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Abstract: Weightlessness in space leads to bone loss, muscle atrophy, and impaired immune defense
in astronauts. Mesenchymal stem cells (MSCs) play crucial roles in maintaining the homeostasis and
function of the tissue. However, how microgravity affects the characteristics MSCs and the related
roles in the pathophysiological changes in astronauts remain barely known. Here we used a 2D-
clinostat device to simulate microgravity. Senescence-associated-β-galactosidase (SA-β-gal) staining
and the expression of senescent markers p16, p21, and p53 were used to evaluate the senescence of
MSCs. Mitochondrial membrane potential (m∆Ψm), reactive oxygen species (ROS) production, and
ATP production were used to evaluate mitochondrial function. Western blot and immunofluorescence
staining were used to investigate the expression and localization of Yes-associated protein (YAP). We
found that simulated microgravity (SMG) induced MSC senescence and mitochondrial dysfunction.
Mito-TEMPO (MT), a mitochondrial antioxidant, restored mitochondrial function and reversed MSC
senescence induced by SMG, suggesting that mitochondrial dysfunction mediates SMG-induced MSC
senescence. Further, it was found that SMG promoted YAP expression and its nuclear translocation
in MSCs. Verteporfin (VP), an inhibitor of YAP, restored SMG-induced mitochondrial dysfunction
and senescence in MSCs by inhibiting YAP expression and nuclear localization. These findings
suggest that YAP inhibition alleviates SMG-induced MSC senescence via targeting mitochondrial
dysfunction, and YAP may be a potential therapeutic target for the treatment of weightlessness-related
cell senescence and aging.

Keywords: simulated microgravity; mesenchymal stem cells; cell senescence; YAP; mitochondrial
dysfunction

1. Introduction

Cellular senescence is influenced by various mechanical forces, including shear stress,
stretching, and tension [1–3]. The space environment has the characteristics of strong
radiation, ultra-low temperature, and microgravity, among which microgravity is the main
mechanical force affecting the health of astronauts [4,5]. So far, studies on the effect of
microgravity on cell senescence are limited to erythrocytes, skeletal muscle myoblasts,
endothelial cells, and pheochromocytoma cells (PC12) [6–9], and the effect of microgravity
on cell senescence and the related mechanism still is barely known.

Mesenchymal stem cells (MSCs) are adult stem cells with the capability of self-renewal
differentiation and paracrine, which facilitate tissue renewal and regeneration and thereby
maintain homeostasis and function of tissues [10,11]. However, these capabilities were dra-
matically reduced with the senescence of MSCs [12]. Studies have demonstrated that outer
space environments lead to significant health problems for astronauts, such as bone loss,
muscle atrophy, and cardiovascular diseases [13–15]. In normal gravity (NG), studies have
found that MSC senescence impairs their ability to proliferate and differentiate, thereby
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affecting bone repair [16,17]. Other studies found that aging mice with MSC mitochondrial
dysfunction leads to skeletal muscle atrophy and myofiber loss [18]. In addition, the senes-
cence of MSCs displayed reduced immunosuppressive effects [19]. These findings indicate
that the pathological changes in astronauts in space may be associated with the senescence
of MSCs. However, the effect of microgravity on MSC senescence is unknown. Studies on
the effect of microgravity on MSC senescence is conducive to understanding the role of
MSC senescence in the development of physiological and pathological changes in astronaut
and can provide new ideas and methods for long-term space life to maintain health.

Yes-associated protein (YAP) is a crucial effector in the Hippo signaling pathway
regulating development, homeostasis, and regeneration [20,21]. When activated, YAP
translocates into the nucleus, binds to transcription factors, and induces transcription
of target genes, which regulates cell behaviors [22,23]. Recently, accumulating studies
have shown that YAP can regulate cell senescence by affecting ATM (ataxia-telangiectasia
mutated), p53-p21, p16-CDK-RB, autophagy, AMPK, mTOR, and SIRT1 signaling path-
ways [24–28]. However, the role of YAP in regulating cell senescence varies according to
cell type. In human colon cancer cells (HCT116), endothelial cells, and vascular tissue, the
upregulation of YAP accelerates senescence [29,30]. Nevertheless, in chondrocytes, astro-
cytes, and glioblastoma cells, YAP downregulation promotes senescence [31,32]. Oroxylin
A, an anticarcinogen, upregulated YAP to reduce the senescence of ethanol-treated normal
human liver cells (L02) [33]. On the contrary, the addition of YAP inhibitor verteporfin
(VP) increased the cell senescence of human periodontal ligament stem cells [34]. However,
whether YAP regulates MSC senescence under microgravity is unclear.

In this study, we aimed to investigate the effect of simulated microgravity (SMG)
on MSC senescence and the role of YAP and mitochondrial dysfunction in this process.
We found that YAP inhibitor VP alleviated SMG-induced MSC senescence by targeting
mitochondrial dysfunction. These findings indicate the crucial role of YAP in SMG-induced
MSC senescence, which may further illuminate our understanding of how the microgravity
environment affects cell senescence.

2. Materials and Methods
2.1. Simulated Microgravity

The 2D-clinostat device was used to simulate the microgravity environment of in vitro
culture, which was provided by the National Microgravity Laboratory, Institute of Mechan-
ics, Chinese Academy of Sciences (Beijing, China). The MSCs were seeded at a density
of 4000 cells/cm2 in a chamber and left to adhere for 24 h, and the MSCs were starved
with DMEM serum-free medium for 24 h. The MSCs were then treated with a 2D-clinostat
device to simulate microgravity and collected from the device after 24 h, 48 h, and 72 h for
various experiments (Figure 1C).

2.2. MSC Isolation and Culture

All animal experiments and experimental procedures were conducted following inter-
national laboratory animal welfare regulations and the requirements of the Ethics Commit-
tee of Chongqing University (CQU-IACUC-RE-202205-001). Male Sprague Dawley (SD)
rats with weights in the range of 50–60 g were selected, and the hind limb bones were
separated on the ultra-clean bench. The bone marrow was flushed out from the marrow
cavity using a syringe and incubated in a humidified incubator with 5% CO2 at 37 ◦C using
low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Gbico, Waltham, MA, USA)
containing 10% fetal bovine serum (Hyclone, Logan, UT, USA), 2 mM glutamine, penicillin
(100 U/mL), Solarbio Life Sciences, Beijing, China) and streptomycin (100 µg/mL, Solarbio
Life Sciences, Beijing, China). The MSCs showed a long spindle shape and were positive for
the surface antigens CD29 and CD54 and negative for the surface antigens CD11b/c and
CD45 (Figure S1) that met the standard of ISCT. For all experiments, MSCs from passages
2 to 5 were used.
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Figure 1. Experimental design and setup for SMG treatment. (A) Illustration of a fixed chamber of
the 2D-clinostat device. (B) The principle of SMG in this experiment. (C) Experimental design for this
study. MSCs were cultured in a fixed chamber of the 2D-clinostat device to achieve SMG. For NG,
MSCs were cultured in a chamber without rotation. MSCs—mesenchymal stem cells; NG—normal
gravity; SMG—simulated microgravity.

2.3. Mito-TEMPO (MT) and VP Treatment

To eliminate excessive mitochondrial reactive oxygen species (mtROS) or inhibit YAP
in BMSCs, 5 µM MT (Selleck, Shanghai, China) or 3 µM VP (Med Chem Express, NJ, USA)
was added to the medium during the SMG rotation.

2.4. Senescence-Associated-β-Galactosidase (SA-β-gal) Assay

Cellular senescence was identified by measuring SA-β-gal activity using a commer-
cially available kit (Beyotime, Shanghai, China) per the manufacturer’s protocol. Briefly,
cells were washed with PBS and suspended in a fixative solution for 10–15 min at room
temperature. MSCs were washed twice with PBS, then a staining solution was added, fol-
lowed by overnight incubation at 37 ◦C without CO2. Subsequently, MSCs were observed
and visualized under a light microscope. The SA-β-gal-positive cells and the total number
of MSCs were counted using ImageJ (NIH, Wisconsin, MA, USA).

2.5. RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was extracted using an RNA extraction kit (TIANGEN, Beijing, China)
and reverse-transcribed into cDNA using an iScript cDNA synthesis kit (TaKaRa, Tokyo,
Japan). The primers used are listed in Table 1. The real-time polymerase chain reaction was
performed using SYBR Green PCR mix (Bimake, San Francisco, CA, USA) in a real-time
PCR apparatus (Bio-Rad, Hercules, CA, USA). GAPDH was used as an internal control.
The accession numbers are as follows: p53 NM_030989.3, p21 U24174.1, p16 L81167.1, and
GAPDH NM_017008.4.
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Table 1. Primers sequence for real-time PCR.

Genes Forward Primer Sequence (5′-3′) Forward Primer Sequence (3′-5′)

P53 CCAGGATGTTGCAGAGTTGTTAGA TTGAGAAGGGACGGAAGATGAC
P21 GGGACAGCAGAGGAAGACC GACTAAGGCAGAAGATGTAGAGC
P16 CTCCTTGGCTTCATTCTGG TCCAATCGTCTCCCTCCCTC
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA

2.6. Western Blot

Total proteins were extracted with RIPA Lysis (Beyotime, Shanghai, China). Equal
amounts of protein were separated by 10% or 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and wet-blotted on polyvinylidene fluoride (PVDF) mem-
branes (Bio-Rad, Hercules, CA, USA). Blocked in 5% non-fat milk (Biosharp, Shanghai,
China) for 1 h, the membranes were incubated with primary antibodies (YAP1, 1:1000,
Cell Signaling Technology, Danvers, MA, USA; p53, 1:1000, Cell Signaling Technology,
Danvers, MA, USA; p21, 1:1000, Abcam, Cambridge, UK; p16, 1:2500, Abcam, Cambridge,
UK; GAPDH,1:5000, ZEN-BIOSCIENCE, Chengdu, China). Protein bands were stained
using HRP-conjugated secondary antibodies (goat anti-rabbit IgG-HRP, 1:5000, ZBGB-BIO,
Beijing, China; goat anti-mouse IgG-HRP, 1:5000, ZBGB-BIO, Beijing, China). Membranes
were developed with Plus-ECL (Bio-rad, Hercules, CA, USA) substrates and exposed to a
luminescent image analyzer (Bio-OI, Guangzhou, China). Quantitative densitometry of the
immunoreactive bands was performed using ImageJ.

2.7. Measurement of Intracellular ROS

After respective treatments, intracellular ROS were measured by ROS assay kit (Bey-
otime, Shanghai, China) according to the manufacturer’s introduction. Briefly, cells were
washed 1–2 times with PBS (Gbico, MA, USA) and stained with 10 µM 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) for 20 min at 37 ◦C in a cell incubator. The cells were washed 3 times
with serum-free DMEM to remove DCFH-DA that had not entered the cells adequately.
Finally, photographs were taken using fluorescence microscopy (CKX53, Olympus), and
the results were analyzed using ImageJ.

2.8. Measurement of mtROS

After respective treatments, mtROS were evaluated via a fluorescence microscope
using red mitochondrial superoxide indicator (MitoSOX) fluorescent dye (Yeasen, Shanghai,
China) based on the manufacturer’s instructions. The MSCs were washed 1–2 times
with PBS and stained with MitoSOX (5 µM) for 10 min at 37 ◦C. Then the MSCs were
washed 3 times with pre-warmed PBS. Finally, photographs were taken using fluorescence
microscopy, and the experimental results were analyzed using ImageJ.

2.9. Mitochondrial Membrane Potential (m∆Ψm) Assay

After respective treatments, the m∆Ψm was evaluated by using MitoTracker Red
fluorescent dye (Invitrogen, Carlsbad, CA, USA) and MitoTracker Green (Yeasen, Shanghai,
China) based on the manufacturer’s instructions. The higher the m∆Ψm is, the more
MitoTracker Red aggregates that form, which appear with a red fluorescence, in contrast to
the MitoTracker Green, which has a green fluorescence. Thus, the m∆Ψm was displayed
by the change in the ratio between red and green fluorescence. The MSCs were collected
and stained with MitoTracker Red (100 nM) and MitoTracker Green (200 nM) for 30 min at
37 ◦C in the dark and then determined using fluorescence microscopy. The results were
analyzed using ImageJ.

2.10. Measurement of ATP

MSCs were lysed using the lysis solution provided in the ATP assay kit (Beyotime,
Shanghai, China), centrifuged at 12,000 rpm for 5 min at 4 ◦C, and the supernatant was
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collected. The samples’ chemiluminescence intensity and protein concentration were
measured by a microplate luminometer (BioTek, Thorold, ON, Canada). The ATP content
was normalized to protein concentration, and the results were expressed as fold change
compared with the control group.

2.11. Immunofluorescence (IF) Staining

IF staining was used to detect the distribution and expression of YAP in MSCs. Briefly,
the 4% paraformaldehyde-fixed cells were blocked with 1% BSA. After that, the sections
were probed with the primary antibody against YAP1 rabbit monoclonal antibody (1:100,
Cell Signaling Technology, Danvers, MA, USA) at 4 ◦C overnight. After incubation with
secondary antibodies conjugated to Fluor-488 (1:200, ZEN-BIOSCIENCE, Chengdu, China)
for 1 h at room temperature. Nuclei were visualized by staining with DAPI (Biosharp,
Shanghai, China) for 5 min at room temperature. Finally, photographs were taken using
fluorescence microscopy, and the results were analyzed using ImageJ.

2.12. Statistical Analysis

Prism v8.0 software was used to prepare graphs and statistics. All the values were
presented as mean ± SEM, and for each assay, a minimum of three independent experimen-
tal repeats were performed. Student’s t-test was used to analyze the differences between
the two groups, and one-way ANOVA was used for multiple comparations. p < 0.05 was
considered significant.

3. Results
3.1. Construction of SMG

A 2D-clinostat device was used to simulate microgravity. The fixed chamber was con-
structed utilizing a cell culture slide, a silicon seal, a gas-permeable polystyrene membrane,
and a polycarbonate base (Figure 1A). In the clinostat device, the orientation of the MSC
changed constantly, and the gravity vector changed accordingly. The principle of using a
clinostat to model simulated microgravity is illuminated as follows: Suppose cells adhered
to the slide; when the sample rotates by 90◦ (from position 1 to position 2), the gravitational
vector will change from (0, −) to (+, 0) (Figure 1B). In a complete 360◦ process, the average
gravitational vector cell sense reduces to approximately 0 g. Under these conditions, cells
cannot feel gravity, and the gravity vector escapes its detection machinery. In this study,
the device produced a simulated gravity of about 10−3 g by rotating at 10 rpm.

3.2. SMG Induced MSC Senescence

To investigate whether SMG induces the senescence of MSCs, MSCs were exposed to
SMG for 24 h, 48 h, and 72 h, and the SA-β-gal activity and the expression of senescence
markers were detected. The SA-β-gal activity was expressed as the percentage of SA-β-gal-
positive cells. The activity of SA-β-gal increased at 24 h and gradually upregulated with
the prolongation of SMG treatment time (Figure 2A). Meanwhile, we detected a marked
increase in the mRNA expression of senescence markers in SMG-induced MSCs, including
the cyclin-dependent kinase inhibitors p21 and p16 and the cell cycle arrest protein p53
(Figure 2B). The protein level expression of senescent markers was confirmed by Western
blot at 72 h of SMG treatment and demonstrated that the protein expression of senescence
markers in SMG-induced MSCs was significantly increased (Figure 2C). Thus, the following
studies were performed using MSCs subjected to SMG for 72 h. Our results showed that
SMG induced MSC senescence.
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Figure 2. SMG induced the senescence of MSCs. (A) The representative images and quantitative
analysis of SA-β-gal staining after 24 h, 48 h, and 72 h of treatment under NG or SMG (bar = 50 µm).
(B) The mRNA expression of p53, p21, and p16 in MSCs after 24 h, 48 h, and 72 h of treatment under
NG or SMG (C) The representative images and quantitative analysis of the protein level expression
of p53, p21, and p16 in MSCs after 72 h of treatment under NG or SMG. NG—normal gravity;
SMG—simulated microgravity; n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. SMG-Induced Mitochondrial Dysfunction in MSCs

To determine the effect of SMG on mitochondrial function, the mtROS, intercellu-
lar ROS, m∆Ψm, and ATP levels were investigated. MitoSOX and DCFH-DA staining
demonstrated that increased mtROS and intercellular ROS levels were in MSCs under
SMG for 72 h (Figure 3A). The m∆Ψm of MSCs were notably reduced, which was detected
using MitoTracker Red and MitoTracker Green staining (Figure 3B). At the same time,
reduced ATP production was observed in MSCs under SMG. These findings suggested
SMG-induced mitochondrial dysfunction in MSCs. Remarkably, mtROS level was increased
about twofold in MSCs, suggesting a link between oxidative stress and cellular senescence
in MSCs (Figure 3A).



Antioxidants 2023, 12, 990 7 of 16

Antioxidants 2023, 12, x FOR PEER REVIEW  7  of  16 
 

of p53, p21, and p16  in MSCs after 72 h of  treatment under NG or SMG. NG—normal gravity; 

SMG—simulated microgravity; n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001. 

3.3. SMG‐Induced Mitochondrial Dysfunction in MSCs 

To determine the effect of SMG on mitochondrial function, the mtROS, intercellular 

ROS,  mΔΨm,  and  ATP  levels  were  investigated.  MitoSOX  and  DCFH-DA  staining 

demonstrated  that  increased mtROS and  intercellular ROS  levels were  in MSCs under 

SMG for 72 h (Figure 3A). The mΔΨm of MSCs were notably reduced, which was detected 

using MitoTracker Red and MitoTracker Green staining  (Figure 3B). At  the same  time, 

reduced ATP production was observed in MSCs under SMG. These findings suggested 

SMG-induced mitochondrial dysfunction  in MSCs. Remarkably, mtROS  level was  in-

creased about twofold in MSCs, suggesting a link between oxidative stress and cellular 

senescence in MSCs (Figure 3A). 

 

Figure 3. SMG-induced mitochondrial dysfunction  in MSCs.  (A) The  representative  images and 

quantitative analysis of the  intracellular ROS and mtROS, which were determined by DCFH-DA 

and MitoSOX staining  in MSCs.  (bar = 100 µm).  (B) The  representative  images and quantitative 

analysis of the mΔΨm detected by MitoTracker Red and MitoTracker Green staining in MSCs. The 

mΔΨm was displayed by the change in the ratio between red and green fluorescence (bar = 100 µm). 

(C) The bar graph displayed the ATP levels in MSCs. NG—normal gravity; SMG—simulated micro-

gravity; n = 3, * p < 0.05, ** p < 0.01. 

3.4. MT Attenuated SMG‐Induced Mitochondrial Dysfunction by Reducing mtROS in MSCs 

Mitochondria are the primary source of ROS production [35]. To further explore the 

relationship between mitochondrial dysfunction and SMG-induced MSC senescence, we 

eliminated the excess mtROS by MT, a mitochondrial antioxidant. MitoSOX and DCFH-

DA  staining  demonstrated  that MT  treatment  significantly  attenuated  the  increased 

Figure 3. SMG-induced mitochondrial dysfunction in MSCs. (A) The representative images and
quantitative analysis of the intracellular ROS and mtROS, which were determined by DCFH-DA and
MitoSOX staining in MSCs. (bar = 100 µm). (B) The representative images and quantitative analysis
of the m∆Ψm detected by MitoTracker Red and MitoTracker Green staining in MSCs. The m∆Ψm
was displayed by the change in the ratio between red and green fluorescence (bar = 100 µm). (C) The
bar graph displayed the ATP levels in MSCs. NG—normal gravity; SMG—simulated microgravity;
n = 3, * p < 0.05, ** p < 0.01.

3.4. MT Attenuated SMG-Induced Mitochondrial Dysfunction by Reducing mtROS in MSCs

Mitochondria are the primary source of ROS production [35]. To further explore the
relationship between mitochondrial dysfunction and SMG-induced MSC senescence, we
eliminated the excess mtROS by MT, a mitochondrial antioxidant. MitoSOX and DCFH-DA
staining demonstrated that MT treatment significantly attenuated the increased mtROS
and intercellular ROS levels in MSCs under SMG and reversed SMG-induced decrease in
m∆Ψm and ATP levels in MSCs (Figure 4A–C). These findings suggest that MT restores
mitochondrial dysfunction affected by SMG via eliminating mtROS in MSCs.

3.5. MT Attenuated SMG-Induced MSC Senescence

ROS-induced oxidative stress is an important cause of cell senescence [36]. We next
examined the effect of MT on the senescence of MSCs. We found that MSC senescence
under SMG could be readily reduced after MT treatment, which was evidenced by not only
a decrease in SA-β-gal staining but also a reduction in the expression of cellular senescence
markers, including p53, p21, and p16 (Figure 5A,B). In addition, we used β-actin as a
secondary loading control to confirm whether GAPDH stably expressed after treatment
and found that the expressions of GAPDH and β-actin were unchanged by treatment
(Figure S2). In aggregate, our results demonstrated MT attenuates SMG-induced MSC
senescence and suggested that excessive ROS production from mitochondrial dysfunction
mediates this process.
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3.6. VP Attenuated Mitochondrial Dysfunction by Inhibiting YAP in MSCs

To determine whether YAP is associated with SMG-induced MSC senescence, IF
and Western blot were used to detect the expression and nuclear localization of YAP.
The result showed that the expression and nuclear localization of YAP were significantly
increased in SMG-induced MSCs. To further explore the relationship between YAP and
mitochondrial dysfunction, VP, a YAP inhibitor, was used to inhibit YAP expression and
nuclear translocation (Figure 6A–C). The mitochondrial function of MSCs after the inhibitor
VP treatment under SMG was examined. We found that VP treatment significantly reduced
mtROS and intercellular ROS levels but upregulated the m∆Ψm in MSCs exposed to
SMG for 72 h (Figure 6D,E). VP treatment also markedly enhanced the level of ATP in
SMG-induced MSCs (Figure 6F). These results suggested that YAP mediates SMG-induced
mitochondrial dysfunction in MSCs.

3.7. VP Attenuated SMG-Induced MSC Senescence

To test whether YAP mediates SMG-induced MSC senescence by regulating mito-
chondrial dysfunction, we investigated SA-β-gal activity in MSCs and found a decrease
in the percentage of SA-β-gal-positive cells in VP-treated MSCs under SMG (Figure 7A).
Coherently, VP inhibition of YAP also rescued the expression of cellular senescence mark-
ers, p53, p21, and p16 in MSCs (Figure 7B). Together with the finding that VP attenuates
SMG-induced mitochondrial dysfunction, these observations demonstrated that YAP upreg-
ulation mediated SMG-induced MSC senescence by regulating mitochondrial dysfunction.
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Figure 6. YAP inhibition by VP reduced mitochondrial dysfunction in MSCs under SMG. (A) The
representative images of IF staining of YAP (green) and DAPI (blue) in MSCs (bar = 25 µm). (B) The
representative images and quantitative analysis of the protein level expression of YAP in MSCs.
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4. Discussion

MSCs are a kind of adult stem cells with multi-directional differentiation ability,
which contribute to repairing damaged or diseased tissues and organs. However, little is
known about the effects of microgravity on MSC senescence and related mechanisms. In
this study, using a 2D-clinostat device to simulate microgravity, we revealed the crucial
role of YAP in SMG-induced MSC senescence (Figure 8). We found that mitochondrial
dysfunction mediates SMG-induced MSC senescence, and MT restores mitochondrial
dysfunction affected by SMG via eliminating mtROS in MSCs. Further, we found SMG
promoted YAP expression and its nuclear translocation in MSCs, and VP, an inhibitor
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of YAP, restored SMG-induced mitochondrial dysfunction and senescence in MSCs by
inhibiting YAP expression and nuclear localization. Our results also suggest that YAP is a
possible target for the treatment of weightlessness-related cell senescence and aging, and in
addition to antioxidants MT, the YAP inhibitor VP also plays a good anti-senescence role.
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Figure 8. The mechanism of YAP-mediated promoting MSC senescence under SMG. Upon mechanical
stimulation of SMG, YAP expression and nuclear localization were significantly elevated, which led to
excess mtROS and intracellular ROS via inducing mitochondrial dysfunction and further contributed
to MSC senescence. The addition of YAP inhibitor VP or mitochondrial antioxidant MT effectively
alleviates mitochondrial dysfunction and MSC senescence.

MSC-based treatments have shown good therapeutic potential in a variety of diseases
in preclinical studies and clinical trials [37,38]. However, even under NG conditions,
MSCs are prone to senescence with the increase in in vitro passages, thereby reducing
their beneficial effects, not to mention the complex space microgravity environment [39,40].
The senescent MSCs exhibit growth arrest, enlarged cell size, increased lysosomal content
characterized by SA-β-gal, and lower proliferative capacity [41]. The activity of p53,
inducing a downstream gene p21, is positively correlated with cellular senescence [42]. P16
is a cell cycle inhibitor protein, one of the important pathways to activate DDR, and plays
an important role in premature aging and cellular senescence [43]. In this study, we showed
that MSCs developed into the senescent phenotype during SMG induction, as evidenced
by enhanced SA-β-gal positivity and elevation of the p53, p21, and p16 levels.

The cause or consequence of mitochondrial dysfunction is increased mtROS levels
and oxidative stress products, which are one of the main drivers of the cell senescence
process [44,45]. It has been proved that salivary gland epithelial cell senescence and mito-
chondrial dysfunction could be inhibited by mitochondria-targeted mtROS scavenger MT
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which eliminates accumulated mtROS [46]. Another study also found that the supplementa-
tion of nicotinamide adenine dinucleotide (NAD+) can improve mitochondrial function and
prolong the life span of mice [47]. In addition, some scholars have found that mitochondrial
dysfunction resulted in ROS in MSCs, and ROS inhibition via N-acetylcysteine (NAC), a
widely used inhibitor of ROS, successfully rescued MSCs from senescence [48]. Consistent
with published studies, mitochondrial antioxidant MT effectively inhibited SMG-induced
MSC mitochondrial dysfunction and senescence by suppressing the accumulation of mtROS
in this study.

YAP is a core effector of the Hippo signaling pathway, and its expression and nu-
clear/cytoplasmic distribution are regulated by mechanical factors such as matrix stiffness
and shear stress [49]. Some studies have proved that the activity of YAP is affected by
microgravity. Arun et al. showed that YAP expression decreased, but nuclear localization in-
creased following SMG treatment of polyploid giant cancer cells [50]. Moreover, Camberos
et al. showed that spaceflight and SMG increased the YAP expression in cardiovascular
progenitors [51]. Consistent with Camberos et al., our work suggests that SMG upregulates
the YAP expression and leads to MSC mitochondrial dysfunction and senescence. An
increasing number of studies have shown that YAP is a critical regulator in controlling
longevity [22–30]. Compared with young rats, aging rats have higher expression of YAP in
vascular tissue [26]. The activation of the Hippo signaling pathway induces mitochondrial
dysfunction in mice, and the reduction in YAP nuclear translocalization inhibits the tran-
scription of a large number of mitochondrial genes involved in mitochondrial turnover and
metabolism [52]. Increased nuclear translocalization of YAP can also lead to mitochondrial
dysfunction and further inhibits cell differentiation and growth or even promotes apopto-
sis [53–55]. On the other hand, it has been reported that mitochondrial dysfunction also
decreases the nuclear translocalization of YAP and disrupts the self-renewal and lineage
differentiation of human pluripotent stem cells [56]. Our results suggest that YAP is highly
likely to mediate SMG-induced MSC senescence by promoting mitochondrial dysfunction.
In addition, a study has shown that VP, a YAP inhibitor, inhibits YAP expression by in-
terfering with YAP/TEAD and alleviates the aging of YAP transgenic mice [57]. Another
study also found that VP treatment remittances the senescence of endothelial cells and
vascular tissue by inhibiting YAP expression [27]. Indeed, in the current study, we found
that the inhibition of YAP using VP attenuated mitochondrial dysfunction and suppressed
SMG-induced senescence in MSCs. Our results demonstrate that YAP inhibition alleviates
SMG-induced MSC senescence via targeting mitochondrial dysfunction, suggesting an idea
of therapeutic treatment of cell senescence under microgravity by targeting YAP.

In addition to YAP, a number of mechanotransducers were studied under a gravity-
unloading environment, including F-actin, NK-κB, and β-catenin [58–60]. In most of the
studies, the responses of molecules in signaling transduction are similar under SMG and
real microgravity in space. However, some exceptions are also found. For example, F-actin,
an extensively studied mechano-transducer, was found to have an increased polymeriza-
tion in cells experiencing spaceflight or SMG, which is contrary to most studies [61–63].
Likewise, tubulin in the arterial endothelial cells (EA. hy 926 cell line) performs completely
differently under real microgravity or SMG [64,65]. These results indicate that it is crucial
for an extensive comparison of mechanotransduction under SMG and real microgravity in
further study.

5. Conclusions

In conclusion, we demonstrated that SMG induced the senescence of MSCs by upreg-
ulating YAP expression and nuclear translocation to promote mitochondrial dysfunction.
The addition of YAP inhibitor VP or mitochondrial antioxidant MT effectively alleviates
mitochondrial dysfunction and MSC senescence. Our results propose the role of YAP in
SMG-induced MSC senescence and indicate that YAP may be a potential therapeutic target
for treating space aging-related diseases.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12050990/s1. Figure S1: Identification of MSCs. (A) The
P0-P3 MSCs showed a long spindle shape (bar = 100 µm). (B) MSCs surface antigen identification
by flow cytometry. MSCs: mesenchymal stem cells; Negative antigen: CD11b/c and CD45; positive
antigen: CD29 and CD54; Figure S2: The representative image (A) and the quantitative analysis of
the protein level expression of β-actin by normalizing to GADPH (B). MSCs: mesenchymal stem cells;
NG: normal gravity; SMG: simulated microgravity; MT: Mito-TEMPO; n = 3, ns p > 0.05.
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