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Introduction

Summary

Typical haemolytic uraemic syndrome (HUS) is caused by Shiga toxin (Stx)-
producing Escherichia coli infections and is characterized by thrombotic
microangiopathy that leads to haemolytic anaemia, thrombocytopenia and
acute renal failure. Renal or neurological sequelae are consequences of irre-
versible tissue damage during the acute phase. Stx toxicity and the acute
inflammatory response raised by the host determine the development of
HUS. At present there is no specific therapy to control Stx damage. The
pathogenic role of reactive oxygen species (ROS) on endothelial injury has
been largely documented. In this study, we investigated the in-vivo effects of
Stx on the oxidative balance and its contribution to the development of HUS
in mice. In addition, we analysed the effect of anti-oxidant agents as thera-
peutic tools to counteract Stx toxicity. We demonstrated that Stx induced an
oxidative imbalance, evidenced by renal glutathione depletion and increased
lipid membrane peroxidation. The increased ROS production by neutrophils
may be one of the major sources of oxidative stress during Stx intoxication.
All these parameters were ameliorated by anti-oxidants reducing platelet
activation, renal damage and increasing survival. To conclude, Stx generates
a pro-oxidative state that contributes to kidney failure, and exogenous anti-
oxidants could be beneficial to counteract this pathogenic pathway.

Keywords: haemolytic uraemic syndrome, oxidative stress, Shiga toxin 2

mainly as a consequence of Stx interaction with its specific
receptor on endothelial cells [1]. The interaction of neu-

The typical form of haemolytic uraemic syndrome (HUS)
is caused by Shiga toxin (Stx)-producing Escherichia coli
(STEC) infections [1]. It is usually preceded by bloody
diarrhoea and is characterized by thrombotic microangio-
pathy that leads to haemolytic anaemia with red blood cell
fragmentation, thrombocytopenia and acute renal failure
[2]. In Argentina, HUS is the main cause of acute renal
failure in the paediatric population, affecting between
10-15 children per 100 000 children aged below 5 years
[3]. Systemic Stx toxaemia is considered to be central to
the genesis of HUS by inducing damage to the vascular
endothelial cells in the kidney, gastrointestinal tract and
other organs and tissues [1]. However, Stx is not enough
to cause the level of damage observed in renal biopses [4].
The endothelium suffers a marked shift towards a throm-
botic status triggering platelet activation and aggregation,

trophils and monocytes with activated endothelial cells
contributes to the amplification of microvascular injury in
the kidney [4,5].

Another factor that could contribute to the endothelial
injury is the deleterious effect of oxidative stress. Aerobic
cellular metabolism generates a physiological level of free
radicals and oxidative stress that is removed or balanced by
endogenous anti-oxidant compounds [6]. If free radical for-
mation exceeds the anti-oxidant capacity, lipids, proteins
and DNA may be oxidized. One of the main sources of free
radicals and reactive oxygen species (ROS) are primed neu-
trophils through activation of the nicotinamide adenine
dinucleotide phosphate—oxidase (NADPH) enzymes family
[7]. Although 50-70% of neutrophil-produced ROS is
restricted to the intracellular compartment, the other
30-50% is pulled through to the extracellular space,
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promoting tissue damage [8,9]. The oxidative injury leads
to alterations of membrane permeability, structure and cell
function.

Conversely, glutathione (GSH) is the most important
intracellular anti-oxidant that acts as a reducing agent and
protects the cells sequestering ROS and detoxifying the
intracellular medium [10]. GSH is the substrate of GSH
peroxidase that reduces hydrogen peroxide (H,O,) or
lipid peroxides (ROOH) generating oxidized glutathione
(GSSG). Accumulation of GSSG is deleterious for the cell.
Therefore, the increase in oxidative stress parallels the
decrease in anti-oxidant capacity of the cell due to the loss
of GSH [10,11].

During the course of the acute period, HUS patients have
higher levels of lipid peroxidation of red blood cells [12], a
rise in proteins with signs of an advanced oxidation process
[13] and a higher concentration of GSSG than healthy con-
trols [14]. In parallel, a significant decrease in superoxide
dismutase (SOD) activity was found in erythrocytes from
HUS patients, and the addition of their own plasma
decreased SOD activity further [15]. Although, by injection
of Stx alone, mouse models failed initially to recapitulate all
features of HUS, this approach is often used to explore the
direct effects of Shiga toxin intoxication on an animal [16].
In this regard, we have demonstrated previously that Stx
type 2 (Stx2) injected in mice induces a significant increase
in the respiratory burst and ROS basal production by poly-
morphonuclear leucocytes (PMN) [17]. Taken together,
these data suggest that oxidative stress could be involved in
tissue damage during HUS.

Because of the importance of restoring the oxidative
balance, several compounds have been developed to be
administered as exogenous sources of anti-oxidants to
counteract the oxidative stress generated in different patho-
logical conditions [18]. Among them, N-acetyl-L-cysteine
(NAC) is a synthetic anti-oxidant derived from cysteine
that acts by removing ROS and regulating several functions
of the immune system [19]. NAC can act directly, by neu-
tralizing ROS, or indirectly, by increasing GSH biosynthesis
[20]. S-ethyl-L-cysteine (SEC) 1is the other cysteine-
containing compound derived from garlic and acts by
reducing thiol groups leading to anti-oxidant activity
similar to NAC [21]. Therefore, using the HUS mouse
model, the aim of this work was to study the in-vivo effects
of Stx on the oxidative balance, and the protective capacity
of synthetic anti-oxidants, by intravenous injection of
purified Stx2.

Materials and methods

Reagents

SEC, NAC, dihydrorhodamine-123 (DHR-123), phorbol
myristate acetate (PMA) and adenosine diphosphate (ADP)
were obtained from Sigma (St Louis, MO, USA).

Mice

BALB/c mice were bred in the animal facility of Institute of
Experimental Medicine (IMEX), Academia Nacional de
Medicina, Buenos Aires. Male mice aged 9-16 weeks and
weighing 20-25 g were used throughout the experiments.
They were maintained under a 12-h light-dark cycle at
22 * 2°C and fed with standard diet and water ad libitum.
The experiments performed herein were approved by the
Institutional Review Board for Animal Care.

PMN and platelet purification

Blood samples were obtained by puncture of the retro-
orbital plexus at 24 and 72 h after Stx2 intoxication to
obtain PMN and platelets, respectively. PMN were isolated
from a pool of heparinized blood obtained from two to
three mice. The cells were harvested by Ficoll-Hypaque
separation followed by dextran sedimentation, as described
previously [17].

For platelets, nine volumes of freshly drawn whole blood
were collected into polyethylene tubes containing one
volume of 3-8% (wt/vol) trisodium citrate solution in
water. After half-diluting with HEPES-Mg buffer (pH 7-4),
platelet-rich plasma (PRP) was obtained by centrifugation
of whole blood at 100 g for 20 min at room temperature
[22].

Flow cytometric studies

ROS generation. To determine the production of ROS by
flow cytometry, DHR-123, a derivative of rhodamine 123,
was used following the protocol described by Gomez et al.
[17]. Briefly, isolated PMN (2 X 10°) were incubated for
15 min at 37°C with 1 pM DHR-123. Subsequently, the cells
were incubated with or without PMA 10 ng/ml for 15 min
at 37°C 5% CO; in a humidified atmosphere. Immediately
afterwards, the cells were washed and suspended in 0-3 pl of
Isoflow (International Link, SA, Buenos Aires, Argentina).
Green fluorescence was measured on 100 000 events with a
Becton Dickinson (Franklin Lakes, NJ, USA) fluorescence
activated cell sorter (FACScan) and analysed using the
Cell-Quest program. PMN were identified and gated using
forward-/side-scatter (FSC/SSC) dot-plot profiles and the
fluorescence density was determined for cells within the
neutrophil gate.

Evaluation  of  platelet  fibrinogen  binding. Platelet
fibrinogen-binding assay was performed on PRP, as
described previously [23]. Briefly, within 1 min, 10 ul of
PRP was added to tubes containing 40 ul HEPES-Mg buffer

(pH 7-4) and 2-5ul of fluorescein isothiocyanate (FITC)
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anti-fibrinogen antibody (1-2 g/l) (FITC-conjugated rabbit
anti-human fibrinogen; Dako, Glostrup, Denmark) with or
without 5pul ADP (200 umol/l). After mixing, the tubes
were left for 10 min in the dark at room temperature
without further agitation. The reaction was stopped by
adding 50 ul 0-5% paraformaldehyde. Platelets were ana-
lysed using a Becton Dickinson FACScan. The platelet
population was identified on the basis of its FSC/SSC
profile, which distinguished it clearly from erythrocytes and
white cells. The mean of green fluorescence intensity (MFI)
of 10 000 platelets was analysed for each mouse with or
without ADP-stimulation and represented as percentage
increase for fibrinogen-binding capacity using the WinMDI
program.

In-vivo treatments

Stx2 preparation. Stx2 was prepared as described previously
[17]. Stx2 preparation was checked for endotoxin contami-
nation by the Limulus amoebocyte lysate assay, given that
1 IU/ml is equal to 0-1 ng/ml of United States Pharmacopea
standard E. coli lipopolysaccharide (LPS). The Stx2 prepara-
tion contained less than 100 pg LPS/pug of Shiga toxin
protein. Stx2 was tested for cytotoxic activity on Vero cells,
as described previously [17].

Stx2 treatment. Stx2 alone or in combination with LPS has
been used with mouse models able to reproduce the fea-
tures of human HUS [17,24,25]. We decided to inject intra-
venously (i.v.) purified Stx2 at doses of 2-5 ng/mice in the
retro-orbital plexus, in the absence of additional LPS injec-
tion, in order to analyse the specific Stx2-dependent effects.
The dose selected induced = 90% mortality between 72 and
96 h after injection. The same batch and dose of Stx2 was
used for all experiments.

Anti-oxidant treatment. We evaluated two protocols of
intraperitoneal (i.p.) administration. In the first scheme, the
anti-oxidants (NAC and SEC) were dissolved in saline solu-
tion and were administered daily beginning 48 h before
Stx2 injection (48 h). In the second scheme, Stx2 was
administered simultaneously with Stx2 (#0 h). In both cases,
NAC and SEC were injected until the end of the experiment
(250 mg/kg/day).

Urea studies

Biochemical determinations of urea in plasma were per-
formed in an autoanalyser CCX Spectrum (Abbott
Diagnostics Systems, Buenos Aires, Argentina) following
standardized instructions. Values higher than the mean * 2
standard deviations (s.d.) of age-matched normal mice was
considered increased.

Oxidative stress induced by Stx contributes to HUS

Determination of total GSH

For sample preparation, kidneys from euthanized mice were
excised, rinsed and homogenized in HCIO, 0-5 N (1 g organ
in 50 ml acid). The homogenates were centrifuged at 5000 g
for 10 min and the supernatants neutralized with Na; PO,
0-44 M (1 ml supernatant in 0-5 ml Na;PO,).

For total GSH determination, the resultant supernatants
(1 ml) were added to a reaction mixture composed of 1 ml
phosphate buffer (0-1M, pH7) and -ethylenediamine
tetraacetic acid (EDTA) 1 mM; 5-5" di-tio-bis-nitrobenzoic
acid (RSSR) 0-1 mM (in sodium and potassium phosphate
buffer, pH 7); NADPH (4 mg/ml) in NaCO; 0-5% W/V and
6 U/ml of glutathione reductase. Absorbance was measured
at 412 nm using oxidized glutathione (10 M) as standard.
GSH concentration was calculated considering €
412 nm = 13-5/mM/cm, and the result was expressed in
umol/g of organ [26].

Lipid peroxidation

Sample preparation. Kidneys from euthanized mice were
excised rapidly, weighed and homogenized in a medium
consisting of 120 mM KCl and 30 mM phosphate buffer,
pH 7:4, at a ratio of 1g liver/9 ml buffer at 0°C. The
homogenates were centrifuged at 600 g for 10 min to
discard nuclei and cell debris. The supernatant, a suspen-
sion of organelles and plasma membranes, was used as
tissue homogenate [27].

Lipid peroxidation measurement. Lipid peroxidation was
performed in kidney homogenates (pooled in pairs) as
the level of malondealdehyde (MDA) by the reaction of
thiobarbituric acid acid-reactive substances (TBARS), as
described by Fraga et al. [28]. Kidney homogenates were
deproteinized with 120 mM KCl, 30 mM phosphate buffer,
pH 7-4, 4% w/v buthylhydroxytoluene in ethanol, 20% w/v
thrichloroacetic acid and 0-7% w/v thiobarbituric acid. The
deproteinized supernatant was heated at 100°C for 20 min,
and the absorption of the solution was determined at
535 nm (e=1-5/mM/cm) and expressed as nmol MDA/g
protein.

Histological studies

For histological studies both kidneys from each mouse were
collected 72h post-Stx2 or saline, or Stx2+NAC and
Stx24+SEC (48 h only). Kidneys were bisected longitudi-
nally, fixed in 10% neutral formalin and paraffin-
embedded. The tissues were then stained with haematoxylin
and eosin (H&E) and examined by light microscopy. A
mean number of five sections of both kidneys from each
mouse were examined for glomerular and tubular histologi-
cal appearance and epithelial damage.

© 2013 British Society for Immunology, Clinical and Experimental Inmunology, 173: 463-472 465



S. A. Gomez et al.

Table 1. Shiga toxin 2 (Stx2) effect on lipid peroxidation [malondeal-
dehyde (MDA)] and total intracellular glutathione (GSH).

MDA (nmol/mg of GSH (umol/g of

protein) tissue)
Saline 745 = 2:0 (n=238) 36 £02(n=38)
Stx2 126:0 = 95 (n=20)* 15 =+ 0-1(n = 20)*

*P < 0-0001 significantly different versus saline-treated mice.

Semi-quantitative renal tubular injury was evaluated
by counting the number of damaged tubules per field
according to the following criteria: swelling and cytoplasmic
vacuolation, sloughing tubular epithelium, necrosis and
apoptosis. All quantifications were performed by counting
10 non-overlapping cortical fields randomly at X200 magni-
fication from three mice per experimental group.

Statistical analysis

Survival and frequency data were analysed for significance
using the %’ test. All other data correspond to the
mean * standard error of the mean (s.e.m.) of individual
mice. Statistical differences were determined using the one-
way analysis of variance (ANOVA). A-posteriori comparisons
between two groups were performed using the Bonferroni
test.

Results

Stx2 effect on lipid peroxidation and total
intracellular GSH

To determine the level of oxidative stress induced by Stx2 in
the kidney, we assayed the level of the most important
product of lipid peroxidation, malondealdehyde (MDA),
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and total intracellular GSH content. As shown in Table 1,
Stx2 injection increased MDA concentration significantly
and reduced total GSH levels in whole kidney homogenates
compared to saline treatment.

Protective effect of NAC and SEC on lipid peroxidation

To evaluate the effectiveness of exogenous anti-oxidants to
counteract the level of lipid peroxidation induced by Stx2,
we treated mice with two synthetic anti-oxidants, NAC and
SEC, by daily administration of each drug under two differ-
ent protocols: a long treatment, starting 48 h before Stx2
injection (#-48 h) (Fig. la), or a short treatment, simultane-
ous with the Stx2 injection (¢0 h) (Fig. 1b). For both treat-
ment schedules, anti-oxidants were continued until the end
of the experiment. As shown in Fig. 1, NAC and SEC
reduced MDA levels to basal values in Stx2-treated mice
under both schedules (10 or +—48 h). These results suggest
that both anti-oxidant protocols were able to counterbal-
ance the Stx2-enhancing effect on lipid peroxidation and
cell membrane damage.

Effect of NAC and SEC on total GSH concentration

We studied whether the exogenous administration of anti-
oxidants was able to restore GSH levels after the depletion
induced by Stx2 in the kidney. Figure 2a,b shows that only
SEC, and not NAC, was able to partially restore the GSH
levels in mice treated with Stx2. In addition, treatment with
NAC or SEC starting 48 h before Stx2 injection increased
total GSH levels compared with saline-treated mice
(Fig. 2a).

Effect of NAC and SEC on Stx2-induced mortality

We next evaluated the therapeutic potential effect of both
anti-oxidants in survival rates after a lethal Stx2 dose. Both

T
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Fig. 1. N-acetyl-L-cysteine (NAC) and S-ethyl-L-cysteine (SEC) reduce lipid peroxidation in the kidney of mice treated with Shiga toxin 2 (Stx2).
Kidney homogenates were treated as detailed in Methods. Bars show % increase of the mean = standard error of the mean of two experiments
(n=12/group). (a) Treatment schedule with NAC or SEC started 48 h before Stx2 (+—48 h). Significant differences were found: *P < 0-001 compared
with all groups; (b) treatment with NAC or SEC started simultaneously with Stx2 (¢0 h), *P < 0-001 versus all groups. All comparisons by analysis of

variance (ANovA) multiple comparison test and posterior Bonferroni analysis.
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Fig. 2. N-acetyl-L-cysteine (NAC) and
S-ethyl-L-cysteine (SEC) partially recover
intracellular glutathione (GSH) concentration.
Kidney homogenates were processed as
explained in Methods. Each bar shows the
mean = standard error of the mean of two

different experiments (1 = 20/group pooled

GSH (mmol/gr of tissue)
o = N W > 00 O

in pairs). (a) At +—48 h, significant differences
were found: *P < 0-05 versus Shiga toxin 2
(Stx2)+SEC. (b) 0 h, *P < 0-001 versus saline
and P < 0-01 versus Stx2+SEC.
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Fig. 3. N-acetyl-L-cysteine (NAC) and S-ethyl-L-cysteine (SEC)
partially protect against Shiga toxin 2 (Stx2) mortality. Mice were
treated with NAC or SEC starting 48 h before Stx2 (48 h) (a) or
simultaneously (10 h) (b). Survival was determined by frequent daily
observations of the animals. The figures show the average percentage
of survivors of at least three experiments (1 = 6/group). #P < 0-05
versus Stx2+NAC and Stx2+SEC; *P < 0-06 versus Stx2+NAC and
Stx2+SEC.
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mean * standard error of the mean of four
independent experiments (n = 12-22). (a) +—48
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for both protocols: *P < 0-001 versus all groups.
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agents were able to reduce significantly the Stx2-induced
mortality when given 48 h before Stx2 (Fig. 3a, t—48 h).
When anti-oxidants were given simultaneously with Stx2,
the survival rate was not significantly different from the
Stx2 group (Fig. 3b, 10 h).

Effect of NAC and SEC on Stx2-induced renal damage

High plasma urea concentration correlates with renal
damage [17]. Moreover, it provides a tool to follow-up the
development of HUS in the murine model [17]. Therefore,
animals were bled and urea concentration assayed 72 h
post-Stx2 injection. NAC and SEC were able to reduce urea
levels significantly in Stx2-injected mice (Fig. 4).

Histological study

To confirm that anti-oxidants improve mice survival upon
Stx2 intoxication by inducing renal protection, kidneys were
evaluated histologically at 72 h after Stx2 injection. Figure 5
shows representative sections of kidneys from mice treated
with saline, Stx2 and Stx2+SEC (#-48 h protocol). Because
the renal histological structures from mice treated with
Stx2+NAC or Stx2+SEC under protocol 48 h were similar,
the figure shows only Stx2+SEC results. Mice given saline,
NAC or SEC showed no damage (Fig. 5a, ii,iv). The kidneys
from mice treated with Stx2 showed cortical necrotic foci,
necrosis and loss of the general tubular and glomerular
structure (Fig. 5a, 1). In contrast, sections from mice treated
with Stx2+SEC (Fig. 5a, iii) showed interstitial congestion
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Fig. 5. Shiga toxin 2 (Stx2)-dependent injury in
kidney tissue. Mice were treated with Stx2,
S-ethyl-L-cysteine (SEC) or N-acetyl-L-cysteine
(NAC) 48 h before Stx2 injection (Stx2+SEC,
Stx2+NAC, —48 h). Mice were euthanized 72 h
after Stx2 injection and both kidneys were
perfused with phosphate-buffered saline (PBS),
excised, rinsed, fixed and stained as described in

Methods. (a) Representative haematoxylin and
eosin staining of paraffin kidney section fields )
from one mouse per experimental group. (i)

Stx2, focal necrosis in the cortex region with
loss of glomerular and tubular structure. The
necrotic area is surrounded by conserved
parenchyma. (ii) Insert: saline. Conserved
parenchyma, glomerular and tubular structure.
(iii) Stx2+SEC. Conserved structure with
interstitial congestion. (iv) Insert, SEC.
Conserved structure as in (ii). Magnification
%200. (b) Semiquantitative scoring of tubular

# Damaged tubules/field

damage. Number of damaged tubules in 10
cortical fields in control (saline) and treated

mice. *P < 0-001 compared to saline and

P < 0-05 compared to Stx2+SEC or Stx2+NAC.
All comparisons by analysis of variance
(aNova) multiple comparison test and
posterior Bonferroni analysis.

and conserved general structure with absence of necrotic
foci. Coincident with the level of Gb3 expression in the
mouse kidney, the Stx2 affects tubular epithelial cells prefer-
entially [2]. Thus, we analysed comprehensively the renal
tubule structure. Figure 5b shows that Stx2-treated mice
presented a greater number of damaged tubules compared
to Stx2+NAC- or Stx2+SEC-treated mice with the +~48 h
protocol. The treatment under protocol 10 h with both anti-
oxidants was less efficient, as we found no significant differ-
ences between the Stx2- and Stx2+SEC/Stx2+NAC-treated
groups (data not shown).

Effect of NAC and SEC on cellular activation profile
induced by Stx2

ROS production by PMN. Because treatment with anti-
oxidants from 48 h before Stx2 reduced tissue damage and
mortality rates significantly, we analysed further the effects
of this treatment on the activation profile of the key cellular
populations affected during HUS: neutrophils (PMN) and
platelets. Confirming previous results [17], circulating PMN
from Stx2-treated mice produce higher ROS than control
mice in both conditions at baseline and upon in-vitro PMA
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stimulation. Figure 6 shows that both anti-oxidants admin-
istered from 48 h before Stx2 partially suppressed ROS pro-
duction by PMN from Stx2-treated mice.

Platelet activation. Because platelets are sensitive to oxida-
tive stress, we evaluated the activation status of platelets
obtained from Stx2-intoxicated mice, with or without anti-
oxidant treatment. Platelets obtained from Stx2-intoxicated
mice at 72h showed a slight increase in the level of
membrane-bound fibrinogen (basal level, data not shown)
but, most significantly, after in-vitro ADP stimulation they
showed a lower increase in binding capacity (Fig. 7a). This
phenomenon has been described in humans and HUS
mouse models as ‘exhausted’ platelets [22,29]. NAC and
SEC treatments commenced 48 h before Stx2 injection par-
tially restored the level of response to in-vitro stimulation
(Fig. 7b).

Discussion

The imbalance of anti-oxidants and ROS contribute to
endothelial damage and lead to different diseases, in par-
ticular cardiovascular disease and hypertension. However,
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Fig. 6. N-acetyl-L-cysteine (NAC) and S-ethyl-L-cysteine (SEC) counteract the increase of reactive oxygen species (ROS) generation induced by
Shiga toxin 2 (Stx2). NAC or SEC were administered 48 h before Stx2. Polymorphonuclear leucocytes (PMN) (2 X 10°) were isolated from peripheral
blood at 24 h after Stx2 injection and ROS production was measured by flow cytometry, as detailed in Methods. The figure shows the mean

fluorescence intensity (MFI) of PMN from mice under different treatments in (a) basal conditions or (b) after phorbol myristate acetate (PMA)

in-vitro stimulation. Each figure is a representative experiment showing the mean * standard error of the mean of three mice per group (three
repetitions). (a) t—48 h basal, *P < 0-001 versus saline and P < 0-05 versus Stx2+SEC. (b) +~48 h PMA. *P < 0-001 versus all groups.

a functionally compromised vascular endothelium is also
associated with tissue-damaging responses, including
inflammation, immune stimulation, oxidative stress and
platelet activation/aggregation, as occurs during HUS [30].
Moreover, several lines of evidence support the hypothesis
that ROS are crucially involved in the pathophysiology of
renal failure [31], one of the central pathogenic events in
HUS.

The major finding of this study was to demonstrate that
Stx2 induces, directly or indirectly, a strong oxidative stress
that participates in tissue damage and renal failure proc-
esses. Oxidative stress is seen both systemically and locally
at the kidney level, through the enhancement of ROS pro-
duction by circulating neutrophils and membrane lipid per-
oxidation in kidney, respectively. Although often referred to
as a single entity, the term ROS actually comprises several
factors that all potentially exert different vascular effects
[32]. The superoxide anion (O;") is central to ROS chemis-
try, because it may be converted into other physiologically
relevant ROS (H,O, and HO, in the presence of transition
metals as Fe?* and Cu') by enzymatic or non-enzymatic
reactions. ROS derives from different sources, mainly neu-
trophils, endothelial cells and platelets. Notably, the magni-
tude of NAD(P)H-oxidase-derived O, from endothelial
cells and platelets are similar at the nanomolar range [33],
but represents less than 1% of the amount of O, released
from activated neutrophils [34]. Therefore, enhanced ROS
production by PMN may be the main source of oxidative
stress during HUS. In fact, although PMN from HUS chil-
dren on admission show impaired ROS production after
direct protein kinase C stimulation [35], it has been sug-
gested that they are low responders as a consequence of a
previous activating process, which triggered the respiratory
burst and the release of proteases associated with degranu-
lation [4,35]. This process is similar to that found for

platelets that circulate in a degranulated form as a conse-
quence of a strong thrombotic stimulus prior to hospitali-
zation [29,36].

The effect of ROS on cells and tissues are multiple and
diverse. In particular, several independent studies have
shown that ROS are prothrombotic, induce endothelial
dysfunction and damage (lipid peroxidation), and O,
reduces the threshold for platelet activation to several
stimuli [thrombin, collagen, ADP or arachidonic acid (AA)]
and may even induce spontaneous aggregation [37].
Endothelial dysfunction or damage by oxidants are then
associated with an enhanced risk for platelet activation.
Increased platelet activity and thrombus formation would
account for Stx-induced renal damage in patients with
HUS. Stx and LPS have been proposed as factors that con-
tribute to platelet activation in HUS [24,38]. In the present
report we have demonstrated that oxidative stress induced
by Stx2 is an additional activating stimulus for platelets, as
anti-oxidant treatments improved platelet response after
72 h of Stx2 injection. ROS could activate platelets directly
or indirectly by increasing their adhesion to the vascular
endothelium. In this regard, an inflammatory response at
the vessel wall induces the expression of adhesion molecules
and the secretion of chemokines by vascular endothelial
cells that may exacerbate the prothombotic status and
favours platelet deposition [39,40].

It has been reported that O, can react directly with GSH,
resulting in a chain reaction that, ultimately, produces
GSSG and additional O, shifting the intracellular redox
balance to a lower GSH : GSSG ratio. In this regard, we also
showed that the strong oxidative stress triggered by Stx2
intoxication exceeded endogenous anti-oxidant capacity,
indicated by the GSH content in the kidney. Intracellular
and extracellular GSH is not only the major non-protein
anti-oxidant that protects the cell from oxidative stress; it
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Fig. 7. N-acetyl-L-cysteine (NAC) partially restores platelet
functionality. Adenosine diphosphate (ADP)-induced
fibrinogen-binding sites in vitro. NAC was administered 48 h before
Shiga toxin 2 (Stx2). Mice from different experimental groups were
bled and euthanized at 72 h after Stx2. Platelets were stained with
fluorescein isothiocyanate (FITC) anti-fibrinogen antibody, in

the absence (basal) or presence of ADP (20 pmol/l) (stimulated)
and analysed by flow cytometry, as described in Methods. (a)
Representative histogram from one mouse of each experimental
condition (saline, Stx2 and Stx2+NAC) showing fibrinogen binding
after ADP stimulation. Basal levels were similar for all groups (data
not shown). (b) Each bar represents the mean * standard error of
the mean of the mean fold-increase above the basal values for each
experimental group (n = 8 mice/group). *P < 0-0001 and **P < 0-01.
All comparisons by analysis of variance (ANova) multiple comparison
test and posterior Bonferroni analysis.

also blocks ceramide generation, and thus the induction of
apoptosis in human epithelial cells [41]. Taking into
account that Stx induces apoptosis of renal tubular epithe-
lial cells, as one of the specific effects upon interaction with
its specific receptor, it would be interesting to investigate
further whether the reduction of GSH in the kidney con-
tributes to epithelial cell death during Stx intoxication. In
addition, the reduction of GSH concentration has also been
documented in the kidney during drug-induced nephrotox-
icity processes [42]. Thus, extracellular supplementation of
GSH or NAC is a known therapeutic approach to prevent
oxidant-induced kidney injury. The mechanism of NAC
action is controversial, because different effects have been
documented under experimental conditions [43]. Among
these effects, it has been described that NAC, being a pre-
cursor of GSH, restores its intracellular level, but also acts as
a scavenger agent sequestering ROS [44,45] and ameliorates
microcirculation by preventing angiotensin II- or nitric
oxide-induced vasoconstriction [46].

In the mouse Stx2 intoxication model we found that both
exogenous anti-oxidants, NAC and SEC, improved oxidative
imbalance, reducing ROS production and lipid peroxida-
tion, and protected mice partially against kidney failure and
lethality. However, we observed that only SEC administra-
tion could restore the diminished levels of GSH after Stx2
intoxication, suggesting that, in this model, exogenous anti-
oxidants could be acting mainly as ROS scavengers. In addi-
tion, Stx2 intoxication induces strong activation of the
inflammatory response [2,25]. As HUS pathogenicity is
complex and multi-factorial, it is difficult to alter the HUS
evolution blocking only one of the pathogenic pathways.

Coincident with the strongest anti-oxidant effect, long
preventive treatments (48 h) showed a more effective pro-
tective effect compared to shorter treatments (0 h). These
results are in accordance with previous reports indicating
that only NAC pretreatment was effective in reducing the
incidence and severity of acute kidney injury [43]. Taking
into account that HUS develops several days after STEC
infection [2], and considering that anti-oxidants are used
widely with few documented adverse effects, anti-oxidant
treatment should be started during the prodrome or diar-
rhoea phase to maintain oxidative—anti-oxidative balance
and to prevent tissue damage.

As the extension of glomerular damage during the acute
phase of HUS is the central defining event in the evolution
of long-term renal dysfunction, in HUS-related research the
search for therapeutic agents that allow control of the initial
endothelial damage is mandatory.
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