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Abstract

Background: Diabetes mellitus is a chronic metabolic disorder characterized by persistent hyperglycemia and
progressive multi-organ injury affecting vascular, neural, renal, and retinal systems. The global burden continues to
rise rapidly, creating substantial clinical and economic challenges. Diabetic complications arise from interconnected
macrovascular and microvascular dysfunction driven by metabolic, inflammatory, and epigenetic mechanisms.

Aim: This review aims to synthesize current evidence on the molecular mechanisms, organ crosstalk, and clinical
manifestations of diabetes-related complications, with emphasis on renal, cardiovascular, neurological, and retinal
involvement. It also highlights emerging therapeutic strategies relevant to multidisciplinary healthcare professionals.
Methods: A narrative review approach was used, integrating findings from recent experimental studies, clinical
investigations, single-cell RNA sequencing, and multiomics analyses. Evidence was critically examined to map shared
pathogenic pathways across diabetic complications.

Results: Diabetic complications are mediated by hyperglycemia-induced oxidative stress, mitochondrial dysfunction,
endoplasmic reticulum stress, chronic inflammation, and accumulation of advanced glycation end products. These
processes disrupt endothelial function and activate inflammatory cascades such as NF-kB and NLRP3 inflammasome
signaling. Organ-specific manifestations include diabetic kidney disease with podocyte loss and fibrosis,
cardiovascular disease driven by endothelial-to-mesenchymal transition and atherosclerosis, neurodegeneration linked
to blood—brain barrier dysfunction and mitochondrial injury, and diabetic retinopathy characterized by retinal vascular
damage, ferroptosis, and pathological angiogenesis. Metabolic memory and epigenetic modifications sustain disease
progression even after glycemic control.

Conclusion: Diabetic complications represent a unified systemic disorder rather than isolated organ diseases.
Integrated molecular pathways drive progressive multi-organ dysfunction, supporting the need for early intervention
and multi-target therapeutic strategies.

Keywords: Diabetes mellitus, microvascular complications, macrovascular disease, endothelial dysfunction,
oxidative stress, epigenetics, organ crosstalk

Introduction

Diabetes mellitus (DM) encompasses a heterogeneous group of chronic metabolic disorders primarily defined by
persistent hyperglycemia, resulting from either absolute insulin deficiency, relative insulin insufficiency, impaired
insulin receptor activity, or a combination of these pathophysiological mechanisms. The disease represents a major
and escalating global public health concern, with a substantial and continuously increasing burden on healthcare
systems worldwide. Epidemiological data indicate that in 2022, approximately 828 million adults were living with
diabetes globally, reflecting a dramatic increase of around 630 million cases compared with 1990. This corresponds
to a prevalence rate of 13.9% among women and 14.3% among men, demonstrating a nearly comparable distribution
across sexes. Projections suggest that this figure will exceed 1.31 billion individuals by 2050, highlighting the
progressive and expanding nature of the disease burden and its profound implications for global health economics and
healthcare infrastructure [2][3][4]. Despite the rapid rise in diabetes prevalence, the expansion of effective treatment



129 Abdulrahman Abdulmohsen M. Alsultan et al.

coverage has not progressed at a comparable rate. This disparity is particularly evident in low- and middle-income
countries, where healthcare access limitations, resource constraints, and insufficient screening programs contribute to
significant gaps in disease management. Current evidence indicates that approximately 59% of individuals with
diabetes worldwide, particularly those aged 30 years and above, remain untreated. This treatment gap represents a
critical challenge in global diabetes control strategies and underscores the need for strengthened healthcare delivery
systems, improved accessibility to pharmacological interventions, and enhanced public health policies aimed at early
detection and sustained disease management [2]. From a pathophysiological perspective, chronic hyperglycemia is
associated with widespread metabolic dysregulation that contributes to both macrovascular and microvascular
complications. These pathological processes affect multiple organ systems, including the cardiovascular, cerebral,
renal, and peripheral vascular networks. The cumulative burden of these vascular complications is increasingly
conceptualized under the term “diabetic panvascular disease (DPD),” which reflects the shared molecular pathways
and interconnected risk factors underlying the diverse manifestations of diabetic vascular injury. This conceptual
framework emphasizes the systemic nature of diabetes-related complications rather than isolated organ-specific
disease processes [5].

Recent scientific investigations have further highlighted the complex interplay between systemic metabolic
disturbances and localized tissue-specific factors that either exacerbate or mitigate the progression of diabetic
complications. These studies suggest that the development of end-organ damage in diabetes is not solely determined
by glycemic control but also influenced by inflammatory mediators, oxidative stress, genetic predisposition, and
protective compensatory mechanisms within affected tissues. This evolving understanding has shifted research focus
toward integrated multi-organ perspectives in disease progression and management [6]. Accordingly, contemporary
literature increasingly advocates for a comprehensive approach to diabetic complication management, integrating
molecular insights with clinical prevention strategies and multi-organ therapeutic interventions. Such an approach is
essential for addressing the multifactorial nature of diabetes mellitus and its systemic complications. By consolidating
current evidence on underlying mechanisms, preventive strategies, and emerging therapeutic modalities, this
framework provides a robust foundation for improving long-term patient outcomes and reducing the global burden of
diabetic disease.
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Fig. 1: Diabetes and Its complications.
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Molecular mechanisms and mediators of organ crosstalk in diabetic complications

Diabetes mellitus encompasses a spectrum of metabolic disorders that include type 1 diabetes mellitus (T1D), an
autoimmune condition typically presenting in early life; type 2 diabetes mellitus (T2D), a predominantly non-
autoimmune, adult-onset disorder accounting for more than 90% of global cases; and less common forms such as
monogenic diabetes, including Maturity-Onset Diabetes of the Young resulting from single-gene mutations, neonatal
diabetes, gestational diabetes associated with pregnancy, and latent autoimmune diabetes in adults (LADA), which
presents with autoimmune features later in life. The pathogenesis of diabetes is multifactorial, arising from complex
interactions between genetic susceptibility and environmental influences. Among these, T2D represents the dominant
clinical burden, accounting for approximately 96% of all cases, and is therefore the primary focus of current
mechanistic and therapeutic research into diabetic complications and systemic organ dysfunction [7][8][9][10]. At the
core of diabetic pathophysiology lies pancreatic f-cell dysfunction, which serves as a central regulatory node in
glucose homeostasis and the development of chronic hyperglycemia. In type 2 diabetes, impaired insulin secretion is
closely associated with peripheral insulin resistance in key metabolic tissues such as the liver and skeletal muscle.
This dual defect contributes to progressive metabolic imbalance and sustained hyperglycemic states. Advances in
molecular biology have highlighted the therapeutic potential of gene-editing technologies, particularly CRISPR-Cas9,
in enabling the precise differentiation of stem cells into functional B-cells. In addition, modulation of non-coding
RNAs such as IncRNA MIR503HG, as well as regulation of zinc transporter proteins like ZnT8 in stem cell-derived
pancreatic progenitors, has demonstrated improvements in insulin synthesis and secretion. These findings suggest that
stem cell-based regenerative strategies combined with gene-editing approaches may represent a future direction for
diabetes treatment, although long-term safety, stability, and functional durability remain under investigation
[11][12][13][14][15].

Beyond B-cell dysfunction, diabetes pathogenesis is driven by a cluster of interconnected metabolic abnormalities
collectively referred to as the “ominous octet.” This includes lipotoxicity, impaired incretin signaling,
hyperglucagonemia, increased renal glucose reabsorption, and central insulin resistance, all of which contribute to
progressive hyperglycemia and systemic metabolic deterioration. The development of diabetic complications is further
mediated by overlapping pathological mechanisms, including persistent hyperglycemia, dyslipidemia, hemodynamic
stress, oxidative stress, accumulation of advanced glycation end products (AGEs), and chronic low-grade
inflammation. These processes collectively disrupt cellular homeostasis and promote progressive tissue injury across
multiple organ systems [16][5][17]. Endothelial cells play a central role in mediating vascular injury in diabetes due
to their insulin-independent glucose uptake via glucose transporters such as GLUT1, GLUT2, and GLUT3. This
results in intracellular glucose overload, which disrupts mitochondrial oxidative phosphorylation, impairs fatty acid
metabolism, and alters key intracellular signaling pathways responsible for maintaining cellular integrity, metabolic
adaptation, and immune regulation. Hyperglycemia-induced metabolic reprogramming leads to a shift from oxidative
phosphorylation toward glycolysis, a process that increases the generation of reactive oxygen species (ROS) and other
toxic metabolic byproducts. These changes contribute significantly to endothelial dysfunction and vascular pathology
[18][19][20][21][22].

Furthermore, endoplasmic reticulum (ER) stress and mitochondrial dysfunction are closely interconnected through
mitochondria-associated ER membranes, where disruption of calcium homeostasis leads to mitochondrial
fragmentation, oxidative stress amplification, and activation of apoptotic pathways. This organelle-level dysfunction
plays a critical role in progressive cellular injury observed in diabetic complications. Concurrently, chronic
hyperglycemia activates innate immune pathways, particularly the nucleotide-binding oligomerization domain-like
receptor protein 3 (NLRP3) inflammasome, which promotes the release of pro-inflammatory cytokines. This sustained
inflammatory response contributes to immune cell dysfunction, vascular injury, immune senescence, and progressive
target organ damage [23][24][25][26][27][28][29][30]. Another important mediator in diabetic organ crosstalk is
endothelin-1 (ET-1), a potent vasoactive peptide that contributes to vasoconstriction, inflammation, hypertrophy, and
fibrosis within cardiovascular, renal, and vascular tissues. ET-1 exerts its effects primarily through endothelin type A
receptors (ETARSs) located on vascular smooth muscle cells, where it promotes vasoconstriction, cellular proliferation,
and inflammatory signaling. In contrast, endothelin type B receptors (ETBRs), predominantly expressed on
endothelial cells, mediate vasodilation through the release of nitric oxide and prostacyclin, thereby providing a
counter-regulatory mechanism. However, in diabetic conditions, the balance between these receptor-mediated
pathways is often disrupted, favoring pro-inflammatory and vasoconstrictive effects. Collectively, these molecular
mechanisms contribute to endothelial injury, fibrosis, tissue remodeling, and progressive multi-organ dysfunction,
highlighting the interconnected nature of diabetic complications across organ systems [31][32].

Diabetic kidney disease

Diabetic kidney disease (DKD) represents one of the most significant microvascular complications of diabetes mellitus
and is a major determinant of long-term morbidity and mortality. Diabetic vasculopathy is broadly categorized into
macroangiopathy and microangiopathy, with the latter being a defining feature of chronic hyperglycemia. Persistent
elevation of blood glucose levels leads to structural and functional alterations in the vascular endothelium, including
endothelial dysfunction and progressive thickening of the vascular basement membrane. These pathological changes
constitute the hallmark of diabetic microangiopathy and contribute directly to the progressive deterioration of renal
function observed in DKD. Epidemiological data indicate that approximately 22—40% of individuals with diabetes
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develop DKD, making it the leading cause of end-stage kidney disease worldwide, often necessitating renal
replacement therapies such as dialysis or kidney transplantation, thereby posing a substantial burden on global
healthcare systems [5][33][34]. The pathogenesis of DKD is multifactorial and involves a complex interaction of
hemodynamic abnormalities, metabolic dysregulation, inflammatory signaling, fibrotic remodeling, and epigenetic
modifications. One of the earliest detectable alterations in DKD is intraglomerular hyperfiltration at the level of
individual nephrons. This hyperfiltration state is primarily driven by systemic hyperglycemia and enhanced
angiotensin II activity, which arises through dysregulated tubuloglomerular feedback mechanisms. These
hemodynamic changes result in increased glomerular capillary pressure and excessive filtration load, initiating early
renal injury and functional stress within the nephron unit [10][35][36].

Advanced molecular investigations, including single-cell RNA sequencing of kidney biopsy samples from patients
with type 2 diabetes-associated DKD, have identified a distinct hyperfiltration-associated gene expression signature
comprising approximately 1,240 genes. This transcriptomic profile highlights significant endothelial stress and reveals
intricate cellular interactions between endothelial and mesangial cells, emphasizing the importance of intercellular
communication in disease progression. The sustained hemodynamic stress imposed by hyperfiltration leads to
increased intraglomerular wall tension and shear stress, particularly affecting podocytes, which are highly specialized
epithelial cells critical for maintaining glomerular filtration barrier integrity. In addition, tubular epithelial cells
experience increased oxygen demand to support enhanced reabsorptive activity, further contributing to local hypoxic
stress within renal tissues [37][36]. At the intracellular level, calcium signaling plays a pivotal role in mediating
mechanical stress responses within renal cells. Calcium influx regulated by transient receptor potential channels
influences the activation of Rho and Rac GTPase signaling pathways, which are central to cytoskeletal organization
and cellular structural adaptation. These pathways converge on mechanotransduction signaling networks, including
the Yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) pathway, which is activated
in response to mechanical stretch and stress. Activation of these signaling cascades promotes reorganization of the
actin cytoskeleton in podocytes, thereby altering cell shape, stability, and filtration function [38].

In parallel, mammalian target of rapamycin complex 1 (mTORCI1) signaling is activated in response to growth factors
and insulin signaling in diabetic conditions, leading to podocyte hypertrophy. While initially adaptive, sustained
mTORCI] activation increases cellular metabolic demand and renders podocytes more susceptible to injury and
dysfunction. The combined effects of mechanical stress, metabolic overload, and signaling dysregulation ultimately
lead to progressive podocyte injury, mesangial cell expansion, and thickening of the glomerular basement membrane.
These structural abnormalities evolve into glomerulosclerosis and tubulointerstitial fibrosis, which represent advanced
and often irreversible stages of DKD [39][40]. Collectively, DKD arises from a tightly interconnected network of
hemodynamic stress, metabolic disturbance, and molecular signaling dysregulation. The progression from early
hyperfiltration to chronic fibrosis reflects continuous cross-talk between vascular, glomerular, and tubular
compartments, underscoring the systemic nature of diabetic renal injury and the complexity of its pathophysiological
mechanisms.

Diabetic kidney disease (DKD) develops through interconnected structural, metabolic, inflammatory, and epigenetic
mechanisms that progressively damage both glomerular and tubular compartments of the kidney. Early disease is
characterized by metabolic reprogramming in podocytes, where oxidative stress triggers apoptosis and functional
decline. Podocyte-specific genetic alterations, such as Abcal deletion, lead to mitochondrial dysfunction driven by
cardiolipin abnormalities, increasing susceptibility to DKD. In addition, lipid accumulation in the form of cholesterol-
rich droplets, combined with persistent hyperglycemia and impaired insulin signaling, accelerates podocyte injury,
detachment, and loss. Since podocytes are essential for maintaining the glomerular filtration barrier, their depletion is
a central driver of glomerulosclerosis, a defining feature of DKD progression [41][42][43][44]. Oxidative stress,
advanced glycation end products, and chronic inflammation further promote glomerular cell senescence through
dysregulation of the GSK3B-Nrf2 signaling pathway. This impairs cellular repair capacity and intensifies
inflammatory and fibrotic responses within renal tissue. Pharmacological agents such as metformin, dapagliflozin,
and GLP-1 receptor agonists have demonstrated protective effects by reducing cellular senescence and improving
metabolic balance in DKD. Additionally, epigenetic and DNA repair mechanisms involving genes such as NEPHI
and RCANI contribute to restoration of the slit diaphragm, highlighting the importance of genomic stability in
podocyte survival [45][46][47][48][49].

A key pathological feature of DKD is disrupted crosstalk between podocytes and endothelial cells. Alterations in
angiogenic signaling, including reduced angiopoietin-1 to angiopoietin-2 ratios, abnormal vascular endothelial growth
factor (VEGF) expression, and endothelin-1 dysregulation, contribute to endothelial dysfunction, abnormal
angiogenesis, and impaired vascular integrity. These changes also disrupt lymphangiogenesis, leading to interstitial
edema and fibrosis. Together, these vascular abnormalities amplify renal injury and promote progressive loss of kidney
function [50][51][52]. Recent research has shifted DKD understanding from a glomerulus-centered model to one
emphasizing proximal tubular injury. Tubular epithelial cells undergo metabolic stress due to hyperglycemia, resulting
in hypertrophy, energy imbalance, ATP depletion, and hypoxia. This process is accompanied by activation of AMPK
signaling and maladaptive metabolic reprogramming. Defects in fatty acid oxidation, driven by suppression of key
transcription factors such as SREBP and PPAR-y, further exacerbate mitochondrial dysfunction and energy failure.
The release of mitochondrial DNA and RNA activates inflammatory pathways involving interferon regulatory factors
and TGF-f signaling, ultimately promoting immune cell recruitment and fibrotic remodeling [53][54][55][56][57].
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Innate immune activation is a central driver of DKD progression. Toll-like receptor signaling and complement system
activation trigger NF-kB-mediated inflammation, apoptosis, and fibrosis. The NLRP3 inflammasome further
amplifies inflammation through IL-1p and IL-18 release, sustaining immune cell infiltration by macrophages and T
cells. Complement components such as C3 and C5 generate potent anaphylatoxins that enhance endothelial-to-
mesenchymal transition and activate ROS and PKC-dependent injury pathways. These immune mechanisms create a
self-perpetuating cycle of inflammation and renal damage. Anti-inflammatory strategies are increasingly considered
central to future DKD therapy [58][59][60][61][62][63][64]1[65][66][67][68][69][70][71]. Another critical concept in
DKD is “metabolic memory,” which describes the persistence of molecular damage even after glycemic control is
achieved. Early hyperglycemic exposure induces long-lasting epigenetic changes, including DNA methylation, histone
modifications, and persistent activation of signaling pathways such as NF-kB, PKC, and TGF-B. These changes
maintain inflammatory and fibrotic activity despite later normalization of blood glucose levels. Podocyte DNA
damage and altered methylation patterns correlate with declining glomerular filtration rate, while macrophage
epigenetic reprogramming influences inflammatory polarization and metabolic activity. These findings emphasize that
DKD progression is not solely dependent on current glycemic status but also on prior metabolic exposure
[72][73][74][75]. Overall, DKD is a multifactorial disease involving glomerular hyperfiltration, podocyte loss, tubular
metabolic injury, immune activation, and epigenetic imprinting. Emerging therapeutic strategies targeting
inflammation, metabolic pathways, and epigenetic regulation offer promising directions for slowing or reversing
disease progression and improving long-term renal outcomes.

Cardiovascular Complications:

Diabetes-related cardiovascular disease (CVD) represents the leading cause of mortality among individuals with both
type 1 and type 2 diabetes, accounting for approximately 44% and 52% of deaths respectively. The cardiovascular
complications of diabetes include a broad spectrum of macrovascular and microvascular disorders, primarily coronary
artery disease (CAD), diabetic cardiomyopathy (DCM), cerebrovascular disease, peripheral artery disease (PAD), and
diabetic encephalopathy. These conditions arise from interconnected mechanisms involving endothelial dysfunction,
oxidative stress, chronic inflammation, mitochondrial injury, and endoplasmic reticulum stress, all of which form a
complex pathological network that drives progressive vascular and cardiac damage [76]. Coronary artery disease in
diabetes is characterized by diffuse and segmental atherosclerotic lesions affecting multiple vascular territories,
reflecting systemic macrovascular involvement. A central early event in diabetic cardiovascular pathology is
endothelial dysfunction, which serves as both an initiator and amplifier of vascular injury. Hyperglycemia reduces
nitric oxide bioavailability, increases oxidative stress, and activates inflammatory signaling pathways, leading to
impaired vascular relaxation and endothelial damage. A key concept in disease persistence is “metabolic memory,”
where prior hyperglycemic exposure induces long-lasting epigenetic and molecular alterations in endothelial cells.
These include activation of NF-kB signaling, dysregulation of microRNAs such as miR-27a-3p and miR-29,
suppression of Nrf2, activation of TGF-f pathways, and induction of endothelial-to-mesenchymal transition (EndMT).
These persistent changes continue even after glycemic normalization and contribute to fibrosis, vascular stiffness, and
cardiac dysfunction [80][81][82].

EndMT plays a crucial role in diabetic atherosclerosis, driven by hyperglycemia, advanced glycation end products
(AGESs), and oxidized low-density lipoprotein (ox-LDL). These stimuli activate proinflammatory pathways, increase
oxidative stress, and promote phenotypic transformation of endothelial cells into mesenchymal-like cells. This is
reflected by increased expression of mesenchymal markers such as 0-SMA and fibronectin and decreased endothelial
markers such as CD31. The AGE-RAGE axis further amplifies NF-kB-mediated inflammatory cytokine production,
worsening endothelial dysfunction. Additionally, disruption of the CAV1-CAVIN1-LC3B axis impairs autophagy and
enhances LDL transcytosis, accelerating plaque formation. Ox-LDL further promotes EndMT via TGF-f activation
and ROS production, contributing to plaque instability and vascular injury. Multiomics and single-cell RNA
sequencing studies have identified novel EndMT-associated genes and transcriptional regulators, highlighting cellular
heterogeneity and complex regulatory networks in atherosclerotic lesions [83][84][85][86][87][88]. Mitochondrial
dysfunction is another central contributor to diabetic vascular disease. Hyperglycemia increases mitochondrial reactive
oxygen species (ROS), leading to oxidative damage of mitochondrial DNA and impaired energy metabolism. This
triggers dysregulated mitophagy through SIRT1 and PINK1/Parkin pathways, further worsening endothelial injury
and vascular dysfunction. These findings identify mitochondria as potential therapeutic targets in diabetic
atherosclerosis [89][90].

Diabetic cardiomyopathy (DCM) is defined as myocardial dysfunction independent of coronary artery disease or
hypertension. A key pathological mechanism involves the accumulation of AGEs, which crosslink extracellular matrix
proteins, inhibit matrix degradation, and increase myocardial stiffness, resulting in diastolic dysfunction. This
mechanical stress activates profibrotic signaling pathways mediated by TGF-f, TNF, angiotensin II, and interleukins.
Transcriptomic studies have identified multiple fibroblast subpopulations, including disease-associated clusters that
expand significantly in diabetic myocardium. Mitochondrial ROS accumulation activates the NLRP3 inflammasome,
promoting pyroptosis and worsening myocardial injury. Clinically, DCM progresses from subclinical diastolic
dysfunction to heart failure with preserved ejection fraction (HFpEF), which is highly prevalent in type 2 diabetes,
and eventually to systolic heart failure with reduced ejection fraction. Impaired calcium handling, insulin resistance,
and metabolic abnormalities such as elevated free fatty acids further contribute to disease progression
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[91][92][931[94]1[95]1[961[971[98][99][100][101][102][103][104].  Diabetes also  contributes to  diabetic
encephalopathy, which includes ischemic stroke, vascular dementia, and neurodegenerative disorders characterized
by cognitive decline and memory impairment. Hyperglycemia disrupts neuronal signaling pathways, including ErbB4
and mTOR, leading to tau protein hyperphosphorylation and impaired autophagy. Blood—brain barrier dysfunction,
driven by oxidative stress and inflammation, further impairs neuronal homeostasis. Mitochondrial dysfunction reduces
amyloid clearance, while endoplasmic reticulum stress activates NF-kB-mediated neuroinflammation. Additionally,
disrupted iron metabolism contributes to neurotoxicity and cognitive decline, with iron-chelating agents such as
desferrioxamine emerging as potential therapeutic options [105][106][107][108][109][110][111][112][113].
Peripheral artery disease in diabetes is characterized by distal arterial stenosis affecting below-the-knee vessels,
contrasting with proximal disease patterns in non-diabetic individuals. This distal involvement reduces collateral
circulation and limits revascularization options. Hyperglycemia promotes vascular calcification through AGE
accumulation, leading to hydroxyapatite deposition in arterial walls and contributing to severe ischemic complications
such as intermittent claudication and limb ischemia [114][115][116][117]. Overall, diabetes-related cardiovascular
disease results from a convergence of endothelial dysfunction, oxidative stress, inflammation, mitochondrial damage,
and metabolic dysregulation. Future therapeutic strategies increasingly focus on precision medicine approaches,
multiomics integration, and mitochondrial-targeted interventions to improve prevention and treatment outcomes in
diabetic cardiovascular complications.

Diabetic retinopathy (DR)

Diabetic retinopathy (DR) is one of the most prevalent microvascular complications of diabetes mellitus and represents
a leading cause of preventable blindness worldwide. It affects approximately 34.6% of individuals with diabetes,
highlighting its substantial clinical and public health burden. The pathogenesis of DR is highly complex and involves
interrelated vascular, neuronal, inflammatory, and metabolic mechanisms. Emerging evidence emphasizes the role of
premature cellular senescence within retinal tissues, accompanied by the persistent secretion of pro-inflammatory
cytokines. These senescent cells propagate a paracrine senescence effect, amplifying local inflammation and
promoting pathological angiogenesis, thereby accelerating disease progression and retinal damage
[118][119][120][121]. Chronic hyperglycemia is a central driver of retinal vascular injury, particularly targeting
endothelial cells (ECs), which are critical for maintaining retinal microvascular integrity. Elevated glucose levels
disrupt endothelial cell—cell junctions, induce apoptosis, and lead to the formation of acellular capillaries, contributing
to breakdown of the inner blood—retinal barrier. These early structural changes compromise retinal homeostasis and
facilitate leakage, edema, and ischemia. Hyperglycemia further induces extensive metabolic reprogramming within
endothelial cells, characterized by activation of the polyol, hexosamine, and protein kinase C (PKC) pathways, as well
as accumulation of advanced glycation end products (AGEs). These metabolic disturbances increase oxidative stress,
sustain chronic inflammation, and promote premature endothelial senescence, all of which contribute to progressive
retinal dysfunction [22][122].

Recent research has identified ferroptosis as a novel and significant mechanism of retinal endothelial cell death in DR.
Ferroptosis is an iron-dependent, lipid peroxidation-driven form of regulated cell death that contributes to vascular
injury in the retina. In this context, TRIM46-mediated ferroptosis has been shown to promote degradation of
glutathione peroxidase 4 (GPX4), a key antioxidant enzyme, thereby exacerbating oxidative damage and disrupting
iron homeostasis. In addition to ferroptosis, multiple other forms of programmed cell death, including apoptosis,
necroptosis, pyroptosis, and parthanatos, collectively contribute to retinal endothelial cell loss, further amplifying
vascular instability and disease severity [123][124][125][126][127][128]. Advances in multiomics technologies and
artificial intelligence have significantly enhanced the understanding of DR at the cellular and molecular levels. High-
throughput analyses have revealed metabolic reprogramming in retinal microglia, characterized by a shift toward
glycolytic metabolism and reduced tricarboxylic acid cycle activity under diabetic conditions. A distinct subpopulation
of microglia with immune-regulatory properties has also been identified, exhibiting activation of MAPK, JAK/STAT,
and IL-17 signaling pathways. These findings highlight the heterogeneity of retinal immune responses in diabetes and
their role in disease progression [129][130][131][132].

A critical aspect of DR pathogenesis is the interaction between microglia and endothelial cells. Under hyperglycemic
conditions, endothelial cells release colony-stimulating factor 1, which activates microglia through CSF1R-dependent
MAPK signaling pathways, thereby promoting inflammation and angiogenesis. Additionally, necroptotic microglia
expressing RIP3 and MLKL contribute to pathological neovascularization by secreting fibroblast growth factor 2,
which stimulates endothelial proliferation. Neutrophil extracellular traps further aggravate retinal injury by inducing
oxidative stress, endothelial apoptosis, and breakdown of the blood-retinal barrier, reinforcing vascular dysfunction
and inflammatory damage [132][134][135]. High-throughput gene expression profiling and single-cell RNA
sequencing have identified key molecular mediators of DR, including insulin-like growth factor 1 (IGF-1) and secreted
phosphoprotein 1 (Sppl), which are predominantly expressed by microglia and associated with increased production
of pro-inflammatory cytokines such as IL-1B and TNF. Elevated vitreous levels of these mediators in DR patients
further confirm their clinical relevance. In advanced stages of the disease, pathological neovascularization driven by
vascular endothelial growth factor (VEGF) and hypoxia-induced signaling results in fragile, immature vessels prone
to hemorrhage and retinal detachment. Identification of downstream mediators such as G protein subunit alpha i2
(Gai2) highlights additional targets involved in VEGF-driven angiogenic signaling and retinal vascular remodeling
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[131][136][137][138][139]. Overall, diabetic retinopathy is driven by a multifactorial interplay of endothelial
dysfunction, metabolic reprogramming, immune activation, ferroptosis, and microglia—endothelial cell crosstalk.
Integrating multiomics approaches with advanced molecular profiling has significantly improved the understanding
of its pathogenesis. These insights provide a strong foundation for developing targeted therapeutic strategies aimed at
regulating inflammation, preventing endothelial cell loss, and inhibiting pathological angiogenesis to reduce vision
loss in diabetic patients.

Conclusion

Diabetes-related complications arise from shared molecular and cellular mechanisms that extend across multiple organ
systems. Chronic hyperglycemia initiates endothelial injury, mitochondrial dysfunction, oxidative stress, and
persistent inflammatory activation, which collectively drive progressive tissue damage. These processes are reinforced
by metabolic memory and epigenetic changes that sustain disease activity even after glucose normalization. As a
result, diabetic kidney disease, cardiovascular disease, retinopathy, and encephalopathy develop through overlapping
pathways involving vascular dysfunction, immune dysregulation, and fibrotic remodeling. Current evidence shifts the
understanding of diabetes from isolated organ pathology to an integrated systemic disease. This perspective highlights
the importance of early detection, strict metabolic control, and targeted therapies addressing inflammation, oxidative
stress, and epigenetic regulation. Emerging approaches using multiomics profiling and precision medicine offer
promising opportunities to identify high-risk patients and develop individualized treatment strategies. Effective
management of diabetes complications requires coordinated multidisciplinary care supported by molecular insights
and early intervention strategies aimed at preventing irreversible organ damage.
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