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Glaucoma is the leading cause of irreversible blindness. The progressive
degeneration of retinal ganglion cells (RGCs) is the major characteristic of
glaucoma. Even though the control of intraocular pressure could delay the loss
of RGCs, current clinical treatments cannot protect them directly. The
overactivation of N-methyl-D-aspartic acid (NMDA) receptors by excess
glutamate (Glu) is among the important mechanisms of RGC death in
glaucoma progression. Melatonin (MT) is an indole neuroendocrine hormone
mainly secreted by the pineal gland. This study aimed to investigate the
therapeutic effect of MT on glutamate excitotoxicity of mouse RGCs and R28
cells. The Glu-induced R28 cell excitotoxicity model and NMDA-induced
retinal injury model were established. MT was applied to R28 cells and the
vitreous cavity of mice by intravitreal injection. Cell counting kit-8 assay and
propidium iodide/Hoechst were performed to evaluate cell viability. Reactive
oxygen species and glutathione synthesis assays were used to detect the
oxidative stress state of R28 cells. Retina immunofluorescence and
hematoxylin and eosin staining were applied to assess RGC counts and
retinal structure. Flash visual-evoked potential was performed to evaluate
visual function in mice. RNA sequencing of the retina was performed to
explore the underlying mechanisms of MT protection. Our results found that
MT treatment could successfully protect R28 cells from Glu excitotoxicity and
decrease reactive oxygen species. Also, MT rescued RGCs from NMDA-
induced injury and protected visual function in mice. This study enriches the
indications of MT in the treatment of glaucoma, providing practical research
ideas for its comprehensive prevention and treatment.
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Introduction

Glaucoma is the leading cause of irreversible blindness in the
world, and it is characterized by progressive degeneration of
retinal ganglion cells (RGCs) and their axons, accompanied by
visual field defects (1). The global prevalence of glaucoma in the
40- to 80-year-old population is estimated to be 3.5%. With the
number and proportion of the elderly population increasing,
111.8 million people are expected to suffer from glaucoma by
2040 (2). At present, the management of glaucoma mainly
focuses on the regulation of intraocular pressure (IOP) and
slowing its progress (3). Many studies have shown that even
controlling the increase in IOP cannot prevent the death of
RGCs and progressive visual field defects (4-6). For patients
with end-stage glaucoma, there is no effective neuroprotective
method. Therefore, seeking effective optic neuroprotective
medication for the treatment of glaucoma is necessary.

As an excitatory neurotransmitter, glutamate (Glu) exists
widely in retinal neurons and is involved in the signal
transmission between photoreceptors, bipolar cells, and RGCs
through N-methyl-D-aspartic acid (NMDA) receptors (7, 8). In
the pathological state of glaucoma, excess Glu between synapses
cannot be effectively removed and can cause NMDA receptor
overactivation, calcium overload in nerve cells, and oxidative
stress damage, leading to the death of RCGs and degeneration,
which is called glutamate excitotoxicity (8). Many studies have
confirmed glutamate excitotoxicity to be among the important
mechanisms of RGC death in glaucoma progression (9-11).

Melatonin (N-acetyl-5-methoxytryptamine, C;3N,H;60,) is
an indole neuroendocrine hormone mainly secreted by the
pineal gland (12). The secretion of MT has a circadian
rhythm. After night falls, the synthesize of MT increases, and
the secretion level of MT in the body also increases accordingly,
reaching a peak at 2-3 am in the morning. The level of MT at
night directly affects the quality of sleep. As a classic antioxidant,
MT can protect against oxidative stress damage through
different mechanisms, including direct scavenging of reactive
oxygen species (ROS), regulation of signaling pathways against
oxidative stress, and upregulation of glutathione synthesis
(GSH). In addition to MT, many of its metabolites also
function as ROS scavengers (13). Through different
mechanisms, MT can attenuate oxidative stress damage in
lipids, proteins, DNA, and many tissues. Besides being
secreted from the pineal gland, MT has also been found to be
synthesized and released by many ocular structures, including
the retina, ciliary body, lens, and Harderian gland in chickens
(13, 14). Studies have shown that MT can exert neuroprotective
effects through its anti-oxidative stress effect (15-17),, although
its role in neuroprotective effects in glaucoma is still unclear.

In this study, we found that MT showed an effective
neuroprotective effect against neuronal glutamate toxicity, and
it significantly reduced NMDA-induced loss of RGCs. Moreover,
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MT treatment significantly reversed changes in the retinal
transcriptome caused by NMDA. All these results highlight
the potential value of MT as a potential medication for
neuroprotection treatment in glaucoma.

Materials and methods

Cell culture and glutamate
excitotoxicity model

Immortalized R28 cells (Key Laboratory of Ophthalmology,
Xiangya Hospital, Central South University, Changsha, China)
were maintained in low-glucose Dulbecco’s modified Eagle’s
medium (11885084, Gibco, Carlsbad, USA) supplemented with
10% fetal bovine serum (FSP500, ExCell Bio, Jiangsu, China) and
1% penicillin-streptomycin (C100C5, NCM Biotech; Zhejiang,
China) at 37°C with 5% CO,. In the glutamate excitotoxicity
model, cells were treated with L-Glutamate (ab120049, Abcam,
Cambridge, UK) and incubated for 24 h.

Cell viability assay

Cell viability was measured by cell counting kit-8 (CCK-8;
C6005, NCM Biotech). R28 cells were seeded in 96-well plates at
a density of 5000 cells/well and cultured in a medium containing
various concentrations of Glu (5, 10, 15, 20, 25 mM). After 24 h
incubation, 10% CCK-8 was added and incubated at 37°C for 3h,
as per the manufacturer’s instructions. Absorbance was
measured at 450 nm using a microplate reader. Meanwhile,
propidium iodide (PI)/Hoechst was applied to calculate the R28
cell survival rate after Glu and MT (M5250, Sigma-Aldrich, St.
Louis, MO, USA) were treated for 24 h; cells were stained using
apoptosis and necrosis assay kit (C1056, Beyotime, Shanghai,
China) and pictured using an optical microscope (Eclipse C1,
Nikon, Tokyo, Japan).

ROS assay

Intracellular ROS were detected using a cellular ROS assay
kit (ab113851; Abcam). The collected cells were digested with
trypsin and then stained in culture media with 20 uM DCFDA
and incubated for 30 minutes at 37°C. The cells were washed
with 1x buffer after incubation and analyzed immediately with a
flow cytometer. Forward and side scatter gates were established
to exclude debris and cellular aggregates from the analysis. DCF
was excited by the 488 nm laser and detected at 535 nm
(typically FLI). The mean florescence intensity (MFI) were
analyzed by Flowjo software version 10.0.7.
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Reduced glutathione assay

A micro reduced GSH assay kit (BC1175, Solarbio, Beijing,
China) was used to detect reduced GSH. A total of 5 million cells
were collected and cleaned twice with PBS. The GSH extract was
then added twice for repeated freeze-thaw (frozen in liquid
nitrogen and dissolved in a 37°C water bath) and centrifuged at
8000 g for 10 min, and the supernatant was collected at 4°C. The
GSH content was detected according to the instructions and
standardized according to the number of cells.

Animals and NMDA-induced retinopathy
mouse model

C57BL/6 mice (8 weeks old; Slaccas, Changsha, China) were fed
with standard laboratory food and water in a comfortable
environment with a 12 h light-dark cycle. All the experimental
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Central South University (Changsha,
China). All mice were divided into Three groups: Sham (only
acupuncture without injection), NMDA (20 mM), and MT (20
mM NMDA + 400 mM MT). All the mice were anesthetized with
pentobarbital (1%, 80 mg/kg, intraperitoneal injection; Beijing
Sanshu, China) and then operated on under a stereomicroscope.
Oxybuprocaine hydrochloride (Santen Pharmaceuticals, Tokyo,
Japan) was used to induce ocular surface anesthesia, and
tropicamide phenylephrine (Santen Pharmaceuticals) was used to
dilate the pupils. A 30 G needle was inserted into the vitreous cavity
along the limbus and injected at a volume of 1 uL per eye.
Tobramycin dexamethasone eye ointment (Alcon Inc, Geneva,
Switzerland) was used to prevent infection after injection. The mice
were euthanized 5 d after the injection, and their eyeballs were
removed with tweezers for the follow-up research.

Flash visual-evoked potential analysis

Visual function was assessed by flash visual-evoked potential
analysis (FVEP) 5 d after intravitreal injection, all after anesthesia.
After 15 min of dark adaptation, the following 3 electrodes were fixed
separately and inserted under the skin: ground electrode (ack),
cathode (anterior bregma), and anode (occipital bone). After
covering the contralateral eye, the images of both eyes were
measured by a multifocal electroretinography recorder (GT-
2008V-VI, Gotec, Chongging, China) and recorded by Ganzfeld
electrodiagnostic system (Gotec). The time of the flash is 100 ms. The
first negative wave amplitude and first positive wave latencies were
used to assess the visual function in mice.

Hematoxylin and eosin staining

The mice were euthanized 5 days after modeling, and their
eyeballs were removed and fixed with an FAS eyeball fixator
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(G1109, Servicebio, Wuhan, China). The eyeballs were embedded
in paraffin and cut into 4 um vertical sections. Sections were
stained with hematoxylin and eosin (H&E; G1120, Servicebio)
according to the manufacturer’s instructions and visualized using
an optical microscope (Eclipse C1). CaseViewer software
(3DHISTEC, Sysmex, Switzerland) was used to measure the
thickness of the ganglion cell layer at distances of 300, 600, 900,
1200, and 1500 pum from the optic nerve center.

Retina immunofluorescence and
RBPMS staining

The mice were euthanized 5 days after modeling, and their
eyeballs were removed and fixed with 4% paraformaldehyde (G1101,
Servicebio) fixation for 1 h, and the retinas were detached under a
stereomicroscope. The retinas were sealed with 5% bovine serum
albumin and 0.5% Triton-X100 in PBS for 1.5 h at room temperature,
followed by incubation with primary antibody RBPMS (ab152101,
Abcam) at 4°C overnight. They was cleaned with 0.5% Triton-X100
in PBS 4 times for 5 min each were then incubated with fluorescent-
labeled secondary antibody away from light for 2 h at ambient
temperature. The retinas were then viewed and pictured by optical
microscope (Eclipse Cl1).

RNA sequencing

The mouse retinas were collected 5 days after NMDA
intervention. Three individual retinas were treated as one
sample, and each group contained 3 samples. RNA was isolated
by total RNA kit (R6834-01, Omega Bio-Tek),. Total amounts and
integrity of RNA were assessed using the RNA Nano 6000 assay
kit of the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA). After RNA was converted to ¢cDNA, the samples were
sequenced by the Illumina NovaSeq 6000 at Novogene (Beijing,
China). Genes with a fold-change >1.5 identified by edgeR and a
false discovery rate <0.05 were considered differentially expressed
(BMKCloud, http://www.biocloud.net/). Gene functional
annotations were based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG, https://www.genome.jp/kegg/) and Gene
Ontology (GO, http://www.geneontology.org/) databases.

Statistical analysis

SPSS 26.0 statistical software (IBM Corp., Armonk, NY,
USA) was used for statistical analysis of all data. All data were
presented as the mean * standard deviation (SD). One-way
analysis of variance (ANOVA) was used to assess the
significance differences of cell viability, ROS, GSH, RGCs
survival and FVEP results between groups. Repeated measures

ANOVA was used to assess thickness of retinal ganglion cell
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complex (GCC). Charts were built using GraphPad Prism 6.0
(GraphPad Inc., La Jolla, CA, USA). P value <0.05 was
statistically significant.

Results

MT protects R28 cells from Glu-
induced excitotoxicity

To investigate the appropriate concentration of Glu, R28
cells were treated with 5-25mM Glu at different concentrations
for 24 h. CCK-8 assay results showed that cell viability decreased
gradually with increasing Glu concentration in a concentration-
dependent manner. Compared with the control group, 10 mM
(47.90 £ 15.50%), 15 mM (26.41 £ 5.48%), 20 mM (5.41 *
3.86%), 25 mM (4.73 + 1.43%) significant decreased cell viability
with Glu treatment for 24 h. (P <0.001, n = 4) (Figure 1A). In
subsequent experiments, R28 cells were treated with 10 mM Glu
for 24 h as the immobilization condition. Subsequently, we
investigated the protective effect of different concentrations of
MT on glutamate-induced excitotoxicity injury. The results
showed that compared with the Glu group, the cell viability of
the MT group was significantly increased with the increasing
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MT concentration. The cell viability reached 109.1 + 6.9% when
the concentration of MT was at 400 UM (P <0.001, n = 6)
(Figure 1B), suggesting that MT has a protective effect on Glu-
induced R28 cell damage, and the MT at concentration of 600
uM, 800 uM and 1000 uM also showed good protective effect
(P <0.001, n = 6). Meanwhile, PI/Hoechst staining was used to
confirm this view, and it was observed that R28 cells died more
after 24 h of glutamate treatment, while MT saved this damage
(Figure 1C). These results suggest that MT can protect R28 cells
from glutamate-induced excitotoxicity.

MT protects R28 cells from Glu-induced
oxidative stress

To investigate the effects of MT on Glu-induced oxidative
stress in R28 cells, intracellular ROS and reduced GSH levels
were detected. The results showed that ROS levels increased
gradually over time after Glu treatment and peaked at 12 h
(7.42 £ 0.52), and MT treatment could ameliorate the changes
induced by Glu (3.67 £ 0.30, P <0.001, n = 3) (Figures 2A, B). At
24 h, MT was still protective (5.14 + 0.43, P <0.01, n = 3), but this
was not as significant as at 12 h (Figures 2A, B). Meanwhile, with
the increase in Glu treatment time, the intracellular GSH level

Glu 10mM

MT 400pM

MT protects R28 cells from glutamate-induced excitotoxicity. (A) Effects of different concentrations of Glu on R28 cell viability after 24 h treatment.
(n = 4) (B) Protective effect of different concentrations of MT on R28 cells treated with 10 mM glutamate for 24h. (n=6) (C) Pictures of R28 cells
stained by Pl and Hoechst. Red arrows: glutamate-induced excitotoxicity of R28 cells. Data are the mean + SD; ***p < 0.001. Scale bar = 50 ym.
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gradually decreased and reached its lowest at 24 h (0.20 + 0.01,
P <0.001, n = 3) (Figure 2C). However, the GSH level of the MT
group was not significantly improved when compared with the
Glu group (0.16 * 0.02, P >0.05, n = 3) (Figure 2C).

MT protects against NMDA-induced
retinal damage in mice

To further determine the protective effect of MT on retinal
excitotoxicity, the thickness of GCC was measured after H&E
staining, and RGCs were counted and quantitatively analyzed
after being labeled with RBPMS by retinal immunofluorescence.
H&E staining showed that the retinal GCC thickness of mice in
the NMDA group was significantly thinner than that in the
control group 5 days after intravitreal injection of NMDA (P
<0.001, n = 4) (Figures 3A, B). MT treatment could effectively
inhibit the thinning of the GCC layer caused by NMDA at 300,
600 and 900 um from the optic nerve center (P <0.05, n = 4).
Retinal immunofluorescence showed that the density of RGCs in

10.3389/fendo.2022.986131

the NMDA group was significantly lower than that in the control
group, while the number of surviving RGCs in the MT group
(1883.10 + 124.63) was significantly better than that in the NMDA
group (849.30 + 47.10) but still lower than that in the control
group (2694.60 + 145.85, P <0.001, n = 4) (Figure 3C). These
results suggest that MT has a protective effect on NMDA-induced

retinal injury in mice.

MT protects visual function in mice

We also studied the effect of MT on electrophysiological
activity of the retina and its protective effect on visual function in
mice. The amplitude of N1 wave was decreased NMDA
treatment (1.98 *+ 0.76 pV) compared with control group
(4.87 = 1.10 pV), and MT increase amplitude of N1(4.85 *
0.82 uV, P <0.001, n =
prolonged 5 days after intravitreal injection in the NMDA
group (115.42 + 5.45 ms) compared with control group
(84.83 £ 3.52 ms), and MT ameliorated this change (103.91 +

6).The latencies of P2 wave were
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FIGURE 2

MT protects R28 cells from Glu-induced oxidative stress. (A, B) ROS levels increased gradually over time after glutamate treatment, and MT
could ameliorate this change. (n = 3) (C) GSH levels decreased over time, but MT treatment could not rescue this change. (n = 3) Data are the

mean + SD; NS, No Significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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MT protects against NMDA-induced retinal damage in mice. (A) Images of H&E staining sections of mice retina at 5 days after intravitreal injection (Scale
bar = 50 um). Red arrows: RGCs. (B) At 5 days after intravitreal injection of NMDA, the GCC thickness of mice was measured +300, + 600, + 900,
+1200, and +1500 pm away from the optic nerve. (n=4) (C) Labeling of RGCs with RBPMS 5 days after intravitreal injection of NMDA. MT improved the
density reduction of NMDA-induced RGC injury in mice (Scale bar = 100 pm). (n=4) Data are the mean + SD; *p < 0.05, ***p < 0.001.

5.28, P <0.005, n = 6) (Figure 4). These results suggest that
NMDA causes retinal dysfunction in mice, and MT can improve
the visual conduction dysfunction induced by excitotoxicity.

MT ameliorated transcriptome
abnormalities in NMDA-induced
retinal injury

To investigate further the mechanism of the neuroprotective

effects of MT on the retina, RNA sequencing analysis was
performed. Compared with the control group, the NMDA-

Frontiers in Endocrinology

treated group had 1519 upregulated genes and 1663
downregulated genes. With the intervention of the MT, 139
genes were upregulated and 227 genes downregulated
(Figure 5A). MT treatment mitigated the expression of
approximately 49 upregulated genes and 57 downregulated
genes induced by NMDA (Figure 5B). These genes included 5
neuroactive ligand-receptor interaction-related genes (Oprll/
Ptafr/Adcyaplrl/Lpar6/Crhrl), 3 PI3K-Akt signaling pathway-
related genes (Col6a3/Lpar6/Gng4), and 3 calcium signaling
pathway-related genes (Ptafr/Prkcg/Orai3). These results suggest
that MT exhibits its neuroprotective effect by ameliorating retinal
transcriptome abnormalities (Figure 5C).
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Analysis of differentially expressed genes
in NMDA-treated and MT-treated
mice retinas

KEGG and GO analyses were performed to densify the
signaling pathway and biological process changes in the retina.
We performed KEGG analysis on the differentially expressed
genes in the control, NMDA, and MT groups. This indicated
that the PI3K-Akt and MAPK signaling pathways were both
crucial after NMDA intervention. After MT treatment, the
PI3K-Akt and JAK-STAT pathways were involved in rescuing
the injury induced by NMDA (Figure 6A). GO analysis results
showed that the retinal biological process, cellular component,
and molecular function were all altered by MT intervention. The
differentially expressed genes were enriched in the biological
process (Figure 6B).

Discussion

The characteristic death of RGCs is one of the most
important features of glaucoma, which can cause irreversible
visual field defects and seriously affect the life quality of patients
(18, 19). Although many glaucoma medications have been
applied in clinical treatment, their use for glaucomatous
neuroprotection is still very limited, and there are no clear
clinical outcomes (20, 21).

Many studies have shown a potential relationship between
MT and glaucoma. Patients with glaucoma are often
accompanied by sleep disturbances, anxiety, and depression,
and studies have shown that glaucoma is also associated with
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disturbances in the rhythm of MT secretion (22, 23). Recent
studies showed that urinary 6-sulfatoxymelatonin, the main
metabolite of serum MT in glaucoma patients, is significantly
lower than normal, suggesting the possibility of a circadian
rhythm disturbance in glaucoma patients, which MT can
restore (24).

Focusing on the eye, although MT can be secreted by various
eye structures, and the aqueous humor also contains a certain
concentration of MT (25), the role of MT in the eye is still
unclear. Concentrations of MT have been shown to be 3 times
higher in aqueous humor in patients with elevated IOP than in
normal patients, and the same was also observed in a mouse
model of glaucoma (26). Preoperative treatment with oral MT
has been shown to reduce IOP in patients who have undergone
cataract surgery (27). Animal models and clinical trials have also
shown that MT and its analogs can reduce IOP (28, 29). Some
studies have demonstrated that MT exerts antiapoptotic and
neuroprotective effects on retinal neurons after hypoxia-
ischemia and acute intraocular hypertension (30, 31). In our
study, we established the classical NMDA-induced retinal injury
model, which imitated the different mechanisms of RGC death
in the pathogenesis of glaucoma. We found that MT has a
significant protective effect on cellular Glu excitotoxicity both in
vivo and in vitro and provides a supplement to the protective role
of melatonin in the pathogenesis of different glaucoma.

We found that MT at a concentration of 400 uM had a 100%
protective effect on Glu-induced cell excitotoxicity in R28 cells,
and a high concentration of 1000 utM had no toxic effect on cells,
confirming that MT is effective and safe. MT also showed a good
neuroprotective effect in vivo. MT rescued NMDA-induced RGC
loss and GCC thinning, and through the detection of FVEP, it was
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FIGURE 5

MT ameliorates retinal transcriptome abnormalities in NMDA-induced retinal injury. (A) Volcano plot of differentially expressed genes between
control, NMDA, and MT groups. (B) Venn diagram shows the differentially expressed genes among the control, NMDA, and MT group. (C) The

heat map shows MT-restored top 20 genes.

confirmed that melatonin can restore partial visual function in
mice. As an endocrine hormone with strong anti-oxidative stress
ability, MT has strong potential for the neuroprotection
of glaucoma.

As a classic antioxidant, MT can effectively scavenge ROS and
increase the content of intracellular GSH to resist oxidative stress
injury (32). In our study, we found that after glutamate
excitotoxicity injury, although MT had a significant protective
effect on R28 and RGCs and a significant recovery of visual
function in mice, it did not increase the content of GSH. As a
common antioxidative product, its depletion is much greater than
its synthesis in the glutamate excitotoxicity process. ROS was
significantly higher than that in the Glu group at 24 h, but it still
had a 5.16-fold increase compared to the control group.
Therefore, we speculate that, in addition to the scavenging effect
of MT on ROS, other mechanisms also play a key role in the
process of neuroprotective effect.

To explore the mechanism of action of the neuroprotective
effect of MT, we conducted RNA sequencing of the retina, and
the sequencing results of this study found that MT rescued
abnormal retinal transcriptome expression induced by NMDA.
Through further gene enrichment, we found significant
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changes in the PI3K-AKT and MAPK signaling pathways in
NMDA-induced retinal injury, and after MT treatment,
different genes were enriched to the P13K-AKT and JAK-
STAT signaling pathways. This is consistent with many of
the studies that showed PI3K-AKT and MAPK to be involved
in the occurrence and development of glaucoma and play an
important role in the death of RGCs (33-36). Studies have also
shown that RGCs are protected by intervening PI3K-AKT and
JAK-STAT signaling pathways through regulating apoptosis,
autophagy, and oxidative stress processes (37-41). In our
study, sequencing results showed a neuroprotective effect,
suggesting that MT may depend on the above pathways.
However, the specific mechanism of action needs to be
studied further.

Conclusion

This study explored the neuroprotective effects of MT on
NMDA-reduced RGC death and Glu-induced R28 cell
excitotoxicity. It found that MT successfully rescues RGCs
from NMDA-reduced injury and protects visual function in
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FIGURE 6

Analysis of differentially expressed genes in NMDA- and MT-treated mice retina. (A) KEGG analysis of differentially expressed genes between
control, NMDA, and MT group. (B) Go analysis of differentially expressed genes between control, NMDA, and MT group in biological process

(BP), cellular component (CC), and molecular function (MF).

mice. MT also protects R28 cells from Glu excitotoxicity and
decreases ROS. RNA sequencing indicated that MT treatment
repairs the abnormal transcriptome caused by NMDA, and
PI3K-AKT and JAK-STAT signaling pathways may play an
important role in this process. This study provides practical
research ideas for the comprehensive prevention and treatment
of glaucoma.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found here: https://www.ncbi.
nlm.nih.gov/bioproject/, SRA PRINA867307.

Frontiers in Endocrinology 09

Ethics statement

The animal study was reviewed and approved by
Institutional Animal Care and Use Committee (IACUC) of
Central South University.

Author contributions

CW and YA wrote the first draft of the paper. XX and LD
edited the paper. XX, LD and CW designed research. CW, YA
performed laboratory research. ZX performed FVEP
examination. XZ performed bioinformatics Analysis, CW, YA
and SS analyzed data. All authors contributed to the article and
approved the submitted version.

frontiersin.org


https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://doi.org/10.3389/fendo.2022.986131
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

Funding

This study was financially supported by The National
Key Research and Development Program of China
(N0.2020YFC2008205), The National Natural Science Foundation
of China (No. 82171058, N0.81974134 for XX, N0.82070966 to LD,
No0.8210041510 to CW), Key R&D Plan of Hunan Province of China
(N0.2020SK2076 to XX), Science and Technology Innovation
Program of Hunan Province (No.2021RC3026 to LD), Natural
Science Foundation of Hunan Province (N0.2021JJ41021 to CW)
and China Postdoctoral Science Foundation (No0.2021M693556
to CW).

Acknowledgments

We thank Lemeng Feng, Weizhou Fang, Shirui Dai, Cheng
Zhang and Wulong Zhang for technical assistance. We thank

References

1. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of
glaucoma: a review. JAMA (2014) 311(18):1901-11. doi: 10.1001/jama.2014.3192

2. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global
prevalence of glaucoma and projections of glaucoma burden through 2040: a
systematic review and meta-analysis. Ophthalmology (2014) 121(11):2081-90.
doi: 10.1016/j.0phtha.2014.05.013

3. De Moraes CG, Liebmann JM, Levin LA. Detection and measurement of
clinically meaningful visual field progression in clinical trials for glaucoma. Prog
Retin Eye Res (2017) 56:107-47. doi: 10.1016/j.preteyeres.2016.10.001

4. Villasana GA, Bradley C, Ramulu P, Unberath M, Yohannan J. The effect of
achieving target intraocular pressure on visual field worsening. Ophthalmology
(2022) 129(1):35-44. doi: 10.1016/j.0phtha.2021.08.025

5. Manabe Y, Sawada A, Yamamoto T. Localization in glaucomatous visual field
loss vulnerable to posture-induced intraocular pressure changes in open-angle
glaucoma. Am ] Ophthalmol (2020) 213:9-16. doi: 10.1016/j.aj0.2020.01.010

6. Cheung CY, Li SL, Chan PP, Chan NCY, Tan S, Man X, et al. Intraocular
pressure control and visual field changes in primary angle closure disease: the
CUHK PACG longitudinal (CUPAL) study. Br ] Ophthalmol (2020) 104(5):629-
35. doi: 10.1136/bjophthalmol-2019-314322

7. Thoreson WB, Witkovsky P. Glutamate receptors and circuits in the
vertebrate retina. Prog Retin Eye Res (1999) 18(6):765-810. doi: 10.1016/s1350-
9462(98)00031-7

8. Shen Y, Liu XL, Yang XL. N-methyl-D-aspartate receptors in the retina. Mol
Neurobiol (2006) 34(3):163-79. doi: 10.1385/MN:34:3:163

9. Du J, Cleghorn W, Contreras L, Linton JD, Chan GC, Chertov AO, et al.
Cytosolic reducing power preserves glutamate in retina. Proc Natl Acad Sci U.S.A.
(2013) 110(46):18501-6. doi: 10.1073/pnas.1311193110

10. Teuchner B, Dimmer A, Humpel C, Amberger A, Fischer-Colbrie R,
Nemeth J, et al. VIP, PACAP-38, BDNF and ADNP in NMDA-induced
excitotoxicity in the rat retina. Acta Ophthalmol (2011) 89(7):670-5.
doi: 10.1111/j.1755-3768.2009.01828.x

11. Guo X, Zhou J, Starr C, Mohns EJ, Li Y, Chen EP, et al. Preservation of
vision after CaMKII-mediated protection of retinal ganglion cells. Cell (2021) 184
(16):4299-4314 el2. doi: 10.1016/j.cell.2021.06.031

12. Cipolla-Neto J, Amaral FGD. Melatonin as a hormone: New physiological and
clinical insights. Endocr Rev (2018) 39(6):990-1028. doi: 10.1210/er.2018-00084

13. Reiter RJ, Mayo JC, Tan DX, Sainz RM, Alatorre-Jimenez M, Qin L.
Melatonin as an antioxidant: under promises but over delivers. J Pineal Res
(2016) 61(3):253-78. doi: 10.1111/jpi.12360

Frontiers in Endocrinology

10

10.3389/fendo.2022.986131

Scribendi (https://www.scribendi.com/) for editing the English
text of a draft of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

14. Wiechmann AF, Summers JA. Circadian rhythms in the eye: the
physiological significance of melatonin receptors in ocular tissues. Prog Retin Eye
Res (2008) 27(2):137-60. doi: 10.1016/j.preteyeres.2007.10.001

15. Wilkinson D, Shepherd E, Wallace EM. Melatonin for women in pregnancy
for neuroprotection of the fetus. Cochrane Database Syst Rev (2016) 3:CD010527.
doi: 10.1002/14651858.CD010527.pub2

16. Melhuish Beaupre LM, Brown GM, Goncalves VF, Kennedy JL. Melatonin's
neuroprotective role in mitochondria and its potential as a biomarker in aging,
cognition and psychiatric disorders. Transl Psychiatry (2021) 11(1):339.
doi: 10.1038/541398-021-01464-x

17. Aridas JD, Yawno T, Sutherland AE, Nitsos I, Wong FY, Hunt RW, et al.
Melatonin augments the neuroprotective effects of hypothermia in lambs following
perinatal asphyxia. J Pineal Res (2021) 71(1):e12744. doi: 10.1111/jpi.12744

18. Fry LE, Fahy E, Chrysostomou V, Hui F, Tang J, van Wijngaarden P, et al.
The coma in glaucoma: Retinal ganglion cell dysfunction and recovery. Prog Retin
Eye Res (2018) 65:77-92. doi: 10.1016/j.preteyeres.2018.04.001

19. Almasieh M, Wilson AM, Morquette B, Cueva Vargas JL, Di Polo A. The
molecular basis of retinal ganglion cell death in glaucoma. Prog Retin Eye Res
(2012) 31(2):152-81. doi: 10.1016/j.preteyeres.2011.11.002

20. Naik S, Pandey A, Lewis SA, Rao BSS, Mutalik S. Neuroprotection: A
versatile approach to combat glaucoma. Eur J Pharmacol (2020) 881:173208.
doi: 10.1016/j.ejphar.2020.173208

21. Guymer C, Wood JP, Chidlow G, Casson R]. Neuroprotection in glaucoma:
recent advances and clinical translation. Clin Exp Ophthalmol (2019) 47(1):88-105.
doi: 10.1111/ce0.13336

22. Gubin D, Neroev V, Malishevskaya T, Cornelissen G, Astakhov SY,
Kolomeichuk S, et al. Melatonin mitigates disrupted circadian rhythms, lowers
intraocular pressure, and improves retinal ganglion cells function in glaucoma. J
Pineal Res (2021) 70(4):e12730. doi: 10.1111/jpi.12730

23. Gubin D, Weinert D. Melatonin, circadian rhythms and glaucoma: current
perspective. Neural Regener Res (2022) 17(8):1759-60. doi: 10.4103/1673-
5374.332149

24. Yoshikawa T, Obayashi K, Miyata K, Saeki K, Ogata N. Decreased
melatonin secretion in patients with glaucoma: Quantitative association with
glaucoma severity in the LIGHT study. J Pineal Res (2020) 69(2):e12662.
doi: 10.1111/jpi.12662

25. Viggiano SR, Koskela TK, Klee GG, Samples JR, Arnce R, Brubaker RF. The
effect of melatonin on aqueous humor flow in humans during the day.
Ophthalmology (1994) 101(2):326-31. doi: 10.1016/s0161-6420(94)31332-7

frontiersin.org


https://www.scribendi.com/
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1016/j.preteyeres.2016.10.001
https://doi.org/10.1016/j.ophtha.2021.08.025
https://doi.org/10.1016/j.ajo.2020.01.010
https://doi.org/10.1136/bjophthalmol-2019-314322
https://doi.org/10.1016/s1350-9462(98)00031-7
https://doi.org/10.1016/s1350-9462(98)00031-7
https://doi.org/10.1385/MN:34:3:163
https://doi.org/10.1073/pnas.1311193110
https://doi.org/10.1111/j.1755-3768.2009.01828.x
https://doi.org/10.1016/j.cell.2021.06.031
https://doi.org/10.1210/er.2018-00084
https://doi.org/10.1111/jpi.12360
https://doi.org/10.1016/j.preteyeres.2007.10.001
https://doi.org/10.1002/14651858.CD010527.pub2
https://doi.org/10.1038/s41398-021-01464-x
https://doi.org/10.1111/jpi.12744
https://doi.org/10.1016/j.preteyeres.2018.04.001
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1016/j.ejphar.2020.173208
https://doi.org/10.1111/ceo.13336
https://doi.org/10.1111/jpi.12730
https://doi.org/10.4103/1673-5374.332149
https://doi.org/10.4103/1673-5374.332149
https://doi.org/10.1111/jpi.12662
https://doi.org/10.1016/s0161-6420(94)31332-7
https://doi.org/10.3389/fendo.2022.986131
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

26. Alkozi H, Sanchez-Naves ], de Lara MJ, Carracedo G, Fonseca B, Martinez-
Aguila A, et al. Elevated intraocular pressure increases melatonin levels in the
aqueous humour. Acta Ophthalmol (2017) 95(3):e185-9. doi: 10.1111/a0s.13253

27. Ismail SA, Mowafi HA. Melatonin provides anxiolysis, enhances analgesia,
decreases intraocular pressure, and promotes better operating conditions during
cataract surgery under topical anesthesia. Anesth Analg (2009) 108(4):1146-51.
doi: 10.1213/ane.0b013e3181907ebe

28. Pescosolido N, Gatto V, Stefanucci A, Rusciano D. Oral treatment with the
melatonin agonist agomelatine lowers the intraocular pressure of glaucoma
patients. Ophthal Physiol Opt (2015) 35(2):201-5. doi: 10.1111/0p0.12189

29. Martinez-Aguila A, Fonseca B, Bergua A, Pintor ]J. Melatonin analogue
agomelatine reduces rabbit's intraocular pressure in normotensive and
hypertensive conditions. Eur J Pharmacol (2013) 701(1-3):213-7. doi: 10.1016/
j.ejphar.2012.12.009

30. Huang R, Xu Y, Lu X, Tang X, Lin J, Cui K, et al. Melatonin protects inner
retinal neurons of newborn mice after hypoxia-ischemia. J Pineal Res (2021) 71(1):
el2716. doi: 10.1111/jpi.12716

31. Zhang Y, Huang Y, Guo L, Zhang Y, Zhao M, Xue F, et al. Melatonin
alleviates pyroptosis of retinal neurons following acute intraocular hypertension.
CNS Neurol Disord Drug Targets (2021) 20(3):285-97. doi: 10.2174/
1871527319666201012125149

32. NaveenKumar SK, Hemshekhar M, Jagadish S, Manikanta K, Vishalakshi
GJ, Kemparaju K, et al. Melatonin restores neutrophil functions and prevents
apoptosis amid dysfunctional glutathione redox system. J Pineal Res (2020) 69(3):
€12676. doi: 10.1111/jpi.12676

33. Galindo-Romero C, Vidal-Villegas B, Asis-Martinez J, Lucas-Ruiz F,
Gallego-Ortega A, Vidal-Sanz M. 7,8-dihydroxiflavone protects adult rat
axotomized retinal ganglion cells through MAPK/ERK and PI3K/AKT
activation. Int J Mol Sci (2021) 22(19). doi: 10.3390/ijms221910896

Frontiers in Endocrinology

11

10.3389/fendo.2022.986131

34. XiX, Chen Q, MaJ, Wang X, Xia Y, Wen X, et al. Acteoside protects retinal
ganglion cells from experimental glaucoma by activating the PI3K/AKT signaling
pathway via caveolin 1 upregulation. Ann Transl Med (2022) 10(6):312.
doi: 10.21037/atm-22-136

35. Ye MJ, Meng N. Resveratrol acts via the mitogen-activated protein kinase
(MAPK) pathway to protect retinal ganglion cells from apoptosis induced by
hydrogen peroxide. Bioengineered (2021) 12(1):4878-86. doi: 10.1080/
21655979.2021.1954742

36. Yu H, Zhong H, Li N, Chen K, Chen J, Sun J, et al. Osteopontin activates
retinal microglia causing retinal ganglion cells loss via p38 MAPK signaling
pathway in glaucoma. FASEB J (2021) 35(3):e21405. doi: 10.1096/f}.202002218R

37. Zhao N, Shi J, Xu H, Luo Q, Li Q, Liu M. Baicalin suppresses glaucoma
pathogenesis by regulating the PI3K/AKT signaling in vitro and in vivo.
Bioengineered (2021) 12(2):10187-98. doi: 10.1080/21655979.2021.2001217

38. Xu K, Li S, Yang Q, Zhou Z, Fu M, Yang X, et al. MicroRNA-145-5p
targeting of TRIM2 mediates the apoptosis of retinal ganglion cells via the PI3K/
AKT signaling pathway in glaucoma. | Gene Med (2021) 23(11):e3378.
doi: 10.1002/jgm.3378

39. DeParis S, Caprara C, Grimm C. Intrinsically photosensitive retinal
ganglion cells are resistant to n-methyl-D-aspartic acid excitotoxicity. Mol Vis
(2012) 18:2814-27.

40. Luo JM, Cen LP, Zhang XM, Chiang SW, Huang Y, Lin D, et al. PI3K/akt,
JAK/STAT and MEK/ERK pathway inhibition protects retinal ganglion cells via
different mechanisms after optic nerve injury. Eur J Neurosci (2007) 26(4):828-42.
doi: 10.1111/j.1460-9568.2007.05718.x

41. Vigneswara V, Akpan N, Berry M, Logan A, Troy CM, Ahmed Z. Combined
suppression of CASP2 and CASP6 protects retinal ganglion cells from apoptosis
and promotes axon regeneration through CNTF-mediated JAK/STAT signalling.
Brain (2014) 137(Pt 6):1656-75. doi: 10.1093/brain/awu037

frontiersin.org


https://doi.org/10.1111/aos.13253
https://doi.org/10.1213/ane.0b013e3181907ebe
https://doi.org/10.1111/opo.12189
https://doi.org/10.1016/j.ejphar.2012.12.009
https://doi.org/10.1016/j.ejphar.2012.12.009
https://doi.org/10.1111/jpi.12716
https://doi.org/10.2174/1871527319666201012125149
https://doi.org/10.2174/1871527319666201012125149
https://doi.org/10.1111/jpi.12676
https://doi.org/10.3390/ijms221910896
https://doi.org/10.21037/atm-22-136
https://doi.org/10.1080/21655979.2021.1954742
https://doi.org/10.1080/21655979.2021.1954742
https://doi.org/10.1096/fj.202002218R
https://doi.org/10.1080/21655979.2021.2001217
https://doi.org/10.1002/jgm.3378
https://doi.org/10.1111/j.1460-9568.2007.05718.x
https://doi.org/10.1093/brain/awu037
https://doi.org/10.3389/fendo.2022.986131
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The neuroprotective effect of melatonin in glutamate excitotoxicity of R28 cells and mouse retinal ganglion cells
	Introduction
	Materials and methods
	Cell culture and glutamate excitotoxicity model
	Cell viability assay
	ROS assay
	Reduced glutathione assay
	Animals and NMDA-induced retinopathy mouse model
	Flash visual-evoked potential analysis
	Hematoxylin and eosin staining
	Retina immunofluorescence and RBPMS staining
	RNA sequencing
	Statistical analysis

	Results
	MT protects R28 cells from Glu-induced excitotoxicity
	MT protects R28 cells from Glu-induced oxidative stress
	MT protects against NMDA-induced retinal damage in mice
	MT protects visual function in mice
	MT ameliorated transcriptome abnormalities in NMDA-induced retinal injury
	Analysis of differentially expressed genes in NMDA-treated and MT-treated mice retinas

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


