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ABSTRACT

Introduction. Endothelial dysfunction is a result of complex pathogenic interface involving inflammation, oxidative stress,
disorders of endothelization and hemostasis etc., in both arteries and veins, leading to a lot of cardiovascular diseases.
Identifying markers with high predictive value has an important diagnostic and prognostic significance.

Material and methods. To create this review article, we conducted a thorough search for relevant references that are
current, specific, and aligned with the goals of the article. We utilized databases such as PubMed, MEDLINE, Google
Scholar, and Cochrane, going as far back as the year 2000 to gather the necessary information. The identified articles were
structured based on the main objectives, comprehensively analyzed, and the key findings have been critically exposed.

Results. A few main markers endothelial dysfunction were revealed, which reflect axial pathogenic events such as
inflammation, endothelium lesion and reendothelization, inherent hemostasis disorders and prothrombotic risk. Likewise,
some distinct morphophysiological traits of arterial and venous endothelium are disentangled, as well as markers having
common and distinct predictive power of endothelial dysfunction in arteries and veins.

Conclusions. Multi-marker panel is a reliable tool for prediction of endothelial dysfunction in both arteries and veins, as
well as the risk of inherent consequences. Noteworthy, majority of markers are common for arteries and veins, but some,

like C-reactive protein and von Willebrand factor should be treated distinctly.
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Key messages

What is not yet known about the issue addressed in the
submitted manuscript

Currently, there is not a comprehensive algorithm of vascular en-
dothelium dysfunction assessment using circulating biomarkers
which refer to most important pathogenic pillars: inflammation, reen-
dothelization and hemostasis disorders for both arteries and veins.
The research hypothesis

A segregation of leader markers of endothelium dysfunction
of arteries and veins based on their pathophysiological role in
triggering and worsening of vascular dyshomeostasis.

The novelty added by manuscript to the already published
scientific literature

Some markers of endothelial dysfunction should be distinctively
assessed in regard to their predictive power in arteries and veins,
such as C-reactive protein and von Willebrand factor. Likewise,
soluble receptor of protein C is a stronger predictor of thrombosis
risk linked to endothelial dysfunction in comparison to its ligand.
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Introduction

Vascular endothelium (VE) plays a versatile role in gen-
eral, and especially, cardiovascular homeostasis control.
Since the discovery of nitric oxide (NO) as an endothelium
derived factor having a key role in vascular tone regulation,
a lot of data are still accumulated available to depict a mul-
ti-facet caliber of VE. To note in this regard the property of
VE to prevent platelet adhesion and prothrombotic state
activation, circulating white cells passage, pathological vas-
cular remodeling and atherogenic plaque progressing [1-3].
Likewise, VE influences angiogenesis and arteriogenesis,
processes that have a dichotomic significance, meaning they
can have both positive and negative effects, the last being
touchy linked to cancer growth and cancer spreading [4].

The VE functions in veins and arteries are basically
common, although some differences exist, such as: (i) ve-
nous endotheliocytes express more amount of NO; (ii) en-
dothelial junctions in arteries appears to be tighter; (iii) ex-
pression of endothelial vascular growth factor (VEGF) and
of receptors against von Willebrand factor is higher in the
endotheliocytes of arteries [5]. Remarkably, large veins ver-
sus arteries have a greater capacity to trigger and sustain
an inflammatory response. Likewise, in veins the formation
of thrombus is much faster than in arteries due to lowered
blood flow, and the red blood thrombus does not need von
Willebrand factor.

Despite the fact that both arteries and veins express a
lot of common markers, the genes families inherent to en-
dotheliocytes of arteries and veins are not totally similar.
Arterial endotheliocytes express more opulently ephrinB2
gen, but in veins predominates EphB4 gen [6]. Conceptual-
ly is admitted that hemodynamic stress of the blood flow
might change the phenotype and morpho-functional sup-
port of vessel behavior regardless a certain identical embry-
onal pattern. Thus, the increased blood flux can induce an
arterial phenotype of venous endothelial cells.

Noteworthy, the VE injury associated by various mod-
els of dysfunction becomes an important pathogenic pillar
of many homeostasis disorders, which in veins are mostly
manifested by high risk of thrombus formation (e.g. deep
venous thrombosis), and in arteries by vascular remodeling
developing in a field of atherogenic event and artery reactiv-
ity disturbances. Artery endothelial dysfunction is viewed
as a pivotal tool of so dangerous cardiovascular disorders
like acute myocardial infarction, stroke, and arterial hyper-
tension. Endothelial damage associating the coronary angi-
oplasty triggers the process of in-stent re-stenosis qualified
as a pattern of pathological vascular remodeling resulting in
the angioplasty benefic lost.

Taken together these arrangements underline the real
importance of early endothelial dysfunction detection for
prediction of cardiovascular homeostasis impairment as well
as for disentangle of main therapeutic targets. Therefore, a
multi-marker strategy or multi-marker panel is applied as a
feasible algorithm containing markers which are referring to
most important pathogenic interfaces of the endothelial dys-
function and its imminent pathological consequences.
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Material and methods

In order to build this review article, the searching of
needed references concerning actuality, specificity, rele-
vance and matching to article goal was projected on data-
bases of PubMed, MEDLINE Google Scholar and Cochrane
with the depth of the relating up to the year 2000. The found
articles were structured in regard to main objectives, com-
prehensively analyzed, and the principal coagulated entities
have been critically exposed.

Results and discussion

Conceptually the multi-marker algorithm is built from
a puzzle of various pathogenic mechanisms leading to VE
injury and dysfunction whose most important expression is
NO lack. In arteries these phenomena are closely linked to
atherogenesis and inducing endogenous and exogenous fac-
tors. Leader mechanisms taken as intelligible objectives for
seeking feasible markers and predictors of VE dysfunction
and its repercussions are inflammation, oxidative stress, en-
dothelial reendothelization potency, decreases expression
and activity of endothelial nitric oxide synthase (eNOS),
smooth vascular myocyte migration and proliferation con-
trol disturbance, hemostasis disorders, etc.

Inflammation and more important circulating markers

Chronic or low-grade systemic inflammation or sub-
clinical inflammation is considered as a key factor leading
to VE impairment and dysfunction, beyond its direct action
on atherogenesis progressing. Contemporary concept cor-
roborates chronic inflammation as a sustained elevation of
circulating cytokines released by a diversity group of cells,
including adipocytes, which promotes an impact on remote
endothelial cells. Classical canon underlines obesity, met-
abolic syndrome and insulin resistance as most important
pathological entities leading to subclinical inflammation
even in both relatively young people and apparently healthy
adults [7-9].

Pathophysiological interface of inflammation induced
VE disorders is very complex, multi hierarchical and inter-
dependent [10, 11]. Among most important mechanisms
should be revealed:

= Inflammatory cytokines induced endothelial cell ap-

optosis and pyroptosis.

= Activation of oxidative stress.

= Reduced expression and activity of eNOS.

= Diminution of tetrahydrobiopterin, a cofactor of NO

synthesis by endothelial cells from L-arginine.

= Increased activity of arginase, which takes supple-

mentary amounts of L-arginine from eNOS-citrulline
cycle and converts this amino acid in ornithine cycle
leading to urea formation [12]. Remarkably, arginase
Il expression in mitochondrial apparatus is augment-
ed by inflammatory cytokines released by proinflam-
matory macrophages type 1 (M1). On the other hand,
excess of polyamines released in ornithine cycle trig-
gered by arginase are able to increase production of
asymmetric dimethylarginine which inhibits activity
of eNOS [13].
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Fig 1. Mutual relation ROS-inflammation is sustained by disturbed blood flow [11]

Inflammation boosting resulting in endothelial dysfunc-
tion is higher in arterial vessels due to increased risk of dis-
turbed blood flow. Contrarily, laminar blood flow like flow in
veins is not a so strong factor capable to trigger inflammatory
response, and as consequence it means a lowered hazard for
excessive synthesis of ROS, reactive oxygen species (figure 1).

Finally, inflammation either directly or indirectly (there-
by of NO deficiency) exacerbates the process of atheroscle-
rosis a one of crucial supports responsible for VE damage
and dysfunction. Inflammation also is a factor promoting
vascular ageing either of arteries or veins which strongly
correlates with VE dysfunction severity [14].

Accordingly, the assessment of inflammatory markers
is an important diagnostical tool of VE dysfunction and re-
spectively a prediction of inherent cardiovascular disorders.
The most frequently used marker of inflammation and VE
dysfunction is high-sensitive C-reactive protein (hsCRP),
which compresses a large amount of evidence. Likewise,
hsCRP is considered a key predictor of coronary and heart
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failure risk [15, 16]. To note in this regard that the serum
level of hsCRP is taken as cardiovascular risk stratifica-
tion such as the levels of <1 mg/L, 1-3 mg/L, and >3 mg/L
should be interpreted respectively as low, moderate, and
high vascular risk, respectively, based on a large number of
population studies [17]. Must be mentioned that elevation
of serum hsCRP level more than 15 mg/L should be inter-
preted as a presence of pathogen induced inflammatory
processes. Furthermore, moderate increased hsCRP levels
should be taken into consideration in cases when where are
other cardiovascular risk factors like arterial hypertension,
diabetes, obesity, smoking, dyslipidemia, stress, etc. [18].

The CRP role in endothelium damage and dysfunction
is well documented in an enormous number of clinical and
experimental studies and is based on certain mechanisms.

First, CRP is early and tightly involved in triggering and
progressing of atherosclerosis in arteries and thrombosis in
veins (figure 2).

Fig 2. Synoptic mechanisms of pentameric CRP (pCRP) and monomeric CRP (mCRP) involvement in the processes
of atherosclerosis in arteries and thrombosis in veins [19].
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The main mechanisms of CRP induced inflammation
driving VE dysfunction are linked to complement activation,
stimulation of foam cell formation and production of ROS
and cytokines, circulating leukocyte recruitment, stimula-
tion of platelet adhesion and aggregation, inhibition of eNOS
and NO diminution [19, 20]. More than that, the amount of
CRP found in atherogenic plaque robustly correlates with
intensity of inflammatory response, endothelial dysfunction
degree and risk power regarding acute coronary syndrome.
In regard to the ratio of monomeric/pentameric CRP forms
in veins and arteries is to underline the role of mechanical
and physical characteristics of the blood stream which de-
termine the activity of pentamer conversion in monomer
as well as the enzyme activity of the vascular locus. It is
considered that in arteries the concentration of monomer-
ic CRP is bigger than in veins, primarily due to a stronger
blood stream, and a higher proteolytic enzyme concentra-
tion especially in the region of atherosclerotic injury [21].
It is still unknown the precise mechanisms explaining more
aggressive pro-atherosclerotic action of CRP monomers
in comparison to CRP pentamers although both structural
patterns activate the same pathophysiological events, such
as complement activation, platelet and leukocyte adhesion,
endothelial cells damage [22]. Moreover, in the arterial en-
dothelial zones of injury the concentration of white blood
cells is higher compared to veins, a fact which should be tak-
en into consideration, because according to some opinions,
lymphocytes can synthesize CRP monomers [23]. Respec-
tively, the CRP-linked and mediated inflammatory process
is significantly more active in arteries than veins. Endothe-
lial inflammation is manifested by increased expression
of phospholipase A2 which facilitates the pCRP entering
in the liposomes of cell membrane (e.g., endotheliocytes,
macrophages, smooth muscle cells) where it is exposed to a
process of dissociation in partly due to an acidic microenvi-
ronment. So, in a case of a certain suspected risk to endothe-
lial dysfunction both pCRP and mCRP circulating levels are
diagnostically more important for arteries.

Second, CRP increases expression of monocyte chemoat-
tractant protein (MCP-1), as well as of selectins in endothe-
lium [24]. These events facilitate the monocyte and neutro-
phil traffic through endothelial layer. The trapped white cells
trigger the process of smooth myocytes migration and prolif-
eration not only in arteries, but also in veins, defined as vein
wall remodeling [25]. It is sustained by extracellular matrix
(ECM) excessive degradation and synthesis under the action
of fibroblasts and ECM metalloproteinases. Noteworthy that
under statins action, the serum MCP-1 content decreased
and it resulted in improvement varicose vein remodeling
[26]. Likewise, it is a corroborated suggestion that suscep-
tibility of the vein ECM to proinflammatory agents’ action is
linked to some proteomic and genetic disorders, which justi-
fies the application of multi-marker panel in order to unravel
the real predictors of chronic venous disease [27].

Third, CRP decreases activity of HDL capacity to take
cholesterol from foam cells leading to atherogenic phenom-
enon boosting. On the other hand, HDL markedly reduces
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the proinflammatory activity of CRP, and therefore lipid
profile improvement manifested by LDL decrease and HDL
raise confines the pathogenic approach of CRP in inflamma-
tion induced VE damage and dysfunction [28]. This effect
is especially suitable in arteries and represents a pillar of
lipid-lowering therapy.

Another remarkable marker of inflammation and pre-
dictor of VE dysfunction is tumor necrosis factor alpha
(TNF-a). TNF-a is considered as a pivotal proinflammato-
ry marker whose expression is dependent on activity of 2
transcription factors: nuclear factor kappa B (NF-kB) and
nuclear factor of activated T lymphocytes (NFAT) which
provide the signals from membrane Toll-like receptors to
nuclear DNA. The strong contribution of TNF-a in endothe-
lial inflammation and dysfunction was confirmed in a lot of
clinical and fundamental studies. Especially are the empha-
sized results showing that intra-arterial TNF-a infusion in
healthy volunteers resulted in acute vascular inflammation
associated with impaired endothelium-dependent vasore-
laxation [29].

A few important detrimental effects of TNF-a are recog-
nized as (figure 3):

e Increased activity of endothelial membrane NA-
DPH-oxidase leading to excessive formation of su-
peroxide anion which neutralizes the NO by accu-
mulation of peroxynitrite (ONOO), a radical able to
constrict arteries and exacerbate atherosclerotic
process.

¢ Inhibition of cytochrome 450 resulting in lowering
of epoxyeicosatrienoic acids (EETs) formation from
arachidonic acid, which is able to relax arteries by hy-
perpolarization mechanism.

¢ Decreased expression of eNOS.
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Fig 3. Mechanisms of TNF-a induced endothelial dysfunction [29].

AA - arachidonic acid; EDHF - endothelial derived hyperpolarizing
factor; L-Arg -L arginine.
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The circulating TNF-a levels directly correlate with se-
verity of endothelial dysfunction in both arteries and veins.
In some cases, overexpression of TNF-a is linked to genetic
disorders found in autoimmune diseases (e.g., rheumatoid
arthritis, systemic lupus erythematosus) associated with VE
dysfunction worsening [30]. TNF-a stimulates expression of
endothelial receptor LOX-1 which boosts sequestration of
oxiLDL molecules from blood in order to build the athero-
genic plaque in arteries. LOX-1 activation also leads to in-
creased expression of NF-kB and arginase2. The last reduc-
es NO formation because consumes excessively L-arginase
in the ornithine cycle.

The impact of low grade of inflammation or subclinical
inflammation often found in diverse metabolic disorders
(e.g., obesity, diabetes, insulin resistance syndrome) on VE
even in young persons is provided via elevated circulating
levels of TNF-a. Impairment of microcirculation (cerebral,
cardiac), a system of vascular network which encompasses
resistant vessels such as prearterioles, arterioles and capil-
laries, having a risk power for stroke and acute myocardial
infarction, is strongly linked to TNF-a elevation [31]. Being
directly and actively involved in the ROS formation, TNF-a
leads to endothelial cell activation in order to release en-
dothelin 1 (ET-1) which is considered as one of most potent
natural vasoconstricting agents. So, collectively TNF-a, ROS
and ET-1 are important pathogenic factors acting together
and able to induce VE dysfunction and promote its conse-
quences. More than that, TNF-a increases expression of
ET-1 receptor in smooth arterial myocytes (i.e., types ETA
and ETB), thus tightly contributing to artery remodeling,
especially resistant arteries [32]. Stimulation of ET-1 gen-
eration by TNF-a is mediated by c-Jun N-terminal kinase
pathway, which is also a mechanism of ROS release. Perivas-
cular adipose tissue is influenced via inherent adipokines
the rate of TNF-a expression. It has been proven that adi-
ponectin decrease provides TNF-a expression, but in excess
leptin and resistin, in contrary, stimulates expression. The
substance P can decrease in natural conditions the TNF-a
impact on VE thereby a mechanism linked to modulation of
proteinkinase B (Akt) triggering eNOS activity [33].

Recent studies have shown that diverse families of mi-
cro-ARN (miR) can have a dichotomic manner of VE regu-
lation. In this regard is important the action of mir-29a-3p
manifested by decrease of TNF-a receptor expression, and
as consequence the TNF-a induced activation of adhesive
molecules, such as E-selectin and ICAM-1 (intercellular
adhesion molecule) and VACM-1 (vascular adhesion mol-
ecule), hence playing a role of natural VE protector and a
mechanism counteracting endothelial dysfunction worsen-
ing [34].

The role of TNF-a in the pathogenesis of inflammation
induced and assisted endothelial injury is quite well doc-
umented [35]. However, the predictive power of TNF-a re-
garding early endothelial dysfunction is better studied and
known for arterial bed.

Both main markers of VE dysfunction, CRP and TNF-q,
are conceptually strongly linked to another proinflammato-
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ry marker, IL-6. Inflammation, oxidative stress, and Ang II
stimulate the IL-6 expression in veins and arteries wall. Be-
ing a multifunctional cytokine, IL-6 acts on diverse cells (en-
dotheliocytes, myocytes, adipocytes, monocytes, and cardi-
omyocytes) in both endocrine and paracrine pathways. Like
CRP, IL-6 can be synthesized locally, in the atherosclerotic
plaque, and its level positively correlates with expression
of LOX-1 receptors and pathological pattern of vascular re-
modeling. IL-6 receptor is found in two arrangements [36]:

¢ As a membrane receptor without intrinsic kinase ac-

tivity and with low affinity at the cell surface.

e As a gp130 transmembrane site having intrinsic ty-
rosine kinase activity able to bind the circulating
complex acting as a ligand: IL-6+ soluble IL-6 recep-
tor.

Activation of both markers leads to activation of STAT-

1 and STAT-3 (signal transducer and activator of transcrip-
tion) and consequently to nuclear DNA activation. The
gp130 is expressed ubiquitously, but membrane IL-6 recep-
tor - selectively, in dependence of the cell type.

In a comparative analysis of IL-6 role vis-a-vis of venous
and arterial endothelial dysfunction it is important to un-
derline 2 distinct traits. The first, vascular wall capacity to
release IL-6 is higher in arteries. Second, the gp130 expres-
sion level in veins is lowered.

Among pleiotropic effects of IL-6 should be highlighted
the following actions in regard to its role in VE dysfunction
[37,38]:

e augments the detrimental action of TNF-a and CRP

on VE;

e increases production of ROS;

e stimulates expression of chemokines;

e elevates the level of plasmin activator inhibitor;

¢ stimulates synthesis of active-phase proteins by liver
(e.g., fibrinogen, ceruloplasmin);

e increases expression of adhesive molecules and fa-
cilitates the trans-endothelial traffic of white blood
cells;

e triggers the migration and proliferation of endotheli-
al cells and smooth vascular muscle cells;

e activates the ECM fibroblasts and promotes the vas-
cular remodeling.

According to IL-6 intake in the venous endothelial dys-
function the majority of evidence indicate that in diverse
patterns of vein remodeling the circulating IL-6 level is sig-
nificantly elevated and robustly correlates with the serum
amount of [L-8, TNF-a and MCP-1 [39, 40]. Anyway, still the
amplitude of diagnostic and pathophysiological relevance
of the main proinflammatory markers such as CRP, TNF-a
and IL-6 in veins remains less appreciated in comparison
with arteries. First and foremost, deep venous thrombosis
remains the principal venous pathology requesting moni-
toring of inflammation markers as predictors of endothelial
dysfunction and inherent repercussions.

Markers of endothelial lesion and reendothelization

Endothelial lesion is a continuous process triggered
by various pathologic factors such as: ROS, inflammation
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mediators, shear-stress, hyperglycemia, dyslipidemia, hy-
perhomocisteinemia etc. Many comorbidities (e.g., arterial
hypertension, diabetes, autoimmune diseases) worsen en-
dothelial injury leading to a progressive decline of VE dys-
function. The most important markers of endothelial lesion
are endothelial microparticles (EMP), endothelial exosomes
which derive from special vesicles erupted from endothe-
lial cell membrane and endothelial apoptotic bodies [41-
43]. The circulating level of EMP positively correlates with
the degree of endothelial injury especially in arterial bed,
atherosclerotic process activity as well as risk of acute vas-
cular accidents like acute myocardial infarction and stroke.
Likewise, elevated EMP level is associated with higher se-
rum amounts of CRP, TNF-q, IL-6, IL-8, MCP-1, and diabetes
induced VE damage [44]. Hyperhomocysteinemia, smoking
and hypodynamic lifestyle are often associated with raised
EMP and free endotheliocyte circulation that indicates on
endothelial layer injury and endothelial inflammation be-
cause the level of phospholipase A2 is also increased.

In the venous system, the pathophysiological signifi-
cance of EMP is rather linked to procoagulant activity and
risk of thrombosis, and this marker predicts endothelial cell
senescence and functional weariness [45]. To note in this
context that EMP increases directly and indirectly expres-
sion of selectins, VACM-1 and ICAM-1, activates platelets
and monocytes, increases release of tissue factor from en-
dotheliocytes, thrombocytes and mononuclear cells. These
procoagulant events are also associated with elevated lev-
els of thromboxane A2 (TxA2), ET-1, ROS and peroxynitrite,
growth factors and plasminogen activator inhibitor. So, EMP
is an early predictor of vein thrombosis, and obviously this
marker should be assessed in association with other bio-
markers referring to coagulant, anticoagulant and fibrinoly-
sis systems feasibility.

The process of reendothelization is a crucial phenome-
non aiming substitution of either damaged cells or senes-
cence cells by new endotheliocytes. In regard to renew-
ing of senescence cells population, should be emphasized
that both endotheliocytes and smooth vascular myocytes
demonstrate an advanced statement of senescence in the
boosted atherosclerotic process [46]. Endothelial senes-
cence and damage lead to diminution of tetrahydrobiopter-
in, a cofactor of NO synthesis, and respectively a predictor
of VE dysfunction. Therefore, tetrahydrobiopterin became a
reliable marker of early VE dysfunction and atherosclerosis
progression [47].

Basically, reendothelization is realized and emphasized
by following paramount markers: VEGE, angiopoietins, and
endothelial progenitor cells (EPCs).

VEGF is considered a strong endotheliocyte mitogen and
angiogenic factor. In vitro studies have demonstrated that
VEGF stimulates the growth of arterial, venous, and lym-
phatic endotheliocytes which are forming a new capillary
network. Hypoxia, ischemia, and oxidative stress are main
factors triggering expression of VEGFE, which is underlined
also as vasoprotector factor due to its antiapoptotic effects
derived from activation of Bcl-2 proteins. Mechanical stress
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of VE induced by diverse maneuvers of angioplasty damag-
es endothelial cells and stimulates release of VEGE. Nitric
oxide and eNOS play an important role in the VEGF induced
angiogenesis [48]. Remarkably, VEGF induces vasodilation
in a dose dependent manner,; and this effect is fought to be
mediated by prostacyclin. Two types of receptors mediate
the large spectrum of VEFG effects: R1 and R2. The VEGF-R2
receptor is expressed on arterial and venous vasculature,
being involved in control of vasodilation, atherosclerosis,
cell migration and proliferation [49].

VEGF-R1 receptor is mostly found as a soluble recep-
tor capable to bind the circulating VEGF and the affinity
of receptor against specific ligand is 10-fold higher ver-
sus VEGF-R2. However, the kinase activity triggered by via
VEGF-R1 is 10-fold weaker [50]. In contrast to VEGF-R2,
VEGF-R1 does nor mediate angiogenesis in embryonal tis-
sue. In adulthood it is expressed in both endothelial cells
and macrophages and worsens the atherosclerotic process.

Accumulated data suggest that VEGF is a predictor of ar-
terial wall remodeling, and its elevated level is well proven
in patients with arterial hypertension and type 2 diabetes
[51]. The authentic role of VEGF in reendothelization was
confirmed in vivo by administration of an antibody neutral-
izing this growth factor after angioplasty induced vascular
injury, which led to VE recovery annihilation. It has been de-
duced that released VEGF from damaged endothelial cells in
the blood promotes the function of EPCs, which are seques-
trated from bone marrow under action of this growth factor.
Increased production of endogenous NO after an adequate
reendothelization realized basically by EPCs, decrease ex-
pression and activity of VEGE. More than that, exogenous
NO released from nitrite donors reduces the activity of
reendothelization in vivo due to decrease of VEGF level as
well as level of APCs. Interestingly, carbon monoxide, anoth-
er endothelial derived factor, acts unlike NO, contributing to
VEGF expression increase thereby hypoxia inducible factor.
Finally, VEGF being appreciated as a growth factor expressed
not only by endotheliocytes (e.g., by macrophages, platelets,
keratinocytes, renal mesangial cells) plays a certain role in
other functions besides reendothelization, such as: hemato-
poiesis, wound healing, bone tissue synthesis. To be noted
in this context that tumor cells also are capable to express
VEGF, and angiogenesis becomes a pathogenic factor facili-
tating tumor growing and metastasis [52]. Likewise, use of
the blockers of VEGF receptors led to a suppressing effect
on tumor growth and lowered risk of tumor metastasis.

Thus, EPCs are proven as an important tool triggering
and sustaining reendothelization because they are capable
to differentiate into endothelial cells and hence provide phe-
nomenon of new blood vessels formation. Therefore, EPCs
are often named as circulating angiogenic cells. Mobiliza-
tion of EPCs from bone marrow is realized not only by VEGF,
but other factors are also available, such as ECM metallo-
proteinase 9 and stromal cell-derived factor 1. Also, EPCs
can secrete some paracrine factors, such as IL-8 and stromal
cell-derived factor 1. Hypoxia and ischemia are factors that
mobilize EPCs in blood flow resulting in their migration to-
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ward the zone of endothelial injury where they proliferate,
and differentiate into mature endothelium, thereby leading
to reendothelialization and neovascularization [53, 54]. Be-
ing injected intravenously EPCs can reach the infarcted re-
gion within 48 hours.

Decreased levels of EPCs or their functional disability
are strong predictors of endothelial dysfunction and car-
diovascular disease as well [55]. Lower levels of EPCs are
associated with a weaker process of reendothelization even
when the circulating level of VEGF is quite high. It is a well
proven fact, that low levels of EPCs are accompanied by de-
creased production of NO and vascular reactivity impair-
ment. Weak sequestration of EPCs from bone marrow aug-
ments VE dysfunction and accelerates the progression of
cardiovascular disorders. Many cardiovascular risk factors
confine the activity of EPCs recruitment and their home in
the zone of VE injury, such as hyperglycemia, hypercholes-
terolemia, hyperhomocysteinemia, low grade inflammation,
leukocytosis, oxidative stress, etc. Therefore, for a better un-
derstanding of real pathogenic interface of VE dysfunction,
EPCs should be assessed together and correlatively with a
lot of other markers and risk factors of vascular, especially
arterial damage. Noteworthy, the level of circulating EPCs is
recognized as an independent predictor of atherosclerosis
progression and suspected disorders of artery remodeling
and reactivity [56-58].

Nowadays the serum concentration of EPCs is viewed as
an important diagnostic marker as well as a therapeutic tar-
get of cardiovascular disorders associated with VE dysfunc-
tion. Intracoronary infusion of EPCs lead to reduced myo-
cardial infarction zone and to improvement of myocardial
and ECM remodeling in post-infarction period.

In this regard it is important the opinion of K. Lenk et
al. (2021) who suggest that EPCs are a one of key tools for
providing physical exercise benefits on atherosclerosis and
coronary disorders [59]. Physical activity maintains the
structural integrity of VE regardless of any risk factors ac-
tion, and in case of endothelium alteration, the level of EPCs
is higher and their involvement in vascular repair becomes
more efficient.

Regarding some differences of EPCs role in arteries and
veins, there is no conclusive data. Nevertheless, could be
relevant hypothesis that the EPCs role in both arterial and
venous endothelium repair is the same.

Nowadays, a new marker of reendothelization is angio-
poietin which belongs to group of growth factors. Two most
important families of angiopoietin are known: Ang-1 and
Ang-2, which are natural ligands of the Tie-1 and, respec-
tively, Tie-2 receptors tyrosine kinase, which are expressed
primarily on endothelial cells and early hematopoietic cells
[60, 61].

Ang-1 acts as a potent angiogenic growth factor, but Ang-
2 plays an important role in various physiological processes
and its impairment is inherent to a lot of homeostasis disor-
ders, including for the lymphatic system.

Tie-2 receptor is abundantly expressed in endothelium,
especially of arteries. Likewise, vascular fibroblasts can ex-
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press Tie-2 receptors, whose attribution is considered to
be tightly linked to vascular injury repair. Therefore, this
receptor is considered as atheroprotective in arterial en-
dothelium [62]. So, both angiopoietins fulfill a lot of suita-
ble functions, such as: adhesion and survival of endothelial
cells, augmentation of EPCs action vis-a-vis of endotheli-
um repair, reendothelization and angiogenesis from new
formed capillaries. However, the authentic equilibrium be-
tween Ang-1 and Ang-2 in postnatal vascular morphology
and physiology control is still not well established. Most hy-
potheses state that Ang-1 acts in a paracrine agonistic man-
ner inducing Tie-2 phosphorylation and subsequent vessel
stabilization. In contrast, Ang-2 is produced by endothelial
cells and acts as an autocrine antagonist of Ang-1-mediat-
ed Tie2 activation. Conceptually is important that Ang-2
blunts the action of proinflammatory cytokines on vascular
endothelium and therefore prevents and mitigates the VE
injury and remodeling. Lastly, Ang-2 and EPCs action on VE
might be boosted by TGF-beta (transforming growth factor)
whose signal is received by a special endothelial receptor,
endoglin (membrane glycoprotein) whose activation pro-
motes the neoformation of capillaries and integrity of vessel
walls, either in the embryo or postnatal life [63].

Together with VEGF, angiopoietins could stimulate an-
giogenesis induced tumor metastasis, and respectively are
depicted as targets of therapy, especially concerning the
Ang-2. More data is needed in order to highlight physiolog-
ical and pathophysiological entities of these growth factors
regarding VE dysfunction.

Markers of VE dysfunction in connection to hemosta-
sis disorders

Vascular endothelium dysfunction is associated with
severe hemostasis disorders manifested finally by a pro-
thrombotic state induction. Accordingly, VE dysfunction be-
comes a condition of prothrombotic risk, but at the same
time the formed thrombi comprise a pathogenic interface
for DE dysfunction exacerbation. Therefore, inherent mark-
ers of hemostasis disorders should be important and signif-
icant predictors of VE dysfunction severity and its prognos-
tic outcomes.

Basically, prothrombotic state is a result of either over-
activation of coagulation system or impairment of antico-
agulant processes. Frequently these factors act together.
Fibrinolytic activity of the blood also plays a notable role
because can ensure in time the resolution of fibrin throm-
bus. Endothelium incompetency in the field of hemostasis
control is emphasized as following main entities:

e Discovery of the integrins receptors expressed by

subendothelial collagen fibers.

¢ Platelet activation and increase of its adhesive and

aggregation receptors.

¢ Increased release of von Willebrand factor (VWF).

e Excessive accumulation of the tissue factor released

in partly from damaged endotheliocytes.

e Decreased expression of endothelial receptors play-

ing a crucial role in the anticoagulant protein C acti-
vation.
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¢ Diminution of the anti-thrombin III level.

¢ Reduced NO and prostacyclin production.

The earliest consequences of VE lesion and dysfunc-
tion in regard to hemostasis control are elevated circu-
lating level of vWE antithrombin III and incompetence of
anticoagulant tandem protein C-protein S. Von Willebrand
factor, a pentameric glycoprotein, is mainly synthesized by
endothelial cells (megakariocytes also express vWF) and is
stored in Weibel-Palade bodies and a-granules respective-
ly of endotheliocytes. Normally the circulating level of vWF
is linked to ABO blood groups and other genetic arrange-
ments. Non-genetic background of vWF plasma level chang-
es is determined by age, gender, inflammation, oxidative
stress, and surely by endothelial cell integrity in either ar-
teries or veins. Most important hemostatic functions of vVWF
are driven by: (i) stabilization of the factor VIII in the cir-
culation because vWF serves as its plasma carrier, and (ii)
boosting of platelet adhesion to vascular wall and platelet
aggregation, respectively.

Majority of pathologic states associated with vascular
endothelium injury and dysfunction demonstrate elevated
circulating levels of vWF [64-66]. Increased plasma vWF
concentration means a risk for prothrombotic state activa-
tion leading to thrombi formation in arteries of veins (so,
white and red thrombi). Most important conceptual and
practice question remains as: does the vWF has a more de-
cisive role in thrombus formation in arteries or in veins?

Solitary narrations indicate the importance of discovery
of all active sites of vVWF pentamer in the blood flow in order
to achieve maximal hemostatic functions [67-69]. This is pos-
sible in an arterial rapid and intense blood flow comparable
to the slow flow in. So, the predictive power of increased plas-
ma level of vVWF concerning risk of thrombus formation is ob-
vious in arteries. In regard to vWF role in venous thrombus it
is linked to lowered polymer degradation and consequently
less fully discovery of active sites of glycoprotein needed for
factor VIII binding due to weak blood flow in veins [70].

Another hemostatic factor linked to endothelial availa-
bility is antithrombin III (AT-III), recognized as an endog-
enous serine protease inhibitor (glycoprotein consisting
of 432 amino acid residues), thus of thrombin. Endothelial
cells injury leads to decreased release of AT-III resulting in
a lowered capacity of thrombin inactivation of the blood.
Likewise, AT-III also inhibits other factors of coagulation
system, such as IX, X, XI and XII [71].

So, blood levels of AT-1II predicts VE dysfunction and risk
of serious cardiovascular diseases like acute myocardial in-
farction and stroke [72].

Finally, anticoagulant protein C is a key antithrombotic
factor, but its functional feasibility is closely linked to en-
dothelial receptor (type 1 transmembrane glycoprotein)
needed for protein C activation. Therefore, even the normal
or elevated circulating levels of protein C could be inefficient
to prevent thrombus formation if due to endothelial damage
its activation is compromised. However, there are interesting
approaches to study the predictive value of soluble endothe-
lial receptors to protein C. Remarkably, in the blood stream
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this receptor binds to circulating protein C, but this does not
result in anticoagulant factor activation, but in contrary leads
to its inhibition due to lost ability to inhibit factor Va [73].

Thus, increased level of soluble endothelial receptor of
protein C could be a reliable marker of anticoagulant capac-
ity fall due to protein C misfunctioning, and respectively a
predictor of prothrombotic state activation in both arteries
and veins.

Conclusions

1. The multi-marker panel of endothelial dysfunction is
a key opportunity to identify the markers referring to
main pathogenic mechanisms, such as inflammation,
reendothelization and hemostasis disorders having a
reliable early prediction for arterial and venous en-
dothelial dysfunction.

2. Although majority of markers have a same predictive
value of endothelial dysfunction in both arteries and
veins, the circulating levels of CRP and vWF are more
important in regard to arteries because here depo-
lymerization activity of these pentamers is higher
leading to pathogenic mission augmentation con-
cerning vascular remodeling and prothrombosis.

3. The circulating level of protein C is not a reliable
marker of endothelial dysfunction induced risk of
thrombosis. However, the elevation of its soluble en-
dothelial receptor could predict lower anticoagulant
activity of protein C due to the loss of capacity to in-
activate factor Va.
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