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Abstract—Here, we discuss pathophysiological approaches to the defining of endothelial
dysfunction criteria (i.e., endothelial activation, impaired endothelial mechanotransduction,
endothelial-to-mesenchymal transition, reduced nitric oxide release, compromised endothelial
integrity, and loss of anti-thrombogenic properties) in different in vitro and in vivo models. The
canonical definition of endothelial dysfunction includes insufficient production of vasodilators,
pro-thrombotic and pro-inflammatory activation of endothelial cells, and pathologically increased
endothelial permeability. Among the clinical consequences of endothelial dysfunction are arterial
hypertension, macro- and microangiopathy, and microalbuminuria. We propose to extend the
definition of endothelial dysfunction by adding altered endothelial mechanotransduction and
endothelial-to-mesenchymal transition to its criteria. Albeit interleukin-6, interleukin-8, and
MCP-1/CCL2 dictate the pathogenic paracrine effects of dysfunctional endothelial cells and are
therefore reliable endothelial dysfunction biomarkers in vitro, they are non-specific for endothelial
cells and cannot be used for the diagnostics of endothelial dysfunction in vivo. Conceptual
improvements in the existing methods to model endothelial dysfunction, specifically, in relation to
the blood—brain barrier, include endothelial cell culturing under pulsatile flow, collagen IV coating
of flow chambers, and endothelial lysate collection from the blood vessels of laboratory animals in
situ for the subsequent gene and protein expression profiling. Combined with the simulation of
paracrine effects by using conditioned medium from dysfunctional endothelial cells, these flow-
sensitive models have a high physiological relevance, bringing the experimental conditions to the
physiological scenario.
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INTRODUCTION cular biology, as evidenced by the steady increase

in relevant publications over the past 20 years

The study of endothelial physiology continues (from 9,512 in 2001 to 21,748 in 2021). Of partic-
to be among the most relevant topics in cardiovas-  ylar relevance is the study of endothelial dysfunc-
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database from 2001 to 2021.

tion, as the proportion of relevant publications
across all publications on endothelial physiology
is growing every year (from 5.99% in 2001 to
10.83% in 2021). Interest in endothelial dysfunc-
tion in the last two years (Fig. 1) can be explained
by the COVID-19 pandemic, as this disease is
accompanied by endothelial dysfunction in a sig-
nificant proportion of patients.

Despite a significant number of publications
on endothelial dysfunction in the leading cardio-
vascular journals (Circulation Research, Cardio-
vascular Research, Arteriosclerosis, Thrombosis,
and Vascular Biology) over the past 20 years
(671), which deciphered a number of mecha-
nisms either ensuring normal physiology of the
endothelium (maintaining the endothelial phe-
notype, as well as the arterial, venous or lym-
phatic specification of the endothelium, the
protective effect of laminar flow with high shear
stress) or contributing to its pathological activa-
tion (atherogenic effects of turbulent flow, endo-

thelial-to-mesenchymal transition, impaired
endothelial mechanotransduction), the defini-
tion of endothelial dysfunction has remained
static since the 1990s. In both descriptive and
critical reviews, endothelial dysfunction is
defined as “reduced synthesis, release or bio-
availability of nitric oxide (NO), which can lead
to an imbalance between vasoconstriction and
vasodilation and is accompanied by pro-inflam-
matory and prothrombotic activation of the
endothelium” [1—6]. More concise definitions of
endothelial dysfunction sound like “impairment
of endothelium-dependent vasodilation in
response to physiological stimuli” [7, 8] or “loss
of anti-inflammatory, antithrombotic and vaso-
dilating capacity of the endothelium” [9]. A clin-
ically relevant definition of endothelial
dysfunction is “reduced vasodilatory response to
an endothelium-dependent vasodilator (e.g.,
acetylcholine or bradykinin) or impaired flow-
mediated vasodilation” [10]. Perhaps the most
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complete definition of endothelial dysfunction
today belongs to M.S. Goligorsky, who proposed
to include impaired barrier function, compro-
mised proliferation and migration, and
decreased angiogenic potential of dysfunctional
endothelial cells into the endothelial dysfunction
definition [11, 12]. Moreover, he denoted the
clinical consequences of endothelial dysfunc-
tion: arterial hypertension, macro- and microan-
giopathy, which both develop as a result of
atherogenesis and inflammatory infiltration, and
microalbuminuria, which occurs due to
increased vascular permeability [11, 12]. He pos-
tulated the following signatures of dysfunctional
endothelial cells: reduced release of bioavailable
NO, increased ability to leukocyte adhesion,
accumulation of cholesterol and oxidized low-
density lipoproteins, impaired transmission of
vasodilating molecules to vascular smooth mus-
cle cells, increased synthesis of extracellular
matrix components (acquisition of a profibrotic
phenotype) and a tendency to premature aging
and apoptosis [11, 12].

At the same time, the work of joint research
group to determine the clinical and laboratory
criteria of endothelial dysfunction did not lead to
a satisfactory result according to its own conclu-
sion [13]. Almost all biomarkers from 62 studies
assessed were characterized by a lack of specific-
ity for endothelial cells [13]. The authors of a
large-scale proteomic study to identify markers
associated with endothelial dysfunction in
patients with diabetes mellitus came to similar
results [14]. Thus, both pathophysiological and
clinical definitions of endothelial dysfunction are
unclear, and the classical definition of this con-
cept is limited to the impairment of endothe-
lium-dependent vasorelaxation. Some authors
expand one of the endothelial dysfunction com-
ponents to “dysfunctional release of messenger
molecules” without being restricted to NO [15].
A significant amount of new data on endothelial
physiology of the endothelium in the last 15 years
requires introducing novel criteria for endothe-
lial dysfunction. This article is devoted to a criti-
cal discussion of various aspects of endothelial
physiology, including those important for the
proper modeling of the blood—brain and blood-
air barriers, in a methodological context.
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METHODOLOGICAL ASPECTS OF
MODELING ENDOTHELIAL
DYSFUNCTION

Endothelial cell culture under flow

Unlike most cell lines, three-dimensional cul-
turing of which under static conditions relatively
corresponds to the biomechanical effects they
experience in the body, endothelial cells require
the creation of a unidirectional pulsating flow in
order to adequately model their physiology and
particularly gene and protein expression profiles.
A suitable solution for culturing endothelial cells
under flow conditions is a system that combines a
flow pump, tubing connectors, cell culture cham-
bers, and software to control flow settings (includ-
ing shear stress). The advantages of using such a
system are the variability of available connectors
and culture flow chambers, which can be coated
with type IV collagen for imitation of the base-
ment membrane. The transparency of the flow
chambers allows visualization of viable or fixed
endothelial cell cultures at any time using phase-
contrast, epifluorescence or confocal microscopy
after labeling with fluorescent probes (for the via-
ble cultures) or fluorophore-conjugated antibod-
ies (for the fixed cultures). The possibility of
fluorescence visualization of viable cell cultures
makes it possible to study lysosome functioning
(as lysosomal probes are pH sensors, the pH gra-
dient and lysosome staining are often lost during
fixation) and mitochondria without the need to
stain these organelles with specific antibodies.
The presence of four separate modules connected
to one pump and controlled by specialized soft-
ware via a laptop, allows simultaneous work with
four experimental groups and permits maneuver-
ing when planning the design of the experiment.
The analysis is usually performed after a tempo-
rary shutdown of the flow system and removal of
the flow chambers from it; however, the length of
the connectors allows cell visualization under flow
if necessary.

An important technical nuance of working with
a flow system is the endothelial cell confluence in
flow chambers to ensure the endothelial integrity
during the experiment. In order to provide a reli-
able adhesion to the culture plastic (or type IV
collagen if needed), after the passaging into flow
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chambers cells should be left for 12—16 h under
static conditions. In order to adapt endothelial
cells to the flow conditions, it is recommended to
precondition the adhered endothelial cells by
placing the flow chamber into a pulsating flow
system for 24—48 h without any additional stim-
uli. The criterion for cell adaptation to the flow,
which indirectly reflects the corresponding
changes in the initial gene and protein expression,
is the elongated shape of endothelial cells.

It should be noted that the full confluence of
the endothelial monolayer prevents the proper
elongation of endothelial cells, which can reduce
the physiology of modeling mechanotransduc-
tion (transformation of mechanical cues such as
flow into biochemical signals), but at the same
time ensures endothelial integrity which is no less
important for an adequate assessment of its physi-
ology. On the contrary, incomplete confluence of
the endothelial monolayer allows endothelial cells
to sufficiently change the geometry in accordance
with the direction of flow; however, it also leaves
the possibility of impaired endothelial integrity,
which can lead to the detachment of endothelial
cells from the chamber. As a rule of thumb, a 75—
80% confluence is optimal for the physiological
modeling of endothelial mechanotransduction
and, consequently, for the assessment of gene and
protein expression profile.

The amount of endothelial cells within one flow
culture chamber is sufficient for the gene expres-
sion analysis by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) upon the
RNA extraction. If whole transcriptome sequenc-
ing (RNA-seq), liquid chromatography with tan-
dem mass spectrometry (LC-MS) or Western
blotting is required, it is recommended to pool
cell lysate from three flow chambers within one
experimental group into one sample to obtain a
sufficient material for analysis.

When cells inside the flow chamber are lysed
with Trizol (for RNA isolation) or RIPA buffer
(for protein isolation), it is important to withdraw
the maximum amount of phosphate-buffered
saline (used for cell washing) from the chamber
(leaving it only inside the chamber channel itself).
Due to the different density of Trizol, RIPA buf-
fer and phosphate-buffered saline, trizol and
RIPA-buffer practically do not mix with phos-
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phate-buffered saline and displace it from the
channel to the outside of the chamber within a
few seconds (while pipetting is in progress), which
makes it possible to remain the residual phos-
phate-buffered saline in the chamber in order to
avoid air embolism of the channel. After a 5-min
cell lysis in Trizol or RIPA buffer, it is recom-
mended to pass the Trizol or RIPA buffer col-
lected from the chamber through the chamber
twice again to collect the remaining cell debris.

For culturing endothelial cells under flow con-
ditions, it is advisable to use a complete (serum-
containing) culture medium. A complete medium
is most suitable for the settlement of endothelial
cells in flow culture chambers and for their pre-
conditioning under flow. Conceivably, such
medium can be used during the flow experiments;
however, it can also be replaced with a serum-free
culture medium (as serum is a stochastic combi-
nation of heterogeneous molecules that might
impact the experiments). From this point of view,
serum-free media with a predetermined concen-
tration of growth factors (defined medium) are of
significant interest. Defined medium makes it
possible both to increase the viability of endothe-
lial cells during the experiment and to minimize
the stochastic effect of heterogeneous serum on
the results. A wide range of media for culturing
primary human endothelial cells is currently
available on the market, including serum-con-
taining, serum-free, and defined medium. Impor-
tantly, media from different manufacturers and
the corresponding primary endothelial cultures
are interchangeable.

Further, the importance of using primary rather
than immortalized cultures should be empha-
sized. It is expedient to purchase commercial cul-
tures of endothelial cells which are capable of
rapid proliferation (the rate depends on the donor
and on the cell line, but in some cases is not infe-
rior to immortalized endothelial cells), are easy
for subculturing and withstand multiple passages
(thawed at the 2nd passage, in our hands it was
possible to subculture them up to the 12th passage
without a significant slowdown in proliferation).
Such an approach to endothelial cell sourcing
makes it possible to select the cell line of virtually
every blood vessel. To model endothelial dysfunc-
tion in atherosclerosis, we recommend perform-
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ing simultaneous experimentation on endothelial
cells from atherosensitive arteries (e.g., the coro-
nary artery, carotid artery, or aorta) and atherore-
sistant arteries (such as internal thoracic artery).
The use of arterial endothelial cells is mandatory
to study arterial diseases such as atherosclerosis,
restenosis or aneurysms, while venous endothe-
lial cells are required to study venous pathologies
such as venous thromboembolism. It is worth
focusing to study the physiology of endothelial
cells that populate novel biomaterials for the pro-
duction of tissue-engineered medical devices
(e.g., small-diameter vascular grafts or biopros-
thetic heart valves). To model the (patho)physi-
ology of the endothelium in such conditions, one
should also use endothelial cells lines that corre-
spond to the anatomical localization of the med-
ical device (e.g., if small-diameter vascular
prostheses are planned to be used as conduits for
coronary bypass grafting, experiments to study
endothelial physiology on such conduits or bio-
materials for them should be carried out on the
primary coronary or internal thoracic artery
endothelial cells).

Endothelial cell culture under static conditions

Despite the attractiveness of culturing endothe-
lial cells under pulsating flow conditions, a num-
ber of experimental applications require a
significant amount of cells, which is impossible to
be obtained in a small culture area of flow cham-
bers. For example, the analysis of paracrine
effects of endothelial cells necessarily includes the
measurement of pro-inflammatory cytokines,
which concentration must be sufficient for their
detection. The volume of the culture medium
loaded into one pulsed flow module (utilizing the
system used by the authors as an example) is
15 mL, and the area of one culture flow chamber
is ~2.5—3.0 cm?, which is equivalent to the area of
8—9 wells of a 96-well culture plate or 0.25—0.30 x
100 (250,000—300,000) cells. Accordingly, the
number of cells cultured in the flow system does
not correspond to the volume of the medium in
terms of even high-sensitive enzyme-linked
immunosorbent assay. Evaporation of the culture
medium to concentrate the molecules is associ-
ated with a high risk of contamination, which
makes impossible any further analysis. In addi-
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tion, modeling the paracrine effects of endothelial
cells requires the addition of conditioned (i.e.,
incubated with dysfunctional endothelial cells)
medium to intact cultures, which again seems
unrealistic under flow conditions due to the dis-
crepancy between the number of cells and the vol-
ume of the medium.

Therefore, experiments on endothelial cell
secretome (cytokines, pro- and anti-angiogenic
molecules) are advisable to be carried out under
static conditions. When modeling the paracrine
effects of endothelial cell cultures, one should
remember the importance of using a serum-free
or defined culture medium as the serum contains
xenogeneic (heterologous) extracellular vesicles
as well as cytokines and pro-/anti-angiogenic
molecules which may interact with polyclonal
antibodies for enzyme-linked immunosorbent
assay or dot blotting. The use of a defined medium
increases the viability of cells exposed to an endo-
thelial dysfunction trigger yet making it difficult to
objectively assess changes in pro- and anti-angio-
genic molecules. As a rule, the conditioned
medium is transferred to intact endothelial cell
cultures after no more than 24 h of cultivation to
prevent further changes in endothelial physiology
associated with serum deprivation. In addition, to
objectively assess the response of intact endothe-
lial cell cultures to conditioned medium (includ-
ing changes in their secretory profile), their 24-h
incubation with a conditioned medium is
required. In such experimental setting, culture
medium added to an endothelial cell monolayer
becomes depleted just after 48 hours (24 h of
incubation with dysfunctional cells and 24 h of
incubation with intact cell cultures).

Also, endothelial cell culture under static con-
ditions is applicable when the experiment involves
their fractionation into organelles in order to sep-
arate proteins of different localization (e.g.,
nuclear, cytosolic and mitochondrial or lysosomal
proteins). Further applications in this design may
include liquid chromatography with tandem mass
spectrometry, which requires pre-enrichment of
the analyzed samples to maximize the total num-
ber of identifiable cellular proteins. This requires a
significant number of endothelial cells to collect
sufficient protein amounts that is impossible to be
grown at flow culture chambers.
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Study of endothelial biology in vivo

In addition to in vitro experiments on endothe-
lial cell cultures under unidirectional flow condi-
tions, studies of pathological effects and their
mechanisms also involve in vivo studies on labo-
ratory animals. Small laboratory animals (rats and
mice) can be considered the most suitable models
for this due to a relative simplicity of their housing
and reproduction, which makes possible to con-
duct large-scale experiments with a sufficient
number of biological replicates.

Considering possible animal models for study-
ing endothelial dysfunction, it should be empha-
sized that each experiment may require
individualization of the experimental model (e.g.,
certain strains of transgenic mice or rats). This
postulate is especially applicable to the analysis of
the impact of various comorbid conditions, e.g.,
diabetes mellitus, chronic kidney disease, and
chronic obstructive pulmonary disease. Each of
these diseases has its specific, both conventional
and novel animal models. If considering the phys-
iological scenario, which is most relevant to test
pharmacological and non-pharmacological inter-
ventions to correct endothelial dysfunction, it is
worth highlighting three animal models. The first
are normolipidemic and normotensive Wistar rats
which permit to analyze endothelial physiology in
the absence of any additional cardiovascular risk
factors. The second animal model are rats with
congenital arterial hypertension (e.g., SHR rats).
The third animal model are hyperlipidemic
(ApoE or LDLR knockout) mice inherently
prone to hyper/dyslipidemia, lipid deposition,
and atherosclerosis.

The use of these models makes it possible to
study endothelial dysfunction in the absence of
modifiable cardiovascular risk factors, as well as in
the two most common and important cardiovas-
cular risk factors, arterial hypertension and hyper/
dyslipidemia. Since these conditions are inevita-
bly age-related processes rather than comorbidi-
ties, it is reasonable to consider these animal
models as a kind of normal pathophysiological
scenario for modeling endothelial dysfunction, in
addition to the physiological scenario observed in
Wistar rats.

The most suitable vessel for the analysis of
endothelial dysfunction in rats and mice is the
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aorta, since: (1) this vessel belongs to the arterial
bed (which makes it possible to associate endo-
thelial dysfunction with the development of ath-
erosclerosis, restenosis and aneurysms); (2) it
contains both segments with atherogenic turbu-
lent flow (aortic arch and bifurcation) and athero-
protective laminar flow (descending aorta); (3)
has the maximum diameter among all other blood
vessels, permitting to collect a sufficient amount
of material for analysis. Albeit the descending
aorta is the only possible choice as a segment with
laminar flow due to its length and simplicity of its
geometry, there are two options for choosing a
segment with turbulent flow (as mentioned above,
the aortic arch and bifurcation). Comparing these
vascular segments, it is worth noting the
extremely small size of the bifurcation fragment
itself (its part with truly turbulent blood flow) even
in comparison with the relatively small aortic
arch. Therefore, it seems reasonable to prefer the
aortic arch to analyze the endothelial physiology
in turbulent blood flow.

Analysis of the endothelium in the aortic arch
and descending aorta in situ can be performed in
at least three ways: by rapidly washing the indi-
cated aortic segments with Trizol in order to col-
lect endothelial lysate for subsequent RNA
isolation and profiling by RT-qPCR, by similar
washing with RIPA buffer with a cocktail of pro-
tease and phosphatase inhibitors, or by using lon-
gitudinal dissection of the whole segment and its
staining with primary and secondary fluorescently
labeled antibodies, followed by en face imaging,
which implies microscopy of the aorta laid intima
up without any sectioning.

Collection of endothelial lysate with Trizol or
RIPA buffer is advisable to be carried out using an
insulin syringe after a thorough washing with
saline sodium chloride solution to get rid of the
blood. A single but slow syringe flush with Trizol
or RIPA buffer is sufficient to isolate sufficient
RNA or protein from rat aortic segments
(although a fast thrice flushing is also justified). In
order to achieve a protein concentration sufficient
for Western blotting, the volume of RIPA buffer
should not exceed 200 pL for the aortic arch and
300 pL for the descending aorta; it should proba-
bly be even smaller for mice, which have smaller
aortic diameter. The histological justification for
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the use of this technique in rats and mice is that
their intima normally consists exclusively a
monolayer of endothelial cells, does not contain
any other cell populations, and is separated from
the medial layer containing vascular smooth mus-
cle cells by an internal elastic lamina. Certainly
this technique is associated with some degree of
contamination by vascular smooth muscle cells
(which is confirmed by the detection of alpha
smooth muscle actin by Western blotting and the
corresponding transcripts by RT-qPCR), how-
ever, it can be pre-optimized for each specific
experiment, and it is advisable to make a correc-
tion for the amount of alpha smooth muscle actin
or the corresponding transcripts in the control
and experimental groups (by analogy with the ACt
principle during analysis of RT-qPCR data).

The Western blotting peculiarity of rat proteins
is that molecular weights of the detected proteins
often do not match those in humans, which are
used by antibody manufacturers as the reference.
In addition to the fact that this peculiarity may
raise questions for reviewers demanding technical
details, it limits the simultaneous use of two or
more primary antibodies, sometimes practiced in
order to save resources in the analysis of human
proteins in the case of preliminary testing of such
antibodies, their divergence in molecular weights
and the absence of their non-specific binding to
non-target proteins or their fragments. However,
these limitations do not diminish the technical
validity of Western blotting in rat endothelial
lysate.

Another analysis mentioned above is en face
endothelial confocal microscopy. The need to use
confocal but not epifluorescence microscopy is
due to the strong background signal from the
underlying internal elastic lamina in the green flu-
orescent channel, which requires cutting off indi-
vidual optical sections to visualize endothelial
cells stained with fluorescently labeled antibodies.
A combination of Alexa Fluor 555- and Alexa
Fluor 647-conjugated secondary antibodies that
fluoresce in the red and far red channels should
probably be used to minimize such autofluores-
cence. Although this method of analyzing the
endothelial physiology is acceptable, its eviden-
tiary power in most cases (excepting the assess-
ment of the endothelial-mesenchymal transition)
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seems to be limited due to the complementary
sense of the semi-quantitative analysis of confocal
images; in addition, its use leads to a rather irra-
tional use of the available tissue, since a suffi-
ciently large part of the aortic segment is spent on
staining with just one combination of antibodies.

MECHANISMS OF ENDOTHELIAL
DYSFUNCTION

Pro-inflammatory activation

The main criteria for pro-inflammatory activa-
tion of the endothelium are adhesion of leuko-
cytes to endothelial cells due to the binding of
leukocyte receptors to the corresponding recep-
tors of endothelial cells and an increased release
of pro-inflammatory cytokines by endothelial
cells [16—18]. Leukocyte receptors responsible for
the attachment of leukocytes to endothelial cells
include VLA-4/CD49d (binding to VCAMI1 of
endothelial cells), Mac-1 (complex of CD11b and
CD18, binding to ICAMI1 of endothelial cells),
LFA-1/CDl1a (binding to ICAMI1 of endothe-
lial cells) and PSGL-1/CD162 (association with
E-selectin of endothelial cells) [19—22].

An objective analysis of leukocyte adhesion to
the endothelium is impossible under static condi-
tions due to a passive sedimentation and inevita-
ble adhesion of monocytes and lymphocytes both
to endothelial cells and to a culture plastic even
after a number of washing stages (7-10). Even at
complete confluence of the endothelial mono-
layer, it is impossible to separate the true adhesion
of leukocytes to endothelial cells from the pseu-
doadhesion due to a mechanical attachment of
monocytes and lymphocytes to the underlying
surface, regardless of its coverage with cells. At the
same time, the addition of leukocytes to the flow
culture system in the amount of 1.25 x 103 cells
per 1 mL (equivalent to 1.5 x 100 cells per module
of the flow system) makes it possible to exclude
such pseudoadhesion and to ensure a sufficient
number of monocytes and lymphocytes adhered
to the endothelial monolayer. This assay can be
visualized using inverted fluorescence microscopy
using any alternative nuclear stain (e.g., Cell-
Tracker Green) to label the leukocytes prior to
their addition into the flow system and a standard
nuclear stain (e.g., Hoechst 33342) for labeling

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY Vol. 58 No. 3 2022



788

cells inside the chamber after stopping the system
and removing it immediately before imaging. In
this design, leukocytes emit both blue and green
fluorescence (using CellTracker Green), while
endothelial cells give only blue fluorescence. For
the better visualization, it is recommended to
combine phase contrast and fluorescence imaging
on an inverted microscope.

Although the analysis of leukocyte adhesion to
endothelial cells is a functional analysis with a
strong evidence for pro-inflammatory activation
of the endothelium, obtaining several lines of evi-
dence demands measurement of the expression of
genes and proteins responsible for the adhesion of
leukocytes to endothelial cells. These genes should
include VCAMI, ICAMI, SELE, and SELP,
which encode the vascular cell adhesion molecule,
intercellular cell adhesion molecule, E-selectin,
and P-selectin, respectively. The optimal
method for measuring the expression of these
genes is various types of polymerase chain reac-
tion (e.g., RT-qPCR or digital droplet PCR), and
Western blotting is a technique of choice for mea-
suring protein expression. Intriguingly, VCAM1
and ICAMI1 expression significantly exceeds that
of E-selectin allowing them to be used as markers
of pro-inflammatory activation). A semi-quanti-
tative analysis of confocal microscopy images
could be an alternative approach to measure the
expression of these proteins yet numerous
attempts to use this method in different experi-
ments did not lead to satisfactory results. With
regards to cell adhesion molecules, it is recom-
mended to use confocal microscopy solely for the
qualitative analysis of their localization (e.g., in
the cytosol or on the plasma membrane), and not
for the quantitative analysis of their expression.
However, confocal microscopy visualization can
complement RT-qgPCR and Western blotting
data. Thus, semi-quantitative analysis of confocal
images is used either to study localization of an
object of interest inside a cell, including its associ-
ation with specific organelles or as a complemen-
tary but not independent analytical method.

With regard to the increased secretion of pro-
inflammatory cytokines, endothelial cells release
six: interleukin (IL)-6, IL-8, monocyte chemoat-
tractant molecule 1 (MCP-1 / CCL2), CXCLI
(growth-associated oncogene, GRO-a), macro-
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phage migration inhibitory factor (MIF), and
plasminogen  activator  inhibitor  (PAI-I,
serpin E1) [23, 24]. The range of pro- and anti-
angiogenic molecules secreted by endothelial cells
is much wider [23, 24], while pro-angiogenic
molecules include angiopoietin-1 [25, 26], a solu-
ble form of the vascular endothelial growth factor
receptor (VEGFR2) [27, 28], angiogenin [29,
30], epidermal growth factor (EGF) [31, 32], pla-
cental growth factor (PIGF) [33, 34|, platelet
growth factor (more precisely, its subunits PDGF-
AA and PDGF-BB) [35, 36], basic fibroblast
growth factor (bFGF) [37, 38], endothelin-1 [39,
40], pentraxin 3 [41, 42], dipeptidyl peptidase 4 [43,
44], CD105/endoglin [45, 46], hepatocyte growth
factor (HGF) [47, 48], insulin growth factor-
binding proteins IGFBP-1 [49, 50], IGFBP-2
[51, 52] and IGFBP-3 [53, 54], CXCL16 [55,
56], transforming growth factor (TGF-B1) [57,
58], urokinase plasminogen activator (uPA) and
corresponding soluble receptor (uPAR) [59, 60],
matrix metalloproteinase-1 (MMP-1) [60, 61],
IL-6 [62, 63], IL-8 [64, 65], and MCP-1/CCL2
[66, 67], while anti-angiogenic molecules include
angiopoietin-2 [68, 69], thrombospondin-1 [70,
71], endostatin [72, 73], and tissue inhibitors of
metalloproteinases (TIMP-1 [74, 75], TIMP-2
[76, 77]) and a plasminogen activator inhibitor
(PAI-1)) [78, 79]. Measurement of cytokines,
pro- and anti-angiogenic factors in a culture
medium from endothelial cells is performed pri-
marily through semi-quantitative profiling using
dot blotting, as specialized kits available on the
market allow the determination of all abovemen-
tioned cytokines and the vast majority of pro- and
anti-angiogenic proteins. Such screening permits
to reveal the secreted molecules, which are differ-
entially expressed between the experimental and
control groups, and then conduct a targeted
quantitative analysis using high-sensitive enzyme-
linked immunosorbent assay. If it is not possible
to perform a dot blot (e.g., due to the lack of a
chemiluminescent scanner), measurement of 1L-6,
IL-8 and MCP-1/CCL2 levels in the culture
medium by enzyme-linked immunosorbent assay
also permits to estimate the pro-inflammatory
activation of endothelial cells. Prior to dot blot-
ting or enzyme immunoassay, low speed centrifu-
gation of the collected medium (1,000-3,000 g)
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should be performed to remove cellular debris.

In addition to the measurement of pro-inflam-
matory cytokines released by endothelial cells into
the microenvironment, it is also recommended to
conduct the experiments with conditioned serum-
free medium, which should be added to intact
cultures of endothelial cells within 24 h of condi-
tioning for no more than 24 h to evaluate its
pathological effects. Fractionation of the condi-
tioned medium into extracellular vesicles and ves-
icle-free medium by ultracentrifugation might
also be useful. Before transferring the conditioned
medium from dysfunctional to intact endothelial
cells, it should be subjected to low-speed centrifu-
gation in order to remove cellular debris and asso-
ciated molecules.

The studies by our group have shown that the
addition of calciprotein particles into the flow sys-
tem leads to their internalization by endothelial
cells within 1 hour and provokes death of a small
but statistically significant proportion (1-2%) of
endothelial cells within 4 hours due to a patholog-
ical permeabilization of lysosomes and mitochon-
dria and stimulates the release of 1L-6, IL-8 and
MCP-1/CCL2 [80, 81]. This made it possible to
consider calciprotein particles as a model trigger
of endothelial dysfunction.

Subsequent experiments showed that a 4-h
incubation of primary coronary artery and inter-
nal thoracic artery endothelial cells with calcipro-
tein particles causes adhesion of leukocytes to
arterial endothelial cells under flow accompanied
by an increase in VCAMI1 and ICAM1 [82—84].
Both complete and vesicle-free conditioned
medium from CPP-treated primary coronary
artery endothelial cells led to an increased expres-
sion of VCAM1, ICAM1, SELE and SELP genes
in combination with an elevated expression of
IL6, CXCLS, CCL2, CXCLI and MIF genes,
increased expression of VCAMI1 and ICAMI
receptors, and augmented release of 1L-6, I1L-8
and MCP-1/CCL2 when added to intact human
coronary artery endothelial cells. Yet, the addi-
tion of extracellular vesicles from CPP-treated
endothelial cells did not lead to such effects, indi-
cating the leading role of the soluble factors in the
development of paracrine pro-inflammatory
endothelial activation. Since no shift of pro- and
anti-angiogenic factors secreted by endothelial
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cells into the environment was detected, it was
assumed that pro-inflammatory cytokines (IL-6,
IL-8, MCP-1/CCL2) play the main role in this
pathophysiological scenario.

Thus, pro-inflammatory activation should be
considered as the first and foremost feature of
endothelial dysfunction and is defined as: (1)
increased adhesion of leukocytes to endothelial
cells during their co-incubation under flow,
accompanied by an increase in the expression of
VCAMI1 and ICAMI proteins and the corre-
sponding genes; (2) increased release of IL-6, IL-8
and MCP-1/CCL2 into the microenvironment;
(3) pathological paracrine effects of endothelial
cells (e.g., the ability of the conditioned medium
to cause endothelial dysfunction in intact endo-
thelial cell cultures).

Impairment of endothelial mechanotransduction

Another aspect of endothelial pathophysiology
that cannot be studied under static culture condi-
tions is disturbed endothelial mechanotransduc-
tion (transformation of mechanical cues, e.g.,
flow, into the biochemical signals). Mechano-
transduction plays a pivotal role in endothelial
physiology in vivo, as reflected by the susceptibil-
ity of vascular segments with turbulent blood flow
(e.g., the aortic arch) to atherosclerosis compared
to vascular segments with laminar blood flow
(e.g., the descending aorta) [16—18]. In addition
to a variety of mechanosensors including VEG-
FR2 [85, 86], Tie2 [87], and PECAM-1/CD31
[88, 89], integrins and associated adhesion foci
[90—93], intercellular contact proteins VE-cad-
herin and occludin [85, 89, 94], stretch-activated
ion channels [95, 96], transmembrane proteogly-
cans [97], G-protein-coupled receptors [98], het-
erotrimeric G-proteins [99, 100], glycocalyx [101,
102], caveolin-1 and caveolae [103, 104], primary
cilia [105, 106], intermediate filaments [107,
108], and actin cytoskeleton [109—111], signal
transmission from mechanosensors occurs
through a number of specialized transcription fac-
tors: KLF2 [112—114], KLF4 [115—117], NRF2
[118, 119], YAP and TAZ [120, 121]. Three of
these factors (KLF2, KLF4, and NRF2) are ath-
eroprotective [113—116, 118, 119, 122—131],
while two (YAP and TAZ) are atherogenic [120,
121, 131—134].
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The function of the atherogenic transcription
factors YAP and TAZ is largely regulated at the
post-translational level through phosphorylation
(which provokes their sequestration in the cytosol
and degradation of these proteins through ubiqg-
uitination in proteasomes), which reflects the
need to evaluate not only the total but also the
phosphorylated fraction of these molecules.
Another way to analyze the activity of atherogenic
transcription factors YAP and TAZ is the com-
parative assessment of total and phosphorylated
forms of these proteins in the cytosol and nucleus
by Western blotting after cell fractionation.
Unfortunately, this technique requires a signifi-
cant cell amount that is impossible to be obtained
in flow culture chambers, yet static conditions
does not permit analysis of endothelial mechano-
transduction. Attempts to assess the fluorescence
intensity of total and phosphorylated forms of
YAP and TAZ in the cytosol and nucleus during
immunostaining also did not lead to any unbiased
result.

While the absence of external biomechanical
cues makes impossible proper modeling of endo-
thelial mechanotransduction, culturing in a flow
system meets several conditions for this task: con-
stant exposure to unidirectional pulsating flow
with controlled shear stress, elongation of endo-
thelial cells with the flow, and ensuring cell-cell
contacts between endothelial cells within the
monolayer. Internalization of CPPs led to a
decrease in the expression of mechanosensitive
atheroprotective transcription factors KLF2 and
KLF4, also reducing the phosphorylation of the
atherogenic transcription factor YAP1 and thus
leading to its activation, which is suppressed
under physiological conditions. At the same time,
these effects were observed both in primary endo-
thelial cell cultures and in the endothelium of rat
descending aorta and aortic arch. These alter-
ations were particularly pronounced in the aortic
arch characterized by turbulent blood flow, where
the Yapl protein was hypophosphorylated at both
residues (Ser127 and Ser397) and the Taz protein
was also hypophosphorylated, reflecting the resis-
tance of these two atherogenic transcription fac-
tors to degradation. Thus, both cultures of
endothelial cells incubated with CPPs and aortic
endothelium of rats subjected to intravenous
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administration of CPPs had molecular imprints of
impaired mechanotransduction.

When attempting to formulate criteria for
endothelial dysfunction, one should mention the
absence of any functional analysis (similar to the
analysis of leukocyte adhesion to endothelial
cells) or any biomarker released into the microen-
vironment to draw an unambiguous conclusion
on impaired endothelial mechanotransduction.
However, its signs may include reduced expres-
sion of atheroprotective transcription factors
KLF2, KLF4, and NRF2 and their encoding
genes (KLF2, KLF4, NFE2L2), as well as hypo-
phosphorylation of atherogenic transcription fac-
tors YAPI and TAZ that leads to their activation.
Which of these changes are the most pathophysio-
logically significant is debatable; therefore, it
seems reasonable to define disturbed endothelial
mechanotransduction as a combination of
decreased expression of atheroprotective tran-
scription factors and activating hypophosphoryla-
tion of atherogenic transcription factors. In
accordance with this definition, impaired endo-
thelial mechanotransduction can be designated as
one of the main endothelial dysfunction features.

Endothelial-to-mesenchymal transition

An equally important aspect of endothelial dys-
function is the endothelial-to-mesenchymal tran-
sition that accompanies the development of
atherosclerosis and contributes to the loss of
endothelial cell orientation, disintegration of
intercellular contacts, increased expression of cell
adhesion molecules, and switch to a synthetic
phenotype [135—139]. The endothelial-mesen-
chymal transition is accompanied by a gradual
decrease in the expression of endothelial markers
(PECAM-1/CD31, VE-cadherin/CD144, VEG-
FR2/KDR/CD309) and an increase in the
expression of mesenchymal markers (N-cad-
herin/CD325, alpha-smooth muscle actin,
vimentin, calponin, SM22cq, fibroblast-associated
protein, fibroblast-specific protein) and is regu-
lated by the transcription factors Snail, Slug,
Twistl, Gata4, and Zebl [137, 139—141]. Expres-
sion of the transcription factor Gata4 in human
endothelial cells is questionable, while the other
four transcription factors are in significant
amounts both at the transcript and protein level.
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Among these, the most important transcription
factors are Snail and Slug, two cognate transcrip-
tion factors, which can be simultaneously
detected by Western blotting with one of the com-
mercially available antibodies recognizing both of
them. However, this antibody is polyclonal, while
current Western blotting specificity requirements
strongly recommend the use of monoclonal anti-
bodies to minimize their non-specific binding.
However, the difference in the molecular weights
of the endothelial-to-mesenchymal transition
transcription factors makes it possible to concur-
rently evaluate the expression of Snail/Slug (or
Twistl), which are generally localized at molecu-
lar weights up to 50 kDa, and the transcription
factor Zebl, which can be determined on molec-
ular weight of 200 kDa.

In addition to Western blotting, an objective
assessment of endothelial-to-mesenchymal tran-
sition can also be carried out using the gene
expression analysis, since the activity of transcrip-
tion factors or markers of this process does not
depend on post-translational modifications. In
this case, a changed expression of the respective
transcription factor genes, namely SNA/I,
SNAI2, TWISTI and ZEB]1 is observed, although
the differential expression of each of them signifi-
cantly depends on the type of vascular endothe-
lium (cell line in vitro or vascular segment in
vivo). Changes in the expression of the endothe-
lial-to-mesenchymal transition markers occur
much later and serve as a signal of ongoing trans-
differentiation. The most convincing evidence of
such transdifferentiation is probably immunoflu-
orescence staining, which indicates the acquisi-
tion of mesenchymal markers by endothelial cells.
A classic example of this phenomenon is com-
bined staining for the endothelial cell marker
PECAM-1/CD31 and the vascular smooth mus-
cle cell marker alpha smooth muscle actin, as well
as for another endothelial cell marker VE-cad-
herin/CD144 and the mesenchymal cell marker
N-cadherin/CD325. The relevance of immuno-
fluorescence staining to determine the endothe-
lial-to-mesenchymal transition probably also
makes it possible to prove its implementation in
vivo when dissecting an entire aortic segment,
staining it with primary and secondary fluores-
cent-labeled antibodies, and subsequent en face
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imaging. This method allows distinguishing cells
with an endothelial phenotype (CD31 aSMA™ or
CD1447CD3257) from cells with a mixed
(CD317"aSMA™ or CD1447CD325™) or mesen-
chymal (CD31"aSMA' or CD144 CD325")
phenotype and provides a technical opportunity
to count the cells with a transitional or mesenchy-
mal phenotype. With regard to the secretome of
endothelial cells undergoing an endothelial-to-
mesenchymal transition (considering this process
as a continuum but not discrete transition
between two states), a practical assessment of the
soluble factors released into the microenviron-
ment during the endothelial-to-mesenchymal
transition is quite difficult because of its duration
(1-2 weeks).

Prolonged intravenous administration of CPPs
to Wistar rats initiated the endothelial-mesenchy-
mal transition by increasing the expression of its
transcription factors Snail, Slug and Twistl in the
endothelium of descending aorta and aortic arch.
Trends in gene and protein expression suggested
that the endothelial-to-mesenchymal transition
develops over time along with the CPP exposure,
and the increased expression of its transcription
factor genes (SNAII, SNAI2 and ZEB]) after the
internalization of CPPs precedes the subsequent
overexpression of the proteins Snail, Slug and
Twistl regulating change of endothelial to mesen-
chymal phenotype.

Thus, the criteria for endothelial-to-mesenchymal
transition include: (1) the acquisition of mesenchy-
mal phenotype markers (primarily N-cadherin and
alpha-smooth muscle actin); (2) increased expres-
sion of at least three out of four corresponding tran-
scription factors (Snail, Slug, Twist1, and Zebl1). The
endothelial-to-mesenchymal transition itself should
also be defined as a continuum of events but not as an
accomplished fact of the mesenchymal phenotype
acquisition. Since the endothelial-to-mesenchymal
transition is associated with both pro-inflammatory
endothelial activation (leukocyte adhesion to endo-
thelial cells and release of pro-inflammatory cyto-
kines [83, 142, 143]) and is induced by chronic
inflammation [144, 145], turbulent flow [135] and
impaired endothelial mechanotransduction [146,
147] endothelial-to-mesenchymal transition can also
be considered as a mandatory feature of endothelial
dysfunction.
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Impaired biosynthesis and release of nitric oxide
(NO)

One of the key aspects of endothelial dysfunc-
tion is the reduced ability of endothelial cells to
produce nitric oxide (NO), which is a key vasodi-
lator. From a methodological point of view, four
stages can be distinguished at which an indirect
assessment of NO release is possible: transcription
of the gene for the key enzyme of this process,
endothelial NO synthase (NOS3), synthesis of
this protein in endothelial cells as a result of trans-
lation on ribosomes, functionally significant post-
translational modifications of this enzyme (phos-
phorylation at the threonine-495 position that
inhibits the activity of this enzyme and phosphor-
ylation at serine-113 and serine-1177 positions
increasing its activity), and the actual synthesis of
NO reflected by the amount of nitrates (NO3) and
nitrites (NO,) since the NO molecule itself exists
for only a few seconds after its biosynthesis. In
addition to assessing the components of the NO
synthesis chain, when assessing endothelial dys-
function it is also important to analyze the func-
tional activity of reactive nitrogen species, in
particular, peroxynitrite (ONOQO™), which is
formed when the endothelial NO synthase signal-
ing pathway is uncoupled as soon as this enzyme
switches on the synthesis of superoxide (O, ")
instead of NO. Peroxynitrite (ONOQO") in this
case is formed from the superoxide generated by
the uncoupling of the endothelial NO synthase
signaling pathway and the synthesized free NO.
Other reactive nitrogen species are NO, and
N,O3, formed by the reactions of peroxynitrite
(ONOQO") with other chemical compounds. All
reactive nitrogen species also have a very short
lifespan, and 3-nitrotyrosine, a reliable marker of
nitrosative stress, can be detected by Western
blotting with the appropriate antibody. In addi-
tion, since nitrosative stress is linked to oxidative
stress through the excessive superoxide synthesis
during NO synthase signaling pathway uncou-
pling, it is also advisable to analyze the functional
activity of reactive oxygen species by measuring
the levels of thiobarbituric acid reaction products
(TBARS) which include malondialdehyde, 8-iso-
prostane, and 4-hydroxynonenal and are products
of free radical metabolism (primarily superoxide
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O, ", hydrogen peroxide H,O,, hydroxyl radical
"OH, and singlet oxygen '[O,]).

When measuring transcription of the NOS3
gene in humans, it is important to keep in mind
the four isoforms of this enzyme that must be
detected using a single primer. When evaluating
post-translational modifications of this protein, it
is of fundamental importance to compare the rel-
ative amount of its total form, as well as inhibitory
and activating phosphorylated forms. In contrast
to the transcription factors of endothelial mecha-
notransduction YAP and TAZ, which phosphory-
lated forms are relatively easily detected in
endothelial cell lysate, detection of phosphory-
lated forms of NO synthase in cell culture lysate in
vitro (unlike in vivo endothelial lysate) is quite
difficult and requires a large amount of loading
protein for Western blotting in combination with
a small dilution of the corresponding primary
antibodies. Measurement of nitrates and nitrites
as metabolic products of NO released by endothe-
lial cells in the culture medium, as well as mea-
surement of thiobarbituric acid reaction products
as metabolic products of reactive oxygen species,
can be carried out by colorimetric analysis using
appropriate kits. Since the detection of nitrates,
nitrites, and thiobarbituric acid reaction products
in the culture medium also requires their concen-
tration above the detectable limit, it is recom-
mended to carry out such experiments under
static conditions with a serum-free culture
medium to prevent contamination with nitrates,
nitrites and reactive oxygen species from the
serum after at least 24 h of endothelial cell incuba-
tion and to perform the measurements after low-
speed centrifugation to get rid of the cell debris.

The addition of CPPs to endothelial cell cul-
tures into the pulsatile flow system caused a
decrease in the expression of endothelial NO syn-
thase and the corresponding NOS3 gene. It was
also found that the endothelium of normolipid-
emic and normotensive Wistar rats which under-
went regular intravenous administration of CPPs
was characterized by an increased expression of
the phosphorylated endothelial NO synthase at
the Thr495 position as well as elevated 3-nitroty-
rosine in the descending aorta. These results indi-
cated disturbed functioning of endothelial NO
synthase as a result of CPP internalization and
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confirmed the validity of their use for modeling
endothelial dysfunction.

Detection of impaired NO biosynthesis and
release is quite difficult due to its complexity (e.g.,
measuring the level of nitrates, nitrites and thio-
barbituric acid reaction products in vivo will not
reflect endothelial dysfunction in any particular
vessel), while the absence of pathological changes
in any of the NO biosynthesis components (e.g.,
inhibitory post-translational modifications) does
not necessarily indicate the absence of a decrease
in NO release by endothelial cells. Additional
complexity is provided by the NO synthase signal-
ing pathway uncoupling, in which even with a
normal level and functioning of this enzyme, the
release of NO by endothelial cells is reduced and
is accompanied by nitrosative and oxidative stress.
The most reasonable option is that the disruption
of NO biosynthesis is determined both by the
detectable decrease in NO in the endothelial cell
microenvironment and by a decrease in the
expression of the NOS3 gene and the endothelial
NO synthase, as well as an increase in the ratio of
its Thr495 phosphorylated form to the total frac-
tion of this enzyme. Measurements of 3-nitroty-
rosine level and thiobarbituric acid reaction
products represent a good complementary option.
As mentioned above, disruption of NO biosynthe-
sis and NO release is an essential component of
endothelial dysfunction.

Loss of endothelial integrity

The final component of endothelial dysfunc-
tion proposed for consideration is a pathological
increase in the endothelial permeability, resulting
in in vivo penetration of atherogenic lipoproteins,
cytokines and immune cells into the intima.
Experimentation under flow is a mandatory pre-
requisite for modeling this pathological process,
which is most closely related to the cerebral endo-
thelium (due to the importance of ensuring the
semi-permeability of the blood—brain barrier for
the integrity of the central nervous system tissues).

Pathological increase in endothelial permeabil -
ity can be modeled by adding plasma from dis-
eases patients (e.g., those with septic shock) or
culture medium with an endothelial dysfunction
trigger to a pulsatile flow system connected to an
endothelial cell-populated culture flow camera
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optionally coated with type IV collagen to mimic
the basement membrane. After the required incu-
bation time, endothelial cells inside the control
and experimental chambers can be stained with
antibodies to VE-cadherin (a marker of intercel-
lular contacts staining for which makes it possible
to assess the integrity of the endothelial mono-
layer) and F-actin (a marker of cytoskeleton ori-
entation, which can be used to judge physiological
and pathological changes in cell geometry). Cor-
respondingly, violated integrity of the endothe-
lium during confocal microscopy imaging will be
defined as the loss of intercellular contacts (by
staining with antibodies to VE-cadherin) and the
loss of endothelial cell elongation (by staining by
antibodies to F-actin). Automated analysis of
changes in cellular geometry can be carried out
using the Directionality and Orientation] plugins
in the ImageJ program.

The classic method for assessing the disrupted
endothelial integrity in vivo is staining with Evans
Blue, a dye that binds to albumin, a high molecu-
lar weight protein that normally does not pene-
trate tissues through the intact endothelium. If the
integrity of the endothelium is compromised,
albumin can penetrate into the intima (or through
the blood—brain barrier) and binds to proteins
and proteoglycans of the intercellular matrix,
which is reflected by blue staining of the vessels
after their excision (normally, they retain a native
color since Evans blue-stained albumin is not able
to penetrate through intact endothelium).

Despite the obvious pathophysiological effects
of impaired endothelial integrity, it is a conse-
quence rather than a mandatory component of
endothelial dysfunction. For example, when
modeling endothelial dysfunction by adding
CPPs to a pulsating flow system or their intrave-
nous administration to laboratory animals, it was
shown that despite their certain toxicity (statisti-
cally significant death of 1-2% endothelial cells)
and the ability to cause all abovementioned
features of endothelial dysfunction (pro-
inflammatory activation, impaired endothelial
mechanotransduction, endothelial-to-mesenchy-
mal transition, and impaired NO biosynthesis),
the severity of these pathological effects in this
scenario is insufficient to disrupt the integrity of
the endothelial monolayer in the culture flow
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chambers. In addition, in spite of its ability to
induce the formation of neointima and adventi-
tial/perivascular inflammation, regular intrave-
nous administration of CPPs also did not lead to
the disturbed endothelial integrity according to
the results of Evans blue staining.

Prothrombotic activation of the endothelium

The importance of prothrombotic activation of
the endothelium, which is especially important in
the context of COVID-19 [148—150], should also
be noted. The main markers of prothrombotic acti-
vation are pathologically increased release of von
Willebrand factor and plasminogen activator
inhibitor (PAI-1) in combination with a reduced
release of various plasminogen activators (uUPA and
tPA). Prothrombotic endothelial activation defi-
nitely must be attributed to the endothelial dys-
function features, however, due to the lack of such
experiments in the authors’ practice, we do not go
into a more detailed discussion in this article.

CONCLUSIONS

When speaking about the definition and criteria
of endothelial dysfunction, it seems important to
emphasize the versatility of this phenomenon,
which affects not only NO biosynthesis, but covers
almost all aspects of endothelial physiology. In par-
ticular, the criteria for endothelial dysfunction are:
1. Pro-inflammatory activation, determined by

pronounced adhesion of leukocytes to endo-
thelial cells (accompanied by an increase in the
expression of VCAM1 and ICAMI1 proteins
and their encoding genes), increased release of
the main endothelial pro-inflammatory cyto-
kines (IL-6, IL-8 and MCP-1/CCL2) and
pathogenic paracrine effects of dysfunctional
endothelial cells in the experiment.

2. Impaired endothelial mechanotransduction,
defined as a combination of decreased expres-
sion of atheroprotective transcription factors
(KLF2, KLF4 and NRF2) and activating
hypophosphorylation of atherogenic transcrip-
tion factors (YAP and TAZ).

3. Endothelial-to-mesenchymal transition,
defined as a continued acquisition of the mes-
enchymal markers (primarily N-cadherin and
alpha smooth muscle actin) against the
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increased expression of at least three out of four

relevant transcription factors (Snail, Slug,

Twistl and Zebl).

4. Disturbed NO biosynthesis, determined both
by the actual decrease in NO metabolic prod-
ucts in the endothelial cell microenvironment
and by a reduced NOS3 gene and endothelial
NO synthase expression, as well as by increased
ratio of its phosphorylated Thr495 form to the
total eNOS.

5. Prothrombotic activation of the endothelium,
reflected by a pathologically increased release
of von Willebrand factor and plasminogen acti-
vator inhibitor (PAI-1) in combination with a
reduced secretion of various plasminogen acti-
vators (UPA and tPA).

6. Additional criterion, absolutely confirming the
development of endothelial dysfunction, is its
impaired integrity characterized by a patholog-
ical increase in endothelial permeability.

Thus, endothelial dysfunction should be
defined as a complex pathological changes in its
physiology, including pathophysiologically sig-
nificant pro-inflammatory and prothrombotic
activation of endothelial cells, impaired endo-
thelial mechanotransduction, endothelial-to-
mesenchymal transition, and compromised NO
biosynthesis. With regard to systemic biomark-
ers of endothelial dysfunction in vivo, it should
be noted that so far no single reliable biomarker
has been identified. Evidence-based and sensi-
tive markers of endothelial dysfunction in vitro
are 1L-6, IL-8, and MCP-1/CCL2, however,
these pro-inflammatory cytokines are also pro-
duced by other cell populations (e.g., leuko-
cytes) and therefore are not specific to the in
vivo scenario.

It is recommended to use VCAMI, ICAMI,
SELE and SELP (endothelial cell receptors for
leukocytes), IL6, CXCLS, CCL2, CXCL1and MIF
(major endothelial pro-inflammatory cytokines),
KLF2, KLF4and NFE2L2 (mechanosensitive ath-
eroprotective  transcription factors), SNAII,
SNAI2, TWISTI, ZEBI, CDH5 and CDH?2 (tran-
scription factors and markers of the endothelial-to-
mesenchymal transition), NOS3 (endothelial NO
synthase gene), VWF, SERPINEI, PLAU and
PLAT genes (factors responsible for endothe-
lium-dependent hemostasis), as well as their cor-
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Table 1. Proposed panel for screening endothelial dysfunction by RT-qPCR

f(Seerrllfig?}f:l(iiailn gyigizl‘:f;n Marker of endothelial dysfunction Pathophysiological process
VCAM1 Vascular cell adhesion molecule Pro-inflammatory endothelial activation
ICAM1 Intercellular cell adhesion molecule (endothelial cell receptors for leukocytes)
SELE E-selectin

SELP P-selectin

IL6 Interleukin-6 Pro-inflammatory endothelial activation
CXCLS Interleukin-8 (endothelial pro-inflammatory cytokines)
CCL2 Monocyte chemoattractant protein

CXCL1 Growth-associated oncogene, GRO-o

MIF Macrophage migration inhibitory factor

KLF2 Transcription factor KLF2 Impaired endothelial mechanotransduc-
KLF4 Transcription factor KLF4 tion (only under flow conditions)
NFE2L2 Transcription factor NRF2

SNAIl Transcription factor Snail Endothelial-to-mesenchymal transition
SNAI2 Transcription factor Slug

TWISTI Transcription factor Twist1

ZEBI Transcription factor Zebl

CDHS5 VE-cadherin

CDH2 N-cadherin

NOS3 Endothelial NO-synthase Compromised NO synthesis

VWF Von Willebrand factor Prothrombotic activation of the endothe-
SERPINE] Plasminogen activator inhibitor lium

PLAU Urokinase plasminogen activator

PLAT Tissue plasminogen activator

responding proteins to determine an endothelial
dysfunction (Table 1). In this experimental
design, increased expression of the VCAMI,
ICAM1, SELE, and SELP genes, combined with
the elevated expression of the /L6, CXCLS,
CCL2, CXCLI and MIF genes, is indicative of
pro-inflammatory endothelial cell activation;
decreased expression of the KLF2, KLF4, and
NFE2L2 genes (under flow conditions) is an
indicator of impaired mechanotransduction,
increased expression of the SNAII, SNAI2,
TWISTI and ZEBI genes in combination with
reduced expression of the VE-cadherin gene

CDHS5 and increased expression of the N-cad-
herin gene CDH?2 indicates an endothelial-mes-
enchymal transition, reduced expression of the
NOS3 gene suggests an impaired ability of endo-
thelial cells to secrete NO, and increased expres-
sion of the VWF and SERPINEI genes in
combination with reduced expression of the
PLAU and PLAT genes is an indicator of pro-
thrombotic activation of the endothelium. A
similar statement is also true for the proteins
encoded by these genes, however, preliminary
screening of these genes using RT-qPCR seems
to be the optimal approach due to the relatively
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Table 2. Endothelial dysfunction verification panel
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Marker of endothelial dysfunction Verification method Pathophysiological process
Vascular cell adhesion molecule Western blotting (cell | Pro-inflammatory endothelial activa-
lysate) tion (endothelial cell receptors for

Intercellular cell adhesion molecule
E-selectin

P-selectin

leukocytes)

Interleukin-6

Interleukin-8

Monocyte chemoattractant protein
Growth-associated oncogene, GRO -a

Macrophage migration inhibitory factor

Enzyme-linked
immunosorbent assay
(cell culture superna-

tant)

Pro-inflammatory endothelial activa-
tion (endothelial pro-inflammatory
cytokines)

Transcription factor KLF2
Transcription factor KLF4
Transcription factor NRF2

Transcription factor YAP1 (total fraction and acti-
vating phosphorylation at Ser109, Ser127 and
Ser397 positions)

Transcription factor TAZ (total fraction and acti-
vating phosphorylation at serine-89 position)

Western blotting (cell
lysate)

Endothelial mechanotransduction
disorders (only under flow conditions)

Transcription factor Snail
Transcription factor Slug
Transcription factor Twist1
Transcription factor Zebl
VE-cadherin

N-cadherin

Western blotting (cell
lysate)

Endothelial-to-mesenchymal transi-
tion

Endothelial NO-synthase (total fraction, inhibit-
ing phosphorylation at Thr495 and activating
phosphorylation Ser113 and Ser1177 positions)

3-nitrotyrosine

Western blotting (cell
lysate)

Nitrates and nitrites

Thiobarbituric acid reaction products

Colorimetric analysis
(culture medium)

Impaired NO synthesis and uncou-
pling of the NO synthase pathway,
nitrosative stress, oxidative stress

Von Willebrand factor
Plasminogen activator inhibitor
Urokinase plasminogen activator

Tissue plasminogen activator

Western blotting (cell
lysate), enzyme-
linked immunosor-
bent assay (cell cul-
ture supernatant)

Prothrombotic activation of the endo-
thelium

low cost and technical complexity of this
method. If the above signs of endothelial dys-

function are detected, they can be verified using
Western blotting or enzyme-linked immunosor-
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bent assay (in the case of pro-inflammatory cyto-
kines) or extended profiling by whole
transcriptome sequencing or liquid chromatog-
raphy-mass spectrometry (Table 2).
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