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ABSTRACT

Gravitational forces can impose physical stresses on the 

human body as it functions to maintain homeostasis. It has been 

reported that astronauts exposed to microgravity experience 

altered biological functions and many subsequent studies on the 

effects of microgravity have therefore been conducted. Many 

studies are being conducted using Clinostat, a system that 

provides an environment that simulates microgravity on Earth. 

However, the mechanisms of various cytological changes in 

simulated microgravity is still unclear. So, this study observed 

changes in human Hodgkin’s lymphoma (HL) cells using 3D 

clinostat, which provides a time-averaged simulated 

microgravity (taSMG). It was observed that the cell growth of 

HL cells was inhibited when cultured in taSMG for 3 days, 

whereas it did not affect normal human dermal fibroblast (HDF) 

cells. And then, to confirm that taSMG has anticancer effects, HL 

cells were exposed to taSMG for 2 days. While reactive oxygen 

species (ROS) production and NADPH oxidase family gene 

expression were increased, mitochondrial mass, ATPase, ATP 

synthase, and intracellular ATP levels were decreased. 
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Furthermore, human HL cells exposed to taSMG underwent 

autophagy via AMPK/Akt/mTOR and MAPK pathway modulation; 

such autophagy was inhibited by the ROS scavenger N-

acetylcysteine (NAC). As space travel or more advanced 

methods of simulating microgravity on Earth have been 

developed, these findings suggest that it is valuable as a new 

treatment for HL instead of conventional chemotherapy and 

radiotherapy.

-------------------------------------

Keywords: Gravity, 3D clinostat, Time-averaged simulated 

microgravity, Hodgkin’s lymphoma, Mitochondrial dysfunction, 

ROS generation, Autophagy

Student number: 2015-30609
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INTRODUCTION

The advent of human space exploration has produced novel 

research in to the effects of space travel on human health and 

diseases. In space, microgravity and cosmic radiation are 

considered the most consequential environmental factors [1, 2]. 

Several studies have found that astronauts and experimental 

animals in space experience physiological changes owing to 

microgravity during and after space flights; the effects of 

microgravity include muscle atrophy, bone loss, immune 

dysregulation, and abnormal cellular functions [3-8]. These 

findings strongly indicate that the human body experiences 

physiological changes under microgravity. The international 

space station (ISS) has a microgravity laboratory and is actively 

conducting a wide variety of studies, including changes in the 

human body due to microgravity (Figure 1) [9-13]. 

However, this is extremely challenging to study in vivo as 

microgravity is difficult to simulate; as such, long-term exposure 

to microgravity (10-4 G, 1 G is defined as 9.8 m/s2) may be 

experienced in space. Therefore, an alternative strategy, termed 

time-averaged simulated microgravity (taSMG), has been 

proposed, wherein a continuous change in the direction of gravity 

enables simulation of the effect of microgravity on cells. 

Previous studies have demonstrated that certain types of 

cells, such as leukocytes (human leukemic myelomonocytic cell 

line U937) [14, 15] and T lymphocytes [16-18], show similar 

results when exposed to real microgravity and taSMG. 
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Accordingly, clinostats have been utilized to provide taSMG as 

an alternative of real microgravity condition despite physically 

different situation in which they are under.

Microgravity also affects major cellular functions such as cell 

growth, cell cycle, self-renewal and differentiation [7, 19-22]. 

As such, it was hypothesized that microgravity has anticancer 

potential and many studies were conducted to investigate this 

notion. So far as it is known, simulated microgravity inhibits 

proliferation and migration in malignant glioma cell and nonsmall 

cell lung cancer cell [2, 23]. And simulated microgravity 

regulates PTEN/FOXO3/AKT pathway, causing cell death and 

morphogenetic differentiation in colorectal cancer cells [24]. In 

addition, simulated microgravity promotes cell apoptosis by 

regulating the DNA-damage response pathway in BL6-10 

melanoma cells [25]. Furthermore, simulated microgravity 

regulates spheroid formation [26, 27], loses stemness of lung 

cancer stem cells [21], and promotes chemosensitivity of 

malignant glioma cell [2].

Microgravity also has been reported to cause cellular 

oxidative stress that leads to the production of reactive oxygen 

species (ROS), as well as endoplasmic reticulum stress [22, 28-

30]. However, the mechanism by which microgravity elicits 

these cellular responses remain poorly understood.

Autophagy is a catabolic process that helps maintain cellular 

homeostasis through the degradation of bulk cytoplasm, long-

lived proteins, and organelles in response to stresses such as 

nutrient deprivation, viral infection, and genotoxicity [31-33]. 

Recent evidence suggests that autophagy is an important 
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mediator of pathological response and of the cell’s response to 

oxidative stress caused by ROS and reactive nitrogen species 

[34-36]. Autophagy involves the formation of double-

membrane-bound structures called autophagosomes as initiated 

by the phosphoinositide 3-kinase (PI3K) type III-Atg6/Beclin-

1 cascade [37, 38]. The classic PI3K/Akt/mammalian target of 

rapamycin (mTOR) signaling pathway is an important negative 

regulator of autophagosome formation. Recent studies have 

found that activation of adenosine monophosphate-activated 

protein kinase (AMPK) results in autophagy via the negative 

regulation of mTOR and direct phosphorylation of Unc-51 like 

autophagy activating kinase 1 (ULK1) [39-41]. The role of 

autophagy induction in cells is depend on the nature of the 

stimulus as well as the cell type.

In cancer therapy, autophagy increases cell migration, 

invasion, and chemoresistance, paradoxically autophagy can also 

induce cell death in response to certain stimuli and causes 

dysregulated cell energy metabolism [42-47]. Therefore, it is 

necessary to fully understand the function and mechanism of 

autophagy in cancer therapy.

Hodgkin’s lymphoma (HL) is a malignant tumor originating 

from B cells, while its precise cause is unknown, approximately 

9,000 new patients are diagnosed annually in the United States 

[48]. HL is more common in males than in females, and most 

commonly occurs in individuals aged 15-40 or over 50 years but 

rarely in those under 10 years. If diagnosed found at an early 

stage, it can be treated with chemotherapy or radiotherapy, 

whereupon the 5-year survival rate is as high as 86%. Classical 
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therapies have greatly improved the chance of cure, although 

their side effects are often severe [49-51]. Furthermore, 

recurrence after successful treatment is common [52-57]. 

Therefore, novel anticancer therapies that avoid the severe side 

effects and recurrence rates of existing modalities are needed.

In the present study, I simulated a time-averaged 

microgravity environment to investigate if such a milieu produces 

an anticancer effect against human HL cells. The time-averaged 

simulated microgravity (taSMG) environment was produced 

using a clinostat as validated [58]. The clinostat rotates in a 

manner that produces a constantly varying gravity vector in a 

non-repeating pattern, thereby producing a vector-free gravity 

environment by continuously averaging the vector. Using a 

clinostat can provide gravitational stress and microgravity-like 

effects in cells. 

First of all, it has been observed that exposure to taSMG 

elicits physiological changes in the growth of human HL cells, but 

not that of normal HDF cells [58]. In addition, taSMG showed 

growth inhibition in human breast cancer cells.

And then, it has been hypothesized that taSMG produces 

cellular stress in human HL cells. Among various cellular stress 

factors, ROS production was investigated because it was known 

that the microgravity induces oxidative stress [28, 30]. It was 

confirmed that taSMG increased ROS generation and 

mitochondrial dysfunction in human HL cells, but there was no 

change in normal HDF cells. Also, these results are defended in 

NAC treatment, which is a ROS scavenger. As a results, it was

found that taSMG induces autophagy through mitochondrial 
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dysregulation via the AMPK/Akt/mTOR and MAPK pathways in 

human HL cells [59].
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MATERIALS AND METHODS

This section provides information on the cells and materials 

used in this study and lists the 3D clinostat production process

and simulation and experimental methods.

1. Cell culture

Human Hodgkin’s lymphoma (HL) cell lines L-540 and 

HDLM-2 were obtained from the German Collection of 

Microorganisms and Cell Cultures (DSMZ, Braunschweig, 

Germany) [60]. Human dermal fibroblast (HDF) cells, human 

breast cancer cell lines MCF7 and MDA-MB-231, murine pro-

B cell line Ba/F3 and human natural killer cell line NK-92 were 

purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, US).

L-540, HDLM-2, HDF and Ba/F3 cells were maintained in 

RPMI 1640 (Life Technologies, USA) supplemented with 10% 

fetal bovine serum (FBS, Life Technologies) and 1% 

penicillin/streptomycin solution (P/S, Life Technologies) at 37°C 

in 5% CO2. MCF7 and MDA-MB-231 cells were maintained in 

DMEM (Life Technologies) supplemented with 10% FBS and 1% 

P/S solution at 37°C in 5% CO2. 

NK-92 cells were maintained in alpha minimum essential 

medium with 100 U/ml recombinant IL-2 (Sigma Aldrich, USA), 

20% FBS and 1% P/S solution at 37°C in 5% CO2.

For cellular ROS inhibition, the cells were added with N-

acetylcysteine (NAC, Sigma Aldrich) at 10 mM in complete 
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medium for operating clinostat.

2. 3D clinostat development

The 3D clinostat hardware was designed and manufactured 

according to a conventional 3D clinostat structure (Figure 2)

[58]. The clinostat used in this study consists of two 

perpendicular frames that can rotate independently. The 

structure of the 3D clinostat was designed using the CAD 

program (SolidWorks, Dassault Systemes, France, using Seoul 

National University Academic License) and manufactured using 

a milling machine with aluminum plates. Two motors (MX-64T, 

ROBOTIS, Seoul, Republic of Korea) were used to actuate the 

two frames of the clinostat. Electrical wires for power supply and 

communication were connected via slip ring, which enables 

electrical connection between external and rotating frames. 

The dimensions of the clinostat were limited to 300 × 310 ×

350 mm (length × width × height) as the hardware was to be 

operated within an incubator for cell proliferation. A mechanical 

stage, which fixes 25 cm2 flasks (SPL Life Sciences Co, Korea) 

for cell cultivation and is capable of accommodating a maximum 

of eight flasks simultaneously, was affixed at the center of the 

clinostat (Figure 2) [58]. The quantitative dimensions of the 

mechanical stage relative to its center of rotation are provided in 

Figure 3 [58].

The clinostat was controlled by a control algorithm 

embedded in an external personal computer. The control 

algorithm provided constant angular velocities for two actuators; 

the angular velocities were determined by considering the 
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symmetric distribution of the acceleration vector, which consists 

of the gravitational acceleration and non-gravitational 

acceleration. The optimal angular velocities were determined 

according to simulation based on the kinematic model. 

A graphical user interface was implemented using LabVIEW 

2009 (National Instruments, Austin, TX, USA, using Seoul 

National University Academic License) for convenient and stable 

operation (Figure 4) [58].

3. Operating 3D clinostat

Cells were seeded in 25 cm2 flasks at a density of 100,000 

cells/ml and incubated overnight. Before being placed on the 

clinostat, the flasks were carefully filled with medium without air 

bubbles in order to avoid shearing of the cell surface. 

After the flasks were fixed on the stage of the clinostat, the 

clinostat was operated for 1, 2, and 3 days in a commercially 

available incubator set at 37°C and supplied with 5% CO2. The 

cells grown in parallel at 1 G comprised the control culture, which 

was kept statically in the same incubator as the clinostat.

4. Cell number analysis

Cell counting was performed manually with a hemocytometer 

(Biosystems, Nunningen, Switzerland) on trypan blue (Life 

Technologies) treated cells to assess cell concentration and 

viability, according to the dye exclusion method. The counts 

were carried out in triplicate per independent sample.
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5. ROS detection assay 

For detection of cellular ROS, I used DCFDA cellular ROS 

detection assay kit (Abcam, UK). The collected cells were 

stained with 20 μM DCFDA in 1X buffer for 30 min at 37°C. 

Without the washing procedure, stained cells were immediately 

carried out by flow cytometry (FACS) using FACS LSRFortessa 

(BD Bioscience, USA) at Ex488 nm/Em535 nm beam. Each 

determination was based on the mean fluorescence intensity of 

10,000 cells.

6. Mitochondrial mass analysis

Mitochondrial mass per cell was measured by flow cytometry 

using MitoTracker Green FM (Thermo Fisher Scientific, USA). 

Cells were collected, resuspended in 0.5 ml of PBS, and stained 

with 40 nM MitoTracker green (MTG) for 15 min at 37°C in the 

dark. Cells were then washed with PBS, resuspended in FACS 

buffer (eBioscience, USA), and added 200 ng/ml of DAPI (Sigma 

Aldrich). Stained cells were analyzed using FACS LSRFortessa 

at Ex488 nm/Em535 nm beam. Each determination was based on 

the mean fluorescence intensity of 25,000 cells

7. Reverse transcription (RT)-PCR and quantitative real-time 

RT-PCR (qRT-PCR)

Total RNA were extracted using a RNAiso Plus reagent 

(Takara, Japan) and cDNA was synthesized using ReverTra Ace 

qPCR RT Master Mix kit (TOYOBO, Japan). Quantitative real 

time-PCR was performed using the SYBR Green PCR mix 

(Applied Biological Material, Canada) with an Applied 
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Biosystems 7300 Real-time PCR system (Life Technologies) 

and the raw data were analyzed using comparative Ct 

quantification. All primers were purchased from Qiagen (Qiagen, 

USA). The as basic PCR amplification conditions were 58°C 

annealing temperature and 35 cycles.

8. ATP assay

Levels of intracellular ATP was measured using an ATP 

Bioluminescence assay kit (Roche, Switzerland) according to 

manufacturer’s instruction. Cells were collected and heated 

tubes to at least 95°C for 7 min. To remove pellet cell debris, 

spin down at 14000 RPM for 3 min. And then each sample were 

transferred to a black 96 well plate and quickly added luciferase 

reagent to each well. Luminescence was measured at 0.1 

sec/well using the luminescence program.

9.  Western blot

Cells were lysed in a lysis buffer (50 mM Tris-HCl, pH 7.4, 

350 mM NaCl, 0.5% NonidetP-40, 10% glycerol, 0.1% SDS, and 

1% Triton X-100). The lysates were centrifuged at 13200 rpm 

for 10 min at 4oC and protein amounts were quantified using a 

Bio-Rad protein assay (Bio-Rad, USA). Proteins were 

separated by SDS-poly acrylamide gel electrophoresis (SDS-

PAGE) and transferred onto nitrocellulose membranes 

(Whatman, Atlanta, USA). The membranes were blocked in 

blocking buffer (5% skim milk in 150 mM NaCl, 25 mM Tris-HCl, 

pH 7.4, and 0.1% Tween 20) and subsequently incubated with 

specific primary antibodies for the target molecules. The 
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membranes were then washed with Tris-buffered saline 

containing 0.1% Tween 20 (TBS-T) and further incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies 

for 1 h at room temperature. After washing with TBS-T, the 

signals were visualized using the ECL Plus Western blotting 

substrate (Thermo Fisher Scientific).

10. Statistical analysis.

All experiments were performed by more than four times. 

The results are represented as means with standard error of the 

mean (SEM). Statistical significance was determined based on a 

two-tailed Student’s t-test and analyzed using Graph Pad Prism 

6 (Graph Pad Software, INC., USA).

In this section, the cells and experimental materials used in 

this study were provided, and the 3D clinostat development and 

operation process were described. In addition, experimental 

techniques and methods such as cell number analysis, ROS 

detection assay, mitochondrial mass analysis, RT-PCR, qRT-

PCR, ATP assay, and western blot were described. All

experiments were performed at least 3 times per independent 

sample.
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RESULTS

In this section, a 3D clinostat simulation and time-averaged 

simulated microgravity are described to determine the effect of 

the various cells. Since the use of 3D clinostat in this study is a 

new attempt, various experiments have been conducted to 

establish appropriate experimental conditions.

1. 3D Clinostat simulation

The optimization approach, using the Taguchi method, 

enabled angular velocities of the outer and inner frame to reach 

0.913 and 0.683 rpm, respectively. The angular velocities are 

less than 5.5°/s and the mechanical condition inside rotating 

flasks can be approximated to quasi-static state. Thus, it can be 

assumed that mechanical condition inside rotating flasks is 

similar to that of stationary flasks. The combination of the two 

angular velocities showed symmetric acceleration distribution, as 

shown in Figure 5 [58]. 

Using the two optimized angular velocities, simulation of 

microgravity using the 3D clinostat was performed, and 

acceleration for 24 h was calculated for validation. A point with 

relative position [Δx Δy Δz] = [0.1 m 0.1 m 0.1 m] measured 

from the center of the clinostat was assumed. Assumed relative 

position is further away center of rotation more than any other 

points of the flasks fixed in stage. Since residual acceleration, 

which interrupts nullification of gravity, increases as distance 
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from center of rotation becomes farther, the position [0.1 m 0.1 

m 0.1 m] is appropriate for reliable simulation. 

The gravitational, centrifugal, and tangential accelerations 

were considered in calculation of time-averaged acceleration, 

which indicates taSMG, as shown in Figure 6 [58]. As shown in 

figure, time-averaged acceleration decreases as damped 

oscillation for 1 h. After 24 h, the time-averaged acceleration, 

which consists of the gravitational and non-gravitational 

acceleration vectors, enabled the 3D clinostat to provide the 

condition of 1.7 × 10−4 G. 

The time-averaged gravitational acceleration also 

decreased with damped oscillation, as shown in Figure 7A, and 

reached 3.3 × 10−4 G after 24 h. The time-averaged 

gravitational acceleration decreased and asymptoted to zero with 

time; however, the time-averaged non-gravitational 

acceleration did not demonstrate a decreasing tendency and was 

relatively constant (Figure 7B). After 24 h, time-averaged non-

gravitational acceleration reached 1.7 × 10−4 G, which is almost 

the same value as that of the initial state [58].

2. Cell culture conditions in 3D clinostat culture system

In order to reduce the shearing flow stress in the 3D clinostat 

culture system, the cells are incubated with media full-filled in 

a 25 cm2 flask. Therefore, it was necessary to compare the 

cellular response between the half-filled and full-filled media 

conditions. First, cell growth was confirmed under half- and 

full-filled media conditions, and cell growth was slightly inhibited 

in full-filled compared to half-filled media condition (Figure 8A).
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However, in the half-filled media condition, it is considered that 

the effect of taSMG cannot be confirmed because the shearing 

flow stress during 3D clinostat operation. Therefore, it was 

conducted under the premise that it may be different from these 

normal cell culture conditions.

To the next, to check whether the gas exchange was well 

performed, the media pH was measured, and it was confirmed 

that the gas exchange was sufficiently performed even in the 

full-filled media condition (Figure 8B).

3. taSMG inhibits the cell growth in human HL cell lines

taSMG is known to affect various cellular processes [61-

63]. In order to investigate whether taSMG elicits varying 

physiological changes in tumor cells relative to normal cells, I 

examined the cell viability of human HL cells (L-540 and 

HDLM-2 cells) and normal HDF cells regulated under taSMG. 

After cell culture under taSMG for 1, 2, and 3 days, cell 

proliferation was analyzed. The taSMG was found to inhibit the 

cell viability of L-540 and HDLM-2 cells, but did not affect the 

growth of HDF cells (Figure 9A-C)[58]. These data indicate 

that taSMG selectively inhibits cell growth in human lymphoma 

cells, but not in normal cells. Additionally, when L-540 and 

HDLM-2 cells under taSMG were compared, growth of L-540 

cells was inhibited to a larger extent than that of HDLM-2 cells 

(Figure 9D) [59].

Since HL cells are suspended cells and HDF cells are 

adherent cells, I wondered whether these conditions are affected 

by taSMG differently. Under the same experimental conditions, 
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it was confirmed that human breast cancer cell line MCF7 and 

MDA-MB-231 cells, which are adherent cancer cells, were 

inhibited by taSMG (Figure 10). 

In addition, human NK cell line (NK-92) and murine pro-B 

cell line (Ba/F3), which are suspension cells and not cancer cells, 

were confirmed with the same experimental conditions. Because 

clinostat culture system cannot replace the media, IL-2-

dependent NK-92 cells were processed for up to 2 days only. 

Unexpectedly, cell growth was inhibited in NK-92 cells and 

increased in Ba/F3 cells in taSMG condition (Figure 11).

4. taSMG induces mitochondrial dysfunction in human HL cells

In taSMG conditions, the growth of human HL cells is 

inhibited, and since it has been reported that cell proliferation is 

mediated by mitochondrial regulation [64-66], I investigated 

whether taSMG induces mitochondrial stress in human HL cells.

I found that intracellular ROS levels were increased under 

taSMG compared to normal gravity, 1 G (Figure 12A) [59]. As 

ROS is generated by nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase [67-69], I also found that the 

expression levels of NADPH oxidase family genes (gp91-, p22-, 

p47-, and p67-phox) are higher under taSMG than under 1 G 

conditions (Figure 12B) [59]. To observe changes in 

mitochondrial biogenesis, I measured the mitochondrial mass 

using MitoTracker labeling and found it to be significantly 

decreased under taSMG (Figure 13A) [59]. 

Furthermore, the mRNA expression levels of ATPase 

(ATP1A1) and ATP synthase (ATP5A1) were notably lower 
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than 1 G levels, as determined by RT-PCR and qRT-PCR 

(Figure 13B and C) [59]. These findings confirmed that 

intracellular ATP levels were significantly lower under taSMG 

than 1 G (Figure 13D) [59]. These results suggest that taSMG 

causes ROS generation and mitochondrial dysfunction in human 

HL cells.

Unlike human HL cells, ROS generation and reduction of 

mitochondrial mass by taSMG were not induced in HDF cells 

(Figure 14A and B). Therefore, taSMG suggests that cancer cells 

may be more sensitive than normal cells.

5. Mitochondrial dysregulation under taSMG leads to human HL 

cell autophagy

Mitochondrial dysfunction, as evidenced by increased ROS 

generation and reduced ATP levels, triggers autophagy [32, 34, 

70]. Therefore, I measured the expression levels of the 

autophagy-related genes (ULK1, ATG14, BECN1 and 

MAP1LC3A); all were found to be upregulated under taSMG 

(Figure 15A and B)[59]. Levels of phosphorylated ULK1, ATF4, 

Beclin-1, and microtubule-associated protein 1 light chain 3 

(LC3) were increased, while expression of the Bcl-2 family 

proteins Bcl-2 and Mcl-1, which inhibit autophagy by directly 

binding to the BH3 domain of Beclin-1/Atg6, were decreased 

under taSMG conditions (Figure 15C) [59]. Additionally, I found 

that the LC3-II/I ratio [71-73], an indicator of autophagy, 

increased under taSMG (Figure 15D) [59]. These results 

showed that taSMG contributes to the induction of autophagy in 

human HL cells.
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6. AMPK/Akt/mTOR and MAPK signaling are differentially 

regulated under taSMG

To further understand the mechanism of taSMG-induced 

autophagy, various cell signaling pathways by Western blotting

were investigated. Since the liver kinase B1 (LKB1)/AMPK 

pathway is known to be activated under conditions of low 

intracellular ATP to inhibit cell growth and induce autophagy 

[74], It was confirmed that activation of these pathway occurs in 

taSMG. It was found that LKB1 and activated AMPK were 

increased under taSMG (Figure 16A) [59]. It has been confirmed 

that activated AMPK inhibits the Akt/mTOR/S6K pathway (a 

negative regulator of autophagy) and activates the Akt 

suppressor protein PTEN (Figure 16A) [59]. Previous studies 

have shown that ROS activates MAPK signaling, and that this 

elicits a variety of downstream signaling events [75-77]. To 

that end, I found that taSMG activates RAS, ERK, and JNK 

(Figure 16B) [59]. 

Additionally, ROS-induced JNK and ERK activation are 

known to induce both autophagy and apoptosis [78]. So, it was 

investigated that cleaved PARP, caspase-3 and -9 as apoptosis 

markers, and it was proved that taSMG does not induce apoptosis 

(Figure 17) [59]. These results suggest that only autophagy is 

induced by modulating the AMPK/Akt/mTOR and MAPK 

signaling pathways under taSMG.

7. ROS scavenging attenuates the mitochondrial dysfunction 

induced by taSMG

Under taSMG, ROS scavenger N-acetylcysteine (NAC) was 
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used to determine if the above mentioned phenomena could be 

suppressed. Then, it was observed that the mRNA level of 

NADPH oxidase family gene was not increased by treatment of 

NAC under taSMG conditions (Figure 18) [59]. Using RT-PCR 

(Figure 19A) and qRT-PCR (Figure 19B) [59], it was found that 

mRNA levels of ATPase and ATP synthase were not decreased 

under taSMG in the presence of NAC.

In addition, I confirmed that taSMG-induced autophagy was 

inhibited by NAC treatment. In the presence of NAC, I found that 

there were no changes in autophagy-related mRNA (Figure 20A 

and B) and protein levels, including the LC3-II/I ratio (Figure 

20C and D) [59].

Therefore, it was concluded that taSMG-induced ROS 

generation, mitochondrial dysfunction and autophagy are 

defended in the presence of NAC.

8. Hypergravity conditions do not affect HL cell growth

In this study, microgravity was confirmed to have an anti-

cancer effect, and conversely, I was curious about the growth of 

cancer cells under hypergravity conditions. Therefore, the 

experiment was conducted using the hypergravity controller 

provided by the Sungwan Kim team at Seoul National University 

(Figure 21A). After seeding in 1,000,000 cells/30 ml media in 

25 cm2 flask, and incubating for 24 hours under conditions of 1, 

3, 5, 7, and 9 G, cell number was measured. Since only one 

gravity value can be set in the hypergravity controller, it was 

analyzed as a relative value for each 1 G condition. It was 

confirmed that there is no change in the HL cell even if the 
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gravity increases compared to 1 G (Figure 21B).

This section describes the operation of 3D clinostat and cell 

culture conditions in 3D clinostat. Under these conditions, taSMG 

inhibited cell number in human HL and breast cancer cells. taSMG 

caused ROS generation and mitochondrial dysfunction, and 

autophagy was induced through AMPK/Akt/mTOR and MAPK

signaling. Treatment of NAC prevented the phenomenon caused 

by taSMG. It was confirmed that the taSMG did not affect cell 

number, ROS formation and mitochondrial mass. These results 

are covered in detail in the next section. 

.
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Figure 1. Microgravity laboratory at the ISS

The international space station (ISS) has a microgravity 

laboratory and is actively conducting a wide variety of studies, 

including changes in the human body due to microgravity [14-

18].
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Figure 2. 3D clinostat design

(A) Three dimensional clinostat hardware. The hardware 

consists of two frames, outer frame and inner frame, with 

perpendicular rotational axes. The power and communication 

wires are connected via the slip ring. (B) PC for control, (C) 25 

cm2 flask for cell proliferation, (D) incubator, (E) experimental 

set-up [58].
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Figure 3. The quantitative dimensions of the mechanical stage 

relative to its center of rotation

Dimension of stage for flasks. (A) left side, (B) front side [58].
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Figure 4. The optimal angular velocities were determined 

according to simulation based on the kinematic model

A graphical user interface was implemented using LabVIEW-

based graphic user interface for control of 3D clinostat [58].
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.

Figure 5. The combination of the two angular velocities showed 

symmetric acceleration distribution

Acceleration distribution of 3D clinostat with optimized angular 

velocities (outer frame: 0.913 rpm, inner frame: 0.683 rpm); 

acceleration distribution after (A) 1 h, (B) 2 h, and (C) 3 h [58].
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Figure 6. The gravitational, centrifugal, and tangential 

accelerations were considered in calculation of time-averaged 

simulated microgravity.

(A) Time-averaged acceleration from 0 to 1 h, (B) Time-

averaged acceleration from 0 to 24 h. The location of analysis is 

[Δx Δy Δz] = [0.1 m 0.1 m 0.1 m] from the center of the clinostat. 

The acceleration is smaller than 10−3 G when reached 24 h [58].
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Figure 7. Time-averaged gravitational and non-gravitational 

acceleration

The acceleration consists of (A) gravitational acceleration and 

(B) non-gravitational acceleration. The gravitational 

acceleration decreases continuously whereas the non-

gravitational acceleration does not asymptote to zero [58].
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Figure 8. In 3D clinostat culture system, conditions may be 

different from general culture system

Human HL cell line L-540 cells were cultured under half- and 

full-filled media condition from 1 to 2 days. (A) Cell number of 

L-540. (B) pH measurement of media after incubation in half-

and full-filled media condition Data are presented as mean ±

SEM; *p < 0.05 and **p < 0.005 vs. the half-filled media group.
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Figure 9. Effect of time-averaged simulated microgravity on cell 

growth

Human HL cell lines, (A) L-540 and (B) HDLM-2, and (C) 

normal human dermal fibroblast (HDF) cells were cultured under 

1 G or taSMG from 1 to 3 days. (D) Cell proliferation of L-540 

cell was compared with that of HDLM-2 cells under taSMG. Data 

are presented as mean ± SEM; *p < 0.05, **p < 0.005, and ***p < 

0.0005 vs. the 1 G control group. #p < 0.05 and ###p < 0.0001 vs. 

the L-540 group [58].
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Figure 10. Time-averaged simulated microgravity also inhibits 

the growth of adherent cancer cells

Human breast cancer cell lines, (A) MCF7 and (B) MDA-MB-

231 cells were cultured under 1 G or taSMG from 1 to 3 days. 

Data are presented as mean ± SEM; *p < 0.05, **p < 0.005, and 

***p < 0.0005 vs. the 1 G control group.
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Figure 11. The cell growth of immune cell line in time-averaged 

simulated microgravity.

The growth of (A) human NK cell line, NK-92 cells (B) murine 

pro-B cell line, Ba/F3 cells under 1 G or taSMG from 1 to 3 days. 

Data are presented as mean ± SEM; **p < 0.005, and ***p < 0.0005 

vs. the 1 G control group.
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Figure 12. Time-averaged simulated microgravity increases ROS 

generation and expression of NADPH oxidase family genes in 

human HL cells.

Human HL cell lines (L-540 and HDLM-2) incubated in 1 G or 

taSMG conditions for 2 days were harvested. (A) ROS generation 

was determined by 2',7'–dichlorofluorescin diacetate (DCFDA) 

staining. (B) RT-PCR analysis of NADPH oxidase family genes 

(gp91-, p22-, p47-, and p67-phox). Data represent the mean 

± SEM, n = 4. **p < 0.01 and ***p < 0.001 vs. the 1 G group. +++p

< 0.0001 vs. the 1 G group of L-540 cells. ##p < 0.01 and ###p

< 0.001 vs. the 1 G group of HDLM-2 cells. 1 G: normal gravity 

conditions; taSMG: time-averaged simulated microgravity [59].



34



35

Figure 13. Time-averaged simulated microgravity induces 

mitochondrial dysfunction in human HL cells.

Human HL cell lines (L-540 and HDLM-2) incubated in 1 G or 

taSMG conditions for 2 days were harvested. (A) Mitochondrial 

mass was analyzed by MitoTracker Green FM. (B) RT-PCR and 

(C) qRT-PCR analysis of ATPase (ATP1A1) and ATP synthase 

(ATP5A1) mRNA levels. (D) Analysis of intracellular ATP 

levels in HL cells. Data represent the mean ± SEM, n = 4. **p < 

0.01 and ***p < 0.001 vs. the 1 G group. +++p < 0.0001 vs. the 1 

G group of L-540 cells. #p < 0.05, ##p < 0.01 and ###p < 0.001 

vs. the 1 G group of HDLM-2 cells. The grouping of gels cropped 

from different gels. 1 G: normal gravity conditions; taSMG: time-

averaged simulated microgravity [59].
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Figure 14. Time-averaged simulated microgravity does not affect

ROS generation and mitochondrial mass in normal HDF cells.

Normal HDF cells incubated in 1 G or taSMG conditions for 2 

days were harvested. (A) ROS generation was determined by 

2',7'–dichlorofluorescin diacetate (DCFDA) staining. (B) 

Mitochondrial mass was analyzed by MitoTracker Green FM. 1 

G: normal gravity conditions; taSMG: time-averaged simulated 

microgravity.
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Figure 15. Time-averaged simulated microgravity contributes to 

induce autophagy

(A) RT-PCR and (B) qRT-PCR analysis of mRNA levels of 

autophagy-related genes. (C) Western blot analysis of 

autophagy-related proteins. GAPDH was used as the loading 

control. Densitometric analysis of protein expression was 

determined after normalization to GAPDH. The red dotted line 

indicates the base line. (D) Densitometric analysis of the LC3-

II/I ratio was determined after normalization to GAPDH. Data 

represent the mean ± SEM, n = 4. +++p < 0.0001 vs. the 1 G 

group of L-540 cells. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. 

the 1 G group of HDLM-2 cells. **p < 0.01 and ***p < 0.001 vs. 

the 1 G group. The grouping of gels and blots cropped from 

different gels. 1 G: normal gravity conditions; taSMG: time-

averaged simulated microgravity [59].
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Figure 16. The regulation of AMPK/Akt/mTOR and MAPK 

pathways under time-averaged simulated microgravity in human 

HL cells

(A) Representative blots showing the phosphorylation levels of 

AMPK, PTEN, Akt, mTOR and S6K and total levels of LKB1, 

AMPK, PTEN, Akt, mTOR, and S6K in HL cells were determined 

by Western blotting. (B) Representative blots showing the 

activation levels of the MAPK pathway components RAS, ERK 

and JNK. All experiments were performed at least in 

quadruplicate. The grouping of gels cropped from different blots. 

1 G: normal gravity conditions; taSMG: time-averaged simulated 

microgravity [59].
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Figure 17. Time-averaged simulated microgravity does not 

induce apoptosis in human HL cells

Representative blots showing apoptosis markers (PARP, 

caspase-3 and caspase-9). The dashed line is cleaved size that 

indicates apoptosis activation. All experiments were performed 

at least in quadruplicate. The grouping of gels cropped from 

different blots. 1 G: normal gravity conditions; taSMG: time-

averaged simulated microgravity [59].
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Figure 18. N-acetylcysteine prevents increased expression of 

the NADPH oxidase family genes by time-averaged simulated 

microgravity in human HL cells

RT-PCR data shows the mRNA levels of NADPH oxidase family 

genes. Data represent the mean ± SEM, n = 4. **p < 0.01 and 

***p < 0.001 vs. the 1 G group or taSMG. The grouping of gels 

cropped from different blots. 1 G: normal gravity conditions; 

taSMG: time-averaged simulated microgravity. Treatment of 

NAC proceeded under the same conditions [59].
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Figure 19. N-acetylcysteine protects mitochondrial dysfunction 

by time-averaged simulated microgravity in human HL cells

(A) RT-PCR and (B) qRT-PCR analysis of mRNA levels of 

ATPase and ATP synthase. Data represent the mean ± SEM, n 

= 4. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the 1 G group or 

taSMG. The grouping of gels cropped from different blots. 1 G: 

normal gravity conditions; taSMG: time-averaged simulated 

microgravity. Treatment of NAC proceeded under the same 

conditions [59].
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Figure 20. N-acetylcysteine prevents autophagy by time-

averaged simulated microgravity

(A) RT-PCR and (B) qRT-PCR shows mRNA levels of 

autophagy-related genes. (C) Western blot analysis of protein 

levels of autophagy-related genes. (D) Densitometric analysis 

of LC3-II/I ratio was determined after normalization to GAPDH. 

Data represent the mean ± SEM, n = 4. *p < 0.05, **p < 0.01 and 

***p < 0.001 vs. the 1 G group or taSMG. The grouping of gels 

cropped from different blots. 1 G: normal gravity conditions; 

taSMG: time-averaged simulated microgravity. Treatment of 

NAC proceeded under the same conditions [59].
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Figure 21. The growth of human HL cells was unchanged under 

hypergravity condition

(A)The experiment was conducted using the hypergravity 

controller provided by the Sungwan Kim team at Seoul National 

University. (B) After incubating for 24 hours under conditions of 

1, 3, 5, 7, and 9 G, cell number was measured. Since only one 

gravity value can be set in the hypergravity controller, it was 

analyzed as a relative value for each 1 G condition. Data 

represent the mean ± SEM, n = 4
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Figure 22. Schematic representation of the time-averaged 

simulated microgravity-induced autophagy mechanism in human 

Hodgkin’s lymphoma cells

taSMG induces the activation of AMPK, PTEN, and MAPK, and 

as well as the suppression of Akt, leading to the inhibition of 

mTOR activity. The downstream regulator S6K, which inhibits 

autophagy, is consequently suppressed, resulting in autophagy in 

human HL cells [59].
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DISCUSSION

The present 3D clinostat with optimized angular velocities 

was tested for its nullification of gravity vector without repeated 

trajectory using kinematics model based simulation. The time-

averaged acceleration was gradually decreased, and reached 1.7 

× 10−4 G after 24 h of operation. Compared with previous studies 

[79], the present results indicate that sufficient time-averaged 

acceleration was provided with symmetric acceleration 

distribution. The time-averaged acceleration did not asymptote 

to zero-gravity as centrifugal acceleration was applied to radial 

direction continuously and therefore not cancelled. However, the 

centrifugal acceleration is proportional to the square of the 

angular velocity, and the angular velocities provided in this study 

were sufficiently small (0.913 and 0.683 rpm). In order to 

minimize the residual acceleration of the 3D clinostat and assume 

quasi-static state, operation with minimum angular velocities is 

required. However, this may result in the taSMG generated not 

being recognized by cells, as a consequence of the extremely 

slow change in orientation.

Primary chemo-, radio-therapy results in cure rates of 90% 

and 80% in HL patients with early- and advanced-stage disease, 

respectively [80]. However, these treatments lead to a 

significant risk of short- and long-term toxicities, which can 

also cause secondary malignancies [81, 82]. Therefore, new 

therapies based on suppressing disease progression mechanisms, 

including molecule-specific inhibition are needed for successful 
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treatment.

As taSMG can be achieved artificially, studies using this 

technique have advanced rapidly. Based on symptoms 

experienced by astronauts in the space such as muscle atrophy, 

bone loss, and immunodeficiency, microgravity has been 

investigated in the treatment of various diseases [2, 4, 6, 7, 20, 

29]. In this study, I designed a clinostat that uses a specific 

algorithm aimed at randomizing the gravitational vector pattern 

and achieving a nullified time-averaged vector [58].

Microgravity in space has been reported to cause oxidative 

stress such as ROS production [83-85]. However, the study of 

microgravity induced oxidative stress is not yet fully understood. 

In this study, I validated my hypothesis that taSMG induces 

oxidative cellular stress in human HL cells, as demonstrated by 

elevated ROS and impaired mitochondrial function.

NADPH oxidase-dependent ROS production is implicated in 

many physiologic and pathophysiologic processes. NADPH 

oxidase mediated ROS can alter parameters of signal 

transduction, mitochondrial damage, cell proliferation, cell death 

and autophagy [34, 35, 69, 85]. I also found that taSMG 

upregulates NADPH oxidase family genes while decreasing the 

mitochondrial mass, and lowering ATPase, and ATP synthase 

levels, resulting in reduced intracellular ATP levels [59].

Autophagy mediates the bulk degradation of intracellular 

through lysosomal-dependent mechanisms and is necessary for 

the maintenance of cellular homeostasis [31, 32, 34]. Autophagy 

is also induced in response to oxidative stress caused by ROS 

and RNS [34-36]. In fact, the role of autophagy in cancer 
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remains controversial given that it varies according to the type 

of cancer. Autophagy may contribute to cancer progression by 

increasing cell migration and invasion; conversely, it can have an 

anticancer effect by decreasing cell proliferation, and promoting 

cancer cell death [39, 42, 45-47]. I hypothesized that autophagy 

would occur due to increased ROS, and interestingly, autophagy 

was induced under taSMG [59].

Recently, some research reported that autophagy is induced 

in simulated microgravity and inhibits cancer proliferation and 

metastasis [30, 33, 86]. However, its molecular mechanisms are 

unclear yet. As an intracellular energy sensor, AMPK signaling 

serves as a mitochondrial function regulator to maintain energy 

homeostasis [40]. And recent studies have found that activation 

of AMPK results in autophagy through negative regulation of 

mTOR and phosphorylation of ULK1 [38-41]. Interestingly, it 

was confirmed that the mitochondrial dysfunction produced by 

taSMG promotes autophagy through modulation of the 

AMPK/Akt/mTOR and MAPK signaling pathways (Figure 22). 

Overall, the effect of taSMG was more prominent in L-540 cells 

than in HDLM-2 cells.

When culturing cells in 3D clinostat, I care a lot to ensure 

that the cells are not subjected to any stress other than taSMG. 

1) The 3D clinostat machine should operate in the cell incubator 

in the same way as the original cell culture conditions. 2) 

Consider filling the media to rule out shearing flow stress caused 

by media flow due to clinostat rotation. 3) When the culture flask 

is filled with media is full, there must be sufficient gas exchange 

for cell survival. 4) Consider the difference depending on 
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whether it is suspended cells or adherent cells.

Although cell growth was slightly inhibited in the full-filled 

media condition compared to the original condition (half-filled 

media), 1 G and taSMG were performed in the same full-filled 

media condition and compared. In addition, although the partial 

pressure of O2 and CO2 was not measured to determine whether 

the gas was exchanged properly, when the pH of the media was 

measured, it was inferred that the gas was exchanged well even 

in a full-filled condition.

The findings of this study suggest that taSMG-induced 

autophagy following the induction of oxidative stress in human 

HL cells has an anticancer effect. For the scavenger of ROS 

generation, I confirmed that phenomena of oxidative stress and 

autophagy were prevented under taSMG. It was thought that 

taSMG induce ROS production by regulating NADPH oxidase 

family genes. Interestingly, it was confirmed that these genes 

are reduced when scavenging the generated ROS by NAC 

treatment. There are many genes involved in ROS generation, 

but I have only identified the NADPH oxidase family genes, so it 

is no yet clear whether taSMG regulates the NADPH oxidase 

family genes or ROS production. An experiment comparing these 

genes with knock-down will be necessary as a further study.

taSMG has been shown to affect cancer cells, but not to 

normal HDF cells. But, the use of HDF cells as normal cells 

compared to HL cells is inappropriate. So, I confirmed the effect 

of taSMG on normal lymphocyte pro-B cell and NK cell lines. 

Unlike the expectation that there will be no change like HDF cells, 

NK cell growth is inhibited in taSMG. In fact, many studies have 



55

shown that the function of immune cells is inhibited in 

microgravity[87-93]. Therefore, the results of inhibition of NK 

cell growth in taSMG are justifiable, and I am working on a 

follow-up study related to NK cell activity [94]. Ba/F3 cells, a 

murine pro-B cell line, increased cell growth in taSMG. Whether 

these results show a difference between murine and human or 

other effects on B-cells requires further experimentation.

I hypothesized that in vitro culture, a change in gravity other 

than 1 G would be taken as a stress to the cell, so the same 

experiment was performed on hypergravity (>1 G). There was 

no change in the growth of HL cells in hypergravity, as opposed 

to hypothesis that hypergravity would be more extreme stress 

compared to microgravity. As only cell number was measured, it 

does not affect growth, but other biological changes may be 

necessary, and further studies are needed.

This study ought to provide important insight concerning the 

effect of taSMG on cancer cells, as well as understanding of 

human HL cell mechanisms. These findings could lead the way to 

promote new treatment methods for cancer patients.
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CONCLUSION

A 3D clinostat, suitable for operation in a conventional 

incubator, was designed and manufactured. Additionally, 

optimized angular velocities for symmetric acceleration 

distribution were determined. The simulation results tested that 

the 3D clinostat could provide proper taSMG without repeated 

trajectory of acceleration vector.

The cell culture condition in 3D clinostat system was 

confirmed, and it is different from the original cell culture 

methods, but this was excluded by the same control and 

experimental conditions and could be explained as an effect by 

taSMG. 

In taSMG, inhibition of cell number was confirmed in human 

breast cancer cells as well was human HL cells, and there was 

no change in normal HDF cells. The purpose of this study was to 

confirm the effect of taSMG on human HL cells, which are 

suspension cells that can further exclude shear flow stress. 

In taSMG, human HL cells have increased ROS production, 

decreased mitochondrial mass, decreased expression of ATPase 

and ATP synthase, and thereby decreased intracellular ATP

level. These cascade demonstrated that taSMG induces 

autophagy, which occurs through the AMPK/Akt/mTOR and 

MAPK pathway. This phenomenon was defended by the ROS 

scavenger, NAC.

In normal HDF cells, taSMG did not change ROS generation 

and mitochondrial mass. Therefore, it is considered that 
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additional evidence is needed to explain that cancer cells are 

more sensitive to taSMG or cancer cell-specifir responses than 

normal cells.

Since the observation of changes in cancer cells through 

gravity control was the first goal, additional experiments were 

performed to measure the number of cancer cells in hypergravity, 

but no change was confirmed. Therefore, it is considered that the 

method of simulating microgravity is more suitable for cancer 

therapy through gravity control. As the age of space travel has 

arrived, in this research have potential value in the development 

of new therapies for treating lymphoma.
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FUTURE WORK

Based on the current research, the following tasks are 

suggested on a future work:

1. Identify specific markers that have been exposed to 

taSMG

2. Confirmation of metabolism change between normal cell 

and cancer cell in taSMG through analysis such as RNA 

sequencing, proteomics and metabolite profiling)

3. Investigation of the effect of taSMG on various immune 

cells

4. Species-specific changes in taSMG: differences between 

human and mouse cells

5. Cellular signaling pathway verification through genetic 

engineering

6. Investigation of cell changes in partial gravity such as the 

moon and mars

7. In vivo test
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국문 초록

중력은 항상성을 유지하는 기능으로 인체에 물리적 스트레스를

가할 수 있다. 미세중력을 경험한 우주 비행사는 다양한 생물학적

기능들이 변화된다는 보고가 있으며, 이러한 미세중력의 영향에 대

해 많은 연구들이 진행 중이다. 지구에서 미세중력을 모사하는 환경

을 제공하는 시스템인 클리노스탯을 이용하여 많은 후속연구가 수

행되고 있다. 그러나 아직까지 미세중력 모사 환경의 다양한 세포학

적 변화 메커니즘은 여전히 명확하지 않다. 그래서 이 연구에서는

시간-평균 미세중력 모사 환경(taSMG)을 제공하는 3D clinostat

을 이용하여 인간 호지킨 림프종세포의 변화를 관찰하였다.

호지킨 림프종 세포의 증식이 3 일동안 taSMG 에서 배양 될 때

억제되는 반면, 정상 인간 진피 섬유아세포의 증식에는 영향을 미치

지 않음을 관찰하였다. 그런 다음 taSMG 가 항암 효과를 가지는지

확인하고자, 2 일동안 인간 호지킨 림프종 세포를 taSMG 에 노출 시

켰다. 활성산소종(ROS) 생성 및 NADPH 산화효소 패밀리 유전자

발현이 증가되는 반면, 미토콘드리아 질량, ATP 분해효소, ATP 합

성효소 및 세포 내 ATP 수준이 감소되었다. 또한, taSMG 에 노출

된 인간 호지킨 림프종 세포는 AMPK/AKT/mTOR 및 MAPK 신

호전달 경로를 조절하여 자가 포식을 하게되고; 이러한 자가 포식은

ROS 스캐빈저인 N-아세틸 시스테인(NAC)에 의해 억제되었다.



７１

우주를 여행하거나 지구에서 미세중력을 모사하는 방법이 좀

더 발달하면, 이러한 연구 결과는 기존의 화학 요법 및 방사선 요법

과 다른 호지킨 림프종에 대한 새로운 치료법으로 가치가 있음을

시사한다. 

-------------------------------------

주요어 : 중력, 3 차원 클리노스탯, 시간-평균 미세중력 모사 환경, 호지

킨 림프종, 미토콘드리아 기능 장애, 활성산소 생성, 자가포식

학  번 : 2015-30609
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