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Abstract

Urine-derived stem cells (UDSCs) have emerged as a promising cell source for
regenerative medicine due to their non-invasive procurement, high proliferative capacity,
and potential relevance to kidney-specific repair. Unlike conventional mesenchymal stem
cells (MSCs) obtained from bone marrow or adipose tissue, UDSCs originate from
multiple regions of the urinary tract and exhibit a unique biological profile that combines
MSC characteristics with features of renal progenitor populations. This review provides a
comprehensive overview of the current understanding of UDSC biology, including their
isolation  strategies, morphology, characteristics,
differentiation potential, and secretory profile. Particular attention is given to the
expression of renal lineage-associated markers and pluripotency-related factors that may
contribute to their regenerative capacity. The bioactive mediators of UDSCs regulate

origin, immunophenotypic

inflammation, oxidative stress, angiogenesis, and extracellular matrix remodeling,
thereby influencing key pathways implicated in chronic kidney disease (CKD)-associated
fibrosis. Furthermore, the intrinsic renal progenitor signature of UDSCs may provide
advantages in renal homing and tissue-specific repair compared with conventional MSC
populations. Despite encouraging preclinical findings, significant challenges remain,
including cellular heterogeneity, inconsistent isolation efficiency, lack of standardized
characterization criteria, and limited clinical validation. Collectively, current evidence
positions UDSCs as a biologically distinct and therapeutically attractive platform for
kidney regeneration.

Keywords: urine-derived stem cells; chronic kidney disease; renal fibrosis; regenerative
medicine; renal progenitor cells; paracrine signaling

1. Introduction

Accumulating clinical research evidence indicates that mesenchymal stem cells
(MSCs) are generally safe and may provide therapeutic benefits in both acute and chronic
kidney diseases [1]. A Previous in vivo study reported that adipose-derived mesenchymal
stem cells (AD-MSCs) differentiated into renal tubular epithelial cells in models of acute
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kidney injury, suggesting a potential role in tubular regeneration [2]. Another in vitro
study demonstrated that MSCs differentiated into renal epithelial lineage when co-
cultured with injured renal cells [3]. The differentiation of MSCs into renal and urinary
lineages is recognized as a promising avenue for kidney repair. However, preclinical
studies demonstrating consistent and functionally integrated differentiation of MSCs into
mature renal tubular cells remain limited [3,4]. Therefore, it is increasingly proposed that
the renoprotective effects of MSCs are primarily mediated through paracrine mechanisms,
whereby secreted cytokines, growth factors, and extracellular vesicles modulate
inflammation, reduce apoptosis, and stimulate endogenous repair processes rather than
directly replacing damaged tubular cells [5].

Due to the paracrine-mediated effects of MSCs, there has been a growing interest in
UDSCs as a unique and accessible source that may possess MSC-like characteristics while
providing specific benefits for kidney-related regenerative purposes. Zhang et al. first
talked about UDSCs in 2008. They showed that human urine has a variety of cells that can
grow and change into different types of cells. In their initial characterization, three
primary cellular categories were delineated: fully differentiated cells, cells in the process
of differentiation, and progenitor-like cells [6]. Phenotypically, subsets of UDSCs were
found to express several surface markers commonly associated with MSCs, including
CD90, CD73, and CD105 [7]. The overlap in marker expression prompted subsequent
investigations into whether a fraction of these cells might exhibit MSC-like properties.
Since the initial report, multiple studies have explored the biological characteristics of
UDSCs, examining their proliferative capacity, immunophenotypic profile, and
differentiation potential [8]. One of the frequently highlighted advantages of UDSCs is
their reported propensity to differentiate toward renal lineage cells, suggesting possible
relevance in kidney-specific regenerative applications [9]. In addition, their non-invasive
mode of isolation represents a practical advantage over traditional MSC sources such as
bone marrow or adipose tissue [10].

The identification of UDSCs has generated growing interest within the field of
regenerative medicine, particularly in urology and nephrology. A preclinical study has
described regenerative potential in vitro, including lineage-specific marker expression
and endothelial, osteogenic, chondrogenic, adipogenic, skeletal myogenic and neurogenic
lineage differentiation [8]. In vivo investigations using animal models have reported
improvements in selected histological and functional parameters following UDSC
administration [11]. Preliminary clinical explorations in CKD have also been described
[12]. However, the available evidence is limited by small sample sizes, early-phase study
designs, and a lack of long-term follow-up, preventing definitive conclusions regarding
clinical efficacy and safety. Despite these encouraging observations, the overall body of
evidence remains relatively early-stage and heterogeneous in quality.

However, the regenerative claims surrounding UDSCs need to be interpreted with
caution, as most of the available evidence is derived from small studies with short follow-
up and limited mechanistic validation. A universally accepted definition of their
biological identity has not yet been established and variability in marker expression
suggests that UDSCs may constitute a heterogeneous population that remains
inadequately characterized [8]. Such methodological inconsistencies make it difficult to
compare across studies, and careful considerations need to be taken for translational
application, especially with regard to sterility, genetic stability, reproducibility and long-
term safety. In this regard, the present review discusses the biological identity of UDSCs
and the mechanistic basis of their anti-fibrotic effects in CKD. This review integrates
current preclinical and nascent clinical evidence to highlight the potential contributions
of the unique renal progenitor features and paracrine functions of UDSCs in attenuating

https://doi.org/10.3390/ijms27157038



Int. ]. Mol. Sci. 2026, 27, 7038

3 of 24

renal fibrosis and identifies the key biological and translational challenges to be addressed
before clinical translation.

2. Literature Search Strategy

This narrative review was conducted through a literature search of PubMed, Scopus,
ScienceDirect, and other relevant reference lists. Google Scholar was additionally
searched using the following keywords: “urine-derived stem cells”, “urine-derived
mesenchymal stem cells”, “chronic kidney disease”, “kidney fibrosis”, and “renal
regeneration”. Additional relevant studies were identified through manual screening of
reference lists from eligible articles. Publications were selected based on their relevance to
the biological identity, isolation, characterization, molecular mechanism, and therapeutic
applications of UDSC in CKD. No formal systematic review protocol or meta-analysis
methodology was applied.

3. Urine-Derived Stem Cells’ Procurement
3.1. Origin of UDSC

Urine is not merely a passive waste product but a dynamic and chemically complex
biofluid that reflects the body’s metabolic state. It contains a high concentration of waste
solutes, including urea, salts, and organic acids, and exhibits variable pH and osmotic
pressure [13]. The cells that line the urinary tract are always under stress because of the
changing and difficult chemical environment. This very harsh environment is what makes
it necessary for the kidney, ureters, and bladder to have a high rate of cell regeneration
and turnover [14]. Consequently, the urinary tract is populated by regional stem and
progenitor cells responsible for tissue maintenance and repair [15]. Some of these
regenerative cells are naturally shed and can be non-invasively harvested from voided
urine, where they are known as UDSCs [6].

UDSCs are not a single, homogeneous population but originate from various specific
locations along the urinary tract [8]. They can be broadly categorized based on their origin
in the upper versus the lower urinary tract. The Table 1 below breaks down these specific
origins, compiled from [6,8,9,16-29].

Table 1. Potential cellular sources of urine-derived stem cells along the urinary tract.

Anatomical
Origin

Cell Type Function Interaction with UDSC

Renal Tubular  Reabsorption and secretion of solutes

Upper urinary

Cells in the nephron tubules.

UDSCs contain CD133+*CD24+CD106-
cells that act as tubular-committed
progenitors resistant to apoptosis, and
UDSCs exhibit a strong propensity to
differentiate toward renal tubular
epithelial lineages
[8,9,18,20].

tract (renal)

Glomerular  Surround capillaries in the glomerulus;
Pericytes regulate capillary stability.

The native UDSC population exhibits
an adhesive and pericyte-like
signature, characterized by the
expression of NG2 (CSPG4) and E-
cadherin (CDH1), allowing them to
mimic pericyte support functions [24-
27].
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UDSC-derived extracellular vesicles
deliver regulatory molecules that
directly reprogram resident interstitial
fibroblasts and suppress pro-fibrotic
pathways (e.g., TGF-p), preventing
them from becoming myofibroblasts
[21-23,29].

Renal Interstitial Provide structural framework; mediate
Cells inflammation/fibrosis responses.

UDSCs endogenously secrete VEGF to
promote capillary formation, and
under induction, they express mature
endothelial markers (vVWF, eNOS,
VEGEFR-2) to actively participate in
neovascularization
[16,17,19,28].

Vascular Line blood vessels; regulate
Endothelial Cells angiogenesis and vascular tone.

Lower urinary
tract

UDSCs are primarily shed or isolated
Line the internal surface of the ureter,  from this layer. While they originate
urinary bladder, and urethra; provide  here, UDSCs retain a primitive stem
barrier function. cell state rather than terminal
urothelial differentiation [6,8].

Epithelial
(Urothelial) Cells

The specific original source of a UDSC (e.g., whether it came from the renal tubule or
the bladder urothelium) significantly influences its behavior in the laboratory. Their origin
affects cellular morphology in vitro, optimal culture requirements, phenotypic
characteristics (including surface markers), and differentiation potential [8,30]. Rather
than representing a single cell type, UDSCs comprise a heterogeneous population of stem
and progenitor cells originating from various regions of the urinary tract, ranging from
the glomerulus to the bladder epithelium, all identified by their presence in urine [31].

3.2. Isolation and Culture of UDSCs

The isolation of UDSCs exploits their intrinsic ability to adhere to plastic culture
surfaces and their robust proliferative capacity, which distinguishes them from terminally
differentiated cells also present in urine [6]. This method is non-invasive, cost-effective,
and reproducible, and generally involves centrifugation, washing, and subsequent culture
in specialized media [17]. Following these steps, the cell pellet is resuspended in culture
medium and plated [32]. Although the initial yield is relatively low, approximately 2-7
stem cells per 100 mL of urine, these cells demonstrate high clonogenic potential [6]. Initial
colonies typically appear within 5-9 days, and the cells exhibit a doubling time of around
45 h, allowing expansion of a single clone to approximately 1.0 x 108 cells within 6-7 weeks
[6,33]. UDSCs also maintain a normal karyotype after multiple passages and express
telomerase activity [6,34]. Telomerase is an enzyme that adds telomeric repeats to
chromosome ends, counteracting telomere shortening during cell division and thus
preventing replicative senescence. Telomerase activity is an important functional marker
of self-renewal; it maintains chromosomal integrity and allows UDSCs to proliferate
extensively over many passages without genomic instability, supporting their capacity for
long-term expansion and differentiation [34]. Therefore, a single non-invasive urine
sample can provide a sufficient number of stem cells for potential therapeutic applications
without the need for surgical procedures.

However, isolating UDSCs from patients with CKD presents additional biological
hurdles that can compromise consistency and therapeutic utility. Nephron loss and
tubular atrophy reduce the number of progenitor-like cells shed into urine [35], while the
uremic, inflammatory environment impairs cell viability, lowers proliferation rates,
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elevates reactive oxygen species and senescence markers, and compromises
differentiation capacity—particularly in older or diabetic patients, making autologous
therapy challenging [36,37]. The inherent yield of urinary stem cells is already low
(success rates ranging from 10 to 73%, with only a few progenitor cells per 100 mL) [32].
In the context of CKD, this efficiency is drastically reduced. For instance, isolation success
rates in patients with diabetic nephropathy drop significantly to 47.4%, compared to 86.7%
in healthy individuals [37]. Moreover, CKD urine samples often contain proteinuria,
hematuria, or bacterial contamination [38], which increase the risk of culture
contamination and affect experimental conditions. Finally, the isolated cell population is
still heterogeneous, with differentiated cells, apoptotic cells, and few progenitor cells,
which raises problems for enrichment and data interpretation [32]. These challenges
highlight the need for optimized, CKD-tailored isolation protocols to harness the full
therapeutic potential of UDSCs in renal disease.

4. Biological Identity of UDSCs

Despite these biological and logistical hurdles, successful isolation and expansion of
UDSCs yield a cell population with a distinctive and reproducible biological identity.
Once established in culture, these cells can be characterized by three fundamental pillars:
their characteristic morphology, their surface marker profile, and their secreted metabolite
byproducts. Understanding these features is essential not only for confirming successful
isolation but also for predicting therapeutic behavior. The following sections therefore
describe the morphological phenotypes of UDSCs, the expression of key surface markers
that define their stemness and lineage potential, and the bioactive secretome that
underpins their paracrine and anti-fibrotic functions (Figure 1).

i) Phenotypic markers
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Figure 1. Biological characteristics of UDSCs. UDSCs are obtained through non-invasive urine
collection and exhibit heterogeneous morphological phenotypes, including spindle-shaped,
fibroblast-like, cobblestone/polyhedral, and large rounded aggregate-forming cells. Their
immunophenotypic profile combines canonical MSC markers (CD73, CD90, CD105, and CD44) with
renal progenitor markers (CD24, CD133, CD106, and CD224), while expressing selected
pluripotency-associated markers (OCT4, SOX2, NANOG, SSEA-4, and TRA-1-60/81) and lacking
hematopoietic markers (CD34, CD45, and HLA-DR). Functionally, UDSCs exert regenerative effects
primarily through their secretome, including growth factors (vascular endothelial growth factor
(VEGE), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), and platelet-derived
growth factor (PDGF)), immunomodulatory mediators (Interleukin-4 (IL-4), interleukin-8 (IL-8),
monocyte chemoattractant protein-1 (MCP-1), granulocyte-macrophage colony-stimulating factor

(GM-CSF), and prostaglandin E2 (PGE2)), and extracellular vesicles carrying bioactive cargo such
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as miR-146a-5p, miR-216a-5p, and Klotho. Biological characteristics of UDSCs. Created in
BioRender (https://BioRender.com/wvwtwuj, (accessed on 25 July 2026)).

4.1. Morphology

The initial step in harnessing the therapeutic potential of any stem cell population
lies in its accurate identification and characterization. Before delving into complex
genotypic or proteomic profiles, the first and most immediate clue to a cell’s identity is its
morphology. The shape, size, and adherence patterns of cells in culture serve as a
fundamental phenotypic marker, providing the initial evidence that a putative stem cell
population has been successfully isolated [39]. For UDSCs, these visual characteristics are
not merely descriptive; they are intrinsically linked to the cells” biological state, stage of
culture, and differentiation capacity [33]. Upon primary culture, UDSCs exhibit a distinct
and characteristic morphological profile. They do not present as a single, uniform
population but rather as a heterogeneous culture displaying specific, reproducible shapes.
According to Culenova et al. [33] and Zhang et al. [6], freshly isolated UDSCs typically
appear as small, adherent cells with a classic rice-grain or spindle-shaped morphology.
As the culture expands, colonies often evolve, showing a mix of elongated, fibroblast-like
cells and, in some instances, polyhedral or cobblestone-shaped cells indicative of
epithelial lineage commitment [40]. In addition, certain populations develop as large,
round cells that cluster together into dome-shaped colonies or spheroid-like aggregates, a
feature linked to progenitor or undifferentiated stem cell states [41]. These aggregates,
sometimes forming embryoid body-like structures, are considered early markers of
clonogenic potential and highlight the strong regenerative capacity of UDSCs. This
morphological dynamism is a key identifier, distinguishing UDSCs from other
mesenchymal stem cell types and providing a real-time window into their health and
differentiation potential.

4.1.1. Rice Grain/Spindle-Shaped Morphology

UDSCs that look like rice grains or spindles are long and have tapered ends. This is
a common shape in UDSC cultures [42] and is a sign of MSC-like populations. This
morphology indicates mesenchymal identity, associated with differentiation into
osteogenic, chondrogenic, myogenic, and adipogenic lineages [33]. Spindle-shaped
UDSCs show robust proliferation, with colony doubling times of ~45-50 h, underscoring
strong expansion potential [9]. This rapid growth and multipotency make them valuable
for regenerative medicine where scalability and differentiation versatility are essential.

4.1.2. Fibroblast-like Cells

UDSC often appear fibroblast-like: flat, elongated cells with a central oval nucleus
and cytoplasmic extensions [43]. This morphology is common among cultured MSCs,
reflecting adaptability and ease of expansion [39]. Similar to connective tissue fibroblasts,
these cells produce extracellular matrix (ECM) components that contribute to structural
support and tissue repair [42], highlighting their relevance in wound healing and tissue
engineering applications [17]. Although sometimes grouped within the spindle-shaped
category, fibroblast-like UDSCs tend to exhibit greater ECM production and stronger
stromal support functions compared to typical spindle-shaped cells [33]. Despite these
distinctions, they maintain multipotent capabilities, emphasizing their functional
versatility in regenerative medicine [44].

4.1.3. Polyhedral or Cobblestone-Shaped Cells

UDSCs may also exhibit an angular or polygonal morphology, forming flat cells that
grow in tightly packed monolayers [33]. These cells often organize into a characteristic
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“cobblestone” pattern, which is typically associated with epithelial cell organization [45].
This phenotype is thought to originate from urothelial lining cells or renal tubular
epithelial cells, giving them barrier-forming properties that are advantageous for
applications such as urothelial tissue engineering and bladder reconstruction [17]. Despite
their epithelial-like morphology, these cells continue to express MSC-associated surface
markers, indicating that they retain stemness and multipotent potential. This combination
of epithelial features and stem cell characteristics underscores their functional versatility
in regenerative medicine [33].

4.1.4. Large, Round with Cell Aggregation

Large, rounded UDSCs tend to aggregate into colonies or spheroid-like clusters,
often forming dome-shaped structures or embryoid body-like formations [33]. The
presence of dome structures is associated with highly active stem cells exhibiting strong
regenerative potential, while embryoid body formation reflects early developmental
processes and supports their stemness and differentiation ability [45]. Such aggregation is
commonly observed in progenitor or undifferentiated stem cells, which display high
proliferative capacity prior to spreading [46,47]. These colonies typically emerge within
3-9 days after plating and serve as indicators of clonogenic potential [33]. Therefore,
rounded and aggregated UDSCs represent a reservoir of undifferentiated cells with strong
expansion capacity and developmental plasticity, making them valuable for regenerative
and developmental research.

As summarized in Table 2, the distinct morphological subpopulations of UDSCs
directly reflect underlying differences in their molecular identities. The following section
details the specific biomarker and phenotypic profiles that define these various UDSC
subsets.

Table 2. Morphological and phenotypic characteristics of distinct UDSC subpopulations in culture.

UDSC Population

Morphological Profile Phenotypic Profile Functional Significance

Indicates strong
mesenchymal identity.

) Shows robust proliferation
Long cells with tapered

i ) i i . MSC Markers: CD73, (~45-50 h doubling time)
Rice grain/Spindle-shaped ends; classic MSC-like ) .
CD90, CD105. [8,48,49] and high capacity for
appearance. ; .
osteogenic, chondrogenic,
and adipogenic
differentiation [8,33].
High production of
extracellular matrix (ECM)
Flat, elongated cells MSC Markers + Stromal components. Provides
) ) featuring a central oval Markers: CD73, CD90, strong stromal support,
Fibroblast-like o . . ) .
nucleus and distinct CD105, Vimentin (VIM) making them highly
cytoplasmic extensions. [48,50]. valuable for wound

healing and tissue

engineering [17,33,42].
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Polyhedral/Cobblestone-
shaped

Angular or polygonal flat
cells that grow in tightly

packed monolayers.

MSC + Epithelial Markers:
Cytokeratin 7, Cytokeratin
19, Uroplakin Ia,
CD73/CD90/CD105
[8,33,42].

Originates from
urothelial/tubular cells.
Provides barrier-forming
properties essential for
urothelial tissue
engineering and bladder

reconstruction [17,33].

Large, Round with
Aggregation

Large, rounded cells that
cluster into dome-shaped
colonies or embryoid

body-like spheroids.

Pluripotency/Progenitor
Markers: SSEA-4, TRA-1-
60, TRA-1-81, OCT4,
NANOG [48,51,52].

Represents a reservoir of
undifferentiated cells.
Indicates high clonogenic
potential, strong

regenerative capacity, and

developmental plasticity
[33,45,46].

4.2. Biomarkers of UDSCs

UDSCs exhibit a range of MSC-associated surface markers, including CD73, CD90,
CD29, CD44, CD146, CD105, CD166, CD54, STRO-1, VIM and CD117 [48,50]. Critically,
UDSCs consistently display the three canonical antigens-CD73, CD90, and CD105-that,
as established by the International Society for Cellular Therapy (ISCT), constitute the
‘minimal phenotypic fingerprint’ required to define cultured MSCs [49]. In addition to
MSC-associated markers, UDSCs also express renal progenitor surface markers such as
CD24, CD133 (Prominin-1), CD106, and CD224 [8]. These markers are critical for
nephrogenesis during fetal kidney development and remain detectable in adult renal
progenitor populations localized within proximal tubules (CD24*CD133*CD1067) and
Bowman’s capsule (CD24*CD133*CD106) [18,53,54]. The latter subset demonstrates the
capacity to differentiate into diverse renal cell types, including podocytes and tubular
epithelial cells. UDSCs also have surface markers that can help to identify their
pluripotency, such as tumor rejection antigen-1-60 (TRA-1-60), tumor rejection antigen-1-
81 (TRA-1-81), and stage-specific embryonic antigen-4 (SSEA-4). TRA-1-60 and TRA-1-81
represent glycosylated epitopes associated with podocalyxin and are widely recognized
as reliable indicators of undifferentiated human embryonic stem cells. Similarly, SSEA-4,
a glycosphingolipid expressed on the cell membrane, is routinely employed to distinguish
pluripotent stem cells from differentiated progeny. UDSCs express CD140b, CD13, and
CD146 [8,55,56], endothelial/vascular-associated markers, although CD140b’s expression
is not that stable-can be negative or positive depending on the study [8,19,57]. Moreover,
UDSCs were negative for the expression of CD34, CD45, CD31, HLA-DR, CD19, CD14,
and CD11b [8,51,56]. The absence of CD34 and CD45 further delineates their MSC
phenotype in accordance with ISCT standards [6-8]. Consequently, the presence of these
renal lineage-associated markers in UDSCs suggests a stronger predisposition toward
renal differentiation compared to conventional MSCs, potentially enhancing their utility
in kidney regeneration strategies [18,53,54].

UDSCs express a range of pluripotency-associated markers, including SRY-box
transcription factor 2 (SOX2), octamer-binding transcription factor 4 (OCT4), and
NANOG, alongside the transcription factors Kruppel-like factor 4 (KLF4) and MYC proto-
oncogene (c-MYC) [8,51]. Notably, while KLF4 and c-MYC are widely recognized for their
roles in cellular reprogramming [52], they exhibit complex, context-dependent roles in
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tumorigenesis; c-MYC is a well-established oncogene, while KLF4 can function as either a
tumor suppressor or an oncogene depending on the cellular environment [58]. While
pluripotency-associated markers such as OCT4, SOX2, and NANOG define embryonic
stem cells and iPSCs [52], their expression in UDSCs is limited and context-dependent [51].
Native UDSCs exhibit a baseline MSC-like phenotype while containing a renal progenitor
subpopulation that expresses a limited set of pluripotency-associated markers, with
partial or inducible expression of pluripotency factors reported under specific culture or
reprogramming conditions [59]. Compared to conventional MSCs, UDSCs exhibit a more
robust pluripotent molecular signature, characterized by the expression of core
pluripotency transcription factors and embryonic stem cell markers [51,60]. This
highlights UDSCs as a flexible cell source that bridges somatic progenitor identity with
potential reprogramming capacity.

UDSCs display a comprehensive panel of renal lineage-specific markers that
collectively reflect their nephron progenitor origin and differentiated functional
capabilities. Core transcriptional regulators such as SIX Homebox 2 (SIX2), CBP/P300-
Interacting Transactivator with Glu/Asp-Rich C-Terminal Domain 1 (CITED1), Wils
tumor 1 (WT1) [61-64], paired box gene 2 (PAX2) [65], and paired box gene 8 (PAXS8) [64]
are central to nephron progenitor identity, maintaining the cap mesenchyme during fetal
kidney development and guiding lineage specification toward podocytes and tubular
epithelia. Structural and lineage markers including Uroplakin Ia, cytokeratin 7, and
cytokeratin 19 further delineate epithelial differentiation, reflecting the urothelial and
tubular components of renal tissue [6,33]. Functional proteins such as aquaporins (AQP1,
AQP2), uromodulin (UMOD), and the sodium-potassium-chloride cotransporter
SLC12A1 define specialized transport properties of proximal and distal nephron segments,
while the mineralocorticoid receptor NR3C2 underscores hormonal regulation of
electrolyte balance [8,42]. Podocyte-specific markers such as nephrin (NPHS1) reinforce
the glomerular lineage commitment of UDSCs, linking them to the filtration barrier
architecture [42,54]. This composite framework suggests that UDSCs are not merely
multipotent but exhibit a predisposition toward renal differentiation, thereby enhancing
their relevance for kidney regeneration and disease modeling compared to conventional
MSCs.

UDSCs express a panel that underscores their angiogenic potential. The native UDSC
population exhibits an adhesive and pericyte-like signature, characterized by the
expression of NG2 (CSPG4) [24,25] and E-cadherin (CDH1) [26,27]. The functional
endothelial differentiation capacity of UDSCs has been rigorously demonstrated through
the upregulation of several definitive vascular markers. Following induction with
endothelial growth medium, UDSCs acquire a mature endothelial phenotype, marked by
the induction of von Willebrand Factor (vWF), an essential glycoprotein mediating
platelet adhesion and hemostasis, and endothelial Nitric Oxide Synthase (eNOS), a key
enzyme responsible for nitric oxide production, which is critical for vasodilation and
vascular homeostasis [17,19]. Furthermore, the expression of vascular endothelial growth
factor (VEGF) receptors, namely Kinase Insert Domain Receptor (KDR/VEGFR-2) and
Fms-like Tyrosine Kinase-1 (FLT-1/VEGFR-1), is significantly upregulated upon
differentiation, enabling UDSCs to respond to angiogenic cues and participate in
neovascularization [17]. The coordinated expression of these receptors and functional
enzymes not only confirms endothelial lineage commitment but also equips UDSCs with
the machinery to contribute to both large-vessel architecture and microvascular networks.

4.3. Metabolite Product of UDSC

UDSCs have a strong paracrine functionality, secreting important growth factors
such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF),
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fibroblast growth factor (FGF) and hepatocyte growth factor (HGF). VEGF is a master
regulator of angiogenesis. It is also secreted endogenously by UDSCs. Under hypoxic
conditions, VEGF can be amplified to promote capillary formation and cell survival [28,66].
PDGEF, particularly the BB isoform, exerts direct effects on UDSC fate by actively
promoting their neuronal differentiation [45]. FGF signaling plays a multifaceted role;
FGF-1 is present in the UDSC secretome [67], while FGF2 (bFGF) has been identified as
essential for maintaining the self-renewal of SIX2* renal progenitor subsets via the TGFf3-
SMAD2/3 pathway [59]. HGF, a potent stimulator of proliferation and tissue protection,
is constitutively secreted by UDSCs and has been shown to enhance their secretion of
small extracellular vesicles (sEVs), which are critical mediators of intercellular
communication [59,68]. Consequently, this coordinated growth factor profile establishes
UDSCs as potent paracrine effectors, enabling them to orchestrate angiogenesis, direct
lineage specification, and modulate the local microenvironment.

Beyond soluble growth factors, a fundamental mechanism of stem cell paracrine
signaling relies on extracellular vesicles (EVs), particularly exosomes. Before detailing the
specific vesicular cargo of UDSCs, it is essential to contextualize their fundamental
biology. Exosomes are nano-sized vesicles (30-150 nm in diameter) actively secreted by
cells. Unlike passive cellular debris, they are formed via the endosomal pathway and
deliberately loaded with a selective cargo of lipids, proteins, and nucleic acids—most
notably microRNAs (miRNAs). Functionally, exosomes serve as highly stable intercellular
messengers that protect their molecular payload from enzymatic degradation in biological
fluids. In regenerative medicine, they offer distinct theoretical advantages over whole-cell
transplantation: they cannot undergo uncontrolled proliferation (eliminating
tumorigenicity risks), they lack MHC class II surface molecules (minimizing
immunogenicity), and their small size allows them to cross biological barriers to deliver
bioactive cargo directly to injured resident cells [69,70].

UDSCs leverage these EVs alongside soluble factors to exert profound
immunomodulatory effects, which are critical for resolving the chronic inflammation that
drives CKD fibrosis. This immunomodulatory capacity is dynamic and significantly
amplified when UDSCs are “licensed” by an inflammatory microenvironment. Upon
exposure to activated peripheral blood mononuclear cells (PBMNCs) or pro-inflammatory
cytokines, UDSCs upregulate key immunoregulatory mediators, including IL-8, MCP-1,
GM-CSF, CCL5 (RANTES), and CXCL1 (GROa) [17,33,71]. At the molecular level, UDSCs
mediate immune crosstalk through distinct, targeted mechanisms. First, they drive
lymphocyte suppression: through the secretion of CCL5 and GM-CSF, UDSCs induce cell-
cycle arrest in activated T-lymphocytes, preventing their proliferation without triggering
apoptosis, while concurrently downregulating pathogenic Th1 and Th17 effector cells [72].
Second, they orchestrate macrophage polarization; the secretion of interleukin-4 (IL-4)
and prostaglandin E2 (PGE2) acts synergistically on resident macrophages. PGE2 binds
to EP2 and EP4 G-protein coupled receptors on macrophages, triggering intracellular
cyclic AMP (cAMP) signaling that shifts macrophages from a pro-inflammatory M1 state
to an anti-inflammatory, pro-reparative M2 state. This M2 polarization is crucial for
degrading excess fibrotic ECM [73]. Furthermore, TGF-f3 plays a context-dependent role
in this network; beyond its well-known pro-fibrotic functions, it is a critical component of
the FGF2-driven pathway that maintains the self-renewal of SIX2* renal progenitor
subsets within UDSCs [59].

Building upon this immunological foundation, UDSC-derived EVs possess a highly
specialized cargo tailored for renal repair. While they share the structural lipid bilayer
(rich in cholesterol, sphingomyelin, and phosphatidylserine) of typical exosomes, UDSC-
EVs are uniquely enriched in specific miRNAs, proteins, and the anti-aging factor Klotho
[29,74]. Among the most well-characterized miRNA cargo are miR-216a-5p and miR-146a-
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5p. miR-216a-5p targets phosphatase and tensin homolog (PTEN) to suppress tubular cell
apoptosis via the Akt pathway, while miR-146a-5p downregulates Interleukin-1 receptor-
associated kinase 1 (IRAK1) to inhibit NF-iB-driven inflammation, collectively mitigating
ischemia/reperfusion injury [75,76]. Additionally, UDSC-derived exosomes specifically target
and neutralize IL-13-mediated pathways, rescuing local renal tissues from degeneration [77].
Notably, the delivery of Klotho—a potent anti-fibrotic protein whose decline drives CKD
progression—directly restores endogenous Klotho loss in injured kidneys, enhances tubular
cell proliferation, and reinforces local anti-fibrotic signaling [74].

In addition to their vesicular and cytokine secretomes, UDSCs mediate robust
paracrine effects through lipid mediators, most notably PGE2 [78]. Beyond its mechanistic
role in M2 macrophage polarization detailed above, PGE2 serves as a critical systemic
effector molecule, orchestrating the overall downregulation of Th1/Th17 immune
responses in a PGE2-dependent manner to reduce renal inflammation [79]. Crucially,
PGE2 also exerts direct renoprotective effects by activating endogenous regenerative
programs. Studies have demonstrated that PGE2 can activate Sox9* renal progenitor cells
via the Yap signaling pathway, promoting their differentiation into proximal tubular
epithelial cells while actively suppressing fibrosis, thereby significantly improving kidney
function following injury [80]. Consequently, this multifaceted paracrine profile—
encompassing growth factors, targeted molecular immunomodulation, specialized EV
cargo, and lipid mediators—positions UDSCs as uniquely equipped to reshape the fibrotic
microenvironment of the diseased kidney.

5. Mechanistic Basis of UDSC-Mediated Fibrolysis in CKD

Chronic kidney disease (CKD) leads to fibrosis or sclerosis through a complex, self-
sustaining pathomechanism initiated by persistent injury of renal parenchymal cells,
including podocytes, tubular epithelial cells, and mesangial cells [81]. These injured cells
release pro-inflammatory cytokines and chemokines, including MCP-1, TNF-a, and IL-6,
which recruit monocytes, macrophages, and other immune cells into the kidney,
amplifying local inflammation [82]. The inflammatory milieu activates pro-fibrotic
signaling pathways, with TGF-$ as the central mediator: it induces epithelial-to-
mesenchymal transition (EMT) in tubular epithelial cells and podocytes, converting them
into myofibroblasts that secrete ECM proteins such as collagen I, collagen III, and
fibronectin [82-84]. Additional pathways, including angiotensin II from the renin-
angiotensin system, connective tissue growth factor (CTGF), Wnt/B-catenin, and Notch
signaling, reinforce fibroblast activation and ECM deposition [82,85,86]. Resident
fibroblasts, pericytes, and circulating fibrocytes also differentiate into myofibroblasts,
further expanding the population of matrix-producing cells [82,87]. As ECM accumulates,
capillary rarefaction occurs, reducing microvascular density and oxygen delivery, which
leads to hypoxia. Hypoxia itself stimulates HIF-1a and other signaling cascades that
exacerbate apoptosis, inflammation, and fibrogenesis. Structurally, the kidney becomes
progressively stiffened, with glomerulosclerosis and tubulointerstitial fibrosis disrupting
nephron architecture, impairing filtration, and worsening proteinuria [88]. Proteinuria
adds another layer of injury by stressing tubular epithelial cells and perpetuating
inflammatory and fibrotic signaling [89]. Over time, this maladaptive repair process
replaces functional renal parenchyma with scar tissue, leading to irreversible decline in
glomerular filtration rate (GFR).

In CKD, glomerulosclerosis and tubulointerstitial fibrosis represent two distinct
pathological processes, and each produces characteristic clinical manifestations [90].
Glomerulosclerosis primarily affects the glomeruli, the kidney’s filtration units, leading
to impaired barrier function [90,91]. Clinically, this manifests as proteinuria (often
nephrotic-range), hematuria, and progressive decline in GFR. Patients may develop
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edema, hypoalbuminemia, and hyperlipidemia as secondary consequences of protein
loss, along with hypertension due to glomerular injury and maladaptive activation of the
renin-angiotensin system [91,92]. By contrast, tubulointerstitial fibrosis involves scarring
of the renal interstitium and tubular structures, producing symptoms more related to
impaired tubular function [90]. This includes defective urine concentration (leading to
polyuria and nocturia), electrolyte disturbances such as metabolic acidosis, sodium
wasting, or potassium imbalance, and reduced responsiveness to hormones like
erythropoietin, contributing to anemia of CKD. As fibrosis progresses, patients experience
fatigue, bone mineral disorders, and uremic symptoms due to declining overall renal
clearance [93].

Fibrosis is central to CKD progression and therapeutic strategies are increasingly
directed at targeting fibrolysis, the breakdown or reversal of fibrotic tissue, to restore
homeostasis. In this respect, UDSCs are considered promising candidates since their
biological identities, such as differentiation potential, paracrine signaling, secretome
composition, and immunomodulatory capacity, directly intersect with the mechanisms
governing fibroblast activity, extracellular matrix turnover and inflammatory resolution
(Figure 2).

Proposed Mechanisms by Which UDSCs Attenuate CKD-Associated Fibrosis

ol initryi Inflammator Fibroblast activation and Tubular and vascular Progression to CKD
@ nitial injury in CKD @ "ammatory ECM accumulation 4] damage (] fibrosis
7
Chronic Macrophages Myofibroblast Damage nephron
Kidney injury g ¢ i
¢ i 6 | TNFa i l
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Figure 2. Proposed mechanisms by which UDSCs attenuate CKD-associated fibrosis. Persistent
renal injury initiates inflammatory activation characterized by macrophage infiltration and
increased production of pro-inflammatory cytokines, including TNF-a and IL-6, leading to TGF-f3-
mediated pro-fibrotic signaling. Sustained inflammation promotes myofibroblast activation and
ECM deposition, resulting in tubular injury, renal hypoperfusion, progressive nephron damage,
and ultimately CKD-associated fibrosis with declining renal function. UDSCs exert renoprotective
effects primarily through paracrine signaling and EV-mediated mechanisms. Their secretome
contains growth factors, PGE2, Klotho, and regulatory microRNAs that collectively modulate
immune responses, suppress myofibroblast activation, inhibit ECM accumulation, promote
angiogenesis, improve renal perfusion and oxygenation, enhance tubular cell survival and
proliferation, and facilitate tissue repair. Collectively, these mechanisms contribute to attenuation
of renal fibrosis and preservation of kidney structure and function. Created in BioRender
(https://BioRender.com/4bc4757, (accessed on 25 July 2026)).

UDSCs exhibit significant differentiation potential, capable of generating various
mesodermal lineages, including osteogenic, chondrogenic, and myogenic cells [10,94,95].
This highlights their importance in tissue repair and regenerative applications. This
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multipotency constitutes a fundamental aspect of their therapeutic potential; however,
their anti-fibrotic effects are primarily facilitated through paracrine and secretory
mechanisms rather than direct lineage replacement [96-98]. Beyond differentiation,
UDSCs exhibit key biological characteristics that enhance their utility: they possess high
proliferative capacity and clonogenicity, ensuring a sustained therapeutic presence
[94,95]; they maintain genomic stability and adaptability, allowing long-term culture and safe
application [95]; and they exert immunomodulatory effects by secreting cytokines and growth
factors that dampen inflammation and regulate immune cell activity [10,72,95].

Effective renal homing is a prerequisite for stem cell therapy in CKD. The CD44-
hyaluronic acid (HA) axis is the principal recruitment mechanism: injury upregulates HA
in the kidney, creating a chemotactic gradient. CD44 binds HA, guiding cell migration.
This is confirmed by anti-CD44 antibody blockade and by CD44 knockout MSCs failing
to home or promote recovery, effects restored by wild-type CD44 but not a HA-binding
mutant [99]. Both UDSCs and bone marrow stem cells (BMSCs) express CD44, UDSCs display
consistently higher levels (often >99.5% positivity) [17,100], and BMSCs show variable or
declining expression with passage [101]. This quantitative advantage translates into more
robust homing to HA-rich renal injury sites. Additionally, NK cells exhibit lower cytotoxicity
against UDSCs than BMSCs, conferring a survival advantage [17,72].

The most distinctive advantage of UDSCs is their intrinsic renal progenitor identity.
Unlike BMSCs from non-renal tissues, UDSCs naturally originate from the kidney and
retain a renal-specific transcriptional and surface-marker profile. Transcriptional profiling
reveals nephrogenesis-associated factors (SIX2, CITED1, WT1, PAX2, PAXS), with SIX2
indicating epigenetic priming toward renal fate, a property MSCs lack [8,59]. Beyond
transcription factors, UDSCs express surface markers CD24, CD133, CD106, and CD224
that are absent or negligible in MSCs. CD133*CD24*CD106* cells differentiate into
podocytes and tubular epithelia; CD133*CD24*CD106 cells are tubular-committed
progenitors resistant to apoptosis [8,18,20]. This compartmentalization is unique to renal
progenitors. CD224 (GGT1) is a glutathione-metabolizing enzyme that neutralizes
oxidative stress, a major fibrosis driver [8,83], providing intrinsic cytoprotection that
MSCs lack. Consequently, UDSCs selectively localize to proximal tubules (CD1067) or
Bowman’s capsule (CD106*), addressing both tubulointerstitial fibrosis and
glomerulosclerosis with anatomical precision.

The renal-lineage specificity of UDSCs translates directly into enhanced anti-fibrotic
activity in CKD. UDSCs exert significant anti-fibrotic activity through their secretome and
metabolite byproducts, which collectively reshape the microenvironment of the diseased
kidney [96]. UDSCs secrete growth factors (VEGF, HGF, FGF, and PDGE),
cytokines/chemokines (IL-6, IL-8, MCP-1, and TGF-f), extracellular vesicles (carrying
anti-fibrotic miRNAs, proteins, and Klotho mRNA), and PGE:. Growth factors counteract
hypoxia, stimulate angiogenesis, and promote tissue remodeling, thereby suppressing the
central pro-fibrotic driver TGF-{3 [102-106]. Cytokines and chemokines fine-tune immune
responses, balancing leukocyte recruitment and inflammatory signaling to prevent
excessive fibroblast activation [33,107-111]. Extracellular vesicles from UDSCs are
particularly potent, delivering regulatory molecules that reprogram fibroblasts, suppress
pro-fibrotic pathways, enhance ECM degradation and reinforce local Klotho protein
expression in renal tubular cells [21-23,29,112,113]. Klotho is a potent anti-fibrotic factor
whose decline drives CKD progression. Combining strong endogenous Klotho expression
with renal progenitor markers gives UDSCs a synergistic advantage over MSCs,
overcoming poor homing, inconsistent efficacy, and lack of kidney-specific bioactivity.
Finally, UDSCs require no artificial differentiation protocols; they are epigenetically
aligned with the kidney, unlike MSCs that need preconditioning or engineering. This
intrinsic readiness yields more reliable anti-fibrotic outcomes in CKD models.
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To fully appreciate the therapeutic utility of UDSCs in CKD, it is important to
compare their biological identity with conventional stromal cell sources. Table 3 provides
a comprehensive comparison of UDSCs against BM-MSCs and AD-MSCs, highlighting
the intrinsic renal progenitor features and Klotho-rich secretome that give UDSCs a
distinct mechanistic advantage in treating renal fibrosis.

Table 3. Comparative analysis of UDSCs, BM-MSCs, and AD-MSCs in the context of biological
properties and anti-fibrotic therapeutic potential in CKD.

Feature/Parameter UDSCs BM-MSCs AD-MSCs
Voided urine (Non-
invasive); cost-effective. Bone marrow aspirate Liposuction (minimally
Source Low initial yield but high  (highly invasive); painful;  invasive); high initial yield
clonogenic potential moderate yield [114]. [114].
[3,21,22]

Rapid doubling time (~45-

Slower proliferation rate; Faster proliferation than
50 h). Expresses telomerase

tendency for senescence  BM-MSCs; good expansion

) ) ) activity, allowing long- )
Proliferative Capacity . ) and reduced capacity, but lower
term expansion without . L . o
ifferentiation potential a elomerase activi an

different potential at tel tivity th

genomic instability
later passages [114,115]. UDSCs [114,115].

[3,5,23,24].

Positive for CD73, CD90,
CD105, CD44. Negative for

Positive for CD73, CD90, Positive for CD73, CD90,

Core MSC Markers (ISCT) CD105. Negative for CD34, CD105. Negative for CD34,
CD34, CD45, HLA-DR [3-
CD45 [49]. CD45 [49].
5,39].
Expresses CD24, CD133,
CD106, CD224. Expresses
nephrogenesis Absent. Do not express Absent. Do not express
transcription factors (SIX2,  renal progenitor markers  renal progenitor markers
Renal Progenitor Markers CITED1, WT1, PAX2, or SIX2. Lack of intrinsic or SIX2. Lack of intrinsic
PAXS) indicating kidney-specific identity kidney-specific identity
epigenetic priming for [54]. [2].
renal fate [5,40—42,48,52—
57].
More robust signature .
. Generally negative for .
than conventional MSCs. ) . Generally negative for
) ) embryonic/pluripotency ) .
Pluripotency Profile Expresses OCT4, SOX2, embryonic/pluripotency

markers (SSEA-4, TRA-1-
NANOG, SSEA-4, TRA-1- markers [49].

60/81) [49].
60, TRA-1-81 [5,47,51].

Renal Homing (CD44-HA Extremely high CD44 Expresses CD44, but levels Expresses CD44, but

axis) expression (>99.5%). are variable and decline homing efficiency to renal
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Lower NK cell cytotoxicity
confers a survival
advantage at the injury site
[21,68,100,101].

with passage, resulting in
weaker homing to injured
kidney [101,116].

tissue is moderate and
inferior to UDSCs [117].

Key Anti-Fibrotic

Paracrine Mechanism

Kidney-Specific: Secretes
PGE2 to activate
endogenous Sox9* renal
progenitors via the Yap
pathway. Epigenetically
aligned; requires no
artificial preconditioning
[48,79,96-98].

General: Relies on generic
paracrine secretion (VEGF
and HGF). Often requires
artificial “preconditioning”
(hypoxia, gene editing) to
enhance renal efficacy
[118].

General: Relies on generic
paracrine secretion. Like
BM-MSCs, it lacks specific
pathways to activate
intrinsic renal progenitors
[118].

Extracellular Vesicle (EV)
Cargo

EVs carry high levels of
Klotho (anti-aging/anti-
fibrotic), miR-216a-5p
(targets PTEN/Akt), and
miR-146a-5p (targets
IRAK1/NF-«B) [69,70,73-
75]

EVs carry various miRNAs
but lack intrinsic Klotho

expression [119].

EVs carry pro-angiogenic
miRNAs but lack intrinsic
Klotho expression [120].

Anatomical Precision in
CKD

High precision: CD106~
subsets target proximal
tubules (tubulointerstitial
fibrosis); CD106* subsets

target Bowman’s capsule

Low precision: General
homing to inflamed areas
without specific targeting

to distinct nephron

compartments.

Low precision: General
homing to inflamed areas
without specific targeting

to distinct nephron

compartments.

(glomerulosclerosis) [8,20]

6. Translational Bottleneck, Controversies, and the “CKD Paradox”

While the preclinical promise of UDSCs is undeniable, a critical evaluation of the
literature reveals significant translational bottlenecks that current reviews often gloss over.
To transition UDSCs from bench to bedside for CKD, the field must confront three major
controversies: the “CKD Paradox” of autologous therapy, a fundamental identity crisis
regarding characterization, and unresolved biosafety concerns.

The most pressing controversy is the “CKD Paradox.” The primary appeal of UDSCs
lies in the feasibility of autologous transplantation —using the patient’s own cells to avoid
immune rejection. However, the very patients who stand to benefit most from UDSC
therapy (those with advanced CKD) present the most hostile biological environment for
cell isolation. As discussed, nephron loss and tubular atrophy physically reduce the pool
of shed progenitor cells [35], while the uremic, inflammatory milieu severely impairs the
viability, proliferative capacity, and differentiation potential of the few cells that are shed
[36,37]. This creates a frustrating clinical paradox: the sicker the patient, the harder it is to
harvest therapeutically viable autologous UDSCs. This raises a contentious debate in the
field —should researchers invest in optimizing complex ex vivo rescue protocols to
rehabilitate a patient’s damaged autologous cells, or pivot toward allogeneic “off-the-shelf”
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UDSC banks from healthy donors, which introduces theoretical immunological risks
despite the immune-privileged nature of MSCs?

Compounding this is a fundamental identity crisis. The ISCT established minimum
criteria for MSCs based primarily on bone marrow-derived populations [49]. However,
UDSCs frequently defy these conventional boundaries. They express the canonical MSC
markers (CD73, CD90, CD105) but concurrently express embryonic stem cell markers
(SSEA-4, TRA-1-60, TRA-1-81) and renal progenitor markers (CD24, CD133) that are
entirely absent in standard MSCs [8,51]. Because UDSCs are a heterogeneous population
originating from multiple anatomical niches along the urinary tract, different isolation
protocols yield highly variable subpopulations [8,32]. The lack of UDSC-specific
consensus criteria means that what one laboratory defines as a “UDSC” may be
fundamentally different in phenotype and secretome from another’s, making cross-study
comparisons unreliable and hindering regulatory approval.

Finally, the biosafety profile of UDSCs requires rigorous scrutiny. The expression of
pluripotency-associated transcription factors (OCT4, NANOG, SOX2) alongside the well-
established oncogene c-MYC [8,51,58] inevitably raises theoretical concerns regarding
tumorigenicity. While current in vivo models of CKD have not reported teratoma
formation or sarcomas following UDSC administration [8], the long-term oncogenic risk
of injecting cells with an active c-MYC profile into a chronically inflamed, fibrotic renal
microenvironment remains completely uncharted. Current clinical evidence is limited to
early-phase, short-term safety trials [12]. Until robust, long-term post-transplantation
surveillance data is available, the tumorigenic potential of UDSCs remains a significant
translational worry that must be transparently addressed rather than dismissed.

7. Conclusions

Despite exhibiting morphological similarities to MSCs, the uniqueness of UDSCs lies
primarily in their distinctive biomarker profile. UDSCs’ intrinsic expression of renal
progenitor markers confers a kidney-specific identity. This lineage-primed state enables
superior homing to injured nephron segments, enhanced paracrine secretion of
renoprotective factors, and intrinsic antioxidant cytoprotection. Consequently, UDSCs
overcome the issues of poor homing, inconsistent efficacy, and non-specific bioactivity
that currently limit MSC-based therapies for CKD fibrosis. Nevertheless, their isolation—-
though non-invasive-remains technically demanding, especially in CKD patients. In
CKD, nephron loss, uremic inflammation, contamination (proteinuria, hematuria,
bacteria), and cellular heterogeneity further compromise isolation, yielding few genuine
progenitors.

Finally, a major knowledge gap remains: the vast majority of studies characterizing
UDSCs and testing their therapeutic efficacy have been conducted using cells derived
from healthy young donors. Whether UDSCs isolated from patients with advanced CKD,
diabetes, or other comorbidities retain the same proliferative capacity, marker expression
profile, and anti-fibrotic potency remains largely unexplored. Future research must
prioritize the isolation and functional assessment of UDSCs from diseased individuals, as
well as the development of standardized, clinically compliant protocols for their
expansion and delivery. Only then can the true therapeutic potential of UDSCs for CKD-
associated fibrosis be fully realized.
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VEGF
KDR/VEGFR
-2
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Urine-Derived Stem Cell

Mesenchymal Stem Cell
Adipose-Derived Mesenchymal Stem Cell
Chronic Kidney Disease

Extracellular Matrix

Sex Determining Region Y-Box 2
Octamer-Binding Transcription Factor 4
Kruppel-Like Factor 4

MYC Proto-Oncogene

Induced Pluripotent Stem Cell

SIX Homeobox 2

CBP/P300-Interacting Transactivator with Glu/Asp-Rich Carboxy-Terminal
Domain 1

Wilms Tumor 1

Paired Box Gene 2

Paired Box Gene 8

Uromodulin

Solute Carrier Family 12 Member 1
Nuclear Receptor Subfamily 3 Group C Member 2
Nephrin

Chondroitin Sulfate Proteoglycan 4
Cadherin 1 (E-cadherin)

von Willebrand Factor

Endothelial Nitric Oxide Synthase
Vascular Endothelial Growth Factor

Kinase Insert Domain Receptor

Fms-like Tyrosine Kinase-1

Platelet-Derived Growth Factor

Fibroblast Growth Factor

Hepatocyte Growth Factor

SIX2-Positive Nephron Progenitor Cell

Transforming Growth Factor Beta-SMAD Family Member 2/3 Signaling
Pathway
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sEVs Small Extracellular Vesicles

IL-1 Interleukin-1

IL-8 Interleukin-8

TGF-B Transforming Growth Factor Beta

MCP-1 Monocyte Chemoattractant Protein-1 (CCL2)
GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
miRNAs MicroRNAs

Th1/Th17 T Helper 1/T Helper 17 Cell

TNF-a Tumor Necrosis Factor Alpha
IL-6 Interleukin-6
CTGF Connective Tissue Growth Factor
GFR Glomerular Filtration Rate
CD44 Cluster of Differentiation 44
BMSC Bone Marrow-Derived Mesenchymal Stem Cell
References
1. Peired, A.J,; Sisti, A.; Romagnani, P. Mesenchymal Stem Cell-Based Therapy for Kidney Disease: A Review of Clinical Evidence.

10.

11.

12.

13.

Stem Cells Int. 2016, 2016, 4798639. https://doi.org/10.1155/2016/4798639.

Li, K; Han, Q.; Yan, X,; Liao, L.; Zhao, R.C. Not a Process of Simple Vicariousness, the Differentiation of Human Adipose-
Derived Mesenchymal Stem Cells to Renal Tubular Epithelial Cells Plays an Important Role in Acute Kidney Injury Repairing.
Stem Cells Dev. 2010, 19, 1267-1275. https://doi.org/10.1089/scd.2009.0196.

Singaravelu, K.; Padanilam, B.J. In vitro differentiation of MSC into cells with a renal tubular epithelial-like phenotype. Ren.
Fail. 2009, 31, 492-502. https://doi.org/10.1080/08860220902928981. PMID: 19839827.

Chang-Panesso, M.; Humphreys, B.D. Cellular plasticity in kidney injury and repair. Nat. Rev. Nephrol. 2017, 13, 39-46.
https://doi.org/10.1038/n1rmeph.2016.169.

Hickson, L.J.; Eirin, A.; Lerman, L.O. Challenges and opportunities for stem cell therapy in patients with chronic kidney disease.
Kidney Int. 2016, 89, 767-778. https://doi.org/10.1016/j.kint.2015.11.023.

Zhang, Y.; McNeill, E.; Tian, H.; Soker, S.; Andersson, K.E.; Yoo, J.J.; Atala, A. Urine Derived Cells are a Potential Source for
Urological Tissue Reconstruction. J. Urol. 2008, 180, 2226-2233. https://doi.org/10.1016/j.juro.2008.07.023.

Chun, S.Y; Kim, H.T.; Lee, ].S.; Kim, M.].; Kim, B.S.; Kim, B.W.; Kwon, T.G. Characterization of Urine-derived Cells from Upper
Urinary Tract in Patients with Bladder Cancer. Urology 2012, 79, 1186.e1-1186.e7. https://doi.org/10.1016/j.urology.2011.12.034.
Bharadwaj, S.; Liu, G,; Shi, Y.; Wu, R,; Yang, B.; He, T.; Fan, Y.; Lu, X,; Zhou, X,; Liu, H.; et al. Multipotential differentiation of
human urine-derived stem cells: Potential for therapeutic applications in urology. Stem Cells 2013, 31, 1840-1856.
https://doi.org/10.1002/stem.1424.

Pavathuparambil Abdul Manaph, N.; Al-Hawwas, M.; Bobrovskaya, L.; Coates, P.T.; Zhou, X.F. Urine-derived cells for human
cell therapy. Stem Cell Res. Ther. 2018, 9, 189. https://doi.org/10.1186/s13287-018-0932-z.

Kim, K; Gil, M.; Dayem, A.A.; Choi, S.; Kang, G.H.; Yang, G.M.; Cho, S.; Jeong, Y.; Kim, S.J.; Seok, ].; et al. Improved Isolation
and Culture of Urine-Derived Stem Cells (USCs) and Enhanced Production of Immune Cells from the USC-Derived Induced
Pluripotent Stem Cells. J. Clin. Med. 2020, 9, 827. https://doi.org/10.3390/jcm9030827. PMID: 32197458; PMCID: PMC7141314.
Zhang, C.; George, S.K.; Wu, R.; Thakker, P.U.; Abolbashari, M.; Kim, T.H.; Ko, I.K.; Zhang, Y.; Sun, Y.; Jackson, J.; et al. Reno-
protection of Urine-derived Stem Cells in A Chronic Kidney Disease Rat Model Induced by Renal Ischemia and Nephrotoxicity.
Int. ]. Biol. Sci. 2020, 16, 435-446. https://doi.org/10.7150/ijbs.37550.

EHL Bio Co., Ltd. A Single Arm, Open-Labelled, Dose-Escalation, Single-Center, Phase 1 Study to Evaluate the Safety,
Tolerability, and Preliminary Efficacy of Autologous Urine-Derived Stem Cells, KDSTEM Inj, in Patients with Chronic Kidney
Disease. Available online: https://clinicaltrials.gov/study/NCT06071143 (accessed on 24 February 2026).

Bouatra, S.; Aziat, F.; Mandal, R.; Guo, A.C.; Wilson, M.R.; Knox, C.; Bjorndahl, T.C.; Krishnamurthy, R.; Saleem, F.; Liu, P.; et
al. The Human Urine Metabolome. PLoS ONE. 2013, 8, €73076. https://doi.org/10.1371/journal.pone.0073076.

https://doi.org/10.3390/ijms27157038



Int. J. Mol. Sci. 2026, 27, 7038 19 of 24

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Aggarwal, S.; Moggio, A.; Bussolati, B. Concise Review: Stem/Progenitor Cells for Renal Tissue Repair: Current Knowledge and
Perspectives. Stem Cells Transl. Med. 2013, 2, 1011-1019. https://doi.org/10.5966/sctm.2013-0097.

Adamowicz, J.; Kloskowski, T.; Tworkiewicz, J.; Pokrywczyniska, M.; Drewa, T. Urine Is a Highly Cytotoxic Agent: Does It
Influence Stem Cell Therapies in Urology? Transpl. Proc. 2012, 44, 1439-1441. https://doi.org/10.1016/j.transproceed.2012.01.128.
Liu, G.; Pareta, RA,; Wu, R.; Shi, Y.; Zhou, X.; Liu, H.; Deng, C.; Sun, X.; Atala, A.; Opara, E.C.; et al. Skeletal myogenic
differentiation of urine-derived stem cells and angiogenesis using microbeads loaded with growth factors. Biomaterials 2013, 34,
1311-1326. https://doi.org/10.1016/j.biomaterials.2012.10.038.

Zhang, D.; Wei, G,; Li, P.; Zhou, X.; Zhang, Y. Urine-derived stem cells: A novel and versatile progenitor source for cell-based
therapy and regenerative medicine. Genes Dis. 2014, 1, 8-17. https://doi.org/10.1016/j.gendis.2014.07.001.

Angelotti, M.L.; Ronconi, E.; Ballerini, L.; Peired, A.; Mazzinghi, B.; Sagrinati, C.; Parente, E.; Gacci, M.; Carini, M.; Rotondi, M.;
et al. Characterization of Renal Progenitors Committed Toward Tubular Lineage and Their Regenerative Potential in Renal
Tubular Injury. Stem Cells 2012, 30, 1714-1725. https://doi.org/10.1002/stem.1130.

Liu, G.; Wu, R;; Yang, B,; Deng, C.; Lu, X.; Walker, S.J.; Ma, P.X.; Mou, S.; Atala, A.; Zhang, Y. Human Urine-Derived Stem Cell
Differentiation to Endothelial Cells with Barrier Function and Nitric Oxide Production. Stem Cells Transl. Med. 2018, 7, 686—-698.
https://doi.org/10.1002/sctm.18-0040.

Al-Marsoummi, S.; Singhal, S.; Garrett, S.H.; Somji, S.; Sens, D.A.; Singhal, S.K. CD133+CD24+ Renal Tubular Progenitor Cells
Drive Hypoxic Injury Recovery via Hypoxia-Inducible Factor-1A and Epidermal Growth Factor Receptor Expression. Int. |.
Mol. Sci. 2025, 26, 2472. https://doi.org/10.3390/ijms26062472.

Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373-383.
https://doi.org/10.1083/jcb.201211138.

Maas, S.L.N.; Breakefield, X.O.; Weaver, A.M. Extracellular Vesicles: Unique Intercellular Delivery Vehicles. Trends Cell Biol.
2017, 27, 172-188. https://doi.org/10.1016/j.tcb.2016.11.003 PubMed PMID: 27979573.

van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213-228. https://doi.org/10.1038/nrm.2017.125.

Bharadwaj, S.; Wu, S.; Smith, J.; Atala, A.; Zhang, Y. Skeletal Muscle Derived from Human Urine-Derived Cells: A Potential
Source for Injection Therapy for the Treatment of Stress Urinary Incontinence. J. Urol. 2010, 183, E681-E682.
https://doi.org/10.1016/j.juro.2010.02.1671.

Sun, B,; Luo, X;; Yang, C.; Liu, P.; Yang, Y.; Dong, X.; Yang, Z.; Xu, J.; Zhang, Y.; Li, L. Therapeutic Effects of Human Urine-
Derived Stem Cells in a Rat Model of Cisplatin-Induced Acute Kidney Injury In Vivo and In Vitro. Stem Cells Int. 2019, 2019,
8035076. https://doi.org/10.1155/2019/8035076.

Choi, J.Y.; Chun, S.Y.; Ha, Y.-S,; Kim, D.H.; Kim, J.; Song, P.H.; Kim, H.T.; Yoo, E.S.; Kim, B.S.; Kwon, T.G. Potency of Human
Urine-Derived Stem Cells for Renal Lineage Differentiation. In Tissue Engineering and Regenerative Medicine; Springer Nature
Link: Berlin/Heidelberg, Germany, 2017. Available online: https://link.springer.com/article/10.1007/s13770-017-0081-y (accessed
on 4 June 2026).

Wan, Q.; Xiong, G.; Liu, G.; Shupe, T.D.; Wei, G.; Zhang, D.; Liang, D.; Lu, X,; Atala, A.; Zhang, Y; et al. Urothelium with barrier
function differentiated from human urine-derived stem cells for potential use in urinary tract reconstruction. Stem Cell Res. Ther.
2018, 9, 304. https://doi.org/10.1186/s13287-018-1035-6.

Zhang, X.R,; Huang, Y.Z.; Gao, HW.; Jiang, Y.L.; Hu, J.G; Pi, JK; Chen, AJ; Zhang, Y.; Zhou, L.; Xie, H.Q. Hypoxic
preconditioning of human urine-derived stem cell-laden small intestinal submucosa enhances wound healing potential. Stem
Cell Res. Ther. 2020, 11, 150. https://doi.org/10.1186/s13287-020-01662-2.

Grange, C.; Bussolati, B. Extracellular vesicles in kidney disease. Natf. Rev. Nephrol. 2022, 18, 499-513.
https://doi.org/10.1038/s41581-022-00586-9.

Sun, G.; Ding, B.; Wan, M.; Chen, L.; Jackson, J.; Atala, A. Formation and optimization of three-dimensional organoids generated
from urine-derived stem cells for renal function in vitro. Stem Cell Res. Ther. 2020, 11, 309. https://doi.org/10.1186/s13287-020-
01822-4.

Zhou, Q.; Cheng, Y.; Sun, F.; Shen, J.; Nasser, M.1; Zhu, P.; Zhang, X.; Li, Y.; Yin, G.; Wang, Y.; et al. A Comprehensive Review
of the Therapeutic Value of Urine-Derived Stem Cells. Front. Genet. 2022, 12, 781597. https://doi.org/10.3389/fgene.2021.781597.
Nazmutdinova, K.; Man, C.Y; Carter, M.; Beales, P.L.; Winyard, P.].D.; Walsh, S.B.; Price, K.L.; Long, D.A. Cell Catcher: A New
Method to  Extract and  Preserve Live Renal Cells from  Urine. Kidney360 2024, 5, 1359.
https://doi.org/10.34067/KID.0000000000000503.

https://doi.org/10.3390/ijms27157038



Int. J. Mol. Sci. 2026, 27, 7038 20 of 24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Culenova, M.; Nicodemou, A.; Novakova, Z.V.; Debreova, M.; Smolinskd, V.; Bernatova, S.; Ivanisova, D.; Novotna, O.; Vasicek,
J.; Varga, I; et al. Isolation, Culture and Comprehensive Characterization of Biological Properties of Human Urine-Derived
Stem Cells. Int. J. Mol. Sci. 2021, 22, 12503. https://doi.org/10.3390/ijms222212503.

Bento, G.; Shafigullina, A.K.; Rizvanov, A.A.; Sardao, V.A.; Macedo, M.P.; Oliveira, P.]. Urine-Derived Stem Cells: Applications
in Regenerative and Predictive Medicine. Cells 2020, 9, 573. https://doi.org/10.3390/cells9030573.

Yu, P.; Bosholm, C.C,; Zhu, H,; Duan, Z.; Atala, A.; Zhang, Y. Beyond waste: Understanding urine’s potential in precision
medicine. Trends Biotechnol. 2024, 42, 953-969. https://doi.org/10.1016/j.tibtech.2024.01.009.

Yu, P. Urine-derived stem cells as a model for age-related kidney degeneration and chronic disease risk. Am. J. Clin. Exp. Urol.
2025, 13, 332-341. https://doi.org/10.62347/PWFE2217.

Xiong, G.; Tang, W.; Zhang, D.; He, D.; Wei, G.; Atala, A,; Liang, X.J.; Bleyer, A.].; Bleyer, M.E.; Yu, J.; et al. Impaired
Regeneration Potential in Urinary Stem Cells Diagnosed from the Patients with Diabetic Nephropathy. Theranostics 2019, 9,
4221-4232. https://doi.org/10.7150/thno.34050.

Scherberich, J.E.; Fiinfstiick, R.; Naber, K.G. Urinary tract infections in patients with renal insufficiency and dialysis—
Epidemiology, pathogenesis, clinical symptoms, diagnosis and treatment. GMS Infect. Dis. 2021, 9, Doc07.
https://doi.org/10.3205/id000076.

Li, F.; Zhao, B.; Zhang, L.; Chen, G.Q.; Zhu, L.; Feng, X.L.; Gong, M.].; Hu, C.C.; Zhang, Y.Y.; Li, M.; et al. Therapeutic potential
of urine-derived stem cells in renal regeneration following acute kidney injury: A comparative analysis with mesenchymal stem
cells. World ]. Stem Cells 2024, 16, 525-537. https://doi.org/10.4252/wjsc.v16.i5.525.

Gao, P; Jiang, D.; Liu, W.; Li, H.; Li, Z. Urine-derived Stem Cells, A New Source of Seed Cells for Tissue Engineering. Curr.
Stem Cell Res. Ther. 2016, 11, 547-553. https://doi.org/10.2174/1574888X10666150220161506.

Atia, G.A.; Abdal Dayem, A.; Taher, E.S.; Alghonemy, W.Y.; Cho, S5.G.; Aldarmahi, A.A.; Haque, M.A,; Alshambky, A.;
Taymour, N.; Ibrahim, A.M.; et al. Urine-derived stem cells: A sustainable resource for advancing personalized medicine and
dental regeneration. Front. Bioeng. Biotechnol. 2025, 13, 1571066. https://doi.org/10.3389/fbioe.2025.1571066.

Chen, AJ; Pi, ] K,; Hu, ].G;; Huang, Y.Z.; Gao, HW.; Li, S.F.; Li-Ling, J.; Xie, H.Q. Identification and characterization of two
morphologically distinct stem cell subpopulations from human urine samples. Sci. China Life Sci. 2020, 63, 712-723.
https://doi.org/10.1007/s11427-018-9543-1.

Xu, Y.; Zhang, T.; Chen, Y.; Shi, Q.; Li, M.; Qin, T.; Hu, J.; Lu, H,; Liu, J.; Chen, C. Isolation and Characterization of Multipotent
Canine Urine-Derived Stem Cells. Stem Cells Int. 2020, 2020, 8894449. https://doi.org/10.1155/2020/8894449. PMID: 33061993;
PMCID: PMC7545436.

Wagner, W.; Wein, F.; Seckinger, A.; Frankhauser, M.; Wirkner, U.; Krause, U.; Blake, J.; Schwager, C.; Eckstein, V.; Ansorge,
W.; et al. Comparative characteristics of mesenchymal stem cells from human bone marrow, adipose tissue, and umbilical cord
blood. Exp. Hematol. 2005, 33, 1402-1416. https://doi.org/10.1016/j.exphem.2005.07.003.

Kim, J.Y.; Chun, S.Y.; Park, ].S.; Chung, ].W.; Ha, Y.S; Lee, ].N.; Kwon, T.G. Laminin and Platelet-Derived Growth Factor-BB
Promote Neuronal Differentiation of Human Urine-Derived Stem Cells. Tissue Eng. Regen. Med. 2018, 15, 195-209.
https://doi.org/10.1007/s13770-017-0102-x.

Giannuzzi, F.; Picerno, A.; Maiullari, S.; Montenegro, F.; Cicirelli, A; Stasi, A.; De Palma, G.; Di Lorenzo, V.F.; Pertosa, G.B,;
Pontrelli, P.; et al. Unveiling spontaneous renal tubule-like structures from human adult renal progenitor cell spheroids derived
from urine. Stem Cells Transl. Med. 2025, 14, szaf002. https://doi.org/10.1093/stcltm/szaf002.

Larsson, H.M.; Gorostidi, F.; Hubbell, J.A.; Barrandon, Y.; Frey, P. Clonal, Self-Renewing and Differentiating Human and
Porcine Urothelial Cells, a Novel Stem Cell Population. PLoS ONE 2014, 9, e90006. https://doi.org/10.1371/journal.pone.0090006.
Yang, H.S.; Zheng, Y.X; Bai, X.; He, X.Y.; Wang, T.H. Application prospects of urine-derived stem cells in neurological and
musculoskeletal diseases. World ]. Orthop. 2024, 15, 918-931. https://doi.org/10.5312/wjo.v15.i10.918.

Dominici, M.; Blanc, K.L.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.].; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006, 8, 315-317. https://doi.org/10.1080/14653240600855905 PubMed PMID: 16923606.
Shi, Y.; Liu, G.; Wu, R.; Mack, D.L.; Sun, X.S.; Maxwell, J.; Guan, X.; Atala, A.; Zhang, Y. Differentiation Capacity of Human
Urine-Derived Stem Cells to Retain Telomerase Activity. Front. Cell Dev. Biol. 2022, 10, 890574.
https://doi.org/10.3389/fcell.2022.890574. PMID: 35693947; PMCID: PMC9186504.

Burdeyron, P.; Giraud, S.; Hauet, T.; Steichen, C. Urine-derived stem/progenitor cells: A focus on their characterization and
potential. World ]. Stem Cells 2020, 12, 1080-1096. https://doi.org/10.4252/wjsc.v12.i10.1080.

https://doi.org/10.3390/ijms27157038



Int. J. Mol. Sci. 2026, 27, 7038 21 of 24

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663-676. https://doi.org/10.1016/j.cell.2006.07.024.

Lazzeri, E.; Crescioli, C.; Ronconi, E.; Mazzinghi, B.; Sagrinati, C.; Netti, G.S.; Angelotti, M.L.; Parente, E.; Ballerini, L.; Cosmi,
L.; et al. Regenerative Potential of Embryonic Renal Multipotent Progenitors in Acute Renal Failure. J. Am. Soc. Nephrol. 2007,
18, 3128. https://doi.org/10.1681/ASN.2007020210.

Sagrinati, C.; Netti, G.S.; Mazzinghi, B.; Lazzeri, E.; Liotta, F.; Frosali, F.; Ronconi, E.; Meini, C.; Gacci, M.; Squecco, R.; et al.
Isolation and Characterization of Multipotent Progenitor Cells from the Bowman’s Capsule of Adult Human Kidneys. J. Am.
Soc. Nephrol. 2006, 17, 2443-2456. https://doi.org/10.1681/ASN.2006010089.

He, W.; Zhu, W.; Cao, Q.; Shen, Y.; Zhou, Q.; Yu, P.; Liu, X;; Ma, J.; Li, Y.; Hong, K. Generation of Mesenchymal-Like Stem Cells
from Urine in Pediatric Patients. Transpl. Proc. 2016, 48, 2181-2185. https://doi.org/10.1016/j.transproceed.2016.02.078.

Duan, Y.R,; Chen, B.P,; Chen, F.; Yang, S.X.; Zhu, C.Y.; Ma, Y.L.; Li, Y.; Shi, ]. Exosomal microRNA-16-5p from human urine-
derived stem cells ameliorates diabetic nephropathy through protection of podocyte. J. Cell. Mol. Med. 2021, 25, 10798-10813.
https://doi.org/10.1111/jcmm. 14558.

Lang, R.; Liu, G.; Shi, Y.; Bharadwaj, S.; Leng, X.; Zhou, X.; Liu, H.; Atala, A.; Zhang, Y. Self-Renewal and Differentiation
Capacity of Urine-Derived Stem Cells after Urine Preservation for 24 Hours. PLoS ONE 2013, 8, e53980.
https://doi.org/10.1371/journal.pone.0053980.

Rowland, B.D.; Peeper, D.S. KLF4, p21 and context-dependent opposing forces in cancer. Nat. Rev. Cancer 2006, 6, 11-23.
https://doi.org/10.1038/nrc1780.

Rahman, M.S.; Wruck, W.; Spitzhorn, L.S.; Nguyen, L.; Bohndorf, M.; Martins, S.; Asar, F.; Ncube, A.; Erichsen, L.; Graffmann,
N.; et al. The FGF, TGFf and WNT axis Modulate Self-renewal of Human SIX2+ Urine Derived Renal Progenitor Cells. Sci. Rep.
2020, 10, 739. https://doi.org/10.1038/s41598-020-57723-2.

Pierantozzi, E.; Gava, B.; Manini, I.; Roviello, F.; Marotta, G.; Chiavarelli, M.; Sorrentino, V. Pluripotency Regulators in Human
Mesenchymal Stem Cells: Expression of NANOG But Not of OCT-4 and SOX-2. Stem Cells Dev. 2011, 20, 915-923.
https://doi.org/10.1089/scd.2010.0353.

Da Sacco, S.; Thornton, MLE.; Petrosyan, A.; Lavarreda-Pearce, M.; Sedrakyan, S.; Grubbs, B.H.; De Filippo, R.E.; Perin, L. Direct
Isolation and Characterization of Human Nephron Progenitors. Stem Cells Transl. Med. 2017, 6, 419-433.
https://doi.org/10.5966/sctm.2015-0429.

Harari-Steinberg, O.; Metsuyanim, S.; Omer, D.; Gnatek, Y.; Gershon, R.; Pri-Chen, S.; Ozdemir, D.D.; Lerenthal, Y.; Noiman,
T.; Ben-Hur, H.; et al. Identification of human nephron progenitors capable of generation of kidney structures and functional
repair of chronic renal disease. EMBO Mol. Med. 2013, 5, 1556-1568. https://doi.org/10.1002/emmm.201201584.

Murphy, A.J.; Pierce, J.; Caestecker Cde Taylor, C.; Anderson, J.R.; Perantoni, A.O.; Caestecker, M.P.; Lovvorn, H.N. SIX2 and
CITED1, markers of nephronic progenitor self-renewal, remain active in primitive elements of Wilms’ tumor. J. Pediatr. Surg.
2012, 47, 1239-1249. https://doi.org/10.1016/j.jpedsurg.2012.03.034. PMID: 22703800.

Rahman, M.S.; Wruck, W.; Spitzhorn, L.S.; Bohndorf, M.; Martins, S.; Asar, F.; Ncube, A.; Erichsen, L.; Graffmann, N.; Adjaye,
J. A Comprehensive Molecular Portrait of Human Urine-derived Renal Progenitor Cells. bioRxiv 2019.
https://doi.org/10.1101/602417.

Bussolati, B.; Bruno, S.; Grange, C.; Buttiglieri, S.; Deregibus, M.C.; Cantino, D.; Camussi, G. Isolation of Renal Progenitor Cells
from Adult Human Kidney. Am. ]. Pathol. 2005, 166, 545-555. https://doi.org/10.1016/50002-9440(10)62276-6. PMID: 15681837.
Liu, G.; Wang, X,; Sun, X;; Deng, C.; Atala, A.; Zhang, Y. The effect of urine-derived stem cells expressing VEGF loaded in
collagen hydrogels on myogenesis and innervation following after subcutaneous implantation in nude mice. Biomaterials 2013,
34, 8617-8629. https://doi.org/10.1016/j.biomaterials.2013.07.077.

Liu, G,; Pareta, R.; Wu, R.; Shi, Y.; Deng, C.; Zhou, X.; Atala, A.; Opara, E.; Zhang, Y. Skeletal Myogenic Differentiation of Urine-
Derived Stem Cells, Angiogenesis and Innervation Using Hydrogel Loaded with Growth Factors for Potential in Treatment of
Urinary Incontinence. J. Urol. 2015, 193, e74. https://doi.org/10.1016/j.juro.2015.02.270.

Alwan, A; Khalil, F.; Bowlby, J.; Peko, G.; Estrada, E.V.; Singh, S.; Deep, G.; Zhang, Y.; Farney, A.C.; Opara, E.C. Effect of
controlled release of HGF on extracellular vesicle secretion by urine-derived stem cells. Front. Bioeng. Biotechnol. 2024, 12,
1436296. https://doi.org/10.3389/fbioe.2024.1436296.

Grange, C.; Papadimitriou, E.; Dimuccio, V.; Pastorino, C.; Molina, J.; O’Kelly, R.; Niedernhofer, L.J.; Robbins, P.D.; Camussi,
G.; Bussolati, B. Urinary Extracellular Vesicles Carrying Klotho Improve the Recovery of Renal Function in an Acute Tubular
Injury Model. Mol. Ther. 2020, 28, 490-502. https://doi.org/10.1016/j.ymthe.2019.11.013.

https://doi.org/10.3390/ijms27157038



Int. J. Mol. Sci. 2026, 27, 7038 22 of 24

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Domagata, D.; Chmielewski, P.P.; Partynska, A.; Niebora, J.; Data, K.; Kulus, M.; Podralska, M.; Matuszewska, A.; Czerny, B.;
Soczawa, M.; et al. Urine-derived stem cells: The biomedical research of endothelial and cardiovascular tissue. Biomed.
Pharmacother. 2025, 193, 118792. https://doi.org/10.1016/j.biopha.2025.118792.

Wentink, M.W ].; Kalina, T.; Perez-Andres, M.; del Pino Molina, L.; IJspeert, H.; Kavelaars, F.G.; Lankester, A.C.; Lecrevisse, Q.;
van Dongen, J.J.M.; Orfao, A.; et al. Delineating Human B Cell Precursor Development with Genetically Identified PID Cases
as a Model. Front. Immunol. 2019, 10, 2680. https://doi.org/10.3389/fimmu.2019.02680.

Wu, R; Soland, M.; Liu, G; Shi, Y.; Zhang, C.; Tang, Y.; Almeida-Porada, G.; Zhang, Y. Functional characterization of the
immunomodulatory properties of human urine-derived stem cells. Transl. Androl. Urol. 2021, 10, 3566.
https://doi.org/10.21037/tau-21-506.

Zhuo, Y.Q.; Huang, Q.M.; Gu, H.C.; Wang, L.F,; Tula, D.; Wei, X.Y.; Zhang, Z.H.; Deng, K.Y.; Xin, H.B. Human urine-derived
stem cells alleviate psoriasis by suppressing JAK2/STAT3 pathway-mediated macrophage polarization. Stem Cell Res. Ther. 2025,
17, 38. https://doi.org/10.1186/s13287-025-04870-w. PMID: 41408331; PMCID: PMC12821196.

Skotland, T.; Llorente, A.; Sandvig, K. Lipids in Extracellular Vesicles: What Can Be Learned about Membrane Structure and
Function? Cold Spring Harb. Perspect. Biol. 2023, 15, a041415. https://doi.org/10.1101/cshperspect.a041415.

Zhang, Y.; Wang, ].; Yang, B.; Qiao, R,; Li, A.; Guo, H.; Ding, J.; Li, H.; Ye, H.; Wu, D.; et al. Transfer of MicroRNA-216a-5p From
Exosomes Secreted by Human Urine-Derived Stem Cells Reduces Renal Ischemia/Reperfusion Injury. Front. Cell Dev. Biol. 2020,
22, 8. https://doi.org/10.3389/fcell.2020.610587.

Li, X;; Liao, J.; Su, X; Li, W.; Bi, Z.; Wang, J.; Su, Q.; Huang, H.; Wei, Y.; Gao, Y.; et al. Human urine-derived stem cells protect
against renal ischemia/reperfusion injury in a rat model via exosomal miR-146a-5p which targets IRAK1. Theranostics 2020, 10,
9561-9578. https://doi.org/10.7150/thno.42153. PMID: 32863945; PMCID: PMC7449916.

Qian, G; Yu, Y.; Dong, Y.; Hong, Y.; Wang, M. Exosomes derived from human urine-derived stem cells ameliorate IL-1§-
induced intervertebral disk degeneration. BMC Musculoskelet. Disord. 2024, 25, 537. https://doi.org/10.1186/s12891-024-07636-2.
Wang, W.; Pan, K,; Yang, J.; Li, Z. Prostaglandin E: (PGE:) in tissue regeneration: Its role and therapeutic strategies. EXCLI ].
2025, 24, 1634. https://doi.org/10.17179/EXCLI2025-9025.

Zhou, C.; Wu, X.R; Liu, H.S;; Liu, X.H; Liu, G.H.; Zheng, X.B.; Hu, T ; Liang, Z.X.; He, X.W.; Wu, X.J; et al. Immunomodulatory
Effect of Urine-derived Stem Cells on Inflammatory Bowel Diseases via Downregulating Th1/Th17 Immune Responses in a
PGE2-dependent Manner. J. Crohns Colitis 2020, 14, 654-668. https://doi.org/10.1093/ecco-jcc/jjz200. PMID: 31841595.

Chen, S.; Huang, H.; Liu, Y.; Wang, C.; Chen, X.; Chang, Y.; Li, Y.; Guo, Z.; Han, Z.; Han, Z.C; et al. Renal subcapsular delivery
of PGE2 promotes kidney repair by activating endogenous Sox9+ stem cells. iScience 2021, 24, 103243.
https://doi.org/10.1016/j.isci.2021.103243. PMID: 34746706.

Huang, R.; Fu, P.; Ma, L. Kidney fibrosis: From mechanisms to therapeutic medicines. Signal Transduct. Target Ther. 2023, 8, 129.
https://doi.org/10.1038/s41392-023-01379-7. PMID: 36932062; PMCID: PMC10023808.

Yuan, Q.; Tang, B.; Zhang, C. Signaling pathways of chronic kidney diseases, implications for therapeutics. Signal Transduct.
Target Ther. 2022, 7, 182. https://doi.org/10.1038/s41392-022-01036-5.

Miguel, V.; Shaw, LW.; Kramann, R. Metabolism at the crossroads of inflammation and fibrosis in chronic kidney disease. Nat.
Rev. Nephrol. 2025, 21, 39-56. https://doi.org/10.1038/s41581-024-00889-z.

Hadpech, S.; Thongboonkerd, V. Epithelial-mesenchymal plasticity in kidney fibrosis. Genesis 2024, 62, e23529.
https://doi.org/10.1002/dvg.23529.

Ming, W.H.; Wen, L.; Hu, W.J; Qiao, R.F.; Zhou, Y.; Su, BW.; Bao, Y.N.; Gao, P.; Luan, Z.L. The crosstalk of Wnt/f3-catenin
signaling and p53 in acute kidney injury and chronic kidney disease. Kidney Res. Clin. Pract. 2024, 43, 724-738.
https://doi.org/10.23876/j.krcp.23.344.

Edeling, M.; Ragi, G.; Huang, S.; Pavenstadt, H.; Susztak, K. Developmental signalling pathways in renal fibrosis: The roles of
Notch, Wnt and Hedgehog. Nat. Rev. Nephrol. 2016, 12, 426—439. https://doi.org/10.1038/nrneph.2016.54.

Lathan, R. Exploring unconventional targets in myofibroblast transdifferentiation outside classical TGF-§ signaling in renal
fibrosis. Front. Physiol. 2024, 15, 1296504. https://doi.org/10.3389/fphys.2024.1296504.

Fine, L.G.; Norman, ].T. Chronic hypoxia as a mechanism of progression of chronic kidney diseases: From hypothesis to novel
therapeutics. Kidney Int. 2008, 74, 867-872. https://doi.org/10.1038/ki.2008.350.

Longhitano, E.; Calabrese, V.; Casuscelli, C.; Carlo, S.D.; Maltese, S.; Romeo, A.; Calanna, M.; Conti, G.; Santoro, D. Proteinuria
and Progression of Renal Damage: The Main Pathogenetic Mechanisms and Pharmacological Approach. Medicina 2024, 60, 1821.
https://doi.org/10.3390/medicina60111821.

https://doi.org/10.3390/ijms27157038



Int. J. Mol. Sci. 2026, 27, 7038 23 of 24

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Panizo, S.; Martinez-Arias, L.; Alonso-Montes, C.; Cannata, P.; Martin-Carro, B.; Fernandez-Martin, J.L.; Naves-Diaz, M.;
Carrillo-Lopez, N.; Cannata-Andia, J.B. Fibrosis in Chronic Kidney Disease: Pathogenesis and Consequences. Int. ]. Mol. Sci.
2021, 22, 408. https://doi.org/10.3390/ijms22010408.

Rout, P.; Hashmi, M.E.; Baradhi, K.M. Focal Segmental Glomerulosclerosis. In StatPearls; StatPearls Publishing: Treasure Island,
FL, USA, 2026. Available online: http://www.ncbi.nlm.nih.gov/books/NBK532272/ (accessed on 3 June 2026). PMID: 30335305.
Braun, D.A,; Pavenstddt, H.J. Nephrotisches Syndrom. Inn. Med. 2025, 66, 917-926. https://doi.org/10.1007/s00108-025-01946-w.
Merck Manual Professional Edition. Nephronophthisis and Autosomal Dominant Tubulointerstitial Kidney Disease
(ADTKD)—Nephrology.  Available  online:  https://www.merckmanuals.com/professional/nephrology/cystic-kidney-
disease/nephronophthisis-and-autosomal-dominant-tubulointerstitial-kidney-disease-adtkd (accessed on 3 June 2026).
Lange-Consiglio, A.; Tagliasacchi, F.; Cremonesi, F.; Gusmara, C.; Pollera, C.; Scarpa, P.; Gaspari, G.; Riccaboni, P.
Characterization of Urine-Derived Stromal/Stem Cells from Healthy Dogs and Dogs Affected by Chronic Kidney Disease
(CKD). Animals 2025, 15, 242. https://doi.org/10.3390/ani15020242.

Chun, S.Y.; Park Gbaek Kwon, T.G.; Choi, S.H. Analysis of stability of human urine derived stem cells during serial subcultures.
Tissue Eng. Regen. Med. 2015, 12, 122-131. https://doi.org/10.1007/s13770-015-0438-z.

Kim, S.H.; Jin, J.LA.; So, H].; Lee, S.H.; Kang, T.W.; Lee, ].U.; Choi, D.E.; Jeong, ].Y.; Chang, Y.K.; Choi, H.; et al. Urine-Derived
Stem Cell-Secreted Klotho Plays a Crucial Role in the HK-2 Fibrosis Model by Inhibiting the TGF-B Signaling Pathway. Int. ].
Mol. Sci. 2022, 23, 5012. https://doi.org/10.3390/ijms23095012. PMID: 35563402; PubMed Central PMCID: PMC9105028.

Kordes, C.; Spitzhorn, L.S.; Bohndorf, M.; Ncube, A.; Thimm, C.; Erichsen, L.; Wruck, W.; Adjaye, ]. Human Urine-Derived
SIX2-Positive Renal Progenitor Cells Partially Improve Kidney Fibrosis by Paracrine Signaling. Stem Cells Dev. 2025, 34,
15473287251388416. https://doi.org/10.1177/15473287251388416.

Choi, D.E.; Jeong Jyoung Shin, J.A.; Chang, Y.K; Na, K.; Lee, K.W. Urine-Derived Stem Cells Attenuate Renal Inflammation and
Fibrosis After Renal Ischemia Reperfusion: PUBO085. ] Am. Soc. Nephrol. 2021, 32, 790.
https://doi.org/10.1681/ASN.2021321051790b.

Herrera, M.B.; Bussolati, B.; Bruno, S.; Morando, L.; Mauriello-Romanazzi, G.; Sanavio, F.; Stamenkovic, I.; Biancone, L.;
Camussi, G. Exogenous mesenchymal stem cells localize to the kidney by means of CD44 following acute tubular injury. Kidney
Int. 2007, 72, 430-441. https://doi.org/10.1038/sj.ki.5002334.

Sun, B.; Luo, X;; Yang, C.; Liu, P,; Yang, Y.; Dong, X.; Yang, Z.; Xu, ].; Zhang, Y.; Li, L. Corrigendum to “Therapeutic Effects of
Human Urine-Derived Stem Cells in a Rat Model of Cisplatin-Induced Acute Kidney Injury In Vivo and In Vitro.” Stem Cells
Int. 2021, 2021, 9789181. https://doi.org/10.1155/2021/9789181.

Kim, S.N.; Choi, B.; Lee, C.J.; Moon, J.H.; Kim, M.K,; Chung, E.; Song, S.U. Culturing at Low Cell Density Delays Cellular
Senescence of Human Bone Marrow-Derived Mesenchymal Stem Cells in Long-Term Cultures. Int. J. Stem Cells 2021, 14, 103—-
111. https://doi.org/10.15283/ijsc20078.

Heldin, C.H.; Lennartsson, J. Structural and Functional Properties of Platelet-Derived Growth Factor and Stem Cell Factor
Receptors. Cold Spring Harb. Perspect. Biol. 2013, 5, a009100. https://doi.org/10.1101/cshperspect.a009100.

Claesson-Welsh, L., Welsh, M. VEGFA and tumour angiogenesis. J. Infern. Med. 2013, 273, 114-127.
https://doi.org/10.1111/joim.12019.

Farooq, M.; Khan, A.W.; Kim, M.S.; Choi, S. The Role of Fibroblast Growth Factor (FGF) Signaling in Tissue Repair and
Regeneration. Cells 2021, 10, 3242. https://doi.org/10.3390/cells10113242.

Anitha, K.; Dua, K.; Chellappan, D.K,; Gupta, G.; Singh, S.K.; Lakshmi, S.M.; Bhatt, S. HGF/c-MET: A Potential Target for the
Treatment of Various Cancers. Curr. Enzyme Inhib. 2023, 19, 71-80. https://doi.org/10.2174/1573408019666230227101036.

Haibe, Y.; Kreidieh, M.; El Hajj, H.; Khalifeh, I.; Mukherji, D.; Temraz, S.; Shamseddine, A. Resistance Mechanisms to Anti-
angiogenic Therapies in Cancer. Front. Oncol. 2020, 10, 221. https://doi.org/10.3389/fonc.2020.00221.

Hodge, D.R.; Hurt, EMM.; Farrar, W.L. The role of IL-6 and STAT3 in inflammation and cancer. Eur. ]. Cancer 2005, 41, 2502-2512.
https://doi.org/10.1016/j.ejca.2005.08.016.

Russo, R.C.; Garcia, C.C.; Teixeira, M.M.; Amaral, F.A. The CXCL8/IL-8 chemokine family and its receptors in inflammatory
diseases. Expert Rev. Clin. Immunol. 2014, 10, 593-619. https://doi.org/10.1586/1744666X.2014.894886. PMID: 24678812.

Xu, F.; Liu, C; Zhou, D.; Zhang, L. TGF-/SMAD Pathway and Its Regulation in Hepatic Fibrosis. J. Histochem. Cytochem. 2016,
64, 157-167. https://doi.org/10.1369/0022155415627681.

Hata, A.; Chen, Y.G. TGF-f Signaling from Receptors to Smads. Cold Spring Harb. Perspect. Biol. 2016, 8, a022061.
https://doi.org/10.1101/cshperspect.a022061.

https://doi.org/10.3390/ijms27157038



Int. J. Mol. Sci. 2026, 27, 7038 24 of 24

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Zhu, S.; Liu, M.; Bennett, S.; Wang, Z.; Pfleger, K.D.G.; Xu, J. The molecular structure and role of CCL2 (MCP-1) and C-C
chemokine receptor CCR2 in skeletal biology and diseases. J. Cell Physiol. 2021, 236, 7211-7222. https://doi.org/10.1002/jcp.30375.
Sabatke, B.; Rossi, 1.V.; Sana, A.; Bonato, L.B.; Ramirez, M.I. Extracellular vesicles biogenesis and uptake concepts: A
comprehensive guide to studying host-pathogen communication. Mol. Microbiol. 2024, 122, 613-629.
https://doi.org/10.1111/mmi.15168.

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].].; Lotvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs
is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654-659. https://doi.org/10.1038/ncb1596.
Bunnell, B.; Flaat, M.; Gagliardi, C.; Patel, B.; Ripoll, C. Adipose-derived stem cells: Isolation, expansion and differentiation.
Methods 2008, 45, 115-120. https://doi.org/10.1016/j.ymeth.2008.03.006.

Samsonraj, RM.; Raghunath, M.; Nurcombe, V.; Hui, ].H.; Van Wijnen, A.J.; Cool, SM. Concise Review: Multifaceted
Characterization of Human Mesenchymal Stem Cells for Use in Regenerative Medicine. Stem Cells Transl. Med. 2017, 6, 2173—
2185. https://doi.org/10.1002/sctm.17-0129.

Karp, ].M.; Leng Teo, G.S. Mesenchymal Stem Cell Homing: The Devil Is in the Details. Cell Stem Cell 2009, 4, 206-216.
https://doi.org/10.1016/j.stem.2009.02.001.

Fischer, U.M.; Harting, M.T.; Jimenez, F.; Monzon-Posadas, W.O.; Xue, H.; Savitz, S.I.; Laine, G.A.; Cox, C.S., Jr. Pulmonary
Passage is a Major Obstacle for Intravenous Stem Cell Delivery: The Pulmonary First-Pass Effect. Stem Cells Dev. 2009, 18, 683
692. https://doi.org/10.1089/scd.2008.0253.

Ishiuchi, N.; Nakashima, A.; Doi, S.; Yoshida, K.; Maeda, S.; Kanai, R.; Yamada, Y.; Ike, T.; Doi, T.; Kato, Y.; et al. Hypoxia-
preconditioned mesenchymal stem cells prevent renal fibrosis and inflammation in ischemia-reperfusion rats. Stem Cell Res.
Ther. 2020, 11, 130. https://doi.org/10.1186/s13287-020-01642-6.

Ceccotti, E.; Quaglia, M.; Camussi, G.; Bruno, S. Mesenchymal stem cells derived extracellular vesicles for chronic kidney
disease: Pleiotropic mechanisms of actions of a versatile therapy. Front. Bioeng. Biotechnol. 2025, 13, 1612193.
https://doi.org/10.3389/fbioe.2025.1612193.

Alonso-Alonso, M.L.; Garcia-Posadas, L.; Diebold, Y. Extracellular Vesicles from Human Adipose-Derived Mesenchymal Stem
Cells: A Review of Common Cargos. Stem Cell Rev. Rep. 2022, 18, 854-901. https://doi.org/10.1007/s12015-021-10155-5.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27157038



