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Abstract
Fetal kidney cells may contain multiple populations of kidney stem cells and thus appear to

be a suitable cellular therapy for the treatment of acute renal failure (ARF) but their biologi-

cal characteristics and therapeutic potential have not been adequately explored. We have

culture expanded fetal kidney cells derived from rat fetal kidneys, characterized them and

evaluated their therapeutic effect in an ischemia reperfusion (IR) induced rat model of ARF.

The fetal kidney cells grew in culture as adherent spindle shaped/polygonal cells and

expressed CD29, CD44, CD73, CD90, CD105, CD24 and CD133 markers. Administration

of PKH26 labeled fetal kidney cells in ARF rats resulted in a significant decrease in the lev-

els of blood urea nitrogen, creatinine, and neutrophil gelatinase-associated lipocalin and

decreased tubular necrosis in the kidney tissues (p<0.05 for all). The injected fetal kidney

cells were observed to engraft around injured tubular cells, and there was increased prolifer-

ation and decreased apoptosis of tubular cells in the kidneys (p<0.05 for both). In addition,

the kidney tissues of ARF rats treated with fetal kidney cells had a higher gene expression

of renotropic growth factors (VEGF-A, IGF-1, BMP-7 and bFGF) and anti-inflammatory cyto-

kine (IL10); up regulation of anti-oxidative markers (HO-1 and NQO-1); and a lower Bax/

Bcl2 ratio as compared to saline treated rats (p<0.05 for all). Our data shows that culture

expanded fetal kidney cells express mesenchymal and renal progenitor markers, and ame-

liorate ischemic ARF predominantly by their anti-apoptotic, anti-inflammatory and anti-oxi-

dative effects.

Introduction
Acute renal failure (ARF) is characterized by rapidly declining renal functions induced by toxic
or ischemic damage of renal tubular and vascular cells with a key role of inflammation in the
pathophysiology of the disease. It is a global disease increasingly affecting people of all age
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groups and having a high mortality rate. The disease has no curative treatment available except
renal transplantation which has its own limitations and complications [1, 2]. Thus develop-
ment of new therapeutic strategies is warranted for the treatment of ARF.

Cell therapy represents a potential new therapeutic approach for ARF as stem cells may
simultaneously target the key manifestations of ARF including renal vascular damage and
inflammation [3, 4]. Several pre-clinical animal studies have investigated the effects of different
adult stem cell types including hematopoietic, mesenchymal, endothelial and kidney stem/pro-
genitor cells in the treatment of ARF [5–8]. Further, few studies on fetal kidney cells transplan-
tation in rodents also support the regenerative potential of these cells after renal injury [9, 10].
However, a suitable renogenic cell type to obtain a clinically relevant therapeutic effect in ARF
has not yet been achieved and no cell based clinical therapy has yet been established.

We have recently shown that rat fetal heart contains mesenchymal like stem cells that
exhibit rapid proliferation, multipotent differentiation potential and constitutive expression of
markers of cardiovascular lineage indicating their pre-commitment towards tissue of origin
and thereby a greater efficacy in cardiac regeneration than other stem cell types [11]. In a sub-
sequent study, we have demonstrated efficacy of these fetal stem cells in cardiac regeneration in
a rat model of myocardial injury [12]. Similarly, other groups have demonstrated a promising
therapeutic role of fetal pancreatic, neural and liver stem cells in the treatment of diabetes,
stroke and liver disease respectively, further highlighting that stem cell therapy with tissue spe-
cific fetal stem cells may be a potential approach for tissue repair/regeneration [13–15]. More
recently, we have demonstrated that fetal kidney cells ameliorate cisplatin induced acute renal
failure and promote renal angiogenesis in rats [16]. These studies indicate that fetal kidney
may be a rich source of different stem/progenitors cells inherently committed towards different
renal lineages and thus fetal kidney cells may prove to be a novel cell type for treatment of
ischemic ARF. However, there is a paucity of data on characterization and therapeutic effect of
fetal kidney cells in ischemic ARF.

Therefore the aim of the present study was to isolate and characterize the fetal kidney cells
derived from rat fetal kidneys and to evaluate their therapeutic effect and mechanism(s) of
action in an ischemia reperfusion (IR) induced rat model of ARF.

Materials and Methods

Animals
Sprague Dawley (SD) rats with 225–250g weight were used in the study. The animals were
housed in a constant room temperature with a 12-hours constant dark-light cycle. Food and
water were supplied ad libitum. All animal experimental procedures in this study were per-
formed as per guidelines of Institutional Animal Ethics Committee and the Committee for the
Purpose of Control and Supervision of Experiments on Animals (CPCSEA), India. The proto-
col was approved by the Committee on the Ethics of Animal Experiments of Sanjay Gandhi
Post Graduate Institute of Medical Sciences, Lucknow, India.

Isolation and culture of fetal kidney cells
The fetal kidney cells were isolated and cultured from the kidneys of SD rat fetuses obtained at
gestation day 16. The kidneys, surgically removed from fetuses of 10 pregnant female rats (10–
12 fetuses /animal) were minced, pooled together and digested with 1 mg/ml collagenase type-
IV (Worthington Biochemical, NJ, USA) in serum free α-MEMmedium for 40 min at 37°C
with intermittent stirring. After washing with α-MEM, the digested tissue was cultured at 37°C
in 5% CO2 in 25 cm2 tissue culture flasks (BD, New Jersey, USA) in complete culture medium
consisting of α-MEMmedium, 2 mg/ml of Glutamax (Gibco, NY, USA), 16.5% FBS (Gibco,
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NY, USA) and bacteriostatic level of penicillin-streptomycin (Gibco, NY, USA). After 48 hours
of seeding of digested fetal kidney tissues, the culture media containing non-adherent cells was
replaced. On day 3 adherent cells were harvested by trypsinization with TrypLE Express
(Gibco, NY, USA) and further cultured as above. The cells of 3rd passage were used in the
experiment.

Karyotyping of fetal kidney cells
Karyotypic study was carried out as described previously [11]. In brief, the fetal kidney cells
were cultured for 3 days and treated with 10 μg/μl of colcemid (Sigma-Aldrich, MO, USA) for
30 min, followed by hypotonic solution of 60 mM KCl for 6 min. The cells were then fixed with
methanol/acetic acid in a ratio of 3:1 and the chromosomes of 10 metaphases were counted
under the microscope for karyotypic analysis.

Flow cytometry
The fetal kidney cells were stained with following pre-conjugated or un-conjugated antibodies:
CD44-fluorescein isothiocyanate (FITC) (BD Biosciences, CA, USA), CD90-FITC, CD45-phy-
coerythrin (PE), MHC class II-PE (all from Abcam, MA, USA) and with unconjugated CD29,
VEGFR2, EpCAM (all from Abcam, MA, USA), CD73, CD24 (both from BD Biosciences, CA,
USA), CD105 (Santa Cruz Biotechnology, Texas, USA), CD133 (My Biosource, CA, USA).
After 30 minutes, cells incubated with un-conjugated antibodies were washed with PBS and
stained with corresponding FITC-conjugated secondary antibodies. Cells stained with isotype-
matched antibodies (IgG) served as controls. After staining, the cells were fixed in 4% para-
formaldehyde (Sigma-Aldrich, MO, USA) and analyzed in FACS Calibur (BD Biosciences, CA,
USA). The experiment was performed in three independent preparations.

In vitro production of renotropic growth factors by fetal kidney cells
The fetal kidney cells were cultured in serum supplemented culture media in 48 well plate at
seeding density of 2×104 cells/well at 37°C in 5% CO2. After 24 hours, this culture media of the
cells was replaced with serum free media and further cultured for 48 hours under same culture
conditions. The cell free culture supernatant collected after 48 hours was analyzed for different
growth factors using commercial immunoassay kits for vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), bone morphogenetic protein (BMP)-7 (all
from Abcam, MA, USA) and insulin-like growth factor (IGF)-1 (R&D Systems, MN, USA).
Fresh serum free media was used as control medium.

Fluorescent labelling of fetal kidney cells
The fetal kidney cells were labeled with PKH26, a red fluorescent cell linker (Sigma-Aldrich,
MO, USA) according to manufacturer’s protocol. Briefly, 2 x 107 cells were placed in a conical
bottom polystyrene tube and washed with 10mL PBS. After centrifugation at 400 x g for 5 min-
utes, the supernatant was aspirated leaving no more than 25 μl supernatant over the pellet. The
cells resuspended in 1mL of diluent C and 1 mL of 2 x 10−6 M of PKH26 staining reagent was
added to obtain the final volume of 2mL. The cells were then incubated at room temperature
for 5 min. The equal amount of 10% of FBS (2mL) was used to stop the reaction. After that
cells were centrifuged at 400 x g and washed with 10 mL complete culture media for three
times. Cells were resuspended at 2 x 106 cells/150 μl with normal saline to inject in animals.
Labelling efficiency was>95% and the cell viability was>97%, as assessed by using fluorescent
microscopy and trypan blue exclusion staining, respectively.
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Administration of fetal kidney cells in rat model of ARF
SD rats (n = 12) weighing 225–250g were anaesthetised with an intra-peritoneal injection of 80
mg/kg ketamine and 10mg/kg xylazine and they were placed in a supine position on a tempera-
ture control pad and rectal temperature was maintained at 37°C. The mid-abdominal laparat-
omy was performed to expose the kidneys and both renal pedicles were clamped with
atraumatic vascular clamps for 45 min. Reperfusion was initiated by the removal of clamps and
was visually confirmed by noting subsequent blush.

After 24 hours of reperfusion, animals were randomized in to two groups viz. saline treated
(n = 6) and fetal kidney cells treated (n = 6) groups. PKH26 labeled fetal kidney cells (2 x 106

cells/animal) or saline (150 μl/animal) were injected via the tail vein. Sham operated rats
(n = 6) were subjected to the same surgical procedure without clamping of renal pedicles.
Blood was collected at 0, 24, 48, 72, and 96 hours after reperfusion for blood urea nitrogen
(BUN), serum creatinine and serum neutrophil gelatinase-associated lipocalin (NGAL) analy-
sis. Animals were sacrificed 96 hours after reperfusion and kidney tissues were collected for
analysis.

Evaluation of therapeutic effect of the culture supernatant in rat model of
ARF
Therapeutic potential of culture supernatant of fetal kidney cells was evaluated in rat model of
ischemia induced ARF. Animals were randomized in to 4 groups after reperfusion viz. sham
operated (n = 6), fresh culture medium treated (n = 6), culture supernatant treated (n = 6) and
fetal kidney cell treated (n = 6) groups. The cell free culture supernatant was prepared as per
protocol previously described by Xing et al. with some modifications [17]. Briefly, 2 × 106 fetal
kidney cells were cultured with 2 ml serum free media for 48 hours in standard culture condi-
tion. After that the culture supernatant was harvested and filtered through a 0.22 μm filtration
unit (Millipore, MA, USA). A dose of 200μl of fresh culture medium or culture supernatant
was injected via tail vein in ARF rats each time at 24, 48 and 72 hours after reperfusion. The
fetal kidney cells (2 × 106 cells/animal) were administered after 24 hours of reperfusion via tail
vein in the rats. Blood was collected at 0, 24, 48, 72, and 96 hours after reperfusion for blood
urea nitrogen (BUN), serum creatinine and serum neutrophil gelatinase-associated lipocalin
(NGAL) analysis.

In vivo tracking of fetal kidney cells
To evaluate engraftment of PKH26 labeled cells in the damaged kidney, the animals were sacri-
ficed 96 hours after reperfusion, kidney tissues were fixed in 10% of formalin and cut in to
5 μm thick sections. Kidney sections were analysed for PKH26 positive cells by fluorescent
microscopy. PKH26 positive cells were counted in 10 random high power fields (HPF) per rat
(40X) and data were expressed as number of PKH26 positive cells/HPF.

Blood biochemical analysis
Renal function was assessed by measuring BUN and serum creatinine levels by Span diagnostic
kits with an autoanalyser (BioSytems BTS-330) and Serum NGAL levels were estimated by Rat
NGAL ELISA Kit (BioPorto Diagnostics, Denmark) according to manufacturer’s protocol.

Real-time quantitative PCR (RQ-PCR)
The gene expression of cytokines, growth factors and anti-oxidative markers in the kidney tis-
sues of fetal kidney cells and saline treated ARF rats was assessed by RQ-PCR. Total RNA from
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kidney tissues was extracted using a TRIzol reagent (Invitrogen, CA, USA). Complementary
DNA was synthesized from 1μg of total RNA using first-Strand cDNA Synthesis Kit (USB,
OH, USA) according to manufacturer’s instructions. RQ-PCR was performed to measure tar-
get gene expression for cytokines viz. interleukin (IL)-1β, tumor necrosis factor (TNF)-α, inter-
feron (IFN)-γ, IL-6, IL-10, growth factors viz. viz. bFGF, BMP-7, VEGF-A, IGF-1, and anti-
oxidative markers viz. glutathione reductase (GR), glutathione peroxidase (GPx) relative to β-
actin gene expression using the primers listed in Table 1. Relative fold expression values were
determined applying the ΔΔ cycle threshold (Ct) method [18].

Histopathology and immunohistochemistry
Kidney tissues obtained at 96 hours after reperfusion from saline treated and fetal kidney cells
treated rats were fixed in 10% formalin and serial sections of 5 μmwere stained with hematoxy-
lin and eosin to evaluate sequential histopathological changes. A grading score scale outlined
by Jablonski et al. [19] was used for assessment of necrotic injury to proximal tubules.

For immunohistochemical analysis, 5 μm thick paraffin sections of kidneys were deparaffi-
nized with xylene and rehydrated in a series of alcohol and water. After rehydration, tissue sec-
tions were incubated with primary antibodies: cytokeratin (CK) 19 (Thermo scientific, IL,
USA) and proliferating cell nuclear antigen (PCNA; BD Biosciences, CA, USA). After over-
night incubation at 4°C, sections were washed with PBS and incubated with corresponding
FITC-conjugated secondary antibodies and then stained with Hoechst dye. After that kidney
sections were examined for proliferating cells per HPF under fluorescence microscope (Nikon
80i, Japan). Apoptotic scores in kidney tissue sections were determined with a terminal trans-
ferase-mediated dUTP nick-end labelling (TUNEL) staining using an In Situ Cell Death Detec-
tion Kit (Roche, Mannheim, Germany). Kidney sections were deparaffinized, rehydrated, and
digested with proteinase K and labeled with TUNEL reaction mixture for 1 hour at 37°C. Sec-
tions were screened for positive nuclei per HPF under a fluorescence microscope (Nikon 80i,
Japan), and 10 random sections in the cortex and outer medullary were counted for every kid-
ney under 40 X magnification.

Western blotting
Kidney tissues of sham operated, saline treated and fetal kidney cells treated rats were homoge-
nised in RIPA buffer containing 1 mmol/L phenylmethanesulphonyl fluoride (PMSF) and 1%

Table 1. List of primers used for RQ-PCR analysis.

Sl. No. Gene Primer Sequence (5'-3') Accession No.

1. β -Actin F-CCCGCGAGTACAACCTTCT / R-CGTCATCCATGGCGAACT NM_031144.2

2. IL-1β F- TGTGATGAAAGACGGCACAC / R-CTTCTTCTTTGGGTATTGTTTGG NM_031512.2

3. TNF-α F-GCCCAGACCCTCACACTC / R-CCACTCCAGCTGCTCCTCT X66539.1

4. IFN-γ F-TTTTGCAGCTCTGCCTCAT / R-AGCATCCATGCTACTTGAGTTAAA NM_138880.2

5. IL-6 F-CAAGAGACTTCCAGCCAGTTGC / R-TGGCCGAGTAGACCTCATAGTGACC NM_012589.1

6. IL-10 F-AGTGGAGCAGGTGAAGAATGA / R-TCATGGCCTTGTAGACACCTT NM_012854.2

7. bFGF F-CGACCCACACGTCAAACTAC / R-CCAGGCGTTCAAAGAAGAAA X61697.1

8. BMP-7 F-CCAAGAGGCACTGAGGATGG / R-TGGTGGCGTTCATGTAGGAG NM_001191856.1

9. IGF-1 F-GGCATTGTGGATGAGTGTTG / R-ACGTGGCATTTTCTGTTCCT X06043.1

10. VEGF-A F-TGTGAATGCAGACCAAAGAAA / R-CTGAACAAGGCTCACAGTGAAT AY702972.1

11. GPx F-TGCAATCAGTTCGGACATC / R-CACCTCGCACTTCTCAAACA NM_030826.2

12. GR F-ATCAAGGAGAAGCGGGATG / R-GCGTAGCCGTGGATGACTT NM_053906.2

doi:10.1371/journal.pone.0131057.t001
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protease inhibitor cocktail (Sigma-Aldrich, MO, USA). 40 mg proteins were loaded and sepa-
rated on 10% sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE). After electrophoresis,
separated proteins were transferred to polyvinylidene difluoride (PVDF) membranes. Mem-
branes were blocked with 5% BSA for 1 hour at room temp and incubated overnight at 4°C
with appropriate dilutions of primary antibodies: nuclear factor-κB (NFκB), intercellular adhe-
sion molecule-1 (ICAM-1), heme oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1
(NQO-1), cytochrome c, caspase 3 (all from Abcam, MA, USA), B-cell lymphoma 2-associated
X protein (Bax) and B-cell lymphoma 2 (Bcl2) (both from Cell Signaling Technology, MA,
USA). β-actin antibody (Abcam, MA, USA) was used as a loading control. After incubation,
PVDF membranes were washed three times with TBS and incubated with corresponding horse
raddish peroxidase-conjugated secondary antibody for 1 hour at room temperature. All pro-
teins were detected using super signal west pico chemiluminescent substrate (Thermo scien-
tific, IL, USA) and quantified by densitometry using the Quantity One software (Bio-Rad, CA,
USA).

Statistical analysis
Values were expressed as Mean±SEM. Data were analysed by one way-analysis of variance
(ANOVA), followed by Bonferroni multiple-comparison post hoc test. The ordinal values of
Jablonski scale were analysed by non-parametric MannWhitney test. Statistical analysis was
performed using GraphPad Prism Software Version 5 (GraphPad, San Diego, CA). P value of
<0.05 was considered statistically significant.

Results

Karyotyping and characterization of fetal kidney cells
The fetal kidney cells isolated from rat fetal kidneys grew in culture as adherent monolayer of
cells exhibiting spindle-shaped and polygonal morphology (Fig 1A). The cells were expanded
up to 3rd passage and observed to have a consistently normal karyotype (Fig 1B). The fetal kid-
ney cells expressed CD29 (43.87±1.45), CD44 (55.53±1.88), CD73 (58.07±0.95), CD90 (68.07
±2.55), CD105 (38.27±1.37), CD24 (60.43±1.54), CD133 (51.93±2.03) and low expression (less
than 30%) of VEGFR2 (29.03±1.18), EpCAM (22.20±0.99) with less than 5% expression of
CD45 (2.067±0.32) and MHC class II (1.53±0.34) as revealed by their immunophenotypic
analysis by flow cytometry (Fig 1C).

In vitro production of renotropic growth factors
A significantly elevated levels of renotropic growth factors viz. VEGF (1106±189.0 pg/ml),
IGF-1 (1322±216.5 pg/ml), BMP-7 (825.8±126.1 pg/ml) and bFGF (737.2±103.1 pg/ml) were
observed in culture supernatant as compared to fresh culture medium (Fig 2, p<0.01).

Effect of fetal kidney cells on renal functions in ARF
After 24 hours of reperfusion, the rats with IR induced ARF were observed to have a significant
increase in the levels of BUN, serum creatinine and serum NGAL as compared to sham oper-
ated animals. Among ARF rats one group was given fetal kidney cells while other group was
given saline to evaluate effect of fetal kidney cells on renal function. From 48 hours after reper-
fusion, a consistently significant decrease in the levels of BUN, serum creatinine and NGAL
was observed in fetal kidney cells treated rats as compared to the saline treated rats (p<0.05).
After 96 hour of reperfusion, the levels of these blood biochemical parameters were comparable
to those of sham operated rats (Fig 3A–3C).
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Therapeutic potential of culture supernatant of fetal kidney cells in rat
model of ARF
We have found a significant increase in the levels of BUN, serum creatinine and serum
NGAL after 24 hours of reperfusion in all animals as compared to sham operated animals
(p<0.05). We did not find any significant difference in the levels of BUN, creatinine and
NGAL between fresh culture medium and culture supernatant treated rats at 24, 48 and 72
hours after injections. The fetal kidney cells treated animals showed significant decrease in
BUN, creatinine and NGAL levels at 48 hours of reperfusion (p<0.05) and became com-
parable to sham operated group 96 hours after reperfusion. Whereas fresh culture medium
and culture supernatant treated group still had significant increase in BUN and creatinine
level even after 96 hours of reperfusion as compared to sham operated group (p<0.05; Fig
4A–4C).

Fig 1. Morphology, karyotype and phenotypic characterization of fetal kidney cells. (A) Representative photomicrograph (10X) of fetal kidney cells in
culture, showing spindle-shape and polygonal morphology. (B) The fetal kidney cells showing normal karyotype at 3rd passage (10X). (C) Flow cytometric
analysis of fetal kidney cells showing expression of surface markers CD29, CD44, CD73, CD90, CD105, CD24, CD133, VEGFR2, EpCAM, CD45 and MHC
class II (green or red lines, detected with FITC- or PE- conjugated antibodies, respectively) with isotype controls (black lines).

doi:10.1371/journal.pone.0131057.g001
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Tracking of PKH26 positive cells at the site of renal injury
The ARF rats infused with PKH 26 labeled fetal kidney cells were sacrificed 72 hours after cell
administration and sections of damaged kidneys were examined by fluorescent microscopy.
The kidney sections were observed to have 8.28±1.27 PKH26 positive cells/HPF and these cells
were found to be localized in the interstitial spaces and peri-tubular areas of the kidney. The
tubules stained positive for CK 19 (Fig 5A–5F).

Effect of fetal kidney cells on ARF progression
Histopathological changes in kidney sections of sham operated rats and saline or fetal kidney
cells treated ARF rats were evaluated 96 hours post reperfusion. The sham operated animals
showed the normal architecture of tubules and glomeruli (Fig 6A). The kidneys of saline
treated rats had extensive tubular necrosis and vacuolization of tubular epithelial cells and their
proximal convoluted tubules (PCT) showed a loss of brush border and epithelial cast or hyaline
material obliterating their lumens (Fig 6B). In contrast, fetal kidney cells treated kidneys had
mild tubular dilation, epithelial desquamation only in few PCT and a low index of cellular
damage indicating attenuation of renal injury by infused cells (Fig 6C). Quantitative assess-
ment of renal tubular necrosis after IR injury showed severe tubular necrosis in saline treated
as compared to fetal kidney cells treated animals (Jablonski score grade of 3.43±0.35 vs. 1.38
±0.16, respectively, p<0.05) (Fig 6D). Immunohistochemical analysis using antibodies against
PCNA revealed a significant increase in proliferation of tubular cells in fetal kidney cells as
compared to saline treated animals (15.68±0.88 vs. 8.17±0.66 PCNA positive cells per HPF,
respectively, p<0.05) (Fig 6E–6H). Moreover, TUNEL assay showed significantly reduced
numbers of apoptotic cells in fetal kidney cells as compared to saline treated group (11.25±0.92
vs. 23.25±1.57 TUNEL positive cells per HPF, respectively, p<0.05) (Fig 6I–6L).

Fig 2. In vitro production of renotropic growth factors by fetal kidney cells. The fetal kidney cells
significantly produced renotropic growth factors viz. VEGF, IGF-1, BMP-7 and bFGF in their culture
supernatant (CS) as compared to fresh culture medium which served as control medium (CM). Values
expressed as Mean±SEM. **p<0.01 vs. control medium.

doi:10.1371/journal.pone.0131057.g002
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Effect of fetal kidney cell therapy on expression of growth factors and
pro- and anti- inflammatory mediators in ARF
The fetal kidney cells treated kidneys showed significantly higher gene expression of growth
factors viz. bFGF, BMP-7, VEGF-A and IGF-1 as compared to saline treated and sham oper-
ated kidneys (p<0.05) (Fig 7A–7D). The renal expression of genes encoding for the pro-
inflammatory cytokines viz. IL-1β, TNF-α, IFN-γ and IL-6 was significantly increased in the
saline treated group as compared to sham operated group (p<0.05). However, in fetal kidney
cells treated rats, the expression levels of these pro-inflammatory cytokines was significantly

Fig 3. Effects of fetal kidney cells on renal functions in rats with IR ARF. The difference in (A) BUN, (B)
serum creatinine and (C) serum NGAL levels in sham operated, saline treated and fetal kidney cells treated
groups at different time points (0, 24, 48, 72 and 96 hours after reperfusion). Values expressed Mean±SEM
(n = 6). *p<0.05 vs. sham operated group, #p<0.05 vs. saline treated group.

doi:10.1371/journal.pone.0131057.g003
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Fig 4. Effects of fetal kidney cells culture supernatant on renal function in rats with ischemic ARF. The
difference in (A) BUN, (B) serum creatinine and (C) serum NGAL levels in sham operated, fresh culture
medium (CM), fetal kidney cells culture supernatant (CS) and fetal kidney cells treated groups, at different
time points (0, 24, 48, 72 and 96 hours after reperfusion). Values expressed Mean±SEM (n = 6). *p<0.05 vs.
sham operated group, #p<0.05 vs. fresh culture medium treated and $p<0.05 vs. culture supernatant treated
group.

doi:10.1371/journal.pone.0131057.g004
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decreased, while the expression of anti-inflammatory cytokine IL-10 was significantly
increased as compared to saline treated and sham operated groups (p<0.05 for both) (Fig 7E–
7I). Furthermore, western blot analysis revealed a significant increase in protein expression of
inflammatory biomarkers viz. NFκB and ICAM-1 in saline treated group as compared to the
sham operated group (p<0.05). In the fetal kidney cells treated group the expression of these
biomarkers were decreased as compared to the saline treated group (p<0.05) (Fig 7J–7L).

Anti-oxidative and anti-apoptotic effects of fetal kidney cells in ARF
Kidneys of animals treated with fetal kidney cells when compared to sham operated or saline
treated groups showed significantly higher levels of expression of genes encoding GR and GPx,
anti-oxidative enzymes (p<0.05) (Fig 8A and 8B). Treatment with fetal kidney cells also
resulted in a significant increase in expression of protein levels of HO-1 and NQO-1, anti-oxi-
dative biomarkers, in comparison to saline treated and sham operated rats (p<0.05) (Fig 8C–
8E). A marked increase in Bax/Bcl2 ratio and a significantly higher expression of pro-apoptotic
mediators viz. cytochrome c and caspase 3 were observed in saline treated group as compared
to sham operated group (p<0.05). After the administration of fetal kidney cells, the up-regu-
lated expression of pro-apoptotic proteins was significantly reduced in comparison to the
saline treated group (p<0.05), but comparable to the sham operated group (Fig 8F–8I).

Discussion
The present study shows that culture expanded fetal kidney cells express mesenchymal and
renal progenitor markers. The administration of fetal kidney cells in a rat model of IR induced
ARF resulted in the rapid improvement in renal function and attenuation of renal damage.
These therapeutic effects of fetal kidney cells were predominantly mediated through their anti-
inflammatory, anti-apoptotic and anti-oxidative effects. To the best of our knowledge this rep-
resents the first study in literature on the therapeutic effects and mechanism of action of in
vitro expanded fetal kidney cells in an animal model of ischemic ARF.

Stem/progenitor cells have been reported to exist in both human and rodent fetal kidneys
but the biological characteristics and karyotypic stability of culture expanded fetal kidney cells

Fig 5. In vivo tracking of PKH26 positive cells in IR induced damaged kidney.Representative immunoflourescence photomicrographs (40X) of fetal
kidney cells treated kidney showing (A) CK 19, green (B) Hoechst, blue (C) PKH26 labeled cells, red, located in the interstitial spaces and peri-tubular areas
of the kidney (D) Overlay of images of (A), (B) and (C). (E) Overlay of images of (A) and (B). (F) Overlay of images of (B) and (C).

doi:10.1371/journal.pone.0131057.g005
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have not been studied [20, 21]. Kim et al. in their two independent studies have shown that
uncultured rat fetal kidney cells derived from gestation day 14.5 and 17.5 fetuses express mes-
enchymal markers, and the expression of these markers decline at late gestation stage [22, 23].
These observations corroborate with our data showing expression of mesenchymal markers by
fetal kidney cells derived from fetuses of gestation day 16. Kim et al. have used de novo isolated
fetal kidney cells and have not studied biological characteristics of culture expanded fetal kid-
ney cells [22, 23]. We expanded rat fetal kidney cells up to the 3rd passage and observed that
they consistently exhibit a normal karyotype, express mesenchymal (CD29, CD44, CD73,
CD90, and CD105) and renal progenitor markers (CD24 and CD133). However, a small frac-
tion (<30%) of these cells also expressed endothelial (VEGFR2) and epithelial (EpCAM) mark-
ers. We further evaluated whether fetal kidney cells produce renotropic growth factors in vitro
and observed presence of elevated levels of VEGF, IGF-1, BMP-7 and bFGF in their culture

Fig 6. Effects of fetal kidney cells onmorphological structure, proliferation and apoptosis of tubular epithelial cells in rats with IR ARF. (A) Kidney
section of sham operated animal showing normal architecture of tubules and glomeruli. (B) Kidney section of saline treated animal showing dilated distal
convoluted tubule (solid arrow), swollen and necrotic epithelial cells with nuclear changes in the most proximal convoluted tubule (open arrow) and epithelial
or hyaline cast material in lumen (solid arrow head). (C) Kidney section of fetal kidney cells treated animal showing signs of recovery as revealed by mild
tubular dilatation (open arrow), desquamation of few proximal convoluted tubules and preservation of the integrity of the cellular structure (solid arrow) (20 X).
(D) Jablonski grading score of tubular necrosis in saline and fetal kidney cells treated kidneys after 72 hours of fetal kidney cells therapy. (E-G)
Representative immunofluorescence photomicrographs (40X) of PCNA staining of kidney sections of sham operated (E), saline treated (F) and fetal kidney
cells treated (G) animals. (H) Quantification of PCNA positive cells per HPF. (I-K) Representative immunofluorescence photomicrographs (40X) of TUNEL
staining of kidney sections of sham operated (I), saline treated (J) and fetal kidney cells treated (K) animals. (L) Quantification of apoptotic cells per HPF.
Values expressed Mean±SEM. (n = 6), *p<0.05 vs. sham operated group, #p<0.05 vs. saline treated group.

doi:10.1371/journal.pone.0131057.g006
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Fig 7. Effects of fetal kidney cells therapy on expression of growth factors and pro- and anti-inflammatory cytokines in rat kidney. (A-I) mRNA
expression levels of growth factors viz. bFGF (A), BMP-7 (B), VEGF-A (C) and IGF-1(D), inflammatory cytokines viz. IL-1β (E), TNF-α (F), IFN-γ (G) and IL-6
(H), anti-inflammatory cytokine IL-10 (I). (J) Representative immunoblots showing the expression levels of inflammatory markers viz. NF-kB and ICAM-1 in
the kidney tissues of sham operated, saline treated and fetal kidney cells treated groups. (K-L) Bar diagrams showing semi quantitative densitometry of the
expression of NFκB and ICAM-1. Comparative gene expression ratio alculated by referring each gene to β-actin as an internal control. Densitometric
analysis applied for comparison of relative protein expression and represented in densitometric arbitrary units (a. u.). Values expressed Mean±SEM. *p<0.05
vs. sham operated group. #p<0.05 vs. saline treated group.

doi:10.1371/journal.pone.0131057.g007
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supernatant. The production of renotropic growth factors by fetal kidney cells have not been
reported before.

We infused 2 x 106 PKH26 labeled fetal kidney cells in ARF rats via tail vein and after 72
hours of their infusion, the fluorescent microscopy of the renal tissues showed an interstitial

Fig 8. The fetal kidney cells inhibit oxidative stress and apoptosis in kidneys with ischemic injury. (A, B) mRNA expression levels of GR and GPx. (C)
Representative immunoblots showing the expression of anti-oxidative biomarkers viz. HO-1 and NQO-1. (D, E) Bar diagrams showing semi quantitative
densitometry of expression of the HO-1 and NQO-1. (F) Representative immunoblots showing the expression of apoptosis related biomarkers viz. Bax, Bcl2,
caspase 3 and cytochrome c in kidney tissues of sham operated, saline treated and fetal kidney cells treated groups. (G-I) Bar diagrams showing semi
quantitative densitometry of a ratio of the expression of Bax/Bcl2 and expression of the caspase 3 and cytochrome c. Comparative gene expression ratio
calculated by referring each gene to β-actin as an internal control. Densitometric analysis applied for comparison of relative protein expression and
represented in densitometric arbitrary units (a. u.). Values expressed Mean±SEM. *p<0.05 vs. sham operated group. #p<0.05 vs. saline treated group.

doi:10.1371/journal.pone.0131057.g008
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and peri-tubular distribution of the PKH26 positive cells in the injured kidney showing their
property to home to injured kidney. Similar to our observation, mesenchymal stem cells
(MSC) have been shown to home to injured kidney in rats using magnetic resonance technique
[24]. The fetal kidney cells observed by us in the injured kidney may represent only a small
fraction of infused cells as a large fraction of intravenously infused cells get trapped into the
lungs as recently reported by us using 99m Tc-labeled fetal cardiac MSC [12] and by other
groups using other cell types [25]. It has been reported recently that lipophilic dyes including
PKH26 may be transferred to host cells mainly due to death of the infused cells and their
phagocytosis by resident macrophages [26] and thus the PKH26 positive cells observed by us,
may be the infused fetal kidney cells or resident host cells. However, since our observation is
after a period of 72 hours of cell infusion when cell death is unlikely, therefore the PKH26 fluo-
rescence present in the kidney at this time point is likely to be from infused cells which have
homed to the kidney. It would be advantageous that results obtained from lipophilic dyes are
further confirmed using non-lipophylic dyes or other methods such as live imaging techniques.

The infusion of fetal kidney cells in ARF rats resulted in a rapid decrease in the levels of
BUN, serum creatinine and NGAL and after 96 hours of IR injury, the levels of these blood bio-
chemical parameters were comparable to those of sham operated rats. We have shown that
fetal kidney cells produce several growth factors in vitro and hence we also evaluated the thera-
peutic effect of culture supernatant of these cells in ARF rats. However, we observed that after
72 hours of infusion there was no significant difference in blood levels of BUN, creatinine and
NGAL between culture supernatant and fresh culture medium treated ARF rats but fetal kid-
ney cells treated rats showed significant improvement of renal function. Although, we have not
used concentrated culture supernatant and thus cannot completely rule out the therapeutic
efficacy of culture supernatant. However, no therapeutic effect of culture supernatant in ARF
even after its multiple injections in rats indicates that the improvement of renal functions in
ARF rats is more likely to be due to fetal kidney cells, which may serve as a continuous source
of renotropic factors in the local milieu of the kidney. Similarly other groups have also used
multiple injections of unconcentrated culture supernatant in different diseases [17, 27–29].
Histopathological evaluation showed that the fetal kidney cells treated kidneys had attenuation
of tubular damage with a quantitative assessment of renal tubular necrosis by Jablonski scoring
showed a Jablonski score grade of 1.38±0.16 in fetal kidney cells treated versus 3.43±0.35 in
saline treated kidneys (p<0.05). Further, the PCNA assay revealed a significant increase in pro-
liferation of tubular cells and TUNEL assay showed significantly reduced numbers of apoptotic
cells in fetal kidney cells as compared to saline treated group (p<0.05). Similar to our observa-
tion, Kim et al. have shown that transplantation of early gestation stage fetal kidney cells into
damaged kidneys in rats resulted in significantly lower BUN levels and significantly greater lev-
els of creatinine in urine as compared to the control rats (no transplantation group). Further,
the transplanted rats exhibited kidney tissue reconstitution and the fluorescently labeled trans-
planted cells were detected in the reconstituted kidney tubules [22]. However, transplantation
of fetal kidney cells from a later gestation stage resulted in poor kidney structure formation
[23].

After 72 hours of cell infusion, the rapid recovery observed by us in renal functions of fetal
kidney cells treated rats may not be due to regeneration of damaged kidney tissues and hence
we evaluated whether infused fetal kidney cells mediate rapid recovery of renal function in
ARF rats by paracrine mechanisms. We found that kidneys tissues of fetal kidney cells treated
ARF rats have a lower mRNA expression of various pro-inflammatory cytokines including IL-
1β, TNF-α and IFN-γ and protein expression of other potent inflammatory biomarkers includ-
ing NFκB and ICAM-1 as well as higher mRNA expression of IL-10, which is a potent anti-
inflammatory mediator. These finding suggest that fetal kidney cells could exert rapid
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renoprotective effects by suppressing ongoing inflammation in the kidneys of ARF rats. In
addition we found up-regulated gene expression of various growth factors including bFGF,
BMP-7, IGF-1 and VEGF-A as well as proliferation of tubular cells suggesting that fetal kidney
cells recruited in the damaged kidney promote renal repair by inducing proliferation of renal
tubular and vascular cells. These anti-inflammatory and growth factor mediated paracrine
effects of fetal kidney cells observed by us in the present study corroborate with mechanism of
renal recovery reported for embryonic stem cell derived mesenchymal progenitors in mice
[30]. Furthermore, administration of these growth factors has been reported to limit injury
and/or accelerated the recovery in experimental models of ARF [31–33].

Since, oxidative stress and apoptosis represent other important mediators of renal damage
in ARF [34, 35], we evaluated whether fetal kidney cells therapy had an impact on the oxidative
stress pathway and the intrinsic apoptotic pathway in ARF. We observed that kidneys of fetal
kidney cells treated animals had an up-regulated expression of genes of anti-oxidative enzymes
viz. GPx and GR and proteins of anti-oxidative biomarkers viz. NQO-1 and HO-1 suggesting
that these stem cells could mediate improvement of renal function by preventing renal damage
caused by oxidative stress in ischemia induced ARF. These findings of the present study are
consistent with the anti-oxidative effect of adipose derived MSC [36] and of antioxidant mole-
cules in protection against ischemic ARF [37, 38]. We also observed that fetal kidney cell ther-
apy results in a decreased apoptosis of tubular epithelial cells in ARF rats and thus wanted to
know whether fetal kidney cells regulate expression of various pro- and anti-apoptotic mole-
cules in the kidney tissues. We observed a decreased ratio of expression of Bax/Bcl2 proteins as
well as a decreased expression of caspase 3 and cytochrome c proteins in the kidneys of fetal
kidney cells treated rats. These findings suggest that fetal kidney cells may inhibit apoptosis of
renal tubular cells by up regulating anti-apoptotic molecule Bcl2 and by inhibiting the expres-
sion of pro-apoptotic molecules including Bax, caspase 3 and cytochrome c.

In conclusion, our study shows that culture expanded fetal kidney cells express mesenchy-
mal and renal progenitor markers, and rapidly ameliorate ischemic ARF by their anti-inflam-
matory, anti-oxidative and anti-apoptotic effects. Further studies on the long-term effects of
fetal kidney cells in different animal models of ARF would be important for translation of these
findings into clinical therapy for the disease.

Acknowledgments
This work was supported by an extramural grant of Department of Biotechnology, Govern-
ment of India (BT/PR6519/MED/14/826/2005) sanctioned to Dr Soniya Nityanand. The
authors would like to extend sincere thanks to Dr. MM Godbole, Professor & Head, Depart-
ment of Molecular Medicine and Biotechnology, SGPGIMS, Lucknow, India and his research
group for extending laboratory facilities to perform the histopathological analysis.

Author Contributions
Conceived and designed the experiments: AKG SHJ SN. Performed the experiments: AKG
SHJ. Analyzed the data: AKG SHJ SN. Contributed reagents/materials/analysis tools: SN.
Wrote the paper: AKG SHJ NT SN.

References
1. Schrier RW,WangW, Poole B, Mitra A (2004) Acute renal failure: definitions, diagnosis, pathogenesis,

and therapy. J Clin Invest 114: 5–14. PMID: 15232604

2. Li PK, Burdmann EA, Mehta RL (2013) Acute kidney injury: global health alert. Kidney Int 83: 372–376.
doi: 10.1038/ki.2012.427 PMID: 23302721

Therapeutic Effects of Fetal Kidney Cells in Acute Renal Failure

PLOS ONE | DOI:10.1371/journal.pone.0131057 June 18, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/15232604
http://dx.doi.org/10.1038/ki.2012.427
http://www.ncbi.nlm.nih.gov/pubmed/23302721


3. Soler MJ, José Tomas OP (2012) Stem cells in kidney diseases. J Stem Cells 7: 245–259. doi: jsc.
2013.7.4.245 PMID: 24196799

4. Aggarwal S, Moggio A, Bussolati B (2013) Stem/progenitor cells for renal tissue repair: current knowl-
edge and perspectives. Stem Cells Transl Med 2: 1011–1019. doi: 10.5966/sctm.2013-0097 PMID:
24167320

5. Li L, Black R, Ma Z, Yang Q, Wang A, Lin F (2011) Use of mouse hematopoietic stem and progenitor
cells to treat acute kidney injury. Am J Physiol Renal Physiol 302: F9–F19. doi: 10.1152/ajprenal.
00377.2011 PMID: 21937606

6. Sadek EM, Afifi NM, Elfattah LI, Mohsen MA (2013) Histological study on effect of mesenchymal stem
cell therapy on experimental renal injury induced by ischemia/reperfusion in male albino rat. Int J Stem
Cells 6: 55–66. PMID: 24298374

7. Kwon O, Miller S, Li N, Khan A, Kadry Z, Uemura T (2010) Bone marrow-derived endothelial progenitor
cells and endothelial cells may contribute to endothelial repair in the kidney immediately after ischemia-
reperfusion. J Histochem Cytochem 58: 687–694. doi: 10.1369/jhc.2010.956011 PMID: 20354148

8. Lee PT, Lin HH, Jiang ST, Lu PJ, Chou KJ, Fang HC, et al. (2010) Mouse kidney progenitor cells accel-
erate renal regeneration and prolong survival after ischemic injury. Stem Cells 28: 573–584. doi: 10.
1002/stem.310 PMID: 20099318

9. Dekel B, Amariglio N, Kaminski N, Schwartz A, Goshen E, Arditti FD, et al. (2002) Engraftment and dif-
ferentiation of human metanephroi into functional mature nephrons after transplantation into mice is
accompanied by a profile of gene expression similar to normal human kidney development. J Am Soc
Nephrol 13:977–990. PMID: 11912257

10. Lazzeri E, Crescioli C, Ronconi E, Mazzinghi B, Sagrinati C, Netti GS, et al. (2007) Regenerative poten-
tial of embryonic renal multipotent progenitors in acute renal failure. J Am Soc Nephrol 18:3128–3138.
PMID: 17978305

11. Srikanth GVN, Tripathy NK, Nityanand S (2012) Isolation and characterization of cardiac MSCs from
rat foetal hearts. Int J Regn Med 1: 1–8.

12. Srikanth GVN, Jadhav S, Pal L, Prakash P, Dikshit M, Nityanand S (2014) Mesenchymal stem cells
from fetal heart attenuate myocardial injury after infarction: An in vivo serial pinhole gated SPECT-CT
study in rats. PLoS ONE 9(6): e100982. doi: 10.1371/journal.pone.0100982 PMID: 24971627

13. ZhangWJ, Xu SQ, Cai HQ, Men XL, Wang Z, Lin H, et al. (2013) Evaluation of islets derived from
human fetal pancreatic progenitor cells in diabetes treatment. Stem Cell Res Ther 4: 141. PMID:
24268157

14. Andres RH, Horie N, Slikker W, Keren-Gill H, Zhan K, Sun G, et al. (2011) Human neural stem cells
enhance structural plasticity and axonal transport in the ischemic brain. Brain 134: 1777–1789. doi: 10.
1093/brain/awr094 PMID: 21616972

15. Khan AA, Shaik MV, Parveen N, Rajendraprasad A, AleemMA, Habeeb MA, et al. (2010) Human Fetal
Liver-Derived Stem Cell Transplantation as Supportive Modality in the Management of End-Stage
Decompensated Liver Cirrhosis. Cell Transplant 19: 409–418. doi: 10.3727/096368910X498241
PMID: 20447340

16. Gupta AK, Jadhav SH, Tripathy NK, Nityanand S (2015) Fetal kidney cells ameliorate cisplatin induced
acute renal failure and promote renal angiogenesis. World J Stem Cells 7:776–788. doi: 10.4252/wjsc.
v7.i4.776 PMID: 26029348

17. Xing L, Cui R, Peng L, Ma J, Chen X, Xie RJ, et al. (2014) Mesenchymal stem cells, not conditioned
medium, contribute to kidney repair after ischemia-reperfusion injury. Stem Cell Res Ther 5:101. doi:
10.1186/scrt489 PMID: 25145540

18. Dussault AA, Pouliot M (2006) Rapid and simple comparison of messenger RNA levels using real-time
PCR. Biol Proced 8: 1–10.

19. Jablonski P, Howden BO, Rae DA, Birrell CS, Marshall VC, Tange J (1983) An experimental model for
assessment of renal recovery from warm ischemia. Transplantation 35: 198–204. PMID: 6340272

20. Metsuyanim S, Harari-Steinberg O, Buzhor E, Omer D, Pode-Shakked N, Ben-Hur H, et al. (2009)
Expression of Stem Cell Markers in the Human Fetal Kidney. PLoS ONE 4(8): e6709. doi: 10.1371/
journal.pone.0006709 PMID: 19696931

21. Osafune K, Takasato M, Kispert A, AsashimaM, Nishinakamura R (2006) Identification of multipotent
progenitors in the embryonic mouse kidney by a novel colony-forming assay. Development 133: 151–
161. PMID: 16319116

22. Kim SS, Park HJ, Han J, Gwak SJ, Park MH, Song KW, et al. (2007) Improvement of Kidney Failure
with Fetal Kidney Precursor Cell Transplantation. Transplantation 83: 1249–1258. PMID: 17496543

Therapeutic Effects of Fetal Kidney Cells in Acute Renal Failure

PLOS ONE | DOI:10.1371/journal.pone.0131057 June 18, 2015 17 / 18

http://dx.doi.org/jsc.2013.7.4.245
http://dx.doi.org/jsc.2013.7.4.245
http://www.ncbi.nlm.nih.gov/pubmed/24196799
http://dx.doi.org/10.5966/sctm.2013-0097
http://www.ncbi.nlm.nih.gov/pubmed/24167320
http://dx.doi.org/10.1152/ajprenal.00377.2011
http://dx.doi.org/10.1152/ajprenal.00377.2011
http://www.ncbi.nlm.nih.gov/pubmed/21937606
http://www.ncbi.nlm.nih.gov/pubmed/24298374
http://dx.doi.org/10.1369/jhc.2010.956011
http://www.ncbi.nlm.nih.gov/pubmed/20354148
http://dx.doi.org/10.1002/stem.310
http://dx.doi.org/10.1002/stem.310
http://www.ncbi.nlm.nih.gov/pubmed/20099318
http://www.ncbi.nlm.nih.gov/pubmed/11912257
http://www.ncbi.nlm.nih.gov/pubmed/17978305
http://dx.doi.org/10.1371/journal.pone.0100982
http://www.ncbi.nlm.nih.gov/pubmed/24971627
http://www.ncbi.nlm.nih.gov/pubmed/24268157
http://dx.doi.org/10.1093/brain/awr094
http://dx.doi.org/10.1093/brain/awr094
http://www.ncbi.nlm.nih.gov/pubmed/21616972
http://dx.doi.org/10.3727/096368910X498241
http://www.ncbi.nlm.nih.gov/pubmed/20447340
http://dx.doi.org/10.4252/wjsc.v7.i4.776
http://dx.doi.org/10.4252/wjsc.v7.i4.776
http://www.ncbi.nlm.nih.gov/pubmed/26029348
http://dx.doi.org/10.1186/scrt489
http://www.ncbi.nlm.nih.gov/pubmed/25145540
http://www.ncbi.nlm.nih.gov/pubmed/6340272
http://dx.doi.org/10.1371/journal.pone.0006709
http://dx.doi.org/10.1371/journal.pone.0006709
http://www.ncbi.nlm.nih.gov/pubmed/19696931
http://www.ncbi.nlm.nih.gov/pubmed/16319116
http://www.ncbi.nlm.nih.gov/pubmed/17496543


23. Kim SS, Gwak SJ, Han J, Park HJ, Park MH, Song KW, et al. (2007) Kidney Tissue Reconstruction by
Fetal Kidney Cell Transplantation: Effect of Gestation Stage of Fetal Kidney Cells. Stem Cells 25:
1393–1401. PMID: 17548530

24. Sun JH, Teng GJ, Ju SH, Ma ZL, Mai XL, Ma M (2008) MR tracking of magnetically labelled mesenchy-
mal stem cells in rat kidneys with acute renal failure. Cell Transplant 17: 279–290. PMID: 18522231

25. Kean TJ, Lin P, Caplan AI, Dennis JE. (2013) MSCs: Delivery Routes and Engraftment, Cell-Targeting
Strategies, and Immune Modulation. Stem Cells Int. 732742. doi: 10.1155/2013/732742 PMID:
24000286

26. Agrawal H, Shang H, Sattah AP, Yang N, Peirce SM, Katz AJ (2014) Human adipose-derived stromal/
stem cells demonstrate short-lived persistence after implantation in both an immunocompetent and an
immunocompromised murine model. Stem Cell Res Ther 5:142. doi: 10.1186/scrt532 PMID:
25523792

27. Gheisari Y, Ahmadbeigi N, Naderi M, Nassiri SM, Nadri S, Soleimani M (2011) Stem cell-conditioned
medium does not protect against kidney failure. Cell Biol Int 35:209–213. doi: 10.1042/CBI20100183
PMID: 20950276

28. Hynes B, Kumar AH, O'Sullivan J, Klein Buneker C, Leblond AL, Weiss S, et al. (2013) Potent endothe-
lial progenitor cell-conditioned media-related anti-apoptotic, cardiotrophic, and pro-angiogenic effects
post-myocardial infarction are mediated by insulin-like growth factor-1. Eur Heart J 34:782–9. doi: 10.
1093/eurheartj/ehr435 PMID: 22173909

29. Aali E, Mirzamohammadi S, Ghaznavi H, Madjd Z, Larijani B, Rayegan S, et al. (2014) A comparative
study of mesenchymal stem cell transplantation with its paracrine effect on control of hyperglycemia in
type 1 diabetic rats. J Diabetes Metab Disord 13:76. doi: 10.1186/2251-6581-13-76 PMID: 25688339

30. Luo J, Zhao X, Tan Z, Su Z, Meng F (2013) Mesenchymal like progenitors derived from human embry-
onic stem cells promote recovery from acute kidney injury via paracrine actions. Cytotherapy 15: 649–
662. doi: 10.1016/j.jcyt.2013.01.009 PMID: 23415919

31. Mizuno S, Nakamura T (2005) Prevention of neutrophil extravasation by hepatocyte growth factor
leads to attenuations of tubular apoptosis and renal dysfunction in mouse ischemic kidneys. Am J
Pathol 166: 1895–1905. PMID: 15920173

32. Leonard EC, Friedrich JL, Basile DP (2008) VEGF-121 preserves renal microvessel structure and ame-
liorates secondary renal disease following acute kidney injury. Am J Physiol Renal Physiol 295: 1648–
1657.

33. Villanueva S, Cespedes C, Gonzalez A, Vio CP (2006) bFGF induces an earlier expression of nephro-
genic proteins after ischemic acute renal failure. Am J Physiol Regul Integr Comp Physiol 291: 1677–
1687. PMID: 16873559

34. Sun Z, Zhang X, Ito K, Li Y, Montgomery RA, Tachibana S, et al. (2008) Amelioration of oxidative mito-
chondrial DNA damage and deletion after renal ischemic injury by the KATP channel opener diazoxide.
Am J Physiol Renal Physiol 294: 491–498.

35. Havasi A, Borkan SC (2011) Apoptosis and acute kidney injury. Kidney Int 80: 29–40. doi: 10.1038/ki.
2011.120 PMID: 21562469

36. Chen YT, Sun CK, Lin YC, Chang LT, Chen YL, Tsai TH, et al. (2011) Adipose-derived mesenchymal
stem cell protects kidneys against ischemia-reperfusion injury through suppressing oxidative stress
and inflammatory reaction. J Transl Med 9: 51. doi: 10.1186/1479-5876-9-51 PMID: 21545725

37. Hayashi T, De Velasco MA, Saitou Y, Nose K, Nishioka T (2010) Carvedilol protects tubular epithelial
cells from ischemia-reperfusion injury by inhibiting oxidative stress. Int J Urol 17: 989–995. doi: 10.
1111/j.1442-2042.2010.02644.x PMID: 20946473

38. Gui D, Huang J, Liu W, Guo Y, XiaoW, Wang N (2013) Astragaloside IV prevents acute kidney injury in
two rodent models by inhibiting oxidative stress and apoptosis pathways. Apoptosis 18: 409–422. doi:
10.1007/s10495-013-0801-2 PMID: 23325448

Therapeutic Effects of Fetal Kidney Cells in Acute Renal Failure

PLOS ONE | DOI:10.1371/journal.pone.0131057 June 18, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/17548530
http://www.ncbi.nlm.nih.gov/pubmed/18522231
http://dx.doi.org/10.1155/2013/732742
http://www.ncbi.nlm.nih.gov/pubmed/24000286
http://dx.doi.org/10.1186/scrt532
http://www.ncbi.nlm.nih.gov/pubmed/25523792
http://dx.doi.org/10.1042/CBI20100183
http://www.ncbi.nlm.nih.gov/pubmed/20950276
http://dx.doi.org/10.1093/eurheartj/ehr435
http://dx.doi.org/10.1093/eurheartj/ehr435
http://www.ncbi.nlm.nih.gov/pubmed/22173909
http://dx.doi.org/10.1186/2251-6581-13-76
http://www.ncbi.nlm.nih.gov/pubmed/25688339
http://dx.doi.org/10.1016/j.jcyt.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23415919
http://www.ncbi.nlm.nih.gov/pubmed/15920173
http://www.ncbi.nlm.nih.gov/pubmed/16873559
http://dx.doi.org/10.1038/ki.2011.120
http://dx.doi.org/10.1038/ki.2011.120
http://www.ncbi.nlm.nih.gov/pubmed/21562469
http://dx.doi.org/10.1186/1479-5876-9-51
http://www.ncbi.nlm.nih.gov/pubmed/21545725
http://dx.doi.org/10.1111/j.1442-2042.2010.02644.x
http://dx.doi.org/10.1111/j.1442-2042.2010.02644.x
http://www.ncbi.nlm.nih.gov/pubmed/20946473
http://dx.doi.org/10.1007/s10495-013-0801-2
http://www.ncbi.nlm.nih.gov/pubmed/23325448

