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Stem cell therapies against renal injury have been advancing. The many trials for renal regeneration are reported to be effective
in many kinds of renal injury models. Regarding the therapeutic mechanism, it is believed that stem cells contribute to make
regeneration via not only direct stem cell differentiation in the injured space but also indirect effect via secreted factors from stem
cells. Direct differentiation from stem cells to renal composed cells has been reported.They differentiate to renal composed cells and
make functions. However, regarding renal regeneration, stem cells are discussed to secrete many kinds of growth factors, cytokines,
and chemokines in paracrine or autocrine manner, which protect against renal injury, too. In addition, it is reported that stem cells
have the ability to communicate with nearby cells via microvesicle-related RNA and proteins. Taken together from many reports,
many secreted factors from stem cells were needed for renal regeneration orchestrally with harmony. In this review, we focused on
the effects and insights of stem cells and regenerative factors from stem cells.

1. Introduction

Renal failure is one of the major healthcare issues. Although
medical science has rapidly advanced, there are few effective
treatments to rescue kidney injury or to activate kidney
regeneration. Recently, stem cell therapies have been pro-
posed for the regeneration toward different kinds of organ
failures, such as cardiovascular diseases [1], neurodegenera-
tive diseases [2], and kidney diseases [3]. As to the kidney,
many stem cell therapies are reported to be effective in variety
of kidney injury models and the therapies are expected to be
useful treatment against kidney injury [4].

Nevertheless, the mechanisms of the stem cell-induced
regeneration are still controversial. Among these mecha-
nisms, direct differentiation of stem/progenitor cells into
renalmature cells have been reported as the direct therapeutic
mechanism [5]. Recently, many reports revealed that trophic
factors from stem cellsmight be the important contributor for
kidney regeneration [6, 7]. In these reports, there are different
kinds of stem cell sources, such as bone marrow-derived
mesenchymal stem cells, adipose-derivedmesenchymal stem
cells, and adult kidney stem/progenitor cells. These secreted

factors are reported to regulate the cell proliferation, cell
migration, cell differentiation, and immune systems as well
as cell-cell interactions and circumstances around the injured
space [8].

Among kidney injury, acute kidney injury (AKI) is
happening in 2–5% of the hospitalized patients [9]. AKI
results from different kinds of factors, such as toxin and
renal ischemia [10]. Some cases of AKI are reversible and
the recovery of the injured tubules needs the replacement
of injured tubular epithelial cells [11]. The cell sources for
the replacement of injured tubules have been controversial.
Recently, Humphreys et al. reported that most predominant
mechanism of repair after ischemic tubular injury is the sur-
viving tubular epithelial cells [12]. In addition, Kusaba et al.
reported that fully differentiated kidney epithelial cells repair
injured proximal tubule [13]. They suggested that surviving
terminally differentiated tubular epithelial cells dedifferenti-
ate, proliferate, migrate, and replace the injured tubules [13].
These reports implied that stem cells such as mesenchymal
stem cells (MSC) and adult kidney stem/progenitor cells
are not the predominant cell sources for the replacement of
injured tubules. And these reports highlighted the possibility
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that the role of the stem cells for regeneration might result
from the indirect mechanism via secreted factors from these
cells. These factors might activate the regenerative process,
for example, via regulation of the cell proliferation, tubular
cell dedifferentiation, cell migration, and circumstance
condition such as inflammation. Actually, stem cells have
been reported to secrete a variety of trophic factors and
activate the regeneration [14]. Although detail mechanisms
are still uncertain, it might open the new strategy to treat
AKI or other kidney injury if we can elucidate the detail
mechanism of indirect therapeutic mechanism via trophic
factors from stem cells and translate into clinical medication
treatment.

In this review article, we focused on the recent advances
of the therapies related to the trophic factors from these stem
cells.

2. Mesenchymal Stem Cells

MSCs can be established from adult tissues including bone
marrow, adipose tissue, synovial tissue, liver, lung, umbilical
cord, placenta, amniotic fluid, and connective tissues [15].
MSCs are the undifferentiated adult cells and have the ability
to differentiate into mesenchymal-derived tissues, such as
bone, muscle, fat, and other connective tissues [15]. MSCs
also have the ability to migrate to damaged and injured space
and secrete many kinds of factors which can influence cell
characters and change circumstances, which result in tissue
repair and regeneration.

MSCs implantation has been reported to be protective
for many kinds of kidney injury models, including not only
AKI models such as ischemia/reperfusion kidney injury
models, cisplatin injury model, glycerol injury model, and
mesangioproliferative glomerulonephritis model [16–19] but
also CKD models such as 5/6 nephrectomy model, type 1
diabetes model, and unilateral ureteral obstruction (UUO)
model [20–22].

Regarding indirect replacement into injured tubules,
trophic factors from MSCs have been reported to be pro-
tective against kidney injury. Human adipose-derived MSCs
inhibited podocyte apoptosis and injury by high glucose
mainly via trophic factors [23]. Bone marrow derived MSCs
protected against ischemic acute kidney injury via trophic
factors [6]. Bone marrow derivedMSCs protected the kidney
from toxic injury by trophic factors which limited apoptosis
and enhanced proliferation of the endogenous tubular cells
[7]. These reports indicate that there are variety kinds of
factors and therapeutic mechanisms via trophic factors.
Stem cells, like MSCs, might activate renal residual cells for
regeneration among many kinds of renal diseases. Rota et
al. reported that human amniotic fluid stem cells improved
cisplatin-induced kidney injury and the effect was mediated
through a local paracrine including interleukin-6 (IL-6),
VEGF, SDF-1, and IGF-1 [24]. Since different kinds of stem
cells secrete specific and different concentrated factors, it
seems to be important to elucidate each stem cells contri-
bution for regeneration. And these reports also suggest that
cell transplantation of stem cells themselves is not necessary

and stem cells do have indirect therapeutic mechanism via
secreted factors.

On the other hand, there are some reports which focus
on the culture supernatant from stem cells. It is reported
with using co-culture system that anti-inflammatory factor
HGF and anti-fibrotic factor TSG-6 from MSCs ameliorate
albumin-induced tubular inflammation and fibrosis [25].
Low serum cultured adipose tissue derived stromal cells
ameliorated AKI and the effect was mainly induced by HGF
from these cells [26]. In addition, Human embryonic MSC-
derived conditioned medium can rescue kidney function in
5/6 nephrectomy-induced CKD model [27]. These reports
focus on the importance of the combination of variety kinds
of trophic factors to get more efficient therapeutic effects.
Each factor from MSCs is effective for renal regeneration.
However, the secreted factors from MSCs are different and
theworking effect for renal disease is different, too.Therefore,
it is supposed that there is the possibility that culture
supernatant from stem cells might be optimal condition for
renal regeneration because the trophic factors from MSCs
might be secreted orchestrally.

MVs fromMSCs have been reported to be renoprotective.
Human MVs derived from human MSCs can stimulate
cell proliferation and inhibit cell apoptosis in vitro and
activate recovery of glycerol-induced AKI mice model in
vivo [28]. These effects were reversed with RNase treatment,
suggesting MVs shuttled mRNA is the main contributor
for renoprotection. Interestingly, they implied in the report
that MVs from stem cells have the potential to induce
dedifferentiation of mature cells which contribute to the
tissue repair against injury. In addition, it is reported that
human adultMSCs-derivedMVs can protect against not only
ischemia-reperfusion- (I/R-) inducedAKI but alsoCKD [29].
These factors may open the new strategy to treat kidney
injury. Taken together, MSCs contribute not only direct
differentiation to kidney but also indirect trophic factors
supply (Figure 1).

3. Adult Kidney Stem/Progenitor Cells

Adult kidney stem cells have been identified from some
research groups in different kinds of technologies [4]
(Table 1). These groups also reported that administration of
the adult kidney stem cells contributed to renal regeneration.
These reports especially focused on the direct therapeutic
mechanism via replacement into injured tubules and there
are few reports indicating the indirect therapeutic effects via
secreted factors from these cells.

Hoechst 33342 was originally used for the isolation of
HSC. In the same way, SP cells have been isolated from other
organs including kidney [30, 31]. These cells have multilin-
eage capacity and the ability to activate renal regeneration
[31]. SP cell administration into kidney injury models, such
as cisplatin-inducedAKI, adriamycin nephropathy, andCKD
models, revealed to be effective for kidney regeneration.
In addition, these effects seemed to be mainly induced via
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Figure 1: Shema of indirect therapeutic mechanism of stem cells against AKI. Not only the cell proliferation of stem/progenitor cells but also
indirect factors such as growth factors, cytokines, chemokines, microvesicles et al. ameliorate injuryed tubular cells.

paracrine effects from SP cells because there are few cell
infusions into injured place [32].

Other adult kidney stem cells were isolated with the
maker, Sca1+ cells [33].When they injected these cells directly
into the renal parenchyma, they differentiated into tubular
phenotype and could contribute to kidney regeneration [33].
Other group isolated the kidney-derived stem cell line which
was named multipotent renal progenitor cells (MRPC) [34].
They isolated MRPC using specific cell culture conditions
which were similar to those used for the culture of bone
marrow derived multipotent adult progenitor cells. These
cells had spindle-shaped morphology and have self-renewal
ability [34]. They also have the ability to differentiate into
cells of all three germ cell layers. When they injected
these cells into kidney injury models, they differentiated
into renal tubules [34]. Other group reported adult kidney
stem/progenitor-like cells by detecting slow cycling cells
which represent the stem cell character using DNA labeling
with BrdU [35]. They named the cells slow-cycling label-
retaining cells (LRCs). LRCs were identified in renal tubular
cells, papilla, and renal capsules. Interestingly, all tubular
cells have the potential to become LRCs and proliferate
after kidney injury, suggesting that differentiated tubular cells
could dedifferentiate and have more immature characters
when kidney injury occurs. The result suggested that LRCs
were regulated via secreted factors at least to some extent.
Other group was reported that CD 133+CD24+ adult kidney
stem cells locate in the Bowman’s capsule [36] and they
were recently identified in the tubular compartment [37].
They both were positive for CD133, CD24, and Pax2, but
there are some differences between these cells with respect to
therapeutic effects. Tubular adult renal stem/progenitor cells
(ARPCs) were reported to promote proliferation of surviving

tubular cells and inhibited cisplatin-induced apoptosis [38].
These regenerative effects resulted from the ARCs-secreted
inhibin-A and decorin mRNA [38]. Interestingly, this pro-
tective mRNA was shuttled by MVs. And the transcriptions
from MVs differed from those from MSCs. These results
suggested that theremay be different roles via secreted factors
between adult kidney stem cells and MSCs. Bussolati et al.
also detected progenitor cells in the inner medullary papilla
region [39] and they indicated that CD133+ cells from renal
medulla possess higher differentiate ability and stemcellness
marker compared to CD133+ cells from proximal tubules.
When they evaluated the injection of CD133+ renal cells
from human inner medulla in a model of glyceol-induced
acute tubular injury model, they found the recovery of renal
function and these effects were mediated via prevention
of tubular cell necrosis and stimulation of resident cell
proliferation and survival which is similar to MSCs [40].
Interestingly, they compared the therapeutic effects to MSCs
and revealed that renal progenitor cells showed a high renal
localization. Moreover, they also revealed the differences of
secreted factors between renal progenitor cells and MSCs.
Renal progenitor cells showed higher expression of plated-
derived growth factor (PDGF), bFGF, leukemia inhibitory
factor, and tumor necrosis factor 𝛼 compared toMSCs. Taken
together, kidney stem cells and MSCs secrete different kinds
of trophic factors, which activate renal regeneration together.
At the same time, there are important and significant differ-
ences between CD133+ renal progenitor cells from different
segments, Bowman’s capsule, S3 segment of proximal tubules,
and inner medullary papilla region. These differences might
be occurring from the different niche and environment of
these cells. They might have the different roles about renal
regeneration and the effects should be induced via trophic
factors from these cells, at least to some extent.
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Table 1: The summary of trophic effect of secreted factors from
tissue stem cells.

Author Cell line
name Species Location

Hishikawa et
al. [61] SP cells Mouse

Renal
interstitial
space

Challen et al.
[62] SP cells Mouse Proximal

tubules
Inowa et al.
[30] SP cells Human Not identified

Dekel et al.
[33] Sca1+ cells Mouse Nontubular

Gupta et al.
[34] MRPCs Rat Renal tubules

Maeshima et
al. [4, 35] LRC cells Rat Renal tubular

cells
Oliver et al.
[63]

Slow-cycling
cells Mouse, rat Renal papilla

Bussolati et
al. [36, 39]

CD133+
CD24+ cells Human

Bowman’s
capsule, inner
medullary
papilla, S3
segment of
proximal
tubules,

interstitium
Sallustio et al.
[37, 38]

CD133+
CD24+ cells Human Tubules,

glomerulus
Sagrinati et
al. [64]

CD133+
CD24+ cells Human Bowman’s

capsule

Lindgren et
al. [65]

CD133+
CD24+ cells Human

Renal
proximal
tubules

Kitamura et
al. [41] KS cells Rat

S3 segment of
proximal
tubules

SP cells: Side population cells, MRPC cells: Multipotent renal progenitor
cells, LRCs: Label-retaining cells, KS cells: kidney stem/progenitor cells.

Our group previously established an adult kidney
stem/progenitor cell line (KS cells) from adult rat kidneys
[41]. We isolated nephrons and separated into segments
and cultured. We could isolate highly proliferative cells
from single cell of S3 segment. KS cells showed cobblestone
appearance and expressed not only mature tubular markers,
such as aquaporin(AQP)-1, 2 and NaCl transporter (NaCl-
tr), but also immature cell markers which are related to
kidney development, such as paired box-2 (Pax-2),WT-1, and
glial cell line-derived neurotrophic factor (GDNF). In vitro,
KS cells have the self-renewal ability and can differentiate
into mature tubular cells defined by AQP-1, 2 expressions.
When we injected KS cells into AKI models, KS cells could
differentiate and replaced to renal composed cells in injured
tubules [41]. We also suggested the possibility that KS cells
could contribute to regeneration by indirect mechanism via
secreted factors from KS cells [42].

Table 2: Summary of the adult kidney stem cells.

Factor Trophic effect

HGF Cell proliferation, anti-inflammation,
antifibrosis

EGF Mitogenesis (renal proximal tubules),
anabolism

IGF-1 Mitogenesis (renal proximal tubules)

bFGF
Antiapoptosis, epithelial condensation,
WT-1 upregulation,
cell proliferation, MSC differentiation

VEGF
Cell proliferation, matrix remodeling,
monocyte chemotaxis,
adhesion protein upregulation

BMP-7 Antifibrosis, anti-inflammation,
antiapoptosis

PGE2 Anti-inflammation
TGF-b Anti-inflammation

MVs Cell proliferation, antiapoptosis,
dedifferentiation (renal mature cells)

microRNAs Kidney development, homeostasis, and
renal disease

4. Trophic Factors for Renal Regeneration

Regarding trophic factors fromMSCs, it is reported to secrete
many kinds of factors such as HGF, EGF, IGF-1, FGF2,
VEGF, BMP-7, TGF-b1, IL-6, IL-10, PGE2, granulocyte-
colony stimulating factor (G-CSF), and macrophage-colony
stimulating factor (M-CSF) [6, 8, 43, 44]. MSC-derived
BMP-7 ameliorates diabetic glomerular fibrosis by inhibiting
TGF-b signaling [45]. MSCs ameliorate podocyte injury
and proteinuria in a type 1 diabetic nephropathy rat model
via BMP-7 from MSCs [46]. HGF from MSCs ameliorated
DN by inhibiting monocyte chemotactic protein-1 (MCP-1)
expression [47]. Since MSCs have been reported to activate
regeneration for different kinds of organs and MSCs migrate
mainly from bonemarrow after renal injury, MSCs should be
one of the most important stem cells for renal regeneration.

Trophic factors such as growth factors, cytokines, and
chemokines play important roles for many biological func-
tions such as cell growth, migration, differentiation, apop-
tosis, inflammation, division, and signaling [8] (Table 2).
Recently, the use of trophic factors has been advocated
to stimulate kidney regeneration [48–50]. Growth factors
injections against kidney injury have been reported. Miller
et al. first reported that hepatocyte growth factor (HGF)
administration against acute ischemia renal injury stimulated
the recovery of kidney function and regeneration of proximal
tubular epithelium [49]. In addition, they reported that EGF-
like growth factor (EGF) or insulin-like growth factor-1
(IGF-1) administration against acute ischemia renal injury
activated renal regeneration [49]. It is well known that HGF
stimulates the cell proliferation of many kinds of epithelial
cells and inhibits inflammation and fibrosis via cognate
receptor HGFR/c-Met [50]. IGF-1 and EGF are known to be
mitogenic for renal proximal tubules. Another factor, basic
fibroblast growth factor (bFGF), is expressed in response to
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kidney injury [51]. Recent report revealed that bFGF can
reduce functional and structural damage in chronic kidney
disease (CKD) rat model [52]. bFGF inhibits apoptosis,
activates epithelial condensation, and regulatesWilms’ tumor
1 (WT-1) synthesis [53, 54]. In addition, FGF can activate cell
proliferation of renal cells and regulate MSC differentiation
[55]. Vascular endothelial growth factor (VEGF) is the impor-
tant factor of the protective effect of MSCs using knockdown
of VEGF by siRNA [16]. Human marrow-derived MSC-CM
inhibited cisplatin-induced tubular epithelial cell death and
these effects were reduced with anti-VEGF antibody [56],
suggesting VEGF has the effect on kidney protection against
toxic injury. VEGF regulates the survival and proliferation of
different kinds of cells especially for endothelial cells and is
also important formatrix remodeling,monocyte chemotaxis,
and molecule expression related to adhesion. Bone mor-
phogenic protein-7 (BMP7) inhibits transforming growth
factor-b (TGF-b) induced fibrosis, reduces inflammation-
related cytokines, and reduces cell apoptosis of epithelial
tubular cells and podocyte whereas TGF-b and prostaglandin
E2 (PGE2) suppress the inflammation by inhibiting lympho-
cyte activation [25, 26]. Recent report suggested that stroma
cell-derived factor 1 (SDF-1) protects tubular epithelial cells
against renal ischemia-reperfusion injury [57].

In addition to soluble factors such as growth fac-
tors, cytokines, and chemokines, microvesicles (MVs) were
recently remarked as the way of cell-cell communication
[58]. MVs are released from different kinds of cells [59].
MVs interact with nearby cells by mRNA, miRNA, proteins,
transfer surface receptors, and surface ligands [59]. Recently,
MVs shuttled RNA from stem cells have been reported to
be renoprotective [39]. In addition, microRNAs are focused
as new approach for kidney diseases. They are reported to
have important roles for kidney development, disease, and
regeneration [60]. The detail mechanism will be needed on
the interaction between stem cells and micro RNAs for renal
regeneration.

These trophic factors are reported to secrete from stem
cells such as MSCs and adult kidney stem/progenitor cells.
Taken together, trophic factors from stem cells should
contribute to renal regeneration against injury and these
effects might be induced by various factors orchestrally since
stem cells secrete various kinds of factors. Stem cells might
contribute to renal regeneration not only through direct
differentiation into mature renal cells but also through the
secretion of protective factors.

5. Conclusion

In this review paper, we focused that stem cells therapy
contributes for regeneration via not only direct differentiation
from stem cells to injured cells but also indirect regeneration
with trophic factors from stem cell to residual cells. Though
the detail movement is still explored, it is very important to
resolve this mechanism. To elucidate the mechanism, stem
cell therapy will be of clinical use. Now, there are few clinical
medications for kidney injury.There aremany trophic factors
which can stimulate kidney regeneration, such as HGF, EGF,

and IGF-1.There should be other unknown factors which can
be renoprotective. Besides the soluble factors such as growth
factors, microvesicle-related mediators including mRNA,
miRNA, and proteins should be other therapeutic factors.
These different kinds of trophic factors might contribute to
regenerate kidney in orchestration with harmony from stem
cells because the effects of each factor were different. It might
be useful for culture supernatant of stem cells to regenerate
renal injury because it can contain many unknown factors
and might be adjusted as optical condition for regeneration.
Although there are still much to be explored, we can open the
new therapeutic method for kidney diseases when we could
elucidate the detail mechanism about renoprotection related
to trophic factors.
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[6] F. Tögel, Z. Hu, K.Weiss, J. Isaac, C. Lange, and C.Westenfelder,
“Administeredmesenchymal stem cells protect against ischemic
acute renal failure through differentiation-independent mecha-
nisms,” The American Journal of Physiology—Renal Physiology,
vol. 289, no. 1, pp. F31–F42, 2005.

[7] B. Bi, R. Schmitt, M. Israilova, H. Nishio, and L. G. Cantley,
“Stromal cells protect against acute tubular injury via an
endocrine effect,” Journal of the American Society of Nephrology,
vol. 18, no. 9, pp. 2486–2496, 2007.

[8] A. I. Caplan and J. E. Dennis, “Mesenchymal stem cells as
trophic mediators,” Journal of Cellular Biochemistry, vol. 98, no.
5, pp. 1076–1084, 2006.

[9] K. Nash, A. Hafeez, and S. Hou, “Hospital-acquired renal
insufficiency,”The American Journal of Kidney Diseases, vol. 39,
no. 5, pp. 930–936, 2002.

[10] R. Thadhani, M. Pascual, and J. V. Bonventre, “Acute renal
failure,” New England Journal of Medicine, vol. 334, no. 22, pp.
1448–1460, 1996.

[11] M. E. Sabbahy and V. S. Vaidya, “Ischemic kidney injury and
mechanisms of tissue repair,” Wiley Interdisciplinary Reviews:
Systems Biology and Medicine, vol. 3, no. 5, pp. 606–618, 2011.



6 Stem Cells International

[12] B. D. Humphreys, M. T. Valerius, A. Kobayashi et al., “Intrinsic
epithelial cells repair the kidney after injury,”Cell Stem Cell, vol.
2, no. 3, pp. 284–291, 2008.

[13] T. Kusaba, M. Lalli, R. Kramann, A. Kobayashi, and B.
D. Humphreys, “Differentiated kidney epithelial cells repair
injured proximal tubule,”Proceedings of theNational Academy of
Sciences of the United States of America, vol. 111, no. 4, pp. 1527–
1532, 2014.

[14] Y. H. Chou, S. Y. Pan, C. H. Yang, and S. L. Lin, “Stem cells
and kidney regeneration,” Journal of the Formosan Medical
Association, vol. 113, no. 4, pp. 201–209, 2014.

[15] M. F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science, vol.
284, no. 5411, pp. 143–147, 1999.

[16] F. Tögel, A. Cohen, P. Zhang, Y. Yang, Z. Hu, and C. Westen-
felder, “Autologous and allogeneic marrow stromal cells are safe
and effective for the treatment of acute kidney injury,” StemCells
and Development, vol. 18, no. 3, pp. 475–485, 2009.

[17] M. Morigi, M. Introna, B. Imberti et al., “Human bone marrow
mesenchymal stem cells accelerate recovery of acute renal
injury and prolong survival in mice,” Stem Cells, vol. 26, no. 8,
pp. 2075–2082, 2008.

[18] M. B. Herrera, B. Bussolati, S. Bruno, V. Fonsato, G. M.
Romanazzi, and G. Camussi, “Mesenchymal stem cells con-
tribute to the renal repair of acute tubular epithelial injury,”
International Journal of Molecular Medicine, vol. 14, no. 6, pp.
1035–1041, 2004.

[19] U. Kunter, S. Rong, P. Boor et al., “Mesenchymal stem cells pre-
vent progressive experimental renal failure but maldifferentiate
into glomerular adipocytes,” Journal of the American Society of
Nephrology, vol. 18, no. 6, pp. 1754–1764, 2007.

[20] P. Semedo, M. Correa-Costa, M. A. Cenedeze et al., “Mes-
enchymal stem cells attenuate renal fibrosis through immune
modulation and remodeling properties in a rat remnant kidney
model,” Stem Cells, vol. 27, no. 12, pp. 3063–3073, 2009.

[21] F. E. Ezquer, M. E. Ezquer, D. B. Parrau, D. Carpio, A. J. Yañez,
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