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REVIEW

Mesenchymal stem cell treatment for chronic
renal failure
Alfonso Eirin and Lilach O Lerman*

Abstract
Chronic renal failure is an important clinical problem
with significant socioeconomic impact worldwide.
Despite advances in renal replacement therapies and
organ transplantation, poor quality of life for dialysis
patients and long transplant waiting lists remain major
concerns for nephrologists treating this condition.
There is therefore a pressing need for novel therapies
to promote renal cellular repair and tissue remodeling.
Over the past decade, advances in the field of
regenerative medicine allowed development of cell
therapies suitable for kidney repair. Mesenchymal stem
cells (MSCs) are undifferentiated cells that possess
immunomodulatory and tissue trophic properties and
the ability to differentiate into multiple cell types.
Studies in animal models of chronic renal failure have
uncovered a unique potential of these cells for
improving function and regenerating the damaged
kidney. Nevertheless, several limitations pertaining to
inadequate engraftment, difficulty to monitor, and
untoward effects of MSCs remain to be addressed.
Adverse effects observed following intravascular
administration of MSCs include immune rejection,
adipogenic differentiation, malignant transformation,
and prothrombotic events. Nonetheless, most studies
indicate a remarkable capability of MSCs to achieve
kidney repair. This review summarizes the regenerative
potential of MSCs to provide functional recovery from
renal failure, focusing on their application and the
current challenges facing clinical translation.
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Introduction
Chronic kidney disease (CKD) is a prevalent condition
(8 to 16%) associated with all-cause and cardiovascular
mortality [1]. Importantly, CKD can progress towards
end-stage renal disease (ESRD), requiring renal replacement therapy. ESRD currently accounts for 6.3% of the
Medicare spending in the United States, and is projected
to increase by 85% by 2015 [2]. Furthermore, ESRD has
a tremendous impact on quality of life and life expectancy of affected individuals [3]. Therefore, it is imperative to develop therapeutic interventions to prevent,
alleviate, or decelerate progression of renal failure.
Diabetes mellitus and hypertension represent major
causes of CKD and initiation of dialysis in the United
States [4]. In addition, glomerular diseases, malnutrition,
infectious diseases, and acute kidney injury can progress
to ESRD, contributing to the increased global burden of
death associated with this condition [5]. Current treatment modalities often fail to target the major underlying
contributors for progression of renal disease [6]. Chronic
glomerular and tubulointerstitial fibrosis is a common
pathway to ESRD, often associated with apoptosis, oxidative damage, and microvascular rarefaction. In fact, renal
dysfunction is postulated to better correlate with the degree of tubulointerstitial than with glomerular damage [7].
Importantly, the kidney possesses intrinsic regenerative
capacity that allows the organ to recover after limited insults [8]. Unfortunately, this regenerative potential is limited under chronic conditions and thus inefficient to
prevent progressive glomerulosclerosis and tubulointerstitial fibrosis [9]. Treatment strategies that boost cellular regeneration might therefore offer good alternatives for
patients with CKD.
Mesenchymal stem cells (MSCs) can be isolated from a
variety of tissues, differentiate into multiple cell lineages,
and possess unique immunomodulatory properties that
ameliorate inflammation and immune responses, constituting a promising tool to facilitate renal repair. MSCs are defined by the presence of plastic-adherent cells under
standard culture conditions, capacity to differentiate into
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osteoblasts, adipocytes and chondroblasts in vitro, expression of typical surface markers (CD29, CD44, CD73, CD90,
CD105, and CD166), and the lack of CD45, CD34, CD14
or CD11b, CD79α or CD19 and HLA-DR surface molecules [10]. In recent years, experimental studies have uncovered the potential of MSCs to improve renal function in
several models of CKD, and several clinical studies have indicated their safety and efficacy in CKD. Nevertheless, a
number of hurdles need to be addressed before clinical
translation. This review summarizes the current state of
MSC transplantation for CKD, focusing on their mechanisms of renal repair, complications, obstacles for clinical
translation, and potential approaches to overcome them.

Mesenchymal stem cells in experimental chronic
kidney disease
Over the past few years, MSCs have been successfully applied in experimental models of CKD such as diabetes,
hypertension, and chronic allograft nephropathy (Table 1).
For example, a single intravenous dose of MSCs resulted
in beta-pancreatic islet regeneration, prevented renal damage in streptozotocin-induced type 1 diabetes in C57BL/6
mice [11], and decreased hyperglycemia and glycosuria
that persisted for 2 months after injection. Furthermore,
MSC-treated diabetic mice showed histologically normal
glomeruli, and albuminuria fell. Although the authors did
not assess cellular mechanisms associated with MSC
therapeutic effects, the long-lasting persistence of injected
MSCs may suggest a direct effect to elicit kidney
regeneration.
Similarly, Lee and colleagues tested the effectiveness of
intracardiac infusions of MSCs from human bone marrow in immunodeficient mice with type 2 diabetes produced with multiple low doses of streptozotocin [12].
MSCs lowered blood glucose levels and decreased
mesangial thickening and macrophage infiltration, suggesting their potential for improving renal lesions in
subjects with diabetes mellitus. Interestingly, in kidneys
of MSC-treated diabetic mice, a few injected human
MSCs differentiated into glomerular endothelial cells.
Additionally, in rats with modified 5/6 nephrectomy, a
single venous injection of MSCs 1 day after

nephrectomy preserved renal function and attenuated
renal injury [13]. Despite unchanged blood urea nitrogen
and creatinine levels, MSC-treated animals showed attenuated progression of proteinuria. The scarce engraftment of MSCs in the kidneys of rats with
chronic renal failure suggests that paracrine secretion
of mediators, such as cytokines or growth factors,
may have accounted for their beneficial effects. Indeed, vascular endothelial growth factor (VEGF) levels
were substantially higher in MSC-treated animals
1 month after MSC injection.
Furthermore, a single dose of bone marrow-derived
MSCs 11 weeks after kidney transplantation in rats decreased interstitial fibrosis, tubular atrophy, T-cell and
macrophage infiltration, and the expression of inflammatory cytokines [14]. Interestingly, a decrease over time in
the inflammatory and profibrotic cytokine levels in
MSC-treated animals was associated with an increase in
the anti-inflammatory cytokine IL-10, although none of
the injected MSCs were detected 7 days after delivery.
These observations imply that the beneficial effect of
these cells in this setting is primarily attributable to their
paracrine immunomodulatory properties rather than
long-term engraftment.
We have previously shown in swine atherosclerotic renovascular disease that intrarenal delivery of MSCs isolated
from subcutaneous adipose tissue protected the stenotic
kidney despite sustained hypertension [15]. Notably, MSCs
also attenuated renal inflammation, endoplasmic-reticulum
stress, and apoptosis through mechanisms involving cell
contact. Furthermore, adjunctive MSCs improved renal
function and structure after renal revascularization and
reduced inflammation, oxidative stress, apoptosis, microvascular remodeling, and fibrosis in the stenotic kidney
[16] (Figure 1). This strategy also restores oxygendependent tubular function in the stenotic-kidney medulla,
extending their value to preserving medullary structure and
function in chronic ischemic conditions [17].

Potential challenges for clinical translation
While preclinical studies have established the safety and
efficacy of MSCs in different models of CKD, these

Table 1 Preclinical studies using mesenchymal stem cells for the treatment of chronic kidney disease
Disease

Source

Dose

Route

Mechanism of action

Side effects

Reference

Diabetic nephropathy

Mice bone marrow

0.5 × 106

Intravenous

Engraftment/direct effect

None

[11]

6

Diabetic nephropathy

Human bone marrow

2 × 10

Intracardiac

Engraftment/direct effect

None

[12]

Partial nephrectomy

Rat bone marrow

1 × 106

Intravenous

Paracrine effect

None

[13]

Chronic allograft nephropathy

Rat bone marrow

0.5 × 106

Intravenous

Immunomodulatory effect

None

[14]

Renal revascularization

Allogeneic swine
adipose tissue

10 × 106

Intrarenal

Engraftment/direct
effect/paracrine

None

[16,17]

Renal artery stenosis

Autologous swine
adipose tissue

10 × 106

Intrarenal

Engraftment/direct
effect/paracrine

None

[15]
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Figure 1 Stenotic-kidney microvascular loss and fibrosis decreased in animals treated with mesenchymal stem cells. Top: representative
microcomputed tomography three-dimensional images of kidney segments, showing improved microvascular architecture in pigs with atherosclerotic
renal artery stenosis (ARAS) treated with percutaneous transluminal renal angioplasty (PTRA) and an adjunct intrarenal infusion of adipose
tissue-derived mesenchymal stem cells (MSC) 4 weeks earlier. Bottom: representative renal trichrome staining (×40, blue) showing decreased fibrosis in
ARAS + PTRA + MSC pigs.

results need cautious translation into routine clinical
practice. Trials using MSCs for CKD patients may face
various challenges, including selecting the optimal route
of MSC delivery, scant homing and engraftment, immune rejection, ensuring thriving, and tracking of
injected cells. Addressing these challenges may bolster
the success of MSC therapy in improving renal function
in CKD patients.
Route of delivery

The route of MSC delivery may influence the cells’ capacity to home and engraft the damaged tissue, and
thereby their efficacy for renal repair. Commonly used
experimental methods to deliver MSCs include systemic
intravenous, intra-arterial, or intraparenchymal delivery.
When intravenously delivered in normal Sprague–Dawley rats, the majority of MSCs are initially trapped in the
lungs [18], but in nonhuman primates the cells distribute broadly into the kidneys, skin, lung, thymus, and
liver with estimated levels of engraftment ranging from
0.1 to 2.7% [19]. In contrast, direct delivery of MSCs
into the renal artery of an ischemic kidney is associated
with retention rates of 10 to 15% [16,17], although the
normal swine kidney retains only around 4%, due to the
low tonic release of injury signals. However, injection of
human MSCs into the mouse abdominal aorta may lead
to occlusion in the distal vasculature due to their relatively large cell size (16 to 53 μm), suggesting that this
approach should be used cautiously [20]. Injections of
MSCs into the renal parenchyma or their local

subcapsular implantation confer renoprotective effects
[21,22], but are difficult to implement in the human injured kidney.
In experimental models of CKD, the optimal dose of
MSCs is often empirical, with doses ranging from 0.5 × 106
to 10 × 106 [11,16]. Despite variability in dose regimens
and route of delivery, the safety and beneficial effects of
MSCs were consistent among studies. Nevertheless, the
use of escalating doses is strongly recommended in clinical
trials, and chronic adverse events should be evaluated
prior to enrollment at the next dose level.
Homing

Circulating hematopoietic progenitor cells home to the
damaged kidney by responding to injury signals that correspond to cognate surface receptors which they express
[23]. Accumulating evidence indicates that exogenously
infused MSCs respond to similar homing signals. In
mice, expression of CD44 and its major ligand hyaluronic acid mediates MSC migration to the injured kidney
[24], and hyaluronic acid also promotes MSC dosedependent migration in vitro. Moreover, renal homing of
intravenously injected MSCs was blocked by preincubation with the CD44 blocking antibody or by soluble hyaluronic acid, suggesting that CD44 and hyaluronic acid
interactions recruit exogenous MSCs to the injured kidney. In addition, Liu and colleagues found that, when
administered systemically, MSCs home to the ischemic
kidney, improving renal function, accelerating mitogenic
response, and reducing cell apoptosis, but these effects
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were abolished by either CXCR4 or CXCR7 inhibition,
implicating the stromal derived factor-1–CXCR4/CXCR7
axis in kidney repair [25].
Collectively, these observations suggest that strategies
aimed to enhance MSC expression of homing signals may
improve their capacity to attenuate renal dysfunction.
Studies have shown that selective manipulation of MSCs
before transplantation (preconditioning) enhances their
ability to protect damaged tissues [26,27]. The rationale
underpinning this approach is that transplanted MSCs encounter a hostile microenvironment that mitigates their
reparative capabilities and survival. Indeed, preconditioning with the mitogenic and prosurvival factor insulin-like
growth factor (IGF)-1 before systemic infusion of bone
marrow-derived MSCs (2 × 105) upregulates the expression of CXCR4 and restores normal renal function in a
mice model of cisplatin-induced acute kidney injury [28].
Engraftment

Some studies suggest that MSCs have the capacity to engraft the damaged tissue, integrate into tubular cells, and
differentiate into mesangial cells [29-31]. In swine renovascular disease, 4 weeks after intrarenal infusion, MSCs
(10 × 106) were detected in all regions of the kidney, but
mostly at the renal interstitium [16,17]. On the other
hand, intravenous infusion of bone marrow-derived MSCs
(2 × 105) in mice with cisplatin-induced acute renal failure
reduced the severity of renal injury, but none were detected within the renal tubules and only few cells within
the renal interstitium at 1 to 4 days after infusion [32],
suggesting that MSC engraftment is not necessary to
achieve renoprotection. Likewise, despite significant improvement in renal function, within 3 days of intracarotid
infusion in a rat model of ischemia–reperfusion-induced
acute renal failure, none of the MSCs differentiated into
the tubular or endothelial cell phenotype, indicating that
their beneficial effects are primarily mediated via paracrine
actions rather than differentiation into target cells [33].
Methods to increase MSC engraftment may therefore
enhance their utility in regenerative cellular therapy. Temporary obstruction of the renal artery following intrarenal
delivery [16,17] may prevent cell washout, and is associated with significant retention rates in the postischemic
kidney. Alternatively, in a rat model of acute kidney injury,
s-nitroso N-acetyl penicillamine preconditioning enhances
MSC engraftment, ultimately associated with a significant
improvement in renal function [34].
Despite the crucial role attributed to MSC engraftment
in potentiating the cells’ beneficial effect at the site of injury, there is currently consensus that the chief mechanism by which MSCs protect the damaged kidney is the
release of growth factors, proangiogenic factors, and
anti-inflammatory cytokines. Cultured MSCs release
large amounts of the proangiogenic factor VEGF, which
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facilitates glomerular and tubular recovery [16,35].
MSCs can also produce IGF-1, while administration of
IGF-1 gene-silenced MSCs limits their protective effect
on renal function and tubular structure in murine
cisplatin-induced kidney injury, indicating that MSCs
exert their beneficial effects by producing IGF-1 [36].
Importantly, these paracrine actions of MSCs seem to
mediate their immunomodulatory properties. In ischemia–reperfusion-induced acute kidney injury, infusion of
MSCs downregulates renal expression of proinflammatory cytokines and adhesion molecules such as IL-1β,
tumor necrosis factor alpha, interferon gamma, monocyte chemoattractant protein-1, and intercellular adhesion molecule-1, but upregulates the expression of the
anti-inflammatory IL-10 [26,33]. Likewise, we have
shown in swine renovascular disease that intrarenal delivery of MSCs during renal revascularization decreased
renal expression of tumor necrosis factor alpha and
monocyte chemoattractant protein-1, but increased IL10 expression [17]. Moreover, MSCs induced a shift in
the macrophage phenotype from inflammatory (M1) to
reparative (M2), uncovering their immunomodulatory
potential [37]. Taken together, these observations underscore the contribution of paracrine actions of MSCs to
induce a shift from an inflammatory to an antiinflammatory microenvironment. It is not unlikely that
the type, number, and expansion methods used to secure
MSCs alter their engraftment capacity.
Rejection

For many years, MSCs have been considered immune privileged because of the lack of expression of co-stimulatory
molecules and their capacity to decrease renal release and
expression of inflammatory mediators [17,33,37]. These
attributes engendered the hope that MSCs could engraft
in allogeneic nonimmunosuppressed recipients, and stimulated development of off-the-shelf allogeneic MSC products [38], which allow rapid generation of large amounts
of cells from few donors. Nevertheless, in vivo and in vitro
studies have demonstrated that MSCs may occasionally
induce an immune switch transitioning from an immunoprivileged to an immunogenic phenotype that triggered
cellular cytotoxicity or immune rejection [39]. Moreover,
implantation of murine MSCs engineered to release
erythropoietin in major histocompatibility complexmismatched allogeneic mice increased the proportion of
host-derived lymphoid CD8+ and natural killer infiltrating
cells, suggesting that MSCs are not intrinsically immunoprivileged [40]. Taken together, these observations do not
support the use of allogeneic MSCs as a universal cellular
platform, at least until development of unequivocally
immunoprivileged MSCs. Therefore, at this point, administration of autologous MSCs seems to be the safest
strategy.
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Thriving

An important feature of MSCs is their capacity to induce
proliferation of renal glomerular and tubular cells, increasing cellular survival. By secreting proangiogenic
and trophic factors, injected MSCs not only can enhance
proliferation, but also can decrease apoptosis of tubular
cells [32]. We have shown in swine renovascular disease
that a single intrarenal delivery of MSCs in conjunction
with renal revascularization increased proliferation of
renal cells [16], and recently confirmed in vitro that
MSCs blunt apoptosis by decreasing the expression of
caspase-3 [15].
However, whether MSCs remain in the circulation long
enough to exert any long-lasting effect is a matter of debate. Ezquer and colleagues showed that intravenous
MSCs home into the kidney of type 1 diabetic mice, and
some donor MSCs remained in the kidney up to 2 months
later [11]. Similarly, we found that 4 weeks after intrarenal
delivery a significant number of MSCs were retained in
the injected kidney [16,17], whereas by 12 weeks after cell
transfer only a few cells were observed in the kidney, yet
their beneficial effects were sustained [15]. Longitudinal
studies are needed to document the chronology of MSC
retention and beneficial benefits in the kidney. Additionally, development of novel interventions such as preconditioning may enhance survival and potency of MSCs in
renal failure. For instance, MSCs exposed to hypoxic conditions in culture sustain viability and function through
preservation of oxidant status [41], and preconditioning
with kallikrein [26] or melatonin [27] enhances their
therapeutic potential.
An important challenge for clinical translation is the
risk for long-term MSC maldifferentiation. While intrarenal injection of rat MSCs initially preserves renal function in a rat model of glomerulonephritis, a significant
proportion of the glomeruli subsequently contained
large adipocytes with glomerular sclerosis [42]. Furthermore, reports of sarcoma [43] and teratoma [44] arising
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from exogenous MSCs illustrate their potential for transformation into tumors, underscoring the requirement
for closely monitoring human MSCs in clinical studies.
Alternatively, complications and maldifferentiation of
live replicating MSCs warrant development of safer tactics and interventions.
Considerable evidence shows that MSCs release
microvesicles which exhibit characteristics of their parental cells, and transfer proteins, lipids, and genetic material to target cells. We have recently shown that
endothelial outgrowth cells release microvesicles [45],
which may mediate their intercellular communications.
Similarly, MSCs are avid producers of microvesicles [46]
(Figure 2) that shuttle functional components for their
paracrine action [47]. Delivery of microvesicles instead
of their parent MSCs could avoid concerns about extensive expansion, cryopreservation, complications, and
maldifferentiation of live replicating cells. Indeed, microvesicles derived from preconditioned MSCs promoted
recovery in a rat hind-limb ischemia model [48]. However, questions regarding their composition and potency
relative to their parent MSCs remain unanswered,
underscoring the need for studies to clarify the potential
of this promising therapeutic modality.
Uremic conditions may also affect the efficacy of MSCs,
limiting their potential use in patients with CKD. Uremia
induced by partial kidney ablation in C57Bl/6 J mice leads
to MSC functional incompetence, characterized by decreased expression of VEGF, VEGF receptor-1, and stromal derived factor-1, increased cellular senescence, and
decreased proliferation [49]. Conversely, MSCs isolated
from subcutaneous adipose tissue of healthy controls and
patients with renal disease show similar characteristics
and functionality, underscoring the feasibility of autologous cell therapy in patients with renal disease [50]. Indeed, a recent meta-analysis of prospective clinical trials
that used intravascular delivery of MSCs concluded that
these cells have an excellent safety record [51].

Figure 2 Mesenchymal stem cell release microvesicles. Transmission electron microscopy image (left) and scanning electron microscopy
image (right) showing release of microvesicles (arrows) from adipose tissue-derived mesenchymal stem cells (×26,500).
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Interspecies differences in the biology of mesenchymal
stem cells

Although it is accepted that MSCs from different species
are capable of differentiation into various lineages and express common MSC markers, species-dependent variability
in their expression has been reported among different species [52]. Furthermore, the mechanism of MSC-mediated
immunosuppression varies among different species. For example, while immunosuppression by human-derived or
monkey-derived MSCs is mediated by indoleamine 2,3dioxygenase, the molecular mechanisms underlying immunosuppression in mouse MSCs utilize nitric oxide [53].
Several immune barriers have been also encountered in experimental xenotransplantation, the transplantation of
MSCs from one species to another, warranting the development of genetic alternatives to overcome these obstacles
[54]. Clearly, results from experimental studies need to be
carefully validated before clinical translation.
Tracking

There is also a pressing need for better methods for detection and monitoring the fate of MSCs. Despite improvement in direct (fluorescent probe) [55] and indirect
(reporter genes) [56] labeling techniques, questions regarding interactions of MSCs with tissue, differentiation,
or migration remain unanswered. While fluorescent
probes such as membrane tracers or microspheres need to
be detected with histological techniques in a cell or organelle, reporter genes such as bioluminescence or fluorescent proteins can be used to identify different cell
populations using imaging in vivo [57,58]. However, these
detection methods have little tissue penetration, limiting
their use in large animal models or humans [59].
Conceivably, imaging modalities such as single-photon
emission computed tomography or magnetic resonance
imaging may address some of these deficiencies by providing high-resolution anatomical detail and tracking of cell
viability [60,61]. Several types of agents are currently used
for labeling MSCs for their detection with magnetic resonance imaging. Among them, superparamagnetic iron
oxide particles are the most commonly applied, because of
their capacity to induce changes in T2 relaxivity in vivo
[62]. However, the transfection agents used for superparamagnetic iron oxide particle internalization may also affect
cell viability, and dying cells accumulate iron until dissolved or eliminated by phagocytosis, impeding their application as indices of cell viability. Further methods are
therefore needed to better assess engraftment, survival,
and function of MSCs in human subjects.

Clinical trials using mesenchymal stem cells for
renal repair
Few clinical trials have tested safety and efficacy of
MSCs for renal disease. Reinders and colleagues studied
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safety and feasibility in six kidney allograft recipients
who received two intravenous infusions of expanded autologous bone marrow-derived MSCs (106 cells/kg,
7 days apart) because of rejection and/or increased interstitial fibrosis and tubular atrophy [63]. Although the design of the study does not allow one to draw conclusions
on efficacy, in two recipients with allograft rejection the
renal biopsies after MSC treatment demonstrated resolution of tubulitis without interstitial fibrosis and tubular
atrophy, whereas maintenance immune suppression
remained unaltered, supporting the potential of MSCs in
preventing allograft rejection. However, three patients
developed an opportunistic infection, raising concerns
regarding systemic immunosuppression after MSC infusions. Similarly, a recent prospective, open-label, randomized study demonstrated that, among patients
undergoing renal transplant, intravenous infusion of
marrow-derived autologous MSCs (1 × 106 to 2 × 106/kg)
at kidney reperfusion and 2 weeks later decreased the incidence of acute rejection and of opportunistic infection,
and improved renal function at 1 year compared with
anti-IL-2 receptor antibody induction therapy [64]. Importantly, delivery of autologous MSCs was not associated with adverse events, nor did it compromise graft
survival. Likewise, autologous MSC infusion in two recipients of kidneys from living-related donors 7 days
post-transplant restricted memory T-cell expansion and
enlarged the T-regulatory cell population [65]. These observations suggest safety and clinical feasibility of cellbased therapy with MSCs in the context of kidney
transplantation.
Several clinical trials are currently underway to
evaluate the therapeutic potential of autologous and
allogeneic MSCs for treatment of renal diseases [66].
For example, NCT01843387 investigates the safety,
tolerability and efficacy of a single intravenous infusion of two doses of MSCs versus placebo in subjects
with diabetic nephropathy and type 2 diabetes.
NCT00659620 will test whether MSCs are effective in
preventing organ rejection and maintaining kidney
function in patients who develop chronic allograft nephropathy. In addition, NCT00659217 evaluates infusion of expanded autologous MSCs into patients with
lupus nephritis. Finally, NCT01840540 is a phase I
study of autologous MSCs in the treatment of atherosclerotic renal artery stenosis. While they aim primarily to test the feasibility and practical usefulness of
MSCs in renal diseases, results from these clinical trials may also shed light on the mechanisms responsible for MSC renal protection.

Conclusions and future perspectives
Available experimental evidence confirms that MSCs
contribute to cellular repair and ameliorate renal injury
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in CKD. Although a few safety and feasibility clinical
studies suggest their capacity to repair the damaged kidney, several barriers need to be circumvented in order to
consider MSCs as a realistic clinical tool to treat CKD.
Among them, systemic immunosuppression and adipogenic/malignant transformation raise major concerns.
Additionally, the route of MSC delivery and complexity
of CKD patients (for example, uremia) should be considered when designing clinical studies. Development of
novel therapies such as microvesicles and preconditioning might promote engraftment and MSC communication with injured parenchymal cells. Further large
controlled clinical trials are needed to assess the efficacy
and safety profile of MSCs in CKD.

Page 7 of 8

9.
10.

11.

12.

13.

14.

Note: This article is part of a thematic series on Stem cells in
genitourinary regeneration edited by John Jackson. Other articles
in the series can be found online at http://stemcellres.com/
series/genitourinary

15.

16.
Abbreviations
CKD: Chronic kidney disease; ESRD: End-stage renal disease; IGF: Insulin-like
growth factor; IL: Interleukin; MSC: Mesenchymal stem cell; VEGF: Vascular
endothelial growth factor.

17.

Competing interests
The authors declare that they have no competing interests.

18.

Acknowledgements
These studies were partly supported by grants from the National Institutes of
Health (HL77131, DK37608, and HL121561) and by the Mayo Clinic Center for
Regenerative Medicine.

19.

20.

Published: 04 Jul 2014
21.
References
1. Jha V, Garcia-Garcia G, Iseki K, Li Z, Naicker S, Plattner B, Saran R, Wang AY,
Yang CW: Chronic kidney disease: global dimension and perspectives.
Lancet 2013, 382:260–272.
2. Gilbertson DT, Liu J, Xue JL, Louis TA, Solid CA, Ebben JP, Collins AJ:
Projecting the number of patients with end-stage renal disease in the
United States to the year 2015. J Am Soc Nephrol 2005, 16:3736–3741.
3. Wyld M, Morton RL, Hayen A, Howard K, Webster AC: A systematic review
and meta-analysis of utility-based quality of life in chronic kidney
disease treatments. PLoS Med 2012, 9:e1001307.
4. Collins AJ, Foley RN, Chavers B, Gilbertson D, Herzog C, Johansen K, Kasiske
B, Kutner N, Liu J, St Peter W, Guo H, Gustafson S, Heubner B, Lamb K, Li S,
Li S, Peng Y, Qiu Y, Roberts T, Skeans M, Snyder J, Solid C, Thompson B,
Wang C, Weinhandl E, Zaun D, Arko C, Chen SC, Daniels F, Ebben J, et al:
United States renal data system 2011 annual data report: atlas of
chronic kidney disease & end-stage renal disease in the United States.
Am J Kidney Dis 2012, 59:A7. e1-e420.
5. Perico N, Remuzzi G: Chronic kidney disease: a research and public health
priority. Nephrol Dial Transplant 2012, 27:iii19–iii26.
6. Rivera JA, O'Hare AM, Harper GM: Update on the management of chronic
kidney disease. Am Fam Physician 2012, 86:749–754.
7. Nangaku M: Mechanisms of tubulointerstitial injury in the kidney: final
common pathways to end-stage renal failure. Intern Med 2004, 43:9–17.
8. Kaneko T, Shimizu A, Mii A, Fujita E, Fujino T, Kunugi S, Du X, Akimoto T,
Tsuruoka S, Ohashi R, Masuda Y, Iino Y, Katayama Y, Fukuda Y: Role of

22.

23.

24.

25.

26.

27.

matrix metalloproteinase-2 in recovery after tubular damage in acute
kidney injury in mice. Nephron Exp Nephrol 2012, 122:23–35.
Benigni A, Morigi M, Remuzzi G: Kidney regeneration. Lancet 2010,
375:1310–1317.
Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans
R, Keating A, Prockop D, Horwitz E: Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for Cellular Therapy
position statement. Cytotherapy 2006, 8:315–317.
Ezquer FE, Ezquer ME, Parrau DB, Carpio D, Yanez AJ, Conget PA: Systemic
administration of multipotent mesenchymal stromal cells reverts
hyperglycemia and prevents nephropathy in type 1 diabetic mice. Biol
Blood Marrow Transplant 2008, 14:631–640.
Lee RH, Seo MJ, Reger RL, Spees JL, Pulin AA, Olson SD, Prockop DJ: Multipotent
stromal cells from human marrow home to and promote repair of pancreatic
islets and renal glomeruli in diabetic NOD/scid mice. Proc Natl Acad Sci U S A
2006, 103:17438–17443.
Choi S, Park M, Kim J, Hwang S, Park S, Lee Y: The role of mesenchymal
stem cells in the functional improvement of chronic renal failure. Stem
Cells Dev 2009, 18:521–529.
Franquesa M, Herrero E, Torras J, Ripoll E, Flaquer M, Goma M, Lloberas N,
Anegon I, Cruzado JM, Grinyo JM, Herrero-Fresneda I: Mesenchymal stem
cell therapy prevents interstitial fibrosis and tubular atrophy in a rat
kidney allograft model. Stem Cells Dev 2012, 21:3125–3135.
Zhu XY, Urbieta-Caceres V, Krier JD, Textor SC, Lerman A, Lerman LO:
Mesenchymal stem cells and endothelial progenitor cells decrease
renal injury in experimental swine renal artery stenosis through
different mechanisms. Stem Cells 2013, 31:117–125.
Eirin A, Zhu XY, Krier JD, Tang H, Jordan KL, Grande JP, Lerman A, Textor SC,
Lerman LO: Adipose tissue-derived mesenchymal stem cells improve
revascularization outcomes to restore renal function in swine atherosclerotic
renal artery stenosis. Stem Cells 2012, 30:1030–1041.
Ebrahimi B, Eirin A, Li Z, Zhu XY, Zhang X, Lerman A, Textor SC, Lerman LO:
Mesenchymal stem cells improve medullary inflammation and fibrosis
after revascularization of swine atherosclerotic renal artery stenosis. PLoS
One 2013, 8:e67474.
Fischer UM, Harting MT, Jimenez F, Monzon-Posadas WO, Xue H, Savitz SI, Laine
GA, Cox CS Jr: Pulmonary passage is a major obstacle for intravenous stem
cell delivery: the pulmonary first-pass effect. Stem Cells Dev 2009, 18:683–692.
Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R: Mesenchymal
stem cells distribute to a wide range of tissues following systemic infusion
into nonhuman primates. Blood 2003, 101:2999–3001.
Furlani D, Ugurlucan M, Ong L, Bieback K, Pittermann E, Westien I, Wang W,
Yerebakan C, Li W, Gaebel R, Li RK, Vollmar B, Steinhoff G, Ma N: Is the
intravascular administration of mesenchymal stem cells safe? Mesenchymal
stem cells and intravital microscopy. Microvasc Res 2009, 77:370–376.
Cavaglieri RC, Martini D, Sogayar MC, Noronha IL: Mesenchymal stem cells
delivered at the subcapsule of the kidney ameliorate renal disease in
the rat remnant kidney model. Transplant Proc 2009, 41:947–951.
Alfarano C, Roubeix C, Chaaya R, Ceccaldi C, Calise D, Mias C, Cussac D,
Bascands JL, Parini A: Intraparenchymal injection of bone marrow
mesenchymal stem cells reduces kidney fibrosis after ischemia-reperfusion
in cyclosporine-immunosuppressed rats. Cell Transplant 2012, 21:2009–2019.
Chade AR, Zhu XY, Krier JD, Jordan KL, Textor SC, Grande JP, Lerman A,
Lerman LO: Endothelial progenitor cells homing and renal repair in
experimental renovascular disease. Stem Cells 2010, 28:1039–1047.
Herrera MB, 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.
Liu H, Liu S, Li Y, Wang X, Xue W, Ge G, Luo X: The role of SDF-1-CXCR4/CXCR7
axis in the therapeutic effects of hypoxia-preconditioned mesenchymal stem
cells for renal ischemia/reperfusion injury. PLoS One 2012, 7:e34608.
Hagiwara M, Shen B, Chao L, Chao J: Kallikrein-modified mesenchymal
stem cell implantation provides enhanced protection against acute
ischemic kidney injury by inhibiting apoptosis and inflammation. Hum
Gene Ther 2008, 19:807–819.
Mias C, Trouche E, Seguelas MH, Calcagno F, Dignat-George F, Sabatier F,
Piercecchi-Marti MD, Daniel L, Bianchi P, Calise D, Bourin P, Parini A, Cussac D:
Ex vivo pretreatment with melatonin improves survival, proangiogenic/
mitogenic activity, and efficiency of mesenchymal stem cells injected into
ischemic kidney. Stem Cells 2008, 26:1749–1757.

Eirin and Lerman Stem Cell Research & Therapy 2014, 5:83
http://stemcellres.com/content/5/4/83

28. Xinaris C, Morigi M, Benedetti V, Imberti B, Fabricio AS, Squarcina E, Benigni
A, Gagliardini E, Remuzzi G: A novel strategy to enhance mesenchymal
stem cell migration capacity and promote tissue repair in an injury
specific fashion. Cell Transplant 2013, 22:423–436.
29. Yokoo T, Fukui A, Ohashi T, Miyazaki Y, Utsunomiya Y, Kawamura T, Hosoya
T, Okabe M, Kobayashi E: Xenobiotic kidney organogenesis from human
mesenchymal stem cells using a growing rodent embryo. J Am Soc
Nephrol 2006, 17:1026–1034.
30. Herrera MB, Bussolati B, Bruno S, Fonsato V, Romanazzi GM, Camussi G:
Mesenchymal stem cells contribute to the renal repair of acute tubular
epithelial injury. Int J Mol Med 2004, 14:1035–1041.
31. Morigi M, Imberti B, Zoja C, Corna D, Tomasoni S, Abbate M, Rottoli D,
Angioletti S, Benigni A, Perico N, Alison M, Remuzzi G: Mesenchymal stem
cells are renotropic, helping to repair the kidney and improve function
in acute renal failure. J Am Soc Nephrol 2004, 15:1794–1804.
32. Bi B, Schmitt R, Israilova M, Nishio H, Cantley LG: Stromal cells protect
against acute tubular injury via an endocrine effect. J Am Soc Nephrol
2007, 18:2486–2496.
33. Togel F, Hu Z, Weiss K, Isaac J, Lange C, Westenfelder C: Administered
mesenchymal stem cells protect against ischemic acute renal failure
through differentiation-independent mechanisms. Am J Physiol Renal
Physiol 2005, 289:F31–F42.
34. Masoud MS, Anwar SS, Afzal MZ, Mehmood A, Khan SN, Riazuddin S: Preconditioned mesenchymal stem cells ameliorate renal ischemic injury in
rats by augmented survival and engraftment. J Transl Med 2012, 10:243.
35. Kunter U, Rong S, Djuric Z, Boor P, Muller-Newen G, Yu D, Floege J:
Transplanted mesenchymal stem cells accelerate glomerular healing in
experimental glomerulonephritis. J Am Soc Nephrol 2006, 17:2202–2212.
36. Imberti B, Morigi M, Tomasoni S, Rota C, Corna D, Longaretti L, Rottoli D,
Valsecchi F, Benigni A, Wang J, Abbate M, Zoja C, Remuzzi G: Insulin-like
growth factor-1 sustains stem cell mediated renal repair. J Am Soc
Nephrol 2007, 18:2921–2928.
37. Eirin A, Zhang X, Zhu XY, Tang H, Jordan KL, Grande JP, Dietz AB, Lerman A,
Textor SC, Lerman LO: Renal vein cytokine release as an index of renal
parenchymal inflammation in chronic experimental renal artery stenosis.
Nephrol Dial Transplant 2014, 29:274–282.
38. Javazon EH, Beggs KJ, Flake AW: Mesenchymal stem cells: paradoxes of
passaging. Exp Hematol 2004, 32:414–425.
39. Huang XP, Sun Z, Miyagi Y, McDonald Kinkaid H, Zhang L, Weisel RD, Li RK:
Differentiation of allogeneic mesenchymal stem cells induces
immunogenicity and limits their long-term benefits for myocardial
repair. Circulation 2010, 122:2419–2429.
40. Eliopoulos N, Stagg J, Lejeune L, Pommey S, Galipeau J: Allogeneic marrow
stromal cells are immune rejected by MHC class I- and class IImismatched recipient mice. Blood 2005, 106:4057–4065.
41. Peterson KM, Aly A, Lerman A, Lerman LO, Rodriguez-Porcel M: Improved
survival of mesenchymal stromal cell after hypoxia preconditioning: role
of oxidative stress. Life Sci 2011, 88:65–73.
42. Kunter U, Rong S, Boor P, Eitner F, Muller-Newen G, Djuric Z, van Roeyen
CR, Konieczny A, Ostendorf T, Villa L, Milovanceva-Popovska M, Kerjaschki D,
Floege J: Mesenchymal stem cells prevent progressive experimental
renal failure but maldifferentiate into glomerular adipocytes. J Am Soc
Nephrol 2007, 18:1754–1764.
43. Tolar J, Nauta AJ, Osborn MJ, Panoskaltsis Mortari A, McElmurry RT, Bell S,
Xia L, Zhou N, Riddle M, Schroeder TM, Westendorf JJ, McIvor RS,
Hogendoorn PC, Szuhai K, Oseth L, Hirsch B, Yant SR, Kay MA, Peister A,
Prockop DJ, Fibbe WE, Blazar BR: Sarcoma derived from cultured
mesenchymal stem cells. Stem Cells 2007, 25:371–379.
44. Thirabanjasak D, Tantiwongse K, Thorner PS: Angiomyeloproliferative lesions
following autologous stem cell therapy. J Am Soc Nephrol 2010, 21:1218–1222.
45. Eirin A, Zhu XY, Li Z, Ebrahimi B, Zhang X, Tang H, Korsmo MJ, Chade AR, Grande
JP, Ward CJ, Simari RD, Lerman A, Textor SC, Lerman LO: Endothelial outgrowth
cells shift macrophage phenotype and improve kidney viability in swine
renal artery stenosis. Arterioscler Thromb Vasc Biol 2013, 33:1006–1013.
46. Yeo RW, Lai RC, Zhang B, Tan SS, Yin Y, Teh BJ, Lim SK: Mesenchymal stem
cell: an efficient mass producer of exosomes for drug delivery. Adv Drug
Deliv Rev 2013, 65:336–341.
47. Lai RC, Chen TS, Lim SK: Mesenchymal stem cell exosome: a novel stem cellbased therapy for cardiovascular disease. Regen Med 2011, 6:481–492.
48. Zhang HC, Liu XB, Huang S, Bi XY, Wang HX, Xie LX, Wang YQ, Cao XF, Lv J,
Xiao FJ, Yang Y, Guo ZK: Microvesicles derived from human umbilical

Page 8 of 8

49.

50.

51.

52.
53.

54.

55.
56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

cord mesenchymal stem cells stimulated by hypoxia promote
angiogenesis both in vitro and in vivo. Stem Cells Dev 2012, 21:3289–3297.
Noh H, Yu MR, Kim HJ, Jeon JS, Kwon SH, Jin SY, Lee J, Jang J, Park JO, Ziyadeh F,
Han DC, Lee HB: Uremia induces functional incompetence of bone marrowderived stromal cells. Nephrol Dial Transplant 2012, 27:218–225.
Roemeling-van Rhijn M, Reinders ME, de Klein A, Douben H, Korevaar SS,
Mensah FK, Dor FJ, Ijzermans NJ, Betjes MG, Baan CC, Weimar W, Hoogduijn
MJ: Mesenchymal stem cells derived from adipose tissue are not
affected by renal disease. Kidney Int 2012, 82:748–758.
Lalu MM, McIntyre L, Pugliese C, Fergusson D, Winston BW, Marshall JC,
Granton J, Stewart DJ: Safety of cell therapy with mesenchymal stromal
cells (SafeCell): a systematic review and meta-analysis of clinical trials.
PLoS One 2012, 7:e47559.
Uccelli A, Moretta L, Pistoia V: Mesenchymal stem cells in health and
disease. Nat Rev Immunol 2008, 8:726–736.
Ren G, Su J, Zhang L, Zhao X, Ling W, L'Huillie A, Zhang J, Lu Y, Roberts AI,
Ji W, Zhang H, Rabson AB, Shi Y: Species variation in the mechanisms of
mesenchymal stem cell-mediated immunosuppression. Stem Cells 2009,
27:1954–1962.
Kumar G, Hara H, Long C, Shaikh H, Ayares D, Cooper DK, Ezzelarab M:
Adipose-derived mesenchymal stromal cells from genetically modified
pigs: immunogenicity and immune modulatory properties. Cytotherapy
2012, 14:494–504.
Honig MG, Hume RI: Dil and diO: versatile fluorescent dyes for neuronal
labelling and pathway tracing. Trends Neurosci 1989, 12:333–335. 340–341.
Bruce SJ, Rea RW, Steptoe AL, Busslinger M, Bertram JF, Perkins AC: In vitro
differentiation of murine embryonic stem cells toward a renal lineage.
Differentiation 2007, 75:337–349.
Anderson WM, Trgovcich-Zacok D: Carbocyanine dyes with long alkyl
side-chains: broad spectrum inhibitors of mitochondrial electron
transport chain activity. Biochem Pharmacol 1995, 49:1303–1311.
Rice CM, Halfpenny CA, Scolding NJ: Stem cells for the treatment of
neurological disease. Transfus Med 2003, 13:351–361.
Massoud TF, Gambhir SS: Molecular imaging in living subjects: seeing
fundamental biological processes in a new light. Genes Dev 2003,
17:545–580.
Kraitchman DL, Tatsumi M, Gilson WD, Ishimori T, Kedziorek D, Walczak P,
Segars WP, Chen HH, Fritzges D, Izbudak I, Young RG, Marcelino M,
Pittenger MF, Solaiyappan M, Boston RC, Tsui BM, Wahl RL, Bulte JW:
Dynamic imaging of allogeneic mesenchymal stem cells trafficking to
myocardial infarction. Circulation 2005, 112:1451–1461.
Jung SI, Kim SH, Kim HC, Son KR, Chung SY, Moon WK, Kim HS, Choi JS,
Moon MH, Sung CK: In vivo MR imaging of magnetically labeled
mesenchymal stem cells in a rat model of renal ischemia. Korean J Radiol
2009, 10:277–284.
Ittrich H, Lange C, Togel F, Zander AR, Dahnke H, Westenfelder C, Adam G,
Nolte-Ernsting C: In vivo magnetic resonance imaging of iron oxide-labeled,
arterially-injected mesenchymal stem cells in kidneys of rats with acute
ischemic kidney injury: detection and monitoring at 3 T. J Magn Reson Imaging 2007, 25:1179–1191.
Reinders ME, de Fijter JW, Roelofs H, Bajema IM, de Vries DK,
Schaapherder AF, Claas FH, van Miert PP, Roelen DL, van Kooten C,
Fibbe WE, Rabelink TJ: Autologous bone marrow-derived
mesenchymal stromal cells for the treatment of allograft rejection
after renal transplantation: results of a phase I study. Stem Cells
Transl Med 2013, 2:107–111.
Tan J, Wu W, Xu X, Liao L, Zheng F, Messinger S, Sun X, Chen J, Yang
S, Cai J, Gao X, Pileggi A, Ricordi C: Induction therapy with
autologous mesenchymal stem cells in living-related kidney
transplants: a randomized controlled trial. JAMA 2012, 307:1169–1177.
Perico N, Casiraghi F, Introna M, Gotti E, Todeschini M, Cavinato RA, Capelli
C, Rambaldi A, Cassis P, Rizzo P, Cortinovis M, Marasà M, Golay J, Noris M,
Remuzzi G: Autologous mesenchymal stromal cells and kidney
transplantation: a pilot study of safety and clinical feasibility. Clin J Am
Soc Nephrol 2011, 6:412–422.
Clinicaltrials.gov. http://clinicaltrials.gov.

10.1186/scrt472
Cite this article as: Eirin and Lerman: Mesenchymal stem cell treatment
for chronic renal failure. Stem Cell Research & Therapy 2014, 5:83

