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Abstract

Diabetic retinopathy (DR), as one of the most common and significant micro-
vascular complications of diabetes mellitus (DM), continues to elude effective
targeted treatment for vision loss despite ongoing enrichment of the
understanding of its pathogenic mechanisms from perspectives such as inflam-
mation and oxidative stress. Recent studies have indicated that characteristic
neuroglial degeneration induced by DM occurs before the onset of apparent
microvascular lesions. In order to comprehensively grasp the early-stage
pathological changes of DR, the retinal neurovascular unit (NVU) will become a
crucial focal point for future research into the occurrence and progression of DR.
Based on existing evidence, ferroptosis, a form of cell death regulated by
processes like ferritinophagy and chaperone-mediated autophagy, mediates
apoptosis in retinal NVU components, including pericytes and ganglion cells.
Autophagy-dependent ferroptosis-related factors, including BECN1 and FABP4,
may serve as both biomarkers for DR occurrence and development and
potentially crucial targets for future effective DR treatments. The aforementioned
findings present novel perspectives for comprehending the mechanisms
underlying the early-stage pathological alterations in DR and open up innovative
avenues for investigating supplementary therapeutic strategies.
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Core Tip: This article initially investigates the early pathological alterations of diabetic retinopathy (DR), with a particular
emphasis on the retinal neurovascular unit (NVU) as a pivotal focal point in the initial stage of DR. Recent studies have
revealed that ferroptosis may exert a significant role in the early phase of DR. Autophagy-dependent ferroptosis-related
factors, including BECN1 and FABP4, could potentially serve as biomarkers for the onset and progression of DR, thereby
representing promising targets for effective treatment strategies in the future. These findings provide novel insights into
understanding the mechanisms underlying early pathological changes in DR and offer supplementary avenues for innovative
research on treatment approaches.
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INTRODUCTION

The severe health threat and enormous healthcare costs associated with diabetes mellitus (DM) have become a major
global public health concern. According to the International Diabetes Federation's 2021 conference, there are 537 million
adults (aged 20 to 79) worldwide with DM, and it is projected that this number will rise to 784 million by 2045. Preventing
and managing vascular complications is an essential aspect and ultimate goal of DM treatment. Diabetic retinopathy
(DR), as one of the most common and significant microvascular complications of DM, was listed as a major cause of
moderate to severe visual impairment and blindness in individuals over 50 years old in 2020[1]. In China, approximately
19.5 million DM patients have concurrent DR, with 3.8 million of them having vision-threatening DR[2]. Strict control of
blood glucose, lipids, and blood pressure can partially slow down the development of DR[3]. For non-proliferative DR
(NPDR), drugs such as calcium dobesilate, Qiming granules, and fenofibrate can be options[4,5]. Anti-vascular
endothelial growth factor (VEGF) therapy or laser surgery are first-line treatment options for proliferative DR (PDR).
While these treatments can reduce the risk of vision loss to some extent, they do not completely eliminate it, and only a
few patients experience improved vision[6,7]. Additionally, the management of severe DR requires substantial medical
resources, including ophthalmologists trained in laser and surgical procedures[8-10]. Despite these efforts, it is expected
that the global burden of DR will remain high by 2045, with PDR continuing to be a leading cause of moderate to severe
vision loss in most countries[11]. Therefore, gaining a deeper understanding of the physiology and pathology of DR in
the early stages is of utmost importance for identifying potential effective drugs to halt or delay its progression, improve
patients' quality of life, and reduce healthcare costs.

Although the medical community has been continuously enriching its understanding of the pathogenic mechanisms of
DR, including inflammation and oxidative stress[12,13], targeted treatments for DR still fall short of effectively addressing
its vision loss-related issues. Given the complexity of its associated mechanisms, it is essential to explore DR from new
perspectives. Recent research indicates that characteristic neuroglial degeneration caused by DM, including reactive
gliosis, decreased retinal neuron function, and neuronal apoptosis, occurs before significant microvascular lesions[14-16].
To comprehensively understand the early-stage pathological changes in DR, the retinal neurovascular unit (NVU) will
become a crucial focal point for future research into the occurrence and progression of DR. Considering the disruption of
the blood-retinal barrier (BRB) and the loss of NVU components, focusing on cell death will be a breakthrough in
elucidating the pathogenesis of DR. Cell death encompasses various forms, such as apoptosis, autophagic cell death, and
necrosis[17,18]. It was not until 2012 that Dixon et al[19] confirmed ferroptosis as a form of programmed cell death,
characterized by abnormal iron metabolism resulting in lipid peroxidation and the reduced activity of the core enzyme of
the antioxidant system, glutathione peroxidase 4 (GPX4)[19]. Although autophagy and ferroptosis are distinct cell death
pathways in terms of mechanisms and morphology, increasing research suggests significant crosstalk between them[20,
21], defining ferroptosis as an autophagy-dependent cell death mode[22,23]. Relevant studies indicate that autophagy-
dependent ferroptosis mediates apoptosis in retinal NVU components, including pericytes and ganglion cells, with the
primary pathological changes associated with abnormal iron metabolism and elevated levels of lipid peroxidation. By
summarizing the current relationship between NVU and autophagy-dependent ferroptosis, our objective is to enhance
the early-stage pathological information of DR and offer insights for future drug development.
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EARLY-STAGE PATHOLOGICAL CHANGES OF DR

Traditional understanding

DR is categorized into two critical stages based on severity[24,25]. NPDR represents the initial stage of DR, characterized
primarily by the disruption of the BRB and features such as retinal hemorrhages, exudates, and microaneurysms. PDR, or
late-stage DR, is characterized by neovascularization, which can promote tractional retinal detachment[26,27]. In this
context, we will focus on the non-proliferative stage of DR to outline its pathological changes. Selective loss of pericytes is
one of the earliest pathological changes in the retina. The reduction in pericytes is attributed to high glucose (HG) levels
affecting their proliferation and division, and it is associated with abnormal expression of forkhead box protein 1 and
transforming growth factor-beta[28,29]. Studies examining high-resolution imaging data have identified thickening of the
basement membrane as one of the most critical abnormal structures in retinal capillaries. Hyperglycemia excessively
induces the synthesis and thickening of the basement membrane, promoting structural and functional alterations,
including cell death and vascular leakage in DR[30]. For many DR patients, the retina exhibits overproduction of VEGF,
leading to excessive proliferation of endothelial cells, neovascularization, resulting in microaneurysms, fluid leakage, and
tissue damage[31]. Additionally, neuroretinal degeneration also occurs in the pathogenic process of DR, primarily
involving cellular apoptosis and alterations in neuroglial cells[32-34].

New perspective

Although DR has long been regarded as a microvascular disorder, the latest position statement from the American
Diabetes Association defines DR as a highly tissue-specific neurovascular complication[35]. Within the retina, neurons
[including retinal ganglion cells (RGCs), bipolar cells, amacrine cells, and horizontal cells], neuroglia (Miiller cells,
astrocytes, and microglial cells), and vascular cells (endothelial cells and pericytes) are interconnected to form a critical
structure known as the retinal NVU[36]. These cells communicate with each other through physical interactions, soluble
ligands, and/or exosomes, and their interdependence helps maintain retinal homeostasis and function in a healthy state.
The vascular system provides essential nutrient support to neural tissue, and neural cells, glial cells, and pericytes signal
to the endothelial cells of the BRB, thus providing strict control over the neural environment[37]. Current research
indicates that characteristic neuroglial changes induced by DM, including reactive neuroglial proliferation, reduced
retinal neuronal function, and neural cell apoptosis, occur before significant microvascular changes[14-16]. NVU may
emerge as a pivotal area of interest for early and efficacious treatment of DR, facilitating a comprehensive comprehension
of the initial pathological alterations in this condition. In this regard, we will focus on introducing the physiological
functions and pathological changes of both neural units (RGCs and neuroglial cells) and vascular units (pericytes,
endothelial cells, and retinal pigment epithelial [RPE] cells).

Neural units: Neuronal units consist of RGCs, as well as glial cells such as microglia, Miiller cells, and astrocytes.
Ganglion cells play a primary role in transforming external stimuli projected onto the retina into electrical signals, which
are then transmitted through the optic nerve to the visual center in the occipital lobe of the brain, forming the basis for
our visual perception. Glial cells, including astrocytes and microglia, are crucial for maintaining retinal homeostasis.
Their physiological functions encompass providing structural support, participating in immune regulation, modulating
metabolism, and phagocytosing neuronal debris[38,39].

RGCs are neurons in the central nervous system responsible for processing and transmitting visual information from
the retina to the brain[40,41]. In the early stages of DM, RGCs exhibit heightened sensitivity and vulnerability, and their
limited regenerative capacity makes them difficult to repair after injury[42]. RGC apoptosis occurs in the early stages of
DR, primarily associated with oxidative stress, extracellular glutamate accumulation, and aberrant expression of
cytokines and neurotrophic factors[43]. Pathological damage to RGCs is mainly characterized by axonal degeneration,
which affects the physiological processes of transmitting excitatory impulses generated by neuronal cell bodies to other
neurons or effectors. High-fat diets can lead to Tau hyperphosphorylation, undermining the stability of microtubule
tracks, disrupting microtubule-dependent synaptic targeting of mRNAs and mitochondria, and activating glycogen
synthase kinase 3 to disrupt synaptic energy production in mitochondria, leading to visual defects and synaptic loss in
RGCs[44,45]. Moreover, hyperglycemia also leads to increased Ca* release, subsequently activating Calpain-1 and
Calpain-2, which in turn trigger caspase-3 activity, leading to synaptic plasticity impairment, neurodegeneration, and
RGC apoptosis[46,47].

Microglia, as monocyte-derived phagocytes, transition from a resting state to an activated state in response to stimuli
such as infection and abnormal glucose and lipid metabolism[48]. They exhibit a branched morphology and extend their
distribution across various layers of the retina[49,50]. Furthermore, once they lose compensation, microglia often convert
from M2 type (characterized by increased expression of anti-inflammatory factors) to M1 type (characterized by increased
expression of pro-inflammatory cytokines such as tumor necrosis factor-o (TNF-a), interleukin (IL)-1f, IL-6, and
chemotactic factors)[51-54]. Overactivated microglia can penetrate the inner BRB (iBRB) basement membrane,
phagocytosing endothelial cells, resulting in acellular capillaries and increased albumin leakage[55,56]. Moreover, IL-6
released by M1 microglia promotes interactions between microglia and RPE cells, increasing VEGF expression in RPE
cells, and disrupting the integrity of the outer BRB (0BRB), while released TNF-o can directly disrupt oBRB integrity[57].
Miiller cells make up 90% of retinal glial cells and provide structural support, nutritional support, and waste transport to
the retina[58,59]. Several factors contribute to inflammatory responses in Miiller cells, including HG levels and
endoplasmic reticulum stress[60,61]. CD40, as an immune co-stimulatory factor, induces ATP release in Miiller cells,
leading to increased P2X7 expression in microglial cells, promoting the release of inflammatory factors[62,63].
Additionally, Miiller cell-derived VEGF leads to decreased tight junction-associated proteins, including ZO-1, which
directly or indirectly results in BRB structural damage[64]. Astrocytes, located in the innermost layer of the retina, are
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crucial for maintaining the physiological and functional integrity of the BRB[59,65]. Abnormal microenvironments in DM,
e.., HG, inflammation, and hypoxia, activate astrocytes, leading to the release of inflammatory cytokines or chemotactic
factors[39]. Astrocytes can also interact with T cells and microglia, promoting and amplifying inflammation[66].

Vascular units: The tight connections between the retinal pigment epithelium, endothelial cells, and pericytes serve as
barriers that to some extent prevent the entry of large molecular substances from the choroidal vasculature into the retina,
thus maintaining normal physiological barriers in the retina, including iBRB and oBRB. iBRB mainly consists of retinal
endothelial cells, which are covered by the foot processes of astrocytes, pericytes, and Miiller cells, and are crucial for
maintaining the microenvironment of the inner retina. oBRB is primarily formed by the tight junctions between adjacent
RPE cells and acts as a filter regulating solutes and nutrient filtration from the bloodstream[67-70].

Endothelial cells primarily reside within the interface between the bloodstream and vascular tissue, serving as a semi-
permeable barrier responsible for facilitating metabolic exchanges and regulating vessel contraction and dilation. They
play a crucial role in maintaining vascular homeostasis, including vessel generation, tension modulation, and other
essential functions[71,72]. HG levels lead to reduced expression of CD31 and vascular endothelial cadherin in endothelial
cells, resulting in the loss of cell-cell contact[62,73,74]. Alternatively, endothelial cells transition to a mesenchymal
phenotype, known as endothelial-mesenchymal transition (EMT), characterized by increased expression of mesenchymal
markers such as o-smooth muscle actin, smooth muscle 22, and fibroblast-specific protein 1[73]. This results in impaired
capillary blood flow, leading to retinal ischemia and hypoxia. The excessive production of VEGF in the retina leads to
endothelial cell proliferation, resulting in microaneurysms and fluid leakage[31,75]. Pericytes are located on retinal
microvessels, surrounded by the basement membrane, and attached to endothelial cells, playing a role in regulating
vascular development and blood flow([76,77]. Endothelial cells are connected to pericytes through N-cadherin, which is
crucial for maintaining the integrity of the BRB[78,79]. Elevated blood glucose levels and other factors can induce
endoplasmic reticulum stress and excessive autophagy in pericytes, leading to their apoptosis, which results in increased
BRB permeability and vascular leakage[80-82]. This can also be accompanied by the degeneration of endothelial cell
function and thickening of the basement membrane, promoting the formation of new non-capillary vessels[83,84].
Furthermore, the loss of pericytes itself can reduce the expression of VEGF, which, in turn, decreases the stability of the
endothelial cell-pericyte interaction, further contributing to BRB dysfunction[85]. RPE cells are located between the neural
retina and the choroid and are a critical component of the oBRB, essential for maintaining photoreceptor function[86].
RPE cells can also directly interact with neural tissue and participate in the phagocytosis of photoreceptor outer segments
[67]. The retinal pigment epithelium is a major source of pigment epithelium-derived factor, which is one of the key anti-
angiogenic factors[87]. HG levels can stimulate the migration and proliferation of RPE cells, reduce the expression of
epithelial markers such as E-cadherin and ZO-1, and increase the levels of mesenchymal markers such as vimentin and a-
SMA, indicating EMT[88]. Additionally, under DM conditions, RPE cells induce lysosomal membrane permeabilization,
leading to the release of significant amounts of cathepsin B from lysosomes into the cytoplasm, followed by dysfunction
of the autophagolysosomal pathway[89-92].

AUTOPHAGY-DEPENDENT FERROPTOSIS MEDIATES THE DEVELOPMENT OF DR
Autophagy-dependent ferroptosis

Given the increasing importance of the BRB disruption and the loss of components of the NVU in the development of DR,
a focus on cell death has become a breakthrough point in elucidating the pathological mechanisms of DR. Among these,
autophagy-dependent ferroptosis plays a crucial role in the development of DR. Ferroptosis is primarily characterized by
iron metabolism abnormalities leading to lipid peroxidation and the reduction of the core enzyme in the antioxidant
system, GPX4. While autophagy and ferroptosis are distinct cell death pathways in terms of mechanisms and
morphology, increasing evidence suggests significant crosstalk between them[20,21], and ferroptosis has been defined as
an autophagy-dependent cell death mode[22,23].

Studies have shown that autophagy can impact the occurrence and development of ferroptosis by regulating iron
metabolism and ROS metabolism[93,94]. The autophagic processes influencing ferroptosis include ferritinophagy,
lipophagy, mitophagy, clockophagy, and chaperone-mediated autophagy (CMA)[95,96]. Autophagy can modulate
intracellular iron balance and lipid peroxidation as upstream mechanisms of ferroptosis[97]. Specific mechanisms include
ferritinophagy induced by nuclear receptor coactivator 4 (NCOA4)-mediated ferritin degradation[93,98], the inhibition of
the system Xc—-GPX4 pathway induced by recombinant Beclin 1 (BECN1)-soluble carrier family 7, member 11 (SLC7A11)
complex[99], lipophagy mediated by the human RAS oncogene family member RAB7A[100], and aryl hydrocarbon
receptor nuclear translocator-like protein (ARNTL)-mediated circadian clock protein-specific autophagy[97] (Figure 1).

Ferritinophagy-mediated ferroptosis

NCOAA4, acting as a selective receptor responsible for the autophagic degradation of ferritin, binds to the arginine residue
R23 on the C-terminus of ferritin heavy chain (FTH1). This binding facilitates the transport of ferritin to the autophagic
lysosome, a process known as ferritinophagy[101]. Studies have shown that silencing NCOA4 or autophagy-related genes
5/7 (ATG5/ATG7) in HT1080 cells can inhibit ferritinophagy, leading to reduced intracellular free iron levels and the
suppression of ferroptosis. Conversely, overexpression of NCOA4 promotes ferroptosis[93]. Ferritinophagy, as a
specialized form of selective autophagy for ferritin, reduces iron storage and promotes cellular iron accumulation by
releasing free iron. Under normal physiological conditions, excess Fe?* within cells is oxidized to Fe** and stored within
ferritin or exported out of cells via the iron transporter protein 1 on the cell membrane. Under pathological conditions,
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Figure 1 Mechanisms of different forms of autophagy-dependent ferroptosis. GPX4: Glutathione peroxidase 4; ARNTL1: Aryl hydrocarbon receptor
nuclear translocator-like protein 1; LAMP2A: Lysosome-associated membrane protein type 2A; PINK1-PRKN: PTEN-induced kinase 1 parkin RBR E3 ubiquitin
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excess Fe*" can lead to the generation of reactive oxygen species (ROS) through the Fenton reaction, resulting in cellular
toxicity and inducing cell death. Cell surface transferrin receptor is a key regulator of iron ion levels[102]. Nontransferrin
bound iron, affects liver cells through solute carrier family 39 member Al4 and increases Fe*", promoting ferroptosis
[103]. Additionally, iron-responsive element-binding protein 2 is involved in regulating intracellular iron homeostasis
[104]. Therefore, iron overload and dysregulation of proteins involved in cellular iron homeostasis are pivotal factors
contributing to the occurrence of ferroptosis.

Lipophagy-mediated ferroptosis

Lipophagy is a selective form of autophagy involving the lysosomal degradation of lipid droplets, which are intracellular
stores of neutral lipids, including triglycerides and cholesterol. The process of lipid degradation within lysosomes is
termed lipophagy. This process generates free fatty acids (FFAs) that can, in turn, promote ATP production within
mitochondria[105-107]. Additionally, lipid droplets protect cells from oxidative stress by sequestering FFAs away from
the cell core[108]. Accumulation of lipid droplets may serve as a negative feedback mechanism to limit lipid peroxidation.
A study has shown that upregulation of lipid storage mediated by tumor protein D52 inhibits ferroptosis induced by
RSL3 in vitro[100]. However, excessive lipid degradation can increase lipid toxicity and lipid peroxidation levels,
promoting ferroptosis. Members of the RAS oncogene family, such as RAB7A, are central regulators of hepatic lipophagy
[107]. Research indicates that silencing RAB7A through shRNA can inhibit lipophagy, increase lipid storage, and
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subsequently inhibit ferroptosis induced by RSL3 in HEPG2 cells. Similarly, silencing tumor protein D52 to suppress lipid
storage and upregulate lipophagy can promote ferroptosis[100]. Thus, abnormalities in lipid storage and lipophagy
function are also crucial factors in the occurrence of ferroptosis.

Mitophagy-mediated ferroptosis

Under physiological conditions, mitophagy selectively degrades mitochondria to maintain their quantity and quality.
During the early stages of iron overload, some free iron can act as a buffer by being transported into mitochondria.
Mitophagy can then surround free iron within autophagosomes, reducing the source of ROS related to ferroptosis.
However, excessive iron overload can lead to mitochondrial damage, causing extensive abnormal mitophagy. This results
in the release of free iron, ROS, and lipid peroxides, ultimately leading to ferroptosis. PTEN-induced kinase 1 (PINK1)
and Parkin RBR E3 ubiquitin protein ligase (PRKN) are major regulators of mitophagy[109]. Solute carrier family 25
member 37 and solute carrier family 25 member 28 induce mitochondrial iron accumulation through the PINK1-PRKN
pathway[110]. Research suggests that BNIP3 or PINK1-Parkin-mediated mitophagy can alleviate ferroptosis-induced
damage in renal tubular epithelial cells by regulating the ROS/HO-1/GPX4 signaling axis[111].

Clockophagy-mediated ferroptosis

Clockophagy, a selective autophagic process discovered in 2019, involves the autophagic cargo receptor SQSTM1 and
circadian clock transcription factor ARNTL1. Through p62-mediated clockophagy, there is an upregulation of hypoxia-
inducible factor prolyl hydroxylase 1 under hypoxic conditions. This, in turn, promotes lipid peroxidation within cells,
further facilitating ferroptosis[97,112,113]. Nuclear factor erythroid 2-related factor 2/heme oxygenase-1 is a protein
present in all human cells and can partially inhibit clockophagy by regulating calcium levels[114].

CMA-mediated ferroptosis

CMA is a selective form of autophagy that targets specific protein sequences, such as Lys-Phe-Glu-Arg-GIn (KFERQ), for
protein degradation. In this process, molecular chaperones recognize the KFERQ motif within substrate proteins.
Subsequently, these substrates bind to lysosome-associated membrane protein type 2A (LAMP2A) and enter lysosomes.
Overexpression of LAMP2A can promote CMA degradation of GPX4, leading to ferroptosis[115-117]. GPX4, a key
enzyme that converts toxic lipid peroxides into non-toxic lipid alcohols, is considered a major regulator of ferroptosis[118,
119]. In an in vivo animal acute kidney injury (AKI) model, Legumain can cause AKI and ferroptosis, regulated by GPX4-
mediated CMA[120]. Antimony (Sb), a neurotoxic pollutant, can induce neuronal damage. Sb can activate CMA and
increase the expression of the chaperone heat shock cognate 70 (HSC70), heat shock protein 90, and lysosome receptor
LAMP2A, accelerating lysosomal transport and subsequent GPX4 degradation, triggering neurotoxicity and leading to
ferroptosis in neurons[121-123].

RELATIONSHIP BETWEEN AUTOPHAGY-DEPENDENT FERROPTOSIS AND DEVELOPMENT OF DR

Currently, clinical examination of DR patient samples indicates an increase in the expression of markers associated with
ferroptosis in their bodies, including iron ion accumulation and elevated ROS levels. Studies have shown that in DR
patients, especially those with NPDR, there are higher concentrations of iron ions and ROS associated with ferroptosis
[124]. A study based on 5321 patients revealed a correlation between disrupted serum iron metabolism and the
occurrence of DR[125]. In both human and animal retinal tissues, increased iron accumulation is evident when compared
to non-DR counterparts[126]. Based on bioinformatics techniques, cross-validated datasets, and previous research
support, five hub genes related to ferroptosis (CAV1, CD44, NOX4, TLR4, and TP53) associated with the onset and
progression of DR have been identified. Glutathione (GSH) has been shown to have an effective therapeutic effect on DR
by targeting ferroptosis manifestations[127]. A study on a DR rat model showed increased oxidative stress, significant
ferroptosis, and cell damage. Treatment with Ferrostatin-1 (an ferroptosis inhibitor) improved antioxidant capacity,
reduced ferroptosis levels, and alleviated cell damage. Additionally, in HG-induced ARPE-19, treatment with Erastin (an
ferroptosis activator) and Ferr-1 showed that Ferr-1 reversed the oxidative stress, ferroptosis, and cell damage induced by
Erastin in HG-treated ARPE-19 cells[128]. In HG-treated ARPE-19 cells, circ-PSNE1 expression increased, and knocking
out circ-PSEN1 regulated GSH and malondialdehyde (MDA) concentrations, increased cell viability, inhibited iron
accumulation, and subsequently reduced ferroptosis[129]. Another study indicated that HG promoted the expression of
miR-138-5p in RPE cells, reducing Sirtl /Nrf2 activity and antioxidant expression. Astragaloside IV, a major active
ingredient in Astragalus[129], alleviated apoptosis caused by HG in RPE cells by regulating the miR-138-5p/Sirt1/Nrf2
pathway[130].

The current evidence also suggests a correlation between the onset and progression of DR and the buildup of lipid
peroxides[131,132]. MDA generated during ferroptosis can interact with proteins and nucleic acids, disrupting cell
membrane physiology and functional integrity[133]. Arachidonic acid and phosphatidylethanolamine of adrenaline can
undergo further oxidation under the catalysis of lipoxygenase, inducing ferroptosis[134]. Within this context, the
imbalance in iron homeostasis-induced oxidative reactions[135], activation of lipid ROS rather than cytoplasmic ROS,
plays a critical role in initiating ferroptosis[102,136-139]. Accumulation of ROS-induced oxidative stress, or the induction
of retinal vascular endothelial tissue damage and loss of endothelial cells due to retinaldehyde oxidation, further
promotes DR development[140]. Besides pigment epithelial cells and endothelial cells, other cells within the NVU are also
susceptible to iron accumulation, affecting normal physiological functions and exhibiting pathological changes. A study
co-cultured neurons, astrocytes, and microglia, and treated the co-culture system with iron ions and RSL3. The results
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showed that all neurons, especially microglia, exhibited significant abnormal transcriptional states, released pro-inflam-
matory cytokines, and experienced marked ferroptosis. Among these, ferroptosis and GSH metabolism were the most
affected pathways[141]. Accumulation of free iron in the retina disrupts the cell's redox system, leading to ferroptosis in
RGCs. In this context, the NCOA4-mediated FTH1 signaling pathway may play a crucial role. Application of deferiprone,
which can chelate excess free iron effectively, prevents RGCs' ferroptosis[142].

Certainly, there is a considerable amount of research suggesting that the occurrence and development of DR are also
associated with abnormalities in autophagy and ferroptosis. A study, based on a comparison of RNAseq data from 15 DR
patients and 3 healthy control subjects' retinas using the Gene Expression Omnibus database, identified a total of 52 genes
related to ferroptosis when compared with ferroptosis-related genes in the FerrDb database. Among these genes, 43 were
upregulated, and 9 were downregulated. These genes were significantly enriched in apoptosis signaling pathways,
autophagy, iron ion binding, and the p53 signaling pathway. Key genes such as HMOX1 and PTGS2, along with their
associated transcription factors and miRNAs, may be related to ferroptosis in the development of DR[143]. GSH is the
most prominent antioxidant in RPE cells, with high concentrations in the retina and retinal pigment epithelium[144,145].
The efficiency of the GSH redox system decreases with age, leading to increased ROS generation and the induction of
autophagy and ferroptosis in RPE cells[146,147]. Treatment of RPE cells with buthionine sulphoximine and erastin
promotes GSH depletion, and increases lipid ROS production, resulting in iron accumulation, autophagy, and stress-
induced premature senescence (SIPS). The supplementation of ferroptosis inhibitors can prevent cell death dependent on
GSH depletion. Additionally, inducing autophagy using rapamycin can reduce SIPS, highlighting the crucial role of
autophagy in ferroptosis and SIPS[147].

There is compelling direct evidence indicating that the pathogenesis and progression of DR are intricately linked to
ferroptosis, which is mediated by ferritinophagy, CMA, mitochondrial autophagy, and other mechanisms. A study used
differential expression analysis of the GSE146615 dataset to identify differentially expressed genes (DEGs) associated with
ferroptosis in DR. A total of 8 DEGs were identified, among which BECN1, HERC2, ATG7, and BCAT2 may serve as
potential biomarkers for DR. These genes may impact the occurrence and progression of DR by regulating ferritinophagy
[148]. HSC70 acts as a receptor for CMA and can recognize ACSL4 protein, leading to its digestion in lysosomes.
Abnormal autophagic lysosomal degradation due to HG-induced autophagic lysosomal degradation leads to the accumu-
lation of ACSL4 in the retinal pigment epithelium, promoting the generation of harmful lipid compounds and inducing
ferroptosis in RPE cells. The application of glia maturation factor-beta protein and the iron inhibitor liproxstatin-1 can
mitigate RPE damage[149]. Eukaryotic fatty acid binding protein 4 (FABP4), as a companion protein for FFAs, is
abnormally expressed in retinal lesions and positively correlates with the severity of DR. Therefore, FABP4 can serve as
an independent prognostic marker for DR patients[150,151]. Animal studies have shown that inhibiting FABP4
expression can alleviate lipid peroxidation and oxidative stress in DR by regulating peroxisome proliferator-activated
receptor y-mediated ferroptosis[152] (Figure 2).

GPX4, as the primary regulator of ferroptosis, also plays a crucial role in ferroptosis mediated by MCA[118,119].
Currently, numerous studies suggest that GPX4, as a central core molecule, is closely associated with the occurrence and
progression of DR. Under physiological conditions, lipid peroxidation is regulated by the GSH antioxidant system, which
consists of GSH, GPX, and glutamine toxin, effectively preventing excessive ROS production[153,154]. Research indicates
that GPX4 inactivation, which is necessary for ROS elimination, can induce ferroptosis even when cellular cysteine and
GSH levels are normal[118]. The cysteine/glutamate reverse transporter (System Xc-)/ GSH/GPX4 pathway is a critical
pathway in regulating ferroptosis and plays an important role in inhibiting lipid peroxidation. System Xc- is located on
the cell membrane and is composed of SLC7A11 and the heavy chain subunit solute carrier family 3 member 2. Its main
function is to pump cysteine into cells and export glutamate out of cells[155]. Of 25(0OH)D3, as a fat-soluble vitamin, can
downregulate the expression of miR-93, reducing Fe?* levels, GPX4, and SLC7A11 protein levels in human retinal
microvascular endothelial cells induced by HG, effectively alleviating cell death, oxidative stress, and ferroptosis[156].
Human retinal endothelial cells (HRECs) treated with HG showed increased expression of TRIM46. Overexpression of
TRIM46 reduced resistance to HG-induced ferroptosis. TRIM46 interacts with GPX4 to promote its ubiquitination.
Overexpression of GPX4 improved the upregulation caused by TRIM46 and protected rabbit corneal endothelial cells
(RCECs) from ferroptosis. Therefore, TRIM46 promotes HG-induced ferroptosis in human RCECs by promoting GPX4
ubiquitination[157]. A study explored the effects of amygdalin on ferroptosis and oxidative stress in HRECs stimulated
by HG through the NRF2/ARE pathway. The results showed that HG stimulation reduced the levels of GSH, GPX4,
SOD, and CAT but increased the levels of MDA, ROS, GSSG, and Fe** in HRECs. Amygdalin treatment upregulated the
levels of NQO1 and HO-1 in HG-stimulated HRECs, and NRF2 inhibitors reversed the effects of amygdalin, suggesting
that amygdalin treatment inhibits ferroptosis and oxidative stress in HRECs stimulated by HG by activating the NRF2/
ARE signaling pathway[158].

CONCLUSION

Given that the management of severe DR requires more clinical resources, it is essential to focus on the pathological
changes that occur in the early stages of DR, and explore and discover the pathological mechanisms affecting the
occurrence and development of DR, as well as corresponding intervention measures. This is crucial for improving
patients' quality of life and reducing healthcare expenditures. Based on current research and the understanding of
scientists and clinicians, the retinal NVU, including ganglion cells, glial cells, endothelial cells, and surrounding cells,
may become the focus of our future research. Based on existing evidence, ferroptosis, a form of cell death regulated by
ferritinophagy and MCA, may serve as a potential core target and biomarker for the occurrence and development of DR.
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Figure 2 Impact of autophagy-dependent ferroptosis on the retinal neurovascular unit. NVU: Neurovascular unit; ROS: Reactive oxygen species.

These findings provide new perspectives for understanding the pathological changes in the early stages of DR and
exploring new intervention measures. However, it should be noted that the retinal NVU is composed of different types of
cells and tissues. Most current studies have shown that the abnormal microenvironment caused by DM leads to iron
accumulation, abnormal levels of lipid peroxidation, and the induction of ferroptosis in RPE cells, glial cells, and ganglion
cells. Yet, these studies do not provide a comprehensive understanding of the negative impact of ferroptosis on the
physiological and functional integrity of the entire NVU from a holistic and cellular interaction perspective. Therefore,
future research may focus on discovering the most significant genetic loci affecting the impact of autophagy-dependent
ferroptosis on the NVU using in vitro co-culture and organoid culture techniques, which are crucial for maintaining the
physiological function of the retinal NVU. Certainly, our exploration of the pathological effects of autophagy-dependent
ferroptosis on the retinal NVU has not yet led to the discovery of intervention measures with significant clinical value.
Currently, several in vitro cell studies have shown that compounds such as astragaloside IV and amygdalin can inhibit
ferroptosis by regulating iron ions and lipid peroxide levels. However, their efficacy for DR patients remains unclear. We
may consider two different approaches to discovering effective treatments for DR. First, based on the currently available
drugs that can effectively inhibit ferroptosis in retinal cells, exploratory clinical studies and new drug development
research can be conducted to gradually clarify the effects of these potential drugs, providing treatment options for a
wider range of DR patients. Second, we can select drugs that are currently effective in inhibiting ferroptosis but are used
to treat other diseases and expand their clinical indications to DR. While expanding the range of drug treatments, this
approach can provide more treatment options for DR. In conclusion, current research indicates a clear association
between autophagy-dependent ferroptosis and the functional abnormalities, as well as cellular demise, in the retinal
NVU. The aforementioned statement provides novel perspectives for comprehending the pathological alterations in the
initial stages of DR and presents innovative ideas for further exploring additional therapeutic measures.
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