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Pathophysiological Mechanisms of Diabetes and Their Ocular Implications: 
A Systematic Review

ABSTRACT
Diabetic ocular complications, particularly diabetic retinopathy and diabetic macular edema, remain leading causes of vision 
impairment among patients with type 2 diabetes mellitus. Understanding the prevalence, risk factors, and management strat-
egies is essential for effective prevention and treatment. To systematically review current evidence on the prevalence, patho-
physiology, and therapeutic interventions for diabetic ocular complications. A systematic literature search was conducted in 
PubMed, Scopus, and Web of Science databases using relevant keywords related to diabetic ocular complications. Inclusion 
criteria encompassed original research, clinical trials, and systematic reviews reporting ocular outcomes in type 2 diabetes. 
Exclusion criteria included case reports, conference abstracts, and non-English publications. A total of 102 studies were iden-
tified; after screening and full-text assessment, 62 studies met the inclusion criteria. Data extraction included study charac-
teristics, participant demographics, interventions, and outcomes. The Cochrane Risk of Bias tool and Newcastle Ottawa Scale 
were applied to evaluate study quality. Included studies highlighted the high prevalence of diabetic retinopathy and macular 
edema, with oxidative stress, inflammation, and epigenetic modifications identified as key pathophysiological mechanisms. 
Therapeutic strategies such as glycemic control, anti-VEGF therapy, laser photocoagulation, and corticosteroids were shown 
to reduce disease progression and vision loss. Quality assessment indicated moderate to high methodological rigor across the 
included studies. Diabetic ocular complications remain a significant public health concern. Early detection, stringent glycemic 
control, and targeted ocular therapies are critical for reducing the burden of vision impairment. Further high-quality longitu-
dinal studies are warranted to refine treatment protocols and elucidate underlying molecular mechanisms.
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Introduction
Diabetes mellitus is a chronic metabolic disorder characterized by 
persistent hyperglycemia resulting from impaired insulin secre-
tion, insulin resistance, or a combination of both [1]. The global 
prevalence of diabetes has reached epidemic proportions, with an 

estimated 537 million adults affected in 2021, a figure projected 
to rise to 783 million by 2045 [4]. This rising burden poses signif-
icant public health and socioeconomic challenges, particularly in 
low- and middle-income countries where healthcare infrastructure 
remains limited.
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Beyond its systemic complications such as cardiovascular dis-
ease, nephropathy, and neuropathy, diabetes has profound effects 
on the eye. Ocular complications are among the leading causes 
of vision impairment and blindness worldwide [3]. Diabetic ret-
inopathy (DR) alone affects approximately one-third of people 
with diabetes and is the primary cause of preventable blindness in 
working-age adults globally [6]. Other ocular manifestations in-
clude diabetic macular edema (DME), cataract, glaucoma, corneal 
abnormalities, and neuro-ophthalmic disorders, each contributing 
to reduced visual function and quality of life [5].

Understanding the pathophysiological mechanisms that underlie 
diabetes and its ocular complications is crucial for the develop-
ment of effective preventive, diagnostic, and therapeutic strat-
egies. Hyperglycemia triggers a cascade of molecular events 
including oxidative stress, inflammation, advanced glycation 
end-product (AGE) accumulation, activation of the polyol path-
way, and epigenetic modifications, all of which contribute to tissue 
damage and ocular pathology [2,7]. Recent advances in molecular 
biology, imaging, and genetics have provided deeper insights into 
these mechanisms, highlighting potential therapeutic targets and 
preventive strategies.

Objective
The objective of this systematic review is to critically evaluate 
and synthesize current evidence on the pathophysiological mech-
anisms of diabetes and their ocular implications. Specifically, the 
review aims to:
•	 Examine the molecular and cellular pathways involved in  

diabetes-related tissue injury.
•	 Explore how these mechanisms contribute to ocular compli-

cations such as DR, DME, cataract, and glaucoma.
•	 Discuss the clinical implications of these mechanisms for 

screening, diagnosis, and treatment.
By consolidating existing knowledge, this review seeks to provide 
a comprehensive framework for understanding the link between 
systemic diabetes pathophysiology and ocular disease, thereby 
guiding future research and informing clinical practice.

Methods
Search Strategy
A comprehensive literature search was conducted using PubMed, 
Scopus, and Web of Science databases. Boolean operators (AND, 
OR) were applied to refine searches. Searches were limited to stud-
ies published in English up to 2025. Inclusion criteria comprised 
original research, systematic reviews, and clinical trials reporting 
on diabetic ocular complications or treatment outcomes. Exclu-
sion criteria included case reports, editorials, conference abstracts, 
and studies without full-text availability [9,10].

Study Selection
A total of 102 studies were identified through database search-
es. After removing duplicates and screening titles and abstracts, 
62 studies were excluded for not meeting the inclusion criteria. 
Full-text assessment of the remaining 62 studies was performed, 

and all 62 studies met the inclusion criteria and were included in 
the review. Discrepancies in study selection were resolved through 
discussion between two reviewers. The study selection process is 
illustrated using a PRISMA 2020 flowchart [9].

Data Extraction
Data were extracted independently by two reviewers using a stan-
dardized form. Extracted information included study characteris-
tics (authors, year, country, study design, sample size), participant 
characteristics (age, sex, type of diabetes), interventions or expo-
sures, and outcomes of interest (incidence, prevalence, progres-
sion, and management of diabetic ocular complications). Discrep-
ancies in data extraction were resolved through consensus [9].

Quality Assessment
The methodological quality of included studies was evaluated us-
ing appropriate tools. Randomized controlled trials were assessed 
using the Cochrane Risk of Bias (RoB 2) tool, while non-ran-
domized studies were assessed using the Newcastle-Ottawa Scale 
(NOS) [10,11]. Each study was rated for risk of bias, and the as-
sessment informed the interpretation of the results. Although only 
62 studies were included in the review, our reference list has 70, 
Some references support the introduction and background, like the 
epidemiology and pathophysiology of diabetes, while others pro-
vide context for our methods or back up points discussed in the 
results and discussion sections. Including these extra references 
helps provide a fuller picture and strengthens the review.

Pathophysiological Mechanisms of Diabetes
1. Insulin Resistance and Hyperglycemia: Role in Diabetes  
Development and Progression
Insulin resistance is central to the pathogenesis of type 2 diabetes 
mellitus (T2DM). It occurs when insulin-sensitive tissues primar-
ily skeletal muscle, adipose tissue, and the liver fail to respond 
adequately to circulating insulin, leading to impaired glucose up-
take and unchecked hepatic gluconeogenesis [12]. This results in 
chronic hyperglycemia, which is the hallmark of diabetes. The mo-
lecular basis of insulin resistance involves alterations in the insu-
lin signaling pathway, notably defects in insulin receptor substrate 
(IRS) phosphorylation, impaired phosphatidylinositol 3-kinase 
(PI3K)/Akt signaling, and downregulation of glucose transporter 
type 4 (GLUT4) translocation [13,14]. In the pancreas, persistent 
hyperglycemia contributes to β-cell dysfunction through gluco-
toxicity and lipotoxicity, reducing insulin secretion capacity [15]. 
Chronic hyperglycemia also initiates multiple pathogenic cascades 
that underlie diabetic complications, including oxidative stress, 
non-enzymatic glycation of proteins, and vascular dysfunction [2].

2. Inflammation and Oxidative Stress: Contribution to Diabet-
ic Complications
Inflammation and oxidative stress are interconnected processes 
driving both the onset and progression of diabetes and its compli-
cations. In the diabetic state, metabolic excess stimulates the pro-
duction of reactive oxygen species (ROS) in mitochondria, leading 
to oxidative damage to proteins, lipids, and DNA [16]. Hypergly-
cemia activates pro-inflammatory pathways such as nuclear fac-



  Innov Insights Case Rep Rev; 2026       					              		             Volume 2| Issue 1 | 3 of 7

tor-kappa B (NF-κB) signaling, resulting in increased expression 
of cytokines (e.g., TNF-α, IL-6, IL-1β) and adhesion molecules 
[17,18]. Chronic low-grade inflammation contributes to endotheli-
al dysfunction, accelerates atherosclerosis, and plays a crucial role 
in microvascular and macrovascular complications of diabetes 
[19]. Oxidative stress also disrupts normal nitric oxide (NO) bio-
availability, impairing vasodilation and worsening microvascular 
perfusion. In ocular tissues, oxidative stress is implicated in retinal 
neurodegeneration, microaneurysm formation, and blood-retinal 
barrier breakdown, which contribute to diabetic retinopathy [20,21].

3. Advanced Glycosylation End-Products (AGEs): Impact on 
Tissues and Organs
AGEs are formed through non-enzymatic glycation of proteins, 
lipids, and nucleic acids under chronic hyperglycemia [22]. These 
products accumulate in tissues and alter structural and functional 
integrity by inducing cross-linking of extracellular matrix proteins 
such as collagen and laminin [23]. Beyond structural damage, 
AGEs interact with specific receptors (RAGEs), activating down-
stream signaling pathways including NF-κB and MAPKs, which 
amplify oxidative stress and inflammatory responses [24]. This 
contributes to endothelial dysfunction, vascular stiffness, and im-
paired angiogenesis [25]. In ocular tissues, AGE accumulation is 
strongly associated with thickening of the basement membrane, 
pericyte apoptosis in the retina, cataract formation due to lens pro-
tein cross-linking, and corneal endothelial dysfunction [26,27]. 
Thus, AGEs are a critical mechanistic link between hyperglyce-
mia and both microvascular and ocular complications.

4. Other Mechanisms: Polyol Pathway, Hexosamine Pathway, 
PKC Activation
a. Polyol Pathway
Under hyperglycemic conditions, excess glucose is reduced to sor-
bitol by the enzyme aldose reductase. Sorbitol is then converted to 
fructose by sorbitol dehydrogenase. Sorbitol accumulation leads 
to osmotic stress, depletion of NADPH, and reduced antioxidant 
defense, thereby enhancing oxidative stress [28]. This mechanism 
is particularly important in ocular tissues such as the lens, contrib-
uting to cataractogenesis [29].

b. Hexosamine Pathway
Excess glucose is shunted into the hexosamine biosynthesis path-
way, leading to increased production of UDP-N-acetylglucos-
amine (UDP-GlcNAc), which modifies proteins through O-linked 
glycosylation. This alters transcription factors and signaling pro-
teins, disrupting normal cellular function and promoting pro-in-
flammatory gene expression [30,31].

c. Protein Kinase C (PKC) Activation
Hyperglycemia increases diacylglycerol (DAG) synthesis, which 
activates various PKC isoforms [32]. PKC activation affects vas-
cular permeability, endothelial nitric oxide production, angiogen-
esis, and extracellular matrix synthesis [32]. In the retina, PKC 
activation contributes to increased vascular permeability, retinal 
ischemia, and abnormal neovascularization, all of which are key 
features of diabetic retinopathy [33].

Ocular Implications of Diabetes
1. Diabetic Retinopathy: Pathogenesis, Stages (NPDR, PDR), 
and Treatment Options
Diabetic retinopathy (DR) is the most common and vision-threat-
ening microvascular complication of diabetes. It arises from 
chronic hyperglycemia, which triggers microvascular damage, 
pericyte loss, basement membrane thickening, and breakdown of 
the blood–retinal barrier [34]. These changes result in capillary 
non-perfusion, ischemia, and subsequent neovascularization. The 
pathogenesis is multifactorial, involving oxidative stress, AGEs, 
PKC activation, and inflammation [35]. These processes contrib-
ute to capillary leakage, microaneurysm formation, retinal edema, 
and ischemia [36].

Clinically, DR progresses in two stages:
•	 Non-proliferative diabetic retinopathy (NPDR): characterized 

by microaneurysms, dot-blot hemorrhages, hard exudates, 
and cotton-wool spots.

•	 Proliferative diabetic retinopathy (PDR): defined by neovas-
cularization, vitreous hemorrhage, and tractional retinal de-
tachment [37].

Treatment options include:
•	 Glycemic and blood pressure control as primary prevention 

[38].
•	 Laser photocoagulation to regress neovascularization.
•	 Anti-VEGF agents (e.g., ranibizumab, aflibercept, bevaci-

zumab) as first-line therapy.
•	 Intravitreal corticosteroids in resistant cases [39].

2. Diabetic Macular Edema: Mechanisms, Diagnosis, and 
Management
Diabetic macular edema (DME) results from vascular hyperper-
meability due to VEGF upregulation, breakdown of the blood–ret-
inal barrier, and inflammatory cytokine release [40]. Hyperglyce-
mia-induced oxidative stress and PKC activation further disrupt 
tight junctions of retinal endothelial cells. Diagnosis relies on fun-
dus examination, fluorescein angiography, and optical coherence 
tomography (OCT) as the gold standard for detecting retinal thick-
ening [40]. Management strategies include anti-VEGF therapy, 
intravitreal steroids, and laser photocoagulation [40].

3. Cataract: Association with Diabetes, Pathophysiology, and 
Treatment
Diabetes increases the risk of cataract development via sorbitol ac-
cumulation, AGE formation, and oxidative stress [28,22,29]. Pos-
terior subcapsular and cortical cataracts are most common [29]. 
Treatment is surgical, with higher postoperative risks in diabetics 
[29].

4. Glaucoma: Link with Diabetes, Pathophysiology, and Man-
agement
Diabetics have an increased risk of primary open-angle glauco-
ma (POAG) and neovascular glaucoma (NVG) [40]. Pathophysi-
ology involves microvascular dysfunction, oxidative stress, AGE 
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accumulation, and VEGF-mediated neovascularization [40]. Man-
agement includes conventional glaucoma medications, panretinal 
photocoagulation, anti-VEGF injections, and surgical interven-
tions [40].

5. Other Ocular Complications: Corneal Changes, Neu-
ro-Ophthalmic Disorders
Additional complications include diabetic keratopathy, endothe-
lial cell loss, cranial nerve palsies, and diabetic optic neuropathy 
[40].

Molecular and Cellular Mechanisms
1. Signaling Pathways: PI3K/Akt, MAPK/ERK, and their 
Role in Diabetic Complications
PI3K/Akt pathway
The phosphoinositide 3-kinase (PI3K)/Akt axis is a central node 
in insulin signaling that governs cellular glucose uptake, metab-
olism, growth, survival, and vascular homeostasis. Upon insulin 
binding to its receptor, IRS proteins recruit and activate class I 
PI3Ks, producing phosphatidylinositol (3,4,5)-trisphosphate 
(PIP3) and recruiting Akt (protein kinase B) to the plasma mem-
brane, where it becomes activated by phosphorylation. Activat-
ed Akt phosphorylates multiple downstream targets that increase 
GLUT4 translocation in muscle and adipose tissue, suppress he-
patic gluconeogenesis, and promote cell survival and nitric oxide 
(NO) mediated vasodilation [41,42]. In diabetes, defects at multi-
ple steps of this cascade—impaired IRS tyrosine phosphorylation, 
reduced PI3K activity, and attenuated Akt phosphorylation - con-
tribute to insulin resistance and endothelial dysfunction [43,42]. 
In vascular endothelial cells, impaired PI3K/Akt signaling reduces 
endothelial nitric oxide synthase (eNOS) activation and NO pro-
duction, favoring vasoconstriction, inflammation, and thrombosis. 
These mechanisms underpin diabetic micro- and macrovascular 
complications, including impaired retinal perfusion and blood–
retinal barrier dysfunction. Dysregulated PI3K/Akt signaling also 
intersects with mTOR and autophagy pathways, influencing reti-
nal neuronal survival and responses of retinal pigment epithelium 
(RPE) and vascular cells to metabolic stress [41,42].

MAPK/ERK pathway
The mitogen-activated protein kinase (MAPK) cascade partic-
ularly the extracellular signal regulated kinase (ERK1/2) arm 
transduces extracellular cues (growth factors, cytokines, oxidative 
stress) to regulate gene expression, proliferation, and cell surviv-
al. Chronic hyperglycemia, AGEs, and ROS activate MAPK/ERK 
signaling in vascular and retinal cells, promoting pro-inflammato-
ry gene transcription, extracellular matrix remodeling, and patho-
logical angiogenic responses [44,45]. Excessive or sustained ERK 
activation contributes to pericyte dysfunction and vascular base-
ment membrane changes key early events in diabetic retinopathy 
and fibrotic responses that worsen ischemia-driven neovascular-
ization in proliferative retinopathy [44,46]. MAPK/ERK signaling 
cross-talks extensively with PKC and PI3K/Akt pathways: PKC 
isoforms activated by hyperglycemia can stimulate MAPK cas-
cades, while MAPK activity can modulate insulin signaling and 
inflammatory transcription factors [45]. This network amplifies 

responses to metabolic stress and explains how diverse upstream 
insults converge on endothelial permeability, leukostasis, and 
pathological angiogenesis hallmarks of diabetic ocular disease 
[44,45].

2. Gene Expression: Changes in Gene Expression Contribut-
ing to Diabetic Complications
Transcriptional reprogramming in diabetes
Hyperglycemia and metabolic stressors reprogram gene expression 
in vascular, neuronal, and epithelial cells via transcription factor 
activation (NF-κB, HIF-1α, AP-1) and post-translational modifi-
cations. This increases expression of pro-inflammatory cytokines 
(TNF-α, IL-1β, IL-6), adhesion molecules (ICAM-1, VCAM-1), 
matrix metalloproteinases, and angiogenic mediators (VEGF), 
central to diabetic retinopathy and macular edema [47,48].

Epigenetic mechanisms and metabolic memory
Diabetes induces stable epigenetic alterations DNA methylation, 
histone modifications, and altered non-coding RNA expression 
that perpetuate maladaptive gene expression even after glycemic 
normalization, termed “metabolic memory” [47,48]. For example, 
hyperglycemia-driven changes in histone methylation at promot-
ers of inflammatory genes maintain elevated transcriptional ac-
tivity in vascular cells, contributing to persistent oxidative stress 
and inflammation [47]. MicroRNAs (miRNAs) act as post-tran-
scriptional regulators in diabetic complications. Specific miR-
NAs regulate VEGF expression, endothelial cell apoptosis, and 
inflammatory signaling in the retina. Dysregulated miRNA pro-
files are linked to diabetic retinopathy progression and may serve 
as therapeutic targets or biomarkers [49,50]. Signaling pathways 
such as PI3K/Akt and MAPK/ERK modulate chromatin modifiers 
and transcriptional complexes, linking acute signaling events to 
durable changes in gene expression. Oxidative-stress–activated 
kinases phosphorylate histone-modifying enzymes or transcrip-
tion factors, altering chromatin accessibility of genes involved in 
inflammation, angiogenesis, and extracellular-matrix remodeling. 
This explains how transient hyperglycemia can produce prolonged 
dysfunction in ocular tissues, driving progression from early vas-
cular changes to clinically evident retinopathy, edema, and neuro-
degeneration [48,47].

3. Epigenetic Modifications: Role in Diabetic Complications
Epigenetic modifications are heritable but reversible changes in 
gene expression that occur without altering DNA sequence. They 
link environmental factors (hyperglycemia, oxidative stress, in-
flammation) to persistent cellular dysfunction in diabetes, even 
after glycemic control—termed “metabolic memory” [51,48].

Three major mechanisms:
1.	 DNA methylation
2.	 Histone modifications
3.	 Non-coding RNAs (microRNAs, lncRNAs)

1. DNA Methylation
Methylation at CpG islands regulates transcriptional silencing. In 
diabetes, aberrant methylation affects oxidative stress, angiogen-
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esis, and inflammatory genes. For example, hypermethylation of 
SOD2 reduces expression, increasing retinal oxidative damage. 
Hypomethylation of inflammatory gene promoters enhances cy-
tokine expression, contributing to vascular permeability and leu-
kostasis [52,53].

2. Histone Modifications
Histone acetylation and methylation regulate chromatin accessi-
bility and transcription. Hyperglycemia modifies histone marks on 
promoters of key inflammatory and angiogenic genes:
•	 Increased H3K4 methylation and H3K9/14 acetylation at NF-

κB target promoters enhance ICAM-1, VCAM-1, and pro-in-
flammatory cytokine expression [48].

•	 Histone methyltransferases such as SET7/9 prolong activa-
tion of inflammatory genes [54].

•	 Loss of histone deacetylase (HDAC) activity is linked to en-
dothelial dysfunction, mitochondrial stress, and increased an-
giogenesis [55].

3. Non-coding RNAs (miRNAs and lncRNAs)
•	 miRNAs: Modulate VEGF, apoptosis, and inflammation. 

miR-200b downregulation in diabetic retinopathy leads to un-
checked angiogenesis; miR-146a regulates NF-κB and retinal 
inflammation [56,57].

•	 lncRNAs: MALAT1 upregulation promotes endothelial pro-
liferation and vascular leakage [58].

Integration into Ocular Complications
Epigenetic modifications unify short-term metabolic stress with 
long-term dysfunction:
•	 Persistent activation of inflammatory and angiogenic genes 

explains continued retinopathy progression after glucose nor-
malization.

•	 In the lens, AGEs and oxidative stress interact with epigenetic 
marks, contributing to early cataract formation.

•	 In the optic nerve, altered DNA methylation and ncRNA ex-
pression may predispose diabetics to glaucomatous optic neu-
ropathy.

Targeting epigenetic regulators—via DNA methyltransferase in-
hibitors, HDAC inhibitors, or ncRNA mimics/inhibitors—is a 
promising therapeutic avenue [54,48].

Clinical Implications
1. Screening and Diagnosis: Importance of Early Detection
Early detection of diabetes and its ocular complications is crucial 
in reducing vision loss and systemic morbidity. The asymptomatic 
nature of early diabetic retinopathy (DR) and diabetic macular ede-
ma (DME) underscores the importance of regular screening [6].
•	 Systemic screening: Fasting plasma glucose, oral glucose 

tolerance test, and HbA1c remain the gold standards for diag-
nosing diabetes. HbA1c levels also correlate with microvas-
cular complications, including DR [1,59].

•	 Ocular screening: Annual dilated fundus examination is rec-
ommended, with frequency adjusted by risk profile. Fundus 

photography, optical coherence tomography (OCT), and flu-
orescein angiography allow early detection of DR and DME 
[60].

•	 Artificial intelligence (AI): AI-based fundus imaging sys-
tems are being validated as cost-effective tools for early DR 
detection, particularly in resource-limited settings [61].

2. Treatment Options: Current Treatments and Emerging 
Therapies
Current Treatments
•	 Glycemic control: Intensive glucose management signifi-

cantly reduces the risk of DR progression and other ocular 
complications [62].

•	 Antihypertensive and lipid-lowering therapy: Tight blood 
pressure and lipid control further lower retinopathy progres-
sion risk [63].

•	 Ocular interventions:
	» Laser photocoagulation remains standard for prolifera-

tive diabetic retinopathy (PDR) and focal/grid laser for 
DME [64].

	» Anti-VEGF agents (ranibizumab, aflibercept, beva-
cizumab) are first-line therapies for DME and PDR, 
demonstrating significant visual improvement [65].

	» Intravitreal corticosteroids (dexamethasone implants) 
provide an alternative, particularly for patients unre-
sponsive to anti-VEGF therapy [66].	

Emerging Therapies
•	 Gene therapy: Experimental therapies target VEGF signal-

ing or enhance antioxidant pathways to prevent vascular dam-
age [67].

•	 Epigenetic therapies: Histone deacetylase inhibitors and 
miRNA modulators show promise in preclinical studies for 
reversing “metabolic memory” [48].

•	 Regenerative medicine: Stem cell-based retinal replacement 
strategies are under exploration but remain experimental [68].

2. Prevention Strategies: Lifestyle Modifications and Glycemic 
Control
Preventing diabetes onset and progression remains the most effec-
tive approach to reducing ocular complications.
•	 Lifestyle modifications: Weight reduction, physical activity, 

and dietary changes significantly lower the risk of type 2 dia-
betes and delay progression of complications [69].

•	 Glycemic control: Maintaining HbA1c below 7% reduces 
the risk of microvascular complications, including DR, by up 
to 76% [62].

•	 Patient education: Structured diabetes education programs 
improve adherence to medication, self-monitoring, and reg-
ular ophthalmic screening [70].

•	 Public health strategies: Community-based screening and 
telemedicine approaches are effective in improving access to 
early detection and intervention, especially in low-resource 
regions [60].
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