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Abstract

Background: Glaucoma is a major cause of irreversible blindness, characterized by the progressive degeneration of retinal ganglion cells
(RGCs), with oxidative stress and apoptosis playing central roles in its pathogenesis. Sirtuin 3 (SIRT3) has demonstrated antioxidant and
anti-apoptotic effects in various neurodegenerative diseases; however, its precise role in glaucoma remains unclear. This study aimed
to elucidate the neuroprotective function and mechanistic basis of the SIRT3/AMP-activated protein kinase (AMPK) axis in glaucoma.
Methods: A rat model of chronic ocular hypertension (COH) was generated using cross-linked hydrogel injection, while an N-methyl-D-
aspartate (NMDA)-induced RGC injury model was developed in vitro. SIRT3 overexpression was achieved using adeno-associated virus
(AAV) transfection, either alone or combined with the AMPK inhibitor Compound C. Functional and molecular analyses were performed,
including intraocular pressure (IOP) measurement, hematoxylin—eosin (H&E) staining, Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay, immunofluorescence, Cell Counting Kit-8 (CCK-8) cell viability assay, flow cytometry, Quantitative real-
time PCR (qRT-PCR), and western blotting. Results: In the COH model, both SIRT3 expression and the p-AMPK/AMPK ratio were
significantly reduced at weeks 2, 4, and 6 (p < 0.05). Overexpression of SIRT3 lowered IOP, preserved retinal thickness, and decreased
the number of TUNEL-positive cells (»p < 0.001), while Compound C partially reversed these eftects (p < 0.05). In addition, SIRT3
overexpression markedly educed reactive oxygen species (ROS) accumulation (p < 0.001) and restored the p-AMPK/AMPK ratio (p <
0.001), both of which were partially inhibited by Compound C. In NMDA-induced RGCs, SIRT3 overexpression significantly increased
SIRT3 mRNA levels (p < 0.01), enhanced cell viability (p < 0.001), and suppressed apoptosis (p < 0.001), with these effects attenuated
by Compound C (p < 0.01). The reduction of ROS and activation of AMPK by SIRT3 in this model were also partly reversed by
AMPK inhibition (p < 0.01). Conclusion: This study provides the first comprehensive in vivo and in vitro evidence in glaucoma models
that SIRT3 confers neuroprotection in experimental glaucoma, primarily through activation of the AMPK signaling pathway. These
findings identify the SIRT3/AMPK axis as a novel mechanistic target and suggest a promising therapeutic strategy for IOP-independent
neuroprotection in glaucoma.
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1. Introduction comatous neurodegeneration. Chronic ocular hypertension
(COH) and excitotoxic stimuli promote excessive produc-
tion of reactive oxygen species (ROS), disrupt mitochon-
drial respiration, and activate caspase-dependent apoptotic
pathways. These events impair axonal transport and synap-
tic communication, ultimately resulting in irreversible neu-
ronal death [4—6]. Given the critical role of oxidative stress
in RGC injury, modulating redox homeostasis and mito-
chondrial function has emerged as a promising avenue for
neuroprotection in glaucoma [7].

Sirtuin 3 (SIRT3), a mitochondrial NAD"-dependent
deacetylase, is a central regulator of mitochondrial
metabolism, oxidative defense, and cellular stress adapta-
tion [8]. By deacetylating enzymes in the electron trans-

Glaucoma is a major cause of blindness worldwide, af-
fecting over 76 million people in 2020, with the number ex-
pected to rise to 111.8 million by 2040, particularly impact-
ing aging populations in the Asia-Pacific region [1]. This
neurodegenerative disease is characterized by the progres-
sive loss of retinal ganglion cells (RGCs) and optic nerve
damage, resulting in irreversible visual field defects and
blindness [2]. Current therapeutic strategies primarily aim
to lower intraocular pressure (IOP), which can slow but not
halt disease progression. However, many patients continue
to experience progressive vision loss despite achieving tar-
get IOP levels, highlighting the urgent need for alternative

approaches that preserve RGC integrity and function [3].

Mounting evidence has identified oxidative stress and
apoptosis as key pathological mechanisms underlying glau-

port chain and antioxidant systems such as superoxide dis-
mutase 2, SIRT3 reduces ROS accumulation, stabilizes
mitochondrial membrane potential, and preserves bioener-
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getic homeostasis [9]. While SIRT3 has been shown to
exert neuroprotective effects in conditions including cere-
bral ischemia, Parkinson’s disease, and Alzheimer’s disease
[10,11], its role in RGCs under glaucomatous stress remains
poorly characterized. To date, no study has specifically ex-
amined SIRT3 expression dynamics in RGCs or assessed
the impact of SIRT3 deletion on RGC survival following
glaucomatous injury, underscoring the novelty of explor-
ing the SIRT3/AMP-activated protein kinase (AMPK) axis
in this context.

Among the seven mammalian sirtuins (SIRT1-
SIRT7), SIRT3 is the primary mitochondrial isoform,
whereas other members such as SIRT1 and SIRT2 are
mainly localized in the nucleus or cytoplasm [12]. This
unique mitochondrial localization enables SIRT3 to di-
rectly regulate oxidative phosphorylation, reactive oxygen
species (ROS) detoxification, and mitochondrial energy
metabolism, thereby distinguishing it from other SIRTs that
primarily modulate nuclear transcriptional or cytosolic sig-
naling processes [13]. Previous studies have largely fo-
cused on SIRT1 and SIRT6 in the retina, reporting their
involvement in autophagy and inflammatory regulation,
respectively, whereas the contribution of mitochondrial
SIRT3 to glaucomatous neurodegeneration remains largely
unexplored [14,15]. Given its essential role in maintaining
mitochondrial redox homeostasis and preventing neuronal
apoptosis under oxidative stress, investigating SIRT3 may
provide critical insights into mitochondrial dysfunction dur-
ing glaucoma progression [16].

In addition to SIRT3, multiple oxidative stress
regulators—including Nuclear factor erythroid 2-related
factor 2 (Nrf2), Peroxisome proliferator—activated recep-
tor gamma coactivator 1-alpha (PGC-1«), and superox-
ide dismutase (SOD)—have been implicated in glaucoma
pathophysiology. Nevertheless, SIRT3 lies upstream of
many of these antioxidant pathways, acting as a metabolic
hub that coordinates Nrf2 activation, Manganese super-
oxide dismutase (MnSOD) deacetylation, and AMPK-
dependent mitochondrial biogenesis [17,18]. Thus, target-
ing the SIRT3/AMPK axis provides an integrative approach
to restore mitochondrial function and redox homeostasis,
potentially yielding broader neuroprotective benefits than
single-pathway modulation. Beyond its experimental rel-
evance, SIRT3 activation also carries translational poten-
tial, as several sirtuin activators—such as resveratrol and
nicotinamide—are currently being evaluated in clinical tri-
als for neurodegenerative diseases, supporting the feasibil-
ity of modulating sirtuin pathways for glaucoma therapy
[19,20]. This mechanistic framework highlights the added
value of the present study, which systematically evaluates
the SIRT3/AMPK interaction as a distinct and convergent
node in oxidative stress regulation during glaucomatous in-
jury.

One of the key downstream effector of SIRT3 is AMP-
activated protein kinase (AMPK), a master regulator of

intracellular energy status that modulates oxidative stress
responses, mitochondrial biogenesis, and autophagy [21].
Activation of AMPK has been linked to reduced oxidative
damage and improved neuronal survival in various cen-
tral nervous system pathologies [22]. However, the po-
tential cross-talk between SIRT3 and AMPK in the glau-
comatous retina—particularly in regulation of oxidative
stress and apoptosis—remains poorly understood. Clari-
fying this interaction could provide valuable insights into
novel, mechanism-based strategies for glaucoma manage-
ment beyond IOP reduction.

Therefore, the present study aimed to investigate
whether SIRT3 overexpression confers neuroprotection in
glaucoma-associated injury, using both an in vivo chronic
ocular hypertension (COH) rat model and an in vitro N-
methyl-D-aspartate (NMDA)-induced retinal ganglion cell
(RGC) injury model. Furthermore, we examined whether
pharmacological inhibition of AMPK would attenuate the
neuroprotective effects of SIRT3, thereby testing the hy-
pothesis that SIRT3-mediated protection operates, at least
in part, through AMPK activation. By elucidating this
mechanism, our study provides novel insight into the mi-
tochondrial regulation of oxidative stress in glaucoma and
identifies the SIRT3/AMPK axis as a potential therapeutic
target distinct from previously studied sirtuin pathways.

2. Materials and Methods
2.1 Animals and Grouping Design

Male Sprague—Dawley (SD) rats (200-220 g, 68
weeks) were obtained from the Institute of Laboratory Ani-
mal Sciences, Chinese Academy of Medical Sciences (Bei-
jing, China). All animal procedures were approved by the
Animal Ethics Committee of Guangzhou Medical Univer-
sity (Approval No. KTDW-2024-00947) and conducted in
accordance with institutional and national guidelines. Ani-
mals were housed under standard laboratory conditions (22
=+ 2 °C, 12-h light/dark cycle) with free access to food and
water.

Chronic ocular hypertension (COH) was induced in
the right eye by anterior chamber injection of a freshly
prepared cross-linked hydrogel composed of HyStem®
(thiol-modified carboxymethyl hyaluronic acid; Catalog
No. HYS020) and its corresponding Extralink® crosslinker
(thiol-reactive polyethylene glycol diacrylate; supplied
within the HyStem® kit; both from Sigma-Aldrich, St.
Louis, MO, USA) at a 4:1 volume ratio. A total of 7 uL of
hydrogel was slowly injected using a microsyringe with a
33-gauge needle, and the needle was withdrawn gradually
over 30 seconds to prevent leakage. Following injection,
0.3% ofloxacin ointment (Catalog No. 070102; Shenyang
Xingqi Pharmaceutical Co., Ltd., Shenyang, China) was ap-
plied to the cornea to prevent infection [23,24].

All surgical procedures were performed under gen-
eral anesthesia induced by isoflurane inhalation (1-3% in
oxygen). Adequate anesthetic depth was confirmed by the
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absence of corneal and pedal reflexes before the start of
surgery. During the procedure, animals were placed on a
heating pad to maintain body temperature at 37 °C, and
anesthesia was continuously maintained with isoflurane in-
halation throughout the operation. At the end of the surgery,
0.3% ofloxacin ophthalmic ointment was applied to prevent
infection.

The in vivo study comprised two designs (n = 6 per
group):

(1) Time-course analysis of SIRT3 expression in
COH: Control group: Phosphate-buffered saline (PBS) ad-
ministered into the anterior chamber of the right eye; COH
group: Hydrogel administration as described above. 10P
and retinal samples were collected at weeks 0, 2, 4, and 6.

(2) Functional analysis of the SIRT3/AMPK axis in
COH: (a) Control and COH: As described above; (b)
COH+AAV-NC: Intravitreal injection of 5 pL AAV-NC (5
x 10° viral particles; customized product without a uni-
versal catalog number, GeneChem, Shanghai, China) 48 h
before COH induction. Injection was performed over 60
s, keeping the needle in position for 1 min before with-
drawal; (c) COH+AAV-SIRT3: Same procedure as above,
replacing AAV-NC with AAV-SIRT3 (5 x 10 viral parti-
cles; customized product without a universal catalog num-
ber, GeneChem, Shanghai, China); (d) COH+AAV-SIRT3
+ Compound C: AAV-SIRT3 injection as above, with addi-
tional intravitreal administration of Compound C (AMPK
inhibitor; 10 nmol; Catalog No. 171261, MedChemEx-
press, USA) on the day of COH induction [23,24]. All treat-
ments were performed in the same eye, and contralateral
eyes served as internal controls when appropriate.

2.2 Cell Culture and Experimental Groups

Primary RGCswere obtained from neonatal SD rats
(postnatal day 1-3) provided by the Institute of Labora-
tory Animal Sciences, Chinese Academy of Medical Sci-
ences (Beijing, China). Neonatal rats were euthanized
by intraperitoneal injection of sodium pentobarbital (150
mg/kg), administered by trained personnel to ensure rapid
induction of deep anesthesia and subsequent cessation of
cardiac and respiratory activity. Death was verified by the
absence of vital signs. All procedures were approved by the
Ethics Committee of Guangzhou Medical University (Ap-
proval No. KTDW-2024-00947) and carried out in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Retinas were rapidly dissected under a stereomi-
croscope (SZX7, Olympus Corporation, Tokyo, Japan)
in ice-cold Hanks’ balanced salt solution (HBSS; Cata-
log No. 14175095, Thermo Fisher Scientific, Waltham,
MA, USA), enzymatically digested with papain (Cata-
log No. LS003126, Worthington Biochemical Corpora-
tion, Lakewood, NJ, USA) prior to mechanical dissoci-
ation. Primary RGCs underwent purification through a
two-step immunopanning technique and were maintained
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on poly-D-lysine—coated plates in Neurobasal-A medium
with 2% B27, 1% GlutaMAX, and 100 U/mL penicillin—
streptomycin (Catalog No. 17504044, 35050061, and
15140122, all from Thermo Fisher Scientific, USA) at 37
°C with 5% CO:2 [25,26]. All primary RGCs used in this
study were authenticated by short tandem repeat (STR) pro-
filing performed by Guangzhou Cellcook Biotech Co., Ltd.
(Guangzhou, China) to confirm species origin and identity.
The cells were routinely tested for mycoplasma contamina-
tion using the PCR-based Mycoplasma Detection Kit (Cata-
log No. C0301S, Beyotime, Shanghai, China), and all tests
were negative before experimental use.

The in vitro study comprised two experimental designs
(n= 6 per group):

(1) Validation of SIRT3 overexpression: AAV-NC:
RGCs infected with AAV-NC for 48 h under a multiplicity
of infection (MOI) set to 10; AAV-SIRT3: RGCs infected
with AAV-SIRT3 under the same conditions.

(2) Functional study of the SIRT3/AMPK axis in
NMDA-injured RGCs: (a) Control: Untreated RGCs main-
tained under normal culture conditions; (b) NMDA: RGCs
received 100 pM N-methyl-D-aspartate (NMDA; Catalog
No. M3262, Sigma-Aldrich, USA) for 24 h [26-28]; (c)
NMDA + AAV-NC: RGCs infected with AAV-NC for 48
h (MOI 10), followed by NMDA exposure as above; (d)
NMDA + AAV-SIRT3: RGCs infected with AAV-SIRT3
for 48 h (MOI 10), followed by NMDA exposure; (e)
NMDA + AAV-SIRT3 + Compound C: RGCs infected with
AAV-SIRT3 for 48 h, then treated with NMDA and Com-
pound C (10 uM; Catalog No. 171261, MedChemExpress,
USA) for 24 h [29].

2.3 Intraocular Pressure (IOP) Measurement

IOP of the right eye was recorded at weeks 0, 2, 4,
and 6 using a rodent-specific rebound tonometer (TonoLab,
Model: TV02, Icare Finland Oy, Finland). Rats were gen-
tly restrained without anesthesia, and measurements were
taken between 9:00—-11:00 AM to minimize circadian vari-
ation. For each eye, three averages readings (each from six
readings) were obtained and the mean value was used for
analysis.

2.4 Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from retinal tissues or
cultured RGCs using TRIzol® reagent (Catalog No.
15596026, Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA). Briefly, samples were homogenized in 1
mL TRIzol, mixed with 200 pL chloroform, centrifuged
(12,000 xg, 15 min, 4 °C), and the aqueous phase was
precipitated with isopropanol, washed with 70% ethanol,
and dissolved in RNase-free water. RNA purity and con-
centration were measured using a NanoDrop™ 2000 spec-
trophotometer (Model ND-2000, Thermo Fisher Scientific,
USA). qRT-PCR was performed with the UniPeak U +
One Step RT-gPCR SYBR Green Kit (Catalog No. UPT-
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201, Guangzhou YulJia Biotechnology, Guangzhou, China)
via a QuantStudio™ 6 Flex Real-Time instrument (Model:
QS6 Flex, Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA). Cycling conditions were as follows:
reverse transcription at 55 °C, denaturation at 95 °C for 30
s, 40 amplification cycles (95 °C for 5 s, 60 °C for 30 s),
ending in melting curve stage.

Primer  sequences: SIRT3  forward 5'-
GCTACATGCACGGTCTGTCGAA-3/,  reverse 5'-
CAATGTCGGGTTTCACAACGCC-3’; GAPDH forward
5'-ACTCCCTCAAGATTGTCAGC-3’, reverse  5'-
AGTTGCTGTTGAAGTCACAGG-3'.  Corresponding
expression was adjusted to GAPDH using the 2-24Ct
method.

2.5 Western Blot Analysis

Retinal tissues or cultured RGCs were homogenized
in RIPA buffer (Beyotime, China) with protease and phos-
phatase inhibitors, and total protein levels were quantified
via a BCA assay (Catalog No. 23225, Thermo Fisher,
Waltham, MA, USA). Proteins (30 pg) were resolved by
Sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and electroblotted onto PVDF membranes
(Catalog No. IPVH00010, Millipore, Billerica, MA, USA).

The membranes were pretreated with 5% non-fat
milk/TBST for 1 h at ambient temperature and exposed
overnight at 4 °C to the following primary antibodies (all
from Abcam, Cambridge, UK): SIRT3 (1:1000, ab118334),
AMPK (1:1000, ab207442), phospho-AMPK (Thr172)
(1:1000, ab133448), and [-actin (1:5000, ab8226). Af-
ter washing, membranes underwent a 1-h incubation at
ambient temperature with Horseradish peroxidase (HRP)-
labeled goat anti-rabbit Immunoglobulin G (IgG) (1:5000,
ab205718) or goat anti-mouse IgG (1:5000, ab205719)
(both from Abcam). Protein bands were visualized using
an enhanced chemiluminescence kit (Catalog No. 32106,
Thermo Fisher Scientific, Waltham, MA, USA) and quan-
tified by ImageJ software (Version 1.53t, NIH, Bethesda,
MD, USA), normalized to $-actin.

2.6 Hematoxylin and Eosin (HE) Staining

At week 6, rats were euthanized under deep anes-
thesia by intraperitoneal injection of sodium barbiturate
(150 mg/kg). Death was confirmed by the absence of
heartbeat and respiration before tissue collection, in accor-
dance with the American Veterinary Medical Association
(AVMA) Guidelines for the Euthanasia of Animals (2020
edition). Eyes were enucleated, fixed in 4% paraformalde-
hyde for 24 h, dehydrated, embedded in paraffin, and sec-
tioned at 5 um thickness. Sections were stained with hema-
toxylin for 5 min and eosin for 2 min, dehydrated, cleared,
and mounted. Retinal morphology was examined under
a BX53 light microscope (Model BX53, Olympus Corpo-
ration, Tokyo, Japan), focusing on the ganglion and inner
plexiform layers.

2.7 Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Assay

Paraffin-embedded retinal sections (5 pm) underwent
deparaffinization, rehydration, and proteinase K treatment
(20 pg/mL; Catalog No. 03115879001, Roche Diagnos-
tics, Mannheim, Germany) for 15 minutes at room tem-
perature. Following rinsing with PBS,; slices were exposed
to an /n Situ Cell Death Detection Kit (Roche Diagnostics,
Mannheim, Germany) for 1 hour at 37 °C in a humidified
chamber, protected from light. DAPI (Catalog No. C1002,
Beyotime, Shanghai, China) was applied to nuclei for 5
minutes. Images were acquired using a BX53 system, and
TUNEL-positive cells were analyzed via ImageJ (Version
1.53t, NIH, Bethesda, MD, USA).

2.8 Cell Counting Kit-8 (CCK-8) Analysis

RGCs were plated in 96-well plates at an appropriate
density and treated as indicated. At the end of treatment, 10
pL CCK-8 reagent (Catalog No. CK04, Dojindo Molecular
Technologies, Kumamoto, Japan) was mixed with 100 uL
medium per well and incubated for 2 h at 37 °C. Optical
density (OD) at 450 nm was recorded with a SpectraMax
iD3 microplate reader (Model iD3, Molecular Devices, San
Jose, CA, USA). Viability was expressed as a ratio versus
the control group.

2.9 Flow Cytometry Assay

After treatment, RGCs were collected, rinsed twice
with cold PBS, and resuspended into 195 pL binding buffer.
A total of 5 uL. Annexin V-FITC and 10 pL propidium io-
dide (PI) (Catalog No. C1062 and C1052, both from Be-
yotime, Shanghai, China) were introduced, and the mix-
ture was incubated for 15 min at room temperature in the
dark. Samples were analyzed within 1 h using a flow cy-
tometer (BD FACSCanto IT, BD Biosciences, San Jose, CA,
USA), and data were processed with FlowJo software (Ver-
sion 10.8.1, Tree Star, Ashland, OR, USA) to determine
the percentages of viable, early apoptotic, and late apop-
totic/necrotic cells.

2.10 ROS Detection

ROS levels were quantified with DCFH-DA (Catalog
No. S0033, Beyotime, Shanghai, China). For retinal tis-
sue, eyes were collected at week 6, retinas were dissected
on ice, homogenized in ice-cold PBS without phenol red (1
mM EDTA, Catalog No. AM9260G, Thermo Fisher Scien-
tific, Waltham, MA, USA), and clarified by centrifugation
(12,000 g, 10 min, 4 °C); protein content was quantified
by BCA. Aliquots containing 50-100 pg protein in 100 uL
underwent 30-min incubation with 10 uM DCFH-DA at 37
°C in darkness, and fluorescence measurement was read on
a microplate reader. Signals were background-subtracted
and normalized to protein, reported as RFU/ug protein.

For cultured RGCs, after treatments cells underwent
30-min loading with 10 uM DCFH-DA in serum-free
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Fig. 1. Temporal changes of SIRT3 and AMPK phosphorylation in the COH model. (A) gqRT-PCR analysis of retinal SIRT3 mRNA
at 0, 2, 4, and 6 weeks. (B) Western blot analysis of SIRT3 protein over the same period. (C) Western blot analysis of AMPK and p-
AMPK at week 6. Data were presented as mean £ SD (n=6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group. SIRT3, Sirtuin 3;
AMPK, AMP-activated protein kinase; COH, chronic ocular hypertension; qRT-PCR, Quantitative real-time PCR; SD, Sprague—Dawley.

medium at 37 °C under dark conditions, washed 3 x with
PBS, and imaged immediately without fixation on a fluo-
rescence microscope (Model BX53, Olympus Corporation,
Tokyo, Japan) using identical exposure/gain across groups.
For quantification, five random non-overlapping fields/well
were analyzed in ImageJ with a fixed threshold to obtain
mean fluorescence intensity (MFI). Outcomes were stan-
dardized to the Control group and reported as percentage of
Control.

2.11 Statistical Analysis

All statistics were conducted in SPSS 23.0 (IBM
Corp., Armonk, NY, USA) and data are expressed as mean
=+ standard deviation (SD). Normality was assessed by
the Shapiro—Wilk test. Differences between two groups
were analyzed using the independent-samples #-test. For
comparisons among multiple groups, one-way ANOVA
followed by Tukey’s post hoc test was used. For time-
course measurements of IOP, two-way repeated-measures
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ANOVA with factors of group and time was applied, fol-
lowed by Bonferroni correction for multiple comparisons.
A p < 0.05 was considered statistically significant.

3. Results

3.1 SIRT3 Levels Decreases Over Time in the COH Model,
Accompanied by Reduced AMPK Phosphorylation

To investigate the temporal dynamics in SIRT3 and
AMPK signaling in glaucoma progression, we examined
retinal tissues from the COH model at baseline (week 0)
and at weeks 2, 4, and 6.

At the transcript level, qRT-PCR results showed no
significant difference in retinal SIRT3 mRNA expression
between Control and COH groups at week 0 (p > 0.05).
From week 2 onward, SIRT3 mRNA in the COH group pro-
gressively declined, with reductions of approximately 40%
atweek 2 (p < 0.05), 65% at week 4 (p < 0.001), and 80% at
week 6 (p < 0.01) compared with controls (Fig. 1A). Con-
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Fig. 2. Impact of SIRT3 upregulation on IOP, retinal morphology, as well as apoptosis in COH rats. (A) qRT-PCR analysis of
retinal SIRT3 mRNA at week 6. (B) Immunoblotting with densitometric analysis of SIRT3 protein. (C) IOP at weeks 0, 2, 4, and 6. (D)
HE staining of retinal sections, Black arrows indicate thinning/disruption of the ganglion cell layer (GCL), and yellow arrows indicate

inner plexiform layer (IPL) degeneration. Upper panels: Scale bar = 50 um; lower panels: Scale bar = 20 um. (E) TUNEL staining

showing apoptotic nuclei (green) and DAPI-labeled nuclei (blue), Scale bar = 50 um. Values are presented as mean + SD (n = 6). ***p
< 0.001 vs. Control; **p < 0.001 vs. COH+AAV-NC; ¥p < 0.05, *4*p < 0.001 vs. COH+AAV-SIRT3. IOP, intraocular pressure; HE,
hematoxylin and eosin; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; DAPI, 4’,6-diamidino-2-phenylindole;

AAV, adeno-associated virus; NC, Negative control; CC, Compound C.

sistently, Western blot analysis revealed a gradual and sus-
tained decrease in SIRT3 protein expression in COH reti-
nas, showing significant reductions at weeks 2, 4, and 6 (p
< 0.001) versus Control (Fig. 1B).

We next assessed AMPK signaling at week 6
(Fig. 1C). Total AMPK protein levels remained comparable
between groups (p > 0.05), while phosphorylated AMPK
(p-AMPK) was notably significantly reduced in the COH
condition (p < 0.001), indicating suppressed AMPK acti-
vation under glaucomatous conditions.

Together, these results demonstrated a time-dependent
downregulation of SIRT3 at both mRNA and protein ex-
pression in the COH model, which was accompanied by a
corresponding reduction in AMPK phosphorylation at the
later stages of disease progression.

3.2 Effects of SIRT3 Overexpression on IOP, Retinal
Structure, and Apoptosis in COH Rats

To determine whether restoring SIRT3 expression
confers neuroprotection in vivo, we first verified the ef-
ficiency of AAV-mediated SIRT3 overexpression. qRT-
PCR showed that COH induction significantly decreased
retinal SIRT3 mRNA compared with controls (p < 0.001;
Fig. 2A). Delivery of AAV-SIRT3 markedly restored SIRT3
transcript levels (p < 0.001), whereas co-administration of
Compound C produced a modest but not marked reduc-
tion in SIRT3 levels. Western blotting revealed a consistent
trend at the protein level (p < 0.001; Fig. 2B).

Functionally, COH induction caused a pronounced el-
evation in IOP from week 2 onward, peaking at week 2 and
remaining significantly higher than baseline through week 6
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Fig. 3. SIRT3 attenuates retinal oxidative stress and promotes AMPK activation in COH rats. (A) Retinal ROS levels in each
group. (B) Immunoblotting with densitometric analysis of total AMPK, phosphorylated AMPK (p-AMPK), and their ratio. Results are
reported as mean + SD (n = 6). ***p < 0.001 vs. Control; *p < 0.001 vs. COH+AAV-NC; ¥**p < 0.001 vs. COH+AAV-SIRT3.

(» <0.001). SIRT3 overexpression substantially attenuated
this increase (p < 0.001), while Compound C co-treatment
partly counteracted the reduction (p < 0.05) (Fig. 2C).

Histological assessment at week 6 revealed marked
retinal thinning and disruption of the ganglion cell layer
(GCL) and inner plexiform layer (IPL) in COH and
COH+AAV-NC groups. In contrast, SIRT3 overexpression
preserved overall retinal architecture, with denser GCLs
and more intact IPL. This protective effect was notably di-
minished in the presence of Compound C (Fig. 2D).

In line with the morphological findings, TUNEL
staining showed abundant apoptotic cells in COH and
COH+AAV-NC groups (p < 0.01). SIRT3 overexpression
significantly reduced retinal apoptosis (p < 0.01), whereas
Compound C co-treatment diminished this anti-apoptotic
effect (p < 0.001) (Fig. 2E).

Taken together, the findings demonstrated that SIRT3
overexpression alleviated IOP elevation, preserved retinal
structural integrity, and inhibited apoptosis in COH rats.
These neuroprotective effects appear to be at least partially
dependent on AMPK activation.

3.3 SIRT3 Attenuates Retinal Oxidative Stress and Induces
AMPK Activation Within COH Rats

To determine whether SIRT3 regulates oxidative
stress in the glaucomatous retina and to evaluate the poten-
tial involvement of AMPK signaling pathway, we measured
retinal ROS levels and AMPK phosphorylation in COH rats
with or without SIRT3 overexpression and AMPK inhibi-
tion.

ROS detection showed that retinal ROS levels were
significantly elevated in the COH and COH+AAV-NC
groups compared with the Control group (p < 0.001). Over-
expression of SIRT3 markedly reduced ROS accumulation
(p < 0.001), whereas Compound C co-treatment weakened
this effect (p < 0.001) (Fig. 3A).
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Immunoblotting showed no significant change in to-
tal AMPK protein levels across groups (p > 0.05). How-
ever, phosphorylated AMPK expression was significantly
decreased in COH rats compared with Controls (p < 0.001),
restored by SIRT3 overexpression (p < 0.001), and partially
suppressed again by Compound C treatment (p < 0.001)
(Fig. 3B).

Taken together, these results indicate that SIRT3 alle-
viates oxidative stress in the glaucomatous retina, at least in
part, through activation of the AMPK signaling pathway.

3.4 SIRT3 Overexpression Protects RGCs From
NMDA-Induced Cytotoxicity and Apoptosis via AMPK
Signaling

To further validate the neuroprotective role of SIRT3
observed in vivo, we established an in vitro NMDA-induced
injury model using primary RGCs.

gRT-PCR confirmed the efficiency of AAV-mediated
SIRT3 overexpression, showing significantly elevated
SIRT3 mRNA levels in the AAV-SIRT3 group compared
with the AAV-NC group (p < 0.001; Fig. 4A). Exposure
to NMDA markedly suppressed endogenous SIRT3 expres-
sion in RGCs (p < 0.001), which was restored by AAV-
SIRT3 transduction (p < 0.01). Co-treatment with Com-
pound C moderately reduced this restoration, suggesting the
involvement of AMPK signaling (Fig. 4B).

Functionally, the CCK-8 cell viability assay revealed
that NMDA exposure significantly decreased RGC viabil-
ity (p < 0.001). SIRT3 overexpression markedly enhanced
cell viability (p < 0.001), whereas Compound C treat-
ment significantly reduced this protective effect (p < 0.001)
(Fig. 4C).

Flow cytometry showed that NMDA exposure sub-
stantially increased the apoptotic rate of RGCs (p < 0.001).
Overexpression of SIRT3 significantly reduced apoptosis
(» < 0.001), while Compound C co-treatment partially re-
versed this anti-apoptotic effect (p < 0.01) (Fig. 4D).
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Fig. 4. Effects of SIRT3 overexpression on NMDA-induced cytotoxicity and apoptosis in RGCs via AMPK signaling. (A) qRT-
PCR validation of SIRT3 overexpression in RGCs. (B) SIRT3 mRNA levels in NMDA-injured RGCs under different treatments. (C)
Cell viability measured by CCK-8 assay. (D) Flow cytometry analysis and quantification of apoptosis rates. Data were expressed as
mean % SD (n = 3). ***p < 0.001 vs. Control; “p < 0.01, " p < 0.001 vs. NMDA + AAV-NC; **p < 0.01, ***p < 0.001 vs. NMDA
+ AAV-SIRT3. NMDA, N-methyl-D-aspartate; RGCs, retinal ganglion cells; CCK-8, Cell Counting Kit-8.

Collectively, these results demonstrate that SIRT3
mitigates NMDA-induced RGC injury by enhancing cell
survival and suppressing apoptosis, and that these protec-
tive effects are at least partially mediated through AMPK
activation.

3.5 SIRT3 Regulates ROS Levels in NMDA-Injured RGCs
via AMPK Signaling

Given that the in vivo results suggested that SIRT3
modulates oxidative stress through AMPK signaling, we
further investigated intracellular ROS changes in NMDA-
injured RGCs. ROS immunofluorescence staining revealed
a marked increase in ROS signals following NMDA ex-
posure (p < 0.001). AAV-mediated SIRT3 overexpres-
sion significantly reduced ROS accumulation, whereas co-
treatment with the AMPK inhibitor Compound C partially
abolished this reduction (p < 0.01) (Fig. SA).

Immunoblot analysis showed no significant differ-
ence in total AMPK protein expression among the groups.
However, NMDA exposure significantly decreased the p-
AMPK/AMPK ratio (p < 0.001), which was restored by
SIRT3 overexpression and suppressed again by Compound
C co-treatment (p < 0.001) (Fig. 5B).

Collectively, these findings demonstrate that SIRT3
effectively mitigates NMDA-induced oxidative stress in

RGCs by activating the AMPK pathway, whereas AMPK
inhibition markedly attenuates this protective effect, under-
scoring the critical role of the SIRT3/AMPK axis in regu-
lating oxidative stress.

4 Discussion

Although reducing intraocular pressure (IOP) remains
the cornerstone of glaucoma management, a subset of pa-
tients continues to experience progressive vision loss de-
spite well-controlled IOP, suggesting the involvement of
IOP-independent neurodegenerative mechanisms. Using
a chronic ocular hypertension (COH) rat model and an in
vitro NMDA-induced retinal ganglion cell (RGC) injury
model, this study systematically investigated the role of
the SIRT3/AMPK signaling axis in glaucoma-related neu-
roprotection. We found that SIRT3 expression was persis-
tently downregulated in the COH model, accompanied by
reduced AMPK phosphorylation. Overexpression of SIRT3
lowered IOP, preserved retinal morphology, decreased ox-
idative stress, and inhibited apoptosis, whereas these pro-
tective effects were partially reversed by the AMPK in-
hibitor Compound C. Collectively, our findings suggest that
SIRT3 and its downstream AMPK signaling constitute a
critical regulatory axis in neuroprotection against glauco-
matous injury.
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The observed progressive reduction of SIRT3 expres-
sion and AMPK phosphorylation in the COH model sug-
gests early mitochondrial dysfunction and impaired cellu-
lar energy homeostasis during glaucoma progression. Sim-
ilar SIRT3 downregulation has been reported in other neu-
rodegenerative and ischemic models, where mitochondrial
stress and oxidative damage suppress SIRT3 transcription
and deacetylase activity [30]. Reduced AMPK activa-
tion may further exacerbate this process by limiting PGC-
la—mediated mitochondrial biogenesis and antioxidant re-
sponses, leading to cumulative mitochondrial damage and
enhanced vulnerability of retinal ganglion cells [31]. These
findings indicate that loss of the SIRT3—-AMPK signaling
cascade could represent an early molecular event contribut-
ing to RGC degeneration in chronic ocular hypertension.

At the molecular level, SIRT3, a mitochondrial
NAD"-dependent deacetylase, has been reported to pro-
tect against various neurodegenerative disorders by regulat-
ing mitochondrial bioenergetics, antioxidant defense, and
apoptosis-related pathways [9]. In the present study, the
sustained downregulation of SIRT3 in the COH model cor-
related with increased oxidative stress, and SIRT3 overex-
pression significantly reduced ROS accumulation, suggest-
ing that its neuroprotective role may involve enhancement
of mitochondrial antioxidant capacity, potentially through
deacetylation and activation of manganese superoxide dis-
mutase (MnSOD). AMPK, a central energy sensor, pro-
motes antioxidant defense under metabolic stress by acti-
vating the Nrf2 and PGC-1« pathways [32]. The restora-
tion of p-AMPK levels following SIRT3 overexpression,
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and their partial suppression by Compound C, supports a
mediating role of AMPK in this process. However, we
cannot exclude the possibility that SIRT3 also exert neuro-
protection through AMPK-independent mechanisms, such
as modulation of Bcl-2 family proteins or activation of mi-
tophagy.

From a functional perspective, RGCs represent one
of the most vulnerable neuronal populations in the retina,
and their survival is essential for visual signal transmis-
sion [33]. We observed that SIRT3 overexpression not only
ameliorated retinal structural damage in COH rats but also
improved cell viability and reduced apoptosis in NMDA-
injured RGCs. These findings indicate that SIRT3 exerts
broad-spectrum neuroprotection in both chronic and acute
injury models. Although chronic IOP elevation and acute
NMDA excitotoxicity differ in etiology and time course
[34], both share common pathological pathways, including
oxidative stress, mitochondrial dysfunction, and apoptotic
signaling, which may explain the consistent neuroprotec-
tive effects of SIRT3 observed across models.

Regarding the SIRT3/AMPK signaling axis, our
results align with previous reports in other neurologi-
cal disease models, including ischemic brain injury and
Alzheimer’s disease, where SIRT3-mediated activation of
AMPK reduced oxidative damage and neuronal loss [35,
36]. The novelty of this study lies in the first integrated in
vivo and in vitro demonstration of SIRT3/AMPK-dependent
neuroprotection in glaucoma, complemented by pharmaco-
logical inhibition experiments that verify the partial depen-
dence on AMPK activation. Nonetheless, AMPK activa-
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tion is context-dependent, and its prolonged stimulation un-
der glaucomatous conditions may exert dual effects; there-
fore, further research is required to delineate the threshold
and duration of AMPK activation that confer optimal neu-
roprotection.

In conclusion, this study provides the first compre-
hensive evidence from both in vivo and in vitro mod-
els that SIRT3 confers neuroprotection against glaucoma-
associated injury, primarily through AMPK pathway acti-
vation. These findings advance our understanding of [OP-
independent mechanisms in glaucoma pathogenesis and
highlight the SIRT3/AMPK axis as a promising therapeutic
target for neuroprotective intervention.

Study Limitations

This study has several limitations. First, although
six animals were included per group, the overall sample
size remains relatively small and may limit statistical ro-
bustness; thus, power analysis—based sample size estima-
tion should be incorporated in future studies. Second,
while the COH and NMDA models are complementary,
neither fully replicates the multifactorial pathophysiology
of glaucoma. Incorporating genetic models (e.g., DBA/2J
mice), aged animals, and longitudinal visual function as-
sessments such as pattern electroretinography (PERG) or
optokinetic tracking would enhance translational relevance.
Third, our mechanistic insights were primarily derived from
AAV-mediated overexpression and the use of Compound
C, which is not entirely specific for AMPK inhibition. Fu-
ture studies employing genetic knockdown or knockout ap-
proaches, coupled with assessment of downstream AMPK
targets (e.g., phosphorylated ACC, PGC-1«), would pro-
vide more definitive evidence. Fourth, because SIRT3
overexpression also lowered IOP in the COH model, part
of its neuroprotective effect may relate to IOP reduction
rather than direct signaling; thus, IOP-matched controls or
statistical adjustment for cuamulative IOP exposure are war-
ranted in future work. Finally, this study mainly focused
on structural and molecular endpoints, lacking functional
assessments of the visual pathway. Integrating electro-
physiological and multi-omics analyses in subsequent stud-
ies will offer a more comprehensive understanding of the
SIRT3/AMPK axis in glaucoma.

5. Conclusion

This study provides clear evidence that SIRT3 exerts
potent neuroprotective effects in glaucoma-associated in-
jury, primarily through activation of the AMPK signaling
pathway. Using both a chronic ocular hypertension (COH)
rat model and an in vitro NMDA-induced retinal ganglion
cell (RGC) injury model, we demonstrated that SIRT3 over-
expression alleviates oxidative stress, preserves retinal ar-
chitecture, and inhibits apoptosis, whereas AMPK inhibi-
tion partially counteracts these protective effects. Collec-
tively, these findings identify the SIRT3/AMPK signaling

10

axis as a promising therapeutic target for neuroprotection in
glaucoma. Future studies should integrate genetic models,
functional visual assessments, and optimized pharmacolog-
ical interventions to further elucidate the temporal dynam-
ics and downstream effectors of this pathway. Such work
will facilitate translational advances toward the develop-
ment of mechanism-based, multimodal therapeutic strate-
gies for glaucoma management.
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