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Abstract: Retinal pathologies have been heavily studied in response to radiation and microgravity,
including spaceflight-associated neuro-ocular syndrome (SANS), which is commonly developed
in space flight. SANS has been characterized in clinical studies of astronauts returning to Earth
and includes a range of symptoms, such as globe flattening, optic-disc edema, retinal folds, and
retinal ischemia. In cases of retinal insult, Müller glia (MG) cells respond via neuroprotective gliotic
responses that may become destructive to produce glial scarring and vison loss over time. Retinal
pathology is further impacted by the production of excessive reactive oxygen species (ROS) that
stimulate retinal inflammation and furthers the gliosis of MG. Neuroprotectants derived from natural
products (NPs) able to scavenge excess ROS and mitigate long-term, gliotic responses have garnered
recent interest, especially among mature and aging adults. The natural antioxidants aloin and
ginkgolide A flavonoids, derived from Aloe vera and Ginkgo biloba species, respectively, have been
of particular interest due to their recent use in other nervous-system studies. The current study
examined MG behaviors in response to different doses of aloin and ginkgolide A over time by
measuring changes in morphology, survival, and ROS production within microscale assays. The
study was further enhanced by using galactic cosmic rays (GCR) at the Brookhaven NASA Space
Radiation Laboratory to simulate ionizing radiation in low- and high-radiation parameters. Changes
in the survival and ROS production of radiation-treated MG were then measured in response to
varying dosage of NPs. Our study used in vitro systems to evaluate the potential of NPs to reduce
oxidative stress in the retina, highlighting the underexplored interplay between NP antioxidants and
MG endogenous responses both in space and terrestrially.

Keywords: Müller glia; aloin; ginkgolide A; galactic cosmic rays; ionizing radiation; oxidation-
reduction; reactive-oxygen species (ROS)

1. Introduction

The National Aeronautics and Space Administration (NASA) has recently documented
the development of ocular pathologies in response to the microgravity and ionizing radia-
tion of space, called spaceflight-associated neuro-ocular syndrome (SANS) [1]. While SANS
is believed to be primarily microgravity-driven, how these ocular manifestations may occur
as byproducts of radiation exposure [1–3] remains unknown. Ionizing radiation is known
to induce injuries in biological tissue, including cerebro-ophthalmic injuries within the eye
and retina, at high and low doses of radiation [4,5]. Damage to photoreceptors has been
reported for up to two years post-irradiation in high energy 56Fe (iron ion) studies [6,7].
These 56Fe high energy nuclei are difficult to defend against, fragmenting in contact with
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shielding materials and depositing high-energy particles within the biological tissues of
astronauts. Projects have also shown that high doses of 56Fe can cause cellular death and
retinal microlesions for months following a retinal injury [8,9]. Importantly, neural stud-
ies of astronauts have reported that low-dosage radiation can affect brain-retinal-barrier
functions (BRB), causing neovascular remodeling and increased retinal-cell apoptosis [3].
These issues have received increased significance with the higher frequency and duration
of commercial air travel [10] and, most recently, with the advent of space tourism [11]. How
ionizing radiation influences reduction-oxidation processes within the retina to result in
degeneration and vision loss is unknown.

Reduction-oxidation, or redox reactions, provide the main source of energy for essen-
tial cellular functions in the vertebrate retina [12–14]. The retina is a highly cellular and
multi-laminated tissue that enables phototransduction of light to form images of objects in
the brain, as shown in Figure 1. The human retina connects the eye directly to the visual
cortex through the optic nerve and contains six different neuronal cell lineages and one
primary neuroglia, called Müller glia (MG).
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Figure 1. Layered schematic of the retina. A rendering of the human retina showing synaptic
connections between Müller glia (blue) and retinal ganglion cells (teal), amacrine cells (yellow),
bipolar cells (green), horizontal cells (orange), and photoreceptors (rods: orange; cones: purple).

The visual system’s daily exposure to light increases retinal-oxygen consumption,
to elevate its tissue levels of free radicals, including reactive nitrogen, iron, and oxygen
species [15]. Reactive-oxygen species (ROS) are intracellular signaling molecules that
regulate neuronal function and vascular reactivity [16], but with excess production that
can modify or impair molecular-retinal functions, stimulate apoptosis, and inflammatory
responses [17]. ROS production due to elevated retinal metabolism is well-known to con-
tribute to neurodegenerative disorders, such as SANS, age-related macular degeneration
(AMD), and diabetic retinopathy (DR), among others [18–20]. As a result, rising adult inter-
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est in eye-health supplements has been reflected by exponential growth in the nutraceutical
market [21–24], shown in Figure 2.
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projections in upcoming years.

While the underlying mechanisms of retinal degeneration from SANS and other de-
generative pathologies remain only partially understood [25], excessive ROS are major
cytotoxic factors that promote retinal insult via oxidative stress, resulting in progressive
vision loss [26,27]. MG are mechano-sensing cells that control retinal metabolism [28,29],
regulate permeability of the blood retinal barrier (BRB) [30], and respond to insults via
gliosis (reviewed in [31,32]), a series of endogenous-repair responses that protect neu-
rons and isolate damaged cells as needed. Significantly, oxidative stress not only lessens
MG neuroprotective abilities but also promotes chronic, neurodestructive MG responses.
Here, MG respond to long-term injury via migration and proliferation that can displace
adjacent neurons, disrupt synaptic networks, and lead to glial scarring [32,33]. Moreover,
elevated ROS stimulates pathological MG activity, which includes increased secretion of
the inflammatory cytokine tumor necrosis factor alpha (TNF-α) [34], vasodilation via nitric
oxide [35], oxidation of the glutamine synthetase protein [36], and oxidative stress via
accumulation of advanced glycation end products (AGEs), recently shown to alter BRB
permeability [37]. As a result, antioxidant substances from natural products (NPs) that
scavenge excess ROS production and protect against oxidative stress have become thera-
peutic targets as neuroprotectants against eye-related dysfunction and retinal disease [38].
The antioxidant and radical-scavenging properties of aloin, an anthraquinone-C-glycoside
found in the Aloe species, and ginkgolide A of the Ginkgo biloba species [39,40], have been
recently used to reduce cell-membrane lipid peroxidation and subsequent damage to lipid
membranes in retinal neurons [41]. However, few projects have examined the effects of any
of these NPs on MG behaviors, despite the known reparative properties of these retinal
neuroglia [39,42,43].

The current project used microscale, in vitro systems to examine the behaviors of
reactive MG with and without dosages of aloin (A) and ginkgolide A (G) in response
to galactic cosmic rays (GCR), which simulate solar-ionizing radiation in low- and high-
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radiation parameters. Results of our study illustrate the ability of these NP antioxidants
to promote MG survival, induce changes in morphology, and reduce production of excess
ROS with varying cumulative doses of GCR. These data highlight the importance of using
antioxidants to examine MG behaviors against oxidative damage from SANS and other
retinal-degenerative disorders as well as the translational significance of NP formulations
that reduce ROS production in aging retina.

2. Materials and Methods
2.1. Cell Culture

Müller glia (MG) were modeled using an immortalized cell line (rMC-1; Kerafast,
ENW001), immortalized by transfecting primary Müller cell cultures from adult-rat reti-
nas with a viral oncogene [44], and were thawed from aliquots stored in nitrogen tanks,
before being plated onto sterile, tissue culture flasks, and cultured using sterile Dulbecco’s
modified Eagle medium (DMEM; ATCC, Cat. No. 30–2002) containing 10% fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. 26140) and 1% penicillin–
streptomycin (Gibco, New York, NY, USA, Cat. No. 15070063). All cells were cultured
at 37 ◦C, 95% humidity, and 5% CO2 and passaged at 80%–90% confluency. To dislodge
cells from the flask, cultures were rinsed once with Dulbecco’s Phosphate Buffered Saline
(DPBS; VWR, 21-031-CV) then incubated in Accutase (ICT, Inc., San Diego, CA, USA, Cat.
No. AT104-500) for 10 min at 37 ◦C and centrifuged at 1500 rpm for 3 min. Cell medium
was replaced every 2 days, and cultures were allowed to reach 80–90% confluency before
harvesting for testing. rMC-1 cells have been used to model the behaviors of MG by our
group [45] and others [44,46,47]. Our current study continued to use these models to
maintain appropriate comparisons across studies.

2.2. Reagents

MG cultures were examined in response to exogenous 10 µg/mL, 50 µg/mL, 100 µg/mL,
250 µg/mL, and 500 µg/mL concentrations of aloin (A: Thermo Fisher Scientific, Cat. No.
AAJ62153MC); 0.5 µg/mL, 1 µg/mL, 2.5 µg/mL, 5 µg/mL, and 10 µg/mL concentrations
of ginkgolide A (G: Thermo Fisher Scientific, Cat. No. 11-101-3216). A summary of the
concentration used and their denotations in experiments are listed in Table 1.

Table 1. Survival rates of Müller glia (MG) in response to exogenous concentrations of antioxidant
solutions. Survival rates of Müller glia (MG) measured when cultured in different antioxidant
solutions of aloin (A) and ginkgolide A (G) for 72 h. Statistical significance is denoted with an asterisk
(*) for p < 0.05and with a triple asterisk (***) for p < 0.001.

Aloin Control 10 ug/mL 50 ug/mL 100 ug/mL 250 ug/mL 500 ug/mL

72 h 97.0 ± 5.6% 94.4 ± 3.7% 93.4 ± 4.5% 90.5 ± 3.5%
* 73.5 ± 13.0% *** 63.3 ± 10.0%

***
Ginkgolide A Control 0.5 µg/mL 1 µg/mL 2.5 µg/mL 5 µg/mL 10 µg/mL

72 h 99.3 ± 0.2% 99.5 ± 0.5% 98.7 ± 0.3%
*

96.3 ± 1.6%
* 95.8 ± 3.7% 93.8 ± 2.7%

*

2.3. Measurement of Cell Survival, Morphology, Proliferation, and GOS

Cells were seeded at 20,000 cells per mL in 24-well plates (Corning, New York, NY,
USA, Cat. No. 353047). Representative cell groups were analyzed at 0 h (immediately upon
seeding), 24 h, 48 h, and 72 h. The morphology of MG was evaluated via the cell-shape
index (CSI), as accomplished previously by our group [48,49], using the dimensionless
parameter to quantify the roundness of a cell and as per Equation (1):

CSI = (4πA_s)/P2 (1)
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where AS is the cell surface area (µm2), and P (µm) is the perimeter of the cell. The value of
the CSI ranges from 0 to 1, where values close to one represent a perfectly rounded cell,
and values approaching 0 denote a purely bipolar and elongated cell [48].

Proliferation and survival were calculated using a LIVE/DEAD Viability/Cytotoxicity
Kit for mammalian cells (Thermo Fisher Scientific, Cat. No. L3224). The LIVE/DEAD assay
reagent treated cells with calcein-AM and ethidium homodimer-1 administered for 30 min
at room temperature (T = 25 ◦C), which were then immediately imaged. Survival is defined
in Equation (2):

Survival = (L − D)/L·100% (2)

where L (Live) is the average of calcein-AM stained cells across three wells in triplicate, and
D (Dead) is the average of ethidium homodimer-1-stained cells across 3 wells in triplicate.
This number is then expressed as a percent between 0% and 100%. Proliferation was defined
as the number of Live cells in representative well images averaged over all time points and
normalized to the 24-well-plate area (A = 2 µm2). The survival difference is computed in
Table 2 as the Post-Treatment Survival % subtracted from the Pre-Treatment Survival %.

Table 2. Survival rates of Müller glia (MG) in response to exogenous concentrations of antioxidant
solutions. Survival rates of Müller glia (MG) measured when cultured in different antioxidant
solutions of aloin (A) and ginkgolide A (G) for 30 min and 6 h post irradiation. Survival difference
computed as the (Pre-Treatment Survival—Post-Treatment Survival).

Pre-Treatment Survival Post-Treatment Survival (Pre − Post) Survival Difference

30 min

Aloin Control 92.9% Aloin Control 92.9% 0.0%

Aloin 50 µg/mL 92.2% Aloin 50 µg/mL 92.1% 0.1%

Aloin 100 µg/mL 94.6% Aloin 100 µg/mL 93.3% 1.3%

Ginkgolide A Control 95.1% Ginkgolide A Control 94.1% 1.0%

Ginkgolide A 1 µg/mL 95.5% Ginkgolide A 1 µg/mL 94.7% 0.8%

Ginkgolide A 2.5 µg/mL 93.2% Ginkgolide A 2.5 µg/mL 95.1% −1.9%

6 h

Aloin Control 92.7% Aloin Control 91.1% 1.6%

Aloin 50 µg/mL 91.3% Aloin 50 µg/mL 95.8% −4.5%

Aloin 100 µg/mL 94.7% Aloin 100 µg/mL 90.3% 4.4%

Ginkgolide A Control 91.3% Ginkgolide A Control 94.2% −2.9%

Ginkgolide A 1 µg/mL 91.9% Ginkgolide A 1 µg/mL 94.8% −2.9%

Ginkgolide A 2.5 µg/mL 85.2% Ginkgolide A 2.5 µg/mL 95.7% −10.5%

Reactive-oxygen species (ROS) were calculated using CM-H2DCFDA kit (Thermo
Fisher Scientific, Cat. No. C6827) to measure general oxidative stress (GOS) in MG. At the
time points of t = 0, 24, 48, and 72 h, the GOS stain was administered for 30 min at 37 ◦C,
95% humidity, and 5% CO2 at a concentration of 30 µM [50]. Following incubation, the
loading buffer was washed off with pre-warmed PBS (37 ◦C) and cells were immediately
imaged. GOS fold intensity was calculated using a parameter called the Corrected Total
Cell Fluorescence (CTCF), defined in Equation (3):

CTCF = ID − (A_s·µ_B) (3)

where ID is the Integrated Density calculated using optical software (Image J, National
Institutes of Health, Boston, MA, USA), AS is the cell surface area (µm2), and µ_B is the
average of three background-intensity readings.
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Cell groups were separated by “Pre-Treatment” and “Post-Treatment” conditions,
which describe treatment with antioxidant solutions at 24 h before irradiation (Pre-Treatment)
and immediately after irradiation (Post-Treatment).

2.4. Galactic Cosmic Rays (GCR)

The Galactic Cosmic Radiation (GCR) Simulator at the NASA Space Radiation Labora-
tory (NSRL) at Brookhaven National Laboratory was used to conduct the experiments [51].
A five-ion profile was chosen consisting of hydrogen protons at 1000 and 250 MeV (Z = 1),
silicon at 600 MeV/n (Z = 14), helium at 250 MeV/n (Z = 2), oxygen at 350 MeV/n (Z = 8),
and iron at 600 MeV/n (Z = 26). Hydrogen of 1000 MeV consisted of 35% of the total
irradiation, silicone consisted of 1% of the total irradiation, helium consisted of 18% of the
total irradiation, oxygen consisted of 6% of the total irradiation, iron consisted of 1% of
the total irradiation, and hydrogen of 250 MeV consisted of 39% of the total irradiation.
The total dose of ion species was 67 cGy delivered over 87.81 min, which is equivalent to
a cumulative dose of a round trip to Mars. Additionally, a 10 × 10 cm2 beam delivered
300 MeV/n of iron to additional 12-well plates for a high-dosage, high-irradiation-rate iron
bombardment. The cell subjected to this iron bombardment received 746.3% of the original
5 ion species GCR. A dose of 500 cGy was delivered over 8.9 min for a total dose rate of
57.4059 cGy/min, as shown in Figure 3.
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of Müller glia (MG). (A) Graphical depiction of the GCR 5-ion study performed for irradiation
values equivalent to a round trip to Mars (67 centiGray (cGy)). (B) Graphical depiction of the GCR
iron-only study performed for high-irradiation conditions of 500 centiGray (cGy). (C) Graphical
depictions represented numerically, split by Ion Species, Dose, Dose Rate, Irradiation Time, and % of
Total Irradiation.

2.5. Imaging and Analyses

An inverted epi-fluorescence microscope (Leica DMi8) was used to observe cell be-
havior over time and to perform optical analyses with a cooled CCD camera (DFC7000
GT, Leica Microsystems, Wetzlar, Germany) using a 20× magnification (DMi8 Leica Mi-
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crosystems Inc., Buffalo Grove, IL, USA). An insertable frame for the microscope stage
(H301-K-FRAME, Leica Microsystems) was used to hold the 24-well plates, with attachment
(24MW, OKOLAB, Pozzuoli, Italy). Intensity values (16-bit scale: 0–65535) were measured
using ImageJ (National Institutes of Health, Boston, MA, USA), as accomplished previously
by our group [48]. An inverted epi-fluorescence microscope (Axiovert 200 M) was used to
observe cell behavior post-irradiation at Brookhaven’s NSRL facility (Brookhaven National
Laboratory, Upton, NY, USA).

2.6. Statistical Analyses

One-Way ANOVA was used to analyze statistical significance among all experimental
groups. Each data set was gathered from a minimum of n = 35 cells per well, in triplicate.
Mean values from a pilot study were used to compute an 80% power analysis using
n = 35 cells per well, in triplicate. Microsoft Excel’s Data Analysis Toolbox was used for
One-Way ANOVA testing and data analysis. Normality was confirmed through the use of
the Shapiro–Wilk test, performed though the use of Graphpad Prism. Values are reported
using standard error of the mean. Statistical significance of p < 0.05 is denoted with an
asterisk (*), p < 0.01 is denoted with a double asterisk (**), and p < 0.001 is denoted with a
triple asterisk (***).

3. Results
3.1. Changes in Müller Glia Morphology and Proliferation in Antioxidant Solutions

Differences in Müller glia (MG) morphology and proliferation rates were exam-
ined over 72 h, when cultured in antioxidant solutions of aloin (A: 10–500 µg/mL) and
ginkgolide A (G: 0.5–10 µg/mL). MG in the control solution (C: DMEM only) exhibited
increasingly elongated morphology over time, with measured values of the cell-shape
index (CSI) decreasing from CCSI0 = 0.862 ± 0.002 to CCSI72 = 0.319 ± 0.003 over 72 h,
as shown in Figure 4. These values were consistent for all control solutions across all
experimental groups.
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Figure 4. Changes in Müller glia (MG) morphology over time in response to exogenous concentrations
of aloin (A) and ginkgolide A (G). Differences in the morphology of Müller glia (MG) cells cultured
over time in different antioxidant solutions as represented via cell-shape index (CSI). Values of MG
morphology measured in titrated solutions of (A) 10, 50, 100, 250, and 500 µg/mL of aloin (suspended
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in DMEM); (B) titrated solutions of 0.5, 1, 2.5, 5, and 10 µg/mL of ginkgolide A (suspended in DMEM).
Dashed curves through each plot denote changes in CSI over time for the control condition (DMEM
only). Representative images of MG after 72 h of culture in (C) 100 µg/mL of aloin (suspended in
DMEM); (D) 1 µg/mL of ginkgolide A (suspended in DMEM). Scale bar = 50 µm.

CSI values of MG cultured in extracellular solutions of aloin (A) followed a decreasing
trend, with values of CSI ranging from A-1CSI24 = 0.877 ± 0.001 (p > 0.05 against the control)
to A-5CSI72 = 0.269 ± 0.003 (p > 0.05 against control) for the concentrations listed. Notably,
cells cultured in 100 µg/mL (Concentration A-3) of aloin exhibited the most significant
elongation over the control at 72 h with A-3CSI72 = 0.228 ± 0.002 (p < 0.001) (Figure 4A). By
contrast, MG cultured in extracellular solutions of Ginkgolide A (G) exhibited no significant
changes in cell morphology across all concentrations, with CSI values approaching that of
the control at every time point (Figure 4B).

3.2. Changes in Cell Survival within Extracellular Solutions of Antioxidants

The survival rates, S, of MG cultured within different concentrations of exogenous
antioxidants were measured over 72 h, as shown in Table 1. Aloin and ginkgolide A
have been studied pre-radiation to quantify the survival rates of glial cells exposed to
antioxidants under normal cell-culture conditions. The naming procedure used for aloin
and ginkgolide A studies can be found in Figure S1. MG viability was measured using
Equation (2) and compared across all time points t = 0 h to t = 72 h. MG grown within
aloin solutions exhibited a survival range between A-1S72 = 94.4% ± 3.70% (p > 0.05)
and A-5S72 = 63.3% ± 10.0% (p < 0.001) over time. MG viability remained statistically
insignificant against the control for all concentrations through t = 48 h and remained
above 97% viability. However, MG cultured within higher concentrations of 250 µg/mL
(concentration A-4) and 500 µg/mL (concentration A-5) exhibited significantly decreasing
survival at t = 72 h, with A-4S72 = 73.5% ± 13.0% (p < 0.001) and A-5S72 = 63.3% ± 10.0%
(p < 0.001) (Table 1).

The Changes in MG survival when cultured with different concentrations of ginkgolide
A (G) were not significant against the control at t = 48 h, but exhibited significantly lower
survival at t = 72 h. As seen, MG cultured in the highest concentration of 10 µg/mL
(concentration G-5) exhibited the lowest survival of G-5S72 = 93.8% ± 2.68% (p < 0.05)
(Table 2).

3.3. Changes in Oxidative Stress of Müller Glia within Extracellular Solutions

The oxidative stress expressed by MG in response to exogenous antioxidant solutions
was measured via its production of reactive-oxygen species (ROS). MG levels of ROS varied
significantly across antioxidant groups, as per Figure 6A,B. Timepoints taken in the t = 0 h
control group were normalized to a value of 1 for all studies, and all ANOVA testing was
performed to each timepoint’s control, respectively. The average value of ROS for the
control conditions for all time points was CROS0-72 = 1.09 ± 0.05. As shown, MG cultured
in aloin solutions of 100 µg/mL (concentration A-3), and 250 µg/mL (concentration A-4)
exhibited significantly lower intensity at 0 h and slowly increased to the levels of the
normalized control within 72 h. ROS generated by MG cultured within 10 µg/mL (concen-
tration A-1) and 100 µg/mL (concentration A-3) of aloin were significantly greater at 72 h
with values of A-1ROS72 = 2.19 ± 0.47 (p < 0.01) and A-3ROS72 = 1.74 ± 0.26 (p < 0.05). MG
cultured within ginkgolide A (G) solutions produced highly significant changes in ROS at
t = 0 h but decreased to approach those of the control at 72 h with G-1ROS72 = 1.27 ± 0.25
(p < 0.01) as significantly higher than the control.

3.4. Changes in Survival and Oxidative Stress of Müller Glia Post-GCR

The survival rates, S, of MG cultured within different concentrations of exogenous
antioxidants were measured over 6 h post irradiation, as shown in Table 2. MG viability
was measured using Equation (2) and compared across the time points 30 min and 6 h.
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Groups were separated by “Pre-Treatment” and “Post-Treatment”. This describes treatment
with antioxidant solutions at 24 h before irradiation (Pre-Treatment) and immediately after
irradiation (Post-Treatment). The oxidative stress expressed by MG post-radiation was
measured via the production of reactive-oxygen species (ROS). MG levels of ROS varied
significantly across antioxidant groups, as per Figure 5A,B. Aloin 100 µg/mL (A-3) showed
a highly significant decrease in ROS at the 30 min time point for both the pre- and post-
treatment groups. This difference was seen to be Pre-A-3ROS30 = 0.65 ± 0.21 (p < 0.001) and
Post-A-3ROS30 = 0.44 ± 0.19 (p < 0.001), against the controls of Pre-CROS30 = 1.00 ± 0.22 and
Post-CROS30 = 0.98 ± 0.22, respectively. This significance decreased to that of the control by
6 h. Ginkgolide A seemed to have an opposite effect in Figure 5B, with values differing
little from the control at 30 min and significance among the Post-Treatment group at 6 h.
Post-G-2ROS6 = 1.96 ± 0.22 (p < 0.05) and Post-G-3ROS6 = 2.43 ± 0.25 (p < 0.001), against the
control of Post-CROS6 = 1.35 ± 0.21.

MG cultured for testing in the high-dosage iron-only study underwent a shorter
irradiation time and a far greater dose rate, as seen in Figure 7C. MG were studied under
the post-treatment condition at 30 min for survival and ROS. Aloin treatment showed
no significant effect at the 30 min time point, however, ginkgolide A treatment provided
significance at 30 min. Post-G-3ROS30 = 0.76 ± 0.20 (p < 0.05) compared to the control
Post-CROS30 = 1.00 ± 0.22.

Neuroglia 2022, 4, FOR PEER REVIEW    10 
 

 

 

Figure 5. Changes in general oxidative stress (GOS) of Müller glia (MG) over time in response to 

exogenous concentrations of aloin (A) and ginkgolide A (G). Changes in the general oxidative stress 

(GOS) of Müller glia (MG) cells were measured when cultured with different concentrations of the 

antioxidants, aloin and ginkgolide A. (A) GOS measured over time of MG cultured in titrated solu‐

tions of 10, 50, 100, 250, and 500 μg/mL of aloin (suspended in DMEM). All values of GOS are nor‐

malized to control conditions (DMEM only). (B) GOS measured over time of MG cultured in titrated 

solutions of 0.5, 1, 2.5, 5, and 10 μg/mL ginkgolide A (suspended in DMEM). All values of GOS are 

normalized to control conditions (DMEM only). Statistical significance of p < 0.05 is denoted with 

an asterisk (*), p < 0.01 is denoted with a double asterisk (**), and p < 0.001 is represented by a triple 

asterisk (***). Scale bar = 50 μm. 

 

Figure 6. Changes in general oxidative stress (GOS) of Müller glia (MG) post‐irradiation of 5‐ion 

GCR in response to exogenous concentrations of aloin (A) and ginkgolide A (G). (A) GOS measured 

Figure 5. Changes in general oxidative stress (GOS) of Müller glia (MG) post-irradiation of 5-ion GCR
in response to exogenous concentrations of aloin (A) and ginkgolide A (G). (A) GOS measured over
time of MG cultured in control and titrated solutions of aloin 50 µg/mL and 100 µg/mL (suspended in
DMEM). (B) GOS measured over time of MG cultured in control and titrated solutions of ginkgolide
A 1 µg/mL and 2.5 µg/mL (suspended in DMEM). All values of GOS are normalized to control
conditions (DMEM only). Statistical significance of p < 0.05 is denoted with an asterisk (*), and
p < 0.001 is represented by a triple asterisk (***). Representative image of GOS expression in MG after
6 h post irradiation for (C) aloin control and (D) aloin 100 µg/mL. Scale bar = 50 µm.
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Figure 6. Changes in general oxidative stress (GOS) of Müller glia (MG) over time in response
to exogenous concentrations of aloin (A) and ginkgolide A (G). Changes in the general oxidative
stress (GOS) of Müller glia (MG) cells were measured when cultured with different concentrations of
the antioxidants, aloin and ginkgolide A. (A) GOS measured over time of MG cultured in titrated
solutions of 10, 50, 100, 250, and 500 µg/mL of aloin (suspended in DMEM). All values of GOS are
normalized to control conditions (DMEM only). (B) GOS measured over time of MG cultured in
titrated solutions of 0.5, 1, 2.5, 5, and 10 µg/mL ginkgolide A (suspended in DMEM). All values of
GOS are normalized to control conditions (DMEM only). Statistical significance of p < 0.05 is denoted
with an asterisk (*), p < 0.01 is denoted with a double asterisk (**), and p < 0.001 is represented by a
triple asterisk (***). Scale bar = 50 µm.
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glia (MG) measured when cultured in different antioxidant solutions of aloin (A) and ginkgolide A
(G) for 30 min post irradiation with iron. (B) GOS measured over time of MG cultured in control
and titrated solutions of aloin 50 µg/mL and 100 µg/mL (suspended in DMEM). (C) GOS measured
over time of MG cultured in control and titrated solutions of ginkgolide A 1 µg/mL and 2.5 µg/mL
(suspended in DMEM). All values of GOS are normalized to control conditions (DMEM only).
Statistical significance of p < 0.05 is denoted with an asterisk (*).

4. Discussion

Müller glia (MG) are critical cells that regulate the synapse of retinal neurons [52],
support retinal-tissue structure and integrity [43,53], and initiate endogenous repair re-
sponses to injury and/or disease [54]. Within the retina, MG perform many of the functions
entrusted to other neuroglia across the nervous system, such as the neuronal homeostasis
supported by astrocytes and oligodendrocytes [55], regulation of extracellular fluid per-
formed by ependymal cells [56], and the reparative morphology and motility responses
of Schwann cells [48]. Significantly, MG additionally regulate metabolic activities that
control retinal redox and glutamatergic homeostasis [57,58]. Redox reactions are essential
to retinal health and function but produce elevated levels of reactive-oxygen species (ROS)
that can lead to degenerated adult retina when accumulated over time (reviewed in [59]),
particularly significant for degenerative diseases caused by aging as well as SANS.

Prolonged light exposure leads to the high metabolic and oxidative phosphorylation
rate of retinal tissue, which is a principal source of ROS generated in the mitochondria
of healthy retinal neurons [27,60,61]. The complex phototransduction processes needed
for vision, therefore, require significant retinal-antioxidant protection (reviewed in [62]).
Surprisingly, much of the literature related to oxidative stress in the retina has understated
the important antioxidant roles of MG and instead focused on MG production of oxidative
products with detrimental effects on retinal neurons, such as nitric oxide synthase [62].
While MG can certainly contribute to oxidative stress via dysfunction of glutamate uptake
and glutathione synthesis, MG metabolic functions also provide potent antioxidant factors
that prevent neural damage from oxidative stress. ROS generation has been recently linked
to physiological signaling and protective mechanisms in retinal MG that regulates the
phosphorylation of ERK1/2 (pERK1/2) during gliosis [63].

This study introduced exogenous antioxidants derived from natural products (NPs)
to examine changes in ROS production within reactive MG. Well-studied NP antioxidants
were used to examine MG responses given the meteoric rise of nutraceuticals and dietary-
supplement markets in recent decades [23]. The therapeutic benefits of aloin and ginkgo ex-
tracts have a long-standing history of use in traditional and holistic medicine [64,65], while
more recent experimental and clinical studies have illustrated their potential neuroprotec-
tive benefits in a wide range of pathologies [66–68]. Specifically, biomedical experiments
have demonstrated that aloin can inhibit retinal inflammation [39] and ginkgolide A can
protect retinal tissue from oxidative stress [69].

Tests of the current study illustrated that extracellular solutions of the selected antioxi-
dants led to significant decreases in the ROS of MG, over time, in culture. Most prevalently,
(Figures 3A and 4A), the use of aloin and ginkgolide A produced an immediate decrease
in ROS across MG cells. We have shown in Table 1 and Figure 6 that there are no adverse
effects of the antioxidants on cultured glia. This baseline allowed us to examine how the
antioxidants aid recovery of glia exposed to radiative damage. However, this decrease
was abated, as MG levels of ROS returned to those of the control with extended time. The
statistically significant increases in ROS levels of cultured MG suggests a dosage depen-
dency that may be related to intracellular signaling pathways. Studies have found that
the suppression of ROS stimulated by a more antioxidant-filled environment may induce
homeostatic changes through the production of ROS-producing organelles [70]. By further
increasing the antioxidant concentration, we may disrupt homeostatic equilibrium in the
culture. For example, MG illustrated significantly elongated morphology at 72 h within
the A-3 treatment group, as seen in Figure 3A (aloin, 100 µg/mL). It is believed that the
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introduction of this antioxidant at this concentration may reveal a more in vivo morphology
of the MG cells, characterized by further elongation of processes, which decreases to the
size of the cell body [39].

Spaceflight-associated neuro-ocular syndrome (SANS) is a difficult syndrome to study,
as it describes a series of pathologies observed primarily in prolonged spaceflight that
uniquely impacts the aerospace community (reviewed in [1]). Although the contribution
of radiation to SANS pathologies is incompletely examined, the impacts of radiation on
neuroglia, and the retina more broadly, remain understudied. Our results illustrate that
aloin provided immediate reduction in reactive oxygen species (ROS) against low-dose
radiation. In complement, ginkgolide A provided an ROS reduction immediately in cases
of high-dose radiation. These results are among the first to examine treatment of radiation
damage via natural products and demonstrate the merit for further application in SANS
and potentially other degenerative retinal conditions.

In summary, results of our study illustrate that retinal cells can be examined within
both natural-product solutions and radiative environments. The use of natural products
for retinal-cell health against radiative damage illustrates radiation-dose dependence and
antioxidant-dose dependence. Moreover, the roles of natural products and ionizing radia-
tion in neurobiological problems is a prime consideration with the increasing prevalence of
spaceflight and space tourism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/neuroglia3030006/s1. Figure S1: Naming procedure used for
aloin and ginkgolide A studies.
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