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Abstract: Background: This study tested the hypothesis that peripheral blood-derived endothelial progenitor cell 
(PBDEPC) therapy can impede the deterioration of chronic kidney disease (CKD) induced by 5/6 nephrectomy in 
rats. Methods and results: Adult-male rats (n = 30) were equally categorized into group 1 (sham control), group 2 
(CKD only) and group 3 [CKD + PBDEPC (left intra-arterial (3.3 × 105) and penile vein (6.7 × 105) injections by day 
14 after CKD induction]. By day 60, kidney blood flow (KBF) was significantly lower in group 2 than that in groups 
1 and 3, and significantly lower in group 3 than that in group 1, whereas the levels of serum creatinine, and kidney 
injury score and size showed an opposite pattern compared to that of KBF among all groups (all p < 0.001). Protein 
expressions of apoptotic (caspase 3, PARP), inflammatory (TNF-α, MMP-9), oxidative-stress (oxidized protein, NOX-
1), fibrotic (Smad3, TGF-β), and hypoxic/ischemic cell-stress (HIF-1α, p-Akt) biomarkers showed an opposite pattern, 
whereas angiogenesis at protein (eNOS, CD31) and cellular (CD31+, CXCR4+) levels showed an identical pattern 
compared to that of blood flow in all groups (all p < 0.01). Other pro-angiogenic biomarkers (SDF-1α, CXCR4, VEGF) 
at protein and cellular levels and antioxidants (HO-1+, NQO 1, GR+) at cellular level showed progressive significant 
increase from groups 1 to 3 (all p < 0.001). Conclusion: The results support that PBDEPC therapy effectively inhibits 
the propagation of CKD and the deterioration of renal function through enhancement of angiogenesis, blood flow, 
and anti-oxidative capacity as well as suppression of inflammation, oxidative stress, apoptosis, and fibrosis in a 
rodent model. 
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Introduction

Chronic kidney disease (CKD) of different etiol-
ogies is a growing epidemic that contributes to 
high morbidity and mortality in hospitalized 
patients [1-5]. Despite the state-of-the-art ther-
apeutic modality and advanced pharmaceuti-

cal strategy, such as the uses of angiotensin 
converting enzyme inhibitor (ACEI), angiotensin 
II type I receptor blockade (ARB), and direct 
renin inhibitor (DRI), progressive deterioration 
of renal function is frequently observed, leading 
to the subsequent development of end-stage 
renal disease (ESRD) [6-8]. 
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The aetiology of CKD is divergent and the 
mechanisms involved are complex. Endothelial 
cell dysfunction in the arterioles, followed by 
propagation and the development of obstruc-
tive atherosclerosis [9-12] has been implicated 
as one of the major aetiology in the pathogen-
esis of the disease. In particular, inflammatory 
reactions and oxidative stress have been 
reported to be the principal mechanisms 
involved [13-17]. Taken into account the variety 
of aetiologies and the complex mechanisms 
involved, satisfactory treatment of the disease 
with a single therapeutic strategy would be 
impossible. Therefore, finding a new therapeu-
tic modality with relatively broad-spectrum 
effect for preservation of renal microvascula-
ture and renal function is of utmost im- 
portance.

Growing experimental studies have demon-
strated that stem cell therapy improves isch-
emia-related organ dysfunction [18-20]. Addi- 
tionally, some clinical trials have shown that 
both endothelial progenitor cells (EPCs) and 
mesenchymal stem cells (MSCs) derived from 
bone marrow, peripheral blood, or adipose tis-
sue significantly improve left ventricular func-
tion in the settings of acute myocardial infarc-
tion (AMI) and chronic ischemic heart disease 
[21-25]. The results of human studies [26, 27], 
including our recent trial [28], show that the 
number and function of EPCs decrease signifi-
cantly in patients with CKD.

EPC therapy for ischemic organ dysfunction 
plays a crucial role in augmenting the expres-
sion of angiogenic factors, stimulating prolifera-
tion and maturation of new vessels in ischemic 
tissues, and promoting endothelial replace-
ment after vascular injury [29-31]. 

In view of the fact that patients with CKD are 
usually refractory to traditional treatment strat-
egies for complete restoration of renal func-
tion, cytotherapy may be a therapeutic alterna-
tive for these patients. Therefore, this study 
tested the hypothesis that peripheral blood-
derived EPC (PBDEPC) therapy may impede the 
deterioration of CKD in a rat model. 

Materials and methods

Ethics

All animal experimental procedures were 
approved by the Institute of Animal Care and 

Use Committee at Kaohsiung Chang Gung 
Memorial Hospital (Affidavit of Approval of 
Animal Use Protocol No. 2008121108) and 
performed in accordance with the Guide for the 
Care and Use of Laboratory Animals (NIH publi-
cation No. 85-23, National Academy Press, 
Washington, DC, USA, revised 1996).

Animal model of chronic kidney disease and 
animal grouping

Pathogen-free, adult male Sprague-Dawley 
(SD) rats (n = 48) weighing 320-350 g (Charles 
River Technology, BioLASCO Taiwan Co. Ltd., 
Taiwan) were randomized and equally divided 
into group 1 [sham controls (SC), n = 10), group 
2 (CKD only, n = 10), and group 3 [CKD + 
PBDEPC (1.0 × 106)]. 

All animals were anesthetized by inhalational 
2.0% isoflurane, placed supine on a warming 
pad at 37°C for midline laparotomies. Sham-
operated rats (i.e., group 1) received laparoto-
my only, while CKD was induced in all animals 
in groups 2 and 3 by right nephrectomy plus 
arterial ligation of upper two-third (upper and 
middle poles) blood supplies of the left kidney 
[i.e., by leaving lower third (lower pole) kidney 
with normal blood supply]. Such a model allows 
preservation of limited amount of functioning 
renal parenchyma and offers simulation of 
CKD. 

The dosage of EPC to be transfused in this CKD 
animal model was based on our previous 
reports [32-34] with some modifications. 

Collection of peripheral blood, culture of 
endothelial progenitor cells, EPC labeling and 
treatment protocol 

Rats in group 3 were anesthetized with inhala-
tional 2.0% isoflurane at day 7 prior to CKD 
induction for the collection of 3 mL of periph-
eral blood from tail vein. The isolated mononu-
clear cells from peripheral blood were cultured 
in a 100 mm diameter dish with 10 mL DMEM 
culture medium containing 10% FBS. By 21-day 
culturing, 1.0 × 106 PBDEPC were obtained 
from each animal in group 3. Flow cytometric 
analysis was performed for identification of cel-
lular characteristics (i.e., PBDEPC surface 
markers) after cell-labeling with appropriate 
antibodies on day 21 of cell cultivation prior to 
autologous implantation. On the other hand, 
rats in groups 1 and 2 were anesthetized with 
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inhalational 2.0% isoflurane and only received 
an identical procedure of peripheral blood sam-
pling without further culture. 

By day 14 after CKD induction, CM-Dil 
(VybrantTM Dil cell-labeling solution, Molecular 
Probes, Inc.) (50 µg/ml) was added to the cul-
ture medium 30 minutes before cell transfu-
sion for EPC labeling. The animals in each group 
were anesthetized with inhalational 2.0% isoflu-
rane. Only laparotomy was done for each rat in 
groups 1 and 2. For those animals in group 3, 
autologous PBDEPC were carefully transfused 
through the left renal artery (3.3 × 105) and 
penile vein (6.7 × 105). After the procedure, the 
laparotomy wound was closed and the animals 
were allowed to recover from anaesthesia in a 
portable animal intensive care unit (Thermo- 
Care®) for 24 hours.

Procedure and protocol of abdominal mag-
netic resonance imaging (MRI) 

For abdominal MRI examination, the animals in 
each group were anesthetized with inhalational 
2.0% isoflurane by day 60 prior to be sacrificed. 
Experiments were performed on a 9.4-T Bruker 
Biospec MRI system (Bruker Biospin, Ettlingen, 
Germany) equipped with a self-shielded mag-
net with a 20-cm clear bore and a BGA-12S gra-
dient insert (12-cm inner diameter) that offered 
a maximal gradient strength of 675 mT m-1 and 
a minimum slew rate of 4673 T m-1 s-1. The 
operational software of the scanner was 
Paravision (Bruker Biospin). During MRI signal 
acquisitions, animals were placed in supine 
position in a cradle made of Plexiglas. Body 
temperature was kept at 37°C using a heating 
pad. Following a short period of induction in a 
box, anesthesia was maintained with 3% isoflu-
rane via a nose cone. All measurements were 
performed on spontaneously breathing ani-
mals; neither cardiac nor respiratory triggering 
was applied. A rat transmit-receive volume coil 
was used to performed MRI image. As a rou-
tine, high resolution T2-weighted sagittal ana-
tomical reference images were first recorded, 
using multislice turbo rapid acquisition with 
refocusing echoes (Turbo-RARE) sequence and 
the following parameters: field of view = 60.0 
mm × 60.0 mm; matrix dimension = 256 × 256 
pixels; spatial resolution = 46.8 μm × 46.8 μm; 
slice thickness = 1.5mm; echo time = 27.7 ms; 
repetition time = 3000 ms number of averages 
= 8; total acquisition time = 12 min. The sagit-

tal and coronal anatomical imaging was per-
formed on 10 adjacent slices sequentially per 
imaging session.

Abdominal ultrasonography for determining 
renal blood flow

For abdominal ultrasound examination, the ani-
mals in each group were anesthetized with 
inhalational 2.0% isoflurane by days 0, 14 and 
60 prior to be sacrificed. After shaving the 
abdominal hair, abdominal ultrasound (Vevo 
2100, Visual Sonics Inc., Toronto, Canada) was 
performed by an experienced technician blind-
ed to the treatment protocol. The renal blood 
flow/velocity and color Doppler signals were 
carefully measured for three times in each rat. 
The parameters were averaged and entered 
into a computer for further analysis. 

Assessment of blood urea nitrogen (BUN) and 
creatinine levels

To determine whether the animal model of CKD 
was successfully created, blood samples were 
serially collected before and after the CKD pro-
cedure (i.e., prior to and at day 14 and day 60) 
before being sacrificed. Concentrations of 
serum creatinine and blood urea nitrogen (BUN) 
were measured in duplicate using standard 
laboratory equipment. The mean intra-assay 
coefficient of variance for BUN and creatinine 
was less than 4.0%. 

Determination of kidney parenchymal injury 
score 

To elucidate the severity of kidney parenchymal 
injury after CKD induction, gross anatomical 
features of kidney in 4 animals of each group 
were estimated using the following scoring 
system:

1) Ratio of pelvis-calyces to medulla-cortex size 
score: score 0 = ratio < 0.7; score 1 = ratio ≥ 
0.7-1.0; score 2 = ratio > 1. 2) Hilum & renal 
pelvis destructive score: 0 = no (i.e., intact); 1 = 
mild; 2 = moderate; 3 = severe. 3) Outer layer of 
medulla & inner layer of cortex necrosis score: 
0 = no (i.e., intact); 1 = mild; 2 = moderate; 3 = 
severe.

Histopathology scoring of kidney injury at day 
60 after CKD induction 

The histopathology scoring of kidney injury was 
determined in a blinded fashion as we previ-
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ously reported [32, 33]. Briefly, the left kidney 
specimens from all animals were fixed in 10% 
buffered formalin, embedded in paraffin, sec-
tioned at 4 µm and stained (hematoxylin and 
eosin; H&E) for light microscopy. The score 
reflected the grading of tubular necrosis, loss 
of brush border, cast formation, and tubular 
dilatation in 10 randomly chosen, non-overlap-
ping fields (200 ×) for each animal as follows: 0 
(none), 1 (≤ 10%), 2 (11-25%), 3 (26-45%), 4 
(46-75%), and 5 (≥ 76%).

Western blot analysis of right kidney speci-
mens

The methods were previously detailed in our 
recent reports [32-34]. Primary antibodies 
against tumor necrosis factor (TNF)-α (1:1000, 
Cell Signaling), matrix metalloproteinase 
(MMP)-9 (1:1000, Millipore), NADPH oxidase 
(NOX)-1 (1:1500, Sigma), caspase 3 (1:1000, 
Cell Signaling), poly (ADP-ribose) polymerase 
(PARP) (1:1000, Cell Signaling), Bcl-2 (1:250, 
Abcam), endothelial nitric oxide synthase 
(eNOS) (1:1000, Abcam), CXCR4 (1:1000, 
Abcam), stromal cell-derived factor (SDF)-1α 
(1:1000, Cell Signaling), Smad3 (1:1000, Cell 
Signaling), Smad1/5 (1:1000, Cell Signaling), 
transforming growth factor (TGF)-β (1:500, 
Abcam), bone morphogenetic protein (BMP)-2 
(1:500, Abcam), Bcl-2 (1:200, Abcam), hypoxia 
inducible factor (HIF)-1α (1:750, Abcam), phos-
pho-Akt (1:1000, Cell Signaling) were used. 
Signals were detected with horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse, goat 
anti-rat, or goat anti-rabbit IgG.

The Oxyblot Oxidized Protein Detection Kit was 
purchased from Chemicon (S7150). The proce-
dure was the same as we previously reported 
[32-34]. A standard control was loaded on each 
gel.

Immunoreactive bands were visualized by 
enhanced chemiluminescence (ECL; Amersham 
Biosciences), which was then exposed to 
Biomax L film (Kodak). For quantification, ECL 
signals were digitized using Labwork software 
(UVP). For oxyblot protein analysis, a standard 
control was loaded on each gel.

Immunohistochemical and immunofluorescent 
studies 

The procedures and protocols for immunohisto-
chemical (IHC) and immunofluorescent (IF) 

examinations were based on our recent studies 
[32-34]. Briefly, for IHC staining, rehydrated par-
affin sections were first treated with 3% H2O2 
for 30 minutes and incubated with Immuno-
Block reagent (BioSB) for 30 minutes at room 
temperature. Sections were then incubated 
with primary antibodies specifically against glu-
tathione reductase (GR; 1:100, Abcam) and 
NQO 1 (1:300, Abcam) at 4°C overnight. IF 
staining was performed for the examinations of 
CD31 (1:100, Bio SB), CXCR4 (1:100, Santa 
Cruz), heme oxygenase (HO-1) (1:250, Abcam), 
γ-H2AX (1:1000, Cell Signaling), respective pri-
mary antibody was used with irrelevant anti-
bodies being used as controls. Three sections 
of kidney specimens were analyzed in each rat. 
For quantification, three randomly selected 
HPFs (× 200 for IHC and IF studies) were ana-
lyzed in each section. The mean number per 
HPF for each animal was then determined by 
summation of all numbers divided by 9. An IHC-
based scoring system was adopted for semi-
quantitative analyses of GR and NQO 1 in the 
kidneys as a percentage of positive cells in a 
blinded fashion (score of positively-stained cell 
for GR and NQO 1:0 = negative staining; 1 ≤ 
15%; 2 = 15-25%; 3 = 25-50%; 4 = 50-75%; 5 ≥ 
75%-100% per HPF).

Statistical analysis

Quantitative data are expressed as means ± 
SD. Statistical analyses were performed using 
SAS statistical software for Windows version 
8.2 (SAS institute, Cary, NC) to conduct ANOVA 
followed by Bonferroni multiple-comparison 
post hoc test. A probability value < 0.05 was 
considered statistically significant.

Results

Flow cytometric results of peripheral blood-
derived EPCs, blood urea nitrogen (BUN) and 
creatinine levels prior to and after CKD induc-
tion 

By day 21 cell culture, the microscopic findings 
showed that the cells possessed cobblestone-
like appearance, a typical picture of EPCs. 
Additionally, the flow cytometric analysis 
showed that the most popular EPCs were 
CD34+ cells. 

By day 0 prior to CKD induction, the BUN and 
creatinine levels did not differ among the three 
groups. However, by day 14 after CKD induc-
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Figure 1. Flow cytometric identification of peripheral blood-derived endothelial progenitor cells/stem cells and serial 
changes of circulating levels of blood urine nitrogen (BUN) and creatinine. A. By day 21 cell culturing, microscopic 
findings (40 ×, 100 ×, 200 ×) showed that the cells possessed cobblestone-like appearance, a typical picture of 
EPCs. B. Illustrating the flow cytometric results of surface markers of EPCs. The surface markers CD34+ cells was 
the most popular EPCs to be identified. C. The BUN level by day 14, * vs. †, p < 0.0001. The BUN level by day 60, * 
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vs. †, p < 0.0001. D. The creatinine level by day 14, * vs. †, p < 0.001. The creatinine level by day 60, * vs. other 
groups with different symbols (*, †, ‡), p < 0.0001. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = 
sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell. 
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tion, the serum level of BUN and creatinine 
were significantly higher in CKD and CDK-EPC 
than in SC, but there was no significant differ-
ence between the CKD and CKD-EPC groups. 
Additionally, by day 60 after CKD procedure, 
the serum BUN and creatinine levels were sig-
nificantly higher in CKD and CKD-EPC than in 
those in SC and significantly higher in CKD than 
those in CKD-EPC (Figure 1). These findings 
imply that the CKD animal model was success-
fully created and that EPC therapy significantly 
prevented the deterioration of renal function in 
animals after CKD induction. 

Assessment of anatomical structure and kid-
ney parenchymal injury score 

Grossly, the size of the kidney was notably larg-
er in animals with untreated CKD than that in 
CKD-EPC and SC, and notably larger in the 
CKD-EPC group than that in SC. Consistently, 
the ratio of kidney to body weight was signifi-
cantly lower in animals with untreated CKD 
than that in the CKD-EPC group and SC, but it 
showed no difference between CKD-EPC group 
and SC.

The kidney parenchymal injury scores, includ-
ing: (1) ratio of pelvis-calyces to medulla-cortex 
size, (2) hilum and renal pelvis destructive fea-
ture, and (3) outer layer of medulla & inner layer 
of cortex necrosis, were significantly higher in 
CKD group than in CKD-EPC and SC, and signifi-
cantly higher in the CKD-EPC than in the SC 
(Figure 2). 

Abdominal MRI and ultrasound findings of the 
kidneys among the three groups 

In the present study, abdominal MRI was uti-
lized to identify the anatomical structure of cor-
tex and medulla of the kidney. The contour of 
the kidney (i.e., cortex and medulla) was intact 
in SC animals. By contrast, the cortex of left 
kidney was notably thinner in the CKD-EPC 

group and even more remarkable in animals 
with untreated CKD by day 60 after CKD induc-
tion. In addition, the medulla was found to be 
intact in SC, partially preserved in the CKD-EPC 
group, and lost in most of the animals with 
untreated CKD. More over, the cavity of left 
calyx was intact in SC, significantly enlarger in 
CKD-EPC group and more remarkable in ani-
mals with untreated CKD.

Renal ultrasonography showed that, by day 60 
after CKD procedure, the kidney size was sig-
nificantly increased in animals with untreated 
CKD than that in the CKD-EPC group and SC, 
and significantly reduced in the CKD-EPC group 
than that in SC. Additionally, the sizes of cortex 
and medulla showed an opposite pattern of 
kidney size among the four groups. On the other 
hand, renal blood flow was significantly reduced 
in animals with untreated CKD than that in the 
CKD-EPC group and SC, and significantly 
reduced in the CKD-EPC group than that in SC 
(Figure 3). These findings suggest that EPC 
therapy preserves integrity of kidney architec-
ture and renal blood flow after CKD induction. 

Histological damage of kidney parenchyma by 
day 60 after CKD induction

H&E staining of left kidney sections revealed 
that kidney injury score was significantly higher 
in animals with untreated CKD than that in the 
CKD-EPC group and SC, and significantly higher 
in the CKD-EPC group than that in SC (Figure 
4). Accordingly, the pathological finding sug-
gests that EPC therapy protects the kidney 
against CKD-induced histological damage. 

Protein expressions of apoptosis and fibrosis 
in kidney parenchyma by day 60 after CKD 
induction

The protein expressions of cleaved caspase 3 
and cleaved PARP, two indices of apoptosis, 
were significantly higher in animals with 

Figure 2. Grossly anatomical structure and measuring the kidney parenchymal injury score by day 60 after CKD 
induction (n = 10). A. Illustrating the operative finding of arterial ligation of upper two-third (i.e., upper and middle 
poles) of left kidney. The dark-color appearance (green arrow) was noted, an indicator of acute ischemia of left kid-
ney. B. Illustrating the grossly anatomical finding of left kidney among three groups by day 60 after CKD induction. C. 
The ratio of left kidney to body weight (%),* vs. †, p < 0.0001. D. Ratio of pelvis calyces to medulla-cortex size, * vs. 
other groups with different symbols (*, †, ‡), p < 0.0001. E. Injury sore of hilum and pelvis calyces of left kidney, * 
vs. other groups with different symbols (*, †, ‡), * vs. †, p < 0.0001. F. Score of medulla and cortex necrosis of left 
kidney. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; CKD = chronic kidney disease; 
EPC = endothelial progenitor cell. 
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Figure 3. Imaging findings of left kidneys among the three groups by day 60 after CKD induction (n = 10). A-C. Il-
lustrating the magnetic resonance imaging (MRI) finding (coronal section) of left renal parenchymal structure. The 
MRI results showed that gross anatomical feature (i.e. bean shaped) morphological feature of cross section (i.e., 
the pelvis calyces, medulla and cortex) of kidney were lost in CKD, partially preserved in CKD-EPC and intact in SC. 
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untreated CKD than those in the CKD-EPC 
treatment group and SC, and significantly high-
er in the CKD-EPC group than that in SC. 
Moreover, Smad3 and TGF-β, two indicators of 
fibrosis, exhibited an identical pattern com-
pared to that of apoptotic markers among the 

three groups. Conversely, the protein expres-
sions of Bcl-2, an indicator of anti-apoptosis, 
and Smad1/5 and BMP-2, two indicators of 
anti-fibrosis, showed an opposite pattern com-
pared to that of apoptosis among three groups 
(Figure 5).

D-F. Illustrating the abdominal ultrasound findings of blood flow in the kidney by day 0 prior to CKD induction. The 
blood flood was homogeneous and did not differ among the three groups. G-I. Illustrating the abdominal ultrasound 
findings of blood flow in the kidney by day 60 after CKD induction. The blood flood was remarkably lower in CKD (H) 
group than the other groups. J-L. By day 0, the long axis size (J), short axis size (K) and the blood flow velocity of left 
kidney did not differ among the three groups. M. The analytical result of long axis size of left kidney by day 60 after 
CKD induction, * vs. †, p < 0.001. N. Analytical result of short axis size of left kidney by day 60 after CKD induction, 
* vs. other groups with different symbols (*, †, ‡), * vs. †, p < 0.0001. O. The analytic results of blood flow velocity 
of left kidney by day 60 after CKD induction, * vs. other groups with different symbols (*, †, ‡), * vs. †, p < 0.0001. 
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc 
test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; CKD = chronic kidney disease; EPC 
= endothelial progenitor cell. 

Figure 4. Histopathological findings of kidney injury by day 60 after CKD induction (n = 10). A to C. H. & E. stain (200 
×) demonstrating significantly higher degree of loss of brush border in renal tubules (yellow arrows), cast formation 
(green asterisk), tubular dilatation (blue asterisk) tubular necrosis (green arrows), and dilatation of Bowman’s cap-
sule (blue arrows) in CKD group than in other groups. D. * vs. other groups with different symbols (*, †, ‡), * vs. †, 
p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). Scale bars in right lower corner represent 50 
µm. SC = sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell. 
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Protein expressions of inflammatory and oxida-
tive stress biomarkers in kidney parenchyma 
by day 60 after CKD induction

The protein expressions of TNF-α and MMP-9, 
two indicators of inflammation, were signifi-
cantly higher in rats with untreated CKD than 
those in the CKD-EPC group and SC, and signifi-
cantly higher in the CKD-EPC group than that in 
SC. Similarly, NOX-1, an indicator of reactive 
oxygen species (ROS), and oxidized protein, an 

indicator of oxidative stress, displayed an iden-
tical pattern compared to that of inflammatory 
biomarkers among the five groups (Figure 6). 

Protein expressions of pro-angiogenic factors 
in kidney parenchyma by day 60 after CKD 
induction

The protein expression of VEGF, CXCR4, and 
SDF-1α, three indices of angiogenesis, showed 
a significant progressive increase from SC to 

Figure 5. Protein expressions of apoptosis and fibrosis in kidney parenchyma by day 60 after CKD Induction (n = 10). 
A. Protein expression of cleaved (c) caspase 3, * vs. other groups with different symbols (*, †, ‡), * vs. †, p < 0.001. 
B. Protein expression of cleaved (c) poly (ADP-ribose) polymerase (PARP), * vs. other groups with different symbols 
(*, †, ‡), * vs. †, p < 0.01. C. Protein expression of Smad3, * vs. other groups with different symbols (*, †, ‡), * vs. †, 
p < 0.001. D. Protein expression of transforming growth factor (TGF)-β, * vs. other groups with different symbols (*, 
†, ‡), * vs. †, p < 0.001. E. Protein expression of Bcl-2, * vs. other groups with different symbols (*, †, ‡), * vs. †, p 
< 0.001. F, G. Protein expression Smad1/5, * vs. other groups with different symbols (*, †, ‡), * vs. †, p < 0.001. H. 
Protein expression of bone morphogenetic protein (BMP)-2, * vs. other groups with different symbols (*, †, ‡), * vs. 
†, p < 0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). Scale bars in right lower corner represent 50 
µm. SC = sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell. 
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the CKD-EPC group. In addition, the protein 
expression of eNOS and CD31, another two 
indicators of angiogenesis, was significantly 
higher in SC than in animals with untreated 
CKD and those in the CKD-EPC group, and sig-
nificantly higher in the CKD-EPC group than 
that in animals with untreated CKD. On the 
other hand, the protein expressions of HIF-1α 
and p-Akt, two indicators of cellular hypoxic/
ischemic stress, were significantly higher in ani-
mals with untreated CKD than those in the 
CKD-EPC group and SC, and significantly higher 
in the CKD-EPC group than those in SC (Figure 
7). 

Expressions of anti-oxidants and DNA damage 
marker in renal parenchyma by day 60 after 
CKD induction

IHC staining for cells positive for GR and NQO 1, 
two indices of anti-oxidants (i.e. scavengers), 
showed that the number of cells positive for the 

two biomarkers was significantly higher in the 
CKD-EPC treatment group than that in animals 
with untreated CKD and in SC, and significantly 
higher in animals with untreated CKD than 
those in SC (Figure 8). Similarly, IF staining 
demonstrated that the pattern of changes in 
the number of cells positive for HO-1 (i.e., 
another index of anti-oxidant) in the three 
groups was identical to that of changes in the 
number of cells positive for GR and NQO 1 
(Figure 9). These findings imply that kidney 
ischemia resulted from CKD would elicit an up-
regulation of intrinsic anti-oxidants in kidney, 
thereby protecting kidney parenchyma from 
damage. Also, EPC therapy offered the protec-
tion against 5/6 nethrectomy-induced kidney 
injury through up-regulation of anti-oxidants. 
On the other hand, the number of cells positive 
for γ-H2AX, an indicator of DNA damage, was 
significantly higher in animals with untreated 
CKD than that in the CKD-EPC group and SC, 

Figure 6. Protein expressions of inflammatory and oxidative stress biomarkers in kidney parenchyma by day 60 
after CKD induction (n = 10). A. Protein expression of tumor necrosis factor (TNF)-α, * vs. other groups with different 
symbols (*, †, ‡), * vs. †, p < 0.001. B. Protein expression of matrix metalloproteinase (MMP-9), * vs. other groups 
with different symbols (*, †, ‡), * vs. †, p < 0.001. C. Protein expression of NOX-1, * vs. other groups with different 
symbols (*, †, ‡), * vs. †, p < 0.001. D. The oxidized protein expression, * vs. other groups with different symbols (*, 
†, ‡, §), p < 0.0001. (Note: left and right lanes shown on the upper panel represent protein molecular weight marker 
and control oxidized molecular protein standard, respectively). M.W = molecular weight; DNP = 1-3 dinitrophenyl-
hydrazone. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). Scale bars in right lower corner represent 50 
µm. SC = sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell. 
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and significantly higher in the CKD-EPC group 
than that in SC (Figure 9). 

Identification of EPC engrafted in renal paren-
chyma 

Under fluorescent microscope, numerous 
CM-Dil-positive EPCs were identified in renal 
parenchyma of CKD-EPC animals. Interestingly, 

some of these EPCs were found to engraft to 
interstitial, peri-tubular and glomerular areas of 
kidney. In addition, some cells positively-
stained for CD31, an indicator of endothelial-
type phenotypes, and some cells positively-
stained for CXCR4, an indicator of EPC, was 
found to be located in interstitial and peri-tubu-
lar regions and some of them were shown to 
engraft to the epithelial tubular and glomerular 

Figure 7. Protein Expressions of Pro-angiogenic Factors in Kidney Parenchyma by Day 60 after CKD Induction (n = 
10). A. Protein expression of vascular endothelial growth factor (VEGF), * vs. other groups with different symbols (*, 
†, ‡), * vs. †, p < 0.0001. B. Protein expression of CXCR4, * vs. other groups with different symbols (*, †, ‡), * vs. †, 
p < 0.0001. C. Protein expression of stromal cell-derived factor (SDF)-1α, * vs. other groups with different symbols 
(*, †, ‡), * vs. †, p < 0.0001. D. Protein expression of eNOS, * vs. other groups with different symbols (*, †, ‡), * vs. 
†, p < 0.0001. E. Protein expression of CD31, * vs. other groups with different symbols (*, †, ‡), * vs. †, p < 0.01. 
F. Protein expression of hypoxic inducible factor (HIF)-1α, * vs. other groups with different symbols (*, †, ‡), * vs. †, 
p < 0.01. G. Protein expression of phosphoryated (p)-Akt, * vs. other groups with different symbols (*, †, ‡), * vs. †, 
p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). Scale bars in right lower corner represent 50 
µm. SC = sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell. 



PBDEP cell therapy in chronic kidney disease

816	 Am J Transl Res 2015;7(5):804-824



PBDEP cell therapy in chronic kidney disease

817	 Am J Transl Res 2015;7(5):804-824

area (Figure 10). These findings suggest that 
angiogenesis occurred in peri-tubular and glo-
merular regions for possible tubular and glo-
merular repair and regeneration after EPC 
transplantation. 

Discussion

This study, which investigated the therapeutic 
effect of EPC against the deterioration of kid-
ney function from 5/6 nephrectomy-induced 
CKD, produced several striking implications. 
First, 5/6 nephrectomy successfully provided a 
consistent CKD animal model for investigating 
the therapeutic potential of EPC in the setting 
of CKD. Second, the integrity of left kidney 
architecture was substantially protected after 
EPC therapy in animals with CKD. Third, renal 
function and the blood flow in the left kidney 
were remarkably preserved after EPC treat-
ment in animals after CKD induction. Finally, 
EPC treatment markedly enhanced angiogene-
sis and production of antioxidants, and notably 
suppressed inflammation, oxidative stress, 
apoptosis, and fibrosis. 

Preclinical successful experience encourages 
the translational research in clinical applica-
tion of EPCs for CKD patients

Surprisingly, while clinical trials have shown 
that both EPC and MSC therapies significantly 
improve ischemia-related organ dysfunction 
[21-25], the potential therapeutic impact of 
EPC treatment on kidney function in patient 
with CKD has not been reported. Besides, only 
a few experimental studies [35, 36] have 
reported the benefit of EPC treatment on the 
preservation of renal function in the setting of 
CKD. Therefore, prior to the application of EPC 
in the clinical setting of CKD, more experimen-
tal studies are warranted to elucidate the 
mechanisms involved and to prove the true 
clinical benefit of EPC treatment on restoring 
renal function.

An important finding of the present study is 
that, up to the end of study period (i.e., by day 
60 after CKD induction), end-stage of renal dis-
ease was noted in animals with untreated CKD. 
Of importance is the fact that renal function 
(i.e., circulating level of creatinine) at day 60 
was significantly preserved to a degree compa-
rable to that of day 14 after CKD procedure in 
animals with CKD after EPC treatment. Two pre-
vious experimental studies using large (i.e., pig) 
[35] or small (i.e., mouse) [36] animal models 
of CKD demonstrated that kidney function was 
significantly restored after receiving EPC 
derived either from peripheral blood [35] or 
bone marrow [36]. Accordingly, our findings, in 
addition to being consistent with those of previ-
ous studies [35, 36], encourage the conduction 
of a prospective clinical trial to investigate the 
therapeutic potential of autologous EPC trans-
fusion for patients with CKD who failed to 
respond to traditional therapy. 

Grossly anatomical-pathological findings, 
abdominal MRI examination and ultrasound 
results supported the effects of EPC therapy 
preserved the renal architecture 

The principal finding in the present study was 
that the anatomical findings revealed that kid-
ney parenchymal injury scores were remarkably 
higher in CKD animals as compared with those 
of controls. However, these injury score were 
markedly reduced in those of CKD animals 
after receiving EPC therapy. Interestingly, the 
abdominal MRI finding showed that the integri-
ties of both medulla and cortex of the left kid-
ney were remarkably disrupted in animals with 
untreated CKD compared to those in the sham 
controls. However, the integrity of the left kid-
ney architecture was notably preserved in ani-
mals with CKD after EPC treatment. Additionally, 
another interesting finding in the present study 
is that abdominal sonography showed that kid-
ney size of short axis was remarkably reduced 
and the integrity of both cortex and medulla 

Figure 8. Immunohistochemical (IHC) staining for quantifying the antioxidants of glutathione reductase (GR) and 
NQO 1 in kidney parenchyma at day 60 after CKD induction (n = 10). A to C. IHC microscopic (200 ×) findings of 
number of GR+ cells (gray color) in three groups of animals. D. Analytical results, * vs. other groups with different 
symbols (*, †, ‡), * vs. †, p < 0.0001. Scale bars in right lower corner represent 50 µm. E to G. Microscopic (200 ×) 
IHC staining for identifying the number of NAD(P)H quinone oxidoreductase (NQO) 1+ cells (gray color) in all groups. 
H. Analytical results, * vs. other groups with different symbols, p < 0.0001. Scale bars in right lower corner represent 
50 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). Scale bars in right lower corner represent 50 µm. SC 
= sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell.
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were notably preserved in CKD animals after 
EPC treatment than in those of CKD animals. 

Importantly, a remarkable preservation of 
blood flow to the left kidney in animals with 
CKD after EPC treatment compared to the sig-
nificantly reduced renal blood flow in animals 
with untreated CKD was observed in the pres-
ent study. In this way, the MRI and ultrasound 
findings support the anatomical findings in the 
present study. 

EPC therapy markedly reversed the molecular-
cellular perturbations in CKD animals 

Of importance was that as compared with the 
sham controls, H&E staining showed a marked 
increase in kidney injury score in animals with 
untreated CKD. On the other hand, the score 
was substantially reduced in animals with CKD 
treated with EPCs. These findings could explain 
the preservation of renal function in animals 
with CKD after EPC treatment.

Intriguingly, further analysis demonstrated that 
the expressions of pro-angiogenic biomarkers 
were significantly higher in the CKD-EPC group 
than in those animals with untreated CKD at 
both cellular and protein levels. This finding 
could, at least in part, explain the preservation 
of the renal microvasculature, the restoration 
of the renal blood flow, and ultimately the main-
tenance of renal function after EPC treatment 
in the present study.

An essential finding in the present study is that, 
as compared with the sham controls, the 
expressions of inflammatory, apoptotic, fibrotic, 
oxidative-stress, and DNA damage biomarkers 
in the left kidney were substantially augment-
ed, whereas those of anti-fibrotic biomarkers 
were remarkably reduced in animals with 
untreated CKD. By contrast, these cellular and 

molecular perturbations as well as the expres-
sion of anti-oxidant biomarkers were markedly 
reversed in animals with CKD after EPC thera-
py. Intriguingly, previous studies have identified 
inflammatory reaction and oxidative stress as 
the principal contributors to renal injuries in the 
setting of CKD [13, 15-17, 33]. Moreover, our 
findings are also consistent with those of previ-
ous experimental studies that showed signifi-
cant associations among the enhancement of 
fibrosis, apoptosis, DNA and organ damage in 
the setting of ischemia-reperfusion injury [16-
18, 32-34], shedding light on the mechanisms 
underlying the observed preservation of renal 
structural and functional integrity in animals 
with CKD after EPC treatment. 

Study limitations

This study has limitations. First, this study did 
not investigate the optimal dosage of EPC for 
maximal benefit in terms of renal function pres-
ervation in the present experimental setting. 
Second, despite the extensive experimental 
work in the current study, the exact mecha-
nisms underlying the improvement of renal 
function remains uncertain. The proposed 
mechanisms for the observed protection 
offered by EPC in a rodent model of CKD based 
on our findings have been summarized in Figure 
11. 

In conclusion, the results of the present study 
highlight the effectiveness of EPC treatment in 
restoring renal function and preservation of the 
integrity of renal parenchyma in an experimen-
tal setting of CKD. 
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Figure 9. Immunofluorescent (IF) staining for Identification of cellular expressions of heme oxygense (HO)-1+  
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Figure 10. Immunofluorescent (IF) stains of presence of CD31+ and CXCR4+ cells in renal parenchyma at day 60 after CKD induction (n = 8). A to C. IF staining 
(200x) of CD31+ cells (white) in renal parenchyma. Merged image from double staining (Dil dye + CD31) (C) showing cellular elements of mixed red and yellow (red 
arrows) under higher magnifications [(b) being magnified image of (a)], indicating transplanted numerous doubly-stained cells (CD31+) in peri-tubular and interstitial 
areas. DAPI counter-staining for nuclei (blue). Scale bars at right lower corner represent 50 µm. D. * vs. other groups with different symbols (*, †, ‡), p < 0.0001. 
E to G. IF staining (400 ×) of CXCR+ cells (white) in renal parenchyma. Merged image from double staining (Dil dye + CXCR4) showing cellular elements of mixed 
red and yellow (red arrows) under higher magnifications [(c) being magnified images of (d)], indicating implanted doubly-stained cells (CDCR4+) in peri-tubular and 
interstitial areas. DAPI counter-staining for nuclei (blue). Scale bars at right lower corner represent 20 µm. H. * vs. other groups with different symbols (*, †, ‡), p < 
0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance 
(at 0.05 level). Scale bars in right lower corner represent 50 µm. SC = sham control; CKD = chronic kidney disease; EPC = endothelial progenitor cell.
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