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Endothelial dysfunction (ED) has emerged as a critical pathological contributor 

to a variety of cardiovascular and metabolic disorders, garnering increasing 

attention in recent years. This review presents a comprehensive overview of ED, 

commencing with its definition and broadened criteria. It delves into the 

molecular mechanisms underlying ED, including reduced nitric oxide availability, 

oxidative stress, inflammatory responses, apoptosis of endothelial cells, and the 

emerging concept of endothelial-mesenchymal transition. Furthermore, we 

investigate the association between ED and multiple conditions, such as 

diabetes, atherosclerosis, cerebrovascular disorders, and obstructive sleep apnea, 

drawing on finding from recent clinical investigations. The review highlights the 

clinical significance and limitations of various biomarkers associated with ED. 

Moreover, we explore contemporary pharmacological treatment modalities and 

pioneering therapeutic strategies to alleviate ED, including small molecule 

agents, stem cell therapy, and gene therapy. By integrating the most recent 

discoveries from both fundamental and clinical research, this review aims to 

establish a robust theoretical framework and provide practical guidelines for the 

diagnosis, prevention, and management of ED.
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1 Introduction

Endothelial dysfunction (ED) is a significant pathological condition that serves as a 

precursor to various cardiovascular diseases, metabolic syndromes, and neurological 

disorders. This condition is characterized by impaired homeostatic functions of 

endothelial cells, which are crucial for regulating vascular tone, permeability, and 

in ammatory responses. The endothelium, a single layer of cells that lines blood vessels, is 

essential for maintaining vascular health and responding to hemodynamic changes. 

Various factors, including oxidative stress, in ammation, and metabolic disturbances, can 

trigger ED, which in turn contributes to conditions such as atherosclerosis, hypertension, 

and other cardiovascular complications (1).

Recent research has highlighted the complex role of endothelial cells in maintaining 

vascular homeostasis. These cells respond dynamically to stimuli such as shear stress, 

which is crucial for preserving the structural integrity of blood vessels. Rather than 

serving as mere passive barriers, endothelial cells actively engage in signaling pathways 

that regulate vascular function and adapt to pathological conditions. This underscores 
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the importance of understanding the mechanisms that lead to ED, 

as this dysfunction is closely associated with the development and 

progression of cardiovascular diseases (2).

The traditional definition of ED has expanded to include a 

broader spectrum of criteria beyond impaired vasodilation and 

increased permeability. It now encompasses mechanisms like 

endothelial-to-mesenchymal transition (EndMT), a process in 

which endothelial cells lose their typical characteristics and gain 

mesenchymal traits. This transition plays a significant role in 

vascular remodeling and fibrosis. Such changes are especially 

relevant in chronic in ammatory conditions, such as those 

associated with diabetes and obesity, where ongoing ED can 

result in serious cardiovascular consequences (3).

The connection between ED and systemic diseases is gaining 

increasing recognition. For example, in cases of metabolic 

syndrome, the interaction between ED and in ammation related to 

obesity significantly contributes to cardiovascular risk. Patients 

often exhibit increased levels of pro-in ammatory cytokines and 

markers of oxidative stress, which further exacerbate their 

condition (4). Recognizing these relationships is essential for 

creating effective treatment strategies that focus on restoring 

endothelial function and preventing related complications.

ED has significant clinical implications, as it is associated with 

higher rates of morbidity and mortality from cardiovascular 

events. Therefore, identifying reliable biomarkers for ED is 

essential for early detection and timely intervention. Current 

research is exploring a range of biomarkers, such as soluble 

adhesion molecules, in ammatory cytokines, and circulating 

endothelial microparticles, which may provide valuable insights 

into the endothelial health of patients (5).

In summary, ED is a complex condition in uenced by multiple 

factors, significantly contributing to the development of 

cardiovascular diseases, metabolic syndromes, and neurological 

disorders. Gaining a deeper understanding of the mechanisms 

behind ED is crucial for creating targeted therapies aimed at 

improving vascular health and reducing the associated risks of 

these conditions. The increasing prevalence of related diseases 

highlights the urgent need for research in this area, as effective 

management strategies are essential for enhancing patient outcomes.

2 Main body

2.1 Definition and pathological criteria of 
ED

2.1.1 Traditional definition: diminished vascular 
relaxation function and pro-inflammatory, 

pro-coagulation state
ED is primarily characterized by impaired vascular relaxation, 

largely due to reduced bioavailability of nitric oxide (NO), 

accompanied by a pro-in ammatory and pro-thrombotic state. NO 

plays a vital role in maintaining vascular homeostasis, and when its 

production is insufficient, it can hinder the ability of blood vessels 

to dilate properly. Research indicates that conditions such as 

obesity and metabolic disorders can significantly reduce the 

availability of NO, worsening ED and increasing the risk of 

vascular complications (6). Moreover, when exposed to 

in ammatory signals, endothelial cells often become activated, 

which leads to a rise in the expression of adhesion molecules and 

pro-in ammatory cytokines. This activation is linked to the 

upregulation of nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase and other pathways that generate reactive 

oxygen species (ROS), further intensifying oxidative stress and 

damaging the endothelium (6, 7). The resulting in ammatory 

milieu not only disrupts vasodilation but also fosters a pro- 

coagulation state, marked by heightened platelet activation and 

increased expression of coagulation factors, which ultimately 

predisposes individuals to thrombotic events (8, 9).

Endothelial permeability also undergoes significant alterations 

during dysfunction, resulting in increased vascular leakage and 

in ammation. This enhanced permeability is frequently driven by 

in ammatory cytokines, which can compromise the endothelial 

glycocalyx (a critical barrier preventing leukocyte adhesion and 

extravasation) (10). The relationship between in ammation and 

coagulation becomes particularly pronounced in conditions like 

sepsis, where the activation of the NOD-, LRR-, and pyrin domain- 

containing protein 3 (NLRP3) in ammasome has been linked to 

the promotion of ED through mechanisms that involve the 

proteolysis of endothelial nitric oxide synthase (eNOS) (7). This 

dysregulation of pathways underscores the intricate connection 

between endothelial function and systemic in ammation, 

highlighting the necessity for therapeutic approaches that address 

both vascular relaxation and in ammatory responses to alleviate 

the detrimental effects of ED.

In summary, the traditional definition of ED involves a complex 

interaction characterized by reduced capacity for vascular relaxation 

and a state that promotes in ammation and coagulation. The 

decrease in nitric oxide availability, along with the activation 

of endothelial cells and heightened permeability, fosters a 

pathological environment that increases the risk of cardiovascular 

complications. Grasping these mechanisms is crucial for creating 
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targeted interventions that aim to restore endothelial function and 

prevent the advancement of associated diseases.

2.1.2 Expanded definition: mechanical signal 

transduction impairment and EndMT
The endothelial cells, which serve as a vital barrier between 

blood and tissues, possess an inherent ability to detect mechanical 

stimuli from their surroundings, a phenomenon referred to as 

mechanotransduction. This capability is crucial for maintaining 

vascular homeostasis and adapting to physiological demands. 

However, recent research suggests that the process of mechanical 

signal transduction can be disrupted under pathological conditions, 

leading to ED. For example, in cardiovascular diseases, changes in 

shear stress and heightened mechanical load can interfere with 

normal mechanotransduction pathways, initiating abnormal 

signaling cascades that activate and impair endothelial cells (11). 

The reduction in endothelial mechanosensitivity can worsen 

conditions like atherosclerosis, where the inadequate response to 

mechanical forces increases vascular permeability and in ammation 

(12). As endothelial cells lose their ability to sense mechanical 

changes, they may undergo EndMT, acquiring mesenchymal traits, 

such as enhanced motility and resistance to cell death, while losing 

their typical endothelial features (13). This transition is not merely a 

phenotypic shift, it has significant consequences for tissue 

remodeling and fibrosis, especially in chronic in ammatory 

conditions and during the healing of wounds (14).

The pathological significance of EndMT is considerable, as it 

contributes to diverse diseases, including fibrosis, cancer metastasis, 

and vascular disorders. This transition involves endothelial cells 

changing into a mesenchymal phenotype, often driven by factors 

like transforming growth factor-beta (TGF-β). TGF-β activates 

signaling pathways that encourage the expression of mesenchymal 

markers while suppressing endothelial markers (15). This process is 

especially pertinent in diabetes, where hyperglycemia-induced 

oxidative stress can trigger EndMT, leading to vascular 

complications associated with the condition (16). Additionally, the 

mechanical environment can significantly affect EndMT; for 

instance, heightened mechanical stress from hypertension can 

increase the expression of TGF-β and other fibrotic markers, 

thereby facilitating the transition to a mesenchymal phenotype (17).

In summary, impaired mechanotransduction in endothelial cells 

plays a pivotal role in ED and the ensuing EndMT process. This 

transition not only changes the cellular phenotype but also 

contributes to various pathological conditions. Elucidating the 

mechanisms underlying mechanotransduction and EndMT is 

essential for developing targeted therapeutic strategies for vascular 

diseases and related disorders. The interaction between mechanical 

signals, cellular responses, and pathological outcomes underscores 

the complexity of endothelial biology and its relevance.

2.1.3 In vivo and in vitro models and their 

contributions to the definition of ED
The study of ED has advanced substantially through the 

development of diverse in vivo and in vitro models that recapitulate 

relevant pathophysiological conditions. Notably, models that 

simulate the blood-brain barrier have been instrumental in 

elucidating the mechanisms behind ED. For example, researchers 

have utilized human-induced pluripotent stem cell (iPSC)-derived 

endothelial cells to reproduce the diabetic ED phenotype in vitro, 

clearly demonstrating how hyperglycemia impairs endothelial cell 

functionality (18). Moreover, incorporating pulsatile  ow into 

endothelial cell cultures enhances their physiological relevance of 

these models, as it more accurately re ects the hemodynamic forces 

encountered in vivo. This method has shed light on the role of 

altered mechanotransduction in ED, emphasizing how shear stress 

affects endothelial cell behavior and integrity. Additionally, 

endothelial lysates obtained from animal models have enabled gene 

and protein profiling, offering valuable insights into the molecular 

changes associated with ED (19). These models not only deepen 

our understanding of the underlying pathophysiological 

mechanisms but facilitate identification of potential biomarkers 

and therapeutic targets for ED.

Recent advancements in modeling techniques have significantly 

enhanced our understanding of ED in various neurological 

conditions, particularly in the context of the blood-brain barrier. 

For instance, the use of micro uidic platforms that mimic the 

blood-brain barrier models has facilitated the investigation of 

endothelial permeability and the impact of in ammatory mediators 

in a controlled setting (20). These innovative models have revealed 

that hypoxia, which is commonly associated with numerous 

diseases, exacerbates ED by inducing upregulation of enzymes such 

as arginase II thereby disrupting intercellular junctions, leading to 

increased permeability (21). Additionally, the integration of 

dynamic  ow conditions into these models has shed light on the 

mechanistic pathways that contribute to heightened endothelial 

permeability and dysfunction, especially in relation to aging and 

neurodegenerative diseases (22).

The use of in vivo models, particularly those involving diabetic 

mice, has played a crucial role in confirming the results obtained 

from in vitro studies. These models have demonstrated the 

harmful effects of high blood sugar levels on endothelial 

function, showing that endothelial cells from diabetic models 

have reduced ability to form new blood vessels and exhibit 

heightened in ammatory responses (23). This underscores the 

importance of combining in vitro and in vivo approaches to 

capture the full complexity of ED, as each type of model brings 

distinct advantages that enhance our overall comprehension. By 

integrating these approaches, researchers have gained a more 

complete insight into the underlying mechanisms of ED, which 

is essential for developing targeted treatments aimed at restoring 

endothelial function in those affected.

Examples of widely used in vivo ED models include 

streptozotocin-induced or db/db diabetic mice (microvascular ED), 

ApoE−/− or LDLR−/− mice fed a high-fat/high-cholesterol diet 

(atherosclerosis-associated ED), chronic angiotensin II infusion or 

L-NG-nitroarginine methyl ester administration (hypertension- 

related ED), cecal ligation and puncture or lipopolysaccharide 

(LPS) endotoxemia (sepsis-associated ED), and chronic 

intermittent hypoxia to model obstructive sleep apnea -related ED. 

Complementary in vitro paradigms include human umbilical vein 

endothelial cell or human aortic endothelial cell exposure to high 

glucose, oxidized low-density lipoprotein (OxLDL), or cytokines 
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and shear-stress micro uidic systems to recapitulate 

mechanotransduction defects (22, 24–28).

In conclusion, advancements in both in vivo and in vitro 

models have greatly enhanced our understanding of ED. These 

models have played a crucial role in exploring the underlying 

mechanisms and have offered valuable insights into potential 

therapeutic interventions. As research progresses, incorporating 

innovative modeling strategies will further deepen our 

understanding of ED and its implications for various 

cardiovascular and neurological diseases.

2.2 Molecular mechanisms of ED

2.2.1 Integrative molecular cascades and cross- 
talk among NO-ROS, inflammation, and EndMT

To move beyond a descriptive definition of ED, we outline 

below an explicit, directional network that links the NO-ROS 

axis, in ammatory signaling, and EndMT. This integrative view 

helps interpret disease-specific ED phenotypes and prioritize 

biomarkers and therapeutic targets (Figures 1, 2; Table 1).

NO-ROS axis: physiological shear stress activates 

phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and eNOS 

(Ser1177 phosphorylation), increasing NO that signals via soluble 

guanylate cyclase/cyclic guanosine monophosphate to promote 

vasodilation and antithrombotic, anti-in ammatory programs 

(29–31). Under metabolic or in ammatory stress, NO 

bioavailability declines through (i) eNOS uncoupling driven by 

tetrahydrobiopterin (BH4) oxidation, (ii) increased superoxide 

(O2
•−) generation from NADPH oxidases (NOX), mitochondria, 

and uncoupled eNOS itself, and (iii) substrate competition by 

asymmetric dimethylarginine (ADMA) or arginase II that limits 

L-arginine (32). Superoxide rapidly consumes NO to form 

peroxynitrite (ONOO−), which nitrates proteins (3-nitrotyrosine) 

and further impairs eNOS, creating a self-amplifying vicious cycle.

Mechanistic note on eNOS phosphorylation and coupling: 

Endothelial NO production is regulated not only by total eNOS 

expression but also by post-translational control of enzymatic 

coupling. Phosphorylation of eNOS at Ser1177 (human; Ser1179 in 

bovine) by Akt, AMPK, and PKA enhances electron  ux and NO 

output, whereas phosphorylation at Thr495 and other inhibitory 

modifications reduce calmodulin binding and enzymatic activity. 

Full NO-generating activity also requires adequate L-arginine and 

cofactors such as tetrahydrobiopterin (BH4); BH4 oxidation or 

substrate limitation (e.g., ADMA/arginase competition) promotes 

eNOS uncoupling, shifting eNOS from NO generation to 

superoxide production and thereby amplifying oxidative stress and 

endothelial dysfunction (29, 33–35).

Major ROS sources and NO consumption: In dysfunctional 

endothelium, superoxide (O2
•−) is produced predominantly by 

NADPH oxidases (NOX1/2/4/5), mitochondria, and uncoupled 

eNOS (and, in some contexts, xanthine oxidase). Superoxide 

FIGURE 1 

Integrative network of the NO-ROS axis and inflammatory signaling in endothelial dysfunction. Figure 1 illustrates the transition from physiological 

homeostasis to a pathological state driven by metabolic stress and inflammatory activation. Physiological state (left): under normal laminar shear 

stress, the PI3K/Akt pathway maintains eNOS phosphorylation at Ser1177, ensuring steady nitric oxide (NO) bioavailability, which promotes 

vasodilation and vascular wall stability. Pathological transition (right): metabolic stress and oxidative triggers induce eNOS uncoupling (driven by 

BH4 oxidation or arginase competition) and activate NADPH oxidases (NOX), shifting the balance toward superoxide and peroxynitrite formation. 

This “vicious cycle” impairs NO signaling and facilitates oxidative damage. Inflammatory integration: pro-inflammatory stimuli (e.g., cytokines, TLR 

ligands) activate NF-κB and JAK/STAT pathways, orchestrating the upregulation of adhesion molecules (VCAM-1, ICAM-1). Additionally, the 

Notch1/SASP module drives endothelial senescence and activation, creating a feed-forward loop that sustains chronic vascular inflammation and 

senescence-associated secretory phenotypes.
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rapidly reacts with NO to form peroxynitrite (ONOO−), which 

decreases NO bioavailability and drives oxidative/nitrative injury 

through protein tyrosine nitration (e.g., 3-nitrotyrosine) and 

oxidation of BH4. These modifications further impair eNOS 

coupling and endothelial barrier/vasomotor functions, 

constituting a self-amplifying NO–ROS vicious cycle (36, 37).

In ammatory integration: cytokine and pattern-recognition 

receptor signaling [e.g., tumor necrosis factor-alpha (TNF-α)/ 

interleukin-1β(IL-1β) receptors, toll-like receptors (TLR)] 

activates nuclear factor kappa B (NF-κB) and Janus kinase/signal 

transducer and activator of transcription (JAK/STAT) programs, 

inducing adhesion molecules [vascular cell adhesion molecule-1 

(VCAM-1), intercellular adhesion molecule-1(ICAM-1), 

E-selectin], chemokines monocyte chemotactic protein-1 (MCP- 

1), and procoagulant mediators while suppressing eNOS activity 

(38, 39). Oxidative stress amplifies these pathways and can 

FIGURE 2 

The EndMT cascade and its mapping to disease-specific endothelial phenotypes. Figure 2 delineates the molecular trajectory of endothelial-to- 

mesenchymal transition (EndMT) and characterizes the dominant endothelial dysfunction (ED) phenotypes across different clinical contexts. 

EndMT cascade (upper): chronic oxidative stress, TGF-β, and inflammatory cytokines (IL-1β, TNF-α) act as the “pathological bridge,” triggering 

SMAD2/3-dependent signaling and cooperating pathways (Notch, Wnt). This leads to the loss of endothelial markers (VE-cadherin, CD31) and the 

acquisition of mesenchymal traits (α-SMA, vimentin), ultimately resulting in structural vascular remodeling and fibrosis. Disease-phenotype 

mapping (lower): the diverse manifestations of ED are categorized into actionable phenotypes: (1). Vasomotor dysfunction: primarily observed in 

CAD, INOCA, and hypertension, characterized by impaired NO-mediated vasodilation. (2). Barrier disruption: noted in stroke and diabetic 

microangiopathy, involving glycocalyx shedding and RhoA/ROCK-mediated permeability. (3). Structural remodeling: Driven by EndMT and plaque 

fibrosis, contributing to advanced atherosclerosis and organ-specific vascular stiffness.

TABLE 1 Major endothelial dysfunction phenotypes: core molecular cascades, representative readouts, and typical disease contexts.

Dominant ED 
phenotype

Core molecular cascade (key 
nodes)

Representative readouts Typical disease contexts Key 
references

Impaired vasodilation/ 

NO deficiency

↓PI3K/Akt-eNOS, ↑ADMA/arginase, BH4 

oxidation, eNOS uncoupling, ↑NOX/ 

mitochondrial ROS

FMD/reactive hyperemia index; NO 

metabolites, ADMA; 3-NT; eNOS 

phosphorylation

Diabetes, obesity, INOCA/ 

microvascular angina, hypertension

(50–55, 81–83, 100, 

101)

Barrier disruption/ 

increased permeability

Glycocalyx shedding, junctional protein 

loss, RhoA/ROCK activation, in ammatory 

cytokines, ROS

Endothelial EVs/microparticles; 

permeability imaging; albumin leakage; 

BBB metrics

Diabetic microangiopathy, acute 

ischemic stroke/BBB injury, OSA 

(intermittent hypoxia)

(10, 21–23, 26, 27, 

104–108)

In ammatory 

endothelial activation

NF-kB and JAK/STAT activation; ↑VCAM- 

1/ICAM-1/E-selectin; chemokines (MCP-1)

Soluble VCAM-1/ICAM-1, CRP/IL-6; 

leukocyte adhesion signatures

Atherosclerosis, metabolic syndrome, 

OSA, systemic in ammation

(24, 63, 65–68, 110, 

111, 147)

Prothrombotic 

remodeling

↓NO/prostacyclin; ↑tissue factor; platelet 

activation; thromboin ammation modules

Platelet activation markers; coagulation 

panels (context-dependent)

CAD/ACS risk states, diabetes, severe 

in ammatory states

(8, 9)

EndMT/fibrotic 

remodeling

TGF-β-SMAD2/3 with Notch/Wnt 

cooperation; SNAIL/SLUG, ZEB/TWIST; 

↑ECM

↓CD31/VE-cadherin, ↑α-SMA/ 

vimentin; fibrosis markers; remodeling 

imaging

Diabetes-related vasculopathy, 

plaque fibrosis, PAH, organ fibrosis

(15–17, 72–80)

Key references correspond to the numbered reference list in the manuscript.
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promote in ammasome activation (e.g., NLRP3), driving IL-1β/ 

IL-18 release and endothelial injury (40). Notch1 activation and 

senescence-associated secretory phenotype (SASP) provide an 

additional feed-forward module that sustains in ammation, 

permeability, and NO deficiency.

Mechanistic link to endothelial phenotypes: NF-κB (p65/p50) 

and JAK/STAT programs translate in ammatory cues into a pro- 

adhesive, pro-thrombotic endothelial state by directly promoting 

transcription of VCAM1, ICAM1, E-selectin, MCP-1 and related 

chemokines, while concurrently suppressing NO signaling (via 

reduced Akt-eNOS activation and increased oxidative stress). 

Functionally, these gene programs increase leukocyte rolling/ 

adhesion and microvascular plugging, worsen permeability and 

glycocalyx integrity, and contribute to impaired vasomotion— 

thereby connecting molecular signaling modules to clinically 

relevant ED phenotypes (vasomotor dysfunction, barrier 

disruption, and in ammatory activation) (41–43).

Definition of feed-forward loops: In this review, “feed-forward 

loop” refers to positive reinforcement circuits in which an 

initiating stressor (e.g., oxidative stress or cytokine signaling) 

induces mediators that further amplify the same upstream stress. 

For example, NF-κB can upregulate NOX components and 

in ammatory cytokines, increasing ROS that further activates 

NF-κB; similarly, Notch1/SASP-driven endothelial senescence 

sustains cytokine/ROS signaling and maintains chronic 

endothelial activation (36, 44).

EndMT cascade: persistent in ammatory/oxidative cues, 

disturbed  ow, hypoxia, and TGF-β signaling activate small mother 

against decapentaplegic (SMAD) 2/3 and cooperating pathways 

(Notch, Wnt/β-catenin), inducing transcription factors SNAIL/ 

SLUG, ZEB1/2, TWIST (45). This suppresses endothelial markers 

(VE-cadherin, CD31, eNOS) and upregulates mesenchymal 

programs (α-SMA, vimentin, fibronectin, collagen), promoting 

migration, extracellular matrix deposition, and fibrosis. EndMT 

therefore links chronic ED to structural vascular remodeling and 

organ fibrosis (Figure 2).

In vivo evidence for EndMT: Beyond in vitro marker changes, 

EndMT has been supported in multiple disease models using 

endothelial lineage tracing strategies (e.g., VE-cadherin-CreERT2 

or Tie2-Cre-based reporters combined with mesenchymal 

marker readouts), demonstrating that a subset of fibroblast-like 

or smooth-muscle-like cells can derive from an endothelial 

lineage in settings such as cardiac, renal, and pulmonary fibrosis 

and advanced atherosclerotic lesions. Importantly, the 

magnitude of EndMT contribution appears context-dependent, 

and partial/“hybrid” EndMT states captured by single-cell 

transcriptomics suggest a spectrum rather than an all-or-none 

transition, which helps explain heterogeneous results across 

tissues and experimental systems (46–49).

2.2.2 Mechanisms of reduced NO bioavailability

NO is an essential signaling molecule that plays a critical role in 

maintaining endothelial function and vascular homeostasis. 

However, various pathological conditions can lead to a decrease in 

NO bioavailability, which significantly contributes to ED. One of 

the main reasons for reduced NO availability is the impaired 

activity of nitric oxide synthase (NOS), especially eNOS. Several 

factors can hinder eNOS activity, with oxidative stress being a 

prominent issue in many cardiovascular diseases. For example, the 

buildup of ROS can cause eNOS to become uncoupled; instead of 

producing NO, the enzyme starts generating superoxide, which 

worsens oxidative stress and creates a harmful cycle of ED (50). 

Additionally, the presence of essential cofactors, such as 

tetrahydrobiopterin, is vital for eNOS to function correctly. Under 

oxidative stress conditions, tetrahydrobiopterin can be oxidized, 

leading to eNOS uncoupling and a decrease in NO production 

(51). Moreover, in ammatory cytokines like interleukin-6 (IL-6) 

can stimulate mitochondrial ROS production, which further 

reduces NO availability in endothelial cells (52). This intricate 

relationship between eNOS activity, oxidative stress, and 

in ammatory mediators underscores the complex regulation of NO 

bioavailability and its significant implications for endothelial health.

Another significant factor that contributes to the reduced 

bioavailability of NO is the interaction between NO and ROS, 

which results in the formation of peroxynitrite, a powerful 

oxidant that can lower NO levels. This formation occurs when 

superoxide reacts with NO, leading to a decrease in the 

availability of NO for essential processes like vasodilation and 

other physiological functions (53). This interaction not only 

diminishes NO bioavailability but also encourages protein 

nitration, which can negatively affect endothelial function and 

facilitate the progression of atherosclerosis (54). Additionally, 

conditions such as chronic kidney disease and diabetes mellitus 

have been linked to increased levels of endogenous NOS 

inhibitors, such as asymmetric dimethylarginine (ADMA), 

which further reduce NO production (55). The accumulation of 

these inhibitors, combined with oxidative stress, creates an 

environment that is harmful to endothelial function, thereby 

increasing cardiovascular risk.

In summary, the mechanisms that lead to reduced NO 

bioavailability are intricate and involve multiple factors, 

including impaired eNOS activity, oxidative stress, and the 

interplay between NO and ROS. These elements work together 

to cause ED, which serves as a precursor to a range of 

cardiovascular diseases. Gaining insight into these mechanisms 

is essential for creating therapeutic strategies that focus on 

restoring NO bioavailability and enhancing endothelial function 

in patients who are at risk for cardiovascular complications.

2.2.3 Oxidative stress and protein tyrosine 
nitration

Oxidative stress, which occurs when there is an excessive 

buildup of ROS, plays a crucial role in causing ED, a key factor 

in the development of various cardiovascular diseases. This 

condition arises from an imbalance between the production of 

ROS and the body’s antioxidant defense mechanisms, leading to 

oxidative damage to endothelial cells and impaired vascular 

function. Elevated levels of ROS initiate a cascade of deleterious 

cellular events, including lipid peroxidation, protein oxidation, 

and DNA damage, collectively compromising endothelial 

integrity and function. A specific consequence of oxidative stress 

is the nitration of tyrosine residues in proteins, resulting in the 
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formation of 3-nitrotyrosine, which serves as a biomarker for 

nitrosative stress. This modification can alter the structure and 

function of proteins, thereby contributing to the advancement of 

vascular diseases like atherosclerosis. For example, the nitration 

of eNOS can hinder its activity, leading to NO bioavailability 

decline, which is vital for maintaining vascular tone and 

homeostasis. Additionally, research indicates that conditions 

such as diabetes and hypertension worsen oxidative stress, 

resulting in increased ROS production and further endothelial 

damage. The relationship between oxidative stress and ED 

underscores the importance of developing therapeutic strategies 

that enhance antioxidant defenses and reduce ROS accumulation 

to safeguard endothelial function and prevent cardiovascular 

complications (56–58).

Protein tyrosine nitration is an important post-translational 

modification that occurs during oxidative stress and is linked to 

the development of various diseases, particularly atherosclerosis. 

This modification can significantly impact protein function by 

changing their structure and stability, which in turn disrupts 

signaling pathways and cellular responses. For instance, when 

eNOS is nitrated, its enzymatic activity diminishes, and it 

becomes uncoupled, leading to reduced NO production and 

increased ROS generation. This process further worsens ED. 

Additionally, nitration affects other vital proteins that play roles 

in maintaining vascular health, such as calmodulin and various 

cytoskeletal proteins, which can hinder their normal functions 

and contribute to the structural and functional changes seen in 

atherosclerotic lesions. The detection of nitrated proteins in 

atherosclerotic plaques suggests that protein tyrosine nitration 

could be a marker for oxidative stress and vascular damage. 

Furthermore, the buildup of 3-nitrotyrosine in blood vessel 

tissues has been linked to heightened in ammation and plaque 

instability, both of which are critical in the progression of 

atherosclerosis. Gaining insight into how protein tyrosine 

nitration affects vascular health is essential for creating targeted 

therapies that aim to reduce oxidative stress and enhance 

endothelial function, ultimately lowering the risk of 

cardiovascular diseases (59–61) (Figure 1).

2.2.4 Inflammation-mediated endothelial 
activation

Endothelial activation refers to a stimulus-induced, often 

reversible pro-in ammatory and pro-adhesive endothelial 

phenotype (e.g., TNF-α/IL-1β or LPS triggering E-selectin, VCAM- 

1, ICAM-1, MCP-1/IL-8, and tissue factor expression) that can 

precede or coexist with endothelial dysfunction. In contrast, 

“endothelial dysfunction” denotes a broader and usually sustained 

loss of homeostatic endothelial functions, including reduced NO- 

dependent vasodilation, impaired barrier and anticoagulant 

properties, and increased oxidative stress (28, 62).

In ammation plays a crucial role in activating endothelial 

cells, which is essential in the development of various 

cardiovascular diseases. Key pro-in ammatory cytokines, 

including IL-6, interleukin-8 (IL-8), and monocyte chemotactic 

protein-1 (MCP-1), are significantly involved in this process. 

IL-6 promotes endothelial activation by inducing the expression 

of adhesion molecules such as vascular cell adhesion molecule-1 

(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), 

which facilitate the adhesion and infiltration of leukocytes into 

the vascular wall. This series of events contributes to the 

development of atherosclerosis and other in ammatory vascular 

diseases (63). Similarly, IL-8, a potent chemokine, enhances the 

recruitment of neutrophils to in amed tissues, further 

worsening ED through oxidative stress and in ammatory 

mediators (64). MCP-1 is vital for monocyte recruitment, 

promoting chronic in ammation and atherogenesis by 

maintaining the in ammatory environment within the vascular 

endothelium (65). The interactions among these cytokines not 

only sustain endothelial activation but also create a vicious cycle 

of in ammation and oxidative stress, ultimately leading to ED 

and an increased risk of cardiovascular events (66).

The Notch1 signaling pathway has become an important 

mediator of in ammation and cellular senescence in endothelial 

cells. It is activated in response to in ammatory stimuli and plays a 

vital role in maintaining the balance of endothelial function. When 

in ammation occurs, the activation of Notch1 can lead to the 

production of pro-in ammatory cytokines and adhesion molecules, 

which in turn promotes the activation of endothelial cells (67). 

Recent research has shown that exposure to particulate matter, 

known to induce oxidative stress and in ammation, results in 

increased cleavage of Notch1 and subsequent activation of its 

downstream signaling pathways (65). This activation not only 

amplifies in ammatory responses but also contributes to cellular 

senescence, a condition marked by irreversible cell cycle arrest and 

heightened secretion of pro-in ammatory factors. Endothelial cells 

that have entered this senescent state display altered functions, such 

as increased permeability and decreased nitric oxide production, 

which further aggravates vascular dysfunction (68). Therefore, the 

Notch1 signaling pathway acts as a crucial link between 

in ammation and ED, underscoring its potential as a therapeutic 

target for managing cardiovascular diseases linked to chronic 

in ammation (24).

In conclusion, the in ammatory mediators IL-6, IL-8, and 

MCP-1, as well as the Notch1 signaling pathway, are crucial in 

activating endothelial cells during in ammatory responses. 

Gaining a deeper understanding of these mechanisms offers 

significant insights into the pathophysiology of ED and opens 

up avenues for developing targeted therapeutic strategies aimed 

at alleviating the negative impacts of in ammation on vascular 

health (Figure 2).

2.2.5 Endoplasmic reticulum stress and 
endothelial cell apoptosis

Endoplasmic reticulum (ER) stress is increasingly recognized 

as a significant factor contributing to ED and apoptosis, 

especially in cardiovascular diseases. The ER plays a vital role in 

protein folding, and when misfolded proteins accumulate, it 

triggers a cellular stress response known as the unfolded protein 

response. This response aims to restore normal function, but if 

the stress continues, it can lead to apoptosis. Key markers of ER 

stress, such as glucose-regulated protein 78 (GRP78) and C/EBP 

homologous protein (CHOP), are upregulated during these 
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stress conditions. For example, research has demonstrated that 

exposure to OxLDL or high glucose levels can induce ER stress 

in endothelial cells, resulting in increased expression of GRP78 

and CHOP, which ultimately promotes apoptosis (69, 70). The 

regulation of these markers is crucial, as they not only re ect 

the level of ER stress but also play essential roles in determining 

cell fate. Notably, GRP78 has a dual role; while it functions as a 

chaperone to help alleviate stress, prolonged activation can lead 

to apoptosis through pathways involving CHOP. This 

underscores the delicate balance that endothelial cells must 

maintain to survive under stress conditions.

The protein tyrosine phosphatase 1B (PTP1B) has become an 

important factor in the process of endothelial cell apoptosis 

induced by ER stress. PTP1B is recognized for its role in 

negatively regulating insulin receptor signaling and its 

involvement in the ER stress response. Research has shown that 

inhibiting PTP1B can reduce ER stress and enhance endothelial 

function. For instance, studies indicate that silencing PTP1B 

expression or employing specific inhibitors can prevent 

apoptosis in endothelial cells subjected to ER stressors such as 

thapsigargin or dithiothreitol (25, 71). This protective effect is 

linked to increased activation of eNOS and improved angiogenic 

capacity, highlighting the potential of targeting PTP1B as a 

therapeutic approach to prevent ED and apoptosis in various 

cardiovascular diseases. Additionally, the relationship between 

ER stress and apoptosis pathways, which includes the activation 

of caspases and the role of mitochondrial dysfunction, 

emphasizes the complexity of these processes in endothelial 

cells. Overall, gaining a deeper understanding of how ER stress 

and PTP1B contribute to endothelial cell apoptosis offers 

valuable insights into possible therapeutic targets for 

cardiovascular diseases associated with ED.

2.2.6 Pathological significance of EndMT
EndMT is a vital biological process that significantly impacts 

various pathological conditions, especially in vascular remodeling 

and fibrosis. During EndMT, endothelial cells undergo a 

transformation, losing their typical characteristics and adopting 

mesenchymal traits, which allows them to migrate and proliferate 

in response to pro-in ammatory signals. This transition is 

particularly important in vascular diseases, as it plays a crucial role 

in the development of atherosclerosis and other fibrotic conditions. 

For example, research has demonstrated that EndMT is a key factor 

in the formation of fibrotic tissue in the heart, lungs, and kidneys, 

where endothelial cells change into myofibroblasts that produce 

excessive extracellular matrix components. This process not only 

results in tissue stiffness and impaired organ function but also 

worsens the pathology of chronic diseases such as diabetes and 

hypertension (16, 72). The significance of EndMT in vascular 

remodeling is highlighted by its involvement in the development of 

conditions like pulmonary arterial hypertension, where it 

contributes to the proliferation of smooth muscle cells and the 

narrowing of blood vessels, ultimately leading to increased vascular 

resistance and right heart failure (15, 73). The relationship between 

EndMT and in ammation is significant, as in ammatory cytokines 

like transforming growth factor-beta (TGF-β) and interleukin- 

1beta (interleukin-1β) can trigger this transition in endothelial cells. 

This process often leads to increased vascular permeability and the 

infiltration of leukocytes, which further fuels the in ammatory cycle 

and contributes to tissue damage (74, 75). The interaction between 

EndMT and in ammatory processes underscores the potential for 

therapeutic targeting of this pathway. For instance, strategies aimed 

at inhibiting TGF-beta signaling have been suggested to prevent 

EndMT and its related fibrotic outcomes, indicating that modifying 

this transition could pave the way for new treatments for chronic 

in ammatory and fibrotic diseases (15, 76).

EndMT plays a significant role not only in fibrosis but also in 

cancer biology, where it aids in tumor progression and metastasis. 

Tumor cells can harness the mechanisms of EndMT to acquire 

migratory and invasive characteristics, which enable them to 

spread to distant locations (77, 78). This highlights the dual 

nature of EndMT, functioning as a physiological process vital 

for tissue repair while also serving as a pathological mechanism 

that can result in negative outcomes in various disease contexts. 

Consequently, it is crucial to comprehend the molecular 

pathways that regulate EndMT to develop targeted therapies 

aimed at alleviating its detrimental effects while maintaining its 

beneficial roles in tissue homeostasis and repair (76, 79).

In summary, EndMT is a crucial pathological mechanism that 

has extensive implications for vascular remodeling, fibrosis, 

in ammation, and cancer. The regulation of EndMT is intricate 

and affected by multiple factors, such as in ammatory cytokines 

and mechanical stress. By targeting EndMT, there is potential 

for developing innovative therapeutic strategies to tackle various 

diseases associated with vascular dysfunction and fibrosis, 

which could enhance patient outcomes in conditions like 

atherosclerosis, pulmonary hypertension, and fibrotic disorders 

(15, 80) (Figure 2).

2.3 The association between ED and 
metabolic diseases

2.3.1 Mechanisms of ED in diabetes
Dominant ED phenotypes in diabetes include impaired 

endothelium-dependent vasodilation (NO deficiency), 

in ammatory endothelial activation, and progressive barrier 

dysfunction that can be reinforced by EndMT in chronic 

vasculopathy. Mechanistically, hyperglycemia/insulin resistance 

converge on PI3K/Akt-eNOS suppression, ADMA/arginase- 

driven substrate limitation, BH4 oxidation and eNOS 

uncoupling, and NOX/mitochondrial ROS amplification; these 

signals engage NF-κB/JAK/STAT programs to increase VCAM- 

1/ICAM-1 and cytokine production, thereby linking metabolic 

stress to vascular in ammation.

ED is a crucial aspect of diabetes mellitus, especially associated 

with insulin resistance, which significantly impacts vascular 

health. Insulin resistance, defined as the reduced effectiveness of 

insulin in performing its biological roles, disrupts endothelial 

function through various mechanisms. A key pathway involved 

is the impairment of insulin signaling, particularly affecting the 

PI3K/Akt pathway, vital for activating eNOS. In individuals with 
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diabetes, the activation of this pathway is often diminished, 

leading to decreased production of NO, an essential mediator 

for vasodilation and maintaining endothelial health (81). 

Additionally, the buildup of advanced glycation end-products 

(AGEs) in diabetes worsens oxidative stress, resulting in 

increased generation of ROS that further compromise 

endothelial function by reducing NO availability and fostering 

in ammation (82). This ED arises not only from hyperglycemia 

but also from a complex interaction of metabolic disturbances, 

in ammatory responses, and oxidative stress, all of which 

contribute to the advancement of vascular complications in 

diabetes (83). Addressing these pathways, especially through 

pharmacological agents that improve insulin sensitivity or 

directly activate the PI3 K/Akt/eNOS pathway, offers a 

promising therapeutic approach to alleviate ED in 

diabetic patients.

The role of macrophages in the development of ED in diabetes 

is becoming increasingly important, especially when considering 

macrophage polarization. In the context of diabetes, there is a 

notable shift in macrophage polarization from the anti- 

in ammatory M2 phenotype to the pro-in ammatory M1 

phenotype, which plays a significant role in causing damage to 

the endothelium (84). M1 macrophages produce a wide range of 

in ammatory cytokines and chemokines that worsen ED, 

resulting in increased vascular permeability, enhanced adhesion 

of leukocytes, and the promotion of atherogenesis. This shift in 

polarization is in uenced by several factors, particularly 

hyperglycemia, which encourages the release of pro- 

in ammatory substances and heightens oxidative stress within 

the blood vessels (85). When M1 macrophages become 

activated, they interact with endothelial cells, leading to the 

increased expression of adhesion molecules like ICAM-1 and 

VCAM-1. This process facilitates the infiltration of more 

in ammatory cells, creating a vicious cycle of endothelial 

damage. Additionally, the in ammatory cytokines secreted by 

M1 macrophages can hinder the ability of endothelial cells to 

regenerate, resulting in a reduced capacity for angiogenesis and 

contributing to the onset of diabetic complications such as 

retinopathy and nephropathy (86). Therefore, therapeutic 

strategies that focus on modifying macrophage polarization 

either by encouraging M2 polarization or by inhibiting M1 

activation could offer a promising new approach to alleviate ED 

and its related complications in diabetes (Table 2).

2.3.2 The impact of obesity and adipokines on 
endothelial function

In obesity, ED is often dominated by low-grade in ammatory 

activation and reduced NO bioavailability, with additional 

contributions from oxidative stress and perivascular adipose 

tissue dysfunction. A practical cascade begins with adipokine 

imbalance (increased leptin/resistin and reduced adiponectin) 

together with elevated free fatty acids, which activate TLR/NF- 

κB signaling and promote NOX-derived ROS production; these 

changes inhibit and/or uncouple eNOS and impair vasodilation, 

while also increasing endothelial permeability and 

leukocyte recruitment.

The relationship between obesity and ED is well-established, 

with adipokines playing a crucial role in this connection. 

Obesity is marked by an excessive buildup of adipose tissue, 

which alters the secretion of adipokines and results in a state of 

chronic low-grade in ammation. Among these adipokines, 

leptin has received considerable attention due to its dual role in 

regulating energy and vascular function. Produced primarily by 

adipocytes, leptin signals the hypothalamus about the body’s 

TABLE 2 Candidate biomarkers of endothelial dysfunction: what they reflect, representative disease contexts, and translational considerations.

Biomarker/readout What it reflects Representative disease 
contexts

Therapy/translation notes Key 
references

NO metabolites; eNOS activity 

indices; ADMA

NO bioavailability and eNOS 

coupling; substrate 

competition

Diabetes, obesity, INOCA, 

hypertension

Responsive to lifestyle and cardiometabolic 

therapies; useful for mechanistic monitoring 

of the NO-ROS axis

(50–55, 113)

3-nitrotyrosine; oxidized LDL; 

oxidative stress panels

Nitrosative/oxidative stress 

and ONOO− formation

Atherosclerosis, diabetes, OSA Tracks antioxidant/anti-in ammatory 

strategies; interpret with context due to 

systemic sources

(56–61, 112)

Soluble ICAM-1/VCAM-1; 

E-selectin; MCP-1

In ammatory endothelial 

activation and leukocyte 

recruitment

CAD/atherosclerosis, metabolic 

syndrome, OSA

Potential surrogate markers for anti- 

in ammatory therapies; linked to vascular 

in ammation

(62–66, 111)

Circulating endothelial cells 

(CECs)

Endothelial injury and 

shedding

Stroke, diabetes microangiopathy, 

systemic in ammation

Promising for dynamic monitoring; requires 

standardization and reference ranges

(104–106)

Endothelial EVs/microparticles Activation/apoptosis and 

barrier perturbation signatures

Diabetes, stroke, in ammatory 

states

High potential but sensitive to pre-analytical 

variables

(109)

miRNAs/lncRNAs (endothelial- 

enriched panels)

Regulatory programs of 

endothelial stress responses

INOCA, diabetes, atherosclerosis 

(context-dependent)

High discovery potential; needs validated 

panels and reproducible assays

(133–135, 141, 

142)

Flow-mediated dilation (FMD); 

PAT/RHI

Macrovascular endothelial- 

dependent vasodilation

Cardiometabolic risk states; CAD 

risk prediction

Non-invasive and scalable; in uenced by 

operator/physiologic confounders

(100, 101, 120, 

121)

Coronary function testing 

(acetylcholine, CFR/IMR); PET/ 

CMR perfusion

Coronary microvascular and 

epicardial vasomotor function

INOCA, microvascular angina Mechanistically aligned endpoints; availability 

and invasiveness vary

(102, 103)

BBB permeability imaging and 

neurovascular coupling metrics

Barrier integrity and 

microvascular in ammation

Acute ischemic stroke Useful for prognosis and monitoring; needs 

standardized protocols

(104–106)

Key references correspond to the numbered reference list in the manuscript.
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energy status; however, its elevated levels in obesity are linked to 

ED. Research indicates that leptin can trigger oxidative stress 

and in ammation in endothelial cells, which impairs 

vasodilation and increases vascular resistance. This dysregulation 

is especially evident in metabolic syndrome, where the 

interaction between high leptin levels and other pro- 

in ammatory cytokines worsens ED, leading to cardiovascular 

complications (87, 88).

Emerging evidence suggests that the effects of leptin on 

endothelial function may differ between sexes, with distinct 

mechanisms at play in males and females. In males, the 

activation of leptin receptors in endothelial cells seems to 

provide a protective effect against ED by enhancing the 

production of NO and promoting vasodilation. In contrast, 

females may experience a different response to leptin due to the 

in uence of sex hormones, such as estrogen, which can modify 

leptin signaling pathways. This variation in response is especially 

significant during pregnancy, where elevated leptin levels are 

noted in conditions like gestational hypertension and 

preeclampsia. In these situations, leptin contributes to systemic 

ED, leading to increased vascular resistance and impaired blood 

 ow, which are critical factors in the development of pregnancy- 

related hypertensive disorders. Understanding these gender- 

specific mechanisms is essential for creating targeted therapeutic 

strategies that take into account the unique physiological 

responses to leptin in different populations (89, 90).

Leptin plays a crucial role in gestational hypertension and 

preeclampsia, highlighting its importance in pregnancy-related 

ED. In cases of preeclampsia, the placenta produces excessive 

amounts of leptin, which is linked to increased systemic vascular 

resistance and activation of the endothelium. These elevated 

leptin levels contribute to the in ammatory environment seen in 

preeclampsia, potentially enhancing the production of other 

pro-in ammatory cytokines and worsening ED. This series of 

events leads to the typical clinical signs of preeclampsia, such as 

hypertension and proteinuria. Additionally, the connection 

between high leptin levels and negative fetal outcomes 

emphasizes the need to understand how leptin affects both 

maternal and fetal health. Research suggests that interventions 

aimed at adjusting leptin levels or its signaling pathways could 

provide promising therapeutic options for managing 

preeclampsia and improving outcomes for both mothers and 

their babies. Therefore, the complex relationship between 

obesity, leptin, and endothelial function during pregnancy calls 

for further exploration to identify new prevention and treatment 

strategies (90, 91).

2.3.3 Endothelial injury in diabetes-related 

microvascular complications
In diabetic microvascular disease, the dominant phenotype is 

microvascular barrier injury (capillary leakage, glycocalyx loss) 

and rarefaction rather than isolated vasomotor dysfunction. Key 

nodes include ROS-driven junctional disruption, Ras homolog 

gene family member A/Rho-associated coiled-coil forming 

protein kinase (RhoA/ROCK)-mediated cytoskeletal contraction, 

in ammatory cytokines, and, in some contexts, EndMT 

programs that promote perivascular fibrosis and capillary dropout.

The apelin/apelin receptor (APJ) signaling pathway has 

emerged as a crucial factor in ED, particularly concerning 

microvascular complications related to diabetes. Apelin, an 

endogenous peptide, and its receptor APJ play significant roles 

in various cardiovascular processes, such as angiogenesis, 

vascular permeability, and maintaining endothelial integrity. In 

diabetic conditions, which are marked by chronic hyperglycemia 

and oxidative stress, endothelial cell functionality is severely 

impaired, resulting in increased vascular permeability and 

subsequent microvascular complications. Research indicates that 

administering apelin can counteract the harmful effects of 

elevated glucose levels on endothelial cells by enhancing NO 

production, promoting cell survival, and reducing apoptosis. 

Specifically, apelin has been found to improve endothelial 

function by activating the APJ receptor, which in turn triggers 

downstream signaling pathways, including the PI3K/Akt 

pathway. This activation increases the expression and activity of 

eNOS, thereby enhancing NO availability and promoting 

vasodilation. Additionally, apelin has demonstrated the ability to 

reduce in ammation and oxidative stress, both of which are 

significant contributors to ED in diabetes. By restoring 

endothelial function through the apelin/APJ signaling axis, 

therapeutic strategies that target this pathway may provide 

promising options for preventing and treating microvascular 

complications associated with diabetes, ultimately leading to 

improved patient outcomes in diabetic populations (92, 93).

Microvascular permeability plays a crucial role in the 

development of diabetic cardiomyopathy, which is marked by 

structural and functional heart abnormalities that occur without 

the presence of coronary artery disease. In individuals with 

diabetes, the heightened permeability of microvessels results in the 

leakage of plasma proteins and  uids into the surrounding tissue, 

leading to edema and compromised heart function. For example, 

in diabetic cardiomyopathy and heart failure with preserved 

ejection fraction, coronary microvascular endothelial activation/ 

dysfunction reduces NO/cyclic guanosine monophosphate (cGMP) 

signaling, promotes capillary leak and leukocyte/macrophage 

infiltration, and triggers TGF-β–driven fibroblast activation, 

thereby accelerating interstitial fibrosis, concentric remodeling, 

and progressive myocardial stiffening (94–98) Additionally, 

elevated levels of AGEs and ROS in diabetes worsen endothelial 

damage, further increasing vascular permeability. This series of 

events can ultimately lead to myocardial ischemia, heart muscle 

thickening, and progressive heart failure. Research has shown 

that interventions designed to restore endothelial function and 

decrease microvascular permeability can slow the progression of 

diabetic cardiomyopathy. For example, certain medications that 

boost NO availability or target in ammatory processes have 

demonstrated potential in reducing the negative impacts 

of increased microvascular permeability on heart function. 

Therefore, comprehending the link between microvascular 

permeability and cardiomyopathy is vital for creating effective 

treatment approaches to address the cardiovascular issues that arise 

from diabetes (93, 99).
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2.4 Clinical manifestations and risk 
prediction of ED in cardiovascular diseases

2.4.1 Coronary artery disease (CAD) and ischemia 

with non-obstructive coronary arteries (INOCA)
In CAD and INOCA, ED is frequently expressed as a 

vasomotor phenotype (impaired NO-mediated dilation, 

microvascular dysfunction, and/or spasm) together with 

in ammatory endothelial activation that accelerates plaque 

progression. Mechanistically, the NO-ROS vicious cycle: NOX- 

and mitochondrial ROS production and eNOS uncoupling 

mutually reinforce each other, which integrates with NF-κB- 

driven adhesion molecule expression and, in chronic disease, 

fibrotic remodeling modules (including EndMT-like signatures 

in plaque and perivascular compartments).

Flow-mediated dilation (FMD) is an important non-invasive 

technique used to evaluate endothelial function, especially 

relevant in cases of CAD and INOCA. ED has emerged as a 

crucial factor contributing to cardiovascular issues and increased 

mortality, particularly among individuals who experience angina 

but do not show obstructive lesions on coronary angiography. 

FMD assesses how well blood vessels can expand in response to 

heightened blood  ow, serving as an indicator of endothelial 

health. Research indicates that reduced FMD is linked to 

negative cardiovascular events, such as myocardial infarction 

and heart failure, highlighting its significance in predicting 

patient outcomes. In individuals with INOCA, ED can result in 

microvascular ischemia, which may cause angina symptoms 

even in the absence of obstructive coronary lesions. Moreover, 

FMD has been associated with systemic conditions like 

hypertension and diabetes, which can further impair endothelial 

function. The clinical relevance of FMD in patients with 

INOCA lies in its ability to inform treatment strategies aimed at 

enhancing endothelial health and improving overall patient 

outcomes. For example, lifestyle changes and medications 

designed to support endothelial function can be customized 

based on FMD findings, allowing for a more personalized 

management approach for INOCA. Additionally, ongoing 

studies are investigating the connections between FMD and 

various biomarkers of ED, which could improve the predictive 

power of FMD in clinical practice. Therefore, FMD not only 

acts as a diagnostic measure but also represents a potential 

target for therapy, underscoring the importance of integrating it 

into standard clinical care for patients suspected of having 

INOCA (100, 101).

The intricate relationship between ED, coronary vasospasm, 

and myocardial ischemia is particularly evident in patients 

diagnosed with INOCA. ED refers to the endothelium’s 

diminished ability to regulate vascular tone and maintain 

homeostasis, which can result in impaired vasodilation and an 

increased likelihood of vasospasm. In patients with INOCA, 

coronary vasospasm can occur even when there are no 

significant obstructive lesions, often presenting as episodes of 

angina or myocardial ischemia. This situation underscores the 

necessity of understanding the mechanisms behind ED and its 

role in triggering vasospastic events. Research has shown that 

factors such as oxidative stress, in ammation, and autonomic 

dysregulation play a role in the pathophysiology of ED, which in 

turn promotes vasospasm. Additionally, the interaction among 

these mechanisms can worsen myocardial ischemia, potentially 

leading to adverse cardiovascular events. Clinical evaluations, 

including provocative testing with agents like acetylcholine, can 

assist in identifying patients with vasospastic angina, offering 

valuable insights into the causes of their symptoms. Effective 

management strategies for INOCA typically involve addressing 

both ED and vasospasm through lifestyle changes, 

pharmacotherapy, and, in some cases, invasive procedures. 

Understanding the relationship between these factors is essential 

for optimizing treatment and enhancing outcomes for patients 

with INOCA, thereby addressing a significant gap in current 

cardiovascular care (102, 103).

2.4.2 ED in acute ischemic stroke
In acute ischemic stroke, ED is dominated by barrier failure at 

the blood-brain barrier (BBB) and microvascular in ammation, 

which drive edema, hemorrhagic transformation risk, and 

impaired reperfusion. A mechanistic cascade is triggered by 

ischemia/reperfusion, whereby ROS generation and damage- 

associated molecular pattern (DAMP)/TLR signaling drive NF- 

κB activation and matrix metalloproteinases (MMP) 

upregulation, leading to tight-junction disruption and glycocalyx 

shedding and, subsequently, enhanced leukocyte adhesion 

and microthrombosis.

ED is a critical factor in the pathophysiology of acute ischemic 

stroke, significantly affecting both the occurrence of complications 

and the overall prognosis for those affected. Research has 

established a strong connection between ED and negative outcomes 

following a stroke, including the formation of parenchymal 

hematomas, which can arise after thrombectomy procedures. For 

example, patients showing signs of ED are at a heightened risk for 

such complications, resulting in worse clinical outcomes and 

increased mortality rates (104). The mechanisms behind this 

involve a series of in ammatory responses and compromised 

vascular integrity, which can worsen ischemic injury and impede 

recovery. Additionally, ED is linked to various comorbidities, such 

as hypertension and diabetes, which are common among stroke 

patients and can intensify the severity of the ischemic event. This 

complex relationship highlights the significance of evaluating 

endothelial function as a potential prognostic marker in individuals 

experiencing acute ischemic stroke. New evidence indicates that 

therapeutic approaches aimed at enhancing endothelial function 

may help reduce some complications related to stroke and improve 

recovery outcomes. For instance, the use of angiotensin-converting 

enzyme inhibitors has been investigated for their protective effects 

on the endothelium, potentially leading to better clinical results for 

stroke patients (105). Therefore, understanding and addressing ED 

is essential for optimizing management strategies in acute 

ischemic stroke.

Recent advancements in our understanding of endothelial 

progenitor cells (EPCs) and their therapeutic potential have 

opened new avenues for treating ED in acute ischemic stroke. 

EPCs play a vital role in vascular repair and regeneration, yet 
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their mobilization and function are often compromised in patients 

with cardiovascular diseases, including stroke. Research suggests 

that enhancing the availability and functionality of EPCs could 

significantly improve outcomes in acute ischemic stroke by 

promoting endothelial repair and restoring vascular integrity 

(104). Various pharmacological agents are currently being 

investigated for their ability to mobilize EPCs or enhance their 

function. For example, therapies targeting the sphingosine- 

1-phosphate receptor have shown promise in preclinical models, 

indicating that modulating this pathway could lead to improved 

endothelial health and function after a stroke (106). Moreover, 

the application of stem cell therapy, particularly using EPCs 

derived from bone marrow or peripheral blood, is being 

explored as a potential treatment for restoring endothelial 

function and promoting neuroprotection following ischemic 

events. Early clinical trials have demonstrated that administering 

EPCs can lead to better neurological outcomes and reduced 

infarct size, underscoring their therapeutic potential (105). 

However, challenges persist in optimizing the timing, dosage, 

and delivery methods of these therapies to maximize their 

efficacy in clinical settings. Ongoing research aims to clarify the 

precise mechanisms through which EPCs exert their beneficial 

effects and to develop strategies for effectively integrating these 

therapies into standard stroke management protocols. The 

promising results from these studies highlight the need for 

continued exploration of EPCs and pharmacological 

interventions aimed at alleviating ED in patients with acute 

ischemic stroke, ultimately striving to enhance recovery.

2.4.3 Endothelial injury and myocardial injury 
in patients with obstructive sleep apnea

In obstructive sleep apnea, intermittent hypoxia produces 

a mixed ED phenotype characterized by impaired vasodilation 

and barrier dysfunction driven by oxidative stress and 

sympathetic/in ammatory activation. Intermittent hypoxia 

increases mitochondrial- and NOX-derived ROS, which reduces 

NO bioavailability and promotes ONOO− formation, while 

concomitantly activating NF-κB and inducing adhesion 

molecule expression; collectively, these changes are consistent 

with microvascular injury and an increased cardiovascular risk.

Obstructive sleep apnea (OSA) is increasingly recognized as a 

significant contributor to cardiovascular issues, particularly 

through mechanisms involving ED and myocardial injury. 

Research has focused on the relationship between peripheral 

arterial tension measurements and high-sensitivity cardiac 

troponin I (hs-cTnI) levels to better understand the cardiovascular 

implications of OSA. Studies indicate that patients with moderate 

to severe OSA show elevated levels of hs-cTnI, which signals 

myocardial injury and correlates with impaired peripheral arterial 

function. For instance, a recent cross-sectional study involving 

hypertensive patients found that those with OSA had significantly 

higher hs-cTnI levels compared to those without OSA, suggesting 

that the intermittent hypoxia characteristic of OSA worsens 

myocardial injury (107). Additionally, peripheral arterial tension 

measurements, such as FMD, are utilized to evaluate endothelial 

function, with lower FMD values indicating ED. This dysfunction 

is frequently observed in OSA patients, as the repeated cycles of 

hypoxia and reoxygenation lead to oxidative stress and 

in ammation, further compromising endothelial function and 

increasing cardiovascular risk (26). The connection between 

peripheral arterial tension and hs-cTnI levels highlights the 

importance of monitoring these parameters in patients with OSA, 

as they may serve as valuable indicators of cardiovascular health 

and inform therapeutic interventions.

ED has become a significant predictor of subclinical myocardial 

injury in patients with OSA. The mechanisms behind this 

relationship involve a combination of intermittent hypoxia, 

oxidative stress, and in ammation, all of which lead to injury of the 

endothelial cells and subsequent damage to the heart muscle. In a 

cohort study of male patients diagnosed with OSA, nearly half 

showed signs of ED, which was significantly linked to detectable 

levels of hs-cTnI, a biomarker that indicates myocardial injury 

(108). The study found that patients with ED had a higher rate of 

detectable hs-cTnI levels compared to those without dysfunction, 

suggesting that impaired endothelial function may occur before 

and predict myocardial injury in these patients. Additionally, the 

research indicated that factors such as the apnea-hypopnea index 

and oxygen desaturation index were related to the severity of ED, 

highlighting that the extent of hypoxia experienced during sleep 

directly affects cardiovascular health (27). These findings 

emphasize the need for early detection and management of ED in 

patients with OSA, as addressing this issue could reduce the risk of 

developing more serious cardiovascular problems, including heart 

failure and ischemic events. Future studies should aim to clarify 

how ED leads to myocardial injury and investigate targeted 

treatments to enhance endothelial function in individuals with OSA.

2.5 Research progress on biomarkers of ED

To improve readability and clinical utility, we summarize 

biomarkers of endothelial dysfunction (ED) in a phenotype- and 

module-oriented manner (Table 2). Specifically, we group 

markers that re ect endothelial activation and in ammation, 

NO-ROS imbalance (including eNOS uncoupling and oxidative/ 

nitrative stress), barrier vulnerability, and remodeling programs 

such as EndMT. We also align circulating biomarkers with 

representative functional and imaging readouts and highlight 

typical disease contexts and translational considerations to 

facilitate mechanism-guided interpretation in clinical practice.

2.5.1 Traditional biomarkers
ED plays a crucial role in the development of various 

cardiovascular diseases, and identifying traditional biomarkers 

has been essential in understanding its significance. Among 

these biomarkers, endothelial cell adhesion molecules, especially 

E-selectin and CD62E+ microparticles, have become important 

indicators of endothelial activation and dysfunction. E-selectin is 

a cell adhesion molecule found on activated endothelial cells, 

which aids in the adhesion of leukocytes to the endothelium—a 

vital step in the processes of in ammation and atherosclerosis. 

Increased levels of E-selectin in the bloodstream have been 
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linked to several cardiovascular conditions, suggesting ongoing 

endothelial activation and in ammation (62). Furthermore, CD62E 

+ microparticles, which are released from activated endothelial 

cells, act as markers of endothelial injury and dysfunction. Their 

presence in the circulation is associated with negative 

cardiovascular events, underscoring their potential usefulness in 

clinical practice for risk assessment and monitoring disease 

progression (109). These biomarkers not only indicate the 

condition of the endothelium but also shed light on the underlying 

mechanisms involved in vascular pathology.

In ammatory factors such as C-reactive protein (CRP) and IL-6 

play a significant role in ED. CRP is a well-known marker of systemic 

in ammation that has been associated with ED and an increased risk 

of cardiovascular disease. When CRP levels are elevated, it indicates 

an in ammatory state that can worsen endothelial injury and 

promote the development of atherosclerosis (110). Similarly, IL-6, 

which is a pro-in ammatory cytokine, contributes to the 

in ammatory response and has been found to correlate with ED 

across various populations, including individuals with chronic 

kidney disease and diabetes (111). The relationship between these 

in ammatory markers and endothelial function highlights the 

necessity of a comprehensive approach to evaluating cardiovascular 

risk, as it involves both in ammatory and endothelial aspects of 

the disease.

OxLDL and asymmetric dimethylarginine (ADMA) are two 

traditional biomarkers that have gained significant attention in 

the study of ED. OxLDL is a modified form of low-density 

lipoprotein that plays a detrimental role in endothelial health by 

promoting oxidative stress and in ammation, which in turn 

contributes to the development of atherosclerosis (112). The 

presence of OxLDL in the bloodstream serves as an indicator of 

a negative lipid profile and an increased risk of cardiovascular 

diseases. Conversely, ADMA acts as an endogenous inhibitor of 

nitric oxide synthase, resulting in decreased availability of nitric 

oxide and compromised endothelial function. Elevated ADMA 

levels have been linked to several cardiovascular issues, such as 

hypertension and coronary artery disease, highlighting its 

importance as a biomarker for evaluating endothelial health 

(113). Measuring these biomarkers can offer valuable insights 

into the underlying mechanisms of ED and inform therapeutic 

strategies aimed at restoring endothelial integrity.

In summary, traditional biomarkers like E-selectin, CD62E+ 

microparticles, CRP, IL-6, OxLDL, and ADMA are crucial for 

evaluating ED. Measuring these biomarkers not only helps in 

diagnosing and stratifying the risk of cardiovascular diseases 

but also deepens our understanding of the underlying 

pathophysiological mechanisms. As research continues to 

advance, incorporating these biomarkers into clinical practice 

could enhance patient outcomes by enabling early detection and 

targeted treatment strategies for ED and its related complications.

2.5.2 Emerging biomarkers
Matrix metalloproteinases (MMPs), especially MMP-7 and 

MMP-9, have become important biomarkers for ED. MMPs are 

a group of zinc-dependent endopeptidases that are essential for 

breaking down components of the extracellular matrix, which is 

crucial for maintaining the integrity of blood vessels. Increased 

levels of MMP-7 and MMP-9 have been linked to various 

cardiovascular diseases, indicating their roles in endothelial 

injury and the remodeling processes that follow. For example, 

research has shown that MMP-9 levels are associated with the 

severity of ED, as it is released from activated endothelial cells 

and infiltrating leukocytes during in ammation. In contrast, 

MMP-7 is involved in regulating the proliferation and migration 

of vascular smooth muscle cells, which contributes to neointimal 

hyperplasia after vascular injury. The clinical significance of 

these biomarkers is highlighted by their potential to act as 

prognostic indicators for cardiovascular events; higher levels of 

MMP-7 and MMP-9 have been associated with worse outcomes 

in patients suffering from atherosclerosis and coronary artery 

disease. Additionally, targeting these MMPs in treatment may 

provide new strategies to alleviate ED and its consequences in 

cardiovascular diseases (62, 89).

Angiopoietin-like protein 2 (ANGPTL2), endoglin, and 

Annexin V+ apoptotic microparticles represent a new frontier in 

identifying biomarkers for ED. ANGPTL2 is a secreted protein 

that promotes in ammation and increases endothelial 

permeability, contributing to vascular dysfunction. Elevated 

levels of ANGPTL2 have been linked to various cardiovascular 

diseases, highlighting its potential as a biomarker for endothelial 

injury. Similarly, endoglin, which acts as a co-receptor for TGF- 

beta, serves as another promising biomarker re ecting 

endothelial activation and dysfunction. Increased endoglin levels 

indicate vascular remodeling and are associated with adverse 

cardiovascular outcomes. Furthermore, Annexin V+ apoptotic 

microparticles, released from dying endothelial cells, are 

connected to heightened vascular permeability and 

in ammation. These microparticles can indicate endothelial cell 

apoptosis and dysfunction. Together, these biomarkers enhance 

our understanding of the pathophysiological mechanisms behind 

ED and may aid in the early diagnosis and therapeutic 

monitoring of patients with cardiovascular diseases (62, 89).

The monocyte-to-high-density lipoprotein cholesterol ratio 

(MHR) has emerged as a promising new biomarker for 

evaluating ED, especially in individuals with type 2 diabetes. An 

elevated MHR indicates a pro-in ammatory state, characterized 

by an increase in monocytes, which are known contributors to 

vascular in ammation and the development of atherosclerosis. 

Recent research has shown a significant link between high MHR 

levels and impaired endothelial function, as assessed through 

 ow-mediated dilation. This relationship implies that MHR 

could be a straightforward and cost-effective marker for 

identifying ED in clinical settings. Additionally, MHR has been 

found to predict cardiovascular events across various 

populations, including those with diabetes and metabolic 

syndrome. The strength of MHR as a biomarker lies in its 

capacity to combine both in ammatory and lipid profiles, 

offering a comprehensive perspective on cardiovascular risk. 

Consequently, monitoring MHR could improve risk assessment 

and inform therapeutic strategies aimed at enhancing 

endothelial function while reducing cardiovascular morbidity 

and mortality (23, 114).
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2.5.3 Limitations and future directions of clinical 

applications of biomarkers
The clinical application of biomarkers in medical practice 

holds significant promise; however, notable limitations continue 

to impede their widespread use and effectiveness. A major 

challenge is the insufficient sensitivity and specificity of current 

biomarkers, which can result in misdiagnosis or delays in 

treatment. For example, in the case of sepsis, no single 

biomarker has proven adequate to definitively confirm or 

exclude the condition, highlighting the need for a multi- 

biomarker strategy to improve diagnostic accuracy (115). 

Additionally, the reproducibility of biomarker studies is a 

pressing issue, as many proposed biomarkers do not yield 

consistent results across various populations and study designs. 

This inconsistency can stem from factors such as variations in 

sample handling, assay techniques, and patient demographics, 

complicating the validation process and restricting the 

generalizability of the findings (116).

The integration of biomarkers into clinical practice faces 

challenges due to the complexity of biological systems. 

Traditional biomarkers often fail to capture the intricate 

network of molecular interactions that define various disease 

states. This limitation has prompted the development of 

network biomarkers, which take into account the relationships 

among multiple biomolecules, potentially offering a more stable 

and reliable framework for diagnosis (117). However, moving 

from traditional biomarkers to network biomarkers requires 

additional research to clarify their clinical utility and to establish 

standardized methodologies for their evaluation.

Another significant limitation is the dynamic nature of disease 

progression, which traditional static biomarkers fail to capture 

effectively. The emergence of dynamic network biomarkers 

offers a promising avenue, as they have the potential to identify 

pre-disease states and monitor disease progression in real-time, 

thus providing a more proactive approach to patient 

management (117). However, the clinical implementation of 

dynamic network biomarkers is still in its early stages, 

necessitating extensive validation and refinement before they can 

be routinely integrated into clinical practice.

Moreover, the regulatory landscape surrounding biomarker 

development presents further challenges. The approval process 

for new biomarkers is often lengthy and complex, typically 

necessitating substantial evidence of clinical benefit before they 

can be integrated into clinical practice. This regulatory burden 

can hinder innovation and postpone the availability of 

potentially life-saving diagnostic tools (118).

Looking ahead, future research should prioritize overcoming 

these limitations by fostering collaborative efforts among 

multidisciplinary teams that include clinicians, researchers, and 

regulatory bodies. Establishing standardized protocols for the 

discovery and validation of biomarkers is crucial for enhancing both 

reproducibility and reliability. Furthermore, utilizing advancements 

in technology, such as machine learning and artificial intelligence, 

could aid in the identification of novel biomarkers and enhance the 

interpretation of complex biological data (119).

In conclusion, biomarkers present considerable promise for 

improving clinical practice; however, their existing limitations 

require a dedicated effort to enhance their application and 

validation. By adopting innovative strategies and encouraging 

collaboration across various disciplines, the field of biomarker 

research can progress toward more effective diagnostic and 

therapeutic methods, ultimately leading to better patient outcomes.

2.6 Diagnosis methods and technological 
advances in ED

Diagnosis of ED benefits from a tiered strategy that combines 

functional testing, imaging-based phenotyping, and molecular 

profiling. Functional assays directly quantify NO-dependent 

vasoreactivity and microvascular responses, whereas imaging can 

capture vascular in ammation, remodeling, and tissue-level 

consequences. Molecular approaches, including transcriptomic/ 

proteomic and epigenetic profiling, provide mechanistic 

resolution and may nominate biomarkers and targets. 

Integrating these modalities improves phenotype assignment and 

supports longitudinal monitoring in clinical and research settings.

2.6.1 Functional testing techniques
FMD is an important non-invasive technique that assesses 

endothelial function by measuring how blood vessels respond to 

increased blood  ow. This method is based on the principle that 

endothelial cells release NO, a strong vasodilator, in response to 

shear stress caused by heightened blood  ow. The FMD test usually 

involves temporarily blocking a peripheral artery, commonly the 

brachial artery, with a cuff, and then releasing the cuff to induce 

hyperemia. The resulting increase in the diameter of the blood 

vessel is measured using high-resolution ultrasound. Research has 

shown that FMD is a reliable indicator of endothelial health; 

impaired FMD is linked to various cardiovascular risk factors such 

as hypertension, diabetes, and hyperlipidemia (120). Additionally, 

FMD has prognostic significance, as diminished endothelial 

function is associated with a higher risk of cardiovascular events 

and mortality (68). However, it is important to recognize that 

several factors, including age, sex, and existing comorbidities, can 

in uence FMD results, potentially affecting its reliability as a 

standalone diagnostic tool. Recent technological advancements 

have enhanced the accuracy of FMD measurements, making it a 

valuable resource in both clinical and research environments for 

evaluating endothelial function and assessing the effectiveness of 

therapeutic interventions aimed at improving vascular health (121).

The assessment of endothelial-dependent blood  ow responses 

and pulse wave velocity (PWV) offers essential insights into 

vascular health and endothelial function. Endothelial-dependent 

blood  ow response is typically evaluated using techniques like 

reactive hyperemia, which measures the increase in blood  ow 

following a brief period of occlusion. This response is mainly 

driven by the endothelium’s ability to release vasodilators such as 

nitric oxide in reaction to shear stress (122). In clinical practice, 

these measurements can help detect early signs of ED, a precursor 

to atherosclerosis and other cardiovascular diseases. Conversely, 
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pulse wave velocity serves as a measure of arterial stiffness, 

determined by the speed at which pressure waves travel through 

the arteries. An increased PWV indicates arterial stiffness, which is 

frequently linked to ED and heightened cardiovascular risk (123). 

Research has demonstrated that endothelial-dependent blood  ow 

responses and PWV are interconnected; impaired endothelial 

function can lead to increased arterial stiffness, thereby worsening 

cardiovascular risk (124). By integrating these assessments, we can 

deepen our understanding of the mechanisms underlying vascular 

diseases and assist in developing targeted therapeutic strategies 

aimed at improving endothelial function and overall cardiovascular 

health. Furthermore, employing these techniques in longitudinal 

studies can yield valuable data on the progression of ED and its 

association with various cardiovascular risk factors over time (125).

2.6.2 Imaging techniques

Coronary computed tomography angiography (CTA) has 

become an essential non-invasive imaging technique for evaluating 

coronary artery disease, especially regarding ED. A notable 

advancement in this area is the assessment of pericardial adipose 

tissue attenuation (PCAT) values, which act as a surrogate marker 

for coronary in ammation and endothelial health. Recent studies 

indicate that higher PCAT attenuation values are associated with 

the presence of coronary artery disease and re ect underlying ED, 

making it a significant tool for risk stratification concerning 

cardiovascular events (120). The biological basis for this 

relationship stems from the close proximity of pericardial adipose 

tissue to the coronary arteries, where it can affect vascular function 

by secreting pro-in ammatory cytokines and adipokines. In 

patients with coronary artery disease, changes in PCAT attenuation 

have been associated with heightened in ammatory activity, a key 

feature of ED. Moreover, combining PCAT attenuation values with 

traditional coronary CTA findings improves diagnostic accuracy in 

identifying patients at greater risk for adverse cardiovascular 

outcomes. This integrated approach not only supports the early 

detection of ED but also enables personalized treatment strategies 

aimed at enhancing vascular health. As the field advances, 

additional research is needed to standardize PCAT measurement 

protocols and confirm their clinical relevance across various 

populations, particularly among those with metabolic syndrome 

and other cardiovascular disease risk factors (126).

The evolution of non-invasive vascular function testing 

devices has significantly advanced the assessment of endothelial 

function, offering clinicians essential insights into cardiovascular 

health without the need for invasive procedures. Techniques 

such as FMD, laser speckle contrast imaging, and near-infrared 

spectroscopy have become reliable methods for evaluating 

endothelial responsiveness and microvascular function (127). 

FMD, often considered the gold standard, measures the change 

in diameter of a blood vessel in response to increased blood 

 ow, which re ects the endothelium’s ability to produce nitric 

oxide, a key mediator of vasodilation. This method has been 

extensively validated and is widely utilized in both clinical and 

research settings to assess ED across various populations, 

including individuals with diabetes, hypertension, and chronic 

kidney diseas (128). Furthermore, emerging technologies like 

optical coherence tomography and magnetic resonance imaging 

are being investigated for their potential to visualize endothelial 

function at the microvascular level, thereby providing a more 

comprehensive understanding of vascular health. The integration 

of these non-invasive techniques into routine clinical practice 

not only enhances the early detection of ED but also facilitates 

the monitoring of therapeutic interventions over time. As 

research continues to clarify the mechanisms underlying ED, the 

development and refinement of these non-invasive tools will be 

vital in advancing personalized medicine approaches and 

improving cardiovascular outcomes (129).

2.6.3 Molecular biology and gene expression 
analysis

ED plays a crucial role in the development of various 

cardiovascular diseases, making it essential to understand the 

underlying molecular biology for the creation of targeted 

therapies. Recent research has emphasized the significance of 

specific gene and protein expression profiles in endothelial cells, 

shedding light on their contributions to vascular health and 

disease. For example, eNOS is vital for maintaining vascular 

homeostasis by regulating the production of NO, a key mediator 

of vasodilation. When eNOS expression is dysregulated, it can 

lead to reduced NO bioavailability, which contributes to ED and 

the advancement of atherosclerosis (110). Additionally, 

advancements in liquid biopsy technologies and molecular 

biology techniques have facilitated the discovery of new 

biomarkers linked to ED, such as endoglin and endocan, which 

have been associated with vascular injury and in ammation 

(130). The combination of transcriptomic and proteomic data 

has offered a detailed perspective on the specific expression 

landscape of endothelial cells, indicating that changes in gene 

expression can significantly affect endothelial cell function and 

play a role in the onset of cardiovascular diseases (131). 

Furthermore, the in uence of epigenetic modifications, 

including DNA methylation and histone modifications, on 

endothelial gene expression has garnered attention, suggesting 

that these mechanisms could be potential therapeutic targets for 

reversing ED (132). In summary, a thorough understanding of 

the gene and protein expression profiles specific to endothelial 

cells is vital for clarifying the molecular mechanisms behind ED 

and for developing effective therapeutic strategies.

Non-coding RNAs (ncRNAs), particularly microRNAs 

(miRNAs) and long non-coding RNAs (lncRNAs), have 

emerged as essential regulators of gene expression in various 

biological processes, including endothelial function. These 

ncRNAs in uence the expression of target genes that are crucial 

for endothelial cell proliferation, apoptosis, and in ammatory 

responses, thereby affecting vascular homeostasis and the onset 

of ED. For instance, miR-126 has been demonstrated to enhance 

the expression of eNOS and promote the survival of endothelial 

cells, while its downregulation correlates with increased 

oxidative stress and in ammation within these cells (133). 

Moreover, lncRNAs such as ANRIL have been shown to play a 

role in regulating endothelial cell function by modulating the 

expression of genes associated with in ammatory pathways and 
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vascular remodeling (134). The dysregulation of these ncRNAs has 

been associated with a variety of cardiovascular diseases, 

emphasizing their potential as both biomarkers and therapeutic 

targets. Additionally, the interaction between ncRNAs and 

signaling pathways, such as the Notch and Wnt pathways, 

highlights the intricate nature of gene regulation in endothelial 

cells and the possibility for targeted interventions aimed at 

restoring endothelial function (135). As research progresses in 

uncovering the roles of ncRNAs in endothelial biology, their 

therapeutic potential in preventing and treating diseases related 

to ED appears increasingly promising.

2.7 Treatment strategies and future 
perspectives for ED

Treatment of ED is most effective when aligned with 

dominant mechanistic modules, including restoration of NO 

signaling, suppression of pathological ROS sources, attenuation 

of endothelial in ammatory activation, stabilization of barrier 

integrity, and prevention of prothrombotic remodeling and 

EndMT-driven fibrosis. Conventional cardiometabolic therapies 

often improve endothelial phenotypes indirectly by controlling 

upstream drivers, whereas emerging strategies aim to enhance 

endothelial repair or directly modulate molecular pathways. 

A phenotype-guided approach may help match therapies to 

patient subgroups and define endpoints for monitoring response.

2.7.1 Traditional drug therapy

Antihypertensive medications, particularly angiotensin- 

converting enzyme inhibitors (ACEIs), play a crucial role in 

managing ED, especially in patients with hypertension. For 

example, perindopril, a widely recognized ACEI, has been shown to 

improve endothelial function by reducing in ammatory markers 

like E-selectin and endothelin-1, which are often elevated in 

individuals with high blood pressure. These medications work by 

inhibiting the renin-angiotensin system, leading to vasodilation and 

lower blood pressure, which alleviates the mechanical stress on 

endothelial cells. Studies indicate that long-term use of ACEIs can 

significantly enhance endothelial function, as evidenced by 

improved  ow-mediated dilation and reduced arterial stiffness. 

Moreover, the advantages of ACEIs extend beyond mere blood 

pressure control; they also exhibit anti-in ammatory and 

antioxidant properties that are vital in mitigating oxidative stress, a 

key contributor to ED. These findings suggest that ACEIs may be 

beneficial not only for patients with hypertension but also for those 

with various cardiovascular risk factors, highlighting their 

importance in a comprehensive strategy for preserving endothelial 

health (136, 137).

Lipid-lowering agents, especially statins, have become vital in 

managing ED linked to dyslipidemia. Statins not only lower low- 

density lipoprotein cholesterol levels but also enhance the activity 

of eNOS, which boosts NO production and improves vascular 

relaxation. This combined effect aids in restoring endothelial 

function and lowering the risk of cardiovascular events. 

Additionally, recent research has shown that statins can have 

anti-in ammatory effects by decreasing the expression of 

adhesion molecules and in ammatory cytokines, which are often 

elevated in cases of ED. Likewise, antidiabetic medications, 

particularly sodium-glucose cotransporter-2 inhibitors and 

glucagon-like peptide-1 receptor agonists, have demonstrated 

potential in enhancing endothelial function among diabetic 

patients. These medications not only improve blood sugar 

control but are also linked to positive cardiovascular outcomes, 

likely through mechanisms that reduce oxidative stress and 

in ammation. Therefore, incorporating both lipid-lowering and 

antidiabetic therapies into treatment plans for patients with ED 

is essential, as these medications target various pathways that 

contribute to vascular health (138).

The increasing recognition of the role of anti-in ammatory 

and antioxidant drugs in managing ED highlights their 

importance, especially considering the significant impact of 

in ammation and oxidative stress on cardiovascular diseases. 

Non-steroidal anti-in ammatory drugs and specific anti- 

in ammatory agents like canakinumab have shown promise in 

lowering systemic in ammation, which is often linked to ED. By 

focusing on in ammatory pathways, these medications can aid 

in restoring the integrity and function of the endothelium. 

Moreover, antioxidants such as vitamin E and  avonoids from 

natural sources, including those found in traditional Chinese 

medicine, have been investigated for their capacity to neutralize 

ROS and mitigate oxidative stress. For example, compounds like 

berberine and curcumin have been found to protect endothelial 

cells by increasing NO bioavailability and decreasing oxidative 

damage. The therapeutic approach of combining anti- 

in ammatory and antioxidant treatments may yield a synergistic 

effect, providing a comprehensive strategy to enhance 

endothelial function and lower the risk of cardiovascular 

complications. Continued research into the effectiveness and 

mechanisms of these agents will be essential for developing 

targeted therapies aimed at addressing ED (139, 140).

2.7.2 Emerging therapeutic approaches

EPCs and stem cell therapies have emerged as promising 

strategies for treating ED, particularly in cardiovascular diseases. 

EPCs, which originate from the bone marrow, are crucial for 

repairing and regenerating damaged endothelium. Recent studies 

emphasize the potential of administering EPCs to enhance 

endothelial repair mechanisms, thereby improving vascular 

function. For example, clinical trials have shown that infusing 

autologous EPCs can lead to significant improvements in 

endothelial function and vascular health in patients with conditions 

such as coronary artery disease and peripheral artery disease (104). 

Furthermore, advancements in stem cell technology, particularly 

the use of induced pluripotent stem cells (iPSCs), have opened new 

avenues for generating endothelial cells for therapeutic 

applications. These iPSCs can be differentiated into endothelial 

cells, which can then be used to repair damaged blood vessels or 

create vascular grafts. The ability to produce patient-specific 

endothelial cells from iPSCs not only enhances the potential for 

personalized medicine but also addresses the shortage of donor 

tissues for transplantation. Additionally, ongoing research is 
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focused on optimizing the conditions for EPC expansion and 

enhancing their functional capacity through genetic modification 

or the use of bioactive compounds, further solidifying their role in 

endothelial therapy (114).

Gene therapy represents a transformative approach in 

managing ED by directly targeting the underlying genetic and 

molecular mechanisms. Recent advancements have concentrated 

on delivering therapeutic genes that can enhance endothelial 

function or inhibit pathways leading to endothelial injury. For 

instance, delivering genes that encode eNOS has shown promise 

in restoring nitric oxide production, which is critical for 

maintaining vascular health. Additionally, ncRNAs, particularly 

miRNAs and lncRNAs, have emerged as key regulators of 

endothelial function and dysfunction. These molecules can 

modulate various signaling pathways involved in in ammation, 

oxidative stress, and apoptosis, all of which are pivotal in the 

pathogenesis of ED. Targeting specific miRNAs that promote 

endothelial repair or inhibit pro-in ammatory responses has 

been demonstrated to improve endothelial function in 

preclinical models (141). Furthermore, the development of 

RNA-based therapeutics, such as antagomirs or miRNA mimics, 

offers a novel strategy to manipulate endothelial cell behavior 

and enhance their regenerative capacity. As the field of gene 

therapy and ncRNAs research continues to evolve, the potential 

for these approaches to provide effective treatments for ED is 

becoming increasingly evident (142).

Small molecule activators have emerged as promising therapeutic 

agents for addressing ED, with sirtuin 1 (SIRT1) activators such as 

SRT1720 leading the charge in research efforts. SIRT1, a member 

of the sirtuin protein family, plays a vital role in maintaining 

endothelial function by in uencing oxidative stress, in ammation, 

and apoptosis. When SIRT1 is activated, it has been shown to 

boost nitric oxide production, enhance the survival of endothelial 

cells, and promote angiogenesis, effectively counteracting the 

harmful effects associated with ED. Recent studies indicate that 

SRT1720 not only activates SIRT1 but also improves endothelial 

function across various animal models of cardiovascular disease 

(143). This compound has demonstrated the ability to lower 

oxidative stress and in ammation in endothelial cells, which 

contributes to better vascular reactivity and a decrease in 

atherosclerotic plaque formation. Furthermore, SRT1720’s potential 

to improve metabolic health and lower the risk of cardiovascular 

events positions it as a strong candidate for further clinical 

development. As research continues, the investigation of small 

molecule activators like SRT1720 may lead to innovative 

pharmacological strategies aimed at restoring endothelial function 

and preventing the advancement of cardiovascular diseases (144).

2.7.3 Lifestyle interventions and non- 

pharmacological treatment
Lifestyle interventions are essential for managing ED, a 

precursor to various cardiovascular diseases. Engaging in regular 

physical activity has been shown to improve endothelial 

function by enhancing nitric oxide bioavailability, reducing 

oxidative stress, and promoting vascular remodeling. Aerobic 

exercise, in particular, can lead to notable enhancements in 

endothelial health, as demonstrated by improved FMD 

measurements (145). Additionally, dietary changes, such as 

adopting a Mediterranean diet rich in fruits, vegetables, whole 

grains, and healthy fats, have been linked to better endothelial 

function and lower in ammation levels (146). Quitting smoking 

is another critical aspect of lifestyle intervention, as tobacco 

smoke is a significant risk factor for ED due to its oxidative 

effects and disruption of nitric oxide signaling. Research 

indicates that stopping smoking can result in considerable 

improvements in endothelial function, although the timeline for 

these benefits may differ from person to person (147). Together, 

these lifestyle modifications not only reduce the risk of 

developing cardiovascular diseases but also enhance overall 

metabolic health, addressing multiple risk factors related to ED.

Weight management plays a crucial role in preventing and 

treating ED, especially among individuals with obesity and 

metabolic syndrome. Excess body weight is associated with 

increased fat tissue, which can lead to systemic in ammation 

and damage to the endothelium. Effective strategies for weight 

loss, such as reducing caloric intake, increasing physical activity, 

and making behavioral changes, have shown significant benefits 

in enhancing endothelial function and lowering cardiovascular 

risk (148). For example, losing just 5%–10% of body weight can 

result in notable improvements in key metabolic indicators, 

including blood pressure, lipid levels, and insulin sensitivity, all 

of which are vital for maintaining healthy endothelial function 

(145). Furthermore, lifestyle changes that combine dietary 

adjustments with regular exercise have proven to be more 

effective than medications alone in achieving metabolic control 

and improving endothelial health (149). By integrating these 

approaches, individuals not only manage their weight more 

effectively but also adopt a comprehensive strategy for 

cardiovascular wellness, highlighting the critical role of lifestyle 

modifications in counteracting the negative impacts of obesity 

on endothelial function.

2.7.4 Future research directions

The future of managing ED is centered on developing 

individualized treatment strategies and integrating precision 

medicine. This approach focuses on customizing therapies 

according to each patient’s unique genetic, environmental, and 

lifestyle factors. Recent studies have underscored the significance 

of genetic predispositions in the risk of developing ED, 

particularly in conditions such as type 2 diabetes and 

cardiovascular diseases (22). By utilizing genomic data and 

biomarkers, healthcare providers can pinpoint patients who are 

most likely to benefit from specific therapeutic interventions, 

thereby enhancing treatment effectiveness. Additionally, 

precision medicine facilitates the inclusion of lifestyle 

modifications, like dietary changes and exercise programs, which 

have been proven to improve endothelial function (150). As 

research progresses in uncovering the molecular mechanisms 

behind ED, the opportunity to create targeted therapies that 

address these pathways will grow, ultimately leading to more 

effective and personalized treatment options for patients dealing 

with cardiovascular and metabolic diseases.
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The complexity of ED requires a multi-target approach in 

therapy, as treatments using a single agent often do not 

adequately address the diverse nature of the condition. 

Combination therapies that target various pathways involved in 

ED could lead to better treatment outcomes. For example, 

recent studies have shown that pairing antihypertensive 

medications with agents that enhance endothelial function, such 

as statins or angiotensin receptor blockers, can produce 

synergistic effects (120). Furthermore, incorporating dietary 

bioactive compounds from fruits and vegetables alongside 

pharmacological treatments may further improve endothelial 

health by lowering oxidative stress and in ammation (150). 

Future research should aim to identify the best combinations of 

existing therapies and investigate new agents that can address 

multiple facets of ED, ultimately enhancing patient outcomes 

and alleviating the burden of cardiovascular diseases.

To enhance the understanding and management of ED, there is an 

urgent need for long-term clinical trials that evaluate the effectiveness 

of new therapeutic strategies and validate novel biomarkers. Recent 

research has identified several promising biomarkers linked to ED, 

such as circulating endothelial cells and microparticles, which could 

provide valuable insights into disease progression and treatment 

response (151). However, the clinical usefulness of these biomarkers 

remains to be confirmed. Longitudinal studies that monitor changes 

in these biomarkers alongside clinical outcomes will be crucial for 

determining their predictive value. Additionally, incorporating 

advanced imaging techniques and non-invasive assessments of 

endothelial function may improve our ability to track treatment 

effects and disease progression in real-time (28). By establishing 

reliable biomarkers and conducting thorough clinical trials, 

researchers can develop more effective management strategies for 

patients with ED, ultimately enhancing cardiovascular health 

outcomes on a broader scale.

3 Conclusions

ED is not a single entity but a set of inter-related, clinically 

measurable phenotypes that arise from a limited number of 

reinforcing molecular modules. Across cardiometabolic and 

cerebrovascular disease, reduced NO bioavailability and ROS excess 

form a central vicious cycle that integrates with in ammatory 

signaling (NF-κB/JAK/STAT, in ammasome activation, and 

senescence-associated programs) to drive endothelial activation, 

permeability, and prothrombotic remodeling. When these stressors 

persist, EndMT and other remodeling programs translate functional 

ED into structural fibrosis and vascular stiffness. Organizing ED by 

dominant phenotype (vasomotor dysfunction, barrier failure, 

in ammatory activation, EndMT/fibrosis) helps align biomarkers and 

functional/imaging tests with mechanism, improves risk stratification, 

and clarifies why therapies that restore NO signaling and suppress 

oxidative/in ammatory loops often provide broad vascular benefit. 

Future progress will depend on standardized biomarker panels and 

endpoints, longitudinal studies linking phenotype shifts to outcomes, 

and mechanism-guided trials that match interventions to the 

dominant ED module in each patient population.

Author contributions

JQ: Conceptualization, Funding acquisition, Supervision, 

Writing – review & editing. ZW: Conceptualization, Funding 

acquisition, Investigation, Writing – original draft. YY: Formal 

analysis, Supervision, Writing – original draft. QW: Data 

curation, Methodology, Writing – original draft. LW: Project 

administration, Resources, Writing – original draft. YZ: 

Validation, Visualization, Writing – original draft. XQ: 

Validation, Visualization, Writing – original draft. RF: Software, 

Visualization, Writing – original draft.

Funding

The author(s) declared that financial support was received for this 

work and/or its publication. This study was funded by the National 

Natural Science Foundation of China (grant No. 82560386), 

Applied Basic Research Foundation of Yunnan Province (grant No. 

202501AS070035 & 202501AU070021), Joint Special Key Fund of 

Applied Fundamental Research of Kunming Medical University 

granted by Science and Technology Office of Yunnan (grant No. 

202201AY070001-040), 535 Talent Project of First Affiliated 

Hospital of Kunming Medical University (grant No. 2024535Q08), 

Yunnan Health Training Project of High Levels Talents (grant No. 

L-2018007), Yunnan Provincial Ten Thousand-Talent Program- 

Famous Doctor (grant No. YNWR-MY-2018-043).

Conflict of interest

The author(s) declared that this work was conducted in the 

absence of any commercial or financial relationships that could 

be construed as a potential con ict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 

article has been generated by Frontiers with the support of 

artificial intelligence and reasonable efforts have been made to 

ensure accuracy, including review by the authors wherever 

possible. If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 

authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or 

claim that may be made by its manufacturer, is not guaranteed 

or endorsed by the publisher.

Wang et al.                                                                                                                                                             10.3389/fcvm.2026.1749548

Frontiers in Cardiovascular Medicine 18 frontiersin.org

https://doi.org/10.3389/fcvm.2026.1749548


References

1. Safdar R, Mishra A, Shah GM, Ashraf MZ. Poly (ADP-ribose) polymerase-1 
modulations in the genesis of thrombosis. J Thromb Thrombolysis. (2024) 
57:743–53. doi: 10.1007/s11239-024-02974-3

2. García-Sáenz MR, Ferreira-Hermosillo A, Lobaton-Ginsberg M. 
Proin ammatory cytokines in polycystic ovarian syndrome. Rev Med Inst Mex 
Seguro Soc. (2022) 60:569–76.

3. Pavan AR, Terroni B, Dos Santos JL. Endothelial dysfunction in sickle cell 
disease: strategies for the treatment. Nitric Oxide. (2024) 149:7–17. doi: 10.1016/j. 
niox.2024.05.003

4. Jakubowski H, Witucki Ł. Homocysteine metabolites, endothelial dysfunction, 
and cardiovascular disease. Int J Mol Sci. (2025) 26:746. doi: 10.3390/ijms26020746

5. Aljadah M, Khan N, Beyer AM, Chen Y, Blanker A, Widlansky ME. Clinical 
implications of COVID-19-related endothelial dysfunction. JACC Adv. (2024) 
3:101070. doi: 10.1016/j.jacadv.2024.101070

6. Gómez del Val A, Sánchez A, Freire-Agulleiro Ó, Martínez MP, Muñoz M, 
Olmos L, et al. Penile endothelial dysfunction, impaired redox metabolism and 
blunted mitochondrial bioenergetics in diet-induced obesity: compensatory role of 
H(2)O(2). Free Radic Biol Med. (2025) 230:222–33. doi: 10.1016/j.freeradbiomed. 
2025.02.004

7. Hu S, Pi Q, Luo M, Cheng Z, Liang X, Luo S, et al. Contribution of the NLRP3/ 
IL-1β axis to impaired vasodilation in sepsis through facilitation of eNOS proteolysis 
and the protective role of melatonin. Int Immunopharmacol. (2021) 93:107388. 
doi: 10.1016/j.intimp.2021.107388

8. Sonobe T, Kakinuma Y. Non-neuronal cell-derived acetylcholine, a key 
modulator of the vascular endothelial function in health and disease. Front 
Cardiovasc Med. (2024) 11:1388528. doi: 10.3389/fcvm.2024.1388528

9. Jacobi J. The pathophysiology of sepsis—2021 update: part 2, organ dysfunction and 
assessment. Am J Health Syst Pharm. (2022) 79:424–36. doi: 10.1093/ajhp/zxab393

10. Pisano C, Asta L, Sbrigata A, Balistreri CR. A narrative review: syndecans in 
aortic aneurysm pathogenesis and course-biomarkers and targets? Int J Mol Sci. 
(2025) 26:1211. doi: 10.3390/ijms26031211

11. Cao R, Tian H, Tian Y, Fu X. A hierarchical mechanotransduction system: from 
macro to micro. Adv Sci. (2024) 11:e2302327. doi: 10.1002/advs.202302327

12. Herault S, Naser J, Carassiti D, Chooi KY, Nikolopoulou R, Font ML, et al. 
Mechanosensitive pathways are regulated by mechanosensitive miRNA clusters in 
endothelial cells. Biophys Rev. (2021) 13:787–96. doi: 10.1007/s12551-021-00839-0

13. Uray IP, Uray K. Mechanotransduction at the plasma membrane-cytoskeleton 
interface. Int J Mol Sci. (2021) 22:11566. doi: 10.3390/ijms222111566

14. Trouillet A, Miller KK, George SS, Wang P, Ali N-E-S, Ricci A, et al. Loxhd1 
mutations cause mechanotransduction defects in cochlear hair cells. J Neurosci. 
(2021) 41:3331–43. doi: 10.1523/JNEUROSCI.0975-20.2021

15. Naipauer J, Mesri EA. The Kaposi’s sarcoma progenitor enigma: KSHV- 
induced MEndT-EndMT axis. Trends Mol Med. (2023) 29:188–200. doi: 10.1016/j. 
molmed.2022.12.003

16. Wang E, Wang H, Chakrabarti S. Endothelial-to-mesenchymal transition: an 
underappreciated mediator of diabetic complications. Front Endocrinol. (2023) 
14:1050540. doi: 10.3389/fendo.2023.1050540

17. Wang N, Lu Y, Rothrauff BB, Zheng A, Lamb A, Yan Y, et al. 
Mechanotransduction pathways in articular chondrocytes and the emerging role of 
estrogen receptor-α. Bone Res. (2023) 11:13. doi: 10.1038/s41413-023-00248-x

18. Gorashi R, Rivera-Bolanos N, Dang C, Chai C, Kovacs B, Alharbi S, et al. 
Modeling diabetic endothelial dysfunction with patient-specific induced pluripotent 
stem cells. Bioeng Transl Med. (2023) 8:e10592. doi: 10.1002/btm2.10592

19. Kutikhin AG, Shishkova DK, Velikanova EA, Sinitsky MY, Sinitskaya AV, 
Markova VE, et al. Endothelial dysfunction in the context of blood-brain barrier 
modeling. J Evol Biochem Physiol. (2022) 58:781–806. doi: 10.1134/ 
S0022093022030139

20. Cheng X, Potenza DM, Brenna A, Ajalbert G, Yang Z, Ming XF. Aging 
increases hypoxia-induced endothelial permeability and blood-brain barrier 
dysfunction by upregulating arginase-II. Aging Dis. (2024) 15:2710–5415. doi: 10. 
14336/AD.2023.1225

21. Singh J, Ruhoff AM, Ashok D, Wise SG, Waterhouse A. Engineering advanced 
in vitro models of endothelial dysfunction. Trends Biotechnol. (2025) 43(8):1892–903. 
doi: 10.1016/j.tibtech.2025.03.004

22. Okazaki RA, Rizvi SH, Lyons R, Behrooz L, Hamburg NM. Vascular 
dysfunction in diabetes and pharmacotherapeutic opportunities: a focus on 
endothelial cell health. Am J Physiol Heart Circ Physiol. (2025) 329(3):H705–18. 
doi: 10.1152/ajpheart.00793.2024

23. Zhang H, Lu J, Gao J, Sha W, Cai X, Rouzi MRYM, et al. Association of 
monocyte-to-HDL cholesterol ratio with endothelial dysfunction in patients with 
type 2 diabetes. J Diabetes Res. (2024) 2024:5287580. doi: 10.1155/2024/5287580

24. Thakur A, Liang L, Banerjee S, Zhang K. Single-cell transcriptomics reveals 
evidence of endothelial dysfunction in the brains of COVID-19 patients with 
implications for glioblastoma progression. Brain Sci. (2023) 13:762. doi: 10.3390/ 
brainsci13050762

25. Zhang Z, Guo Q, Zhao Z, Nie M, Shi Q, Li E, et al. DNMT3B Activates 
FGFR3-mediated endoplasmic reticulum stress by regulating PTPN2 promoter 
methylation to promote the development of atherosclerosis. Faseb J. (2023) 37: 
e23085. doi: 10.1096/fj.202300665R

26. Yan YR, Zhang L, Lin YN, Sun XW, Ding YJ, Li N, et al. Chronic intermittent 
hypoxia-induced mitochondrial dysfunction mediates endothelial injury via the 
TXNIP/NLRP3/IL-1β signaling pathway. Free Radic Biol Med. (2021) 165:401–10. 
doi: 10.1016/j.freeradbiomed.2021.01.053

27. Li L, Yang Y, Zhang H, Du Y, Jiao X, Yu H, et al. Salidroside ameliorated 
intermittent hypoxia-aggravated endothelial barrier disruption and atherosclerosis 
via the cAMP/PKA/RhoA signaling pathway. Front Pharmacol. (2021) 12:723922. 
doi: 10.3389/fphar.2021.723922

28. Kavurma MM, Bursill C, Stanley CP, Passam F, Cartland SP, Patel S, et al. 
Endothelial cell dysfunction: implications for the pathogenesis of peripheral artery 
disease. Front Cardiovasc Med. (2022) 9:1054576. doi: 10.3389/fcvm.2022.1054576

29. Dimmeler S, Assmus B, Hermann C, Haendeler J, Zeiher AM. Fluid shear stress 
stimulates phosphorylation of akt in human endothelial cells: involvement in 
suppression of apoptosis. Circ Res. (1998) 83:334–41. doi: 10.1161/01.RES.83.3.334

30. Kraehling JR, Sessa WC. Contemporary approaches to modulating the nitric 
Oxide-cGMP pathway in cardiovascular disease. Circ Res. (2017) 120:1174–82. 
doi: 10.1161/CIRCRESAHA.117.303776

31. Cho H, Zhao X-X, Lee S, Woo JS, Song M-Y, Cheng XW, et al. The sGC-cGMP 
signaling pathway as a potential therapeutic target in doxorubicin-induced heart 
failure: a narrative review. Am J Cardiovasc Drugs. (2022) 22:117–25. doi: 10.1007/ 
s40256-021-00487-5

32. Farah C, Michel LYM, Balligand J-L. Nitric oxide signalling in cardiovascular 
health and disease. Nat Rev Cardiol. (2018) 15:292–316. doi: 10.1038/nrcardio.2017. 
224

33. Förstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur 
Heart J. (2012) 33:829–37. doi: 10.1093/eurheartj/ehr304

34. Crabtree MJ, Channon KM. Synthesis and recycling of tetrahydrobiopterin in 
endothelial function and vascular disease. Nitric Oxide. (2011) 25:81–8. doi: 10. 
1016/j.niox.2011.04.004

35. Pernow J, Jung C. Arginase as a potential target in the treatment of 
cardiovascular disease: reversal of arginine steal? Cardiovasc Res. (2013) 98:334–43. 
doi: 10.1093/cvr/cvt036

36. Zhang Y, Murugesan P, Huang K, Cai H. NADPH Oxidases and oxidase 
crosstalk in cardiovascular diseases: novel therapeutic targets. Nat Rev Cardiol. 
(2020) 17:170–94. doi: 10.1038/s41569-019-0260-8

37. Ferrer-Sueta G, Radi R. Chemical biology of peroxynitrite: kinetics, diffusion, 
and targets in redox signaling. Chem Rev. (2018) 118:1338–408. doi: 10.1021/acs. 
chemrev.7b00568

38. Valenzuela NM. JAKinibs prevent persistent, IFNγ-autonomous endothelial cell 
in ammation and immunogenicity. Am J Physiol Cell Physiol. (2023) 325:C186–207. 
doi: 10.1152/ajpcell.00298.2022

39. Beckman JD, DaSilva A, Aronovich E, Nguyen A, Nguyen J, Hargis G, et al. 
JAK-STAT inhibition reduces endothelial prothrombotic activation and leukocyte- 
endothelial proadhesive interactions. J Thromb Haemostasis. (2023) 21:1366–80. 
doi: 10.1016/j.jtha.2023.01.027

40. Bai B, Yang Y, Wang Q, Li M, Tian C, Liu Y, et al. NLRP3 In ammasome in 
endothelial dysfunction. Cell Death Dis. (2020) 11:776. doi: 10.1038/s41419-020- 
02985-x

41. Pober JS, Sessa WC. Evolving functions of endothelial cells in in ammation. 
Nat Rev Immunol. (2007) 7:803–15. doi: 10.1038/nri2171

42. Hayden MS, Ghosh S. NF-κB, the first quarter-century: remarkable progress 
and outstanding questions. Cell. (2008) 132:344–62. doi: 10.1016/j.cell.2008.01.020

43. O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, McInnes IB, Laurence A. The 
JAK-STAT pathway: impact on human disease and therapeutic intervention. Annu 
Rev Med. (2015) 66:311–28. doi: 10.1146/annurev-med-051113-024537

44. Hahn C, Schwartz MA. Mechanotransduction in vascular physiology and 
atherogenesis. Nat Rev Mol Cell Biol. (2009) 10:53–62. doi: 10.1038/nrm2596

45. Kovacic JC, Dimmeler S, Harvey RP, Finkel T, Aikawa E, Krenning G, et al. 
Endothelial to mesenchymal transition in cardiovascular disease: JACC state- 
of-the-art review. J Am Coll Cardiol. (2019) 73:190–209. doi: 10.1016/j.jacc.2018. 
09.089

46. Evrard SM, Lecce L, Michelis KC, Nomura-Kitabayashi A, Pandey G, 
Purushothaman K-R, et al. Endothelial to mesenchymal transition is common in 

Wang et al.                                                                                                                                                             10.3389/fcvm.2026.1749548

Frontiers in Cardiovascular Medicine 19 frontiersin.org

https://doi.org/10.1007/s11239-024-02974-3
https://doi.org/10.1016/j.niox.2024.05.003
https://doi.org/10.1016/j.niox.2024.05.003
https://doi.org/10.3390/ijms26020746
https://doi.org/10.1016/j.jacadv.2024.101070
https://doi.org/10.1016/j.freeradbiomed.2025.02.004
https://doi.org/10.1016/j.freeradbiomed.2025.02.004
https://doi.org/10.1016/j.intimp.2021.107388
https://doi.org/10.3389/fcvm.2024.1388528
https://doi.org/10.1093/ajhp/zxab393
https://doi.org/10.3390/ijms26031211
https://doi.org/10.1002/advs.202302327
https://doi.org/10.1007/s12551-021-00839-0
https://doi.org/10.3390/ijms222111566
https://doi.org/10.1523/JNEUROSCI.0975-20.2021
https://doi.org/10.1016/j.molmed.2022.12.003
https://doi.org/10.1016/j.molmed.2022.12.003
https://doi.org/10.3389/fendo.2023.1050540
https://doi.org/10.1038/s41413-023-00248-x
https://doi.org/10.1002/btm2.10592
https://doi.org/10.1134/S0022093022030139
https://doi.org/10.1134/S0022093022030139
https://doi.org/10.14336/AD.2023.1225
https://doi.org/10.14336/AD.2023.1225
https://doi.org/10.1016/j.tibtech.2025.03.004
https://doi.org/10.1152/ajpheart.00793.2024
https://doi.org/10.1155/2024/5287580
https://doi.org/10.3390/brainsci13050762
https://doi.org/10.3390/brainsci13050762
https://doi.org/10.1096/fj.202300665R
https://doi.org/10.1016/j.freeradbiomed.2021.01.053
https://doi.org/10.3389/fphar.2021.723922
https://doi.org/10.3389/fcvm.2022.1054576
https://doi.org/10.1161/01.RES.83.3.334
https://doi.org/10.1161/CIRCRESAHA.117.303776
https://doi.org/10.1007/s40256-021-00487-5
https://doi.org/10.1007/s40256-021-00487-5
https://doi.org/10.1038/nrcardio.2017.224
https://doi.org/10.1038/nrcardio.2017.224
https://doi.org/10.1093/eurheartj/ehr304
https://doi.org/10.1016/j.niox.2011.04.004
https://doi.org/10.1016/j.niox.2011.04.004
https://doi.org/10.1093/cvr/cvt036
https://doi.org/10.1038/s41569-019-0260-8
https://doi.org/10.1021/acs.chemrev.7b00568
https://doi.org/10.1021/acs.chemrev.7b00568
https://doi.org/10.1152/ajpcell.00298.2022
https://doi.org/10.1016/j.jtha.2023.01.027
https://doi.org/10.1038/s41419-020-02985-x
https://doi.org/10.1038/s41419-020-02985-x
https://doi.org/10.1038/nri2171
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1146/annurev-med-051113-024537
https://doi.org/10.1038/nrm2596
https://doi.org/10.1016/j.jacc.2018.09.�089
https://doi.org/10.1016/j.jacc.2018.09.�089
https://doi.org/10.3389/fcvm.2026.1749548


atherosclerotic lesions and is associated with plaque instability. Nat Commun. (2016) 
7:11853. doi: 10.1038/ncomms11853

47. Chen P-Y, Qin L, Baeyens N, Li G, Afolabi T, Budatha M, et al. Endothelial-to- 
mesenchymal transition drives atherosclerosis progression. J Clin Invest. (2015) 
125:4514–28. doi: 10.1172/JCI82719

48. Souilhol C, Harmsen MC, Evans PC, Krenning G. Endothelial-mesenchymal 
transition in atherosclerosis. Cardiovasc Res. (2018) 114:565–77. doi: 10.1093/cvr/cvx253

49. Zeisberg EM, Tarnavski O, Zeisberg M, Dorfman AL, McMullen JR, Gustafsson 
E, et al. Endothelial-to-mesenchymal transition contributes to cardiac fibrosis. Nat 
Med. (2007) 13:952–61. doi: 10.1038/nm1613

50. Velusamy P, Buckley DJ, Greaney JL, Case AJ, Fadel PJ, Trott DW. IL-6 induces 
mitochondrial ROS production and blunts NO bioavailability in human aortic 
endothelial cells. Am J Physiol Regul Integr Comp Physiol. (2025) 328:R509–14. 
doi: 10.1152/ajpregu.00289.2024

51. Janaszak-Jasiecka A, Siekierzycka A, Płoska A, Dobrucki IT, Kalinowski L. 
Endothelial dysfunction driven by hypoxia-the in uence of oxygen deficiency on 
NO bioavailability. Biomolecules. (2021) 11:982. doi: 10.3390/biom11070982

52. Gajecki D, Gawryś J, Wiśniewski J, Fortuna P, Szahidewicz-Krupska E, 
Doroszko A. A cross-talk between the erythrocyte L-arginine/ADMA/nitric oxide 
metabolic pathway and the endothelial function in subjects with type 2 diabetes 
mellitus. Nutrients. (2021) 13:2306. doi: 10.3390/nu13072306

53. Jiang M, Zhao XM, Jiang ZS, Wang GX, Zhang DW. Protein tyrosine nitration 
in atherosclerotic endothelial dysfunction. Clin Chim Acta. (2022) 529:34–41. doi: 10. 
1016/j.cca.2022.02.004

54. Kelly KA, Heaps CL, Wu G, Labhasetwar V, Meininger CJ. Nanoparticle- 
mediated delivery of tetrahydrobiopterin restores endothelial function in diabetic 
rats. Nitric Oxide. (2024) 148:13–22. doi: 10.1016/j.niox.2024.04.009

55. Wang JH, Lin YL, Hsu BG. Endothelial dysfunction in chronic kidney disease: 
mechanisms, biomarkers, diagnostics, and therapeutic strategies. Tzu Chi Med J. 
(2025) 37:125–34. doi: 10.4103/tcmj.tcmj_284_24

56. Wang Z, Wei J, Zhang X, Ji H, Fu S, Gao Z, et al. Nitration of Tyr37 alters the 
aggregation pathway of hIAPP and enhances its cytotoxicity. Int J Biol Macromol. 
(2025) 286:138367. doi: 10.1016/j.ijbiomac.2024.138367

57. Khan MA, Akram MF, Alam K, Ahsan H, Rizvi MA. Peroxynitrite-mediated 
structural changes in histone H2A: biochemical and biophysical analysis. Protein 
Pept Lett. (2020) 27:989–98. doi: 10.2174/0929866527666200427213722

58. Zeng L, Zhang X, Xia M, Ye H, Li H, Gao Z. Heme and Cu(2+)-induced 
vasoactive intestinal peptide (VIP) tyrosine nitration: a possible molecular 
mechanism for the attenuated anti-in ammatory effect of VIP in in ammatory 
diseases. Biochimie. (2023) 214:176–87. doi: 10.1016/j.biochi.2023.07.011

59. Bandookwala M, Sengupta P. 3-Nitrotyrosine: a versatile oxidative stress 
biomarker for major neurodegenerative diseases. Int J Neurosci. (2020) 
130:1047–62. doi: 10.1080/00207454.2020.1713776

60. Chen L, Yang T, Sun X, Wong CCL, Yang D. Protein tyrosine amination: 
detection, imaging, and chemoproteomic profiling with synthetic probes. J Am 
Chem Soc. (2024) 146:11944–54. doi: 10.1021/jacs.4c01028

61. Kriss CL, Duro N, Nadeau OW, Guergues J, Chavez-Chiang O, Culver-Cochran 
AE, et al. Site-specific identification and validation of hepatic histone nitration in 
vivo: implications for alcohol-induced liver injury. J Mass Spectrom. (2021) 56: 
e4713. doi: 10.1002/jms.4713

62. Zhang J. Biomarkers of endothelial activation and dysfunction in cardiovascular 
diseases. Rev Cardiovasc Med. (2022) 23:73. doi: 10.31083/j.rcm2302073

63. Wang L, Cheng CK, Yi M, Lui KO, Huang Y. Targeting endothelial dysfunction 
and in ammation. J Mol Cell Cardiol. (2022) 168:58–67. doi: 10.1016/j.yjmcc.2022.04. 
011

64. Higashi Y. Roles of oxidative stress and in ammation in vascular endothelial 
dysfunction-related disease. Antioxidants. (2022) 11:1958. doi: 10.3390/ 
antiox11101958

65. Park JH, Choi JY, Lee HK, Jo C, Koh YH. Notch1-mediated in ammation is 
associated with endothelial dysfunction in human brain microvascular endothelial 
cells upon particulate matter exposure. Arch Toxicol. (2021) 95:529–40. doi: 10. 
1007/s00204-020-02942-9

66. Cui L, Liu Y, Hu Y, Dong J, Deng Q, Jiao B, et al. Shexiang tongxin dropping 
pill alleviates M1 macrophage polarization-induced in ammation and endothelial 
dysfunction to reduce coronary microvascular dysfunction via the Dectin-1/Syk/ 
IRF5 pathway. J Ethnopharmacol. (2023) 316:116742. doi: 10.1016/j.jep.2023.116742

67. Topal G, Loesch A, Dashwood MR. COVID-19—endothelial axis and coronary 
artery bypass graft patency: a target for therapeutic intervention? Braz J Cardiovasc 
Surg. (2020) 35:757–63. doi: 10.21470/1678-9741-2020-0303

68. Bloom SI, Liu Y, Tucker JR, Islam MT, Machin DR, Abdeahad H, et al. 
Endothelial cell telomere dysfunction induces senescence and results in vascular 
and metabolic impairments. Aging Cell. (2023) 22:e13875. doi: 10.1111/acel.13875

69. Wu Y, Wang Y, Gong S, Tang J, Zhang J, Li F, et al. Ruscogenin alleviates LPS- 
induced pulmonary endothelial cell apoptosis by suppressing TLR4 signaling. Biomed 
Pharmacother. (2020) 125:109868. doi: 10.1016/j.biopha.2020.109868

70. Sankrityayan H, Kale A, Gaikwad AB. Inhibition of endoplasmic reticulum 
stress combined with activation of angiotensin-converting enzyme 2: novel 
approach for the prevention of endothelial dysfunction in type 1 diabetic rats. Can 
J Physiol Pharmacol. (2022) 100:234–9. doi: 10.1139/cjpp-2021-0170

71. Abdelsalam S, Pasha M, El-Gamal H, Hasan M, Elrayess M, Zeidan A, et al. 
Protein tyrosine phosphatase 1B inhibition improves endoplasmic reticulum stress- 
impaired endothelial cell angiogenic response: a critical role for cell survival. Mol 
Med Rep. (2021) 24:665. doi: 10.3892/mmr.2021.12304

72. Millar JK, Salmon M, Nasser E, Malik S, Kolli P, Lu G, et al. Endothelial to 
mesenchymal transition in the interleukin-1 pathway during aortic aneurysm 
formation. J Thorac Cardiovasc Surg. (2024) 167:e146–58. doi: 10.1016/j.jtcvs.2023. 
11.010

73. Qin J-F, Li Y, Wang X-D, Tu S, Zhu X, Yin K. The loss of spinster homolog 2 
drives endothelial mesenchymal transition via SMS2-mediated disruption of 
sphingomyelin metabolism. Cell Mol Biol. (2025) 71:135–41. doi: 10.14715/cmb/ 
2025.70.1.15

74. Alvandi Z, Bischoff J. Endothelial-Mesenchymal transition in cardiovascular 
disease. Arterioscler Thromb Vasc Biol. (2021) 41:2357–69. doi: 10.1161/ 
ATVBAHA.121.313788

75. Wang E, Feng B, Chakrabarti S. MicroRNA 9 is a regulator of endothelial to 
mesenchymal transition in diabetic retinopathy. Invest Ophthalmol Vis Sci. (2023) 
64:13. doi: 10.1167/iovs.64.7.13

76. Byford AR, Fakonti G, Shao Z, Soni S, Earle SL, Bajarwan M, et al. Endothelial- 
to-mesenchymal transition in the fetoplacental macrovasculature and 
microvasculature in pregnancies complicated by gestational diabetes. J Physiol. 
(2025). doi: 10.1113/JP287931

77. Clere N, Renault S, Corre I. Endothelial-to-mesenchymal transition in cancer. 
Front Cell Dev Biol. (2020) 8:747. doi: 10.3389/fcell.2020.00747

78. Zhu X, Wang Y, Soaita I, Lee H-W, Bae H, Boutagy N, et al. Acetate controls 
endothelial-to-mesenchymal transition. Cell Metab. (2023) 35:1163–1178.e10. doi: 10. 
1016/j.cmet.2023.05.010

79. Volf N, Vuerich R, Colliva A, Volpe MC, Marengon M, Zentilin L, et al. 
Endothelial-to-mesenchymal transition enhances permissiveness to AAV vectors in 
cardiac endothelial cells. Mol Ther. (2024) 32:3808–14. doi: 10.1016/j.ymthe.2024. 
08.014

80. Ribatti D. Epithelial-endothelial transition and endothelial-mesenchymal 
transition. Int J Dev Biol. (2022) 66:311–6. doi: 10.1387/ijdb.210234dr

81. Oduro PK, Fang J, Niu L, Li Y, Li L, Zhao X, et al. Pharmacological 
management of vascular endothelial dysfunction in diabetes: tCM and western 
medicine compared based on biomarkers and biochemical parameters. Pharmacol 
Res. (2020) 158:104893. doi: 10.1016/j.phrs.2020.104893

82. An Y, Xu B-t, Wan S-r, Ma X-m, Long Y, Xu Y, et al. The role of oxidative stress 
in diabetes mellitus-induced vascular endothelial dysfunction. Cardiovasc Diabetol. 
(2023) 22:237. doi: 10.1186/s12933-023-01965-7

83. Li X, Zou J, Lin A, Chi J, Hao H, Chen H, et al. Oxidative stress, endothelial 
dysfunction, and N-acetylcysteine in type 2 diabetes Mellitus. Antioxid Redox 
Signal. (2024) 40:968–89. doi: 10.1089/ars.2023.0524

84. Takeda Y, Matoba K, Sekiguchi K, Nagai Y, Yokota T, Utsunomiya K, et al. 
Endothelial dysfunction in diabetes. Biomedicines. (2020) 8:182. doi: 10.3390/ 
biomedicines8070182

85. Li B, Yin J, Chang J, Zhang J, Wang Y, Huang H, et al. Apelin/APJ relieve 
diabetic cardiomyopathy by reducing microvascular dysfunction. J Endocrinol. 
(2021) 249:1–18. doi: 10.1530/JOE-20-0398

86. Shevchenko N, Tsiura O, Shlieienkova H, Panko N, Kvaratskheliya T. 
Comorbidity of type 1 diabetes mellitus with other chronic pathology in children. 
Georgian Med News. (2021) 312:78–82.

87. Kajikawa M, Higashi Y. Obesity and endothelial function. Biomedicines. (2022) 
10:1745. doi: 10.3390/biomedicines10071745

88. Reho JJ, Guo D-F, Beyer AM, Wegman-Points L, Pierce GL, Rahmouni K. 
Vascular effects of disrupting endothelial mTORC1 signaling in obesity. Am 
J Physiol Regul Integr Comp Physiol. (2021) 321:R228–37. doi: 10.1152/ajpregu. 
00113.2021

89. Mellott E, Faulkner JL. Mechanisms of leptin-induced endothelial dysfunction. 
Curr Opin Nephrol Hypertens. (2023) 32:118–23. doi: 10.1097/MNH. 
0000000000000867

90. Rokka S, Sadeghinejad M, Hudgins EC, Johnson EJ, Nguyen T, Fancher IS. 
Visceral adipose of obese mice inhibits endothelial inwardly rectifying K(+) 
channels in a CD36-dependent fashion. Am J Physiol Cell Physiol. (2024) 326: 
C1543–55. doi: 10.1152/ajpcell.00073.2024

91. Liu M, Wang P, Xie P, Xu X, He L, Chen X, et al. Expression of ICAM-1 and 
E-selectin in different metabolic obesity phenotypes: discrepancy for endothelial 
dysfunction. J Endocrinol Invest. (2023) 46:2379–89. doi: 10.1007/s40618-023- 
02094-4

92. Cheng F, Liu J, Guo Z, Li S, Chen J, Tu C, et al. Angiotensin-(1–7) ameliorates 
high glucose-induced vascular endothelial injury through suppressing chloride 
channel 3. Bioengineered. (2022) 13:4100–11. doi: 10.1080/21655979.2021.1997695

Wang et al.                                                                                                                                                             10.3389/fcvm.2026.1749548

Frontiers in Cardiovascular Medicine 20 frontiersin.org

https://doi.org/10.1038/ncomms11853
https://doi.org/10.1172/JCI82719
https://doi.org/10.1093/cvr/cvx253
https://doi.org/10.1038/nm1613
https://doi.org/10.1152/ajpregu.00289.2024
https://doi.org/10.3390/biom11070982
https://doi.org/10.3390/nu13072306
https://doi.org/10.1016/j.cca.2022.02.004
https://doi.org/10.1016/j.cca.2022.02.004
https://doi.org/10.1016/j.niox.2024.04.009
https://doi.org/10.4103/tcmj.tcmj_284_24
https://doi.org/10.1016/j.ijbiomac.2024.138367
https://doi.org/10.2174/0929866527666200427213722
https://doi.org/10.1016/j.biochi.2023.07.011
https://doi.org/10.1080/00207454.2020.1713776
https://doi.org/10.1021/jacs.4c01028
https://doi.org/10.1002/jms.4713
https://doi.org/10.31083/j.rcm2302073
https://doi.org/10.1016/j.yjmcc.2022.04.011
https://doi.org/10.1016/j.yjmcc.2022.04.011
https://doi.org/10.3390/antiox11101958
https://doi.org/10.3390/antiox11101958
https://doi.org/10.1007/s00204-020-02942-9
https://doi.org/10.1007/s00204-020-02942-9
https://doi.org/10.1016/j.jep.2023.116742
https://doi.org/10.21470/1678-9741-2020-0303
https://doi.org/10.1111/acel.13875
https://doi.org/10.1016/j.biopha.2020.109868
https://doi.org/10.1139/cjpp-2021-0170
https://doi.org/10.3892/mmr.2021.12304
https://doi.org/10.1016/j.jtcvs.2023.11.010
https://doi.org/10.1016/j.jtcvs.2023.11.010
https://doi.org/10.14715/cmb/2025.70.1.15
https://doi.org/10.14715/cmb/2025.70.1.15
https://doi.org/10.1161/ATVBAHA.121.313788
https://doi.org/10.1161/ATVBAHA.121.313788
https://doi.org/10.1167/iovs.64.7.13
https://doi.org/10.1113/JP287931
https://doi.org/10.3389/fcell.2020.00747
https://doi.org/10.1016/j.cmet.2023.05.010
https://doi.org/10.1016/j.cmet.2023.05.010
https://doi.org/10.1016/j.ymthe.2024.08.014
https://doi.org/10.1016/j.ymthe.2024.08.014
https://doi.org/10.1387/ijdb.210234dr
https://doi.org/10.1016/j.phrs.2020.104893
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1089/ars.2023.0524
https://doi.org/10.3390/biomedicines8070182
https://doi.org/10.3390/biomedicines8070182
https://doi.org/10.1530/JOE-20-0398
https://doi.org/10.3390/biomedicines10071745
https://doi.org/10.1152/ajpregu.00113.2021
https://doi.org/10.1152/ajpregu.00113.2021
https://doi.org/10.1097/MNH.0000000000000867
https://doi.org/10.1097/MNH.0000000000000867
https://doi.org/10.1152/ajpcell.00073.2024
https://doi.org/10.1007/s40618-023-02094-4
https://doi.org/10.1007/s40618-023-02094-4
https://doi.org/10.1080/21655979.2021.1997695
https://doi.org/10.3389/fcvm.2026.1749548


93. Zhang Y, Cao Y, Zhang X, Lin J, Jiang M, Zhang X, et al. Single-cell RNA 
sequencing uncovers pathological processes and crucial targets for vascular 
endothelial injury in diabetic hearts. Adv Sci. (2024) 11:e2405543. doi: 10.1002/ 
advs.202405543

94. Paulus WJ, Tschöpe C. A novel paradigm for heart failure with preserved 
ejection fraction: comorbidities drive myocardial dysfunction and remodeling 
through coronary microvascular endothelial in ammation. J Am Coll Cardiol. 
(2013) 62:263–71. doi: 10.1016/j.jacc.2013.02.092

95. Franssen C, Chen S, Unger A, Korkmaz HI, De Keulenaer GW, Tschöpe C, 
et al. Myocardial microvascular in ammatory endothelial activation in heart failure 
with preserved ejection fraction. JACC Heart Fail. (2016) 4:312–24. doi: 10.1016/j. 
jchf.2015.10.007

96. Cornuault L, Rouault P, Duplàa C, Couffinhal T, Renault M-A. Endothelial 
dysfunction in heart failure with preserved ejection fraction: what are the 
experimental proofs? Front Physiol. (2022) 13:906272. doi: 10.3389/fphys.2022.906272

97. Wang M, Li Y, Li S, Lv J. Endothelial dysfunction and diabetic cardiomyopathy. 
Front Endocrinol. (2022) 13:851941. doi: 10.3389/fendo.2022.851941

98. Tuleta I, Hanna A, Humeres C, Aguilan JT, Sidoli S, Zhu F, et al. Fibroblast- 
specific TGF-β signaling mediates cardiac dysfunction, fibrosis, and hypertrophy in 
obese diabetic mice. Cardiovasc Res. (2024) 120:2047–63. doi: 10.1093/cvr/cvae210

99. Shi J, Guan Y, Song H, Zhu L, Li J, Li Q, et al. Exploring heparin’s protective 
mechanism against AGEs induced endothelial injury. iScience. (2024) 27:111084. 
doi: 10.1016/j.isci.2024.111084

100. Kong H, Cen J, Yang X, Xu Z, Liang J, Xiong Q, et al. Research progress in the 
relationship between trimethylamine oxide and coronary heart disease. Altern Ther 
Health Med. (2024) 30:220–7.

101. Zhang H, Jing L, Zhai C, Xiang Q, Tian H, Hu H. Intestinal  ora metabolite 
trimethylamine oxide is inextricably linked to coronary heart disease. J Cardiovasc 
Pharmacol. (2023) 81:175–82. doi: 10.1097/FJC.0000000000001387

102. Huang B, Han X, Xie P, Chen S. Recurrent syncope due to ischemia with non- 
obstructive coronary artery disease: a case report. J Med Case Rep. (2024) 18:153. 
doi: 10.1186/s13256-023-04316-y

103. Vanreusel I, Segers VFM, Craenenbroeck EV, Berendoncks AV. Coronary 
microvascular dysfunction in patients with congenital heart disease. Curr Cardiol 
Rev. (2023) 19:e190123212886. doi: 10.2174/1573403X19666230119112634

104. Kleeberg A, Luft T, Golkowski D, Purrucker JC. Endothelial dysfunction in 
acute ischemic stroke: a review. J Neurol. (2025) 272:143. doi: 10.1007/s00415-025- 
12888-6

105. Zhang L, Yuan W, Kong X, Zhang B. Teneligliptin protects against ischemia/ 
reperfusion-induced endothelial permeability in vivo and in vitro. RSC Adv. (2020) 
10:3765–74. doi: 10.1039/C9RA08810E

106. Cottarelli A, Jamoul D, Tuohy MC, Shahriar S, Glendinning M, Prochilo G, 
et al. Rab7a is required to degrade select blood-brain barrier junctional proteins 
after ischemic stroke. bioRxiv. (2025) 13(1):203. doi: 10.1186/s40478-025-02125-6

107. Yang N, Chou HD, Wei MT, Shi LL, Duan JJ, Yin SQ, et al. Association 
between obstructive sleep apnea and vascular injury in hypertensive patients. 
Zhonghua Xin Xue Guan Bing Za Zhi. (2023) 51:1137–44. doi: 10.3760/cma.j. 
cn112148-20230721-00015

108. Cao W, Luo J, Hui X, Xiao Y, Huang R. The association between 
endothelial dysfunction and subclinical myocardial injury in male obstructive 
sleep apnoea patients. ERJ Open Res. (2025) 11:00691–2024. doi: 10.1183/ 
23120541.00691-2024

109. Vandercappellen EJ, Koster A, Savelberg HHCM, Eussen SJPM, Dagnelie PC, 
Schaper NC, et al. Sedentary behaviour and physical activity are associated with 
biomarkers of endothelial dysfunction and low-grade in ammation-relevance for 
(pre)diabetes: the Maastricht study. Diabetologia. (2022) 65:777–89. doi: 10.1007/ 
s00125-022-05651-3

110. Medina-Leyte DJ, Zepeda-García O, Domínguez-Pérez M, González-Garrido 
A, Villarreal-Molina T, Jacobo-Albavera L. Endothelial dysfunction, in ammation 
and coronary artery disease: potential biomarkers and promising therapeutical 
approaches. Int J Mol Sci. (2021) 22:3850. doi: 10.3390/ijms22083850

111. Ferrone M, Ciccarelli M, Varzideh F, Kansakar U, Guerra G, Cerasuolo FA, 
et al. Endothelial microRNAs in INOCA patients with diabetes mellitus. 
Cardiovasc Diabetol. (2024) 23:268. doi: 10.1186/s12933-024-02331-x

112. Ugusman A, Kumar J, Aminuddin A. Endothelial function and dysfunction: 
impact of sodium-glucose cotransporter 2 inhibitors. Pharmacol Ther. (2021) 
224:107832. doi: 10.1016/j.pharmthera.2021.107832

113. Ugalde MJ, Caballero A, Martín Fernández M, Tamayo E, de la Varga- 
Martínez O. Value of the biomarker soluble tyrosine kinase 1 type fms (sFLT-1) in 
the diagnosis and prognosis of sepsis: a systematic review. Med Clin. (2024) 
163:224–31. doi: 10.1016/j.medcli.2024.03.027

114. Singh S, Chaurasia S. Recent and evolving therapies in the management of 
endothelial diseases. Semin Ophthalmol. (2023) 38:207–15. doi: 10.1080/08820538. 
2022.2152717

115. Kataria Y, Remick D. Sepsis biomarkers. Methods Mol Biol. (2021) 
2321:177–89. doi: 10.1007/978-1-0716-1488-4_16

116. Forouzandeh A, Rutar A, Kalmady SV, Greiner R. Analyzing biomarker 
discovery: estimating the reproducibility of biomarker sets. PLoS One. (2022) 17: 
e0252697. doi: 10.1371/journal.pone.0252697

117. Tang S, Yuan K, Chen L. Molecular biomarkers, network biomarkers, and 
dynamic network biomarkers for diagnosis and prediction of rare diseases. 
Fundam Res. (2022) 2:894–902. doi: 10.1016/j.fmre.2022.07.011

118. Crane GM. Cancer biomarkers V: update on B-cell lymphoma biomarkers. 
Arch Pathol Lab Med. (2024) 148:e90–5. doi: 10.5858/arpa.2023-0056-RA

119. Kurtin SE, Henglefelt A, Mistry H. Biomarker jeopardy. J Adv Pract Oncol. 
(2022) 13:292–7. doi: 10.6004/jadpro.2022.13.3.22

120. Minhas AS, Goerlich E, Corretti MC, Arbab-Zadeh A, Kelle S, Leucker T, et al. 
Imaging assessment of endothelial function: an Index of cardiovascular health. Front 
Cardiovasc Med. (2022) 9:778762. doi: 10.3389/fcvm.2022.778762

121. de Jong EAM, Namba HF, Boerhout CKM, Feenstra RGT, Woudstra J, Vink CEM, 
et al. Assessment of coronary endothelial dysfunction using contemporary coronary 
function testing. Int J Cardiol. (2025) 418:132640. doi: 10.1016/j.ijcard.2024.132640

122. Ståhlberg M, Fischer K, Tahhan M, Zhao A, Fedorowski A, Runold M, et al. 
Post-Acute COVID-19 syndrome: prevalence of peripheral microvascular endothelial 
dysfunction and associations with NT-ProBNP dynamics. Am J Med. (2025) 
138:1019–28. doi: 10.1016/j.amjmed.2024.10.012

123. Jalnapurkar S, Landes S, Wei J, Mehta PK, Shufelt C, Minissian M, et al. Coronary 
endothelial dysfunction appears to be a manifestation of a systemic process: a report from 
the Women’s ischemia syndrome evaluation—coronary vascular dysfunction (WISE- 
CVD) study. PLoS One. (2021) 16:e0257184. doi: 10.1371/journal.pone.0257184

124. Motawe ZY, Farsaei F, Abdelmaboud SS, Cuevas J, Breslin JW. Sigma-1 
receptor activation-induced glycolytic ATP production and endothelial barrier 
enhancement. Microcirculation. (2020) 27:e12620. doi: 10.1111/micc.12620

125. Natarajan D, Ekambaram S, Tarantini S, Yelahanka Nagaraja R, Yabluchanskiy 
A, Hedrick AF, et al. Chronic β3 adrenergic agonist treatment improves brain 
microvascular endothelial function and cognition in aged mice. bioRxiv. (2024) 
13:2024.07.09.602747. doi: 10.1101/2024.07.09.602747

126. Tiwari A, Elgrably B, Saar G, Vandoorne K. Multi-scale imaging of vascular 
pathologies in cardiovascular disease. Front Med. (2021) 8:754369. doi: 10.3389/ 
fmed.2021.754369

127. Adamczyk A, Matuszyk E, Radwan B, Rocchetti S, Chlopicki S, Baranska M. 
Toward Raman subcellular imaging of endothelial dysfunction. J Med Chem. 
(2021) 64:4396–409. doi: 10.1021/acs.jmedchem.1c00051

128. Theodorakopoulou MP, Schoina M, Sarafidis P. Assessment of endothelial and 
microvascular function in CKD: older and newer techniques, associated risk factors, 
and relations with outcomes. Am J Nephrol. (2020) 51:931–49. doi: 10.1159/000512263

129. van der Heide FCT, van Sloten TT, Willekens N, Stehouwer CDA. 
Neurovascular coupling unit dysfunction and dementia: retinal measurements as 
tools to move towards population-based evidence. Front Endocrinol. (2022) 
13:1014287. doi: 10.3389/fendo.2022.1014287

130. Benincasa G, Coscioni E, Napoli C. Cardiovascular risk factors and molecular 
routes underlying endothelial dysfunction: novel opportunities for primary 
prevention. Biochem Pharmacol. (2022) 202:115108. doi: 10.1016/j.bcp.2022.115108

131. Gu Y-Y, Tan X-H, Song W-P, Song W-D, Yuan Y-M, Xin Z-C, et al. Icariside II 
attenuates palmitic acid-induced endothelial dysfunction through SRPK1-Akt-eNOS 
signaling pathway. Front Pharmacol. (2022) 13:920601. doi: 10.3389/fphar.2022.920601

132. Santos-Gomes J, Le Ribeuz H, Brás-Silva C, Antigny F, Adão R. Role of ion 
channel remodeling in endothelial dysfunction induced by pulmonary arterial 
hypertension. Biomolecules. (2022) 12:484. doi: 10.3390/biom12040484

133. Zhao Z, Zhao Y, Zhang Y, Shi W, Li X, Shyy JY-, et al. Gout-induced 
endothelial impairment: the role of SREBP2 transactivation of YAP. Faseb J. (2021) 
35:e21613. doi: 10.1096/fj.202100337R

134. Honda T, Inagawa H. Suppression of in ammatory cytokine genes expression in 
vascular endothelial cells by super-low dose lipopolysaccharide-activated macrophages. 
Anticancer Res. (2022) 42:4049–54. doi: 10.21873/anticanres.15901

135. Gehrs S, Jakab M, Gutjahr E, Gu Z, Weichenhan D, Mallm J-P, et al. The 
spatial zonation of the murine placental vasculature is specified by epigenetic 
mechanisms. Dev Cell. (2025) 60:1467–1482.e8. doi: 10.1016/j.devcel.2024.12.037

136. Safonova J, Kozhevnikova M, Danilogorskaya Y, Zheleznykh E, Zektser V, 
Ilgisonis I, et al. Angiotensin-converting enzyme inhibitor therapy effects in 
patients with heart failure with preserved and mid-range ejection fraction. Cardiol 
Res. (2021) 12:363–8. doi: 10.14740/cr1322

137. Segura A, Muriel J, Miró P, Agulló L, Arrarte V, Carracedo P, et al. Erectile 
dysfunction in cardiovascular patients: a prospective study of the eNOS gene 
T-786C, G894T, and INTRON variable number of the tandem repeat functional 
interaction. Andrology. (2025) 13:794–803. doi: 10.1111/andr.13671

138. Hou L, Zhang M, Liu L, Zhong Q, Xie M, Zhao G. Therapeutic applications of 
nanomedicine in metabolic diseases by targeting the endothelium. QJM. (2023) 
116:493–501. doi: 10.1093/qjmed/hcac210

139. Huang Y, Song C, He J, Li M. Research progress in endothelial cell injury and 
repair. Front Pharmacol. (2022) 13:997272. doi: 10.3389/fphar.2022.997272

Wang et al.                                                                                                                                                             10.3389/fcvm.2026.1749548

Frontiers in Cardiovascular Medicine 21 frontiersin.org

https://doi.org/10.1002/advs.202405543
https://doi.org/10.1002/advs.202405543
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1016/j.jchf.2015.10.007
https://doi.org/10.1016/j.jchf.2015.10.007
https://doi.org/10.3389/fphys.2022.906272
https://doi.org/10.3389/fendo.2022.851941
https://doi.org/10.1093/cvr/cvae210
https://doi.org/10.1016/j.isci.2024.111084
https://doi.org/10.1097/FJC.0000000000001387
https://doi.org/10.1186/s13256-023-04316-y
https://doi.org/10.2174/1573403X19666230119112634
https://doi.org/10.1007/s00415-025-12888-6
https://doi.org/10.1007/s00415-025-12888-6
https://doi.org/10.1039/C9RA08810E
https://doi.org/10.1186/s40478-025-02125-6
https://doi.org/10.3760/cma.j.cn112148-20230721-00015
https://doi.org/10.3760/cma.j.cn112148-20230721-00015
https://doi.org/10.1183/23120541.00691-2024
https://doi.org/10.1183/23120541.00691-2024
https://doi.org/10.1007/s00125-022-05651-3
https://doi.org/10.1007/s00125-022-05651-3
https://doi.org/10.3390/ijms22083850
https://doi.org/10.1186/s12933-024-02331-x
https://doi.org/10.1016/j.pharmthera.2021.107832
https://doi.org/10.1016/j.medcli.2024.03.027
https://doi.org/10.1080/08820538.2022.2152717
https://doi.org/10.1080/08820538.2022.2152717
https://doi.org/10.1007/978-1-0716-1488-4_16
https://doi.org/10.1371/journal.pone.0252697
https://doi.org/10.1016/j.fmre.2022.07.011
https://doi.org/10.5858/arpa.2023-0056-RA
https://doi.org/10.6004/jadpro.2022.13.3.22
https://doi.org/10.3389/fcvm.2022.778762
https://doi.org/10.1016/j.ijcard.2024.132640
https://doi.org/10.1016/j.amjmed.2024.10.012
https://doi.org/10.1371/journal.pone.0257184
https://doi.org/10.1111/micc.12620
https://doi.org/10.1101/2024.07.09.602747
https://doi.org/10.3389/fmed.2021.754369
https://doi.org/10.3389/fmed.2021.754369
https://doi.org/10.1021/acs.jmedchem.1c00051
https://doi.org/10.1159/000512263
https://doi.org/10.3389/fendo.2022.1014287
https://doi.org/10.1016/j.bcp.2022.115108
https://doi.org/10.3389/fphar.2022.920601
https://doi.org/10.3390/biom12040484
https://doi.org/10.1096/fj.202100337R
https://doi.org/10.21873/anticanres.15901
https://doi.org/10.1016/j.devcel.2024.12.037
https://doi.org/10.14740/cr1322
https://doi.org/10.1111/andr.13671
https://doi.org/10.1093/qjmed/hcac210
https://doi.org/10.3389/fphar.2022.997272
https://doi.org/10.3389/fcvm.2026.1749548


140. Cheng YC, Hung IL, Liao YN, Hu WL, Hung YC. Salvia miltiorrhiza protects 
endothelial dysfunction against mitochondrial oxidative stress. Life. (2021) 11:1257. 
doi: 10.3390/life11111257

141. Yang X, Li X, Luo M, Li C, Huang L, Li X, et al. Tubeimoside I improves 
endothelial function in sepsis via activation of SIRT3. Lab Invest. (2021) 
101:897–907. doi: 10.1038/s41374-021-00580-y

142. Wang L, Zhu R, He C, Li H, Zhang Q, Cheung YM, et al. Licorice extract 
isoliquiritigenin protects endothelial function in type 2 diabetic mice. Nutrients. 
(2024) 16:3160. doi: 10.3390/nu16183160

143. Piao S, Lee I, Jin S-A, Kim S, Nagar H, Choi S-j, et al. SIRT1 activation 
attenuates the cardiac dysfunction induced by endothelial cell-specific deletion of 
CRIF1. Biomedicines. (2021) 9:52. doi: 10.3390/biomedicines9010052

144. Wang X, He B. Endothelial dysfunction: molecular mechanisms and clinical 
implications. MedComm (2020). (2024) 5:e651. doi: 10.1002/mco2.651

145. Davis CL, Lorig K. Lifestyle interventions for obesity. JAMA. (2024) 332:1488. 
doi: 10.1001/jama.2024.17533

146. Kim EJ, Nho JH. Lifestyle interventions for adults with infertility. J Lifestyle 
Med. (2022) 12:69–71. doi: 10.15280/jlm.2022.12.2.69

147. Higashi Y. Smoking cessation and vascular endothelial function. Hypertens 
Res. (2023) 46:2670–8. doi: 10.1038/s41440-023-01455-z

148. Salzberg L. Risk factors and lifestyle interventions. Prim Care. (2022) 
49:201–12. doi: 10.1016/j.pop.2021.11.001

149. Rutters F, den Braver NR, Lakerveld J, Mackenbach JD, van der Ploeg HP, 
Griffin S, et al. Lifestyle interventions for cardiometabolic health. Nat Med. (2024) 
30:3455–67. doi: 10.1038/s41591-024-03373-0

150. Losso JN. The potential of dietary bioactive compounds against SARS-CoV-2 
and COVID-19-induced endothelial dysfunction. Molecules. (2022) 27:1623. doi: 10. 
3390/molecules27051623

151. Camarda ND, Lu Q, Meola DM, Man JJ, Song Z, Travers RJ, et al. 
Identifying mitigating strategies for endothelial cell dysfunction and hypertension 
in response to VEGF receptor inhibitors. Clin Sci. (2024) 138:1131–50. doi: 10. 
1042/CS20240537

Wang et al.                                                                                                                                                             10.3389/fcvm.2026.1749548

Frontiers in Cardiovascular Medicine 22 frontiersin.org

https://doi.org/10.3390/life11111257
https://doi.org/10.1038/s41374-021-00580-y
https://doi.org/10.3390/nu16183160
https://doi.org/10.3390/biomedicines9010052
https://doi.org/10.1002/mco2.651
https://doi.org/10.1001/jama.2024.17533
https://doi.org/10.15280/jlm.2022.12.2.69
https://doi.org/10.1038/s41440-023-01455-z
https://doi.org/10.1016/j.pop.2021.11.001
https://doi.org/10.1038/s41591-024-03373-0
https://doi.org/10.3390/molecules27051623
https://doi.org/10.3390/molecules27051623
https://doi.org/10.1042/CS20240537
https://doi.org/10.1042/CS20240537
https://doi.org/10.3389/fcvm.2026.1749548

	Pathological mechanisms and clinical research progress of endothelial dysfunction
	Introduction
	Main body
	Definition and pathological criteria of ED
	Traditional definition: diminished vascular relaxation function and pro-inflammatory, pro-coagulation state
	Expanded definition: mechanical signal transduction impairment and EndMT
	In vivo and in vitro models and their contributions to the definition of ED

	Molecular mechanisms of ED
	Integrative molecular cascades and cross-talk among NO-ROS, inflammation, and EndMT
	Mechanisms of reduced NO bioavailability
	Oxidative stress and protein tyrosine nitration
	Inflammation-mediated endothelial activation
	Endoplasmic reticulum stress and endothelial cell apoptosis
	Pathological significance of EndMT

	The association between ED and metabolic diseases
	Mechanisms of ED in diabetes
	The impact of obesity and adipokines on endothelial function
	Endothelial injury in diabetes-related microvascular complications

	Clinical manifestations and risk prediction of ED in cardiovascular diseases
	Coronary artery disease (CAD) and ischemia with non-obstructive coronary arteries (INOCA)
	ED in acute ischemic stroke
	Endothelial injury and myocardial injury in patients with obstructive sleep apnea

	Research progress on biomarkers of ED
	Traditional biomarkers
	Emerging biomarkers
	Limitations and future directions of clinical applications of biomarkers

	Diagnosis methods and technological advances in ED
	Functional testing techniques
	Imaging techniques
	Molecular biology and gene expression analysis

	Treatment strategies and future perspectives for ED
	Traditional drug therapy
	Emerging therapeutic approaches
	Lifestyle interventions and non-pharmacological treatment
	Future research directions


	Conclusions
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


