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Questions under study: Many studies have
demonstrated that mesenchymal stem cells
(MSCs) contribute to the recovery of acute renal
failure (ARF). The purpose of the present study
was to evaluate in vivo tracking of MSCs intravas-
cularly administered in a rat model of ARF for
cellular therapy using a 1.5 T MRI system.

Methods: Fe2O3-PLL nanoparticle-labelled
and unlabelled MSCs were injected into the ab-
dominal aortas by transcatheterisation of 20 ARF
rats, whose renal failure was induced by intra-
musclar injection of glycerol, while phosphate-
buffered saline (PBS) was injected in 20 control
rats. Magnetic resonance (MR) images of the kid-
neys were obtained, before injection of MSCs,
after 1 hour, after 1, 2, and 4 days respectively.
The MR imaging findings were correlated with
the distribution of transplanted MSCs. The kid-
ney injury was histologically evaluated, and the
expression of proliferating cell nuclear antigen

(PCNA) protein was examined. The Renal func-
tion was estimated by quantitative analysis.

Results: In the rat model of ARF the labelled
MSCs showed a bilateral loss of signal intensity in
the outer zone of the renal cortex on T2*-
weighted MR images, which was visible up to 4
days after transplantation. Labelled MSCs were
detected in glomerular capillaries by histological
examination, the corresponding areas where sig-
nal intensity decreased in MR images. Compared
to the control group, those ARF rats with MSCs
injection had less renal injury, more enhanced tu-
bular cell proliferation and better renal function. 

Conclusions: MR imaging visualises those in-
travascularly administered MSCs in vivo, which
promoted recovery of ARF.
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Abbreviations

ARF acute renal failure

BUN blood urea nitrogen

CI confidence interval

DMEM dulbecco’s modified eagle’s medium

Fe2O3 PLL-ferric oxide nanoparticles and coupling 
with poly-l-lysine

MSCs mesenchymal stem cells

PBS phosphate-buffered saline

PCNA proliferating cell nuclear antigen

SCr serum creatinine

SD standard deviation

SNR signal-to-noise ratio

SPIO superparamagnetic iron oxide

Introduction

Acute renal failure (ARF) characterised by a
sudden deterioration in renal function may result
from one or several factors such as ischaemic or
toxic insults etc. Dysfunction or necrosis of renal
tubular epithelial cells is the most common patho-

logical change in ARF. Despite technical advances
in renal replacement therapy and supportive
 therapy during the past decades, ARF remains a
common intractable clinical problem [1].

Over the past few years, cellular therapy using
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stem cells has shown great therapeutic promise in
the promotion of recovery of organ failure or in-
jury, owing to the cells’ innate capability of re-
generating damaged tissues and organs [2].
Among the various sources of stem cells, bone
marrow-derived mesenchymal stem cells (MSCs)
have been the most attractive recently. Bone mar-
row MSCs have the advantages of easy collection,
rapid repopulation in vitro and in vivo, and are free
of societal, ethical and legal disputes, etc. The
plasticity of bone marrow MSCs has been widely
investigated over the past years. Many studies
have demonstrated that MSCs are able to form
functional components of other tissues, such as
the heart, liver, etc. [2, 3]. Although it is evident
that MSCs can differentiate into renal tubular ep-
ithelial cells and contribute to the renal repair of
acute tubular epithelial injury [4], the renoprotec-
tion obtained with MSCs is primarily mediated
via complex paracrine actions instead of their dif-
ferentiation into target cells in an investigation
[5]. Therefore, this situation warrants further
study to reveal the mechanism of stem cell ther-
apy in ARF.

In order to shed light on the mechanism by
which stem cell therapy works, it is essential for
the fate of the transplanted cells to be tracked live
in vivo following their migration, proliferation,
differentiation and restoration. In the past few
years, MR imaging depicting cells using a cell
 labelling technique with superparamagnetic iron
oxide (SPIO) has become such a valuable tech-

nique [6, 7]. MR imaging using SPIO has been
confirmed to be practicable for in vivo stem cell
tracking in spine [8], brain [6], and myocardium
[9] or more than one final target organ [10]. With
a conventional MRI system, Bos [7] demonstrated
in vivo that most grafted MSCs distributed into
cortical glomeruli in normal kidneys of rats after
intravascular injection of the magnetically la-
belled bone marrow MSCs via the renal artery.
Hauger [11] detected intravenously injected
MSCs homing in to focal areas of glomerular
damage with MR evaluation in a rat model of
nephropathy. Clinical ARF characterised by a
sudden deterioration in renal function may result
from one or  several factors such as ischaemic or
toxic insults. Since tubular necrosis is the most
common pathological lesion in ARF [4] we used a
model of ARF induced by intramuscular injection
of glycerol in rats, which has similar characteris-
tics to clinical ARF, to evaluate the effects re-
ported in the present study.

The purpose of the present study was to eval-
uate in vivo magnetically labelled bone marrow
MSCs injected via transcatherisation into abdom-
inal aortas using a 1.5 T MRI system and to
 correlate the cellular imaging to their therapeutic
effect in rat model of ARF. To the best of our
knowledge, this is the first study of in vivo MR
tracking of the distribution of MSCs following
local injection into abdominal aortas in an ARF
model induced by intramuscular injection of glyc-
erol.

Methods

Cell culture and identification

This study was approved by our institutional Animal
Use and Care Committee. MSCs were generated from
the bone marrow of adult Sprague-Dawley rats aged 
6 weeks weighing 120–150 g. The bone marrow cells
were obtained by flushing the rat femurs with phosphate-
buffered saline (PBS). The monocyte layer was selected
with density centrifugation and was then re-suspended 
in low-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Karlsruhe) supplemented with 0.2 mmol/
ml L-glutamine, 100 U of penicillin, 100 g/ml strepto-
mycin and 10% foetal bovine serum (Worthington bio-
chemical corporation, Lakewood, NJ). Before being
planted in a 25 cm3 culture flask, the cells were blown into
the culture solution, which was adjusted to 1 × 106/ml of
the concentration and then grown in standard culture
media at 37 °C with 5% CO2. 

The expression of membranous antigen on MSCs was
detected by cytofluorimetric analysis with a flow cytome-
ter (Becton Dickinson, San Jose, CA). The primary mouse
anti-rat monoclonal antibodies of anti-CD29, anti-CD45
and anti-CD90 (Becton Dickinson, San Jose, CA) were em-
ployed. The multipotency of MSCs was confirmed by 
induction of osteogenic and adipogenic differentiation
with specific differentiation media [12]. Osteogenic differ-
entiation was assessed by using von Kossa staining, a way
to show the mineralisation, while adipogenic differentia-
tion was visualised by means of oil red O staining of lipid
vacuoles in the adipocytes differentiated from MSCs.

Cell labelling and identification of the labelled cells

The Fe2O3-PLL nanoparticles were presented by
Pro. N Gu (Laboratory of Molecular and Biomolecular
Electronics, Southeast University, Nanjing, China). The
physico-chemical properties of this SPIO and its efficacy
and safety in vitro and in vivo of labelling on stem cells had
been investigated previously in our laboratory [13]. 
The MSCs grew in 25 cm3 flasks. The cells growing at
 Passage3 (P3) were transferred to the culture media con-
taining Fe2O3-PLL for labelling. The concentration of
20 mg/ml iron was used for culture based on our prelimi-
nary tests. The MSCs were incubated continuously for 
12 h at 37 °C in a 95% air per 5% CO2 incubator.

The cells were harvested by removing the free
Fe2O3-PLL washed four times with PBS. For the purpose
of Prussian blue staining to identify the cell profile and
intracellular iron particles, the cells were continuously
 incubated for 15 minutes with 2% potassium ferro-
cyanide in 6% hydrochloric acid, and then counterstained
with nuclear fast red for 3 minutes. To measure the iron
concentration within the cells, the cell suspension was
dissolved in 37% hydrochloric acid and then assayed with
a polarised atomic absorption spectrometer (Shengyang
Huaguang HG-9602A, Shengyang, China). The measur-
ing process was repeated for three times, and the mean
value was adopted.

The distribution of the SPIO particles within the
cells was revealed under electron microscopy. The har-
vested labelled MSCs were fixed at 4 °C in 2.5% buffered
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glutaraldehyde for 1 h, followed by 1% osmium tetro-
xide for 2 h. The samples of these cells were examined
with a transmission electron microscope (H600,  Hitachi,
Japan).

Figure 1

Under an inverse mi-

croscopy (×100), Cul-

ture bone marrow

mesenchymal stem

cells (MSCs) (P3) de-

rived from rat appear

as uniform fibroblast-

like cells with slim

bodies. 

Figure 2

Flow cytometric

analysis shows that

the mesenchymal

stem cells (MSCs) 

are homogeneous 

on P3, uniformly pos-

itive for the surface

proteins of CD29 and

CD90, while they are

negative for CD45.
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Rat model of ARF and MSCs transplantation

A model of ARF was induced by intramuscular injec-
tion of glycerol in male SD rats, aged 7 weeks and weigh-
ing 200–300 g, based on a standard technique [14]. After
anaesthesia with intraperitoneal injection of Pentobarbi-
tal (Shanghai Bioengineering Co., Shanghai, China) at 
40 mg/kg, 50% glycerol (Shanghai Bioengineering Co.,
Shanghai, China) in normal sodium at dose of 8 ml/kg
was injected into both posterior thigh muscles of the rats.
Before glycerol injection, the animals were allowed to eat
freely, but deprived of drinking water for 17 h. After suc-
cessful induction of ARF 2 days after glycerol injection,
the rats were randomly divided into three groups: group
A (transplanted with labelled cells, n = 20), group B
(transplanted with unlabelled cells, n = 20) and group C
(control group, PBS injected only, n = 20). All the rats
survived after the glycerol injection before the ending of
this study.

Labelled and unlabelled MSCs were trypsinised,
centrifuged, and washed with PBS, which were counted
in a microcytometer chamber and resuspended in
DMEM. A modified catheter from PE-50 line was in-
serted into the the suprarenal aorta via the right femoral
or iliac artery exposed surgically. One ml of DMEM
 containing 2×106 labelled or unlabelled cells, or 1 ml PBS
was injected into the abdominal aorta via the catheter.

MR imaging

MR images of the kidneys of the recipients were ob-
tained before injection of MSCs, and 1 h, 1, 2, and 4 days
post transplantation, respectively. MR imaging was
 performed with a 1.5 T MRI system (Eclipse, Philips
Medical Systems) using a 12.7 cm receiver with surface
coil only. The MR imaging sequence was T2*-weighted
gradient-echo (620/15.7; flip angle, 350) sequence. Im-
ages were taken with a matrix size of 256 × 256, section
thickness of 2.5 mm, and field of view of 8 × 6 cm, two
measurements were acquired. 

Mean signal intensities at four interesting regions in
each kidney were evaluated by one of the authors (S.H.J.),
an experienced radiologist practicing MR image analysis
for 14 years, who was blinded to the transplanting proce-
dure. Signal-to-noise ratio (SNR) of the outer zone of
the renal cortex on T2*-weighted MR imaging calculated
by dividing signal intensity by the background noise [10,
15] was obtained before and 1 hour, 1, 2, 4 days after
transplantation, respectively.

Evaluation of renal function

Serum creatinine (SCr) and blood urea nitrogen
(BUN) in blood samples collected from the tail vein of
the rats were measured by an autoanalyser (7150, Hi-
tachi, Japan) immediately after the MRI examinations be-
fore and 1, 2, 4 days post transplantation, respectively.

Histopathological and immunohistochemical
 analysis

Five rats selected randomly in each group were
 euthanised at 1h, 1, 2 and 4 days, respectively post cell
transplantation following the MR examination. The his-
tological examinations of the kidneys were performed
 immediately after sacrifice. After perfusion and fixation in
4% buffered paraformaldehyde for 24 h at least, 5 μm-
thick sections were cut and stained with haematoxylin/
eosin (H&E Stain). 

The degree of tubular injury was scored by a previ-
ously reported approach [5, 16] in random (using a sim-
ple random sampling table) cortical fields using a gradu-
ated grid with 25 squares with a ×20 lens. One hundred
intersections between tubular profiles and the grid were
examined in each kidney. A score for each tubular cross
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section per intersection was assigned as follows: 0 = nor-
mal histology; 1 = tubular cell swelling, loss of brush bor-
der, nuclear condensation, up to one-third of tubular
cross section showing nuclear loss; 2 = same as for score
1, except for greater than one-third and less than two-
thirds of nuclear loss per tubular cross section; and 3 =
greater than two-thirds of tubular cross section shows

nuclear loss. The total score for each kidney was calcu-
lated by the addition of all 100 scores (the higher the
score, the more serious the tubular injury). The total in-
jury score for each kidney was calculated by one of the
authors (Z.L.M.) with 10 years’ experience of histopatho-
logical analysis who was blinded to the transplanting pro-
cedure.

Figure 3

Mesenchymal stem cells (MSCs) (P3)  exhibit nodular 

aggregation on the von Kossa staining mineral (arrows) 

after  osteogenic induction.

Figure 4

Intracytoplastic lipid vesicles (arrows) are observed on the

oil red O staining after adipogenic induction.

Figure 5

Intracytoplasmic blue particles in most mesenchymal stem

cells (MSCs) (P3) incubated with ferric oxide nanoparticles

and coupling with poly-l-lysine (Fe2O3-PLL) are clearly

 visible with Prussian blue staining (×400).

Figure 6

The endosomal vesicles (arrows) containing superparamag-

netic iron oxide (SPIO) particles appear inside the mesenchy-

mal stem cells (MSCs) (P3) in the transmission electron

 micrograph (original amplification: ×15 000).

Figure 7

Transverse T2*-weighted MR image of the rat kidney ob-

tained before mesenchymal stem cells (MSCs) injection

shows mild signal intensity decrease around the renal pelvis

(arrows).

Figure 8

Coronal T2*-weighted MR image of the rat kidney obtained 

1 h after injection with the labelled mesenchymal stem cells

(MSCs) shows a signal intensity decrease (arrows) in the

outer zone of the renal cortex.
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Figure 9

Signal intensity loss in the outer zone of the renal cortex

 (arrows) is detected on transverse T2*-weighted MR image

of the kidney obtained 1 h after injection with the labelled

mesenchymal stem cells (MSCs).

Figure 10

On the 4th day after labelled mesenchymal stem cell (MSC)
transplantation, the signal intensity decrease (arrows) is still

visible on the transverse T2*-weighted MR image.

Figure 11

Quantitative measurement of signal-to-noise ratio (SNR)s of outer zone of rats renal

cortex on T2*WI at different time points before and after administration of labelled

mesenchymal stem cells (MSCs) (group A, red line) and unlabelled MSCs (group B,

black line): one line for each rat. In group A, there is significant SNR decrease of renal

cortex 1 hour, 1, 2, 4 days after labelled MSCs transplantation, while there is no

 significant SNR difference among different time points in group B.

Figure 12

Most cells positive for Prussian blue staining (arrow) are

 located in the glomeruli in outer zone of renal cortex in the

kidneys of group A (transplanted with labelled cells), which

corresponds to the signal intensity loss observed in MR

image. (Prussian blue staining, ×100)
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Pre Hour 1 Day 1 Day 2 Day 4

Groups A B C 95% confidence intervals
(CI) C-AB

Serum creatinine (SCr) (μmol/L)

Before injection (n = 5) 519 (55) 490 (46) 510 (57) –114–126  

1 day post injection (n = 5) 499 (49) 437 (38) 483 (17) –94–125

2 days post injection (n = 5) 194 (30) 211 (38) 331 (52)* 39–219

4 days post injection (n = 5) 91 (14) 85 (22) 154 (15)* 29–103

blood urea nitrogen (BUN) (mmol/L)

Before injection (n = 5) 49 (6) 55 (6) 53 (9) –17–18

1 day post injection (n = 5) 46 (5) 49 (5) 47 (6) –13–11

2 days post injection (n = 5) 23 (4) 21 (4) 36 (4)* 6–24

4 days post injection (n = 5) 9 (2) 10 (3) 17 (2)* 3–13

Note. – Values are expressed as mean (SD). 
Significant difference as compared with group A or B (P <0.05, two-tailed).

Table 1

Renal function pa-

rameters of the rats

in 3 groups at differ-

ent time points be-

fore and after mes-

enchymal stem cells

(MSCs) or phosphate-

buffered saline (PBS)

administration.
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Prussian blue staining was performed to assess the
localisation of the iron-loaded MSCs. Dual staining of
Prussian blue and CD68 (immunohistochemistry) were
used for identifying infiltrating macrophages that might
be iron-positive. Immunohistochemistry assay of CD68
was performed on paraffin sections, stained with a mouse
anti-rat monoclonal antibody of anti-CD68 (Biolegend,
San Diego, CA). 

Proliferative cell nuclear antigen (PCNA) was also
determined on paraffin sections using a rabbit polyclonal
antibody (Biolegend, San Diego, CA). The PCNA posi-
tive nuclei in the renal medulla and cortex were quanti-
fied under a light microscope at a magnification of 400
times and were expressed as mean values on day 4 post
MSC administration based on the examination of 50
fields in each experimental animal by an author (Z.L.M.)
who was blinded to the treatment of each rat according to
a previously reported method [17].

Statistical analysis

Statistical analyses were carried out with the SPSS
software (SPSS for Windows, version 11.0, 2001; SPSS,
Chicago, Ill). Values were expressed as mean (standard
deviation, SD). A consistent notation was adopted when
reporting means and confidence intervals (CI). Differ-
ences of the means among the groups were analysed
using one-way analysis of variance (ANOVA) followed by
Dunnett’s or LSD test. A p value (two-tailed) of less than
0.05 was considered as statistically significantly different.

Figure 13

Dual stainings of

CD68 and Prussian

blue in the renal tis-

sues of group A

(transplanted with la-

belled cells) show

negative CD68 in

Prussian blue stain-

positive cells (arrow,

×100).

Figure 14

Histological sections

of the kidney in

group C (control

group, phosphate-

buffered saline in-

jected only) at 4 days

after injection of

phosphate-buffered

saline showing seri-

ous tubular necrosis

and intra-tubular

casts. (arrows,

Haematoxylin &

eosin-stained, ×400).

Results

Characterisation of MSCs
When they were passed to P3, the purified

MSCs remained in the pattern of uniform fibrob-
last-like cells (fig. 1). These MSCs, as a single phe-
notypic population, were able to be further cul-
tured and passed, and proliferated rapidly. The
homogeneity of the cells reached 99%. The sur-
face proteins, the characteristics of MSCs, such as
CD29 and CD90, were uniformly positive, while
CD45 as an indicative marker for haematopoietic
lineage was negative (fig. 2). MSCs showed posi-
tive with von Kossa staining for the mineralisation
nodules after osteogenic induction (fig. 3). Intra-
cytoplastic lipid vesicles were demonstrated by oil
red O staining after adipogenic induction (fig. 4).
The cells used in the subsequent experiments
were those characterised by confirmation of their
multipotency and the specific markers of the sur-
face proteins.

In vitro cell labelling
Blue particles were clearly shown within al-

most every labelled cell on the Prussian staining
slides (fig. 5), however they were not found in the
unlabelled cells. The iron quantification per cell
measured by atomic absorption spectrometer was
12.6 (2.6) picograms. The SPIO particles located
in the endosomal vesicles of the cells were con-

firmed by transmission electron microscopy
(fig. 6).

In vivo MR imaging of the labelled MSCs
Before injection of the labelled cells into the

suprarenal aorta, a mild signal intensity loss was
shown around the renal pelvis on T2*-weighted
MR images (fig. 7). In group A, signal intensity loss
in the outer zone of the renal cortex was demon-
strated on T2*-weighted MR images 1 h after trans-
plantation (fig. 8, 9). Since then, the remarkable vi-
sual regional signal intensity loss lasted for 4 days
following the transplantation (fig. 10). Signal in-
tensity loss was not detected in group B. Before and
1 hour, 1, 2 and 4 days after injection, the outer zone
of renal cortex SNRs were 11.5 (1.5), 3.2 (0.8), 3.3
(0.8), 3.0 (0.9), 2.9 (0.8) respectively for group A,
and 10.1 (1.2), 10.3 (1.8), 9.0 (1.2), 9.4 (1.7), 10.1
(1.8) for group B. Injection of labelled cells caused
a significant SNR decline in renal cortex for group
A at 1 hour, 1, 2, and 4 days after injection compared
to group A rats before transplantation or group B
control rats (ANOVA, P <0.001; Dunnett’s test, 
P <0.001, respectively, 95% CI: 6.4–8.7). For the
control group B, there was no statistically signifi-
cant difference in SNR at each time point com-
pared to pretransplantation (ANOVA, P = 0.799,
95% CI: –3.1–1.9) (fig. 11).
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Renal function of rats with ARF 
after MSC transplantation

Before the experiment of the cell transplanta-
tion, ARF model of the rats had been confirmed
by a significant increase of SCr and BUN concen-
trations 2 days after glycerol administration,
which reached the peak concentrations on the 2nd

day following glycerol injection.
The measurements of renal function were

shown by SCr and BUN changes of group A, B
and C at different time points after transplanta-
tion (table). The Rats in group A and B had a sig-
nificantly better renal function at 2 and 4 days, re-
spectively post MSC administration than that in
group C, as demonstrated by SCr (ANOVA, P =
0.012; LSD test, P = 0.006, P = 0.011, respectively,
at 2 days; ANOVA, P = 0.005; LSD test, P = 0.004,
P = 0.003, respectively, at 4 days) and BUN levels
(ANOVA, P = 0.006; LSD test, P = 0.006, P =
0.003, respectively, at 2 days; ANOVA, P = 0.011;
LSD test, P = 0.006, P = 0.009, respectively, at 
4 days), while there were no significant differ-
ences of SCr (LSD test, P = 0.637, P = 0.705, re-
spectively, at 2 days and 4 days) and BUN (LSD
test, P = 0.598 P = 0.771, respectively, at 2 days
and 4 days) levels between group A and B. There
were no significant differences of SCr (ANOVA,
P = 0.800) and BUN (ANOVA, P = 0.572) levels
among three groups before MSC or PBS injec-
tion. There also were no significant differences 
of SCr (ANOVA, P = 0.210) and BUN (ANOVA,
P = 0.699) levels among three groups on day 1
after MSC or PBS injection. 

Histological analysis
In group A, positive Prussian blue staining,

the characteristic phenotype of the iron-labelled
MSCs, was revealed in the glomerular capillaries
in the outer zone of the renal cortex, which corre-

sponded well with the signal extinction observed
on MRI, however it was not detected in the rats
injected with unlabelled cells (fig. 12). None of
the iron-loaded cells were positive for CD68 in
the dual staining of CD68 and Prussian blue in
kidney tissues (fig. 13), which was considered as a
protein characteristic of macrophages. Few iron-
labelled MSCs were found in the interstitial tis-
sues of the kidney, and no iron-labelled MSCs
were detected in the renal tubules.

Tubular epithelial injury was evident on day 2
post glycerol injection. The morphological
changes observed in animals with glycerol-treated
ARF included tubular hyaline cast formation and
widespread necrosis of tubular epithelial cells 
(fig. 14). The tubular lesions of the rats in group A
and B were less severe on the 4th day after MSC
injection than in group C. The renal injury scores
of the three groups were 103(27), 110(30),
201(30), respectively. The scores of group C were
significantly higher than in group A and B
(ANOVA, P <0.001; LSD test, P <0.0001, P
<0.0001, respectively, 95%CI C-AB: 57–133),
while there was no significant difference in the
renal injury scores between group A and B
(ANOVA, P <0.001; LSD test, p = 0.660, 95% CI
C-AB: –42–27).

The numbers of PCNA positive tubular cells
detected at day 4 after MSC or PBS injection in
group A, B and C were 33(6), 34(6), 16(4)/HPF
×400, respectively. The proliferation of tubular
cells positive for PCNA staining was significantly
higher in group A and B compared to group C
(ANOVA, P <0.001; LSD test, P <0.0001, P
<0.0001, respectively, 95% CI C-AB: 15–20),
While there was no significantly difference be-
tween group A and B (ANOVA, P <0.001; LSD
test, p = 0.76, 95% CI C-AB: –2–3).

Discussion

ARF, which is associated with high morbidity
and mortality, occurs frequently in hospitalised
patients [18]. A series of circumstances, including
primary renal diseases, impaired renal perfusion,
hypovolaemia, sepsis, vascular occlusion and drug
toxicity etc, leading to irreversible injury of the
glomerular and tubular cells, culminates in acute
renal failure [1]. Stem cell transplantation in kid-
neys was investigated in the past few years due to
its potential capability for repairing various dis-
eased organs and tissues [2, 3]. Successful differen-
tiation into glomerular mesangial cells from the
bone marrow-derived stem cells in rats has been
reported [19]. Moreover, it has been demon-
strated by several groups that transplantation of
MSCs improved renal function, and MSCs recon-
stituted the renal epithelium by transdifferentia-
tion [20]. However, the mechanisms by which

renoprotection arises following MSC transplanta-
tion are disputed. Togel and colleagues [5, 21] in-
dicated that the effectiveness of renoprotection
obtained with MSCs for ARF induced by is-
chaemic injury was likely to be mediated primarily
via complex paracrine actions instead of the
MSCs’ differentiation into target cells, because
there was no evidence of transdifferentiation of
the grafted MSCs into renal cells up to 3 days
after implantation. The mechanism of glycerol in-
duced ARF, which had been used in the present
research, is different from the ischaemic induction
of ARF mentioned above. The intramuscular ad-
ministration of hypertonic glycerol induces rhab-
domyolysis with a lot of myoglobin being released
into the circulation with three major pathophysio-
logical effects: renal vasoconstriction, direct cyto-
toxicity, and cast formation. Hypovolaemia and
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metabolic acidosis facilitate tubular precipitation
of myoglobin, besides causing tubular obstruc-
tion, may contribute to tubular epithelial cell 
injury through a probable haem-iron-mediated
lipid peroxidation mechanism. This latter process
further compromises the tubular fluid flow dy-
namics, and interferes with the complete clear-
ance of tubular haem proteins, thus initiating the
vicious cycle ultimately leading to ARF [14].
These are similar characteristics to clinical ARF. 

During recent years, several noninvasive in
vivo tracking molecular imaging techniques in-
cluding nuclear medicine, optical imaging and
MR imaging have been developed [22–24]. MR
technique holds promising advantages due to its
properties of wide imaging window, high tempo-
ral and spatial resolution, and good contrast but
without ionic radiation.

Recently, great progress in cell labelling tech-
niques using SPIO has been achieved [13, 25].
SPIO particles nanometric in size have several ad-
vantages described previously, which include
properties of biological degradation, ease of me-
tabolism and integration into the serum Fe pool
to form haemoglobin or enter other metabolic
processes [26], and have strong penetrating capa-
bility which makes it possible to cause signal
change in MR imaging at a super-low tracer con-
centration. Our previous study showed that the
SPIO particles we used in this study have a high
labelling rate and impact little influence on cells’
biological properties [13]. Several groups have
demonstrated the feasibility of in vivo tracking of
transplanted stem cells by magnetically labelling
them with SPIO particles [6–9]. Hauger [11] de-
tected intravenously injected MSCs homing to
focal areas of damaged glomeruli using 4.7-T
Micro-MR system. Although imaging with
micro-MR imaging systems may have more sensi-
tive and higher spatial resolution, Bos [7] demon-
strated that SPIO labelled MSCs in normal kid-
neys of rats injected intravascularly via renal ar-
tery can be followed using a conventional MRI
system. 

In the literature two approaches to in vivo MR
tracking for renal cell transplantation have been
reported [7, 11]: stem cells were injected into kid-
neys via either the renal arterial or intravenous in-
jection. Obviously, intravenous injection of the
cells is associated with the problem of a small
number of cells homing to the targeted organ as
well as the complicated mechanism of cell hom-
ing. Furthermore, the migration speed of the
grafted cells is slow. So this approach might not
be appropriate for cell therapy for diffuse acute
organ diseases such as ARF. Renal arterial admin-
istration of cells in contrast, has the advantage of
delivering a large amount of cells directly to the
organ and distributing them throughout the
whole kidney with a single injection. However,
single renal arterial injection can only delivery the
cells into one kidney directly. Administration of
cells into the abdominal aorta might distribute

the cells throughout both kidneys with a single
perfusion. Therefore, we developed a new ap-
proach of injecting MSCs into the abdominal
aorta above the renal arteries. It is expected that
this new technique might replace the two ap-
proaches mentioned above. The results of this
study indicate that this goal seems to have been
achieved. The MR imaging showed that the
MSCs injected into the suprarenal aorta distrib-
uted predominantly into the glomeruli in the
outer zone of the cortex of ARF kidneys. The dis-
tribution of MSCs lasted for 4 days after trans-
plantation, which might be related to mechanical
trapping in the glomerular tuft or specific hom-
ing. The results regarding renal function and
histopathology in this study were similar to those
of the previous experiments in the literature [4,
21] although the different approach of transplan-
tation and a different animal model were used.
Herrera demonstrated that MSCs injected intra-
venously homed to the kidney of mice with glyc-
erol-induced ARF and promoted the recovery of
renal damage [4]. The MSCs were found to be lo-
cated in the kidney cortex after injection into the
thoracic aorta of rats with ischaemia/reperfusion
ARF for 72 h, and the infusion of MSCs enhanced
recovery of renal injury [21]. No Prussian blue
staining-positive tubules and vascular endothelial
cells were demonstrated in 4 days after cell injec-
tion, which suggests that the transdifferentiation
process from the grafted MSCs into the renal tu-
bular epithelial cells was uncertain up to 4 days
post cell transplantation. However, the animals
administered with MSCs had less severe tubular
injury, more enhanced tubular proliferation and
regeneration indicated by increased PCNA ex-
pression, and better renal function compared to
those in the control group. Therefore, we are as-
sume that the renoprotective effect of MSC trans-
plantation during the early stages of ARF induced
by nephrotoxic injury is not mainly mediated by
transdifferentiation mechanism but via complex
paracrine actions. The finding that no significant
differences of renal function and histological find-
ings between the groups with labelled or unla-
belled MSCs indicate that SPIO labelling has lit-
tle influence on the cells’ biological properties in
vivo.

There were several limitations in this study.
Firstly, the number of animals used in this experi-
ment was small, which decreased the statistical
power of our results although it was sufficiently
large to obtain the main conclusion. Secondly, the
long-term fate of the MSCs in the rat model of
ARF was not observed due to the short-term fol-
low-up of 4 days. Thirdly, the MR imaging, for its
limited spatial resolution, failed to reveal the deli-
cate anatomical structures of the kidney, which
might reflect the cellular therapeutic outcomes,
and therefore it was impossible to correlate the
MRI findings with the histopathological findings
of the renal injury. 

In conclusion, this study demonstrates that
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MSCs intravascularly injected via abdominal
aorta mainly distribute within the renal glomeru-
lar capillaries. The effectiveness of renoprotection
is confirmed in a nephrotoxic ARF rat model.
However, our study suggests that the mechanism
of this renoprotective effect may not mainly de-
pend on the transdifferentiation from the trans-
planted stem cells into the target renal cells. Our
results indicate that MSCs’ vitality is not influ-
enced by SPIO labelling in vivo. 

There is no doubt that cellular therapy has
promising potential in renal disease, especially for
end-stage renal failure, ARF or chronic acute fail-
ure, etc. Apparently, this in vivo monitoring tech-
nique is useful for future investigation of cell
therapy in the kidney, especially in depicting in

vivo cells administrated by various approaches
into kidneys and for studying the renoprotective
mechanisms of cell therapy.

The authors thank Dr. Li Li for her efforts in Eng-
lish language revision of the manuscript.
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