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Abstract: The vascular endothelium is responsible for regulating vascular tone, maintaining fluid homeo-stasis, and preventing
platelet aggregation, exhibits regulatory properties in vasorelaxation and vasoconstriction — it produces, among others, nitric oxide and
endothelin. The imbalance of vasoactive molecules leads to the loss of their function, known as endothelial dysfunction. Impaired
endothelial function is observed in people with metabolic disorders, often preceding the onset of the disease by several years.
Endothelial function assessment can be performed using invasive (eg coronary angiography) and non-invasive (flow-dependent
dilation, biochemical markers) techniques. Among metabolic abnormalities, increasing scientific interest has focused on metabolic
obesity in normal-weight individuals. People with this type of obesity, despite having a normal body mass index, exhibit both
metabolic abnormalities typical of obesity (including hypertension and type 2 diabetes) and endothelial dysfunction. This compre-
hensive review summarizes the current knowledge of the structure and function of the vascular endothelium, methodologies for
assessment, and pathophysiological mechanisms of endothelial dysfunction in metabolic disorders, with particular emphasis on
diagnostic approaches and clinical implications for cardiovascular risk stratification.

Keywords: vascular endothelium, endothelial dysfunction, metabolic disorders, cardiovascular risk

Introduction

The vascular endothelium (VE) is the innermost structure of endothelial cells that covers internal capillaries, veins,
arteries and lymph vessels. This heterogeneous monolayer of highly specialized cells is the first barrier to circulating
pathogens, cells, and other molecules in the bloodstream. Its action is selective, therefore, it controls the exchange of
relationships between the bloodstream and the surrounding tissue in an organ-specific manner. The total area of the
vascular endothelium is about 1 km? - for this reason, VE can be regarded as the largest organ in the human body.' For
many years, endothelial cells were thought to be inactive. It is now known that they have unique properties — they are
able to sense changes in hemodynamic forces and the biochemistry of flowing blood.”

VE has many functions that vary by location.> VE is responsible for regulating vascular tone, maintaining fluid
homeostasis, and preventing platelet aggregation. The vascular endothelium also exhibits regulatory properties in
vasorelaxation and vasoconstriction — it produces, among others, nitric oxide (NO) and endothelin (ET). The imbalance
of vasoactive molecules leads to the loss of their function, known as endothelial dysfunction.* Impaired endothelial
function is observed in people with metabolic disorders, often preceding the onset of the disease by several years.

This comprehensive review summarizes the current knowledge of the structure and function of the vascular endothelium,
methodologies for assessment, and pathophysiological mechanisms of endothelial dysfunction in metabolic disorders, with

particular emphasis on diagnostic approaches and clinical implications for cardiovascular risk stratification.
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The Vascular Endothelium

The vascular endothelium is composed of endothelial cells (ECs), with dimensions of about 10 X 30 pm and a cytoplasm
thickness of 0.2 um. Usually, ECs are flat, however, their appearance depends on their location in the vascular network.
In arteries and arterioles, they take on a spindle shape and are oriented according to the direction of blood flow. This
shape is a consequence of the shear stress occurring in the vessel and can change depending on the action of these forces.
In contrast, in veins and capillaries, ECs take on a more rounded shape.'

ECs have a polar structure - the basal surface of ECs is separated from surrounding tissues by a glycoprotein basement
membrane, while the luminal membrane is directly exposed to blood components and circulating cells.” Basement membrane,
which is formed by the extracellular matrix (ECM), is rich in type IV and type V collagen, fibronectin and laminin. Strong
adhesion of the endothelium to the basement membrane is possible thanks to numerous integrin receptors that bind it to ECM
proteins and are located in the basolateral part of its cells. The luminal membrane forms a smooth layer, on which sparse
microvilli are formed from the plasmatic membrane, restricting the sites of intercellular connections.®

Structural integrity is essential for the VE to function properly. Individual ECs are connected to each other by intercellular
connections, for whose interactions they are responsible molecules located in the lateral part of them. These include primarily
constitutive and induced adhesion molecules: E-selectin (CD62E), P-selectin (CD62P); immunoglobulin-like addressins:
intercellular adhesion molecule-1 (ICAM-1, CD54), intercellular adhesion molecule-2 (ICAM-2, CD102), platelet endothelial
cell adhesion molecule (PECAM-1, CD31), and vascular cell adhesion molecule (VCAM-1, CD106).”®

Among the intercellular connections occurring in the endothelium, can be distinguish adherens junction (AJ), tight
junction (TJ) and gap junction (GJ). These connections alternate, creating a characteristic system consisting of tight,
adherent and gap connections, occurring from the top to the base of the endothelial cell. Connections are responsible for
maintaining the integrity of the endothelium and are involved in regulating the flow of signals generated in the course of
many biological processes (such as apoptosis or proliferation).”

Adherens junctions connect ECs, providing the structural basis for the mechanical stability of the interendothelium.
Als are formed by integral membrane proteins belonging to the family of Ca**~ dependent cadherins with the subtypes
VE-cadherin, P-cadherin, N-cadherin and E-cadherin. In addition, adherens junctions include nectin-2 and PECAM-1.
Tight junctions contribute to maintaining cell polarity and seal off neighboring cells, inhibiting uncontrolled intercellular
exchange of small molecules, macromolecules and water. TJs are formed mainly by occludins — proteins that, by binding
to the actin filaments of the cytoskeleton of the basement membrane, close the intercellular zone, thus restricting the
transport of substances. Other proteins include junctional adhesion molecule, endothelial cell-selective adhesion mole-
cule and nectins. TJs are particularly characteristic of mammalian brain blood vessels, where they form the cerebrovas-
cular barrier. Gap junctions are formed by clusters of trans-membrane channels that connect the cytoplasms of
neighboring cells. These channels, called connexins, are made up of six transmembrane proteins of the connexin family.
GJ occurs between endothelial cells located throughout the vascular system, as well as between ECs and smooth muscle
cells surrounding resistance vessels. Through these connections, intercellular transfer of ions and small molecules is
possible, allowing for rapid coordination of cellular functions.”'°

Most of the surface of the ECs is covered by a multilayer structure - the endothelial surface layer (ESL). Its role is to
limit the access of cellular and macromolecular blood components to the surface of the VE. ESL is several hundred
nanometres thick (up to 8 um in some larger blood vessels) and consists mainly of glycocalyx (eGCX), which is formed
by negatively charged glycoproteins, proteoglycans (PGs), and glycosaminoglycans (GAGs). PGs and GAGs anchor the
eGCX to the endothelium and create an extensive matrix containing soluble components.''-'?

PGs have a protein core to which negatively charged GAG side chains are attached. The most common glycosami-
noglycan (50-90% GAGs) is heparan sulfate (HS), while others include hyaluronic acid, chondroitin, dermatan, and
keratan sulfates.'*'* Non-covalently bonded hyaluronans of a non-sulphate nature play an important function related to
the cytosolic aspect of eGCX, eg, mediating shear stress or vascular permeability."' Degradation of heparan sulfate
proteoglycans (HSPGs) can lead to VE dysfunction. GAGs are being released into the circulation leading to a decrease in
the thickness of the eGCX and endothelial cell membranes. There is a change in the permeability of blood vessels and an

increase in the flow of fluid, leukocytes and albumin from the lumen to the tissue spaces, causing edema. Reduction of
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eGCX leads to an increased likelihood of a prothrombotic environment in which exposed adhesion molecules attract
platelets, increase thrombin production, and promote ﬁbrinolysis.15

The exact composition and thickness of the layer varies depending on the location. By forming a luminal lattice,
eGCX provides endothelial cells with a skeleton to bind plasma proteins and soluble GAGs. The eGCX itself is inactive;
however, binding or immersion of plasma components in this structure creates a physiologically active ESL.'®

The distinctive structure makes the eGCX perform many physiological functions. On the one hand, it acts as a barrier,
on the other hand, the other negatively charged structure makes eGCX act as a macromolecular sieve, repelling
negatively charged particles (including platelets and white and red blood cells) and attracting many enzymes and
regulatory molecules — for example, extracellular superoxide dismutase (ecSOD) or lipoprotein lipase (LPL).'*"" It is
known that macromolecules larger than 70 kDa are excluded from the tight structure of eGCX. Nevertheless, for albumin
(67 kDa negatively charged), it is closely related to eGCX due to its amphoteric nature.'” However, this binding leads to
a reduction in the hydraulic conductivity across the vascular barrier. Because of this, some proteins in the albumin group
leak through the structure.’

Conformational changes in eGCX and excretion of microparticles contribute to the regulation of vascular tone and
thus oxygen distribution by triggering the release of nitric oxide. Through this rheological mechanism, eGCX contributes
to the maintenance of homeostasis in peripheral tissues.'® The glycocalyx is also an important binding site for blood
proteins — including fibroblast growth factor, antithrombin III, and extracellular superoxide dismutase — so it plays an
important role in vascular protection by inhibiting coagulation and leukocyte adhesion.'? The integrity of eGCX, which
depends on blood chemistry and flow along blood vessels, plays a key role in preventing vascular complications. High
amounts of neurotransmitters, hormones, and vasoactive factors in the blood can lead to degradation of eGCX. This
results in the exposure of glycoprotein components that facilitate inflammation and thrombus formation. However, the
greatest impact on eGCX structure is due to increases in blood flow. A strong, endothelium-protective glycocalyx occurs
along vessel walls in which the flow is uniform. In vessels with complex geometry in which blood flow is uneven —
eGCX becomes thinner within the resident endothelial cells.*'’

A characteristic structure of ECs is the Weible-Palade bodies (WPBs) located in the cytoplasm, which contain a pro-
coagulation glycoprotein that carries von Willebrand factor (VWF). This factor, representing 90% of the WPB, enables
platelets to adhere to the vascular endothelium and aggregate at the site of injury. WPBs also contain P-selectin (adhesion
of leukocytes), angiopoetin-2 (wound healing), interleukin-8 (II-8; boost inflammation), tissue plasminogen activator
(tPA; preventing excessive formation of fibrin) and ET-1 (vasoconstriction). Activation and exocytosis of WPB can be
triggered by several stimuli including vascular endothelial growth factor (VEGF), thrombin, or epinephrine either
through Ca®*/calmodulin-dependent pathways or in response to cyclic adenosine monophosphate-raising agonists dis-
tinctly influencing cytoskeletal function. Exocytosis of WPBs is considered the first vascular response to injury.?’ 2

ECs exhibit structural heterogeneity including differences in cell morphology (thickness, size and position of the
nucleus), extracellular matrix production (basal lamina components), gene expression profiles and cell surface properties
(varying compositions of the GCX and the amounts of structural components of the endocytic and transcytosis
pathway).” Particularly important is the heterogonicity of ECs depending on their location and the role they play in
the body. Endothelium can be classified based on their intercellular connections (continuous, fenestrated, discontinuous).

Continuous junctions are characterized by luminal and abluminal plasma membranes joining only in tight junctions,
which are the main pathway for the exchange of water, glucose, urea and other hydrophilic molecules. Such a tight
barrier is found in the vessels of the skin, lungs, heart and brain (blood—brain barrier). The windowed monolayer is
characterized by pores 50-60 nm in diameter, closed by a membrane. They are more permeable to low-molecular
hydrophilic molecules and water. It is located in places that are characterized by increased filtration or increased
transendothelial transport — vessels of endocrine glands, intestinal and gastric mucosa, glomeruli, and a subpopulation
of renal tubules. In contrast, discontinuous monolayers have large inter- and intracellular gaps with a diameter of
100-200 nm. In these gaps, there is no or a basement membrane, which is not a solid structure, but can undergo dynamic
changes. This structure is characteristic of liver vessels.”*****

ECs also show variation depending on the vessel they are lining. Lymphatic ECs are surrounded by a thin, discontinuous
basement membrane; do not have perivascular cells and entail discontinuous “button-like” cell junctions. Between these
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connections are “flap valves” that allow fluid and immune cells to enter. Fiber-anchored ECs, which are capable of detecting
changes in interstitial pressure, are responsible for modulating the opening and closing. Capillary ECs are mainly involved in
the exchange of oxygen and nutrients in the circulatory system. To ensure the most efficient exchange of substances, the lining
of ECs is very thin (less than 0.1 pm). Capillary ECs have a much higher density of caveolae compared to other vessels (up to
10000 per cell). ECs located in veins promote transfer of deoxygenated blood back to heart, form valves and do not have
smooth muscle cell investment. The wall thickness of ECs is small (as in capillaries less than 0.1 pum), allows them to act as
volume reserves. ECs lining the arteries do not develop valves and are invested with smooth muscle cells. They form thick
vessel walls, which allows them to function as “pressure reserves”, which propel blood rapidly with each heartbeat. Due to the
high blood flow rate in the arteries, ECs have an elongated or ellipsoidal shape.***

A special type of endothelium is the so-called high endothelial venules (HEV), which allow leukocyte migration. HEV cells
are more cuboidal in shape than other ECs and are connected by discontinuous, “spot-welded” tight junctions. HEVs are found
primarily in the extravillous venules of nonlymphatic organs and the peripheral vessels of peripheral organs (lymph nodes,
Peyer’s tufts, tonsils). Unlike normal venules, where leukocyte migration occurs only under the influence of inflammation,
transmigration by HEV allows continuous circulation of leukocytes between the blood and lymphoid organs.?*~°

Such an extensive and complicated structure plays an important role in physiological processes. VE primarily
maintains hemostasis of blood vessels, thus conditioning the proper blood flow in the circulatory system. This is the
effect of the ECs synthesizing and secreting the entire spectrum of factors maintaining the state of equilibrium.?’

By synthesizing and releasing anticoagulant factors (which under physiological conditions predominate over procoa-
gulant factors), VE prevents excessive blood clotting. VE secretes numerous anticoagulant factors, the most important of
which is antithrombin IIT (ATII). It is a glycoprotein whose task is to inhibit active blood coagulation factors, in
particular, factor II (thrombin), [Xa, Xa, XIa, XIla, plasmin and kallikrenin.?® Tts action, leading to the inactivation of
enzymes, is supported by the glycosaminoglycans found on the surface of the endothelium, which have heparin groups in
their structure, because the heparin contained in them is a cofactor for antithrombin. The anticoagulant factors secreted
by the endothelium also include heparin cofactor II, proteins S and C, and protease nexins I and I1.>° These factors
participate in the blood coagulation cascade. Heparin cofactor II is primarily involved in the inactivation of thrombin, but
also factor Xa.>*>! The presence of thrombin causes the activation of protein C, and the cofactor of this process is
thrombomodulin. The active form of protein C is capable of proteolysis, and thus inactivation of factors Va and VIlla, but
only in the presence of the cofactor, which is protein S.** In turn, protein S is also involved in antigen presenting cells
(APC)-independent activation of prothrombin by factors Va and Xa. ECs also secrete another factor involved in the blood
coagulation cascade, the tissue factor pathway inhibitor (TFPI). TFPI is a protein expressed mainly on endothelial cells
and to a lesser extent on active platelets. It has the ability to bind to blood plasma lipoproteins and is primarily
responsible for the inhibition of factor Xa. TFPI located on thrombocytes is involved in regulating the activity of tissue
factor (TF), secreted into the blood from activated endothelial cells and leukocytes. In addition, TFPI participates in the
inhibition of the formation of a complex of tissue factor with factor VII (TF-fVIIa). The transport of TF to the clot takes
place in microbubbles and is a necessary condition for the proper repair of damaged endothelium. If this process is not
properly regulated, it can lead to vascular thrombosis.>*~*

VEs secrete appropriate substances that are involved in maintaining normal fibrinolytic potential. These compounds
primarily include plasminogen activators, which convert plasminogen into active plasmin in the presence of fibrin. One
such factor is tPA, which is considered a marker of endothelial activation as well as damage. tPA secreted continuously
by endothelium has the ability to combine with annexin I, also found in endothelium, so that plasminogen activation can
occur even in the absence of fibrin. tPA is found in large amounts in the thyroid gland, which is the most circulating
organ. The endothelium also secretes the urokinase plasminogen activator (uPA), but in lower amounts than tPA. Serine
proteases are another factor involved in plasmin formation. To ensure proper balance in fibrinolysis, fibrinolysis
inhibitors are secreted in addition to plasminogen activators. In physio-logical states, the amount of plasminogen
activators dominates over fibrinolysis inhibitors. The well-known inhibitors of tPA and uPA are plasminogen activator
inhibitors (PAI), among which are PAI-1, PAI2, PAI-3 and PAI-4 also called protease annexin I. PAI-1 is the most
important in the inhibition of tPA, uPA and thrombin.>>~*
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ECs also secrete ectonucleases, which are responsible for degrading adenosine diphosphate (ADP) and adenosine
triphosphate (ATP), resulting in the formation of inosine and adenosine, which act to inactivate platelet stimulating
factors. Ectonucleases primarily include adenosine ectodiphosphatase and ectotriphosphatase.*

VE plays an important role in regulating blood flow and maintaining proper tone of the vessel wall. This is possible
thanks to the vasodilating and vasoconstrictive factors secreted by it, which are released in response to chemical and
biomechanical stimuli. These substances are produced by the normal endothelium in very small amounts. Vascular
homeostasis is maintained because these factors are balanced, marginally in favor of vasodilation.” Vasodilating factors
cause relaxation of the smooth muscles of the vessel, which leads to dilatation of the blood vessel lumen, and thus
slowing down the blood flow. The main compound with a vasodilating effect is NO. It is produced by nitric oxide
synthases (NOS) in a stepwise redox reaction with L-arginine. The VE isoform of nitric oxide, eNOS, supplies NO under
physiological conditions to maintain vascular tone under changing pressure and blood flow. NO, thanks to its lipophilic
properties, has the ability to penetrate into the cells of the vascular muscles, where, by activating guanylate cyclase, it
contributes to the relaxation of the blood vessel. NO is an unstable compound, relatively quickly captured and bound by
hemoglobin, therefore, to maintain the state of vasodilation, it is necessary to continuously secrete this factor by
endothelial cells. In addition to nitric oxide, the endothelium secretes prostacyclin (PGl,), acting synergistically with
NO. This substance is classified as eicosanoids, and it is secreted in response to factors such as hypoxia, abrasion forces
and the presence of acetylcholine or serotonin. PGl, is involved in the relaxation of the vascular muscles, leading to its
contraction by activating potassium channels and increasing the concentration of cyclic adenosine monophosphate
(cAMP) in smooth muscle cells. An important vasodilating compound released by ECs is the endothelium derived
hyperpolarizing factor (EDHF). This factor directly activates the ATP-dependent potassium channel, thus contributing to
the hyperpolarization of the plasma membrane of endothelial cells. Hyperpolarization and reduced influx of potassium
ions into the cell cause the weakening of contractile proteins.>’ VE also secretes vasodilator-stimulated phosphoprotein
(VASP) and leukotrienes C3 and C,4, which are also vasodilators. Secretion of vasodilating factors is usually under the
influence of bradykinin after its binding to the B, receptor located in endothelial cells. This leads to many changes that
cause the dilation of blood vessels due to the relaxation of their smooth muscles. Chemical stimuli that stimulate the
endothelium to release vasodilating factors include acetylcholine, bradykinin, ADP, cytokines (endotoxin, interleukin 1b,
tumor necrosis factor-a. (TNF-a)), insulin, substance P, hormones, eg estrogens, while the biomechanical stimulus is
primarily abrasion forces caused by the flow of blood cells.’

Vasoconstrictive factors are responsible for the contraction of vascular smooth muscle cells (VSMCs), which causes
vasoconstriction. The strongest vasoconstrictor is ET-1. Its action is possible due to the existence of endothelin type
B receptors located on endothelial cells and endothelin type A receptors present on smooth muscle cells. Serum ET-1
levels are elevated by pro-inflammatory EC activating signaling. Due to the vasoconstriction of the inflamed area, an
encapsulating effect is obtained for pathogens and delays the leukocyte transmigration. In addition, ET-1 signaling leads
to increased expression of adhesion molecules (eg VCAM) in the EC and promotes neutrophil aggregation. The synthesis
and secretion of ET-1 are inhibited by NO. Among the compounds with a vasoconstrictive effect, we also distinguish
thromboxane A2 (TXAZ2), angiotensin II (AIl), platelet-activating factor (PAF), prostaglandin H, prostaglandin F and
leukotrienes (except C4 and D4).>*2

eGCX modulates local blood viscosity and hematocrit in microcirculation — pushes red blood cells away from VE and
shields it from platelet and leukocyte interactions. Cell adhesion molecules (selectins and integrins) protruding into the
lumen of the vessel are surrounded by a more expansive ESL, as a result of which damaged eGCX causes increased
adhesion of leukocytes and platelets.''

eGCX is considered a key transducer that translates fluid shear stress into a cellular signal (ie, mechanotransduction).
The basis of action is the “bush-like” clusters of proteoglycans that protrude from anchor points in the cytoskeleton of
endothelial cells (first described in 2003 by Weinbaum et al’®). As a result of the mechanical distortion of the entire bush,
a force is generated which deforms the cytoskeleton underneath. The expression of eNOS is increased, which catalyzes
the production of NO and increases the hydraulic conductivity.''

Through the release of pro-angiogenic and anti-angiogenic factors, as well as the expression of surface proteins, the
endothelium is involved in the formation of blood vessels, both by vasculogenesis and angiogenesis.** An important factor
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regulating the formation of new blood vessels is the rate of proliferation of endothelial cells. Unactivated ECs are able to
survive for about 1000 days, while during angiogenesis their rate of proliferation increases significantly and divisions may
occur every 5 days.*° A significant role for the course of the angiogenesis process is also played by various adhesion molecules
presented on the surface of endothelial cells, involved in cell migration during the formation of new vessels, and enzyme
proteins responsible for the proteolysis of the extracellular matrix surrounding the vessels.*' The process of angiogenesis is
also regulated by a number of factors, the so-called pro-angiogenic cells, many of which are secreted by the endothelium itself.
Among them, the following stand out: VEGF, basic fibroblast growth factor, acidic fibroblast growth factor, placental factor
growth factor, TNF-a, transforming growth factor a (TGF-a), platelet-derived growth factor derived growth factor, PDGF,
adenosine, and prostaglandins E1 and E2.** During the course of the angiogenesis process, endothelial cells show migration,
proliferative and division abilities, thanks to which they can form “branches” from an existing vessel.*' The movement of
these cells to the place of formation of a new vessel depends on proangiogenic factors, as well as on the interaction of
endothelial cells with ECM proteins. An important role here is played by integrins, which mediate the interaction of the
endothelium with ECM proteins, such as vitronectin, laminin or fibronectin.*’

Techniques for Assessing Endothelial Function

Determining the function of the vascular endothelium is difficult due to its diversity and heterogeneity. The basic
principle underlying techniques to assess endothelial function is that healthy arteries dilate in response to reactive
hypertension or as a response after pharmacological stimuli. In pathological states, endothelium-dependent vasodilation
is attenuated or even absent.*> Techniques for the assessment of endothelial function include physical methods and
biochemical methods. Physical methods can be divided into invasive and non-invasive techniques. For preclinical
studies, the technique used should bear the characteristics of being noninvasive while being reliable, reproducible,
inexpensive, and methodologically simple.**

Physical Methods

Invasive Techniques

The gold standard in invasive techniques for evaluating vascular endothelium is the quantitative coronary angiography
(QCA) with intracoronary infusion of vasoactive agents. The technique allows both the assessment of the basic function
of VE (by infusion of nitrogen oxygen synthase inhibitors) and the assessment of dose-response relationship of VE
agonists and antagonists. In a properly functioning endothelium, a coronary infusion of vasoactive substances (acetylcho-
line, bradykinin, serotonin, or substance P) leads to the stimulation of NO production by VE cells, resulting in the
expansion of the coronary arteries. In the case of VE dysfunction, vasoactive substance directly affects the underlying
smooth muscles leading to vasoconstriction. The advantage of the technique is the possivantages including the cost-
consumption, invasiveness and the inability to use the technique as a screening test for the general population. In
addition, the examination is associated with the risk of coronary catheterization.*’

Invasive methods for assessing VE function also include venous occlusion plethysmography, which has been used for
more than a century to assess blood flow. The method involves inflating the cuff on the arm to a pressure below the
systolic pressure — usually about 40 mmHg at intervals of about 10 seconds, followed by 5 seconds of deflation over
2-3 minutes. The pressure used in the test is so optimal that, despite stopping venous return, it does not impair arterial
flow toward the forearm, leading to a linear increase in blood flow to the limb. The test uses a strain gauge, which allows
for any change in tissue volume.*®

The demonstration of the relationship between the functioning of the VE in the coronary arteries and the function in
the peripheral arteries*” made it possible to adapt the technique to the much more easily accessible brachial artery. The
advantages of the technique are reliability, repeatability and methodological ease. Nevertheless, as an invasive technique,
it may risk damaging the median nerve or the brachial artery.*’

Non-Invasive Techniques
Non-invasive techniques take advantage of the fact that peripheral arteries respond to physical and chemical stimuli by
regulating the vascular tone and blood flow expected endothelium-dependent dilation.
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The most common method uses imaging of the arteries (primarily the brachial artery) in response to reactive
congestion. An artery in the distal part of the hand (or part of the forearm) is closed by inflating a closure cuff, followed
by evacuation enabling vasodilation in response to reactive congestion in the distal and proximal vascular beds, mediated
by the release of endothelial factors. One of these is NO, whose activity induces increased shear stress and dilation,
resulting in increased flow in the proximal artery. Such a response is known as flow-mediated dilation (FMD).*®
Introduced in 1992 by Celermajer et al,*® FMD is a technique in which ultrasound imaging is performed in stages, at
baseline (before occlusion) and during reactive hyperemia (5 min after arterial occlusion). Brachial FMD is used to
indirectly measure the release of NO by VE following a transient flow stimulus. Ghiadoni et al*’ demonstrated the
dependence of FMD on NO by intra-arterial infusion of the specific eNOS inhibitor NG-monomethyl-L-arginine. As
a result, arterial dilation decreased by about 66% in response to shear stress. FMD measurement can stratify both
individuals at low, moderate and high risk of future cardiometabolic events.’® FMD is not without its drawbacks and
limitations, however. First of all, the lack of standardization and differences in cuff placement make it difficult to
compare results. In some situations, the degree of reactive congestion can vary even after being exposed to the same
stimulus. Additional factors limiting FMD assessment are changes in blood vessel structure and impaired vasodilation.
FMD is among the methods that are strongly observer-dependent, so this can lead to receiving different values.*®>!

Idei et al®* proposed using an oscillometric method to quantify FMD in the enclosed zone — enclosed zone flow-mediated
dilation (ezFMD). Compared to FMD, which is based on changes in the diameter of the vessel imaged by USG, ezFMD uses
changes in vessel volume determined indirectly by the amplitude of the oscillations. Oscillometric measurement of blood
pressure is carried out using an automatic device while assessing the amplitude of oscillations. It has been demonstrated that
there is a proportional relationship between the amplitude of the oscillation and the volumetric change with the brachial pulse
pressure. A 5-minute occlusion leads to a change in peak oscillation amplitude and reflects the volume change induced by
reactive congestion. The advantage of the method is automation and independence from the operator.

VE function can be reflected using reactive hyperemia pulse artery tonometry (RH-PAT). This technique combines
FMD with disposable pneumatic finger-tip probes to measure arterial pulse wave amplitude and obtain the reactive
hyperaemia index. The test requires the patient to be in a supine position with hands at heart level, with pneumatic probes
placed on the index fingers to record pulse wave amplitudes. A baseline measurement is carried out, followed by closure
of the arterial flow to the arm with the help of a pressure gauge administered to a pressure of 40 mmHg above the systolic
pressure. After a period of 5 minutes, the pressure gauge is rapidly deflated and there is a transient increase in blood flow.
The RH-PAT ratio is calculated from the ratio between the pulse wave amplitude values after and before the closure. The
test is also performed on the opposite finger to correct for changes in systemic vascular tone, allowing the values to be
normalized. The advantages of RH-PAT certainly include safety, speed and operator independence. On the other hand, the
method is sensitive to autonomic tone, shows low reproducibility and lacks correlation with FMD. In addition, structural
vascular aspects may affect the outcome.’>>*

Vascular endothelial dysfunction is mediated by changes in the glycocalyx structure. Assessment of ultrastructural
modifications to the glycalis can be performed using imaging techniques. The most reliable tool for studying both the
structure of the glycocalyx and its cellular environment is electron microscopy (EM). The technique combines high
spatial resolution and analytical tools. Initially, EM imaging was based on the reactivity of sugar with the dye Alciana
blue, ruthenium red or the interaction of the negatively charged surface with cationic colloids (eg dysprosium).
Improvements in scanning electron microscopy (SEM) and transmission electron microscopy (TEM) made it possible
to achieve multi-scale and chemical information, offering a new way to study the structure of the glycocalyx.”

Biochemical Methods

Cell Adhesion Molecules

Endothelial cells play key roles in regulating permeability and transport of molecules between the blood and the
interstitial space. In addition, they are responsible for controlling signaling pathways associated with innate immunity.
Activation of endothelial cells can occur both as a result of pro-inflammatory stimuli, such as C-reactive protein (CRP),
interleukin 1B (II-1b), TNF-a, and through hemodynamic forces associated with blood flow. This results in the
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expression of adhesion molecules (ICAM-1, VCAM-1 and E-selectin). Therefore, adhesion molecules are considered
early systemic inflammation and endothelial cell activation markers.>®

ICAM-1 mediates many cell—cell interactions, including adhesion and transmigra-tion of leukocytes to the vascular
endothelial wall. Ridker et al demonstrated that ICAM-1 expression activates VE cells and leads to inflammation, which
in turn is an important step in the initiation and progression of atherosclerosis.”’

In the case of VCAM-1, its expression is restricted to VE and occasionally to spindle cells. Moreover, it is not
expressed on healthy vascular endothelial cells. It is suspected that the expression of these adhesion molecules provokes
VE activation due to increased monocyte recruitment and improved monocyte-endothelial interactions during the initial
stages of myoepithelial lesion formation.’®

In contrast, E-selectin, which belongs to the C-type lectin family, is probably the most specific marker of endothelial
activation. Its expression is limited to VE, induction occurs via inflammatory cytokines. In addition, it is involved in the
recruitment of leukocytes to inflammatory sites and in the slow rolling of leukocytes in inflamed venules.>

C Reactive Protein (CRP)

C-reactive protein, which is considered a classic biomarker of inflammation, exhibits proatherogenic properties by
reducing NO bioavailability, increasing the expression of adhesion molecules or promoting vasoconstriction and VE
dysfunction. Endothelial activation is promoted through the expression of ICAM-1, VCAM-1, E-selectins and CCL2 and
activation of macrophages expressing cytokines and tissue factors.®” CRP can also increase the production of the potent
endothelin-dependent vasoconstrictor endothelin 1- and the key pro-inflammatory cytokine interleukin 6.°'

CC Chemokine Ligand 2 (CCL2)

CCL2 belongs to the CC chemokine family and is highly involved in the initiation and progression of atherosclerosis.
Moreover, studies have shown that CCL2 might mediate the pro-atherogenic effects of dyslipidemia.®*®* The increase in
CCL2 expression leads to the attraction of monocytes from the vessel lumen to the subendothelial space and, in
combination with adhesion molecules, facilitates the binding of monocytes to endothelial cells and their subsequent
transmigration to the inner membrane layer. There, monocytes differentiate into macrophages, which begin to express
receptors such as CD36, lecitin-like oxidized LDL receptor 1 (LOX-1) or macrophage scavenger receptor (SR-A) that
internalize modified LDL beginning the atherosclerotic process. Increased CCL2 expression is observed in VE damage,
so measuring systemic CCL2 levels is considered a biomarker of VE dysfunction.®*

Asymmetric Dimethylarginine (ADMA)

ADMA, which is an endogenous inhibitor of NO synthase, can be regarded as a biomarker of NO impairment and athero-

6566 and its elevated

67-69

sclerosis. ADMA levels have been shown to independently correlate with VE function measurements,
plasma levels are associated with, among others, hypertension, hyperlipidemia, diabetes, and myocardial infarction.

Endothelial Cell-Specific Molecule |

ESM-1 is an endothelial cell-specific proteoglycan which is expressed by pulmonary endothelial cells. The synthesis and
secretion of ESM-1 is increased by pro-inflammatory mediators, including interleukin 1p (II-1B), TNF-a; bacterial
components, including lipopolysaccharide (LPS); and angiogenic factors such as vascular endothelial growth factor
(VEGF) or fibroblast growth factor-2 (FGF-2).”° Elevated levels of ESM-1 are associated with cardiometabolic disorders
including coronary artery disease,”’ hypertension,”* type 2 diabetes’> or atherosclerosis.”* In atherosclerosis, ESM-1

interferes with VE function by promoting cell adhesion, oxidative stress, and inflammation.””

Myeloperoxidase (MPO)

MPO is an enzyme of the heme peroxidase superfamily that is produced by activated monocytes, neutrophils and tissue
macrophages. Activated MPOs catalyze the formation of reactive oxygen species (ROS) which results in oxidative
damage to proteins and lipids in the body.’® In the vascular system, MPO attaches to glycosaminoglycans, which
interferes with NO release, resulting in VE dysfunction.”®
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Matrix Metalloproteinases (MMPs) and Tissue Inhibitor of Metalloproteinases (TIMPs)
MMPs are a family of zinc-dependent endoproteases that have a variety of functions in tissue remodeling.”” Through
ECM degradation and remodeling, they are involved in both physiological and pathological complications of obesity and
MetS.”® MMPs may be involved in cell apoptosis, tissue repair, angiogenesis, immune response, and induce cell
proliferation, migration and differentiation.”” The regulation of MMP activity is responsible for endogenous inhibitors
tissue inhibitor of metalloproteinases (TIMPs).”®

A study by Boumiza et al”® that correlated the levels of MMPs and TIMPs and with endothelial function showed that
MMP-9 levels and the MMP-9/TIMP-1 ratio can predict VE dysfunction. The authors suggested that MMPs and TIMPs
may be used as clinical biomarkers in obesity-associated CDV such as MetS and hypertension.

Angiopoietin-Related Protein 2 (ANGPTL2)

ANGPTL2, which belongs to the glycoprotein family, is a pro-inflammatory mediator that promotes vascular inflamma-
tion and atherosclerosis. Their expression is observed in many cell types — muscle, fat, some endocrine organs and VE.*
Increased expression in ECs and macrophages infiltrating atherosclerotic plaques was also demonstrated. The promotion
of vascular inflammation is thought to be mediated through the NF-kB signaling pathway in ECs and increased
chemotaxis of monocytes/macrophages.®!

Homocysteine (Hcy)
The nonproteinogenic methionine-derived amino acid, homocysteine (Hcy), is considered an independent risk factor for
many diseases, including neuropsychiatric and neurodegenerative diseases, as well as cerebral ischemia.®® The associa-
tion of elevated homocysteine levels with MetS and diabetes has been confirmed.®’

Elevated homocysteine levels may promote angiotensin conversion enzyme (ACE) activity and act synergistically
with angiotensin II to cause damage to the vasculature and lead to a deterioration in the function of the endothelium.®*
Studies in rats have confirmed that an increase in local/vascular Hey production leads to VE dysfunction.®

Vascular Endothelial Dysfunction in Metabolic Disorders

Diabetes and Insulin Resistance
Endothelial damage has long been suspected as one of the components of diabetes pathophysiology. Relatively recently it
has been confirmed that damage to eGCX is observed in both type 1 and type 2 diabetes. Nieuwdorp et al® using lateral
jet dark field imaging imaged the gap between erythrocytes and endothelium in the sublingual microcirculation before
and after leukocyte passage. Patients with type 1 diabetes (TIDM) have been shown to have eGCX damage that is
exacerbated in the presence of microalbuminuria. In addition, a correlation has been shown between a decrease in
systemic eGCX volume and increased levels of circulating hyaluronan (HA) and hyaluronidase (an enzyme that
degrades, cleaves HA in plasma). In type 2 diabetes (T2DM), a reduction in eGCX volume was observed in the
sublingual and retinal pole.*® Studies in rat and mouse models of retinopathy with TIDM have also shown
a significant reduction in eGCX in retinal vessels.®”*® In patients with type 1 diabetes, a significant increase in circulating
MMP2 and MMP9 was also observed. These compounds have properties that cleave the components of eGCX.*

The enzyme capable of cleaving GAGs in diabetes is heparanase (HPSE). It has been shown that during diabetes —
both in humans and in animal models — there are elevated levels of the active form of HPSE, which degrades HS.”* >

An important mediator of the diabetic environment in both TIDM and T2DM, affecting eGCX status, is hyperglycemia.
Nieuwdorp et al in their study showed that acute induction of hyperglycemia in healthy subjects leads to a decrease in eGCX
volume within 6 hours.”” Studies on the immortalized GEnC line showed an inhibitory effect of hyperglycemia on the
synthesis of sulfated and non-sulfated GAGs, with no apparent changes in proteoglycan expression.”*

VE dysfunction not always present at time of T2DM diagnosis. Zaharia et al”> demonstrated that people with T2DM
experience an approximate 14% decline in VE function within 5 years of disease diagnosis.

A role in endothelial dysfunction in diabetic patients has been attributed to existing insulin resistance and
hyperglycemia.”® Insulin resistance (IR) is defined as the reduced ability of insulin to stimulate glucose uptake in
skeletal muscle adipose tissue and to inhibit glucose secretion by the liver. IR often precedes the onset of hyperglycemia
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and diabetes by many years.”” Insulin has a dual function in maintaining homeostasis of blood vessels.”® On the one
hand, insulin stimulates endothelial production of NO (which has vasodilatory effects), and on the other, it mediates the
release of the potent vasoconstrictive factor ET-1.

VE cells express the insulin receptor, which belongs to a family of membrane-bound receptors that have intrinsic
tyrosine kinase activity, whose ligands include growth factors such as vascular endothelial growth factor, insulin-like
growth factor-1, epidermal growth factor and platelet-derived growth factor.””

Under physiological conditions, the vasoprotective phosphoribositide-3kinase (PI3-K)/Akt pathway dominates the
action of insulin. The biochemical insulin signaling pathway in VE involves phosphorylation of insulin receptor substrate
1 (IRS-1), which then binds and activates phosphatidylinositol (PI) 3-kinase, leading to phosphoinositide-dependent
kinase-1 (PDK-1) phosphorylation and activation, which in turn phosphorylates and activates Akt. Akt directly phos-
phorylates eNOS at Serl177, resulting in increased eNOS activity and NO production.'®'** Stimulation of ET-1
production by insulin is via MAPK-dependent (but not PI3K-dependent) signaling pathways. In addition, this pathway
stimulates increased expression of PAI-1, VCAM-1 and E-selectin on the endothelium.'®

The occurrence of IR leads to a shift in the balance towards mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK), which mediates inflammation, vasoconstriction and proliferation of vascular smooth
muscle cells.'® % IR leads to an increase in the level of prothrombotic factors, pro-inflammatory markers and ROS,
which lead to an increase in intracellular levels of adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1
(VCAM-1)."97192 Insylin resistance also affects VE indirectly by stimulating proliferation and migration of vascular
smooth muscle cells (VSMCs), and in adipose tissue, in turn, is associated with excessive secretion of free fatty acids
(FFA), which provokes pathogenic gene expression through activation of protein kinase C and increased oxidative
stress.'®* Excessive release of FFAs leads to the development of a proatherogenic lipid profile and dyslipidemia. Studies,
both in vivo and in humans, have shown that acute infusion of FFAs leads to a reduction in VE-dependent
vasodilation.'?>'% FFA lipotoxicity can lead to VE dysfunction through multiple related mechanisms, including
increased ROS production, increased AGE formation and activation of PKC, the hexosamine pathway and pro-
inflammatory signaling. Induction of ROS production in the vascular system occurs by uncoupling mitochondria and
increasing the expression and protein content of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases. ROS
activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), which stimulates the production of
further pro-inflammatory cytokines.'®” FFAs activating protein kinase C (PKC) lead to increased phosphorylation of IRS-
1 and consequently reduced activation of phosphorylated kinase-1, PI-3K, Akt and eNOS, which culminates in impaired
NO production by VE. Ultimately, increased FFAs lead to decreased NO bioavailability, increased vascular oxidative
stress, VE apoptosis and increased inflammation.”’

In the case of hyperglycemia, numerous studies in both animal models and humans have shown that prolonged
hyperglycemia impairs normal VE function at both the micro- and macrovascular levels.'”*'% Conducted by Loader
et al,''” a systematic review and meta-analysis found that in 9 of 11 studies in healthy young adults, acute hyperglycemia
reduced FMD; in the remaining 2, there was no significant change. VE dysfunction caused by acute hyperglycemia can
be further compounded by the presence of cardiovascular risk factors, such as elevated blood pressure or LDL.''?

Arterial Hypertension

According to the guidelines of the European Society of Hypertension (ESH) and the European Society of Cardiology
(ESC) from 2018,"'" arterial hypertension (AH) is diagnosed when systolic blood pressure (SBP) >140 mmHg and/or
diastolic blood pressure (DBP) >90 mmHg. Optimal blood pressure is defined as <120/80 mmHg, while the normal range
is 120-129 mmHg for systolic pressure and/or 80-84 mmHg for diastolic pressure. There are 3 degrees of AH,
respectively: 1st degree: 140—159 mmHg systolic and/or 90-99 mmHg diastolic; 2nd degree: 160—179 mmHg systolic
and/or 100-109 mmHg; 3rd degree: >180 mmHg systolic and >100 mmHg diastolic. Hypertension is a worldwide

111

problem, in 2015 it was responsible for 10 million deaths, "~ while, according to 2022 data, 1 billion adults worldwide

suffer from AH."'? The presence of arterial hypertension shows an independent and consistent association with the
incidence of cardiovascular events, including heart failure, ischaemic stroke, haemorrhagic stroke, sudden death,

myocardial infarction and peripheral artery disease.'"!

738 https: Vascular Health and Risk Management 2025:21



Pluta et al

Symptoms of VE dysfunction may precede the development of hypertension.''® The study showed that a 0.62%
reduction in endothelial function, as quantified by FMD, is associated with a 20 mmHg increase in SBP."'* AH itself
causes functional and structural changes in the resistance arteries, which consequently leads to an increase in peripheral
vascular resistance.''® To fully understand the mechanisms that affect hypertension, it is important to understand the
difference between constant laminar flow and oscillatory flow.

Physiologically, the endothelium is subjected to uniform, laminar shear stress. Laminar flow activates mechanosen-
sory and mechanosensory channels, resulting in increased production of vasodilating factors. Laminar shear leads to
mechanosensing activation of the glycocalyx, which is transferred through the cytoskeleton to integrins. These, in turn,
distribute force through microtubules, actin microfilaments and intermediate filaments through focal adhesion of c-Src
kinases, which consequently leads to the maintenance of endothelial integrity.''> The consequence of increasing shear
stress is an increase in the concentration of calcium in the VE cytoplasm, subsequently leading to the activation of eNOS
and an increase in NO production. Moreover, an increase in the concentration of cytosolic calcium results in the opening
of calcium-activated potassium channels, leading to hyperpolarization of ECs and thus to vasorelaxation. In addition,
PECAM-1 together with caveolin, tyrosine-specific phosphotransferase Fyn, VEGF receptor 2 and VE cadherin forms
a mechanosensory complex conferring appropriate sensitivity to the beneficial effects of shear stress in ECs.''® PECAM-
1 exerts a force so strong that it triggers activation of the VEGF receptor 2 in the absence of its ligand, thereby inducing
integrin-mediated signaling and ultimately leading to inhibition of inflammatory pathways.''” In vivo studies on a mouse
model''® showed that increased shear stress leads to AMP-activated protein kinase (AMPK)-induced phosphorylation
and sirtuin-1-mediated deacetylation, with the combined effect of promoting eNOS compartmentalization and activation
with atherosclerotic protective effects.

In turn, the oscillatory flow leads to a decrease in eNOS expression and promotes smooth muscle proliferation,
leukocyte infiltration and the secretion of pro-inflammatory molecules, including monocyte chemotactic protein (MCP1),
PDGF, ET-1, whose activity leads to vasoconstriction, increased blood pressure and the development of atherosclerosis in
the larger arteries. There is also activation of genes sensitive to mechanisms in ECs, leading to the induction of ROS
growth and the activation of several transcription factors, including NF-kB, Kruppel-like factor (KLF2/4), activator
protein 1 (AP-1), early growth response 1 (EGR1), c-Jun, c-fos, c-myc proteins, as well as kinase activation mitogen-
activated protein (MAPK) and small ubiquitin-like modifier (SUMO) signaling. It is noteworthy that SUMOylation may
reduce the expression of the protective transcription factor pS3, which may lead to the development of cardiovascular
complications in AH. In addition to the above-mentioned, the oscillatory flow induces the activation of the PI3Kinase-
Akt pathway, leading to the assembly of the NADPH oxidase-2 (NOX-2) and to the production of ROS, finally inducing

inflammation and vascular remodeling.''®*'%°

Oxidative Stress and Inflammation
Oxidative stress is defined as an imbalance between antioxidants and reactive oxygen species due to excessive production
of the latter.'?! ROS is reactive intermediates of molecular oxygen, physiologically formed in cells as by-products of
cellular metabolism. When ROS are at physiological levels, their function is the transmission of intracellular signals.'**
Overproduction of ROS, exceeding the capacity of antioxidant systems (or damage of antioxidant enzymes) are involved
in the pathogenesis of many diseases, such a cancer, kidney disease, lung disease, neurodegenerative disorders or
metabolic diseases (including obesity and diabetes).'** In addition, toxic oxygen affects all organic molecules, including
proteins, nucleic acids, free amino acids, carbohydrates and lipids.*

It has been shown that ROS can lead to a decrease in NO bioavailability and thus cause VE dysfunction. The probable
mechanism of induction of VE dysfunction is as follows:

inactivate NO through its reaction with O,— to form ONOO- (reducing the effective concentration of bioavailable NO),
reduced NO production by reducing eNOS expression levels,

a decrease in eNOS substrate or cofactor levels,

reducing NO production by altering eNOS activity, such as eNOS uncoupling, or an increase in levels of the
endogenous eNOS inhibitor, asymmetric dimethylarginine®
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A significant reduction in NO bioavailability occurs due to eNOS uncoupling. This process involves the dissociation
of the active dimeric form of eNOS (which produces NO) into eNOS monomers capable of producing O,—*. During
uncoupling, there is an electron transfer from NADPH to molecular oxygen (instead of NO) by eNOS, resulting in an
increase in O,—+ with a decrease in NO generation.'?* In addition, the production of O,— by uncoupled eNOS
contributes to a vicious circle of ONOO- production and NO consumption, where the O,—* produced by eNOS can
further reduce the levels of available NO by reacting with it and converting it to ONOO-. It is noteworthy that ONOO—
by itself can also cause eNOS uncoupling.'*?

ROS can induce inflammation, thereby leading to increased expression of pro-inflammatory factors and adhesion
molecules by ECs. Many of these compounds, such as TNF-a and IL-6, can cause chronic inflammation and change the
activity of ECs to a prothrombotic, proinflammatory and proliferative state. In inflammatory conditions, ECs are first
activated Type I and then Type II, which has a number of consequences: Increased expression and presentation of
adhesion molecules, increased permeability of plasma proteins to the vasculature, increased expression of chemokines
and pro-inflammatory cytokines. Most of these processes are mediated by NF-kB.'** ROS inducing oxidation of the IkB
kinase (IKK) activates NF-kB and translocation to the nucleus.'*® NF-kB’s function in the nucleus includes mediating the

activation of its target genes, including the VE dysfunction-inducing VCAM-1, ICAM-1 or inflammatory mediators.'?’

Hypertriglyceridemia

Hypertriglyceridemia is defined as a fasting serum triglyceride level >150 mg/dL and has been associated with an
increased risk of cardiovascular disease.'?® The relationship between triglyceride levels and VE function has been
demonstrated in both healthy subjects,' those with hypertriglyceridemia'*® and those with MetS."*! Despite many
studies underlying this association are not fully understood.'**

Transport of triglycerides (TGs) takes place along with cholesterol in triglyceride-rich lipoproteins triglycerides
(TRLs); thus, elevated serum TG levels are associated with elevated TRLs. These, in turn, participating in various
mechanisms plays an important role in VE dysfunction. Residual TRLs are small enough to penetrate the intima of the
artery; moreover, they can be directly taken up by macrophages and cause inflammation and foam cell formation.
Another mechanism involves lipoprotein lipase (LPL). This enzyme is located on the surface of the VE or within the
intima of the artery and hydrolyzes TGs to free fatty acids and monoacylglycerols, which generate local inflammation.'*?
Experimental studies have shown that lipolysis of TRL products leads to damage to ECs by increasing the deposition of
very low-density lipoprotein (VLDL) particles in the arterial wall, increasing the permeability of the VE monolayer,
increasing the expression of ROS and inducing apoptosis.'**'** In addition, TRL residuals increase the generation of
nicotinamide adenine dinucleotide phosphate oxidasedependent superoxide and induction of tumor necrosis factor-a and
interleukin-1b via activated lectin-like oxidized LDL receptor-1 in endothelial cell.'*?

Increased levels of TGs in the blood are associated with the formation of small dense LDL (sdLDL), which exhibit high
atherogenicity."*® An important role is played by cholesterol ester transfer protein (CETP), which facilitates the exchange of
TGs and cholesterol esters between TRLs and LDL, resulting in more LDL-rich triglycerides. These in turn are hydrolyzed by
hepatic lipase to sdLDL. sdLDL is easily oxidized and can penetrate the subendothelial space of the vascular wall. Oxidative
LDL stimulates oxidative stress, endothelial cell inflammation and apoptosis, leading to VE dysfunction.'?’

HDL can also interact with the endothelium. HDL has an atheroprotective function, promotes NO bioavailability,
exhibits anti-inflammatory, anti-thrombotic, antioxidant effects and reduces apoptosis of ECs.'*®* HDL concentration in
blood is dependent on TRL. Increasing TRLs leads to an increase in the CETP-mediated exchange of cholesterol esters
from HDL to TRLs and simultaneous transfer of triglycerides into HDL. HDL, rich in triglycerides, can be further
hydrolysed by hepatic lipase into smaller, denser HDL. TRLs, by blocking sterol efflux from monocytes and macro-
phages, suppress the anti-inflammatory and atheroprotective effects of HDL, which can lead to VE dysfunction.'*

Hyperglycemia causes an imbalance between oxidant production and antioxidant cellular defense systems. There is an
increase in the generation of ROS — especially superoxide anion (02™) — which, in turn, reduces the bioavailability of NO,
resulting in a reduction in the biological activity of this compound. 02" reacting with NO forms a highly unstable and reactive
nitrogen species — peroxynitrite (ONOO ) — which, by damaging proteins, lipids and nucleic acids, leads to the predominant
state of vasospasm. Loader et al in their study showed that microvascular and macrovascular VE dysfunction is partly caused
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by oxidative stress-induced impairment of NO bioavailability.'** Moreover, hyperglycemia through specific cellular mechan-
isms leads to vascular bed damage. These mechanisms include increased production of intracellular advanced glycation end
products (AGEs), increased expression of AGE receptors (RAGEs) and their ligands, increased polyol and hexosamine flux,
activation of PKC and overactivation of the hexosamine pathway. AGEs inducing a decrease in NO synthesis and eNOS
expression, and an increase in ET-1 expression, lead to VE dysfunction.””'

The principal mechanisms underlying vascular endothelial dysfunction in metabolic disorders are summarized in

Figure 1.

Metabolic Obesity Normal Body Weight (MONW)

Among metabolic abnormalities, increasing scientific interest has focused on metabolic obesity in normal-weight
individuals (MONW). Individuals with MONW show symptoms typical of metabolic syndrome (MetS) — reduced insulin
sensitivity, hypertension, type 2 diabetes and hypertriglyceridemia — despite a normal body mass index (BMI). This
relatively recently discovered phenomenon is still controversial due to the lack of consensus on diagnostic criteria.
Therefore, there is a need to develop predictors that can quickly and accurately identify MONW.'*!

Keirns et al'** examined both the aforementioned types of obesity and subjects without metabolic disorders and
obesity (the control group) for VE function using the FMD method. The study showed that subjects with MetS had less
vasodilation compared to the control group. In contrast, those with MONW showed no statistically significant difference

from either group in these respects. Similar conclusions were reached by Sprung et al.'"** The study showed that people
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Figure | Pathophysiological mechanisms of endothelial dysfunction in metabolic disorders.
Abbreviations: ADMA, asymmetric dimethylarginine; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; sdLDL, small, dense low-density lipoprotein; ET-1,
endothelin-1; 1, increase; |, decrease.
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with MetS exhibit endothelial dysfunction (manifested by reduced vasodilation), regardless of the degree of obesity. Of
particular note is the demonstrated association of increased cardiovascular disease (CVD) risk in individuals with
metabolic disorders, regardless of their obesity status. This may suggest that preserved metabolic health may, to some
extent, have a protective function for the cardiovascular system. Also, studies by Rakhmat et al showed endothelial
damage in both normal weight individuals and obese individuals suffering from metabolic syndrome. MetS components
were shown to correlate positively with VCAM-1 as markers of endothelial dysfunction.'**

A study'® involving 3 cohorts of geographically diverse backgrounds confirmed the association of impaired PAT
measurements with both metabolic risk factors and obesity. Comparisons of individuals within the same BMI category
showed that vascular indices were more impaired in the presence of metabolic abnormalities. This suggests that not only
increased body weight but also the presence of metabolic abnormalities is associated with progressive deterioration of

microvascular function. Nurver Turfaner et al'*®

examined the relationship between FMD in patients with MetS and
controls without MetS. There were no statistically significant differences in FMD between the study groups. In a study by
Iwanczyk et al,'*” the degree of VE dysfunction in MetS patients was assessed by determining the serum concentration of
endocan. They found higher concentrations of the endocan compound in the patient group compared to the control group.

This confirms that VE dysfunction is one of the initial stages of MetS development.

Conclusion

The vascular endothelium is a highly specialized structure of the human organism. It performs a number of functions in
the body, forming the border between metabolic health and cardiovascular disease. It performs many critical functions,
from regulating vascular tone and maintaining hemostatic balance to modulating inflammatory responses. Its amazing
structure acts not only as a protective barrier but also as a mechanical sensor that translates hemodynamic forces into
cellular responses. Dysfunction of such a specialized organ can lead to a number of disorders, both at the microvascular
and macrovascular levels. The prothrombotic and proatherogenic effects of endothelial dysfunction can contribute to the
development of cardio-metabolic abnormalities at an early age.

Modern techniques for detecting endothelial dysfunction are at a very high level and include both invasive (including the
“gold standard” - coronary angiography) and non-invasive methods (including flow-dependent dilation (FMD) and biochemical
biomarkers). The development of automated techniques such as closed zone FMD (ezFMD) and the identification of new
biomarkers, including ADMA, VCAM-1 and endocan, provide physicians with increasingly advanced tools for early detection of
vascular dysfunction. These methods enable risk stratification many years before clinical cardiovascular events occur.

The pathophysiological mechanisms underlying endothelial dysfunction in metabolic disorders converge on several
key pathways. These include insulin resistance with impaired PI3K/Akt signalling, increased oxidative stress with eNOS
uncoupling, chronic low-grade inflammation with NF-kB activation and dyslipidaemia with the formation of atherogenic
small, dense LDL particles. These interconnected mechanisms often perpetuate each other, creating a vicious cycle of
progressive endothelial impairment. The recognition that endothelial dysfunction precedes clinical CVD by years
underscores its potential as both a therapeutic target and a biomarker for early intervention.

As demonstrated in the identified literature, endothelial dysfunction can also occur in individuals with a seemingly
normal metabolic profile (metabolic obesity in normal-weight individuals). It seems reasonable to use predictors of
vascular endothelial dysfunction, which have been shown to be effective in obesity, diabetes and insulin resistance — all
components of MONW.

Understanding the molecular mechanisms of endothelial dysfunction opens avenues for targeted therapeutic inter-
ventions. Strategies aimed at improving NO bioavailability, reducing oxidative stress, modulating inflammatory path-
ways, and optimizing metabolic parameters may help preserve or restore endothelial function. The development of
personalized approaches based on individual risk profiles and endothelial function assessment represents a promising
direction for precision medicine in cardiovascular disease prevention.

Future research should focus on: (1) standardizing the methodology for assessing endothelial function to enable comparisons
across studies, (2) developing biomarkers for widespread clinical use, (3) longitudinal studies examining the temporal relation-
ship between metabolic changes and endothelial dysfunction, (4) exploring novel therapeutic targets within endothelial signaling
pathways, and (5) establishing evidence-based diagnostic criteria for emerging metabolic phenotypes such as MONW.
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In summary, the vascular endothelium represents a critical therapeutic frontier in metabolic medicine. As our

understanding of endothelial biology deepens and assessment techniques become more widely available, the potential

for early intervention and personalized cardiovascular risk management continues to expand. Integrating endothelial

function assessment into routine clinical practice has the potential to ultimately transform our approach to preventing

cardiovascular disease in patients with metabolic disorders.
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