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Endothelial cell therapy has been implicated to enhance tissue regeneration and vascularization in ischemic kidney. However, no 
published study has yet examined direct effects of endothelial cell treatment in kidney recovery. This study investigated the ther-
apeutic efficacy of endothelial cells in a mouse model with acute kidney injury (AKI). Thus, human embryonic stem cells-derived 
endothelial cells (hESC-ECs) labeled with a reporter system encoding a double fusion reporter gene for firefly luciferase (Fluc) 
and green fluorescent protein (GFP) were characterized by Fluc imaging and immunofluoresence staining. Cultured hESC-ECs 
(1×106) were injected into ischemic kidney shortly after AKI. Survival of the transplanted hESC-ECs was monitored in vivo from 
day 1 to 14 after endothelial cell transplantation and potential impact of hESC-EC treatment on renal regeneration was assessed 
by histological analyses. We report that a substantial level of bioluminescence activity was detected 24 h after hESC-EC injection 
followed by a gradual decline from 1 to 14 d. Human ESC-ECs markedly accelerated kidney cell proliferation in response to is-
chaemia-induced damage, indicated by an elevated number of BrdU+ cells. Co-expression of Sca-1, a kidney stem cell prolifera-
tion marker, and BrdU further suggested that the observed stimulation in renal cell regeneration was, at least in part, due to in-
creased proliferation of renal resident stem cells especially within the medullary cords and arteriole. Differentiation of hESC-ECs 
to smooth muscle cells was also observed at an early stage of kidney recovery. In summary, our results suggest that endothelial 
cell therapy facilitates kidney recovery by promoting vascularization, trans-differentiation and endogenous renal stem cell prolif-
eration in AKI. 
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Renal failure is among the highest causes of mortality in 
hospitalized patients [1,2]. Acute ischemic kidney injury is 
considered the leading cause of acute renal failure, which 
may progress and lead to onset of chronic kidney disease 
and renal failure. Prolonged kidney malfunction is contrib-
uted primarily by post-ischemic endothelial cell dysfunction 

and microvascular impairment. Endothelial cell administra-
tion, which improves revascularization, especially function-
al microvasculature, has therefore been proposed as a 
promising therapeutic solution. 

In the past decade, considerable research efforts have 
focused on the development of cell-based therapies against 
tissue damage, ranging from autologous transplantation of 
adult stem cells [3], bone marrow- and peripheral blood- 
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derived endothelial progenitor cells (EPCs) [4−6], to co- 
transplantation of human endothelial cells with smooth 
muscle progenitors [7] or transplantation of mesenchymal 
stem cells (MSCs) [8−10]. However, autologous transplan-
tation of adult stem cells and EPCs is limited by shortage of 
cell supply and metabolic complications of the patients [11]. 
Human embryonic stem cells (hESCs), with its pluripotency 
and the capacity to differentiate into selective cell types in 
vitro, provide an alternative cell source to advance cell- 
based therapy. Three hESC approaches have been approved 
by the FDA to date [7]. In particular, the hESC-derived en-
dothelial cells (hESC-ECs) have been extensively examined 
[12,13], due to its positive impact on angiogenesis and vas-
culogenesis observed in myocardial ischemia, cerebrovas-
cular and peripheral vascular diseases [14−18].  

In kidney ischemia, a facilitative role of hESC-ECs has 
also been implicated, but no report investigated the efficacy 
of hESC-EC transplantation in AKI. Previous studies main-
ly assessed the capacity of hESC-ECs integration during 
revascularization [19], but increasing evidence have sug-
gested the possibility of differentiation-independent mecha-
nisms of hESC-ECs in ischemic organ recovery [20,21]. 
Given that the molecular mechanisms by which hESC-ECs 
facilitate ischemic renal regeneration are largely unknown, 
the present study investigated the role of hESC-ECs in renal 
repairing after AKI both in vitro and in vivo. We observed 
that hESC-EC transplantation accelerated renal repairing 
through cell-autonomous effects, which stimulated trans- 
differentiation of hESC-ECs into smooth muscle cells, fa-
cilitated vascularization at the damaged site, and ameliorat-
ed proliferation of resident stem cells in kidney. 

1  Materials and methods 

1.1  Human ESC-ECs 

Human ESC-ECs were obtained and cultured as previously 
described [14,15], and were transfected with a self-inacti- 
vating lentiviral vector, constructed with a ubiquitin pro-
moter-driven firefly luciferase and an enhanced green fluo-
rescence protein (Fluc-eGFP) double fusion reporter gene 
[14,22]. The transfected hESC-ECs were maintained in 
EGM-2 medium (Lonza, Basel, Switzerland) under standard 
cell culture conditions (37°C, 95% O2/5% CO2) for 3 d prior 
to experimental use. 

1.2  Acute kidney ischemia (AKI) 

All procedures were performed according to the Regula-
tions for the Administration of Affairs Concerning Experi-
mental Animals (Tianjin, revised in June 2004). Female 
SCID beige mice were purchased from the Laboratory An-
imal Centre of The Academy of Military Medical Sciences 
(Beijing, China) and maintained under standard conditions. 
At 8 weeks of age, mice were anaesthetized with 300 mg/kg 

chloraldurat injected intraperitoneally, and a flank incision 
on left kidney was made. For unilateral ischemia/reflow 
(I/R), the left renal pedicle was clamped using a vascular 
clamp. Mouse abdomen was covered with gauze moistened 
in saline throughout the procedure while the animal was 
maintained at 37°C using a warming pad. After 30 min, the 
clamp was removed and reperfusion was confirmed visually. 
At specified time points, mice were sacrificed and kidney 
tissues were either snap frozen in liquid nitrogen and em-
bedded in OCT (Miles Scientific) or fixed in 4% polyox-
ymethylene and embedded in paraffin. 

1.3  Experimental protocols 

After AKI procedure was carried out, mice were assigned to 
one of following groups (n=10 in each group): the ECs 
group, in which mice received the injections into renal outer 
medulla at three injection sites with a total of 1×106 

ESC-ECs in 30 μL saline; the ECs+M group, in which mice 
received the same amount of hESC-ECs co-injected with 
Matrigel (BD Biosciences); the control (Saline) group, in 
which each mice received an injection of saline; and 
Sham-operated group, in which mice were subjected to the 
same surgical procedure of AKI without clamping the renal 
vessels. For cell proliferation measurement, mice were i.p. 
injected with 100 mg/kg BrdU (Sigma, 10 mg/mL in saline) 
18 h before the animals were sacrificed. 

1.4  Optical bioluminescence imaging 

Bioluminescence imaging (BLI) was performed using the 
Xenogen IVIS Lumina II system as detailed previously  
[23]. After i.p. injection of reporter probe D-Luciferin (150 
mg of luciferin/kg), the animals were imaged for 2 s to    
2 min and the same procedure was repeated at the specified 
time points up to 14 d. The imaging signals were quantified 
in units of maximum photons per second per square centi-
meter per steridian. Bioluminescence images were taken by 
an investigator unaware of the study design to remain unbi-
ased. 

1.5  Histology and immunohistochemistry 

At days 3 and 14 after I/R, mice were euthanized and the 
left kidneys were thoroughly perfused with saline to remove 
blood from the vascular beds. Kidneys were then resected 
from the abdominal cavity and extraneous tissues were 
cleared off. Kidney specimens were embedded in paraffin 
or OCT compound, and cut into 5 µm sections, which were 
subsequently examined by hematoxylin-eosin staining and 
immunofluoresence staining. To track GFP+ hESC-ECs in 
kidneys, rabbit anti-GFP antibody (Invitrogen), mouse 
monoclonal smooth muscle actin (SMA) antibody (Boster, 
China), monoclonal anti-mouse Sca-1 antibody (Cedarlane), 
and mouse monoclonal halogenated pyrimidine thymidine 
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analog bromodeoxyuridine (BrdU) antibody (Santa Cruz) 
were used. Alexa Fluor 488 and Alexa Fluor 594-conju- 
gated secondary antibodies were applied appropriately. 
DAPI was used for nuclear counterstaining. To examine 
vascular density in infarction sites, rat anti-mouse CD31 
(BD Pharmingen) and mouse SMA antibodies were used. 
The number of capillary vessels and microvessels were 
counted by an unbiased investigator in ten randomly select-
ed high-power fields (HPF) using a fluorescence micro-
scope at 400× magnitude. For cell proliferation quantifica-
tion, the sections were incubated with mouse monoclonal 
BrdU antibody at 4°C overnight before histological anal-
yses. 

1.6  Examination of renal functions 

Plasma urea (BUN) and Creatinine were measured with a 
COBAS automatic biochemistry analyzer (Roche). 

1.7  Statistical analysis 

All data are expressed as mean±SEM. One-way ANOVA 
analysis of variance was employed for comparing differ-
ences between 2 groups. To assess the significance of dif-
ferences among more than 2 groups, least significant dif-
ference (equal variances) and Dunnett’s T3 (non-equal var-
iances) post hoc tests were used. All tests were two-tailed, 
and significance was accepted at P<0.05. 

2  Results 

2.1  Characterization of hESC-ECs 

The hESC-ECs were first characterized by assessments of 
luciferase activity and GFP expression. A linear association 
was established between bioluminescence activity of lucif-
erase (BLI; photons sec−1 cm−2 sr−1) and the amount of 
hESC-ECs (r2>0.99; data not shown), indicating that lucif-
erase signal can be used as a reliable parameter for hESC- 
ECs quantification. GFPs were also stably incorporated into 
hESC-ECs, indicated by positive green fluorescence (data 
not shown). These observation are consistent with previous 
studies, in which minimal effects of reporter gene transfec-
tion on hESC-ECs survival, proliferation, and differentia-
tion were reported [14,17,24].  

2.2  Localization and survival of hESC-ECs in ischemic 
kidney 

Human ESC-ECs were injected to the parenchyma of the 
ischemic kidney with and without Matrigel, and monitored 
by BLI for 14 d (Figure 1(a), without Matrigel; Figure 1(b), 
with Matrigel). In both hESC-ECs-treated groups (Figure 
1(a),(b)), high levels of luciferase signal were detected im-
mediately after transplantation (day 0). In contrast, no signif-

icant bioactivity was observed from the control group (data 
not shown). From day 1 to day 14, continuous decline of 
bioluminescence were observed from both hESC-ECs-in- 
jected groups, corresponding to rapid cell loss during this 
time period. Indeed, quantitative analyses revealed that only 
less than 2.3% survival activity of hECS-ECs could be de-
tected in vivo at day 9 (Figure 1(c)). In addition, co-injec- 
tion of hESC-ECs with Matrigel resulted in increase in cell 
retention in the first two days after transplantation (10.4   
±1.7×104 photons sec−1 cm−2 sr−1 vs 7.6±0.8×104 photons   
sec−1 cm−2 sr−1, BLI values obtained 12 h after injection for 
hESC-EC- and Matrigel-treated animals vs without Matrigel, 
n=8, P=0.016).  

2.3  Neovasculature formation 

To assess the angiogenic potential of hESC-ECs, ischemic 
kidneys were examined for vascular density at day 14 after 
hESC-ECs transplantation. Immunostaining of kidney sec-
tions for endothelial cell marker CD31 (Figure 2(a), shown 
in red) displayed higher capillary density at hESC-EC in-
jected sites regardless of the presence of Matrigel, although 
the increase is not statistically significant (34±3.4 capillar-
ies/HPF vs 31.3±3.5, hESC-ECs without Matrigel vs saline- 
treated group, n=8, P=0.27; Figure 2(a),(b)). Co-injection of 
hESC-ECs with Matrigel enhanced vascularture formation, 
shown by a significant elevation in capillary density (46± 
3.3 capillaries/HPF vs 34±3.4, hESC-EC with Matrigel vs 
hESC-ECs without Matrigel, n=8, P=0.037; Figure 2(a),(b)). 
We also evaluated effects of hESC-EC administration on 
mature vessel formation by assessing the expression levels 
of SMA, a marker of mature blood vessels. Increased SMA 
expression was detected in kidneys from hECS-ECs-treated 
animals (Figure 2(a),(c)). Co-localization of ECs and 
SMA-positive staining was mostly located in mature blood 
vessels (Figure 2(d); GFP positive cells in green, SMA in 
red, white arrows), suggesting that hESC-ECs may involve 
repair of blood vessels. 

2.4  Human ESC-ECs promote endogenous renal cell 
proliferation 

Impact on cell proliferation of hESC-EC administration was 
investigated by BrdU incorporation. Immunochemical re-
sults illustrated significant increase of BrdU+ proliferating 
cells in kidneys of hESC-ECs-treated groups in comparison 
to the control group (94.0±2.5 cells/HPF vs 78.5±6.4 vs 
37.5±3.3, hESC-ECs with Matrigel vs hESC-ECs without 
Matrigel vs saline-treated group; Figure 3). Double im-
munostaining with Sca-1, a stem cell factor-receptor, and 
BrdU revealed the elevated level of proliferating endoge-
nous renal stem cells in hESC-ECs-treated kidneys (Figure 
4(a)); Sca-1 in red, BrdU in green). Sca-1+ cells are present 
in sham-operated kidneys, but none of these cells are in 
dividing status. A few Sca-1/BrdU double positive cells  
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Figure 2  Human ESC-ECs increase vascular density. (a) Immunohistochemical staining of CD31 (red) and SMA (green) in ischemic kidney sections 14 
days in hESC-EC-treated group (ECs), hESC-EC- and Matrigel-treated group (ECs+M), saline-treated control group (Saline) and Sham-operated group 
(Sham). (b) Quantitative analysis revealed a larger number of CD31+ capillaries in the hESC-ECs Matrigel co-injected group in comparison to the hESC-ECs 
only and saline-treated control groups. *P=0.022, vs saline-treated control group; #P=0.037, vs hESC-EC-treated group without Matrigel. n=8. (c) Human 
ESC-ECs increased microvessel formation. *P=0.016, vs saline-treated control group; *P=0.023, vs saline-treated control group. n=8. (d) At day 3 after 
hESC-EC injection, the transplanted hESC-ECs were identified as green (GFP positive) which differentiate into smooth muscle cells (SMA in red) (arrow). 
Nuclei were stained with DAPI (blue). Scale bar=50 μm. Results are expressed as mean ± SEM and representative of 8 independent experiments. 

Figure 1  Localization and survival of hESC-ECs in 
ischemic kidney. Human ESC-ECs were delivered to the 
ischemic sites without Matrigel (a) or with Matrigel (b). 
BLI was employed to monitor hESC-EC survival in vivo. 
Decline of bioluminescence signals of the transplanted 
hESC-ECs were detected (c). Results are expressed as 
mean±SEM, and representative of 8 independent experi-
ments. *P=0.016. 
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Figure 3  Human ESC-ECs increase endogenous renal cell proliferation. (a) BrdU incorporation was used to investigate cell proliferation in ischemic kid-
neys of the hESC-EC-treated group (ECs), hESC-EC- and Matrigel-treated group (ECs+M), saline-treated control group (Saline) and Sham-operated group 
(Sham). Scale bar=50 μm. (b) At day 14 after AKI, increased numbers of proliferating cells were observed in kidneys of the hESC-ECs-treated groups. Re-
sults are expressed as mean±SEM and representative of 8 independent experiments. *P=0.041, ECs vs saline; P=0.028, ECs+Matrigel vs saline. n=8. 

 

Figure 4  Human ESC-ECs increase cell proliferation via stimulating endogenous renal resident stem cells. (a) Frozen sections of mouse kidneys were 
immunostained with anti-mouse Sca-1(red) and BrdU (green). A large proportion of Sca-1+ cells co-express BrdU (arrow) in both ECs-treated kidneys. (b) 
Graph depicting the contribution of renal precursors following exogenous administration of hESC-ECs during renal repair after AKI. 14 d following AKI, 
hESC-ECs activate endogenous expansion of Sca-1+ renal stem cells. The number of Sca-1+ cells co-expressing BrdU is much greater in hESC-ECs versus 
non-ECs treated kidneys. (c) In situ immunofluorescence staining of Sca-1 (red) and SMA (green) illustrate localization of Sca-1+ renal stem cells in the 
medullary cords and arteriole (arrow). Nuclei were stained with DAPI (blue). Scale bar=50 μm. Results are expressed as mean±SEM and representative of 8 
independent experiments. *P=0.025 vs saline-treated control group; #P=0.033 vs hESC-EC-treated group without Matrigel. n=8.
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were located in the saline-treated kidneys. In contrast, a 
large number of Sca-1+ cells co-express BrdU (arrow) in 
both ECs-treated kidneys (white arrows). Subsequent quan-
titative assessment of proliferating Sca-1+ renal stem cells 
reported a 4.6-fold increase in hESC-ECs-treated animals 
(14.7±2.2 cells/HPF vs 3.2±1.0, hESC-ECs without Mat-
rigel vs saline-treated group, n=8, P=0.025; Figure 4(b)). 
Moreover, co-injection of hECS-ECs with Matrigel led to a 
significant elevation of proliferating Sca-1+ cells (22.8±3.1 
cells/HPF vs 14.7±2.2, hESC-ECs with Matrigel vs without 
Matrigel, n=8, P=0.033). Co-staining of Sca-1 and SMA 
demonstrated that the renal progenitor cells were mainly 
localized within the medullary cords and arteriole (Figure 
4(c); Sca-1 in red; SMA in green). 

2.5  Renal function and morphology 

We have also examined kidney sections from all 4 study 
groups for potential morphological changes of acute tubular 
necrosis (Figure 5(a)). No renal damage was observed from 
Sham-operated kidney sections. In saline-treated group, 
typical I/R-induced damage was observed, characterized by 
tubular dilatation and necrosis, epithelial cell shedding, in-
flammatory cell infiltration, cast formation and cortical ne-
crosis. In both hESC-ECs-treated groups, with and without 
Matrigel, I/R-resulted lesions were decreased compared to 
saline-treated group and the renal tubules and glomeruli 
remained as normal histological structure. For kidney func-
tion assessment, we quantified BUN and plasma creatinine 
levels and found no significant difference among the four 
groups (Figure 5(b),(c)), suggesting that I/R did not cause 
significant changes of renal function 14 days after treatment 
(plasma concentrations of BUN: Sham, 8.8±1.5 mmol/L; 

Saline-treated, 8.1±1.2 mmol/L; hESCs-EC-treated, 7.6±1.4 
mmol/L; hESC-ECs co-injected with Matrigel, 7.9±0.6 
mmol/L, n=8, P>0.05).  

3  Discussion 

It has been shown that endothelial cell therapy facilitated 
recovery of glomerular and tubular compartments in AKI 
[19,25] and that systemic administration of human endothe-
lial cells led to structural and functional restoration of dam-
aged kidney [26]. Since molecular mechanisms by which 
hESC-ECs stimulate renal regeneration are not yet fully 
understood, we investigated effects of direct administration 
of hESC-ECs in mice with AKI. One of the major chal-
lenges of cell-based therapies is that the currently available 
cell tracing methods still lack sufficient sensitivity and 
specificity to trace and monitor cell survival and engraft-
ment. In this study, we employed a non-invasive biolumi-
nescence imaging technique [14,15] to track and measure 
the survival of hESC-ECs in vivo. In addition, it has been 
shown that cells co-injected with Matrigel exhibited en-
hanced adherence, migration and formation of capillary-like 
structure [27], so we also assessed the effectiveness of Mat-
rigel in cell delivery. Our results indicate that direct hESC- 
ECs injection at ischemic sites facilitated renal recovery via 
hESC-EC-induced improvements on neovascularization, 
endothelial cell trans-differentiation and endogenous renal 
cell proliferation. Co-injection with Matrigel enhanced 
hECS-EC survival and revascularization, in agreement with 
earlier reports where therapeutic potentials of Matrigel were 
implicated [27].   

To elucidate the molecular mechanisms involved in  
 
 

 

Figure 5  Morphological analysis, blood urea nitrogen (BUN) and plasma creatinine levels. (a) No renal damage was observed in sham-operated group; 
Typical renal damage including tubular dilatation and necrosis, epithelial cell shedding, inflammatory cell infiltration, cast formation and cortical necrosis 
was present in saline-treated group (arrows); In the both ECs-treated groups, the extent of lesions was decreased as compared to saline group. Scale bar=50 
μm. At day 14, BUN (b) and plasma creatinine (c) values were not significantly different among the four groups. 
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hESC-EC-induced kidney regeneration, we first investigat-
ed the effects of hESC-ECs on angiogenesis and mature 
vessel formation. Despite the diminishing hESC-EC bioac-
tivity, expression of SMA, a mature blood vessel marker, 
increased significantly in hESC-ECs-treated kidneys 14 d 
after hESC-ECs injection, indicative of enhanced capillary 
formation. Co-localization of SMA and CD31, a human 
endothelial cell marker, provided evidence of hESC-EC 
differentiation into smooth muscle cells and their direct in-
volvement in angiogenesis and their differentiation into 
smooth muscle cells. Indeed, endothelial cell trans-differ- 
entiation into smooth muscle cells, a process known as en-
dothelial-mesenchymal transition (EnMT), has been 
demonstrated both in vitro and in vivo [28,29]. However, 
previous studies also reported differentiation-independent 
mechanisms of EPCs in facilitating renal regeneration [21].  

To investigate whether the beneficial effects of hECS-EC 
in kidney recovery may be through direct impact of hECS- 
ECs on renal cell renewal, BrdU staining was adopted to 
study the effect of hESC-ECs on renal cell proliferation. We 
observed a significant increase in the number of BrdU+ cells, 
indicating a positive role of hESC-ECs on kidney cell re-
generation. It is well established that the renal resident stem 
cells are essential in kidney development and regeneration 
[30−32]. The non-tubular Sca-1+ cells, in particular, have 
shown protective properties against kidney injury, which 
may be partly due to their ability to supply angiogenic, an-
ti-apoptotic, and mitogenic factors during renal regeneration 
[33]. We found that 14 d after hESC-ECs injection, expres-
sion level of Sca-1+ was significantly increased. Further-
more, co-expression of BrdU and Sca-1 by cells within the 
medullary cords and arteriole suggested that hESC-ECs 
interact with endogenous Sca-1+ renal progenitor cells and 
promote resident stem cell proliferation. 

We observed no detrimental implications of hESC-ECs 
transplantation. Standard histological structures of renal 
tubules and glomeruli were obtained from hESC-ECs- 
treated kidneys, in addition to normalized clearance rate of 
blood urea (BUN) and creatine, indicating an absence of 
significant renal function impairment following hESC-EC 
treatment. These results, along with several other reports 
[19,21], reinstate the therapeutic potential of endothelial cell 
administration against AKI.  

One question remaining is that it is still unclear whether 
cell-based therapies restore structure and/or function of 
damaged organ via direct effects per se, since paracrine 
effects have also been proposed by studies using adult stem 
cell therapy and MSC transplantation [7]. Briefly, mediators 
such as cytokines and growth factors secreted by the pro-
genitor cells induce angiogenesis and resident stem cell ac-
tivation in recipient tissues [20,34]. Results presented in this 
study illustrated that the ameliorating effects of hECS-EC 
treatment in kidney regeneration could be partly explained 
by hECS-EC-induced revascularization and resident stem 
cell proliferation. We have also shown that, although the 

bioluminescence of hESC-ECs was gradually lost following 
hESC-ECs transplantation, renal resident stem cell prolifer-
ation increased significantly in hESC-ECs-treated kidneys 
in the absence of bioactive hESC-ECs. The enhanced pro-
liferative activity of endogenous renal stem cells may be 
due to hESC-EC-stimulated innate repair cascades, which 
remained activated even when the bioactivity of hESC-ECs 
became undetectable. Future studies are required to identify 
potential factors that are regulated by hESC-ECs and stim-
ulate endogenous renal repairing in a nonautonomous man-
ner. 

In summary, we have demonstrated that bioluminescence 
imaging technique is a reliable approach to examine cell 
survival and interactions between transplanted hESC-ECs 
and endogenous renal cells in vivo. It is also worth noting 
that hESC-EC treatment significantly stimulated kidney 
repairing via direct effects on revascularization, vessel for-
mation and renal resident stem cell proliferation. 
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