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Diabetic nephropathy (DN), a leading cause of end-stage renal disease worldwide, 
is increasingly recognized as a disease of the microvasculature. Among the earliest 
pathophysiological events in DN is endothelial dysfunction, which plays a central role 
in the onset and progression of renal injury. This review presents a comprehensive 
overview of the molecular mechanisms linking hyperglycemia to endothelial 
dysfunction, with a focus on oxidative stress, inflammation, and impaired nitric oxide 
signaling. We further explore the roles of endothelial-derived mediators, glycocalyx 
degradation, and endothelial-to-mesenchymal transition (EndMT) in aggravating 
glomerular and peritubular capillary injury. Clinical implications, current diagnostic 
challenges, and potential biomarkers of endothelial injury are discussed. We highlight 
emerging therapeutic interventions targeting endothelial pathways, including 
pharmacological agents, lifestyle interventions, and advanced drug delivery systems. 
Understanding the vascular underpinnings of DN offers new insights into early 
diagnosis and renal protection, marking endothelial restoration as a pivotal strategy in 
managing diabetic kidney disease.
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1. Introduction
Diabetic nephropathy (DN) is a microvascular complication 

of diabetes mellitus characterized by persistent albuminuria, 
declining glomerular filtration rate (GFR), and increased 
cardiovascular morbidity and mortality (Ahmad, 2015; Samsu, 
2021). Historically considered a glomerulocentric disease, DN 
is now increasingly viewed as a consequence of widespread 
microvascular injury, in which endothelial dysfunction plays 
a pivotal role. The renal endothelium is essential for vascular 
homeostasis, filtration barrier integrity, and intercellular 
communication (Cai et al., 2021). In the diabetic milieu, 
sustained hyperglycemia leads to structural and functional 
alterations in the endothelium that culminate in compromised 
renal function (Efiong et al., 2024; Yang et al., 2024). This 
review dissects the key mechanisms through which endothelial 
dysfunction contributes to DN, emphasizing the importance 
of vascular health in renal protection and highlighting novel 
therapeutic opportunities.

2. Pathophysiological Mechanisms of Endothelial 
Dysfunction in DN

The endothelium serves as a dynamic interface regulating 
vascular tone, permeability, coagulation, and inflammatory 

responses (Khaddaj Mallat et al., 2017). In diabetes, chronic 
hyperglycemia triggers a cascade of molecular events that 
disrupt endothelial homeostasis (Maamoun et al., 2019). 
Among the primary mechanisms are increased production 
of reactive oxygen species (ROS), advanced glycation end-
products (AGEs), and activation of protein kinase C (PKC). 
These processes collectively impair endothelial nitric oxide 
synthase (eNOS) activity and reduce nitric oxide (NO) 
bioavailability, a key mediator of vasodilation and anti-
inflammatory effects.

Hyperglycemia-induced oxidative stress is a critical 
driver of endothelial injury (Arcambal et al., 2019). 
Mitochondrial overproduction of superoxide anions in the 
setting of high glucose levels promotes oxidative damage to 
lipids, proteins, and DNA. Concurrently, the accumulation of 
AGEs and their interaction with the receptor for AGE (RAGE) 
exacerbate inflammation and endothelial permeability 
(Snelson et al., 2022; Zhou et al., 2024). In addition, activation 
of PKC isoforms leads to the upregulation of endothelin-1 
(ET-1), vascular endothelial growth factor (VEGF), and 
proinflammatory cytokines, further destabilizing the 
endothelial barrier (Zhang et al., 2019).
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3. Glycocalyx Degradation and Vascular Permeability

The endothelial glycocalyx, a carbohydrate-rich layer 
covering the luminal surface of endothelial cells, is a critical 
determinant of vascular permeability and mechanotransduction 
(Fels and Kusche-Vihrog, 2020). In DN, the glycocalyx undergoes 
enzymatic degradation due to elevated levels of heparanase, 
hyaluronidase, and oxidative stress (Li et al., 2020; Rabelink 
et al., 2017). This degradation compromises the endothelial 
barrier, facilitates albumin leakage, and promotes leukocyte 
adhesion.

Loss of glycocalyx integrity is particularly evident in 
glomerular capillaries, where it contributes to proteinuria and 
glomerulosclerosis (Ermert et al., 2023). The role of syndecan-1, 
a core protein of the glycocalyx, has been highlighted as both 
a marker and mediator of endothelial damage (Fernández-
Sarmiento et al., 2023; Vahldieck et al., 2023). Experimental 
studies demonstrate that glycocalyx restoration via exogenous 
supplementation or inhibition of degrading enzymes can 
ameliorate renal injury in diabetic models.

4. Endothelial-to-Mesenchymal Transition in Diabetic 
Nephropathy

Endothelial-to-mesenchymal transition (EndMT) is a 
process by which endothelial cells lose their characteristic 
markers (e.g., CD31, VE-cadherin) and acquire mesenchymal 
features (e.g., α-SMA, fibronectin) (Alvandi and Bischoff, 2021; 
Piera-Velazquez and Jimenez, 2019). This transition is driven by 
transforming growth factor-β (TGF-β), inflammatory cytokines, 
and oxidative stress. In DN, EndMT contributes to peritubular 
capillary rarefaction, interstitial fibrosis, and progressive renal 
dysfunction (Jacobs et al., 2024).

Emerging evidence suggests that inhibition of EndMT 
can preserve peritubular capillaries and prevent fibrotic 
remodeling (Jacobs et al., 2024). Agents targeting TGF-β 
signaling, such as fresolimumab or pirfenidone, have shown 
promise in attenuating EndMT-related fibrosis in preclinical 

studies. This highlights EndMT as a potential therapeutic 
target to halt the progression of DN.

5. Endothelial Biomarkers and Diagnostic Potential
Given the centrality of endothelial dysfunction in DN, 

identifying reliable biomarkers is crucial for early diagnosis 
and therapeutic monitoring. Soluble vascular adhesion 
molecule-1 (sVCAM-1), soluble intercellular adhesion 
molecule-1 (sICAM-1), and angiopoietin-2 (Ang-2) are 
elevated in diabetic patients with microalbuminuria and 
predict progression to overt nephropathy (Theodorakopoulou 
et al., 2020; Yu et al., 2023). Additionally, circulating levels of 
endothelial microparticles (EMPs) and syndecan-1 reflect 
glycocalyx shedding and endothelial stress (Rahbar et al., 
2015).

Urinary excretion of endothelial markers, including VEGF 
and endothelin-1, also provides insights into local vascular 
injury (Goncharov et al., 2017; Molema et al., 2022). The 
integration of these biomarkers into clinical practice requires 
validation across diverse populations and standardization of 
assay protocols. Advances in omics technologies, particularly 
proteomics and transcriptomics, offer opportunities for 
discovering novel endothelial markers linked to diabetic 
kidney disease.

6. Therapeutic Strategies Targeting Endothelial 
Dysfunction

Conventional therapies for DN, such as angiotensin-
converting enzyme inhibitors (ACEis) and angiotensin receptor 
blockers (ARBs), indirectly benefit endothelial function by 
reducing glomerular hypertension and inflammation (Alcocer 
et al., 2023). However, specific strategies targeting endothelial 
injury are emerging as adjunctive therapies.

Statins, primarily known for lipid-lowering, exhibit 
pleiotropic effects on the endothelium by enhancing eNOS 
activity and reducing oxidative stress (Margaritis et al., 2018). 
Sodium-glucose cotransporter 2 inhibitors (SGLT2is) have 

Figure 1: Schematic representation of Endothelial-to-Mesenchymal Transition (EndMT) contributing to Diabetic Nephropathy. Endothelial 
cells undergo phenotypic transition characterized by the loss of endothelial markers (VE-cadherin, CD31, Tie-1, Tie-2, vWF) and acquisition 
of mesenchymal markers (N-cadherin, α-SMA, SM22α, Calponin, Fibronectin, FSP-1, Vimentin). This transition results in the formation of mes-
enchymal cells, which play a crucial role in the development of metabolic syndrome and the progression of diabetic nephropathy. The diagram 
illustrates the cellular and molecular changes associated with EndMT in the context of renal pathology.
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Table 1: Key Endothelial Biomarkers in Diabetic Nephropathy

Biomarker Source Role in DN Clinical Relevance
sVCAM-1 Endothelial cells Inflammation, adhesion Predicts 

microalbuminuria
sICAM-1 Endothelial cells Leukocyte adhesion Correlates with DN 

severity
Syndecan-1 Glycocalyx shedding Barrier integrity Reflects endothelial 

injury
Angiopoietin-2 Vascular tissue Angiogenesis, 

permeability
Linked to progression of 
DN

Endothelin-1 Endothelium Vasoconstriction Elevated in advanced DN

Table 2: Therapeutic Interventions Targeting Endothelial Dysfunction in DN

Intervention Mechanism of Action Evidence in DN
ACE inhibitors/ARBs Reduce glomerular pressure, 

inflammation
Standard therapy

Statins Enhance eNOS, reduce 
oxidative stress

Improve endothelial function

SGLT2 inhibitors Anti-inflammatory, reduce 
tubular stress

Improve renal and vascular 
outcomes

Sulodexide Glycocalyx restoration Under clinical investigation
Endothelial Progenitor 
Cells

Repair damaged endothelium Promising in preclinical 
models

NO donors Enhance vasodilation, reduce 
oxidative stress

Limited studies in DN

been shown to improve endothelial function independently 
of glycemic control (Ikonomidis et al., 2020), possibly through 
reduced tubular workload and inflammation. Additionally, 
novel agents such as endothelial progenitor cell (EPC) therapies, 
NO donors, and agents targeting endothelial glycocalyx (e.g., 
sulodexide) are under investigation.

Lifestyle interventions, including dietary modification, 
exercise, and smoking cessation, also play an important role in 
preserving endothelial health. Combining pharmacological and 
non-pharmacological approaches can synergistically enhance 
vascular protection and slow the progression of DN.

7. Vascular Crosstalk and Systemic Implications
Endothelial dysfunction in DN is not confined to the 

kidney. It reflects a systemic vascular pathology that increases 
the risk of cardiovascular events. Crosstalk between renal 
and systemic vasculature involves shared mediators such as 
NO, ET-1, and inflammatory cytokines (Li et al., 2024). Thus, 
addressing endothelial health in DN has implications beyond 
renal protection, encompassing broader cardiometabolic 
benefits. Understanding the interplay between glomerular, 
peritubular, and systemic endothelial networks is essential for 
holistic patient management. Targeting common pathways of 
endothelial injury can mitigate both renal and cardiovascular 
complications in diabetic individuals.

8. Future Perspectives and Research Directions
Despite significant advances, several gaps remain in our 

understanding of endothelial pathology in DN. Further 
research is needed to delineate the temporal sequence 
of endothelial injury, identify cell-specific mechanisms, 
and develop endothelial-targeted therapies with high 
specificity and minimal side effects. Precision medicine 
approaches integrating genetic, epigenetic, and biomarker 
data may enable personalized vascular protection 
strategies.

Longitudinal studies evaluating endothelial markers 
alongside clinical outcomes will be crucial in validating 
their prognostic utility. Moreover, novel drug delivery 
systems such as nanoparticle-based endothelial-targeted 
formulations hold promise for enhancing therapeutic 
efficacy and reducing systemic toxicity.

9. Conclusion
Endothelial dysfunction is a central driver of 

diabetic nephropathy, bridging metabolic dysregulation 
with vascular and renal injury. Addressing endothelial 
health through early diagnosis, targeted therapeutics, 
and integrated care approaches offers a transformative 
strategy for mitigating the burden of diabetic kidney 
disease. Continued research and innovation are essential 
to translate these insights into clinical impact.
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