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ABSTRACT

. This literature review examines key pathogenetic aspects of the surgical wound scarring
process. Understanding these processes is essential for developing strategies to manage wound
healing after glaucoma surgery, as this can optimize surgical outcomes and prevent potential
complications. Targeting the different stages of scarring is an important approach in the
correction of wound healing not only in glaucoma surgery but also in other medical fields. The
development of methods aimed at regulating inflammation, stimulating tissue regeneration and
controlling scar formation improves surgical outcomes and accelerates healing. Research in the
fields of molecular biology, polymer chemistry and physics, and pharmacology is helping to
identify new target molecules and pathways that can be used to optimize the healing process.
This opens up new possibilities for creating innovative treatments and preventing complications
after surgery. Thus, molecularly targeted intervention on different stages of scarring represents a
promising strategy that can significantly improve surgical outcomes and improve the quality of
life of patients.
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INTRODUCTION

With any injury, whether surgical or traumatic, the body triggers an important
wound healing process. Cellular damage triggers a series of events and initiates the
healing process, which can occur by regeneration (complete tissue repair) and
repair (partial repair of tissue structures) [9]. The main priorities of this process
include stopping bleeding, preventing infection, and restoring tissue integrity and
function [2, 4, 5]. In glaucoma surgery, unlike most other surgeries, the desired
outcome is incomplete scarring of the surgical wound to allow filtration of
intraocular fluid from the anterior chamber of the eye into the subconjunctival
space. This process plays a key role in the successful outcome of surgery.
Excessive scarring, on the other hand, can lead to ineffective hypotensive surgery
[5,6,7,10].

Most patients who are scheduled for glaucoma surgery take hypotensive
medications for a long period of time [20, 22]. These drugs and the preservatives
they contain can cause changes on the ocular surface such as decreased tear
production, epithelial damage, and chronic inflammation [1, 11, 12, 14, 22]. As a
result, there is an increase in the number of epithelial layers and changes in the
density of bocaloid cells in the conjunctiva, as well as an accumulation of collagen
and cellular elements in the subepithelial layers. Increased expression of
proinflammatory cytokines (interferon-gamma (IFN-y), -alpha (IFN-a), tumor
necrosis factor (TNF), interleukins (IL) IL-1, IL-6, IL-8, IL-10, IL-12) is detected
in the lacrimal and intraocular fluid [8, 12, 13, 19].

The excessive presence of proinflammatory cytokines and growth factors can
increase inflammation, which negatively affects the results of glaucoma surgery.
This can lead to a shorter duration of filtering bleb function, decreased filtration
area, and contribute to an earlier postoperative increase in intraocular pressure [3,
15, 20, 22].

The wound healing processes of the conjunctiva, tenon capsule, and sclera
involve fibrosis formation and go through several stages: traumatic inflammation,
connective tissue neogenesis, and scar formation. These processes can be divided
into several overlapping phases, including phases of coagulation (hemostasis),
inflammation, proliferation, and remodeling. According to morphologic
classification, leukocytic, macrophage, and fibroblastic phases are distinguished
based on the predominant cell types in each phase. The management of these
processes requires a thorough understanding of the pathophysiologic mechanisms
of wound healing [4, 16, 18, 25].

The process of acute wound healing is a complex sequence of stages,
including hemostasis (stopping bleeding), inflammation, proliferation (cell
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multiplication and migration) and remodeling. (see Figure 1) [9]. These stages are
dynamic, interrelated, and regulated by various factors.
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Figure 1. Phases of wound healing [9].

Coagulation phase (hemostasis): When tissue damage occurs, microvessels
are injured, causing blood to escape into the wound. To prevent blood loss, the
body responds quickly by constricting blood vessels and activating blood clotting,
which leads to clot formation and platelet aggregation. This clot, composed of
various proteins, serves as the basis for cell migration. Platelets in the clot play an
important role in hemostasis and inflammatory response. When activated, they
release various substances and growth factors such as platelet-derived growth
factor (PDGF), transforming growth factor B (TGF-B; transforming growth factor-
B, TGF-B), basic fibroblast growth factor (bFGF; basic fibroblast growth factor,
bFGF), epidermal growth factor (EGF; epidermal growth factor, EGF), insulin-like
growth factor (IGF), vascular endothelial growth factor (VEGF), keratinocyte
growth factor (KGF), connective tissue growth factor (CTGF) and others. These
proteins stimulate wound healing by attracting and activating fibroblasts,
endothelial cells, and macrophages [10, 13, 14, 15].

Inflammatory phase: The inflammatory phase lasts for the first five days
after the injury, and during this phase neutrophils, immunocompetent cells that
perform the function of phagocytosis of bacteria and foreign materials, appear. The
number of neutrophils peaks after 24-48 hours and then gradually decreases.
However, their presence is not necessary for wound healing, and in the absence of
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infection their function is performed by macrophages. In the early stage of
inflammation, the complement system and the classical molecular cascade are
activated, leading to the entry of granulocytes (neutrophils) and
polymorphonuclear leukocytes (PMNL) into the wound area. These cells migrate
into the wound tissue, phagocytize bacteria and tissue degradation products,
preventing infection, but do not directly affect the healing process [8, 14, 20].

Macrophages actively appear in the wound 48-96 hours after injury, reaching
their peak at 72 hours, and remain in the wound throughout the healing process,
albeit in smaller numbers. They perform important functions such as phagocytosis
of dead tissue and pathogens, and produce various growth factors and cytokines
that promote extracellular matrix formation. Unlike neutrophils, macrophages play
an integral role in the wound healing process. The intensity of stimulation of new
vessels and collagen formation by macrophages directly depends on their number
[12, 14, 21, 22, 23].

In the final stage of inflammation, approximately 48-72 hours after the injury,
the number of PMNL begins to decrease and monocytes migrate into the wound
area. Monocytes transform into macrophages and acquire the appropriate
phenotype. Monocyte migration is influenced by various chemoattractants present
in the wound area. These may include proteins of the complement and coagulation
system, fragments of immunoglobulin G (1gG), collagen and elastin breakdown
products, and various cytokines such as TGF 3, PDGF, and leukotriene B4. These
chemoattractants create a concentration gradient that directs the movement of
monocytes toward the wound. Upon reaching the wound, monocytes transform
into activated macrophages, which perform various functions related to cleansing
tissues of dead cells, bacteria, and breakdown products. They also release
cytokines and growth factors that promote wound healing and tissue remodeling
[6, 13, 22].

Macrophages play a key role in the inflammation phase (see Figure 2) [9]. In
addition to their bactericidal function, they produce cytokines and growth factors
necessary for the proliferative phase of healing. They can also release enzymes,
such as collagenases, which help to cleanse tissues. If the number of monocytes
and macrophages in the body decreases, this can lead to impaired wound healing,
delayed fibroblast proliferation, impaired angiogenesis, and the development of
fibrosis. Polymorphonuclear leukocytes and macrophages also secrete additional
growth factors such as TGF a, heparin-binding EGF-like growth factor (HS-EGF),
and FGF-2, which additionally stimulate the inflammatory response [4, 6, 21, 22].
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Figure 2. Different effects of macrophages in wound healing [9].

Seventy-two hours after the onset of inflammation, lymphocytes appear in the
wound and can be attracted by IL-1 and immunoglobulin G (IgG). IL-1 is
considered a key factor in the regulation of collagenase activity, indicating that
lymphocytes are involved in the process of collagen and extracellular matrix
(ECM) remodeling [11, 13, 21].

Lymphocytes begin to appear in the wound on the first day after injury, but
their number increases significantly from day 5 to day 7. Most lymphocytes remain
in the wound until day 14, after which their numbers gradually decrease over a
period of 4 months. Lymphocytes play a key role in the specific immune response
to trauma and infection. T-lymphocytes are activated by contact with antigens
presented by macrophages and cause proliferation of antigen-specific cells. The
cytokines released by them stimulate other immunocompetent cells such as
macrophages and fibroblasts. Experimental evidence supports the necessity of T-
lymphocytes for effective wound healing [10, 17, 18]. In the early stages of healing
(days 5-14), CD4+ T-lymphocytes predominate and later give way to CD8+ cells.
T-lymphocytes stimulate fibroblasts in the initial stages of healing, but then begin
to play a regulatory role, limiting the repair process and switching to an inhibitory
effect later on [16]. Although the role of lymphocytes in wound healing is still not
fully understood, they are thought to play a significant role in chronic
inflammation [8, 10, 12, 17, 23].

Thus, the inflammation phase of an acute wound includes activation of the
complement system, migration of granulocytes and polymorphonuclear leukocytes,
subsequent migration of monocytes and their transformation into macrophages,
and the appearance of lymphocytes. All of these cells fulfill their functions in
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fighting infection and cleansing tissues, as well as supporting healing and
remodeling processes.

Proliferative phase. In the proliferative phase (days 3-14) there is active
formation of granulation tissue. During this period, there is a rapid growth of
cellular elements, mainly fibroblasts, which show increased activity. The main
processes of this phase, such as angiogenesis (formation of new vessels) and
fibrogenesis (formation of connective tissue), are controlled by growth factors
VEGF, PDGF and TGF- B. These factors are synthesized by both fibroblasts and
other immunocompetent cells such as macrophages and lymphocytes. Under the
influence of TGF-B, fibroblasts are transformed into myofibroblasts, which
promote contraction and wound healing [11, 14, 18, 20, 21].

In this phase, replacement of the original fibrin/fibronectin matrix by newly
formed granulation tissue occurs. Within 2-4 days after wound formation,
fibroblasts and myofibroblasts migrate into the wound. The fibroblasts begin to
synthesize ECM including types | and 111 collagen, elastin, laminin-1, nidogen, and
glycosaminoglycans such as chondroitin sulfate, hyaluronic acid, and
dermatansulfate. These components attract large amounts of water and sodium.
Fibroblasts also secrete cytokines and growth factors that affect both the
fibroblasts themselves and surrounding cells. This process is enabled by the
secretion of a number of growth factors, including fibroblast growth factor binding
protein (FGFBP). FGFBP stimulates collagen synthesis and fibroblast proliferation
[5, 7, 18].

Fibroblasts, the cells responsible for wound healing, produce various
cytokines and growth factors that affect neighboring cells. For example, they
secrete FGFBP, epidermal growth factor (EGF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), FGF-10, and others [8, 14, 16]. Fibroblasts also
interact with keratinocytes, skin epithelial cells. They stimulate keratinocytes to
synthesize basal membrane components such as types IV and VII collagen,
laminin-5, and perlycan [15, 20, 23]. In response, keratinocytes produce cytokine
IL-1, which in turn stimulates fibroblasts to synthesize KGF-7 (keratinocyte
growth factor) [14, 24, 25].

Thus, there is an interaction between fibroblasts and keratinocytes that
promotes the synthesis and remodeling of the basal membrane. These interactions
form a complex system of positive feedback, where fibroblasts and keratinocytes
mutually stimulate each other, contributing to the wound healing process.

The formation of newly formed vessels occurs at all stages of the healing
process. The growth factors such as TNF-B and PDGF released by platelets during
the hemostasis phase attract macrophages and granulocytes, stimulating the
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process of angiogenesis. Macrophages play a key role in this process by secreting
TNF-a and FGF-2. Capillary sprouts infiltrate the fibrin/fibronectin wound clot
and form a branched microvascular network in the granulation tissue within days.
As collagen accumulates in the granulation tissue, the density of blood vessels
decreases. An imbalance in the process of angiogenesis and new blood vessel
formation can lead to delayed wound healing. It is important to maintain a balance
in these processes for effective tissue regeneration and wound healing [14, 24].

Granulation tissue consists of actively dividing fibroblasts, capillaries, and
tissue macrophages in a matrix composed of collagen, glycosaminoglycans,
hyaluronan, fibronectin, and tenascin. Granulation tissue formation begins in the
wound about 48 hours after injury, and by 96 hours, fibroblasts become the major
cell type in this tissue. Approximately 48 hours after injury, granulation tissue
formation begins in the wound, and by 96 hours, fibroblasts become the major cell
type in this tissue [24].

Keratinocytes play an important role in the process of epithelialization and
also regulate the formation of new blood vessels by expressing VEGF. The growth
of capillaries within the tissue supplies oxygen and nutrients to fibroblasts,
promotes cell proliferation, and supports the formation of the structural matrix of
the wound. Exudation and edema gradually decrease, and granulation tissue fills
the entire wound surface [12, 17, 18].

The remodeling phase, which begins with the development of granulation
tissue, is the longest and represents a key stage in the wound healing process. In
this phase, there is a gradual strengthening and restructuring of the tissue, which
leads to an increase in wound strength. Newly formed collagen fibers reach
approximately 80% of the strength of intact skin, which means that complete
regeneration and restoration of tissue structure takes some time after healing [15,
22, 25].

The remodeling phase is a balance between tissue formation and destruction,
which is controlled by the activities of enzymes such as matrix metalloproteinases
(MMP), ), and their natural tissue inhibitors (TIMP) [9]. MMPs are a family of
enzymes including more than 20 zinc-dependent proteins. MMPs include:
collagenases-1, -2, and -3 (MMP-1, -8, and -13), which disintegrate fibrillar
collagen types I, I, and 1I; gelatinases (MMP-2 and -9), which degrade both basal
membrane collagen and fibronectin; stromelysins (MMP-3, -10, and -11), which
affect various components of the ECM, including proteoglycans, laminin,
fibronectin, and amorphous collagens; and the ADAM family of membrane-bound
metalloproteinases. MMPs are produced by fibroblasts, macrophages, neutrophils,
synovial and some epithelial cells as precursors. Their secretion is induced by
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PDGF, FGF, IL-1, TNF, phagocytosis in macrophages and inhibited by TGF-§ and
steroids. MMPs are activated by free radicals and proteinases (plasmin). Their half-
life is short and they are rapidly inhibited by tissue inhibitors of metalloproteinases
(TIMP) produced by mesenchymal cells. Collagenases and their inhibitors are
Important in the sanitation of injury foci and the remodeling of connective tissue
necessary for recovery.

Normally, the ratio of collagen types | and Il is approximately 4:1. In the
initial stage of wound healing, collagen is deposited without a definite structure,
but subsequent wound contraction occurs due to the interaction between fibroblasts
and the extracellular matrix, which is probably influenced by various extracellular
factors, including TPR-B, TGF, and FGF [14, 18]. Wound healing promotes fiber
organization and imparts toughness to the tissue. Initially randomly distributed
collagen fibers undergo cross-linking and form bundles that gradually give the
tissue elasticity and tensile strength. Under the action of plasminogen activators
and MMPs, the extracellular matrix is degraded, resulting in the destruction of
hyaluronic acid and fibronectin. As noted by the authors, active remodeling of the
scar occurs up to 1 year after injury and continues throughout life very slowly.
Over time, the number of macrophages and fibroblasts decreases due to apoptosis,
which occurs for unknown reasons [19, 21].

According to the authors [6, 11, 19] the release of cytokines and re-
epithelialization factors can contribute to the activation of apoptosis, which helps
to remove damaged cells and prepare the tissue for healing. The subsequent
remodeling process involves stopping capillary growth, which promotes the
formation of a scar without cells or vessels. This final step in the acute wound
healing process helps to close the wound and restore tissue integrity [17, 18].

Thus, understanding scarring processes is important in developing strategies
to manage wound healing after glaucoma surgery, as it can optimize surgical
outcomes and prevent potential complications. Targeting the different stages of the
scarring process is a key focus in correcting surgical wound healing not only in
glaucoma surgery but also in other fields of medicine. Development of methods
aimed at regulation of inflammation, stimulation of tissue regeneration and control
of scar formation will improve the results of surgical interventions and accelerate
the healing process. Research in molecular biology, polymer chemistry and
physics, and pharmacology is identifying new target molecules and pathways that
can be used to optimize the healing process. This opens up new possibilities for
creating innovative treatments and preventing complications after surgery.
Consequently, molecularly targeting different stages of the scarring process is a
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promising strategy that can significantly improve surgical outcomes and enhance
the quality of life of patients.
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