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Значення оцінювання біомаркерів ендотеліальної дисфункції  
у веденні пацієнтів з артеріальною гіпертензією

Є. В. Сідь, Т. П. Сіталенко, О. В. Соловйов

Мета роботи – проаналізувати значення оцінювання біомаркерів ендотеліальної дисфункції у веденні пацієнтів з артері-
альною гіпертензією.
Матеріали і методи. За допомогою пошуку в наукометричних базах PubMed, Scopus і Web of Science проведено ретро-
спективний аналіз наукових публікацій з обраної тематики за 2020–2025 рр. Для виявлення джерел, що висвітлюють 
значення біомаркерів ендотеліальної дисфункції у веденні пацієнтів з артеріальною гіпертензією, використовували різні 
комбінації ключових слів: «hypertension», «endothelial dysfunction», «biomarker», «hypertensive crisis», «hypertensive urgency», 
«hypertensive emergency», «cardiovascular diseases». До аналізу включено найбільш релевантні публікації, відібрані за 
датою виходу, авторитетністю видання та рівнем цитування. Фундаментальні праці, опубліковані до 2020 року, вибірково 
включено, коли не було еквівалентних сучасних доказових джерел, щоб забезпечити належний історичний контекст для 
патофізіологічних процесів, які аналізували. Після ознайомлення з анотаціями та повними текстами для детального аналізу 
відібрано 51 статтю.
Результати. Сучасні дослідження виходять за межі традиційного сприйняття ендотелію як простого бар’єра. За сучасними 
уявленнями, ендотелій – це активний регулятор судинного тонусу, запалення та гемостазу. Ендотеліальна дисфункція 
(ЕД) є ранньою та ключовою ланкою у розвитку та прогресуванні артеріальної гіпертензії та її ускладнень. ЕД формується 
задовго до появи клінічних ознак і підтримується «хибним колом» взаємодії з підвищеним тиском. Біомаркери ЕД (оксид 
азоту, ендотелін-1, асиметричний диметиларгінін, фактор фон Віллебранда, розчинні молекули адгезії, ендотеліальні 
мікрочастинки, циркулюючі ендотеліальні клітини) характеризують ступінь пошкодження та активації ендотелію, можуть 
допомагати у прогнозуванні ускладнень гіпертензивного кризу та моніторингу лікування. Основні обмеження – відсутність 
стандартизації методів, низька специфічність окремих маркерів, швидкий метаболізм, висока вартість та обмежена доступ-
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Aim. To analyze the significance of endothelial dysfunction biomarker assessment in the management of patients with arterial 
hypertension.
Materials and methods. A systematic review of scientific literature on the stated topic was conducted using the scientometric 
databases PubMed, Scopus, and Web of Science for the period 2020–2025. To identify sources addressing the significance of 
biomarkers of endothelial dysfunction in the management of patients with arterial hypertension, various combinations of the fol-
lowing keywords were used: “hypertension”, “endothelial dysfunction”, “biomarker”, “hypertensive crisis”, “hypertensive urgency”, 
“hypertensive emergency”, and “cardiovascular diseases”. The most relevant were selected on the basis of publication date, journal 
reputation, and citation count. Foundational works published prior to 2020 were selectively included where no equivalent contem-
porary evidence was available, in order to provide essential mechanistic and historical context for the discussed pathophysiological 
processes. After reviewing abstracts and full texts, 51 articles were selected for in-depth analysis.
Results. Modern research has moved beyond the traditional perception of the endothelium as a simple barrier. Current understanding 
recognizes the endothelium as an active regulator of vascular tone, inflammation, and hemostasis, with endothelial dysfunction 
(ED) serving as an early and pivotal factor in the development and progression of arterial hypertension and its complications. ED 
develops long before clinical symptoms appear and is maintained by a vicious cycle of interaction with elevated blood pressure. 
Biomarkers of ED, such as nitric oxide, endothelin-1, asymmetric dimethylarginine, von Willebrand factor, soluble adhesion mole-
cules, endothelial microparticles, and circulating endothelial cells, reflect the degree of endothelial injury and activation. They may 
assist in predicting complications of hypertensive crisis and in monitoring treatment efficacy. The main limitations include the lack 
of standardized measurement methods, low specificity of certain markers, rapid metabolism, high cost, and limited availability. 
Despite these challenges, early identification of ED biomarkers has the potential to improve risk stratification, detect subclinical 
target organ damage, and enable timely intervention in hypertensive crisis.
Conclusions. Endothelial dysfunction is a key mechanism in the progression of hypertensive crisis and target organ damage. Its 
biomarkers help assess the risk of cardiovascular events and monitor treatment effectiveness; however, their widespread use is 
limited by low specificity and rapid metabolism, necessitating further research.
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ність. Незважаючи на це, раннє визначення біомаркерів ЕД має потенціал для покращення стратифікації ризику, виявлення 
субклінічного ураження органів-мішеней і своєчасного втручання при гіпертензивному кризі.
Висновки. Ендотеліальна дисфункція є ключовим механізмом прогресування гіпертензивного кризу та ураження органів-мі-
шеней. Її біомаркери допомагають оцінювати ризик серцево-судинних подій і контролювати ефективність лікування, проте 
їх широке застосування обмежують низька специфічність і швидкий метаболізм, що потребує подальших досліджень.

Arterial hypertension (AH) is a chronic disease character-
ized by elevated blood pressure. It is a major modifiable risk 
factor for cardiovascular diseases and remains a significant 
global contributor to morbidity and mortality. Hypertension 
represents a considerable public health burden both globally 
and in Ukraine, underscoring the critical need for advanced 
prognostic tools to guide disease management [1,2].

The development of endothelial dysfunction (ED) is a 
key pathophysiological process underlying the onset and 
progression of numerous disorders, particularly cardio-
vascular diseases. This ubiquity highlights the universal, 
albeit nonspecific, nature of ED in the pathogenesis of 
many diseases and pathological conditions. Impaired bio-
availability of nitric oxide (NO) is considered the principal 
manifestation of ED and is central to understanding its 
underlying mechanisms [3,4].

ED plays a pivotal role in the pathogenesis and progres-
sion of hypertension and its cardiovascular complications. It 
frequently precedes the clinical manifestation of AH, making 
it a critical target for early diagnosis and intervention. ED 
is associated with a reduction in NO bioavailability, which 
impairs endothelial vasodilatory function and promotes 
vasoconstriction. This creates a pro-hypertensive environ-
ment marked by increased vascular resistance, activation 
of inflammatory pathways, and subsequent vascular 
remodeling. Identifying biomarkers of ED may support 
personalized prevention strategies for hypertension and 
its complications [5,6].

A common complication of AH is a hypertensive crisis 
(HC), characterized by a sudden and significant increase 
in blood pressure. HC is classified into two distinct clinical 
entities: hypertensive urgency, defined as a severe elevation 
of blood pressure without evidence of acute target organ 
damage, and hypertensive emergency, which involves 
acute damage to target organs. These two clinical scenarios 
require fundamentally different approaches to emergency 
management and ongoing care [7,8].

In the context of hypertensive urgency, the acute ele-
vation of blood pressure induces substantial mechanical 
stress on the vascular walls. This stress directly injures the 
endothelium and triggers a pro-inflammatory response, 
leading to ED. The ensuing cascade includes increased 
vascular permeability, platelet activation, and heightened 
coagulation, culminating in fibrin deposition and reduced 
tissue perfusion in target organs. This hypoperfusion ul-
timately leads to tissue and organ ischemia – a hallmark 
of hypertensive emergency. Although biomarkers of ED 
are well-studied, their clinical role in the management of 
hypertensive patients, particularly during HC, remains a 
matter of ongoing debate [9,10].

Aim
To analyze the significance of endothelial dysfunction bio
marker assessment in the management of patients with 
arterial hypertension.

Materials and methods
A systematic review of scientific literature related to the stat-
ed topic was conducted using the scientometric databases 
PubMed, Scopus, and Web of Science, primarily covering 
the period from 2020 to 2025. During the search for available 
studies concerning the significance of assessing biomarkers 
of ED in the management of patients with AH, various com-
binations of the following keywords were used: “hyperten-
sion”, “endothelial dysfunction”, “biomarker”, “hypertensive 
crisis”, “hypertensive urgency”, “hypertensive emergency”, 
and “cardiovascular diseases”. The most relevant sources 
addressing the research question were selected for anal-
ysis. The main selection criteria included publication date, 
journal authority, and citation count. Foundational works 
published prior to 2020 were selectively included where no 
equivalent contemporary evidence was available, in order 
to provide essential mechanistic and historical context for 
the discussed pathophysiological processes. After reviewing 
abstracts and full texts, a total of 51 scientific articles were 
selected for in-depth analysis.

Results
Modern research has moved beyond the traditional per-
ception of the endothelium as a mere barrier. According to 
current understanding, the endothelium is recognized as an 
independent, dynamically active endocrine, paracrine, and 
autocrine organ. It weighs approximately 1 kg and has a 
total surface area of about 4000–7000 m2, lining the entire 
vascular system. This updated view of endothelial function 
implies that ED is not simply a localized injury but a disrup-
tion of the functions of a vital, systemically regulatory organ. 
This perspective explains why biomarkers of ED are critical 
for evaluating a patient’s overall health status, assessing 
disease risk, and predicting complications [11,12].

Moreover, scientific evidence indicates that ED can 
develop in the early stages of various pathological pro-
cesses, even before the appearance of clinical or morpho-
logical signs of disease. For instance, ED can begin within 
hours following surgery or the onset of an acute condition. 
Endothelial impairment also precedes clinical and morpho-
logical manifestations of diseases such as atherosclerosis 
(Fig. 1). These facts emphasize that ED is not merely a 
consequence but an early and fundamental event that 
actively contributes to the development and progression 
of conditions like atherosclerosis and arterial hypertension. 
This underscores the importance of early diagnosis of ED 
using biomarkers, particularly in preventive medicine and 
timely therapeutic intervention [13,14,15].

The relationship between ED and AH is complex and 
bidirectional, forming a self-perpetuating vicious cycle. El-
evated blood pressure induces vascular wall changes and 
inflammation, which in turn exacerbate ED. This worsening 
of endothelial function further contributes to increased 
arterial pressure. Such an understanding goes beyond 
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a simplified linear cause-and-effect model. It implies that 
effective management of AH requires a multifaceted ap-
proach, one that not only controls blood pressure but also 
actively targets the elimination or reversal of ED in order 
to break this pathological cycle. Clinically, this suggests 
that early interventions aimed at preserving or restoring 
endothelial function may represent a crucial strategy for 
preventing the progression of AH and the development of 
its complications [16,17].

A healthy endothelium acts as a central regulator of 
homeostasis and blood pressure control, fulfilling essential 
antioxidant, anti-inflammatory, and antithrombotic functions. 
Several key pathophysiological mechanisms underlie the 
development of ED and are associated with either increased 
or decreased levels of specific biomarkers [18,19].

Imbalance of vasoactive molecules. One of the hallmark 
features of ED is the altered synthesis or bioavailability of 
vasoactive substances. This includes a reduction in vaso-
dilators such as NO, alongside an increase in vasoconstric-
tors such as endothelin-1. NO, synthesized by endothelial 
NO-synthase (eNOS) from L-arginine, induces vasodilation, 
inhibits vascular smooth muscle cell proliferation, and 
prevents platelet and leukocyte adhesion, thereby exerting 
anti-atherosclerotic effects [20,21].

Inflammation and oxidative stress. Chronic inflamma-
tion and oxidative stress are closely interconnected mecha-
nisms that play a central role in the development of both ED 
and AH. Current evidence shows that inflammatory media-
tors, including interleukin-6 and C-reactive protein, reduce 
the production or bioavailability of NO, directly contributing 

to ED. Additionally, vasoactive agents such as angiotensin 
and the mineralocorticoid aldosterone induce inflammation 
and generate reactive oxygen species, further exacerbating 
ED and promoting the progression of AH [22,23].

Vascular remodeling and arterial stiffness. ED signifi-
cantly contributes to the structural and functional changes 
observed in the resistance arteries. These changes include 
increased peripheral vascular resistance, vascular remod-
eling, and arterial stiffness. Vascular remodeling involves 
degradation of the extracellular matrix, which is mediated 
by an imbalance between matrix metalloproteinase activity 
and their tissue inhibitors (TIMPs) [24,25].

Endothelial activation. In the setting of AH, endothelial 
cells become activated, leading to increased expression 
of specific adhesion molecules on their surface. These 
molecules are key mediators in leukocyte recruitment to 
the vascular endothelium, a fundamental step in the early 
stages of atherosclerosis. The most studied adhesion mol-
ecules include E-selectin (endothelial-leukocyte adhesion 
molecule-1), P-selectin, intercellular adhesion molecule-1 
(ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1). 
Upregulation of adhesion molecules (ICAM-1, VCAM-1, 
E-selectin) on the endothelial surface promotes increased 
vascular permeability, facilitating inflammatory responses 
and creating a prothrombotic state [26,27].

Platelet activation and coagulation cascade. A healthy 
endothelium possesses antithrombotic properties, actively 
modulating the coagulation cascade and preventing unwant-
ed thrombus formation. In contrast, ED shifts the hemostatic 
balance toward a prothrombotic state, promoting platelet 
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aggregation and activating the coagulation cascade, which 
may contribute to thrombosis [28,29].

There is a direct link between acute mechanical stress 
caused by elevated blood pressure, endothelial injury, and 
subsequent target organ damage. ED is not merely a pas-
sive consequence of AH; it acts as an active participant, and 
potentially a key driver, of target organ damage during the 
development of a HC. Therefore, biomarkers that accurately 
reflect the severity of ED could be valuable for risk stratifi-
cation of complications, including impending target organ 
injury, even before overt clinical symptoms appear [30,31].

Biomarkers of endothelial dysfunction can be broadly 
classified into two main categories: circulating soluble 
biomarkers and cellular ones. These indicators may hold 
significant potential for improving risk stratification in patients 
with uncomplicated HC. They provide insight into the under-
lying pathophysiological processes occurring at the vascular 
wall level during acute blood pressure elevations. Below, we 
outline key biomarkers of ED that may be clinically useful 
in patients with AH during a HC [32,33].

Nitric oxide is a key endothelium-derived relaxing factor 
that plays a central role in maintaining vascular tone and 
homeostasis. Reduced NO bioavailability is a hallmark 
mechanism of ED. However, as NO is an unstable molecule 
with a short half-life in plasma, its direct measurement in 
clinical practice is challenging. Therefore, the assessment of 
endogenous NO production typically relies on the measure-
ment of its stable metabolites, nitrates and nitrites [34,35].

Endothelin-1 (ET-1) is one of the most potent vasocon-
strictor peptides and plays a crucial role in vascular tone 
regulation, vascular remodeling, and the pathogenesis 
of both ED and AH. ET-1 production by endothelial cells 
increases during HC, promoting vasoconstriction, inflam-
mation, and oxidative stress. Studies have demonstrated 
significantly elevated serum levels of ET-1 in hypertensive 
patients compared to normotensive individuals. However, 
despite its well-established pathophysiological role, ET-1 
is not always a reliable circulating biomarker for assessing 
ED during HC. This limitation is attributed to its very short 
plasma half-life and the fact that ET-1 secretion by endothe-
lial cells is predominantly directed toward adjacent vascular 
smooth muscle cells. Therefore, the utility of ET-1 as a 
biomarker for ED in HC requires further clarification [36,37].

Asymmetric dimethylarginine (ADMA) is an endogenous 
competitive inhibitor of NOS, the enzyme responsible for NO 
production. Elevated plasma levels of ADMA are associated 
with decreased NO synthesis and the development of ED. 
ADMA is generated through methylation of arginine residues 
followed by proteolysis and is primarily eliminated through 
degradation by the enzyme dimethylarginine dimethylami-
nohydrolase (DDAH). High ADMA concentrations have 
been closely linked to various cardiovascular and metabolic 
disorders, including AH and hypercholesterolemia. ADMA 
is currently recognized as a strong independent predictor 
of mortality and future cardiovascular events. However, 
despite its prognostic value, current laboratory methods 
for ADMA determination are not yet standardized for 
routine clinical use, which presents certain challenges for 
researchers [38,39].

Von Willebrand factor (vWF) is a large multimeric gly-
coprotein synthesized by endothelial cells and megakary-
ocytes. It plays a central role in hemostasis by mediating 

platelet adhesion and aggregation. Elevated levels of vWF 
are widely recognized as a biomarker of endothelial injury 
and dysfunction, commonly observed in patients with AH 
and other cardiovascular diseases such as coronary 
artery disease. From a prognostic perspective, vWF is 
an independent predictor of cardiovascular events in AH 
patients [40].

Soluble cell adhesion molecules (sCAMs), including 
soluble forms of ICAM-1 (sICAM-1), vascular cell adhe-
sion molecule-1 (sVCAM-1), and E-selectin, are proteins 
released into the bloodstream from the surface of activated 
or damaged endothelial cells. These molecules serve as 
important biomarkers of processes involving endothelial 
activation or injury. Elevated levels of sCAMs have been 
observed in various inflammatory conditions, cardiovas-
cular diseases, and AH. For example, increased levels of 
VCAM-1 and ICAM-1 have been detected in AH patients 
compared to normotensive individuals. These adhesion 
molecules play a critical role in recruiting inflammatory 
cells to the vascular endothelium, which is a key step in 
the development of vascular inflammation. Measurement 
of sCAMs can reflect ongoing endothelial activation and 
damage, providing valuable information for risk assessment 
and potential therapeutic monitoring [41,42].

Endothelial microparticles (EMPs) are small membrane 
vesicles ranging in size from 0.2 μm to 2.0 µm, shed from 
the surface of endothelial cells in response to cellular ac-
tivation, injury, or apoptosis. In healthy individuals, EMPs 
circulate at low levels, reflecting normal endothelial cell 
turnover. However, their concentrations increase markedly 
in various cardiovascular diseases, including AH and hyper-
cholesterolemia, and correlate with the degree of ED. This 
highlights their potential use as quantitative biomarkers of 
ED. Despite their promise, the clinical application of EMPs 
remains limited. Their measurement is technically chal-
lenging due to their small size, heterogeneous nature, and 
the need for specialized sample processing, making their 
use largely confined to research settings and specialized 
laboratories [43,44].

Circulating endothelial cells (CECs) are mature en-
dothelial cells rarely found in the blood of healthy individu-
als, but their numbers rise significantly in a wide range of 
pathological conditions, including inflammatory, immune, 
infectious, neoplastic, and cardiovascular diseases, indicat-
ing profound vascular injury. This supports their potential as 
novel biomarkers of vascular damage. However, progress 
in their clinical application is hindered by the variability of 
detection methodologies, which may lead to inconsistent 
or conflicting results. Nonetheless, CECs and endothelial 
progenitor cells (EPCs) continue to show biological potential 
in assessing the balance between endothelial damage and 
regenerative capacity [45,46].

Discussion
Currently, biomarkers of ED are known to possess sub-
stantial prognostic value in the management of patients 
with AH. In a study by B. J. H. van den Born et al., it was 
demonstrated that HC induces a prothrombotic state 
characterized by ED, platelet activation, and increased 
thrombin generation. The researchers concluded that 
these alterations may contribute to an elevated risk of 
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complications during HC. However, the question re-
mains as to which specific biomarkers may be useful in 
predicting complications in cases of uncomplicated HC, 
and whether they can reliably improve short-term risk 
stratification. The ability of ED biomarkers to predict acute 
complications in HC within a short time frame remains 
unclear [47,48].

ED biomarkers also show promise as tools for mon-
itoring treatment efficacy in patients with AH. Changes in 
their levels may reflect a patient’s therapeutic response 
and provide valuable information for adjusting treatment 
strategies [49,50]. For instance, in a study by I. M. Fushtey 
et al., successful treatment of AH patients was associated 
with a decrease in ET-1 levels and a rise in NO3 + NO2 
concentrations [50].

However, several limitations and challenges hinder the 
routine clinical application of ED biomarkers in AH patients. 
These include: lack of standardized measurement protocols, 
such as for ADMA, which may result in inter-laboratory var-
iability; methodological variability in quantifying biomarkers 
like CECs and EMPs, often leading to conflicting results and 
limiting broad clinical utility; lack of specificity, as inflamma-
tory markers such as interleukin-6 and C-reactive protein 
can be elevated in a wide range of conditions, reducing 
their predictive accuracy in uncomplicated hypertensive 
crises; rapid clearance, as seen with ET-1, which has a 
short plasma half-life and primarily local secretion, limiting 
its usefulness as a systemic biomarker; high cost and lim-
ited availability of certain advanced biomarkers, which may 
hinder their implementation in routine clinical practice [51].

Thus, biomarkers of ED hold promising potential for 
precise risk stratification of complications in patients with ar-
terial hypertension during the development of a hypertensive 
crisis. They may also play a critical role in the early detection 
of target organ damage even at the subclinical stage, before 
overt clinical symptoms emerge. This is essential for timely 
referral to inpatient care and the initiation of interventions 
that may prevent progression to irreversible organ injury.

Beyond prognostication, ED biomarkers may serve as 
valuable tools for optimizing and personalizing treatment 
strategies in AH patients, ultimately contributing to improved 
clinical outcomes and more targeted therapeutic approaches.

Conclusions
1. Endothelial dysfunction is a key pathophysiological 

mechanism underlying the progression of hypertensive 
crisis from uncomplicated to complicated forms, contributing 
to target organ damage.

2. Biomarkers of endothelial dysfunction have prog-
nostic value, enabling more accurate risk stratification 
for future cardiovascular events. In addition, they may 
serve as tools for monitoring treatment efficacy and indi-
vidualizing therapeutic strategies in patients with arterial 
hypertension.

3. The broad clinical implementation of endothelial 
dysfunction biomarkers faces challenges, including the 
nonspecificity of some markers and their rapid metabolism, 
underscoring the need for further prospective studies to 
determine their clinical utility.

Prospects for further research. Despite the promising 
potential of ED biomarkers, there remain significant chal-

lenges in their integration into clinical practice. Although 
substantial progress has been made, issues related to the 
specificity and sensitivity of ED biomarkers persist. Future 
research should focus on the development and validation of 
standardized, reliable, and accessible assays, as well as the 
investigation of biomarker panels that can provide a more 
comprehensive understanding of the underlying patho-
physiological processes in patients with AH, particularly 
during HC. The implementation of ED biomarkers in routine 
clinical practice holds the potential to significantly improve 
outcomes in patients with HC by enabling more accurate 
complication prediction and facilitating more effective and 
individualized AH management.
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