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Abstract

Damage to peripheral arteries by the atherosclerotic process accounts for about 3% of the world's population, which puts this
problem in the category of major social problems. Modified lipoproteins and cholesterol crystals are known to accumulate in the
arterial intima and cause the formation of proatherogenic macrophages, foam cells, and inflammation. Defective efferocytosis of
apoptotic foam cells leads to the formation of a necrotic core, a sign of failure to resolve inflammation. Resolution of inflammation
is mediated by specialized pro-resorption lipid mediators, proteins and signaling gases. Improving the balance between pro-
inflammatory and anti-inflammatory factors contributes to the reverse development of local atherogenesis. Active direct intervention
in the reconstruction of the adventitial layer of the arterial wall using cholesterol-affinity polysaccharide hydrogels containing a
cocktail of growth factors creates conditions for the formation of additional extracellular matrix and reversal of cholesterol mass
from the subintimal zone. Creating concentration and electrostatic gradients in the adventitia zone using a hydrogel may be one of
the effective ways to degrade early soft atherogenic plaques and locally restore the damaged structure of the vessel wall. Growing
scientific interest in the previously insufficiently studied adventitia indicates its important role in angionesis and atherogenesis.
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1. Introduction

Confirming or creating new ideas about the mechanisms of
peripheral arterial disease (PAD), mainly of the lower limbs,
is a multifaceted and challenging mission for researchers.
Peripheral arterial disease affects approximately 3% of the world's
population, making it a major social problem [1]. The increase in
mortality rate of the population up to 65% due to late diagnosis of
the development of critical lower limb ischemia (CLI), despite the
high amputations performed, is aggravated by the increased risk
of mortality associated with coronary and cerebrospinal diseases
[2-4]. The outcome of the final stage of PAD of the lower limbs is
25% mortality and 30% amputations, after which the mortality rate
increases significantly [5].

Despite the progress in using various therapeutic strategies for
stimulating angiogenesis based on genes, cells, proteins and small
molecule drugs in experimental practice for the treatment of PAD,
the results of clinical use of these technologies differ significantly
from expectations, become unstable and short-term, not to
mention low availability for a patient due to the high cost of the
drug. Currently, a search is underway for a universal technology
for regulating angiogenesis aimed not only at inducing the
simultaneous expression of several angiogenic growth factors with
the impact of upstream regulators of angiogenesis, but also ensuring
effective delivery of regulators to the problematic ischemic zone
without losing their activity. This major mission also includes
the delivery of viable cell mass in the form of a pool of stem or
progenitor cells. Modern ideas about the effectiveness of protection
using a system for delivering low-molecular substances, cells or
protein growth factors to the lesion zone indicate the prospect
of incorporating target products into polymeric biomaterials.
Special attention should be paid to modified polysaccharide nano-
constructions due to their low toxicity, controlled biodegradability,
high biocompatibility, protection of easily hydrolyzed protein
molecules in an aggressive environment. In addition to using an
effective delivery system, it is necessary to change the technology
of local physical (surgical) delivery of substances over a large
length of affected main vessels. If the cause of chronic lower
limb ischemia is the presence of active atherogenic inflammation
and obstruction of blood perfusion by atherogenic plaques, an
obvious prospect is to develop a transfer system with high affinity
properties for cholesterol and low-density lipoproteins, creating,
on the one hand, high accessibility to cells of all three layers of the
artery for regulating angiogenesis, and on the other hand, ensuring
reverse translation of cholesterol from viable and destroyed cells
in the vessel wall.

2. Mechanisms of Microvessels Formation. Angiogenic Growth
Factors

Despite advances in surgical vascular reconstruction in a number
of inflammatory and degenerative diseases, in the last few years,
attempts to artificial reproduction of the whole vascular hierarchy
from large (~6 mm) to small (<0.1 mm) vessels have become a
key challenge in the field of tissue engineering research [6]. The
field of tissue engineering has evolved in understanding biological

mechanisms and engineering strategies to create complex tissues
[7]. The challenge of creating scaffolds filled with an integrated
functional vascular network remains unresolved.

If positive results were obtained for the creation of thin tissues,
then for solid tissues of large mass and high level, technologies
were required that could be artificially created and provide blood
perfusion, even under conditions of ischemic syndrome. It is not
surprising that researchers primarily received two interdependent
areas of scientific findings in this scheme: factors of cellular
growth activity and biomaterials of natural and synthetic origin.
The discovery of angiogenic growth factors has become of crucial
importance both for understanding the principles of angiogenesis
and for creating vascular networks during regeneration processes,
to support cellular development and maintain tissue stability in
regenerating areas. It has been established that the presence of
several angiogenic growth factors in the affected area increases the
number and diameter of newly formed vessels. Modern systems of
simultaneous development of several growth factors are usually
more effective in inducing angiogenesis compared to sequences
with a single release of GF [8-10]. At the same time, the presence
of only one growth factor ensures the activity of a number of other
growth factors [11,12]. In the case where only one growth factor,
for example, VEGF, is used in the model system, the capillary
structure is airy [13].

A large number of direct stimulators of neoangiogenesis have been
identified: vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), hepatocyte growth factor (HGF), angiogenin,
angiopoietins, platelet-derived growth factor-BB (PDGF-BB)
[14]. The group of non-specific stimulators of vascular growth
includes insulin-like growth factor 1 (IGF-1), transforming growth
factor, tumor necrosis factor, nitric oxide, a number of chemokines,
and matrix metalloproteinases (MMPs). These factors induce
proliferation of vascular endothelium, its translation into the
intimal space with new formation of microvessels. Overexpression
of angiogenesis molecules enhances endothelial recruitment and
new formation of blood vessels. Migration of closed cells was
increased by induction of MMP-2 and MMP -9 [15].

During rest, EC proliferation is inhibited because EC are closely
intertwined with vascular endothelial cadherins and supported
by pericytes. The onset of the early stage of angiogenesis is
stimulated by intermittent processes of mild tissue ischemia.
Circulating platelets begin to disrupt the density of interendothelial
contacts and adhere to activated endothelial cells, provoking
an inflammatory process. As a consequence of such alteration,
leukocyte extravasation, changes in vascular permeability and
tone, microthrombosis, degradation of the extracellular matrix and
angiogenesis occur [16]. As a result of the compensatory response
to ischemia and proliferation of endothelial cells, their increased
migration and formation of lateral branches from the main vessel
occur [17]. The lateral branching of new vessels from the parent
vessel is manifested by the formation of apical cells expressing
CD31 and CD34 markers and filopodia [18]. This process is
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accompanied by the formation of endothelial bridges inside
the lumen of the main vessel with the inclusion of polarized
endothelial cells and the adaptation of their cytoskeleton on both
sides to each other, the division of the lumen of the main vessel
into subunits. Thus, the microvascular network is laid down [19].
During the recruitment process, the endothelium is divided into
two functionally different phenotypes: apical and stem cells.
VEGEF expression transforms apical cells, which translate into the
ECM and peel off thin filopodia from the basement membrane.
An increase in VEGF expression by endothelial cells forms a
concentration gradient. Neighboring endothelial cells acquire a
stem cell phenotype in response to the activation of apical cells.
The proliferation of stem cells builds the trunk of a new vessel.
Formation of the vessel lumen and initiation of blood perfusion
in the functional vascular network occurs with multiple contacts
and fusion of filopodia of adjacent cells with the participation of
macrophages [20,21]. Formation of endothelial bridges inside
the lumen of the main vessel is combined with the mechanism
of invagination of endothelial cells into the lumen of the primary
vessel (splitting angiogenesis), which leads to expansion of the
new vascular network [22]. Thus, translation of active vascular
endothelium occurs beyond the vascular wall into the tissue
compartment [23-25].

3. Molecular Structures Influencing ECM Activity

3.1. Angiopoetin-1 And Angiopoetin-2 (ANG1 and ANG2)

The destruction of pre-existing blood vessels, proliferation and
migration of new cells to form new immature vessels requires
the expression of VEGF, FGF-2, HGF, and angiopoietin-2 (ANG-
2) [26]. Stabilization of newly formed vessels, regulation of cell
growth and division is achieved by the production of angiopoietin-1
(ANG 1) by ECM cells, followed by triggering the expression of
molecules of a group of nonspecific stimulators of angiogenesis
[27-30].

Angiopoietins are ligands of the endothelium-specific tyrosine
kinase receptor Tie2. Angiopoietin-1 is expressed by mural cells
and activates Tie2: it facilitates further recruitment and association
of pericytes with newly formed vascular structures, thus creating
conditions for the survival of endothelial cells and suppressing
VEGF-induced plasma leakage from blood vessels [31,32].

Angiopoietin 2 (ANG 2) is synthesized and stored predominantly
in endothelial cells, actively expresses in the ECM when
VEGF is released into the environment, and competes with
angiopoietin 1 (ANG 1) for binding to the same receptor in the
presence of VEGF. Angiopoietin-2 determines endothelial cells
to proliferation signals, remodels basement membranes, causes
dissociation of pericytes and endothelial cells, and stimulates the
migration of endothelial cells [33,34]. This migration accelerates
the formation of lateral branches of blood vessels. Direct contact
of endothelial cells with pericytes through physical interactions
including connexin 43 gap junctions is important for intercellular
communication and the participation of adhesion molecules (N
-cadherin) [35,36]. Thus, the weakening of contacts between cells

occurs with the active participation of ANG 2, which stimulates the
extravasation of plasma proteins with the formation of a temporary
ECM framework, the induction of pericytes to proteolysis of the
ECM with the help of MMPs [37].

3.2. Vascular Endothelial Growth Factor (VEGF)

The mammalian VEGF family includes five major ligands
(VEGF-A, -B, -C and -D and placental growth factor, PIGF) and
three receptors (VEGF-R1, -R2 and -R3). Although the primary
role of VEGF-C and -D is to stimulate lymphatic angiogenesis
through VEGF-R3, blood vessel growth is primarily coordinated
by VEGF-A and -B and PIGF signaling through R1 and R2 [38].

The binding of VEGF to the cell surface occurs through tyrosine
kinase receptors (VEGFR) with their trans-phosphorylation, which
leads to the launch of signaling pathways for the proliferation and
migration of induced cells [39].Vascular endothelial growth factor
(VEGF) is an angiogenic glycoprotein that increases vascular
permeability, is a selective mitogen for endothelial cells, is
synthesized by many polymorphic cells of the blood and interstitial
tissue and realizes its neoangiogenic effect independently and
together with fibroblast growth factor [40,41].

VEGF family, consisting of 6 isoforms, is responsible for mature
and embryonic angiogenesis, lymphangiogenesis, isoforms are
expressed in any tissue, of which VEGF-A stimulates the migration
and proliferation of endothelial cells in mature angiogenesis [42-
44]. In this case, interendothelial leaks and migration of vascular
endothelium are enhanced by blocking the function of vascular
cell adhesion protein (VCAM-1) with VEGF.

Activated macrophages, fibroblasts, smooth muscle cells, and
mast cells express VEGF in response to the intercellular flow
of proinflammatory agents. Endothelial cells have receptors for
VEGF, and they actively produce VEGF themselves in a state of
hypoxia or anoxia. The production of VEGF by cells of the vascular
wall, for example, cardiac muscle, primarily the ECS, and white
blood cells penetrating the vascular endothelium stimulate the
production of reactive oxygen species (ROS) by the endoplasmic
reticulum (ER) cells, which induces the process of autophagy with
the simultaneous initiation of the angiogenesis chain [45]. The
high angiogenic effect of VEGF-A can be reduced by the inclusion
of alternative ligands of the VEGF family in the angiogenesis
process. Mild activation profiles are formed due to the competitive
participation of VEGF - B in the cell, which indirectly changes the
activity of VEGF-R2 and blocks the activation of VEGF-A. Thus,
the excess intracellular induction signal is canceled [46]. It has
been observed that vessel formation induced by lower levels of
VEGEF stabilizes more quickly and induces endothelial quiescence
[47]. However, acute VEGF deficiency leads to regression of
newly formed capillary tubes [48].

A similar effect, regulating the strength of the intracellular signal,
can be determined by the native form of VEGF-D, which is
capable of switching lymphogenesis to angiogenesis by changing
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the affinity for VEGF-R2. This ability may be associated with the
absence of a heparin-binding domain in the VEGF - D molecule
[49].

3.3. Placental Growth Factor-2 (PIGF)

Placental growth factor is a member of the VEGF family and is
involved in angiogenesis together with VEGF-A and VEGF-B in
the activation of VEGFR-1 and VEGFR-2 receptors. When co-
expressed in the same cell, VEGF-A and PIGF are able to form a
heterodimer. The PIGF2 isoform is capable of exclusively binding
to heparin receptors. The formation of the VEGF-A/PIGF2
heterodimer does not reduce vascular density compared to the
control. The factor indirectly binds to a wide range of ECM proteins.
It is known that the administration of placental growth factor did not
cause adverse hemodynamic or systemic inflammatory effects and
significantly increased the density of capillaries and arterioles in
the ischemic myocardium [50]. However, targeted periadventitial
transfer of adenoviruses encoding PIGF2 to the intima of the
carotid artery of a hypercholesterolemic rabbit and a subsequent
study of the effects of PIGF showed a significant increase in
intimal thickness, accumulation of macrophages, and expression
of endothelial vascular cell adhesion molecule-1. In addition,
adventitial neovascularization was detected in the arteries, a
significant increase in the ratio of the intima to the middle vascular
layer compared with the vessels of rabbits receiving a normal diet.
Thus, local delivery of adenoviral PIGF2 promotes the formation
of atherogenic neointima in hypercholesterolemia [51].

3.4. Human Telomerase Reverse Transcriptase (WnTERT)
Human telomerase reverse transcriptase (hTERT) is currently
being evaluated in clinical trials for its effectiveness in ischemic
vascular disease. hTERT is an important component of telomere
elongation. Previous studies have shown that hTERT is one of
the downstream effectors of VEGF-A and plays a secondary role
in the angiogenic process. Preclinical studies have shown that
overexpression of hTERT can enhance the regenerative properties
of endothelial progenitor cells (EPCs) and capillary formation in
an HLI rat model [52].

3.5. Fibroblast Growth Factor (FGF)

There are 22 members of the FGF family with molecular weights
ranging from 17 to 34 kDa and shared amino acid identity. FGF is
a heparin-binding growth factor, which is expressed in all tissues
and acts as a ligand for the FGF receptor (FGF-R). FGFs have
various biological functions like in vivo and in in vitro, including
roles in angiogenesis. When analyzing the function of basic
fibroblast growth factor (bFGF), researchers point to a powerful
angiogenic effect emanating from endothelial cell precursors and
mature endothelial cells, mesodermal and neuroectodermal cells
[53]. bFGF has been shown to promote microvascular formation
and is released from the extracellular matrix via heparin sulfate-
mediated enzymatic degradation. Under hypoxic conditions, bFGF
production is regulated by the remodeling effect of MMP on the
perivascular zone of the ECM [54]. bFGF is spontancously induced
after tissue damage and regulates the proliferation, differentiation
and migration of endothelial cells [42,55,56].

It is known that the level of endogenous growth factor is
insufficient to trigger the process of angiogenesis. For this
purpose, researchers add recombinant exogenous bFGF to the
delivery system [57]. In addition, in a model of hind limb ischemia
in rabbits, the introduction of the FGF -2 plasmid enhanced the
growth of capillaries and the formation of collateral blood flow
[58]. In a clinical study, intramuscular injection of a plasmid
encoding human FGF-1, namely NV1FGEF, into patients with CLI
reduced the risk of low and high amputations [59].

However, enzymatic protein hydrolysis and rapid destruction
of free short-lived growth factor in vivo lead researchers to
develop controlled sustained release bFGF delivery systems by
incorporating bFGF into tissue scaffolds or natural ECM analogues
[60-64].

3.6. Hepatocyte Growth Factor (HGF)

HGF, a well-known potent mitogen for endothelial cells that
stimulates cell growth, is an attractive target for inducing
angiogenesis [65]. In the phase III of clinical trial, intramuscular
injection of plasmid DNA expressing human HGF was found
to maintain limb perfusion, promote full ulcer healing rates,
and reduce intermittent claudication syndrome in patients with
CLI [66,67]. In addition, clinical studies conducted in Japan
demonstrated that intramuscular injections plasmid encoding HGF
tended to reduce pain and reduce ischemic ulcer size in patients
with CLI [68,69].

An earlier preclinical study in rabbit models of HLI using a
plasmid encoding the HGF728 and HGF723 isoforms showed that
intramuscular injection of HGF effectively increased the number
of collateral vessels and blood flow volume [70].

3.7. Angiogenic Factor With G-Patch and Forkhead-Associated
Domain 1 (AGGF1)

Angiogenic factor that can effectively stimulate angiogenesis
in animal models of HLI-angiogenic factor with G - patch and
Forkhead - associated domain 1 (AGGF 1), was discovered during
experimental studies. Intramuscular injection of a plasmid encoding
human AGGF1 increased blood flow and vascular density induced
by endothelial cells in ischemic hindlimbs of mice in an HLI model
[71]. 1t was found that suppression of the generation of reactive
oxygen species in the culture of endothelial cell precursors from
animals with a diabetic model of HLI using AGGF 1 supported
their function [72]. Activation of the integrin receptor for AGGF
1 on endothelial cells stimulated the cell signaling system for
adhesion and migration and led to the formation of new capillaries
[73].

3.8. Thrombin

Thrombin, as a key regulator of the hemostatic system, takes an
active part in the progression of atherosclerosis. Thrombin belongs
to the class of serine proteases. It is synthesized by a number
of blood cells and the vascular endothelium in several stages,
conforming from pre-prothrombin to prothrombin and thrombin.
Thrombin precursor is secreted into the blood. The transition to
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thrombin is controlled by several factors of the blood coagulation
system, including active serine peptidase factor X (Stewart—Prower
factor F Xa), as a result of activation of factors III, VII, VIII, IX.
The final transition to thrombin occurs with the participation of
activated factor V (FVa), calcium ions and anionic phospholipids
on the surface of platelets. As is known, during the formation of
interendothelial leaks, platelet activation and the formation of
their aggregates occur. Thrombin stimulates platelet aggregation
through the direct participation of protease-activated platelet
receptors (PAR-1,4) [74]. Thrombin takes an active part in all
stages of the development of atherosclerotic plaque. The enzyme's
application points are PAR receptors on platelets and vascular
endothelial cells. Proteolysis of the intracellular N-amino-terminus
of the receptor activates intracellular signaling pathways with the
secretion of proatherogenic protein molecules: cyclooxygenase-2,
MAP kinase, phospholipase C [75-77].

Migration of leukocytes from the vascular bed to the area of
atherosclerotic plaque occurs upon contact with a family of
proinflammatory cytokines, tumor necrosis factor-alpha, matrix
chemoattractant protein-1, secreted in response to the presence of
thrombin [78,79]. The presence of thrombin activates the vascular
endothelium to express adhesion molecules (VCAM-1, ICAM-
1, von Willebrand factor), which support the process of active
translation of leukocytes into the intimal zone of the ECM. The
presence of thrombin in the ECM determines the translation of
smooth muscle cells from the middle layer to the intimal layer
with the formation of an atherogenic nucleus, accompanied
by transformation into “foam cells” due to the accumulation of
oxidized low-density lipoproteins in these cells [80]. The increased
local inflammatory response is associated with platelet aggregation
and the resulting expression of a large number of proatherogenic
growth factors circulating in the ECM. In the presence of thrombin,
hypervascularization of the atherogenic core occurs due to the
active mobilization of the vascular endothelium with the release
into the intimate zone of factors destabilizing the endothelial layer:
angiopoietin-2 in conjunction with VEGF, FGF-2, MMP, PDGF.
The progression of an atherogenic plaque is always accompanied by
the recruitment and differentiation of pericytes during maturation
and vascular remodeling both in the atherogenic core and beyond.
Specific inhibition of thrombin activity in experiments leads to a
decrease in atherogenic inflammation and suppression of plaque
growth [81].

3.9. Interleukin Families (ILf)

Numerous mediators of vascular and systemic inflammation
comprise the IL-1 family. This group includes several
proinflammatory cytokines (IL-la, IL-1f8, IL-18, IL-33, IL-
36a, IL-36p and IL-36y), as well as the IL-1 receptor (IL-1Ra,
which support atherogenesis [82]. The formation of atherogenic
inflammation is induced by several intracellular receptors (PRRs),
and activation of PRRs accelerates the transition of IL-1B and IL-
18 precursors to active forms mediators of the IL -1 family and
other proatherogenic families [83].

3.9.1. Interleukin-1 Beta (IL-1 )

Interleukin-1b (IL-1b) is associated with acute and chronic
inflammation. It is known that the level of IL-1b protein in patients
with atherosclerosis is significantly increased compared to healthy
subjects; the severity of the disease correlates with the level of
IL-1b [84]. In the presence of a pro-inflammatory signal IL -1 b is
synthesized by hydrolysis with the help of caspase-1 or neutrophil
proteases from a precursor in monocytes and macrophages [85]. At
the same time, protein recognition receptors (PRRs) are activated,
IL-1a and IL-1b molecules bind to the IL-1 receptor (IL-1R), which
forms an increasing cascade of inflammatory reaction under the
vascular endothelium, leading to the massive uptake of cholesterol
crystals and oxol by cells. LDL [82,86]. The binding of IL -1 b to
IL -1 R 1 triggers signaling pathways for the expression of genes
IL -1a, IL -1 b, IL -6, IL -8, MCP -1, COX -2 [87].

The inflammatory response in endothelial cells is manifested by
the expression of intercellular inflammatory cytokine molecules
(ICAM-1), vascular cell molecules (VCAM-1), and monocyte
chemoattractant protein (MCP -1). Violation of the integrity of the
endothelial layer is accompanied by increased secretion of IL-1b,
intensive accumulation of cholesterol crystals and, in addition to
macrophages, induction of proliferation of smooth muscle cells
(SMYS), their migration and transformation of the cytoplasm into
a foamy structure, and expression of IL-6 [88]. The cocktail of
inflammatory molecules supported by IL -1 b includes the products
of cyclooxygenase metabolism of arachidonic acid, fibrinogen
and plasminogen activator inhibitors, as well as a number of
collagenases that can loosen and damage collagen structures
by plaque fibrosis, starting with plaque remodeling (MMP - 3),
further erosion of plaques (MMP -2, -9) and their rupture (MMP
-1, -8, -13) [89-92].

The involvement of the direct effect of IL-1b on the formation
and maturation of atherosclerotic plaques is experimentally
proven by selectively switching off this cytokine using specific
antibodies [93]. Neutralization of IL-1 B profiles the function of
pro-inflammatory monocytes as reparative ones. This restructuring
is accompanied by an increase in the level of anti-inflammatory
cytokine IL -10 in the blood plasma and indicates a decrease in
immune activation during atherogenesis in ApoE of mice [94].

Thus, a massive flow of cellular elements from the peripheral
bloodstream and deep layers of the vessel wall is translated into
the local intima with the participation of IL-1b [95]. Thus, the
main mechanisms of participation IL-1f3 at the onset of atherogenic
inflammation are endothelial dysfunction, monocyte migration
and maturation, VSMC proliferation, IL-6 signaling to increase
inflammation, increased MMP secretion [96].

3.9.2. Interleukin -1 Alpha (IL -1 a)

The key role of IL-la in arterial remodeling during early
experimental atherogenesis has been established [93,97]. IL-1a is
primarily membrane bound and acts predominantly locally rather
than systemically.
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This role of IL-1a in atherosclerotic experimental inflammation is
confirmed using knockout of the IL-1 a receptor inhibitor molecule
(IL-1 Ra) in C57BL/6J mice. Turning off the inhibitory IL-1 R
a molecule during the development of atheroclerosis increased
the levels of lipoproteins in plasma against the background of a
cholesterol diet and caused the progression of cellular atherogenic
infiltration in the vessel wall in the early stages [98]. The high
activity of the IL -1 Ra inhibitor significantly reduces the degree of
damage to the vessel wall by soft atherogenic plaques and affects
the cellular and extracellular composition of atheroma [99].

3.9.3. Interleukin-4 (IL-4)

It has been established that IL-4 is present in high concentrations
in atherosclerotic plaques in humans and mice, is involved in
the esterification of oxidized LDL (oxLDL) and may play an
important role in the dysfunction of vascular endothelial cells
and the development of atherosclerosis, causing apoptosis of the
vascular endothelium [100]. In the early stages of atherogenic
inflammation, IL-4, against the background of oxidative stress,
stimulates the secretion of cytokines and adhesion molecules
such as VCAM-1, ICAM -1, IL-6, MCP-1, E- P - L -selectins
in vascular endothelial cells. Adhesion to endothelial cells from
the inside-out of monocytes, platelets and leukocytes, as well as
cells of the T-system of immunity, determines the transendothelial
migration of inflammatory reaction cells [101-103]. Next, the early
cellular atherogenic reaction triggers the well-known chain of
transformation of monocytes into macrophages and their massive
capture of oxidized lipid mass through membrane scavenger
receptors. Active proteinases destroy the intima and disinhibit
the cellular composition of the middle layer of the vessel. The
autoimmune reaction causes degradation of smooth muscle cells
and plaque destruction [104]. A cascade of intracellular oxidative
stress stimulates atherogenesis.

3.9.4. Interleukin-5 (IL-5)

Interleukin-5 (IL-5) is an antiatherogenic cytokine secreted by
macrophages and mast cells, as well as representatives of the
helper subpopulation of the T-immune system. The cytokine level
increases with an increase in the titer of specific antibodies against
ox-LDL in the blood plasma [105]. Experimental autoimmune
suppression of IL-5 accelerates the development of atherosclerosis
[106] and, conversely, high expression of IL-5 increases the
population of restored macrophages [107] and reduces the death
of smooth muscle cells [108].

3.9.5. Interleukin-6 (IL-6)

The level of pro-inflammatory interleukin 6 (IL -6) is increased
in atherosclerosis [109]. It is produced by macrophages, T
lymphocytes and adipocytes, and is also a source of smooth
muscle cells [110]. Increased levels of IL -1, TNF -a and interferon
are accompanied by an increase in IL -6 levels [111]. Membrane-
bound receptors for IL -6 (IL-6R) are expressed on neutrophils,
monocytes, macrophages, and lymphocytes. In the acute phase of
inflammation, proteins such as plasma amyloid A (SAA), C-reactive
protein (CRP) provoke the start of atherogenic inflammation,

activating platelet functions and the coagulation cascade. IL-6
induces monocyte translation through loss of endothelial layer
integrity while upregulating the expression of adhesion molecules
[96]. Increased synthesis of fibrinogen in the liver increases its
infiltration in the intimal zone, the uptake of oxidized LDL and
cholesterol crystals by macrophages [112].

Activation of IL -1 receptor antagonist (IL-1 RA) expression and
release of soluble TNF -a receptor by IL -6 may lead to inhibition
of both IL-1 and TNF-a activity [113]. This IL-6/ IL-6 R complex
reacts on the cell surface with the universal gp 130, transsignaling
leads to activation of inflammation [114].

3.9.6. Interleukin-7 (IL-7)

IL-7 is a pro-atherogenic cytokine that induces the activation of
monocytes and the secretion of a number of inflammatory proteins
by cells: IL -1 b, IL -8, MCP -1, as well as high expression in
atherosclerotic plaques of a number of chemokine receptors:
CCR 1, CCR 2, CCR 5 [115]. The action of IL -7 is carried out
through affinity receptors (IL -7R) (CD127 and CD132), which
have a similar structure of receptors IL-2, 4, 7,9, 15 and 21. As a
result of mitogenic activation of protein kinase, activation of NF-
kB is triggered, which leads to the recruitment of monocytes and
massive activation of macrophages [116].

3.9.7. Interleukin-8 (IL-8)

Interleukin 8 (IL-8) is a chemotactic factor, part of the beta-
thromboglobulin superfamily, structurally related to platelet
factor 4, attracts and activates neutrophils, basophils and T-cells
during the inflammatory process, is expressed in response to
inflammation by monocytes, macrophages, neutrophils. IL-8 is
involved in mitogenesis, inhibition of angiogenesis, and induces
neutrophil degranulation. The presence of IL -8 stimulates the
proliferation and survival of endothelial cells and the production
of MMPs [117].

3.9.8. Interleukin-9 (IL-9)

IL-9 has been demonstrated to aggravate the development of
atherosclerosis in ApoE 2/2 mice, in part by inducing VCAM -1
expression and infiltrating inflammatory cells. Higher levels of IL-9
were found in plasma and carotid plaques in patients with carotid
coronary atherosclerosis. The system of IL -9 and its specific
receptor IL-9 R) on endothelial cells mediates the progression
of atherogenic plaques in the mouse ApoE 2/2 model. At the
same time, neutralization of IL -9 using monoclonal antibodies
did not affect body weight or total plasma volume. cholesterol,
triglycerides or high-density lipoprotein cholesterol [118].

Experimental knockout of anti- IL -9 using monoclonal antibodies
with simultaneous injection of recombinant IL -9 (rIL -9) into
mice significantly increased the lesion area and plaque size in
the aorta and aortic root. At the same time, in the composition of
atherogenic plaques, the number of macrophages with signs of
high adhesiveness to the vascular endothelium increased due to the
expression of vascular endothelial adhesion molecule-1 (VCAM-
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1), as well as T-cells. From the point of view of target cells, it
is important that rIL -9 did not affect the functional properties of
the Thl, Th2, Th17 and T-regulatory cell (Treg) subpopulations.
The exclusive role of IL -9 in atherogenesis is also indicated by
the stability of a number of proatherogenic and antiatherogenic
cytokines, such as both in vitro and in vivo when introduced into
the rIL -9 system (IL-4, IL-10, IL-17A, IFN-g).

3.9.9. Interleukin-10 (IL-10)

IL-10 family includes IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-
28A, IL-28B, and IL-29. Members of the family play a critical role
in suppressing atherogenic inflammation. Interleukin (IL)-10 is an
anti-inflammatory cytokine produced primarily by macrophages
and Th2 T-lymphocytes. Convincing evidence has been provided
that the levels of IL-10 in the blood plasma in the late stages of
experimental atherosclerosis increase compared to the control
group, provided that IL-1p is neutralized, while IL-10 has a lipid-
lowering effect, since the level of cholesterol in the blood serum is
significantly decreases in mice treated with IL-10 [93,119].

IL-10 has been shown to be produced by IL-1P - deficient
macrophages, inhibit MHC class II expression, and recruit
reparative monocytes to reduce atherogenic inflammation
[94,120]. The secretion of molecules of the IL-10 family
suppresses oxidative stress and the adhesion of monocytes
through the vascular endothelium, increases the uptake of lipids
by macrophages and reverse cholesterol transport, while reducing
the deposition of cholesterol esters, reduces the activity of cellular
proteinases and proteins of the IL -1 family, interfering with
cyclooxygenase the arachidonic acid metabolic pathway, as well
as increasing the translation of cholesterol into the ECM [96,121].

3.9.10. Interleukin -11 (IL-11)

Interleukin-11, a mature secreted protein consisting of 178
amino acids with a molecular weight of approximately 20 kDa,
is a member of the IL-6 family of cytokines and directly affects
vascular function, including IL-6 and IL-27 [122]. In healthy
people, the expression of IL-11 in the blood plasma is practically
undetectable; low level of IL -11 is found in the absence of
inflammation in endothelial cells, smooth muscle cells and
fibroblasts of the vascular wall. IL-11 expression is significantly
altered by TGF-B and IL-1 stimulation. [123]. IL-11 signaling
involves the interaction of the soluble form of IL-11 with the
IL-11RA and GP130 receptors in the cell to form a trimeric
complex. IL-11Ra expression occurs in endothelial cells, smooth
muscle cells and fibroblasts during the development of ischemia
and inflammation [124-126]. The interaction of IL-11 with its
receptor triggers the expression of glycoprotein 130 (GP 130) in
neighboring cells, which leads to signal transmission [127]. It has
been established that IL -11 remodels the function of endothelial
cells, smooth muscle cells and fibroblasts in the vascular wall
[128]. It is important that in cultured human umbilical vein
endothelial cells, the expression of VEGF triggers overexpression
of IL-11. During the remodeling of endothelial cells, IL -11 as a
recombinant molecule is able to prevent endothelial destruction

when introduced into the system of cytotoxic lymphocytes [129].
Remodeling of VSMCs in the presence of IL -11 can be inhibited
if the system suppresses the signal for cytokine expression, despite
the initiation of TGF-B and Ang-2 [130]. Neutralization of IL-
11 using a monoclonal antibody reduces not only the number of
VSMCS, but also the level of matrix metalloproteinase 2 (MMP2)
and collagen content. This maintains the contractile phenotype of
VSMCs. In a model associated with plaque formation, compared
with the control group, knocking out IL-11 significantly reduced
vascular wall thickness and atherogenic damage. In the vascular
adventitia layer, the secretion of IL -11 can be induced by TGF
-B, which results in activation of fibroblasts and an increase in the
inflammatory response [131].

3.9.11. Interleukin-12 Family (IL-12f)

Members of the interleukin-12 family (IL-12, IL -23, IL-27, and
IL-35) are a class of cytokines that regulate various biological
effects, and their activity is associated with the progression of
atherosclerosis [132].

Interleukin-12 (IL-12) is secreted by monocytes, macrophages,
neutrophils, dendritic cells, lymphocytes of the T-immune
system Activation of IL-12 secretion by cells can be triggered by
polysaccharide components of the ECM, stimulating the adhesion
and translocation of inflammatory cells in atherogenic plaques
at the early stage of atherogenesis in an experimental model of
hypercholesterolemia. IL-35 is mainly secreted by T-helper cells
[133].

IL-12 and IL-23 are considered pro-inflammatory factors
that enhance downstream inflammatory signals. Exogenous
experimental administration of recombinant murine IL-12 to
mice leads to the progression of atherosclerosis, increases the
area of atherosclerotic plaques in the aorta, as well as when
using ApoEknockout mice and with deficiency of low-density
lipoprotein receptors (LDL). Abrogation of the biological effect
of IL-12 significantly reduces cardiac dysfunction in animals and
promotes angiogenesis [134].

3.9.12. Interleukin-13 (IL-13)

Interleukin 13 is a protein secreted by T-helper type 2 (Th2)
cells, NK cells, mast cells, basophils and eosinophils. Exogenous
administration of IL-13 favorably altered the morphology of
established atherosclerotic lesions, increased plaque collagen
content, and decreased the secretion of vascular cell adhesion
molecules VCAM-1. As a result of the anti-inflammatory effect,
a decrease in the number of macrophages is recorded in plaques
due to decreased recruitment and adhesion of monocytes in
the affected vascular wall. Moreover, under conditions in in
vitro clearance increases o XLDL as a result of reformatting of
activated macrophages (M1) into alternatively anti-inflammatory
macrophages (M2). This effect indicates protection against
atherosclerosis by IL-13. Protection is selectively mediated by
signaling through the IL-13 receptor (IL-13Ra2), which induces
TGF-bl production in macrophages and increases the number of
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anti-inflammatory macrophages [135,136].

In a study, exogenous administration of IL-13 to LDLR /mice
for 4 months did not reduce the number and size of atherogenic
plaques compared to control (PBS), despite a threefold increase in
the dose of IL -13, and also showed no changes in morphological
analysis [137]. However, collagen content was significantly higher
in atherosclerotic LDLR/mice treated with intraperitoneal IL-
13 compared with PBS-treated mice, suggesting macrophage or
smooth muscle cell stimulation of collagen secretion.

A targeted study of the content of the culture of “foam” cells upon
administration of IL-13, pre-loaded with cholesterol, showed a very
high cholesterol content in the cytoplasm, which is regarded as an
active outflow of cholesterol from the ECM into this population
of macrophages. This clearance is considered to effectively
remove pro-inflammatory OxLDL and reduce the severity of the
inflammatory response. IL-13 deficiency generated in various
mouse models revealed significantly accelerated atherosclerosis
with almost twice as large aortic lesions and increased necrotic
core formation, consistent with plaque progression.

3.9.13. Interleukin-15 (IL-15)

Interleukin-15 (IL-15) is a cytokine belonging to the interleukin-2
(IL-2) family, has general biological effects, including
immunoregulation through and induction of natural killer cell
proliferation [138]. The protein is secreted by phagocytes and
mononuclear cells. It is known that as atherosclerosis progresses,
the level of IL-15 increases. A number of studies on mouse models
of myocardial infarction or myocarditis have found a protective
effect manifested in the preservation of viable cardiomyocytes
[139].

3.9.14. Interleukin-17 (IL-17)

Interleukin-17 is a member of a family of variably homologous
proteins (IL-17A- F). IL-17A has a pro-inflammatory effect and
interacts with such mediators as IL-1f3, IFN-y, GM-CSF, IL-22,
TNF-a [140]. IL-17 acts independently or synergistically with
additional proinflammatory mediators, stimulating the production
of chemokines [141], granulocyte-colony-stimulating factor
(G-CSF). IL-17A stimulates the release of IL-2 from Th cells,
which in turn increases the number of regulatory T-cells [142]. In
addition to the chemokine family, IL-17 can induce a number of
antimicrobial peptides, including inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX -2) [143]. The action of IL-
17 is carried out through five cytokine receptors (IL-17 RA-E),
among which IL -17 RA is a common receptor for various forms.
It has been established that cholesterol and oxLDL stimulate
the secretion of IL-17 directly and indirectly through cytokines;
its expression increases significantly with the progression of
atherosclerosis. The activity of Th 17 cells, which express not
only IL-17, but also a number of its structural analogs (IL-17A,
IL-17F), as well as TNF -a and IL-22, depends on the state of
cellular and intercellular lipid metabolism [144]. Despite the lack
of direct evidence of the pro-atherogenic effect of IL-17 in animal
models of atherosclerosis, attention should be paid to the work

[145], in which the authors used the introduction of recombinant
IL -17A into Ldlr —/— mice and discovered a direct role for IL-17A
in modulating atherosclerosis. The authors are inclined to believe
that neutralization of IL-17A stimulates the pro-atherogenic Thl
pathway, which may be responsible for increased atherogenesis
[146]. In addition, this version is supported by the ability of IL-
17A to suppress the expression of inflammatory adhesion molecule
(VCAM-1). The atheroprotective role of IL-17 was demonstrated
in works [147,148]. However, most studies indicate a synergistic
proinflammatory effect of IL-17, IFN-g secreted by T-cells and
smooth muscle cells of the vascular wall with the participation of
positive regulators IL-21 and IL-23. This synergy is associated with
the progression of inflammation in atherogenic plaques [149,150].

3.9.15. Interleukin-18 (IL-18)

IL -18 can determine endothelial cell dysfunction, enhance
monocyte migration and maturation, induce VSMC proliferation,
potentiate the synthesis of IL-1a, IL-1p, enhance the inflammatory
process through IL -6 signal transduction, increase production
MMP, and, consequently, promote the progression and degradation
of plaques, enhance the secretion of TNF-a, IFN-y by macrophages
and smooth muscle cells [151-153].

3.9.16. Interleukin-19 (IL-19)

IL -19 is a member of the IL -10 subfamily and exhibits anti-
inflammatory effects [154]. Studies have revealed that in the wall
of healthy arteries, the expression of IL-19 is practically absent
and is actively manifested in atherosclerotic plaque. Systemic use
of the recombinant IL -19 molecule in LDLR —/— mice against
the background of an atherogenic diet compared to the control is
antiatherogenic, reduces macrophage infiltration in atherosclerotic
lesions, reduces the interaction of leukocytes with the vascular
endothelium in vivo, significantly reduces the adhesion of
leukocytes and monocytes to monolayers of endothelial cells in
vitro, pre-stimulated with oxLDL, reduces the area of damage
to the main artery. Efferocytosis of apoptotic cells and profiling
of pro-atherogenic M1 macrophages into reparative M2
macrophages are characteristic of systemic administration of IL
-19 to the experimental system, which corresponds to regression
of atherogenic inflammation [155].

Thus, plaque regression results from modulation of cholesterol
transportand M2 macrophage polarization [ 156-158]. Pre-treatment
of macrophages with IL-19 and subsequent introduction of
fluorescently labeled oxLDL into the system shows that the volume
of lipid uptake increases approximately 1.5 times. The presence
of increased levels of IL-19 in the system is accompanied by the
expression of CD36, SRA-1 and SRB-1 molecules, which are key
participants in the uptake of modified lipids by macrophages and
have atheroprotective properties [159]. Cholesterol accumulation
in macrophages is directly related to CD36 expression [160].
Overexpression of SRA-1 in ApoE knockout mice reduces the
level of atherosclerotic lesions [161]. The same overexpression of
SRB-1 is able to protect against atherogenic damage in mice with
LDLR [162].
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The transition of macrophages from type M1 to type M2 is
accompanied by an increase in the expression of scavenger
receptors in cells [163]. Recruitment of macrophages means
reverse transport of accumulated cholesterol. M acrophages export
excess cholesterol to apolipoprotein Al (apoAl) and high-density
lipoprotein. This ensures reverse transport of cholesterol to the
liver [159].

Reduced inflammation is accompanied by decreased cell adhesion
with decreased VCAMI1 immunoreactivity [155,164]. Similar
results were obtained using ApoE —/— mice. These cellular
dynamics were accompanied by a decrease in the levels of potent
proinflammatory cytokines mRNA for IL-1B and IL-12p40,
IFNy, IL-8 and MCP-1. Despite a significant reduction in the
area of local damage to the vessel wall by atherogenic plaques
with systemic administration of IL-19, plasma lipid levels did not
change compared to the control. This indicates the absence of a
lipid-lowering mechanism of action IL-19. The same expression
profiles by macrophages treated with TNF-a have been reported
in patients with BMDM. In this case, the macrophage line of
the M2 phenotype, unlike M1, expressed IL -19. Importantly,
the antiatherogenic effect of the cytokine induces beneficial
polarization of T-cells, changing the Th1 to Th2 phenotype.

3.9.17. Interleukin-20 (IL-20)

Interleukin-20 is a family of cytokines IL-19, IL-20, IL-22, IL-24
that transmit their signals through the receptor B chain of IL-20
receptor complexes (IL-20Ra, IL-20RP) Types I and I [165,166].
Activation of the receptor complex triggers the downstream
signaling system of Janus kinase (JAK) and the signal transduction
and activator of transcription (STAT) pathway [167]. This IL-20
system is realized in resident endothelial cells of the intima and
smooth muscle cells of the middle layer of the vessel.

The cytokine IL-20 is found in the endothelium and macrophages
of the atherogenic plaque, but remains intact when oxLDL
is taken up by macrophages [168]. Researchers associate the
proatherogenic nature of IL-20 with the activation of VEGF in
vascular endothelial cells and the angiogenic effect in the form of
morphological reconstruction of new vessels [169].

3.9.18. Interleukin-22 (IL-22)

IL-22 is a member of the IL-10 family of cytokines and is
secreted by activated T-cells, especially T-helper (Th22) cells
and Th 17 cells, NK cells, neutrophils, macrophages, fibroblasts,
smooth muscle cells (VSMC) of unstable atherosclerotic plaques
[170,171].

Most studies point to a proatherogenic mechanism of action for
IL-22. Cytokine regulates proliferation and migration VSMC from
the middle layer of the vascular wall into the intimal layer of the
main artery enhances the inflammatory response in the form of
accumulation of macrophages and neutrophils, stimulating the
secretion of pro-inflammatory chemokines. The action of the
cytokine is aimed at differentiating macrophages from an anti-

inflammatory to a pro-inflammatory phenotype and reducing
the ability of cells to translate cholesterol, which increases the
formation of cells with foamy cytoplasm [172,173]. The start of
the inflammatory reaction on the part of endothelial cells induces,
along with other cytokines, IL-22, regulating the expression of
adhesion molecules ICAM 1 and VCAM-1 [174]. Knockout of
IL-22 from a mouse experimental system leads to a decrease in
plaque size [175]. 12 weeks of feeding a cholesterol diet to Apoe
—/— mice with simultaneous administration of recombinant murine
IL-22 (rIL-22) three times a week led to an increase in the size
of atherosclerotic plaques in the aortic root and in the aorta itself
compared with control Apoe —/— animals who received PBS.
Treatment of animals with 20 ug of monoclonal antibody against
IL-22 (IL-22 mAb) proved the causal role of the cytokine in the
formation of atherosclerotic inflammation.

Thus, the study results indicate that IL-22 plays a key role in
atherosclerotic plaque formation by modulating the contractile
pattern of VSMCS towards synthetic repair cells. As a result of
this regulation, the content of elastin and collagen in the ECM
increases, which thickens the fibrous cap of the atherogenic core
and increases the stability of the plaque. Despite the increase
in the mass of foamy macrophages in the plaque and its fibrous
strengthening, the process means, one way or another, the
progression of atherosclerosis [174].

3.9.19. Interleukin-23 (IL-23)

IL-23 is secreted by macrophages and dendritic cells; the target
cells for the cytokine are mainly Th17 lymphocytes. Administration
of IL-23 to experimental mouse models of atherosclerosis reduced
inflammatory responses [176]. However, other studies indicate a
proatherogenic function of this cytokine [177].

Despite conflicting research results on the role of IL -23 in
atherosclerosis, the proinflammatory effects of IL -23 may be
mediated through other growth factors, such as GM-CSF or
cytokines, such as IL-22 [176,178-180].

3.9.20. Interleukin-24 (IL-24)

IL-24 is able to induce the secretion of TNFa and IL-6 by
monocytes, which could potentially exhibit a pro-atherosclerotic
effect. On the other hand, inhibition of the production of reactive
oxygen species in cultured smooth muscle cells reduces their
proliferation and, thereby, reduces atherogenic inflammation.
The dual function of this cytokine requires specific activation or
inhibition studies.

One study using cultured human VSMCs suggests that IL-24
inhibits the production of reactive oxygen species (ROS), thereby
reducing ROS-induced VSMC proliferation, a major maladaptive
event in atherosclerosis [181]. Taken together, IL-24 can have both
pro- and atheroprotective effects, which poses the task of targeted
elucidation of the function using animal models of cytokine
activation or incorporation.

J of Cli Med Dia Research, 2025

Volume 3 | Issue 1|9



3.9.21. Interleukin-25 (IL-25)

IL-25 is a member of the IL-17 cytokine family, stimulates the
expression of IL-4, IL-5 and IL-13, regulates the Th2-dependent
immune response, which confirms the atheroprotective profile
of the immune response of Th 2 cells in models of experimental
atherosclerosis [182]. IL-25 is expressed by endothelial cells,
macrophages and intimal T-cells [183]. Exogenous total or
temporary deficiency of IL-25 in double knockout mice (Apoe-/-
IL-25-/-), as well as against the background of a high cholesterol
diet, changes the expression profile of T-cells towards Th1/Th17
and ensures the progression of atherosclerosis in the form an
increase in the area of plaques in the aortic arch. The secretion
of proatherogenic cytokines in the form of IL-1, IL-6, 12(p40),
TNFo, as well as IFN-y confirms the worsening of atherogenic
damage to the great vessel [184]. Exogenous deficiency of IL-25
leads to a decrease in the amount of IgM antibodies in plasma that
bind oxidized LDL [185]. However, the complete absence of IL
-25 in blood plasma does not change its lipid profile.

3.9.22. Interleukin-27 (IL-27)

IL-27 is an anti-inflammatory cytokine with a broad spectrum
of activity [186]. The targets of the cytokine are the vascular
endothelium and all hematopoietic cells. IL-27 suppresses CD4+
T cell activation. IL-27 receptor deficiency demonstrates the
accumulation and activation of Th1 and Th17 CD4+ T-cells in the
wall of the main artery, increased levels of IL-17A, and infiltration
of inflammatory cells [187]. IL-27 reduces LDL content in
macrophages and foam cell formation [188].

3.9.23. Interleukin-32 (IL-32)

IL-32 is a proinflammatory cytokine produced and released from
both immune cells (NK cells, macrophages, monocytes and
T-lymphocytes, including regulatory T lymphocytes, and non-
immune cells, including endothelial cells [189-192]. However, in
most cases, IL -32 is found mainly intracellularly, e.g. IL-32f in
the endoplasmic reticulum (ER) of human endothelial cells, but
can change localization depending on the state of the cells [193].

The cytokine is expressed in at least 10 different isoforms (a, B, v,
5, D, &, 0, {, n and small / sm, generated by alternative splicing)
[194,195]. It has been observed that a person with signs of obesity
has increased levels of circulating IL-32. It has been established
that the endothelium of the coronary arteries in people with
coronary artery disease significantly expresses 1L-32 [196,197].
High expression of IL-32 B and IL-32 y mRNA was found in the
atherosclerotic wall of human arterial vessels, and more precisely,
in M 1/ M 2 macrophages [198].

Regulation of ICAM-1 and VCAM-1 molecules on the vascular
endothelium promotes strong adhesion and migration of
monocytes across the endothelium. Subsequent overexpression
of IL-32y in macrophages leads to increased production of
a number of chemokines, as well as cell adhesion molecules
sVCAM-1, interstitial collagenase (MMP-1), gelatinase (MMP-
9) and collagenase 3 (MMP-13), leading to the recruitment of

vascular endothelium, masses of monocytes and macrophages,
smooth muscle cells of the middle layer of the vascular wall with
a significant decrease in collagen synthesis and destabilization of
atherogenic plaques Knockdown of IL-32 resulted in a decrease
in both constitutive and IL-1PB induced intercellular adhesion
molecule-1 (ICAM-1), IL-1a, IL-6, IL-8 [192]. Numerous studies
show that IL-32 affects cholesterol levels by interfering with efflux
and transport of HDL particles.

IL-32 triggers the induction of a number of pro-inflammatory
cytokines TNF a, IL-1p, induced, in turn, by ICAM-1, IL-6 and IL-
8, which leads to the progression of the formation of atherogenic
plaques [190,192,199,200] .The secretion of IL-1,IL-12, IL-18 and
TNF-q, in turn, maintains the expression of IL-32 [199]. Increased
expression of IL-32 in M2 type macrophages is due not only to the
presence of in in vitro [FNy, but also as a result of stimulation by a
combination of IFNy and TNFa.

3.9.24. Interleukin-33 (IL-33)

It is assumed that IL-33 has atheroprotective properties,
increases the permeability of the endothelial barrier and activates
angiogenesis, initially stimulating the expression of endothelial
adhesion molecules VCAMI, ICAM1 and E-selectin, which
leads to increased leukocyte adhesion [201,202]. The cytokine is
able to increase the production of natural IgM antibodies against
oxLDL foam cells of macrophages and prevents their formation
[203,204]. When regulating atherogenic inflammation, IL-33 is
expressed by macrophages, endothelial cells, dendritic cells, and
fibroblasts [136]. The cytokine activates type 2 innate lymphoid
cells, increases the polarization of macrophages towards the M2
phenotype, inhibits the formation of foam cells, enhances the
polarization of T-cells from Th 1 to Th 2, and activates the function
of T-regulatory cells [96,205].

3.9.25. Interleukin-35 (IL-35)

This anti-inflammatory cytokine is produced by T-regulatory
lymphocytes (Treg) and B cells. IL-35 has an anti-inflammatory
effect and protects against tissue damage during the inflammatory
response [206]. The target cells of IL-35 are Tregs themselves,
Th2 lymphocytes, endothelial cells, monocytes, smooth muscle
cells of the middle layer of the vascular wall. For example, the
striking anti-inflammatory effect of IL-35 can be demonstrated
by inhibiting the expression of VCAM-1 by endothelial cells in
a model of LPS -induced acute inflammation by inactivating the
mitogen-activated protein kinase (MAPK) signaling pathway
[207]. Exogenous administration of IL-35 allows, in a mouse
model of myocardial infarction, to significantly reduce the affected
area of the left ventricle, reduce the death of macrophages, and
increase the differentiation and activity of M2 cells [208]. In a rat
model of coronary artery disease, IL-35 treatment significantly
promotes early endothelialization of drug-eluting stents. These
studies demonstrate that IL-35 regulates the differentiation of
various immune cells involved in the progression of atherosclerotic
heart disease.
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In conditions in In vitro treatment of monocytes with inflammatory
mediators IL-1b, IL-18, IFNy, TNFa, LPS produces a response
in the form of IL-37 expression [212]. In conditions in vivo, the
same pattern is confirmed in a rabbit model of atherosclerosis
when analyzing foam cells of atherogenic plaques. In the apoE
— / — mouse model, injections of recombinant IL-37 for 4 months
resulted in decreased atherosclerotic plaque size and increased
stability, decreased serum levels of proinflammatory cytokines, and
decreased vascular calcification compared to control mice [213].
Creation of exogenous IL-37 deficiency using antibodies leads to a
reversal of the anti-inflammatory effect [211]. Intracellular cytokine
staining technology has shown that, in addition to macrophages,
infiltrated CD4+ T lymphocytes and vascular smooth muscle cells
(SMCs) in areas of calcified plaques are the main sources of IL-37.

3.10. Tumor Necrosis Factor-Alpha (TNFa)

The tumor necrosis factor superfamily (TNFSF) plays a role in
both the protection and progression of atherosclerosis [214]. The
most important role in the development of atherosclerosis is played
by TNF -a, TNF- related apoptosis-inducing ligand (TRAIL), TNF
like apoptosis inducer (TWEAK), CD40L and related receptors.
The induction of pro-apoptotic and cell-protective general
signaling pathways occurs through the TNF-R1 and TNF-R2
receptors. [215,216].

Tumor necrosis factor-alpha is a pro-atherogenic cytokine at
sufficiently high levels in plasma, capable of causing a pro-
angiogenic effect by stimulating the expression of cytokines,
cell adhesion molecules [217], migration and mitogenesis of
endothelial cells and smooth muscle cells in the vascular wall,
causing the expression of macrophage colony-stimulating factor
(M-CSF) with subsequent proliferation and differentiation of
monocytes, survival and maturation of macrophages [218,219].
In this case, two processes occur simultaneously: the formation
of new microcapillaries and increased formation of atherogenic
plaques. TNFa is produced by monocytes and macrophages, and
its involvement in the pathogenesis of atherosclerosis is confirmed
by its presence in human atherosclerotic plaques.

Experimental knockout of the TNF - a system in hyperlipidemic
mice reduces atherogenesis, endothelial adhesion, and levels of
inflammatory markers compared to controls [220]. This effect
of blocking TNF-a is accompanied by an increase in high-
density lipoprotein cholesterol. On the contrary, high levels of
TNF-a disrupt the mechanism of normal reverse cholesterol
transport, enhance endothelial dysfunction and oxidative stress,
induce transmigration of monocytes into the subendothelial
space, and increase the uptake of oxLDL by newly formed M1
macrophages when activating the expression of class A scavenger
receptors [221]. The effect is completed by the retention of
LDL in the subendothelial space, increased cell apoptosis by
induced macrophages, and translocation of VSMC towards the
accumulation of macrophage mass [96].

3.11. Interferon-a (INF-a)
Administration of IFN-a has a proatherogenic effect and accelerates
the development of atherosclerosis [222].

This antiangiogenic effect of type I IFN is thought to be primarily
due to their antiproliferative activity against EC [223]. IFN
-o includes about 20 structurally related proteins, which are
mainly produced by monocytes and plasma cells, precursors
of dendritic cells (PDC). Upon short-term exposure, INF-a
suppresses endothelial cell apoptosis [224]. Long-term exposure
of the cytokine to cells, which is typical in chronic atherogenic
inflammation, in the presence of growth factors induces increased
adhesion of mononuclear blood cells to the endothelial lining,
which accelerates the development of atherosclerosis.

The results of studies by other authors partially contradict previous
results and indicate antiproliferative effects of the cytokine, as well
as, moreover, its pro-apoptotic activity [225-229].

3.12. Interferon-y (IFN-y)

IFN-y is a proatherogenic cytokine secreted by activated T
lymphocytes in the atherogenic plaque. Transmission of the IFN-y
signal into the cell occurs by interacting through a heterodimeric
cell surface receptor consisting of two separate subunits: IFN-y
receptor (IFNGR)-1 and IFNGR2 [230].

The cytokine is able to increase the activity of endothelial cells,
enhance the mobilization of polymorphonuclear white blood cells,
induce macrophages towards the atherogenic M1 phenotype,
enhance the polarization of T-cells towards the Thl phenotype,
reduce collagen synthesis by smooth muscle cells, disrupting
plaque stability [96,231,232]. The process of transformation
of macrophages into the M1 phenotype is accompanied by a
decrease in cholesterol synthesis, accumulation of cholesteryl
esters in lipid droplets, and stimulation of the production of
cholesterol derivatives [233]. As a result, the phagocytic ability of
macrophages to capture lipids increases. This induces the secretion
of other atherogenic cytokines, such as IL-1p, IL-6, TNFa, IL-
12, IL-18, enhancing the secretion of IFN- y by macrophages
and T-cells, chronic inflammation. The synergistic interaction of
proatherogenic cytokines significantly enhances the inflammatory
response [234]. However, no changes in serum cholesterol levels
were observed.

The proatherogenic effect of IFN -y is confirmed in the IFN -y
receptor-deficient Apoe —/— mouse model. Low levels of the
cytokine are accompanied by a decrease in plaque lipid mass and
inflammatory cell infiltration [235].

3.13. Transforming Growth Factor-a (TGF-a)

Transforming growth factor-alpha (TGF-f) has attitude to induction
structures of extracellular matrix [31]. TGF-a is a member of the
epidermal growth factor (EGF) family, single-chain peptides of 50-
53 amino acids cross-linked by three disulfide bonds. The cytokine
activates transmembrane tyrosine kinase EGF receptor (EGF-R),
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increases intracellular calcium levels, glycolysis and EGFR gene
expression. The interactions of TGF-alpha and TGF-beta can be
either synergistic or antagonistic.

3.14. Transforming Growth Factor-p (TGF-p)

Transforming growth factors f (TGF-B) are a superfamily of
proteins containing approximately 20 members of the bone
morphogenetic protein (BMP) family. The family of proteins plays
an important role in maintaining tissue homeostasis, in particular
in the processes of vascular remodeling by inducing intracellular
signals through serine/threonine kinase receptor subtypes I and II.
TGF-B1 plays an important role in inflammatory processes and
is found in endothelial cells, macrophages, smooth muscle cells
of the middle layer of blood vessels, and myofibroblasts [236].
The cytokine is found in plasma and binds to extracellular matrix
proteins, induces increased expression of adhesion molecules
ICAM-1 and VCAM-1, remodels the extracellular matrix,
stimulates fibrogenesis, regulates the recruitment of leukocytes
and fibroblasts [237,238]. The cytokine is involved in the
growth, development and proliferation of smooth muscle cells
and fibroblasts [239]. In a knockout (Apoe—/—) mouse model, the
presence of TGFp induces the recruitment of M1 macrophages
to the site of inflammation. However, in close interaction with
T-regulatory (Treg) cells with known immunomodulatory activity,
mediated secretion of anti-inflammatory and atheroprotective
cytokines, including IL-10 and IL-35, plays an important role in
the regression of atherosclerotic plaque [240]. Overexpression of
the cytokine reduces the risk of atherosclerosis and, conversely,
inhibition of TGF - signaling promotes the development of
atherosclerosis [241].

TGF-B family includes growth differentiation factor-15 (GDF-
15), as a cytokine that inhibits M1 macrophages. The cytokine is
expressed in endothelial and smooth muscle cells, macrophages,
and adipocytes under normal conditions and during inflammation
[242]. Many proatherogenic and antiatherogenic cytokines are
capable of inducing GDF-15 expression [243]. GDF-15 increases
the vulnerability of plaques in the early stages of atherosclerosis
due to pro-inflammatory and angiogenic effects [244,245].

3.15. Platelet-Derived Growth Factor-BB (PDGF-BB)

PDGF is a family of closely related small molecular weight
proteins, consisting of five isoforms: PDGF-AA, PDGF-AB,
PDGF-BB, PDGF-CC and PDGF-DD, polypeptides linked by
disulfide bonds [246]. Subtypes of PDGF-A and B are activated
inside cells, subtypes PDGF-C and D are secreted in an inactive
form and require activation by extracellular proteases [247-249].
It has been reliably shown that PDGF is involved in the maturation
and remodeling of blood vessels and affects ECM parietal
cells [250,251]. These growth factor isoforms are required for
pericyte recruitment and differentiation during vessel formation
[252]. Recruitment of pericytes by PDGF is carried out through
two receptor tyrosine kinases, PDGF o and B [253,254]. This
recruitment of pericytes and smooth muscle cells as a result of
PDGF adhesion in the ECM environment occurs due to the strong
binding of positively charged amino acids through the carboxy-

terminal region [255]. Studies have found that the transformative
effectiveness of PDGF - D is similar to that of B and C, the use of
PDGEF - C led to an increase in the number vessels, PDGF-B and D
stimulated the formation of larger vessels [256].

It has been established that the PDGF signaling pathway is
enhanced by the action of FGF on EC. At the same time, FGF
increases the expression of PDGF-B and D, which is very
important for the recruitment of perivascular cells and remodeling
of the vascular system [257]. Maturation of endothelial tubules
and blood perfusion induces vascular endothelium to release
platelet-derived growth factor [258,259]. PDGF recruits mural
cells through expression of the PDGF receptor R and induces
their differentiation into pericytes and smooth muscle cells. Next,
opsonization of endothelial tubules by these cells occurs, which
ends with the formation of stabilized vessels [260,261].

An important role in the regulation of angiogenesis is confirmed
by the fact that the removal of the influence of PDGF on the
vascular wall leads to the removal of the effect of proliferation
and migration of smooth muscle cells of the middle layer of the
artery (VSMCS) [262]. At the same time, the regulatory role of
VEGF remains. For example, pretreatment of ECS with VEGF for
8 h results in upregulation of PDGF-BB, PDGF-DD, and heparin-
binding epidermal growth factor, which play a role in pericyte
proliferation and recruitment [263]. Due to the formation of new
intercellular contacts between endothelial cells and pericytes, the
final stabilization of the vasculature and restoration of the ECM is
accompanied by the expression of transforming growth factor-f8
(TGF-B) with the participation of endothelial cell adhesion
molecules [264].

The use of several variants of the polypeptide chains of this growth
factor in the free state or as part of an adeno-associated plasmid
revealed an angiogenic effect in various models of ischemic
vascular diseases, in particular in hind limb ischemia in diabetic
mice [265]. Experimental regulation of the level of PDGF activity
confirmed the angiogenic effect of this growth factor.

It is important to note that high concentrations of PDGF in the
vascular wall mean excessive proliferation of cells of the mural
system with disorganization of the smooth muscle layer and
pericytes, which is characteristic, for example, of the activation
of atherogenesis [266]. Thus, local determination of the level of
this growth factor is important for comparative analysis with the
activity of other polypeptide substances.

3.16. Matrix Metalloproteinases (MMP-2, MMP-9)

During in vivo angiogenesis, MMPs degrade type IV collagen
in the ECM as a major component of subendothelial basement
membranes and are associated with endothelial cell migration and
pericellular fibrinolysis. The process of cleavage of intercellular
adhesion exposes binding sites and induces the release of ECM-
associated angiogenic growth factors. This ends with the formation
of new blood vessels [267,268]. The state of pericytes in the ECM
has been shown to influence MMP activity. Impaired mobilization
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of pericytes due to MMP deficiency is accompanied by blocking
the detachment of pericytes from the endothelial layer, which
significantly reduces the migration of endothelial cells during the
period of proliferation into niches that should be formed during
pericyte detachment [269]. This condition indicates the completion
of remodeling of the vessel wall in the area of inflammation and the
restored stability of the vascular system [270]. If you create dual
delivery of several growth factors using matrices, for example,
VEGF, FGF-2 and PDGF, then the expression of MMP (MMP -2)
increases significantly. Loose artificial structures do not create this
effect.

4. Remodeling of The Basement Membrane During Ischemia
Remodeling of the basement membrane and growth of the
vascular network under the influence of angiogenic factors
is expressed in the destruction of the basement membrane,
detachment of pericytes from the basement membrane, which
allows endothelial cells to expand the migration zone and occupy
the vacated niche [17,56,271]. Initially, at rest, pericytes are found
in the microvasculature, expand their processes and envelop the
endothelial monolayer in the capillaries. To identify pericytes,
surface markers (platelet-derived growth factor receptor,
PDGFR)-B, CD13, cytoskeletal proteins (a-smooth muscle actin,
a-SMA, desmin and calponin) are determined [272,273].

The stabilization process ends with the compaction of
interendothelial contacts and a decrease in the migratory activity
of endothelial cells [274]. The inclusion of tissue inhibitors of
metalloproteinases (TIMPs) and plasminogen activator inhibitor-1
(PAI -1) in the process promotes reconstruction of the basement
membrane [275,276].

The composition of the formed basil membrane includes laminin
isoforms, type IV collagen, perlecan, nidogens, fibronectin,
proteinase inhibitor [277-282]. During ischemia and inflammation,
the ECS adhesively interacts with the basement membrane scaffold
through key integrins on the EC surface, including fibronectin
receptors (FN), a5B1, laminin receptors [LM], a6l and a3p1,
collagen receptor (K), a2B1, and arginine binding receptor-
glycine—aspartic acid (RGD), av B3). This complex adhesion of
endothelial cells allows interaction with many ECM proteins.

The intimate layer of the ECM is a proteoglycan-rich matrix
that includes interstitial collagens of various types and adhesive
glycoproteins. The middle layer of the artery is a complex of
glycoprotein elastic plates, microfibrils, which controls the
differentiation of smooth muscle cell functions [283,284]. The
mechanical strength of the middle layer of the artery to the stresses
of blood flow is ensured by cross-linking of the matrix with
transglutaminases. The construction of the ECM of the adventitial
layer indicates its readiness for activation after vessel injury [285-
288].

In addition to the leakage of plasma components during ischemia
and inflammation into the intimal space due to increased vascular

permeability from the capillaries of the vascular bed, there is a
leakage of cellular composition and growth factors into the
adventitial space. Due to this translation mechanism, the adventitial
vasculature expands with leaky vessels as atherosclerosis
progresses [289-291].

Cells of the inflammatory reaction penetrate into the walls of blood
vessels on both sides, which is very important when translating
hydrogel constructs into the paraadventitial space in the case of
solving the problem of modeling a new vascular network [292-
294].

Excessive growth of cellularity of the intimal layer develops
not only as a result of an imbalance of concentric elastic plates,
proliferation, invasion and loss of VSMC from the middle layer
of the great vessel, but also as a result of the active inclusion of
proliferating pericytes in contact with leukocytes, macrophages,
lymphocytes, mast cells and fibroblasts with the participation
cocktail of growth factor-associated proteins (LTBP-1, latent
TGFp-binding protein 1), IGFBP-3 (insulin-like growth factor
binding protein 3), CTGF (connective tissue growth factor),
gremlin, follistatins), fibrillin- 1, fibulins, FN) and the growth
factors themselves, emanating from the capillary vascular network
of the adventitial zone: TGFp1 - transforming growth factor, VEGF
- vascular endothelial growth factor, HB-EGF - heparin-binding
epidermal growth factor [295,296]. As a result of remodeling of
the middle layer of the ECM, invasion of vascular cells into the
intimal space from the middle layer, as well as from the adventitial
space into the middle layer, is realized. In addition to cellular
infiltration into the expanded intimal space in atherosclerosis,
deposition of proteoglycans and interstitial collagen occurs [297].
As a result of the inflammatory reaction, the formation of defects
in the endothelial layer is compensated by fibrin synthesis and
platelet activation, which stimulates the release of PDGFs and
TGFp1, as well as a number of mediators (thrombospondin-1,
sphingosine-1-phosphate and lysophosphatidic acid). Remodeling
of the ECM with the help of a cross-linked fibrin/fibronectin/
vitronectin complex in damaged large vessels is observed both
from their lumen and from the capillaries of the adventitial layer.
This ECM remodeling creates rigidity in the vascular scaffold,
which reduces its functionality.

Other key mediators that are important in vascular injury
are angiotensin II, oxidized LDL (low density lipoprotein),
proinflammatory mediators including IL (interleukin-1f3, TNFa
(tumor necrosis factor) and thrombin, circulating serine proteinases
(plasminogen and plasma prekallikrein), which are activated to
plasma plasmin and kallikrein, respectively [298,299]. Additional
mediators are leukocyte proteinases such as neutrophil elastase,
cathepsin G, matrix metalloproteinases (MMP -8 and MMP -9,
mast cell proteinases, tryptase and chymase, and proteinases).
vascular cells, including various MMPs (MMP-1, MMP -2, MMP-
3, MMP-12, MMP-13), Adamts-4 and Adamts-5 [276,300,301].
In the ECM, a class of MMPs are activated by serine proteinases
derived as from plasma sources and from neutrophils, macrophages
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or mast cells.

Added to the overall picture of molecular transformations in the
vascular wall is the periodic migration from the bone marrow and
peripheral blood of a pool of precursor endothelial cells, monocytes
and other white blood cells, which also produce growth factors.
Blood islands of the bone marrow, consisting of hemangioblasts,
are surrounded by endothelial cells. Primary capillaries are formed
as a result of the fusion of blood islands to form primary capillary
plexuses. Angioblasts are the main source of ECs with a strong
ability to differentiate into functional ECs. Fusion of angioblasts
determines vessel elongation. Endothelial cell precursors adhere to
mature vascular endothelium and actively integrate into the vessel
wall, differentiate into endothelial cells and, together with smooth
muscle cells, form the vessel [56, 302].

5. Angiogenesis with the Combined Use of Growth Factors
VEGF alone is known to inhibit pericyte coverage of vascular
processes by inhibiting receptors on smooth muscle cells and led to
destabilization of existing vessels [30]. The technology of loading
multiple growth factors into a delivery system with different
capacities and elution times is the preferred task for the researcher,
taking into account the individual physical and physicochemical
properties of each growth factor [303].

The combination of several growth factors has a beneficial effect
on the morphology and stability of the engineered vasculature.
Administration of angiogenic factors alone does not promote the
formation of the pericyte layer, which is important for ensuring the
mechanical stability of the vasculature [304].

According to the currently known points of application of
regulatory peptides in angiogenesis and the development of
tissue ischemia, a large role will belong to the use of factors
with different mechanisms of action, including both interreceptor
interactions and direct activation of signaling pathways in the cell
through exogenous gene editing tools. The idea of using indirect
control of multiple release of growth factors with good end results
is known. For example, induction of hypoxia factor 1-alpha (HIF-
l1a) stimulates the release of VEGF, bFGF and Ang-1, leading to
improved blood vessel formation [305].

When using natural scaffolds that include two or more growth
factors, it is important to consider not only the possible interactions
between factors, factors and the matrix, butalso the order ofinclusion
of proteins in the matrix, since opposite results can be expected
[306,307]. It has been reliably established that polysaccharide
scaffolds that contain three or more growth factors are able to
sequentially release them into the ECM and more accurately
mimic angiogenesis as in both in vitro and in vivo [17,306]. If it is
known that VEGF and PDGF are powerful angiogenic factors with
relatively different roles [56] and are involved in angiogenesis,
respectively, in the early and late stages of vascular network
formation, then when obtaining a transport system with these
factors, it is necessary to take into account spatiotemporal profiles

of their release. Factors that are responsible for stabilizing already
formed early vessels must be included and activated at the late
stage of angiogenesis [56]. If early PDGF activation occurs in the
ECM when VEGF is highly expressed, then vascular endothelial
growth factor may inhibit PDGF signaling where VEGFR-2 forms
complexes with PDGFR-f, thereby interfering with its role in
pericyte recruitment and new vessel stabilization [30].

When VEGF and FGF-2 are encapsulated in a hydrogel matrix
containing PDGF microspheres, researchers obtain an early release
of VEGF during the initial recruitment and proliferation of blood
vessels and FGF-2 with different kinetic rates and delayed elution
into PDGF medium. This sequence of growth factor release from
matrices ensured the recruitment of mural and smooth muscle
cells triggered by PDGF [307]. At the same time, analysis of the
function of HUVEC cells indicates an accelerated transition from
GO to S phases of the cell cycle and improved distribution of cells
in the G2/M and S phases. The synergistic effect of VEGF, FGF-2
and PDGF is confirmed by an increase in the migration distance
of HUVEC compared to free scaffolds, ability to invade and form
tubes [307]. The same pattern is observed in conditions in vivo
using chicken chorioallantoic membrane. Delivery of VEGEF,
FGF-2, and PDGF from PDGF, VEGF, and FGF polysaccharide
matrices resulted in a dramatic increase in the number of mature
blood vessels in the thickened mesoderm. Cytokine analysis in
the ECM with the participation of this cocktail of growth factors
shows that the level of anti-inflammatory proteins in macrophages
(IL-10) increases, and the expression of pro-inflammatory proteins
(IL-12, NFB transcription factor) decreases or is completely
blocked. This fact should be paid attention to, since the presence of
a polysaccharide hydrogel in the ECM with the active participation
of several angiogenic growth factors of endogenous or exogenous
origin can locally suppress the severity of atherogenic inflammation
against the background of hyperlipidemia [308].

The combined inclusion of growth factors in sulfated scaffold
carriers and the creation of conditions for their dosed release
into the medium leads to the formation of a high density of new
capillaries [309-311]. This combination of growth factors is also
justified due to not only the synergistic mechanism of action on
the formation of the vascular network, but also the manifestation
of various effects in angiogenesis aimed at one end result. For
example, the inclusion of VEGF and FGF-2 in the transport
system is aimed not only at the differentiation of endothelial
cells ( VEGF), but also at increasing overall cell survival (FGF),
despite the fact that both growth factors ensured microvascular
density and in different degree of proliferation rate of endothelial
cells and opsonization by pericytes [312-314]. The simultaneous
inclusion of VEGF and ANG-1 in the transport system is aimed
not only at inducing vascular permeability and destruction of the
vascular membrane [315,316], but also at stabilizing blood vessels
and stopping the leakage of blood plasma (ANG-1) [252]. Two
growth factors ultimately restore blood flow in ischemic areas
[317]. The combined use of PDGF and FGF -2 in the transport
system also leads to a synergistic effect and to coordinated
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migration, proliferation of endothelial cells and neovascularization
[318]. Moreover, different PDGF subtypes are able to coordinate
chemotaxis and cell proliferation in a coordinated manner.

It is known that excessive expression of VEGF production by the
vascular endothelium can form vascular angiomas, disrupting the
normal course of angiogenesis. It was found that the co-expression
of PDGF-BB and VEGF through a single viral vector does not
affect the normal formation of capillaries and arterial vasculature
not only when low and medium doses of VEGF are administered,
but also specifically prevents the formation of aberrant vessels
with the transition to angioma-like vascular structures at high
doses VEGF [319]. This induced angiogenesis was maintained
without any abnormalities up to 4 months of the experiment [320].
However, high levels of PDGF are characteristic of excessive cell
proliferation, which may indicate the progression of atherogenic
inflammation. The successful combination of VEGF and PDGF
was demonstrated in, where dual release of VEGF and PDGEF-
BB was obtained with increased vascular density and maturity
compared with the use of each GF alone. With this combination,
high or low VEGF concentrations did not affect the final result;
coexpression of both factors in each cell using a single vector
resulted in revascularization, efficient growth of collateral arteries,
increased blood flow, and decreased tissue damage [321]. This
result indicates stable and normal angiogenesis [322].

Thus, creating a balance of stimulation between multiple growth
factors results in coordinated function of multiple systems involved
in active angiogenesis, for example, stimulation of vascular
endothelial cells and recruitment of mural system pericytes. It has
been established that the activation of pericytes is accompanied
by the detachment and migration of these cells, which is observed
during angiogenesis or tissue regeneration, when pericytes migrate
to stabilize the developing vascular network.

Simultaneous delivery of VEGF, PDGF and FGF-2 via a polymer
matrix increases in vitro angiogenic differentiation of human
umbilical vein endothelial cells (HUVEC) and accelerates
the formation of new vascular networks in the chorioallantoic
membrane [322,323]. This consistent effect was confirmed by
improved blood circulation in various animal models of ischemia
of different localizations [324].

5.1. Integrins

Creation of signaling in a confined space at a local concentration
of growth factors associated with many ECM proteins,
immediately adjacent to the binding sites for cell adhesion, occurs
through concerted stimulation of growth factor receptors and
mechanoreceptors of integrins, which are typically colocalized in
the membrane. Prior to the interaction of the integrin-growth factor
system with the cell surface, many ECM proteins naturally bind
both growth factors and integrins (avB3, avB5, a5p1) in a confined
space due to adhesive structures [27, 325-327]. For example, the
use of recombinant fragments of fibronectin is designed for the
presence in one protein molecule of two binding domains for
growth factor and integrin [328]. This tandem is designed to ensure

co-localization and activation of integrins and GF s receptors in
the cell membrane.

ECM protein-growth factor-integrin system can be included in
a polymer carrier, which leads to a stronger synergistic effect in
activating the cell signaling system. This phenomenon is explained
by the ability of a polymer containing sulfhydryl groups in the
molecule (for example, heparin) to reorganize the structure of
the ECM protein [329,330]. This reorganization involves the
unfolding of the protein with opsonized growth factor and integrin
and making the integrin and GF binding regions highly accessible
[331,332]. Such hydrogels have been found to provide local
delivery and continuous release of sustained low doses of FGs in
vivo. [333]. However, it has been established that in many cases
the amount of growth factor in the vascular wall is extremely
important, since initially high concentrations of the polypeptide
can stimulate the formation of endothelial tubes with a stable
capillary structure.

A wide variety of integrins, ligands, GFRs, and GFs themselves
ensure the integration of signals between the two types of receptors.
It has been established that integrins can have a potentiating
effect when transmitting a signal not only through a specific
receptor of the corresponding growth factor, for example, through
VEGFR, but also through a number of other receptors, such as
TGFBR, PDGFR, IGFR [334,335]. Moreover, one growth factor
can activate several integrins. In addition, the mechanisms of
independent activation of signaling pathways by both the growth
factor receptor and one of the integrins are known. Independent
activation may subsequently overlap and trigger the same signaling
molecules. The interaction of several integrins with each other
can activate the growth factor receptor without prior stimulation
of the growth factor itself. Regulation of signaling pathways
also includes processes of its attenuation, when cell enzyme
systems are able to block phosphorylation of membrane growth
factor receptors [336,337]. All these options for the formation
of an intracellular signal require deciphering the mechanisms of
transmembrane transmission of growth factors, especially with the
participation of the kinase system in the area of focal adhesion,
through a number of cytoskeletal proteins to the translocation of
nuclear transcription. Thus, the diversity of interacting proteins
in the ECM and transmembrane signaling means that the results
of synergy or attenuation in signaling pathway formation must be
considered as multilevel transduction [338,339].

6. Atherogenic Inflammation in The Vascular Wall and Beyond
It

6.1. Lipid Metabolic Disorders

The most important vascular damaging factor is high levels of low-
density lipoprotein (LDL), provided that hyperlipidemia occurs
under sterile conditions without a bacterial component [340-
342]. LDL cholesterol level has remained the main determining
factor in the occurrence and progression of atherosclerosis for
many years [343,344]. Cholesterol is rich lipid pheroidal packets,
coated with a phospholipid shell containing apolipoprotein B,
transport water-insoluble cholesterol through the blood. The
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accumulation of LDL in the intimal space is provoked by a state
of hyperlipidemia, which enhances the dysfunction of the vascular
endothelium. Lipoproteins with a diameter less than 70 nm can
cross the endothelial barrier and enter the arterial intima from the
bloodstream [345].

However, in the initial stage of hyperlipidemia, when the
endothelial cell monolayer is stable and at rest, specific integrins,
due to their signaling ability, maintain the stability of the basement
membrane in the matrix and suppress EC activation. At the same
time, the stability and resting state of the endothelial lining of
blood vessels is maintained by FGF (fibroblast growth factor)-2
and its main receptor FGFR1 [346,347].

Long-term hyperlipidemia causes endothelial cells to express
cell adhesion molecules and endothelial growth factor and recruit
white blood cells into the intima. Studies of cell transmigration
across the endothelial layer suggest that neutrophils are among the
first cells recruited to the inflammatory site, paving the way for
subsequent engulfment of monocytes [348,349]. When analyzing
the mechanisms of transmigration of white blood cells through the
vascular endothelium, it is discovered that when animals receive
a cholesterol diet under conditions of hyperlipidemia, the number
of neutrophils rolling along the endothelial layer with the surface
expression of sticky clusters increases. At the same time, the speed
of rolling monocytes decreases [350]. This transformation of the
leukocyte membrane increases their contact with the endothelium
[351].

After the leukocytes have coagulated and are firmly attached
to the endothelium, the process of transmigration begins.
Leukocyte translation is achieved through stable interactions
between leukocyte integrins and endothelial adhesion molecules
[352]. Tt is assumed that for complete adhesion of leukocytes
to endothelial cells, a temporary interaction of chemokines
and glycosaminoglycans is formed to retain chemokines in the
glycocalyx space near the endothelium. Strong adhesion of
leukocytes and vascular endothelium is carried out due to the
interaction of integrin with the molecules of intercellular ICAM-1,
ICAM-2 and ICAM-3 and vascular intracellular adhesion VCAM-
1 with the participation of lymphocyte-associated antigen (LFA-
1) and macrophage receptor (Mac-1) [353,354]. The retention of
leukocytes on the surface of the endothelium is the beginning of
transmigration into the subendothelial zone. Such transmigration
is accompanied by the formation of clu3sters consisting of ICAM-
1 and VCAM-1 molecules [355,356]. Adhesive clustering changes
the size of EC intercellular contacts, reduces the size of ECs
themselves with the help of structural proteins of the cytoplasm,
creates conditions for paracellular transport of leukocytes, actively
compressing the nuclei of leukocytes with the help of endothelial
actin filaments [357]. This conformation of the endothelium forms
endothelial protrusions around the infiltrating leukocyte [358].
In this case, ECs reduce the expression of adhesive cadherin
[359,360].

Transmembrane migration of leukocytes through thin transcellular

pores of the EC cytoplasm, rich in caveolin 1 and adhesion
molecules ICAM-1, is known [359,361]. In this case, clustering of
adhesion molecules on EC is accompanied by the release of pro-
inflammatory cytokines from leukocytes: IL-1B, IL-6, C-C motif
chemokine ligand (CCL 2) and C-X-C motif chemokine ligand
(CXCL 8) [362].

6.2. Monocyte Transmobilization

Monocytes of the vascular bed are translated into the subendothelial
zone and greatly increase the uptake of already oxidized lipid
mass through scavenger receptors or phagocytosis of aggregated
lipoproteins, turning into residual macrophages [363,364]. The
oxidized fraction of LDL is delivered to lysosomes for breakdown
into cholesterol and fatty acids [365]. Lysosomal hydrolysis
of cholesteryl ester results in the formation of unesterified
cholesterol molecules, which are then released from the lysosomes
and re-esterified in the cytoplasm, followed by the formation of
cholesteryl ester droplets in the cytoplasm, leading to the formation
of foam cells. Cellular excess of unesterified cholesterol is toxic to
macrophages, so storage of cholesterol in the form of cholesteryl
ester droplets is considered a protective response [366].

It has been shown that the translation (transmigration) of
monocytes from the bloodstream through the endothelial lining
is selectively regulated by E-selectin [367]. The intracellular
actomyosin machinery forms integrin-rich protrusions to target
monocyte chemotaxis through the endothelial layer, scanning the
endothelial lumen at sites of extravasation [368].

Impaired production of reactive oxygen species and reactive
nitrogen species causes the loss of LDL's ability to interact
with LDL receptors. This significantly increases the affinity for
scavenger receptors such as CD36 and lectin-like oxidized LDL
receptor-1 (LOX-1), SR-B1 on ECs, vascular smooth muscle cells
and macrophages [369-371]. It was found that the expression
of high-performance scavenger receptors and their high affinity
for LDL particles do not decrease with increasing cholesterol
content in the cell. This allows macrophages to be overloaded
with cholesterol esters and enhance the formation of foam cells,
as signs of early atherosclerotic damage. Excessive accumulation
of cholesterol can lead to the formation of cholesterol crystals,
inducing the breakdown and secretion of IL-1f and IL-18 [372].
Numerous studies support the concept of the ability of oxidized
LDL particles (oxLDL) to form atherogenesis [373]. Studies show
that oxLDL suppress the activity of vascular endothelial cadherin
(VE-cadherin) and wupregulate platelet-endothelial complex
adhesion molecule (PECAM-1), which promotes monocyte
transmigration [374].

It has been established that two growth factors are required for
the differentiation of monocytes into macrophages: macrophage
colony-stimulating factor (M-CSF) and granulocyte-macrophage
colony-stimulating factor [375,376]. The accumulation of lipids
in macrophages transforms their cytoplasm into a foamy substrate.
The cell mass, along with the endothelial layer, becomes a source
of proteolysis and, before degradation, is enclosed in a mass of
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interstitial collagen matrix with the formation of a fibrous cap. This
newly formed construct in the intimate zone near the endothelial
layer contains denatured protein substrates, FNs, osteopontin,
tenascin C and a number of proteoglycans bound by macrophages
through the expression of integrins aMp2, axp2, a4p1 [377]. The
concentration of intimal proteoglycans, in addition to residual
macrophages, determines the localization and accumulation of LDL
in areas of intimal thickening [378]. The accumulation of a mass of
oxidized forms of LDL in the subendothelial space maintains high
adhesiveness of endothelial cells and increased lipid and cellular
leaks [378]. Cellular and lipoprotein leaks occur in intimal areas
under shear stress. In these areas, turbulent blood flow changes
the cellular arrangement of ECs. Tight interendothelial junctions
become “leaky” and their permeability to large molecules
increases. The dehiscence of intercellular junctions promotes the
uptake of plasma lipoproteins rich in LDL and triglycerides (TG)
either transendothelially or by diffusion at intercellular junctions
[379].

Modified lipids activate inflammatory cells in the intima, which
produce tumor necrosis factor (TNF-alpha), interleukin-1, -4
and -6 and interferon-gamma, which activate both endothelial
cells with endothelial surface expression of adhesion molecules
(VCAM, ICAM, E-selectin) and smooth muscle cells of the mural
zone in the vessel wall. The accumulation of LDL cholesterol by
marophages is accompanied by a self-sustaining inflammatory
mechanism, since ox LDL irritate endothelial cells, increasing the
production of adhesion molecules. High levels of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) convert
LDL into ox LDL, which is embedded in the intimal layer of the
vascular wall. Thus, the established regulation of the relationship
between foamy and non-foamy macrophages in an atherosclerotic
plaque ensures a constant flow of monocytes and LDL into the
damaged area, which means plaque growth [380]. Therefore, high
levels of oxLDL in the arterial vessel wall can be regarded as a
clinical marker of plaque inflammation [381,382]. Macrophage
proliferation in response to macrophage colony-stimulating factor
(M-CSF) is accompanied by macrophage engulfment of foam cells.
This process means secondary cell necrosis and inflammation. In
addition, the proliferation of macrophages in lesions may be due

to the production of M-CSF secreted by smooth muscle cells. In
addition to the direct effect of macrophage oxLDL on endothelial
cells, the cells produce the vessel-specific inflammatory enzyme
phospholipid-associated phospholipase A2 (Lp-PLA2). The
enzyme is produced in atherosclerotic plaques, circulates as part
of apolipoprotein B, hydrolyzes oxidized phospholipids on LDL
particles in the intima of the artery, causing the formation of
mediators of pro-inflammatory and pro-atherogenic properties.
Thus, the cellular composition of an atherogenic plaque self-
sustains the production of oxLDL, a high content of hydrolytic
enzymes and the production of inflammatory mediators. This
process creates long-term endothelial dysfunction and progression
of atherosclerosis [383].

Cellular invasion involving the full thickness of the arterial
vessel involves infiltration of VSMC into the intimal space. The
accumulation of LDL particles in the subendothelial space and the
formation of aggregates upon binding of particles to proteoglycans
provokes entry into smooth muscle cells through the LDL receptor
superfamily of related proteins (LRP). Attention should be paid to
the possibility of uptake of LDL and glycosaminoglycans, which
contribute to the accumulation of lipids in the intima. Thus, in
addition to macrophages, smooth muscle cells can also accumulate
cholesterol, forming the LRP superfamily, while retaining the
ability to evade expression inhibition mechanisms under high
cholesterol conditions. It has been demonstrated that smooth
muscle cell metaplasia can also give rise to foam cells resembling
macrophages [384]. Their localization is typical in the human
intima, especially in areas of atheroma formation. In this regard,
the saturation of macrophages and smooth muscle cells with
cholesterol in the mural zone of the vessel leads to the progression
of the lesion [385]. Cellular invasion into the layers of the vascular
wall occurs due to the interaction of almost all serine proteinases
with FN, vitronectin, fibrinogen, fibrin, provokes and supports
proteolysis, activation of the MMPs cascade and the release of
heparin from adventitia mast cells into the ECM . Both factors
stimulate the release of active growth factors. Activation of the
MMPs cascade causes regression of the EC of the vascular tube
[386] (Figure-scheme 1, Figure-photo 2A, 3BC, 4DE, 5SF, 6G, 7H)
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Intermittent expression level (/1)
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IL-32 |
IL-33 |
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Figure-Scheme 1: Hypothesis. The level of activity of cellular growth factors in the vascular wall during atherogenic inflammation.
During atherogenesis - massive dense adhesion of leukocytes to the vascular endothelium with the help of clusters: integrin — ICAM-1,
VCAM-1. A change in the amount of intercellular contact of the vascular endothelium as a result of reduction of the cytoskeleton of
cytoplasmic proteins and compression of leukocyte nuclei is the effect of interendothelial transport of leukocytes. Subsequent penetration
of masses of mnocytes and low-density lipid spheroids containing plasma-insoluble cholesterol. Active capture of cholesterol crystals
from LDL by monocytes-macrophages, including oxidized forms, suppression of cholesterol reverse with a high content of oxLDL in
cells, formation of “foam” cells. Proliferation and migration of smooth muscle cells into the intimate zone with signs of cholesterolization
of the cytoplasm, thickening of the intima. Weak cellular reaction of the adventitial and sub-adventitial layers. Despite the activation
of angiogenesis when determined by pro-atherogenic growth factors, there is an active filling of the intimate zone with inflammatory
infiltrate with weak signs of migration of type M1 macrophages filled with LDL and cholesterol crystals into the adventitia zone and
beyond its borders. Active cell adhesion of the endothelium and the angiogenic reaction in atherosclerosis is accompanied by massive
infiltration of leukocytes and monocytes through the vascular wall. The process of recruitment of cells in the mural zone is low; there is
no mass formation of microcapillaries with lumen and blood flow.
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Figure 2: A) Early signs of atherogenic inflammation, adhesion to the endothelium and penetration of blood protein cells into the intimal
layer. H-E staining, magnification x100

Figure 3: B) Active proliferation of vascular endothelium, C) Translation of smooth muscle cells to the endothelium, formation of
foamy macrophages. H-E staining, magnification x400
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Figure 5: F) Sub-endothelial infiltration of macrophages with foamy cytoplasm, oncentration of cells under the endothelium. H-E
staining, magnification x400
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Figure 6: G) Active adhesion of white blood cells to endothelial cells, translation and accumulation of foamy macrophages and smooth
muscle cells with signs of filling the cytoplasm with lipid mass near the endothelial layer. H-E staining, magnification x400

thin histological sections (3—4pm) using a Leica automated system (Germany). Microphotographs were obtained using an Axio Imager
A1 microscope with an AxioCam MRc5 photography system and an Axio Vision software (Carl Zeiss, Germany). Cross section of the
wall of a rabbit artery is affected by atherogenic inflammation, thickening of the intima, migration and proliferation of endothelial cells,
formation of “foamy” phages, migration of smooth muscle cells to the vascular endothelium. Accumulation of xanthoma and smooth
muscle cells under the vascular endothelium, formation of soft atherogenic plaques. Translation of smooth muscle cells towards the
vascular endothelium, weak cellular reaction in the adventitia and beyond. H-E staining, magnification x200.

In advanced lesions of the vascular wall, foam cells easily degrade
and release their contents into the extracellular space, thereby
worsening the inflammatory status and structural stability of the
plaque [388]. Intense proteolysis thins the fibrous cap and provokes
rupture of the endothelial layer. In this case, attention should be
paid to the fact that when analyzing the dislocation of VSMC
in the intimal space, the absence of these cells at the site of the
future rupture of the atherogenic plaque is revealed. [389,390]. In
connection with the results of these studies, it becomes important
to determine the levels of specific MMPs during the formation of
the initial stage of an atherogenic plaque in the wall of a large
arterial vessel in order to develop new technologies for local

regression of atherogenic inflammation.

6.3. T-cells

In human atherosclerotic plaques, T-cells occupy a significant part.
Among the subpopulations of T-cells, various subsets of T-helper
cells play an important role [391]. The growth of atherosclerotic
plaques is associated with the participation of Th [392-394].
Together with memory T-cells, Th make up the majority of
T-cells found in atherosclerotic plaques [395]. The population of
T-regulatory cells (Tregs) is capable of expressing the transcription
factor forkhead box protein P3 (FOXP3) and CD25, which exhibit
strong anti-inflammatory properties, suppress the proliferation
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of Th cells, and induce an anti-inflammatory phenotype of
macrophages [396,397]. Expression of IL -10 and transforming
growth factor (TGF)-B by Treg cells exhibits antiatherogenic
effects in atherosclerosis [398]. The process of migration into the
vascular wall containing atherogenic plaques, circulating T-cells
enter with the participation of endothelial P-selectin, using the
glycoprotein ligand of platelet selectin (PSGL-1) [399], with
the support of cofactors CD43 and CD44 [399-401]. Thus, a
number of chemokines with their receptors with dislocation in
intraendothelial vesicles attract T-cells, forming tight junctions
with endothelial cells, and are translated into the subendothelial
zone [402]. It is possible that the translation of these cells is similar
to the transmigration of other leukocytes, accompanied by the
expression of protein adhesion molecules.

6.4. B cells

B-cells are also involved in local immune responses that contribute
to chronic inflammation in atherosclerosis [403]. However, research
confirms that B cell subsets may exhibit both antiatherogenic and
proatherogenic properties.

6.5. Platelets

Activation and aggregation of platelets in affected vessels is also
subject to shear stress, especially at the bifurcation points of the
great arteries. Platelet adhesion to the endothelium is induced by
the expression of adhesion molecules already in the early stages of
atherosclerotic lesions [404]. Reduced efflux of LDL cholesterol
from platelets leads to their activation. The adhesiveness of
these cells to the vascular endothelium is directly stimulated by
the oxLDL fraction through binding to CD36 [405]. At the same
time, hyperlipidemia increases platelet aggregation activity [406].
Platelet activation increases the expression of P-selectin and CD40
ligand, which increases adhesiveness to the vascular endothelium
and monocytes at problem points. In this case, the monocyte-
platelet complex maintains strong contact and penetrates the
intimate area and participates in the formation of the core of the
atherogenic plaque. This mechanism appears already at the early
stages of atherogenesis [407,408].

6.6. Macrophages

Two main subtypes of M® are widely recognized: proinflammatory
macrophages (M1) and anti-inflammatory macrophages (M2). A
microenvironment containing the cytokines interleukin 4 (IL-4),
interleukin 13 (IL-13), interleukin 10 (IL-10), IL-1RA, PDGFC,
TGF-B, FGL2 promotes M2 polarization. Contact with a platelet
induces a pro-inflammatory profile of the macrophage, triggering
membrane surface expression of IL-1f, IL-6, IL-12 interferon-y
(INF-y), tumor necrosis factor (TNF-a) [409]. Lipopolysaccharides
also influence the development of the M1 phenotype [410].

Pro-inflammatory macrophage phenotype increases the area of
cellular necrosis in the atherosclerotic core in an experimental
model mice. Massive penetration of the platelet-leukocyte complex
through the vascular endothelium is mediated by the expression
of adhesion molecules on the surface of endothelial cells and the
emergence of a signaling pathway based on platelet-endothelial

cell adhesion molecule (PECAM-1) [411]. The mechanism of
activation and translation of the platelet-monocyte complex is
similar to the transmigration of platelet-lymphocyte aggregates.
Delivery occurs through platelet microvesicles to monocytes and
neutrophils [412].

Along with the role of scavenger receptors on leukocytes,
stimulating the uptake of oxLDL by macrophages, platelets are
also capable of synthesizing the motivation chemokine lectin
C-X-C (CXCL4), which is used to directly take up oxLDL by
macrophages [413]. In addition, it has been established that
platelets, in addition to producing direct angiogenic factors,
synthesize a number of lectin mediators that regulate intercellular
interactions during the development of atherogenic lesions in the
vascular wall.

6.7. Dendritic Cells

Dendritic cells (DCs) are a subtype of antigen-presenting cells
(APCs) that are found in the intimal and adventitial spaces of
arteries [414]. DCs are perceived as the central link of adaptive
immunity in atherosclerosis. These cells capable of monitoring
antigens directly adjacent to the endothelial lining [415]. These
cells circulate in human peripheral blood and are morphologically
similar to rodent dendritic cells. DC subtypes are generated in the
bone marrow from pluripotent hematopoietic stem cells and share
a common progenitor [416]. From the bone marrow, DCs migrate
to peripheral lymphoid and non-lymphoid tissues [417] due to
their own expression of chemokine receptors and ligands [418]. It
has been observed that DCs in the vasculature accumulate in areas
of atherogenic plaque formation, at points of turbulent blood flow,
in the marginal parts of the nucleus, and with smaller amounts in
the central part of the unstable plaque [419-421].

Like macrophages, DCs are capable of accumulating intracellular
lipids and transforming into foam cells upon experimental
activation of the hypoxic inducing factor HIF-la. Depending
on the level of hypoxia, as well as the levels of stimulation of
proatherogenic and antiatherogenic cytokines, stimulation of
proatherogenic or antiatherogenic T-cell lines occurs [422,423].

7. Angiogenic, Proatherogenic And Antiatherogenic Growth
Factors in Atherosclerotic Lesions of the Vascular Wall
Research confirms that the profile of fluctuations in the activity
of proinflammatory cytokines in the blood plasma corresponds to
the level of cytokines in the intimate zone and in particular in the
atherogenic plaque [424].

Growth factors are secreted by cells and can stimulate their
functions through autocrine or paracrine mechanisms. These
structures are short-distance polypeptides and act locally [425]. The
high affinity of GFs for many proteins in the tissue compartment
ensures slow diffusion, cell attachment and signaling into the
cytoplasm and nucleus of the cell [426]. This affinity of matrix
extracellular proteins is due to the presence of binding sites for
growth factors. Such stationary proteins include type IV collagen,
fibronectin, and vitronectin [427-429,431]. A number of adhesive
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proteins, such as laminin, tenascin, thrombospondin, fibrillin,
play the role of secondary ligands that are directly recognized
by growth factor receptors and induce transmembrane signaling.
Such adhesion molecules form connections between cells and
surrounding scaffolds, serving as external transduction of specific
signaling [432]. In turn, cells in contact with exogenous material
also express a number of adhesive structures, such as integrins,
immunoglobulins, cadherins, and selectins, on their surface and in
the ECM [433].

Thus, the ECM is central to regulating the availability and activity
of GFs in vivo, in which GFs are found tightly bound to the
ECM [434] and are released through proteolytic degradation near
matrix adhesions. In essence, the ECM can be considered as a
depot of GFs as a result of sequestration of molecules, a zone of
regulation of local concentration and a zone of stable protection
of their original activity. Otherwise, the introduction of a water-
soluble form of the growth factor without prior connection with
the delivery system abolished the effect of complex presentation.
Thus, communication between cells in the choroid is mediated
through growth factors and their cellular receptors [435,436]. In
this regard, precise control of the signaling of these factors in
the local area could potentially allow control of the regenerative
process. Based on this assumption, the determination of the levels
of GFs in the vascular wall will also indicate the processes of
stimulation or inhibition of atherogenesis and angiogenesis. If we
take into account such a factor as VEGF, it is important to note
that inflammatory processes in blood vessels (diabetes mellitus,
chronic long-healing wounds, ulcers) are accompanied by a very
low level of growth factor. Therefore, maintaining local VEGF
concentrations is critical for angiogenic efficacy. The authors
observed a consistent restoration of the vasculature within 2 weeks
after VEGF delivery in an experiment on mice [246]. It has been
established that the ECM and the recruitment of mural cells are
important for the stabilization of nascent endothelial tubes and
capillaries. In order to preliminarily know the level of VEGF in
the ECM, it is sufficient to determine the levels of placental growth
factor, fibroblast growth factor-2 and hepatocyte growth factor. It
is known that the induction of these factors in the system in vitro
indicates an increase in VEGF levels [437].

Under physiological conditions, the arterial endothelium is covered
with a glycocalyx, a layer of proteoglycans and extracellular
matrix components, which has properties that inhibit platelet
activation, prevent thrombus formation, and promote thrombolysis
[438,439]. Thrombomodulin and heparan sulfate proteoglycans
on the endothelial surface and the production of nitric oxide and
prostacyclin by endothelial cells provide the anticoagulant and
antithrombotic properties of the normal endothelial monolayer.
Ischemia of any degree means the secretion by endothelial cells
of not only direct angiogenic growth factors, but also the release
of cytokines such as monocyte chemoattractant protein 1 (MCP-
1), cell adhesion molecules (ICAM-1 and VCAM-1), granulocyte-
macrophage colony-stimulating factor (GM-CSF).

Despite the temporary thickening of interendothelial contacts in

the zone of increased lateral branching of vessels above the site of
occlusion, local critical ischemia develops in the periphery below
the zone of obstruction to blood flow [440]. With atherosclerosis
and the formation of soft and stable plaques, these mechanisms for
compensating the blood supply to the lower limb are disrupted,
which is subsequently indicated by the lack of formation and
stabilization of newly formed vessels. Violations come primarily
from the state of tissue hypoxia. Lack of oxygen as a substrate
blocks hydroxylation by the prolyl hydroxylase domain (PHD)
family and degradation of the hypoxia-inducible factor 1 (HIF-
1a) subunit. Under normoxic conditions, HIF-1a is inactive due to
both ubiquitin-mediated degradation and transcriptional inhibition.

During hypoxia, as a result of suppression of prolyl hydroxylase
activity, HIF -1 o accumulates and activates, forming a heterodimer
with the HIF-1B subunit. The HIF-1 molecule stimulates the
transcription of angiogenic factors (vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF) and stroma-
derived factor-1 alpha (SDF-la) in endothelial cells as targets
[441,442]. As targets for HIF -1s that are involved in angiogenesis
are considered VEGF-A, PDGF-BB, stromal cell factor-1 (SDF-
1) and endothelial nitric oxide synthase eNOS), as well as heme
oxygenase-1 (HO -1) [443-447]. As aresult, the activity of specific
and nonspecific angiogenesis factors increases [443-445].

An imbalance in the expression of pro-atherogenic (pro-
inflammatory) and anti-atherogenic (anti-inflammatory) cell
markers while maintaining hyperlipidemia conditions stabilizes
destruction in the subendothelial space. Expression of receptors
for adhesive factors of residual blood cells under the vascular
endothelium and the vascular endothelium itself during the
progression of ischemia: endothelin-1, caveolins-1,2,3, selectins
P (CD62P), E (CD62E), L (CD62L) and antibodies to them on
vascular endothelium, lymphocytes and platelets, intercellular
adhesion marker (ICAM-1), vascular adhesion marker (VCAM-
1), monocyte chemotaxis protein (MCP -1), monocyte colony
stimulating factor (MCSF), pleiotropic cytokine (TNF-a),
C-reactive protein (CRP), platelet-derived growth factor (PDGF),
interleukin (IL) family in atherosclerosis create a picture of
multicellular destruction affecting all layers of the main vessel,
including the adventitial layer [220,448-496]. An important
comparative analysis showed that the level of proinflammatory
cytokines circulating in the blood plasma correlates with the level
of cytokines in the atherogenic plaque [497]. At the same time,
multifunctional interferon that activates macrophages (IF-gamma),
as well as IL-6, IL-12 and IL-15, tumor necrosis factor (TNF-a)
are highly expressed by NK cells and T-cells in the soft plaque
compared to unaffected artery, exceeding the levels of activity of
anti-inflammatory cytokines such as IL-4, IL-10 [424,498,499].
Among cytokines, IF-gamma is the most important factor in
the pathogenesis of atherosclerosis, since this marker plays a
multifunctional role in the development of both early (VCAM-1,
ICAM-1 factors, cytokines, chemokines, class I and II expression
inducing antigens of the major histocompatibility complex
(MHCs) on macrophages, T-lymphocytes, NK cells), and in the
late stages of atherogenic inflammation, including the formation
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of a pool of macrophages saturated with oxidized fractions of low-
density lipoproteins (0xLDL), accumulation of cholesterol in an
atheromatous plaque with activation of cytokines, NO synthase
of monocyte chemoattractant protein (MCP-1), increasing the
synthesis of proteins of the class of metalloproteinases (MMPs)
[500,501]. Polarization of primary macrophages by interferon
gamma increases the expression level of the inflammatory cytokine
interleukin-1f (IL-1p), thereby inducing angiogenesis by activating
VEGF-A transcription in HLI mouse models. Deficiency of the
gene that controls the synthesis of INF-gamma during experimental
atherogenesis leads to a reduction in pathomorphological disorders
in the vessel wall [502]. Massive uptake of oxidized forms of LDL
by macrophages is ensured mainly by the expression of scavenger
receptors class A (SR-A) and B (SR-B1, CD 36) [503-505]. Any
artificial external intervention in this pathological molecular-
cellular cascade for the purpose of therapy is designed to break
the interconnected processes of progression of atherogenic
inflammation. As a result of this postulate, the project's scientific
team sets as its main task the determination of the balance between
the levels of pro-atherogenic and anti-atherogenic molecules in the
vascular wall in animals receiving and not receiving a cholesterol
diet, as well as in animals with implantation of a polysaccharide
sulfated polymer into the vascular lesion area.

These natural mechanisms for compensating for ischemia in case
of serious circulatory disorders cannot provide a high level of
angiogenesis [38,506]. Despite promising angiogenic results using
growth factors such as VEGF in experimental settings, controlled
clinical trials using various carriers and growth factors using
standard technology to deliver glycoprotein to ischemic tissues in
patients have not shown the prolonged expected benefits [507,508].
angiogenesis during intravenous or intracoronary infusion of the
drug [509,510]. Administration of VEGF at a safe dose did not
induce sufficient angiogenesis to correct cardiac or skeletal muscle
ischemia [511]. The same neutral result was obtained using FGF
165 and FGF 2 [512,513].

8. Cell Functions in A Soft Atherogenic Plaque with
Hypercholesterolemia in The Intimate and Middle Zones of
The Vascular Wall

It is argued that atherosclerotic lesions are characterized by the
lifelong accumulation and transformation of lipids, inflammatory
cells, smooth muscle cells and necrotic cell debris in the intimal
space under a monolayer of endothelial cells [514]. However,
researchers continue to try to find effective mechanisms for
controlling the functions of the ECM and creating a reversal of
atherosclerotic lesions of the vascular wall. It is known that the
process of cholesterolization of the intimate zone of the vascular
wall is accompanied by the proliferation of smooth muscle
cells in the middle layer of the vessel with a violation of their
orientation and migration to the intimal zone. The expression
of residual blood cell receptors and multicellular destruction in
all layers of the vessel indicates that the inflammatory reaction
extends beyond the adventitia [424,497]. The layer of the vessel
adventitia is functionally associated with the middle and intimal

layers. However, engineering of the vascular adventitia is able to
regulate the proliferation of smooth muscle cells in the middle
and endothelial layer of the vessel, which is important in the
management of atherogenic inflammation [515,516]. Targeted
implantation of cholesterol-affinity polysaccharide constructs
into the paravasal sheaths of the main arteries over a large area
of the vessel will likely be aimed at exogenous regulation of cell
functions directly related to the formation of soft plaques [517].
In this case, the drainage capabilities of the adventitial lymphatic
capillary bed can play an important role, and therefore, perform
atheroprotective functions by removing lipids contained in plaques
during regression [518].

It is known that the progression of plaques is accompanied by the
accumulation of inflammatory cells in the adventitial layer of the
vessel wall. As a result of this cellular infiltration, the adventitial
vasculature expands as atherosclerosis progresses [290,519].
Experimental disruption of drainage by lymph nodes and vessels
of the interstitial fluid of the mural zone of the intimate space
leads to a concentration of CD 3 + T-cells not only in atherogenic
plaques, but also in the adventitia itself, increases the thickness of
the intimal layer, which leads to the progression of atherosclerosis.
Moreover, lymphatic dysfunction precedes the onset of
atherosclerosis [520]. It has been established that the greater the
degree of damage to the vascular wall by the atherogenic process,
the higher the concentration of lymphatic capillaries and nodes
in the adventitia. In connection with this result, analysis of the
number and characteristics of lymphatic vessels in the adventitia
is an important marker of the activity of atherogenic inflammation
and corresponds to the degree of damage to the intimal membrane
[521-523].

8.1. Circulating Monocytes

Circulating myeloid cells actively interfere with the processes of
induction and maturation of new vessels [524]. VEGF expression
recruits monocytes, which are retained in the perivascular zone
through stromal cell factor-1 (SDF-1) signaling and secrete
proangiogenic factors [525]. Circulating monocytes induce
invaginal vascular growth, form and stabilize intraluminal columns,
and increase the vasculature [526]. The movement of monocytes
between pericyte filopodia completes recruiting angiogenesis
by fusion and anastomosis of tip cells [21]. Transformation of
circulating monocytes into stationary macrophages in the ECM
retains the ability to express the proangiogenic receptors Tie 2 and
Neuropilinl (Nrpl) and recruit smooth muscle cells. Expression
of Nrp!l induces interaction with VEGF and thus attracts smooth
muscle cells to the area of VEGF expression. Completion of
arteriogenesis occurs with the participation of Angl, TGF-f and
PBGF-BB [527].

8.2. Smooth Muscle Cells (VSMCS) And Residual Macrophages
The main events in chronic ischemia involve the interaction of
polypeptide growth factor molecules in the ECM and endothelial
cells, as well as the middle layer of the vascular wall. Short and
slow local diffusion of growth factors through the extracellular
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matrix implements specific receptor intercellular and transcellular
signals for cell differentiation, proliferation and migration [425].
This process involves the layer of smooth muscle cells (VSMCS).
If moderate autophagy of VSMCS and mild endothelial reticulum
(ER) stress support compensation of angiogenesis, then with the
progression of tissue ischemia in the arterial wall, morphological
signs of proliferation and migration of VSMCS from the midzone
of the vessel to the intima and vascular endothelium appear [528].
It is known that these cells can undergo transdifferentiation into
macrophage-like cells with the uptake of lipids and transformation
into “foam” cells [529-531]. Moreover, VSMCS can take up
cholesterol from the environment of macrophage foam cells using
membrane-derived particles [532].

Detailed studies of the interaction between marophages and
VSMC during co-culture of cells under in vitro conditions vitro
show that supernatants contain increased levels of TNF-a and
IL-6, IL-1B, MMP-2, MMP-9 obtained from both macrophages
and VSMCs [533]. In this case, VSMC induced the production
of reactive oxygen species (ROS) [534]. If macrophages saturated
with lipoproteins and VSMCs are cultured in the same container,
then after 5 days one can observe the saturation of VSMCs with
lipids as a result of intercellular lipid transfer [535]. The same
pattern can be observed when culturing LDL -replete macrophages
with VSMCs [536].

As atherosclerosis progresses, VSMC proliferation and secretion
transform the plaque. The composition of the plaque largely
consists of VSMC and their synthesis products (elastin, collagens,
proteoglycans. In addition, the composition includes cellular
elements and metabolites of the inflammatory reaction [537].

The influx of active phagocytic cells into the intimate zone of
the artery through interendothelial contacts and transformation
into macrophages signifies the stage of vessel remodeling, the
active uptake of cholesterol and low-density lipoproteins [38].
This process in the early stages of soft plaque formation is
accompanied by macrophage opsonization with chemoattractants
and high autophagy activity. Active angiogenesis in the area of
a soft atherosclerotic plaque forms many microvessels with
an influx of a pool of monocytes and macrophages. However,
the process is eventually replaced by a picture of threshold ER
stress, a reduction in cytoskeletal proteins of neighboring smooth
muscle cells, a decrease in autophagy and angiogenesis, a change
in the synthesis profile to collagenogenesis and the secretion of
products into the extracellular space [538]. Excessive proliferation
of VSMCS in the intimal zone is accompanied by an increase
in apoptosis and the release of cellular detritus products into the
interstitium. It should be said that the formation of a fibrous dome
of a soft atherogenic plaque is complemented by the formation of
a lipid core under the dome as part of a monocyte-macrophage cell
mass. An active influx of leukocyte mass through interendothelial
leaks and active transport of opsonized leukocytes with
chemoattractant and cell adhesion molecules fill the atherogenic
core. Hyperlipidemia, combined with high production of ROS,
glycosylates and oxidizes lipoproteins, ensuring the transfer of

cholesterol and low-density lipoproteins to the intimal zone with
the participation of chemoattractants. As stated above, leukocyte
cells express scavenger receptors that are capable of capturing
molecules of oxidized lipoproteins that have penetrated the intima.
In the intimal membrane, active utilization of oxidized lipoproteins
occurs by the macrophage mass and the formation of cells with
“foamy” cytoplasm. It is important to note that at the early stage
of the formation of atherogenic inflammation, active intervention
in the process of angiogenesis can restore blood perfusion. Such
evidence has recently been presented in a number of papers [539-
541].

However, the role and impact of angiogenesis in atherosclerosis
remains an unresolved problem. The reverse development
of atherogenic inflammation and the formation of a healthy
neointima in researchers is associated with neovascularization. The
formation of new microvessels under the fibrous dome of a soft
atherogenic plaque is a natural response to increasing ischemia.
At the same time, there is a version that neovascularization is one
of the effective factors in the growth and rupture of atherosclerotic
vessel lesions [289,542]. Nevertheless, there is still no convincing
evidence that the angiogenic response causes the formation of
atherosclerotic plaques, their growth and progression to the stages
of atherosclerosis [542]. At the same time, as the active formation
of microvessels with the support of molecular promoters (CXC-1,
-2,-3,-5,-6, -7, -8; FGF-1, -2; HGF; HIF -1, -2,- 3; PDGF-A, - B,
-C; TGFB1, -2, -3; VEGF-A, -B, -C, -D, PLGF, and stabilization
of the finished vascular network using angiogenesis inhibitors
(CXC-4,-9,-10, -12, -14; Angiostatin; epithelium - derived factor
(PEDF); Thrombospondin (TSP-1, -2, -3, -4, -5) (COM) cannot
clearly indicate the progression of atherosclerotic inflammation
with plaque formation and growth [543].

9. Mechanisms of Regulation of Lipid Metabolism in The
Vascular Wall in Case of Using Natural Polysaccharides. The
Role of Growth Factors in The Regulation of Atherogenic
Inflammation

The atherogenic inflammatory reaction is characterized by the
deposition of a free mass of cholesterol crystals in the intimate
zone of the vessel. At the same time, cholesterol accumulation
occurs in the cytoplasm of the monocyte-macrophage mass,
which has penetrated into the interstitial zone from the systemic
circulation, due to hyperlipidemia and high cell adhesion to the
vascular endothelium.

The question on the agenda of modern research is: how does the
accumulation of lipids in the subendothelial space contribute to
inflammation? It is necessary to point out that the general biological
law of nature about the active translation of biological fluids
(blood, plasma, interstitial fluid, cerebrospinal fluid, intestinal
chyme, urine, bile) indicates the absence of an inflammatory
reaction in the absence of an obstacle to movement, as well as
in the case of active drainage. Blocking of translation for various
reasons (mechanical or dynamic intestinal obstruction, blocking
the outflow of milk secretions, congestion in the liver, impaired
myocardial contractile function, impaired passage of secondary
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urine or impaired drainage function of macrophages in the ECM)
is always a harbinger of inflammation. Based on this postulate,
changing the translation pathway of “foam” cells and cholesterol
in the vessel wall can be achieved by artificially placing nano-sized
polysaccharide ingredients in the perivascular space and forming
a long-term drainage of inflammatory reaction metabolites. In
the area of the so-called secondary ECM, not only drainage of
interstitial fluid can be created using the perivascular lymphatic
bed, but also the reverse transport of cholesterol from plaques to
the liver, as well as the movement of cells containing cholesterol,
oxLDL [518]. Thus, there is scientific interest in uncovering the
significance of the adventitia zone in the regulation of cholesterol
metabolism in the vessel wall.

Exogenous intervention using polysaccharide polymers in the
process of atherogenic inflammation in the vessel wall and the
formation of soft plaques can be represented as follows. It is known
that the physical synthesis of chitosan and sulfated polysaccharides
is accompanied by the self-assembly of polyelectrolyte
complexes (PECs) and the formation of a nanoparticle core [544].
Nanoparticles can be formed by artificially grafting hydrophobic
moieties into chitosan molecules or by mixing chitosan with
polyanionic molecules [545]. Nanoformation of particles occurs
by twisting of a linear polymer due to electrostatic interactions
and hydrogen bonds [546]. The small size of chitosan is able to
quickly penetrate transmurally into the intimate area and bind
hydrophobic groups of free crystalline cholesterol from destroyed
“foamy” cells, encapsulating it into a core of nanoparticles [547].
Such complexes become water-soluble and acquire the ability to
be translated beyond the cells of the intimate zone of the vessel
and its middle layer [546]. Along with the indicated mechanism
of decholesterolization, there is an active release of residual cells
from cholesterol with the formation of reverse transmembrane
flows of cholesterol under the endothelial membrane as part of the
core of the chitosan nanosystem [548].

Such active reverse transport of cholesterol from viable
macrophages into the interstitial space and blood plasma is due
to the safe and specific delivery into cells of a number of key
micro-RNAs in the composition of polymer nanoparticles [549].
Translation of cholesterol in the intimate zone and the middle layer
of the vascular wall can also occur with the flow of monocytes.
Such flow beyond the outer shell of the vessel can be provided by
an electrostatic gradient, which is created due to the polycationic
or amphoteric properties of the polysaccharide polymer [547].
Based on these findings, the selected formulation (F2) was
further coated with chitosan and showed a marked increase in
vesicle size (298 +/- 3.56 nm), a positive zeta potential (+17 mV),
superior encapsulation efficiency (88.1 +/- 1.48%). Thus, artificial
minimally invasive dislocation of chitosan nanoparticles in the
fascial sheath of great vessels may mean a local reverse of the
cholesterol mass and is designed for a directed flow of lipid mass
towards the adventitia [550,551]. The extraction of cholesterol
from macrophages can be carried out into HDL particles for
translation into the bloodstream, as well as independently by foam
cells or through the mechanism of efferocytosis [552,553].

The removal of cholesterol from the vessel wall should change
the nature of the interaction of molecular markers in the area
of atherosclerotic vessel damage. The drainage effect of the
biopolymer reduces the inflammatory response and explains the
morphological preservation of tissue in the dislocation zone of the
gel structure, despite the close proximity to the systemic destructive
process [554]. This idea needs confirmation and detailed analysis
of the dynamics of proatherogenic and antiatherogenic markers in
experimental animal models.

The presence of stationary proteins in the ECM and their active
interaction with growth factors during translation to the cell
membrane has shaped research strategies for isolating GF s in
order to protect their activity and more efficient presentation,
significantly reducing the dose of angiogenic protein required for
biological effects [555]. In research in It has been convincingly
shown in vitro that in the case of adsorption of a non-linear, but
a globular form of the ECM protein onto a polymer base, the
attachment of growth factor (VEGF) does not occur, and, therefore,
there is no active presentation of the complex to the cell membrane
[556].

The use of three-dimensional media as a delivery system and
presentation of growth factors to cells: ECM proteins, growth
factors and a supporting structure in the form of a polymer is a
promising direction. Growth factor-associated scaffolds generally
induce more stable vasculature. High-quality studies have
established that a multicomponent delivery system of angiogenic
growth factor, for example, VEGF, consisting of fibronectin (FN)
with adsorbed VEGF and polyethylene acrylate polymer (PEA), is
capable of not only in vitro, but also in vivo create the phenomenon
of cell stimulation at the highest level as a result of the presentation
of growth factors in close proximity to integrin binding sites [556].

The low efficacy of angiogenesis stimulation endpoints in clinical
settings may be due to the lack of a precise route of administration
of a water-soluble neutral or weakly alkaline transport system
[425]. Polymer matrices are proposed as a transport system in
experimental models [557]. For example, when bFGF is included
in a polymer delivery system (alginate capsules), the authors obtain
positive angiogenic results [558,559]. Therefore, it is necessary to
propose alternative spatiotemporal strategies for delivering growth
factors to the ischemic zone.

Alongwiththevery positiveresults of the analysis ofthe mechanisms
of action and activation of angiogenesis in experimental animal
models of ischemia, the insufficient effectiveness of the use
of growth factors in patients in the clinic defines problems and
sets the task of solving them. Priority solutions should include
modification of the delivery system of regulatory proteins through
the ECM for specific presentation to the cell surface. The most
realistic solution may be the production and modification of natural
biomaterials with high compatibility with ECM and GFs, which
can be used both in combination with stationary ECM proteins
and independently. Physical or chemical encapsulation of growth
factors in a transport system should preserve the activity of proteins
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during natural degradation. Delivery of target molecules as part
of a hydrogel matrix to the ischemic zone should quickly cover a
large area of the arterial bed and come into contact with cells and
affinity structures in the adventitial, middle and intimal zones of
the vascular wall. For a detailed analysis of the mechanisms of
action of implants of various origins, it is important to use animal
models in which the process of ischemia develops gradually
and over a long period of time with the necessary control series
of experiments. The use of heparin or heparin-like structures in
the delivery system is a good idea to solve the issues of creating
an effective system for transporting growth factors and their
sustainable release in the ischemic zone [4].

10. Problems of Angiogenesis Activation

Thus, the task of future research is to elucidate the mechanisms of
impaired angiogenesis in the ischemic zone of the wall of the main
vessel and the mechanisms of recovery using modern technologies
for obtaining and using a delivery system for growth factors,
reconstruction of the endothelial-mural apparatus of the intimal-
subintimal zone of the artery affected by atherosclerosis.

Experimental and clinical work on therapeutic angiogenesis
has used the strategy of endogenous modulation of both
endoangiogenic growth factors (FGF-1,2 and VEGF165) and their
genes (VEGF165, VEGF121, VEGF189 and FGF-5), as well as
the administration of recombinant exogenous drugs. Their effect
has been studied in patients with vascular ischemia of the lower
extremities and in models of hindlimb ischemia in small and
medium-sized rodents and models of acute and chronic myocardial
ischemia in dogs and minipigs [560-564]. Scientific studies have
sought to confirm or deny the mitogenic effect of VEGF on the
vascular endothelium [565]. And, nevertheless, in almost all
cases, the introduction of a growth factor or its gene stimulated
the development of collaterals and new capillaries without their
regression after the cessation of the introduction of growth factors.

When planning research projects aimed at obtaining and regulating
angiogenesis in ischemic tissues, the authors aim to use artificial
delivery systems capable of sequential and spatiotemporal
presentation of GFs in the ECM. In this case, the efficiency of
exogenous loading or endogenous opsonization of GF s is of
paramount importance of their bioactivity and bioavailability. The
physical form of the delivery system itself, in the case of large-area
vascular reconstruction, should be a solution or liquid gel capable
of easily filling the ECM area [566]. If the reconstruction of tissues
included in a large area of the blood supply, where the diffusion
limit exceeds 200 pm, is to be done, then the task of creating a
functional network of blood vessels becomes necessary [567]. At
the same time, researchers are focusing their attention on obtaining
liquid intelligent hydrogels with the inclusion of growth factors
with different functions, as well as filling a biodegradable structure
with a pre-formed vascular network [17,568]. The development of
such injectable vascularized hydrogels with improved adaptation to
the affected area, reaching deep tissues with minimal invasiveness
and acting as carriers for GFS and cells represents a significant step
forward in the development of regenerative medicine [569]. This

is especially important for large tissue structures where diffusion
alone is not sufficient.

Creating combinations of angiogenic matrices will promote cell
adhesion and increase the coordinated expression of growth
factors. Such an algorithm will provoke the formation of
endothelial networks and provide a multicomponent system of
signals that implement vascularization [6,570-572]. Researchers
can pre-incorporate the creation of these signaling pathways into
the designs of smart hydrogels.

The main problem limiting the use of growth factors to activate
angiogenesis is the lack of conditions for prolonged and stably active
elution of protein molecules in the inflammatory zone. Proteolytic
degradation of growth factors significantly reduces their half-life
[573,574]. Rapid diffusion of water-soluble growth factor from
microspheres or nanoparticles can be overcome by incorporating
an intermediate transport system into three-dimensional liquid or
semi-solid hydrogel matrices [575-578]. It has been established
that the inclusion of growth factors in a polymer carrier improves
the effect of proteins on cells due to the preservation of the protein
structure from enzymatic hydrolysis [579]. However, problems in
creating a system for transferring growth factors may also arise
from blocking interaction of growth factors with each other, as
well as from the interaction of the matrix itself with encapsulated
growth factors.

As a protective delivery system for the active form of a growth
factor, such as VEGF, researchers used a poly(lactic-glycolic
acid) gel, which retained the factor's activity for a long time in a
phosphate-saline solution upon its release [580]. At the same time,
the simple technology of mixing the growth factor with the polymer
before the gelation process is attractive. Despite the low stability
and uncontrolled elution of growth factors in the delivery system
after physical synthesis, careful selection of the polymer backbone
for the delivery system should be considered [581-583]. Covalent
immobilization of a growth factor upon contact with tissues
will mean degradation of the complex at a rate corresponding
to the rate of enzymatic or hydrolytic cleavage of the chemical
bond [584]. In this case, growth factors may lose their biological
activity due to steric hindrance in binding to GFR as a result of
the closure of active centers during the immobilization reaction
[585]. Thus, dosed and long-term delivery of growth factors to
cells requires the inclusion of proteins in a reliable delivery system
in the form of smart polymer matrices with a known degradation
characteristic [557,579,586]. Moreover, the inclusion of matrices
in reconstructed tissues means an addition to ECM. Each growth
factor has a different degree of affinity for the natural or synthetic
carrier, which creates a controlled release rate [587,588]. Under
these experimental conditions, low doses of growth factor (20 pg)
can be very effective. Solving this problem will be the main goal
of obtaining high activity of local angiogenesis. This approach
can also solve the problem of toxicity of growth factors or their
inhibitors, provided that high doses of protein are used [589].
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11. Effects of Endothelialization of Polysaccharide Matrices
in Atherosclerosis. The Role of Sulfated Polysaccharide
Derivatives

Upon contact with living tissues, microvessels can grow from
the host vasculature and penetrate into artificial scaffolds through
natural process of angiogenesis. However, such neovascularization
is not sufficient to cover the entire area of the implanted structures;
it occurs over a long period of time, over several days or weeks,
which causes irreversible changes in the cells that have penetrated
the matrix [590]. Therefore, translation of the microvascular
network within engineered tissue constructs requires organized
angiogenesis.

Research laboratories are searching for natural materials and
their combinations, hybrid materials that can cause self-assembly
of blood vessels. These building polymer materials themselves
have angiogenic properties, since they contain specific ligands
that implement three-dimensional conditions for intercellular
communication, cell migration and various growth factors to
demonstrate high recovery rates. The unique properties of natural
polysaccharides include not only the ability to biodegrade, but
also have high biocompatibility, the ability to block protein-
polysaccharide structures on the microbial cell surface, and
provide transmembrane transport.

The emergence of dynamic hydrogels, which can quickly change
their physical characteristics in response to cellular contacts, is
another promising direction for creating structures with similar
properties of natural tissues [591]. Early vascular endothelialization
around the implant is a primary goal and will mean oriented
sprouting of precursors or specialized cells, as well as signaling
molecules of intercellular communication. Modern developments
of hydrogels as injectable scaffolds for growth factor delivery
systems show good prospects for stimulating angiogenesis. Such
matrices are less invasive and easily take on a configuration in the
implantation zone [592]. It should be added that endothelial cells
are capable of forming vascular networks, often without the prior
addition of specific signals or growth factors, but only as a result
of implantation of a free matrix. This spontaneous organization
of endothelial cells leads to the maturation and stabilization of
vascular structures and is determined by an increase in the number
of vessels with a lumen [593]. Vascular networks form both in
the ECM and in the body of the implanted matrix [594-596]. A
large number of viable cells integrate into the scaffold, grow into
avascular areas of the scaffold and vascularize them. Certain types
of endothelial cells with high proliferation, present primarily in
the adventitia (circulating endothelial progenitor cells (EPCs),
endothelial colony-forming cells (ECFC), may play a crucial role
in the revascularization of new territory [597].

The hydrogel mesh of the frame over the entire porous surface
requires stable and prolonged filling with endothelial cell mass.
And inducing angiogenesis not only on the outer surface of the
implant, but also in the internal pore space is of key importance.
Earlier studies showed that this problem can be solved by local

conjugation and subsequent long-term delivery of angiogenic
growth factors from the surface of the pores of the construct
[321,598].

Effective minimally invasive delivery of angiogenic constructs to
the affected area to create a hierarchical organization of the native
vascular network is one of the main goals of vascular engineering
[6]. Incorporation of angiogenic growth factors with endothelial
cells in fluid matrices can induce sprouting or self-assembly of
endothelium to create stable and perfused vascular networks with
an open lumen [599-602]. In such transfers, the time sequence
of introducing a cocktail of growth factors into the regeneration
medium is very important. The simultaneous presence in the
environment of inhibitory angiogenesis factors, such as platelet-
derived growth factor B (PDGF) and angiopoietin 1 (Angl), and
activating pro-angiogenesis factors, such as endothelial growth
factor (VEGF) and angiopoietin 2 (Ang2), leads to inhibition
angiogenic reaction. Therefore, determining the levels of certain
regulatory molecules in the wall of a large vessel will indicate
the direction of action of the implant and, indirectly, the state of
tissue perfusion. For example, low levels of PDGF and Angl in
the environment mean that the inhibitory effect is abolished in the
presence of high levels of VEGF and Ang2.

It is known that close contact with animal tissues of an initially
cell-free polysaccharide polymer matrix stimulates the
synthesis of angiogenesis products and triggers the process of
endothelialization of the implant. Upon contact with the maternal
vascular network (for example, after implantation of the construct
into the perivascular zone), induced proliferation of the vascular
endothelium occurs and its translation into the intimate zone, which
culminates in intensive new formation of microvessels. Under
favorable conditions, this process affects the artificial matrix zone.
This translation is accompanied by active synergistic formation of
molecules of the VEGF and FGF families, as well as their genes, by
different types of cells [41,44]. Under conditions of inflammation
and the presence of the effect of hypoxia, neoangiogenesis factors
(VEGF, FGF, HGF, angiogenin, angiopoietins) and nonspecific
vascular growth stimulators (IGF-1, TGF, TNF, nitric oxide, IL 8,
MMPs) become triggers for endothelial cells that have receptors to
growth factors [40,603]. Thus, the initial start of endothelialization
is important from the standpoint of the growth of additional vessels
in the implantation zone, changes in the activity of signaling
molecules, leading to improved blood circulation in tissues. This
direction of action is important in the development of chronic
ischemia of the lower extremities. Understanding the interaction
of signaling molecules during the formation of atherosclerotic
plaques and in the presence of a polysaccharide construct is the
goal of many studies.

However, technological approaches for creating a vascular network
do not fully meet the objectives of the natural hierarchy of vascular
structure. The artificial organization of the vascular wall currently
does not correspond to the dimensions of the vascular tube: large
vessel diameters corresponding to arteries or arterioles do not meet
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the necessary requirements for high hemodynamic loads during
tissue perfusion. In large-diameter vessels, the presence of a
single-layer endothelium and the absence of a middle layer at high
pressure and increased blood perfusion will disrupt the architecture
and function of the created network. The design model for now
remains self-assembled vascular networks with a more accurate
copy of the native structure.

Naturally derived polymers are known to have innate
biocompatibility and exhibit proper cell adhesion and cell-
dependent degradation, allowing hydrogel remodeling in a manner
reminiscent of natural tissue ECM. The use of hyaluronic acid (HA)
for this purpose is designed to accommodate the high susceptibility
of HA to chemical modifications, allowing the development of a
hydrogel that supports cell adhesiveness and presents angiogenic
factors.

The inclusion of growth factors in artificial hydrogels significantly
increases the functional integrity of proteins and maintains high
angiogenic activity [579]. It is known that porous heparinized
chitosan or collagen-chitosan matrices containing growth factors
showed a high level of angiogenesis compared to control series of
experimental animals. For example, the elimination of wound skin
defects and the favorable development of the dermal fibroblast
population in the wound occurred against the background of
sustained delivery of recombinant human granulocyte-macrophage
colony-stimulating factor (rhGM-CSF) and high expression of
VEGF and TGF-betal. These findings confirmed the formation
of progressive angiogenesis [604,605]. Thus, the creation of a
system consisting of natural scaffolds, various cell sources, growth
factors, cytokines and mechanical stimuli is aimed at solving the
problems of vascular tissue engineering.

The use of a collagen-chitosan nanofibrous scaffold creates
favorable conditions for adhesion, translation and proliferation of
endothelial cells of the main artery and preserves their vascular
phenotype [606]. It has been established that heparinized linear
polysaccharides with multiple side chains are able to covalently
bind various ligands, including growth factors, cytokines, and
protect protein molecules from proteolysis [607].

The migration of cells and their growth factors in the mural zone is
ensured by a family of proteases and matrix metalloproteinases that
cleave delivery systems and release deposited growth factors into
the environment. In addition to donating active molecules along
their path through the ECM, linear polymers can present growth
factors to their receptors using the sulfhydryl group as a cofactor.
There is an assumption that during the gradual degradation of,
for example, sulfated chitosan implanted into the tissues of the
vascular system, the matrix opsonized by growth factors will
release soluble GFs into the medium, for example, FGF and VEGF
isoforms, which can be released from the linear polysaccharide by
enzymatic hydrolysis.

The role of incorporation of sulfated polysaccharide into a porous
polyethylene glycol hydrogel was demonstrated in [608]. It has

been shown that implantation of a chitosan-heparin-polyethylene
glycol complex into tissue increases the efficiency of delivery
of vector molecules into cells and significantly increases the
level of angiogenic factors in this construct. The analysis shows
good filling of the resulting transport system with factors such
as sonic hedgehog (Shh) and vascular endothelial growth factor
(VEGF). If the direct goal is to fill the hydrogel matrix with
vascular endothelium, then researchers use a structure containing
microchannels. For example, the formation of microchannels with
an active surface based on highly deacetylated chitosan creates a
bed for endothelialization of the framework. If such microchannels
are loaded with angiogenic growth factor, then active adhesion of
the vascular endothelium occurs. The high degree of deacetylation
of the chitosan matrix plays an important role in the degree of
endothelialization.

Direct contact with the wall of vessels of a polycationic or
polyanionic hydrogel structure based on the sulfated form of
chitosan, chitosan ascorbate, chitosan hydrochloride, sodium salt
of alginic acid leads to proliferation of the vascular endothelium
[609,610]. This endothelium surrounds the polymer matrix and
stimulates lateral budding of the vessel wall. Such structures in
fascial vascular sheaths create the effect of therapeutic angiogenesis.
It was shown that endothelial cells reprogrammed from embryonic
stem cells, encapsulated in chitosan hydrogel in combination with
VEGF, when locally introduced into tissues of animals with a
model of hind limb ischemia, led to neovascularization through
the mechanisms of vasculogenesis and angiogenesis with effective
restoration of blood flow in ischemic tissues [611].

In the polymer strategy for angiogenesis, researchers currently
prefer to use complex hybrid hydrogels, consisting of several
natural, synthetic or semi-synthetic polymers, several growth
factors and cell types [612,613]. Since many models of critical
limb ischemia (CLI) corresponded to acute circulatory disorders
and were performed on small animals (mice and rats), the
objectives of angiogenesis were, first of all, local delivery of the
construct to the ischemic zone and prolonged elution of growth
factor immobilized on the surface of the carrier, or from a deep
layer of a polymer network [611,614]. Despite the active formation
of the vascular network in the delivery zone of the hydrogel
structure, the lesion area, as a rule, significantly exceeds the
area of presence of the matrix with growth factors. The distance
between individual vascular networks exceeds the possibility of
their contact with each other [615]. The problem is the lack of
technology for minimally invasive delivery of the construct to a
large affected area, for example, with atherogenic inflammation.
The hydrogel matrix, either as a standalone structure or containing
stationary ECM proteins with growth factors, should be present
over a large area of the affected tissue and have wide contact with
growth factors, endothelial cells and structures of the mural zone.

Technologies for improving blood circulation in ischemic tissues
are always accompanied by two final results: on the one hand,
increased influx of cholesterol fractions into the vessel wall and,
thus, the progression of the formation of lipid plaques, on the
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other hand, improved blood circulation in surrounding tissues. For
example, a cytokine such as IL-20 and its receptors are expressed
in human atherosclerotic plaques and in mice with apolipoprotein
E knockout. This means the progression of atherosclerosis.
However, in this case, active direct and indirect induction of
angiogenesis occurs, which is regarded by researchers as an
important proatherogenic mechanism of action of IL-20 [168,169].
Therefore, one should be aware that systemic stimulation of
angiogenesis against the background of an atherosclerotic process
can negatively affect the final results of therapy.

Therefore, one of the main challenges in this area is the
development of improved methods for introducing, maintaining
and measuring vascular perfusion after implantation of a delivery
system of natural, synthetic or hybrid polymer constructs.

Artificial placement of a delivery system for cholesterol and
LDL affinity ingredients in a wide area of atherosclerotic
vascular lesions can affect not only the intimate and middle
layers of surrounding vessels with the normalization of cellular
and intercellular structure, but also cause active angiogenesis.
For example, preliminary implantation of protonated gel forms
of chitosan, as well as its sulfated form, in rats and rabbits on a
cholesterol diet into the perivascular canal (case) of large vessels
of the limbs leads, on the one hand, to a significant local extraction
of total lipid fractions from the wall of the femoral artery and
triglycerides over a large extent of the vessel, on the other hand,
to the morphological reconstruction of the vascular wall, the
formation of a large number of microvessels in the adventitia zone
and an increase in arterial perfusion of tissues in the affected area
[387]. The creation of electrostatic and concentration gradients in
the wall of the main vessel using a polysaccharide polymer will
lead to spatially oriented elongation and branching of endothelial
cells [616,617]. In addition, the introduction of a hydrogel matrix
into the fascial canal under light pressure creates local tension,
which can form an angiogenic microenvironment in the tissue. It is
known that a change in the compression modulus of the hydrogel
(in this case, between the walls of the case and the vessel itself)
leads to the effect of endothelial growth into the matrix [615].

In this case, the strategy of forming vascular structures by direct
introduction of a hydrogel matrix of cells, growth factors, or a
combination thereof, into hollow channels previously prepared
using known technologies, cannot be ruled out. The researchers
expect that the channels will be perfused with tissue media and can
be successfully seeded with endothelial cells. Cells can migrate
from the channels into the matrix walls [618,619].

The high effect of new formation of the microvascular bed at
the site of implantation of chitosan constructs is also confirmed
in an intact animal, amounting to an increase in the number of
microvessels after 30 days of the post-implantation period of 85-
96% [620]. The proposed concept of morphological restructuring

of the qualitative and quantitative characteristics of vascular
walls under the influence of natural polysaccharides requires
an analysis of the molecular mechanisms of angiogenesis when
attempting to intervene in the complex cascade of formation of a
soft atherosclerotic plaque [516,609,620,621]. The administration
of sulfated chitosan as a polyanionic polymer can provide a
gradient of movement of growth factors and cofactors in the ECM
to activate their receptors on neighboring cells. Binding of GF to
a specific receptor initiates a signal to a transduction cascade with
phosphorylation of intracellular domains, activates kinases, and
subsequently transmits signals to generate a cellular response.

It is important to include in this analysis events in the adventitial
and paraadventitial zones, which are interested in direct contacts
with the delivery system of lipid affinity ingredients [496].

It was assumed that implantation of a polysaccharide hydrogel
along the fascial canals along the arterial trunks will lead to
widespread contact of the matrix with the elements of the created
second additional ECM, located in the adventitia and beyond, in
other words, ECM-2. Active affinity opsonization of the hydrogel
by growth factors in the adventitial ECM -2 and simultaneous
degradation of the water-soluble and hydrophilic matrix with
delayed elution of GFs into the environment will lead to the
formation of adventitial vasculature [622,623]. In this case, the
advenitial vascular network, formed on the basis of polymers
of natural origin, will have innate biocompatibility, exhibit the
necessary cell adhesion and cell-dependent degradation. In this
regard, based on the used exogenous hydrogel, one can expect
its remodeling, which in composition imitates living ECM. This
idea is reminiscent of the design of decellularized extracellular
matrix (dECM) obtained from organs and tissues, which has
the characteristics of an ideal tissue scaffold with a complex
composition, vasculature and a unique tissue-specific architecture.
It is assumed that biologically active molecules, such as growth
factors and cytokines, can be stored in the decellularized matrix.
However, there are doubts about maintaining the activity of growth
factors, since the decellularization process takes a long time using
toxic compounds, and the period of activity of growth factors is
short. In addition, when using exogenous dECM, it is necessary to
perform a number of manipulations and control the effectiveness
of ridding the ECM of antigenic material; the decellularization
process leads to the loss of the endothelial cell layer by the
scaffold, which is critical for tissue regeneration. Such difficulties
can be eliminated by the formation of endogenous ECM based on
natural polysaccharides and a three-component cellular system
from the adventitia. Calculations are made for the active flow of
hydrogel around vessels of various calibers when the structure is
implanted into the fascial sheaths of vessels and, thus, modeling
the vascular tree according to a natural pattern. This approach is
designed for complete endothelialization of newly formed blood
vessels growing from the adventitial layer (Figure-scheme 8,
Figure-photo 91,10J,11KL).
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Figure-Scheme 8: Hypothesis. Introduction of a polysaccharide polymer into the paraadventitial zone of a healthy great vessel in the

absence of an inflammatory reaction.

Activation of the endothelium with the expression of VEGF, FGF,
active proliferation of endothelial cells, their migration to the
subendothelial zone with simultaneous detachment of pericytes
and activation of PDGF, recruitment of pericytes, their creep onto
the new single-layer endothelium with sealing of their contacts,
formation of the lumen of microcapillaries (ANG-1). Creation
of permanent drainage of the subendothelial and middle zone
of the main vessel due to the presence of concentration (C %)
and electrostatic (¢ +) gradients in ECM-1 and ECM-2 using an
amphoteric biopolymer. Such gradients attract monocytes from

the bloodstream, form a pool of M2 type macrophages in all
zones of the vascular wall, and ensure directed migration into the
adventitia and beyond. As a result of productive inflammation in
the paraadventitial zone under the influence of the polysaccharide
polymer and expansion of the adventitia zone due to degradation
and reorganization of the inflammatory reaction in the internal
layers of the main vessel, there is no inflammatory reaction. Active
angiogenesis and the formation of vasa - vasorum occurs in the
adventitia and ECM-2.
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Figure 9: 1) Normal structure of the arterial wall, absence of cellular adhesion to the endothelial layer, absence of endothelial cell
proliferation, correctly oriented to mural zone, low cellular activity in the adventitia, filling of the adventitial zone with fibroblasts and
collagen fibers. H-E staining, magnification x200.

Figure 10: J) Cross section of the artery wall of a healthy rabbit. Presence of antiatherogenic productive inflammation in the paraadventitial
zone of the artery of a healthy rabbit 1 month after implantation (1% gel of (ON-(2- sulfoethyl)chitosan, 60% SD (sulfation degree), 257
kDa of structural unit, 92-95% DD (deacetylation degree). Massive formation of new capillaries in the paraadventitial zone. Staining
G-E. The thin histological sections (3—4 1 m) using a Leica automated system (Germany). Microphotographs were obtained using an
Axio Imager Al microscope with an AxioCam MRc5 photography system and an Axio Vision software (Carl Zeiss, Germany). H-E
staining, magnification x200.
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Figure 11: K) Formation of a productive inflammatory reaction outside the adventitia, L) Formation of a productive inflammatory

reaction outside the adventitia. H-E staining, magnification x100

In addition, gel constructs implanted into the fascial bed are in close
contact with adipose tissue, which can determine the differentiation
of hematopoiesis and stimulate the regeneration of blood vessels
from the adventitia layer. This idea can be based on the results
of studies devoted to the co-cultivation of the main cellular
elements of the vascular wall: vascular endothelium, VSMC
and macrophage mass in vitro under the condition of sequential
layering of some cells on others in the presence of a chemotactic
agent [624]. It is important that all three cellular components are
present in the adventitia in contact with the hydrogel and create a
natural homeostasis that has the ability to perform organ-specific
functions [625]. Moreover, it is known that the ideal cell types for
hydrogel cellularization are endothelial cells [626].

It is assumed that such a hydrogel system will be additionally
activated by the influx of LDL due to the transmigration
of macrophages, as well as independently as a result of the
functioning of the electrostatic gradient of the hydrogel matrix,
which also has a high affinity for LDL cholesterol. From the
perspective of the idea of reversing the atherogenic process, the
attraction of macrophages loaded with cholesterol to the advenitial
layer as a possible therapeutic target for reducing atherosclerotic
inflammation is of great interest [627].

Despite the independent preparation of dECM with subsequent
filling with cells, there is a noticeable active creation of hybrid
hydrogels, which include additional materials of a polysaccharide
nature that improve the entire structure during implantation
(polycaprolactones, chitosan, alginate).

As mentioned above, when using copolymers obtained as a result of
physical or chemical synthesis to activate angiogenesis, researchers
use sulfated constructs that have a high capacity for growth

factors. For example, the addition of heparin sulfate to chitosan
leads to an angiogenic effect in tissues due to the immobilization
of proangiogenic growth factors on the copolymer [628-631].
This effect is observed primarily due to the immobilization of
proangiogenic growth factors on heparin. This immobilization is
temporary and has a delayed release into the ECM [11,632-634].
As a result of long-term dislocation of heparinized polysaccharide
in the tissue, a large number of microvessels are fixed in the ECM
in place of the dissociated polymer.

Heparin has a high specific affinity for the FGF family, which has
a heparin binding site in the form of numerous positively charged
amino acids [635]. The higher the degree of binding of heparin
on chitosan, the higher the capacity of the immobilized protein.
However, it turns out that this effect occurs every time if chitosan
is present in the design [636,637]. It was found that the inclusion
of FGF in a chitosan-based hydrogel in the absence of heparin also
revealed a stable release of growth factor in the area of chronic
inflammation and stimulated the activation of endothelial cells
(CD 34+) and fibroblasts in the walls of capillaries [638,639].

If a polylactone type construct is used, then the inclusion of
heparin in it will also lead to an increase in the sorption of
angiogenic growth factor [640]. Electrostatic interactions between
positively charged amino acid residues of lysine and arginine, such
as fibroblast growth factor (bFGF), vascular endothelial growth
factor (VEGF), transforming growth factor-p (TGF-f), platelet-
derived growth factor (PDGF), and negatively charged with
2-0O -sulfate and N -sulfate groups of heparin not only increase
the binding affinity, but also serve as a stable delivery system to
the inflammatory zone [641-644]. In this case, the low stability
of physical adsorption of heparin on a biodegradable matrix
can be overcome by chemical modification, using, for example,
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copolymerization of gel matrices with different molecular weights.
In this particular case, the initial incorporation of heparin into
the low molecular weight poly(lactide-co- glycolide) copolymer
(H-PLGA) and subsequent mixing with high molecular weight
PLGA completes the attachment of the high molecular weight
substrate and thus prolongs the elution effect, and hence the release
of bound bFGF. Covalent conjugation between heparin carboxyl
groups and surface exposed amino groups on PLGA scaffolds and
subsequent physical attachment to the resulting bFGF complex led
to prolonged desorption of growth factor into a medium with high
biological activity against human umbilical vein endothelial cells
(HUVEC) and the formation of blood vessels in the subcutaneous
pouches of experimental mice [640]. Slow and controlled release
of growth factors from scaffolds, such as platelet-derived growth
factor BB (PDGF-BB), has been found to be important for high
angiogenic outcome. In this case, an equally important result is
the long-term preservation of the biological activity of the growth
factor [645].

In earlier studies, the authors immobilized angiogenic factors onto
an anionic polysaccharide such as sodium alginate. Rapid gelation,
solubility in aqueous media, very high biocompatibility, and the
resulting negative charge of the polymer molecule have enabled
the preparation of hydrogels for the transport of biologically active
signals or cells in animal models of CLI. For example, adding
immune T-cell culture medium factors to the system and local
implantation of the system into the ischemic zone significantly
increased angiogenesis in the surrounding tissue [646].

It is known that alginate is used as a carrier of proteins to protect
them from degradation, including for the delivery of growth
factors through the ECM compartment [647,648]. To enhance
angiogenesis and endothelial differentiation, lginate is widely used
after combination with factors such as VEGF and bFGF. If you
include VEGF in a sodium alginate molecule, you can obtain dosed
elution of the growth factor and the formation of new capillaries
[636]. It was established experimentally that rapid local sequential
delivery of VEGF in high and low doses to ischemic tissues had
the best therapeutic effect in the CLI model. Moreover, multiple
local administration of VEGF created a better therapeutic effect
[649]. The use of a combination of VEGF-loaded microspheres
and hydrogel confirms the prolonged release of growth factor
from the system into ischemic tissues [650]. If microspheres are
included in the alginate gel poly(lactic-glycolic acid), then the
property appears to control the release of angiogenic factors, for
example, bFGF [598].

Considering that pure alginate initially has a low ability for cell
adhesion due to the resulting negative charge, to increase the
adhesion force, researchers create interpenetrating hydrogel
networks by introducing polycationic polymers [651,652].
Mixing oppositely charged polyelectrolytes leads to the formation
of complex coacervates-spherical droplets that are capable of
non-covalently incorporating proteins and transporting them
into the ECM [653-659]. In this case, the physical synthesis
of the copolymer can provide a natural rate of degradation of

this transport system, which can be controlled. The rate of ion
outflow into the environment creates slow degradation of the
matrix, which is very important for creating conditions for active
angiogenesis in the ischemic zone. It has been established that the
use of polysaccharide polymer matrices of cation-anion properties
enhances the efficiency of delivery of vector molecules into cells
and leads to overexpression of angiogenesis molecules, enhances
endothelial recruitment and new formation of blood microvessels
[608].

The inclusion of a heparin group in alginate significantly slows
down the rate of degradation of the new construct, and at the same
time, ensures a prolonged release of growth factors from cells
encapsulated in the gel due to improved mechanical properties of
the matrix [660,661]. The same effect can be created by mixing
other sulfated molecules with alginate, such as cellulose sulfate
or dextran sulfate [662,663]. Liquid hydrogels show promise in
the form of simple injections to transport growth factors or ECM
proteins to target cells to induce activation signaling pathways
[664].

It is important to note that the aggregation state of the alginate
construct can be changed by increasing or decreasing the pH of
the gel. For active transfer of growth factors through the ECM
in a liquid gel, it is enough to obtain a solution with a pH of 7.0-
7.4. The inclusion of cationic polymers in such a gel also acquires
antibacterial properties, which is very important when introducing
scaffolds for the purpose of tissue engineering [665].

If an acidic mucopolysaccharide, such as a hyaluronic acid salt,
is included in the growth factor or cell transport system, a similar
angiogenic effect can be obtained in the CLI model. Endothelial
cells included in this hydrogel can be used to improve the condition
ofthe ischemic zone by stimulating angiogenesis and arteriogenesis
[666]. The addition of hyaluronic acid gel to the collagen matrix
significantly affects the migration and differentiation of endothelial
cells [667].

The natural polymer dextran can also be modified with various
functional groups and cross-linked to form a biocompatible
hydrogel scaffold. This nontoxic polysaccharide, consisting
of linear a-1,6-glycosidic D-glucose linkages, is capable of
stimulating angiogenesis [668]. The ingrowth of tissues into the
matrix depends on the cross-link density and the degree of polymer
swelling [306].

Elements of extracellular matrix (ECM) introduced into the
hydrogel are able to recruit more endothelial cells, improve the
local condition of the muscles of the ischemic limb and increase
tissue perfusion for a sufficiently long time [669]. The positive
effect of ECM cells indicates the importance of each element in
the angiogenesis system in the vascular wall zone [670]. The same
pattern was confirmed by an increase in fibroblast growth factor
(FGF) capacity in alginate or collagen constructs when heparin
was included [598,671,672]. The longer the elution from the
growth factor delivery system takes place, the higher the density
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of the newly formed capillaries. In this case, the matrix can have
either a solid or hydrogel consistency [673].

Among the polysaccharide polymers that can interfere with the
cascade of molecular disorders during tissue ischemia, poly(lactic
acid-co-glycolic acid) (PLGA), a copolymer of glycolic and
lactic acids, has attracted scientific interest. The polymer is a
biodegradable material with excellent biocompatibility that
enables the technical fabrication of micro/nanoparticles or 3D
scaffolds for biomedical applications. The use of this polymer as a
loaded hydrogel in a mouse model of critical lower limb ischemia
showed a high level of growth of proangiogenic factors and a
decrease in the degree of tissue damage [674].

Thus, despite advances in the field of tissue engineering, numerous
studies in in vitro vitro usually do not achieve adequate translational
efficiency of the transfer system. Nevertheless, scientific interest
in technological developments with detailed analysis of the
mechanisms of angiogenesis, vasculogenesis and arteriogenesis
will grow. Efforts to create functional prevascularized scaffolds
with complex structures and material compatibility will lead to the
creation of vascularized constructs suitable for clinical use. At the
same time, the idea of forming such endogenous structures using
regenerative capabilities in vivo remains very promising.

Induction of angiogenesis in ischemic tissues will be the most
promising task in the treatment of early and late vascular patency
disorders. Local reconstruction should take a central place in
vascular engineering. Modeling a physiologically dynamic
environment will play an increasingly important role in promoting
natural maturation of the vascular system. The creation and use
of hydrogels with different active molecular loads and cell mass
is a very promising direction. The focus of scientific work should
be related to the production and testing of hybrid polysaccharide
polymers, as the safest and most responsive to the physiological
needs of damaged tissues.

The development and production of new systems for delivering
active molecules to the vascular lesion area requires, using an
effective delivery route, to determine the comparative therapeutic
effectiveness in the CLI model. On the same living object on
both hind limbs at the same time, it is desirable to conduct a
parallel analysis of the angiogenic effect of the hydrogel with
determination of the levels of a wide cocktail of molecular
markers. It should be expected that setting the goal of obtaining a
picture of angiogenesis over time will significantly complicate the
task. Apparently, the use of polymers of a polysaccharide nature in
research, despite a number of their removable disadvantages, will
receive priority, since they largely correspond to the structure and
reaction of normal tissue under the action of internal and external

stimuli, as well as the fact that a number of polysaccharides,
especially with sulfated domains, has its own unique ability to
independently regulate angiogenesis without additional load. The
ability of sulfated hydrogels to self-opsonize growth factors when
implanted into the ECM could likely be exploited in vivo without
their preliminary encapsulation under in conditions in vitro, where
preparing modified versions of growth factors for opsonization in
a hydrogel can pose technical difficulties given the short half-lives
of regulatory proteins [255]. In order to increase the efficiency of
delivery of biomaterial to the zone of chronic inflammation, it will
probably be necessary to reconsider the routes of introduction of
hydrogels and, accordingly, their composition of growth factors.
Intramuscular multipoint injection of a solution or hydrogel,
intravenous or intraarterial administration of water-soluble growth
factors do not always correspond to the calculated characteristics
and are highly invasive manipulations. Attempts to introduce
hydrogel and angiogenic products into suspected ischemic areas
in chronic inflammation of the great arteries are not accurate and
do not cover the vessels over a large extent. Recently published
works devoted to the reconstruction of large arteries of the lower
extremities in experimental atherosclerosis offer a minimally
invasive technology for local delivery of hydrogel throughout
the affected vessel of the hind limb of an animal (rat, rabbit)
[387,516,609,620,621]. A number of studies have convincingly
shown that early initial forms of ischemic damage to the vessels
of the extremities and the formation of soft plaques in an animal
model can be completely eliminated and the mechanisms can be
started innate potential for revascularization and self-healing [539-
541]. The effect of decholesterolization of the wall of the great
vessel and degradation of soft plaques over a long period after
intrafascial implantation of sulfated chitosan hydrogel, as well
as cationic polysaccharides, allows planning research to decipher
the mechanisms of reverse development of local atherogenic
lesions [387]. An optimized microenvironment of angiogenic
ECM signals for the physiological presentation of morphogens
can be achieved by introducing a sulfated unloaded matrix into
the paraadventitial zone of the vessel, taking into account the
active opsonization of the matrix by growth factors in vivo, which
provides ideal conditions for cell migration, vascular invasion and
progenitor differentiation. The combination in the adventitial layer,
as well as in the hydrogel matrix, of endothelial cell precursors
transmitted by the bloodstream and a mass of fibroblasts becomes
very important for vascular tissue engineering.

The authors propose a hypothetical scheme for the regulation of
angiogenic and proatherogenic growth factors in the wall of an
arterial vessel during the correction of atherogenic inflammation
using subfascial implantation of an amphoteric polysaccharide
using the example of sulfated chitosan (Figure-Scheme 12, Figure-
Photo 13MNO,14P,15Q,16S,17TU).
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Figure — Scheme 12: Hypothesis. Significant expansion of the peri-adventitial zone, filling it with cell mass in close contact with the
biopolymer. Streamlining the orientation of the layer of smooth muscle cells, a significant decrease in the number of “foam” cells,
modification of macrophages into type M2, Thl-cells into type Th2, active reverse of cholesterol from macrophages and smooth muscle
cells due to the high affinity of the biopolymer for cholesterol and LDL, suppression of apoptosis macrophages. The combination of
active angiogenesis in ECM-1 in the intimate zone with the translation of leukocyte and macrophage mass into the area of adventitia
and hydrogel matrix (ECM-2), the formation of a microvascular bed based on vasa - vasorum in the polymer biodegradation zone.
The presence of proliferating macrophages in the giant multinucleated cells form that resorb the polysaccharide polymer. This process
involves a wide basin of the main vessel due to the active flow of hydrogel around vascular branches of various calibers along their
fascial sheaths. Thus, the hypothetical scheme is designed for widespread endothelialization of new blood vessels growing from the
adventitial layer, active outflow of atherogenic inflammatory infiltrate from the intimate zone into the adventitia, translation of the
vascular endothelium beyond the vascular wall into the tissue compartment, including into the degradable hydrogel layer.
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Figure 13: M) Productive inflammation around the artery, fragments of polymer degradation, N) Active adhesion of white blood
cells to the endothelium, decreased proliferation of endothelial cells, O) Stabilization of the smooth muscle layer cells. H-E staining,
magnification x200.

Figure 14: P) Formation of a productive inflammatory reaction on the outer side of the adventitial layer after the introduction of chitosan
sulfated form into the fascial sheath. H-E staining, magnification x100.
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Figure 15: Q) Significant thickening of the adventitia zone, productive inflammatory reaction outside the adventitia, the presence of a
degradable biopolymer in this zone. Formation of a microvascular bed outside the border of the adventitia, expansion of the adventitia
zone. H-E staining, magnification x400, R) Elimination of atherogenic inflammation in rabbits (within 4 months of an atrogenic diet) in
the intima and middle layers of the main artery 1 month after implantation in the para-adventitial zone with 1% gel of (ON-(2-sulfoethyl)
chitosan, 60% SD (sulfation degree), 257 kDa of structural unit, 92-95% DD (deacetylation degree), stabilization of the endothelial layer,
elimination of soft atherogenic plaques, correct orientation of the layer of smooth muscle cells, reduction in the number of “foam” cells.

Figure 16: S) A layer of degradable chitosan hydrogel in the peri-adventitial zone, circular formation of productive inflammation. H-E
staining, magnification x100.
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Figure 17: T) Expansion of the adventitial zone due to close contact with the polymer, U) Mass formation of micro-vessels in the

adventitial layer. H-E staining, magnification x200.

If fibrin gel loaded with this cellular system is preliminarily
used, the resulting microcapillary network anastomoses with the
recipient’s vascular network in a short time [675]. In addition,
the introduction of the matrix itself occurs on a partially
prepared platform, since the ischemic tissue is already partially
vascularized, and implantation of the hydrogel matrix will be
aimed at expanding the microvascular networks to promote
remodeling of collateral arteries and restoration of physiological
blood flow [676]. When endothelial cells are located in preformed
microchannels, it has been confirmed that they are able to recruit
into adjacent microchannels and establish cell-cell contacts in
the implanted hydrogel [677-679]. If endothelial cells are able to
travel short distances over a short period of time, then the creation
of a vascular network in the area of a large vascular basin requires
long-term dislocation of the implant with the presence of viable
cells [680]. The end result of this outgrowth is the formation of a
perfused vascular network.

Vascular diseases of any location always involve a long process.
Acute circulatory disorders often do not require angiogenesis
stimulation strategies. For this purpose, effective surgical
correction methods are used. Ischemia of the tissue, in which
the entire cascade of molecular disorders develops, corresponds
to the chronic course of the disease. In this regard, multiple
published models of acute tissue ischemia of the hind limbs in
small laboratory animals do not fully meet the goals of stimulating
angiogenesis and understanding the mechanisms of ischemia
development. The most adequate animal models should be those
in which the lumen of blood vessels gradually closes with the
formation of an inflammation process. One of the most striking
models of chronic inflammation is experimental atherosclerosis,
which is successfully implemented in laboratory rats and,
especially, rabbits. The model of cholesterolosis by Anichkov and
Khalatov, developed on rabbits in 1913, is a striking example of
obtaining a specific chronic inflammatory process that occurs over

several months thanks to a special cholesterol diet [681]. Despite
the presence in laboratories of strains of mice and rabbits with
hereditary hypercholesterolemia, this model is in demand and is
widespread.

Thus, modified lipoproteins and cholesterol crystals accumulate in
the arterial intima and stimulate the formation of proatherogenic
macrophages, foam cells and inflammation. Defective efferocytosis
of apoptotic foam cells leads to the formation of a necrotic core, a
sign of failure to resolve inflammation. Resolution of inflammation
is mediated by specialized pro-resorption lipid mediators,
proteins and signaling gases. Improving the balance between
pro-inflammatory and anti-inflammatory factors contributes to
the reverse development of local atherogenesis. Active direct
intervention in the reconstruction of the adventitial layer of the
arterial wall using cholesterol-affinity polysaccharide hydrogels
containing a cocktail of growth factors creates conditions for
the formation of additional extracellular matrix and reversal
of cholesterol mass from the intimate zone. Using a hydrogel,
creating concentration and electrostatic gradients in a large area
of adventitia over a long artery can be one of the effective ways
to degrade early soft atherogenic plaques and local restore the
damaged structure of the vessel wall. Growing scientific interest
in the previously insufficiently studied adventitia indicates its
important role in angionesis and atherogenesis.

12. Conclusion

12.1. The Concept of The Mechanisms of Action of Sulfated
Chitosan During Its Paraadventitial Implantation in A Model
of Experimental Atherosclerosis

1. Various methods have been developed to couple growth factors
with natural or synthetic biomaterials and chemicals. These
immobilized factors will be available to cells that come into
contact with the matrix, providing a highly localized signal to
control cell fate. In the case of active angiogenesis, growth factors
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can bind to the surfaces of the scaffolds, providing proangiogenic
signals to the surrounding tissue. [682]. Injectable scaffolds are
a promising approach to promote angiogenesis as they are less
invasive than implantation of solid scaffolds and can contour to
fill cavities [683,684]. Growth factors can be active in a bound
state or activated as a result of detachment from the matrix. Site-
specific binding of growth factors and other biological molecules
allows control of multiple growth factor functions and their
delivery. There are two main strategies for direct presentation of
growth factors on external matrices: a) physical adsorption due
to hydrogen bonding of proteins; b) covalent immobilization of
growth factor or growth factor mimic molecules into a matrix
(covalent approach). Regardless of which technique is used to
immobilize growth factors, scaffolding also imparts to cells the
ability to recruit functional proteins into intimate cell-cell contact.
2. Increased activation of growth factor receptors, such as VEGF-A,
BDGF or FGF-2, in the extracellular matrix is associated with the
inclusion of integrin in the interaction chain. Chemical or physical
modification of the surface of extracellular matrix substrates with
heparin is used to bind growth factors through their affinity for
grafted heparin. Heparin-based growth factor delivery systems
have demonstrated the ability to provide sustained release of
growth factors [685].

3. Cell migration, determined through the integrin-growth factor
receptor system signaling, can be activated by an electrostatic
gradient in the presence of sulfated chitosan.

4. High affinity adsorption of growth factors in the ECM to the
implanted sulfated form of chitosan ensures the connection of
growth factors with the ECM, and, therefore, stimulates unhindered
diffusion to the surface of endothelial cells and cells of the mural
zone. Provided that a growth factor adsorbed on the carrier, for
example, VEGF, will be actively presented to endothelial cells at a
low level of the Notch signal, the process of regional angiogenesis
is expected to be high.

5. When cells come into contact with the implanted chitosan
polymer, physically immobilized and carrier-bound growth factors
will be available to the cells, likely providing a highly localized
signal to trigger cell function. In this case, the role of intermediate
structures that perform the functions of opsonization of growth
factors on the surface of the transfer system can be played by
both sulfhydryl groups of the polymer itself and oligopeptides,
fibronectin, collagen, elastin or the glycosaminoglycan family.
Such a complex multicomponent growth factor delivery system
can significantly increase the survival of endothelial cells and
restore local blood perfusion in ischemic tissue [686].

6. It is assumed that the polyanionic soluble form of sulfated
chitosan, when implanted into the paravasal fascial sheath of the
main vessel, will be non-toxic for growth factors adsorbed in the
ECM. An important condition is the preservation of protein activity
in the delivery system. The chitosan platform with a pH around
7 or slightly alkaline can modify the structure of the transport
system, immobilize growth factors, increase the degradation time
and release of growth factors into the ECM compared to many
cationic polymers.

7. It is possible that the introduction of a chitosan hydrogel with
sulfhydryl groups into the paravasal space leads to the formation

of affinity complexes with cholesterol as stable and monodisperse
gelation platforms that include growth factors [687].

8. The rate of degradation of the transport system probably
depends on the concentration of the polysaccharide polymer [688].
It is assumed that changing the concentration of polysaccharides
in tissues (implantation of sulfated chitosan into the paravasal
zone of the main vessel) changes the dynamics of the release of
growth factors from vascular endothelial cells, smooth muscle
cells, other ECM cells, the regenerative profile of lymphocytes,
and macrophages. In addition, implantation of a certain volume
of polymer into the main vessel casing creates mechanical stress
on the tissue. This exogenous factor stimulates the production or
release of growth factors in the ECM and cell-cell contacts with
activation through GFs receptors and integrin signaling pathways.
The cell response manifests itself in the form of differentiation,
proliferation and migration. The high affinity of polysaccharide
polymers for cholesterol and LDL, active vascularization of
ECM-2 provoke a gradient of cholesterol translation towards the
hydrogel “shirt”, draining cells and lipids from the subintimal
zone of ECM -1 to the ECM-2 zone. In addition, short chains of
hydrolysis products of the polysaccharide implant fill not only
ECM-2, but also diffuse back into ECM-1, binding to the cell
surface of polymorphonuclear leukocytes and macrophages. It is
assumed that such a supply of cholesterol from the subintimal zone
can be combined not only with the translation of “foam” cells, but
also of extracellular oxLDL , carried out of the membrane by the
foam cells themselves using the ABCA1 and ABCGl transporters.
Cholesterol efflux plays an important role in antiatherogenesis,
and manipulation of this process may provide a new therapeutic
approach to great vessel pathology [689].

9. There is an assumption that activation of efferocytosis with
the help of polysaccharide matrices, which reduces the mass of
apoptotic cells, can prevent secondary necrosis and inflammation,
reduce the growth of necrotic nuclei [690]. Resorption and
active drainage into position of a polymer having an electrostatic
charge are aimed at restoring the integrity and function of tissues
during inflammation. Switching the function of pro-inflammatory
macrophages to an anti-inflammatory pool of cells using specific
lipids opens up the prospect of controlling the atherogenic process,
especially at an early stage of development [381]. Obtaining a
mass of non-inflammatory macrophages in the wall of an arterial
vessel is a very interesting project [691]. This process ends with
local decholesterolization and restructuring of the mural zone of
the vascular wall. Such processes in the wall of the main vessel
change its morphology and function, which should be reflected in
improved perfusion characteristics. Bringing a gel matrix to the
zone of ischemia and dislocation of atherogenic plaques as an
independent structure for contact with stationary ECM proteins,
endogenous endothelial cells and cells of the mural zone to
activate angiogenesis is considered an effective treatment regimen.
This is due to the fact that more than 90% of the exogenous cell
mass is eliminated within 24 hours after transplantation and after
4 weeks it is only 1% [692]. In connection with this postulate,
it is necessary to pay special attention to the mechanisms of the
antiatherogenic action of the adventitia of large arterial vessels.
10. Developing mechanisms to improve the stability of
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encapsulated proteins and their release over time will require the
efforts of researchers working in several disciplines, including
chemical synthesis, experimental tissue engineering, pathology
modeling, molecular biology and medicine.
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