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Abstract: Obstructive sleep apnea (OSA) is a sleep disorder characterized by intermittent complete
or partial occlusion of the airway. Despite a recognized association between OSA and glaucoma,
the nature of the underlying link remains unclear. In this study, we investigated whether mild OSA
induces morphological, inflammatory, and metabolic changes in the retina resembling those seen
in glaucoma using a rat model of OSA known as chronic intermittent hypoxia (CIH). Rats were
randomly assigned to either normoxic or CIH groups. The CIH group was exposed to periodic
hypoxia during its sleep phase with oxygen reduction from 21% to 10% and reoxygenation in 6 min
cycles over 8 h/day. The eyes were subsequently enucleated, and then the retinas were evaluated for
retinal ganglion cell number, oxidative stress, inflammatory markers, metabolic changes, and hypoxic
response modulation using immunohistochemistry, multiplex assays, and capillary electrophoresis.
Statistically significant differences were observed between normoxic and CIH groups for oxidative
stress and inflammation, with CIH resulting in increased HIF-1o protein levels, higher oxidative stress
marker 8-OHdG, and increased TNF-«. Pyruvate dehydrogenase kinase-1 protein was significantly
reduced with CIH. No significant differences were found in retinal ganglion cell number. Our findings
suggest that CIH induces oxidative stress, inflammation, and upregulation of HIF-1« in the retina,
akin to early-stage glaucoma.

Keywords: glaucoma; obstructive sleep apnea; chronic intermittent hypoxia; oxidative stress;
inflammation

1. Introduction

Glaucoma is a progressive optic neuropathy characterized by an abnormal degenera-
tion of the retinal ganglion cells (RGCs) and their axons. It currently affects approximately
80 million individuals globally and its prevalence is anticipated to exceed 111 million
by 2040 [1]. Given its asymptomatic nature, glaucoma is a leading cause of irreversible
blindness with no cure [2], the latter attributed to the multifactorial nature of the disease.
Conventionally, the incidence of glaucoma has been associated with impaired aqueous
humor outflow and elevated intraocular pressure (IOP), leading to the use of IOP-lowering
agents for the management of glaucoma over decades. However, roughly one-third of glau-
coma patients have normal IOP, and some patients on IOP-lowering therapies experience
unilateral blindness associated with this disease [3-5], indicating a need for alternative
therapeutic approaches.

Recent studies have found that decreased ocular blood flow and hypoxia are crucial in
glaucoma pathogenesis [6,7]. Oxygen is vital for tissue survival due to its crucial role in
ATP production within mitochondria [8]. Many pathologies could impair oxygenation of
ocular tissues. Among these, a higher prevalence of glaucoma has been reported in patients
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with obstructive sleep apnea (OSA) [9,10]. A reported 1.42-fold increased risk of developing
open-angle glaucoma (OAG) in people with OSA compared to controls could be reduced
following OSA surgery and/or treatment with continuous positive airway pressure [11].

OSA is a sleep disorder characterized by intermittent complete or partial occlusion
of the upper airways that results in decreased airflow and oxygen desaturation. The
severity of this disorder is staged using the apnea—hypopnea index (AHI), with mild
(AHI: 5-15 apneic episodes per hour), moderate (AHI: 15-30 apneic episodes per hour),
and severe (AHI: >30 apneic episodes per hour) divisions. Aside from glaucoma, OSA
is associated with other ocular disorders such as floppy eyelid syndrome, nonarteritic
ischemic optic neuropathy (NAION), and central serous retinopathy [12]. The association
between glaucoma and OSA has been reported in various studies, most of which were
case—control, cross-sectional, longitudinal studies or meta-analyses on the prevalence of
these conditions or the correlation of OSA severity with structural and functional changes
related to glaucomatous damage [13,14]. Despite considerable interest, the pathways un-
derlying obstructive sleep apnea (OSA)-associated glaucoma remain undefined. Several
hypotheses have been proposed, including a “mechanical” phenomenon, implicating noc-
turnal elevation of intraocular pressure (IOP) due to supine sleep posture [15], disrupted
sleep hormone balance (such as the absence of a nocturnal peak in serum melatonin in
OSA patients), and autonomic dysfunction [16]. Another possibility suggests ischemia
or abnormal perfusion contributes to optic disc vulnerability despite normal IOP read-
ings [5,17]. Vascular dysregulation involving alterations in vascular endothelial function,
leading to vascular narrowing, reduced nitric oxide availability, and elevated endothelin-1
levels, and subsequent optic nerve ischemia and damage could also contribute [18-20].
Additionally, the “hypoxia/hypercarbia” theory suggests that recurrent episodes of oxygen
deprivation and increased carbon dioxide levels directly harm oxygen-deprived neuronal
cells, triggering systemic inflammation, oxidative stress, mitochondrial dysfunction, and
ultimately ganglion cell apoptosis.

Although there are several studies correlating the incidence of glaucoma with OSA,
only a few have reported potential mechanisms involved in the phenotype observed. Fang
et al. have reported the incidence of oxidative stress within the retina following severe
OSA. They highlighted the role of the activation of the BDNF/TrkB signaling pathway in
alleviating CIH-induced oxidative stress damage of the optic nerve and retinal ganglion
cells [21]. Our current study aims to assess the metabolic, morphologic, and inflammatory
changes in the retina during mild sleep apnea. Using a rat model of sleep apnea, chronic
intermittent hypoxia (CIH), we hypothesized that mild sleep apnea initiates changes in the
retina that resemble glaucoma-associated pathological change. Protein analysis revealed
increased oxidative stress, inflammation, and hypoxia in the CIH group retina compared
to normoxic controls. These findings suggest that CIH induces early-stage glaucoma-
associated pathology within the retina.

2. Materials and Methods
2.1. Animals

All experiments were conducted according to the ARVO statement for the use of
animals in ophthalmic and vision research guidelines and approved by the University of
North Texas Health Science Center Institutional Animal Care and Use Committee (protocols
2021-0025 and 2021-0041). Tissues originated from Sprague Dawley and Long-Evans strains
(Envigo, Indianapolis, IN, USA) that were being used by collaborators to investigate central
mechanisms of obstructive sleep apnea. Using eyes from these animals allowed us to
practice the “Reduce” directive of the National Centre for the 3Rs in animal research; the
animals provided material for two studies. As such, the strain choices were driven by the
central mechanism research question. A total of 32 rats provided tissues used in this study,
20 females and 12 males. The distribution of these animals across different experiments
was as follows: 8 rats for capillary electrophoresis, 4 for immunohistochemistry, 12 for the
thiobarbituric acid reactive substance (TBARS) assay, and 8 for the Milliplex inflammatory
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assay panel. For each experiment, equal numbers of rats were assigned to the normoxic and
CIH groups; males and females appeared in all groups. Throughout the Results, n refers
to sample size. Rats were individually housed in a temperature-controlled environment
with a reverse 12:12 h light cycle (lights on at 0700 h and lights off at 1900 h). The rats were
provided standard rodent chow and water ad libitum.

2.2. CIH Protocol

Rats were randomly assigned to either normoxia or CIH treatment groups. One week
before the initiation of the CIH protocol, the home cages (clear plastic containers) of the
rats were placed into Oxycycler chambers (76.2 x 50.8 x 50.8 cm, BioSpherix, Lacona, NY,
USA) to acclimatize the rats to the chambers under normoxic conditions (21% oxygen). CIH
was performed for 8 h starting at 2100 h during the sleep phase of the circadian cycle. The
protocol consisted of oxygen reduction from 21% (room air) to 10% oxygen, then returned
to 21% oxygen in 6 min cycles per hour (10 cycles/hour) over 8 h/day. For the remaining
16 h, animals were exposed to room air. This process was repeated for 10 days. Ten-day CIH
tissue was used for immunohistochemistry and capillary electrophoresis. The cohort of rats
exposed to the CIH protocol for 14 days yielded tissue processed for immunohistochemistry
and Milliplex assay. Another cohort was exposed to the protocol for 15 days, with that
retinal tissue used for lipid peroxidation analysis (TBARS). Normoxic controls were housed
under similar conditions but were not exposed to oxygen modulation.

2.3. Sample Collection and Preparation

Animals were sacrificed within 4 to 6 h of the conclusion of CIH, between 9 am
and 11 am. A subset of the rats exposed to either CIH for 14 days (n = 2) or normoxic
(n = 2) conditions were transcardially flushed with 0.1 mol/L PBS and then perfused
with 4% paraformaldehyde in 0.1 mol/L PBS. The eyes were enucleated and kept in
4% paraformaldehyde for 1 h, then transferred into 30% sucrose in 0.1 m PBS-0.02% sodium
azide overnight, and then the cornea was removed from the globes for embedding in opti-
mal cutting temperature (OCT) media (Fisher Scientific); globes were sectioned sagittally.

For the remaining rats, CIH (n = 4) and normoxia (n = 4), retinas were isolated and
flash-frozen in liquid nitrogen. Retinal proteins were extracted with T-PER buffer containing
1x HALT protease and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA,
USA. Total protein concentration was estimated using the Bicinchoninic Acid Assay Kit
(Pierce, Waltham, MA, USA) with absorbance read using a Cytation 5 (Biotek, Winooski,
VT, USA) plate reader. Protein lysates were kept at —80 °C until use.

2.4. Immunohistochemistry

Sagittal sections of the retina (10 um thick) were incubated in blocking buffer (5% don-
key serum and 0.4% TritonX-100 in PBS) for 1 h, then with primary antibodies overnight at
4 °C. The sections were then washed three times, 10 min each, in 0.1 M phosphate-buffered
saline, and following another 30 min block, secondary antibodies prepared in blocking
buffer were added and incubated for 2 h at room temperature. Sections were washed again
in PBS and then cover-slipped using DAPI-Fluoromount-G (Southern Biotech, Birmingham,
AL, USA). Imaging of immunolabeled tissue was conducted using a Zeiss LSM 880 Airy
Scan confocal microscope. Details of the antibodies used for immunohistochemistry can be
found in Table 1. Proteins assessed using immunohistochemistry, including 8-Hydroxy-
2-Deoxyguanosine (8-OHdG), IL-6, TNF-«, and Iba-1, were quantified by measuring the
mean fluorescence intensity using Image] software (v. 1.54) [22]. The fluorescence intensity
was normalized to the background fluorescence to ensure accurate quantification. No-
primary-antibody negative control retinal sections can be found in the Supplementary
Materials (Supplementary Figure S7), along with positive controls for all antibodies used
for immunohistochemistry (Supplementary Figures S8-511). Positive controls were from
rat retinas subjected to ocular hypertension for four weeks using the microbead model of
glaucoma as described [23].
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Table 1. Antibodies used for immunohistochemistry.

Antigen Species Manufacturer  Catalog Number Dilution
Hif-1a Rabbit Novus NB100-134 1:500
Iba-1 Rabbit Wako/Sigma 019-19741 1:250
RBPMS Rabbit Genetex GTX 118619 1:250
Mouse Novus OTI3B7 1:250
TNF-o Mouse Abcam Ab1793 1:50
8-OHdG Mouse QED Bioscience 12501 1:100
IL-6 Rabbit Invitrogen PA5-120041 1:100

2.5. Protein Analysis

Proteins of interest were analyzed by capillary tube electrophoresis immunoassay
using the Protein Simple Jess instrument from Bio-Techne (Minneapolis, MN, USA). The
proteins quantified by this method were HIF-1«, SIRTUIN-1, GLUT1, GLUT3, LDH-A, and
PDK-1. Each protein was normalized to the total protein in the sample capillary according to
our previous protocol [24]. Antibodies used for protein analysis by immunohistochemistry
are listed in Table 1, while antibodies used for capillary electrophoresis are listed in Table 2.

Table 2. Antibodies used for capillary electrophoresis.

Antigen Species Manufacturer =~ Catalog Number Dilution
Hif-1 Rabbit Novus NB100-134 1:25
PDK1 Rabbit Cell Signaling C47H1 1:100
LDH-A Rabbit Novus NBP1-48336 1:100
SIRT-1 Rabbit Novus MBP2-27205 1:100
GLUT 1 Rabbit Novus NB110-39113 1:50
GLUT 3 Mouse R&D Systems MAB1415 1:25

2.6. Thiobarbituric Acid Reactive Substance (TBARS) Assay

Lipid peroxidation in retinal lysates was measured using a TBARS assay kit (Cayman
Chemical, Ann Arbor, MI, USA). Standards were freshly prepared according to the manu-
facturer’s instructions. For each sample, 100 pL of retinal lysate was mixed with 100 pL of
TCA assay reagent and 800 puL of color reagent (thiobarbituric acid (TBA) assay reagent,
TBA acetic acid solution and sodium hydroxide). The mixture was vortexed thoroughly
and incubated at 100 °C for 1 h. After incubation, the samples were cooled on ice for 10 min
and then centrifuged at 1600 x g at 4 °C. The supernatant was collected for analysis. Both
standards and retinal lysates were plated in duplicate, and the absorbance was measured
at 535 nm using a Cytation 5 plate reader (Biotek). The results are expressed as nmol/mg
of protein = SEM.

2.7. Milliplex Inflammation Panel

Inflammatory TNF-« levels within the rat retina were quantified using a MILLIPLEX®
rat cytokine/chemokine magnetic bead panel (Sigma Millipore, Cat # RECYTMAG-65 K,
Temecula, CA, USA). Magnetic beads were coupled to antibodies capturing TNF-x. Retinal
lysates were diluted 1:4 in assay buffer prior to conducting the assay according to the man-
ufacturer’s instructions. The matrix solution consisted of Tissue Protein Extraction Reagent
(TPER; Thermo Fisher Scientific) diluted 1:4 in assay buffer. Standards, quality controls,
and retinal lysates were plated in duplicate and TNF-o cytokine levels were measured on a
Luminex® 200™ instrument. Quantification was performed using a five-parameter logistic
curve analysis in xPON ENT® software version 4.3 (Luminex Corporation, Austin, TX, USA).
Quality control values for TNF-x were within the range provided by the manufacturer.
Values are presented as pg/mg of total protein == SEM.



Antioxidants 2024, 13, 878

50f 16

©

Acclimatization

()

Control group

2.8. Statistics

Data were analyzed using GraphPad Prism v.9 (La Jolla, CA, USA). Statistical analyses
were performed after evaluating normality using the Shapiro-Wilk test and then choos-
ing the appropriate parametric or non-parametric tests. Unpaired t-tests were used to
compare differences across groups within an outcome measure; p <0.05 was considered
statistically significant.

3. Results
3.1. Chronic Intermittent Hypoxia Increases Hypoxia-Inducible Factor-1a Levels

Figure 1 shows the experimental design for this study and subsequent data collection.
To assess the effect of CIH on HIF-1« protein levels, retinal cross-sections were immuno-
labeled. The CIH group showed significant immunolabeling in the nerve fiber layer as
compared to normoxia controls (Figure 2A). Retinal lysate was analyzed using capillary
electrophoresis, resulting in a significant elevation in HIF-1¢ protein in the retina of rats
exposed to CIH compared to the normoxic controls (p = 0.0198) (Figure 2B). Levels of
Sirtuin-1, a regulator of Hif-1c, were somewhat reduced in the CIH group, though were
not statistically different across the CIH and normoxia groups (Figure 2C). These HIF-1x
increases with CIH indicate that systemic hypoxia impacted the retina.

: @ Protein Extraction .
: and quantification Data analysis
- ] I o Capillary =
: 1 E — electrophoresis >
: \‘ ; ) o TBARS assay
- —~—J o Milliplex
: inflammation
: Euthanasia and panel
(no changes in O, concentration) ! enucleation of eyes
: Cuge=
‘ >
section retina Immunohistochemistry

A 4

CIH Group

(periodic reductions in O, from 21% to 10%

8 hours per day)

Figure 1. Experimental design. (1) Rats were randomly assigned to either normoxia or CIH treatment

&“ ;

groups. Seven days before the initiation of the CIH protocol, the rats” home cages were placed into
Oxycycler chambers to acclimatize the rats to the chambers under normoxic conditions (21% oxygen).
(2) CIH was performed for the CIH group over 8 h starting at 2100 h during the sleep phase of the
circadian cycle. The protocol consisted of oxygen reduction from 21% (room air) to 10% oxygen, then
returned to 21% oxygen in 6 min cycles per hour (10 cycles/hour) over 8 h/day. For the remaining
16 h, animals were exposed to room air. Normoxic control rats remained in the Oxycycler chambers
with room air (21% oxygen) for the duration. (3) Upon completion of the CIH protocol, rats were
euthanized and the retinas were analyzed for markers of inflammation and oxidative stress using
immunohistochemistry, capillary electrophoresis, thiobarbituric acid reactive substance (TBARS)
assay, and Milliplex immunoassay. Schematic created using BioRender.
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Figure 2. (A) Representative immunohistochemistry images assessing expression of HIF-1ax (green)
in the normoxic (upper panels) and CIH group (lower panels). Sections were also immunolabeled
for retinal ganglion cells (RBPMS, magenta) and cell nuclei (DAPI, blue). Scale bar = 50 um. n
(sample size) = 2 rats per group. (B) Capillary electrophoresis (CE) assessing the protein expression
of HIF-1« in the CIH group compared to normoxia showed a significant increase in HIF-1o in
the CIH group (* p =0.0198). (C) SIRTUIN-1 (SIRT-1) expression was unchanged across groups
(p = 0.5325), as measured by capillary electrophoresis; n = 4 rats per group. Error bars represent
mean £+ SEM. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer.
Electropherograms of HIF-1x and SIRTUIN-1 have been included as Supplementary Materials
(Supplementary Figures S1 and S2).

3.2. Chronic Intermittent Hypoxia Increases Oxidative Stress

CIH stimulates the production of reactive oxygen species, ultimately inducing oxida-
tive stress in the CNS [25], so we evaluated whether CIH could lead to similar alterations
in the retina. Cellular membranes, due to their high concentration of polyunsaturated fatty
acids (PUFAs), are especially susceptible to ROS damage [26]. Retinal cross-sections were
assessed for oxidative stress-associated damage of nucleic acid using an antibody against
8-Hydroxy-2-Deoxyguanosine (8-OHdG) (Figure 3A). Significant labeling was observed in
the ganglion cell and inner nuclear layers in the retina of rats exposed to CIH compared
to the normoxic controls, with a statistically significant increase in 8-OHdG fluorescence
intensity in the CIH group compared to normoxic control (Figure 3B; p = 0.0483). We
further quantified lipid peroxidation in retinal lysates using the thiobarbituric acid reactive
substance (TBARS) assay, showing that the CIH group had no different lipid peroxidation
than the normoxia group (Figure 3C; p = 0.8666). This suggests that the oxidative stress
engendered by CIH showed preference for nucleic acid over lipid damage.
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Figure 3. CIH induces oxidative stress. (A) Representative images from immunohistochemistry
assessing oxidative stress using an antibody directed against 8-OHdG (green) in the normoxic (upper
panels) and CIH group (lower panels). Arrows (white) point to RGCs labeled with an antibody
against RBPMS (magenta) in the GCL immunolabeled with 8-OHdG. Cell nuclei labeled with DAPI
(blue). Scale bar = 50 um, n = 2 rats per group. (B) Quantified fluorescence intensity of 8-OHdG
showed increased nucleic acid-associated oxidative stress damage in the CIH compared to the
normoxic group (* p = 0.0483). (C) A TBARS assay quantifying lipid peroxidation in the normoxic
group compared to CIH showed no difference across groups (p = 0.8666); n = 6 per group. Error
bars represent mean = SEM. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer
nuclear layer.

3.3. Chronic Intermittent Hypoxia Induces Inflammation

CIH is known to trigger systemic inflammation [27]. We assessed inflammation in
retinal sections using immunohistochemistry, labeling for tumor necrosis factor-o (TNF-cx)
(Figure 4A). Upon quantification of the immunolabel, we found that TNF-« was signifi-
cantly increased in the CIH group compared to the control (p = 0.0002) (Figure 4B). We also
assessed interleukin-6 (IL-6) using IHC (Figure 4C). There were no significant differences
in IL-6 protein in the normoxia versus CIH groups (Figure 4D).

3.4. Chronic Intermittent Hypoxia Induces Microglia Activation

Microglia are often activated in response to ocular insults [28]. Such activation drives
inflammation that contributes to the loss of retinal ganglion cells as observed in glau-
coma [29]. We labeled microglia using an antibody against ionized calcium binding adaptor
molecule 1 (Iba-1) (Figure 5A). Quantifying the fluorescence intensity within the CIH and
normoxic groups, we observed that Iba-1 (Figure 5B) was significantly increased in the
CIH group compared to normoxia (p < 0.0001), indicating that CIH induces inflammation
within the retina. We did investigate whether CIH promoted T-cell infiltration into the
retina by immunolabeling for CD3; however, we found no evidence of T-cell infiltration
into normoxic or CIH retinas from immunolabeling for CD3.
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Figure 4. CIH induces retinal inflammation. (A) Representative immunohistochemistry images
showing the expression of the cytokine TNF-« (green) in the normoxic (upper panels) and CIH
groups (lower panels). Retinas were colabeled with RBPMS, specific for retinal ganglion cells
(magenta), and also stained with DAPI for cell nuclei (blue). (B) Quantification of fluorescence
intensity showed increased expression of the cytokine TNF-« in the CIH group compared to normoxia
control (*** p = 0.0002; n = 2 rats per group. (C) ELISA showed a significant increase in TNF-o in
the CIH group over normoxia (* p = 0.0379, n = 4 rats per group). (D) IHC images of IL-6 (green)
in the normoxic (upper panels) and CIH group (lower panels). RBPMS (magenta) and DAPI (blue).
(E) Quantifying IL-6 fluorescence intensity showed comparable expression of IL-6 in both normoxia
and CIH groups. Error bars represent mean + SEM. GCL = ganglion cell layer; INL = inner nuclear
layer; ONL = outer nuclear layer. Scale bar = 50 um, n = 2 rats per group.

3.5. Effect of Chronic Intermittent Hypoxia on RGC Count

In glaucoma, retinal ganglion cells (RGCs) undergo apoptosis as a result of intraoc-
ular pressure-associated stresses and pathological change, including hypoxia [23,30]. We
assessed the impact of CIH on retinal ganglion cell survival by counting RCG somas in
normoxia versus CIH retinas. We observed that this degree of CIH exposure was not suffi-
cient to lead to RGC apoptosis; the RGC number was no different between the normoxia
and CIH groups (Figure 6A). Representative immunolabeling from sectioned retinas shows
RGCs in the ganglion cell layer of both normoxia and CIH groups (Figure 6B).

3.6. Effect of Chronic Intermittent Hypoxia on Metabolism

The impact of CIH on cellular glucose metabolism was assessed by quantifying
the expression of the enzymes pyruvate dehydrogenase kinase-1 (PDK-1) and lactate
dehydrogenase-A (LDH-A) using capillary electrophoresis. PDK1 and LDHA serve pivotal
roles in cellular metabolism by modulating the fate of pyruvate derived from glycolysis [31].
PDK1 phosphorylates and deactivates pyruvate dehydrogenase, inhibiting the conversion
of pyruvate to acetyl-CoA, thereby favoring lactate production over entry into the TCA
cycle during conditions of low oxygen availability [24]. Expression of PDK-1 in CIH retinal
lysates was significantly lower (p = 0.03) than the normoxic control (Figure 7A). LDHA
facilitates the conversion of pyruvate to lactate, aiding in anaerobic energy production
and NAD+ regeneration. No significant differences were observed in the expression of
LDH-A between the CIH-exposed group and normoxic controls (Figure 7B). There was a
significant increase in the expression of the insulin-independent, glial cell-enriched glucose
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transporter GLUT 1 (p = 0.0118) in the CIH group (Figure 7C), though there was no change
in the insulin-independent, neuronal-enriched GLUT 3 (Figure 7D) protein across the CIH
and normoxia control retinas.
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Figure 5. (A) Microglia immunolabeled using Iba-1 (green) in the normoxic (upper panels) and CIH
group (lower panels). Retinal ganglion cells (magenta) and cell nuclei (DAPI, blue) are labeled for
context. Arrows (white) point to Ibal-positive microglia somata. (B) Quantification of fluorescence
intensity showed elevated levels of Iba-1 in the CIH group compared to the control (**** p = 0.0001).
Error bars represent mean £ SEM. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer
nuclear layer. Scale bar = 50 pm, n = 2 rats per group.
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Figure 6. (A) Quantification of RGC somata in the normoxic and CIH groups (p = 0.3414) shows
that this degree of hypoxia is not sufficient to lead to RGC apoptosis. RGCs were counted in retinal
sections, with each point representing a separate section; numbers are expressed as cells per mm
of GCL length. (B) Representative immunolabeling from normoxia and (C) CIH retina with RGCs
immunolabeled with RBPMS (magenta) and DAPI for cell nuclei (blue). Scale bar = 20 um.
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Figure 7. Effect of CIH on retinal metabolic enzymes and transporters as measured by capillary
electrophoresis. (A) PDK-1 protein was significantly reduced in the CIH group retina compared to
the control (* p = 0.03). (B) LDH-A protein levels were not affected by exposure to CIH (p = 0.9692).
(C) The expression of GLUT-1 was significantly increased in CIH compared to the normoxia control
group (* p = 0.0118). (D) GLUT-3 protein was not different across CIH and normoxia control groups
(p = 0.2007). Error bars represent mean £ SEM; GCL = ganglion cell layer; INL = inner nuclear layer;
ONL = outer nuclear layer; n = 4 rats per group. Electropherograms of LDH-A, PDK-1, GLUT1, and
GLUT 3 have been included as Supplementary Materials (Supplementary Figures S3-56).

4. Discussion

Hypoxia—reoxygenation stress poses a significant threat to cellular health as evidenced
by chronic diseases, including obstructive sleep apnea. CIH is an important factor con-
tributing to various retina and optic nerve disorders associated with obstructive sleep
apnea [21]. The mechanisms involved in the development of glaucoma in CIH patients
are likely associated with the mechanisms contributing to systemic pathology identified in
human studies, including oxidative stress and inflammation. In this study, we modeled
mild sleep apnea in rats and evaluated the impact of this pathology on the retina. We sought
to gain insights into the potential pathways linking CIH to retinal damage, particularly
focusing on aspects relevant to glaucoma development.

Elevated levels of HIF-1x protein have been reported in the retina and ON from glau-
coma patients and animal models [32]. This transcription factor is ubiquitously expressed
in various cell types [33]. Under normoxic conditions, HIF-1c is constantly hydroxylated
at specific proline residues by a family of enzymes called prolyl hydroxylases (PHDs)
and then degraded via the ubiquitin—proteosome pathway. HIF-1x accumulates under
conditions of hypoxia or pseudohypoxia [34], including in glaucoma [23,24], initiating a
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wide range of physiological responses, including erythropoiesis, glycolysis, and angio-
genesis. By controlling the expression of genes responsible for glycolysis, HIF-1 promotes
the adaptation of cells to oxygen shortage [35]. These reactions are intended to swiftly
reverse the consequences of an oxygen shortage [36]. As anticipated, CIH induced an
increase in the levels of HIF-1o in the retina, particularly in the nerve fiber layer and the
basal processes of Miiller glia. This pattern of expression has been observed after ocular
hypertension in multiple models of glaucoma [29,30]. The periodic cycles of hypoxia and
reoxygenation during CIH may have been sufficient to suppress the activity of prolyl
hydroxylases. We quantified the expression of sirtuin-1 (SIRT-1), an NAD+-dependent
deacetylase that catalyzes the deacetylation of acetyl-lysine residues on proteins such as
HIF-1c. SIRT-1 activity decreases levels of HIF-1« in circulation [37,38]. We observed a
reduction in the levels of SIRT-1 in the CIH group compared to the control. Though not
a statistically significant decrease, reduced SIRT-1 is consistent with the HIF-1« elevation
observed in the CIH group.

Previous studies in our lab have shown that the stabilization of HIF-1cx using the prolyl
hydroxylase inhibitor Roxadustat increased lactate metabolism [24]. We observed that
mice exposed to CIH had comparable levels of LDH-A regardless of Hif-1u stabilization.
Though this one outcome measure is not definitive for lactate production (it is but one
isoform), we also show a significant decrease in PDK-1 in the CIH group, which implies
lowered promotion of lactate production. In another study where we assessed the impact
of HIF-1« stabilization on mitochondrial homeostasis and oxidative stress in a chronic
model of glaucoma, we observed that the expression of LDH-A was unchanged regardless
of HIF-1« stabilization [39]. This raises the prospect that the duration of HIF1«x stabiliza-
tion has a varied impact on lactate metabolism. HIF-1« also regulates the expression of
glucose transporters by promoting their expression to support the use of glycolysis during
low-oxygen conditions. We observed an increase in GLUT-1, which is found on retinal
vasculature and glial cells, after CIH, but no change in GLUT-3, which is neural-specific.
Our previous work documented that Hif-1 activation after ocular hypertension led to
significant increases in GLUT-1 in retinas [39]. Our finding is corroborated by others who
also observed no change in GLUT-3 protein expression but elevated levels of GLUT-1 in
hypoxia [40]. GLUTS3 is expressed specifically on neurons [41], so its lack of alteration in
this model of CIH suggests that retinal neurons were able to meet their metabolic needs
either without an increase in glycolysis or perhaps through upregulation of other glucose
transporters such as the insulin-dependent GLUT-4. Glia are very sensitive to modulation
of oxygen, and their response is among the earliest events in retinal [29] and systemic
hypoxia [42].

Oxidative stress resulting from CIH is considered the hallmark of obstructive sleep
apnea [43]. Oxidative stress has also been strongly linked to mitochondrial abnormalities
and reduced total antioxidant status in primary open-angle glaucoma [44]. Oxidative stress
and the resultant reactive oxygen species (ROS) play a significant role in the pathophys-
iology of glaucoma, primarily by causing damage to glial cells, disrupting autophagy
processes, activating NF-«B signaling pathways, inducing nitrite stress, and altering ocular
hemodynamics [45,46]. NADPH oxidase contributes to ROS in glaucoma [47], and its inhi-
bition has been shown to alleviate retinal inflammation [48]. These processes collectively
contribute to inflammation and the subsequent damage to the optic nerve or death of
retinal ganglion cells (RGCs). We assessed oxidative stress in the retina using 8-OHdG and
lipid peroxidation. We observed significant 8-OHdG immunolabeling in the ganglion cell
layer of retina sections from the CIH group, supporting our hypothesis that CIH induces
early glaucoma-like features. Significantly increased levels of 8-OHdG have been observed
in POAG cohorts compared to controls; in fact, there is a positive correlation between
increased levels of 8-OHdG and the risk of POAG (>4-fold) [49]. CIH promotes learning
and memory impairment and insulin resistance through increased ROS production, which
triggers the activation of NF-kB and subsequently activates the NLRP3 inflammasome
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in microglial cells [50,51]. Again, through activation of NF-«kB, reactive oxygen species
increase the transcription of HIF-1« [52].

The retina is composed of various lipids including phospholipids, long-chain polyun-
saturated fatty acids (LCPUFAs), saturated fatty acids (SFAs), and monounsaturated fatty
acids (MUFAs). LCPUFAs are essential components of ocular structures and functions, and
they are part of the processes that cause or resolve inflammation by oxidized lipids [53].
This feature makes the retina highly susceptible to lipid peroxidation. Decreased total
antioxidant status, increased malondialdehyde (MDA), and increased H,O, are indepen-
dent risk factors for glaucoma [54-56]. We did not observe significant increases in MDA, a
product of lipid peroxidation, in the CIH group. Lipid peroxidation associated with OSA is
dependent on the duration and/or severity of CIH [57].

Oxidative stress results in pathologic changes, including inflammation [58]. We as-
sessed inflammation using immunohistochemistry and observed significantly elevated
levels of TNF-« across the retina in the CIH group. Systemic inflammation, including
increased TNF-«, has been identified as a consequence of CIH [59]. Our observation
of increased TNF-« levels has also been reported in patients with OSA [60]. TNF-« is
believed to facilitate cell death by binding to TNFR1, subsequently activating both the
mitogen-activated protein kinase (MAPK) pathway and the canonical nuclear factor-«<B
(NF-«xB) pathway. These activations collectively result in the transcriptional upregulation
of pro-inflammatory genes, which are fundamental to the underlying inflammatory pathol-
ogy [61]. Increased levels of both TNFR and TNF-« confirmed a pro-inflammatory state
within tissue exposed to CIH [62].

Multiple types of glial cells are activated in glaucoma [63]. Microglia, for instance,
orchestrate the progression of neuroinflammation in the CNS through pro-inflammatory
cytokines [64]. Microglia possess Toll-like receptors (TLRs) on their membranes that pro-
mote inflammation when activated through the release of pro-inflammatory cytokines
as observed in glaucoma and other neurodegenerative diseases such as Alzheimer’s dis-
ease [65]. We quantified microglial activation in the retina and our finding suggests that
microglial activation occurred in the CIH group, likely contributing to the increase in
TNF-« observed. However, specific analyses of morphology and activation markers are
warranted in future studies.

The eye is an immune-privileged organ; however, in mouse glaucoma models and hu-
mans with glaucoma, T-cell infiltration is observed [66,67]. T-cell responses have been con-
sidered essential in the development of progressive glaucomatous neurodegeneration [68].
Many studies have demonstrated that CIH induces endothelial dysfunction [69,70]. We
assessed retinal sections for T-cell infiltration following CIH exposure. However, we did
not observe T cells in either group.

RGC death is among the key features of glaucoma pathogenesis [71], contributing
to the loss of peripheral vision observed in glaucoma patients [72]. We quantified and
compared RGC somas across our groups and observed no difference. This is likely a result
of our use of a mild CIH model. A model of CIH mimicking moderate or severe OSA might
result in the death of RGCs, as this has been previously demonstrated [21]. Regardless,
investigating other pathways that may be initiated prior to cell death that are impacted by
hypoxia and implicated in glaucoma (e.g., autophagy, mitophagy, senescence) is an avenue
for future studies. This study did not investigate sex differences because the limited male
and female sample size did not allow for sufficient power to detect statistical differences
between sexes. Future research will focus on assessing potential sex differences in the
observed early-glaucoma-like changes in the retina following mild OSA.

Limitations of this study include the evaluation of pathological changes for mild OSA
alone, and in a relatively short time frame (10-15 days) of exposure to CIH. For most
patients, OSA is a chronic condition that may or may not treated, particularly for those with
a mild apnea-hypopnea index (15 or fewer apneic episodes per hour). This investigation
suggests that mild OSA modestly elevates HIF-1«x, oxidative stress, and inflammation,
yet it remains to be determined if these changes contribute in meaningful ways to ocular



Antioxidants 2024, 13, 878 13 of 16

conditions such as glaucoma. Examination of models for moderate and perhaps severe
OSA, with longer bouts of CIH (greater than 15 days), could reveal a more definitive link.

5. Conclusions

In summary, our data provide evidence that mild CIH increases inflammation, oxida-
tive stress, and HIF-1« levels within the retina. Specifically, we observed elevated levels
of inflammatory markers such as TNF-«, increased oxidative stress indicated by 8-OHdG
levels, and upregulation of HIF-1a and its downstream target, GLUT1. These may be
the major pathways through which obstructive sleep apnea is linked to the pathogenesis
of glaucoma.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox13070878 /s1, Supplementary figures of electropherograms for
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Author Contributions: Conceptualization, N.D. and D.M.I,; methodology, N.D., J.].G. and ]J.L.B,;
formal analysis, N.D., J.L.B. and D.M.L; investigation, N.D.; resources, R.L.C. and D.M.I.; data
curation, N.D. and D.M.L; writing—original draft preparation, N.D.; writing—review and editing,
J.L.B.,, RL.C. and D.M.L; visualization, N.D. and D.M.L; supervision, D.M.I; funding acquisition,
R.L.C. and D.M.I. All authors have read and agreed to the published version of the manuscript.

Funding: Institutional Funding to Denise M. Inman.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of the University of North Texas Health Science Centre (protocol
code 2021-0025 and 2021-0041 from March 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge the support of the Inman Lab and Cunningham lab
members E. Nicole Wilson and Steve Mabry.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tham, Y.-C; Li, X,; Wong, T.Y.; Quigley, H.A.; Aung, T.; Cheng, C.-Y. Global Prevalence of Glaucoma and Projections of Glaucoma
Burden through 2040: A Systematic Review and Meta-Analysis. Ophthalmology 2014, 121, 2081-2090. [CrossRef] [PubMed]

2. Iwase, A.; Sawaguchi, S.; Araie, M. Differentiating Diagnosed and Undiagnosed Primary Angle-Closure Glaucoma and Open-
Angle Glaucoma: A Population-Based Study. Ophthalmol. Glaucoma 2022, 5, 160-169. [CrossRef]

3. Sheybani, A,; Scott, R.; Samuelson, T.W.; Kahook, M.Y.; Bettis, D.I.; Ahmed, L.LK,; Stephens, ].D.; Kent, D.; Ferguson, T.]J.; Herndon,
L.W. Open-Angle Glaucoma: Burden of Illness, Current Therapies, and the Management of Nocturnal IOP Variation. Ophthalmol.
Ther. 2020, 9, 1-14. [CrossRef]

4.  Tribble, J.R.; Hui, F; Quintero, H.; El Hajji, S.; Bell, K.; Di Polo, A.; Williams, P.A. Neuroprotection in glaucoma: Mechanisms
beyond intraocular pressure lowering. Mol. Asp. Med. 2023, 92, 101193. [CrossRef] [PubMed]

5. Wareham, L.K.; Calkins, D.J. The Neurovascular Unit in Glaucomatous Neurodegeneration. Front. Cell Dev. Biol. 2020, 8, 452.
[CrossRef] [PubMed]

6. Wu, X.; Konieczka, K,; Liu, X.; Chen, M.; Yao, K.; Wang, K.; Flammer, J. Role of ocular blood flow in normal tension glaucoma.
Adv. Ophthalmol. Pract. Res. 2022, 2, 100036. [CrossRef]

7. Kuroda, F; Iwase, T.; Yamamoto, K.; Ra, E.; Terasaki, H. Correlation between blood flow on optic nerve head and structural and
functional changes in eyes with glaucoma. Sci. Rep. 2020, 10, 729. [CrossRef]

8. Adzigbli, L.; Sokolov, E.P.; Wimmers, K.; Sokolova, I.M.; Ponsuksili, S. Effects of hypoxia and reoxygenation on mitochondrial
functions and transcriptional profiles of isolated brain and muscle porcine cells. Sci. Rep. 2022, 12, 19881. [CrossRef]

9.  Chan, Y.-H,; Chuang, L.-H.; Yu, C.-C,; Lo, Y.-L.; Chen, H.S.L.; Huang, P-W.; Yeung, L.; Lai, C.-C. Prospective evaluation of the
comorbidity of obstructive sleep apnea in patients with glaucoma. J. Clin. Sleep Med. 2022, 18, 47-56. [CrossRef]

10. Cheong, A].Y.; Wang, S.K.X.; Woon, C.Y.; Yap, K.H.; Ng, K]J.Y,; Xu, EW.X; Alkan, U.; Ng, A.C.W.; See, A.; Loh, SR.H.; et al.

Obstructive sleep apnoea and glaucoma: A systematic review and meta-analysis. Eye 2023, 37, 3065-3083. [CrossRef]


https://www.mdpi.com/article/10.3390/antiox13070878/s1
https://www.mdpi.com/article/10.3390/antiox13070878/s1
https://doi.org/10.1016/j.ophtha.2014.05.013
https://www.ncbi.nlm.nih.gov/pubmed/24974815
https://doi.org/10.1016/j.ogla.2021.07.010
https://doi.org/10.1007/s40123-019-00222-z
https://doi.org/10.1016/j.mam.2023.101193
https://www.ncbi.nlm.nih.gov/pubmed/37331129
https://doi.org/10.3389/fcell.2020.00452
https://www.ncbi.nlm.nih.gov/pubmed/32656207
https://doi.org/10.1016/j.aopr.2022.100036
https://doi.org/10.1038/s41598-020-57583-w
https://doi.org/10.1038/s41598-022-24386-0
https://doi.org/10.5664/jcsm.9488
https://doi.org/10.1038/s41433-023-02471-6

Antioxidants 2024, 13, 878 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lee, T.-E.; Kim, J.S.; Yeom, S.W.; Lee, M.G,; Lee, ].H.; Lee, H.-J. Long-term effects of obstructive sleep apnea and its treatment on
open-angle glaucoma: A big-data cohort study. J. Clin. Sleep Med. 2023, 19, 339-346. [CrossRef]

Garcia-Sanchez, A.; Villalain, I.; Asencio, M.; Garcia, J.; Garcia-Rio, F. Sleep apnea and eye diseases: Evidence of association and
potential pathogenic mechanisms. J. Clin. Sleep Med. 2022, 18, 265-278. [CrossRef] [PubMed]

Fan, Y.-Y.; Su, W.-W,; Liu, C.-H.; Chen, H.S.-L.; Wu, S.-C.; Chang, S.H.L.; Chen, K.-J.; Wu, W.-C.; Chen, N.-H.; Li, H.-Y; et al.
Correlation between structural progression in glaucoma and obstructive sleep apnea. Eye 2019, 33, 1459-1465. [CrossRef]
Zhou, M,; Li, D.-L.; Kai, J.-Y.; Zhang, X.-E; Pan, C.-W. Sleep duration and the risk of major eye disorders: A systematic review
and meta-analysis. Eye 2023, 37, 2707-2715. [CrossRef] [PubMed]

Carnero, E.; Bragard, ].; Urrestarazu, E.; Rivas, E.; Polo, V.; Larrosa, ].M.; Antén, V.; Pelaez, A.; Moreno-Montanés, ]. Continuous
intraocular pressure monitoring in patients with obstructive sleep apnea syndrome using a contact lens sensor. PLoS ONE 2020,
15, €0229856. [CrossRef] [PubMed]

Lombardi, C.; Pengo, M.F,; Parati, G. Obstructive sleep apnea syndrome and autonomic dysfunction. Auton Neurosci 2019,
221,102563. [CrossRef] [PubMed]

Kim, K.E; Oh, S.; Baek, S.U.; Ahn, S.J.; Park, K.H.; Jeoung, ]. W. Ocular Perfusion Pressure and the Risk of Open-Angle Glaucoma:
Systematic Review and Meta-analysis. Sci. Rep. 2020, 10, 10056. [CrossRef] [PubMed]

Christou, E.E.; Kostikas, K.; Asproudis, C.; Zafeiropoulos, P; Stefaniotou, M.; Asproudis, I. Retinal microcirculation characteristics
in obstructive sleep apnea/hypopnea syndrome evaluated by OCT-angiography: A literature review. Int. Ophthalmol. 2022, 42,
3977-3991. [CrossRef] [PubMed]

Wu, Z.-H.,; Tang, Y.; Niu, X.; Sun, H.-Y. The role of nitric oxide (NO) levels in patients with obstructive sleep apnea-hypopnea
syndrome: A meta-analysis. Sleep Breath. 2021, 25, 9-16. [CrossRef]

Harariczyk, M.; Konieczyriska, M.; Ptazak, W. Endothelial dysfunction in obstructive sleep apnea patients. Sleep Breath. 2022, 26,
231-242. [CrossRef]

Fang, Y.-Y,; Luo, M.; Yue, S.; Han, Y.; Zhang, H.-].; Zhou, Y.-H,; Liu, K,; Liu, H.-G. 7,8-Dihydroxyflavone protects retinal ganglion
cells against chronic intermittent hypoxia-induced oxidative stress damage via activation of the BDNF/TrkB signaling pathway.
Sleep Breath. 2022, 26, 287-295. [CrossRef] [PubMed]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef] [PubMed]
Nsiah, N.Y.; Morgan, A.B.; Donkor, N.; Inman, D.M. Long-term HIF-1« stabilization reduces respiration, promotes mitophagy,
and results in retinal cell death. Sci. Rep. 2023, 13, 20541. [CrossRef] [PubMed]

Coelho-Santos, V.; Cruz, A.-].N.; Shih, A.Y. Does Perinatal Intermittent Hypoxia Affect Cerebrovascular Network Development?
Dev. Neurosci. 2023, 46, 44-54. [CrossRef] [PubMed]

Schonfeld, P.; Reiser, G. How the brain fights fatty acids’ toxicity. Neurochem. Int. 2021, 148, 105050. [CrossRef] [PubMed]

Yan, Y.R,; Zhang, L.; Lin, Y.N.; Sun, X.W.; Ding, YJ.; Li, N.; Li, H.P; Li, 5.Q.; Zhou, J.P; Li, Q.Y. Chronic intermittent hypoxia-
induced mitochondrial dysfunction mediates endothelial injury via the TXNIP/NLRP3/IL-1§3 signaling pathway. Free Radic. Biol.
Med. 2021, 165, 401-410. [CrossRef] [PubMed]

Murenu, E.; Gerhardt, M.-].; Biel, M.; Michalakis, S. More than meets the eye: The role of microglia in healthy and diseased retina.
Front. Immunol. 2022, 13, 1006897. [CrossRef]

Guo, L.; Choi, S.; Bikkannavar, P.; Cordeiro, M.F. Microglia: Key Players in Retinal Ageing and Neurodegeneration. Front. Cell.
Neurosci. 2022, 16, 804782. [CrossRef]

Jassim, A.H.; Inman, D.M. Evidence of Hypoxic Glial Cells in a Model of Ocular Hypertension. Investig. Ophthalmol. Vis. Sci.
2019, 60, 1-15. [CrossRef]

Jassim, A.H.; Nsiah, N.Y.; Inman, D.M. Ocular Hypertension Results in Hypoxia within Glia and Neurons throughout the Visual
Projection. Antioxidants 2022, 11, 888. [CrossRef]

Prochownik, E.V.; Wang, H. The Metabolic Fates of Pyruvate in Normal and Neoplastic Cells. Cells 2021, 10, 762. [CrossRef]
[PubMed]

Patko, E.; Szabo, E.; Vaczy, A.; Molitor, D.; Tari, E.; Li, L.; Csutak, A.; Toth, G.; Reglodi, D.; Atlasz, T. Protective Effects of
Pituitary Adenylate-Cyclase-Activating Polypeptide on Retinal Vasculature and Molecular Responses in a Rat Model of Moderate
Glaucoma. Int. . Mol. Sci. 2023, 24, 13256. [CrossRef] [PubMed]

McGettrick, A.F.; O'Neill, L.A.]. The Role of HIF in Immunity and Inflammation. Cell Metab. 2020, 32, 524-536. [CrossRef]
Jaskiewicz, M.; Moszyniska, A.; Kréliczewski, J.; Cabaj, A.; Bartoszewska, S.; Charzynska, A.; Gebert, M.; Dabrowski, M.; Collawn,
J.E; Bartoszewski, R. The transition from HIF-1 to HIF-2 during prolonged hypoxia results from reactivation of PHDs and HIF1A
mRNA instability. Cell. Mol. Biol. Lett. 2022, 27, 109. [CrossRef]

Kierans, S.J.; Taylor, C.T. Regulation of glycolysis by the hypoxia-inducible factor (HIF): Implications for cellular physiology. J.
Physiol. 2021, 599, 23-37. [CrossRef] [PubMed]

Yuan, X.; Ruan, W.; Bobrow, B.; Carmeliet, P.; Eltzschig, H.K. Targeting hypoxia-inducible factors: Therapeutic opportunities and
challenges. Nat. Rev. Drug Discov. 2024, 23, 175-200. [CrossRef] [PubMed]

Bai, M.; Lu, C.; An, L.; Gao, Q.; Xie, W.; Miao, F.; Chen, X,; Pan, Y.; Wang, Q. SIRT1 relieves Necrotizing Enterocolitis through
inactivation of Hypoxia-inducible factor (HIF)-1a. Cell Cycle 2020, 19, 2018-2027. [CrossRef] [PubMed]


https://doi.org/10.5664/jcsm.10334
https://doi.org/10.5664/jcsm.9552
https://www.ncbi.nlm.nih.gov/pubmed/34283018
https://doi.org/10.1038/s41433-019-0430-2
https://doi.org/10.1038/s41433-023-02403-4
https://www.ncbi.nlm.nih.gov/pubmed/36683054
https://doi.org/10.1371/journal.pone.0229856
https://www.ncbi.nlm.nih.gov/pubmed/32126130
https://doi.org/10.1016/j.autneu.2019.102563
https://www.ncbi.nlm.nih.gov/pubmed/31445406
https://doi.org/10.1038/s41598-020-66914-w
https://www.ncbi.nlm.nih.gov/pubmed/32572072
https://doi.org/10.1007/s10792-022-02361-y
https://www.ncbi.nlm.nih.gov/pubmed/35604623
https://doi.org/10.1007/s11325-020-02095-0
https://doi.org/10.1007/s11325-021-02382-4
https://doi.org/10.1007/s11325-021-02400-5
https://www.ncbi.nlm.nih.gov/pubmed/33993395
https://doi.org/10.1038/nmeth.2019
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1038/s41598-023-47942-8
https://www.ncbi.nlm.nih.gov/pubmed/37996657
https://doi.org/10.1159/000530957
https://www.ncbi.nlm.nih.gov/pubmed/37231864
https://doi.org/10.1016/j.neuint.2021.105050
https://www.ncbi.nlm.nih.gov/pubmed/33945834
https://doi.org/10.1016/j.freeradbiomed.2021.01.053
https://www.ncbi.nlm.nih.gov/pubmed/33571641
https://doi.org/10.3389/fimmu.2022.1006897
https://doi.org/10.3389/fncel.2022.804782
https://doi.org/10.1167/iovs.18-24977
https://doi.org/10.3390/antiox11050888
https://doi.org/10.3390/cells10040762
https://www.ncbi.nlm.nih.gov/pubmed/33808495
https://doi.org/10.3390/ijms241713256
https://www.ncbi.nlm.nih.gov/pubmed/37686074
https://doi.org/10.1016/j.cmet.2020.08.002
https://doi.org/10.1186/s11658-022-00408-7
https://doi.org/10.1113/JP280572
https://www.ncbi.nlm.nih.gov/pubmed/33006160
https://doi.org/10.1038/s41573-023-00848-6
https://www.ncbi.nlm.nih.gov/pubmed/38123660
https://doi.org/10.1080/15384101.2020.1788251
https://www.ncbi.nlm.nih.gov/pubmed/32657204

Antioxidants 2024, 13, 878 15 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

Lee, Y-J.; Lee, E.; You, Y.-H.; Ahn, Y.-B.; Song, K.-H.; Kim, J.-W.; Ko, S.-H. Role of sirtuin-1 (SIRT1) in hypoxic injury in pancreatic
B-cells. J. Drug Target. 2021, 29, 88-98. [CrossRef]

Jassim, A.H.; Fan, Y.; Pappenhagen, N.; Nsiah, N.Y.; Inman, D.M. Oxidative Stress and Hypoxia Modify Mitochondrial Home-
ostasis During Glaucoma. Antioxid. Redox Signal. 2021, 35, 1341-1357. [CrossRef]

Mamun, A.A.; Hayashi, H.; Yamamura, A.; Nayeem, M.].; Sato, M. Hypoxia induces the translocation of glucose transporter 1 to
the plasma membrane in vascular endothelial cells. ]. Physiol. Sci. 2020, 70, 44. [CrossRef]

Peng, W.; Tan, C.; Mo, L,; Jiang, J.; Zhou, W.; Du, J.; Zhou, X.; Liu, X.; Chen, L. Glucose transporter 3 in neuronal glucose
metabolism: Health and diseases. Metabolism 2021, 123, 154869. [CrossRef]

Mesentier-Louro, L.A.; Shariati, M.A.; Dalal, R.; Camargo, A.; Kumar, V.; Shamskhou, E.A.; de Jesus Perez, V.; Liao, Y.J. Systemic
hypoxia led to little retinal neuronal loss and dramatic optic nerve glial response. Exp. Eye Res. 2020, 193, 107957. [CrossRef]
[PubMed]

Song, ].-q.; Jiang, L.-y.; Fu, C.-p.; Wu, X,; Liu, Z.-1,; Xie, L.; Wu, X.-d.; Hao, S.-y; Li, S.-q. Heterozygous SOD2 deletion deteriorated
chronic intermittent hypoxia-induced lung inflammation and vascular remodeling through mtROS-NLRP3 signaling pathway.
Acta Pharmacol. Sin. 2020, 41, 1197-1207. [CrossRef]

Kuang, G.; Halimitabrizi, M.; Edziah, A.-A.; Salowe, R.; O’Brien, ].M. The potential for mitochondrial therapeutics in the treatment
of primary open-angle glaucoma: A review. Front. Physiol. 2023, 14, 1184060. [CrossRef] [PubMed]

Hurley, D.J.; Normile, C.; Irnaten, M.; O’Brien, C. The Intertwined Roles of Oxidative Stress and Endoplasmic Reticulum Stress in
Glaucoma. Antioxidants 2022, 11, 886. [CrossRef]

Shi, R.; Wu, Y,; Chen, H.; Zhang, Z.; Bao, S.; Qu, J.; Zhou, M. The causal effect of oxidative stress on the risk of glaucoma. Heliyon
2024, 10, €24852. [CrossRef]

Fan Gaskin, J.C.; Shah, M.H.; Chan, E.C. Oxidative Stress and the Role of NADPH Oxidase in Glaucoma. Antioxidants 2021,
10, 238. [CrossRef] [PubMed]

Liao, J.; Peng, B.; Huang, G.; Diao, C.; Qin, Y.; Hong, Y.; Lin, J.; Lin, Y.; Jiang, L.; Tang, N.; et al. Inhibition of NOX4 with GLX351322
alleviates acute ocular hypertension-induced retinal inflammation and injury by suppressing ROS mediated redox-sensitive
factors activation. Biomed. Pharmacother. 2023, 165, 115052. [CrossRef]

Kondkar, A.A.; Azad, T.A ; Sultan, T.; Osman, E.A.; Almobarak, FA.; Al-Obeidan, S.A. Elevated Plasma Level of 8-Hydroxy-2'-
deoxyguanosine Is Associated with Primary Open-Angle Glaucoma. J. Ophthalmol. 2020, 2020, 6571413. [CrossRef]

Li, C.; Zhao, Z; Jin, ].; Zhao, C.; Zhao, B.; Liu, Y. NLRP3-GSDMD-dependent IL-13 Secretion from Microglia Mediates Learning
and Memory Impairment in a Chronic Intermittent Hypoxia-induced Mouse Model. Neuroscience 2024, 539, 51-65. [CrossRef]
Zeng, S.; Wang, Y.; Ai, L.; Huang, L.; Liu, Z.; He, C.; Bai, Q.; Li, Y. Chronic intermittent hypoxia-induced oxidative stress activates
TRB3 and phosphorylated JNK to mediate insulin resistance and cell apoptosis in the pancreas. Clin. Exp. Pharmacol. Physiol.
2024, 51, €13843. [CrossRef] [PubMed]

Yeo, E.-]. Hypoxia and aging. Exp. Mol. Med. 2019, 51, 1-15. [CrossRef] [PubMed]

Ana, R.d.; Gliszczyniska, A.; Sanchez-Lopez, E.; Garcia, M.L.; Krambeck, K.; Kovacevic, A.; Souto, E.B. Precision Medicines for
Retinal Lipid Metabolism-Related Pathologies. J. Pers. Med. 2023, 13, 635. [CrossRef] [PubMed]

Li, S.; Shao, M,; Li, Y,; Li, X;; Wan, Y.; Sun, X.; Cao, W. Relationship between Oxidative Stress Biomarkers and Visual Field
Progression in Patients with Primary Angle Closure Glaucoma. Oxidative Med. Cell. Longev. 2020, 2020, 2701539. [CrossRef]
[PubMed]

Himori, N.; Inoue Yanagimachi, M.; Omodaka, K.; Shiga, Y.; Tsuda, S.; Kunikata, H.; Nakazawa, T. The Effect of Dietary
Antioxidant Supplementation in Patients with Glaucoma. Clin. Ophthalmol. 2021, 15, 2293-2300. [CrossRef] [PubMed]
Garcia-Medina, ].J.; Rubio-Velazquez, E.; Lopez-Bernal, M.D.; Cobo-Martinez, A.; Zanon-Moreno, V.; Pinazo-Duran, M.D.;
del-Rio-Vellosillo, M. Glaucoma and Antioxidants: Review and Update. Antioxidants 2020, 9, 1031. [CrossRef]

Li, J.; Savransky, V.; Nanayakkara, A.; Smith, P.L.; O’Donnell, C.P,; Polotsky, V.Y. Hyperlipidemia and lipid peroxidation are
dependent on the severity of chronic intermittent hypoxia. J. Appl. Physiol. 2007, 102, 557-563. [CrossRef] [PubMed]

Xiong, M.; Zhao, Y.; Mo, H.; Yang, H.; Yue, E; Hu, K. Intermittent hypoxia increases ROS/HIF-1« ‘related oxidative stress and
inflammation and worsens bleomycin-induced pulmonary fibrosis in adult male C57BL/6] mice. Int. Immunopharmacol. 2021,
100, 108165. [CrossRef]

Zhang, Y.; Luo, H.; Niu, Y; Yang, X,; Li, Z.; Wang, K.; Bi, H.; Pang, X. Chronic intermittent hypoxia induces gut microbial
dysbiosis and infers metabolic dysfunction in mice. Sleep Med. 2022, 91, 84-92. [CrossRef]

Chen, Y.-C.; Hsu, P-Y.; Su, M.-C.; Chin, C.-H,; Liou, C.-W.; Wang, T.-Y; Lin, Y.-Y,; Lee, C.P; Lin, M.-C.; Hsiao, C.-C. miR-21-5p
Under-Expression in Patients with Obstructive Sleep Apnea Modulates Intermittent Hypoxia with Re-Oxygenation-Induced-Cell
Apoptosis and Cytotoxicity by Targeting Pro-Inflammatory TNF-a-TLR4 Signaling. Int. J. Mol. Sci. 2020, 21, 999. [CrossRef]
van Loo, G.; Bertrand, M.J.M. Death by TNF: A road to inflammation. Nat. Rev. Immunol. 2023, 23, 289-303. [CrossRef] [PubMed]
Fernandes, J.L.; Martins, F.O.; Olea, E.; Prieto-Lloret, J.; Braga, P.C.; Sacramento, J.E; Sequeira, C.O.; Negrinho, A.P.; Pereira,
S.A.; Alves, M.G,; et al. Chronic Intermittent Hypoxia-Induced Dysmetabolism Is Associated with Hepatic Oxidative Stress,
Mitochondrial Dysfunction and Inflammation. Antioxidants 2023, 12, 1910. [CrossRef] [PubMed]

Miao, Y.; Zhao, G.-L.; Cheng, S.; Wang, Z.; Yang, X.-L. Activation of retinal glial cells contributes to the degeneration of ganglion
cells in experimental glaucoma. Prog. Retin. Eye Res. 2023, 93, 101169. [CrossRef] [PubMed]


https://doi.org/10.1080/1061186X.2020.1806285
https://doi.org/10.1089/ars.2020.8180
https://doi.org/10.1186/s12576-020-00773-y
https://doi.org/10.1016/j.metabol.2021.154869
https://doi.org/10.1016/j.exer.2020.107957
https://www.ncbi.nlm.nih.gov/pubmed/32032627
https://doi.org/10.1038/s41401-019-0349-y
https://doi.org/10.3389/fphys.2023.1184060
https://www.ncbi.nlm.nih.gov/pubmed/37601627
https://doi.org/10.3390/antiox11050886
https://doi.org/10.1016/j.heliyon.2024.e24852
https://doi.org/10.3390/antiox10020238
https://www.ncbi.nlm.nih.gov/pubmed/33557289
https://doi.org/10.1016/j.biopha.2023.115052
https://doi.org/10.1155/2020/6571413
https://doi.org/10.1016/j.neuroscience.2023.12.006
https://doi.org/10.1111/1440-1681.13843
https://www.ncbi.nlm.nih.gov/pubmed/38302075
https://doi.org/10.1038/s12276-019-0233-3
https://www.ncbi.nlm.nih.gov/pubmed/31221957
https://doi.org/10.3390/jpm13040635
https://www.ncbi.nlm.nih.gov/pubmed/37109021
https://doi.org/10.1155/2020/2701539
https://www.ncbi.nlm.nih.gov/pubmed/32831992
https://doi.org/10.2147/OPTH.S314288
https://www.ncbi.nlm.nih.gov/pubmed/34113073
https://doi.org/10.3390/antiox9111031
https://doi.org/10.1152/japplphysiol.01081.2006
https://www.ncbi.nlm.nih.gov/pubmed/17082365
https://doi.org/10.1016/j.intimp.2021.108165
https://doi.org/10.1016/j.sleep.2022.02.003
https://doi.org/10.3390/ijms21030999
https://doi.org/10.1038/s41577-022-00792-3
https://www.ncbi.nlm.nih.gov/pubmed/36380021
https://doi.org/10.3390/antiox12111910
https://www.ncbi.nlm.nih.gov/pubmed/38001763
https://doi.org/10.1016/j.preteyeres.2023.101169
https://www.ncbi.nlm.nih.gov/pubmed/36736070

Antioxidants 2024, 13, 878 16 of 16

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zhao, X,; Sun, R,; Luo, X.; Wang, F; Sun, X. The Interaction Between Microglia and Macroglia in Glaucoma. Front. Neurosci. 2021,
15, 610788. [CrossRef] [PubMed]

Zhou, J.; Yu, W.; Zhang, M.; Tian, X.; Li, Y.; L1, Y. Imbalance of Microglial TLR4/TREM?2 in LPS-Treated APP/PS1 Transgenic
Mice: A Potential Link Between Alzheimer’s Disease and Systemic Inflammation. Neurochem. Res. 2019, 44, 1138-1151. [CrossRef]
[PubMed]

Chen, H.; Cho, K.S.; Vu, TH.K.; Shen, C.H.; Kaur, M.; Chen, G.; Mathew, R.; McHam, M.L.; Fazelat, A.; Lashkari, K.; et al.
Commensal microflora-induced T cell responses mediate progressive neurodegeneration in glaucoma. Nat. Commun. 2018,
9, 3209. [CrossRef] [PubMed]

DeMaio, A.; Mehrotra, S.; Sambamurti, K.; Husain, S. The role of the adaptive immune system and T cell dysfunction in
neurodegenerative diseases. J. Neuroinflamm. 2022, 19, 251. [CrossRef] [PubMed]

Shestopalov, V.I.; Spurlock, M.; Gramlich, O.W.; Kuehn, M.H. Immune Responses in the Glaucomatous Retina: Regulation and
Dynamics. Cells 2021, 10, 1973. [CrossRef]

Zhu, J.; Kang, J.; Li, X.; Wang, M.; Shang, M.; Luo, Y.; Xiong, M.; Hu, K. Chronic intermittent hypoxia vs chronic continuous
hypoxia: Effects on vascular endothelial function and myocardial contractility. Clin. Hemorheol. Microcirc. 2020, 74, 417-427.
[CrossRef]

Olfa, H.; Quentin, B.; Jean-Louis, P; Claire, A ; Elise, B.; Gilles, F.; Charles, K.; Anne, B.-M. Intermittent hypoxia-related alterations
in vascular structure and function: A systematic review and meta-analysis of rodent data. Eur. Respir. J. 2022, 59, 2100866.
[CrossRef]

Basavarajappa, D.; Galindo-Romero, C.; Gupta, V.; Agudo-Barriuso, M.; Gupta, V.B.; Graham, S.L.; Chitranshi, N. Signalling
pathways and cell death mechanisms in glaucoma: Insights into the molecular pathophysiology. Mol. Asp. Med. 2023, 94, 101216.
[CrossRef] [PubMed]

Yang, Y.; Sun, X. Retinal Ganglion Cell Death in Glaucoma: Advances and Caveats. Curr. Eye Res. 2023, 48, 1-10. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fnins.2021.610788
https://www.ncbi.nlm.nih.gov/pubmed/34121982
https://doi.org/10.1007/s11064-019-02748-x
https://www.ncbi.nlm.nih.gov/pubmed/30756214
https://doi.org/10.1038/s41467-018-05681-9
https://www.ncbi.nlm.nih.gov/pubmed/30097565
https://doi.org/10.1186/s12974-022-02605-9
https://www.ncbi.nlm.nih.gov/pubmed/36209107
https://doi.org/10.3390/cells10081973
https://doi.org/10.3233/CH-190706
https://doi.org/10.1183/13993003.00866-2021
https://doi.org/10.1016/j.mam.2023.101216
https://www.ncbi.nlm.nih.gov/pubmed/37856930
https://doi.org/10.1080/02713683.2022.2068182
https://www.ncbi.nlm.nih.gov/pubmed/35614865

	Introduction 
	Materials and Methods 
	Animals 
	CIH Protocol 
	Sample Collection and Preparation 
	Immunohistochemistry 
	Protein Analysis 
	Thiobarbituric Acid Reactive Substance (TBARS) Assay 
	Milliplex Inflammation Panel 
	Statistics 

	Results 
	Chronic Intermittent Hypoxia Increases Hypoxia-Inducible Factor-1 Levels 
	Chronic Intermittent Hypoxia Increases Oxidative Stress 
	Chronic Intermittent Hypoxia Induces Inflammation 
	Chronic Intermittent Hypoxia Induces Microglia Activation 
	Effect of Chronic Intermittent Hypoxia on RGC Count 
	Effect of Chronic Intermittent Hypoxia on Metabolism 

	Discussion 
	Conclusions 
	References

