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Abstract

The successful completion of the various stages of
Wound healing depends on regulation of the process occurring
in a timely and spatially defined manner. The purpose of this
review is to highlight the early and critical stages of Wound
healing and the interactions of hemostasis, inflammation, and the
coagulation cascade. The coagulation cascade after tissue injury
forms a scaffold rich in fibrin, providing a spatial territory for
cellular immigration. Simultaneously, platelets fulfill a temporal
role through the release of growth factors (PDGF, VEGF) to
recruit inflammatory cells bridging hemostasis and the
inflammatory response. The recruitment of neutrophils to the site
of injury and the subsequently dominating role of pro-
inflammatory M1 macrophages initiate a localized and transient
“cytokine storm” phenomenon. While a prolonged state is
detrimental, the rapid offset of the cytokine storm due to the
dominance of macrophages is expected. In the absence of the
systemic proteolytic activity of MMPs, a disassembly and
remodeling of the provisional matrix will happen. The absence
of the aforementioned will lead to non-healing chronic wounds.

Keywords: Wound healing, Spatiotemporal dynamics, Hemostasis, Acute inflammation,
Macrophages, Chronic wound

Introduction

this process fails or is dysregulated, often as

Wound healing is a critical, highly
complex and evolutionarily conserved
biological process required to restore tissue
integrity and ensure host survival after injury.
The skin is the major barrier against
pathogenic invasion, mechanical striess and
environmental hazards(Takeo, Lee, & Ito,
2015; Wilkinson & Hardman, 2020). Thus, a
disturbance of this barrier elicits a complex
and vigorous reparative response. But when
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a consequence of systemic host factors, like
advanced age, vascular disease or diabetes, it
can result in severe pathological outcomes(S.
A. Eming, Martin, & Tomic-Canic, 2014).
Chronic, non-healing wounds such as
diabetic foot ulcers and pressure sores affect
millions of people worldwide and pose a
significant socioeconomic and clinical
burden(A. M. Soliman & Barreda, 2022; P. H.
Wang, Huang, Horng, Yeh, & Chen, 2018).In
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contrast, an overzealous or anomalous
healing process can cause fibrotic disorders
like hypertrophic scars and keloids(S. A.
Eming et al., 2014). Thus, the elucidation of
the exact biological mechanisms underlying
successful tissue repair holds the highest
clinical relevance. The classical wound repair
trajectory involves a continuum of four
overlapping temporal phases: hemostasis,
inflammation, proliferation, and
remodeling(He et al., 2025; Jin et al., 2025).
These stages are characterized by dramatic
changes in the microenvironment involving
an array of cell types, ECM components, and
soluble mediators including growth factors
and chemokines acting on the injured
tissue(Jin et al., 2025). This coordination is
not only a temporal sequence, but also
depends strictly on the spatial architecture of
the wound, a phenomenon called
“spatiotemporal  specificity”’(Sabine  A.
Eming, Wynn, & Martin, 2017; He et al,,
2025). Precise Spatiotemporal dynamics or
‘clocks’ of cellular behaviors across different
zones such as wound edge versus wound
center and epidermis versus dermis are
essential for successful healing. Perturbing
this fragile spatiotemporal balance can arrest
the tissue repair process, resulting in wounds
that have become chronic and pathological(Y.
Zhang et al., 2026). To understand the process
by which tissues move from injury to
regeneration, it is necessary to study the
earliest events that start the cascade of
subsequent repair. Thus, this literature review
is focused on the critical early steps of Wound
healing, namely the Spatiotemporal dynamics
of the hemostatic and acute inflammatory
phases(Wu et al., 2025). It will examine the
mechanisms of the coagulation cascade,
which forms the provisional fibrin scaffold
necessary for cell infiltration, and the diverse
roles of platelets. Platelets are not only
involved in stopping bleeding, but they are
also the first master regulators to release
bioactive mediators that recruit immune and
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stromal cells(Dowling, Chu, Etkin, &
Oropallo, 2025). Moreover, this review will
focus on the orchestrating role of acute
inflammation and pro-inflammatory
cytokines that are strictly required for the
initial pathogen clearance, cellular debris
removal and the timely transition into the
proliferative repair phase(P. Krzyszczyk, R.
Schloss, A. Palmer, & F. Berthiaume, 2018).

The Coagulation Cascade and Hemostasis

The initial response to tissue injury is
the rapid activation of hemostatic
mechanisms to prevent blood loss
(exsanguination) and to provide a provisional
matrix(L. Yang et al., 2025). Following a
breach in tissue integrity, damaged blood
vessels are rapidly constricted. This initial
vasoconstriction is rapidly modulated by
local neuroimmune bidirectional signaling, in
which nociceptive sensory nerve endings
detect noxious stimuli and release
neuropeptides, such as substance P and
calcitonin gene-related peptide (CGRP), to
directly alter local vascular tone. At the same
time, the coagulation cascade is activated
robustly(S. A. Eming et al., 2014; He et al.,
2025).

Upon contact with the exposed
vascular subendothelial matrix, platelets, the
primary cellular players in hemostasis,
become activated(Etulain, 2018). Specific
platelet receptors, primarily glycoprotein VI,
dynamically interact with extracellular
matrix (ECM) proteins including collagen,
fibronectin and von Willebrand factor (vVWF).
This interaction results in their tight adhesion
and initial tethering to the disrupted blood
vessel wall. Furthermore, local networks of
enzymatically  oxidized phospholipids,
formed via the lipoxygenase pathway,
actively promote calcium-dependent
coagulation  factor  binding,  strictly
maintaining early hemostasis(H. Wang et al.,
2026).
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The cascade leads to formation of a
fibrin-rich clot, often referred to clinically as
an eschar, composed of a tightly cross-linked
network of insoluble fibrin, fibronectin,
vitronectin, and thrombospondin. The
enzyme thrombin is pivotal in this process,
since it not only enables the cleavage of
fibrinogen into fibrin to form clots, but also
induces profound platelet activation(Dowling
et al., 2025). Thrombin causes a dramatic
change in the conformation of platelets
leading to rapid degranulation and release of
bioactive molecules from their alpha and
dense granules(L. Yang et al., 2025). Plasma
coagulation factors, including thrombin, also
act directly as important signaling mediators
that regulate early inflammation and immune
cell recruitment(Vardakostas et al., 2025).
This first fibrin clot is more than a simple
physical plug for hemostasis; it establishes
the basic spatial limits of the wound. This
provides the requisite three-dimensional
architectural framework for subsequent
invasion, tethering, and directed migration of
inflammatory leukocytes and other reparative
cells(Etulain, 2018). Once trapped in this
fibrin matrix, activated platelets degranulate
and release a concentrated, broad spectrum of
bioactive mediators into the local wound
environment. The secretome at this early
stage includes immediate mediators, such as
adenosine  diphosphate =~ (ADP)  and
thromboxane A2 (TXA2) (P. Krzyszczyk et
al.,, 2018; Amro M. Soliman & Barreda,
2023). TXA2 plays a role in amplifying local
platelet aggregation, but also has an active
role in inducing the synthesis of early pro-
inflammatory cytokines, such as IL-6 and
prostaglandin E2 (PGE2), thus bridging
hemostasis and inflammation(Garbuzenko et
al., 2002; Weller et al., 2006).

Simultaneously, platelets secrete
highly potent growth factors such as Platelet-
Derived Growth Factor (PDGF), Vascular
Endothelial Growth Factor (VEGF) and
Transforming Growth Factor-f (TGF-p)
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(Smith, Travers, & Morrissey, 2015). The
fibrin clot is a highly localized reservoir for
these cytokines and growth factors,
effectively sequestering them to establish
steep spatiotemporal chemotactic gradients
that precisely guide the recruitment of
neutrophils, monocytes, and fibroblasts to the
injury site, effectively launching the acute
inflammatory phase. The spatiotemporal
precision of this cell recruitment is elegantly
visualized using in vivo live imaging. Real-
time tracking of neutrophils and macrophages
in transgenic fluorescent zebrafish and
Drosophila embryos has demonstrated their
rapid, directed migration toward the injury
site, confirming that these cells follow steep,
localized chemotactic gradients established
moments after injury(Razzell, Wood, &
Martin, 2011). (Figure 1.)

Moreover, the hemostatic clot serves
some secondary but biologically important
functions: it physically protects the breached
tissue from bacterial invasion, it activates the
complement system via trapped plasma
proteins, and it provides binding sites for
leukocyte integrins (such as aMB2 or Mac-1)
to facilitate cell extravasation. Crucially, the
Spatiotemporal dynamics of hemostasis
require a stringent temporal “switch-off”
mechanism(Scully et al., 2020). Once there is
sufficient and stable clot formation the whole
process of coagulation has to be actively
stopped to avoid over the pathological
thrombosis and local tissue ischemia. There
are several negative feedback mechanisms
that mediate this arrest. Prostacyclin is
released from the endothelium and actively
inhibits further platelet aggregation(Etulain,
2018). Antithrombin III directly inhibits the
activity of thrombin. Activated protein C
systemically degrades coagulation factors V
and VII(Cognasse et al., 2005). This precise
temporal downregulation ensures that
coagulation remains strictly localized,
allowing the wound microenvironment to
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‘HEMOSTASIS & THE COAGULATION CASCADE: FROM INJURY TO REPAIR’
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Figure 1. Temporal sequence of hemostasis and early wound repair. After tissue injury, rapid
neuroimmune-mediated vasoconstriction reduces blood loss. Platelets adhere to the exposed
extracellular matrix and become activated, which promotes a thrombin-mediated coagulation
cascade. The resultant fibrin rich clot is a provisional matrix. In this clot, activated platelets
secrete bioactive mediators (e.g., TXA2) and growth factors (e.g., PDGF, VEGF, TGF-p)
thereby generating steep chemotactic gradients to direct the precise recruitment of leukocytes
and fibroblasts for the initiation of the acute inflammatory phase.

safely and efficiently shift its biological focus
to leukocyte infiltration and innate immune
defense(Shiraki et al., 2004).

The Diverse Purposes of Platelets

The main cellular players in the
process of hemostasis are the platelets. They
are the first responders at the site of tissue
injury. Upon disruption of the vasculature,
they immediately encounter the exposed
subendothelial extracellular matrix (ECM)
(Dowling et al., 2025). They are activated by
binding of ECM proteins, including collagen,
fibronectin and von Willebrand factor to
specific  platelet receptors such as
glycoprotein VI(L. Yang et al., 2025). This is
followed by thrombin generation from the
coagulation cascade that induces a profound
conformational change leading to full platelet
activation, aggregation and reinforcement of
the provisional fibrin scaffold(Etulain, 2018).
But the physiological function of platelets is
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much more than simple coagulation and
plugging the wound(Smith et al., 2015).
These are early master regulators of the repair
process and set the spatiotemporal clock for
all subsequent phases. The platelets that are
activated are quickly degranulated once
caught in the clot, releasing a large and
diverse secretome from their alpha and dense
granules. This payload’s composition
includes potent growth factors such as
Platelet-Derived Growth Factor (PDGF),
Vascular Endothelial Growth Factor (VEGF),
Transforming Growth Factor-B (TGF-B),
Epidermal Growth Factor (EGF) and Insulin-
like Growth Factor 1 (IGF-1) (Locatelli,
Colciago, Castiglioni, & Maier, 2021). These
secreted factors are key chemoattractants that
establish spatial gradients to attract
neutrophils, monocytes and fibroblasts to the
wound bed(Smith et al., 2015). Furthermore,
these growth factors directly promote the
proliferation and migration of resident skin
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cells such as keratinocytes and endothelial
cells, thus preparing the microenvironment
for subsequent re-epithelialization and
angiogenesis(Talbott, Mascharak, Griffin,
Wan, & Longaker, 2022).

Platelets not only orchestrate the
recruitment of cells but also play important
immunomodulatory and direct antimicrobial
roles. They express Toll-like receptors
(TLRs) that allow active recognition of
pathogen-associated molecular patterns
(PAMPs) and control of  early
infection(Cognasse et al., 2005). Platelets
respond by releasing specific chemokines
including CXCL4 (Platelet Factor 4) and
CXCL7, as well as a variety of antimicrobial
peptides such as  defensins and
thrombocidins. Platelets modulate the innate
immune defenses, control the initial bacterial
invasion and regulate vascular permeability
before the massive influx of leukocytes by
releasing these mediators and vasoactive
amines(Scopelliti,  Cattani, = Dimartino,
Mirisola, & Cavani, 2022).

Very recently work has also
highlighted the  very  sophisticated
intercellular communication mechanisms
employed by platelets in the early stages of
tissue repair. Platelets transport specific
microRNAs and cytokines to neighboring
stromal and immune cells via extracellular
vesicles, which is beneficial in regenerative
processes and reduces the risk of excessive
inflammation and  hypertrophic  scar
formation(Johnson et al., 2023).
Interestingly, activated platelets have been
shown to donate functional mitochondria to
mesenchymal stem cells (MSCs) using

clathrin-mediated endocytosis(Verma,
Kumar, Garg, & Verma, 2023). This
intercellular mitochondrial transfer

metabolically reprograms the MSCs, i.e.
activates citrate metabolism and de novo
lipogenesis, which ultimately enhances their
secretion of critical reparative factors such as
VEGF and hepatocyte growth factor (HGF)
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to enhance angiogenesis. These multifaceted
structural, biochemical and metabolic
contributions by platelets bridge the
hemostatic and inflammatory phases to create
a highly coordinated environment essential
for successful tissue regeneration(Everts et
al., 2024). Furthermore, the critical need of
macrophages in this particular spatiotemporal
window has been experimentally validated in
murine models. For example, the role of
macrophages in  the transition of
inflammation to tissue repair is indispensable
as demonstrated by in vivo studies where the
targeted depletion of macrophages in mice
resulted in severely delayed wound closure
and defective granulation tissue
formation(Zhu, Ding, Ma, Iwashina, &
Tredget, 2016). (Figure 2.)

Pro-inflammatory cytokines and acute
inflammation

The inflammatory phase is the body’s
first innate defense against pathogenic
invasion and is also important for clearing
cellular debris. This highly orchestrated
phase is almost instantaneously initiated by
injury-induced danger signals. These are
damage-associated  molecular  patterns
(DAMPs), such as intracellular DNA, ATP
and hydrogen peroxide (H202) passively
released from necrotic cells, and pathogen-
associated molecular patterns (PAMPs), such
as bacterial lipopolysaccharides (LPS) and
peptidoglycans(Zhu et al., 2016). At the site
of injury, sensory nerve endings
simultaneously rapidly sense these noxious
stimuli and release neuropeptides, including
substance P and calcitonin gene-related
peptide (CGRP), creating a neuroimmune
bidirectional loop that immediately
modulates local vascular tone and primes
resident immune cells(He et al., 2025).

Resident tissue cells such as mast
cells and macrophages sense these injury
cues through pattern recognition receptors
(PRRs), especially Toll-like receptors (TLRs)
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THE MULTI-FACETED ROLES OF PLATELETS IN TISSUE REPAIR
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Figure 2. Key roles of platelets in tissue repair. First, platelets stop the bleeding. Then they
make a fibrin matrix. The subsequent activation results in the release of growth factors that

determine the spatiotemporal clock of phases of repair .

Platelets also contribute to

antimicrobial defence and immune regulation. Regenerative responses are metabolically
activated by specialized signaling mechanisms, such as the transfer of mitochondria to
mesenchymal stem cells. The interconnected panels illustrate how the biochemical and
metabolic contributions by platelets establish a highly coordinated environment that is critical

for recovery.

(Mogensen Trine, 2009). These ligands are
specifically recognized (e.g. TLRI, TLR2
and TLRS for bacterial components or TLR3
or TLR7 for viral RNA) and this recruits key
adaptor proteins such as MyDS88 and
TRIF(Kaisho & Akira, 2006; F. X. Zhang et
al., 1999). This activates downstream
intracellular signaling cascades, notably the
nuclear factor-kB (NF-«xB) and mitogen-
activated  protein  kinase (MAPK)
pathways(Rodrigues, Kosaric, Bonham, &
Gurtner, 2019). In addition, transcription-
independent pathways, driven by rapid
intracellular Ca?' influx and localized
generation of reactive oxygen species (ROS),
are activated within minutes to compensate

for any delay in transcriptional
machinery(Lansdown, 2002).

This signaling cascade rapidly
upregulates the expression of pro-

inflammatory cytokines and chemokines,
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triggering a highly coordinated leukocyte
adhesion cascade. Cytokines induce local
vasodilation and expression of endothelial
selectins (E- and P-selectins) that allow for
initial tethering and “slow rolling” of
circulating  leukocytes(Zarbock, Ley,
McEver, & Hidalgo, 2011). Chemokines,
especially CXCLS (IL-8) and leukotriene B4
(LTB4), then activate leukocyte integrins
(e.g., Mac-1) to induce firm cellular arrest
against intercellular adhesion molecules
(ICAMs) on the endothelium and then
diapedesis (extravasation) into the wound
space(Ldmmermann et al., 2008; Mezu-
Ndubuisi & Maheshwari, 2021).
Neutrophils, the “first responders”,
arrive within hours and employ multiple
microbicidal mechanisms to clear pathogens
and necrotic tissue. These include
phagocytosis, a large oxidative burst of ROS
and degranulation of proteolytic enzymes
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such as elastase, matrix metalloproteinases
(MMPs) and myeloperoxidase. In addition,
neutrophils produce neutrophil extracellular
traps (NETs), extruded webs of chromatin
decorated with antimicrobial peptides, which
are effective in trapping and killing
microbes(Boniakowski, Kimball, Jacobs,
Kunkel, & Gallagher, 2017).

Circulating monocytes infiltrate the
wound bed following neutrophils. The local
inflammatory environment and metabolic
reprogramming towards high glycolytic
activity induce the differentiation of these
monocytes into classically activated, pro-
inflammatory M1-like macrophages(Loi et
al., 2016). Macrophages and neutrophils are
the major sources of important cytokines,
such as Tumor Necrosis Factor-o (TNF-a),
Interleukin- 1 (IL-1p), and Interleukin-6 (IL-
6). Most importantly, TNF-a and IL-1B
induce a strong positive feedback loop,
directly re-activating NF-«kB-mediated gene
expression and further amplifying the acute
inflammatory response(S. A. Eming et al.,
2014; He et al., 2025).

These cellular and molecular events
are tightly regulated by a very specific
spatiotemporal  clock.  Spatially, pro-
inflammatory macrophages are activated
early on at the wound edge, where they are
instructed to release factors like CXCL1 and
epiregulin (EREG) that create a gradient for
migration of nearby keratinocytes(Almet,
Liu, Nie, & Plikus, 2025). Early peaks of
mediators such as retinoic acid (RA)
temporally drive local tissue progenitors to
differentiate into pro-inflammatory
fibroblasts that secrete CCL2 (MCP-1) to
massively amplify monocyte recruitment
during the first three days post-injury(Rodero
etal., 2014). This spatiotemporally controlled
“cytokine storm” and proteolytic activity are
strictly required for early microbial
clearance, but need to be tightly controlled(P.
Krzyszczyk et al., 2018). Excess ROS and
proteases (e.g., free elastase) can non-
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selectively  digest the provisional
extracellular matrix, newly formed blood
vessels, and important growth factors(Basu,
Binder, Suto, Anderson, & Srivastava, 2000).
Therefore, the timely resolution of
inflammation, which is facilitated by
neutrophil apoptosis, subsequent macrophage
efferocytosis, and a metabolic shift to
oxidative phosphorylation in M2-like
macrophages, is an absolute prerequisite to
prevent chronic wound formation and allow
the successful transition into the proliferative
phase(Jetten et al., 2014). (Figure 3.)

Discussion
In the early phases of Wound healing,
a highly orchestrated spatiotemporal

interplay between the coagulation cascade,
platelet function, and acute inflammation is
necessary for the successful restoration of
tissue integrity(Y. Zhang et al., 2026). The
first coagulation cascade achieves hemostasis
and quickly creates a provisional fibrin-rich
scaffold that acts as a critical spatial boundary
and structural matrix for the healing process.
This three-dimensional matrix offers specific
binding sites to guide circulating immune
cells to infiltrate exactly the site of injury,
preventing chaotic spread of inflammation to
healthy tissues(P. Krzyszczyk et al., 2018).
Once attached to this provisional scaffold,
platelets are the key temporal pacemakers of
the repair. They release concentrated bursts of
bioactive mediators and potent growth factors
(e.g. PDGF and VEGF) through rapid
degranulation to establish steep chemotactic
gradients(A. M. Soliman & Barreda, 2022).
These temporal signals efficiently recruit
innate immune cells at just the right time,
effectively bridging the hemostatic and
inflammatory phases. Neutrophils and
monocytes are recruited to the site and they
cause a transient but necessary “cytokine
storm” mediated mainly by classically
activated M1 macrophages secreting pro-
inflammatory mediators such as TNF-q, IL-
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ACUTE INFLAMMATION: SUMMARIZED PROCESS
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Figure 3. Three-phase chart of acute inflammation from onset to resolution. It describes how
the early signals cause a cascade of recruitment of leukocytes from the blood to fight the
pathogens. During the resolution phase, cellular changes are induced to clear debris and
transition to M2-like macrophages, enabling tissue repair and preventing chronic inflammation

over days and weeks.

1B and IL-6(Agramunt, Kang, & Rinkevich,
2026). This potent, localized inflammatory
response is essential to the removal of
pathogenic invasion and the clearance of
necrotic cellular debris. But literature
emphasizes that this acute inflammation
should actively be resolved in time to safely
enter the proliferative tissue building phase.
This temporal resolution is very sensitive to
the clearance of apoptotic neutrophils, which
promotes the metabolic reprogramming of
macrophages from an M1 destructive state to
an M2 pro-reparative phenotype(W. Yang et
al., 2019). When these spatiotemporal clocks
become desynchronized, often as a result of
persistent infection or underlying metabolic
disorders such as diabetes, the body produces
excess destructive molecules such as reactive
oxygen species (ROS) and matrix
metalloproteinases ~ (MMPs) (Werdin,
Tenenhaus, & Rennekampff, 2008). These
proteases then degrade the spatial fibrin
scaffold indiscriminately and destroy the
essential endogenous  growth  factors
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previously provided by the platelets(A. M.
Soliman & Barreda, 2022). This total
uncoupling of spatial architecture and
temporal signaling then locks the tissue in a
never-ending, self-sustaining inflammatory
loop that clinically manifests as chronic, non-
healing wounds. Understanding the delicate
spatiotemporal balance of this fundamental
triad is therefore critical to understanding the
pathogenesis of impaired healing and
highlights the need for advanced therapies
that target these precise microenvironmental
clocks(He et al., 2025). There is strong
experimental and clinical evidence that these
spatiotemporal clocks are decoupled in
disease. In vivo studies in diabetic mouse
models, such as ob/ob and db/db mice,
suggest that macrophages are permanently
trapped in the pro-inflammatory M 1 state and
are unable to efferocytose in a timely
fashion(Paulina Krzyszczyk, Rene Schloss,
Andre Palmer, & Frangois Berthiaume,
2018). Also, ex vivo studies on wound fluid
and tissue biopsies from human patients with
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chronic venous and diabetic ulcers
consistently reveal elevated levels of
proteases, particularly MMP-2 and MMP-9,
and degraded growth factors(Wilkinson &
Hardman, 2020). Complete uncoupling of
spatial architecture from temporal signaling
leads to a persistent inflammatory loop in the
tissue that clinically manifests as chronic
non-healing wounds.

Summary
The Spatiotemporal dynamics of the
early Wound healing response highlight a
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beautifully orchestrated biological system.
The coagulation cascade is immediately
activated and platelet degranulation occurs to
prepare the wound environment for acute
inflammation. Recruited immune cells then
release pro-inflammatory cytokines in a
precise temporal manner to ensure a sterile
wound bed ready for tissue regeneration.
Insights into the interplay between these
mechanisms are critical for targeted therapies
for chronic, non-healing wounds in which
these precise spatiotemporal clocks are
disrupted.
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