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Abstract— Despite the use of countermeasures (including intense physical activity), cosmonauts and astronauts develop 
muscle atony and atrophy, cardiovascular system failure, osteopenia, etc. All these changes, reminiscent of age-related 
physiological changes, occur in a healthy person in microgravity quite quickly – within a few months. Adaptation to the 
lost of gravity leads to the symptoms of aging, which are compensated after returning to Earth. The prospect of interplan-
etary f lights raises the question of gravity thresholds, below which the main physiological systems will decrease their func-
tional potential, similar to aging, and affect life expectancy. An important role in the aging process belongs to the body’s 
cellular reserve – progenitor cells, which are involved in physiological remodeling and regenerative/reparative processes 
of all physiological systems. With age, progenitor cell count and their regenerative potential decreases. Moreover, their 
paracrine profile becomes pro-inf lammatory during replicative senescence, disrupting tissue homeostasis. Mesenchymal 
stem/stromal cells (MSCs) are mechanosensitive, and therefore deprivation of gravitational stimulus causes serious changes 
in their functional status. The review compares the cellular effects of microgravity and changes developing in senescent 
cells, including stromal precursors. 
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INTRODUCTION

Despite the careful pre-f light selection, factors re-
lated to space f light, primarily weightlessness/micrograv-
ity, increase the risk of deterioration of the space travel-
er’s health [1-3]. In this regard, pinpointing fundamental 
mechanisms of adaptation to microgravity-related effects 
at tissue, cellular, and molecular levels is one of the most 
essential scientific problems for space medicine. Resem-
blance of the physiological changes occurring during 
space f light to the processes developing during human 
aging is of special interest that raises a crucial question 
about the similarity of underlying molecular and cellular 
mechanisms. At the same time, restoration and normal-
ization of physiological processes in organs and tissues 
is observed after returning to Earth, but aging leads to 
unidirectional, progressive pathological changes [1, 4].

It is recognized that in many physiological systems 
the long-term space f lights could result in emergence of 
signs typical to aging [4-7]. Studies carried out on the 
MIR orbital station and the International Space Station 
revealed that the long-term stay in space results in de-
creased bone density [8-11], dysfunction of the immune 
system [12], issues related to cardiovascular system func-
tioning [13, 14] as well as lowered skeletal muscle mass 
and strength [15]. Furthermore, cartilage tissue in the 
musculoskeletal system is also noted to be affected. 
In  addition, the size of chondrogenic pellets, synthe-
sis of proteoglycans, and dynamic stiffness of three- 
dimensional cartilage constructs are reduced [7]. Final-
ly, moderate hypothyroidism, increased stress hormone 
(mainly catecholamines) and decreased sex steroid lev-
els, insulin resistance, as well as systemic pro-inf lam-
matory state could be observed as well [6, 16]. Similar 
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changes occur upon aging under Earth’s gravity, which 
develop, however, much faster in spacef lights.

Degenerative changes in the musculoskeletal system 
pose one of the most important risks upon exposure to 
microgravity. In this regard, a recent meta-review sum-
marized the data from 25 experimental papers that an-
alyzed post-f light bone density level as well as in-f light 
and post-f light bone biochemical markers in 148 and 
124 subjects, respectively. It turned out that compared 
with the pre-f light level the cosmonauts who spent more 
than 28 days in space were found to have lower extremity 
bone density decreased by 5.4% (n = 96). After landing, 
level of the bone resorption markers decreased, and the 
balance shifted toward prevailing bone formation [11].

Some of the mechanisms underlying decline in 
bone density during spacef light could highly resemble 
those related to osteoporosis developed in aging and/or 
due to physical inactivity. The reduced bone mass and 
osteoporosis has been observed both in older people as 
well as in immobilized or bedridden patients of any age 
[6] primarily highlighting a reduced mechanical load on 
the musculoskeletal system. In addition, the decreased 
level of sex hormones such as testosterone and estro-
gen should be noted. Interestingly, the male astronauts 
demonstrate both decreased workload and lowered tes-
tosterone level (comparable to the older men) [6, 17]. 
It should be noted that neither daily physical tasks nor 
mechanical loads can fully prevent osteopenia devel-
opment.

Similar data were also observed in the animal study 
with 16-week-old female C57BL/6J mice exposed to mi-
crogravity for 15 days during the STS-131 mission. It was 
shown that the bone volume fraction and bone thickness 
decreased by 6.2% and 11.9%, respectively. A more de-
tailed analysis revealed elevated number of osteoclasts 
along with higher expression of the bone matrix metal-
loproteinases (MMP-1, -3, and -10). At the same time, 
osteoblast expression of the CDKN1a gene encoding p21 
(one of the cell cycle inhibitors and crucial markers of 
cellular senescence) was upregulated by 3.3-fold. Hence, 
it could indicate that alterations in bone homeostasis 
under microgravity conditions underlie osteocyte oste-
olysis and p21-mediated arrest in osteoblast cell cycle 
[18]. Thus, phenomenology of the long-term impact of 
space f light factors on bone tissue physiology allows to 
draw some parallels with the age-related changes sug-
gesting existence of similar cellular mechanisms.

Recent studies with astronauts identify more links 
between the alterations related to spacef light and aging. 
Modern molecular biological methods allow to assess 
the state of genetic apparatus upon different damages. 
Thus, American researchers analyzed temporal changes 
in the telomere (the ends of chromosomes) length and 
DNA damage response (DDR) in the peripheral blood 
mononuclear cells from 11 astronauts on board of the 
ISS before, during, and after the long-term spacef lights 

(up to a year). In this regard, shortened telomeric regions 
is considered as one of the classic signs of aging, which 
will be discussed in more detail below. Despite that all 
space travelers underwent strict medical selection having 
no health complaints, they had shorter telomere length 
and lower level of telomerase activity compared to the 
control age-matched healthy subjects. Interestingly, the 
telomere length increased slightly during space f lights, 
but rapidly decreased upon return to Earth [19]. Hence, 
it was unveiled that despite of the individual differences 
the post-f light telomere length was decreased in almost 
all astronauts in comparison with the pre-f light length. 
Furthermore, a positive correlation between the oxida-
tive stress and dynamically f luctuating telomere length 
was established. Aside from this, increased prevalence 
of the chromosomal inversions was observed during and 
after the space f lights. It was proposed that regardless of 
telomerase activity in somatic cells the in-f light chronic 
oxidative stress transiently activates an alternative path-
way for telomere length regulation [19].

Discussing the data on the telomere length in-
creased during space f lights, it should be noted that the 
cosmonauts and astronauts use physical activity (about 
an hour daily) as a countermeasure of adverse effects 
related to weightlessness. Analyzing the effects of run- 
ning revealed its positive effect on peripheral blood mono-
nuclear cell telomere length [20], the telomere length 
positively correlated with the performance level of ath-
letes [21].

Considering telomere length (or any other sign of 
aging) as one of an “integrative markers” for cumulative 
effect of genetic and external cues (environment and 
lifestyle) on human aging, it is necessary to remember 
that together with microgravity, a healthy person be-
comes affected by the elevated level of radiation, tran-
sient changes in spacecraft normoxic atmosphere (in-
creased CO2 level, airborne organic impurities), altered 
microbiome, as well as stressful situations (e.g., extra-
vehicular activities, failures of life support system ele-
ments, etc.), which should be taken into consideration 
while analyzing impact of space f lights on physiological 
processes.

Interestingly, the level of blood plasma pro-inf lam-
matory interleukins and chemokines in astronauts sig-
nificantly correlated with the telomere length and in-
creased during the long-term space f lights. For instance, 
the astronauts’ plasma samples contained higher level of 
various cytokines including pro-inf lammatory cues such 
as TNFα, IL-8, IL-1ra, Tpo, VEGF, MCP-1, CCL4, 
CXCL5 [12] that could be considered as a sign of chron-
ic (sterile) inf lammation, one of the signs of aging.

Microgravity is a major element affecting health of 
astronauts during space f light [22]. Because physiologi-
cal changes at an organismal level result from the mod-
ified cellular functioning, cellular changes related to ag-
ing and microgravity were compared.
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It is necessary to remember that the central regula-
tory processes such as f luctuated biorhythms, hormonal 
status etc. affecting the cell state (and aging) in the con-
text of an integral unified system also greatly impact the 
gravity-related physiological effects. These effects are the 
subject of separate investigation. In particular, they being 
considered in the Dilman’s neuroendocrine theory of ag-
ing and in the hypothesis suggested by A. M. Olovnikov 
about potential molecular mechanisms for the develop-
ment and aging of multicellular organisms, including in-
volvement of neuroendocrine cells and gravitational ef-
fects. Moreover, perception of the gravitational infradian 
rhythms by the animals, which could become disrupted 
during space f light and, probably, result in accelerated 
aging, has been also mentioned [23-27].

CELL SENESCENCE

Nowadays, aging is often envisioned as the loss of 
body physiological integrity that proceeds over time re-
sulting in its impaired functions and elevated risk of 
death. Hypotheses, theories, definitions of aging at var-
ious levels of life organization have been extensively dis-
cussed in the Biochemistry (Moscow) journal including the 
Issue 12-13, 2022. In this review we will solely refer to the 
hallmark issues. It is also worth noting about an epigen-
etic “clock” of aging proposed in 2013 by Horvath [28] 
and in 2017 by the scientific team headed by Dr. Gladyshev 
[29]. However, a rather broad application of the “clock” 
concept with regard to space biology needs to be further 
assessed.

Currently, at the cellular level, altered intercellular 
interaction, depleted stem cell pool, cellular aging, mi-
tochondrial dysfunction, metabolic disorders, impaired 
proteostasis, genome instability, telomere shortening, 
and epigenetic changes are referred to as signs of ag-
ing at the cellular level [30]. Cell aging (senescence) is 
thought to be one of the essential arms in the host ag-
ing [31]. Such phenomenon is characterized by the irre-
versibly arrested cell cycle and could be accompanied by 
the prominent phenotypic changes including increased 
autophagic events, modulated metabolism, chromatin 
remodeling, production of proinf lammatory cytokines, 
etc. [32-36]. Morphological changes including larger 
cell size and f lattening should be highlighted among 
the most recognized markers of cell senescence [37]. 
In addition, the senescence-associated β-galactosidase 
(SA-β-gal) activity also increases [38] along with the 
frequency of emerging of heterochromatic γ-H2AX 
foci  [39]. To some extent, formation of a senescent cell 
may be considered as a consequence and as a cause of 
aging. On the one hand, it results from alterations at the 
molecular level, translated into the senescence program 
at the cell level, which is an elementary unit of life or-
ganization. On the other hand, the senescent cell phys-

iology transforms dramatically leading to the impaired 
tissue and organ functioning in the long term.

Cell senescence is generally referred to as an an-
tagonistic trait that has both negative and positive sides. 
It is generally accepted that activation of the senescence 
state is the most crucial barrier to tumorigenesis. Uncon-
trolled tumor cell division and inability of the senescent 
cell to divide seem to be opposite consequences resulting 
from the same causes primarily represented by accumu-
lation of damages in the cell genetic material [40, 41]. 
Cell senescence also plays an essential role in wound 
healing, where, e.g., upon skin wound healing, the ma-
tricellular protein CCN1 can induce senescence of fibro-
blasts or myofibroblasts and thereby reduce fibrosis [42]. 
Another aspect of the positive senescence-related effects 
may also be presented as the changed intercellular cross-
talk. A number of paracrine mediators typical to senes-
cent secretome are even used for the stromal progenitor 
cell priming in regenerative medicine. In recent years, 
various approaches have been explored to extend capa-
bilities of the stromal progenitor cells that resulted in the 
development of new cell products with improved poten-
tial for diverse clinical applications [43]. These studies 
clearly illustrate ambiguity of negative and positive bi-
ological effects, which is also applicable to senescent 
cells.

Today, replicative and stress-induced cellular se-
nescence are distinguished: the former is considered as 
a cell condition in which proliferative activity becomes 
irreversibly lost following a series of mitoses. The cell 
cycle arrest (in this case) largely results from the short-
ening of telomeric regions, which can be considered as 
a special case of genome instability. In 1961, cellular se-
nescence was first described as the progressive and irre-
versible loss of proliferative potential in human somatic 
cells. It was shown that even under ideal culture condi-
tions, human embryonic fibroblasts are capable of divid-
ing only a limited number of times (50 ± 10) [44], the 
phenomenon named after the author, who discovered 
it – the “Hayf lick limit”. In 1971 A. M. Olovnikov pro-
posed a hypothesis to explain this phenomenon based 
on the data regarding the principles of DNA synthesis 
in cells [45], this hypothesis was later confirmed ex-
perimentally. It states that with each cell division chro-
mosomes become slightly shortened due to underrepli-
cation of telomeric DNA region. Human telomeres are 
the terminal regions of chromosomes that contain from 
4 to 15 thousand base pairs and consist of TTAGGG 
repetitive sequences. It is known that DNA polymerase 
is unable to synthesize a daughter DNA copy from the 
end of its chain  – it can only add nucleotides to the 
pre-existing 3′-hydroxyl group, i.e., requires an RNA 
primer. Upon removal of the last primer at the 3′  end, 
the daughter strand will inevitably be shorter leading to 
gradual loss of telomeric nucleotides during successive 
cycles of DNA synthesis [46].



RATUSHNYY, BURAVKOVA1766

BIOCHEMISTRY (Moscow) Vol. 88 No. 11 2023

The stress-induced cellular senescence is also char-
acterized by irreversible cell cycle arrest. Unlike in the 
case of replicative cellular senescence, it is not associat-
ed with the number of cell divisions. The stress-induced 
senescence is triggered by the sublethal damages or on-
cogene activation [36,  47]. Most often, this condition 
is related to oxidative stress, i.e., an imbalance between 
the oxidants [usually reactive oxygen species (ROS)] 
and antioxidant systems. An effect of ROS on DNA in-
cluding mtDNA induces formation of the products of 
oxidative DNA base damage such as 8-hydroxy-2′-deox-
yguanosine (8OHdG) and could also lead to the strand 
breaks [48]. Apart from this, mitochondrial ROS could 
activate the c-Jun N-terminal kinase (JNK), which, in 
turn, facilitates release of the chromatin fragments into 
cytoplasm and activation of the pro-inf lammatory se-
cretome [49]. Interestingly, oxidative stress could also 
accelerate telomere shortening [50] probably owing to 
high content of guanine (G), which is most vulnerable 
to ROS [51].

The programs of replicative and stress-induced cel-
lular senescence are executed via similar mechanisms. 
Relatively small DNA damage results in the temporary 
arrest of the cell cycle. After successful DNA repair, a 
cell can begin to divide again. By definition, this con-
dition cannot be called cell senescence. More profound 
damage that cannot be repaired for a long time triggers 
a chronically activated DDR signaling cascade, cell re-
sponse to the genetic material damage. The chronically 
activated DDR usually occurs upon multiple DNA dam-
ages and represents a major hallmark of the senescent 
state – stable cell cycle arrest. The latter is achieved via 
activation of the p16INK4a/Rb and p53/p21CIP1 tu-
mor suppressor signaling cascades [47,  51] so that the 
cell would never be able to start division again. Sup-
pression of activity of the relevant cyclin-dependent ki-
nases by both inhibitors, p21 and p16 (encoded by the 
CDKN1A and CDKN2A genes, respectively), results in 
hypophosphorylation of the retinoblastoma protein (Rb). 
The hypophosphorylated Rb is able to bind E2F family 
transcription factors regulating cell cycle [52, 53]. By re-
versibly binding and, consequently, functionally inacti-
vating E2F proteins, Rb controls expression of the genes, 
products of which are essential for regulating cell cycle 
as well as blocking the G1-to-S phase transition. In this 
scenario, the p53/p21 pathway is predominantly activat-
ed first by preventing proliferation of the cells with se-
rious DNA damage, whereas the p16/Rb-axis becomes 
involved somewhat later [32]. However, based on the 
cellular context, one or another may become preferable.

Cellular senescence could be affected by various 
mechanical forces including shear stress, tension, and 
pressure [54,  55]. This raises the question whether mi-
crogravity could be considered as a factor causing cellu-
lar senescence or other similar changes in the cell phys-
iology?

SENESCENCE-ASSOCIATED 
ALTERATIONS UNDER 

SIMULATED MICROGRAVITY

During the space f light, human body is exposed to 
multiple unfavorable stress factors noted above that can 
aggravate development of the aging-associated signs. 
At the cellular level, they may be presented by the 
changed radiation background able to disrupt DNA in-
tegrity and promote oxidative stress. In this review, the 
microgravity-related effects will be discussed in detail.

In this review, the senescence-associated chang-
es occurring in the diverse cell types will be assessed 
in the simulated microgravity  (SMG) settings. Due to 
the technical limitations posed by experiments in space 
missions, various ground-based models are common-
ly used. Usually, such models are aimed at gravitation-
al “unloading” to simulate some of the microgravity- 
related effects. Ground-based experiments also allow to 
avoid an impact from the increased background radia-
tion and other space f light-associated factors. To sim-
ulate microgravity effects on cell cultures, rotating wall 
vessels (RWV) and 2D/3D clinostats such as a device 
for randomizing object position relative to the gravity 
vector (Random Positioning Machine, RPM) are used 
most often. It is believed that the computer-controlled 
RPM consisting of two frames rotating in two perpen-
dicular planes represents the most suitable approach for 
simulating microgravity effects on the adherent cell cul-
tures. Using the RPM allows to randomize object’s po-
sition relative to the gravity vector. In standard operating 
modes, the device simulates gravitational acceleration 
equivalent to 10–2 g [56-58].

Various cell cultures including immortalized lines, 
endothelium, stromal precursors, etc. have been used in 
the studies [59-63]. A wide range of changes demon-
strating direct gravity-related effects on the cellular 
structures were revealed in the studies investigating 
in  vitro cell morphofunctional state. A change in posi-
tion of the heavy organelles such as nucleus results in 
redistributed load on the cytoskeleton followed by its 
reorganization; modifications in the adhesion molecule 
physical interaction between the cell and extracellular 
matrix also occur. Altogether, it results in the altered 
gene expression, changes in functioning of multiple 
proteins, and overall modification of the cell functional 
state [64-68].

Some studies using SMG attempted to identify 
ac tivated senescence in the pheochromocytoma cells 
(PC12), erythrocytes, skeletal muscle myoblasts, and 
cardiomyocytes [59, 69-71]. Wang et al. [59] used SMG 
to analyze early (6-96  h) effects on the rat neuro-
nal PC12 cell line. It was shown that the cell cycle 
was arrested in the G1 phase along with the increased 
SA-β-gal activity as well as activated p53 and p16 signal-
ing cascades associated with senescence. More detailed 
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analysis revealed elevated level of ROS, which could 
induce cellular senescence. Activity of the intracellu-
lar antioxidant enzymes such as superoxide dismutase 
(SOD), glutathione peroxidase (GSH-Px), and catalase 
(CAT) were markedly enhanced 12 h later but decreased 
96  h after onset of the experiment. Moreover, the an-
tioxidant N-acetylcysteine was able to profoundly block 
the ROS-associated effects that prominently abrogated 
the microgravity-related increase in the SA-β-gal activ-
ity. These data allowed to suggest that SMG exposure 
elicits cellular senescence in the PC12 cells via enhanced 
oxidative stress [59].

Modifications in the human erythrocyte structure 
and functions were assessed by using a 3D clinostat. 
For this, the erythrocyte structural parameters were 
analyzed together with the cellular senescence-specific 
metabolic parameters. The obtained data show that the 
long-term microgravity exposure results in emergence of 
the senescence-specific morphological patterns [69].

It was shown that SMG with the Zeromo  3D cli-
nostat accelerates senescence in the human skeletal 
muscle myoblast culture. A markedly decreased prolifer-
ation, typical cytoskeletal remodeling, and hypertrophy 
of the cell nuclei as well as upregulated SA-β-gal expres-
sion were demonstrated. Similar changes are observed 
in the senescent myoblasts after several passages. It was 
noted that such effects were sustained even after return-
ing to the normal gravitational conditions. Moreover, 
the myoblasts exposed to SMG demonstrated a reduced 
ability to differentiate into myotubes [70].

More recently, studies were conducted with the 
human iPSC (induced pluripotent stem cell)-derived 
cardiomyocytes. It was revealed that exposure to SMG 
resulted in chromosomal reorganizations, downregulat-
ed mitochondrial function, elevated ROS level, as well 
as other signs indicative of cellular senescence. It  is 
worth noting that the following study limitations were 
specifically highlighted, which are difficult to disagree 
with: (i) short-term SMG exposure (48 h), (ii) further 
experiments assessing durability of the detected changes 
are required [71].

Other researchers tend to believe that ROS are 
involved in the DNA damage during SMG exposure. 
For instance, it has been noted that SMG induces DNA 
damage and mitochondria-mediated apoptosis via in-
creased ROS production in the human promyelocytic 
leukemia cells [72]. Earlier studies already revealed that 
clinorotation affects mitochondria, one of the main cel-
lular free radical producers, thereby inducing apopto-
sis in the thyroid cells. In particular, it was found out 
that 24 h after the onset of experiment 10% of the thy-
roid carcinoma cells (ONCO-DG1 cell line) entered 
the Fas-dependent apoptotic pathway. Mitochondrial 
destruction and redistribution, disrupted microtubules, 
and activated effector caspase-3 were detected. Clinoro-
tation was also elicited apoptosis in the normal thyroid 

cells (HTU-5) as evidenced by the caspase-3 activation 
and elevated Fas and Bax protein levels [73].

Investigation of the mouse embryonic stem cells 
demonstrated enhancement of the ROS-associated ef-
fects under SMG conditions. The authors added hy-
drogen peroxide to the cells and the number of DNA 
double-strand breaks was analyzed. It turned out that 
24-hour-exposure of the treated cells to microgravity 
substantially elevated the degree of DNA damage [74]. 
In 2003, similar data were reported by Greco et al. [75] 
demonstrating that the frequency of chromosomal ab-
errations increased by around 1.2-2.8-fold in the post-
f light blood samples exposed to X-ray radiation in 
comparison with the pre-f light blood samples. At the 
same time, another work shows that the early response 
to bleomycin-induced DNA damage (the number of 
γ-H2AX foci) was similar in both cells exposed to mi-
crogravity and those under control static ground con-
ditions [76].

Thus, a set of studies indicate that exposure to 
SMG could result in the development of some signs of 
cell senescence. Moreover, a mechanism involving ox-
idative stress has been even suggested for this phenom-
enon, which, to some extent, is associated with mito-
chondrial dysfunction. Nonetheless, not a single study 
is available to confirm permanent cell cycle arrest, i.e., 
there is no clear evidence that after SMG exposure cells 
can no longer proliferate. Therefore, it is too early to 
conclude unequivocally that cellular senescence is initi-
ated under exposure to SMG. We believe that the effect 
of SMG is hardly strong enough to cause such a pro-
found damage at the cellular level.

SENESCENCE-ASSOCIATED STROMAL 
PROGENITOR FUNCTIONAL STATE 

IN SMG SETTINGS

Mesenchymal stromal/stem cells (MSCs) or stro-
mal progenitors, which play a major role in renewal and 
regeneration, have been found in almost all body tissues. 
MSCs are involved in maintaining bone tissue homeo-
stasis, hematopoiesis, regulated immunomodulation, and 
angiogenesis, etc. MSCs are of considerable interest 
both for basic science and applied regenerative medicine 
including age-related pathologies. To date, a consensus 
has been reached allowing to refer the MSC-associated 
beneficial effects to production of various secreted fac-
tors including extracellular matrix components and cy-
tokines [77-80].

Some studies suggest that pathological changes in 
astronauts could be associated with the stromal precur-
sor cell senescence. Further assessment of the micro-
gravity-related effect on MSC senescence contributes 
to understanding of the role of senescent cells in the 
development of physiological and pathological changes 
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under spaceflight conditions [81]. Aging of an organism 
correlates with the decreased MSC functional activity. 
It decreases the rate of tissue repair typical to aging. 
For instance, osteoporotic bone fractures in older peo-
ple heal more slowly due to the decreased MSC func-
tions and their count [82].

As noted above, oxidative stress may be the main 
cause underlying cell damage. Microgravity is a stressor 
potentially able to induce ROS production, ultimately 
resulting in various damages to subcellular compart-
ments [83]. Increased level of free radicals and mito-
chondrial dysfunction in MSCs have been noted in 
the recent study. However, addition of the antioxidant 
restored mitochondrial functions and reversed cell se-
nescence. Moreover, SMG promoted expression of YAP 
(Yes-associated protein) and its translocation into the 
nucleus. YAP is an important effector in the Hippo sig-
naling pathway that regulates development, homeosta-
sis, and regeneration [81, 84, 85]. It is known that YAP 
could regulate cell senescence by acting on ATM (atax-
ia-telangiectasia mutated kinase), p53/p21, p16/CDK/
Rb, autophagy, AMPK, mTOR, and SIRT1 signaling 
pathways [86-88]. Verteporfin (VP), YAP inhibitor, re-
stored the SMG-induced MSC mitochondrial dysfunc-
tion and senescence [81].

Some other studies also suggested that SMG causes 
stromal progenitor cell senescence. Molecular changes 
associated with stemness (OCT-4, SOX2, NANOG) and 
cellular senescence (p19, p21, p53) in the MSCs isolat-
ed from the Wharton’s jelly were analyzed. The authors 
supposed that the results of the study indicate cellular 
adaptation occurring within the first hours after expo-
sure followed by loss of stemness and emergence of the 
signs of molecular senescence program [89]. Bellow the 
main physiological parameters of MSCs exposed to mi-
crogravity will be discuss in more detail.

Proliferation. Proliferation is one of the major cell 
characteristics particularly in the context of senescence. 
Firstly, MSC senescence is typically characterized by 
permanent cell cycle arrest in the G1 phase, i.e., senes-
cent MSCs cannot proliferate and form colonies [36, 
90, 91]. Several studies evidence, at least slightly decreas-
ed MSC proliferative potential upon SMG conditions. 
For instance, over time (from 1 h to 10 days) clinostating 
resulted in lowered proliferation rate and changed mor-
phology of the cells, which became f latter and reached 
confluency at lower density. When exposure period pro-
longed up to 20 days, proliferation rate also decreased, 
while the number of large f lat culture cells increased 
[92, 93]. Such changes can also be the signs of senes-
cence. Study with the rat bone marrow MSCs confirms 
the findings published previously [94]. It is noted that 
SMG inhibits MSC growth at the G0/G1 phase of the 
cell cycle.

Other studies not only failed to obtain similar re-
sults, but, on the contrary, observed the opposite effect. 

Yuge et al. [95] showed that proliferation rate of the 
human MSC in the 3D clinostat increased by almost 
3-fold under SMG in comparison with the control 
group. Hence, it was noted that SMG can be used to 
enhance stem cell expansion in  vitro. We investigated 
functional status of the human adipose tissue-derived 
MSCs under SMG conditions (96 h) using RPM. It was 
found that the cell count increased 1.5-2-fold, whereas 
activity of the lysosomal compartment, cell size, and 
granularity decreased. No change in the ROS levels or 
mitochondrial transmembrane potential was observed. 
Therefore, this study suggests lack of the signs associ-
ated with cell stress during MSCs culturing under SMG 
settings [96].

Investigation of the more committed MSCs osteo-
blasts, showed that SMG did not affect cell growth or 
viability. Cells were incubated in the 3D clinostat for 
12-96 h. Twenty-four hours after the onset of the ex-
periment, the Bax/Bcl-2 mRNA level ratio (parameter 
of apoptosis) increased up to 136% relative to the static 
control. However, it was accompanied by the increase of 
XIAP (anti-apoptotic molecule) mRNA level to 138% of 
the static control. No DNA fragmentation was observed 
and the level of the effector caspase-3 mRNA remained 
unaltered [97].

Thus, it is at least premature to draw conclusions 
about the lowered MSC proliferation or enhanced apop-
tosis under SMG conditions, which requires further 
detailed investigated.

Differentiation. Reduced multipotency is consid-
ered as an important feature of senescent MSCs [90, 91], 
which may weaken their reparative potential in all tissue 
types. Shift in the balance between adipocyte and osteo-
cyte lineages has been observed, although a specific vec-
tor for it remains debatable. Some studies noted decline 
in the osteogenic properties of MSC with increased du-
ration of the cells culturing or upon senescence [98-100]. 
Other studies revealed no such changes or even reported 
elevated osteogenic potential [101, 102]. Such data ob-
tained in different studies are usually accounted for by 
different methodological approaches and experimental 
models, heterogeneity of the MSC populations, as well as 
lack of assays accurately assessing osteogenic differentia-
tion [98, 103]. The most informative in vitro marker of os-
teogenic potential is presented by relevant differentiation 
pathway followed by detection of matrix mineralization. 
At the same time, elevated level of cell death may result 
in the false-positive data due to the large calcium ion re-
lease from the dying cells and its binding to extracellular 
matrix [36, 90, 91]. Regarding the adipocyte potential, 
we are getting closer to a consensus. A somewhat wide 
range of data has been accumulated, however, majority of 
the researchers come to the conclusion that adipogenic 
potential wanes upon senescence [91].

Our own data clearly and unambiguously indicate 
reduced adipogenic potential of the MSCs isolated from 
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adipose tissue during replicative senescence. This is 
manifested by lack of pronounced formation of lipid in-
clusions during differentiation. A markedly downregu-
lated expression of the gene encoding the key transcrip-
tional regulator PPARγ was detected, which probably 
underlies this phenomenon. On the other hand, signs 
pointing at the reciprocally elevated osteogenic poten-
tial, despite the downmodulated expression of the genes 
coding for some positive regulators of the osteoblastic 
pathway (BMP2, BMP6, IGF1, IL1B) were additionally 
observed. In the process, intensity of the matrix calci-
fication and osteoprotegerin concentration during dif-
ferentiation increased, which may be essential in the 
context of atherosclerotic plaque calcification in elderly 
people. Transcriptional activity of the key osteogene-
sis regulator (RUNX2) and some analyzed marker genes 
(SPARC, SPP1, COL1A1, BGLAP) remained stable dur-
ing the replicative senescence of MSCs [104]. Despite 
potentiated calcification of the matrix, its morphology 
differed in the “young” and senescent cell cultures that 
may indicate false positive data due to calcium release 
[36, 90, 91]. At the same time, increased osteoprotegerin 
production observed in the study may indicate a pro-os-
teogenic paracrine activity in the senescent MSCs [104].

A greater consensus was achieved on the issue regard-
ing osteogenic differentiation under SMG setting results, 
with vast majority of the studies agrees that microgravity 
contributes to the reduced osteogenic potential in MSC 
[105]. In particular, such effects were demonstrated in the 
rat [94, 106] and human [107, 108] bone marrow MSCs, 
which was confirmed by Saxena et al. [109] revealing that 
SMG inhibits the MSC-related osteoblastogenesis and 
enhances adipocytogenesis under osteogenic conditions. 
The authors believed that this process involves decreased 
RhoA activity and cofilin phosphorylation, disruption of 
F-actin stress fibers, as well as decreased focal adhesion 
kinase-mediated integrin signaling. Other studies reported 
that the lowered osteoblastogenesis under SMG settings 
is, at least in part, caused by downmodulated integrin/
MAPK signaling [110].

Transcriptome analysis using a genome-wide mi-
croarray showed that 882 genes were downregulated, and 
505 genes were upregulated after 24-hour SMG expo-
sure. In particular, a significantly reduced expression of 
the osteocytic and chondrocytic genes, as well as higher 
expression level of the adipocyte genes was noted [111].

More recently, attention was attracted to non- 
canonical pathways of cell differentiation. For instance, 
SMG turned out to promote MSC differentiation into 
neurons evidenced by the upregulated expression of sev-
eral relevant markers. Moreover, secretion of neurotro-
phins such as nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), or ciliary neurotrophic 
factor (CNTF) was elevated [112]. In another study, the 
rat MSCs were cultured for 72 h or 10 days in a clinos-
tat followed by expansion in various differential culture 

media. It was found that the short-term exposure (72 h) 
promoted endothelial, neuronal, and adipogenic dif-
ferentiation, whereas the long-term exposure (10 days), 
unexpectedly, facilitated MSC differentiation into osteo-
blasts. In addition, the short-term SMG exposure pro-
foundly downregulated RhoA activity, which, however, 
increased with prolonging SMG exposure. Hence, such 
data demonstrated that the duration of SMG exposure 
regulates MSC differentiation via the RhoA-associated 
pathway [113], which corroborated the above-mentioned 
data obtained by Saxena et al. [109].

Thus, SMG can largely affect MSC differentiation 
potential. Such effect is of inhibitory nature, at least 
with regard to osteogenic differentiation, which may ex-
plain similar physiological consequences related to the 
impaired bone metabolism.

Secretory activity. It is assumed that the senescent 
cells could contribute to maintenance of chronic inf lam-
mation and development of aging-associated diseases, 
hence, investigating the issue of paracrine regulation is 
of great importance. Senescent cells continue to interact 
with the surrounding environment and exert local and 
systemic effects primarily through paracrine regulation. 
The secretory activity changes dramatically, and this 
phenotype was even named accordingly – SASP (senes-
cence-associated secretory phenotype). First of all, the 
SASP is characterized by increased proinf lammatory se-
cretome, although individual cues vary widely depend-
ing on the cell type and the way to induce senescence 
[36, 90, 91, 114].

It was discovered that the level of one of the main 
pro-inf lammatory cytokines, IL-8, in the human bone 
marrow-derived MSCs increased in the culture medium 
during culturing in 2D clinostat by 1.4-3.2-fold (20-d 
exposure), as well as 1.5-6-fold (10-d exposure) and 
1.6-2.1-fold (20-d exposure) on average in the culture 
subjected to RPM [115]. Later, studies with the human 
adipose tissue-derived MSCs complemented these find-
ings. Assessing the changes in paracrine activity upon 
96-hour exposure to RPM showed elevated production 
of IL-8 accompanied by the decreased IL-6 level. At the 
same time, higher production of VEGF, a key positive 
angiogenesis regulator, was noted [96].

Our study demonstrated that the post-RPM MSC-
conditioned medium stimulated formation of the vas-
cular network in  ovo, of the capillary-like network of 
endothelial cells (ECs) in Matrigel, and the EC non-di-
rectional migration in vitro. Such effects were explained 
by the changed expression of the genes and proteins as-
sociated with angiogenesis, primarily by the higher level 
of expression of the angiogenesis regulators Serpin  E1, 
Serpin  F1, IGFBP, VEGF, and IL-8 along with upreg-
ulated transcription of the genes encoding proangiogen-
ic growth factors such as VEGF-c and VEGF-a. Hence, 
such data demonstrate that microgravity may exert an 
MSC-mediated effect on the EC functional state [63].
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In addition, we found higher transcriptional activi-
ty of the brain-derived neurotrophic factor, BDNF [63], 
corroborating the findings reported by Chen et  al. [112] 
about potentiated MSC differentiation into neuron-like 
cells under SMG. Additionally, therapeutic efficacy of 
the microgravity-cultured MSCs after spinal cord isch-
emia-reperfusion injury was assessed revealing high-
er count of the BDNF-positive and lower count of the 
caspase-3-positive apoptotic astrocytes, as well as re-
stored cell motility, which implies existence of positive ef-
fect of the post-SMG MSCs on regenerative process [116].

From the viewpoint of assessing the senescent state 
in progenitor cells, it is important to study the proin-
f lammatory secretome. While analyzing the SMG- 
related effect of the adipose tissue-derived MSCs on 
the TNFα-mediated priming, it was shown that SMG 
per  se results in no changes in the surface expression of 
ICAM-1 and HLA-ABC, which can be considered as 
markers of pro-inf lammatory cell activation. A weak-
ened MSC response to the TNFα priming upon SMG 
exposure was documented in the process that was man-
ifested as downmodulated production of the TNFα-de-
pendent pleiotropic cytokines (IL-8 and MCP-1), ma-
trix remodeling proteases, and suppression of some 
genes encoding growth factors and cytokines [117].

Along with the proinf lammatory cytokines, a stim-
ulatory effect related to the 10-day exposure to micro-
gravity on paracrine activity of the osteocommitted and 
intact MSCs was evaluated. It was found that the MSC 
response to SMG depended on the degree of cell com-
mitment so that for the osteocommitted MSCs it was 
less pronounced and manifested by higher production 
of sclerostin, negative regulator of osteoblastogenesis. 
In contrast, the intact MSCs were distinguished by low 
osteoprotegerin production. Such SMG-related changes 
may underlie shift of the bone homeostasis towards bone 
resorption [118]. In this regard, it is worth reminding that 
the osteoprotegerin level becomes increased during se-
nescence [104].

Thus, it may be noted that exposure to SMG leads 
to elevated secretion of the pro-inf lammatory cytokine 
IL-8, which, in turn, could promote production of the 
downstream cues such as VEGF. Experiments show that 
the changes in the secretome could be considered for 
application in regenerative medicine to enhance neuro- 
and angiogenesis. It is known that the pro-inflammatory 
SASP in the senescent cells could also positively affect 
tissue regeneration, whereas potential negative conse-
quences could be realized only upon chronic exposure. 
Nonetheless, it is still premature to suggest the existence 
of similarities between the SMG exposure and senes-
cence in the context of secretome.

Extracellular matrix. In addition to cells per  se and 
relevant paracrine cues, extracellular matrix  (ECM) 
plays an important role in the body tissue functioning. 
It varies greatly depending on localization and medi-

ates intercellular interactions. The cell-ECM crosstalk is 
necessary for normal cell functioning including cell pro-
liferation and differentiation [119, 120]. Various ECM 
components perform specific functions. Proteoglycans 
retain water, deposit metabolites and growth factors 
due to their molecular structure and large number of 
charged groups [121]. On the other hand, collagen and 
fibronectin as protein constituents ensure tissue me-
chanical properties that cells rely on to maintain their 
own shape as well as to migrate. Together with other 
ECM proteins such as elastin and laminin, they ensure 
matrix elasticity.

Available publications point at changes of ECM in 
the senescent cells associated with their catabolic phe-
notype. In particular, upregulated expression of proteo-
lytic enzymes (matrix metalloproteinases, adamalysins 
(ADAMs), urokinases and cathepsins) and lowered 
production of ECM structural components (collagens, 
glycoproteins, proteoglycans) was demonstrated. Even-
tually, it results in the reduced tissue elasticity, basement 
membrane damage, and increased ECM stiffness [122].

At the moment, studies are mainly focused on as-
sessing effects of the ECM produced by young and se-
nescent cells on functional activity of the cellular ele-
ments in the tissue niche. The study by Choi et al. [123] 
showed that the senescent fibroblasts seeded on the 
ECM derived from the early passage fibroblasts had 
reduced SA-β-gal expression along with the decreased 
free radical levels, restored mitochondrial potential, as 
well as telomere elongation. And vice versa, decline in 
proliferation of the “young” fibroblasts cultured on the 
senescent cell-derived ECM was observed [123].

The study of bone marrow MSCs obtained from the 
young (3 weeks) and old (18 weeks) animals described 
altered ECM properties. For this, the MSCs from young 
and old mice were seeded onto decellularized matrix 
from the relevant cell groups. It turned out that the 
ECM released from the young MSCs produced lowered 
ROS level that decreased by 30-50% in both young and 
senescent MSCs compared to the ECM derived from 
the old MSCs or cells grown on plastic [124]. It was 
also shown that cultivation of the synovial f luid-derived 
senescent MSCs on the decellularized fetal matrix en-
hances the MSC potential to undergo chondro- and adi-
podifferentiation [125].

From the viewpoint of gravireception, the ECM–
integrin–cytoskeleton complex represents a mechano-
sensitive platform that coordinates cell and tissue func-
tional state in the gravitational field [68]. The Myoui’s 
group assessed cell differentiation [106] while the rat 
bone marrow MSCs were cultured for 2 weeks inside 
the pores of calcium hydroxyapatite on a 3D clinostat. 
It was discovered that compared with the control group, 
alkaline phosphatase activity (a marker of osteoblastic 
differentiation) reduced by 40%. The MSC-containing 
composites implanted into the syngeneic rats revealed 
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that bone formation was markedly lowered upon SMG 
exposure. It is important to note that the lower amount 
extracellular matrix was observed in the culture culti-
vated in clinostat, so these two events might be relat-
ed [106]. More recent work noted that exposure to SMG 
resulted in elevated expression of the adhesion mole-
cules (ITGB1, CD44), MMP1 protease, as well as one 
of the collagen types (ColIII) in the MSCs. MMP1 is 
known to degrade interstitial collagens including ColIII. 
It is likely that the authors observed a compensatory 
reaction in this case. Expression of the FBN1 and VIM 
genes was downregulated. FBN1 is an extracellular ma-
trix glycoprotein required for elastic fiber formation, 
whereas VIM is the major intermediate filament in the 
stromal progenitor cell cytoskeleton [126].

Recent studies in our laboratory complemented the 
results obtained previously. It was shown that the 10-day 
exposure to RPM results in the decreased level of col-
lagen components in ECM likely due to the decreased 
collagen synthesis and protease activation. The present-
ed data demonstrate that the ECM-associated mole-
cules from both native and osteocommitted MSCs could 
be involved in the bone matrix reorganization during 
spacef light [127].

Flight experiments on the Foton 10 spacecraft 
demonstrated downregulated expression of the major 
structural protein COL1A in the MG-63 osteoblast cell 
line. In addition, the SJ-10 experiment showed that the 
2-day-spaceflight was associated with the lowered level of 
several genes encoding matrisome structural proteins and 
elevated MMP1 expression in the bone marrow MSCs. 
An inhibitory effect on the COL1A2 level was observed 
additionally after 5 days of spacef light. Based on the re-
sults of onboard experiments, it can be concluded that 
the matrisome structural proteins are negatively affected 
by microgravity at the transcriptional level [128, 129].

It is easy to recognize certain similarities between 
the changes occurring during activation of cellular se-
nescence and upon exposure to SMG. In both cases, 
less amounts of the ECM constituents are produced, 
which is accompanied by the higher protease activity. 
It is likely that the negative link between the matrix deg-
radation and osteogenic differentiation really exists.

CONCLUSION

Development of physiological/pathophysiological 
alterations in humans during long-term space f lights 
may be a sign of the “atrophic syndrome” described re-
peatedly by G. Libertini [130]. This syndrome is char-
acterized by the lowered cell duplication capacity, de-
creased number of cells, substitution of specific cells 
with nonspecific cells, hypertrophy of the remaining 
specific cells, altered functioning of the cells with short-
ened telomeres, and altered cellular microenvironment 

depending on the state of senescent cells [130]. The atro-
phic syndrome resulting from the unloading is consid-
ered reversible in the spacef lights by duration no more 
than a year under condition when a fairly wide range of 
preventive measures is performed on board of the or-
bital space stations. In our opinion, it is impossible to 
determine whether there are some threshold values for 
decline in gravity or a maximum permissible time spent 
in the unloading environment without countermeasures, 
below which the essential physiological systems would 
lose own functional potential due to the processes simi-
lar to those occurring in aging. Moreover, almost noth-
ing is known about the microgravity-related effect on 
the lifespan of different organisms including mammals.

Summarizing some experimental data of the micro-
gravity effects on the cells and comparing the identified 
effects to the senescence-associated changes, it should be 
noted that microgravity may probably trigger initial stag-
es of the stress-induced reactions. Some of the studies 
discussed here directly suggest similar mechanisms un-
derlying the analogy response to microgravity and senes-
cence. Even upon the short-term exposure, such shifts 
can cause lowered proliferation, skewed differentiation 
pathway, altered secretory profile including paracrine 
mediators and ECM-associated molecules. At the same 
time, the question regarding reversibility of the chang-
es discovered during SMG remains open, because such 
reversibility does not allow to infer senescence directly. 
And, secondly, it should be noted that the vast majority 
of experimental studies proving that the cellular senes-
cent state could be activated in  vitro rely on the short-
term microgravity exposures (24-72  h), which is clearly 
insufficient to enable the cell senescence program.
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