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Cytotoxic effect of Shiga toxin-1 on human glomerular
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Cytotoxic effect of Shiga toxin-1 on human glomerular epithe-
lial cells.

Background. Shiga toxin-1 (Stx-1) has been implicated in
the pathogenesis of postdiarrheal hemolytic-uremic syndrome
(Stx HUS). Endothelial cells had been felt to be the primary
renal target of Stx-1; however, recent studies suggest that renal
epithelial cells may also be responsive. To further examine this
issue, we evaluated the responsiveness of human glomerular
epithelial cells (GECs) to the cytotoxic effects of Stx-1.

Methods. Cultured GECs were exposed to Stx-1 in the pres-
ence and absence of a variety of inflammatory factors likely
to be elevated in the kidney or serum of patients with Stx
HUS. Cell survival, protein synthesis, total cell Gb3 levels and
synthesis, and Stx-1 binding were measured.

Results. GECs were sensitive to Stx-1, with an LDy, of ap-
proximately 1077 g/L (1.4 pmol/L). Interleukin-1 (IL-1), lipo-
polysaccharide (LPS), tumor necrosis factor-a (TNF-a), and
butyrate increased Stx-1 cytotoxicity and total cell Gb3 levels.
These agents, with the exception of TNF-q, also increased
Stx-1 binding to GECs. IL-6 failed to alter Stx-1 toxicity, bind-
ing, or Gb3 content.

Conclusions. These studies indicate that GECs are sensitive
to the cytotoxic effects of Stx-1 and that inflammatory factors
can increase toxin responsiveness. GECs may be a target of
Stx-1 action in Stx HUS.

Postdiarrheal hemolytic-uremic syndrome [Shiga toxin
(Stx) HUS] is the leading cause of acute renal failure in
children [1, 2]. Until recently, renal damage in Stx HUS
had been generally thought, on the basis of histologic
studies, to primarily involve endothelial cells. Support
for endothelial cell targeting in Stx HUS was lent by
observations that the putative pathogenic toxin, Stx, had
a relatively potent cytotoxic effect on cultured renal mi-
crovascular endothelial cells as compared with nonrenal
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endothelial cell types [3-5]. This paradigm of renal dam-
age in Stx HUS was changed, however, by studies impli-
cating renal epithelial cells as targets of Stx action. Of
these epithelial cells, proximal tubules have been the
first to be clearly identified. Stx-1 (an isoform of Stx
involved in Stx HUS) binds to renal cortical tubular
epithelial cells [4, 6, 7]. Furthermore, cultured human
proximal tubule cells contain extremely high levels of
Gb3 (galactose-a-1,4, galactose-3-1,4, glucose-ceramide),
the cognate binding site of Stx, and are highly sensitive
to Stx-1 cytotoxicity [6]. Thus, proximal tubules may be
an important early target of Stx-1 and could contribute
to Stx HUS-associated acute renal failure. The finding
that renal tubular epithelial cells were responsive to Stx-1
raised the possibility that other renal epithelial cell types
could also be important targets of the toxin. Of these,
glomerular epithelial cells (GECs) are of great interest.
Stx modulation of GEC function could clearly have a
significant impact on glomerular function through alter-
ations in glomerular filtration rate, vasoactive factor pro-
duction, basement membrane integrity, or other parame-
ters. Indeed, recent studies raise the possibility that
GECs may be a site of Stx action. Adult human podo-
cytes in vivo can bind Stx-1, albeit relatively weakly [8].
Furthermore, primary cultures of human GECs have
been reported to be sensitive to the cytotoxic effect of
Stx-1, although the magnitude of Stx-1 binding, Gb3
expression and synthesis, or factors affecting Stx-1 toxic-
ity were not fully assessed [9]. Consequently, the first
part of the present study was undertaken to more fully
evaluate the cytotoxic effect of Stx-1 on GECs.
Numerous studies have indicated that Stx cytotoxicity
can be potentiated by inflammatory factors in which pro-
duction may be enhanced in Stx HUS. Lipopolysaccha-
ride (LPS), interleukin-1 (IL-1), and tumor necrosis fac-
tor (TNF-a) increase the cytotoxic effect of Stx on
human endothelial cells [10, 11]. Butyrate, which may
be elevated in the circulation of patients with Stx HUS
because of disruption of colonic epithelium, sensitizes
human umbilical vein endothelial cells (HUVECsS) to Stx
toxicity [12]. Inflammatory factors may also up-regulate
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epithelial cell sensitivity to Stx-1 cytotoxicity: IL-1, LPS,
and butyrate increase proximal tubule responsiveness to
Stx-1 [6]. Hence, it would be important to clarify the
role of inflammatory factors that are likely to be elevated
in Stx HUS on GEC responsiveness to Stx-1. Accord-
ingly, the second goal of the current study was to examine
the effect of inflammatory factors on the cytotoxic effect
of Stx-1 on GECs.

METHODS
Reagents

Human kidneys were obtained from 10 different pa-
tients undergoing nephrectomies for renal cell carcinoma
or Wilm’s tumor, aged 7 months to 65 years, from various
hospitals in the Salt Lake Valley according to University
of Utah Institutional Review Board-approved protocols.
Vero cells (African Green Monkey kidney) were obtained
from American Type Tissue Collection (ATCC #CRL-81;
Rockville, MD, USA). Fetal bovine serum (FBS) was
from Hyclone (Logan, UT, USA). Glacial acetic acid
was from Mallinckrodt (Paris, KY, USA). Ethanol was
from Quantum Chemical Co. (Anaheim, CA, USA). Tryp-
sin/ethylenediaminetetraacetic acid (EDTA), penicillin/
streptomycin, L-glutamine, Dulbecco’s modified Eagle’s
medium (DMEM):F12, and M199 were purchased from
GIBCO/BRL (Gaithersburg, MD, USA), and polyisobu-
tylmethacrylate was from Aldrich Chemical Corp. (Mil-
waukee, WI, USA). All tissue culture flasks, dishes, and
multiwell plates were Falcon Brand (Becton Dickinson,
Lincoln Park, NJ, USA). *H-leucine and 'I-goat anti-
mouse IgG were from DuPont NEN (Boston, MA,
USA). Na T was from ICN (Costa Mesa, CA, USA),
and UDP-"C galactose was from Amersham (Arlington
Heights, IL, USA). Recombinant IL-18 (IL-1), IL-6, and
TNF-a (TNF-a) were from R&D Systems (Minneapolis,
MN, USA). Lactosylceramide and globotriaosylcera-
mide (Gb3) were from Matreya (Pleasant Gap, PA,
USA). Stx-1 was isolated and purified as previously de-
scribed [6]. A mouse monoclonal antibody to the B-sub-
unit of Stx-1 [13] was purified from a hybridoma cell
line, 13C4 (ATCC), as previously described [6].

Cell culture

Renal cortical slices were minced, pushed, and rinsed
through a stainless steel screen (60 mesh, Fisher, Hous-
ton, TX, USA) and filtered through sieves with pore
sizes of 100 mesh for adults or 140 mesh for children.
The glomeruli, which were retained by the 100 or 140
mesh sieves, were centrifuged at 2000 X g for three
minutes and suspended in phosphate-buffered saline
(PBS). Glomeruli were then incubated at 37°C for 2 to
15 minutes in 1 mg/mL collagenase (type 1V; Sigma, St.
Louis, MO, USA) in M199. When the glomerular size
was reduced by about 50 to 75%, the tube was placed
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on ice and GEC media (M199 + 20% FBS + 100 pg/mL
endothelial growth supplement (Perlmmune) + 100
U/mL penicillin/streptomycin added. Glomerular rem-
nants were centrifuged at 2000 X g, resuspended in GEC
medium, and plated onto 10 cm tissue culture dishes.
Primary cultures and subcultures were maintained at
37°C in a 5% CO, environment. Plates were left undis-
turbed for the next five to seven days to facilitate primary
outgrowth of cells from glomeruli. When the plates were
approximately 40% confluent (greater degrees of con-
fluence were associated with mesangial cell outgrowth),
cells were trypsinized and passaged. All cells were stud-
ied after no more than three passages.

Cell purity was assessed by immunofluorescent stain-
ing. Primary antihuman antibodies used were mouse
antifactor VIlI-related antigen (Boehringer Mannheim,
Indianapolis, IN, USA), mouse anti-PECAM (R&D Sys-
tems), mouse anti-E-selectin (R&D Systems), mouse
anticytokeratin-18 (Sigma), mouse anticytokeratin-19
(Sigma), mouse antipan-cytokeratin (reacts poorly with
cytokeratin 18 and not with 19; Sigma), rabbit anti-WT-1
(Santa Cruz, Santa Cruz, CA, USA), mouse antivimentin
(R&D Systems), and mouse antimyosin (Accurate, West-
bury, NY, USA). Secondary antibodies were mouse
antirabbit IgG (Sigma) and rabbit antimouse IgG (Boeh-
ringer). Positive controls were used for all staining
experiments: primary cultures of HUVECs (kindly pro-
vided by Dr. Tom Mclntyre, University of Utah, Salt
Lake City, USA), human mesangial cells P3-P5 (Clon-
etics, Palo Alto, CA, USA), and human proximal tubular
cells P2-P3 (Clonetics). Freshly isolated human glomer-
uli also served as positive controls.

All GECs were studied under growth-arrested condi-
tions. Barely confluent GECs were placed in DMEM:F12
containing 2 mmol/L r-glutamine and 100 U/mL penicil-
lin/streptomycin for 24 hours prior to any experimental
maneuvers.

Vero cells were grown and studied in M199 containing
2.2 g/LL sodium bicarbonate, 25 mmol/L. HEPES, 100
U/mL penicillin/streptomycin, and 5% FBS.

Neutral red cytotoxicity assay

The neutral red cytotoxicity assay was adapted from
previously described protocols [14, 15]. Confluent GECs
in 96-well plates were exposed to 107° to 10! g/L Stx-1
or 0.1 to 100 wmol/L cycloheximide (CHX) for 0 to 96
hours. Two hundred microliters of neutral red media (50
pg/mL neutral red in M199 containing 5% FBS) were
then added to each well and incubated for two to three
hours at 37°C in a 5% CO, incubator. Cells were then
washed with 200 pL 1% CaCl, + 1% formaldehyde and
solubilized in 200 wL 1% acetic acid in 50% ethanol.
Absorption was read at 450 nm on a Molecular Devices
ThermoMax Microplate reader (Menlo Park, CA, USA).

For studies examining the effect of inflammatory fac-



2352

tors on Stx-1 or CHX toxicity, GECs were incubated
with varying concentrations of LPS, butyrate, IL-1, IL-6,
or TNF for 4 to 48 hours in growth-arrest media before
the addition of the cytotoxic agent. Subsequently, Stx-1
(1078 g/L) or CHX (10 pmol/L) were added to the media
already on the cells and incubated for an additional 72
hours, followed by analysis of neutral red uptake.

3H-leucine incorporation

Glomerular epithelial cells were grown and assayed
in 24-well plates. Cells were exposed to 1075 to 107! g/L
Stx-1 or 0.1 to 100 pmol/L CHX for 24 to 96 hours.
The media were then removed, and 250 pL of HBSS
containing 1 wCi/mL *H-leucine were added for 20 min-
utes. Cells were then rinsed with ice-cold HBSS and
solubilized in 500 pwL 0.1% sodium dodecyl sulfate
(SDS). A 200 pL aliquot was mixed with 25 pL of 200
mg/mL bovine serum albumin (BSA) and 2 mL 10%
tricarboxylic acid (TCA). The precipitate was incubated
on ice for 60 minutes and collected on prewetted GF/C
filters (Whatman, Kent, UK) through a vacuum mani-
fold, and the filters were washed with 10% ice-cold TCA
followed by ice-cold 95% ethanol and air dried. Filters
were added to scintillation vials with 5 mL. Ready Safe
scintillation cocktail (Beckmann, Fullerton, CA, USA),
and the cpm were determined with a Packard 2200CA B
counter (Downers Grove, IL, USA).

Isolation and quantitation of Gb3

Glomerular epithelial cells and Vero cells were grown
in six-well plates and growth arrested at confluence.
GECs were stimulated with inflammatory factors for 24
hours followed by extraction of total cellular lipids as
previously described [6]. Cells were washed with ice-cold
PBS, scraped off the plates, and centrifuged at 1500 r.p.m.
The cell pellet was extracted three times in 1 mL of 5:10:3
chloroform:methanol:water and dried under vacuum.
The dried total lipid product was suspended in 2:1 chloro-
form:methanol and separated on high-performance thin
layer chromatography-silica plates (Mallinckrodt Baker
Inc., Paris, KY, USA) by ascending chromatography in
50:40:10 chloroform:methanol:water containing 0.025%
CaCl,. Gb3 standards were run on each plate to permit
Gb3 quantitation. Total neutral lipid content was deter-
mined by running duplicate plates and visualizing lipids
with Orcinol spray.

For immunostaining, these plates were dried, im-
mersed in 0.5% polyisobutylmethacrylate in acetone for
one minute, and dried. Plates were then incubated in
Tris-buffered saline Tween 20 (TBST; 10 mmol/L Tris-
HCI, pH 7.5, 150 mmol/L NaCl, 0.5% Tween 20) con-
taining 10% goat serum for 30 minutes, washed in 2%
goat serum/TBST, incubated with 1.5 pg/mL Stx-1 in
2% goat serum/TBST for two hours, washed, incubated
with 5 pg/mL anti-Stx-1 monoclonal antibody (13C4;
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discussed later in this article) in 2% goat serum/TBST
for one hour, washed, and incubated with 0.1 pg/mL
12T_goat antimouse IgG in 2% goat serum/TBST for one
hour. Plates were then washed and air dried, and specific
binding was visualized by autoradiography. Gb3 concen-
trations were calculated by densitometry using Gaussian
density distribution with Eagle Eye II ONE-Dscan soft-
ware (Stratagene, La Jolla, CA, USA).

The results of the Gb3 quantitation were standardized
for cell number by cell counting and total protein deter-
mination. Prior to centrifugation and lipid extraction, a
small aliquot of cells was solubilized in 0.1 N NaOH and
mixed with Bradford reagent (Bio-Rad, Richmond, CA,
USA), and the protein concentration was determined
by measuring absorbance at 590 nm [16]. Quantitative
comparisons between Gb3 in different cell types or under
different experimental conditions did not differ whether
the data were expressed per total cell protein or cell num-
ber; for simplicity, all data are expressed per cell number.

UDP-galactose lactosylceramide
galactosyltransferase assay

Glomerular epithelial cells were grown in 10 cm dishes
and growth arrested at confluence. Cells were then stimu-
lated with inflammatory factors for 24 hours and were
scraped and centrifuged at 1500 r.p.m. The pellet was re-
suspended in 500 wL. 50 mmol/L [N-morpholino]ethane-
sulfonic acid (MES), pH 6.5. Cells were disrupted with
a five-second pulse from an ultrasonic tip processor (am-
plitude 30 at 25 W; Cole Parmer Instrument Co., Chi-
cago, IL, USA) and assayed for total protein using the
Bradford method. GalT6 activity was assayed using a
modification of the method by Mobassaleh, Mishra, and
Keusch [17] and as previously described [6]. Lactosylcer-
amide (LacCer, 25 nmol) was aliquoted in 2:1 chloro-
form:methanol and dried. Sodium cholate in water (250
pg) was added to the dried LacCer and dried under
vacuum, and the dried mixture was incubated for 60 min-
utes at 4°C. A total volume of 100 pLL 50 mmol/L MES,
pH 6.5, containing 10 mmol/L MnCl,, 100 pmol/L 5'-
adenylimidodiphosphate [p(NH)ppA], 250 wmol/L cold
UDP-galactose, 44 wmol/L. UDP-*C galactose (150,000
to 400,000 cpm), and 125 pg total cellular protein was
added to the dried LacCer/sodium cholate. The samples
were vortexed briefly and incubated in a slowly agitating
37° water bath for 60 minutes, and the reaction was
stopped by adding 1 mL 2:1 chloroform:methanol. A
Folch partition was established by adding 200 pL 0.1
mol/L KCI and the upper phase re-extracted by adding
500 pL 2:1 chloroform:methanol. The lower phase was re-
extracted by adding 500 L 1:1 methanol:0.1 mol/L KCI.
The lower phases were combined, dried, and chromato-
graphed as described previously in this article for Gb3.
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Fig. 1. Cytotoxic effect of Shiga toxin-1 (Stx-1) on glomerular epithelial
cells (GECs; N = 12 each data point). Cells were incubated with Stx-1
for (@) 24, (O) 48 and (M) 72 hours, followed by determination of
neutral red uptake.

- 20 ug GB3
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Iodination and binding of Stx-1

Shiga toxin-1 was iodinated according to the lodobead
manufacturer’s protocol (Pierce, Rockford, IL, USA)
and as previously described [6]. For '*I-Stx-1 binding
assays, GECs in 96-well plates were preincubated in
growth-arrest media for 24 hours with or without in-
flammatory cytokines. At the time of study, media were
removed, and 17,000 cpm of »I-Stx-1 in 100 L M199
containing 5% FBS and 25 mmol/L HEPES plus varying
concentrations of unlabeled Stx-1 were added for 24
hours at 4°C. Cells were then rinsed with ice-cold HBSS
and solubilized in 0.1 N NaOH, and cpm were deter-
mined on a Packard 5000 vy counter.

Statistics

All data were analyzed by one-way analysis of variance
(ANOVA). Results are expressed as mean = SEM. P
values < 0.05 were taken as significant. Wherever the
data are expressed as a percentage of control, the sample
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Fig. 2. Effect of Stx-1 on *H-leucine incorporation by GECs (N = 3
each data point). Cells were incubated with Stx-1 for (@) 24, (O) 48
and (M) 72 hours, followed by an addition of 1 p.Ci/mL *H-leucine for
20 minutes.

Fig. 3. Total globotriaosylceramide (Gb3) con-
tent in GEC and Vero cells. A standard curve
using purified Gb3 is shown on the left side
: of the autoradiogram for comparison. Each
+ experimental lane represents a different cell
culture preparation (Methods section).

size (N) refers to the number of experimental and control
samples used for that particular data point.

RESULTS
Human glomerular epithelial cell culture

Originally, our aim was to isolate and culture human
glomerular endothelial cells. It was ultimately deter-
mined that this was best achieved by using a cell-sorting
strategy using antibody-coated magnetic beads; however,
in the process, it was determined that GECs could readily
be cultured. Initial outgrowths of glomerular remnants
contained about 95% GECs and 5% endothelial cells,
as determined by immunofluorescent staining. About
5% of cells from initial outgrowths (HUVEC and freshly
isolated glomeruli served as positive controls and proxi-
mal tubule cells as negative controls) stained positive
with anti-PECAM, anti-E-selectin (after 10-min expo-
sure to 100 U/mL TNF-a), and antifactor VIII-related
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Fig. 4. Effect of IL-1 (A), IL-6 (B), TNF-a (C), LPS (D), or butyrate (mmol/L, E) on Stx-1 (10 g/L or 140 fmol/L) cytotoxicity on GECs (N =
8 each data point). *P < 0.001; *P < 0.01, both vs. Stx-1 alone. Cells were preincubated with inflammatory factors for 24 hours prior to exposure
to Stx-1 for 72 hours and subsequent determination of neutral red uptake. Symbols in A are: (l) 10 U/mL IL-1; () 100 U/mL IL-1; (E) 1000
IL-1. Symbols in B are: (W) 0.5 ng/mL IL-6; (4) 2 ng/mL IL-6; () 5 ng/mL IL-6. Symbols in C are: (M) 10 U/mL TNF-«; () 100 U/mL TNF-q;
(H) 1000 U/mL TNF-a. Symbols in D are: (W) 0.1 pg/mL LPS; (4) 1 pg/mL LPS; (H) 10 pg/mL LPS. Symbols in E are: (H) 0.5 mmol/L butyrate;

(AZ) 2 mmol/L butyrate; (H) 5 mmol/L butyrate.

antigen antibodies. These presumed endothelial cells
were negative for all cytokeratins and for WT-1. About
95% of cells from initial outgrowths stained positive with
antibodies to pan-cytokeratin, cytokeratins 18 or 19, and
vimentin, but were negative for myosin or any of the
endothelial cell markers described previously in this arti-
cle. Initial outgrowths did not stain positive for WT-1,
although cells within glomerular remnants were positive
for WT-1.

No endothelial or mesangial cells could be detected
in cultures after the first passage. Passaged cells that had
just attained confluence stained positive for vimentin
and with all cytokeratin antibodies, but were negative
for all endothelial makers. The passaged cells uniformly
exhibited cobblestone morphology typical of epithelial
cell cultures (glomerular endothelial cell cultures also
exhibit cobblestone morphology; however, the individ-
ual cells tend to be larger than epithelial cells). Approxi-
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mately 10% of cells stained positive for WT-1. While it
has been reported that maintaining confluent GECs in
culture for several days or even weeks leads to morpho-
logic changes and increased WT-1 expression [18], we
found that, in our hands, GECs exhibited increased gran-
ularity, flattened out, and began detaching when main-
tained as confluent cultures for greater than one week.

Stx-1 cytotoxicity and protein synthesis inhibition

Cytotoxicity was assessed by a combination of neutral
red uptake, total cell protein, cell number, and cell mor-
phology. As described previously, neutral red uptake has
been determined to correlate well with changes in cell
morphology and be preferable to using cell protein or
cell number as an indicator of Stx-1 cytotoxicity [6]. Stx-1
dose dependently killed cultured GECs (Fig. 1). The
toxic effect of Stx-1 was detectable at the highest concen-
trations by 24 hours; the LDs, of Stx-1 at 72 hours was
approximately 1077 g/L (1.4 pmol/L).

Shiga toxin-1 also dose dependently inhibited protein
synthesis by GECs, as assessed by *H-leucine incorpora-
tion (Fig. 2). After 24 hours of exposure, 1077 g/L (1.4
pmol/L) Stx-1 reduced protein synthesis by about 80%,
while this degree of protein synthesis inhibition was evi-
dent after 72 hours with 10~ g/L (14 fmol/L) Stx-1. Cell
death lagged markedly behind protein synthesis inhibi-
tion, with approximately a 500-fold higher concentration
of Stx-1 being required to kill, as compared with inhibit
protein synthesis, in 50% of the cells after 72 hours of
exposure to the toxin.

Gb3 was readily detectable in GECs (Fig. 3). By way
of comparison, GECs contained more total cellular Gb3
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(1.41 = 0.31 pg/107 cells) than did Vero cells (0.64 =
0.086 wg/107, N = 3, P < 0.025).

Effect of inflammatory factors on Stx-1 cytotoxicity

The effect of IL-1, IL-6, TNF-«, LPS, and butyrate on
the cytotoxic effect of Stx-1 on GECs was examined.
None of these agents alone significantly affected neutral
red uptake; however, GECs exposed to the highest con-
centration (5 pmol/L) of butyrate exhibited increased
granularity and spreading, signs typically associated with
early toxicity. Of the inflammatory cytokines, IL-1 and
TNF-a (Fig. 4 A, C), but not IL-6 (Fig. 4B), enhanced
Stx-1 sensitivity (Stx-1 dose chosen that caused approxi-
mately a 50% reduction in cell viability at 72 h). The
inhibitory effect of IL-1 and TNF-a was evident after 24
and 48 hours, but not 4 hours, of preincubation with the
cytokines before the addition of Stx-1.

Lipopolysaccharide and butyrate also augmented Stx-1
cytotoxicity in GECs (Fig. 4 D, E). Similar to the inflam-
matory cytokines, LPS up-regulation of Stx-1 cytotoxicity
occurred after 24 and 48 hours, but not 4 hours, of preincu-
bation with endotoxin before addition of Stx-1. Butyrate,
particularly at the highest concentration (5 wmol/L), mark-
edly increased GEC Stx-1 sensitivity. As noted earlier
in this article, although butyrate alone did not affect
neutral red uptake, it did alter GEC morphology in a
manner suggestive of early toxicity.

Mechanism of inflammatory factor up-regulation of
Stx-1 cytotoxicity

Modulation of cycloheximide cytotoxicity. To test the
specificity of inflammatory factor modulation of Stx-1
action, the effect of these agents on CHX, a protein
synthesis inhibitor and cytotoxic agent, was examined.
It was first necessary to determine a CHX concentration
that, like the Stx-1 concentration used in the studies
mentioned earlier in this article, caused approximately
a 50% reduction in cell viability. A dose (0.1 to 100
pmol/L)- and time (24 to 72 h)-response curve revealed
that 10 wmol/L CHX killed approximately 40% of GECs
after 72 hours (N = 12 each data point, data not shown);
these conditions were used for subsequent studies.

Interleukin-1, IL-6, TNF-a, and LPS preincubation for
4 to 48 hours, at the maximal concentrations used for
studies on regulation of Stx-1 cytotoxicity, had no effect
on CHX cytotoxicity (N = 6 each data point; Fig. 5).
Butyrate increased CHX cytotoxicity, albeit at the high-
est concentration (5 pmol/L) or the longest time point
(48 h). Notably, the butyrate effect was much less pro-
nounced on CHX toxicity as compared with that with
Stx-1.

Modulation of Gb3 expression, GalT6 activity, and
SLT-1 binding. To test whether cell surface expression
of Gb3, or some other Stx-1 receptor, could be increased
by inflammatory factors, GECs were incubated with the
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Fig. 5. Effect of 4 (W), () 24, and () 48 hours of preincubation
with 100 U/mL IL-1, 5 ng/mL IL-6, 100 U/mL TNF-a, 1 pg/mL LPS,
or 0.5 to 5 mmol/L butyrate on CHX (10 pmol/L) cytotoxicity on GECs
(N = 8 each data point). *P < 0.05; #P < 0.01, both vs. control.

various agents for 24 hours followed by the determina-
tion of '»[-Stx-1 binding in the presence of increasing
concentrations of unlabeled Stx-1. While a K, and B,
could potentially be estimated from these curves, such
calculations were not made since it was extremely diffi-
cult to know the precise molar concentration (and hence
specific activity) of 'I-Stx-1 due to difficulties in measur-
ing very small concentrations of Stx-1 recovered from
the iodination process. Nonetheless, it appears that IL-1,
LPS, and butyrate increased total Stx-1 binding (Fig. 6).
IL-6, which had no effect on Stx-1 toxicity, did not alter
15]-Stx-1 binding. Finally, TNF-q«, which did increase Stx-1
cytotoxicity, did not change toxin binding.

Since up-regulation of Stx-1 binding has been associ-
ated with increased cellular Gb3 content, the effect of
inflammatory factors on GEC Gb3 levels was assessed.
An incubation time of 24 hours and the maximal stimula-
tory (of Stx-1 toxicity) concentration of inflammatory
substance were chosen. As shown in Figure 7, all agents
that enhanced Stx-1 cytotoxicity (IL-1, TNF-«, LPS, and
butyrate) increased the total Gb3 content in GEC. Note
that IL-1, LPS, and butyrate stimulation of cell Gb3
levels correlated with their up-regulation of Stx-1 bind-
ing; however, TNF-a enhancement of Gb3 content was
not associated with altered Stx-1 binding. Finally, IL-6
had no effect on Gb3 levels; this correlated with the
failure of IL-6 to alter Stx-1 binding.

Since an increase in total cellular Gb3 content could
be due to increased Gb3 synthesis, the effect of the
inflammatory factors on GalT6 activity was determined.
No factor increased total GalT6 activity (Fig. 8). IL-1
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tended to give the highest enzyme activity, but it did not
achieve statistical significance.

DISCUSSION

The current study demonstrates that GECs bind Stx-1,
synthesize and express Stx-1 binding sites (Gb3), and
are sensitive to the cytotoxic effect of Stx-1. The LDy,
of Stx-1 after 72 hours of exposure to GECs was about
1077 g/L (1.4 pmol/L). This compares with an LDs, of
Stx-1 (after 72 h of exposure) of 10~ g/L (14 fmol/L)
for human proximal tubule cells and 1073 g/L (4 fmol/L)
for Vero cells [6], 107 g/L (140 pmol/L) for human mesan-
gial cells (albeit after 48 h) [19], less than 6% of human
glomerular endothelial cells being killed after 24 hours
of exposure to 107* g/L (1.4 nmol/L) Stx-1, and virtually
no effect of Stx-1 on noncytokine primed HUVECs [11].
Thus, the cytotoxic effect of Stx-1 on GECs appears to
occur at toxin concentrations in between the most (proxi-
mal tubule) and least (mesangial) Stx-1-sensitive renal
cells examined to date. Admittedly, such comparisons
of Stx-1 toxicity are fraught with confounding variables,
including different degrees of cell confluence, different
periods of Stx-1 exposure, and different proliferative
states. With regard to proliferative state, it is important
to note that all GEC studies were conducted under
growth-arrested conditions. The proliferative state can
alter Stx sensitivity: Actively growing cells are more sus-
ceptible to the toxin than are quiescent cells [20]. We
also examined the effect of Stx-1 on proliferating GECs
and found that Stx-1 sensitivity was increased approxi-
mately 50- to 100-fold (data not shown). Despite this
heightened sensitivity, growth-arrested conditions were
used since this presumably more closely mimics the natu-
ral state of GECs. In addition, it avoids differences in
Stx-1 sensitivity caused by fluctuations in the prolifera-
tive state of the cells.

Glomerular epithelial cells were exquisitely sensitive
to Stx-1 inhibition of protein synthesis. The EDs, of Stx-1
(24-h exposure) for inhibition of protein synthesis was
about 107? g/L. (14 fmol/L); this value is similar to that
observed for proliferating human GECs [9] and com-
pares with an EDy, at 24 hours of 107% g/L (4 fmol/L)
for growth-arrested human proximal tubule cells and
proliferating vero cells [6], an EDs, at 24 hours of about
107% g/L (14 pmol/L) for growth-arrested human mesan-
gial cells [19], and an EDs, at 24 hours of about 107°
g/L (140 pmol/L) for proliferating human glomerular
endothelial cells [3]. Again, comparison of cell sensitivi-
ties must be interpreted cautiously; however, it would
appear that GEC sensitivity to Stx-1 protein synthesis
inhibition approaches that of the most sensitive renal
cells. This conclusion is supported by the finding that
GECs and human cortical tubular epithelial cells (albeit
both cell types were proliferating) had similar sensitivi-
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Fig. 6. Effect of 24 hours of incubation with (®)
control, (O) 100 U/mL IL-1, (M) 5 ng/mL IL-6,
(0) 100 U/mL TNF-e, (A) 1 pg/mL LPS, or
(2) 0.5 mmoV/L butyrate on binding of '*I-Stx-1
3 to GECs (V = 6 each data point). Approxi-
%k mately 17,000 cpm of '*1-Stx-1 were added per

) well for 24 hours at 4°C. Cells were washed and
solubilized, and bound cpm were determined.
. *P < 0.001 for IL-1 and P < 0.005 for LPS
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ties to Stx-1 inhibition of protein synthesis [9]. It is striking
that Stx-1 concentrations that almost completely blocked
protein synthesis in GECs were 100- to 500-fold less than
concentrations that caused only a 50% reduction in cell
survival. Such a phenomenon has been previously ob-
served with Stx-1: The toxin caused a 75% reduction in
mesangial cell protein synthesis, but had minimal effect
on cell viability [21]. This toxin effect on mesangial cells
was due to the A-subunit, since the B-subunit given alone
had no effect on protein synthesis. Therefore, it would
appear that GECs can survive relatively marked reduc-
tions in protein synthesis under the culture conditions
employed. It may be, however, that such degrees of pro-
tein synthesis inhibition in vivo, where concurrent ische-
mic or other injurious conditions could exist in Stx HUS,
could lead to greater GEC death than realized in the
current study. Finally, it should be noted that, while
beyond the scope of the present study, Stx-1 might kill
GEC:s via induction of apoptosis and not solely through
inhibition of protein synthesis. Such a possibility is sup-
ported by observations that Stx-1 causes apoptosis in
Burkitt lymphoma cells [22]; however, recent studies in
proliferating GECs have detected no effect of Stx-1 on
DNA fragmentation [9].

Glomerular epithelial cells contain relatively abundant
Gb3 levels; in the current study, they exceeded the Gb3
content of Vero cells. Gb3 content generally parallels

and P < 0.001 for butyrate, all vs. control; #P <
0.005 for IL-1 and P < 0.005 for LPS and P <
0.025 for butyrate, all vs. control; fP < 0.005 for
IL-1 and P < 0.005 for LPS, both vs. control.

Stx sensitivity [11, 23], although exceptions to this rela-
tionship have been described [24]. Our study did not
directly assess cell surface Gb3 expression, nor did it
evaluate whether Stx-1 binds to receptors other than
glycosphingolipids with a galal-4gal linkage. Nonethe-
less, it seems likely that the high sensitivity of GECs to
the protein synthesis inhibitory effect of Stx-1 relates, at
least partially, to abundant cell surface Gb3 expression.

As discussed in the introduction, a number of inflam-
matory factors are elevated either locally in the kidney
or in the serum and may be capable of modulating cell
Stx-1 sensitivity. To investigate this, growth-arrested
GECs were preincubated with IL-1, IL-6, TNF-a, LPS,
or butyrate at varying doses for up to 48 hours prior to
the addition of Stx-1 for an additional 72 hours. All of
these factors, with the exception of IL-6, increased GEC
sensitivity to Stx-1. First, IL-1 and LPS had similar effects
on Stx-1 toxicity. Both agents increased GEC sensitivity
to the cytotoxic effects of Stx-1. This up-regulation was
associated with augmented Stx-1 binding and increased
total cell Gb3 content. The observation that none of
these factors altered GalT6 activity suggests several pos-
sibilities. It is conceivable that translocation of Gb3 to
the cell membrane was enhanced and/or removal of Gb3
from the cell membrane was reduced. Alternatively, it
is possible that while total GalT6 activity was unchanged,
these inflammatory factors may have altered the form
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Fig. 7. Effect of 24-hour incubation with 100 U/mL IL-1, 5 ng/mL IL-6,
1000 U/mL TNF, 1 pg/mL LPS, or 0.5 mmol/L butyrate on total Gb3
content in GECs (IV = 6 each data point). *P < 0.025; #P < 0.01, both
vs. control. Lanes were loaded with an equal weight of total cellular
lipids (Methods section).

of Gb3 that was synthesized. The Gb3 assay employed
in the current study detects Gb3 by Stx-1 binding to
the chromatography plate. In contrast, the GalT6 assay
measures incorporation of “C-galactose into Gb3, but
does not assess the ability of newly synthesized Gb3 to
bind Stx-1 (the assay is not this sensitive). Since galactose
could be added in a B1-3 linkage (does not bind Stx-1)
or an al-4 linkage (binds Stx-1), it is possible that IL-1
and LPS caused a relative shift to a1-4 linkages without
an overall increase in GalT6 activity. This possibility
might be tested by quantitating GalT6 activity in the
presence and absence of a- or B-galactosidases; however,
we have attempted such studies (data not shown) and
found them to be relatively nonquantitative. Taken to-
gether, these considerations suggest that IL-1 and LPS
increase Stx-1 cytotoxicity, at least in part, by increasing
toxin binding to the cell membrane. This does not, how-
ever, preclude other mechanisms by which these in-
flammatory factors might increase Stx-1 sensitivity. For
example, LPS increases proximal tubule sensitivity to
Stx-1 cytotoxicity; however, it does not alter Stx-1 bind-
ing or Gb3 content in these cells [6], suggesting that
LPS has the potential to augment Stx-1 action through
mechanisms independent of Stx-1 binding. This observa-
tion also underscores the finding that inflammatory fac-
tor up-regulation of Stx-1 sensitivity is not necessarily
similar in all responsive cell types.

Butyrate increased GEC responsiveness to Stx-1; this
effect was associated with increases in Gb3 content and
Stx-1 binding, but no change in GalT6 activity, in a man-
ner similar to that seen with IL-1 and LPS. In contrast,
butyrate (at the doses used) appeared to have a direct
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Fig. 8. Effect of 24-hour incubation with 100 U/mL IL-1, 5 ng/mL IL-6,
100 U/mL TNF, 1 pg/mL LPS, or 0.5 mmol/L butyrate on GalT6 activity
in GECs (N = 3 each data point). Control GalT6 activity was 0.36 =
0.04 densitometry units (Methods section).

toxic effect. Furthermore, butyrate was the only agent
that enhanced CHX cytotoxicity, supporting the notion
that, in addition to modulation of Stx-1 binding, butyrate
nonspecifically enhances cell toxicity associated with in-
hibition of protein synthesis. It should be noted that
relatively similar results were seen with butyrate treat-
ment of human proximal tubular cells [6].

Tumor necrosis factor-a also augmented Stx-1 cyto-
toxicity in GECs, increased total Gb3 content, and did
not change GalT6 activity. Unlike the other factors,
TNF-a did not change Stx-1 binding to GECs. This find-
ing was surprising but not unprecedented. In a previous
study, our group found that butyrate elevated proximal
tubule cell Gb3 content and Stx-1 cytotoxicity, but did
not alter Stx-1 binding [6]. Therefore, it is evident that
the total Gb3 content does not necessarily reflect cell
surface Gb3 expression, although the mechanisms re-
sponsible for this are unclear. In addition, TNF-« in-
creased proximal tubule cell Stx-1 sensitivity, but did not
change Gb3 content or Stx-1 binding [6]. Thus, it appears
that TNF-a can increase Stx-1 sensitivity in both GECs
and human proximal tubule cells through mechanisms
distal to Stx-1 binding.

At this point, the significance of Stx-1 inhibition of
GEC protein synthesis or induction of cytotoxicity is
unknown. GEC injury has not been described as a promi-
nent feature of Stx HUS; however, it is difficult to iden-
tify GEC damage morphologically other than by nonspe-
cific fusion of foot processes. Proteinuria is variable,
while hematuria and red cell casts are commonly ob-
served, suggesting some damage to podocytes [2]. Severe
acute renal insufficiency has been described in the ab-
sence of histologically apparent endothelial cell damage
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[2], suggesting that other renal cells types could be in-
volved. Conceivably, GECs could be early targets of
Stx-1 with resultant stimulation of inflammatory cyto-
kine, procoagulant, chemotactic, extracellular matrix-
degrading enzyme, or vasoactive factor release. Regard-
less of how GEC injury contributes to renal dysfunction
in Stx HUS, it is evident that this cell type is highly
sensitive to at least the protein synthesis inhibitory ef-
fects of Stx-1 and that inflammatory factors likely to be
elevated in the kidney of patients with Stx HUS augment
GEC responsiveness to Stx-1. Clearly, further studies
are needed to clarify the effects of Stx-1 on GECs.

ACKNOWLEDGMENTS

This work was funded by National Institutes of Health grants RO1
HL56857 and RO1 DK52043 (both to D.E.K.). The authors gratefully
acknowledge the input of Mr. Steve Darnell at the Uniformed Services
University of the Health Sciences, Bethesda, MD, USA, and Arthur
Donahue-Rolfe, M.D., in the preparation of Stx-1 and anti-Stx-1 anti-
bodies.

Reprint requests to Donald E. Kohan, M.D., Ph.D., Division of
Nephrology, University of Utah Health Sciences Center, 50 North Medi-
cal Drive, Salt Lake City, Utah 84132, USA.

E-mail: donald.kohan@hsc.utah.edu

REFERENCES

1. RoBsoN WLM, LEunG AKC, KapLAN BS: Hemolytic-uremic syn-
drome. Curr Prob Pediatr 23:16-33, 1993

2. REmuzzi G, RUGGENENTI P, BErRTANI T: Thrombotic microangiopa-
thy, in Renal Pathology with Clinical and Functional Correlations
(2nd ed), edited by TisHEr CC, BRENNER BM, Philadelphia, J.B.
Lippincott, 1994, pp 1154-1184

3. VAN SETTEN P, vaN HINSBERGH V, VAN DER VELDEN T, VAN DE
KAR N, VERMEER M, MaHAN J, AssMANN K, VAN DEN HEUVEL L,
MonnEeNs L: Effects of TNF-a on verocytotoxin cytotoxicity in
purified glomerular microvascular endothelial cells. Kidney Int
51:1245-1256, 1997

4. Lingwoop CA: Verotoxin-binding in human renal sections. Neph-
ron 66:21-28, 1994

5. Louise CB, OBriG TG: Specific interaction of Escherichia coli
0O157: H7-derived Shiga-like toxin II with human renal endothelial
cells. J Infect Dis 172:1397-1401, 1995

6. HuGgHEs A, STRICKLETT P, KoHAN D: Cytotoxic effect of Shiga
toxin-1 on human proximal tubule cells. Kidney Int 54:426-437,
1998

7. TayLor F, TEsH V, DEBauLT L, L1 A, CHANG A, KOSANKE S, PYSHER
T, SieGLER R: Characterization of the baboon responses to Shiga-
like toxin. Am J Pathol 154:1285-1299, 1999

8. OosTERWIK E, KALSIAK A, WAKKA J, SCHEINBERG D, OLDp L:
Monoclonal antibodies and galal-4galBl-4glc (Pk, CD77) pro-
duced with a synthetic glycoconjugate as immunogen: Reactivity

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2359

with carbohydrates, with fresh frozen human tissues and hemato-
poietic tumors. J Cancer 48:848-854, 1991

. WiLLiams J, Boyp B, NuTtikka A, LINGwooD C, BARNETT FOSTER

D, MiLrorp D, Tayor C: A comparison of the effects of verocyto-
toxin-1 on primary human renal cell cultures. Toxicol Lett 105:47—
57, 1999

Kayve SA, Louise CB, Boyp B, Lingwoop CA, OsriG TG: Shiga
toxin-associated hemolytic uremic syndrome: Interleukin-13 en-
hancement of shiga toxin cytotoxicity toward human vascular endo-
thelial cells in vitro. Infect Immun 61:3886-3891, 1993

vAN DE KAR N, MonNNENS LAH, KARMALI MA, VAN HINSBERGH
VWM: Tumor necrosis factor and interleukin-1 induce expression
of the verocytotoxin receptor globotriaosylceramide on human
endothelial cells: Implications for the pathogenesis of the hemolytic
uremic syndrome. Blood 80:2755-2764, 1992

Louise CB, KAYE SA, Boyp B, Lingwoop CA, OsriG TG: Shiga
toxin-associated hemolytic uremic syndrome: Effect of sodium bu-
tyrate on sensitivity of human umbilical vein endothelial cells to
Shiga toxin. Infect Immunol 63:2766-2769, 1995

STROCKBINE N, MARQUES L, HoLMES R, O’BriaN A: Characteriza-
tion of monoclonal antibodies against Shiga-like toxin from Esche-
richia coli. Infect Immunol 50:695-700, 1985

CoLpHAM NG, MooRe AS, DAVE M, GRAHAM PJ, SIVAPATHASUND-
ARAM S, LAKE BG, SAUER MJ: Imidocarb residues in edible bovine
tissues and in vitro assessment of imidocarb metabolism and cyto-
toxicity. Drug Metab Dispos 23:501-505, 1995

BoOReENFREUND E, PUERNER JA: Toxicity determined in vitro by
morphological alterations and neutral red absorption. Toxicol Lett
24:119-124, 1985

Brabprorp MM: A rapid and sensitive method for quantitation of
microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem 72:248-254, 1976

MosassaLEH M, MisHrA K, KeuscH GT: A quantitative immuno-
staining method for the measurement of UDP-galactose: Lactosyl-
ceramide galactosyltransferase for the synthesis of globotriaosylc-
eramide in rabbit small intestine and HeLa cells. Anal Biochem
214:195-300, 1993

MunpEL P, REeiser J, Kriz W: Induction of differentiation in cul-
tured rat and human podocytes. J Am Soc Nephrol 8:697-705, 1997
SmmoN M, Creary T, HERNANDEZ J, ABBoUD H: Shiga toxin 1
elicits diverse biologic responses in mesangial cells. Kidney Int
54:1117-1127, 1998

Pubymartis A, Lingwoop CA: Susceptibility to verotoxin as a
function of the cell cycle. J Cell Physiol 150:632-639, 1992

VAN SETTEN P, vAN HINSBERGH V, VAN DEN HEUVEL L, VAN DER
VELDEN T, vaN DE KaAR N, KrREBBERS R, KarRMALI M, MONNENS L:
Verocytotoxin inhibits mitogenesis and protein synthesis in puri-
fied human glomerular mesangial cells without affecting cell viabil-
ity: Evidence for two distinct mechanisms. J Am Soc Nephrol
8:1877-1888, 1998

MANGENEY M, LINGwooD CA, TAGA S, CaiLrLou B, Tursz T, WIELS
J: Apoptosis induced in Burkett’s lymphoma cells via Gb3/CD77,
a glycolipid antigen. Cancer Res 53:5314-5319, 1993

OBrIG TG, Louise CB, Lingwoob CA, Boyd B, BARLEY-MALONEY
L, DanieL TO: Endothelial heterogeneity in shiga toxin receptors
and responses. J Biol Chem 268:15484-15488, 1993

JAacEwicz MS, MoBASSALEH M, Gross SK, BALASUBRAMANIAN KA,
DaNIEL PF, RaGHAVAN S, McCLUER RH, KEuscH GT: Pathogenesis
of shigella diarrhea. XVII. A mammalian cell membrane glycolipid,
Gb3, is required but not sufficient to convey sensitivity of shiga
toxin. J Infect Dis 169:538-546, 1994





