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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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3HaueHHsA oUiHIOBaHHA biomapkepiB eHAOTeAiaAbHOI AUCHYHKLi
y BeACHHi NaujieHTiB 3 apTepianbHOIO rinepTeHsieto

€. B. Ciab, T. . CitaneHko, 0. B. ConoBiioB

Merta po6oTu - npoaHanisyBaTit 3Ha4yeHHs OLjiHIOBaHHS BiomapkepiB eHaoTenianbHOT ANCHYHKLUIT y BeaeHHi nauieHTiB 3 apTepi-
anbHOIO riNepTeH3ieto.

Marepiaau i metoau. 3a JONOMOroH0 MOLLYKY B HaykomeTpuuHux Basax PubMed, Scopus i Web of Science npoBeaeHo peTpo-
CMEKTVUBHWUIA aHani3 HaykoBux nybnikaLiit 3 obpaHoi Tematuku 3a 2020-2025 pp. Ans BUSIBNEHHS [Kepen, LU0 BUCBITIIIONTbL
3HaueHHs1 BiomapkepiB eHgoTenianbHoi AMCHYHKLUIT y BeAeHHI NaLieHTiB 3 apTepianbHOI rinepTeH3ier0, BUKOPUCTOBYBaAmNM PisHi
kom6iHaLii krtoqoBwx cnie: «hypertensiony, «endothelial dysfunctiony, «biomarkery, «hypertensive crisis», «hypertensive urgency»,
«hypertensive emergency», «cardiovascular diseases». [lo aHanisy BkrO4eHO HanbinbLL penesaHTHI nybnikauii, BigibpaHi 3a
[1aToK BUXOAY, aBTOPUTETHICTIO BUAAHHS Ta piBHEM UUTYBaHHS. PyHaaMeHTanbHi npalli, onybnikosaHi 4o 2020 poky, BUOipkoBO
BKIKOYEHO, KOMM He Byno exBiBaNEHTHNX Cy4aCHUX SOKa30BUX [xepern, Wob 3abe3neunti HanexHin iCTOPUYHINIA KOHTEKCT ANnst
natodisionoriyHnx NpoLeciB, ki aHanidysany. Iicns 03HaoMneHHs 3 aHOTaLisIMW Ta NOBHUMM TEKCTaMM A4St AETaNbHOro aHanisy
BifibpaHo 51 ctatTio.

Pesynbratn. CyyacHi BoCnimKeHHs BUXOAATb 3a MexXi TpaguULIIiHOrO CNpUHATTS eHAoTeNito sik npocToro Bap’epa. 3a cysacHmu
YABMEHHAMMW, eHOOTENIN — Lie aKTUBHWA PErynsaTop CyAMHHOrO TOHYCY, 3ananeHHs Ta remocTasy. EHpoTenianbHa AucdyHKLis
(ELL) € paHHbOHO Ta KIKOHOBO NMaHKOK Y PO3BUTKY Ta NPOrpecyBaHHi apTepianbHoi rinepTeHsii Ta ii ycknagHeHb. EL dhopmyeTbest
3a/10Bro [0 MOSIBY KITIHIYHMX O3HAK i MIATPUMYETHCS «XUOHUM KOMoMy B3aemogii 3 nigsuLLleHnm Tuckom. biomapkepu EL (okeua
as0Ty, eHpoTeniH-1, acCUMETPUYHWIA AUMeETUnapriHiH, dakTop ¢oH Binnebpanaa, posunHHi Monekynu aaresii, eHgoTenianbHi
MIKPOYaCTUHKW, LIMPKYMHOKOYi eHAoTenianbHi KNiTUHU) XapaKTepu3yoTb CTYNiHb NOLIKOMKEHHS Ta akTUBaLl HOOTENI0, MOXYTb
fonomaratu y NporHo3yBaHHi YCKNagHeHb rinepTeH3MBHOIO KpW3y Ta MOHITOPWHIY NikyBaHHs. OCHOBHI 0OMEXEHHS — BIACYTHICTb
CTaHAapTM3aLlii METOAIB, HU3bKa CeLMAIYHICTL OKPEMMX MapKEPIB, LWBMAKMIA META00IM3M, BUCOKa BapTICTb Ta 0OMexXeHa AoCTyn-
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HiCTb. HesBaxatoum Ha Lie, paHHeE Br3HaueHHs Biomapkepi EL] Ma€e noTeHLian Ans nokpaLLeHHs cTpatudikallii puauky, BUSBIIEHHS!
CyOKMIHIYHOrO YpaEHHS OpraHiB-MiLLEHEN | CBOEYACHOrO BTPYYaHHS NPY rinepTEH3MBHOMY KPU3i.

BucHoBku. EHpoTenianbHa AMcyHKLIS € KIIo4Y0BUM MeXaHi3MOM NpOrpecyBaHHs rinepTeH3UBHOTO KpU3Y Ta ypaXeHHs OpraHiB-Mi-
LweHen. |i Giomapkepy fonomararoTb OLHIOBATY PU3NK CEPLIEBO-CYANHHIX MOAIN | KOHTPOMIOBATY €HEKTUBHICTb NiKyBaHHS, NpoTe
iX LUMPOKe 3aCTOCyBaHHS 0OMEXYIOTb HU3bka CreLMAIYHICTb i WBKAKMA MeTaboniam, Lo noTpedye nopanbLunX AOCHimKeHb.

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.

ISSN 2306-4145  https://zmj.zsmu.edu.ua

Materials and methods

Asystematic 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 40007000 m?, 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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Fig. 1. Relationship between the stages of atherosclerosis progression and endothelial dysfunction [14].

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

3anopisbkuit MeAnUHMIA XypHan. Tom 28, Ne 4(157), auneHb - cepnenb 2026 p.

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 s 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
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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 sSCAMs 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 ym to 2.0 ym, 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 NO, + NO,
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-
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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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