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Abstract  
Retinal aging has been recognized as a significant risk factor for various retinal disorders, 
including diabetic retinopathy, age-related macular degeneration, and glaucoma, following 
a growing understanding of the molecular underpinnings of their development. This 
comprehensive review explores the mechanisms of retinal aging and investigates potential 
neuroprotective approaches, focusing on the activation of transcription factor EB. Recent 
meta-analyses have demonstrated promising outcomes of transcription factor EB-targeted 
strategies, such as exercise, calorie restriction, rapamycin, and metformin, in patients and 
animal models of these common retinal diseases. The review critically assesses the role 
of transcription factor EB in retinal biology during aging, its neuroprotective effects, and 
its therapeutic potential for retinal disorders. The impact of transcription factor EB on 
retinal aging is cell-specific, influencing metabolic reprogramming and energy homeostasis 
in retinal neurons through the regulation of mitochondrial quality control and nutrient-
sensing pathways. In vascular endothelial cells, transcription factor EB controls important 
processes, including endothelial cell proliferation, endothelial tube formation, and nitric 
oxide levels, thereby influencing the inner blood-retinal barrier, angiogenesis, and retinal 
microvasculature. Additionally, transcription factor EB affects vascular smooth muscle 
cells, inhibiting vascular calcification and atherogenesis. In retinal pigment epithelial cells, 
transcription factor EB modulates functions such as autophagy, lysosomal dynamics, and 
clearance of the aging pigment lipofuscin, thereby promoting photoreceptor survival and 
regulating vascular endothelial growth factor A expression involved in neovascularization. 
These cell-specific functions of transcription factor EB significantly impact retinal aging 
mechanisms encompassing proteostasis, neuronal synapse plasticity, energy metabolism, 
microvasculature, and inflammation, ultimately offering protection against retinal aging 
and diseases. The review emphasizes transcription factor EB as a potential therapeutic 
target for retinal diseases. Therefore, it is imperative to obtain well-controlled direct 
experimental evidence to confirm the efficacy of transcription factor EB modulation in 
retinal diseases while minimizing its risk of adverse effects.
Key Words: age-related macular degeneration; anti-aging interventions; autophagy; calorie 
restriction; diabetic retinopathy; exercise; glaucoma; neuromodulation; phagocytosis; 
photoreceptor outer segment degradation; retinal aging; transcription factor EB

Introduction 
Retinal diseases, such as diabetic retinopathy (DR), age-
related macular degeneration (AMD), and glaucoma, are 
major causes of irreversible blindness worldwide (GBD 2019 
Blindness and Vision Impairment Collaborators and Vision 
Loss Expert Group of the Global Burden of Disease Study, 
2021). Although anti-vascular endothelial growth factor 
(VEGF) therapies offer potential benefits in the later stages of 
DR and AMD, a significant proportion of patients (15%–40%) 
do not respond to these treatments (Wallsh and Gallemore, 
2021). Moreover, existing medical interventions for glaucoma 

may not consistently preserve vision throughout a patient’s 
lifetime (Tribble et al., 2021). The prevalence and severity of 
these retinal diseases, despite their varied etiology, increase 
with age (Keay et al., 2022). The functional decline in age-
related retinal diseases is associated with distinct cellular and 
physiological changes, including microvascular alterations, 
breakdown of the blood-retina barrier (BRB), synaptic 
changes, dysfunctional mitochondrial and energy metabolism, 
accumulation of advanced glycation end products (AGE), 
immune dysregulation, and para-inflammation (Chen et al., 
2019; Eells, 2019; Nag et al., 2019; Jin et al., 2022; Zhao et al., 
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2023). While these cellular and physiological changes are not 
seen in the retinae of healthy young adults, the healthy aging 
retina, however, does undergo changes that resemble, to 
some extent, the pathophysiological alterations seen in retinal 
diseases (Chen et al., 2019; Eells, 2019; Nag et al., 2019; Jin 
et al., 2022; Zhao et al., 2023). Hence, as age advances, the 
healthy retina transitions along a spectrum, shifting from 
normal to diseased states, highlighting the role of aging as 
both a precursor and contributor to the development of 
retinal neurodegenerative diseases. 

Recent meta-analyses and longitudinal cohort studies 
showed that healthy lifespan-extending behaviors, such 
as caloric restriction, time-restricted eating, and exercises, 
protect against degenerative retinal diseases (Tribble et al., 
2021; Yan et al., 2021; Choi et al., 2022; Russo et al., 2022). 
Mechanistically, it has emerged that transcription factor 
EB (TFEB), the master regulator of autophagy, is a shared 
molecular target activated by these healthy behavioral 
interventions and also by rapamycin and metformin, two 
drugs associated with anti-aging effects (Abokyi et al., 2023). 
TFEB links altered lysosomal homeostasis to the activation 
of nuclear transcriptional programs, as part of an adaption 
mechanism, to restore cellular homeostasis and promote 
survival (Ballabio and Bonifacino, 2020). Under nutrient-rich 
conditions, TFEB is phosphorylated, inactive, and retained 
in the cytosol because it is bound to the lysosome surface 
(Abokyi et al., 2023). The dephosphorylation of TFEB occurs 
in response to starvation and stress, leading to the activation, 
nuclear translocation, and binding of TFEB to the promoter 
site of the coordinated lysosomal expression and regulation 
gene network (Abokyi et al., 2023). In the mouse brain, age-
related decline in TFEB causes neuronal dysfunction whereas 
TFEB overexpression reverses neuronal senescence (Wang et 
al., 2021). In this review, we summarize evidence supporting 
the transcriptional autophagy regulator, TFEB, as a central 
nexus modulating the pathophysiological mechanisms of 
retinal aging and diseases. A detailed discussion of the retinal 
aging mechanisms and potential neuroregulatory effects of 
TFEB is presented.

Search Strategy and Selection Criteria
Relevant literature published from January 2019 up to 
November 2023 was identified by searches on PubMed, Web 
of Science, and Google Scholar databases, or the references 
cited in relevant reviews, using the following search terms 
“(aging retina OR age-related macular degeneration OR 
diabetic retinopathy OR glaucoma) AND (transcription factor 
EB OR neurodegeneration OR neuroprotection OR retinal 
pigment epithelium OR photoreceptor OR retinal ganglion 
cell OR retinal structure OR retinal protein expression OR 
retinal gene expression OR synaptic plasticity OR metabolic 
dysfunction OR retinal microvasculature OR vascular 
endothelium OR blood-retinal barrier OR neuroinflammation)”. 
Only articles published in English were included.

Retinal Aging Biology and Transcription Factor 
EB
The investigation of aging-induced retinal changes and their 

underlying mechanisms have garnered significant interest 
among researchers because of their role as precursors to 
retinal diseases. This section provides an overview of the key 
indicators of retinal aging (Figure 1) and how they relate to 
the role of TFEB (Figure 2).

Loss of retinal proteostasis and TFEB
Proteostasis, a delicate balance between protein synthesis 
and protein turnover, is crucial for neuronal survival 
(Joshi et al., 2020; Reddy Addi et al., 2022). This balance 
relies on quality control mechanisms such as autophagy, 
the ubiquitin-proteasome system, the unfolded protein 
response, and molecular chaperones, which help reduce 
the accumulation of toxic protein aggregates (Joshi et al., 
2020). Loss of proteostasis, characterized by changes in 
protein expression and the accumulation of non-degradable 
protein aggregates over time, is a key feature of retinal aging 
(Galloway et al., 2017; Karunadharma et al., 2022). These 
changes manifest in older eyes as drusen, basal laminar 
deposits, and the accumulation of complement proteins 
(Crabb, 2014; Galloway et al., 2017). Mass spectrometry 
proteomics of isolated retinal pigment epithelial (RPE) 
cells from non-diseased human donor eyes revealed age-
related changes in proteins involved in metabolism, protein 
turnover, and stress response (Karunadharma et al., 2022). 
Specifically, the aged retina exhibited a decline in proteins 
involved in lysosomal degradation (tripeptidyl peptidase 1 
and Cathepsin D) and chaperone activity (heat shock protein 
60, prohibitin, and endoplasmic reticulum protein 29), 
confirming a decrease in autophagy and chaperone activity 
(Karunadharma et al., 2022). A study conducted in old WNIN-
obese rats demonstrated that the accumulation of AGE played 
a substantial role in age-related neuronal damage, partly 
by affecting proteostasis. Moreover, AGE accumulation in 
the aging brain of the obese rats correlated with increased 
endoplasmic reticulum (ER) stress, impairment of the 
autophagy and the ubiquitin-proteasome system, β-amyloid 
accumulation, and neurodegeneration (Reddy Addi et al., 
2022).

The retinal neurons and RPE cells are unable to divide into 
daughter cells, which prevents them from redistributing 
damaged intracellular proteins or organelles. This makes their 
protein quality control mechanisms crucial for maintaining 
cellular homeostasis and function (Sánchez-Vidaña et al., 
2023). Consequently, impaired autophagy in the retina poses 
a risk to the physiology and survival of photoreceptor and 
RPE cells (Villarejo-Zori et al., 2021). Notably, autophagy 
contributes uniquely to retinal homeostasis by aiding in the 
daily cycle of renewal and shedding of the photoreceptor 
outer segments (POS) (Villarejo-Zori et al., 2021). The 
phagocytosis and degradation of the POS by RPE cells 
allow for the recycling of phototransduction proteins in 
photoreceptors. When autophagy in the RPE cell is impaired, 
there is a decrease in photoreceptor responses to light and 
an increased accumulation of waste and toxic materials in the 
retina, underscoring the importance of autophagy in the visual 
cycle and retinal proteostasis (Villarejo-Zori et al., 2021). 
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Figure 1 ｜ Illustration of the age-related mechanisms that contribute to the retinal aging phenotype. 
Aberrant proteostasis in retinal pigment epithelium (RPE) and neurons is the consequence of alterations in protein synthesis, coupled with 
impaired protein refolding and degradation mechanisms. Dysregulation of nutrient-sensing, energy metabolism, and a loss of mitochondrial 
homeostasis contribute to metabolic dysfunction. Microvascular defects, such as calcification, atherosclerosis, blood–retinal barrier (BRB) 
breakdown, choroidal neovascularization (CNV), and microaneurysms, may occur due to advanced glycation end products (AGE) and 
lipofuscin accumulation in endothelial cells (ECs), pericytes, and vascular smooth muscles. Oxidative stress or epigenetic modifications may 
trigger retinal inflammation through the activation of microglial cells and the complement system. Dysregulation of neuronal autophagy, 
neurotrophic levels, and synaptic regulatory proteins contribute to changes in synaptic plasticity. Created with Microsoft PowerPoint. AMPK: 
AMP-activated protein kinase; ER: endoplasmic reticulum; IGF-1: insulin growth factor 1; mTOR: mammalian target of rapamycin; SIRT1: 
sirtuin 1. 

Figure 2 ｜ TFEB neuroprotection in the aging retina involves the regulation of various cell-type-specific functions. 
The anti-inflammatory effect of transcription factor EB (TFEB) in the retina depends on its impact on endothelial cells (EC) and microglia. 
By enhancing autophagy and phagocytosis in retinal pigment epithelium (RPE), TFEB plays a significant role in visual pigment regeneration 
and reducing lipofuscin deposits. Photoreceptors, as specialized neurons with high metabolic demand, rely on energy metabolism by 
mitochondrial processes, which are regulated by TFEB. The regulation of neurotransmission and synaptic scaling by TFEB greatly affects 
retinal plasticity. Transcriptional activation of antioxidant and autophagy genes by TFEB has vasoprotective effects. Created with Microsoft 
PowerPoint. BRB: Blood–retinal barrier; CNV: choroidal neovascularization; ER: endoplasmic reticulum; FFAR1: free fatty acid receptor 1; 
GLUT 1 & 4: glucose transporters 1 and 4; HSPB8: heat shock protein beta-8; PGC-1α: peroxisome proliferator-activated receptor gamma 
coactivator-1 alpha; PINK1: PTEN-induced kinase 1; SIRT3: sirtuin 3; SMC: smooth muscle cell; TREM2: triggering receptor expressed on 
myeloid cells 2.
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TFEB regulates the transcription of autophagy and lysosomal 
genes, controlling the endocytic and exocytotic functions of 
neuronal, microglial, and RPE cells, which are vital for recycling 
and retinal homeostasis (Huang et al., 2018; Xu et al., 2021). 
Consequently, the age-related decline of TFEB expression in 
the central nervous system and retina significantly impacts 
autophagy and proteostasis (Abokyi et al., 2023). Recent 
findings showed that TFEB activation via optineurin promoted 
RPE phagocytic clearance in the retina (Tan et al., 2023). The 
study revealed that TFEB activation effectively promoted POS 
degradation even under conditions of impaired autophagy, 
suggesting that TFEB could stimulate RPE phagocytosis 
independently of autophagy (Tan et al., 2023). Another recent 
study discovered that expression of the chaperone heat 
shock protein B8 (HSPB8), the ortholog of HSP67Bc in fly, 
which is known for its ability to decrease misfolded proteins 
in neurodegenerative models, is regulated by TFEB (Zhu et 
al., 2023b). The upregulation of HSPB8 by TFEB using silica 
nanoparticles was found to promote selective autophagy 
(Zhu et al., 2023b). Furthermore, the ER calcium content 
is strictly regulated to provide a favorable environment for 
protein folding (Carreras-Sureda et al., 2018). By controlling 
Ca2+ refilling in the ER through lysosomal Ca2+ uptake (Sbano 
et al., 2017), TFEB may influence other ER functions related to 
maintaining proteostasis.

Altered retinal synaptic plasticity and TFEB
Synapses are the fundamental units of the neural circuitry 
connecting neurons and facilitating the transmission of 
biochemical signals between them. When necessary, 
synapses fine-tune the neural circuitry, an adaptive response 
known as neuroplasticity (Fitzpatrick and Kerschensteiner, 
2023). The retina contains two layers of synapses, the outer 
plexiform layer and the inner plexiform layer, which transmit 
neurosensory signals from photoreceptors to retinal ganglion 
cells (RGCs) (Sanuki et al., 2015). The outer plexiform layer 
contains specialized glutamatergic synapses between 
photoreceptors and interneurons (bipolar and horizontal 
cells). The inner plexiform layer has more synaptic connections 
between interneurons (bipolar cells, horizontal cells, and 
amacrine cells) and retinal output RGCs, with glutamate and 
gamma-aminobutyric acid as the main neurotransmitters. 
Histological and immunohistochemistry investigations in 
animal models or post-mortem human retina have revealed 
structural and neurotransmitter changes at the synapses of 
the aging retina (Chang et al., 2020; Sugita et al., 2020; Zhu 
et al., 2023a). Specifically, the changes include reductions in 
synapse density, alterations in synaptic vesicles, remodeling of 
neural dendrites, and altered expression of synaptic proteins 
and neurotransmitters in the aged retina (Samuel et al., 
2011; Chang et al., 2020; Zhu et al., 2023a). Alterations and 
disintegration of synapses in the inner plexiform layer and 
outer plexiform layer usually precede the extensive neuronal 
death that characterizes the final stages of retinal diseases 
like glaucoma, AMD, and retinitis pigmentosa, which affect 
RGCs and photoreceptors, respectively. It is important to note 
that not all synaptic changes have a negative impact on retinal 
function. During synaptic remodeling, new synapses can form, 
or existing connections can be reorganized to compensate for 

areas of retinal cell loss, thereby promoting retinal activity 
(Fitzpatrick and Kerschensteiner, 2023). Various mechanisms 
contribute to age-related synaptic changes, including 
disrupted autophagy and mitochondrial dynamics, altered 
expression of synaptic regulatory proteins and neurotrophic 
factors, and increased complement activation (Williams et al., 
2012; Sanuki et al., 2015; Chrysostomou et al., 2016; Grosso 
Jasutkar and Yamamoto, 2023).

While the literature supports the involvement of TFEB in 
general synaptic plasticity, the exact role of TFEB in retinal 
synaptic plasticity during aging remains uncertain. TFEB 
has been found to regulate synaptic scaling, a homeostatic 
mechanism that adjusts neuronal properties in response to 
activity changes, thereby promoting neuronal homeostasis 
(Wang et al., 2023). Evidence also suggests that TFEB 
activation, potentially enhanced by fish oil’s neuroprotective 
effects, optimizes synaptic transmission in the brain 
(Almaspour et al., 2020). Sleep deprivation in rats was 
found to downregulate TFEB and synaptophysin, a synaptic 
vesicle protein, while fish oil supplementation boosts TFEB 
expression, upregulates lysosomal-associated membrane 
protein 1 and synaptophysin, and improves memory, indicating 
TFEB’s role in controlling neurotransmitter release (Almaspour 
et al., 2020). Deep brain stimulation is a neurosurgical 
procedure that involves implanting electrodes to stimulate or 
silence synaptic activity. A recent investigation revealed that 
deep brain stimulation activates TFEB, modulating neuronal 
activity in neurodegenerative disorder treatment. Deep brain 
stimulation-stimulated mice show improved clearance of 
aggregate-prone proteins in neurons, linking synaptic activity, 
TFEB-mediated autophagy, and neuronal homeostasis (Akwa 
et al., 2023). Further research is needed to understand the 
impact of TFEB dysregulation on synaptic plasticity in retinal 
aging, as this may be leveraged for promoting neuroplasticity 
in the aged or diseased retina. Specifically, exploring how 
TFEB impacts synaptic regulatory proteins important for 
retinal organization, including protein-4.1G, and Ap4e1, could 
improve our mechanistic understanding of TFEB’s role in 
synaptic plasticity (Sanuki et al., 2015; Albrecht et al., 2018).

Dysfunctional retinal metabolism and TFEB
The process of phototransduction requires a significant 
amount of metabolic energy due to the need for maintaining 
ion balance and proper neuronal signaling through active 
transport, the continuous cycle of regenerating visual 
pigments “bleached” by light, and the recycling of POS by 
RPE cells (Jaroszynska et al., 2021). Despite this high energy 
demand, the mammalian retina primarily relies on aerobic 
glycolysis, a relatively low efficient method for ATP generation, 
although fatty acid oxidation, a more efficient method, also 
contributes to the metabolic needs of photoreceptors (Fu et 
al., 2021; Jaroszynska et al., 2021). In retinal photoreceptors, 
approximately 80% of glucose is metabolized through aerobic 
glycolysis for energy, while the remaining 20% is metabolized 
through oxidative phosphorylation. This results in high 
glucose consumption in the retina compared to other brain 
tissues (Viegas and Neuhauss, 2021). Photoreceptors and RPE 
cells, due to their high metabolic demand, are particularly 
vulnerable and often the first sites of injury under metabolic 
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stress. Therefore, any event disrupting glucose and oxygen 
levels, as well as mitochondrial function, causes metabolic 
stress and retinal damage. For example, conditional RPE-
specific deletion of the mitochondrial antioxidant enzyme 
manganese superoxide dismutase in mice caused a metabolic 
shift in RPE, leading to AMD-like changes in both the RPE and 
photoreceptors (Brown et al., 2019). In-depth reviews of the 
metabolic pathways in photoreceptors are available in these 
cited references (Fu et al., 2021; Jaroszynska et al., 2021). 

Metabolic dysfunction, characterized by a decline in 
mitochondrial function and metabolic switch, is a key 
feature of retinal aging. Proteomic analysis of RPE samples 
from human donor eyes has shown significant age-related 
changes in metabolic proteins, including those involved in the 
glycolytic pathway (aldolase C, glycerol aldehyde phosphate 
dehydrogenase, phosphoglucomutase 1, and enolase1), 
the tricarboxylic acid cycle (Trans-aldolase 1 and MDH1), 
electron transport chain (ATPase subunit 5 and NADH: 
ubiquinone oxidoreductase core subunit S3), and ketogenesis 
(hydroxymethylglutaryl CoA synthase 2). These changes 
account for the decrease in RPE metabolic activity with age 
(Karunadharma et al., 2022). Moreover, the neuroretina and 
RPE cells from older mice and human eyes exhibit changes in 
nutrient-sensing pathways, such as insulin-like growth factor 1, 
mammalian target of rapamycin (mTOR), and AMP-activated 
protein kinase, which are crucial for glucose homeostasis 
and energy balance (Chen et al., 2010b; Cheng et al., 2020). 
Additionally, an age-related decrease in the expression 
of sirtuin 1, a nicotine adenine dinucleotide-dependent 
deacetylase, significantly contributes to impaired glucose 
and lipid metabolism in the aging retina (Luo et al., 2017). 
This could be due to the involvement of sirtuin 1 in regulating 
mitochondrial biogenesis, oxidative phosphorylation, and fatty 
acid oxidation, through interactions with other transcription 
factors and energy metabolic pathways, including peroxisome 
proliferator-activated receptor gamma coactivator-1 alpha 
(PGC-1α). Furthermore, retinal aging is associated with an 
increased accumulation of AGE, which is implicated in the 
retinal capillary abnormalities found in DR (Xu et al., 2018).

TFEB plays a crucial role in maintaining metabolic balance in 
retinal neurons and RPE cells through various mechanisms. 
A recent study revealed that mice with very-low-density-
lipoprotein receptor (VLDLR) knockout developed retinal 
neovascularization due to an insufficient energy supply from 
fatty acid oxidation by high metabolic photoreceptors (Heckel 
et al., 2022). The study found that the insufficient energy 
metabolism in photoreceptors was not necessarily due to 
poor uptake of triglyceride-derived fatty acids, but rather due 
to the stimulation of the free fatty acid receptor 1 (FFAR1)-
to-TFEB axis (Heckel et al., 2022). FFAR1, a G-protein-coupled 
receptor, sensed elevated fatty acid levels in circulation 
(caused by the reduced uptake of lipids in very-low-density-
lipoprotein receptor deficient tissues) and inhibited TFEB. 
This led to decreased autophagy, SIRT3 expression, and 
mitochondrial respiration in photoreceptors (Heckel et al., 
2022). These findings explain how higher serum levels of fatty 
acid impair autophagy and highlight the importance of TFEB 
in regulating photoreceptor fatty acid oxidation and energy 

metabolism, which are vital for their survival. Another study 
showed that by controlling retinal lipid metabolism, TFEB 
impacts the early prenatal stage of retinopathy of prematurity 
(phase I ROP) development (Fu et al., 2023). In neonatal mice 
with hyperglycemia-associated phase I ROP, the administration 
of fibroblast growth factor 21 induced normal physiological 
vascularization, by activating TFEB and promoting lipid 
transport and mitochondrial lipid oxidation (Fu et al., 2023). 
Further research is needed to understand how TFEB regulates 
the metabolic switch from glucose to lipid metabolism in 
hyperglycemia, and how this impacts angiogenesis. However, 
it is known that TFEB controls glucose uptake via glucose 
transporters (GLUT 1 and 4) and glycolysis in tissues or organs 
with high energy demand, such as the liver, muscles, and 
cancer cells (Mansueto et al., 2017; Zhang et al., 2022). TFEB 
also regulates mitochondrial biogenesis and mitophagy, which 
are quality control mechanisms for maintaining a healthy 
mitochondrial pool to meet the energy metabolic demands 
of cells (Abokyi et al., 2023; Jiménez-Loygorri et al., 2023). 
During retinal development, mitophagy is crucial for switching 
differentiating neuroblasts from a predominantly oxidative to 
a more glycolytic metabolism (Jiménez-Loygorri et al., 2023). 
In the adult retina, mitophagy is the most induced form of 
autophagy, particularly by photoreceptors in the outer nuclear 
layer due to their higher metabolic demand (McWilliams 
et al., 2019). Therefore, mitophagy may be necessary to 
eliminate damaged mitochondria and trigger mitochondrial 
biogenesis, via PTEN-induced kinase 1 (PINK1)-TFEB activation 
(Ivankovic et al., 2016).

Retinal microvasculature abnormalities and TFEB
The retina blood supply comes from two branches of the 
ophthalmic artery: the central retinal artery (supplying 
the inner retina) and the short posterior ciliary arteries 
(indirectly supplying the outer retina and RPE via the 
choroidal circulation). Similar to the central nervous system, 
the retina maintains a tightly regulated microenvironment 
that is regulated by the BRB, effectively separating it from 
the systemic circulation (O’Leary and Campbell, 2023). 
Anatomically, the BRB is found at two separate locations in 
the retina. The inner BRB consists of tight junctions between 
the endothelial cells (ECs) lining retinal capillaries, which 
together with its basement membrane, pericytes, neurons, 
and glial cells, form the neurovascular unit nourishing the 
inner retinal layers (O’Leary and Campbell, 2023). The 
outer BRB, however, comprises the single layer of RPE cells 
and their tight junctions, which separate the fenestrated 
choriocapillaris from the neuroretina (O’Leary and Campbell, 
2023). Breakdown of this barrier interferes with the 
microenvironment and the immune privileges, and also results 
in fluid accumulation in the retinal layers, causing edema 
(Chen et al., 2019; O’Leary and Campbell, 2023). Aging affects 
the retinal microvasculature and the BRB. Structurally, retinal 
blood vessels in the eyes of older individuals have thicker 
walls, narrow vessel diameters, decreased vessel density, and 
altered blood flow velocity (Wei et al., 2017; Park et al., 2020). 
At the cellular level, retinal vascular aging is characterized 
by a reduction in RPE cells, ECs, pericytes, and astrocytes, 
thickening of the basement membrane, and a decrease in 

D
ow

nloaded from
 http://journals.lw

w
.com

/nrronline by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 09/13/2024



NEURAL REGENERATION RESEARCH｜Vol 20｜No. 2｜February 2025｜371

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

tight junctions between the RPE cells and ECs (Chen et al., 
2019; Antonetti et al., 2021). These abnormalities in retinal 
microvasculature and BRB are prevalent and more severe 
in age-related retinal diseases, such as DR, glaucoma, and 
AMD, suggesting that accelerated vascular aging might play 
a significant role in the pathophysiology of these conditions 
(O’Leary and Campbell, 2023; Taylor et al., 2023; Zhao et al., 
2023). 

Diverse mechanisms may be responsible for age-related 
abnormalities in the retinal microvasculature. As previously 
mentioned, the build-up of AGE with increasing age 
significantly disrupts the adult retinal microvasculature 
(Antonetti et al., 2021; Schalkwijk et al., 2023). By inducing 
oxidative stress, senescence, and inflammation, AGE causes 
EC dysfunction, pericyte loss, the formation of acellular 
capillaries, and vascular calcification and stiffening (Xu et al., 
2018). Also, a study on the human donor eyes showed that 
advancing age increased oxidative stress, leading to early 
changes in the ECs, pericytes, and vascular smooth muscle 
cells (SMC) by the seventh decade of life (Nag et al., 2019). 
They observed an increase in lipofuscin accumulation and 
autophagic vacuoles in pericytes and SMC, indicating the 
involvement of dysregulated autophagy in retinal capillary 
damage in aging. In another study on human donor retina, the 
accumulation of the aging pigment lipofuscin was found to be 
associated with senescence in ECs and neurons, breakdown of 
the inner BRB, and leading to microaneurysm formation in the 
retinal capillaries in old age (López-Luppo et al., 2017).

As previously mentioned, TFEB’s role in transitioning cells  
between different energy metabolic pathways helps to 
maintain energy homeostasis, which is crucial in preventing 
neovascularization (Heckel et al., 2022; Fu et al., 2023). 
TFEB also regulates retinal microvasculature development 
and functions in health and diseases. For example, TFEB 
controls the proliferation of ECs and EC tube formation, 
which is necessary for angiogenesis during the early fetal 
developmental stage and post-ischemia (Fan et al., 2018; 
Doronzo et al., 2019). In the streptozotocin-induced Sprague 
Dawley rat model of diabetes, TFEB overexpression mitigated 
the reduced TFEB expression and nuclear translocation 
in retinal capillary ECs, thereby reversing high glucose-
induced autophagy dysfunction and protecting cells against 
hyperglycemia-induced oxidative stress, inflammation, and 
apoptotic damage (Cheng et al., 2023). A study discovered that 
laminar shear stress-induced TFEB activation protected against 
vascular aging associated with high-cholesterol diets in mice 
(Lu et al., 2017). EC-specific transgenic TFEB over-expression in 
aging mice on a high-cholesterol diet reduced atherosclerotic 
plaque development, and in vitro, TFEB induction in ECs 
increased the abundance of antioxidant genes, including 
heme oxygenase 1 (HO1) and superoxide dismutase 2 (SOD2) 
(Lu et al., 2017). Also, the activation of TFEB in SMC led to 
the induction of autophagy and reduced vascular calcification 
and atherogenesis, thereby improving vascular function 
(Chen et al., 2022). While most of the existing data attribute 
the regulatory effects of TFEB on retinal microvascular to the 
effects on ECs, TFEB may also impact other vascular cellular 
components of the BRB, including the tight junctions.

Immune deregulation, inflammation, and TFEB
Immune privilege, describing the spatial reduction in 
immune response or increased tolerance to antigens, is an 
essential adaptation in the retina that helps to protect against 
neuroinflammation and preserve retinal function (Chen et 
al., 2019). Maintaining the immune privilege of the retina is 
dependent on multiple factors, including the BRB integrity, 
immunosuppressive factors (e.g., transforming growth 
factor-beta and retinoic acid), and local immune regulation 
by the resident immune cells within the retina, such as 
microglia and astrocytes. These factors contribute to the 
avoidance, tolerance, and/or resistance to immunopathogenic 
injury (Chen et al., 2019). Aging, however, affects these 
factors in diverse ways, leading to low-grade local chronic 
inflammation in the aging retina (Chen et al., 2019). For 
example, dysfunctional RPE may lead to microglia activation, 
and the dysregulation of the complement system, causing 
inflammation drusen formation in the aging retina, as seen in 
AMD and other macular dystrophies (Crabb, 2014; Galloway 
et al., 2017). Increased oxidative damage and enhanced lipid 
peroxidation are also involved in the activation of microglia 
and the complement system during the retinal aging process. 
Activated microglia are capable of killing and phagocytosing 
photoreceptors (Karlen et al., 2020). Others have also 
implicated epigenetic modification of the genes involved in 
immunologic responses, including chemotaxis, endocytosis, 
complement activation, phagocytosis, and myeloid cell 
differentiation, as the effector mechanism behind the altered 
local inflammatory response in the aging retina (Chen et 
al., 2010a). Moreover, the accumulation of lipofuscin in the 
aging retina induces senescence in ECs and neurons, leading 
to impaired BRB integrity and a compromise of the retinal 
immune privilege (López-Luppo et al., 2017).

By promoting EC proliferation and tube formation, TFEB 
regulates retinal vascular development, and repair, and 
contributes towards the maintenance of the BRB integrity 
(Fan et al., 2018; Doronzo et al., 2019). In the context of local 
immune regulation, TFEB inhibits EC inflammation, partly 
by activating the antioxidant genes including HO1 and SOD2 
(Lu et al., 2017). There may be numerous other mechanisms 
through which TFEB regulates immune homeostasis in the 
retina. For instance, in a mouse model of Parkinson’s disease, 
TFEB demonstrates anti-inflammatory effects by modulating 
the activity of the NLRP3 inflammasome and microglia. TFEB 
signaling suppresses the NLRP3 inflammasome by boosting the 
expression of LAMP2A, which subsequently binds to NLRP3 and 
facilitates its degradation via chaperone-mediated autophagy 
(Chen et al., 2021). In a transgenic mouse model of Alzheimer’s 
disease, overexpression of the triggering receptor expressed 
on myeloid cells 2 (TREM2) in microglial cells counteracts 
neuroinflammation (Shi et al., 2022). However, human 
microglia with mutated TREM2 exhibit defective lysosomal 
function due to the transcriptional downregulation of ATPase 
H+-transporting lysosomal accessory protein 2 (involved in 
lysosomal acidification) and LAMP 2 (Filipello et al., 2023), 
suggesting potential interaction between TREM2 and TFEB. 
Therefore, TFEB’s regulation of endothelial cell inflammation, 
the NLRP3 inflammasome, and microglial activity support its 
role in mediating local immunity in the retina.
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Interplay between TFEB and biomarkers of aging
The interplay between TFEB and biomarkers of aging provides 
valuable insights into the mechanisms underlying retinal 
aging. While there is no universally accepted gold standard for 
aging “clocks” or biomarkers indicating biological age, cellular 
senescence has emerged as a reliable predictor of age-related 
outcomes and functional capability (Chen et al., 2023). In the 
context of retinal aging, the senescence-associated phenotype 
plays a crucial role in the development of various hallmarks, 
including metabolic dysfunction, neuroinflammation, 
breakdown of the BRB, and synaptic plasticity (Lee et 
al., 2021). Postmortem investigations on eyes from aged 
donors revealed that retinal microaneurysms development 
was associated with cellular senescence in neurons and 
blood vessels, evidenced by the upregulation of canonical 
senescence markers p16 and p21 in the microaneurysms 
of the aged human retina (López-Luppo et al., 2017). 
Furthermore, it was shown that progeric mice, which 
overexpress p21 in their retinal blood vessels, developed 
an aging phenotype characterized by the accumulation of 
lipofuscin and a high number of retinal microaneurysms 
(López-Luppo et al., 2017).

Understanding the relationship between retinal TFEB and the 
senescence-associated biomarkers p16 and p21 is of utmost 
importance. Studies have demonstrated that age-related 
DNA damage response in neurons induces senescence, 
characterized by increased detection of senescence-associated 
β-galactosidase (SA-β-gal) in a p21-dependent manner (Jurk 
et al., 2012). It is becoming increasingly clear that declining 
TFEB levels in aging are closely associated with increased 
senescence. In aging neurons from older mice, the nuclear 
TFEB protein level was reduced, accompanied by elevated 
senescence-associated biomarkers, including p16 and γ-H2AX 
(Gorostieta-Salas et al., 2021; Wang et al., 2021). However, 
older transgenic mice overexpressing TFEB showed delayed 
aging, characterized by the mitigation of markers of neuronal 
senescence and improved functional performance based on 
memory skills (Wang et al., 2021). In another study, TFEB-
mediated activation of autophagy was found to be responsible 
for the beneficial effect of the nuclear export protein, 
chromosome region maintenance 1 (CRM1), in modulating 
brain aging-associated senescence (Gorostieta-Salas et 
al., 2021). In old mice, the accumulation of CRM1 in brain 
aging decreased nuclear TFEB, causing impaired autophagic 
degradation and increased SA-β-gal, indicating neuronal 
senescence. By inhibiting CRM1, TFEB nuclear localization 
improved autophagy flux and reduced SA-β-gal activity in an 
in vitro model of neuronal senescence (Gorostieta-Salas et al., 
2021). Recent findings suggest that TFEB may contribute to 
the regulation of senescence through the control of lysosomal 
biogenesis and SA-β-gal activity, as well as the coordination of 
the mitochondrial-lysosomal axis (Curnock et al., 2023; Cui et 
al., 2024).

Nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) is another aging biomarker due to its role in 
DNA damage response, metabolism, cellular senescence, and 
inflammaging. Persistent activation of NF-κB is implicated in 
driving senescence and mammalian aging, while inhibiting 

NF-κB has been shown to reduce senescence markers and 
enhance healthspan in mouse models of aging (Zhang et al., 
2021). In diabetic db/db mice, TFEB activation was found to 
play an anti-atherosclerotic role by suppressing inflammation 
in ECs through the inhibition of NF-κB signaling (Song et al., 
2019). Targeting the TFEB-NF-κB axis, therefore, has the 
potential as a therapeutic target for modulating inflammation 
in age-related vascular disorders associated with diabetes, 
including DR. 

Therapeutic Potential of Transcription Factor EB 
in Common Retinal Disorders 
Diabetic retinopathy
DR is a prevalent ocular complication of diabetes mellitus, 
impact ing the ret inal  microvasculature and neural 
components, and often resulting in vision loss (Antonetti et al., 
2021; Schalkwijk et al., 2023). It is still unclear whether neural 
or microvascular dysfunction occurs first in DR (Antonetti 
et al., 2021). Typical characteristics of DR include increased 
vascular permeability and impaired BRB. These conditions 
subsequently promote inflammation and the growth of 
fragile new retinal blood vessels, as observed in patients with 
diabetic macular edema (Antonetti et al., 2021).

The available evidence backing the therapeutic potential 
of targeting TFEB in DR currently is mainly from laboratory 
investigations in rodent models of diabetes. Decline in TFEB 
expression and activity together with impaired autophagy 
are observed in human ECs exposed to high glucose and in 
retina tissues from streptozotocin-induced DR-like pathologies 
in rats (Cheng et al., 2023), underpinning the central role 
of TFEB dysregulation in DR pathogenesis. In vitro, TFEB 
overexpression in human ECs reversed autophagy inhibition 
caused by high glucose and protected retinal capillary ECs 
against damage (Cheng et al., 2023). In db/db mice, a model 
of obesity-related type-2 diabetes, it was also shown that 
TFEB-mediated autophagy activation (by caloric restriction or 
rapamycin) promoted microvascular dilatation by inhibiting 
nitric oxide (NO) synthase monomerization, which affects 
NO production in ECs by reducing reactive oxygen species 
generation in mitochondria (Zhao et al., 2022). TFEB’s 
involvement in regulating endothelial NO indicates its 
potential benefits in the prevention and treatment of DR and 
other retinal diseases with an underlying impaired blood flow 
(Table 1).

In addition to the benefits that are related to autophagy 
upregulation in ECs, TFEB affects glucose homeostasis and 
whole-body energy metabolism by: coordinating nutrient 
availability with the control of nutrient transporters, through 
endosomal recycling (Curnock et al., 2019); regulating insulin 
secretion by pancreatic beta cells (Pasquier et al., 2023); and 
enhancing glucose uptake, transport, and metabolism by 
the skeletal muscles (Mansueto et al., 2017). Moreover, the 
therapeutic role of TFEB inducers in DR is also dependent 
on the cytoprotective effect on the retinal and glial cells 
under hyperglycemia (De Faria et al., 2016). Trehalose is a 
naturally occurring disaccharide, which mimics the effects 
of caloric restriction. The oral intake of trehalose activates 
TFEB-mediated autophagy in the brain and retina. Mass 
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spectrometry analysis in a cross-sectional study involving 
type-2 diabetes patients [those with DR (n = 69) compared 
to their cohorts without DR (n = 96)] revealed that having 
higher serum trehalose and lower serum glutamate levels was 
associated with up to 86% decline in DR occurrence (Guo et 
al., 2022). 

Age-related macular degeneration
RPE cell dysfunction plays a crucial role in the development 
of AMD. Similar to neurons, RPE cells are postmitotic and 
are required to maintain proper retinal function and vision 
throughout an individual’s lifetime (Lakkaraju et al., 2020). 
A healthy RPE contributes to retinal homeostasis and 
vision in several ways, including barrier and transepithelial 
functions, and regulation of crucial visual processes such 
as POS degradation and the visual cycle, which facilitate 
efficient photoreceptor function (Lakkaraju et al., 2020). 
RPE dysfunction in retinal aging is partly attributed to the 
intracellular accumulation of lipofuscin, which increases retinal 
phototoxicity and impairs POS degradation (Lakkaraju et al., 
2020). Also, mitochondrial dysfunction, another characteristic 

of RPE aging, promotes oxidative RPE damage and cell death 
(Tong et al., 2022).

The retinal landmarks of AMD, which include RPE oxidative 
damage and increased accumulation of protein aggregates, 
indicate the dysregulation of RPE cell clearance pathways, such 
as phagocytosis, autophagy, and the ubiquitin-proteasome 
system (Lakkaraju et al., 2020). Physiologically, RPE cells from 
the eyes of donor AMD patients showed a significant decline 
in phagocytosing POS (Inana et al., 2018). Small-molecule 
TFEB activators, however, promoted POS uptake and RPE 
autophagy degradation and could be a potential remedy in 
AMD (Huang et al., 2018; Abokyi et al., 2020). Cigarette smoke 
is the most important environmental risk factor for AMD 
development in humans, and the chronic exposure of mice to 
cigarette smoke caused RPE damage and AMD-like phenotype. 
Recently, we showed that exposing human RPE cell culture 
to cigarette smoke prooxidant, hydroquinone, compromised 
autophagy, and nuclear factor erythroid 2-related factor 2 
master antioxidant transcription factor, promoting oxidative 
damage in RPE cells (Abokyi et al., 2020). However, cells 
treated with the TFEB inducer trehalose were protected 

Table 1 ｜ Evidence supporting the neuroprotective potential of TFEB in retinal biology and diseases

In vivo/in vitro models
TFEB changes observed or 
induced experimentally Molecular targets/Outcomes References

DR
Streptozotocin-induced diabetes rats Showed reduced TFEB levels 

in ECs
High glucose impairs autophagy in retinal capillary ECs, leading to 
the development of DR-like pathologies in rats.

Cheng et al., 2023

Human ECs Overexpression of TFEB by 
transfection

Reversing the inhibition of autophagy induced by high glucose, 
thus safeguarding human ECs against inflammation, oxidative 
stress, and apoptosis-induced damage.

Cheng et al., 2023

db/db mice obesity-related type-2 
diabetes mice

Calorie restriction- or 
Rapamycin-induced TFEB 
activation

Stimulated autophagy in ECs, enhancing microvascular dilatation 
and endothelial function through the inhibition of NO synthase 
monomerization.

Zhao et al., 2022

Mouse model of retinal angiomatous 
proliferation

FFAR1-TFEB inhibition Inadequate energy metabolism and ultimately retinal 
neovascularization, due to impaired autophagy, reduced SIRT3 
expression, and mitochondrial dysfunction in photoreceptors.

Heckel et al., 2022

Neonatal mice with hyperglycemia-
associated phase I ROP

Fibroblast growth factor 
21-induced TFEB activation

Induced normal physiological vascularization by promoting lipid 
transport and mitochondrial fatty acid oxidation.

Fu et al., 2023

Type-2 diabetes patients Higher serum trehalose level Associated with up to 86% decline in DR occurrence. Guo et al., 2022
AMD
RPE cells from the eyes of donor AMD 
patients

TFEB not investigated Phagocytosis declined, increasing oxidative stress. Inana et al., 2018

ARPE-19 cell line Quercetin activated TFEB Promoted RPE phagocytosis and autophagy. Huang et al., 2018

Hydroquinone-RPE cell model (in vitro 
AMD model)

Trehalose activated TFEB Reversed lysosomal and autophagy dysfunction, inhibited 
VEGF-A, and protected against hydroquinone-induced RPE 
damage.

Abokyi et al., 2020

Mouse model of neurodegenerative 
storage diseases

Trehalose activated TFEB Protected against neurodegeneration and extended lifespan. Palmieri et al., 2017

Mouse model of inherited macular 
degeneration

Optineurin-induced TFEB 
activation

Promoted RPE phagocytic clearance in the retina. Tan et al., 2023

Diabetes patients without DR Metformin intake; TFEB not 
investigated.

Low-to-moderate doses of metformin reduced the risk of AMD 
by 5%–10%.

Blitzer et al., 2021

Glaucoma
Models of glaucoma and aging in mice Calorie restriction; TFEB not 

investigated; activation
Enhanced neuroprotection by inhibiting oxidative stress, 
increasing neurotrophic factors, and preventing age-related 
changes that impede the normal outflow of aqueous humor.

Li and Wolf, 1997; 
Guo et al., 2016

Trabecular meshwork cells from 
glaucomatous eyes

TFEB not investigated Dysregulated autophagy rendered cells vulnerable to oxidative 
stress and senescence, impacting the outflow pathway adversely.

Porter et al., 2015

AMD: Age-related macular degeneration; DR: diabetic retinopathy; EC: endothelial cell; FFAR1: free fatty acid receptor 1; NO: nitric oxide; ROP: retinopathy of 
prematurity; RPE: retinal pigment epithelium; SIRT3: sirtuin 3; TFEB: transcription factor EB; VEGF-A: vascular endothelial growth factor A.
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from oxidative damage in an autophagy-dependent manner 
(Abokyi et al., 2020). Thus, by activating lysosomal biogenesis 
and autophagy in RPE cells, TFEB prevents the accumulation 
of oxidized biomolecules and damaged mitochondria that 
are cytotoxic to the RPE. Apart from autophagy, TFEB 
activation led to the transcriptional downregulation of the 
proangiogenic VEGF-A isoform, implicated in wet AMD (Abokyi 
et al., 2020; Table 1). Furthermore, our research revealed 
that the activation of TFEB by trehalose effectively mitigated 
neuroinflammation in the retina and brain of a mouse model 
with a lysosomal storage disorder, offering protection against 
retinal degeneration and significantly extending their lifespan 
(Palmieri et al., 2017). Metformin, an oral antihyperglycemic 
drug prescribed for diabetes, indirectly induces TFEB, and for 
this reason, may hold promise to act as an anti-aging agent. 
In a large case-control study in the US, it was found that low-
to-moderate doses of metformin taken for at least two years 
by diabetes patients without DR were protective against 
developing AMD (5%–10% reduction) (Blitzer et al., 2021). 
Similar findings were observed in a meta-analysis involving 
about 1.5 million total participants sampled from nine studies 
conducted in the US, South Korea, the UK, and China (Liang 
et al., 2022). These promising results based on cross-sectional 
studies warrant interventional clinical trials to test the efficacy 
of metformin on AMD patients.

Glaucoma
Glaucoma is a progressive optic neuropathy characterized 
by the gradual damage of RGC axons, specifically the retinal 
nerve fiber layer and inner retinal layers (Liu et al., 2018). 
Elevated intraocular pressure (IOP) plays a significant role in 
causing RGC axon damage through ischemia, and mechanical 
stress, and by obstructing retrograde and anterograde 
axonal transport of neurotrophins in RGC axons (Chitranshi 
et al., 2018). The primary objective of medical treatment for 
glaucoma is to reduce IOP using ocular hypotensive drugs or 
surgery. Despite treatment efforts, many eyes still experience 
progressive retinal nerve fiber layer loss, leading to vision 
deterioration over time. Age-related changes in the outflow 
facility, the drainage point for aqueous humor, can increase 
IOP, thereby increasing the risk of glaucoma (Liu et al., 
2018). In aging individuals, glaucomatous eyes often exhibit 
increased stiffness of the trabecular meshwork and Schlemm’s 
canal due to extracellular matrix remodeling. This structural 
alteration hinders the outflow of aqueous humor, resulting in 
elevated IOP (Vahabikashi et al., 2019). Several other retinal 
aging “drivers”, including oxidative stress, brain-derived 
neurotrophic factor decline, mitochondrial dysfunction, 
and impaired autophagy, may also contribute to glaucoma 
pathogenesis, irrespective of IOP. 

Emerging evidence from human observational studies and 
animal models of glaucoma suggests that autophagy plays 
a neuroprotective role and contributes to the survival of 
RGCs (Tribble et al., 2023). Certain behavioral and lifestyle 
interventions known to activate autophagy via TFEB, such 
as physical activity and caloric restriction, have shown 
effectiveness in delaying the progression of glaucoma 
(Tribble et al., 2021, 2023; Russo et al., 2022). For instance, 
experimental evidence from studies involving glaucoma 

models and aged animals has elucidated that caloric 
restriction’s neuroprotection in glaucoma is achieved through 
the inhibition of oxidative stress, the elevation of neurotrophic 
factors, and the prevention of age-related alterations that 
hinder the normal outflow of aqueous humor (Li and Wolf, 
1997; Guo et al., 2016).

Furthermore,  dysregulated mTOR/TFEB-dependent 
autophagy in trabecular meshwork cells has been implicated 
in increased oxidative damage and the development of a 
senescence phenotype in glaucomatous eyes (Porter et al., 
2015). TFEB activation also plays a role in regulating retinal 
vascular development under ischemic conditions (Fan et 
al., 2018; Doronzo et al., 2019), potentially serving as an 
adaptive mechanism to preserve RGCs and their axons in 
chronic elevated IOP-induced ischemia (Table 1). Additionally, 
lysosomal degradation may modulate the levels of brain-
derived neurotrophic factor, a crucial factor for RGC survival 
(Chitranshi et al., 2018). Therefore, TFEB activation has the 
potential to modulate trabecular outflow facility and promote 
neuroprotective pathways, offering significant benefits in the 
context of glaucoma.

Concluding Remarks
The understanding that aging significantly influences 
retinal function in both normal aging and as part of retinal 
degeneration has been recognized for decades. However, it 
is only recently that advancements in medical neuroscience 
research have enabled us to explore the mechanisms of 
retinal aging and their contribution to retinal pathologies. 
These advancements have also allowed us to investigate the 
neurotherapeutic benefits of anti-aging interventions such 
as caloric restriction, exercise, and drugs like metformin, 
rapamycin, resveratrol, berberine, and trehalose.

After critically evaluating existing research findings in this field, 
we have synthesized information to support the theory that 
specific age-related mechanisms drive retinal diseases such 
as AMD, DR, and glaucoma (Figure 1). Our literature review 
suggests that TFEB-mediated neuroprotection in retinal aging 
depends on cell-specific effects in the retina (Figure 2). For 
instance, the impact of TFEB on retinal microvascular likely 
hinges on its effects on ECs: controlling EC proliferation and 
tube formation; and NO generation (Fan et al., 2018; Doronzo 
et al., 2019; Zhao et al., 2022). However, TFEB also reduces 
vascular calcification and atherogenesis by affecting vascular 
SMC, not just ECs (Lu et al., 2017; Chen et al., 2022). These 
effects of TFEB on ECs have implications on neurovascular 
unit function and immune regulation, which are impaired in 
DR and glaucoma. In RPE cells, TFEB modulates POS recycling 
and the regeneration of visual pigments in photoreceptors, 
through autophagy and lysosomal dynamics. The control of 
RPE clearance of the aging pigment lipofuscin is crucial for 
RPE and photoreceptor survival and for maintaining retinal 
proteostasis (Villarejo-Zori et al., 2021). Another potential role 
of TFEB in the RPE is the control of VEGF-A expression, which 
promotes choroidal neovascularization (Abokyi et al., 2020). 
Therefore, by modulating these essential RPE functions, TFEB 
plays a significant neuroprotective role in retinal neurons. 
Targeting TFEB in microglia, and to some extent neurons, could 
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improve lysosomal degradation pathways and mitochondrial 
function. Lipofuscin accumulation in aging retinal neurons, 
similar to RPE cells, is associated with impaired lysosomes, 
the accumulation of damaged mitochondria, cell toxins, and 
cell senescence or apoptosis. The transcriptional activation 
of PINK-1, PGC-1α, and fatty acid oxidation genes by TFEB 
controls mitochondrial homeostasis and the energy metabolic 
needs of the photoreceptors (Fu et al., 2021). Therefore, TFEB 
plays a crucial role in the mitochondrial dynamics and energy 
metabolism of the neuroretina, with implications for glaucoma 
and DR.

In conclusion, dysregulation of TFEB in retinal cells during 
aging has significant implications for the development 
and progression of retinal diseases. TFEB’s transcriptional 
regulation of several pro-longevity pathways, including AMP-
activated protein kinase, mTOR, nuclear factor erythroid 
2-related factor 2, sirtuins, and PGC-1α, makes it a promising 
molecular target for neuromodulation of the retinal aging 
process.
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