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Abstract

Diabetic retinopathy (DR) is increasingly recognized as a complex neurovascular degenerative disorder driven by intertwined im-
mune and metabolic disturbances within the retinal microenvironment. Chronic hyperglycemia induces metabolic stress, mitochondrial
dysfunction, and oxidative imbalance, which, in turn, activate innate and adaptive immune pathways. Key mechanisms—including
complement dysregulation, microglial activation, leukostasis, cytokine and chemokine signaling, and advanced glycation end-product—
mediated inflammation—contribute to endothelial injury, barrier breakdown, and progressive neuronal loss. Parallel alterations in lipid
metabolism, amino acid utilization, and mitochondrial bioenergetics further amplify inflammatory cascades and shape the retinal im-
mune landscape. This review synthesizes current evidence on how immune-metabolic crosstalk orchestrates early and late stages of DR,
integrating findings from transcriptomic, proteomic, metabolomic, and epigenetic studies. We examine core signaling hubs that couple
metabolic dysfunction to inflammatory amplification, including complement components, the advanced glycation end product (AGE)—
receptor for AGE (RAGE) pathway, cytokine networks, and immune response regulation. Adopting a systems biology perspective, we
highlight how convergent mechanisms can unify vascular, neuronal, and glial pathology under a shared framework of immune-metabolic
imbalance. An extensive literature search was conducted (PubMed, accessed December 2025). By positioning DR as a model of inflam-
matory retinal degeneration, this review outlines a conceptual foundation for network-based diagnostics and therapeutics. Understanding
the dynamic interactions among immune signaling, metabolic stress, and neurovascular instability may inform future strategies to restore
retinal homeostasis and prevent vision-threatening disease progression.

Keywords: diabetic retinopathy; neurovascular unit; microglia; inflammation; mitochondrial dysfunction; advanced glycation end prod-
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1. Introduction

Diabetic retinopathy (DR) has conventionally been re-
garded as a microvascular consequence of persistent hy-
perglycemia, characterized by capillary dropout, microa-
neurysm formation, and abnormal neovascularization. This
vascular-centric model, although fundamental, is becoming
inadequate to elucidate the early emergence of functional
visual impairment, the disconnect between vascular lesions
and neuroretinal dysfunction, and the diverse clinical trajec-
tories seen in patients with comparable glycemic exposure.
In the last ten years, accumulating experimental, transla-
tional, and clinical evidence has redefined DR as a progres-
sive neurovascular degenerative disorder, wherein immune
activation and metabolic stress interact dynamically within
the retinal microenvironment, influencing disease onset and
progression prior to the clinical manifestation of overt vas-
cular pathology [1-5].

This reconceptualization acknowledges that chronic
hyperglycemia functions not as a singular metabolic distur-
bance, but as a systemic catalyst for metabolic stress mech-
anisms that intersect with innate and adaptive immunolog-
ical pathways. Chronic glucose surplus disrupts mitochon-
drial bioenergetics, elevates reactive oxygen species gen-
eration, and modifies redox-sensitive signaling pathways
in retinal neurons, endothelial cells, Miiller glia, and resi-
dent immune cells. These metabolic abnormalities trigger a
condition of chronic, low-grade inflammation—commonly
known as metaflammation—where nutrient-sensing path-
ways and immune signaling become functionally indistin-
guishable [6—8]. The retina, a tissue characterized by signif-
icant metabolic demands and limited regenerative capacity,
exhibits immune—metabolic interactions that make the neu-
rovascular unit especially susceptible to cumulative damage

[9].
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Microglial activation, complement cascade involve-
ment, leukocyte adhesion, and pro-inflammatory cytokine
production have been demonstrated in animal models and
human diabetic retinas prior to clinically evident microan-
giopathy, suggesting early immune activation that is inti-
mately linked to cellular metabolic abnormalities. In paral-
lel, functional studies document neuronal dysfunction, im-
paired contrast sensitivity, and electrophysiological irregu-
larities in diabetic patients without funduscopic evidence of
retinopathy, consistent with a preclinical neurodegenerative
phase driven by immune-metabolic stress [10—12].

The notion of DR as an inflammatory disorder is fur-
ther substantiated by the discovery of immune effector
pathways directly influenced by metabolic signals. The
production of advanced glycation end products (AGEs)
due to hyperglycemia, activation of the AGE—-receptor for
AGE (RAGE) axis, dysregulated lipid metabolism, and
consumption of modified amino acids all influence cy-
tokine and chemokine networks in the retina. These activ-
ities facilitate endothelial dysfunction, compromise the in-
ner blood-retinal barrier, and exacerbate leukostasis, estab-
lishing self-perpetuating feedback loops between metabolic
damage and immunological activation. Significantly, nu-
merous pathways function independently of vascular en-
dothelial growth factor (VEGF), elucidating the limited ef-
fectiveness of anti-VEGF therapy in a considerable fraction
of patients and highlighting the necessity for more compre-
hensive pathophysiological models [13—15].

From a systems biology viewpoint, diabetic retinopa-
thy arises not as a direct result of a singular predominant
factor, but as an outcome of interrelated networks con-
necting metabolism, immunology, and neurovascular in-
tegrity. Transcriptomic, proteomic, metabolomic, and epi-
genetic investigations completed in the last decade have
uncovered consistent modifications in inflammatory sig-
naling, mitochondrial pathways, lipid metabolism, and im-
mune cell regulation across many experimental platforms
and patient populations. The data indicate the presence
of common molecular hubs—such as complement compo-
nents, inflammasome regulators, cytokine signaling nodes,
and metabolic sensors—that orchestrate disease-related re-
sponses among many retinal cell types. Comprehending the
dynamic interactions of these hubs across time is crucial for
elucidating disease heterogeneity and pinpointing treatment
opportunities [16—18].

This integrative framework has significant clinical im-
plications. Diabetic retinopathy continues to be a predomi-
nant source of preventable visual impairment globally [19],
although advancements in screening and intravitreal treat-
ment have been made. The continued presence of visual
impairment in patients undergoing guideline-directed care
underscores the inadequacy of strategies that focus solely
on specific downstream effectors rather than addressing up-
stream network dysfunction. By framing DR as a paradigm
of immune-metabolic retinal degeneration, one can inte-
grate vascular, neuronal, and glial pathologies into a cohe-

sive conceptual framework that mirrors the disease’s intri-
cacies encountered in clinical settings.

This narrative review synthesizes current informa-
tion that positions immune-metabolic crosstalk as a pri-
mary factor in diabetic retinopathy, focusing on studies
published since 2020. Using human clinical data, transla-
tional models, and multi-omics studies, we investigate how
metabolic stress initiates and perpetuates inflammatory sig-
naling across disease phases. By employing a systems bi-
ology approach, we seek to consolidate these discoveries
into a cohesive framework that can guide future diagnostic
strategies and therapeutic approaches focused on restoring
retinal homeostasis rather than merely mitigating late-stage
vascular symptoms. Although the following sections dis-
cuss immune and metabolic mechanisms in thematic mod-
ules, these pathways should be interpreted as components of
a sequential and interconnected pathogenic cascade. In this
framework, chronic metabolic stress represents the initiat-
ing disturbance that alters retinal cellular metabolism and
redox homeostasis. This metabolic imbalance promotes ac-
tivation of innate immune pathways, including microglial
activation, complement signaling, and inflammasome en-
gagement. Subsequent amplification through cytokine net-
works, leukocyte recruitment, and adaptive immune re-
sponses progressively destabilizes the neurovascular unit,
ultimately leading to neuronal dysfunction and microvas-
cular degeneration. Viewing these processes as elements of
a cascading immune—metabolic network helps reconcile the
apparent overlap among mechanisms and emphasizes their
coordinated contribution to disease progression.

2. Metabolic Stress as the Primary Catalyst
of Retinal Immune Activation

Metabolic stress is the initial and most widespread cat-
alyst of immune activation in diabetic retinopathy, occur-
ring before observable microvascular damage and influenc-
ing the inflammatory characteristics of the retinal milieu.
Chronic hyperglycemia exerts a persistent energetic strain
on retinal cells [20], which depend significantly on oxida-
tive metabolism for synaptic transmission, phototransduc-
tion, and barrier maintenance. Excess intracellular glu-
cose flux modifies glycolytic efficiency and redirects sub-
strates into secondary pathways, including the polyol path-
way, the hexosamine biosynthetic route, protein kinase C
activation, and advanced glycation end-product production.
These metabolic deviations together disturb redox equilib-
rium, hinder mitochondrial activity, and produce reactive
oxygen and nitrogen species, creating a pro-inflammatory
biochemical environment that predisposes retinal tissue to
immune activation [21,22].

Mitochondrial dysfunction plays a pivotal role in this
process [23]. Retinal neurons, endothelial cells, and Miiller
glia exhibit early dysfunction in mitochondrial dynamics,
the electron transport chain, and mitophagy in diabetic
conditions. Impaired oxidative phosphorylation results in
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inadequate substrate oxidation and excessive superoxide
production, thereby activating redox-sensitive transcription
factors such as NF-xB and AP-1. These signaling pathways
facilitate the transcription of pro-inflammatory cytokines,
chemokines, and adhesion molecules, therefore converting
metabolic stress into immunological signals. Human stud-
ies have validated these pathways by revealing modifica-
tions in mitochondrial DNA content, oxidative stress indi-
cators, and inflammatory mediators in retinal tissue and vit-
reous samples from individuals with early diabetic retinopa-
thy [24,25].

In addition to glucose metabolism, the disruption of
lipid and amino acid processing exacerbates immunologi-
cal activation. Diabetes is linked to qualitative alterations
in retinal lipid composition, characterized by the buildup
of harmful lipid intermediates and modified fatty acid oxi-
dation, which can directly stimulate pattern-recognition re-
ceptors and inflammasome pathways [26,27]. Similarly,
disruptions in glutamine and branched-chain amino acid
metabolism influence immune cell polarization and cy-
tokine production, reinforcing a feed-forward relationship
between metabolic dysregulation and retinal inflammation.
Experimental investigations have shown that metabolic en-
zymes, such as BCAT1, engaged in branched-chain amino
acid metabolism, can epigenetically modulate inflamma-
tory signaling pathways and promote immune activation in
diabetic retinopathy [28].

A characteristic aspect of inflammation generated by
metabolic stress in the diabetic retina is its geographical
and temporal variability. Single-cell transcriptome investi-
gations have demonstrated that metabolic stress responses
are heterogeneous across retinal cell populations [29]. Sub-
sets of microglia, Miiller glia, and endothelial cells exhibit
unique transcriptional profiles characterized by activation
of inflammatory mediators, complement components, and
stress-response genes, despite the absence of apparent vas-
cular disease [30,31]. The findings substantiate the hypoth-
esis that early diabetic retinopathy is propelled by localized
immune—metabolic niches that gradually proliferate and in-
teract as the disease progresses.

Metabolic stress prepares the retina for heightened im-
mune responses to subsequent injuries. Hyperglycemia-
induced epigenetic alterations, including histone acetyla-
tion and DNA methylation, can create a type of “metabolic
memory” that perpetuates inflammatory gene expression
even after glycemic control is achieved. This phenomenon
elucidates the molecular basis of the enduring retinal in-
flammation observed in chronic diabetes and underscores
why late therapeutic intervention frequently results in inad-
equate functional recovery [32-34]. From a systems biol-
ogy perspective, metabolic stress is the initial disturbance
that disrupts retinal homeostasis, lowers the threshold for
immune activation, and lays the groundwork for progres-
sive neurovascular degeneration.

Collectively, these data establish metabolic dysfunc-
tion as an active and organizing factor in the immunopatho-
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genesis of diabetic retinopathy, rather than a passive back-
ground state. Metabolic stress links cellular energy imbal-
ance to innate immune signaling, creating self-reinforcing
networks that promote disease onset and advancement
in retinal compartments. Comprehending these initial
immune—metabolic interactions is crucial for identifying
upstream intervention opportunities to modify the progres-
sion of diabetic retinopathy before permanent structural
damage occurs.

3. Innate Immune Activation in the Diabetic
Retina: Complement, Microglia, and
Inflammasomes

The activation of the innate immune system serves as a
primary mechanism by which metabolic stress is converted
into persistent retinal inflammation in diabetic retinopathy.
Retinal microglia, the complement system, and inflamma-
some signaling pathways are integral components of the
innate immune system, interacting closely to respond to
metabolic signals and contributing to both initial neurode-
generation and subsequent microvascular damage [35-37].
Instead of functioning as discrete routes, these systems con-
stitute an interconnected inflammatory network that devel-
ops across disease stages and facilitates the chronicity and
self-sustaining nature of retinal injury.

Microglia are the primary resident immune cells in
the retina and function as initial detectors of metabolic and
oxidative stress [12]. Under normal conditions, microglia
preserve tissue homeostasis by conducting synaptic surveil-
lance, clearing debris, and providing trophic support. In di-
abetes, prolonged hyperglycemia, mitochondrial dysfunc-
tion, and the accumulation of damage-associated molecu-
lar patterns promote a transition to a pro-inflammatory mi-
croglial phenotype [38]. Activated microglia exhibit mor-
phological alterations, increased migratory activity, and
elevated inflammatory mediators, including tumor necro-
sis factor-av, interleukin-1/3, interleukin-6, and chemokines
that attract peripheral immune cells [39]. Significantly, mi-
croglial activation has been observed in experimental mod-
els and human retinal samples at stages prior to the man-
ifestation of clinically apparent microangiopathy, suggest-
ing that these cells are involved in early neuronal dysfunc-
tion rather than merely secondary vascular responses [40].

Recent single-cell and spatial transcriptomic inves-
tigations have elucidated significant variation within the
retinal microglial population. Various microglial subsets
have divergent gene expression associated with oxidative
stress responses, complement activation, antigen presenta-
tion, and phagocytosis. In diabetic settings, these subsets
exhibit uneven expansion and preferential localization to
areas of neuronal stress and capillary susceptibility, indi-
cating that microglial activation is both metabolically in-
fluenced and spatially organized [41-43]. These findings
contest the simplistic binary classification of microglia as
either “pro-inflammatory” or “anti-inflammatory” and in-
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stead endorse a continuum of activation states influenced
by local immune—metabolic contexts.

Dysregulation of the complement system constitutes
a concurrent and synergistic innate immune mechanism in
diabetic retinopathy. The complement cascade, tradition-
ally considered a part of host defense, is now acknowl-
edged as a regulator of synaptic pruning, cellular clearance,
and inflammation in the central nervous system and retina.
Hyperglycemia and oxidative stress induce the overexpres-
sion of complement components such as Clq, C3, and C5,
while concurrently diminishing the expression of comple-
ment regulatory proteins [36,44]. This imbalance promotes
persistent complement activation, resulting in endothelial
damage, heightened vascular permeability, and exacerba-
tion of microglial inflammatory responses. Research on
human vitreous samples and retinal tissue has revealed in-
creased levels of complement activation products in indi-
viduals with diabetic retinopathy [45,46].

The inflammasome pathway, especially the NLRP3
inflammasome, establishes a vital molecular link between
metabolic stress and enhanced innate immunity. NLRP3
activation is initiated by many metabolic danger-signals
pertinent to diabetes, including mitochondrial failure, re-
active oxygen species, potassium efflux, and the buildup
of AGEs. In retinal cells, the activation of the NLRP3 in-
flammasome results in caspase-1-mediated maturation of
interleukin-15 and interleukin-18, cytokines that signifi-
cantly influence endothelial integrity, leukocyte adhesion,
and neuronal survival [27,37].

Significantly, microglial activation, complement sig-
naling, and inflammasome engagement function in an in-
terdependent manner. Complement fragments can directly
stimulate microglia, whereas cytokines produced by mi-
croglia enhance the expression of complement components
and inflammasome-priming signals [47]. This mutual rein-
forcement establishes a feed-forward inflammatory circuit
that is increasingly autonomous as the disease advances.
From a systems biology viewpoint, these innate immune
components form an interrelated module that assimilates
metabolic stress signals and disseminates inflammatory re-
sponses among retinal cell types.

Innate immune signaling in the diabetic retina mani-
fests as a metabolically calibrated, spatially structured, and
self-perpetuating network that exacerbates both neurode-
generation and microvascular disease. Microglia, comple-
ment components, and inflammasomes serve as intermedi-
aries between metabolic stress and tissue damage, playing
pivotal roles in the immune—metabolic framework of dia-
betic retinopathy. Clarifying the interactions among vari-
ous pathways over time is crucial for formulating therapies
that can halt disease progression in its initial stages.

4. Leukostasis, Adaptive Immunity, and
Vascular-Immune Coupling

Innate immune systems trigger inflammatory signal-
ing in diabetic retinopathy, whereas prolonged metabolic
stress increasingly activates adaptive immune responses
and fosters detrimental interactions between circulating im-
mune cells and the retinal vasculature. This transformation
signifies a shift from localized, tissue-specific inflamma-
tion to a more extensive immunovascular disease, in which
leukocytes play an active role in endothelial damage, capil-
lary non-perfusion, and disruption of the blood-retinal bar-
rier. Adaptive immune activation does not merely signify a
delayed or secondary response; rather, it appears to develop
alongside disease progression, exacerbating the chronicity
and irreversibility of retinal injury [48].

Leukostasis serves as a crucial pathway connecting
immune activation to microvascular impairment in dia-
betes. Hyperglycemia, oxidative stress, and inflammatory
cytokines promote the upregulation of endothelial adhe-
sion molecules, such as intercellular adhesion molecule-1
and vascular cell adhesion molecule-1, on retinal capillar-
ies. These alterations promote robust adherence of neu-
trophils, monocytes, and lymphocytes, resulting in capil-
lary obstruction, localized ischemia, and endothelial cell
apoptosis [49,50].

In addition to mechanical blockage, adhering leuko-
cytes directly damage the retinal endothelium by releasing
reactive oxygen species, proteases, and pro-inflammatory
cytokines. These mediators undermine tight-junction in-
tegrity, induce endothelial cell apoptosis, and increase vas-
cular permeability. Studies demonstrate that the pathogenic
significance of leukostasis is underscored by genetic or
pharmacological inhibition of adhesion molecules, which
diminishes vascular leakage and capillary degeneration in
diabetic models, thereby highlighting immune—vascular
coupling as a primary factor in microangiopathy rather than
a mere bystander [51,52].

T lymphocytes, a kind of adaptive immune cell, are
increasingly acknowledged as contributors to this inflam-
matory environment. Diabetic circumstances promote a
pro-inflammatory T-cell phenotype marked by increased
Thl and Th17 responses and diminished regulatory T-cell
function. Increased concentrations of interferon-y and
interleukin-17 have been observed in individuals with dia-
betes and in experimental models, where they facilitate en-
dothelial activation, enhance vascular permeability, and in-
tensify innate immune signaling. The adaptive immunolog-
ical changes correspond to systemic immune dysregulation
observed in metabolic disease, reinforcing the notion that
the retina reflects a broader immune-metabolic imbalance
rather than an isolated organ response [53—55].

Endothelial cells actively engage in adaptive immune
responses. In diabetic and inflammatory states, retinal
endothelial cells and activated microglia can express ma-
jor histocompatibility complex class II molecules and co-
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stimulatory signals, facilitating local antigen presentation
and prolonged T-cell activation. This phenomenon ob-
scures traditional boundaries between immune and vascu-
lar compartments, hence reinforcing the notion of the neu-
rovascular unit as a cohesive immunological entity. These
interactions sustain chronic inflammation and compromise
the integrity of the inner blood-retinal barrier, a critical fac-
tor in the development of diabetic macular edema.

Metabolic reprogramming enhances immune-vascular
coupling. Activated leukocytes predominantly rely on gly-
colytic metabolism, thereby improving their inflammatory
potential under glucose-abundant conditions, whereas en-
dothelial cells under chronic hyperglycemia exhibit mito-
chondrial impairment and diminished nitric oxide avail-
ability [56,57]. These concurrent metabolic alterations
foster a milieu conducive to prolonged immune activa-
tion and vascular damage, strengthening feedback loops
among inflammation, ischemia, and barrier compromise.
From a systems biology standpoint, leukostasis and adap-
tive immunity function as amplifiers that disseminate lo-
calized metabolic stress into extensive microvascular dis-
ease. In addition to retinal-resident immune components,
bone marrow—derived immune cells contribute to the in-
flammatory environment of the diabetic retina. Circulating
monocytes, macrophages, and neutrophils can be recruited
to retinal tissue through adhesion molecules and chemokine
gradients induced by hyperglycemia and endothelial activa-
tion. Once present in the retinal microenvironment, these
infiltrating immune cells interact with resident microglia
and glial cells, amplifying cytokine production, oxidative
stress, and vascular injury [10,58].

The activation of adaptive immunity and the con-
tacts between leukocytes and endothelial cells signify a
crucial expansion of immune-metabolic imbalance in di-
abetic retinopathy. These processes contribute to disease
development and treatment resistance by linking systemic
immune-metabolic changes to localized vascular damage.
In a network-based perspective, leukostasis and adaptive
immunity serve as critical nodes that amalgamate metabolic
stress, innate inflammation, and microvascular degrada-
tion into a cohesive pathogenic process. In addition to T-
cell-mediated mechanisms, B lymphocytes and antibody-
mediated immune responses may also contribute to the in-
flammatory milieu of diabetic retinopathy, although these
pathways remain less extensively characterized. Experi-
mental and clinical studies have reported alterations in cir-
culating B-cell subsets in diabetes and increased levels of
immunoglobulins and immune complexes in ocular flu-
ids of patients with advanced disease. B cells may influ-
ence retinal inflammation both through antibody production
and through antigen presentation and cytokine secretion,
thereby modulating T-cell responses and innate immune ac-
tivation. Although the precise role of humoral immunity in
diabetic retinopathy remains incompletely defined, emerg-
ing evidence suggests that B-cell-dependent pathways may
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participate in the broader immune—metabolic network un-
derlying retinal degeneration [59,60].

5. AGE-RAGE Acxis and Cytokine Network
Amplification

The buildup of AGEs is a critical biochemical out-
come of persistent hyperglycemia and a significant catalyst
of immune—metabolic enhancement in diabetic retinopa-
thy. AGEs result from non-enzymatic interactions between
reducing sugars and proteins, lipids, or nucleic acids, re-
sulting in structurally and functionally modified macro-
molecules that accumulate in retinal tissue and the blood-
stream. In the diabetic retina, AGEs serve as indicators of
metabolic stress and as active signaling ligands that activate
inflammatory pathways via interaction with their primary
receptor, RAGE. The AGE-RAGE axis serves as a pivotal
biochemical connection between metabolic imbalance and
prolonged immunological activation, leading to progressive
neurovascular damage [61].

RAGE is a multiligand pattern-recognition receptor
found in retinal endothelial cells, Miiller glia, pericytes,
neurons, and microglia. In diabetic circumstances, there
is a significant increase in both AGE buildup and RAGE
expression, fostering an environment conducive to persis-
tent receptor engagement. The binding of AGEs to the re-
ceptor RAGE stimulates downstream signaling cascades,
particularly NF-xB, mitogen-activated protein kinases, and
Janus kinase/signal transducer and activator of transcrip-
tion pathways. These cascades stimulate the transcrip-
tion of pro-inflammatory cytokines, chemokines, adhesion
molecules, and mediators of oxidative stress, therefore con-
verting metabolic damage into a widespread inflammatory
response [62].

In retinal endothelial cells, AGE-RAGE signaling
facilitates vascular dysfunction through multiple mecha-
nisms. The activation of NF-xB enhances the expres-
sion of intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1, promoting leukocyte adherence and
strengthening leukostasis. Simultaneously, RAGE activa-
tion diminishes endothelial nitric oxide bioavailability and
impairs tight junction proteins, leading to heightened vas-
cular permeability and the deterioration of the inner blood-
retinal barrier. Studies have shown increased levels of
AGE:s in serum, vitreous, and retinal tissue of patients with
diabetic retinopathy, with elevated concentrations correlat-
ing with disease severity and progression, independent of
glycemic control, highlighting the pathogenic significance
of this pathway [51,63].

The AGE-RAGE axis significantly impacts retinal
immune cells beyond its direct vascular effects. RAGE
activation in microglia and Miiller glia elicits a pro-
inflammatory phenotype marked by heightened production
of tumor necrosis factor-c, interleukin-1/, and interleukin-
6 [12]. These cytokines function in both autocrine and
paracrine manners to maintain glial activation, enhance
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complement signaling, and sensitize adjacent neurons and
endothelial cells to injury. Experimental inhibition of
RAGE signaling has demonstrated the capacity to dimin-
ish microglial activation, decrease cytokine production, and
maintain retinal integrity in diabetic models, underscoring
its function as an upstream regulator of inflammatory am-
plification [64].

The cytokine and chemokine networks activated
downstream of AGE-RAGE signaling form a complex, in-
terconnected inflammatory network in the diabetic retina.
Principal mediators, such as tumor necrosis factor-c,
interleukin-14, interleukin-6, monocyte chemoattractant
protein-1, and vascular endothelial growth factor, demon-
strate reciprocal regulation and synergistic effects on vascu-
lar permeability, immune cell recruitment, and neuronal vi-
ability. Significantly, these cytokines are produced by var-
ious retinal cell types, underscoring that inflammation in
diabetic retinopathy is multicellular and network-oriented
rather than limited to a single pathogenic origin [65,66].

From a systems biology standpoint, the AGE-RAGE
axis serves as a potent feed-forward amplifier within the
immune—metabolic network of diabetic retinopathy. The
accumulation of AGEs elevates RAGE expression, whereas
RAGE activation stimulates cytokine production, which in
turn exacerbates oxidative stress and promotes further AGE
synthesis [59]. This self-perpetuating cycle sustains retinal
inflammation despite improvements in glycemic control,
offering a molecular explanation for the metabolic mem-
ory phenomena noted in chronic diabetes. Epigenetic al-
terations triggered by AGE-mediated signaling enhance the
stability of inflammatory gene expression, integrating im-
mune activation into the retinal transcriptional framework
[67].

Clinically, addressing the AGE-RAGE—cytokine axis
is an appealing, although inadequately developed, treat-
ment approach. Although therapies targeting the reduc-
tion of AGE production or the inhibition of RAGE sig-
naling have demonstrated effectiveness in preclinical re-
search, their translation into clinical practice has been con-
strained by pharmacological obstacles and the redundancy
of downstream inflammatory pathways [68]. Nonetheless,
acknowledging this axis as a pivotal immune-metabolic
center has revitalized interest in combination strategies that
concurrently target metabolic stress and inflammatory sig-
naling, especially in patients with early or progressive dis-
ease insufficiently managed by anti-angiogenic therapies
alone.

The AGE-RAGE axis and its related cytokine net-
works constitute a fundamental immune-metabolic am-
plifier in diabetic retinopathy. This pathway transforms
chronic metabolic stress into persistent inflammatory sig-
naling, so unifying vascular dysfunction, immunolog-
ical activation, and neurodegeneration into a singular
pathogenic mechanism. In a network-based perspective,
AGE-RAGE signaling serves as a pivotal link between up-
stream metabolic harm and downstream immunological and

vascular dysfunction, rendering it a crucial target for future
disease-modifying therapies.

6. Mitochondrial, Amino Acid, and Lipid
Metabolism in Retinal Inflammation

In addition to elevated glucose, diabetic retinopa-
thy is characterized by significant changes in lipid and
amino acid metabolism, as well as mitochondrial energy
production, that fundamentally influence retinal immune
responses. These metabolic pathways interface with in-
flammatory signals at various levels, affecting immune
cell activation, endothelial integrity, and neuronal survival.
Growing data suggest that dysregulated lipid and amino
acid metabolism are increasingly recognized as mechanistic
contributors that interact bidirectionally with inflammation
[26,68-70]. Lipid metabolism is significantly modified in
the diabetic retina, indicating both systemic dyslipidemia
and tissue-specific metabolic reprogramming. The accu-
mulation of lipotoxic intermediates, such as ceramides and
oxidized low-density lipoproteins, has been observed in di-
abetic retina [26,71]. These lipid species serve as power-
ful inflammatory triggers by activating pattern-recognition
receptors, generating endoplasmic reticulum stress, and fa-
cilitating oxidative damage. Lipotoxic stress in retinal en-
dothelial cells compromises membrane integrity and tight-
junction architecture, whereas in immune cells it promotes
pro-inflammatory polarization and cytokine secretion.

Fatty acid metabolism additionally influences immune
modulation in the retina. Compromised S-oxidation and
disrupted equilibrium between saturated and unsaturated
fatty acids affect inflammatory signaling pathways, encom-
passing toll-like receptor activation and nuclear receptor ac-
tivity. In contrast, omega-3 polyunsaturated fatty acids and
their bioactive derivatives demonstrate anti-inflammatory
and vasoprotective effects, reducing cytokine production
and leukocyte adhesion [72].

Mitochondrial dysfunction is pivotal to the integration
of lipid and amino acid metabolism with immunological ac-
tivation. Mitochondria function as metabolic centers and
innate immunological signaling platforms, integrating en-
ergy generation with inflammatory responses [70,73]. In
the diabetic retina, persistent metabolic overload disrupts
mitochondrial dynamics, diminishes respiratory chain ef-
ficacy, and fosters excessive production of reactive oxy-
gen species. Compromised mitochondria release mitochon-
drial DNA and other danger-associated molecular patterns
that activate inflammasome pathways and enhance cytokine
production [74].

Mitochondrial dysfunction also plays a role in the
occurrence of metabolic memory in diabetic retinopathy.
Chronic mitochondrial DNA damage, compromised mi-
tophagy, and oxidative stress-induced epigenetic alterations
can perpetuate inflammatory signaling despite the amelio-
ration of metabolic parameters. Human studies have shown
enduring changes in mitochondrial gene expression and
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function in diabetic retinal tissue, offering a mechanistic ra-
tionale for ongoing disease progression despite postponed
glycemic optimization [75].

From a systems biology standpoint, lipid, amino acid,
and mitochondrial metabolism intersect to establish an
immune-metabolic core that regulates retinal inflammatory
dynamics. Disruptions in these pathways traverse inter-
woven signaling networks, affecting immune cell func-
tion, vascular integrity, and neural robustness. Signifi-
cantly, these metabolic pathways interact bidirectionally
with inflammatory mediators, establishing feedback loops
that perpetuate chronic conditions and hinder spontaneous
remission.

Clinically, identifying these metabolic factors broad-
ens the therapy options beyond glucose-focused ap-
proaches. Interventions targeting dyslipidemia, mitochon-
drial dysfunction, or specific metabolic pathways may in-
fluence retinal inflammation and enhance current vascular-
targeted therapies. Translating these discoveries into effec-
tive treatments requires integrated approaches that restore
metabolic equilibrium across multiple retinal cell types,
rather than merely targeting single metabolic deficiencies.

Modified lipid management, amino acid metabolism,
and mitochondrial bioenergetics are pivotal in influencing
immune responses in the diabetic retina. These pathways
associate systemic metabolic failure with local inflamma-
tory activation, hence facilitating the persistence and ad-
vancement of diabetic retinopathy. In a network-based
architecture, they signify essential nodes that enable the
transformation of metabolic stress into chronic immune-
mediated retinal degeneration.

7. Neurovascular Degeneration as a
Characteristic of Immune—Metabolic
Networks

The neurovascular unit (NVU) embodies the func-
tional and anatomical integration of retinal neurons, en-
dothelial cells, pericytes, glial cells, and resident immune
cells, all of which are collectively tasked with preserv-
ing metabolic balance and visual performance. In diabetic
retinopathy, this meticulously regulated mechanism is dis-
rupted by persistent metabolic stress and prolonged im-
munological activation, resulting in progressive neurovas-
cular deterioration. NVU failure arises from impaired com-
munication among its components, rather than from iso-
lated cellular damage, influenced by immune—metabolic
signaling loops [76]. This network-based disruption eluci-
dates why the first functional deficiencies may arise without
evident vascular disease. It also offers a framework for un-
derstanding the heterogeneous and often unpredictable pro-
gression of diabetic retinopathy among people with similar
metabolic profiles. From this viewpoint, NVU degradation
is more accurately understood as an emergent characteristic
of interacting pathogenic mechanisms rather than a sequen-
tial disease progression [77].
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Neuronal dysfunction represents an early and clini-
cally significant indication of NVU disruption in diabetes.
In diabetic conditions, retinal ganglion cells, amacrine cells,
and photoreceptors exhibit compromised mitochondrial ac-
tivity, altered synaptic signaling, and heightened suscep-
tibility to apoptosis [78,79]. The neuronal alterations are
induced by intrinsic metabolic stress and by inflammatory
mediators generated by activated microglia and Miiller glia.
Functional studies in diabetic patients have revealed deficits
in contrast sensitivity, dark adaptation, and electrophysi-
ological responses prior to the emergence of microvascu-
lar lesions, thereby substantiating the notion of initial neu-
rodegeneration [80,81]. Neuronal damage contributes to
the inflammatory network by generating danger-associated
molecular patterns that further stimulate immune pathways.
This reciprocal interaction enhances tissue susceptibility
and hastens NVU disintegration.

Glial cells serve a pivotal coordinating function in
converting immune-metabolic stress into neurovascular
unit dysfunction. Miiller glia, which provide metabolic and
structural support across the retinal layers, exhibit reactive
gliosis in response to persistent hyperglycemia and inflam-
mation. This condition is characterized by altered energy
metabolism, heightened synthesis of pro-inflammatory cy-
tokines, and diminished release of neurotrophic factors vi-
tal for neuronal survival. Miiller cells consequently forfeit
their ability to modulate extracellular glutamate concentra-
tions and ionic equilibrium, ultimately exacerbating exci-
totoxic stress on neurons. Astrocytes, despite being less
prevalent in the retina, similarly participate in inflammatory
signaling and compromised vascular supply. Collectively,
glial dysfunction serves as a crucial intermediate by which
immune—metabolic imbalance undermines neural integrity
and vascular stability [82].

The vascular elements of the neurovascular unit are
especially susceptible to immune-metabolic disturbances.
Retinal endothelial cells subjected to prolonged hyper-
glycemia and inflammatory cytokines demonstrate mito-
chondrial dysfunction, heightened oxidative stress, and de-
creased expression of tight junction proteins. These alter-
ations compromise endothelial barrier integrity and facili-
tate vascular permeability, a characteristic of diabetic mac-
ular edema. Pericytes, crucial for capillary integrity and
blood flow regulation, experience selective loss in diabetic
retinopathy, exacerbating microvascular instability. The
loss of pericytes increases endothelial susceptibility and im-
pairs endothelial-glial communication, exacerbating neu-
rovascular unit dysfunction. These vascular changes not
only impair tissue perfusion but also intensify metabolic
stress in the retina, resulting in self-reinforcing cycles of
damage [83-85].

The disruption of neurovascular coupling signifies a
significant functional outcome of neurovascular unit degen-
eration. In a healthy retina, neural activity dynamically
modulates local blood flow to correspond with metabolic
requirements, thereby maintaining effective delivery of
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Immune—Metabolic Network in Diabetic Retinopathy
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Fig. 1. Immune-metabolic network in diabetic retinopathy. This schematic diagram depicts the interrelated mechanisms connect-
ing metabolic stress to retinal degeneration in diabetic retinopathy. The upper portion of the picture illustrates the metabolic determi-
nants of disease, encompassing chronic hyperglycemia, mitochondrial dysfunction, oxidative stress, and lipotoxicity. These metabolic
anomalies stimulate immunological signaling pathways in the retinal microenvironment. The middle section of the diagram depicts
essential immune—metabolic hubs, encompassing microglial activation, complement cascade dysregulation, AGE-RAGE signaling, in-
flammasome activation, and cytokine network amplification. These processes engage in bidirectional interactions with elements of the
neurovascular unit. Chronic inflammatory signaling impairs neurovascular coupling and undermines the integrity of the blood-retinal bar-
rier. The image also emphasizes feed-forward inflammatory loops and metabolic memory mechanisms that perpetuate the development
of illness despite improvements in metabolic conditions. The synergistic effects of these pathways lead to progressive retinal dysfunc-
tion, characterized by neuronal death, vascular leakage, capillary dropout, and visual impairment. AGE-RAGE, advanced glycation end

product-receptor for AGE.

oxygen and nutrients. In diabetic retinopathy, inflamma-
tory signals and endothelial dysfunction hinder adaptive re-
sponses, leading to imbalances between energy supply and
neural demand. This uncoupling leads to localized hypoxia,
the buildup of metabolic waste, and increased immunolog-
ical activity, thereby exacerbating tissue damage [86]. Ad-
vanced imaging investigations indicate that these problems
manifest early and exhibit spatial heterogeneity, contribut-
ing to the irregular distribution of retinal lesions found clin-
ically [87,88]—impaired neurovascular coupling functions
as both an indicator and a catalyst of advancing neurovas-
cular unit dysfunction.

From a systems biology perspective, NVU degenera-
tion signifies the stabilization of maladaptive network states
influenced by immune—metabolic interactions. Inflamma-
tory mediators diminish metabolic flexibility, metabolic
stress amplifies immunological activation, and vascular
dysfunction restricts nutritional supply, thereby undermin-
ing the robustness of the retinal network. The nonlin-
ear feedback loops elucidate why enhancing glycemic con-
trol alone frequently proves inadequate to reverse estab-
lished disease. Upon the establishment of pathological net-
work topologies, the NVU gets entrenched in a degenera-

tive trajectory that defies spontaneous recovery. Identifying
NVU degeneration as a network-level phenomenon under-
scores the need for therapeutic approaches that restore co-
ordinated activity among retinal cell types, rather than fo-
cusing on isolated pathways. Fig. 1 depicts the systems-
level immune—metabolic network through which chronic
metabolic stress initiates and perpetuates inflammatory sig-
naling, ultimately leading to degeneration of the neurovas-
cular unit in diabetic retinopathy.

8. Transcriptomics, Metabolomics,
Proteomics, and Epigenetics

Omics technologies have significantly enhanced the
understanding of diabetic retinopathy by uncovering coor-
dinated immune-metabolic changes that are not detected
by traditional histopathological or single-pathway meth-
ods. Transcriptomic, proteomic, metabolomic, and epi-
genetic analyses, combined, reveal that diabetic retinopa-
thy is marked by extensive reprogramming of gene expres-
sion, protein signaling pathways, and metabolic processes
across several retinal cell types [89]. Significantly, omics
data substantiate the notion that inflammation, metabolic
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stress, and neurovascular dysfunction arise from interre-
lated regulatory networks rather than from discrete molecu-
lar events. Integrating this information enables conceptual-
izing diabetic retinopathy as a systems-level disease driven
by a coordinated immune—metabolic imbalance. Transcrip-
tomic investigations of human retinal tissue and experimen-
tal models have repeatedly revealed increases in inflam-
matory, complement-related, and stress-response genes in
diabetes [16,90,91]. Bulk RNA sequencing investiga-
tions have demonstrated elevated production of cytokines,
chemokines, adhesion molecules, and elements of innate
immune pathways, even in the first stages of the disease.
Recently, single-cell RNA sequencing has enhanced these
findings by uncovering transcriptional programs specific
to cell types associated with diabetic stress. Various sub-
sets of microglia, Miiller glia, endothelial cells, and peri-
cytes display transcriptional profiles that signify immuno-
logical activity, oxidative stress, and metabolic reprogram-
ming [92,93].

Proteomic investigations have enhanced transcrip-
tome data by elucidating post-transcriptional regulation and
protein-level signaling dynamics in diabetic retinopathy
[94,95]. Examinations of vitreous fluid and retinal tissue
from individuals with diabetic retinopathy have demon-
strated increased concentrations of inflammatory cytokines,
complement components, extracellular matrix proteins, and
angiogenic mediators [96,97].

Metabolomic investigations have yielded direct evi-
dence of altered metabolic states associated with diabetic
retinopathy and have identified compounds that may ac-
tively modulate immune responses. Research on plasma,
vitreous, and retinal tissue has revealed alterations in
glucose-derived metabolites, lipids, amino acids, and ox-
idative stress markers that are associated with disease sever-
ity. Disruptions in glutamine, arginine, and branched-chain
amino acid metabolism are associated with endothelial dys-
function and inflammatory activation. In contrast, modi-
fied lipid profiles indicate both systemic dyslipidemia and
retinal-specific metabolic stress. Metabolomic patterns fre-
quently differentiate patients with diabetic retinopathy from
those with diabetes without retinal pathology, suggesting
potential utility for risk assessment [98—100].

Epigenetic research has clarified the processes by
which immune—metabolic imbalance becomes chronic in
diabetic retinopathy. Hyperglycemia and oxidative stress
alter DNA methylation, histone modifications, and chro-
matin accessibility, thereby modifying the transcriptional
profile of retinal cells. These epigenetic modifications
can perpetuate inflammatory gene expression even after
metabolic conditions are improved, providing a biological
basis for metabolic memory. Recent research has empha-
sized the significance of non-coding RNAs, such as mi-
croRNAs and long non-coding RNAs, in modulating in-
flammatory and metabolic pathways pertinent to diabetic
retinopathy. The dysregulation of these epigenetic reg-
ulators affects cytokine production, mitochondrial func-
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tion, and endothelial stability, hence exacerbating immune—
metabolic imbalance within retinal networks [33,34,101,
102].

Collectively, omics datasets converge on a restricted
number of interrelated pathways that function as hubs
within the immune—metabolic network of diabetic retinopa-
thy. Complement activation, cytokine signaling, mito-
chondrial dysfunction, and metabolic reprogramming fre-
quently appear as pivotal elements across transcriptomic,
proteomic, and metabolomic analyses. The integration of
this information at the systems level has uncovered feed-
back loops connecting metabolic stress to immunological
amplification and neurovascular injury, elucidating the per-
sistence and heterogeneity of the disease. Nonetheless, ob-
stacles persist, including discrepancies in study design, tis-
sue sources, and analytical methodologies, which hinder di-
rect comparisons among datasets. Notwithstanding these
constraints, omics-derived insights have radically trans-
formed the comprehension of diabetic retinopathy and es-
tablished a basis for network-oriented diagnostics and ther-
apeutic approaches.

9. Discussion

The evidence examined herein advocates for a con-
ceptual transition in diabetic retinopathy from primarily a
microvascular complication of diabetes to a multifaceted,
immune-metabolic neurodegenerative disease. In clinical,
translational, and experimental research, chronic metabolic
stress is identified as the primary disturbance that disrupts
retinal homeostasis and triggers innate and adaptive im-
mune responses [3,4,8,35,48]. These immune responses
are not ephemeral or secondary; rather, they become per-
manently integrated within retinal tissue through reciprocal
interactions involving neurons, glial cells, vascular cells,
and immune mediators. The resultant inflammatory envi-
ronment fosters ongoing deterioration of the neurovascu-
lar unit, ultimately presenting as the structural and func-
tional impairments that define vision-threatening condi-
tions. Analyzing diabetic retinopathy from this perspective
provides a clear rationale for initial neuronal impairment,
heterogeneous disease progression, and the limited effec-
tiveness of treatments targeting specific downstream path-
ways. A systems biology approach is especially beneficial
in harmonizing the seemingly diverse pathogenic pathways
associated with diabetic retinopathy. Instead of depict-
ing isolated contributors, pathways that involve microglial
activation, complement dysregulation, AGE-RAGE sig-
naling, cytokine networks, metabolic reprogramming, and
mitochondrial dysfunction converge on common regula-
tory hubs and feedback loops [12,43,44,62]. These hubs
amalgamate metabolic inputs with immunological outputs,
orchestrating responses among various retinal cell types.
Omics-based research substantiates this perspective by con-
sistently revealing convergent immune-metabolic markers
across transcriptomic, proteomic, metabolomic, and epige-
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netic platforms [16,90-102]. This convergence indicates
that disease development is influenced less by singular
dominant causes and more by the entrenchment of maladap-
tive network states that resist spontaneous resolution once
formed. This integrative paradigm elucidates numerous un-
clear clinical observations. Functional vision impairment
often occurs prior to the development of evident microvas-
cular lesions, aligning with the initial neuronal and glial
engagement induced by immune—metabolic stress. The
ongoing retinal inflammation and neurodegeneration, de-
spite enhanced glycemic control, indicate the existence of
metabolic memory and epigenetically reinforced inflamma-
tory pathways. The limited efficacy of anti-VEGF therapy
in a significant portion of patients underscores the inade-
quacy of approaches that focus solely on angiogenic out-
comes while neglecting upstream immune—metabolic fac-
tors [14,15]. Conversely, perceiving diabetic retinopathy
as a network condition underscores the necessity for earlier
intervention and combinatorial strategies that concurrently
address immune activation, metabolic dysregulation, and
neurovascular coupling. From a translational perspective,
immune—metabolic interactions present a fertile ground for
biomarker identification and therapeutic advancement. Cir-
culating and vitreous biomarkers indicative of inflamma-
tory activation, complement involvement, lipid dysregu-
lation, and mitochondrial stress have demonstrated poten-
tial in stratifying disease risk and progression [45,46,55,63,
96,99,100]. Furthermore, identifying core network nodes
offers the opportunity to target common upstream regula-
tors rather than specific downstream mediators. Such tac-
tics may be especially pertinent in the early phases of dis-
ease, when network adaptability is sufficient to restore reti-
nal homeostasis. Translating these discoveries into clini-
cal practice necessitates meticulous consideration of safety,
timing, and patient selection, due to the critical physiolog-
ical functions of numerous immunological and metabolic
pathways. Taken together, the evidence discussed through-
out this review suggests that diabetic retinopathy may be
conceptualized as a progressive cascade of interconnected
immune-metabolic events. Chronic metabolic stress initi-
ates innate immune activation, which subsequently ampli-
fies inflammatory signaling and ultimately disrupts the neu-
rovascular unit. A simplified schematic representation of
this proposed pathogenic sequence is presented in Fig. 2.
Notwithstanding these advancements, many signif-
icant shortcomings hinder the current comprehension of
immune—metabolic interactions in diabetic retinopathy. A
substantial portion of the mechanistic information comes
from animal models that inadequately replicate the chronic-
ity, heterogeneity, and comorbidities of human diabetes.
Human retinal tissue is infrequently accessible at early
disease stages, constraining direct validation of preclini-
cal results. Omics studies, although potent, are typically
cross-sectional, exhibit variability in tissue sources and an-
alytical methodologies, and often lack longitudinal clini-
cal linkage. Furthermore, differentiating primary immune-
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Fig. 2. Proposed pathogenic sequence of immune—metabolic
dysregulation in diabetic retinopathy. Chronic hyperglycemia
induces metabolic stress characterized by mitochondrial dysfunc-
tion, oxidative imbalance, and accumulation of advanced glyca-
tion end products. These metabolic disturbances promote activa-
tion of innate immune pathways, including microglial activation,
complement signaling, and inflammasome engagement. Subse-
quent inflammatory amplification through cytokine production
and leukocyte recruitment contributes to progressive dysfunction
of the retinal neurovascular unit. The cumulative effects of these
processes ultimately lead to structural retinal damage and clinical
manifestations such as diabetic macular edema, capillary dropout,
and visual impairment. This schematic illustrates the conceptual
progression linking metabolic perturbation to immune activation
and neurovascular degeneration. ROS, Reactive Oxygen Species.

metabolic drivers from secondary adaptive responses is
particularly problematic in advanced disease, where many
pathogenic processes coexist. These constraints highlight
the necessity for comprehensive, longitudinal human stud-
ies that integrate molecular profiling with functional and
clinical outcomes. Despite an expanding corpus of litera-
ture endorsing the involvement of immune—metabolic dys-
regulation in diabetic retinopathy, numerous facets remain
inadequately elucidated. Experimental models consistently
exhibit microglial activation and inflammatory signaling in
the early stages of disease; yet, clinical research has shown
inconsistent relationships between inflammatory biomark-
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ers and disease severity. These inconsistencies may indi-
cate variations in study populations, illness phases, or an-
alytical techniques. Furthermore, numerous mechanistic
investigations rely on animal models that simulate hyper-
glycemia but fail to reflect the chronic systemic complexi-
ties of human diabetes fully. Thus, distinguishing causative
factors from subsequent inflammatory reactions remains
difficult. Subsequent research should focus on amalgamat-
ing longitudinal clinical data with mechanistic studies to
identify the immune—metabolic pathways that are primary
predictors of illness development. Another unresolved
question concerns the relative importance of local retinal
immune responses versus systemic immune-metabolic dys-
regulation. While increasing evidence suggests that cir-
culating immune cells and systemic metabolic inflamma-
tion influence retinal pathology, the mechanisms govern-
ing their recruitment and interaction with retinal-resident
immune cells remain incompletely understood. Addressing
these gaps will require longitudinal human studies integrat-
ing single-cell and spatial transcriptomics, metabolomic
profiling, and advanced retinal imaging. Such approaches
could clarify causal relationships among metabolic stress,
immune activation, and neurovascular degeneration and
help identify testable hypotheses regarding key regulatory
nodes within the immune—metabolic network.

This paper has several limitations considered it was
prepared as a narrative review. The manuscript does not ad-
here to a formal systematic search approach or established
inclusion criteria. Although significant databases and es-
sential contributions were evaluated to guarantee compre-
hensiveness and relevancy, certain relevant studies may
have been inadvertently excluded. The selection of stud-
ies was influenced by clinical significance and conceptual
coherence, potentially introducing a level of selection bias
characteristic of narrative synthesis.

Future research should emphasize network-based
methodologies that amalgamate multi-omics data with so-
phisticated imaging, functional assessments, and clinical
phenotyping. Longitudinal studies utilizing single-cell and
spatial transcriptomics, in conjunction with metabolomic
and epigenetic profiling, may elucidate the evolution of
immune—metabolic networks throughout disease stages and
pinpoint therapeutic opportunities. Future research should
include longitudinal clinical cohort studies to validate
immune—metabolic biomarkers and network patterns across
the natural history of diabetic retinopathy. Combining ge-
netic profiling with comprehensive clinical phenotyping,
retinal imaging, and functional visual evaluations would
enable researchers to determine whether specific immune—
metabolic signatures predict disease onset, progression, or
therapeutic response. Such prospective research is crucial
for converting systems-level findings into clinically appli-
cable strategies. Longitudinal validation across varied pa-
tient groups would elucidate whether immune—metabolic
network states vary among phenotypic subtypes of dia-
betic retinopathy and could facilitate the formulation of tai-
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lored therapy regimens. From a translational perspective,
identifying priority therapeutic nodes within the immune—
metabolic network remains an important challenge. Among
the pathways discussed, several mechanisms appear partic-
ularly promising as potential intervention targets. Comple-
ment signaling represents an attractive candidate due to its
upstream role in inflammatory amplification and its emerg-
ing therapeutic tractability in ocular diseases. Likewise, mi-
tochondrial dysfunction and oxidative stress represent cen-
tral metabolic disturbances that influence both neuronal sur-
vival and immune activation. The AGE-RAGE axis also
constitutes a key regulatory hub linking metabolic stress
with inflammatory signaling and vascular injury. Rather
than targeting isolated downstream mediators, future ther-
apeutic strategies may benefit from focusing on these up-
stream immune-metabolic regulators, potentially in com-
bination with existing vascular-targeted treatments such as
anti-VEGF therapy.

10. Conclusions

Diabetic retinopathy is increasingly recognized as a
multifaceted neurovascular degenerative disorder shaped
by the interplay between metabolic stress and immunologi-
cal activation within the retinal milieu. Evidence from clin-
ical investigations, experimental models, and multi-omics
analyses indicates that persistent hyperglycemia initiates
a cascade of immune-metabolic disturbances that extend
beyond vascular pathology to involve neurons, glial cells,
and the entire neurovascular unit. These interconnected
processes are coordinated through shared signaling hubs
and feedback loops that reinforce maladaptive inflamma-
tory and metabolic network states, thereby contributing to
disease persistence and progression. Importantly, immune—
metabolic dysregulation emerges early during disease de-
velopment and is associated with functional impairment
that precedes overt microvascular abnormalities. Adopting
a systems biology framework provides a cohesive model
that integrates vascular, neural, and immunological mech-
anisms into a unified pathogenic context. This perspec-
tive helps explain clinical heterogeneity, partial therapeu-
tic responses, and the phenomenon of metabolic memory
observed in diabetic retinopathy. Moving the focus from
isolated molecular targets toward network-level dysfunc-
tion may facilitate the identification of upstream regulatory
nodes with greater potential for disease modification. Ul-
timately, improving the management of diabetic retinopa-
thy will likely require therapeutic strategies that restore
immune—metabolic balance and support neurovascular in-
tegrity, with the goal of preserving retinal function and pre-
venting irreversible vision loss.
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