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Abstract

Neuroregulation during skin wound healing involves complex interactions between the nervous system and intricate tissue repair processes.
The skin, the largest organ, depends on a complex system of nerves to manage responses to injury. Recent research has emphasized the crucial
role of neuroregulation in maximizing wound healing outcomes. Recently, researchers have also explained the interactive contact between the
peripheral nervous system and skin cells during the different phases of wound healing. Neurotransmitters and neuropeptides, once observed
as simple signalling molecules, have since been recognized as effective regulators of inflammation, angiogenesis, and cell proliferation. The
significance of skin innervation and neuromodulators is underscored by the delayed wound healing observed in patients with diabetes and the
regenerative capabilities of foetal skin. Foetal skin regeneration is influenced by the neuroregulatory environment, immature immune system,
abundant growth factors, and increased pluripotency of cells. Foetal skin cells exhibit greater flexibility and specialized cell types, and the
extracellular matrix composition promotes regeneration. The extracellular matrix composition of foetal skin promotes regeneration, making
it more capable than adult skin because neuroregulatory signals affect skin regeneration. The understanding of these systems can facilitate
the development of therapeutic strategies to alter the nerve supply to the skin to enhance the process of wound healing. Neuroregulation is
being explored as a potential therapeutic strategy for enhancing skin wound repair. Bioelectronic strategies and neuromodulation techniques can
manipulate neural signalling, optimize the neuroimmune axis, and modulate inflammation. This review describes the function of skin innervation in
wound healing, emphasizing the importance of neuropeptides released by sensory and autonomic nerve fibres. This article discusses significant
discoveries related to neuroregulation and its impact on skin wound healing.
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Highlights:

• The purpose of this review was to discuss how neuroregulation affects the healing of skin wounds.
• The significant role of neurotransmitters in skin wound healing is discussed.
• This review discusses the role of sympathetic neurotransmitters and angiogenesis in the healing of skin wounds.
• This review focuses on the clinical application of skin wound healing.

Background

Approximately 300 million patients worldwide suffer from
chronic wounds, and 100 million suffer from traumatic
wounds, making the treatment of cutaneous injuries ubiq-
uitous. Injuries cost health care systems throughout the globe
a remarkable amount of money—more than $25 billion annu-
ally in the USA alone [1]. The skin, the largest organ in the
body, covers the entire body and performs various functions,
such as acting as a barrier against contaminants, controlling
moisture, and controlling immunological surveillance. Two
types of skin exist: hairy and glabrous skin. Wounds, which
separate organisms, can have four stages of healing, and two
systems must be healed: the epidermis and dermis. Early
closure of wounds with sutures and skin replacement is
important for wound healing. Re-epithelialization or scarring
can result from skin wound healing [2]. Wound healing is
a complex process involving neurotransmitters, including
serotonin, neuropeptides, dopamine, and epinephrine. These
neurotransmitters play crucial roles in wound healing and
regeneration. Understanding the molecular pathways through
which these neurotransmitters influence the immune system
can provide therapeutic interventions to address the increasing
prevalence of acute and chronic wounds and improve overall
health outcomes [3]. The incidence of chronic wounds is
increasing due to type 2 diabetes, peripheral vascular disease,
and metabolic syndrome. Treatments for acute and small
wounds are effective, but long-term care for large-area burns,

infected wounds, and chronic wounds presents challenges.
Biomaterial- and nanoparticle-based wound therapeutics
focus on infection, burn, and chronic wounds, highlighting
their potential for improved healing [4]. The skin plays
crucial roles in hydration, protection, vitamin D production,
excretion, and thermal regulation. The repair process involves
the interplay of cells, growth factors, and cytokines that
participate in the closure of the lesion. The challenges arising
from injuries, especially persistent wounds, primarily stem
from the treatment and management practices that restrict
the healing process of the wound rather than the restoration
of tissue integrity (known as the ‘restitution ad integrum’)
[5]. Therefore, numerous investigations have focused on
achieving more efficient wound treatments to save health care
expenses and suggest lasting improvements, ultimately leading
to effective scar repair. Skin wound therapy can be categorized
as conventional or regenerative. Regardless of aesthetic and
potential functional changes, conventional therapy results in
the development of scars [6]. Regenerative wound therapy
is an emerging field in biomedical research that focuses on
repairing damaged skin and cells without leaving scars and
restoring the original function of the skin [7]. Skin wound
healing involves a unique cellular mechanism involving cells,
growth factors, and cytokines. Current research aims to
improve wound treatments to reduce costs, provide long-
term relief, and promote efficient scar healing. Advancements
in wound care include skin regeneration therapy plans,
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Figure 1. Systemic, local, and chronic factors influence wound healing. Systemic factors include age, nutrition, and health, whereas local factors include
wound size, location, and contamination. Lifestyle choices and medications can also affect healing

experimental skin tissue, cellular engineering, and new skin
regeneration approaches involving the use of growth factors,
bioactive compounds, and genetically modified cells [8].
This study explores efficient techniques for accelerating
skin regeneration and wound healing, focusing on design
factors, smart technologies, and cellular therapies. The
effects of hydrogel formation, electrosprayers, bioprinters,
and 3D printing on skin treatments and wound healing are
discussed. The study also covers immunomodulation, stromal
vascular fraction treatments, small interfering RNAs, and
microRNA therapeutics [9]. Wound healing is a complex
process that involves various cellular, molecular, and chemical
components. The process begins immediately after damage
and persists for several months or even years, resulting
in a fully healed wound that resembles uninjured skin in
both function and appearance. The connections between the
central nervous system (CNS) and the skin include many
neuromediators, cytokines, hormones, and other substances
that exert effects. Therefore, stimuli received at the skin
interface can affect the nervous system at both the local
and central levels. The brain can regulate skin function
in both normal and abnormal states, whereas the skin
can impact the pharmacology of the CNS by releasing
significant quantities of neuropeptides [10]. Noninvasive
transcutaneous electrical nerve stimulation (TENS) can
increase the functional capacity of ageing sensory nerves and

accelerate tissue healing. A study used rats with sciatic nerve
injury and measured hind footpad blood flow responses to
assess the effects. The results revealed comparable increases
in vascular responses after TENS application, with no
evidence that sympathetic fibres influence these responses.
The active treatment group achieved a complete recovery at
14.7 days, whereas the recovery time of the placebo group
was 21.8 days. These findings suggest that low-frequency
TENS can enhance the vascular response in elderly rats
[11]. The normal biological process of wound healing in
humans involves four perfectly timed steps: haemostasis,
inflammation, proliferation, and remodelling. Proper wound
healing requires the correct order and duration of all four
phases. Different factors can disrupt one or more stages of
this process, potentially causing incorrect or compromised
wound healing. This study explores key variables influencing
cutaneous wound healing and the potential cellular and
molecular mechanisms involved. These factors (Figure 1)
include oxygenation, infection, age, sex hormones, stress,
diabetes, obesity, drugs, alcoholism, smoking, and diet. The
influence of these variables on restoration could lead to
treatments that improve wound healing and repair damaged
wounds [12]. Wound healing is an essential component
of survival, as the skin serves as a protective barrier
against threats. It involves multiple cell types and mediators
interacting in a complex sequence. This study describes the
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healing phases and recent advancements and addresses three
key topics: scarring, tissue engineering for wound repair, and
plasma use in skin wound healing. Healthy skin is crucial for
maintaining body homeostasis. Understanding these complex
interactions is essential for designing effective wound-healing
therapies [13].

The neuroimmunologic characteristics of skin inflam-
mation include the interplay of several systems. The long-
standing awareness of the regulatory impacts of autonomic
and sensory nerves is well established. Neurokinins orig-
inating from these neurons have recently been shown to
interact with antigen presentation in dermal Langerhans
cells and other crucial mechanisms involved in allergic skin
disease. The precise impact of brain signals on the peripheral
nervous system remains obscure, despite the ability to process
sensory information and recognize local reflexes. Additional
factors that have been identified include the role of the
brain-derived neurotrophic factor and the involvement of the
autonomic nervous system in the response to mental stress
[14]. Allergic inflammation triggers neuronal dysfunction,
modulating inflammation-related changes in tissues such
as the skin. Neurons control inflammatory responses, and
structural and invading immune cells release mediators. Skin
cells play crucial roles in the allergic response, influencing
neuromediators, neurotrophins, and neurotransmitters in
inflamed tissue. Peripheral sensory and autonomic nerves
are crucial in innate and adaptive immune pathways; further
dissection of receptor-mediated and intracellular signalling
pathways could lead to more effective therapeutic approaches
[15]. This review explores the role of the peripheral nervous
system (PNS) in skin biology and pathology. It highlights
the network of interactions between cutaneous nerves, the
neuroendocrine axis, and the immune system, which impacts
physiological and pathological functions such as cell prolifer-
ation, immunity, inflammation, pruritus, and wound healing.
Neurotrophic factors control nerve growth and regulate skin
function through neurohormone receptors and endopepti-
dases. Understanding cutaneous neuroimmunoendocrinology
could lead to novel dermatological treatment approaches
[16]. The function of sensory nerves and the impact of ageing
on wound healing were enhanced in aged rats. Researchers
have used capsaicin treatment and a CO2 laser to examine
the modulatory effects of the interaction between substance
P (SP) and calcitonin gene–related peptide (CGRP). The results
showed that SP and CGRP effectively accelerated wound
healing in older rats. The tachykinin antagonist spantide II
was the most beneficial treatment, resulting in faster wound
closure. Exogenous treatment with sensory peptides can
accelerate wound healing in older rats [17]. Recent advances
in understanding the neuroregulation of skin wound healing
have focused on the complex relationship between the nervous
system and skin repair processes. Research indicates that
neuropeptides, neurotransmitters, and neurotrophic factors
are crucial for regulating angiogenesis, inflammation, and cell
proliferation in wound healing. It has shown positive effects
on targeting particular neuromediators to minimize damage
and accelerate healing. Novel strategies that have the potential
to improve skin regeneration include neurostimulation
methods and neuropharmacological therapies. These results
indicate the growing importance of neuroregulation as a
driving force behind the development of successful wound-
healing strategies for dermatology.

Review

Phases of wound healing and the functions of
neuromediators

Wound healing involves four phases: haemostasis, inflamma-
tion, proliferation, and remodelling (Figure 2). Neuromedia-
tors such as cytokines and neuropeptides regulate inflamma-
tion, cellular activities, blood flow, and immune responses,
influencing cell migration, proliferation, and tissue repair
(Table 1).

Inflammatory phase

Haemostasis is a short process that occurs after skin injury
and involves the formation of a fibrin plug and the release
of proinflammatory substances. Additionally, neutrophils are
attracted to chemical signals that promote wound healing
[23]. Neutrophils chemically attract other cells involved in
the inflammatory phase [24]. They play a significant role
in controlling macrophage activity [25]. Macrophages enter
the wound and consume infection and cellular debris to
aid in healing [26, 27], along with the release of growth
factors, chemokines, and cytokines [28, 29]. The inflamma-
tory phase of wound healing is triggered by neuropeptides
released by skin nerves, with SP being a significant fac-
tor. Other neuropeptides are under investigation. The dor-
sal root ganglia of the spinal cord produce SP [30, 31].
Human keratinocytes, endothelial cells (ECs), and fibrob-
lasts contain serotonin receptors [32]. NK-1R, a neurokinin
G protein–coupled receptor found in peripheral tissues and
neurons alike, regulates the activity of SP [33]. The blood
arteries, the skin’s outer layer, and the tissue that supports and
links the body’s many parts are all impacted by sphenopala-
tine ganglion stimulation. Nitric oxide is crucial for opti-
mal wound healing [34]. SP causes blood vessels to widen
and improves blood flow through the microvasculature by
increasing nitric oxide production and acting directly on
ECs [35]. Sphingosine-1-phosphate increases the number of
adhesion molecules on ECs, facilitates monocyte migration,
and increases the accumulation of inflammatory cells [36–38].
Additionally, SP controls the synthesis and release of proin-
flammatory cytokines, including transforming growth fac-
tor alpha (TGF-α), interleukins, and tumour necrosis factor-
α. Inflammatory wound healing is a critical phase of the
production of these cytokines [39]. The zinc metallopro-
tease neuropeptidase (NEP) prevents SP from functioning by
degrading SP through its enzymatic activity. NEP and NK-1R
struggle to suppress the activity of SP [40]. The interaction
between SP and NEP plays an important role in inflammatory
signalling during wound healing [41]. After injury, the skin
releases neurokinin A, a physiologically active neuropeptide.
Its interaction with the neurokinin-2 receptor (NK-2R) affects
mainly cutaneous target cells, including keratinocytes and
dermal ECs. The interaction between these two factors reg-
ulates skin inflammation during the healing process [33].
Immunohistochemistry studies have shown that sensory cuta-
neous nerves contain corticotropin-releasing hormone (CRH)
[42]. CRH stimulates inflammation by increasing the levels
of proinflammatory cytokines and opening blood vessels in
the skin, promoting angiogenesis and the growth of new
blood vessels in the epidermis [16, 43]. CGRP expands blood
vessels and allows plasma to leak out [44]. The develop-
ment of new blood vessels may also be improved by this
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Figure 2. Wound healing involves four phases: haemostasis, inflammation, proliferation, and remodelling. Neuromodulators, such as SP and NGF, play
critical roles in influencing inflammation, the immune response, and tissue regeneration, highlighting the vital role of this axis in wound healing

treatment. CGRP increases the inflammatory reactions of
other mediators, such as SP [45]. The transforming growth
factor beta (TGF-β) superfamily member activin promotes
wound healing by increasing CGRP synthesis in sensory neu-
rons that provide nerves to wounds [46]. The regulation of
wound healing is evident from these findings. Research has
indicated that peripheral nerve terminals release more CGRP
when the nerve growth factor (NGF) is present. The NGF reg-
ulates the inflammatory phase of wound repair [47]. Wound
healing occurs more quickly when the sympathetic nervous
system is activated [48]. Neurogenic inflammation is believed
to be impacted by stimulation. α1-Adrenoceptors are found
in peripheral nerve fibres, and their expression increases after
nerve damage, which could worsen neurogenic inflammation
[49]. Inflammation during wound healing is the major factor
contributing to hypertrophic scarring and keloids, which neg-
atively impact the quality of life of patients. New technologies
have shown the effects of inflammatory cells on wound
healing and scarring [50]. Hydrogels have shown promise
in biomedicine because their anti-inflammatory properties
enhance wound healing. Chronic wounds such as those caused
by diabetes and severe burns require excessive inflammation
to promote healing. Hydrogel dressings work by scavenging
free radicals, sequestering chemokines, and promoting the M1
to M2 polarization of macrophages [51].

Proliferative phase

Skin wound healing is primarily attributed to restoring barrier
function to prevent further harm or infection. The process
requires the distinct interaction and mutual influences of
multiple cells and mediators from the outset. The wound-
healing process can be hampered or even result in scarring
if the healing phases are prolonged or if the organism reacts

to damage. Numerous studies are ongoing on the transition
from the inflammatory to the proliferative stage of wound
healing [52]. The proliferative phase occurs a few weeks
after the initial inflammatory phase. The development of
granulation tissue is a hallmark of this process, which involves
the infiltration of macrophages and fibroblasts into the
injured area. Extracellular matrix (ECM) formation occurs
when macrophages come into contact with fibroblasts. This
ECM supports ECs, angiogenesis, and wound contraction.
By increasing DNA synthesis, SP has potent effects on the
proliferation of fibroblasts, keratinocytes, and ECs [53, 54].
A key component in the remodelling of granulation tissue is
a serine protease. It accomplishes this effect by promoting
cutaneous fibroblast growth and migration [55] and the
production of relevant receptors and the epidermal growth
factor [55, 56]. Peripheral and CNS neurons and other cell
types, such as fibroblasts, epithelial cells, keratinocytes, and
immunological cells, produce the peptide neurotrophin NGF
[57]. The growth, survival, and functionality of sensory and
autonomic nerves are significantly influenced by NGF [58].
Additionally, NGF has anti-inflammatory properties [59].
NGFR promotes the proliferation of nearby undifferentiated
cells and the growth of excessively growing blood vessels and
nerve fibres in wounds [60]. Animal studies and a human
case study revealed that NGF promotes angiogenesis and
epithelial repair [33]. Neurokinin A induces the secretion
of NGF in the outer layer of the skin [33, 61]. The other
significant neuropeptides involved in the proliferative phase
are CGRP, galanin, vasoactive intestinal peptide (VIP),
and pituitary adenylate cyclase-activating peptide (PACAP).
GRP is widely dispersed in both the CNS and the PNS.
GRP promotes keratinocyte migration, proliferation, and
angiogenesis [62]. CGRP stimulates keratinocyte proliferation
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and migration [63]. Sensory nerves secrete the peptide galanin,
which acts through G protein–coupled receptors. Galanin
can inhibit cell growth in tissues [64]. In contrast, a study
conducted in vitro revealed that galanin increased NGF
production [65]. VIPs have been shown to aid in keratinocyte
division and movement [66]. VIPs also cause mast cells (MCs)
to release histamine, which dilates blood vessels [67]. VIP
promotes sciatic nerve regeneration in rats. These findings
suggest that VIP may play a role in reneutralizing damaged
tissue [68]. PACAP is present in the sensory cutaneous nerves
[69]. This substance is a member of the VIP peptide family
and exhibits potent vasodilatory characteristics [70]. The C-
fibres release PACAP when neurons are activated, resulting
in vasodilation and extravasation. PACAP causes MCs to
produce histamine, which contributes to cutaneous irritation.
Furthermore, PACAP promotes human keratinocyte growth
[71]. This study aimed to explore the activation and inhibition
of the sympathetic nervous system during the wound-healing
phase, specifically through adrenoceptors [72]. The α1β-
and β2-adrenoceptors are activated to promote the growth
and migration of fibroblasts [73]. In wound healing models,
blocking β1/β2-adrenoceptors accelerates the movement
and re-epithelialization of human keratinocytes [74]. The
balance of various important cytokines, such as TGF-β and
insulin-like growth factor-1 (IGF1), impacts the synthesis and
restructuring of connective tissues in the skin [75]. Scientists
have reported that TGF-β promotes the formation of the
ECM [76] and that IGF-1 regulates fibroblast growth and
movement in response to chemical signals [77]. Research
suggests that the sympathetic nervous system may regulate
the production of TGF-β1 and IGF-1, cytokine release, ECM
synthesis, and migration of fibroblasts in the skin [78].
Neuropeptide Y (NPY) is present extensively in the central and
peripheral nervous systems. NPY is expressed in sympathetic
nerve fibres in the deep and superficial dermis of the skin
[79]. NPY has direct effects on promoting the growth and
infiltration of ECs [80, 81].

Stages and difficulties in the healing process of
wounds
A brief overview of injuries and their effects

Wounds can be categorized as acute or chronic based on
their aetiology and consequences. These injuries can result
from several factors, such as injuries, surgical interventions,
pathological conditions, pressure, burns, or cuts [82]. The
gradual healing process after an acute wound can restore
anatomical and functional integrity, whereas chronic wounds
cannot reach optimal outcomes. Healing can be influenced
by various systemic factors, such as age, vascular conditions,
metabolic disorders, autoimmune diseases, and medications
[83]. The optimal wound healing outcome is characterized
by complete recovery of the original anatomical structure,
function, and appearance after an injury. Partially healed
wounds maintain anatomical continuity but do not achieve
long-term functional outcomes, which increases the possibility
of injury recurrence. Both noninvasive and invasive techniques
are used to evaluate and categorize wounds and measure their
perimeter, maximum length, surface area, volume, deteriora-
tion, and tissue viability [83]. Several qualities can characterize
a wound, such as blood circulation, oxygenation, infection,
swelling, inflammation, repeated injury or insult, nerve sup-
ply, wound metabolism, dietary habits, medical history, and

systemic factors. These characteristics can indicate a wound’s
nature, cause, and condition [12]. Wounded patients must
be evaluated according to their condition and system. The
healing process is complex and requires ongoing investigation.
Persistent wounds negatively impact quality of life; increase
care costs, psychological effects, hospitalization, morbidity,
and mortality; and earn the label of a ‘silent epidemic’ [84].
Most of the financial expenses pertain to hiring health care
staff, the duration and costs of hospital stays, and the selection
of materials and treatments. The development of new technol-
ogy to improve the healing process is complicated by several
variables [85].

Phases of wound healing

Wound healing after severe injury can lead to cutaneous
fibrosis, affecting movement and patient recovery. Current
research focuses on molecular regulators of the inflammatory,
proliferative, and remodelling phases of wound healing. A
multimodal strategy is necessary to reduce fibrosis by target-
ing inflammatory mediators, the epithelial-to-mesenchymal
transition, and myofibroblast development [86]. Keratinocyte
desquamation in the stratum corneum causes skin cell loss,
which is replaced in the basal layer through stem cell pro-
liferation. Numerous factors may impact cellular regenera-
tion, such as injuries, hormones, skin diseases, and personal
health [87]. The process consists of several steps triggered
by biochemical pathways involving cellular components such
as the coagulation cascade, inflammatory mechanisms, and
immune system cells such as fibroblasts, keratinocytes, and
macrophages [88]. Gene expression, either through autocrine
or paracrine pathways, controls the progression of the regen-
eration process. Gene silencing is responsible for terminat-
ing active pathways throughout regeneration [89]. Human
wound healing is a complex process that requires precise
timing and location management between the inflammatory
phase and tissue regeneration. Several factors are involved in
the inflammatory phase after a harmful event, including the
coagulation cascade, the immune system, and the inflamma-
tory pathway [90]. Haemostasis is a complex process that
involves the development of a fibrin matrix. This matrix
contributes to the infiltration of cells and activates the com-
plement system, which facilitates the entry of neutrophils. This
process is triggered by platelet degranulation, signals from
necrotic tissue, and components released during bacterial
breakdown [91]. During injury, macrophages are responsible
for managing all reactions. In addition to eliminating fibrin
and cell debris, these cells release monocyte-derived growth
factor (MDGF), which promotes the growth of fibroblasts and
ECs [92]. Tissue regeneration usually occurs within 2–10 days
following injury and involves cell proliferation and migration
processes. Granulation tissue forms due to the expansion of
fibroblasts, myofibroblasts, and ECs. This highly vascularized
tissue plays crucial roles in wound healing and the develop-
ment of new blood vessels [93]. During the re-epithelialization
phase, keratinocytes undergo rapid cell division and move-
ment towards the centre of the wound, while granulation
tissue forms at the base and edges of the incision [92]. The
sliding and rolling models explain the structural organization
of skin re-epithelization. The sliding model proposes that ker-
atinocytes in the basal layer change their anchoring junctions,
allowing them to migrate horizontally towards the centre of
the lesion. Conversely, the rolling model indicates that these
cells migrate towards basal keratinocytes [94]. Keratinocytes



8 Burns & Trauma, 2025, Vol. 13, tkae072

undergo proliferation and vertical differentiation to regen-
erate the basal layer, restoring the integrity of the epithelial
tissue. The remodelling phase, which spans more than a year,
prevents prior activity and induces apoptosis or migration
away from the wound. The epidermis and dermis maintain
the integrity of the skin, with Type III collagen being replaced
within 6–12 months [95].

Healing of acute and chronic wounds

Acute wound healing is influenced by the immune response,
whereas chronic wounds are caused by immune system dys-
regulation, inflammatory mediators, and bacterial biofilms
[96]. Acute wounds, such as those caused by trauma or
surgery, undergo the normal phases of wound healing, result-
ing in a predictable and organized tissue-rebuilding process
[97]. On the other hand, vascular ulcers (such as venous
and arterial ulcers), diabetic ulcers, and pressure ulcers are
the main types of chronic wounds that are distinguished by
an aberrant healing process [98]. This review investigates
the regulatory properties of the neuropeptide SP in wound
healing, specifically under diabetic conditions. SP plays a key
role in regulating cell growth and restoring communication
between skin cells. Additionally, SP governs the immune sys-
tem, offering the potential for wound healing and treating
diabetic foot ulcers [99]. Chronic wounds exhibit a con-
tinuous inflammatory phase, attracting bacteria, enhancing
biofilm formation, and producing TGF-β and ECM compo-
nents. Long-term activation of the proinflammatory cytokine
cascade, comprising TNF-α and interleukin-1β, leads to a
significant accumulation of proteases in the wound bed. When
chronic wounds occur, more protease enzymes than inhibitors
are present. These enzymes degrade the ECM and promote
the growth and inflammatory phases [100, 101]. Reactive
oxygen species (ROS) levels increase when inflammatory cells
are present in a chronic wound bed. ROS damage ECM
proteins accelerate the ageing process of cells [102]. Abnor-
malities in the cells and dermis, such as a decrease in the
density of growth factor receptors and a reduction in the
capacity to stimulate cell division, further distinguish chronic
injuries. These abnormalities delay the ability of local cells to
respond appropriately to signals that promote wound healing
[103–105].

Epithelialization in skin wound healing

Skin wounds involve tissue remodelling, cellular proliferation,
and inflammatory cell infiltration. Epithelialization, a process
involving the restoration of the keratinocyte layer, is cru-
cial. Growth factors or proinflammatory cytokines regulate
epidermal stem cell migration, proliferation, and differentia-
tion. Treating skin wounds that target these cytokines may
be beneficial [106]. The techniques for healing cutaneous
wounds are contraction and epithelial resurfacing. Depending
on the species, one or more mechanisms dominate the wound-
healing process. Rats heal mostly via contraction, whereas
in humans, epithelialization is responsible for up to 80%
of wound closure [107]. Wound healing depends on several
factors: the location, depth, size, and microbial contami-
nation. Patient health, genetics, and epigenetics determine
skin appendage preservation and the primary goal of partial-
thickness wound healing. However, full-thickness wounds are
identified by the total obliteration of the epidermis, dermis,
and underlying tissues. Granulation tissue is produced as the
first step in healing lost tissue and fills the defect before the

epithelial covering appears. The third phase of healing is often
complicated, similar to septic conditions, in which wounds
are left open and remain so until the inflammatory and
potentially life-threatening situation subsides [108]. Wound
healing involves various stages, with superficial wounds hav-
ing a brief haemostatic phase and clean wounds having a
longer haemostatic phase. Profound wounds require more
time due to extended first stages, including haemostasis and
elimination of cellular waste. Epithelialization begins shortly
after injury, and keratinocytes transform into migratory cells
[109]. Hair follicle regeneration involves how the epidermis,
or the outermost layer of skin, regenerates through apoc-
rine gland ducts [109–111] and the margin of the wound.
Pilosebaceous units, eccrine sweat glands, and the outer root
sheath of the hair follicle appear to be the initial stages
of this process in humans. The skin adnexa seem to be
arranged particularly for wound healing. Rittié and coworkers
[109] described a phenomenon where no extension must
travel more than half the distance between adjacent structures
before encountering another moving in the opposite direction.
Human partial-thickness wounds typically require cells to
travel ∼500 μm and achieve complete epithelialization within
8–10 days [110]. ‘Leapfrogging cells’ was the original term for
keratinocyte migration to heal an epidermal wound. These
cells gradually move over each other and onto the wound
bed without specific migratory activity [112, 113]. A previous
study showed that leader cells or complete rows of cells
exert force on other cells, causing them to crawl over the
wound [114–116]. In addition, three more mechanisms may
be involved: extension of the membrane or epidermal tongue,
lamellipodial crawling, and shuffling [117, 118]. The first
line of keratinocytes close to the injury site forms the epi-
dermal tongue. Activated keratinocytes undergo cytoskeletal
reorganization [109]. The first line of activated keratinocytes
uses lamellipodial crawling to move them away from fibrin,
fibronectin, and vitronectin produced by the blood clot and
forwards over the wound matrix [117]. Contact inhibition
causes keratinocytes to stop moving once they reach the centre
of the wound, which results in the wound being covered
[119]. Strong interactions between cells are formed again, and
keratinocytes take on their inactive cobblestone-like appear-
ance, creating layers in the epidermis. The main goals are to
promptly and effectively close the wound and prevent further
fluid loss or infection. The ECM that promotes keratinocyte
movement is an essential component of epithelialization. The
dermis, fascia, and muscles are ideal for the healing of wounds,
despite the presence of even small amounts of adipose tissue.
The development of granulation tissue ensures the movement
of epithelial cells in connective tissues outside the dermis.
Granulation tissue consists of macrophages; fibroblasts; blood
vessels; and a loose matrix of type I collagen, glycopro-
teins, fibronectin, and hyaluronic acid [120–122]. Chronic
wounds, specifically nonhealing ulcers, disrupt the regulation
of the epidermal stem cell environment [123]. A small cell
population and persistent inflammation caused by an infec-
tion, a lack of oxygen, reduced blood flow, and/or excessive
fluid discharge characterize this disruption [124]. Extensive
research is continuously being conducted to utilize stem cells
for nonhealing wounds. Stem cells significantly impact var-
ious stages of wound healing, including the reduction of
inflammation, movement of cells, growth, and specialization.
However, their exact roles are still incompletely understood
[124–126].
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Remodelling in the healing and scarring of skin
wounds

The remodelling phase of wound healing ends with the for-
mation of a scar. During normal adult wound healing, the
wound is closed, and the original tissue is replaced with a
collagen scar. Embryonic wounds may heal without scars dur-
ing gestation [127, 128]. The epidermis and dermis of scarless
foetal lesions are completely restored, accompanied by retic-
ular collagen matrix formation. Prenatal wound healing in
sheep involves skin regeneration before the second trimester,
whereas embryonic wound healing in humans causes early
scarring [129]. This difference may be explained by the unique
way that foetal fibroblasts respond to the profibrotic sub-
stance TGF-β [130]. Wound healing processes in children
and adults result in scars, with cutaneous scars having a
distinct collagen pattern and a lack of epidermal appendages.
Wound healing relies heavily on myofibroblasts, which are
important in wound contraction. Dermal fibroblasts acti-
vated after injury become protomyofibroblasts, which emerge
∼4 days after injury and are present in both normal connective
tissue and early granulation tissue [131]. The activation of
TGF-β [132] and the splice variant ectodysplasin A (EDA)
fibronectin cause protofibroblasts to transform into myofi-
broblasts that express α-smooth muscle actin [133]. Focal
adhesions between the ECM and the intracellular cytoskeleton
enable myofibroblasts to produce contractile forces. Wound
contraction and contracture are clinical terms for tissue short-
ening or distortion, resulting in reduced mobility and function.
Scar remodelling takes months to years and typically results
in an initial red appearance due to dense capillaries. Scars
can develop hyperpigmentation in individuals with darker
skin tones and those with excessive sun exposure. Wounds
gain strength over time, and the molecular pathways respon-
sible for excessive repair are being investigated. The skin
tissue of burn patients shows reduced collagenase activity
and increased levels of profibrotic cytokines [134]. Apoptosis,
or programmed cell death, does not occur during repair,
and fibroblasts still release ECM components [135]. Clinical
variables and molecular regulation influence scar develop-
ment. Incisions should be made along natural skin tension
lines to minimize the appearance of the scar and reduce
tension. Wounds with well-defined edges heal with mini-
mal scarring. The second phase of healing causes increased
scar development. Hyperpigmentation and hypopigmentation
intensify scar differentiation, enhancing visibility. Wounds
should be protected from light to prevent blackness. Hyper-
trophic scars and keloids occur in humans and are rare in
animals [136]. Hypertrophic scars are elevated, reddish, and
pruritic and often develop due to severe stretching forces
on wounds. They are most common in extremities intersect-
ing joint surfaces and can be minimized through physical
therapy. These scars eventually diminish and become level
with the surrounding skin. Early identification and prompt
therapy are crucial for addressing severe scarring and pre-
venting infection [137]. Sun protection must be used to mini-
mize the occurrence of scar hyperpigmentation. Patients more
likely to experience significant scarring may find it help-
ful to take preventative steps such as using ointments or
silicone gel sheeting and concurrently administering intrale-
sional steroid injections with hypoallergenic microporous tape
[137, 138]. Silicone gel sheeting is the only treatment for
hypertrophic scars with strong evidence of effectiveness [139].
Silicone gel sheeting has a history spanning >20 years and

has been supported by multiple randomized controlled trials
that have demonstrated its safety and effectiveness [138, 140].
Research has focused on reducing scars through hydration,
temperature, and mechanical tension. Anti-TGF-β treatments
were initially studied in foetuses, but the complex process of
scar development and remodelling remains unresolved [141].
Further research is needed to investigate the redundancy of
actions among growth factors. Most likely, TGF-β alone is
not the sole growth factor that decreases scar formation and
fibrosis in humans and should be addressed. Recently, the
mechanics of tissues, the healing process of wounds, and
the strength of the inflammatory response (Figure 3) have
received attention to address the issue of excessive scarring.
Novel medications are now being used to treat fibrotic dis-
eases in clinical phase II and III trials [142]. Efforts are being
made to investigate the effects of antibodies against TGF-
β, integrin αvβ6, interleukin-13, connective tissue growth
factor (CTGF)/CCN2, and other molecules on liver and lung
fibrosis and keloids. The use of leukotriene receptor antag-
onists, angiotensin-converting enzymes, calcium antagonists,
and statins as whole-body treatments for asthma, high blood
pressure, and high cholesterol has been shown to reduce
scarring [143]. These unintended consequences have been
partially replicated in animal models [144].

Angiogenesis in the healing of skin wounds

Angiogenesis, the process of developing a functional blood
vessel network, is crucial for wound healing, restoring blood
flow, providing nutrition and oxygen exchange, and eliminat-
ing metabolic waste [145]. Wound healing depends heavily
on neovascularization, which influences the entire process
from the initial skin injury to final healing [146, 147]. The
microvasculature is crucial for clotting, minimizing bleed-
ing, and forming a temporary wound structure. The wound
microenvironment supports new blood vessels and regener-
ation, providing nutrients and eliminating waste. The neo-
vascularization process is disorganized, with functional and
defective capillaries shrinking or disappearing naturally [148].
Several factors contribute to chronic, nonhealing wounds,
forming an unfavourable environment that prevents skin heal-
ing. Hyperglycaemia, chronic inflammation, and deficits in
growth factors and cytokines hinder the recruitment of stem
cells needed for adequate angiogenesis [146]. Stem cells pos-
itively affect skin wound healing, particularly blood vessel
regeneration [146]. This process appears to be aided by stem
cells or progenitor cells via a variety of paracrine actions,
including increased levels of proangiogenic substances such
as vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), basic fibroblast growth factor (bFGF),
EGF, TGF-β, and IGF-1 [149–152]. Researchers have reported
that stem cells can heal chronic wounds in rats with diabetes
injury [150, 151, 153, 154]. Recent studies have focused
increasing attention on the role of pericytes in wound heal-
ing [155]. Pericytes play crucial roles in vascular formation,
endothelial stabilization, the blood-brain barrier (BBB), fibro-
sis regulation, and immune responses. They express adhesion
molecules such as VCAM-1 and E-selectin, triggering neu-
trophil movement and tissue migration [156–159]. Pericytes
exert their anti-inflammatory effects by preventing the acti-
vation of chemokine-recruited T cells in response to specific
antigens [160]. Pericytes, which undergo dedifferentiation and
transform into activated fibroblasts that produce collagen, can
exhibit profibrotic activity [161]. The growth of scar tissue
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Figure 3. The inflammatory response is an important defence mechanism triggered by damaged tissues. The inflammatory response in the skin involves
immune cells releasing cytokines, blood vessel dilatation, and phagocyte engulfment of pathogens. Acute inflammation is protective, whereas chronic
inflammation can promote skin diseases

during hypertrophic scarring may occur because pericytes or
transdifferentiated myofibroblasts are more sensitive to low
oxygen levels, which blocks or partially blocks small blood
vessels [155, 162]. Studies have indicated that normal wound
healing can occur despite decreased blood vessel growth and
capillary bursts [163, 164]. This observation is attributed to
the fact that despite having less blood vessel creation than
adult skin, lesions to foetal skin and the oral mucosa heal with-
out leaving scars [163, 165]. The reduced creation of scars in
foetal skin and the oral mucosa may be attributed to a weaker
inflammatory response and the accelerated development of
newly formed capillary networks [163]. Anti-angiogenic med-
ications have been proposed as potential therapeutics for
hypertrophic scars and keloids [163, 166, 167]. A study sug-
gests that inhibiting angiogenesis during skin wound healing
is potentially counterintuitive. Normal skin regeneration can
still occur despite a decreased number of capillaries if tissues
receive sufficient nutrients [163]. Prompt treatment of skin
lesions remains challenging because of the lack of efficient
wound-healing techniques. Stem cell-based therapies, partic-
ularly the use of mesenchymal stem cells (MSCs) extracted
from adult and foetal tissues, have been popular for treating
acute and chronic skin lesions. Stem cells can stimulate angio-
genesis, promote neovascularization and accelerate wound
healing [168].

Sympathetic neurotransmitters: sources from
neurons and paracrine signalling
Skin cells: neurotransmitter synthesis

Recent studies have examined the factors influencing the
relationship between psychological stress and skin diseases.
Stress triggers an active skin response involving hormones,

neurotransmitters, and skin immune cells, controlling inflam-
mation and triggering corticosteroid secretion [169]. Resident
skin cells release signalling molecules through paracrine
signalling to preserve normal tissue features. In addition
to having unique cell surface receptors, they also synthe-
size neuropeptides and catecholamines. Norepinephrine
(NE)- and acetylcholine (ACh)-synthesizing enzymes and
a range of these neurotransmitter receptors are present in
keratinocytes in all epidermal layers [170, 171]. Enzymes
such as phenylethanolamine-N-methyl transferase (PNMT)
and tyrosine hydroxylase, which aid in the production of
norepinephrine, are found in keratinocyte vesicles. NE was
detected in the culture medium of isolated keratinocytes
[74]. Basal keratinocytes in the skin produce more nore-
pinephrine, enabling calcium entry and cell maturation. Beta-
adrenoreceptors are abundant in various skin areas and in
fibroblasts. Epidermal layers have a high β2-adrenoceptor
density, with β2-AR prominent in sweat glands [172]. Atopic
dermatitis and psoriasis cause keratinocyte dysfunction and
reduce norepinephrine levels by inhibiting the development of
keratinocytes in the native epidermis [173]. ACh is produced
in all human cells, and the ratio of acetylcholinesterase
(AChE) synthesis to AChE breakdown indicates its activity.
Keratinocytes have equal capacities for synthesis and release,
with AChE activity detected in the basal layer. The epidermis
expresses multiple ACh receptors in a pattern that is unevenly
distributed among keratinocytes [174].

Normal skin sympathetic regulation

The dermis contains the autonomic nerves situated close
to dermal appendages, blood vessels, and lymphatic vessels.
These nerves are only sympathetic nerves, except for those
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in the face and skin. Cuticle vasoconstrictors, piloerectors,
and sudomotor neurons are related to these fibres [175]. Both
types possess unmyelinated axons of the C-type and are sit-
uated in the paravertebral ganglia [176]. Microneurography
studies have shown that a single sympathetic unit provides
innervation to an area of skin ranging from 24 to 350 mm2

[177]. The differentiation of cholinergic sympathetic fibres
near eccrine sweat glands and apocrine sweat glands from
noradrenergic sympathetic fibres near arterioles or erector
pili muscles was made more accessible by immunolabelling
histological studies of glands [178]. These fibres are located at
different depths in the dermis. Sensory fibres pass immediately
through the basal membrane, whereas sympathetic fibres pass
gradually [179]. Vasoconstrictor nerve endings innervate skin
arterioles, altering EC integrity near capillaries. Adrenergic
fibres stimulate piloerection and control hair follicle activity.
Sudomotor fibres promote heat waste and increase sweating
during stress reactions. Adrenergic nerve terminals release
NPY, epinephrine, and protein O-mannose kinase (POMK)-
generated peptides [180]. Sympathetic fibres aid in wound
healing, affecting superficial muscles and subcutaneous adi-
pose tissue. Deep soft tissue trauma affects these tissues, with
the sympathetic nervous system regulating heat storage and
release [181, 182]. Sympathetic fibres that innervate blood
vessels are found only in skeletal muscles, yet new research
indicates that they may also regulate the force of muscular
contractions [183, 184].

Sympathetic control during typical wound healing
Keratinocytes

The phenotype of keratinocytes depends on the keratin
expression profile after a lesion. Basal keratinocytes pro-
liferate and replace lost corneocytes, whereas mature
keratinocytes transition to become activated or contractile.
Contractile keratinocytes reduce the wound area, increasing
susceptibility to infection or chronic conditions [94, 185].
Intact epidermal cells can produce NE, which allows them to
influence one another and inhibit the process of inflammatory
activation. Activation of the β2-adrenergic receptor in
vitro inhibits the movement of keratinocytes [186, 187].
Epinephrine is a more potent keratinocyte migration inhibitor
than norepinephrine [188]. Several cellular processes occur
after β2-AR is activated in keratinocytes. These processes
include the dephosphorylation of extracellular signal-related
kinase (ERK), the induction of the promigratory signalling
cascades, and the serine/threonine phosphatase PP2A [189].
The β2-AR agonist isoproterenol also inhibits the growth of
keratinocytes [190]. In contrast to immune cells, keratinocytes
contribute to the proinflammatory cellular response through
β2-AR. Epinephrine increases the generation of interleukins,
and the interaction between β2-AR and TLRs greatly
enhances the inflammatory response [191]. The epidermis is
constantly exposed to pathogens and the environment, which
contribute to the immune response in the skin. The inhibition
of kupffer cells (KCs) by 2-AR may be counterbalanced
by the release of cytokines [192]. Wounding in cultured
keratinocytes results in the rapid release of norepinephrine
and a long-lasting reduction in the expression of the β2-AR
protein and genes responsible for synthesizing catecholamines
[193]. Scratch wounds in cultured keratinocytes reduce
β-adrenoceptor gene expression, suppress β2-adrenoceptor
activity, and reduce norepinephrine production. ICI-118551,

an antagonist of β2-adrenergic receptors, reduces these
effects [194]. β2-AR can exert harmful effects after exposure
to epinephrine, leading to keratinocyte blockage in vitro
[194]. α2-Adrenoceptors (α2-ARs) located on the presynaptic
membrane decrease the release of catecholamines. Thus, the
external activation of NE-stimulated neurons can enhance
wound healing by suppressing NE release [195]. A2-ARs
enhance the movement of keratinocytes. NE stress leads to
the dominance of ap2ARs over ap2 adrenoceptors, resulting
in fast migration [196]. Activating α-adrenoceptors prevents
KCs from transitioning from a basal or mature state to an
active state. ACh is also present in large quantities in the
epidermis and can directly influence keratinocytes through
cellular receptors. Keratinocytes and melanocytes express
five molecular subtypes of muscarinic and nicotinic receptors
[170]. ACh receptor activity can be blocked concurrently in
the laboratory, leading to the inhibition of the growth and
proliferation of organotypic skin cultures. The inhibition
of nAChR receptors results in less significant alterations
than the inhibition of mAChR receptors in terms of culture
thickness and the expression of maturation marker genes
[197, 198]. ACh is important for enhancing keratinocyte
cohesiveness [199, 200]. Similar to NE, ACh also increases
the production of cytokines in keratinocytes. Cytokine
activation can balance the effects of direct inhibition [201].
The activation of M3 mAChR inhibits the movement of
KCs, whereas the activation of M4 mAChR promotes their
movement [202]. Experiments conducted in a controlled
laboratory environment demonstrated that the a9 nAChR
receptor is crucial for initiating cell migration. In the absence
of this receptor, the KCs remain firmly adhered to the surface.
Several receptors with contrasting actions inhibit the efficacy
of targeting the cholinergic system in wound healing [203,
204]. The interactions between neuropeptides and KCs have
received limited attention. VIP promotes the movement and
growth of keratinocytes [205–207]. The presence of the
NPY receptors Y1 and Y4 was observed in every layer of
human skin in a previous study [208]. Notably, CGRP and
VIP stimulate cAMP production in cultured keratinocytes,
resulting in increased cell proliferation. Conversely, NPY
reduces cAMP levels, leading to the opposite effects. NPY
blockers may have beneficial effects [209].

Immune cells and inflammation

Acute inflammation in the initial stages of injury impacts
the healing process. It affects blood vessels, attracting
granulocytes and facilitating white blood cell movement.
Sympathetic fibres regulate inflammation through neuro-
transmitters. Trauma can cause a surge in catecholamine
levels, enhancing skin arteriole constriction and redirecting
blood towards essential organs. This process can impede
leukocyte movement and prevent severe haemorrhaging [210,
211]. Subsequent studies refuted this discovery. Capillary
permeability increases in diabetic skin because of decreased
vascular constriction without sympathetic activity [212,
213]. Catecholamines act as antagonists of other cytokines
and inflammatory mediators by preventing the increase in
capillary permeability at the wound site. Several studies
have shown that catecholamines can influence the activity
of leukocytes [214]. β2-Adrenergic receptors, which are
the most prevalent, have been discovered on all types of
leukocytes with varying densities [215]. Adrenergic receptors
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exist in various types and have different characteristics in
different types of animals and cells. In terms of quantity, β2
receptors are followed by α1, α2, and β1 receptors [216].
β2-ARs control immunological responses by inhibiting the
release of cytokines such as TNF-α, preventing leukocyte
migration and chemotactic signals [217]. The concentration
of IL-10 increases quickly upon β2-AR activation, resulting in
either immunosuppression or localized inflammation [218].
Possible processes involve the inhibition of NF-κB through
protein kinase A (PKA) and the production of the β-arrestin
2 protein [218, 219]. Norepinephrine significantly reduces
the phagocytic activity of both neutrophils and macrophages
in wounds on rats, inhibiting macrophages at physiological
and pharmacological levels [220–222]. Insufficient data
exist concerning the involvement of α-adrenoceptors in
the process of soft tissue wound healing. They typically
exhibit proinflammatory properties. α-Adrenergic agonists
stimulate the synthesis of proinflammatory cytokines, the
proliferation of immune progenitors, and the formation of
ROS [223, 224]. During various instances of inflammation,
the activation of α-adrenoceptors leads to an increase in
numerous pathogenic responses. Systemic inflammation
leads to increased consumption of TLR-driven cytokines
by macrophages [225]. Furthermore, α-1B receptors have
the capacity to establish heterodimeric complexes with
chemokine receptors and govern their function [226, 227].
In summary, the sudden release of catecholamines decreases
inflammation by interacting with β2-adrenergic receptors.
This observation is interesting since the natural healing
process of wounds depends heavily on inflammation
[228, 229]. Even with extensive research, the danger of
inflammation or taking anti-inflammatory medications still
cannot be predicted. In several situations, glucocorticoids
can impede the healing process of wounds or even cause
them to form [230, 231]. However, glucocorticoids have been
shown to promote wound healing in some species [232].
Furthermore, medicines that impact β-AR exhibit significant
variability across various inflammation models and disorders
[233–236]. In a simple wound model, a beta-blocker was
shown to increase the rate of cell division, the migration of
neutrophils and MCs, the density of myofibroblasts, and
the density of blood vessels. However, it also caused an
overall delay in healing [237]. The wound area was reduced
in the propranolol group of rats with the streptozotocin-
induced diabetes 7 and 14 days after the injury. Additionally,
reductions in the number of inflammatory cells and the
level of MMP-9 were observed [238]. β2-AR is crucial
for preventing inflammation and tissue damage in the
sympathetic nervous system. β-Adrenergic receptors have
less affinity for binding NE, leading to the release of IL-10.
α-Adrenergic receptors bind to more mediators, and TNF-
α release is more dominant. Undamaged sympathetic fibres
reduce inflammatory reactions at wound edges and intensify
closer to the lesion’s core [174]. The immune system depends
on the proinflammatory molecule acetylcholine, which
is released by sudomotor sympathetic neurons and can
cause cholinergic reactions that maintain the balance of
inflammation [239, 240]. Leukocytes express various types
of cholinergic receptors: the M1-M5 muscarinic receptors
and the a3, a5, a7, a9, and a10 nAChR subunits [240,
241]. Both types of cholinergic receptor suppress the release
of cytokines from leukocytes, although mAChR has been
more extensively studied [242–244]. Furthermore, releasing

acetylcholine can potentially reduce inflammation near
lesions. In contrast to catecholamines, acetylcholine (ACh)
induces vasodilation, enhancing leukocyte extravasation
[199, 245]. Cholinergic neurons, particularly sympathetic
sudomotor neurons, are characterized by the presence of VIP.
VIP increases the development of blood vessels in wounds and
exerts anti-inflammatory effects by increasing the number
of Treg cells and decreasing the release of TNF-α and IL-
6 [246–248]. Vasomotor sympathetic nerve terminals in the
skin largely synthesize NPY. The precise mechanism by which
NPY contributes to the healing of soft tissue wounds is
not fully understood. NPY is a proinflammatory factor in
various diseases [249–252]. NPY stimulates the generation
of cytokines in leukocytes by interacting with the Y1 and
Y5 receptors. However, the functions of other types of NPY
receptors and their involvement in cytokine production have
been poorly documented [250, 253]. NPY, a neurotransmitter
in the skin, promotes inflammation without suppressing the
immune system during wound healing. It requires immune
cells to resist sympathetic nerve fibres [254]. Diabetic patients
with Charcot foot have highly concentrated semaphorin
3C, resulting in fewer sympathetic fibres [255]. A study
investigated the presence of cytokines and hormones in
inflamed tissue. TNF-α attracts nerve fibres, whereas 17β-
oestradiol repels them [256]. Sepsis induces nerve repulsion
in primary immune organs, leading to systemic inflammatory
responses. Individuals with sepsis have 16% sympathetic
fibres, affecting immunological modulation and reducing
inflammation specificity [257].

Cells of blood vessels

Blood circulation must eventually be improved to ensure
rapid and efficient recovery. All neurotransmitters and neu-
ropeptides with sympathetic properties influence angiogen-
esis [258–260]. By activating β2-AR in both mouse wound
models and human skin wounds, phospho-ERK-mediated
cytoskeletal remodelling is inhibited, which slows wound re-
epithelialization and healing [261]. Notably, similar effects
were observed on cultured vascular smooth muscle cells [262,
263]. In addition, the activation of β2-AR inhibits the move-
ment of ECs and the process of angiogenesis, which is the
construction of new blood vessels in a process dependent on
cAMP [264]. The overexpression of the α1-AR gene in vas-
cular cells may cause changes in circulatory dynamics. These
modifications could indirectly lead to dysfunctional keloid
scars with elevated levels of α1-AR production [265]. NPY
levels remain high during the active phase of the sympathetic
nervous system (SNS). This neuropeptide causes a long-term
increase in vascular tone, similar to arterial hypertension.
Reduced neuropeptide Y (NPY) synthesis in the skin is fre-
quently associated with diabetes mellitus [80]. Sympathetic
nerve fibres release NPY, which promotes the proliferation
and migration of ECs [79, 266]. Ablation of NPY Y2 receptors
in mice delays wound healing by blocking angiogenesis [80].

Fibroblasts

Fibroblasts play a critical role in wound healing throughout
advanced stages. Inflammation is halted when scarring and
functionality are restored in part by growth factors [267, 268].
Fibroblasts produce adrenergic and cholinergic receptors of
almost every type. β2 receptors are more effective during
the proliferation phase. β2-AR agonists have been found
to hinder contraction and fibrosis, diminish the scar area,
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and enhance scar quality in zebrafish and pig skin wound
models [269]. cAMP inhibits extracellular matrix contraction
and makes fibroblasts move faster [270, 271]. The inhibi-
tion of beta-adrenoceptors delays wound contraction and
epidermal healing. Furthermore, the neoepidermal thickness,
collagen density, and hydroxyproline levels are all decreased,
as reported in other investigations [237]. Propranolol reduces
the wound size in rats with streptozotocin-induced diabetes
at 7 and 14 days after injury. Furthermore, MMP-9 is down-
regulated, whereas nitric oxide levels, collagen deposition, the
MC count, cell proliferation, and blood vessel density are
all elevated [238]. β2-AR antagonism leads to increases in
angiogenesis, fibroblast activity, and re-epithelialization [272].
Agonists increase inflammation, immune cell division, and
ROS and TGF-β production [223, 224]. Different types of
acetylcholine receptors are expressed by dermal fibroblasts.
These receptors include α-3β2, a5, a7, a9 nAChRs, M2,
M4, and M5 mAChRs [199, 200]. The cellular effects have
rarely been investigated; however, activation of the choliner-
gic receptor stimulates the development or alteration of the
matrix [273].

Angiogenesis and the sympathetic nervous system

Several neurotransmitters, such as dopamine, play important
roles in regulating blood vessel growth through the sympa-
thetic nervous system. Angiogenesis is a crucial process that
depends on dopamine, highlighting the relationship between
the neural and vascular systems (Figure 4).

Angiogenesis and sympathetic neurotransmitters

Studies have indicated that norepinephrine (NE) contributes
to the growth and development of cancers [274]. NE promotes
the growth of new blood vessels in tumours from mice with
ovarian cancer by upregulating the expression of VEGF [275].
Moreover, it increases the expression of VEGF in melanoma,
oral cancer, ovarian cancer, and nasopharyngeal cancer, which
promotes the formation of new blood vessels and the spread of
tumours into neighbouring tissues [276]. Hypoxia-inducible
factor-1 production often decreases in response to hypoxia.
1-AR and -AR are essential for this process. Moreover, this
process involves the cAMP/PKA/Akt/p70S6K pathway [277].
NE also promotes the growth of new blood vessels and the
invasion of adjacent tissues by upregulating the expression
of interleukin (IL)-8 and IL-6 in human melanoma cell lines
[278]. The mechanism of action of NE appears to involve
the activation of ARs in malignant cells, which leads to
a significant increase in the synthesis and release of the
angiogenic mediators VEGF, IL-6, and IL-8 [279]. NE elicits
intricate biological responses under typical circumstances. NE
stimulates the growth of uterine arterial ECs (P-UAECs) from
pregnant sheep [280]. This process is mediated by 2-ARs
and 3-ARs [280]. NE activates the AR/cAMP/PKA pathway,
which induces VEGF mRNA production in HUVECs. This
effect may be due to NE stimulation activating 1-ARs and
extracellular protein kinases [281]. NE induces programmed
cell death in the hearts of newborn rats by stimulating 2-ARs.
This caspase-2-dependent pathway is activated by decreased
Bcl-2 expression [282, 283]. Therefore, the contrasting effects
of NE on ECs derived from various sources in laboratory
settings should be considered. In addition, NE increases VEGF
production, which leads to a significant increase in the number
of capillaries in the gastrocnemius muscle of ischaemic mice
[284]. Researchers have shown that mice lacking NE have

higher rates of angiogenesis and formation of new blood
vessels than normal mice. This increase in angiogenesis could
be due to NE-induced death of ECs [188]. NE stimulates the
migration of endothelial progenitor cells (EPCs) in a mouse
model of hindlimb ischaemia [188]. Hence, the function of
NE in angiogenesis may vary under different circumstances.
[285] NPY, a potent angiogenic factor, stimulates many stages
of angiogenesis both in vivo and in vitro [286]. One study
suggested that neuropeptide Y (NPY) and its associated recep-
tors are present in HUVECs. The autocrine NPY pathway acts
through HUVECs as both the source and the site of action
[287]. In addition to promoting the formation, migration, and
attachment of HUVECs to the extracellular matrix, NPY also
promotes the formation of tube-like structures on collagen or
Matrigel™ that resemble capillaries [286]. The lack of blood
and oxygen supplies to tissues leads to increased production
of NPY and its receptors, which triggers angiogenesis, a
process mediated by NPY and the Y2 receptor [288]. NPY
is as effective as VEGF and bFGF at promoting angiogenesis
[286, 287].

Angiogenesis and sympathetic adrenergic receptors

2-ARs are essential for wound healing and angiogenesis in
skin and soft tissues. 2-ARs cause blood vessels to be less
permeable, resulting in increased blood vessel growth. Stress-
induced activation enhances new blood vessel formation in
tumours. 2-AR agonists increase VEGF levels [188]. The
overexpression of 2-ARs can promote the growth of new
blood vessels in heart disease-affected animals, such as rats
with high blood pressure, and increase VEGF levels [289].
Several retinal disorders cause pathologic angiogenesis that
relies on 2-AR activity to some extent. In animals with
hypoxia-inducible retinopathy, blocking the 2-AR decreases
the amount of substances that help blood vessels grow and
the number of abnormal blood vessels that form in the
retina. This treatment leads to the successful control of
retinal blood vessel growth [290]. However, studies have
shown that the activation of AR (mostly 2-AR) causes
programmed death of heart ECs in neonatal rats [282].
Research has demonstrated that activating 2-AR in living
organisms decreases the formation of new blood vessels in
wounds. In contrast, blocking 2-AR promotes the growth
of blood vessels in mouse wounds. Therefore, the impact of
2-ARs on angiogenesis remains uncertain, as whether their
activation leads to an increase or decrease in angiogenesis
remains unclear [188]. The effects of 2-ARs on angiogenesis
are contingent upon multiple circumstances. Activation
of the 3-AR receptor on human retinal ECs increases
their proliferation and migration [291]. Isoproterenol, a
nonselective alpha-adrenergic receptor agonist, has been
shown to prevent human dermal microvascular ECs (HDMECs)
from migrating and forming tubes. After the administration
of isoproterenol, angiogenesis is reduced in mice with full-
thickness skin abnormalities on their backs [263]. However,
multiple investigations have indicated that isoproterenol
promotes the growth of ECs in infant haemangiomas (IHECs)
[290, 292, 293]. Tumour vascularization in animal models
of lung cancer and breast cancer is considerably increased
after AR activation, leading to a subsequent decrease in
blood vessel density. Furthermore, AR activation results in
the release of angiogenic factors, such as VEGF, IL-8, and
IL-6, in many tumour cells. This process leads to a significant
acceleration of tumour development [279]. In contrast, the
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Figure 4. Dopamine plays an important role in modulating angiogenesis during wound healing. cAMP, cyclic adenosine 3′,5′-monophosphate; D1
receptor, dopamine D1 receptor; D2 receptor, dopamine D2 receptor; HoxD3, homeobox D3; pAKT, phospho-AKT; VEGF, vascular endothelial growth
factor

activity of AR is inhibited by propranolol, which inhibits the
growth and movement of HUVECs. It also prevents tube
formation by HDMECs and human brain microvascular
ECs, resulting in decreased angiogenesis [294]. Propranolol
induces apoptosis and hinders the growth of IHECs [295].
In addition to reducing the expression of VEGF, propranolol
inhibits the angiogenesis of haemangiomas by suppressing
bFGF expression [296]. Propranolol inhibits the growth of
the human placenta and retina pericytes in the laboratory and
in infant haemangiomas (IHs) [297]. The treatment of IHs has
been made possible because of its use. The oral administration
of propranolol leads to an increase in the blood vessel density
in the granulation tissue of rats. Both rats with normal blood
glucose levels and rats with streptozotocin-induced diabetes
mellitus [238, 298] exhibited this effect. However, the impact
of propranolol on wound healing outcomes differed between
the two groups. In rats with normal blood glucose levels,
propranolol delayed wound healing, whereas in rats with
streptozotocin-induced diabetes, it facilitated wound healing.
These contrasting effects can be attributed to the different
blood glucose levels in the two groups. The proangiogenic
effects of propranolol on living organisms can be attributed
to an increase in the quantity and movement of MCs. The
release of histamine and heparin from MCs promotes the
growth and migration of ECs. Additionally, propranolol

increases the production of nitric oxide, which increases
the amount of VEGF and macrophages [238, 298]. A study
conducted on severely burned rats with third-degree burns
covering 10% of their total body surface area revealed that
administering propranolol orally at a dosage of 6 mg/kg led to
increases in the secretion of matrix metalloproteinase-2, cell
proliferation, collagen deposition, myofibroblast density, and
re-epithelialization in wounds. However, the capillary density
was lower in the experimental group than in the control group
[299]. Hence, the functions of propranolol in angiogenesis
are intricate. The activation of AR in tumours potentially
stimulates angiogenesis, whereas the inhibition of AR reduces
angiogenesis. During wound healing, the activation of AR
inhibits the formation of new blood vessels (angiogenesis)
but AR inhibition indirectly increases it. However, this
effect is reversed if a low dose of an AR antagonist is
administered orally. The impact of ARs on angiogenesis varies
depending on the clinical conditions, and their activation
or inhibition in normal ECs decreases angiogenesis. In a
proliferation experiment, ARs stimulated cell division without
AR involvement [280]. A study has indicated that specifically
blocking ARs does not have any effect on the density of blood
vessels or the healing process in the skin wounds of rats
[298]. The AR agonist phenylepinephrine has been shown
to enhance HUVEC growth and capillary formation [279].
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Sympathetic nerves and vascular smooth muscle
cells

Pathogens associated with hypertension induce NE release
and excessive sympathetic activity. Rather than the media of
arteries, the adventitia is innervated by sympathetic fibres.
One study investigated the role of NE in controlling the release
of extracellular vesicles from adventitial fibroblasts (AFs) and
the proliferation of vascular smooth muscle cells (VSMCs)
in subjects with hypertension [300]. This study revealed the
role of the sympathetic nervous system (SNS) in developing
VSMCs, which are linked to cardiovascular diseases, including
hypertension and atherosclerosis. Researchers have used an in
vitro coculture technique to assess the effects of sympathetic
neurons on VSMCs. They reported that sympathetic innerva-
tion sustains the functional phenotype of VSMCs and stimu-
lates the expression of contractile genes, suggesting that sym-
pathetic innervation is crucial for VSMC differentiation [301].
Blood vessels that contain VSMCs also grow in the injured
areas of soft tissues. These cells play a vital role in forming new
blood vessels by interacting with nearby ECs [302]. Therefore,
sympathetic nerve activity, neurotransmitters, and adrenergic
receptors may affect angiogenesis. ARs have been observed
in VSMCs, where they regulate cell constriction [303]. Rat
aortic SMCs express all three subtypes of 2-AR, which acti-
vate VSMC contraction, relaxation, mitogen-activated protein
kinase activity, and cell migration. Activation decreases the
F-actin labelling intensity but does not induce cell prolifer-
ation [304]. NPY has potent mitogenic effects on VSMCs.
NPY increases the number of VSMCs through the Y1 and
Y2 receptors, showing a two-sided effect at different doses.
This mechanism likely plays a role in capillary angiogenesis
and collateral development [305]. The D4 receptor is also
expressed in VSMCs, and when it is activated, it stops VSMCs
from growing and moving through pathways mediated by
insulin and angiotensin II. Additionally, activating D1-like
or D3 receptors inhibits the growth of VSMCs triggered by
insulin [306].

Physiology of the skin and wound healing

Skin wound healing involves the formation of an extracel-
lular matrix, growth factors, cytokines, and cell migration
and proliferation mechanisms [307]. The sympathetic nervous
system is primarily responsible for innervating the skin. It
constantly releases neurotransmitters and neuropeptides to
control sudomotor, pilomotor, and vasomotor functions to
maintain homeostasis. Among other substances, ACh, NE,
CGRP, NPY, and vasoactive intestinal polypeptide regulate
these actions. Studies have demonstrated that keratinocyte
survival depends on acetylcholine [308]. The somatic sensory
system serves as both an afferent and local efferent system.
Nociceptive C-fibres secrete SP, CGRP, and neurokinin A. This
system influences blood vessel widening, plasma leakage, pain
regulation through neural modulation, and nerve activity–
induced inflammation [309, 310]. Keratinocytes contain SP
and CGRP receptors [311]. Research indicates that wound
cells and nerve terminals produce neuropeptides, which are
crucial in the inflammation process. CGRP induces the release
of granules from neutrophils [312] and acts as a chemotactic
agent for T lymphocytes [313], attracting fibroblasts. Sphin-
gosine phosphate has been shown to impact many stages of
inflammation. Serine proteases directly increase the expres-
sion of intercellular adhesion molecule 1 on ECs, which

increases the migration and accumulation of leukocytes [314].
Additionally, SP stimulates TNF-α synthesis in MCs [315,
316] and activates macrophages [317]. NGF is a neurotrophic
factor that is thought to play a crucial role in the process
of wound healing in the PNS, muscle, eye, and skin. NGF
attracts polymorphonuclear leukocytes through chemotaxis
[318]. It is secreted by macrophages [319], keratinocytes,
and fibroblasts [320], which facilitate the growth of nerves
during wound healing. The trophic impact of NGF on nerves
stimulates neuropeptide secretion, enhancing wound healing.
Neuropeptides are released from nerve endings due to injury
and inflammation, and MCs contribute to this process [321].
When inflamed, keratinocytes produce NGF, which also trig-
gers MCs to release their granules. SP and CGRP production
are aided by the enzyme tryptase, which is secreted by degran-
ulated MCs [16]. Bradykinin and prostanoids induce the
release of neuropeptides from nerve endings, even though they
are associated with abnormal inflammatory conditions [322].
After injury, the wound undergoes immediate vascularization
and remodelling. The proliferative phase is characterized by
increased activity, providing oxygen and nutrients for cell
migration, proliferation, and the production of extracellular
matrix components. The release of mediators such as VEGF
and angiopoietins stimulates the growth of ECs and vascular
system reorganization at the wound site [323].

Clinical application

Neuropeptides promote wound healing in diabetic mice, but
their practical use is uncertain because of the complex healing
processes. Supranormal amounts of neuropeptides, such as SP,
CGRP, and VIP, may cause harmful effects [324]. The stimu-
lation of fibroblasts by SP may be responsible for the devel-
opment of keloids [325]. Furthermore, studies have demon-
strated that CGRP promotes the replication of keratinocytes
by increasing DNA synthesis. The excessive production of
CGRP is believed to contribute to psoriasis, a condition
characterized by the excessive growth of keratinocytes [326].
The vasodilatory properties of SP have been linked with its
role in rosacea [327]. Elevated levels of SP and NGF are
believed to be associated with atopic dermatitis [328]. Higher
doses of NGF used to treat peripheral neuropathy result in
heightened pain, complicating its use [329]. A study assessing
the impact of NGF on foot ulcer healing provided limited
information on the use of neuropeptides and neurotrophins
in topical applications [330]. Researchers have discovered
that NGF positively impacts wound healing without any
negative consequences. Additionally, they reported no nega-
tive effects when leg and foot ulcers were treated in three
diabetes patients [331]. The treatment led to rapid and total
healing of all the wounds, with minimal negative side effects.
The fundamental mechanism of vacuum-assisted closure, a
commonly used treatment, may be related to promoting nerve
regeneration and enhancing wound neuropeptides. One study
[332] measured the extent of nerve development and levels
of neuropeptides in wounds formed in genetically diabetic
mice that were treated with vacuum-assisted closure. Cyclical
therapy in mice results in increased wound healing, increased
nerve fibre density, and faster wound healing due to increased
neuropeptide synthesis and growth factor release. Prevention
is currently the most effective treatment for ulcers in diabetic
and paraplegic patients, as nerve decompression decreases
neuropathy, reducing foot ulcers and amputation [333]. The
primary therapy for pressure ulcers involves local flaps and
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behaviour modification. Treatment was performed by using
sensate tensor fascia lata flaps in one group of patients [334]
and using sural or sciatic nerve grafts to connect intercostal
nerves above the spinal cord injury to the myocutaneous flap
covering the defect in two other patients [335, 336]. The
sympathetic skin response refers to the transient alteration in
the electrical potential of the skin. This response can occur
spontaneously or be triggered by various internal or external
events that cause arousal. A noninvasive method for studying
sympathetic system function involves suprasegmental struc-
tures [337]. The scientific and medical communities widely
recognize neuropeptides and neurotrophic factors as essential
components in healing. The development of therapies utilizing
this concept is slowing, indicating the potential for advance-
ments in wound-healing technologies, particularly for patients
with diabetes [338]. Severe injuries restrict peripheral nerve
regeneration, leading to impaired motor function and long-
term impairment. Current treatments fail to optimize nerve
cell viability and development. Gene and cell therapy–based
medications can promote nerve growth by increasing essen-
tial regulators such as neurotrophic factors and extracellular
matrix proteins in the targeted area. Growth factors play a
unique role in promoting blood vessel expansion or support-
ing the growth and development of nerve cells. Growth factors
have been extensively studied for their ability to accelerate
nerve regeneration, with synergistic interactions crucial for
angiogenesis and neurogenesis processes. Fibroblast growth
factor 2 and VEGF are known for their roles in promoting
the formation of new blood vessels. Fibroblast growth factor
2 and VEGF encourage brain cell proliferation, impacting neu-
rodegenerative diseases and promoting regeneration through
their neurotrophic and angiogenic capabilities [339]. Severe
trauma to the CNS leads to the formation of a scar during
wound healing. Scar tissue contains molecular structures sim-
ilar to those of basement membranes and comprises primar-
ily type IV collagen, glycoproteins, and proteoglycans. The
inhibition of collagen scar formation allows the regeneration
of cut axons in the brain and spinal cord, allowing them to
extend into unaffected CNS tissue [340].

Conclusions

In summary, recent advancements in recognizing the com-
plex role of neuroregulation in the healing of skin wounds
represent a fundamental change in our comprehension of
the healing process. The complex interaction between the
nervous system and the cellular environment of the skin has
become a central focus of investigation, providing a detailed
understanding of the mechanisms that control tissue heal-
ing. Neuroregulation plays a crucial role in wound healing,
and recent advances have shown the therapeutic implica-
tions for bioelectronic devices and targeted interventions.
Understanding neurotrophic factors and neuromodulation
techniques can lead to personalized approaches. The under-
standing of the neuroregulation of wound healing is rapidly
advancing with advanced technologies such as artificial intelli-
gence and bioinformatics, which are promising for identifying
and understanding neuroimmune interactions. Neurostimu-
lation devices and wearable technologies could revolution-
ize clinical applications with personalized neuromodulation
strategies. The synergy between neuroscience and regenerative
medicine is deepening, providing innovative solutions for
tissue engineering. Future research will explore the role of

neuroregulatory substances in wound healing stages, includ-
ing inflammation, proliferation, and remodelling, and develop
personalized treatments for complex wounds, particularly
those in patients with chronic conditions. More research is
needed to understand the molecular mechanisms by which
the nervous system impacts wound healing. This research
involves studying the roles of specific neuropeptides and
neurotransmitters and their interactions with keratinocytes,
fibroblasts, and immune cells during the healing process.
Further research on the interplay between the immunological
and neurological systems is crucial for wound healing, as
inflammation plays a vital role. Researchers may investigate
the impacts of neuroregulatory factors on the activation and
resolution of inflammation by immune cells. Neuroregula-
tory mechanism–based biomarkers can be developed for the
early identification of chronic wounds or complications in
wound healing, potentially improving patient outcomes. Fur-
thermore, research-based clinical treatments, such as nerve-
targeted or neuropeptide-based therapies, could provide new
treatments for wounds that are difficult to cure. Technological
advancements in imaging, genomics, and proteomics may
provide a deeper understanding of the neuroregulatory mech-
anisms underlying wound healing. These technologies can aid
in the development of personalized medical techniques and
the discovery of new therapeutic targets. Future research can
optimize neuroregulation for skin wound healing, leading to
more effective treatment methods and improved patient care.
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