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Abstract Postdiarrhea hemolytic uremic syndrome (HUS)
is the most common cause of acute renal failure in children
in Argentina. It is well established that Shiga toxin type 2
(Stx2) causes direct damage to glomerular endothelial cells
and tubular epithelial cells, leading to a reduction in the
water handling capacity of the kidney. In this study, we
demonstrate that Stx2 and its B subunit (Stx2B) were able
to inhibit water absorption across human renal tubular
epithelial cell (HRTEC) monolayers without altering the
short circuit current and the 3H-mannitol permeability.
Quantitative evaluation of 14C-inulin transport across
HRTEC monolayers showed a similar transport rate both
before and after HRTEC treatment with Stx2 that confirmed
the integrity of the paracellular pathway. Furthermore, Stx2
produced significant protein synthesis inhibition of HRTEC
at concentrations as low as 0.001 ng/ml and 1 h of
incubation, whereas Stx2B did not modify it at concen-
trations as high as 10,000 ng/ml and 6 h of incubation. Our
findings suggest that whereas the action of Stx2 appears to
be caused mainly by the inhibition of protein synthesis
mediated by the A subunit, the binding of Stx2B subunit to
the Gb3 receptor may affect the membrane mechanisms
related to water absorption. We speculate that inhibition of
water absorption may occur in proximal tubular cells in

vivo in response to Stx2 and may contribute to the early
event of HUS pathogenesis.
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Introduction

Postdiarrhea hemolytic uremic syndrome (HUS) is the most
common cause of acute renal failure in children in
Argentina and the second cause of chronic renal failure in
children younger than 5 years of age (data from the registry
of the Nephrology Committee of the Argentine Society of
Pediatrics). The acute stage of the disease is marked by
hypertension, edema, hematologic abnormalities, and
anuria [1, 2]. Clinical and histological renal damage has
been strongly associated with Shiga toxins (Stxs) produced
by Escherichia coli O157:H7 and other related bacterial
strains frequently isolated from children with HUS. These
strains express Stx types 1 and 2 (Stx1, Stx2), although
those that express only Stx2 are highly prevalent in
Argentina [3]. Stx contains an A subunit monomer
(32 kDa) linked to five B subunits (7.7 kDa) [4]. The A
subunit exhibits ribonucleic acid (RNA) N-glycohydrolase
activity and cleaves a specific adenine residue on the 28S
ribosomal RNA in the cytosol, thereby inhibiting protein
synthesis. In contrast, the B subunit pentamer can bind to
globotriaosyl ceramide (Gb3), the functional receptor for
Stx found on the surface of target cells [4]. Whereas
inhibition of protein synthesis by the active A subunit is
considered responsible for Stx cytotoxicity, other biological
effects given by the B subunit appear to contribute to the
mechanism by which Stx damages or kills target cells. For
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example, StxB binding to Gb3 has been shown to trigger
intracellular signaling events that induce apoptosis in
Burkitt’s lymphoma cells [5]. We have further observed
that the Stx2B subunit increases the apoptotic activity in
human renal tubular epithelial cells (HRTEC) in a dose- and
time-dependent manner [6]. The B subunit effect on
apoptosis appears to be limited to certain epithelial and
nonepithelial cells. Differently, Vero cells, and monocytic
human leukemic cell line THP-1 cells require the A subunit
of Stx to induce apoptosis [7, 8].

The kidney expresses relatively high levels of Gb3
compared with other organs, which may account, at least in
part, for renal targeting in HUS [9]. Glomerular endothelial
cell swelling and detachment from the basement membrane,
mesangial expansion, and mesangiolysis have been ob-
served [10]. In addition, recent accumulating evidence
suggests that renal tubular injury observed with HUS [11]
is not only secondary to glomerular and arteriolar injury
induced by Stx2 but also to the direct action of Stx on
tubular epithelial cells [12]. It has been shown that the
tubular epithelial cells are also highly susceptible to Stx in
culture [6, 13, 14]. Proximal tubular damage is evident in
renal tissue during the early stages of HUS [15], raising the
possibility that the proximal tubule may be an important
early target of Stx action. The marked increase in N-acetyl
glucosaminidase and β2-microglobulin, both of which are
specific markers of tubular function, has provided evidence
of renal tubular damage in the acute stage [16]. In studies
with the baboon model of HUS, Taylor et al. [17] observed
that the most severely affected segment of the nephron was
the proximal tubule.

It is known that 120 L of fluid are reabsorbed across the
human proximal renal tubules each day. However, the
mechanisms involved in the fluid movement across that
epithelium remains controversial, as effective osmotic
gradients, luminal hypotonicity, and lateral intercellular
space hypertonicity have been proposed [18]. Although
only luminal hypotonicity has been experimentally demon-
strated, it is also accepted that a coupling between ion and
water fluxes takes place in the lateral space of the
epithelium [19]. The apical Na+/H+ exchanger NHE3
together with the basolateral Na+/K+ adenosine triphospha-
tase (ATPase) pump are the principal mechanisms committed
to accumulate sodium chloride (NaCl) in the intercellular
space, which becomes hypertonic. The resulting standing
osmotic gradient would be the driving force to reabsorb
water through the transcellular and/or paracellular pathways
[20]. There are pieces of evidences indicating that the
majority of water reabsorption occurs via a transcellular
pathway [21] and that the apical and basolateral plasma
membranes of proximal tubules have high osmotic water
permeability [22] given by the expression of water-channel
aquaporins-1 (AQP1) [23].

We recently published that Stx2 holotoxin and Stx2B
subunit inhibit water absorption across the human colonic
mucosa [24]. In the study presented here, we demonstrated
that Stx2 holotoxin and Stx2B subunit inhibit water
absorption across the HRTEC monolayer. These cells could
be considered a model system reflecting the functional
properties of the human proximal tubule epithelium. Our
results could improve the understanding of the mechanisms
involved on the cell damage mediated by Stx2.

Materials and methods

Reagents

Purified Stx2 holotoxin was purchased from Denka Seiken
Co., Ltd. (Chuo-Ku, Tokyo, Japan). Unless stated other-
wise, all other reagents were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). All tissue culture
flasks, dishes, and multiwell plates were from Falcon
(Orange Scientific, Graignette Business Park, Belgium).

Stx2B subunit purification

The Stx2B subunit was purified by metal-affinity chroma-
tography under native conditions, as described in our
previous articles [6, 24]. Briefly, recombinant E. coli
containing the stx2b gene fused in frame with the 6xHis
tag gene from the pQE-70 vector (QIAGEN, Hilden,
Germany) was cultured in Luria-Bertani (LB) broth (Difco
Laboratories) supplemented with 100 µg/ml ampicillin
(Sigma Aldrich Co.) until an OD600 of 0.6. The bacterial
pellet obtained after centrifugation at 6,500 rpm for 10 min
was resuspended in lysis buffer (50 mM NaH2PO4,
300 mM NaCl) and incubated on ice for 30 min. The
suspension was then sonicated, and the supernatant was
mixed with 50% Ni-NTA. The lysate/Ni-NTA (QIAGEN)
mixture was washed and eluted four times with elution
buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidaz-
ole, pH 8). Flow through and elutes were resolved in 15%
sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE).
Two bands of approximately 7.5 kDa and 38 kDa were
observed in the third eluted fraction. The identity of Stx2B
subunit was confirmed by immunoblotting, as was previ-
ously shown [24]. The amount of protein in each band was
determined on the nitrocellulose membrane by densitome-
try using β-actin as a reference standard. The Stx2B
subunit was then dialyzed against 10 mM phosphate
buffered saline (PBS, 145 mM NaCl/10 mM NaH2PO4

pH 7.4) to remove imidazole and applied to high-
performance liquid chromatography (HPLC) (C4 column)
using phosphate-buffered saline (PBS) as the elution buffer.
A single peak of purified Stx2B subunit was observed. This
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purification procedure routinely resulted in approximately
150 µg Stx2B subunit purified to at least 97% homogeneity
from a 1-L culture.

Cell culture

HRTEC were isolated from kidneys removed from different
adult patients undergoing nephrectomies for renal cell
carcinoma from the “Unidad deUrología, Hospital de Clínicas
José de San Martín”, Buenos Aires, Argentina. The Ethics
Committee of the Universidad de Buenos Aires approved the
use of human renal tissues for research purposes.

The cortex was dissected from the renal medulla, and the
primary culture of the HRTEC was performed according to
the methods described previously [6]. Briefly, the cortical
fragments were incubated for 1 h at 37°C in a buffer
containing 0.1% collagenase type 1. Then they were washed,
centrifuged, and resuspended in Roswell Park Memorial
Institute (RPMI) 1640 (HyClone) medium supplemented
with 5% fetal calf serum, 2 mM L-glutamine, and 100 U/ml
penicillin/streptomycin (all from GIBCO BRL, Grand Island,
NY, USA). Cells were incubated in 5% CO2 atmosphere at
37°C and grown in flasks up to confluence. The cells were
then trypsinized, concentrated in fetal calf serum containing
5% dimethyl sulfoxide (DMSO), and stored in liquid
nitrogen for subsequent use. Cells were cultured in T-25
flasks in RPMI medium with supplements and 1% endothe-
lial cell growth factor and used between three and five
passages. By light microscopy, more than 95% of the cells
had similar morphologies. These cells were confirmed as
epithelial cells by positive staining for cytokeratins. Less
than 10% of cells were positive with the antibody against
an epithelial membrane antigen (EMA, Dako, Glostrup,
Denmark) present in the distal tubular epithelial cells. The
presence of fibroblasts was ruled out by lack of reactivity
with an antibody directed to human fibroblast common
antigen (Dako). Furthermore, the cells were also negative for
the endothelial-cell antibody PECAM CD31 (Dako). All
samples were developed by immunoperoxidase by using
RTU Vectastain Kit (Vector, Burlingame, USA).

Depending on the particular experiment, HRTEC cells were
grown on 96-well plates, glass cover slips into 24-well plates,
or cell-culture holders coated with collagen (Transwell-COL
holders of 3-µm pore size, 4.7 cm2 area, Corning-Costar Corp,
Cambridge, MA, USA). Under these conditions, HRTEC
proliferated rapidly and formed a completely confluent
monolayer after 3–5 days of culture. For cell viability and
protein synthesis, cells were grown up to 90% confluence.

All HRTEC were studied under growth-arrested conditions
(with serum-free medium). Barely confluent cells were placed
in RPMI 1640 containing 2 mM L-glutamine and 100 U/ml
penicillin/streptomycin for 24 h prior to any experimental
maneuvers.

Neutral red cytotoxicity assay

The neutral red cytotoxicity assaywas adapted frompreviously
described protocols [6]. HRTEC were plated in 96-well plates
and grown to subconfluence in complete RPMI medium. The
cells were then washed in PBS and exposed to 0.0001–
100 ng/ml Stx2 or 1–10,000 ng/ml Stx2B subunit in growth-
arrested conditions for 1 h and 6 h. Two hundred microliters
of freshly diluted neutral red in PBS were then added to a final
concentration of 50 µg/ml, and cells were incubated for an
additional 3 h at 37°C in 5% CO2 incubator. Cells were
then washed with 1% CaCl2 and 4% formaldehyde and
solubilized in 1% acetic acid and 50% ethanol. Absorption in
each well was read in an automated plate spectrophotometer
at 546 nm. Results are expressed as neutral red uptake
percent, and 100% represents cells incubated under identical
conditions but without toxin treatment.

Protein synthesis inhibition assay

HRTEC were grown to subconfluence in 96-well plates and
incubated for 1 h or 6 h in growth-arrested conditions either
with Stx2 holotoxin or with the Stx2B subunit at the same
time and concentrations as those used for the cytotoxicity
assays. At the end of the incubation, plates were washed
twice with PBS to remove the toxin and incubated with PBS
containing 10 µCi/ml of [35S]-methionine for 90 min at 37°C
in 5% CO2 incubator. The medium was then removed, and
the cells were washed three times in PBS and three times in
10% trichloroacetic acid on ice for 10 min each. Precipitated
proteins were solubilized in 0.5% SDS and 0.1 N NaOH and
counted in a liquid scintillation counter. Results were
expressed as percentage of protein synthesis in toxin-treated
cells compared with non-treated control cells.

Apoptosis

Hoechst staining was used as a nuclear marker of apoptosis.
HRTEC were cultured in cover slips for 2–3 days immersed
in 24-well plates with RPMI medium with supplements.
Cells were incubated for 1 h and 6 h with: (a) 1 or 100 ng/ml
of Stx2 or (b) 10,000 ng/ml of the Stx2B subunit. Cover slips
were washed with PBS, fixed with acetic acid:methanol (3:1)
and incubated for 10 min with Hoechst. After washing with
PBS, fluorescent nuclei were observed with a Nikon model
Eclipse E-200 fluorescence microscope with a 360- to
380-nm filter for excitation and a 435- to 485-nm filter for
emission. Digital images were captured with a digital camera
(Nikon E4300). The digital images were processed using the
Adobe Photoshop 6.0 image analysis software package
(Media Cybernetics). Apoptotic cells were defined on the
basis of nuclear morphology changes such as chromatin
condensation.
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Net water transport measurement

To perform the net water transport (Jw) measurements, the
Transwell holders with their bottom covered with a monolayer
of HRTEC were directly inserted in a modified Ussing
chamber [25], and the apical and serosal compartments were
immediately washed with 16 ml of a standard Ringer
solution containing (in mM): 113 NaCl, 4.5 KCl, 25
NaHCO3; 1.2 MgCl2; 1.2 CaCl2; 1.2 K2HPO4; 0.2 KH2PO4;
25 glucose. The serosal bath was continuously bubbled with
95% O2–5% CO2, and the cell temperature was kept at 37°C
by a water-jacket reservoir connected to a temperature-
constant circulating pump.

The apical side was closed, and a hydrostatic pressure of
3 cm of H2O was continuously applied on this side. Water
movement across the HRTEC monolayer was measured by
displacement of a photo-opaque solution inside a glass
capillary tube connected to the apical side of the chamber
via an intermediate chamber. Displacement of the liquid
meniscus corresponding to an amount of water, as small as
50 nl, moving across the monolayer was detected using an
electro-optical device connected to a computer [26, 27].

To determine hydrostatic permeability (Phydr) or osmotic
permeability (Posm), Jw values were recorded in the
presence of different transepithelial hydrostatic pressure
gradient (ΔP) or transepithelial osmotic gradients (ΔOsm),
respectively. Hypertonic solutions were obtained by adding
polyethylenglycol (PEG, Mr 6000). Theoretical osmolarity
for PEG solutions was corrected by applying an osmotic
coefficient of 2.5. This value was obtained in toad urinary
bladders because it works as an almost perfect osmometer
where the reflection coefficients for sucrose and PEG are
equal to 1 [28]. Phydr and Posm were calculated from the
following equation: Jw = Phydr × ΔP and Jw = Posm ×
ΔOsm. In some experiments, 0.3 mM HgCl2 with or without
5 mM β-mercaptoethanol (β-ME) was added on the apical
side 15 min before the addition of the osmotic gradient.

Once the tissue reached steady values, different concen-
trations of Stx2 or Stx2B subunit were added to the
mucosal bath (time zero). The concentrations of Stx2 were
chosen based on previous observations that indicate that
Stx2 and Stx2B subunits inhibit water absorption across
human colonic mucosa [24]. Variations in Jw were
continuously measured for at least 1 h. Because of cell
variability, data are presented as ΔJw, where ΔJw = Jw at
time t–Jw at time 0.

Transepithelial electrical parameters

The transepithelial potential difference (PD) was recorded
across the calomel electrodes via agar bridges placed adjacent
to the epithelium under open circuit conditions. The short
circuit current (Isc) was simultaneously measured by an

automatic voltage clamp system (Warner Instrument Corp.,
Hamden, USA) that kept the potential difference at zero mV.
During the experiments, transepithelial resistance (Rt) was
measured every 5 min from current deflections in response to
pulses of 1 mV. Before mounting the preparations in the
voltage clamp system, Rt was measured with a Millicell-ERS
electric resistance system (Millipore, Bedford, MA, USA).

Transepithelial paracellular permeability

[3H]-mannitol flux HRTEC monolayers were mounted in
the Ussing chamber and [3H]-mannitol (1 µCi/ml, New
England Nuclear Corp. USA) was added to the apical side.
Samples (1 ml) were taken from the serosal side and
replaced with unlabeled medium every 5 min. The
radioactivity was counted using a liquid scintillation
counter (Beckman LS-5801). To minimize the effects of
the unstirred water layer, constant agitation in both apical
and serosal sides was maintained. Mannitol permeability
(Pmannitol, cm/s) was calculated taking into account correc-
tion for sampling dilution and back fluxes. The following
equation was used: Pmannitol = [Cserosal/Capical]× Vs/[A × t],
where Cserosal is the final radioactivity detected in the
serosal compartment (µCi), Capical is the initial radioactivity
detected in the apical compartment (µCi), Vs is the volume
of the serosal compartment (16 cm3), A is the diffusion area
of the monolayer (4.7 cm2), t is 300 s.

[14C]-inulin flux To evaluate the paracellular permeability
of the HRTEC monolayers in the presence of Stx2, the
apical to basolateral transport of [14C]-inulin was measured
in cells grown on Transwell-COL holders [29]. Inserts with
or without cell monolayer were placed in the first well of a
cluster immersed in the medium (2.5 ml). At time zero,
[14C]-inulin (0.5 µCi/ml, New England Nuclear Corp.
USA) was added to the inserts (apical cell surface)
dissolved in 1.5 ml of medium. The inserts were transferred
to another well with unlabeled medium every 10 min. At
1 h, 1 ng/ml Stx2 was added to the apical side of HRTEC,
and the isotope transport was evaluated for another 1 h.
Samples (0.5 ml) were taken from each well, and the
amount of isotope was determined in a Beckman liquid
scintillation counter. The percentages of [14C]-inulin trans-
ported (per 4.1 cm2) in successive intervals before and after
the presence of Stx2 were averaged. Cumulative amounts
of [14C]-inulin transported across HRTEC monolayers were
analyzed.

Immunoblot analysis

Subconfluent cultures of HRTEC were scraped and centri-
fuged at 3,000 rpm for 10 min at 4°C. After suspension in
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1 ml of buffer containing 50 mM sucrose, 10mM Tris-base,
pH 7.6, 50 mM NaCl, 1% Triton X-100, and protease
inhibitor cocktail (Roche, USA), the suspension was frozen
and unfrozen three times. The suspension was then
centrifuged at 12,000 rpm for 20 min at 4°C in a
microcentrifuge (Beckman, Palo Alto, CA, USA), and the
supernatant was used for immunoblot analysis. For this,
25 µg of total protein was dissolved in loading buffer [4%
SDS, 0.125 M Tris-HCl, pH 6.8, 0.2 M dithiothreitol,
0.02% bromophenol blue, 20% glycerol], heated to 90°C
for 5 min, resolved on 15% SDS-PAGE, and electro-
transferred onto nitrocellulose membranes (Hybond ECL,
Amersham Pharmacia Biotech Ltd, UK). Membranes were
blocked with 1% (w/v) bovine serum albumin (BSA) in
Tris-buffered saline (TBS) at room temperature for 30 min
and incubated overnight at 4°C with a polyclonal antibody
against AQP1 (Alpha Diagnostic International Inc, USA;
1:1000) or a purified rabbit immunoglobulin G (IgG)
against NHE3 generously provided by Dr. Eugene Chang
(University of Chicago, Chicago, IL, USA, 1:500). Mem-
branes were washed with TBS-Tween 0.1% and incubated
at room temperature for 1 h with a goat anti-rabbit IgG
(Sigma 1:1000) conjugated to horseradish peroxidase.
Filters were then washed three times for 15 min, and the
hybridized proteins were visualized by enhanced chemilu-
minescence (ECL; Pierce, Rockford, IL). To normalize
AQP1 and NHE3 expression, membranes were incubated
with the monoclonal antibody against β-actin (Sigma)
followed by the goat anti-mouse IgG (Sigma).

Statistical analysis

Data shown are mean ± SEM. The statistical significance
between two mean values obtained for two different

experimental conditions was calculated by the Student’s t
test. All data from the curves were analyzed by one-way
analysis of variance (ANOVA) followed by Fisher’s least
significant difference (LSD) test. All statistical analyses
were performed by Statistica software version 6.0. The
criterion for statistical significance was P<0.05.

Results

Functional characterization of HRTEC

Confluent HRTEC grown on permeable supports exhibited
an Rt of 155±36 Ωcm2 (n=18) and a PD of 1.20±0.13 mV
(basal side positive). Unidirectional [3H]-mannitol fluxes
were measured to calculate a value of Pmannitol = (2.2±
0.5)×10–5 cm/s.

Under basal conditions, a net absorptive Jw (0.14±
0.05 µl/min.cm2) was observed in HRTEC placed between
two identical Ringer solutions in the presence of a
hydrostatic pressure gradient (ΔP) of 3 cm of H2O applied
to the mucosal side. This mean value increased when the
ΔP increased resulting in a linear relationship between Jw
and ΔP. The Phydr calculated from the slope of the
corresponding regression line (R2=0.86, P<0.05) was
3.38±1.22 cm/s.

Jw was also sensitive to the applied osmotic gradient
(ΔOsm). The Jw increased when the serosal bath was made
hypertonic by adding 10 mM PEG (25 mOsm) and
decreased when the PEG was washed (Fig. 1). The Posm
calculated was (8.69±1.68)×10–3 cm/s. The osmotic effect
on Jw disappeared when HRTEC monolayers were previ-
ously incubated with 0.3 mM HgCl2 for 5 min, a well-
known inhibitor of aquaporins water channels. Under this

Fig. 1 Absorptive net water
transport (Jw) was dependent on
the osmotic gradient. Jw in-
creased when the serosal bath
was made hypertonic by adding
10 mM polyethylenglycol (PEG)
(25 mOsm) and decreased when
the PEG was washed. Preincu-
bation with 0.3 mM HgCl2 abol-
ished this osmotic effect. For
reversibility of mercurial effect,
0.3 mM HgCl2 with 5 mM β-
mercaptoethanol (β-ME) were
added on the apical side 15 min
before the addition of the
osmotic gradient. Data are
reported as means ± standard
error of the mean (SEM) of six
experiments. *P<0.001 com-
pared with the corresponding
basal values
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condition, the Posm was not different from zero [(0.35±
0.16)×10–3 cm/s]. Reversibility of mercurial inhibitory
effect on osmotic Jw was observed using β-ME (Fig. 1).
The Posm calculated was not significant different to that
obtained without HgCl2 [(6.30±1.30) vs (8.69±1.68)×
10–3 cm/s, respectively]. These results indicate that osmotic
water transport across HRTEC is dependent on AQPs.

Absorptive Jw inhibition by Stx2 and the Stx2B subunit

Addition of Stx2 or Stx2B subunit to the mucosal bath of
HRTEC monolayers mounted in an Ussing chamber
resulted in a decrease in the absorptive Jw within the first
1 h of incubation (Fig. 2). A significant Jw inhibition at
10 min by 1 ng/ml Stx2 and at 40 min by 0.01 ng/ml of
Stx2 was observed (Fig. 2A). The absorptive Jw was also
reduced by Stx2B subunit in a dose- and time-dependent
manner (Fig. 2B). This inhibition was 10,000 times smaller
than that obtained by Stx2. These results show that both the
Stx2A subunit and, in smaller proportion, the Stx2B
subunit contribute to inhibit the absorptive Jw.

Isc and Pmannitol remained unchanged for at least 1 h of
incubation with 1 ng/ml Stx2 (data not shown), indicating

no changes in the paracellular pathway. To support these
results, cumulative amounts of [14C]-inulin transported
across HRTEC monolayers before and after Stx2 treatment
were also unchanged (Fig. 3). The [14C]-inulin transport
rate across transwells with HRTEC monolayers (8.2% per
hour) and across transwells without cells (34.8% per hour)
shows the monolayer integrity. These results indicate that
Stx2 effects on Jw were the consequence of an alteration in
the transcellular pathway more than the paracellular
pathway. Although AQP1 and NHE3 are implicated in the
water absorption in the transcellular pathway across
proximal epithelial cells, immunoblot analysis of these
proteins in HRTEC either treated or nontreated with 1 ng/ml
Stx2 for 1 h did not revealed differences in the expression of
both proteins (data not shown).

Inhibition of cell viability and protein synthesis by Stx2

As illustrated in Fig. 4, Stx2 caused a reduction of HRTEC
viability in a dose- and time-dependent manner. Incubation
with 0.01–100 ng/ml of Stx2 for 6 h resulted in marked
cytotoxic effects, whereas 10 ng/ml of Stx2 were needed to
reduce cell viability significantly after a 1-h incubation. In
contrast, concentrations as high as 10,000 ng/ml of Stx2B
subunit and incubation for 6 h had no detectable effects on
HRTEC viability.

To further evaluate the possibility that the observed
cytotoxic effect of Stx2 could be associated with a reduced
protein synthesis, [35S]-methionine uptake was studied in
HRTEC incubated with Stx2 at concentrations and time-
courses indicated in Fig. 5. Stx2 produced a significant
protein synthesis inhibition at concentrations as low as

Fig. 2 Effect of Shiga toxin type 2 (Stx2) and the Stx2B subunit on
absorptive net water transport (Jw) in human renal tubular epithelial
cell (HRTEC). Cells were incubated at 37°C for 1 h with the indicated
concentrations of either the Stx2 (A) or the Stx2B subunit (B). Each
point indicates the mean ± standard error of the mean (SEM) of at
least three experiments. *P<0.05 for Stx2 and Stx2B curves vs control
[analysis of variance (ANOVA)]

Fig. 3 Apical to basolateral transport of [14C]-inulin across cell-free
transwells and across transwells with human renal tubular epithelial
cell (HRTEC) monolayers. The HRTEC were incubated with Roswell
Park Memorial Institute (RPMI) 1640 medium at 37°C for 1 h,
followed by 1 ng/ml Shiga toxin type 2 (Stx2) for 1 h. Values
represent the mean percentage of the cumulative amount of [14C]-
inulin transported per 4.71 cm2 after each 10-min interval. Vertical
bars represent standard error of the mean (n=3)
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0.001 ng/ml for 1 h and 0.0001 ng/ml for 6 h. The Stx2B
subunit did not modify protein synthesis at concentrations
as high as 10,000 ng/ml and 6 h of incubation (Fig. 5). Stx2
effects on cell viability did not correlate well with protein
synthesis. Cell death lagged markedly behind protein
synthesis inhibition, as we previously reported [6].

Apoptogenic activity of Stx2

To determine whether the cytotoxic effects were also due to
apoptosis, HRTEC exposed to the Stx2 were examined by
Hoechst staining. HRTEC incubated with 1 and 100 ng/ml
of Stx2 for 6 h displayed a characteristic extensive nuclear
condensation showing a significant stimulation of cellular
apoptosis (Fig. 6A: f,g). On the contrary, these concen-

trations did not alter nuclear morphology after 1 h of
incubation (Fig. 6A: b,c). Stx2B subunit did not modify
significantly the nuclear morphology of HRTEC, even at
concentrations as high as 10,000 ng/ml and 6 h of
incubation (Fig. 6A: d,h). Percentage of apoptotic cells for
each experimental condition is shown in Fig. 6B.

Discussion

In this study, we first characterized the water permeability
properties of monolayers formed by HRTEC in culture. We
determined the existence of a net absorptive Jw sensitive to
hydrostatic and osmotic gradients. Both Phydr and Posm
values were similar to those previously reported for renal

Fig. 5 Effect of Shiga toxin 2
(Stx2) and the Stx2B subunit on
protein synthesis in human renal
tubular epithelial cells
(HRTEC). Cells were incubated
for 1 h or 6 h with either Stx2 or
the Stx2B subunit at various
concentrations. Data are shown
as means ± standard error of the
mean (SEM) (n=6). *P<0.05
corresponds to the minimal
doses of Stx2 necessary to
produce a significant effect
compared with the control

Fig. 4 Effect of Shiga toxin
type 2 (Stx2) and the Stx2B
subunit on cell viability. Human
renal tubular epithelial cells
(HRTEC) were incubated for 1 h
or 6 h with either Stx2 or the
Stx2B subunit at various
concentrations. Data are shown
as means ± standard error of the
mean (SEM) (n=6–10).
*P<0.05 corresponds to the
minimal doses of Stx2 necessary
to produce a significant effect
compared with the control
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epithelial cell lines grown on permeable supports [25, 30]
and rat renal proximal tubules [31]. A low Posm associated
with a high Phydr indicates that water transport across
HRTEC monolayers occurs by transcellular and para-
cellular pathways [32]. In addition, HRTEC showed a total
reduction in Posm in the presence of HgCl2 that was reverted
by β-ME. These results show an important role of AQPs in
the transcellular movement of water across these cells.
Furthermore, we detected the expression of AQP1 and
NHE3 by immunoblot analysis, suggesting that both
proteins, such as occurs in renal proximal tubules, could

be responsible for water absorption. Therefore, our results
validate these cells as a useful experimental model of
human renal proximal tubules.

We also investigated the ability of Stx to alter water
absorption across HRTEC monolayers. Stx2 at a concen-
tration of 0.01 ng/ml significantly inhibited the net
absorptive Jw at times of incubation shorter than 1 h.
These results are coincident with those previously obtained
in human colonic mucosa in which an inhibition of water
absorption by Stx2 without affecting the short circuit
current was observed [24]. Quantitative evaluation of

Fig. 6 Induction of apoptosis in human renal tubular epithelial cells
(HRTEC) by Shiga toxin 2 (Stx2) and the Stx2B subunit. HRTEC
were incubated with either Stx2 or the Stx2B subunit for 1 h and 6 h
(A). Deoxyribonucleic acid (DNA) condensation is observed in
photographs f and g. The rest of the experimental conditions (b–d,

h) showed no differences compared with controls (a, e). Five fields of
duplicated images of each experimental condition were analyzed to
quantify apoptotic cells (B). *P<0.05 was significant compared with
control. Magnification ×400
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[3H]-mannitol and [14C]-inulin transport across HRTEC
monolayers showed a similar transport rate both before and
after HRTEC treatment with Stx2 that confirmed the
integrity of the paracellular pathway.

Further experiments revealed that inhibition of water
absorption by Stx2 could be a consequence of a protein
synthesis inhibition. The incubation of HRTEC with Stx2 at
a concentration as low as 0.001 ng/ml for 1 h inhibited
protein synthesis without affecting cell viability. These
findings suggest that only some of the ribosomes are
inactivated. The intact ribosomes are able to keep up with
protein synthesis so that cell viability is not affected. A
concentration of 0.01 ng/ml Stx2 and 6 h of incubation was
necessary to inhibit cell viability. Damage to some
ribosomes mediated by Stx2 may generate a ribotoxic
stress [33] that may explain the inhibition in water
absorption caused by Stx2. The ribotoxic stress may affect
the expression, cellular localization, and function of
transport proteins involved in water absorption. However,
we found that the expression of AQP1 and NHE3 was
similar in HRTEC either treated or nontreated with Stx2.
Thus, we postulate that these cells incubated with Stx2 for
only 1 h may produce a decrease in the functionality rather
than in the AQP1 and/or NHE3 expression. We also
observed that Stx2B subunit at a concentration of 100 ng/ml
caused a significant Jw inhibition without affecting protein
synthesis, cell viability, and apoptosis. These results are also
similar to those previously described in human colonic
mucosa [24]. It is possible that the interaction of Stx2B
subunit with the Gb3 receptor alters the function of AQP1
and/or NHE3. Recently, it was reported that the binding of
Stx2B to the Gb3 receptor induces lipid reorganization that
favors the formation of inward membrane tubules without
the help of the cellular protein machinery [34]. Further
research to understand this point is already in progress.

In conclusion, Stx2 and the Stx2B subunit are able to
significantly inhibit water absorption across HRTEC mono-
layers. Whereas the Stx2 action could be mainly a
consequence of the inhibition of protein synthesis mediated
by the A subunit, the Stx2B subunit binding to the Gb3
receptor may affect the membrane mechanisms related to
NaCl and water absorption. We speculate that an inhibition
of water absorption may occur in proximal tubular cells in
vivo in response to both A and B subunits of Stx2 and may
contribute to the early events of pathogenesis of HUS.
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