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Abstract

AIM: To investigate whether fetal kidney stem cells (fKSC) ameliorate cisplatin induced acute renal failure (ARF) in rats and promote renal angiogenesis.

METHODS: The fKSC were isolated from rat fetuses of gestation day 16 and expanded in vitro up to 3rd passage. They were characterized for the expression of mesenchymal and renal progenitor markers by flow cytometry and immunocytochemistry, respectively. The in vitro differentiation of fKSC towards epithelial lineage was evaluated by the treatment with specific induction medium and their angiogenic potential by matrigel induced tube formation assay. To study the effect of fKSC in ARF, fKSC labeled with PKH26 were infused in rats with cisplatin induced ARF and, the blood and renal tissues of the rats were collected at different time points. Blood biochemical parameters were studied to evaluate renal function. Renal tissues were evaluated for renal architecture, renal cell proliferation and angiogenesis by immunohistochemistry, renal cell apoptosis by terminal deoxynucleotidyl transferase nick-end labeling assay and early expression of angiogenic molecules viz. vascular endothelial growth factor (VEGF), hypoxia-inducible factor (HIF)-1 and endothelial nitric oxide synthase (eNOS) by western blot. 

RESULTS: The fKSC expressed mesenchymal markers viz. CD29, CD44, CD73, CD90 and CD105 as well as renal progenitor markers viz. Wt1, Pax2 and Six2. They exhibited a potential to form CD31 and Von Willebrand factor expressing capillary-like structures and could be differentiated into cytokeratin (CK)18 and CK19 positive epithelial cells. Administration of fKSC in rats with ARF as compared to administration of saline alone, resulted in a significant improvement in renal function and histology on day 3 (2.33 ± 0.33 vs 3.50 ± 0.34, P < 0.05) and on day 7 (0.83 ± 0.16 vs 2.00 ± 0.25, P < 0.05). The infused PKH26 labeled fKSC were observed to engraft in damaged renal tubules and showed increased proliferation and reduced apoptosis (P < 0.05) of renal cells. The kidneys of fKSC as compared to saline treated rats had a higher capillary density on day 3 [13.30 ± 1.54 vs 7.10 ± 1.29, capillaries/high-power fields (HPF), P < 0.05], and on day 7 (21.10 ± 1.46 vs 15.00 ± 1.30, capillaries/HPF, P < 0.05). In addition, kidneys of fKSC treated rats had an up-regulation of angiogenic proteins hypoxia-inducible factor-1, VEGF and eNOS on day 3 (P < 0.05).

CONCLUSION: Our study shows that fKSC ameliorate cisplatin induced ARF in rats and promote renal angio​genesis, which may be an important therapeutic mechanism of these stem cells in the disease. 
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INTRODUCTION

Acute renal failure (ARF) is characterized by rapid loss of renal function due to damage of renal tubular epithelial cells by ischemia, nephrotoxins or other means. Some cases of ARF spontaneously recover from renal injury while in others the recovery process is either delayed or does not occur at all, leading to chronic kidney disease (CKD), which is associated with high morbidity and mortality[1,2]. Thus, it is very important to restore normal structure and function of the kidney after ARF using a suitable regenerative therapy in order to prevent its progression into CKD[3]. Recent data suggest that injury of endothelial cells of small peritubular arterioles and capillaries plays a crucial role in the pathogenesis of ARF by mediating hypoxia and impairment of renal perfusion that eventually results in injury of renal tubular epithelial cells and thereby loss of renal function[4-6]. Furthermore, reduction in renal capillary density following ARF may perpetuate the tubular epithelial injury leading to CKD[7,8]. These observations suggest that neovascularization of the kidney and regeneration of damaged renal tubular epithelial cells may be potentially effective in recovery from ARF.

During the past decade, stem cell based rege​nerative therapy has emerged as a promising thera​peutic strategy for ARF and stem cells derived from various sources are being extensively explored for the treatment of ARF[9,10]. However, a suitable stem cell type for therapeutic application in clinical ARF has not yet been identified. Fetal kidney stem cells (fKSC) represent a novel stem cell type for treatment of ARF because they are multipotent stem cells with an inherent ability to differentiate into cells of renal lineage. In addition, few studies have shown that embryonic or fetal kidney also contains a subpopulation of endothelial and epithelial progenitors[11-13] and hence fKSC may have an important role in neovascularization and the regeneration of the damaged kidney. However, there is a paucity of data on therapeutic effect of fKSC in ARF and no information is available about angiogenic role of these stem cells in mediating their therapeutic effect in the disease. 

Therefore, the aim of the present study was to investigate the therapeutic effect of fKSC in cisplatin induced ARF in rats and to evaluate whether neovascu​larization in the damaged kidney has a role in the therapeutic efficacy of these stem cells in the disease. 

MATERIALS AND METHODS
Animals

Experiments were performed on Sprague Dawley (SD) rats (220-250 g) purchased from Central Drug Research Institute, Lucknow, India. All animal experi​mental procedures in this study were performed as per guidelines of the Institutional Animal Ethics Committee and the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), India. The protocol was approved by the Animal Ethics Committee of Sanjay Gandhi Post Graduate Institute of Medical Sciences, Lucknow, India.
Isolation and culture of fKSC

The fKSC were isolated from SD rat fetuses at gestation day 16. The kidneys were removed from fetuses of 10 pregnant female rats (8-12 fetuses/animal), minced, and digested with 1 mg/mL collagenase type-IV (Worthington Biochemical, NJ, United States) in serum free α-MEM (Gibco, NY, United States) medium for 40 min at 37 ℃ with intermittent stirring in water bath. After two washes with α-MEM, the digested tissue was cultured at 37 ℃ in a 5% CO2 in 25 cm2 tissue culture flasks (BD, New Jersey, United States) in complete culture medium consisting of -MEM medium, 2 mg/mL of Glutamax (Gibco, NY, United States), 16.5% fetal bovine serum (Gibco, NY, United States) and bacteriostatic level of penicillin-streptomycin (Gibco, NY, United States). After 48 h of seeding of fetal kidney cells, the culture media containing non-adherent cells were replaced. On day 3 adherent cells were harvested by trypsinization with TrypLE Express (Gibco, NY, United States) and further cultured in complete culture media. The cells of 3rd passage were used for this study.
Characterization of fKSC
The fKSC were characterized by studying their expression of mesenchymal and renal progenitor markers. The expression of mesenchymal markers on fKSC was studied by flow cytometry. The fKSC at passage 3 were incubated for 30 min with following antibodies: Fluorescein isothiocyanate (FITC) conju​gated CD90 (Abcam, MA, United States), CD44 (BD Biosciences, CA, United States), phycoerythrin  conjugated CD45 (Abcam, MA, United States), MHC class II (Abcam, MA, United States) and with unconjugated CD29 (Abcam, MA, United States), CD73 (BD Biosciences, CA, United States), CD105 (Santa cruz biotechnology, inc. CA, United States). The corresponding FITC-conjugated secondary antibodies (Abcam, MA, United States) were added in CD29, CD73 and CD105 tubes. Isotype-identical antibodies (IgG) served as controls. 

Expression of renal progenitor markers viz. Wilms tumor1 (Wt1), paired box2 (Pax2), SIX homebox2 (Six2) was studied by immunocytochemistry. The cells were fixed with 4% para-formaldehyde for 1 h at room temperature and incubated overnight at 4 ℃ with following primary antibodies: Wt1, Pax2 (both from Abcam, MA, United States) and Six2 (Santa cruz biotechnology, Inc. CA, United States). After washing with PBS, cells were incubated with corresponding FITC-conjugated secondary antibodies and counter stained with Hoechst dye (Sigma-Aldrich, MO, United States). The fKSC incubated with non-immune serum or IgG in place of primary antibodies were used as negative controls. The images were obtained using Nuance Multispectral Imaging System (CRi Inc., MA, United States).

In vitro differentiation towards epithelial lineage and angiogenic assay 

To induce epithelial differentiation, fKSC (2 × 104 cells/well) were cultured on cover slips in 6 well plate in complete culture medium containing 0.1 mol/L Retinoic acid, 10 ng/mL activin-A and 50 ng/mL Bmp7 (all from R and D Systems, MN, United States). After 7 d, cover slips with induced fKSC were fixed in 4% para-formaldehyde for 1 h at room temperature. The fixed cells were incubated at 4 ℃ overnight with primary antibodies viz. cytokeratin (CK)18 and CK19 (Abcam, MA, United States). After washing with PBS, cells were incubated with corresponding FITC-conjugated secondary antibodies for 1 h at room temperature and counter stained with Hoechst dye (Sigma-Aldrich, MO, United States). The fKSC cultured without induction medium were used as negative controls. 

The tube-formation assay was performed to assess the angiogenic potential of fKSC. Briefly, fKSC (2 × 104 cells/well) were seeded onto the growth factor reduced matrigel (BD Biosciences, CA, United States) coated cover slips in 6 well plate and incubated overnight in standard culture condition with complete medium. The cells were examined by phase contrast microscopy and immunocytochemistry. For immunocytochemistry, cells were fixed with 4% para-formaldehyde for 1 h at room temperature. The fixed cells were incubated at 4 ℃ overnight with primary antibodies viz. CD31 (AbD serotech, Oxford, United Kingdom) and Von Willebrand factor (vWF) antibody (Abcam, MA, United States). After washing with PBS, cells were incubated with corresponding FITC-conjugated secondary antibodies for 1 h at room temperature and stained with Hoechst dye. The fKSC cultured without growth factor reduced matrigel were used as negative controls.

Development of ARF model and fKSC therapy

ARF was induced in male SD rats (n = 36) weighing 200-225g by cisplatin injection as described by Ozyurt et al[14]. Briefly, the animals were given a single intra-peritoneal injection of cisplatin (0.5 mg in 1 mL of saline, sigma, United States) at a dose of 7 mg/kg of body weight. A significant increase in blood biochemical parameters and renal damage were observed in rats on day 5 of cisplatin injection. Hence at this time point, rats were randomized into two groups viz. fKSC treated group (n = 18) and saline treated group (n = 18) for evaluation of the efficacy of stem cell therapy. In addition, a group of healthy rats (n = 6) was also included in the study as healthy controls to compare renal function and histology of fKSC and saline treated groups. 

The fKSC were labeled with PKH26, a red fluores​cent cell linker (Sigma-Aldrich, MO, United States) according to manufacturer’s protocol. Labeling effi​ci​ency of PKH26 with fKSC and cell viability of labeled cells were > 95% and > 97% as revealed by fluorescent microscopy and trypan blue exclusion, respectively. On day 5 of cisplatin injection, a total of 2 × 106 PKH26 labeled fKSC in 150 L of saline or 150 μL saline alone were injected intravenously through tail vein in each rat of fKSC treated or saline treated groups, respectively. 

Animals were euthanized by barbiturate overdose (intravenous injection, 150 mg/kg pentobarbital sodium) before fKSC therapy (day 0) and after three days (day 3) and seven days (day 7) of fKSC therapy. Blood samples were collected to determine blood urea nitrogen (BUN) and serum creatinine levels by using commercial Span diagnostic kits with an autoanalyser (BioSytems BTS-330). The kidney tissues were excised to perform the assays described below. 

Histopathological and Immunohistochemical analysis

Ten percent of formalin fixed kidney tissues were cut into 5 µm serial sections and stained with hematoxylin and eosin to evaluate sequential histopathological changes in saline and fKSC treated animals. Quanti​tative assessment of renal tubular necrosis was performed using the grading scores of Jablonski et al[15]. For immunohistochemical analysis, 5 m thick paraffin sections of kidneys were deparafﬁnized with xylene and rehydrated in a series of alcohol and water. After rehydration, tissue sections were incubated with primary antibodies viz. aquaporin (AQP)1, vWF (both from Abcam, MA, United States) and CD31 (AbD serotech, Oxford, United Kingdom) and proliferating cell nuclear antigen (PCNA; BD Biosciences, CA, United States). After overnight incubation, sections were washed with PBS and incubated with corresponding FITC-conjugated secondary antibodies and then counter stained with Hoechst dye. Images were taken by Nuance Multispectral Imaging System (CRi Inc., MA, United States). To determine the capillary density, CD31 stained capillaries were counted in 10 randomly chosen high-power fields (HPF; 20 m) using a fluorescent microscope and expressed as capillaries per HPF. To determine the number of proliferating cells in the kidney, PCNA positive nuclei were counted in 10 HPFs per section (20 m) in the cortico-medullary area under a Nuance Multispectral Imaging System (CRi Inc., MA, United States) and the proliferative index was expressed as average number of PCNA+ cells /HPF. 

dUTP nick-end labeling

Apoptotic scores in kidney tissue sections were measured by the terminal transferase-mediated dUTP nick-end labeling (TUNEL) assay using an In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) as per manufacturer’s instruction. Briefly, kidney sections were deparafﬁnized, rehydrated, and digested with proteinase K and labeled with TUNEL reaction mixture for 60 min at 37 ℃. TUNEL positive nuclei were counted in 10 HPF per section in the cortico-medullary area at 20 m magnification under a Nuance Multispectral Imaging System (CRi Inc., MA, United States) and the apoptotic index was expressed as average number of TUNEL+ cells /HPF.

Western blot 

Expression of angiogenic signaling molecules in the kidneys of rats was evaluated by western blotting on day 3 after fKSC therapy. The kidney tissues of animals were homogenized in RIPA buffer containing 1 mmol/L phenylmethanesulphonyl fluoride and 1% protease inhibitor cocktail (Sigma-Aldrich, MO, United States). Kidney tissue homogenate was centrifuged at 10000 g for 10 min and the supernatant was stored in -80 ℃. 40 mg proteins were loaded and separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis, separated proteins were transferred to polyvinylidene difluoride  membranes. The membranes were blocked with 5% BSA for 1 h at room temperature and then incubated at 4 ℃ overnight against primary antibodies viz. vascular endothelial growth factor (VEGF), hypoxia-inducible factor (HIF)-1 and endothelial nitric oxide synthase (eNOS) (all from Abcam, MA, United States). -Actin antibody (Abcam, MA, United States) was used as a loading control. Primary antibodies were detected by corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies using super signal west pico chemiluminescent substrate (Thermo scientific, IL, United States). The bands were quantified by densitometry using the Quantity One software (Bio-Rad, CA, United States).

Animal care and use

The animal protocol was designed to minimize pain or discomfort to the animals. The animals were acclimatized to laboratory conditions (23 ℃, 12 h/12 h light/dark, 50% humidity, ad libitum access to food and water) for two weeks prior to experimentation. All animals were euthanized by barbiturate overdose (intravenous injection, 150 mg/kg pentobarbital sodium) for tissue collection.
Statistical analysis

Values were expressed as mean ± standard error (SE). The statistically significant differences between groups were analyzed by one way-analysis of variance (ANOVA) with Bonferroni multiple-comparison post hoc test. Statistical analysis was performed using GraphPad Prism Software Version 5 (GraphPad, San Diego, CA) and a P value of < 0.05 was considered statistically significant.

RESULTS

Expression of mesenchymal and renal progenitor markers by fKSC 

The fKSC exhibited spindle-shaped and polygonal morphology in culture (Figure 1A). Flow cytometry analysis showed that fKSC expressed CD29 (37.59%), CD44 (32.76%), CD73 (51.72%), CD90 (68.71%) and CD105 (37.88%), whereas the expression of CD45 and MHC class II was < 5% (Figure 1B). Immunocy​tochemistry revealed that fKSC also expressed renal progenitor markers viz. Wt1, Pax2 and Six2 (Figure 1C). 
In vitro epithelial differentiation and angiogenic potential of fKSC 

On treatment with specific induction medium, fKSC exhibited differentiation ability into epithelial cells as demonstrated by expression of CK18 and CK19 by immunocytochemistry (Figures 2A and B). When grown on matrigel, fKSC exhibited capillary-like tubular structures assessed by phase contrast microscopy (Figure 2C) and expressed endothelial markers viz., CD31 and vWF by immunocytochemistry (Figure 2D and E).

Improvement of renal function following fKSC therapy in ARF rats 

On the 5th day of cisplatin injection, the rats exhibited a significant increase in levels of both BUN and serum creatinine as compared to healthy controls (P < 0.05). The same day (day 0 of therapy), the rats were randomized to receive fKSC therapy or saline alone. On day 3 of therapy, fKSC treated group had significantly lower levels of these blood biochemical parameters as compared to saline treated group (P < 0.05), but both groups had significantly higher levels as compared to healthy controls (P < 0.05). On day 7 of therapy, the serum creatinine and BUN levels in the fKSC treated group were comparable to healthy controls but they were still significantly higher in the saline treated group in comparison to healthy controls (P < 0.05) (Figure 3A and B).

Improvement of renal histology following fKSC therapy in ARF rats 

The kidneys of ARF rats on the 5th day of cisplatin injection showed severe tubular necrosis, hyaline cast formation, loss of brush border in the proximal renal tubules and tubular dilatation (Figure 4B). On day 3 of fKSC therapy, the kidneys showed a significant attenuation of tubular injury as compared to saline treated rats (Figure 4C and D) and Jablonski grading score revealed significantly lower necrosis in the kidneys of fKSC treated as compared to saline treated rats (2.33 ± 0.33 vs 3.50 ± 0.34, P < 0.05, Figure 4G). On day 7 of therapy, the kidneys of fKSC treated ARF rats showed disappearance of necrotic cells with almost normal architecture of tubules, whereas those of saline treated ARF rats still had necrotic tubular cells and hyaline casts (Figure 4E and F) and there was also a significant difference in Jablonski grading score between the fKSC treated and saline treated groups (0.83 ± 0.16 vs 2.00 ± 0.25, P < 0.05, Figure 4G). 

Engraftment of infused fKSC in renal tubules

To study their engraftment, PKH26 labeled fKSC were evaluated in rat kidneys on day 7 of therapy. The fKSC were observed to engraft preferentially in renal tubules and capillaries stained with tubular epithelial marker AQP1 and endothelial marker vWF, respectively (Figure 5). 

Administration of fKSC reduces apoptosis and promotes proliferation of renal tissues 

On day 3 of therapy, the TUNEL-positive cells in the kidneys of fKSC treated rats were significantly lower than those in the saline treated rats (P < 0.05). On day 7, their numbers further decreased significantly in fKSC treated rats as compared to those in the saline treated rats (P < 0.05; Figure 6A). On days 3 and 7 of therapy, the number of PCNA-positive cells in the kidneys of fKSC treated rats were significantly higher as compared to those in the saline treated rats (P < 0.05, Figure 6B).

Administration of fKSC promotes renal angiogenesis 

On day 3 of therapy, the morphometric analysis of CD31 labeled peritubular capillaries showed a significantly higher capillary density in the kidneys of fKSC treated than that in saline treated rats (13.30 ± 1.54 vs 7.10 ± 1.29, capillaries/HPF, P < 0.05). On day 7 of therapy, the capillary density in the kidneys of fKSC treated rats was further significantly increased than that in saline treated rats (21.10 ± 1.46 vs 15.00 ± 1.30, capillaries/HPF, P < 0.05; Figure 7). 

To determine the early angiogenic effect of fKSC, the protein expression of angiogenic signaling mole​cules were studied on day 3 of fKSC therapy. The expressions of HIF-1, VEGF and eNOS in the kidneys of fKSC treated rats were significantly higher as compared to saline treated rats (P < 0.05; Figure 8).

DISCUSSION

The present study demonstrates that fKSC expressed mesenchymal as well as renal progenitor markers and exhibited the formation of CD31 and vWF expressing capillary-like structures and differentiation into CK18 and CK19 positive epithelial cells in vitro. The administration of fKSC in rats with cisplatin induced ARF resulted in rapid improvement in renal function and histology. The infused fKSC were observed to engraft in renal tubules and promote proliferation and reduce apoptosis of renal tubular cells. In addition, the kidneys of fKSC treated rats exhibited increased angiogenesis and up-regulation of angiogenic signaling molecules. To our knowledge this is the first study showing therapeutic efficacy of in vitro expanded fKSC in cisplatin induced ARF model and role of angiogenesis in renal regeneration by these stem cells.

We have recently observed that fKSC have maximal growth at a seeding density of 1000 cells/cm2, popu​lation doubling time of approximately 34 h and normal karyotype up to 3rd passage. In addition, these cells successfully differentiated into cells of all the three germ layers (communicated elsewhere). In the present study, we have observed that fKSC express mesenchymal (CD29, CD44, CD73, CD90 and CD105) as well as renal progenitor markers (Wt1, Pax2 and Six2). The Pax2 and Wt1 genes cross-regulate expression of each other during kidney development[16]. However, we have observed a high expression of these markers in fKSC. A plausible explanation of this could be that a significant proportion of fKSC are a population of stem cells of metanephric mesenchyme which have been shown to express both Pax2 and Wt1 transcription factors[13,17,18]. Similar to our observation high expression of Pax2 and Wt1 has recently been shown in human fetal kidney progenitors as well as human embryonal cells derived nephron progenitors[19]. The fKSC could be induced to differentiate in vitro into CK18 and CK19 positive epithelial cells. In addition, they exhibited an angiogenic potential as shown by the formation of CD31 and vWF positive capillary-like tubular structures when plated on matrigel. Two previous studies have shown that stem cells derived from whole fetal kidneys express mesenchymal and renal progenitor markers, but they have not studied their in vitro angiogenic potential and differentiation into epithelial cells[20,21]. However, corroborating with our data, one study has shown that human embryonic kidney derived CD24+ CD133+ stem cells exhibit in vitro differentiation into epithelial and endothelial lineages[22]. We did not evaluate the markers of other renal progenitors such as endothelial and epithelial ones on fKSC which may be a limitation of the present study.

To investigate their therapeutic effect in ARF, we infused intravenously PKH26 labeled fKSC in cisplatin induced rat model of ARF. On day 3 of therapy, we observed a significant improvement in the renal function and histology and on day 7 these parameters became comparable to healthy control rats indicating almost complete recovery. Similar to our data, culture expanded CD24+ CD133+ stem cells from human embryonic kidney have been shown to mediate a complete functional and structural recovery of glycerol induced ARF in SCID mice[22]. We observed that PKH26 labeled fKSC engraft in the damaged areas of the kidney and express vWF and AQP1 showing the integration of infused fKSC into damaged renal vasculature and tubules, respectively. It is difficult to distinguish whether vWF and AQP1 are expressed by endothelial and epithelial cells differentiated from infused fKSC or these markers represent fusion of administered fKSC with damaged kidney cells in the areas of engraftment. Similar to our observation, administration of human embryonic kidney derived CD24+ CD133+ stem cells in SCID mice with glycerol induced ARF and embryonic stem cell derived mesenchymal like progenitors in rats with cisplatin induced ARF have been shown to engraft into damaged renal tubules and vasculature of kidney[22,23]. 

The kidneys of fKSC treated ARF rats were observed to have a higher capillary density correlating with their structural and functional improvement as compared to saline treated ARF rats. In addition, on day 3 of fKSC therapy, there was an increased expression of HIF-1 and its downstream signaling molecules VEGF and eNOS in the kidneys of fKSC treated rats in comparison to saline treated rats, showing a role of early angiogenesis in the renal regeneration. It has been reported that HIF-1 also activates expression of Wt1, which in turn directly up-regulates VEGF and thus acts as an important regulator of angiogenesis[24-27]. The fKSC that were infused in ARF rats were already expressing Wt1, so we did not study its expression in the kidney tissues but as fKSC therapy up-regulated HIF-1, it is likely that kidney tissues also have an up-regulation of Wt1. However, since the angiogenic role of Wt1 has mostly been reported in tumors, it is not known whether Wt1 also has a similar role in normal tissues like kidney. Corroborating with our data, it has been shown that acetazolamide administration in mice with ischemic kidney results in up-regulation of angiogenic molecules HIF-1 and eNOS in kidney tissue along with reduction in the apoptosis of renal tubular cells, increase in renal blood flow and improvement in renal function and histology[28]. Similarly, the VEGF has been shown to promote regeneration of cisplatin induced injury of renal tubular epithelial cells in vitro by inducing proliferation and reducing their apoptosis. In addition, administration of VEGF modified embryonic mesenchymal stem cells (MSC) in cisplatin induced ARF in rodents has been shown to reduce renal apoptosis and promote microcirculation and cell proli​feration in the damaged kidney[29]. There is no previous study showing angiogenic role of fKSC in ARF but in agreement with our study, it has been shown that a clonal cell line of MSC derived from kidney of adult Tie-2 green fluorescent protein transgenic mice exhibit in vivo angiogenesis and tubular regeneration by increasing epithelial proliferation and inhibiting apoptosis when administered in mouse model of renal ischemia[30]. These studies suggest that the improved capillary density, proliferation and reduced apoptosis in renal tissue observed by us following fKSC therapy may be mediated by the up-regulation of VEGF, HIF-1 and eNOS, and thus these molecules could play an important role in renal regeneration. 
In conclusion, the present study shows that fKSC express mesenchymal and renal progenitor markers, exhibit an in vitro angiogenic potential and ability to differentiate into cells of renal epithelial lineage. The administration of fKSC in cisplatin induced ARF results in rapid recovery of renal function and histology, and promotes renal angiogenesis. Further studies on fKSC mediated renal angiogenesis and regeneration may lead to the development of novel pharmacological therapies for ARF.
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Background

Tissue specific fetal stem cells represent the most suitable stem cell type for tissue regeneration/repair due to their inherent ability of tissue specific differentiation. Thus, stem cells derived from the fetal kidney may be a novel cell type for renal regenerative therapy. The epithelial and microvascular damage are the main events in acute renal failure (ARF) and this led us to evaluate whether fetal kidney stem cells (fKSC) mediate their therapeutic effect by augmenting renal angiogenesis in cisplatin induced ARF in rats. 

Research frontiers

The authors had demonstrated in the present study that fKSC differentiate into cells of epithelial lineage and exhibit angiogenic potential in vitro. Following infusion in ARF rats, they engraft in renal tubules and rapidly improve renal function and histology along with increased angiogenesis in the kidney tissues. It is thus logical to investigate whether induction of renal angiogenesis by fKSC is an important mechanism of renal regeneration and whether it is mediated by trans-differentiation of infused fKSC or their paracrine effect on resident kidney stem cells. 

Innovations and breakthroughs

To the best of our knowledge, this is the first study showing therapeutic efficacy of in vitro expanded fKSC in ARF model and their in vitro and in vivo angiogenic potential suggesting that induction of renal angiogenesis may be an important therapeutic mechanism of these stem cells.

Applications

The fKSC represent primitive renal progenitors expressing mesenchymal as well as renal progenitor markers and treatment of ARF rats with these stem cells results in rapid recovery in renal function and histology leading to their normalization. Further studies using human fKSC or human embryonic stem cell derived renal progenitors with similar characteristics may lead to the development of clinical therapy for ARF. 

Terminology

The fKSC represent primitive renal progenitors and express mesenchymal as well as renal progenitor markers. They can be culture expanded to generate a requisite number of cells for therapeutic dose. They improve renal function and histology and lead to their normalization by inducing renal angiogenesis. It needs to be studied whether the angiogenesis observed in the kidney tissues in the fKSC treated rats is due to trans-differentiation of infused stem cells or by stimulation of resident endothelial cells or both. 

Peer-review

It is a very interesting article about a possible protective role of fetal kidney stem cells in experimental model of acute renal failure.
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Figure Legends
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Figure 1  Morphology (A) and characterization of fetal kidney stem cells (B and C). A: Representative photomicrograph (Scale bars indicate 100 m) showing spindle-shaped and polygonal morphology of fetal kidney stem cells (fKSC); B: Phenotypic characterization of fKSC by flow cytometry showing expression of CD29, CD44, CD73, CD90, CD105, CD45, and MHC class II (green or red lines, detected with FITC - or phycoerythrin-conjugated antibodies, respectively) with isotype controls (black lines); C: Representative immunoflourescent photomicrographs (Scale bars indicate 20 m) showing expression of renal progenitor markers viz. Wt1, Pax2 and Six2 on fKSC. 
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Figure 2  Epithelial differentiation (A, B) and angiogenic potential (C-E) of fetal kidney stem cells. A: Representative photomicrograph (Scale bars indicate 20 m) showing CK18 expression, Hoechst, overlay and untreated control cells with only Hoechst; B: Representative photomicrograph (Scale bars indicate 20 m) showing CK19 expression, Hoechst, overlay and untreated control cells with only Hoechst; C: Representative photomicrographs (Scale bars indicate 100 m) showing tubule like structure formation by fetal kidney stem cells (fKSC) cultured on matrigel and without matrigel as control; D: Representative immunoflourescent photomicrographs (Scale bars indicate 100 m) showing CD31 expression, Hoechst, overlay and fKSC cultured without matrigel as controls with only Hoechst; E: Representative immunoflourescent photomicrographs (Scale bars indicate 100 m) of fKSC cultured on matrigel showing Von Willebrand factor expression, Hoechst, overlay and fKSC cultured without matrigel as controls with only Hoechst.
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Figure 3  Effect of fetal kidney stem cells therapy on renal function in rats with cisplatin induced acute renal failure. The changes in the levels of (A) blood urea nitrogen (BUN) and (B) serum creatinine in healthy control, saline treated and fetal kidney stem cells (fKSC) treated groups on day 0, 3 and 7 after fKSC therapy. Values expressed as Mean ± SE. aP < 0.05 for saline and fKSC treated vs healthy control group; cP < 0.05 for fKSC vs saline treated group.

[image: image4.png][ saline treated
[l osc treated

Jablorski grade





Figure 4  Fetal kidney stem cells attenuate renal structural damage in rats with cisplatin induced acute renal failure (Scale bars indicate 20 m). A: Kidney section of healthy control rats showing the normal architecture of tubules and glomeruli; B: Kidney section after 5 d of cisplatin treatment showing severe tubular necrosis (white arrow), hyaline cast formation (black arrow) and tubular dilatation (black arrow head); C: Kidney section of saline treated rats on day 3 of therapy showing severe tubular necrosis (white arrow), tubular vacuolization (black arrow) and tubular swelling and obstruction (black arrow head) with cell debris on day 3 after therapy; D: Kidney section of fetal kidney stem cells (fKSC) treated rats on day 3 of therapy showing attenuation of tubular injury with mild tubular dilatation (black arrow) and few hyaline casts inside the lumen (white arrow); E: Kidney section of saline treated rats on day 7 of therapy showing few necrotic tubular cells (black arrow) and luminal hyaline casts (white arrow); F: Kidney section of fKSC treated rats on day 7 of therapy fKSC showing almost normal architecture of tubules; G: Jablonski grading score of histological assessment of tubular necrosis in saline and fKSC treated kidneys on day 3 and day 7. Values expressed as mean ± SE. aP < 0.05 for fKSC vs saline treated group.
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Figure 5  In vivo homing and engraftment of administered fetal kidney stem cells in renal tubules. Representative immunofluorescent photomicrographs (Scale bars indicate 20 m) showing engraftment of administered fetal kidney stem cells (fKSC) in renal tubules at day 7 of therapy, and expression of tubular epithelial and endothelial markers aquaporin (AQP)1 (A) and Von Willebrand factor (vWF) (B) respectively, with corresponding Hoechst, PKH26 labeled administered fKSC in injured kidney tissue respectively.
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Figure 6  Effects of fetal kidney stem cells on apoptosis and proliferation of tubular cells in cisplatin injured kidney. A: Quantification of dUTP nick-end labeling (TUNEL)-positive cells in kidney sections of saline and fetal kidney stem cells (fKSC) treated groups at day 3 and 7 after fKSC therapy; B: Quantification of proliferating cell nuclear antigen (PCNA)-positive cells in kidney sections of saline and fKSC treated groups at day 3 and 7 after fKSC therapy. Values expressed mean ± SE. aP < 0.05 for fKSC vs saline treated group. HPF: High-power field.
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Figure 7  Fetal kidney stem cells accelerate angiogenesis in rats with cisplatin induced acute renal failure. Representative immunoflourescent photomicrographs (Scale bars indicate 20 μm) showing perivascular capillaries stained with CD31 in saline treated and fetal kidney stem cells (fKSC) treated groups on day 3 (A) and on day 7 (B) after fKSC therapy. C: Quantification of perivascular capillaries stained with CD31, expressed as capillaries per HPF, in saline and fKSC treated groups. Values expressed Mean ± SE. aP < 0.05 for fKSC vs saline treated group. HPF: High-power field.
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Figure 8  Early angiogenic effect of administered fetal kidney stem cells in cisplatin injured kidney. Representative immunoblots showing the expression of hypoxia-inducible factor (HIF)-1, vascular endothelial growth factor (VEGF) and endothelial nitric oxide synthase (eNOS) in saline and fetal kidney stem cells (fKSC) treated groups on day 3 after fKSC therapy (A-D). Bar diagrams showing densitometric quantification of the expression of HIF-1α (B), VEGF (C) and eNOS (D). Comparative gene expression ratio was 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 ± SE. aP < 0.05 for fKSC vs saline treated group.
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