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ABSTRACT 

This study aimed to assess the effects of simulated microgravity (SMG) on senescent human 

fibroblasts (HFs). The HFs were treated with 150 µM H2O2 in a culture medium for 90 minutes 

for senescent induction. The senescent HFs were induced SMG for 72 hours by a Gravity 

simulator, while the control group was treated in the same CO2 incubator. Cell morphology 

analysis showed that the SMG condition retrieved the fibroblastic morphology from the 

senescence. WST1 assay and cell counting indicated that the senescent HFs viability from the 

SMG group was higher than the control group (OD value of 0.80 ± 0.13 vs. 0.64 ± 0.11, 

respectively). In cell cycle progression, the G0/G1 cell percentage of senescent HFs from the 

SMG group was reduced, compared to the control group (45.84 ± 1.37% vs. 57.22 ± 1.56%, 

respectively). The senescent HFs from the SMG group exhibited a lower nuclear area than the 

control group (186 ± 4 µm
2
 vs. 217 ± 8 µm

2
, respectively). This resulted in the performance of a 

higher nuclear shape value of senescent HFs from SMG, compared to the control group (0.74 ± 

0.02 vs. 0.70 ± 0.01, respectively). SMG condition caused the down-regulation of the 

senescence-related transcript. These results found that SMG could regain the normal 

characteristics of HFs from the senescence. 
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INTRODUCTION 

Cellular senescence is a term used to 
describe a state of permanent cell cycle arrest 
in cells grown in culture (van Deursen, 2014; 
Kumari & Jat, 2021). This cell response was 
later identified in vitro and in vivo for cells 
exposed to various types of stress. It has more 
recently been implicated in physiological 
situations during development. The first study 
of cell senescence was conducted on human 
primary fibroblasts in order to determine the 
best cell culture conditions (Hayflick & 
Moorhead, 1961). The goal was to establish a 
reliable source of human cells that could be 
exploited for vaccine development and other 
biotechnological purposes. Early cell culture 
technologies used existing cell lines taken 
from human and animal. Human primary 
fibroblasts could be adapted to in vitro cell 
culture conditions and proliferated at a 
consistent rate during the early stages of the 
culture, in contrast to the tumor cells' robust 
and permanent proliferation (Da Silva-
Álvarez & Collado, 2016). Cells shifted to a 
flattened and expanded appearance as cultures 
accumulated passages, and they ceased to 
proliferate (González-Gualda et al., 2021). 
Since the addition of additional growth factors 
did not result in the resumption of cell 
division, the growth arrest remained stable. 
These findings lead the authors to link cell 
senescence to the aging process. Proliferative 
exhaustion was seen as the cellular reflection 
of organismal decay. Tumor cells, on the 
other hand, were immortal and showed no 
properties of aging. One important conclusion 
drawn from this theoretical framework is that 
cells require a counting mechanism to initiate 
the senescence process (Da Silva-Álvarez & 
Collado, 2016). 

Numerous studies have shown that SMG 
has significant effects on cell physiology, 
such as reducing cell proliferation in vitro, 
altering the cell cycle, and changing 
cytoskeleton structure (Lei et al., 2018; 
Grimm et al., 2020; Degan et al., 2021; Ho et 
al., 2021). SMG has been shown to have a 
marked effect on the cell's ability to 
differentiate (Li et al., 2021). Furthermore, 

cell viability was also affected by SMG 
(Martinelli et al., 2009; Vidyasekar et al., 
2015). However, the effects of SMG on cell 
senescence have not been well characterized. 
Therefore, this study was conducted to 
estimate the changes of senescent HFs under 
SMG conditions. The senescent 
characteristics were assessed to clarify the 
alterations in senescent HFs induced by SMG, 
such as the changes in HFs morphology, 
viability, cell cycle progression, and the 
transcript expression of the senescence-
related gene. 

MATERIALS AND METHODS 

Cell culture and senescence induction 

The HFs were cultured in T25 flask with 5 
mL culture medium containing 
DMEM/Ham’s F-12 (Capricorn Scientific, 
Germany), with 15% FBS (Capricorn 
Scientific, Germany) and 1% Pen/Strep 
(Capricorn Scientific, Germany) at 37 

o
C, 5% 

CO2. The senescence induction of HFs was 
performed with 150 µM H2O2 in a culture 
medium for 90 minutes. The HFs were 
washed with PBS three times in 5 min for 
each step. The senescent HFs was induced 
SMG for 72 h by Gravity Controller Gravite® 
(AS ONE INTERNATIONAL, INC., Santa 
Clara, CA, United States) (Ho et al., 2021). 
The cell plate and flask of the control group 
were cultured in the same CO2 incubator. 

WST-1 Assay 

The HFs viability was estimated by WST-
1 assay (Son et al., 2019). The HFs were 
seeded in 96-well plates at a density of 1 × 10

3
 

cells/well and induced SMG for 72 h. After 72 
h, the medium was removed. 100 µl fresh cell 
culture medium and 10 µl WST-1 solution 
(Roche, Switzerland) was added to each well 
and incubated at 37 

o
C, 5% CO2 for 3.5 h. The 

Optical Density 450 (O.D. 450) value was 
measured by GloMax® Microplate Reader 
(Promega, United States). 

The cell density determination and cell 
cycle progression analysis 

The HFs were fixed with 4% 
paraformaldehyde for 30 min and 
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permeabilized with 0.1% Triton X-100 in PBS 
for 30 min. The nuclei were stained with 
Hoechst 33342 (Sigma-Aldrich, United 
States) for 30 min. Cell washing with PBS 
was applied three times in 5 min for each step. 
Cell number and cell cycle progression were 
determined by nuclei counting with Cell 
Cycle App. of Cytell microscope (GE 
Healthcare, United States) (Ho et al., 2021). 

Quantitative real-time RT-PCR 

Total RNA was extracted by a 
ReliaPrepTM RNA Cell Miniprep System 
(Promega, USA). Each reaction was carried 

out in 20 μL reaction including 1 μL of total 
RNA, 2 μL of primers (forward and reverse), 
10 μL 2X Mix Hi-ROX, 1 μL RTAse, and 6 
μL dH2O. The qRT-PCR reaction was 
performed by one cycle of 45 

o
C for 15 min, 

one cycle of 95 
o
C for 2 min, 40 cycles of  

95 
o
C for 10 sec, 60 

o
C for 15 sec and 71 

cycles of 60 
o
C for 15 sec. PikoReal 96 Real-

Time PCR System (Thermo Scientific, United 
States) was used for qRT-PCR with 2x qPCR 
SyGreen 1-Step Go Hi-ROX kit 
(PCRBiosystem, England). The 2

−ΔΔCt
 method 

was applied for Ct value analysis. Primers 
were presented in Table 1. 

 
Table 1. Primers for quantitative real time RT-PCR 

Gene Primer sequence Reference 

p53 
F: 5’-GAG CAC TGC CCA ACA ACA C-3’ 

Chen et al., 2012 
R: 5’-ATG GCG GGA GGT AGA CTG A-3’ 

p16 
F: 5’-TGA GCA CTC ACG CCC TAA GC-3’ 

Mavrogonatou et al., 2018 
R:5’-TAG CAG TGT GAC TCA AGA GAA GCC-3’ 

p21 
F: 5’-TGG AGA CTC TCA GGG TCG AAA-3’ 

Mavrogonatou et al., 2018 
R: 5’GGC GTT TGG AGT GGT AGA AAT C-3’ 

cyclin D 
F: 5’- ATG TTC GTG GCC TCT AAG ATG A-3’ 

Li et al., 2016 
R: 5’- CAG GTT CCA CTT GAG CTT GTT C-3’ 

Gapdh 
F: 5’-GAA GGT CGG AGT CAA CGG ATT T-3’ 

Chen et al., 2012 
R: 5’-CTG GAA GAT GGT GAT GGG ATT TC-3’ 

 

Nuclear morphology analysis 

Cells were fixed with 4% 

paraformaldehyde for 30 min, then 
permeabilized with 0.1% Triton X-100 

overnight at 4 
o
C. The nuclei were stained 

with Hoechst for 15 min. The cells were 

washed three times with PBS, 10 min each. 
The stained cells were observed under a 

Cytell microscope (GE Healthcare, United 

States). The Cell Cycle App of the Cytell 
microscope was applied to assess the nuclear 

morphology, including nuclear area and 
nuclear shape value (Ho et al., 2021). 

Statistical analysis 

The data were analyzed for statistical 
significance by one-way ANOVA where P < 

0.05 was considered statistically significant. 

RESULTS 

SMG altered HF proliferation 

The HFs from the SMG group showed a 

lower density than the control group  

(Fig. 1A). The HFs of the control group 

exhibited stronger senescent characteristics 

than the SMG group. The viability of HFs 

was assessed by WST-1 assay. As seen in 

Figure 1B, the OD value of HFs from the 

SMG group was 0.80 ± 0.13 which was 

higher than the control group (0.64 ± 0.11). 

However, the cell density of the control 

group was higher than the SMG group 

(18,186 ± 1,340 cells/well vs. 14,106 ± 621 

cells/well, respectively). This result showed 

that the SMG condition could retrieve the 

viability of HFs from the senescence. 
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Figure 1. The proliferation of senescent HFs. A. HFs morphology under control group and 
SMG condition. B. WST1 assay was applied to assess cell viability (n = 10). C. Cell number was 

performed by Cell cycle App (n = 6). of Cytell microscope. Scale bar = 223.64 µm 

 

Figure 2. Cell cycle progression was analyzed by Cell cycle App. of Cytell microscope.  
A. Cell cycle progression of senescent HFs from the control group and SMG group  
(the blue indicates G0/G1 phase, the red indicates S phase, and the green indicates  

G2/M phase). B. The percentage of cells in cell cycle phases (n = 4) 
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The cycle progression of HFs was 
estimated by flow cytometry analysis (Figs. 
2A, 2B). The percentage of HFs in the G0/G1 
phase from the control was higher than in 
SMG groups (57.22 ± 1.56% vs. 45.84 ± 
1.37%, respectively). The percentage of HFs 
in the G2/M phase from the SMG group was 
higher than the control group (32.94 ± 1.12% 
vs. 23.60 ± 0.87%, respectively). This result 
indicated SMG condition induced an 
alteration in cell cycle progression of 
senescent HFs, demonstrated by reducing the 
percentage of HFs in the G0/G1 phase and 
increasing the percentage of HFs in G2/M. 

SMG induced the changes in nuclear 
morphology 

This study also evaluated the changes in 
nuclear morphology. The nuclear area of HFs 
from the control group was higher than SMG 
group (217 ± 8 µm

2
 vs. 186 ± 4 µm

2
, 

respectively) (Fig. 3A). The nuclear shape 
value (1.0 = circle, < 1.0 = non-circular), was 
also applied to evaluate the nuclear 
morphology of HFs. The result showed that 
HFs from the SMG group exposed a higher 
nuclear shape value than the control group 
(0.74 ± 0.02 vs. 0.70 ± 0.01, respectively). As 
shown in Figure 3C, the SMG group showed a 
lower distribution of nuclear area than the 
control group. In contrast, HFs from the SMG 
group showed a higher distribution of nuclear 
shape values than the control group (Fig. 3D). 

 

 

Figure 3. Nuclear morphology analysis. A. Nuclear area analysis of senescent HFs (n = 6).  
B. Nuclear shape value analysis of senescent HFs (n = 6). C. The distribution of the nuclear area 

in the relation to nuclear intensity, the nuclei were stained with Hoechst 33342, Scale bar =  
10 µm. D. The distribution of nuclear-shape values in relation to nuclear intensity. Blue colour 

indicates the G0/G1 phase, red indicates the S phase, green indicates the G2/M phase,  
grey indicates < 2n and yellow indicates > 4n 
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SMG reduced the transcript expression of 
the senescence-related gene 

In this investigation, real time RT-PCR 
was performed to estimate the transcript 
expression of the senescence-related gene. 
Figure 4 demonstrated that the transcript 
expression of p53 in HFs from the SMG 
group was lower than in the control group. 

HFs from the SMG group exhibited the down-
regulation of p16 and p21, compared to the 
control group. In addition, the marked 
reduction of cyclin D was also observed HFs 
from the SMG group. These results revealed 
that the SMG condition induced the 
attenuation of transcript expression of the 
senescence-related gene in senescent HFs. 

 

 

Figure 4. Real time RT-PCR analysis. HFs from SMG showed the transcript reduction of the 
senescence-related gene, compared to the control group (n = 3) 

 
DISCUSSION 

The morphology of human diploid 
fibroblasts changes from a spindle shape to an 
enlarged, flattened, and irregular shape during 
cellular senescence. It plays a crucial role in 
many cellular processes concluding migration, 
differentiation, apoptosis, necrosis and 
senescence (Chen et al., 2000). In this study, 
the senescent HFs from the control group 
maintained the senescent morphology for 3 
days such as irregular shape, cytoplasmic 
fragmentation, whereas SMG-induced HFs 
regained the fibroblastic morphology and 
reduced the fragmentation. This suggested 
that the SMG condition could retrieve 
fibroblastic morphology from senescence. 

The previous study demonstrated that 
SMG induces the inhibition of cell 
proliferation (Quynh Chi et al., 2020; Ho et al., 
2021). In this study, senescent HFs from the 
SMG group showed a lower proliferation than 

the control group. However, the senescent 
HFs showed higher viability under SMG 
conditions, compared to the control group. 
This revealed that SMG could recover the 
viability of senescent HFs. 

Senescence was classically defined as an 
irreversible cell cycle arrest in the G1 phase 
(G1 exit) triggered by eroded telomeres in 
aged primary cells (Gire & Dulić, 2015; Wang 
et al., 2020). The present work indicated that 
the cell ratio of the G0/G1 phase from the 
SMG group was lower than the control group, 
suggesting that SMG conditions induce a 
reduction of the G0/G1 ratio and prevent HFs 
from the cell cycle arrest phase. 

The senescent cells exhibited the nuclear 
enlarge, loose their shape, appear lobulated, 
harbor nuclear membrane invaginations, carry 
enlarged/fragmented nucleolus, loose 
heterochromatin (Pathak et al., 2021). The 
present investigation demonstrated that the 
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enlargement of HFs nuclear from the control 
group was stronger than the SMG group, 
demonstrated by the higher nuclear area. This 
led to the decrease in nuclear shape value in 
senescent HFs from the control group. 

The most studied pathways involved in 
the regulation of cellular senescence are 
p53/p21 and/or p16/Rb tumor suppressor 
pathways (Sharpless & Sherr, 2015). p53 
regulates the expression of a large number of 
target genes involved in cell cycle arrest, 
DNA repair, senescence, and apoptosis 
(Fischer, 2017). The p21 is capable of 
inactivating all CDKs, thereby inhibiting cell 
cycle progression (Wade Harper et al., 1993). 
The p16 mediated senescence acts through the 
retinoblastoma (Rb) pathway inhibiting the 
action of the cyclin dependent kinases leading 
to G1 cell cycle arrest. The previous study 
reported the up-regulation of p53, p16, and 
p21 gene in human fibroblasts (Alcorta et al., 
1996; Stein et al, 1999). Moreover, the 
expression of cyclin D also increases in 
senescent human fibroblasts. In this work, the 
reduced expression of p53, p16, p21, and 
cyclin D was determined in HFs under SMG, 
suggesting that the SMG condition could 
attenuate the expression of the senescence-
related transcript. 

CONCLUSION 

This study found that SMG induces the 
alterations in senescent HFs, demonstrated by 
retrieving the fibroblastic morphology, 
increasing senescent HFs viability, preventing 
senescent HFs from the cell cycle arrest phase, 
down-regulating the transcript expression of 
the senescence-related gene. 
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