
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12217-021-09881-9

ORIGINAL ARTICLE

3D Clinorotation Affects Drug Sensitivity of Human Ovarian Cancer 
Cells

Dawid Przystupski1,2  · Agata Górska2,3 · Anna Szewczyk2,4 · Małgorzata Drąg‑Zalesińska5 · Julita Kulbacka2

Received: 15 March 2020 / Accepted: 5 April 2021 
© The Author(s) 2021

Abstract
Numerous studies have reported that gravity alteration displays a remarkable influence on the biological processes of cancer 
cells. Therefore, gravity-related experiments have become a promising method of improving knowledge in the field of cancer 
biology and may be useful to detect remarkable implications for future cancer treatment. Taking this concept further, we used 
a 3D clinostat (3D-C; 10 rpm of changing direction) to analyse the effect of short-term exposure to simulated microgravity 
(sμg) on cisplatin sensitivity of drug resistant human ovarian cancer cells SKOV-3. This allowed us to investigate whether 
altered gravity affects drug susceptibility of cancer cells. Our studies revealed that sμg exposure affects SKOV-3 cells mor-
phology and drug efficiency. We observed the altered cell shape, the presence of membrane blebbing and lamellipodia as 
well as the lack of filopodia when the cells had been cultured on 3D-C for 2 h. Cytotoxicity, cell death and cell cycle assays 
showed an increased percentage of apoptotic cells and G0/G1 cell cycle arrest after exposure on the 3D-C with cisplatin in 
comparison to the static control, non clinorotated cells. Cell proliferation and migration were altered after the exposure to  
sμg as well. Our studies suggest that the altered gravity conditions affected cellular mechanisms involved in cisplatin resist-
ance, resulting in higher sensitivity of cancer cells to the chemotherapeutic. The investigation and clarification of these results 
may be a crucial step toward improving our understanding of the relationship between cellular resistance to chemotherapy 
and the response to altered gravitational conditions.

Keywords Simulated microgravity · Gravitational stress · Multidrug resistance · Cisplatin · Ovarian cancer · Cell cycle

Introduction

The last 50 years have witnessed the rapid development of 
space industry, raising interest in space medicine. Among all 
the stressors and altered environmental conditions present 
in space, microgravity is widely considered to be the most 
important factor influencing the human physiology, therefore 
generating considerable concern in terms of experiments 
simulating this condition. Both simulated (sμg) and real 
microgravity (μg) have been demonstrated to have influence 
on numerous cellular processes through dynamic variations 
in gene expression (Wehland et al. 2015; Xu et al. 2018), 
projecting on long-term effects expressed in metabolic 
alterations and autophagy (Arun et al. 2017; Li et al. 2018; 
Wang et al. 2013), proliferation and differentiation (Arun 
et al. 2017; Kim et al. 2017; Lei et al. 2018; Sokolovskaya 
et al. 2014), as well as – eventually – cells’ death (Arun 
et al. 2017; Kang et al. 2011b; Xu et al. 2018). Different 
approaches exist aiming to simulate microgravity condi-
tions (Brungs et al. 2019; Herranz et al. 2013). We have 
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chosen the principle of 3D clinorotation in the operational 
rotational velocity of 10 rpm (60°/sec), because it has been 
reported in many mammalian cell experiments (Borst and 
Van Loon 2009) as providing the optimum between shear 
stress occurrence and alteration of gravity vector (Wuest 
et al. 2017, 2015).

There is still a considerable uncertainty in regard to the 
establishment of the exact mechanism of the cellular gravi-
perception (Lambert et al. 2007; Sundaresan et al. 2004). 
However, a substantial amount of literature indicates the 
vital role of the cellular cytoskeleton (Xu et al. 2018), along 
with mechanoreceptors and adhesive molecules (Rudimov 
and Buravkova 2016) in those processes. An increasing 
number of studies have described a characteristic morphol-
ogy change of adherent cells cultured in real and simulated 
microgravity (Sundaresan et al. 2004) caused by cytoskeletal 
rearrangements (Corydon et al. 2016; Crawford-Young 2006; 
Infanger et al. 2006b; Li et al. 2009), therefore influencing 
the mobility of the cell and postulated changes of cell mem-
brane viscosity (Janmaleki et al. 2016; Li et al. 2009; Nassef 
et al. 2019). Remarkably, the unique set of physiological 
alterations caused by the exposure to microgravity overall 
contributes to an anticancer effect, as reported in various 
experiments in vitro. Some of the observed effects are indeed 
associated with the microgravity-induced changes in focal 
adhesion and cytoskeleton, therefore reducing cancer cell 
migration and invasion (Li et al. 2009; Nassef et al. 2019). 
Additionally, a growing body of literature has examined the 
more specific influence of sμg and μg on cancer cells, such 
as cell death regulation (Arun et al. 2017; Kossmehl et al. 
2003), reduced proliferation and differentiation (Arun et al. 
2017; Chang et al. 2013; Chung et al. 2017; Kim et al. 2017; 
Pisanu et al. 2014; Svejgaard et al. 2015) as well as orches-
trated regulation of cellular pathways underlying metastasis 
(Chang et al. 2013; Ivanova et al. 2018) or cytokine secretion 
(Ma et al. 2014; Svejgaard et al. 2015). Thus, experiments 
implementing simulated microgravity have been gaining 
much more attention as a new tool for the understanding of 
cancer cell physiology and its potential use for the develop-
ment of novel therapies for tumor treatment (Chen 2018). 
Moreover, the alterations of membrane fluidity caused by 
μg are likely to have an impact on pharmacodynamics and 
drug uptake (Kohn and Hauslage 2019). Only a few studies 
have addressed the issue of potential multidrug resistance 
(MDR) phenomena alleviation by μg conditions (Piepmeier 
et al. 1997).

Our knowledge of strategies for increasing the drug 
sensitivity in ovarian cancer is largely based on severly 
limited data. Platinum derivatives are currently the first-
choice chemotherapeutics recommended for the treatment 
of ovarian cancer (Gonzalez-Martin et al. 2013). Cisplatin 
(cis-diaminadichloroplatinum (II), cDDP) exerts cyto-
toxic activity mainly through binding to DNA and altering  

its structure, which blocks the transcription and replica-
tion, consequently leading to cellular apoptosis (Ma et al.  
2014). However, drug resistance is an important limitation 
in the clinical use of cDDP. Mechanisms of resistance to 
cDDP in ovarian cancer are complex and can be divided in 
two groups: 1) those that limit the formation of cytotoxic 
platinum–DNA adducts (also through the modulation of 
drug’s efflux and uptake), and 2) those that prevent cell death 
occurrence after platinum–DNA adduct formation (Basu and 
Krishnamurthy 2010; Kartalou and Essigmann 2001; Shen 
et al. 2012; Stewart 2007). SKOV-3 cell line remains the 
optimal model of MDR in ovarian cancer due to its specific 
resistance to cDDP. This paper remains an attempt to expand 
the knowledge in the field of physiology of drug-resistant 
cancer cells exposed to sμg, as well as the quest for possible 
synergy between gravitational stress and drug response in 
ovarian cancer cells.

Material and Methods

Cell Culture and Drug

Human ovarian cancer cells SKOV-3 were collected from 
the American Type Culture Collection (ATCC, London, 
UK). Cells were cultured as a monolayer in Dulbecco’s 
modified Eagle medium (DMEM, Sigma-Aldrich, USA) 
for SKOV-3 cells containing 2 mM L-glutamine, 10% fetal 
bovine serum (FBS, Sigma-Aldrich), 20 units penicillin 
and 20 µg streptomycin/mL (Sigma-Aldrich) at 37 °C in 
a humidified incubator with 5%  CO2. For the experiments, 
the cells were washed with Dulbecco’s Phosphate Buffered 
Saline (PBS, Bioshop, UK) and detached from the surface 
of the flask using 0.25% trypsin with 0.02% EDTA (Sigma-
Aldrich, Poland). To investigate the effect of cytostatic drug 
on SKOV-3 cells under simulated microgravity we used 
cis-diamineplatinum (II) dichloride (cDDP, Sigma, Cat. no. 
479306) which was dissolved in the PBS buffer to the con-
centration of 5 mM and then diluted with culture medium to 
a final concertation of 25 μM.

Experimental Protocol

To examine the effect of simulated microgravity (sμm) on 
human ovarian cancer cells, a 3D clinostat (3D-C) was 
developed by engineers from Wroclaw University of Science 
and Technology. The samples in 3-D clinostat were rotated 
along two independent axes to change their orientations at 
constant speeds and directions relative to the gravity vector, 
thereby eliminating the effect of gravity (Chen et al. 2019).

Base, outer and inner parts are made of an aluminium 
rectangular-shape profiles that have holes made by CNC 
machine. The main bracket is made of a stainless-steel 
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plate, which has laser cut holes. Bracket, outer and inner 
part are connected by aluminium pipes in which the elec-
trical wires were routed. The outer and inner part rotates 
independently in clock or clockwise direction. Two step 
motors are responsible for rotational movement with avail-
able speed from 0.1 rpm to 60 rpm. Motors are controlled 
by step motor controller DRV8835 build on microcontroller. 
User can switch rotational speed with knob. Rotating ele-
ments have been balanced to avoid vibrations. The rotation 
speed was set at 10 rpm (60°/sec; 1,05 rad/sec; the residual 
acceleration amounts to app. 0,032 m/s2) and only the cells 
located within the central area of 3 cm radius were included 
in the experiments. For sμm experiments, 3 ×  104 SKOV-3 
cells/cm2 were plated on a 35 mm Petri dish. After 24 h, 
the dishes were fully filled with growth medium and care-
fully covered with parafilm without leaving any air bubbles 
beneath it. Directly before clinorotation, half of the samples 
were filled with culture medium supplemented with 25 μM 
cisplatin. Additionally, cells (3 ×  104 cells/cm2) were seeded 
in a 35 mm imaging dish (µ-Dish 35 mm, Ibidi, Germany) 
and fixed for morphology and cytoskeleton analyses imme-
diately after the experiment. The exposure time in sμm was 
2 h. The dishes were fixed on the clinostat in an incuba-
tor at 37 °C. The control group (1 g) was prepared in the 
same way and located close to rotating 3D-C. After the 
experiment, the cells were rinsed with PBS three times and 
detached from Petri dishes using 0.25% trypsin with 0.02% 
EDTA and processed for further analyses in cisplatin-free 
medium. For MTT and SRB assays, the cells were seeded 
on 96-well plates (3 ×  104 cells/cm2) and incubated for 24 
or 72 h. Additionally, the cells were plated on 6-well plates 
and incubated for 24 and 72 h to carry out cell death and cell 
cycle assays (cell density seeding 3 ×  104 cells/cm2) and for 
7 days to carry out clonogenic assay (cell density seeding 15 
cells/cm2). To analyze whether exposure to sμm affected the 
migration of SKOV-3 cells, the cells were seeded in Boyden 
chambers (cell density seeding 2 ×  103 cells/insert) for 24 
and 72 h, as described below.

SRB Assay

Sulphorhodamine B (SRB) method is a cytotoxicity assay 
based on the measurement of cellular protein content. Fol-
lowing the experimental protocol described above, the 
growth medium was removed from 96-well plates and cell 
monolayers were fixed with 50% (vol/vol) trichloroacetic 
acid for 1 h at 4 °C, subsequently washed (five times) in 
cold water and desiccated. Then, cell staining was per-
formed using 0.4% SRB in 1% acetic acid (POCH, Poland) 
for 30  min at room temperature. After the incubation, 
the dye was removed by washing repeatedly (four times) 
with 1% (vol/vol) acetic acid. Plates were desiccated and 
the protein-bound dye was dissolved in 10 mM Tris base 

(Sigma-Aldrich, Poland) (pH 10.5) solution for absorbance 
determination at 490 nm using a microplate reader (Glo-
Max Discovery, Promega). The results were expressed as the 
percentage of cell viability relative to the untreated control 
cells (1 g).

MTT assay

A standard MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide] assay (MTT, Sigma-Aldrich) 
was performed to analyse the mitochondrial function. After 
the appropriate time of incubation, growth medium was 
removed from 96-well plates and the cells were incubated for 
2 h at 37 °C in 100 μL/well MTT solution (0.5 mg/ml of PBS 
buffer); then 100 μL of the acidified isopropanol (0.04 M 
HCl in absolute isopropanol) was added to each well to dis-
solve the formazan crystals. The absorbance was measured 
at 560 nm using a microplate reader (GloMax Discovery, 
Promega). The results were expressed as the percentage of 
cells mitochondrial activity relative to untreated control cells 
(1 g).

Cell Death Assays

24 or 72 h after clinorotation, the culture medium was col-
lected, the cells were washed with PBS buffer and detached 
from the surface using a trypsin–EDTA solution. The col-
lected growth medium and cell suspension were centrifuged 
(6720 × g) for 10 min at 4 °C. Half of the cells were stained 
with Annexin V-APC Apoptosis Kit with PI (BioLegend, 
cat. no. 640932) and analysed with CUBE6 flow cytom-
eter (Sysmex) in order to indicate the percentage of early 
and late apoptotic and necrotic cells. The remaining cells 
were used for the neutral comet assay method described by 
Collins (Collins 2002) to detect DNA damages in SKOV-3 
cells associated with the exposure to sμm. The cells at the 
concentration of 1 ×  105/ml in PBS were mixed with low 
temperature melting agarose (Sigma-Aldrich) at ratio 1:10 
(v/v) and spread on a slide (1 ×  102 cells/cm2). Slides were 
submerged in precooled lytic solution (2.5 M NaCl, 100 mM 
EDTA, pH 10, 10 mM Tris base and 1% Triton X-100) at 
4 °C for 60 min. After lysis and rinsing, slides were equili-
brated in TBE solution (40 mM Tris/boric acid, 2 mM 
EDTA, pH 8,3), electrophoresed at 1,2 V/cm for 15 min; 
then silver staining was performed (Nadin et al. 2001). For 
scoring the comet patterns, 200–300 nuclei from each slide 
were assessed.

Cell Cycle Assay

24 or 72 h after clinorotation, the cells were detached from 
6-well plates and the collected growth media and cell sus-
pensions were centrifuged (6720 × g) for 10 min at 4 °C. 
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Then, the cells were fixed in cold ethanol (70%) at 4 °C for 
24 h. Subsequently, the cells were washed with PBS, cen-
trifuged (6720 × g for 10 min at 4 °C) and incubated with 
RNAse solution (100 µg/ml in PBS buffer; A&A Biotechnol-
ogy, cat. no. 1006–10) at room temperature for 30 min. After 
that, propidium iodide (PI; Sigma Aldrich, cat. no. 81845) 
was added to obtain the final concentration 50 μg/ml and 
the cells were stained in the dark for 30 min. The percent-
age of G0/G1, S and G2 cells was assessed by CUBE6 flow 
cytometer (Sysmex, Poland).

Clonogenic assay

Clonogenic assay is a technique enabling to assess the cell 
survival and proliferation following the exposure to the sim-
ulated microgravity. After clinorotation, the cells were plated  
in appropriate dilutions (15 cells/cm2) on 6-well-plates. 
Multi-well-plates were placed in an incubator and left there 
for 7 days until large colonies (> 1 mm) were formed (50 
cells or more). After incubation, the growth medium was 
removed and the cells were washed with PBS. Fixation and 
staining of clones was performed with a mixture of 0.5% 
crystal violet (Sigma-Aldrich, USA) in 4% paraformalde-
hyde  for 10 min. Then, the plates were rinsed with water 
and left to dry at room temperature. Counting of clones was 
performed the following day using OpenCFU software.

Migration Assay

Cell migration was performed in Boyden chambers 
(ThinCert™ Cell Culture Inserts) produced by Greiner 
Bio-One. After clinorotation, the cells were suspended in 
serum-free DMEM and then 1 ×  103 cells/well were seeded 
onto inserts (8 μm pore size) in 24-well plates. Fetal bovine 
serum (10%) in DMEM was used as a chemoattractant for 
the cells cultivated on the bottom layer. After 24 or 74 h, fix-
ation and staining of cells was done with a mixture of 0.5% 
crystal violet in 4% paraformaldehyde for 10 min. Subse-
quently, the inserts were rinsed with PBS and the cells from 
the upper part of the membrane were removed using a cotton 
scraper, and the inserts – left to dry at room temperature. 
Cells that had invaded the lower surface of the filters were 
counted using inverted light microscopy at a magnification 
of 400. The migration index was calculated in comparison to 
1 g, untreated cells, performed by counting cells from app. 
10 different fields of view.

Confocal Microscopy

Confocal laser scanning microscopy (CLMS) was used for 
the visualization of cell morphology. After the experiment, 
the cells were washed 3 times with PBS and fixed using 4% 
paraformaldehyde (PFA, Sigma-Aldrich) for 10 min. Then, 

the cells were submerged in staining solution HCS Cell-
Mask™ Green Stain (Molecular Probes, Cat. no. H32714, 
Ex./Em. 493/516 nm) and incubated for 15 min at room 
temperature. HCS CellMask™ Stains label the entire cell 
(cytoplasm and nucleus) for a more thorough description 
of the cell’s anatomy and provide an accurate backdrop 
against which the features of interest can be evaluated. 
Next, the staining solution was removed, and the dishes were 
rinsed with PBS three times. After washing out with PBS, 
the nuclear DNA was stained with DAPI (4,6-diamidino-
2-phenylindole; 0.2 μg/ml, Ex./Em. 358/461 nm). In the end, 
the cells were mounted in fluorescence mounting medium 
(DAKO). For F-actin visualization, the dishes were blocked 
with 1% BSA for 1 h. Next, they were washed 3 times with 
1% Triton X-100 and, then incubated with Alexa Fluor™ 
546 Phalloidin (1:100 in PBS; cat. no. A22283) at 4 °C 
for 24 h. Next, the coverslips were rinsed with PBS three 
times, stained with and mounted in fluorescence mounting 
medium. For imaging, the Olympus FluoView FV1000 con-
focal laser scanning microscope (Olympus) was used. The 
images were recorded by employing a Plan-Apochromat 
60 × oil-immersion objective.

Statistics

Statistical significance was determined by two-way ANOVA 
with Tukey post-hoc test within groups following a normal 
distribution. Samples were analysed in at least four replica-
tions in three independent experiments. Differences between 
the treated samples and the control cells with p values ≤ 0.05 
were assumed to be statistically significant. The results were 
analysed with the Microsoft Office Excel 2017 and Graph-
Pad Prism 7.0 software.

Results

Following clinorotation, we observed a decrease of SKOV-3 
cells viability exposed to simulated microgravity (Fig. 1A). 
The presence of cisplatin caused a slight decrease in the 
SKOV-3 cell viability in comparison to 1 g static cells, espe-
cially 72 h after the rotation (79.64%).

The mitochondrial activity of cancer cells incubated with-
out cisplatin remained unchanged (~ 100%) for 1 g and sμm 
groups in 24 and 72 h. However, the mitochondrial function-
ing was considerably affected when the clinorotated cells 
were cultured with cisplatin (Fig. 1B, 85% in 72 h).

According to our research, the exposure to the simulated 
microgravity slightly increased cell death of SKOV-3 cells, 
even in the presence of cisplatin (Fig. 2). The dominant pro-
cess was necrosis, whereas the percentages of apoptotic cells 
were less than 2% in all samples, which remains in accord-
ance with both flow cytometry and comet assay. For cells 
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subjected to sμg and pre-treated with cDDP, the percentage 
of necrotic cells was 13.42% in the case of flow cytometry 
analysis and 15% for the comet assay. Interesting alterations 
were shown within the comet evaluation – we observed an 

increase in the number of intermediately damaged nuclei in 
sμg groups, especially for cisplatin pre-cultured cells.

The evaluation of the cell cycle of SKOV-3 cells treated 
with cisplatin and subjected to simulated microgravity 

Fig. 1  The viability A and mito-
chondrial activity B of SKOV-3 
cells 24 and 72 h after clinorota-
tion with or without cisplatin 
at the concentration of 25 μM. 
*statistically significant differ-
ences in comparison to 1 g, not 
clinorotated cells (p ≤ 0.05)

Fig. 2  Cell death evaluation of SKOV-3 cells 24 and 72  h after the 
exposure to simulated microgravity. The percentage ratio of undam-
aged, necrotic and apoptotic cells 24 or 72 h after clinorotation with 
or without cisplatin at the concentration 25  μM analysed with flow 

cytometry (A, B) and the representative dot blots of SKOV-3 cells 
72 h after the 3D clinorotation C; gate B1 necrotic, gate B2 late apop-
totic, gate B3 undamaged, gate B4 early apoptotic cells. Comparative 
analyses were performed with comet assay (D, E)
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(Fig. 3) showed a significant alteration in percentage ratios 
of cells in G1/G0, S and G2 phases. 24 h after clinorotation 
we observed a decrease in the percentage ratio of cells in the 
S phase, especially when the cells were cultured with cDDP 
during the rotation. Simultaneously, our studies revealed an 
increased ratio of cells in G1/G0 and G2 phases. We noticed 
that syg exposure induced similar G0/G1 cell cycle arrest 
as observed for 1g cells cultured with cDDP (81.14% vs 
82.14%). Additionally, the highest ratio of cells in the G1/
G0 phase was measured among the groups subjected to sμg 
and pre-treated with cDDP (87.28%).

The clonogenic assay confirmed the detrimental impact 
of simulated microgravity and cisplatin administration, 
which decreased the cell proliferation (Fig. 4). Differences 
in the number of colonies between the 1 g and sμm cells 
indicate the cytotoxic properties of clinorotation. Further-
more, this assay revealed that the proliferation of SKOV-3 
cells incubated with cisplatin was almost the same as in the 
cells subjected to simulated gravity without incubation with 
cDDP (68.63% vs 71.82%). We observed smaller and less 
abundant colonies in sμg groups cells, especially among the 
cells pre-treated with cisplatin (41.36%). In comparison to 
the viability, cell death, and cell cycle assays, the clonogenic 

assay revealed the strongest alterations in cell functioning 
of SKOV-3 cells cultured with cDDP and exposed to sμm.

Except for the abovementioned phenomena, cell migra-
tion was also suppressed when the cells had been previously  
subjected to simulated microgravity (Fig. 5). We observed 
significant alterations already 24 h after the clinorota-
tion. The strongest changes in migration index (MI)  
were observed 72 h after the exposure to clinorotation and 
cDDP (MI 31.25%). For sμm cells we observed a strong 
decrease of MI after 72 h in comparison to the cells cul-
tured for 24 h (81.40% vs 53.13%), whereas for sμm cells 
and those exposed to cDDP, no such occurrence was noted.

Fluorescence staining revealed serious differences in the 
cell morphology after the exposure to simulated microgravity 
for 2 h (Fig. 6). After clinorotation, the cells were shrunken 
and round shaped. We observed the altered cell shape, pres-
ence of membrane blebbing and lamellipodia, lack of filo-
podia, the presence of stress fibers and the accumulation of 
cytoskeletal fibres at the peripheral area of the cell. Cytoskel-
eton staining (Fig. 7) revealed characteristic reorganization of 
F-actin fibers when the cells were exposed to sμm. The fibers 
were disrupted and accumulated in peripheral parts of cells. 
Moreover, the nuclei were slightly enlarged.

Fig. 3  Cell cycle analysis of SKOV-3 cells 24 and 72  h after the 
exposure to simulated microgravity. The percentage ratio of G0/G1,  
S and G2 cells 24 or 72 h after clinorotation with or without cisplatin 

at the concentration 25 μM analysed with flow cytometry (A, B) and 
the representative histograms of SKOV-3 cells 72 h after the rotation 
on 3D-C C; gate A – G0/G1 phase, gate D – S phase, gate B – G2 phase
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Discussion

In this study, we investigated the combined effects of short-
term sμg and cisplatin treatment on a multidrug-resistant 
model of human ovarian cancer in vitro. Our experiments 
provide considerable insight into the modulation of multid-
rug resistance phenomena triggered by sμg. The results are 
consistent with previous reports of Piepmeier et al. (1997), 
which proved that prolonged microgravity for 72 h had 
affected the doxorubicin influx and enhanced drug efficiency 
in HL-60 cells, demonstrating the correlation between 
cytoskeletal changes and drug administration in cancer cells. 
Other authors that used SGC-7901 cancer cell model also 
demonstrated the significant changes in cellular morphol-
ogy and biological characteristics during clinostat-simulated 
weightlessness within 72 h (Zhu et al. 2014).

It was revealed that even relatively short exposure of 
2 h to simulated microgravity applied in our study was 
sufficient to observe characteristic morphological effects, 
already well-described in the literature: the altered, 
rounded shape of the cells, peripheral cytoskeleton accu-
mulation or membrane blebbing (Rudimov and Buravkova 
2016). Interestingly, it was also noted that cancer cells 
were able to form complex 3D spheroid structures in real 
and simulated microgravity (Chen et al. 2019; Grimm 
et al. 2020; Kopp et al. 2018). According to the previ-
ous studies, the underlying cause of the observed changes 
should be the disruption of the cytoskeleton, which might 
not only influence the MDR phenomenon but also affect 
the migration index of the cells. Remarkably, there is still a 
considerable ambiguity on the issue of cancer cells’ motil-
ity after the exposure to the sμg. Even though our results 

Fig. 4  Number of colonies (% of control cells) after the exposure to 
simulated microgravity with or without cisplatin at the concentration 
25 μM A and 7-day incubation of SKOV-3 cells (*p ≤ 0.05; data are 

presented as the mean amount of counted colonies); the representa-
tive pictures of colonies B 

Fig. 5  Migration index (% of control) of SKOV-3 cells after the exposure to simulated microgravity with or without cisplatin at the concentra-
tion 25 μM A and 24 or 72 h of incubation. The representative pictures of the stained membranes B; scale bars: 100 μm
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differ from some published studies reporting increased 
migration (Ahn et al. 2019; Chung et al. 2017; Li et al. 
2018; Wehland et  al. 2015), they are in line with the 
research (Chang et al. 2013; Li et al. 2009) which revealed 
significant decrease in metastatic potential of malignant 

cells. It is interesting to note that differences may emerge 
from the unique behavior of each cell line exposed to sμg, 
while such research on ovarian cancer cells has never been 
performed. Our experiments revealed that treatment with 
cisplatin decreases the migration index of ovarian cancer 

Fig. 6  The representative photographs of the morphology of SKOV-3 
cells exposed to 2 h to simulated microgravity with or without cisplatin 
at the concentration 25 μM, fixed immediately after clinorotation and 

stained with HCS CellMask™ Green Stain (cell membrane and cyto-
plasm) and DAPI (nuclei); scale bars: 10 μm

Fig. 7  The representative photographs of the F-actin cytoskeleton and DAPI (nuclei) of SKOV-3 cells exposed for 2 h to simulated microgravity 
with or without cisplatin at the concentration 25 μM, fixed immediately after clinorotation; scale bars: 10 μm
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cells by itself, but in combination with sμg the effect is 
severely enhanced, regardless of the duration of subse-
quent culturing after the stimuli. On the other hand, the 
observed alterations might also occur from the different 
simulation approaches and different operational modes of 
clinostat types. Krause et al. (2018) reported that adding 
a second rotation axis in case of 3D clinorotation did not 
increase the quality of microgravity simulation, but pro-
vide disturbances such as the increased level of vibrations 
(Krause et al. 2018). Brungs et al. (2019) also observed 
various cellular responses using different types of simu-
lated microgravity facilities and rotation protocols (Brungs 
et al. 2019). Thus, further research may include a com-
parative analysis of SKOV-3 cells response to simulated 
gravity using 2D- and 3D-clinostats at the rotation speed 
between 5–60 rpm.

Not much is known about the proliferation rates after 
the short-term exposure to μg; yet the decreased values of 
the colony formation observed in our experiment remain in  
accordance with some studies concerning prolonged  
(from 12 h to 3 days) cultivation of cancer cells in such 
conditions, displaying weaker proliferation (Chang et al. 
2013; Chung et al. 2017; Vidyasekar et al. 2015) or even 
growth inhibition (Xu et al. 2018). Curiously, a few other 
studies addressing this issue reported contradictory effects 
between different cell lines; some of them proliferated nor-
mally when they were subjected to simulated and real μg 
conditions (Chung et al. 2017; Kim et al. 2017).

No substantial differences were found between control and 
experimental groups in viability assays. Moreover, we have 
noted perfect agreement between comet assay and propidium 
iodide/annexin V staining indicating the lack of apoptosis 
after the 2 h of sμg. That phenomenon has been reported 
previously for short-term exposure to real μg during the 
parabolic flights, showing well-maintained cells’ viability 
(Wehland et al. 2015), and no significant signs of apoptosis 
(Nassef et al. 2019), confirmed by a detectable rise in antia-
poptotic genes expression after the  31st parabola (Wehland 
et al. 2015). However, we observed the cumulative cytotoxic 
effect of cisplatin and sμg exhibited through the considerable 
rise in the percentage of necrotic cells and elevated levels of 
intermediate DNA damages. On the other hand, some studies 
reported morphological and biochemical signs of apoptosis in 
endothelial cells within 4 h of exposure of simulated micro-
gravity (Infanger et al. 2006a), which were further increased 
after 72 h (Infanger et al. 2006a; Kang et al. 2011a).

The single most conspicuous observation to emerge from 
the data is the significant dysregulation of the cell cycle of 
cells subjected to sμg. Not only did sμg cause strikingly sim-
ilar cell cycle arrest in G1/G0 phased as observed for cells 
in 1 g treated with cDDP, but also was the synergistic effect 
of both clearly visible. This concurs with the clonogenic 
assay, explaining the decreased proliferation despite lack of 

apoptotic events. Crucially, those early-observed changes 
are in good agreement with much longer experiments (24-
96 h) reporting subG0 (Arun et al. 2017; Vidyasekar et al. 
2015) or G1 cell cycle arrest (Sokolovskaya et al. 2014) after 
the exposure to sμg. Subsequent cultivation under the sμg 
(120 h) has been reported to mitigate this effect, suggesting 
the progressive adaptation of the cells (Sokolovskaya et al. 
2014). However, it is worth mentioning that those effects 
were accompanied not only by deregulated proliferation, but 
also decreased in viability due to prolonged exposure to sμg 
(Arun et al. 2017; Vidyasekar et al. 2015).

Disturbance of α and β tubulin, commonly observed after 
the exposure to sμg or μg, has been proven to provide the 
increased susceptibility to cisplatin, leading to the increased 
apoptosis induction caused by cytostatic drug (Kyu-Ho Han 
et al. 2000; Pei et al. 2007). Additionally, the cytoskeleton 
interacts with MDR proteins located in lipid rafts of cell 
membrane and affects their activity without altering the gene 
expressions (Bacso et al. 2004), whereas gravity variations 
are suspected of remodeling the cell membrane structure 
by altering lipid rafts (Albi et al. 2014) and thus, affecting 
drug sensitivity. Based on our findings, revealing the altered 
cell morphology and increased anticancer effect of cDDP 
of SKOV-3 cells subjected to sμg and the abovementioned 
studies, we claim that the forthcoming research should focus 
on the association between cytoskeleton, cell membrane as 
well as MDR-related proteins and the molecular pathways 
responsible for their regulation and interactions.

As discussed above, the response to an altered gravity 
significantly varies among different models and durations 
of the experiments. Therefore, it should be emphasized 
that the effects described in this study originate from only 
a short-term sμg treatment and that longer exposure times 
shall be investigated to evaluate the spectrum of physiologi-
cal responses of ovarian cancer cells and to confirm their 
significance.

Conclusions

In summary, this is the first in vitro study revealing the 
relationship between simulated microgravity and multidrug 
resistance in human ovarian cancer cells. Gravity altera-
tions seems to be a significant factor that strongly affects the 
functioning of human ovarian cancer cells (SKOV-3) in the 
presence of the cytostatic drug. Our studies have revealed 
intriguing alterations in the cell cycle, namely G1/G0 cell 
cycle arrest induced by the short-time exposure to simulated 
microgravity and simultaneous administration of cisplatin 
without a strong effect in cell viability. The observed phe-
nomena were accompanied by changes in cell membrane 
morphology (rounded shape, presence of membrane bleb-
bing and lamellipodia and lack of filopodia), decreased 
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migration and proliferation index of SKOV-3 cells indicat-
ing an occurrence of the synergic effect of cisplatin and sμg. 
Based on these findings, we believe that sμg may affect cell 
pathways involved in multidrug resistance, especially those 
associated with cell membrane and cytoskeleton, resulting 
in higher sensitivity of cancer cells to chemotherapeutics. 
The investigation and clarification of these phenomena may 
constitute the initial step toward enhancing our understand-
ing of the relationship between the cellular resistance to 
chemotherapy and the response to various gravitational and 
biophysical stimuli.
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