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Abstract: Renal fibrosis is a pathological endpoint of maladaptation after ischemia-reperfusion injury
(IRI), and despite many attempts, no good treatment has been achieved so far. At the core of renal
fibrosis is the differentiation of various types of cells into myofibroblasts. MSCs were once thought to
play a protective role after renal IRI. However, growing evidence suggests that MSCs have a two-
sided nature. In spite of their protective role, in maladaptive situations, MSCs start to differentiate
towards myofibroblasts, increasing the myofibroblast pool and promoting renal fibrosis. Following
renal IRI, it has been observed that Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSCs)
and Renal Resident Mesenchymal Stem Cells (RR-MSCs) play important roles. This review presents
evidence supporting their involvement, discusses their potential mechanisms of action, and suggests
several new targets for future research.

Keywords: mesenchymal stem cells; renal ischemia-reperfusion injury; renal fibrosis; myofibroblast;
metabolic reprogramming; immunomodulation

1. Introduction

Acute kidney injury (AKI) is a major problem challenging global public health and
occurs in approximately 13 million people worldwide each year, posing a large medical
burden to families and society [1]. Because the mechanisms behind kidney injury are
complex, and the process is mostly irreversible, the literature reports that less than 50% of
patients are cured with pharmacological or short-term renal replacement therapy (RRT) [2].
RRT refers to medical strategies such as dialysis, employed to replace the waste-filtering
functions of a failing kidney. The kidneys that are not properly cured eventually go to the
pathological endpoint of renal fibrosis [3] and develop chronic renal insufficiency and even
end-stage renal disease. Ischemia-reperfusion injury (IRI) is the primary surgical cause of
AKI, and the incidence of AKI in renal transplant patients can be as high as 11.3–17.1% [4].
Therefore, exploring the cellular mechanisms of renal fibrosis development after renal IRI
and finding the targets of intervention have become hot topics.

Accumulated evidence has identified myofibroblasts as essential cells in kidney fibro-
sis [5]. After renal IRI, various pathological processes, such as oxidative stress, hemody-
namic alterations, renal tubular injury, endothelial microvascular system malfunction, and
inflammatory immune response can lead to renal cell damage and the release of a series of
inflammatory mediators that induce an inflammatory response, further aggravating the de-
gree of cell damage, while causing a variety of cells to differentiate into myofibroblasts [6,7].
The excessive collagen fibers secreted by myofibroblasts are not easily degraded, and the
accumulation and deposition of large amounts of extracellular matrix collagen destroy
the kidney structure and eventually form scar tissue, a process that irreversibly causes a
decrease in renal function [8].

Mesenchymal stem cells (MSCs) are a type of multipotent stem cell from the mes-
enchyme that has been proven to be derived from almost all tissues’ adventitial progenitor
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cells and pericytes [9–11]. MSCs exist in the bone marrow, adipose tissue, cord cells, molar
cells, amniotic fluid, placenta, and other tissues, and have shown potential for cellular
therapeutic applications in acute and chronic renal injury, diabetic renal fibrosis, and
other kidney diseases [12,13]. However, MSCs are not always beneficial [14]. It has been
confirmed that under the stimulation of pro-fibrotic factors such as transforming growth
factor-beta 1 (TGF-β1), MSCs can differentiate into myofibroblasts, thereby losing their
renal protective function and increasing the pool of myofibroblasts in the organ, accelerat-
ing the process of renal fibrosis [15–17]. This review specifically targets the elucidation of
MSCs’ mechanisms of action in the context of renal IRI, evaluates their two-sided nature
of both alleviating damage and promoting renal fibrosis, and identifies gaps in current
knowledge that future research must address to fully harness MSCs’ therapeutic potential.

In this narrative review, we will discuss the role and characteristics of MSCs in the
different periods from renal IRI to renal fibrosis, aiming to provide overall and new insights
into the prevention of renal fibrosis.

2. Method

To compile an exhaustive overview, in the preparation of this review, we systematically
searched across PubMed, Scopus, and Web of Science databases using the keywords
‘mesenchymal stem cells’ or ‘MSCs’, ‘Ischemia-reperfusion injury’ or ‘IRI’, ‘Fibrosis’, ‘renal’
or ‘kidney’. The search was focused on articles published from 2000 to 2023. Inclusion
criteria were animal studies, clinical trials, and reviews, whereas conference abstracts and
editorial articles were excluded. A total of 196 articles were initially identified, and after
screening for relevance and quality based on predefined criteria, 70 articles were included
in this review.

3. The Dual Nature of MSCs in Renal IRI

In the past decade, as research in the field of stem cells has progressed, the role of mes-
enchymal stem cells (MSCs) in the transition from acute kidney injury to renal fibrosis has
been gradually uncovered. MSCs are multipotent stem cells derived from the mesenchyme.
The International Cell Therapy Association has established the minimum standard for
human MSCs definition: must be adherent cells; must exhibit a three-lineage differentiation
potential that can differentiate into osteoblasts, adipocytes, and chondrocytes; must express
certain surface patterns of CD105, CD73, and CD90, while lacking CD45, CD34, CD14,
CD11b, or CD79a or the expression of CD19, as well as HLA-DR [18]. MSCs not only have
strong plasticity and tissue repair abilities but also can secrete a variety of cytokines and
regulate the immune response [19,20]. Numerous animal-based studies have demonstrated
that MSCs injection therapy or the use of MSCs exosomes in the early stages of renal IRI
can effectively reduce the extent of kidney injury and prevent the development of renal
fibrosis [21–23]. In addition, Bone Marrow-Derived MSCs (BM-MSCs) recruited to the
kidney via the peripheral blood in response to injury signals can also exert renoprotective
effects by inhibiting inflammatory cell infiltration in the kidney and promoting an increase
in immunomodulatory cells. BM-MSCs can exert renoprotective effects by secreting in-
doleamine 2,3 dioxygenase (IDO) and other immunosuppressive factors to promote the
proliferation of regulatory T cells and inhibit the pro-inflammatory effects of helper T cells
17(Th17), thereby reducing renal tubular epithelial cell injury [24].

Paradoxically, the role of MSCs is not always protective. Undifferentiated MSCs
can exert renoprotective functions through reparative cytokines and immunomodulation.
However, MSCs also have an extremely strong proliferative and multidirectional differ-
entiation potential, which could be a double-edged sword. Some studies have confirmed
that under the stimulation of pro-fibrotic factors such as TGF-β1, MSCs can differenti-
ate into myofibroblasts, thereby losing their renoprotective function and increasing the
pool of myofibroblasts in the organ, accelerating the process of renal fibrosis [15–17,25]
(Figure 1). Myofibroblasts are one of the participants in the tissue repair process, and in
the physiological condition they are activated in response to injury signals to produce an
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extracellular matrix enriched with type I and type III collagen to maintain the structural
and functional integrity of tissues, but the excessive accumulation and overactivation of
myofibroblasts has been recognized in recent years as an important step of the formation of
renal fibrosis [8]. In the previous literature reports, Le Bleu et al. found that only about 35%
of renal myofibroblasts are derived from circulating BM-derived cells, and the other 65% are
from renal-resident cells [26], while Kramann et al. demonstrated that a great proportion
of renal myofibroblasts are derived from renal-resident MSCs (RR-MSCs) [27]. Therefore,
RR-MSCs have recently been considered as an important source of myofibroblasts-driving
renal fibrosis.
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Figure 1. The immunomodulative functions and differentiating potential of MSCs in the process from
IRI to renal fibrosis, under the stimulation of accumulating TGF-β1. Injury leads to a storm of inflam-
matory cytokines in the kidney, and the more inflammatory cytokines are secreted, the stronger the
MSCs’ immunomodulatory capacity becomes. However, the immunomodulatory abilities of MSCs
are negatively correlated with their differentiation potential. Under the stimulation of accumulating
TGF-β1 secreted by the injured epithelial cells and immune cells, MSCs gradually lose the ability of
immunomodulation and differentiate into myofibroblasts.

Quan Zhuang et al. described four consecutive phases from acute kidney injury to
renal fibrosis [12], namely the acute inflammatory phase, the prophase of fibrosis (signaling
pathway transduction phase), the fibrosis formation phase, and the final loss of renal
function, with MSCs playing an active role in the first two phases. Through our literature
review, we found that MSCs may exert different effects in different phases. Therefore, we
will explore this topic across different stages.

4. MSCs in the Early Stage of Injury

Within the first few days after the onset of IRI, a variety of innate immune cells, in-
cluding M1-type macrophages, neutrophils, mast cells, dendritic cells, and natural killer
(NK) cells, and a variety of adaptive immune cells, such as T cells and B cells, all accu-
mulate at the site of inflammation and release a large number of inflammatory mediators,
such as interleukin-1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin-6
(IL-6), which together form the inflammatory response microenvironment [28]. Under
the stimulation of inflammatory mediators, RR-MSCs are activated, and BM-MSCs in the
peripheral blood also converge to the site of inflammation. According to the literature,
RR-MSCs and BM-MSCs do not differ significantly in their functions in the early stages
of inflammation, playing a regulatory role in the inflammatory microenvironment by pro-
ducing a variety of cytokines. It has been shown that MSCs can inhibit the proliferation
and activity of T cells in their microenvironment by producing Inductible Nitric Oxide
Synthase (iNOS) or IDO [29–31]. MSCs can also induce macrophage polarization from
a pro-inflammatory M1 phenotype to an anti-inflammatory M2 phenotype by produc-
ing spermidine [32]. In addition, the immunosuppressive function of MSCs also acts
through TGF-β1, IL-6, hepatocyte growth factor (HGF), leukemia inhibitory factor (LIF),
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anti-inflammatory mediator prostaglandin E2 (PGE2), tumor necrosis factor-stimulated
gene 6 protein (TSG6), heme oxygenase 1 (HO1), and galactocortin [33–36]. These cytokines
inhibit the proliferation and function of pro-inflammatory immune cells, such as helper
T (TH) cells, pro-inflammatory macrophages, neutrophils, natural killer (NK) cells and B
cells, and enhance the proliferation and function of anti-inflammatory immune cells, such
as M2 macrophages and regulatory T (Treg) cells, while proliferating anti-inflammatory
immune cells can further inhibit the activity and function of pro-inflammatory immune
cells. The proliferating anti-inflammatory immune cells can further suppress the activity
and function of pro-inflammatory immune cells, thereby inhibiting the progression of in-
flammation and promoting tissue repair. In addition, microRNAs (miRNAs) in exogenous
BM-MSCs exosomes, such as miR-34c-5p, have been shown to have immunosuppressive
effects in acute inflammation due to acute kidney injury by inhibiting the core functions
of various proteins [37]. In addition to reducing the early inflammatory response through
the above-mentioned immunosuppressive effects, MSCs can also promote renal neovas-
cularization and tissue repair processes through the secretion of growth factors, such
as epidermal growth factor (EGF), HGF, insulin-like growth factor (IGF), and vascular
endothelial growth factor (VEGF) [38–40]. They play a critical role in angiogenesis. It
should be noted that there are several isoforms of VEGF, each having distinct functions. In
this context, we specifically focus on VEGF-A due to its prominent role in the regulation
of endothelial cell proliferation and vascular permeability. In a word, during the acute
inflammatory phase, both RR-MSCs and circulating BM-MSCs play a role as “firefighters”
by reducing renal injury through negative immunomodulation, inhibiting inflammatory
factor expression, promoting vascular regeneration, and facilitating tissue repair. While a
consensus emerges on the protective role of MSCs against renal IRI, variability in outcomes
across studies highlights the influence of experimental conditions, sources of MSCs, and
timing of administration. Furthermore, the underlying mechanisms of MSCs’ action remain
inadequately understood, signaling a need for in-depth mechanistic studies.

5. MSCs in the Progression of Renal Fibrosis

After renal IRI occurs, damaged renal cells and various immune cells in the inflam-
matory microenvironment can continue to produce cytokines such as TGF-β1 for early
repair, but these cytokines may also have pro-fibrotic effects. It has been shown that in the
early stage, BM-MSCs circulating to the kidney and RR-MSCs can still secrete IDO and
other immunomodulatory factors to resist the process of renal fibrosis mediated by small
doses of TGF-β1; when the injury continues to worsen and the microenvironmental inflam-
mation increases and exceeds the regulatory capacity of MSCs, a large number of MSCs
will differentiate into myofibroblasts under the stimulation of large amounts of TGF-β1
and other pro-fibrotic factors [15,16,41] (Figure 2). The differentiated MSCs will lose their
immunomodulatory function, and MSCs-derived myofibroblasts will further secrete more
pro-fibrotic factors. This process is accompanied by the activation of multiple pro-fibrotic
signaling pathways, such as TGF-β1/Smad, Notch, Wnt, Hedgehog, etc. Consequently,
renal injury progresses into the prophase of fibrosis [12] (Figure 3).
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Figure 2. Mechanisms of the two-sided nature of MSCs in homeostasis or in maladaptive conditions
after acute I/R injury. After the onset of ischemia-reperfusion injury, under the stimulation of
inflammatory mediators, RR-MSCs are activated, and BM-MSCs in the peripheral blood converge
to the site of inflammation. Anti-inflammatory mediators, such as iNOS (mouse) or IDO (human),
prostaglandin E2 (PGE2), heme oxygenase 1 (HO1) etc., are released by both kinds of MSCs, along
with growth factors, including epidermal growth factor (EGF), hepatocyte growth factor (HGF),
insulin-like growth factor (IGF), and vascular endothelial growth factor (VEGF) etc. These mediators
can inhibit the pro-inflammatory immune cells, reducing the level of pro-inflammatory cytokines
and promoting tissue repair and angiogenesis. However, in the maladaptive condition, TGF-β1 and
other profibrotic chemokines secreted by injured epithelial cells, podocytes, and profibrotic immune
cells can inhibit the ability of immunomodulation of MSCs and drive myofibroblastic differentiation,
aggravating ECM collagen deposition.
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6. Signal Pathways
6.1. TGF-β1/Smad Pathway

Over the past few decades, TGF-β1 has been used to induce myofibroblastic differ-
entiation because TGF-β1 is a common link in the process of fibrosis and a major factor
promoting fibrosis [42]. The TGF-β1/Smad pathway is considered one of the most classical
fibrotic signaling pathways and also plays a key role in the progression of renal fibrosis,
which was identified by researchers as a therapeutic target for renal fibrosis back in the
1990s [16]. Under physiological conditions, low concentrations of TGF-β1 are present
in the extracellular matrix together with latency-associated peptides (LAPs) and latency
TGF-β binding proteins (LTBPs), which together form the large latency complex (LLC) [43].
When IRI occurs, on the one hand, LAP in the extracellular matrix is hydrolytically cleaved,
leading to the release of TGF-β1 from the LLC and its binding to the receptor for its effect.
On the other hand, immune cells recruited to the site of injury can also directly secrete large
amounts of TGF-β1 to bind directly to the receptor. Subsequently, the activated receptor is
able to bind and phosphorylate the Smad protein, a central regulator of the classical TGF-β1
signaling pathway. There are three classes of Smad proteins: regulatory (R)-Smads (Smad2
and Smad3), coactivators (Co)-Smads (Smad and Smad4) and inhibitory (I)-Smads (Smad6
and Smad7). The main effector in the fibrosis signaling pathway is the R-Smad family,
especially Smad3 [44,45]. TGF-β1 signaling leading to Smad3 activation plays an important
role in fibrosis caused by acute kidney injury. On the one hand, TGF-β1 can act directly on
RR-MSCs and BM-MSCs, as well as other primitive cells, such as fibroblasts and pericytes,
prompting their differentiation to myofibroblasts. It also promotes epithelial-mesenchymal
transition (EMT) in epithelial cells, further increasing the pool of myofibroblasts in diseased
kidneys. Additionally, the presence of TGF-β1 stimulates myofibroblasts to secrete large
amounts of collagen fibers into the extracellular matrix [16,41]; on the other hand, there
may be an interaction of Smad3 with extracellular signal-regulated kinase (ERK) and Janus
kinase/signal transducer and activator of transcription (JAK-STAT), exacerbating collagen
accumulation in the ECM and inhibiting its breakdown, thus exacerbating fibrosis [46].

The TGF-β1/Smad pathway exacerbates fibrosis not only by promoting the activation
and differentiation of primitive cells such as fibroblasts and pericytes into myofibroblasts
and, but also by promoting the myofibroblastic differentiation of RR-MSCs and circulating
BM-MSCs. These cells, which originally act as “firefighters”, lose their original protective
function and participate in the process of promoting fibrosis.

6.2. Notch Signaling Pathway

The Notch signaling pathway is a phylogenetically conserved intercellular commu-
nication mechanism that distinguishes adjacent cells through the asymmetric expression
of pathway ligands and receptors with a variety of distinct functions, including cell fate
determination, cell lineage specification, and cell lineage stabilization, and has a major
role in proximal tubule cell and podocyte differentiation during kidney development in
physiological states [47]. In healthy adult kidneys, Notch signaling activity is low and
the increased Notch receptor expression is usually associated with epithelial dedifferen-
tiation, myofibroblast activation, stromal deposition, and inflammatory responses [48].
The mechanisms by which Notch signaling promotes the development of fibrosis are not
fully understood, and studies have demonstrated a role for Notch activation in processes
associated with renal fibrosis, such as podocyte apoptosis, fibroblast activation, etc. [49].

6.3. Wnt/β-Catenin-Signaling Pathway

The Wnt/β-catenin pathway was once thought to be only a cancer-related signaling
pathway [50], but it was later found to be also an essential signaling pathway involved
in renal tubular epithelial repair after AKI. However, Wnt/β-catenin signaling also has a
promotional role in renal fibrosis by promoting the conversion of mesenchymal fibroblasts
and pericytes to myofibroblasts [51]. Wnt proteins are a class of secreted lipid-modified
glycoproteins, while their downstream β-catenin proteins are key mediators that, at a
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steady state, are regulated by glycogen synthase kinase 3β (GSK3β), scaffolding protein axis
protein, casein kinase 1α, and adenomatous colonic polyp protein, which phosphorylates
the free N-terminal end of β-catenin protein to degrade it ubiquitously in the cytoplasm. In
the presence of Wnt proteins, the non-phosphorylated β-catenin protein accumulates in
the cytoplasm and is transferred to the nucleus to regulate Wnt target genes [52,53]. After
the onset of AKI, this process is activated to promote the differentiation of fibroblasts and
pericytes in the mesenchyme towards myofibroblasts, thus increasing the myofibroblast
pool and contributing to renal fibrosis [51]. In addition, a study reported Notch and Wnt
pathway interactions in intestinal tissue-resident stem cells, with researchers observing
high Notch and Wnt activity in the intestinal Lgr5+ stem cell populations [54]. This
interaction may be related to the transit expansion and lineage determination of intestinal
cells [55]. A similar mechanism might also exist in RR-MSCs, but has not yet been reported
in the literature.

6.4. Hedgehog Pathway

The Hedgehog (Hh) pathway is also one of the important developmental signaling
pathways in the physiological state and plays an important role in the development of
the mammalian embryo, including ventralization of the neural tube, organ formation, and
growth and development of the limbs and face [46]. Three Hedgehog proteins have been
identified in mammals: Sonic Hedgehog (Shh), Desert Hedgehog (Dhh), and Indian Hedge-
hog (Ihh), with Shh and Ihh playing a major role in the process of fibrosis. The Hh family
of proteins is known as a bridge between epithelial and mesenchymal communication.
These secretory proteins act in an autocrine or paracrine manner by binding to Patched1,
a membrane receptor on target cells, to activate smooth transmembrane proteins (SMO)
on the cytosol that are inhibited by Patched1. SMO activation leads to an intracellular
signaling cascade that drives activation and nuclear translocation of Gli family transcription
factors. In mammals, three members of the Gli transcription factor family are present: Gli1
and Gli2 (both activators) and Gli3 (major repressors) [56]. In the kidney, expression of
Shh and Ihh is barely detectable in the physiological state, but after renal IRI, both Shh
and Ihh are abundantly expressed by damaged tubular epithelial cells, which in turn cause
an SMO activation signaling cascade that ultimately drives activation of Gli proteins and
their nuclear translocation, leading to expression of Hh target genes such as Gli1, resulting
in proliferation and activation. It has also been reported that the Hedgehog signaling
pathway can interact with TGF-β1, Wnt, and Notch pathways during the progression of
renal fibrosis, causing further aggravation of fibrosis [57].

7. Promising Targets

Since the process of pathological collagen deposition in the renal interstitium is almost
irreversible, once they are produced, the acute inflammatory phase and the prophase of
fibrosis are the most critical times for intervention. In this case, only by timely intervention
before the collagen fibers are actually produced in the extracellular matrix can we possibly
avoid irreversible renal damage. Thus, in this part we aim to discuss several possible
targets in the process of myofibroblastic differentiation of MSCs.

Gli proteins: In the above mentioned Hedgehog pathway, renal resident Gli1+ MSCs
may play an important role, as these cells also express Gli1 transcription factors, making
them target cells of the Hh signaling pathway. Consequently, they eventually differentiate
into myofibroblasts in response to the signaling cascade [58,59]. This may also be the
reason why in some studies, RR-MSCs are more likely to differentiate into myofibroblasts
compared to BM-MSCs. In fact, although no direct reports were seen on the extent of the
contribution of renal tissue-resident Gli1+ MSC to the myofibroblast pool after renal IRI,
it has been shown that Gli1+ MSC-like cells, which account for less than 0.2% of the total
PDGFRβ+ renal cell population, are reported to be the source of approximately 50% of
myofibroblasts in a murine model of unilateral ureteral obstruction kidney injury and are
considered to be the most predominant cell population involved in renal fibrosis [27]. Thus,
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Gli proteins might be potential therapeutic targets in kidney fibrosis. However, MSCs
are not the only cells that express Gli1 in vivo. There are numerous cells expressing Gli1
and playing an important role in maintaining homeostasis. A study observed a reduction
in renal fibrosis induced by the Hh signaling pathway after depletion of Gli1+ cells, but
it also led to concomitant capillary thinning and increased renal tubular damage, which
also suggests that Gli1 cannot be used indiscriminately as an intervention target to reduce
fibrosis in future studies [60].

MSCs differentiation: In light of the two-sided nature of MSCs, new possible targets
should be explored from the process of myofibroblastic differentiation of MSCs, aiming
to prevent their differentiation and thus preserve their immunomodulatory abilities. Cell
differentiation is a complex process that involves many epigenetic, transcriptional, and
metabolic alterations. To date, no studies have been conducted directly intervening in
the differentiation of MSCs into myofibroblasts. However, there is growing evidence that
metabolic alterations are not only an essential source of energy for cell differentiation,
but also that a variety of metabolites also act as substrates for enzymes that can post-
translationally modify transcription factors and histones. These modifications, in turn,
control gene transcription and regulate cell differentiation [61–63]. Thus, metabolic repro-
gramming is currently considered a key direct regulator of cell differentiation. In an aerobic
environment, most of the intracellular pyruvate enters the mitochondria to participate in the
tricarboxylic acid cycle (TCA cycle) and undergoes oxidative phosphorylation to produce
ATP, whereas in the hypoxic or anaerobic state, pyruvate is directly converted to lactate by
glycolysis to produce energy [64]. However, some cells maintain low levels of oxidative
phosphorylation, even under aerobic conditions, preferentially using glycolysis for most of
their energy. This switch in the cell’s primary energy supply from oxidative phosphoryla-
tion to glycolysis is called metabolic reprogramming. This phenomenon was first proposed
by Warburg and is therefore known as the Warburg effect [65]. The Warburg effect was
initially discovered in tumor cells, but later it was gradually found in non-malignant cells
and had a direct effect on cell differentiation. During the differentiation of cortical neuronal
cells, Agostini et al. observed changes in cellular mitochondrial quantity, morphology, and
function, accompanied by upregulation of mitochondrial transcription factor A (TFAM)
and peroxisome proliferators-activated receptor γ coactivator 1α (PGC-1α). At the same
time, glucose uptake, glucose transporter 3 (GLUT3) expression, and glutamate-glutamine
metabolism were increased. Therefore, they concluded that metabolic reprogramming is
closely related to neuronal cell differentiation and identified the PI3K-Akt-mTOR pathway
as a key mediator of neuronal energy metabolism [63]. Furthermore, similar findings were
found in renal podocytes, where investigators found that differentiated podocytes exhibited
higher rates of acidification in their cultures. Metabolomic analysis revealed significant
differences between undifferentiated and differentiated podocytes in glycometabolism
products, as well as elevated expression of key enzymes involved in glycometabolism
and GLUT. These findings indicate elevated levels of aerobic glycolysis in differentiated
podocytes compared to undifferentiated podocytes [61]. It has also been reported that
there is an elevated proportion of glycolysis and reduced oxidative phosphorylation during
the chondrogenic differentiation of MSCs [66]. It could be hypothesized that, like many
progenitor cells, MSCs are predominantly energized by oxidative phosphorylation to main-
tain their secretory and immunomodulatory functions under normal conditions, whereas
an elevated proportion of glycolysis occurs during their differentiation. This mechanism
may also account for the loss of the secretory function of MSCs during their differentiation
to myofibroblasts under the stimulation of TGF-β1. Therefore, targeting the metabolic
reprogramming of MSCs to modulate their myofibroblastic differentiation may be a new
promising research direction in the future.

8. Discussion

Myofibroblasts are now widely considered to be the core of renal fibrosis, and almost
all pathological renal fibrosis can be attributed to excessive deposition of collagen fibers
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in the extracellular matrix produced by myofibroblasts [12]. The origin of myofibroblasts
mainly involves the transformation of fibroblasts in the renal mesenchyme, differentia-
tion of pericytes and podocytes, epithelial-mesenchymal transition (EMT), endothelial-
mesenchymal transition (EndoMT), as well as myofibroblastic differentiation of BM-MSCs
and RR-MSCs [7,26]. However, the exact percentage of each source contributing to the
myofibroblast pool is still controversial. It was reported that EMT was the main source
of myofibroblasts, but most of this conclusion came from in vitro experiments and was
not fully validated in vivo [67–69]. Some researchers claim that the proportions consist of
fibroblasts (50%), bone marrow-derived cells (35%), endothelial cells (10%), and epithelial
cells (5%) [17,41]. However, it has also been demonstrated that renal-resident Gli1+ MSC-
like cells alone can contribute approximately 50% of myofibroblasts, although they only
represent 0.2% of the total PDGFRβ+ (a mesenchymal marker that identifies interstitial cells)
renal cell population [27]. This topic may remain controversial because the discrepancies in
these findings might be related to differences in animal models, as well as to differences
in detection methods. For now, it remains unclear whether MSCs can induce other cells
to differentiate into myofibroblasts. However, we chose MSCs as the focus of this review
because, on the one hand, they have been reported in the literature as one of the important
sources of myofibroblasts in the kidney, and on the other hand, because of their two-sided
nature, they lose immunomodulatory capacity during myofibroblastic differentiation.

After the onset of renal IRI, the involvement of BM-MSCs and RR-MSCs has been
reported, but the existing literature did not compare the specific contribution of both to
renal fibrosis. We speculate that RR-MSCs contribute more to the myofibroblast pool. On
the one hand, this may be because they undergo ischemia-reperfusion in the kidney, which
may activate additional signaling pathways. On the other hand, some unique proteins
in RR-MSCs, such as Gli1, make them subject to exclusive signaling pathway regulation.
In addition, the markers specific to RR-MSCs are still controversial, with some studies
suggesting Nestin to be the identifying marker [70], some believing that it is Sca-1 [71,72],
and others considering it to be Gli1 [27]. In future studies, an attempt could be made to
find a more proper marker to better distinguish the two subsets of MSCs and analyze their
role in renal fibrosis separately, which may lead to more meaningful findings.

While the mechanisms through which MSCs contribute to the myofibroblast pool,
primarily through myofibroblastic differentiation induced by pro-fibrotic factors such as
TGF-β1, are increasingly understood, questions remain unclear regarding the potential of
MSCs to directly induce the differentiation of other cell types into myofibroblasts. Given
the fact that MSCs only represent a very low proportion of all renal interstitial cells, their
number might not be sufficient to directly induce renal fibrosis. The capacity of MSCs to
influence distant cellular populations suggests complex intercellular communication that
may facilitate the fibrotic process, but the way MSCs induce other kind of cells to differenti-
ate into myofibroblasts has not yet been explored. Further studies are required to elucidate
the full spectrum of MSCs-induced cellular differentiation within the fibrotic kidney.

Regulating the differentiation of MSCs into myofibroblasts via metabolic reprogram-
ming is a novel topic that has not yet been reported. This may provide new ideas for
future studies.

Author Contributions: X.N. and X.X. drafted the manuscript. Y.C.C. and C.X. revised the manuscript.
R.R. conceived the review design. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (81970646
and 82270789) and Shanghai Municipal Key ClinicaSpecialty (shslczdzk05802).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank all the co-authors for their contributions.



Bioengineering 2024, 11, 432 10 of 12

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lewington, A.J.P.; Cerdá, J.; Mehta, R.L. Raising Awareness of Acute Kidney Injury: A Global Perspective of a Silent Killer. Kidney

Int. 2013, 84, 457–467. [CrossRef] [PubMed]
2. Levey, A.S.; James, M.T. Acute Kidney Injury. Ann. Intern. Med. 2017, 167, ITC66–ITC80. [CrossRef] [PubMed]
3. Bon, D.; Chatauret, N.; Giraud, S.; Thuillier, R.; Favreau, F.; Hauet, T. New Strategies to Optimize Kidney Recovery and

Preservation in Transplantation. Nat. Rev. Nephrol. 2012, 8, 339–347. [CrossRef] [PubMed]
4. Koza, Y. Acute Kidney Injury: Current Concepts and New Insights. J. Inj. Violence Res. 2016, 8, 58–62. [CrossRef] [PubMed]
5. Volarevic, V.; Gazdic, M.; Simovic Markovic, B.; Jovicic, N.; Djonov, V.; Arsenijevic, N. Mesenchymal Stem Cell-Derived Factors:

Immuno-Modulatory Effects and Therapeutic Potential. Biofactors 2017, 43, 633–644. [CrossRef] [PubMed]
6. Sato, Y.; Yanagita, M. Immune Cells and Inflammation in AKI to CKD Progression. Am. J. Physiol. Renal Physiol. 2018, 315,

F1501–F1512. [CrossRef]
7. Mack, M.; Yanagita, M. Origin of Myofibroblasts and Cellular Events Triggering Fibrosis. Kidney Int. 2015, 87, 297–307. [CrossRef]

[PubMed]
8. Bochaton-Piallat, M.-L.; Gabbiani, G.; Hinz, B. The Myofibroblast in Wound Healing and Fibrosis: Answered and Unanswered

Questions. F1000Research 2016, 5, F1000 Faculty Rev-752. [CrossRef] [PubMed]
9. Hoang, D.M.; Pham, P.T.; Bach, T.Q.; Ngo, A.T.L.; Nguyen, Q.T.; Phan, T.T.K.; Nguyen, G.H.; Le, P.T.T.; Hoang, V.T.; Forsyth, N.R.;

et al. Stem Cell-Based Therapy for Human Diseases. Signal Transduct. Target. Ther. 2022, 7, 272. [CrossRef]
10. Najar, M.; Melki, R.; Khalife, F.; Lagneaux, L.; Bouhtit, F.; Moussa Agha, D.; Fahmi, H.; Lewalle, P.; Fayyad-Kazan, M.; Merimi,

M. Therapeutic Mesenchymal Stem/Stromal Cells: Value, Challenges and Optimization. Front. Cell Dev. Biol. 2021, 9, 716853.
[CrossRef]

11. Zhou, J.; Shi, Y. Mesenchymal Stem/Stromal Cells (MSCs): Origin, Immune Regulation, and Clinical Applications. Cell. Mol.
Immunol. 2023, 20, 555–557. [CrossRef] [PubMed]

12. Zhuang, Q.; Ma, R.; Yin, Y.; Lan, T.; Yu, M.; Ming, Y. Mesenchymal Stem Cells in Renal Fibrosis: The Flame of Cytotherapy. Stem
Cells Int. 2019, 2019, 8387350. [CrossRef] [PubMed]

13. Fan, M.; Zhang, J.; Xin, H.; He, X.; Zhang, X. Current Perspectives on Role of MSC in Renal Pathophysiology. Front. Physiol. 2018,
9, 1323. [CrossRef] [PubMed]

14. Basalova, N.; Sagaradze, G.; Arbatskiy, M.; Evtushenko, E.; Kulebyakin, K.; Grigorieva, O.; Akopyan, Z.; Kalinina, N.; Efimenko, A.
Secretome of Mesenchymal Stromal Cells Prevents Myofibroblasts Differentiation by Transferring Fibrosis-Associated MicroRNAs
within Extracellular Vesicles. Cells 2020, 9, 1272. [CrossRef] [PubMed]

15. Chen, Y.-T.; Jhao, P.-Y.; Hung, C.-T.; Wu, Y.-F.; Lin, S.-J.; Chiang, W.-C.; Lin, S.-L.; Yang, K.-C. Endoplasmic Reticulum Protein
TXNDC5 Promotes Renal Fibrosis by Enforcing TGF-β Signaling in Kidney Fibroblasts. J. Clin. Investig. 2021, 131, e143645.
[CrossRef] [PubMed]

16. Meng, X.-M.; Nikolic-Paterson, D.J.; Lan, H.Y. TGF-β: The Master Regulator of Fibrosis. Nat. Rev. Nephrol. 2016, 12, 325–338.
[CrossRef] [PubMed]

17. Humphreys, B.D. Mechanisms of Renal Fibrosis. Annu. Rev. Physiol. 2018, 80, 309–326. [CrossRef]
18. Horwitz, E.M.; Le Blanc, K.; Dominici, M.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Deans, R.J.; Krause, D.S.; Keating, A.

International Society for Cellular Therapy Clarification of the Nomenclature for MSC: The International Society for Cellular
Therapy Position Statement. Cytotherapy 2005, 7, 393–395. [CrossRef] [PubMed]

19. Zhang, C.; Du, Y.; Yuan, H.; Jiang, F.; Shen, M.; Wang, Y.; Wang, R. HAMSCs/HBMSCs Coculture System Ameliorates Osteogenesis
and Angiogenesis against Glucolipotoxicity. Biochimie 2018, 152, 121–133. [CrossRef] [PubMed]

20. Suman, S.; Domingues, A.; Ratajczak, J.; Ratajczak, M.Z. Potential Clinical Applications of Stem Cells in Regenerative Medicine.
Adv. Exp. Med. Biol. 2019, 1201, 1–22. [CrossRef] [PubMed]

21. Liang, H.; Xu, F.; Zhang, T.; Huang, J.; Guan, Q.; Wang, H.; Huang, Q. Inhibition of IL-18 Reduces Renal Fibrosis after
Ischemia-Reperfusion. Biomed. Pharmacother. 2018, 106, 879–889. [CrossRef] [PubMed]

22. Zhang, G.; Zou, X.; Miao, S.; Chen, J.; Du, T.; Zhong, L.; Ju, G.; Liu, G.; Zhu, Y. The Anti-Oxidative Role of Micro-Vesicles
Derived from Human Wharton-Jelly Mesenchymal Stromal Cells through NOX2/Gp91(Phox) Suppression in Alleviating Renal
Ischemia-Reperfusion Injury in Rats. PLoS ONE 2014, 9, e92129. [CrossRef] [PubMed]

23. Rota, C.; Morigi, M.; Cerullo, D.; Introna, M.; Colpani, O.; Corna, D.; Capelli, C.; Rabelink, T.J.; Leuning, D.G.; Rottoli, D.; et al.
Therapeutic Potential of Stromal Cells of Non-Renal or Renal Origin in Experimental Chronic Kidney Disease. Stem Cell Res. Ther.
2018, 9, 220. [CrossRef] [PubMed]

24. Luo, Y.; Guo, J.; Zhang, P.; Cheuk, Y.C.; Jiang, Y.; Wang, J.; Xu, S.; Rong, R. Mesenchymal Stem Cell Protects Injured Renal Tubular
Epithelial Cells by Regulating MTOR-Mediated Th17/Treg Axis. Front. Immunol. 2021, 12, 684197. [CrossRef] [PubMed]

25. Shi, Y.; Su, J.; Roberts, A.I.; Shou, P.; Rabson, A.B.; Ren, G. How Mesenchymal Stem Cells Interact with Tissue Immune Responses.
Trends Immunol. 2012, 33, 136–143. [CrossRef] [PubMed]

26. LeBleu, V.S.; Taduri, G.; O’Connell, J.; Teng, Y.; Cooke, V.G.; Woda, C.; Sugimoto, H.; Kalluri, R. Origin and Function of
Myofibroblasts in Kidney Fibrosis. Nat. Med. 2013, 19, 1047–1053. [CrossRef] [PubMed]

https://doi.org/10.1038/ki.2013.153
https://www.ncbi.nlm.nih.gov/pubmed/23636171
https://doi.org/10.7326/AITC201711070
https://www.ncbi.nlm.nih.gov/pubmed/29114754
https://doi.org/10.1038/nrneph.2012.83
https://www.ncbi.nlm.nih.gov/pubmed/22549229
https://doi.org/10.5249/jivr.v8i1.610
https://www.ncbi.nlm.nih.gov/pubmed/26804946
https://doi.org/10.1002/biof.1374
https://www.ncbi.nlm.nih.gov/pubmed/28718997
https://doi.org/10.1152/ajprenal.00195.2018
https://doi.org/10.1038/ki.2014.287
https://www.ncbi.nlm.nih.gov/pubmed/25162398
https://doi.org/10.12688/f1000research.8190.1
https://www.ncbi.nlm.nih.gov/pubmed/27158462
https://doi.org/10.1038/s41392-022-01134-4
https://doi.org/10.3389/fcell.2021.716853
https://doi.org/10.1038/s41423-023-01034-9
https://www.ncbi.nlm.nih.gov/pubmed/37225837
https://doi.org/10.1155/2019/8387350
https://www.ncbi.nlm.nih.gov/pubmed/30766607
https://doi.org/10.3389/fphys.2018.01323
https://www.ncbi.nlm.nih.gov/pubmed/30294285
https://doi.org/10.3390/cells9051272
https://www.ncbi.nlm.nih.gov/pubmed/32443855
https://doi.org/10.1172/JCI143645
https://www.ncbi.nlm.nih.gov/pubmed/33465051
https://doi.org/10.1038/nrneph.2016.48
https://www.ncbi.nlm.nih.gov/pubmed/27108839
https://doi.org/10.1146/annurev-physiol-022516-034227
https://doi.org/10.1080/14653240500319234
https://www.ncbi.nlm.nih.gov/pubmed/16236628
https://doi.org/10.1016/j.biochi.2018.06.028
https://www.ncbi.nlm.nih.gov/pubmed/30103897
https://doi.org/10.1007/978-3-030-31206-0_1
https://www.ncbi.nlm.nih.gov/pubmed/31898779
https://doi.org/10.1016/j.biopha.2018.07.031
https://www.ncbi.nlm.nih.gov/pubmed/30119258
https://doi.org/10.1371/journal.pone.0092129
https://www.ncbi.nlm.nih.gov/pubmed/24637475
https://doi.org/10.1186/s13287-018-0960-8
https://www.ncbi.nlm.nih.gov/pubmed/30107860
https://doi.org/10.3389/fimmu.2021.684197
https://www.ncbi.nlm.nih.gov/pubmed/34122446
https://doi.org/10.1016/j.it.2011.11.004
https://www.ncbi.nlm.nih.gov/pubmed/22227317
https://doi.org/10.1038/nm.3218
https://www.ncbi.nlm.nih.gov/pubmed/23817022


Bioengineering 2024, 11, 432 11 of 12

27. Kramann, R.; Schneider, R.K.; DiRocco, D.P.; Machado, F.; Fleig, S.; Bondzie, P.A.; Henderson, J.M.; Ebert, B.L.; Humphreys, B.D.
Perivascular Gli1+ Progenitors Are Key Contributors to Injury-Induced Organ Fibrosis. Cell Stem Cell 2015, 16, 51–66. [CrossRef]
[PubMed]

28. Shi, Y.; Wang, Y.; Li, Q.; Liu, K.; Hou, J.; Shao, C.; Wang, Y. Immunoregulatory Mechanisms of Mesenchymal Stem and Stromal
Cells in Inflammatory Diseases. Nat. Rev. Nephrol. 2018, 14, 493–507. [CrossRef] [PubMed]

29. Han, X.; Yang, Q.; Lin, L.; Xu, C.; Zheng, C.; Chen, X.; Han, Y.; Li, M.; Cao, W.; Cao, K.; et al. Interleukin-17 Enhances
Immunosuppression by Mesenchymal Stem Cells. Cell Death Differ. 2014, 21, 1758–1768. [CrossRef] [PubMed]

30. Ling, W.; Zhang, J.; Yuan, Z.; Ren, G.; Zhang, L.; Chen, X.; Rabson, A.B.; Roberts, A.I.; Wang, Y.; Shi, Y. Mesenchymal Stem Cells
Use IDO to Regulate Immunity in Tumor Microenvironment. Cancer Res. 2014, 74, 1576–1587. [CrossRef] [PubMed]

31. Su, J.; Chen, X.; Huang, Y.; Li, W.; Li, J.; Cao, K.; Cao, G.; Zhang, L.; Li, F.; Roberts, A.I.; et al. Phylogenetic Distinction of INOS
and IDO Function in Mesenchymal Stem Cell-Mediated Immunosuppression in Mammalian Species. Cell Death Differ. 2014, 21,
388–396. [CrossRef] [PubMed]

32. Yang, Q.; Zheng, C.; Cao, J.; Cao, G.; Shou, P.; Lin, L.; Velletri, T.; Jiang, M.; Chen, Q.; Han, Y.; et al. Spermidine Alleviates
Experimental Autoimmune Encephalomyelitis through Inducing Inhibitory Macrophages. Cell Death Differ. 2016, 23, 1850–1861.
[CrossRef] [PubMed]

33. Maffioli, E.; Nonnis, S.; Angioni, R.; Santagata, F.; Calì, B.; Zanotti, L.; Negri, A.; Viola, A.; Tedeschi, G. Proteomic Analysis of the
Secretome of Human Bone Marrow-Derived Mesenchymal Stem Cells Primed by pro-Inflammatory Cytokines. J. Proteom. 2017,
166, 115–126. [CrossRef] [PubMed]

34. Cao, W.; Yang, Y.; Wang, Z.; Liu, A.; Fang, L.; Wu, F.; Hong, J.; Shi, Y.; Leung, S.; Dong, C.; et al. Leukemia Inhibitory Factor
Inhibits T Helper 17 Cell Differentiation and Confers Treatment Effects of Neural Progenitor Cell Therapy in Autoimmune
Disease. Immunity 2011, 35, 273–284. [CrossRef] [PubMed]

35. Mittal, M.; Tiruppathi, C.; Nepal, S.; Zhao, Y.-Y.; Grzych, D.; Soni, D.; Prockop, D.J.; Malik, A.B. TNFα-Stimulated Gene-6
(TSG6) Activates Macrophage Phenotype Transition to Prevent Inflammatory Lung Injury. Proc. Natl. Acad. Sci. USA 2016, 113,
E8151–E8158. [CrossRef] [PubMed]

36. Ma, S.; Xie, N.; Li, W.; Yuan, B.; Shi, Y.; Wang, Y. Immunobiology of Mesenchymal Stem Cells. Cell Death Differ. 2014, 21, 216–225.
[CrossRef] [PubMed]

37. Zou, X.; Zhang, G.; Cheng, Z.; Yin, D.; Du, T.; Ju, G.; Miao, S.; Liu, G.; Lu, M.; Zhu, Y. Microvesicles Derived from Human
Wharton’s Jelly Mesenchymal Stromal Cells Ameliorate Renal Ischemia-Reperfusion Injury in Rats by Suppressing CX3CL1. Stem
Cell Res. Ther. 2014, 5, 40. [CrossRef] [PubMed]

38. Cahill, E.F.; Kennelly, H.; Carty, F.; Mahon, B.P.; English, K. Hepatocyte Growth Factor Is Required for Mesenchymal Stromal Cell
Protection Against Bleomycin-Induced Pulmonary Fibrosis. Stem Cells Transl. Med. 2016, 5, 1307–1318. [CrossRef]

39. Nimsanor, N.; Phetfong, J.; Kitiyanant, N.; Kamprom, W.; Supokawej, A. Overexpression of Anti-Fibrotic Factors Ameliorates
Anti-Fibrotic Properties of Wharton’s Jelly Derived Mesenchymal Stem Cells under Oxidative Damage. Biosci. Trends 2019, 13,
411–422. [CrossRef] [PubMed]

40. Xiang, E.; Han, B.; Zhang, Q.; Rao, W.; Wang, Z.; Chang, C.; Zhang, Y.; Tu, C.; Li, C.; Wu, D. Human Umbilical Cord-Derived
Mesenchymal Stem Cells Prevent the Progression of Early Diabetic Nephropathy through Inhibiting Inflammation and Fibrosis.
Stem Cell Res. Ther. 2020, 11, 336. [CrossRef] [PubMed]

41. El Agha, E.; Kramann, R.; Schneider, R.K.; Li, X.; Seeger, W.; Humphreys, B.D.; Bellusci, S. Mesenchymal Stem Cells in Fibrotic
Disease. Cell Stem Cell 2017, 21, 166–177. [CrossRef] [PubMed]

42. Maione, A.S.; Stadiotti, I.; Pilato, C.A.; Perrucci, G.L.; Saverio, V.; Catto, V.; Vettor, G.; Casella, M.; Guarino, A.; Polvani, G.; et al.
Excess TGF-B1 Drives Cardiac Mesenchymal Stromal Cells to a Pro-Fibrotic Commitment in Arrhythmogenic Cardiomyopathy.
Int. J. Mol. Sci. 2021, 22, 2673. [CrossRef]

43. Zilberberg, L.; Todorovic, V.; Dabovic, B.; Horiguchi, M.; Couroussé, T.; Sakai, L.Y.; Rifkin, D.B. Specificity of Latent TGF-β
Binding Protein (LTBP) Incorporation into Matrix: Role of Fibrillins and Fibronectin. J. Cell. Physiol. 2012, 227, 3828–3836.
[CrossRef] [PubMed]

44. Aragón, E.; Goerner, N.; Zaromytidou, A.-I.; Xi, Q.; Escobedo, A.; Massagué, J.; Macias, M.J. A Smad Action Turnover Switch
Operated by WW Domain Readers of a Phosphoserine Code. Genes Dev. 2011, 25, 1275–1288. [CrossRef] [PubMed]

45. Alarcón, C.; Zaromytidou, A.-I.; Xi, Q.; Gao, S.; Yu, J.; Fujisawa, S.; Barlas, A.; Miller, A.N.; Manova-Todorova, K.; Macias, M.J.;
et al. Nuclear CDKs Drive Smad Transcriptional Activation and Turnover in BMP and TGF-Beta Pathways. Cell 2009, 139, 757–769.
[CrossRef] [PubMed]

46. Matsui, F.; Meldrum, K.K. The Role of the Janus Kinase Family/Signal Transducer and Activator of Transcription Signaling
Pathway in Fibrotic Renal Disease. J. Surg. Res. 2012, 178, 339–345. [CrossRef] [PubMed]

47. Lai, E.C. Notch Signaling: Control of Cell Communication and Cell Fate. Development 2004, 131, 965–973. [CrossRef] [PubMed]
48. Edeling, M.; Ragi, G.; Huang, S.; Pavenstädt, H.; Susztak, K. Developmental Signalling Pathways in Renal Fibrosis: The Roles of

Notch, Wnt and Hedgehog. Nat. Rev. Nephrol. 2016, 12, 426–439. [CrossRef] [PubMed]
49. Park, J.; Shrestha, R.; Qiu, C.; Kondo, A.; Huang, S.; Werth, M.; Li, M.; Barasch, J.; Suszták, K. Single-Cell Transcriptomics of the

Mouse Kidney Reveals Potential Cellular Targets of Kidney Disease. Science 2018, 360, 758–763. [CrossRef] [PubMed]
50. Nusse, R.; Varmus, H. Three Decades of Wnts: A Personal Perspective on How a Scientific Field Developed. EMBO J. 2012, 31,

2670–2684. [CrossRef] [PubMed]

https://doi.org/10.1016/j.stem.2014.11.004
https://www.ncbi.nlm.nih.gov/pubmed/25465115
https://doi.org/10.1038/s41581-018-0023-5
https://www.ncbi.nlm.nih.gov/pubmed/29895977
https://doi.org/10.1038/cdd.2014.85
https://www.ncbi.nlm.nih.gov/pubmed/25034782
https://doi.org/10.1158/0008-5472.CAN-13-1656
https://www.ncbi.nlm.nih.gov/pubmed/24452999
https://doi.org/10.1038/cdd.2013.149
https://www.ncbi.nlm.nih.gov/pubmed/24162664
https://doi.org/10.1038/cdd.2016.71
https://www.ncbi.nlm.nih.gov/pubmed/27447115
https://doi.org/10.1016/j.jprot.2017.07.012
https://www.ncbi.nlm.nih.gov/pubmed/28739509
https://doi.org/10.1016/j.immuni.2011.06.011
https://www.ncbi.nlm.nih.gov/pubmed/21835648
https://doi.org/10.1073/pnas.1614935113
https://www.ncbi.nlm.nih.gov/pubmed/27911817
https://doi.org/10.1038/cdd.2013.158
https://www.ncbi.nlm.nih.gov/pubmed/24185619
https://doi.org/10.1186/scrt428
https://www.ncbi.nlm.nih.gov/pubmed/24646750
https://doi.org/10.5966/sctm.2015-0337
https://doi.org/10.5582/bst.2019.01191
https://www.ncbi.nlm.nih.gov/pubmed/31656260
https://doi.org/10.1186/s13287-020-01852-y
https://www.ncbi.nlm.nih.gov/pubmed/32746936
https://doi.org/10.1016/j.stem.2017.07.011
https://www.ncbi.nlm.nih.gov/pubmed/28777943
https://doi.org/10.3390/ijms22052673
https://doi.org/10.1002/jcp.24094
https://www.ncbi.nlm.nih.gov/pubmed/22495824
https://doi.org/10.1101/gad.2060811
https://www.ncbi.nlm.nih.gov/pubmed/21685363
https://doi.org/10.1016/j.cell.2009.09.035
https://www.ncbi.nlm.nih.gov/pubmed/19914168
https://doi.org/10.1016/j.jss.2012.06.050
https://www.ncbi.nlm.nih.gov/pubmed/22883438
https://doi.org/10.1242/dev.01074
https://www.ncbi.nlm.nih.gov/pubmed/14973298
https://doi.org/10.1038/nrneph.2016.54
https://www.ncbi.nlm.nih.gov/pubmed/27140856
https://doi.org/10.1126/science.aar2131
https://www.ncbi.nlm.nih.gov/pubmed/29622724
https://doi.org/10.1038/emboj.2012.146
https://www.ncbi.nlm.nih.gov/pubmed/22617420


Bioengineering 2024, 11, 432 12 of 12

51. DiRocco, D.P.; Kobayashi, A.; Taketo, M.M.; McMahon, A.P.; Humphreys, B.D. Wnt4/β-Catenin Signaling in Medullary Kidney
Myofibroblasts. J. Am. Soc. Nephrol. 2013, 24, 1399–1412. [CrossRef] [PubMed]

52. Kahn, M. Can We Safely Target the WNT Pathway? Nat. Rev. Drug Discov. 2014, 13, 513–532. [CrossRef] [PubMed]
53. Guo, Y.; Xiao, L.; Sun, L.; Liu, F. Wnt/Beta-Catenin Signaling: A Promising New Target for Fibrosis Diseases. Physiol. Res. 2012,

61, 337–346. [CrossRef] [PubMed]
54. Haegebarth, A.; Clevers, H. Wnt Signaling, Lgr5, and Stem Cells in the Intestine and Skin. Am. J. Pathol. 2009, 174, 715–721.

[CrossRef] [PubMed]
55. Vooijs, M.; Liu, Z.; Kopan, R. Notch: Architect, Landscaper, and Guardian of the Intestine. Gastroenterology 2011, 141, 448–459.

[CrossRef]
56. Kuppe, C.; Kramann, R. Role of Mesenchymal Stem Cells in Kidney Injury and Fibrosis. Curr. Opin. Nephrol. Hypertens. 2016, 25,

372–377. [CrossRef] [PubMed]
57. Zhou, D.; Tan, R.J.; Liu, Y. Sonic Hedgehog Signaling in Kidney Fibrosis: A Master Communicator. Sci. China. Life Sci. 2016, 59,

920–929. [CrossRef] [PubMed]
58. Ingham, P.W.; Nakano, Y.; Seger, C. Mechanisms and Functions of Hedgehog Signalling across the Metazoa. Nat. Rev. Genet. 2011,

12, 393–406. [CrossRef]
59. Fabian, S.L.; Penchev, R.R.; St-Jacques, B.; Rao, A.N.; Sipilä, P.; West, K.A.; McMahon, A.P.; Humphreys, B.D. Hedgehog-Gli

Pathway Activation during Kidney Fibrosis. Am. J. Pathol. 2012, 180, 1441–1453. [CrossRef] [PubMed]
60. Kramann, R.; Wongboonsin, J.; Chang-Panesso, M.; Machado, F.G.; Humphreys, B.D. Gli1+ Pericyte Loss Induces Capillary

Rarefaction and Proximal Tubular Injury. J. Am. Soc. Nephrol. 2017, 28, 776–784. [CrossRef] [PubMed]
61. Yuan, Q.; Miao, J.; Yang, Q.; Fang, L.; Fang, Y.; Ding, H.; Zhou, Y.; Jiang, L.; Dai, C.; Zen, K.; et al. Role of Pyruvate Kinase

M2-Mediated Metabolic Reprogramming during Podocyte Differentiation. Cell Death Dis. 2020, 11, 355. [CrossRef] [PubMed]
62. Drehmer, D.L.; de Aguiar, A.M.; Brandt, A.P.; Petiz, L.; Cadena, S.M.S.C.; Rebelatto, C.K.; Brofman, P.R.S.; Filipak Neto, F.;

Dallagiovanna, B.; Abud, A.P.R. Metabolic Switches during the First Steps of Adipogenic Stem Cells Differentiation. Stem Cell Res.
2016, 17, 413–421. [CrossRef] [PubMed]

63. Zheng, X.; Boyer, L.; Jin, M.; Mertens, J.; Kim, Y.; Ma, L.; Ma, L.; Hamm, M.; Gage, F.H.; Hunter, T. Metabolic Reprogramming
during Neuronal Differentiation from Aerobic Glycolysis to Neuronal Oxidative Phosphorylation. Elife 2016, 5, e13374. [CrossRef]

64. Haran, M.; Gross, A. Balancing Glycolysis and Mitochondrial OXPHOS: Lessons from the Hematopoietic System and Exercising
Muscles. Mitochondrion 2014, 19 Pt A, 3–7. [CrossRef] [PubMed]

65. Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol. 1927, 8, 519–530. [CrossRef] [PubMed]
66. Liu, Y.; Ma, T. Metabolic Regulation of Mesenchymal Stem Cell in Expansion and Therapeutic Application. Biotechnol. Prog. 2015,

31, 468–481. [CrossRef]
67. Quaggin, S.E.; Kapus, A. Scar Wars: Mapping the Fate of Epithelial-Mesenchymal-Myofibroblast Transition. Kidney Int. 2011, 80,

41–50. [CrossRef] [PubMed]
68. Schrimpf, C.; Duffield, J.S. Mechanisms of Fibrosis: The Role of the Pericyte. Curr. Opin. Nephrol. Hypertens. 2011, 20, 297–305.

[CrossRef] [PubMed]
69. Black, L.M.; Lever, J.M.; Agarwal, A. Renal Inflammation and Fibrosis: A Double-Edged Sword. J. Histochem. Cytochem. 2019, 67,

663–681. [CrossRef] [PubMed]
70. Jiang, M.H.; Li, G.; Liu, J.; Liu, L.; Wu, B.; Huang, W.; He, W.; Deng, C.; Wang, D.; Li, C.; et al. Nestin(+) Kidney Resident

Mesenchymal Stem Cells for the Treatment of Acute Kidney Ischemia Injury. Biomaterials 2015, 50, 56–66. [CrossRef] [PubMed]
71. Pasquinelli, G.; Pacilli, A.; Alviano, F.; Foroni, L.; Ricci, F.; Valente, S.; Orrico, C.; Lanzoni, G.; Buzzi, M.; Luigi Tazzari, P.; et al.

Multidistrict Human Mesenchymal Vascular Cells: Pluripotency and Stemness Characteristics. Cytotherapy 2010, 12, 275–287.
[CrossRef] [PubMed]

72. Cheuk, Y.C.; Xu, S.; Zhu, D.; Luo, Y.; Chen, T.; Chen, J.; Li, J.; Shi, Y.; Zhang, Y.; Rong, R. Monocytic Myeloid-Derived Suppressor
Cells Inhibit Myofibroblastic Differentiation in Mesenchymal Stem Cells Through IL-15 Secretion. Front. Cell Dev. Biol. 2022,
10, 817402. [CrossRef] [PubMed]

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/10.1681/ASN.2012050512
https://www.ncbi.nlm.nih.gov/pubmed/23766539
https://doi.org/10.1038/nrd4233
https://www.ncbi.nlm.nih.gov/pubmed/24981364
https://doi.org/10.33549/physiolres.932289
https://www.ncbi.nlm.nih.gov/pubmed/22670697
https://doi.org/10.2353/ajpath.2009.080758
https://www.ncbi.nlm.nih.gov/pubmed/19197002
https://doi.org/10.1053/j.gastro.2011.06.003
https://doi.org/10.1097/MNH.0000000000000230
https://www.ncbi.nlm.nih.gov/pubmed/27191350
https://doi.org/10.1007/s11427-016-0020-y
https://www.ncbi.nlm.nih.gov/pubmed/27333788
https://doi.org/10.1038/nrg2984
https://doi.org/10.1016/j.ajpath.2011.12.039
https://www.ncbi.nlm.nih.gov/pubmed/22342522
https://doi.org/10.1681/ASN.2016030297
https://www.ncbi.nlm.nih.gov/pubmed/27624490
https://doi.org/10.1038/s41419-020-2481-5
https://www.ncbi.nlm.nih.gov/pubmed/32393782
https://doi.org/10.1016/j.scr.2016.09.001
https://www.ncbi.nlm.nih.gov/pubmed/27653462
https://doi.org/10.7554/eLife.13374
https://doi.org/10.1016/j.mito.2014.09.007
https://www.ncbi.nlm.nih.gov/pubmed/25264322
https://doi.org/10.1085/jgp.8.6.519
https://www.ncbi.nlm.nih.gov/pubmed/19872213
https://doi.org/10.1002/btpr.2034
https://doi.org/10.1038/ki.2011.77
https://www.ncbi.nlm.nih.gov/pubmed/21430641
https://doi.org/10.1097/MNH.0b013e328344c3d4
https://www.ncbi.nlm.nih.gov/pubmed/21422927
https://doi.org/10.1369/0022155419852932
https://www.ncbi.nlm.nih.gov/pubmed/31116067
https://doi.org/10.1016/j.biomaterials.2015.01.029
https://www.ncbi.nlm.nih.gov/pubmed/25736496
https://doi.org/10.3109/14653241003596679
https://www.ncbi.nlm.nih.gov/pubmed/20230218
https://doi.org/10.3389/fcell.2022.817402
https://www.ncbi.nlm.nih.gov/pubmed/35252184

	Introduction 
	Method 
	The Dual Nature of MSCs in Renal IRI 
	MSCs in the Early Stage of Injury 
	MSCs in the Progression of Renal Fibrosis 
	Signal Pathways 
	TGF-1/Smad Pathway 
	Notch Signaling Pathway 
	Wnt/-Catenin-Signaling Pathway 
	Hedgehog Pathway 

	Promising Targets 
	Discussion 
	References

