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Abstract: The extracellular matrix (ECM) is the principal structure of bone tissue. Long-term
spaceflights lead to osteopenia, which may be a result of the changes in composition as well as
remodeling of the ECM by osteogenic cells. To elucidate the cellular effects of microgravity, human
mesenchymal stromal cells (MSCs) and their osteocommitted progeny were exposed to simulated
microgravity (SMG) for 10 days using random positioning machine (RPM). After RPM exposure, an
imbalance of MSC collagen/non-collagen ratio at the expense of a decreased level of collagenous
proteins was detected. At the same time, the secretion of proteases (cathepsin A, cathepsin D, MMP3)
was increased. No significant effects of SMG on the expression of stromal markers and cell adhesion
molecules on the MSC surface were noted. Upregulation of COL11A1, CTNND1, TIMP3, and TNC
and downregulation of HAS1, ITGA3, ITGB1, LAMA3, MMP1, and MMP11 were detected in RPM
exposed MSCs. ECM-associated transcriptomic changes were more pronounced in osteocommitted
progeny. Thus, 10 days of SMG provokes a decrease in the collagenous components of ECM, probably
due to the decrease in collagen synthesis and activation of proteases. The presented data demonstrate
that ECM-associated molecules of both native and osteocommitted MSCs may be involved in bone
matrix reorganization during spaceflight.

Keywords: mesenchymal stem cells (MSCs); osteogenesis; simulated microgravity (SMG); random
positioning machine (RPM); extracellular matrix (ECM); proteases

1. Introduction

The extracellular matrix (ECM) comprises a significant part of connective tissues and
determines their mechanical properties. Mechanical strength is of great importance for
all connective tissues. This is one of the reasons to pay attention to peculiarities of the
ECM under microgravity conditions. Connective tissue ECM is formed mainly by two
types of macromolecules, fibrillar proteins and proteoglycans. The first are represented
by several types of collagens and elastin. Collagen I is the main structural component of
bone tissue that provides its tensile strength [1]. Proteoglycans consist of proteins and
glycosaminoglycans (GAGs), non-branching polysaccharide molecules that occupy a large
volume and are unable to fold into globules such as proteins. These molecules carry
negative charges and, therefore, they can retain a large amount of osmotically active ions
and water, which creates a high turgor pressure of the ECM and its compressive strength.
Due to proteoglycans, ECM deposits numerous growth factors that belong to the FGF,
VEGF, TGF, etc., families, thus ensuring their stable levels in the pericellular space or the
release of large amounts during degradation [2,3]. Proteoglycan levels determine matrix
mineralization and collagen fiber diameters in bone tissue [4].

ECM components are associated with the cytoskeleton through cell adhesive struc-
tures, whereby mechanical stress is transmitted in the intercellular space and inside the
cells, affecting cellular signaling and gene expression [5]. The ECM continuously undergoes
structural changes through synthesis, degradation, mineralization, and other processes [6].

Int. J. Mol. Sci. 2021, 22, 5428. https://doi.org/10.3390/ijms22115428 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3913-6584
https://orcid.org/0000-0001-6994-557X
https://www.mdpi.com/article/10.3390/ijms22115428?type=check_update&version=1
https://doi.org/10.3390/ijms22115428
https://doi.org/10.3390/ijms22115428
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22115428
https://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2021, 22, 5428 2 of 17

These processes depend on various factors, the most important being the mechanical load or
its critical decrease in spaceflight. For example, a decrease in bone mineral density, which is
associated with the reorganization of ECM, was detected after long-term spaceflights [7–9].

Osteopenia in microgravity is caused by both systemic and cellular factors. Currently,
a decreased support loading, redistribution of body fluid pressure, osteoclast activation,
reduction in osteoblast proliferation and differentiation, and lysis of osteocytes are con-
sidered to be the main factors in the development of osteopenia [10]. Moreover, a loss
of bone tissue calcium is aggravated by parathyroid hormone regulation, resulting in
reduced calcium reabsorption in the kidneys [7,11]. To study the effects of microgravity on
stromal cells, different cell types were applied as well as different approaches to simulate
microgravity [12–16].

The current concept suggests that impaired cell physiology under microgravity is the
trigger of negative changes in bone tissue [17,18]. This is supported by numerous data
from in vitro experiments conducted aboard space vehicles and under ground-based micro-
gravity simulations. The reduced osteogenic potential of osteoblasts and low commitment
of stromal progenitors in vitro has been convincingly demonstrated [19–22]. In addition, a
downregulation of osteogenic-associated genes and upstream signaling pathway genes has
been observed [23,24]. The changes in ECM composition during osteogenic differentiation
may alter the mechanical properties of the tissue and also affect certain signaling pathways
involved in osteogenic commitment [25–27].

Mesenchymal stromal cells (MSCs) participate in the maintenance of homeostasis in
many tissues, including bone. Being osteoblast precursors, MSCs actively participate
in ECM production and remodeling, which have been investigated for medical pur-
poses [28–30]. These cells are important for proper execution of osteogenesis and response
to microgravity. Under simulated microgravity, MSCs have demonstrated changes in func-
tional state, response to inflammatory stimulation, the production of many proteins, and
gene expression [31,32]. Multidirectional changes in the transcription of genes encoding
ECM proteins and associated molecules were found in response to SMG. The transcriptomic
shifts depended on cell type and exposure time [33–36].

An upregulation of COL4A5 and the main matrix glycoprotein, fibronectin (FN),
as well as enzymes involved in ECM remodeling (MMP1 and MMP3) was found after
3 days of RPM exposure of fibroblasts [37]. After 7 days of 2D clinorotation, an increased
expression of COL1 and COL3 was detected in MSCs [36]. On the other hand, there are
data on downregulation of Col1a and Fbn1 (fibrillin) following 7-day clinorotation [36,38].
Regardless of the mode and exposure time, a decreased transcription of osteomodulin
(OMD) that regulates osteoblast adhesion was demonstrated for preosteoblasts [20,39].
The available data do not allow drawing certain conclusions about the patterns of ECM
remodeling. Meanwhile, the experimental data in this field could expand the knowledge of
how the activity of stromal cells determines changes in bone tissue under microgravity. The
purpose of this study was to analyze the peculiarities of ECM changes under the influence
of simulated microgravity on MSCs in vitro.

2. Results
2.1. MSC Characterization

Primary MSCs (3–4 passages) satisfied the minimal criteria of the International Society
for Cell and Gene Therapy (ISCT) statements [40]. They had fibroblast-like morphology
(Figure 1a). The cells were positively stained with fluorescent antibody against some
stromal markers: CD29+, CD73+, CD90+, CD105+ (Figure 1b). Osteogenic and adipogenic
differentiation in the presence of the appropriate stimuli was shown (Figure 1c).
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Figure 1. Characterization of MSCs: (a) representative image of MSCs in vitro, light microscopy 
(phase contrast); (b) representative flow cytometric plots of immunophenotype. MSCs were stained 
with antigen specific fluorescent antibodies: CD44-FITC, CD73-PE, CD90-FITC, CD105-PE; (c) 
confirmation of multilineage potential of MSCs, representative images, light microscopy 
(bright-field). MSCs cultured in adipogenic differentiation medium were stained with oil red O. 
MSCs cultured in osteogenic differentiation medium were stained with alizarin red S. 
MSCs—mesenchymal stromal cells; FITC—fluorescein isothiocyanate; PE—phycoerythrin. 

2.2. MSC Commitment to the Osteoblast Lineage 
Inducers of osteogenic differentiation were added to the culture medium for 7 days. 

Increased activity of alkaline phosphatase was shown using a cytochemistry method 
(Figure 2a). Alkaline phosphatase catalyzes the hydrolysis of organic phosphate esters in 
the extracellular space. An increase in the activity of this enzyme is one of the early signs 
of MSC osteo-differentiation. At the same time, after 7-day exposure, MSCs retained the 
progenitor properties and did not show signs of matrix mineralization that is the typical 
marker of the late stage of osteogenic differentiation [41]. 

Figure 1. Characterization of MSCs: (a) representative image of MSCs in vitro, light microscopy
(phase contrast); (b) representative flow cytometric plots of immunophenotype. MSCs were stained
with antigen specific fluorescent antibodies: CD44-FITC, CD73-PE, CD90-FITC, CD105-PE; (c) con-
firmation of multilineage potential of MSCs, representative images, light microscopy (bright-field).
MSCs cultured in adipogenic differentiation medium were stained with oil red O. MSCs cultured in
osteogenic differentiation medium were stained with alizarin red S. MSCs—mesenchymal stromal
cells; FITC—fluorescein isothiocyanate; PE—phycoerythrin.

2.2. MSC Commitment to the Osteoblast Lineage

Inducers of osteogenic differentiation were added to the culture medium for 7 days.
Increased activity of alkaline phosphatase was shown using a cytochemistry method
(Figure 2a). Alkaline phosphatase catalyzes the hydrolysis of organic phosphate esters in
the extracellular space. An increase in the activity of this enzyme is one of the early signs
of MSC osteo-differentiation. At the same time, after 7-day exposure, MSCs retained the
progenitor properties and did not show signs of matrix mineralization that is the typical
marker of the late stage of osteogenic differentiation [41].
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Quantitative PCR (qPCR) analysis revealed more than 2-fold upregulation of oste-
ogenesis-associated genes (RUNX2, ALPL, OPG, SP7, BGLAP) (Figure 2b). RUNX2 
(runt-related transcription factor 2) is a key positive regulator of osteoblast differentia-
tion. ALPL (alkaline phosphatase), OPG (osteoprotegerin), SP7 (osterix), BGLAP (oste-
ocalcin) are the protein-coding genes associated with osteogenesis. 

 
Figure 2. Confirmation of MSC osteogenic commitment (7-day induction): (a) representative im-
ages of histochemical detection of ALP activity and dye optical density of alkaline phosphatase ac-
tivity staining, light microscopy (bright-field); (b) relative expression of osteogenesis-associated 
genes (Ost vs. Int), qPCR analysis. MSCs—mesenchymal stromal cells; Int—intact MSCs; 
Ost—osteocommitted MSCs. 

2.3. SMG Effects on Immunophenotype and Adhesion Molecules 
The flasks with osteocommitted (Ost) and intact (Int) MSCs were placed on the 

random positioning machine (RPM) for 10 days. A part of the flasks was left as a static 
control (Stat). During the experiment, the cells retained their adhesive properties. In all 
experimental groups, the MSCs formed a dense cell monolayer (Figure 3a). Cell viability, 
morphology, and immunophenotype were studied using flow cytometry. Viability as-
sessment did not reveal the significant cell death under simulated microgravity (Figure 3b). 
The share of living MSCs remained high in all samples (≥94%). To evaluate the cell size 
and granularity, forward scatter (FSC) and side scatter (SSC), respectively, were analyzed 
(Figure 3c). It was shown the average size of osteocommitted cells is significantly smaller 
than that of intact cells. Cytoplasmic granularity did not differ significantly between the 
experimental groups. 

Figure 2. Confirmation of MSC osteogenic commitment (7-day induction): (a) representative im-
ages of histochemical detection of ALP activity and dye optical density of alkaline phosphatase
activity staining, light microscopy (bright-field); (b) relative expression of osteogenesis-associated
genes (Ost vs. Int), qPCR analysis. MSCs—mesenchymal stromal cells; Int—intact MSCs; Ost—
osteocommitted MSCs.

Quantitative PCR (qPCR) analysis revealed more than 2-fold upregulation of osteogenesis-
associated genes (RUNX2, ALPL, OPG, SP7, BGLAP) (Figure 2b). RUNX2 (runt-related tran-
scription factor 2) is a key positive regulator of osteoblast differentiation. ALPL (alkaline
phosphatase), OPG (osteoprotegerin), SP7 (osterix), BGLAP (osteocalcin) are the protein-
coding genes associated with osteogenesis.

2.3. SMG Effects on Immunophenotype and Adhesion Molecules

The flasks with osteocommitted (Ost) and intact (Int) MSCs were placed on the random
positioning machine (RPM) for 10 days. A part of the flasks was left as a static control (Stat).
During the experiment, the cells retained their adhesive properties. In all experimental
groups, the MSCs formed a dense cell monolayer (Figure 3a). Cell viability, morphology,
and immunophenotype were studied using flow cytometry. Viability assessment did not
reveal the significant cell death under simulated microgravity (Figure 3b). The share of
living MSCs remained high in all samples (≥94%). To evaluate the cell size and granularity,
forward scatter (FSC) and side scatter (SSC), respectively, were analyzed (Figure 3c). It was
shown the average size of osteocommitted cells is significantly smaller than that of intact
cells. Cytoplasmic granularity did not differ significantly between the experimental groups.
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Figure 3. Morphology and viability of MSCs after 10 days of RPM exposure: (a) representative 
images of MSCs, light microscopy (phase contrast); (b) the share of viable MSCs; (c) evaluation of 
MSC size/granularity. Representative flow cytometry plots of FSC-A/SSC-A (size/granularity, re-
spectively) distribution and boxplots. Data are presented as median, Q1/Q3, min/max; n ≥ 10, * p < 
0.05. MSCs—mesenchymal stromal cells; Int—intact MSCs; Ost—osteocommitted MSCs; 
Stat—static control; RPM—random positioning machine; FSC-A—forward scatter area; 
SSC-A—side scatter area. 

Analysis of the main MSC markers showed a decrease in CD73, CD90, CD105 ex-
pression during osteocommitment (Figure 4). This effect was not associated with the av-
erage cell size reduction. To demonstrate this, we gated cells of the same sizes (R1) and 
compared gated MSCs in experimental groups (Figure 5). Despite the same sizes in the 
R1 gates, a significant difference in the expression of stromal markers persisted. 

Osteocommitment led to decreased expression of CD44 (HCAM), CD54 (ICAM), 
CD51/61 (integrin αv/β3), CD49b (Integrin α2) on cell membranes (Figure 6). At the same 
time, the expression of CD29 (Integrin β1), CD49a (Integrin α1), and CD49e (Integrin α5) 
did not change. 

No significant effects of 10-day SMG on the expression of stromal markers and cell 
adhesion molecules were found. Interestingly, that short-term (96 h) exposure of MSCs 
under SMG reduced the expression of CD105, CD51/61, CD44, and CD54 and altered the 
transcription activity of several genes associated with adhesion and extracellular matrix 
[42]. Probably, longer exposure allows MSCs to adapt to SMG and restore the normal 
expression of certain surface molecules. 

Figure 3. Morphology and viability of MSCs after 10 days of RPM exposure: (a) representative
images of MSCs, light microscopy (phase contrast); (b) the share of viable MSCs; (c) evaluation
of MSC size/granularity. Representative flow cytometry plots of FSC-A/SSC-A (size/granularity,
respectively) distribution and boxplots. Data are presented as median, Q1/Q3, min/max; n ≥ 10,
* p < 0.05. MSCs—mesenchymal stromal cells; Int—intact MSCs; Ost—osteocommitted MSCs; Stat—
static control; RPM—random positioning machine; FSC-A—forward scatter area; SSC-A—side
scatter area.

Analysis of the main MSC markers showed a decrease in CD73, CD90, CD105 expres-
sion during osteocommitment (Figure 4). This effect was not associated with the average
cell size reduction. To demonstrate this, we gated cells of the same sizes (R1) and compared
gated MSCs in experimental groups (Figure 5). Despite the same sizes in the R1 gates, a
significant difference in the expression of stromal markers persisted.

Osteocommitment led to decreased expression of CD44 (HCAM), CD54 (ICAM),
CD51/61 (integrin αv/β3), CD49b (Integrin α2) on cell membranes (Figure 6). At the same
time, the expression of CD29 (Integrin β1), CD49a (Integrin α1), and CD49e (Integrin α5)
did not change.

No significant effects of 10-day SMG on the expression of stromal markers and cell
adhesion molecules were found. Interestingly, that short-term (96 h) exposure of MSCs
under SMG reduced the expression of CD105, CD51/61, CD44, and CD54 and altered the
transcription activity of several genes associated with adhesion and extracellular matrix [42].
Probably, longer exposure allows MSCs to adapt to SMG and restore the normal expression
of certain surface molecules.
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Figure 4. Immunophenotype of MSCs after 10 days of RPM exposure: (a) representative fluores-
cence plots; (b) mean fluorescence intensity (MFI) of CD90, CD73, and CD105. Data are presented 
as mean ± SD; n ≥ 3, * p < 0.05. MSCs—mesenchymal stromal cells; Int—intact cells; 
Ost—osteocommitted cells; Stat—static control; RPM—random positioning machine; 
NC—negative control (MSCs were stained with matched fluorescent nonimmune antibody). 

 
Figure 5. Mean fluorescence intensity of specific antibody to CD90, representative experiment. R1 
gate included MSCs of the same size, but differentiated fluorescence remained. 
MSCs—mesenchymal stromal cells; Int—intact cells; Ost—osteocommitted cells; Stat—static con-
trol; RPM—random positioning machine; NC—negative control (MSCs were stained with matched 
fluorescent nonimmune antibody); FSC-A—forward scatter area; SSC-A—side scatter area. 

Figure 4. Immunophenotype of MSCs after 10 days of RPM exposure: (a) representative fluo-
rescence plots; (b) mean fluorescence intensity (MFI) of CD90, CD73, and CD105. Data are pre-
sented as mean ± SD; n ≥ 3, * p < 0.05. MSCs—mesenchymal stromal cells; Int—intact cells; Ost—
osteocommitted cells; Stat—static control; RPM—random positioning machine; NC—negative control
(MSCs were stained with matched fluorescent nonimmune antibody).
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Figure 5. Mean fluorescence intensity of specific antibody to CD90, representative experiment. R1
gate included MSCs of the same size, but differentiated fluorescence remained. MSCs—mesenchymal
stromal cells; Int—intact cells; Ost—osteocommitted cells; Stat—static control; RPM—random posi-
tioning machine; NC—negative control (MSCs were stained with matched fluorescent nonimmune
antibody); FSC-A—forward scatter area; SSC-A—side scatter area.
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Figure 6. Expression of adhesion molecules on MSCs after 10-days of RPM exposure, flow cytom-
etry. Data are presented as mean ± SD; n ≥ 3, * p < 0.05. MSCs—mesenchymal stromal cells; 
Int—intact cells; Ost—osteocommitted cells; Stat—static control; RPM—random positioning ma-
chine; MFI—mean fluorescence intensity. 

2.4. SMG Effects on ECM Proteins 
To assess the content of ECM components after 10 days of RPM exposure, we used 

Sirius Red F3BA and Fast Green FCF dyes, which selectively bind to collagenous and 
non-collagenous proteins, respectively. Then, the dyes were extracted, and the optical 
densities of the solutions were analyzed (Figure 7). The results showed an increase in 
ECM non-collagenous proteins after RPM exposure. These proteins were increased up to 
35% in the intact MSCs, while the osteo-MSCs demonstrated a 20% increase. A 15% de-
crease of ECM collagen components was shown in intact cells after RPM exposure. Some 
tendency was found in osteocommitted MSCs, but the changes were not significant. 

The conditioned medium was analyzed using Proteome Profiler Human Protease 
Array Kit. The 7 days of osteocommitment lead to decreased production of cathepsin B 
and MMP3 (matrix metalloproteinase-3) and increased cathepsin D (Figure 8). Both intact 
and osteo-MSCs demonstrated the alteration of protease production in a similar manner 
under SMG. Increased secretion of cathepsin A, cathepsin D, and MMP3 was detected. 
Interestingly, RPM exposure resulted in an enhanced level of MMP2 in intact MSCs, 
while the reverse effect was observed in osteocommitted cells (Figure 8). 

It should be noted that the MMP3 level decreased in osteocommitted MSCs, but 
simulated microgravity led to enhanced secretion of this protease (Figure 8). The MMP3 
can degrade laminin, fibronectin, several gelatins, collagens III, IV, X, and IX, and carti-
lage proteoglycans. 

Figure 6. Expression of adhesion molecules on MSCs after 10-days of RPM exposure, flow cytometry.
Data are presented as mean ± SD; n ≥ 3, * p < 0.05. MSCs—mesenchymal stromal cells; Int—
intact cells; Ost—osteocommitted cells; Stat—static control; RPM—random positioning machine;
MFI—mean fluorescence intensity.

2.4. SMG Effects on ECM Proteins

To assess the content of ECM components after 10 days of RPM exposure, we used
Sirius Red F3BA and Fast Green FCF dyes, which selectively bind to collagenous and
non-collagenous proteins, respectively. Then, the dyes were extracted, and the optical
densities of the solutions were analyzed (Figure 7). The results showed an increase in ECM
non-collagenous proteins after RPM exposure. These proteins were increased up to 35% in
the intact MSCs, while the osteo-MSCs demonstrated a 20% increase. A 15% decrease of
ECM collagen components was shown in intact cells after RPM exposure. Some tendency
was found in osteocommitted MSCs, but the changes were not significant.

The conditioned medium was analyzed using Proteome Profiler Human Protease
Array Kit. The 7 days of osteocommitment lead to decreased production of cathepsin B
and MMP3 (matrix metalloproteinase-3) and increased cathepsin D (Figure 8). Both intact
and osteo-MSCs demonstrated the alteration of protease production in a similar manner
under SMG. Increased secretion of cathepsin A, cathepsin D, and MMP3 was detected.
Interestingly, RPM exposure resulted in an enhanced level of MMP2 in intact MSCs, while
the reverse effect was observed in osteocommitted cells (Figure 8).

It should be noted that the MMP3 level decreased in osteocommitted MSCs, but
simulated microgravity led to enhanced secretion of this protease (Figure 8). The MMP3
can degrade laminin, fibronectin, several gelatins, collagens III, IV, X, and IX, and cartilage
proteoglycans.
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FCF selectively bind collagenous and non-collagenous components of ECM, respectively. Data are 
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Ost—osteocommitted MSCs; Stat—static control; RPM—random positioning machine; 
ECM—extracellular matrix. 

 
Figure 8. Evaluation of protease levels in conditioned medium of MSCs after 10 days of RPM ex-
posure using Proteome Profiler Human Protease Array Kit. Representative image of the dot blot-
ting of protein levels is shown. Densitometric analysis of certain analytes was performed using 
ImageLab software (Bio-Rad, Hercules, CA, USA). The major proteins are demonstrated. The data 
were normalized to positive control and are shown as mean ± SD; n ≥ 4, * p < 0.05. 
MSCs—mesenchymal stromal cells; Int—intact cells; Ost—osteocommitted cells; Stat—static con-
trol; RPM—random positioning machine. 

Figure 7. Evaluation of collagenous and non-collagenous proteins of MSCs after 10 days of RPM
exposure, light microscopy (bright field), and spectrophotometry. Sirius Red F3BA and Fast Green
FCF selectively bind collagenous and non-collagenous components of ECM, respectively. Data
are presented as mean ± SD; n ≥ 3, * p < 0.05. MSCs—mesenchymal stromal cells; Int—intact
MSCs; Ost—osteocommitted MSCs; Stat—static control; RPM—random positioning machine; ECM—
extracellular matrix.
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Figure 8. Evaluation of protease levels in conditioned medium of MSCs after 10 days of RPM
exposure using Proteome Profiler Human Protease Array Kit. Representative image of the dot
blotting of protein levels is shown. Densitometric analysis of certain analytes was performed using
ImageLab software (Bio-Rad, Hercules, CA, USA). The major proteins are demonstrated. The data
were normalized to positive control and are shown as mean ± SD; n ≥ 4, * p < 0.05 (RPM vs. Stat;
# Ost-Stat vs. Int-Stat). MSCs—mesenchymal stromal cells; Int—intact cells; Ost—osteocommitted
cells; Stat—static control; RPM—random positioning machine.
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2.5. SMG Effects on Gene Expression

After 10 days of RPM exposure, the expression of 84 genes associated with adhesion
and matrix production was analyzed. This gene profiler included cell adhesion molecules
(transmembrane receptors, cell–cell adhesion, cell–ECM adhesion, other cell adhesion
molecules) and ECM molecules (basement membrane constituents, collagens and ECM
structural constituents, ECM proteases, ECM protease inhibitors, other ECM molecules).
Some low/non-expressed genes were excluded from analysis, and the relative expression
of others is shown (Figure 9). While many genes associated with adhesion and matrix
production were analyzed, significant expression differences are only shown for some
(Figure 9, Table 1). SMG led to similar differences in osteocommitted and intact cells. In
the same cases, the differences were more pronounced in osteocommitted MSCs (Table 1).
Thus, in this group, significant changes of more than 1.5-fold were confirmed for 9 genes
(COL11A1, CTNNB1, HAS1, ITGA3, ITGB1, LAMA3, MMP1, MMP11, and TNC). In intact
cells, changes were shown only for 4 genes (COL11A1, CTNND1, TIMP3, and TNC).
However, the directions of the differences were similar.

Table 1. Relative expression of matrix/adhesion associated genes after 10 days of RPM exposure of
intact (Int) and osteocommitted (Ost) MSCs.

Gene Description Fold Change (Mean ± SD)

RPM (Int) vs. Stat (Int) RPM (Ost) vs. Stat (Ost)

COL11A1 Collagen, type XI, alpha 1 1.48 ± 0.39 * 1.92 ± 0.80 *
CTNNB1 Catenin, beta 1 1.05 ± 0.59 1.82 ± 1.10 *
CTNND1 Catenin, delta 1 1.56 ± 0.60 * 0.70 ± 0.26

HAS1 Hyaluronan synthase 1 0.90 ± 0.13 0.55 ± 0.37 *
ITGA3 Integrin, alpha 3 (antigen CD49C) 0.72 ± 0.35 0.53 ± 0.23 *
ITGB1 Integrin, beta 1 1.13 ± 0.26 1.56 ± 0.45 *

LAMA3 Laminin, alpha 3 0.94 ± 0.69 0.63 ± 0.25 *
MMP1 Matrix metallopeptidase 1 1.77 ± 1.53 0.63 ± 0.10 *

MMP11 Matrix metallopeptidase 11 0.82 ± 0.13 0.51 ± 0.05 *
TIMP3 TIMP metallopeptidase inhibitor 3 0.66 ± 0.13 * 0.75 ± 0.24
TNC Tenascin C 2.23 ± 0.99 * 2.16 ± 1.55 *

* The significantly changed genes (more than 1.5-fold, p ≤ 0.05) are presented; n ≥ 3.

3. Discussion

The 10-day RPM exposure of MSCs (intact and osteocommitted) did not cause signifi-
cant changes in morphology, immunophenotype, and cell viability. It should be mentioned
that CD90, CD73, and CD105 expression decreased after osteocommittment. At the same
time, the 10 days of SMG did not shift these expression patterns. It is known that integrins
α2 and aV/β3 are involved in osteogenic differentiation, mediating signaling of MAPK
and PI3K kinases that are required for the activation of master osteogenesis regulator
runt-related transcription factor 2 (RUNX2) [43,44]. The decreased expression of these
molecules may be compensatory negative feedback to osteogenic stimulation. A similar
effect has been previously demonstrated [45]. The important role of CD90 and CD73 in
osteo-differentiation was demonstrated in vivo since relevant knockout mice exhibit signs
of osteopenia phenotype [46,47].

We observed the reduced level of collagenous proteins in MCS ECM after 10 days of
SMG. Preliminary osteocommitment partly prevented the reduction in collagen content
under SMG but did not eliminate the attenuation of collagens in the ECM in comparison
with static control. Decrease of collagen production was demonstrated during exposure
cultured MSCs to SMG and osteogenic stimuli [48]. These fibers constitute up to 90% of
bone organics and determine the strength of tissues and mechanical resistance to stretching.
ECM collagen fibers stimulate MSC osteogenesis due to mitogen-activated protein kinase
(MAPK) signaling via integrins containing the β1 subunit [49]. Reduced collagen produc-
tion by MSCs may cause the decrease in osteogenesis and contribute to the development of
osteopenia during spaceflights.
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The experimental results concerning gene expression in osteogenic precursors sup-
ported the possibility of decreased collagen production under microgravity. For example,
2–7-day exposure aboard SJ-10 satellite caused a downregulation in several collagen genes
in bone marrow MSCs stimulated to undergo osteogenic differentiation [50]. A similar
effect was revealed after 7 days of RPM exposure of osteoblasts [51]. COL1A1 expression
as well as that of a number of other markers of osteogenic differentiation were downreg-
ulated in two types of cell lines during cultivation on board of ISS for 14 days [52]. It
should be mentioned that under gravitational unloading, along with other signs of the
bone imbalance, inhibition of collagen production was shown [53,54].

Simultaneously with a decrease in collagen level, we observed an increase of pro-
teoglycans in the ECM after 10 days of SMG. These changes in ECM components can
enhance its regulatory role because the deposition of VEGF, IGF, FGF, and other growth fac-
tors [55,56]. It can be assumed that a similar effect in vivo will result in the decomposition
of proteoglycans accumulated during spaceflight and the release of growth factors after
returning to normal gravity. It has been shown that proteoglycan overage in bone tissue
occurs in some types of osteogenesis imperfecta and makes mineralization difficult [4].

Analysis of MSC transcriptomic profiles revealed moderate changes in different groups
of ECM-associated genes. Among the 16 ITG genes, only ITGA3 and ITGB1 were altered
after 10 days of SMG. It should be mentioned that short-term SMG caused impaired cell
adhesion in vitro and transcriptomic shifts of adhesion molecules [42]. It is known that
each of the integrin subunits is encoded by an individual gene and, therefore, decreased
expression of one integrin subunit can attenuate the cell–matrix interaction. Subunits α5
and β1 associate to form fibronectin receptors, while α3 and β1 form laminin receptors [57].
Downregulation of α3 and α5 subunits may result in reduced numbers of laminin and
fibronectin receptors and, therefore, in a decrease in the adhesion of osteocommitted MSCs.
The attenuation of adhesion in intact MSCs may be due to an upregulation of TNC, since an
excess of tenascin has been shown to attenuate cell adhesion to fibronectin. In addition, the
interaction of tenascin with fibronectin stimulated the expression of a number of protease
genes [58,59].

Moreover, the α3 subunit is responsible for activating the PI3K-Akt signaling pathway
and is associated with focal adhesion kinase (FAK) [60,61]. At the same time, the β1
subunit is associated with MAPK signaling [40]. These signaling pathways are involved in
osteogenic differentiation. It is possible that the integrin-mediated effect on these pathways
could be compensated. A similar result was obtained after evaluation of the expression of
anchor proteins (catenins) associated with adhesion. CTNNB1 expression was upregulated
in osteocommitted MSCs, while CTNND1 was upregulated in intact cells after 10 days
of SMG.

ECM remodeling comprises several simultaneous processes, including synthesis and
degradation of different macromolecules. In our work, it was shown that intact and
osteocommitted MSCs altered protease production in a similar way to under simulated
microgravity. In both cases, an increase in cathepsin A, cathepsin D, and MMP3 secretion
was detected. In addition, the level of MMP2 secretion increased in intact MSCs, while
it decreased in osteo-MSC. This could be the reason for a lower decrease in collagenous
proteins in osteo-MSCs. The activation of protease secretion under microgravity can lead
to increased proteolysis and be one of bone resorption factors in vivo. MMP1 breaks
down collagen types I, II, and III. MMP2 is specifically active against collagen IV, a major
component of basal membranes. MMP3 is involved in the degradation of collagen types II,
III, IV, IX, and X, proteoglycans, and fibronectin. This enzyme can also act as an activator of
MMP1, MMP7, and MMP9, which makes it an important participant in connective tissue
remodeling [62,63]. A similar upregulation of MMP1 and MMP3 in fibroblasts during
3-day SMG was shown by Buken et al. [37].

Cathepsins are lysosomal proteases, most of which have maximal activity at low
pH. The degradation of intracellular proteins, hormones, and growth factors, and the
regulation of apoptosis are the main physiological functions of cathepsin D. In addition,
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cathepsins are able to activate proteases. Cathepsin A is involved in hydrolysis of sialic
acid in glycoproteins, thus playing a role in their degradation [64]. This may be especially
important for the production of bone sialoprotein, involved in bone ECM mineralization.
The study after 15-day spaceflight also demonstrated an upregulation of MMP1, MMP3,
and MMP10 in the murine bone marrow MSCs, which indicated an activation of bone
resorption and suggested the involvement of progenitor cells [10].

The family of metallopeptidase inhibitors (TIMP) is one of the important components
for regulation of ECM degradation. In intact MSCs, the expression of TIMP1 and TIMP3
were downregulated after 10 days of SMG, which suggests the probable increased activity
of MMPs. It is known that TIMP3 inhibits a wide range of matrix metalloproteinases
such as MMP1, MMP2, MMP3, MMP7, MMP9, MMP13, MMP14, and MMP15 [65]. The
effect of protease inhibitor reduction can be assumed to prevail due to the fact that each
of them is capable of inhibiting more than one MMP. This is also indicated by a decrease
in MSC collagenous proteins under SMG, since MMPs do respond for the proteolysis of
collagens. It should be mentioned that in osteo-MSCs, the TIMP3 expression decreased is
less pronounced under SMG. This may explain ECM collagen maintenance in these cells
versus intact MSCs.

RPM exposure for 10 days induces MSC transcriptomic changes, which can lead to
a weakening of adhesion to the matrix and slowdown in osteogenic differentiation. An
upregulation of TNC expression after RPM exposure should be noted. Similar effects were
observed in other experimental studies [66,67]. This is of particular interest since an excess
of tenascin weakens cell adhesion to fibronectin [58]. Gene expression changes which can
negatively affect cell adhesion under 96 h RPM exposure were shown [34]. After 10-day
exposure, we did not find significant changes in the expression of molecules responsible
for cell adhesion. Upregulation of TNC in MSCs under microgravity could activate matrix
protease production, since it was shown that the interaction of tenascin with fibronectin
stimulates the gene expression of proteases [59]. Apparently, there is a relationship between
tenascin, protease expression, and cell adhesion under microgravity, and this issue requires
further study.

Thus, after 10 days of SMG, the activation of ECM proteolytic processes was more
pronounced in intact MSCs in comparison with osteocommited progeny. This is possible
due to the downregulation of protease inhibitor encoding genes and increased secretion
of MMPs. In addition, a 10-day RPM exposure provoked transcriptomic changes that can
subsequently result in attenuated cell adhesion to the matrix. In the case of osteocommitted
MSCs, this may happen due to a downregulation in integrin subunit genes, while in
intact MSCs, it may occur due to an upregulation of tenascin. The attenuated adhesion to
collagens may also be the reason for the inhibition of osteogenic differentiation via MAPK
signaling. Thus, mesenchymal stromal cells of different commitment would differently
contribute to the ECM degradation process of bone tissue during spaceflight. Further
in vitro and in vivo studies are needed to support and extend the above findings.

4. Materials and Methods

Adipose tissue samples were obtained from the multidisciplinary clinic (Moscow,
Russia) in the frame of scientific agreement. Samples were processed using the guidelines
specifically approved by the Biomedicine Ethics Committee of the Institute of Biomedical
Problems, Russian Academy of Sciences, Permit #314/MCK/09/03/13). Mesenchymal
stromal cells (MSCs) were isolated using a standard method described by [68]. The iso-
lated cells were stained with antibody against stromal markers CD90, CD73, CD105, and
CD44 (BD Biosciences, San Jose, CA, USA) and were analyzed using an Accuri C6 flow
cytometer (BD Biosciences, San Jose, CA, USA). The cells were expanded in α-MEM (Gibco,
Life Technologies, Carlsbad, CA, USA) with 50 U/mL penicillin–streptomycin (PanEco,
Moscow, Russia), and 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) at standard
conditions (5% CO2, 37 ◦C). Subculture was done at 80–90% confluence of the cell layer.
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To induce adipogenic differentiation, the medium was supplemented with 0.5 mM
isobutyl methylxanthine, 1 µM dexamethasone, 10 µg/mL insulin, and 200 µM indomethacin
(Sigma, St. Louis, MO, USA). Adipogenic differentiation was assessed by the evaluation of
cytoplasmic oil-red-O-stained lipid droplets (Millipore, Bedford, MA, USA).

To induce osteogenic differentiation, complete α-MEM was supplemented with 10 nM
dexamethasone, 10 mM glycerol-2-phosphate, and 0.2 mM L-ascorbic acid 2-phosphate
(Sigma, St. Louis, MO, USA). Osteogenic differentiation was confirmed using an alkaline
phosphatase kit (Sigma-Aldrich, St. Louis, MO, USA) and alizarin red staining of the
mineralized matrix components (Millipore, Bedford, MA, USA). The dye was extracted by
DMSO and absorbance was measured using a plate photometer PR 2100 (Bio-Rad, USA) at
405 nm wavelength.

A desktop random positioning machine (RPM) (Dutch Space, Leiden, The Nether-
lands) was used to simulate the effects of microgravity. The speed (53–65 deg/s) and
direction of the device rotation were randomized by dedicated control software at the
computer user interface. The maximum distance between the cell monolayer and the center
of rotation was 7.5 cm. The gravity value averaged 10−3–10−2 g [69].

The cells were plated in culture flask (surface area: 25 cm2, volume: 50 mL, Cellstar,
Greiner Bio-One, Frickenhausen, Germany) at a density of 3000 cells. The osteogenic
inducers were added in 2 of 4 culture flasks after MSCs reached 80–90% confluence. The
inducers were removed from the medium after 7 days of cultivation. Flasks were filled
with α-MEM (Gibco, Life Technologies, Carlsbad, CA, USA) with 50 U/mL penicillin–
streptomycin (PanEco, Moscow, Russia), and 10% FBS (HyClone, Logan, UT, USA) without
air bubbles to prevent sloshing of the medium and shear stress. The flasks were fixed on
the RPM platform. The RPM was placed in a thermostat at 37 ◦C for 10 days.

To study MSC viability, cells were stained with annexin and propidium iodide using
the Annexin V–FITC kit (Immunotech, France) according to the manufacturer’s instructions.
Cells were analyzed using an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA,
USA). For cell size and structure analysis, flow cytometric forward scatter (FSC) and side
scatter (SSC) density plots were applied.

The cells were stained with antibody against surface markers CD90, CD73, CD105, CD29,
CD44, CD49a, CD49b, CD49e, CD51/61, and CD54 (BD Biosciences, San Jose, CA, USA) and
were analyzed using an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

To assess the content of ECM components after RPM exposure, we used dyes that
selectively bind to collagenous protein and non-collagenous proteins—Sirius Red F3BA
and Fast Green FCF (Sigma, USA), respectively. We dissolved dyes in 1.2% picric acid at a
ratio of 1:1000. The solution was poured into flasks with cells and incubated on a shaker for
30 min with a rotation of 60 rpm. An Eclipse TiU light microscope (Nikon, Tokyo, Japan)
was used for visual assay of the staining of cultures with histological dyes. After that, the
bound dyes were extracted with a mixture of methanol with 25 mM NaOH (1:1) and optical
density was compared on a PR 2100 plate photometer (Bio-Rad, USA) at 550 nm for Sirius
Red and 605 nm for Fast Green.

The conditioned medium (CM) was collected after experiments, centrifuged at 2500× g
to remove cell debris, and stored at −80 ◦C (low temperature freezer, Sanyo, Osaka, Japan).
To detect 35 human proteases (ADAM8, ADAM9, ADAMTS1, ADAMTS13, cathepsin A,
cathepsin B, cathepsin C, cathepsin D, cathepsin E, cathepsin L, cathepsin S, cathepsin V,
cathepsin X/Z/P, DPPIV/CD26, kallikrein 3/PSA, kallikrein 5, kallikrein 6, kallikrein 7,
kallikrein 10, kallikrein 11, kallikrein 13, MMP1, MMP2, MMP3, MMP7, MMP8, MMP9,
MMP10, MMP12, MMP13, neprilysin/CD10, presenilin, proprotein convertase 9, pro-
teinase 3, uPA/urokinase) CM was analyzed using Proteome Profiler Human Protease
Array Kit (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer’s
instructions. The data were analyzed using Image Lab Software Version 5.0 (Bio-Rad,
Hercules, CA, USA).

To evaluate gene expression, total RNA was extracted with QIAzol reagent (Qiagen,
Hilden, Germany) and purified using the phenol/chloroform technique. The quality and
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concentration of RNA samples were estimated using a Nanodrop ND-2000c (Thermo
Scientific, Waltham, MA, USA). Ambion DNase I (RNase-free) (Thermo Fisher Scientific,
Waltham, MA, USA) was used for genomic DNA degradation. Reverse transcription was
performed using the MMLV RT Kit (Eurogene, Moscow, Russia) according to the manufac-
turer’s protocol. Expression of 84 matrix/adhesion associated genes was analyzed using
RT2 Profiler PCR Array—Human Extracellular Matrix & Adhesion Molecules (Qiagen).
This gene profiler included cell adhesion molecules (transmembrane receptors—CD44,
CDH1 (E-Cadherin), HAS1, ICAM1, ITGA1, ITGA2, ITGA3, ITGA4 (CD49D), ITGA5, ITGA6,
ITGA7, ITGA8, ITGAL, ITGAM, ITGAV, ITGB1, ITGB2, ITGB3, ITGB4, ITGB5, MMP14,
MMP15, MMP16, NCAM1, PECAM1, SELE, SELL (LECAM-1), SELP, SGCE, SPG7, VCAM1;
cell–cell adhesion—CD44, CDH1 (E-Cadherin), COL11A1, COL14A1, COL6A2, CTNND1,
ICAM1, ITGA8, VCAM1; cell–ECM adhesion—ADAMTS13, CD44, ITGA1, ITGA2, ITGA3,
ITGA4 (CD49D), ITGA5, ITGA6, ITGA7, ITGA8, ITGAL, ITGAM, ITGAV, ITGB1, ITGB2,
ITGB3, ITGB4, ITGB5, SGCE, SPP1, THBS3; other cell adhesion molecules—ANOS1, CCN2,
CLEC3B, CNTN1, COL12A1, COL15A1, COL16A1, COL5A1, COL6A1, COL7A1, COL8A1,
CTNNA1, CTNNB1, CTNND2, FN1, LAMA1, LAMA2, LAMA3, LAMB1, LAMB3, LAMC1,
THBS1 (TSP-1), THBS2, TNC, VCAN, VTN) and ECM molecules (basement membrane
constituents—COL4A2, COL7A1, LAMA1, LAMA2, LAMA3, LAMB1, LAMB3, LAMC1,
SPARC; collagens & ECM structural constituents—ANOS1, COL11A1, COL12A1, COL14A1,
COL15A1, COL16A1, COL1A1, COL4A2, COL5A1, COL6A1, COL6A2, COL7A1, COL8A1,
FN1; ECM proteases—ADAMTS1, ADAMTS13, ADAMTS8, MMP1, MMP10, MMP11,
MMP12, MMP13, MMP14, MMP15, MMP16, MMP2, MMP3, MMP7, MMP8, MMP9, SPG7,
TIMP1; ECM protease inhibitors—ANOS1, COL7A1, THBS1 (TSP-1), TIMP1, TIMP2, TIMP3;
other ECM molecules—CCN2, CLEC3B, ECM1, HAS1, SPP1, TGFBI, THBS2, THBS3, TNC,
VCAN, VTN). The resulting cDNA was mixed with RT2 SYBR Green/ROX PCR Master
Mix (Qiagen) and added to 96-well plates according to the manufacturer’s protocol. The
expression levels of five housekeeping genes (ACTB, B2M, GAPDH, HPRT, and RPLP0)
were used for reference. Expression of the genes RUNX2, ALPL, OPG, SP7, and BGLAP
was analyzed using Qiagen primers (Qiagen). The cDNA was mixed with qPCRmix-HS
SYBR (Eurogene, Moscow, Russia) and added to 96-well plates. The expression levels
of RPLP0 and HPRT were used for reference. qPCR was performed using the Mx3000P
system (Stratagene, San Diego, CA, USA). Relative gene expression was calculated using
the 2−∆∆Ct method [70].

A minimum of three independent experiments were carried out for each assay. Analy-
sis of group differences was performed by nonparametric Mann–Whitney test for indepen-
dent samples using STATISTICA 10 software (Statsoft, Tulsa, OK, USA). A level of p < 0.05
was accepted as statistically significant.
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