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Shigatoxin (Stx) is the offending agent of post-diar-
rheal hemolytic uremic syndrome, characterized by
glomerular ischemic changes preceding microvascu-
lar thrombosis. Because podocytes are highly sensi-
tive to Stx cytotoxicity and represent a source of va-
soactive molecules, we studied whether Stx-2
modulated the production of endothelin-1 (ET-1),
taken as candidate mediator of podocyte dysfunction.
Stx-2 enhanced ET-1 mRNA and protein expression
via activation of nuclear factor �B (NF-�B) and activa-
tor protein-1 (Ap-1) to the extent that transfection
with the dominant-negative mutant of I�B-kinase 2 or
with Ap-1 decoy oligodeoxynucleotides reduced ET-1
mRNA levels. We propose a role for p38 and p42/44
mitogen-activated protein kinases (MAPKs) in medi-
ating NF-�B-dependent gene transcription induced by
Stx-2, based on data that Stx-2 phosphorylated p38
and p42/44 MAPKs and that MAPK inhibitors reduced
transcription of NF-�B promoter/luciferase reporter
gene construct induced by Stx-2. Stx-2 caused F-actin
redistribution and intercellular gaps via production of
ET-1 acting on ETA receptor, because cytoskeleton
changes were prevented by ETA receptor blockade. Ex-
ogenous ET-1 induced cytoskeleton rearrangement and
intercellular gaps via phosphatidylinositol-3 kinase and
Rho-kinase pathway and increased protein permeabil-
ity across the podocyte monolayer. These data suggest
that the podocyte is a target of Stx, a novel stimulus for
the synthesis of ET-1, which may control cytoskeleton
remodeling and glomerular permeability in an auto-
crine fashion. (Am J Pathol 2006, 169:1965–1975; DOI:

10.2353/ajpath.2006.051331)

Shigatoxin (Stx)-producing Escherichia coli has been
strongly indicated as the offending agent of typical post-
diarrheal hemolytic uremic syndrome (D�HUS), a disor-
der of thrombocytopenia, microangiopathic hemolytic
anemia, and acute renal failure that mainly affects infants
and small children.1–3 The kidney is the privileged organ
of Stx toxicity because it expresses high levels of the
specific receptor glycosphingolipid globotriaosyl cer-
amide (Gb3).4,5 The characteristic lesion consists of
swelling and detachment of glomerular endothelial cells
that have been extensively recognized as the main target
of Stx.6 Retraction and collapse of the capillary tuft in the
glomerulus are prominent and typically occur in associ-
ation with fusion of foot processes and swelling of podo-
cytes.6,7 Although ischemic lesion in the glomerular mi-
crocirculation can significantly contribute to renal
dysfunction, the precise role of podocyte injury in the
toxic response to Stx and the underlying cellular and
molecular mechanisms have not been established yet.

Recent studies have indicated that glomerular visceral
epithelial cells (podocytes) are sensitive to the toxic ef-
fects of Stx-1 and -2 isoforms because they express Gb3
and bind Stx, as documented either in cultured cells8 or
in human renal biopsies.9 In vitro, Stx-1 activates podo-
cytes to release inflammatory cytokines like interleukin
(IL)-1 and tumor necrosis factor (TNF), which remarkably
increased the cellular content of Gb3 receptor, thereby
enhancing renal toxin responsiveness.8,10 In an experi-
mental model of HUS in baboons, swelling of podocytes
with osmophilic inclusions was found in association with
the typical glomerular endothelial lesions after intrave-
nous infusion of Stx-1.11

Podocytes represent a crucial component of the glo-
merular filter barrier. They are highly specialized cells
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endowed with foot processes that, through a contractile
structure composed of actin and associated proteins
connected to the glomerular basement membrane, sta-
bilize glomerular architecture by counteracting the dis-
tension of the basement membrane.12,13 The contractile
apparatus of the foot processes responds to vasoactive
hormones, thus controlling the glomerular capillary sur-
face area and the ultrafiltration coefficient. Podocytes are
an important source of the vasoconstrictor peptide endo-
thelin-1 (ET-1),14–16 which is recognized to play a key
role in the control of glomerular hemodynamics. They
constitutively express pre-proET-1 mRNA and synthesize
the mature peptide, the generation of which is markedly
up-regulated by transforming growth factor-�, membrane
attack complex, and thrombin.14 Studies have shown that
rat podocytes are targets of ET-1 because they express
ETA and ETB receptors.17,18

In an attempt to identify possible mechanisms evoked
by Stx that could contribute to podocyte dysfunction, we
tested in cultured murine podocytes whether Stx-2 in-
duced the expression and synthesis of ET-1, instrumental
for cytoskeletal remodeling and cellular retraction. Intra-
cellular signals involved in ET-1 gene regulation were
also investigated.

Materials and Methods

Cell Culture and Incubation

Immortalized mouse podocytes (obtained from Dr. Peter
Mundel, Department of Medicine, Mount Sinai School of
Medicine, New York, NY) were grown as previously de-
scribed.19 Briefly, cells were cultured under growth-per-
missive conditions on rat tail collagen type I-coated plas-
tic dishes (BD Bioscience, Bedford, MA) at 33°C in RPMI
1640 (Invitrogen, Gaithersburg, MD) supplemented with
10% fetal bovine serum (Invitrogen), 10 U/ml mouse re-
combinant interferon-� (Sigma Chemical Co., St. Louis,
MO), and 100 U/ml penicillin plus 0.1 mg/ml streptomycin
(Sigma). To induce differentiation, podocytes were main-
tained in nonpermissive conditions at 37°C without inter-
feron-� for 14 days and used for the experiments. In this
culture condition, cells stopped proliferating and were
identified as differentiated podocytes by their arborized
morphology and the presence of high levels of synap-
topodin, determined using indirect immunofluorescence
microscopy. Cells were routinely maintained for 24 hours
in serum-free medium before all of the experiments.

To investigate the effect of Stx-2 on the expression of
the ET-1 gene, differentiated podocytes were exposed
for 3, 6, and 24 hours to medium alone or to Stx-2, 50
pmol/L and 1 nmol/L (Toxin Technology Inc., Sarasota,
FL). Preliminary experiments showed that these concen-
trations did not affect podocyte viability until 48 hours of
incubation, as evaluated by viable cell count using trypan
blue dye exclusion (Sigma). ET-1 mRNA transcript levels
were measured by Northern blot analysis and real-time
PCR. To exclude any possible effect of lipopolysaccha-
ride (LPS) contamination of Stx-2 preparation on ET-1
mRNA expression, additional experiments were per-

formed in podocytes incubated with Stx-2 in the pres-
ence of the LPS inhibitor polymyxin B, 10 �g/ml (Sigma).
This concentration was chosen on the basis of previous
experiments20 showing that 20 �g of polymyxin B was
capable of neutralizing the effect of 1 ng of purified E. coli
LPS. Because the Limulus test assay (Cambrex, Walkers-
ville, MD) revealed the presence of 117 pg LPS/�g Stx-2
protein preparation, the concentration of polymyxin B
used here far exceeded that needed to inhibit the de-
tected LPS traces. The time course of ET-1 protein syn-
thesis was assessed by radioimmunoassay (RIA) in su-
pernatants of podocytes exposed to both concentrations
of Stx-2.

To study intracellular signaling pathways that regulate
ET-1 gene transcription in Stx-2-loaded podocytes, we
first assessed the potential role of nuclear factor �B (NF-
�B) and activator protein-1 (Ap-1) by determining the
activity of both transcription factors in nuclear extracts
from podocytes exposed for 30 minutes to Stx-2 (50
pmol/L and 1 nmol/L) and by evaluating the effect of
NF-�B and Ap-1 inhibition on ET-1 gene expression.
Podocytes were transfected for 3 hours with a dominant-
negative mutant of the I�B kinase 2 (IKK2),21 a kinase
that acts as an upstream activator of NF-�B, and then
exposed to Stx-2 (50 pmol/L) for 24 hours. In other ex-
periments, podocytes were transfected for 2 hours with
double-stranded oligodeoxynucleotide (ODN)22 that
scavenge Ap-1 activity by competitive reaction or with
mutated control ODNs and then exposed to the toxin for
6 hours. Then, we studied whether Stx-2 induced activa-
tion/phosphorylation of p38 mitogen-activated protein ki-
nase (MAPK) and p42/44 MAPK, known activators of
NF-�B and Ap-1, in podocytes treated with 50 pmol/L
Stx-2 for 15, 30, 60, and 180 minutes. To elucidate
whether MAPKs were involved in NF-�B regulation, podo-
cytes were transfected with NF-�B luciferase reporter
gene and incubated with Stx-2 (50 pmol/L, 6 hours) in the
presence or absence of the p38 inhibitor SB-202190 (20
�mol/L)23 or the p42/44 inhibitor PD-98059 (10 �mol/L).24

The effect of Stx-2 on F-actin cytoskeletal rearrange-
ment and gap formation was assessed in differentiated
podocytes exposed for 15 hours to Stx-2 (50 pmol/L). To
investigate the role of ET-1 in Stx-2-induced cytoskeleton
rearrangement, we first studied whether murine podo-
cytes expressed ETA and ETB receptor mRNA and pro-
tein by real-time PCR and immunofluorescence studies.
The effect of Stx-2 on ETA and ETB receptor expression
was also evaluated. Then, podocytes were treated with
the ETA receptor antagonist LU-302146 (1 �mol/L; Knoll
AG, Ludwighafen, Germany),25 added 1 hour before and
during 15 hours of Stx-2 incubation, and F-actin changes
and gap formation were assessed.

Finally, the effect of exogenous ET-126 on cytoskeletal
rearrangement and permeability to protein was evaluated.
The involvement of phosphatidylinositol-3 kinase (PI3K) and
Rho kinase in ET-1-induced F-actin redistribution was stud-
ied by incubating cells with ET-1 for 6 hours in the presence
of the specific inhibitors wortmannin (100 nmol/L; Sigma)27

and Y27632 (1 �mol/L; Sigma),28 respectively, added 30
minutes before and during ET-1 stimulation.
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Flow Cytometry Analysis

The surface expression of Stx receptor Gb3 (CD77) was
evaluated by flow cytometry analysis (FACSort; Becton,
Dickinson and Company, San Jose, CA) in differentiated
podocytes treated with medium alone, �-galactosidase
(7.5 U/ml), or IL-1 � (100 U/ml, 24 hours). Unstimulated
human umbilical vein endothelial cells were used as pos-
itive control. At the end of incubations, cells in suspen-
sion were exposed for 45 minutes at 4°C to fluorescein
isothiocyanate (FITC)-labeled mouse anti-human CD77
monoclonal antibody (25 �g/ml; BD Biosciences Pharm-
ingen, Milan, Italy). Unstimulated cells incubated with
FITC-conjugated mouse IgM (BD Biosciences Pharmin-
gen) were used as negative control. Then cells were
washed and fixed with 2% paraformaldehyde plus 4%
sucrose in phosphate-buffered saline (PBS; 10 minutes,
4°C) and assayed within 1 hour.

Northern Blot Analysis

Total RNA was isolated from podocytes by the gua-
nidium isothiocyanate/cesium chloride procedure. Fif-
teen micrograms of total RNA was then fractionated on
1.2% agarose gel and blotted onto synthetic mem-
branes (Zeta-probe; Bio-Rad, Richmond, CA). ET-1
mRNA was detected by using a 319-bp fragment of rat
ET-1 cDNA. The probe was labeled with [�-32P]dCTP
by the random-primed method. Hybridization was per-
formed overnight at 60°C in 0.25 mol/L Na2HPO4, pH
7.2, and 7% sodium dodecyl sulfate (SDS). Filters were
washed twice for 30 minutes with 20 mmol/L Na2HPO4,
pH 7.2, and 5% SDS and twice for 10 minutes with 20
mmol/L Na2HPO4, pH 7.2, and 1% SDS at 60°C. Mem-
branes were subsequently probed with �-actin cDNA,
taken as internal standard of equal loading of the sam-
ples on the membrane. Expression of ET-1 mRNA was
corrected for �-actin expression and quantitated
densitometrically.

Quantitative Real-Time PCR

Total RNA was extracted from podocytes by the gua-
nidium isothiocyanate/cesium chloride procedure. Con-
taminating genomic DNA was removed by RNase-free
DNase (Promega, Ingelheim, Germany) for 1 hour at
37°C. The purified RNA (1 �g) was reverse transcribed
using random examers (50 ng) and 200 U of SuperScript
II RT (Life Technologies, San Giuliano Milanese, Italy) for
1 hour at 42°C. No enzyme was added for reverse tran-
scriptase-negative controls.

Real-time PCR was performed with ABI PRISM 5700
Sequence Detection System (PE Biosystems, Warrington,
UK) using heat-activated TaqDNA polymerase (Amplitaq
Gold; PE Biosystems).16 The SYBR Green I PCR Re-
agents kit was used according to the manufacturer’s
protocol. After an initial hold of 2 minutes at 50°C and 10
minutes at 95°C, the samples were cycled 40 times at
95°C for 15 seconds and 60°C for 60 seconds. Fluores-
cence detection, defined as threshold cycle (Ct), was

chosen in the exponential phase of the PCR and used for
relative quantification of the target gene. The compara-
tive Ct method normalizes the number of target gene
copies to the housekeeping gene as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (�Ct). Gene ex-
pression was then evaluated by the quantification of
cDNA corresponding with the target gene relative to a
calibrator sample serving as a physiological reference
(eg, untreated cells, ��Ct). On the basis of exponential
amplification of target gene as well as calibrator, the
amount of amplified molecules at the Ct is given by
2���Ct.

The following specific primers (300 nmol/L) were used.
Mouse ET-1: sense 5�-AACTACGAAGGTTGGAGGCCA-
3�, antisense 5�-CACGAAAAGATGCCTTGATGC-3�;
mouse ETA receptor: sense 5�-CTTGCGGATCGCCCTT-
AGT-3�, antisense 5�-TTTGCCACTTCTCGACGCT-3�;
mouse ETB receptor: sense 5�-CCTACAAGTTGCTCGC-
AGAGG-3�, antisense 5�-GCTTACACATCTCAGCTCCA-
AATG-3�; and GAPDH: sense 5�-TCATCCCTGCATCCA-
CTGGT-3�, antisense 5�-CTGGGATGACCTTGCCCAC-
3�. All primers were obtained from Sigma Genosys (Ca-
mbridgeshire, UK). True identity of the amplification pro-
ducts was ensured by primer specificity for mouse seq-
uences, the presence of a single dissociation curve at a
constant T melting, and the lack of genomic DNA conta-
mination or primer dimers in the reverse transcriptase-ne-
gative control sample.

Radioimmunoassay

ET-1 production was assayed in podocyte superna-
tants by RIA. Either standard compounds or unknown
samples (100 �l) were mixed with 100 �l of antiserum
(Peninsula Laboratories Inc., Belmont, CA) diluted in
phosphate buffer, pH 7.2 (RIA buffer) at a final dilution
of 1:72,000. The reaction mixture was incubated for 24
hours at 4°C, then 15,000 cpm of 125I-labeled ET-1 in
100 �l was added, and the incubation was prolonged
for 24 hours at 4°C. Separation of free ET-1 from anti-
body-bound 125I-labeled ET-1 was achieved by the
addition of a second antibody (500 �l of immunopre-
cipitating mixture consisting of a sheep anti-rabbit IgG
and polyethylene glycol) for 30 minutes at room tem-
perature. Finally, 500 �l of RIA buffer was added to
stop the reaction, and the immunoprecipitates were
centrifuged at 5000 � g for 30 minutes. Supernatants
were discarded, and pellet radioactivity was detected
by gamma counter (Beckman, Irvine, CA). Results
were expressed as picograms per 106 cells. The
minimum detectable concentration was 0.4 pg/tube.
Nonspecific binding did not exceed 2% of total
radioactivity.

The cross-reactivity of the antibody with other endo-
thelins is as follows: endothelin-2, 46.9%; endothelin-3,
17%; and big endothelin-1, 9.4%. Intra-assay and inter-
assay variability averaged 10 and 12%, respectively,
over a range between 0.4 and 100 pg/tube.
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Preparation of Nuclear Extracts and
Electrophoretic Mobility Shift Assay

Nuclear extracts were prepared from podocytes with the
NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (Pierce/Celbio, Pero, Italy) according to the manufac-
turer’s instructions. To minimize proteolysis, all buffers
contained protease inhibitor cocktail (Boehringer Mann-
heim, Mannheim, Germany). The protein concentration
was determined by the Bradford assay using the Bio-Rad
protein assay reagent.

Electrophoretic mobility shift assays were performed
as previously described23 with the �B DNA sequence of
the immunoglobulin gene (5�-CCGGTCAGAGGGGACTT-
TCCGAGACT-3�) and consensus binding site for Ap-1
(5�-CGCTTGATGACTCAGCCGGAA-3�). Nuclear ex-
tracts (3 �g) were incubated with 50,000 cpm of 32P-
labeled oligonucleotide in a binding reaction mixture [10
mmol/L Tris-HCl, pH 7.5, 80 mmol/L NaCl, 1 mmol/L
ethylenediamine tetraacetic acid, 1 mmol/L dithiothreitol,
5% glycerol, and 1.5 �g of poly(dI-dC)] for 30 minutes on
ice. In competition studies, a 100-fold molar excess of
unlabeled oligonucleotide was added to the binding re-
action mixture before the addition of the labeled �B or
Ap-1 probes. For densitometric analysis, the volume den-
sity for each band was determined in arbitrary units. The
sum of the volume density of bands for a single sample
was used as an indirect measure of NF-�B or Ap-1 acti-
vation and expressed as a fold increase of the mean
densitometry of respective control (represented as 1).

Adenoviral Vector-Mediated Gene Transfer in
Podocytes

Replication-deficient adenovirus encoding for kinase-de-
fective dominant-negative form of human IKK2 (AdV-
dnIKK2) was a kind gift of Dr. R. de Martin (University of
Vienna, Vienna, Austria).21 Replication-deficient adenovi-
ral vector having no insert (AdV-0) was from Novartis
Pharma (Basel, Switzerland). All viruses used belong to
Ad5 serotype.

For transfection experiments, podocytes were incu-
bated with adenoviruses at a multiplicity of infection of 50
in RPMI 1640 without serum for 3 hours at 37°C. The
adenovirus was washed off, and cells were maintained in
serum-free medium for 24 hours. Then cells were ex-
posed to 50 pmol/L Stx-2 for an additional 24 hours and
processed for endothelin-1 mRNA expression (real-time
PCR analysis). Transfection did not affect cell viability.

Ap-1 Decoy ODN Technique

The sequences of the phosphorothioate double-stranded
ODN against the Ap-1 binding site and the mutated con-
trol ODN were as follows: Ap-1 decoy ODN (consensus
sequences are underlined), 5�-CGCTTGATGACTCAGC-
CGGAA-3� and 3�-GCGAACTACTGAGTCGGCCTT-5�
and mutated control ODN, 5�-CGCTTGATGACTTGGC-
CGGAA-3� and 3�-TTCCGGCCAAGTCATCAAGCG-5�.

Double-stranded ODNs22 were prepared from com-
plementary single-stranded phosphorothioate oligonu-
cleotides by melting at 80°C for 5 minutes followed by a
3- to 4-hour reconstitution period at room temperature. To
study the effect of Ap-1 decoy, podocytes were trans-
fected with 200 nmol/L Ap-1 decoy ODN or mutated
control ODN in serum-free medium, using Oligofectamine
Reagent according to the manufacturer’s instructions (In-
vitrogen, San Giuliano Milanese, Italy). Two hours after
transfection, Stx-2 at the final concentration of 50 pmol/L
was added to the cells for 6 hours without removing the
transfection mixture. Cells were then processed for ET-1
mRNA expression (real-time PCR analysis).

Western Blot Analyses

Podocytes were lysed with lysis buffer (20 mmol/L Tris-
HCl, pH 7.5, 150 mmol/L NaCl, 2 mmol/L ethylenediamine
tetraacetic acid, 1% Triton X-100, 2.5 mmol/L sodium
pyrophosphate, and 1 mmol/L �-glycerophosphate) plus
phosphatase inhibitors (1 mmol/L Na3VO4 and 50 mmol/L
NaF) and protease inhibitors (1 mmol/L phenylmethylsul-
fonyl fluoride and 1 �g/ml leupeptin). Protein concentra-
tion was determined by protein assay based on bicincho-
ninic acid color formation (Pierce, Milan, Italy). Proteins
(30 �g) were separated on 10% polyacrylamide gels by
SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. Membranes were blocked
for 1 hour at room temperature with PBS containing 0.1%
Tween 20 and 5% bovine serum albumin (BSA; for phos-
phorylated protein detection) or 5% nonfat dry milk (for
unphosphorylated protein detection) and then incubated
overnight at 4°C with the following primary antibodies:
mouse monoclonal IgM anti-phospho-p38 (1:300) or
mouse monoclonal IgG phospho-p42/44 [Thr202/Tyr204]
(1:1000) in PBS plus 1% BSA; mouse monoclonal IgG
anti-p38 (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA) or mouse monoclonal IgG anti-p42/44 (1:2000; Cell
Signaling Technology Inc., Beverly, MA) in PBS plus 1%
nonfat dry milk. After incubation with the secondary anti-
bodies, horseradish peroxidase-conjugated rabbit anti-
IgG mouse or goat anti-IgM mouse (Sigma) for 1 hour at
room temperature in PBS with 0.1% Tween 20 and 1%
BSA or 1% nonfat dry milk, protein bands were detected
by Supersignal chemiluminescent substrate (Pierce).

Reporter Luciferase Gene Assay

Podocytes were transfected with 1 �g of NF-�B luciferase
reporter gene (Stratagene; M-Medical, Florence, Italy) by
the Superfect transfection reagent following the manufac-
turer’s protocol (Qiagen, Milan, Italy). Three hours after
transfection, the reporter gene was washed off, and cells
were maintained overnight in fresh medium without se-
rum.23 Then cells were exposed to Stx-2 (50 pmol/L) for
an additional 6 hours. The p38 inhibitor SB-202190 (20
�mol/L) or the p42/44 inhibitor PD-98059 (10 �mol/L) was
added 1 hour before and during stimulation with Stx-2.
Podocytes were subsequently lysed in 1� reporter lysis
buffer for 15 minutes at room temperature. The lysates
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were cleaned by centrifugation. The luciferase activity
was measured according to standard protocols (Strat-
agene; M-Medical) with a Lumat LB9507 luminometer
(EG&G Berthold, Bad Wildbad, Germany). Induced lucif-
erase activities were normalized on the basis of protein
content and expressed as fold stimulation compared with
unstimulated controls.

Immunofluorescence

Podocytes plated on type I collagen-coated glass cover-
slips were maintained in nonpermissive conditions for 14
days and incubated with medium alone or Stx-2 at 50
pmol/L for 15 hours or in additional experiments with ET-1
(0.1 to 100 nmol/L)26 for 6 hours in the presence of the
specific inhibitors wortmannin (100 nmol/L) and Y27632
(1 �mol/L). At the end of incubation, cells were fixed in
2% paraformaldehyde plus 4% sucrose in PBS, pH 7.4,
for 10 minutes at 37°C and then permeabilized with 0.3%
Triton X-100 (Sigma) in PBS for 4 minutes at room
temperature. After three washings with PBS, nonspe-
cific binding sites were saturated in blocking solution
(2% fetal bovine serum, 2% bovine serum albumin, and
0.2% bovine gelatin in PBS) for 30 minutes at room
temperature. Then podocytes were incubated with 20
U/ml rhodamine-phalloidin for 45 minutes (Molecular
Probes Inc., Eugene, OR); negative control experi-
ments without rhodamine-phalloidin were also per-
formed. Coverslips were washed and mounted in 1%
N-propyl-gallate in 50% glycerol and 0.1 mol/L Tris-
HCl, pH 8, and examined using fluorescence micros-
copy Olympus IX70 (Olympus Italia srl, Segrate-Mi-
lano, Italy). To evaluate gap formation, we counted the
number of gaps of 15 fields taken randomly for each
sample as previously described.29

To quantify the number of cells with peripheral F-actin
distribution, we performed a triple staining for ZO-1,
taken as a cell membrane marker defining podocyte
edge, F-actin, and nuclei. Fixed and permeabilized
podocytes were incubated overnight at 4°C with poly-
clonal rabbit anti-ZO-1 antibody (10 �g/ml; Zymed
Laboratories, San Francisco, CA) and then for 1 hour
with FITC-conjugated goat anti-rabbit (13.6 �g/ml;
Jackson Immunoresearch, West Grove, PA) followed
by rhodamine phalloidin staining as indicated above.
Finally, cells were treated with the nuclear cell marker
4,6-diamidine-2�-phenylindole dihydrochloride (0.25
�g/ml; Sigma) for 15 minutes at 37°C. Triple fluores-
cence labeling was analyzed by an inverted confocal
laser scanning microscope (LS 510 Meta; Zeiss, Jena,
Germany), and 10 random images for each sample
were acquired. Percentage of cells with F-actin rear-
rangement with respect to total cells for each field was
then evaluated.

Surface expression of ETA receptor was also assessed
in podocytes treated for 15 hours with control medium or
Stx-2 (50 pmol/L). Fixed cells were incubated with 10%
goat serum in PBS for 6 hours to block nonspecific bind-
ing sites, and then a rabbit polyclonal anti-ETA receptor
antibody (12 �g/ml; Abcam Cambridge Science Park,

Cambridge, UK), diluted in PBS containing 1.5% goat
serum, was added for 1 hour at room temperature. The
incubation of the secondary antibody was performed
using Cy3-conjugated goat anti-rabbit IgG (12.5 �g/ml;
Jackson Immunoresearch) for 1 hour at room tempera-
ture, and representative images were acquired with an
inverted confocal laser scanning microscope.

Permeability Studies

Permeability was determined by measuring the transepithe-
lial passage of FITC-BSA from apical to basolateral com-
partment of transwell bicameral chambers (0.4-�m pore;
Corning Costar Corporation, Cambridge, MA).30 Podocytes
were exposed to test medium or ET-1 (100 nmol/L; Sigma)26

for 6 hours, and then 100 �g/ml FITC-BSA (Sigma) was
loaded into the apical compartment for 1 hour at 37°C. At
the end of the incubation, fluorescence in the basolateral
compartment was measured using fluorescence spectros-
copy (excitation, 490; emission, 525). To quantify the trans-
membrane flux of FITC-BSA in micrograms per hour, the
BSA concentration in the lower chambers was calculated
using arbitrary fluorescent units of the albumin solution
added to the apical compartment, taking into account the
volume of the basolateral compartment.

Statistical Analysis

Results are expressed as means � SEM. Statistical anal-
ysis was performed using Student’s t-test, analysis of
variance followed by Tukey’s test for multiple compari-
sons, and Kruskal-Wallis test, as appropriate. Statistical
significance was defined as P � 0.05.

Results

Gb3 Receptor Expression in Differentiated
Murine Podocytes

In line with previous studies in human podocytes,8 differen-
tiated murine podocytes expressed the Stx receptor Gb3
(CD77). Flow cytometry analysis revealed 8% of fluorescent
podocytes for Gb3. Human umbilical vein endothelial cells
used as positive control displayed 5.9% of fluorescent cells.
Staining specificity was established by treating podocytes
with �-galactosidase that removes terminal �-galactosyl
residues.5 �-Galactosidase reduced the percentage of flu-
orescent cells for Gb3 down to 2.8%, a value comparable
with the negative control. When podocytes were stimulated
with IL-1� for 24 hours, up-regulation of Gb3 expression
was observed (13.8% of fluorescent cells).

Stx-2 Increases ET-1 Expression and Protein in
Cultured Podocytes

We assessed the capability of Stx-2 to modulate ET-1
mRNA expression and protein synthesis in differentiated
mouse podocytes. By Northern blot, a 1.3-kb mRNA tran-
script specific for ET-1 was observed in unstimulated
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control podocytes. Stx-2 at the subtoxic concentrations of
50 pmol/L and 1 nmol/L induced a significant increase of
ET-1 transcript levels over control at 3 and 6 hours, which
was further enhanced after 24 hours of incubation (2.9-
and 3.2-fold increase) (Figure 1A). The up-regulation of
ET-1 gene was also confirmed by real-time PCR studies.
The stimulatory effect of Stx-2 on ET-1 mRNA expression
(24 hours) was not due to LPS contamination, as indi-
cated by experiments using the LPS inhibitor polymyxin B
(Stx-2, 3.1-fold increase of ET-1 mRNA over control; Stx-
2�polymyxin B, 3.6-fold increase of ET-1 mRNA over
control).

Overexpression of ET-1 gene was paralleled by a sig-
nificant time-dependent increase of the native peptide
released into the supernatants of Stx-treated podocytes.
ET-1 production, already detected at 6 hours, was more
pronounced starting from 15-hour exposure to both Stx-2
concentrations (Figure 1B).

Up-Regulation of ET-1 mRNA in Response to
Stx-2 Is Dependent on NF-�B and Ap-1

Because the promoter region of ET-1 has consensus
sequences for NF-�B and Ap-1,31,32 we studied the DNA

binding activity of these transcription factors in podo-
cytes challenged with Stx-2. As shown in Figure 2A,
nuclear extracts from unstimulated cells displayed two
constitutive bands of NF-�B: an upper complex and a
faster migrating lower complex. Thirty-minute incubation
of podocytes with Stx-2 (50 pmol/L and 1 nmol/L) elicited
a substantial rise in NF-�B binding activity of the two
complexes. Densitometric analysis of three independent
experiments revealed a 6- and 10-fold increase of NF-�B
activity induced by Stx-2 over control (P � 0.05). Simi-
larly, Ap-1 activation was detected in podocytes exposed
to both concentrations of Stx-2 (P � 0.05 versus control)
(Figure 2B). The specificity of binding reaction was con-
firmed by the ability of excess unlabeled NF-�B and Ap-1
oligonucleotides to inhibit binding.

To establish whether up-regulation of ET-1 mRNA in
response to Stx-2 was dependent on NF-�B, podocytes
were infected with a recombinant adenovirus encoding
the dominant-negative mutant of the I�B kinase 2 (AdV-
dnIKK2), which fails in promoting the dissociation of I�B�
from NF-�B, and then treated for 24 hours with Stx-2 (50
pmol/L). Real-time PCR experiments indicated that over-
expression of dnIKK2 resulted in a significant (P � 0.01)
reduction of ET-1 mRNA with respect to Stx-treated cells
infected with the control adenovirus (AdV-0) (Figure 3A).
Notably, dnIKK2 almost normalized ET-1 mRNA levels.
No difference in ET-1 mRNA levels was observed be-
tween Stx-treated podocytes infected or not infected with
AdV-0.

The role of Ap-1 was assessed by transfection of podo-
cytes with double-stranded (decoy) ODN that scavenge
active Ap-1, thereby blocking its binding to the promoter
region of target genes. A partial, although significant,
reduction (26%) of ET-1 expression was found in cells
transfected with decoy ODN against Ap-1 with respect to

Figure 1. ET-1 mRNA expression and protein synthesis in podocytes ex-
posed to Stx-2. A: Northern blot experiments were performed using total
RNA isolated from podocytes exposed to medium alone (control) or Stx-2
(50 pmol/L, 1 nmol/L) for 3, 6, and 24 hours. The results are representative
of five independent experiments. The optical density of the autoradiographic
signals was quantified and calculated as the ratio of ET-1 to �-actin mRNA.
Results (means � SEM) are expressed as fold increase over control (consid-
ered as 1) in densitometric arbitrary units. *P � 0.05, **P � 0.01 versus
control. B: Stx-2 stimulates ET-1 production by podocytes. Podocytes were
incubated with medium alone or Stx-2 (50 pmol/L, 1 nmol/L) for 6, 15, 24,
and 48 hours. ET-1 production was measured in cell supernatants by RIA.
The results are representative of three independent experiments. Data are
expressed as means � SEM. *P � 0.01 versus control.

Figure 2. Activation of NF-�B and Ap-1 in podocytes exposed to Stx-2. Top:
Electrophoretic mobility shift assay for NF-�B (A) and Ap-1 (B) was per-
formed in nuclear extracts of podocytes exposed for 30 minutes to medium
alone or Stx-2 (50 pmol/L, 1 nmol/L). To confirm the specificity of the
binding reaction, a 100-fold molar excess of unlabeled (cold) nucleotide was
used to compete with the labeled NF-�B or AP-1 probes for binding to
nuclear proteins. The results are representative of three independent exper-
iments using different nuclear extracts. Bottom: Densitometric analysis of
autoradiographic signals of NF-�B (A) and AP-1 (B). Results are means �
SEM. *P � 0.05 versus control.
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mutated control ODN podocytes treated with Stx-2
(Figure 3B).

Stx-2 Activates p38 and p42/44 MAPKs,
Instrumental for NF-�B Transcriptional Activity

Given that in other cellular systems, p38 and p42/44
MAPKs modulate the transcriptional activity of NF-�B and
Ap-1,23,33–37 we investigated whether Stx-2 induced ac-
tivation/phosphorylation of both MAPKs. By Western blot
analysis, podocytes challenged with Stx-2 (50 pmol/L)
exhibited a rapid p38 MAPK phosphorylation within 15
minutes that further increased at 30 and 60 minutes with
respect to control (Figure 4A). As shown in Figure 4B,
Stx-2 induced a marked increase in the level of p42/44
MAPK phosphorylation starting at 30 minutes and then
declining to the basal level by 180 minutes.

Next, we assessed whether p38 and p42/44 MAPKs
activated by Stx-2 were involved in NF-�B transcriptional
activity responsible for ET-1 gene regulation. The effect of
p38 and p42/44 MAPK inhibitors SB-202190 and PD-
98059 was assessed in Stx-2-treated podocytes trans-
fected with a vector encoding the luciferase reporter
gene driven by a promoter containing consensus se-
quence for NF-�B. Results showed that Stx-2 increased
luciferase activity by 2.7-fold with respect to control,
which was reduced by 37% by the p38 MAPK inhibitor
and almost abrogated after p42/44 MAPK functional
blockade (Figure 4C).

Stx-2 Promotes Cytoskeleton Rearrangement
and Gap Formation via ET-1

Differentiated podocytes possess a contractile structure
composed of F-actin fibers extended across the entire
cell body (Figure 5A) that, after Stx-2 (50 pmol/L), were
greatly redistributed to the cell periphery (Figure 5B).
Alteration in actin-based cytoskeleton was associated
with the formation of intercellular gaps (Figure 5B).
Higher frequency of gaps in podocytes exposed to Stx-2
was observed compared with unstimulated cells (Figure
5D). Quantitative assessment of podocytes undergoing
cytoskeletal rearrangement in response to Stx-2 was per-
formed by triple immunostaining of cells for ZO-1, a mem-
brane marker that defines podocyte outline, F-actin, and
nuclei. As shown in Figure 6, Stx-2 induced F-actin rear-
rangement at the cell periphery in 56.7 � 1.7% of podo-
cytes compared with 15.2 � 2.1% of unstimulated cells
that exhibited mild cytoskeletal changes.

To document that ET-1 is one of the major mediators of
Stx-induced podocyte structural changes, we first stud-
ied whether differentiated murine podocytes expressed
ET-1 receptors. Murine podocytes constitutively ex-
pressed ETA but not ETB receptor as assessed by real-

Figure 3. ET-1 mRNA up-regulation induced by Stx-2 is inhibited by adeno-
virus-mediated dominant-negative mutant of IKK2 or by Ap-1 decoy ODN. A:
Cells were left untreated or infected for 3 hours with a recombinant adeno-
virus coding for a dominant kinase-negative mutant of IKK2 (AdV-dnIKK2)
or with a control adenovirus (AdV-0) and were then maintained in serum-
free medium for 24 hours before incubation with medium alone or Stx-2 (50
pmol/L) for 24 hours. Cells were processed for ET-1 mRNA expression by
real-time PCR. The results shown are means � SEM of three independent
experiments. *P � 0.05, **P � 0.01 versus control; °°P � 0.01 versus AdV-0�
Stx-2. B: Ap-1 decoy ODN or mutated control ODN was added to podocytes
2 hours before incubation with medium alone or Stx-2 (50 pmol/L) for 6
hours. ET-1 mRNA was assessed by real-time PCR. The results shown are
means � SEM of three independent experiments. **P � 0.01 versus control;
°P � 0.05 versus control ODN�Stx-2.

Figure 4. Stx-2 activates p38 and p42/44 MAPKs, instrumental for NF-�B
activation. Phosphorylation of p38 (A) and p42/44 (B) MAPKs in podocytes
exposed to Stx-2 (50 pmol/L) for 15, 30, 60, and 180 minutes. Cell lysates
were analyzed by Western blot using antibodies against the phosphorylated
form of each MAPK. The blots were stripped and reprobed with anti-
nonphosphorylated p38 or p42/44 antibodies to confirm equal loading of the
proteins on the gel. C: Effect of pharmacological inhibition of p38 and p42/44
MAPKs on Stx-2-induced NF-�B-dependent promoter activity. Podocytes
were transfected for 3 hours with NF-�B luciferase reporter gene. Then cells
were maintained in serum-free medium for 15 hours before exposure to Stx-2
(50 pmol/L) for an additional 6 hours. The p38 inhibitor SB-202190 (20
�mol/L) and the p42/44 inhibitor PD-98059 (10 �mol/L) were added 1 hour
before and during stimulation with Stx-2. Relative luciferase activity is ex-
pressed as fold stimulation by assuming control as 1. Data are means � SEM
(n � 3 experiments). *P � 0.01 versus control; °P � 0.01 versus Stx-2.
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time PCR. Stx-2 up-regulated ETA receptor mRNA ex-
pression at 6 and 15 hours of incubation (2.17 � 0.76-
and 1.96 � 0.18-fold increase over control). At variance,
no effect on ETB receptor expression was observed in
response to the toxin. ETA receptor protein was visualized
in control cells (Figure 7A) by immunofluorescence stain-
ing and was found to be enhanced in response to Stx-2
(Figure 7B).

We then tested the effect of the ETA receptor antago-
nist LU-302146 on cytoskeleton rearrangement and inter-
cellular gap formation and found that it prevented F-actin
redistribution induced by Stx-2 (Figure 5C) and reduced
intercellular gaps (Figure 5, C and D), thus suggesting a
role of ET-1 induced by Stx-2 via ETA receptor.

ET-1 Induces F-Actin Redistribution and Alters
Protein Permeability in Podocytes

That ET-1 modifies podocyte cytoskeleton was further
confirmed by another series of experiments in which the
peptide was exogenously added to cultured podocytes.
After a 6-hour exposure to ET-1 (0.1 to 100 nmol/L), the
percentage of podocytes that underwent cytoskeleton
alterations increased in a concentration-dependent man-
ner, reaching values significantly different at 100 nmol/L
ET-1 (Table 1). As shown in Figure 8B, challenge of
podocytes with 100 nmol/L ET-1 induced a marked re-
distribution of F-actin fibers to the cell periphery and
intercellular gap formation with respect to unstimulated

cells (Figure 8A). Evaluation of transepithelial passage of
fluorescent albumin to the basolateral compartment of
bicameral chambers showed unequivocal increase in al-
bumin permeability across podocyte monolayer on ET-1
challenge (Figure 8C).

Next, we investigated whether structural alterations in-
duced by ET-1 could be mediated by PI3K and Rho
kinase, known to regulate stress fiber formation.38,39

Treatment with wortmannin or Y27632, selective inhibitors
of PI3K and Rho kinase, respectively, resulted in a sig-
nificant reduction of cells with F-actin rearrangement in-
duced by ET-1 (wortmannin�ET-1, 26.2 � 1.6; Y27631�
ET-1, 34.0 � 1.9; versus ET-1, 48.7 � 0.8% of F-actin
rearranged cells; P � 0.01 versus ET-1).

Discussion

The kidney is the privileged target of Shigatoxin, the
causative agent of D�HUS. The role of podocyte in the
toxic response to Stx and the underlying cellular and
molecular mechanisms have been explored in the
present study. We focused on the vasoconstrictor pep-
tide ET-1 found to be elevated in plasma and urine of
children during the acute phase of HUS.40,41 In the kid-
ney, ET-1 is produced by all glomerular cell types and by
tubules,42 and when bound to the ETA receptor, it elicits
different biological activities, including contraction, pro-
liferation, and inflammatory cell recruitment.43 The

Figure 5. Stx-2 induces cytoskeletal F-actin redistribution and gap formation via ETA receptor. Immunofluorescence staining of F-actin fibers in podocytes
stimulated for 15 hours with medium alone (A), Stx-2 (50 pmol/L) (B), and Stx-2 in the presence of the ETA receptor antagonist LU-302146 (1 �mol/L) (C). The
ET-1 receptor antagonist was added 1 hour before and during the incubation with Stx-2. In unstimulated cells, F-actin microfilaments are arranged in parallel,
whereas Stx-2 leads to F-actin redistribution at the cell periphery in association with intercellular gap formation. LU-302146 prevents cytoskeletal redistribution
and gaps. Magnification, �600. D: The number of gaps was counted in 15 random fields for each sample, and the results are expressed as means � SEM (n �
7 experiments). *P � 0.01 versus control; °P � 0.01 versus Stx-2.
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present results indicate that Stx-2, at subtoxic concentra-
tions, enhanced gene expression of ET-1 in cultured
murine podocytes, followed by increased synthesis of the
mature peptide. Considering the podocyte location in the
glomerulus at close proximity with the endothelium, the
increased production of vasoactive ET-1 triggered by Stx

in podocytes might have an impact on glomerular
microcirculation.

A pivotal aspect of this study was the identification of the
intracellular signals involved in Stx-induced ET-1 overex-
pression in podocytes. Regulation of the pre-pro ET-1 gene
is complex and has been attributed to multiple regulatory
elements. Evidence is available showing that the pre-
proET-1 gene possesses in the promoter region specific
consensus sequences for the transcription factors NF-�B
and Ap-1.31,32 Podocytes exposed to Stx-2 exhibited a
rapid and massive activation of NF-�B. Ap-1 was also sig-
nificantly activated by the toxin, although to a lesser extent.
In other cellular systems, such as monocytes44 and endo-
thelial cells,45 previous reports showed that Stx increased
either NF-�B or AP-1 binding activity, responsible for cyto-
kine and chemokine gene expression. The direct demon-
stration that NF-�B modulates ET-1 mRNA expression de-
rives from experiments in which transfected podocytes that
overexpressed a dominant-negative mutant of the
IKK221,23—a specific kinase that acts as upstream activator
of NF-�B46—failed to increase ET-1 gene expression in
response to Stx-2. In addition, the finding that Stx-treated
podocytes transfected with the Ap-1 decoy ODN showed a
significant decrease of ET-1 mRNA indicates that ET-1 gene
expression is, at least in part, dependent on Ap-1 activation.

Figure 6. Quantification of podocytes with F-actin rearrangement in re-
sponse to Stx-2. Representative images of immunofluorescence staining for
F-actin fibers (red), ZO-1 (green), and nuclei (blue) in podocytes stimulated
for 15 hours with medium alone (A) or Stx-2 50 pmol/L (B). Magnification,
�630. C: Percentage of cells with F-actin rearrangement with respect to total
cells was quantified (n � 10 fields for each sample). Results are expressed as
means � SEM (n � 3 experiments). *P � 0.01 versus control.

Figure 7. ETA receptor expression in differentiated podocytes. Immunoflu-
orescence staining for ETA receptor in podocytes exposed for 15 hours to
medium alone (A) or Stx-2 50 pmol/L (B). ETA receptor is expressed con-
stitutively by podocytes and up-regulated after Stx-2 incubation. Magnifica-
tion, �600.

Table 1. ET-1 Induced a Redistribution of F-Actin Fibers

Cells with F-actin rearrangement (%)

Control 15.75 � 2.38
ET-1

0.1 nmol/L 24.11 � 3.54
1 nmol/L 24.36 � 2.74
10 nmol/L 26.91 � 2.55
100 nmol/L 44.48 � 1.99*

Percentage of cells with F-actin rearrangement to total cells was
quantified (n � 10 fields for each sample). Results are expressed as
means � SEM.

*P � 0.01 versus control.

Figure 8. Effect of exogenous ET-1 on cytoskeletal F-actin distribution and
albumin permeability. Immunofluorescence staining of F-actin fibers in
podocytes exposed for 6 hours to control medium (A) or ET-1 (100 nmol/L)
(B). ET-1 promotes changes in cytoskeleton distribution leading to F-actin
rearrangement at the cell periphery and intercellular gap formation. Magni-
fication, �600. C: Transepithelial albumin permeability is increased in podo-
cytes exposed to ET-1 (100 nmol/L, 6 hours) versus unstimulated cells (n �
3 experiments). *P � 0.01 versus control.
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It has been consistently documented that p38 and
p42/44 MAPK pathways are fundamental for initiating the
transcriptional activity of NF-�B and Ap-1.23,33–37 The
involvement of p38 and p42/44 MAPKs in mediating NF-
�B-dependent gene transcription rests on data that Stx-2
phosphorylated p38 and p42/44 MAPKs and that inhibi-
tors of both MAPKs decreased the transcription of NF-�B
promoter/luciferase reporter gene construct induced by
the toxin. Consistently with our results, other studies have
implicated MAPK activation in Stx-induced gene tran-
scription in various target cells. In a human adenocarci-
noma-derived renal tubular cell line (ACHN), Stx-2 in-
duced p38 and p42/44 MAPK activation instrumental for
NF-�B-induced TNF-� transcription.33 In addition, Stx-1-
induced TNF-� gene expression in a mononuclear cell
line was decreased by blockade of the p38 pathway.47

Another major finding that arises from this study is that
Stx-2 caused a marked rearrangement of the contractile
F-actin apparatus of podocytes associated with the forma-
tion of intercellular gaps, reflecting effective podocyte pro-
cess retraction. In vivo, podocyte cytoskeletal derangement,
consisting of marked disaggregation and redistribution of
actin filaments, results in foot process effacement and cell
retraction, structural alterations common to both human and
experimental glomerulopathies associated with proteinuria
and renal function impairment.48–50 Foot process efface-
ment, which possibly develops in association with in-
creased mechanical stress, can be considered as an adap-
tive change in the podocyte phenotype to counteract
glomerular capillary expansion at the price of reducing the
actual filtration area.48 As for possible mechanisms by
which Stx may influence cytoskeleton remodeling, a study51

performed in ACHN cells derived from renal tubular epithe-
lial carcinoma showed that binding of Stx-1 B subunit to
Gb3 receptor caused the phosphorylation of ezrin, a linker
protein that connects the plasma membrane with actin fila-
ments. Ezrin phosphorylation occurred via activation of Src
protein-tyrosine kinase, a crucial determinant of cell con-
traction and cytoskeleton remodeling,52 and was followed
by redistribution of cytoskeletal organizing proteins includ-
ing actin, vimentin, cytokeratin, paxillin, and focal adhesion
kinase.51 In our experimental setting, we tested the hypoth-
esis that cytoskeletal changes induced by Stx-2 in podo-
cytes could be related to the production of ET-1, because of
its ability to induce stress-fiber formation via Rho/ROCK
system53 and to activate Src PTK family.54 The finding that
podocytes expressed ETA receptor and that treatment with
the ETA receptor antagonist prevented F-actin redistribution
and decreased intercellular gap formation induced by Stx-2
does suggest an autocrine role for ET-1, via ETA receptor, in
the dysfunction of the contractile apparatus eventuating to
cell retraction.

Notably, morphological alterations similar to those
caused by Stx-2 were observed when exogenous ET-1 was
added to cultured podocytes, causing F-actin redistribution
and gap formation. Changes were already evident using
ET-1 concentrations similar to those measured in the super-
natant of podocytes exposed to Stx-2, although a significant
effect was achieved only with the highest concentration
(100 nmol/L ET-1). Cytoskeletal rearrangement was associ-
ated with a significant increase in transepithelial passage of

fluorescent albumin to the basolateral compartment of
podocytes grown on a bicameral chamber, which reflected
podocyte-podocyte contact alteration in response to ET-1.
Inhibition of Rho kinases, which is crucial for the formation of
stress fibers,39 and of PI3K, a known upstream activator of
Rho pathway,38 resulted in a significant decrease of the
number of cells with F-actin rearrangement in response to
ET-1, thus suggesting a possible molecular mechanism
through which ET-1 induced podocyte structural changes.
In conclusion, our results document that the podocyte is a
functionally relevant target of Stx-2 that, via up-regulation of
ET-1 gene and protein, may amplify its noxious effects, thus
contributing to glomerular dysfunction.
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