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The main objective of this study was to determine the inhibition of pro-inflammatory
cytokines and their associated signaling molecules by δ-opioid receptor activation by a
selective ligand, SNC-121 in chronic rat glaucoma model. Intraocular pressure was raised
in rat eyes by injecting 2M hypertonic saline into the limbal veins. SNC-121 (1 mg/kg; i. p)
or Stattic (5 mg/kg; i. p) was administered in Brown Norway rats daily for 7 days. The
mRNA expression of IL-1β, TNF-α, Fas, IL-6, leukemia inhibitory factor, and IFN-γ was
increased significantly in the retina of ocular hypertensive animals at day 7, post injury.
Administration of SNC-121 (1 mg/kg; i. p. injection) for 7 days (once a day) completely
inhibited the increase in the mRNA and protein expression of pro-inflammatory cytokines.
Mechanistically, we provide data showing a significant increase in the phosphorylation of
STAT3 at tyrosine 705 whereas a moderate but significant increase in the total STAT3
protein expression was also seen in the retina of ocular hypertensive animals. Data
illustrated that SNC-121 administration completely abrogated ocular hypertension-
induced increase in STAT3Y705 phosphorylation. Interestingly, acetylation of STAT3 at
lysine 685 (AcK685) was reduced in ocular hypertensive animals and subsequently
increased significantly by SNC-121 treatment. Stattic, a selective STAT3 inhibitor,
administration resulted in a complete attenuation in the production of IL-1β and IL-6 in
ocular hypertensive animals. In conclusion, δ-opioid receptor activation suppressed the
phosphorylation of STAT3 at tyrosine 705 and increased acetylation at lysine 686 and
these posttranslational modifications can regulate the production of some but not all pro-
inflammatory cytokines in response to glaucomatous injury.
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INTRODUCTION

Glaucoma is the second leading cause of blindness worldwide in which retinal ganglion cells (RGCs)
die slowly and progressively over a prolonged period of time. Glaucoma is now considered to be a
multi-factorial disease in which biomechanical stress (Boland and Quigley, 2007), epigenetic changes
(Crosson et al., 2010; Pelzel et al., 2010; Alsarraf et al., 2014b; Zaidi et al., 2020), mitochondrial
dysfunction (Osborne et al., 2016), deprivation of neurotrophic factors (Chitranshi et al., 2018),
oxidative stress (Benoist d’Azy et al., 2016), and neuroinflammation (Husain et al., 2012a; Husain
et al., 2012b; Abdul et al., 2013; Williams et al., 2017; Adornetto et al., 2019), play critical roles.
Studies have shown elevated levels of pro-inflammatory cytokines in human glaucoma patients
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(Zenkel et al., 2010; Chua et al., 2012; Ohira et al., 2016) and
experimental glaucoma models (Husain et al., 2012a; Abdul et al.,
2013; Wilson et al., 2015). Additionally, ocular inflammation
which has been a prominent feature of uveitis can also lead to
inflammatory or uveitic glaucoma (Bodh et al., 2011; Siddique
et al., 2013; Baneke et al., 2016; Ohira et al., 2016). A limited
number of glaucoma patients have also shown optic disk
hemorrhage (Airaksinen and Heijl, 1983; Drance, 1989;
Gordon and Piltz-Seymour, 1997), which indicates a breach of
the blood-retina barrier. As a result, circulating immune cells can
enter the retina and nerve fiber layer where the hemorrhage has
been observed most prominently (Drance, 1989; Choi et al., 2007;
Hwang et al., 2014). These observations advocate for a potential
role of neuroinflammation in glaucoma, however, it is not clear if
neuroinflammation is a primary cause or a compensatory
response or it is entirely a secondary event during glaucoma
pathology that can slowly and progressively damage RGCs.

Epigenetic modifications appear to be a promising novel
approach to modulate cellular function in neurodegenerative
diseases (Didonna and Opal, 2015; Neal and Richardson,
2018), however their roles in the regulation of
neuroinflammation in glaucoma remains unknown. In general,
epigenetic changes control gene expression via histone
acetylation, DNA methylation, and non-coding RNAs. Protein
acetylation is a dynamic process, which is controlled by two
classes of enzymes called histone acetyltransferase (HATs) and
histone deacetylates (HDACs). Studies have shown impairment
in the acetylation homeostasis in numerous neurodegenerative
diseases including glaucoma (Ferrante et al., 2003; Rouaux et al.,
2003; Ryu et al., 2005; Saha and Pahan, 2006; Haberland et al.,
2009; Crosson et al., 2010; Pelzel et al., 2010; Alsarraf et al., 2014a;
Alsarraf et al., 2014b; Schmitt et al., 2014; Lebrun-Julien and
Suter, 2015; Alkozi et al., 2017; Berson et al., 2018). Earlier, we
have shown that δ-opioid receptor activation by a selective ligand
(i.e., SNC-121) provides RGC neuroprotection (Abdul et al.,
2013; Husain et al., 2014; Husain et al., 2017; Husain, 2018).
We have also shown that activation of δ-opioid receptor reduces
oxidative stress and proinflammatory cytokines in acute
ischemia/reperfusion, chronic rat glaucoma model, and in the
optic nerve head (ONH) astrocytes (Husain et al., 2009; Abdul
et al., 2013; Akhter et al., 2013b; Husain et al., 2014). Studies have
also shown that Sigma-1 receptor agonist reduced intraocular
pressure in normotensive rabbit(Bucolo et al., 1999). Sigma-1
receptor is a ligand-operated chaperone that modulates
neurotransmission by interacting with multiple protein
partners, including the µ-opioid receptor and sigma-1
antagonists are able to induce opioid analgesia by enhancing
the action of endogenous opioid peptides of immune origin
during inflammation (Tejada et al., 2018). Additionally,
Sigma-1 receptor modulate neuroinflammation in
osteoarthritis (Carcole et al., 2019). However, the interaction
of sigma-1 and δ-opioid receptors was not determined in the
current study. More recently, we have shown that SNC-121
increased histone H2B, H3, and H4 acetylation and reduced
the activities and expression of class I and IIb histone
deacetylates (HDACs) in ONH astrocytes (Zaidi.et al., 2020).
However, it remains in question if protein acetylation of certain

transcription factors plays any crucial role in the regulation of
pro-inflammatory cytokines in glaucoma.

Based on our data we hypothesize that δ-opioids induced
acetylation of transcription factor, such as STAT3, can regulate
the production of pro-inflammatory cytokines under
glaucomatous conditions. To the best of our knowledge this is
the first report in which we have shown that δ-opioid receptor
activation regulates phosphorylation of STAT3 at tyrosine 705
which subsequently plays key roles in the regulation of
neuroinflammation during glaucoma progression.

MATERIALS AND METHODS

Animals
Equal numbers of adult male and female Brown Norway rats
(2–5months of age; 150–350 g) were used in this study. These
animals were obtained from Charles River laboratory (San Diego,
CA). Rats were maintained under a cycle of 12-hours light and 12-h
dark throughout the studies. All animal handling was performed in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. The study protocol was approved
by the Animal Care andUse Committee at theMedical University of
South Carolina. Delta (δ)-opioid-receptor agonist, SNC-121
(1mg/kg body weight; Santa Cruz Biotechnology, Dallas, TX),
was dissolved in PBS. Stattic (5 mg/kg body weight) (Tocris,
Minneapolis, MN) was dissolved in 75% DMSO. Drugs or
vehicle were administered individually in Brown Norway rats
intraperitoneally (i.p.) 30min post hypertonic saline injection.
The drug administration (150–200 µL) was continued for 7 days,
once daily at the same time (i.e., 9 am–11 am).

Development of Glaucoma Model by
Hypertonic Saline Injection
Intraocular pressure (IOP) was raised in Brown Norway rats by
injecting 50 µL of 2 M hypertonic saline into the limbal venous
system as described earlier (Abdul et al., 2013; Husain et al., 2014;
Husain et al., 2017). IOP was recorded at day 0 (prior to injury),
day 3 and 7 (post injury). Animals that had elevation in IOPmore
than 25% were included in the data analysis.

RNA Extraction and Real Time-Polymerase
Chain Reaction
RNA from the retina was isolated using TRIzol reagent (Life
Technologies, Grand Island, NY) as described previously
(Zaidi.et al., 2020). Purity and concentration of the isolated
RNA was determined using Nanodrop. Total RNA (1 μg) was
used to prepare cDNA using iScript cDNA synthesis Kit (Bio-Rad
Laboratories, Inc., Hercules, CA, United States) according to the
manufacturer’s manual. The changes in mRNA levels for IL-1β,
TNF-α, Fas, IL-6, LIF, IFN-γ, STAT1, STAT2, and STAT3 were
analyzed by quantitative Real Time (RT) PCR (Bio-Rad iCycler
system, Hercules, CA) using specific primers synthesized from
Integrated DNA technologies (Coralville, IA). The sequences of
specific primer used for each gene are listed in Table 1.
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Conditions for qRT- PCR were: 95°C for 30 s followed by two-
step 40 cycles of 95°C for 10 s and 60°C for 30 s. The relative gene
expression is calculated based on the comparative threshold cycle
(ΔΔCt) method. Expression levels for all genes were normalized
to the mean value of housekeeping gene ß-actin. We have used
4–9 animals in each group of treatment and a total of 19 animals
were used for qRT-PCR.

Immunohistochemistry
Eyes were enucleated on day 7, post hypertonic saline
injection and placed in 4% PFA for 12 h at 4°C. The
retinas were then transferred to 30% sucrose for 12 h
followed by embedding the retinas in OCT on dry ice.
Cryosections were cut at −30°C and stored at −20°C until
used for immunohistochemistry. Retina sections were rinsed
with Tris-buffered saline (TBS) at room temperature
followed by permeabilization using 0.5% Triton-X-100 in

TBS. The tissues were blocked with 5% BSA for 1 h
followed by incubation with primary antibodies (anti-IL-1β, anti-
IL-6, or anti-phospho-STAT3) for 16 h at 4°C. After washing, the
tissues were incubated with secondary antibody (Alexa Fluor 488 or
Rhodamine) for 1 h at room temperature. The details of antibodies
dilution and commercial sources are provided in Table 2. The
sections were observed under a bright-field microscope equipped
with epifluorescence, and digitized images were captured by a digital
camera (Zeiss) as described earlier (Husain et al., 2012a; Abdul et al.,
2013; Husain et al., 2014; Husain et al., 2017). We have used four
animals in each group of treatment and a total of 12 animals were
used for Immunohistochemistry.

Protein Extraction and Western Blotting
Protein extracts were prepared by homogenizing the retina
using handheld micro-grinder in lysis buffer (50 mM Tris-HCl
buffer, pH 8.0 containing 10 mM EDTA, 0.5% sodium
deoxycholate, 0.5 mM sodium orthovanadate, 1%Triton X-
100, and Halt’s protease inhibitor cocktail). Protein lysate
were then centrifuged at 10,000 rpm for 10 min at 4°C and
total proteins in the supernatant were quantified by Bradford
Protein Assay (BioRad, Hercules, CA). Total protein
(10–20 μg) for each sample were separated by NuPAGE 10%
Bis-Tris Gels (Thermo Fisher Scientific, Carlsbad, CA) and
proteins were transferred to a nitrocellulose membrane. The
membranes were blocked with 5% BSA or non-fat dry milk in a
Tris-buffer saline containing 1% Tween-20 for 1 h. Membranes were
incubated with primary antibodies (anti-phospho STAT3 Tyr 705,
anti-acetyl-STAT3 Lys K685, or anti-STAT3) for 16 h at 4°C.
Membranes were probed with horseradish peroxidase-(HRP)
linked secondary antibody, and visualized by enhanced
chemiluminescence reagent (ECL, Super Signal, Thermo Scientific,
Rockford, IL) on Biorad Versadoc imaging system (Biorad, Hercules,
CA). All membranes were reprobed with ß-actin to ensure equal
protein loading. Band intensities of each protein of interest were
measured by densitometry as arbitrary units and normalized with ß-
actin as an internal loading control. The details for the antibody
dilution and sources are provided in Table 2. We have used 6–9
animals in each group of treatment and a total of 21 animals were used
in protein estimations by Western blotting.

TABLE 1 | Primer sequences used for quantitative real time-polymerase chain
reaction in the current study.

Primer Direction Sequence

IL-1β Forward TGAGGCTGACAGACCCCAAAAGAT
IL-1β Reverse GCTCCACGGGCAAGACATAGGTAG
IL-6 Forward TGTATGAACAGCGATGATG
IL-6 Reverse AGAAGACCAGAGCAGATT
TNF-α Forward AAATGGGCTCCCTCTCATCAGTTC
TNF-α Reverse TCTGCTTGGTGGTTTGCTACGAC
IFN-γ Forward CACGCCGCGTCTTGGT
IFN-γ Reverse TCTAGGCTTTCAATGAGTGTGCC
LIF Forward ACCAGATCAAGAGTCAACTG
LIF Reverse CCTTGAGCTGTGTAATAGGA
FAS Forward CTTGGGTGCCGATTACAACC
FAS Reverse GCCCTCCCGTACACTCACTC
STAT1 Forward AGAGCGACCAGAAACAGGAA
STAT1 Reverse GCTCTCTGCAACAATGGTGA
STAT2 Forward TGGTTCAACATGCTCAGCTC
STAT2 Reverse GCTCTCTCGCTTGCTGAAGT
STAT3 Forward AGTTCTCGTCCACCACCAAG
STAT3 Reverse CTAGCCAGACCCAGAACGAG
β-actin Forward ATGGTCAACCCCACCGTGT
β-actin Reverse CGTGTGAAGTCACCACCCT

TABLE 2 | List of antibodies, vendors, catalog number, and dilutions used in the current study.

Antibody Company Catalog No Application

IHC WB

Anti-acetyl STAT3 lys 685 Cell signaling technology 2,523 1:1,000
Anti-β actin Sigma aldrich A5316 1:2000
Anti-IL-6 (10E5) Invitrogen ARC0962 1:100
Anti-IL1β (H-153) Santa cruz biotechnology Sc-7884 1:20
Anti-phospho STAT3 Tyr 705 (D3A7) Cell signaling technology 9,154 1:100 1:1,000
Anti- STAT3 (124H6) Cell signaling technology 9,139 1:2000
Anti-rabbit IgG, HRP-linked Cell signaling technology 7,074 1:5,000
Anti-mouse IgG, HRP-linked Cell signaling technology 7,076 1:5,000
Alexa fluor 488 anti mouse Jackson immunoresearch 111–545–044 1:500
Alexa fluor 488 anti rabbit Jackson immunoresearch 111–545–144 1:500
Rhodamine red anti rabbit Jackson immunoresearch 711–295–152 1:500
Rhodamine red anti mouse Jackson immunoresearch 715–025–151 1:500
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Statistical Analysis
Data are presented in this manuscript as ± standard error of mean
(SEM) from three or more independent experiments as indicated
by n. Where “n” refers to biological replicates. Statistical analysis
was performed using one-way ANOVA followed by a post hoc
Tukey test for multiple comparisons (GraphPad Software, Inc., San
Diego, CA). A p value ≤0.05 was considered significant.

RESULTS

Changes in the Intraocular Pressure in
Response to Glaucomatous Injury
Intraocular pressure (IOP) was measured at day 0, 3, and 7, pre-
and post-glaucomatous injury. As shown in Table 3, a significant
increase in the IOP was seen as early as day 3, which was further
increased significantly at day 7, post injury. Similar to our
previous studies SNC-121 had no effects on IOP (Abdul et al.,
2013; Husain et al., 2014). Additionally, we have not seen any
effects of Stattic treatment on IOP.

Regulation of Pro-inflammatory Cytokines
by δ-Opioid Receptor Activation in Rat
Glaucoma Model
We determined the regulatory effects of a selective δ-opioid receptor
agonist (SNC-121) on the production of pro-inflammatory
cytokines and their associated signaling molecules in the retina of
ocular hypertensive animals. We chose to measure changes in the
mRNA expression of interleukin-1β (IL-1β), tumor necrosis factor-α
(TNF-α), Fas, interleukin-6 (IL-6), leukemia inhibitory factor (LIF),
and interferon γ (IFN-γ) based on their potential involvement in
neurodegenerative diseases. The mRNA expression of IL-1β was
increased by 1.49 ± 0.11 fold (n � 6–9; p < 0.01; Figure 1A), TNF-α
by 1.87 ± 0.26 fold (n � 4–7; p < 0.05; Figure 1B), Fas by 1.92 ± 0.08
fold (n � 4; p < 0.001; Figure 1C), IL-6 by 1.84 ± 0.15 fold (n � 4–6;
p < 0.01; Figure 1D), LIF by 1.5 ± 0.1 fold (n � 4; p < 0.05;
Figure 1E), and IFN-γ by 2.64 ± 0.41 fold (n � 4–7; p < 0.01;
Figure 1F), at day 7, post injury. Treatment of SNC-121 (1 mg/kg; i.
p. injection) for 7 days (once a day) completely inhibited the increase
in the mRNA expression of pro-inflammatory cytokines (Figures
1A–D). Earlier, we have shown that elevated TNF-α protein
expression was completely blocked by SNC-121 treatment in
chronic glaucoma model (Abdul et al., 2013). In the current
study, we have also shown that protein expression of IL-1β and
IL-6 was remarkably increased in RGC and nerve fiber layers in
ocular hypertensive animals (Figure 2), which was completely
inhibited in SNC-121 treated ocular hypertensive animals.

Effects of δ-Opioid Receptor Agonist
(SNC-121) on Transcription Factors STATS
in Glaucoma Model
To learn more about the signaling mechanisms that may be
involved in the production of pro-inflammatory cytokines in
response to glaucomatous injury, we measured the changes in the
mRNA transcript of transcription factors, signal transducer and

activator of transcription (e.g., STAT1, STAT2, and STAT3) in
the retina of normal and ocular hypertensive animals. As shown
in Figure 3, the mRNA expression of STAT1, STAT2, and STAT3
was increased significantly in the retina of ocular hypertensive
animals. The mRNA transcripts of STAT1, STAT2, and STAT3
were increased by 1.56 ± 0.11 fold (n � 4; p < 0.01; Figure 3A),
1.31 ± 0.07 fold (n � 4; p < 0.01; Figure 3B), and 1.43 ± 0.11 fold
(n � 7–9; p < 0.01; Figure 3C), respectively. Interestingly, up-
regulation of STAT1, STAT2, and STAT3 mRNA was blocked in
SNC-121 treated ocular hypertensive animals (Figures 3A–C).

Effects of δ-Opioid Receptor Agonist
(SNC-121) on STAT3Y705 Phosphorylation
In non-ocular systems, studies have shown that phosphorylation
of STAT3 at tyrosine 705 (Y705) activates and increases its
transcriptional activity. To learn more about STAT3 and its
regulatory roles in cytokines production, we measured
phosphorylation of STAT3 at tyrosine 705. Our data provides
evidence that phosphorylation of STAT3 at tyrosine 705 is
significantly (p < 0.0001) increased in the retina of ocular
hypertensive animals (Figure 4). Furthermore, we have seen
144 ± 17% (p � 0.02) increase in the total STAT3 protein
expression in ocular hypertensive retina when compared with
naïve retina (Figure 4). Data illustrated that SNC-121 treatment
completely abrogated ocular hypertension-induced increase in
STAT3Y705 phosphorylation. However, we were not successful to
measure any appreciable phosphorylation of STAT1 and STAT2.
We encountered technical issues with antibodies picking up
numerous non-selective bands while used two antibodies from
different sources. Based on our findings, we cannot fully ruled out
the involvement of STAT1 and STAT2 in this process. Additional
experiments are needed to determine the changes in total and
phosphorylated STAT1 and STAT2 in normal and glaucomatous
retina, which will be the goal of our future studies. To further
identify the retina layers and cell-type in which STAT3
phosphorylation is predominantly increased, we performed
immunohistochemistry using retina sections and a selective
anti-phospho-STAT3Y705 antibodies in the normal, ocular
hypertensive, and SNC-121 treated ocular hypertensive
animals. As shown in Figure 5, phospho-STAT3
immunostaining was remarkably increased in retinal ganglion
cell (GCL) and nerve fiber layers, however, a diffuse and punctate
immunostaining was also seen in inner nuclear and outer
plexiform layers of ocular hypertensive animals. The increase
in phosphorylation of STAT3 at tyrosine 705 was drastically
inhibited in SNC-121 treated animals specifically in GCL and
nerve fiber layers.

Effects of SNC-121 Treatment on STAT3
Acetylation
To establish a link whether transcriptional activity of STAT3 is
regulated by phosphorylation, acetylation, or both, we have
measured the acetylation of STAT3 using a selective acetyl
STAT3 K685 antibody. This antibody recognizes only
acetylated STAT3 at lysine 685 (AcK685). As shown in
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Figure 6, the acetylation of STAT3 was reduced as a result of
glaucomatous injury. Moreover, we have seen a significant
increase in the STAT3 acetylation at lysine 685 (AcK685) by
SNC-121 treatment in ocular hypertensive animals. These data
provide initial clues that protein acetylation of STAT3 will
negatively regulate the transcriptional activity of STAT3,
which may have reduced the activities of downstream
signaling pathways including the production of pro-
inflammatory cytokines.

Inhibition of Pro-inflammatory Cytokines by
a STAT3 Inhibitor in Rat Glaucoma Model
Stattic, a STAT3 inhibitor, was used to block the mRNA
expression of pro-inflammatory cytokines. As shown in
Figures 7A,B, Stattic administration (5 mg/kg, intraperitoneal,
once a day for 7 days) fully attenuated the production of IL-1β
and IL-6 in ocular hypertensive animals.

DISCUSSION

The current therapeutic modalities focus on lowering the elevated
intraocular pressure (IOP), which is considered to be a primary
risk factor for glaucoma (Boland and Quigley, 2007; Almasieh
et al., 2012). However, patients undergoing glaucoma therapy
continue to lose vision as a result of retinal ganglion cell (RGC)
death suggesting IOP is not the only causative factor for RGC
death in glaucoma. Primarily, RGCs die during glaucomatous
injury but what causes the initiation of RGC degeneration is
unknown. Numerous factors including neuroinflammation,
epigenetic changes, biomechanical stress, neurotrophic factor
deprivation, oxidative stress, and activation of glial cells
(astrocytes and/or microglia) have been shown to be
potentially involved in RGC death in glaucoma.

The eye is an “immune privileged” organ because peripheral
immune cells are not able to cross blood-retinal barriers. Instead,
the glial cells (e.g., microglia and astrocytes) are constituents of a

TABLE 3 | Measurements of IOP in normal, ocular hypertensive, SNC-121, and stattic treated ocular hypertensive animals.

Days 0-Day 3-Days 7-Days

Normal animals 17.3 ± 0.58 17.9 ± 0.40 19.3 ± 0.47
Ocular hypertensive animals 16.8 ± 0.52 22.3 ± 0.92** 25.8 ± 0.59****
Ocular hypertensive animals + SNC 121 (1 mg/kg) 16.9 ± 0.60 20.8 ± 1.0* 25.5 ± 0.6****
Ocular hypertensive animals + Stattic (5 mg/kg) 17.3 ± 0.3 19.2 ± 0.3 22.0 ± 0.6*

Data are expressed as mean ± SE; n � 8–12. Asterisk (*) indicates significant difference from normal animals at each time point. *p � 0.02, **p � 0.0025, and ****p � 0.001.

FIGURE 1 | Changes in mRNA expression of pro-inflammatory cytokines in response to ocular hypertension and SNC-121 treatment. Intraocular pressure (IOP)
was raised by 2.0 M hypertonic saline injection followed by δ-opioid receptor agonist (1 mg/kg; i. p injections) treatment for 7 days, once a day. The retinas were
collected at day 7, post hypertonic saline injection and mRNA was analyzed for IL-1β (A), TNF-α (B), FAS (C), IL-6 (D), LIF (E), and IFN-γ (F) using cDNA that was
synthesized from 1 µg total RNA. The relative changes in mRNA levels were measured by quantitative RT-PCR (qRT-PCR) using primers specific for each gene as
indicated in Table 1. The qRT-PCR data was normalized using ß-actin gene expression as an internal control. The relative expression was calculated based on the
comparative threshold cycle (2−ΔΔCt) method. Bar graph represents mean data ±SEM. OH Eyes; ocular hypertensive eyes; OH Eyes + SNC-121, ocular hypertensive
eyes with SNC-121 treatment. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n � 4–9. In this experiment “n” represent a biological replicate.
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dedicated neuroimmune system and provide immune
surveillance. In physiological conditions, the glial cells provide
both pro- and anti-inflammatory cytokines and they play crucial

roles in normal and disease condition including phagocytosis,
free radical reduction, cellular repairs, and maintaining
metabolites to provide energy (Grieshaber et al., 2007; da

FIGURE 3 | Effects of SNC-121 treatment on mRNA expression of STAT1 (A), STAT2 (B), and STAT3 (C). The retina from normal, ocular hypertensive, and SNC-
121 treated ocular hypertensive animals were collected at day 7, post hypertonic saline injection. Complementary DNA was synthesized from 1 µg total RNA extracted
from retina. The relative changes in mRNA levels were measured by quantitative RT-PCR (qRT-PCR) using primers specific for each gene as indicated in Table 1. The
qRT-PCR data was normalized using ß-actin gene expression as an internal control. The relative expression was calculated based on the comparative threshold
cycle (2−ΔΔCt) method. Bar graph represents mean data ±SEM. OH Eyes; ocular hypertensive eyes; OH Eyes + SNC-121, ocular hypertensive eyes with SNC-121
treatment. **p < 0.01; ***p < 0.001; n � 4–9. In this experiment “n” represent a biological replicate.

FIGURE 2 | Effects of δ-opioid receptor agonist (SNC-121) treatment on interleukin-1β (IL-1β) (A) and interleukin-6 (IL-6) (B) production in ocular hypertensive
animal. Animals were euthanized and eyes were enucleated at day 7, post hypertonic saline injections. Retina cryosections were immunostained using a selective anti-IL-
1β or anti-IL-6 antibody. The nuclei were counterstained with DAPI. Red color indicates staining for IL-1β and IL-6 and blue for the nuclei. There was no positive
immunostaining when primary antibodies were omitted (not shown). Data shown here is a representation of at least four independent experiments. We have used
four animals in each treatment group. OH Eyes; ocular hypertensive eyes; OH Eyes + SNC-121, ocular hypertensive eyes with SNC-121 treatment, bar size 20 µm.
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Fonseca et al., 2014; Sanderson et al., 2014). However, under
pathological conditions the excessive release of pro-inflammatory
cytokines and reactive oxygen species may cause synaptic
dysfunction, disruption of axonal transport, and ultimately
RGC death. Reactive astrocytes can secret a variety of
cytokines and chemokines including CCL2, CXCL1, CXCL10,
GM-CSF, and IL-6 that may further activate microglia,
infiltrating dendritic cells, monocytes/macrophages and T cells
in the inflamed tissues (Liddelow et al., 2017). Studies have also
shown that mechanical strain due elevated IOP leads to the
activation of NLRP3 inflammasome components IL-1β,

NLRP3, ASC, and CASP1 in rat and mouse retinas (Albalawi
et al., 2017). As a result, an imbalance in pro- and anti-
inflammatory cytokines will develop neuroinflammation that
will slowly and progressively damage RGCs. In
neurodegenerative diseases, neuroinflammation has been
shown to be regulated by glial cells (astrogliosis and microglial
activation), elements of blood brain barriers, and systemic
inflammatory process (immune cells) that may be harmful or
beneficial depending upon the severity and the duration of the
neuroinflammation. As a result, neuroinflammation has been
shown to play crucial roles in numerous neurodegenerative
diseases including Alzheimer’s disease, Atrophic Lateral
Sclerosis, and glaucoma (Husain et al., 2012a; Calsolaro and
Edison, 2016; Ransohoff, 2016; Liu and Wang, 2017; Williams
et al., 2017).

In this manuscript, we have shown a significant increase in
mRNA expression of pro-inflammatory cytokines and their
associated signaling molecules including IL-1β, TNF-α, Fas,
IL-6, LIF, and IFN-γ in response to glaucomatous injury,
which was blocked by SNC-121 treatment. We chose 1 mg/kg
body weight of SNC-121 based on our previous studies using a
broad range opioid agonist and found 1 mg/kg body weight
provide optimal neuroprotection (Husain et al., 2009).
Additionally, we evaluated multiple doses of SNC-121
(0.01–10 mg/kg body weight) for RGC neuroprotection and
found that 1–10 mg/kg doses of SNC-121 provide similar
amount of RGC neuroprotection. Considering the addictive
nature of opioids, we chose lower dose (1 mg/kg body weight)
in all of our previous and current studies. Additionally, we did not
find any additional beneficial effects if animals were treated with
SNC-121 for up to 28 days (once a day) so we kept our drug
treatment regimen to 7 days (Abdul et al., 2013). As a result of
systemic treatment of SNC-121 for 7 days, we did not see any
changes in the blood pressure, IOP, and body weight when
compared with vehicle treated animal. Furthermore, we have
shown that elevated protein expression of TNF-α (Abdul et al.,
2013), IL-1β, and IL-6 were attenuated by SNC-121 treatment in
ocular hypertensive animals. These data provide initial clues that
elevated levels of pro-inflammatory cytokines that have been seen
in glaucomatous retina is an early event. It important to
emphasize that we have seen reduction of mRNA expression
of Fas and LIF while their protein expressions were not measured
in this study. We do understand that changes in mRNA
expression may not always correspond to the changes in
protein levels. Further studies will be required to confirm if
SNC-121 treatment also affect the protein levels of Fas and
LIF. In chronic glaucoma rat model, we have shown the loss
of RGCs and their function (measured by Pattern
Electroretinograms) at 14 days, post glaucomatous injury
(Abdul et al., 2013), which indicates that production of pro-
inflammatory cytokines preceded any RGC loss during glaucoma
progression. Additionally, we have shown that SNC-121
treatment for 7 days reduces the production of pro-
inflammatory cytokine (TNF-α), improved RGC function (as
measured by Pattern ERGs), and reduced the loss of RGC
numbers (as measured by retrograde labeling of RGCs) in rat
glaucoma model (Abdul et al., 2013). Earlier, we have

FIGURE 4 |Changes in the phosphorylation of STAT3 (Tyr 705) and total
STAT3 by SNC-121 treatment in ocular hypertensive animals. The retina from
normal, ocular hypertensive, and SNC-121 treated ocular hypertensive
animals were collected at day 7, post hypertonic saline injection.
Equivalent amount of retina protein extracts (20 μg) were analyzed byWestern
blotting using a selective anti-phosphoSTAT3 (Tyr 705), anti-STAT3, and anti-
β-actin antibodies. The band intensities were measured using enhanced
chemiluminescence reagent and Versadoc imaging system. Bar graph
represents mean data ±SEM. OH Eyes; ocular hypertensive eyes; OH Eyes +
SNC-121, ocular hypertensive eyes with SNC-121 treatment. *p < 0.05;
****p < 0.0001; n � 6–9. In this experiment “n” represent a biological replicate.
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demonstrated that SNC-121 actions were fully blocked by
Naltrindole, a selective δ-opioid receptor antagonist (Akhter
et al., 2013b; Husain et al., 2014; Zaidi.et al., 2020).

Similar to our data, studies have also shown that dysregulation
of cytokine signaling in the RGC projections in DBA/2J mice was
seen before IOP induction and axonal loss (Wilson et al., 2015).
These findings prompted us to believe that activities of certain
transcription factors may have been increased during the early
stages of glaucoma. To shed more light on this idea, we measured
the changes in the mRNA expression of transcription factors
STAT1, STAT2, and STAT3 and found that mRNA levels of all
STATs were increased in the retina of ocular hypertensive
animals. Moreover, phosphorylation of STAT3 at tyrosine 705
was increased, which is known to be required for its activation
and transcriptional activity. Intriguingly, STAT3 mRNA
expression and phosphorylation were fully blocked by SNC-
121 treatment. Based on these data, we believed that
phosphorylation of STAT3 at tyrosine 705 is critical and plays
a crucial role in the production of certain pro-inflammatory
cytokines. This idea was further supported by the data that
mRNA expression of IL-1β and IL-6 were completely inhibited
by a selective STAT3 inhibitor, Stattic. Contrary to this, TNF-α
and IFN-γ were partially inhibited by Stattic, suggesting that
production of interleukins are mediated through STAT3
dependent pathways whereas other transcriptional factors such
as p53, NF-ĸB, and c-fos could be involved in the production of
other cytokines. Increases in IL-6 and JAK/STAT have been

shown in early pressure-induced optic nerve head injury
(Johnson et al., 2011). Conversely, IL-6 released from glial
cells has been shown to protect RGCs in response to
hydrostatic pressure induced apoptotic RGC death
(Sappington et al., 2006). Earlier, we have shown that
activation of δ-opioids receptors suppressed “redox-sensitive”
transcriptional factor, nuclear factor-kappa B (NF-ĸB) in optic
nerve head astrocytes (Akhter et al., 2013a). Proteomic analysis of
glaucomatous retina obtained from human and experimental
animal models also showed an up-regulation of receptor-
interacting protein kinase (RIPK) that are also involved in the
regulation of NF-ĸB (Tezel, 2013). Furthermore, studies have
shown that antioxidant treatment can reduce NF-ĸB and
neuroinflammation and provide neuroprotection in glaucoma
model (Yang et al., 2016). Taken together, previous studies have
shown that NF-ĸB plays key roles in glaucoma pathology
(Kitaoka et al., 2006; Akhter et al., 2013a). However, we have
not evaluated its direct involvement in the regulation of pro-
inflammatory cytokines in the current study.

As a result of neuroinflammation, numerous downstream
signaling pathways (e.g., cytokines-dependent proteins,
caspases, and pro-apoptotic proteins) could also be up-
regulated and facilitate the RGC death in glaucoma. We have
shown a significant increase in Fas expression in ocular
hypertensive animals. Fas is a constitutively expressed 45 kDa
membrane bound protein that belongs to the TNF-α receptor
superfamily (Watanabe-Fukunaga et al., 1992). FasL is a ligand

FIGURE 5 | Changes in the signal transducer and activator of transcription 3 (STAT3) phosphorylation in response to ocular hypertension and δ-opioid receptor
agonist (SNC-121) treatment. The retina from normal, ocular hypertensive, and SNC-121 treated ocular hypertensive animals were collected at day 7, post hypertonic
saline injection. Retina cryosections were immunostained using a selective anti-phosphoSTAT3 (Tyr 705) antibody and the nuclei were counterstained with DAPI. Green
color indicates staining for phosphorylation of STAT3 and blue for the nuclei. There was no positive immunostaining when primary antibodies were omitted (not
shown). Data shown here is a representation of at least four independent experiments. We have used four animals in each treatment group. OH Eyes; ocular hypertensive
eyes; OH Eyes + SNC-121, ocular hypertensive eyes with SNC-121 treatment, bar size 20 µm.
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for Fas, which is expressed in numerous activated T cells (Suda
et al., 1995) and glial cells (Lee et al., 2000; Krishnan et al., 2019).
The Fas/FasL system is essential for homeostasis of the immune
system and its impairment can lead to neuroinflammation.
Studies have also shown that pro-inflammatory cytokines can
also increase the expression of Fas (Kondo et al., 2009). Our data
shows an increase in Fas expression, which could be as a result of
increased production of pro-inflammatory cytokines.
Mechanistically, pro-inflammatory cytokines may facilitate
Fas-mediated apoptosis of RGCs. Increased levels of both pro-
inflammatory cytokines and Fas in the retina of ocular
hypertensive animals indicated that these pro-inflammatory
cytokines may have facilitated RGC death by caspases
activation and apoptosis in Fas-dependent pathways as shown
earlier in other systems (Ye et al., 2019). Our data showed that
proinflammatory cytokines are inhibited by SNC-121 treatment,
suggesting that δ-opioid agonist are potential agents to regulate
neuroinflammation and RGC death in glaucoma. Earlier, we have
shown that glaucomatous injury increased the protein expression
of TNF-α, caspases-3, and 8 and all of them were blocked by a
broad-range opioid agonist, Morphine (Husain et al., 2012a).

Data illustrated an increase in the leukemia inhibitory factor
(LIF) and IL-6 in ocular hypertensive animals. LIF is a multi-
functional cytokine which belongs to the IL-6 superfamily. IL-6
superfamily comprised of oncostatin M (OSM), IL-6, IL-11,

ciliary neurotrophic factor (CNTF), and cardiotrophin-1
(CT-1) (Taupin et al., 1998; Turnley and Bartlett, 2000).
LIF binds to its specific receptors LIFR, then recruit gp130
to form a high affinity receptor complex to induce the
activation of the downstream signaling pathways such as
JAK/STAT3, PI3K/Akt, ERK, and mTOR pathways (Burdon
et al., 2002; Pera and Tam, 2010). We have shown that both LIF
and STAT3 mRNA expression and STAT3 phosphorylation at
tyrosine 705 were increased in the ocular hypertensive
animals, which were fully blocked by SNC-121 treatment,
suggesting that LIF might be required for the STAT3
activation for pro-inflammatory cytokines production.
However, we did not measured the association of LIF with
gp130 and JAK/STAT3 in the current study and this will be the
goal for our future studies.

Recently, we have also shown that a sustained activation of
δ-opioid receptors can lead to epigenetic changes via
regulating histone acetylation and histone deacetylates
(HDACs) in optic nerve head astrocytes and rat glaucoma
model (Zaidi et al., 2020) and unpublished results).
Considering our latest findings, we measured if δ-opioids-
mediated epigenetic changes can regulate neuroinflammation
in glaucoma. We hypothesized that protein acetylation
provides RGC neuroprotection. We provide a mechanistic
link that acetylation of STAT3 is reduced in response to
glaucomatous injury when it was normalized with total
STAT3. Conversely, we have seen a significant increase in
the acetylation of STAT3 at lysine 685 (Ac-K685) by SNC-121
treatment in ocular hypertensive animals. Mechanistically, we
proposed that δ-opioids will reduce HDACs and NF-ĸB
activities and simultaneously increased acetylation of
STAT3. Studies have shown that transcriptional activities of
numerous transcription factors including STAT3 are regulated
by lysine acetylation, which is regulated by HDACs. More
recently, studies have shown that transcriptional factor NF-ĸB-
mediated cytokines production is inhibited by HDAC
inhibitors via acetylation-mediated NF-ĸB transcriptional
activity (Kramer et al., 2006; Leus et al., 2016). Recently, we
also have shown that reduced acetylation of Foxo1
(transcription factor) in hybrid Th1/17 cells results in its
enhanced transcriptional activity (Chatterjee et al., 2018).
These unique epigenetic-mediated signaling mechanisms
play pivotal roles in non-ocular systems, however, if such
transcription dysregulation exist in glaucoma remains
largely unknown. We speculate existence of similar
molecular mechanisms for δ-opioid-induced acetylation of
STAT3 in the retina. In other systems, studies have shown
that inhibition of HDACs enhances STAT acetylation, blocks
NF-ĸB, and suppressed the production of pro-inflammatory
cytokines (Kumar et al., 2017). In addition, HDAC inhibitor
(sodium butyrate) attenuated STAT1-HDAC1/2 complex
formation and simultaneously increased STAT1 acetylation.
Increased acetylation of STAT1 increased its physical
interaction with transcription factors (NF-ĸB or others),
thereby inhibiting downstream signaling and production of
pro-inflammatory cytokines (Feng et al., 2016; Li et al., 2016;
Kumar et al., 2017). Data presented in the current manuscript

FIGURE 6 | Changes in STAT3 acetylation at lysine 685 (AcK685) in
response to ocular hypertension and SNC-121 treatment. The retina from
normal, ocular hypertensive, and SNC-121 treated ocular hypertensive
animals were collected at day 7, post hypertonic saline injection.
Equivalent amount of retina protein extracts (20 μg) were analyzed byWestern
blotting using a selective anti-Acetyl STAT3 (AcK685) or anti-β-actin
antibodies. The band intensities were measured using enhanced
chemiluminescence reagent and Versadoc imaging system. Bar graph
represents mean data ±SEM. OH Eyes; ocular hypertensive eyes; OH Eyes +
SNC-121, ocular hypertensive eyes with SNC-121 treatment. *p < 0.05. n � 6,
In this experiment “n” represent a biological replicate.
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support our hypothesis that protein acetylation regulates the
activity of transcription factor STAT3, which will subsequently
negatively regulate the production of pro-inflammatory
cytokines (IL-1β and IL-6). Data also provide concrete
evidence that δ-opioids regulate neuroinflammation via
STAT3 dependent pathway in which protein acetylation
played a regulatory role in the production of selective pro-
inflammatory cytokines (e.g., IL-1β and IL-6), however, other
transcription factors such as NF-ĸB may also be involved
directly or indirectly in the regulation of cytokines. We
cannot ruled out the anti-inflammatory roles of other non-
opioid agents during glaucoma pathology.

Taken together, data presented in this manuscript provide
evidence that numerous pro-inflammatory cytokines and their
associated signaling molecules are up-regulated in response to
glaucomatous injury. These cytokines are up-regulated at early
stages of glaucoma and even prior to any RGC loss. Additionally,
transcription factor (STAT3) activation and phosphorylation at
tyrosine 705 is significantly increased in ocular hypertensive
animals. In contrast, STAT3 acetylation at lysine 686 (Ac-
K685) was not reduced by glaucomatous injury but
significantly increased by δ-opioid receptor activation.
Moreover, all pro-inflammatory cytokines and STAT3
phosphorylation were fully blocked by SNC-121. Intriguingly,
a selective inhibitor of STAT3, Stattic, fully blocked the
production of IL-1β and IL-6 but it had a partial inhibitory
effect on TNF-α and IFN-γ, suggesting the involvement of other
transcriptional factors.

CONCLUSION

In conclusion, data presented in the current manuscript support
the idea that multiple neuroinflammatory genes and pathways are
involved in the development of glaucoma. However, more work is
needed to determine when and how these genes and pathways are
activated. It is also equally important to know which genes and
pathways are neuroprotective or pathogenic in glaucoma. The
current study provides novel insights that pro-inflammatory
cytokines such as IL-1β and IL-6 are regulated by δ-opioids
via STAT3-dependent pathways in rat glaucoma model. The
understanding of the regulatory mechanisms involved in
components of inflammatory responses will be highly desired
to develop a better therapy that can target neuroinflammation.
This information would then guide future therapeutic strategies,
which would include the use of selective inhibitors to target pro-
inflammatory cytokines or its upstream regulators to treat
glaucoma patients.

Opioid receptor agonists (e.g., morphine and buprenorphine)
are widely used in clinics for painmanagement. However, chronic
use of opioids can also results in unwarranted side effects (e.g.,
addiction and withdrawal). However, δ-opioids have lesser side
effects as compared to broad range non-selective opioids.
Alternatively, side-effects of opioids can be overcome by local
application (e.g., topical or intravitreal) vs. systemic application.
Nevertheless, the therapeutic potential of δ-opioid agonists have
been shown in preclinical models for other conditions including
Parkinson’s disease, pain management, and depression. Based on

FIGURE 7 | Inhibitory effects of Stattic, a selective STAT3 inhibitor, on the mRNA expression of IL-1β (A), TNF-α (B), IL-6 (C), and IFN-γ (D). The retina from normal,
ocular hypertensive, and Stattic treated ocular hypertensive animals were collected at day 7, post hypertonic saline injection. Complementary DNAwas synthesized from
1 µg total RNA extracted from retina. The relative changes in mRNA levels were measured by quantitative RT-PCR (qRT-PCR) using primers specific for each gene as
indicated in Table 1. The qRT-PCR data was normalized using ß-actin gene expression as an internal control. The relative expression was calculated based on the
comparative threshold cycle (2−ΔΔCt) method. Bar graph represents mean data ±SEM. OH Eyes; ocular hypertensive eyes; OH Eyes + Stattic, ocular hypertensive eyes
with Stattic treatment. *p < 0.05; **p < 0.01; ***p < 0.001; n � 6–9. In this experiment “n” represent a biological replicate.
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our data, we strongly believe that δ-opioid agonists represent to
have a high potential for glaucoma therapy.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by IACUCMUSC.

AUTHOR CONTRIBUTIONS

SH contributed in conception, design of the work, analysis, and
interpretation of data. SZ contributed in collection and analyzing
of data. SS and WG contributed in collection of data. SM
contributed in acquisition of mRNA data. All authors read
and approved the final manuscript.

FUNDING

This study was supported by NIH/NEI grant EY-
027355 (SH).

REFERENCES

Abdul, Y., Akhter, N., and Husain, S. (2013). Delta-opioid agonist SNC-121
protects retinal ganglion cell function in a chronic ocular hypertensive rat
model. Invest. Ophthalmol. Vis. Sci. 54 (3), 1816–1828. doi:10.1167/iovs.12-
10741

Adornetto, A., Russo, R., and Parisi, V. (2019). Neuroinflammation as a target for
glaucoma therapy. Neural Regen Res. 14 (3), 391–394. doi:10.4103/1673-5374.
245465

Airaksinen, P. J., and Heijl, A. (1983). Visual field and retinal nerve fibre layer in
early glaucoma after optic disc haemorrhage. Acta Ophthalmol. 61 (2), 186–194.
doi:10.1111/j.1755-3768.1983.tb01412.x

Akhter, N., Nix, M., Abdul, Y., Singh, S., and Husain, S. (2013a). Delta-opioid
receptors attenuate TNF-alpha-induced MMP-2 secretion from human ONH
astrocytes. Invest. Ophthalmol. Vis. Sci. 54 (10), 6605–6611. doi:10.1167/iovs.
13-12196

Akhter, N., Nix, M., Abdul, Y., Singh, S., and Husain, S. (2013b). Delta-opioid
receptors attenuate TNF-α-induced MMP-2 secretion from human ONH
astrocytes. Invest. Ophthalmol. Vis. Sci. 54 (10), 6605–6611. doi:10.1167/iovs.
13-12196

Albalawi, F., Lu, W., Beckel, J. M., Lim, J. C., McCaughey, S. A., and Mitchell, C. H.
(2017). The P2X7 receptor primes IL-1beta and the NLRP3 inflammasome in
astrocytes exposed to mechanical strain. Front. Cell. Neurosci. 11, 227. doi:10.
3389/fncel.2017.00227

Alkozi, H. A., Franco, R., and Pintor, J. J. (2017). Epigenetics in the eye: an overview
of the most relevant ocular diseases. Front. Genet. 8, 144. doi:10.3389/fgene.
2017.00144

Almasieh, M., Wilson, A. M., Morquette, B., Cueva Vargas, J. L., and Di Polo, A.
(2012). The molecular basis of retinal ganglion cell death in glaucoma. Prog.
Retin. Eye Res. 31 (2), 152–181. doi:10.1016/j.preteyeres.2011.11.002

Alsarraf, O., Fan, J., Dahrouj, M., Chou, C. J., Menick, D. R., and Crosson, C. E.
(2014a). Acetylation: a lysine modification with neuroprotective effects in
ischemic retinal degeneration. Exp. Eye Res. 127, 124–131. doi:10.1016/j.
exer.2014.07.012

Alsarraf, O., Fan, J., Dahrouj, M., Chou, C. J., Yates, P. W., and Crosson, C. E.
(2014b). Acetylation preserves retinal ganglion cell structure and function in a
chronic model of ocular hypertension. Invest. Ophthalmol. Vis. Sci 55 (11),
7486–7493. doi:10.1167/iovs.14-14792

Baneke, A. J., Lim, K. S., and Stanford, M. (2016). The pathogenesis of raised
intraocular pressure in uveitis. Curr. Eye Res 41 (2), 137–149. doi:10.3109/
02713683.2015.1017650

Benoist d’Azy, C., Pereira, B., Chiambaretta, F., and Dutheil, F. (2016). Oxidative
and anti-oxidative stress markers in chronic glaucoma: a systematic review and
meta-analysis. PLoS One. 11 (12), e0166915. doi:10.1371/journal.pone.0166915

Berson, A., Nativio, R., Berger, S. L., and Bonini, N. M. (2018). Epigenetic
regulation in neurodegenerative diseases. Trends Neurosci 41 (9), 587–598.
doi:10.1016/j.tins.2018.05.005

Bodh, S. A., Kumar, V., Raina, U. K., Ghosh, B., and Thakar, M. (2011).
Inflammatory glaucoma. Oman J. Ophthalmol. 4 (1), 3–9. doi:10.4103/0974-
620X.77655

Boland, M. V., and Quigley, H. A. (2007). Risk factors and open-angle glaucoma:
classification and application. J. Glaucoma. 16 (4), 406–418. doi:10.1097/IJG.
0b013e31806540a1

Bucolo, C., Campana, G., Di Toro, R., Cacciaguerra, S., and Spampinato, S. (1999).
Sigma1 recognition sites in rabbit iris-ciliary body: topical sigma1-site agonists
lower intraocular pressure. J. Pharmacol. Exp. Ther. 289 (3), 1362–1369

Burdon, T., Smith, A., and Savatier, P. (2002). Signalling, cell cycle and pluripotent
in embryonic stem cells. Trends Cell Biol. 12 (9), 432–438. doi:10.1016/s0962-
8924(02)02352-8

Calsolaro, V., and Edison, P. (2016). Neuroinflammation in alzheimer’s disease:
current evidence and future directions. Alzheimers Dement 12 (6), 719–732.
doi:10.1016/j.jalz.2016.02.010

Carcole, M., Kummer, S., Goncalves, L., Zamanillo, D., Merlos, M., Dickenson, A.
H., et al. (2019). Sigma-1 receptor modulates neuroinflammation associated
with mechanical hypersensitivity and opioid tolerance in a mouse model of
osteoarthritis pain. Br. J. Pharmacol. 176 (20), 3939–3955. doi:10.1111/bph.
14794

Chatterjee, S., Daenthanasanmak, A., Chakraborty, P., Wyatt, M. W., Dhar, P.,
Selvam, S. P., et al. (2018). CD38-NAD(+)axis regulates immunotherapeutic
anti-tumor T cell response. Cell Metabol. 27 (1), 85–100.e8. doi:10.1016/j.cmet.
2017.10.006

Chitranshi, N., Dheer, Y., Abbasi, M., You, Y., Graham, S. L., and Gupta, V. (2018).
Glaucoma pathogenesis and neurotrophins: focus on the molecular and genetic
basis for therapeutic prospects. Curr. Neuropharmacol. 16 (7), 1018–1035.
doi:10.2174/1570159X16666180419121247

Choi, F., Park, K. H., Kim, D. M., and Kim, T. W. (2007). Retinal nerve fiber layer
thickness evaluation using optical coherence tomography in eyes with optic disc
hemorrhage. Ophthalmic Surg. Laser. Imag. 38 (2), 118–125. doi:10.3928/
15428877-20070301-06

Chua, J., Vania, M., Cheung, C. M., Ang, M., Chee, S. P., Yang, H., et al. (2012).
Expression profile of inflammatory cytokines in aqueous from glaucomatous
eyes. Mol. Vis. 18, 431–438

Crosson, C. E., Mani, S. K., Husain, S., Alsarraf, O., and Menick, D. R. (2010).
Inhibition of histone deacetylase protects the retina from ischemic injury.
Invest. Ophthalmol. Vis. Sci. 51 (7), 3639–3645. doi:10.1167/iovs.09-4538

da Fonseca, A. C., Matias, D., Garcia, C., Amaral, R., Geraldo, L. H., Freitas, C., et al.
(2014). The impact of microglial activation on blood-brain barrier in brain
diseases. Front. Cell. Neurosci. 8, 362. doi:10.3389/fncel.2014.00362

Didonna, A., and Opal, P. (2015). The promise and perils of HDAC inhibitors in
neurodegeneration. Ann Clin Transl Neurol. 2 (1), 79–101. doi:10.1002/
acn3.147

Drance, S. M. (1989). Disc hemorrhages in the glaucomas. Surv. Ophthalmol. 33
(5), 331–337. doi:10.1016/0039-6257(89)90010-6

Feng, Q., Su, Z., Song, S., Chiu, H., Zhang, B., Yi, L., et al. (2016). Histone
deacetylase inhibitors suppress RSV infection and alleviate virus-induced
airway inflammation. Int. J. Mol. Med 38 (3), 812–822. doi:10.3892/ijmm.
2016.2691

Ferrante, R. J., Kubilus, J. K., Lee, J., Ryu, H., Beesen, A., Zucker, B., et al. (2003).
Histone deacetylase inhibition by sodium butyrate chemotherapy ameliorates
the neurodegenerative phenotype in huntington’s disease mice. J. Neurosci. 23
(28), 9418–9427. doi:10.1523/jneurosci.23-28-09418.2003

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 12 | Article 60140411

Husain et al. Neuroinflammtion, Opioids, and Glaucoma

https://doi.org/10.1167/iovs.12-10741
https://doi.org/10.1167/iovs.12-10741
https://doi.org/10.4103/1673-5374.245465
https://doi.org/10.4103/1673-5374.245465
https://doi.org/10.1111/j.1755-3768.1983.tb01412.x
https://doi.org/10.1167/iovs.13-12196
https://doi.org/10.1167/iovs.13-12196
https://doi.org/10.1167/iovs.13-12196
https://doi.org/10.1167/iovs.13-12196
https://doi.org/10.3389/fncel.2017.00227
https://doi.org/10.3389/fncel.2017.00227
https://doi.org/10.3389/fgene.2017.00144
https://doi.org/10.3389/fgene.2017.00144
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1016/j.exer.2014.07.012
https://doi.org/10.1016/j.exer.2014.07.012
https://doi.org/10.1167/iovs.14-14792
https://doi.org/10.3109/02713683.2015.1017650
https://doi.org/10.3109/02713683.2015.1017650
https://doi.org/10.1371/journal.pone.0166915
https://doi.org/10.1016/j.tins.2018.05.005
https://doi.org/10.4103/0974-620X.77655
https://doi.org/10.4103/0974-620X.77655
https://doi.org/10.1097/IJG.0b013e31806540a1
https://doi.org/10.1097/IJG.0b013e31806540a1
https://doi.org/10.1016/s0962-8924(02)02352-8
https://doi.org/10.1016/s0962-8924(02)02352-8
https://doi.org/10.1016/j.jalz.2016.02.010
https://doi.org/10.1111/bph.14794
https://doi.org/10.1111/bph.14794
https://doi.org/10.1016/j.cmet.2017.10.006
https://doi.org/10.1016/j.cmet.2017.10.006
https://doi.org/10.2174/1570159X16666180419121247
https://doi.org/10.3928/15428877-20070301-06
https://doi.org/10.3928/15428877-20070301-06
https://doi.org/10.1167/iovs.09-4538
https://doi.org/10.3389/fncel.2014.00362
https://doi.org/10.1002/acn3.147
https://doi.org/10.1002/acn3.147
https://doi.org/10.1016/0039-6257(89)90010-6
https://doi.org/10.3892/ijmm.2016.2691
https://doi.org/10.3892/ijmm.2016.2691
https://doi.org/10.1523/jneurosci.23-28-09418.2003
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Gordon, J., and Piltz-Seymour, J. R. (1997). The significance of optic disc
hemorrhages in glaucoma. J. Glaucoma. 6 (1), 62–64

Grieshaber, M. C., Orgul, S., Schoetzau, A., and Flammer, J. (2007). Relationship
between retinal glial cell activation in glaucoma and vascular dysregulation.
J. Glaucoma. 16 (2), 215–219. doi:10.1097/IJG.0b013e31802d045a

Haberland, M., Montgomery, R. L., and Olson, E. N. (2009). The many roles of
histone deacetylates in development and physiology: implications for disease
and therapy. Nat. Rev. Genet 10 (1), 32–42. doi:10.1038/nrg2485

Husain, S., Abdul, Y., and Crosson, C. E. (2012a). Preservation of retina ganglion
cell function by morphine in a chronic ocular-hypertensive rat model. Invest.
Ophthalmol. Vis. Sci. 53 (7), 4289–4298. doi:10.1167/iovs.12-9467

Husain, S., Abdul, Y., and Potter, D. E. (2012b). Non-analgesic effects of opioids:
neuroprotection in the retina. Curr. Pharmaceut. Des. 18 (37), 6101–6108.
doi:10.2174/138161212803582441

Husain, S., Abdul, Y., Singh, S., Ahmad, A., and Husain, M. (2014). Regulation of
nitric oxide production by δ-opioid receptors during glaucomatous injury. PLoS
One 9 (10), e110397. doi:10.1371/journal.pone.0110397

Husain, S., Ahmad, A., Singh, S., Peterseim, C., Abdul, Y., and Nutaitis, M. J.
(2017). PI3K/Akt pathway: a role in delta-opioid receptor-mediated RGC
neuroprotection. Invest. Ophthalmol. Vis. Sci. 58 (14), 6489–6499. doi:10.
1167/iovs.16-20673

Husain, S. (2018). Delta opioids: neuroprotective roles in preclinical studies.
J. Ocul. Pharmacol. Ther. 34 (1-2), 119–128. doi:10.1089/jop.2017.0039

Husain, S., Potter, D. E., and Crosson, C. E. (2009). Opioid receptor-activation:
retina protected from ischemic injury. Invest. Ophthalmol. Vis. Sci. 50 (8),
3853–3859. doi:10.1167/iovs.08-2907

Hwang, Y. H., Kim, Y. Y., Kim, H. K., and Sohn, Y. H. (2014). Changes in retinal
nerve fiber layer thickness after optic disc hemorrhage in glaucomatous eyes.
J. Glaucoma 23 (8), 547–552. doi:10.1097/IJG.0000000000000083

Johnson, E. C., Doser, T. A., Cepurna, W. O., Dyck, J. A., Jia, L., Guo, Y., et al.
(2011). Cell proliferation and interleukin-6-type cytokine signaling are
implicated by gene expression responses in early optic nerve head injury in
rat glaucoma. Invest. Ophthalmol. Vis. Sci 52 (1), 504–518. doi:10.1167/iovs.10-
5317

Kitaoka, Y., Kitaoka, Y., Kwong, J. M., Ross-Cisneros, F. N., Wang, J., Tsai, R. K.,
et al. (2006). TNF-alpha-induced optic nerve degeneration and nuclear factor-
kappab p65. Invest. Ophthalmol. Vis. Sci. 47 (4), 1448–1457. doi:10.1167/iovs.
05-0299

Kondo, M., Murakawa, Y., Harashima, N., Kobayashi, S., Yamaguchi, S., and
Harada, M. (2009). Roles of proinflammatory cytokines and the fas/fas ligand
interaction in the pathogenesis of inflammatory myopathies. Immunology 128
(1 Suppl. l), e589–599. doi:10.1111/j.1365-2567.2008.03039.x

Kramer, O. H., Baus, D., Knauer, S. K., Stein, S., Jager, E., Stauber, R. H., et al.
(2006). Acetylation of stat1 modulates NF-kappab activity. Genes Dev. 20 (4),
473–485. doi:10.1101/gad.364306

Krishnan, A., Kocab, A. J., Zacks, D. N., Marshak-Rothstein, A., and Gregory-
Ksander, M. (2019). A small peptide antagonist of the fas receptor inhibits
neuroinflammation and prevents axon degeneration and retinal ganglion cell
death in an inducible mouse model of glaucoma. J. Neuroinflammation 16 (1),
184. doi:10.1186/s12974-019-1576-3

Kumar, P., Gogulamudi, V. R., Periasamy, R., Raghavaraju, G., Subramanian, U.,
and Pandey, K. N. (2017). Inhibition of HDAC enhances STAT acetylation,
blocks NF-kappab, and suppresses the renal inflammation and fibrosis in Npr1
haplotype male mice. Am. J. Physiol. Ren. Physiol. 313 (3), F781–F795. doi:10.
1152/ajprenal.00166.2017

Lebrun-Julien, F., and Suter, U. (2015). Combined HDAC1 and HDAC2 depletion
promotes retinal ganglion cell survival after injury through reduction of p53
target gene expression. ASN Neuro. 7 (3). doi:10.1177/1759091415593066

Lee, S. J., Zhou, T., Choi, C., Wang, Z., and Benveniste, E. N. (2000). Differential
regulation and function of fas expression on glial cells. J. Immunol 164 (3),
1277–1285. doi:10.4049/jimmunol.164.3.1277

Leus, N. G., Zwinderman, M. R., and Dekker, F. J. (2016). Histone deacetylase 3
(HDAC 3) as emerging drug target in NF-kappaB-mediated inflammation.
Curr. Opin. Chem. Biol. 33, 160–168. doi:10.1016/j.cbpa.2016.06.019

Li, Z. Y., Li, Q. Z., Chen, L., Chen, B. D., Wang, B., Zhang, X. J., et al. (2016).
Histone deacetylase inhibitor RGFP109 overcomes temozolomide resistance by
blocking NF-kappaB-dependent transcription in glioblastoma cell lines.
Neurochem. Res 41 (12), 3192–3205. doi:10.1007/s11064-016-2043-5

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J.,
Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by
activated microglia. Nature 541 (7638), 481–487. doi:10.1038/nature21029

Liu, J., and Wang, F. (2017). Role of neuroinflammation in amyotrophic lateral
sclerosis: cellular mechanisms and therapeutic implications. Front. Immunol 8,
1005. doi:10.3389/fimmu.2017.01005

Neal, M., and Richardson, J. R. (2018). Epigenetic regulation of astrocyte function
in neuroinflammation and neurodegeneration. Biochim. Biophys. Acta (BBA)
Mol. Basis Dis 1864 (2), 432–443. doi:10.1016/j.bbadis.2017.11.004

Ohira, S., Inoue, T., Iwao, K., Takahashi, E., and Tanihara, H. (2016). Factors
influencing aqueous proinflammatory cytokines and growth factors in uveitic
glaucoma. PLoS One 11 (1), e0147080. doi:10.1371/journal.pone.0147080

Osborne, N. N., Nunez-Alvarez, C., Joglar, B., and Del Olmo-Aguado, S. (2016).
Glaucoma: focus on mitochondria in relation to pathogenesis and
neuroprotection. Eur. J. Pharmacol 787, 127–133. doi:10.1016/j.ejphar.2016.
04.032

Pelzel, H. R., Schlamp, C. L., and Nickells, R. W. (2010). Histone H4 deacetylation
plays a critical role in early gene silencing during neuronal apoptosis. BMC
Neurosci 11, 62. doi:10.1186/1471-2202-11-62

Pera, M. F., and Tam, P. P. (2010). Extrinsic regulation of pluripotent stem cells.
Nature 465 (7299), 713–720. doi:10.1038/nature09228

Ransohoff, R. M. (2016). How neuroinflammation contributes to
neurodegeneration. Science 353 (6301), 777–783. doi:10.1126/science.aag2590

Rouaux, C., Jokic, N., Mbebi, C., Boutillier, S., Loeffler, J. P., and Boutillier, A. L.
(2003). Critical loss of CBP/p300 histone acetylase activity by caspases-6 during
neurodegeneration. EMBO J 22 (24), 6537–6549. doi:10.1093/emboj/cdg615

Ryu, H., Smith, K., Camelo, S. I., Carreras, I., Lee, J., Iglesias, A. H., et al. (2005).
Sodium phenylbutyrate prolongs survival and regulates expression of anti-
apoptotic genes in transgenic amyotrophic lateral sclerosis mice. J. Neurochem.
93 (5), 1087–1098. doi:10.1111/j.1471-4159.2005.03077.x

Saha, R. N., and Pahan, K. (2006). HATs and HDACs in neurodegeneration: a tale
of disconcerted acetylation homeostasis. Cell Death Differ 13 (4), 539–550.
doi:10.1038/sj.cdd.4401769

Sanderson, J., Dartt, D. A., Trinkaus-Randall, V., Pintor, J., Civan, M. M.,
Delamere, N. A., et al. (2014). Purines in the eye: recent evidence for the
physiological and pathological role of purines in the RPE, retinal neurons,
astrocytes, Muller cells, lens, trabecular meshwork, cornea and lacrimal gland.
Exp. Eye Res. 127, 270–279. doi:10.1016/j.exer.2014.08.009

Sappington, R. M., Chan, M., and Calkins, D. J. (2006). Interleukin-6 protects
retinal ganglion cells from pressure-induced death. Invest. Ophthalmol. Vis. Sci
47 (7), 2932–2942. doi:10.1167/iovs.05-1407

Schmitt, H. M., Pelzel, H. R., Schlamp, C. L., and Nickells, R. W. (2014). Histone
deacetylase 3 (HDAC3) plays an important role in retinal ganglion cell death
after acute optic nerve injury.Mol. Neurodegener 9, 39. doi:10.1186/1750-1326-
9-39

Siddique, S. S., Suelves, A. M., Baheti, U., and Foster, C. S. (2013). Glaucoma and
uveitis. Surv. Ophthalmol 58 (1), 1–10. doi:10.1016/j.survophthal.2012.04.006

Suda, T., Okazaki, T., Naito, Y., Yokota, T., Arai, N., Ozaki, S., et al. (1995).
Expression of the fas ligand in cells of T cell lineage. J. Immunol 154 (8),
3806–3813

Taupin, J. L., Pitard, V., Dechanet, J., Miossec, V., Gualde, N., and Moreau, J. F.
(1998). Leukemia inhibitory factor: part of a large ingathering family. Int. Rev.
Immunol 16 (3-4), 397–426. doi:10.3109/08830189809043003

Tejada, M. A., Montilla-Garcia, A., Gonzalez-Cano, R., Bravo-Caparros, I., Ruiz-
Cantero, M. C., Nieto, F. R., et al. (2018). Targeting immune-driven opioid
analgesia by sigma-1 receptors: opening the door to novel perspectives for the
analgesic use of sigma-1 antagonists. Pharmacol. Res. 131, 224–230. doi:10.
1016/j.phrs.2018.02.008

Tezel, G. (2013). Immune regulation toward immunomodulation for
neuroprotection in glaucoma. Curr. Opin. Pharmacol. 13 (1), 23–31. doi:10.
1016/j.coph.2012.09.013

Turnley, A. M., and Bartlett, P. F. (2000). Cytokines that signal through the
leukemia inhibitory factor receptor-beta complex in the nervous
system. J. Neurochem. 74 (3), 889–899. doi:10.1046/j.1471-4159.2000.
0740889.x

Watanabe-Fukunaga, R., Brannan, C. I., Itoh, N., Yonehara, S., Copeland, N. G.,
Jenkins, N. A., et al. (1992). The cDNA structure, expression, and chromosomal
assignment of the mouse fas antigen. J. Immunol 148 (4), 1274–1279

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 12 | Article 60140412

Husain et al. Neuroinflammtion, Opioids, and Glaucoma

https://doi.org/10.1097/IJG.0b013e31802d045a
https://doi.org/10.1038/nrg2485
https://doi.org/10.1167/iovs.12-9467
https://doi.org/10.2174/138161212803582441
https://doi.org/10.1371/journal.pone.0110397
https://doi.org/10.1167/iovs.16-20673
https://doi.org/10.1167/iovs.16-20673
https://doi.org/10.1089/jop.2017.0039
https://doi.org/10.1167/iovs.08-2907
https://doi.org/10.1097/IJG.0000000000000083
https://doi.org/10.1167/iovs.10-5317
https://doi.org/10.1167/iovs.10-5317
https://doi.org/10.1167/iovs.05-0299
https://doi.org/10.1167/iovs.05-0299
https://doi.org/10.1111/j.1365-2567.2008.03039.x
https://doi.org/10.1101/gad.364306
https://doi.org/10.1186/s12974-019-1576-3
https://doi.org/10.1152/ajprenal.00166.2017
https://doi.org/10.1152/ajprenal.00166.2017
https://doi.org/10.1177/1759091415593066
https://doi.org/10.4049/jimmunol.164.3.1277
https://doi.org/10.1016/j.cbpa.2016.06.019
https://doi.org/10.1007/s11064-016-2043-5
https://doi.org/10.1038/nature21029
https://doi.org/10.3389/fimmu.2017.01005
https://doi.org/10.1016/j.bbadis.2017.11.004
https://doi.org/10.1371/journal.pone.0147080
https://doi.org/10.1016/j.ejphar.2016.04.032
https://doi.org/10.1016/j.ejphar.2016.04.032
https://doi.org/10.1186/1471-2202-11-62
https://doi.org/10.1038/nature09228
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1093/emboj/cdg615
https://doi.org/10.1111/j.1471-4159.2005.03077.x
https://doi.org/10.1038/sj.cdd.4401769
https://doi.org/10.1016/j.exer.2014.08.009
https://doi.org/10.1167/iovs.05-1407
https://doi.org/10.1186/1750-1326-9-39
https://doi.org/10.1186/1750-1326-9-39
https://doi.org/10.1016/j.survophthal.2012.04.006
https://doi.org/10.3109/08830189809043003
https://doi.org/10.1016/j.phrs.2018.02.008
https://doi.org/10.1016/j.phrs.2018.02.008
https://doi.org/10.1016/j.coph.2012.09.013
https://doi.org/10.1016/j.coph.2012.09.013
https://doi.org/10.1046/j.1471-4159.2000.0740889.x
https://doi.org/10.1046/j.1471-4159.2000.0740889.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Williams, P. A., Marsh-Armstrong, N., Howell, G. R., Lasker, I. I. o. A., and
Glaucomatous Neurodegeneration, P. (2017). neuroinflammation in glaucoma:
a new opportunity. Exp. Eye Res. 157, 20–27. doi:10.1016/j.exer.2017.02.014

Wilson, G. N., Inman, D. M., Dengler Crish, C. M., Smith, M. A., and Crish, S. D.
(2015). Early pro-inflammatory cytokine elevations in the DBA/2J mouse model
of glaucoma. J. Neuroinflammation. 12, 176. doi:10.1186/s12974-015-0399-0

Yang, X., Hondur, G., and Tezel, G. (2016). Antioxidant treatment limits
neuroinflammation in experimental glaucoma. Invest. Ophthalmol. Vis. Sci.
57 (4), 2344–2354. doi:10.1167/iovs.16-19153

Ye, Q., Lin, Y. N., Xie, M. S., Yao, Y. H., Tang, S. M., Huang, Y., et al. (2019). Effects
of etanercept on the apoptosis of ganglion cells and expression of fas, TNF-
alpha, caspases-8 in the retina of diabetic rats. Int. J. Ophthalmol 12 (7),
1083–1088. doi:10.18240/ijo.2019.07.05

Zaidi, S., Thakore, N., Singh, S., Mehrotra, S., Gangaraju, V., and Husain, S. (2020).
Histone deacetylases regulation by δ-opioids in human optic nerve head
astrocytes. Invest. Ophthalmol. Vis. Sci. [Epub ahead of print]. 10.1167/iovs.
61.11.17

Zenkel, M., Lewczuk, P., Junemann, A., Kruse, F. E., Naumann, G. O., and
Schlotzer-Schrehardt, U. (2010). Proinflammatory cytokines are involved
in the initiation of the abnormal matrix process in pseudoexfoliation
syndrome/glaucoma. Am. J. Pathol. 176 (6), 2868–2879. doi:10.2353/
ajpath.2010.090914

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.

Copyright © 2021 Husain, Zaidi, Singh, Guzman and Mehrotra. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 12 | Article 60140413

Husain et al. Neuroinflammtion, Opioids, and Glaucoma

https://doi.org/10.1016/j.exer.2017.02.014
https://doi.org/10.1186/s12974-015-0399-0
https://doi.org/10.1167/iovs.16-19153
https://doi.org/10.18240/ijo.2019.07.05
https://doi.org/10.1167/iovs.61.11.17
https://doi.org/10.1167/iovs.61.11.17
https://doi.org/10.2353/ajpath.2010.090914
https://doi.org/10.2353/ajpath.2010.090914
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Reduction of Neuroinflammation by δ-Opioids Via STAT3-Dependent Pathway in Chronic Glaucoma Model
	Introduction
	Materials and Methods
	Animals
	Development of Glaucoma Model by Hypertonic Saline Injection
	RNA Extraction and Real Time-Polymerase Chain Reaction
	Immunohistochemistry
	Protein Extraction and Western Blotting
	Statistical Analysis

	Results
	Changes in the Intraocular Pressure in Response to Glaucomatous Injury
	Regulation of Pro-inflammatory Cytokines by δ-Opioid Receptor Activation in Rat Glaucoma Model
	Effects of δ-Opioid Receptor Agonist (SNC-121) on Transcription Factors STATS in Glaucoma Model
	Effects of δ-Opioid Receptor Agonist (SNC-121) on STAT3Y705 Phosphorylation
	Effects of SNC-121 Treatment on STAT3 Acetylation
	Inhibition of Pro-inflammatory Cytokines by a STAT3 Inhibitor in Rat Glaucoma Model

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


