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Summary

The skin is a complex structure performing many essential functions in the body. Their external localisation
makes them vulnerable to damage, which impairs their protective functions, which could cause local and
systemic infections, excessive water loss and many other dangerous issues. Because of this, the problem of
wound management affects both human and veterinary medicine. Selecting an appropriate therapy dedicated
to a specific type of skin injury is a significant challenge for clinicians and researchers. Owing to the multi-phase
and multifactorial nature of the wound healing process, contemporary regenerative medicine is striving to assist
this process on several levels. In recent years, there has been rapid development of cell-based therapies in this
field, including the use of stem cells for treating wounds in veterinary patients. The latest research and reports
demonstrate that mesenchymal stem cells (MSCs) exhibit the greatest potential; these cells may be sourced
from adipose tissue, bone marrow, or the umbilical cord. Studies have shown that the use of MSCs, whether
autologous or allogeneic, accelerates the healing process by enhancing cell proliferation, angiogenesis, collagen
production, and modulation of the inflammatory response. MSCs also exhibit beneficial paracrine effects,
stimulating the recruitment of cells involved in tissue repair and proper re-epithelialisation, as confirmed by
histopathological and molecular analyses. To date, cell-based therapies have been successfully applied in the
treatment of both acute and chronic wounds, mainly in dogs and horses, enabling appropriate regeneration of
skin in cases that previously proved resistant to conventional therapies. Research results suggest high efficacy
and safety of MSCs in wound treatment; however, there is some information regarding the potential for teratoma
development in connection with such therapies. Therefore, further work is required to standardise protocols
and optimise the dosages and administration routes for the cells. Stem cell therapies represent an innovative
and promising alternative to traditional wound treatments in veterinary practice and may potentially pave the
way for new solutions in human patient care. This article constitutes a compendium of the currently available
knowledge regarding the acquisition and application of stem cells in contemporary wound therapy.
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The skin, the body’s largest organ, is a complex
structure performing many essential functions in the
body. Anatomically, the skin consists of three main
layers: the epidermis (outermost, made mostly of
keratinocytes arranged in four layers, with stem cells in
the stratum basale), the dermis (containing a papillary
and reticular zone, rich in connective tissue, various
cells, blood and lymphatic vessels, and glands), and
the subcutaneous tissue (primarily loose connective
and fat tissue) (55). The skin is responsible for creat-
ing a barrier that protects the body from the influence
of many physical, chemical, and biological external
factors. Another important function of the skin is to
protect the body from water loss. It is also a key organ
involved in the process of thermoregulation and vita-

min D synthesis. Since the skin has direct contact with
the environment, it is one of the most important sensory
organs, responsible for receiving many stimuli (8, 55).

The external localisation of the skin makes it vul-
nerable to damage, which impairs its protective func-
tions (97). Wounds and burns create entry points for
pathogens, increasing the risk of local and systemic
infections, water loss, and potentially septic shock
(91). Especially dangerous are chronic wounds in the
course of which the healing processes are not proceed-
ing normally. In these cases, intensive effective therapy
is necessary to save the health and life of patients (97).
Developing better treatments for severe skin damage,
including stem cell therapies, is a key challenge in
modern medicine (30, 33, 91, 97).
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Wound healing proceeds in four phases: haemostasis
(blood clot formation to prevent blood loss), inflamma-
tion (recruitment of immune cells to eliminate debris
and pathogens), proliferation (fibroblasts and kerati-
nocytes fill the wound and form new tissue, including
blood vessels), and remodelling (reorganisation of the
extracellular matrix and collagen synthesis, resulting
in scar formation and partial functional restoration)
(11, 26). Wound healing is influenced by numerous
factors, such as general health, chronic diseases (e.g.,
diabetes, circulatory disorders), poor diet, addictions,
wound type, infection, and improper care (10, 20).
Delays in healing can result in chronic wounds, which
often stall in the inflammatory phase and present seri-
ous medical challenges due to pain, infection risk, loss
of function, and possible amputation. Improving the
healing of chronic wounds remains a major medical
and research priority (13, 20).

As research shows, stem cells therapies are currently
among the most widely studied medical procedures in
wound healing (34). Most studies indicate that the best
results are achieved using multipotent mesenchymal
stem cells (MSCs).

There is ongoing debate among researchers regard-
ing the appropriate nomenclature for a certain cell
population: mesenchymal stem cells (MSCs) and
mesenchymal stromal cells (MSCs). The main differ-
ence between these cells lies in their differentiation
potential. Mesenchymal stem cells represent a popula-
tion of stem cells with proven progenitor functionality,
including self-renewal and differentiation capabilities.
In contrast, mesenchymal stromal cells constitute a col-
lective population of cells possessing significant secre-
tory, immunomodulatory, and homing properties (99).

To standardise the nomenclature and enable
comparison of results obtained by researchers, the
Mesenchymal Stem Cells and Tissue Stem Cells
Committee of the International Society for Cell
Therapy (ISCT’s MSC Committee) proposed minimal
criteria for defining human and various mammalian
MSC:s. Firstly, these cells must be plastic-adherent.
Secondly, they must express the surface positive
markers typical of MSCs: CD73, CD90, and CD105,
and lack expression of haematopoietic markers: CD34,
CD45, CD14 (or CDI11b), CD79a (or CD19), and
HLA-DR(18).

MSCs are mostly derived from adipose tissue
(ASCs) and bone marrow (BMSCs). In the treatment
of chronic wounds are also using stem cells obtained
from the umbilical cord (UCSCs). But compared to
other types of MSCs are used less frequently (34, 68).
In recent years, the importance of induced pluripotent
stem cells (1IPSCs) has also been steadily growing. This
cells are obtaining in in vitro conditions from mature
cells such as fibroblasts, keratinocytes, and blood
nucleated cells, utilising genetic engineering methods.
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1PSCs are characterised by many features which are
similar to this belonging to embryo deriving stem cells.
Because of this similarity, iPSCs could be an effective
substitute for them. This aspect significantly reduces
ethical controversies related to the use of embryonic
stem cells (15, 83, 90).

Nevertheless, despite the aforementioned proper-
ties of MSCs, their clinical application in wound
therapy may encounter certain limitations. The wound
microenvironment under inflammatory conditions is
characterised by poor local vascularisation, nutrient
deficiency, hypoxia, ischaemia, elevated levels of pro-
inflammatory cytokines, and reactive oxygen species
(ROS) (87, 101). Consequently, cells administered into
such a hostile environment often experience a reduc-
tion in number due to anoikis induced by oxidative
stress. Therefore, these cells face a significant chal-
lenge, which may substantially impair the modulation
of their regenerative capacity and, consequently, reduce
the overall efficacy of the therapy (101).

Since the literature data in this area remain ambigu-
ous, the aim of the study is to evaluate the potential of
various stem cells in promoting wound healing.

Stem cells

Stem cells are undifferentiated cells present in both
embryonic and adult tissues. They are characterised
by many features, such ability to self-renewal and
differentiation into fully specialised body cells (22).
This allows these cells to perform numerous important
functions in the body at every stage of their develop-
ment (108). During the embryonic period, stem cells
are responsible for the formation of all body tissues
and structures, enabling the development of a fully
functional organism (79). In the postnatal period, stem
cells facilitate the growth and regeneration of damaged
body structures (22, 108). The activity of these cells
also differs in different parts of the body. The highest
intensity of stem cells proliferation occurs in structures
such as bone marrow and skin (22, 79, 108). In organs
such as the exocrine part of the pancreas, division of
stem cells is activated only in the case of degenera-
tive diseases that require regeneration (108). It can be
distinguished that the stages of stem cells specialisa-
tion vary in the range of cells that can be transformed
(22,79, 108).

Totipotent cells have both the highest capacity to
self-replicate and ability to transform into all mature
body cells. An example of totipotent cells are cells
that make up the embryo in the first few days of its
development. They are characterised by many specific
molecular features such loss of DNA methylation
occurring mostly in 5-positon of cytosine (5SmC).
Totipotent cells indicated also significant changes in
prenucleus structures associated with differences in
structure of histones in paternal chromatin (52, 59,
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108). Pluripotent cells can transform into all body
cells except trophoblast cells. In the molecular aspect
pluripotent stem cells are characterised by intensive
expression of the NANOG, OCT4 and SOX genes
(7,92, 96, 108). Both of these cells occur only during
the embryonic period. The stem cells, which can be
found in mature body tissue, are multipotent and unipo-
tent cells (52, 92). Multipotent cells can only transform
into a few particular types of cells, e.g. bone marrow
stem cells and hair follicle stem cells (52). Unipotent
cells can transform only into one type of cell; they can
include cells such as epidermal stem cells and satellite
cells in skeletal muscle tissue (22, 108).

Collection and isolation of adipose tissue cells
(ASCs)

Adipose-derived stem cells (ASCs) are widely used
in wound healing due to their easy, minimally invasive
collection from lipoaspirate or subcutaneous fat (24,
88). Samples must be stored under sterile conditions
and transported to the laboratory as quickly as possible;
they may be kept at room temperature for no longer
than 24 hours (103). The tissue is centrifuged, after
which only the fat layer is retained to ensure optimal
cell recovery. The material is then washed several
times with phosphate-buffered saline (PBS) contain-
ing penicillin/streptomycin to eliminate contaminants,
blood residues, and remnants of tumescent solution
(2, 103). In the next stage, enzymatic digestion of the
tissue is performed by the addition of a collagenase
type I solution (17, 24, 36, 39). The mixture is in-
cubated for 30 to 120 minutes at 37°C with 5% CO,
under continuous agitation at 500 rpm, subsequently
neutralized with serum, and centrifuged at 3,000 rpm
for 5 minutes at 4°C (39). The resulting pellet is resus-
pended in a red blood cell lysis buffer and incubated
on ice for 2-10 minutes (24, 39). The cells are then
washed with complete culture medium (e.g. MEM a,
DMEM) or PBS supplemented with 2% antibiotics,
and centrifuged again to remove undigested tissue
fragments and isolate the stromal vascular fraction
(SVF). The final pellet is resuspended in complete
culture medium, passed sequentially through 70-100
um meshes, and centrifuged once more (24, 103). It
is important to note that the SVF is a heterogeneous,
versatile cellular system. Therefore, to optimise the use
of SVF in regenerative therapy and assess its clinical
potential, SVF profiling is performed. This includes
analysing the expression of cell surface markers (CD31
— endothelial cells, CD34 — progenitor cells, CD90 —
mesenchymal stem cells, CD45 —haematopoietic cells)
and the functional properties of these cells, which
help in determining their composition, regenerative,
immunomodulatory, and angiogenic capacities (24,
36, 93, 103). The cells thus obtained are suspended in
culture medium. The cultures are incubated at 37°C
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with 5% CO, (24, 36, 39, 103). After 24-72 hours,
once the cells have adhered to the plastic, the medium
is aspirated and the cells are washed twice with warm
PBS to remove non-adherent cells. The fibroblast-
like cells are then incubated until they reach 70-90%
confluence, which typically occurs within 7-10 days
(36, 39, 98, 103). ASCs are more readily available
in large quantities compared to bone marrow stem
cells, making them easier to obtain for therapeutic use
(2, 24, 39).

Autologous stem cell transplants are typically pre-
ferred due to their lower rejection risk. However, in
diabetes, donor stem cells may be more effective than
patient-derived cells, likely due to cell damage from
high activity of ROS (34, 53). Studies also show that
the mixed-cell population in SVF often yields better
clinical outcomes than isolated ASCs alone. This is
due to presence of many cells other cells in SVF than
in pure ASCs solution. These cells are responsible for
secretion of many factors which have synergic action
with substances releasing by ASCs (29, 38).

Collection and isolation of hone marrow stem cells
(BMSCs)

Bone marrow stem cells (BMSCs), known as non-
haematopoietic stem cells (HSCs) that are located in
the medullary stroma of bone marrow, are utilised in
wound healing. However, their acquisition is more
challenging compared to adipose-derived stem cells
(ASCs). They are usually aspirated from marrow-rich
bones (e.g., iliac crest, femur) using a syringe with an
anticoagulant, e.g. heparin (71). Samples should be
transported to the laboratory within 30-120 minutes,
at room temperature (20-23°C), to retain cell viability
(23). The marrow is filtered through a 70-100 um mesh
to remove bone fragments, cell clusters and fat, diluted
1:1 or 1:3 in PBS, and separated by Lymphoprep
or Ficoll-Paque density gradient centrifugation at
20-23°C to isolate mononuclear cells (21). After re-
moval of the supernatant, the isolated mononuclear
cells are resuspended in standard BMSC isolation
medium like DMEM or MEM a containing 2-10%
foetal bovine serum. These are cultured under standard
conditions (37°C, 5% CO,), with non-adherent cells re-
moved and media changed every 2-3 days (21, 23, 41).

Once cultures reach about 80% confluence, BMSCs
are ready for expansion or therapeutic use (23). BMSCs
can also be obtained from peripheral blood after stimu-
lating their release with granulocyte colony stimulat-
ing factor (G-CSF) (105). Blood is then collected,
and stem cells are isolated, often followed by in vitro
expansion to achieve a sufficient cell concentration for
effective therapy, thus enhancing their clinical impact
(86). BMSC:s in vitro exhibit adhesion to polystyrene
and express surface molecules CD105, CD73, and
CD90 (32).
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Collection and isolation of umbilical cordstem cells
(UCSCs)

Stem cells can be isolated from both umbilical
cord blood and the umbilical cord tissue itself, such
as Wharton’s jelly and the cord lining. The umbilical
cord is collected aseptically from healthy donors, either
from caesarean sections or natural deliveries at 38-40
weeks of gestation in humans (42, 94).

Umbilical cord blood is collected from the umbili-
cal vein after birth with an anticoagulant (111). For
optimal cell viability (~90%), blood must be processed
within 24 hours (69). In the lab, mononuclear cells are
isolated by dilution and density gradient centrifuga-
tion, then washed and plated in culture media (69,
111). Fibroblast-like cells emerge in 7-14 days and
are expanded when cultures reach ~80% confluence
(69, 107, 111).

In the case of umbilical cord tissue, it is immersed in
sterile containers filled with a transport medium, such
as PBS or DMEM/F12 supplemented with antibiotics
and an antifungal agent (42, 45).The tissue is trans-
ported at 4°C and should be processed within 12 hours
of collection. The umbilical cord is cleaned, cut into
segments, and the blood vessels are removed, keep-
ing only Wharton’s jelly (45). Tissue is enzymatically
digested, filtered, washed, and centrifuged (74, 81).
The resulting cells are cultured in cell growth medium
with supplements at 37°C, with medium changes every
24 hours, until reaching 70-80% confluence (94).

In the explant (outgrowth) method, fragmented
Wharton’s jelly (without blood vessels) is placed in
culture flasks with growth medium (42, 45). After
about seven days, cells migrate out and form a mono-
layer. Tissue fragments are then removed, the medium
is changed every 2-3 days, and cells are passaged at
70-80% confluency, typically after 10-14 days (40, 45).
Cultures are maintained up to 2-3 passages for further
use (45).

Obtaining of the induced pluripotent cells (iPSCs)

The method responsible for obtaining iPSCs has
been developed in 2006 year by Japanese research team
leading by Shinya Yamanaka (90). The process of ob-
taining iPSCs begins with harvesting mature cells from
patient tissues. The most often utilising cells in this
procedure are fibroblasts, keratinocytes and nucleated
blood cells. They are also several studies showing that
cells isolated from teeth pulp could be useful in obtain-
ing iPSCs. The second step of this process is insert the
four particular exogenous gens into the somatic cell
genome by using natural vectors in most cases. Most
often, retroviruses containing the above-mentioned
genes in their genome are used for this purpose. After
delivery into the nucleus of the somatic cells, gens
OCT-3/4, SOX2, KLF4 and c-MYC integrate witch
their DNA and secondly the they are expressed. The
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effects of this activity are bioactive factors which cause
the changes in metabolical pathways of somatic cells
leading to transformation into the stem cells. Besides
the method including utilising of the viral vectors re-
searchers developed several other procedures enable
to introduce this gens into the cellular genome. One of
them is the method using episomal vectors which do
not integrate with cellular genome and can be removed
after the procedure of cell transformation. But they
enable the full expression of the genes introduced into
the cell using them (15, 83).

Use of stem cells in wound therapy

Stem cells can be delivered to wounds locally (e.g.,
injections near the wound or in scaffold dressings) or
systemically (intravenous or intramuscular injection)
(58). Biomaterials made from natural or synthetic poly-
mers help maintain cell viability and promote healing
(53). Both local and systemic applications accelerate
wound healing and are promising for chronic wound
treatment (50, 60).

Numerous studies have shown the positive impact
of various types of MSCs on wound healing (30).
During these tests, they also tried to determine the
direct mechanism responsible for the promising prop-
erties of these cells. Stem cells can enhance healing in
various ways (17, 30). Many studies indicate that the
most important aspect of stem cells activity in a wound
environment is the release of numerous cytokines
that accelerate the regeneration process of damaged
tissues (30, 56). A crucial aspect of using stem cells
in wound treatment is their ability to differentiate into
various mature cell types (56). Properly introduced
into a wound, stem cells can differentiate into cells that
directly participate in filling skin tissue loss, such as
fibroblasts (30, 56). They have also demonstrated an-
giogenic activity, which enhances the spread of blood
vessels in the area of the wound. The presence of these
cells also has a stimulating impact on the extracellular
matrix deposition (17, 30).

Each stage of wound healing and skin regeneration
is supported and coordinated at multiple levels by
stem cells (84). As a result of chemotaxis, MSCs ac-
cumulate in the area of damaged tissue and participate
in its repair (30). Stem cells exhibit anti-inflammatory
effects by limiting inflammation at the wound site
and influencing macrophage polarisation towards the
M2 (anti-inflammatory) phenotype. They also pos-
sess immunomodulatory capacities by modulating
the differentiation of T lymphocytes into Th2 and
regulatory T cells, which alleviates inflammation and
promotes the transition to the proliferative phase (84).
additionally affect natural killer cells, dendritic cells,
and neutrophils, modulating their activity in favour of
reparative processes (73).

Through paracrine activity, stem cells produce and
release bioactive molecules such as growth factors,
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cytokines, and chemokines. Key growth factors include
epidermal growth factor (EGF), fibroblast growth
factor 2 (FGF2), hepatocyte growth factor (HGF),
insulin-like growth factor-1 (IGF-1), keratinocyte
growth factor (KGF), platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF),
and transforming growth factors alpha and beta (TGF-a
and TGF-B) (73, 84). Pro-inflammatory cytokines re-
leased by MSCs include interleukin-1 alpha and beta
(IL-1a, IL-1B) and interleukin-6 (IL-6); anti-inflam-
matory cytokines include prostaglandin E2 (PGE2)
and interleukin-4 (IL-1, IL-4); proliferative cytokines
include IL-6 and interleukin-10 (IL-10) (73, 84, 93).
Chemokines released by stem cells that participate in
wound healing include interleukin-8 (IL-8), monocyte
chemotactic protein-1 (MCP-1), macrophage inflam-
matory protein-1 (MIP-1), and stromal cell-derived
factor-1 (SDF-1) (29, 73, 84, 88).

These bioactive molecules modulate the activ-
ity of cells involved in wound healing by enhanc-
ing angiogenesis and collagen synthesis, supporting
reconstruction of the extracellular matrix, which ac-
celerates wound closure and provides optimal condi-
tions for tissue regeneration and remodelling (29, 35,
43). Additionally, MSCs reduce bacterial load in the
wound by enhancing neutrophil migration and phago-
cytic activity through the secretion of factors such as
granulocyte-macrophage colony-stimulating factor
(GM-CSF) (84). The action of MSCs decreases scar
formation propensity, reduces fibrosis, and accelerates
re-epithelialization by influencing the composition
and remodelling of the extracellular matrix, thereby
improving the quality and speed of wound healing (73).

Adipose tissue stem cells in wound healing

The most important factors released by ASCs with
a significant impact on the processes occurring in the
chronic wound environment include basic fibroblast
growth factor (bFGF), EGF, HGF, insulin-like growth
factor-binding protein 6 (IGFBP-6), TGF-f and VEGF.
They stimulate the migration and proliferation of fi-
broblasts, keratinocytes, and vascular epithelial cells
by activating the phosphoinositide 3/protein kinase
B(PI3K/Akt) orfocal adhesion kinase/extracellular
signal-regulated kinase (FAK/ERK1/2) pathways
(77, 78). Some authors associate the activity of these
factors with an increased vascularisation rate and extra-
cellular matrix synthesis. Park et al. (78) confirmed that
bioactive substances released by ASCs are important
and effective tools which enhance the regeneration of
damaged skin tissue. The authors also propose that
the influence of paracrine factors released by ASCs
may have a greater impact on wound healing than the
proliferation and differentiation of stem cells. They
likewise indicated that secretome (solution containing
substances obtained from ASCs) had a significantly
greater impact on wound healing time than secretome
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obtained from human fibroblasts (78). Kim et al. (51)
also found that growth factors released by ASCs sig-
nificantly accelerate fibroblast proliferation and the
synthesis of collagen fibres, an important component
of the extracellular matrix. All of these processes sig-
nificantly accelerate wound closure (51). Maharlooei
et al. demonstrated that the administration of ASCs to
a wound accelerates wound healing, but they found
no correlation between the presence of ASCs and an
increase in the rate of vascularisation and the num-
ber and density of collagen fibres (65). Despite this,
Park et al. (78) indicated that secretory factors such
as VEGF, bFGF, EGF, HGF and TGF-B1 released by
ASCs stimulate collagen synthesis and development
of blood vessels net in the area of wound. Like other
researchers, they confirmed also that these substances
increase fibroblast migration into damaged skin tissue
(78). Kuo et al. (54) conducted a study demonstrating
the effect of local ASCs injection on wound healing in
rodents with diabetes, which is one of the most com-
mon causes of chronic wounds. The obtained results
indicate that ASCs accelerate wound healing, which
is associated with their release of multiple growth fac-
tors. However, Kuo et al. did not provide evidence of
the ability of ASCs to differentiate into fibroblasts and
other cells that make up skin tissue (54).

Many other studies have also confirmed the signifi-
cant role of factors secreted by ASCs in biological re-
generative processes occurring within wounds. Studies
focusing on the exosomes released by stem cells have
indicated that they contain numerous bioactive sub-
stances, such as tumour necrosis factor alpha (TNF-a),
macrophage colony-stimulating factor (MCSF), and
retinol binding protein-4 (RBP-4), which are respon-
sible for regulating the inflammatory processes in the
wound by influencing the activity of white blood cells.
The action of these compounds lead to inhibit the ex-
cessive inflammation in the wound environment which
is one of the most important causes of impaired wound
closure. It is mostly associated with decrease of inter-
feron alfa (IFN- a) secretion (strong pro inflammatory
factor) and aggregation capacity of M1 macrophages
(57, 66, 88). Exosomes contains also high concentra-
tion of pro angiogenic factors such miRNA-125a and
miRNA-31and VEGF. Of essential importance is activ-
ity of miRNA-31 which can inhibit the anti angiogenic
gene HIF1. Enhancement of the vascularisation rate
under influence of these factors leads to the improve-
ment of delivery of many substances necessary for the
reconstruction of damaged tissues. ASCs also possess
ability to secrete tissue inhibitors of metalloproteinases
(TIMPs) responsible for inhibition of the enzymes from
matrix metalloproteinases group (MMPs). These en-
zymes are responsible for degenerating collagen fibers
which are the main compound forming the extracellular
matrix. TIMP is a factor preventing against exces-
sive activity of the MMPs which could interfere with



638

effective wound healing (43, 66, 88). The exosomes
also contain high amounts of growth factors such FGF
and EGF responsible for the stimulation of migration
and proliferation of the fibroblasts. They are also source
of IGF-1 the activity of which is associated with the
initiation of fibroblast migration proliferation and dif-
ferentiation which significantly increases the rate of
reepithelialisation. The other important growth factor
which is delivered to the wound by exosomes deriving
from ASCs is KGF, which is one of the most important
factors that stimuli proliferation and differentiation of
keratinocytes (57, 66).

The ability of ASCs to transform into mature cells,
replacing defects in skin tissue, was further confirmed
by Altman et al., who demonstrated that ASCs applied
to a wound using a special scaffold transform into cells
that contribute to the formation of skin tissue structure
(3). Trottier et al., using an in vitro model, also dem-
onstrated that ASCs can transform into fibroblasts and
other skin cells (98). There are studies which confirmed
that ASCs can transform into endothelial cells develop-
ing in the wound area blood vessels (66).

Despite the above data, most researchers maintain
that the paracrine factors secreted by ASCs play a key
role in stimulating wound healing. However, most
available research indicates that the use of ASCs in
almost all cases leads to accelerated healing (3, 16).
Furthermore, wounds treated with ASCs also show
a reduced tendency to develop visible scars and dis-
colouration (3, 5, 16).

Bone marrow stem cells in wound healing

BMSC:s are also frequently used in chronic wound
healing. They also participate in wound healing in
physiological conditions without external application.
It has been shown that in the case of skin injury, stem
cells leave the bone marrow and accumulate around
the wound (105). Many researchers indicated that after
intravenous application, BMSCs were directed to areas
with the greatest demand for regenerative factors (1).
Like ASCs, BMSCs stimulate the regeneration of dam-
aged tissues, primarily by releasing numerous factors
that stimulate fibroblast and keratinocyte proliferation,
as well as angiogenesis. The most important regenera-
tive factors include vascular endothelial growth factor
A (VEGF-A), EGF, erythropoietin, and stromal cell-
derived factor-1a (SDF-1a). The ability of the stem
cells to transform into other skin cells seems to be of
significantly lower importance (16).

Similarly, researchers have widely studied the pos-
sibility of using BMSCs and exosomes obtained from
them in clinical procedures to improve wound healing,
just as they have with ASCs. Wang et. al conducted re-
search which indicated that utilising BMSCs exosomes
in combination with nuclear factor erythroid 2-related
factor 2 (NFE2L2) and showed that these factors sig-
nificantly improved wound closure process in diabetic
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animals (102). Positive correlation with using BMSCs
exosomes and acceleration wound healing has also
been confirmed by Jiang et al (46). Rodriguez-Menocal
et al. (81) estimated the effect of the application of
stem cells on radiation-induced chronic wounds in
a mouse model. Researchers used three types of bone
marrow preparations: isolated BMSCs, whole bone
marrow, and cultured whole bone marrow. All of them
accelerate the healing process. This study also showed
that the application of whole bone marrow was the
most effective factor in the aforementioned processes.
Researchers believe that the higher concentration of
cells in this particular concentrate may be linked to
elevated levels of growth factors (compared to the
other studied cell concentrates) and other cytokines,
which play a role in the healing process (81). Similar
results have been obtained by Ichioka et al. (44). They
indicated that using stem cells in the wound environ-
ment accelerates the vascularisation process, which
is one of the most important factors influencing the
healing period (44). The presence of bone marrow cells
in wounds also has a positive impact on the synthesis
of the extracellular matrix, primarily collagenous
proteins, as demonstrated by Fathke et al. (31). Some
studies have also been conducted in human models.
Research by Badiavas et al. (9) focused on the direct
application of BMSCs in the treatment of chronic,
non-healing wounds in patients who had previously
received conventional treatment for over a year. In
every case, the application of the cells resulted in
wound closure. Similar positive outcomes were also
confirmed by Dash et al. (19), who found that apply-
ing cells to a wound using a standard dressing signifi-
cantly improved healing and reduced disease-related
pain. Rogers et al. (82) used a bone marrow-derived
cell concentrate containing stem cells to treat chronic
ulcers resistant to standard treatment, and the local
application of these cells stimulated and accelerated
wound healing.

Gupta et al. indicated that utilising the autologous
bone marrow aspirate on chronic wounds to signifi-
cantly decreased the wound area in comparison to the
control groups (37). On the other hand, Bonora et al.
(12) conducted a study in which the researchers tried
to estimate the effect of a preparation stimulating the
proliferation and release of the patient’s BMSCs into
his bloodstream (12). Unfortunately, the results of
this study were unsatisfactory. No significant changes
were found in the healing process of chronic wounds
between the study and control groups (12). The safety
of novel medicals to topical application on the wounds
has been checked by Andersen et al. (6). The data indi-
cated that these medicinal products did not cause any
undesirable effects in the treated patients. However,
owing to the very small size of the study group (only
two individuals), more detailed investigations on
a larger patient cohort are required (6).
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Umbilical cord stem cells (UCSCs) in wound healing

Umbilical cord stem cells (UCSCs) are mainly used
in human medicine and are less commonly utilised
compared to other stem cell types due to the difficul-
ties in collecting and storing them, as they must be
cryopreserved immediately after birth. Most parents
opt not to do this, limiting access to these cells in adult-
hood. However, UCSCs can be used to treat chronic
wounds, acting on skin tissue similarly to other stem
cell types (30).

Numerous studies have demonstrated the impact
of these cells on the wound healing process. UCSCs
administered both locally using special scaffolds and
peripherally via intravenous injection in all cases en-
hanced the reepithelialisation, revascularisation, and
synthesis of extracellular matrix in the area of chronic
diabetic ulcers in mice (110). Palma et al. (76) also
indicated that transplantation of the UCSCs leads to
an increase in revascularisation, which is associated
with the acceleration of wound healing. The use of
exosomes obtained from UCSCs cultures contain-
ing paracrine factors improves the regeneration of
matrix and promotes the proliferation of skin cells in
damaged tissue (111). Moreover, wounds treated by
UCSCs showed a lesser tendency to form permanent,
visible scars (110). Tan et al. (95) also confirmed posi-
tive properties of the bioactive substances releasing
by UCSCs in wound healing. Similar to the previous
study, secretom (a solution containing substances
secreted by stem cells through exosomes) obtained
from cell cultures were found to decrease the period
of chronic ulcer closure by stimulating the growth
of new blood vessels, the synthesis of extracellular
matrix and increasing the proliferation of fibroblasts
(62). Researchers claimed that this process is the re-
sult of the presence of various bioactive factors in the
studies of secretom, including VEGF, FGF, TGF and
EGF (95). Luo et al. analysed the impact of the local
application of UCSCs on wound healing in a mouse
model (62). An interesting aspect of that study was the
confirmed ability of the stem cells to transform into
skin fibroblasts. Moreover, UCSCs were found to be
able to regulate the production of IL-10, TGF-1, IL-6,
and thrombospondin-1 (TSP-1) through paracrine
pathways in the animal wound model, which promoted
healing (62).

Induced stem cells in wound healing (iPSCs)

1PSCS similarly to the other upper described types
of stem cells also a showed positive impact on wound
healing. Because of their ability to secrete such growth
factors as FGF, VEGF, TNF-a and PDGF which en-
able the regulation of processes which take place in
the wound environment and have the ability to trans-
form into mature cells which help to replace damaged
tissues iPSCS, have great importance in regenerative
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medicine (64). Researchers conducted many studies
which clearly proved the upper mentioned properties
of these cells. Yan et al. (106) and Zhang et al. (109)
indicated that using micro vesicles secreted by iPSCs
which have been derived into the tissues surrounding
the wound by subcutaneous injections, significantly
accelerate wounds closure. In rodents belonging to
the group cured by solution containing iPSCs exo-
somes researchers noticed a greater increased the rate
of vascularisation and migration of the keratinocytes
than in the control groups. Substances included in
exosomes also stimulate migration of the fibroblasts
toward the wound and synthesis and maturation of the
collagen (106, 109). The above described researches
clearly showed that iPSCs are also a very effective
tool in chronic wound therapy. Similarly as in the
other types of stem cells the greatest importance in
this process is factors released by these cells which
have deep regulatory influence on many physiologi-
cal processes occurring in wounds. But despite such
promising results of the studies many scientists have
some concerns about therapies based on utilising this
type of stem cells. Most of these concerns are associ-
ated with the risk of the proven teratoma development
on the base of iPSCs. Because of this fact ways of the
safe using of the iPSCs need to be subjected to further
researches (15, 35).

Application of stem cells in veterinary medicine

Numerous preclinical and clinical experiments
have been conducted to evaluate the feasibility of
applying stem cells in the treatment of chronic or
delayed-healing wounds in humans (9, 19, 30, 82,
95). Extensive research has also been undertaken us-
ing animal models of impaired wound healing in mice
(3,31, 44, 51, 62, 76, 81, 98, 51) and rats (1, 54, 65,
111). The studies presented provide robust evidence
that stem cell therapies, both in humans and animals,
offer effective support in the healing of refractory skin
injuries, indicating considerable translational potential
for implementing this approach in veterinary medicine.
This may yield substantial benefits in the context of
anticipated routine clinical applications.

Slow or impaired wound healing is a common prob-
lem among veterinary clinicians. This process can lead
to inadequate regeneration of damaged tissues and,
ultimately, unsatisfactory treatment outcomes. For this
reason, veterinarians are continually striving to imple-
ment innovative therapeutic methods, which has led to
an increased interest in MSCs in veterinary medicine
(67). Numerous studies conducted to date in veterinary
patients as well as in experimental animals (goats,
sheep, horses, dogs, rats, mice) have demonstrated the
beneficial effects of MSCs therapy on wound healing
(28, 89, 100, 104). Mesenchymal stem cells are in-
creasingly being used in clinical studies and clinical
practice for the treatment of hard-to-heal wounds in
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veterinary patients, primarily dogs and horses (25, 72,
80). Research also demonstrates their effectiveness in
the treatment of atopic dermatitis (AD) and pemphigus
foliaceus in dogs (25, 81). MSCs therapies promote
the formation of new blood vessels, increase collagen
synthesis, and stimulate the migration and proliferation
of many skin cells, such as fibroblasts, which result-
ing in faster wound closure and earlier development
of healthy granulation tissue, ultimately lead to faster
skin regeneration (27, 100). Studies conducted on ani-
mal models (mice and dogs) have shown that systemic
therapy with activated MSCs combined with antibi-
otics led to a significant reduction in the number of
drug-resistant bacteria, improved wound healing, and
a decrease in inflammation and fibrotic changes (48).
Despite all the benefits described, different routes of
MSCs administration carry varying risks for the pa-
tient; for example, systemic administration may cause
the cells to become trapped in the lungs or capillaries,
potentially leading to embolisms. Additionally, around
90% of the administered cells are lost due to factors
such as hypoxia, inflammation, or rejection, which
necessitates the use of a very large number of MSCs,
which may lead to the development of teratoma (67).

Animals, including rodents (rats, mice), rabbits,
and pigs, are commonly used as models for compara-
tive evaluation of wound healing (85). However, the
results obtained can vary significantly depending on
the animal species, influencing both the rate and qual-
ity of healing as well as the outcomes of individual
therapies. The choice of an appropriate species is
crucial for the translational relevance of the results to
human or veterinary medicine (85). For example, due
to the thinner skin layer, wounds in rodents primarily
heal through wound contraction, which distinguishes
them from dogs, horses, pigs, or rabbits, whose skin
and healing structure are much closer to those of hu-
mans, where re-epithelialisation predominates. For
this reason, wound healing based on contraction, as
observed in experiments involving mice and rats, may
not translate directly to this process in other species
(63, 85). Additionally, unlike humans and larger ani-
mals, microvessels in mice form more rapidly but are
smaller, and the process of neovascularisation exhibits
distinct dynamics, highlighting interspecies differences
in both the scale and timing of this process following
potential MSCs therapies (49). Furthermore, cytokine
profiles differ between species, which can alter the
magnitude and duration of the inflammatory response
and consequently affect the immunomodulatory ef-
fect of MSCs (70). It is also noteworthy that rodents
typically form minimal hypertrophic scars, whereas
larger animals may exhibit fibrous tissue overgrowth
(75). Therefore, when planning or interpreting transla-
tional studies, it is essential to consider differences in
healing rates, fibrosis tendencies, and immunological
responses between species, as these factors influence
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both the evaluation of efficacy and safety of stem cell
therapies in veterinary medicine.

Mesenchymal stem cells may become a genuinely
novel alternative method to conventional adjunctive
wound therapies due to their anti-inflammatory and
regenerative potential. However, before this treatment
can be adopted into routine veterinary practice, further
studies are essential to address outstanding questions
and uncertainties regarding the mechanisms of wound
healing mediated by MSCs (100).

Limitations in the use of stem cells

Despite promising results in preclinical and clinical
studies stem cells therapies also indicate some limita-
tions. The greatest concerns stem from the increased
probability of development some types of neoplasms
in patients subjected to these therapies. The highest
risk of tumor occurrence is associated with using of the
iPSCs because of the presence in their genomes of the
c-MYK gene which is considered a proto-oncogene.
For this reason, it is necessary to develop a cell multi-
plication system that will decrease number of cells with
the probability of tumour transformation (35). Another
problem is the low survival rate of the cells applied on
the wound. Because of this it seems to be necessary to
develop new types of scaffolding which increase the
survival rate of the cells in the wound environment.
Moreover, using stem cells derived from other indi-
viduals increase the risk of rejection reaction, which
can lead to the failure of the entire therapy. Problematic
are also the high costs of these procedures. Which ne-
cessitates the overall development of the technologies
which will make them more available for wider group
of patients (35, 61).

In the studies with MSCs, it is necessary to ensure
an adequate number of cells, which requires large-
scale expansion and inevitably raises issues of MSCs
senescence and subsequent alterations in gene expres-
sion. Another important consideration is the variable
stability of stemness and differentiation capacity
among MSCs isolated from different sources (112).
Early-passage MSCs exhibit multipotency; however,
their differentiation potential and function decline pro-
gressively with each subsequent passage (4). Cells at
passages 1-2 demonstrate greater therapeutic efficacy
and higher multipotency compared to those at passages
3-4, while continued expansion leads to a diminution of
stemness and a reduction in therapeutic potential (47).
It has been shown that serial passaging of MSCs during
long-term culture can adversely affect the expression
of stemness-related genes (112). MSCs have a limited
lifespan in vitro and ultimately undergo senescence,
characterised by irregular cell morphology and reduced
proliferation rate (4). Senescence may manifest even at
early passages, following a period of normal growth,
culminating in growth arrest. This process is accom-
panied by telomere attrition, and impaired cellular
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function, all of which diminish the cells’ proliferative
and differentiation capacities (4, 47). In in vitro stud-
ies, passages up to 5 are most commonly examined.
For application purposes, low-passage cultures are
recommended; however, no universal or standard pas-
sage number has been established. It is important to
continuously monitor changes in cell metabolism or
appearance (which may indicate cellular ageing), as
these changes could disrupt or halt the process of skin
regeneration (4, 14).

Conclusion

The use of stem cells in wound therapy presents
a promising strategy in modern regenerative medicine.
To date, studies have demonstrated that these cells not
only accelerate the healing process but also enhance
the quality of regenerated tissues, reduce scarring, and
minimise the complications associated with chronic
wounds. Their unique ability to differentiate and modu-
late the immune response has led to their increasing
application in the development of advanced therapies
and bioactive dressings. However, several challenges
remain to be addressed, including the standardisation
of therapeutic methods, assessment of long-term safety,
and optimisation of cell sourcing. Further large-scale
clinical studies are essential to fully evaluate the effi-
cacy and safety of this form of treatment. The develop-
ment of innovative technologies and interdisciplinary
collaboration is crucial to achieving a breakthrough in
managing hard-to-heal wounds using stem cell-based
therapies.

References

1. Aboulhoda B. E., Abd el Fattah S.: Bone marrow-derived versus adipose-
derived stem cells in wound healing: value and route of administration. Cell
Tissue Res. 2018, 374, 285-302.

2. Alstrup T., Eijken M., Bohn A. B., Moller B., Damsgaard T. E.: Isolation of
adipose tissue-derived stem cells: enzymatic digestion in combination with
mechanical distortion to increase adipose tissue-derived stem cell yield from
human aspirated fat. Curr. Protoc. Stem Cell Biol. 2019, 48, ¢68.

3. Altman A. M., Yan Y., Matthias N., Bai X., Rios C., Mathur A. B., Song Y. H.,
Alt E. U.: TFATS collection: Human adipose-derived stem cells seeded on
a silk fibroin-chitosan scaffold enhance wound repair in a murine soft tissue
injury model. Stem Cells 2009, 27, 250-258.

4. Alves-Paiva R. M., Nascimento S. D., De Oliveira D., Coa L., Alvarez K.,
Hamerschlak N., Okamoto O. K., Marti L. C., Kondo A. T., Kutner J. M., Tezelli
Bortolini M. 4., Castro R., Godoy J. A. P. D.: Senescence state in mesenchymal
stem cells at low passages: implications in clinical use. Front. Cell Dev. Biol.
2022,10, 858996.

5.AnY, Lin S., Tan X., Zhu S., Nie F., Zhen Y., Gu L., Zhang C., Wang B., Wei W.,
Li D., Wu J.: Exosomes from adipose-derived stem cells and application to
skin wound healing. Cell Prolif. 2021, 54, e12993.

6. Andersen J. A., Rasmussen A., Frimodt-Moller M., Engberg S., Steeneveld E.,
Kirketerp-Moller K., O’Brien T, Rossing P.: Novel topical allogeneic bone-
marrow-derived mesenchymal stem cell treatment of hard-to-heal diabetic
foot ulcers: a proof of conceptstudy. Stem Cell Res. Ther. 2022, 13, 280.

7. Ankan R., Mishra J. M., Chakaborty S., Singh S. P, Patra S. K.: Epigenetic
regulation of pluripotency inducer genes NANOG and SOX2 in human prostate
cancer. Prog. Mol. Boil. Transl. Sci. 2023, 197, 241-260.

8. Arda O., Goksiigiir N., Tiiziin Y.: Basic histological structure and functions of
facial skin. Clin. Dermatol. 2014, 32, 3-13.

9. Badiavas E. V., Falanga V.: Treatment of chronic wounds with bone marrow-
derived cells. Arch. Dermatol. 2003, 139, 510-516.

10. Balsa I. M., Culp W. T. N.: Wound Care. Vet. Clin. North Am. Small Anim.
Pract. 2015, 45, 1049-1065.

641

11. Baron J. M., Glatz M., Proksch E.: Optimal support of wound healing: new
insights. Dermatology 2020, 236, 593-600.

12. Bonora B. M., Cappellari R., Mazzucato M., Rigato M., Grasso M.,
Menegolo M., Bruttocao A., Avogaro A., Fadini G. P.: Stem cell mobilization
with plerixafor and healing of diabetic ischemic wounds: A phase Ila, random-
ized, double-blind, placebo-controlled trial. Stem Cells Transl. Med. 2020, 9,
965-973.

13. Bowers S., Franco E.: Chronic wounds: Evaluation and management. Am.
Fam. Physician. 2020, 101, 159-166.

14. Carmona-Luque M., Ballesteros-Ribelles A., Millan-Lopez A., Blanco A.,
Nogueras S., Herrera C.: The effect of cell culture passage on the efficacy of
mesenchymal stromal cells as a cell therapy treatment. J. Clin. Med. 2024,
13, 2480.

15. Cerneckis J., Hongxia C., Yanhong S.: Induced pluripotent stem cells (iPSCs):
molecular mechanisms of induction and applications. Signal Transduct. Target
Ther. 2024, 9, 112.

16. Chen J. S., Wong V. W., Gurtner G. C.: Therapeutic potential of bone marrow-
derived mesenchymal stem cells for cutaneous wound healing. Front Immunol.
2012, 3,192, 1-9.

17. Conese M., Annacontini L., Carbone A., Beccia E., Cecchino L. R., Parisi D.,
Gioia D. S., Lembo F., Angiolillo A., Mastrangelo F., Muzio L. L., Portincasa A.:
The role of adipose-derived stem cells, dermal regenerative templates, and
platelet-rich plasma in tissue engineering-based treatments of chronic skin
wounds. Stem. Cells Int. 2020, 1, 7056261.

18. Dabrowska S., Andrzejewska A., Janowski M., Lukomska B.: Immunomodu-
latory and regenerative effects of mesenchymal stem cells and extracellular
vesicles: therapeutic outlook for inflammatory and degenerative diseases.
Front. Immunol. 2021, 11, 591065.

19. Dash N. R., Dash S. N., Routray P., Mohapatra S., Mohapatra P. C.: Targeting
nonhealing ulcers of lower extremity in human through autologous bone
marrow-derived mesenchymal stem cells. Rejuvenation Res. 2009, 12,
359-366.

20. Dave P:: The challenges of chronic wound care and management. Asian J.
Dent. Heal. Sci. 2024, 4, 45-50.

21.Drela K., Stanaszek L., Snioch K., Kuczynska Z., Wrobel M., Sarzynska S.,
Lukomska B., Legosz P., Maldyk P.: Bone marrow-derived from the human
femoral shaft as a new source of mesenchymal stem/stromal cells: an alter-
native cell material for banking and clinical transplantation. Stem. Cell Res.
Ther. 2020, 11, 262.

22. Dulak J.: Komorki macierzyste: zastosowania, perspektywy, nieporozumienia.
Nauka 2020, 1, 99-123.

23. Dzubanova M., Ferencakova M., Benova A., Ali D., Tencerova M.: Protocol for
isolation of human bone marrow stromal cells and characterization of cellular
metabolism. STAR Protoc. 2025, 6, 103553.

24.El Masri J., Fadlallah H., Al Sabsabi R., Afyouni A., Al-Sayegh M., Abou-
Kheir W.: Adipose-derived stem cell therapy in spinal cord injury. Cells 2024,
13, 1505.

25. El-Husseiny H. M., Mady E. A., Helal M. A., Tanaka R.: The pivotal role of
stem cells in veterinary regenerative medicine and tissue engineering. Vet.
Sci. 2022, 9, 648.

26. Ellis S., Lin E. J., Tartar D.: Immunology of wound healing. Curr. Dermatol.
Rep. 2018, 7, 350-358.

27. El-Tookhy O. S., Shamaa A. A., Shehab G. G., Abdallah A. N., Azzam O. M.:
Histological evaluation of experimentally induced critical size defect skin
wounds using exosomal solution of mesenchymal stem cells derived mi-
crovesicles. Int. J. Stem Cells. 2017, 10, 144-153.

28. Enciso N., Avedillo L., Fermin M. L., Fragio C., Tejero C.: Cutaneous wound
healing: canine allogeneic ASC therapy. Stem. Cell Res. Ther. 2020, 11, 1,
261.

29. Fakiha K.: Adipose stromal vascular fraction: a promising treatment for severe
burn injury. Human Cell. 2022, 35, 1323-1337.

30. Farabi B., Roster K., Hirani R., Tepper K., Atak M. F., Safai B.: The efficacy
of stem cells in wound healing: a systematic review. Int. J. Mol. Sci. 2024,
25, 3006.

31. Fathke C., Wilson L., Hutter J., Kapoor V., Smith A., Hocking A., Isik F:
Contribution of bone marrow-derived cells to skin: collagen deposition and
wound repair. Stem Cells. 2004, 22, 812-822.

32. Gao Q., Wang L., Wang S., Huang B., Jing Y., Su J.: Bone marrow mesenchymal
stromal cells: identification, classification, and differentiation. Front. Cell Dev.
Biol. 2022, 9, 787118.

33. Garg A., Garg S., Adlak P, Lal M., Santram K.: Stem cells and regenerative
strategies for wound healing: Therapeutic and clinical implications. Curr.
Pharmacol. Reports. 2024, 10, 121-144.

34. Gofiron M., Mrozikiewicz-Rakowska B., Sieniko D., Czupryniak L.: Strategies
to increase the effectiveness of wound healing therapy with mesenchymal
stem cells in diabetic patients. Clin. Diabetol. 2021, 10, 226-233.



642

35. Gorecka J., Kostiuk V., Fereydooni A., Gonzalez L., Luo J., Dash B., Isaji T,
Ono S., Liu S., Rong Lee S., Xu J., Liu J., Taniguchi R., Yastula B., Hisia H. C.,
Quang Y., Dardik A.: The potential and limitations of induced pluripotent stem
cells to achieve wound healing. Stem Cell Res. Ther. 2019, 10, 87.

36. Goulas P, Karakwta M., Zatagias A., Bakoutsi M., Zevgaridis A., loannidis A.,
Krokou D., Michalopoulos A., Zevgaridis V., Koliakos G.: A simple and effec-
tive mechanical method for adipose-derived stromal vascular fraction isolation.
Cureus 2024, 16, 3.

37. Gupta G. J., Karki K., Jain P, Saxena A. K.: Autologous bone marrow aspirate
therapy for skin tissue engineering and tissue regeneration. Adv. Wound Care.
2017, 6, 135-142.

38. Hassan W. U., Greiser U., Wang W.: Role of adipose-derived stem cells in
wound healing. Wound Repair Regen. 2014, 22, 313-325.

39. Helmy M. A., Mohamed A. F., Rasheed H. M., Fayad A. I.: A protocol for pri-
mary isolation and culture of adipose-derived stem cells and their phenotypic
profile. Alexandria J. Med. 2020, 56, 42-50.

40. Hendrawan S., Kusnadi Y., Lagonda C. A., Fauza D., Lheman J., Budi E.,
Manurung B. S., Baer H. U., Tan S. T.: Wound healing potential of human
umbilical cord mesenchymal stem cell conditioned medium: An in vitro and
in vivo study in diabetes-induced rats. Vet. World. 2021, 14, 2109.

.Henrich D., Nau C., Kraft S. B., Zollfrank M., Kontradowitz K., Oppermann E.,
Schultheiss J., Meier S., Frank J., Marzi 1., Seebach C.: Effect of the harvest
procedure and tissue site on the osteogenic function of and gene expression
in human mesenchymal stem cells. Int. J. Mol. Med. 2016, 37, 976-988.

42.Hu L., Zhou J., He Z., Zhang L., Du F., Nie M., Zhou Y., Hao H., Zhang L.,
Yu S., Zhang J., Chen Y.: In situ-formed fibrin hydrogel scaffold loaded with
human umbilical cord mesenchymal stem cells promotes skin wound healing.
Cell Transplant. 2023, 32, 09636897231156215.

43. Hyldig K., Riis S., Pennisi P, Zachar V., Fink T.: Implications of extracellular
matrix production by adipose tissue-derived stem cells for development of
wound healing therapies. Int. J. Mol. Sci. 2017, 18, 1167.

44. Ichioka S., Kouraba S., Sekiya N., Ohura N., Nakatsuka T.: Bone marrow-
impregnated collagen matrix for wound healing: experimental evaluation in
amicrocirculatory model of angiogenesis, and clinical experience. Br. J. Plast.
Surg. 2005, 58, 1124-1130.

45. Iribarne A., Palma M. B., Andrini L., Riccillo F., Rodriguez D., Casella M.,
Garay F, Zabala J. S., Mazza L., Muro A., Buero G., Miriuka S. G., Carosella E.,
Garcia M. N.: Therapeutic potential in wound healing of allogeneic use of
equine umbilical cord mesenchymal stem cells. Int. J. Mol. Sci. 2024, 25, 2350.

46. Jiang T., Wang Z., Sun J.: Human bone marrow mesenchymal stem cell-derived
exosomes stimulate cutaneous wound healing mediates through TGF-p/Smad
signaling pathway. Stem Cell Res. Ther. 2020, 11, 198.

47.Jiang T, Xu G., Wang Q., Yang L., Zheng L., Zhao J., Zhang X.: In vitro
expansion impaired the stemness of early passage mesenchymal stem cells
for treatment of cartilage defects. Cell. Death. Dis. 2017, 8, e2851-¢2851.

48. Johnson V., Webb T., Norman A., Coy J., Kurihara J., Regan D., Dow S.:
Activated mesenchymal stem cells interact with antibiotics and host innate
immune responses to control chronic bacterial infections. Sci. Rep. 2017, 7,
9575.

49.Karim A. S., Liu A., Lin C., Uselmann A. J., Eliceiri K. W., Brown M. E., Gibson
A. L.: Evolution of ischemia and neovascularization in a murine model of full
thickness human wound healing. Wound Repair Regen. 2020, 28, 812-822.

50.Kim H., Hyun M. R., Kim S. W.: The effect of adipose-derived stem cells on
wound healing: Comparison of methods of application. Stem Cells Int. 2019,
1, 2745640.

S51.Kim W.S., Park B. S., Sung J. H., Yang J. M., Park S. B., Kwak S. J., Park J. S.:
Wound healing effect of adipose-derived stem cells: A critical role of secretory
factors on human dermal fibroblasts. J. Dermatol Sci. 2007, 48, 15-24.

52. Kooy D. van der, Weiss S.: Why stem cells? Science 2000, 287, 1439-1441.

53. Kucharzewski M., Rojczyk E., Wilemska-Kucharzewska K., Wilk R., Hudecki J.,
Los M. J.: Novel trends in application of stem cells in skin wound healing.
Eur. J. Pharmacol. 2019, 843, 307-315.

54.Kuo Y. R., Wang C. T.,, Cheng J. T, Kao G. S., Chiang Y. C., Wang C. J.:
Adipose-derived stem cells accelerate diabetic wound healing through the
induction of autocrine and paracrine effects. Cell Transplant. 2016, 25, 1,
71-81.

55. Lefevre-Utile A., Braun C., Haftek M., Aubin F.: Five functional aspects of the
epidermal barrier. Int. J. Mol. Sci. 2021, 22, 11676.

56.Li P, Cao L., Liu T, Lu X., Ma Y., Wang H.: The effect of adipose-derived
stem cell (ADSC)-exos on the healing of autologous skin grafts in miniature
pigs. Int. J. Mol. Sci. 2025, 26, 479.

4

—_

Med. Weter. 2025, 81 (12), 633-643

57.Li P, GuoX.: A review: therapeutic potential of adipose-derived stem cells
in cutaneous wound healing and regeneration. Stem Cell. Res. Ther. 2018, 9,
302.

58. Lopes B., Sousa P, Alvites R., Branquinho M., Sousa A., Mendonga C., Atayde
L. M., Mauricio A. C.: The application of mesenchymal stem cells on wound
repair and regeneration. Appl. Sci. 2021, 11, 3000.

59.Lu F,, Zhang Y.: Cell totipotency: molecular features, induction, and mainte-
nance. Natl. Sci. Rev. 2015, 2, 217-225.

60. Luck J., Weil B. D., Lowdell M., Mosahebi A.: Adipose-derived stem cells
for regenerative wound healing applications: Understanding the clinical and
regulatory environment. Aesthetic Surg. J. 2020, 40, 784-799.

61. Lukomska B., Stanaszek L., Zuba-Surma E., Legosz P, Sarzynska S., Drela K.:
Challenges and controversies in human mesenchymal stem cell therapy. Stem
Cells Int. 2019, 9628536.

62.Luo G., Cheng W., He W., Wang X., Tan J., Fitzgerald M., Li X., Wu J.:
Promotion of cutaneous wound healing by local application of mesenchymal
stem cells derived from human umbilical cord blood. Wound Repair Regen.
2010, 18, 506-513.

63. Lux C. N.: Wound healing in animals: a review of physiology and clinical
evaluation. Vet. Dermatol. 2022, 33, 91-¢27.

64. Madrid M., Sumen C., Aivio S., Sklayen N.: Autologous induced pluripotent
stem cell-based cell therapies: Promise, progress, and challenges. Curr. Protoc.
2021, 3, e88.

65. Maharlooei M. K., Bagheri M., Solhjou Z., Jahromi B. M., Akrami M.,
Rohani L., Monabati A., Noorafshan A., Omrani G. R.: Adipose tissue derived
mesenchymal stem cell (AD-MSC) promotes skin wound healing in diabetic
rats. Diabetes Res. Clin. Pract. 2011, 93, 228-234.

66. Mazini L., Rochette L., Admou B., Amal S., Malka G.: Hopes and limits of
adipose-derived stem cells (ADSCs) and mesenchymal stem cells (MSCs) in
wound healing. Int. J. Mol. Sci. 2020, 21, 1306.

67. Mesquita C., Lopes B., Sousa P, Branquinho M., Sousa A. C., Luis A. L.,
Alvites R., Mauricio A. C.: Application of cell-based therapies in veterinary
dermatology. Wound Healing — Recent Advances and Future Opportunities
2023, 3.

68. Mester A., Opincariu D., Benedek 1., Benedek I.: Stem cell therapy in wound
healing. J. Interdiscip. Med. 2017, 2, 20-24.

69. Moon K. C., Lee J. S., Han S. K., Lee H. W., Dhong E. S.: Effects of human
umbilical cord blood-derived mesenchymal stromal cells and dermal fibroblasts
on diabetic wound healing. Cytotherapy 2017, 19, 821-828.

70. Mulder P. P, Hooijmans C. R., Vlig M., Middelkoop E., Joosten I., Koenen
H. J., Boekema B. K.: Kinetics of inflammatory mediators in the immune re-
sponse to burn injury: systematic review and meta-analysis of animal studies.
J. Invest. Dermatol. 2024, 144, 669-696.

. Murakami M. 4., Connelly-Smith L., Spitzer T., Kassim A. A., Penza S. L., Malki
M. M. A., Mason J., Tourville C., Magliocco B., Barten J., Guidry-Groves H.,
Margolis J., Devine S. M., Rennert W. P, Stefanski H. E.: Bone marrow harvest:
a white paper of best practices by the NMDP marrow alliance. Transplant.
Cell Ther. 2024, 30, 663-680.

. Narasimha R. B., Shreya S., Jayabal V. A., Yadav V., Rath P. K., Mishra B. P,
Kancharla S., Kolli P., Mandadapu G., Kumar S., Mohanty A. K., Jena M. K.:
Stem cell therapy for diseases of livestock animals: an in-depth review. Vet.
Sci. 2025, 12, 67.

.Nasadiuk K., Kolanowski T, Kowalewski C., Wozniak K., Oldak T,
Rozwadowska N.: Harnessing mesenchymal stromal cells for advanced wound
healing: A comprehensive review of mechanisms and applications. Int. J. Mol.
Sci. 2025, 26, 199.

74. Nilforoushzadeh M. A., Raoofi A., Afzali H., Gholami O., Zare S., Nasiry D.,
Darian E. K., Rustamzadeh A., Alavi S., Ahmadi R., Alimohammadi A.,
Razzaghi Z., Naraghi Z. S., Mahmoudbeyk M., Amirkhani M. A., Khaneghah
A. M.: Promotion of cutaneous diabetic wound healing by subcutaneous ad-
ministration of Wharton’s jelly mesenchymal stem cells derived from umbilical
cord. Arch. Dermatol. Res. 2023, 315, 147-159.

75. Padmanabhan J., Maan Z. N., Kwon S. H., Kosaraju R., Bonham C. A., Gurtner
G. C.: In vivo models for the study of fibrosis. Adv. Wound Care 2019, 8,
645-654.

76. Palma M. B., Luzzani C., Andrini L. B., Riccillo F., Buero G., Pelinski P, Inda
A. M., Errecalde A. L., Miriuka S., Carosella E. D., Garcia M. N.: Wound
healing treatment by transplantation of umbilical cord mesenchymal stem cell
subpopulation. Cell Transplant. 2021, 30, 1-11.

77.Park B. S., Jang K. A., Sung J. H., Park J. S., Kwon Y. H., Kim K. J., Kim
W. S.: Adipose-derived stem cells and their secretory factors as a promising
therapy for skin aging. Dermatologic Surg. 2008, 34, 1323-1326.

7

7

N

7

w



Med. Weter. 2025, 81 (12), 633-643

78. Park S. R., Kim J. W., Jun H. S., Roh J. Y., Lee H. Y, Hong I. S.: Stem cell
secretome and its effect on cellular mechanisms relevant to wound healing.
Mol. Ther. 2018, 26, 606-617.

79. Pennings S., Liu K. J., Qian H.: The stem cell niche: interactions between
stem cells and their environment. Stem Cells Int. 2018, 4879379.

80. Picazo R. A., Rojo C., Rodriguez-Quiros J., Gonzdalez-Gil A.: Current advances
in mesenchymal stem cell therapies applied to wounds and skin, eye, and
neuromuscular diseases in companion animals. Animals 2024, 14, 1363.

81. Rodriguez-Menocal L., Shareef'S., Salgado M., Shabbir A., Badiavas E. van:
Role of whole bone marrow, whole bone marrow cultured cells, and mes-
enchymal stem cells in chronic wound healing. Stem Cell Res. Ther. 2015,
6, 24.

82. Rogers L. C., Bevilacqua N. J., Armstrong D. G.: The use of marrow-derived
stem cells to accelerate healing in chronic wounds. Int. Wound J. 2008, 5,
20-25.

83.Rowe R. G., Daley G. Q.: Induced pluripotent stem cells in disease modelling
and drug discovery. Nat. Rev. Genet. 2019, 20, 377-388.

84. Sadeghi M., Moghaddam A., Amiri A. M., Charoghdoozi K., Mohammadi M.,
Dehnavi S., Orazizadeh M.: Improving the wound healing process: pivotal
role of mesenchymal stromal/stem cells and immune cells. Stem Cell Rev.
Rep. 2025, 21, 680-697.

85. Saeed S., Martins-Green M.: Animal models for the study of acute cutaneous
wound healing. Wound Repair. Regen. 2023, 31, 6-16.

86. Safari M., Jafari B., Zarbakhsh S., Sameni H., Vafaei A. A., Mohammadi N. K.,
Ghahari L.: G-CSF for mobilizing transplanted bone marrow stem cells in rat
model of Parkinson’s disease. Iran J. Basic Med. Sci. 2016, 19, 1318.

87. Schilrreff P, Alexiev U.: Chronic inflammation in non-healing skin wounds
and promising natural bioactive compounds treatment. Int. J. Mol. Sci. 2020,
23, 4928.

88.Shukla L., Yuan Y., Shayan R., Greenig D. W., Karenzis T.: Fat therapeutics:
the clinical capacity of adipose-derived stem cells and exosomes for human
disease and tissue regeneration. Front. Pharmacol. 2020, 11, 158.

89. Silina E., Manturova N., Stupin V.: Mesenchymal stem cells application in
wound tissue healing in old animals. Stem Cells Cloning 2020, 13, 103-116.

90. Singh V. K., Kumar N., Kalsan M., Saini A., Chandra R.: Mechanism of induc-
tion: induced pluripotent stem cells (iPSCs). J. Stem Cells. 2015, 10, 43.

91. Souto E. B., Ribeiro A. F., Ferreira M. 1., Teixeira M. C., Shimojo A. A., Soriano
J. L., Naveros B. C., Durazzo A., Lucarini M., Souto S. B., Santini A.: New
nanotechnologies for the treatment and repair of skin burns infections. Int. J.
Mol. Sci. 2020, 21, 393.

.Sugimura R., Jha D. K., Han A., Soria-Valles C., Rocha E. L. da, Lu Y. F,,
Goettel J. A., Serrao E., Rowe R. G., Malleshaiah M., Wong 1., Sousa P,
Zhu T. N., Ditadi A., Keller G., Engelman A. N., Snapper S. B., Doulatov S.,
Daley G. Q.: Haematopoietic stem and progenitor cells from human pluripotent
stem cells. Nature 2017, 545, 432-438.

93.Sun Y, Chen S., Zhang X., Pei M.: Significance of cellular cross-talk in stromal
vascular fraction of adipose tissue in neovascularization. Arterioscler. Thromb.
Vasc. Biol. 2019, 39, 1034-1044.

94. Suzdaltseva Y., Zhidkih S., Kiselev S. L., Stupin V.: Locally delivered umbilical
cord mesenchymal stromal cells reduce chronic inflammation in long-term
nonhealing wounds: a randomized study. Stem Cells Int. 2020, 2020, 5308609.

95.Tan S. T., Aisyah P. B., Firmansyah Y., Nathasia N., Budi E., Hendrawan S.:
Effectiveness of secretome from human umbilical cord mesenchymal stem
cells in gel (10% SM-hUCMSC Gel) for chronic wounds (diabetic and trophic
ulcer) — Phase 2 clinical trial. J. Multidiscip. Healthc. 2023, 16, 1763-1777.

96. Theunissen T. W., Frideli M., He Y., Trono D., Palnet E., O’Neil R. C.,
Markoulaki S., Pontis J., Wamg H., louranova A., Imbeault M., Duc J., Cohen
M. A., Wert K. J., Castanon R., Zhang Z., Huang Y., Nery J. R., Drotar J.,
Lungjangwa T., Ecker J. R., Jaenish R.: Molecular criteria for defining the
naive human pluripotent state. Cell. Stem Cell. 2016, 19, 502-515.

97. Tottoli E. M., Dorati R., Genta 1., Chiesa E., Pisani S., Conti B.: Skin wound
healing process and new emerging technologies for skin wound care and
regeneration. Pharmaceutics 2020, 12, 735.

98. Trottier V., Marceau-Fortier G., Germain L., Vincent C., Fradette J.: IFATS
collection: using human adipose-derived stem/stromal cells for the production
of new skin substitutes. Stem Cells. 2008, 26, 2713-2723.

99. Viswanathan S., Shi Y., Galipeau J., Krampera M., Leblanc K., Martin I.,
Nolta J., Phinney D. G., Sensebe L.: Mesenchymal stem versus stromal cells:
International Society for Cell & Gene Therapy (ISCT®) Mesenchymal Stromal
Cell committee position statement on nomenclature. Cytotherapy 2019, 21,
1019-1024.

9

N

643

100. Voga M., Adamic N., Vengust M., Majdic G.: Stem cells in veterinary
medicine-current state and treatment options. Front. Vet. Sci. 2020, 7, 278.

101. Wang D., Chen A., Fang Y., Ma C., Lu Y., Zhou C., Liu Q., Jiang B.:
Engineering strategies to enhance the research progress of mesenchymal
stem cells in wound healing. Stem. Cell Res. Ther. 2025, 16, 1-11.

102. Wang L., Cai Y., Zhang Q., Zhang Y.: Pharmaceutical activation of Nrf2
accelerates diabetic wound healing by exosomes from bone marrow mes-
enchymal stem cells. Int. J. Stem Cells. 2022, 15, 164-172.

103. Wilson A., Chee M., Butler P, Boyd A. S.: Isolation and characterisation of
human adipose-derived stem cells. Methods Mol. Biol. 2019, 1899, 3-13.

104. Wu S., Sun S., Fu W., Yang Z., Yao H., Zhang Z.: The role and prospects of
mesenchymal stem cells in skin repair and regeneration. Biomedicines 2024,
12, 743.

105. Wu Y., Wang J. F., Scott P. G., Tredget E. E.: Bone marrow-derived stem cells
in wound healing: a review. Wound Repair. Regen. 2007, 15, 18-26.

106. Yan Y, WuR., Bo Y., Zhang M., Chen Y., Wang X., Huang M., Liu B., Zhang L.:
Induced pluripotent stem cells-derived microvesicles accelerate deep second-
degree burn wound healing in mice through miR-16-5p-mediated promotion
of keratinocytes migration. Theranostics 2020, 10, 9970.

107. You H. J., Namgoong S., Han S. K., Jeong S. H., Dhong E. S., Kim W. K.
‘Wound-healing potential of human umbilical cord blood-derived mesenchy-
mal stromal cells in vitro — a pilot study. Cytotherapy 2015, 17, 1506-1513.

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

109. Zhang J., Guan J., Niu X., Hu G., Guo S., Li Q., Xie Z., Zhang C., Wang Y.:
Exosomes released from human induced pluripotent stem cells-derived
MSCs facilitate cutaneous wound healing by promoting collagen synthesis
and angiogenesis. J. Transl. Med. 2015, 13, 49.

110. Zhang J., Qu X., Li J., Harada A., Hua Y., Yoshida N., Ishida M., Sawa Y.,
Liu L., Miyagawa S.: Tissue sheet engineered using human umbilical cord-
derived mesenchymal stem cells improves diabetic wound healing. Int. J.
Mol. Sci. 2022, 23, 12697.

111. Zhang Y., Pan Y, Liu Y., Li X., Tang L., Duan M., Li J., Zhang G.: Exosomes
derived from human umbilical cord blood mesenchymal stem cells stimulate
regenerative wound healing via transforming growth factor-f receptor inhibi-
tion. Stem Cell Res. Ther. 2021, 12, 434.

112. Zhou T, Yuan Z., Weng J., Pei D., Du X., He C., Lai P: Challenges and
advances in clinical applications of mesenchymal stromal cells. J. Hematol.
Oncol. 2021, 14, 24.

Corresponding author: Maciej Batorski, DVM; e-mail: maciej.batorski@
up.lublin.pl



