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Arterially transplanted mesenchymal stem cells in a mouse reversible 
unilateral ureteral obstruction model: in vivo bioluminescence imaging 
and effects on renal fibrosis
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Background  Chronic kidney disease (CDK) is a worldwide health problem, but there is currently no effective treatment 
that can completely cure this disease. Recently, studies with mesenchymal stem cells (MSCs) on treating various renal 
diseases have shown breakthroughs. This study is to observe the homing features of MSCs transplanted via kidney artery 
and effects on renal fibrosis in a reversible unilateral ureteral obstruction (R-UUO) model. 
Methods  Thirty-six Balb/c mice were divided into UUO group, UUO-MSC group, and sham group randomly, with 12 mice 
in each group. The MSCs had been infected by a lentiviral vector to express stably the luciferase reporter gene and green 
fluorescence protein genes (Luc-GFP-MSC). Homing of MSCs was tracked using in vivo imaging system (IVIS) 1, 3, 14, 
and 28 days after transplantation. Imaging results were verified by detecting GFP expression in frozen section under a 
fluorescence microscope. E-cadherin, α-SMA, TGF-β1, and TNF-α mRNA expression in all groups at 1 and 4 weeks after 
transplantation were analyzed by quantitative PCR.
Results  Transplanted Luc-GFP-MSCs showed increased Luciferase expression 3 days after transplantation. The 
expression decreased from 7 days, weakened thereafter and could not be detected 14 days after transplantation. 
Quantitative PCR results showed that all gene expressions in UUO group and UUO-MSC group at 1 week had no 
statistical difference, while at 4 weeks, except TGF-β expression (P>0.05), the expression of E-cadherin, α-SMA, and 
TNF-α in the above two groups have statistical difference (P<0.01). 
Conclusion  IVIS enables fast, noninvasive, and intuitive tracking of MSC homing in vivo. MSCs can be taken home to 
kidney tissues of the diseased side in R-UUO model, and renal interstitial fibrosis can be improved as well.
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Ureteral obstruction, relatively common in department 
of urinary surgery, causes kidney of the obstructed side 

to process towards interstitial fibrosis if treated untimely, 
resulting in clinical renal failure ultimately, which is the 
irreversible pathological change shared by other chronic 
progressive renal diseases as well.1 Chronic kidney disease 
(CKD) is a worldwide health problem, and the number 
of affected individuals is steadily increasing over time.2 
Although we can make the correct diagnosis of CKD, there 
is currently no effective treatment that can completely cure 
this disease. Many CKD patients need to receive lifelong 
dialysis or renal transplantation, which needs a high cost 
and seriously impacts the quality of life.

Mesenchymal stem cells (MSCs), a group of multipotent 
stem cells with self-replication capacities, under certain 
conditions can differentiate into multiple cell lines including 
osteoblast, chondrocyte, adipocyte, muscle cell, and 
endothelial cell.3 Recently, studies with MSCs on treating 
various renal diseases have shown breakthroughs and broad 
prospects of clinical application have been observed.4,5

In vivo imaging system (IVIS) enables tracking of the long-
term outcome of specially-marked cells in vivo. For this 
reason, the same experimental subject could be observed 
in the whole process of handling treatment factors, making 
data more creditable and reducing the amount of animals 

killed at different observation time points as well.

In animal experiments, Unilateral ureter obstruction (UUO) 
is an ideal model commonly used in the study of interstitial 
fibrosis and CKD.6 In this study, a mouse UUO model with 
equilibration between groups was established to simulate 
pathophysiological features of kidney after obstruction 
relief. MSCs were transplanted into the model via renal 
artery and MSC homing was studied by using IVIS. A 
study was carried out to determine whether extrinsic MSCs 
have regenerative properties in kidney injury or not.

METHODS

Experimental animals
Thirty-six specific pathogen free (SPF) Balb/c mice 
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(4-weeks old, 15−20 g) bought in Experimental Animal 
Center of Guangdong Province were raised in SPF 
environment and fed with standard diet for 1 week prior to 
initial surgical procedures for acclimatization. The solution 
of 1% pentobarbital sodium (40 mg/kg) was administered 
via intra-peritoneal injection for anesthetization. Animals 
were randomly divided into UUO group, UUO-MSC group, 
and sham group with 12 in each. In UUO and UUO-MSCs 
group, mice underwent left ureter obstruction for 10 days 
by using microscopic vascular clamp (0.4−1.0 mm; S&T 
Fine Science Tools, Foster City, CA, USA) according to 
previous studies.7,8 Fifty microliters PBS (UUO group) and 
50 µl cell suspension containing 1×106 MSCs (UUO-MSC 
group) were respectively transplanted via left kidney artery 
during the operation of obstruction relief. Sham group 
merely was dissociated with left ureter without obstruction. 
All surgical procedures strictly followed the rule of aseptic 
technique.

Cells preparation 
Balb/c mice MSCs transfected with Luciferase and Green 
Fluorescence Protein (GFP) genes (Luc-GFP-MSCs) were 
obtained from Cyagen Co., Ltd (Guangzhou, China) with 
complete quality inspection reports. The cells conform to 
MSC morphology and surface marker, and features, and 
can differentiate into osteoblasts and adipocytes (data not 
shown). They were cultured in complete medium (Cyagen) 
containing 10% Fetal Bovine Serum and then placed in a 
37°C cell culture incubator with carbon dioxide content 
of 5% for amplification. Luciferase expressions were 
examined before transplantation in a 96-well plate.

In vivo bioluminescence imaging
IVIS was adapted to selected imaging time and fluorescein 
substrate was injected intraperitoneally to guarantee the 
rationality of time (300 mg/kg). After gas anesthesia 
of isoflurane, continuous imaging was performed for 
45 minutes with time interval of 1 minute. Substrate 
metabolism kinetics curve demonstrating the relationship 
between different time points and corresponding  
luminescence intensities was tabulated to measure time 
range of luminescence intensity reaching its plateau, from 
which imaging time points were chosen. In this study, 10 
minutes after substrate injection was taken as imaging time. 
Ultra low temperature imaging system (Xenogen IVIS 100 
imaging system) was applied to collect bioluminescence 
signals after stabilization from anesthesia.

In vivo Bioluminescence Imaging was performed in all 
groups 1, 3, 7, 14, and 28 days after MSC transplantation 
to track MSC homing in vivo .  In order to verify 
bioluminescence imaging results of left kidney, frozen 
sections of left kidney were made at 3 and 7 days after MSC 
transplantation.
 
Real-time PCR
Gene expressions in all mice were measured at 1 and 4 
weeks after MSC transplantation (1 week, n=6; 4 weeks, 
n=6). Total RNA of renal cortical tissue was homogenized 

with Trizol (Ambion, 15596026) and then extracted with 
chloroform and isopropanol. Its concentration and purity 
were measured by ultra-micro-spectrophotometer (Thermo, 
NANO DROP 2000). Total RNA (1 µg) was reversely 
transcribed into cDNA via Revert Aid First Strand cDNA 
Synthesis Kit (Thermo, SYBR Green Real-time PCR Master 
Mix (TOYOBO, QPK-201)) and cDNA utilized in every 
specimen was analyzed quantitatively. RNA expressions 
of the following four genes were analyzed quantitatively 
in this study: TNF, Cdh1, TGFβ1, and α-SMA. Primer 
sequences of all target genes and reference genes are as 
follows: TNFα-F: ACCGTCAGCCGATTTGCTATCTC, 
TNFα-R: ACTTGGGCAGATTGACCTCAGC; Cdh1-F: 
TCCTGCTGCTCCTACTGTTTCTAC,  Cdh1-R: 
CTGGCTCAAATCAAAGTCCTGGTC; TGFβ1-F: 
GCACCATCCATGACATGAACCG,  TGFβ1-R : 
TTCCAACCCAGGTCCTTCCTAAAG; α-SMA-F: 
ATTGTGCTGGACTCTGGAGATGG, α-SMA-R: 
TCGGCAGTAGTCACGAAGGAATAG; MouseGAPDH-F: 
CCTTCCGTGTTCCTACCC, Mouse GAPDH-R: 
CAACCTGGTCCTCAGTGTAG. Relative quantity of 
mRNA was calculated with 2−∆∆CT, and all results were 
expressed as an n-fold expression relative to that of sham 
group. Reaction conditions are as follows: 95°C for 60 
seconds (1 cycle); 95°C for 15 seconds, and 60°C for 60 
seconds (40 cycles).

Statistical analysis
Data were analyzed using SPSS 18.0 software (SPSS Inc. 
USA) and expressed as mean ± standard deviation (SD). 
One-way analysis of variable (ANOVA) was used to 
analyze group difference, while statistical difference was 
set at P<0.05.

RESULTS

Animal model assessment
Hydronephrosis condition and obstruction relief degree in 
models were assessed by the same radiologist using a 3.0T 
MRI machine with mice imaging coil. As shown in Figure 
1A, high signal area in the right-bottom region of coronal 
position indicated left kidney hydronephrosis, while 
lower surrounding signals showed left renal parenchyma. 
It was observed that at the 10th day of obstruction, renal 
collection system of left kidney had severe dilatation, and 
renal parenchyma attenuated remarkably. One week after 
obstruction relief, left kidney shrunk remarkably. Small 
high signal area in the right-bottom region of coronal 
position showed hydronephrosis of left kidney, while lower 
surrounding signals indicated left renal parenchyma. It was 
observed that 1 week after obstruction relief, the dilatation 
of left renal collecting system decreased obviously and 
renal parenchyma thickened (Figure 1B).

Bioluminescence imaging 
In vitro cell luminescence
MSCs were in good condition with stable fluorescence 
after proliferation. Positive correlation was found between 
quantities of MSCs and signal intensities. Meanwhile, 
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relative high signal to Noise Ratio (SNR) was observed 
(Figure 2A). No specific signal was observed when 
untransfected MSCs were compared with PBS.

In vivo cell luminescence
In vivo bioluminescence imaging was performed in all 
groups 1, 3, 7, 14, and 28 days after MSC transplantation. 
Results showed that neither UUO nor Sham group had 
specific signals, while specific signal could be detected 1, 
3, and 7 days after transplantation in UUO-MSC group. 
The luminescent area focused on left kidney underwent 
obstruction relief. Signal intensified from the 3rd day until 
the 7th day, and then it declined gradually and disappeared 
on the 14th day (Figure 2B).

GFP fluorescence observed in frozen section
It was shown by in vivo imaging that transplanted MSCs 
concentrated on left kidney region. In order to verify in vivo 
imaging results, fast frozen sections from left kidney were 

made on the 3rd and 7th day after MSC transplantation 
and observed immediately under fluorescence microscope. 
Results showed that Luc-GFP-MSCs distributed in 
corresponding kidney tissues. In frozen sections of the 
3rd day after transplantation, GFP mainly distributed in 
glomerulus, while in the 7th day frozen sections it mainly 
distributed in kidney tubules and mesenchyme (Figure 3).

Real-time quantitative PCR
In order to observe effects of MSCs on trans-differentiation 
of epithelial mesenchymal and renal interstitial fibrosis 
caused by ureter obstruction, expressions of E-cadherin, 
α-SMA, TGF-β1, and TNF-α in all groups were measured 
at 1 and 4 weeks after transplantation. Results, expressed as 
2−∆∆CT, were analyzed by using SPSS 18.0 software.

Gene expressions at 1 week after transplantation were shown 
in Table 1 and Figure 4A. One week after transplantation, 
compared with UUO and UUO-MSC group, there was 
statistical difference in all gene expressions in Sham group 
(P<0.01), while no statistical difference was observed 
between UUO and UUO-MSC group (P>0.05). Gene 
expressions at 4 weeks after transplantation were shown 
in Table 1 and Figure 4B. At 4 weeks after transplantation, 
TGF-β1 expression in UUO and UUO-MSC group did 
not show statistical difference (P>0.05), while E-cadherin, 
α-SMA, and TNF-α expressions in three groups were 
statistically different (P<0.01).

DISCUSSION

Extensive studies on MSC therapy in various acute and 
chronic renal diseases, mostly with a rodent animal 
model and different degrees of therapeutic effects, could 
be found at present. In order to be more relevant with 
clinical application, a rat UUO model with equilibration 

Figure 2. Bioluminescence imaging results of Luc-GFP-MSCs. 
A: In vitro luminescence of Luc-GFP-MSCs. Cell quantity 
from left to right: 1×105. B: In vivo luminescence of Luc-GFP-
MSCs. In UUO-MSC group, luminescent area focus on left 
kidney underwent obstruction relief.

Figure 3. GFP fluorescence of kidney frozen sections. 

Table 1. Gene expressions at 1 or 4weeks after transplantation  
Groups E-cadherin α-SMA TGF-β1 TNF-α
1 Week
 Sham 1.00±0.04* 1.00±0.10* 1.00±0.26* 1.00±0.12*

 UUO 0.78±0.07 1.74±0.17 2.02±0.27 2.64±0.19
 UUO-MSCs 0.85±0.05 1.61±0.19 1.74±0.22 2.47±0.13
4 Weeks
 Sham 1.00±0.03 1.00±0.10 1.00±0.26† 1.00±0.13
 UUO 0.14±0.08 2.93±0.19 2.45±0.17 3.30±0.19
 UUO-MSCs 0.29±0.10‡ 1.82±0.16‡ 2.22±0.18 2.65±0.25‡

*Statistically significant between sham and UUO, sham and UUO-MSCs (P<0.01). 
†Statistically significant between sham and UUO, sham and UUO-MSCs (P<0.01). 
‡Statistically significant between UUO and UUO-MSCs (P<0.01).

Figure 1. Hydronephrosis shown by MRI scanning. A: 
Hydronephrosis in UUO model.  White arrow shows 
hydronephrosis condition on the 10th day of left ureter 
obstruction. B: Hydronephrosis relieving condition in R-UUO 
model. White arrow shows hydronephrosis recovery situation on 
1 week after obstruction relief.
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between groups was established in this study to simulate 
pathophysiological features of kidney after obstruction 
relief. Microscopic vascular clamp was used in modeling. 
MRI results (Figure 1) showed that a 10-day clipping 
induced severe hydronephrosis, which improved after 
obstruction relief, indicating the availability of the model in 
simulating clinical ureter obstruction disease. 

Although MSCs have exerted salutary effects in various 
animal models, the safety of clinical application still 
requires experiments and many mechanisms remain 
unclear.9-11 Among studies on stem cell therapy, the 
best transplantation pathway, in vivo colonization and 
distribution, efficiency of homing to diseased tissues of 
MSCs remain unsolved.12 Therefore, noninvasive IVIS 
was adapted to tract the homing of arterially transplanted 
MSCs. Results showed that luminescence signals 
concentrated on left kidney region, resulting from the 
facts that, from our point of view, MSCs with relative 
big volume were caught in kidney microcirculation due 
to transplantation pathway on the one hand and that 
MSCs preferentially home to sites of tissue injury on the 
other hand. Schrepfer and Lee et al13,14 hold the view that 
filtration of lung prevented MSCs from homing to other 
organs, which should not be overlooked. Furthermore, 
both lung and kidney have rich microcirculation system. 
As seen in Figure 2, MSCs had intensified signals in left 
kidney region on the 3rd day after transplantation, and in 
our view it was caused by proliferation of MSCs in renal 
microvasculature and those migrated to interstitium and 
renal tubule region, which was consistent with opinions 
held by some researchers.15-17 It was discovered that 4−10 
days after transplantation of fluorescently labeled MSCs, 
around 20%−50% of glomerulus were found fluorescence 
positive, indicating that MSCs preferentially home to 
sites of tissue injury, which was consistent with our 
experimental results. Fluorescence signal declined from 
Day 7 and disappeared on the Day 14, resulting from 
MSC apoptosis due to microenvironment changes on 
the one hand; and on the other hand, progressive atrophy 
occurred even after obstruction relief (Figure 1), thus the 
distance between kidney and body surface increased and 
parts of signals were absorbed in tissues and could not be 
detected consequently.18 This experiment indicates that on 
the basis of definite cell homing and colonization, the best 
transplantation pathway still requires further investigation.

Renal interstitial fibrosis is a complicated pathophysiological 
process comprising inflammatory cell infiltration, 
proliferation of fibroblast, imbalance of extracellular matrix 
synthesis, and degradation.19 Inflammatory cell infiltration 
occurs in renal interstitium shortly after ureteral obstruction, 
releasing cytokines and TGF, including relatively well-
known TGF-β1 and TNF-α, which promote extracellular 
matrix synthesis and proliferation of fibroblast.20,21 Studies 
have shown that TNF-α plays a crucial role in facilitating 
renal interstitial fibrosis.22 In UUO model, mice underwent 
TNF-α receptor knockout had attenuated renal interstitial 
fibrosis.23 Many studies have shown that TGF-β1 is a key 

factor for inducing fibrosis, promoting not only proliferation 
of fibroblast and synthesis of extracellular matrix, but also 
epithelial mesenchymal transition (EMT). Its content in 
kidney rises as the progression of obstruction.24,25 EMT 
refers to a process that under the mediation of TGF-β1, 
phenotype of renal tubular epithelial cell switched into 
myofibroblast, the main resources of extracellular matrix. 
The role of this process in renal interstitial fibrosis has 
drawn growing attention.26

Relevant changes were observed in expression of 
E-cadherin-renal tubular epithelial cell marker and α-SMA-
myofibroblast marker as the improvement of fibrosis after 
MSC transplantation in rat UUO model.27,28 RNA expression 
of TGF-β1, TNF-α, E-cadherin, and α-SMA were observed 
at 1 and 4 weeks after transplantation to assess MSC effects 
on renal interstitial fibrosis. Results showed that α-SMA, 
TGF-β1, and TNF-α expressions in UUO and UUO-
MSC group increased remarkably, with that in UUO group 
being the highest when compared with that in Sham group. 
E-cadherin expression in UUO and UUO-MSC group 
decreased compared with that in Sham group, with the 
lowest found in UUO group. At 1 week after transplantation, 
there was no statistical difference between UUO and UUO-
MSC group, while difference between the above two groups 
and sham group were statistically significant. At 4 weeks 
after transplantation, except for TGF-β1, significantly 
different expressions of E-cadherin, α-SMA, and TNF-
 were observed among all groups. Arterially delivered 
MSCs enable reversion of E-cadherin expression declining 
and increasing of α-SMA expression, indicating that 
MSCs could improve EMT in R-UUO model, which is 
consistent with the results reported by Semedo et al29 
TNF-α expression amount in UUO-MSC group declined 
significantly compared with that in UUO group at Week 
4 (P<0.05), indicating that MSCs inhibit TNF-α signaling 
pathway via certain mechanism in the process of renal 
interstitial fibrosis. On the other hand, TGF-β1 is recognized 
as the key factor of pro-fibrosis.22-24 In this study, although 
remarkably increased TGF-β1 expression in UUO group 
declined in UUO-MSC group under the effects of arterially 
transplanted MSCs, no statistical difference was observed 
between two groups. This might be relevant with different 
experimental models and limited sample size, which 
requires further studies. Quantitative PCR results suggested 
that interstitial fibrosis may be improved by arterially 
transplanted MSCs in R-UUO model. However, long 
term effects still require further research. The significant 
alterations of gene expressions should be verified at the 
protein level in further study.

In conclusion, IVIS enables fast, noninvasive, and intuitive 
tracking of MSC homing in vivo. Arterially transplanted 
MSCs can be taken home to kidney tissues of the diseased 
side in R-UUO model and renal interstitial fibrosis could be 
improved. Our study provided an improved understanding 
of the mechanisms of MSC-induced renal protection, which 
may allow earlier and more effective clinical therapies of 
renal fibrosis caused by unilateral ureter obstruction.
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