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Glaucoma is a common neurodegenerative disease characterized by progressive retinal ganglion cell (RGC) loss
and visual field defects. Pathologically high intraocular pressure (ph-IOP) is an important risk factor for glau-
coma, and it triggers molecularly distinct cascades that control RGC death and axonal degeneration. Dynamin-
related protein 1 (Drpl)-mediated abnormalities in mitochondrial dynamics are involved in glaucoma patho-
genesis; however, little is known about the precise pathways that regulate RGC injury and death. Here, we aimed
to investigate the role of the ERK1/2-Drpl-reactive oxygen species (ROS) axis in RGC death and the relationship
between Drpl-mediated mitochondrial dynamics and PANoptosis in ph-IOP injury. Our results suggest that
inhibiting the ERK1/2-Drp1-ROS pathway is a potential therapeutic strategy for treating ph-IOP-induced injuries.
Furthermore, inhibiting Drpl can regulate RGC PANoptosis by modulating caspase3-dependent, nucleotide-
binding oligomerization domain-like receptor-containing pyrin domain 3(NLRP3)-dependent, and receptor-
interacting protein (RIP)-dependent pathways in the ph-IOP model. Overall, our findings provide new insights

into possible protective interventions that could regulate mitochondrial dynamics to improve RGC survival.

1. Introduction

Glaucoma is a heterogeneous group of optic neuropathies charac-
terized by progressive loss of retinal ganglion cells (RGCs), retinal nerve
fiber layer thinning, and vision loss. Glaucoma will affect more than 100
million people globally by 2040 [1, 2]. Pathologically high intraocular
pressure (ph-IOP) is a major risk factor for the onset and progression of
glaucoma, which can cause retinal oxidative stress, inflammation,
ischemia-reperfusion (IR), and other pathological damage, ultimately
leading to RGC degeneration and death [3-5]. Current treatment stra-
tegies for glaucoma are limited and primarily rely on medications or
surgery to lower IOP. Unfortunately, lowering IOP does not completely
stop glaucoma progression or RGC damage. Several patients with
glaucoma experience persistent visual field narrowing despite medica-
tion treatment and IOP control within the normal range [2,6,7]. Hence,
other causative factors are believed to be involved in retinal damage
after IOP recovery. Therefore, finding and controlling these causative

factors will aid us in optimizing future therapeutic strategies targeting
glaucoma.

Dynamin-related protein 1 (Drpl) expressed on the outer mito-
chondrial membrane participates in mitochondrial fission through post-
translational modifications, including sumoylation, phosphorylation,
acetylation, ubiquitylation, and S-nitrosylation [8-11]. Drpl has been
shown to play a role in glaucoma, but there are many inconsistencies in
the current studies. For example, Mdivi-1, a selective inhibitor of Drp1,
increases RGC survival in acute ischemic mouse retina [12]. However,
another study found that Drpl expression was significantly reduced in
the neuroretina of the Minipig model with retinal ischemia [13]. In the
NMDA-induced retinal glutamate excitotoxicity model, Roscovitine
alleviated NMDA-induced mitochondrial fission associated with
neuronal loss by inhibiting phosphorylation of CDK5 and Drp1 (Ser585)
[14]. In contrast, ERK1/2-Drpl (Ser585) expression was significantly
downregulated in a THA-induced retinal primary neuron model [15]. In
a DBA/2J simulated model of spontaneous glaucoma, Drpl was found to
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be a potential therapeutic target to ameliorate oxidative stress-mediated
mitochondrial fission and dysfunction of the RGC and its axons during
glaucomatous neurodegeneration [16], and another study showed that
in the same glaucoma model, modulating Drpl phosphorylation at
Ser637 is a potential therapeutic strategy for neuroprotective interven-
tion in glaucoma and other mitochondria-related optic neuropathies
[17]. This demonstrates that there are numerous contradictory studies
on Drpl in glaucoma. Furthermore, different glaucoma models can only
simulate one reason in the pathogenesis of glaucoma, such as ph-IOP,
glutamate excitotoxicity, genetic factors, and so on. Drpl may play
different roles in different glaucoma models, and the role of Drpl in
ph-IOP as a major risk factor in the pathogenesis of glaucoma has not
been thoroughly investigated, with the main regulatory mechanisms and
the upstream and downstream not being clear.

PANoptosis refers to the simultaneous occurrence of pyroptosis,
apoptosis, and necroptosis in the pathophysiology of some diseases [18,
19]. The PANoptosome complex is assembled from numerous key
pyroptosis, apoptosis, and necroptosis regulators and regulates PAN-
optosis. PANoptosis regulates various types of cell deaths that can be

broadly classified into caspase-dependent apoptosis,
receptor-interacting protein (RIP)-dependent necroptosis, and
nucleotide-binding oligomerization domain (NOD)-like

receptor-containing pyrin domain 3 (NLRP3)-dependent pyroptosis. In
the ph-IOP injury model, apoptosis is involved in RGC injury and irre-
versible visual impairment [20]. Recent evidence suggests that RIP1
inhibitors can promote RGC survival by inhibiting necroptosis [21]. In
addition, NLRP3-dependent pyroptosis has been linked to
ph-IOP-induced RGC death [22-24]. These results suggest that PAN-
optosis may be involved in ph-IOP-induced RGC death [25]. The rela-
tionship between abnormal mitochondrial division and PANoptosis has
not been reported.

The ph-IOP glaucoma model is an ideal and widely used animal
model for studying sustained RGC loss after IOP control in glaucoma and
can simulate the clinical pathogenesis of acute primary angle-closure
glaucoma (APACG). APACG is characterized by significantly elevated
IOP, acute disease onset, and significant RGC loss within a short period.
In addition, APACG is more prone to blood perfusion sensitivity after
IOP reduction, leading to IR injury and exacerbating RGC death [26].
The oxygen-glucose deprivation/reperfusion (OGD/R) in vitro model can
mimic in vivo ph-IOP-induced IR injury and observe ph-IOP-induced
retinal cell abnormalities. In this study, we aimed to explore the
changes and abnormalities in Drp1l-mediated mitochondrial dynamics in
ph-IOP injury and clarify how the ERK1/2-Drpl-ROS axis plays a key
role in RGC death. Inhibiting Drpl phosphorylation protects against
ph-IOP-induced PANoptosis, and provides evidence that Drpl-mediated
mitochondrial dynamics can effectively regulate cell PANoptosis, with
potential therapeutic implications. Overall, this study clarifies the
mechanism of mitochondrial dysfunction in glaucoma, provides new
insights into retinal and RGC damage prevention, and presents theo-
retical and practical recommendations for future glaucoma treatments.

2. Materials and methods

2.1. Cell culture and the oxygen-glucose deprivation/reperfusion (OGD/
R) model

The R28 retinal cell line, an adherent retinal precursor cell line
derived from the rat retina and widely used in vitro studies, was used in
this study. It was provided by the Department of Anatomy and Neuro-
biology of Central South University (Changsha, China). R28 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fisher Scientific, USA) with 10% fetal bovine serum (v/v, FBS, Thermo
Fisher Scientific, USA), and 1% penicillin and streptomycin (v/v, PS,
NEST Biotechnology, Wuxi, China) at 37 °C with an atmosphere con-
taining 5% CO (v/v). For the OGD/R model, 5 x 10° R28 cells were
plated and grown for 24h. After changing the media to glucose-free
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DMEM, the cells were incubated in a hypoxic chamber (1% O3) (v/Vv)
for 4h followed by 1h, 3h, or 6h reoxygenation in normal complete
medium. Control cells were maintained in a complete medium under
normoxic conditions. The schematic illustration of this procedure is
shown in Fig. 1A.

For drug administration, mitochondrial fission inhibitor Mdivi-1
(S7162) purchased from Selleck (Selleck Chemicals, China) and p-
ERK1/2 inhibitor PD98059 purchased from Sigma-Aldrich (Sigma-
Aldrich, USA) were used. The concentrations used in this study were
determined based on previously published literature [27,28]. Mdivi-1
(10 pM) or PD98059(25 uM) was added at the beginning of the OGD/R
model, after incubated in a hypoxic chamber (1% O3) (v/v) for 4h, the
medium was changed to normal complete medium with Mdivi-1(10 pM)
or PD98059(25 pM) and incubated with the time indicated.

2.2. Model of ph-IOP injury and drug delivery

For animals, Wild-type C57BL/6J mice (8 weeks, 18-20 g) were used
in this study. The mouse model of ph-IOP was established via the raised
IOP (120 mmHg for 45 min) as previously described [26,29]. An anes-
thetized mouse with dilated pupils and anesthetized corneas was placed
on a heating workbench. A 30G needle connected to a saline infusion set
was carefully inserted into the mouse’s anterior chamber and the ante-
rior chamber pressure was gradually increased to 120 mmHg by
adjusting the saline bottle height (162 cm); the pressure was maintained
for 45 min. In the control group, a sham operation was performed
without raising the pressure in the left eye. For intravitreal drug de-
livery, intravitreal injections of the drug were injected prior to the start
of the ph-IOP model and administered as previously described [30]. The
injections were administered using a Hamilton syringe fitted with a
30-gauge glass microneedle under a dissecting microscope. 2 pL liquid of
PD98059(5 mM, diluted in the DMSO, Sigma-Aldrich, USA) and
Mito-TEMPO (200 pM, diluted in the DMSO, Selleck Chemicals, China)
was slowly injected into the vitreous chambers of the eyes before ph-IOP
model conducted [31,32]. Mdivi-1(3 mg/kg; Selleck) dissolved in the
DMSO was used intraperitoneal (i.p) injection before the ph-IOP model
conducted [27]. All procedures for handling animals were in accordance
with the Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Experimentation Committee of Xiangya Hos-
pital, Central South University (approval number: 2019030171).

2.3. Hoechst 33342 /propidium iodide (PI) dual staining assay

An apoptosis and necrosis detection kit (Beyotime Biotechnology,
China) was used to assess cell death rate of the R28 cells. First, R28 cells
were plated in 6 cm? plates and grown for 24h, then subjected to OGD/R
treatment. After OGD/R, the cells were washed three times with
phosphate-buffered saline (PBS), then incubated with medium con-
taining PI and Hoechst 33342 at 4 °C for 30 min. Afterward, the cells
were washed twice and underwent fluorescent imaging using an inver-
ted fluorescence microscope (Leica DMi8, Wetzlar, Germany). To pro-
duce a double-blind experiment, for each group, 5 pictures were
randomly captured by a researcher who was blind to the study, PI pos-
itive cells and Hoechst 33342-stained cells were counted and the per-
centage of cell death was calculated.

2.4. Immunofluorescence (IF) staining

R28 cells from all groups were fixed in 4% paraformaldehyde (m/v,
Ncmbio, Suzhou, China) for 15 min. Cells were then washed three times
with PBS and permeabilized with 0.1% Trixton-X-100 in PBS for 10 min.
After blocking with 5% BSA(m/v) for 30 min, cells were immunostained
with an anti-Tom20 primary antibody (1:200; #42406, Cell Signaling
Technology) with 5% BSA(m/v) at 4 °C overnight. Following another
three washes with PBS, cells were incubated with the appropriate sec-
ondary antibody of anti-rabbit IgG Alexa Fluor 488 (1:300;
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Fig. 1. OGD/R model induces mitochondrial damage and death in R28 cells

A: A schematic diagram of OGD/R treatment. R28 cells cultured in glucose-free DMEM were incubated in a hypoxic chamber (1% O-) for 4 h followed by 1 h, 3 h, or
6 h reoxygenation in normal complete medium. Control cells were maintained in a complete medium under normoxic conditions. Cells from each time point were
used for subsequent analysis; B: OGD/R-induced cell death was detected using Hoechst 33342 and PI dual staining. Scale bar = 100 pm; C: Quantifying the per-
centage of PI-positive cells(n = 9); D: The AyM was measured using JC-1 staining(2.0 pg/mL) after 3h OGD/R. Scale bar = 100 pm; E: The relative red/green ratio
quantification(n = 9); F: Confocal microscopy was used to determine mitochondrial morphology using Tom20 antibodies via immunofluorescence after 3 h OGD/R.
Scale = 2 um; G: The average mitochondrial length was analyzed(n = 9); H: Mito-SOX(2 pM) staining was used to detect the ROS level of mitochondrial after 3h
OGD/R. Red fluorescence represents mitochondrial ROS production, and Hoechst staining in the nuclei is shown in blue. Scale bar = 100 pm; I: Relative Mito-SOX red
fluorescence quantification(n = 9); J and L: Western blotting was performed to detect p-Drp1(Ser616), Drpl, p-ERK1/2, and ERK1/2 expression at each time point
after OGD/R treatment; K and M: Quantification of p-Drp1(Ser616), Drpl, p-ERK1/2, and ERK1/2 levels. Relative protein levels were calculated using ImageJ
software(n = 9). Values are expressed as means + standard deviations (SD). One-way analysis of variance (ANOVA) was followed by the Dunnett’s test. *P < 0.05,
**P < 0.01, ***P < 0.00land****P < 0.0001 vs Control.

Percentage of cells with
fragmented mitochondria

Control OGD/R

(fold change of control)

Average flourescence intensity

p-ERK1/Z‘/ERK1 2

p-Drp1(Ser616)/Drp1

o




Z. Zeng et al.

Sigma-Aldrich) with 5% BSA(m/v) for 2h. Cells were then washed five
times with PBS and stained with 4,6-diamidino-2-phenylindole (DAPI;
Solarbio, Beijing, China). At least five random images for each experi-
mental condition were captured using a confocal laser scanning micro-
scope (Leica). Mitochondrial quantification was performed with image J
by experimental staff blinded to the experiments. The percentage of cells
with fragmented mitochondria was calculated. For each identified ob-
ject, the major axis length of mitochondria was calculated. Cells were
scored with fragmented mitochondria when >50% of the mitochondria
displayed a major axis <2 pm. At least 100 cells of three independent
experiments were counted.

For immunostaining of paraffin-embedded retinal tissue sections,
slides were dewaxed twice with xylene for 20 min each, immersed in
100, 90, 80, and 70% ethanol(v/v) gradient series for rehydration for 5
min each. Then incubated in boiling 0.1 M citrate buffer (pH 6.0) for
10min for antigen retrieval. After blocking with 5% BSA(m/v) for 1h,
the slides were incubated overnight at 4 °C with the following primary
antibodies: anti-RBPMS(1:500, Abcam, ab152101), anti-RBPMS(1:500,
Phosphosolution,1832), anti-phospho-MLKL(1:500, #37333), anti-
phospho-RIP1(1:250, #44590), anti-phospho-RIP3(1:250, #93654),
anti-phospho-Drp1(Ser616)(1:300, #4494), anti-cleaved-caspase3
(1:100, #9664) and anti-phospho-ERK1/2(1:300, #9101) obtained
from Cell Signaling Technology; anti-caspasel(1:400, 22915), anti-
NLRP3(1:100, 19771) obtained from Proteintech (Rosemont, IL, USA).
Then the slides were washed three times with PBST (0.1 %Triton-X100,
v/v) for 10 min and incubated with the respective Alexa-594-conjugated
goat anti-Rabbit and Alexa-488-conjugated goat anti-Guinea pig sec-
ondary antibodies for 1 h at room temperature. The nuclei were stained
with DAPI for 5min. Slides were scanned with a digital slide scanner
(Pannoramic 250, 3D Histech, Hungary). Immunofluorescence intensity
quantification and counting were performed after setting equivalent
thresholds using ImageJ. Similarly, we divided the left and right hemi-
spheres of the optic nerve into three equal parts (six groups of data), and
obtained the average fluorescence intensity and the number of positive
RBPMS staining after counting each image separately. All of the images
are presented at a distance of 720 pm from the ONH. The average
number of RGCs per 360 pm length retina was calculated at various ph-
IOP times (Oh, 12 h, 24 h, and 48 h), and statistical analyses of RGC
counting number from each group were performed using GraphPad
Prism software (version 8.0).

2.5. Transmission electron microscopy (TEM)

A transmission electron microscope (TEM) was used to assess the
mitochondria of RGCs using a HT7700 transmission electron microscope
(Hitachi, Tokyo, Japan), by locating at RGC layer.

2.6. Western blot (WB) analysis

The cells and homogenized retinas were resuspended in an ice-cold
lysis buffer containing a cocktail of protein phosphatases and protease
inhibitors (Sigma-Aldrich, USA). Afterward, whole samples were sub-
jected to sonication and centrifuged (13800 g) at 4 °C for 10 min, and
the supernatant was subsequently collected. The total protein concen-
tration was analyzed using a bicinchoninic acid protein assay (New Cell
&Molecular biotech, China). Then collect 80 pl lysate and add 20 pl 5x
loading buffer (300 mM Tris-HCI [pH 6.81, 40%[v/v] glycerol, 10%[w/
v] sodium dodecyl sulfate, 20%([v/v] p-mercaptoethanol, and 0.02%[w/
v] bromophenol blue), place on 95 °C heat blotting for 10 min. Proteins
in the lysates were separated using 10%(w/v) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis at 140 V. The separated proteins
were transferred onto a polyvinylidene fluoride membrane at 300 mA.
After blocking for 1 h with 5%(m/v) BSA in PBS with Tween20(PBST),
the proteins on the membranes were immunoblotted overnight at 4 °C
with the following primary antibodies: anti-Drp1(1:1000, #8570), anti-
phospho-Drp1(Ser616)(1:1000, #4494), anti-phospho-ERK1,/2(1:1000,
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#9101), anti-NLRP3(1:1000, #15101), anti-N-GSDMD(1:1000,
#364258S), anti-cleaved-caspase3(1:1000, #9664), anti-phospho-MLKL
(1:1000, #37333), anti-phospho RIP1(1:1000,#31122), anti-RIP1
(1:1000, #3493) obtained from Cell Signaling Technology (Danvers,
MA, USA), anti-caspasel(1:1000, 22915), anti-MLKL(1:5000, 66675)
obtained from Proteintech (Rosemont, IL, USA), anti-ERK1/2 (1:1000,
ab184699), anti-phospho RIP3(1:1000, ab205421), anti-RIP3 (1:1000,
ab62344) obtained from Abcam, and anti-GAPDH (1:3000, T0022) ob-
tained from Affinity Biosciences. The membranes were then washed
thrice with PBST, incubated with secondary antibodies (1:1000,Pro-
teintech, SA0O0001-1; SA00001-2) for 1h at room temperature, and
washed thrice. Western blot bands were detected using an enhanced
chemiluminescence solution (Millipore, USA). Densitometric analysis
was performed using ImageJ.

2.7. RNA sequencing (RNA-seq) data analysis

The R Bioconductor package edgeR was used to select differentially
expressed genes (DEGs). A false discovery rate <0.05 and fold change
>2 or <0.5 were set as the cut-off criteria for identifying DEGs. Volcano
plots and heatmaps were plotted using volcanoPlot and pheatmap
functions in R. To identify functional categories of DEGs, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was used for
pathway analysis to identify the significant enrichment of different
molecular pathways using KOBAS3.0 software (http://www.genome.jp/
kegg). The hypergeometric test and Benjamini-Hochberg FDR control-
ling procedure were used to define the enrichment of each term. The
data comes from the SAR database (PRJNA838649).

2.8. Hematoxylin and eosin (HE) staining

Mice were anesthetized and sacrificed, and the eyeballs were
enucleated and fixed in 4% PFA(m/v) for 24 h at room temperature.
After washing with PBS, the eyeballs were embedded in paraffin and
sectioned at 4 pm thick. The sections were then deparaffinized and
stained with HE and imaged using a light microscope (Nikon, Japan).
Images were randomly captured by a researcher who was blind to the
study, and the retinal damage was evaluated by counting the number of
cells in the ganglion cell layer (GCL). We divided the location of the
optic nerve center equally into three straight lines on either side
perpendicular to the retina. The number of cells in the GCL for each
image was then counted (six sets of data per image were obtained) and
averaged.

2.9. Retinal flat-mounted immunofluorescence

For retinal flat-mounted immunofluorescence, the eyes of mice were
enucleated and fixed in 4% PFA(m/v) for 2 h at room temperature, the
cornea and lens were removed. After fixed in 4% PFA (m/v) for another
1 h at room temperature, the retinas were dissociated, transferred to a
glass slide, and cut into four equal quadrants. Retinas were per-
meabilized in PBS containing 0.3% Triton X-100(v/v) for 30 min, fol-
lowed by blocking in blocking solution (5% BSA) (m/v) for 1.5 h, and
then stained with anti-RBPMS (1:500; Abcam; ab152101) overnight at
4 °C. After washing 3 times with PBST, retinas were incubated with
Alexa Fluor 488-conjugated goat anti-rabbit-labeled secondary antibody
for 1 h at room temperature, followed by mounting. Images were
captured using a Nikon Ni-U microscope (Nikon, Tokyo, Japan). Each
retina was divided into 4 quadrants (sharing a central quadrant) and
RBPMS + cells were counted using ImageJ to determine the RGC density
(RGCs per square millimeter) for that retina. Mean values were calcu-
lated for the mean densities of all retinas per group. The relative RGC
density in each group was calculated as a percentage of the mean using
the control sample as reference. Statistical analyses of the relative
RBPMS + cells from each group were performed using GraphPad Prism
software (version 8.0).
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2.10. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining assay

The TUNEL assay was performed according to the manufacturer’s
instructions (Roche, 11684795910). Briefly, paraffin sections were
deparaffinized and permeabilized with proteinase K for 30 min, fol-
lowed by rinsing the sections three times with 0.1% Triton-X100 in PBS.
TUNEL reaction mixture was incubated with the slices for 1 h at 37 °C,
after washing 3 times with PBS. The nuclei were counterstained with
DAPI. Then sections were imaged using a Ni-U microscope (Nikon,
Tokyo, Japan). Pictures were captured by a researcher who was blind to
the study. The number of TUNEL-positive cells in the GCL and inner
nuclear layer (INL) was counted for each retinal section.

2.11. Adenosine triphosphate (ATP) measurement

The ATP concentration was detected using an ATP assay kit (Beyo-
time Biotechnology, S0026, China). Cells and retinas were lysed and
centrifuged at 13800 g for 10 min to isolate total protein. Subsequently,
100 pl of the supernatant was added to 100 pl of ATP detection solution,
and standard samples were generated. The luminescence was immedi-
ately detected using a plate reader (Synergy LX; BioTek, USA).

2.12. Small interfering RNA (siRNA) transfection

R28 cellular transfections were performed using Lipofectamine®
2000 according to the manufacturer’s instructions. 5 x 10> R28 cells
were plated and grown to 30% confluency at the time of transfection.
The transfection complexes were prepared with 8 pl lipo2000 and 5 pl of
SiRNA(50 nm) in 200 pl OptiMEM per 6 cm? dish (NEST Biotechnology,
Wuxi, China). After transfection for 4 h, the medium was removed and
the R28 cell culture medium was added and cultured for another 48h
(Fig. 2A). siRNAs (RiboBio, Guangzhou, China) with the following se-
quences were used to silence Drpl expression:5-
GGUGCUAGGAUUUGUUAUATT-3. The sequence for ERK1/2 siRNA
was 5-GCACCTCAGCAATG ATCAT-3, and a negative control siRNA
(ncRNA) was constructed. 24h after transfection of fluorescent control,
the fluorescence distribution in R28 cells was observed by fluorescence
microscope (Leica DMi8, Wetzlar, Germany). The Drp1-siRNA (2 nmol/
eye) and negative control used for intravitreal injection were provided
by Ribobio Biotechnology (Guangzhou, China), and the ph-IOP model
was constructed 72h after siRNA injection.

2.13. Mitochondrial membrane potential assay (AyM)

Mitochondrial membrane potential was evaluated using the JC-1
mitochondrial membrane potential detection kit (US Everbright Inc,
J604, Suzhou, China). Cells were incubated with JC-1(2.0 pg/ml)
staining solution for 20 min at 37 °C, and rinsed, then examined using a
fluorescence microscope. Mitochondrial membrane potential was
detected and analyzed using relative fluorescence ratio staining. The red
to green fluorescence ratio was lower in apoptotic and necrotic cells
than in normal cells. In normal cells, JC-1 formed as aggregates in the
matrix of the mitochondria with a red appearance. When the membrane
potential was decreased and JC-1 maintained its monomeric form and
turns green. For each group, 5 pictures were randomly captured with a
fluorescence microscope (Leica DMi8, Wetzlar, Germany) by a
researcher who was blind to the study, after adjusting the uniform
threshold using ImageJ, fluorescence intensity was determined for each
pixel using ImageJ. The mean fluorescence intensity of these pixels was
calculated as the average number of pixels at each group.

2.14. ROS production detection

ROS in the retina were determined using 2',7’-Dichlorodihydro-
fluorescein diacetate (DCFH-DA, Elabsciences, Shanghai, China). First
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the retinas were dissociated and lysed, then incubated with 50 pM
DCFH-DA working solution at 37 °C for 30 min. The cells were collected
by centrifugation at 1000g and washed three times with PBS buffer to
remove DCFH-DA. Fluorescence intensity was detected using a micro-
plate reader (Synergy LX; BioTek, USA) with an excitation wavelength at
500 nm and an emission wavelength at 525 nm.

Mito-SOX Red was used to detect mitochondrial ROS (mtROS), and
Hoechst was used to stain the nuclei of living cells. For Mito-SOX Red
staining, the cells were first incubated with 2 pM fluorochrome for 10
min, washed with PBS, and then detected using a fluorescence micro-
scope (Leica DMi8, Wetzlar, Germany). For each group, 5 pictures were
randomly captured, and mean fluorescence intensity of these pixels was
calculated as the average number of pixels at each group using ImageJ.

2.15. Clinical sample collection

6 human peripheral blood samples from glaucoma patients with high
IOP and 3 human peripheral blood samples from age-matched cataract
patients with normal IOP were obtained. Mononuclear cells were
separated according to our standard operation procedure. Lysates of
Peripheral Blood Mononuclear Cells (PBMCs) were detected by Western
blot analysis with antibodies recognizing p-ERK1/2, ERK1/2, phosphor-
Drpl (S616), and Drpl protein.

2.16. Statistical analysis

Data are presented as mean + standard deviation. Data were
analyzed by Student’s t-test or ANOVA (Dunnett’s test). Analyses were
performed using GraphPad Prism 9 software. All statistical tests were
two-tailed, and a P-value <0.05 was considered statistically significant.
P-values of <0.05, <0.01, <0.001 and < 0.0001 are indicated by *, **,
*Fan , respectively. The values are an average of three indepen-
dent experiments with three mice or cell wells per treatment in each
experiment.

3. Results

3.1. OGD/R model induced R28 mitochondrial damage and death in
R28 cells

We assessed the cell death rate using Hoechst 33342 and PI dual
staining to investigate the effects of the OGD/R model on R28 cells.
OGD/R treatment induced R28 cell death, and approximately 30.0% of
cells were PI-positive after 3 h of OGD/R treatment (Fig. 1B and C). To
determine whether OGD/R-induced damage in R28 cells was associated
with mitochondria, mitochondrial morphology, AyM, and mtROS were
examined. First JC-1 staining was used to detect AyM. When the AyM is
normal, JC-1 form as aggregates with a red appearance; however, once
the AyM is lowered or lost, the dye turns green (JC-1 monomers).
Therefore, the reduction in the red/green ratio reflects the decrease of
mitochondrial membrane potential and impaired mitochondrial func-
tion. The results revealed that the mitochondrial membrane potential
significantly decreased after OGD/R (Fig. 1D and E). Mitochondrial
outer membrane protein Tom20 was used to detect mitochondrial
morphological changes. Immunofluorescence results showed that the
mitochondria became significantly more fragmented after OGD/R
(Fig. 1F and G). OGD/R injury also increased the mtROS content, which
was detected by Mito-SOX Red (Fig. 1H and I). Thereafter, we examined
changes in protein levels related to mitochondrial dynamics and found
increased phosphorylation of the mitochondrial fission-related protein
Drpl (Ser616). To explore the upstream targets of Drp1(Ser616) acti-
vation, we performed an analysis of the RNA-sequencing (RNA-seq)
results, the KEGG showed that differential genes were enriched in the
MAPK pathway (Figs. 1a—d). We further verified the expression levels of
ERK1/2 and p-ERK1/2 after OGD/R. We found that p-Drp1 (Ser616) and
p-ERK1/2 expression levels peaked at 1 h after OGD/R, while the
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Fig. 2. Mdivi-1 treatment or silencing Drpl expression using siRNA transfection alleviated R28 cell injury induced by OGD/R.

A: A schematic diagram of siRNA application. R28 cells were plated and cultured to 30% confluence for transfection. After 4 h transfection, R28 cells were cultured
for an additional 48 h and then subjected to OGD/R modeling; B: After Mdivi-1 treatment or silencing Drp1 expression, the cell death rate was detected using Hoechst
33342 and PI dual staining. Scale bar = 100 pm; C: Quantification of the percentage of PI-positive cells(n = 9); D: After Mdivi-1 treatment or silencing Drpl
expression, the AyM was measured by JC-1 staining(2.0 pg/ml). Scale bar = 100 pm; E: Quantification of the relative red/green ratio(n = 9); F: After Mdivi-1
treatment or silencing Drpl expression, mitochondrial morphology was identified using Tom20 antibodies by immunofluorescence. Scale bar = 2 pm; G: Average
mitochondrial lengths were analyzed (n = 9); H: After Mdivi-1 treatment or silencing Drpl expression, ATP assay kit was used to detect ATP production(n = 9); I:
After Mdivi-1 treatment or silencing Drpl expression, Mito-SOX(2 pM) staining to detect the ROS level. Red fluorescent spots represent mitochondrial ROS pro-
duction, and Hoechst staining in the nuclei is shown in blue. Scale bar = 100 pm; J: Quantification of the relative Mito-SOX red fluorescent intensity(n = 9). Values
are expressed as the mean + SD. One-way ANOVA was followed by the Dunnett’s test. *P < 0.05, **P < 0.01, ***P < 0.001and****P < 0.0001 vs OGD/R.
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expression of Drpl and ERK1/2 remained largely unchanged (Fig. 1J
and M). Based on these findings, we performed follow-up phenotypic
studies 3 h after OGD/R. These results preliminarily suggest that the
OGD/R model can induce mitochondrial dysfunction and cell death in
R28 cells.

3.2. Mdivi-1 and Drp1 siRNA treatment attenuated OGD/R-induced
damage in R28 cells

Previous studies have demonstrated that Mdivi-1 is used as an in-
hibitor of Drpl (Ser616) [27]. To further determine the impact of
Drpl-mediated mitochondrial fission on OGD/R-induced damage,
Mdivi-1 or siRNA was used to investigate the effect of p-Drpl (Ser616)
on R28 cells in the OGD/R model, respectively. We previously demon-
strated that 10 pM Mdivi-1 can inhibit the p-Drpl (Ser616) level in
irradiated R28 cells, without inducing cellular toxicity. Thus, 10 pM
Mdivi-1 was used as the effective concentration in this study. Fig. 2A
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shows a schematic diagram of siRNA application. Compared with the
OGD/R group, Mdivi-1 or siRNA treatment significantly decreased
Pl-positive cells (Fig. 2B and C). Furthermore, Mdivi-1 or siRNA treat-
ment had a protective effect on mitochondrial function. The decrease in
AyM and ATP production induced by OGD/R were partially recovered
in the Mdivi-1 treatment group (Fig. 2D and E; 2H). Furthermore,
OGD/R-induced mitochondrial fragmentation and mtROS over-
production decreased significantly following treatment with Mdivi-1
and siRNA, respectively (Fig. 2F and G, 2I and J).

3.3. ERK1/2-mediated Drpl Ser616 phosphorylation regulated
mitochondrial dynamics during OGD/R-induced injury in R28 cells

As p-ERK1/2 was significantly elevated in the OGD/R model, we
used PD98059, an inhibitor of p-ERK1/2, to determine whether it could
protect against OGD/R injury through p-Drpl (Ser616) to clarify the
relationship between p-ERK1/2 and p-Drpl (Ser616). Fig. 3A and B

Fig. 3. PD98059 treatment or silencing ERK1/2
expression by siRNA alleviated OGDR-induced dam-
age to R28 cells.
A: Western blot was used to detect the expression
level of p-Drpl (Ser616) after PD98059 application;
B: Quantification of the WB result(n = 9); C: After
PD98059 treatment or silencing ERK1/2 expression,
the cell death rate was detected by Hoechst 33342
and PI dual staining. Scale bar = 100 pm; D: Quan-
tification of the percentage of PI-positive cells(n = 9);
E: After PD98059 treatment or silencing ERK1/2
expression, the AyM was measured by JC-1 staining
(2.0 pg/ml). Scale bar = 100 pm; F: Quantification of
the relative red/green ratio(n = 9); G: After PD98059
treatment or silencing ERK1/2 expression, mito-
chondrial morphology was identified using Tom20
antibodies by immunofluorescence. Scale = 2 pm; H:
Average mitochondrial lengths were analyzed(n = 9);
I: After PD98059 treatment or silencing ERK1/2
expression, ATP assay kit was used to detect ATP
production(n = 9); J: PD98059 treatment or silencing
ERK1/2 expression, Mito-SOX(2 pM) staining to
detect the ROS level. Red fluorescent spots represent
mitochondrial ROS production, Hoechst staining in
the nuclei is shown in blue. Scale = 100 pm; K:
Quantification of the relative Mito-SOX red fluores-
cent intensity(n = 9). Values are expressed as the
mean + SD. One-way ANOVA was followed by Dun-
L nett’s test. *P < 0.05, **P < 0.01, ***P < 0.001 and
#*%%p < 0.0001 vs OGD/R.
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shows that the OGD/R-induced increase in p-Drpl (Ser616) was
significantly inhibited after treatment with PD98059. Hoechst 33342
and PI dual staining results revealed that PD98059 or siRNA treatment
significantly increased cell survival compared with OGD/R alone
(Fig. 3C and D). Moreover, the mitochondrial function was partially
recovered, whereas AyM and ATP levels increased significantly (Fig. 3E
and F, 3I). Additionally, PD98059 and siRNA reduced mitochondrial
fragmentation and mtROS production (Fig. 3G and H, 3J and K). siRNA
silencing efficiency against ERK1/2 was detected by using WB analysis
(Supplement Fig.2). These results demonstrated that inhibiting the ERK-
Drpl(Ser616) pathway protects against OGD/R-induced injury by
rescuing of mitochondrial dysfunction and clearing mtROS production.

3.4. ph-IOP injury-induced mitochondrial damage and cell death in
mouse RGCs

The HE results showed that, compared with the control group, the
retinal structure of the ph-IOP group was gradually irregular, the retinal
layer was distinctly loose and disordered, and the number of RGCs
decreased with time. The retinal GCL and inner plexiform layer (IPL)
were markedly edematous, and retinal thickness decreased markedly at
48 h (Fig. 4A). ph-IOP injury significantly reduced the number of cells in
the retinal GCL(Fig. 4B). This trend was also observed in RBPMS
immunofluorescence staining of retinal paraffin sections, and the num-
ber of labeled RGCs was greater in the control group (Fig. 4C and D). The
number of TUNEL staining-positive cells also significantly increased
after retinal ph-IOP injury (Fig. 4E and F). In addition, the total amount
of ROS peaked 24 h after retinal ph-IOP injury and decreased slightly
after 48 h (Fig. 4G). Therefore, 24 h was chosen as the observation
period for experiments whose results are presented in Fig. 6.

ph-loP

A Control

Control

C 12h 24h 48h D
GeL ‘:] |:|
ONL
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3.5. ph-IOP injury activated ERK1/2-Drp1(Ser616)-ROS signaling
pathway

The expression of ERK1/2 and Drp1(Ser616) proteins in the mouse
retina were detected at 3h, 6 h, 12 h, 24 h, and 48 h after ph-IOP injury.
p-ERK1/2 expression increased at 3 h and peaked at 12 h. Meanwhile, p-
Drpl (Ser616) expression significantly increased at 6 h and peaked at 24
h (Fig. 5A-C). Simultaneously, RBPMS was co-stained with p-Drpl
(Ser616) and p-ERK1/2 for immunofluorescence analysis, and the re-
sults were consistent with the WB results (Fig. 5D-G). The fluorescence
intensities of p-ERK1/2 and p-Drpl (Ser616) peaked at 12 h and 24 h,
respectively. WB results show that PD98059 treatment of the retina
reduces ph-IOP-induced elevation of p-Drpl(Ser616) (Fig. 5H and I),
suggesting that p-ERK1/2 may play a role in RGC damage via p-Drpl
(Ser616). Subsequently, Mdivi-1 and PD98059 were used to inhibit p-
Drpl (Ser616) and p-ERK1/2, respectively, which significantly
decreased ROS production in the mouse retina (Fig. 5J and K). These
results indicated that the ERK1/2-Drpl signaling pathway could
potentially promote ROS generation in ph-IOP injury.

3.6. Inhibiting the ERK1/2-Drp1-ROS signaling pathway reduced ph-IOP-
induced RGC damage in mouse

Next, PD98059 (p-ERK1/2 inhibitor), Mdivi-1 (p-Drpl (Ser616) in-
hibitor), and Mito-TEMPO (ROS inhibitor) were also used to investigate
whether inhibiting the ERK1/2-Drpl-ROS pathway could prevent
retinal morphological damage and RGC loss. The HE results showed that
24 h after ph-IOP injury, the retinal morphology and cell numbers in the
retinal GCL were significantly damaged in the untreated injury group.
After PD98059, Mdivi-1, or Mito-TEMPO treatment, the retinal
morphology was partially restored, following which, the number of cells

Fig. 4. ph-IOP injury-induced mitochondrial damage
and cell death in RGCs

A: HE-stained retinal sections in control and ph-IOP
group at 12 h, 24 h, and 48 h showed retinal struc-
ture changes after ph-IOP. Scale bar = 50 pm; The
lower pictures are the enlarged representations of the
boxed regions of the upper pictures. B: Quantification
of the number of cells in the retinal GCL(n = 9); C:
ph-iop RGCs identified using RBPMS antibodies by immu-
nofluorescence with retinal paraffin sections. The
lower images are the enlarged representations of the
boxed regions of the upper pictures. Scale bar = 20
pm; D: The average number of RGCs at different ph-
IOP times (12 h, 24 h, and 48 h) were calculated(n
= 9); E: Retinal paraffin sections were stained using
TUNEL to observe cell apoptosis. Scale bar = 20 pm;
F: TUNEL-positive RGCs were counted(n = 9); G:
Retinal ROS generation was determined using DCFH-
DA fluorescence intensity quantification after ph-IOP
(12h, 24 h, and 48 h) (n = 9). Values are expressed as
the mean + SD. One-way ANOVA was followed by
Dunnett’s test. *P < 0.05, **P < 0.01, ***P <
0.001and****P < 0.0001 vs Control.
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Fig. 5. ph-IOP model activates the ERK-Drp1-ROS signaling pathway

A: Western blot detected the expression of p-ERK1/2 and p-Drpl (Ser616); B-C: Western blot quantitative results of p-Drpl (Ser616) and p-ERK1/2(n = 9); D: Co-
staining of p-Drp1 (Ser616) and RBPMS. Scale bar = 10 pm; E: Average fluorescence intensity quantification of p-Drpl (Ser616) (n = 9); F: Co-staining of p-ERK1/2
and RBPMS. Scale bar = 10 pm; G: Average fluorescence intensity quantification of p-ERK1/2(n = 9); H: After PD98059 treatment, Western blot detected the
expression of p-Drpl (Ser616); I: Quantification of p-Drpl (Ser616) expression levels after using PD98059(n = 9); J: After Mdivi-1 treatment, retinal ROS generation
was determined using DCFH-DA fluorescence intensity quantification (n = 9); K: After treatment with PD98059, retinal ROS generation was determined using DCFH-
DA fluorescence intensity quantification(n = 9). Values are expressed as the mean + SD. One-way ANOVA was followed by Dunnett’s test. *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001 vs Control(A-G) or ph-IOP + Vehicle(H-K).

in the GCL also rebounded to a certain extent (Fig. 6A and B). This result
was further verified via RBPMS staining (Fig. 6C and D). Similar results
were obtained for flat-mounted retina (Fig. 6E and F). The number of
TUNEL-positive RGCs and other retinal cells significantly decreased
after injecting the inhibitor (Fig. 6G and H). In addition, PD98059 and
Mdivi-1 treatments prevented the depletion of retinal ATP. The ATP
content was significantly lower in the retina after ph-IOP injury than
that in the normal group. The ATP content significantly increased after
treatment with the inhibitor (Fig. 6I and J). Mdivi-1 and PD98059
treatment preserved the morphology of the mitochondrial structures in
the GCL after ph-IOP injury since the number of mitochondria with
disorganized structures was lower in these groups (Fig. 6K).

3.7. Invivo inhibition of Drp1 using Mdivi-1 or delivery of siRNA rescues
ph-IOP-induced RGC PANoptosis

Drpl was knocked down via intravitreal injection of Drp1 siRNA, and
the ph-IOP model was constructed 72 h after siRNA injection to eluci-
date the role of Drpl in ph-IOP-induced glaucoma. We examined retinal
morphology and RGC loss after siRNA treatment, and noted that si-Drpl
effectively rescued ph-IOP-induced retinal damage and RGC loss
(Fig. 7A-D). WB results revealed that si-Drpl significantly reduced p-
Drpl(Ser616) expression in the test group compared to the Control + NC
group (Fig. 7E and F). To investigate the relationship between Drpl and
the PANoptosis of RGCs, we used WB and immunofluorescence to
analyze the expression of PANoptosis-related proteins. WB results
showed that following si-Drpl treatment, markers of apoptosis (cleaved-
caspase3) (Fig. 7J), pyroptosis (NLRP3/caspasel/GSDMD)(Fig. 7G-I),
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Fig. 6. Inhibiting the ERK1/2-Drpl-ROS signaling
pathway can reduce ph-IOP-induced RGC damage in
mouse.

A: After Mdivi-1, PD98059, or Mito-TEMPO treat-
ment, HE was used to observe the retinal morphology
and the number of cells in the RGC layer. Scale bar =
50 pm; B: Quantification of the number of cells in the
retina GCL of each group(n = 9); C: RGCs identified
using RBPMS antibodies by immunofluorescence with
retinal paraffin sections. The lower images are the
enlarged representations of the boxed regions of the
upper pictures. Scale bar = 20 pm; D: The average
number of RGCs at different groups were calculated
(n = 9); E-F: After Mdivi-1, PD98059 or Mito-TEMPO
treatment, RBPMS-positive cells in whole mounted
retinas were assessed by observing flat-mounted ret-
inas. Scale bar = 100 pm(n = 9); G: Retinal paraffin
sections were stained using TUNEL to observe cell
apoptosis. The lower pictures are the enlarged rep-
resentations of the boxed regions of the upper pic-
tures. Scale bar = 20 pm; H: TUNEL-positive RGCs
were counted(n = 9); I-J: ATP kit was used to detect
the total content of ATP in the retina(n = 9); K: TEM
tracks mitochondrial damage in RGCs, Black arrows
indicate the morphology of mitochondria in each
group(n = 9). Values are expressed as the mean + SD.
One-way ANOVA was followed by the Dunnett’s test.
*P < 0.05, **P < 0.01, ***P < 0.001 and****P <
0.0001 vs ph-IOP + Vehicle.
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and necroptosis (p-RIP1/p-RIP3/p-MLKL) (Fig. 7K-M) were signifi-
cantly downregulated. Similar results to si-Drpl treatment were ob-
tained using Mdivi-1 in vivo (Fig. 7N-W). Immunofluorescence results
showed that cleaved-caspase3, caspasel, and p-MLKL expression levels
in the GCL decreased significantly after Mdivi-1 or si-Drpl treatment
(Fig. 8A—C). The immunofluorescence results showing the expression of
other PANoptosis-related markers (NLRP3/p-RIP1/p-RIP3) are provided

10

PD98059

in Figs. S4a—c. Overall, we infer that Drp1 is involved in regulating ph-
IOP-induced retinal cell PANoptosis (Fig. 9).

3.8. ERK1/2-Drp1 signaling pathway is activated in mononuclear cells of
patients with glaucoma with high IOP

We obtained human peripheral blood mononuclear cells from six
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Fig. 7. Silencing Drpl expression by siRNA or Mdivi-1 treatment rescues ph-IOP-induced RGC PANoptosis in vivo.

A: After silencing Drpl expression by siRNA, HE was used to observe the retinal morphology and the number of cells in the RGC layer. Scale bar = 50 pm; B: After
silencing Drpl expression by siRNA, RBPMS-positive cells in whole mounted retinas were assessed by observing flat-mounted retinas; Scale bar = 50 pm; C:
Quantification of the number of cells in the GCL of each group(n = 9); D: Quantification of RGC cell density in each group(n = 9); E: After silencing Drpl expression
by siRNA, Western blot used to detected PANoptosis-related proteins; F-M: Western blot results were quantified(n = 9); N:After Mdivi-1 treatment, Western blot was
used to detect PANoptosis-related proteins; O-W: Western blot results were quantified(n = 9). Values are expressed as the mean =+ SD. One-way ANOVA was followed
by Dunnett’s test. “P < 0.05, **P < 0.01, ***P < 0.00land****P < 0.0001 vs ph-IOP.
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Fig. 8. Silencing Drpl expression by siRNA or Mdivi-1 treatment rescues ph-IOP-induced RGC PANoptosis in vivo.

A: After si-Drpl or Mdivi-1 treatment, retinal immunofluorescence staining detected cleaved-caspasel expression levels, Scale bar = 10 pm(n = 9); B: After si-Drplor
Mdivi-1 treatment, immunofluorescence used to detect cleaved-caspase3 expression levels, Scale bar = 10 pm(n = 9); C: After si-Drpl or Mdivi-1 treatment,
immunofluorescence used to detect p-MLKL expression levels, Scale bar = 10 pm (n = 9). NC: negative control. Values are expressed as the mean + SD. One-way
ANOVA was followed by Dunnett’s test. *P < 0.05, **P < 0.01, ***P < 0.00land****P < 0.0001 vs ph-IOP.
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Fig. 9. ph-IOP -induces the death of RGCs through the ERK1/2-Drpl-ROS
signaling pathway

ph-IOP injury is an important pathological process in the development of
glaucoma and can aggravate the damage of RGCs in glaucoma. In this study, ph-
IOP injury induced the increased phosphorylation of ERK1/2, followed by the
phosphorylation of Drpl at serine 616. This led to mitochondrial fission and
dysfunction (decreased mitochondrial membrane potential, decreased ATP,
etc.), resulting in the production of large amounts of ROS, eventually leading to
the PANoptosis of RGCs. Regulation of Drpl-mediated abnormalities in mito-
chondrial dynamics is a potential therapeutic target for ph-IOP-
induced PANoptosis.
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N

patients with glaucoma who had high IOP to validate our results. WB
analysis revealed that p-ERK1/2 and p-Drpl(Ser616) expression were
markedly higher than that of normal control individuals (Figs. S3a-b).
These results suggest that ERK1/2-mediated Drpl(Ser616) is likely
involved in glaucoma pathogenesis in patients who also have high IOP.

4. Discussion

Glaucoma pathogenesis is extremely complex, and the underlying
mechanisms and factors remain unknown. The currently accepted risk
factor for glaucoma is ph-IOP, in addition to glutamate excitotoxicity
and immune abnormalities [2]. Several studies have demonstrated the
importance of Drp1 in the pathogenesis of glaucoma. In a recent review
on Drpl and neurodegenerative diseases, we found that there are mul-
tiple upstream targets that regulate the role of Drpl in glaucoma path-
ogenesis [33]. Examples include GSK-3p, AKAP1, and CDK5 [14, 17,
34], and in our study, we sequenced mRNA in the ph-IOP model retina
and found that the MAPK pathway was one of the major enriched
pathways. Interestingly, in our previous study in the glutamate excito-
toxicity model [15], it was demonstrated that glutamate excitotoxicity
induced dephosphorylation of ERK1/2 and its downstream protein Drpl
S585, and decreased the excitotoxicity of glutamate in primary retinal
neurons, which is contrary to this finding that ERK1/2-Drpl signaling
was up-regulated in the ph-IOP model. Regarding the reasons for the
opposite results, we suggest that different pathogenic mechanisms may
exist in the glutamate excitotoxicity model and the ph-IOP model. In this
study, we show for the first time that blocking the ERK1/2-Drp1-ROS
signaling pathway can effectively rescue RGC death in a ph-IOP
model. Drpl can be regulated by various kinases, with ERK1/2 play-
ing the most prominent role in the ph-IOP model. However, our findings



Z. Zeng et al.

show that p-ERK1/2 is not expressed in RGCs. Previous research has
reported that p-ERK1/2 is mostly expressed in the Miiller cells [35],
hence, we hypothesize that early upregulation of p-ERK1/2 expression
in the ph-IOP model can activate Miiller cells, regulates the upregulation
of p-Drpl(Ser616) expression in RGCs, which ultimately causes the
onset of PANoptosis in RGCs. However, the relationship between Miiller
cells and RGCs needs to be further explored in the future.

PANoptosis is a newly emerging concept that highlights the crosstalk
and coordination that occurs between three of these pathways, that is,
pyroptosis, apoptosis, and necroptosis [36]. When PANoptosis is acti-
vated, blocking one form of cell death (pyroptosis, apoptosis, or nec-
roptosis alone) cannot prevent cell death. In-depth characterization of
the detailed mechanisms of PANoptosis activation in the ph-IOP glau-
coma model will be important for glaucoma treatment in the future. In
current previous studies, Drpl has been shown to regulate apoptosis or
necrosis of RGCs alone [37,38]. However, the presence of PANoptosis in
glaucoma has recently been demonstrated [36,39], suggesting that in-
hibition of pyroptosis, apoptosis, or necroptosis alone is not sufficient for
the protection of RGCs in glaucoma. This study focused on the rela-
tionship between Drpl-mediated mitochondrial dynamics and different
modes of cell death in glaucoma. We provide the first evidence that
cellular surveillance of mitochondrial dynamics is a key checkpoint in
controlling PANoptosis in ph-IOP-induced RGC injuries. Excessive
mitochondrial fission may be an early event of mitochondrial damage in
IR and other neuronal injuries.

In this study, we examined the changes of Drp1(Ser616) in multiple
species, R28 cells from rats, retinas from mice, and peripheral blood
from glaucoma patients. We found that Drp1(Ser616) showed signifi-
cant changes in multiple species of glaucoma models, and this high
degree of conservation and consistency provides a good basis for future
development of clinical drug development against Drp1(Ser616) targets.
Most importantly, our study highlights the anti-PANoptosis effects of
Drpl modulation, revealing that the ERK1/2-Drp1 signaling pathway is
a potential therapeutic target for this disease. ERK1/2 are ubiquitously
expressed hydrophilic non-receptor proteins that participate in the
MAPK cascade and regulate multiple pathways, including cell survival,
differentiation, proliferation, and other processes. In our immuno-
staining results, p-ERK1/2 was distributed in various layers of retinal
cells, while p-Drp1(Ser616) was mainly located in RGCs. Hence, tar-
geting Drpl or its downstream ROS might be the best choice, and
developing ROS-responsive prodrugs for Drpl or ROS scavenging may
be an effective therapy for APACG.

Another noteworthy aspect is the role of mitochondrial ROS
disruption and redox system imbalance in glaucomatous PANoptosis.
Previous studies have demonstrated that ROS and other important en-
zymes related to the redox system are altered during glaucoma pathol-
ogy. For example, glutathione (GSH) activity is significantly
downregulated in the peripheral blood of patients with several types of
glaucoma [40] and in the retinas of ph-IOP mouse model [26], and a
study concluded that the redox proteins thioredoxin(TXN)1 and TXN2
support RGCs survival in experimental glaucoma [41]. In addition,
NADHP and others enzymes have been shown to show changes in
models of ph-IOP. All of these studies remind us that disruption of redox
system imbalance has an important role in glaucoma pathogenesis. In
our study, we found that regulating Drpl could modulate ROS produc-
tion, and that targeted inhibition of mitochondrial ROS using
Mito-TEMPO alleviated RGCs death and retinal damage. Previous
studies have also shown that ROS, GSH, and the TXN system interact
with each other [42,43], so we hypothesize that Drpl can mediate the
mitochondrial ROS production during the development of glaucoma-
tous, leading to the disruption of the balance of the redox system and
ultimately causing PANoptosis. To determine in the future the role of
mitochondrial ROS as well as other redox enzymes in glaucomatous
PANoptosis, specific small molecule inhibitors can be further used.
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