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A B S T R A C T   

Adverse effects of spaceflight on the human body are attritubuted to microgravity and space radiation. One of the 
most sensitive organs affected by them is the eye, particularly the retina. The conditions that astronauts suffer, 
such as visual acuity, is collectively called a spaceflight-associated neuro-ocular syndrome (SANS); however, the 
underlying molecular mechanism of the microgravity-induced ocular pathogenesis is not clearly understood. The 
current study explored how microgravity affects the retina function in ARPE19 cells in vitro under time-averaged 
simulated microgravity (μG) generated by clinostat. We found multicellular spheroid (MCS) formation and a 
significantly decreased cell migration potency under μG conditions compared to 1G in ARPE19 cells. We also 
observed that μG increases intracellular reactive oxygen species (ROS) and causes mitochondrial dysfunction in 
ARPE19 cells. Subsequently, we showed that μG activates autophagic pathways and ciliogenesis. Furthermore, 
we demonstrated that mitophagy activation is triggered via the mTOR-ULK1-BNIP3 signaling axis. Finally, we 
validated the effectiveness of TPP-Niacin in mitigating μG-induced oxidative stress and mitochondrial dysfunc
tion in vitro, which provides the first experimental evidence for TPP-Niacin as a potential therapeutic agent to 
ameliorate the cellular phenotypes caused by μG in ARPE19 cells. Further investigations are, however, required 
to determine its physiological functions and biological efficacies in primary human retinal cells, in vivo models, 
and target identification.   

1. Introduction 

The effects of microgravity and space radiation after space travel on 
the human body have been well documented since the first human 
spaceflight in 1961 [1]. The primary symptoms that the astronauts have 
described immediately after space shuttle or International Space Station 

(ISS) missions include bone and muscle mass reduction, cardio-vascular 
imbalances, circadian misalignment, and various vestibular and sensory 
imbalances [2]. In particular, the eye is severely sensitive to cephalad 
fluid shift caused by microgravity which induces several neuro- 
ophthalmic alterations, such as optic disc edema, globe flattening, 
choroidal and retinal folds, hyperopic refractive error shifts, nerve fiber 
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layer infarcts, and visual acuity reduction, collectively termed space
flight associated neuro-ocular syndrome (SANS) [3]. In addition, the 
spaceflight environment induces oxidative stress that results in 
apoptosis in mouse retina [4]. Oxidative stress is an imbalance between 
the production levels of reactive oxygen species (ROS) and detoxifica
tion of its harmful effects through neutralization by antioxidants. ROS 
can be derived from the mitochondrial respiratory chain when the 
electrons are transported from complexes I and III or from the increased 
formation of O2

-• radicals by an incomplete reaction during a one- 
electron oxygen reduction under hypoxic conditions [4–8]. Superoxide 
dismutase converts superoxides, which are membrane-impermeable 
radicals, into membrane-permeable H2O2. Then, mitochondria- 
generated H2O2 is further reduced to produce hydroxyl radical •OH, 
which is highly toxic and quickly reacts with several metabolites 
resulting in oxidative stress in cells [9]. 

Retinal pigment epithelial (RPE) cells are a cuboidal monolayer of 
non-neuronal epithelial cells located between photoreceptors and 
choroidal capillaries in the neurosensory part of the retina to facilitate 
substance exchange [6,7]. Since RPE provides the structural basement of 
the retina and holds various functions for nutritional exchange and 
maintaining visual cycles, the malfunction of RPE affects the overall 
optical system [25]. Also, oxidative stress from multiple sources dam
ages RPE cells, leading to ocular pathogenesis, including reduced visual 
acuity. Because of the high oxygen consumption of retinal cells and the 
phagocytic nature of RPE cells, oxidative stress is more prominent in 
RPE cells [6]. Furthermore, mitochondrial DNA (mtDNA), which lacks 
histone proteins, becomes more susceptible to oxidative stress caused by 
ROS than nuclear DNA [1]. Typically, oxidative stress is minimized by 
antioxidants and a range of efficient repair systems. We performed our 
study using ARPE19 cells, which is a spontaneously arising human RPE 
cell line with a normal karyotype [2,6]. 

Oxidative stress can lead to non-specific post-translational protein 
modification and protein aggregation, which is linked to mitochondrial 
dysfunction [2,6,7]. Autophagy is an essential pathological response in 
cross-talk with ROS and redox signaling pathways [8,10,11]. Autophagy 
activation is often mediated by AMPK through mTOR, which closely 
regulates the process via phosphorylation-dependent ULK1 [11–13]. As 
a part of the autophagy pre-initiation complex, ULK1 activates the 
downstream autophagy initiation complex by triggering a cascade of 
proteins such as Beclin-1 [5,12]. 

To specifically minimize mitochondria-generated ROS, we modified 
a newly synthesized TPP-niacin conjugate. The selective targeting of 
antioxidants by covalent conjugation with lipophilic triphenylphos
phonium (TPP) cation towards mitochondria to reduce the oxidative 
stress caused by mitochondrial dysfunction is well documented as an 
effective strategy [14–17]. In a recent investigation, TPP-Niacin was 
evaluated as an effective therapeutic agent to reduce oxidative stress in 
age-related macular degeneration [7]. 

However, the underlying mechanism of how microgravity-induced 
oxidative stress degrades visual acuity by affecting the retinal function 
has not been clearly delineated. In this study, we investigate how 
ARPE19 cells are affected in vitro by time-averaged simulated micro
gravity (μG) generated by clinostat [18,19], which induces the forma
tion of multicellular spheroids (MCS), decreases cell migration potency, 
and elevates intracellular ROS as well as mitochondria dysfunction. 
Subsequently, we showed that μG activates autophagic pathways and 
ciliogenesis. Furthermore, we demonstrated that mitophagy activation 
was triggered via the mTOR-ULK1-BNIP3 signaling axis. Finally, we 
validated the effectiveness of TPP-Niacin in mitigating μG-induced 
oxidative stress and mitochondrial dysfunction in vitro in ARPE19 cells. 

2. Materials and methods 

2.1. Simulated microgravity (μG) 

To establish the microgravity environment of in vitro culture, the 

gravity controller, Gravite® (Space Bio-Laboratories Co., Ltd), was used. 
This device produces a similar climate to outer space (10− 3G) by 
rotating a sample around two axes, integrating the gravity vector with 
the temporal axis [18]. Eventually, the summation of the gravity vector 
in a spherical space results in simulated microgravity at the center of the 
device. 

2.2. Cell culture 

ARPE19 (human adult retinal pigment epithelium cell line from 
ATCC) cells were seeded at 5000 cells/ T25 flask and cultured in DMEM/ 
F12 (11320033, Gibco™) medium supplemented with 10 % (v/v) heat- 
inactivated fetal bovine serum (SH30071.03, HyClone), 100 μg/ml of 
streptomycin, and 100 U/ml of penicillin (15140122, Gibco™). The 
cells were cultured at 37 ◦C in a humidified 5 % CO2 atmosphere, and 
the medium was changed every three days for cell mainternace and 
experiments. 

2.3. Cell viability 

Cell viability was measured using the CELLOMAXTM Viability Assay 
kit (Precaregene Co., Seoul, Korea). UV absorption at 450 nm wave
length was measured using an Infinite M200 microplate reader (Tecan, 
Zürich, Switzerland). The percent of cell viability was calculated using 
Prism v5.0 (GraphPad Software Inc., La Jolla, CA). 

Fluorescent microscopic images of proliferating (blue) and dead cells 
(green) was determined using the ReadyProbes™ Cell Viability Imaging 
Kit (R37609, Invitrogen™). ARPE19 cells were seeded at 104 cells on the 
cell culture slide hybrid well (333,031, SPL). Briefly, two drops of 
NucBlue® Live reagent and NucGreen® Dead reagent were added per ml 
of culture media, respectively, and samples were incubated for 15 min at 
37 ◦C in a humidified atmosphere containing 5 % CO2. Finally, cells 
were mounted with ProLong Gold Antifade Mountant (P36930, Invi
trogen™), and images were acquired using a 20× objective by a fluo
rescent microscope IX81 (Olympus Optical). 

2.4. ROS detection assay 

The intracellular levels of ROS were measured using the 2′,7′- 
Dichlorofluorescin diacetate molecular probes (D6883, Sigma-Aldrich). 
Cells were incubated with 10 μM DCFH-DA diluted with the low FBS 
culture media (1 % FBS) for 30 min at 37 ◦C, then washed and resus
pended in PBS at 1 × 106 cells/ml. The cells were analyzed using BD 
Accuri™ C6 Plus Flow Cytometer (BD bioscience) at excitation and 
emission wavelengths of 488 and 525 nm. Untreated cells were used as a 
control. The results were expressed as fluorescence intensity of 
dichlorofluorescein (DCF) compared to the control. The results were 
analyzed using Image J (National Institutes of Health). 

2.5. Mitochondrial mass analysis 

ARPE19 cells were seeded at 104 cells on a cell culture slide hybrid 
well (333,031, SPL). Cells were incubated with MitoTracker Green FM 
(M7514, Invitrogen™) at 100 nM for 15 min. Finally, cells were 
mounted with ProLong Gold Antifade Mountant (P36930, Invitrogen™), 
and images were acquired using a 20× objective by a fluorescent mi
croscope IX81 (Olympus Optical). The results were analyzed using 
Image J. 

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

Gene expression analysis was performed by quantitative real-time 
RT-PCR using 18S ribosomal RNA (rRNA) to normalize target gene 
expression for each sample. Primers and probes were designed by Primer 
Express (Applied Biosystems) following the manufacturer's guidelines. 
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PCR reactions were performed in a 20 μl final volume adding 1 μl cDNA 
from each sample, using TaqMan Universal PCR mix (4,304,437, 
Applied Biosystems). For PCR reaction, ABI TaqMan Gene Expression 
Assays (Applied Biosystems) were used to detect ATP5F1A. PCR 
amplification was performed on 384-well plates using the default 
cycling conditions, and fluorescence was detected by the ABI 7900HT 
Sequence Detection System (Applied Biosystems). 

2.7. Western blot analysis 

Proteins were extracted with RIPA Lysis and Extraction Buffer 
(89,900, Thermo Scientific™). Equal amounts of protein were separated 
by 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and wet-blotted on polyvinylidene difluoride (PVDF, 
1620177, Bio-rad) membranes. The membranes were blocked with 5 % 
non-fat milk (232,100, BD biosciences) in Tris-buffered saline plus 1 % 
Tween-20 and probed with primary antibodies (anti-SQSTM1/p62; 
39749S, anti-ATG5; 12,994 T, anti-Beclin-1; 3495 T, anti-LC3A/B; 
12,741 T, anti-ATG12; 4180 T, anti-p-AMPK; 2531S, anti-AMPK; 
2532S, anti-p-mTOR; 2971S, anti-mTOR; 2972S, anti-p-ULK; 6888 T, 
anti-ULK; 5869 T, anti-GAPDH; 2118S, Cell Signaling Technology, MA, 
and anti-BNIP3; MBS1499353, MyBioSource,CA, anti-cyclophilin D; 
PA3–022, Invitrogen MA. Protein bands were stained using HRP- 
conjugated secondary antibodies (mouse anti-rabbit IgG-HRP; sc-2357, 
Santa Cruz Biotechnology, TX). Images were developed using the 
enhanced chemiluminescence system (Western Lightning Plus-ECL, 
PerkinElmer, MA) and visualized with a luminescent image analyzer 

(LAS-4000, Fujifilm, Janpan). Quantitative densitometry of the immu
noreactive bands was performed using ImageQuant TL software (GE 
Healthcare, IL) or Image J. (NIH, USA). 

2.8. Cilia staining 

For in vitro immunofluorescence for cilia, ARPE19 cells were washed 
with 1× phosphate-buffered saline (PBS, pH 7.4) (AM9624, Invi
trogen™) and fixed with 4 % (w/v) paraformaldehyde (PFA) (P6148, 
Sigma-Aldrich, MO), dissolved in PBS for 10 min at room temperature 
(RT). Cells were washed in PBS 3 times for 10 min each and permeated 
in 0.1 % Triton X-100 (X100, Sigma-Aldrich, MO) in PBS (v/v) for 20 
min. Subsequently, cells were blocked with 1 % bovine serum albumin 
(BSA) (BSAS-AU, Bovogen, Australia) prepared in PBS containing 0.1 % 
Triton X-100 (PBT) and incubated overnight at 4 ◦C with primary anti
bodies against acetylated α-tubulin (T7451, Merck) in 1 % BSA-PBT. 
After a day, 3 times washing in PBS, cells were incubated with Alexa 
Fluor 488 conjugated antibodies (A28175, Invitrogen, MA) at room 
temperature (RT) for 1h. After washing, the cells were mounted on glass 
slides and were visualized by a confocal laser microscope. 

2.9. Chemical synthesis 

TPP-Niacin was chemically synthesized as reported previously [7]. 
Briefly, 1.2 ml of Tetrabutylammonium fluoride (1.0 M in THF, 1,2 
mmol, 1.2 eq, 216,143, Sigma-Aldrich, MO) was added at room tem
perature to a solution of Nicotinic acid (123.11 mg, 1.0 mmol, 1.0 eq) in 

Fig. 1. μG induces MCS and decreases cell migration potency in ARPE19 cells. 
(A) Cell morphological changes in ARPE19 cells under μG. Phase-contrast microscopy images of 1G control (left) and ARPE19 cells after a three-day μG exposure 
(right). The red arrow indicates the multicellular spheroid (MCS) formation. Scale bar: 100 μm. (B) Changes in ARPE19 cell proliferation and apoptosis after a three- 
day μG exposure. Fluorescent microscopic images of proliferating (blue) and dead cells (green) were analyzed under μG and compared to 1G conditions. *Significant 
(P < 0.05). (C) Cell migration potential changes in ARPE19 cells after a three-day μG exposure. Phase-contrast microscopy images of 1G control (top) and ARPE19 
cells under μG (bottom) conditions for gap closure. Scale bars:100 μm. Error bars represent the standard deviation. 
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DMF (5.0 ml), and the mixture was stirred for 20 min. Then, the solution 
was allowed to react with 621.48 mg of (4-Bromobutyl) triphenyl
phosphonium bromide (1.3 mmol, 1.3 eq, 272,132, Sigma-Aldrich, MO) 
for 60 min at the same temperature, and progress of the reaction was 
monitored by TLC. Then, DMF was removed by high vacuum; the 

resulting crude product was purified by flash chromatography (EtOAc: 
MeOH, 3:1) to obtain the TPP-Niacin product. All chemicals for TPP- 
Niacin synthesis were purchased from Sigma-Aldrich (MO, USA) and 
used without further purification. 

Fig. 2. Elevated intracellular ROS and mitochondria dysfunction in ARPE19 cells by μG 
(A) ARPE19 cells incubated in 1G or μG conditions for 3 days or 5 days were harvested. ROS generation was determined by 2′,7′-dichlorofluorescein diacetate 
(DCFDA) staining. (B–C) Phase-contrast (top) and fluorescence (bottom) microscopic images of 1G control and ARPE19 cells after a three-day μG exposure stained 
with DCFDA (B) or MitoTracker™ Green (C). The fold-change of fluorescent intensity was normalized to the 1G condition. (D) Cyclophilin D (CypD) immunoblot 
analysis of ARPE19 cells after a 5-day μG exposure. GAPDH is used as a loading control. (E) qRT-PCR analysis of ATP synthase (ATP5F1A) mRNA level in ARPE19 
cells after a three-day μG exposure. (F) Mitochondrial OCR (O2 consumption rate) analysis in ARPE19 cells after a three-day μG exposure (black bar) vs 1G condition 
(white bar). Glutamate/malate were used to study complex I-mediated respiration. Succinate was used to analyse complex II mediated respiration. ADP was used to 
investigate respiration activity in the presence of ADP. Each bar represents the mean ± SD of three independent experiments. *Significant (P < 0.05). 
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2.10. Mitochondrial O2 respiration 

Mitochondrial O2 consumption rate was measured by ultilizing a 
high-resolution respirometry instrument (Oroboros Oxygraph-2 k, 
Innsbruck). The experimemt was conducted at 30 ◦C in air-saturated by 
using buffer Z under the following protocols: 5 mM glutamate, complex I 
substrate (G5889, Sigma-Aldrich) + 2 mM malate, complex I substrate, 
state 2 conditions (M7397, Sigma-Aldrich) followed by sequential ad
ditions of 4 mM ADP (state 3 conditions) and 10 mM succinate,complex 
II substrate (S2378, Sigma-Aldrich). Glutamate/malate were used to 
study complex I-mediated respiration and succinate was used to analyse 
complex II mediated respiration. ADP was used to investigate respiration 
activity in the presence of ADP. 

2.11. Cell migration assay 

ARPE19 cells (1 × 104) were seeded in DMEM/F12 supplemented 
with 10 % FBS in T25 flasks with the SPL Scar block (SPL Life Sciences, 
Korea) to create a defined area across. The cells were incubated for 6 h at 
37 ◦C in a humidified 5 % CO2, allowing cells to adhere on the surface. 
Then, the SPL Scar block was removed, and cells were kept at micro
gravity or normal environment. The cell migration was observed under 
the microscope at different time points from 12 to 60 h. The open area 
was calculated by ImageJ. Percentage of open areas was determined 
between each indicated time point with 0 h relatively. 

2.12. Graphs and statistical analysis 

Graphs and statistics: Prism v5.0 (GraphPad Software Inc.) software 
was used to prepare graphs. Results were expressed as mean ± standard 
error (SE). A p-value <0.05 was considered significant. 

3. Results 

3.1. μG induces MCS and decreases cell migration potency in ARPE19 
cells 

In an animal study, the spaceflight environment has been shown to 
affect global gene expressions, including the significant alterations in 
visual pathways [4]. To better understand the underlying mechanism of 
how microgravity (μG) causes physiological changes in astronauts' 
vision after space travel, we observed morphological changes in ARPE19 
cells, which is a human retina pigment epithelial cell line, under time- 
averaged simulated microgravity (μG) conditions in vitro that was 
generated by clinostat as described in the previous studies [11,19,20]. 
We found multicellular spheroids (MCS) in ARPE19 cells under μG 
conditions compared to 1G (Fig. 1A), which agreed with previous re
ports [20,21]. We also found that cell proliferation increased under μG 
compared to 1G with no discernible changes in the number of dead cells 
(Fig. 1B). Recently, it has been reported that microgravity may cause the 
inhibitory effect of cell migration on human cells [24]. To elucidate the 
effect of microgravity on cell migration of ARPE19, we cultured the cells 
in the clinostat and measured its migration capacity at the indicated 
times from 0 to 36 h. The result showed that μG began to inhibit the 
migration from 24 h and significantly decreased the cell migration under 

μG compared to 1G from 36 to 60 h (Fig. 1C). 

3.2. Elevated intracellular ROS and mitochondria dysfunction in ARPE19 
cells by μG 

The spaceflight environment is known to cause ocular tissue abnor
mality by oxidative stresses [3,4,22]; we, therefore, assessed whether 
the μG induces oxidative stress in ARPE19 cells in vitro. The ROS pro
duction in the cells under μG significantly increased compared to normal 
gravity, as indicated by a significant increase in DCFDA positive cells 
(Fig. 2A and B). We then measured the change in mitochondrial 
biogenesis and found that the μG led to a marked reduction in mito
chondrial mass (>50 %) under μG conditions compared to normal 
gravity (Fig. 2C). Simultaneously, μG also reduced the protein expres
sion of cyclophilin D (CypD) and mRNA expression levels of the mito
chondrial ATP synthase gene (ATP5F1A) while decreasing 
mitochondrial oxygen consumption in ARPE19 cells (Fig. 2D and F). 
Together, these data implicate μG for the elevated intracellular ROS and 
the mitochondrial dysfunction in ARPE19 cells. 

3.3. μG activates the autophagic pathways and induces ciliogenesis in 
ARPE19 cells 

Autophagic pathways may also be induced as a pathogenic response 
to μG conditions in ARPE19 cells due to inadequate ROS levels and 
dysfunctional mitochondria. To validate that the autophagy activation 
was induced by μG, protein expression levels of autophagy-related genes 
(LC3, p62, Beclin1, VPS34, Atg101, and Atg5-Atg12) were analyzed by 
Western blot analysis (Fig. 3A). The results revealed that every 
autophagy-related gene tested was significantly upregulated, confirm
ing the activation of autophagy pathways in ARPE19 cells under in vitro 
simulated microgravity condition. 

Next, we investigated the effect of μG on cellular ciliogenesis, which 
is closely linked to autophagy activation. Qualitative and quantitative 
confocal microscopy analyses revealed that both ciliated cell numbers 
and the cilia length were significantly increased under μG compared to 
1G in ARPE19 cells grown in serum-free media, demonstrating the 
activation of autophagy during nutrient deprivation (Fig. 3B and D). 
Interestingly, μG also induced nutrient-independent cilia length increase 
in ARPE19 cells, suggesting that μG may affect ARPE19 cell ciliogenesis 
through multiple mechanisms (Fig. 3C). 

3.4. μG induces mitophagy via AMPK-mTOR-ULK1-BNIP3 signaling 
pathways 

We next explored the mechanism of autophagy induced by μG. AMPK 
is one of the main stress-sensing enzymes that activate autophagy by 
suppressing mTOR phosphorylation [11,12]. Thus, we analyzed the 
ratios of p-AMPK/AMPK and p-mTOR/mTOR under μG compared to 
normal gravity. Fig. 3E and F show that μG increased AMPK phos
phorylation in ARPE19 cells, which was accompanied by decreasing 
mTOR phosphorylation. Decreased mTOR phosphorylation subse
quently reduced the phosphorylation of ULK1 at serine 757 position 
which inhibits the activation of ULK1 [23]. Interestingly, we noticed 
that μG also affects the total protein levels of AMPK, mTOR, and ULK1. 

Fig. 3. μG activates the autophagic pathways and induces ciliogenesis in ARPE19 cells. 
(A) Immunoblot analysis of autophagy-related proteins (LC3, P62, Beclin1, VPS34, ATG101, ATG5-ATG12) in ARPE19 cells after a three-day μG exposure. GAPDH is 
used as a loading control. (B–D) Qualitative (B) and quantitative (C and D) measurement of ciliogenesis in ARPE19 cells after a three-day μG exposure. Acetylated 
tubulin (green) and nuclei (blue) were visualized by immunofluorescence microscopy with or without serum starvation for 24 h (B). Cilia length (C) and ciliated cell 
number (D) were quantified in ARPE19 cells after a three- day μG exposure with or without serum starvation for 24 h. (E-G) μG induces mitophagy via AMPK-mTOR- 
ULK1-BNIP3 signaling pathways. Representative immunoblot showing phosphorylation and total levels of AMPK, mTOR, and ULK1 in ARPE19 cells after a three-day 
μG exposure (E). Quantitative ratios of pAMPK/AMPK, p-mTOR/mTOR, and p-ULK1(Ser757)/ULK1 (F). Densitometric analyses of pAMPK/AMPK, p-mTOR/mTOR, 
and p-ULK1(Ser757)/ULK1 ratios were determined after normalization to GAPDH, respectively. BNIP3 immunoblot (right) of ARPE19 cells after a three-day μG 
exposure and the fold change of BNIP3 under μG was determined after normalization to GAPDH (G). Each bar represents the mean ± SD of three independent 
experiments. *p < 0.05, and ***p < 0.001. 
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Next, we assessed BNIP3 protein stability because BNIP3 proteaso
mal degradation is inhibited by ULK1, which promotes BNIP3- 
dependent mitophagy [12,13,23], revealing that the BNIP3 protein 
level increased by 3.8-fold under μG compared to 1G (Fig. 3G). 

Together, these data imply that the AMPK-mTOR pathway is a vital 
regulator involved in μG-induced autophagic responses in ARPE19 cells, 
and ULK1 modulates BNIP3-dependent mitophagy activation. 

3.5. TPP-Niacin treatment mitigates μG-induced oxidative stress and 
mitochondrial dysfunction in ARPE19 

Because we have previously shown that TPP-Niacin mitigated 
oxidative stress in the retina in vitro [7], we have tested the efficacy of 
TPP-Niacin in ARPE19 cells grown under μG. Flow cytometry analyses 
revealed that DCFDA positive cell numbers were significantly reduced 
by TPP-Niacin treatment (50μM) under μG (Fig. 4A). Confocal 

microscopy analysis also showed that TPP-Niacin reverted the elevated 
ROS production in ARPE19 cells caused by μG (Fig. 4B). Furthermore, 
TPP-Niacin reduced BNIP3 protein stability that is associated with 
mitophagy activation but failed to rescue the CypD expression back to 
normal (Fig. 4C). Confocal microscopy showed a similar reversion of 
mitochondrial function and biogenesis monitored by MitoTracker Green 
after TPP-Niacin treatment under μG conditions (Fig. 4D). Taken 
together, these data validate the protective effect of TPP-Niacin against 
μG-induced oxidative stress and mitochondrial dysfunction in ARPE19 
cells. 

4. Discussion 

A common adverse effect reported by astronauts after returning to 
earth from space is decreased visual acuity [3,8,9]. A mouse model study 
has revealed that retinal performance was significantly affected due to 

Fig. 4. TPP-Niacin treatment mitigates μG -induced oxidative stress and mitochondrial dysfunction in ARPE19. 
(A-D) ARPE19 cells incubated in 1G or μG conditions for either 3 days or 5 days were harvested. ROS generation was determined by 2′,7′-dichlorofluorescein 
diacetate (DCFDA) staining. The cells were treated with either DMSO or TPP-Niacin (50 μM) for 2 h. While intracellular ROS level was monitored by DCFDA staining, 
the protective effects of TPP-Niacin against μG-induced ROS generation in ARPE19 cells were assessed by reduction in DCFDA positive cells and fluorescence in
tensity with the treatment (A and B). The fold-change of fluorescent intensity was normalized to 1 G control. Mitophagy activation marker BNIP3 (C) and phase- 
contrast (left) and MitoTrackerGreen (right) monitoring for mitochondria biogenesis (D) were shown to demonstrate the protective effects of TPP-Niacin against 
μG-induced mitochondrial dysfunction. GAPDH was used as a loading control. The fold-change of fluorescent intensity was normalized to 1G control. *p < 0.05, **p 
< 0.01, ***p < 0.001 versus the gravity group were considered statistically significant differences. 
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extended periods of space travel [4], and microgravity was implicated as 
one of the reasons for causing visual impairment through oxidative 
stress on the retina [1,2,4]. Mitochondria in ocular cells exposed to 
visible light generate ROS via photosensitization reactions and as a by- 
product of cellular respiration [6,8,9]. ROS is implicated in many 
physiological processes, including mitochondrial dysfunction associated 
with autophagy [1,6,7,11]. Autophagy is a process that removes 
aggregated proteins and damaged cellular organelles to maintain the 
homeostatic function of the cell. Autophagy is also induced in response 

to oxidative stress caused by ROS [11–14,23]. 
In the present study, we demonstrated that μG induces MCS and 

decreases cell migration potency in ARPE19 cells, which agrees with 
other studies using similar clinostat devices [18–21]. The most optimal 
studies for understanding the effect of space flight on ARPE19 cells will 
be done onboard the International Space Station (ISS); nevertheless, 
studies investigating the impact of microgravity exerted on ARPE19 cells 
on the earth will also provide valuable physiological data because the 
effects of microgravity and space radiation can be separately measured 

Fig. 5. Graphical summary of microgravity- 
induced effects on ARPE19 cells. 
Microgravity induces oxidative stress, ROS 
in ARPE19 cells and activates mitophagy via 
AMPK-mTOR-ULK1-BNIP3 signaling path
ways. Mitochondrial dysfunction is consid
erably diminished by TPP-Niacin treatment, 
along with ROS reduction under μG and 
reversing the loss of mitochondrial mass, 
which is linked with BNIP3 protein 
stability.   
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and analyzed. 
Next, we showed that μG increases intracellular ROS and causes 

mitochondrial dysfunction in ARPE19 cells, which are cell types that 
consume high amounts of energy and cause the most oxidative-damaged 
on the retina. Oxidative stress-induced ROS accumulation results in 
dramatic impairment of mitochondrial function, shown by fluorescently 
quantified mitochondrial mass and the prominent biomarker expression 
of CypD. A mitochondrial chaperone protein, CyD is regulates coupling 
of electron chain transfer and ATP synthesis via mitochondrial perme
ability transition pore [24]. In this study, reduced expression of CyD 
agreed with reduced oxygen consumption and ATP synthesis in ARPE19 
cells under μG. We also found that μG causes mitochondrial dysfunction 
at the transcriptional level, which is demonstrated by dramatic down
regulation of mRNA expression of ATP5F1A, a core component of 
functional ATP synthase. Consequently, μG-induced oxidative stress 
results in mitochondrial dysfunction in ARPE19 cells under μG. 

The efficacy of TPP-Niacin, a mitochondria-targeted antioxidant, has 
been demonstrated in our previous study using a hydrogen peroxide- 
induced oxidative stress model in human retinal pigment epithelium 
cells. Therefore, we evaluated the efficacy of TPP-Niacin against μG- 
induced oxidative stress and the resulting mitochondrial dysfunction. As 
a result, we demonstrated that TPP-Niacin reverted the phenotypes 
caused by μG; TPP-Niacin protected ARPE19 cells from μG-induced ROS 
production and mitochondrial mass reduction. 

For the possible underlying mechanism associated with μG-induced 
ROS production and mitochondrial dysfunction, activation of autopha
gic pathways was investigated, showing upregulation of autophagic 
genes such as LC3, p62, and Beclin1. In addition, the proteins involved 
in the initiation of autophagosome formation, such as VPS34, ATG101, 
and ATG5-ATG12, are elevated under μG conditions.`. 

Because ciliogenesis has been recently implicated with nutrient- 
dependent autophagy, we also explored and confirmed with confocal 
microscopy that μG induces ciliogenesis. 

Finally, we showed that the p-AMPK/AMPK ratio increases while the 
ratios of p-mTOR/mTOR and p-ULK1/ULK1 at serine 757 decrease 
under μG. Because ULK1-dependent autophagy is regulated by AMPK 
and mTOR, and ULK1 promotes BNIP3 protein stability by preventing its 
degradation, we confirmed that the protein level of BNIP3 is elevated 
under μG, indicating activation of mitophagy. Consequently, the 
elevated level of BNIP3 under μG was reversed with TPP-Niacin treat
ment, implying that μG-induced mitophagy by regulating ROS produc
tion in mitochondria. 

5. Conclusion 

This study shows that μG induces oxidative stress by producing 
intracellular ROS in ARPE19 cells and activates mitophagy via AMPK- 
mTOR-ULK1-BNIP3 signaling pathways. Mitochondrial dysfunction 
associated with μG-induced oxidative stress is considerably diminished 
by TPP-Niacin treatment, along with ROS reduction under μG and 
reversing the loss of mitochondrial mass, which is linked with BNIP3 
protein stability. These results provide the first experimental evidence 
for TPP-Niacin as a potential therapeutic agent to ameliorate the cellular 
phenotypes caused by microgravity in ARPE19 cells (Fig. 5. Graphical 
summary). Further investigations are required to determine its physio
logical functions and biological efficacies in primary human retinal cells 
and in vivo models and target identification. 
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