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PURPOSE. Progressive retinal ganglion cell (RGC) loss induced by retinal ischemia/
reperfusion (RIR) injury leads to irreversible visual impairment. Pregabalin (PGB) is a
promising drug for neurodegenerative diseases. However, with regard to RGC survival,
its specific role and exact mechanism after RIR injury remain unclear. In this study, we
sought to investigate whether PGB could protect RGCs from mitochondria-related apop-
tosis induced by RIR and explore the possible mechanisms.

METHODS. C57BL/6J mice and primary RGCs were pretreated with PGB prior to
ischemia/reperfusion modeling. The retinal structure and cell morphology were assessed
by immunochemical assays and optical coherence tomography. CCK8 was used to assay
cell viability, and an electroretinogram was performed to detect RGC function. Mitochon-
drial damage was assessed by a reactive oxygen species (ROS) assay kit and transmission
electron microscopy. Western blot and immunofluorescence assays quantified the expres-
sion of proteins associated with the Akt/GSK3β/β-catenin pathway.

RESULTS. Treatment with PGB increased the viability of RGCs in vitro. Consistently,
PGB preserved the normal thickness of the retina, upregulated Bcl-2, reduced the ratio
of cleaved caspase-3/caspase-3 and the expression of Bax in vivo. Meanwhile, PGB
improved mitochondrial structure and prevented excessive ROS production. Moreover,
PGB restored the amplitudes of oscillatory potentials and photopic negative responses
following RIR. The mechanisms underlying its neuroprotective effects were attributed to
upregulation of the Akt/GSK3β/β-catenin pathway. However, PGB-mediated neuropro-
tection was suppressed when using MK2206 (an Akt inhibitor), whereas it was preserved
when treated with TWS119 (a GSK3β inhibitor).

CONCLUSIONS. PGB exerts a protective effect against RGC apoptosis induced by RIR injury,
mediated by the Akt/GSK3β/β-catenin pathway.
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Glaucoma refers to a group of eye diseases characterized
by idiopathic optic nerve injury, predicted to affect over

100 million people worldwide by 2040.1 Angle-closure glau-
coma is a form of glaucoma with high incidence in Asia,
often presenting with acute loss of vision, pain, and high
intraocular pressure (IOP).1 Retinal ischemia/reperfusion
(RIR) injury is triggered by transient intraocular hyperten-
sion, the main risk factor for glaucoma, leading to the
death of retinal ganglion cells (RGCs) and irreversible visual
impairment.2,3 RGCs are the output cells required for visual
signal transmission from the retina into the brain, and
their loss contributes to permanent retinal neurological
deficits.4 The exact pathogenesis of RGC death remains
largely unclear. An increasing body of evidence suggests

that mitochondrial dysfunction and excessive accumulation
of reactive oxygen species (ROS) caused by oxidative stress
is critical for the apoptosis of RGCs.5–9 However, currently
available approaches that lower IOP via surgery or medica-
tion cannot effectively prevent progressive RGC death and
visual field defects in patients with glaucoma.10 Therefore,
alternative antioxidation-based strategies aiming to achieve
neuroprotection are warranted. Pregabalin (PGB) is a struc-
tural derivative of gamma-aminobutyric acid that has been
widely used as an analgesic for diabetic peripheral neuropa-
thy.11 Current evidence suggests that PGB can bind to the
α2-δ subunit of the voltage-dependent calcium channels at
the presynaptic membrane of neurons. By effectively block-
ing the voltage-gated calcium channels, PGB significantly
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reduces the inflow of calcium ions, thereby inhibiting the
release of excitatory neurotransmitters such as glutamate
and stabilizing nerve cells.12–14 Besides its well-known ther-
apeutic spectrum, it was recently found to exert a neuro-
protective effect against diabetic retinopathy by suppress-
ing retinal glutamate, glial cell activation, and the inflam-
matory burden.15 However, the detailed mechanisms and
the effects of PGB on RGC survival after RIR injury remain
unclear.

The present study investigated whether PGB could
protect RGCs from RIR insult and explored the underlying
mechanisms. Results showed that PGB enhanced RGC recov-
ery from RIR by suppressing ROS production and subse-
quent mitochondria-driven RGC apoptosis in the retina.
The mechanisms underlying its neuroprotective effects
were attributed to upregulation of the Akt/GSK3β/β-catenin
pathway, which contributed to alleviation of RGC apop-
tosis. Collectively, our data provide novel insights into
the mechanisms of RIR-mediated injury and demonstrate
that PGB has great prospects for application, given its
neuroprotective potential to prevent RGC death during
glaucoma.

METHODS

Animals

Male mice were used in the experiments to avoid the
neuroprotective effect of ovarian hormones.16 Eight-week-
old C57BL/6J male mice were obtained from the animal
center of Southern Medical University (Guangzhou, China).
All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Southern Medical
University (Guangzhou, China) and performed according to
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Establishment of the RIR Model

Adult male mice were anesthetized by an intraperitoneal
injection of 50 mg/kg pentobarbital sodium. Before the
operation, 1% tropicamide eye drops (Santen Pharmaceu-
tical Co., Ltd., Osaka, Japan) were used to dilate the pupils,
and 0.5% ropivacaine hydrochloride (Santen Pharmaceu-
tical) was used for corneal anesthesia. Then, a 33-gauge
needle connected to a saline solution was inserted into
the anterior chamber in a single pass to stabilize the IOP
between 110 and 120 mm Hg for 60 minutes. The animal
model was evaluated by monitoring IOP and retinal vessel
color. IOP was measured as previously described by Chen
et al.17 (Supplementary Data S1), and retinal ischemia was
confirmed by microscopy (Supplementary Data S2). The RIR
model was performed in only one eye for each mouse, and
the contralateral eye was untreated. A sham procedure was
performed in a separate group with cannulation of one eye
without elevating the pressure (Supplementary Data S3).
Carbomer eye drops (Bausch + Lomb, Bridgewater, NJ, USA)
were used to moisten the eyes during ischemic injury. After
60 minutes of retinal ischemia, the needle was carefully
withdrawn to normalize the IOP and restore retinal vascu-
lar perfusion, and ofloxacin ointment (Santen Pharmaceuti-
cal) was applied to the experimental eye to prevent bacterial
infection.

Pharmacological Treatment

According to the random number table, mice were divided
into five groups: control (n = 42), NaCl (n = 42), 15 mg/kg
PGB (n = 18; Pfizer, New York, NY, USA), 30 mg/kg PGB (n
= 42), and 60 mg/kg PGB (n = 18). (The number of mice in
each experiment is shown in Supplementary Data S4.) Mice
in the NaCl and PGB groups were subjected to experimental
RIR. Mice in the NaCl and PGB groups received intraperi-
toneal injections of 1 mL NaCl or PGB solution, respectively,
48 hours, 24 hours, and 0.5 hour before the onset of opera-
tion.

Optical Coherence Tomography Imaging

The retinal nerve fiber layer (RNFL) and ganglion cell
complex (GCC) were longitudinally measured in live mice on
day 7 after RIR using noninvasive high-resolution spectral-
domain optical coherence tomography (SD-OCT; Heidel-
berg Engineering, Heidelberg, Germany). After corneal
edema subsided (Supplementary Data S5), OCT tests were
conducted. Mice were anesthetized and pupils were dilated.
For each eye, the average and fan-shaped (upper, lower,
nasal, and temporal) RNFL and GCC around the optic papilla
were determined by a circular B-scan with the optic nerve
head as the center. At least three scans with signal qual-
ity greater than 20dB were performed for each eye. The
scanned images were automatically processed by built-in
software to segment the retina layer and quantify thick-
ness values. The segmentation quality was independently
checked by two trained observers blinded to the grouping
and treatment conditions. Samples were manually corrected
to include only the RNFL or GCC.

Quantification of RGCs

Mice were killed by an overdose of anesthesia, and the
retinas were harvested and fixed in 4% paraformaldehyde.
Next, they were placed in goat serum with 0.5% Triton X-
100 for 1 hour and then incubated in mouse-anti-Brn3a anti-
body (1:100, sc-8429; Santa Cruz Biotechnology, Dallas, TX,
USA) overnight at 4°C. After several washes the next day,
retinas were incubated with goat anti-mouse IgG secondary
antibody conjugated to Alexa Fluor 488 (1:200, E032210;
EarthOx, Burlingame, CA, USA) for 1 hour at room tempera-
ture. Retinas were then flatmounted on glass slides, divided
into four quadrants, and coverslipped. We used a fluores-
cence microscope to acquire three images of 0.3588mm2 at
intervals of 1mm in each quadrant representing the periph-
eral, medial, and central retinas. Survival of RGCs was deter-
mined by counting the number of Brn3a-positive cells in
each separate region of the flat whole-mount retina using
Image J software (National Institutes of Health, Bethesda,
MD, USA) and obtaining the average value.

Western Blot

Total protein was isolated from the retinal samples and
run on 10% polyacrylamide gels following a standard
protocol. Equal amounts of protein resolved by polyacry-
lamide gels were immunoblotted using antibodies against
β-tubulin (1:10000, RM2003; Beijing Ray Antibody Biotech,
Beijing, China), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 1:10,000, RM2002; Beijing Ray Antibody Biotech),
caspase-3 (1:1000, 9662; Cell Signaling Technology, Danvers,
MA, USA), Bax (1:1000, 2772; Cell Signaling Technology),
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B-cell lymphoma-2 (Bcl-2; (1:1000, ab182858; Abcam,
Cambridge, UK), Akt (1:1000, YT0177; ImmunoWay, Plano,
TX, USA), phosphorylated Akt (p-Akt; 1:1000, YP0006;
ImmunoWay), glycogen synthase kinase-3 beta (GSK3β;
1:1000, 12456; Cell Signaling Technology), phosphorylated
GSK3β (p-GSK3β; 1:1000, 9323; Cell Signaling Technology),
and β-catenin (1:1000, ab32572; Abcam). They were then
detected with a chemiluminescence kit. Gray value analysis
was conducted using Image J software.

Histology and Staining of Retinal Sections

Mouse eyes were harvested and embedded in paraffin,
and 4-μm-thick sections were obtained from each paraffin
block. Three slices were prepared for each eye and stained
with hematoxylin and eosin (H&E). Then, a fluorescence
microscope (BX63; Olympus, Tokyo, Japan) was used to
take retinal images, and the whole retinal thickness was
measured at 500 μm from the center of the optic disk by
Image J software. The data obtained from three sections per
eye were averaged.

For cryosectioning and immunofluorescence (IF) stud-
ies, animals were deeply anesthetized and intracardially
perfused with 0.9% normal saline, followed by 4%
paraformaldehyde. Each eye was post-fixed and dehydrated,
the samples were embedded in an optimal cutting temper-
ature compound, and transverse cryosections of thick-
ness 6 μm were obtained by a microtome (Leica, Wetzlar,
Germany). IF detection was carried out using antibod-
ies against p-Akt, p-GSK3β, and β-catenin. Images were
captured over regions 350 μm in length at a distance of
300 μm from the center of the optic nerve in radial reti-
nal sections by a fluorescence microscope and processed
by Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD,
USA). Three slices per eye were analyzed, and the number
of positive cells (Brn3a+ and p-Akt+/p-GSK3β+/β-catenin+)
was counted in the entire retinal section and normalized to
the length of the respective section. The positivity rate was
presented as the percentage of the ratio between the experi-
mental and the control eye.18 The investigator was blinded to
the grouping when performing the experiment and extract-
ing data. All data were analyzed by an operator blinded to
the grouping strategy.

TUNEL Staining Assay

The apoptosis of RGCs was assessed using the In Situ
Cell Death Detection Kit, Fluorescein (11684795910; Roche
Pharma, Basel, Switzerland), according to the manufacturer’s
protocol. Both 4′6′-diamidino-2-phenylindole (DAPI, BB-
4401; BestBio, Shanghai, China) and Brn3a (primary anti-
body: Anti-Brn3a/BRN3A/POU4F1 Antibody, sc-8429; Santa
Cruz Biotechnology; secondary antibody: Invitrogen Alexa
Fluor 594 Donkey anti-Mouse, A-21203; Thermo Fisher
Scientific, Waltham, MA, USA) staining was performed as
described previously. Photographs were captured using the
BX63 fluorescence microscope and analyzed by a blinded
investigator. Three slices per eye were analyzed from each
sample. TUNEL+/Brn3a+ and TUNEL–/Brn3a+ cells were
regarded as apoptotic and surviving RGCs, respectively.

Transmission Electron Microscopy

The dissected retina was fixed in phosphate-buffered
2.5% glutaraldehyde and 1% osmic acid solution followed

by dehydration and was then placed in the embed-
ding solution. Then, 50-nm-thick sections of the retina
were obtained, carefully mounted on copper grids, stained
with uranyl acetate and lead citrate, and examined
under a transmission electron microscope (Hitachi, Tokyo,
Japan).

Electroretinogram

Before electroretinogram (ERG) recording, mice were
subjected to dark adaptation for 14 hours. During ERG
recording, the gold-plated wire loop, which was in contact
with the corneal surface, served as the active electrode, and
the stainless-steel needle electrodes inserted between the
two ears and in the caudal skin served as the reference
and ground leads, respectively. Animals were first exposed
to white flashes with increasing intensities ranging from
0.001 to 10.0 cd·s/m2 under dark adaptation, and scotopic
responses were recorded. Then animals were light adapted
for 10 minutes with a white background (25 cd /m2), and
photopic responses to white flashes of 3.0 cd·s/m2 and
10.0 cd·s/m2 were recorded. For each condition (scotopic
and photopic), three to 10 responses were elicited by lumi-
nance flash stimuli, with the stimulus interval varying from
2 to 10 seconds at low intensities to 1 minute at intensities
above 3.0 cd·s/m2. The ERG data were collected by an ampli-
fier of the RETIscan system (Roland Consult Electrophysi-
ology and Imaging, Brandenburg an der Havel, Germany)
at a sampling rate of 2 kHz and analyzed with RETIport
software after 50-Hz low-pass filtering. To isolate the oscil-
latory potentials (OPs) recorded at scotopic 3.0 cd·s/m2, a
100- to 300-Hz bandpass filter was applied instead of a 50-
Hz low-pass filter. To analyze the ERG waveform, the a-wave
amplitude was measured from baseline to the first negative
peak, and the b-wave amplitude was measured from the a-
wave trough to the next positive peak. The photopic nega-
tive response (PhNR) was measured as the amplitude of the
first negative peak following the b-wave relative to the base-
line. To measure the amplitude of OPs, the peak-to-peak
amplitudes of four major peaks were measured and then
averaged.

GSK3β Activity Assay

GSK3β activity in retinal lysates was measured using the
Tissue GSK3β Kinase Activity Spectrometry Quantitative
Detection Kit (GenMed, Plymouth, MN, USA) according to
the manufacturer’s instructions. GSK3β activity was detected
at an absorbance of 340 nm.

Primary Culture of RGCs

According to the protocol of Winzeler and Wang,19 retinal
cells were quickly isolated from the retina of P3 neona-
tal mice and incubated in goat-anti-mouse macrophage
antibody-coated flasks (Jackson ImmunoResearch, West
Grove, PA, USA) to remove adherent macrophages. Non-
adherent cells were then transferred to CD90 monoclonal
antibody-coated flasks (Bio-Rad Laboratories, Hercules, CA,
USA) to collect adherent RGCs. The isolated RGCs were incu-
bated in a growth medium containing supplements at 37°C
in 5% CO2.
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Oxygen–Glucose Deprivation and Reoxygenation

RGCs were washed with PBS twice, and the medium
was replaced with glucose-free Dulbecco’s Modified Eagle’s
Medium (DMEM). The cells were then transferred to an
anoxia incubator (Shel Lab, Cornelius, OR, USA) filled with
95% N2 and 5% CO2 for 3 hours. The control groups
were cultured with DMEM containing glucose in an aero-
bic environment (95% air and 5% CO2) for the same dura-
tion. At the end of the oxygen–glucose deprivation (OGD)
period, all groups were returned to an aerobic environ-
ment (95% air and 5% CO2) and were incubated for 12
hours, and the medium was replaced with DMEM containing
glucose.20

Cell Viability

Cell viability was detected using the CCK8 kit (Dojindo Labo-
ratories, Kumamoto, Japan). After OGD/reoxygenation (R)
treatment, RGCs were cultured with 20 μL CCK8 and 180
μL medium in each well at 37°C for 4 hours. Moreover,
the absorbance at 450 nm was measured using a multi-
functional microplate reader (Molecular Devices, San Jose,
CA, USA).

ROS Assay

ROS levels were quantified using a ROS Assay Kit (Beyotime
Biotech, Jiangsu, China). Briefly, primary RGCs or single-
cell suspensions from the retina were incubated with 10-μM
dichloro-dihydro-fluorescein diacetate (DCFH-DA) at 37°C
for 20minutes. Then, the samples were washed with PBS,
and the fluorescent intensity was detected by an inverted
fluorescence microscope (IX73; Olympus) and flow cytome-
try (BD Biosciences, San Jose, CA, USA). Data were analyzed
using ImageJ and FlowJo software. An inverted fluores-
cence microscope detected the fluorescence at an excita-
tion wavelength of 488 nm, and ROS levels were defined as
the proportion of green cells. All photographs were taken
and data analyzed by operators blinded to the treatment
groups.

Statistical Analysis

The data are expressed as mean ± SEM. One-way ANOVA
was performed, followed by Tukey’s post hoc test using SPSS
Statistics 20.0 (IBM, Chicago, IL, USA). All statistical tests
were two tailed, and P values below 0.05 were statistically
significant.

RESULTS

Neuroprotective Effects of PGB After RIR Injury

Immediately after the IOP was increased, fundal examina-
tion under the microscope revealed blanching of retinal
blood flow and whitening of the entire retina. The retina
regained its original color when the needle was removed
from the anterior chamber (Fig. 1A). Meanwhile, we eval-
uated IOP changes during RIR (Supplementary Data S1).
These results indicate successful establishment of the RIR
model.

To evaluate the neuroprotective role of PGB in RIR, PGB
was administered intraperitoneally before surgery (Fig. 1B).
Seven days after reperfusion, the thickness of the whole

retina exposed to RIR in H&E staining decreased by 53.42 ±
3.37 μm. However, retinal damage was significantly amelio-
rated by PGB, with thickness increases of 16.67 ± 3.31 μm,
40.17 ± 3.51 μm, and 21.88 ± 4.33 μm after pretreatment
with 15 mg/kg, 30 mg/kg, and 60 mg/kg PGB,21–23 respec-
tively (Figs. 1C, 1F). Similar results were observed in the
whole retina thickness during OCT (Supplementary Data
S6A). Changes in the thickness of RNFL and GCC monitored
by OCT demonstrated the neuroprotective effect of PGB in
RIR, with a decreased thickness of 6.86 ± 0.75 μm for RNFL
and 28.00 ± 8.08 μm for GCC after RIR. After pretreatment
with 30 mg/kg PGB, RNFL thickness significantly increased
by 6.91 ± 0.79 μm and GCC thickness by 29.57 ± 8.10 μm
(Figs. 1D, 1F). Immunostaining of the whole-mount retina
for Brn3a showed that the number of RGCs in the exper-
imental mice decreased by 1072.00 ± 80.89/0.3588 mm2

7 days after reperfusion. PGB pretreatment rescued RGC
death, compared to the control group, with increases of
164.30 ± 49.00/0.3588 mm2 and 308.30 ± 19.84/0.3588 mm2

at 15 mg/kg and 30 mg/kg, respectively (Figs. 1E, 1F). These
data indicate that treatment with PGB confers a neuropro-
tective effect against RIR in the retina in a dose-dependent
manner at 15 and 30 mg/kg. However, the toxicity of PGB
was observed at a higher concentration.

Influence of PGB on the Mitochondrial Apoptotic
Pathway

It is widely acknowledged that PGB has anti-apoptotic prop-
erties. To further investigate the potential mechanism, we
detected the expression of the Bcl-2 family and caspase
family, which play pivotal roles in mitochondria-dependent
apoptosis. PGB pretreatment decreased the density of pro-
apoptotic protein Bax but increased the density of anti-
apoptotic protein Bcl-2 (Fig. 2A). Meanwhile, PGB reversed
the elevation of cleaved caspase-3 initially induced by RIR
(Fig. 2B), indicating that PGB could protect the retina
against RIR-induced mitochondrial apoptosis, with the most
pronounced effect at 30 mg/kg with a good safety profile
(Supplementary Data S7). Accordingly, 30 mg/kg PGB was
selected for further experiments.

Current evidence suggests that the mitochondrial apop-
tosis pathway can be triggered by ROS, which induces intra-
cellular oxidative stress.24 Flow cytometry of the FITC+ RGCs
showed that ROS was increased after RIR injury compared
to the control group. Additionally, PGB pretreatment signif-
icantly inhibited ROS generation, indicating antioxidative
stress properties for PGB (Fig. 2C). Next, RGCs were local-
ized, and the mitochondrial ultrastructure of each group
was analyzed. Transmission electron microscopy showed
alterations in RGC mitochondrial structure in the RIR-
treated retina, including mitochondrial swelling, vacuoliza-
tion, disintegrated cristae, and increased matrix density,
whereas PGB pretreatment improved the mitochondrial
structure (Fig. 2D). Collectively, these data suggest that PGB
can ameliorate RIR-induced apoptosis through the mito-
chondrial apoptosis pathway.

PGB Pretreatment Rescued Retinal Visual
Dysfunction Through the Alleviation of RGC
Disturbance

Retinal function was assessed 7 days after RIR injury using
ERG, a noninvasive visual function analysis tool. Amplitude
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FIGURE 1. PGB performed neuroprotective effects during RIR injury. (A) A mouse RIR model was successfully established. Microscopic
examination showed that the fundus of normal mice had clear optic disc boundaries and well-filled blood vessels; however, in the ischemic
group of mice, which showed a sharp increase in IOP, the retinal optic disc boundaries were unclear, blood vessels were cut off, and the
retina appeared pale. (B) The mice were pretreated with PGB before modeling, and the neuroprotective effect was evaluated at 24 hours
and 7 days after RIR. (C) Representative H&E images of retinal sections (40×). Scale bars: 50 μm. (D) Representative OCT scans in living
mice. Scale bars: 200 μm. (E) Representative retinal mounts with fluorescent staining of RGCs (20×). Scale bars: 100 μm. (F–H) Thickness of
the whole retina (F) and RNFL and GCC (G) and the number of RGCs (H) decreased under RIR insult, whereas PGB pretreatment rescued
the deterioration of the above indicators. The most significant improvement was observed at the dose of 30 mg/kg (n = 6). *P < 0.05 versus
control group; **P < 0.05 versus NaCl + RIR group; ***P < 0.05 versus 30-mg/kg PGB + RIR group.
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FIGURE 2. PGB reduced mitochondria-associated RGC apoptosis induced by RIR injury. (A) PGB pretreatment decreased the expression
of pro-apoptotic protein Bax but increased Bcl-2 expression, and the most significant improvement was observed at 30 mg/kg. (B) PGB
pretreatment reversed the elevation of cleaved caspase 3/pro-caspase 3 elicited by RIR, and the most significant improvement was observed
at 30 mg/kg. (C) PGB (30 mg/kg) pretreatment inhibited ROS generation. (D) RIR injury induced disintegrated cristae and increased matrix
density in mitochondria. PGB pretreatment improved the structure of mitochondria following RIR; mitochondria are indicated by the yellow
arrow (n = 6; 25,000×). Scale bars: 500 nm. *P < 0.05 versus control group; **P < 0.05 versus NaCl + RIR group; ***P < 0.05 versus
30-mg/kg PGB + RIR group.

changes recorded by ERG are thought to reflect the damage
of rapid fluctuations in IOP to the inner retina, especially
RGC function.25 The average value of the amplitudes of OPs,
extracted from the scotopic responses elicited by a light
intensity of 3.0 cd·s/m2, was lower in the RIR-treated retina
versus control by 10.56 ± 1.85 μV but higher in the PGB
pretreated retina by 5.71 ± 1.35 μV (Fig. 3B). Next, the PhNR
was analyzed at a light intensity of 10.0 cd·s/m2 under bright
adaptation, and the results showed a decrease of 13.32 ±
1.27 μV after RIR. However, PGB pretreatment restored the
amplitudes of PhNRs, with an increase of 11.97 ± 4.68 μV
(Fig. 3C). Moreover, the amplitudes of a- and b-waves were

significantly decreased after RIR injury, but PGB pretreat-
ment failed to rescue the amplitude (Supplementary Data
S8).

PGB Conferred Neuroprotection by Mediating the
Akt/GSK3β/β-Catenin Signaling Pathway

The above results showed that PGB could alleviate
mitochondria-driven RGC apoptosis and thus prevent reti-
nal neurodegeneration. We further investigated the under-
lying mechanism of the above effect by examining the
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FIGURE 3. PGB improved visual function in the retina of RIR mice models. (A) Averaged data of OP amplitudes from recordings obtained
7 days after RIR. (B) Averaged data for PhNR amplitudes from recordings obtained 7 days after RIR. The amplitudes of OPs and PhNRs
were decreased after RIR, whereas 30-mg/kg PGB pretreatment restored levels of these indicators (n = 6). *P < 0.05 versus control group;
**P < 0.05 versus NaCl + RIR group.

Akt/GSK3β/β-catenin signaling pathway. A previous study
documented that abnormal GSK3β activation contributes
to mitochondrial dysregulation in diabetic retinal neurode-
generation by inhibiting downstream β-catenin–regulated
oxidative stress resistance.26 In this study, we found a signif-
icant decrease in the phosphorylation of Akt (serine 473)
and GSK3β (serine 9) in the retina following RIR (Fig. 4A),
resulting in abnormal activation of GSK3β (Fig. 4C). More-
over, we examined the levels of β-catenin (a downstream
target of GSK3β) and found that RIR downregulated the
expression of β-catenin (Fig. 4A). However, intraperitoneal
PGB pretreatment reversed the effects of RIR and restored
the high expression of p-Akt, p-GSK3β, and β-catenin in
the RIR-treated retina (Fig. 4A). Furthermore, IF staining
was conducted to detect the expression of p-Akt, p-GSK3β,
and β-catenin in RGCs in the ganglion cell layer (GCL).
Consistent with previous western blot (WB) results, PGB
pretreatment significantly reversed the inhibited expression
of p-Akt, p-GSK3β, and β-catenin in RGCs caused by RIR
(Figs. 4B, 4D).

To further validate the role of the Akt/GSK3β/β-catenin
signaling on the protective effects of PGB, MK2206 (10 nM;
Selleck Chemicals, Houston, TX, USA),27 an inhibitor of Akt,
was intravitreally injected 24 hours prior to RIR to block
the activation of Akt caused by PGB. As demonstrated by
the WB and IF staining results (Figs. 5A–5D), MK2206 inhib-
ited the phosphorylation of Akt and GSK3β stimulated by
PGB. Moreover, the inactivation of GSK3β (Fig. 5E) by a
specific GSK3β inhibitor, TWS119 (10 nM; Selleck Chem-
icals),5 significantly enhanced the expression of β-catenin
(Fig. 5F). Taken together, our data demonstrated that PGB
exerts its neuroprotective effects by promoting the phospho-
rylation of Akt, inhibiting the activity of GSK3β and thus
mobilizing β-catenin.

PGB Pretreatment Prevents Mitochondrial
Impairment and Retinal Dysfunction by
Activation of Akt and Inactivation of GSK3β

β-Catenin is a key mediator of cell survival, and our previous
study found that PGB pretreatment could activate Akt and

inhibit GSK3β.26 We further evaluated the role of Akt/GSK3β
in mitochondrial impairment and retinal visual function. As
shown in Figures 6B and 6D, PGB rescued the decrease in
RNFL and GCC thickness induced by RIR injury; however,
MK2206 reversed the effects of PGB and decreased the
RNFL and GCC thickness. Similar results were observed in
whole retina thickness by OCT (Supplementary Data S6B).
Consistent with these results, PGB increased the amplitudes
of OPs and PhNRs following RIR, whereas MK2206 abol-
ished the visual function balance of RGCs in the presence
of PGB (Figs. 6C, 6E). Contrasting results were revealed in
the retina treated with TWS119. Mice intravitreally injected
with TWS119 showed an improved structure of mitochon-
dria and restoration of retinal thickness, as well as an
enhanced visual response (Figs. 6A–6E). Collectively, the
neuroprotective effects of Akt activation and GSK3β inhi-
bition were attributed to the upregulated levels of active β-
catenin protein (Fig. 5F).

PGB Protects Primary RGCs From OGD/R Injury
Via the Akt/GSK3β/β-Catenin Pathway

Considering the heterogeneity of cell types in the neural
retina, we further explored the role of Akt/GSK3β/β-catenin
in OGD/R-induced RGC injury in vitro. Primary cultured
RGCs were identified by double immunostaining for RGC-
characteristic marker Brn3a (red) and neuronal marker Tuj1
(green), and the ratio of Brn3a+Tuj1+ cells was more than
85% (Fig. 7A, Supplementary Data S9). Primary cultured
RGCs were exposed to OGD insult for 3 hours and reoxy-
genated for 12 hours to mimic IOP-triggered RIR damage in
vitro. Cell viability was detected by the CCK8 assay.We found
that OGD/R induced a significant decrease in cell viability,
whereas PGB improved cell viability in a dose-dependent
manner, with the most significant improvement observed at
100 μM (Fig. 7B).28,29

In accordance with the in vivo results, there was a
remarkable decrease in Akt and GSK3β phosphorylation
in RGCs upon OGD/R insult (Fig. 7E), accompanied by
a significant decrease in β-catenin expression (Fig. 7E)
and increased ROS production compared to control cells
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FIGURE 4. PGB protected against RIR injury via the Akt/GSK3β/β-catenin pathway. (A) The results of WB showed that the expres-
sion of p-Akt, p-GSK3β, and β-catenin was downregulated after RIR, whereas PGB (30 mg/kg) pretreatment reversed these findings.
(B, D) Representative IF images of retinal sections (40×). Scale bars: 50 μm. The ratios of RGCs in the GCL expressing p-Akt, p-GSK3β, and
β-catenin were downregulated after RIR, but PGB pretreatment upregulated the proportion of positive cells. (C) PGB pretreatment inhibited
the activity of GSK3β (n = 6). *P < 0.05 versus control group; **P < 0.05 versus NaCl + RIR group.
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FIGURE 5. The neuroprotective effect of PGB required the phosphorylation of Akt and inactivation of GSK3β. (A, B) The results of WB
showed that MK2206 (10 nM) inhibited the phosphorylation of Akt and GSK3β stimulated by PGB. (C, D) Representative IF images of
retinal sections (40×). Scale bars: 50 μm. MK2206 inhibited the increase in the ratio of RGCs, with p-Akt+ and p-GSK3β+ stimulated by
PGB (30 mg/kg). (E) Consistent with the effect of PGB pretreatment, TWS119 (10 nM) inhibited the activity of GSK3β. (F) WB showed that
TWS119 enhanced the expression of β-catenin (n = 6). *P < 0.05 versus control group; **P < 0.05 versus NaCl + RIR group; ***P < 0.05
versus 30-mg/kg PGB + dimethyl sulfoxide (DMSO) + RIR group.
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FIGURE 6. PGB pretreatment prevented mitochondrial impairment and retinal dysfunction by the phosphorylation of Akt and inactivation
of GSK3β. (A) PGB (30 mg/kg) and TWS119 (10 nM) pretreatment improved the structure of mitochondria in the retina of RIR mice models;
mitochondria are indicated by the yellow arrow (25,000×). Scale bars: 500 nm. (B, D) MK2206 (10 nM) reversed the effects of PGB and
decreased the thickness of the RNFL and GCC, and TWS119 maintained the effects of PGB and reserved the increased thickness of RNFL and
GCC. Scale bars: 200 μm. (C, E) Representative ERG waveforms in living mice. MK2206 disrupted the visual function balance of RGCs in the
presence of PGB, with a decrease in the amplitudes of OPs and PhNRs. However, TWS119 maintained the normal level of the amplitudes of
OPs and PhNRs (n = 6). *P < 0.05 versus control group; **P < 0.05 versus NaCl + RIR group; ***P < 0.05 versus 30-mg/kg PGB + DMSO +
RIR group.

(Fig. 7C). However, PGB pretreatment increased Akt
and GSK3β phosphorylation, thereby increasing β-catenin
expression and reducing the ROS level. To further confirm
the role of the Akt/GSK3β/β-catenin pathway in PGB-
mediated neuroprotection of RGCs, MK2206 (5 μM) was
used to inhibit Akt activity.30 Our results substantiate that

MK2206 treatment counteracts PGB-mediated neuroprotec-
tion of RGCs to a certain extent. The reduction in intracellu-
lar ROS and increase in the expression of p-Akt, p-GSK3β,
and β-catenin induced by PGB were inhibited to a certain
extent by MK2206 (Figs. 7C–7E). Taken together, our find-
ings demonstrate that PGB confers neuroprotection to RGCs
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FIGURE 7. PGB protected primary RGCs from OGD/R injury via the Akt/GSK3β/β-catenin pathway. (A) IF identification of primary mice
RGCs (40×). Scale bars: 50 μm. (B) Primary RGCs pretreated with PGB (50 μM, 100 μM, or 200 μM) for 24 hours were subjected to
OGD/R. OGD/R induced a considerable decrease in cell viability, whereas PGB improved cell viability. The most significant improvement
was observed at 100 μM. (C, D) Primary RGCs pretreated with MK2206 (5 μM) were treated with PGB (100 μM) for 24 hours prior to
the onset of OGD/R. The ROS level was measured through the fluorescent probe, DCFH-DA, and the ratio of ROS+ cells was measured.
PGB pretreatment inhibited ROS generation, but MK2206 counteracted the effect. (40×). Scale bars: 50 μm. (E) Representative IF images of
primary RGCs (40×). Scale bars: 50 μm. The ratios of RGCs expressing p-Akt, p-GSK3β, and β-catenin were downregulated after OGD/R,
which was countered by PGB pretreatment. However, MK2206 decreased the ratios of positive cells (n = 6). *P < 0.05 versus control group;
**P < 0.05 versus NaCl + OGD/R group; ***P < 0.05 versus PGB 100 μM + OGD/R group; ****P < 0.05 versus PGB + DMSO + OGD/R group.
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through an Akt/GSK3β/β-catenin-dependent mechanism
in vitro.

DISCUSSION

Glaucoma is a leading cause of blindness worldwide. RIR
injury caused by rapid fluctuations in IOP is mainly respon-
sible for the progressive loss of RGCs, the earliest step
of neuroretinal degeneration in glaucoma.31 Accordingly,
identifying vital molecular events and selecting effective
drugs to prevent RGC apoptosis in RIR-induced retinal
injury is vital for arresting disease development. The present
study demonstrated that pretreatment with PGB signifi-
cantly improved RIR-induced RGC apoptosis and retinal
dysfunction via suppressing ROS production and mito-
chondrial disturbance. Mechanistically, the neuroprotective
effects could be attributed to the Akt/GSK3β/β-catenin path-
way activation.

Compared with the previous generation of structural
analogs such as gabapentin, PGB brings more advantages in
terms of pharmacodynamics and pharmacokinetics, includ-
ing a stronger ability to bind calcium channels, a lower effec-
tive dose, and fewer side effects.32,33 The unique pharmaco-
logical properties of PGB enhance its efficacy, enabling it
to reach a peak concentration in less than 2 hours.34 PGB
is currently administered to treat neuropathic pain, espe-
cially during late disease stages. However, recent studies
have revealed that PGB might also be beneficial in early
disease phases by preventing neuronal damage due to long-
lasting Ca2+ overload,35 indicating the potential of repur-
posing PGB for treatment in early stages of neurodegenera-
tive diseases. Another study regarding diabetic retinopathy
confirmed the neuroprotective effect of PGB by effectively
inhibiting retinal glutamate, glial cell activation, and inflam-
matory burden.15 Due to its non-negligible neuroprotective
efficacy and proven safety, PGB could be a promising candi-
date for treating glaucoma and other related ocular diseases.

The mouse model of RIR is a well-established in vivo
model used to mimic RIR injury. It has been established that
the RIR model did produce whole retinal ischemia, damag-
ing multiple cells within the retina.36,37 The retina exhibits
a regionalized sensitivity to ischemia, with the outer layers
being less sensitive than the inner layers.37 Reports often
focus on inner retinal neuronal injury, as this paradigm is
often used to mimic glaucomatous retinopathy.38 We found
that PGB helped maintain a relatively normal morphology
of the inner retina and preserve inner retinal neuron popu-
lations during RIR. In the present study, we used ERG to
evaluate visual function, given that the ERG components
OPs and PhNRs can reflect RGC function.39 The reduction
in ERG amplitudes was positively correlated with the loss of
RGCs after RIR injury, representing the loss of electrophysi-
ological function of RGCs in the retina.40 Interestingly, PGB
almost completely corrected these RGC-sensitive compo-
nents but showed partial recovery of a- and b-waves, indicat-
ing stronger neuronal plasticity of the inner retina. Recent
studies using the specific deletion of 50% of rods, cones, or
rod bipolar cells during development or in mature mice have
revealed homeostatic plasticity associated with the enhanced
ganglion cell responses and maintenance of normal reti-
nal output.41,42 Collectively, our data provide compelling
evidence that PGB can effectively improve retinal dysfunc-
tion in RIR mice, especially in the inner retina.

Current evidence suggests that apoptosis is the primary
mechanism in ischemia/reperfusion-associated retinal

degeneration.43,44 H&E staining and OCT results combined
with quantitative data of neuron-labeled positive cells
suggest that the loss of RGCs accounted for the damage to
the inner retina. Quantification of apoptosis-related proteins
by WB and TUNEL-positive RGCs (Supplementary Data
S10) by TUNEL staining further substantiated the apoptosis
of RGCs, consistent with the literature.45 Meanwhile, ROS
production and mitochondrial structural disturbance were
also observed. We quantified several key proteins in the
mitochondrial apoptosis pathway to further investigate the
underlying mechanisms. The Bcl-2 family represents the
first documented apoptosis-associated protein family and
plays a pivotal role in mediating mitochondrial apoptosis.46

Maes et al.6 clarified that Bcl-2 and Bax were major regu-
lators of the endogenous caspase-3–dependent apoptosis
pathway, determining the fate of neurons. Caspase-3 was
documented as one of the leading apoptotic enforcers in the
inner layers of the rodent retina during RIR.47 In this study,
we found that the expression of active cleaved caspase-3
and Bax increased but Bcl-2 decreased in the retina of the
RIR mice model. However, these deleterious effects were
minimized in the PGB-pretreated RIR mice models. Ali et
al.15 reported that downregulated caspase-3 activity signifi-
cantly decreased apoptosis of RGCs in diabetic retinopathy
after PGB administration. We found that both the ratio of
cleaved caspase-3 to caspase-3 and the expression of Bax
were reduced, and Bcl-2 expression increased following
PGB pretreatment. Therefore, our study identified the
mechanism underlying the neuroprotective effect of PGB
on mitochondria-driven apoptosis of RGCs.

An increasing body of evidence suggests that the
Akt/GSK3β/β-catenin signaling pathway is essential in
maintaining cell survival after ischemic retinal injury.48,49

Enhanced phosphorylation at serine 473 in Akt reduced the
neuronal death of experimental RIR mice, and inhibition of
Akt phosphorylation promoted neuronal damage.50 In the
present study, we found that PGB significantly enhanced
the phosphorylation of Akt following RIR. Generally, p-Akt
was maintained at relatively high levels in normal and stable
cells.51 However, the phosphorylation of Akt decreased
significantly following RIR injury, whereas PGB promoted
the phosphorylation of Akt. In line with these findings, our
in vitro study showed that p-Akt expression in the RGCs
decreased after OGD/R exposure, and PGB pretreatment
increased the levels of p-Akt. Moreover, activated Akt atten-
uated GSK3β activity by promoting the phosphorylation of
GSK3β at serine 9. Substantial evidence suggests that inhi-
bition of GSK3β yields neuroprotective effects in animals
with diabetic retinal neurodegeneration.52 In the present
study, we found that p-GSK3β expression in GCL decreased
after induction of RIR, whereas it was enhanced in PGB-
pretreated mice.

Multiple pathways mediate the anti-apoptotic effect of
p-GSK3β. Specifically, the phosphorylation of GSK3β has
been reported to promote cell survival by activating antiox-
idant activity and inhibiting intracellular ROS accumula-
tion.53 Meanwhile, p-GSK3β plays a key role in maintaining
mitochondrial homeostasis.54 Moreover, it has been shown
that ischemia/reperfusion could activate Bax, whereas inac-
tive GSK3β effectively reduced the activation of Bax
and its translocation to the mitochondria, thus reducing
apoptosis.52,55 Furthermore, β-catenin was a downstream
substrate of GSK3β, and activated GSK3β could enhance
the phosphorylation and proteasomal degradation of β-
catenin, subsequently leading to cellular apoptosis.56 GSK3β
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FIGURE 8. PGB enhanced RGC survival following RIR injury via the Akt/GSK3β/β-catenin signaling pathway.

inhibition increased the level of β-catenin, which favored
functional recovery from retinal degeneration.26,57 Interest-
ingly, the protein expression of β-catenin increased signifi-
cantly after the co-inhibition of GSK3β activity by PGB and
TWS119, but no significant differences in OCT and ERG
amplitudes were revealed, suggesting that GSK3β amplified
its effect on β-catenin through other intermediate signals.
However, the elevated expression of β-catenin could not
completely account for the retinal structure and visual func-
tion recovery. These findings indicate that GSK3β accounts
predominantly for the neuroprotective effect of PGB, and
more research is warranted to explore the underlying mech-
anisms. In the present study, we found compelling evidence
that pretreatment with PGB activates the Akt/GSK3β signal-
ing pathway and increases the level of β-catenin in retinal
tissue following RIR injury. However, it has been shown
that Akt could directly phosphorylate β-catenin at serine
552, enhancing its transcriptional activity in the nucleus.58,59

Therefore, the effect of Akt on β-catenin phosphorylation
in PGB pretreated neural cells remains largely unknown,
warranting further investigation.

In conclusion, our study preliminarily validated the
neuroprotective effects of PGB in experimental RIR injury,
preserving inner retinal neurons and ameliorating retinal
morphology and visual function. Our results corroborated
that PGB effectively inhibited RGC apoptosis, by inhibiting
Bax/Bcl-2 signaling-associated mitochondrial disturbance.
More importantly, we identified the potential mechanisms
of Akt/GSK3β/β-catenin pathway activation (Fig. 8). These
findings provide compelling evidence that PGB could medi-
ate RGC survival and has great prospects for application in
treating RIR injury during glaucoma.
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