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Abstract – This study aimed to estimate morphological changes of human mesenchymal stem cells (hMSCs)
under 3D clinostat culture which generated simulated microgravity (SMG) condition. hMSCs were induced
simulated microgravity (<10-3 G) for 3 days, while control group was conducted in the normal G condition
(1G). The results showed that the cellular area of hMSCs from SMG group was higher than control group
(14083.34 ± 1069.38 µm2 vs. 11368.67 ± 535.27 µm2, respectively). The FSC value of hMSCs from SMG group
was higher than control group (10803988.58 ± 20960.12 vs. 9829898.02 ± 206370.30, respectively). Thus, SMG
condition induced the increase in the size of hMSCs. Microtubule staining analysis demonstrated that the
intensity of the microtubule of hMSCs from control group was higher than SMG group (3980694.27 ±
842699.73 vs. 2860286.60 ± 338612.60, respectively). Moreover, the intensity of the microfilament of hMSCs
from control group was higher than SMG group (4276497.43 ± 1190673.58 vs. 3364019.71 ± 688901.20,
respectively). In addition, SMG condition moderated hMSC nuclear morphology, in which the
transformation of round-shape to oval-shape was observed in hMSCs induced by SMG. These results
revealed that SMG condition modified the cytoskeleton distribution in hMSCs, which leads to the
morphological changes.

INTRODUCTION
Exposure to the microgravity environment has been
shown to adversely affect organisms. Significant
side effects of long-term weightlessness include
muscle atrophy and skeletal insufficiency (Demontis
et al., 2017), changing red blood cell production
(Udden et al., 1995), and changing in the immune
system (Crucian et al., 2018). The weightlessness
induces the reduction of body mass, telomere
elongation, genome instability, metabolic changes
(Garrett-Bakelman et al., 2019). Studies on evaluating
the effect of microgravity on organisms and cells
have been carried out for a long time. However, the
implementation of these experiments faces many
difficulties due to the flight opportunities are very
scarce and the costs of hardware development are
high (Ulbrich et al., 2014). Thus, the microgravity
simulators have been developed and applied to
estimate changes in structure, function, proliferation
of mammalian cells. Clinostat is one of the first
models which was invented at the end of the 19th

century (von Sachs, 1879). This was rotational
devices and was mostly used to estimate the effect of
simulated microgravity on plants. This model was
improved into a fast-rotating clinostat which was
applied for cell culture studies (Briegleb, 1967). Up
to present, 3D clinostat and random positioning
machine are the most common system using for
animal cell studies (Hoson et al., 1997; van Loon,
2007; Borst and van Loon, 2009). In this study, we
applied 3D clinostat to evaluate the effects of SMG
condition on morphological change of hMSCs. The
morphology of hMSCs was assessed by cytoplasm
and nuclear expansion, cell area, cell diameter,
especially the intensity of microtubule and
microfilament.
MATERIALS AND METHODS
Cell culture
hMSCs were cultured in 96-well plates and T-25
flask with DMEM F-12 (Capricorn Scientific,
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Germany) supplemented with 15% FBS (Capricorn
Scientific, Germany) and 1% Pen/Strep (Gibco,
United States). hMSCs were induced SMG condition
(<10 "3 G) by 3D clinostat (MiGra-ITB, Vietnam
Academy of Science and Technology) for 3 days at
37oC, 5 % CO2. The hMSCs of control group were
treated at 1G in the same CO2 incubator.

Statistical analysis

Flow cytometry analysis

The present study applied the 3D clinostat to induce
SMG on hMSCs. The cellular morphology of hMSCs
was demonstrated in Figure 1A and 1B. hMSCs from
SMG exposed the higher cytoplasmic expansion,
comparing to hMSCs from control group. hMSCs
from both groups exhibited the large, flattened, and
spindle-shaped morphology. hMSCs showed
normal proliferation. The apoptotic properties of
cytoplasm were not observed in hMSCs from both
control group and SMG group. The cellular area of
hMSCs from SMG group was 14083.34 ± 1069.38
µm2 which was higher than hMSCs from control
group (11368.67 ± 535.27 µm 2) (P = 0.022) (Figure

To estimate the cellular diameter, hMSCs were used
for flow cytometry analysis. hMSCs were washed
cold PBS and resuspended in 1X Binding Buffer at a
concentration of 1 x 10 6 cells/mL. 100 µL of the
solution (1 x 105 cells) was transferred to a 5 mL
tube. 5 µL PI was added to the tube and incubated
for 15 min at RT (25°C) in the dark. 400 µL of 1X
Binding Buffer was added to each tube. The flow
cytometry was performed within 1 hr.
Microtubule staining
To evaluate microtubule intensity, hMSCs were
cultured in 96-well plates and microtubule was
labeled with 2 µL SiR-tubulin (Cytoskeleton, Inc.,
United States). hMSCs were induced with SMG
condition for 3 days. The microtubule of hMSCs was
observed and assessed under Cytell microscope (GE
Healthcare, United States).

The data were analyzed by one-way analysis of
variance (ANOVA). P < 0.05 was considered
statistically significant.
RESULTS

Microfilament staining
To evaluate microfilament intensity, hMSCs were
cultured in 96-well plates and were treated with
SMG condition in 72 hours. hMSCs were fixed by
4% paraformaldehyde (Nacalai, Japan) and
permeabilized with 0.1% Triton X-100 (Merck,
Germany). Microfilament of hMSCs was stained
with Phalloidin Cruz Fluor™ 488 Conjugate (Santa
Cruz Biotechnology, United States). Hoechst 33342
(Sigma-Aldrich, United States) was applied for
nuclear staining of hMSCs. The stained hMSCs were
observed and evaluated under Cytell microscope
(GE Healthcare, United States).
Area measurement
Cell area, morphology and intensity of microtubule
and microfilament of hMSCs was evaluated by
ImageJ software (National Institutes of Health,
Bethesda, MD). Images were converted grayscale
(type 8 bit) then subjected to the threshold function
using the same threshold for all images to remove
background noise and auto-fluorescence (Son et al.,
2019), then the cell areas and intensity of
microtubule and microfilament were measured.

Fig. 1. Cellular and nuclear morphology of hMSCs. A, B:
Cellular morphology of hMSCs from control
group and SMG group. C, D: Nuclear morphology
of hMSCs from control group and SMG group. E:
Cell area was generated by Image J. Scale bar:
223.64 µm.
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1E). This result supported the cytoplasmic change of
hMSCs under SMG condition. Moreover, hMSCs
from control group showed the normal morphology
of nuclear (Figure 1C), while morphological changes
of nuclear were observed in hMSCs from SMG
group. hMSC nuclear under SMG condition was
expanded and has not exhibited in round-shaped
morphology (Figure 1D).
The morphological changes of hMSCs under
SMG condition was also assessed by flow cytometry
analysis. As seen in Figure 2A and 2B, the FSC value
of hMSC from SMG group was increased,
demonstrating by the higher distribution in flow
cytometry chart. The FSC value of hMSCs from
SMG group was 10803988.58 ± 20960.12 which was
higher than hMSCs from control group (9829898.02
± 206370.30) (P = 0.008) (Figure 2C). This result
indicated that SMG condition induced an increase of
cellular diameter in hMSCs.

than hMSCs from SMG group (2860286.60 ±
338612.60) (Figure 3C). This result showed SMG
condition induced the diminished expression of
microtubule in hMSCs.

Fig. 3. Microtubule staining with Sir-Tubulin in hMSCs.
A, B: The expression of microtubule (red color) of
hMSCs from control group and SMG group.
Intensity comparison of microtubule in hMSCs
from control group and SMG group. Scale bar:
223.64 µm

Fig. 2. Cellular diameter was performed by flow
cytometry. A, B: FSC chart of hMSCs from control
group and SMG group. C. Comparison of FSC
value of hMSCs from control group and SMG
group.

In the present investigation, we also estimated the
changes of microtubule and microfilament in the
cytoplasm of hMSCs. hMSCs from control group
showed a higher density of microtubule in the
cytoplasm, compared to hMSCs from SMG group
(Figure 3A). The lower distribution was observed in
hMSCs under SMG condition (Figure 3B). The
intensity of the microtubule of hMSCs from control
group was 3980694.27 ± 842699.73 which was higher

One of the important components of the
cytoskeleton is microfilament which distributes to
the formation of cell shape. Figure 4A showed a
higher intensity of microfilament in hMSCs from
control group, comparing to the hMSCs under SMG
condition (Figure 4B). The intensity of the
microfilament of hMSCs from control group was
4276497.43 ± 1190673.58 which was higher than
hMSCs from SMG group (3364019.71 ± 688901.20)
(Figure 4C). This result showed SMG condition
induced the diminished expression of microtubule
in hMSCs.
DISCUSSION
The present work demonstrated that SMG condition
induced the morphological changes of hMSCs for 3
days culture. Previous studies have been
demonstrated that SMG conditions can generate the
morphological changes of mammalian cells by
different mechanisms. SMG condition induced the
changes in structural morphology such as cell shape
and membrane roughness of human erythrocytes
(Dinarelli et al., 2018). Human primary osteoblasts
exposed a morphological shift from flat-shape to
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the intensity of microtubule and microfilament was
reduced in hMSCs induced by SMG condition,
leading to the change of distribution and the
reorganization of the cytoskeleton.
CONCLUSION
The present study demonstrated that simulated
microgravity could produce morphological changes
in hMSCs. The redistribution and reorganization of
cytoskeleton were given the rise in hMSCs under
simulated microgravity condition.
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Fig. 4. Microfilament staining with Phalloidin in hMSCs.
A, B: The expression of microfilament (green
color) of hMSCs from control group and SMG
group. Intensity comparison of microfilament in
hMSCs from control group and SMG group. Scale
bar: 223.64 µm.

spindle-shape, in which the majority of cell
population under SMG condition exhibitsthe
spindle-shaped cell morphology (Gioia et al., 2018).
SMG condition also induces the changing of actin
cytoskeleton and variation in the presence in human
A431 cells (Moes et al., 2011). Another study
reported that SMG condition generated dramatic
changes in the size and shape of the cells and their
surface specializations (Kapitonova et al., 2013).
SMG condition induced by parabolic flight can
modify the morphology in breast cancer cells, such
as tubulin with holes, accumulations in the tubulin
network, and the appearance of filopodia- and
lamellipodia-like structures in the F-actin
cytoskeleton shortly after the beginning of the
microgravity (Nassef et al., 2019). In this study, we
found that the SMG condition induced the changes
of hMSC morphorlogy, especially cytoplasm and
cytoskeleton. The increase of cellular diameter
resulted in the enlargement of the cytoplasm of
hMSCs under SMG condition. Moreover, the
cytoskeleton plays an essential role in organizing
cell structures, supporting to shape changing
(Fletcher and Mullins, 2010). The modifications of
cytoskeleton or cytoskeletal protein synthesis
associate with changes in cellular shape and
organization. This investigation demonstrated that
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