30-Day “BION-M1” Spaceflight. Stem Cells Dev. 2018, 27, 1268–1277. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms22020862
https://www.ncbi.nlm.nih.gov/pubmed/33467082
https://doi.org/10.1089/scd.2017.0264

	Introduction 
	Results and Discussion 
	Characterization of the Heterocellular Bone Marrow Population in Primary Culture 
	Stromal Lineage Cells and Extracellular Matrix 
	Transcriptomic Analysis of Genes Encoding Regulatory Molecules 

	Materials and Methods 
	Experimental Animals 
	Bone Marrow Cell Isolation and Enumeration 
	Cell Culture 
	In Vitro Simulation of Microgravity Effects (3D Clinorotation) 
	Histochemical Evaluation of ECM Components 
	Immunophenotyping of Cultured Primary Bone Marrow Cells 
	Quantitative Real-Time PCR 
	Paracrine Activity 
	Statistical Analysis 

	References

