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Abstract: Chronic oxidative stress impairs the normal functioning of the retinal pigment epithelium
(RPE), leading to atrophy of this cell layer in cases of advance age-related macular degeneration
(AMD). The purpose of our study was to determine if buspirone, a partial serotonin 1A (5-HT1A)
receptor agonist, protected against oxidative stress-induced changes in the RPE. We exposed differen-
tiated human ARPE-19 cells to paraquat to induce oxidative damage in culture, and utilized a mouse
model with sodium iodate (NalOj3)-induced oxidative injury to evaluate the effect of buspirone.
To investigate buspirone’s effect on protective gene expression, we performed RT-PCR. Cellular
toxicities and junctional abnormalities due to paraquat induction in ARPE-19 cells and buspirone’s
impact were assessed via WST-1 assays and ZO-1 immunostaining. We used spectral-domain optical
coherence tomography (SD-OCT) and ZO-1 immunostaining of RPE/choroid for structural analysis.
WST-1 assays showed dose-dependent protection of viability in buspirone-treated ARPE-19 cells
in culture and preservation of RPE junctional integrity under oxidative stress conditions. In the
NalO3; model, daily intraperitoneal injection (i.p.) of buspirone (30 mg/kg) for 12 days improved the
survival of photoreceptors compared to those of vehicle-treated eyes. ZO-1-stained RPE flat-mounts
revealed the structural preservation of RPE from oxidative damage in buspirone-treated mice, as well
as in buspirone-induced Ngol, Cat, Sqstm1, Gstm1, and Sod2 genes in the RPE/choroid compared to
untreated eyes. Since oxidative stress is implicated in the pathogenesis AMD, repurposing buspirone,
which is currently approved for the treatment of anxiety, might be useful in treating or preventing
dry AMD.

Keywords: retina; buspirone; oxidative stress; retinal pigment epithelium; antioxidants; ZO-1;
ARPE-19; NalO3

1. Introduction

Age-related macular degeneration (AMD) is a prevalent and debilitating ocular disease
that affects millions of individuals worldwide, leading to progressive central vision loss
and a substantial burden on healthcare systems. The hallmark of AMD is the degeneration
of the retinal pigment epithelium (RPE), a critical cell monolayer essential for maintaining
retinal health. While the pathogenesis of AMD is multifactorial, oxidative stress and
chronic inflammation are pivotal contributors [1,2], making them compelling targets for
therapeutic intervention.

Buspirone, a widely recognized anxiolytic agent [3-5], has recently garnered significant
attention in the realm of ophthalmology due to its potential to address a critical unmet
need in the treatment of age-related macular degeneration (AMD) [6]. This innovation
lies in buspirone’s distinctive pharmacological profile, which includes serotonin 1A (5-
HT1A) receptor agonism alongside antioxidant and neuroprotective properties. This
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combination positions buspirone as a multifaceted candidate for retinal therapy. Studies
have shown that 5-HT1A receptor activation can exert neuroprotective effects in various
neuronal systems [7-9], and emerging evidence suggests it has relevance to the retina,
particularly in contexts involving oxidative stress and neuroinflammation. Moreover,
buspirone has exhibited robust antioxidant capabilities in preclinical models [10,11] aiding
in the attenuation of oxidative damage, a pivotal hallmark of AMD pathogenesis [12,13].

The retinal pigment epithelium (RPE) serves as a vital cellular barrier and orchestrates
critical functions essential for the maintenance of retinal homeostasis and visual function.
In the face of oxidative stress and the constant challenge posed by environmental factors,
the RPE relies on a sophisticated network of protective genes to safeguard its integrity and
ensure optimal functionality. Among these, the genes NAD(P)H dehydrogenase quinone 1
(Ngo1), catalase (Cat), Sequestosome 1 (Sqstm1), glutathione S-transferase M1 (Gstm1), and
superoxide dismutase 2 (Sod2) have emerged as pivotal guardians, actively participating in
the defense against various insults. This introduction seeks to elucidate why the expression
and functionality of these genes are crucial to the protective milieu within the RPE.

Ngol, a multifunctional enzyme and a targeted gene of transcription factor nuclear
factor erythroid-2-related factor 2 Nfe2]2 (also known as Nrf2), plays a central role in the
detoxification of reactive quinones and the maintenance of cellular redox balance [14].
Its ability to neutralize electrophilic compounds and mitigate oxidative stress positions
Ngol as a crucial guardian against cellular damage in the RPE [15]. By preventing the
accumulation of harmful species, Ngol acts as an indispensable component of the RPE’s
defense mechanism [16]. Catalase, an enzymatic cornerstone in the breakdown of hydrogen
peroxide, assumes a paramount role in mitigating oxidative damage within the RPE. As a
primary defender against reactive oxygen species (ROS), catalase serves to preserve the
delicate equilibrium of the cellular microenvironment, preventing oxidative stress-induced
harm and bolstering the resilience of the RPE. Sqstm1, a regulator of autophagy and cellular
quality control, emerges as a key player in maintaining RPE homeostasis. Its involvement
in the clearance of damaged cellular components and misfolded proteins positions Sgstm1
as a safeguard against the deleterious consequences of cellular stress. Via the orchestration
of autophagic processes, Sqstm1 contributes to the overall protection and longevity of
RPE cells.

Gstm1, an integral member of the glutathione S-transferase family, plays a pivotal role
in detoxification processes within the RPE. By catalyzing the conjugation of electrophilic
compounds with glutathione, Gstm1 enhances cellular defense against oxidative stress
and maintains the integrity of critical cellular components [17]. Its presence in the RPE
improves efficient detoxification mechanisms with oxidative damage and enhances RPE
protection. Sod2, a mitochondrial antioxidant enzyme, serves as a frontline defender against
superoxide radicals within the RPE [18]. By catalyzing the dismutation of superoxide into
oxygen and hydrogen peroxide, Sod2 acts as a critical component of the RPE’s antioxidant
arsenal. Its capacity to neutralize one of the primary reactive oxygen species reinforces
the importance of Sod2 in preserving redox balance and cellular viability in the RPE [19].
These protective genes weave a complex yet interdependent web of defense mechanisms
crucial for the RPE’s ability to withstand oxidative stress and maintain its pivotal role in
retinal health.

Previous research has demonstrated the efficacy of 5-HTA1 receptor agonists in mit-
igating oxidative stress in diverse cellular and animal models [20-23], offering a solid
foundation for the application of buspirone in retinal protection. Additionally, its favor-
able safety profile and established clinical use in psychiatry underscore its potential to
be repurposed in ophthalmology, offering an expedited pathway for clinical translation.
The convergence of these factors presents an opportunity to explore buspirone’s thera-
peutic potential in preserving retinal function and combating AMD, with implications for
patients worldwide.

Paraquat and sodium iodate (NalOj3) are both chemical agents used to induce oxida-
tive stress in cell culture and animal models, respectively, for studying retinal degenera-
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tion [22,24]. However, it is important to note that they are distinct agents with different
mechanisms of action and applications. While paraquat-induced cell models and NalOs-
induced mouse models are distinct, they can be used in complementary ways. Paraquat-
induced cell models can provide insights into the cellular and molecular responses of
retinal cells to oxidative stress, which is a component of the broader retinal degeneration
process. Understanding how oxidative stress affects cellular responses in vitro (paraquat
model) in response to a therapeutic agent can inform the interpretation of the in vivo
effects observed in NalOs-induced mouse models. The paraquat model may be useful for
studying early responses to oxidative stress at the cellular level, while the NalO3z-induced
mouse model allows for the investigation of downstream consequences in the context of
the intact retina and interactions between different retinal cell types [25]. The relationship
lies in their shared focus on oxidative stress and their potential synergy in providing a
more comprehensive view of retinal pathology and potential interventions.

In this study, we tested an well-known anxiolytic drug in mitigating RPE atrophy using
a two-tiered approach. First, we investigated the effects of buspirone in ARPE-19 cells, an
established in vitro model for RPE function, to understand its impact on cell viability and
protective mechanisms against oxidative stress. ARPE-19 cells, derived from the human
RPE, offer valuable insights into the cellular aspects of AMD pathology, and serve as a
practical platform for drug testing [26,27]. Subsequently, we translated our findings to
an in vivo setting by employing a mouse model of RPE atrophy induced using sodium
iodate (NalOg3). The NalO3; model is characterized by oxidative stress-mediated damage to
the RPE, closely mimicking certain features of AMD [28-31]. Buspirone was administered
to assess its potential in ameliorating retinal degeneration, evaluating its suitability as a
therapeutic agent.

By adopting this dual approach, we aim to provide a comprehensive evaluation of
buspirone’s efficacy in preserving RPE function and retinal health. Our findings hold
promise for the development of novel therapies to combat AMD, potentially offering
renewed hope for individuals afflicted by this devastating ocular disease.

2. Materials and Methods
2.1. Cell Culture

ARPE-19 cells (Cat no: CRL-2302™), derived from the human retinal pigment epithe-
lium, were purchased from ATCC (Manassas, VA, USA) and maintained in our laboratory
according to established protocols [32,33]. Cells were cultured in T75 flasks using Dul-
becco’s Modified Eagle Medium (DMEM)/F-12 supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin solution (ATCC, Manassas, VA, USA). The culture
medium was changed every 2-3 days, and cells were maintained in a humidified incubator
at 37 °C with 5% CO;. Subculturing was performed when cells reached 80-90% confluency,
using a trypsin-EDTA solution to detach the cells from the flask. For experimental assays,
ARPE-19 cells were seeded at an appropriate density in 6-well plates or culture dishes,
depending on the specific requirements of the assay. All experiments were conducted using
cells between passages 4 and 10 to ensure consistency and minimize potential phenotypic
drift. To obtain RPE monolayers with cobblestone appearance and tight junctions, ARPE-19
cells sere cultured in Minimum Essential Medium including nicotinamide, as described by
Hazim et al. [26].

2.2. Cellular Apoptosis Assay

Cell viability was assessed using the cell proliferation reagent (WST-1, Cat no: 05015944001,
Germany) [34,35] to evaluate the impact of buspirone on ARPE-19 cells. The WST-1 assay
protocol is based on the cleavage of the tetrazolium salt WST-1 to formazan using cellular
mitochondrial dehydrogenases. Briefly, ARPE-19 cells were seeded in 96-well plates at a
density of 6000 cells per well and allowed to adhere overnight. Following adherence, cells
were treated with varying concentrations of buspirone and paraquat for a specified duration.
Control wells received equivalent volumes of the vehicle solution. After treatment, 10 pL of



Antioxidants 2023, 12, 2129

4of 14

WST-1 reagent was added to each well, and the plates were incubated for an additional two
hours at 37 °C. Absorbance was measured at 450 nm using a microplate reader. Data were
analyzed using GraphPad-Prism (version 9), and viability percentages were calculated
relative to vehicle-treated controls. All experiments were conducted in triplicate and
repeated at least three times to ensure statistical significance.

2.3. Animals

Male C57BL/6] mice, aged 6-8 weeks, were utilized in accordance with University of
South Florida (USF) Institutional Animal Care and Use Committees (IACUCs) for animal
care and use. To induce retinal degeneration, a sodium iodate (NalO3) model was employed.
Mice were randomly assigned to experimental groups: the NalOs-treated group and the
NalOj3 + buspirone-treated group. NalO3; was administered via a single intraperitoneal
injection at a dosage of 20 mg/kg body weight. Buspirone treatment commenced three days
before NalOj3 injection, with daily intraperitoneal administrations at a dosage of 30 mg/kg
body weight for next 12 days post NalOj3 injection. Control animals received equivalent
volumes of the vehicle solution. SD-OCT and RPE/Choroid flat mount assessments were
conducted one day after the last buspirone treatment to evaluate the efficacy of buspirone
in ameliorating retinal degeneration induced by NalOs3.

2.4. Real Time PCR

Our investigation was designed to assess gene expression changes within the retinal
pigment epithelium (RPE) and choroidal tissues. To investigate the potential therapeutic
effects of buspirone, RPE and choroid tissues were carefully dissected, and total RNA was
extracted using the RNeasy Mini Kit (Qiagen, MD, USA). The resulting RNA samples were
then reverse-transcribed into complementary DNA (cDNA), quantitative real-time PCR
was performed using CEX Opus 96 Real-Time PCR System (Bio-Rad, CA, USA) [36], and
its program was used to analyze the expression levels of key genes implicated in retinal
degeneration. The PCR primers used for this analysis are listed in Table 1.

Table 1. Essential details for the genes analyzed, including their respective gene names, RefSeq IDs,
forward primer sequences, and reverse primer sequences. These primer sequences are crucial for the
accurate amplification of the target genes in real time PCR experiments.

Genes Ref. Seq Forward Primer Reverse Primer
Beta-Actin NM_007393.3 CGAGCACAGCTTCTTTGCAG TTCCCACCATCACACCCTGG
Ngol NM_008706.5 CGACAACGGTCCTTTCCAGA CCAGACGGTTTCCAGACGTT
Cat NM_009804.2 CGCAATCCTACACCATGTCG AGTATCCAAAAGCACCTGCTCC
Sqstm1 NM_011018.2 GGAAGCTGCCCTATACCCAC GCTTGGCCACAGCACTATCA
Gstm1 NM_010358.5 GGGATACTGGAACGTCCGC GCTCTGGGTGATCTTGTGTGA
Sod?2 NM_013671.3 CAGGATGCCGCTCCGTTAT TGAGGTTTACACGACCGCTG

2.5. SD-OCT Imaging and Measurement of Total Retinal Thickness

Spectral-domain optical coherence tomography (SD-OCT) imaging with the Phoenix
Micron IV system was used to assess retinal morphology in our study [37]. Both male and
female C57BL/6 mice, aged 8-10 weeks, were selected for this investigation. After appro-
priate anesthesia and pupil dilation, mice were gently positioned, and SD-OCT scans were
obtained with high resolution and precision. Specifically, we focused on measuring total
retinal thickness, which encompasses the entire retinal structure, from the inner limiting
membrane to the retinal pigment epithelium. Multiple scans were acquired per eye to en-
sure data accuracy and consistency. The acquired images were subsequently processed and
analyzed using the intelligent eye segmentation software “InSight” (version -2) to visualize
retinal layers automatically or interactively to obtain precise measurements of total retinal
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thickness. This approach provided a detailed assessment of retinal structural alterations,
offering valuable insights into the effects of drugs or oxidants on retinal integrity.

2.6. Immunohistochemistry

For the assessment of tight junction integrity, differentiated ARPE-19 cells [26] were
grown on coverslips and fixed with 4% paraformaldehyde [38]. After permeabilization with
0.3% Triton X-100, cells were incubated with a primary antibody against ZO-1 (Invitrogen,
Waltham, MA, USA) (Cat. No-40-2200, 1:200 ratio) overnight at 4 °C, followed by Alexa
Fluor 488 goat anti-rabbit (Molecular Probes; Invitrogen, Waltham, MA, USA) (Cat no:
A11008) secondary antibody incubation (1:1000) for an 1 h. Imaging was performed using a
Keyence fluorescence microscope imaging system. For the examination of ZO-1 expression
in retinal pigment epithelium (RPE) and choroidal tissues, enucleated mouse eyes were
dissected to obtain RPE/choroid flat mounts. These were fixed, blocked, and incubated
with the same primary antibody against ZO-1 (1:200) overnight at 4 °C [39]. Subsequently,
tissues were treated with DyLight 650 conjugated goat anti-rabbit secondary antibody
(Invitrogen, Waltham, MA, USA) (Cat no: SA5-10041, 1:1000). Flat mounts were mounted
on glass slides and visualized using a Keyence fluorescence microscope imaging system.
This dual approach allowed for a comprehensive evaluation of ZO-1 expression patterns
both at the cellular level in ARPE-19 cells and within intact RPE/choroid tissues from
mice [40].

2.7. Statistical Analysis

For experiments involving ARPE-19 cell cultures, results were expressed as mean +
standard deviation (SD) of three independent experiments. Statistical significance was
determined using Student’s t-test (two-tailed) using GraphPad Prism software (version
9). For assessments involving C57BL/6] mice and RPE/choroid flat mounts, data were
analyzed using GraphPad Prism. Differences between the two groups were evaluated using
Student’s t-test (two-tailed). Results were considered statistically significant when p < 0.05.
All statistical analyses were performed by an investigator blinded to the experimental
conditions to minimize bias.

3. Results
3.1. Buspirone Prevented Oxidative Stress Induced Cell Death

In our investigation, the potential of buspirone in mitigating oxidative stress-induced
cell death was evaluated utilizing ARPE-19 cells, an established in vitro model for retinal
pigment epithelium (RPE) function. Following exposure to paraquat (at 400 uM), which
induces mitochondrial oxidative stress, cells treated with buspirone exhibited a pronounced
increase in viability. Treatment with buspirone, at concentrations ranging from 0.1 uM
to 10 uM, conferred a significant protective effect against oxidative stress-induced cell
death compared to untreated controls (Figure 1). The results, assessed via WST-1 assay, re-
vealed a robust preservation of cell viability, indicative of buspirone’s potent cytoprotective
properties in the face of oxidative insult.
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Figure 1. Effect of Buspirone Pretreatment on Paraquat-Induced Cell Death in ARPE-19 Cells
as Assessed via WST-1 Assay. The graph depicts the absorbance values obtained via WST-1 assay,
reflecting cell viability, in ARPE-19 cells subjected to various treatments. The x-axis represents
different treatment groups: (1) control, (2) buspirone-treated, (3) induced cell death, and (4) buspirone
pre-treatment + paraquat. The y-axis denotes the absorbance measured at 450 nm. Data points
represent the mean =+ standard error of mean of n = 6, with 3 independent experiments. Statistical
significance was determined using Student’s ¢-test between two groups, with p < 0.05 considered as
statistically significant. *** p < 0.001, **** p < 0.0001.

3.2. Buspirone Prevented RPE Structural Disintegration from Oxidative Damage

To assess the protective effects of buspirone on differentiated ARPE-19 cells, we em-
ployed ZO-1 immunocytochemistry on cells cultured in 8-well chamber slides. Following
differentiation [26], ARPE-19 cells were subjected to oxidative stress induced using paraquat
(1000 uM) treatment. Strikingly, cells pre-treated with buspirone demonstrated a substantial
preservation of structural integrity compared to untreated counterparts (Figure 2). ZO-1, a
critical tight junction protein, exhibited a robust and organized distribution pattern along
the cell-cell boundaries, indicative of maintained cellular architecture. Conversely, in the
absence of buspirone, paraquat-induced oxidative stress led to a noticeable disruption of
Z0-1 staining, reflecting compromised cell—cell interactions and structural disintegration.
These findings underscore the potent protective effect of buspirone in shielding differenti-
ated ARPE-19 cells against oxidative damage, highlighting its potential as a therapeutic
candidate for retinal degenerative conditions characterized by heightened oxidative stress.
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Figure 2. Inmunocytochemical Staining of Differentiated ARPE-19 Cells Treated with Paraquat
and Buspirone. The images display the immunocytochemistry of differentiated ARPE-19 cells
subjected to different treatments. ZO-1, a marker for tight junctions, is labeled in green. (A,B) Control
group, (C,D) paraquat (1000 uM)-induced cell stress, (E,F) buspirone (1 uM)-pre-treated cells followed
by paraquat (1000 uM) exposure, and (G,H) buspirone (10 uM) pre-treated cells followed by paraquat
(1000 uM) exposure. (40x magnification, scale bar 100 micron).

3.3. Presence of Buspirone-Preserved Retinal Structure in an Acute Model of RPE
Oxidative Damge

Utilizing spectral-domain optical coherence tomography (SD-OCT), we assessed the
impact of buspirone on the preservation of retinal structure in an acute model of retinal
pigment epithelium (RPE) oxidative damage (Figures 3 and S1). The measurements of
total retinal thickness and outer nuclear layer (ONL) thickness provided insights into
the integrity of the retinal architecture. Strikingly, the presence of buspirone conferred a
preservation of both total retinal thickness and ONL thickness. Notably, the photoreceptor
layer, a critical component of retinal function, exhibited a significant conservation, empha-
sizing buspirone’s protective effect. These findings underscore the potency of buspirone in
mitigating acute RPE oxidative damage, leading to the preservation of retinal layers and,
particularly, the photoreceptor layer, which holds significance for vision maintenance.
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Figure 3. Retinal Thickness Analysis in Response to Buspirone Treatment. The figure illustrates
the impact of buspirone treatment on retinal structure in a NalO3-induced RPE injury model at the
12-day time point. Representative SD-OCT images depict the structural changes in the retinal layers
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in response to buspirone treatment (A). An image from a NalOj injected mouse without buspirone
treatment (B) is shown for comparison. (C) Total retinal thickness was measured, indicating the
effects of buspirone treatment on overall retinal architecture. (D) Measurement of the outer nuclear
layer quantifies the impact of buspirone on photoreceptor survival. Data represent the mean =+ s.e.m.
(Control pre-treatment, n= 20; untreated, n = 9; treated, n = 11). ** p < 0.01, **** p < 0.0001. (Scale bar
75 micron).

3.4. Buspirone Preserved RPE Structural Integrity In Vivo from Oxidative Damage

The potential of buspirone in preserving retinal structure was evaluated in an acute
model of retinal pigment epithelium (RPE) oxidative damage, using RPE/choroidal flat
mount assessments coupled with ZO-1 staining. Following exposure to NalO3, a striking
contrast in retinal structural integrity became evident. In the presence of buspirone, the
retinal flat mounts displayed a well-preserved and -organized arrangement of hexagonal
cells, characteristic of healthy RPE tissue, as observed via fluorescent imaging (Figure 4).
The ZO-1 staining patterns further emphasized the intact cellular architecture, with the
critical tight junction protein maintaining its well-defined distribution. Conversely, in the
absence of buspirone, oxidative damage induced using the acute model led to a distinct
disarray of hexagonal cells, indicative of structural damage. ZO-1 staining corroborated
these findings by highlighting disrupted cell—cell interactions. These results underscore
the robust retinal-preserving potential of buspirone, offering promising prospects for its
application in retinal degenerative conditions characterized by oxidative stress.

Figure 4. Buspirone Preserves RPE Structural Integrity In Vivo: RPE Flat Mount Immunostaining
for ZO-1. The images demonstrate the effects of buspirone treatment on RPE (Retinal Pigment
Epithelium) structural integrity in vivo. (A) Mice injected with NaOI3 but untreated with buspirone
served as a comparison (4 x magnification). (B) 20x magnification, (C) 100x magnification, (D) The
buspirone treated mouse showed preserved RPE morphology in response to buspirone administration
(4x magnification). (E) 20x magnification. (F) 100x magnificationThe RPE choroid tissues were
processed for immunostaining for ZO-1 (Zonula Occludens-1) and red fluorescence is visualized
using fluorescence microscopy, highlighting tight junctions within the RPE.
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3.5. Increased Expression of Antioxidant Genes in the RPE/Choroid in Response to
Buspirone Treatment

To explore the impact of buspirone treatment on the expression of key antioxidant
genes within the retinal pigment epithelium (RPE) and choroidal tissues, we used reverse
transcription—polymerase chain reaction (RT-PCR) to analyze the expression profiles of the
antioxidant enzymes Nqol, Sod2, Gstm1, and Cat [21] (Figure 5). Remarkably, buspirone
treatment led to a significant and robust upregulation of these antioxidant genes compared
to control groups. Ngol, a critical player in cellular defense against oxidative stress, ex-
hibited a substantial increase in expression. Similarly, the expression of Sod2 and Gstm1,
crucial components of the antioxidant defense network, displayed marked elevations. In a
separate experiment, we also observed a dose-dependent and elevated trend of expression
of key antioxidant genes in ARPE-19 cells under normal conditions (Figure S2).
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Figure 5. Relative mRNA Expression of Antioxidant Genes in RPE/Choroid: Buspirone-Treated
Eyes vs Untreated Control Eyes. The graph illustrates the comparative mRNA expression levels of
key antioxidant genes in the RPE/choroid complex. Buspirone-treated eyes are represented in green,
while untreated control eyes are indicated in red. Data are normalized to beta-actin and presented as
fold change relative to control. Antioxidant genes analyzed include Nqo1, Cat, Sqstm1, Gstm1, and
Sod2, known for their pivotal role in oxidative stress response. Data represents the mean + standard
error of the mean (SEM) of n = 4. Statistical significance was determined using Student’s t-test
between two groups, with p < 0.05 considered as statistically significant. * p < 0.05, ** p < 0.01.

4. Discussion
4.1. Buspirone’s Multifaceted Protective Effects in Retinal Health
The results of our study reveal a multifaceted potential for buspirone in preserving

retinal health under conditions of oxidative stress. Our findings in differentiated ARPE-19
cells demonstrate a substantial protective effect against oxidative damage, evident in the
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preservation of structural integrity as assessed via ZO-1 immunocytochemistry. This effect
extended to an acute model of retinal pigment epithelium (RPE) oxidative damage, where
buspirone treatment led to a pronounced conservation of total retinal thickness and outer
nuclear layer (ONL) thickness, crucial indicators of retinal structural integrity. Notably, the
heightened preservation of the photoreceptor layer highlights the therapeutic promise of
buspirone in conditions characterized by retinal degeneration. The observed increase in
expression of antioxidant genes, including Ngo1, Sod2, and Gstm1, within the RPE/choroid
further underscores buspirone’s capacity to bolster cellular defense mechanisms against
oxidative stress. Collectively, these findings paint a compelling picture of buspirone as a
potent candidate for therapeutic intervention in retinal degenerative conditions, offering a
multi-pronged approach to combat oxidative stress-induced damage.

4.2. Potential Mechanisms Underlying Buspirone’s Protective Effects

The mechanisms underlying buspirone’s protective effects in the retina merit further
exploration. Buspirone’s 5-HT1A receptor agonism has been implicated in neuroprotection
in various neuronal systems, suggesting a potential neuroprotective role in the retina.
Additionally, the observed increase in expression of antioxidant genes may contribute to
the heightened cellular defense against oxidative stress. Ngo1 is a key player in the cellular
response to oxidative damage [41], and its upregulation may signify a critical aspect of
buspirone’s mechanism of action. These results underscore the potency of buspirone in
inducing the upregulation of antioxidant genes in the RPE/choroid, indicative of its capacity
to bolster the cellular defense mechanisms against oxidative stress. It is important to note
that the exact mechanisms by which buspirone influences antioxidative gene expression in
RPE cells may involve multiple pathways and factors. The molecular details of buspirone’s
actions in the context of retinal protection are an active area of research and may involve
intricate interactions within the cellular environment. Further studies, including molecular
analyses and gene expression profiling, are needed to elucidate the specific pathways
and genes influenced by buspirone in the RPE and to establish a more comprehensive
understanding of its antioxidative effects. Furthermore, the potential interplay between
buspirone’s 5-HT1A receptor agonism and its antioxidant properties warrants investigation
in other models of retinal or RPE atrophy, as it may shed light on the synergistic mechanisms
underlying its protective effects.

4.3. Clinical Implications and Future Directions

The promising outcomes of our study hold significant clinical implications for the
treatment of age-related macular degeneration (AMD) and other retinal degenerative con-
ditions characterized by oxidative stress [42,43]. Buspirone’s primary pharmacological
use has been as an anxiolytic agent, and its potential therapeutic effects in the field of
ophthalmology are an emerging area of research. Buspirone’s demonstrated capacity to
preserve retinal structure and enhance antioxidant defense mechanisms positions it as a
potential game-changer in the field of retinal therapeutics. Furthermore, its well-established
safety profile in psychiatric applications provides a solid foundation for expedited clinical
translation. Future studies may delve deeper into the specific molecular pathways activated
via buspirone in the retina and explore potential synergistic effects with other therapeutic
agents. Urbina and colleagues have reported that a 5SHT1a agonist (SOH-DPAT) produces a
dose dependent increase in cAMP in the goldfish retina, and they suggest that the impact
of 5HT1a agonists is mediated via cAMP-regulated pathways [44]. Additionally, investi-
gations into the long-term effects of buspirone treatment on retinal health and function
will be crucial for a comprehensive understanding of its therapeutic potential in retinal
degenerative diseases. There has been no widespread exploration of buspirone specifically
in recent studies or clinical trials evaluating buspirone in the context of other eye diseases,
including glaucoma. Given buspirone’s potential antioxidative and neuroprotective effects,
it could be of interest to study conditions involving retinal degeneration or optic nerve
damage, and our future studies will investigate it.
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4.4. Limitations of the Study

While our study provides compelling evidence for buspirone’s therapeutic potential,
certain limitations must be acknowledged and will be explored in our future studies.
Firstly, our experiments were primarily conducted in cell culture and in acute in vivo
models, and as such, the long-term effects of buspirone treatment in chronic conditions
require further investigation. Our study did not provide enough information related to
retention of buspirone following i.p. delivery of buspirone and RNA changes of Nqo1, Cat,
Sqstm1, Gstm1, and Sod2 genes in RPE without NalO3 treatment. We are aiming for future
studies where we will investigate RNA and proteome changes in response to buspirone
treatment in retinal cells in presence or absence of oxidants. Additionally, the specific
dose-response relationships and optimal treatment durations necessitate refinement in
future studies. Moreover, while our focus was primarily on the antioxidant properties of
buspirone, other potential mechanisms of action may contribute to its observed effects,
warranting comprehensive exploration. Lastly, clinical translation will require rigorous
evaluation of safety and efficacy in human subjects, mandating further preclinical and
clinical investigations.

5. Conclusions

In conclusion, our study illuminates a groundbreaking avenue in the pursuit of ef-
fective treatments for retinal degenerative disorders. Via a comprehensive assessment of
buspirone’s multifaceted effects, we have uncovered its remarkable potential in preserving
retinal structure and fortifying cellular defenses against oxidative stress. This innovative
approach, harnessing the synergistic power of buspirone’s 5-HT1A receptor agonism and
potent antioxidant properties, represents a promising breakthrough in retinal therapeutics.
By targeting not only the structural integrity of the retina but also its underlying cellular
resilience, buspirone holds the promise of transformative interventions for conditions like
age-related macular degeneration. The safety and established clinical usage of buspirone
further expedites its potential translation to clinical settings, opening a new chapter in the
treatment of retinal degenerative disorders. As we stand at the precipice of a new era in
ophthalmology, the potential of buspirone offers renewed hope for those affected by these
devastating conditions, paving the way for a brighter future in retinal health.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox12122129/s1, Figure S1: The SD-OCT images provide
detailed cross-sectional views of the retina, allowing visualization of retinal layers and structural
changes from untreated and treated mice (4 different mice) from both eyes (Scale bar 75 micron);
Figure S2: Effect of buspirone on Antioxidant mRNA Expression in normal ARPE-19 Cells without
and oxidative damage. The figure depicts the relative fold change in mRNA expression levels
of antioxidant genes in ARPE-19 cells following 24 h of treatment with buspirone. Cells were
treated with three different concentrations: Control (untreated), 1 uM (micromolar), and 10 uM
(micromolar). Quantitative real-time polymerase chain reaction (qQPCR) was employed to assess
the mRNA expression of key antioxidant genes in each treatment group. This result highlighted
the dose-dependent effects and observed elevated trends in the mRNA expression levels. Notable
antioxidants gene examined include; (A) GSTM1: Glutathione S-Transferase Mu 1, (B) CAT: Catalase,
(C) HO1: Heme Oxygenase 1, (D) SOD2: Superoxide Dismutase 2, (E) MT1: Metallothionein 1,
(F) NRF2: Nuclear Factor (Erythroid-Derived 2)-Like 2. The expression levels were normalized to
Glyceraldehyde 3-Phosphate Dehydrogenas (GAPDH) for internal control. Statistical significance
was determined using unpaired Student ¢-test (n = 4-6), with p < 0.05 considered as statistically
significant. Significant differences indicated by asterisks.

Author Contributions: Conceptualization, M.R.B. and A.S.L.; methodology, M.R.B.; Animal ex-
periment Data acquisition, R.J.P,; Cell culture data acquisition, R.V.; Data extraction and analysis,
M.R.B., R]J.P. and R.V. Supervision, project administration, funding acquisition, M.R.B. Original draft
preparation, M.R.B. Review and editing, A.S.L. and M.R.B. All authors have read and agreed to the
published version of the manuscript.


https://www.mdpi.com/article/10.3390/antiox12122129/s1
https://www.mdpi.com/article/10.3390/antiox12122129/s1

Antioxidants 2023, 12, 2129 12 of 14

Funding: This research was supported by grants from the National Eye Institute (NEI) (ROOEY027013,
RO1EY033415) [M.R.B.], and USF TCOP start up [M.R.B.].

Institutional Review Board Statement: The study was conducted in accordance with the the Associa-
tion for Research in Vision and Ophthalmology (ARVO) guidelines for the responsible use of animals
in biological and biomedical research and approved by the IACUC Committee of University of South
Florida (protocol code IS00005958 and date of approval 5/20/2019).” for studies involving animals.

Informed Consent Statement: Not applicable.
Data Availability Statement: All the data are available via this manuscript.

Acknowledgments: We acknowledge Anshuman Khadanga for his timely help in data acquisition
and analysis. We also acknowledge Harshita Chitturi and Priyanka Lakhimsetti for data acquisition
and analysis of experiments supporting results shown in Figure S2.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

Ll

10.

11.

12.

13.

14.

15.

16.

17.

Abokyi, S.; To, C.-H.; Lam, T.T,; Tse, D.Y. Central Role of Oxidative Stress in Age-Related Macular Degeneration: Evidence from
a Review of the Molecular Mechanisms and Animal Models. Oxidative Med. Cell. Longev. 2020, 2020, €7901270. [CrossRef]
[PubMed]

Piippo, N.; Korhonen, E.; Hytti, M.; Kinnunen, K.; Kaarniranta, K.; Kauppinen, A. Oxidative Stress Is the Principal Contributor to
Inflammasome Activation in Retinal Pigment Epithelium Cells with Defunct Proteasomes and Autophagy. CPB 2018, 49, 359-367.
[CrossRef] [PubMed]

Taylor, D.P. Buspirone, a New Approach to the Treatment of Anxiety. FASEB ]. 1988, 2, 2445-2452. [CrossRef] [PubMed]

Jann, M.W. Buspirone: An Update on a Unique Anxiolytic Agent. Pharmacotherapy 1988, 8, 100-116. [CrossRef] [PubMed]
Gupta, N.; Gupta, M.; Gandhi, R. Buspirone in Autism Spectrum Disorder: A Systematic Review. Cureus 2023, 15, e39304.
[CrossRef]

Fernandez-Robredo, P; Sancho, A.; Johnen, S.; Recalde, S.; Gama, N.; Thumann, G.; Groll, J.; Garcia-Layana, A. Current Treatment
Limitations in Age-Related Macular Degeneration and Future Approaches Based on Cell Therapy and Tissue Engineering. J.
Ophthalmol. 2014, 2014, 510285. [CrossRef]

Gibbs, W.S,; Collier, ].B.; Morris, M.; Beeson, C.C.; Megyesi, J.; Schnellmann, R.G. 5-HT;r Receptor Regulates Mitochondrial
Homeostasis and Its Loss Potentiates Acute Kidney Injury and Impairs Renal Recovery. Am. J. Physiol.-Ren. Physiol. 2018, 315,
F1119-F1128. [CrossRef]

Eriksen, J.L.; Druse, M.]. Astrocyte-Mediated Trophic Support of Developing Serotonin Neurons: Effects of Ethanol, Buspirone,
and S100B. Brain Res. Dev. Brain Res. 2001, 131, 9-15. [CrossRef]

Marazziti, D.; Palego, L.; Giromella, A.; Mazzoni, M.R.; Borsini, F.; Mayer, N.; Naccarato, A.G.; Lucacchini, A.; Cassano, G.B.
Region-Dependent Effects of Flibanserin and Buspirone on Adenylyl Cyclase Activity in the Human Brain. Int. ]. Neuropsy-
chopharmacol. 2002, 5, 131-140. [CrossRef]

Thomas Broome, S.; Castorina, A. The Anxiolytic Drug Buspirone Prevents Rotenone-Induced Toxicity in a Mouse Model of
Parkinson’s Disease. Int. ]. Mol. Sci. 2022, 23, 1845. [CrossRef]

Kumar, A.; Kaur, G.; Rinwa, P. Buspirone along with Melatonin Attenuates Oxidative Damage and Anxiety-like Behavior in a
Mouse Model of Immobilization Stress. Chin. J. Nat. Med. 2014, 12, 582-589. [CrossRef]

Kushwah, N.; Bora, K.; Maurya, M.; Pavlovich, M.C.; Chen, ]J. Oxidative Stress and Antioxidants in Age-Related Macular
Degeneration. Antioxidants 2023, 12, 1379. [CrossRef] [PubMed]

Beatty, S.; Koh, H.; Phil, M.; Henson, D.; Boulton, M. The Role of Oxidative Stress in the Pathogenesis of Age-Related Macular
Degeneration. Surv. Ophthalmol. 2000, 45, 115-134. [CrossRef] [PubMed]

Ross, D.; Siegel, D. Functions of NQO1 in Cellular Protection and CoQ10 Metabolism and Its Potential Role as a Redox Sensitive
Molecular Switch. Front. Physiol. 2017, 8, 595. [CrossRef] [PubMed]

Yuan, Z.; Du, W.; He, X,; Zhang, D.; He, W. Tribulus Terrestris Ameliorates Oxidative Stress-Induced ARPE-19 Cell Injury through
the PI3K/ Akt-Nrf2 Signaling Pathway. Oxidative Med. Cell. Longev. 2020, 2020, 7962393. [CrossRef] [PubMed]

Suarez-Barrio, C.; Del Olmo-Aguado, S.; Garcia-Pérez, E.; de la Fuente, M.; Muruzabal, F; Anitua, E.; Baamonde-Arbaiza, B.;
Fernandez-Vega-Cueto, L.; Fernandez-Vega, L.; Merayo-Lloves, J. Antioxidant Role of PRGF on RPE Cells after Blue Light Insult
as a Therapy for Neurodegenerative Diseases. Int. J. Mol. Sci. 2020, 21, 1021. [CrossRef] [PubMed]

Yang, Y.; Parsons, K.K.; Chi, L.; Malakauskas, S.M.; Le, T.H. Glutathione S-Transferase-M1 Regulates Vascular Smooth Muscle
Cell Proliferation, Migration, and Oxidative Stress. Hypertension 2009, 54, 1360-1368. [CrossRef]


https://doi.org/10.1155/2020/7901270
https://www.ncbi.nlm.nih.gov/pubmed/32104539
https://doi.org/10.1159/000492886
https://www.ncbi.nlm.nih.gov/pubmed/30138927
https://doi.org/10.1096/fasebj.2.9.2836252
https://www.ncbi.nlm.nih.gov/pubmed/2836252
https://doi.org/10.1002/j.1875-9114.1988.tb03543.x
https://www.ncbi.nlm.nih.gov/pubmed/3041384
https://doi.org/10.7759/cureus.39304
https://doi.org/10.1155/2014/510285
https://doi.org/10.1152/ajprenal.00077.2018
https://doi.org/10.1016/S0165-3806(01)00240-1
https://doi.org/10.1017/S1461145702002869
https://doi.org/10.3390/ijms23031845
https://doi.org/10.1016/S1875-5364(14)60089-3
https://doi.org/10.3390/antiox12071379
https://www.ncbi.nlm.nih.gov/pubmed/37507918
https://doi.org/10.1016/S0039-6257(00)00140-5
https://www.ncbi.nlm.nih.gov/pubmed/11033038
https://doi.org/10.3389/fphys.2017.00595
https://www.ncbi.nlm.nih.gov/pubmed/28883796
https://doi.org/10.1155/2020/7962393
https://www.ncbi.nlm.nih.gov/pubmed/32774685
https://doi.org/10.3390/ijms21031021
https://www.ncbi.nlm.nih.gov/pubmed/32033116
https://doi.org/10.1161/HYPERTENSIONAHA.109.139428

Antioxidants 2023, 12, 2129 13 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sandbach, ].M.; Coscun, PE.; Grossniklaus, H.E.; Kokoszka, J.E.; Newman, N.J.; Wallace, D.C. Ocular Pathology in Mitochondrial
Superoxide Dismutase (Sod2)-Deficient Mice. Investig. Ophthalmol. Vis. Sci. 2001, 42, 2173-2178.

Kasahara, E.; Lin, L.-R.; Ho, Y.-S.; Reddy, V.N. SOD2 Protects against Oxidation-Induced Apoptosis in Mouse Retinal Pigment
Epithelium: Implications for Age-Related Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2005, 46, 3426-3434. [CrossRef]
Collier, R.J.; Patel, Y.; Martin, E.A.; Dembinska, O.; Hellberg, M.; Krueger, D.S.; Kapin, M.A.; Romano, C. Agonists at the Serotonin
Receptor (5-HT(1A)) Protect the Retina from Severe Photo-Oxidative Stress. Investig. Ophthalmol. Vis. Sci. 2011, 52, 2118-2126.
[CrossRef]

Biswal, M.R.; Ahmed, C.M.; Ildefonso, C.]J.; Han, P; Li, H.; Jivanji, H.; Mao, H.; Lewin, A.S. Systemic Treatment with a 5HT1a
Agonist Induces Anti-Oxidant Protection and Preserves the Retina from Mitochondrial Oxidative Stress. Exp. Eye Res. 2015, 140,
94-105. [CrossRef] [PubMed]

Ahmed, C.M.; Biswal, M.R; Li, H.; Han, P; Ildefonso, C.J.; Lewin, A.S. Repurposing an Orally Available Drug for the Treatment
of Geographic Atrophy. Mol. Vis. 2016, 22, 294-310. [PubMed]

Coyner, A.S.; Ryals, R.C.; Ku, C.A,; Fischer, C.M.; Patel, R.C.; Datta, S.; Yang, P; Wen, Y.; Hen, R.; Pennesi, M.E. Retinal
Neuroprotective Effects of Flibanserin, an FDA-Approved Dual Serotonin Receptor Agonist-Antagonist. PLoS ONE 2016, 11,
e0159776. [CrossRef] [PubMed]

Liu, Y,; Li, Y,; Wang, C.; Zhang, Y.; Su, G. Morphologic and Histopathologic Change of Sodium lodate-Induced Retinal
Degeneration in Adult Rats. Int. J. Clin. Exp. Pathol. 2019, 12, 443-454. [PubMed]

Upadhyay, M.; Bonilha, V.L. Regulated Cell Death Pathways in the Sodium Iodate Model: Insights and Implications for AMD.
Exp. Eye Res. 2023, 238, 109728. [CrossRef] [PubMed]

Hazim, R.A.; Volland, S.; Yen, A.; Burgess, B.L.; Williams, D.S. Rapid Differentiation of the Human RPE Cell Line, ARPE-19,
Induced by Nicotinamide. Exp. Eye Res. 2019, 179, 18-24. [CrossRef] [PubMed]

Dunn, K.C.; Aotaki-Keen, A.E.; Putkey, ER.; Hjelmeland, L.M. ARPE-19, a Human Retinal Pigment Epithelial Cell Line with
Differentiated Properties. Exp. Eye Res. 1996, 62, 155-169. [CrossRef]

Chen, W.; Lin, B.; Xie, S.; Yang, W.; Lin, J.; Li, Z.; Zhan, Y.; Gui, S.; Lin, B. Naringenin Protects RPE Cells from NalOs-Induced
Oxidative Damage in Vivo and in Vitro through up-Regulation of SIRT1. Phytomedicine 2021, 80, 153375. [CrossRef]

Juel, H.B.; Faber, C.; Svendsen, S.G.; Vallejo, A.N.; Nissen, M.H. Inflammatory Cytokines Protect Retinal Pigment Epithelial Cells
from Oxidative Stress-Induced Death. PLoS ONE 2013, 8, e64619. [CrossRef]

Xie, R.; Wang, B.; Zuo, S.; Du, M.; Wang, X.; Yu, Y.; Yan, H. Protective Effects of CRTH2 Suppression in Dry Age-Related Macular
Degeneration. Biochem. Biophys. Res. Commun. 2022, 624, 8-15. [CrossRef]

Ma, H,; Yang, F; Ding, X.-Q. Inhibition of Thyroid Hormone Signaling Protects Retinal Pigment Epithelium and Photoreceptors
from Cell Death in a Mouse Model of Age-Related Macular Degeneration. Cell Death Dis. 2020, 11, 24. [CrossRef] [PubMed]
Bardak, H.; Uguz, A.C.; Bardak, Y.; Rocha-Pimienta, J.; Delgado-Adadmez, J.; Espino, J. Selenium Protects ARPE-19 and ACBRI 181
Cells against High Glucose-Induced Oxidative Stress. Molecules 2023, 28, 5961. [CrossRef] [PubMed]

Hanneken, A.; Lin, E-E; Johnson, ]J.; Maher, P. Flavonoids Protect Human Retinal Pigment Epithelial Cells from Oxidative-Stress—
Induced Death. Investig. Ophthalmol. Vis. Sci. 2006, 47, 3164-3177. [CrossRef] [PubMed]

He, H.; Kuriyan, A.E.; Su, C.-W.; Mahabole, M.; Zhang, Y.; Zhu, Y.-T; Flynn, HW.,; Parel, J.-M.; Tseng, S.C.G. Inhibition of
Proliferation and Epithelial Mesenchymal Transition in Retinal Pigment Epithelial Cells by Heavy Chain-Hyaluronan/Pentraxin
3. Sci. Rep. 2017, 7, srep43736. [CrossRef] [PubMed]

Haranahalli Shivarudrappa, A.; Gopal, S.S.; Ponesakki, G. An in Vitro Protocol to Study the Effect of Hyperglycemia on
Intracellular Redox Signaling in Human Retinal Pigment Epithelial (ARPE-19) Cells. Mol. Biol. Rep. 2019, 46, 1263-1274.
[CrossRef] [PubMed]

Biswal, M.R,; Justis, B.D.; Han, P; Li, H.; Gierhart, D.; Dorey, C.K.; Lewin, A.S. Daily Zeaxanthin Supplementation Prevents
Atrophy of the Retinal Pigment Epithelium (RPE) in a Mouse Model of Mitochondrial Oxidative Stress. PLoS ONE 2018, 13,
€0203816. [CrossRef]

Wenzel, A.A.; O'Hare, M.N.; Shadmand, M.; Corson, T.W. Optical Coherence Tomography Enables Imaging of Tumor Initiation
in the TAg-RB Mouse Model of Retinoblastoma. Mol. Vis. 2015, 21, 515-522.

Zou, X.-L.; Wang, G.-F; Li, D.-D.; Chen, J.-X.; Zhang, C.-L.; Yu, Y.-Z.; Zhou, W.-].; Zou, Y.-P,; Rao, B.-Q. Protection of Tight Junction
between RPE Cells with Tissue Factor Targeting Peptide. Int. . Ophthalmol. 2018, 11, 1594-1599. [CrossRef]

Obert, E.; Strauss, R.; Brandon, C.; Grek, C.; Ghatnekar, G.; Gourdie, R.; Rohrer, B. Targeting The Tight Junction Protein, Zonula
Occludens-1, With The Connexin 43 Mimetic Peptide, xCT1, Reduces VEGF-Dependent RPE Pathophysiology. |. Mol. Med. 2017,
95, 535-552. [CrossRef]

Trakkides, T.-O.; Schifer, N.; Reichenthaler, M.; Kiihn, K.; Brandwijk, R.J.M.G.E.; Toonen, E.].M.; Urban, F.; Wegener, J.; Enzmann,
V.; Pauly, D. Oxidative Stress Increases Endogenous Complement-Dependent Inflammatory and Angiogenic Responses in Retinal
Pigment Epithelial Cells Independently of Exogenous Complement Sources. Antioxidants 2019, 8, 548. [CrossRef]

Frede, K.; Ebert, E; Kipp, A.P; Schwerdtle, T.; Baldermann, S. Lutein Activates the Transcription Factor Nrf2 in Human Retinal
Pigment Epithelial Cells. J. Agric. Food Chem. 2017, 65, 5944-5952. [CrossRef] [PubMed]

Ku, C.A.; Ryals, R.C,; Jiang, D.; Coyner, A.S.; Weller, K.K.; Sinha, W.; Robb, B.M.; Yang, P.; Pennesi, M.E. The Role of ERK1/2
Activation in Sarpogrelate-Mediated Neuroprotection. Investig. Ophthalmol. Vis. Sci. 2018, 59, 462-471. [CrossRef] [PubMed]


https://doi.org/10.1167/iovs.05-0344
https://doi.org/10.1167/iovs.10-6304
https://doi.org/10.1016/j.exer.2015.07.022
https://www.ncbi.nlm.nih.gov/pubmed/26315784
https://www.ncbi.nlm.nih.gov/pubmed/27110092
https://doi.org/10.1371/journal.pone.0159776
https://www.ncbi.nlm.nih.gov/pubmed/27447833
https://www.ncbi.nlm.nih.gov/pubmed/31933849
https://doi.org/10.1016/j.exer.2023.109728
https://www.ncbi.nlm.nih.gov/pubmed/37972750
https://doi.org/10.1016/j.exer.2018.10.009
https://www.ncbi.nlm.nih.gov/pubmed/30336127
https://doi.org/10.1006/exer.1996.0020
https://doi.org/10.1016/j.phymed.2020.153375
https://doi.org/10.1371/journal.pone.0064619
https://doi.org/10.1016/j.bbrc.2022.07.003
https://doi.org/10.1038/s41419-019-2216-7
https://www.ncbi.nlm.nih.gov/pubmed/31932580
https://doi.org/10.3390/molecules28165961
https://www.ncbi.nlm.nih.gov/pubmed/37630213
https://doi.org/10.1167/iovs.04-1369
https://www.ncbi.nlm.nih.gov/pubmed/16799064
https://doi.org/10.1038/srep43736
https://www.ncbi.nlm.nih.gov/pubmed/28252047
https://doi.org/10.1007/s11033-019-04597-x
https://www.ncbi.nlm.nih.gov/pubmed/30628023
https://doi.org/10.1371/journal.pone.0203816
https://doi.org/10.18240/ijo.2018.10.04
https://doi.org/10.1007/s00109-017-1506-8
https://doi.org/10.3390/antiox8110548
https://doi.org/10.1021/acs.jafc.7b01929
https://www.ncbi.nlm.nih.gov/pubmed/28665123
https://doi.org/10.1167/iovs.17-23159
https://www.ncbi.nlm.nih.gov/pubmed/29368005

Antioxidants 2023, 12, 2129 14 of 14

43. Tullis, B.E; Ryals, R.C.; Coyner, A.S.; Gale, M.].; Nicholson, A.; Ku, C.; Regis, D.; Sinha, W.; Datta, S.; Wen, Y.; et al. Sarpogrelate,
a 5-HT2A Receptor Antagonist, Protects the Retina From Light-Induced Retinopathy. Investig. Ophthalmol. Vis. Sci. 2015, 56,
4560-4569. [CrossRef] [PubMed]

44. Urbina, M.; Schmeer, C.; Lima, L. 5SHT1A Receptor Agonist Differentially Increases Cyclic AMP Concentration in Intact and
Lesioned Goldfish Retina. In Vitro Inhibition of Outgrowth by Forskolin. Neurochem. Int. 1996, 29, 453-460. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1167/iovs.15-16378
https://www.ncbi.nlm.nih.gov/pubmed/26200496
https://doi.org/10.1016/0197-0186(96)00022-8

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cellular Apoptosis Assay 
	Animals 
	Real Time PCR 
	SD-OCT Imaging and Measurement of Total Retinal Thickness 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	Buspirone Prevented Oxidative Stress Induced Cell Death 
	Buspirone Prevented RPE Structural Disintegration from Oxidative Damage 
	Presence of Buspirone-Preserved Retinal Structure in an Acute Model of RPE Oxidative Damge 
	Buspirone Preserved RPE Structural Integrity In Vivo from Oxidative Damage 
	Increased Expression of Antioxidant Genes in the RPE/Choroid in Response to Buspirone Treatment 

	Discussion 
	Buspirone’s Multifaceted Protective Effects in Retinal Health 
	Potential Mechanisms Underlying Buspirone’s Protective Effects 
	Clinical Implications and Future Directions 
	Limitations of the Study 

	Conclusions 
	References

