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Escherichia coli O157:H7 Shiga toxin 2 (Stx2), one of the causative agents of hemolytic-uremic syndrome, is
toxic to endothelial cells, including primary cultured human umbilical vein endothelial cells (HUVEC). This
sensitivity of cells to Stx2 can be increased with either lipopolysaccharide (LPS) or tumor necrosis factor alpha
(TNF-«). The goal of the present study was to identify the intracellular signaling pathway(s) by which LPS and
TNF-a sensitize HUVEC to the cytotoxic effects of Stx2. To identify these pathways, specific pharmacological
inhibitors and small interfering RNAs were tested with cell viability endpoints. A time course and dose
response experiment for HUVEC exposure to LPS and TNF-« showed that a relatively short exposure to either
agonist was sufficient to sensitize the cells to Stx2 and that both agonists stimulated intracellular signaling
pathways within a short time. Cell viability assays indicated that the p38 mitogen-activated protein kinase
(MAPK) inhibitors SB202190 and SB203580 and the general protein synthesis inhibitor cycloheximide inhib-
ited both the LPS and TNF-« sensitization of HUVEC to Stx2, while all other inhibitors tested did not inhibit
this sensitization. Additionally, SB202190 reduced the cellular globotriaosylceramide content under LPS- and
TNF-a-induced conditions. In conclusion, our results show that LPS and TNF-« induction of Stx2 sensitivity
in HUVEC is mediated through a pathway that includes p38 MAPK. These results indicate that inhibition of

p38 MAPK in endothelial cells may protect a host from the deleterious effects of Stx2.

Escherichia coli O157:H7 is a food-borne pathogen mainly
associated with undercooked contaminated beef products (1).
Most cases of E. coli O157:H7 infection are sporadic; however,
numerous outbreaks have been reported in temperate areas of
the world (5, 6, 67). Once ingested, the bacteria form attaching
and effacing lesions on colonic intestinal epithelial cells (46). It
is here that the bacteria release many different agents, in-
cluding Shiga toxin 1 (Stx1) and Stx2 (3). Stx1 and Stx2 are
the causative agents of hemolytic-uremic syndrome (HUS)
(70), which is the most frequent cause of acute renal failure
in young children. HUS involves a combination of symp-
toms, including hemolytic anemia, thrombocytopenia, and
acute renal failure, appearing most frequently in children
less than 4 years of age (9).

The Stxs consist of an enzymatically active A subunit protein
bound noncovalently to a pentamer of B-subunit proteins that
are responsible for binding to cells (13). Stx1 and Stx2 bind
to the glycolipid receptor Galal-4GalB1-4GlcCeramide, also
known as globotriaosylceramide (Gbs), CD77, P* antigen, or
GL-3 (50), and enter the target cell via receptor-mediated
endocytosis. Once the toxin is within the endosomes, various
mechanisms have been proposed for retrograde transport
through the Golgi network and endoplasmic reticulum and
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into the cytosol (49). Once the toxin is in the cytosol, the Stx A
subunit removes a specific adenine from rRNA and inhibits
protein synthesis (16).

Gb; is a neutral glycosphingolipid that is either expressed
constitutively or induced under inflammatory conditions by
types of cells within the kidney. These cells include human
glomerular endothelial cells, glomerular visceral epithelial
cells (podocytes), proximal tubule cells, and mesangial cells
(22, 65). Gb;, levels are increased on brain microvascular en-
dothelial cells (15) after treatment with tumor necrosis factor
alpha (TNF-a), providing a rationale for Stx-induced brain
injury (51). Finally, Gb; can be induced on human umbilical
vein endothelial cells (HUVEC) with lipopolysaccharide
(LPS), TNF-a, or interleukin-1p (IL-1B) and has been widely
used as an in vitro model for endothelial damage by Stx (27, 29,
37-39, 60, 68).

These in vitro agonists have a potential role in HUS. In-
creased concentrations of TNF-« in serum have been associ-
ated with HUS patients (36) along with increased concentra-
tions of the soluble TNF receptors p55 and p75 (61). In
addition, the urinary TNF-« level was elevated in patients in
the acute phase of HUS compared to controls (26), suggesting
a renal origin for this cytokine. Finally, when Stx was presented
systematically to a transgenic mouse, TNF-a promoter activity
was observed exclusively within the kidney (21). LPS has also
been implicated in the pathogenesis of HUS. Anti-LPS anti-
bodies belonging to the O157:H7 serotype have been found in
the serum of HUS patients (2) along with clinical evidence of
endotoxemia (31). It has also been shown that in a primate
model LPS is required in combination with Stx1 to induce the
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TABLE 1. Effects of various signal transduction inhibitors on TNF-a— or LPS-induced Stx2 cytotoxicity”

Inhibitor Source Target LPS TNF-a Positive control Reference(s)
Wortmannin EMD Biosciences Phosphatidylinositol - - pAkt 33
3-kinase
PKC{ pseudosubstrate Biosource PKC{ 50% - ELISA, IL-6 14, 44
PKCu siRNA Dharmacon PKCu - - PKCu 25
Bay11-7082 EMD Biosciences IkB kinase - - Cell-based ELISA, ICAM-1 43
SN50 EMD Biosciences NF-«B - - Cell-based ELISA, ICAM-1 35
S$B202190 EMD Biosciences p38 + + NA 19
SB203580 EMD Biosciences p38 + + NA 19
Ebselen EMD Biosciences Traf2/ASK1 ND - Toxic 66
SP600125 EMD Biosciences JNK - - p-c-Jun 30
Jak inhibitor 1 EMD Biosciences JAK — — IRF-1 34,57
(pyridone 6)
PD98059 Cell Signaling Technology =~ MEKI1/2 - - pERK1/2 42
U0126 EMD Biosciences MEK1/2 - - pERK1/2 17
Cycloheximide Sigma Aldrich Protein synthesis + + NA 60

¢ HUVEC were incubated with the indicated inhibitors for up to 1 h (see Materials and Methods), treated with 200 U/ml TNF-a or 10 wg/ml LPS with the inhibitor
for 24 h, and then treated with 1 nM Stx2 for 24 h. CCK-8 or neutral red cell viability assays were performed to determine if an inhibitor protected against TNF-a-
or LPS-induced Stx2 cytotoxicity. +, protection; —, inhibitor had no effect; 50%, LPS-induced Stx2 cytotoxicity was reduced by one-half; ND, not determined. The data
are representative of at least three independent experiments. Positive controls indicate cellular responses that were modified by identical concentrations of the inhibitors
in HUVEC. Supporting data are shown in Fig. S1 in the supplemental material. NA, not applicable.

clinical hallmarks of HUS (52). Finally, a complete murine
model of HUS requires LPS in addition to Stx2 (28).

The goal of the present study was to determine the intracel-
lular pathways that LPS and TNF-a utilize in HUVEC to
induce Gb; and subsequent Stx2 sensitivity. Different pharma-
cological inhibitors, along with RNA interference, were em-
ployed to test known pathways used by these two agents in
HUVEC to determine which of these pathways are involved in
induction of Stx2 sensitivity. The results indicate that both
stimuli use a p38 mitogen-activated protein kinase (MAPK)-
dependent pathway to stimulate Stx2 sensitivity.

MATERIALS AND METHODS

Materials. Recombinant human TNF-«a (~600 pg/U) was a gift from Dainip-
pon Pharmaceutical Co., Ltd. (Osaka, Japan). Stx2 was immunoaffinity purified
from E. coli DH5a(pJES120) lysates obtained from A. D. O’Brien as described
previously (41). Neutral red dye, cycloheximide, and E. coli O55:B5 LPS which
was purified by gel filtration chromatography and gamma irradiated were pur-
chased from Sigma Aldrich (St. Louis, MO). Wortmannin, Bay11-7082, SN50,
SN50M, SB202190, SB203580, 2-phenyl-1,2-benzisoselenazol-3(2H)-one (Eb-
selen), SP600125, Jak inhibitor 1, U0126, and myristoylated protein kinase C{
(PKC{) pseudosubstrate were purchased from EMD Biosciences (San Diego,
CA). A CCK-8 cell viability kit was purchased from Dojindo Molecular Tech-
nologies (Gaithersburg, MD). The RNAiFect transfection reagent was pur-
chased from Qiagen (Valencia, CA). SMARTpool small interfering RNA
(siRNA) duplexes for PKCuv were purchased from Dharmacon (Lafayette, CO).
Anti-PKCy, anti-p38, and anti-phospho-p38 antibodies were purchased from BD
Biosciences (San Jose, CA). PD98059, anti-c-Jun, anti-phospho-c-Jun, anti-
IRF-1, anti-Akt, anti-phospho-Akt, anti-phospho-CREB, and anti-I-kBa anti-
bodies were purchased from Cell Signaling Technology (Danvers, MA). Anti-B-
actin antibody was purchased from Abcam (Cambridge, MA). A DuoSet human
IL-6 enzyme-linked immunosorbent assay (ELISA) kit and anti-ICAM-1 anti-
body were purchased from R&D Systems, Inc. (Minneapolis, MN). Anti-mouse
immunoglobulin G and horseradish peroxidase (HRP)-tagged antibody were
purchased from Amersham (Piscataway, NJ). Anti-rabbit HRP-tagged antibody
was purchased from Zymed (San Francisco, CA). Anti-CREB and anti-sheep
HRP-tagged antibodies were purchased from Upstate (Lake Placid, NY). All
inhibitor targets are listed in Table 1.

Cell culture. Primary HUVEC were purchased from VEC Technologies
(Rensselaer, NY) and grown in MCDB 131 medium (Mediatech/CellGro) sup-
plemented with 1 pg/ml hydrocortisone (Sigma Aldrich), 10 ng/ml epidermal
growth factor (Collaborative Biomedical Products), 100 pg/ml endothelial cell
mitogen (Biomedical Technologies Inc.), 2 mM L-glutamine (Gibco), 10% fetal

bovine serum (HyClone), 100 TU/ml penicillin, and 100 pg/ml streptomycin
(Mediatech/CellGro). Cells were incubated at 37°C with 5% CO, and 90%
humidity in Falcon 75-cm? flasks (BD Biosciences). All experiments were per-
formed using HUVEC at passages 2 to 5.

Immunoblotting. HUVEC were seeded at a concentration of 400,000 cells/
well, allowed to attach and grow overnight to confluence in six-well plates, and
treated as indicated below. Following treatment, wells were aspirated, and 400 .l
Laemmli sample buffer (Bio-Rad) with 5% 2-mercaptoethanol was added for
lysis. To generate lysates for use in immunoblots, cells were harvested by scrap-
ing, DNA was sheared by passing cells through a 28-gauge needle more than six
times, and proteins were denatured at 95°C for 4 min. Equal volumes of lysate
were separated using sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE), transferred to a polyvinylidene difluoride membrane, and
probed with primary and HRP-conjugated secondary antibodies. Bound HRP
was detected by enhanced chemiluminescence according to the manufacturer’s
instructions (Western Lightning, Perkin Elmer). To assess loading controls,
membranes were stripped by washing them thoroughly with phosphate-buffered
saline (PBS)-Tween, incubating them in 62.5 mM Tris-HCI (pH 6.8)-2% SDS—
100 mM 2-mercaptoethanol at 50°C for 30 min, and rewashing them prior to
reprobing.

Cell viability assays. HUVEC were seeded at a concentration of 24,000 cells/
well and allowed to attach and grow overnight to confluence in 96-well plates,
and then they were treated as indicated below. Following treatment, either
neutral red (37) or CCK-8 cell viability assays were performed according to the
manufacturer’s instructions (Dojindo Molecular Technologies).

Pharmacological inhibition of different pathways. HUVEC were seeded as
described above for the cell viability assays. At different times prior to stimula-
tion with either LPS or TNF-a, the following inhibitors were diluted in media
and added to the cells: at 1 h prior to stimulation, wortmannin (1, 10, or 100 nM),
PKC{ pseudosubstrate (50, 60, or 80 wM), SN50 (100 pM), SP600125 (500 or 10
M), Jak inhibitor 1 (100 or 500 nM), and PD98059 (10, 25, or 100 wM); at 45
min prior to stimulation, Bay11-7082 (20 uM) and U0126 (40, 60, 100, or 500 nM
or 1 uM); at 40 min prior to stimulation, SB202190 (1, 10, 20, 50, or 100 wM) and
S$B203580 (20 uM); at 30 min prior to stimulation, Ebselen (1, 10, or 100 pM);
and at the time of stimulation, cycloheximide (0.5, 2, or 5 pg/ml). When appro-
priate, dimethyl sulfoxide diluent controls were included. LPS and TNF-a were
then added to the cells in the presence of the inhibitors for 24 h. The medium was
then replaced with or without 1 nM Stx2 for 24 h, and cell viability assays were
performed as described above. In separate experiments, HUVEC were incu-
bated with the maximum tested dose of an inhibitor and treated with TNF-a for
20 min or with LPS for 4 h; then they were analyzed by immunoblotting as
described above or fixed in 96-well plates for a cell-based ELISA, or supernatants
were analyzed for secreted IL-6 by an ELISA performed according to the man-
ufacturer’s instructions (R&D Systems).

Cell-based ELISA. Cells were treated with Bay11-7082 and SN50 as described
above, treated with LPS or TNF-«, and incubated for 4 h at 37°C. Following
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incubation, cells were fixed with a 1% glutaraldehyde solution for 20 min. Cells
were then washed with PBS and blocked with PBS containing 1% bovine serum
albumin for 1 h. After blocking, cells were incubated with a 1:1,000 dilution of
anti-ICAM-1 antibody (overnight) and anti-sheep HRP (2 h). The signal was
visualized with a 3,3',5,5'-tetramethylbenzidine substrate solution and 2 N
H,SO, and quantified by determining the optical density at 450 nm with a
reference wavelength of 570 nm. Following collection of ELISA data, cells were
stained with crystal violet and values were normalized to the relative cell number.
This protocol was adapted from the protocol described in the general FACE kit
manual from Active Motif (Carlsbad, CA).

RNA interference knockdown of PKCu. Transfections were performed using
the RNAIFECT handbook guidelines, with the following modifications. HUVEC
were seeded at a concentration of 12,000 cells/well in 96-well plates and allowed
to attach overnight. The 25-ul (total volume) transfection mixture consisted of
0.125 pg siRNA, 0.75 pl RNAIFECT reagent, and 23.75 pl medium (control cells
received PBS in place of the siRNA suspension). Transfection was carried out for
4 h, and then the transfection mixture was replaced with 200 wl medium and the
cells were incubated at 37°C for 24 h. Then the assay was performed as described
above for the cell viability assay.

TLC of Gb;. Equal amounts of HUVEC were seeded in Falcon 75-cm? flasks,
and the cells were allowed to grow to confluence. Cells were then treated as
described in the figure legends, trypsinized, and counted. Neutral glycolipids
were then isolated from the cells and analyzed by the thin-layer chromatography
(TLC)-Stx1 subunit B overlay method as described previously (47). TLC plates
were analyzed by densitometry, and the amounts were normalized to the cell
number and Gb; amount interpolated by comparison with authentic glycolipid
standards (Matreya LLC) on each plate.

Statistics. Cell viability data were expressed as means = standard deviations.
Student’s two-sample ¢ tests were used to compare cell viability values where
indicated. A P value of <0.01 was considered significant.

RESULTS

LPS and TNF-a induce Stx2 sensitivity in HUVEC.
HUVEC are relatively insensitive to the cytotoxic effects of
Stx2 compared to other subtypes of endothelial cells; however,
their sensitivity can be increased by preincubating the cells with
LPS or TNF-a (27, 37-39, 48, 59, 60). We were able to confirm
these findings by preincubating HUVEC with 0.01 to 100
pg/ml LPS or 0.2 to 2,000 U/ml TNF-a for 24 h prior to
treatment of the cells with 1 nM Stx2. As shown in Fig. 1A and
B, both LPS and TNF-a had a dose-dependent effect on Stx2
sensitivity. We further characterized the system by adding ei-
ther 10 pg/ml LPS or 200 U/ml TNF-a to HUVEC for various
times prior to 24 h of Stx2 challenge. Figure 1C shows both the
LPS- and TNF-a-induced Stx2 sensitivities after the first hour
of incubation and that induction remained relatively constant
throughout the 48-h time course. TNF-a was slightly more
potent than LPS at the 8-, 12-, 16-, and 24-h time points at
these doses. In all additional experiments described here 10
pg/ml LPS or 200 U/ml TNF-a was used for 24 h prior to Stx2
addition.

LPS and TNF-a induce similar signal transduction path-
ways at different rates. LPS and TNF-« stimulate a wide range
of downstream effects through many different pathways (for
reviews, see references 11, 40, and 64). To characterize a sam-
ple of these events in HUVEC, confluent monolayers of
HUVEC were treated with either LPS or TNF-a for up to 1 h,
cells were lysed, and proteins were analyzed by immunoblot-
ting. We found that TNF-a (Fig. 2A) induced the NF-«B and
p38 MAPK pathways within 5 min and with between 10 and 20
min of stimulation, respectively. I-kBa degradation was ob-
served in a similar time frame, with the levels dropping below
the detectable limits by 20 min poststimulation. In comparison,
LPS showed a much slower induction profile with these path-
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FIG. 1. TNF-a and LPS induce Stx2 cytotoxicity in a dose- and
time-dependent manner. (A and B) Confluent HUVEC were incu-
bated with the indicated concentrations of (A) LPS or (B) TNF-a for
24 h before treatment with 1 nM Stx2 for 24 h. (C) Confluent HUVEC
were incubated with either 10 wg/ml LPS or 200 U/ml TNF-a for the
indicated times before treatment with 1 nM Stx2 for 24 h. Cell viability
assays were performed, and the results were expressed as the percent
viability for identical treatments for each concentration and time point
without Stx2; the error bars indicate standard deviations (n = 4). An
asterisk indicates that the value is statistically significantly (P < 0.01)
different from the value for samples without LPS or TNF-a.

ways. LPS-induced phosphorylation of p38 MAPK reached
maximal levels at 1 h poststimulation and did not change
throughout the remaining times tested (Fig. 2B). Additional
experiments showed that there were negligible changes in
these proteins prior to 1 h poststimulation (data not shown).
LPS-induced degradation of I-k Ba showed a similar temporal
response to p38 MAPK. In all cases, phosphorylation of p38
coincided with phosphorylation of the downstream transcrip-
tion targets CREB and ATF-1 (Fig. 2A and B).

Differential inhibition of LPS- or TNF-a-induced Stx2 sen-
sitivity. Since LPS and TNF-«a stimulate many different path-
ways, pharmacological inhibitors and siRNAs were used to
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FIG. 2. TNF-«a and LPS induce intracellular pathway activation at
different rates. Confluent HUVEC were incubated with (A) TNF-«
and (B) LPS for the indicated times and lysed. Lysates were processed
by SDS-PAGE and analyzed by immunoblotting.

determine which of these pathways was involved in LPS- or
TNF-a-induced sensitization of HUVEC to Stx2 (Table 1; see
Fig. S1 in the supplemental material). Of all the signal trans-
duction inhibitors tested, only the p38 MAPK inhibitors
SB202190 and SB203580 fully inhibited both LPS- and TNF-
a-induced Stx2 sensitivity. However, the PKC{ pseudosub-
strate added prior to LPS or TNF-a induction inhibited LPS-
induced sensitivity by 50%. This inhibition was the same when
the pseudosubstrate concentration was increased to 80 M. All
pseudosubstrate concentrations above 80 wM were cytotoxic.
As expected, cycloheximide was also effective at inhibiting both
LPS and TNF-« induction of Stx2 sensitivity, which is consis-
tent with previous results (60).

p38 MAPK is required for Stx2 sensitization. p38 MAPK
has been shown to be involved in Stx-mediated cell death in
other cell types (7, 24, 54). To determine which phase (i.e.,
induction or Stx2 challenge) of the experiment the p38 inhib-
itors targeted, cells were treated with inhibitor before and/or
after treatment with the inducer (Fig. 3A). As shown in Fig.
3B, both LPS and TNF-a enhanced HUVEC sensitivity to
Stx2. The induction of sensitivity was reversed when a p38
inhibitor was given prior to treatment with LPS or TNF-a.
Notably, the noninduced cells were also more resistant to Stx2
challenge (P < 0.01). However, when the p38 inhibitor was
given after induction and before Stx2 challenge, no significant
changes were observed. The cells that were exposed to the
inhibitor throughout the experiment were indistinguishable
from the cells that were incubated with the inhibitor only prior
to and concurrently with LPS or TNF-a.

p38 is required for LPS or TNF-« induction of Gb;. It has
been shown that Gbj is the cellular receptor for Stx2 (63) and
that Gbj, levels correlate with Stx sensitivity (48, 59, 60, 62).
Therefore, to determine the effects of p38 inhibition on levels
of Gby; on HUVEC, cells were treated with LPS or TNF-«
alone and after pretreatment with SB202190. Figure 4 shows
that pretreatment with the p38 inhibitor SB202190 reduced
LPS and TNF-«a induction of relative Gb; levels, a trend that
was observed consistently. Note that although the fold change
values are different for the individual replicates, in each case
the p38 inhibitor reduced LPS- and TNF-a-induced Gb; levels.

Specificity of SB202190. SB202190 has been shown to be a
selective inhibitor of p38 MAPK (12). To verify this specificity
under our conditions, HUVEC were treated with 10 and 20
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FIG. 3. Inhibition of p38 reduces TNF-a and LPS induction of Stx2
cytotoxicity. (B) HUVEC were treated with SB202190 (a p38 MAPK
inhibitor) before or after induction and then challenged with Stx2.
Details are as follows (A). For preinduction, one of the following was
added to the cells for 40 min: 20 uM SB202190 or control medium. For
induction one of the following was added to the cells for 24 h:
SB202190, TNF-a, LPS, TNF-a plus SB202190, LPS plus SB202190, or
control medium. For postinduction one of the following was added to
the cells for 40 min: SB202190 or control medium. For challenge one
of the following was added to the cells for 24 h: SB202190, 1 nM Stx2,
SB202190 plus Stx2, or control medium. For the cytotoxicity assay after
24 h of incubation with Stx2, CCK-8 cell viability assays were per-
formed, and the results were expressed as percentages of the viability
of an identical treatment without Stx2; the error bars indicate standard
deviations (n = 4). An asterisk indicates that the value is statistically
significantly (P < 0.01) different from the value for samples not treated
with SB202190. The data are representative of three independent
experiments. The data obtained with a separate p38 MAPK inhibitor,
SB203580, were similar.

None Pre-

uM SB202190, followed by 200 U/ml TNF-a (Fig. SA) or 10
pg/ml LPS (Fig. 5B) for 20 min and 1 h, respectively, and the
cells were lysed and analyzed by immunoblotting. SB202190
inhibited both TNF-a and LPS induction of CREB and ATF-1
phosphorylation but not degradation of I-kBa. This result is
consistent with published data showing that CREB and ATF-1
are exclusively downstream of p38 (20).

DISCUSSION

We show here for the first time that LPS and TNF-« use a
p38 MAPK-dependent pathway to sensitize endothelial cells to
Stx2-induced cell death. p38 MAPK has been identified as a
signaling factor in both Stx-induced cell death (54) and TNF-«
induction of Gbj; (55) in other cell types, so we examined if one
or both of these roles were evident in HUVEC. Since LPS and
TNF-a have been shown to increase Gb, levels over a 24-h
time period (48), p38 inhibitors were used to treat HUVEC
before, during, and/or after 24 h of induction using LPS or
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FIG. 4. p38 inhibition reduces TNF-a and LPS induction of Gb; in
HUVEC. (A) Confluent HUVEC were treated with 20 pM SB202190
40 min prior to and concurrently with 200 U/ml TNF-« or 10 pg/ml
LPS for 24 h. Cells were trypsinized and counted, and neutral glyco-
lipids were extracted. Glycolipids were separated by TLC and visual-
ized by using Stx1 subunit B overlay. TLC plates were analyzed by
densitometry, and amounts were interpolated by comparison with au-
thentic standards on each plate. (B) Results for TLC-Stx1 subunit B
overlay from replicate 2.

TNF-a. We found that p38 MAPK inhibitors were effective at
reducing LPS- or TNF-a-induced Stx2-mediated cell death
only when given prior to the inducer, indicating that in HU-
VEC, p38 is principally involved in the induction of the Stx2
receptor and not in toxin-mediated cell death. This conclusion
is supported by the TLC data which showed that one of the p38
inhibitors, SB202190, reduced LPS- and TNF-a-induced Gb;,
levels.

We show here that both LPS and TNF-a induce Stx2-medi-
ated cell death in a dose-dependent manner. These inflamma-
tory mediators have been shown to increase Gb; and/or Stx
sensitivity in kidney cell types such as mesangium (53), tubular
epithelial cells (10), and glomerular microvascular endothelial
cells even though TNF-a does not affect the retrograde trans-
port of the Stx B subunit in these cells (65). We also show that
these cells required minimal times of exposure to LPS or
TNF-a in order to have increased sensitivity to Stx2.

Signal transduction of HUVEC in response to LPS and
TNF-a is rapid, with TNF-a causing effects in as little as 5 min
and LPS causing effects after 1 h of stimulation. This explains
why LPS and TNF-a can sensitize HUVEC to the cytotoxic
effects of Stx2 after only 1 h of stimulation. Our results are in
concert with previous findings that showed that I-«kBa degra-
dation occurs more rapidly in the presence of TNF-«a than in
the presence of LPS (69).

LPS and TNF-a are known to stimulate multiple pathways in
HUVEC (11, 40, 64), so we examined each pathway individu-
ally using various inhibition methods in order to either include
or exclude a pathway’s role in Stx2 sensitization. The pharma-
cological inhibitors that almost completely inhibited LPS and
TNF-a induction of Stx2 sensitivity were SB202190 and
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FIG. 5. Specificity of SB202190. Confluent HUVEC were treated
with the indicated concentrations of SB202190 for 40 min prior to
treatment with (A) TNF-a for 20 min or (B) LPS for 1 h and lysed.
Lysates were processed by SDS-PAGE and analyzed by immunoblot-
ting.

SB203580, which are closely related inhibitors of p38 MAPK,
and cycloheximide, a general inhibitor of protein synthesis.
Cycloheximide has been shown to reduce the amount of TNF-
a-induced Stx1 binding to human femoral vein endothelial
cells and HUVEC (60), theoretically by inhibiting translation
of one or more of the biosynthetic enzymes required to make
the functional Stx receptor, Gb;. Our hypothesis included the
possibility that multiple pathways could be utilized to increase
Gb;, and thereby Stx2, sensitization. If multiple pathways were
involved, then inhibition of any one of the necessary pathways
should partially block LPS- or TNF-a-induced sensitivity to
Stx2. Indeed, a PKC{ pseudosubstrate reduced LPS-induced
Stx2 sensitivity by 50% in HUVEC. No other inhibitor tested
partially reduced LPS-induced Stx2 sensitivity; however, it was
shown previously that myristolated PKC{ pseudosubstrate
nonspecifically caused the phosphorylation of p38 MAPK,
ERK1/2, Akt, and endothelial nitric oxide synthase in porcine
pulmonary artery endothelial cells (32), making interpretation
of these data difficult. Inhibition of p38 MAPK did not com-
pletely reverse LPS- or TNF-a-induced Stx2 sensitivity; how-
ever, the negative results obtained with all other signal trans-
duction inhibitors tested imply that if an additional pathway is
involved, it is not one of the pathways identified in endothelial
cells.

p38 MAPK has been implicated at multiple stages in Stx-
mediated HUS. Upon release from the bacterium, Stx interacts
with the intestinal epithelium, where p38 MAPK mediates
Stx-induced release of IL-8 (58), eIF4E phosphorylation (8),
caspase 3 cleavage, and cell death (54). After crossing the
intestinal epithelium (23) and entering the vasculature, Stx
stimulates circulating monocytes to secrete TNF-a in a p38-
dependent manner (4, 18). Once in the vasculature, the main
targets of Stx are the brain and kidneys (56). Stricklett et al.
showed that p38 MAPK is required for TNF-a induction of
Gb; and Stx1 sensitivity in human brain endothelial cells (55);
moreover, Morigi et al. implicated p38 in Stx2-mediated ex-
pression of endothelin-1, which is involved in glomerular he-
modynamics (45). It is noteworthy that in all cases, inhibiting
p38 MAPK would theoretically benefit the host. Thus, p38
MAPK may represent a therapeutic target for reducing the
harmful host response to Stx2 if these in vitro results can be
verified in an animal model.

In conclusion, p38, a common pathway intermediate, was
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shown to be involved in sensitization of HUVEC to Stx2 by
both LPS and TNF-a. p38 MAPK is required by both agonists
to increase cellular Gb; levels and subsequent Stx2 sensitivity
but not for the Stx2-induced cytotoxicity that follows. These
findings support the hypothesis that p38 MAPK is an effective
target in patients exposed to Stx2 for minimizing symptoms
associated with HUS.
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