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ABSTRACT

Glaucoma, the leading cause of irreversible blindness worldwide, is characterized by neurodegeneration and
neuroinflammation with retinal NAD/NADP and GSH decline. Nicotinamide adenine dinucleotide (NAD)/NAD
phosphate (NADP) and glutathione (GSH) are two redox reducers in neuronal and glial metabolism. However,
therapeutic strategies targeting NAD/NADP or GSH do not exert ideal effects, and the underlying mechanisms are
still poorly understood. We assessed morphological changes in retinal ganglion cells (RGCs), the affected neurons
in glaucoma, and Miiller cells, the major glial cells in the retina, as well as the levels of phosphorylated p38 (p-
p38) and Caspase-3 in glaucoma patients. We constructed a modified chronic ocular hypertensive rat model and
an oxygen-glucose deprivation (OGD) cell model. After applying NADPH and N-acetylcysteine (NAC), a precursor
to cysteine, the rate-limiting substrate in GSH biosynthesis, to cells, apoptosis, axonal damage and peroxidation
were reduced in the RGCs of the NAC group and p-p38 levels were decreased in the RGCs of the NADPH group,
while in stimulated Miiller cells cultured individually or cocultured with RGCs, gliosis and p38/MAPK, rather
than JNK/MAPK, activation were inhibited. The results were more synergistic in the rat model, where either
NADPH or NAC showed crossover effects on inhibiting peroxidation and p38/MAPK pathway activation.
Moreover, the combination of NADPH and NAC ameliorated RGC electrophysiological function and prevented
Miiller cell gliosis to the greatest extent. These data illustrated conjoined mechanisms in glaucomatous RGC
injury and Miiller cell gliosis and suggested that NADPH and NAC collaborate as a neuroprotective and anti-
inflammatory combination treatment for glaucoma and other underlying human neurodegenerative diseases.

1. Introduction

reactive oxygen species (ROS) [2].
Abnormally elevated ROS levels can lead to cell apoptosis, necrosis,

Glaucoma is manifested by the apoptosis and other forms of pro-
grammed cell death of retinal ganglion cells (RGCs) and the loss of their
axons [1]. As a retinal neurodegenerative disease, glaucoma has a
complex pathogenesis. In addition to elevated intraocular pressure
(IOP), a variety of other factors have been shown to play primary roles,
including elevated glutamate levels, altered nitric oxide (NO) meta-
bolism, vascular changes and oxidative stress damage associated with
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ferroptosis, or other damage through the oxidation of macromolecules
such as proteins, lipids, nuclear DNA, or mitochondrial DNA [3-6]. ROS
accumulation is also related to mitogen-activated protein kinase
(MAPK) signaling activation, which is involved in cell proliferation, cell
differentiation, cell stress and inflammation [7]. In recent years,
elevated ROS levels have been recognized as an important mechanism of
cell death in neurodegenerative diseases, including glaucoma [8]. An
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increase in ROS levels leads to mitochondrial dysfunction and further
alterations in neurodegenerative markers [9], which can cause prefer-
ential degeneration of specific subtypes of RGCs during energy pro-
duction [10]. Studies on ROS scavenger medication have illustrated
their underlying utility in glaucoma treatment [8,11,12]. In addition,
levels of ROS are associated with risk factors such as increased IOP and
age, which may explain the underlying peroxidative effects of glaucoma
development [13].

There are two independent antioxidative systems in eukaryotic or-
ganisms, the thioredoxin (TXN) system and the glutathione (GSH) sys-
tem [14]. Efficient running of the two antioxidative systems maintains
the redox level and inhibiting both of them triggers cell death [15].
Notably, both systems must be inhibited to trigger cell death, since one
system may compensate another [16]. A decrease in the levels of two
pivotal molecules in the antioxidative systems, nicotinamide adenine
dinucleotide (NAD)/NAD phosphate (NADP) and GSH, has been found
in glaucomatous retinas [17,18]. Cysteine is the rate-limiting substrate
in GSH biosynthesis and is largely generated via GSH- or thioredoxin
reductase 1 (TXNRDI1)-mediated reduction [19]. Reduced NADP
(NADPH) plays a core antioxidant role not only in mevalonate biosyn-
thesis and the de novo synthesis and elongation of fatty acids but also in
the GSH- and TXN-dependent systems [20]. Although the therapeutic
effects of cysteine and NADPH in a variety of neurodegenerative diseases
have been studied, the impact of cysteine and NADPH on glaucomatous
neurodegeneration and neuroinflammation remains to be elucidated
[21]. In addition, their effects on MAPK signaling are also undefined.

We have mentioned that MAPK signaling modulates cell prolifera-
tion and differentiation, and previous studies have shown that abnormal
interactions between retinal glial cells (Miiller cells, astrocytes and
microglia) and RGCs also play a key role in the pathogenesis of glau-
coma [22,23]. Miiller cells, the main glial cells in the retina, support the
functional metabolism of neurons and regulate retinal vascular perme-
ability, including recycling neurotransmitters through their transporters
and maintaining retinal K* and water homeostasis via various K™ and
Ca®t channels [24]. Miiller cell gliosis protects neuronal survival
through the synthesis of neurotrophins and antioxidants [24], but the
release of toxic cytokines and intake dysfunction-induced overload of
glutamate damage RGCs in the long run [23,25,26]. Nevertheless, few
studies have explored how cysteine and NADPH regulate Miiller cell
gliosis and its neuronal effects.

We established chronic glaucoma models and focused on how NAC, a
precursor to cysteine, and NADPH affected the p38/MAPK signaling
pathway in RGCs and Miiller cells. We revealed the linked mechanisms
of p38/MAPK activation and peroxidation in glaucomatous RGC
apoptosis and Miiller cell gliosis for the first time, and the clinical value
of NAC and NADPH on glaucomatous RGC damage and Miiller cell
gliosis via these linked mechanisms was further proven.

2. Methods
2.1. Human eye tissue

Human retinas were collected from 3 patients with end-stage glau-
coma and 3 deceased healthy donors after eye enucleation (Table S1). A
triangle-shaped retina flat with its vertex pointing to posterior pole and
its base locating 1 cm from optic nerve was collected from every sample.
Retinas were routinely fixed, dehydrated, embedded, and sectioned (5
pm) for later analysis of HE staining, immunofluorescent/ immunohis-
tochemical staining or transmission electron microscopy (TEM). All
human retinal tissues were obtained from the Eye Center, The Second
Affiliated Hospital, School of Medicine, Zhejiang University between
February 2021 and September 2021. Acquisitions and experiments
involving human tissue were performed in accordance with The Code of
Ethics of the World Medical Association (Declaration of Helsinki) and
were approved by the Human Research Ethics Committee of the Second
Affiliated Hospital, School of Medicine, Zhejiang University (No.
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2.2. Animals

Male SD rats weighing 200-250 g were purchased from Vital River
Laboratory Animal Technology Co., Ltd (Beijing, PRC) and housed in
illumination (12: 12 h light: dark cycle) and temperature-controlled and
pathogen-free facilities with free access to clean water and food. All
animal care and experiments were approved by the Laboratory Animal
Ethics Committee of the Second Affiliated Hospital, School of Medicine,
Zhejiang University (No.2023-004) and conducted in accordance with
the Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research.

2.3. Purification of primary RGCs

Primary RGCs were purified and cultured in accordance with our
previous study [27]. Briefly, the retina isolated from P7 mice (C57BL/6,
purchased from the Charles River Laboratories) was dissected under a
microscope and digested to single-cell by papain. For purification, the
cell suspension was processed through three-step panning: (i) incubation
in a negative panning plate coated by the lectin for 30 min (shake the
dish gently per 15 min); (ii) incubation in another lectin-coated dish for
10 min; (iii) incubation in a positive panning plate coated with
anti-mouse-Thy1.2 antibody (Bio-Rad Laboratories, USA) for 45 min
(shake the dish per 15 min). Cells attached to the plate were digested
with trypsin and collected. After resuspension, purified RGCs were
seeded on glass coverslips coated with mouse Laminin (R&D Systems,
USA) and Poly-D-Lysine (Sigma-Aldrich, USA) and cultured by RGC
growth medium (equivalent Neurobasal Medium and DMEM containing
supplemental factors). We maintained RGCs in a humidified incubator
containing 5 % CO and 95 % air at 37 °C and performed following
interventions 2 days later.

2.4. Rat model of chronic ocular hypertension

Polystyrene beads (Polysciences, USA) were adequately shaken,
dropped out and centrifuged at 2000 rpm for 1 min. After removing the
supernatant, a sufficient volume of 75 % ethanol was added for vor-
texing, and then the mixture was centrifuged and repeatedly washed 2
times. The 6 pm and 10 pm diameter beads were dispersed in normal
saline (NS) containing 0.1 % carbomer (molecular weight 4 mDa) at a
concentration of 1 x 107/mL. Before injection, 5 L of 6 pm diameter
beads, 5 pL of 10 pm diameter beads, and 2 pL of air were taken up into a
microsyringe (Hamilton, Switzerland) through a 33-gauge needle in
turn.

After general anesthesia (1 % sodium pentobarbital, 5 mL/kg),
proparacaine eye drops (Alcon, USA) were applied for local anesthesia.
Normal sterilization and anterior chamber (AC) paracentesis were con-
ducted with a 32-gauge needle before the microbeads were quickly
injected into the central AC with the prepared microsyringe through the
canal. Finally, the bubbles were adjusted to the inner mouth of the canal,
and the needle was withdrawn 1 min later. Levofloxacin eye drops
(Santen, Japan) were applied for disinfection. TonoLab (Icare, Finland)
was used as an IOP monitor without anesthesia. The microbead injection
was repeated under nonideal IOP elevation at Day 7. Eyes with
endophthalmitis, intraocular bleeding, corneal perforation, or obvious
anterior chamber leakage were excluded.

2.5. Oxygen/glucose deprivation (OGD)

For Miiller cells (MIO-M1 cell line), 0.3 g/L glucose was formulated
with glucose and DMEM (glucose free, Thermo Fisher Scientific, USA),
and applied to Miiller cells in a 0.5 % O3, 5 % CO, atmosphere for 22 h.
For RGCs or Miiller cell-RGC co-cultured system, 0.3 g/L glucose was
formulated with RGC growth medium and DMEM, and cultured in a 0.5
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% O3, 5 % CO4 atmosphere for 4 h. Cells were incubated with fluorescent
probes for living image or changed into the environment with proper
glucose concentration and atmosphere for Transwell or scratch
wounding assays. The cell line was tested to be free of mycoplasma
contamination and was authenticated via STR profiling.

2.6. Live/dead assay

Using Viability/Cytotoxicity Assay Kit (US EVERBRIGHT, PRC), cells
were gently washed with PBS once and stained with Calcein AM (2 pM)
and Ethidium homodimer-1 (EthD-I, 4 pM) for 15 min at 37 °C. Finally,
the images of live (green) and dead (red) cells were observed under a
fluorescence microscope (Leica DMi8, Germany).

2.7. ROS measurement

ROS was detected with dihydroethidium (DHE) (Beyotime, PRC).
RGCs were loaded with 5 mM DHE for 30 min at 37 °C while frozen
sections were loaded with 200 mM DHE for 30 min at room temperature
(RT) following 3 times PBS wash and DAPI Fluoromount-G™ (Yeasen
Biotech, PRC) staining. RGCs or sections were observed under a fluo-
rescence microscope (Leica DMi8 for RGCs or DM6B for sections).

2.8. Scratch wounding migration

Miiller cells were seeded in a 6-well plate at a density of 5 x 10°
cells/well in 2 mL of medium overnight. The confluent cell monolayers
were scratched by a sterile 200-uL micropipette tip and washed with
PBS. After OGD, the medium was changed to a complete medium
without NAC or NADPH. Cell migration was examined using a light
microscope (Leica DMil) at scratching or 24 h after OGD, and the
scratch widths were quantified by ImageJ software (NIH, USA).

2.9. Transwell assay

The second day of RGC purification, Miiller cells (1 x 10%) were
seeded on an 8 pm pore diameter-Transwell and cultured overnight
upon RGCs (inner Transwell, 100 mL, outer Transwell, 300 mL). After
OGD, supernatants from RGCs were half removed, resulting in 150 mL
remaining, and 150 mL DMEM with extra glucose was added to outer
Transwell forming a 1 g/L glucose concentration. Inner Transwell was
treated similarly to build a 1 g/L glucose concentration. Additionally,
3 pL fetal bovine serum (FBS) was pipetted to outer Transwell in order to
accelerate the migration process. Migration after OGD lasts 24 h under 5
% CO» and 95 % air. Furthermore, Miiller cells without pre-OGD treat-
ment were treated by supernatants from 6 h re-oxygenated RGCs and
performed this migration exam again. Miiller cells were fixed with 4 %
paraformaldehyde (PFA) for 15 min washed with PBS and stained with
crystal violet (Beyotime). Cells inner Transwell were abrased with cot-
ton swabs and migrated cells were imaged by a Leica DMil light mi-
croscope. Cells were quantified by ImageJ software.

2.10. Rat eyeballs processing for morphological examination

After being sacrificed, eyes or optic nerves were enucleated under a
stereomicroscope (Leica S9i) and fixed with 4 % PFA following eradi-
cation of cornea, iris, lens and extraocular muscle tissue reserving pos-
terior segments (eye cups). For the paraffin section, eye cups or optic
nerves were normal dehydration (Leica ASP300S) and paraffin
embedded. 5-pm thickness paraffin sections were cut parallel with the
optic axis through the optic disks or traverse optic nerves 1 mm from
eyeballs. Sections were stained with hematoxylin and eosin (H&E) or
dewaxed, rehydrated and boiling citrate buffer incubated for antigen
retrieval. For the frozen section, eye cups were dehydrated in 5 %, 12.5
% and 20 % sucrose (m/v, in PBS) and embedded in an equivalent OCT
compound and 20 % sucrose. 8-um thickness frozen sections were cut
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paralleled with the optic axis through the optic disks and used for
staining immediately. For retinal mounts, retinas were gently torn
against sclera tissues and cut into four-leaf clovers unfolding on slides.
Then cold methanol was dropped for degreasing and flat mounts were
immersed and reserved in methanol at —20 °C.

In the H&E-stained section, 4 standard areas of each sample were
used for cell quantification in RGCL. Every standard area contained a
200 pm-length retina which was located at 1 mm from the optic disk and
2 researchers blind to rat grouping calculated the cell number in RGCL
independently.

In retinal flat mount, fluorescent signal was imaged once every 0.5
pm step on z-stack, 3D structure reconstruction and signal colocalization
were conducted with Imaris 9.0.1 (Oxford Instrument, UK) and MATLAB
Compiler Runtime V8.4 (Mathworks, USA).

2.11. Immunohistochemistry (IHC)

After deparaffinization and antigen retrieval, sections were washed
with PBS once and immersed in 3 % H202 for 10 min at RT and blocked
with normal goat serum (NGS) for 1 h at RT. Thereafter, sections were
incubated at 4 °C overnight with the following primary antibodies.
Sections were then washed with PBS and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG polyclonal antibodies
for 23 min at RT. The sections were stained with 3,3’- diaminobenzidine
and counterstained with hematoxylin. Then, sections were washed with
water and mounted in neutral balsam. All slides were imaged with a
light microscope (Leica DM2500) and uncalibrated optical density (OD)
was calculated with ImageJ software.

2.12. Immunofluorescent (IF) staining

The frozen sections or RGCs cultured on coverslips were fixed with 4
% PFA for 10 min and permeabilized with 0.3 % Triton X-100 and 0.2 %
bovine serum albumin (BSA) in PBS for 1 h at RT. The retinal mounts
and antigen-retrieved paraffin sections were washed with PBS once and
permeabilized the same as frozen sections. After rinsed 3 times in PBS,
they were blocked in buffer (5 % NGS, 2 % BSA, and 0.1 % Tween-20 in
PBS) for 1 h at RT. Then they were incubated with primary antibody
(Table S2) at 4 °C overnight and species-specific secondary fluorescent
antibodies for 4 h (retina mounts) or 1 h (RGCs and sections) at RT. After
being washed with PBS, samples were stained with DAPI and imaged
with a Leica DM6B fluorescence microscope or a Leica SP8 confocal
microscope.

2.13. TUNEL assay

Terminal transferase deoxyuridine triphosphate nick end labeling
(TUNEL) assay was performed using frozen sections according to the
manufacturer’s methods of One-Step TUNEL Apoptosis Assay Kit
(Beyotime, China). Finally, the sections were stained with DAPI and
observed under a Leica DMi8 microscope. TUNEL-positive cells were
labeled in a standard area same as RGCL cell counting.

2.14. Western blot (WB)

Total protein was extracted by Total Protein Extraction Kits (Solar-
bio, PRC) with lysis buffer 60 pL/well (6-well plate) or 300 pL/rat retina.
Retina should be 270 W ultrasonicated for 2 s twice by ultrasonic dis-
ruptor (Scientz, PRC) when lysis buffer was added. Protein concentra-
tion was quantified by a Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Massachusetts, USA) and diluted with lysis buffer to equal-
ization and the final resolution was mixed with loading buffer (Sangon
Biotech, PRC).

Equal amounts of protein were electrophoresed on 12 % or 4~20 %
SDS PAGE Gels (ACE Biotechnology, PRC) and transferred to PVDF
membranes (Millipore, USA). Membranes were then blocked with
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Fig. 1. Morphology of Miiller cells, apoptosis of RGCs and expression of p-p38 in glaucomatous retinas. (A) VIM and Tuj-1 IF staining images of retinal sections from
a healthy donor, a NVG patient and a primary open-angle glaucoma patient, scale bar = 100 pm. (B) TEM images of RGCs from corresponding human retinas, scale
bar = 5 pm. (C) p-p38, Caspase-3 and cleaved Caspase-3 IHC images of corresponding human retinas and statistics of average intensity, scale bar = 100 pm. Red
arrows indicated dense chromatin, green arrows pointed cleaved Caspase-3 positive cells and green squares showed the magnified areas. RNFL: retinal nerve fiber
layer; RGCL: retinal ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer.
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Fig. 2. Establishment of COH model and OGD model. (A) Liquid and methods used for COH modeling (fluorescein and indocyanine green marked). (B) IOP
measurement before and after microbeads AC injection (grey point as experimental rats, black point as control rats). (C) Representative H&E staining images of
normal and COH retinal sections and (D) RGCL cell number statistics. (E) VIM and Tuj-1 IF staining of normal and COH retinal sections and (F) optic nerve cross-
sections. (G) NeuN and VIM blots (numbers beside: molecular weight; unit: kDa) of normal and COH retinas and (H) statistics of their gray value. (I) Miiller cell
scratch wound image from same location before and 24 h after OGD and (J) statistical analysis on width of wound at 24 h after OGD. (K) Calcein AM & EthD-I
staining of primary RGCs and (L) statistical analysis on length of axons and rate of live cells. RNFL: retinal nerve fiber layer; RGCL: retinal ganglion cell layer;
IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer. n = 3 or 4 per group. Error bars = SD. Scale bars = 100 pm.
Eomparisons were conducted by t-test. **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

Protein Free Rapid Blocking Buffer (YaMei, China) for 1 h and probed
with primary antibodies at 4 °C overnight and secondary antibodies for
1 h at RT. The blots were cut and separated into sections for different
antibody probing (Table S2). Protein expression was detected in a
chemiluminescence solution (Bio-Rad, USA) by Chemiluminescence
imaging system (Bio-Rad) and analyzed via densitometry with ImageLab
software. To calculate the relative expression of a specific protein, the
nonphosphorylated form or GAPDH served as a reference.

2.15. Transmission electronic microscopy (TEM)

After fixing in 2.5 % glutaraldehyde in a 0.1 M phosphate buffer for
4 h at RT and overnight at 4 °C, retinas or optic nerves were fixed with 1
% OsO4 and washed with ddH»O, followed by dehydration with graded
alcohol and embedding in acetone, acetone with 33 % epoxy resin, and
epoxy resin successively. Ultrathin sections (50 nm) were cut by a Leica
UC7 slicer and placed on copper grids, stained with uranyl acetate and
lead citrate, and examined under a 120 kV electron microscope (Tecnai
G2 Spirit, FEI, USA).

2.16. Optical coherence tomography (OCT) imaging

After general anesthesia (1 % sodium pentobarbital, 5 mL/kg), tro-
picamide phenylephrine eye drops (Santen) were applied for pupillary
dilation. Carbomer gel was applied to the cornea to prevent dryness.
Images were scanned under the ring scan mode centered by the optic
nerve head using a Phoenix Micron IV retinal imaging microscope
(Phoenix, USA), and 20 images at the same position were averaged to
eliminate artifacts. The Phoenix software traced the edge of retinas
around the optic nerve head.

2.17. Electroretinography (ERG)

After general anesthesia (1 % sodium pentobarbital, 4 mL/kg) and
10 min light adaption, rats were performed the full-field ERG test under
a Ganzfeld Q450C stimulator (Roland, Germany). Recording electrodes
were attached to the central cornea, and reference electrodes were
placed hypodermically on the central forehead while grounding elec-
trodes were inserted hypodermically into the root of the tail. To evaluate
photopic negative response (PhNR), a period of 2000 ps red light stim-
ulation was performed at 0.4 cd.s/m? against a royal blue background of
25 cd/m? twice and signals were averaged to eliminate artifacts. The
curves of PhNR illustrated in this article were drawn with Origin 2019b
(OriginLab, USA), and Savitzky-Golay method was applied with setting
points of window at 5-10. The PhNR amplitude was noted with the
original data and defined as the potential between the trough following
the b-wave and the baseline without signal processing [28].

2.18. Formulation and delivery of NAC and NADPH

NAC (A8199, Sigma-Aldrich, USA) and NADPH tetrasodium salt
(HY-F0003, MedChemExpress, USA) were preserved under conditions as
manufacturers suggested. For in vitro experiments and intravitreal in-
jection, powders were dissolved to 10 mM in NS and diluted with me-
dium (to different concentrations mentioned in the Results part) for
OGD or NS (to a concentration of 0.5 mM NAC, 1 mM NADPH and their
equivoluminal mixture) for intravitreal injection, following sterilization

by filtration. The entrance of intravitreal injection was 2 mm posterior to
the corneoscleral limbus and 5 pL solution with 1 % fluorescein sodium
was gently injected. Facilities and anesthetics/antibiotics of intravitreal
injection were same as AC injection and retinal hemorrhage or obvious
leakage individuals were excluded. For in vivo intraperitoneal injection,
various doses of NAC (300 mg/kg), NADPH (10 mg/kg) and mixture
(150 mg/kg NAC & 5 mg/kg NADPH) were dissolved in NS just before
injection according to body weight.

2.19. Statistics

All data were reported as mean + standard deviation (SD) and all
statistical tests were two-tailed. Results of p < 0.05 were considered
statistically significant. All experiments were carried out at least three
times. The repeated times of the experiments were given in corre-
sponding captions. Comparisons between 2 groups were analyzed by
Student’s t-test while multiple groups were assessed by one-way analysis
of variance (ANOVA) followed by Bonferroni post hoc test.

3. Results

3.1. Retinal Miiller cell gliosis, RGC apoptosis and p38 activation in end-
stage glaucoma

The morphology and distribution of retinal Miiller cells substantially
varied between the healthy donor, primary glaucoma patient and sec-
ondary glaucoma patient (Fig. 1A). The total number of Miiller cells in
normal humans is low, and these cells lack typical outgrowth. Vimentin
(VIM) is mainly distributed in the nerve fiber layer. The total number of
Miiller cells in glaucoma patients significantly increased, and there were
many large "amoeba-like" protrusions from the retinal nerve fiber layer
(RNFL) to the inner plexiform layer (IPL), especially in the retina from
the neovascular glaucoma (NVG) patient that had serious structural
damage and almost full layer distribution. In addition, the RGCs within
the patients’ retina almost completely disappeared, resulting in the
retinal ganglion cell layer (RGCL) being difficult to identify, accompa-
nied by thinning of the IPL and whole retina.

TEM images of the above three samples showed that normal retinal
RGCs had a complete biomembrane system, while the biomembrane
structure of the RGCs in the retina tissue from the NVG patient was
ruptured or distorted. In addition, the mitochondria and other organ-
elles of the RGCs from the healthy donor had standard morphology and
crest and a complete cytoskeleton, while diseased RGCs lost their
structural integrity and showed abnormal morphology such as swelling
or vacuolar degeneration (Fig. 1B). The overall density of healthy RGC
nuclei was relatively loose, while there was uneven chromatin density
and condensed chromatin against nuclear envelopes in the RGCs from
the two glaucoma patients, illustrating morphological characteristics of
apoptosis.

IHC of the above three samples showed that the expression of
Caspase-3, cleaved Caspase-3 and p-p38 in the diseased retinas was
higher than that in the healthy retinas (Fig. 1C). In the diseased retinas,
p-p38 levels were significantly elevated in the original RGC area and in
some cells in the IPL and inner nuclear layer (INL). The expression of
Caspase-3 in the original RGC area was significantly upregulated, sug-
gesting that apoptosis had an important impact on RGC loss in the ret-
inas of the two patients. In addition, Caspase-3 levels were increased to
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Fig. 3. Effects of NADPH/NAC on RGC intracellular ROS level and p38 activation after OGD. (A) Representative DHE staining images of normal primary RGCs and
NADPH/NAC-treated OGD-injured RGCs and (E) statistics of DHE relative fluorescent intensity. (B) Representative p-p38 immunofluorescent images of normal
primary RGCs and NADPH/NAC-treated OGD-injured RGCs and (F) statistics of p-p38 relative fluorescent intensity. (C) Representative live and dead cell staining of
normal primary RGCs and NADPH/NAC-treated OGD-injured RGCs and (G) statistics of length of RGC axons. (D) Representative cleaved Caspase-3 immunofluo-
rescent images of normal primary RGCs and NADPH/NAC-treated OGD-injured RGCs and (H) statistics of cleaved Caspase-3 relative fluorescent intensity. N = 3 per
group. Error bars = SD. Scale bars = 100 pm. Comparisons were conducted by one way ANOVA. ns = no significance. *: p < 0.05; **: p < 0.01; ***
< 0.0001 compared with Vehicle group. #: p < 0.05; ##: p < 0.01 compared with Mix group.
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Fig. 4. Effects of NADPH/NAC on Miiller cell migration and p38/MAPK activation after OGD. (A) Representative scratch wound images from same location before
and 24 h after OGD in normal and different concentrated NADPH/NAC treated Miiller cells and (C) statistics of average width of each wound at 24 h after OGD. (B)
Representative Transwell assay images of normal Miiller cells and NADPH/NAC-treated OGD-injured Miiller cells, cocultured with RGCs, and (D) statistics of
migrated Miiller cell number. (E) WB blots (numbers beside: molecular weight; unit: kDa) of MAPK pathway proteins from normal and different concentrated
NADPH-treated OGD-injured Miiller cells, and (F) statistics of their gray value. (G) WB blots (molecular weight: same as (E)) of MAPK pathway proteins from normal
and different concentrated NAC-treated OGD-injured Miiller cells, and (H) statistics of their gray value. (I) WB blots (numbers beside: molecular weight; unit: kDa) of
p38/MAPK pathway and its downstream proteins from normal and different concentrated NADPH & NAC-treated OGD-injured Miiller cells, and (J) statistics of their
gray value. n = 3 or 4 per group. Error bars = SD. Scale bar = 100 pm. Comparisons were conducted by one way ANOVA. ns = no significance; *: p < 0.05; **: p <

0.01; ***: p < 0.001; ****: p < 0.0001.

varying degrees in other parts of the retina, involving the full layer.
Cleaved Caspase-3 increased more slightly which may indicated a late,
rather than early apoptosis. IHC of p-p38 in lesioned retinas showed
high expression in the IPL and the outer plexiform layer (OPL) with a
longitudinal striation-like localization, which was consistent with the
localization of Miiller cells in the corresponding samples, suggesting that
p-p38 may be a key protein affecting both RGC loss and Miiller cell
gliosis.

3.2. Establishment of the chronic ocular hypertensive (COH) model in
vivo and the OGD model in vitro

First, we modified the previously reported modeling method and
constructed the COH model by AC injection of air-10 pm-6 pm-poly-
styrene microbeads distributed in PBS with 0.1 % carbomer (Fig. 2A).
The retinal IOP of COH model rats increased significantly at 7 d, 14 d, 21
d, and 28 d, although a slow decrease was observed over time (Fig. 2B).
The IOP in some individuals was not properly elevated at first, but an
ideal level could be achieved after replicating injection 7 d later. Retinal
paraffin sections of control and COH model rats were stained with H&E.
In COH retinas, the number of cells in the RGCL decreased significantly
to normal levels (Fig. 2C, D). In IF staining, Miiller cells were activated
along with RGC marker reduction in the both retinal and optic nerve
sections from COH model rats (Fig. 2E, F). The WB images of total retinal
protein showed that the levels of the neuronal marker NeuN decreased,
while the levels of the Miiller cell marker VIM markedly increased
(Fig. 2G, H).

OGD was conducted in vitro to simulate COH injury in vivo. For OGD
intervention of Miiller cells, DMEM with 0.3 g/L glucose concentration
and 5 % CO; and 0.5 % O, atmosphere were applied for 22 h. Even if
OGD-reduced cell death was not taken into consideration (Figure S1A),
OGD treatment significantly accelerated Miiller cell gliosis, represented
by a narrower wound than normal at 24 h (Fig. 2I, J) and obvious
protrusions with high VIM expression (Figure S1B). For OGD interven-
tion in RGCs, medium (formulated by RGC growth medium and glucose-
free DMEM) with 0.3 g/L glucose concentration and a 5 % CO5 and 0.5
% Oy atmosphere was applied for 4 h. Live & Dead staining showed
substantial cell death and loss of axons in the OGD group (Fig. 2K, L).

3.3. NADPH and NAC inhibited OGD-mediated ROS elevation and p38
activation, respectively, in RGCs

To explore the protective effect of NADPH and NAC against OGD, we
treated RGCs with NADPH and NAC both separately and combined and
analyzed the p38/MAPK pathway and ROS levels. RGCs were cocultured
with Miiller cells as mentioned in the Methods section.

DHE staining showed a large increase in intracellular ROS levels after
primary RGCs underwent OGD, and the addition of NAC almost
completely inhibited the ROS level increase in the drug-treated group,
while there was no statistically significant difference in the NADPH
group. The mixture treatment showed similar results to those of the
individual NAC treatment (Fig. 3A, E). After staining the cells with DHE,
the cells were fixed and then exposed to light overnight, and p-p38 and
B-tubulin III (Tuj-1) were stained. The results showed that OGD signif-
icantly upregulated p-p38 expression, and NADPH treatment inhibited
the upregulation, while there was no significant difference in the NAC

group. The results of the combination treatment were similar to those of
the individual NADPH treatment (Fig. 3B, F). The results of live and
dead cell staining and costaining with ethidium homodimer-I (EthD-1)
and calcein acetoxymethyl ester (Calcein AM) showed that RGC death
and axon disappearance were rescued by NADPH and NAC to varying
degrees, and the combination treatment achieved a greater therapeutic
effect (Fig. 3C, G). After live and dead cell staining and fixation, the cells
were exposed to light overnight, and Caspase-3 and Tuj-1 expression
were evaluated by IF. The images and quantitative analysis illustrated
that OGD strongly upregulated the expression of Caspase-3, while
NADPH and NAC inhibited the upregulation to varying degrees, and the
mixture group showed a significantly greater effect than the two single-
drug groups, decreasing the Caspase-3 fluorescence intensity close to the
level of the control cells (Fig. 3D, H).

3.4. NADPH and NAC inhibited Miiller cell migration via anti-ROS and
anti-p38/MAPK mechanisms, respectively

We explored Miiller cell horizontal and vertical migration through
scratch wounding experiments and Transwell experiments, respectively.
When Miiller cells were cultured alone, horizontal migration after OGD
was inhibited to varying degrees by different concentrations of NADPH
or NAC, where 100 pM NADPH had the greatest effect, while NAC was
more effective at 20 pM. Thus, we chose the optimal concentrations to
use in the Transwell assay. The vertical migration of Miiller cells after
OGD increased, while NADPH and NAC reduced the migration of Miiller
cells to some extent, and the mixture group showed the greatest effect,
close to the normal control (Fig. 4B, D). In addition, unlike OGD su-
pernatants, reoxygenated RGC supernatants had no effect on healthy
Miiller cells (Figs. S2A, 2B).

After extracting the total protein from Miiller cells, we quantitatively
analyzed the key proteins of the MAPK pathway. Since a high concen-
tration of NAC had a limited inhibitory effect on proliferation during the
scratch wounding experiments, we treated Miiller cells with a lower
concentration gradient for subsequent examinations. OGD-induced high
expression of p-p38 in Miiller cells was inhibited in the 100 pM NADPH
group, while the p-p38 expression levels in the 20 pM NADPH group
were not significantly different from those in the vehicle control group.
Moreover, p-JNK levels were increased by OGD, and the effect of
NADPH treatment was limited at all concentrations (Fig. 4E, F). In the
NAC experiments, the expression levels of p-p38 and p-JNK were basi-
cally consistent between the OGD group and NAC groups, accompanied
by no marked difference in the ratio with nonphosphorylated protein,
and all of the OGD-treated samples had significantly higher levels than
those in the control samples. This result suggested that NAC did not alter
the activation of the p38/MAPK or JNK/MAPK pathways induced by
OGD (Fig. 4G, H). We mixed NAC and NADPH and repeated the WB
experiment. Interestingly, although low concentrations of NADPH or
NAC alone showed little therapeutic effect, their combination down-
regulated the overexpression of p-p38 along with a stronger effect at
high concentrations, leading to the inhibition of OGD-induced Caspase-3
upregulation. However, VIM levels remained stable among every
treatment group and decreased after OGD treatment, which may be a
result of a complicated in vivo environment and divergence between
OGD and ocular hypertension. OGD was expected to promote the
degeneration of the cytoskeleton.
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Fig. 5. Protective effects of NADPH/NAC on COH-mediated neurodegeneration. (A) Time points of COH rats modeling, medication, measurements and sacrifice. (B)
ERG curves of a healthy rat and NADPH/NAC-treated COH rats measured with PhNR program, and (C) statistics of PhANR amplitude (from PhNR wave trough to
baseline). (D) Representative H&E staining images of healthy rats and NADPH/NAC-treated COH rats, and (E) RGCL cell number statistics. (F) WB blots (numbers
beside: molecular weight; unit: kDa) of Tuj-1 from a healthy rat retina and NADPH/NAC-treated COH rat retinas, and (G) statistics of its gray value. (H) Repre-
sentative surface rebuilt VIM & Tuj-1 immunofluorescent images of a healthy rat retinal mount and NADPH/NAC-treated COH rat retinal mounts. Square images
showed vertical projections, the black rectangle showed a magnified stereo aspect, and the lowest 5 rectangle images showed horizontal projections of 5 pm-sections
with arrow heads showing typical Miiller cell gliosis. n = 4 per group. Error bars = SD. Scale bars = 100 pm. Comparisons were conducted by one way ANOVA. ns =
no significance. *: p < 0.05; ***: p < 0.001; ****: p < 0.0001 compared with Vehicle group. ##: p < 0.01 compared with Mix group.

3.5. NADPH and NAC salvaged RGC function and number in COH model
rats and Miiller cell gliosis

In addition to in vitro experiments, we have also conducted pre- and
post-dose studies in vivo to obtain results closer to the human body and
provide a higher reference value for clinical practice.

After ensuring elevated IOP at Day 1, we used intravitreal (Day 1)
and intraperitoneal injections (Days 3, 5, 7...27) for animal medication.
At Day 28, we first conducted OCT and ERG examinations, and then the
rats were sacrificed (Fig. 5A). Compared with control rats, the PhANR
amplitude of COH model rats nearly dropped to baseline, while NADPH
and NAC both rescued the amplitude of PhNR to different degrees, and
the mixture group showed the greatest effect (Fig. 5B) with no signifi-
cant difference between the combination and control groups (Fig. 5C),
showing that the combination of the two drugs had a much greater effect
than the individual components. We took OCT images of the retina and
found that after modeling, the retinal thickness of the vehicle-controlled
rats became significantly thinner and the retinal nerve fiber layer
(RNFL) almost disappeared, but after treatment, the retinal thickness
was partially restored, with RNFL thickening (Figure S3A). However,
due to microbeads, the refracting media did not remain at an ideal
clearance, so we were unable to perform statistical testing on the
thickness information.

Thus, we further conducted H&E staining to analyze the cell number
in the RNFL. Images showed that the number of RGCs was recovered in
both the NADPH and NAC groups with significant differences, and the
mixture group had a slightly higher number (Fig. 5D, E). The result
paralleled the protein level of Tuj-1, showing a slight rebound in the
single drug groups and nearly complete recovery in the mixture group
(Fig. 5F, G). In addition, costaining of VIM and Tuj-1 in retinal mounts
illustrated the morphological changes in Miiller cells and RGCs. There
was enhanced proliferation and distribution of Miiller cells manifesting
as dense and deep threading with RGC axon being invaded in COH
model rats. Treatment with NADPH or NAC reduced the threading
density of Miiller cells (lateral projection) and partly restrained their
activated shape with the recovery of nerve fibral integrity (horizontal
projection). The mixture treatment reduced both threading density and
depth, ameliorated Miiller cell gliosis and better protected RGCs from
damage (Fig. 5H).

3.6. NADPH and NAC inhibited RGC apoptosis via anti-peroxidation and
anti-p38/MAPK mechanisms in vivo

We carried out corresponding mechanistic studies in vivo. The TEM
images showed that RGCs of the control group had complete bio-
membrane structure, uniform nuclear membrane gap, loose chromatin,
and oval or rod-shaped mitochondria with inner membrane sagging
inward, forming plate-like cristae that were perpendicularly arranged
along the long axis of mitochondria. In the vehicle group, nuclear
chromatin was condensed into a half-moon or cap-like attachment to the
nuclear membrane, and the mitochondria were swollen and enlarged
with disorganized or lost cristae structure. In the NADPH group,
condensed chromatin and disordered mitochondrial structure were
partly recovered, and in the NAC group, nuclear membrane invagination
was detected in addition to changes similar to those in the NADPH
group. In the mixture treatment group, nuclear membrane invagination
was shallower than that in the NAC group, and mitochondria were also

11

healthier (Fig. 6A). Similar mitochondria change and treatment-rescued
demyelination were detected in optic nerves (Figure S3B). These results
suggested that NADPH and NAC suppressed COH-mediated RGC
apoptosis. In addition, we also counted the number of TUNEL-positive
cells stained with the frozen sections. It was difficult to find TUNEL-
positive cells in normal retinas, while a large number of TUNEL-
positive cells appeared after COH and were mostly located in the
RGCL, with only a small number of TUNEL-positive cells in the NADPH
and NAC groups, which was significantly different. The combination
treatment group showed a near-normal number of TUNEL-positive cells
and retinal thickness (Fig. 6B, D). This result indicated that NADPH and
NAC reduced the number of apoptotic RGCs under COH.

Finally, retinal ROS levels and the expression of core proteins in the
p38/MAPK pathway were measured. DHE-stained frozen sections
illustrated an outcome consistent to that in the in vitro experiment. ROS
levels increased in COH retinas and were mainly eliminated by NAC and
the mixture treatment, indicating that NAC played a more primary role
than NADPH in ROS clearance (Fig. 6C, E). Blots of p38 and its down-
stream proteins were displayed and analyzed (Fig. 6F, G). Interestingly,
both NADPH and NAC inhibited COH-mediated p38 phosphorylation
enhancement, which was different from the in vitro results where NAC
did not reduce p38 phosphorylation. IHC staining of p-p38 proved this
result (Figure S3B). Effective molecules of p-p38, such as c-Jun, VIM and
Caspase-3, also demonstrated synchronous changes, especially c-Jun
and Caspase-3, which were significantly different, offering further
therapeutic evidence for NADPH and NAC in COH-induced RGC injury
and Miiller cell gliosis. Noticeably, the combination treatment exerted
greater effects than those of the components. A low dose of the mixture
may result in the optimization of some inflammatory proteins, such as
NLRP3, but some downstream or terminal markers, such as c-Jun or Iba-
1, were only influenced by a high dose (Figure S3C, S3D).

4. Discussion

Glaucoma is the leading cause of irreversible blindness worldwide
and is characterized by optic nerve degeneration [1], and the number of
patients worldwide is projected to be 111.8 million in 2040 [29].
Exploring new safe and effective therapies for the treatment of glaucoma
is now a popular research topic and the field is suffering from a bottle-
neck at present [30]. Although antioxidation methods has been used for
decades, they are still inadequate. In this study, by establishing a novel
COH rat model, we found that the mechanism of neurodegeneration and
Miiller cell gliosis in glaucomatous retinopathy may involve a common
p38/MAPK pathway and peroxidation. NADPH and NAC, two small
molecules that take part in the two intracellular antioxidant systems,
and especially their combined use, relieved neurodegeneration by
inhibiting p38/MAPK signaling and peroxidation, and neuro-
inflammation was also inhibited directly or through the relief of
neuronal damage.

Oxidative stress is recognized as an important mechanism of cell
death in many neurodegenerative diseases, including glaucoma [13].
RGCs consume oxygen at a 5-fold higher level than photoreceptors in the
dark to maintain action potential and re-establishing resting potential;
thus, RGCs demand plenty of mitochondria and are more sensitive to
energy exhaustion [31]. Mitochondria are an important ROS source, and
increasing evidence points suggests that there are other relevant sources
of intracellular ROS, such as NADPH oxidases, cytochrome P450,
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Fig. 6. Effects of NADPH/NAC on retinal ROS level, p38 activation and apoptosis after COH injury. (A) Representative TEM images of a healthy rat RGC and
NADPH/NAC-treated COH rat RGCs. Green square showed higher magnification, arrow head indicated chromatin margination and letter “m” meant mitochondrion.
Scale bar = 5 pm. (B) Representative TUNEL staining images of a healthy rat retina and NADPH/NAC-treated COH rat retinas, scale bar = 100 pm, and (D) statistics
of TUNEL-positive cell number. (C) Representative DHE staining images of a healthy rat retina and NADPH/NAC-treated COH rat retinas, scale bar = 100 pm, and (E)
statistics of DHE relative fluorescent intensity. (F) WB blots (numbers beside: molecular weight; unit: kDa) of p38/MAPK pathway and its downstream proteins from a
healthy rat retina and NADPH/NAC-treated COH rat retinas, and (G) statistics of their gray value. n = 4 per group. Error bars = SD. Comparisons were conducted by
one way ANOVA. ns = no significance. *: p < 0.05; ***: p < 0.001; ****: p < 0.0001 compared with Vehicle group. ##: p < 0.01 compared with Mix group.
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lipoxygenases, and activated inflammatory glial cells during neuro-
inflammation [32]. Most studies have focused on RGC oxidative stress in
glaucomatous neuropathy [33], but little attention has been given to
Miiller cell peroxidation, which may only reach a limited level in glau-
coma due to the robust mitochondrial and glycolytic response of Miiller
cells under oxidative stress [34]. After discovering the occurrence of
RGC apoptosis and Miiller cell gliosis with p38 activation, we evaluated
peroxidation in both RGCs and Miiller cells under OGD, and found ROS
level increases in the two types of cells and neuroprotective and
anti-inflammatory effects after ROS inhibition. Peroxidation activates
MAPK via oxidative modification of kinases in the MAPK pathway or
promotional degradation and inactivation of MAPK phosphatase [35],
and since the MAPK pathway is complexly involved in cell apoptosis,
proliferation, stress and inflammation, it was investigated in RGCs and
Miiller cells [36]. The regulation of eukaryotic cellular redox status is
provided by the glutathione and thioredoxin (TRX) systems, and the
latter is a key endogenous antioxidative mechanism. Oxidation of
cysteine thiols in TRX results in its dissociation from apoptosis
signal-regulating kinase 1 (ASK1), triggering ASK1 autophosphorylation
and downstream stimulation of p38 signaling [33], so we targeted these
p38/MAPK molecules and found that p38 was involved in Miiller cell
gliosis. However, despite our detection of JNK/MAPK in Miiller cells and
the low sensitivity of Miiller cells to OGD, NADPH and NAC, peroxida-
tion and MAPK pathway signaling in different locations of glaucomatous
retinas requires further research.

Substantial endeavors targeting genetics and epigenetics, micro-
biota, mitochondrial dysfunction and glial inflammation have been
undertaken to elucidate the pathological mechanisms and to excavate
underlying neuroprotective therapy of glaucoma [37]. In fact, manifold
antioxidants have been investigated in various neurodegenerative dis-
eases, including glaucoma. NAC was used to treat glaucoma model mice
but demonstrated contradictory effects [21], while NADPH has been
scarcely used in glaucoma studies. Here, we chose NADPH and NAC,
intending to investigate the reduction reactions in the glutathione and
TRX systems as well as their downstream signaling. Past neurodegen-
erative diseases studies have usually used NADPH or NAC individually
and failed to obtain highly effective results. These results may be due to
the independent relationship between glutathione and TRX systems;
thus, their mutual compensation was limited. Coincidentally, NADPH
and NAC played an inhibitory role in p38/MAPK signaling modification,
which influences RGC apoptosis and glial inflammation. Some re-
searchers have reported that glial cells have beneficial effects in glau-
coma, such as activating the anti-inflammatory response [38],
glutamate recycling [39], and neurotrophic factor biosynthesis [40,41],
but long-term Miiller cell gliosis is generally thought to be more harmful
than protective [25]. We found that NADPH and NAC also targeted
Miiller cell peroxidation and p38/MAPK activation to prevent gliosis.
What attracted us most was that NADPH, as a p38/MAPK inhibitor, and
NAG, as an antioxidant, seemed to act independently in vitro, while their
roles seemed to intersect in vivo. In addition, the time between the b
wave and PhNR can reflect the function of electronic activities from
photoreceptors to RGCs where Miiller cells are located, and we discov-
ered an elongation of the time under COH conditions and partial re-
covery after the combination (NADPH and NAC) treatment, however the
explanation of this effect needs more consideration [28]. We have
noticed that many studies on mechanisms in glaucomatous retinopathy
paid attention to RGC damage itself and to Miiller cells [41-43]. In
summary, our study offers novel perspectives and clinical value on the
roles of NADPH and NAC in relieving neurodegeneration and neuro-
inflammation by inhibiting peroxidation and p38/MAPK activation,
which also provides a clinical approach to defend against other ischemic
diseases. We believe that explicit interactions between these compo-
nents in neuromodulation will be finally unfolded.
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