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Acute renal failure (ARF) is a common renal disease that can lead to high mortality. Recovery from ARF 
occurs with the replacement of necrotic tubular cells by functional tubular epithelial cells and the normalization 
of microvascular endothelial cell function in the peritubular capillaries. Conventional therapeutic techniques 
are often ineffective against ARF. Hence, stem cell therapies, which act through multiple trophic and regen-
erative mechanisms, are encouraging. We investigated the homing of human immature dental pulp stem cells 
(IDPSCs) after endovenous (EV) or intraperitoneal (IP) injection, in immunocompetent Wistar rats with ARF 
induced by intramuscular injection of glycerol, without the use of immunosuppression. The cells, which had 
been cryopreserved for 6 years, were CD105+, CD73+, CD44+, and partly, STRO-1+ and CD146+, and presented 
unaltered mesoderm differentiation potential. The presence of these cells in the tubular region of the kidney 
and in the peritubular capillaries was demonstrated. These cells accelerate tubular epithelial cell regeneration 
through significant increase of Ki-67-immunoreactive cells in damaged kidney. Flow cytometry analysis con-
firmed that IDPSCs home to the kidneys (EV 34.10% and IP 33.25%); a lower percentage of cells was found in 
the liver (EV 19.05% and IP 9.10%), in the muscles (EV 6.30% and IP 1.35%), and in the lungs (EV 2.0% and 
IP 1.85%). After infusion into rat, these cells express pericyte markers, such as CD146+, STRO-1+, and vascular 
endothelial growth factor (VEGF+). We found that IDPSCs demonstrate renotropic and pericyte-like properties 
and contributed to restore renal tubule structure in an experimental rat ARF model.
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INTRODUCTION

Acute renal failure (ARF) affects the function and struc-
ture of tubular epithelial cells and provokes microvascular 
endothelial cell dysfunction in peritubular capillaries. Bone 
marrow-derived mesenchymal stem cells (BM-MSCs) dem-
onstrate the ability to differentiate into a number of different 
phenotypes. These cells also demonstrate trophic effects, 
which are distinct from the direct differentiation of MSCs 
to repair tissue. Thus, they secrete bioactive factors (para-
crine and autocrine) that affect the local cellular milieu, 
providing repair and regeneration. Such factors suppress 
the local immune system, inhibit fibrosis (scar formation) 
and apoptosis, enhance angiogenesis, and stimulate mito-
sis and differentiation of tissue-intrinsic reparative stem 
cells (2,3,12,38,39). Kidney tissue-specific stem cells are 

a practical choice for renewing damaged tissues in ARF. 
However, the methods for their isolation and expansion are 
still under investigation (15,17,22). The complexity of the 
anatomic organization and function of the kidneys, which 
involve more than 14 different cell types, warrants the 
importance of studying cell-based therapies using different 
cell types. Among these cell types are progenitor cells from 
the kidneys, endothelial cells, BM-MSCs, amniotic fluid 
stem cells, and predifferentiated pluripotent stem cells, 
either embryonic or induced (18,19,28,30,31). These stem 
cell types are similar, but not equivalent, to BM-MSCs. 
Therefore, it is not clear if they will act as trophic media-
tors providing additional benefits in stem cell therapy.

Dental pulp of deciduous teeth presents an almost unlim-
ited source of young stem cells, providing easy access and 
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minimal ethical concerns. Human immature dental pulp 
stem cells (IDPSCs) were isolated from the dental pulp of 
deciduous teeth (25). Ex vivo expansion of IDPSCs leads to 
the isolation of a multicellular population, standardized with 
respect to expression of several mesenchymal markers such 
as cluster of differentiation 105 (CD105, SH2 clone), which 
is important for angiogenesis (11), CD73 (SH3), CD29 (inte-
grin b-1), vimentin, and others. IDPSCs are multipotent and, 
after reprogramming into induced pluripotent stem cells, 
produce teratomas in mice. These can differentiate into mul-
tiple tissues, among which immature nephron-like structures 
were also observed (1,25). In contrast to BM-MSCs these 
IDPSCs are a highly enriched population of neural crest 
cells, which express such markers as nestin, sex-determining 
region Y box 2 (SOX2), and the low-affinity tumor necrosis 
factor (TNF) receptor, p75 (26).

Several groups have demonstrated that the injection of 
stem cells could contribute to recovery from ARF, when 
experimentally induced by intramuscular administration 
of glycerol (7,20,21,27). The aim of the present study was 
to answer several questions: (a) whether cryopreserved 
human IDPSCs, maintained for 6 years and injected 
endovenously (EV) or intraperitoneally (IP), may survive, 
proliferate, migrate, and home to the tubular epithelial tissue 
and peritubular capillaries in immunocompetent Wistar 
rats with glycerol-induced ARF; (b) whether IDPSCs can 
act as trophic mediators and express in vivo (after trans-
plantation) pericyte markers such as CD146, STRO-1, and 
vascular endothelial growth factor (VEGF), important for 
their target homing to the kidneys; (c) whether IDPSCs 
will accelerate tubular epithelial cell regeneration; and (d) 
whether IDPSCs graft in the kidneys, or if they “escape” 
from the principal renal route of migration and also graft 
in the liver, muscle, and lungs.

MATERIALS AND METHODS

Cell Culture

The IDPSCs used in this study were obtained previously, 
from the dental pulp of deciduous teeth of a 6-year-old 
individual (male), fully characterized, and stored in liquid 
nitrogen for 6 years (25). After thawing the IDPSCs (37°C, 
3 min), 106 cells at passages 3–4 were seeded into flasks 
(150 cm2; Corning, Corning, NY USA) in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/Ham’s F12 (1:1; Invitrogen, 
Carlsbad, CA, USA), supplemented with 15% fetal bovine 
serum (FBS; HyClone, Logan, UT, USA), 2 mM glutamine 
(Gibco, Gaithersburg, MD, USA), 50 mg/ml gentamicin sul-
fate (Schering-Plough, Whitehouse Station, NJ, USA), and 
1% nonessential amino acid (Gibco) and were expanded 
for two to three more passages. The medium was refreshed 
every 2 days and grown until reaching semiconfluence 
(80–90%). All cell cultures were maintained at 37°C in a 
5% CO

2
 high-humidity atmosphere.

Growth Curves

Growth kinetics analysis of the IDPSCs was performed 
after thawing. These cells, starting from passage 4, were 
grown in DMEM/Ham’s F12, supplemented with 15% 
FBS, 2 mM glutamine, 50 mg/ml gentamicin sulfate, and 
1% nonessential amino acid to reach semiconfluence. Cells 
were then trypsinized (Invitrogen), stained with trypan blue 
solution 0.4% (Sigma-Aldrich, São Paulo, SP, Brazil), and 
counted using a Neubauer chamber (Thomas Scientific, 
Swedesboro, NJ, USA). Cells were seeded in a new flask 
at 1 × 105 cells/cm2. Next, IDPSCs were harvested every 
third day, trypsinized, and counted for nine passages. Three 
separate growth experiments were performed. Growth 
curves of IDPSCs before thawing, used for comparison, 
were adopted from previous publications (25).

Immunophenotyping

Immunofluorescence analyses were performed, before 
IDPSC infusion into rat ARF models. These cells (passage 
5–6), were grown on coverslips (Biosystems, São José dos 
Pinhais, Parana, Brazil) in basal culture medium for 48 h, 
washed twice in Tris-buffered saline (TBS) containing 
20 mM Tris-HCl (Vetec, Duque de Caxias, Brazil), pH 7.4; 
0.15 M NaCl (Dinâmica Reagent, São Paulo, Brazil), and 
0.05% Tween-20 (Sigma-Aldrich) and fixed for 24 h in 4% 
formaldehyde (Gardem Química, Guarulhos, SP, Brazil), 
following permeabilization with 0.1% Triton X-100 
(Sigma-Aldrich). After blocking with 5% bovine serum 
albumin (BSA; Sigma-Aldrich), the cells were incubated 
for 1 h at room temperature with primary antibodies diluted 
in BSA. The primary antibodies used for the immunophe-
notypic profile were anti-mouse vimentin and anti-human 
nestin (both 1:200; from Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). After washing the cells three times in 
TBS (0.01 M, pH 7.4; Gibco), fluorescein isothiocyanate 
(FITC)-conjugated antibodies (1:500) were added, and 
the cells were incubated for 40 min at room temperature. 
The secondary antibodies used were anti-gouti IgG (Santa 
Cruz Biotechnology) and anti-mouse IgG (Amersham Bio-
sciences, Piscataway, NJ, USA). Microscope slides were 
mounted in Vectashield mounting medium, with or without 
4¢,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, 
Burlingame, CA, USA).

Flow Cytometric Analysis

For flow cytometric analysis of IDPSCs after cryo-
preservation, the following antibodies against cell surface 
molecules and their respective isotype controls were used: 
monoclonal anti-human CD45 (1:50; Sigma-Aldrich), 
anti-human CD90, anti-human CD146 (both 1:50; from 
BD-PharMingen, San Diego, CA, USA), anti- human 
CD105 (SH2), anti-human CD73 (SH4; both 1:100; from 
Case Western Reserve University, Cleveland, OH, USA), 
anti-human STRO-1 (1:50; R&D Systems, Minneapolis, 
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MN, USA), and VEGF (1:50; Sigma-Aldrich). About 
1 × 106 cells were incubated on ice with primary anti-
body for 2 h, washed in phosphate-buffered saline (PBS; 
(0.01 M, pH 7.4; Gibco) + 2% FBS and 1 M sodium azide 
(Sigma-Aldrich), followed by the addition of second-
ary FITC-, phycoerythrin-, and rhodamine-conjugated 
antibodies (1:500; all from Thermo Fisher Scientific Inc. 
Waltham, MA, USA), respectively. Cells were incubated 
with a secondary antibody overnight. Next, only the incu-
bated STRO-1 cells were resuspended in 1 ml of Tween-20 
solution (0.2% in PBS; Sigma-Aldrich) at room tempera-
ture, and the mixture was incubated for 15 min in a 37°C 
water bath. Flow cytometry analysis was performed using 
a fluorescence-activated cell sorter (FACSCalibur; Becton 
Dickinson, San Jose, CA, USA) with the CELL Quest pro-
gram (Becton Dickinson).

In Vitro Differentiation

To promote osteogenic differentiation, the IDPSCs 
were cultured in an osteogenic medium composed of 
DMEM-LG (Invitrogen), 2% FBS (Invitrogen), 50 mM 
ascorbate-2-phosphate (Invitrogen), and 0.1 mM dexa-
methasone (Sigma-Aldrich), and the culture medium 
was changed every 3 days. After 10 days, the osteogenic 
medium was supplemented with 10 mM b-glycerol 
phosphate (Sigma-Aldrich). At day 21, the cells were 
washed twice in PBS, fixed for 24 h in 4% formalde-
hyde (Gardem Química), and stained with the von Kossa 
reagent (Invitrogen).

Adipogenic differentiation was performed according 
to the protocol for human adipose tissue-derived cells 
(MSCs) (40). Cells were cultivated, and adipogenic dif-
ferentiation was induced by the addition of DMEM-HG 
(Invitrogen) supplemented with 2% FBS (Invitrogen), 
1 mM dexamethasone, 100 mM indomethacin, 0.5 mM 
1-methyl-3-isobutyxanthine, 10 mg/ml insulin, and 
10,000 µg/ml antibiotics (all Sigma-Aldrich). The 
medium was changed every 3 days. At day 10, differ-
entiated cells were washed twice in PBS and fixed as 
described above. Oil red O (Sigma-Aldrich) staining 
was used to detect intracellular lipid accumulation.

Chondrogenic differentiation was carried out using 
a pellet culture technique (23). Pellets of IDPSCs were 
resuspended in a culture medium containing DMEM-HG 
supplemented with 6.25 mg/ml insulin, 6.2 mg/ml trans-
ferrin, 6.25 mg/ml selenous acid, 5.33 mg/ml linoleic 
acid (ITS Premix; BD Biosciences, San Jose, CA, USA), 
0.1 mM dexa methasone, 1 mM sodium pyruvate (Sigma-
Aldrich), and 50 mg/ml ascorbate-2-phosphate. The cells 
were maintained at 37°C in a humidified atmosphere with 
5% CO

2
 for 21 days, and the chondrogenic culture medium 

was changed every day. After 21 days, cell aggregates were 
embedded in paraffin (Media-Paraplast Plus®; Oxford 
Labware, St. Louis, MO, USA). Sections (4–5 µm) were 

cut using a Leica microtome (Wetzlar, Germany) and were 
stained with toluidine blue (Sigma-Aldrich), following rou-
tine protocols.

Acute Renal Injury in Wistar Rats and Treatment

All studies were approved by the ethics committee of 
the School of Veterinary Medicine and Animal Science, 
University of São Paulo. The experiments were per-
formed in accordance with the guidelines established by 
the Butantan Institute for Animal Experimentation. ARF in 
Wistar outbred rats (n = 16; Central Animal Facility of the 
Butantan Institute, São Paulo, SP, Brazil) was induced by 
rhabdomyolysis as described elsewhere (41). Eight-week-
old male rats weighing 200–300 g were housed in temper-
ature-controlled conditions under a light/dark photocycle 
with food and water supplied ad libitum. The animals 
were divided into two major groups: (A) control (n = 4); 
(B) experimental injury induction by glycerol injection 
(n = 12). Group B was subdivided into (B1) control saline 
injection (n = 4); (B2) intraperitoneal (IP) IDPSC trans-
plantation (n = 4); and (B3) endovenous in caudal vein 
(EV) IDPSC transplantation (n = 4). First, the experimental 
group was dehydrated for 12 h before glycerol injection, 
and the animals were anesthetized with 70 mg/kg ketamine 
(Dopolen®) and 7 mg/kg xylazine (Anasedan®) (both from 
Vetbrands, Jacareí, SP, Brazil). Then, acute renal injury 
was induced by intramuscular injection of 50% glycerol 
(6 ml/kg; Sigma-Aldrich) into the rats’ lower hindlimbs. 
Twenty-four hours later, animals from subgroup B1 were 
submitted to EV saline injection and the other subgroups, 
B2 and B3, to IP and EV IDPSC transplantation (7 × 105 
in 0.5 ml of saline vehicle solution), respectively. All ani-
mals were sacrificed 2 days after the IDPSC transplanta-
tion, using a high concentration of 150 mg/kg ketamine 
and 15 mg/kg xylazine (Fig. 1). Kidney tissue was fixed 
in 10% formaldehyde (Garde Quimíca) or frozen in OCT 
(Tissue-Tek; Sakura FineTek, Torrance, CA, USA).

Immunohistochemistry

To confirm the origins of the IDPSCs in the kidney 
sections of the injected mice, the slides were stained with 
anti-human-IDPSC (immature dental pulp stem cells) 
(Butantan-Institute, SP, Brazil) and anti-human nucleus 
(hNu) (Millipore Corporation, Billerica, MA, USA) anti-
bodies. The method for polyclonal anti-IDPSC antibody 
production with specificity for human IDPSCs was pre-
viously reported (25), as well as used in other several 
publications (16). First, the paraffin slides were deparaf-
finized using a routine technique. Then, the slides were 
incubated with ammonia hydroxide (Sigma-Aldrich) 
for 10 min and washed four times in distilled water for 
5 min each. Antigen retrieval of the slides was performed 
using a pH 6.0 buffer of sodium citrate (Sigma-Aldrich), 
in a water bath set at 95°C for 35 min. The slides were 
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blocked with hydrogen peroxide (Sigma-Aldrich) for 15 
min and incubated overnight at 4°C with primary anti-
bodies diluted in BSA (Sigma-Aldrich). The primary 
antibodies used for the immunophenotypic profile were 
anti-IDPSC (1:100; Butantan Institute, SP Brazil) and 
anti-human nucleus (1:20; hNu; Millipore Corporation). 
Then, the slides were rinsed three times with PBS for 
5 min each, and anti-mouse secondary antibody (1:500) 
and ready-to-use Envision kit (DakoCytomation, Milan, 
Italy) were added for 40 min at room temperature. The 
same procedure was used for Ki-67 (1:50; Sigma-Aldrich) 
immunostaining. Afterward, the slides were washed three 
times in PBS for 5 min each. Finally, diaminobenzidine 
(DAB; DakoCytomation) was applied to produce brown 
anti-IDPSC and anti-hNu staining. The immunostained 
sections were counterstained with hematoxylin (Sigma-
Aldrich), to be observed under a light microscope (Axio 
Observer; Zeiss, Jena, Germany).

CFSE-Labeled IDPSCs

To evaluate the engraftment of the IDPSCs after IP 
and EV injection into mice, the IDPSCs were labeled 
using a Vybrant CFDA SE Cell Tracer Kit (CFSE; 
5-(and-6)- carboxyfluorescein diacetate, succinimidyl 
ester; Invitrogen). Kidney tissues were embedded into 
OCT. Frozen sections (5 µm) were obtained using a 

cryomicrotome (Cryostat CM1100; Leica) and placed 
on poly-L-lysine-coated slides (Sigma-Aldrich), which 
were incubated in cold methanol (Sigma-Aldrich) for 
15 min to decrease tissue autofluorescence. Afterward, 
they were washed three times in rinse buffer (TBS and 
0.05% Tween-20). Finally, slides were mounted in an 
antifade solution (Vectashield mounting medium) and 
analyzed by fluorescent microscopy (Axio Imager A1; 
Carl Zeiss, São Paulo, Brazil) or confocal microscopy 
(LSM 510 META; Carl Zeiss). An argon ion laser set 
at 488 nm for FITC (Chemicon, Temecula, CA, USA) 
and at 536 nm for cyanine 3 (Cy3; Chemicon) excitation 
was used. The emitted light was filtered with a 505-nm 
(FITC) and 617-nm (Cy3) long pass filter in a laser 
scanning microscope.

Flow Cytometric Analysis of Tissues 
After Transplantation

To estimate the incorporation of IDPSCs and any even-
tual loss of the cells after transplantation by both routes of 
administration into kidney and other tissues, such as mus-
cle (injury site), liver, and lung, the expression of stem 
cell markers (CD45, CD90, CD146, IDPSC, STRO-1, 
and VEGF) was analyzed through cytometry analysis. In 
order to produce single cells, disaggregation with 0.1% 
collagenase (Gibco) was performed on the solid tissue 
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Figure 1. Schematic representation of the protocol of glycerol-induced ARF and treatment with IDPSCs. Day 0 (d0) – 8:00 pm: water 
and food restriction. Day 1 (d1) – 8:00 am: glycerol injection. Day 1 (d1) – 8:00 pm: immature dental pulp stem cell (IDPSC) (7 × 105) 
or placebo injection. Day 3 (d3) – 8:00 pm: animal sacrifice. ARF, acute renal failure; IP, intraperitoneal; EV, endovascular.



DENTAL PULP STEM CELLS IN ACUTE RENAL FAILURE 99

for 10 min. Following suspension, this was centrifuged 
at 106 × g for 10 min. Cell pellets that were formed were 
resuspended in 3 ml of ligation buffer (Ca, glycine, Mg, 
pH control factor without phenol; Sigma-Aldrich). Then 
the cell pellets were counted using trypan blue and a 
hemocytometer (Laboroptick, Lancing, UK). About 
1 × 106 cells were incubated for 2 h on ice with primary 
monoclonal antibodies: anti-human IDPSC (1:200), anti-
human CD45 (1:50; Sigma-Aldrich), anti-human CD90, 
anti-human CD146 (both 1:50; from BD-PharMingen), 
anti-human CD105 (SH2), anti-human 73 (SH4; both 
1:200; from Case Western Reserve University), anti-
human STRO-1 (1:50; R&D Systems), and anti-VEGF 
(1:50; Sigma-Aldrich). Afterward, the cell pellets were 
washed in PBS and 1 µM sodium azide (Sigma-Aldrich). 
Then anti-mouse secondary FITC, phycoerythrin, and 
rhodamine (1:500; all from Thermo Fisher Scientific 
Inc.) were added to the conjugated antibody for 2 h at 
room temperature. Only the incubated STRO-1 cells 
were resuspended in 1 ml of Tween-20 (Sigma-Aldrich) 
solution (0.2% in PBS) at room temperature, and the mix-
ture was incubated for 15 min in a 37°C water bath. Flow 
cytometry analysis was performed, using a fluorescence-
activated cell sorter (FACS; Becton Dickinson) with the 
CELL Quest program. The expression of the markers was 
determined by comparison with an isotope control, fol-
lowing statistical analysis (below).

In order to quantitatively analyze Ki-67-immunoreactive 
cell numbers, 15 sections per each animal were selected. 
Images of all Ki-67-immunoreactive cells were taken 
through a light microscope (Olympus, Tokyo, Japan) equip-
ped with a digital camera (DP71, Olympus) connected to a 
PC monitor. The number of Ki-67-positive cells in the kid-
ney was counted by Optimas 6.5 software (Cyber Metrics, 
Scottsdale, AZ, USA). Cell counts were obtained by aver-
aging the counts from the sections taken from each animal: 
a ratio of the count was calibrated as percent.

Histology

Renal tissues were fixed in 10% formaldehyde 
(Gardem Química), dehydrated, and embedded in paraf-
fin. For general histology, sections were sliced (5 mm) 
and stained with hematoxylin and eosin (H&E; Merck, 
Darmstadt, Germany). In addition, some kidneys were 
frozen in liquid nitrogen using OCT (Tissue-Tek; Sakura 
FineTek) and stored at −220°C.

When required, kidneys were cryosectioned at 5 µm and 
then used for confocal microscopy investigation of IDPSCs 
marked with Vibrant Tracer (V12883; Invitrogen).

Statistical Analyses

To evaluate the percentage of IDPSCs present in the 
kidneys, muscles (injury site), liver, and lungs from IP and 
EV injection in mice, a completely randomized design 

(CRD), in a factorial 4 × 4 arrangement, was adopted, 
according to the model specified below:

Y
ijk

 = µ + R
i
 + O

j
 + RO

ij
 + e

ijk

where Y
ijk

 = the observed value for the percentage of 
IDPSCs in replication k, in route of administration j and 
in organ i; µ = the constant for all observations (mean); 
R

i
 = effect of the ith organ, being i = 1 (kidneys), 2 (mus-

cles-injury site), 3 (liver), and 4 (lungs); O
j
 = effect of 

the jth route of administration, being j = A (control), B1 
(glycerol control saline injection), B2 (IP IDPSC trans-
plantation), and B3 (EV in caudal vein IDPSC transplan-
tation); RO

ij
 = effect of the double interaction between 

route of administration i with organ j; e
ijk

 = experimen-
tal error associated with variable per centage of IDPSCs 
in replication k, in route of administration j and in organ i, 
assuming normally, identically, and independently distrib-
uted (NIID; 0, s2

e
).

For this statistical model, since significant effects were 
observed for the double interaction, the developments 
were conducted using Tukey’s post hoc test within each 
route of administration and within each organ. All tests 
were performed with the aid of the Statistical Analysis 
System© (SAS 2005; SAS Institute, Cary, NC, USA), 
using the PROC MIXED procedure.

RESULTS

IDPSC Characterization After Cryopreservation

The human IDPSCs remained frozen in liquid nitro-
gen for about 6 years; therefore, before their injection 
into the experimental animals, the original characteris-
tics of the preserved cells were verified. After thawing, 
these cells showed typical MSC morphology and a good 
growth rate (Fig. 2A, B). Flow cytometry demonstrated 
a high number of IDPSCs positive for (MSC) surface 
antigens, (Fig. 2C–F) such as CD105 (SH2; 96.4%) and 
CD73 (SH4; 98.6%), and were also positive for STRO-1 
(28%) and CD146 (36%), markers of pericytes and 
BM-MSCs (13). Additionally, IDPSCs were negative 
for CD45 and CD90 (Fig. 2G, H). A very small amount 
of IPDSCs (3.65%) were positive for VEGF (Fig. 2I). 
Differentiation capacity of IDPSCs into bone, cartilage, 
and adipose cells was also verified and was as shown 
previously (26).

Morphological Analysis

Histological analyses of the kidney tissues of animals 
from each group are shown in Figures 3 and 4. Kidney 
tissues in those animals with ARF induced by glycerol 
revealed a marked dilatation of the renal cortical tubules, 
proximal tubular epithelium necrosis (no nuclei, intense 
eosinophilic homogeneous cytoplasm, but preserved 
shape), and accumulation of cellular debris in the tubular 
lumen (Fig. 3A1–C1).
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In the IP and EV IDPSC injection groups (B2 and B3, 
respectively), the presence of vascular congestion, char-
acterized by active hyperemia resulting in arterial dilation, 
was observed. Increased blood flow in the capillaries 
was also detected (Figs. 3A2–C2, A3–C3 and 4A2–C2, 
A3–C3). These characteristics are particularly distinct 
in blood vessels present in the medulla (Fig. 4A2–C2, 
A3–C3). However, it seems that they are even more pro-
nounced in the B3 group, when compared with the B2 
and control groups (Fig. 3B3).

Detection of Incorporation of IDPSCs Into Tubular 
and Perivascular Regions of Kidney

Two methods were used to analyze the migration and 
incorporation of IDPSCs into the tubular and perivascular 

regions of the kidneys in ARF. First, the cells (7 × 105) 
were stained with fluorescent dye (CFSE Cell Tracer 
Kit—red). This allows clear discrimination of stained 
cells from possible background, within the analyzed tis-
sue, during microscopic visualization. After IP injection, 
the IDPSCs (group B2) had partially been incorporated 
into the tubular epithelium (Fig. 5A–D). A similar, but 
not identical, pattern of localization of IDPSCs within 
the kidney was detected after EV injection in group B3 
(Fig. 5E–H). The cells were detected in the glomerulus 
(Fig. 5E–E2) and in the endothelial layer of small blood 
vessels surrounding the tubular integrity of the injured 
kidney (Fig. 5F) and in the intertubular space (Fig. 5G).

Next, immunohistochemical detection of IDPSC 
incorporation was performed using two anti-human 

Figure 2. Characterization of IDPSCs after 6 years of cryopreservation. (A) Morphology. (B) Proliferative rate of IDPSCs: (1) 6 years 
earlier; (2) currently, after thawing. (C–I) Immunophenotyping of IDPSCs after thawing. (C–F) Positive reactions of IDPSCs with 
antibodies such as cluster of differentiation 105 (CD105; SH2 clone), CD73 (SH4 clone), STRO-1, and CD146, respectively. (G, H) 
Lack of reaction of antibodies CD90 and CD45 with IDPSCs (negative control). (I) A small number of IDPSCs demonstrated immu-
nopositivity for vascular endothelial growth factor (VEGF).
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cell antibodies: anti-nucleus (hNu) and anti-IDPSC. 
Accordingly, after IP injection, multiple human nuclei 
were detected in the intertubular space (Fig. 5I, J, and L) 
and in tubules close to the glomerulus (Fig. 5K). A similar 
pattern of localization of IDPSCs within the kidney in the 
tubular epithelium was detected after EV injection (Fig. 
5M, N). Respective controls are presented in Figure 5O 
and P.

Since injury can also occur in the muscles of a region 
of glycerol application, we verified possible IDPSC 
migration to this site. Several positively immunostained 
human nuclei were found sandwiched between the base-
ment membrane and the sarcolemma of individual muscle 
fibers (Fig. 5Q), adjacent to satellite cells.

Effects of IDPSC Transplantation on Kidney 
Cell Proliferation

In the B2 and B3 groups, Ki-67-immunoreactive 
cells were detected (Fig. 6A, B). The number of Ki-67-
immunoreactive cells was significantly increased by 
15% (IP) and 28% (EV) after IDPSC injection compared 
with A and B1 groups (Fig. 6C, D). In these groups, the 
number of Ki-67-immunoreactive cells was 5% and 2%, 
respectively.

Flow Cytometry Analysis

In addition to the kidneys, other tissues, including 
muscle (injury site), liver, and lung, were analyzed with 
respect to IDPSC incorporation, in order to evaluate any 
eventual loss of cells after transplantation, by both routes 
of administration. Several markers, which were found 
to be unexpressed (CD45, CD90) or expressed (CD146, 
STRO-1) in undifferentiated IDPSCs, have been tested in 
recipient rat tissues after cell transplantation (Figs. 7 and 
8). Expression of anti-IDPSC antibody, which was used 
for immunohistochemical detection of these cells in renal 
tissues (Fig. 7), was also analyzed using flow cytome-
try in all tissues. Additionally, the expression of VEGF, 
which is a signal protein that stimulates vasculogenesis 
and angiogenesis, was evaluated.

No expression of any analyzed markers was observed 
in either control group, which did not receive the cells 
(Figs. 7 and 8). The expression of anti-IDPSC antibody 
revealed an abundant incorporation of these cells into the 
kidneys (Fig. 7). Expression of CD146 (marker for peri-
cytes) and STRO-1 (marker for stromal cell precursors in 
human bone marrow) (34) demonstrated that, just after 
injection, a population of IDPSCs consists of undifferen-
tiated cells. VEGF expression suggests that IDPSCs may 

Figure 3. Morphological aspects of renal cortex: normal (A–C); ARF (A1–C1) and after IDPSCs IP (A2–C2) and EV (A3–C3) 
transplantation. (A1–C1) ARF characteristics, such as renal cortical tubules dilatation with flattened or peeling epithelium (*), 
cellular debris in tubular lumen (+), and degenerative tubular cells (arrows). (A2–C2) and (A3–C3) Modest morphological ame-
lioration can be observed in comparison with (A1–C1). Note the vascular congestion and increased blood flow in the capillaries, 
which was more pronounced in the EV route (A3–C3). Light microscopy, hematoxylin and eosin (H&E) staining. Scale bars: 
A–A3: 100 µm; B–C3: 50 µm.
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stimulate angiogenic activity in kidney tissues. No signif-
icant difference in expression of any of these markers, by 
the two routes of administration (IP and EV), was noted 
(Table 1). As expected, CD45 (marker for hematopoietic 
cells) and CD90 (marker for primitive hematopoietic stem 
cells), used as controls, were not found to be expressed in 
the kidney tissues (Fig. 7).

IDPSC incorporation was lower in muscle tissue than 
in the kidneys, and the EV route seems to be more effi-
cient in delivering cells when compared to the IP route 
(Fig. 7 and Table 1). Antibodies for CD146 and STRO-1 
were found to be expressed in the liver (Fig. 8). However, 
anti-VEGF and anti-IDPSC-positive cells showed signif-
icantly higher percentages (p < 0.01) in the kidneys than 
in the liver (Table 1). In lung tissue, anti-IDPSC antibody 
or other positive cell markers have been presented mar-
ginally (Fig. 8).

Statistical Analysis

Considering the proposed model, analysis of variance 
(ANOVA) for the different antibodies revealed a signifi-
cant effect (p < 0.01) for the source of variation, which is 
related to the interaction between the application route (V) 
and the tissues of application (O). The extent of the interac-
tions for the different antibodies showed a similar pattern 

of results. Nonsignificant (p > 0.05) effects were observed 
for muscle and lungs, while significant effects were shown 
for the liver and kidneys (p < 0.01) (Table 1).

DISCUSSION

ARF shows vascular, inflammatory, and tubular injuries. 
Owing to the complexity of ARF, current techniques, such 
as dialysis and pharmacological or hormonal therapies, 
have had no significant impact on patient survival, since 
these approaches often affect only one factor of multiple 
organ damage (21,26,36). Stem cell therapies, which act 
through multiple mechanisms such as anti- inflammatory, 
antiapoptotic, immunomodulation, and others (4), appear 
to be an advantageous therapeutic approach for ARF (18, 
19,21,24,26,28,30,32,33,37). The finely drawn choice of 
stem cells for each type of injury and disease is a challenge 
in modern cell therapy. The viability of cells, after a long 
period of cryopreservation, is essential for successful stem 
cell therapy. Our data showed that IDPSCs, even after a 
long period of cryopreservation, remained with their char-
acteristics preserved. This makes them an attractive type of 
stem cell for future therapies.

Next, an expression of specific markers is important 
for stem cell migration and target homing, directed at 
damaged organs. Exogenous CD44+ BM-MSCs showed 

Figure 4. Morphological aspects of renal medullary regions (A–B3) outer zone, and (C–C) renal papillae): control (A–C) normal 
animals; ARF (A1–C1) and after IDPSC IP (A2–C2) and EV (A3–C3) transplantation. (A1–B1) Discrete ARF characteristics, such as 
tubular dilatation with flattened or peeling epithelium. (A2–B2) and (A3–B3) Modest morphological amelioration can be observed in 
comparison with (A1–B1). Note the vascular congestion and increased blood flow in capillaries (A2–B3), which was more pronounced 
in the EV route (A3–B3). (C1–C3) No significant alterations were observed in comparison with (C). Light microscopy, H&E staining. 
Scale bars: 100 µm (A–A3, C–C3); 50 µm (B–B3).
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preferential migration to the kidney after their EV injec-
tion in ARF mice, with increased expression of hyaluronic 
acid (HA) (20). IDPSCs also express CD44, and this fac-
tor can play an important role in cell migration directed 
at injured kidneys, when compared with other studied 
organs such as the lungs, liver, and muscles.

Homing of stem cells occurs via their capture by the 
vasculature of tissues, following their transmigration 
across the endothelium and reaching the stromal tissue in 
an injured region of the target organ. After homing to the 
target organ, stem cells start to produce a wide range of 
cytokines and growth factors such as anti-inflammatory, 
angiogenic, antiapoptotic, and others, thus promoting their 
therapeutic and reparative endogenous effects (24). Almost 
all IDPSCs express endoglin (CD105), which is a common 
MSC marker (4). The cell surface glycoprotein is overex-
pressed on the vascular endothelium of angiogenic tissues 
and is upregulated by hypoxia. Hence, CD105 was sug-
gested for use as a therapeutic target in anticancer clini-
cal settings (11,13,14). It is plausible that the homing of 
IDPSCs within injured tissue, which undergoes a strong 
inflammatory process, is due to the expression of CD105.

Dysfunction and loss of tubular epithelial cells play cen-
tral roles in the process underlying the failure of the kid-
ney after ARF. In the present study, the effect of engrafted 
IDPSCs on tubular cell regeneration was explored by 
analyzing the proliferation marker Ki-67. In normal con-
trol kidneys and in glycerol-treated rat low numbers of 
Ki-67-positive cells (2–5%) were detected, indicating low 
frequency of tubular cell turnover. The numbers of Ki-67-

positive cells in kidneys of glycerol-treated mice were 
significantly higher: 15% in B2 and in 28% B3 groups, 
compared with normal control group A: 5%. The effects 
of IDPSCs on cell proliferation in ARF rat model resulted 
in three- (B2) and fourfold (B3) increases in tubular 
cell proliferation.

IDPSCs were able to express VEGF after homing to 
injured kidneys, thus complying with the function of peri-
cytes (8). This finding is also reinforced by the expression 
of both CD146 (marker for pericytes) and STRO-1 (marker 
for stromal cells) in IDPSCs that homed to kidney tissues 
after transplantation. Our study addressed important issues, 
which have escaped the previous attention and wide discus-
sion of investigators. A subpopulation of human perivascular 
cells that show in situ pericytes and MSC immunopheno-
types such as CD146+, CD34−, CD45−, and CD56− follow-
ing subsequent in vitro expansion have been isolated. These 
cells undergo in vitro mesodermal lineage differentiation, 
which are hallmarks of MSC identity (8). Hence, Caplan 
suggested that all MSCs are pericytes (but not all pericytes 
are MSCs) (5). It is interesting that IDPSCs, which ana-
tomically are of neural crest origin, contain a subpopula-
tion of pericytes (~36%) with appropriate phenotypes (35). 
In the present study, we found that all IDPSCs that homed 
to injured kidneys expressed CD146. This finding raises 
some questions: Does a pericyte subpopulation of IDPSCs 
show selective migration to an injured site? Alternatively, 
do IDPSCs migrate selectively to the kidneys due to CD44 
expression and, when homed, start to express CD146 under 
the influence of the local environment?

Figure 6. Effect of IDPSC transplantation on kidney cell proliferation. Ki-67 immunoreactivity observed after IP (A) and EV (B) 
IDPSC administration in groups B2 and B3, respectively. (C and D) Control animals from groups A and B1, respectively, are shown. 
Both showed either a little (D, intertubular cells) or no immunoreactivity with Ki-67 antibody. Arrows in (A) and (B) indicate Ki-67 
antigen nuclear localization (brown). Light microscopy. Scale bars: 10 µm (A–D).
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During vascular transit, the cells may escape and home 
to other organs such as the lungs, liver, and spleen, lead-
ing to a significant decrease in the number of cells able to 
reach the injured site (24). Previous studies revealed that 
the injected MSCs showed engraftment between 2.0% and 
22.0% of cells, demonstrating that the direct engraftment 
of exogenously administered MSCs is not the only mech-
anism to enhance renal repair (20, 21,29). In an ARF in 
rat model, it has been shown that BM-MSCs home to the 
lungs when administrated EV, which did not occur when 
they were administered intra-arterially (39).

Two administration routes (IP and EV) were tested and, 
when compared with the other organs studied, both resulted 
in elevated IDPSC homing to kidney tissues. As expected, 
a relatively high percentage of IDPSCs were found in the 
liver, especially when these cells were administrated EV. Far 
fewer cells were detected in the muscles (glycerol injection 
site). However, the low percentage of IDPSCs in the lungs 

can probably be explained by the different properties of 
MSCs derived from bone marrow and dental pulp. Another 
issue that needs to be investigated is that, independent of 
the administration route, the number of cells that reached 
the kidneys is almost equal in all studied animals. Does this 
mean that the amount of cells that can be accepted by an 
injured organ is controlled in some way by the organ and/
or by the organism? If so, does this mean that the number of 
cells used in particular stem cell therapies can be reduced?

Inflammation is a factor that has adverse consequences 
on tubule function and viability, resulting in reduction of 
local blood flow to the outer medulla in ARF (3). Our 
histological results demonstrated increased blood flow in 
the capillaries after IDPSC injection into the target organ, 
compared with the control animals. This suggests a pos-
sible anti-inflammatory role of these cells.

Immunoincompatibility is the most important concern 
for the clinical application of stem cells. The rejection of 

Figure 7. Flow cytometry analysis of transplanted IDPSCs in kidneys and muscle. Flow cytometry demonstrating the levels of expres-
sion of several anti-human antibodies such as CD146, IDPSC, STRO-1, VEGF, CD45, and CD90 by IDPSCs after transplantation in 
rat kidneys and muscle.
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Figure 8. Flow cytometry analysis of transplanted IDPSCs in livers and lungs. Flow cytometry demonstrating the levels of expression 
of several anti-human antibodies such as CD146, IDPSCs, STRO-1, and VEGF by IDPSCs after transplantation in rat livers and lungs.

Table 1. Statistical Analysis of IDPSCs (%) Labeled by Different Antibodies

Application Route Liver* Muscle Lung Kidney

Antibody CD146
Control† 0.20B,a 0.10A,a 0.70A,a 0.00B,a

Glycerol 0.30B,a 0.05A,a 0.10A,a 0.45B,a

Intraperitoneal 2.95B,b 0.90A,b 0.10A,b 31.80A,a

Endovenous 23.20A,a 3.40A,b 2.95A,b 30.90A,a

Antibody IDPSC
Control 3.00AB,a 0.80A,a 2.50A,a 0.00B,a

Glycerol 0.35B,a 0.00A,a 0.05A,a 0.50B,a

Intraperitoneal 9.10AB,b 1.35A,b 1.85A,b 33.25A,a

Endovenous 19.05A,ab 6.30A,b 2.00A,c 34.10A,a

Antibody STRO
Control 1.20B,a 0.10A,a 0.50A,a 0.00B,a

Glycerol 0.20B,a 0.05A,a 0.05A,a 0.65B,a

Intraperitoneal 9.85AB,b 3.00A,b 0.20A,b 37.55A,a

Endovenous 23.90A,a 4.85A,b 0.90A,b 29.40A,a

Antibody VEGF
Control 3.00A,a 0.40A,a 0.70A,a 0.20B,a

Glycerol 0.30A,a 0.00A,a 0.10A,a 0.60B,a

Intraperitoneal 4.55A,b 12.00A,ab 0.40A,b 36.50A,a

Endovenous 21.50A,ab 8.15A,b 1.85A,b 33.80A,a

CD146, cluster of differentiation 146; IDPSC, immature dental pulp stem cell; STRO, stromal cell marker; VEGF, 
vascular endothelial growth factor.
*Means in the same column and followed by the same capital letter do not differ at 1% probability by Bonferroni test.
†Means in the same row and followed by the same lowercase letter do not differ at 1% probability by Bonferroni test.
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donor stem cells can interfere with the normal functions of 
the host immune system. To avoid such rejection immuno-
suppressive agents are used. However, we reported in vari-
ous preclinical studies that hIDPSCs showed absence of 
immunogenic response (9,10,16,25). In the present work, 
we confirmed that IDPSCs are well tolerated by the rat, 
allowing good survival of these cells. The evaluation of 
functional improvements following IDPSC transplantation 
was not the goal of the present study. It was also difficult 
due to the design of the experiment (Fig. 1) and the sever-
ity of the kidney lesion.

Overall, we demonstrated that IDPSCs are able to 
maintain their stem cell properties after long periods 
of cryopreservation and efficiently deliver a trophic 
effect to the site of injury in the kidneys (expression of 
VEGF, mitogenic, and anti-inflammatory effects) similar 
to pericytes and BM-MSCs (5,6). Our findings indicate 
that IDPSCs can contribute to the recovery of the kid-
ney during ARF. In the context of regenerative therapies, 
renotropic preparations of autologous adult stem cells 
can be proposed as a safe strategy in humans. It seems 
that the stem cell phenotype plays an important role 
in cell delivery directed to an injured organ. Since the 
efforts of the investigators were directed at isolating an 
unlimited source of cells resembling the renal progeni-
tors, it was shown that IDPSCs are a promising cell type 
for ARF. This work raised several questions that should 
be answered before studying the clinical benefits of any 
stem cells, including IDPSCs, for the treatment of ARF.
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