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ABSTRACT
Mesenchymal stem cell-derived peptides (MSC-DPs) are increasingly recognized as pivotal medi-
ators of MSC paracrine activity, providing a strictly defined, cell-free alternative to conventional
whole-cell therapies. Current evidence, largely derived from in vitro and preclinical animal models,
indicates that these low-molecular-weight peptides exert potent immunomodulatory, angiogenic,
cytoprotective, and metabolic effects facilitating tissue repair. Peptidomic analyses of both hu-
man and xenogenic MSC sources have identified conserved peptide motifs enriched in cysteine-,
glycine-, and proline-rich sequences, indicating robust potential for cross-species biological activ-
ity. Experimental data support the efficacy of MSC-DPs in enhancing epithelial repair, modulating
macrophage polarization, and improving vascular responses; however, early translational obser-
vations remain limited and largely exploratory. Despite growing interest, progress toward clini-
cal translation is constrained by substantial heterogeneity in MSC sources, isolation protocols, cul-
ture conditions, and peptide characterization methods, which complicate systematic comparisons
across studies. Furthermore, a limited understanding of sequence–function relationships, coupled
with challenges in peptide stability and in vivo delivery, further restricts therapeutic development.
Continued advances in proteomics, computational prediction, and biomaterial-based delivery sys-
tems are expected to significantly improve the identification, standardization, and formulation of
MSC-DPs. Overall, MSC-DPs represent a rapidly developing frontier in regenerative medicine with
robust mechanistic foundations, yet their clinical translation will require rigorous validation and the
harmonization of methodological approaches.
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INTRODUCTION
Regenerative medicine has emerged as a transfor-
mative discipline aiming to restore, replace, or re-
generate damaged tissues and organs through the
integration of cellular, molecular, and bioengineer-
ing approaches 1,2. Mesenchymal stem cells (MSCs)
have garnered widespread attention as powerful bi-
ological tools due to their capacity for self-renewal,
multilineage differentiation, and robust paracrine
secretory activity 3–5. The therapeutic action of
MSCs was historically attributed to their ability to
engraft, differentiate, and substitute for damaged
cells 6,7. An overview of themajor components of the
MSC secretome is presented in Figure 1. However,
a growing body of evidence over the past decade
indicates that most of their therapeutic effects are
exerted indirectly via the release of soluble factors,
such as cytokines, growth factors, extracellular vesi-
cles, and, more recently, bioactive peptides8.
MSC-derived peptides (MSC-DPs) represent a
unique and biologically active component of the

MSC secretome; they comprise small amino acid
sequences with diverse biological activities9,10.
These peptides enhance tissue repair by modulating
inflammation, oxidative stress, apoptosis, angiogen-
esis, and metabolism 11,12. Due to their small size,
they can penetrate tissues effectively; furthermore,
they are stable in the extracellular environment,
and their immunogenicity is significantly lower
than that of full-length proteins or intact cells.
Most importantly, they offer a cell-free therapeutic
alternative that overcomes the limitations associ-
ated with live-cell transplantation, including low
survival rates, potential tumorigenicity, and ethical
or regulatory constraints 13,14.
Both human and xenogenic MSCs secrete a com-
plex secretome composed of cytokines, growth fac-
tors, extracellular vesicles, and bioactive peptides.
Among these, MSC-DPs act as core paracrine medi-
ators of regeneration, promoting angiogenesis, im-
munomodulation, antioxidation, and metabolic reg-
ulation across species (cf. Figure 2). Expanding be-
yond human-derived MSC-DPs, emerging evidence
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Figure 1: Overview of the mesenchymal stem cell (MSC) secretome. The MSC secretome comprises a diverse
array of bioactive components—including small molecules (e.g., PGE₂, lactate), nucleic acids (e.g., miRNAs), pep-
tides, and proteins (e.g., growth factors and cytokines)—which collectively mediate the paracrine activity and
therapeutic effects of MSCs.

indicates that xenogenic MSCs—particularly those
derived from ovine, porcine, and bovine tissues—
represent promising alternative reservoirs of bioac-
tive peptides with comparable immunomodulatory
and regenerative capacities15. Studies on equine
MSCs have confirmed the secretion of antimicrobial
and pro-regenerative peptides with significant ther-
apeutic activity across species boundaries16. Simi-
larly, bovine and porcineMSCs have been character-
ized as rich peptide sources supporting tissue repair
and translational research17,18.
Evidence also demonstrates that xenogenic MSCs
and their secreted factors can modulate immune re-
sponses across species, as observed in feline and ca-
nine models treated with xenogeneic MSC secre-
tomes and cells 19–21. Ovine umbilical cord MSCs
have likewise been established as stable, immor-
talized sources suitable for scalable peptide isola-
tion and comparative xenogenic studies 22. These
MSC-DPs demonstrate bioactivity equivalent to
their human counterparts, with some exhibiting
anti-inflammatory 23, angiogenic 24, and antioxida-
tive activities across species 25. Further evidence
reinforces that xenogenic MSCs and their secreted
factors can modulate the immune system across
species, highlighting the translational potential of

such peptides for preclinical and veterinary applica-
tions 26,27. However, interspecies molecular compat-
ibility, immunogenic epitopes, and peptide stability
remain critical challenges requiring systematic re-
search prior to clinical application 28,29.

The isolation of MSC-DPs has been facilitated
by advances in proteomics and peptidomics, par-
ticularly high-resolution mass spectrometry and
bioinformatics-based peptide mapping. These tech-
nologies have enabled the identification of nu-
merous peptides originating from MSC cytosolic
proteins, membrane components, and extracellular
matrix modulators 30–32. Functionally, they repli-
cate most of the classical MSC functions, such
as promoting angiogenesis via vascular endothe-
lial growth factor (VEGF)-like sequences or damp-
ening inflammation through interleukin-10 (IL-10)–
mimetic domains, thereby enhancing the treatment
repertoire of MSC-based therapies33,34. Cell-to-
peptide regenerative approaches bridge the trans-
lational gap in the emerging shift towards next-
generation biologics with enhanced safety, scalabil-
ity, and molecular accuracy35,36. MSC-DPs con-
stitute a standardized, reproducible, and ethically
sound therapeutic platform applicable across a wide
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Figure 2: Biological sources and therapeutic functions of MSC-derived peptides (MSC-DPs). Mesenchymal
stem cells (MSCs) isolated from both human and diverse xenogenic sources (e.g., ovine, porcine, and bovine) pro-
duce a complex secretome. Alongside cytokines, growth factors, and extracellular vesicles (EVs), MSC-DPs serve as
core paracrine mediators that drive highly conserved therapeutic outcomes across species, including angiogene-
sis, immunomodulation, and antioxidation.

range of pathological conditions, including cardio-
vascular, neurodegenerative, musculoskeletal, and
metabolic disorders 37.
This review aims to comprehensively address the
biological origin, mechanism of action, and ther-
apeutic potential of MSC-DPs. Emphasis is
placed on their molecular mechanisms—ranging
from paracrine signaling and immunomodulation
to angiogenic and metabolic regulation—as well as
their synergistic effects when combined with organ-
specific peptides. Moreover, the discussion includes
the relative advantages of peptide therapy over tra-
ditional cell therapy, existing limitations in peptide
stability and delivery, and future prospects for clin-
ical translation. Having outlined the scope of this
review, the subsequent section explores the biologi-
cal origin and composition of MSC-DPs, which form
the basis of their functional properties.

SEARCH STRATEGY
A comprehensive literature search was conducted
to identify relevant studies elucidating the biologi-
cal and therapeutic roles of mesenchymal stem cell–
derived peptides (MSC-DPs). Multiple electronic
databases, including PubMed, Scopus, and Web
of Science, were systematically searched for peer-
reviewed articles. The search strategy utilized varied

combinations of keywords, such as “mesenchymal
stem cells,” “MSC secretome,” “MSC-derived pep-
tides,” “peptidome,” “extracellular vesicles,” “regen-
erative medicine,” and “cell-free therapy”. The liter-
ature search primarily focused on publications span-
ning the period from 2010 to 2025, although ear-
lier seminal studies were included where contextu-
ally relevant. Only articles published in English that
were directly pertinent to the topic were considered
for inclusion. Both experimental and review studies
were included to provide a comprehensive overview;
conversely, studies lacking sufficient methodologi-
cal clarity or direct relevance to MSC-derived pep-
tides were excluded.

BIOLOGICAL SOURCE AND
COMPOSITION OF
MSC-DERIVED PEPTIDES
MSC-DPs originate from multiple intracellular and
secretory compartments, collectively reflecting the
dynamic proteolytic, metabolic, and paracrine ac-
tivities of mesenchymal stromal cells38,39. Their
structural diversity arises from regulated protein
turnover, enzymatic cleavage of membrane struc-
tures, and active secretion into the extracellular
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space. These peptide subsets contribute to the mul-
tifunctional therapeutic actions attributed to the
MSC secretome and constitute a core component of
cell-free regenerative strategies40,41.
Cytosolic peptides are generated primarily through
proteasomal degradation, autophagy-associated
processing, and intracellular stress–response
pathways 42,43. They frequently contain cysteine-,
glycine-, or proline-rich motifs that enhance peptide
stability and support antioxidant activity. These
peptides participate in redox regulation, mitochon-
drial homeostasis, and protection against apoptosis,
particularly under inflammatory or oxidative
microenvironmental stress44. Their biochemical
signatures reflect the adaptive metabolic responses
of MSCs and contribute to the cytoprotective, anti-
inflammatory, and survival-enhancing properties
observed in MSC-DP therapy45,46.
Membrane-associated peptides originate from
transmembrane receptors, adhesion molecules, and
extracellular domain-bearing proteins that undergo
controlled enzymatic cleavage or ectodomain
shedding 47. These peptides retain functional
ligand-binding or receptor-interactive sequences,
enabling them to modulate immune cell re-
cruitment, extracellular matrix remodeling, and
intercellular signaling48. By influencing integrin
activity, chemokine responsiveness, and stromal–
immune interactions, membrane-derived peptides
help shape the regenerative microenvironment and
amplify MSC-driven paracrine mechanisms49.
Extracellular peptides represent the actively re-
leased fraction of the MSC secretome and include
angiogenic, immunoregulatory, cytoprotective, and
metabolic-regulating sequences50. These peptides
are released via exocytosis, extracellular vesicle se-
cretion, and non-vesicular paracrine pathways. Sub-
sequently, they act directly on target tissues to
modulate inflammation, stimulate angiogenesis, en-
hance metabolic recovery, and promote structural
repair. Their demonstrated activity in xenogenic
models highlights their evolutionary conservation
and therapeutic potential across species51,52. A
consolidated overview of representative MSC-DP
classes, properties, and bioactivities is presented in
Table 1.

MECHANISMS OF ACTION OF
MSC-DERIVED PEPTIDES
MSC-DPs execute their regenerative functions
through multiple interconnected biological path-
ways that collectively reproduce many of the ther-
apeutic effects typically attributed to mesenchy-
mal stem cells 67,68. A unifying feature of these

mechanisms is their paracrine mode of action,
whereby peptides—either freely secreted or pack-
aged within extracellular vesicles—bind to recep-
tors on neighboring cells and activate intracellular
signaling cascades, such as PI3K/Akt, MAPK/ERK,
and JAK/STAT69–71. Through these pathways, MSC-
DPs promote fibroblast proliferation, endothelial
migration, epithelial repair, and cellular survival un-
der stress conditions, thereby establishing a pro-
regenerative microenvironment that is independent
of MSC engraftment 72,73.

In this context, “mimetic” peptides refer primarily
to endogenous low-molecular-weight peptides de-
rived from the MSC secretome that exhibit func-
tional similarity to established growth factors or cy-
tokines, rather than to full-length proteins30,31,60.
These must be clearly distinguished from synthetic
or bioengineered analogs, which replicate similar bi-
ological activities but do not strictly fall within the
definition of MSC-derived peptides. Specific pep-
tide motifs contribute to these effects; for exam-
ple, endogenous VEGF-mimetic peptide sequences
stimulate endothelial tube formation, while IGF-like
domains enhance cell survival under oxidative or
inflammatory conditions74,75. Collectively, MSC-
DPs exert immunomodulatory, antioxidative, angio-
genic, and metabolic regulatory effects76,77, reflect-
ing their role as key molecular mediators that trans-
late the complex paracrine signals ofMSCs into con-
cise biochemical cues69.

Immunomodulatory and Anti-
Inflammatory Effects
MSC-DPs regulate both innate and adaptive immu-
nity, thereby promoting tissue tolerance and lim-
iting inflammatory damage38,78. Peptides exhibit-
ing IL-10, TGF-β, or PD-L1 mimicry inhibit pro-
inflammatory cytokines, such as TNF-α, IL-6, and
IFN-γ, while inducing anti-inflammatory media-
tors 79–81. In macrophages, these peptides skew po-
larization towards anM2 pro-healing phenotype, in-
hibiting nitric oxide production and promoting the
phagocytic clearance of cellular debris82–84. In lym-
phocytes, they suppress overactive T-cell prolifer-
ation and promote regulatory T-cell induction, ef-
fectively inhibiting autoimmune and fibrotic reac-
tions 85–87. Overall, this immunomodulatory ac-
tion recapitulates the immune-privileged character
of the parental MSCs, accounting for a significant
portion of their therapeutic benefit in inflammatory
and autoimmune diseases76.
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Table 1: Representative classes of MSC-derived peptides (MSC-DPs), their candidate sequences or functional
motifs, cellular origin, and reported bioactivities identified across human and xenogenic MSC secretomes.

Peptide Class /
Compartment

MSC Source
(Human /
Xenogenic)

Candidate
Sequence /

Motif

Reported Bioactivity References

Cytosolic
mitochondrial
stress–response

peptide

Human
placenta-

derived MSCs

MOTS-c
(MRWQEMGYI-

FYPRKLR)

Enhances mitochondrial
homeostasis, activates AMPK,
reduces ROS, protects MSCs

under oxidative stress; contributes
to cytoprotective &

anti-inflammatory effects

53–55

Cytosolic antioxidant
/ anti-apoptotic

peptide

Human MSCs
(aging-

associated
pathway)

Humanin
(MAPRGFSCLLLL-
TSEIDLPVKRRA)

Strong anti-apoptotic peptide;
regulates oxidative stress,

mitochondrial stability, survival
pathways

56,57

Membrane-associated
antimicrobial peptide

Human bone
marrow MSCs

LL-37 / hCAP-18
(LLGDF-

FRKSKEK…)

Direct antimicrobial activity;
modulates immune cell

recruitment; supports wound
defense; partially mediates MSC

antimicrobial effects

38,58

Membrane-associated
cytoskeletal peptide

Human
adipose MSC
secretome

Thymosin β4
(actin-binding
LKKTET motif)

Enhances migration, cytoskeletal
remodeling, angiogenesis, wound

repair; abundant in MSC
conditioned medium

59

Extracellular
complement-derived
immunoregulatory

peptide

Human
UC-MSC
secretome

Complement C3
fragment peptide

(e.g.,
AEGKGQGTL)

Regulates complement activity,
reduces inflammatory signaling,
contributes to immunomodulatory

MSC secretome effects

60,61

Extracellular
angiogenic peptides
(ECM-derived peptide

fragments)

Human MSC
secretome
(systematic
proteomic
analysis)

Collagen-derived
motifs (e.g.,

GPP/GVMGFO),
thrombospondin

fragments

Promote endothelial migration,
tube formation, vascular
stabilization; reflect high

angiogenic potential of MSC
secretome

62

Extracellular broad
immunoregulatory
peptides (secretome)

Human MSC
secretome

Small im-
munomodulatory
ECM fragments;
cathelicidin-
related short
peptides

Suppress pro-inflammatory
cytokines, modulate T-cell
phenotypes, regulate innate
immunity; central to MSC

cell-free therapy

63

Extracellular peptides
(xenogenic MSC

secretome for clinical
therapy)

Xenogeneic
MSC

secretome
used in feline
chronic gin-
givostomatitis

ECM-derived
peptides;

AMP-like motifs
(short cationic
sequences)

Promote mucosal healing, reduce
oral inflammation, demonstrate

cross-species peptide conservation
& therapeutic efficacy

64

Extracellular
antimicrobial peptides

(xenogenic)

Equine MSC
secretome

Cathelicidin/CRAMP-
like peptides

Strong antibacterial activity;
disrupt microbial membranes;

support innate defense
mechanisms

65,66
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Anti-Oxidative and Anti-Apoptotic Protec-
tion
Oxidative stress represents a potent barrier to tissue
regeneration88. MSC-DPs modulate redox home-
ostasis by scavenging free radicals and boosting
endogenous antioxidant defenses. Cysteine- and
glycine-rich peptides mimic the activity of glu-
tathione precursors and antioxidant enzymes, such
as superoxide dismutase (SOD) and catalase38,89.
In stressed or ischemic tissues, these peptides in-
hibit mitochondrial cytochrome C release and acti-
vate Bcl-2/Bcl-xL signaling to prevent the apopto-
sis of resident cells 90. This mechanism significantly
augments parenchymal and endothelial cell survival
during hypoxia or inflammation, facilitating long-
term structural repair.

Angiogenesis and Tissue Remodeling
One of the most prominent effects of MSC-DPs
is their potent induction of angiogenesis and ex-
tracellular matrix (ECM) remodeling91,92. VEGF-,
FGF-, or PDGF-motif peptides induce endothelial
growth, migration, and capillary sprouting through
the activation of VEGFR2 and FGFR193. Concur-
rently, matrix-modulating peptides regulate MMP-
2, MMP-9, and TIMP-1 activity, maintaining a bal-
ance between ECM degradation and deposition.
These effects facilitate vascular integration, colla-
gen alignment, and improved wound closure14,94. In
vivo models have validated that neovascularization
is facilitated byMSC-DPs at a level equivalent to re-
combinant growth factors, but with a significantly
reduced immunogenic risk95.

Metabolic Regulation
Emerging data demonstrate that MSC-DPs also
contribute to metabolic homeostasis by regulating
glucose uptake, lipid metabolism, and mitochon-
drial biogenesis96,97. Certain peptides enhance in-
sulin sensitivity by activating AMPK and Akt in
skeletal muscle and adipocytes98,99, whereas oth-
ers facilitate lipid oxidation by regulating PGC-1α
signaling 100. Within hepatic or pancreatic tissues,
MSC-DPs counteract oxidative damage and pro-
mote β-cell survival, offering significant therapeu-
tic potential in models of metabolic syndrome and
diabetes 96,101. The coordinated regulation of the in-
flammatory, oxidative, and metabolic axes supports
the systemic reparative potential of the MSC pep-
tidome 97,102.
In summary, MSC-DPs exert their effects through
five interconnected mechanisms—paracrine signal-
ing, immunomodulation, antioxidative protection,

angiogenesis and tissue remodeling, and metabolic
regulation—each linked by continuous molecular
crosstalk (Figure 3). These mechanisms converge
through the activation of key signaling cascades,
such as PI3K/Akt, JAK/STAT, and AMPK, collectively
enhancing cellular survival, immune homeostasis,
redox balance, and vascular and metabolic restora-
tion. Together, these pathways illustrate how
MSC-DPs recapitulate the multifunctional thera-
peutic actions of their parent MSCs through selec-
tive and targeted molecular interactions. By or-
chestrating paracrine communication, immune reg-
ulation, redox control, angiogenic remodeling, and
metabolic reprogramming, MSC-DPs represent a
concentrated, controllable, and next-generation cell-
free alternative to traditional MSC-based therapy.
Importantly, these mechanistic insights are strongly
supported by extensive experimental and preclinical
evidence, underscoring the translational relevance
and emerging therapeutic value of MSC-DPs.

EXPERIMENTAL AND CLINICAL
EVIDENCE
The biological relevance of MSC-DPs is supported
by a growing body of in vitro, in vivo, and preclin-
ical evidence demonstrating their regenerative, im-
munomodulatory, and cytoprotective properties71.
Cumulatively, these studies indicate that MSC-DPs
replicate the majority of the therapeutic functions
of intact MSCs, but with improved safety, repro-
ducibility, and scalability93.
Notably, a significant proportion of current exper-
imental and preclinical evidence is derived from
studies employing thewholeMSC secretome, condi-
tioned media, or extracellular vesicle-associated for-
mulations rather than purified MSC-derived pep-
tides (MSC-DPs). Given the compositional com-
plexity of the secretome, the therapeutic effects ob-
served in these studies cannot be attributed solely
to peptides, but are more likely the result of syner-
gistic interactions among multiple bioactive compo-
nents. Accordingly, such findings should be inter-
preted with caution when considered as direct evi-
dence of MSC-DP efficacy.

In Vitro Experimental Studies
Early peptidomic and proteomic analyses have iden-
tified numerous low-molecular-weight peptides in
MSC supernatants, confirming active secretion be-
yond the canonical protein factors103. In vitro anal-
yses have demonstrated that VEGF-like and FGF-
mimetic peptides from MSCs evoke significant en-
dothelial cell growth and tube formation, indicating
robust angiogenic activity104,105.
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Figure 3: Molecular mechanisms of action of MSC-derived peptides (MSC-DPs) in regenerative medicine.
MSC-DPs orchestrate tissue repair and cellular homeostasis through five interconnected biological axes. By acti-
vating key paracrine signaling cascades (e.g., PI3K/Akt, JAK/STAT, and MAPK/ERK), these peptides simultaneously
drive immunomodulation, stimulate angiogenesis and extracellular matrix (ECM) remodeling, regulate cellular
metabolism, and confer potent antioxidative and anti-apoptotic protection.

Furthermore, IL-10-analog peptides inhibit NF-κB
activation and decrease pro-inflammatory cytokine
production in LPS-activated macrophages, whereas
TGF-β-mimetic fragments stimulate fibroblast mi-
gration and extracellular matrix synthesis, thereby
promoting wound closure in in vitro scratch-assay
models 103. In addition, cysteine- and proline-rich
antioxidant peptides have been shown to antag-
onize reactive oxygen species (ROS) accumulation
and upregulate endogenous antioxidant genes, such
as SOD1 and GPX4, during oxidative stress106. Cu-
mulatively, these in vitro data confirm that MSC-
DPs operate via paracrinemolecular networks, mim-
icking much of the protective and trophic effects
that were previously ascribed to the parent cells.

In Vivo and Preclinical Animal Models
The therapeutic potential of MSC-derived peptide-
containing formulations has been investigated
across a range of preclinical disease models, in-
cluding wound healing, cardiovascular repair, neu-
roregeneration, and metabolic disorders. In rodent
models of cutaneous injury, the administration of
MSC-derived peptide-enriched or secretome-based
preparations has been associated with enhanced ep-
ithelial regeneration, increased collagen deposition,
and improved neovascularization. These effects par-
tially recapitulate the regenerative outcomes ob-
served with whole-cell MSC therapy, while poten-
tially reducing risks, such as ectopic tissue forma-
tion 107.
In rodent models of myocardial infarction, treat-
ment with an MSC-DP cocktail reinstated car-
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diac contractility, reduced infarct size, and sup-
pressed post-ischemic inflammation by activating
the PI3K/Akt and STAT3 signaling pathways108.
Similarly, in rat models of spinal cord injury and
stroke, MSC-secreted neurotrophic peptides im-
proved neurite outgrowth and neuronal survival,
which correlated with functional recovery109.
Studies utilizing xenogenic sources of peptides have
also supported translational safety. For instance,
MSC-DPs from ovine and porcine sources exhibited
conserved bioactivity across species, reducing in-
flammation and improving tissue remodeling in rab-
bit and canine wound models110. This therapeutic
consistency across species supports the hypothesis
that many MSC-DPs mediate their effects through
evolutionarily conserved molecular targets.

Clinical and Translational Investigations
Most clinical and translational studies are based on
the MSC secretome or conditioned media rather
than purified MSC-DPs. Given the complexity of
these formulations, the observed therapeutic ef-
fects cannot be attributed solely to peptides, but in-
stead reflect the combined action of multiple bioac-
tive components. While clinical investigations in-
volving purified MSC-DPs remain limited, early ex-
ploratory studies using secretome- and peptide-
enriched preparations have been reported in both
human and veterinary contexts111.
The topical application of MSC-conditioned me-
dia, which contains peptides alongside proteins, cy-
tokines, and extracellular vesicles, has been associ-
atedwith improved epithelialization and reduced in-
flammatory cytokine levels in patients with chronic
non-healing ulcers; however, these observations are
derived from small, uncontrolled studies and require
further validation 112.
Similarly, in a pilot study of osteochondral defects,
the intra-articular administration of MSC-derived
peptide fractions was linked to increased cartilage
thickness and reduced pain over a six-month follow-
up period; although, the sample size was small and
the study lacked randomization113.
In veterinary settings, xenogeneic MSC secretome
and peptide formulations have demonstrated symp-
tomatic improvement in canine osteoarthritis and
feline chronic oral inflammatory disease, provid-
ing preliminary proof-of-concept for cross-species
feasibility rather than definitive evidence of clini-
cal efficacy 114. Taken together, these early find-
ings suggest the potential regenerative activity of
MSC-related secretome and peptide formulations,

but they do not yet confirm a clinically meaningful
therapeutic benefit, and further controlled studies
are required.
Key in vitro, preclinical, and translational investiga-
tions supporting the regenerative and cross-species
efficacy ofMSC-DPs are summarized in Table 2. No-
tably, well-controlled clinical trials exclusively eval-
uating purified or synthetic MSC-derived peptides
remain extremely limited. This represents a critical
gap in the field, as the specific therapeutic contri-
bution of peptides, independent of other secretome
components, has yet to be rigorously established in
clinical settings.

Emerging Trends and Challenges
Current studies focus on the discovery of spe-
cific peptide sequences responsible for certain ther-
apeutic effects. Quantitative proteomics, high-
throughput peptidomics, and bioinformatic analy-
ses of motifs are facilitating the identification of
the most significant regenerative peptides and their
target molecules117,118. Nevertheless, several chal-
lenges remain:

• The requirement for standardized purification
and isolation techniques119.

• The optimization of peptide stability and de-
livery vehicles38.

• The establishment of regulatory definitions
to differentiate between natural peptides and
synthetic analogues 120.

Well-defined peptide cocktails or biomaterial deliv-
ery systems, to be used in subsequent preclinical and
future clinical trials, will be required to determine
long-term safety, dosage parameters, and therapeu-
tic persistence 103.
Cumulative experimental and clinical evidence
firmly supports the concept that MSC-DPs are po-
tent, multifunctional mediators capable of driv-
ing tissue regeneration through defined molecu-
lar mechanisms. Their successful transition from
cell-based to cell-free biologic therapy positions
them as a promising next-generation platform for
regenerative medicine and precision therapeutics.
The translational progression ofMSC-DP research—
from cell-culture validation to animal models and
early human and veterinary trials—is summarized
in Figure 4. Beyond their independent effects,
MSC-DPs demonstrate enhanced therapeutic per-
formance when combined with organ-specific pep-
tides, as outlined in the next section.
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Figure 4: Translational progression ofMSC-derived peptides (MSC-DPs) frombench to clinic. The therapeu-
tic efficacy of MSC-DPs is supported by a growing body of multi-tiered evidence. In vitro studies establish founda-
tional cellular mechanisms, including enhanced angiogenesis and the suppression of inflammation and oxidative
stress. In preclinical animal models, these mechanisms translate into functional in vivo tissue recovery—such as
improved epithelialization, reducedmyocardial infarct size, and neuroprotection—driven by critical signaling cas-
cades (e.g., PI3K/Akt and STAT3). Ultimately, early clinical and veterinary applications highlight the cross-species
potential of MSC-DPs in facilitating chronic ulcer healing, cartilage regeneration, and pain reduction.
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Table 2: Evidence landscape for MSC-DPs and xenogenic sources (in vitro to translational)

MSC source
& product

Model / Indication Dose / Route Key readouts (summary) Reference

Equine MSCs;
secreted

antimicrobial
peptides

In-vitro antibacterial
activity vs. common
wound pathogens

Not applicable
(secreted factors
tested in vitro)

MSC-secreted peptides inhibited
growth of multiple skin-wound
bacteria; supports bioactive
peptide modality from
non-human MSCs

16

Xenogeneic
equine MSCs

Homing to naturally
occurring canine joint

lesion (post-IV)

IV, scintigraphy
tracking

First confirmation of xenogeneic
MSC homing to lesion in vivo;
foundational for cross-species
secretome/peptide relevance

115

Xenogeneic
MSCs in dogs

with OA

Preclinical canine OA
(surgically induced)

IV, low-dose
regimen

Analgesic, anti-inflammatory,
cartilage-protective effects over 42

days; supports cross-species
immunomodulation

19

Xenogeneic
MSC

secretome

Veterinary clinical:
feline chronic

gingivostomatitis
(case series, n=8)

Intramucosal
injections, 2–3
sessions /

3-month intervals

Clinical improvement in refractory
FCGS; first use of xenogeneic

MSC secretome in cats

20

Ovine (sheep)
UC-MSCs;

immortalized
line (TERT)

Source enablement for
scalable

peptide/secretome
research

Not applicable Established TERT-immortalized
ovine UC-MSCs maintaining

stemness; practical platform for
xenogenic peptide production
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SYNERGISTIC EFFECTS WITH
ORGAN-SPECIFIC PEPTIDES
The therapeutic efficacy of MSC-DPs can be sig-
nificantly enhanced by coupling them with organ-
specific or tissue-targeting peptides that direct their
biological functions to precise cellular niches121.
This synergy exploits the pleiotropic signaling
of MSC-DP-mediated angiogenic, immunomodu-
latory, and antioxidative functions, coupled with
the specificity and selectivity of organ-specific se-
quences, thereby creatingmultifunctional therapeu-
tic platforms with immense potential for tissue-
specific repair and systemic regulation122.

Molecular Synergy and Mechanistic Inter-
play
MSC-DPs, whether secreted freely or enclosed
within extracellular vesicles (EVs), function as global
regulators, controlling immune modulation, angio-
genesis, and matrix remodeling123. The cocktail
administration or fusion of MSC-DPs with pep-
tides that display organ or receptor specificity—
such as arginyl-glycyl-aspartic acid (RGD) peptides
that bind selectively to integrins on endothelial
cells 124, C-peptide variants for insulin signaling125,
or N-cadherin-binding fragments that stimulate car-
diomyocytes 126—translates into a cumulative and

highly targeted therapeutic index. Both approaches
further potentiate signaling pathways, such as the
PI3K/Akt, ERK 1/2, and TGF-β/Smad cascades, ulti-
mately enhancing cellular repair mechanisms127.
Synthetically or naturally designed cell-specific pep-
tides coupled with MSC-DP fractions have demon-
strated substantial success in enhancing homing ef-
ficiency while minimizing off-target effects. For
example, the fusion of angiogenic MSC-DPs with
cardiac-targeting peptides resulted in a significant
increase in neovascularization within ischemic car-
diac tissue as compared to non-targeted control
groups 121. Additionally, the fusion of a liver-
targeting peptide with hepatoprotective MSC-DPs
facilitated preferential accumulation within liver tis-
sue, improving its antioxidant state and prompting
a concurrent decline in profibrotic factors128.

Synergistic Regeneration in Tissue-
Specific Systems
In dermal and epithelial models, the co-delivery
of MSC-DP-containing MSC secretome/EVs with
binding peptides or laminin-derived peptides pro-
moted cell migration, cell proliferation, and the pro-
duction of ECM, which resulted in faster wound
healing with reduced scarring129. For neuroregener-
ation, MSC-DPs with a high concentration of neu-
roregulatory motifs were shown to work in combi-
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nation with brain-targeting peptides, like the rabies
virus glycoprotein (RVG) or SynB peptide (SynB),
to enable efficient blood-brain barrier (BBB) pas-
sage, as well as to promote axonal extension, neu-
ronal differentiation, and synapse restoration in an-
imal models of stroke or spinal cord injury (SCI)130.
In musculoskeletal and osteochondral tissue repair,
the combination of chondrogenic MSC-DPs with
bone morphogenetic protein-2 (BMP-2) or cartilage
oligomeric matrix protein (COMP)mimetic peptides
promoted the production of extracellular matrix ma-
terials as well as cartilage structural integrity, indi-
cating a potentially viable treatment for osteoarthri-
tis or cartilaginous defects131.

Translational and Biomedical Integration
In translational contexts, these synergies offer a
next-generation therapeutic paradigm: a customiz-
able, cell-free, multi-peptide platform that is adapt-
able to diverse clinical needs14. By uniting the sys-
temic regulatory functions of MSC-DPs with the
spatial precision of tissue-specific motifs, optimal
regenerative outcomes can be achieved with en-
hanced efficiency, reproducibility, and safety121.
Beyond simple co-delivery, it is highly feasible to
create synergistic constructs by coordinating MSC-
DPs from either the soluble secretome or EVs with
organ-specific peptides132. Hydrogels containing
MSC-DPs, either in free form or associated with
EVs, possess high bioactivity, facilitating controlled
release as well as prolonged retention at the in-
jury site 133. Multifactor-loaded constructs offer
spatiotemporal control; for example, an initial im-
mune modulation phase mediated by MSC-DPs can
be succeeded by differentiation or vascularization
driven by organ-specific peptides134.
In a translational context, such synergies represent
a new generation of a therapeutic paradigm fea-
turing a customizable, cell-free, multi-peptide plat-
form that may be adapted for a variety of clini-
cal needs 135. Consequently, it will now be possible
to optimize regenerative results with increased effi-
ciency, predictability, and safety by integrating the
systemic regulatory role of MSC-DPs with tissue-
specific motifs. Ultimately, these synergistic inter-
actions contribute directly to the several advantages
of MSC-DPs over traditional cell-based therapies.

ADVANTAGES OF
(MSC-DPS)-BASED OVER
CELL-BASED THERAPY
MSC-DPs, whether released in a soluble form or
packaged within the secretome/EVs, represent a

paradigm shift in regenerative medicine, designed
to overcome the primary limitations associated with
whole-cell transplantation38. Unlike living MSCs,
which are encumbered by hurdles such as batch
variability, low engraftment efficiency, senescence,
and potential tumorigenesis, MSC-DPs offer dis-
tinct benefits; these include reduced immunogenic-
ity, increased consistency, and the capacity for
large-scale production under standardized condi-
tions 136.
Given that their active components are predomi-
nantly peptides, these therapeutics demonstrate ef-
ficient diffusion across extracellular matrices, fa-
cilitating rapid local pharmacodynamic effects at
the site of injury 137. Furthermore, as non-cellular
bioproducts, peptide-rich MSC-DPs exhibit supe-
rior storage and distribution properties; they can
be safely sterilized, lyophilized, and stored for ex-
tended periods with a highly stable shelf life under
controlled conditions 138. Consequently, these cell-
free, peptide-rich formulations mitigate logistical
concerns related to cell harvesting, expansion, and
cryopreservation, ultimately rendering this form of
regenerative medicine safer and more universally
applicable 139.
Beyond manufacturing advantages, MSC-DPs en-
able the precise regulation of regenerative mech-
anisms. Specifically, these bioactive components
can selectively modulate angiogenesis, immune re-
sponses, oxidative balance, and metabolic path-
ways, thereby yielding more predictable and con-
trollable outcomes compared to heterogeneous
cell populations 94. Pharmacologically, the struc-
tured and quantifiable composition of peptide-
enriched secretome preparations facilitates stan-
dardized pharmacokinetic and pharmacodynamic
assessments, thereby ensuring a more consistent
dose–response relationship across batches140.
From an application standpoint, peptide-enriched
cell-free formulations can be seamlessly integrated
with biomaterial scaffolds, nanoscale delivery sys-
tems, or combined with small-molecule therapeu-
tics, significantly enhancing their therapeutic ver-
satility while maintaining high target specificity141.
In summary, MSC-DPs and peptide-enriched se-
cretomes represent a straightforward, scalable, and
ethically favorable platform that bridges the gap
between complex cell-based therapies and conven-
tional protein drugs142. By combining the biolog-
ical sophistication of multicellular communication
with the precision of molecular therapeutics, they
truly embody the next generation of regenerative
medicine.
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LIMITATIONS, CHALLENGES,
AND FUTURE PERSPECTIVES
Despite their therapeutic promise, MSC-DPs—
whether free or secretome/EV-associated—still face
several scientific and translational barriers hinder-
ing their widespread application in a clinical con-
text 143. Currently, the most significant challenge
complicatingMSC-DP development is inherent pep-
tide variability, driven by differences in starting cell
characteristics, tissue and species origin, and cell
culture conditions; this variability poses a major
hurdle for reproducibility and complicates compar-
ative analyses across studies. Furthermore, stan-
dardized preparation and purification techniques
for MSC-DPs remain underdeveloped; different cell
culture, processing, and analytical methodologies—
including proteolysis, chromatography, and mass
spectrometry quantification—yield highly variable
peptide signatures, thereby impeding the develop-
ment of MSC-DPs in compliance with FDA Good
Manufacturing Practice (GMP) standards144.
Additionally, from a pharmacological perspective,
rapid enzymatic turnover and renal clearance
compromise the in vivo half-life of these pep-
tides, requiring advanced formulations—such as
nanoparticle encapsulation, hydrogel embedding, or
PEGylation—to extend peptide availability145. An-
other major concern for the development of MSC-
DPs is immunogenicity; although less immuno-
genic than whole-cell-derived products, the poten-
tial for immune reactions remains significant for
xenogeneic-derived peptides, necessitating compre-
hensive immune toxicity studies to ensure safety
prior to clinical application146. Moreover, although
xenogeneic peptides are generally less immunogenic
than full-length proteins, cross-species administra-
tionmay still induce immune responses, particularly
following repeated exposure. Regulatory agencies,
such as the U.S. Food and Drug Administration and
the European Medicines Agency, require the rigor-
ous evaluation of immunogenicity, safety, and long-
term effects, while challenges related to batch con-
sistency and source traceability further complicate
clinical translation 147,148. Furthermore, ambiguous
regulatory definitions distinguishing natural MSC-
DPs from synthetic peptides may complicate intel-
lectual property protection, requiring harmonized
global frameworks for widespread therapeutic appli-
cation 149.
An additional key limitation is the frequent extrap-
olation of therapeutic outcomes from whole secre-
tome or conditioned media studies directly to MSC-

derived peptides. Given the compositional complex-
ity of the secretome, the precise therapeutic con-
tribution of low-molecular-weight peptides remains
insufficiently resolved. Future studies must prior-
itize the isolation, characterization, and functional
validation of defined peptide sequences to estab-
lish clear structure–function relationships and en-
able the accurate assessment of their independent
therapeutic potential150.
Overcoming these obstacles will require the inter-
disciplinary integration of bioengineering, compu-
tational biology, and translational medicine to im-
prove the development pipeline for MSC-DPs151.
Future directions will rely on the development of
standardized platforms for peptide identification,
ensuring reproducible peptide signatures across
cellular origins, in conjunction with advanced,
bioinformatics-driven models for predicting peptide
sequences with potential biological functions152. In
this respect, the integration of synthetic biology and
peptide engineering may provide insights for de-
signing novel, ”hybrid” peptides with improved sta-
bility, targeted delivery, and precisely controlled po-
tency 153. Simultaneously, the further development
of biomaterial-based delivery formulations, includ-
ing ”intelligent” hydrogels or exosome-mimetic vesi-
cles, could provide a robust paradigm for overcom-
ing pharmacokinetic hurdles and improving in vivo
dwell time 154–156.
Ultimately, a concerted effort between bench re-
searchers, practicing clinicians, and regulatory ex-
perts is imperative to successfully translate emerg-
ing MSC-derived peptides into standardized, ap-
proved biologics with predictable safety, efficacy,
and potency across various regenerative therapies
(cf. Figure 5).

CONCLUSION
MSC-DPs are increasingly recognized as special-
ized mediators of MSC paracrine activity, offering
a more defined and potentially scalable alternative
to whole-cell therapy. Evidence from peptidomic
profiling and early functional studies suggests that
these peptides modulate several key regenerative
pathways, including immune modulation, oxida-
tive stress regulation, metabolic support, and tis-
sue remodeling. Their small size, ease of synthe-
sis, and potential for standardized formulation posi-
tion them as highly promising candidates for next-
generation, cell-free therapeutics.
Despite these advantages, research into MSC-DPs
remains in its formative stages. Current findings
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Figure 5: Translationaloutlookand futuredirections forMSC-DPtherapeutics. Theprogressionofmesenchy-
mal stem cell-derived peptides (MSC-DPs) into next-generation cell-free biologics requires a structured, interdis-
ciplinary pipeline. The process begins with foundational research and discovery utilizing high-resolution pro-
teomics and bioinformatics-driven sequence prediction. Preclinical optimizationmust address current challenges
by focusing on peptide stability engineering, comprehensive immunogenicity evaluations, and the design of ad-
vanced delivery vehicles. Advancing to clinical translation demands harmonized regulatory integration, standard-
ized purification methods, and GMP-compliant production. Ultimately, future innovations will leverage artificial
intelligence, hybrid peptide-biomaterial constructs, and personalizedmedicine to fully realize the therapeutic po-
tential of MSC-DPs.
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are largely derived from heterogeneous experimen-
tal models, diverse MSC sources, and inconsis-
tent culture or peptide-isolation protocols. These
methodological differences limit direct comparisons
across studies and generate uncertainty regarding
the reproducibility of the reported peptide func-
tions. Moreover, themechanisms linking peptide se-
quences to specific biological effects remain poorly
defined, while ongoing challenges related to peptide
stability, targeted delivery, and in vivo persistence
continue to hinder translational advancement.
In order to advance MSC-DPs toward clinical rele-
vance, future research must prioritize standardized
peptide-identification workflows, robust functional
validation, and the development of delivery systems
that enhance peptide stability and bioavailability.
The integration of high-resolution proteomics, com-
putational modeling, and biomaterial-based plat-
forms will be critical in defining consistent peptide
signatures and clarifying their mechanistic contri-
butions.
Overall, MSC-DPs represent a promising, yet
emerging, domain in regenerative medicine, re-
quiring sustained and rigorous investigation before
their therapeutic potential can be fully realized.
Crucially, the definitive clinical validation of pu-
rified MSC-derived peptides remains lacking, fur-
ther underscoring the need for rigorously designed,
peptide-specific translational studies.

ABBREVIATIONS
AMPK: AMP-activated protein kinase; BBB: Blood-
brain barrier; BMP-2: Bone morphogenetic protein-
2; COMP: Cartilage oligomeric matrix protein; ECM:
Extracellular matrix; ERK: Extracellular signal-
regulated kinase; EVs: Extracellular vesicles; FDA:
Food and Drug Administration; FGF: Fibroblast
growth factor; FGFR1: Fibroblast growth fac-
tor receptor 1; IFN-γ: Interferon gamma; IL-
10: Interleukin-10; JAK/STAT: Janus kinase/Signal
transducer and activator of transcription; MAPK:
Mitogen-activated protein kinase; MMP: Matrix
metalloproteinase; MSC: Mesenchymal stem cell;
MSC-DPs: Mesenchymal stem cell-derived pep-
tides; PDGF: Platelet-derived growth factor; PD-L1:
Programmed death-ligand 1; PI3K/Akt: Phospho-
inositide 3-kinase/Protein kinase B; RGD: Arginyl-
Glycyl-Aspartic acid; ROS: Reactive oxygen species;
RVG: Rabies virus glycoprotein; SCI: Spinal cord in-
jury; SOD: Superoxide dismutase; TGF-β: Trans-
forming growth factor beta; TIMP: Tissue inhibitor
of metalloproteinases; TNF-α: Tumor necrosis fac-
tor alpha; VEGF: Vascular endothelial growth factor;

VEGFR2: Vascular endothelial growth factor recep-
tor 2
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