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Abstract

An increase in the number and volume of surgical interventions leads to
an increase in the frequency of postoperative adhesions. The development
of the adhesion process in the abdominal cavity causes pain, a decrease
in the quality of life of patients, a violation of the reproductive function
of women as well as acute adhesion intestinal obstruction. Recently,
polymer biomaterials, including those based on chitosan, have been
widely used for the prevention of adhesions. Due to their biocompatibility
and biodegradation ability, they do not require repeated operations to extract
the material. It is believed that these materials act as barriers, physically
separating the damaged surfaces. The molecular mechanism of their action
is still poorly understood. In this review, the main mechanisms of adhesion
formation, as well as ways to prevent them with the help of materials based
on chitosan and its derivatives, are discussed.
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1. Introduction

Adhesion formation is a common process that often occurs after surgical procedures,
such as operations on the abdominal and pelvic organs, tendon repair, plastic surgery,
and others. Postoperative adhesions are the main cause of complications, many of which
can occur several years after surgery. These complications include intestinal obstruction,
pelvic or abdominal pain and infertility. The frequency of adhesions after the first
surgical intervention varies from 10.4% to 67%, and it increases to 90%-100 % of cases
after repeated operations. Despite the progress in medicine and surgery, the number
of patients with adhesive disease continues to increase proportionately to the number
of operations.

In response to the damage caused by surgical intervention, an inflammatory reaction
develops, which is accompanied by a significant release of cytokines, expansion of the
vascular lumen and release from the capillaries of exudate rich in fibrinogen. As a result
of the coagulation cascade activation, thrombin is formed, which triggers the conversion
of fibrinogen to fibrin. In this case, the fibrinolytic system is activated and, with normal
healing, any intra-abdominal fibrin deposits are lysed. However, after surgery, the balance
between coagulation and fibrinolysis shifts towards the coagulation system. Fibrin
deposits form matrix for the ingrowth of fibrous tissue. Fibroblasts penetrate the fibrin
matrix, and extracellular matrix proteins are formed and deposited. The extracellular
matrix can be completely destroyed by matrix metalloproteinases, which would lead to
normal healing. However, this process can be inhibited by tissue inhibitors of matrix
metalloproteinases. As a result, the extracellular matrix proteins collagen and fibronectin
form a framework for the mesothelial cell layer, which leads to re-epithelisation and the
formation of adhesions.

To create anti-adhesion biomaterials, polymers of natural origin are often used,
including chitosan and its derivatives, the main mechanism of action of which is considered
to be the physical separation of damaged surfaces. In preclinical studies and clinical
trials, biomaterials reduced the formation of adhesions to varying degrees; however, none
of them achieved 100% prevention of adhesion formation. An improved understanding
of the pathophysiology of the adhesion development and changes in molecular biological
mechanisms compared with the restoration of the peritoneum will allow the creation
of anti-adhesion agents with high efficiency. This review examines the main mechanisms
of the adhesion formation after surgical interventions, as well as ways to prevent them
with the help of chitosan, its derivatives and chitosan-based biomaterials.

2. Anti-adhesion Agents Based on Chitosan and Its Derivatives

Currently, anti-adhesion agents are mainly developed from natural polymers: proteins
(collagen, gelatine) and polysaccharides (hyaluronic acid, cellulose, dextran, chitosan,
etc.). Natural polysaccharides from various sources have long been studied and are widely
used in various fields of medicine and pharmacy. There is an increased interest in the
use of biologically active polysaccharides in biomedicine due to their biocompatibility,
biodegradability, non-toxicity, as well as some specific biological properties. In particular,
biologically active polysaccharides are used in tissue engineering, wound healing,
as well as for drug delivery and the development of anti-adhesion materials [1]. The
main mechanism of anti-adhesion agent action is considered to be the physical separation
of damaged surfaces. However, materials that effectively prevent the formation
of adhesions, in addition to the barrier function, can affect the mechanism of adhesion
formation.
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2.1. The Mechanisms of Adhesion Formation

The molecular mechanisms of adhesion formation are being actively investigated. The
classic concept of adhesion formation is a violation of the balance between the production
of fibrin and fibrinolysis. In response to damage to the peritoneum caused by surgery,
infection or irritation, an inflammatory reaction develops, accompanied by a significant
release of cytokines, dilation of the lumen of the vessels and the release of exudate from
the capillaries. Exudate rich in fibrinogen accumulates inside the peritoneum. Fibrin occurs
as a result of the activation of the coagulation cascade, which is activated in the abdominal
cavity and leads to the formation of thrombin, an enzyme that converts fibrinogen to fibrin.
Fibrinolysis is important to repair the damage without adhesions that occurs under the
action of the enzyme plasmin. Plasmin, a serine protease that acts on fibrin, is produced
in the liver, where it is stored as an inactive precursor called plasminogen. Plasmin
is converted into an active form by tissue plasminogen activator (t-PA) or urokinase-type
plasminogen activator (u-PA) [2]. Plasminogen activator inhibitors (PAI) form inactive
complexes with t-PA and u-PA [3]. A violation of the balance of the fibrinolytic pathway
occurs during surgical interventions [4]. Fibrin deposits predispose to the ingrowth
of fibrous tissue due to the production of extracellular matrix proteins by fibroblasts
migrating to the fibrin matrix. Plasmin also activates matrix metalloproteinases (MMPs),
which specifically hydrolyse the main proteins of the extracellular matrix. MMPs belong
to the family of zinc metalloproteinases, as they contain Zn?*" [5] in the active centre. Fibrin
is a substrate for MMP-9; it decomposes fibrin directly, independently of plasmin [6].
The concentration of MMP-9 in peritoneal exudate in women with pelvic adhesions was
found to be significantly lower than in women without adhesions [6]. The specific MMP-9
substrate, type IV collagen, was found to be increased more than 2 times in the fibroblasts
of the adhesions compared to normal peritoneal fibroblasts [7]. In addition, elevated serum
levels of MMP-2 and MMP-9 have been suggested as a marker for peritoneal adhesions
[8]. The extracellular matrix can be completely destroyed by MMPs, which would lead
to normal healing. However, this process can be inhibited by tissue inhibitors of MMPs
(TIMPs), a phenomenon that leads to the formation of adhesions [9]. Chegini et al. [10]
demonstrated that the adhesion tissue had increased levels of TIMP-1 and a lower ratio
of MMP-1 to TIMP-1 compared with an intact peritoneum in the same patient. It has also
been shown that the levels of TIMP-1 in the abdominal fluid in people with extensive
adhesions are higher compared with patients without adhesions [10]. Xin Liu et al. [11]
showed that intraperitoneal administration of berberine — an inhibitor of TIMP-1 — led to
a decrease in adhesion formation in rats.

It has been shown that if the fibrinolysis carried out by plasmin or MMPs does not
occur within 5-7 days after the peritoneal injury, the temporary fibrin matrix is preserved
and gradually organised with the help of collagen-secreting fibroblasts. Fibroblasts located
in the extracellular matrix form the framework for the mesothelial cell layer, alongside
collagen and fibronectin. Together, these molecules lead to the formation of adhesions
and the growth of new blood vessels mediated by angiogenic factors [12, 13].

It has been proven experimentally that many of the cytokines found in the peritoneal
fluid after trauma play an important role in the subsequent formation of adhesions.
Profibrotic transforming growth factor beta (TGF-f1), which is associated with increased
adhesion formation and fibrosis, has been characterised best. TGF-B1 is expressed mostly
by mesothelial cells and adherent fibroblasts. The peritoneal fluid and tissues of patients
with adhesions contain an increased level of TGF-B1 [14]. Hypoxia induces the expression
of TGF-B1 messenger RNA (mRNA) and type I collagen by peritoneal fibroblasts [15].
TGF-B1 in turn stimulates angiogenesis during peritoneal recovery [14].
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Interleukin 1 (IL-1) and tumour necrosis factor alpha (TNF-a) are among the earliest
cytokines present in the damaged abdominal cavity. Intraperitoneal administration of IL-1
after caecal injury in rats increased adhesion scores after 10 days, findings that confirm
the role of IL-1 in the adhesion formation [16]. TNF-a is also a marker of adhesion
formation: the higher the level of TNF-a in peritoneal fluid and plasma, the more severe
the subsequent adhesions are formed [17]. IL-10 reduced the formation of adhesions in the
model of peritoneal wall damage in mice [18].

Interferon gamma (IFN-y) is another cytokine that plays a significant role in the
development of adhesions. After injury, intraperitoneal levels of IFN-y and IL-17
increased both in animals and humans [19]. Neutralisation of IFN-y and IL-17 reduced the
formation of adhesions. Repeated injections of IL-17 into the peritoneum of mice led to
inflammation and fibrosis [20].

Other cell populations also play a role in the inflammatory recovery phase. Peritoneal
macrophages cause immune responses that underlie the formation of adhesions.
Macrophages appear on the damaged areas within 24 h, adhere to the site of damage
and persist even after the complete restoration of the mesothelial layer [21]. In response
to damage, macrophages increase phagocytic and secretory activity; they also attract
new mesothelial cells and fibroblasts [22]. Macrophages release chemokine (C-C motif)
ligand 1 (CCL1) and its receptor chemokine (C-C motif) receptor 8 (CCRS) in response
to damage. Experimentally, a decrease in the CCL1-CCRS interaction reduced peritoneal
macrophage migration and adhesion formation [23].

Mast cells degranulate at the repair sites, releasing vascular endothelial growth factor
(VEGF) and other angiogenic and vasoactive molecules that play a role in adhesion
formation [24]. VEGF is directly involved in early inflammatory processes and wound
healing, affecting fibroblast function. In an animal model, intraperitoneal treatment with
a VEGF antibody resulted in a lower rate of late-stage adhesion formation [25]. The
stabilisation of mast cells to prevent degranulation reduced the formation of adhesions
in the cecum abrasion model [26].

2.2. Required Properties of Anti-adhesion Materials

Anti-adhesion agents prevent the formation of adhesions to varying degrees in animal
models and/or clinical studies, but none of them is effective in all cases [27]. The main
disadvantages of the existing materials are: short residence time at the injection site [28],
loss of activity in the presence of blood, the need for fixation to tissues as well as the
difficulty of use in laparoscopic operations [29]. Anti-adhesion materials can have various
forms: solid (membranes, films, powders), gel-like (gels, micelles) and liquid (solutions,
sprays) [30]. Membranes or pre-formed gels are placed and fixed directly on the damaged
surfaces where the formation of adhesions is potentially possible. Fixing with threads can
cause increased adhesion formation, so to obtain anti-adhesion agents, it is necessary to
use materials that adhere to the damaged surfaces without additional fixation. Another
disadvantage associated with the use of membranes or pre-formed gels is the relative
difficulty in determining the size and shape of the area to be covered. The surgeon should
know in advance the possible location, size and shape of potential areas of adhesions [31].
During laparoscopic surgery or in a case of inaccessibility of damaged areas, it is more
convenient to use injectable gel forms of anti-adhesion materials. They are easily applied
with a syringe or form a gel when in contact with a damaged surface. Thus, an ideal
anti-adhesion material should be safe and effective, adhere to damaged surfaces without
additional fixation, remain active in the presence of blood, be completely biodegradable
without the need for removal and should not interfere with the wound healing [32].
The most promising among anti-adhesion agents are materials based on biocompatible,
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biodegradable polymers, because they meet all the requirements for anti-adhesion agents,
and could also contribute to wound healing due to their biological properties.

2.3. Chitosan-Based Anti-adhesion Agents

Chitosan is a cationic polysaccharide, a deacetylated derivative of the natural
polysaccharide chitin, which is the main component of the exoskeleton of arthropods
or the cell walls of fungi and yeasts. Chitosan consists of D-glucosamine and N-acetyl-
-D-glucosamine units connected by B-1,4-glycosidic bonds. Chitosan, either in solution
or in solid form, has a haemostatic effect. In the early 2000s, researchers had found
that chitosan not only causes platelet aggregation, but also increases the concentration
of calcium ions (Ca*") in platelets and the expression of glycoprotein 1Ib/I1la on platelet
membranes, increasing the haemostatic effect [33]. Chitosan also promotes wound
healing and repair of mesothelial cells [34], inhibits the growth of fibroblasts and reduces
the synthesis of collagen fibres [35]. The listed biological properties of chitosan affect
the healing process of damaged tissues, helping to prevent the formation of adhesions.
Unmodified chitosan often has low anti-adhesion efficiency, a factor that may be due to its
high positive charge, which causes interaction with negatively charged cell compartment.
Lin Long-Xiang et al. [36] compared the efficacy of several anti-adhesion agents such
as polylactic acid film (PLA), Seprafilm®, a medical solution containing polyethylene
glycol and berberine (PEG), medical sodium hyaluronate gel (HA) and medical chitosan.
The authors showed a decrease in the efficacy of anti-adhesion materials as follows:
Seprafilm > PLA >> HA > chitosan > PEG [36]. Yeo ef al. [37] investigated the effect
of ultraviolet (UV)-crosslinked and unmodified chitosan on postoperative adhesions
in the abdominal cavity of rabbits. Unmodified chitosan caused a granulomatous reaction
with the formation of adhesions in several animals, while chitosan cross-linked by
UV radiation did not lead to adhesion formation [37]. Wang et al. [38] compared the
prophylactic effect of mitomycin-C and chitosan on intra-articular adhesions after knee
surgery in rabbits. Mitomycin-C and chitosan prevented adhesion formation by inhibiting
fibroblast proliferation and reducing the formation of collagen fibres [38]. Chitin can also
serve as the basis for the development of anti-adhesion barrier materials, as it has been
shown to prevent epidural fibrosis [39]. One of the possible mechanisms of chitosan action
has been shown in a model of flexor tendon repair in rabbits and was associated with
the transmission of sirtuin 1 (SIRT1) signals. In addition, chitosan has been shown to
inhibit inflammation and protect tendocytes from apoptosis by suppressing nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and activating p53 via SIRTI.
The increased regulation of SIRT1 as a result of chitosan treatment of damaged tendons
may be useful in the development of future therapeutic strategies for the treatment
of tendon injuries [40].

2.4. Anti-adhesion Agents Based on Chitosan Derivatives

Due to the presence of reactive amino groups, chitosan is easily modifiable, which
makes it possible to create biomaterials with different properties. Water-soluble
chitosan derivatives, such as N-carboxymethylchitosan, O-carboxymethylchitosan and
N,O-carboxymethylchitosan, prevent adhesion formation; they do not require their removal
after surgery, because they are decomposed in vivo by macrophages [41]. Among chitosan
derivatives, N,0-carboxymethylchitosan is the most widely used. It inhibited peritoneal
adhesions in the fallopian tubes of rats and in a model of small intestinal lacerations, making
itamoreeffective anti-adhesionagentthan hyaluronicacid [42]. Inaddition, the effectiveness
of the gel and the N,0-carboxymethylchitosan solution has been studied in three surgical
models: abdominal aortic anastomosis, intestinal anastomosis and abdominal wall incision.
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N,O-carboxymethylchitosan was more effective and it did not interfere with postoperative
tissue healing in rats at doses that prevent the formation of peritoneal adhesions [43].
N,O-carboxymethylchitosan significantly reduced fibrosis and the formation of adhesions
without side effects in cardiac surgery in animals [44]. In addition, mouse fibroblasts
and macrophages do not adhere to the surface of N,0-carboxymethylchitosan-coated
culture plates even in the presence of serum [45]. Lopes et al. [46] reported that the
combined use of keratinocyte growth factor and N,0O-carboxymethylchitosan produced
a synergistic effect in inhibiting postoperative pericardial adhesions. Zheng et al. [47]
showed that the anti-adhesive effect of N,0-carboxymethylchitosan was associated with
the inhibition of inflammatory cells accumulation and a reduced expression of TGF-f1.
Another chitosan derivative, O-carboxymethylchitosan, also effectively prevented the
formation of postoperative adhesions by reducing the accumulation of inflammatory cells
and fibroblasts, and it also reduced collagen synthesis [48].

2.5. Anti-adhesion Biomaterials Based on Chitosan Derivatives and Other Polymers

Often, several polymers are used to develop anti-adhesion materials, permitting a change
in the physical characteristics of composites (strength, adhesiveness, porosity), as well
as in their biological activity (degradation time in the body, antibacterial, haemostatic
properties). In combination with chitosan and its derivatives, natural polymers (gelatine,
collagen, starch, dextran, cellulose derivatives, hyaluronic acid) and synthetic polymers
(copolymers of polylactic and glycolic acid, polyethylene oxide, polypropylene, polyester,
etc.) are used. Based on the photo-induced crosslinking reaction of imines, Yun long
Yang et al. [49] developed a hydrogel that consisted of modified carboxymethylcellulose
(CMC) and chitosan-glycol. There was a significant reduction in the adhesion formation
(20% of animals with adhesions) in the hydrogel-treated group compared with the control
group (100% adhesions) [49]. On the basis of N,0-carboxymethylchitosan and oxidised
regenerated cellulose, a composite gauze (N,0-CS/ORC) was obtained. This N,0-CS/ORC
material has antimicrobial activity against Staphylococcus aureus and Escherichia coli,
haemostatic activity and was biodegradable. Modelling of the adhesive process in rats
showed a high efficiency of the resulting gauze, and thus it has possible clinical application
in surgery [50]. An anti-adhesion membrane based on cross-linked transglutaminase
(TGase) carboxymethylchitosan, carboxymethylcellulose and collagen in the ratio
of 25/25/50 significantly prevented peritoneal adhesions with negligible immunogenicity.
Histological examination of the damaged tissues showed that the membrane reduced the
synthesis of collagen [51].

Zhou et al. [52] found that gelatinised chitosan films effectively prevented peritoneal
adhesions induced by wounds, ischaemia and infection. A composite mesh with a three-
dimensional macroporous structure, formed by polyester, oxidised collagen and chitosan,
was used to repair abdominal wall defects in a rabbit model. The composite caused good
peritoneal regeneration and reduced formation of postoperative adhesions [53]. Lin
Long-Xiang et al. [54] developed a chitosan-gelatine hydrogel obtained by crosslinking
with carbodiimide (CD-CS-gelatine); they used a chitosan solution was used as a reference
drug. The authors modelled adhesion formation by using a damage to the abdominal wall
and cecum. The use of a CD-CS gelatine gel significantly reduced the number of adhesions
in rats from 100% to 50% compared with the control material. The chitosan solution
reduced the formation of adhesions only to 88% [54].

Lauder et al. [55, 56] reported that chitosan-dextran gels significantly reduced the
formation of abdominal adhesions without side effects. At the same time, treatment with
a spray-sealant based on chitosan and starch reduced adhesion formation by 76% after
endoscopic sinus surgery in sheep in a model of chronic sinusitis [57].
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Chitosan membranes bound to a polypropylene mesh were able to reduce peritoneal
adhesions in rats, as they did not cause tissue reactions and did not increase inflammation
[58]. In addition, Jayanth et al. [59] reported the effectiveness of polypropylene mesh
coated with chitosan. Li ef al. [60] showed that poly-L-glutamic acid and chitosan-based
barriers effectively inhibited epidural fibrosis and peridural adhesions in the rabbit model.
Jae Eok Ko et al. [61] developed a nanofibre mat by electrospinning moulding from
chitosan, a copolymer of polylactic and glycolic acid (PLGA), and polyethylene oxide
(PEO). In a model of abdominal wall and cecum damage in rats, the mats effectively
prevented adhesions.

In most of the relevant studies conducted, the authors have not analysed the molecular
mechanisms of action of anti-adhesion agents. An exception is Tian Lin ef al. [62], who
examined a biomaterial based on chitosan, cellulose and seaweed polysaccharide (CCS).
The material significantly reduced the formation of intraperitoneal adhesions in rats.
Specifically, the composite suppressed the expression of TGF-B1, plasminogen activator
inhibitor 1 (PAI-1) and smooth muscle alpha-actin. As a result, the production of t-PA
was significantly enhanced, and fibrinolysis was increased accordingly. In addition,
CCS reduced the activity of kinases — transformative growth factor-activated kinase 1
(TAKI1), N-terminal c-Jun kinase (JNK)/stress-activated protein kinase (SAPK) and
p38 —in the mitogen-activated protein kinase (MAPK) signalling pathway of inflammation
transmission, changes that underscored the anti-inflammatory effect of the material.
Histological studies further confirmed the role of CCS in inhibiting fibrosis, collagen
deposition, inflammation and vascular proliferation. The results obtained on the expression
ofkey genes in this study were confirmed by enzyme-linked immunosorbent assay analysis
of proteins [62]. The use of a ‘phase transition’ barrier obtained by copolymerisation
of O-carboxymethylchitosan and CaCl, and the addition of cyclosporine A reduced the
formation of adhesions due to a significant increase in the expression of MMP-9 seven
days after surgery [63].

3. Conclusions

This review has examined the causes, the mechanism of adhesion formation
and materials developed for the prevention of the development of adhesive disease.
Special attention has been paid to the materials based on chitosan and its derivatives,
which prevent adhesion formation and are biocompatible and biodegradable, resulting
in elimination of the material post-surgery. In addition, chitosan and its derivatives
have their own biological activity that helps to reduce the formation of adhesions
(bioadhesiveness, wound healing, antibacterial activity). Thus, anti-adhesion materials
based on chitosan and its derivatives, in addition to the mechanical separation of damaged
surfaces, can modulate the mechanism of adhesion formation, reducing the adhesion
formation process.
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