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SUMMARY

 

The concept that during an immune challenge the release of glucocorticoids (GC) provides feedback
inhibition on evolving immune responses has been drawn primarily from studies of autoimmune and/or
inflammatory processes in animal models. The epidemic form of haemolytic uraemic syndrome (HUS)
occurs secondary to infection with Gram-negative bacteria that produce Shiga toxin (Stx). Although Stx
binding to the specific receptors present on renal tissue is the primary pathogenic mechanism, inflam-
matory or immune interactions are necessary for the development of the complete form of HUS. The
aim of this study was to investigate the influence of endogenous GC on Stx-toxicity in a mouse model.
Stx2 was injected into GC-deprived mice and survival rate, renal damage and serum urea levels were
evaluated. Plasma corticosterone and cytosolic GC receptor (GR) concentration were also determined
at multiple intervals post-Stx2 treatment. Higher sensitivity to Stx2 was observed in mice lacking endog-
enous GC, evidenced by an increase in mortality rates, circulating urea levels and renal histological
damage. Moreover, Stx2 injection was associated with a transient but significant rise in corticosterone
secretion. Interestingly, 24 h after Stx inoculation significant increases in total GR were detected in cir-
culating neutrophils. These results indicate that interactions between the neuroendocrine and immune
systems can modulate the level of damage significantly during a bacterial infection.
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INTRODUCTION

 

Haemolytic uraemic syndrome (HUS) is characterized by the
triad of microangiopathic haemolytic anaemia, thrombocytopenia
and nephropathy. Typically, HUS develops in young children as a
vascular disease several days after the occurrence of diarrhoea
and bloody gastroenteritis [1]. It is caused by Gram-negative bac-
teria such as 

 

Shigella dysenteriae

 

 1 [2] or by particular serotypes of

 

Escherichia coli

 

 which produce significant amounts of Shiga tox-
ins (Stx) [3,4], also referred to as verotoxins or Shiga-like toxins.
Two antigenically different Stx types, Stx1 or Stx2, are the primary
pathogenic factors [5,6]. However, epidemiological and experi-
mental studies have suggested that Stx2 is clinically more signifi-
cant than Stx1 [6,7]. Stx exert their cytotoxic effects by binding
to their specific cell receptor, a neutral glycolipid known as

globotriaosylceramide (Gb3) [5], present on renal epithelial,
endothelial and glomerular mesangial cells [6–8]. However, com-
pelling evidence has indicated that inhibition of protein synthesis
after Stx-receptor interaction is not sufficient to induce tissue
injury and that other pathogenic factors are necessary to develop
HUS. Several animal models have been used to study the contri-
bution of the inflammatory response to Stx pathogenicity [9–12].
These results, together with clinical evidence, have suggested that
inflammatory cytokines [13–15] and neutrophils play a central
role in the development of HUS [9,16,17]. In contrast, little is
known about the physiological factors that can protect against Stx
toxicity.

It is well known that the hypothalamo–pituitary–adrenal axis
(HPA) is activated during infectious diseases and after the injec-
tion of an inflammatory agent [18–21]. The concept that glucocor-
ticoids (GC) released under physiological conditions contribute
to an endogenous inflammatory control system is now well
accepted. For example, the limitation of severity and duration
of inflammatory disease models, including adjuvant arthritis,
and experimental allergic encephalomyelitis (EAE) has been
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demonstrated to be dependent on an adequate physiological
glucocorticoid response [22,23]. Moreover, the protective role
of endogenous corticosteroids during streptococcal cell wall-
induced arthritis in Lewis rats and during sepsis has been well evi-
denced [24,25]. However, their role during the development of
HUS has not been investigated previously.

The aim of this study was to analyse 

 

in vivo

 

 the protective role
of endogenous glucocorticoids on Stx type 2 (Stx2) toxicity.

 

MATERIALS AND METHODS

 

Antibodies and reagents

 

Fluorescein isothiocyanate (FITC)-conjugated mouse mono-
clonal antibody (MoAb) 5E4 (IgG

 

1

 

) against GC-receptor (GR)
was produced as described previously [26]. FITC-conjugated iso-
type controls of mouse IgG

 

1

 

 were obtained from Immunotech
(Marseille, France). Fix & Perm Cell Permeabilization Kit were
obtained from Caltag Laboratories (Burlingame, CA, USA).

 

Mice

 

BALB/c mice were bred in the animal facility of the Department
of Experimental Medicine, 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 conducted according to principles set forth in the Guide for
the Care and Use of Laboratory Animals (National Institute of
Health, 1985).

 

Stx2 preparation

 

Stx2 was kindly provided by Dr Sugiyama Junichi from Denka
Seiken Co. Ltd. (Nigata, Japan). Purity was analysed by the sup-
plier, which showed only one peak in HPLC. Stx2 preparation was
checked for endotoxin contamination 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

 

 endotoxin [27]. Stx2 prepa-
ration contained less than 40 pg LPS/

 

m

 

g of Shiga toxin protein.
Stx2 was tested for cytotoxic activity on Vero cells, as described
previously [4] in the Instituto Nacional de Enfermedades Infec-
ciosas, ANLIS, Dr C. G. Malbran (Buenos Aires, Argentina).
Briefly, Vero cells were grown in Eagle’s minimum essential
medium with Earle salts and non-essential amino acids (G

 

IBCO

 

Diagnostics, Madison, WI, USA) supplemented with 7% fetal
calf serum (Sigma Chemical Co., St Louis, MO, USA), 0·03 

 

M

 

glutamine, 50 

 

m

 

g/ml gentamicin and 2·5 

 

m

 

g/ml fungizone in
microtitre plates (Nunc, Intermed, Roskilde, Denmark). Aliquots
(50 

 

m

 

l) of serial twofold dilutions of the samples containing Stx2
were added to each well (25 000 Vero cells) and incubated for 3
days at 37

 

∞

 

C in 5% CO

 

2

 

. Cells were washed with normal saline,
stained with crystal violet dye for 30 min at 37

 

∞

 

C, and after wash-
ing thoroughly remaining cell-stain was solved with a 30% acetic
acid solution and read on a Microwell System Reader 230S (Orga-
non, Teknika, USA) with a 550-nm filter. The 50% cytotoxic dose
(CD

 

50

 

) corresponded to the dilution required to kill 50% of the
Vero cells: CD

 

50

 

 was 

 

~

 

 0·063 pg.

 

Stx2 treatment

 

The same batch of Stx2 preparation was used throughout the
experiments. In a previous manuscript [15], 

 

in vivo

 

 lethality of
Stx2 was evaluated by i.v. injection in the retro-orbital plexus of

serial dilutions in pyrogen-free saline, selecting a dose of 12·5 ng/
kg (approx. 250 pg/mouse), which induced a mortality of 

 

ª

 

 50%
between 3 and 4 days after injection.

 

Surgical procedures

 

Bilateral adrenalectomy (surgical removal of adrenal gland,
ADX) and sham (SHAM) operations were performed between
0900 and 1100 h as described previously [21]. Before surgery, mice
were placed in a clean cage for at least 30 min and then trans-
ferred to the operation room. Surgical recovery lasted a total of
5 days and ADX mice received 0·9% saline as drinking solution.

In vivo 

 

treatment with dexamethasone or the antagonist of type 
II steroid receptor Ru486

 

Mice were injected daily i.p. with 600 

 

m

 

g/mice of the glucocorti-
coid receptor antagonist Ru486[17-hydroxy-11-(4-dimethylami-
nophenyl) 17-(1-propynyl) estra-4,9-diene-3-one] (Sigma)
starting 12 h before Stx2 until the end of the experiment. This
dose has been proved to block GC action completely [28]. Dex-
amethasone (DEX) administration to ADX mice was performed
by adding 300 

 

m

 

g/ml (Sigma, St Louis, MO, USA) to the drinking
water starting 6 h before Stx2 injection until the end of the exper-
iment. Appropriate amounts of stock DEX (10 mg/ml) in 100%
ethanol were added to the drinking water. The final concentration
of ethanol in the drinking water of all mice was standardized at
0·078%w/v. When normal mice were treated with DEX, doses of
2·5 mg/kg were i.v. injected into the retro-orbital plexus as
described previously [29].

 

Neutrophil purification and flow cytometry

 

Neutrophils from peripheral blood of individual mice were
obtained by layering a Ficoll-Hypaque density gradient, followed
by dextran sedimentation as previously described [30]. Intracel-
lular staining of the GR in murine isolated neutrophils was per-
formed on ice, using the specific mouse monoclonal antibody 5E4
[26] following the instructions of Fix & Perm Cell Permeabiliza-
tion Kit. Briefly, cells were fixed in suspension, washed and then
permeabilized in the presence of specific conjugated antibody.
The non-specific binding sites were blocked with 10% normal
mouse serum containing permeabilization buffer. This procedure
gives antibodies access to intracellular structures and leaves the
morphological scatter characteristics of the cells intact [31]. Con-
trol of isotype-matched antibody was assayed in parallel. Then,
cells were washed with cold PBS supplemented with 1% FCS and
suspended in 0·3 ml of ISOFLOW. Fluorescence was measured
with a Becton Dickinson FACScan equipment. Forward and side
scatter gating excluded dead cells. Separate gates were set on neu-
trophils and mononuclear cells. The analysis was carried out on
20 000 events on each sample by using the Cell Quest program.
The anti-GR-FITC staining was always compared (by overlaying
the histogram plots) to the autofluorescent and isotype-FITC con-
trol samples.

 

Corticosterone assays

 

To minimize stress induced by handling, the day before the exper-
iments animals were housed one per cage. Mice were injected
intravenously with saline and Stx2, and intraperitoneally (i.p.)
with LPS. Blood samples were collected at different times post-
treatment in another room; controls were always killed last in
the sequence. Blood samples were obtained by puncture of the
retro-orbital plexus and collected in heparin plastic centrifuge
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Fig. 1.

 

Role for GC in protection against Stx2 toxicity. (a) ADX mice and
SHAM operated mice were injected with Stx2 (250 pg/mice) 5 days after
surgery. DEX (300 

 

m

 

g/ml) was provided from 6 h prior to Stx2 in the
drinking water until the end of the experiment. 

 

�

 

, Stx2; 

 

�

 

, SHAM 

 

+

 

 Stx2;

 

�

 

, ADX 

 

+

 

 Stx2; 

 

�

 

, ADX 

 

+

 

 DEX 

 

+

 

 Stx2. (b) Ru486 (600 

 

m

 

g/mice, i.p.) was
administered daily from 12 h prior to Stx2 injection. One experiment
representative of three (

 

n

 

 

 

=

 

 12 mice per group); *

 

P

 

 

 

<

 

 0·05, significantly
different compared with all control groups by Fisher’s exact test. 

 

�

 

, Stx2;

 

�

 

, Stx2 

 

+

 

 Ru486.
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tubes. Plasma was immediately separated and stored at 

 

-

 

20

 

∞

 

C
until assayed. Plasma corticosterone concentration was deter-
mined by radioimmunoassay (RIA) using the commercial 

 

125

 

I-
RIA Kit ImmunoChem Double antibody (ICN Biomedicals,
Costa Mesa, CA, USA). The detection limit was 25 ng/ml. Intra-
and interassay coefficients of variation were 4% and 7%,
respectively.

 

Histological studies

 

For histological studies both kidneys from each mouse were
obtained 72 h post-Stx2 or saline injection. Kidneys were bisected
longitudinally, fixed in 10% neutral formalin and embedded in
paraffin. Then, the tissue were stained with haematoxilin and
eosin (H&E) or periodic acid Schiff (PAS) and examined by light
microscopy. A mean number of five sections of both kidneys from
each mouse were examined for glomerular and tubular histolog-
ical appearance and epithelial damage.

 

Serum determinations of urea and TNF-

 

a

 

 

 

and IL-1

 

b

 

Blood was obtained by puncture of the retro-orbital plexus. Bio-
chemical determinations of urea in mouse sera were performed in
an autoanalyser CCX Spectrum (Abbott Diagnostics Systems,
Buenos Aires, Argentina) following standardized instructions.
Aliquots of the sera were stored at 

 

-

 

20

 

∞

 

C until cytokine measure-
ment. TNF-

 

a

 

 and IL-1

 

b

 

 were quantified by the sandwich enzyme-
linked immunosorbent assay (ELISA) Kits (Endogene, MA,
USA) and TNF-

 

a

 

 biological activity was determined by a cyto-
toxic assay using L929 cells in the presence of actinomycin D.

 

Statistical analysis

 

All data correspond to the mean 

 

±

 

 s.e.m. of individual mice. Sta-
tistical differences were determined using the one-way analysis of
variance (

 

ANOVA

 

), and 

 

P

 

 

 

<

 

 0·05 was considered significant. Indi-
vidual groups were compared using the unpaired Student’s 

 

t

 

-test.
The 

 

c

 

2

 

 test, Fisher’s exact test, was used for class variables in two
independent samples.

 

RESULTS

 

Stx2 toxicity in adrenalectomized (ADX) or Ru486-treated mice

 

Although it has been demonstrated that pretreatment of mice
with a therapeutic dose of dexamethasone (DEX) diminishes
Stx2 lethality [29], the role of endogenous glucocorticoids (GC)
has not been analysed previously. Hence, we evaluated Stx2
toxicity under two experimental conditions: adrenalectomized
(ADX) mice, and mice injected daily with Ru486, which prevents
translocation of ligated GR to the nucleus by inhibiting dissocia-
tion of GR from heat shock protein 90. In both groups, mice
were observed regularly to determine the survival rate from
inoculation at 0 h to 144 h. As shown in Fig. 1a, ADX mice were
significantly more susceptible to Stx2 toxicity. Additionally,
the simultaneous treatment with DEX reversed the increase
observed in the mortality rates. In order to confirm that this
increase in mortality rates in ADX mice was a consequence of
GC-deprivation (and not due to mineralocorticoid absence), we
evaluated Stx2 toxicity in Ru486-treated mice. The animals were
injected daily with 600 

 

m

 

g of Ru486, beginning 24 h before Stx2
inoculation (0 h) until the end of the experiment. As shown in
Fig. 1b, a significant increase in the lethal effect was observed in
Ru486-treated group. In spite of variations in the mortality rates
of control mice after Stx2 treatment, both experimental protocols

confirm that endogenous GC are able to attenuate Stx2-induced
toxicity.

 

Effect of Ru486 treatment at different intervals of time

 

In order to determine when GC must be present to exert their
protection against Stx2 toxicity, different protocols of Ru486-
treatment were evaluated. Mice were injected once a day with
Ru486: (1) every day since the Stx2 injection up to 96 h, (2) dur-
ing the first 48 h or (3) from 48 h to 96 h post-Stx2 injection. Per-
centage of survivors was recorded at 120 h post-Stx2. Figure 2a
shows that mice injected with Ru486 every day or during the first
48 h have an increased susceptibility to Stx2 toxicity. On the con-
trary, mice injected with Ru486 after 48 h post-Stx2, show higher
percentage of survivors than control mice (inoculated with vehi-
cle). These results suggest that GC have a beneficial role during
only the first stage of HUS development. Since the early absence
of GC-action turns mice more susceptible to the toxin, we evalu-
ated the effects of DEX administration following the same time
schedule than with Ru486 treatment. As shown in Fig. 2b, treat-
ment of mice with DEX from Stx2 injection up to 96 h diminishes
Stx2 lethality. On the contrary, mice treated with DEX from 48 h
to 96 h post-Stx2 show a significant increase in mortality rates.
These results are complementary to those observed in Ru486-
treated mice (Fig. 2a).
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Fig. 2.

 

Effect of Ru486 and DEX treatment at different time intervals on
the modulation of Stx2 toxicity. (a) Mice were injected with vehicle (con-
trol) or Ru486 (600 

 

m

 

g/mouse, i.p.) and (b) vehicle (control) or DEX
(50 

 

m

 

g/mouse, i.v.) during the time intervals indicated in the figure after
Stx2 injection. Bars represent the percentage of survivors (a) 

 

n

 

 

 

=

 

 18 mice/
group; (b) 

 

n

 

 

 

=

 

 19 mice/group) at 120 h post-Stx2-injection. 

 

P

 

 

 

<

 

 0·001 and
#

 

P

 

 

 

<

 

 0·05, significantly different from vehicle-treated group, by Student’s

 

t

 

-test.
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Stx2-induced renal damage

 

We have demonstrated previously in the mouse model that urea
and creatinine serum levels are good indicators of Stx2-induced
renal damage [29]. In this context, we measured levels of urea in
sera from ADX and Ru486 treated mice 72 h after Stx2 inocula-
tion. Urea levels were increased significantly in both groups com-
pared to Stx2-treated control mice (Table 1), which correlates
with higher mortality rates.

 

Histological study

 

To confirm whether the enhancement on Stx2 toxicity in survival
rate and urea levels, due to the absence of GC, was conveyed by
an enhanced renal damage, we evaluated the histological lesions.
All experimental groups were sacrificed 72 h after Stx2 injection
in order to remove the kidneys that were fixed immediately in
paraffin wax and then stained with haematoxylin and eosin.
Figure 3 shows representative histological images of kidneys from
mice either sham-operated or adrenalectomized (ADX) and
treated with or without Stx2. Mice given saline, either sham or
ADX, showed no damage (Fig. 3a). The kidneys from sham-oper-
ated mice treated with Stx2 showed focal cortical necrosis involv-
ing detached tubular epithelial cells, together with intraluminal
deposits of amorphous material (Fig. 3b). Some glomeruli con-
tained extensive capillary congestion and acidophilic material
consistent with thrombosis (Fig. 3b, insert). The thrombi were

confirmed by deposits of PAS positive material in the lumen of
glomerular capillaries (not shown). Kidneys from ADX mice
treated with Stx2 displayed diffuse bilateral cortical necrosis with
loss of tubular epithelium, nuclear pyknosis and the interstitium
contained deposits of haemosiderin pigments (Fig. 3c). The extent
of necrosis observed included the glomeruli (Fig. 3c, insert). Mice
treated with Ru486 and Stx2 developed similar lesions (not
shown). Renal lesions were consistent within sections from the
same kidney, in kidneys from the same mouse and in kidneys of all
the mice in each treatment group. Thus, the absence of glucocor-
ticoids enhances Stx2 toxicity in the kidneys.

 

Corticosteroid induction after Stx2 inoculation

 

To address whether Stx2 is able to induce GC secretion mice were
injected with Stx2 on day 0, and corticosterone was measured
after 2, 6, 24 and 48 h post-Stx2 injection, always in the morning to
avoid diurnal variations on the baseline of endogenous GC level.
As shown in Fig. 4, Stx2 inoculation induced a significant increase
in plasmatic corticosterone 2 h post-treatment. Basal levels were
recovered gradually between 24 and 48 h post-Stx2. Since LPS is
a bacterial product, which stimulates HPA strongly, we bled mice
2 h after i.p. injection of 25 

 

m

 

g/mouse LPS as a positive control. As
can be seen in Fig. 4, this group of mice showed a marked corti-
costerone response to LPS compared to the control.

 

Inflammatory cytokines after Stx2 inoculation

 

To determine whether increased susceptibility to Stx2 in Ru486-
treated mice could be ascribed to an overproduction of inflam-
matory cytokines, we assayed TNF-

 

a

 

 and IL-1

 

b

 

 at different times
after Stx2 injection. No increase was observed in serum concen-
tration of these cytokines neither after Stx2 alone nor in Ru486-
pretreated mice, as assayed by an ELISA KIT and, in the case of
TNF-

 

a

 

, by its biological activity on L929 cell line (data not
shown).

 

Intracellular glucocorticoid receptors (GR) in neutrophils

 

GC action depends not only on GC levels but also on the number
and distribution of the specific receptors [32]. Taking into account

 

Table 1.

 

Serum urea, measured 72 h post-Stx2 injection

Treatment

 

1

 

Mice (

 

n

 

)
Plasma urea (mg%)
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Stx2 6  68 
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15
Ru486 + Stx2 6  150 ± 22c

Ru486 + DEX + Stx2 6  58 ± 3

1Mouse serum was obtained 72 h post-Stx2 injection. Dexamethasone
(DEX) (300 mg/ml) was provided in the drinking water to adrenalecto-
mized (ADX) mice and injected i.p. (50 mg/mice) to Ru486-treated mice
(600 mg/mice). aP < 0·01 compared with SHAM-operated mice treated
with saline or DEX. bP < 0·05 compared with SHAM injected with Stx2
and ADX treated with saline, and P < 0·005 compared with ADX mice
treated with DEX. cP < 0·005 compared with SHAM-operated mice
treated with Stx2, saline or Ru486 + DEX-treated mice.
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Fig. 5. Induction of GR expression by Stx2 in neutrophils. PMN were
isolated from mice at 0, 2, 24 and 48 h post-treatment with saline (squares),
DEX (50 mg/mice i.p.) (diamonds) or Stx2 (250 pg/mice) (circles). Then,
the cells were centrifuged, washed and stained with specific MoAb anti-
GR for cytometric studies as described in Materials and methods. Data
represent the mean ± s.e.m. of mean fluorescence intensity (MFI) from six
mice per group. *P < 0·05, significantly different from saline treated group
using Student’s t-test.
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Fig. 4. Plasma corticosterone concentration in mice treated with Stx2.
Plasma corticosterone determinations were made at multiple time points
(2, 6, 24, 48 h) post-Stx2 i.v. injection (250 pg/mice), or 2 h after saline and
LPS i.p. injection (25 mg/mice), always in the morning (1000–1200 h), using
a commercial kit as described in Materials and methods. Values are
expressed as the mean (± s.e.m.) of six mice per time-point. *P < 0·05,
significantly different from the control value and #P < 0·0001, compared
with all other groups, using Student’s t-test.
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that several studies have reported neutrophil involvement in
HUS pathogenesis [9,16,17], we evaluated whether Stx2 caused
variations in GR expression in peripheral neutrophils. For this
purpose, flow cytometric detection of intracellular (cytoplasmic
and nuclear) GR with a specific monoclonal antibody was used,
because it provides an alternative and sensitive method for intra-
cellular GR antigen detection [26]. Mice were injected with Stx2
or saline and blood samples were obtained after different inter-
vals. The positive control was evaluated on neutrophils from
DEX-treated mice [26]. As depicted in Fig. 5, a significant
increase in GR expression was detected in neutrophils as soon as
24 h after Stx2 injection.

Fig. 3. Representative haematoxylin and eosin staining of paraffin wax
sections from murine renal sections (glomeruli and tubules) of ADX or
sham-operated mice, treated with or without saline or Stx2. (a) The renal
cortexes of the control groups, either (i) sham or (ii) ADX, were histolog-
ically normal. (b) Renal cortex of sham-operated mice treated with Stx2.
This group developed focal necrosis of tubules as indicated by arrowhead.
Glomeruli were histologically altered (b, insert). Acidophilic material
deposits is indicated by arrowhead. (c) ADX mice treated with Stx2. Note
the extent of diffuse cortical tubular and glomerular necrosis with severe
dilation of tubule lumens and extensive loss of epithelial cells. Necrotic
glomeruli (c, insert). Magnification, ¥ 200. The magnification of all inserts
is ¥400.
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DISCUSSION

This study demonstrates the capacity of endogenous glucocorti-
coids (GC) to modulate Stx2 toxicity. They were shown to protect
against Stx2-induced lethality, as mice rendered glucocorticoid
deficient by adrenalectomy (ADX) or by blocking the glucocor-
ticoid receptors (GR) with Ru486, had increased sensitivity to
Stx2 and because the normal susceptibility was restored by corti-
costerone replacement. Glucocorticoid effects on Stx sensitivity
were evaluated by lethality rate, biochemical determination of
urea and histological observation of the kidneys. Temporal studies
with Ru486 treatment indicated that GC play a protective role
during the first stage of HUS development, suggesting that GC
are necessary as soon as an inflammatory reaction is triggered,
probably as a consequence of Stx2 endothelial damage. A similar
conclusion was reached through the administration of DEX at
different times after Stx2. Although these results could have
important therapeutic implications, it is difficult to extrapolate to
humans the ‘window time’ for GC treatment, mainly for two rea-
sons. First, disease days are usually counted from the onset of
diarrhoea in humans, the lack of diarrhoea in the mouse model
makes it difficult to compare the time courses of the diseases
between these species. Secondly, it is not known when Stx enters
the bloodstream and induces irreversible damage to target organs
in humans.

Corticosteroids, the final product of activation of HPA, are
well known for their profound effects on virtually every aspect
of the immune response [18]. In fact, GC are known to down-
regulate macrophage function [33], impairing cytokine produc-
tion and action [34–36] and to inhibit several neutrophil responses
[37–39]. One or a combination of more than one of these effects
could be acting in concert to diminish Stx2 toxicity. In particular,
we have demonstrated previously that Stx2 toxicity was signifi-
cantly reduced in mice depleted of macrophages [15], suggesting
that its effects on these cells play an important role in mediating
tissue damage. Moreover, macrophages stimulated in vitro with
Stx can release TNF-a and IL-1b [40], two inflammatory cytok-
ines involved in Stx2 damage. Thus, the increased sensitivity to
Stx2 toxicity in the absence of GC could be mediated by the up-
regulation of inflammatory cytokine secretion and/or respon-
siveness. However, plasmatic TNF-a and IL-1b levels were not
elevated significantly in Ru486-treated mice at any time after Stx2
injection. In spite of this, it is possible that GC deficiency results in
additional effects promoting cytokine-mediated sensitivity or in a
higher local production within certain vital organs, such as the
kidneys. In this regard, renal mRNA TNF-a induction by Stx2 has
been demonstrated in mice [14]. Therefore, increases in local
cytokine production in different tissues may have a significant
contribution to lethality although not proportionally reflected in
the circulation. Moreover, ADX has been demonstrated to
increase sensitivity to exogenously administered TNF-a (and IL-
1b) [41,42], and there are several pathways by which GC might
modulate TNF-a responsiveness.

Corticosteroid action is a function of two major factors: (a)
the relative availability of the hormone, which is determined by its
level in the circulation, and (b) the number and function of the
hormone receptors [43,44]. We have demonstrated that Stx2
induces transient significant increases in the secretion of corticos-
terone, the principal corticosteroid in mice, as well as in the
expression of its receptor in neutrophils. Increase in GR number
and/or affinity might provide a mechanism whereby cells could

regulate their gene expression and ultimately their glucocorticoid
sensitivity, thereby promoting feedback inhibition [45]. Results
from our study indicate that the number of GR in neutrophils
begins to increase as the concentration of Stx2-induced GC
present in the serum begins to wane, perhaps providing a mech-
anism for increasing GC sensitivity. Thus, the increased availabil-
ity of neutrophil GR induced by Stx2 may contribute to the
protective capacity of glucocorticoids in regulating the pathogenic
potential of this population. In this regard, HUS neutrophils have
been found to adhere avidly to endothelium and to damage the
endothelial cell [16], and we have found that peripheral neutro-
phils from Stx-treated mice had increased expression of CD11b,
higher adhesive properties in lung vessels and increased cytotoxic
capacity [9]. All these results suggest that activation of PMN may
play an important role in HUS pathogenesis. At present, it is not
known whether increased GR number in neutrophils would
indeed increase glucocorticoid sensitivity. However, several
reports have suggested a direct relationship between GR number
and biologic responses [44–46]. Glucocorticoid action on neu-
trophil function includes reduction of the binding capacity of b2-
integrins [47] and L-selectins [48]. Both effects, together with the
inhibition of endothelial expression of adhesion molecules for
neutrophils [49] may account for a minor neutrophil rolling and
recruitment of PMN to inflamed areas [49,50].

It can be argued that the induction of glucocorticoids and
their receptors in PMN could be a direct effect of Stx2, or could be
the consequence of the complex interaction between platelet acti-
vation, endothelial injury, and/or could be mediated indirectly by
the secretion of inflammatory mediators, such as TNF-a, IL-1 or
IL-6. All these factors play an important role not only in HPA
stimulation but also in GR-induction in different cells [51].

In conclusion, we can say that endogenous glucocorticoids
protect against Stx2-toxicity, and these results reinforce the con-
cept that endocrine–immune interactions could be beneficial in
the control of bacterial-induced damage.
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