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ABSTRACT

The skin acts as a strong barrier against a va-
riety of pathogenic factors from the external envi-
ronment, but when its integrity is compromised,
a wound forms. Some wounds fail to go through
the traditional healing stages and stagnate in a
self-perpetuating inflammatory phase; chronic
wounds that do not heal within 4 to 8 weeks in-
clude diabetic foot ulcers, venous leg ulcers, and
pressure ulcers. In these cases, factors such as
ischemia/reperfusion injury, local hypoxia, bacte-
rial colonization, and associated pathologic cellular
changes interfere with the normal wound healing

process. While the underlying causes and specif-
ic cellular alterations vary among different types
of chronic wounds, common pathological features
are evident. Understanding these common mech-
anisms is critical for elucidating chronic wound
pathophysiology and identifying targeted thera-
peutic interventions. This review comprehensively
examines the key pathogenetic mechanisms in-
volved in chronic wound formation and highlights
areas where further research could enhance treat-
ment strategies.

Keywords: chronic wound, diabetic foot, ve-
nous ulcer, pressure ulcer

INTRODUCTION

The skin serves as a critical and effective bar-
rier against a variety of harmful environmental
stimuli, including mechanical, physical, chemical,
thermal, bacterial, and immune factors [51,72].
Exposure to these damaging factors can lead to
injury to viable tissues, disrupting their anatomi-
cal and physiological integrity [26,43,67]. In the
context of skin, such damage typically involves the
epithelial layer of the epidermis, resulting in com-
promised function of the underlying tissues and
the formation of skin wounds [34,64]. To repair
these injuries, the body initiates a complex, mul-
tistep process encompassing hemostasis, the in-
flammatory response, epithelial cell proliferation
(including migration and differentiation), cellular
interactions, the synthesis of extracellular matrix
components, and the activation of various signal-

ing pathways [34,72]. In chronic wounds, however,
these regenerative processes are disrupted, and
healing does not progress through normal stages.
Instead, the process becomes stalled at the inflam-
matory phase, preventing the wound from achiev-
ing stable anatomical and functional resolution
within the expected time frame, which is typically
3 months. As a result, these wounds persist and
become resistant to conventional healing methods.

Wound healing can be delayed by multiple fac-
tors, including chronic diseases, vascular insuffi-
ciency, diabetes, malnutrition, aging, and local
conditions such as pressure, infection, and edema
[21,72]. Smoking is also a significant exogenous
factor that impacts wound repair [36]. Given these
influences, chronic wounds often have a secondary
nature [72]. Definitions of chronic wounds vary,
with some researchers considering any wound
that persists beyond 6 weeks as chronic, whereas
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others define chronicity on the basis of wounds
that fail to heal within 4-8 weeks according to nor-
mal regenerative sequences [21]. The reasons for
impaired healing of certain wounds are multifac-
eted. Many chronic wounds stall in the inflamma-
tory phase of healing. Factors contributing to the
chronicity of wounds include underlying diseases,
local hypoxia at the wound site, wound infection,
and the presence of biofilms, and elevated levels
of inflammatory mediators such as matrix metallo-
proteinases (MMPs) [3,21].

Currently, chronic wounds are classified into
three main types on the basis of their underlying
conditions: diabetic foot ulcers, venous ulcers of
the lower limbs, and pressure ulcers [3,4,43].
These wound types share common characteristics,
including stagnation in the inflammatory phase
of healing and increased levels of MMPs. In ad-
dition, these wounds are frequently infected and
often harbor bacterial biofilms [14,16]. Despite the
diverse underlying metabolic disorders, effective
treatment of chronic wounds largely depends on
managing the underlying condition, which can po-
tentially accelerate the healing process.

Chronic wounds pose a significant and grow-
ing challenge for patients, healthcare providers,
and healthcare systems globally. In the United
States, approximately 4.5 million individuals are
estimated to be affected by chronic wounds [22],
with 1.7% of those individuals aged 65 and old-
er suffering from venous ulcers [1]. The burden
of chronic, nonhealing wounds is substantial,
impacting approximately 6.5 million patients an-
nually in the United States and representing an
escalating economic threat to public health, with
annual treatment costs surpassing $9.7 billion
[6]. The prevalence of wound-related diseases in
the United Kingdom is approximately 2.2 million,
which equates to 4.5% of the adult population [3].
Among these, venous ulcers of the legs are par-
ticularly notable, affecting 0.12% of individuals in
the same age population and increasing to 1.2% in
those aged 70 and older in Ireland [1].

The humanitarian and economic burden of
chronic wounds is substantial and growing, driven
by an aging population and the increasing preva-
lence of chronic diseases [41]. Chronic wounds are
associated with significant pain, risk of infection,
loss of function, and considerable financial costs.
They frequently lead to severe outcomes such as
amputations or sepsis. Despite their serious im-

pact, chronic wounds are often overshadowed by
their underlying causes. The costs associated with
chronic wounds are inadequately documented,
and there is a notable lack of comprehensive care
and education on the subject. Chronic wounds
thus remain a silent epidemic, significantly affect-
ing the quality of life of more than 40 million peo-
ple worldwide [72].

DISRUPTIONS IN CHRONIC WOUNDS

AT THE TISSUE LEVEL

As previously mentioned, chronic wounds, due
to the influence of various exogenous and endoge-
nous factors, often fail to progress through the key
stages of wound healing (hemostasis, inflammation,
and repair) and frequently become stalled in the
inflammatory phase [21, 72]. Under conditions of
ongoing tissue damage, there is notable infiltration
of neutrophils into the wound, leading to increased
levels of reactive oxygen species (ROS) and the
activity of destructive enzymes, which perpetuate
the inflammatory cycle. However, addressing the
primary harmful factor can effectively treat many
chronic wounds, but its sustained and long-term
impact may eventually lead to cellular senescence.
Additionally, local tissue hypoxia, continuous dam-
age, and heavy bacterial loads, combined with cel-
lular and systemic responses to stress, perpetuate
the cycle of damage, preventing progression to the
proliferative phase of healing [72].

To elucidate the pathophysiological mecha-
nisms underlying cellular disruptions in chronic
wounds, it is crucial to first understand the tissue
disturbances characteristic of these wounds. As
previously outlined, the healing process in chronic
wounds is often compromised by the interaction
of several key factors. These include local tissue
hypoxia, bacterial colonization and biofilm forma-
tion, and disruptions in tissue ischemia/reperfu-
sion [21,72].

Chronic wounds frequently arise in the context
of local tissue hypoxia, which is often associated
with vascular abnormalities such as atherosclero-
sis, varicose veins, venous hypertension, or wound
fibrosis, all of which contribute to reduced per-
fusion [63,72]. Impairments in wound blood flow
lead to a relative decrease in oxygen perfusion
pressure, resulting in hypoxic conditions within
the wound. Chronic hypoxia plays a critical role
in the development of nonhealing wounds and
facilitates bacterial colonization within the wound
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cavity. The interplay between hypoxia and infection
perpetuates a vicious cycle that is challenging to
resolve [21].

The effects of tissue hypoxia disrupt cellular
connections and activate inflammatory cascades.
The increased expression of endothelial adhesion
molecules, leads to neutrophil and macrophage
extravasation. This process is accompanied by
the autocrine production of proinflammatory cy-
tokines, including IL-1a, IL-1B, IL-6, and TNF-a,
which further exacerbate the inflammatory re-
sponse [44,72].

The disruption of two critical balances is evi-
dent in chronic wounds: the balance between
proteases and their inhibitors and the equilibrium
between ROS and antioxidant systems. The over-
production of ROS leads to oxidative stress, result-
ing in lipid peroxidation and increased expression
of specific factors, such as serine proteases, ma-
trix metalloproteinases, and various inflammatory
cytokines. Under conditions of local hypoxia, there
is a reduction in the synthesis of nitric oxide (NO),
which, despite its role as an antioxidant, is also
involved in the activation of NF-kB [57,72]. More-
over, local hypoxia not only exacerbates inflam-
matory responses but also impairs key processes
such as epithelialization and collagen synthesis in
fibroblasts [55,72]. These disruptions further ag-
gravate the problem and contribute to ongoing tis-
sue degradation.

The etiopathogenesis of chronic wounds is
significantly influenced by local ischemic chang-
es, particularly those resulting from alterations
in the ischemia/reperfusion relationship. In con-
junction with tissue hypoxia, ischemia induces a
proinflammatory state, as previously described.
During reperfusion, excessive leukocytes, includ-
ing neutrophils accumulate, migrate to the wound
site and produce inflammatory cytokines. These
ischemia-reperfusion cycles perpetuate, with their
harmful effects intensifying, ultimately leading to
tissue necrosis and ulceration [72].

Moreover, chronic wounds often present with
a thickened, hyperproliferative epidermis that
contains mitotically active cells. In contrast, the
underlying tissue shows impaired proliferation of
keratinocytes and other cellular colonies [30,59].
These tissue changes significantly impact cellular
migration. Chronic wounds are characterized by
the infiltration of mononuclear cells, including
macrophages, lymphocytes, and plasma cells, as

well as local macrophage proliferation at the in-
flammatory site. This is accompanied by the clonal
proliferation of sensitized lymphocytes and their
effector functions. Additionally, incomplete regen-
eration and fibrosis contribute to structural dis-
ruptions within the wound [72].

In addition to the aforementioned factors,
wound infection is a significant issue in chronic
wounds. Wound colonization by microorganisms is
characterized by the presence of proliferating or-
ganisms within the wound without causing imme-
diate damage to the host tissue. This colonization
begins at the initial stages of wound formation and
subsequently contributes to tissue damage, lead-
ing to wound infection [21]. In chronic wounds,
microorganisms often form biofilms [3], which are
discussed in detail further in this article.

MICROBIOME OF CHRONIC WOUNDS

In chronic wounds, in addition to tissue and cel-
lular disruption, the third critical pathogenic fac-
tor is mandatory colonization by bacteria [3,21,72].
Successful wound closure has been shown to de-
pend on the presence of fewer than 105 organisms
per gram of tissue; however, chronic wounds of-
ten harbor bacterial counts exceeding 105 organ-
isms [21,72]. Factors that increase the likelihood
of infection include immune system suppression,
malnutrition, hypoxia (whether due to arterial or
venous insufficiency), and the presence of foreign
bodies and necrotic tissue, which act as reservoirs
for infection.

Local hypoxia is a primary contributor to bac-
terial colonization in chronic wounds. Numerous
studies have documented an inverse relationship
between infection rates and wound oxygenation
levels. This phenomenon is likely attributable to
the oxygen-dependent activity of antimicrobial
enzymes within neutrophils, such as myeloperoxi-
dase. Consequently, periods of ischemia in chron-
ic wounds impair the bactericidal mechanisms of
the host [72].

The etiology of chronic wounds can be diverse,
but infections caused by various microbial species
directly impair the normal healing process, lead-
ing to wound persistence [62]. Common pathogens
associated with wound infections include Staphy-
lococcus aureus, Pseudomonas aeruginosa, and
B-hemolytic streptococci, all of which are known
to delay wound healing and contribute to chronic
wound infections [27].
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Empirical data from numerous independent
culture studies indicate that Gram-positive cocci
(GPC) are the most frequently identified microor-
ganisms in chronic wounds among diabetic foot
patients. Among these strains, Staphylococcus
aureus is consistently the most prevalent and is
found in more than 50% of wounds, followed by
coagulase-negative Staphylococci spp. [27,33]. S.
aureus, including methicillin-resistant S. aureus
(MRSA), is often found in conjunction with other
Gram-positive pathogens and mixed anaerobic
environments. In contrast to common misconcep-
tions, Pseudomonas aeruginosa is not as prevalent
as previously thought [24,31].

Certain fungi, such as Trichosporon asahii, have
been implicated in the development of wound in-
fections and have been identified in the exudate of
chronic wounds. Frequently, fungi from the Candi-
da and Cladosporium genera are found in wound
exudates. The presence of fungal microflora can
interact with the bacterial microflora, facilitating
bacterial proliferation and dissemination. Further-
more, this interaction can lead to the formation of
distinctive wound biofilms [23].

In addition to directly damaging the host, bacte-
ria contribute to the recruitment of leukocytes. This
process enhances the effects of inflammatory cyto-
kines, proteases, and ROS, thereby both initiating
and perpetuating inflammatory cascades [55].

BACTERIAL BIOFILMS

IN CHRONIC WOUNDS

Although recent studies on the microbio-
ta of chronic wounds have focused primarily on
planktonic organisms (microorganisms that are
free-floating or suspended in a liquid), these mi-
croorganisms can also be components of bacterial
biofilms [9]. Research over the past decade has
indicated that 99.9% of these microorganisms are
capable of adhering to wound surfaces because of
the nutrients present on those surfaces. Once on
these surfaces, microorganisms begin to produce
complex exopolymers containing polysaccharides,
various proteins, and nucleic acids. These factors
contribute to both the adhesion and colonization
of microorganisms, as well as the establishment of
close interactions between them [12].

Bacteria that colonize chronic wounds frequent-
ly form polymicrobial biofilms, where the synergy
with accompanying microorganisms creates an op-
timal environment for bacteria. This environment

allows bacteria to evade the host immune response
and the effects of antibiotics [19,20].

Biofilms represent structurally complex, dy-
namic systems that offer a protected environment
conducive to bacterial growth, thereby enabling
microbial cells to survive and proliferate within
chronic wounds. This process significantly contrib-
utes to the chronicity of the underlying patholog-
ical conditions [21]. Established biofilms meticu-
lously modulate the host’s inflammatory response,
extending its duration by providing a stable nutri-
ent source derived from the inflammatory exudate.
Concurrently, biofilms act as persistent reservoirs
of pathogen-associated molecular patterns, there-
by perpetuating the inflammatory response [9].

A biofilm is characterized by a form of syn-
trophic cooperation among microorganisms [19],
manifesting as a three-dimensional mosaic consor-
tium of bacteria [18]. In this consortium, cells ad-
here to one another through their surfaces. These
adherent cells are encased in a thin extracellular
matrix composed of extracellular polymeric sub-
stances [19]. The biofilm-associated cells produce
these polymeric substances, which include extra-
cellular polysaccharides, proteins, lipids, and DNA
polymeric conglomerates [19,29]. As a three-di-
mensional structure and a community of microor-
ganisms, biofilms are metaphorically referred to
as “microbial cities” [66].

Microorganisms form biofilms due to certain
environmental factors, which include specific and
nonspecific receptors on cell surfaces, nutrient
factors, and, in some cases, antibiotic concen-
trations [20]. The hydrophobicity of bacteria can
also significantly impact their ability to establish
biofilms. Bacteria exhibiting high hydrophobicity
tend to have reduced repulsion towards surfaces,
facilitating adhesion [12]. Owing to their limited
motility, certain bacterial species may be incapa-
ble of directly adhering to surfaces; however, they
can anchor to the existing matrix or other bacterial
colonies. Compared with their motile counterparts,
non-motile bacteria generally exhibit less efficiency
in surface recognition and attachment [12].

During the colonization of surfaces, bacterial
cells communicate through quorum-sensing sig-
nals, such as N-acylhomoserine lactones. Upon the
initiation of colonization, biofilm development pro-
ceeds through processes of cell division and accu-
mulation [29,42]. Studies have particularly investi-
gated quorum-sensing signals in biofilms associated
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with chronic wounds, focusing on microorganisms
such as Staphylococcus aureus and Pseudomonas
aeruginosa. In these instances, quorum sensing is
mediated by autoinductive peptides [42].

The process of biofilm formation induces
changes in the bacterial phenotype, resulting in
alterations in gene regulatory mechanisms [2].

The involvement of bacterial biofilms in chron-
ic wound pathogenesis is now well documented.
However, notable variability exists in the bacterial
colonization of chronic wounds. Pathogenic bacte-
ria frequently emerge as the dominant microflo-
ra, supplanting more universally present species
[42]. Oxygen limitations, which extend deeper into
the biofilm, facilitate the proliferation of anaerobic
species within chronic wounds [61]. Consequent-
ly, focusing exclusively on the bacterial load within
the wound is insufficient; it is crucial to also evalu-
ate the species present and their interactions with-
in the wound milieu. This includes determining
whether these species are competing for growth
or survival.

Research highlights recurring patterns of com-
bined species that demonstrate synergistic in-
teractions, leading to chronic wound infections.
These interactions are referred to as “functional
equivalent pathogen groups,” and the presence of
such groups in wounds can number in the hun-
dreds [28].

Recent research underscores the significant
role that fungi play in the development and per-
sistence of biofilms within chronic wounds. Nota-
bly, in chronic wounds such as those associated
with diabetic foot ulcers, where the normal skin
microbiota includes fungi, biofilms often result
from the interactions between bacteria and fun-
gi. Candida albicans, a prevalent member of the
foot microbiota, has been shown to form complex
microbiota in conjunction with bacterial species
including Staphylococcus aureus, Pseudomonas
aeruginosa, Burkholderia cenocepacia, Strepto-
coccus spp., Acinetobacter baumannii, Enterococ-
cus faecalis, and Escherichia coli.

In these settings, bacteria can proliferate on the
fungal hyphal surfaces, leading to the formation of
stable biofilms. Additionally, these fungal hyphae
may invade adjacent epithelial cells persistently,
facilitating bacterial penetration into these cells.
The bacteria also cover themselves with fungal
polysaccharides, which enhances their adhesion,
aggregation, and tolerance [23]. This mechanism

contributes to the chronicity of infections by fos-
tering bacterial resistance to antibiotics. Further-
more, bacterial enzymatic activity degrades critical
components such as fibrin and growth factors es-
sential for wound healing [21].

Notably, bacterial biofilms can remain macro-
scopically invisible, as demonstrated by biofilms
formed by Trichosporon asahii and Staphylococ-
cus simulans in diabetic foot ulcers, which ulti-
mately leads to limb amputation [23].

Several hypotheses have been proposed to ex-
plain the persistence of bacterial biofilms against
therapeutic agents. One hypothesis suggests that
the primary factor is the inherent heterogeneity
of the biofilm structure [35]. Alternatively, the
presence of cell-persisters within the biofilm may
enable its resuscitation posttreatment [28]. Addi-
tionally, the stability of biofilms may be attributed
to the inherent resistance of microorganisms to
antibiotics and the presence of multidrug-resistant
bacterial strains [32].

DISRUPTIONS IN CHRONIC WOUNDS

AT THE CELLULAR LEVEL

Given the diverse primary causes of chronic
wound formation outlined above, examining cellu-
lar disruptions on a case-by-case basis is pertinent.

Venous Ulcers

Chronic venous disease is underpinned by com-
plex etiological and pathophysiological processes.
The condition has a multifactorial etiology, en-
compassing genetic predisposition, environmen-
tal factors, and alterations in venous endothelial
function, inflammatory mediators, and structural
changes in the vascular wall. These factors col-
lectively contribute to the development of dilated,
tortuous veins, valvular insufficiency, venous hy-
pertension, and their subsequent clinical manifes-
tations, notably chronic venous ulcers [49].

The impact on microcirculation commences
with the effects of altered shear stress on the en-
dothelium. This leads to an increased production
of vasoactive substances by endothelial cells, up-
regulation of selectins, and increased synthesis
of inflammatory molecules, chemokines, and pro-
thrombotic mediators [54]. Bergan et al. (2006)
have identified that mechanical forces, including
low shear stress and stretch, result in an increased
synthesis of intercellular adhesion molecule-1
(ICAM-1, CD54), vascular cell adhesion molecule-1
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(VCAM-1, CD-106), endothelial leukocyte adhe-
sion molecule-1 (CD62, E-selectin), and mecha-
nosensitive vanilloid transient potential receptors
by endothelial cells. This heightened expression
is particularly evident under conditions of venous
hypertension associated with chronic venous insuf-
ficiency [5]. These adhesion molecules mediate the
inflammatory process and facilitate the migration
of leukocytes to the vein wall and valves [17, 56].
Consequently, an inflammatory cascade is activat-
ed, characterized by increased cytokine produc-
tion and matrix metalloproteinase (MMP) expres-
sion. MMPs target fibroblasts, vascular smooth
muscle cells, and the extracellular matrix [45].
Elevated expression of TNF-a, IL-1a, IL-6, TGF-f1,
PDGF-A, EGF, BFGF, and VEGF has been docu-
mented in keratinocytes adjacent to venous ulcers
[48]. Additionally, the levels of MMP-1, MMP-2,
MMP-3, MMP-9, and MMP-13 are notably elevated
in both tissue and plasma samples [69] (Figure 1).

These processes result in the proliferation of
smooth muscle cells, which lose their contractility

and collagen-synthesizing ability. This proliferation
leads to hypertrophic segments with reduced con-
tractility, increased rigidity, and impaired elastici-
ty. Thus, the response of the vein wall and its ability
to maintain physiological function under elevated
venous pressure are compromised [47]. Studies
have demonstrated that in varicose veins, there is
a predominance of type | collagen synthesis ver-
sus type Ill collagen synthesis, which accounts for
changes in the extensibility of varicose veins [53].

Hypertrophic segments with modified smooth
muscle cells and increased extracellular matrix
content are observed alongside atrophic regions
in the vein wall, which are characterized by lower
extracellular matrix and smooth muscle cell con-
tent [38]. Additionally, altered collagen synthesis
and reduced cellular proliferation due to abnor-
mal responses to TGF-B1 signaling and aging im-
pact fibroblasts [10] (Figure 1).

Furthermore, Crawford et al. (2017) highlight-
ed additional factors contributing to decreased
contractility, including changes in endothelial cell
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Figure 1. Pathophysiologic mechanism of venous ulcers. Venous hypertension and low shear stress on the endothelial surface
can instigate a pathological cascade that results in adverse changes in the venous wall, venous valves, and surrounding skin,
ultimately leading to venous dilation and the development of venous ulcers.
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endothelin B receptors, reduced levels of cyclic
adenosine monophosphate, and discrepancies in
the levels of prostacyclin and thromboxane A2 [10].

Venous hypertension and low shear stress on
the endothelial surface can instigate a pathologi-
cal cascade that results in adverse changes in the
venous wall, venous valves, and surrounding skin,
ultimately leading to venous dilation and the devel-
opment of venous ulcers.

Diabetic Foot Ulcers

The hyperglycemic environment in diabetes
mellitus significantly impacts various stages of
wound healing. Evidence indicates that diabetic
patients exhibit elevated levels of fibrinogen, anti-
thrombin Il (AT-Ill), plasminogen activator inhib-
itor-1 (PAI-1), and von Willebrand factor activity,
placing them in a state of hypercoagulability and
hypofibrinolysis [15]. Thrombogenesis and occlu-
sion of damaged blood vessels during the wound
healing process create hypoxic conditions, which in
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turn stimulate the production of hypoxia-inducible
factor 1-alpha (HIF-1a). This factor, in conjunction
with HIF-1B, forms the HIF complex in the nucleus,
thereby promoting the synthesis of various molec-
ular factors, including vascular endothelial growth
factor (VEGF), which is crucial for angiogenesis.
However, in the context of diabetic foot ulcers, el-
evated glucose levels can increase local osmotic
pressure, potentially diminishing HIF-1a. produc-
tion and reducing the blood supply [7] (Figure 2).

In addition to inflammatory states and impaired
angiogenesis, diabetes disrupts progenitor cell re-
cruitment, proliferation, and the release of growth
factors postinjury from a cellular standpoint [50].
Neutrophils, which typically act as first-line de-
fense cells, display reduced functional activity un-
der chronic hyperglycemic and hyperinsulinemic
conditions, increasing susceptibility to infections
and exacerbating their severity [58].

The hyperglycemic milieu also accelerates cel-
lular aging and promotes the senescence-associat-
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Figure 2. Pathophysiologic mechanism of diabetic foot ulcer. The pathophysiological processes underlying diabetic foot ulcers
involve impaired angiogenesis, neuropathy, disrupted inflammatory responses, and barrier function compromise, contributing
to the formidable challenges associated with chronic wound healing.
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ed secretory phenotype (SASP) in macrophages,
which contributes to the secretion of proinflam-
matory cytokines (e.g., IL-1a, IL-6, IL-7, and IL-
8), growth factors (e.g., TGF-B), and proteases
(e.g., matrix metalloproteinases), thus altering the
tissue microenvironment [68] (Figure 2). Macro-
phage-specific cytokines, such as MCP-1, are inte-
gral components of SASP, and SASP factors influ-
ence classical macrophage receptors (e.g., CXCR1,
CXCR2, CX3CR1) [52]. Furthermore, the increased
production of proinflammatory cytokines may be
linked to elevated levels of NF-kB IL1B, IL6, and
IL8 in hyperinsulinemic states, which augment the
expression of inflammation-associated genes [58].

In diabetic patients, cytokine production ex-
tends beyond inflammatory cells to include skin
keratinocytes and microvascular endothelial cells.
Research on diabetic foot ulcers has demonstrat-
ed elevated levels of TGF-B1 and its receptor TG-
FBR1 in keratinocytes, as well as increased levels
of CCL2, CXCR1, and TGFBR1 in skin endothelial
cells [46]. Keratinocyte alterations also involve de-
creased production of LM-3A32, a precursor to
laminin isoforms, including laminin-5, which is
essential for epithelial cell adhesion to the basal
membrane and their motility through integrins,
which are crucial for re-epithelialization [7].

Failure to transition from the inflammatory to
the proliferative phase may result from activation
of the p38 mitogen-activated protein kinase sig-
naling pathway, leading to cytokine production
and a reduction in miR-21 levels, which is critical
for resolving the inflammatory phase [8].

In chronic wounds, the accumulation of apop-
totic cells due to increased advanced glycation
end-products (AGEs), protein kinase C activation,
and oxidative stress—exacerbated by impaired
macrophage phagocytic activity—intensifies the in-
flammatory response [25]. Oxidative stress is par-
ticularly influential in the development of periph-
eral neuropathy. Studies have validated patterns
of lipid peroxidation product accumulation, deple-
tion of glutathione (GSH), and reduced superoxide
dismutase activity in peripheral nerves, alongside
the identification of novel markers of damage from
AGEs, such as decreased catalase activity and in-
creased superoxide and nitrotyrosine production
[40]. Antioxidant treatments have proven effective
in addressing the changes in these markers asso-
ciated with diabetes [40].

Pressure Ulcers

Pressure ulcers, also known as decubitus ul-
cers, commonly arise when sustained pressure on
the skin and underlying tissues occurs between a
bony prominence and an external surface, such as
a mattress or wheelchair cushions. The etiology of
pressure ulcers involves several factors, including
the ischemic-reperfusion injury mechanism (Fig-
ure 3). This mechanism posits that external pres-
sures exceeding the arterial perfusion pressure
(approximately 32 mmHg) and the venous outflow
pressure (approximately 8-12 mmHg) impair blood
circulation, leading to local tissue hypoxia [37].
During ischemic periods, reduced nitric oxide
(NO) production induces vasoconstriction, where-
as during reperfusion, increased NO production
results in vasodilation. However, extensive damage
during reperfusion can cause the release of toxic
metabolites and reactive oxygen species, further
injuring surrounding tissues and leading to endo-
thelial cell damage. Consequently, this process di-
minishes the initial increase in NO production by
endothelial cells during reperfusion [60]. Blood
reperfusion, which leads to cellular edema, tissue
damage, and excessive production of reactive ox-
ygen species, triggers oxidative stress. Oxidative
stress can result in the accumulation of unfolded
proteins in the endoplasmic reticulum (ER) lumen,
thereby disrupting ER homeostasis and causing ER
stress [11]. Research by Wang et al. has demon-
strated that mitochondrial-mediated apoptosis may
play a role in the early stages of pressure ulcer
formation, with HIF-1a contributing to its activa-
tion. Elevated levels of matrix metalloproteinase-9
(MMP-9) have also been observed in experimental
models of ischemic-reperfusion injury [65].

Lymphatic vessels are crucial for the removal of
toxic metabolites and excess fluid from the intersti-
tial space. The obstruction of these vessels in the
context of pressure ulcers contributes to inflam-
mation and cell death. Lymphedema, a component
of the pathophysiology of pressure ulcers, is asso-
ciated with elevated levels of proinflammatory mol-
ecules, including TNF-a, IL-6, IL-8, and monocyte
chemoattractant protein-1 (MCP-1) (Figure 3). This
exacerbates the inflammatory response by pro-
moting the infiltration of proinflammatory cells
and impeding the resolution of inflammation due
to the decreased activity of T-regulatory cells [70].

Recent investigations into pressure ulcers have
identified disrupted inflammatory responses linked
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Figure 3. Pathophysiologic mechanism of pressure ulcers. Ischemia-reperfusion, lymphatic channel obstruction, and cellular
deformation result in elevated inflammation, ROS, and apoptosis, which contribute to immune response dysregulation and
impaired wound healing. Flat head arrows indicate inhibition, and pointed arrows indicate activation.

to the microRNAs miR-21 and miR-885-3p. Initial
suppression of miR-21 in a lipopolysaccharide-in-
duced model of pressure ulcer keratinocytes leads
to increased expression of proinflammatory mark-
ers. Conversely, treatment with emodin upregu-
lates miR-21, inhibits NFkB signaling, and reduces
the levels of IL-6, IL-1B, COX-2, and iINOS. This
effect is attributed to enhanced macrophage ef-
ferocytosis, a transition to an anti-inflammatory
phenotype, activation of PI3K/AKT signaling, and
improved keratinocyte viability [39]. Additional-
ly, overproduction of miR-885-3p contributes to
reduced NFkB activity and suppression of TLR-4,
thereby mitigating the inflammatory response [71]
(Figure 3).

CONCLUSION

The pathophysiology of chronic wounds reveals
both distinct and overlapping factors that affect

wound healing, underscoring the complexity of
their management. Each type of chronic wound
has unique etiological and cellular dynamics; how-
ever, notable commonalities exist that require fur-
ther investigation to refine our understanding of
the underlying processes and to identify targeted
therapeutic strategies.

Key features of chronic wounds include dimin-
ished angiogenesis, impaired epithelialization, and
excessive production of ROS. An analysis of these
processes across the cellular and subcellular levels
revealed that all chronic wounds are characterized
by persistent inflammation and manifestations of
all three phases of the wound healing continuum.
The wound bed typically displays a combination of
fibrin and granulation tissue, with potential areas
of necrosis and purulent discharge. Granulation
tissue is often described as pale and mottled, with
wound edges and surrounding tissues exhibiting
increased firmness, whereas marginal epitheliali-
zation is infrequently observed.
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Alterations in cellular and extracellular matrix
interactions are evident in chronic wounds. The
chronic inflammatory infiltrate, which predom-
inantly consists of monocyte-macrophage cells,
along with elevated levels of plasma cells and T
and B lymphocytes, disrupts the normal wound
healing process. Additionally, an imbalance in the
ratio of T-helper to T-regulatory cells is observed.
Chronic nonhealing wounds show reduced expres-
sion of type | and Il procollagen mRNA in dermal
fibroblasts due to phenotypic changes. This fibro-
blast “senescence” leads to decreased proliferative
activity and diminished synthesis of extracellular
matrix components, with evidence suggesting that
procollagen synthesis inhibition correlates with
collagen fiber accumulation in the dermis.

In addition, decreased expression of PDGF and
its receptors, increased TNF-a expression, and re-
duced levels of TGF-f and its receptors contribute
to delayed wound healing. These changes lead to
diminished extracellular matrix component synthe-
sis and impaired fibroblast-to-myofibroblast conver-
sion, resulting in compromised wound contraction.

Dysregulation of cytokines and growth factors
is another critical factor that is influenced by their

excessive utilization relative to normal or elevated
synthesis levels. This imbalance disrupts the intra-
cellular enzymatic systems responsible for extra-
cellular matrix remodeling, leading to increased
fibronectin levels, altered proteoglycan ratios, and
reduced interstitial collagen content.

Recent advancements in treatment modalities
reflect these insights, with a significant focus on
collagen-based materials that act as matrices for
tissue regeneration. Upon application, collagen
preparations interact with the wound, fibroblasts,
blood and lymphatic vessels, and embedded nerve
fibers, thereby facilitating matrix alignment and
promoting wound healing.

Addressing underlying conditions and enhanc-
ing patient quality of life are essential components
of effective chronic wound management. For ex-
ample, in cases of diabetic foot, optimizing glu-
cose levels and continuous monitoring are critical.
Despite these advances, chronic wound treatment
remains a major challenge in clinical practice, sig-
nificantly impacting the quality of life of millions
of patients globally. Further research is needed
to refine treatment strategies and improve patient
outcomes in the management of chronic wounds.
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ABCTPAKT

Koxa peiicTByeT Kak npouyHblii bapbep NpoTuB pas-
NINYHBIX MaToreHHbIX (haKTOpOB BHeELUHell cpepdpl, HO
Korga e€ LEeNnocTHOCTb Hapyluaetcs, obpasyetcA paHa.
HekoTopble paHbl He MPOXOJAT TPaAULMOHHbIE CTafuu
3MMBEHNA U 3aCTaVBalOTCA B CaMOMOALEPKMBAIOLLIEN-
CA BOCManuTenbHol cpase; XpoHUYecKue paHbl, KOTO-
pble He 3axuBaloT B TeuyeHune 4-8 Hepenb, BKIOYatOT

AaunabeTnyeckue A3Bbl CTOMbI, BEHO3HbIE A3BbI FONEHU U
nponexHn. B aTnx cnyyaax Takue cpaxkTopbl, Kak uile-
MUyecko-penepdy3MoHHOe MOBpeEMeHNe, NoKanbHasA
rUnokcua, bakTepuanbHasA KONOHU3ALMA W CBA3aHHbIE C
HUMK MaTONOTMYECKUE KNETOYHbIE U3MEHEHWA, NpenAT-
CTBYIOT HOPMa/IbHOMY MPOLLECCY 3aKUBAEHWA paH. XoTA
OCHOBHble MPUYUHbI U CMELUUYECKUE KIETOUYHbIE U3-
MEHEHUA Pa3fMyatoTCA y pasHbIX TWUMOB XPOHUYECKMX
paH, obLiue natonormyeckne npusHaku ouyeBupHbl. Mo-
HUMaHue 3TUX OOLUMX MEexaHW3MOB MMeeT peLuaroLLee
3HayeHue ANA BbIACHEHUA NaToPM3MONOrUM XPOHUYe-
CKMX paH W OnpefeneHvs LeneBbix TepaneBTUYeCKuX
BMeLLaTenbcTB. B paHHom ob3ope BcecTopoHHe paccma-
TpUBAIOTCA K/OYEBble MaTOreHeTUYECKNe MeXaHWU3Mbl,
yyacTeytolime B (OPMMPOBAHUN XPOHUYECKUX paH, U
BblenATca 0bnacTu, B KOTOPbIX fanbHelillne nccnepo-
BaHWA MO Obl YIyHLINTb CTpaTeruy neyYeHus.

KnioueBble cnoBa: xpoHuyeckas paHa, duabemude-
CKaAa cmona, 8eHO3HAA A38d, NPOJEXHU




