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Abstract 

The intricate process of tissue regeneration, driven by endogenous mechanisms, represents a sophisticated inter-
play of biological events from injury detection to functional recovery. This review discusses the multifaceted jour-
ney of stem cells in response to physiological and pathological cues. Beginning with detecting tissue damage 
through biochemical signals, the subsequent acute inflammatory response activates stem cells residing in specialized 
niches. These cells are then recruited to the injury site via chemotactic gradients of growth factors and cytokines. 
Once localized, stem cells proliferate and differentiate, influenced by the local microenvironment, which provides 
essential cues for their fate decisions. Integrating newly formed cells into the tissue matrix, supported by modula-
tion of inflammation, angiogenesis, and extracellular matrix remodelling, is crucial for restoring tissue architecture 
and function. By exploring these biological details and leveraging advancements in medical technology, this review 
aims to enhance the understanding of regenerative therapies, offering new avenues for effective tissue repair 
and recovery.

Introduction
The human body exhibits a remarkable capacity for tissue 
repair and regeneration in the face of injury, disease, or 
age-related degeneration. At the heart of this restorative 
ability lie stem cells, which function as key components 
of the body’s intrinsic repair network. These cells possess 
the distinctive capability to differentiate into multiple cell 
types, making them essential for preserving tissue integ-
rity and promoting repair [119]. The regenerative process 
driven by stem cells is orchestrated through a dynamic 

and tightly regulated sequence, beginning with normal 
function.

This review outlines the multifaceted mechanisms 
that underpin tissue regeneration. The regenerative cas-
cade is initiated by biochemical distress signals emitted 
from injured or dying cells [12, 40, 58, 101]. These signals 
elicit an acute inflammatory response that not only limits 
damage but also mobilizes stem cells from their niches, 
whether tissue-resident or bone marrow-derived [33].

Following activation, a range of stem cell types, such as 
hematopoietic stem cells, mesenchymal stem cells, and 
endothelial progenitor cells, are recruited to the injury 
site in response to gradients of cytokines and growth fac-
tors [81]. Their migration is guided by chemotactic cues 
and shaped by complex interactions with the surround-
ing microenvironment [109]. Once localized to the dam-
aged area, these stem cells must determine whether to 
self-renew or undergo differentiation into specific cell 
lineages required for repair, an outcome heavily influ-
enced by local factors such as oxygen availability, nutrient 
levels, and cell–cell interactions [28].
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Differentiation is governed by both chemical and physi-
cal cues from the microenvironment [28]. Within the 
injury milieu, stem cells may either directly transdifferen-
tiate or contribute indirectly by secreting trophic factors 
that support regeneration [9]. In either case, this phase 
involves not just cell fate transitions but also modulation 
of inflammation, stimulation of new blood vessel forma-
tion, and remodeling of the extracellular matrix [64].

Successful regeneration depends on the integration 
of newly formed cells into the preexisting tissue archi-
tecture. This step requires finely tuned communication 
between newly differentiated cells and the host environ-
ment to ensure the reestablishment of structural and 
functional homeostasis [42].

The novelty of this review lies in its integrative frame-
work that connects injury sensing, immune-stem cell 
crosstalk, and tissue-specific regenerative cascades into 
a unified biological narrative. Unlike prior reviews that 
examine isolated components of regeneration, this work 
emphasizes the sequential and cooperative nature of 
endogenous repair processes, highlighting how immune 
signalling, stem cell activation, microenvironmental cues, 
and tissue remodelling function in concert.

In this review, we discussed the detailed cellular and 
molecular steps involved in stem cell-mediated tissue 
regeneration from injury detection to functional tissue 
reconstitution. By dissecting these processes and incor-
porating recent technological advancements, we aim to 
offer insights that can enhance therapeutic strategies for 
tissue repair in degenerative or traumatic conditions.

The regenerative process in response to injury or dis-
ease typically unfolds in the following stages:

(1)	 Injury Detection and mechanisms
(2)	 Recruitment of Stem cell
(3)	 Activation and Proliferation of Stem Cells
(4)	 Differentiation into Functional Lineages
(5)	 Integration and Tissue Remodeling

Each stage is governed by tightly regulated signaling 
networks that ensure precise cell fate decisions and con-
tinuous incorporation into the damaged tissue, restoring 
structural and functional integrity.

Injury detection and mechanisms:
The initial recognition of tissue injury is a fundamental 
step in the complex process of tissue repair and regen-
eration. This step initiates a cascade of tightly regulated 
cellular and molecular responses that serve as an internal 
alert or guard system, identifying damage and activating 
the body’s healing mechanisms (Fig. 1).

Under normal physiological conditions, stem cells 
reside in specialized microenvironments called niches. 

These niches help maintain stem cell dormancy or slow 
cycling and deliver essential cues that balance self-
renewal and prevent premature differentiation [93]. 
However, upon tissue injury, the niche environment 
undergoes significant disruption, altering local signals 
and triggering stem cell activation. This shift prompts 
previously quiescent stem cells to initiate regenerative 
activities [83].

Cells detect tissue damage through multiple path-
ways, one of which involves the release of Damage-
Associated Molecular Patterns (DAMPs) from injured 
or necrotic cells. These molecules, such as ATP, frag-
mented DNA, and reactive oxygen species (ROS), 
escape into the extracellular environment where they 
function as distress signals [48]. Once released, DAMPs 
interact with pattern recognition receptors (PRRs), 
including Toll-like receptors (TLRs) and the receptor 
for advanced glycation end-products (RAGE), located 
on nearby cells [19]. This receptor binding activates 
intracellular signalling pathways, most notably the 
nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) cascade [57] (Fig. 1).

The NF-κB pathway plays a central role in mediating 
the inflammatory response. Under resting conditions, it 
is retained in the cytoplasm by its inhibitor, IκB. When 
DAMPs trigger PRR activation, IκB becomes phospho-
rylated and subsequently degraded, releasing NF-κB to 
translocate into the nucleus [57]. Once inside, it pro-
motes the expression of genes encoding inflammatory 
mediators such as cytokines and chemokines, which 
are crucial for coordinating the subsequent repair and 
healing process [54].

Moreover, the role of immune cells like macrophages 
and mast cells becomes prominent as they respond 
to the injury. Macrophages phagocytose debris and 
release cytokines and chemokines that amplify the 
inflammatory response [69]. Mast cells contribute by 
releasing histamine and other mediators that increase 
vascular permeability, facilitating the influx of more 
immune cells to the injury site [7]. This interaction and 
feedback between different cell types, including the 
recruitment and activation of stem cells via cytokines 
and chemotactic signals like the chemokine stromal cell 
derived factor 1 (SDF-1), are crucial for initiating the 
tissue repair processes. This chemokine, binding to the 
CXCR4 receptor on stem cells, effectively guides them 
to the site of injury, ensuring that repair processes com-
mence promptly. [43].

This orchestrated response involving various cell 
types and signalling pathways leads to the activation and 
recruitment of stem cells, setting the stage for efficient 
tissue repair and regeneration. The cascades ensure that 
stem cells are directed precisely where they are needed, 
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enabling effective healing and restoration of function 
(Fig. 2).

Damage‑associated molecular patterns (DAMPs) and injury 
detection
Overview of DAMPs
DAMPs and their role in immune activation and inflam-
mation  DAMPs are endogenous molecules released into 
the extracellular space following cellular stress, injury, 
or necrosis, where they act as danger signals to initi-
ate immune responses [82]. Unlike pathogen-associated 
molecular patterns (PAMPs), which are exclusively micro-
bial and signal infection, DAMPs reflect tissue damage 
and cellular disruption [59, 82]. Both DAMPs and PAMPs 
are recognized by pattern recognition receptors (PRRs), 
including TLRs, the RAGE, and NLRs, which activate 
downstream inflammatory cascades [11, 73].

Key DAMPs include high-mobility group box  1 
(HMGB1), heat shock proteins (HSPs), ATP, extracel-
lular DNA/RNA, uric acid crystals, S100 proteins, and 
reactive oxygen species (ROS). Upon binding to PRRs, 
these molecules activate intracellular signaling pathways 
such as NF-κB and MAPK, resulting in the transcrip-
tion of pro-inflammatory cytokines and chemokines 
[71, 73]. Notably, the NF-κB pathway, especially through 
HMGB1–TLR4 interaction, plays a central role in modu-
lating inflammation. This signaling mechanism is experi-
mentally validated in hepatic injury models, where 
HMGB1 and histones activate TLRs and RAGE, leading 
to NF-κB activation and sterile inflammation [27].

In addition to endogenous sources, exogenous 
DAMPs, also termed DAMP mimics, are derived from 
non-microbial environmental stimuli such as air pol-
lutants (e.g., diesel exhaust, PM2.5), cigarette smoke, 

Fig. 1  Cellular mechanisms involved in injury detection. This figure depicts injury detection and immune activation via intrinsic and extrinsic 
signals. Damage-associated molecular patterns (DAMPs) like ATP, DNA fragments, HMGB1, and ROS, alongside pathogen-associated molecular 
patterns (PAMPs) such as muramyl dipeptide, are recognized by pattern recognition receptors (PRRs) including TLRs, RAGE, and NLRs. Activation 
of TLR4 triggers MyD88-dependent signaling, leading to MAPK activation, IκB degradation, and NF-κB translocation. Concurrently, intracellular 
stress activates NLRPs, forming inflammasomes that activate caspase-1 to cleave pro-IL-1β into IL-1β. NF-κB promotes transcription of IL-1β, IL-6, 
and TNF-α, amplifying inflammation. While crucial for defense, these pathways also drive pathological inflammation in autoimmune and chronic 
diseases, guiding therapeutic interventions
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advanced glycation end-products (AGEs), radiation, 
and nanoparticles. These exogenous factors acti-
vate similar PRR-mediated pathways, contributing to 
chronic inflammation, fibrosis, and disease progression 
[59].

PAMPs, by contrast, are derived from pathogens such 
as bacteria, viruses, fungi, and parasites. They can exist 
in both intracellular (e.g., viral RNA, bacterial DNA) and 
extracellular forms, activating immune responses upon 
recognition by PRRs [98]. Additionally, extrinsic stressors 
like radiation or toxins can indirectly induce the release 
of endogenous DAMPs, compounding inflammatory 
responses [73].

Understanding the complex interplay among endog-
enous, exogenous, and extrinsic DAMPs, alongside 
PAMPs, is critical for elucidating mechanisms of ster-
ile inflammation, autoimmunity, fibrosis, and chronic 
inflammatory diseases. Targeting DAMP-associated 
signaling pathways offers promising therapeutic potential 

for controlling pathological inflammation and restoring 
tissue homeostasis.

While PAMPs are exclusively derived from microbial 
sources such as bacteria, viruses, fungi, and parasites, 
they can also exist in both intracellular and extracellular 
compartments. For instance, viral RNA in the cytoplasm 
or bacterial DNA within phagosomes act as intracel-
lular PAMPs, whereas extracellular PAMPs are released 
upon pathogen lysis, triggering immune recognition [98]. 
Meanwhile, extrinsic DAMPs refer to external environ-
mental stressors, such as pollutants, toxins, and radia-
tion, which indirectly induce the release of endogenous 
DAMPs, further amplifying inflammation [73].

Understanding the interplay between endogenous, 
exogenous, or extrinsic DAMPs and PAMPs is essential 
for studying sterile inflammation, autoimmunity, fibrosis, 
and chronic disease pathology. Targeting DAMP-related 
signaling holds promise for therapeutic interventions in 
inflammatory and fibrotic diseases.

Fig. 2  Cellular Responses to Tissue Injury and Regeneration: This diagram illustrates the coordinated cellular responses to tissue injury, highlighting 
the roles of resident tissue stem cells, MSCs, fibroblasts, and immune cells in repair and regeneration. Injury triggers the release of pro-inflammatory 
cytokines (e.g., SDF-1, IL-1β, TNF-α) from intrinsic cells, which recruit and activate MSCs and progenitor cells via CXCR4. Resident and circulating 
MSCs migrate to the injury site, differentiate into fibroblasts and other reparative cells, and secrete growth factors (TGF-β3, KGF, EGF, PDGF, FGF) 
that promote collagen synthesis, ECM remodelling, and tissue regeneration. Activated fibroblasts rebuild the tissue matrix, while angiogenesis 
restores blood supply. Macrophages polarize into M1 and M2 phenotypes, balancing inflammation and repair. These integrated actions restore 
tissue integrity and function
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Recruitment of stem cells
The recruitment of bone marrow-derived stem cell pop-
ulations, including hematopoietic stem cells (HSCs), 
mesenchymal stem cells (MSCs), and endothelial progen-
itor cells (EPCs), is a crucial process in tissue repair and 
regeneration following injury. This process, while most 
thoroughly characterized in HSCs, involves a complex 
and coordinated network of signalling pathways that are 
likely similar across different stem cell types. The recruit-
ment of these cells involves several key stages: mobiliza-
tion from the bone marrow into circulation, homing to 
the site of injury, vascular rolling and adhesion, endothe-
lial transmigration, and migration within the extracellu-
lar matrix toward the injured tissue Liesveld et al. [56].

One of the most well-defined mechanisms govern-
ing stem cell mobilization and homing is the interac-
tion between SDF-1 and its receptor CXCR4 on stem 
cells. SDF-1 plays a pivotal role in maintaining stem 
cells within their bone marrow niches under normal 
conditions. It achieves this by interacting with CXCR4 
on stem cells, supported by a tightly regulated network 
of chemokines, cytokines, growth factors, and adhesion 
molecules [51, 97]. This interaction not only retains stem 
cells in the bone marrow but also regulates their release 
and mobilization when injury occurs.

Upon tissue injury, a shift in the local microenviron-
ment triggers the release of cytokines and growth factors 
from endothelial cells, platelets, and other local cells. This 
disrupts the homeostasis of stem cells in the bone mar-
row, initiating their mobilization into the bloodstream 
[116]. SDF-1, which is regulated by the transcription fac-
tor HIF-1α, plays a central role in this process. Follow-
ing injury, SDF-1 levels increase significantly in hypoxic 
regions of the bone marrow and at the injury site, creat-
ing a chemokine gradient that directs CXCR4-expressing 
stem cells to migrate toward the damaged tissue [16, 44]. 
Once in circulation, the chemokine gradient of SDF-1 
continues to guide the stem cells to the injury site, where 
they undergo a series of interactions that facilitate their 
adhesion to the vascular endothelium, transmigration 
across the endothelium, and subsequent migration within 
the extracellular matrix [103]. The upregulation of SDF-1 
in injured tissues is critical for this process, as it enhances 
the binding capacity of CXCR4 on stem cells, promoting 
their adhesion to endothelial cells and localization at the 
injury site [97]. SDF-1 binds to the CXCR4 receptor on 
stem cells, triggering signalling cascades that not only 
guide the cells to the site of injury but also promote their 
activation and entry into the cell cycle [16, 112].

Notably, research has demonstrated that disrupting the 
SDF-1/CXCR4 axis, either by blocking SDF-1 or inhibit-
ing CXCR4, significantly impairs the recruitment of EPCs 
and other stem cells, while enhancing SDF-1 expression 

can improve the recruitment and regenerative potential 
of these cells [16, 97].

Beyond the SDF-1/CXCR4 axis, other molecules play 
crucial roles in stem cell recruitment. Nitric oxide (NO) 
is one such molecule that has gained attention for its 
involvement in this process. NO, produced by endothe-
lial nitric oxide synthase (eNOS), can upregulate SDF-1 
expression via a cGMP-dependent pathway, thus enhanc-
ing the mobilization and homing of stem cells [4, 53, 
106]. A recent study in a bone regeneration model, Xiao 
et al. (2025) showed that an acid-responsive hydrogel sys-
tem facilitated injury-triggered release of SDF-1, which 
recruited endogenous MSCs to the site of injury. These 
MSCs, in turn, secreted NO, which further amplified 
SDF-1 production via activation of the cGMP pathway. 
This creates a positive loop that strengthens the SDF-1/
CXCR4 system and improves healing.

Additionally, NO has been shown to facilitate the adhe-
sion of progenitor cells to the endothelium, further sup-
porting their recruitment to injury sites [47, 106]. The 
interaction between NO and SDF-1/CXCR4 signaling 
is synergistic. NO not only enhances SDF-1 expression 
but also increases the responsiveness of MSCs to SDF-1 
by promoting the activation of the CXCR4 receptor on 
MSCs. This increased sensitivity further aids in the effi-
cient homing and engraftment of MSCs at sites where 
tissue repair and regeneration are needed [106].

The Notch signalling pathway is another critical regula-
tor of stem cell recruitment and function. Notch interac-
tions, particularly between Notch1 and its ligand Jagged, 
are essential for the recruitment of BM-MSCs and EPCs 
during tissue regeneration [81, 108]. The Notch path-
way influences CXCR4 expression, thereby modulating 
the responsiveness of stem cells to SDF-1 and enhancing 
their recruitment to damaged tissues. Knockout models 
that disrupt Notch signalling show significant impair-
ments in stem cell recruitment and subsequent tissue 
repair, highlighting the importance of this pathway [104, 
108].

Monocyte chemoattractant protein-1 (MCP-1) and 
its receptor CCR2 also contribute to the recruitment of 
bone marrow-derived stem cells. While MCP-1 is pri-
marily recognized for its role in recruiting monocytes, it 
also plays a role in the homing and engraftment of MSCs 
and HSCs [92]. The MCP-1/CCR2 axis promotes chemo-
taxis by stimulating the formation of lamellipodia, which 
facilitate cell migration. Although this pathway is not as 
universally involved as the SDF-1/CXCR4 axis, it remains 
significant for specific stem cell populations, particularly 
in the context of inflammation and tissue repair [92].

Growth factors such as VEGF and G-CSF are also cru-
cial in mobilizing and recruiting stem cells to injury sites. 
VEGF, which is upregulated following ischemic injuries, 
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has a dual role depending on the receptor profile of the 
stem cells. Through VEGFR2, VEGF stimulates the 
migration and survival of EPCs, promoting neovasculari-
zation and tissue regeneration [99]. VEGF has also been 
shown to work synergistically with Notch signaling to 
enhance MSC proliferation and recruitment. [55]. G-CSF, 
on the other hand, reduces SDF-1 expression in the bone 
marrow and downregulates CXCR4 on HSCs, facilitating 
their mobilization [76]. The interplay of these growth fac-
tors with other signalling pathways underscores the com-
plexity of the recruitment process.

After mobilization and homing, the recruited stem 
cells adhere to the vascular endothelium through inter-
actions mediated by selectins (e.g., P-selectin, E-selectin) 
and integrins (e.g., VCAM-1/VLA-4, ICAM-1/β2 integ-
rin) [52, 85]. This is followed by endothelial transmigra-
tion, driven by chemokines such as CXCL9 and CXCL16, 
and finally, migration through the extracellular matrix, 
facilitated by matrix metalloproteinases (MMPs) like 
MMP-2 and MMP-9 (Stier et  al., 2005). These coordi-
nated steps ensure that stem cells are effectively delivered 
to the injury site, where they can exert their regenerative 
functions through direct differentiation, secretion of par-
acrine factors, and modulation of the immune response 
[94].

Despite advances in understanding the mechanisms 
of stem cell recruitment, the clinical application of these 
insights remains challenging. The limited endogenous 
stem cell response observed after major injuries, along 
with variable clinical outcomes in stem cell therapies, 
suggests that further refinements are needed. Enhancing 
stem cell retention, optimizing cell dosages, and improv-
ing the characterization and purification of stem cell pop-
ulations are critical areas of ongoing research [66, 94]. By 
addressing these challenges, the therapeutic potential of 
stem cell recruitment in regenerative medicine may be 
fully realized.

Activation and proliferation of Stem cells
Upon reaching the injury site, stem cells transition from 
a quiescent state to an active state, where they must pro-
liferate and, at times, remain undifferentiated until spe-
cific signals direct their differentiation. This activation 
and proliferation are critical early steps in tissue repair 
and regeneration, ensuring a sufficient number of cells to 
replace those lost or damaged and restore tissue function. 
These processes are tightly regulated by a complex inter-
play of intracellular signalling pathways, growth factors, 
cytokines, and interactions with the extracellular matrix 
(ECM), all influenced by local environmental factors 
such as oxygen tension, nutrients, and cellular interac-
tions. Additionally, stem cells may be activated either as 
resident cells within the tissue or as recruits from distant 

sources like the bone marrow, further emphasizing the 
complexity of their regulation during tissue repair[20, 31, 
68].

As previously discussed, one of the primary signals 
that initiates stem cell activation is the release of DAMPs 
from injured or necrotic cells, which bind to PRRs and 
initiate inflammatory signalling cascades that contribute 
to stem cell activation [19].

In addition to DAMPs, the hypoxic environment often 
created by tissue injury plays a significant role in stem 
cell activation. HIFs, particularly HIF-1α, are stabilized 
under low oxygen conditions and drive the expression 
of genes that promote stem cell survival, activation, and 
migration.

Once activated, stem cells are primed to proliferate in 
response to various growth factors and cytokines present 
in the wound microenvironment. The fibroblast growth 
factor (FGF) family, particularly FGF-2 (also known as 
basic FGF), is a potent mitogen for many types of stem 
cells, including MSCs and neural stem cells (NSCs). 
FGF-2 binds to its receptors (FGFRs) on the surface of 
stem cells, activating the MAPK/ERK1/2 signalling path-
way, which promotes cell cycle entry and proliferation 
[22]. The ERK pathway, in particular, is critical for driving 
the expression of cyclins and cyclin-dependent kinases 
(CDKs), which are essential for the progression of the cell 
cycle from the G1 to the S phase, where DNA replication 
occurs.

Another key signalling pathway involved in stem cell 
proliferation is the Wnt/β-catenin pathway. Wnt pro-
teins bind to Frizzled receptors and co-receptors such as 
LRP5/6 on the surface of stem cells, leading to the stabi-
lization and accumulation of β-catenin in the cytoplasm. 
β-catenin then translocases to the nucleus, where it inter-
acts with transcription factors to activate the expression 
of genes that promote cell proliferation, such as c-Myc 
and Cyclin D1. The Wnt/β-catenin pathway is particu-
larly important in the regulation of stem cell populations 
in tissues such as the intestine, where it maintains the 
balance between stem cell proliferation and differentia-
tion [49]. To that end, Hoffman et al. (2015) reported that 
treatment with a Wnt/β catenin pathway activator could 
significantly increase human MSCs proliferation.

The Notch signaling pathway also plays a crucial role 
in regulating stem cell activation and proliferation. 
Notch receptors on the surface of stem cells interact 
with ligands such as Jagged and Delta on neighbouring 
cells. Upon ligand binding, the Notch receptor under-
goes proteolytic cleavage, releasing the Notch intracel-
lular domain (NICD), which trans locates to the nucleus 
and activates the transcription of target genes involved in 
stem cell maintenance and proliferation. In the context 
of tissue repair, Notch signaling helps maintain a pool 
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of undifferentiated stem cells while also promoting their 
proliferation in response to injury [74].

In addition to these pathways, the PI3K/Akt signaling 
pathway plays a central role in promoting stem cell sur-
vival and proliferation. Activation of PI3K/Akt can be 
triggered by various growth factors, including insulin-like 
growth factor (IGF) and epidermal growth factor (EGF), 
which bind to their respective receptors on stem cells. 
The PI3K/Akt pathway promotes cell survival by inhib-
iting apoptotic pathways and supports proliferation by 
upregulating the expression of cell cycle regulators [22] 
[114]. Moreover, Akt signaling enhances the metabolic 
activity of stem cells, ensuring that they have the neces-
sary energy and biosynthetic precursors to support rapid 
cell division.

Differentiation to Functional Lineages
Stem cell differentiation is a pivotal process in the transi-
tion from injury to tissue repair and regeneration. Once 
stem cells are recruited to the site of injury, they must dif-
ferentiate into the specific cell types required to restore 
the damaged tissue’s structure and function (Fig. 3.) This 
differentiation process is tightly regulated by signaling 
pathways, transcription factors, epigenetic modifica-
tions, and cues from the local microenvironment. [30].

In the context of wound repair, stem cell differentiation 
is tightly linked to the sequential phases of the wound 
healing process: inflammation, proliferation, and remod-
elling. During the initial inflammatory phase, pro-inflam-
matory molecules such as cytokines, chemokines, and 
growth factors are released by damaged and immune 
cells, stem cell activation, and recruitment. Among these, 
the Wnt/β-catenin pathway plays a crucial role in direct-
ing MSCs toward osteoblast differentiation, especially in 
the context of bone repair. Activation of this signaling 
promotes the expression of osteogenic markers, driving 
MSCs to differentiate into osteoblasts, which are essen-
tial for the formation of new bone tissue [118].

Simultaneously, the TGF-β and bone morphogenetic 
protein (BMP) pathways are integral to controlling MSC 
differentiation during wound repair [107]. Recent data 
show that TGF-β in secretome derived from dental pulp 
stem cells significantly enhances osteogenesis and wound 
healing, emphasizing its potency in lineage specification 
[86]. TGF-β is particularly important in chondrogenesis, 
where it promotes the differentiation of MSCs into chon-
drocytes by inducing cartilage-specific matrix proteins. 
This is crucial for repairing cartilage in joints or other 
tissues requiring cartilage regeneration. BMPs, on the 
other hand, are key regulators of both osteogenesis and 

Fig. 3  Stem Cell Recruitment, Activation, and Differentiation in Tissue Injury and Regeneration. This diagram depicts the stem cell–driven process 
of tissue regeneration following injury. Injury-induced release of cytokines and growth factors (e.g., SDF-1, IL-1β, TNFα, VEGF) activates resident stem 
cells and recruits circulating MSCs and HSCs via CXCR4. Quiescent stem cells are activated and differentiate under the influence of factors such 
as TGFβ3, KGF, EGF, PDGF, FGF, and VEGF, forming fibroblasts (FGF-mediated), endothelial cells (VEGF-mediated), and keratinocytes (KGF-mediated), 
which collectively restore tissue structure and function
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chondrogenesis, promoting the expression of transcrip-
tion factors such as Runx2, which drives osteoblast dif-
ferentiation, and Sox9, which is critical for chondrocyte 
formation [10].

During the proliferation phase of wound repair, HSCs 
are also actively differentiating. Cytokines such as eryth-
ropoietin (EPO) and interleukins direct the differentia-
tion of HSCs into various blood cell lineages, including 
red blood cells, white blood cells, and platelets. This 
process is crucial for replenishing blood cells lost dur-
ing injury and supporting the immune response neces-
sary for clearing debris and preventing infection [14]. The 
EPO-driven differentiation of HSCs is largely controlled 
by JAK2/STAT5 signaling pathways [50].

EPCs differentiate into endothelial cells, which are vital 
for angiogenesis, the formation of new blood vessels. 
This process is critical during the proliferation phase of 
wound repair, as the newly formed blood vessels supply 
the regenerating tissue with oxygen and nutrients essen-
tial for the survival and function of newly differentiated 
cells. VEGF, a key factor in angiogenesis, activates the 
PI3K/Akt and MAPK/ERK pathways in EPCs, promoting 
their differentiation into endothelial cells [8]. The differ-
entiation of EPCs into functional endothelial cells con-
tributes to the restoration of the vascular network, which 
is vital for the overall repair process. The Notch signal-
ing pathway also interacts with VEGF signaling to refine 
and direct the differentiation process, ensuring effective 
wound healing [91].

As the wound enters the remodeling phase, the focus 
shifts to restoring the tissue’s structural integrity and 
function. In this phase, the differentiation of MSCs into 
fibroblasts and myofibroblasts is critical. These cells are 
responsible for producing collagen and other extracellu-
lar matrix components that form the scaffold for tissue 
regeneration. The TGF-β pathway is again crucial here, 
as it promotes the differentiation of MSCs into myofibro-
blasts, which are essential for wound contraction and the 
closure of the wound [36]. A study using a full-thickness 
rat wound model demonstrated that topically applied 
MSCs significantly increased TGF-β levels and α-SMA 
expression in myofibroblasts during the early healing 
phase, leading to enhanced wound closure [77].

Epigenetic modifications play a crucial role in regu-
lating stem cell differentiation during wound repair by 
modulating the transcription of lineage-specific genes 
involved in differentiation by their activation or repres-
sion. For instance, methylation of promoters for dif-
ferentiation-related genes can silence their expression, 
maintaining stem cells in a pluripotent state. Conversely, 
demethylation of these promoters or acetylation of his-
tones can activate gene expression, promoting differen-
tiation. [72].

MSCs can differentiate into various cell types: osteo-
blasts, chondrocytes, myocytes, and adipocytes, depend-
ing on the signals they receive, which has a significant 
impact on tissue repair. For instance, in bone repair, 
MSCs differentiate into osteoblasts, which are respon-
sible for producing new bone matrix and facilitating the 
regeneration of bone tissue. In cartilage repair, MSCs 
differentiate into chondrocytes, the cells that produce 
the extracellular matrix of cartilage, thereby helping to 
restore the structural integrity and functionality of the 
cartilage [100].

Similarly, hematopoietic stem cells (HSCs) differenti-
ate into various blood cell lineages, including red blood 
cells, white blood cells, and platelets. This differentiation 
is crucial not only for replenishing the blood supply but 
also for supporting the immune response during tissue 
repair [14]Differentiated HSCs contribute to the immune 
system’s ability to clear debris, fight infection, and secrete 
cytokines and growth factors that further promote tissue 
regeneration [84].

In conclusion, the differentiation of stem cells is essen-
tial for tissue regeneration and is precisely regulated by 
signaling, transcriptional, and epigenetic mechanisms in 
response to repair demands.

Integration and tissue remodelling
Following the differentiation of stem cells into the spe-
cific cell types required for tissue repair, the next crucial 
phase in the healing process is the integration of these 
cells into the existing tissue and the remodelling of tissue 
to restore its structure and function [30].

Once differentiated, the newly formed cells, such as 
fibroblasts, myofibroblasts, endothelial cells, osteoblasts, 
or chondrocytes, must integrate into the surrounding 
tissue to contribute effectively to repair [26, 89]. This 
integration process is highly dependent on cell–cell and 
cell-ECM interactions. For example, Integrins, a family 
of cell surface receptors, interact with ECM components 
such as fibronectin, collagen, and laminin, anchoring the 
newly differentiated cells in place and facilitating com-
munication between the cells and their microenviron-
ment. This interaction is critical for ensuring that the 
cells are correctly positioned and can function as part of 
the tissue [29, 42]. Myofibroblasts play a central role in 
wound repair, particularly during the remodelling phase. 
These cells, which are differentiated from fibroblasts 
under the influence of TGF-β, produce and organize the 
collagen-rich ECM that forms the structural framework 
of the healed tissue. Myofibroblasts are also responsible 
for wound contraction, a process that reduces the wound 
size by pulling the edges of the wound together [89]. This 
contraction is facilitated by the formation of actin-myo-
sin contractile fibres within the myofibroblasts, which are 
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anchored to the ECM through integrin-mediated adhe-
sions. The contraction of these fibers generates tension 
within the ECM, drawing the wound margins inward and 
promoting faster closure [41]. Tissue remodelling is a 
dynamic process that involves the continuous deposition 
and degradation of ECM components. During the early 
stages of wound healing, the ECM is primarily composed 
of a provisional matrix rich in fibrin and fibronectin, 
which provides a scaffold for cell migration and prolif-
eration. As healing progresses, this provisional matrix is 
replaced by a more permanent collagen-based matrix, 
which gives the tissue its strength and resilience [111]. 
The balance between ECM synthesis and degradation is 
tightly regulated by MMPs and their inhibitors, tissue 
inhibitors of metalloproteinases (TIMPs). MMPs, a fam-
ily of proteolytic enzymes, degrade various components 
of the ECM, including collagen and elastin, allowing for 
the removal of the provisional matrix and the restructur-
ing of the new matrix. TIMPs regulate MMP activity to 
ensure that ECM degradation does not outpace synthe-
sis, maintaining the integrity of the newly formed tissue 
[60, 67].

The signaling pathways that regulate integration and 
tissue remodelling are complex and involve multiple fac-
tors. TGF-β is one of the most important regulators of 
ECM production and myofibroblast differentiation. It 
promotes the synthesis of collagen and other ECM com-
ponents, and also upregulates the expression of integrins 
and MMPs, facilitating both the assembly and remodel-
ling of the ECM [110]. In addition to TGF-β, the Wnt/β-
catenin pathway also plays a role in tissue remodelling, 
particularly in bone repair, where it regulates the differ-
entiation of osteoblasts and the synthesis of bone matrix 
[46]. The interaction between these signaling pathways 
ensures that the remodelling process is coordinated with 
the integration of new cells, leading to the restoration of 
tissue architecture and function.

As previously discussed, vascularization of the newly 
formed tissue is essential for regeneration; during tissue 
remodelling, VEGF and Notch signaling promote the 
maturation and integration of new blood vessels, ensur-
ing stable and functional tissue repair [13] [65].Tissue 
remodelling also involves the resolution of inflammation 
and the removal of excess cells and ECM components by 
macrophages [69]. Once the tissue has been sufficiently 
repaired, myofibroblasts undergo apoptosis, reduc-
ing their numbers and preventing excessive scar forma-
tion. The remaining ECM is remodelled to resemble the 
native tissue as closely as possible, restoring its original 
architecture and function [24]. However, in cases where 
remodelling is dysregulated, such as in fibrosis, excessive 
ECM deposition can lead to the formation of scar tissue, 
which may impair tissue function [88].

In conclusion, Integration and remodelling are critical 
for restoring functional tissue, guided by cell–ECM inter-
actions, signaling pathways, and balanced matrix turno-
ver. Understanding these processes is key to promoting 
regeneration and preventing fibrosis.

Comparative overview of stem cell types in regeneration 
and clinical application
Although our review emphasizes the generalized regen-
erative journey of stem cells, it is important to recog-
nize the fundamental differences among various stem 
cell types MSCs, HSCs, embryonic stem cells (ESCs), 
and induced pluripotent stem cells (iPSCs), in terms of 
their biological roles, therapeutic potential, and clinical 
applicability. To contextualize the role of these different 
stem cell types in regenerative medicine, it is essential 
to recognize the distinct biological properties, risks, and 
clinical implications of each of them. MSCs and HSCs 
are adult stem cells naturally involved in injury detection 
and physiological repair. MSCs are multipotent, playing 
a crucial role in regenerating bone, cartilage, and soft tis-
sues through paracrine effects and immune modulation, 
but they face challenges in differentiation efficiency and 
engraftment [37]; Liu et  al., 2006). HSCs, on the other 
hand, are essential for hematopoietic regeneration and 
have been widely used in hematopoietic stem cell trans-
plants for blood disorders and immune system regen-
eration [23], although they are limited to blood-related 
therapies and pose risks such as graft-versus-host dis-
ease (GVHD) [37] [37, 63]. In contrast, ESCs and iPSCs 
are pluripotent cells capable of differentiating into all 
three germ layers, offering unparalleled regenerative 
potential for complex tissues such as the heart, liver, and 
neural tissues. However, their clinical use is limited by 
tumorigenicity, genomic instability, and, in the case of 
ESCs, ethical concerns regarding their derivation (Cle-
vers, 2006,Eilken et  al., 2009. While iPSCs overcome 
some ethical issues, they still present challenges related 
to reprogramming fidelity and safety (Takahashi et  al., 
2007; Yamanaka, 2012. Thus, while ESCs and iPSCs are 
highly valuable in disease modelling, drug screening, and 
regenerative engineering, MSCs and HSCs are more clin-
ically translatable for tissue-specific repair, owing to their 
lower risk profile, immunomodulatory effects, and direct 
involvement in natural injury detection and regeneration 
responses.

Although our review emphasizes the generalized 
regenerative journey of stem cells, it is important to rec-
ognize the fundamental differences among various stem 
cell types, MSCs, HSCs, embryonic stem cells (ESCs), 
and induced pluripotent stem cells (iPSCs) in terms of 
their biological roles, therapeutic potential, and clinical 
applicability. To contextualize the role of these different 
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stem cell types in regenerative medicine, it is essential 
to recognize the distinct biological properties, risks, and 
clinical implications of each of them. MSCs and HSCs 
are adult stem cells naturally involved in injury detection 
and physiological repair. They possess well-characterized 
immunomodulatory functions and have been widely used 
in clinical trials for inflammatory, cardiovascular, and 
musculoskeletal diseases [102, 105]. HSCs, in particu-
lar, are the cornerstone of hematopoietic transplantation 
and regenerative treatments in oncology and hematol-
ogy [23]. In contrast, ESCs and iPSCs are pluripotent 
cells capable of giving rise to all three germ layers, but 
they do not participate in endogenous tissue repair. Their 
clinical use is limited by concerns such as tumorigenicity, 
genomic instability, and in the case of ESCs, ethical con-
troversies surrounding their embryonic origin (Knoep-
fler, 2009). iPSCs circumvent some ethical concerns but 
still pose challenges in reprogramming fidelity and safety 
[32]. Thus, while ESCs and iPSCs are highly valuable in 
disease modeling, drug screening, and regenerative engi-
neering, MSCs and HSCs are more clinically translatable 
for tissue-specific repair owing to their lower risk profile, 
immunomodulatory effects, and participation in natural 
injury and regeneration responses.

clinical translation of regenerative signalling pathways
A comprehensive understanding of the cellular and 
molecular pathways involved in tissue repair, from dam-
age recognition to stem cell mobilization, homing, pro-
liferation, and differentiation, is essential for designing 
effective regenerative therapies and improving clinical 
outcomes. By elucidating how DAMPs initiate inflam-
matory signaling through PRRs and how this influences 
subsequent repair processes, clinicians and researchers 
can identify precise targets to modulate inflammation 
without impairing healing [73, 82]. For instance, control-
ling the HIF-1α/VEGF/SDF-1 axis enables enhancement 
of vascularization and recruitment of reparative cells in 
ischemic or non-healing wounds (Liu et  al., 2006; [16]. 
An alternative approach involves pharmacological con-
ditioning of MSCs using deferoxamine, which enhances 
HIF-1α expression and targets CXCR4, resulting in more 
effective wound healing in diabetic wounds [61].

Furthermore, leveraging knowledge of CXCR4-medi-
ated homing and niche-specific retention allows for bet-
ter localization of stem cells at injury sites, increasing 
therapeutic efficacy [1, 113]. This mechanistic insight 
also informs the development of preconditioning proto-
cols, gene-modified stem cells, or bioengineered scaffolds 
that replicate or enhance endogenous healing signals 
[79, 80]. Clinically, these approaches are being applied 
in the treatment of diabetic ulcers, myocardial infarc-
tion, stroke, and chronic inflammatory diseases, etc., 

demonstrating how an integrated understanding of the 
underlying biology translates into targeted, personalized, 
and more effective regenerative interventions [37, 63]. 
Ultimately, this systems-level knowledge bridges basic 
science and clinical practice, leading to therapies that not 
only repair tissue but also restore function with improved 
precision and durability.

Coordinated biological networks in tissue regeneration
Tissue regeneration is not an isolated cellular event 
but a highly coordinated, systems-level process involv-
ing the interplay of multiple biological networks [95]. 
The immune system serves as the initial responder, 
detecting injury and guiding the inflammatory phase 
that primes tissue for repair. Stem cell niches, activated 
by these immune signals, mobilize regenerative cells 
directed to the injury site [2]. This process requires a bal-
anced immune response, as excessive inflammation can 
inhibit regeneration (Prasad Abnave & E. Ghigo, 2019). 
The vascular system plays a critical role in supporting 
this process by enabling immune cell trafficking, deliver-
ing oxygen and nutrients, and initiating angiogenesis to 
restore perfusion [96]. Concurrently, the extracellular 
matrix provides both the physical scaffold and biochemi-
cal cues necessary for stem cell adhesion, migration, and 
differentiation [35]. The nervous system adds another 
layer of regulation by sensing injury and modulating 
immune and regenerative responses through neuropep-
tides [90]. Additionally, the endocrine system exerts a 
systemic influence by modulating stem cell activity and 
metabolic demands during repair [34]. Together, these 
interdependent systems form an integrated network that 
drives the regenerative journey from injury detection to 
functional tissue restoration. Understanding this orches-
tration provides a powerful foundation for developing 
therapies that harness or enhance endogenous regenera-
tive capacities.

Challenges and future directions
The exploration of stem cell roles in the regenerative 
journey, from injury detection to tissue repair, represents 
one of the most promising yet challenging areas of bio-
medical research. The potential of stem cells to detect 
injury, mobilize, differentiate, and ultimately repair dam-
aged tissues offers significant therapeutic opportunities. 
However, the journey from understanding these pro-
cesses in the lab to applying them in clinical practice is 
troubled with challenges that must be addressed to fully 
harness the power of stem cells in regenerative medicine.

This section will elaborate on these challenges and pro-
pose future directions for advancing this field.
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Challenges

1.	 Complexity of Injury Detection and Response: The 
process by which stem cells detect injury and initi-
ate a regenerative response is complex and not yet 
fully understood. This process involves a finely tuned 
interplay of signalling molecules, the microenviron-
ment, and the intrinsic properties of the stem cells 
themselves. [39]. Variations in the severity, loca-
tion, and type of injury can lead to different cellular 
responses, making it difficult to predict and control 
the regenerative outcome [38]. Moreover, the abil-
ity of stem cells to correctly interpret and respond to 
these signals can be impaired in aged or diseased tis-
sues, which adds another layer of complexity.

2.	 Heterogeneity and Source of Stem Cells: Stem cell 
heterogeneity poses a significant challenge in the 
regenerative journey. Different types of stem cells 
(e.g., MSCs, HSCs, and neural stem cells) have dis-
tinct regenerative potentials and responses to injury. 
Additionally, the source of stem cells, whether they 
are derived from bone marrow, adipose tissue, or 
other tissues, can significantly influence their behav-
iour and effectiveness in tissue repair [70]. For exam-
ple, unlike HSCs, MSCs often express low levels of 
key homing receptors and, when administered sys-
temically, tend to become trapped in organs like the 
lungs and liver due to their size and poor respon-
siveness to chemotactic signals, leading to reduced 
engraftment [25]. Standardizing stem cell therapies 
to account for this variability remains a major hurdle.

3.	 Regulation of Stem Cell Behaviour: Effectively con-
trolling stem cell behaviour is critical for successful 
regeneration. However, the signalling pathways that 
regulate these processes are complex and context-
dependent. Small perturbations in the microen-
vironment or the signalling cascades can lead to 
undesirable outcomes, such as fibrosis instead of 
regeneration, or uncontrolled cell proliferation lead-
ing to tumorigenesis [21]. Furthermore, some stud-
ies highlight the risk of stem cells spontaneously dif-
ferentiating into undesired cell types in response to 
host microenvironmental cues post-transplantation. 
For instance, in earlier studies, unfractionated bone 
marrow cells were occasionally found to differenti-
ate into osteoblasts, leading to undesired ossification 
within heart tissue [15]. The challenge lies in devel-
oping precise and reliable methods to guide stem cell 
behaviour towards desired therapeutic outcomes.

4.	 Immune Response and Compatibility: The immune 
system’s response to stem cell therapies can be a 
double-edged sword. While immune cells play a vital 
role in injury detection and the initial phases of tis-

sue repair, they can also contribute to the rejection 
of transplanted stem cells, especially in allogeneic 
(donor-derived) settings. Even in autologous (self-
derived) therapies, immune responses can be trig-
gered by the manipulation of cells outside the body 
or by changes in the microenvironment [75]. A major 
source of rejection is HLA mismatch, which activates 
host immune responses [3].

5.	 Long-Term Safety and Efficacy: Ensuring the long-
term safety and efficacy of stem cell-based therapies 
is a major concern. The potential for tumorigenesis, 
immune rejection, or the development of fibrotic tis-
sue instead of functional tissue are significant risks 
that need to be carefully managed. Additionally, 
the long-term behaviour of transplanted stem cells 
within the host tissue remains poorly understood, 
with concerns about the stability of their therapeu-
tic effects and the risk of adverse outcomes over time 
[62].

Future directions

1.	 Advancing Single-Cell and Omics technologies: 
Comprehensive lineage tracing of stem cells is essen-
tial for guiding differentiation and ensuring thera-
peutic specificity. In recent years, single-cell RNA 
sequencing (scRNA-seq), proteomics, and metabo-
lomics have played a pivotal role in understand-
ing the heterogeneity of stem cell populations and 
their responses to injury. These technologies allow 
researchers to explore the behaviour of individual 
cells within a complex tissue environment. Future 
research should focus on integrating these omics 
approaches to develop a comprehensive map of the 
regenerative journey at the single-cell level [78].

2.	 Gene editing and Synthetic Biology: The develop-
ment of gene editing tools, such as CRISPR-Cas9, 
and synthetic biology approaches opens new avenues 
for engineering stem cells with enhanced regenera-
tive capabilities. By precisely editing genes involved 
in injury detection, immune modulation, or differ-
entiation, scientists can create "designer" stem cells 
tailored for specific therapeutic applications. Fur-
thermore, these technologies can be leveraged for 
Cas9-based genetic barcoding, allowing labeling of 
single progenitor cells, making it possible to recon-
struct detailed lineage trajectories [17].

3.	 Development of Biomimetic Scaffolds and Micro‑
environments: The creation of biomimetic scaffolds 
that mimic the natural ECM of tissues can provide 
a supportive environment for stem cell prolifera-
tion, differentiation, and integration. These scaffolds 
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can be engineered to deliver growth factors, modu-
late the immune response, and guide tissue remod-
elling. Future research should focus on developing 
advanced biomaterials that can dynamically inter-
act with stem cells and the host tissue to optimize 
regeneration [117]. In recent years, scaffold materials 
such as graphene and its derivatives [115], along with 
natural polymers like chitosan [45] and collagen [87], 
have gained growing attention for their ability to sup-
port stem cell growth and guide differentiation.

4.	 Harnessing the Immune System for Regeneration: 
Modulating the immune response to support tis-
sue repair and regeneration is a promising strategy. 
Research should focus on understanding the cross-
talk between stem cells and immune cells during the 
regenerative journey. By manipulating immune cells 
or engineering stem cells to produce immune-mod-
ulatory factors, it may be possible to create a more 
favourable environment for regeneration while mini-
mizing the risk of immune rejection [5]. For example, 
HLA engineering  through gene editing is a promis-
ing solution to create immune-evasive stem cells for 
broader clinical use [18].

5.	 Personalized or patient-specific Regenerative 
Medicine: The future of regenerative medicine lies in 
personalized approaches that take into account the 
unique genetic, epigenetic, and environmental fac-
tors of each patient. Personalized stem cell therapies 
could be tailored to the specific needs of the indi-
vidual, using their own cells or genetically matched 
donor cells to reduce the risk of rejection and 
improve therapeutic outcomes. Advances in genom-
ics, bioinformatics, and personalized medicine will 
be key to realizing this vision [6].

Conclusion
The regenerative journey of stem cells, from injury detec-
tion to tissue repair, is an intricate and finely tuned pro-
cess essential for effective healing and recovery. Stem 
cells, through their remarkable ability to sense injury 
and respond to physiological and pathological cues, are 
central to tissue regeneration. However, the therapeu-
tic application of stem cells presents various challenges, 
including the complexity of injury detection, stem cell 
recruitment, differentiation, and integration into the tis-
sue matrix. The biological differences between stem cell 
types, MSCs, HSCs, ESCs, and iPSCs,  each offers dis-
tinct advantages and limitations, especially in terms of 
their regenerative capacity, tissue specificity, and safety 
profiles. MSCs and HSCs are particularly promising for 
tissue-specific repair, with robust clinical applications 
in musculoskeletal, hematopoietic, and cardiovascular 

regeneration. Meanwhile, ESCs and iPSCs hold great 
potential for regenerating complex organs, but tumo-
rigenicity, ethical concerns, and genomic instability 
hinder their clinical implementation. Advancements 
in gene editing technologies, biomaterial engineering, 
and immune modulation are paving the way for safer 
and more effective stem cell-based therapies. Future 
research will be crucial in optimizing stem cell applica-
tions, improving the efficiency of stem cell recruitment 
and integration, and minimizing potential risks such as 
fibrosis or tumor formation. By harnessing the intricate 
biology of stem cells and integrating advanced thera-
peutic strategies, regenerative medicine will continue to 
evolve, offering new possibilities for treating degenerative 
diseases, injuries, and age-related conditions, ultimately 
restoring tissue function with improved precision and 
durability.

Acknowledgements
The authors would like to thank the National Orthopaedic Centre of Excel-
lence for Research & Learning (NOCERAL) for providing resources to prepare 
this article.

Author contributions
AMS: Conceptualization, Writing Original Draft, Writing Review and Editing, 
visualization, funding acquisition, Validation; TK: writing and revising; NFY: writ-
ing and revising; MAS: Writing original draft.

Funding
The Ministry of Higher Education funded this research for the Fundamental 
Research Grant Scheme (FRGS/1/2023/SKK10/UM/01/3) awarded to Alimo-
hammad Sharifi.

Data availability
Not applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no competing interest.

Received: 7 April 2025   Accepted: 19 August 2025

References
	 1.	 Abbott JD, Huang Y, Liu D, Hickey R, Krause DS, Giordano FJ. Stromal 

cell-derived factor-1alpha plays a critical role in stem cell recruitment 
to the heart after myocardial infarction but is not sufficient to induce 
homing in the absence of injury. Circulation. 2004;110:3300–5.

	 2.	 Abnave P, Ghigo E. Role of the immune system in regeneration and 
its dynamic interplay with adult stem cells. Semin Cell Dev Biol. 
2019;87:160–8.

	 3.	 Achon Buil B, Rentsch NH, Weber RZ, Rickenbach C, Halliday SJ, Hotta A, 
Tackenberg C, Rust R. Beneath the radar: immune-evasive cell sources 
for stroke therapy. Trends Mol Med. 2024;30:223–38.



Page 13 of 15Sharifi et al. Stem Cell Research & Therapy          (2025) 16:541 	

	 4.	 Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Ihling C, Technau-
Ihling K, Zeiher AM, Dimmeler S. Essential role of endothelial nitric 
oxide synthase for mobilization of stem and progenitor cells. Nat Med. 
2003;9:1370–6.

	 5.	 Alshoubaki YK, Nayer B, Das S, Martino MM. Modulation of the activity 
of stem and progenitor cells by immune cells. Stem Cells Transl Med. 
2022;11:248–58.

	 6.	 Arjmand B, Goodarzi P, Mohamadi-Jahani F, Falahzadeh K, Larijani B. 
Personalized regenerative medicine. Acta Med Iran. 2017;55:144–9.

	 7.	 Bacci S. Fine regulation during wound healing by mast cells, a physi-
ological role not yet clarified. Int J Mol Sci. 2022. https://​doi.​org/​10.​
3390/​ijms2​30318​20.

	 8.	 Balaji S, King A, Crombleholme TM, Keswani SG. The role of endothe-
lial progenitor cells in postnatal vasculogenesis: implications for 
therapeutic neovascularization and wound healing. Adv Wound Care. 
2013;2(6):283–95.

	 9.	 Baraniak PR, McDevitt TC. Stem cell paracrine actions and tissue regen-
eration. Regen Med. 2010;5:121–43.

	 10.	 Bhaskar B, Mekala NK, Baadhe RR, Rao PS. Role of signaling pathways 
in mesenchymal stem cell differentiation. Curr Stem Cell Res Ther. 
2014;9:508–12.

	 11.	 Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about 
danger. J Leukoc Biol. 2007;81:1–5.

	 12.	 Biswas S, Davis H, Irshad S, Sandberg T, Worthley D, Leedham S. Micro-
environmental control of stem cell fate in intestinal homeostasis and 
disease. J Pathol. 2015;237:135–45.

	 13.	 Bleiziffer O, Hammon M, Naschberger E, Lipnik K, Arkudas A, Rath 
SN, Pryymachuk G, Beier JP, Stürzl M, Horch RE, Kneser U. Endothelial 
progenitor cells are integrated in newly formed capillaries and alter 
adjacent fibrovascular tissue after subcutaneous implantation in a fibrin 
matrix. J Cell Mol Med. 2011;15:2452–61.

	 14.	 Bonnet, D., Ramezani, A. & Petzer, A. L. Hematopoietic stem cells. Curr 
Biol. 2003.

	 15.	 Breitbach M, Bostani T, Roell W, Xia Y, Dewald O, Nygren JM, Fries 
JW, Tiemann K, Bohlen H, Hescheler J, Welz A, Bloch W, Jacobsen SE, 
Fleischmann BK. Potential risks of bone marrow cell transplantation into 
infarcted hearts. Blood. 2007;110:1362–9.

	 16.	 Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Klein-
man ME, Capla JM, Galiano RD, Levine JP, Gurtner GC. Progenitor cell 
trafficking is regulated by hypoxic gradients through HIF-1 induction of 
SDF-1. Nat Med. 2004;10:858–64.

	 17.	 Chan MM, Smith ZD, Grosswendt S, Kretzmer H, Norman TM, Adamson 
B, Jost M, Quinn JJ, Yang D, Jones MG, Khodaverdian A, Yosef N, Meiss-
ner A, Weissman JS. Molecular recording of mammalian embryogen-
esis. Nature. 2019;570:77–82.

	 18.	 Chang SH, Park CG. Comparing the benefits and drawbacks of stem cell 
therapy based on the cell origin or manipulation process: addressing 
immunogenicity. Immune Netw. 2023;23: e44.

	 19.	 Chen GY, Nuñez G. Sterile inflammation: sensing and reacting to dam-
age. Nat Rev Immunol. 2010;10:826–37.

	 20.	 Cho IJ, Lui PP, Obajdin J, Riccio F, Stroukov W, Willis TL, Spagnoli F, Watt 
FM. Mechanisms, hallmarks, and implications of stem cell quiescence. 
Stem Cell Reports. 2019;12:1190–200.

	 21.	 Choi B, Kim D, Han I, Lee SH. Microenvironmental regulation of stem 
cell behavior through biochemical and biophysical stimulation. Adv 
Exp Med Biol. 2018;1064:147–60.

	 22.	 Choi SC, Kim SJ, Choi JH, Park CY, Shim WJ, Lim DS. Fibroblast growth 
factor-2 and -4 promote the proliferation of bone marrow mesenchy-
mal stem cells by the activation of the PI3K-Akt and ERK1/2 signaling 
pathways. Stem Cells Dev. 2008;17:725–36.

	 23.	 Copelan EA. Hematopoietic stem-cell transplantation. N Engl J Med. 
2006;354:1813–26.

	 24.	 Darby IA, Laverdet B, Bonté F, Desmoulière A. Fibroblasts and myofibro-
blasts in wound healing. Clin Cosmet Investig Dermatol. 2014;7:301–11.

	 25.	 DE Becker A, Riet IV. Homing and migration of mesenchymal stromal 
cells: how to improve the efficacy of cell therapy? World J Stem Cells. 
2016;8:73–87.

	 26.	 Diaz-Flores L Jr, Gutierrez R, Madrid JF, Varela H, Valladares F, Diaz-Flores 
L. Adult stem cells and repair through granulation tissue. Front Biosci. 
2009;14:1433–70.

	 27.	 Ding WX, Yin XM. Molecules, Systems and Signaling in Liver Injury. Cell 
Death in Biology and Diseases,. 1st ed. Cham: Springer International 
Publishing. 2017; Imprint: Springer,.

	 28.	 Dong L, Hao H, Han W, Fu X. The role of the microenvironment on the 
fate of adult stem cells. Sci China Life Sci. 2015;58:639–48.

	 29.	 Doyle AD, Nazari SS, Yamada KM. Cell-extracellular matrix dynamics. 
Phys Biol. 2022. https://​doi.​org/​10.​1088/​1478-​3975/​ac4390.

	 30.	 Fu X, Liu G, Halim A, Ju Y, Luo Q, Song AG. Mesenchymal stem cell 
migration and tissue repair. Cells. 2019. https://​doi.​org/​10.​3390/​cells​
80807​84.

	 31.	 Fu X, Wang H, Hu P. Stem cell activation in skeletal muscle regeneration. 
Cell Mol Life Sci. 2015;72:1663–77.

	 32.	 Fu X, Xu Y. Challenges to the clinical application of pluripotent 
stem cells: towards genomic and functional stability. Genome Med. 
2012;4:55.

	 33.	 Garg V, Chandanala S, David-Luther M, Govind M, Prasad RR, Kumar A, 
Prasanna SJ. The yin and yang of immunity in stem cell decision guid-
ance in tissue ecologies: an infection independent perspective. Front 
Cell Dev Biol. 2022;10: 793694.

	 34.	 Ghorbani A, Naderi-Meshkin H. The endocrine regulation of stem cells: 
physiological importance and pharmacological potentials for cell-
based therapy. Curr Stem Cell Res Ther. 2016;11:19–34.

	 35.	 Guan S, Zhang K, Li J. Recent advances in extracellular matrix for engi-
neering stem cell responses. Curr Med Chem. 2019;26:6321–38.

	 36.	 Guillamat-Prats R. The role of MSC in wound healing, scarring and 
regeneration. Cells. 2021;10(7):1729.

	 37.	 Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and 
regeneration. Nature. 2008;453:314–21.

	 38.	 Haase M, Comlekoglu T, Petrucciani A, Sego TJ, Peirce SM, Blemker SS. 
Injury-Specific Muscle Regeneration: A Computational Blueprint for 
Cellular and Cytokine Drivers. bioRxiv. 2024:2024-12.

	 39.	 Heitman N, Saxena N, Rendl M. Advancing insights into stem cell niche 
complexities with next-generation technologies. Curr Opin Cell Biol. 
2018;55:87–95.

	 40.	 Hicks MR, Pyle AD. The emergence of the stem cell niche. Trends Cell 
Biol. 2023;33:112–23.

	 41.	 Hinz B, McCulloch CA, Coelho NM. Mechanical regulation of myofi-
broblast phenoconversion and collagen contraction. Exp Cell Res. 
2019;379:119–28.

	 42.	 Humphries MJ, Travis MA, Clark K, Mould AP. Mechanisms of integra-
tion of cells and extracellular matrices by integrins. Biochem Soc Trans. 
2004;32:822–5.

	 43.	 Jaerve A, Schira J, Müller HW. Concise review: the potential of stromal 
cell-derived factor 1 and its receptors to promote stem cell functions in 
spinal cord repair. Stem Cells Transl Med. 2012;1(10):732–9.

	 44.	 Jaerve A, Schira J, Müller HW. Concise review: the potential of stromal 
cell-derived factor 1 and its receptors to promote stem cell functions in 
spinal cord repair. Stem Cells Transl Med. 2012. https://​doi.​org/​10.​5966/​
sctm.​2012-​0068.

	 45.	 James MM, Zhou Y, Zhang M. Enhanced differentiation of human neural 
stem cells into cortical neurons using 3D chitosan scaffolds. ACS Appl 
Bio Mater. 2025;8:2469–81.

	 46.	 Jann J, Gascon S, Roux S, Faucheux N. Influence of the TGF-β superfam-
ily on osteoclasts/osteoblasts balance in physiological and pathologi-
cal bone conditions. Int J Mol Sci. 2020. https://​doi.​org/​10.​3390/​ijms2​
12075​97.

	 47.	 Kaminski A, Ma N, Donndorf P, Lindenblatt N, Feldmeier G, Ong LL, 
Furlani D, Skrabal CA, Liebold A, Vollmar B, Steinhoff G. Endothelial NOS 
is required for SDF-1alpha/CXCR4-mediated peripheral endothelial 
adhesion of c-kit+ bone marrow stem cells. Lab Invest. 2008;88:58–69.

	 48.	 Kato J, Svensson CI. Role of extracellular damage-associated molecular 
pattern molecules (DAMPs) as mediators of persistent pain. Prog Mol 
Biol Transl Sci. 2015;131:251–79.

	 49.	 Kühl SJ, Kühl M. On the role of Wnt/β-catenin signaling in stem cells. 
Biochim Biophys Acta. 2013;1830:2297–306.

	 50.	 Kuttikrishnan S, Prabhu KS, Khan AQ, Uddin S. Signaling networks guid-
ing erythropoiesis. Curr Opin Hematol. 2024;31:89–95.

	 51.	 Lapidot T, Dar A, Kollet O. How do stem cells find their way home? 
Blood. 2005;106:1901–10.

	 52.	 Lapidot T, Kollet O. The essential roles of the chemokine SDF-1 and 
its receptor CXCR4 in human stem cell homing and repopulation of 

https://doi.org/10.3390/ijms23031820
https://doi.org/10.3390/ijms23031820
https://doi.org/10.1088/1478-3975/ac4390
https://doi.org/10.3390/cells8080784
https://doi.org/10.3390/cells8080784
https://doi.org/10.5966/sctm.2012-0068
https://doi.org/10.5966/sctm.2012-0068
https://doi.org/10.3390/ijms21207597
https://doi.org/10.3390/ijms21207597


Page 14 of 15Sharifi et al. Stem Cell Research & Therapy          (2025) 16:541 

transplanted immune-deficient NOD/SCID and NOD/SCID/B2m(null) 
mice. Leukemia. 2002;16:1992–2003.

	 53.	 Lapidot T, Kollet O. Regulation of hematopoietic stem cell function 
by nitric oxide signaling. Blood Sci. 2020;2:66–7.

	 54.	 Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. 
Cold Spring Harb Perspect Biol. 2009;1:e001651.

	 55.	 Liao FL, Chen RL, Jiang S, Tian C. Effect of notch signaling pathway on 
VEGF promoting rat mesenchymal stem cell proliferation. Zhongguo 
Shi Yan Xue Ye Xue Za Zhi. 2014;22:1068–71.

	 56.	 Liesveld JL, Sharma N, Aljitawi OS. Stem cell homing: from physiology 
to therapeutics. Stem Cells. 2020;38:1241–53.

	 57.	 Lin L, Park S, Lakatta EG. RAGE signaling in inflammation and arterial 
aging. Front Biosci (Landmark Ed). 2009;14:1403–13.

	 58.	 Liu Y, Lou WP, Fei JF. The engine initiating tissue regeneration: does a 
common mechanism exist during evolution? Cell Regen. 2021;10:12.

	 59.	 Ma M, Jiang W, Zhou R. DAMPs and DAMP-sensing receptors in 
inflammation and diseases. Immunity. 2024;57:752–71.

	 60.	 Madlener M, Parks WC, Werner S. Matrix metalloproteinases (MMPs) 
and their physiological inhibitors (TIMPs) are differentially expressed 
during excisional skin wound repair. Exp Cell Res. 1998;242:201–10.

	 61.	 Mehrabani M, Najafi M, Kamarul T, Mansouri K, Iranpour M, Nematol-
lahi MH, Ghazi-Khansari M, Sharifi AM. Deferoxamine preconditioning 
to restore impaired HIF-1α-mediated angiogenic mechanisms in 
adipose-derived stem cells from STZ-induced type 1 diabetic rats. 
Cell Prolif. 2015;48:532–49.

	 62.	 Mousavinejad M, Andrews PW, Shoraki EK. Current biosafety consid-
erations in stem cell therapy. Cell J. 2016;18:281–7.

	 63.	 Mozid AM, Arnous S, Sammut EC, Mathur A. Stem cell therapy for 
heart diseases. Br Med Bull. 2011;98:143–59.

	 64.	 Murphy MB, Moncivais K, Caplan AI. Mesenchymal stem cells: envi-
ronmentally responsive therapeutics for regenerative medicine. Exp 
Mol Med. 2013;45:e54.

	 65.	 Naito H, Iba T, Takakura N. Mechanisms of new blood-vessel forma-
tion and proliferative heterogeneity of endothelial cells. Int Immunol. 
2020;32:295–305.

	 66.	 Nguyen PK, Neofytou EA, Rhee J-W, Wu JC. Potential strategies 
to address the major clinical barriers facing stem cell regenera-
tive therapy for cardiovascular disease: a review. JAMA Cardiol. 
2016;1(8):953–62.

	 67.	 Niland S, Riscanevo AX, Eble JA. Matrix metalloproteinases shape the 
tumor microenvironment in cancer progression. Int J Mol Sci. 2021. 
https://​doi.​org/​10.​3390/​ijms2​30101​46.

	 68.	 Novoseletskaya ES, Evdokimov PV, Efimenko AY. Extracellular matrix-
induced signaling pathways in mesenchymal stem/stromal cells. Cell 
Commun Signal. 2023;21(1):244.

	 69.	 Oishi Y, Manabe I. Macrophages in inflammation, repair and regen-
eration. Int Immunol. 2018;30:511–28.

	 70.	 Ong WK, Chakraborty S, Sugii S. Adipose tissue: understanding the 
heterogeneity of stem cells for regenerative medicine. Biomolecules. 
2021. https://​doi.​org/​10.​3390/​biom1​10709​18.

	 71.	 Pandolfi F, Altamura S, Frosali S, Conti P. key role of damp in inflam-
mation, cancer, and tissue repair. Clin Ther. 2016;38:1017–28.

	 72.	 Pastar I, Marjanovic J, Stone RC, Chen V, Burgess JL, Mervis JS, Tomic-
Canic M. Epigenetic regulation of cellular functions in wound heal-
ing. Exp Dermatol. 2021;30:1073–89.

	 73.	 Paudel YN, Angelopoulou E, Piperi C, Balasubramaniam V, Othman 
I, Shaikh MF. Enlightening the role of high mobility group box 1 
(HMGB1) in inflammation: updates on receptor signalling. Eur J Phar-
macol. 2019;858: 172487.

	 74.	 Perdigoto CN, Bardin AJ. Sending the right signal: Notch and stem 
cells. Biochim Biophys Acta. 2013;1830:2307–22.

	 75.	 Petrus-Reurer S, Romano M, Howlett S, Jones JL, Lombardi G, Saeb-
Parsy K. Immunological considerations and challenges for regenera-
tive cellular therapies. Commun Biol. 2021;4:798.

	 76.	 Pitchford SC, Furze RC, Jones CP, Wengner AM, Rankin SM. Differential 
mobilization of subsets of progenitor cells from the bone marrow. 
Cell Stem Cell. 2009;4:62–72.

	 77.	 Putra A, Alif I, Hamra N, Santosa O, Kustiyah AR, Muhar AM, Lukman K. 
MSC-released TGF-beta regulate alpha-SMA expression of myofibro-
blast during wound healing. J Stem Cells Regen Med. 2020;16:73–9.

	 78.	 Rai MF, Wu CL, Capellini TD, Guilak F, Dicks AR, Muthuirulan P, Grandi 
F, Bhutani N, Westendorf JJ. Single cell omics for musculoskeletal 
research. Curr Osteoporos Rep. 2021;19:131–40.

	 79.	 Rasekh M, Arshad MS, Ahmad Z. Advances in drug delivery integrated 
with regenerative medicine: innovations, challenges, and future fron-
tiers. Pharmaceutics. 2025. https://​doi.​org/​10.​3390/​pharm​aceut​ics17​
040456.

	 80.	 Raziyeva K, Smagulova A, Kim Y, Smagul S, Nurkesh A, Saparov A. 
Preconditioned and genetically modified stem cells for myocardial 
infarction treatment. Int J Mol Sci. 2020. https://​doi.​org/​10.​3390/​ijms2​
11973​01.

	 81.	 Rennert RC, Sorkin M, Garg RK, Gurtner GC. Stem cell recruitment after 
injury: lessons for regenerative medicine. Regen Med. 2012;7:833–50.

	 82.	 Roh JS, Sohn DH. Damage-associated molecular patterns in inflamma-
tory diseases. Immune Netw. 2018. https://​doi.​org/​10.​4110/​in.​2018.​18.​
e27.

	 83.	 Rojas-Ríos P, González-Reyes A. Concise review: The plasticity of stem 
cell niches: a general property behind tissue homeostasis and repair. 
Stem Cells. 2014;32:852–9.

	 84.	 Ruffinatto L, Groult Y, Iacono J, Sarrazin S, de Laval B. Hematopoietic 
stem cell a reservoir of innate immune memory. Front Immunol. 
2024;15:1491729.

	 85.	 Rüster B, Göttig S, Ludwig RJ, Bistrian R, Müller S, Seifried E, Gille J, 
Henschler R. Mesenchymal stem cells display coordinated rolling and 
adhesion behavior on endothelial cells. Blood. 2006;108:3938–44.

	 86.	 Salkin H, Acar MB, Korkmaz S, Gunaydin Z, Gonen ZB, Basaran KE, Ozcan 
S. Transforming growth factor beta1-enriched secretome up-regulate 
osteogenic differentiation of dental pulp stem cells, and a potential 
therapeutic for gingival wound healing: a comparative proteomics 
study. J Dent. 2022;124: 104224.

	 87.	 Sananta P, Rahaditya I, Imadudin MI, Putera MA, Andarini S, Kalsum U, 
Mustamsir E, Dradjat RS. Collagen scaffold for mesencyhmal stem cell 
from stromal vascular fraction (biocompatibility and attachment study): 
experimental paper. Ann Med Surg (Lond). 2020;59:31–4.

	 88.	 Sarrazy V, Billet F, Micallef L, Coulomb B, Desmoulière A. Mechanisms of 
pathological scarring: role of myofibroblasts and current developments. 
Wound Repair Regen. 2011;19(Suppl 1):s10–5.

	 89.	 Schuster R, Younesi F, Ezzo M, Hinz B. The role of myofibroblasts in 
physiological and pathological tissue repair. Cold Spring Harb Perspect 
Biol. 2023. https://​doi.​org/​10.​1101/​cshpe​rspect.​a0412​31.

	 90.	 Scott-Solomon E, Hsu YC. Neurobiology, stem cell biology, and immu-
nology: an emerging triad for understanding tissue homeostasis and 
repair. Annu Rev Cell Dev Biol. 2022;38:419–46.

	 91.	 Shi Y, Shu B, Yang R, Xu Y, Xing B, Liu J, Chen L, Qi S, Liu X, Wang P, Tang J, 
Xie J. Wnt and Notch signaling pathway involved in wound healing by 
targeting c-Myc and Hes1 separately. Stem Cell Res Ther. 2015. https://​
doi.​org/​10.​1186/​s13287-​015-​0103-4.

	 92.	 Si Y, Tsou CL, Croft K, Charo IF. Ccr2 mediates hematopoietic stem and 
progenitor cell trafficking to sites of inflammation in mice. J Clin Invest. 
2010;120:1192–203.

	 93.	 So WK, Cheung TH. Molecular regulation of cellular quiescence: a 
perspective from adult stem cells and its niches. Methods Mol Biol. 
2018;1686:1–25.

	 94.	 Steingen C, Brenig F, Baumgartner L, Schmidt J, Schmidt A, Bloch W. 
Characterization of key mechanisms in transmigration and invasion of 
mesenchymal stem cells. J Mol Cell Cardiol. 2008;44:1072–84.

	 95.	 Sun F, Poss KD. Inter-organ communication during tissue regeneration. 
Development. 2023. https://​doi.​org/​10.​1242/​dev.​202166.

	 96.	 Sun X, Altalhi W, Nunes SS. Vascularization strategies of engineered tis-
sues and their application in cardiac regeneration. Adv Drug Deliv Rev. 
2016;96:183–94.

	 97.	 Sun Z, Li X, Zheng X, Cao P, Yu B, Wang W. Stromal cell-derived factor-1/
CXC chemokine receptor 4 axis in injury repair and renal transplanta-
tion. J Int Med Res. 2019;47:5426–40.

	 98.	 Takeuchi O, Akira S. Pattern recognition receptors and inflammation. 
Cell. 2010;140:805–20.

	 99.	 Tang JM, Wang JN, Zhang L, Zheng F, Yang JY, Kong X, Guo LY, Chen 
L, Huang YZ, Wan Y, Chen SY. VEGF/SDF-1 promotes cardiac stem cell 
mobilization and myocardial repair in the infarcted heart. Cardiovasc 
Res. 2011;91:402–11.

https://doi.org/10.3390/ijms23010146
https://doi.org/10.3390/biom11070918
https://doi.org/10.3390/pharmaceutics17040456
https://doi.org/10.3390/pharmaceutics17040456
https://doi.org/10.3390/ijms21197301
https://doi.org/10.3390/ijms21197301
https://doi.org/10.4110/in.2018.18.e27
https://doi.org/10.4110/in.2018.18.e27
https://doi.org/10.1101/cshperspect.a041231
https://doi.org/10.1186/s13287-015-0103-4
https://doi.org/10.1186/s13287-015-0103-4
https://doi.org/10.1242/dev.202166


Page 15 of 15Sharifi et al. Stem Cell Research & Therapy          (2025) 16:541 	

	100.	 Thanabalasundaram G, Arumalla N, Tailor HD, Khan WS. Regulation of 
differentiation of mesenchymal stem cells into musculoskeletal cells. 
Curr Stem Cell Res Ther. 2012;7:95–102.

	101.	 Tsonis PA. Regenerative biology: the emerging field of tissue repair and 
restoration. Differentiation. 2002;70:397–409.

	102.	 Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and 
disease. Nat Rev Immunol. 2008;8:726–36.

	103.	 Vagima Y, Lapid K, Kollet O, Goichberg P, Alon R, Lapidot T. Pathways 
implicated in stem cell migration: the SDF-1/CXCR4 axis. Methods Mol 
Biol. 2011;750:277–89.

	104.	 Wang L, Wang Y, Hu X, Zhang B-F, Dou G, He F, Gao F, Feng F, Liang 
Y-M, Dou K, Han H. Notch-RBP-J signaling regulates the mobilization 
and function of endothelial progenitor cells by dynamic modulation 
of CXCR4 expression in mice. PLoS ONE. 2009. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00075​72.

	105.	 Wang M, Yuan Q, Xie L. Mesenchymal stem cell-based immu-
nomodulation: properties and clinical application. Stem Cells Int. 
2018;2018:3057624.

	106.	 Wang W, Lee Y, Lee CH. Effects of nitric oxide on stem cell therapy. 
Biotechnol Adv. 2015;33:1685–96.

	107.	 Wu M, Chen G, Li YP. TGF-β and BMP signaling in osteoblast, skeletal 
development, and bone formation, homeostasis and disease. Bone Res. 
2016;4: 16009.

	108.	 Xie J, Wang W, Si JW, Miao XY, Li JC, Wang YC, Wang ZR, Ma J, Zhao XC, 
Li Z, Yi H, Han H. Notch signaling regulates CXCR4 expression and the 
migration of mesenchymal stem cells. Cell Immunol. 2013;281:68–75.

	109.	 Xing F, Li L, Zhou C, Long C, Wu L, Lei H, Kong Q, Fan Y, Xiang Z, Zhang 
X. Regulation and directing stem cell fate by tissue engineering func-
tional microenvironments: scaffold physical and chemical cues. Stem 
Cells Int. 2019;2019:2180925.

	110.	 Xu X, Zheng L, Yuan Q, Zhen G, Crane JL, Zhou X, Cao X. Transform-
ing growth factor-β in stem cells and tissue homeostasis. Bone Res. 
2018;6:2.

	111.	 Xue M, Jackson CJ. Extracellular matrix reorganization during wound 
healing and its impact on abnormal scarring. Adv Wound Care. 
2015;4:119–36.

	112.	 Xue Y, Li Z, Wang Y, Zhu X, Hu R, Xu W. Role of the HIF-1α/SDF-1/CXCR4 
signaling axis in accelerated fracture healing after craniocerebral injury. 
Mol Med Rep. 2020;22:2767–74.

	113.	 Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, Murasawa S, 
Bosch-Marce M, Masuda H, Losordo DW, Isner JM, Asahara T. Stromal 
cell-derived factor-1 effects on ex vivo expanded endothelial pro-
genitor cell recruitment for ischemic neovascularization. Circulation. 
2003;107:1322–8.

	114.	 Yu JS, Cui W. Proliferation, survival and metabolism: the role of PI3K/
AKT/mTOR signalling in pluripotency and cell fate determination. 
Development. 2016;143:3050–60.

	115.	 Zakrzewski W, Dobrzynski M, Szymonowicz M, Rybak Z. Stem cells: past, 
present, and future. Stem Cell Res Ther. 2019;10:68.

	116.	 Zaruba MM, Franz WM. Role of the SDF-1-CXCR4 axis in stem cell-
based therapies for ischemic cardiomyopathy. Expert Opin Biol Ther. 
2010;10:321–35.

	117.	 Zhang H, Dai S, Bi J, Liu KK. Biomimetic three-dimensional microenvi-
ronment for controlling stem cell fate. Interface Focus. 2011;1:792–803.

	118.	 Zhang R, Oyajobi BO, Harris SE, Chen D, Tsao C, Deng HW, Zhao M. 
Wnt/β-catenin signaling activates bone morphogenetic protein 2 
expression in osteoblasts. Bone. 2013;52:145–56.

	119.	 Zhang Y, Chen J, Sun Y, Wang M, Liu H, Zhang W. Endogenous tissue 
engineering for chondral and osteochondral regeneration: strategies 
and mechanisms. ACS Biomater Sci Eng. 2024;10:4716–39.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0007572
https://doi.org/10.1371/journal.pone.0007572

	The regenerative journey: exploring stem cell roles from injury detection to tissue repair
	Abstract 
	Introduction
	Injury detection and mechanisms:
	Damage-associated molecular patterns (DAMPs) and injury detection
	Overview of DAMPs
	DAMPs and their role in immune activation and inflammation 



	Recruitment of stem cells
	Activation and proliferation of Stem cells
	Differentiation to Functional Lineages
	Integration and tissue remodelling
	Comparative overview of stem cell types in regeneration and clinical application
	clinical translation of regenerative signalling pathways
	Coordinated biological networks in tissue regeneration
	Challenges and future directions
	Challenges
	Future directions

	Conclusion
	Acknowledgements
	References


