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Abstract
Glaucoma, a leading cause of irreversible blindness, is characterized by the pro-
gressive loss of retinal ganglion cells (RGCs) and optic nerve damage, often as-
sociated with elevated intraocular pressure (IOP). Retinoid X receptors (RXRs) 
are ligand-activated transcription factors crucial for neuroprotection, as they 
regulate gene expression to promote neuronal survival via several biochemical 
networks and reduce neuroinflammation. This study investigated the thera-
peutic potential of 9-cis-13,14-dihydroretinoic acid (9CDHRA), an endogenous 
retinoid RXR agonist, in mitigating RGC degeneration in a high-IOP-induced 
experimental model of glaucoma. We administered 9CDHRA to glaucomatous 
mice eyes via intravitreal injections and assessed its effects on endoplasmic 
reticulum (ER) stress markers, glial cell activation, and RGC survival. Our 
findings demonstrated that 9CDHRA treatment significantly protected inner 
retinal function and retinal laminar structure in high-IOP glaucoma. The treat-
ment reduced ER stress markers, increased protein lysine acetylation, and di-
minished glial cell activation, leading to a significant decrease in apoptotic cells 
under glaucomatous conditions. These results suggest that 9CDHRA exerts 
neuroprotective effects by modulating key pathogenic pathways in glaucoma, 
highlighting its potential as a novel therapeutic strategy for preserving vision 
in glaucoma.
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1   |   INTRODUCTION

Retinoid X receptors (RXRs) belong to a specific sub-
group in the nuclear receptors (NRs) superfamily that 
profoundly influence gene expression and cellular func-
tions. The RXR family consists of α, β, and γ isotypes, 
and they exhibit a unique ability to form homodimer 
or heterodimer complexes with other NRs, including 
retinoic acid receptors (RARs), lipid X receptor (LXR), 
peroxisome proliferator-activated receptor (PPAR) and 
nuclear receptor-related-1 (Nurr1), influencing intricate 
signaling pathways.1–3 RXRs function as ligand-activated 
transcription factors to regulate target gene expression 
and possess a multidomain molecular architecture with 
corresponding activities, including the N-terminal acti-
vation function (AF-1), the central core DNA-binding do-
main (DBD), and the C-terminal ligand-binding domain 
(LBD).4 The conformational changes induced by a ligand 
binding determine the composition of the receptor dimer 
complex bound to specific DNA sequences known as ret-
inoid response elements (RAREs) and in particular re-
cruitment of coactivators to promote gene transcription.4,5 
Activation of RXRs can occur either through the binding 
of endogenous or exogenous ligands (rexinoids). Various 
derivatives of retinoids (e.g. 9-cis retinoic acid (9-cis-RA)) 
and free fatty acids (e.g. docosahexaenoic acid (DHA) or 
eicosapentaenoic acid (EPA)) were suggested to function 
as endogenous ligands for RXRs in specific conditions.6 
Among all the proposed endogenous ligands, 9-cis-RA 
has been considered an endogenous ligand of RXRs for 
a long time.7,8 RARs, which are well-studied and physio-
logically relevant partners of RXRs, are also activated by 
all-trans retinoic acid or 9-cis-RA, further underscoring 
the broader regulatory biochemical networks governed 
by this interaction.3,9 In 2015, 9-cis-13,14-dihydroretinoic 
acid (9CDHRA) was reported as the first endogenous, 
physiologically relevant ligand of RXRs, and it represents 
an active metabolite of a novel vitamin A5/X pathway 
identified in rodents and humans.10–13 Further, high phys-
iological concentrations of 9CDHRA for transactivation 
of RXRs are believed to be achieved upon the administra-
tion of high doses of synthetic dihydro-retinoids or after 
the intake of high amounts of foods rich in vitamin A5/X 
derivatives.14

Acting as a crucial transcriptional regulator, RXRs via 
heterodimer complex formation play multifaceted roles in 
the CNS, including the retina. They influence neurodevel-
opment, neurodifferentiation, neurotransmission, remye-
lination, neuroprotection, and immune modulation.2,15,16 
In recent years, an increasing number of pieces of evidence 
show the implication of RXRs in various neurological dis-
orders, including Alzheimer's disease, Parkinson's disease, 
multiple sclerosis, and stroke.2,15–17 As a result, RXRs have 

become a promising focus for therapeutic interventions, 
and there has been a growing interest in the utilization of 
retinoids in preclinical models for developing treatments 
for neurodegenerative diseases.18 Activation of RXRs by 
specific ligands modulates targeted gene expression and 
their biochemical networks. These specific modulations 
have been shown to reduce endoplasmic reticulum (ER) 
stress and suppress proapoptotic pathways in neuronal 
stress and toxicity conditions.19 Beneficial effects of RXR 
activation have also been observed during mitochondrial 
stress and free radical accumulation. Further, ligand-
mediated modulation of RXRs has been shown to attenu-
ate inflammation via STAT3, MAPK, and NF-κB signaling 
pathways and enhance oligodendrocyte progenitor cell 
(OPC) differentiation to promote remyelination.2,18,20

Glaucoma is a multifaceted eye disease characterized 
by optic nerve damage and progressive degenerative 
loss of retinal ganglion cells (RGCs) within the inner 
retina, leading to irreversible vision loss. An important 
risk factor in glaucoma pathogenesis and disease pro-
gression is high intraocular pressure (IOP) mediated 
by biomechanical stress.21 However, patients with nor-
mal IOP also develop glaucoma, and in many high-IOP 
patients, the vision continues to deteriorate even after 
IOP-lowering management.22,23 The underlying molec-
ular mechanisms of glaucoma pathophysiology are pres-
ently not well understood. Dysregulated biochemical 
networks of pro-survival and pro-death signaling path-
ways are thought to strongly influence the degeneration 
of RGCs and induce optic nerve damage in glaucoma.24 
RGC degeneration in glaucoma is mediated by multifac-
eted processes, including oxidative stress, mitochondrial 
dysfunction, neurotrophic factor deficits, excitotoxicity, 
ER stress, vascular dysfunction, and glial activation.24–26 
Several studies have demonstrated the expression of 
retinoid RXRs in retinal cells and highlighted their cru-
cial role in retinal development, as well as their dys-
regulation in retinal degenerative diseases, including 
glaucoma.2,24,27,28 Our previous research has shown 
RXR expression in RGCs in both human and mouse ret-
inas and documented its dysregulation in glaucoma.19 
Furthermore, pharmacological activation of RXRs, 
such as with the agonist bexarotene, has been shown to 
prevent apoptosis in retinal injury models and cellular 
stress models by modulating ER stress and proapoptotic 
signaling pathways.19,29 Developing effective neuropro-
tective treatments for glaucoma requires identifying 
key molecular targets within signaling pathways to pre-
vent or delay RGC loss. In this regard, RXR modulation 
with potent ligands offers a promising approach to mit-
igate dysfunctional molecular pathways linked to RGC 
degeneration. RXR activation by specific ligands has 
been shown to regulate targeted gene expression and 
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influence the biochemical networks to alleviate ER and 
mitochondrial stress and suppress proapoptotic and in-
flammatory pathways in neuronal injury models.2 Based 
on these findings, this study hypothesized that targeting 
RXR with its natural ligand could protect RGCs from de-
generation in a glaucoma animal model. In this study, we 
identified the protective effects of 9CDHRA treatment 
in  vivo, demonstrating its ability to mitigate RGC loss 
and optic nerve damage under elevated IOP conditions. 
The activation of RXRs by its natural ligand, 9CDHRA, 
induced a biochemical network that suppressed the ER 
stress pathway, inhibited apoptotic changes, restored 
key proteins involved in lipid homeostasis and mem-
brane integrity, and suppressed the inflammatory acti-
vation of microglia and macroglia.

2   |   MATERIALS AND METHODS

2.1  |  Experimental animals and 9CDHRA 
treatment

All procedures involving animals in this study ad-
hered to the Australian Code of Practice for the Care 
and Use of Animals for Scientific Purposes, as well as 
the guidelines outlined in the ARVO (Association for 
Research in Vision and Ophthalmology) Statement for 
the Use of Animals in Ophthalmic and Vision Research, 
and Macquarie University Animal Ethics Committee 
approved all experimental protocols (AEC Reference 
No. 2020/029). Four to 6-week-old wild-type C57BL/6 
mice were obtained from Animal Resources Centre 
(ARC), Perth, Australia, and Ozgene ARC Pty Ltd., 
Bentley, Western Australia, and kept in the Macquarie 
University Animal Care Facility under regulated tem-
perature (between 21 and 28°C) and 12-hour light/dark 
cycles. Three to four mice were housed in each cage. 
9CDHRA was obtained from Acanthus Research Inc. 
(Mississauga, Canada; ACA-160929-0001, Lot# RETR-
9887-S906-108A, Purity 96.7%). The sterile solution 
of 9CDHRA was prepared as described previously.10 
Briefly, 9CDHRA was dissolved in ethanol and sterile 
dimethylsulfoxide (DMSO) and then resuspended with 
sterile PBS. The corresponding vehicle or 9CDHRA so-
lution was carefully administered into the eyes through 
intravitreal injection (2 μL and 1 μM) following the 
steps described previously.30,31 Mice were anesthetized 
in an induction chamber with 2–5% isoflurane in oxy-
gen. During the procedure, anesthesia was maintained 
with 1–3% isoflurane in oxygen (0.6–1 L/min flow rate) 
while the animals were positioned on a warming pad 
to maintain body temperature. After ensuring complete 
anesthesia, the ocular surface was pretreated with 5% 

povidone-iodine, followed by saline irrigation. Once the 
pupils were dilated with topical 1% tropicamide, topical 
anesthetic drops (Alcaine, proxymetacaine 0.5%) were 
applied before the injection. A single dose of 9CDHRA 
or vehicle solution (2 μL) was carefully administered 
through the sclera. The injection was performed at a 
45° angle into the vitreous, directed toward the ora ser-
rata and posterior to the temporal limbus, taking care 
to avoid contact with the lens. A 33G sterile, endotoxin-
free needle attached to a 5-μL Hamilton syringe was used 
for the injection, which was performed under a surgical 
microscope (OPMI Vario S88, Carl Zeiss, Oberkochen, 
Germany) to ensure precise targeting. After injection, 
the needle was left in place for 10 s to allow diffusion 
of the solution and minimize reflux along the injection 
track. Post-injection, 0.3% ciprofloxacin and 0.1% dexa-
methasone eye drops were applied. The intravitreal in-
jection of vehicle or 9CDHRA solution was performed 
once weekly for 8 weeks. The animals were randomly 
allocated into four mice groups, each consisting of 10 
mice: (1) control (normal IOP, vehicle-treated) group, (2) 
control (normal IOP) group with 9CDHRA treatment, 
(3) high-IOP-subjected group (vehicle-treated), and (4) 
high-IOP-subjected group with 9CDHRA treatment.

2.2  |  Chronic ocular hypertension 
animal model

To induce a chronic experimental model of glaucoma, 
mice were subjected to sustained elevation of intraocular 
pressure (IOP) through weekly intracameral injection of 
polystyrene microbeads (FluoSpheres polystyrene mi-
crospheres, 10 μm, Invitrogen, Thermo Fisher Scientific 
Pty Ltd) as described previously.32,33 Briefly, mice were 
anesthetized with 2–5% isoflurane in oxygen and main-
tained on 1–3% isoflurane in oxygen (0.6–1 L/min flow 
of oxygen) on a heating pad during the injection proce-
dure. After anesthesia, topical tropicamide 1% and prox-
ymetacaine 0.5% (Alcaine, Alcon Laboratories NSW, 
Australia) eye drops were applied for pupil dilation and 
local anesthesia, respectively. Intracameral injections 
(2 μL; 3.6 × 106 microbeads/mL) were performed using a 
Hamilton syringe connected to a disposable 33G needle 
(TSK Laboratory, Tochigi, Japan). The cornea was gen-
tly punctured near the limbus, and the needle was tan-
gentially inserted beneath the corneal surface, releasing 
2 μL of microbeads into the anterior chamber. All in-
traocular injection procedures were conducted under 
an operating microscope (OPMI Vario S88, Carl Zeiss, 
Oberkochen, Germany), ensuring no needle contact 
with the iris or lens. One eye was randomly selected for 
microbead injection, while the eyes of control (sham) 
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animals (normal IOP) received an equivalent volume 
of sterile PBS. Weekly microbead injections were ad-
ministered for the first 4 weeks to maintain IOP levels 
above 20 mmHg. If IOP declined after the fourth week, 
additional injections were administered during weeks 
five and six to sustain the target pressure. IOPs were 
measured using an iCare TonoLab rebound tonometer 
(iCare, Finland), designed for small animal models. 
Mice were anesthetized under isoflurane to minimize 
stress and ensure immobility during the procedure. The 
tonometer probe was positioned perpendicular to the 
central cornea at a distance of approximately 2–3 mm, 
avoiding contact with the corneal surface to prevent in-
jury or artifact. The IOPs were measured weekly from 
four consecutive measurements obtained for each eye. 
Measurements were performed during the same time of 
day to account for diurnal variations in IOP. To maintain 
consistency, all measurements were conducted under 
identical environmental conditions, including lighting 
and temperature, to minimize variability. Proper cali-
bration of the tonometer was confirmed before each use, 
following the manufacturer's instructions.31,34

2.3  |  Electroretinographic (ERG) analysis

Scotopic electroretinographic recordings were conducted 
following established procedures using the Ganzfeld 
ERG system (Phoenix Research Laboratories, Pleasanton, 
CA, USA) as previously described.31,32 Overnight dark-
adapted mice were anesthetized with intraperitoneal in-
jections of ketamine and medetomidine (75 and 0.5 mg/
kg, respectively) and placed on a warming pad to main-
tain body temperature. Pupils were dilated using 1% 
tropicamide, and topical anesthetic (Alcaine, Alcon 
Laboratories Pty Ltd) drops were applied under dim red 
light. The ground and reference electrodes were inserted 
into the tail and subcutaneously at the middle of the fore-
head, respectively. To maintain normal body tempera-
ture, an electric heating pad was employed throughout 
the recording process. The recording electrode (gold-
plate objective lens) was positioned on the corneal sur-
face, applying carmellose for optimal cornea –electrode 
contact during ERG recordings. After achieving baseline 
stabilization in darkness, ERG responses were individu-
ally recorded from each eye. A dim stimulation (−4.3 log 
cd·s/m2) was delivered 30 times at a frequency of 0.5 Hz, 
and the measurement of the amplitude of the positive 
scotopic threshold response (pSTR) was conducted from 
the baseline to the approximately 120 ms positive peak.34 
The pSTR response in full-field ERG is often preferred 
due to its higher sensitivity to early signs of inner retinal 
dysfunction, as reported in previous studies.35,36

2.4  |  Immunofluorescence staining

The immunofluorescence staining (IF) of retinal and 
optic nerve cryosections was performed using previ-
ously established protocols.33,34 Enucleated mice eyes 
and optic nerve tissues were subjected to fixation for 
2 h in freshly prepared 4% paraformaldehyde (PFA) 
and were subsequently washed three times with PBS to 
remove residual PFA. To maintain consistent orienta-
tion during tissue embedding, the eyeballs were marked 
with tissue marking dye. After the fixation process, eyes 
were immersed in a 30% sucrose solution overnight be-
fore being embedded in the optimal cutting temperature 
compound (OCT) (Sakura Finetek, CA, USA). Tissue 
sections, 7 μm thick for eyes and 5 μm for optic nerves, 
were prepared using a Leica CM1950 cryostat cryo sec-
tion equipment (Leica Biosystems, Nussloch, Germany). 
The tissue sections were then treated with a blocking 
buffer containing 0.3% Triton X-100 and 5% donkey 
serum (Sigma-Aldrich, St. Louis, MO, USA) in PBS 
for 2 h at room temperature. After blocking, the tissue 
sections were subjected to overnight primary antibody 
incubation at 4°C prepared in antibody dilution buffer 
(1 × PBS/2% BSA/0.3% Triton X-100). The following 
primary antibodies and their dilutions were used for 
IF staining: rabbit anti-Iba1 (1:1500; Cat# 019-19 741); 
rabbit anti-GFAP (1:1500; Cat# Z0334); mouse anti-
phosphorylated neurofilament heavy chain (pNFH) 
(1:300; Cat# 801601) mouse anti-acetylated lysine 
(1:500, Cat# MA1-2021); mouse anti-ABCA1 (1:1000; 
Cat# ab18180); rabbit anti-RXRα (1:1000, Cat#3085) 
and mouse anti-CHOP (1:300, Cat# 2895). Following 
primary antibody incubation, the tissue sections were 
washed three times with PBS and then incubated with 
the corresponding secondary antibodies (1:1000, donkey 
anti-rabbit Cy3 or donkey anti-mouse Alexa Fluor 488; 
Jackson ImmunoResearch Labs) for 60 min at room tem-
perature. Following another round of PBS washings, the 
slides were mounted using anti-fade mounting media 
with Prolong 4′,6-diamidino-2-phenylindole (DAPI) 
(Life Technologies, Eugene, OR, USA). Image acquisi-
tion was performed using a Zeiss fluorescence micro-
scope (ZEISS Axio Imager, Carl Zeiss, Oberkochen, 
Germany). Immunostaining of tissues from different 
mouse groups was performed under identical conditions 
and in parallel to minimize variability due to fixation, 
permeabilization, or staining procedures. To establish 
the specificity of the immunostaining, the antibodies 
were validated through negative controls (no primary 
antibody), IgG controls, and positive controls, which 
were processed in parallel (Figure S2). The images were 
captured within the dynamic range by adjusting the 
imaging parameters such as laser intensity, gain, and 
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exposure time, and applying dynamic range calibration 
tools to prevent signal saturation. Once parameters were 
standardized, all images were captured under identi-
cal settings for comparison across treatment groups. 
Quantitative analysis of relative fluorescence intensity 
was performed using the ImageJ software (version 1.52; 
NIH, Bethesda, MD, USA) on the images obtained from 
three sections of each animal tissue. The images were 
converted to 8-bit grayscale in ImageJ, and appropri-
ate thresholding was applied to distinguish signal from 
background for accurate quantification. After setting a 
uniform threshold, relative mean immunofluorescence 
intensities were measured.30,33

2.5  |  Histology

Following fixation, the eyes were processed in an 
automated Leica ASP200S tissue processor (Leica 
Biosystems) and were subsequently embedded in par-
affin wax. To ensure consistent eye orientation, tissue 
marking dye was applied. Paraffin slices (7 μm thick) of 
retinal sections encompass the entire retina cut through 
the optic nerve head in a parasagittal plane containing 
both the superior and inferior retina within the optic 
nerve width. These sections were subjected to hema-
toxylin and eosin (H&E) staining using an optimized 
procedure.31,32 Imaging was performed with a Zeiss 
Microscope (ZEISS Axio Imager Z2), and analysis was 
carried out using ImageJ. The number of cells in the 
ganglion cell layer (GCL) was quantified along a length 
of 500 μm (from 100 to 600 μm from the optic disc edge). 
Cell counts were derived from three consecutive sec-
tions of each animal eye and averaged to assess the GCL 
cell count (n = 4 animals/group).

2.6  |  Western Blot Analysis

Retinal tissues obtained from the eyes were immediately 
span frozen in liquid nitrogen and subsequently resus-
pended in ice-cold lysis buffer (20 mM Tris–HCl, pH 8.0, 
1% Triton X-100, 2 mM EDTA, 2 mM PMSF, 100 mM 
NaCl, 1 mM Na3VO4, and complete protease inhibitor 
cocktail). Following homogenization by sonication on 
ice, the samples were centrifuged at 10 000 × g for 10 min 
at 4°C to collect protein supernatants. The protein con-
centration in the obtained lysates was determined using 
the Micro BCA assay (Thermo Fisher Scientific, MA, 
USA). Approximately 20 μg of proteins were resolved 
on SDS-PAGE and electroblotted onto a nitrocellulose 
membrane using the Invitrogen iBlot2 system (Thermo 
Fisher Scientific, MA, USA) as previously described.37–39 

Following protein transfer, the membranes were washed 
with TTBS (20 mM Tris–HCl pH 7.4, 100 mM NaCl, and 
0.1% Tween 20) and blocked with BSA (3%) in TTBS for 
1 h at room temperature. After that, primary antibody 
solutions were added, and the blot membranes were in-
cubated overnight at 4°C. The following concentrations 
of primary antibodies were used: anti-Iba1 (1:1000; Cat# 
019–19 741), anti-GFAP (1:1000; Cat# Z0334), anti-Bcl2 
(1:1000; Cat# 2876), anti-Bad (1;1000; Cat# 9292), anti-
Bax (1:1000; Cat# ab32503), anti-CHOP (1:1000, Cat# 
2895), anti-ATF4 (1:1000, Cat# 11815), anti-ABCA1 
(1:1000; Cat# ab18180), anti-RXRα (1:1000, Cat#3085) 
and anti-β-actin (1:5000; Cat# ab6276). Following pri-
mary antibody incubation, membranes underwent four 
washes (5 min each) with TTBS and were subsequently 
incubated for 1 h at room temperature with second-
ary antibodies conjugated with horseradish peroxidase 
(anti-rabbit 1:5000 and anti-mouse 1:5000, Jackson 
ImmunoResearch Labs). After four additional washes, 
protein bands were visualized using enhanced chemi-
luminescence (Super Signal West Femto Maximum 
Sensitive Substrate; Thermo Fisher Scientific) following 
the manufacturer's instructions. Western blot images 
were captured with a Bio-Rad ChemiDocMP Imaging 
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Mean densitometric analysis of protein band intensities 
was performed using ImageJ software, and the relative 
expression of target proteins was assessed after normali-
zation to β-actin.

2.7  |  Histone deacetylase (HDAC) 
enzyme activity assay

HDAC activity in retinal lysates from different mouse 
groups was measured using the fluorometric HDAC 
Activity Assay Kit (Abcam, #ab156064) following the 
manufacturer's protocol for a 96-well plate format. The 
HDAC activity assay was conducted using a Pherastar 
microplate reader (BMG LABTECH, Germany) follow-
ing the previously described procedure.19 Retinal lysates 
were prepared in an HDAC assay buffer, and protein con-
centration was determined using the BCA protein assay 
kit. For each well, 20 μg of retinal lysate was added, with 
blank wells containing assay buffer without lysate. HDAC 
substrate was then added to each well, ensuring thorough 
mixing with the lysates without introducing air bubbles. 
The plate was incubated for 30–60 min at room tempera-
ture, allowing HDAC enzymes to deacetylate the sub-
strate and generate a fluorogenic product. Fluorescence 
intensity was measured using the Pherastar microplate 
reader with excitation at 360 nm and emission at 460 nm. 
Data were recorded over 90-min time, and the changes in 

 15306860, 2025, 6, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202402642R

 by U
niversity O

f N
ew

 E
ngland, W

iley O
nline L

ibrary on [11/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 18  |      BASAVARAJAPPA et al.

fluorescence intensity were plotted during the incubation 
intervals to assess HDAC activity.

2.8  |  Apoptotic assay (TUNEL staining)

To evaluate apoptotic changes in retinal cells, terminal 
deoxynucleotidyl transferase-mediated dUTP-biotin 
nick end labeling (TUNEL) staining was performed on 
paraffin-embedded retinal sections using the DeadEnd 
Fluorometric TUNEL System kit (Promega), following 
a previously established procedure.33,40 In brief, paraf-
fin retinal sections were deparaffinized with xylene, 
rehydrated through decreasing ethanol concentrations, 
and subjected to a 15-min fixation in a 4% paraformal-
dehyde (PFA) solution, followed by PBS washing. The 
rehydrated sections were permeabilized with proteinase 
K (20 μg/mL), washed, and refixed in 4% PFA for 5 min. 
After washing with PBS, the sections were incubated 
with a TUNEL reaction mixture (containing equilibra-
tion buffer, nucleotide mix, and rTdT enzyme) at 37°C 
for 1 h in the dark. To prevent tissue from drying and to 
ensure even distribution of the reaction mix, a plastic 
coverslip was placed over the slides during incubation. 
Following incubation, the slides (without the plastic cov-
erslip) were immersed in 2× saline-sodium citrate (SSC) 
buffer for 15 min to halt the reaction. Subsequently, the 
slides were washed with PBS and mounted with pro-
longed anti-fade mounting media containing Prolong 
DAPI (Life Technologies, Eugene, OR, USA). The apop-
totic cell staining was examined using epifluorescence 
microscopy (ZEISS Axio Imager, Carl Zeiss, Oberkochen, 
Germany), and TUNEL-positive cells were quantified 
over a 600 μm length (in regions spanning 100–800 μm 
from the edge of the optic disk) on immunofluorescence 
images (n = four in each group).

2.9  |  Statistical analysis

All statistical analyses of STR amplitudes, histology, rela-
tive fluorescence intensity, western blot band density, and 
TUNEL assay data was performed using the GraphPad 
Prism 8 software (GraphPad Software Inc., San Diego, 
CA, USA). The sample size (n) in each figure indicates 
the number of tissues from the different animals of the 
same group. One-way ANOVA was used to compare the 
groups statistically, and Tukey's test was used for multiple 
comparisons (GraphPad Prism). For each given n size, all 
data are shown as mean ± standard deviation of the mean 
(SD), and for data analysis, a p-value <.05 was considered 
statistically significant.

3   |   RESULTS

3.1  |  9CDHRA treatment protects inner 
retinal function in glaucomatous injury

The potential protective effects of 9CDHRA treatment on 
the retina against glaucomatous injury were evaluated 
using a chronic high-IOP model in wild-type C57BL/6 
adult mice, as reported previously.31,33 The eyes were sub-
jected to intracameral microbead injections for 2 months 
to induce chronic elevation of IOPs, and the eyes received 
weekly vehicle or 9CDHRA administration through in-
travitreal injections. The dose of 1 μM used in this study 
was based on prior recommendations, as 9CDHRA binds 
to RXRs with high affinity to elicit downstream effects.12,14 
The retinal functional changes were analyzed using posi-
tive scotopic threshold response (pSTR) electrophysiologi-
cal recordings before harvesting the tissues (Figure  1A). 
After receiving intracameral microbead injections, the mice 
groups showed gradually increased IOP to 20–25 mmHg. 
After 8 weeks, the IOPs of the mice treated with 9CDHRA 
were comparable to those of the vehicle-treated control 
group (Figure  1B). Assessment of inner retinal function 
using pSTR amplitudes revealed a significant decrease in 
the high-IOP-subjected eyes, indicating a decline in the 
function of the inner retina compared to the normal IOP 
conditions. This high-IOP-induced loss of pSTR ampli-
tudes was significantly protected in the eyes treated with 
9CDHRA (p < .001; Figure 1C,D). The pSTR amplitude loss 
of 59.32 ± 3.01% observed in vehicle-treated high-IOP con-
ditions was reduced to 22.21 ± 4.28% in the 9CDHRA treat-
ment group. The pSTR amplitudes in the 9CDHRA-treated 
mice were comparable to those in untreated mice under 
normal IOP conditions. These results suggested that RXR 
agonist 9CDHRA treatment in the retina is protective of 
neural function in glaucomatous injury conditions.

3.2  |  Treatment with 9CDHRA preserves 
retinal structure and optic nerve integrity 
against glaucomatous degeneration

We next evaluated the cellular density changes in the 
GCL and the extent of optic nerve (ON) damage by H&E 
histological analysis of retinal sections and immunofluo-
rescence staining of optic nerves with phosphorylated 
neurofilament heavy chain (pNFH) antibody (Figure 2). 
The mice eyes subjected to microbead-induced high IOP 
showed a significant loss of GCL cell density compared 
with the control normal IOP mice eyes (p < .0001). When 
compared to the vehicle-treated mice group, the GCL 
cell density loss in the 9CDHRA-treated mice group was 
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significantly diminished under high-IOP conditions. The 
GCL cell density decreased by 52.57 ± 7.08 in the vehicle-
treated mice group in high-IOP conditions and was re-
duced to 20.58 ± 6.01% (p < .0001; Figure  2A,B) in the 
9CDHRA-treated mice group. The mice retinas treated 
with 9CDHRA showed similar GCL cell density under 
normal IOP conditions. Dephosphorylation of the neuro-
filament heavy chain in RGC axons has been observed in 
eyes with high IOP.31,41 Hence, we used immunofluores-
cence labeling of ON cross-sections with pNFH antibody to 
assess the degree of ON degeneration. Immunoreactivity 
measurements revealed a significant decrease in pNFH+ 
areas in high-IOP ON sections. When the mice were treated 
with 9CDHRA, ON axonal damage observed in elevated 
IOP conditions decreased significantly from 53.59 ± 6.64% 
to 27.21 ± 6.92% (p < .01; Figure 2C,D). However, no sig-
nificant changes were observed with 9CDHRA treatment 
under normal IOP conditions. These findings suggested 
that 9CDHRA has a protective effect on the retina and ON 
from neurodegenerative changes induced by chronically 
elevated IOP.

3.3  |  9CDHRA treatment attenuates ER 
stress responses in glaucoma conditions

The involvement of the ER stress response and activation 
of the unfolded protein response (UPR) pathway has been 
implicated in RGC degeneration in various experimental 
models of glaucoma.24,42 Activation of RXRs by various li-
gands has been correlated with the modulation of UPR and 
other ER stress pathways.2,19 Given these considerations, 
our next investigation focused on assessing the effects of 
9CDHRA treatment on ER stress-associated changes in 
the retina in glaucomatous conditions. The expression 
levels of ER stress-associated marker proteins, specifically 
C/EBP homologous protein (CHOP) and activating tran-
scription factor 4 (ATF4), were evaluated in retinal tissue 
samples using immunofluorescence staining and western 
blotting techniques. Immunofluorescence analysis of reti-
nal sections using a CHOP antibody revealed enhanced 
reactivity, primarily within the GCL, exhibiting colocali-
zation with the neuronal marker NeuN under elevated 
IOP conditions compared to ocular normotensive mice. 

F I G U R E  1   (A) Schematic diagram illustrating the experimental design and evaluation of retinal tissue for functionality, structure, 
and biochemical changes. (B) Chronic elevation of intraocular pressure (IOP) was induced in the eyes of wild-type C57BL/6 mice through 
intracameral microbead injections for 8 weeks in different mouse groups, and the vehicle or 9CHDRA was administered via intravitreal 
injections. (C) Assessment of positive scotopic threshold responses (pSTR; averaged plots) in mouse eyes treated with or without 9CDHRA 
after 8 weeks of sustained elevated IOP. (D) Quantification of the pSTR amplitudes showing the significant protective effects of 9CDHRA 
on preserving the inner retinal function in high-IOP induced glaucomatous injury conditions (NS, not significant, ****p < .0001, ***p < .001, 
one-way ANOVA analysis with Tukey's multiple comparisons test, n = 10 per group).
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Notably, this increased CHOP expression was markedly 
attenuated in mice treated with 9CDHRA in high-IOP-
induced glaucomatous injury (Figure  3A). Additionally, 
western blot analysis of retinal lysates corroborated these 
findings, demonstrating a significant reduction in CHOP 
expression under high-IOP conditions upon treatment 
with 9CDHRA. Western blot quantitative analysis dem-
onstrated a 2.77 ± 0.20-fold increase in CHOP expression 
in vehicle-treated high-IOP retinas, which was reduced to 
1.47 ± 0.13-fold in the 9CDHRA treatment group (p < .0001; 
Figure 3B,C). Similarly, a 2.43 ± 0.21-fold increase in the 
expression of ATF4 observed in vehicle-treated elevated 
IOP retinas was significantly reduced to 1.40 ± 0.12-fold 
in 9CDHRA-treated mice retinas (p < .0001; Figure 3D,E). 
No significant changes were noticed in the expression of 
these proteins in the retinal samples under normal IOP 
conditions. These results suggested that 9CDHRA treat-
ment is involved in suppressing the ER stress pathway ac-
tivation in the retina in glaucomatous conditions.

3.4  |  Suppression of HDAC activity with 
9CDHRA treatment

RXR activation and histone deacetylase (HDAC) regulation 
are two interconnected processes governing gene expression 

and diverse cellular functions.43,44 RXR activation has been 
shown to have an inverse correlation with HDAC regulation, 
and increased HDAC activity has been implicated as playing 
an important role in inducing RGC degeneration and ON 
damage in retinal degradative conditions.45–47 To explore 
the effects of 9CDHRA on HDAC activity, we analyzed its 
activity in retinal tissue samples using a fluorometric activ-
ity assay kit. Similar to earlier studies on HDAC activation 
in RGC damage models, we found elevated HDAC activity 
in high-IOP conditions. This increased HDAC activity seen 
in glaucomatous retinas was significantly reduced in mice 
eyes treated with 9CDHRA (p < .05; Figure 4A). In a previ-
ous study, suppression of HDAC activity in elevated IOP 
conditions increased protein acetylation, leading to pro-
tective effects against RGC loss.48 We aimed to assess the 
protein acetylation changes in the retina by immunofluores-
cence staining using the antibody against acetylated lysine 9 
of histone H3. In the retinas of mice with normal IOP, lysine 
acetylation staining was observed throughout the inner nu-
clear layer and ganglion cell layer. Conversely, the retinas of 
mice subjected to high IOP exhibited markedly diminished 
lysine acetylation in the ganglion cell layer. However, mice 
eyes treated with 9CDHRA showed increased acetylated ly-
sine staining in the retina compared to the vehicle-treated 
mice group. Quantitative immunoreactivity measurements 
showed significantly increased lysine acetylation (p < .001; 

F I G U R E  2   9CDHRA treatment protects inner retinal structure and optic nerve damage in chronic high-IOP conditions.  
(A) Representative images of hematoxylin and eosin-stained sagittal cross-sections of the eyes, with arrows indicating changes in cell 
densities. Scale bar: 50 μm. Layers identified include the ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear layer (ONL). 
(B) Quantification of cell density in the GCL from retinal hematoxylin and eosin-stained images showing significant differences (NS, not 
significant, ****p < .0001, n = 4 per group). (C) Immunofluorescence staining of optic nerve cross-sections using pNFH (SIM-31), with green 
staining indicating pNFH+ areas. Scale bar: 50 μm for full sections and 10 μm for high magnification areas (boxed regions).  
(D) Quantification of immunoreactivity of pNFH in the optic nerves revealed significant differences, demonstrating the protective effects of 
9CDHRA on the inner retinal structure and optic nerve under high-IOP injury conditions. Statistical analysis was performed using one-way 
ANOVA followed by Tukey's multiple comparisons test (NS, not significant, ****p < .0001, **p < .01, n = 4 per group).
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Figure 4B,C) with 9CDHRA treatment in high-IOP condi-
tions. Taken together, these results suggest that 9CDHRA 
treatment was associated with negative regulation of HDAC 
activity that correlated with increased protein acetylation in 
the retina in glaucoma conditions.

3.5  |  Reduced apoptotic pathway 
activation in glaucoma upon 9CDHRA 
treatment

In glaucomatous conditions, RGCs have been demon-
strated to undergo degeneration and cell death primarily 

through the apoptotic pathways.24,49 We examined 
the apoptotic changes in retinal sections to investigate 
the neuroprotective impact of 9CDHRA in glaucoma-
tous conditions. The retinas assessed by TUNEL assay 
showed significantly increased apoptotic cells in the 
ganglion cell layer (p < .0001) under chronic high IOP 
conditions. However, treatment with 9CDHRA signifi-
cantly mitigated the presence of TUNEL-positive cells in 
high-IOP retinas (Figure 5A,B). Next, we assessed altera-
tions in the expression levels of apoptotic pathway pro-
teins, including Bax, Bcl2, and Bad, within retinal lysates 
using western blot analysis (Figure 5C). These proteins 
belong to the Bcl2 family, where Bcl-2 functions as an 

F I G U R E  3   Impact of 9CDHRA treatment on the reduction of ER stress markers under chronic high-IOP conditions. (A) 
Immunofluorescence images of eye sections stained with CHOP (red), the neuronal marker NeuN (green), and DAPI (blue) (representative 
images, scale bar: 50 μm; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer), demonstrating the upregulation 
of CHOP and its modulation with 9CDHRA treatment in high-IOP retinas. Arrows indicate the increase in CHOP immunoreactivity in 
glaucomatous injury compared to controls and its reduction following 9CDHRA treatment. (B) Representative western blots showing the 
expression levels of CHOP in retinal tissues under normal and high-IOP conditions. (C) Densitometric analysis quantifying CHOP blot 
densities normalized to β-actin. (D) Immunoblot analysis displaying ATF4 expression levels (representative blots) in retinal tissues. (E) 
Densitometric quantification of ATF4 band intensities normalized to β-actin. Statistical analysis of the western blot results shows that CHOP 
and ATF4 protein levels significantly decreased with 9CDHRA treatment compared to the untreated group in high-IOP injury conditions 
(NS, not significant, ****p < .0001, one-way ANOVA with Tukey's multiple comparisons test, n = 4 per group).
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10 of 18  |      BASAVARAJAPPA et al.

antiapoptotic factor, while Bax and Bad act as proapop-
totic factors.50 These proteins are crucial in controlling 
apoptosis, and their expression changes have been ob-
served in the RGCs in response to glaucomatous injury.51 
Western blot densitometric quantitative analysis of reti-
nal lysates revealed a significant decrease in the expres-
sion of the antiapoptotic protein Bcl-2, which was reduced 

by 1.75 ± 0.19-fold, while the proapoptotic proteins Bax 
and Bad showed a significant increase of 2.66 ± 0.11-fold 
and 2.55 ± 0.20-fold, respectively, under high-IOP condi-
tions in the vehicle-treated mice group. The 9CDHRA 
treatment restored these expression changes to a sig-
nificant extent in the high IOP-exposed mice group. The 
9CDHRA-treated mice showed significantly increased 
Bcl2 expression and suppressed the proapoptotic Bax 
and Bad in high-IOP glaucomatous injury (p < .0001; 
Figure 5D–F). No significant changes were observed in 
the expression of these apoptotic pathway proteins in 
the retinal samples treated with 9CDHRA under normal 
IOP conditions. Collectively, these results suggested that 
RXR agonist 9CDHRA treatment suppressed the proa-
poptotic pathway in experimental glaucomatous injury 
conditions.

3.6  |  Induction of RXR-regulated ABCA1 
expression with 9CDHRA treatment 
in the retina

Activation of RXRs by agonists has been shown to up-
regulate ATP-binding cassette subfamily A member 1 
(ABCA1) expression through heterodimerization with 
LXRs in several studies.52–54 ABCA1 is expressed in the 
retina, including RGCs, and its reduced expression is 
considered a risk factor for glaucoma.55,56 To determine 
whether RXR activation via 9CDHRA treatment induces 
ABCA1 expression, we analyzed retinal tissues using im-
munostaining and western blotting. We first evaluated 
the effects of 9CDHRA treatment on RXRα expression 
in the retina. Our previous studies have documented 
RXR expression in RGCs and its downregulation under 
glaucomatous conditions.19 Consistent with prior find-
ings, immunofluorescence staining of retinal sections 
revealed decreased RXR expression in the GCL of glau-
comatous mice compared to the control mice group 
(Figure  S1A). However, this reduction was markedly 
preserved in the 9CDHRA-treated group. Quantitative 
immunoblot analysis of retinal lysates confirmed a sig-
nificant downregulation of RXR in high-IOP mice reti-
nas compared to controls. Notably, 9CDHRA treatment 
effectively prevented RXR downregulation in glauco-
matous mice retinas (Figure S1B, C). Next, we assessed 
ABCA1 expression, and our immunofluorescence stain-
ing of retinal sections showed a marked increase in 
ABCA1 expression in the GCL layer of 9CDHRA-treated 
mice (Figure  6A). Similarly, immunoblotting analysis 
of retinal lysates demonstrated a significant decrease in 
ABCA1 expression under high-IOP conditions, whereas 
9CDHRA-treated mice exhibited a significant upregula-
tion of ABCA1 in both normal and high-IOP conditions 

F I G U R E  4   Effects of 9CDHRA treatment on HDAC inhibition 
and protein lysine acetylation. (A) Time-dependent HDAC 
enzyme activity was measured in retinal tissue lysates from 
different groups of mice. The resulting data is plotted on a graph 
showing an increased HDAC activity in high-IOP retinas, which 
decreases with 9CDHRA treatment. The dotted lines represent 
non-linear regression least squares Sigmoidal fit (*p < .05). (B) 
Immunofluorescence images of the eye sections stained with 
acetyl lysine antibody (green) and DAPI (blue) (representative 
images: Scale bar, 50 μm; GCL, ganglion cell layer; INL, inner 
nuclear layer; ONL, outer nuclear layer), arrows indicate the 
changes in acetylated lysine staining in the GCL. (C) Quantitative 
immunoreactivity measurements reveal a significant upregulation 
of protein acetylation with 9CDHRA treatment (*p < .05, **p < .01, 
***p < .001, one-way ANOVA analysis with Tukey's multiple 
comparisons test; n = 4 per group).
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(Figure 6B,C), consistent with the immunofluorescence 
results. These findings suggest that RXR activation via 
9CDHRA treatment induces ABCA1 expression in the 
retina, contributing to protective effects against glauco-
matous injury.

3.7  |  9CDHRA treatment reduces glial 
activation in glaucomatous injury

Chronic glaucoma conditions are greatly influenced 
by neuroinflammatory glial cell activation, which has 

F I G U R E  5   Eyes treated with 9CDHRA exhibit reduced apoptotic changes in the ganglion cell layer under experimental glaucoma 
conditions. (A) Assessment of TUNEL apoptotic changes conducted in the 100–700 μM region from the edge of the optic disk in retinal 
sections. The arrows indicate changes in TUNEL staining in the ganglion cell layer after 8 weeks of elevated IOP induction. The 
representative image shows TUNEL staining (red) and nuclear staining with DAPI (blue) (Scale bar = 50 μM. GCL, ganglion cell layer; 
INL, inner nuclear layer; ONL, outer nuclear layer). (B) Quantification of TUNEL-positive cells in the GCL of retinas revealed a significant 
decrease in the number of TUNEL-positive cells in the retinas treated with 9CDHRA under high-IOP conditions (NS, not significant, 
***p < .001, ****p < .0001, one-way ANOVA with Tukey's multiple comparisons test, n = 4 per group). (C) Representative immunoblots 
displaying the expression levels of the apoptotic pathway proteins Bad, Bcl2, and Bax. The band intensities from the western blots were 
quantified densitometrically and normalized to β-Actin for (D) Bad expression, (E) Bcl2 expression, and (F) Bax expression. Treatment with 
9CDHRA significantly restored the changes in apoptotic markers under high-IOP conditions (NS, not significant, ****p < .0001, one-way 
ANOVA with Tukey's multiple comparisons test, n = 4 per group).
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been shown to play an important role in disease pro-
gression.57,58 To examine this phenomenon, we assessed 
glial activation in both retinal and ON tissues of mice 
eyes, utilizing Iba1 as a marker for microglia and GFAP 
for Müller glia and astrocytes. Immunofluorescence 
analysis of retinal sections indicated a markedly el-
evated presence of Iba1-positive cells with activated 
morphology in response to high-IOP injury compared to 
control mice retinas. Notably, this activation was miti-
gated in the retinas treated with 9CDHRA (Figure 7A). 
Further, densitometric quantitative analysis of west-
ern blot bands revealed significantly increased levels 
(3.31 ± 0.21-fold) of Iba1 expression in the high-IOP 
group retinal lysates vehicle-treated compared to con-
trols, and this increased Iba1 expression was signifi-
cantly reduced in the mice retinas treated with 9CDHRA 
(p < .0001; Figure 7B,C). Similar to the retina, ONs ex-
hibited microglial activation in response to high-IOP 
injury. Quantitative measurements of Iba1 immuno-
reactivity revealed a significant decrease in microglial 
activation (p < .001; Figure  8A,B) following 9CDHRA 

treatment under high-IOP conditions. Iba1 expression 
in the 9CDHRA-treated retinas was similar to that in 
the control, untreated retinal samples under normal 
IOP conditions. We assessed reactive gliosis by examin-
ing the expression of the intermediate filament protein 
GFAP. In control normal IOP animals, GFAP immu-
noreactivity was localized to the GCL in retinal cross-
sections. However, in retinas subjected to elevated IOP, 
GFAP labeling was increased, with Müller cell processes 
extending into the inner nuclear layer (Figure  7D). 
Similarly, hypertrophic reactive astrogliosis, character-
ized by GFAP upregulation, was evident in ON sections 
under high-IOP conditions (Figure 8C). Treatment with 
9CDHRA resulted in reduced reactive gliosis both in the 
retina and ONs. Quantitative analysis of retinal lysates 
via western blotting revealed a 3.68 ± 0.18-fold upregula-
tion of GFAP expression in high-IOP retinas compared 
to the normal IOP group. However, 9CDHRA treatment 
significantly suppressed GFAP expression compared 
to vehicle-treated mice subjected to high-IOP injury 
(p < .0001; Figure  7E,F). Furthermore, the increased 

F I G U R E  6   Upregulation of ABCA1 expression in the retinas treated with 9CDHRA. (A) Immunofluorescence images of retinal sections 
stained for ABCA1 (green) and DAPI (blue) (representative images, scale bar: 50 μm; ONL, outer nuclear layer; INL, inner nuclear layer; 
GCL, ganglion cell layer). ABCA1 expression is upregulated in the GCL with 9CDHRA treatment (arrows indicate changes in ABCA1 
immunoreactivity). (B) Western blot analysis of retinal tissues showing ABCA1 protein levels (representative blots). (C) Densitometric 
quantification of ABCA1 expression (normalized to β-actin) reveals a significant decrease in ABCA1 levels in high-IOP retinas, with its 
upregulation following 9CDHRA treatment under both normal and high-IOP conditions (**p < .01, ***p < .001, one-way ANOVA with 
Tukey's multiple comparisons test, n = 4 per group).
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GFAP immunoreactivity observed in optic nerves under 
high-IOP injury was significantly reduced (p < .001; 
Figure  8D) in 9CDHRA-treated mice. No significant 
differences were found between 9CDHRA-treated and 
untreated control retinas under normal IOP conditions. 
In summary, these findings suggest that 9CDHRA treat-
ment contributes to the suppression of glial activation in 
response to high-IOP glaucomatous injury.

4  |  DISCUSSION

As ligand-activated transcription factors, retinoid X 
receptors (RXRs) play crucial roles in the intricate 

molecular networks that govern CNS function and dys-
function. RXRs are nuclear receptors that regulate the 
expression of specific genes in response to binding with 
ligands. A variety of compounds, including retinoids and 
fatty acids, have been suggested as natural binding part-
ners for RXRs.2,6,7 However, 9-cis-13,14-dihydroretinoic 
acid (9CDHRA) has recently gained attention as an 
endogenous RXR ligand, sparking a growing inter-
est in its potential roles.10,14 Importantly, 9CDHRA is 
an active molecule that belongs to the vitamin A5/X 
class, a novel category of vitamin A. This class includes 
9-cis-13,14-dihydroretinol and 9-cis-13,14-dihydro-β, β-
carotene as nutritional precursors, distinguishing them 
from the pathways associated with classical vitamin A 

F I G U R E  7   Suppression of retinal glial activation with 9CDHRA under experimental glaucoma conditions. (A) Immunofluorescence 
images of eye sections stained with Iba1 (red) for microglia and DAPI (blue) (representative images, scale bar: 50 μm; ONL, outer nuclear 
layer; INL, inner nuclear layer; GCL, ganglion cell layer) demonstrate microglial activation and its modulation with 9CDHRA treatment in 
high-IOP retinas (arrows indicate changes in Iba1 immunoreactivity). (B) Western blot analysis of retinal tissues for Iba1 levels following 
high-IOP injury (representative blots). (C) Densitometric quantitative analysis of Iba1 blot densities (normalized to β-actin) reveals increased 
Iba1 levels in high-IOP retinas and a significant reduction with 9CDHRA treatment (NS, not significant, ****p < .0001, one-way ANOVA 
with Tukey's multiple comparisons test, n = 4 per group). (D) Immunofluorescence images of eye sections stained with GFAP (green) and 
DAPI (blue) for analysis of reactive gliosis (Müller glia) (representative images, scale bar: 50 μm; GFAP expression and hypertrophy changes 
indicated by arrows). (E) Western blot analysis of GFAP protein expression in retinal lysates (representative blots). (F) Densitometric 
quantitative analysis of GFAP blots shows a significant reduction in GFAP expression with 9CDHRA treatment under high-IOP injury 
conditions (NS, not significant, ****p < .0001, one-way ANOVA with Tukey's multiple comparisons test, n = 4 per group).
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signaling.6,12 In this study, we provided strong evidence 
for the neuroprotective benefits of 9CDHRA treatment 
in a mouse model of high-IOP-induced glaucoma. The 
study comprehensively assessed the impact of 9CDHRA 
treatment on retinal function, structure, including ER 
stress, HDAC activity, apoptotic pathway activation, 
and glial activation in glaucomatous conditions, dem-
onstrating neuroprotective findings.

In the retina, RXRs are involved in the regulation 
of gene expression related to retinal development, 
cell differentiation, and maintenance of retinal in-
tegrity.59 Previously, the activation of RXRs has been 
shown to promote the survival of photoreceptors 
via inhibiting apoptosis in a mouse model of retini-
tis pigmentosa.27 We have previously reported that 
the expression of RXRs is negatively affected in the 
glaucomatous retinas, and we observed that the phar-
macological agonist of RXR, bexarotene, elicited 
protective effects against the onset of glaucomatous 
conditions.19 Firstly, our results in this study demon-
strated that 9CDHRA treatment protects inner reti-
nal function against high-IOP glaucomatous injury. 
By employing positive scotopic threshold response 

(pSTR) electrophysiological recordings, we found 
significant preservation of pSTR amplitudes in eyes 
treated with 9CDHRA compared to vehicle-treated 
high-IOP-induced glaucomatous eyes. The structural 
integrity of the retina and ON, evaluated by histolog-
ical and immunofluorescence analysis, demonstrated 
a significant attenuation of GCL cell density loss and 
ON axonal damage in 9CDHRA-treated eyes compared 
to vehicle-treated glaucomatous eyes. These findings 
suggest that 9CDHRA treatment maintains inner ret-
inal function and preserves retinal and ON structure, 
indicating its potential to mitigate neurodegenerative 
changes associated with glaucoma.

Next, we investigated the molecular mechanisms un-
derlying the neuroprotective effects of 9CDHRA treat-
ment. In glaucoma, ER stress may play a significant role in 
disease development and progression.60 The activation of 
the ER stress pathway has been extensively documented 
in the retina of glaucoma mouse models, underscoring its 
pivotal role in the degeneration of RGCs.60–62 One intrigu-
ing aspect of RXR activation is that it plays a critical role 
in mitigating ER stress and maintaining cellular equilib-
rium via modulating various cellular processes.29,63 Our 

F I G U R E  8   9CDHRA treatment attenuates glial activation in the optic nerves in experimental glaucoma conditions.  
(A) Immunofluorescence images of optic nerve cross-sections (representative, scale bar: 50 μm) stained for microglia with Iba1 (red).  
(B) Quantification of Iba1 immunoreactivity indicating the microglia activation induced by high IOP was significantly reduced following 
9CDHRA treatment (NS, not significant, ***p < .001, ****p < .0001, one-way ANOVA with Tukey's multiple comparisons test, n = 4 optic 
nerves per group). (C) Representative immunofluorescence images of optic nerve cross-sections stained for reactive astrogliosis with GFAP 
(green), scale bar: 50 μm. (D) Quantitative analysis of GFAP immunoreactivity demonstrating 9CDHRA treatment significantly suppressed 
astrogliosis in experimental glaucomatous injury (NS, not significant, ***p < .001, ****p < .0001, one-way ANOVA with Tukey's multiple 
comparisons test, n = 4 per group).
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findings indicate that 9CDHRA treatment mitigated ER 
stress responses in glaucomatous conditions, as evidenced 
by the assessment of ER stress-associated marker proteins. 
Through immunofluorescence and western blot analyses, 
we observed a significant decrease in the expression levels 
of key ER stress markers, including CHOP and ATF4, with 
9CDHRA treatment compared to vehicle-treated glauco-
matous retinas. 9CDHRA treatment alleviated ER stress 
to promote RGC survival in glaucomatous injury. Previous 
studies have also demonstrated that the activation of 
RXRs by pharmacological agonists attenuated the expres-
sion of unfolded protein response target genes, including 
CHOP, thereby reducing ER stress-induced apoptosis in 
cellular stress environments including neurodegenerative 
conditions.19,29,63

Furthermore, this study investigated the role of his-
tone deacetylase (HDAC) activity in mediating the neuro-
protective effects of 9CDHRA treatment. HDAC and RXR 
have been proposed to mutually influence each other's 
functions, and the activation of RXRs was demonstrated 
to trigger transcriptional repression by impacting HDAC 
activity.2,43,44,64 Previous studies have shown a correlation 
between the activation of cellular apoptotic pathways 
and epigenetic mechanisms, including HDAC activation 
in RGCs.65,66 The expression of class 1 HDAC enzyme 
in the retina, notably within the GCL, and inhibition of 
HDAC in the retina via pharmacological approaches or 
targeted removal have been shown to confer protection 
to RGCs against injury from optic nerve crush.45,67,68 Our 
results revealed that elevated HDAC activity observed in 
glaucomatous retinas was significantly reduced follow-
ing 9CDHRA treatment. In addition, decreased protein 
acetylation observed specifically in the ganglion cell layer 
in the high-IOP retinas was preserved with 9CDHRA 
treatment that positively correlated with HDAC inhi-
bition. In order to understand how these intracellular 
biochemical network changes impact RGC survival, we 
explored the apoptotic pathway in the retinas. TUNEL 
assay and western blot analysis revealed a significant in-
crease in apoptotic cell death and imbalanced levels of 
antiapoptotic (Bcl2) and proapoptotic (Bax, Bad) proteins 
in glaucomatous retinas. These proapoptotic changes 
were significantly suppressed in 9CDHRA-treated ret-
inas. These findings indicated that 9CDHRA treatment 
attenuated apoptotic pathway activation via modulation 
of altered molecular networks, thereby promoting RGC 
survival in glaucomatous injury.

Our findings demonstrate that activation of RXRs by 
9CDHRA treatment significantly induces ABCA1 ex-
pression in the retina. These results highlight the neuro-
protective potential of RXR agonists in regulating lipid 
homeostasis and cellular survival in glaucoma. ABCA1, 
a key target of RXR-LXR signaling, is essential for lipid 

transport, cholesterol homeostasis, and cell membrane 
integrity, which are critical factors for neuronal function 
and survival.52,69 Previous studies have indicated that re-
duced ABCA1 expression is associated with increased 
susceptibility to neurodegenerative diseases, including 
glaucoma.55,69,70 Mice with ABCA1 deficiency exhibit el-
evated retinal cholesterol levels and progressive RGC loss 
with aging.55 Furthermore, ABCA1 dysfunction can im-
pair lipid metabolism and exacerbate oxidative stress and 
inflammation.70,71 In this study, we observed significant 
downregulation of ABCA1 in the high-IOP group. The 
upregulation of ABCA1 following 9CDHRA treatment 
suggests that RXR activation may counteract these patho-
logical mechanisms, thereby supporting RGC survival and 
function.

We also investigated the impact of 9CDHRA treat-
ment on glial activation in the glaucomatous retinas. 
Retinal microglia and macroglia (astrocytes and Müller 
glial) serve as the central components of the innate im-
mune system, and their early activation has been linked 
to neuronal damage in glaucoma.57,58 Glial cell activity 
analyzed by immunofluorescence and western blotting 
on the retina and optic nerve tissues revealed their acti-
vation in terms of morphology and upregulation of Iba1 
and GFAP in response to high-IOP-induced injury. A sig-
nificant reduction was observed in microglial activation 
and reactive gliosis both in the retinas and optic nerves 
following 9CDHRA treatment. RXR heterodimeriza-
tion with other nuclear family receptors such as RARs, 
PPAR, LXR, and Nurr1 plays important roles in regu-
lating the adaptive immune response of immune cells 
via various processes, including clearing cellular debris, 
facilitating cell differentiation, and controlling the re-
pression of genes encoding inflammatory mediators.72–75 
Attenuation of inflammation upon RXR activation has 
been reported previously in various studies.76–78 These 
findings indicated that 9CDHRA treatment suppressed 
neuroinflammatory responses associated with glaucoma-
tous injury, further supporting its potential as a neuro-
protective agent against glaucoma.

The neuroprotective effects observed with RXR activa-
tion following 9CDHRA treatment in this study are likely 
to influence other nuclear receptor partners. Importantly, 
RXRs form functional heterodimers with RARs in the 
retina, where they play key roles in regulating cellular 
differentiation, apoptosis, and neuroinflammation pro-
cesses critical for retinal RGC survival in glaucoma.2,79–81 
Although 9CDHRA is a selective RXR agonist, RXR ac-
tivation may indirectly overlap with RAR-mediated path-
ways due to the intrinsic functional synergy between these 
receptor families. Future studies are required to explore 
the crosstalk between RXR and RAR signaling to better 
understand their combined influence on glaucomatous 
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neurodegeneration. In summary, this study provides com-
prehensive evidence for the neuroprotective effects of 
9CDHRA treatment in a mouse model of glaucoma. By 
preserving retinal function and structure, suppressing ER 
stress and HDAC activity, attenuating apoptotic pathway 
activation, and reducing glial activation, 9CDHRA may 
serve as a novel and promising therapeutic candidate in 
glaucoma management.
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