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25-hydroxysterol mitigates microgravity-
induced retinal damage by suppressing
microglial inflammation through
disrupting lipid raft formation

% Check for updates

Jee Hoon Lee' & Dae Yu Kim'?®

Spaceflight-associated neuro-ocular syndrome (SANS) poses a significant risk to astronaut vision

during long-duration missions, yet its immunological underpinnings remain poorly defined. Here, we
identify retinal microglia as key mediators of ocular degeneration under simulated microgravity (SMG).
Using a 3D clinostat model, we show that SMG induces early activation of retinal pigment epithelium
(RPE), which in turn promotes microglial activation and triggers a feedforward cascade of RPE damage
and neuronal loss. We further demonstrate that 25-hydroxycholesterol (25-HC), an oxysterol capable
of penetrating the blood-retinal barrier, attenuates this inflammatory cascade by disrupting lipid raft
formation in microglia. Low-dose 25-HC suppresses the recruitment of cytokine receptors to lipid

rafts, mitigating microglia-driven retinal injury. These findings uncover a critical immunopathological
axis underlying SANS and propose 25-HC as a non-invasive, immunomodulatory countermeasure to

preserve retinal integrity during spaceflight.

With humanity entering a new space age, extended human spaceflight is
almost a tangible reality. Therefore, understanding the effects of long-term
space travel on the human body is now critical. Among the many extreme
conditions encounterable during space exploration, microgravity (uG) is a
major factor that affects normal bodily function through the redistribution
of fluid throughout the body. Specifically, astronauts can suffer from vision
problems during spaceflight, which has been referred to as “spaceflight-
associated neuro-ocular syndrome” (SANS). Post-flight data from
approximately 300 astronauts revealed that 23% of astronauts on short-
duration missions and 48% of astronauts on long-duration missions
experienced near-vision difficulties, including ocular issues such as optic
disc edema, globe flattening, choroidal folds, and refractive error shifts"?,
Although the characteristic symptoms of SANS are known, the factors and
mechanisms associated with SANS are yet to be understood.

Although the underlying pathogenesis of SANS remains unclear and
its etiology is multifactorial, several hypotheses have been proposed, based
on factors including elevated intracranial pressure (ICP), the ocular glym-
phatic system, upward brain shift, and secondary changes in tissue™".
Recently, some studies have suggested that ocular inflammation and
immune alterations may also be associated with SANS. An elevated ICP that

is relieved upon return to a 1G environment may induce secondary
inflammation or oxidative stress. Crucian et al. reported increased levels of
inflammatory cytokine profiles in astronauts with SANS’. Zanello et al.
observed that the expression of oxidative and cellular-response genes was
increased in retina samples from mice subjected to shuttle missions®. These
results suggest that dysregulation of the ocular immune system under
spaceflight conditions may contribute to the pathology of SANS. Since the
interplay between ocular immunology and space pG-induced SANS
remains ill-defined, the underlying mechanism through which the ocular
immune system contributes to SANS must be investigated.

Microglia are the main resident immune cells of the central nervous
system (CNS), including the retina. In their homeostatic state, microglia are
located in the inner and outer plexiform layers, as well as in the ganglion cell
layer, where they perform multiple functions, such as regulating innate and
adaptive immune responses, neurotrophic support, and synaptic
refinement’ . However, various harmful insults can trigger a reactive
phenotype of microglia via increased inflammatory mediator secretion,
morphological changes, and migration to the injury site, leading to retinal
damage and neuronal death’"”. Recently, some studies have suggested that
microglia can be activated by puG exposure, leading to CNS damage. In
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studies conducted using a hindlimb uploading rodent model, the activation
and inflammatory response of microglia were detected in the brain'*'. In
the BV-2 microglial cell line, microglial activation was also observed under
2D clinorotation-induced pG". Although microglial activation may be
involved in pG-induced retinal damage, most studies have focused on the
brain rather than the eye. Given the important role of ocular immune
response in the pathology of retinal damage, determining whether micro-
glial activation is involved in retinal damage under uG conditions is
important to ensure that effective strategies for suppressing microglial
activation can be formulated accordingly.

Recent studies have suggested that multiple inflammatory signaling
events in microglia are organized in lipid rafts, which are distinct structures
in the plasma membrane'®". Lipid rafts are cholesterol-enriched plasma
membrane microdomains that orchestrate various signaling and functional
events, including inflammation and immune response'”'*. Upon activation,
various receptors and adaptor molecules are recruited to lipid rafts, which
serve as a platform for the inflammatory signaling cascade, including toll-
like receptor-dependent signaling”, interferon signaling”, interleukin
signaling’’, and tumor necrosis factor (TNF) signaling”. Given the pivotal
role of lipid rafts in the pathogenesis of various pathological conditions, a
number of experimental therapies targeting lipid rafts have been reported.
However, in retina microglia, the mechanisms of inflammatory signaling
events through lipid rafts and the therapeutic approach targeting lipid rafts
in retinal microglia have yet to be studied.

Oxysterols, bioactive lipids derived from cholesterol, regulate cho-
lesterol homeostasis and various cellular processes, including
inflammation . In the normal retina, oxysterol homeostasis is tightly
controlled; however, oxysterol levels are profoundly altered during dis-
ease states that involve disease progression®. In terms of effects, 7-
ketocholesterol, the most abundant oxysterol present in the retina, has
been described as pro-inflammatory. In contrast, other oxysterols, such
as 24(S)-hydroxycholesterol and 25-hydroxycholesterol (25-HC), has
been shown to exert anti-inflammatory effects” . Recent studies high-
light the implication of oxysterols in signal transduction through their
involvement in lipid raft formation. 7-ketocholesterol has been observed
to either promote or inhibit the formation of ordered phase’, while 25-
HC inhibits the formation of membrane lipid rafts in lung epithelial cells
and brain microglia””. Given that each cell type of the cell membrane
has a specific sterol and protein composition of lipid raft domains®, the
effects of each oxysterol could be complex and cell type-dependent.
Nevertheless, there is currently only a limited body of evidence per-
taining to the involvement of oxysterols in the formation of lipid rafts
and the subsequent inflammatory signaling pathways in the retina.

Herein, we report that microglia can be activated under simulated uG
(SMG) conditions and that they contribute to the acceleration of SMG-
induced retinal damage. Using a 3D-SMG device, we confirmed that the
early stage of retinal damage can activate microglia, which subsequently
contributes to retinal pigment epithelium (RPE) dysfunction and ocular
neuronal death in a coculture system and an ex vivo model. Intriguingly, we
found that treatment with 25-HC negatively regulates microglial activation
through the disruption of membrane lipid rafts formation, which in turn
leads to a reduction in secondary retinal injury. Our study introduces a
plausible model that links retinal microglial activation to retinal damage
under uG conditions. In addition, 25-HC is proposed as a promising can-
didate drug for the treatment of uG-induced retinal damage by suppressing
microglial activation.

Results

SMG exacerbates retinal degeneration

To evaluate retinal damage under SMG conditions, the enucleated mouse
globes were collected immediately after sacrifice and then incubated under
1G or SMG conditions for 1, 7, or 14 days (Fig. 1a). Under SMG conditions,
retina hematoxylin and eosin staining of the eye sections revealed a
reduction in the cell number in the ganglion cell layer, irregular arrangement
of cells in the outer nuclear layer (ONL), and a reduction in the retinal layer

thickness. No significant abnormalities were observed in the 1 G condition
(Fig. 1b, ¢). To confirm retinal cell death, we performed a TUNEL assay on
retinal sections from each group. The SMG-incubated eyes exhibited
increased ONL apoptosis, whereas mild ONL apoptosis was detected in the
1G-incubated eyes. These results suggest that uG contributes to and accel-
erates retinal degeneration (Fig. 1d, e).

SMG induces microglial activation and migration to the injury site
Sustained activation of microglia and a switch to the inflamed phenotype are
associated with retinal damage. Recent studies have suggested the possibility
that microglial activation is involved in pG-induced retinal damage™.
Because we observed that retinal damage was increased by SMG, we
hypothesized that microglia could be activated by SMG, followed by
accelerated irreversible retinal damage. To this end, we first conducted
transwell chemotaxis assays using RAW264.7 macrophages, a widely uti-
lized model for innate immune responses due to their shared functional
characteristics with microglia, including phagocytic activity and inflam-
matory signaling pathways. The RCM from the 1G-treated or SMG-treated
ARPE-19 cells was placed in the bottom chamber, and the RAW264.7
macrophage cells were seeded in the top chamber; the migratory potential of
the RAW264.7 cells was subsequently observed. Compared with the RCM
from the 1G-treated ARPE-19 cells, the RCM from the SMG-treated ARPE-
19 cells produced significantly greater RAW264.7 cell migration (Fig. 2a-c
and Fig. Sla), indicating that microglia can respond to soluble signals and
migration toward them. To assess the Raw264.7 cell activation further,
coculture experiments were conducted. Flasks containing RAW264.7
macrophage cell strips with or without ARPE-19 cells were incubated under
1G or SMG for 3 days (Fig. 2d), whereafter the transcript level of the
inflammatory genes was examined via reverse transcription (RT)-qPCR.
The expression of inflammatory genes in the coculture was higher than that
in the RAW264.7 cell monoculture under SMG. However, under 1 G, no
significant difference was observed between the RAW264.7 cell mono-
culture and the coculture with the ARPE-19 cells (Fig. 2e). Raw264.7 cell
activation was further confirmed via immunostaining with CD68, an acti-
vated microglial marker’. We observed that in the SMG-incubated cocul-
ture, CD68 expression was prominent, and the RAW264.7 cell morphology
changed to a more ramified shape (Fig. 2f, g). These results suggest that early
pathological changes in RPE under pG conditions drive the recruitment and
activation of Raw264.7 cells.

Previous studies have demonstrated that RPE cells possess intrinsic
innate immune capacity. To further investigate their contribution to
immune activation under SMG conditions, we analyzed the expression of
key innate immunity-related genes in RPE cells. Specifically, we examined
the transcript levels of Nlrp3, Nfkb, and Il1a, which are central mediators of
inflammasome activation and pro-inflammatory cytokine signaling. Under
SMG exposure, all three genes were upregulated in RPE cells. Notably, when
RPE cells were cocultured with microglia, their expression was further
enhanced (Fig. S1b), indicating a potentiation of the innate immune
response. These results suggest that SMG induces a pro-inflammatory state
in RPE cells, which may act to recruit and activate microglia, thereby
establishing a feedforward inflammatory loop that exacerbates retinal
damage.

Microglia exacerbate retinal damage following SMG

Given that uG-induced stress in RPE cells can promote microglial acti-
vation, we subsequently examined whether microglia aggravate retinal
damage. To this end, we first investigated RPE damage and activation in
monoculture or coculture with microglia. Under SMG, we observed that
the transcript level of inflammatory genes in the RPE increased in
coculture with microglia (Fig. 3a). Since RPE is involved in maintaining
the outer blood-retina barrier (BRB), and supports the functional
integrity of the retina®, we sought to determine whether microglial
activation involves the RPE barrier function. The level of the tight
junction marker ZO-1% and the levels of MMP-9 and VEGF—which are
involved in barrier breakdown’*—were measured via western blotting.
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Fig. 1 | Simulated microgravity accelerates retinal degeneration. a Schematic of =~ TUNEL staining of retina sections from 1G-treated or SMG-treated mouse globes.
the experimental design. The mouse globes were cultured under normal 1 G or All data are representative of three fields of view per group of three independent
10~°G microgravity conditions using a 3D clinostat device for 14 day- experiments. Data are presented as mean + SD (*p < 0.05, ***¥p < 0.0001). INL,
s.Representative hematoxylin and eosin-staining images of retinal sections from 1G-  inner nuclear layer; ONL, outer nuclear layer. P values displayed above the graphs
treated or SMG-treated mouse globes (b). Summary data showing thickness of were calculated using an unpaired two-tailed Student’s t-test. Image created with
retinas on Day 14 (c). Representative images (d) and summary data (e) showing BioRender.com.
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Fig. 2 | Simulated microgravity induces retinal microglial activation. a Schematic
representation of transwell chemotaxis assay. Representative images (b) and analysis
(c) of RAW264.7 macrophage migration toward conditioned medium from ARPE-
19 RPE cells cultured under 1G or SMG. The data are representative of three fields of
view per group of three independent experiments. Data are presented as mean + SD
(**p <0.01, ***p < 0.001). d Schematic of experimental design. RAW264.7 cells
cocultured with or without primary RPE were incubated under 1 G or SMG.

e Transcript levels of inflammatory genes in microglia examined via RT-qPCR. Data

Day

are expressed as mean + SD from three independent experiments (**p < 0.01,
*#%p < 0.001. f Representative confocal images of CD68 in RAW264.7 cells cultured
with or without primary RPE. g Summary data showing CD68 staining. Data are
representative of three fields of view per group of three independent experiments.
Data are presented as mean + SD (***p < 0.001, ****p < 0.0001). P values displayed
above graphs were calculated using one-way ANOVA (in ¢) or two-way ANOVA for
multiple comparisons (in e). Image created with BioRender.com.
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In the coculture with microglia, the ZO-1 levels were reduced, whereas
the VEGF and MMP-9 levels were increased (Fig. 3b and Fig. Slc). To
confirm the role of microglia in altering the barrier function of RPE, we
measured the change in the permeability of the RPE layer to
FITC-dextran flux. The RPE cocultured with microglia was more
permeable to FITC-dextran under SMG than under 1G (Fig. 3¢). We also

observed that the presence of microglia slightly reduced the viability of
RPE under SMG, but this effect was not significant (Fig. S1d). These
findings suggest that SMG-induced activation of RPE cells leads to the
release of soluble chemoattractants, which in turn promote microglial
recruitment and activation. This bidirectional interaction likely forms a
feedforward inflammatory loop, wherein activated microglia further
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Fig. 3 | Microglial activation by simulated microgravity exacerbates retinal
damage. Primary RPE cells cultured with or without microglia under 1 G or SMG.
After 7 or 14 days, the transcript levels of inflammatory genes in RPE were examined
via RT-qPCR (a), and the levels of the indicated proteins were measured via western
blotting (b). Data are expressed as mean + SD from three independent experiments
(**p <0.01, ¥**p < 0.001, ****p < 0.0001). ¢ Permeability of RPE cells with or
without microglia measured through FITC-dextran leakage assay for 14 days. The
graph presents the mean + SD from three independent experiments (***p < 0.001,
*¥4%p < 0.0001). Primary retinal neurons cultured with or without microglia and
RPE cells, incubated under 1 G or SMG for 14 days. Representative immuno-
fluorescence images (d) and summary data (e) showing MAP-2 staining. Data are
representative of three fields of view per group of three independent experiments and
are presented as mean + SD (**p < 0.01). f Graph showing the percentage of viable

primary neurons cultured with or without microglia or RPE cells, as measured via
WST-8 assay. Results are presented as mean + SD from three independent experi-
ments (*p < 0.05, ¥***p < 0.0001). Mouse globes were exposed to normal 1 G or
SMG for 14 days, and then retinal sections were subjected to immunohistochemistry
with the indicated antibodies. Representative confocal images (g) and summary data
showing the intensity of CD68 (left) and the number of CD68-positive cells in the
ONL and RPE (right) (h). The microglia located in the ONL and RPE are indicated
by arrows and arrowheads, respectively. Data are representative of three fields of
view per group of three independent experiments, presented as mean + SD

(*p <0.05, ¥**p < 0.001). P values displayed above graphs were calculated using
unpaired two-tailed Student’s t-test (in h) or two-way ANOVA for multiple com-
parisons (in a, c and e).

exacerbate RPE dysfunction, collectively accelerating retinal degenera-
tion under SMG conditions.

We also observed that the neurite length and the percentage of cells
positive for MAP-2, a mature neuron marker, in the microglial coculture
were lower than those in the retinal neuron monoculture (Fig. 3d, e).
Concurrently, viability assays revealed that microglial activation was
responsible for the death of retinal neurons (Fig. 3f). In an ex vivo eye
organotypic culture, disrupted neuronal organization was observed under
SMG, as revealed by MAP-2 staining of retinal vertical sections (Fig. Sle).
This abnormal arrangement of retinal neurons was accompanied by CD68-
positive microglial migration to the ONL and RPE layers (Fig. 3g, h).
Overall, uG induces microglial activation and migration, leading to further
retinal damage.

25-HC suppressed microglial activation

The foregoing results inspired us to search for inhibitory molecules capable
of suppressing retinal microglial activation. Recent evidence suggests that
25-HC inhibits neurodegenerative disease by suppressing brain microglial
activation”’. Therefore, although this has not been extensively researched
with regard to retinal microglia, we hypothesized that 25-HC could suppress
retinal microglial activation. To examine the effect of 25-HC, we treated
microglia in the presence or absence of RPE or neurons with 25-HC under
1G or SMG. While 25-HC suppressed the SMG-induced expression of
inflammatory genes at a low concentration (5 uM), it either increased or had
no further suppressive effect on the expression of inflammatory mediators
in concentrations greater than 10 pM (Fig. 4a and Fig. S2a). Consistent with
these findings, we also observed that 25-HC inhibited the CD68-positive
activated Raw264.7 cell phenotype (Fig. 4b, c). To determine whether this
effect was direct, we conducted experiments using RAW264.7 cell mono-
cultures treated with or without 25-HC under both 1 G and SMG condi-
tions. In monocultures, 25-HC at low concentrations (5-10 uM) effectively
reduced the expression of inflammatory genes and CD68, suggesting a
direct anti-inflammatory effect on Raw264.7 cell that may contribute to
retinal protection under SMG (Fig. S2¢, d). Although various insults are
known to increase Ch25h, an enzyme that converts cholesterol into 25-HC,
we found that the transcript level of Ch25h was barely affected by SMG
stimulation (Fig. S2b). Accordingly, we rule out the possibility that endo-
genous 25-HC could involve retinal damage under SMG.

25-HC suppress inflammatory signaling in microglia by disrupt-

ing lipid raft formation

A number of inflammatory signaling processes in cells are regulated by
compartmentalization of receptors in raft domains; therefore, disruption of
lipid rafts could result in the attenuation of the inflammatory response in
retinal microglia. Since recent study suggest that 25-HC inhibits inflam-
matory signaling in brain microglia by disrupting lipid raft formation”, we
postulated that 25-HC could suppress SMG-induced retinal microglia
activation by influencing lipid raft formation. To test this hypothesis, we first
examined whether SMG affects the trafficking of inflammatory cytokine
receptors to the lipid raft fraction and whether 25-HC inhibits this process in
retinal microglia. By sucrose density gradient centrifugation, which is used

to isolate lipid microdomains, we observed that various cytokine receptors,
such as TNF receptor]l (TNFR1) and IL-6 receptor alpha (IL-6Ra), were
detected in the raft fraction under SMG conditions, but were significantly
reduced in the raft fraction by 25-HC treatment (Fig. 5a). These results
indicate that in response to SMG stimulation, receptors involved in the
inflammatory response localized and activated within lipid raft micro-
domains, and that 25-HC inhibits this process by disrupting lipid raft for-
mation. To further examine these findings, we performed colocalization of
inflammatory receptors and green fluorescence protein-domain D4 (GFP-
D4), a cholesterol-binding protein used as a molecular imaging marker for
lipid rafts. In the SMG condition, clustering of D4-positive lipid raft
microdomains containing IL-6Ra was increased, which was suppressed by
treatment with 25-HC (Fig. 5b). To confirm these results, we then examined
the SMG-induced lipid raft formation with a widely used lipid-soluble
fluorescent probe, trimethylammonium diphenylhexatriene (TMA-DPH).
In the SMG condition, the formation of TMA-DPH-positive puncta in
microglia was increased, which was attenuated by treatment with 25-HC
(Fig. S2e). These findings collectively suggested that 25-HC inhibits the
inflammatory response in microglia by disrupting lipid raft formation.

25-HC ameliorates SMG-induced retinal damage by suppressing
microglial activation

Next, we assessed the efficacy of 25-HC in preventing damage to RPE cells
and retinal neurons. RPE cells were treated with 25-HC, before being
incubated under 1 G or SMG conditions. We observed that 25-HC sup-
pressed the transcript level of inflammatory genes and reversed the
expression of proteins involved in the RPE barrier function (Fig. 6a, b; Fig.
S3a, b). Notably, the elevated ROS levels observed under SMG conditions
were significantly reduced following treatment with 25-HC, suggesting a
direct role for 25-HC in alleviating oxidative stress (Fig. S3c). Furthermore,
SMG-induced abnormal neuronal morphology and neuronal death were
suppressed upon 25-HC treatment (Fig. 6c—e). An ex vivo eye organotypic
culture also confirmed that 25-HC ameliorated the SMG-induced abnormal
arrangement of retinal neurons and the CD68 expression (Fig. 6f, g). To
further evaluate the roles of microglia in retinal damage, eyes were treated
with PLX5622, a CSFIR inhibitor that efficiently depletes microglia, fol-
lowed by incubating under 1 G or SMG in the presence or absence of 25-HC.
The expression level of Ibal, a canonical marker for microglia, confirmed
that most microglial cells were depleted by PLX5622 (Fig. S3d). In
microglia-depleted eyes, SMG-mediated retinal death was attenuated and
ONL thinning was reduced compared to microglia-intact eyes. Notably, the
protective effect of 25-HC was less pronounced in the absence of microglia,
highlighting the pivotal role of microglia in mediating SMG-induced retinal
degeneration (Fig. 6h). Together, these results suggest that 25-HC effectively
suppresses retinal microglial activation, thereby attenuating uG-induced
secondary retinal damage.

Discussion

Understanding the pathogenesis of SANS is important for enabling future
human space exploration. Despite many advances, significant knowledge
gaps remain in this regard, including the etiology of SANS, treatment
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strategies, and the development of research systems on the ground, as
outlined in reports from the National Aeronautics and Space Administra-
tion and the European Space Agency'*"'. Herein, we highlight the significant
role of microglia in ocular degeneration under SMG. Following SMG-
induced primary retinal damage, microglia were observed as inflammatory
cells, which accelerated secondary ocular damage (Fig. 7).

Despite the important role of microglia in various ocular diseases,
changes in their characteristics and function in the context of SMG-induced
ocular damage have rarely been studied. In our study, damage to the RPE
and retinal neurons was exacerbated in coculture with microglia, whereas
minimal damage was observed in monocultures of RPE or neurons. This
suggests that microglia constitute a key factor accelerating SMG-induced
retinal injury. While our findings indicate a detrimental role for microglia
under SMG, it is important to note that these observations were derived
from a co-culture system. Although such reductionist approaches allow for
precise dissection of microglia-retina interactions, they do not fully

recapitulate the complex immune landscape of the intact organism. In
particular, they lack systemic influences and cannot distinguish between
resident microglia and infiltrating monocyte-derived macrophages, both of
which can exhibit distinct and sometimes opposing roles in
neuroinflammation®~*. To address this, we employed PLX5622, a selective
CSFIR inhibitor that depletes resident microglia’’, and observed significant
attenuation of SMG-induced retinal injury. This finding reinforces the
central role of resident microglia in this process. Notably, PLX5622 has also
been shown to suppress the repopulation of resident microglia/macro-
phages during treatment, as demonstrated in prior studies”. Although the
short duration of PLX5622 administration in our study likely minimized its
impact on the outcomes, this remains a potential limitation. Future in vivo
and in vitro studies will take this into account in the design of microglia-
targeting strategies. Furthermore, we acknowledge that our current model
cannot fully recapitulate peripheral immune contributions. To address this
limitation, future in vivo studies employing lineage tracing and fate-
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mapping approaches will be essential to delineate the respective roles of
resident microglia and infiltrating monocyte-derived macrophages, and to
better define the immune landscape of the retina under spaceflight
conditions.

Interestingly, recent studies have demonstrated that microglia can
exert protective functions in models of retinal aging and degeneration,

where depletion of microglia worsens disease phenotypes. For example,
O’Koren et al. reported that microglia migrating to subretinal space undergo
transition reprograming, thereby protecting the RPE from damage”. In
models of AMD, microglia have been shown to support RPE function, and a
conserved subset of calactin-3-expressing microglia was identified as pro-
tective against retinal degeneration**’. These findings underscore the
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Fig. 6 | 25-HC ameliorates simulated microgravity-induced retinal damage.
Primary RPE cells cultured with or without microglia were treated with various
concentrations of 25-HC under 1 G or SMG. After 7 or 14 days, the transcript levels
of inflammatory genes in RPE were examined via RT-qPCR (a), and the levels of the
indicated proteins were measured via western blotting (b). Data are expressed as
mean * SD from three independent experiments (*p < 0.05, **p < 0.01,

#k¥*p < 0.0001). Primary retinal neurons cultured with or without microglia were
treated with 25-HC under 1 G or SMG for 14 days. Representative immuno-
fluorescence images (c) and summary data (d) showing MAP-2 staining. Data are
representative of three fields of view per group of three independent experiments and
are presented as mean + SD (*p <0.05, **p < 0.01, ***p < 0.001). e Graph showing
the percentage of viable primary neurons as measured via WST-8 assay. Results are
presented as mean + SD from three independent experiments (*p < 0.05,

*¥¥p < 0.001). 25-HC-treated mouse globes were exposed to 1 G or SMG for 14 days,
and retinal sections were then subjected to immunohistochemistry with the indi-
cated antibodies. Representative confocal images (f) and summary data showing the
intensity of CD68 (top) and the number of CD68-positive cells in the ONL and RPE
(bottom) (g). h TUNEL staining of retinal sections from mouse eyes treated with
vehicle or PLX5622, with or without 25-HC, under the indicated experimental
conditions. Representative TUNEL-stained images are shown (top). Quantification
of TUNEL-positive cells is presented (lower right graph), and ONL thickness is
summarized as a bar graph (lower left graph). All data are representative of three
fields of view per group of three independent experiments and are presented as
mean + SD (*p < 0.05, **p < 0.01, ¥**p < 0.001, ****p < 0.0001). P values displayed
above graphs were calculated using unpaired two-tailed Student’s -test (in g) or two-
way ANOVA for multiple comparisons (in a, d, e, h).
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inflammation, which accelerates RPE cell damage and neuronal cell death. A low
dose of 25-HC suppress inflammatory response in microglia by disrupting lipid raft
formation and thereby mitigates the severity of SANS. Image created with
BioRender.com.

context-dependent nature of microglial function. In contrast, our data
suggest that under SMG conditions, microglia adopt a pro-inflammatory
and neurotoxic phenotype, contributing to the progression of retinal
damage. This discrepancy highlights the need for comprehensive tran-
scriptomic profiling of SMG-exposed microglia to determine whether their
molecular signatures align more closely with disease-associated or
homeostatic microglial states. Therefore, in vivo studies will be essential to
validate our findings within the context of whole-organism immune
dynamics. Additionally, transcriptional analyses-particularly those that
focus on microglial reprograming-will be essential for elucidating the
unique microglial phenotypes induced by microgravity and comparing
them with those seen in other models of retinal degeneration.

Beyond microglia, Miiller glial cells (MGCs) may also contribute to
SMG-induced retinal damage. Studies using experimental spaceflight

models have shown that MGCs undergo reactive gliosis and cytoskeletal
remodeling, which may exert both neuroprotective and neurotoxic effects
depending on the context*™". In inflamed retinal environments, activated
microglia can signal to MGCs and modulate their functional states™ ™.
However, the precise mechanisms governing microglia-MGC crosstalk
remain incompletely understood. Given the essential roles of MGCs in
maintaining retinal homeostasis—including the integrity of the inner BRB™,
neuronal support™, and immunoregulation”’—deciphering the bidirec-
tional interactions between microglia and MGCs will be key to under-
standing and ultimately mitigating ocular damage caused by spaceflight-
associated environmental stress.

Oxysterols, which are oxidized cholesterol derivatives, regulate various
cellular processes and disease mechanisms, including those involved in
neurodegenerative disorders and ocular disease”*****. In the retina, oxysterol
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homeostasis is tightly controlled by pathways regulating cholesterol bio-
synthesis, cholesterol efflux, and enzymatic biotransformation®’. However,
under pathological conditions, oxysterol levels are altered, which has been
linked to ocular degeneration. In this regard, 7-KC, the most abundant form
of oxysterol found in the retina, contributes to the production of ROS and
pro-inflammatory mediators and induces cell death in age-related macular
degeneration (AMD)*"". In contrast, 27-hydroxycholesterol may play a
protective role in the pathogenesis of AMD through its involvement in
translocator protein-mediated cholesterol trafficking™*. Although reports
indicate that 25-HC increases ROS in RPE cells**®, it is also known to have
anti-inflammatory effects on brain glial cells and macrophages” . Despite
the discovery of such roles of oxysterols in ocular damage, the effect of
oxysterols on the pathophysiology of SANS remains unknown. In this study,
we discovered that 25-HC has anti-inflammatory effects on microglia under
SMG. However, high concentrations of 25-HC (> 10 uM) increase the
inflammatory response in microglia (Fig. S2a), suggesting that the abun-
dance of 25-HC in SANS states could be considered a determinant of its pro-
inflammatory or anti-inflammatory effects. Some reports indicate that the
level of 25-HC is increased under ocular damage conditions and that ele-
vated 25-HC concentrations (50-155pM) can contribute to RPE cell
death™**. Additionally, in neurodegenerative disease, 25-HC can play
either neuroprotective roles or contribute to disease exacerbation,
depending on its concentration range®. Since the concentration of 25-HC
varies between disease states, the function of 25-HC in ocular damage
should be considered on the basis of the specific etiology and type of ocular
disease. Herein, we suggest that low doses of 25-HC reduce the SMG-
induced inflammatory response of microglia, thereby mitigating damage to
the RPE and neurons. Further investigation is required to identify the
changes in 25-HC concentration in the retina at each stage of spaceflight
(pre-flight, in-flight, and post-flight) and to assess the impact of 25-HC on
the biological processes of each cell type in the retina and the progression of
SANS. Our findings confirmed that inflammatory microglia exacerbate
SMG-induced retinal damage. These findings further suggest that microglia
play significant roles in SANS pathology and can be targeted for the
development of novel therapeutics. Many studies have reported strategies
for targeting the inflammatory response mediated by microglia or for
modifying microglia®”’. Replenishing healthy microglia using stem cell
therapy or removing dysfunctional microglia could be suitable strategies for
treating SANS; however, further evaluation is necessary to determine the
ideal timing of microglial depletion or addition depending on the SANS
stage. Although various drugs that target microglial inflammatory respon-
ses, such as nonsteroidal anti-inflammatory drugs or inflammasome inhi-
bitors, have also been reported to be effective, whether they have distinct
clinical effects remains unclear. Furthermore, membrane impermeability
due to the BRB and the metabolic destruction of drugs pose significant
challenges in drug discovery for targeting microglia®”'. Given the limita-
tions of existing strategies targeting microglia, leveraging the anti-
inflammatory effects and BRB-penetrating capability of 25-HC in micro-
glia represents a promising therapeutic strategy for mitigating retinal
damage during spaceflight.

Methods

Cell culture

Primary retinal microglia were cultured from 1-day-old C57BL/6 mice from
female (Orient Bio, Korea). In brief, the eyes were removed and placed in
ice-cold Hank’s buffered salt solution (HBSS; Welgene, Korea) supple-
mented with N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic  acid
(HEPES, 10 mM, pH 7.4). To preserve the retinas, the corneas were cut
away, and the crystalline lens and pigment epithelium layer were removed.
The retinas were triturated into single cells in Dulbecco’s modified Eagle’s
medium (DMEM; Welgene) containing 10%(v/v) fetal bovine serum (FBS;
HyClone, South Logan, UT) and penicillin/streptomycin (1%), before being
plated onto poly-D lysine (1 mg/mL)-coated 75 cm® T-flasks for 2 weeks.
The microglia were detached from the flask by shaking it and were filtered
through a nylon mesh to remove other cells and clumps. The microglia were

then counted and plated onto 25 cm* T-flasks, cover glasses, or transwells at
an appropriate density.

Primary neurons were cultured as described above. In brief, the retinas
were triturated and incubated in HBSS containing trypsin (0.05%; Welgene)
and DNase I (100 pg/mL; Sigma, St. Louis, MO) for 15 min at 37 °C, before
being dissociated via gentle pipetting. The dissociated cells were plated onto
poly-D-lysine-coated 12 mm cover glass or 96-well plates in Neurobasal
medium containing B27 (2%), sodium pyruvate (1%), penicillin/strepto-
mycin (1%), and GlutaMAX (1%) (all supplements were from Gibco,
Carlsbad, CA) for 7 days.

Primary RPE cells were cultured from 5-6-month-old wild-type male
C57BL/6 mice. The cornea and lens were removed, and the RPE layer was
carefully peeled from the retinas. The RPE layer was subsequently incubated
with trypsin for 10 min at 37°C and then dissociated through gentle
pipetting. The dissociated cells were plated onto 25 cm” flasks, transwells, or
96-well plates in DMEM containing FBS (10%) and penicillin/streptomycin
(1%). For the experiments, the media were changed to lower the FBS con-
centration to 1% when the cells were fully confluent.

Human retinal pigment epithelial ARPE-19 cells, which were derived
from the normal eyes of a healthy 19-year-old male donor and RAW264.7
macrophages, a murine macrophage cell line originating from a male BALB/
¢ mouse leukemia, were obtained from ATCC (Manassas, VA).The cells
were plated onto tissue-culture plates in DMEM containing FBS (10%) and
penicillin/streptomycin (1%). ARPE-19 cells were used between passages 19
and 22, while RAW264.7 cells were used between passages 25 and 27. When
the ARPE-19 cells were fully confluent, the medium was changed to DMEM
supplemented with 1% FBS and 1% GlutaMAX. After 4 weeks, the ARPE-19
cells formed a regular cobblestone monolayer.

For coculture with multiple types of cells, the RPE, microglia, and
neurons were seeded on 12 mm coverslips and attached to transparent thin
plastic film strips using safe and nontoxic ethylene vinyl acetate glue. To
simulate pG, the cell strips were inserted into 25 cm® T-flasks containing
DMEM (with 10% FBS and 1% penicillin/streptomycin) and then cultured
under 1G or 107°G conditions for up to 14 days. All experimental proce-
dures were approved by the Institutional Animal Center and Use Com-
mittee of Inha University (INHA 240214-912).

Organotypic culture

Organotypic eye cultures were prepared from adult C57BL/6 mice
following previously reported protocols’ with minor modifications. In
brief, the mice were anesthetized, and the eyes were enucleated. Sub-
sequently, the eyes were placed in HBSS containing HEPES (10 mM),
and the meningeal sheath surrounding the optic nerve was carefully
removed. To simulate pG, the enucleated globes were placed in 0.5 mL
microtubes—filled completely with Neurobasal medium containing
B27 (2%), sodium pyruvate (1%), penicillin/streptomycin (1%), and
GlutaMAX (1%)—and then incubated under 1G or 10°G conditions
for up to 14 days. During SMG, the culture medium was changed every
2-3 days. All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Inha University
(Approval No. INHA-240214-912) and were conducted in accordance
with the guidelines for the care and use of laboratory animals estab-
lished by the committee.

Microgravity simulation

To simulate G, the cells or globes were cultured under normal 1 G or 10°G
conditions using a Gravite® device (Space Bio-Laboratories, Japan). This
device produces an environment replicating spaceflight conditions (107 G)
by 3D-rotating a sample around two axes”*’*. To avoid fluid shearing, the
cell culture flasks or tubes were carefully filled with the culture medium,
ensuring that no bubbles were formed. The flasks or tubes were placed on
the Gravite® device, and microgravity was induced in Mode C (X2 rpm), as
recommended for cell culture. The Gravite® device was operated in a CO,
incubator at 37 °C and 5% CO,. The culture media were changed every
2-3 days for up to 14 days.
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Real-time reverse transcription—-quantitative polymerase chain
reaction analysis

Total RNA was isolated using RNAiso Plus (TaKaRa, Japan), and cDNA
was synthesized using Moloney murine leukemia virus reverse transcriptase
and oligo (dT) (CellSafe, Korea), in accordance with the manufacturer’s
instructions. For the quantitative polymerase chain reaction (qPCR),
amplification reactions were performed using a CFX real-time PCR system
(Bio-Rad, Hercules, CA) with the SYBR qPCR master mix (CellSafe), as per
the manufacturer’s instructions. The value of each cDNA was calculated
using the ACt method and normalized to the value of the housekeeping
gene, Actin. The primers used for the QPCR (Bioneer, Korea) are described
in Table S1.

Western blotting

The cells were lysed with RIPA buffer (50 mM Tris-HCl pH 7.5,
150 mM NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
and 2 mM ethylenediaminetetraacetic acid at pH 8.0) supplemented
with a cocktail of protease inhibitors (ATTO, Japan) at 4°C for
30 min. The samples were separated using SDS-PAGE and transferred
to nitrocellulose membranes. The membranes were incubated with
primary antibodies and horseradish peroxidase-conjugated secondary
antibodies, and the bands were visualized using an enhanced chemi-
luminescence system (Bio-Rad). With regard to the primary anti-
bodies, rabbit anti-zonular occludens 1 (ZO-1) and mouse anti-matrix
metalloproteinase-9 (MMP-9) were purchased from Thermo Fisher
Scientific (Waltham, MA), while mouse anti-vascular endothelial
growth factor (VEGF) and mouse beta-Actin were purchased from
Santa Cruz (Santa Cruz, CA).

Isolation of lipid rafts by sucrose density gradient
ultracentrifugation

The primary retinal microglia were treated with the RPE
cell-conditioned medium (RCM) from the 1G- or SMG-treated pri-
mary RPE cells. After 2 days, microglia were lysed in lysis buffer
(500 mM Na,CO3, 25 mM MES, 150 mM NaCl) containing protease
inhibitors, and the lysates were sheared through a 23-gauge needle
with 20 complete passes. The lysates were adjusted to 45% sucrose,
overlayed with 35 and 5% sucrose in lysis buffer. The mixed lysates
were centrifuged at 38,000 rpm for 20 hr in a SW55 rotor (L-90K,
Beckman-Coulter, Brea, CA). From top of the gradient, twelve 1 ml
fractions were collected. To concentrate proteins for western blot
analysis, each fraction was subjected to trichloroacetic acid (TCA)
precipitation by adding TCA to a final concentration of 10%, followed
by incubation on ice for 30 min. The precipitated proteins were pel-
leted by centrifugation at 13,000 x g for 15 min at 4 °C. Pellets were
washed twice with cold acetone to remove residual TCA, air-dried, and
resuspended in SDS sample buffer. Equal volumes of each fraction
were analyzed by Western Dblot. To detect mono-
sialotetrahexosylganglioside (GM1) from each fraction, 1 pl of each of
the fractions was loaded on a nitrocellulose membrane, and then wa
estern blot was performed with HRP-conjugated cholera toxin subunit
B (CT-B) (Sigma).

D4 labeling

The primary retinal microglia cultured on coverslips were washed twice
with PBS and fixed 4% paraformaldehyde for 15 min at room temperature.
The fixed cells were washed with PBS and permeabilized with PBS con-
taining 0.1% Triton X-100 for 20 min at RT. After washing with PBS, cells
were blocked with PBS containing 1% BSA for 45 min at RT. And then
incubated with 5 pg/ml His-EGFP-tagged 0 toxin domain 4 (His-EGFP-
D4) in 1% BSA for 1 hr at RT. The cells were washed and fixed with 4%
paraformaldehyde in PBS. Images were acquired using a confocal micro-
scope (LSM980; Zeiss, Germany). His-EGFP-D4 was provided by RIKEN
BRC, which is participating in the National Bio-Resources Project of the
MEXT, Japan.

Transwell insert chemotaxis assay

Transwells (SPL Life Science, Korea) with an 8 pum pore size were used to
measure cell migration. Specifically, 1 x 10* RAW264.7 cells were seeded
into the upper chamber, and 500 uL of ARPE19 RPE cell-conditioned
medium (RCM) was added to the lower chamber. After 24 h, the cells that
remained in the upper chamber were removed with a cotton swab, fixed, and
stained with crystal violet (Sigma). Images of the migrated cells were cap-
tured using a digital camera connected to an inverted microscope (Olympus
IX50, Japan). To quantify cell migration, two complementary approaches
were employed. First, migrated cells on the lower surface of the transwell
membrane were fixed and stained with crystal violet, and the dye was
subsequently eluted using 10% acetic acid. The optical density of the eluate
was measured at 595 nm using a microplate reader (Synergy HTX; BioTek,
Winooski, VT). In parallel, microscopic images of stained membranes were
acquired, and quantification was performed using Image] software by
measuring the cell-covered area in randomly selected fields.

Immunofluorescence

Retina sections were permeabilized with 0.2% Triton X-100 for 30 min and
then blocked in 1% bovine serum albumin (BSA) for 1h, before being
incubated overnight at 4 °C with anti-CD68 (Santa Cruz) and microtubule-
associated protein-2 (MAP-2; Abcam, UK) diluted in 1% BSA with 0.2%
Triton X-100 in phosphate-buffered saline (PBS). The sections were washed
in PBS before being incubated with secondary antibodies (Invitrogen,
Carlsbad, CA) for 1 h. The sections were washed in PBS and then mounted
with Vectashield medium containing 4’,6-diamidino-2-phenylindole
(DAPI Vector Laboratories, Burlingame, CA).

The cells were fixed with 4% paraformaldehyde and then permeabi-
lized with 0.2% Triton X-100 for 10 min. Then, they were washed three
times in PBS and blocked with 1% BSA for 1 h, before being incubated with
primary antibodies overnight at 4 °C. The cells were then washed and
incubated with a fluorescent secondary antibody for 1 h at room tempera-
ture. Coverslips were mounted with Vectashield medium containing DAPI
and viewed using a confocal microscope (LSM980; Zeiss). Fluorescence
images of CD68 and MAP2 staining were analyzed using Image] software
(NIH, Bethesda, MD), as recommended in the literature™. For each sample,
fluorescence intensity was measured per field of view in three to five ran-
domly selected regions using identical acquisition settings. The average
intensity was calculated after background subtraction.

TUNEL assay

TUNEL assays were conducted using a commercial kit as per the manu-
facturer’s instructions (Promega, Madison, WI). In brief, retina sections
were incubated in 1x equilibration buffer for 10 min. Thereafter, the sam-
ples were incubated with terminal deoxynucleotidyl transferase for 1h at
37°C, blocked with stop/wash buffer, and incubated with a peroxidase
antibody for 30 min at room temperature. Coverslips were mounted with
Vectashield medium containing DAPI and viewed using a confocal
microscope (LSM980, Zeiss). TUNEL-positive cells were quantified based
on fluorescence intensity per field of view.

Cell viability assay

Primary neurons were cultured with or without RPE or microglia under 1 G
or SMG conditions. After incubation, WST-8 solution (Biomax, Korea) was
added to the primary neurons and incubated for 2h at 37°C in a CO,
incubator. The absorbance was measured at 450 nm using an EpochTM
microplate reader (BioTek).

Fluorescein isothiocyanate-dextran flux assay

ARPE-19 or primary RPE cells were grown to confluence in transwells
with a 0.4 mm polyester membrane (SPL life science) and were main-
tained in culture for 2-3 weeks in DMEM with 1% FBS. Then, they were
incubated under 1G or 107G for up to 14 days. The cells were subse-
quently washed with PBS, and 10kDa fluorescein isothiocyanate
(FITC)-dextran at 1 mg/mL was added to the upper wells for 30 min
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(FD10S, Sigma). Next, the medium from the bottom well was used to
determine the fluorescence, which was measured using a Synergy HTX
plate reader (BioTek) at 485 nm excitation and 520 nm emission.

Depletion of microglia

For microglial depletion, colony stimulating factor 1 receptor (CSF1R)
inhibitor, Plexxikon (PLX)5622 (6-Fluoro-N-[(5-fluoro-2-methoxypyr-
idin-3-yl) methyl]-5-[(5-methyl-1H-pyrrolo[2,3-b] pyridin-3-yl) methyl]
pyridin-2-amine; Cayman, Ann Abor, MI) were used. The enucleated eyes
were incubated with 0.1 uM PLX5622 or vehicle control (DMSO) for 48 h at
37 °C. Afterward, eyes were incubated under 1G or 10°G conditions for up
to 14 days. PLX5622-mediated microglial depletion was confirmed by
analyzing ionized calcium binding adaptor molecule 1 (Ibal)
immunoreactivity.

Statistical analysis

The data were plotted using GraphPad Prism 9.5.1. Statistical significance
was determined through an unpaired two-tailed Student’s ¢-test for pairwise
comparisons, and one-way or two-way analysis of variance (ANOVA) for
multiple comparisons. Post hoc multiple comparison corrections were
performed using the Dunnett method (one-way ANOVA), the Sidak’s
method (two-way ANOVA). A p-value of 0.05 was considered statistically
significant. The values are presented as mean + SD.

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information.
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