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Zoja C, Garcia PB, Rota C, Conti S, Gagliardini E, Corna D,
Zanchi C, Bigini P, Benigni A, Remuzzi G, Morigi M. Mesenchymal
stem cell therapy promotes renal repair by limiting glomerular podocyte
and progenitor cell dysfunction in adriamycin-induced nephropathy. Am
J Physiol Renal Physiol 303: F1370–F1381, 2012. First published Sep-
tember 5, 2012; doi:10.1152/ajprenal.00057.2012.—We previously re-
ported that in a model of spontaneously progressive glomerular injury
with early podocyte loss, abnormal migration, and proliferation of glo-
merular parietal epithelial progenitor cells contributed to the formation of
synechiae and crescentic lesions. Here we first investigated whether a
similar sequence of events could be extended to rats with adriamycin
(ADR)-induced nephropathy. As a second aim, the regenerative potential
of therapy with bone marrow-derived mesenchymal stem cells (MSCs)
on glomerular resident cells was evaluated. In ADR-treated rats, decrease
of WT1� podocyte number due to apoptosis was associated with reduced
glomerular expression of nephrin and CD2AP. As a consequence of
podocyte injury, glomerular adhesions of the capillary tuft to the Bow-
man’s capsule were observed, followed by crescent-like lesions and
glomerulosclerosis. Cellular components of synechiae were either
NCAM� parietal progenitor cells or nestin� podocytes. In ADR rats,
repeated injections of MSCs limited podocyte loss and apoptosis and
partially preserved nephrin and CD2AP. MSCs attenuated the formation
of glomerular podocyte-parietal epithelial cell bridges and normalized the
distribution of NCAM� progenitor cells along the Bowman’s capsule,
thereby reducing glomerulosclerosis. Finding that MSCs increased glo-
merular VEGF expression and limited microvascular rarefaction may
explain the prosurvival effect by stem cell therapy. MSCs also displayed
anti-inflammatory activity. Coculture of MSCs with ADR-damaged
podocytes showed a functional role of stem cell-derived VEGF on
prosurvival pathways. These data suggest that MSCs by virtue of their
tropism for damaged kidney and ability to provide a local prosurvival
environment may represent a useful strategy to preserve podocyte via-
bility and reduce glomerular inflammation and sclerosis.

mesenchymal stem cells; podocytes; parietal epithelial progenitor
cells; renal repair; adriamycin nephropathy; vascular endothelial
growth factor

CHRONIC KIDNEY DISEASES (CKD) are emerging as a global threat
to public health, with an estimated prevalence of 11% of the
adult population in Western industrialized nations (17). CKD
requiring renal replacement therapy, i.e., dialysis or renal
transplantation, are rising sharply. Renal transplantation is
limited by organ shortage, and in the next decade, the cost for
dialysis will become unbearable even in the most developed

countries (22). Although considerable gains have been ob-
tained in retarding progression of CKD by renin-angiotensin
system blockade in a significant proportion of patients, the
therapeutic goal of arresting CKD progression to end-stage
renal disease remains unfulfilled.

The kidney has been classically considered as an organ with
minimal cellular turnover and low capacity for regeneration.
The identification of renal stem/progenitor cells has challenged
this view. Cellular therapies or regenerative treatment for the
injured kidney targeting progenitors represent an innovative
strategy. A population of glomerular progenitor cells localized
along the Bowman’s capsule with the potential to regenerate
podocytes has been described in humans (39, 40). Clinical and
experimental evidence indicates that depending on the cause
and associated environmental factors, damage and loss of
podocytes are critical determinants in the progression of glo-
merular diseases to hyperplastic and/or sclerotic lesions (44,
45). In a rat model of spontaneously progressive glomerulopa-
thy, we (3) recently documented an aberrant migration and
proliferation of glomerular parietal progenitor cells, reflecting
dysregulation of their ability to restore lost podocytes, that
contributed to crescent formation and glomerulosclerosis. In
this model, the ACE inhibitor by moderating progenitor cell
activation restored glomerular architecture and limited renal
disease progression. On the other hand, stem cell-based therapy
exploiting the stem cell peculiar properties of renal tropism and
regenerative capability may also contribute to kidney repair.
Bone marrow-derived mesenchymal stem cells (MSCs), or
stromal cells, are a source of multipotent cells having the
potential of tissue regeneration in experimental models of
myocardial infarction (24, 33, 47), neurological disease (51),
and acute kidney injury (19, 21, 30, 31). We showed that
infusion of murine (21, 30) and human MSCs (31) in mice with
acute kidney injury decreased renal tubular injury and amelio-
rated renal function impairment, which translated into reduced
animal mortality. The mechanism underlying renoprotection
and renal repair was ascribed to local production of regenera-
tive and prosurvival factors including insulin-like growth fac-
tor-1 by MSCs (21), rather than their differentiation into renal
cells. In rat models of ischemia/reperfusion injury, MSCs
released at the site of their engraftment, factors with antiapo-
ptotic, anti-inflammatory and angiogenic properties (49, 50).
Among these, vascular endothelial growth factor (VEGF) was
recognized as an important mediator of MSC-induced renopro-
tection to the extent that silencing of VEGF by small-interfer-
ing RNA reduced effectiveness of MSC and decreased survival
in rats with acute kidney injury (48).
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The therapeutic potential of MSCs in animal models of
chronic nephropathies has not been completely established so
far. MSC treatment improved interstitial fibrosis and loss of
peritubular capillaries, but it failed to prevent the progression
of CKD in mice with Alport disease (34). Infusion of MSCs in
rats with 5/6 nephrectomy partially preserved renal function
and attenuated glomerulosclerosis (7) and interstitial fibrosis
(41). Early treatment with MSCs blunted glomerulosclerosis in
an adriamycin (ADR) model of nephropathy, while it failed to
modify proteinuria and progression of renal failure (28).

In the present study, we first investigated in the rat model of
ADR-induced nephropathy, whether glomerular podocyte in-
jury was associated with dysfunction of glomerular parietal
epithelial progenitor cells, as recently documented in a model
of spontaneous glomerulopathy (3). We then evaluated if
treatment of nephrotic rats with ex vivo expanded bone mar-
row-derived MSCs, a cell source of prosurvival and angiogenic
factors, had regenerative effects on cells of distinct glomerular
compartments as podocytes, parietal epithelial cells (PECs),
and endothelial cells.

MATERIALS AND METHODS

Isolation of Rat MSCs

MSCs were obtained from bone marrow of 2-mo-old male Lewis
rats (Charles River), as previously described (13). Briefly, bone
marrow was flushed from the shaft of the bone and filtered through a
100-�m sterile filter (BD Biosciences, Milan, Italy). Filtered bone
marrow cells were plated in �-MEM (Invitrogen, Paisley, Scotland)
plus 20% FCS (Invitrogen) and penicillin-streptomycin (100 U/ml to
0.1 mg/ml; Invitrogen) and allowed to adhere for 24 h. After 2 to 3
wk, subconfluent cells were detached by trypsin-EDTA (0.5 to 0.2 g/l;
Invitrogen). The MSC preparation used for the in vivo experiments
derived from a pool of MSCs obtained by bone marrow collected from
12 Lewis rats. FACS analysis revealed that MSCs were negative (98%
negative cells) for the hematopoietic marker CD45 (anti rat-CD45 Ab,
BD Pharmingen). MSCs were characterized for their capability to
differentiate toward adipocytes and osteocytes as shown in Fig. 1, A
and B.

Adipogenesis. MSCs were incubated for 3 wk with 5 �g/ml insulin,
10�6 M dexamethasone, 0.5 �M isobutylmethylxanthine, and 50 �M
indomethacin. Then, cells were fixed with 10% formalin, and oil red
O staining was used to visualize the accumulation of lipid droplets
into the cell vacuoles (Fig. 1A).

Osteogenesis. Cultures were fed twice a week for 3 wk with 10 mM
�-glycero-phosphate, 0.2 mM ascorbic acid 2-phosphate, and 10�8 M

dexamethasone. Then, the cells were fixed and extensive mineraliza-
tion of the extracellular matrix was visualized by alizarin red S (all
reagents were from Sigma-Aldrich, St Louis, MO; Fig. 1B).

Rat Model of ADR-Induced Nephropathy

Male Lewis rats (Charles River Laboratories Italia, Calco, Italy),
with initial body weights of 200–250 g, were used. Animal care and
treatment were in accordance with institutional guidelines in compli-
ance with national (D.L. n.116, G.U., suppl 40, 18 February 1992,
Circolare No. 8, G.U., 14 July 1994) and international laws and
policies (EEC Council Directive 86/609, OJL 358, Dec 1987; NIH
Guide for the Care and Use of Laboratory Animals, U.S. National
Research Council, 1996). Animal studies were submitted to and
approved by the Institutional Animal Care and Use Committee of
“Mario Negri” Institute (Milan, Italy). Animals were housed in a
constant temperature room with a 12:12-h dark-light cycle and fed a
standard diet. Disease was induced by a single dose of ADR (5 mg/kg;
Pfeizer Italia, Latina, Italy) by tail-vein infusion. ADR-treated rats
were intravenously injected with saline (n � 16) or MSCs (2 � 106

cells; n � 16) derived from bone marrow of male Lewis rats, at
different times after ADR, i.e., 36 and 60 h and 3, 5, 7, 14, and 21
days, to ensure the presence of MSCs in the kidney during time.
Before injection, MSCs were labeled with PKH-26 red fluorescence
cell linker (Sigma-Aldrich). In selected experiments, ADR-treated rats
(n � 3) were injected with MSCs labeled with polymeric large
nanoparticles (fluoNP). Labeled MSCs were washed twice with saline
and resuspended in saline for the injection in ADR-treated rats. Six
normal rats intravenously injected with saline served as controls.
Twenty-four-hour urine samples were collected using metabolic
cages, and proteinuria was determined by the Coomassie protein assay
(Sigma Aldrich). Serum creatinine was measured by the Reflotron test
(Roche Diagnostics, Indianapolis, IN). Rats were killed at 3, 9, 16,
and 30 days after ADR, and kidneys were removed for histology and
immunohistochemistry analysis.

Identification of Labeled MSCs

To study intrarenal localization, rat MSCs were labeled with
PKH-26 red fluorescence cell linker (Sigma-Aldrich) before injection
into ADR-treated rats. Labeling efficiency was assessed to be �98%.
Viability evaluated by Trypan blue exclusion was �96%. Rats were
killed at different times, and kidney samples were fixed in parafor-
maldehyde-lysine-periodate and sections stained with FITC-labeled
lectin wheat germ agglutinin (WGA; Vector Laboratories, Burlin-
game, CA) and DAPI (Sigma-Aldrich). Slides were analyzed for
PKH-26-positive cells. A number of nine sections per rat (n � 3 rats)
were analyzed, and PKH-26-positive cells were counted. Data were
expressed as number of PKH-26-positive cells/100,000 renal cells. In

Fig. 1. A: representative micrograph of rat mesenchymal stem cells (MSCs) showing differentiation into adipocytes as visualized by intracellular lipid vacuoles
detected with oil Red O staining. B: differentiation toward osteocytes is indicated by the formation of calcium-rich hydroxyapatite detected with alizarin red.
C: representative image of fluo-NP-labeled MSCs (red) costained with Hoechst 33258 for cell nuclei (blue). Original magnification: �400.
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addition, we evaluated the presence of MSCs into the damaged kidney
by tracking MSCs with polymeric 200-nm large nanoparticles (flu-
oNP, kindly provided by Dr. Davide Moscatelli, Politecnico di Mi-
lano, Italy) in which the dye rhodamine-B was covalently bounded to
the polymer to avoid the risk of leakage of the fluorescent compound
once injected in animals. Briefly, MSCs were incubated for 72 h with
polymeric nanoparticles (35 �g/ml). At the end of the incubation,
MSCs were resuspended in sterile saline and injected into the tail vein
of ADR-treated rats (n � 3). To verify the efficiency of the labeling,
a small aliquot of MSCs was fixed with 4% paraformaldehyde in PBS,
costained with Hoechst 33258, and visualized with an Olympus
Fluoview microscope BX61 with confocal system FV500 (Fig. 1C).
FACS analysis was used to quantify the number of fluoNP-labeled
MSCs in the kidneys of ADR-treated rats killed at 3 days. Briefly,
kidneys were minced and digested with collagenase IV (300 U/ml;
Worthington Biochemical, Lakewood, NJ) for 45 min at 37°C. The
cell suspension was filtered through a 100-�m sterile filter and
washed with PBS, and red emission for nanoparticles was analyzed by
using BD FACSCanto II (BD Biosciences). Kidneys isolated from
ADR-treated rats that did not receive fluoNP-labeled MSCs were used
as negative control.

Renal Morphology

Kidney samples were fixed in Duboscq-Brazil. Paraffin-embedded
sections (3-�m) were stained with periodic acid-Schiff reagent. At
least 15–20 glomeruli were examined for each rat, and the extent of
synechiae was expressed by giving a score from 0 to 4 related on the
percentage of glomerular tuft occupied by the lesions (0: no lesions;
1: lesions affecting 	25% of the glomerulus; 2: lesions affecting �25
to 50% of the glomerulus; 3: lesions affecting �50 to 75% of the
glomerulus; and 4: lesions affecting �75 to 100% of the glomerulus).
Data are expressed as percentage of glomeruli with different degree of
lesions (synechiae and more extensive adhesions). To evaluate the
extent of glomerular sclerosis, an average of 35 glomeruli was
examined and data were expressed as glomerular sclerosis index. Each
glomerulus was scored according to the extension of sclerotic changes
as follows: 0 � absence of sclerosis; 1 � sclerotic changes affecting
	25% of glomerular tuft area; 2 and 3 � lesions affecting �25 to
50% and �50 to 75% of the tuft; and 4 � lesions exceeding 75% of
the tuft. The average glomerulosclerosis index in each animal was
then calculated by the weight-average of each class (10). All renal
biopsies were analyzed by the same pathologist who was unaware of
the nature of the experimental groups.

Immunohistochemistry

For immunofluorescence experiments, sections (3-�m) from para-
formaldehyde-lysine-periodate-fixed kidney specimens were ana-
lyzed. After antigen unmasking and blocking of nonspecific sites,
sections were incubated with the following primary antibodies: rabbit
anti-Wilm’s tumor 1 (WT1; 2 �g/ml in PBS, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), goat anti-nephrin (0.2 �g/ml in PBS; Santa
Cruz), rabbit anti-CD2AP (0.2 �g/ml in PBS; Santa Cruz), rabbit
anti-claudin1 (undiluted, Thermo Scientific, Rockford, IL), mouse
anti-nestin (1:100; BD Biosciences), mouse anti-NCAM (1:2, Devel-
opmental Studies Hybridoma Bank, University of Iowa), and mouse
anti-rat endothelial cell antigen (RECA-1; 1:100, R&D Systems,
Oxon, UK). Then, the sections were incubated with the appropriate
secondary antibodies (Jackson Immunoresearch). Slides were coun-
terstained with DAPI (Sigma-Aldrich), and those incubated with
anti-WT-1 antibodies were counterstained with FITC-labeled WGA
(Vector Laboratories). Some sections were coincubated with anti-
WT1 and anti-nestin antibodies. Double and triple fluorescence label-
ing were analyzed by an inverted confocal laser scanning microscope
(LS 510 Meta; Zeiss, Jena, Germany), and 30 random images for each
sample were acquired. Glomerular expression of the podocyte-asso-
ciated proteins nephrin, CD2AP, and nestin was estimated by calcu-

lating the proportion of area occupied by the staining within each
glomerulus, using NIH ImageJ software and a Mac OS PC (Apple
computer, Cupertino, CA). At least 30 randomly chosen glomeruli per
section were analyzed. To evaluate whether MSCs acquired a podo-
cyte phenotype, in some experiments kidney sections from ADR-
treated rats injected with PKH-26-labeled MSCs (day 16) were
stained with anti-WT1 antibody followed by Cy5-donkey anti rabbit
antibody (Jackson Immunoresearch).

A mouse monoclonal antibody (1:100; Chemicon, Temecula, CA)
was used for the detection of monocyte/macrophage ED-1 surface
antigen by alkaline phosphatase-Fast Red technique on paraffin-
embedded sections (55). ED-1-positive cells were counted in at least
30 randomly selected glomeruli (�400) per each animal.

Immunoperoxidase method (4) was employed for detection of
VEGF using goat anti-VEGF antibody (1:10; R&D Systems) that
detects rat VEGF164. Intensity of glomerular VEGF signal was graded
on a scale of 0 to 3 (0, no staining; 1, weak staining, 2; staining of
moderate intensity; and 3, strong staining). Negative controls were
obtained by omitting the primary antibody on adjacent sections (data
not shown).

Morphometrical Analysis

Glomerular podocytes were identified as cells positive for WT1.
Estimation of glomerular volume was performed using a computer-
based image analysis system (Mac OS09; Apple Computer) as previ-
ously described (27). Mean value of glomerular volume and the
estimation of the average number of podocytes per glomerulus were
determined by the stereological method of particle density proposed
by Weibel (53).

Volume density of glomerular endothelial cells was estimated as
area density occupied by RECA-1 staining. Twenty renal sections per
rat were digitalized using an inverted confocal laser microscopy
(original magnification, �630; LSM 510 Meta; Carl Zeiss, Jena,
Germany). Each image (512 � 512 pixels) was digitally overlapped
with an orthogonal grid composed of 2,500 points (ImageJ; NIH,
Bethesda, MD). The volume density of endothelial cells was calcu-
lated as the ratio of the number of grid points hitting RECA-1 staining
to the total number of grid points falling into the total area occupied
by the glomerulus.

Apoptosis

Apoptosis was detected by enzymatic labeling of DNA strand
breaks using a terminal deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate nick end-labeling (TUNEL) assay (Roche
Diagnostics). Nuclei were labeled by DAPI. Podocytes were identified
by WT-1 staining, as described above. Triple fluorescence labeling
was analyzed by an inverted confocal laser scanning microscope
(LSM 510 Meta; Carl Zeiss), and 30 random images for each sample
were acquired.

Western Blot Analysis

Frozen kidney tissues were homogenized in lysis buffer (50 mM
Tris·HCl pH 8, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, and 0.1% SDS) containing the Halt protease inhibitor
cocktail (Thermo Scientific, Rockford, IL). Protein concentration was
determined using the bicinchoninic acid assay (Thermo Scientific)
following the manufacturer’s instructions. The samples (50 �g) were
resolved on 7–15% SDS-polyacrylamide gel and transferred to nitro-
cellulose membrane. After blocking, membranes were incubated 4°C
overnight with anti-VEGF164 antibody (1:200; R&D Systems) or
anti-�-tubulin antibody (1:4,000; Sigma-Aldrich) and with an appro-
priate secondary antibody (Sigma-Aldrich). Protein bands were de-
tected by supersignal chemiluminescent substrate (GE Healthcare)
and quantified using NIH ImageJ software. The amount of VEGF
protein was calculated relative to the level of �-tubulin.
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In Vitro Experiments

Immortalized mouse podocytes (obtained from Dr. Peter Mundel,
Dept. of Medicine, Mount Sinai School of Medicine, New York, NY)
were grown and differentiated as described (32). Murine MSCs were
obtained from bone marrow of 2-mo-old male C57BL6/J mice as
previously reported (30). Cells were plated and grown in DMEM plus
10% FCS and penicillin-streptomycin (100 U/ml to 0.1 mg/ml). After
2 to 3 wk, subconfluent (80%�90%) cells were detached by trypsin-
EDTA (0.5 to 0.2 g/l; Invitrogen) and immunodepleted of CD45-
positive cells (30). For coculture experiments, podocytes were seeded
at 23 � 103 cells/cm2 and 14 days later were incubated with RPMI
(Invitrogen) plus 10% FCS (test medium) alone or in the presence of
1.5 �M ADR (Pfeizer) for 6 h. After drug withdrawal, podocytes were
incubated with test medium or with MSCs at the density of 23 � 103

cells/cm2 (1:1) for 72 h, and then total viable cells were counted by
trypan blue dye exclusion (Sigma-Aldrich). The number of adherent
podocytes was obtained by counting total viable cells in coculture
subtracted of MSC number. The percentage of viable podocytes in
each sample was calculated vs. control podocytes imposed as 100%.
The role of VEGF was studied by adding to ADR-treated podocytes
cocultured with MSCs, functional blocking anti-VEGF antibody (10
�g/ml; R&D Systems) for 72 h. In additional samples, exogenous
recombinant mouse VEGF-A (40 ng/ml; Immunotools, Germany) was
added to podocytes treated with ADR. It was previously shown that
differentiated murine podocytes express VEGF receptors (16, 18, 46).

Apoptosis Assay

Apoptosis was assessed by studying the expression of cytocrome c
at 3, 15, and 24 h after ADR incubation in cultured cells fixed with 2%
paraformaldehyde and 4% sucrose for 10 min. Cells were permeabil-
ized, incubated with blocking solution, and then with anti-cytochrome
c antibody (1:100; BD Bioscience) followed by secondary antibody
(FITC goat anti-mouse IgG). Nuclei were counterstained with DAPI.
Apoptotic podocytes are expressed as percentage of cells with cyto-
crome c in the cell cytosol per total cells.

Apoptosis was also evaluated by assessment of cleaved caspase-3
at 3 and 15 h after ADR incubation. Cells were permeabilized and
incubated with blocking solution and then with anti-cleaved caspase-3
antibody (1:400; Cell Signaling, MA) followed by an appropriate
secondary antibody (FITC donkey anti-rabbit IgG). Cells were ana-
lyzed by FACS at 488 nm excitation, green emission for cleaved
caspase-3. Data are expressed as percentage of apoptotic cells.

Western Blot Analysis

The expression of Akt and pAkt was studied in control podocytes
exposed to medium, in ADR-treated podocytes incubated with me-
dium, exogenous VEGF-A (40 ng/ml), or with MSC-conditioned
medium (24-h conditioned medium) for 72 h. Podocytes were lysed
with lysis buffer (20 mM Tris·HCl pH 7.5, 1% Triton X-100, 25 mM
NaCl, 1.5 mM EDTA, 50 mM NaF, and 15 mM Na4P2O7) containing
protease inhibitor (Complete, Roche Diagnostic). Protein lysates were
separated on 10% polyacrylamide gel by SDS-PAGE (Bio-Rad, Mi-
lan, Italy) and transferred to nitrocellulose membrane. After blocking,
membranes were incubated overnight with primary antibodies against
Akt or p-Akt Ser473 (1:1,000; Cell Signaling Technology, Danvers,
MA) and with an appropriate secondary antibody (Sigma-Aldrich).
Protein bands were detected by supersignal chemiluminescent sub-
strate (GE Healthcare, UK).

Statistical Analysis

Results are expressed as means 
 SE. Data were analyzed by
nonparametric Mann-Whitney test or Kruskal-Wallis test for multiple
comparisons followed by Ryan’s procedure or by ANOVA test
coupled with Bonferroni post hoc analysis, as appropriate. The sta-
tistical significance level was defined as P 	 0.05.

RESULTS

In Vivo Studies

Glomerular changes in rats with ADR nephropathy. Glo-
merular podocytes are target of injury in a variety of kidney
diseases (42, 54), and reduction of podocyte number is fol-
lowed by glomerular parietal epithelial progenitor cell migra-
tion and proliferation to regenerate lost cells (25). Here, we
characterized changes occurring in podocytes and PECs in rats
with ADR nephropathy during time. To determine whether
podocyte number was reduced following ADR treatment, triple
labeling of glomeruli with WT1, a podocyte-specific marker
that localizes in nuclei of podocytes appearing red, fluorescein-
WGA (lectin) that stains the glomerular capillaries, and DAPI
that stains all cell nuclei was performed. Superimposed images
of WT1 and DAPI showed less pink staining of podocyte
nuclei in glomeruli of ADR-treated animals compared with
glomeruli from control rats (Fig. 2A). By morphometric anal-
ysis, a significant decrease in the number of WT1-positive cells
was observed after ADR injection, starting from 3 days, with
respect to control rats (ADR, day 3: 129.57 
 3.56; day 9:
127.01 
 2.83; day 16: 122.84 
 5.37 vs. control, 221.99 

5.66 podocytes/glomerulus; P 	 0.01). Podocyte loss in re-
sponse to ADR was confirmed by immunostaining with nestin,
a specific marker of podocytes (glomerular area percentage:
ADR, day 3: 10.25 
 4.16% vs. control, 16.00 
 0.75%; P 	
0.01). Loss of podocytes in ADR-treated rats was coupled to
slit diaphragm protein alterations, as documented by reduced
and discontinuous staining of nephrin (Fig. 2B), which func-
tions to maintain slit pore integrity and renal filtration capacity
(52) (glomerular area percentage: ADR, day 9: 1.69 
 0.05 vs.
control 10.84 
 0.41%; P 	 0.05), and by decreased expres-
sion of CD2AP (Fig. 2C) a protein associated to nephrin (43)
(glomerular area percentage: ADR, day 9: 2.85 
 0.43 vs.
control, 15.06 
 0.23%; P 	 0.05).

Given the reduction in podocyte number in response to ADR
administration, the TUNEL assay was next performed to es-
tablish whether apoptosis could account for podocyte depletion
in these animals. A high number of apoptotic podocytes, as
identified by double-staining for TUNEL and WT1, was de-
tected in the renal tissue of ADR rats given saline, at variance
with kidneys from control rats where no apoptotic podocytes
were detected (ADR, day 3: 17.8 
 0.54; day 9: 16.79 
 0.78;
day 16: 15.34 
 0.61 vs. control, 0 TUNEL/WT1-positive
podocytes/glomerulus).

As a consequence of ADR-induced podocyte injury, glomer-
ular adhesions of the capillary tuft to the Bowman’s capsule
(synechiae) were observed starting from 16 days and were
followed by crescents-like lesions at 30 days (Fig. 3A). The
phenotype of cells contributing to early lesions of ADR-treated
rats was then assessed by studying the expression of claudin1,
an intercellular tight junction protein constitutively expressed
by all glomerular PECs lining the Bowman’s capsule (35) (Fig.
3B) and of nestin, a marker of podocytes (38). Costaining of
claudin1 and nestin revealed that PECs and podocytes both
participated to the formation of early cellular bridges at 16 days
(Fig. 3B). At the same time, parietal progenitor cells expressing
the metanephric mesenchymal marker NCAM (1, 2, 29), contrib-
uted to the formation of the early lesions (Fig. 3C). With time (30
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days), multilayers of cells accumulated at the site of synechiae
resulting in more severe crescentic-like lesions (Fig. 3A).

A mild degree of glomerulosclerosis characterized by accumu-
lation of the extracellular matrix material and obliteration of the
capillary filter was observed 16 days after ADR, which became
more evident at 30 days (glomerulosclerosis index, control rats: 0;
ADR, day 16: 0.15 
 0.06; day 30: 0.39 
 0.09).

MSCs retention in the injured kidney of rats with ADR
nephropathy. Because of the severity of the disease, an exper-
imental protocol with repeated infusions of MSCs was applied
to ADR-treated rats to maintain a constant number of MSCs in
the kidney during the study. The ability of MSCs to reach the
kidney in response to injury was assessed by prelabeling MSCs
with PKH-26 fluorescent dye, before their in vivo injection.
We found that the frequency of PKH-26-positive MSCs pres-
ent in the kidney averaged 4.33 
 0.38, 4.85 
 0.43, and
5.73 
 2.85 cells/100,000 renal cells, respectively, at days 3, 9,
and 16 after ADR, as assessed 15 h after MSC injection.
Thirty-four percent of PKH-26-labeled MSCs were found in
the glomeruli (Fig. 4A). Moreover, FACS analysis of dissoci-

ated renal tissue of ADR-treated rats receiving MSCs labeled
with another tracer, rhodamine-B-conjugated nanoparticles,
was also performed. Kidney samples of ADR rats receiving
fluoNP-labeled MSCs showed 3.6 
 0.2% positive cells for
rhodamine B-fluoNP. The labeled MSCs localized in the glom-
eruli did not show positivity for the podocyte marker WT-1
(Fig. 4B).

Renal functional parameters in ADR rats receiving MSCs.
Rats injected with a single dose of 5 mg/kg ADR exhibited
proteinuria within 6 days (133 
 8 vs. basal, 19 
 1 mg/day;
P 	 0.01). Proteinuria progressively increased during time
averaging 1,004 
 33 mg/day at day 30 in ADR rats given
saline (Fig. 4C). The repeated infusions of MSCs did not affect
the development of proteinuria at any time of the study.

In ADR rats given saline serum creatinine levels tended to
increase during time compared with controls, although a sta-
tistical significance was not achieved (ADR, day 9: 0.60 

0.09; day 16: 0.73 
 0.01; day 30: 0.86 
 0.02 vs. controls:
0.58 
 0.01 mg/dl). In ADR rats that received MSC therapy,
serum creatinine levels were not different from those of rats

CD2AP

Control ADR 9 days

Nephrin

Control ADR 9 days

Nephrin

CD2AP

Control ADR 3 days

WT-1 LectinWT-1 Lectin

A

B

C

Fig. 2. Adriamycin (ADR) causes loss of podo-
cytes and reduces the expression of the podocyte-
associated proteins nephrin and CD2AP. A: repre-
sentative micrographs of renal sections from con-
trol and ADR-treated rats showing triple labeling
of a glomerulus for podocytes (WT-1-positive nu-
clei in red), for glomerular capillaries (lectin,
green), and for cell nuclei (DAPI in blue). Nephrin
(B) and CD2AP (C) expression in glomeruli from
control and ADR rats. Representative micrographs
are shown. Original magnification: �400.
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given saline (ADR � MSCs, day 16: 0.80 
 0.03; day 30:
0.81 
 0.06 mg/dl).

MSC treatment preserves glomerular architecture. Treat-
ment with MSCs limited early podocyte depletion, as indicated

by the significantly (P 	 0.01) higher number of podocytes per
glomerulus at day 3, 9, and 16 in the group of ADR-treated rats
receiving MSCs compared with saline (Fig. 4D). The preser-
vation of podocyte number was also confirmed by nestin

Control ADR 16 daysA

NCAM

Claudin-1, Nestin

NCAM

B

C

Claudin-1, Nestin

ADR 30 days ADR 30 days

Control ADR 16 days

Control ADR 16 days

Fig. 3. Glomerular lesions in rats with ADR ne-
phropathy at 16 and 30 days. A: representative mi-
crographs of kidney tissue from control and ADR
rats. Synechiae and more extensive adhesions or
crescents-like lesions were observed during time in
ADR-treated rats. Original magnification, �400.
B: representative images of claudin-1 (red) and nes-
tin (green) in control and ADR rats. Inset: claudin-1-
and nestin-positive cells that participated to the for-
mation of early cellular bridge. Cells were costained
with DAPI (blue). Original magnification: �400.
C: representative images of NCAM (red) in control
and ADR rats. In ADR rats, NCAM� cells contrib-
uted to the formation of early lesions. Cells were
costained with DAPI (blue). Original magnification:
�400.
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expression (glomerular area percentage: ADR � MSCs, day 3:
18.19 
 2.6%; P 	 0.01 vs. ADR). The protective effect of
MSC therapy against podocyte loss was associated with a
partial, although significant, preservation of both nephrin and
CD2AP expression compared with ADR rats given saline at
day 9 (nephrin, glomerular area percentage: ADR � MSCs,
3.81 
 0.34%; P 	 0.05 vs. saline; CD2AP, glomerular area
percentage: ADR � MSCs, 5.24 
 0.24%; P 	 0.05 vs.
saline).

MSCs displayed a marked antiapoptotic effect as indicated by
the lower number (P 	 0.01) of TUNEL-positive WT1-positive
podocytes in renal tissue of MSC-treated rats with respect to ADR
rats on saline at the corresponding times (Fig. 4E).

Consistent with the ability of infused MSCs to reduce
podocyte dysfunction, stem cell treatment also significantly
limited the presence of glomerular podocyte-PEC bridges.
Specifically, in ADR rats receiving MSCs the percentage of
glomeruli showing �50% adhesion of the tuft to the Bow-
man’s capsule was significantly lower than that observed in
rats given saline (Fig. 5A). In control animals, no glomeruli
with adhesions �50% were found (Fig. 5A). Following MSC
therapy, the distribution of NCAM-positive progenitor cells
was restored along the Bowman’s capsule to a pattern similar
to controls (Fig. 5B). MSC treatment decreased the extension
of sclerotic lesions at day 30 as indicated by a significant (P 	
0.01) reduction of the glomerulosclerosis index compared with
ADR rats receiving saline (Fig. 5C).

MSCs increase glomerular VEGF level and limit endothelial
cell damage. In search for factors possibly involved in MSC-
mediated renoprotection in ADR rats, we focused on VEGF,
highly produced by MSCs (13) and podocytes (16, 18, 46) and
known to exert prosurvival and angiogenic activity (48, 50). As
shown in Fig. 6A, VEGF staining was significantly (P 	 0.01)
reduced in glomeruli of ADR-treated rats compared with con-
trol rats. Infusions with MSCs enhanced glomerular VEGF
expression, so that at days 9 and 16 scores of VEGF expression
in rats receiving MSCs were significantly higher than those of
rats given saline. Consistently, Western blot experiments per-
formed in renal tissue of all the experimental groups showed
that at days 9 and 16, MSC treatment almost normalized renal
levels of VEGF protein (Fig. 6B). Based on the evidence that
VEGF is necessary for glomerular endothelial cell integrity and
function (12, 46), next we evaluated whether high levels of
glomerular VEGF in response to MSC infusion translated into
preservation of glomerular endothelial cells. By morphometric
analysis of the glomerular endothelium labeled with RECA, a
marker of rat endothelial cells, we observed a marked reduc-
tion in volume density of endothelial cells in ADR-treated rats
given saline compared with control rats (Fig. 6C). The degree
of microvessel rarefaction was significantly limited in glomer-
uli of ADR rats infused with MSCs vs. glomeruli of nephrotic
rats on saline.

Anti-inflammatory effect of MSCs. An increased number of
ED1-positive monocytes/macrophages was found in the glom-
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eruli of ADR-treated rats given saline compared with control
rats (ADR, day 9: 4.31 
 0.22; day 16: 4.78 
 0.23 vs. control
1.11 
 0.14 ED-1-positive cells/glomerulus; P 	 0.05). Treat-
ment with MSCs resulted in a marked anti-inflammatory effect
as shown by a significant (P 	 0.05) reduction of glomerular
cell infiltrates with respect to ADR rats on saline (ADR �
MSCs, day 9: 1.87 
 0.06; day 16: 2.78 
 0.31 ED-1-positive
cells/glomerulus).

In Vitro Studies

MSCs protect podocytes from ADR-induced toxicity via
VEGF. The capability of MSCs to exert protective effects on
podocytes was investigated in coculture of MSCs with podo-
cytes pretreated with ADR. Murine differentiated podocytes
were exposed to ADR, and 72 h after drug withdrawal, cell
count was performed. The number of viable podocytes was
significantly (P 	 0.01) reduced after ADR compared with
control podocytes (Fig. 7A). Exposure of ADR-treated podo-
cytes to murine MSCs completely prevented podocyte loss
caused by ADR (P 	 0.01; Fig. 7A). MSCs seeded alone did
not proliferate. Since murine MSCs (20, 34) and podocytes
(16, 18, 46) produce high levels of VEGF, we tested in the
coculture system the contribution of VEGF in MSC-induced
podocyte survival. Actually, blocking of VEGF with a specific
antibody resulted in the abrogation of MSC protective effects
on ADR-treated podocytes (Fig. 7B). Providing further evi-
dence for a role of VEGF, we found that addition of exogenous
VEGF to ADR-treated podocytes prevented cell loss at a
similar extent as MSCs did (Fig. 7B).

To study whether MSCs could counteract podocyte apopto-
sis induced by ADR, we evaluated the expression of cyto-
chrome c, a marker of intrinsic apoptosis when released from
mitochondria into the cell cytosol (5, 26, 37). We found that
ADR caused apoptosis in a high number of podocytes at 3, 15,
and 24 h (P 	 0.01 vs. control podocytes; Fig. 7, C and D).

When MSCs were cocultured with ADR-treated podocytes, a
significant (P 	 0.01) reduction of the percentage of apoptotic
podocytes was found at all the considered times (Fig. 7, C and
D). The protective effect exerted by MSCs was abrogated by
the addition of a specific functional blocking anti-VEGF anti-
body to the coculture system (Fig. 7, C and D). The antiapo-
ptotic activity of MSCs was further confirmed by evaluating
cleaved caspase-3 in cells exposed to ADR at different times.
ADR-treated podocytes exposed to MSCs showed a significant
(P 	 0.01) decrease in the percentage of cells positive for
cleaved caspase-3 at 3 h (control podocytes: 4.7 
 0.4; ADR:
15.3 
 2.1; and ADR � MSCs: 6.0 
 0.7% apoptotic cells)
and at 15 h (ADR: 26.0 
 1.0; and ADR � MSCs: 8.7 
 1.1%
apoptotic cells) in respect to ADR-treated podocytes exposed
to medium alone. Exposure to VEGF markedly reduced the
percentage of apoptotic cells in response to ADR at 3 h (10.5 

2.6%) and at 15 h (8.0 
 1.4%; P 	 0.01 vs. ADR).

The serine threonine kinase Akt is a critical factor in the
regulation of prosurvival signals (9). Podocytes constitutively
expressed the phosphorylated form of Akt, which was mark-
edly reduced in podocytes damaged by ADR, as evaluated by
Western blot analysis (Fig. 7E). Conditioned medium from
MSCs markedly stimulated activation/phosphorylation of Akt
in podocytes 72 h after ADR incubation (Fig. 7E). Addition of
exogenous VEGF to ADR-pretreated podocytes increased
phosphorylated-Akt protein expression at a similar level as
MSC-conditioned medium (Fig. 7E).

DISCUSSION

The present study demonstrated for the first time that in rats
with ADR-induced nephropathy, an established model of pro-
gressive glomerulosclerosis, glomerular podocyte injury pre-
ceded the activation of PECs, which participated together with
podocytes to the formation of the synechiae followed by
extensive adhesions between the Bowman’s capsule and the
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glomerular capillary loop. More importantly, claudin-positive
PECs present at the adhesion sites expressed also the meta-
nephric mesenchymal marker NCAM (1, 2, 29), indicating
their progenitor nature. In human adult kidney, a hierarchical
population of progenitors organized in a precise sequence
along the Bowman’s capsule has been identified that represents

a reservoir of cells contributing to the turnover of senesced or
injured podocytes (39). However, in glomerular diseases in
response to a severe podocyte damage an aberrant repair may
take place, with an excessive proliferative response of renal
progenitor cells from the Bowman’s capsule, that contributes
to hyperplastic lesions of podocytopathies and crescentic glo-
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merulonephritis (25, 44). Using genetic tagging of either PECs
or podocytes in experimental crescentic nephrotoxic nephritis,
collapsing glomerulopathy, and FSGS models, it was shown that
PECs represented the majority of cells that populated advanced
cellular lesions (44, 45). We recently provided the evidence for
the presence of renal progenitor cells within the Bowman’s
capsule of adult rat kidney by showing that the stemness markers
NCAM and CD24 (8, 39) were expressed by the large majority
of claudin1-positive PECs (3). In the MWF rat model charac-
terized by spontaneous podocyte loss, extracapillary crescents
and glomerulosclerosis, a high percentage of claudin-positive
PECs expressing NCAM, and to a lesser extent WT1-positive
podocytes, were found in hyperplastic lesions during disease
progression, suggesting that renal injury in this model could
be the consequence of progenitor cell dysfunction (3). We
extended these observations to the rat model of ADR-induced
podocyte injury where initial dysfunction of podocytes was
followed by intercellular bridges between nestin-positive podo-
cytes and claudin-positive PECs and by more extensive areas
of adhesions between the Bowman’s capsule and the tuft. The
presence of NCAM-positive cells in such lesions implies that
progenitor cells of parietal origin, in response to ADR-induced
podocyte damage, acquired a migratory phenotype and invaded
the glomerular tuft participating to the formation of crescents-
like lesions and glomerular sclerosis.

Another unprecedented finding of the present study is that
glomerular podocytes and progenitor cells represent critical
cellular targets of MSC therapy in rats with ADR nephropathy.
We showed that repeated MSC injections by exerting a remark-
able antiapoptotic effect limited podocyte depletion and par-
tially restored nephrin and CD2AP expression. The protective
effect of MSCs against podocyte dysfunction and loss trans-
lated into less number of adhesions between PECs and podo-
cytes, with the reestablishment of a normal localization of
NCAM-positive PECs along the Bowman’s capsule. Thus,
stem cell therapy by reducing podocyte injury restored parietal
progenitor cell regenerative capacity thereby ameliorating glo-
merular architecture and preventing sclerotic lesions. The fact
that MSC treatment failed to reduce proteinuria in ADR rats
could be abscribed to the limited recovery of the podocyte slit
diaphragm proteins that were therefore unable to reestablish a
normal function of foot processes.

Among factors possibly responsible of MSC-mediated glo-
merular protection in ADR rats, we studied VEGF, highly
produced in vitro and in vivo by MSCs (13, 50), which
critically regulates and maintains podocyte and glomerular
endothelial cell integrity and function (12, 46). VEGF, abun-
dantly produced also by podocytes (11, 12, 16), can promote
glomerular endothelial cell repair (12, 23, 36) and activate
prosurvival signals counteracting cell apoptosis (14). Studies
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have documented that alterations in VEGF expression were
associated with glomerular diseases (12, 23, 36). We found that
treatment with MSCs recovered glomerular VEGF levels that
were markedly reduced by ADR toxicity in rats given saline.
Of note, high levels of VEGF were associated to a remarkable
regenerative effect on glomerular capillary tuft in terms of a
significant limitation of capillary rarefaction in ADR rats
infused with MSCs. It is plausible to hypothesize that MSCs
retained in the glomerulus could locally release VEGF that by
promoting podocyte prosurvival programs would render podo-
cytes again metabolically active to synthesize great amount of
the proregenerative growth factor itself. That VEGF may exert
a beneficial effect on podocytes is supported also by data
showing that nephrin and CD2AP, target proteins regulated by
VEGF (16, 18, 46), were partially preserved in renal tissue of
MSC-treated animals.

The regenerative effect of MSC-derived VEGF on ADR-
damaged podocytes was explored in coculture setting. In
agreement with the in vivo data, MSCs significantly enhanced
viability and limited apoptosis of podocytes in response to a
toxic concentration of ADR. Such a prosurvival effect was
markedly abrogated by a neutralizing anti-VEGF antibody,
thereby indicating a cytoprotective action of VEGF on podo-
cytes. The involvement of Akt, a key factor in the regulation of
prosurvival signals, was documented by our finding of its
activation/ phosphorylation in ADR-treated podocytes when
exposed to MSC-conditioned medium or directly to exogenous
VEGF. Similarly, previous studies (6, 14, 15) showed that
VEGF induced the activation of Akt signaling pathway in
several cell types, thus reducing apoptosis.

In summary, our data indicate that early podocyte injury and
subsequent chaotic migration of parietal epithelial progenitor
cells pave the way to crescents-like lesions and glomeruloscle-
rosis in ADR nephropathy. Treatment with MSCs creates a
glomerular pro-regenerative environment possibly by enhanc-
ing glomerular levels of VEGF, a factor able to activate Akt, a
kinase upstream target of antiapoptotic and prosurvival path-
ways in podocytes. The restoration of podocyte number and
function could limit migration and proliferation of parietal
progenitor epithelial cells of the Bowman’s capsule thereby
reducing the early formation of PEC-podocyte bridges. These
renoprotective effects were also accomplished by anti-inflam-
matory effects of MSC therapy that markedly reduced glomer-
ular macrophage infiltration and local release of chemoattrac-
tants possibly involved in PEC-podocyte activation.

Strategies to enhance MSC retention in the kidney and
renoprotection by preconditioning or genetic modifications
could be helpful to enhance MSC local effect in the damaged
kidneys thus improving also proteinuria and renal functional
parameters.
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