










ceptibility of male F344 rats (unpublished observations), 40
min of clamping in these animals led to more severe renal
insufficiency, as evidenced by a rise in serum creatinine to
4.5 
 0.5 mg/dl in vehicle-treated rats at 24 h postischemia.
Animals infused with MSC immediately after reflow had
significantly lower serum creatinine (2.1 
 0.5 mg/dl) and
blood urea nitrogen levels (not shown) at 24 h after cell
injection (P � 0.002) compared with both vehicle- or fibro-
blast-treated animals (Fig. 3A). Rats were killed at 24 h for
scoring of renal injury, leukocyte infiltration, PCNA, and
TUNEL staining, respectively. Compared with control kid-
neys, kidneys from MSC-treated rats had significantly lower
injury scores (P � 0.004, Fig. 3B), similar leukocyte infiltra-
tion scores (not shown), a significantly higher PCNA staining
index (P � 0.023, Fig. 3C), and reduced numbers of apoptotic
cells on TUNEL assay (P � 0.0001, Fig. 3D).

Administered MSC are detected in the kidney by in vivo
microscopy. Infused MSC were tracked in ARF and control
kidneys in vivo, using two-photon laser-confocal microscopy
at the O’Brien Center (Indianapolis, IN). MSC were prelabeled
either with tetramethylrhodamine dextran, MW 10,000, ro-
bustly taken up by endocytosis and emitting a red fluorescence
signal, or CFDA, emitting a green fluorescence signal; renal
vessels then were either visualized by infusion of high-molec-
ular-weight FITC-dextran, MW 500,000, emitting a green
fluorescence signal, or albumin-rhodamine, emitting a red
fluorescence signal. Either combination of fluorophores facil-
itates a red-green combination with excellent color discrimi-
nation between labeled cells and intravascular markers, respec-
tively. Although observation depth with this microscope is

limited to �100 �m, infused, free-flowing cells were detected
in the renal microvasculature in ARF and control animals
immediately after administration, and occasional cells re-
mained firmly attached in an intravascular, subcapsular, and
occasional peritubular capillary location over the 30 min of
observation. In addition, a rare superficial glomerulus was
found to contain one or more MSC (Fig. 4).

Administered MSC are detected histologically in the dam-
aged kidney and other organs. To further evaluate the renal
delivery of intra-arterially infused, CFDA-labeled MSC, F344
rats with I/R ARF were killed 2, 24, and 72 h after cell
administration, and blood and organs were examined for the
presence of MSC by fluorescence microscopy and immuno-
staining. At all study times, peripheral venous blood did not
contain infused cells, indicating that they were rapidly cleared
from the circulation. However, administered cells were de-
tected by immunofluorescence microscopy in the kidney, liver,
lungs, bone marrow, and spleen at 2 h after infusion. Heart
tissue did not contain labeled cells at this time point. Almost all
MSC in the kidney were located inside glomerular capillaries
(Fig. 5). By 24 h, occasional cells were still detected in the
lung, whereas no cells were found in the kidney. At 72 h after
cell infusion, no cells could be detected in the kidney by
fluorescence microscopy.

To verify fluorescence results and to increase detection
sensitivity, we stained kidney sections of animals infused with
CFDA-labeled cells with an antibody against CFDA and visu-
alized cells with the DAKO envision kit. On confocal micros-
copy, renal sections from animals killed at 2 h after cell
injection showed MSC primarily in glomerular capillaries (Fig.

Fig. 3. Treatment of severe acute renal failure (ARF)
with MSC or fibroblasts. A: MSC administration im-
mediately after reflow to animals with severe ARF
(Fisher 344 rats) significantly improves renal function
at 24 h after clamping, whereas vehicle- and fibro-
blast-treated animals show no such response. P �
0.002, vehicle- vs. MSC-treated animals; P � 0.04,
fibroblast- vs. MSC-treated animals. P � 0.05, vehi-
cle- vs. fibroblast-treated animals. B: MSC adminis-
tration significantly lowered cortical and outer med-
ullary injury scores. C: MSC-treated rats showed
significantly higher numbers of proliferating cells,
whereas it simultaneously reduced the number of
apoptotic cells compared with controls (D). PCNA,
proliferating cell nuclear antigen; TUNEL, terminal
transferase-mediated dUTP nick-end labeling.
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Fig. 4. In vivo tracking of infused MSC by
2-photon laser confocal microscopy. A and
B: green-labeled MSC (arrows) attached in
peritubular capillaries within �10 min of
intra-arterial injection. Plasma is visualized
in red with rhodamine-albumin, and kidney
tubules show a granular, yellowish autofluores-
cence. C: MSC, red labeled with rhodamine-
dextran, are attached in a peritubular capil-
lary (arrow), and capillaries are visualized
with green FITC-dextran. D: at 24 h postre-
flow, single MSC (arrows) are detected in a
glomerulus (MSC stained red with rhodam-
ine-dextran, and nuclei stained blue with
Hoechst 33342).

Fig. 5. Two hours after infusion and reflow,
MSC are detected in glomeruli. A–C: glomer-
uli (dashed circles) with and without green-
labeled MSC. Approximately 60% of glomer-
uli (nuclei stained red with propidium iodide)
contained 2–10 labeled MSC [green fluores-
cent carboxy-fluorescein diacetate (CFDA)].
B: 3 glomeruli in the outer cortex, 2 of them
containing green-labeled MSC. D: immuno-
histochemistry for CFDA confirms the glo-
merular location of infused MSC (arrow),
and the specificity of the fluorescence images
in A–C. Magnification: �40 (A) and �20 (B
and C) using confocal microscopy; �20 (D).
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5, A–C), i.e., a pattern identical to that seen on two-photon
confocal microscopy above (Fig. 4). Confirmation by immu-
nocytochemistry of the above fluorescence data (Fig. 5, A–C)
is shown in Fig. 5D, where CFDA-positive MSC are clearly
detected in an intraglomerular location. Kidney sections from
animals killed at 24 and 72 h post-ARF showed no MSC in the
kidney.

Y chromosome fluorescence in situ hybridization and PCR.
Because CFDA and dextran are nongenetic markers, and be-
cause there is a small possibility of losing such a marker, we

sought to track administered MSC with a stable genetic
marker. Therefore, female rats with ARF were infused with
male CFDA-labeled cells, and the cells were visualized, in
addition, with Y chromosome fluorescence in situ hybridiza-
tion (FISH). FISH for the Y chromosome had a sensitivity of
�65% (Fig. 6), corresponding to published reports (29). We
did not detect any Y chromosome- and CFDA-positive cells at
24 h in the kidneys of MSC-infused animals, thereby corrob-
orating the negative results above.

To confirm the FISH data, we next performed Y chromo-
some PCR. The sensitivity of this method was 10
4 or 100
cells detected in a total of 106 cells that were screened (Fig. 7).
Organs of female rats infused with male MSC were harvested
at 24 h and at day 3 after infusion. Real-time quantitative PCR
with Y chromosome-specific primers showed amplification
only in the lungs at 24 h after cell infusion, whereas kidney,
liver, spleen, and bone marrow were negative, thereby further
corroborating our results above (Fig. 7).

Gene expression in MSC-infused kidneys. Due to the unex-
pectedly low numbers of infused cells detected in the kidney at
24 h and later, i.e., at a time when significant renoprotection
was clearly established, we sought to further elucidate potential
mechanisms whereby administered MSC exert their protective
effects. Because MSC are known to secrete growth factors and
have immunomodulatory properties, we screened kidneys, by
real-time quantitative RT-PCR, for changes in the expression
of growth factor-, inflammatory-, apoptosis-related and nitric
oxide synthase (NOS) genes (Fig. 8). Kidneys of animals
treated with MSC showed at 24 h post-cell administration a
highly significant reduction in the expression of genes encod-
ing the proinflammatory cytokines IL-1�, TNF-�, and IFN-�,
as well as inducible NOS (iNOS), whereas the anti-inflamma-
tory cytokine IL-10 was robustly expressed in MSC-treated
and not in vehicle-infused animals (Fig. 8A). The renal expres-
sion of VEGF-A, - B, - C, and -D, EGF, HB-EGF. IGF-I, and

Fig. 6. Y chromosome FISH of a kidney section from a male Fisher 344 rat.
Approximately 65% of the nuclei in this 4-�m section are Y chromosome
positive (red), examined by deconvolution microscopy; nuclei were stained
with 4�,6�-diamidino-2-phenylindole. Magnification: �40.

Fig. 7. Sensitivity of Y chromosome PCR assessed by serial
dilution. A: PCR for male MSC diluted in female leukocytes is
positive up to a dilution of 10
4. Dilution steps are marked by

2 to 
6, indicating a 10
2 to 10
6 dilution, respectively.
Lane 1, DNA size markers. NTC, nontemplate control. B: Y
chromosome PCR at 24 h after MSC infusion from a male
donor into female recipients with ARF. The only organ positive
for Y chromosome DNA was the lung (lane 2). Kidney cortex
and medulla as well as liver and spleen from 2 animals were
negative (lanes 3–11). Lane A, female DNA; lane B, male
DNA; lane 2, lung; lane 3, kidney cortex; lane 4, kidney
medulla; lane 5, liver; lane 6, spleen; lane 7, wound scar; lane
8, lung; lane 9, bone marrow; lane 10, liver; lane 11, spleen.
The gel was run following amplification with the Cepheid
real-time PCR SmartCycler.
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Fig. 8. Comparative gene expression ratios
in ARF kidneys of MSC- and vehicle-treated
animals, generated by referencing each gene
to �-actin as internal control. A: MSC treat-
ment caused significant (P � 0.05) suppres-
sion (�10-fold) of proinflammatory IL-1�,
TNF-�, and IFN-� (nos. above bars indicate
actual values). Anti-inflammatory IL-10 was
robustly expressed in MSC-, shown as an
arbitrary value, and not in vehicle-treated
animals. Filled bars on all panels depict gene
expression ratio of 1, i.e., a value obtained
when gene expression ratios between MSC-
and vehicle-treated animals are “equal.” Val-
ues above or below 1 indicate that gene
expression in MSC-treated animals has in-
creased or decreased compared with vehicle-
treated animals. B: MSC treatment caused
increased gene expression of bFGF and
TGF-�, whereas that of HGF was sup-
pressed. C: antiapoptotic Bcl-2 expression
was robustly induced, whereas that of induc-
ible nitric oxide synthase (iNOS) was sup-
pressed in MSC- vs. vehicle-treated animals.
eNOS, endothelial NOS.
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BMP-7 was essentially comparable in MSC- and vehicle-
treated animals. On the other hand, MSC-treated animals
showed a 10-fold reduction in HGF expression, whereas that of
bFGF increased 2.8-fold and that of TGF-� 8-fold (Fig. 8B).
The antiapoptotic Bcl-2 gene was only expressed in MSC-
treated but not in control animals, whereas there was no
significant difference in Bcl-XL, Bcl-XS, NF-�B, and endothe-
lial NOS expression between MSC- and vehicle-treated ani-
mals.

Gene expression in administered MSC and fibroblasts. As
shown in Fig. 2A, MSC infusion led to significant and prompt
renoprotection, whereas administration of fibroblasts or vehicle
had no such effect. We compared, therefore, the expression of
growth factor genes in MSC to that in fibroblasts (Fig. 9). MSC
exhibited significantly higher expression of IGF-I, which was
not expressed in fibroblasts, and higher expression of HGF,
VEGF-B, and VEGF-D. In contrast, the expression in MSC of
EGF, HB-EGF, BMP-7, and bFGF were lower than that in
fibroblasts.

Cytokine arrays. To test whether renal cytokine expression
profiles determined by PCR, as shown in Fig. 7, correspond
with actual tissue protein levels, we performed semiquantita-
tive protein assays with a cytokine array system (Fig. 10).
IFN-� and IL-1� levels were lower in treated animals corre-
sponding with PCR results, whereas levels of IL-10 were
similar, and those of TNF-� and VEGF were higher in MSC-
compared with vehicle-treated ARF animals (Fig. 10A). How-
ever, due to the large variance in the duplicate densitometric
data, none of the averaged results comparing MSC- and vehi-
cle-treated animals reached statistical significance. In addition,
MSC treatment caused lower intrarenal protein levels of GM-
CSF, IL-1�, leptin, MIP-3, and NGF-�, whereas a series of
other cytokine levels remained unchanged (Fig. 10B). The lack
of correlation between the results obtained by PCR and cyto-
kine array for IL-10, TNF-�, and VEGF is likely due to
different degradation times for the respective mRNAs and their
translation products, respectively.

DISCUSSION

The present study provides the first clear evidence that
therapy with MSC affords significant renoprotection in rats
with I/R ARF. Animals infused with MSC either immediately
or 24 h after reperfusion had significantly better renal function,
lower renal injury and apoptotic scores, and higher mitogenic

indices than vehicle-treated animals. This was demonstrated in
two different rat strains with moderate or more severe degrees
of ARF, respectively. In contrast, the administration of equal
numbers of syngeneic fibroblasts had neither renoprotective
nor adverse effects. Using in vivo and in vitro techniques,
infused MSC were detected in the kidney only early after
administration and were predominantly in glomeruli and at-
tached in peritubular capillaries. After 24 h, not any or only
exceptionally scarce numbers of MSCs were found in the
kidney, a pattern that essentially rules out the possibility that
significant numbers of infused MSC are retained in the kidney
where they could physically replace lost kidney cells by trans-
differentiation. This conclusion is furthermore supported by
the fact that there were no intrarenal transdifferentiation events
of MSC within 3 days of administration, whereas occasional
MSC-derived capillary endothelial cells were identified only
after 5–7 days (not shown). From this, we deduce that the
mechanisms that mediate the protective effects of MSC must
be primarily paracrine, as implied by their expression of
several growth factors such as HGF, VEGF, and IGF-I, all
known to improve renal function in ARF, mediated by their
antiapoptotic, mitogenic and other cytokine actions (24, 41).
Collectively, these as yet incompletely defined paracrine ac-
tions of MSC result in the renal downregulation of proinflam-
matory cytokines IL-1�, TNF-�, and IFN-�, as well as iNOS,
and upregulation of anti-inflammatory and organ-protective
IL-10 (8), as well as bFGF, TGF-�, and Bcl-2. The lack of
renoprotection obtained by infused fibroblasts may be due, at
least in part, to the fact that MSC exhibit a comparatively
higher expression of VEGF, HGF, and IGF-I, therefore sug-
gesting that the combined delivery, by MSC, of these factors
appears to result in superior renoprotection than that obtained
with the growth factors that are more highly expressed by
fibroblasts (EGF, HB-EGF, BMP-7, bFGF).

The current studies were conducted in rodents with I/R ARF,
an extensively investigated, albeit imperfect model of the most
common and the most treatment-resistant type of clinical ARF
(17). In this model, when the injury is of modest intensity, the
decrease in renal function immediately following I/R injury is
maximal at 24–48 h, followed within several days by almost
complete normalization of renal function. Morigi et al. (20),
using rodents with cisplatinum-induced ARF, showed that
administration of MSC improved renal function, and MSC
appeared to directly contribute to the reconstitution of renal

Fig. 9. Comparison of growth factor expression
profiles between MSC and embryonic fibroblasts
used in cell treatment studies. Gene expression ra-
tios above or below 1 indicate that a given gene is
expressed more or less in MSC than in fibroblasts,
respectively. MSC express IGF-I, fibroblasts do not;
MSC express higher levels of VEGF-B, VEGF-D,
and HGF but lower levels of EGF, HB-EGF,
BMP-7, and bFGF.
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epithelium by transdifferentiation. However, these investiga-
tors did not demonstrate that the observed transdifferentiation
of MSC is the actual mechanism of renoprotection, and they
presented no data regarding the actual numbers of donor cells
that undertook the tubular repair.

There has been much debate about transdifferentiation of
bone marrow-derived cells and a number of contradicting
reports have been published showing either “transdifferentia-
tion” or not (3, 25). It may be important, in this context, that the
kinetics of the cisplatinum model are fundamentally different
from those of the I/R model. Specifically, in this nephrotoxic
model maximal injury occurs on day 7 after cisplatinum
application, which, at least in theory, provides the earlier
infused MSC significantly more time to transdifferentiate into
renal target cells. In contrast, we obtained significant functional
improvement in severe ARF as early as 24 h following reflow
and infusion of MSC, i.e., at a time point that would be too
early, as we show here, for tubular replacement to occur via
transdifferentiation of administered stem cells.

Intravenous or intra-arterial infusion of MSC results in
entrapment of administered cells in capillary beds of most
organs, but most prominently in the lung, and also in the liver
as late as 48 h postinfusion (13). We were, however, unable to
reproduce the latter observation. This entrapment of MSC
likely occurs because of the relatively large size of these cells,

averaging �20–30 �m in diameter. Overall, in normal ani-
mals, administered MSC have not been found to remain de-
tectable beyond a few days in organs other than the bone
marrow (9).

Having documented in the present study the rather early
therapeutic efficiency of MSC in ARF, which makes direct,
physical replacement of damaged resident cells by donor cells
unlikely, we next investigated alternative, differentiation-inde-
pendent mediator mechanisms that could explain the renopro-
tective effects of these cells. MSC are known to have incom-
pletely understood immunomodulatory properties that result in
the inhibition or modulation of the T cell response, and they
secrete various growth factors and cytokines (1, 7). T cell
responses are likely involved in the pathogenesis of ARF, and
their modulation by MSC might be a possible mechanism of
protection, i.e., analogous to the observations made by Yokoto
et al. (40). We observed significant differences in cytokine and
growth factor expression in MSC-treated kidneys, likely the
direct or secondary result, via primary improvement of kidney
injury, of this therapy. Expression of proinflammatory cyto-
kines IL-1�, TNF-�, IFN-�, as well as iNOS, was reduced,
whereas anti-inflammatory IL-10 was upregulated. Expression
of known renoprotective growth factors bFGF, TGF-�, and
antiapoptotic Bcl-2 was increased in MSC-treated kidneys,
whereas HGF, highly expressed in MSC, was surprisingly

Fig. 10. Cytokine protein arrays in vehicle-
and MSC-treated ARF kidneys. A: renal IFN-�
and IL-1� protein levels were lower in MSC-
treated animals, corresponding with PCR re-
sults in Fig. 7A, whereas levels of IL-10 were
similar and those of TNF-� and VEGF were
higher in MSC compared with vehicle-treated
ARF animals. However, because of large data
variance none of the differences were statisti-
cally significant. B: MSC treatment reduced,
but not statistically significantly, intrarenal
protein levels of GM-CSF, IL-1�, leptin,
MIP-3, and �-NGF, whereas a series of other
cytokine levels remained unchanged.
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downregulated. Infused fibroblasts, as we show, express high
levels of a different spectrum of known renoprotective growth
factors, such as EGF, HB-EGF, BMP-7, and bFGF. However,
they lacked therapeutic efficiency in ARF, possible due to
these differences in the types and mix of growth factors
expressed by MSC and fibroblasts, respectively. As already
pointed out above, an additional explanation for the therapeutic
superiority of MSC may be their immunomodulatory capacity
that fibroblasts lack (1). Finally, in contrast to whole kidney
changes, relatively little is known to date about microenviron-
mental modifications in growth factor and cytokine expression
and their secretion by sublethally injured or stressed resident
cells in I/R ARF. In addition, it is furthermore likely that milieu
changes at sites of injury induce the synthesis and secretion of
additional factors that are currently unknown or not readily
assayable.

The tracking of administered MSC in the kidney is critical to
the interpretation of our experimental results. It has been
argued that genetic markers like the Y chromosome or eGFP
are superior to nongenetic tracking methods. However, the
utility of eGFP as a cell marker is also limited because the
kidney possesses intensive autofluorescence, which makes it
difficult to detect eGFP-positive MSC unless confocal micros-
copy is used. �-Gal, another cell marker, has been shown to
yield false positive results when pH is not strictly controlled
during histological processing (11). In the present studies, we
avoided inadequate sensitivity of a single-cell tracking method
by utilizing both genetic and nongenetic cell-tagging tech-
niques. We found that there was complete agreement in the
data obtained with either approach, indicating that combining
different labeling techniques and molecular assays achieves
maximal sensitivity and highest possible specificity for track-
ing of MSC in the kidney. Although we did not detect trans-
differentiation events during the 72-h period of observation, it
is possible that cell transdifferentiation and integration may be
important at later stages of organ repair. Additional studies are
needed to further validate the individual or combined impor-
tance of paracrine and transdifferentiation mechanisms in ARF.

The primary advantage of MSC for utilization in cell therapy
is the ease with which they can be harvested from the bone
marrow, isolated by plastic adherence, expanded in culture,
genetically engineered, differentiated, and handled in vitro
(28). However, in vitro manipulations may also alter or influ-
ence their natural phenotype, leading to different, as yet unde-
fined activities and responses. To control for this possibility,
we regularly tested the canonical ability of cultured MSC to
undergo lipogenic and osteogenic differentiation; i.e., we con-
firmed with this approach that subsequently administered cells
had retained the characteristics of MSC.

There are currently no reports showing adverse effects of
adult stem cells used in cell therapy. Although this suggests a
great advantage over embryonic stem cells, which have been
documented to give rise to teratomas, long-term studies will
have to be conducted to prove that no adverse effects occur
after in vivo administration of adult MSC.

In summary, our present studies clearly demonstrate that
administration of MSC to animals with I/R ARF is highly
renoprotective and that these beneficial effects are predomi-
nantly mediated, as our data suggest, by paracrine rather than
transdifferentiation-dependent mechanisms. Our observations
are furthermore compatible with the notion that the potentially

unique mix of growth factors elaborated by MSC may explain
their significant renoprotective activity that is not obtained with
fibroblasts, cells that express a different growth factor spec-
trum. The collective and individual renoprotective capacity of
cytokines temporarily released by MSC is currently undergo-
ing investigation. It is surprising that the very transient pres-
ence of MSC in the injured kidney, as we document, is
sufficient to greatly ameliorate the course of I/R ARF. Protec-
tive and repair mechanisms that are activated by MSC resem-
ble those that can be induced by individual growth factors in
experimental ARF. We documented antiapoptotic, mitogenic,
and anti-inflammatory responses, evidenced by both improved
tissue scores and changes in the expression of mechanism-
specific genes. Whether the renoprotective and gene-modulat-
ing effects of MSC are primary actions that are humorally
elicited by these cells or whether they result from the improve-
ment of tissue injury by as yet unknown factors released by
them remains to be determined. Future studies will also have to
define the possible contribution to organ protection made by
the immunomodulatory effects of MSC.

In conclusion, we believe that successful treatment of I/R
ARF with MSC demonstrated herein holds substantial promise
for the development of novel, MSC-based interventions that
can improve the treatment of severe, and still largely therapy-
resistant, clinical ARF that results from I/R injury. Pluripotent
MSC, because of their versatility and the ease with which they
can be harvested from the bone marrow, culture expanded, and
engineered, appear to be a particularly well-suited stem cell
type for these clinical indications.
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