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Abstract

Chronic wounds are a significant and growing global clinical problem owing to increasing
rates of diabetes, vascular diseases, ageing, and metabolic disorders. In contrast to acute
wounds, which follow a coordinated sequence of haemostasis, inflammation, proliferation
and remodelling, chronic wounds fail to progress through the healing process, leading to
delayed or unfinished recovery. There is mounting evidence that this malfunction lies primarily
in dysregulated intracellular signalling and is not necessarily in a lack of growth factors or
cellular components. There is prolonged stimulation of pro-inflammatory pathways, disrupted
angiogenic and regenerative signalling, excessive extracellular matrix degradation, cellular
senescence and impaired immune resolution in chronic wound environments. The most
important signalling networks, such as TGF-b/Smad, PI3K/Akt/mTOR, MAPK, NF-kB, Wnt/b-
catenin, JAK/STAT, Hippo-YAP/TAZ, Notch, and hypoxia-inducible factor-1a, are crucial in the
coordination of wound repair, but are functionally impaired in chronic pathological diseases.
The pathways demonstrate a widespread crosstalk, forming a self-maintaining feedback
loop that drives inflammation, oxidative stress, endothelial dysfunction, and a lack of cellular
responsiveness. This review provides a detailed description of the physiology of normal wound
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healing, compares acute and chronic wound pathology, and critically discusses the molecular
signalling defects that promote the persistence of chronic wounds. Additionally, it identifies
emerging therapeutic approaches aimed at regulating dysregulated signalling networks, such
as small-molecule modulators, biologics, biomaterials, gene- and cell-based therapies and

exosome-mediated therapies. © 2026 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Chronic wound healing represents a failure of the skin’s intrinsic regenerative
capacity and remains a major unresolved problem in modern medicine (1). In physiological
conditions, cutaneous wounds are repaired in a highly regulated series of cellular and
molecular processes that restore tissue integrity and barrier functionality. This coordinated
programme, however, fails in chronic wounds, and leads to prolonged wound persistence
(months to years) despite standard clinical care (2). The wound repair process is centred on
a system of intracellular signalling pathways that regulate inflammation, cell migration, cell
proliferation, angiogenesis and extracellular matrix (ECM) turnover (3). These are activated
by growth factors, cytokines, mechanical cues, and metabolically activated pathways,
and work in a strictly orchestrated time order. This temporal regulation is lost in chronic
wounds (4). Instead, pro-inflammatory and stress-activated pathways remain persistently
engaged, while regenerative signalling becomes blunted or ineffective (5). This imbalance
causes defects in the migration of keratinocytes, fibroblast dysfunction, endothelial cell
impairment, and immune dysregulation. Systemic diseases, including diabetes mellitus,
vascular insufficiency, obesity, and old age are most often related to chronic wounds. These
conditions cause metabolic stress, ischemia and immune dysfunction, which work together
to change the intracellular signal transduction of the wound-resident cells (6). Experimental
and clinical data show that growth factors are often present in chronic wounds without
triggering downstream signalling, because of receptor desensitisation, oxidative damage,
and epigenetic modifications (7). This understanding has changed therapeutic approaches
to no longer focus on growth factor supplementation, but to focus on modulating signalling
pathways in a targeted manner. The recent developments in molecular biology indicate
that a range of signalling axes, such as TGF-b/Smad, PI3K/Akt/mTOR, MAPK, NF-KkB,
Wnt/b-catenin, and hypoxia-inducible pathways, have been identified as key regulators
of the wound healing outcomes (4). The disruption of these pathways does not happen in
isolation, and instead of competing, they interact to form feedback loops which reinforces
long-term inflammation and tissue destruction. This mechanistically based approach of
repairing healing competence involves targeting signalling pathways (8). Pathway-based
interventions can overcome the issue of therapeutic resistance in chronic wounds by
correcting intracellular communication, instead of focusing on the surface-level pathology
(9). The current review is concerned with the physiological foundations of wound healing,
the molecular pathways of chronic wound pathology, and novel therapeutic approaches that
are aimed at dysregulated signalling networks specifically. Rather than treating these nine
signalling axes as independently dysregulated pathways, the organising concept applied
throughout this review is that chronic wounds represent a self-stabilising, network-level
signalling state, in which crosstalk between pathways — rather than dysfunction confined to
any single pathway — sustains the non-healing phenotype. This crosstalk-centred framework
is used to interpret pathway-specific findings within an integrated context in the sections
that follow, and provides the rationale, developed later in this review, for combination rather
than single-target therapeutic strategies.
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Overview of Wound Healing

Wound healingis an evolutionarily conserved biological process thatis aimed at the rapid
restoration of tissue continuity after injury (10). Physiological descriptions frame wound
healing as a dynamic process rather than a fixed sequence of events, with several phases
occurring simultaneously and overlapping over time. The different phases are controlled
by distinct yet interrelated signalling pathways that coordinate tissue repair while limiting
inflammation and fibrosis. This process begins immediately after injury, with vascular and
cellular reactions that restrict blood loss and activate immune surveillance (11). In addition
to structural components, platelets, immune cells, stromal cells and epithelial cells release
soluble mediators that activate intracellular signalling cascades. These cues coordinate
cell migration, proliferation, differentiation, and recruitment. Effective healing relies on
the capacity of cells to perceive the environmental signals and convert them into suitable
transcriptional and metabolic reactions (12).

Intercellular communication is the key to wound healing. Growth factors, including
platelet-derived growth factor (PDGF), transforming growth factor-b (TGF-b), vascular
endothelial growth factor (VEGF),and fibroblastgrowth factors (FGFs) can stimulate receptor-
mediated signalling in target cells. All these signals converge onto intracellular pathways
such as PI3K/Akt, MAPK and Smad signalling which orchestrate gene expression programs
required for tissue repair (13-17). Any disruption within this signalling hierarchy may
disturb healing. Immune cells have a dual purpose in the healing process of wounds; as they
both protect against infection and regulate tissue repair. In particular, macrophages combine
inflammatory and repair signalling through the production of cytokines, growth factors and
matrix-remodelling enzymes (18). The transition of inflammation to tissue reconstruction
depends on their functional plasticity. This transition failure is a characteristic of chronic
wounds (19). The microenvironment of the wound is also significant. Signal transduction
depends on oxygen tension, mechanical stress, extracellular matrix composition and
metabolic status. An example of this is hypoxia that temporarily switches on angiogenic
signalling by HIF-1a, but in the long term, hypoxia upsets cellular metabolism and signal
fidelity (20). The literature highlights the fact wound healing is not coupled to the individual
molecular events but the systems-level coordination of signalling networks (21). Overall,
wound healing is a well-coordinated biological programme that only functions correctly upon
tight control of wound healing signalling. This normal framework is critical in determining
the causes and effects of failure of healing in chronic wounds.

Acute vs. Chronic Wounds

Wounds are generally distinguished into acute and chronic wounds based on the
time of the healing process and the biological behaviour during the healing process. Even
though both are similar in their physiological stages of repair, their healing processes, the
pathophysiological processes, and clinical changes vary considerably (22).

Acute wounds are those that follow a systematic, sequential healing process and
fully restore tissue integrity. Examples include surgical lacerations, traumatic lacerations,
burns and abrasions. The time required for these wounds to heal, typically days to weeks,
depends on wound characteristics and the individual’s health status (23). Acute wound
healing has four coordinated stages that include haemostasis, inflammation, proliferation,
and remodelling. Immediately after injury, haemostasis prevents blood loss through clot
formation. This is followed by an inflammatory stage that is characterized by the migration
of immune cells, including neutrophils and macrophages that destroy debris and inhibit
infection. There is fibroblast migration, angiogenesis, re-epithelialization and extracellular
matrix (ECM) deposition in the proliferative phase. Lastly, the tissue is reinforced in the
remodelling stage by reorganizing collagen and contracting of the wound (22). Acute wounds
have a well-regulated inflammation which heals effectively and leads to a progression of the
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tissue regeneration process. VEGF, platelet-derived growth factor (PDGF) and transforming
growth factor-b (TGF-b) are growth factors that are instrumental in cell proliferation and
angiogenesis (24). When the same processes continue without a pause, the healing process
of the body is characterized by low scarring and restoration of functions. Nevertheless,
infection, lack of oxygen, malnutrition or systemic illnesses may affect the result of acute
wounds. In case these conditions are not changed, acute wounds cannot heal in a proper way
and develop into chronic ones (25).

Chronic wounds are defined by their failure to progress through the typical stages of
healing and are usually unhealed after 4-6 weeks. They include diabetic foot ulcers, venous
leg ulcers, pressure injuries, and arterial ulcers. These wounds constitute a major clinical
challenge because of their long healing time, high susceptibility to infection, high recurrence
rate, and high healthcare expenditure (26). Inflammation in chronic wounds is dysregulated
and prolonged. Unlike acute wounds, chronic wounds remain in the inflammatory phase,
resulting in an overproduction of pro-inflammatory cytokines, proteases, and reactive oxygen
species (ROS) (27). This chronic inflammation destroys surrounding tissue and impairs
growth factor signalling and fibroblast and keratinocyte function. Impaired angiogenesis
is one of the significant factors contributing to chronicity: reduced blood circulation and
oxygen supply limit nutrient delivery, slowing granulation tissue formation and epithelial
regeneration (28). Hypoxia which is prevalent in diabetic wounds as well as ischemic
wounds further damage the tissues and prevent cellular growth. Microbial colonization
and biofilm formation are additional characteristics of chronic wounds. The bacteria in
biofilm remain resistant to immune clearance and antimicrobial therapy to maintain low-
grade infection and inflammation. Biofilms disrupt re-epithelialization and play a major role
in impaired wound healing (29). Also, in chronic wound healing, there is a change in the
extracellular matrix remodelling. The overactivity of the matrix metalloproteinases (MMPs)
in comparison to reduced levels of their inhibitors contributes to the breakdown of collagen
and growth factors (30). Such imbalance is not conducive to the reconstruction of the tissues
and instead promotes tissue breakdown rather than repair. Unlike acute wounds, which
progress through tightly regulated and overlapping phases of repair, chronic wounds remain
trapped in a state of unresolved inflammation with impaired proliferation and remodelling

(Fig. 1).
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Fig. 1. Acute vs. Chronic Wound Healing. Left panel (Acute Wound Healing): Sequential stages of haemostasis
(platelet aggregation, fibrin clot, PDGF/TGF-f release), inflammation (transient NF-kB/MAPK signaling,
M1-to-M2 macrophage transition, debris clearance), and proliferation (keratinocyte migration, fibroblast
proliferation, VEGF-mediated angiogenesis, collagen remodeling, ECM reorganization, TGF-$/Smad
activation). Right panel (Chronic Wound Healing): Persistent inflammation (sustained NF-kB), protease
excess (MMP/TIMP imbalance), impaired angiogenesis, fibroblast senescence, and keratinocyte migration
failure, leading to delayed or non-healing wounds.
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3.1 Stages of Wound Healing

3.1.1 Haemostasis

Haemostasis is an immediate response to tissue injury that serves protective and
signalling functions in wound healing. Exposed tissue factors and collagen on disruption of
the vascular system cause platelet adhesion, aggregation, and clotting. Although the main
governing principle in haemostasis is to avoid excessive bleeding, this step also forms the
biochemical basis of the further healing events (31). On activation, platelets secrete a focused
set of bioactive mediators, including platelet-derived growth factor (PDGF), transforming
growth factor- (TGF-f3), fibrinogen, and fibronectin, which become incorporated into the
fibrin clot that serves as a temporary extracellular matrix. This scaffold provides mechanical
stability and spatial cues that guide the infiltration of inflammatory cells and migrating
stromal cells. The fibrin matrix is not merely a passive scaffold, however: it actively shapes
cell behaviour by exposing ligands that engage integrins and growth factor receptors (32).

On amolecular level, haemostasis triggers early cellular signalling cascades in cells in the
immediate environment. Platelet growth factors and receptor tyrosine kinases on fibroblasts,
endothelial and keratinocytes prime intracellular signalling pathways including PI3K/Akt
and MAPK (33). These initial indications do not cause proliferation at all but rather they
equip cells to become responsive in the future by stimulating gene expression and metabolic
activity. Excessive persistence of clots may hinder cell migration, and accelerated breakdown
of clots may impair structure. Maintaining a balanced fibrinolysis ensures the timely removal
of the provisional matrix and this is substituted by newly generated extracellular matrix
in later stages (34). During the normal healing process, haemostasis is completed rapidly,
usually in hours to a day. Any failure during this phase, including platelet dysfunction or
clot defects, may slow subsequent healing. Therefore, haemostasis is an important signalling
crossroads that combines vascular injury and cellular repair (35).

3.1.2 Inflammatory Phase

The inflammatory stage is the immune-surveillance and wound-cleansing phase of tissue
repair. After haemostasis, vascular permeability increases, and immune cells enter the site of
the wound. The initial responders are neutrophils, which quickly clear debris and pathogens
by means of phagocytosis and release of antimicrobial agents. Although their activity is
critical in infection prevention, as an additional point, it is important to note that neutrophil
activity should be transient to avoid collateral tissue damage (36). Macrophages subsequently
become a major immune-cell population and key regulators of this stage. Macrophages arise
in part from circulating monocytes and combine wound microenvironmental signals, as well
as organize immune and repair functions. They release pro-inflammatory cytokines like
TNF-a and IL-1b to maintain early defence, and at the same time release growth factors to
trigger tissue repair (37). At the signalling level, transcriptional programmes controlled by
NF-kB and stress-responsive MAPK are triggered by the inflammatory cells. These pathways
regulate the production of cytokines, chemokine gradients and the production of proteases.
When normal healing occurs, the activation of these pathways is strong yet self-regulated.
Inflammatory signals gradually repress the inflammatory gene expression, which progresses
to the proliferative phase (38).

The inflammatory phase is also critical for extracellular matrix turnover. The release
of matrix metalloproteinases by the immune cells breaks the damaged components of the
matrix and creates space where new tissues are formed (39). This degradation must be
tightly regulated; excessive protease activity can destroy growth factors and interfere with
cell adhesion. The research here points to a broader principle: inflammation itself is not
necessarily detrimental to healing. Rather, it is the failure to resolve inflammation that drives
pathological outcomes. During normal wound healing, inflammatory signalling is dampened
as macrophages assume a reparative phenotype and immune cell density declines (40).
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3.1.3 Proliferative Phase

The proliferative phase marks the transition from immune-mediated defence to tissue
reconstruction. At this phase, the fibroblasts, keratinocytes and endothelial cells are very
active and they restore the wound by synchronizing cellular growth and matrix deposition.
This stage is mentioned in the literature as the most metabolically stressful phase of healing,
which entails a prolonged growth factor signalling and the provision of sufficient nutrients
(41). Fibroblasts move into the wound bed and express different elements of the extracellular
matrix, such as collagen type III, proteoglycans, and glycosaminoglycans. These elements
constitute granulation tissue which substitutes the provisional fibrin matrix. Signalling via
growth factors (PDGF, TGF-b and FGF receptors) stimulates intracellular signalling pathways
including PI3K/Akt and ERK which stimulate fibroblast proliferation and survival (42).

At the same time, the keratinocytes at the edge of the wound experience phenotypic
changes, which allow them to move across the surface of the wound. It is a process called
re-epithelialization and entails the reorganization of cytoskeleton, integrin switching and
inhibition of terminal differentiation. At this stage, Wnt/b-catenin and MAPK signalling
pathways are important in controlling the motility of the keratinocytes and gene expression
(43). The other characteristic of proliferation is angiogenesis. The response to hypoxia
and growth factors like VEGF by endothelial cells occurs by developing new capillary
networks in the granulation tissue. This neovascularization provides perfusion of oxygen
and nourishment, which promotes further growth of the tissues (44). The proliferative
stage is very sensitive to disruptions in signalling. Poor responsiveness to growth factors, or
angiogenic signalling or a metabolic stress can delay healing at this stage, which is common
in chronic wounds (45).

3.1.4 Remodelling and Maturation Phase

The remodelling phase is the final phase of wound healing, when the newly developed
tissue is reorganized to achieve the restoration of mechanical strength and functional
integrity. Compared to previous stages, remodelling is also less cellular and less metabolic
(46). The collagen type III that is deposited during proliferation is replaced by collagen
type 1, which is stronger and is thus built up during remodelling, which causes fibroblasts
to develop into myofibroblasts, which produce a contractile force that decreases the size
of the wound. TGF-b and mechanical signalling pathways at the molecular level mediate
the activity of myofibroblasts and the reorganization of matrix (47). The activity of matrix
metalloproteinases and inhibitors regulate the dismantling and the re-assembly of the extra-
cellular matrix components. This balance will provide adequate orientation of collagen
fibers along mechanical stress lines that increase tensile strength. The high deposition of
the matrix or long-term action of myofibroblasts may result in fibrosis and hypertrophic
scarring (48).

Apoptosis playsa crucial role during the remodelling phase. The surplus endothelial cells,
fibroblasts and immune cells undergo apoptosis after fulfilling their functions. Inability of
this clearance process creates abnormal tissue architecture (49). Signalling pathways slowly
resume normal levels in the process of successful healing to restore tissue homeostasis.
The remodelling period therefore ensures that wound healing progresses toward long-term
tissue stability as opposed to continuous activation (50). The sequential phases of normal
wound healing and their associated cellular events and dominant signalling pathways are
summarized in Table 1.

4. Global Burden and Clinical Challenges of Chronic Wounds
Chronic wounds represent one of the most persistent and underestimated public health
challenges worldwide. Their burden extends far beyond localized tissue damage, affecting
patients physically, psychologically, socially, and economically. Globally, chronic wounds affect
millions of individuals, with prevalence estimates suggesting that approximately 2-3 per 1,
000 people suffer from a chronic non-healing wound at any given time (51). This burden
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Table 1. Phases of Normal Wound Healing and Key Molecular Signalling Events

Wound Healing . Dominant Signalling Key Molecular
Phase ey Gl s Pathways Mediators
Haemostasis Platelet aggregation, clot formation TGF-B, PDGF signalling Fibrin, th’Ir‘grlil[;m' Foar
Inflammation Immune cell recruitment, debris clearance NF-xB, MAPK, JAK/STAT TNF-a, IL-l.B' 1L-6,
chemokines
Proliferation Keratlno.cyte mlgratlop, anglogenesm, PI3K/A¥<t, Wnt/B- VEGF, FGF, EGF, collagen
fibroblast proliferation catenin, VEGF I11
Remodelling ECM reorganization, tissue maturation TGF-B/Smad, Hippo- MMPs, TIMPs, collagen |

YAP/TAZ

is expected to rise substantially in the coming decades due to population aging, increasing
prevalence of diabetes, obesity, cardiovascular diseases, and prolonged life expectancy.
Among the most commonly encountered chronic wounds are diabetic foot ulcers, venous
leg ulcers, arterial ulcers, and pressure injuries, each contributing significantly to morbidity
and healthcare utilization (52). The global burden of chronic wounds is particularly evident
in elderly populations, who are disproportionately affected due to age-related physiological
changes, reduced tissue regeneration capacity, impaired immunity, and higher prevalence of
comorbidities (53). Studies indicate that chronic wounds are more prevalent in individuals
over 65 years of age, with rates escalating dramatically among those with diabetes or
vascular disorders. Diabetic foot ulcers alone affect millions worldwide each year and
represent one of the leading causes of non-traumatic lower-limb amputations. Alarmingly,
the five-year mortality rate following a diabetic foot ulcer or related amputation rivals or
exceeds that of several cancers, underscoring the severity of this condition (54). Beyond
clinical outcomes, chronic wounds exert a substantial economic burden on healthcare
systems. The cost of managing chronic wounds includes repeated hospital visits, prolonged
hospitalizations, frequent dressing changes, surgical debridement, antimicrobial therapy,
advanced wound care products, and long-term rehabilitation. In many countries, wound
care accounts for a significant proportion of healthcare expenditure, often comparable to or
exceeding costs associated with cardiovascular diseases or cancer. The financial burden is
further compounded by indirect costs such as loss of productivity, long-term disability, and
the need for caregiver support. For patients and families, this often translates into reduced
quality of life, emotional stress, and financial hardship (55).

From a clinical perspective, chronic wounds are particularly difficult to manage because
of their complex, multifactorial nature. Unlike acute wounds, which progress through an
orderly and timely healing cascade, chronic wounds frequently stall in the inflammatory
phase: persistent inflammation, excessive protease activity, impaired growth factor
signalling, reduced angiogenesis, and poor cellular responsiveness together hinder tissue
repair, compounded by ischaemia, hypoxia, and recurrent infection that further delay healing
(56). The presence of biofilms—structured communities of microorganisms encased in a
protective matrix poses a major clinical challenge, as these biofilms reduce the effectiveness
of antimicrobial agents and contribute to treatment resistance and wound chronicity (57).
Another major challenge in chronic wound management is the high prevalence of underlying
systemic conditions. Diabetes mellitus, peripheral arterial disease, venous insufficiency,
malnutrition, obesity, and advanced age significantly impair wound healing mechanisms.
Poor glycemic control, for instance, leads to microvascular damage, neuropathy, and immune
dysfunction, all of which predispose individuals to ulcer formation and delayed healing.
Similarly, venous hypertension and arterial insufficiency compromise tissue oxygenation
and nutrient delivery, further perpetuating non-healing wounds (58). These systemic factors
often coexist, making management more complex and necessitating a comprehensive,
multidisciplinary approach.
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Although these four wound types share overlapping downstream features such as
persistent inflammation and impaired angiogenesis, their primary aetiological drivers and
the signalling pathways most consistently reported to be dysregulated differ, as summarised
in Table 2.

5. Pathophysiology of Chronic Wounds

5.1 Persistent Inflammation

The hallmark pathological feature of chronic wounds is persistent inflammation,
representing a fundamental failure of the normal resolution process. In physiological wound
repair, inflammatory signalling is transient and limited, modulated to debride debris and
pathogens before yielding to regenerative processes (59). However, in chronic wounds,
these inflammatory processes fail to resolve and instead cause ongoing tissue damage and
repair failure. At the cellular level, chronic wounds are marked by sustained infiltration of
neutrophils and macrophages locked in a pro-inflammatory state. Neutrophils continue
releasing proteases, reactive oxygen species (ROS), and antimicrobial peptides; whereas this
process is protective in acute injury, it becomes cytotoxic when persistently stimulated. These
mediators degrade growth factors, damage extracellular matrix (ECM) constituents, and
disrupt cell migration (60). In chronic wounds, macrophages exhibit defective phenotypic
switching. In a healthy state, macrophages switch from an inflammatory to a reparative
phenotype, which facilitates angiogenesis and matrix production. This transitionisincomplete
or delayed in chronic wounds, leading to sustained secretion of pro-inflammatory cytokines
including TNF-a, IL-1f, and IL-6. This feedback enhances NF-«kB and stress-activated MAPK
signalling, which further supports the expression of inflammatory genes (61). Chronic
inflammation also interferes with wound microenvironment. Increased protease activity
causes the overexpression of ECM and cell surface receptors, which decreases the sensitivity
of fibroblasts and keratinocytes to growth factors. The inflammatory cytokines also prevent
the migration and proliferation of the keratinocytes, which directly interferes with re-
epithelialization (62). Local wound factors are not, however, the only cause of chronic

Table 2. Comparative Aetiological and Signalling Characteristics of the Principal Chronic Wound Types.
Pathway-specific evidence underlying each entry is discussed, with citations, in Sections 5 and 6

W e P et A Domma?t dys.regulated Distinguishing clinical/molecular
signalling feature
PI3K/Akt suppression (PTEN
Hyperglycaemia-driven | ), HIF-1 Peripheral neuropathy with reduced
. . upregulation), -la
Diabetic foot ulcer microvascular and pain perception; polyol- and AGE-
(DFU) inactivation, sustained NF-kB
neuropathic injury pathway-driven oxidative stress
activation

Venous hypertension,
TGF-B/Smad dysregulation Fibrin cuff impairing oxygen and
v 1 1 valvular incompetence,
enous leg uicer (Smad7-mediated block), nutrient diffusion;
(VLU) pericapillary fibrin cuff
MMP/TIMP imbalance lipodermatosclerosis
formation

Severe, sustained HIF-
Arterial/ischaemic Peripheral arterial disease, 1a/PI3K/Akt impairment

ulcer critical limb ischaemia with minimal compensatory
angiogenesis

Reduced or absent ankle-brachial
index; well-demarcated, painful ulcer
with pale wound bed

Repeated ischaemia-
NF-kB/oxidative-stress Deep tissue injury may precede
reperfusion injury from
Pressure injury amplification, p53/p21- visible skin breakdown; staged (I-
sustained mechanical
mediated cellular senescence V) clinical classification
loading
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inflammation. Systemic diseases such as diabetes, obesity, and vascular disease create a
pro-inflammatory environment that amplifies local immune reactions. Hyperglycaemia,
advanced glycation end products, and ischaemia alter intracellular signalling thresholds,
making immune cells harder to resolve (63). Sustained inflammation therefore becomes
a vicious pathological cycle: inflammatory signalling causes tissue damage, and tissue
damage in turn amplifies inflammation. Breaking this cycle is essential to restoring healing
competence in chronic wounds.

5.2 Impaired Angiogenesis and Vasculogenesis

Wound healing also requires adequate vascularization because newly created tissue
needs oxygen, nutrients and immune surveillance. Angiogenesis and vasculogenesis is
severely impaired in chronic wounds, which adds to ischemia and metabolic stress in the
wound bed (64). Angiogenesis during normal wound healing is stimulated by hypoxia-
induced signalling and release of growth factors, specifically vascular endothelial growth
factor (VEGF). The endothelial cells react to such signals by multiplying, migrating and
creating new capillary networks. Although backed by hypoxia, endothelial cells in chronic
wounds are less responsive to the angiogenic signals (44). The activation of downstream
pathways including PI3K/Akt and ERK is defective as a central contributor of this failure.
There is an increase in endothelial dysfunction that is additionally induced by oxidative
stress and chronic inflammation (65). Reactive oxygen species cause damage to endothelial
cell membranes, receptors, and intracellular signalling proteins which affects nitric oxide
bioavailability and vascular relaxation. Endothelial junctions are also perturbed by the
inflammatory cytokines, which elevate the vascular permeability, but do not enhance the
effective vessel formation (66). Vasculogenesis, which involves the recruitment of circulating
endothelial progenitor cells, is similarly affected: persistent systemic inflammation and
metabolic disease reduce the number and activity of these progenitor cells, thereby impairing
neovascularization (67). Additional limitations to vascular repair are the low mobilization
and homing of these cells. The effects of vascularization impairment are not limited to oxygen
deficiency. Hypoperfusion restricts the supply of nutrients, the effectiveness of immune cells,
and the elimination of metabolic waste. These conditions provide an unfavourable wound
environment which inhibits the activity of fibroblasts and the migration of keratinocytes
(22). Therefore, compromised angiogenesis and vasculogenesis are a cause and outcome of
the pathology of chronic wounds, which strengthens hypoxia in tissues and dysfunctional
signals.

5.3 Dysregulated Remodelling of the Extracellular Matrix (ECM)

Remodelling of extracellular matrix is a well-regulated process that offers structural
support and biochemical cues that are necessary during wound repair. In persistent wounds,
such a process is dysregulated resulting in excessive breakdown of the matrix and tissue
reconstruction failure. Innormal circumstances, the matrix metalloproteinases (MMPs) break
down the damaged components of ECM, and tissue inhibitors of metalloproteinases (TIMPs)
control their expression. This balance is disturbed in chronic wounds towards proteolysis
(68). High levels of MMP activity destroy newly synthesized matrix, growth factors, and cell
surface receptors, which do not allow forming stable granulation tissues. Excessive ECM
degradation interferes with cell adhesion and migration. The fibroblasts and keratinocytes
need intact matrix structures to anchor, diffuse and move successfully. Deficiency of matrix
integrity interferes with integrin-based signalling to a further extent of diminishing the
cellular responsiveness to repair signals (69). Also, a prolonged inflammation changes the
behaviour of fibroblasts. Rather than generating structured collagen networks, fibroblasts in
chronic wounds tend to have less synthetic capacity or to be in a senescent state. This leads
to deposition of poor-quality matrices which are not mechanically strong. Growth factor
availability is also impacted by ECM dysregulation. The matrix harbors many growth factors
which are discharged during remodeling in a controlled fashion. The result of excessive
protease activity is unregulated degradation which decreases the bioavailability of growth
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factors and signal duration (70). In general, dysregulated ECM remodelling compromises the
structural and signalling framework necessary to facilitate wound healing.

5.4 Cellular Senescence and Stem Cell Dysfunction

Cellular senescence is also emerging as one of the key contributors to chronic wound
pathology. Senescent cells are still metabolically active but they cannot proliferate and have
modified secretory phenotypes that adversely affect the wound environment. Cell cycle arrest
and anti-apoptotic properties are characteristic senescence-related traits of fibroblasts
and keratinocytes in chronic wounds (71). The cells release pro-inflammatory cytokines,
proteins, and ROS, all of which are referred to as senescence-associated secretory phenotype.
Such a secretory phenotype supports inflammation and matrix degradation which is chronic.
Stem and progenitor cells are involved in dysfunction that also limits regenerative capacity.
During physiological healing, resident and circulating stem cells have a role in repairing
the vascular and re-epithelializing (72). The inflammatory signalling, oxidative stress, and
metabolic abnormalities inhibit their recruitment, survival, and differentiation in chronic
wounds. The systemic diseases decrease the number and activity of stem cells, and the
local wound conditions suppress the process of integrating them into a regenerating tissue.
This causes the cellular reservoir to be lost, which is needed to regenerate (73). Therefore,
cellular senescence and dysfunction of stem cells form a regenerative bottleneck that causes
chronic wounds to get stuck into the inflammatory phase.

5.5 Role of Hypoxia and Oxidative Stress

Hypoxia is a physiologic part of early wound healing and a powerful angiogenetic and
metabolic adaptation stimuli. Yet, in chronic wounds, hypoxia is chronic and pathological,
which leads to the impeded healing. The long-term hypoxia interferes with the functioning of
mitochondria and raises the level of ROS. The overproduction of oxidative stress leads to the
destruction of cellular macromolecules, such as DNA, proteins and lipids, which destabilize
signal transduction and cell survival (74). The previous studies highlight that oxidative
injuries impair growth factor receptor signalling and diminish transcriptional reactions to
survival signals. Hypoxia-inducible factor-1a (HIF-1a) is the typical way of responding to
low oxygen tension. HIF-1a signalling in chronic wounds is frequently defective through
oxidative degradation or metabolic deregulation leading to an inadequate angiogenic and
metabolic adaptation (20). Hypoxia and oxidative stress increase the inflammatory and
tissue-destructive effect over regeneration, which contributes to the chronicity of wounds
(75). The key pathological features that distinguish chronic wounds from acute healing, along
with the underlying signalling dysregulation and functional consequences, are summarized
in Table 3.

Table 3. Pathophysiological Features of Chronic Wounds and Associated Signalling Dysregulation. Chronic
wounds persist due to a self-reinforcing microenvironment created by sustained inflammation, defective
angiogenesis, extracellular matrix breakdown, cellular senescence, and hypoxia-induced oxidative stress,
which together disrupt key regenerative signalling pathways (Figure 2)

Pathological Feature Molecular Abnormality Dysregulated Pathways Functional Consequences
Persistent . . . Tissue damage, protease
. . Sustained cytokine production NF-kB, MAPK, JAK/STAT

inflammation excess

Reduced endothelial

Impaired angiogenesis .
responsiveness

VEGF PI3K/Akt, HIF-1a Hypoxia, delayed granulation

TGF-3/Smad, MMP

ECM dysregulation Excessive matrix degradation . )
signalling

Poor structural integrity

Cellular senescence Reduced proliferative capacity p53, PI3K/Akt suppression  Delayed re-epithelialization

Oxidative stress Elevated ROS levels NF-kB, MAPK activation Cellular injury, apoptosis
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Fig. 2. Pathophysiological hallmarks of chronic wounds. This schematic is depicted as the multifactorial
processes which maintain chronic wound pathology. The microenvironment of the chronic wound that is
constantly formed under the influence of five interdependent pathological processes. Acute inflammation
leads to persistent inflammation due to the continued presence and dominance of neutrophils and the
subsequent production of high levels of pro-inflammatory cytokines (TNF-a, IL-1b, IL-6) and sustained
activation of NF-kB, MAPK, and JAK/STAT signalling pathways and excessive release of proteases. Impaired
angiogenesis occurs due to endothelial dysfunction and decreased sensitivity to vascular endothelial
growth factor (VEGF) through dysfunctional PI3K/Akt and HIF-1a signalling and results in the deficiency
of neovascularization and tissue perfusion. The dysregulation of extracellular matrix (ECM) is marked
by a disproportion of the presence of matrix metalloproteinases and their inhibitors (MMPs/TIMps), an
increased rate of collagen degradation, and disturbed TGF-b/Smad signalling, which leads to an unstable
wound matrix. Cell-cycle arrest, p53 activation, and secretion of senescence-associated secretory
phenotype (SASP) are additional mechanisms that weaken tissue regeneration through cellular senescence
of fibroblasts and keratinocytes. The cellular dysfunction and signalling failure are aggravated by hypoxia
and oxidative stress characterized by the chronic lack of oxygen, the overproduction of reactive oxygen
species (ROS), and impaired stabilisation of HIF-1a. Together, such interrelationships strengthen a negative
wound environment that does not allow the process to proceed towards successful healing.

6. Major Signalling Pathways in Chronic Wound Healing

The nine pathways described in this section are presented individually for clarity, but
they are not independent entities in chronic wounds: as summarised in Section 7.3 and
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returned to in the Discussion, extensive crosstalk links these axes into an interconnected
network, and it is this network-level dysregulation, rather than isolated pathway failure, that
is proposed to underlie the persistence of chronic wounds.

6.1 TGF-b/Smad Signalling Pathway

This pathway involves several complex interactions between ligand, receptor and
transcription factor otherwise known as agonist-antagonist interactions. Transforming
growth factor-b (TGF-b) signalling pathway is one of the most important regulators of wound
healing that has pleiotropic effects on inflammation, fibroblast activation, extracellular matrix
(ECM) production and tissue remodelling (76). TGF-b is a molecular switch that induces the
switching between inflammation and tissue rebuilding in normal wound repair. Nevertheless,
during chronic wounds, the TGF-b / Smad signalling is impaired, which leads to poor healing
processes. TGF-b ligands stimulate the type Il TGF-b receptors which in turn recruit type I
receptors and phosphorylate them (77). The receptor complex activates receptor-mediated
Smad proteins (Smad2 and Smad3) that in turn interact with Smad4 and translocate to the
nucleus in a bid to mediate gene transcription. These transcription programmes regulate the
synthesis of collagen, proliferation of fibroblasts and differentiation of myofibroblasts (78).
It has been highlighted in the literature that it is important that this pathway be activated
with precision, i.e., early activation is required to promote repair, but continued or excessive
activation is pathological. In chronic wounds, TGF-b signalling is usually incapacitated
regardless of the increase in ligand levels. High levels of protease activity impair TGF-b
receptor and co-receptors thereby decreasing the signal transduction. Inflammatory
cytokines also disrupt activation of Smads by enhancing the expression of Smad7 that
inhibits phosphorylation by receptors. This leads to the inability of fibroblasts to generate
structured ECM, and contraction of the wound is impaired (79). Also, TGF-b signalling is
altered, which influences the immune regulation. In normal conditions, TGF-b inhibits excess
inflammation by down-regulation of production of pro-inflammatory cytokines. TGF-b
decreased responsiveness in chronic wounds maintains increased inflammatory signals
that enhance tissue damage. However, in other situations, aberrant TGF-b stimulation can
stimulate fibrosis and overgrowth instead of functional regeneration. The duality of TGF-b
also points to the difficulty of therapeutically targeting this pathway (80). Mechanisms that
are effective should reinstate physiological signalling harmony instead of merely augmenting
or repressing the activity of pathways. The contextual regulation of TGF-b/Smad signalling is
still the key to designing specific therapy to catheterize the chronic wound healing.

6.2 Wnt/b-Catenin Signalling Pathway

WNT /b-catenin signalling is essential in regeneration of the epidermis, activation
of stem cells and patterning of tissues during wound healing. Transient Wnt signalling by
normal repair stimulates keratinocyte proliferation and migration and leads to rapid re-
epithelialization. The pathway mal-regulation is intimately associated with the inability
to repair epithelia in chronic wounds (81). Canonical Wnt signalling Wnt ligands that bind
Frizzled receptors and LRP5/6 co-receptors prevent the destruction complex of b-catenin.
The accumulated b-catenin stabilized in the cytoplasm translocates to the nucleus controlling
transcription of cell proliferating, cell migrating, and cell maintenance genes. This signalling
is spatially limited in the case of acute wounds to the wound edge and basal epidermal layers
(82). WNT/b-catenin, in chronic wounds, is usually diminished or improperly localized.
Nucleartranslocationisdisrupted and b-cateninis destabilized by oxidative stressand chronic
inflammation. Keratinocytes are also modulated in expression of receptors by inflammatory
mediators, turning them unresponsive to Wnt ligands. Consequently, keratinocyte migration
is reduced and re-epithelialization is postponed (83). WNT signalling defects are further
complicated by stem cell dysfunction. Hair-follicle-derived and interfollicular stem cells rely
on Wnt signalling to exit quiescence and contribute to wound repair; impaired Wnt signalling
in chronic wounds therefore reduces regenerative capacity by limiting stem-cell-driven
epithelial repair. Prolonged or excessive Wnt activation is equally problematic, however,
resulting in abnormal differentiation or fibrosis (84). This underscores the importance of
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the balanced Wnt signalling in the course of effective healing. The pathway therapy must be
carefully timed and spatially controlled to prevent the negative effects.

6.3 PI3K/Akt/mTOR Signalling Pathway

PI3K/Akt/mTOR pathway is a key regulator of cell survival, metabolism, migration and
angiogenesis in wound healing. This signal transduction pathway combines all growth factor,
cytokine, and extracellular matrix interaction signals into a series of cellular responses. The
studies are continually pointing a similar defect with impaired PI3K/Akt signalling in chronic
wounds, especially in diseased conditions of a metabolic malfunction like diabetes (85). This
pathway is activated by stimulating receptor tyrosine kinases with growth factors which
activates phosphoinositide 3-kinase (PI3K) and phosphatidylinositol-3, 4,5-trisphosphate
is produced. This lipid second messenger recruits Akt to the plasma membrane, which is
then activated and controls downstream pathways, such as mTOR. These signals together
stimulate protein synthesis and cell survival coupled with cytoskeletal rearrangement (86).

PI3K/Aktsignalling promotes the migration of keratinocytes, fibroblast proliferation and
endothelial cell survival in normal wound healing. It also increases the production of nitric
oxide that activates angiogenesis. In chronic wounds, the activation of Akt by oxidative stress
and inflammatory mediators leads to decreased cellular responsiveness to growth factors.
This is further disturbed in hyperglycemia which activates phosphatases that inactivate Akt
(87). mTOR pathology is one of the causes of maladaptive protein synthesis and metabolism
in wound cells. The low activity of mTOR inhibits the production of the fibroblast matrix and
cell proliferation of the keratinocytes, which halts tissue regeneration. Restoring PI3K/Akt/
mTOR signalling, the wound-healing process is improved in experimental models, which
makes it therapeutically relevant (88).

6.4 MAPK (ERK, JNK, p38) Signalling Pathways

The mitogen-activated protein kinases (MAPK) signal transduction mechanisms play an
important role in the wound healing process by mediating inflammation, cell proliferation,
migration, and cell stress responses. The three branches of MAPK namely, ERK, JNK and p38,
have different yet connected roles. Dysregulated MAPK signalling is one of the factors that
leads to chronic inflammation and impaired repair in chronic wounds. Cell proliferation
and migration are mainly linked to the ERK signalling. During normal healing, the ERK
activation stimulates the growth of keratinocytes and fibroblasts in the proliferative stage.
The insufficiency or transient nature of ERK signalling in chronic wounds limits regenerative
ability (89-93). Stress stimuli, such as oxidative stress and inflammatory cytokines, on the
other hand, trigger J]NK and p38 pathways. Transient activation is helpful in immune defense
whereas persistent activation is facilitated to promote apoptosis, cytokine production,
and tissue damage. The non-healing wounds have a sustained JNK and p38 activation that
strengthens the inflammatory signalling and prevents the tissue regeneration. The imbalance
of the MAPK pathway so changes the wound environment towards catabolism as opposed
to regeneration (94). Precise targeting of MAPK signalling is a potential therapeutic strategy
that can be employed to restore healing balance.

6.5 NF-kB Signalling Pathway

NF-kB is a key regulator of inflammatory gene expression and immune responses
during wound healing. NF-kB activation in acute wounds is short and quick and is adequate
to protect against pathogens. NF-kB signalling however becomes permanently active in
chronic wounds, leading to pathological inflammation. NF-kB is activated by degradation
of inhibitory IkB proteins and NF-kB dimers can then move to the nucleus and initiate
transcription of cytokines, chemokines and adhesion molecules. Chronic wounds have high
rates of TNF-a, IL-1b, and IL-6 due to the sustained NF-kB activity (95). Constant NF-kB
signalling suppresses the migration of keratinocytes, activates the production of proteases,
and lowers growth factor signalling. It also disrupts macrophage polarization, which does
not allow switching to reparative phenotypes (96). Selective inhibition of NF-kB with little
or no effect on host defence would therefore be of great interest in the context of therapeutic
strategies.
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6.6 JAK/STAT Signalling Pathway

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway is
an immunomodulator-mediated cytokine-based communication between immune cells and
skin-resident cells. This pathway is important in controlling wound healing inflammation,
proliferation of cells, and immune resolution. To promote transcription of phosphorylated
and translocated nuclear STAT, cytokine binding causes JAK kinases to be activated (97).
Prolonged JAK/STAT activation which is sustained by excess cytokine signalling in chronic
wounds supports sustained expression of inflammatory genes. The development of chronic
inflammation involves the aberrant STAT activation that interferes with the macrophage
polarization and the work of fibroblasts (98). The JAK/STAT signalling would provide
opportunities to adjust immune reactions and provide wound homeostasis.

6.7 The Hippo-YAP/TAZ Signalling Pathway

The Hippo pathway regulates organ size, cell growth and tissue renewal by use of
YAP and TAZ transcriptional co-activators. Mechanical cues and cell density during wound
healing regulate YAP/TAZ activation, which facilitates YAP/TAZ migration and proliferation
of keratinocytes. In chronic wounds, the activity of YAP/TAZ is impaired by impaired
mechanical signalling and inflammatory stress. The decreased Hippo signalling inhibits
epithelial regeneration and granulation tissue formation, which causes slow healing (99).

6.8 Notch Signalling Pathway

Notch signalling regulates cell differentiation, epidermal homeostasis, and angiogenesis.
Subsequent interactions between ligands and receptors between adjacent cells activate it,
and the differentiation-related genes are transcriptionally regulated. In chronic wounds, the
impaired keratinocyte differentiation and vascular stability are caused by the altered Notch
signalling. Unregulated Notch signalling also helps in maladjusted epithelial stratification
and dysfunctional angiogenesis (100).

6.9 Mediating Hypoxia Signalling through HIF-1a

One of the major regulators of adaptation to low oxygen in cells is hypoxia-inducible
factor-1a (HIF-1a). HIF-1a increases angiogenesis, glycolytic metabolism, and cell survival
in acute wounds. In chronic wounds, the HIF-1a signalling, however, is often defective, as a
consequence of oxidative stress and metabolic dysfunction. Dysfunctional HIF-1a signalling
limits VEGF induction and the angiogenic response, sustaining the ischemia. Rescue of
hypoxia-sensitive signalling is a strong potential line of therapeutic intervention in chronic
wound healing (101).

The major intracellular signalling pathways implicated in chronic wound healing, their
biological roles, patterns of dysregulation, and therapeutic implications are summarized in
Table 4.

Table 4. Key Signalling Pathways Implicated in Chronic Wound Healing

Dysregulation in Chronic

Signalling Pathway Primary Biological Role Wounds Therapeutic Implications
TGF-B/Smad ECM synthesis, fibrosis Impaired matrix deposition Pro-fibrotic modulation
PI3K/Akt/mTOR Cell survival, metabolism Reduced activation Cell survival enhancement

X i L Anti-inflammatory
NF-kB Inflammatory regulation Chronic activation .

targeting

MAPK St ) . . . S
(ERK/JNK/p38) ;iji;:::t?:je Excessive stress signalling Selective inhibition

Wnt/-catenin Cell fate, regeneration

HIF-1a Hypoxia adaptation

Suppressed signalling

Impaired stabilization

Tissue regeneration

Angiogenesis promotion
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7. Inflammatory and Immune Signalling in Chronic Wounds

7.1 The role of Macrophage Polarization (M1/M2)

Macrophages are the primary immune controllers of wound healing, acting as dynamic
regulators of both inflammatory and reparative cues. In normal wound repair, macrophages
are highly plastic, shifting from a pro-inflammatory phenotype in early injury to a reparative
phenotype during tissue regeneration. This phenotypic transition fails to occur successfully
in chronic wounds (102). At the initial inflammatory stage, the macrophages shift towards a
classical activated /pro-inflammatory phenotype, which involves the generation of cytokines
e.g., TNF-a, IL-1b and IL-6. These mediators increase pathogen clearance and attract more
immune cells. NF-kB, JAK/STAT and p38 MAPK are some signalling pathways that drive this
phenotype (103). This activation in acute wounds is limited and short-lived. The macrophages
in healing normally transition to an alternatively activated reparative phenotype as the
healing progresses. VEGF, PDGF and TGF-b are the growth factors released by the reparative
macrophages, which encourage angiogenesis, fibroblast activation, and deposition of the
extra-cellular matrix. The process of this transition is facilitated by cytokine exposure
rearrangements, metabolic re-organization and intra-cellular signalling readjustments (61).
In chronic wounds, macrophages tend to remain trapped in the pro-inflammatory phase.
Constant exposure to inflammatory cytokines, oxidative stress, and metabolic dysregulation
inhibits phenotypic switching. Hyperglycaemia, ischaemia, and microbial burden alter
macrophage signal transduction, sustaining NF-kB and STAT activation while repressing
reparative signalling pathways. This imbalance has severe effects on wound healing (104).
Pro-inflammatory macrophages also secrete proteases and reactive oxygen species that break
down extracellular matrix components and growth factors. Meanwhile, the lack of reparative
mediators restrains fibroblast proliferation, angiogenesis, and epithelial regeneration. The
wound environment thereby becomes self-perpetuating, as inflammation intensifies tissue
destruction and blocks healing (105). One of the opportunities of therapy is the restoration
of macrophage plasticity. Instead of the general immunosuppression, targeted control of
the macrophage signal transduction can provide a solution to restore the inflammatory-
reparative balance that is required to resolve a wound.

7.2 Chronic Inflammation Cytokines and Chemokines

The major communication system in wound healing by the immune system is made
up of cytokines and chemokines. These soluble mediators are generated in a carefully
controlled time program which is effective defence followed by resolution in acute wounds.
This regulatory system fails in the case of chronic wounds, which leads to prolonged
cytokine signalling and perpetuation of inflammation (106). TNF- a, IL-1b and IL-6 are
known pro-inflammatory cytokines which are consistently higher in chronic wounds. These
cytokines promote intracellular signalling pathways such as NF-kB, MAPKs, which promote
transcription of inflammatory genes and proteolytic enzymes. The persistent exposure to
these mediators has been shown to inhibit the migration of keratinocytes, inhibit the activity
of fibroblasts and disrupt the extracellular matrix constituents. The chemokines also enhance
the inflammation by constantly bringing the immune cells to the wound (107). The continuous
chemokine gradients prevent the elimination of immune response and ensure a high cellular
density of the wound bed. This overload of immune response enhances oxidative stress and
protease action thus worsening tissue damage. The anti-inflammatory cytokines normally
counter the effect of inflammatory signalling are inadequate or ineffective in chronic wounds.
There is also lowered sensitivity of regulatory cytokines which worsens resolution (107).
Persistent inflammation also alters the expression of cytokine receptors and downstream
signalling responses, causing abnormal physiological responses despite the presence of
growth factors. Cytokine signalling in chronic wounds does not act in isolation: cytokines
are closely connected to growth factor pathways, mechanical signals, and metabolic signals.
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Persistent inflammatory cytokines effectively disrupt regenerative signalling, suppressing
PI3K/Akt and Wnt signalling and thereby impairing tissue repair (17). The cytokine network
dysregulation is important in the understanding and development of specific therapies that
inhibit pathological inflammation without affecting the vital immune defences.

7.3 Cross-Talking between Immune-cells and Skin Cells

The communication between the immune cells and the skin-resident cells, such
as keratinocytes, fibroblasts, and endothelial cells, is constant to ensure the successful
wound healing. This two-way crosstalk aligns immune defence and tissue regeneration.
In chronic wounds, the broken interaction among these cells groups plays a large role in
poor healing. The immune cells control the behaviour of skin cells via cytokine and growth
factor signalling (108). Macrophage-mediators control the proliferation of fibroblasts,
their matrix as well as angiogenesis. Keratinocytes also act on immune cues by changing
migration, differentiation, and restoring the barrier. In normal healing, these interactions
are stage-specific adaptive interactions (109). This communication network is dominated
by immune-derived inflammatory signals in chronic wounds. Chronic exposure to cytokines
causes changes in gene expression of the keratinocytes reducing their migratory ability and
aberrant differentiation. Chronic inflammatory stimulated fibroblasts have decreased matrix
production and could be senescent. On the other hand, dysfunctional skin cells also affect
immune behaviour. Injured keratinocytes secrete danger-associated molecular patterns
which sustain immune activation. Damaged fibroblasts are not able to give structural and
biochemical signals of immune resolution. Endothelial dysfunction restricts the immune cells
traffic and angiogenesis(5, 110). The interrupted crosstalk provides a feedback mechanism
whereby immune dysfunction and tissue failure mutually reinforces each other. To correct
such a breakdown in communication, it would be necessary to induce specific changes in
signalling pathways at the immune-skin interface instead of specifically changing a single
cell type.

8. Angiogenic and Vasculogenic Signalling Targets

8.1 VEGF-Dependent Pathways

The main mediator of angiogenesis in wound healing is vascular endothelial growth
factor (VEGF) signalling, which is critical in the process of restoring tissue perfusion
following the wound. Under normal wound repair conditions, hypoxia and inflammatory
signals trigger VEGF expression that subsequently triggers endothelial cell proliferation,
migration, and survival. The VEGF signalling is required to mediate new vessel formation, as
well as vascular permeability and extracellular matrix remodelling (111). VEGF has effects
which are mainly mediated by binding to VEGF receptor-2 on endothelial cells. Receptor
autophosphorylation and activation of downstream signalling, such as PI3K/Akt and MAPK/
ERK signalling is stimulated by ligand-receptor interaction. These signalling pathways
enhance survival of endothelial cells, reorganization of cytoskeleton as well as directional
migration of the cells towards angiogenic factors. VEGF signalling in acute wounds is highly
localized to regions of the wound bed hypoxia with a decrease in hypoxia as the wound bed
is vascularized (112). VEGF signalling is often dysfunctional in chronic wounds even in the
presence of ongoing hypoxia. Oxidative stress and inflammatory mediators inhibit VEGF
receptor activation and downstream signal transduction. Endothelial cells show reduced
responsiveness to VEGF, resulting in ineffective or poorly organised vessel formation, while
excessive protease activity degrades VEGF and its receptors, further reducing signalling
efficiency (113). Disrupted VEGF signalling is one of the factors contributing to insufficient
oxygen and nutrient supply, which in turn sustains hypoxia and metabolic stress in the
wound. This forms a vicious cycle in which hypoxia fails to induce effective angiogenesis,
increasing wound chronicity. Simply increasing ligand availability is therefore less important
than therapeutic measures that restore VEGF pathway responsiveness (114).
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8.2 PDGF and FGF Signalling

Platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF) signalling
pathways are complementary, together stimulating fibroblast recruitment, matrix deposition,
and angiogenesis in wound healing. Specifically, these pathways promote the formation and
stabilisation of new blood vessels by supporting granulation tissue formation. Platelets are
the earliest source of PDGF release, with macrophages and endothelial cells subsequently
contributing further PDGF as healing progresses. PDGF binding to its receptor triggers
intracellular cascades, including PI3K/Akt and MAPK, that promote fibroblast proliferation
and migration into the wound bed. PDGF-mediated pericyte recruitment also supports vessel
maturation and stability (115). FGFs, specifically FGF-2s promote proliferation of endothelial
cells as well as promoting angiogenic sprouting. FGF signalling promotes migration of the
keratinocytes and fibroblast activity in a synergistic manner with VEGF. In healthy tissue
repair, the PDGF and FGF signalling have been closely controlled to achieve balanced tissue
development. PDGF and FGF signalling is usually suppressed in chronic wounds. The pathway
is inhibited by receptor downregulation, ligand proteolytic degradation, and intracellular
signalling malfunction (116). The compromised responsiveness instead of the lack of the
ligand is a significant impediment, which is why the application of growth factor therapies to
clinical environments has been achieved only with limited success. Re-initiation of PDGF and
FGF signalling activity is one of the major therapeutic intervention goals.

8.3 Endothelial Dysfunction in Chronic Wounds

Endothelial dysfunction has become a focal pathological phenomenon in the
pathogenesis and maintenance of chronic wounds. The vascular endothelium is central
to sustaining tissue homeostasis by modulating vascular tone, vascular permeability,
leukocyte trafficking, angiogenesis, and coagulation. A normal endothelium is important
for wound healing, promoting blood flow, oxygen and nutrient supply to the wound, and
the development of new microvasculature (117). A decrease in endothelial integrity and
function disturbs the well-orchestrated wound repair process, putting wounds at risk of
chronicity. Endothelial cells in chronic wounds display structural damage and functional
impairment associated with low nitric oxide (NO) bioavailability, oxidative stress, and a
persistent pro-inflammatory phenotype (118). NO is one of the key endothelial-mediators
that facilitate vasodilation, platelet aggregation inhibition and angiogenesis. The damage of
endothelium causes decreased production of NO, which causes vasoconstriction, a decrease
in perfusion, and tissue hypoxia. Hypoxia is only temporarily useful in wound healing in acute
wounds but is harmful when sustained, as in chronic wound healing, where the migration of
keratinocytes, fibroblast action and collagen formation are inhibited by hypoxia (119).

Another characteristic of chronic wounds is persistent inflammation, which is strongly
interconnected with endothelial dysfunction. Damaged or stimulated endothelial cells express
adhesion molecules and release pro-inflammatory cytokines (tumour necrosis factor-a) and
chemokines that sustain leukocyte recruitment. Although immune cell infiltration is required
during the early inflammatory stage of wound healing, its continued presence results in
excessive protease activity, extracellular matrix (ECM) breakdown, and additional endothelial
injury (120). This forms a vicious, self-perpetuating cycle in which inflammation and
endothelial dysfunction reinforce each other, preventing the wound from progressing to the
proliferation and remodelling stages of healing. Endothelial dysfunction also has a dramatic
impact on angiogenesis, an essential process in granulation tissue formation. Dysregulated
angiogenic mediators in chronic wounds include vascular endothelial growth factor (VEGF)
and angiopoietins. Although VEGF levels can be high, endothelial responsiveness to these
signals is often inadequate, manifesting as endothelial cell apoptosis, poor migration, and
poor tube formation (121). There is a further contribution of immature and leaky neo vessels
by an imbalance between angiopoietin-1, which maintains the stability of blood vessels,
and angiopoietin-2, which induces vascular destabilization. Consequently, the granulation
tissue is never well vascularized and does not have sufficient functional capacity to aid
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wound closure (122). The endothelial dysfunction of chronic wounds also overlaps with the
transformation of growth factor-b (TGF-b) signalling. TGF-b is important in the regulation
of inflammation, fibroblast activation, myofibroblast differentiation and ECM deposition.
TGF-b expression and signalling changes have been linked to endothelial injury resulting
in inadequate myofibroblast availability and retarded collagen expression (123). These
alterations impair tensile strength of the wounds and retard re-epithelialization which is
seen in non-healing wounds. Together endothelial dysfunction leads to the development of
chronic wound pathology by reducing perfusion, perpetuating inflammation, interfering with
angiogenesis and modulating growth factor signalling. The evidence indicates that chronic
wounds are not only a focal defect of the skin but the expression of vascular pathology. The
therapeutic approach focused on endothelial functional recovery, including but not limited
to increasing the bioavailability of NO, releasing oxidative stress, balancing inflammatory
reactions, and restoring angiogenic and TGF-b signalling, has great potential. Attacking the
endothelium can thus be a convergent and useful intervention to interrupt the pattern of
lower healing and lead to proper healing of chronic wounds (124).

9. Novel Molecular Targets and regulating factors

9.1 MicroRNA and Long Non-Coding RNA

The microRNAs (miRNAs), long non-coding RNAs (IncRNAs) have become the key
players of post-transcriptional regulation of gene expression during the wound healing
process. In contrast to protein-coding genes, these non-coding RNAs, control cellular
responses by regulating mRNAs stability, translation and chromatin organization. Non-
coding RNAs are dysregulated, which plays a role in the disruption of signalling in the chronic
wounds (125). The miRNAs are small RNA molecules which inhibit gene-transcription
through binding with complementary sequences on target mRNAs (126). Certain miRNAs
that control inflammation, angiogenesis, and keratinocyte migration are activated in normal
wound healing by acting on important signalling components. As an example, some miRNAs
tone down overproduction of inflammatory signalling through NF-kB activation, whereas
others stimulate angiogenesis through stabilisation of VEGF pathways (127). There is a
significant change in the expression profile of miRNA in chronic wounds. Pro-inflammatory
miRNAs are usually increased which helps in maintaining the production of cytokines and
the recruitment of immune cells. On the other hand, angiogenic and epithelial regenerative
miRNAs are suppressed. It is an imbalance that alters the intracellular signalling networks
and abates the cell responsiveness to growth factors (128). Long non-coding RNAs can have
an action in different ways, such as scaffolding protein complexes, controlling chromatin
accessibility and controlling the activity of transcription factors. The IncRNAs affect the
fibroblast activation, endothelial cell activity, and the polarization of macrophages. In chronic
wounds, the expression of IncRNA is aberrant and this leads to prolonged inflammation and
impaired remodelling of the matrix of the tissue. A possible approach to reestablish signalling
equilibrium is to target non-coding RNAs (129). They are promising therapeutic targets
because of their capability to control various genes at once, but delivery and specificity
issues still exist.

9.2 Signalling by Exosomes and Extracellular Vesicles

Exosomes and other extracellular vesicles (EVs) are becoming important mediators
of intercellular communication during wound healing. These vesicles are nanoscale and
carry proteins, lipids and nucleic acids across cell boundaries which allows a coordinated
response throughout the wound microenvironment. The EV-mediated signalling is a key to
regulate inflammation, angiogenesis and tissue regeneration. Under healthy wound repair,
EVs secreted by immune cells, fibroblasts, keratinocytes, and stem cells transmit regulatory
signals, which enhance healing (130). The exosomes of stem cells, especially the ones of
the derivative fabric, transmit miRNAs and growth factor-related proteins that stimulate
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angiogenesis and fibroblast activities. Target cells have intracellular pathways (PI3K/
Akt and MAPK) that are activated by these vesicles to aid survival and migration (131).
EV signalling is dysregulated in chronic wounds. The EVs discharged by inflammatory
cells contain pro-inflammatory mediators, which supplement the immune activation.
Simultaneously, regenerative EV signals are reduced because of stem cell dysfunction and
cellular communication. This disproportion leads towards inaccurate signalling coordination
in the bed of the wound (132). Exosome-based strategies represent a promising therapeutic
opportunity: compared to cell-based therapies, exosomes are less immunogenic and
simpler to standardise. This evidence remains preclinical: in animal chronic-wound models,
administration of regenerative EVs has been reported to restore angiogenic and anti-
inflammatory signalling, but human clinical data are not yet available. Nevertheless, there are
still issues with the isolation, characterization and delivery of EVs (133). This will be critical
in understanding the EV cargo composition and targeting mechanisms and translating the
same to clinical use.

9.3 Epigenetic Control of Wound Healing Mechanisms

Epigenetic regulation is very important in regulating the expression of genes in wound
healing without modifying the basic DNA sequence. Cellular responsiveness to signalling
cues is regulated by epigenetic mechanisms such as DNA methylation, histone modifications
and chromatin remodelling. The epigenetic disturbance is one of the points that promote the
maintenance of pathological signalling of chronic wounds (134). During the normal wound
healing, epigenetic events enable cells to change their gene expression programs at a rapid
rate in response to injury. As an illustration, histone acetylation increases inflammatory
and proliferation genes accessibility at the early phases and subsequently suppresses these
genes in later stages to promote resolution and remodelling (135). Persistent inflammatory
signalling causes durable changes in epigenetics in chronic wounds, which entrap cells in
maladaptive positions. There are also changes in the methylation of fibroblasts and immune
cells which inhibit regenerative genes and up regulate inflammatory genes. Such epigenetic
changes decrease the plasticity of cells and minimize an ability to respond to growth factors
(136). Hyperglycemia, hypoxia, and oxidative stress are other elements of the environment
that have an impact on the epigenetic control. The chromatin-modifying enzyme activity
is modified by the metabolic stress, which strengthens chronic wound pathology (137).
Epigenetictherapies hold anew avenue of intervention. These techniques can also reestablish
normal signalling dynamics by reprogramming gene expression profiles. Specificity and
safety are however key considerations.

10. Therapeutic Interventions of Signalling Pathways

10.1 Small-Molecule Inhibitors and Activators

Small-molecule therapeutics: one of the most flexible approaches to regulating
dysregulated signalling pathways in chronic wound healing. The agents are geared to inhibit
or activate directly the major intracellular signalling components in a selective manner, which
will restore the balance between the inflammatory and regenerative processes. The small
molecules have the benefit of controlled dosing, tissue penetration, and ability to control
intracellular targets that biologics do not have access to (10). The activation of inflammatory
pathways like NF-kB and stress-related MAPKs persists in chronic wounds, and it increases
the degradation of the tissue and the impairment of repair. Small-molecule inhibitors of
these pathways have reduced excessive cytokine release and protease activity in preclinical
(cell culture and animal) models; these agents reduce the pathological inflammation,
which makes the microenvironment more favourable to tissue regeneration (138). On the
other hand, small molecule agonists of regenerative signalling seek to improve signalling
that is impaired in chronic wounds. Compounds that increase PI3K/Akt/HIF-1a signalling
have been shown to promote cell survival, angiogenesis, and metabolic adaptation (128).
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Restoring downstream signalling sensitivity is often more effective than simply increasing
growth factor levels. Small-molecule therapies have specificity issues, and systemic effects
are a challenge to their clinical potential. The signalling pathways involved in wound healing
also regulate key physiological processes in other tissues. (139) Thereby, localized delivery
and formulations are essential to reduce off-target effects and the therapeutic benefit as
much as possible.

10.2 Growth Factors and Biologics

Biologic agents and growth factors have long been considered as therapeutic modulators
of chronic wound healing because of their core role in regulating cell behaviour. Growth
factors such as PDGF, VEGF and FGF directly stimulate cell proliferation, migration, and
angiogenesis, butclinical responses to growth factor therapy have been variable. Becaplermin
(recombinant PDGF-BB) remains the only growth-factor formulation with regulatory
approval for chronic wound care (diabetic foot ulcers); most other growth-factor and
biologic approaches remain at the preclinical or early-phase clinical stage (Table 5). The first
limitation is disrupted growth factor signalling in chronic wounds. Cellular responsiveness
is inhibited by receptor downregulation, protease-mediated degradation, and intracellular
signalling defects (2). This leads to the fact that a mere rise in ligand concentration does
not usually regain healing. Biologic treatment of inflammatory mediators has also received
investigation. Neutralization of pro-inflammatory cytokines with antibodies is expected
to eliminate pathological inflammatory responses and induce resolution. Although these
therapies have been shown to be effective in the laboratory, they have proven difficult to apply
to wound care because of the risk of infection and the weakening of the immune system. The
combination strategies, meaning combining growth factors with signalling modulators or
biomaterials, could be more effective, defending ligands or promoting receptor interactions
(140).

Table 5. Therapeutic Strategies Targeting Signalling Pathways in Chronic Wound Healing, with
Representative Agents and Evidence Level

. Targeted . Mechanism of Evidence level / S
Therapeutic approach R Representative agent(s) action T I Limitations
Preclinical to early
translational; wound-
NEc RuXOht.m}il.Jb(:Op)lcal JAK Pathway sp.)(eiaflc };.um'fnd
-K inhibitor); S evidence limite
- ¢ g hibiti =
Small-molecule modulators PI3K/Akt  rapamycin/sirolimus mn 1 ! 1.or1/ (ruxolitinib evidence Off-target effects
(mTOR inhibitor) activation largely extrapolated
from atopic
dermatitis)
Approved
Becaplermin (PDGF-BB, (becaplermin) to
Phase II (newer Reduced receptor
approved for DFU); Enhanced . e .
. . VEGF, PDGF, . R formulations); sensitivity in chronic
Growth factors/biologics rhPDGF-BB collagen  proliferation & _.
FGF . . . BioChaperone PDGF- wound
dressing (ABSOLVE, angiogenesis . .
NCT03037970) BB reached Phase III microenvironment
(NCT02236793,
completed 2016)
Natural NF_}.{B’ e.g.,, curcumin, . Anti- Predominantly Variable
compounds/phytochemicals antioxidant resveratrol inflammatory, reclinical bioavailabili
p phy pathways redox control p ty
Controlled
Growth-factor-loaded delivery, ECM  Preclinical to Phase
. hydrogel scaffolds; o . o .
. . Multiple . mimicry, or IV (device-specific; Manufacturing
Biomaterials/nanotechnology topical wound oxygen . .
pathways . physical VaLUe I currently complexity
device (VaLUe |, correction of recruiting)
NCT06754735) : 6
hypoxia
Autologous stem-cell Molecular Early-phase clinical
Gene/cell-based therapies PI3K/AKkt, thegrapy (g correction, (Phase I/1I); Cost, regulatory
Wnt, VEGF NCT05234086) paracrine manufacturing not hurdles

effects standardised
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10.3 Natural Compounds and Phytochemicals

Because of the multi-targeted nature of their biological actions, natural compounds and
phytochemicals have become more and more popular as adjunctive agents in chronic wound
care. Natural agents have anti-inflammatory, antioxidant, and pro-angiogenic actions, which
means that they can regulate multiple signalling pathways at a time (141). The natural and
plant-derived compounds have the ability to inhibit NF-kB, decrease oxidative stress, and
stimulate growth factor signalling. These compounds have a wider regulatory effect, in
contrast to highly specific synthetic agents, and can be beneficial in the complicated pathology
like chronic wounds. Nevertheless, inconsistency in bioavailability, strength and formulation
is a major effect (142). Evidence for natural compounds in chronic wound healing remains
predominantly preclinical (cell culture and animal models); controlled clinical trials in
chronic human wounds are limited, and standardisation and controlled delivery systems
will be needed to provide reproducible therapeutic results.

10.4 Biomaterials and Nanotechnology Solutions

Nanotechnology-based approaches and biomaterials are an emerging field of
interest in chronic wound care. These strategies are meant to offer structural assistance,
shield therapeutic agents and allow regulated discharging of signalling modulators. The
biomaterials do not have to be passive wound dressings but can act to have an active response
to cellular signalling. The more complex scaffolds and hydrogels are created to replicate
the extra-cellular matrix, including biochemical and mechanical signals that enhance cell
attachment and movement (143). Nanoparticles can be designed to be able to present
growth factors, small molecules, or nucleic acids to the desired cells, increasing the precision
of the treatment. Biomaterials provide a solution to centrally approaches to wound therapy
combining physical support with a molecular signalling modulation to deal with several
facets of chronic wound pathology (144). A recently described emerging technology, plasma-
activated gas, illustrates this biomaterial-adjacent direction: non-thermal plasma-generated
reactive oxygen and nitrogen species have been reported to activate VEGFR-ERK1/2 and
TGF-B/Smad signalling and to rebalance MMP/TIMP activity in preclinical and early clinical
wound-healing studies, in addition to broad-spectrum antimicrobial and biofilm-disrupting
effects (156).

10.5 Gene and Cell-Based Therapies

The most developed and personalized methods of addressing the signalling pathways
in the chronic wound healing include gene and cell-based therapies. These approaches seek
to remedy an underlying defect in the molecules by offering functional genes or regenerative
cells so that they are directly delivered to the wound. Gene therapy methods aim atincreasing
the expression of growth factors or signalling regulators which are lacking in intractable
wounds. Cell-based therapies, especially stem or progenitor cells, are meant to reestablish
regeneration both by direct tissue supply and by paracrine signalling (9, 145). Although such
methods demonstrate considerable potential in preclinical and early-phase clinical studies
(Table 5), most gene- and cell-based approaches for chronic wounds remain in Phase 1/II
testing, with safety, delivery, and manufacturing standardisation still to be established before
broader clinical adoption. Further refinement and incorporation into biomaterial platforms
can help increase their clinical applications. An overview of current and emerging therapeutic
strategies targeting dysregulated signalling pathways in chronic wounds, including their
molecular targets, mechanisms of action, and limitations, is presented in Table 5.
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11. Preclinical and Clinical Evidence

11.1 In vitro and Animal Model Tests.

Preclinical studies have contributed significantly to the understanding of the chronic
wound pathology pathophysiology and the confirmation of signalling pathways as
therapeutic targets. In vitro experiments with keratinocytes, fibroblasts, endothelial cells
and immune cells have shown that chronic wounds are defined by persistent inflammatory
signalling, loss of growth factor responsiveness, and membrane cellular metabolism. They
have been especially helpful in breaking down pathway-specific effects, e.g. the contribution
of NF-kB to cytokine production or PI3K/Akt malfunction to compromised cell survival and
migration (146). The animal models, such as diabetic mice, ischemic wound models, and aged
animals, are more integrative models of chronic wound healing, and they mimic some of the
important clinical characteristics of chronic wounds, including slowed re-epithelialization,
impaired angiogenesis, and excessive extracellular matrix degradation. The role of these
models in wound healing has been proven by manipulation of signalling pathways either in
genetic modification or pharmacological intervention, where restoration of pathway balance
results in wound healing accelerated by a large margin (147). For example, HIF-1a signalling
can be activated to enhance angiogenesis and metabolic adaptation during hypoxia, while
reducing inflammatory load by inhibiting MAPK or NF-kB overactivation. These findings
point to a broader pattern: the effects of any single pathway are often incomplete on their
own, supporting the view that chronic wounds reflect network-level dysregulation rather
than isolated molecular defects (148).

Preclinical models have flaws, despite their usefulness. Animal and human skin
structures, immune responses and wound contraction differ making it difficult to conduct
direct translation. However, they are the studies that present important evidence of concept
(proof-of-concept) in support of signalling-based therapeutic strategies.

11.2 Signalling Pathway Clinical Trials currently in progress

Clinical translation of pathway-targeted therapies has been considerably slower than
preclinical discovery, and only a minority of completed or ongoing trials target defined
signallingintermediatesdirectlyratherthandownstreamtissue effects. Amonggrowth-factor-
receptor-targeted approaches, PDGF-BB-based therapies have reached the most advanced
stage of clinical testing: a Phase III trial of BioChaperone PDGF-BB in chronic diabetic foot
ulcers (ClinicalTrials.gov identifier NCT02236793) was completed in 2016, whereas a Phase
II trial of a collagen-bound rhPDGF-BB formulation (ABSOLVE, NCT03037970) illustrates
the attrition that characterises this translational pipeline, its status remaining unreported
after completion of enrolment. Beyond PDGF signalling, a trial targeting the prostacyclin
(PGI2) receptor pathway in diabetic foot ulcers (NCT05099367) represents an attempt to
modulate cAMP-protein kinase A signalling directly, distinguishing it from growth-factor-
replacement strategies. In venous leg ulcers, a Phase IV trial of cyclical topical wound oxygen
therapy (VaLUe I, NCT06754735), currently recruiting, addresses the hypoxic component of
the chronic wound microenvironment relevant to HIF-1a pathway dysfunction, although the
intervention itself is physical rather than molecularly targeted. Cell-based and paracrine-
signalling approaches, including autologous stem-cell therapies, continue to be evaluated
in early-phase studies (e.g., NCT05234086) but remain limited by variable manufacturing
standards and inconsistent outcome reporting. Collectively, the clinical trial landscape for
signalling-pathway-targeted wound therapies remains dominated by growth-factor and
device-based interventions; direct modulation of intracellular pathways such as PI3K/Akt,
Wnt/B-catenin, or JAK/STAT has yet to progress beyond preclinical and early translational
study in the specific context of chronic wound healing.

11.3 Limitations of Current Therapies
Nevertheless, thereis stillalotto be desired in terms of limitations of existing therapies of
chronic wounds. One point of concern is that most of the treatments are downstream focused
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as opposed to upstream focused on the molecular drivers. Consequently, interventions
can produce a temporary enhancement of wound appearance without restoring the
signalling dysfunction (151). Patient heterogeneity is another limitation. Chronic wounds
develop due to varied etiology with diabetes being one of them as well as vascular disease,
pressure injuries, and aging, with each bearing their own unique molecular signature (152).
Stereotyping methods of treatment do not consider this difference, which leads to uneven
clinical results. More so, the chronic wound microenvironment, which is hypoxic, oxidative,
protease-rich and with a microbial burden, may inactivate therapeutic agents or suppress
cellular responsiveness (153). These problems highlight why both biologically-focused and
context-sensitive therapies are necessary.

12. Problems and Future Outlook

12.1 Translational Barriers

The process of translating signalling-targeted therapies between the bench and the
bedside is still problematic. A significant obstacle is the complexity of signalling networks,
which are characterised by large crosstalk and redundancy. Regulation of one pathway can
result in an unwanted stimulation of compensatory responses, which restrain therapeutic
effectiveness (154). Safety concerns have also been raised around manipulating cell
proliferation and survival pathways, particularly for long-term or systemic therapy; local
delivery and controlled modulation are important for reducing such risks. Practical barriers,
including manufacturing, regulatory approval, and cost-effectiveness, present additional
challenges for advanced biologics and gene-based therapies.

12.2 Customized and Accurate Medicine

Precision medicine is a potential framework to nurture heterogeneity in chronic wound
patients. With the combination of clinical parameters and molecular profiling, there is
possibility of stratification of patients, on dominant signalling defects, and subsequently
customise therapies accordingly. The biomarkers of inflammatory status, angiogenic capacity,
or cellular senescence may be used to select therapies (155). Individualized strategies can
enhance effectiveness and decrease the unjustified exposure to ineffective treatments.

12.3 Future Perspectives of Targeted Wound Therapy

It can be expected that future research will be dedicated to combination therapies
that can enable simultaneous modification of several signalling pathways. Combining
biomaterials with molecular therapeutics, creating intelligent delivery methods and tapping
into physiological repair processes, like exosome-mediated signalling, are among the main
areas of emerging focus. Future developments in systems biology and computational
modelling can improve the knowledge of signalling network dynamics and allow multi-
target interventions to be rationally designed.

Conclusion

Chronic wounds are creating an increasing clinical problem of complex cellular signalling
pathway dysregulation. Contrary to acute wounds, chronic wounds do not undergo sequential
stages of healing because of the presence of chronic inflammation, impaired angiogenesis,
defective remodelling of the extracellular matrix, and dysfunctional cells. The mounting
body of preclinical and clinical research indicates that these pathological characteristics
arise substantially from aberrant signalling, although chronic wounds remain multifactorial
in origin, with vascular, metabolic, immunological, and microbial factors also contributing to
impaired repair. Attacking critical pathways such as TGF-b/Smad, PI3K/Akt/mTOR, NF-KkB,
MAPK, Wnt/b-catenin, and hypoxia-responsive signalling would be a sensible approach to
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re-establishing the ability to heal. Nonetheless, when it comes to translation, an integrated
approach must be used that takes into account the pathway crosstalk, patient heterogeneity
and the hostile wound microenvironment. Improved chronic wound management in the
future will rely on more accurate drug delivery, improved biomaterials, and systems-based
knowledge of wound biology. Signalling-based interventions hold considerable promise
for chronic wound care, although current clinical evidence for pathway-targeted therapies
remains more limited than preclinical findings would suggest, and realising this potential
will require translational studies that adequately capture the multifactorial nature of chronic
wounds.
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