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Abstract: Retinal ischemia—reperfusion (I/R) injury is a critical pathogenic mechanism in various
eye diseases, and an effective therapeutic strategy remains unresolved. Natural derivatives have
recently reemerged; therefore, in our present study, we examined the potential therapeutic effects of a
stilbenoid that is chemically related to resveratrol. Pterostilbene, recognized for its anti-inflammatory,
anti-carcinogenic, anti-diabetic, and neuroprotective properties, counteracts oxidative stress during
I/R injury through various mechanisms. This study explored pterostilbene as a retinoprotective
agent. Male Sprague Dawley rats underwent retinal I/R injury and one-week reperfusion and
were treated with either vehicle or pterostilbene. After this functional electroretinographical (ERG)
measurement, Western blot and histological analyses were performed. Pterostilbene treatment signif-
icantly improved retinal function, as evidenced by increased b-wave amplitude on ERG. Histological
studies showed reduced retinal thinning and preserved the retinal structure in the pterostilbene-
treated groups. Moreover, Western blot analysis revealed a decreased expression of glial fibrillary
acidic protein (GFAP) and heat shock protein 70 (HSP70), indicating reduced glial activation and
cellular stress. Additionally, the expression of pro-apoptotic and inflammatory markers, poly(ADP-
ribose) polymerase 1 (PARP1) and nuclear factor kappa B (NF«kB) was significantly reduced in the
pterostilbene-treated group. These findings suggest that pterostilbene offers protective effects on
the retina by diminishing oxidative stress, inflammation, and apoptosis, thus preserving retinal
function and structure following I/R injury. This study underscores pterostilbene’s potential as a
neuroprotective therapeutic agent for treating retinal ischemic injury and related disorders.

Keywords: retinal ischemia-reperfusion; pterostilbene; electroretinography (ERG); GFAP; HSP70;
PARP1; NF«B; neuroprotective; reactive oxygen species (ROS); protective effects

1. Introduction

Ischemia—reperfusion (I/R) injury refers to the tissue damage that occurs when blood
supply to a specific area is initially restricted or cut off (ischemia) and then restored (reperfu-
sion). While reperfusion is essential to restore oxygen and nutrients to the deprived tissues,
this process paradoxically leads to additional injury. The sudden influx of oxygen during
reperfusion generates reactive oxygen species (ROS) and triggers inflammatory responses,
which can result in cellular dysfunction, apoptosis, necrosis, and overall tissue and organ
damage. Ischemia—reperfusion injury is a fundamental mechanism underlying various
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clinical conditions, including heart attacks, strokes, and even retinal neurodegenerative
disorders. This pathological feature is present in age-related macular degeneration (AMD),
diabetic retinopathy (DR), central retinal artery occlusion (CRAO), and glaucoma [1-3],
which are the most common causes of total blindness due to degeneration and demise
of retinal ganglion cells [4,5]. Nonetheless, neuroinflammation and oxidative stress have
been identified as pivotal contributors to its development [6]. During the ischemic phase,
characterized by restricted or blocked blood flow to the retina, a reduction in oxygen
availability leads to metabolic dysregulation and cellular stress. This cascade of events
culminates in the generation of reactive oxygen species (ROS) as metabolic byproducts,
initiating various processes such as mitochondrial dysfunction, the activation of NADPH
oxidase, and inflammatory responses leading to oxidative stress [7]. The dysregulated
redox state perpetuates further cellular injury, exacerbating tissue damage and functional
impairment [8]. Following retinal ischemia, the restoration of blood flow, known as reperfu-
sion, leads to a surge of oxygen and nutrients, which can cause several deleterious changes
in the retinal tissue, a phenomenon commonly referred to as ischemia—reperfusion (I/R) in-
jury. During reperfusion, reactive oxygen species (ROS) are generated. The abrupt influx of
oxygen results in ROS overproduction, which causes oxidative damage to various cellular
components, including lipids, proteins, and DNA. Due to its high metabolic demand and
rich content of polyunsaturated fatty acids, the retina is particularly susceptible to oxidative
stress. ROS attack membrane lipids, leading to lipid peroxidation, which compromises
membrane integrity, alters permeability, and can result in cell death.

Excessive ROS production also damages mitochondria, impairing their function,
which disrupts ATP production essential for cell survival and exacerbates oxidative stress.
Reperfusion triggers the activation of microglia, the immune cells of the retina. Activated
microglia release pro-inflammatory cytokines, such as TNF-oc and IL-1f3, contributing to
further tissue damage. Additionally, reperfusion increases the expression of adhesion
molecules on retinal endothelial cells, leading to leukocyte infiltration. These leukocytes
release additional inflammatory mediators, exacerbating inflammation and tissue injury.
The combined effects of oxidative stress, mitochondrial dysfunction, and inflammation
can lead to apoptosis, particularly in retinal ganglion cells (RGCs) and photoreceptors,
characterized by the activation of specific cell death pathways that result in controlled cell
disassembly [1,9-11].

Various studies have investigated the factors influencing I/R injury. Previous findings
indicate that heat shock protein 70 (HSP70), functioning as a molecular chaperone protein,
and glial fibrillary acidic protein (GFAP), an intermediate filament protein, are upregulated
as part of the cellular stress response during I/R injury. Additionally, levels of NF«kB, a
transcription factor, were found to increase in response to diverse stimuli such as oxidative
stress and inflammatory cytokines in the context of I/R injury. Accumulating evidence from
multiple studies suggests that poly(ADP-ribose) polymerase 1 (PARP1), an enzyme critical
for DNA repair and genomic stability, plays a significant role in retinal ischemia-reperfusion
injury by contributing to oxidative stress, inflammation, and neuronal apoptosis [12-16].

Currently, there is no definitive cure for retinal injury caused by I/R, other than
the standard treatment of restoring blood flow to save under-perfused tissues. In recent
years, natural compounds with potent antioxidant and anti-inflammatory properties have
emerged as promising therapeutic candidates for managing retinal ischemic injury [17-19].
Pterostilbene (3’,5'-dimethoxy-resveratrol), a stilbenoid structurally akin to resveratrol,
is abundant in blueberries, grapes, and various plants [20-22]. Blueberry extract, often
included in eye vitamins, is prized for its rich content of antioxidants, particularly antho-
cyanins and flavonoids [23]. It is characterized by a chemical structure comprising two
phenolic rings connected by a methylene bridge, which confers a spectrum of pharmacolog-
ical effects, including antioxidative, anti-inflammatory, neuroprotective, and vasoprotective
actions [24,25]. Pterostilbene operates through multifaceted mechanisms to counteract
oxidative stress, activating antioxidant enzymes like superoxide dismutase and catalase
to neutralize harmful reactive oxygen species [26]. Moreover, pterostilbene suppresses
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the expression of pro-inflammatory cytokines, thereby dampening the inflammatory cas-
cade provoked by ischemic insult [27,28]. Additionally, it exerts a protective influence
against apoptosis, a critical mediator of apoptotic cell death, and attenuates mitochondrial
dysfunction-associated apoptosis pathways [29]. Furthermore, pterostilbene has exhibited
neuroprotective effects in diverse experimental models of neurological disorders [30], sug-
gesting its potential extension to the retina, where it may safeguard retinal function and
prevent neuronal cell death following ischemia-reperfusion injury [28,31,32].

Our study aimed to investigate the impact of pterostilbene on both healthy eyes and
eyes subjected to I/R-induced injury. We sought to determine whether pterostilbene can
inhibit retinal ganglion cell (RGC) apoptosis, retinal gliosis, and inflammation, which are
critical events in retinal degeneration following ischemia-reperfusion injury.

2. Materials and Methods
2.1. Animals and Groups

We employed male adult Sprague Dawley (SD) rats, aged 18 weeks and weighing
between 500 and 600 g, obtained from Charles River Laboratories International, Inc. (Wilm-
ington, MA, USA). These rats were kept under standard conditions, with temperatures
maintained between 22 and 24 °C, at the Department of Pharmacology and Pharmacother-
apy, University of Debrecen, Hungary. A 12 h light-dark cycle was applied, and the rats
could access water and standard rat chow freely. Prior to the commencement of the study,
a two-week preliminary adaptation phase was provided. After acclimatization, the rats
were randomly allocated into two groups (n = 10/group): one receiving vehicle (mucilage)
treatment and the other receiving pterostilbene treatment. Mucilage was made from a
viscosity enhancer, hydroxyethylcellulose, and water according to a Hungarian standard
recipe published as an official preparation formula in Formulae Normales VIII—a Collec-
tion of Standard Recipe Samples. It is a colorless or slightly yellowish, transparent, almost
odorless, tasteless viscous fluid. It mixes with water in all proportions. It was purchased
from the University Pharmacy. Pterostilbene (source of pterostilbene: Apollo Scientific,
product code: BIP1700, purity: >97% (HPLC), form: white solid, synonyms: Pterocarpus
marsupium, 3’,5'-dimethoxy-resveratrol, 3,5-dimethoxy-4'-hydroxystilbene, 4-[(1E)-2-(3,5-
dimethoxyphenyl)ethenyl]phenol, empirical formula: C16H;603) was administered at a
dosage of 5 mg/kg/day [33], once daily, for a duration of five weeks. The substances
were administered through a gastric tube to ensure accurate dosing. Animal groups are
shown in Table 1. We followed institutional and ethical guidelines to use as few animals as
possible, taking into account potential losses. In accordance with animal ethics principle 3R,
ischemia—reperfusion injury was specifically induced in the left eye of rats. The unblinded
right eyes served as healthy controls. This approach not only reduced the overall number
of animals but also helped to normalize any unintended systemic effects of pterostilbene
between the treated and untreated groups. Rats were treated ethically and sparingly, and
all methods in this study were conducted according to the ‘Principles of Laboratory Animal
Care’ outlined in EU Directive 2010/63/EU. The local Ethics Committee of the University
of Debrecen approved all experimental protocols (approval number: 14/2022/DEMAB).

Table 1. Experimental structure.

Groups Number of Animals Treatments Examinations
Pterostilbene-treated group =
. Left ligated eyes = pterostilbene-treated ischemic reperfusion group
! 10 male SD xats Right non-ischemi the pterostilbene-treated non-ischemi
. ight non-ischemic eyes = the pterostilbene-treated non-ischemic group o L
graphy, Western blot,
(PTERNOIR)/ and histology
Vehicle (Mucilago)-treated group =
. Left ligated eyes = vehicle-treated ischemic-reperfusion group (MUCI IR)
2 10 male SD rats

. Right non-ischemic eyes = the vehicle-treated non-ischemic control
(MUCINO IR)
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2.2. Ocular Ischemia—Reperfusion

General anesthesia was achieved with ketamine—xylazine (100/10 mg/kg), which
was followed by the administration of a local anesthetic agent (oxibuprocaine, Humacain
4 mg/mL eye drops, Teva Ltd., Debrecen, Hungary). Subsequently, ischemia was induced
in the left eyes of the SD rats using a methodology previously reported [34].

Briefly, bent forceps were used to gently protrude the left eye of each SD rat, and a
polyester fiber surgical suture (Mersilene, 2 mm, Ethicon Inc., Cincinnati, OH, USA) was
used to create a slip knot behind the eye bulb. To effectively restrict blood supply to the
retina for a desired time period, this slip knot was tightened around the blood vessels of the
eye. Ischemia induction was verified macroscopically by fundoscopic examination with an
ophthalmoscope. During anesthesia, the rats’ eyes were protected from dehydration using
a specialized eye gel (Vidisic, Bausch & Lomb, Berlin, Germany). The ischemic state lasted
60 min after which the slip knot was loosened to restore the flow of blood in retinal arteries.
The visual confirmation of sufficient reperfusion was performed using ophthalmoscopy.

2.3. Electroretinography

Hand-held Multi-species ElectroRetinoGraph, a Ganzfeld-type flash electroretino-
graph (HMsERG, OcuScience, Henderson, NV, USA), was utilized for both stimulus gen-
eration and data acquisition. The ERG measurements adhered to previously described
methodologies [35]. The rats, divided into vehicle-treated (n = 10) and pterostilbene-treated
(n = 10) groups, were anesthetized with a mixture of ketamine-xylazine (100/10 mg/kg).
Upon achieving deep anesthesia, mydriasis was induced using topical cyclopentolate
(Humapent, Teva Ltd., Debrecen, Hungary), following which the animals were dark-
adapted for 20 min. During the procedure, the animals were positioned in a prone position
on a heated pad (ATC 2000, WPI, Sarasota, FL, USA) to maintain a constant body tempera-
ture of 37 °C. Gold-coated corneal contact lens electrodes (ERG-jet Contact Lens Electrode,
Fabrinal SA, La Chaux-De-Fonds, Switzerland) were placed on each eye, with reference
and ground stainless steel needle electrodes inserted subcutaneously above the jaw and tail
base, respectively. Conductive gel was applied to the cornea to ensure optimal electrical
contact and hydration throughout the procedure.

ERGs were recorded from both eyes simultaneously using a Ganzfeld dish. Single-flash
images were acquired under both dark-adapted (scotopic) and light-adapted (photopic)
conditions. The bandpass filter width was set to 1-300 Hz. The single white flash stimulus
intensity ranged from —2.5 to 1 log cd-s/m?, and light adaptation was performed with
a 30 cd-s/m? backlight for 10 min before recording photopic responses. At each flash
intensity, 10 responses were averaged, with the interval between stimuli varying between
2 and 20 s depending on the flash intensity. Data analysis was performed using software
provided by the ERG system manufacturer. The dark-adapted oscillatory potential (OP)
measurements were derived from ERG waveforms recorded for 3000 mcd-s-m~2 flash
stimuli, with bandwidth filtering of 100-300 Hz after recording. For the measurement
of OP amplitudes, the highest positive and the lowest negative peaks were measured
from a baseline set to 0 uV. The absolute values of the two numbers were then summed.
The implicit time is the time required for the highest positive peak to be formed after the
flash. Four individual OP averages were given for each eye. Data analysis was performed
using software provided by the ERG system manufacturer (ERGView 4.380, Ocuscience,
Henderson, NV, USA).

2.4. Western Blot

Immediately following euthanasia, both eyes of the animals were carefully removed
from the orbit and promptly immersed in liquid nitrogen for preservation until subsequent
molecular biological examinations (1 = 4 per group). Whole-eye samples were then pul-
verized and homogenized with a homogenization buffer comprising 25 mM Tris, 25 mM
NaCl, 1 mM Na-orthovanadate, 10 mM NaF, 10 mM Na—pyrophosphate, 10 mM okadaic
acid, 0.5 mM EDTA, 1 mM PMSF protease inhibitor cocktail, and distilled water, all sourced
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from Sigma-Aldrich Merck KGaA, Darmstadt, Germany. The resulting solution was further
homogenized using a disperser (IKA-WERKE, Staufen, Germany). Following centrifuga-
tion at 2000 rpm for 10 min at 4 °C, the cytosolic and mitochondrial proteins were collected
with the supernatant, while the pellet containing the nuclear fraction was dissolved and
incubated for 1 h in homogenization buffer supplemented with Triton X 100 surfactant
(Sigma-Aldrich Merck KGaA, Darmstadt, Germany). Following the initial centrifugation
step (14,000 rpm, 10 min, 4 °C), the supernatant containing nuclear proteins was carefully
aspirated. Subsequently, the supernatant containing cytosol and mitochondria underwent
further centrifugation (10,000 rpm for 20 min at 4 °C), and the resulting supernatant, con-
taining the cytosolic fraction, was collected. The total protein concentration in 10 puL of the
supernatants (nuclear and cytoplasmic) was measured using a spectrophotometer (FLU-
Ostar Optima, BMG Labtech, Ortenberg, Germany) and a BCA assay kit (QuantiPro BCA
Assay Kit, Sigma-Aldrich Merck KGaA, Darmstadt, Germany). The remaining volume
was either mixed with Laemmli sample buffer (Sigma-Aldrich Merck KGaA, Darmstadt,
Germany) or stored at —80 °C for further analysis.

Proteins were separated by SDS—polyacrylamide gel electrophoresis (12% gel, 25 mA
for approximately 220 min). Subsequently, the blotting of proteins to a nitrocellulose
membrane (GE Healthcare, Darmstadt, Germany) was performed at 25 V for 90 min. The
membrane was then blocked in a 5% BSA solution (Sigma-Aldrich Merck KGaA, Darmstadt,
Germany) and incubated overnight at 4 °C with primary antibodies in TBST solution. The
primary antibodies used included anti-histone H3 (detecting histone 3, ~17 kDa), anti-beta-
actin (detecting beta-actin, ~42 kDa), anti-HSP70 (~70 kDa), anti-PARP1 (~113 kDa), GFAP
(55, 48 kDa), and anti-NFkB (~50 kDa) antibodies. The membranes were then washed
with TBST for 3 x 10 min and incubated with secondary antibodies (anti-mouse or anti-
rabbit) conjugated with horseradish peroxidase enzyme. The blots were visualized using
WesternBright™ enhanced chemiluminescent substrate (Advansta Inc., Menlo Park, CA,
USA) and a LiCor C-Digit blot scanner (LI-COR Inc., Lincoln, NE, USA). Scanned images
were analyzed using Image Studio Digits software (version 5.2, LI COR Inc., Lincoln, NE,
USA), including normalization to the background and standardization to a housekeeping
protein (histone H3 or beta-actin). Three Western blots from all treatment groups were
analyzed.

2.5. Histology

Following euthanasia, the eyes of four animals per group were promptly excised
from the orbit, with the upper portion of each eyeball marked for subsequent orientation.
Subsequently, the eye bulbs were infused with and immersed in 4 °C paraformaldehyde
solution (PFA, pH 7.4, 4% in phosphate buffer containing 10 g paraformaldehyde, 50 uL
10 N NaOH, 25 mL 10x PBS, and 200 mL ddH,O) for 24 h to ensure the proper fixation of
the retina. The following day, corneas were removed to ensure the thorough removal of
PFA, and tissue samples were washed in water for 1 h. The tissue specimens were then
preserved in 70% alcohol until further histological processing. Histological processing
involved sequential dehydration in 70%, 90%, and 100% ethanol, followed by clearing in
xylene and infiltration/embedding in Histowax (Histolab Products AB, Gothenburg, Swe-
den). Subsequently, the paraffin-embedded eye tissue blocks were sectioned frontally with
a microtome into 5 pm thick sections. Sections near the optic disc were selected for further
processing. After deparaffinization and the rehydration of the sections, hematoxylin—eosin
(H & E) staining was performed as follows: The sections were stained for 1.5 min with
hematoxylin (Gill-type, GHS2128, Sigma-Aldrich Merck KGaA, Darmstadt, Germany).
Following staining, sections were rinsed in running tap water until they turned blue, fol-
lowed by a 3 s staining with eosin (Eosin Y, Alcoholic solution, 3801600E, Leica Biosystems
Richmond, Inc., Mumbai, Maharashtra, India). Images were captured from the inferior part
of the retina, near the optic disc, using a Nikon Eclipse 80i microscope equipped with a
DS-Fi3 Microscope Camera, utilizing a 40 objective lens (Nikon Plan Fluor 40x /0.75 DIC
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M/N2 c0/0.17 WD 0.66, Nikon Europe B.V., Amstelveen, The Netherlands). Measurements
were conducted using Nikon NIS-Elements BR microscope software (Ver5.41.00).
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2.6. Statistical Analyses

The results are presented as means =+ standard error of the mean (SEM). The normality
of the data within the groups was assessed using the D’ Agostino—Pearson test. Differences
in means among the groups were analyzed using a one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. We applied Mann—Whitney tests for statistical analysis
in instances where this method was applicable. A p-value less than 0.05 was considered
statistically significant. GraphPad Prism software for Windows (version 7.00, GraphPad
Software Inc., La Jolla, CA, USA) was used for statistical analysis.

3. Results
3.1. Electroretinography
The electroretinography (ERG) study revealed notable findings. In both a-wave and

b-wave responses, the vehicle-treated ischemic-reperfusion group (MUCI IR) exhibited the
lowest amplitudes compared to other experimental groups (Figure 1A,B).

Scotopic a-wave amplitudes . .,
P P Scotopic b-waves amplitudes
80 400 )
< ns S -~ Muci-IR
3 2 :
< 60- §300 ns - Muci-NO IR
B 2 ns ns - Pter-IR
'?_:_40_ E-zoo ¥ Pter-NO IR
£
© © *
2 3 . .
3 20 ns > 100
3 3
o &
0-1 T T 1 0-1 L | 1
100 1000 10000 100000 100 1000 10000
light intensities (mcd*s/m?) light intensities (mcd*s/m?)

Figure 1. Comparison of a-wave and b-wave responses in ERG: (A) amplitude analysis of a-wave
responses across different experimental groups; (B) amplitude analysis of b-wave responses across
different experimental groups. Data represent mean & SEM; * p < 0.05. ns = no significant difference.

Specifically, the mean amplitude of b-waves was significantly diminished in the
vehicle-treated ischemic-reperfusion group (MUCI IR) compared to both the vehicle-treated
non-ischemic control (MUCI NO IR) and pterostilbene-treated ischemic-reperfusion (PTER
IR) groups. Additionally, the mean b-wave amplitudes of the pterostilbene-treated ischemic—
reperfusion (PTER IR) group demonstrated higher values than those observed in the
Mucilago-treated ischemic-reperfusion (MUCI IR) group (Figure 2A-C).
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Figure 2. Statistically most significant comparisons in scotopic ERG measurements; flash intensity:
med-s'm~2: (A) average b-wave amplitudes (1V) of the different groups at 1000 mcd-s-m~2 light
intensity; (B) average b-wave amplitudes (1V) at 3000 med-s-m—2 light intensity; (C) average b-wave
amplitudes (1V) at 25,000 mcd-s-m~2 light intensity (V). All results are plotted as group average
+ SEM. Statistically significant comparisons are denoted by * p < 0.05; ** p < 0.01; *** p < 0.001;
** p < 0.0001.

The implicit time analysis of a-wave and b-wave responses did not reveal any statisti-
cally significant differences among the various treatment groups (Figure 3A,B).

A B
Scotopic a-waves implicit times Scotopic b-wave implicit times
—E-so— z - MuchR
I Py = Muci-NO IR
"E‘ g -+ Pter-IR
b~ b=
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= =
E E
@ o
s 3
©
: i
© 0 T T 1 40 T T 1
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Figure 3. Implicit time analysis of a-wave and b-wave responses in electroretinography (ERG):
(A) comparison of a-wave implicit times among different treatment groups; (B) comparison of b-wave
implicit times among different treatment groups. The statistical analysis showed no significant
differences in implicit times among the different treatment groups. Data represent mean + SEM;
p > 0.05. ns = no significant difference.

3.2. Western Blot

The results of Western blot analysis revealed a notable increase in the expression levels
of glial fibrillary acidic protein (GFAP) and heat shock protein 70 (HSP70) in the MUCI
IR group compared to both the MUCI NO IR and PTER IR groups. Statistical analysis
demonstrated a significant difference when comparing the MUCI NO IR group with these
two experimental groups, indicating a distinctive response to I/R injury (Figure 4A,B).
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Similarly, the expression levels of poly(ADP-ribose) polymerase 1 (PARP1) and nuclear
factor kappa B (NFkB) were significantly elevated in the MUCI IR group relative to the
MUCI NO IR and PTER IR groups. The observed differences between the groups were
statistically significant (Figure 4C,D).
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Figure 4. Expression levels of glial fibrillary acidic protein (GFAP) and heat shock protein 70 (HSP70)
in retinal tissue: (A) Western blot analysis revealing a notable increase in GFAP expression in different
groups; (B) Western blot analysis demonstrating a similar pattern with elevated levels of HSP70
in different groups. Data represent mean + SEM; ** p < 0.001, *** p < 0.0001, n = 4 per group.
Expression levels of poly(ADP-ribose) polymerase 1 (PARP1) and nuclear factor kappa B (NFkB)
in retinal tissue; (C) Western blot analysis showing significantly elevated expression of PARP1 in
different groups; (D) Western blot analysis revealing a similar pattern with significantly increased
levels of NFkB in different groups. Data represent mean & SEM; ** p < 0.01, **** p < 0.0001, n = 4 per
group.

Notably, pterostilbene treatment led to a substantial decrease in the expression levels of
all four proteins when compared to animals treated with the vehicle (MUCI), irrespective of
whether they were subjected to ischemic reperfusion (MUCI IR) or were in the non-ischemic
control group (MUCI NO IR).

3.3. Histology

Based on histological analyses, the following can be reported: Significant differences
were observed in the total retinal layer thickness among the four animal groups. This value
was found to be the smallest in the MUCI IR group, indicating that the retina thickness
in this group was the thinnest compared to the other three animal groups. There was a
significant difference between the ischemic (MUCI IR) and the corresponding non-ischemic
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(MUCI NO IR) animals’ values. The average retinal layer thickness in the latter group was
significantly larger, albeit not as much as in the case of non-ischemic animals receiving
pterostilbene treatment (PTER NO IR). We compared the retinal thickness of non-ischemic
animals in the two treatment groups (MUCI NO IR vs. PTER NO IR). The difference was
significant. The same was observed in the case of ischemic eyes (MUCI IR vs. PTER IR).
In animals treated with pterostilbene, significant differences in the retinal layer thickness
were observed. The values of the PTER IR group were significantly smaller than those of
the PTER NO IR group. It can be said that the total retinal thickness was the highest in the
PTER NO IR group, considering all four groups (Figure 5A,B).

*

200

100+

Mean retinal thickness ( RPE-ILM) pm +SEM

Figure 5. Microscopic analysis of rat retinal sections: (A) representative images of retinal thickness in
the different treatment groups (from left to right): MUCI NO IR, MUCI IR, PTER NO IR, and PTER
IR; (B) graphs showing statistical analysis results of histology sections of the different groups. Data
represent mean £ SEM; **** p < 0.0001.

4. Discussion

In our present study, we investigated the effects of pterostilbene on retinal I/R injury
in a rat model. Our results demonstrate that pterostilbene has a significant retinoprotective
effect, as evidenced by improved retinal function; preserved retinal structure; and reduced
markers of glial activation, cellular stress, inflammation, and apoptosis. Pterostilbene
treatment significantly enhanced retinal function, as evidenced by the increased b-wave
amplitude in ERG recordings. This suggests that pterostilbene preserves the functionality
of retinal cells, particularly bipolar and Miiller cells, which are crucial for visual signal
transmission [36,37]. This indicates that pterostilbene not only protects retinal cells from
immediate damage but also helps maintain their functional integrity, which is essential
for visual processing. Histological analysis revealed that pterostilbene-treated rats had
reduced retinal thinning and better-preserved retinal architecture compared to vehicle-
treated rats. This structural preservation is critical because retinal thinning, due to the
loss of retinal ganglion cells and inner retinal neurons, commonly results from I/R injury,
leading to vision impairment or loss [38,39]. The decreased expression of glial fibrillary
acidic protein (GFAP) in pterostilbene-treated rats suggests the mitigation of glial activation,
reducing the detrimental effects of gliosis on retinal neurons [40,41]. Gliosis, characterized
by the proliferation and hypertrophy of glial cells, can exacerbate neuronal damage and
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disrupt the retinal environment. By limiting this response, pterostilbene helps maintain
a healthier retinal milieu, conducive to neuron survival and function [42]. Furthermore,
we found reduced levels of heat shock protein 70 (HSP70), a protein associated with
cellular stress responses, indicating that pterostilbene may enhance cellular resilience
to I/R-induced stress [43]. The lower expression of HSP70 in pterostilbene-treated rats
suggests that these cells experience less stress, possibly due to the antioxidant properties of
pterostilbene, which help neutralize the reactive oxygen species (ROS) generated during
I/R injury [44—46]. The neuroprotective effects of pterostilbene observed in this study are
consistent with prior research, which emphasizes its anti-inflammatory, antioxidant, and
anti-apoptotic properties [47,48]. Furthermore, pterostilbene has been shown to modulate
inflammatory pathways by inhibiting nuclear factor kappa B (NF«B) activation, a key
regulator of inflammation [49]. Our findings of decreased NF«B expression in pterostilbene-
treated rats corroborate these studies, suggesting that pterostilbene may exert its protective
effects partly by reducing inflammatory responses. NF«B upregulates various inflammatory
cytokines and adhesion molecules, contributing to secondary damage following I/R injury.
By inhibiting this pathway, pterostilbene reduces the inflammatory cascade that exacerbates
retinal damage [25,50]. Additionally, the decrease in poly(ADP-ribose) polymerase 1
(PARP1) expression supports the idea that pterostilbene can inhibit apoptosis, as PARP1 is
integral to DNA damage-induced cell death pathways. The overactivation of PARPI, in
response to significant DNA damage, results in cellular energy depletion and necrotic cell
death. By lowering PARP1 expression, pterostilbene likely disrupts this energy-draining
cycle, thereby preserving cell viability and function [50-52].

Our study enhances the understanding of pterostilbene’s protective effects by offering
detailed insights into its impact on retinal I/R injury. While previous research has mainly
concentrated on the systemic or neural protective effects of pterostilbene, our work empha-
sizes its potential as a therapeutic agent for retinal neurodegenerative conditions [44,47,53].
The specific reduction in markers of inflammation, oxidative stress, and apoptosis under-
scores the multi-faceted protective mechanisms of pterostilbene. Furthermore, our findings
suggest that pterostilbene’s protective effects extend to preserving long-term retinal struc-
ture and function. This indicates the potential for pterostilbene to be used not only as a
treatment to prevent acute damage but also as a long-term therapeutic strategy to maintain
retinal health and function. The findings of this study have significant implications for
treating retinal I/R injuries and related disorders. By demonstrating that pterostilbene can
effectively reduce oxidative stress, inflammation, and apoptosis, this study highlights its
potential as a neuroprotective therapeutic agent. These properties are particularly relevant
for conditions such as diabetic retinopathy, age-related macular degeneration, glaucoma,
and central retinal artery occlusion, where I/R injury is a critical pathogenic mechanism.
In diabetic retinopathy, retinal I/R injury contributes to disease progression by promot-
ing inflammation and neuronal damage. Pterostilbene’s ability to mitigate these harmful
processes indicates that it could serve as a valuable adjunct therapy for managing diabetic
retinopathy [39,54-57].

This study has several limitations. It was performed on a rat model, so further
research is needed to assess its applicability to humans. The dosage and administration
method of pterostilbene might require optimization for clinical use, including evaluating its
route of administration, bioavailability, and potential side effects. Additionally, this study
primarily addressed the acute phase of retinal I/R injury; long-term studies are needed
to confirm if pterostilbene’s protective effects are sustained and translate into functional
vision improvements. The potential interactions of pterostilbene with other treatments for
retinal diseases also need further investigation.

Obviously, future research should focus on exploring the long-term effects of pterostil-
bene treatment and its efficacy in different models of retinal injury. Additionally, under-
standing the precise molecular mechanisms by which pterostilbene exerts its protective
effects will be crucial for developing targeted therapies. Clinical trials will also be necessary
to confirm the safety and effectiveness of pterostilbene in human subjects. Another avenue
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for future research is to investigate the potential synergistic effects of pterostilbene with
other neuroprotective agents. Combining pterostilbene with established treatments for
retinal diseases could enhance therapeutic outcomes and provide more comprehensive
protection against I/R injury.

In conclusion, our research suggests that pterostilbene, as a potential future adjunct
treatment, may reduce retinal injury caused by I/R and enhance functional retinal status.
By reducing oxidative stress, inflammation, and apoptosis, pterostilbene could improve
visual acuity. Additionally, since numerous clinical studies have linked visual loss with
cognitive decline, pterostilbene may also contribute to an improved quality of life [58,59].
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