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Abstract

Mesenchymal stem cells (MSCs) have been shown to improve the outcome of acute renal injury models; but whether MSCs can delay
renal failure in chronic kidney disease (CKD) remains unclear. In the present study, the were cultured in media containing various concen-
trations of basic fibroblast growth factor, epidermal growth factor and ascorbic acid 2-phosphate to investigate whether hepatocyte growth
factor (HGF) secretion could be increased by the stimulation of these growth factors. Then, TGF-b1-treated renal interstitial fibroblast
(NRK-49F), renal proximal tubular cells (NRK-52E) and podocytes were co-cultured with conditioned MSCs in the absence or presence of
ascorbic acid 2-phosphate to quantify the protective effects of conditioned MSCs on renal cells. Moreover, male Sprague-Dawley rats were
treated with 1 9 106 conditioned MSCs immediately after 5/6 nephrectomy and every other week through the tail vein for 14 weeks. It
was found that basic fibroblast growth factor, epidermal growth factor and ascorbic acid 2-phosphate promoted HGF secretion in MSCs.
Besides, conditioned MSCs were found to be protective against TGF-b1 induced epithelial-to-mesenchymal transition of NRK-52E and acti-
vation of NRK-49F cells. Furthermore, conditioned MSCs protected podocytes from TGF-b1-induced loss of synaptopodin, fibronectin
induction, cell death and apoptosis. Rats transplanted with conditioned human MSCs had a significantly increase in creatinine clearance
rate, decrease in glomerulosclerosis, interstitial fibrosis and increase in CD4+CD25+Foxp3+ regulatory T cells counts in splenocytes.
Together, our studies indicated that conditioned MSCs preserve renal function by their anti-fibrotic and anti-inflammatory effects. Trans-
plantation of conditioned MSCs may be useful in treating CKD.

Keywords: mesenchymal stem cells� chronic kidney disease� epithelial-to-mesenchymal transition� hepatocyte growth
factor� immunomodulation

Introduction

Tubulointerstitial fibrosis is the final common pathway to end stage
renal disease regardless of disease aetiology [1]. The pathophysiol-
ogy of renal fibrosis involves macrophage infiltration, elaboration of
pro-inflammatory cytokines, fibroblast activation and an imbalance in
extracellular matrix deposition and degradation [2–4]. Epithelial-to-
mesenchymal transition (EMT) is a process in which epithelial cells
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lose their epithelial characteristics and acquire phenotypic features
characteristic for mesenchymal cells. Growing evidence has impli-
cated that EMT as one of the pathways leading to interstitial fibrosis
in diseased kidneys [5–8].

Transforming growth factor-b1 (TGF-b1) is a strong EMT inducer
in renal tubule cells in a dose-dependent manner by up-regulating de
novo a-smooth muscle actin expression (SMA) and the down-regula-
tion of the epithelial adhesion molecule E-cadherin [9, 10]. Hepato-
cyte growth factor (HGF) was first identified as a mitogen for mature
hepatocyte. Subsequent in vitro and in vivo studies have found that
HGF specifically counteracts the actions of TGF-b1 [11, 12]. Hepato-
cyte growth factor administration and HGF gene therapy have potent
therapeutic effects in cases of liver cirrhosis [13], lung fibrosis [14,
15] and chronic renal fibrosis [16].

Mesenchymal stem cells (MSCs) possess multi-differentiation
capabilities [17–19]. It is also well established that MSCs possess
immuno-modulatory properties. MSCs favouring polarization from a
Th1 phenotype towards a Th2 phenotype and from a pro-inflamma-
tory towards an anti-inflammatory environment by affecting dendritic
cells, cytotoxic T lymphocytes, and NK cells [20]. Results from pre-
clinical studies on experimental autoimmune disease such as autoim-
mune encephalomyelitis [21], collagen-induced arthritis [22], myas-
thenia gravis [23] or autoimmune myocarditis [24] as well in clinical
trials such as graft-versus-host disease [25] and systemic lupus ery-
thematous [26] all indicate that activation and expansion of
CD4+CD25+Foxp3+ regulatory T cells (Tregs) is an important mecha-
nism of MSC-mediated immuno-modulation. MSCs also have anti-
fibrotic properties by secreting a variety of anti-scarring factors such
as HGF, basic fibroblast growth factor (bFGF) and adrenomedullin
[27]. It has been shown that cardiac fibroblasts are less proliferative
when cultured in MSCs-conditioned medium [28].

It is well known that MSCs improve the outcome of acute renal
injury models by paracrine action, but their role in chronic kidney dis-
eases (CKD) remains unknown [29, 30]. Recently, it has been demon-
strated that MSCs reduce interstitial fibrosis, but do not delay the
progression of CKD in collagen a3-deficient mice [31]. Therefore, it is
imperative to enhance the production of anti-fibrotic factors in MSCs
to get optimal therapeutic effects on CKD. In this study, we hypothe-
size that increasing the secretion of HGF, the most critical anti-fibrotic
factor, may enhance the therapeutic potential of MSCs. In the present
study, we culture MSCs supplemented with different growth factors
and ascorbic acid 2-phosphate to increase the secretion of HGF. The
mechanisms of the therapeutic effects of conditioned MSCs on CKD
were assessed by in vitro co-culture of TGF-b1 treated rat tubular epi-
thelial cells, myofibroblast, and podocytes with conditioned MSCs as
well as in vivo 5/6 nephrectomy model in rats.

Materials and methods

Isolation and culture of MSCs

Isolation and characterization of MSCs from human bone marrow were
carried out as previously reported [32, 33]. Bone marrow aspirates was

obtained during fracture surgeries from normal donor aged 22 years
(male donor) and 56 years (female donor) with informed consent. An

approval from the institutional review board of the Taipei Veterans Gen-

eral Hospital was obtained before commencing the study. MSCs were

single cell-derived and clonally expanded, and their surface immunophe-
notype and multi-lineage differentiation potentials into osteoblasts,

adipocytes, chondrocytes, were confirmed before they were used for

further experiments [32, 33].

Cytokine and ascorbic acid 2-phosphate
treatment in MSCs

Subconfluent MSCs (passage 11–13) were trypsinized and seeded in

6-well plastic dishes at a starting cell density of 5 9 104. The basal cul-

ture medium consists of Iscove modified Dulbecco medium (IMDM;
Gibco, Grand Island, NY, USA) supplied with 10% foetal bovine serum

(Invitrogen, Grand Island, NY, USA), 100 U penicillin, 1000 U strepto-

mycin and 2 mM L-glutamine (Gibco). To examine the effect of bFGF,
epidermal growth factor (EGF) and ascorbic acid 2-phosphate on HGF

secretion, the basal culture media was supplemented with bFGF (R&D

Systems, Inc., Minneapolis, MN, USA) or EGF (R&D Systems, Inc.) at

concentrations of 0, 1, 2, 4, 8, or 10 ng/ml in the absence or presence
of ascorbic acid 2-phosphate (0.1 or 1 mM, Sigma-Aldrich, St. Louis,

MO, USA). The supernatant was collected 72 hrs later and frozen at

�20°C for ELISA assay of HGF expression. Representative wells were

harvested by trypsin digestion and cell numbers determined by trypan
blue exclusion and hematocytometer counts. Data were expressed as

the secreted HGF per 106 cells at time of harvest.

HGF immunoassay

Concentration of HGF in the conditioned media of cultured MSCs was

measured by using a sandwich ELISA according to manufacturer’s
instructions (R&D Systems, Inc.). Supernatants were centrifuged before

testing. Samples were run in duplicates. A standard curve was

constructed using known concentrations of recombinant human HGF

(0–8000 pg/ml).

Preparation for the conditioned MSCs

MSCs were cultured in basal culture media supplemented with 10 ng/ml

bFGF and 10 ng/ml EGF.

Culture of NRK-52E and NRK-49F cells

Rat renal proximal tubular cells (NRK-52E) and normal rat kidney inter-

stitial fibroblast cells (NRK-49F) were purchased from the Bioresource
Collection and Research Center of the Food Industry Research Institute,

Taiwan. Normal rat kidney interstitial fibroblast cells cells are believed

to be proximal tubular origin on the basis of patterns of collagen

secretion, C-type natriuretic peptide secretion, and the presence of EGF
receptors [34]. Normal rat kidney interstitial fibroblast cells cells are

an adherent fibroblast cell line that is derived from rat kidneys.

Normal rat kidney interstitial fibroblast cells are found to express
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EGF and multiplication stimulating activity receptor [35]. The cells
were cultured in 95% Dulbecco’s modified Eagle’s medium (Sigma-

Aldrich) with 4 mM L-glutamine adjusted to contain 1.5 g/l sodium

bicarbonate and 4.5 g/l glucose supplemented with 5% bovine calf

serum (Thermo Scientific HyClone, Logan, UT, USA) at 37°C in a 5%
CO2 atmosphere.

Culture of podocytes

Conditionally immortalized podocytes were kindly provided by Dr Peter

Mundel (L. Miller School of Medicine, Miami, FL, USA) and were cul-

tured as previously reported in the literature [36]. Briefly, frozen podo-
cytes were first maintained under permissive conditions at 33°C in

RPMI-1640 media (Gibco) containing 10% foetal bovine serum, 10 U/ml

c-interferon (R&D Systems, Inc.) and 100 U/ml of penicillin/streptomy-

cin in collagen-I (Advanced BioMatrix, San Diego, CA, USA) coated
flasks. To induce differentiation, podocytes were cultured in a non-

permissive condition at 37°C without c-interferon. Podocytes maintained

under non-permissive conditions for at least 12 days were used for
experiments.

Co-culture of kidney cells and conditioned MSCs

To investigate whether conditioned MSCs would inhibit EMT induced by

TGF-b1 in NRK-52E, NRK-49F cells and podocytes, conditioned MSCs

were co-cultured with TGF-b1-treated NRK-52E, NRK-49F and podo-

cytes in the absence or presence of ascorbic acid 2-phosphate. Recom-
binant human TGF-b1 (PeproTech, Rocky Hill, NJ, USA) was added to

the co-culture media at the concentration of 15 ng/ml. The co-culture

was set up in a transwell system with renal cells in the bottom wells
for 3 days using Dulbecco’s modified Eagle’s medium for NRK-52E and

NRK-49F; RPMI-1640 for podocytes. The cell lysates were used for

Western blot analysis. Co-culture supernatants were collected for HGF

concentration detecting by ELISA.

Western blot analysis of a-SMA, fibronectin and
synaptopodin

Expression of a-SMA and fibronectin in NRK-49F, a-SMA in NRK-52E

cells and synaptopodin protein in podocyte lysates was analysed using
Western blotting as previously described [34, 37]. Culture cells were

plated in 6-well plates and washed once with ice-cold phosphate–buf-
fered saline (PBS). Cells were lysed by the addition of 100 ll of CelLytic
Reagent (Sigma-Aldrich) containing protease inhibitor cocktail (Sigma-

Aldrich) for 15 min. at 4°C and the cells were collected using a dispos-
able scraper. Lysates were cleared by centrifugation for 10 min. at

12,000 9 g at 4°C. Protein concentration was determined using a Bio-

Rad Dye Reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). A

quantity of 20 lg of protein was mixed with sample buffer, boiled for 5
min., electrophoresed on 8% SDS polyacrylamide gel and electroblotted

onto nitrocellulose membranes. The membrane was blocked in PBS

containing 5% skimmed milk powder, 1% FCS, and 0.02% Tween 20
for 1 hr at room temperature. The membrane was incubated with 1A4

anti-a-SMA (Clone1A4, 1:1000 dilution; Sigma-Aldrich), fibronectin (H-

300, 1:400 dilution; Santa Cruz, CA, USA) or synaptopodin (H-140,

1:1000 dilution; Santa Cruz) mAb. After washing, the membrane was
incubated with a secondary antibody in PBS containing 5% skimmed

milk powder, and 1% FCS. Membranes were washed with PBS buffer

and the signals were visualized using the chemiluminescence (ECL)

system with an ECL-detecting reagent. The b-tubulin (Sigma-Aldrich) or
b-actin (Sigma-Aldrich) was used for loading controls.

RNA isolation and quantitative polymerase chain
reaction (PCR) for E-cadherin and fibronectin

Total RNA of NRK-52E and podocytes was harvested by using the Trizol
reagents (Invitrogen) according to manufacturer’s instructions. A quan-

tity of 2 lg total RNA was reverse transcribed using a cDNA synthesis

kit (MMLV; Epicentre, Madison, WI, USA). TaqMan and SYBR green I

technology was used for quantitative PCR reactions for E-cadhein and
fibronectin, respectively. E-cadherin, fibronectin and house-keeping gene

b-actin and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were

amplified with specific primers designed by Universal ProbeLibrary
Assay Design Center (http://www.roche-applied-science.com) (Table 1).

The reaction condition was one cycle of 95°C for 30 sec. followed by

40 cycles of 95°C for 1 sec. and 60°C for 15 sec. The effects of condi-

tioned MSCs in the absence or presence of ascorbic acid 2-phosphate
on level of E-cadherin and fibronectin mRNA expression were normal-

ized to b-actin and GAPDH compared to fold-change relative to normal

NRK-52E and podocytes respectively.

MTT assays for podocytes viability

To analyse the effects of MSCs on viability of TGF-b1-treated podo-
cytes, TGF-b1-treated podocytes were co-cultured without or with con-

ditioned MSCs at 1:1 ratios in the absence or presence of ascorbic acid

2-phosphate for 3 days and pulsed with 3-[4,5-Dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide (MTT, Promega, Madison, WI, USA)
for 4 hr. MTT is reduced by viable cells to a coloured, water-insoluble

Table 1 Primers used in quantitative PCR analysis

mRNA Forward primer Reverse primer

E-cadherin GATCCTGGCCCTCCTGAT TCTTTGACCACCGTTCTCCT

Fibronectin GGGTCACGTACCTCTTCAAAGTCT CCGTCAGAGGATTGCTTTCC

b-actin CCCGCGAGTACAACCTTCT CGTCATCCATGGCGAACT

GAPDH GGGAAGCCCATCACCATCT CGGCCTCACCCCATTTG
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formazan salt. The absorption at 570 nm of formazan product was
measured using a microplate reader.

Evaluation of apoptosis in podocytes by flow
cytometry

Apoptosis was quantitatively measured using the fluorescein isothiocya-
nate (FITC)/allophycocyanin-conjugated annexin V and propidium iodide

(PI) apoptosis assay kit (Clontech, Mountain View, CA, USA). The

staining process was performed according to the manufacturer’s

instructions. TGF-b1-treated podocytes in the presence or absence of
conditioned MSCs with or without ascorbic acid 2-phosphate treatment

were simultaneously stained with Annexin V-FITC and dye exclusion.

Data were obtained using flow cytometric analysis with FACScan within

1 hr.

5/6 nephrectomy CKD model in rats

Male Sprague-Dawley rats (250–275 g, n = 12) were obtained from

BioLASCO Taiwan Co., Ltd. The animal experiments in this study

were approved by the Ethics Committee for Animal Research of the Tai-

pei Veterans General Hospital. All rats used in the analysis were housed
in the same room and fed with identical diet. At approximately 8 weeks

of age, 5/6 nephrectomy was performed in a two-step surgical proce-

dure under anaesthesia by intraperitoneal injection of Zoletil 50® (Vir-
bac SA, Carros Cedex, France). At first, the 2/3 cortex of the left kidney

was ablated by placing suture around each pole of left kidney at its 1/3

position. Then the 1/3 kidney on each end of left kidney was excised.

One week later the right kidney was completely removed.

MSCs treatment protocol and animal groups

The rats undergoing 5/6 nephrectomy were randomly divided into two
groups in our experiment. Group I (n = 6) was 5/6 nephrectomy alone.

Group II (n = 6) was 5/6 nephrectomy and treated with conditioned

MSCs transplantation. First, we administrated 1 9 106 conditioned
MSCs into the vena cava intraoperatively post-5/6 nephrectomy and

then intravenously through tail vein every other week for 14 weeks, with

a total of eight episodes of cell transplantation (intraoperative, second,

fourth, sixth, eighth, tenth, twelfth and fourteenth weeks post-opera-
tion). All rats were killed at 16 weeks post-operation to evaluate the

therapeutic effectiveness of conditioned MSCs transplantation.

Measurement of renal function parameters

Body weight measurement and blood samples were taken from the tail

vein every other week after the surgery. The presence of proteinuria
was monitored by urinary protein/urinary creatinine ratios of 24-hrs-

urine collection in a metabolic cage every other week after surgery.

Renal function was assessed by measuring serum creatinine and blood

urea nitrogen (BUN) and creatinine clearance (CCr). BUN concentration
was determined by the diacetylmonoxime method using a commercially

available kit (Wako BUN Test, Wako Pure Chemical Co., Osaka, Japan)

and creatinine concentration was measured by using the Jaffé method

using a commercially kit (Wako CRN Test, Wako Pure Chemical Co.).
The CCr was calculated as urine creatinine 9 urine volume/serum creat-

inine. Remnant kidney tissues from killed animals were excised at the

end of study, weighed, fixed and further processed for histology, and

PCR experiment to evaluate the engraftment of transplanted conditioned
MSCs.

Renal histomorphometric analyses for
glomerulosclerosis and interstitial fibrosis

Fragments of the renal cortex were fixed overnight in 10% neutral phos-
phate-buffered formalin, dehydrated in alcohol, and then embedded in

paraffin. The sections (3 lm thick) are stained with haematoxylin and

eosin, Masson’s trichrome stain and periodic acid- silver methenamine

stain. In each rat, 75–100 glomeruli were examined. The percentage of
glomeruli with glomerulosclerosis was calculated by dividing the num-

ber of sclerotic glomeruli by the total number of glomeruli examined. A

semiquantitative score ranged from 0 to 4+ was used to evaluate the
severity of interstitial fibrosis where 0, no change; 1+, fibrosis to <10%
of the interstitial area; 2+, fibrosis to 10–25% of the interstitial area;

3+, fibrosis to 25–50% of the interstitial area; 4+ fibrosis to >50% of

the interstitial area.

Flow cytometric analysis of Treg cells

Splenocytes harvested from rats were analysed using flow cytometry.

Cells were equally distributed into tubes and washed once in

phosphate-buffered saline. For the Tregs analysis, cells were incubated

with FITC anti-rat CD4 and phycoerythrin (PE) anti-rat CD25, and
Anti-Mouse/Rat Foxp3 PE at 4°C for 30 min. Following surface

staining, cells were fixed and permeabilized according to the manufac-

turer’s protocol of Foxp3 buffer set (eBioscience, San Diego, CA,

USA). FACS analysis was performed using FACS Calibur and CellQuest
software.

PCR experiment for engraftment of conditioned
MSCs

To track the existence of conditioned human MSCs in rat kidneys, geno-
mic DNA from rat kidneys was analysed at the end of the experiments

by human and rat-specific b2-microglobulin PCR to evaluate engraft-

ment. The primers for human b2-microglobulin and rat b2-microglobu-

lin were as follows: Human—forward, GTGTCTGGGTTTCATCCATC and
reverse, GGCAGGCATACTCATCTTTT. Rat—forward, CCAGTTTAACTCCA-

GATCCGG, and reverse, TTCTGATCAAAACACTCATTGAAGC, respectively

[38]. Amplification for b2-microglobulin was performed with initial

denaturation at 95°C for 1 min., followed by 35 cycles of 30 sec. at 95°
C, 1 min. at 57.1°C, and 30 sec. at 72°C, with a final extension at 70°C
for 5 min.

Statistical analysis

Data were presented as mean ± SD. We used chi-square for linear-by-

linear association to examine the dose effect of bFGF, EGF and ascorbic
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acid 2-phosphate on secretion of HGF. For in vitro experimental studies,
we compared four groups by means of one-way ANOVA. If the ANOVA

analyses were significant, Tukey’s post hoc analyses were performed.

Differences in serological parameters and quantitative histopathologic

analyses between the control and MSCs-treated groups were analysed
with independent t-tests. Data analysis was performed using the SPSS

18.0 software (Chicago, IL, USA). P < 0.05 was considered to be statis-

tically significant.

Results

Synergistic enhancement of HGF secretion in
MSCs by bFGF, EGF and Ascorbic acid 2-
phosphate

Concentration response curve for the effect of bFGF, EGF and ascor-
bic acid 2-phosphate on HGF secretion by MSCs were shown in
Figure 1. Medium with bFGF and EGF could significantly increase
HGF secretion in a dose-dependent fashion. (P < 0.001, linear-by-lin-
ear association, Fig. 1A and B). In the presence of 10 ng/ml of bFGF
and EGF, HGF level increased to 1243.97 ± 62.06 pg/ml/106 cells
(2.59-fold increase relative to the baseline). In addition, ascorbic acid
2-phosphate synergistically enhances bFGF- and EGF-induced HGF
secretion in a dose-dependent manner (P < 0.001, linear-by-linear
association, Fig. 1C).

Conditioned MSCs prevented TGF-b1 induced
activation of EMT in NRK-49F and NRK-52E cells

As shown in Figure 2, presence of conditioned MSCs normalized
the levels of the EMT related a-SMA, and fibronectin in TGF-b1
treated NRK-49F. In addition TGF-b1 induced increase in the
expression of a-SMA protein in NRK-52E cells, which was also
inhibited by the addition of conditioned MSCs in the absence or
presence of ascorbic acid 2-phospate. Quantitative PCR revealed
that conditioned MSCs in the absence or presence of ascorbic acid
2-phospate has significant reversal of the level of E-cadherin
mRNA, which was reduced by the TGF-b1 treatment (Fig. 3) in
NRK-52E.

Conditioned MSCs suppressed TGF-b1-induced
podocytes synaptopodin loss and fibronectin
induction

TGF-b1 reduced the synaptopodin expression as compared to control
podocytes, whereas conditioned MSCs in the absence or presence of
ascorbic acid 2-phospate prevented such a loss in synaptopodin
(Fig. 4A). As shown in Figure 4B, quantitative PCR revealed that TGF-
b1 induced fibronectin expression in podocytes to 2.41 ± 0.25-fold
compared to that of normal podocytes group (P < 0.05). Conditioned

MSCs in the absence or presence of ascorbic acid 2-phosphate signif-
icantly suppressed the TGF-b1-induced fibronectin mRNA expression
to 1.67 ± 0.30 and 1.50 ± 0.36-fold respectively (P < 0.05).

A

C

B

Fig. 1 Effect of bFGF, EGF and ascorbic acid 2-phosphate on HGF secre-

tion by MSCs. (A) MSCs were incubated without or with the indicated

concentrations of bFGF, (B) presence of 10 ng/ml bFGF with indicated
concentration of EGF (C) and medium supplemented with 10 ng/ml

bFGF, 10 ng/ml EGF in the absence or presence of ascorbic acid 2-

phosphate for 72 hrs. HGF in the conditioned medium was determined

by an ELISA. The values represent the mean ± S.D. MSCs secreted sig-
nificantly increased HGF in medium supplemented with bFGF, EGF and

ascorbic acid 2-phosphate (P < 0.05, linear-by-linear association).
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A B

Fig. 2 Effects of conditioned MSCs on expression of a-SMA and fibronectin in renal interstitial fibroblast NRK-49F. NRK-49F cells were cultured

without or with 15 ng/ml TGF-b1 alone or co-culture with conditioned MSCs and/or ascorbic acid 2- phosphate for 3 days. (A) Representative Wes-

tern blot analysis and relative bar graph analysis for a-SMA and b-tubulin level. (B) Representative Western blot and relative bar graph analysis of
fibronectin protein level in NRK-49F after various treatments. *P < 0.05 versus normal control; **P < 0.05 versus TGF-b1 treated.

A B

Fig. 3 Effects of conditioned MSCs on protein expression of a-SMA and mRNA level of E-cadherin in renal tubular epithelial NRK-52E. (A) Represen-
tative Western blot analysis and relative bar graph analysis a-SMA and (B) Bar graph analysis of quantitative PCR analysis of relative E-cadherin

expression to b-actin normalized to control after various treatments. Quantitative data are presented as mean ± S.D. *P < 0.05 versus normal

control; **P < 0.05 versus TGF-b1 treated.
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Conditioned MSCs prevented death of podocytes
induced by TGF-b1

Detachment of podocytes leads to proteinuria and development of
glomerulosclerosis [39, 40]. We measured viable number of podocyte
after TGF-b1 exposure in the absence or presence of conditioned
MSCs and ascorbic acid 2-phospate by MTT assay. As shown in Fig-
ure 5, viability was significantly different among various conditions
(P < 0.001). After exposure to TGF-b1 alone, podocyte viability was
reduced. However, when TGF-b1-treated podocytes co-cultured with
conditioned MSCs in the absence or presence of ascorbic acid 2-
phosphate, cell viabilities were 94.6 ± 12.8% and 102.3 ± 13.3%,
respectively, both significantly higher than in TGF-b1 treated podo-
cytes alone (P < 0.05). There was no difference in viability between
conditioned MSCs-treated podocytes in the presence of ascorbic acid
2-phosphate and the control group. These results suggest that condi-
tioned MSCs maintained podocytes viability in the presence of
TGF-b1.

Conditioned MSCs protected podocytes against
TGF-b1 induced apoptosis

To determine whether conditioned MSCs protected TGF-b1-induced
podocytes apoptosis in vitro, podocytes were co-cultured with condi-
tioned MSCs for 72 hrs. As shown in Figure 6A, TGF-b1 enhanced
the early apoptosis rate of podocytes (22.3 ± 4.7% versus
7.6 ± 1.0% in the control group, P < 0.05, Fig. 6B). In contrast, con-
ditioned MSCs in the absence or presence of ascorbic acid 2-phos-
pate significantly reduced TGF-b1 induced apoptosis (P < 0.05

versus without MSCs). There were no statistically significant differ-
ences in apoptosis among those co-cultured with conditioned MSCs
alone and those co-cultured with conditioned MSCs in the presence
of ascorbic acid 2-phosphate.

Production of HGF in supernatants from the
co-culture system

To investigate the possible mechanism responsible for the attenuation
of EMT of conditioned MSCs, we analysed the HGF levels in superna-
tants of NRK-52E, NRK-49F and podocytes with conditioned MSCs.
The amounts of HGF in co-culture supernatants are shown in
Figure 7. HGF levels were significantly increased in 72 hrs co-culture
supernatants following co-culture of NRK-52E, NRK-49F and
podocytes with conditioned MSCs in the absence or presence of
ascorbic acid 2-phosphate compared with control values (P < 0.05).
The data suggested that conditioned MSCs attenuated TGF-b1-
induced renal EMT and cell fibrosis through their anti-fibrotic effect,
at least in part, by HGF secretion.

Conditioned MSCs transplantation reduced
progression of renal function deterioration

Figure 8 shows the effects of conditioned MSCs on body weight and
renal functional parameters. The body weight of group I rats were
significantly lower than that of the group II at 2, 4, 6 and 8 post-oper-
ative week (P < 0.05). Following 5/6 nephrectomy rats developed
renal dysfunction as evidence by elevated serum BUN (Fig. 8B),

A B

Fig. 4 Effects of conditioned MSCs on expression of synaptopodin and fibronectin in podocytes. Podocytes were incubated without or with 15 ng/ml

TGF-b1, conditioned MSCs and/or ascorbic acid for 72 hrs. Cell lysates were analysed with Western blotting. (A) Representative Western blot and

bar graph analysis of relative protein level of synaptopodin, which were normalized to control. (B) Bar graph analysis of quantitative PCR analysis of

relative fibronectin expression to GAPDH normalized to control. *P < 0.05 as compared with control; **P < 0.05 versus TGF-b1 treated.
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creatinine (Fig. 8C), fall of CCr (Fig. 8D) and severity of proteinuria
(Fig. 8E). Compared to group I, rats in group II had a lower BUN and
creatinine; however, there were no significant differences over the
follow-up period. In group I rats, the CCr dropped progressively with
time. Compared to group I, conditioned MSCs treatments significantly

inhibited the drop of CCr at 6, 12, 14 and 16 post-operative week
(P < 0.05). The weight of left remnant kidney was 2.17 ± 0.29 g in
group I, compared with 2.67 ± 0.39 g in group II (P < 0.05). Both
groups displayed high urine protein to creatinine ratio, but a signifi-
cant difference was not found.

Conditioned MSCs administration reduced
glomerulosclerosis and interstitial fibrosis

Renal histological sections revealed moderate glomerulosclerosis and
interstitial fibrosis in the group I rats. (Fig. 9A–C). In contrast, rats
treated with conditioned MSCs had milder changes (Fig. 9D–F).
Figure 9G and H showed the comparison of histopathological scores
of glomerulosclerosis and interstitial fibrosis between untreated and
conditioned MSCs treated rats. At 16 weeks post-5/6 nephrecomy,
the percent of glomeruli with focal glomerulosclerosis was 13.6 ±
3.56% in group II and 26.65 ± 3.73% in untreated 5/6 nephrectomy
rats (P < 0.001). Mean tubulointerstitial fibrosis scores were
2.0 ± 0.63 and 1.0 ± 0.63 for groups I and II respectively (P < 0.05)
(Fig. 9H).

Conditioned MSCs inducted Tregs in spleen

To investigate the effect of MSCs in Tregs regulation, we study the
percentage of CD4+CD25+Foxp3+ cells in spleen using flow cytometric
analysis (Fig. 10). The percentage of CD4+CD25+Foxp3+ at 16 weeks

Fig. 6 Effect of conditioned MSCs on TGF-b1 induced podocytes apoptosis. Podocytes apoptosis was determined by flow cytometry analysis using

annexin V/propidium iodide staining. Cells in the lower right were considered as early apoptic cells. (A) Representative contour plots and (B) the
percentage of apoptosis were measured. *P < 0.05 as compared with control; **P < 0.05 versus TGF-b1 treated.

Fig. 5MTT assays of TGF-b1 treated podocytes. Podocytes viability was

determined by MTT assay. *P < 0.05 as compared with control;

**P < 0.05 versus TGF-b1 treated; ***P < 0.05 versus conditioned

MSCs treated alone.
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post-5/6 nephrectomy in group I and group II were 4.08 ± 0.49%
and 5.21 ± 0.86%, respectively. Treatment with conditioned MSCs
significantly increased the number of CD4+CD25+Foxp3+ cells in
spleen of kidney remnant rats (P < 0.05).

Human MSCs did not engraft into rat kidneys

To assess engraftment of transplanted conditioned human MSCs to
rat kidneys, PCR analysis for human specific b2-micorglobulin
showed that human cells did not exist in kidney tissue at the end of
study (data not shown).

Discussion

MSCs-cell based therapies are a promising approach for a number of
diseases based on their multi-lineage differential potential and para-
crine effects on neighbouring cells by secretion of soluble factors
[41]. Since then MSCs were first isolated from the bone marrow by
Friedenstein et al. [42], basal media supplemented with different
growth factors were used to culture MSCs to potentiate their migration,
proliferation and paracrine anti-fibrotic effects. Varying concentra-
tions of bFGF [43] and other growth factors such as platelet-derived
growth factor [44], insulin-like growth factor-I and EGF [45], are often
used to supplement the expansion media of MSCs. It has widely been
reported that bFGF and EGF are important growth factors for MSCs
expansion [44–46] by increasing the growth rate and life span. In
agreement with previous studies, our results suggest that bFGF and
EGF promote HGF production by MSCs in a dose-dependent manner.
It has been found that the addition of ascorbic acid 2-phosphate
increased the level of HGF in both undifferentiated adipose-derived
stem cells [47] and foreskin fibroblast [48]. Our experiments confirm
ascorbic acid 2-phosphate synergizes with bFGF and EGF to further
increase HGF secretion in MSCs.

Effective migration and ability to home to injured site play a
fundamental role in therapeutic effects of intravenously infused
MSCs. HGF exerts a strong chemo-attractive effect on MSCs and
induces migration of MSCs in vitro [49]. Blocking HGF bioactivity
results in significant reduction of MSCs migration. Therefore, the con-
ditioned MSCs may not only increase secretion of HGF but also attract
more MSCs to promote therapeutic potential.

Irrespective of the causes, interstitial fibrosis is the common irre-
versible pathological pathway that eventually leads to end-stage renal
disease. Accumulating evidence indicates that EMT is a critical pro-
cess in renal interstitial fibrosis characterized by fibroblast activation
and imbalance between generation and degradation of extracellular
matrix [5–8, 50]. Tubular epithelial cells and fibroblast undergo EMT
characterized by de novo activation of a-SMA, vimentin, and fibronec-
tin after injury [9, 10, 34]. Of the many factors that regulate EMT,
TGF-b1 acts as the major inducer of EMT, whereas HGF acts as an
EMT inhibitor [51]. Current in vitro study demonstrated that MSCs
not only inhibited a-SMA and fibronectin expression in NRK-49F but
also restored the E-cadherin of TGF-b1 treated NRK-52E in tran-
swell co-culture chamber. These results suggest that conditioned

A

C

B

Fig. 7 HGF concentration in co-culture supernatants. The concentration
of HGF was significantly increased in co-culture supernatants of (A)
NRK-49 F, (B) NRK-52E and (C) podocytes with conditioned MSCs in

the absence of presence of ascorbic acid 2-phosphate. *P < 0.05 ver-

sus normal control; **P < 0.05 versus TGF-b1 treated, ***P < 0.05
versus conditioned MSCs treated alone.
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MSCs significantly protect renal cells from EMT and this provides a
novel strategy for therapeutic intervention of EMT induced renal
fibrosis.

Podocytes are specialized, terminally differentiated visceral epi-
thelial cells that cover the outer layer of the glomerular basement
membrane [52]. The key function of podocytes is to maintain the
integrity of the glomerular filtration barrier. Depending on the sever-
ity of the injury, podocytes undergo foot process effacement, EMT,
apoptosis, detachment from glomerular basement membrane and
‘podocytopenia’, which ultimately lead to progressive glomerular
filtration barrier failure and glomerulosclerosis [53, 54]. Synaptopo-
din is an actin-associated protein specifically expressed in differen-
tiated podocytes and is critical for the integrity of podocyte actin
cytoskeleton. Loss of normal podocytes function is associated with
decreased expression of the synaptopodin [55]. Similar to tubular
cells, recent studies demonstrate that podocytes in culture, upon
incubation with TGF-b1, lose epithelial markers (E-cadherin), and
increase in the expression of mesenchymal marker desmin, and
fibronectin [56]. Indeed podocytes injury plays a central role in the
pathogenesis of glomerulosclerosis. Accordingly, therapies targeting
limiting podocytes injury and stabilizing podocyte number may slow
the progression glomerulosclerosis. Our in vitro studies demon-
strate that conditioned MSCs significantly preserve podocyte-spe-
cific protein synaptopodin, which was down-regulated in TGF-b1 as
well as rescued podocytes viability and protected podocytes from
apoptosis.

HGF is a heterodimeric molecule consisting of a chain and b chain.
In the kidney, HGF is expressed in interstitial cells, probably endothelial
cells, macrophages and mesangial cells [57]. Physiologically, HGF has

both mitogenic and anti-apoptotic activities on renal cells. HGF is
inversely related to TGF-b1 expression in chronic renal fibrosis [58].
In vivo animal models of CKD have demonstrated HGF infusion halted
TGF-b1 mediated myofibroblastic activation, progression of protein-
uria and renal fibrosis [59–61]. These results indicate that HGF is
one of the most important protective and anti-fibrotic factors in renal
fibrosis. To confirm the paracrine effects of conditioned MSCs in vitro,
NRK-49F, NRK-52E and podocytes were co-cultured with conditioned
MSCs. Significant secretion of HGF was detectable in all co-culture
supernatants of NRK-49F NRK-52E and podocytes. Although ascor-
bic acid-2 phosphate significantly increase secretion of HGF by
conditioned MSCs and increased the level of HGF in co-culture super-
natants of NRK-52E, the in vitro studies did not demonstrate condi-
tioned MSCs in the presence of ascorbic acid 2-phosphate confer
significant benefits except superior effects on viability of TGF-b1-trea-
ted podocytes. This inconsistency may be related to experimental
design and condition which have masked such additive effects. On
the basis of these in vitro co-culture experiments, we infer that condi-
tioned human MSCs have the potential to improve chronic kidney
injury by the secretion of HGF.

MSCs are multipotent stem cells with strong immunomodulatory
properties [62]. It is well known that MSCs improve the outcome of
acute renal injury models by paracrine action [29, 63]. The role of
MSCs in the process of renal fibrogenesis of CKD is less obvious.
Recently, encouraging data have established that allogenic MSCs
improve either interstitial fibrosis with delayed progression of CKD or
decrease proteinuia in different CKD animal models [64–67]. How-
ever, the therapeutic benefit and mechanism through engraftment of
MSCs or paracrine fashion remains controversial. In the current

A CB

D E

Fig. 8 Analysis of body weight and renal function in CKD rats. (A) Body weight. (B) Plasma blood urea nitrogen concentration (C) Plasma creatinine

concentration. (D) Creatinine clearance rate (E) Urinary protein-creatinine ratio. *P < 0.05.
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xenogenic study, the administration of the conditioned human MSCs
decreased the rate of progression of CKD measured by CCr, severity
of glomerulosclerosis and interstitial fibrosis. However, urine analysis
did not showed significant attenuation of proteinuria although condi-
tioned MSCs reduced apoptosis of podocytes treated with TGF-b1
in vitro. There is no significant difference between plasma creatinine
concentrations between two groups, in spite of higher CCr in
MSCs treated group. CCr is superior to plasma creatinine analysis
for estimating renal function especially those with moderate renal
impairment and reduced muscle mass [68]. Future experiments by
knockdown of HGF in the MSCs or blocking HGF by an anti-HGF neu-
tralizing antibody is needed to directly assess whether or not HGF is a
key mediator of MSC-derived renoprotection. Genetically modified
MSCs may be used as cellular delivery vehicles for the delivery of
therapeutic gene products to target sites. Further study may need to
focus on transfecting MSCs with HGF to carry more HGF into fibrotic
kidney and to maximize the beneficial effect of MSCs-based repair
strategies.

Tregs are generally thought to play critical roles for the mainte-
nance of peripheral tolerance. Tregs manifest their function through a
myriad of mechanisms that include the secretion of immunosuppres-
sive soluble factors such as TGF-b with various amounts of IL-4 and
IL-10 [69, 70]. Several in vivo and in vitro studies indicate that Tregs
activation and induction plays an important role in MSC-mediated
immunomodulation [71]. The potential of Tregs to protect against the
pathogenic immune responses in kidney disease has recently been
shown in a murine model of crescentic glomerulonephritis [72].
Moreover, mice reconstituted with CD4+CD25+ T cells had signifi-
cantly reduced glomerulosclerosis, tubular damage and interstitial
infiltrates in adriamycin induced nephropathy [73]. Together, Tregs
were shown to be protective in nephritis. Previous study showed
MSCs administration decrease pro-inflammatory cytokine (IL-6,
TNF-a) and increase IL-4 and IL-10 expression levels in rat kidney
injury model [67]. In accordance with the previous study, we demon-
strated that MSCs treatment caused an increase in splenocyte Tregs.
We anticipated conditioned MSCs delay progression of CKD by

A B C

D E

G H

F

Fig. 9 Histopathological findings for the rat remnant kidneys. Renal tissue sections from group I were stained (A) haematoxylin and eosin (4009),
(B) periodic acid- silver methylamine stain (4009) and (C) Masson‘s trichrome stain (2009). Kidneys from group II were stained with (D) haemat-

oxylin and eosin (4009), (E) periodic acid- silver methenamine stain (4009) for glomerulosclerosis and (F) Masson‘s trichrome stain for interstitial

fibrosis (2009). (G) Comparisons of histopathological scores of glomerulosclerosis and (H) interstitial fibrosis between MSCs treated and group I

control rats. (Scale bar 50 lm) *P < 0.05.
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up-regulation of Tregs which, in turn, could shift cytokine balance
in the favour of normal phenotype [67]. A limitation of the present
study is that the percentage of peripheral blood Tregs was not mea-
sured even though a study in the markers and phenotype of Tregs of
rats has demonstrated Tregs were identical in spleen compared with
blood except only slightly lower percentage of Tregs cells in
blood [74].

MSCs are known to be hypoimmunogenic and can evade the host
immune elimination [75]. In animal experiments, human bone mar-
row-derived MSCs administered intravenously are able to engraft in
animals with or without a pre-transplant total body irradiation [76,
77]. The therapeutic potential of human MSCs was demonstrated in
immunodeficient NOD/SCID mice with cisplatin-induced acute renal
failure [78]. There are a few reports showing human MSCs avoid
immune reaction and engraft in xenogenic immunocompetent models
for acute myocardial infarction [79, 80]. In contrast, following xeno-
transplantation, xenogeneic stem cells may elicit donor-specific T cell
proliferation and macrophage-mediated cellular response. Transplant
rejection can occur in a xenogenic model [81]. The therapeutic poten-
tial of bone marrow-derived MSCs of human origin on rat CKD model
has not been reported so far. On the basis of these facts, we used
conditioned human MSCs to treat rat CKD. Initial studies carried out
by Morigi et al. reported that MSCs transdifferentiated into tubular
epithelium in acute renal failure model [82]. Nevertheless, follow-up
studies revealed that the direct engraftment of MSCs is not the pre-
dominant mechanism to enhance renal repair [63]. Our PCR analysis
for human specific b2-micorglobulin showed that human cells did not
exist in kidney tissue at the end of study following repeated adminis-
tration of MSCs; and the results are consistent with the previous find-
ings that the cytoprotective effect of systemically infused MSCs was

mediated via paracrine, endocrine mechanisms and by immune-mod-
ulatory effect.

Conclusion

The current study has documented the constitutive and inducible
secretion of HGF by MSCs in vitro. Conditioned MSCs transplantation
attenuated interstitial fibrosis and progression of CKD in a 5/6
nephrectomy rat model, at least in part, through paracrine effects by
secretion of HGF and immune modulation by induction of the Treg
subset rather than engraft and differentiate into glomerular cells.
Systemic transplantation of conditioned MSCs with high HGF secre-
tion may therefore serve as a potential alternative for the treatment of
renal fibrosis in CKD.
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Fig. 10 Flow cytometric analyses of CD4+CD25+Foxp3+ cells in splenocytes. The population of CD4+CD25+Foxp3+ in splenocytes was analysed by

flow cytometry. (A) Representative contour plots analysis of CD4+CD25+Foxp3+ cells for the presence of CD4+CD25+ surface staining (left column)

and intracellular transcription factor Foxp3+ (right column) in splenocytes in group I and (B) group II. (C) Percentages of CD4+CD25+Foxp3+ in

splenocytes in different groups. *P < 0.05.
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