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Summary

The review is devoted to the state of the problem during the reconstruction of bone defects in the maxillofacial region, topical issues of the
mechanisms of biopolymers action, mainly chitosan, during stimulation of angiogenesis and osteogenesis under conditions of the formation of bone
cavities of critical size in the maxillofacial area, as well as under conditions of the development of an inflammatory process with Mellitus diabetes.
In the analysis of research papers, the international information bases Web of Science, Scopus, PMC free article, PubMed, Google Scholar were
used, mainly over the past 12 years. The main emphasis in the scientific review is placed on the points of application of the chitosan biopolymer in
the implementation of already known signaling pathways for the regulation of osteogenesis. Studies have shown that chitosan, as an independent
polymer, and especially chitosan copolymers, play an important role in the regulation of osteoblastogenesis and angiogenesis, reducing the
osteoclastic response, preventing osteomalacia of the alveolar ridge, accelerating the formation of a new well-vascularized bone.

Keywords: Osteogenesis; Angiogenesis; Diabetes mellitus; Chitosan; Polysaccharide biopolymers; Nano-structured structures; Bone defects of
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Introduction

The state of the problem in the reconstruction of bone
defects in the maxillofacial region

Why usually large bone defects heal unsatisfactorily? Large bone
defects, which constitute a critical size and exceed the reparative
potential, regardless of their localization, are not eliminated even
with long monitoring periods. The presence of calcium-phosphate
compounds in the structure, modern osteoconductive materials
widely used in dental practice, for example, Bio-Oss scaffolds, mature
and immature mesenchymal stem cells, induced pluripotent stem
cells, as well as individual osteogenic growth factors often do not lead
to the complete elimination of the defect [1-8]. Even after 8 weeks
of observation of artificial alveolar cavities of critical size of 5 mm
in rats, the bone defect cut by 38.3% [5]. Predictable reconstruction
of the normal structure and functionality of the tooth support
module remains a challenge [9]. Extensive bone loss for various
reasons is a serious problem in clinical practice. Despite the advances
in the development of modern materials for bone grafting, auto-
bone transplantation is still considered the “gold standard” Auto-
transplantation combines the natural properties necessary for bone
grafting: the osteoconductivity-the presence of a niche with osteogenic
cells and conditions for their growth into the maternal tissue with

the formation of new bone, as well as osteoinduction-stimulation of
proliferation in the niches of stem cells and their differentiation into
osteogenic cells necessary for bone regeneration [10-14].

However, it is important to point out that the artificial chemical
compounds making up the functional construct are more stable and
have alonger active half-life compared to protein cytokines and growth
factors. It has been proven that such compounds better promote
osteogenic differentiation of stem cells in vitro [15]. In the work [16]
female Sprague-Dawley rats underwent critical 7 mm skull defects in
the midline of the parietal bone using trephine under copious saline.
The bone defect was filled for 8 weeks with biodegradable alginate
or collagen matrix with an immobilized chimeric anti-BMP-2 mAb.
Micro-CT analysis (Micro-CAT II, Siemens Medical Solutions
Molecular Imaging, Knoxville, TN) with a 10 um scan at 60 kV and
110 YA at a spatial resolution of 18.7 um estimated local bone mineral
density (BMD) (mg/cm-3) in the defect area with the calculation of
the bone volume fraction (BV/TV). Histo-morphometric analysis of
sections of samples stained with hematoxylin and eosin (using a digital
camera Olympus DP50, Japan) confirmed the findings of micro-CT
analysis-the formation of significant areas of newly formed bone with
a high content of osteocytes, high bone density compared to controls.
In the area of the defect, connective tissue with unorganized collagen
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fibrils is formed. A point load on the regenerative tissue followed by a
local fracture directly in the area of the newly formed tissue indicates
a low bone maturity in the control. Thus, in the absence of an auto-
material, only the introduction of a functional bone into a defect using
cell combinations, including progenitor cells, of highly biocompatible
substrates, capable of self-organization and high biocompatibility of
the formulated molecular architecture, of growth factors can close an
extensive bone defect. This goal is a promising strategy for producing
hybrid materials that can demonstrate suitable biomimetic and
mechanical properties [17-19].

Why are materials for bone grafting not effective enough in the area
of the bone defect? The use of plastic materials for the elimination
of bone defects is the filling of bone cavities with substances on an
organic and inorganic basis, as well as the use of a combination of
molecular structures. For example, the use of pure phase p-tricalcium
phosphate (bioactive ceramics) (B-TCP), as well as coated with poly
(lactide-co-glycolide) (PLGA), as a basis for bone regeneration when
the rat’s bilateral bone cavity of the tibia is closed. Size showed in the
pure (negative) control a fairly low degree of new bone formation
within 6 weeks of observation. A study of the experimental group
of animals revealed the beginning of the formation of new bone and
signs of remodeling of the old bone, the ingrowth of cells from the
surrounding tissue into biomaterials. However, both the pure f-TCP
phase and the PLGA/B-TCP combination did not fill the entire volume
of the bone cavity for 6 weeks, despite the presence of proliferating cells
outside and inside the plastic materials [20]. The use of various types
of bone grafts or bone substitutes for periodontitis, demineralization
of the tooth root surface, growth factors and differentiation of cells,
proteins of the enamel matrix has shown that the best results are
achieved only when combining technologies aimed at implementing
the already known mechanisms of angiogenesis and osteogenesis.
However, there is still no direct evidence confirming the combined
approach in clinical use, primarily morphometric analysis [21]. The
use of only alloplastic matrices of different molecular structures
in bone grafting has demonstrated limited or no periodontal
regeneration [22]. Despite the positive observations in animal models
and successful treatment results in patients in the clinic, illustrations of
morphometric analysis, today there are no protocols for the complete
restoration of periodontal disease in progressive periodontitis for
reasons of subjective assessment of the effectiveness of therapy, both
from clinical conclusions and information received from the patient
[23,24].

The role of angiogenesis in bone formation and regeneration

The processes of intramembranous ossification associated with
direct differentiation of mesenchymal stem cells into osteoblasts are
characteristic of the formation of flat bones in the maxillofacial region.
These processes are based on high vascularization of connective tissue,
which allows maintaining bone regeneration and remodeling in an
active state [25,26]. Active osteogenesis cannot be achieved without
creating preconditions for high vascularization of the artificial graft
[27]. The main reason for failure when attempting to close a critical
size defect is the lack of ability to achieve regeneration of highly
vascularized bone in vivo [28]. Seeding a biodegradable matrix with a
combination of mesenchymal stem cells (MSC) and peripheral blood
endothelial progenitor cells (PB-EPC) in a 1:1 ratio demonstrates
excellent osteogenic and vasculogenic differentiation of these cells.
After sowing this cell mass onto the matrix and translation into its
pore system, the explants are filled with a microvascular network
and mineral mass. The vascularization process is accompanied by
continuous secretion of vascular endothelial growth factor (VEGF),

which is essential for the normal proliferation of endothelial cells
of newly formed vessels and osteoblast precursors. This is an
important condition for the formation of jawbones [29,30]. It is
known that osteoblasts express VEGF and its receptors (VEGFR-1,
VEGEFR-2) [31]. This expression plays an important role not only
in the differentiation of osteoblasts but also in their viability [32].
An earlier chain of events in the regulation of bone formation is the
induction of VEGF expression by osteoblasts such factors as BMP,
FGE, TGF-B, IGE, and Vitamin D3 [33]. Therefore, VEGF is involved
in the regulation of not only the formation of the bone vasculature
but also in the differentiation of osteoblasts, which confirms the
molecular cross-links between the bone-associated endothelium and
osteoblasts. However, there is still doubt that VEGF directly regulates
bone mineralization. However, conditional VEGF knockout in the
osteoblast lineage affects osteoblast differentiation despite negative
results using recombinant VEGF or anti-VEGF antibodies [34,35].
Therefore, VEGF secretion links osteogenesis and angiogenesis,
stimulating the translation of proliferating endothelial cells into the
osteogenesis zone. This leads to direct control of the differentiation and
function of osteoblasts and osteoclasts, achieving bone remodeling.
Knockout of VEGF isoforms in animals disrupts the morphogenesis
of bone growth zones [36,37]. On the other hand, overexpression of,
for example, the isoform of VEGF164 in murine adult osteoblasts
results in a change in bone morphology with an osteosclerosis
pattern. It was found that VEGF artificially increases bone mass
through the 2-kinase pathway mediated by the VEGF receptor and
phosphatidylinositol-3-kinase. This factor induced the transcriptional
activity of beta-catenin in endothelial and osteoblastic cells, probably
by modulating the phosphorylation of 3-beta-glycogenase synthase
[38,39]. The process of vascularization of flat bone is the translation
of small-diameter capillaries into a thin avascular layer of loose
mesenchyme surrounding the center of mesenchymal condensation.
In this niche, mesenchymal cells secrete VEGF, recruiting endothelial
cells. Islets of ossification appear, into the zone of which micro-vessels
are introduced. The communication of the internal and external
vascular network is accompanied by mineralization with thickening of
the bone from the inside out with the compaction of osteoblasts near
the capillaries [40]. A cone consisting of osteoclasts is introduced into
the reconstruction area of the new cortical bone, which lyses the old
bone matrix. It is assumed that a blood vessel moves after the cone,
providing the building material and growth factors for the mass of
osteoblast precursors that occupy the posterior position. An equally
important role in this reciprocal process is played by mature osteocytes,
which regulate the rate of ossification of the damaged zone through
the Wnt/B-catenin signaling pathway, the main regulatory pathway
of osteoblast function. This molecular and morphological picture
confirms the close relationship between angiogenesis and osteogenesis
[41,42]. Therefore, unlike most other tissues, bone tissue is capable of
true regeneration, i.e., to healing without the formation of fibrous scar
tissue [43]. It's worth pointing out that the endothelium of the arterioles
of the bone is a unique object in relation to interaction with a number
of growth factors that differentiate bone progenitor cells [44,45]. The
uniqueness of the endothelium of arterioles lies in the expression of a
high level of hypoxia-inducible transcription factor 1 alpha (HIF1-a),
which stimulates neoplasm of blood vessels at the border of cartilage
and bone. In addition, endothelial cells intensively express adhesion
molecules of platelet endothelial cells (CD31), forming the CD31/
endomucin system (CD31 (hi) -Emcn (hi), the number of these cells
decreases with age [46]. It is important to indicate that these cells
are capable of interacting with bone progenitor cells [44]. When this
population of endothelial cells matures, the Notch signaling pathway
is activated, which triggers the proliferation of these cells, which leads
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to the activation of osteogenesis [45]. Activation of the intercellular
transmembrane signaling protein Notch in the vascular endothelium
stimulates the secretion of the factor-the signaling protein Noggin in
osteoprogenitor cells, which triggers the process of their differentiation
and maturation into osteoblasts [40]. Proliferating osteoblasts respond
by stimulating microvessel formation by expressing VEGF-A. Thus,
the level of osteogenesis proper supports the level of angiogenesis.

Angiogenesis and diabetes mellitus

The factors that determine the adverse outcomes of bone
regeneration in diabetes mellitus are poorly understood. It has been
established that diabetes mellitus inhibits bone regeneration as a result,
first of all, of compromising the vascular microenvironment [47]. The
authors of the publication convincingly showed that in the study of
the regeneration of annular defects in the skull bone of different sizes
in 16-week-old ZDF rats and their age control Zucker Lean (ZL) rats,
different recovery quality was recorded. The authors quantitatively
determined the parameters of the vasculature inside the defects by
perfusing the animal's vasculature with microfila and scanning it after
decalcification. Comparative results showed that large bone defects
with a diameter of 8 mm showed impaired healing kinetics with a
decrease in the volume of newly formed bone (p<0.01) and surface
area (p<0.01) 8 weeks after intervention. At the same time, bone
formation in smaller defects did not depend on either the size of the
diabetic state [48]. The main criterion for impaired bone regeneration
in diabetes mellitus is a decrease in the volume and area of the newly
formed vascular network. Established microangiopathy in mice [49]
in induced diabetes mellitus in animals, causes vasoconstriction and
impairment of blood flow in bones [50]. Hyperglycemia affects the
macro-and microstructure of the bone, characterized by structural
bone deficiency: thinner cortical layers and changes in cancellous bone,
namely, thinner and wider trabeculae, occlusion of the vascular canals
in the bone with mineralized tissue [51-53]. A similar morphological
pattern is observed in diabetic mice induced by streptozotocin (STZ)
[54]. The authors found a decrease in bone expression of the platelet
adhesion molecule in endotheliocytes (CD31), as well as a drop in
the levels of HIF-1a and VEGF) compared to control animals. Thus,
impaired bone angiogenesis in diabetes mellitus is the main trigger
for bone formation imbalance. Artificial introduction of factors
stimulating both angiogenesis and osteogenesis into the osteogenesis
system leads to the effective elimination of bone deficiency, for
example, in the model of avascular necrosis of the femoral head in
rabbits. Simultaneous administration of adeno-associated viral vectors
to animals carrying sequences encoding VEGF-A, which is involved in
angiogenesis, and BMP-7, which is involved in osteogenesis, effectively
improve the healing of the femoral head [55,56].

Osteogenesis disorders in the development of diabetes
mellitus

In hyperglycemia, low bone regeneration and periodontal loss
is supported by activation of the Receptor of Advanced Glycation
Endproducts (RAGE) and increased production of reactive oxygen
species (ROS) with the formation of active cytokine expression and
inflammatory response with an increase in tumor necrosis factor
(TNF), IL-1B, IL- 6 and IL-18 [57-59]. Superoxidation (O-2) process in
the mitochondrial electron transport chain as a result of hyperglycemia
[60-63] and membrane-bound NADPH oxidase activity generates
high concentrations of hydrogen peroxide (H,0,) in organelles.
An overproduction of peroxides leads through the activation of the
signaling pathway of blood plasma mRNA: the receptor-activator
of nuclear factor ligand-kappa-B (RANKL) to the differentiation

and proliferation of osteoclasts [64-66]. It has been established that
AGEs induce osteoblast apoptosis, reduce their number and impair
bone formation [67-69]. If the formation of reactive oxygen species
is artificially suppressed with the help of specific absorbers, then the
effect of damage from high concentrations of NADPH does not occur
[70]. Likewise, if one excludes the isoforms of the transcription factor
forkhead box-O (FoxO1,3,4) from the chain of molecular events using
RANKL and thus deactivates catalase, this will lead to an increase
in the concentration of H202 in osteoclasts, reduce the expression
of antioxidant enzymes and accelerate osteoclast differentiation and
survival. Such events will weaken the bar structure of mineralized
bone [71,72]. Thus, the process of violation of ossification is oriented
towards the proliferation of osteoclasts [73,74], activation of pro-
apoptotic genes and apoptosis of osteoblasts, which leads to erosion
and weakening of the bone trabeculae [75-77], suppression of the
expression of osteogenesis factors [78]. In works [79-83] it has been
convincingly shown that in the development of periodontitis in the
presence of diabetes mellitus, high levels of IL-1B, TNF-a, chemokine
MCP-1 and prostaglandin E2 induce and prolong osteoclast-mediated
bone resorption. Lipopolysaccharide (LPS) stimulated monocytes
from type 1 diabetes mellitus patients to produce significantly more
TNF-Alpha, IL-1-beta, and PGE2 compared to normoglycemic
patients [83,84]. At the same time, LPS-stimulated phagocytes
secreting IL-1-beta increased the collagenolytic activity of fibroblasts
of the periodontal ligament of the gum [85]. This process may be
accompanied by a 5-fold increase in apoptosis of mucous cells,
osteoblasts and a 2.7-fold increase in apoptosis of periodontal ligament
fibroblasts, while the level of osteoclasts increases by 2-4 times [74]. At
the same time, one of the final mechanisms of inducing differentiation
of hematopoietic precursors into osteoclasts against the background
of high levels of TNE, IL-1f, IL-6 in rats with streptozotocin-induced
diabetes mellitus, and in humans, also IL-17, IL-23, C-RP [86], is the
activation of the signaling pathway of blood plasma mRNA: receptor-
activator of nuclear factor ligand-kappa-B (RANKL) and a decrease
in osteoprotegerin (OPG). These reactions lead to an increase in the
RANKL/OPG ratio [87-90]. This activation is accompanied by the
destruction of the alveolar bone and an increase in the number of
osteoclasts in the periapical and furcal areas [91]. Bone destruction
against the background of high levels of proinflammatory cytokines,
an increase in the levels of glycosylated proteins, for example, collagen
in the inflammatory reaction zone in the bone, and high activity of
osteoclasts are accompanied by a decrease in the differentiation,
and activity of osteoblasts and an increase in apoptosis of these
cells [92-94].

In humans, in contrast to animals with a model of periodontitis,
the process proceeds more difficult and longer due to the presence of
the atherogenic nature of inflammation [95]. If in animals or humans,
hyperglycemia is poorly controlled, then the proliferation of osteoclasts
increases and bone resorption increases [96,97]. A very important
addition to the process of inflammation in osteolysis is the activation of
bacterial infection in progressive periodontitis against the background
of diabetes mellitus, which is one of the triggers of apoptosis. Reduced
control over the level of hyperglycemia activates the microbial flora
in the oral cavity and, thus, increases the nature of complications.
Superficial and deep probing using biofilms of subgingival areas in
patients with high and low levels of glycated hemoglobin (HbAlc)
showed using quantitative polymerase chain reaction (PCR) that in
tissue layers at a depth of more than 5 mm with a degree of HbAlc
greater than 8%, levels significantly increase contamination with
Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola,
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Eubacterium nodatum, Parvimona micra, Fusobacterium nucleatum
ssp. and Pravotella intermedia [98].

The exclusion of the action of caspase-3 from the molecular chain of
events with the help of a specific inhibitor, which normally stimulates
the proliferation of osteoblasts, increases the number of apoptotic
cells adjacent to the bone by 10 times, and leads to the proliferation
of osteoclasts, increases the level of TNF in cells by 2 times. If TNF is
artificially inhibited, then against the background of type 2 diabetes
mellitus, the expression of bone morphogenetic protein (BMP) and the
main fibroblast growth factor (FGF), osteocalcin [76]. As a result, long-
term oxidative stress in progenitor cells and osteocytes responsible for
bone remodeling plays a negative role in the construction of high-
quality bone tissue [72,99].

The role of chitosan substrates and other polysaccharides in
stimulating osteogenesis and angiogenesis

Numerous works on the use of plastic materials to eliminate bone
defects have confirmed that materials based on collagens, alginates
and chitosan are the best examples of biomaterials obtained from
natural resources [18,100-103]. The unique features of these polymers
have attracted many researchers: high volume-to-surface ratio, high
porosity on a surface with very small pore size, the ability to control
biodegradation and mechanical properties commensurate with the rate
of tissue regeneration under culture conditions, high biocompatibility,
wide possibilities of chemical and physical modification with useful
biological properties for usein tissue engineeringand organ replacement
in regenerative medicine, primarily due to their biochemical similarity
with highly hydrated components of glycosaminoglycans (GAG) from
connective tissue, very low toxicity [104-106].

Recently, synthetic biodegradable polymers have become very
important in the field of biomaterials and tissue engineering because
there is no need for additional surgeries to remove implants or scaffolds.
Therefore, much attention is paid to the synthesis of biodegradable
polymers. Moreover, researchers in animal experiments have
begun to use a combination of natural and synthetic biodegradable
constructs more often [107,108]. The authors used chemical, physical
crosslinking or the principle of physical interaction of biopolymers, for
example, to obtain soft three-dimensional structured hydrogels. These
products were used for tissue bioengineering or as delivery systems for
targeted products to the affected area from gelatin, hyaluronic acid and
chondroitin sulfate, starch and cellulose, and their chemical derivatives
[109,110]. When using a biodegradable three-dimensional scaffold,
it must be designed to maintain structural integrity, function and
degrade under control until new tissues are formed to support their
function. Such properties of 3D scaffolds demonstrate the interaction
of materials and cells, including cell adhesion, proliferation, growth,
differentiation, as well as, which is very important, mechanical
strength, developed porosity of the substrate, and the ability to translate
the entire matrix-cell structure into the area of the bone defect.

Research in the field of bone tissue engineering using modern
three-dimensional biodegradable matrices containing growth factors
and a combination of cell mass has been significantly intensified in
recent years. Low mechanical strength, instability of maintaining the
shape of the matrix base in native tissues limited the use of chitosan-
based polysaccharide matrices for bone bioengineering [102,111-
114], alginate [115-120], chondroitin sulphate [121], hyaluronic acid
[122-124]. Improvement of the mechanical properties of these unique
polymers has been achieved by the development of copolymers [125-
131], also polyelectrolyte composites based on physical synthesis [132-
135]. Preclinical trials of polysaccharide matrices have confirmed high

biocompatibility, controlled biodegradation and high mechanical
strength [136,137]. These properties were preserved when inorganic
components are included in the matrix, for example, hydroxyapatites
[138-140], carbon material [141], calcium phosphate compounds [142-
145],ions of various metals [146-148]. For example, it is well established
that osteoblasts can proliferate at an excellent rate on chitosan-coated
titanjium surfaces compared to titanium alone [149]. This coating
induces minimal inflammatory response [150]. Protonated forms of
chitosan, for example, with the help of weak organic acids, improve
the functional properties of the hydrogel. It is known that the presence
of ascorbic acid in the chitosan molecule is necessary for the survival
of human osteoblasts in vitro [151]. It has been convincingly proven
that matrix surfaces grafted with hydroxyl (OH") and amino groups
(NH,*) strongly regulate osteoblast-specific expression of genes for
the proliferation of vascular endothelium, myoblasts, proliferation
and differentiation of osteoblasts, regulation of enzymatic activity of
alkaline phosphatase and matrix of mineralization [152,153]. In this
case, the roughness of the surface of the matrix is also important: the
nano-sized compared with the micro-sized surface is a stimulus for the
proliferation of endothelial cells and osteogenic cells [154].

Incorporation of multifunctional growth factors into matrices,
growth factors beta (TGF beta) such as BMP-2 [155-161] and BMP-7
[162-165] approved for clinical use, BMP-9 [166,167], VEGF for the
development of perfused, large-volume tissue-engineered constructs
[168,169]. A cocktail containing TGF-B in the presence of a full
reservoir of specific recombinant structural and signaling proteins
in high concentrations (initiators, regulators, inhibitors, modulators)
[170,171], HGE IGF-1 [172], adhesion molecules (fibrin, fibronectin
and vitronectin) [173-176] significantly increased the efficiency of
bone bioengineering. When using nano-sized chitosan polysaccharide
as a delivery system to mesenchymal stem cells of the BMP-2/BMP7
multicistronic plasmid using highly efficient cytomegalovirus
(CMV) promoter sequence, it significantly enhances the
functionality of the activated pPBMP-2 gene and leads to accelerated
regeneration of critical bone in an animal model compared to
untreated controls (p<0.001) [177].

The design of composite polymer systems can demonstrate clear
spatiotemporal kinetics of the release of growth factors, which is
critical for the control of biological processes. The sequential launch
of the first stage of angiogenesis with the release of VEGE FGF and
angiopoietin-2 (Ang-2) will lead to the stimulation of the proliferation
and migration of new endothelial cells with the formation of immature
micro-vessels. The subsequent stage of release of angiopoietin-1
and PDGF-BB into the extracellular medium will stabilize the
newly formed blood vessels [178,179]. If we make a strategy for the
simultaneous or sequential release of angiogenic growth factors from
the matrix into the environment, then the effect of vascularization
will be enhanced [180]. Such Spatio-temporal control is also observed
when osteogenesis factors are introduced into biodegradable matrices
[181]. Sequential delivery of BMP-2 and BMP-7 in encapsulated
nanoparticles based on a copolymer of poly-lactic and poly-glycolic
acids (PLG), pre-incorporated into three-dimensional fiber scaffolds
based on chitosan [182,183], and enhanced the differentiation of
mesenchymal stem cells. Poly-electrolyte copolymer of poly-4-vinyl
pyridine (P (4) VN) and alginic acid in different concentrations and
different characteristics of pores during foaming of matrices loaded
with growth factors BMP-2 and BMP-7 released target products at
different rates. The presence of two or more growth factors in the
environment increased osteogenic differentiation [184-190]. Matrix
delivery of angiogenic and osteogenic growth factors (VEGF-2 and
BMP-2) or BMP-2 alone shows, in comparison with positive and
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negative controls (11-15%), a significant filling with newly formed
bone tissue in a critical skull size defect in rats (8 mm) after 12 weeks
of follow-up (53-55%). The morphological analysis confirmed good
contact of the newly formed bone with the boundary of the maternal
bone and the polymer framework itself [191]. It should be noted
that the inclusion of only VEGF-2 into the matrix does not lead to
enhanced bone formation. Only the participation of two factors
simultaneously complements the effect of osteogenesis. The addition
of three factors VEGF, PDGF-BB and TGF-1 to the alginate-sulfate
matrix (like heparin-sulfate) with the design of their sequential and
prolonged release from the matrix shows the excellent form of the
vasculature compared, for example, with the effect of introducing only
the main growth factor fibroblasts (bFGF) or with the absence of the
sulfated form of alginate in the system [192-194]. However, it is well
known that the family of extra-, transcellular and intracellular proteins
of fibroblast growth factor (FGFs) and their receptor apparatus
(FGFRs) play an important role in the regulation of the vital activity of
osteoblast precursors [195].

How does the presence of chitosan or other polysaccharide scaffold
base in the bone cavity affect the molecular markers responsible for
angiogenesis and osteogenesis? These questions are still uninformative
[196]. It is known that heparinized chitosan or collagen-chitosan
matrices containing growth factors demonstrate a high level of
angiogenesis in comparison with the control series of animals. Using
the example of skin defects, healing occurs against the background
of stable delivery of recombinant human granulocyte-macrophage
colony-stimulating factor (rhGM-CSF) and high expression of VEGF
and TGF-beta-1 in the area of inflammation. The factors also create
a favorable development in the skin wound of the population of
dermal fibroblasts, which confirms the development of progressive
angiogenesis [197,198]. It is known that chitosan enhances the
adhesion and aggregation of platelets enriched with PDGF and
transforming growth factor-B (TGF-P), recruiting cells from the
systemic circulation. The release of high concentrations of PDGF and
TGF-f into the medium leads to an increase in the mitogenic activity
of bone cells.

If the task is set to incorporate nanoparticles of the heparin-
chitosan complex into the porous structure of polyethylene glycol
hydrogel (PEGG) and implant the construct in tissues, the efficiency
of the delivery of vector molecules into cells increases, the level
of angiogenic factors, such as sonic hedgehog (Shh) and vascular
endothelial factor, increases significantly, Growth (VEGF). Thus, the
effect of over-expression of angiogenesis molecules is observed. This
action enhances endothelial recruitment and blood vessel neoplasm
[199]. 1t is important to point out that the degree of deacetylation
of the chitosan matrix plays an important role both in the timing of
degradation of the structure and in the degree of endothelialization
[200]. No less important is the fact of stimulation of vascular neoplasm
in the presence of only highly deacetylated chitosan polymer in tissues
without preliminary inclusion of vascular formation and growth
factors in its composition. It has been established that constructions
based on liquid polysaccharides, for example, the sulfated form of
chitosan, chitosan ascorbate, chitosan hydrochloride, the sodium
salt of alginic acid, when introduced into the fascial sheaths of the
neurovascular bundles [201-203] create the effect of therapeutic
angiogenesis. The concept of the active inclusion of molecular
markers of angiogenesis and further morphological restructuring of
the qualitative and quantitative characteristics of the vessels consists
in the artificial placement of chitosan and other biopolymers in the
immediately affected area. Biopolymers can affect the intimate and
middle layers of blood vessels when localized in para-adventitious

layer. Such dislocation of polysaccharides leads to the normalization
of not only the cellular and intercellular structure, but also the
macroscopic characteristics of the vessel, such as the thickness of the
intima, media, the diameter of the main arteries, and the number of
newly formed microvessels. It is very important for future research
that the adventitial and para-adventitia layers take the main place for
therapeutic intervention and delivery of therapeutic ingredients to
solve the issues of managing the process of not only angiogenesis but
also osteogenesis [204]. In cases of bone regeneration, this concept of
angiogenesis management may play an important role in the repair of
giant defects in hard tissue.

Self-implantation of liquid forms of polymers into the paraventitial
zone of the main arteries of the hind limbs in animals demonstrates
a local restoration of the thickness of the middle layer by 29-38%,
reducing the ratio of the thickness of the media to the diameter of the
vessel lumen by 37-44%. This effect also takes place in the overlying
segment of the main vessel. The dislocation of the sulfated form of
chitosan in the paravasal space for 20 days provides a decrease in the
ratio of subintimal myocytes in the middle segment of the artery by
27%, enhancing the effect of reconstruction in the upper segment of
the vessel by 68%. At the site of polymer resorption in the adventitia
zone, the effect of the formation of a microvascular bed is observed,
the number of new vessels in rat’s increases by 22-49%, in rabbits by
56-66%. It is important to emphasize the independent mechanism
of therapeutic angiogenesis in the presence of highly deacetylated
chitosan. The implantation of chitosan constructs in the tissue of an
intact animal is accompanied by an 85-96% increase in the number
of microvessels after 30 days of the post-implantation period [203].
Such a local angiogenic effect of chitosan hydrogels is confirmed by
fundamental research when non-covalent and covalent copolymers
containing chitosan and a sulfated ingredient, for example, heparin,
are used in experiments. The angiogenic effect must develop due to
the binding of pro-angiogenic growth factors on any copolymer
containing chitosan [205-207]. The calculation is carried out on the
nano-structuring of chitosan using a sulfated heparin molecule and
the formation of a depot capable of binding and releasing angiogenic
growth factors, leading, during its biodegradation, to the formation
and growth of vascular tissue [208,209]. There is a suggestion that the
N-acetylglucosamine unit of chitosan can bind to the fibroblast growth
factor and, thus, stimulate angiogenesis and proliferation of osteoblast-
like cells [210]. At the same time, the release of alkaline phosphatase
(ALP) into the medium indicates an increase in metabolism in
bone tissue [211]. It should be clarified that the understanding of
the mechanism of chitosan action substrate on the growth factors
of osteogenesis can be determined only when the polymer is used,
first of all, as an independent ingredient without the participation of
exogenous factors in the system.

From the standpoint of the physicochemical characteristics
of polysaccharide matrices, the porosity and pore size of the
glycosaminoglycan (GAG) dynamic substrate, which is comfortable
for osteoblasts and vascular endothelium, should be about 100-150
pum. At the same time, if we are talking about the regeneration of
hard tissue, for example, a new bone in the bone cavity, then the rate
of degradation of the matrix base should be lower than for rapidly
proliferating cells to provide an additional level of control over the
cell, With biodegradation of the polymerits surface is constantly
renewed and changes the pathways of cell mass migration. Cell mass
also does not live in static conditions [153]. In addition, a dynamic
matrix, taking into account the current trends in the inclusion of cells
of different populations and functionality, should have the properties
of their comfortable interaction [212].

Citation: Bolshakov IN, Levenets AA, Patlataya NN, Nikolaenko MM, Dmitrienko AE, et al. (2021) The Role of Modified Chitosan in Bone 5
Engineering in Diabetes Mellitus: Analytical Review. Int J Dent Oral Health 7(3): dx.doi.org/10.16966/2378-7090.356



& SciForschen

pen HUB for Scientific Researc

The use of polysaccharide polymers in the closure of extensive
bone defects in diabetes mellitus

Taking into account the well-known scientific findings that reveal
the mechanisms of activation of osteogenesis and angiogenesis using
biodegradable polysaccharide biopolymers as the main substrates both
for independent regulation and for the overexpression of regulatory
factors, it becomes necessary to use such structures to close the critical
size of bone defects in diabetes mellitus. As mentioned above, the
solution to such a problem is a difficult project, since the systemic
impairment of bone formation in diabetes mellitus affects multiple
extracellular, transcellular and intracellular mechanisms associated
with osteoinduction and osteoconduction. On the one hand, in diabetes
mellitus, a cytokine storm is formed with mRNA expression IL-1p, IL-
6, IL-8, IL-10, TNF-a, MCP-1. This process is accompanied by high
RANKL expression and decreased OPG expression, overexpression in
osteoblasts of TLR- 2, -3, -4, -9 and the development of osmotic stress.
At the same time, oxidative stress in cells with the accumulation of
peroxides due to a decrease in the activity of the FOx01,2,3 system
and catalase. These are important conditions for osteoclast activation,
bone resorption, osteomalacia, and prolonged inflammation in the
periodontal area. On the other hand, polysaccharide biopolymers,
for example, chitosan or alginate, are able, independently or in the
presence of exogenous growth factors, to increase the quality and
volume of mineralization (expression of RunX2, Col-1), the total
number of osteocytes in newly formed bone (NOex-C), regulate the
activity of the FGFs protein family (FGF2,9,18), bone growth factors
(BMP2,6,7,9), IGFs family (IGF-I, IGF-II), PDGE, superfamilies TGFs.
In the presence of chitosan, alginate in a complex with hydroxyapatite
(nano-hydroxyapatite) in vitro and in vivo through the activation of
the Wnt signaling pathway, the levels of -catenin, cyclin D1 increase,
the growth of angiogenesis factors (VEGE, CD31) in the precursors
of osteoblasts and mature osteoblasts. The process is accompanied by
an increase in the amount of collagen in the area of the newly formed
bone with a high activity of serum bone alkaline phosphatase (BAP).
The result of molecular transformations is the active differentiation
of mesenchymal stem cells and osteoblast precursors, the formation
of a large mass of osteocytes filling a bone defect of critical size,
microvascular endotheliocytes in the Haversian canals. The preclinical
use of chitosan constructs for the regeneration of the alveolar and
jawbones showed positive promising results in accelerating the
osseointegration of dental implants and the restoration of critical-sized
defects. The inclusion of insulin-like growth factor binding protein-3
(IGFBP-3) into chitosan nanoparticles, and conjugation with the
IGFBP-3 DNA plasmid, followed by implantation of the construct in
the rat mandibles leads to enhanced synthesis and increased expression
of morphogenetic bone proteins (BMP-2, BMP -7) in comparison with
the control, inhibits the activator of the nuclear factor ligand kappa-B
receptor (RANKL), increases the synthesis of osteopontin (OPN). A
similar effect develops upon implantation of the BMP2 DNA plasmid
[213]. The end result of such molecular transformations is a decrease
in the induction of osteoclastogenesis molecules and an increase in the
volume of the newly formed bone surrounding chitosan implants. In
the control series of animals, induced diabetes mellitus forms structural
changes consisting in a decrease in bone mass and an increase in
signs of an inflammatory response, a decrease in the expression of
anti-inflammatory molecules of the peroxy proliferator activation of
the gamma receptor (PPARY), and the formation of a bone molecule
in comparison with intact rats. Developing osteoporosis reduces
the stability and longevity of implants [214,215]. The mechanism
of osseointegration in the presence of a chitosan polysaccharide is
realized through activation of mitochondrial biogenesis and the

Wnt/B-catenin signaling pathway. Thus, in rats with induced diabetes
mellitus, delivery of the PPARY gene by local dental implants increases
cell viability stimulates osseointegration, new bone formation, and
mineralization. It was found that chitosan nanoparticles 10-20 nm in
size, carrying PPARYy in their composition, are able, on the one hand,
to suppress the expression of tumor necrosis factor-alpha (TNF-a),
interleukin-1 beta (IL-1P), inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2) and matrix metalloproteinase-2 (MMP-2),
alkaline phosphatase (ALP), on the other hand, induce the expression
of transcription factor-2 (RUNX-2), reduce the expression of the
receptor activator ligand NF-kB (RANKL) and increase the expression
of the bone morphogenetic protein (BMP-7) [216]. Researchers
recommend the PPARy chitosan delivery system as a therapeutic gene
for dental implantation in diabetic patients.

Conclusion

Thus, the suppression of the activity of the cytokine storm and the
secretion of reactive oxygen species (ROS) in the cells of osteogenesis
means the removal of the inflammatory response of the tissue.
These studies once again confirm the broad functional nature of
modified chitosan implants when creating comfortable conditions for
angiogenesis and osteogenesis in order to eliminate bone defects in the
maxillofacial region of a critical size. The biological activity of chitosan
is significantly enhanced by the inclusion of other biodegradable
natural polymers, bioceramics, and growth factors of vascular and
bone tissue [217,218]. The universal nature of polysaccharide polymers
increases its promising use, since dynamic mechanical analysis, for
example, of chitosan structures, which fill the bone cavities, shows
elastic behavior under dynamic compression, the frameworks have
mechanical stability in a wet state, exhibit an accumulation modulus
of 4.21 + 1, 04 MPa at a frequency of 1 Hz [106,219].

Research in our laboratory on the production and use of a
nanostructured construct: chitosan-alginate-hydroxyapatite (CS-SA-
HA) for closing bone defects of critical size in the mandible of Wistar
rats showed the process of the early formation of a newly formed
vascular network and bone tissue in the defect zone without additional
use of exogenous growth factors. This construction can be a promising
material for the fast and complete elimination of large bone defects in
conditions of sub-compensated or uncompensated diabetes mellitus
and periodontitis.

Clinical observations show that bone tissue defects, after removal
of odontogenic cysts within the range of up to diameter 2-2.5 cm, heal
independently through the organization of a blood clot. Studies [220]
showed that when filling a bone defect using modified chitosan, early
activation of the angiogenic reaction occurs and the subsequent rapid
resorption of damaged bone beams. This is the trigger for the formation
of new bone. The results of these studies confirmed that the presence
of modified chitosan in the bone cavity ensures the delimitation of
the newly formed bone from the surrounding soft tissues with the
formation of a coarse connective tissue membrane. This process
does not require additional creation of a boundary film during an
intervention. The authors of the present study did not use exogenous
growth factors in the chitosan transfer system, since the initial stage
of research was aimed at determining the limitations and conditions
for the reconstruction of a large bone cavity using only a polymer. At
the same time, the healing of large bone wounds remains a problem
in the clinic. A comprehensive program for studying the processes of
osteogenesis in large bone defects using various osteoplastic materials,
in particular products of highly purified chitosan, will determine the
possibilities and conditions for eliminating large bone cavities. Thus,
further research should be directed to the combination of several
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biocompatible substrates, including the chitosan polymer, in the
presence of combinations of activated osteoblasts and progenitor cells,
bone and vascular growth factors. Such a combination in the bio-
construct will be designed for the self-organization of the new bone,
the closure of bone defects of critical size in diabetes mellitus.
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