Zhang et al. Journal of Translational Medicine ~ (2025) 23:200 Journal of Translational
https://doi.org/10.1186/512967-025-06212-z Medicine

. . ®
Apelin-13 attenuates optic nerve damage D
in glaucomatous mice by regulating glucose
metabolism

Ya Zhang'?, Jia Zhao?, Jian Zhou?, Zhen Jiang? Kaihui Cheng?, Caifeng Lei' and Ling Yu'""

Abstract

Background In patients with advanced glaucoma, lesions frequently extend beyond the eye and affect other organs.
However, early distal consequences of elevated intraocular pressure (IOP) remain unclear. This study aimed to observe
glucose uptake in the optic cortex during the early stages of elevated IOP and to investigate the mechanism by which
Apelin13 exerts neuroprotective effects.

Methods This study used a single anterior chamber injection of polystyrene microbeads and triblock copolymer
hydrogel in 6- to 8-week-old male C57BL/6J mice and observed glucose uptake in the optic cortex during the
initial phase of IOP elevation using micro-positron emission tomography/magnetic resonance imaging (PET/MRI).
Pathological changes in the optic nerve and optic cortex were assessed by immunofluorescence, reactive oxygen
species (ROS) kit, and and nicotinamide adenine dinucleotide phosphate (NADPH) kit. Expression of glucose
transporter proteins (GLUTs) and key enzymes of the pentose phosphate pathway (PPP) was evaluated using
immunofluorescence and western blot. The activation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
signaling pathway was analyzed via western blot.

Results On day 1 of elevated IOP, the modeled eye exhibited reduced glucose uptake in the corresponding

visual cortex compared with the contralateral visual cortex. Over time, the condition gradually improved, with no
discernible difference between the two sides by day 21. Concurrently, along with abnormal activation of microglia
and progressive reduction of retinal ganglion cells, we noted abnormal expression of glucose transporter proteins in
visual cortical neurons. Additionally, elevated levels of ROS and NADPH were observed in both the retinal and brain
tissues following IOP elevation. In contrast, administration of the neuroprotectant Apelin-13 mitigated the pathology
induced by IOP elevation. Conversely, treatment with a PI3K inhibitor significantly diminished the protective effects of
Apelin-13.

Conclusions These findings imply that altered glucose metabolism in the visual center may be an early sign of
optic nerve damage in patients with glaucoma. Apelin-13 may rely on the PI3K/Akt signaling pathway to regulate
the redistribution of energy metabolism in the retina and visual centers, thereby mitigating oxidative stress and
safeguarding neuronal cells.
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Introduction

Glaucoma is a chronic, sight-threatening condition that
results from the progressive loss of retinal ganglion cells
(RGCs) and often leads to irreversible visual impair-
ment. It is the third most common cause of visual defi-
cits worldwide, after cataracts and uncorrected refractive
errors [1]. Elevated intraocular pressure (IOP) remains
the sole modifiable risk factor for glaucoma. Despite
medical and surgical interventions aimed at reduc-
ing IOP, disease progression persists, and no clinically
approved treatment directly enhances RGCs survival [2].
Recent studies have explored various strategies beyond
IOP reduction to prevent RGCs loss, demonstrating
the efficacy of various neuroprotective agents and their
mechanisms in cellular and animal models [3].

Primary neuronal injury exerts profound effects on
distal neurons interconnected via synapses, a phenom-
enon termed transsynaptic or transneuronal degenera-
tion. This process has been implicated in the propagation
of pathologies across various neurological conditions,
including glaucoma [4]. Recent studies have highlighted
that glaucoma manifests not only as an ocular pathol-
ogy but also as damage to brain structures. The absence
of optic nerve fibers comprising RGCs axons leads to
the degeneration of neurons projecting to central visual
targets throughout the optic nerve [5]. Thus, early inter-
ventions, prior to substantial RGCs loss, present a criti-
cal strategy for preventing damage from spreading across
synapses to target neurons. Strategies combining IOP
reduction with treatments that safeguard retinal and
central visual system neurons offer promising avenues to
prevent glaucomatous blindness [6].

The brain, including the retina, is among the body’s
most energy-demanding tissues, consuming up to 20%
of its total oxygen supply [7]. Energy expenditure in the
retina is similar to that in the brain, even with greater
energy requirements than those of brain tissues. When
oxygen supply and metabolite levels fail to meet the high
energy demands of retinal neurons, retinal neuron func-
tion is often severely compromised [8]. RGCs are special-
ized projection neurons crucial for transmitting visual
information to the brain. Approximately 90% of all sen-
sory signals integrated into the brain are derived from
vision, and almost one-third of the cerebral cortical sur-
face is used for visual processing [9]. RGCs and the brain
constitute a strongly interconnected network. Glaucoma
not only affects the retina but also causes abnormalities
in the brain [6]. Metabolic changes or functional abnor-
malities have been observed in the brains of patients with
glaucoma [10]. Therefore, pathological changes in the
brain should be a focus of future glaucoma research.

Although the precise pathogenesis of glaucoma
remains unclear, evidence underscores impaired bioener-
getics at the RGCs level as a significant contributing fac-
tor. Recent findings suggested compromised blood flow
to the choroid, retina, and optic nerve in some patients
with glaucoma [11]. This compromised blood flow could
induce tissue ischemia and hypoxia, exacerbating energy
metabolism damage due to insufficient blood supply.
Similarly, endogenous bioenergetic deficits also play a
prominent role. Paracrine axonal transport is the pro-
cess by which motor proteins (kinesins) in microtubules
deliver transport proteins, mitochondria, and other vital
substances to the distal synapses. The absence of energy
is an important reason for the failure of axonal transport
[12]. Mitochondrial and metabolic deficiencies are com-
mon in glaucoma pathogenesis, with strategies aimed at
rectifying these deficits showing promise in cellular and
animal models of glaucoma, supporting the notion that
bioenergetic deficits predispose RGCs to glaucomatous
neurodegeneration [13].

In addition, in mice with elevated IOP, dysfunctional
mitochondria trigger hypoxia-glucose deprivation in the
retina, including the production and accumulation of
non-physiological reactive oxygen species (ROS). Exces-
sive ROS generation induces oxidative stress, which
contributes to RGCs loss [14]. Our previous studies cor-
roborated these findings [15]. Oxidative stress, charac-
terized by an imbalance between ROS production and
elimination, necessitates additional reducing capacity,
with the pentose phosphate pathway (PPP) emerging as
a major contributor. Increased glucose flow through the
PPP may exert neuroprotective effects under oxidative
stress conditions [16, 17]. Understanding energy metabo-
lism in the visual conduction pathway, notably in neurons
and RGCs, is pivotal for understanding the pathophysi-
ological process of glaucoma, with targeting metabolic
dysfunctions representing a viable strategy to prevent
axonal degeneration and preserve visual function.

Apelin is a biologically active neuropeptide that acts as
an endogenous ligand for APJ [18]. Among its isoforms,
Apelin-13 exhibits the highest concentration and plays
a pivotal role in neuroprotection [19]. Apelin deficiency
correlates with reduced motor neuron numbers and ear-
lier disease onset, while Apelin-13 administration sig-
nificantly protects the blood-brain barrier (BBB) integrity
by decreasing its permeability from damage and delays
disease progression [20]. Additionally, Apelin-13 acts
as an anti-inflammatory and neuroprotective agent that
regulates glycolipid metabolism. Both endogenous and
exogenous Apelin-13 are protective against N-methyl-
D-aspartate (NMDA)-induced RGCs loss, which may be
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mediated through the regulation of TNF-a expression
[21, 22].

Overall, existing evidence demonstrates the protective
effects of Apelin-13 against glaucomatous optic nerve
injury, although the underlying mechanisms remain elu-
sive. In this study, we utilized a mouse glaucoma model,
as described in our previous study [23], to simulate the
onset of clinical glaucoma and explore whether Apelin-13
exerts neuroprotective effects by regulating the redistri-
bution of energy metabolism in nerve cells.

Methods

Experimental animals

All animal studies were conducted in compliance with
the guidelines outlined in the Statement on the Use of
Animals by the Association for Research in Vision and
Ophthalmology (ARVO) and were approved by the Ani-
mal Use and Care Committee of Southwest Medical
University. We used 6—8-week-old male C57BL/6] mice
obtained from Chongqing Tengxin Biological Company.
The mice were bred and housed in a controlled environ-
ment with a 12-hour light/dark cycle and maintained at
regulated temperature and humidity.

Anterior chamber injection in mice

The specific protocol for establishing the mouse glau-
coma model is detailed in our previous study [23]. Briefly,
Randomly selected 6—8 weeks C57BL/6] male mice as the
experimental or control group. Mice were anesthetized
intraperitoneally and received ocular surface anesthe-
sia. A sterile 34G needle (World Precision Instruments;
USA) was attached to a 10-uL microsyringe, and poly-
styrene microbeads (1.0x10% 1 uL/eye) and triblock
copolymer hydrogel PEG-PCL-PEG (PECE) (1 pL/eye)
were injected into the anterior chamber of the randomly
selected left or right eyes, with the control eye receiving a
saline injection.

Mouse vitreous injection

After general and ocular surface anesthesia were admin-
istered to the mice, 1 pL of fluid was injected into the
vitreous cavity. Reagents for vitreous injection were
taken from a study by Ishimaru et al. [21] and included
[Pyr']-apelin-13 (10 pg/eye, MedChemExpress; Shang-
hai, China) dissolved in sterile saline and LY294002 (5
nmol/eye, MedChemExpress; Shanghai, China) dissolved
in sterile dimethyl sulfoxide (DMSO). The eyes injected
with sterile DMSO were used as controls. Anterior
chamber injection of PECE was performed following the
injection of the drug or vehicle into the vitreous cavity.

IOP measurement
Intraocular pressure (IOP) was assessed using the
TonoLab rebound tonometer (Icare, Vantaa, Finland)
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following the protocol detailed in our previous study
[24]. Briefly, IOP was recorded in mice 1 day pre-sur-
gery and at 1, 3, and 5 days post-injection, with weekly
measurements thereafter for 4 weeks. All measurements
were conducted by the same researcher. To minimize bias
related to circadian rhythms, the measurements were
taken strictly between 9 am and 11 am. Mean values were
derived from six consecutive measurements.

Retinal flat-mount preparation

The eyes were collected after the mice were executed,
immersed in 4% paraformaldehyde solution, and fixed
for 2 h. Subsequently, the retina was peeled off, and four
symmetrical incisions were made and flattened onto
slides. Retinal plates were fixed with chilled methanol,
rinsed with phosphate buffered saline (PBS), sealed with
a sealing solution for 2 h, and then incubated overnight
at 4 °C with primary antibodies (1:200, anti-BRN3A anti-
body, Abcam, ab245230, UK). The following day, the pri-
mary antibody solution was removed, and the samples
were washed with PBS, followed by incubation with
secondary antibodies (1:500, goat anti-rabbit IgG(H +L)
Dylight 488, Bioworld, China) for 2 h at room tempera-
ture under light protection. After removing the second-
ary antibody, the samples were washed with PBS, and the
nerve fiber layer was flattened and sealed with a coverslip
using a fluorescence-quenching blocking agent.

Confocal microscopy was employed for whole-retina
scanning, with images acquired after superimposing
the maximum projected brightness of each layer on the
Z-axis and counted and analyzed using Image] software.
A square area with a side length of 250 um was selected
in the proximal, middle, and distal sections of each quad-
rant of each retinal tile. Twelve areas in each retina were
chosen for counting, and RGCs density per square mil-
limeter was calculated.

Preparation of the retinal frozen section

After the mice were executed, the eyeballs were
immersed in 4% paraformaldehyde for 2 h on ice. Fol-
lowing the removal of the anterior segment and vitreous
body, eyeball cups were replaced with 30% sucrose solu-
tion for 2 h of dehydration on ice. Eye cups were embed-
ded in OCT-tissue freezing medium and frozen at -80°C
for 2 h, then sliced into 8-um-thick sections with a frozen
slicer and mounted on slides.

Sections were warmed to room temperature for
10-30 min, rinsed with PBS, and subjected to the fro-
zen section antigen repair solution (Beyotime, China)
for 5 min, followed by washing and blocking for 2 h.
Subsequently, primary antibodies (1:200, anti-BRN3A
antibody, Abcam, ab245230, UK; anti-Ibal antibody,
Wako, 019-19741, Japan) were added overnight at 4 °C,
followed by a 1 h incubation with secondary antibodies
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(1:500, goat anti-mouse IgG(H + L) Dylight 594, goat anti-
rabbit IgG(H + L) Dylight 488, Bioworld, China) at room
temperature. Samples were then sealed with an anti-flu-
orescence-quenching sealer containing DAPI (Solarbio,
China) and observed under a confocal microscope.

Frozen section of brain tissue

After the mice were executed, brain tissues were col-
lected and fixed in 4% paraformaldehyde at 4 °C over-
night, followed by gradient dehydration in 15% and 30%
sucrose solutions. Following this, embedding in OCT
and sectioning into 10-pm-thick slices using a frozen sec-
tioning machine were performed.

The immunofluorescence staining procedure was per-
formed as previously described in the “Preparation of the
retinal frozen section” The primary antibodies used were
Ibal(1:200, anti-Ibal antibody, Wako, 019-19741, Japan),
NeuN (1:200, anti-NeuN antibody, Cell Signaling Tech-
nology, 94403 S, USA), GLUT1 (1:100, Novus, NB110-
39113, USA), GLUT3 (1:100, Novus, NBP3-12885, USA),
and glucose-6-phosphate dehydrogenase (G6PD) (1:100,
GeneTex, GTX101218, USA), followed by secondary
antibodies (1:500, Bioworld, China).

Small animal positron emission tomography (micro-PET/
CcT)

The left or right eye of each mouse was randomly
selected as the operative anterior chamber for injection,
with the contralateral eye receiving an equivalent vol-
ume of saline as control. Differences in glucose uptake in
the visual cortex of the bilateral brain were assessed via
micro-PET/CT on postoperative days 1, 3, 5, 7, 14, 21,
and 28. Following a 12-h fast, the mice received tail vein
injections of 100-200 uCi of ®F-FDG, and micro-PET/
CT imaging was conducted 40 min to 1 h post-injection.
PET (10 min) and CT (10 min) were performed sequen-
tially. After final acquisition of PET images, a small ani-
mal magnetic resonance imaging (MRI) instrument
was used to acquire T2-weighted imaging (T2WI) MRI
images of the mouse brain.PET and MRI images were
merged using the Inveon Research Workplace software
(IRW), and the visual cortex on both sides of the mouse
brain was localized on mouse MR images (Paxinos and
Franklin, 2001). The regions of interest (ROIs) were sym-
metrically selected from the visual cortex on both sides of
the mouse brain. The maximum SUYV value (SUVmax) of
each ROI was measured and normalized to the SUVmax
of the cerebellum.

Western blotting

Retinal tissue and the occipital cortex contralateral to the
PECE eye were collected after the mice were executed,
and proteins were extracted from them. The protein con-
centration was adjusted to 5 pg/uL after measuring using
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the BCA method, and then the proteins were denatured.
After gel (Vazyme, China) preparation, 20 ug of protein
was added to each well of the gel for electrophoresis.
Following this, the proteins were transferred to a PVDF
membrane, blocked with skim milk for 1 h, washed and
incubated overnight at 4 °C with primary antibodies
(1:2000). The following day, the primary antibody was
washed off, and the membrane was incubated with the
secondary antibody (1:5000) at room temperature for 1 h,
washed, and subjected to protein imaging.

NADPH content assay

The NADPH content was quantified using an NADP+/
NADPH Assay Kit (WST-8 method) (Beyotime, China).
Fresh retinal and brain tissues were homogenized
and centrifuged, and the supernatants were assessed
for NADPH content according to the manufacturer’s
instructions.

ROS concentration measurement

The fluorescent probe H2DCFDA targeting ROS (Med-
ChemExpress, China) was diluted to produce a 10-uM
working solution. Fresh mouse retinal and brain tissues
were digested using trypsin into single-cell suspensions.
One milliliter of the working solution was added to each
well, incubated at 37 °C for 30 min, and centrifuged at
400 x g for 3—4 min at 4 °C. The supernatant was then
removed, and the cells were washed with PBS to remove
H2DCFDA that had not entered the cells and suspended
by adding 1 mL of PBS. The fluorescence intensity at
Ex/Em=488/525 nm was measured using a microplate
reader.

Statistical analysis

Experimental data were analyzed using SPSS 17.0 and
GraphPad Prism 8.0.2 and are presented as mean + stan-
dard deviation (SD). One-way analysis of variance was
used for the overall comparison of data across multiple
groups, and Tukey’s multiple comparison post hoc test
was used to compare data between groups. Statistical sig-
nificance was set at P<0.05. Data analysis was performed
by personnel not involved in the experiment to ensure
the accuracy and blindness of the results.

Results

Single anterior chamber injection of PECE and microbeads
helped establish a stable mouse model with chronic high
I0P and triggered altered glucose metabolism in the visual
cortex

Baseline IOP measurements showed no significant dif-
ferences between the PECE and control groups. How-
ever, post-injection, IOP in the control group fluctuated
around the baseline value, whereas in the PECE group,
IOP increased significantly 1 day after injection, gradually
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increased peaked at 14 days, and then decreased steadily  injection in the PECE group compared with the control
but remained high for 28 days (P<0.001; Fig. 1A). Immu-  group (P<0.001), with a trend towards further reduction
nofluorescence staining of flat and frozen retinal sections  over 28 days (Fig. 1B, C). In addition, microglial activa-
demonstrated notable reduction in RGCs 3 days after tion was observed 3 days after injection and became
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Fig. 1 0P and pathological changes in mice after a single anterior chamber injection of PECE. (A): IOP remained elevated for 28 days after anterior
chamber injection. n=28. (B): Compared with the control group, a significant reduction in RGCs (green) was observed 3 days after injection in the PECE
group, which worsened over 28 days. n=4. Green: Brn3a; scale bar: 500 um (up), 50 um (down).(C): The number of RGCs (green) significantly decreased
at 3 days post-injection in the PECE group compared with the control group, with further reductions over time. n=4. Green: Brn3a; blue: DAPJ; scale bar:
50 um. (D): Activated microglia in the form of “amoebas” were observed in the injected eye 3 days post-injection, with branches that changed from elon-
gated to short and stubby, and increasing in abundance at 7,14,21, and 28 days post-injection. Activated microglia (red) migrated toward the damaged
ganglion cell layer. Red: Iba1; blue: DAPI; scale bar: 20 um. ***P<0.001, ****P < 0.0001. Error bars represent mean + SD. DAPI: 4,6-diamidino-2-phenylindole;
GCL: ganglion cell layer; INL: inner nuclear layer; IOP: intraocular pressure; ONL: outer nuclear layer; PECE: PEG-PCL-PEG; RGCs: retinal ganglion cells; SD:
standard deviation; IOP: intraocular pressure
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more pronounced over 28 days, after which the microglia
gradually migrated towards the damaged nodal cell layer
(Fig. 1D).

Considering the physiology of optic cross-development
in rodents (approximately 95% of optic nerve fibers cross
to the contralateral side, compared with approximately
52% in humans and primates) [25], the diseased eyes of
mice mostly affect the structure and function of the visual
cortex of the contralateral hemisphere. We designated
the visual cortex on the contralateral side of the oper-
ated eye as the high-IOP group and that on the ipsilateral

A
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side as the control group. No significant microglial acti-
vation was observed in the contralateral visual cortex of
the affected eye within 28 days of IOP elevation (Fig. 2A).
PET/MRI revealed lower glucose uptake in the visual
cortex of the high-IOP group than in the control group at
1, 3, 5, 7, and 14 days post-injection. This difference was
not significant at 21 or 28 days (P <0.05; Fig. 2B).
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Fig. 2 Alterations in the corresponding visual cortex following elevated intraocular pressure in mice: (A): No significant “amoebas” microglia was ob-
served in the contralateral visual cortex of the affected eyes within 28 days of IOP elevation compared with controls. Red: Iba1; blue: DAPI; scale bar:
50 um. (B): Typical PET images and PET/MRI fusion maps of mice with elevated IOP. ROls were selected symmetrically from both sides of the visual cortex.
On postoperative days 1, 3, 5, 7, and 14, there was a difference in SUVmax between the two sides of the visual cortex, which disappeared at 21 and 28
days. n=4.*P<0.05,**P<0.01. DAPI: 4,6-diamidino-2-phenylindole; MRI: magnetic resonance imaging; PET: positron emission tomography; ROI: region

of interest; SUVmax: maximum standardized uptake value
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Exogenous administration of Apelin-13 reduced RGCs loss
and retinal inflammatory responses induced by elevated
(0]

To investigate the long-term effects of Apelin-13 on the
protective effects against optic nerve injury, we observed
the normal control (NC), 4-week PECE, and 4-week
PECE + Apelin-13 groups. We observed a significant
reduction in RGCs in the PECE group compared with the
control group at 4 weeks post-injection (P<0.01; Fig. 34,
B). Pre-injection administration of Apelin-13 signifi-
cantly reduced RGCs loss (P<0.05; Fig. 3A, B) and sup-
pressed the activation and migration of retinal microglia
(Fig. 3C) mitigating the abnormal immune response trig-
gered by elevated IOP. In the NC group, resting microg-
lia were observed, whereas in the PECE group, activated
microglia were observed. After Apelin-13 administration,
the number of activated microglia significantly reduced
in the Apelin-13 group compared with the PECE group
(Fig. 3C).

Exogenous administration of Apelin-13 may reverse
abnormalities in glucose metabolism in visual cortex
neurons and retina in response to elevated IOP

Frozen sections of brain tissues were co-stained with
NeuN to observe the effect of Apelin-13 on the glucose
transporter proteins GLUT1 and GLUT3 and the key
enzyme of the PPP, G6PD, in visual cortical neurons.
GLUT1 (Fig. 4A) and GLUT3 (Fig. 4B) expression was
elevated, and G6PD (Fig. 4C) expression was decreased
in the visual cortical neurons of the PECE group com-
pared with the NC group, whereas in the Apelin-13
group, GLUT1 and GLUT3 expression was reduced,
and G6PD expression was elevated. Western blotting
also revealed these alterations in retinal (Fig. 4D) and
brain (Fig. 4E) tissues. Compared with the control group,
GLUT3 expression was elevated in both the retinal and
brain tissues in the PECE group and was higher than that
in the Apelin-13 group. Conversely, GLUT1 and G6PD
expression was higher in the Apelin-13 group.

Apelin-13 regulated oxidative stress in retinal and brain
tissues and its function may be related to the activation of
the PI3K/Akt signaling pathway

Apelin-13 could regulate neuronal energy metabolism
and alleviate oxidative stress induced by elevated IOP.
NADPH and ROS levels were significantly elevated in
the retina of mice with elevated IOP induced by PECE
injection in the anterior chamber. In contrast, Apelin-13
effectively attenuated this increase in both the retinal
and brain tissues (Fig. 5A and B). Additionally, activa-
tion of the PI3K/Akt signaling pathway was affected by
Apelin-13 (Fig. 5C and D), whereas inhibition of the
PI3K/Akt pathway by LY294002 significantly attenuated
Apelin-13’s ability to inhibit oxidative stress and reduce
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abnormalities in NADPH (Fig. 6A) and ROS (Fig. 6B)
levels and reversed the regulatory effects of Apelin-13
on GLUT1, GLUT3, and G6PD (Fig. 6E and F). The pro-
tective effect of Apelin-13 on the optic nerve was sig-
nificantly attenuated after inhibition of the PI3K/Akt
pathway, leading to RGCs loss (Fig. 7A and B) and abnor-
mal activation of microglia (Fig. 7C). These data suggest
that Apelin-13 exerts its effects by activating the PI3K/
Akt signaling pathway.

Discussion

We observed that IOP elevation for 1 day reduced glu-
cose metabolism in the contralateral visual cortex of mice
(Fig. 2B), suggesting that abnormal energy metabolism
occurs in the visual conduction pathway shortly after IOP
elevation. Ouyang et al. found a similar pattern, in which
unilateral hypoxia reduced '®F-FDG uptake ipsilaterally
in mouse brain tissues during the onset of hypoxic-isch-
emic stroke on PET/MRI imaging [26]. We propose that
reduced glucose uptake in the contralateral visual cor-
tex of hypertensive eyes may be due to hypoxia in RGCs
resulting from elevated IOP. Additionally, we observed
statistically significant differences in glucose uptake on
both sides until day 14, after which no significant differ-
ences were noted on days 21 and 28 (Fig. 2B), suggesting
that glucose uptake in the corresponding visual cortex
initially decreased and then gradually increased after IOP
elevation. Notably, studies on retinal metabolomics after
optic nerve crush in rodents have shown a similar trend
in retinal glucose levels, indicating a reduction in the
early stages, followed by an increase in the late stages of
RGCs injury [27]. While previous reports have indicated
reduced glucose uptake in the visual cortex of patients
with advanced primary open-angle glaucoma [28], our
mouse experiments showed reduced glucose uptake in
the early stages of IOP elevation, followed by a tendency
to level off gradually, which may be due to differences
in species and glaucoma types. Furthermore, our study
only observed glucose uptake in the visual cortex after
28 days. Further investigations are required to determine
whether glucose uptake in the visual cortex decreases
with disease progression. Nonetheless, the results of this
study will help to explore the pathological mechanism of
RGCs injury and find a new target for glaucoma treat-
ment, which is early glaucoma patients may suffer from
an energy deficit as well. If so, could early energy supple-
mentation or neuroprotective agents delay the progres-
sion of glaucoma?

The retina is an extension of the nervous system that
primarily relies on glucose for energy metabolism [29].
Elevated IOP can lead to ischemia and hypoxia in RGCs,
resulting in inadequate energy supply and subsequent
apoptosis. Recent studies have suggested that IOP-related
metabolic defects play a crucial role in the susceptibility
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Fig. 3 Role of exogenous [Pyr1]-apelin-13 in optic nerve injury and retinal immunoinflammatory responses. (A) The number of RGCs was significantly
lesser in the PECE group than in the control group. Moreover, the number of surviving RGCs was significantly greater in the Apelin-13 group than in
the PECE group. n=4. (Green: Brn3a, scale bar: 500 um in the upper panel and 50 um in the lower panel). (B) The number of RGCs changed in the same
manner as shown in (A). n=4. Green: Brn3a, scale bar: 50 um. (C) Microglia activation was significantly inhibited in the Apelin-13 group compared with
the PECE group. Red: Iba1, blue: DAPI, scale bar: 20 um. *P<0.05, ***P <0.001. DAPI: 4,6-diamidino-2-phenylindole; IOP: intraocular pressure; PECE: PEG-
PCL-PEG; RGCs: retinal ganglion cells
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Fig. 4 Role of exogenous [Pyri1]-apelin-13 in glucose metabolism in retinal and brain neuronal cells. (A) GLUT1 expression in visual cortex neurons was
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Fig. 5 Effects of exogenous apelin-13 on oxidative stress in retinal and brain neural tissue cells and the PI3K/Akt pathway. (A) a NADPH content was
higher in retinal tissues in the PECE group than in the NC group, whereas it was lower in the Apelin-13 group than in the PECE group. (A) b NADPH levels
in the brain tissues changed in the same pattern as those in the retina. (B) a ROS content in the retinal tissues was higher in the PECE group than in the
NC group, but lower in the Apelin-13 group. (B) b Trend of ROS levels in the brain tissues was the same as that in the retinal tissues. (C) p-PI3K/PI3K and
p-Akt/Akt ratios were lower in the retina in the PECE group, whereas they were restored in the Apelin-13 group. (D) Alterations in p-PI3K/PI3K and p-Akt/
Akt ratios in the brain tissues were similar to those in the retina. *P<0.05, **P < 0.01, ***P < 0.001. Akt: protein kinase B; NC: normal control; PECE: PEG-PCL-

PEG; PI3K: phosphatidylinositol 3-kinase; ROS: reactive oxygen species

of glaucomatous RGCs [30]. A metabolomics study
showed that reduced levels of pyruvate in the retina are
associated with IOP, accompanied by disturbances in glu-
cose metabolism before optic nerve degeneration occurs
[31]. Hence, improving glucose metabolism in the visual
conduction pathway may be a promising strategy for
glaucoma treatment.

Apelin-13 has been observed for its role in glucose and
lipid metabolism and the regulation of insulin secretion
[32]. Recently, Apelin-13 was shown to improve preg-
nancy outcomes in mice with gestational diabetes, poten-
tially by activating the PI3K/Akt pathway to improve
glucose-lipid metabolism, thereby reducing damage
caused by oxidative stress and inflammatory responses
[18]. Moreover, a mouse model of glaucoma revealed a
protective effect of Apelin-13 against optic nerve damage;
however, the underlying mechanism remained unclear
[21]. Our findings support the hypothesis that Apelin-13
protects against high-IOP-induced RGCs loss by activat-
ing the PI3K/Akt pathway to modulate the redistribution
of energy metabolism in neurons.

Intriguingly, our results indicated that retinal microg-
lia were markedly and abnormally activated after IOP
elevation (Fig. 1D), whereas microglia in the visual cor-
tex showed no significant changes (Fig. 2A), consistent
with the findings reported by Lam et al. [33]. This lack
of microglial activation in the visual cortex suggested
that the loss of neuronal cells had not yet occurred in
the visual cortex. Additionally, our results demonstrated
that Apelin-13 modulates aberrant GLUT1 and GLUT3
expression and increases G6PD expression (Fig. 4D and
E), suggesting its role in regulating metabolic redistri-
bution and neuronal energy metabolism. Chronic neu-
ronal degeneration is associated with dysregulation of
glucose metabolism and oxidative stress. Neurons pri-
marily metabolize glucose via the PPP to maintain their
antioxidant status [34]. G6PD is a critical enzyme in
the PPP and an antioxidant that protects neurons from
oxidative stress. It produces NADPH, which neutral-
izes ROS produced by oxidative stress, thereby reducing
oxidative stress [35]. Apelin-13 may induce a shift in the
PPP. The activation of G6PD and PPP facilitates the cell-
autonomous production of NADPH and maintains gluta-
thione (GSH) levels in neurons to protect against acute
and chronic oxidative stress, as well as attenuates stress-
induced inflammatory responses and reactive gliosis [36].
This indicates the therapeutic value of G6PD activation

in diseases, such as neuronal injury. Interestingly, our
results showed contrasting trends of GLUT1 expression
in brain tissues, as measured by immunofluorescence
staining (Fig. 4A) and western blotting (Fig. 4E). This dis-
crepancy may be attributed to the different distributions
of GLUT1 and GLUT3. GLUT3 is primarily localized in
neuronal membranes, whereas GLUT1 is mainly found
in the BBB, glial cells, and microvascular endothelial cells
[37]. The observed decrease in GLUT1 expression in the
retinal and brain tissues may be related to the disrup-
tion of BBB integrity. GLUT1 plays a role in transporting
glucose from the blood to the brain, whereas GLUTS3 is
primarily responsible for transporting glucose from the
brain to neurons [38]. Notably, the ability of neurons to
transport glucose is 12-fold greater than that of astro-
cytes, even at low interstitial glucose concentrations [39].
GLUTS3 plays a central role in the brain, and its expres-
sion coordinates with glucose utilization in the brain in
vivo [40]. Glucose deprivation can upregulate GLUT3
expression in neurons, as has been demonstrated both in
vivo and in vitro. In hypoglycemic mice, GLUT3 mRNA
expression is significantly higher in specific brain regions
[41]. Nagamatsu et al. reported that both acute (1 day)
and chronic (21 days) hypoxia induced glucose depletion
and lactate release in rat primary cortical astrocytes, with
the difference being that acute hypoxia increased GLUT1
expression, whereas chronic hypoxia decreased it [42].
Therefore, we speculated that 28 days after IOP eleva-
tion, long-term ischemia and hypoxia resulted in reduced
GLUT1 expression and decreased glucose transport in
the BBB and astrocytes, suggesting that GLUT1 and
GLUTS3 in neurons may have undergone a compensatory
elevation to maintain the energy supply of neuronal cells.
In addition, because of its key role in the brain, increased
GLUTS3 expression in neuronal cells may contribute
to gradual compensatory increase in glucose uptake in
the brain’s visual cortex following a decrease in glucose
uptake early in the course of elevated IOP, as shown on
PET/MRI, in mice with high IOP in our study (Fig. 2B).
This study has several limitations that warrant further
investigation. Firstly, our conclusions need to be further
validated by additional research methods and larger sam-
ple sizes. Secondly, while GLUT1 and GLUT3 are reliable
markers for assessing glucose transporter uptake, addi-
tional studies on intermediates of glucose metabolism are
essential. Finally, further clinical studies are necessary to
determine whether alterations in glucose uptake in the
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Fig. 6 Effects of Apelin-13 on oxidative stress and the protein regulation and the PI3K/Akt pathway in retinal and brain neural tissue cells can be reversed
by LY294002. (A) a NADPH levels in the retinal tissue were lower in the Apelin-13 group than in the PECE group, whereas they were higher in the LY294002
group than in the Apelin-13 group. (A) b NADPH levels in the brain tissues changed in the same pattern as those in the retinal tissues. (B) a ROS levels
in the retinal tissues were lower in the Apelin-13 group than in the PECE group and higher in the LY294002 group. (B) b Trend of ROS levels in the brain
tissues was the same as that in the retinal tissues. (C) The p-PI3K/PI3K and p-Akt/Akt ratios in the retinal tissues of mice were significantly higher in the
Apelin-13 group than in the PECE group, whereas these ratios were reduced in the LY294002 group. (D) Alterations in p-PI3K/PI3K and p-Akt/Akt ratios in
the brain tissues followed the same trend as observed in the retinal tissues. (E) a GLUT1, GLUT3, and G6PD expression in the retina. (E) b GLUT1 expression
reduced in the LY294002 group compared with the Apelin-13 group. (E) ¢ GLUT3 expression was increased in the LY294002 group compared with the
Apelin-13 group. (E) d G6PD expression was reduced in the LY294002 group compared with the Apelin-13 group. (F) a GLUT1, GLUT3, and G6PD expres-
sion in the brain. (F b, ¢, d Trend of GLUT1, GLUT3, and G6PD expression in the brain was consistent with that in the retinal tissues. *P<0.05, **P<0.01,
***P <0.001. Akt: protein kinase B; IOP: intraocular pressure; PI3K: phosphatidylinositol 3-kinase; RGCs: retinal ganglion cells; ROS: reactive oxygen species
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Fig. 7 Inhibition of the PI3K/Akt signaling pathway reduces the protective effect of Apelin-13 on optic nerve damage in mice with chronic high IOP. (A)
The number of RGCs in the retina was reduced significantly in the LY294002 group compared with the Apelin-13 group. n=4. (Green: Brn3a, scale bar:
500 um in the upper panel and 50 um in the lower panel). (B) Alterations in the number of RGCs were consistent with those in (A). n=4. Green: Brn3a,
scale bar: 50 um. (C) A significantly greater number of microglia were activated and had migrated in the LY294002 group than in the Apelin-13 group.
Red:Iba1, blue: DAPI, scale bar: 20 um. *P < 0.05, **P < 0.01, ***P < 0.001. DAPI: 4,6-diamidino-2-phenylindole; IOP: intraocular pressure; PECE: PEG-PCL-PEG;
RGCs: retinal ganglion cells

visual center are related to the extent of glaucomatous energy metabolism in RGCs and visual cortex neurons,

disease.

In conclusion, alterations in glucose metabolism in the
visual center may signify an early event in glaucomatous
optic nerve damage. We surmise that Apelin-13 plays a
neuroprotective role by regulating the redistribution of

thereby reducing the energy deficit induced by elevated
IOP and activating the PPP to counteract oxidative stress.
Although this study only focused on the 28 days after
IOP elevation, and more permanent changes need to be
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further investigated, it still provides some value for the
study of the pathogenesis and prevention of glaucoma.
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